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We report an approach to the diastereoselective synthesis of
1,2-disubstituted heterocyclic aziridines. A Brønsted acid-cata-
lyzed conjugate addition of anilines to trisubstituted hetero-
cyclic chloroalkenes provides an intermediate 1,2-chloroamine.
Diastereocontrol was found to vary significantly with solvent
selection, with computational modelling confirming selective,
spontaneous fragmentation in the presence of trace acids,

proceeding through a pseudo-cyclic, protonated intermediate
and transition state. These chloroamines can then be converted
to the aziridine by treatment with LiHMDS with high stereo-
chemical fidelity. This solvent-induced stereochemical enrich-
ment thereby enables an efficient route to rare cis-aziridines
with high dr. The scope, limitations, and mechanistic origins of
selectivity are also presented.

Introduction

Aziridines are a privileged motif within natural products and
organic synthesis. This ring system is electrophilic enabling
reaction with a broad range of nucleophiles and access to
functionalized amine products.[1] Aziridines have found exten-
sive utility in the total synthesis of alkaloid natural products, as
well as their downstream functionalization.[2] Moreover, aziridine
natural product analogues have demonstrated potent
antitumor,[3] antimicrobial,[4] and antiviral activity.[5] Such proper-
ties have made aziridines highly attractive structures for
applications within the pharmaceutical industry, for example as
covalent inhibitors.[6]

Considering their utility in medicinal chemistry,[7] it is
interesting to note a general lack of diversity of aziridine
structures within the literature (Scheme 1a). Aliphatic and
aromatic substituents dominate this space; however, few α-
heterocyclic examples have been reported, with N-functional-
ized examples particularly scarce. This is perhaps due to the
requirement of ‘activated’ nitrogen species (bearing electron-
withdrawing groups) used in these methodologies, such as
nitrenes.[1a] Despite extensive development, few examples of α-

heterocyclic aziridines have been reported using transition
metal catalysis,[8] electrochemical[9] or flow electrochemical
approaches,[10] organocatalysis,[11] or utilising substitution
chemistry with sulfur ylides or imines.[12]

Previous work within our group sought to access this
underexplored chemotype through a chiral phosphoric acid
(CPA)-catalyzed enantioselective aza-Michael addition of aro-
matic amines to chlorovinyl heterocycles, followed by basic
annulation (Scheme 1b).[13] This yielded chiral mono-substituted
α-heterocyclic aryl aziridines with high yield and ee. A limitation
of this approach was the lack of further substitution on the
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Scheme 1. (a) Reported syntheses of α-heterocyclic aziridines. (b) Chiral
Brønsted acid-catalyzed Michael addition/aziridination. (c) This work:
Brønsted acid-catalyzed route to rare α-heterocyclic 1,2-discubstituted
aziridines.
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aziridine ring. We therefore sought to expand the scope of this
CPA strategy by establishing a method for the synthesis of 1,2-
disubsituted α-heterocyclic aryl aziridines. Here we provide a
full account of this reaction development, including scope,
limitations, and mechanism.

Results and Discussion

Reaction Development: Aza-Michael Process. To investigate
the potential for this acid-catalyzed synthesis of 1,2-disubsti-
tuted aziridines, our initial benchmark system was based on
stereochemically pure trisubstituted chloroalkene 1 using ani-
line as the nucleophile and TFA as catalyst to access the desired
chloroamine product (Scheme 2). We quickly found that phenyl
substitution at the 2-position of the alkene was not accommo-
dated – product 2 was not obtained under any conditions
employed (see ESI for full details). We attribute this to a steric
issue and not an electronic issue based on additional observa-
tions (vide infra). Changing to methyl-substituted 3, gave 64%
conversion to the desired chloroamine 4 in approx. 3 :1 d.r.
under equivalent conditions. Accordingly, 3 was selected for
further optimization (Table 1).[14]

Following a preliminary assessment of reaction variables
(see ESI for full details), the desired conjugate addition product
4 was obtained in 61% NMR yield and ca. 4 : 1 d.r. using
chloroacetic acid as a catalyst (entry 1). Based on this, we
explored the use of chiral phosphoric acid catalysts 5 and 6 to
induce enantioselective bond formation (entries 2–4); however,
despite similar d.r. to entry 1, levels of asymmetric induction
were poor. Enantioselectivity could not be improved despite
broad screening (see ESI). This lack of enantioenrichment is in
agreement with previous studies, where 2,3-disubsituted heter-
ocyclic cores could not induce enantioselectivity due to
increased allylic strain.[13a]

Despite this, promising diastereoselectivity was observed
using simple carboxylic acid catalysts (e.g., entry 1). We there-
fore sought to develop a diastereoselective approach to the
rare disubstituted aziridine products. Performing the reaction in
aromatic solvents, such as PhMe (entry 5) gave improved yields;
however, at the expense of diastereocontrol. In contrast,
excellent diastereoselectivity was obtained using polar protic
solvents such as i-PrOH (entry 6), but at lower yield. Mixtures of
i-PrOH and PhMe gave results in between the extremes of the
pure solvents (entries 7 and 8). No further improvements to
reaction conditions could be made.

