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Abstract

Azidoformates are interesting potential nitrene precursors, but their direct photochemical 

activation can result in competitive formation of aziridination and allylic amination products. 

Here, we show that visible light activated transition metal complexes can be triplet sensitizers that 

selectively produce aziridines via the spin-selective photogeneration of triplet nitrenes from 

azidoformates. This approach enables the aziridination of a wide range of alkenes and the formal 

oxyamination of enol ethers using the alkene as the limiting reagent. Preparative scale 

aziridinations can be easily achieved in flow.

Graphical Abstract

A fresh spin on heterocycles. Synthetically useful photochemical aziridinations can be achieved 

by using a visible light activated transition metal photosensitizer to produce nitrenes exclusively in 
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their chemoselective triplet spin state. A wide range of aliphatic and aromatic alkenes can be 

readily aziridinated without competitive allylic insertion reactions.

Keywords

azides; aziridination; nitrenes; photocatalysis; chemoselectivity

Aziridines are versatile intermediates for the synthesis of nitrogen-containing compounds. 1 

Many important natural products also feature aziridines as their principal bioactive 

functionality. 2 However, methods for aziridine synthesis are somewhat underdeveloped,3 

particularly in comparison to the wealth of methods available for epoxide synthesis. The 

most widely utilized methods for alkene aziridination involve the generation of 

metallonitrenes from iminoiodinane reagents. 4 These methods, unfortunately, produce 

stoichiometric haloarene byproducts, and there has consequently been significant interest in 

the use of alternate nitrene precursors for aziridination reactions.5 Organic azides appear 

particularly attractive in this regard because they generate nitrenes by expelling dinitrogen as 

the sole stoichiometric byproduct. Several laboratories, notably including the Zhang6 and 

Katsuki7 groups, have reported pioneering advances in catalytic aziridination with 

organoazides. Nevertheless, these processes often require a large excess of alkene, and many 

methods are limited to styrenic olefins. Thus there remains a need for new approaches to 

aziridination that utilize organoazides as nitrene precursors.

Photochemical activation offers one potential solution. Electronically excited organic azides 

rapidly decompose to reactive free nitrenes. 8 However, attempts to perform intermolecular 

aziridination reactions by direct photolysis of azidoformates typically produce complex 

mixtures containing both aziridines and allylic amination products,9 a result that has led to 

the pervasive notion that free nitrenes are too reactive to provide synthetically useful 

chemoselectivities. Seminal studies by Lwowski, however, demonstrated that while singlet 

carbethoxynitrenes competitively undergo both amination and aziridination reactions, triplet 

carbethoxynitrenes react selectively with alkenes to afford aziridines with comparatively 

slow reaction with allylic C–H bonds.10 Thus the fundamental challenge in photochemical 

aziridination reactions appears not to be the absolute reactivity of free nitrenes but rather the 

unselective production of both singlet and triplet nitrenes from direct photolysis of azides.

We wondered if chemoselective photochemical aziridination reactions might be achieved via 

triplet sensitization, which would produce nitrenes selectively in the triplet state. Our 

laboratory previously studied the use of visible light absorbing transition metal complexes to 

sensitize vinyl azides towards intramolecular heterocyclic ring-closing reactions (Scheme 

1).11 Quite recently, König and coworkers reported an intriguing method for photocatalytic 

amidation of electron-rich heterocycles, the key step of which was proposed to involve 

triplet sensitization of a benzoyl azide.12 To the best of our knowledge, however, the use of 

triplet sensitizers to promote chemoselective intermolecular alkene aziridination reactions 

has not previously been described. Herein, we demonstrate that visible light triplet 

sensitization of azidoformates enables the preparation of a range of structurally diverse 

aziridines. Notably, this method utilizes the alkene as the limiting reagent, provides high 
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yields for both aliphatic and aromatic alkenes, and exhibits excellent selectivity for 

aziridination over allylic amination.

