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In light of the emerging interest in the preparation of azetidin-2-ones via carbonylative methods as a green alternative for the conventional methodologies, a comprehensive overview of different transition metal-promoted aziridine-to-azetidin-2-one carbonylations is provided in this microreview.
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ABSTRACT
Within heterocyclic chemistry, β-lactams comprise an extraordinary class of strained compounds, recognized for their biological importance as potent antibiotics and their chemical value as flexible building blocks for the construction of diverse nitrogen-containing structures. Among the synthetic routes available to access this interesting scaffold, the carbonylation of aziridines, in which carbon monoxide is inserted into one of the ring carbon-nitrogen bonds, is praised for its efficiency and remarkable regio- and stereoselectivity. This review provides a comprehensive overview of aziridine-to-azetidin-2-one carbonylation studies. The protocols are categorized according to the different transition metals (i.e. rhodium, palladium, nickel, iron and cobalt) that have been employed (in a catalytic or stoichiometric amount) to effect this transformation.
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1. Introduction
β-Lactams represent a unique ring system with fascinating chemistry and impressive biological applications. This extraordinary class of strained compounds still comprises the most consumed antimicrobials to date,
 ADDIN EN.CITE 
[1-2]
 accounting for more than half of the antibiotics on the World Health Organization Model List of Essential Medicines,3[]
 and is considered to be a cornerstone of human health care. However, the increasing microbial resistance against these classical antibacterials is truly problematic,4[]
 imposing a continued search for novel types of β-lactam antibiotics and β‑lactamase inhibitors.5[]
 Besides their renowned antibacterial properties, azetidin-2-ones also exhibit a wide range of other pharmacological activities, exemplified by their anticancer activity, cholesterol absorption inhibition and antiviral activity, which enables their use in different therapeutic areas.
 ADDIN EN.CITE 
[6-10]
 Furthermore, β-lactams have acquired a prominent place in organic chemistry as building blocks due to their inherent reactivity, serving as important intermediates toward the preparation of a wide variety of nitrogen-containing acyclic and heterocyclic target compounds (β-lactam synthon method).
 ADDIN EN.CITE 
[11-15]

Since the first report on the preparation of a β-lactam scaffold by Staudinger in 1907,16[]
 involving a [2+2]-cyclocondensation between imines and in situ generated ketenes,
 ADDIN EN.CITE 
[13, 17-18]
 several other approaches to their synthesis have been reported. Established examples in that respect include the Kinugasa copper-catalyzed coupling between alkynes and nitrones
 ADDIN EN.CITE 
[19-22]
 and the Gilman-Speeter cyclocondensation between imines and metal ester enolates,
 ADDIN EN.CITE 
[23-25]
 as well as several catalytic, asymmetric methodologies.
 ADDIN EN.CITE 
[26-29]
 A peculiar yet powerful and benign method for β-lactam synthesis comprises the transition metal-promoted carbonylation of aziridines, in which carbon monoxide is inserted into one of the ring carbon-nitrogen bonds. Although the initial reports revealed a significant potential of this method for efficient aziridine-to-azetidin-2-one transformations in a regio-, stereo- and enantioselective way,
 ADDIN EN.CITE 
[30-37]
 it has been largely neglected in the current practice of carbonylation chemistry. However, the possibility to construct β-lactams with substitution patterns complementary to those usually obtained via Staudinger synthesis is of particular importance in view of the further elaboration of these scaffolds into biologically relevant novel heterocycles.
In light of the emerging interest in the synthesis of β-lactams via carbonylative methods as a convenient alternative for the conventional methodologies,
 ADDIN EN.CITE 
[38-42]
 and in continuation of our efforts concerning the preparation of functionalized azetidin-2-ones as versatile synthons,
 ADDIN EN.CITE 
[43-46]
 our group has recently investigated the cobalt carbonyl-catalyzed carbonylation of different classes of non-activated aziridines with diverse substitution patterns.47[]
 Although aziridine-to-azetidin-2-one carbonylations are regularly mentioned in reviews regarding the carbonylation of heterocycles
 ADDIN EN.CITE 
[48-54]
 or the synthesis of β-lactams in general,
 ADDIN EN.CITE 
[9, 13, 21-22, 26-27, 29, 55-56]
 we noticed that a complete and detailed overview describing the available studies on aziridine-to-azetidin-2-one carbonylations with respect to applicable reaction conditions, observed substrate limitations and in-depth mechanistic rationalizations is still lacking. In that respect, a comprehensive literature review concerning aziridine carbonylations is presented here in order to (i) acquaint scientists with the possibilities of this methodology for the design and synthesis of new β‑lactam scaffolds and (ii) assist them in choosing a suitable transition metal system to promote this transformation. In this overview, the protocols are categorized according to the five different transition metals (i.e. rhodium, palladium, nickel, iron and cobalt) that have been employed in the literature (in a catalytic or stoichiometric amount) for aziridine carbonylative ring-expansion reactions; and within these paragraphs, the references are ordered mainly in a chronological way.
2. Rhodium

The first example of the direct ring expansion and carbonylation of an aziridine has been reported in 1983.30[, 57]
 In this communication, Alper and coworkers presented the regiospecific synthesis of 3-arylazetidin-2-ones 2a‑e (R2 = aryl) in 97-100% yield by treatment of 2‑arylaziridines 1a-e with 20 bar of carbon monoxide in the presence of 5 mol% of rhodium(I) dicarbonyl chloride dimer ([Rh(CO)2Cl]2) as the catalyst in benzene for 48 hours at 90 °C, with insertion of carbon monoxide exclusively into the aziridine carbon-nitrogen bond bearing the aryl substituent (Scheme 1).

It was noted that, for the reaction to occur under the described conditions, the R1 group should not contain acidic hydrogens on the carbon atom adjacent to the aziridine nitrogen atom. If it does (e.g. R1 = Bn), ring cleavage occurs, affording a complex reaction mixture. Also rhodium(I) 1,5-cyclooctadiene chloride dimer ([RhCODCl]2) proved to be an effective catalyst for this conversion. In addition, rhodium(I) 1,5-hexadiene chloride dimer ([RhHDCl]2) and rhodium(II) acetate dimer (Rh2(OAc)4) were shown to be incapable of catalyzing the desired reaction.