The significant impact of these solvents compelled further
investigation (Scheme 3).

Suspension of 4 (1.1 : 1 d.r., racemic) in mixtures of i-PrOH
and PhMe led to selective degradation of syn-4 with increasing
alcohol content (see ESI for full details). The same degradation
of syn-4 was observed on column chromatography.

Computational Calculations of the Aza-Michael Process
and Solvent Effects. In order to understand these observations,
we turned to density functional theory calculations (MN15/6-31
+G**-SMD). These employed 3 and PhNH2 as representative
substrates, with AcOH as a model for the ClCH2CO2H. The free-
energy profile obtained for the essentially unselective formation
of syn-4 and anti-4 is shown in Figure 1. Complexation of the
quinoline nitrogen of 3 to AcOH precedes addition of the
PhNH2. This addition is concerted with proton transfer of one of

Scheme 2. Initial benchmark reactions.

Table 1. Reaction development.

Entry Deviation Yield 4 [%] (d.r.)[a]

1 none 61 (4 :1)

2 5 instead of ClCH2CO2H 35 (4 :1)

3 6 instead of ClCH2CO2H
[b] 37 (5 : 1)[c]

4 6 instead of ClCH2CO2H, 0 °C[b,d] 50 (9 : 1)[e]

5 PhMe instead of THF 83 (1.1 :1)

6 i-PrOH instead of THF, RT 48 (>20 :1)

7 i-PrOH :PhMe (1 :4) instead of THF 45 (5 :1)

8 i-PrOH :PhMe (1 :1) instead of THF 24 (19 :1)

[a] Yield and d.r. determined by 1H NMR using TCE as an internal standard;
[b] 64 h; [c] 51 : 49 e.r.; [d] PhMe as solvent; [e] 66 : 34 e.r.

Scheme 3. Solvent-induced diastereoenrichment of 4. Yield and d.r. deter-
mined by 1H NMR using TCE as an internal standard.

Wiley VCH Mittwoch, 28.02.2024

2499 / 341430 [S. 2/8] 1

Chem. Eur. J. 2024, e202303993 (2 of 7) © 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202303993

 15213765, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202303993 by T

est, W
iley O

nline L
ibrary on [28/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the NH protons to the acid which in turn protonates the
quinoline nitrogen. This occurs through transition states like 7,
computed to correspond to a barrier of 27.3 kcal/mol in
toluene. The enamine 8 that forms can undergo rapid rotation
to relieve the steric clashing imposed by the double bond in 3.
A second, subsequent process mediated by AcOH sees proto-
nation of the enamine 8 concerted with deprotonation of its
NH through transition states like 9 and 10. At first glance, the
modelling appears to suggest a significant kinetic preference
for formation of syn-4, in contradiction to the experimentally
observed non-selective process. Experiment and theory are in
agreement when the barriers for the back reaction are
considered. The reversions to 8 by the two stereoisomers have
barriers of 25.3 and 26.9 kcal/mol; these are lower than the rate-
limiting barrier leading to 8 and thus reversion of 4 and
equilibration of the two isomers is to be expected. The initial
emergence of a modest excess of anti-4 (see ESI for details) is
consistent with this isomer having the higher barrier for
reversion. The calculations support a thermodynamically con-
trolled preference, and suggest any energy difference between
the syn and anti isomers is below the limit of what can be
accurately computed, supportive of the non-stereoselective
formation observed.

Turning to the stereoselective degradation of 4, it was
assumed that this depends on trace Lewis or Brønsted acid that
can complex the quinoline nitrogen of 4, hence the reaction
proceeding in the presence of both i-PrOH and silica. Further
computational studies used a concentration of 1×10� 18 M of
protonated i-PrOH, 4, and settings for solvation by i-PrOH to
model these conditions.

Protonation of 4 promotes fragmentation with computed
barriers of 26.6 kcal/mol for fragmentation of syn-4 and
28.1 kcal/mol for anti-4. This is consistent with the direction and
degree of stereoselectivity observed and with catalysis by trace

acid. The origin of the stereoselectivity can be understood by
considering the effect of protonating the quinoline nitrogen.
This creates a cationic aromatic surface (Figure 2) that makes a
strong interaction with the electron rich aniline ring, rendering
the system pseudo-cyclic. A further stabilizing influence is a
through-space interaction between the electron-rich belt
around the Cl and the nearby NH+. In the syn-11 structure
(shown looking down the fragmenting bond in Figure 2), it is
clear that the aniline-π cation interaction and Cl-NH interaction
can be comfortably retained while permitting the methyl group
to be anti-periplanar to the quinoline. Inversion to give anti-11
might require loss of the Cl-NH interaction or the methyl
clashing with the quinoline. Instead, the preferred structure
retains these features but in doing so requires the pseudo-cyclic
structure held together by the aniline-π cation interaction to be
boat-like. Thus, syn-4 is more readily protonated and fragments
more rapidly than anti-4, accounting for the high diastereose-
lectivity observed upon exposure to i-PrOH or silica gel
chromatography.

