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ABSTRACT: The first highly enantioselective desymmet-
rization of aziridines with phosphites has been developed.
Excellent yields and enantioselectivities were observed for
the reaction with various aziridines using a new class of
readily accessible chiral catalysts derived from 9-amino-9-
deoxy-epi-cinchona alkaloids. In studies probing the
reaction mechanism, we observed some complexes for
the cinchona alkaloid amide-Zn(II) by ESI-MS analysis.

Optically active β-aminophosphonic acids and their
derivatives are very important compounds because of

their biological properties1 and their catalytic ability as chiral
ligands.2 Therefore, the stereoselective synthesis of chiral β-
aminophosphonic acids and their derivatives has received
considerable attention. One of the most efficient and direct
methods for the synthesis of chiral β-aminophosphonates is the
enantioselective desymmetrization of aziridines with phos-
phites.3 Although excellent methodologies have been developed
in the enantioselective hydrophosphonylation with various
electrophiles such as aldehydes, ketones, imines, α,β-unsatu-
rated carbonyl compounds, and nitroolefins,4 there is no report
on the enantioselective desymmetrization of aziridines with
phosphites due to their low reactivity.5 Yet, we recently
reported the first enantioselective hydrophosphonylation of
ketimines using cinchona alkaloid derivatives and Na2CO3 as an
activating reagent for phosphites.6 We hypothesized that the
activation of phosphites using some reagents would be effective
for the ring-opening reaction of less reactive aziridines. Herein,
our ongoing interest was extended to the enantioselective
desymmetrization of aziridines with phosphites using the
combination of novel cinchona alkaloid catalysts and dialkylzinc
(Figure 1).

Initially, we examined the ring-opening reaction of aziridines
having various protecting groups on nitrogen using a
stoichiometric amount of Et2Zn (Table 1).

Although the reaction of N-tosylated or N-benzoylated
aziridines 1a,b did not afford products (entries 1 and 2), the
reaction of N-(2-pyridinesulfonyl)- or N-(2-picolinoyl)-
aziridines 1c,d did (entries 3 and 4). The reaction with various
aziridines (1c−f) having other benzoyl groups, such as 3,5-
bis(trifluoromethyl)benzoyl, 3,5-dinitrobenzoyl, or 4-methox-
ybenzoyl groups, failed to afford products (entries 5−7). The
reaction using other bases such as nBuLi, Bu2Mg, and Et3Al, or
Zn(OTf)2 as a Lewis acid, also did not afford products (entries
8−11). We next examined the catalytic desymmetrization of N-
(2-picolinoyl)aziridines with phosphites using Et2Zn as an
activating reagent for phosphites. The desymmetrization of
aziridines with diphenyl phosphite 2 was carried out in the
presence of 10 mol % of cinchona alkaloid derivatives/Et2Zn at
rt (Table 2).7

The reaction using cinchona alkaloid catalysts, such as
cinchonine, cinchonidine, quinidine, and quinine (4a−d), gave
the product 3d in moderate yield but with low enantiose-
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Figure 1. Catalytic enantioselective desymmetrization of aziridines
with phosphites.

Table 1. Screening of Protecting Groups on Aziridinesa

entry PG 1 metal 3 yield (%)

1 Ts 1a Et2Zn 3a −
2 Bz 1b Et2Zn 3b −
3 SO2Py 1c Et2Zn 3c 17
4 COPy 1d Et2Zn 3d 68
5 3,5-(CF3)2Bz 1e Et2Zn 3e −
6 3,5-(NO2)2Bz 1f Et2Zn 3f −
7 4-OMeBz 1g Et2Zn 3g −
8 COPy 1d nBuLi 3d −
9 COPy 1d Bu2Mg 3d <30b

