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Introduction

In the Taylor et al. [START_REF] Taylor | [END_REF] classification of (hetero)cycles, present in drugs on the market, the azetidine ring is absent. However, the azetidine ring is a good balance between molecular rigidity and stability, and these properties can allow a fine tuning of bioactive molecules possessing this 4-membered ring. 2 Even if the azetidine ring is rare in bioactive compounds, two azetidine derivatives are currently on the market, azelnipidine, a calcium channel blocker, 3 cobimetinib a nitrogen-activated protein kinase inhibitor for targeted channel blocker 4 (Figure 1) and, unfortunately, ximelagatran, an anticoagulant, which was taken off the market due to its hepatotoxicity. It is worth mentioning that important drugs, such as penicillins or eztimib, contain an azetidine core (Figure 1). If azetidines are rarely present in molecules of interest, these heterocycles are widely used in organic synthesis as substrates to synthesize 5-to 8-membered ring heterocycles. Indeed, by ring-opening of the strained azetidine ring, pyrrolidines, piperidines, azepanes and azocanes can be synthesized.

Even if a 4-membered ring is a strained ring, the strain energy is not sufficient enough to open an azetidine. However, the transformation of an azetidine to an azetidinium increases the electrophilicity of the azetidine and nucleophiles can induce either a ring-opening or a ring-expansion. In this review, we will focus on the ring-expansion of azetidines to pyrrolidines, piperidines, azepanes and azocanes via an 1-azabicyclo-[2,n,0]alkane intermediate and an azetidinium ylide/zwitterionic intermediate (Scheme 1). The nucleophiles involved in the process, can be internal (coming from a leaving group present at the Cx' position of the azetidine) or external. Scheme 1. Ring-expansion of azetidines via an azetidinium intermediate.

Synthesis of pyrrolidines

Substituted pyrrolidines can be obtained by ring-expansion of azetidiniums either by nucleophilic attack of an 1-azabicyclo[2,1,0] pentane intermediate or by rearrangement of an azetidinium ylide intermediate.

From 1-azabicyclo[2,1,0]pentanes

The ring-expansion of 1-azabicyclo[2,1,0]pentanes, to substituted pyrrolidines, can be realized by a nucleophile which can be the leaving group wich is released in the reaction media (internal nucleophile) after the formation of the bicyclic intermediate, or by an external nucleophile. LG or Nu N R
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The synthesis of pyrrolidines by ring-expansion of azetidines, via an 1azabicyclo[2,1,0]pentane, is known since 1970. Mastsuda et al. reported that azetidine 1 was not stable at room temperature and was converted to pyrrolidine 3 via the bicyclic azetidinium 2 (Scheme 2). 6 Scheme 2. Synthesis of a pyrrolidine via a bicyclic azetidinium intermerdiate.

Thereafter, many groups became interested in the ring-expansion of azetidines to access substituted pyrrolidines. For the transformation of 4-membered rings to 5-membered rings, the key intermediates are bicyclic azetidiniums A. To access these azetidiniums, three methods can be used depending on the starting material. One method consists of the protonation or the alkylation of 1-azabicyclo[2.1.0]pentanes B to produce bicyclic azetidiniums A (Scheme 3, route a). The two other methods consist of the formation of the 4membered-ring of bicyclic azetidinium intermediates A from aziridines C (Scheme 3, route b) or the formation of the 3-membered-ring from azetidines D (Scheme 3, route c). The formation of bicyclic azetidiniums, from aziridines and azetidines, involves an intramolecular attack of the nitrogen of the heterocycle substituted at C2 by an alkyl side chain possessing a good leaving group (Scheme 3, routes b or c). Among the three methods, allowing the access to bicyclic azetidiniums A, the most common one is from azetidines (Scheme 3, route c). When bicyclic azetidiniums A are treated with a nucleophile, the nucleophile can attack the bicyclic azetidiniums A either at C2, to form the ring-expanded products E (Scheme 4, route a), or at C2' to produce azetidines F (Scheme 4, route b). The ring-expansion of azetidines to pyrrolidines is governed by the huge difference of ring strain between the azetidine and the pyrrolidine (20 kcal/mol), thus pyrrolidine is kinetically and thermodynamically favored. Pyrrolidines were obtained from 1-azabicyclo[2.1.0]pentanes B via azetidiniums A (Scheme 3, route a and Scheme 4, route a). One example was reported by Joucla et al., who treated 1-azabicyclo[2.1.0]pentane 4 with bromhydric acid to produce the bicyclic azetidinium 5 which was then attacked by the bromide at C2 to produce pyrrolidine 6 (Scheme 5). 7 Only few examples of ring-expansion of 1-azabicyclo[2.1.0]pentanes were reported in the literature. This method was used by the authors to realize the synthesis of 3-bromo 2methylpyrrolidines. Treatment of aziridines 12, under the previously described conditions, allows the access to bicyclic azetidiniums 13 which were then attacked by the bromide. The 3-bromo 2-methylpyrrolidines trans-14 and cis-14 were isolated in low to modest yields (5-31%) (Scheme 7). 8 Scheme 7 Synthesis of 3-bromo 2-methylpyrrolidines from aziridines.

The most relevant method to access bicyclic azetidinium intermediates A is the formation of the 3-membered ring starting from azetidines D, substituted at C2, and possessing a good leaving group at C2' (Scheme 3, Route c). An intramolecular nucleophilic attack of the nitrogen of the azetidine onto the carbon bearing the leaving group takes place and bicyclic azetidiniums A are formed. 

12 trans-14a, R = iPr (27%) trans-14b, R = tBu (25%) trans-14c, R = Bn (31%) cis-14a, R = iPr (29%) cis-14b, R = tBu (5%) cis-14c, R = Bn (25%) N R Me 13 
Br and 3-halogeno pyrrolidines 17 were produced (Scheme 8). 9

Scheme 8. Synthesis of 3-halogeno pyrrolidines from azetidines.