Reaction Development: Aziridination. With a greater
understanding of this degradation process, we utilized this
pathway in order to access 1,2-chloroamines with high d.r.,
followed by a base-mediated SNi to enable access to the desired
1,2-disubstituted aziridine targets (Scheme 4).

Reaction Scope Assessment. We sought to explore the
scope of this process with regards to the heterocyclic
chloroalkene and aniline nucleophile components (Scheme 5).

Figure 1. Computed transition states and intermediates for the AcOH-
catalyzed Michael addition of PhNH2 to chloroalkene 3.

Figure 2. Transition states (11) for the fragmentation of 4 and the electro-
static potential of protonated quinoline, showing the beneficial through-
space interaction for syn-11.

Scheme 4. Optimized method for diastereoselective synthesis of α-hetero-
cyclic 1,2-aziridine products.
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Scheme 5. Scope and limitations. (a) Chloroamine products. (b) Aziridine products. (c) Limitations. Reaction conditions. Chloroamine synthesis: chloroalkene
(0.2 mmol), aniline (1.3 equiv), chloroacetic acid (0.3 equiv), PhMe (0.4 M), 40 °C, 16 h. Aziridination: chloroamine (0.1 mmol), LiHMDS (1.3 equiv), THF (0.2 M),
RT, 30 min. [a] Yield and d.r. determined by 1H NMR using TCE as an internal standard. [b] Isolated yield, d.r. determined by 1H NMR. See ESI for full details.
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For the conjugate addition process (Scheme 5a), the most
practical approach was to perform the reaction in toluene to
give the crude product as a mixture of diastereomers.
Diastereomeric enrichment could be achieved either by
suspending the crude product in i-PrOH or exposing to silica
chromatography.

In most cases this delivered the anti-chloroamine product as
a single diastereomer. The anti-chloroamine could then be
treated with LiHMDS to deliver the desired cis-aziridine with
complete stereochemical fidelity (Scheme 5b).

Regarding the generality of the two-step process, a range of
heterocycles and aromatic amines were compatible. For the
conjugate addition step (Scheme 5a), modification of the
azaheterocycle was possible, with substituted quinoline cores
achieving moderate to excellent yields (13–16, 29). In general,
more electron-rich systems, such as those bearing electron-
donating groups (16) or benzothiazole (17) were less reactive.
Under the PhMe-based conditions, product ratio does not vary
greatly from 1.2 :1; however, except for benzothiazole 17, the
enrichment process generally delivered >20 :1 d.r.

A broad range of anilines was accommodated, with
efficiency varying in line with electronic parameters. Electron-
rich anilines (e.g., 2-OMe, 18) were generally more efficient, due
to enhanced nucleophilicity. Conversely, anilines bearing elec-
tron-withdrawing groups (e.g., 2-CF3, 20) performed poorly for
the same reason. The incorporation of synthetic handles, such
as halogens (22, 23, 26, 29) or Bpin (19) was also tolerated with
good yields.

Scalability of this first step was demonstrated in a 4 mmol
reaction of the benchmark reaction to give 0.45 g of 4 as a
single diastereomer.

The chloroamine products underwent smooth conversion to
the desired cis-aziridines in generally excellent yields. Confirma-
tion of stereochemistry was obtained through single crystal X-
ray structures of 12 and 45. Scalability was also demonstrated
in the benchmark reaction to give 0.37 g of 12 as a single
diastereomer.

There are some limitations to the route outlined, as shown
in Scheme 5c (see ESI for full details).

Alternative heterocycles, such as pyridine, pyrimidine, or
benzimidazole systems were unreactive. The reaction was
highly sensitive to amine nucleophilicity, with more nucleo-
philic amines (e.g., alkylamines) resulting in catalyst deactiva-
tion. In addition, anilines with strong electron-withdrawing
groups, such as nitrile or ester, were also unreactive.

Derivatization of the alkene substituent was also challeng-
ing (Scheme 6). Changing from Me (3) to Ph (1), i-Pr (50), or c-

Hex (52) was not accommodated. Increasing catalyst loading,
temperature, aniline equivalents, or reaction time failed to
enable the conjugate addition process using these chloroal-
kenes.

