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Abstract Trans-NH-aziridines were prepared from aliphatic ,‑unsaturated ketones using a tertiary amine-promoted reaction via in situ generated N‑N ylides. Through use of modified conditions the reaction proved to be applicable for the diastereoselective aziridination of a range of enolisable aliphatic ,‑unsaturated ketones of varying substitution patterns.
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Aziridines, the smallest saturated aza-heterocycle, represent an important amine motif. Not only are several aziridine-containing natural products known, frequently possessing significant biological activity,2 but aziridines constitute a versatile building block for synthetic manipulation through exploitation of their strained ring-system.3 As a result of their significance aziridines receive widespread interest and their stereoselective preparation remains an important challenge. Whilst several strategies for aziridine synthesis are in principle available,4 one potentially powerful approach involves the direct transfer of a nitrene equivalent to an alkene precursor. This can be achieved either via the use of a metal nitrenoid or use of a nucleophilic nitrene equivalent and these approaches can allow the preparation of aziridines with high stereoselectivity from a range of important alkene classes, including ,‑unsaturated carbonyl compounds, which encompasses cinnamate esters,5 aromatic ketones6 and more recently aldehydes.7 It is notable however that whilst the aziridination of aromatic α,β-unsaturated ketones (chalcones) can be achieved by several methods,6 significantly fewer reports exist concerning the aziridination of simple acyclic aliphatic α,β‑unsaturated ketones.8 One notable study however by Melchiorre has demonstrated that a nucleophilic nitrene equivalent, in combination with a primary aminocatalyst, can allow both aliphatic acyclic and cyclic α,β‑unsaturated ketones to be aziridinated enantioselectively,9,10 to deliver N-carbamate aziridines. However to the best of our knowledge, the direct aziridination of any aliphatic α,β‑unsaturated ketones to form NH-aziridines has not been reported.
	We and others have demonstrated that N-N ylides (termed aminimines or aminimides, see Scheme 1) can act as nucleophilic nitrene equivalents to deliver NH-aziridines; the formation of the NH‑aziridine permits flexibility in the subsequent choice of N-functionality. The use of N‑N ylides to effect aziridination was first reported by Ikeda in 1980,11 and studies, by both Xu12 and ourselves,13 have shown that isolated hydrazinium salts, as stoichiometric ylide precursors, can facilitate the aziridination of a variety of aromatic α,β‑unsaturated ketones in high yields. Later this concept was further developed and we have demonstrated the in situ generation of aminimes, by means of the amination of tertiary amines under basic conditions (Scheme 1).14a,15 We have shown this method to be applicable for the diastereoselective formation of unsubstituted trans‑NH‑aziridines from a range of α,β‑unsaturated carbonyl compounds.14 We now report, via modification of the reaction parameters, the extension of this method to the successful aziridination of a range of aliphatic ,‑unsaturated ketones.



Scheme 1	Tertiary amine-promoted aziridination


DppONH2 = O-diphenylphosphinyl hydroxylamine (1), NMM = 4-methylmorpholine (2)


In our originally developed system aliphatic α,β‑unsaturated ketones, which possess ‑enolisable protons, had previously demonstrated poor reactivity.14a However, we subsequently demonstrated that enones possessing alkyl groups at the β-position, and later α,,‑unsaturated ketones (dienones) with alkyl substituents at the δ‑position, both substrate classes with allylic protons, could undergo successful aziridination in good yields. Therefore we envisaged that it may be possible to extend the scope of our aziridination methodology to encompass substrates that possessed enolisable groups via an appropriate set of reaction conditions. This prompted us to select an initial substrate, commercially available (E)-4-phenyl-3-buten-2-one (3a), as a model substrate for examination (Table 1).

Table 1	Optimisation of the conditions for the aziridination of enone 3a
	Entrya
	Base
	Base
(equiv.)
	DppONH2
(equiv.)
	Solvent
	Yieldb,c
(%)

	1
	NaOH
	2
	1.05
	MeCN
	traces

	2
	i-PrOH/NaH
	2
	1.05
	CH2Cl2
	45

	3
	i-PrOH/NaH
	3
	2.0
	CH2Cl2
	85 (80)

	4
	NaOH
	3
	2.0
	CH2Cl2
	28

	5
	MeOH/NaH
	3
	2.0
	CH2Cl2
	79

	6
	EtOH/NaH
	3
	2.0
	CH2Cl2
	85

	7
	t-BuOH/NaH
	3
	2.0
	CH2Cl2
	80

	8
	i-PrOH/NaH
	3
	2.0
	MeCN
	55

	9
	i-PrOH/NaH
	3
	2.0
	1,4-dioxane
	69

	10
	i-PrOH/NaH
	3
	2.0
	DMSO
	traces


a Reaction performed on a 0.12 mmol scale
b Determined by 1H NMR spectroscopy using Bn2O as the internal standard
c Isolated yield in parentheses