As Couty et al. were able to synthetize 2'-chloro azetidines easily, they could synthesize 3chloro pyrrolidines by a ring-expansion. 10 When treated with thionyl chloride in dichloromethane, azetidines 18a-f possessing a primary alcohol at C2', were transformed into the corresponding stable 2'-chloro azetidines 19a-f in good yields (79-98%) (Scheme 9).

Scheme 9. Synthesis of 2-chloromethyl azetidines from 2-hydroxymethyl azetidines.

When azetidines 19, substituted by a chloride atom at C2', were heated in refluxing DMF or chloroform, the corresponding 3-chloro pyrrolidines 20 were formed. However, the success of the ring-expansion depends on the relative configuration of the substituents of the azetidines present at C2 and C2' (syn or anti) as well as on the degree of substitution of the C2' carbon (primary or secondary carbon). Azetidines 19a and 19b were converted to pyrrolidines 20a and 20b in 75% and 39% yield respectively (Table 1, entries 1 and 2) and 19c and 19d were transformed into pyrrolidines 20c (65%) and 20d (94%) (Table 1, entries 3 et 4). When trisubstituted azetidines 19e and 19f were heated in DMF or CHCl 3 , azetidine 19f was transformed into the corresponding pyrrolidine 20f, however only traces of pyrrolidine 20e were observed in the case of azetidine 19e (Table 1, entries 5 and 6). It is worth mentioning that compounds syn-19c and syn-19e seems to be less reactive than their anti-isomers. The difference of reactivity between the syn-isomers and the anti-isomers can be explained by the steric hindrance developed during the formation of the bicyclic azetidinium intermediate (Scheme 10). For the bicyclic azetidinium 21c, synthesized from syn-19c, the phenyl group is endo, and the steric hindrance between the phenyl group and the azetidinium ring is important. Due to steric hindrance, the formation of the bicyclic azetidinium from azetidine syn-19c is more difficult than the one resulting from azetidine anti-19d as, in the bicyclic azedinium 21d, the phenyl group is in an exo position. A good transfer of chirality was observed during the ring-expansion due to a S N 2 reaction. When enantio-enriched azetidines 25 (ees varying from 61% to 100%) were involved in the ring-expansion, enantio-enriched 3-chloro pyrrolidines 26a-g were isolated in good yields (52% to 75%), and with ees similar to the azetidines ones (ees varying from 61% to 100%) (Scheme 12). It is worth noting that the transformation of azetidines to pyrrolidines was mainly limited by the synthesis of azetidines. This limitation was overcome when Couty et al. reported an easy access to azetidines, which are prepared from ®-amino alcohols through a ring-closing reaction. When azetidines 33 and 34, substituted at C2 by a secondary benzylic alcohol, were treated with methanesulfonyl chloride (THF, reflux), the corresponding 3-mesyloxy pyrrolidines were not obtained but the corresponding 3-choro-pyrrolidines 35 and 36 which were isolated in 77% and 65% respectively (Scheme 15). Depending on the temperature of the mesylation, either in refluxing THF or at 0 °C, pyrrolidines substituted at C3 by either a chloride or a mesyloxy group were formed. When the reaction was achieved in refluxing THF, the 3-chloro pyrrolidines were obtained (see compounds 33 and 34, Scheme 15), and when the mesylation of 33 was realized in THF at 0 °C, 3-mesyloxy pyrrolidine 38 was formed, however, mesyloxy azetidine 37 was the major compound (ratio 37/38 = 85:15; global yield: 96%) (Scheme15). The experimental results, combined with theoretical calculations, allowed the authors to support the proposed bicyclic azetidinium intermediates for the conversion of azetidines to pyrrolidines (Scheme 16). Once the azetidinium intermediate I is formed, it can be attacked at C2 by the expelled chloride or mesyloxy anion and the pyrrolidine J is obtained. This reaction is reversible since pyrrolidine J can form the bicyclic azetidinium I by an intramolecular nucleophilic attack of the nitrogen, and since the chloride and the mesyloxy group are good leaving groups, the two species I and J are in equilibrium. Pyrrolidine J can then be subjected to an elimination, explaining the formation of side-products such as substituted pyrroles. However, the opening of the azetidinium by a good nucleophile (e.g. a bad leaving group), is irreversible and the equilibrium is displaced towards pyrrolidine L (Scheme 16). The ring-expansion of azetidines, via a bicyclic azetidinium, to produce pyrrolidines, can be achieved by the internal nucleophile which is the leaving group present at the C2' on the aziridine (e.g. chloride or mesylate), in consequence a low diversity of substituents can be introduced at the C3 position of the pyrrolidines.
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To increase the diversity at C3 on the pyrrolidines, Couty et al. have performed the ringexpansion of azetidines in the presence of external nucleophiles. Four different nucleophiles were tested e.g. a hydroxy ion (KOH), a cyanide (KCN), an acetate (NaOAc) and an azide (NaN 3 ). When potassium hydroxide was used, the best conditions, allowing the transformation of azetidine 39 to 3-hydroxy pyrrolidine 41, were the addition of 10 equiv of KOH in DMSO and heating the reaction at 50 °C (Scheme 17). It is worth mentioning that the control of the temperature was important to obtain 41 in good yield. When the temperature was too low (40 °C), chloro pyrrolidine 40 was observed as the only product, whereas at too high temperature (60 °C) dehydropyrrole 42 was formed (97%), which is the result of a ringexpansion/elimination sequence (Scheme 17). 14

Scheme 17. Ring-expansion of azetidines in presence of KOH as an external nucleophile.