Understanding Scope Limitations via Computational Cal-
culations. To rationalize these observations, we once again
turned to DFT calculations, using the solvation parameters for
toluene. Having already established that the rate-limiting step is
the initial addition, the reactants and transition states for the
different substituted examples were obtained. These revealed
that whereas the computed barrier for 3 is 27.3, the barriers for
1, 50, and 52 are 30.7, 27.5, and 29.2 kcal/mol, respectively. In
general, a deactivating effect by larger groups is observed.
Comparing the transition state for 3 (54) with that for 1 (55)
reveals a significant difference between the two (Figure 3). In
this process, the double bond shifts along one carbon atom
and in the transition state there are therefore two adjacent
partial double bonds that would ideally have the three atoms
involved and all of their substituents co-planar (substructure
highlighted in blue in Figure 3). For the reaction of 54, this can
be tolerated and the C(Me)-C� C-Cl dihedral angle is 163°.
However, co-planarity in the reaction of 1 would entail the Ph
group clashing with the quinoline. To avoid this clash, the
C(Ph)-C� C-Cl dihedral angle must reduce to 147° in transition
state 55, and this species corresponds to a higher barrier than
for 54.

Conclusions

In summary, an operationally simple synthesis of rare α-
heterocyclic aziridines has been developed via the Brønsted
acid-catalyzed Michael addition of anilines to chloroalkenes.
Degradation of the syn-diastereomer of the chloroamine
products by trace acid allows the isolation of a single anti-
diastereomer, which has been rationalized by computational
modelling. The anti-chloroamine products can then be readily
converted to the corresponding cis-aziridines with complete
stereochemical fidelity. The scope of this transformation has
been demonstrated, and despite some limitations, this ap-
proach offers a solution to a considerable gap in this area of
chemical space that cannot currently be accessed by alternative
synthetic methodologies, which may be helpful in the gen-
eration of compound libraries.

Scheme 6. Substitution tolerance on the chloroalkene component. Yield
determined by 1H NMR using TCE as an internal standard.

Figure 3. Calculated transition states from 1 and 3.
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Experimental Section

General experimental procedure for preparing cis-aziridines
(e.g., 12)

3 (40.7 mg, 0.2 mmol, 1.0 equiv) and chloroacetic acid (5.7 mg,
0.06 mmol, 30 mol%) were added to a dry microwave vial, which
was capped, purged, and filled with N2. PhMe (500 μL, 0.4 M) was
added, and the mixture was stirred at 40 °C for 15 min prior to the
addition of aniline (24 μL, 0.26 mmol, 1.3 equiv). The reaction was
stirred at 40 °C for 16 h, before being quenched by the addition of
saturated NaHCO3 solution. The mixture was extracted with EtOAc,
dried over Na2SO4, filtered, and concentrated under reduced
pressure.

The residue was resuspended in i-PrOH (1 mL, 0.2 M) and stirred at
40 °C for 4 h (or until a single diastereomer was present by 1H
NMR), and then concentrated under reduced pressure. The resulting
product was suspended in dry THF (500 μL, 0.4 M) and stirred at RT
for 2 min prior to the dropwise addition of LiHMDS (0.26 mmol,
1.3 equiv). The reaction was stirred at RT for 30 min, quenched with
saturated NH4Cl solution, and extracted with EtOAc. The combined
organic layers were dried over Na2SO4, filtered, and concentrated
under reduced pressure. The crude product was purified by column
chromatography (silica gel, 0–5% EtOAc in hexane) to yield the
desired cis-aziridine 12 as a yellow oil (25 mg, 48%).

Computational information

Calculations employed the MN15 density functional and the 6–31+

G** basis set.15 Solvation was incorporated via the SMD continuum
solvation model.16 All geometries were optimised and confirmed as
minima or transition states by frequency calculation in Gaus-
sian16.17 Free energies were computed with the goodvibes software
with concentration of 1 M, temperature of 298 K and a frequency
cutoff of 20 cm� 1 and the Grimme quasi-harmonic approach for low
frequency vibrations.[18] Systematic conformational sampling of all
minima was undertaken with low energy conformations subjected
to redundant internal coordinate scanning to obtain corresponding
transition states. Electrostatic potential was computed in GaussView
using default settings and molecular structure visualizations created
in CYLview2.[19]

Supporting Information

The authors have cited additional references within the
Supporting Information.[13a,15–18,20–40]

Acknowledgements

T.A.H. thanks the University of St Andrews for a PhD student-
ship. A.J.B.W. thanks the Leverhulme Trust for a Research
Fellowship (RF-2022-014). A.G.L. would like to acknowledge the
assistance given by Research IT and the use of the Computa-
tional Shared Facility at The University of Manchester.

Conflict of Interests

The authors declare no conflict of interest.

Data Availability Statement

The research data supporting this publication can be accessed
at https://doi.org/10.17630/4c1267fc-fdc2-47f8-9a0d-
a03bdb8247f0. Deposition Number(s) 2309019 (for 12), 2309020
(for 46) contain(s) the supplementary crystallographic data for
this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformations-
zentrum Karlsruhe Access Structures service.

