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Introduction

Enantiomerically pure aziridines exhibit numerous impor-
tant features, including serving as essential motifs of biologi-
cally interesting compounds and as valuable chiral synthons
that can be stereoselectively converted into useful amine de-
rivatives.[1] As a consequence, the development of reliable
methods for their asymmetric synthesis from nonchiral pre-
cursors represents a continuing synthetic target.[2] Among
the existing strategies, the catalytic asymmetric aziridina-
tions of olefins provide direct and useful access to such a
privileged scaffold, and great efforts and progress have been
made in this field.[3] Although there are powerful solutions
for several different classes of olefins,[4] a highly enantiose-
lective aziridination of cyclic enones has, to our knowledge,
not been described. Herein, we report an efficient solution
to this synthetic problem based on the use of an easily avail-
able organocatalyst that is able to convert a wide range of

cyclic enones into the desired aziridines with very high
enantiomeric purity and good chemical yield.

In their pioneering works, Pellacani, Tardella, and co-
workers highlighted the potential of a conjugate addition–
cyclization strategy to directly access aziridines from elec-
tron-deficient olefins.[5] This sequential approach is based on
the use of a suitable compound that should first act as an N-
centered nucleophile, and then should become electrophilic
to facilitate an intramolecular cyclization step. In principle,
this strategy can be viewed as a powerful platform for devel-
oping asymmetric catalytic aziridinations: a chiral catalyst
able to promote the first aza-Michael step while enforcing a
high level of stereocontrol would lead to the one-step prepa-
ration of highly enantioenriched chiral aziridines
(Scheme 1). However, previously described asymmetric var-
iants—based on phase-transfer catalysis[5d, 6a] or chiral terti-
ary amines[6b,c]—often lack scope, reactivity, and selectivity.[6]

Very recently, we successfully exploited this sequential ap-
proach by discovering a highly enantioselective aziridination
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of linear a,b-unsaturated ketones[7] catalyzed by 9-amino ACHTUNGTRENNUNG(9-
deoxy)epi-hydroquinine (9-epi-NH2-HQ), a chiral primary
amine that we and others, independently,[8] have established
as a highly stereoselective catalyst for ketone functionaliza-
tion (Figure 1). The success of the aziridination method was
dependent on the ability of 9-epi-NH2-HQ to promote a
well-defined iminium–enamine tandem sequence[9] deliver-
ing enantiopure N-Cbz- (Cbz = benzyloxycarbonyl) and N-
Boc-protected (Boc = tert-butyloxycarbonyl) trans-aziridines
(Scheme 1).

Triggered by the lack of any asymmetric strategy for the
aziridination of cyclic enones and in an effort to expand the
scope of our method, we turned our attention to cyclic a,b-
unsaturated ketones. Herein, we report the results of our in-
vestigations, which provide easy and fast access to both of
the antipodes of synthetically valuable aziridines with very
high enantiomeric purity.

Results and Discussion

Initially, we focused on the aziridination of cyclohexanone
1 a by using the catalyst primary amine salt A (Figure 1)—
made by combining the easily available 9-epi-NH2-HQ with
d-N-Boc phenylglycine (1:1.5 ratio of amine to acid)—which
exhibited high reactivity and selectivity in the aziridination
of linear enones.[7] After extensive screening of the standard
reaction parameters,[10] we found that treating 1.2 equiv of
1 a with tosylated hydroxycarbamate 2 a,b in the presence of
2 equiv of NaHCO3

[11] and catalyst salt A (20 mol%) in
chloroform for 24 h directly resulted in the formation of N-
Cbz or N-Boc bicyclic adducts 3 a and 3 b, respectively, in
high yield and almost perfect stereoselectivity [diastereo-
meric ratio (d.r.) and enantiomeric ratio (e.r.) �99:1, en-
tries 1 and 2, Table 1].

Interestingly, the method is also effective with b-methyl
cyclohexenone 1 b, a challenging compound leading to a het-
erocyclic adduct with a quaternary stereocenter. The reac-
tion with 2 a furnishes the corresponding N-Cbz aziridine 3 c
with moderate enantioselectivity (entry 3).[10] Fortunately, by
using the N-Boc-protected nucleophile 2 b we found that the

aziridination proceeds with greatly improved selectivity,
thereby delivering compound 3 d in 92 % ee (entry 4).