With the optimized reaction conditions in hand, the authors studied the ring-expansion of different 2'-chloro-and 2'-mesyloxy-substituted azetidines in the presence of different nucleophiles (Table 2). The outcome of the ring-expansion mostly depends on the substrate. Pyrrolidines were obtained in yields varying from 26% to 87%, and most of the time, side products were formed. When azetidine 43 was treated with KOH in DMSO at 50 °C, pyrrolidine 44 was the only product isolated with a moderate yield of 47% (Table 2, entry 1). 3-Cyano pyrrolidine 45 was formed when azetidine 39 was treated with potassium cyanide in DMSO at 50 °C however, under these conditions, 3-chloro pyrrolidine 46 was also observed as a minor product (8%) (Table 2, entry 2). On the contrary, 3-cyano pyrrolidine 47 was the unique isolated product, when azetidine 43 was treated with KCN (DMSO, 50 °C) (Table 2, entry 3). In order to introduce a nitrogen at the C3 position of the pyrrolidine, azetidine 48 was treated with sodium azide (DMSO, 50 °C, 72 h) and the desired pyrrodine 49 was isolated with a yield of 87% (Table 2, entry 4). However, when azetidine 43 was treated under the same conditions, pyrrolidine 50 was obtained with a poor yield (26%) due to the formation of a side product, azetidine 51, coming from the nucleophilic substitution of the mesylate by the azide. 3-Acetoxy-pyrrolidines 52 and 53 were isolated in 68% and 64% yield The ring-expansion of azetidines was also realized by the Couty's group to access 3-fluoropyrrolidines. A diversity of azetidines 60 were treated with DAST in dichloromethane at 0 °C, to form the corresponding fluoro pyrrolidines 61a-i in good yields (45-81%) (Scheme 20).

N R X SN i N R X NaN 3 N R N 3 N R X X = Cl or MsO N R X X = N 3, CN, OH ou OAc N R elimination I H G J K 1 2 3 4 2' L R' R' R' R' R' R' N Cl KOH ( 10 
Scheme 20. Synthesis of 3-fluoro pyrrolidines from azetidines.

By using DAST, the only limitation observed was when azetidines were substituted by a tertiary alcohol at C2'. The treatment of azetidines 62 and 65 with DAST led to a mixture of 2'-fluoro azetidines 63 and 66 and to the elimination products 64 and 67. In addition, a Recently, the synthesis of 2-trifluoromethyl pyrrolidines 72 from C2'-trifluoromethyl substituted azetidines was reported by D'hooghe et al. 17 By treatment of 69 with triflic anhydride (proton sponge, CH 2 Cl 2, 0 °C), 18 triflates 70 were generated and after heating in refluxing CH 2 Cl 2 in the presence of an amine, these triflates were converted to 2trifluoromethyl 3-amino pyrrolidines 72 with good diastereoselectivities (de > 96%) and yields (65-89%), via bicyclic azetidiniums 71 (Schemes 23). 
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Scheme 23. Synthesis of 3-amino 2-trifluoromethyl pyrrolidines from trifluoromethyl azetidines.

It is worth noting that the ring-expansion is not taking place in refluxing CH 2 Cl 2 when the nitrogen of the azetidine is substituted by a benzyl group. To overcome this problem, D'hooghe et al. realized a two-step sequence, by isolating the triflate intermediate and by replacing CH 2 Cl 2 by a higher boiling point solvent, acetonitrile. In refluxing acetonitrile, 2'trifluoromethyl N-benzyl azetidines 70h (R= Bn and R 1 = Ph) were transformed into the corresponding N-benzylpyrrolidines 72h in good yields (96%) and with shorter reaction times than by using dichloromethane. Furthermore, the authors could realize the ring-expansion of 70 using various nucleophiles (amines, alcohols, thiophenol), and 2-trifluoromethyl pyrrolidines 72h-n were isolated with excellent yields (96-99%) (Scheme 24). The non-reactivity of azetidines 73a and 73b is one limitation of the process, as these compounds could not be converted to pyrrolidines. Despite several attempts, the authors were unable to transform azetidines (2R,3S,1'R)-73a-b to the corresponding pyrrolidines 74a and 74b. DFT calculations corroborated this observation and allowed to confirm that a high energy is necessary to access the bicyclic azetidinium intermediate from (2R,3S,1'R)azetidines (Scheme 25). 17

Scheme 25. Limitation of the trifluoromethyl azetidine ring-expansion.

From azetidinium ylides

Azetidinium ylides are interesting intermediates as they can be transformed into epoxydes, 19 cyclopropanes 20 or acrylates. 21 The Stevens rearrangement of an azetidinium ylide takes place through the formation of a biradical (82''), which is trapped in a solvent cage and a C-C bond is formed by recombination of the biradical to produce pyrrolidines 83a-d. The chemoselectivity of the deprotonation and the retention of the configuration of the carbon (C2) substituted by the migrating group are in accordance with the Stevens rearrangement mechanism explaining the formation of pyrrolidines 83a-d (Scheme 28). It is worth mentioning that the trans configuration between the N-benzyl group and the vinyl group present in azetidinium 84 (determined by nOe), is detrimental to a sigmatropic rearrangement which would furnish azepanes 85 (Scheme 28). The authors have shown that the Stevens rearrangement was highly influenced by the nature of the substituent at C2 when applied to N-benzyl azetidiniums. When the azetidinium was substituted by of a phenyl group at C2, two diastereomeric 2,3-diphenylpyrrolidines 93 and 93' were isolated in an excellent global yield (96%). However, low yields in pyrrolidines 95/95' and 98 were obtained when the azetidiniums are possessing a quaternary carbon at C2. These low yields are due to the formation of side-products resulting from an Hofmann elimination (96 and 99) (Scheme 30). As pointed out previously, the rearrangement of N-benzydryl azetidinium 100 is affected by the nature of the substituents of the azetidinium at C2. Without any substituent at C2, 2,2diarylpyrrolidines 101a-d were isolated with good to excellent yields (55-90%) (Scheme 31).

Scheme 31. Rearrangement of azetidiniums without any substituent at C2.