10 COPy 1d Et3Al 3d traceb

11 COPy 1d Zn(OTf)2 3d −
aReaction conditions: aziridine 1 (0.2 mmol), metal (0.30 mmol),
diphenyl phosphite 2 (0.3 mmol), and toluene (1.5 mL) were used.
bDetermined by 1H and 31P NMR.
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lectivity (entries 1−4).8,9 Although the reaction using N-
benzoyl-9-amino-9-deoxy-epi-cinchonine 4e also afforded 3d
with low enantioselectivity, 2-pyridinesulfonamide 4f derived
from cinchonine gave 3d with 38% ee (entries 5−6). To our
delight, excellent enantioselectivity could be obtained in the
reaction using N-(2-picolinoyl)-9-amino-9-deoxy-epi-cincho-
nine 4g (entry 7).10,11 The reaction using N-(2-picolinoyl)-9-
amino-9-deoxy-epi-cinchonidine 4h gave 3d having a stereo-
chemistry opposite that obtained in the reaction using 4g
(entry 8). Moderate enantioselectivity was obtained in the
presence of picolinoylamides 4i,j derived from quinidine and
quinine (entries 9−10). After optimization of the solvent, the
reaction in benzene afforded the best enantioselectivity (entry
11). In order to improve the reactivity, we optimized the
structure of aziridine to add the substituent on the 4-position of
the pyridine ring, which can control the Lewis basicity of a
nitorgen atom. The reaction of a 4-chloro-2-picolinoyl
derivative 1h gave product 3h in good yield with excellent
enantioselectivity; however, 4-nitro derivative 1i gave 3i in low
yield (entries 12−13). The reactivity could be improved by the
reaction using electron-donating 4-methoxy-2-picolinoyl de-
rivative 1j with high enantioselectivity (entry 14). The absolute
configuration of product 3d was determined to be (1R,2R) by
X-ray crystallographic analysis (entry 7).
Having established the optimized reaction conditions for the

desymmetrization of aziridines, we next examined the reaction
of various aziridines with diphenyl phosphite. The results are

summarized in Table 3. Catalyst loading could be reduced to 5
mol % without decreasing the yield and enantioselectivity

(entry 2). In the case of the reaction using 2 mol % of catalyst,
changing the molecular sieves from 4 to 5 Å and the addition of
sodium carbonate were effective for improving reactivity (entry
3). The catalytic desymmetrization of other six-membered
aziridines 1k and 1l using 4g or 4h afforded both enantiomers
of products 3k and 3l with excellent enantioselectivity (entries
5−8). The reaction of five-membered aziridines 1m and 1n
afforded products 3m and 3n in moderate yield with high
enantioselectivity (entries 9−12). In the case of the reaction of
seven-membered aziridine 1o, the reaction hardly proceeded,
even with a high catalyst loading (entry 13). In the case of the
low reactive aziridines 1n,o, an undesired phospha-Brook
rearrangement product was obtained (entries 11−13). On the
other hand, nonbicyclic aziridines 1p,q were also good
substrates with respect to enantioselectivity and chemical
yield (entries 14−17). To the best of our knowledge, this result
is the first example of the enantioselective desymmetrization of
aziridines with phosphorus nucleophiles.
We next examined the transformation of product 3d to an

optically active β-aminophosphonic acid 6. After the trans-
esterification of optically active diphenyl β-amino phosphonate
3d to dimethyl phosphonate 5 using MeONa/MeOH,
hydrolysis under acidic conditions afforded the corresponding

Table 2. Enantioselective Desymmetrization of Aziridines
1d,h−j with Diphenyl Phosphite 2a

entry R (1) 3 4 time (h) yield (%) ee (%)b

1 H (1d) 3d 4a 3 57 3 (S,S)
2 H (1d) 3d 4b 3 50 3 (S,S)
3 H (1d) 3d 4c 3 48 5 (S,S)
4 H (1d) 3d 4d 3 48 1 (S,S)
5 H (1d) 3d 4e 3 36 3 (S,S)
6 H (1d) 3d 4f 3 32 38 (R,R)
7 H (1d) 3d 4g 3 84 99 (R,R)
8 H (1d) 3d 4h 3 70 94 (S,S)
9 H (1d) 3d 4i 3 37 33 (R,R)
10 H (1d) 3d 4j 3 31 35 (S,S)
11c H (1d) 3d 4h 3 80 98 (S,S)
12c Cl (1h) 3h 4g 3 94 99 (R,R)
13c NO2 (1i) 3i 4g 3 6 54 (R,R)
14c OMe (1j) 3j 4g 1 91 96 (R,R)

aReaction conditions: aziridine 1 (0.2 mmol), Et2Zn (0.02 mmol), 4
(0.02 mmol), diphenyl phosphite 2 (0.3 mmol), MS 4 Å (40 mg), and
toluene (1.5 mL) were used. bThe absolute configuration of 3 is
provided in parentheses. cBenzene was use as a solvent.