The efficiency of an asymmetric method is not only mea-
sured by its selectivity and reliability, but also by the possi-
bility of accessing both of the antipodes of the products by
simply selecting the appropriate catalyst enantiomer. The
present case is complicated by the fact that catalyst salt A is
composed of two distinct chiral entities, one of which is de-
rived from the Cinchona alkaloid. Notably, the combination
of the pseudoenantiomer 9-epi-NH2-HQD, derived from hy-
droquinidine, with l-N-Boc phenylglycine in a 1:1.5 ratio
(catalyst salt B) and its use in the aziridination of both 1 a
and 1 b affords the corresponding aziridines 3 with opposite
absolute configuration while maintaining a very high level
of selectivity (entries 5–7).

Conceptually, the foundations for rationalizing the influ-
ence of chiral counteranions on both the reactivity and ste-
reoselectivity of iminium catalysis have already been estab-
lished.[12] To gain more insight into the role played by the
two chiral entities of catalyst salts A and B within the pres-
ent chemistry, we used the missmatched combinations to
promote the reaction of 1 b with 2 b (entries 8 and 9). The
observed lower reactivity and slightly decreased stereoselec-
tivity (88 % ee vs. 92 % ee) and the sense of asymmetric in-
duction clearly indicate that although the chiral primary
amine is mainly responsible for directing the process toward
a stereoselective path, the chiral cocatalyst is important to
improve the general efficiency of the aziridination.[13]

The scope and limitations of the asymmetric aziridination
of cyclic enones were investigated next, by using 2 b as the
nucleophile and both catalyst salts A and B to access the
two enantiomeric aziridines 3 (Table 2). In addition to cyclo-

Figure 1. The primary amine–acid combinations used in this study.

Table 1. Catalyst investigations for the aziridination of cyclic enones.[a]

Entry 1 2 Catalyst salt 3 Yield e.r.[c]

amine acid [%][b]

1 a a catalyst salt A a 86 99:1
2 a b catalyst salt A b 73 99.5:0.5
3 b a catalyst salt A c 84 86:14
4 b b catalyst salt A d 75 96:4
5 a a catalyst salt B a 98 0.5:99.5
6 a b catalyst salt B b 76 0.5:99.5
7 b b catalyst salt B d 88 7:93
8 b b 9-epi-NH2-HQD d-PhgOH d 56 9:91
9 b b 9-epi-NH2-HQ l-PhgOH d 54 94:6

[a] Abbreviations: Ts= tosyl; PhgOH: N-Boc phenylglycine. A single dia-
stereoisomer has always been detected by 1H NMR spectroscopic analy-
sis of the crude mixture. Reactions carried out on a 0.2 mmol scale at
room temperature for 24 h using 1.2 equiv of enone 1 and 20 mol % of
the catalyst salt (1:1.5 amine to acid ratio). [b] Yield of isolated product
after chromatography. [c] Enantiomeric ratio determined by HPLC anal-
ysis on chiral stationary phases.
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hexanone itself, various substituted cyclic enones could be
converted into N-Boc-protected aziridines with excellent re-
sults (entries 2 and 3). The process allows the creation of
quaternary stereogenic centers with high fidelity when em-
ploying b-substituted cyclohexanones (entries 4 and 5). Both
2-cycloheptanones and 2-cyclopentanone turned out to be
excellent substrates, although the latter shows a reduced re-
activity (entries 6 and 7). Also, b-methyl 2-cyclopentanone
reacts under the reported conditions, but the corresponding
aziridine 3 j is formed with moderate enantioselectivity
(entry 8), whereas a-substituted cyclic enones proved to be
unreactive.

The relative and absolute configurations of aziridines 3 d,
3 e, and 3 h were assigned by NMR NOE spectroscopic anal-
yses and by means of time-dependent (TD) DFT calcula-
tions of the electronic circular dichroism (ECD) spectra, as
described in the Supporting Information.

