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The first asymmetric 1,4-addition of azlactones to α,β-unsatu-
rated trichloromethyl ketones catalyzed by cinchona alkaloid
derived bifunctional thiourea catalysts was developed. A
series of α,α-disubstituted α-amino acid derivatives bearing
a quaternary stereocenter at the α-position were obtained in

Introduction

The catalytic asymmetric synthesis of α,α-disubstituted
α-amino acids and their derivatives has attracted consider-
able attention in bioorganic chemistry, as they constitute an
important class of non-natural amino acids.[1] The proper-
ties of peptides and proteins possessing an α-quaternary
amino acid component, for example, resistance against
chemical and enzymatic degradation, can be dramatically
enforced owing to the stability and restricted conforma-
tional flexibility of such a moiety.[2] Furthermore, α,α-di-
substituted α-amino acids are also present in a variety of
pharmaceuticals and antibiotics.[3] Owing to their signifi-
cance from biological and medicinal points of view, intense
effort has been focused on the development of various easy
and efficient synthetic methods to gain access to a structur-
ally diverse family of these optically active amino acids.[4]

In recent years, as versatile masked and reactive amino acid
equivalents, azlactones[5] (pKa ≈ 9) have been recognized to
be one of the most valuable reagents for the asymmetric
synthesis of α-amino acid derivatives containing a hetero-
quaternary carbon stereocenter,[6] and a variety of catalytic
transformations for their preparation have been established,
including the Michael reaction,[7] Aldol-type reaction,[8]
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high yields with excellent diastereo- and enantioselectivities
(up to �20:1dr and 99%ee). In addition, the trichloromethyl
moiety in these adducts was identified as a good leaving
group.

Mannich-type reaction,[9] cycloaddition,[10] Steglich re-
arrangement,[11] allylation,[12] benzylation,[13] and kinetic
resolution.[14] Among these methodologies, the catalytic
asymmetric conjugate addition to different α,β-unsaturated
ketones could be regarded as a straightforward strategy,
partially because organocatalysis can serve as a powerful
tool for stereochemical control in the reaction pro-
cess.[7a–7c,7e]

Peters and co-workers[7b,7c,7e] reported very elegant
Michael additions of azlactones to enones with a mono- or
bispalladiumcycle catalyst, and excellent results were ob-
tained [Scheme 1, Equation (1)]. Thereafter, the Amarante
group[7a] developed a (�)-camphorsulfonic acid catalyzed
protocol for this transformation with high diastereoselectiv-
ity [Scheme 1, Equation (2)]. In the above two cases, the
products were only anti isomers.

Given that part of our research program is directed at
the asymmetric synthesis of bioactive chemical compounds,
especially non-natural amino acid derivatives, we decided to
conduct a reaction between azlactones and α,β-unsaturated
ketones in the presence of a bifunctional organocatalyst.
However, if the R4 group was methyl or phenyl, the reaction
did not take place. It was reasoned that the activation of
unsaturated ketones by the catalyst was insufficient for this
pathway, and more chemically reactive substrates were
needed. In this respect, α,β-unsaturated trichloromethyl
ketones[15] were synthesized, in which the trichloromethyl
motif is a good electron-withdrawing group. Excitingly, af-
ter a series of optimization attempts, this reaction pro-
ceeded well with a quinine-derived bifunctional thiourea
catalyst[16] and provided syn products in good yields with
high to excellent diastereo- and enantioselectivities. More
importantly, the trichloromethyl group turned out to be an
attractive ester and amide synthetic equivalent.
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Scheme 1. Michael additions between azlactones and ketones; Ts =
p-tolylsulfonyl, CSA = camphorsulfonic acid.