With a methyl at the C2 position of the azetidinium such as in 102, led to the corresponding pyrrolidine 103 was formed (54%). However, with an ester group at C2, as in compound 105, an inversion of the regioselectivity of the deprotonation was observed and azetidine 106 was exclusively formed (52%). The presence of a nonprotected methylenic alcohol led to epoxide 108 in 60% but when the hydroxyl was protected, pyrrolidine 110 was formed with a low yield (25%) (Scheme 32). An intramolecular version of the ylide formation/Stevens rearrangement sequence allowed the access to tumeforcidine and platynecyne, two natural products. 25 Starting from azetidine 114, the diazo compound 117 was obtained in two steps (hydrogenolysis of the N-benzyl group and N-alkylation with a bromo diazoketone 116). Diazo azetidine 117 was then treated with Cu(acac) 2 (10 mol %) to form the ylide intermediate 118 and this ylide was rearranged to two diastereomeric pyrrolidines 119 and 119', in a 3.6:1 ratio. Pyrrolidines 119 and 119' were then respectively reduced (H 2 , PtO 2 ) to the hydroxyester 120 and lactone 121. After separation of 120 and 121 and their reduction by LiAlH 4 , tumeforcidine and platynecyne were respectively obtained in 91% and 96% yield (Scheme 34).

Scheme 34. Synthesis of tumeforcidine and platynecyne via an intramolecular version of an ylide formation/Stevens rearrangement sequence.

Synthesis of piperidines

Azetidiniums are also good precursors of piperidines by ring-expansion of 1azabicyclo[2,2,0]hexane intermediates induced by an internal or an external nucleophile. The first example of a ring-expansion of an azetidinium to a piperidine was reported by De Kimpe's group 15 The authors have observed that when bromo azetidines 122 were heated in refluxing acetonitrile, the corresponding 4-bromo-piperidines 124a-e were obtained with excellent yields (95-98%) and excellent diastereoselectivities (de > 96%) due to a S N 2 nucleophilic attack of a bromide onto the Using the ring-expansion of a variety of substituted azetidines, a broad scope of substituted piperidines was obtained by adding an external nucleophile in the reaction mixture. Therefore, piperidines 126a-e, substituted at C4 by a hydroxyl, a cyano, an azide, a fluoride or an acetate were obtained from azetidines 125 by adding respectively sodium hydroxide, potassium cyanide, sodium azide, tetramethylammonium fluoride or sodium acetate and by heating the reaction at 100 °C in DMSO. Under these conditions, piperidines 126a-e were isolated in good yields (56-92%) (Scheme 36). 26 Scheme 36. Ring-expansion of C3'-bromo azetidines to piperidines in the presence of external nucleophiles.

Ring-expansion of 3'-mesyloxy azetidines 127 was also achieved by adding an external nucleophile such as LiBr, NaOAc or DMF in the reaction media leading to the corresponding piperidines 128, 129 and 130 in modest yields (Scheme 37). Theoretical calculations allowed to confirm that the reaction is proceeding via a bicyclic azetidinium intermediate 131. 26 Scheme 37. Ring-expansion of 3'-mesyloxy azetidines to piperidines in the presence of external nucleophiles. The first ring-expansion of pyrrolidines to azepanes, via 1-azabicyclo[2,3,0]heptanes, was reported by the Junker group. 27 The ring-expansion of 3'-chloro pyrrolidine 132 to azepanes took place by heating this pyrrolidine in the presence of sodium hydroxide, an alcoholate, a carboxylate or an amine. A mixture of 5-and 7-membered rings was obtained.and pyrrolidines 134 and azepanes 135 were isolated with global yields varying from 45% to 85% in a 1 to 1 ratio (Table 3). When the reaction was achieved in refluxing benzene with a secondary alcoholate, the pyrrolidine was the major compound (pyrrolidine/azepane = 78:22) (Table 3, entry 3). [*] From 133 as the starting material

The authors have reported that the pyrrolidines and azepanes were exclusively formed by the attack of the nucleophile on the bicyclic azetidinium 133 as this azetidinium was isolated and treated under the same conditions than the chloro pyrrolidine 132. Starting from 3'-chloro pyrrolidine 132 or from the bicyclic azetidinium 133, the ratios between the 5-and 7membered rings were similar as well as the yields (Table 3, entries 1-2, 5-6, 7-8). Only one exception was reported when the reaction was achieved in benzene/CHCl 3 with sodium diphenylmethanoate as pyrrolidine 134 was the major product probably due to the use of mixture of solvents (Table 3, entries 3-4).

The Kurihara group obtained a mixture of pyrrolidines and azepanes when pyrrolidine 136 is possessing with a thiocarbonate as the leaving group. When pyrrolidine 136 was heated in refluxing acetonitrile, the bicyclic azetidinium 137 was formed, carbone oxysulfure (O=C=S) was liberated as well as a nucleophile (PhS -, PhO -, 2-PyO -). This nucleophile then attacks the azetidinium 137 to form pyrrolidine 138 and azepane 139 with ratios depending on the nucleophiles. In the case of oxygenated nucleophiles (phenolate and 2-pyridinolate), azepanes 139a and 139b were obtained as the major products but with thiophenate, pyrrolidine 138c was the major compound (Scheme 38). Recently Couty's group studied the ring-expansion of a 1-azabicyclo[3,2,0]heptane synthesized from an azetidine (Scheme 39). 29 The bicyclic azetidinium 141 was formed from 4'-hydroxy azetidine 140, utilizing thionyl chloride and, by adding an external nucleophile (sodium acetate, potassium cyanide, or sodium azide), an inseparable mixture of pyrrolidines 142 and azepanes 143 was obtained in modest yields (from 37% to 58%), and ratios were varying from 13:87 to 73:27 depending on the nucleophile (Scheme 39).

Scheme 39. Ring-expansion of azetidine to azepanes via a bicyclic azetidinium.

In 2007, the same authors reported for the first time that the ring-expansion of the enantioenriched bicyclic azetidinium 145, prepared by N-methylation of the optically active 1azabicyclo[3.2.0]heptane 144, only led to azepanes 146 due to a regio-and stereoselective attack of the nucleophiles (Scheme 40). 30 When azetidinium 145 was reacting with an azide, a cyanide or an acetate, azepanes 146a, 146b and 146c were respectively and exclusively formed. The regioselectivity can be explained by the steric hindrance induced by the benzyloxymethyl group at C3', and by the electronic effect of the methyl ester at C2 which increases the electrophily of this carbon (Scheme 40). The Couty group also reported that the ring-expansion of an 1-azabicyclo[3,2,0]heptane was stereoselective (Scheme 41). 28 When 147 was treated with SOCl 2 , in the presence of a nucleophile, pyrrolidines 149 and azepanes 150 were obtained as single diastereoisomers. This observation allows to confirm that the opening of a bicyclic azetidinium by a nucleophile proceeds according to a S N 2 reaction. By using sodium acetate or sodium azide, a regioselective attack of the azetidinium by the acetate or the azide took place mainly at C2, producing azepanes 150a and 150c (azepanes/pyrrolidines = 98:2) (Scheme 41). 