In contrast to aryl-substituted aziridines, 2-alkylaziridines (e.g. R1 = tBu, R2 = Me) were recovered unchanged on attempted carbonylation with rhodium(I), even at 76 bar and 90 °C.33[]
 Mechanistically, this contrast was rationalized by considering the initial coordination of the arene ring of aziridines 1 to rhodium (Scheme 2, intermediates 3a), facilitating oxidative addition of rhodium(I) to the more substituted aziridine carbon-nitrogen bond. Alternatively, the intermediate formation of π-benzyl-type complexes 3b was proposed.48[, 53]
 Subsequent ligand migration from the N‑Rh bond in rhodium(III) complexes 4 to a carbonyl carbon may form five-membered complexes 5. Carbonylation, followed by reductive elimination, with or without the participation of another molecule of aziridine, would then afford 3-aryl-β-lactams 2.33[]
 Although Alper stated that the availability of π or n electrons in the R2 group (e.g. R2 = Ph; but also CH=CH2, COCH3, COOCH3, NHCOCH3…) is a prerequisite for the desired transformation, i.e. for stabilizing a presumed rhodacycle intermediate,58[]
 no examples other than with an aryl substituent have been reported to date.
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Scheme 1: Regiospecific rhodium-catalyzed carbonylation of 2-arylaziridines

[image: image3.emf]N

O

R

1

Ar

2

N

R

1

Ar

1

N

R

1

3a

Cl(CO)

2

Rh

[Rh(CO)

2

Cl]

2

Rh

N

Ar

R

1

Cl

OC

OC

4

Rh N

O

R

1

Ar

OC

Cl

5

Rh N

O

R

1

6

Cl

OC

OC

Ar

CO

N

R

1

Rh(CO)

2

Cl

or

3b


Scheme 2: Rhodium-catalyzed carbonylation of 2-arylaziridines – Mechanistic proposal

Further experiments clearly showed that the regiospecific rhodium-catalyzed ring expansion-carbonylation reaction of aziridines to β-lactams is both diastereospecific (Scheme 3, A) and enantiospecific (Scheme 3, B), occurring with retention of configuration.33[]
 It should be noted that the conversion of aziridine 1f to azetidin-2-one 2f (Scheme 3, A) comprises the only example of a rhodium-catalyzed carbonylation of 2,3-disubstituted aziridines, and that no similar experiment on a trans-disubstituted aziridine has been reported.

Furthermore, the asymmetric synthesis of β-lactams in high optical yield has been achieved by effecting the carbonylation of racemic aziridine 1a with [RhCODCl]2 as catalyst in the presence of L- or D-menthol as chiral ligand (Scheme 3, C).33[]
 This carbonylation reaction does not result in the creation of a new chiral center and is, therefore, merely a kinetic resolution. Consequently, the resulting β-lactam 2a can be produced in a maximum yield of 50%. The isolated yield (i.y.) increased with the reaction time, but this was at the expense of the optical yield (o.y., i.e. the ratio of the optical purity of the product to that of the precursors). In addition, the recovered aziridine was also obtained in high optical purity. Much needs to be learned concerning the reason for the good chiral discrimination exhibited by the [RhCODCl]2/menthol system, because the use of [Rh(CO)2Cl]2 and [RhHDCl]2 as catalysts resulted in much lower optical yields, as well as the addition of commonly used chiral ligands such as (+)-diethyl tartrate, (+)-DIOP (2,3-O-isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane), (S)-BINAP (2,2'-bis(diphenylphosphino)-1,1'-binaphthyl) and β-cyclodextrin, which were essentially useless in this regard. Although enantio-enriched aziridines (and the corresponding β-lactams) are better accessible from enantio-enriched epoxide precursors,59[]
 the concept of this asymmetric protocol was a significant advancement in terms of its efficacy and simplicity in achieving high optical yields with an easy available chiral agent.29[]
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Scheme 3: Rhodium-catalyzed carbonylation of 2-arylaziridines – Examination of the diastereoselectivity (A), enantioselectivity (B) and asymmetric synthesis (C)
The regio- and enantioselectivity of the rhodium(I)-catalyzed carbonylative ring expansion of aziridines to β-lactams were investigated theoretically by Sordo and coworkers via density functional theory (DFT) calculations at the B3LYP/6-31G(d) (LANL2DZ for Rh) theory level, taking solvent effects into account (Scheme 4).60[]
 The results showed that the experimentally observed regioselectivity in the carbonylation of aziridine S-1a (R = Ph) and the lack of reactivity of aziridine S-1g (R = Me) are determined by the difference in degree of activation of the breaking C-N bond in the initial aziridine-[Rh(CO)2Cl] complex due to its hyperconjugation interaction with the substituent on the carbon atom. The calculations also showed that the coordination of a monomeric [Rh(CO)2Cl] fragment to the aziridine nitrogen atom, rather than to the arene ring as reported by Alper,33[]
 initiates the reaction. When R = Ph, the hyperconjugation interaction with the Cα-N bond facilitates the insertion of the metal atom into this bond. In contrast, when R = Me, a larger stability of the initial complex, along with a lower stabilization through hyperconjugation of the transition state for insertion of rhodium into the Cα-N bond, makes the ring expansion unviable. Also the experimentally observed enantiospecificity of the transformation was confirmed by calculations, which is a consequence of the fact that the stereogenic center is never perturbed to change its configuration.
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Scheme 4: Rhodium-catalyzed carbonylation of aziridines – Specific reactions studied via DFT calculations

To avoid typical homogeneous catalysis issues associated with difficult catalyst-product separation and loss of the expensive metal catalyst, resin-supported rhodium-complexed dendrimers 7 and 8 were evaluated as catalysts for the carbonylative ring expansion of aziridines 1a-e (Scheme 5).61[]
 After careful optimization of the CO pressure (7-41 bar), solvent (benzene, dichloromethane, tetrahydrofuran, diethyl ether, acetonitrile, dimethoxyethane), reaction temperature (25-90 °C) and time (13-60 h), full conversion was achieved for all the selected substrates. The immobilized dendritic catalysts 7 and 8 showed comparable activity to the homogenous analog and, more importantly, the catalyst could be recovered by simple filtration, reused, and recycled without significant loss of activity.
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Scheme 5: Carbonylation of 2-arylaziridines catalyzed by resin-supported rhodium-complexed dendrimers 7, 8
3. Palladium

Inspired by the successful synthesis of bicyclic β-lactams through exposure of azirines to carbon monoxide and a catalytic amount of tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4),62[]
 in combination with efficient approaches to convert α-lactams into azetidine-2,4-diones using rhodium and cobalt complexes,63[]
 Alper and Hamel have reported the regiospecific palladium-catalyzed ring expansion-carbonylation of 2-methyleneaziridines 9a-e toward 3‑methyleneazetidin-2-ones 10a-e under an atmospheric CO pressure in 1987 (Scheme 6).31[]
 The regiospecificity of the transformation was rationalized considering the strong electron-donating methylene substituent, which could π-complex to the metal. In addition, also the lone pair of the aziridine nitrogen could coordinate to the metal, affording a carbonyl insertion into the sp2-carbon-nitrogen bond.