Results and Discussion

Initial investigation of the reaction conditions was set out
for the model reaction between azlactone 1a and α,β-unsat-
urated trichloromethyl ketone 2a with cyclohexanediamine-
derived thioureas I–IV in toluene at room temperature. For-
tunately, C4 addition product 3a was obtained with moder-
ate yield albeit low diastereoselectivity (Table 1, entries 3–
6). No improvement in the enantioselectivity was observed
if cyclohexanediamine-derived organocatalysts V–VI were
added to the reaction mixture (Table 1, entries 7 and 8).
Next, quinine-derived catalysts were applied to the transfor-
mation, and the best result was gained by using thiourea
VIII as a catalyst, with which the diastereo- and enantio-
selectivity were increased to 6:1 and 82 %, respectively
(Table 1, entries 9 and 10). A screening of the solvents indi-
cated that aromatic solvents appeared to be the best reac-
tion media, and xylene gave the products with 88%ee and
13:1 dr (Table 1, entries 11–13). Clearly, further optimi-
zation of the reaction conditions was still desired, and
mesitylene was used to promote the process. As expected,
a high yield and excellent chemical stereoselectivity were
achieved (Table 1, entry 14). Finally, the influence of reac-
tion temperature on this transformation was estimated, and
0 °C was selected for further studies in terms of both reac-
tivity and selectivity (Table 1, entry 15).

With the optimized reaction conditions established, the
substrate scope of the 1,4-addition between azlactone 1a
and different α,β-unsaturated trichloromethyl ketones was
investigated in the presence of catalyst VIII (15 mol-%). As
the results show (Table 2), both electron-donating and elec-
tron-withdrawing substituents in the para position of the
phenyl ring in substrate 2 were adaptable to the optimal
reaction conditions, and the products were obtained in high
yields with excellent stereoselectivity (Table 2, see com-
pounds 3a–f). Moreover, we found that the reaction of an
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Table 1. Screening of the reaction conditions.[a]

Entry Cat. R4 Solvent Yield[b] [%] dr[c] ee[d] [%]

1 II Me toluene – – –
2 II Ph toluene – – –
3 II CCl3 toluene 75 6:1 50
4 I CCl3 toluene 32 5:1 43
5 III CCl3 toluene 76 8:1 61
6 IV CCl3 toluene 69 5:1 47
7 V CCl3 toluene 51 4:1 80
8 VI CCl3 toluene 80 5:1 60
9 VII CCl3 toluene 78 15:1 20
10 VIII CCl3 toluene 72 6:1 82
11 VIII CCl3 CH2Cl2 85 11:1 35
12 VIII CCl3 MTBE[e] 62 �20:1 80
13 VIII CCl3 xylene 74 13:1 88
14 VIII CCl3 mesitylene 81 �20:1 90
15 VIII CCl3 mesitylene 78 �20:1 97[f]

[a] Performed with 1a (0.13 mmol), ketone (0.10 mmol), and cata-
lyst (15 mol-%) in solvent (0.3 mL) at room temperature for 10 h.
[b] Yield of isolated product. [c] Determined by 1H NMR spec-
troscopy. [d] Determined by HPLC on a chiral stationary phase.
[e] MTBE = methyl tert-butyl ether. [f] Conducted at 0 °C.

α,β-unsaturated trichloromethyl ketone with a chloro sub-
stituent in the ortho position of the aromatic ring proceeded
smoothly to provide the product in moderate yield with
high diastereoselectivity (up to �20:1) but with low enan-
tiomeric excess (Table 2, see compound 3g). However, start-
ing material methylated at the β-position of 2 could also be
applied, and both diastereomers were obtained as a mixture
with 80 and 82% ee, respectively (Table 2, see compound
3h).

The reaction scope of the Michael addition between 2a
and various azlactones under the optimized conditions was
also studied, and the results are shown in Table 3. The reac-
tion was performed with a substituted aromatic group at
R2, and the high yields and excellent stereoselectivities were
similar to those obtained with a phenyl substituent (Table 3,
see compounds 3i–l). Subsequently, azlactones derived from
alanine, leucine, allylglycine, and methionine were tested in
this reaction, and their additions to α,β-unsaturated tri-
chloromethyl ketone 2a took place in good yields, and the
enantioselectivities ranged from 83 to 95 % (Table 3, see
compounds 3m–p). Only in the case of isoleucine-derived
azlactone 2n was a low 3:1 diastereomeric ratio afforded.
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Table 2. Scope for the asymmetric addition of azlactone 1a to tri-
chloromethyl ketones.[a]

[a] Performed with 1 (0.26 mmol), 2 (0.20 mmol), and catalyst VIII
(15 mol-%) in mesitylene (0.6 mL) for 10 h. [b] Yield of isolated
product. [c] Determined by 1H NMR spectroscopy. [d] Determined
by HPLC on a chiral stationary phase. [e] Absolute stereochemistry
of 3f was determined by X-ray crystallography and that of the other
products was assigned by analogy.