Cl

According to the results reported in the litterature, the key to exclusively produce azepanes from bicyclic azetidiniums is the regioselective control of the nucleophilic attack of the bicyclic azetidinium intermediate. To this extend, our group has reported that the presence of a fluorinated group at C3' on the bicyclic azetidinium can induce a regioselective attack of the nucleophiles to produce 2-fluoro-alkyl azepanes from fluoro-alkyl pyrrolidines. A bicyclic azetidinium intermediate 155 was formed from C2-substituted pyrrolidines 154 by using triflic anhydride to activate the alcohol in the presence of a proton sponge. 18 By using an external nucleophile, a regio-and stereoselective attack of the nucleophile takes place on the bicyclic azetidinium 155 to produce the desired azepanes 156 or 156' as unique regio-and steroisomers (Scheme 43). In addition, when the pyrrolidine is optically active a good transfer of chirality was observed and the azepanes were obtained with excellent ees (Scheme43). 31,32 Scheme 43. Synthesis of 2-fluoro-alkyl azepanes from 3'-fluoro-alkyl pyrrolidines.

When pyrrolidines 154 (R=H), substituted by a trifluoromethyl group at C3', were treated with Tf 2 O (1.1 equiv), in the presence of a proton sponge (2.0 equiv), and a nucleophile such as an alcoholate, an amine, an azide, an acetimidate, a thiol, a cyanide, a malonate or a cuprate (CH 2 Cl 2 , rt), the corresponding azepanes 156a-s were isolated in good yields (52-96%). Furthermore a good transfer of chirality was observed during the ring expansion as azepanes were obtained with ees > 99% from pyrrolidines with ees > to 99% (Scheme 44). Starting from pyrrolidines 154 (R=H), a variety of optically active cis-2,4-disubstitued azepanes 156a-l and a variety of optically active trans-2,4-disubstitued azepanes 156m-s were formed proving that the attack of the nucleophile is taking place through an S N 2 reaction. 31,32 The reaction was general as tri-substituted azepanes bearing a methoxy at C4 were transformed to pyrrolidines 154 (R=OMe) by ring-expansion. Bicyclic azetidinium intermediates were also formed by treatment of pyrrolidines 154 (R=OMe) with triflic anhydride, in the presence of a proton-sponge, but the reaction was achieved in acetonitrile at 60 °C, instead of CH 2 Cl 2 at 40 °C. After addition of a nucleophile such as an amine, an acetate or a cyanide, the corresponding azepanes 156t-y were isolated with good yield and good diastereomeric excess (de > 96%) (Scheme 44). proton-sponge, addition of a nucleophile). Whatever the nucleophiles, the disubstituted azepanes 156'a-f were formed in good to excellent yields and with excellent diastereoselectivities (de > 96%) and enantioselectivities (ee > 99%) (Scheme 45). 32 This reaction was then further extended to the synthesis of 2-perfluoroalkyl azepanes. Perfluorobutyl pyrrolidines 154 (R f =(CF 2 ) 3 CF 3 ) were submitted to the ring-expansion conditions using acetonitrile as the solvent, and the reaction was heated at 60 °C to ensure a complete conversion of the pyrrolidine to the azetidinium intermediate. After the addition of a nucleophile, the azepanes 156'g-l were isolated with excellent yields (Scheme 45). 32

Scheme 45. Formation of 2-fluoro-alkyl azepanes from fluoro-alkyl pyrrolidines.

From azetidinium ylides

Couty's group reported that azepanes were also accessible from azetidiniums using a [2,3]sigmatropic rearrangement of ylide intermediates. When azetidinium 157 was treated with KHMDS, an ylide was generated and a sigmatropic rearrangement took place to produce azepane 158 with a yield of 93% (de = 20%). When the azetidiniums 159, 161 and 163, were treated with KHMDS, the corresponding azepanes 160, 162 and 164 were isolated in good yields but with low to good diastereomeric excess (de = 50% to 80%) (Scheme 46). The trans stereochemistry of the N-benzyl group with the C2 substituent on the azetidinium is detrimental to the formation of the azepane. If azetidinium 157 was transformed into azepane 158 via a cis-ylide 157', azetidinium 165 rearranged to pyrrolidine 166, due to a Stevens rearrangement and to a trans relative stereochemistry in between the N-benzyl group and the C2 substituent (Scheme 47).

Scheme 47. Mechanism of the ring-expansion of azetidiniums to azepanes via ylide intermediates. Up to now, the only example of azocanes synthesized from a piperidine, by a regioselective ring-opening of an azetidinium intermediate, was reported by the Kurihara group in 1990. 28 When piperidine 167a was heated in refluxing acetonitrile, a mixture of azocanes 169a and piperidines 170a was obtained by ring-opening of the azetidinium intermediate 168a (Scheme 48, route a or route b) and the major product formed was piperidine 170a (piperidine/azocane = 80:20), the nucleophile being a phenolate. Under the same conditions, piperidine 167b led to a mixture of piperidine and azocane however, piperidine 170b was isolated with a good yield (97%) and only traces of azocane 169b were detected (Scheme 48).

Synthesis of Azocanes

Scheme 48. Ring-expansion of piperidines to azocanes via a bicyclic azetidinium.

From a zwitterionic intermediate

In 2009, the Couty group reported that it was possible to access azocanes from azetidines by using a sigmatropic rearrangement of a zwitterion intermediate. 34 The zwitterionic intermediate 172 was formed by a 1,4-addition of azetidine 171 on methyl propiolate and, after a [2,3]-sigmatropic rearrangement, azocenes 173a-h were produced in low to good yields (Scheme 49).