While the use of Pd(PPh3)4 as catalyst resulted in good isolated yields, palladium(0) catalysts containing bidentate ligands such as dibenzylideneacetone (Pd(dba)2) or bis(1,2-bisdiphenylphosphino)ethane (Pd(dppe)2) were not useful in this regard. Furthermore, palladium acetate (Pd(OAc)2) with added triphenylphosphine (PPh3) proved to be a viable catalytic system for this transformation, but lower product yields were obtained when triphenylphosphite (P(OPh)3) was used instead of triphenylphosphine.
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Scheme 6: Regiospecific palladium-catalyzed carbonylation of 2-methyleneaziridines

Also 2-vinylaziridines can undergo regiospecific palladium(0)-catalyzed ring-expansion carbonylation to give the corresponding 3-vinylazetidin-2-ones under relatively mild reaction conditions (Scheme 7).
 ADDIN EN.CITE 
[35-36]
 The transformation of N-tert-butyloxycarbonyl-protected aziridine 11a, comprising a 1/3 cis/trans diastereomeric mixture, produced exclusively trans-azetidin-2-one 12a in 51% isolated yield by using tris(dibenzylideneacetone)dipalladium(0)-chloroform adduct ([Pd2(dba)3 . CHCl3]) and an excess of triphenylphosphine.35[, 64]
 In addition, a closely related procedure was employed to prepare enantiomerically pure N-tosyl-protected trans-β-lactam 12b, an intermediate en route to carbapenem antibiotic (+)-PS-5 13.36[]
 It should be noted that the enantiopurity of the latter β-lactam 12b was not experimentally confirmed.
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Scheme 7: Regiospecific palladium-catalyzed carbonylation of 2-vinylaziridines
This method was described as noteworthy in view of its use of intermediate π-allyl Pd species 15 for carbonylation, instead of the more usual, stable vinyl Pd species31[]
 (Scheme 8).35[]
 π‑Allyl complexes 14 were assumed to be formed initially by attack (with inversion) of Pd(0) onto 2-vinylaziridines 11. Isomerization65[]
 could then occur to give complexes 15, which may be stabilized by internal coordination between nitrogen and palladium. Carbon monoxide insertion (with retention)66[]
 is then followed by ring closure and regeneration of the catalytic species.36[]
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Scheme 8: Palladium-catalyzed carbonylation of 2-vinylaziridines – Mechanistic proposal

In a review on transition metal-mediated carbonylative ring expansion of heterocyclic compounds, Khumtaveeporn and Alper stated that the exclusive formation of trans-β-lactam 12a from a cis/trans diastereomeric mixture likely resulted from π-allyl intermediates 15, but that the possibility that only trans-aziridine 11a was reactive could not be ruled out since the total yield of the reaction did not exceed 75%.48[]
 In that respect, more clarity concerning the reaction mechanism was provided by Aggarwal et al. in 2010.67[]
 Inspired by the previous reports of Ohfune35[]
 and Tanner,36[]
 they studied the palladium-catalyzed carbonylation of 2-aryl-3‑vinylaziridines 17/18.67[]
 2-Aryl-substituted vinylaziridines 17a-g/18a-g underwent [Pd2(dba)3 . CHCl3]-catalyzed ring-expansion carbonylation, which afforded diastereomeric mixtures of azetidin-2-ones 19-21 (19/20/21 = 0-9/0-15/76-100, the cis-Z-isomer 22 was never observed) in 59-77% combined yield (Scheme 9). Noteworthy, when an enantioenriched aziridine was used, full chirality transfer was observed. It should also be noted that both trans-aziridines 17, cis-aziridines 18 or a 1/1 diastereomeric mixture of aziridines 17/18 gave the same trans-β‑lactams 21 as the major product.
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Scheme 9: Palladium-catalyzed carbonylation of aryl-substituted vinylaziridines
A mechanistic rationale for this interesting behavior is visualized in Scheme 10.67[]
 Pd(0) has already been shown to isomerize vinyl aziridines through oxidative addition followed by π-σ-π isomerization (17 → 25 via 26).
 ADDIN EN.CITE 
[68-69]
 Subsequent capture of intermediate π-allyl Pd complexes 23 and 26 with carbon monoxide, followed by ring closure, would then generate azetidin-2-ones 19 and 20, respectively, but neither of them was observed in an amount of more than 15% of the total yield from reactions with aryl-substituted vinylaziridines 17a-g/18a-g. Instead, trans-E-isomers 21 were mainly obtained, which must have resulted from a Pd(0)-mediated isomerization of intermediate π-allyl Pd complexes 23 to 24.65[]
 In a fully equilibrated system where isomerization, carbonylation and decarbonylation rates are fast, the diastereomeric product ratio will be determined by the equilibrium concentrations of acyl Pd intermediates 27, 28, 29 and 31 and their relative ring-closure rates. E-Acyl Pd intermediates 28 and 29 are more favored than Z‑intermediates 27 and 31, and by observing the experimental results in Scheme 9, it is clear that among these favored species 28 and 29, intermediates 29 cyclize faster.
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Scheme 10: Mechanistic rationale for the palladium-catalyzed carbonylation of vinylaziridines into β- and δ-lactams

In a next stage, the potential effects of varying the reaction parameters on the β-lactam diastereoselectivity were investigated (Table 1).67[]
 First, the impact of reducing the Pd concentration was examined, which resulted in a lower diastereoselectivity, presumably because of a lower extent of Pd(0)-mediated isomerization (Entry 1-2). In addition, it became clear that specific solvent interactions can have an important effect on the reaction outcome (Entry 3-4). Furthermore, a reduction of the reaction temperature resulted in a reversal of the diastereoselectivity, affording cis-E-isomer 20a as the major product (Entry 5-6). A possible rationalization for this behavior is that at lower temperature, the CO concentration in solution is higher, in this way reducing the decarbonylation rate, which would result in a limited extent of equilibration and thereby a lower diastereoselectivity. An alternative explanation is that at low temperature, the rate of Pd(0)-mediated isomerization is reduced. Conversely, reducing the CO pressure to 0.1 bar would lead to a fully equilibrated system due to fast decarbonylation, which was experimentally confirmed by the specific conversion toward trans-E-isomer 21a (Entry 7). Finally, at low Pd concentration (4 mol%) and high CO pressure (50 bar), it was possible to switch from trans-E-isomer 21a to cis-E-isomer 20a as the major product (Entry 9-10).

By comparing entries 1, 11 and 13 or entries 8, 12 and 14 (Table 1), the profound effect of the specific vinyl substituent (R = Ph, Me or TMS) on the reaction outcome can be clearly seen.67[]
 At atmospheric CO pressure, the alkyl-substituted vinylaziridine 17h (R = Me) resulted in a complex mixture, which was explained by a decomposition of the corresponding intermediate π-allyl Pd complex 23h through an elimination pathway (Entry 11). However, at high pressure, complex 23h would be more rapidly captured by carbon monoxide. In this case, Pd(0)-mediated isomerization is slower than for R = Ph, and even though the concentration of acyl Pd intermediate 27h is expected to be lower than intermediate 28h, its faster rate of cyclization could explain the predominant formation of trans-Z-isomer 19h (Entry 12).