Keywords: Annulation · Aziridine · Diastereoselectivity ·
Heterocycles · Mechanism · Organocatalysis

[1] a) H. J. Dequina, C. L. Jones, J. M. Schomaker, Chem 2023, 9, 1658–1701;
b) R. Akhtar, S. A. R. Naqvi, A. F. Zahoor, S. Saleem, Mol. Diversity 2018,
22, 447–501; c) S. Sabir, G. Kumar, V. P. Verma, J. L. Jat, ChemistrySelect
2018, 3, 3702–3711; d) H. W. Heine, R. Peavy, Tetrahedron Lett. 1965, 6,
3123–3126; e) T. B. Sim, S. H. Kang, K. S. Lee, W. K. Lee, H. Yun, Y. Dong,
H.-J. Ha, J. Org. Chem. 2003, 68, 104–108; f) R. A. Craig II, N. R. O’Connor,
A. F. G. Goldberg, B. M. Stoltz, Chem. Eur. J. 2014, 20, 4806–4813; g) L.
Degennaro, P. Trinchera, R. Luisi, Chem. Rev. 2014, 114, 7881–7929.

[2] a) V. M. Dembitsky, A. O. Terent’ev, D. O. Levitsky, in Natural Products:
Phytochemistry, Botany and Metabolism of Alkaloids, Phenolics and
Terpenes (Eds.: K. G. Ramawat, J.-M. Mérillon), Springer Berlin Heidelberg,
Berlin, Heidelberg, 2013, pp. 977–1006; b) M. Vargas-Sanchez, F. Couty,
G. Evano, D. Prim, J. Marrot, Org. Lett. 2005, 7, 5861–5864; c) N.
Hoffmann, G. Hugel, J.-M. Nuzillard, D. Royer, Tetrahedron Lett. 1998, 39,
7503–7506; d) M. G. Banwell, D. W. Lupton, Org. Biomol. Chem. 2005, 3,
213–215.

[3] a) R. F. Struck, M. C. Kirk, L. S. Rice, W. J. Suling, J. Med. Chem. 1986, 29,
1319–1321; b) M. Znati, M. Debbabi, A. Romdhane, H. Ben Jannet, J.
Bouajila, J. Pharm. Pharmacol. 2018, 70, 1700–1712; c) E. Burgos-Moron,
N. Pastor, M. L. Orta, J. J. Jimenez-Alonso, C. Palo-Nieto, M. Vega-Holm,
J. M. Vega-Perez, F. Iglesias-Guerra, S. Mateos, M. Lopez-Lazaro, J. M.
Calderon-Montano, Biomedicine 2021, 10, 40.

[4] a) U. Schurigt, C. Schad, C. Glowa, U. Baum, K. Thomale, J. K. Schnitzer,
M. Schultheis, N. Schaschke, T. Schirmeister, H. Moll, Antimicrob. Agents
Chemother. 2010, 54, 5028–5041; b) A. Kowalczyk, A. M. Pieczonka, M.
Rachwalski, S. Lesniak, P. Staczek, Molecules 2018, 23, 45; c) X. He, M. Li,
S. Song, X. Wu, J. Zhang, G. Wu, R. Yue, H. Cui, S. Song, C. Ma, F. Lu, H.
Zhang, Appl. Microbiol. Biotechnol. 2018, 102, 4345–4354.

[5] a) G. Zoidis, C. Fytas, I. Papanastasiou, G. B. Foscolos, G. Fytas, E.
Padalko, E. De Clercq, L. Naesens, J. Neyts, N. Kolocouris, Bioorg. Med.
Chem. 2006, 14, 3341–3348; b) L. Bromberg, D. J. Bromberg, T. A.
Hatton, I. Bandin, A. Concheiro, C. Alvarez-Lorenzo, Langmuir 2012, 28,
4548–4558.

[6] a) R. Vicik, H. Helten, T. Schirmeister, B. Engels, ChemMedChem 2006, 1,
1021–1028; b) B. T. Adams, S. Niccoli, M. A. Chowdhury, A. N. K. Esarik,
S. J. Lees, B. P. Rempel, C. P. Phenix, Chem. Commun. 2015, 51, 11390–
11393.

[7] G. S. Singh, Mini-Rev. Med. Chem. 2016, 16, 892–904.
[8] a) A. J. Catino, J. M. Nichols, R. E. Forslund, M. P. Doyle, Org. Lett. 2005, 7,

2787–2790; b) S. Sabir, C. B. Pandey, A. K. Yadav, B. Tiwari, J. L. Jat, J.
Org. Chem. 2018, 83, 12255–12260; c) Y. Fukunaga, T. Uchida, Y. Ito, K.
Matsumoto, T. Katsuki, Org. Lett. 2012, 14, 4658–4661; d) A. Mazumdar,
Z. Xue, M. F. Mayer, Synlett 2007, 2007, 2025–2028.