Scheme 49. Synthesis of azocanes from azetidines by a sigmatropic rearrangement of a zwitterion intermediate. Unfortunately, the ring-expansion of azetidines to 8-membered ring is quite limited. As previously, the relative configuration of the substituent of the zwitterionic intermediate 172a is crucial to obtain the azocene 173a. The relative cis stereochemistry between the enolate and the alkene at C2 is mandatory for the rearrangement to take place, due to a 6-membered ring transition state, 172'a (Scheme 50).

C O S N R 1 R 4 R 5 R 3 R 2 CO 2 R EtOH, rt, 4 h-6 d N R 1 R 4 R 5 R 3 R 2 O OR N R 1 R 4 R 5 R 3 R 2 CO 2 R N R 1 R 2 R 3 R 4 R
Scheme 50. Ring-expansion mechanism of a zwitterionic intermediate to an azocane

Conclusion

Bicyclic azetidiniums are versatile intermediates allowing the access to a broad scope of nitrogen heterocycles such as, substituted pyrrolidines, piperidines, azepanes or azocanes when involved in a ring-expansion. The bicyclic azetidiniums are easily opened by a diversity of nucleophiles according to a S N 2 process which allows a good transfer of chirality and the access to substituted nitrogen heterocycles with good dia-and enantiomeric excess. One can ask the question: can we synthesize substituted nitrogen heterocycles larger than azocanes, by nucleophilic ring-opening of azetidiniums and get access to macrocycles without high dilution? 
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Figure 1 .

 1 Figure 1. Drugs containing an azetidine core

Scheme 3 .

 3 Scheme 3. Strategies to access bicyclic azetidiniums A.

Scheme 4 .

 4 Scheme 4. Nucleophilic attack of bicylic azetidiniums A at C2 or C2'.

Scheme 5 . 8 Scheme 6

 586 Scheme 5. Ring-expansion of 1-azabicyclo[2.1.0]pentane 5 induced by HBr.The formation of pyrrolidines from aziridines C via azetidiniums A (Scheme 3, route b and Scheme 4, route a) is rare. De Kimpe et al. reported the synthesis of 3-bromopyrrolidines from aziridines 8 when these latter were treated with PPh 3 in the presence of Nbromosuccinimide (THF, rt). Under these conditions, pyrrolidines 11 were obtained via bromides 9 and bicyclic azetidiniums 10 (Scheme 6).8 

Scheme 12 .

 12 Scheme 12. Synthesis of enantio-enriched 3-chloro pyrrolidines from 2'-chloro azetidines.

Scheme 15 .

 15 Scheme 15. Formation of 3-mesyloxy pyrrolidines or 3-chloro pyrrolidines from azetidines depending on the temperature.

Scheme 24 .

 24 Scheme 24. Synthesis of 2-trifluoromethyl pyrrolidines from trifluoromethyl azetidines in refluxing CH 3 CN.

  , de = 8%) 83b (94%, de = 72%) 83c (83%, de = 6%) 83d (69%, de = 8%) THF 39-94%

Scheme 28 . 23 Scheme 29 .

 282329 Scheme 28. Azetidinium ylides and Stevens rearrangement mechanism.The Couty group extended the Stevens rearrangement to a variety of substituted azetidiniums 86 to produce di-and tri-substituted pyrrolidines 88 via ylides 87. The authors were also able to synthesize 2,2-diaryl-pyrrolidines 91 via azetidinium ylides 90 (Scheme 29).23 

3 Scheme 40 .

 340 Scheme 40. Ring-expansion of an enantio-enriched bicyclic azetidinium to azepanes.

3 Scheme 44 .

 344 Scheme 44. Formation of 2-trifluoromethyl azepanes from trifluoromethyl pyrrolidines.The ring-expansion of pyrrolidines to azepanes was extended to pyrrolidines substituted with different fluorinated substituents at C3'. Pyrrolidines 154 (R f =CF 2 H), bearing a difluoromethyl group were treated under the ring-expansion conditions using different nucleophiles (Tf 2 O,

Table 1 .

 1 Synthesis of 3-chloro pyrrolidines from 2-chloromethyl azetidines.

	Entry	Azetidine	Conditions	Product	Yield
	1				
			DMF, reflux		75%
	2				
			DMF, reflux		39%
	3				
			DMF, reflux		65%

10 Scheme 10. Steric hindrance in the bicyclic azetidinium intermediates generated from syn-19c and anti-19d. In 2010, De Kimpe et al. reported that the ring-expansion of chloro azetidines 22 led to 3- chloro pyrrolidines 24 in good yields (Scheme 11). 11 Scheme 11. Synthesis

  of 3-chloro pyrrolidines from azetidines via bicylic azetidinium intermediates.

10 Scheme 13. Synthesis of 3-mesyloxy pyrrolidine 29 from azetidine 27 via a bicyclic azetidinium intermediate. This ring-expansion was general and a diversity of substituted 2-hydroxymethyl azetidines 31a-e were transformed into the corresponding 3-mesyloxy pyrrolidines 32a-e in good

  

	R 3 O	Cl	R 2					R 3 O	Cl
	N	R 1			reflux, 18-96 h CH 3 CN	R 1 N	R 2
	25					52-75%		26a-g
									(ee = 61-100%)
	BnO	Cl	PhO	Cl	BnO	Cl	MeO	Cl
	N		Bn	N	Bn		N	iPr	N	iBu
	cHex		iPr			iPr	Allyl
	26a (71%)	26b (75%)	26c (74%)	26d (52%)
		BnO	Cl		MeO	Cl		PhO	Cl
				N	iBu		N	s-Bu	N	s-Bu
				nBu			Bn		nPr
			26e (75%)		26f (68%)		26g (67%)
	12,13 2'-Hydroxy azetidine 27 was easily converted to mesylate 28 (methanesulfonyl
	chloride, Et 3 N, THF, 0 °C) however, only traces of the pyrrolidine 29 were detected.
	However, by forcing the conditions e.g. in refluxing chloroform, mesylate 28 was transformed
	into 3-mesyloxy pyrrolidine 29 with a good yield (76%), via bicyclic azetidinium intermediate
	N HO Me N Me 27 29 30 (Scheme 13). yields N N Me Me OMs MsO Ph Ph Me Me MsCl, Et 3 N THF, 0 °C Ph Me Me CHCl 3 , reflux, 12 h 76% 28 29 (traces) N Me OMs Ph H Ph
	(76-84%) (Scheme 14). Worthy of note, the pyrrolidines were obtained with a good
	diastereoselectivity (de > 96%) as the attack of the nucleophile (MsO -) on the bicyclic
	azetidinium intermediate proceeds according to a S N 2 reaction.