The surprising formation of δ-lactam 34 by reaction of silyl-substituted vinylaziridine 17i (R = TMS) under analogous conditions (Entry 13), which was observed during a previous study,70[]
 may result from an inherent preference for carbonylation to occur adjacent to Si due to a shorter C-Pd bond length71[]
 in unsymmetrical π-allyl Pd complex 32. The resulting acyl Pd intermediate 33 would subsequently undergo fast cyclization, affording δ-lactam 34 after protodesilylation (Scheme 10). However, when the reaction was conducted at high CO pressure, a diastereomeric mixture of β-lactams 19i/20i/21i was obtained in 43% yield together with 20% of δ-lactam 34 (Entry 14). This mixture was consistent with a reaction characterized by fast carbonylation with minimal Pd(0)-mediated isomerization of π-allyl Pd complex 23i.67[]

Table 1: Palladium-catalyzed carbonylation of vinylaziridines – Effect of the reaction parameters and vinyl substituent
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	Entry
	R
	[Pd] (mol%)a
	CO (bar)
	Solvent
	T (°C)
	t (h)
	Yield (%)b
	dr (19/20/21/22)c

	1
	Ph
	10
	1
	toluene
	rt
	2
	77
	3/3/94/0

	2
	Ph
	5
	1
	toluene
	rt
	2
	30
	13/23/64/0

	3
	Ph
	10
	1
	DME
	rt
	16
	67
	1/20/79/0

	4
	Ph
	10
	1
	CH2Cl2
	rt
	5
	44
	0/8/92/0

	5
	Ph
	10
	1
	toluene
	-5 → rt
	120
	56
	34/56/10/0

	6
	Ph
	10
	1
	DME
	-5
	72
	62
	14/67/19/0

	7
	Ph
	10
	0.1
	toluene
	rt
	2
	60
	0/0/100/0

	8
	Ph
	10
	50
	toluene
	rt
	2
	75
	14/28/58/0

	9
	Ph
	4
	50
	toluene
	rt
	2
	69
	29/52/19/0

	10
	Ph
	4
	50
	CH2Cl2
	rt
	20
	44
	10/79/11/0

	11
	Me
	10
	1
	toluene
	rt
	2
	       0 (decomposition)

	12
	Me
	10
	50
	toluene
	rt
	72
	79
	80/0/16/4

	13
	TMS
	10
	1
	toluene
	rt
	2
	       61% δ-lactam 34

	14
	TMS
	10
	50
	toluene
	rt
	4
	  43% 19/20/21 (37/52/11)

       + 20% δ-lactam 34


a Aziridine concentration = 6 x 10-2 M. b Isolated yield. c Determined by 1H NMR (CDCl3) after chromatography, the dr could not be determined on the crude mixture due to the presence of overlapping impurity signals.
4. Nickel

A one-pot, low pressure conversion of aziridines to β-lactams using a stoichiometric amount of nickel(0) tetracarbonyl (Ni(CO)4) as the carbonyl source has been communicated by Chamchaang and Pinhas in 1988,32[]
 and expanded upon in 1990.34[]
 By reaction of 2‑methylaziridines 35a-d with lithium iodide for a given time (which was dependent on the aziridine substitution pattern), followed by carbonylation utilizing an excess of Ni(CO)4 under an argon or carbon monoxide atmosphere, 4-methylazetidin-2-ones 36a-d were obtained in 20-50% isolated yield after oxidative work-up and subsequent purification (Scheme 11). During this regiospecific transformation, the less substituted aziridine carbon-nitrogen bond was carbonylated, which is a direct result of the initial SN2-type aziridine ring opening by iodide at the least hindered position. This result is complementary to the previously described rhodium- and palladium-catalyzed reactions, in which the more substituted aziridine carbon-nitrogen bond was carbonylated.
 ADDIN EN.CITE 
[30-31, 33]
 The reaction worked better with electron-donating groups than with electron-withdrawing groups at nitrogen, and not at all when the ring was substituted with a phenyl group (which resulted in dimer or polymer formation). The application of iron carbonyl complexes (Fe(CO)5, Fe2(CO)9, Fe3(CO)12) instead of Ni(CO)4 proved to be unsuccessful in this carbonylation process.34[]
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Scheme 11: Regiospecific nickel-mediated carbonylation of 2-methylaziridines

An additional experiment clearly showed that the regiospecific nickel-mediated transformation of aziridines to β-lactams is stereospecific, occurring with retention of configuration (Scheme 12). In this case, the isolated yield was doubled by performing the carbonylation step under a CO atmosphere instead of an Ar atmosphere. By considering the reaction mechanism proposal, in which both the SN2-type aziridine ring opening by iodide (35 → 37) as the intramolecular nucleophilic attack of the nickel acylate complex onto the alkyl halide (38 → 39) are occurring with inversion of configuration, the net retention of configuration could be explained.32[, 34]

 HYPERLINK \l "_ENREF_52" \o "Chamchaang, 1990 #54" 

 Again, it should be noted that the conversion of aziridine 35e to azetidin-2-one 36e comprises the only example of a nickel-mediated carbonylation of 2,3-disubstituted aziridines, and that no similar experiment on a trans disubstituted aziridine has been reported.
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Scheme 12: Nickel-mediated carbonylation of aziridines – Examination of the stereoselectivity and mechanistic proposal including possible side reactions

5. Iron

In 1997, Burger and coworkers have reported the first iron-mediated aziridine-to-azetidin-2-one carbonylation.72[]
 Bicyclic vinylaziridines 41a-d, synthesized by photolysis of N‑alkylpyridinium salts in water or alcohol, were reacted with diiron(0) nonacarbonyl (Fe2(CO)9) to give air-sensitive tricarbonyliron complexes 42a-d, which on oxidative decomplexation with ceric ammonium nitrate (CAN) afforded cis-fused cyclopenteno-β-lactams 43a-d in 5-69% overall yield (Scheme 13). As Fe2(CO)9 is in equilibrium with iron(0) pentacarbonyl (Fe(CO)5) and the highly reactive species [Fe(CO)4 . THF],73[]
 there was no need for activation by light. As opposed to supplying carbon monoxide gas, the CO equivalent used for this transformation originated from the iron complex itself.