Finally, we explored the possibility of extending the aziri-
dination method to indenone derivative 4, a challenging
compound that has never served before as a suitable sub-
strate for iminium catalysis due to the severe steric hin-
drance, which hampers the condensation with the catalyst.
Notably, both the antipodes of the corresponding tricyclic
aziridine derivative 5 can be prepared with good chemical
yield and very high enantioselectivity (Scheme 2).

Extension to such a compound class opens up new oppor-
tunities to stereoselectively prepare complex chiral mole-
cules that possess an indane moiety, a framework that is
found in a large number of bioactive and pharmaceutically
important molecules.[14] NSC676892[14b] is only one example
of the potentially bioactive tri-
cyclic, aziridine-containing het-
erocycle that may be synthe-
sized by using the present
method. Efforts toward this aim
are underway in our laborato-
ries.

Conclusion

In summary, we have disclosed the first catalytic and highly
enantioselective aziridination of cyclic a,b-unsaturated ke-
tones, further illustrating the increasing utility gained by
chiral primary amine catalysis in the realm of asymmetric
synthesis. The method uses easily available reagents and cat-
alysts and provides reliable and highly stereoselective access
to a wide variety of N-Boc-protected aziridines. Our current
efforts aim to further extend the utility of the method to the
synthesis of biologically interesting compounds as well as to
determine a more detailed mechanistic understanding.

Table 2. Scope of the aziridination of cyclic enones.[a]

Entry Aziridine Catalyst salt Yield [%][b] ee [%][c]

1

A 73 (51)[d] 99 (99)[d]

B 76 99

2

A 84 98
B 84 98

3

A 33 98
B 53 98

4

A 75 92
B 88 86

5[e]

A 93 95
B 85 93

6

A 90 98
B 98 94

7

A 39 93
B 44 97

8[f]

A 52 85
B 68 61

[a] A single diastereoisomer has always been detected by 1H NMR spec-
troscopic analysis of the crude mixture. Reactions carried out at room
temperature for 24 h using 1.2 equiv of enone 1 on a 0.2 mmol scale.
[b] Yield of isolated product. [c] ee of 3 was determined by HPLC analy-
sis. [d] Number in parenthesis refers to reaction carried out using
10 mol % of catalyst salt A. [e] 48 h reaction time. [f] Using 2 equiv of
enone, 72 h reaction time.

Scheme 2. Aziridination of 1H-inden-1-one.
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Experimental Section

General Methods

The 1H and 13C NMR spectra were recorded at 600 and 150 MHz, respec-
tively. The chemical shifts (d) for 1H and 13C are given in ppm relative to
residual signals of the solvents (CHCl3). Coupling constants are given in
Hz. Carbon types were determined from distortionless enhancement by
polarization transfer (DEPT) 13C NMR spectroscopy experiments. The
following abbreviations are used to indicate the multiplicity: s, singlet; d,
doublet; t, triplet; q, quartet; m, multiplet; br s, broad signal. Purification
of the reaction products was carried out by flash chromatography (FC)
on silica gel (230–400 mesh). For thin-layer chromatography (TLC) anal-
ysis throughout this work, Merck precoated TLC plates (silica gel 60
GF254, 0.25 mm) were used. Optical rotations are reported as follows:
[a]RT

D (c in g per 100 mL, solvent). The diastereomeric ratio (d.r.) was de-
termined by 1H NMR spectroscopic analysis of the crude reaction mix-
ture, and confirmed by HPLC analysis on chiral stationary phases col-
umns. High-performance liquid chromatography (HPLC) was performed
an Agilent 1100 series instrumentation. A Daicel Chiralpak AD-H
column with iPrOH/hexane as the eluent proved to be effective for all
the aziridines synthesized. HPLC traces were compared with racemic
samples obtained by carefully mixing the two product antipodes obtained
by performing the individual reactions with 9-amino ACHTUNGTRENNUNG(9-deoxy)epi-hydro-
quinine (catalyst salt A) and its pseudoenantiomer 9-amino ACHTUNGTRENNUNG(9-deoxy)epi-
hydroquinidine (catalyst salt B) separately.