30 Me MsO Scheme 14. Synthesis of 3-mesyloxy pyrrolidines 32 from 2-hydroxymethyl azetidines 31.

  

39 39 39 40 41 respectively

  when azetidines 39 and 43 were treated with sodium acetate (DMSO, 50 °C, 72 h) (Table2, entries 6 and 7).

							Cl		OH
			Me	equiv) DMSO, t.a, 72 h	no reaction	N	Me	KOH (10 equiv) DMSO, 50 °C, 48 h	N
	39	Ph					Ph		70%	Ph	Me
		Cl				Cl	Cl	
				KOH (10 equiv)					KOH (10 equiv)
		N	Me	DMSO, 40 °C, 48 h	N		N	Me	DMSO, 60 °C, 24 h	N
		Ph		39%	Ph	Me	Ph		97%	Ph	Me

Table 2 .

 2 Ring-expansion of azetidines induced by external nucleophiles (KOH, KCN, NaOAc, NaN 3 ). Ring-expansion of azetidines to pyrolidines by De Kimpe et al. The use of a hydride as a nucleophile can also induce the ring-expansion of azetidines. De Kimpe et al. reported that the treatment of β-lactam 56 by AlH 2 Cl produced pyrrolidine 59. This ring-expansion proceeds via the azetidine intermediate 57, which after an intramolecular nucleophilic attack led to the bicyclic azetidinium intermediate 58. Intermediate 58 is then open by a hydride to produce pyrrolidine 59 (Scheme 19).

	Entry	Azetidine		Product (yield)
	Conditions : KOH, DMSO, 50 °C, 72 h		
				MsO				Ph	OH
		Ph					nBu		
	1				N				Me	N	nBu
		Me				Me				Me
			43						44 (47%)
	Conditions : KCN, DMSO, 50 °C, 72 h		
						Cl			CN	Cl
	2			N		Me		N	N
			Ph 39				Me 45 (77%) Ph	Ph 46 (8%) Me
				MsO				Ph	CN
		Ph					nBu		
	3				N				Me	N	nBu
		Me				Me				Me
			43						47 (82%)
	Conditions : NaN3, DMSO, 50 °C, 72 h		
						Cl				N 3
	4			N		Me			N
		48	Ph					Ph 49 (87%) Me
		Ph		MsO	nBu	Ph	N 3	Ph	N 3	nBu
	5	Me	43	N	Me		Me	N Me 50 (26%)	nBu	N 51 (16%) Me Me
	Conditions : NaOAc, DMSO, 50 °C, 72 h		
						Cl			OAc
	6			N		Me			N
		39	Ph					Ph 52 (68%) Me
				MsO				Ph	OAc
		Ph					nBu		
	7				N				Me	N	nBu
		Me				Me				Me
			43					
	This work was inspired, in part, by De Kimpe's group work on the ring-expansion of
	azetidines to pyrolidines as the authors reported that when 2'-chloro azetidines 54 was
	heated in DMSO, in the presence of an external nucleophile, the corresponding pyrrolidines
	55a-c were isolated, however in modest yields (Scheme 18). 15

15 

Scheme 19. Ring-expansion of azetidines induced by a hydride.

  mixture was obtained when azetidine 68 was treated with DAST (Scheme 21).

	Scheme 21. Treatment of azetidines with DAST.								
												NEt 2
											F	S	F
												F
											DAST
				45-81%							
	60							61a-i				
								Ph	F	Ph		F
							Me		Me		N
	Ph		Ph					Me			Bn
	61a (81%)	61b (58%)	61c (68%)	61d (45%)	61e (79%)
	Ph	F		Ph	F		Ph	F		Ph		F
	Me	N	nBu	Me	N	Cy	Me	N	Ph	Me	N		Me
		Me			Me			Me			Me
	61f (69%)		61g (78%)		61h (80%)		61i (62%)

complex

The conversion of azetidines to 3-fluoro pyrrolidines can be rationalized by considering that in azetidines M, DAST is converting the hydroxyl at C2' to a good leaving group (intermediate N) and then a S N i reaction can take place, allowing the formation of the bicyclic azetidinium intermediates O. As a fluoride is liberated in the reaction media, this fluoride can attack the bicyclic azetidinium intermediate at C2 to produce 3-fluoro pyrrolidines P (Scheme 22). Scheme 22. Ring-expansion of azetidines to 3-fluoro pyrrolidines induced by DAST.

  If these latter compounds can be obtained from azetidiniums ylides, Couty et al. have shown that these ylides could also be subjected to a ring-expansion according to a Stevens rearrangement and, for the first time, they observed this rearrangement during the synthesis of acrylonitriles from azetidiniums. Treatment of azetidinium 75 with LiHMDS, led to an azetidinium ylide which was quenched with an alkyl halide to form azetidiniums 76 and 79. When these latter were treated with a second equivalent of LiHMDS, pyrrolidines 77 and 80 were produced, although in low yields according to a Stevens rearrangement. The major compounds isolated were acrylonitriles 78 and 81 which are the result of an elimination process (Scheme 26). to these preliminary results, the Stevens rearrangement of azetidinium ylides was utilized by Couty et al. to produce substituted pyrrolidines. When azetidine 82 was treated with KHMDS or PhLi at -78 °C, pyrrolidines 83a-d were isolated with yields varying from 39% to 94%. However, in general, a low diastereoselectivity was observed when substituents at C2 and C3 are present (Scheme 27).