[image: image16.emf]41a-d

N

H H

OR

1

43a

 (R

1

= H, R

2

 = H, 78%)

43b (R

1

 = H, R

2

 = Me, 83%)

43c (R

1

= TBDMS, R

2

 = H, 10%)

43d (R

1

 = TBDMS, R

2

 = Me, 38%)

N

H H

OR

1

O

(R

1

= H, TBDMS)

(R

2

= H, Me)

OR

2

OR

2

42a

 (R

1

= H, R

2

 = H, 49%)

42b (R

1

 = H, R

2

 = Me, 83%)

42c (R

1

= TBDMS, R

2

 = H, 51%)

42d (R

1

 = TBDMS, R

2

 = Me, 81%)

N

OR

2

O

(CO)

3

Fe

OR

1

1 equiv. Fe

2

(CO)

9

N

2

-atm, THF, rt, 4-6 h

4 equiv. CAN

N

2

-atm, EtOH, rt, 3 h


Scheme 13: Iron-mediated carbonylation of bicyclic vinylaziridines

Inspired by the first isolation of a π-allyltricarbonyliron lactam complex prepared by ultraviolet irradiation of methyl 2-vinylaziridine-1-carboxylate and Fe(CO)5,74[]
 Ley and Middleton communicated the synthesis of π-allyltricarbonyliron lactam complexes 45a-b, bearing a ketone functionality in the side chain, by sonication of aziridinyl enones 44a-b in benzene in the presence of Fe2(CO)9 (Scheme 14).75[]
 Subsequent reaction with a selection of nucleophiles afforded the addition products 46a1-3 and 46b1-3 in good yield and with excellent diastereoselectivity. The high diastereocontrol of this reaction was rationalized by considering the tricarbonyliron entity that blocks one face of the carbonyl group, thus forcing the approach of the nucleophile to occur from the opposite side, combined with the fact that the ketone adopts only one reactive conformation, which was confirmed by nuclear Overhauser effect spectroscopy (NOESY). Finally, oxidative decomplexation of complexes 46a1-3 and 46b1-3 with an excess of trimethylamine N‑oxide allowed the generation of highly functionalized β‑lactams 47a1-3 and 47b1-3, bearing stereodefined secondary or tertiary alcohol centers. This protocol proved to give markedly higher yields as compared to the oxidative decomplexation with CAN, which afforded azetidin-2-one 47a1 in only 31% isolated yield. It should be noted that the first two steps of this sequence have been repeated on enantiomerically enriched aziridinyl enone 44a, which resulted in the preparation of π‑allyltricarbonyliron lactam complex 46a1 in 52% overall yield without loss of enantiopurity.
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Scheme 14: Iron-mediated carbonylation of aziridinyl enones (the exact reagent amounts were not provided)

6. Cobalt

Shortly after their seminal publications on the first successful rhodium- and palladium-catalyzed aziridine-to-azetidin-2-one carbonylations in 198330[]
 and 1987,31[]
 respectively, the group of the Canadian chemist Howard Alper demonstrated in 1996 that also cobalt can catalyze this transformation.37[]
 In particular, treatment of 2-alkylaziridines 48a‑d with 33 bar of carbon monoxide in the presence of 8 mol% of dicobalt(0) octacarbonyl (Co2(CO)8) as the catalyst in 1,2-dimethoxyethane for one day at 100 °C afforded 4-alkylazetidin-2-ones 49a-d in 50-94% isolated yield and high purity after filtration of the catalyst over silica gel, with insertion of carbon monoxide exclusively into the less substituted aziridine carbon-nitrogen bond (Scheme 15, A). Interestingly, when the alkyl substituent at the 2-position of the aziridine ring was replaced by an aryl group (cf. 2-phenylaziridine 48e), the regioselectivity of the reaction changed completely, implying insertion of carbon monoxide exclusively into the aziridine carbon-nitrogen bond bearing the aryl substituent (Scheme 15, A). Further experiments showed that the cobalt-catalyzed ring expansion-carbonylation reaction of aziridines to β‑lactams is stereospecific, occurring with inversion of configuration (Scheme 15, B), which is complementary to the stereochemistry of the other transition metal-mediated carbonylative ring expansions. It should be noted that during the transformation of cis-2-methyl-3-phenylaziridine 48h into the corresponding trans-azetidin-2-one 49h, only the benzylic aziridine carbon-nitrogen bond was carbonylated (Scheme 15, B).

The observed regio- and stereoselectivity could be rationalized by considering the following mechanistic proposal (Scheme 15, C). It is known that the reaction of Co2(CO)8 with N, O and P donors induces cleavage of the Co-Co bond, resulting in the in situ formation of tetracarbonylcobaltate (Co(CO)4-) as the active catalyst.76[]
 The initial nucleophilic ring opening of aziridines 48 by Co(CO)4- would proceed via an SN2-type mechanism, thus occurring with inversion of configuration, and preferentially at the ring carbon atom experiencing the least sterical hindrance (steric effect, cf. 2‑alkylaziridines) or bearing the highest electrophilic character (electronic effect, cf. 2‑arylaziridines).77[]
 When both groups are present in 2,3-disubstituted substrates, the rule that benzylic carbons are more reactive toward nucleophiles than alkyl carbons can be applied. Subsequent insertion of carbon monoxide would proceed with retention of configuration, after which ring closure of acyl complexes 51 would give β‑lactams 49 with regeneration of the catalyst.37[]

In order to broaden the substrate scope, bicyclic aziridines 48j-n were converted into the highly strained C-fused trans bicyclic β-lactams 49j-n as well (Scheme 15, D). Temperature control proved to be crucial to the success of this reaction, in which higher yields were obtained in tetrahydrofuran as solvent.
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Scheme 15: Cobalt-catalyzed carbonylation of aziridines – Examination of the regioselectivity (A), stereoselectivity (B), mechanistic proposal (C) and broadening of the substrate scope to bicyclic aziridines (D)
Surprisingly, carbonylation of 1-benzoyl-2-methylaziridine 52 afforded a mixture of isomeric products 53 and 54 in 92% combined yield (Scheme 16, A).37[]
 This interesting behavior was initially explained by Piotti and Alper by considering the occurrence of a single electron transfer (SET) mechanism (Scheme 16, B), which is competing with the ‘normal’ process (Scheme 15, C) when the group attached to the aziridine nitrogen is a moderate activating group (cf. 1‑benzoyl-2-methylaziridine 52). Specifically, ketyl radical anion 55 may be formed, which could undergo ring opening to secondary radical 56. Subsequent radical combination would then afford complex 57, which is convertible to 1-benzoyl-3-methylazetidin-2-one 54.37[]

This particular reaction has been investigated theoretically by Ardura and López via DFT calculations at the B3LYP level in conjunction with the conductor polarizable continuum model/united atom Kohm-Sham method to take solvent effects into account.78[]
 Interestingly, these computations predicted that the most favorable mechanism for this reaction (Scheme 16, C) differed from the previous experimental proposals (Scheme 15, C and Scheme 16, B), except for the first step (i.e. the nucleophilic ring opening of 1-benzoyl-2-methylaziridine 52 by backside attack of tetracarbonylcobaltate), which proved to be the rate-determining step. By analyzing the different energy barriers for CO insertion (Scheme 16, C), the authors concluded that ring opening could take place at each of the two aziridine carbons, which explained the experimental observation of a mixture of 1-benzoyl-4-methylazetidin-2-one 53 and 1-benzoyl-3-methylazetidin-2-one 54, the former being predominant. Moreover, this study explained the experimentally reported reaction stereospecificity by assuming that the location of a transition state for the rotation about the former aziridine carbon-carbon bond in complex 59 to form complex 60 through simultaneous ring closure provoked the inversion of its configuration.78[]