Syntheses

General procedure for the organocatalytic asymmetric aziridination of
cyclic enones (Table 2): All the reactions were carried out with no pre-
cautions to exclude air or moisture and using the appropriate catalytic
salt combination A or B. In an ordinary vial equipped with a Teflon-
coated stirrer bar, the chiral primary amine (0.04 mmol, 13 mg,
20 mol %) was dissolved in CHCl3 (0.8 mL). After addition of N-Boc
phenylglycine (0.06 mmol, 15 mg, 30 mol %), the solution was stirred for
10 min at room temperature. Cyclic enone 1 (0.24 mmol, 1.2 equiv) was
added, and stirring continued for an additional 10 min. Then nucleophile
2 (0.2 mmol) was added followed by the addition of NaHCO3 (0.4 mmol,
32 mg, 2 equiv) in one portion. Stirring was continued for 1 d, then the
crude reaction mixture was diluted with CH2Cl2 (1 mL) and flushed
through a short plug of silica, using CH2Cl2/Et2O 1:1 as the eluent. The
solvent was removed in vacuo, and the residue was purified by flash chro-
matography (FC) to yield the desired aziridine 3.

3b : Prepared by following the general procedure using catalyst salt A to
furnish the crude product as a single diastereomer. The title compound
was isolated as a colorless oil by column chromatography (hexane/ace-
tone 8:2) in 73% yield and 99% ee. The ee was determined by HPLC
analysis on a Chiralcel AD-H column: 90:10 hexane/iPrOH, flow rate
0.75 mL min�1, l= 214, 254 nm: tmajor = 7.6 min, tminor = 8.2 min. [a]RT

D =

�95.5 (c =0.74, CHCl3, 99 % ee); 1H NMR: d=1.45 (s, 9H), 1.63–1.68
(m, 1 H) 1.74–1.82 (m, 1H), 1.92–1.08 (m, 2H), 2.20–2.27 (m, 1 H), 2.47–
2.52 (m, 1H), 2.88 (d, J =5.89 Hz, 1H), 3.05–3.09 ppm (m, 1H);
13C NMR: d=17.5 (CH2), 22.8 (CH2), 28.0 (CH3), 37.1 (CH2), 40.6 (CH),
43.4 (CH), 82.5 (C), 160.8 (C), 204.5 ppm (C); ESIMS: m/z : 234
[M+Na]+ , 212 [M+1]+.

3d : Prepared by following the general procedure using catalyst salt A to
furnish the crude product as a single diastereomer. The title compound
was isolated as a white solid by column chromatography (hexane/Et2O/
CHCl3 5:3:2) in 75% yield and 92% ee. The ee was determined by
HPLC analysis on a Chiralcel AD-H column: 95:5 hexane/iPrOH, flow
rate 0.75 mL min�1, l=214, 254 nm: tminor =8.20 min tmajor =10.38 min.
1H NMR: d=1.44 (s, 3H), 1.51 (s, 9H), 1.64–1.75 (m, 2 H), 2.01–2.10 (m,
2H), 2.14–2.22 (m, 1H), 2.44–2.52 (m, 1 H), 2.83 ppm (s, 1 H); 13C NMR:
d=17.4 (CH), 20.2 (CH3), 27.9 (CH3), 29.1 (CH), 36.0 (CH), 47.4 (C),
49.5 (CH), 81.9 (C), 158.9 (C), 205.4 ppm (C); ESIMS: m/z : 248
[M+Na]+ , 226 [M+1]+.

3e : Prepared by following the general procedure using catalyst salt A to
furnish the crude product as a single diastereomer. The title compound
was isolated as a white solid by column chromatography (hexane/acetone

8:2) in 84% yield and 98% ee. HPLC analysis on a Chiralcel AD-H
column: 90:10 hexane/iPrOH, flow rate 0.75 mL min�1, l= 214, 254 nm:
tminor =5.98 min, tmajor =6.86 min. [a]RT

D =�106.7 (c=0.98, CHCl3, 98%
ee); 1H NMR: d =1.03 (s, 3H), 1.21 (s, 3H), 1.26–1.38 (m, 1H), 1.44 (s,
9H), 1.88–1.95 (m, 1H), 2.12–2.20 (m, 1H), 2.35 (ddd, J=19.23, 8.93,
19.11 Hz, 1H), 2.64–2.67 (dd, J= 5.89, 1.47 Hz, 1H), 2.92 ppm (d, J=

5.91 Hz, 1H); 13C NMR: d= 23.4 (CH3), 27.8 (CH3), 28.0 (CH3), 30.42
(CH2), 33.82 (CH2), 44.25 (CH), 50.2 (CH), 82.3 (C), 160.5 (C),
204.8 ppm (C); ESIMS: m/z : 262 [M+Na]+ , 240 [M+1]+ .