We elected to focus our investigations on azidoformates as nitrene precursors, based on 

several considerations. First, unlike acyl azides, nitrenes derived from azidoformates have 

little proclivity to undergo Curtius-type rearrangements that might be competitive with 

bimolecular aziridination reactions.13 Second, azidoformates are less easily reduced than 

acyl azides, which should disfavor undesired photoreductive pathways for azide 

decomposition via non-nitrene-mediated pathways.14 Finally, we computationally estimated 

the lowest-energy triplet excited state of ethyl azidoformate to be ~54 kcal/mol,15 

thermodynamically within a range accessible by the Ir complexes we have previously 

exploited as energy transfer photocatalysts.11,16

We began by examining the reaction of ethyl azidoformate (0.5 mmol) with cyclohexene 

(0.1 mmol) in the presence of a range of photoactive Ru(II) and Ir(III) complexes (Table 1, 

entries 1–4). From this study, Ir(ppy)2(dttbpy)PF6 (1c) emerged as the most effective 

photocatalyst, providing 17% yield of aziridine after 4 h of irradiation with a 15 W blue 

LED lamp (entry 3). Notably, we observed no allylic amination nor other products 

characteristic of uncontrolled nitrene insertion. A screen of azidoformates revealed that 

introduction of electron-withdrawing substituents increased the rate of aziridination (entries 

5 and 6); when 2,2,2-trichloroethyl azidoformate (TrocN3) was used, the consumption of 

cyclohexene was complete after 4 h, and the aziridine was formed in 77% yield (entry 6).17 

Interestingly, an excess of the azide was required only for optimal rate; lowering the azide 

concentration resulted in a slower reaction, but the mass balance of the azide remained high 

(entries 7 and 8). Similarly, increasing the reaction scale to 0.4 mmol resulted in partial 

conversion to the aziridine at 4 h (entry 9), although full conversion could be restored by 

increasing the reaction time to 20 h (entry 10). These results indicate the reaction is likely 

photon-limited, consistent with the high molar absorptivity of this class of photocatalysts.18 

Control studies showed both catalyst and light (entries 11 and 12) are essential for the 

reaction to proceed. Finally, in line with our original hypothesis, we studied the direct UV-

promoted photochemical reaction (310 nm) of 2 with 3c and observed an unselective 

mixture of allylic amination and aziridination products, highlighting the value of triplet 

sensitization for chemoselective aziridination.19

Table 2 summarizes the scope of the photocatalytic aziridination. A variety of cyclic alkenes 

undergo aziridination smoothly under optimized conditions (5–8). The method provides 

good yields of aziridines derived from both aliphatic and styrenic alkenes (9 and 10), and 

internal olefins (11 and 12) undergo aziridination as successfully as terminal alkenes. A 

variety of functional groups are tolerated including protected amines and alcohols (13–15), 

potentially photosensitive halides (16), and Lewis basic heterocycles (17). Electron-deficient 

alkenes react at a slower rate, consistent with the electrophilic nature of the nitrene 

intermediate, often requiring somewhat extended reaction times (18 and 19). Consistent with 

this rate difference, a substrate bearing both an α,β-unsaturated ketone and an aliphatic 

trisubstituted alkene undergoes selective aziridination at the electron-rich alkene (20).
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Reactions of alkenes bearing electron-releasing moieties were also explored (Scheme 2); 

however, the resulting aziridines were formed with varying amounts of an isomeric 

oxazoline. Anethole, for example, yielded a 9:1 mixture of aziridine 22 and oxazoline 23 in 

79% combined yield. We wondered if more electron-rich substrates such as enol ethers 

might favor the formation of these formal oxyamination products. 20 Indeed, the reaction of 

benzofuran afforded oxazoline exclusively (24), 21 with no azirdine observable in the 

reaction mixture. Glycals similarly underwent exclusive oxyamination, yielding 25 and 26 
with excellent d.r..

We predicated our reaction design on the hypothesis that triplet nitrenes would be selectively 

formed via Dexter energy transfer from the triplet excited state of a transition metal 

photocatalyst.22 Aziridination reactions of triplet nitrenes should proceed in a stepwise 

fashion involving electrophilic radical addition to an alkene followed by relatively slow 

intersystem crossing and fast ring-closure of the resulting singlet 1,3-diradical. Consistent 

with this expectation, aziridinations of stereodefined cis and trans alkenes are not 

stereospecific (Scheme 3A). The radical nature of the intermediate was further verified by 

subjecting cyclopropyl alkene 29 to the aziridination conditions (Scheme 3B). This reaction 

resulted in the scrambling of the cyclopropane stereochemistry in the aziridinated products 