Table 3. Enantioselective Desymmetrization of Various
Aziridines 1d,k−q with Diphenyl Phosphite 2a

aReaction conditions: aziridine 1 (0.2 mmol), Et2Zn (0.02 mmol), 4
(0.02 mmol), MS 4 Å (40 mg), and benzene (1.5 mL) were used.
bThe absolute configuration of 3 is provided in parentheses. cToluene
was used as a solvent. dMS 5 Å was used instead of MS 4 Å, and
Na2CO3 (1.5 equiv) was added.

eUndesired phospha-Brook rearrange-
ment product was obtained.
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β-aminophosphonic acid 6 in 97% yield without loss in
enantiopurity (Scheme 1).

The enantioselective desymmetrization using N-(2-picolino-
yl)-9-amino-epi-9-deoxy-cinchonine 4g gave products 3 in high
yield with high enantioselectivity, although N-benzoyl-9-amino-
9-deoxy-epi-cinchonine 4e afforded an almost racemic product
(Table 2, entry 5 vs 7). On the other hand, the reaction of N-
benzoyl aziridine with diphenyl phosphite 2 did not afford
product 3 (Table 1, entry 2). These results imply that the
pyridyl groups in both aziridines and catalysts are nessesary to
give products in high yield with high stereoselectivity. The
proposed catalytic cycle for the enantioselective desymmetriza-
tion of aziridine is shown in Figure 2. The picolinoylamide

catalyst 4g reacts with Et2Zn and diphenyl phosphite 2 to afford
4g-Zn(II)-phosphite (complex A).12 Picolinoyl aziridine 1d
coordinates to the zinc cation by N,O-bidantate chelation to
give complex B. Subsequently, diphenyl phosphite coordinates
to the quinuclidine moiety in complex B by H-bonding
(complex C). Therefore, the reactivities for aziridine 1b and
diphenyl phosphite are effectively enhanced by 4g-Zn(II)
catalysts.13 Phosphite attacks the aziridine carbon to give
complex D (path a), which affords product 3d by a proton
exchange reaction with diphenyl phosphite. Yet, in the case of
the reaction with less reactive aziridines such as 1n,o, the
phosphite attacks the picolinoyl carbon, which was also
activated by 4g-Zn(II) catalysts, to give α-ketophosphonates
(path b). Further nucleophilic addition of diphenyl phosphite
affords the phospha-Brook rearangement product as an

undesired product. In order to clarify the assumed reaction
mechanism, we conducted some spectroscopic analyses. The
ESI-MS analysis of the mixture of 4g, Et2Zn, and diphenyl
phosphite in a 1:1:1 ratio in toluene showed complex A (cation
mode, calcd for C37H36N4O4PZn as complex A + H+: 695.2,
found: 695.1; see Supporting Information). We also observed
complex B in the case of the reaction using unreactive dimethyl
phosphite (cation mode, calcd for C37H39N6O2Zn as complex
B− OP(OR)2

−: 663.2, found: 663.2). These signals support our
proposed reaction mechanism.14

From the above-mentioned consideration and absolute
stereochemistry of the product, the assumed structure of the
most reactive complex C is shown in Figure 3. Diphenyl

phosphite approaches aziridine by coordinating to the
quinuclidine moiety in complex C; therefore the (1R,2R)-
isomer is a preferable form. Further studies are required to fully
elucidate the mechanistic details of the desymmetrization.
In conclusion, we have demonstrated the first enantiose-

lective desymmetrization of aziridines with phosphites using a
new class of readily accessible chiral catalysts derived from the
9-amino-9-deoxy-epi-cinchona alkaloid in combination with
Et2Zn. The catalytic desymmetrization of aziridines was
screened for a broad range of aziridines. This approach gives
us direct access to both enantiomers of optically active β-
aminophosphonates in high yields with high enantioselectiv-
ities. Further studies are in progress to study the potential of
these catalytic systems for other processes.
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