3 f : Prepared by following the general procedure using catalyst salt A to
furnish the crude product as a single diastereomer. The title compound
was isolated as a colorless oil by column chromatography (hexane/ethyl
acetate 8:2) in 33% yield and 98% ee. The ee was determined by HPLC
analysis on a Chiralcel AD-H column: 99:1 hexane/iPrOH, flow rate
0.650 mL min�1, l =214, 254 nm: tminor =18.44 min, tmajor =20.47 min.
[a]RT

D =++43.4 (c =0.65, CHCl3, 98 % ee); 1H NMR: d=0.88 (s, 3 H), 1.00
(s, 3 H), 1.44 (s, 9 H), 1.78–1.83 (m, 2 H), 1.94 (d, J =14.60 Hz, 1 H), 2.58
(d, J =14.00 Hz, 1H), 2.87 (d, J =6.46 Hz, 1 H), 2.97 ppm (t, J =6.18 Hz,
1H); 13C NMR: d=27.4 (CH3), 27.8 (CH3), 30.8 (CH3), 36.8 (CH2), 37.7
(C), 41.0 (CH), 42.8 (CH), 48.8 (CH2), 82.3 (C), 160.3 (C), 206.0 ppm
(C); ESIMS: m/z : 262 [M+Na]+ , 240 [M+1]+ .

3g : Prepared by following the general procedure over the course of 48 h
using catalyst salt A to furnish the crude product as a single diastereo-
mer. The title compound was isolated as a colorless oil by column chro-
matography (hexane/Et2O 7:3) in 93% yield and 95 % ee. The ee was de-
termined by HPLC analysis on a Chiralcel AD-H column: 95:5 hexane/
iPrOH, flow rate 0.75 mL min�1, l= 214, 254 nm: tminor =12.52 min,
tmajor =15.15 min. [a]RT

D =�59.7 (c =0.73, CHCl3, 95% ee); 1H NMR: d=

1.48 (s, 9H), 1.51–1.59 (m, 2H), 1.86–1.98 (m, 2 H), 2.01–2.07 (m, 1H),
2.35–2.41 (m, 1H), 2.46 (d, J=14.45 Hz, 1 H), 3.05 (s, 1H), 3.23 (d, J=

14.53 Hz, 1 H), 7.20 (d, J= 7.79 Hz, 2H), 7.23–7.27 (m, 1 H), 7.28–
7.32 ppm (m, 2 H); 13C NMR: d=1.2 (CH3), 17.6 (CH2), 26.3 (CH2), 28.2
(CH), 36.3 (CH2), 41.5 (CH2), 48.9 (CH), 51.3 (C), 82.4 (C), 127.4 (CH),
128.9 (CH), 129.6 (CH), 136.5 (C), 205.2 ppm (C); ESIMS: m/z : 324
[M+Na]+ .

3h : Prepared by following the general procedure using catalyst salt A to
furnish the crude product as a single diastereomer. The title compound
was isolated as a colorless oil by column chromatography (hexane/Et2O
7:3) in 90% yield and 98 % ee. The ee was determined by HPLC analysis
on a Chiralcel AD-H column: 95:5 hexane/iPrOH, flow rate
0.75 mL min�1, l=214, 254 nm: tmajor =8.07 min, tminor =8.88 min. [a]RT

D =

�103.2 (c =0.8, CHCl3, 98% ee); 1H NMR: d=0.92–1.01 (m, 1 H), 1.44
(s, 9 H), 1.60–1.67 (m, 1H), 1.67–1.68 (m, 2H), 1.79–1.85 (m, 1 H), 2.23–
2.30 (m, 1H), 2.39–2.46 (m, 1H), 2.72–2.78 (m, 1 H), 2.84–2.88 (m, 1H),
3.00–3.02 ppm (dd, J=1.61, 7.22 Hz, 1H); 13C NMR: d =23.67 (CH2),
23.85 (CH2), 28 (CH2), 28.08 (CH3), 40.57 (CH2), 40.99 (CH), 47.57
(CH), 82.20 (C), 161.11 (C), 209.50 ppm (C); ESIMS: m/z : 248ACHTUNGTRENNUNG[M+Na]+ , 226 [M+1]+.