Further calculations showed that the substituent at the aziridine Cα atom controls the regioselectivity of the concerned process. By replacing the methyl group in 1-benzoyl-2-methylaziridine 52 with ethyl, the regioselectivity increased by favoring the formation of the product with CO insertion into the least substituted aziridine carbon-nitrogen bond. In addition, a complete change in selectivity was observed when a phenyl group was introduced instead of an alkyl group, thus inducing specific insertion into the phenyl-bearing carbon-nitrogen bond, which was in accordance with experimental findings.78[]

In an initial attempt to carbonylate cis-1-benzyl-2-ethoxycarbonyl-3-methylaziridine 61, the unexpected conversion toward ethyl 3-(benzylamino)but-2-enoate 63 was observed as a result of an elimination pathway in complex 62 after ring opening of aziridine 61 by Co(CO)4-, which is probably favored because of the formation of a conjugated system (Scheme 17).79[]
 To circumvent this problem, cis-1-benzyl-2-{[(tert-butyldimethylsilyl)oxy]methyl}-3-methylaziridine 65 was prepared by consecutive ester reduction and alcohol protection of alkoxycarbonylaziridine 61, which could be successfully carbonylated into a 92/8 mixture of trans-β-lactams 66 and 67. Under the same reaction conditions, the trans counterpart of aziridine 65 was carbonylated toward the corresponding cis-β-lactams with a similar regioselectivity (88/12), albeit in a lower yield of 63%. Later, the same methodology has been applied in the synthesis of optically pure (3S,4R)-1-benzyl-4-{[(tert-butyldimethylsilyl)oxy] methyl}-3-ethylazetidin-2-one as precursor of the carbapenem antibiotic PS-5.80[]
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Scheme 16: Cobalt-catalyzed carbonylation of 1-benzoyl-2-methylaziridine 52 – Examination of the regioselectivity (A) and mechanistic proposals (B and C)
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Scheme 17: Cobalt-catalyzed carbonylation of cis-1-benzyl-2-ethoxycarbonyl-3-methylaziridine 61
The previous examples have clearly shown that substituents at the aziridine carbon atoms, as well as at nitrogen, can have a tremendous influence on the regioselectivity of cobalt-catalyzed carbonylation reactions. In 2001, Prati and coworkers have investigated these effects in a more systematic way.77[]
 In a first set of experiments, 1-benzyl-3-{[(tert-butyldimethylsilyl) oxy]methyl}aziridines 68a-i were subjected to established carbonylation conditions (Table 2, entry 1-9), which resulted mainly in a confirmation of the previous conclusions, i.e. (i) the cobalt-catalyzed aziridine-to-azetidin-2-one carbonylation is stereospecific: from cis-aziridines, trans-β-lactams are obtained, whereas cis-β-lactams are isolated from trans-aziridines; and (ii) the regioselectivity of carbonylation, which is unaffected by the relative stereochemistry of the aziridine ring substitution, is driven by electronic and steric effects: CO insertion occurs preferentially on the ring carbon atom displaying the highest electrophilic character or the lowest sterical hindrance. For aziridines bearing a primary (Entry 1) or a benzylic (Entry 6, 7) aziridine C2 carbon atom, the electronic effect seemed to be important because only one regioisomer was obtained. In addition, for aziridines having both C2 and C3 secondary carbon atoms (Entry 2-5), CO insertion occurred into both aziridine carbon-nitrogen bonds, with preferential insertion into the less sterically hindered one; and in particular, a higher regioselectivity was observed in relation to a less pronounced steric hindrance of the substituent. With regard to the relative ring stereochemistry, it should be noted that carbonylation of cis-aziridines displayed a higher regioselectivity and afforded remarkably higher yields than their trans counterparts. Finally, the presence of a CF3 substituent (entry 8) seemed to be detrimental for carbonylation, although no similar experiment with the corresponding cis derivative has been performed.
Another interesting example in that respect concerns the transformation of cis-1,2-dibutyl-3-(trimethylsilyl)aziridine 71 toward trans-β-lactam 72, with CO insertion exclusively into the silicon-bearing carbon-nitrogen bond (Scheme 18).81[]
 The relatively long (TMS)C-N bond observed during X-ray analysis was used to rationalize this selectivity.82[]
 In contrast, when cis-2-phenyl-1-tosyl-3-(trimethylsilyl)aziridine was used as a substrate, no reaction was observed.
Table 2: Cobalt-catalyzed carbonylation of aziridines – Effect of the aziridine substituents

	Effect of the substituent at the aziridine C2 carbon atom
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	Entry
	R
	Aziridinea
	β-lactam [relative ratio 69/70, yield (%)b]

	1
	H
	68a
	
	69a
	
	100
	40

	2
	Me
	68b
	cis
	69b/70b
	trans
	92/8
	100

	3
	Me
	68c
	trans
	69c/70c
	cis
	88/12
	63

	4
	Et
	68d
	cis
	69d/70d
	trans
	83/17
	98

	5
	Et
	68e
	trans
	69e/70e
	cis
	73/27
	60

	6
	Ph
	68f
	cis
	69f
	trans
	100
	95

	7
	Ph
	68g
	trans
	69g
	cis
	100
	40

	8
	CF3
	68h
	trans
	-
	-
	-
	-

	9
	CH2OTBDMS
	68i
	cis
	69i
	trans
	100
	90

	

	Effect of the substituent at the aziridine C3 carbon atom

	
[image: image22.emf]N

O

69f,g,j-p

R

N

68f,g,j-p

R

Bn

Ph

8 mol% Co

2

(CO)

8

CO (34 bar), DME, 100 °C, 14 h

Ph

Bn



	10
	COOMe
	68j
	cis
	-
	-
	
	-

	11
	COMe
	68k
	cis
	-
	-
	
	-

	12
	CHO
	68l
	cis
	-
	-
	
	-

	13
	CH2OH
	68m
	cis
	69m
	trans
	
	79

	14
	CH2OTBDMS
	68f
	cis
	69f
	trans
	
	95

	15
	CH2OAc
	68n
	cis
	69n
	trans
	
	86

	16
	CH2NH2
	68o
	cis
	69o
	trans
	
	68

	17
	CH2OH
	68p
	trans
	-
	-
	
	-

	18
	CH2OTBDMS
	68g
	trans
	69g
	cis
	
	40
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	19
	CH2OH
	68q
	cis
	69q
	trans
	100
	84

	20
	CH2OTBDMS
	68b
	cis
	69b/70b
	trans
	92/8
	100

	21
	CH2OAc
	68r
	cis
	69r/70r
	trans
	86/14
	82

	22
	CH2OH
	68s
	trans
	-c
	-c
	-c
	-c

	23
	CH2OTBDMS
	68c
	trans
	69c/70c
	cis
	88/12
	63

	

	Effect of the substituent at the aziridine nitrogen atom
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	24
	H
	68t
	cis
	-
	-
	
	-

	25
	Bn
	68f
	cis
	69f
	trans
	
	95

	26
	COMe
	68u
	cis
	-
	-
	
	-

	27
	CH2COOEt
	68v
	cis
	69v
	trans
	
	63


a Aziridine concentration = 10-1 M. b Combined isolated yield after purification by column chromatography on 
silica gel. c Instead, trans-4-benzylamino-3-methyldihydrofuran-2(3H)-one 75a was obtained in 64% yield.