Encouraged by these results, quinidine-derived thiourea
IX was synthesized and used to catalyze this reaction under
the same conditions. Adduct 4a was obtained in 75% yield
with acceptable 73 %ee and 6:1dr; this adduct is the
enantiomer of compound 3a (Scheme 2).

The absolute configuration of the two sequential
stereocenters of 3f was determined as (S,R) by X-ray crys-
tallography and that of the other products was assigned by
analogy.[17] On the basis of the absolute configuration, a
plausible mechanism is outlined in Scheme 3. The acti-
vation of two substrates through hydrogen bonds attached
to the catalyst followed by nucleophilic addition of the eno-
lized electrophilic partner to α,β-unsaturated ketone 2f from
the Si face gives rise to 1,2-syn isomer 3f.

The practical utility of this reaction was demonstrated in
a further step by the transformation shown in Scheme 4.
Highly optically active 3a was easily converted into esteri-
fied products 3aa and 3ab in a THF/MeOH mixed solvent
with the addition of NaHCO3 and TMSCl, respectively.
Upon using a strong nucleophile such as NaOMe, the reac-
tion was complete within 30 min and afforded diesterified
ring-opened product 3ac. Amide 4ab was also easily ob-
tained from the corresponding amine in acetonitrile.
Furthermore, reduction of the trichloromethyl group to a
dichloromethyl group was achieved by using Pt/C as a cata-
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Table 3. Scope for the asymmetric addition of azlactones to tri-
chloromethyl ketone 2a.[a]

[a] Performed with 1 (0.26 mmol), 2 (0.20 mmol), and catalyst VIII
(15 mol-%) in mesitylene (0.6 mL) for 10 h. [b] Yield of isolated
product. [c] Determined by 1H NMR spectroscopy. [d] Determined
by HPLC on a chiral stationary phase. [e] Conducted with 1
(0.20 mmol), 2 (0.30 mmol), and catalyst VIII (20 mol-%) in mesit-
ylene (0.6 mL) for 30 h.

Scheme 2. Synthesis of enantiomer 4a with a quinidine-derived
thiourea.

Scheme 3. Stereochemical structure of enantiopure 3f and mechan-
istic consideration for the approach.
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lyst under a hydrogen atmosphere. These compounds are
important protected non-natural quaternary α-amino acids.

Scheme 4. Different transformations of product 3a; Bz = benzoyl.

Conclusions

In summary, we developed the first catalytic asymmetric
Michael addition of azlactones to α,β-unsaturated tri-
chloromethyl ketones in high yields with excellent stereose-
lectivities by using a commercially available quinine-derived
thiourea catalyst. Alkyl and aromatic substituents on both
substrates were explored under the optimized reaction con-
ditions, and the corresponding products were obtained in
all cases. More importantly, quinidine-derived thiourea was
able to catalyze this reaction, by which the enantiomer of
the former adduct was obtained with moderate stereoselec-
tivity. Additional derivations for protected non-natural
amino acids were also presented.

Experimental Section
General Procedure for the Addition of Azlactones to α,β-Unsaturated
Trichloromethyl Ketones: Azlactone 1 (0.26 mmol) and α,β-unsatu-
rated trichloromethyl ketone 2 (0.2 mmol) were added to a flask
and cooled to 0 °C. After 10 min, a solution of catalyst VIII
(15 mol-%) in mesitylene (0.6 mL, cooled to 0 °C) was added in
one portion. The mixture was then stirred for another 10 h at this
temperature (monitored by TLC). The crude residue was purified
by column chromatography to afford compound 3.

Procedure for the Addition of Azlactones to α,β-Unsaturated Tri-
chloromethyl Ketones: Azlactone 1 (0.20 mmol) and α,β-unsatu-
rated trichloromethyl ketone 2 (0.30 mmol) were added to a flask
and cooled to 0 °C. After 10 min, a solution of catalyst VIII
(15 mol-%) in mesitylene (0.6 mL, cooled to 0 °C) was added in
one portion. The mixture was then stirred for another 30 h at this
temperature (monitored by TLC). The crude residue was purified
by column chromatography to afford compound 3.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental details, analytical data, and copies of the
1H NMR and 13C NMR spectra of all key intermediates and final
products.
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