(30), a result that is only consistent with the reversible ring fragmentation of a cyclopropyl 

carbinyl radical intermediate.23 Finally, we considered the possibility that the aziridination 

was not proceeding via a nitrene intermediate but rather by a [3+2] cycloaddition of the 

carbamoyl azide followed by a photocatalytic decomposition of a 1,2,3-triazoline 

intermediate.24 To test this hypothesis, we prepared norbornene-derived triazoline 31 and 

irradiated it for 4 h in the presence and absence of 1c (Scheme 3C). While we observed slow 

conversion of 31 to aziridine 8, the rate of this spontaneous ring contraction is not impacted 

by the presence of photocatalyst 1c and is kinetically incompetent to be a significant 

contributor to the formation of aziridine under catalytic conditions. Thus all available 

evidence is consistent with the triplet nitrene postulated in our reaction design.

One notable result of our optimization studies was the observation that the rate of azide 

consumption decreased as the scale of the reaction increased. This phenomenon is consistent 

with a photon-limited process, which is common in photoreactions that involve 

chromophores with high molar absorptivity. Such reactions often benefit from flow reactors 

whose reduced dimensionality can increase the photon flux and allow for efficient scale-

up.25 We thus examined the aziridination of cyclohexene in flow and observed significantly 

increased efficiency, with a high yield and short residence time (tR) of 2.3 h. More 

importantly, we also observed that the concentration of azide could be lowered to 2.0 equiv 

in flow, albeit with a somewhat longer residence time (tR = 8 h). Finally, to demonstrate the 

scalability of the aziridination in flow, we conducted an aziridination reaction on preparative 

scale and produced 785 mg of pure aziridine in 70% isolated yield over a 16 h period.

In conclusion, we have demonstrated that photocatalytic aziridinations can be achieved by 

using a visible light absorbing transition metal photosensitizer for the spin-selective 

generation of triplet nitrenes from azidoformates. A wide range of alkenes can be 

aziridinated or oxyaminated under operationally facile batch conditions, and the use of a 

flow reactor enables the reaction to be conducted on preparative scale. Further efforts in our 
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lab will continue to develop visible light triplet sensitization as a general, conceptually novel 

strategy for C–N bond-forming reactions using organoazides as nitrene precursors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. 
Photocatalytic activation of azides via visible light triplet sensitization.
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Scheme 2. 
Scope of oxazoline products available by photocatalytic activation. (R = –CH2CCl3)
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Scheme 3. 
Studies supporting a stepwise diradical mechanism for aziridination via a triplet nitrene.
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Scheme 4. 
Aziridination of 2 in flow.
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Table 1

Optimization studies for photocatalytic aziridination. Unless otherwise noted, all reactions were conducted 

using 0.10 mmol of 2 in degassed solvent and irradiated with a 15 W blue LED flood lamp for 4 h.

Entry Catalyst Azidoformate (R) Equiv. azide Yield[a]

1 1a 3a (–CH2CH3) 5 0%

2 1b 3a (–CH2CH3) 5 <2%

3 1c 3a (–CH2CH3) 5 17%

4 1d 3a (–CH2CH3) 5 <2%

5 1c 3b (–CH2CH2Cl) 5 50%

6 1c 3c (–CH2CCl3) 5 77%

7 1c 3c (–CH2CCl3) 3 65%

8 1c 3c (–CH2CCl3) 1 41%

9[b] 1c 3c (–CH2CCl3) 5 50%

10[b,c] 1c 3c (–CH2CCl3) 5 75%[d]

11[e] 1c 3c (–CH2CCl3) 5 0%

12 none 3c (–CH2CCl3) 5 0%

[a]
Yields determined via 1H NMR analysis using 1,4-bis(trimethylsilyl)benzene as an internal standard unless otherwise noted.

[b]
Reaction conducted on 0.40 mmol scale with respect to 2.

[c]
Reaction irradiated for 20 h.

[d]
Isolated yield.

[e]
Reaction conducted in the dark.
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Table 2

Scope of aziridination products available by photocatalytic activation. Reactions were conducted using 0.40 

mmol of alkene in degassed solvent and irradiated with a 15 W blue LED flood lamp for 20 h. Yields represent 

the averaged values from two reproduced experiments.

[a]
Isolated as a 13:1 mixture of aziridine to imine (see SI for more information).

[b]
Reaction irradiated for 30 h.
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