[image: image25.emf]N

N

O

Si

8 mol% Co

2

(CO)

8

CO (34 bar), DME, 95 °C, 16 h

71 72(74%)

Si

Me

Me

Me

Me

Me

Me


Scheme 18: Cobalt-catalyzed carbonylation of cis-1,2-dibutyl-3-(trimethylsilyl)aziridine 71
Next, the compatibility of the carbonylation reaction with respect to the nature of the substituents on the aziridine carbon atom for 1‑benzyl-2-phenylaziridines 68f,g,j-p and 1‑benzyl-2-methylaziridines 68b,c,q-s was examined (Table 2, entry 10-23).77[]
 As expected based on a previous study (Scheme 17),79[]
 the presence of a carboxylate or carbonyl group directly linked to an aziridine carbon atom proved to be detrimental for carbonylation (Entry 10-12), while aziridines bearing a silylated hydroxymethyl group were successfully converted (Entry 14, 18, 20, 23). Fortunately, aziridines 68n and 68r, in which the carbonyl group in the side chain is isolated from the ring system, as well as unprotected cis-(aminomethyl)aziridine 68o and cis-(hydroxymethyl)aziridines 68m and 68q were shown to be suitable substrates for this transformation (Entry 13, 15, 16, 19, 21). The formation of a single product regioisomer 69q (Entry 19) suggested the presence of an intramolecular hydrogen bond between the hydroxy group and nitrogen, beneficial for CO insertion and thus for regiospecificity. Surprisingly, when moving to unprotected trans-(hydroxymethyl)aziridines 68p and 68s, β‑lactam formation did not occur (Entry 17, 22). Instead, γ-lactone 75a was obtained in 64% isolated yield by carbonylation of trans-aziridine 68s (Entry 22), which could be rationalized by considering a proton migration from oxygen to nitrogen (complex 73 → 74, promoted by an intramolecular hydrogen bond), followed by cyclization to the thermodynamically preferred five-membered ring system 75a (Scheme 19).
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Scheme 19: Cobalt-catalyzed carbonylation of trans-1-benzyl-2-hydroxymethyl-3-methylaziridine 68s
A similar issue was encountered during the carbonylation of trans-(hydroxymethyl)aziridines 76a-c (R = H), in which a complex mixture was obtained that was not amenable to further purification (Scheme 20).83[]
 In addition, the unexpected formation of 5,6-dihydro-4H-1,3-oxazines 78d-e was observed from silyl-protected trans-(hydroxymethyl)aziridines 76d-e (R = TBDMS), most likely by abstraction of the C3 proton of the formed cis-β-lactams 77d-e, followed by N1-C4 bond cleavage and attack of the carbonyl oxygen to the allylic double bond. In contrast, the corresponding cis-aziridines 79a-e could be successfully carbonylated toward trans-β-lactams 80a-e in a regio- and stereospecific way, which were employed as substrates for a ring-closing metathesis, affording bicyclic azetidin-2-ones 81a-e in 15-48% overall yield.
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Scheme 20: Cobalt-catalyzed carbonylation of 1,2-dialkenyl-3-phenylaziridines

Since the best results in terms of isolated yield and regio- and stereoselectivity were obtained with cis-1‑benzyl-2-{[(tert-butyldimethylsilyl)oxy]methyl}-3-phenylaziridine 68f, this scaffold was used in a last set of experiments to investigate the potential effects of the aziridine nitrogen substituent on the carbonylation reaction (Table 2, entry 24-27).77[]
 N‑unsubstituted aziridine 68t (Entry 24), as well as N-acetylaziridine 68u (Entry 26) did not react. The latter results were rationalized by considering the lower basicity of the nitrogen atom in aziridine 68u due to the acetyl group as compared to e.g. a benzyl group, which is reported to play an important role in the formation of tetracarbonylcobaltate, as well as in the final ring-closure step.37[]
 Furthermore, although the isolated yield of β-lactam 69v was only 63% (Entry 27), the suitability of a carboxymethyl group at nitrogen in carbonylation reactions was interesting in the framework of bioactivity. In general, it should be noted that an optimization of the reaction conditions (i.e. catalyst loading, pressure, solvent, reaction temperature and/or time) in order to enhance the regioselectivity and avoid side product formation is lacking across the literature.

In 2012, Xi and coworkers have treated 2,6-diazasemibullvalene 82 with a stoichiometric amount of Co2(CO)8 (Scheme 21).84[]
 Probably because of the intrinsic strain of this peculiar aziridine substrate 82, this reaction could be carried out under much milder conditions than the typical cobalt-catalyzed processes.
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Scheme 21: Cobalt-catalyzed carbonylation of 1,5-tetramethylene-3,7-di-tert-butyl-2,6-diazasemibullvalene 82
In addition to dicobalt(0) octacarbonyl, different tetracarbonylcobaltate(-I) salts have been employed to catalyze the ring expansion-carbonylation reaction of aziridines to β-lactams. For example, sodium tetracarbonylcobaltate (NaCo(CO)4) was active, but less when compared to Co2(CO)8.37[]
 In comparison, the bis(triphenylphosphine)iminium tetracarbonyl cobaltate(‑I) / tris(pentafluorophenyl)borane system (PPNCo(CO)4 / B(C6F5)3), which was mainly explored to mediate epoxide-to-β-lactone carbonylations, catalyzed the stereospecific transformation of trans-aziridine 48i toward cis-β-lactam 49i in 81% yield (Scheme 22, A).85[]

Furthermore, two [Lewis acid]+[Co(CO)4]- complexes ([Cp2Ti(THF)2] [Co(CO)4] 84 and [(salph)Al(THF)2] [Co(CO)4] 85) have been investigated to promote aziridine (and epoxide) carbonylations.86-87[]
 Both catalyst systems induced reaction at 5 mol% loading, at a temperature of 60-90 °C and under 62 bar of carbon monoxide with expected regio- and stereoselectivity, although displaying an interesting complementary reactivity with the unprecedented activity in carbonylating the electron-deficient 2-methyl-1-tosylaziridine 86 as a noteworthy example (Scheme 22, B). However, a rationale for the differences in reactivity (cf. isolated product yields) between catalyst 84 and 85 was not provided.