[9] a) T. Siu, A. K. Yudin, J. Am. Chem. Soc. 2002, 124, 530–531; b) J. Chen,
W. Q. Yan, C. M. Lam, C. C. Zeng, L. M. Hu, R. D. Little, Org. Lett. 2015, 17,
986–989; c) L. Feng, D. Jie, C. Xu, Chin. J. Org. Chem. 2021, 41, 4014–
4020; d) J. Li, W. Huang, J. Chen, L. He, X. Cheng, G. Li, Angew. Chem. Int.
Ed. 2018, 57, 5695–5698.

[10] M. Ošeka, G. Laudadio, N. P. van Leest, M. Dyga, A. d. A. Bartolomeu, L. J.
Gooßen, B. de Bruin, K. T. de Oliveira, T. Noël, Chem 2021, 7, 255–266.

[11] a) H. Arai, N. Sugaya, N. Sasaki, K. Makino, S. Lectard, Y. Hamada, Tet.
Lett. 2009, 50, 3329–3332; b) S. P. Bew, J. Liddle, D. L. Hughes, P. Pesce,
S. M. Thurston, Angew. Chem. Int. Ed. 2017, 56, 5322–5326.

[12] a) H. Wenker, J. Am. Chem. Soc. 1935, 57, 2328–2328; b) N. De Kimpe, L.
Moens, Tetrahedron 1990, 46, 2965–2974; c) F. A. Davis, W. McCoull,
Tetrahedron Lett. 1999, 40, 249–252; d) F. A. Davis, Y. Wu, H. Yan, W.
McCoull, K. R. Prasad, J. Org. Chem. 2003, 68, 2410–2419; e) B. Denolf, E.

Wiley VCH Mittwoch, 28.02.2024

2499 / 341430 [S. 6/8] 1

Chem. Eur. J. 2024, e202303993 (6 of 7) © 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202303993

 15213765, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202303993 by T

est, W
iley O

nline L
ibrary on [28/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202303993R1
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202303993R1
http://www.ccdc.cam.ac.uk/structures
https://doi.org/10.1016/j.chempr.2023.04.010
https://doi.org/10.1007/s11030-018-9829-0
https://doi.org/10.1007/s11030-018-9829-0
https://doi.org/10.1002/slct.201800170
https://doi.org/10.1002/slct.201800170
https://doi.org/10.1016/S0040-4039(01)89232-7
https://doi.org/10.1016/S0040-4039(01)89232-7
https://doi.org/10.1021/jo0261911
https://doi.org/10.1002/chem.201303699
https://doi.org/10.1021/cr400553c
https://doi.org/10.1021/ol052388e
https://doi.org/10.1016/S0040-4039(98)01626-8
https://doi.org/10.1016/S0040-4039(98)01626-8
https://doi.org/10.1039/B415977B
https://doi.org/10.1039/B415977B
https://doi.org/10.1021/jm00157a039
https://doi.org/10.1021/jm00157a039
https://doi.org/10.1111/jphp.13013
https://doi.org/10.1128/AAC.00327-10
https://doi.org/10.1128/AAC.00327-10
https://doi.org/10.1007/s00253-018-8934-4
https://doi.org/10.1016/j.bmc.2005.12.056
https://doi.org/10.1016/j.bmc.2005.12.056
https://doi.org/10.1021/la205127x
https://doi.org/10.1021/la205127x
https://doi.org/10.1002/cmdc.200600081
https://doi.org/10.1002/cmdc.200600081
https://doi.org/10.1039/C5CC03828F
https://doi.org/10.1039/C5CC03828F
https://doi.org/10.1021/ol0510973
https://doi.org/10.1021/ol0510973
https://doi.org/10.1021/acs.joc.8b01673
https://doi.org/10.1021/acs.joc.8b01673
https://doi.org/10.1021/ol302095r
https://doi.org/10.1021/ja0172215
https://doi.org/10.1021/acs.orglett.5b00083
https://doi.org/10.1021/acs.orglett.5b00083
https://doi.org/10.1002/anie.201801106
https://doi.org/10.1002/anie.201801106
https://doi.org/10.1016/j.tetlet.2009.02.095
https://doi.org/10.1016/j.tetlet.2009.02.095
https://doi.org/10.1002/anie.201611990
https://doi.org/10.1021/ja01314a504
https://doi.org/10.1016/S0040-4020(01)88388-5
https://doi.org/10.1016/S0040-4039(98)02331-4
https://doi.org/10.1021/jo020707z