3 i : Prepared by following the general procedure using catalyst salt A to
furnish the crude product as a single diastereomer. The title compound
was isolated as a pale yellow oil by column chromatography (hexane/
ethyl acetate 8:2) in 39 % yield and 93 % ee. The ee was determined by
HPLC analysis on a Chiralcel AD-H column: 90:10 hexane/iPrOH, flow
rate 0.750 mL min�1, l=214, 254 nm: tminor =10.66 min, tmajor =11.42 min.
[a]RT

D =++43.4 (c=0.72, CHCl3, 93% ee); 1H NMR: d= 1.46 (s, 9H), 1.93–
2.03 (m, 1H), 2.07–2.22 (m, 2H), 2.47–2.51 (m, 1 H), 3.01 (d, J =3.09 Hz,
1H), 3.38 ppm (t, J =3.11 Hz, 1 H); 13C NMR: d =21.5 (CH2), 28.1 (CH3),
31.7 (CH2), 44.1 (CH), 44.3 (CH), 129.9 ppm (C) ; ESIMS: m/z : 220
[M+Na]+ , 198 [M+1]+.

3j : Prepared by following the general procedure over the course of 72 h
to furnish the crude product as a single diastereomer. The title compound
was isolated as a colorless oil by column chromatography (hexane/ace-
tone 8:2) in 52% yield and 85% ee. The ee was determined by HPLC
analysis on a Chiralcel AD-H column: 90:10 hexane/iPrOH, flow rate
0.750 mL min�1, l=214, 254 nm: tminor = 6.83 min, tmajor =12.54 min.
[a]RT

D =++39.9 (c =0.90, CHCl3, 85 % ee); 1H NMR: d=1.45 (s, 9 H), 1.51
(s, 3 H), 1.94–2.04 (m, 2H), 2.19–2.28 (m, 1 H), 2.46–2.54 (m, 1H),
2.83 ppm (s, 1 H); 13C NMR: d=19.5 (CH3), 26.3 (CH2), 28.1 (CH3), 33.6
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(CH2), 50.3 (CH), 52.6 (C), 82.4 (C), 158.1 (C), 207.9 ppm (C); ESIMS:
m/z : 234 [M+Na]+ , 212 [M+1]+ .

5 (Scheme 2): Prepared by following the general procedure over the
course of 72 h using catalyst salt A to furnish the crude product as a
single diastereomer. The title compound was isolated as a red solid by
column chromatography (hexane/acetone 85:15) in 67% yield and 98 %
ee. The ee was determined by HPLC analysis on a Chiralcel AD-H
column: 95:50 hexane/iPrOH, flow rate 0.75 mL min�1, l= 214, 254 nm:
tmajor =15.71 min, tminor =16.39 min. [a]RT

D =++24.5 (c =0.86, CHCl3, 98%
ee); 1H NMR: d=1.12 (s, 9H), 3.53 (d, J=2.87 Hz, 1H), 4.09 (d, J=

2.77 Hz, 1H), 7.41 (td, J =1.16, 7.46 Hz, 1H), 7.58 (dt, J =1.26, 7.40 Hz,
1H), 7.62 (dt, J =1.09, 7.60 Hz, 1H), 7.70 ppm (dt, J= 0.59, 7.59 Hz, 1H);
13C NMR: d =27.6 (CH3), 42.4 (CH), 43.1 (CH), 82.6 (C), 125.4 (CH),
127.1 (CH), 129.6 (CH), 133.1 (C), 134.5 (CH), 146.6 (C), 157.8 (C),
195.3 ppm (C); ESIMS: m/z : 268 [M+Na]+ .
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