In line with our previous observations, our original reaction conditions, which utilise one equivalent of aminating agent O-diphenylphosphinyl hydroxylamine (1) (DppONH2, see Scheme 1) and two equivalents of either NaOH or i‑PrOH/NaH as the base, with N-methylmorpholine (2) as the tertiary amine promoter, gave only low levels of aziridine 4a (entries 1 and 2). However, we had previously found that for lower reactivity substrates, such as dienones,14b a second equivalent of aminating agent was required in order to achieve good levels of reactivity, rationalised by promoting quantitative levels of the hydrazinium intermediate (see Scheme 1). On application of these conditions (2 equiv. DppONH2, 3 equiv. base), pleasingly the desired aziridine 4a was isolated in a high yield of 80%. Aziridine 4a was formed with exclusive trans-diastereoselectivity (3J = 2.1 Hz) (entry 3). Various bases were then screened. Whilst NaOH did not prove efficient for this transformation (entry 4), various alkoxide bases provided uniformly high yields of the aziridine (entries 5-7). Continuing with isopropoxide as the base, various polar aprotic solvents were subsequently screened to see if any further improvements in the yield could be obtained. In MeCN and 1,4-dioxane moderate levels of aziridine were observed (entries 8-9) but in DMSO only trace amounts of the aziridine was detected (entry 10), with the optimal solvent remaining CH2Cl2 (entry 3)

Table 2	Aziridination of aliphatic ,-unsaturated ketones 3a-i




	Entrya
	Substrate
	
	Product
	
	Conversionb
(%)
	Yieldc
(%)

	1
	
	
3a
	
	
4a
	
>95
	
80

	2
	
	
3b
	
	
4b
	
>95
	
51

	3
	
	
3c
	
	
4c
	
>95
	
91

	4
	
	
3d
	
	
4d
	
70
	
63

	5
	
	
3e
	
	
4e
	
>95
	
60

	6
	
	
3f
	
	
4f
	
>95
	
61

	7
	
	
3g
	
	
4g
	
>95
	
58

	8
	
	
3h
	
	
4h
	
83
	
70

	9
	
	
3i
	


	
4i
	
>95
	
35


a Reactions performed on a 0.11-0.56 mmol scale
b Determined by 1H NMR spectroscopy using Bn2O as the internal standard
c Isolated by flash column chromatography


With an effective set of reaction conditions in hand (Table 1, entry 3) we sought to investigate the aziridination of a range of different enolisable enones (Table 2). Initially we explored enones with various degrees of steric bulk at the carbonyl. As identified methyl derivative 3a gave high yields of aziridine 4a (80%) (entry 1). Isopropyl derivative 3b gave only a moderate yield of aziridine 4b (51%), despite excellent conversion of the substrate (entry 2). Whilst no further products could be isolated from the reaction mixture, the moderate yield proved reproducible (three reactions, 46-51%). tert-Butyl enone 3c was aziridinated in excellent yield (91%) (entry 3). Various other enolisable substrates were also identified for investigation, including trisubstituted enone 3d, which allowed investigation of the tolerance of the reaction to α‑substitution on the alkene. Pleasingly enone 3d could be aziridinated in good yield (63%), allowing the formation of two stereogenic centres, one quaternary, with the remainder of the material unreacted substrate (entry 4). The aziridine 4d was formed exclusively as the isomer depicted (as confirmed by NOESY analysis). We were also keen to screen dialkyl-substituted enones in the reaction, which, containing both allylic and ‑enolisable protons, may be anticipated to be most sensitive to the basic reaction conditions. Three substrates (3e-3g) were thus selected for screening, which possessed aromatic, olefinic and also hetero-atom functionalities in the β-alkyl chain respectively. Pleasingly aziridination of each of these dialkyl substituted enones proceeded in good yield (58-61%), albeit that each reaction showed almost complete substrate conversion (entries 5-7). The regioselective aziridination of dialkyl substituted dienone 3h could also be effected, which pleasingly afforded a good yield of vinyl aziridine 4h (70%), with the remainder of material unreacted substrate (entry 8).
Whilst both metal nitrenoids and nucleophilic nitrene equivalents have previously been employed for the aziridination of cyclic enones, generally this has provided only moderate yields for a limited substrate scope,8a-b,16 but more recently a broader scope of cyclic enones have been aziridinated in high enantioselectivities via aminocatalysis.10,17 In terms of our own methodology, our originally reported conditions for aziridination had previously shown no evidence of aziridine formation for cyclic substrates. Pleasingly we could apply the now-modified conditions to the aziridination of cyclohexenone (3i), albeit with moderate yield of aziridine 4i (35%). Nevertheless, this represents the first successful example of aziridine formation from a cyclic enone utilising our amine-promoted methodology (entry 9).18
Whilst the developed conditions for the aziridination of enolisable substrates had proved applicable to a range of examples, with generally moderate-to-good yields obtained, high substrate conversions were often observed which did not always reflect the isolated yield of aziridine. Importantly we determined that the aziridine products are stable to the reaction conditions.19 It is likely the basic reaction conditions (we generally require a hydroxide or alkoxide base) also promote unwanted side-reactions of the substrate, (such as dimer- or oligomerisation) and such decomposition of the substrate likely accounts for any discrepancy between substrate conversion and isolated yield of aziridine. Current studies are focusing on assessment of alternative aminating agents that may operate with the employment of weaker bases and therefore may permit greater tolerability to these enolisable substrates 
In summary, through modification of the reaction conditions, we have demonstrated the applicability of our tertiary-amine promoted aziridination to a range of aliphatic ,‑unsaturated ketones. A range of trans‑NH‑aziridines were prepared from enolisable aliphatic ,‑unsaturated ketones with a variety of substitution patterns in moderate-to-good yield with exclusive trans-diastereoselectivity. 
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