Leemans, N. De Kimpe, J. Org. Chem. 2007, 72, 3211–3217; f) G. R.
Stanton, P.-O. Norrby, P. J. Carroll, P. J. Walsh, J. Am. Chem. Soc. 2012,
134, 17599–17604; g) H. Dao Thi, G. Le Nhat Thuy, S. Catak, V. Van Spey-
broeck, T. Van Nguyen, M. D’hooghe, Synthesis 2018, 50, 1439–1456;
h) S. Monticelli, M. Colella, V. Pillari, A. Tota, T. Langer, W. Holzer, L.
Degennaro, R. Luisi, V. Pace, Org. Lett. 2019, 21, 584–588; i) S. F. Basha,
S. Anwar, Asian J. Chem. 2020, 32, 1001–1006; j) V. K. Aggarwal, A.
Thompson, R. V. H. Jones, M. C. H. Standen, J. Org. Chem. 1996, 61,
8368–8369; k) J. García Ruano, I. Fernández, M. d. Prado Catalina, A. A.
Cruz, Tetrahedron: Asymmetry 1996, 7, 3407–3414; l) V. K. Aggarwal, E.
Alonso, G. Fang, M. Ferrara, G. Hynd, M. Porcelloni, Angew. Chem. Int. Ed.
2001, 40, 1433–1436; m) M. A. Marsini, J. T. Reeves, J.-N. Desrosiers,
M. A. Herbage, J. Savoie, Z. Li, K. R. Fandrick, C. A. Sader, B. McKibben,
D. A. Gao, J. Cui, N. C. Gonnella, H. Lee, X. Wei, F. Roschangar, B. Z. Lu,
C. H. Senanayake, Org. Lett. 2015, 17, 5614–5617; n) S. Hajra, S. M. Aziz,
B. Jana, P. Mahish, D. Das, Org. Lett. 2016, 18, 532–535.

[13] a) C. Xu, C. W. Muir, A. G. Leach, A. R. Kennedy, A. J. B. Watson, Angew.
Chem. Int. Ed. 2018, 57, 11374–11377; b) L. A. McLean, M. W. Ashford,
J. W. B. Fyfe, A. M. Z. Slawin, A. G. Leach, A. J. B. Watson, Chem. Eur. J.
2022, 28, e202200060.

[14] Attempts to prepare stereochemically pure (Z)-1 were unsuccessful.
Attempts to prepare stereochemically pure (Z)-3 led to mixtures
favoring the (E)-isomer (ca. 70 :30 (E :Z)). Use of the mixture of (E/Z)-3 in
the conjugate addition reaction gave the same result as observed with
(E)-3 suggesting isomerization in situ. See ESI for full details.

[15] a) H. S. Yu, X. He, S. L. Li, D. G. Truhlar, Chem. Sci. 2016, 7, 5032–5051;
b) W. J. Hehre, R. Ditchfield, J. A. Pople, J. Chem. Phys. 1972, 56, 2257–
2261; c) P. C. Hariharan, J. A. Pople, Theor. Chim. Acta 1973, 28, 213–222;
d) T. Clark, J. Chandrasekhar, G. N. W. Spitznagel, P. V. R. Schleyer, J.
Comput. Chem. 1983, 4, 294–301.

[16] A. V. Marenich, C. J. Cramer, G. G. Truhlar, J. Phys. Chem. B 2009, 113,
6378–6396.

[17] Gaussian 16, Revision. C.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E.
Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A.
Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V. Marenich, J. Bloino, B. G.
Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F.
Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F.
Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G.
Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery, Jr., J. E. Peralta,
F. Ogliaro, M. J. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N.
Staroverov, T. A. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. P.
Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam, M.
Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma,

O. Farkas, J. B. Foresman, D. J. Fox, Gaussian, Inc., Wallingford (USA),
2016.

[18] a) GoodVibes: version 3.0.1; Zenodo, Geneva (Switzerland), 2018; b) S.
Grimme, Chemistry 2012, 18, 9955–9964.

[19] a) GaussView, Version 6.1, R. Dennington, T. A. Keith, J. M. Millam,
Semichem Inc., Shawnee Mission (USA), 2016; b) CYLview, 20; C. Y.
Legault, Université de Sherbrooke, Sherbrooke (Canada), 2009.

[20] S. Florio, L. Troisi, V. Capriati, G. Coletta, Tetrahedron 1999, 55, 9859–
9866.

[21] N. Hata, I. Ono, S. Matono, H. Hirose, Bull. Chem. Soc. Jpn. 1973, 46, 942–
946.

[22] A. Nomland, I. D. Hills, Tetrahedron Lett. 2008, 49, 5511–5514.
[23] C. Yin, P. Hu, Eur. J. Org. Chem. 2023, 26, e202300015.
[24] J. Dong, J. Liu, H. Song, Y. Liu, Q. Wang, Org. Lett. 2021, 23, 4374–4378.
[25] Y. Chen, Y. Pan, Y.-M. He, Q.-H. Fan, Angew. Chem. Int. Ed. 2019, 58,

16831–16834.
[26] Z. Xu, L. Zhang, Org. Biomol. Chem. 2021, 19, 9476–9482.
[27] Y. Wu, P. Guo, L. Chen, W. Duan, Z. Yang, T. Wang, T. Chen, F. Xiong,

Chem. Commun. 2021, 57, 3271–3274.
[28] J. Zhou, C. Wang, L. Huang, C. Luo, S. Ye, N. Xu, Y. Zhu, L. Liu, Q. Ren, Z.