21 Scheme 26. Ring-expansion of azetidinium via a Stevens rearrangement. Due 22 Scheme 27. Stevens rearrangement of azetidinium ylides.

  Influence of the azidinium C2 substituents on the Stevens rearrangement.

	Ph	Ph	H		Base	Ph	Ph	H		Ph	Ph		Ph	Ph	H
		N					N				N		N
		Me	R	R 1		Me	R	R 1	Me	R	R 1	Me	R	R 1
	82					82'				82''	83a-d
	Scheme 30.					Base						
		N Me Ph						N Me Ph			N Me	Ph
	84								84'			85
		R	N R'		Base		R	N R'		Stevens Rearrangement	R	N R'	Ph
				Me Ph				Me Ph			Me
			86						87				88
		R	N R'	Ph	Base		R	N R'	Ph	Stevens rearrangement	R	N R'	Ph Ph
				Me Ph				Me Ph			Me
			89										91

Table 3 .

 3 Ring-expansion of pyrrolidines to azepanes via an azetidinium intermediate.

	Entry	Nucleophile	Solvent	T (°C)	T (h)	Yield	134/135
	1	NaOH	H2O	100	5	45%	56:44
	2*	NaOH	H20	100	5	48%	55:45
	3	NaOCH(Ph)2	Benzene	80	16	73%	78:22
	4*	NaOCH(Ph)2	Benzene/CHCl3 (1:1)	80	16	30%	71:29
	5	PhCO2Na	iPrOH	83	5	85%	47:53
	6*	PhCO2Na	iPrOH	83	5	76%	45:55
	7	HNHBn	H2O	70	22	68%	57:43
	8*	HNHBn	H2O	70	22	71%	54:46

  Scheme 41. Stereoselective ring-expansion of azetidine to azepanes.When enantio-enriched trisubstituted azetidine 151 was treated with SOCl 2 and a nucleophile, Couty's group reported that it was possible to obtain trisubstituted azepanes 153a-c as single diastereoisomers, as the attack of the intermediate 152 by a nucleophile is highly stereoselective, however the yields in azepanes are modest (13-60%) (Scheme 42).29 Scheme 42. Synthesis of trisubstituted azepanes from azetidines.

	N BnO 1	3'	CO 2 Me 2 2'	MeOTf CH 2 Cl 2 , rt quant.	N BnO Me 1 TfO	3'	CO 2 Me 2 2'	Nu DMF 63-87%	N Me MeO 2 C 4 2 1	OBn Nu
	144 (ee > 95%)					145 (dr > 95:5)	146a-c (dr > 95:5)
	MeO 2 C	N 3						MeO 2 C	CN	MeO 2 C	OAc
	N									N	N
	Me OBn							Me OBn	Me OBn
	146a (87%, dr > 95:5)		146b (74%, dr > 95:5)	146c (63%, dr > 95:5)
			HO							
			Ph Me		N	H	CH 2 Cl 2 , reflux SOCl 2 ,	Me Cl	Ph N	2	H
			147					148
											Nu
			N					Nu +	N	Nu (10 equiv) DMF, 80 °C
			Me	Ph			Me		Ph	2 -10 h
		149 (dr > 95:5)	150 (dr > 95:5)	Nu = NaOAc
											Nu = KCN
			149a/150a = 2:98	(46%)	Nu = NaN 3
			149b/150b = 68:32	(90%)
			149c/150c = 2:98	(75%)
		HO							
			Bn	N	Me H	Ph	SOCl 2 CH 2 Cl 2 , reflux	Bn	Me N 2	H	Ph
				151					152
								Nu		
								Ph		Nu (10 equiv)
							N	Me			DMF, 80 °C
							Bn			2 -10 h
					153 (dr > 95:5)	
						153a (13%)			Nu = NaOAc
						153b (26%)		Nu = KCN
						153c (60%)			Nu = NaN 3

  Scheme 46. Azepanes from azetidiniums by a [2,3]-sigmatropic rearrangement of ylide intermediates.

				1. Proton-Sponge, Tf 2 O
	HO		CH 2 Cl 2, 40 °C, 5 h or		Nu
	N Bn 154	*	R f	CH 3 CN, 60 °C, 5h 70-89% 2. NuH or Nu -, rt	N 156'a-l Bn R f *
	Rf= CF 2 H, (CF 2 ) 3 CF 3			nucleophile, (yield)
						(ee)
					O	
	N			O		CN
	N	CF 2 H	N	CF 2 H	N	CF 2 H
	Bn			Bn		Bn
	156'a			156'b		156'c
	(Allyl) 2 NH, (87%)	n-Bu 4 NOAc, (83%)	n-Bu 4 NCN, (80%)
						(ee > 99% )
					O	
	N			O		CN
	N	CF 2 H	N	CF 2 H	N	CF 2 H
	Bn			Bn		Bn
	156'd			156'e		156'f
	(Allyl) 2 NH, (80%)	n-Bu 4 NOAc, (72%)	n-Bu 4 NCN, (71%)
						(ee > 99%)
					O	
	N			O		CN
	N	(CF 2 ) 3 CF 3	N	(CF 2 ) 3 CF 3	N	(CF 2 ) 3 CF 3
	Bn			Bn		Bn
	156'g			156'h		156'i
	(Allyl) 2 NH, (77%)	n-Bu 4 NOAc, (71%)	n-Bu 4 NCN, (89%)
						(ee = 90%)
					O	
	N			O		CN
	N	(CF 2 ) 3 CF 3	N	(CF 2 ) 3 CF 3	N	(CF 2 ) 3 CF 3
	Bn			Bn		Bn
	156'j			156'k		156'l
	(Allyl) 2 NH, (72%)	n-Bu 4 NOAc, (70%)	n-Bu 4 NCN, (87%)
							33
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