When the cationic counterpart of tetracarbonylcobaltate is a Lewis acid, a mechanistic rationale that differs from the previously mentioned one (Scheme 15, C) has been proposed (Scheme 22, C).78[]
 In particular, the actual carbonylation would take place in two steps, starting with the insertion of one of the carbonyl ligands of Co(CO)4- into the C-Co bond (88 → 89), followed by the addition of CO to regenerate the catalyst (89 → 90). Finally, the by the authors stated “faster reaction of catalysts 84 and 85 with respect to other reported systems” needs a careful interpretation because of the higher applied pressure (62 vs. 33 bar) and the lack of reaction time optimization for the Co2(CO)8-mediated protocols.
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Scheme 22: Cobalt-catalyzed carbonylation of aziridines – Catalysis by tetracarbonylcobaltate salts (A en B) and mechanistic proposal (C)

Recently, our group has evaluated the catalytic carbonylation of monosubstituted 2‑(bromomethyl)aziridines 91, gem-disubstituted 2-bromomethyl-2-methylaziridines 92 and vic-disubstituted cis- and trans-2-aryl-3-(hydroxymethyl)aziridines 93 (Scheme 23).47[]
 During this study, in which we have mainly focused on an optimization of the carbonylation conditions in order to enhance the regioselectivity of the process and reduce the catalyst quantity (with or without additional ligands), carbon monoxide insertion occurred exclusively at the positions that were expected by considering previous studies.37[, 77]
 In addition, we observed that (i) 2-(bromomethyl)aziridines 91 and 2-bromomethyl-2-methylaziridines 92 had to be derivatized before carbonylation, probably because brominated substrates are poisoning the cobalt catalyst;88[]
 (ii) temperature control proved to be crucial to the success of these reactions, in which standard literature temperatures (±100 °C) were leading to the formation of unidentified side products; (iii) the optimized reaction conditions differed for each substrate class, in which e.g. for cis-2-aryl-3-(hydroxymethyl)aziridines 93a‑d the catalyst loading has been reduced to 1 mol%; and (iv) the use of ligands (PPh3, P(Cy)3, P(nBu)3, P(OPh)3, P(OiPr)3, dppe, 2,2’-bipyridine…) in combination with Co2(CO)8 were all imposing a negative impact on the conversion. It should be mentioned that these regiospecific CO insertions could be efficiently performed on a multigram scale in high isolated yields without the need for exhaustive purification methods, which illustrated a significant advantage of this approach over other synthetic methods.
An interesting observation was the reduced carbonylation time to produce azetidin-2-ones 97 as compared to azetidin-2-ones 96a-b (20 h versus 92 h, respectively), which could be rationalized by considering the Thorpe-Ingold effect due to the gem-disubstitution at the aziridine carbon atom, resulting in a more favorable geometric positioning of the unsubstituted aziridine carbon atom with respect to nucleophilic ring opening and a weaker carbon-nitrogen bond.
Furthermore, a novel entry into the synthetically useful class of 4‑(hydroxymethyl)azetidin-2-ones was achieved by demethylation of 4-(methoxymethyl)azetidin-2-one 96h with boron tribromide (Scheme 23). In an attempt to shorten this reaction sequence by first converting 2‑(bromomethyl)aziridine 91d into the corresponding 2-(hydroxymethyl)aziridine 100, the subsequent carbonylation of alcohol 100 resulted (as could be expected by considering the mechanism in Scheme 19) in the formation of 4‑aminodihydrofuran-2-one 75b. In that respect, the absence of γ-lactone formation during carbonylation of cis-2-aryl-3-(hydroxymethyl)aziridines 93a-d is probably due to the presence of the additional aryl group, which might hinder the ring closure toward the five-membered ring after proton migration from oxygen to nitrogen (cf. the mechanism for γ-lactone formation proposed in Scheme 19). However, applying the same conditions to trans-2-phenyl-3-(hydroxymethyl)aziridine 93e only produced a complex mixture, which might be attributable to the competition between β‑lactam and γ-lactone formation of a highly reactive intermediate (accommodating a benzylic position). Regio- and stereoselective transformation toward cis-β-lactam 98e could eventually be realized by first converting trans-3-(hydroxymethyl)aziridine 93e to the corresponding silyl ether before carbonylation, underlining that hydrogen bond formation plays a significant role in steering the reactivity of hydroxymethyl-containing aziridines.47[]
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Scheme 23: Cobalt carbonyl-catalyzed carbonylation of monosubstituted 2-(bromomethyl)aziridines 91 (and derivatives 94), gem-disubstituted 2-bromomethyl-2-methylaziridines 92 (and derivatives 95), vic-disubstituted cis- and trans-2-aryl-3-(hydroxymethyl)aziridines 93 and 2-(hydroxymethyl)aziridine 100
7. Summary and outlook
In the literature, five different transition metals have been employed (in a catalytic or stoichiometric amount) for aziridine carbonylative ring-expansion reactions: rhodium, palladium, nickel, iron and cobalt.
The very efficient rhodium-catalyzed protocol showed to be regio-, stereo- and enantiospecific, and resulted in high asymmetric induction in the presence of L- or D-menthol, representing the only asymmetric ring-expansion carbonylation of aziridines to β-lactams reported to date. However, the required presence of an aryl substituent at one of the two aziridine carbon atoms imposes a significant drawback in terms of substrate scope.
Also the palladium-catalyzed transformations proved to be regiospecific, in which an atmospheric CO pressure was sufficient to effect full conversion. Although recently efforts have been devoted to control the stereoselectivity by carefully varying the reaction parameters, the necessity of a methylene or vinyl substituent represents a major limitation of this method.

Complementary to the rhodium- and palladium-catalyzed reactions, in which the more substituted aziridine carbon-nitrogen bond was carbonylated, nickel tetracarbonyl mediated CO insertion regio- and stereospecifically into the less substituted aziridine carbon-nitrogen bond. Unfortunately, this method was characterized by low isolated yields and suffered from substantial substrate limitations. Moreover, the high toxicity of nickel carbonyl (often referred to as ‘liquid death’), which is required in a stoichiometric amount, makes its use unacceptable.

The iron-mediated aziridine-to-azetidin-2-one carbonylations, which include the formation of tricarbonyliron complexes and their oxidative decomplexation, occurred regiospecific with as major disadvantages the required presence of a vinyl substituent (whether or not embedded in a bicyclic ring system) and the relatively low overall yields.

Finally, cobalt carbonyl (and to a lesser extent tetracarbonylcobaltate salts) catalyze aziridine carbonylation reactions in a stereospecific way, occurring with inversion of configuration, which is complementary to the stereochemistry of the other transition metal-mediated carbonylative ring expansions. Only cobalt appears to be free from significant substrate limitations, affording a valuable catalyst for the carbonylation of simple alkyl aziridines. Unfortunately, as the preferred aziridine carbon atom for ring opening by tetracarbonylcobaltate depends on both steric and electronic effects, the formation of mixtures of regioisomers is possible. However, our recent reaction optimization study has clearly demonstrated that there is still room to sustainabilize the known literature protocols and tackle selectivity issues.
In light of the emerging interest in the preparation of β-lactams as bioactive agents or synthetic intermediates, especially through carbonylative methods as a benign alternative for the convenient methodologies, studies to further establish this valuable strategy as a powerful synthesis tool in organic chemistry are likely and desirable.
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