Chen, S. Song, J. Li, Green Chem. 2022, 24, 4606–4613.
[29] B. Qiao, C. Li, X. Zhao, Y. Yin, Z. Jiang, Chem. Commun. 2019, 55, 7534–

7537.
[30] Y. Nakatani, Y. Koizumi, R. Yamasaki, S. Saito, Org. Lett. 2008, 10, 2067–

2070.
[31] F. Malmedy, T. Wirth, Chem. Eur. J. 2016, 22, 16072–16077.
[32] X. Li, J. Wu, L. Chen, X. Zhong, C. He, R. Zhang, C. Duan, Chem. Commun.

2016, 52, 9628–9631.
[33] F.-J. Valverde-Muñoz, M. Seredyuk, M. C. Muñoz, G. Molnár, Y. S. Bibik,

J. A. Real, Angew. Chem. Int. Ed. 2020, 59, 18632–18638.
[34] X. Liu, X. Zhao, F. Liang, B. Ren, Org. Biomol. Chem. 2018, 16, 886–890.
[35] P. N. Kishore Babu, B. Ramadevi, Y. Poornachandra, C. Ganesh Kumar,

Med. Chem. Res. 2014, 23, 3970–3978.
[36] CrysAlisPro v1.171.42.94a Rigaku Oxford Diffraction, Rigaku Corporation,

Tokyo (Japan), 2023.
[37] G. M. Sheldrick, Acta Crystallogr., Sect. A: Found. Adv. 2015, 71, 3–8.
[38] G. M. Sheldrick, Acta Crystallogr. Sect. C 2015, 71, 3–8.
[39] O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard, H. Pusch-

mann, J. Appl. Crystallogr. 2009, 42, 339–341.
[40] A. L. Spek, Acta Crystallogr. Sect D: Biol. Crystallogr. 2009, 65, 148–155.

Manuscript received: November 30, 2023
Accepted manuscript online: February 5, 2024
Version of record online: ■■■, ■■■■

Wiley VCH Mittwoch, 28.02.2024

2499 / 341430 [S. 7/8] 1

Chem. Eur. J. 2024, e202303993 (7 of 7) © 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202303993

 15213765, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202303993 by T

est, W
iley O

nline L
ibrary on [28/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1021/jo0624795
https://doi.org/10.1021/ja306781z
https://doi.org/10.1021/ja306781z
https://doi.org/10.1021/acs.orglett.8b04001
https://doi.org/10.14233/ajchem.2020.22315
https://doi.org/10.1021/jo961754s
https://doi.org/10.1021/jo961754s
https://doi.org/10.1016/S0957-4166(96)00448-X
https://doi.org/10.1002/1521-3773(20010417)40:8%3C1433::AID-ANIE1433%3E3.0.CO;2-E
https://doi.org/10.1002/1521-3773(20010417)40:8%3C1433::AID-ANIE1433%3E3.0.CO;2-E
https://doi.org/10.1021/acs.orglett.5b02838
https://doi.org/10.1021/acs.orglett.5b03564
https://doi.org/10.1002/anie.201806956
https://doi.org/10.1002/anie.201806956
https://doi.org/10.1039/C6SC00705H
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.1677527
https://doi.org/10.1007/BF00533485
https://doi.org/10.1002/jcc.540040303
https://doi.org/10.1002/jcc.540040303
https://doi.org/10.1021/jp810292n
https://doi.org/10.1021/jp810292n
https://doi.org/10.1002/chem.201200497
https://doi.org/10.1016/S0040-4020(99)00525-6
https://doi.org/10.1016/S0040-4020(99)00525-6
https://doi.org/10.1246/bcsj.46.942
https://doi.org/10.1246/bcsj.46.942
https://doi.org/10.1016/j.tetlet.2008.07.044
https://doi.org/10.1021/acs.orglett.1c01310
https://doi.org/10.1002/anie.201909919
https://doi.org/10.1002/anie.201909919
https://doi.org/10.1039/D1OB01807H
https://doi.org/10.1039/D1CC00621E
https://doi.org/10.1039/D2GC01225A
https://doi.org/10.1039/C9CC03661J
https://doi.org/10.1039/C9CC03661J
https://doi.org/10.1021/ol800576w
https://doi.org/10.1021/ol800576w
https://doi.org/10.1002/chem.201603022
https://doi.org/10.1039/C6CC04647A
https://doi.org/10.1039/C6CC04647A
https://doi.org/10.1039/C7OB03081A
https://doi.org/10.1007/s00044-014-0974-4
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S090744490804362X


RESEARCH ARTICLE

We report an approach to the diaster-
eoselective synthesis of rare 1,2-disub-
stituted heterocyclic aziridines. Our
approach utilizes an inherent degra-
dation of 1,2-chloroamines in the
presence of trace acid, followed by

annulation to give a diverse array of
cis-aziridines which are not captured
by alternative synthetic methodolo-
gies. The scope, limitations, and
mechanistic insights into the selectiv-
ity are presented.
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