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The first asymmetric synthesis of ethyl 4-aryl-3-azido-2-hydroxy-2-methyl-4-oxobutanoates via a cin-
chona organocatalyst induced aldol addition of a-azido ketones to ethyl pyruvate has been developed.
The coupling reaction under optimized conditions was carried out to furnish tetrafunctionalized syn-
thons with enantioselectivities of up to 91:9 and enriched diastereoselectivities of up to 95:5 (syn:anti).

� 2014 Elsevier Ltd. All rights reserved.
Undoubtedly, the aldol reaction is a powerful tool for the con-
struction of complex molecules with new stereogenic centers.1 In
asymmetric organocatalytic aldol reactions, stereoselective C–C
bond formation is enhanced by using a catalytic amount of a chiral
promoter in an atom economical fashion.2 Enantiomerically pure
or diastereomerically enriched chiral aldol products are important
not only for modern synthetic chemistry, but are also very impor-
tant in nature.1

a-Azido ketones have highly acidic a-protons due to the anion-
stabilizing effect of the azide functionality. Their base-promoted
deprotonation leads to formation of a carbanion intermediate,
which readily reacts with an electrophilic carbonyl moiety.3

Aldol addition of a-azido ketones to ethyl pyruvate allows the
synthesis of ethyl 2-azido-3-hydroxy-1,4-diones, which are valu-
able tetrafunctionalized synthons.4 The different functionalities
present in such compounds make them potential precursors for
the synthesis of a-amino ketones,5 azido alcohols,6 1,2-amino alco-
hols,7 and 1,2,3-triazoles.8 Besides allowing many transformations,
such compounds are also important due to their having a tertiary
alcohol moiety. Chiral tertiary alcohols and a-hydroxyesters com-
prise essential components and building blocks for many bioactive
natural products.9,10

Patonay and co-worker have demonstrated trapping of the cor-
responding carbanion intermediate from a-azido ketones with var-
ious carbon electrophiles such as aldehydes, ketones, a-oxo
aldehydes, and a-keto esters in the presence of DBU as a base.4

Recently, the highly enantioselective aldol reaction between azi-
doacetone and aromatic or heteroaromatic aldehydes catalyzed
by a cooperative proline-guanidinium salt catalyst system was
reported.11 Additionally, Barbas and co-workers have obtained a
high enantiocontrol in the direct asymmetric Mannich reaction of
a-azido ketones in the presence of an L-proline-derived tetrazole
catalyst.12 Among these, the reaction of phenacyl azides with ethyl
pyruvate resulted in tetrafunctionalized ethyl 4-aryl-3-azido-2-
hydroxy-2-methyl-4-oxobutanoates, but only the 4-(4-methoxy-
phenyl) derivative could be isolated. The failure to isolate other
derivatives was attributed to a rapid retro-aldol reaction due to
the hindrance around the stereogenic methine carbon. Also, the
diastereoselectivity of the isolated derivative was low with a dia-
stereomeric ratio of 67:33 (syn:anti).4,13

In this contribution, our challenge was to overcome isolation
issues, together with enhancement of the diastereoselectivity and
enantioselectivity. For this purpose, we explored the efficiency of
cinchona alkaloids in asymmetric aldol reactions (Scheme 1).
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Scheme 1. Current work.
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Cinchona alkaloids are well-known naturally occurring cata-
lysts with a Brønsted basic quinuclidine nitrogen and having a
wide range of applications in many relevant transformations.14

Inspired by the competitive use of cinchona alkaloids in various
aldol reactions,15 and the study of Barbas,12 we surveyed catalysts
I–VI in the reaction of phenacyl azide and ethyl pyruvate (Table 1,
entries 1–8).
Table 1
Screening of the catalyst and reaction conditions for the aldol reaction
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Entrya Catalyst Eq. of 1 Molarity of 2a Solvent Cat. load

1 I 4 0.55 M CH3CN 10
2 II 4 0.55 M CH3CN 10
3 III 4 0.55 M CH3CN 10
4 IVa 4 0.55 M CH3CN 10
5 IVb 4 0.55 M CH3CN 10
6 V 0.83 0.24 M Toluene 5
7 V+IVa 0.83 0.24 M Toluene 5+5
8 V+VI 0.83 0.24 M Toluene 5+5
9 IVb 4 0.55 M Toluene 10
10 IVb 4 0.55 M CH2Cl2 10
11 IVb 4 0.55 M CHCl3 10
12 IVb 4 1.0 M Toluene 10
13 IVb 4 0.6 M Toluene 10
14 IVb 4 0.2 M Toluene 10
15 IVb 4 0.2 M Toluene 2
16b IVb 4 0.2 M Toluene 2

a Relative configuration is depicted for 3a.
b Reaction performed at 0 �C.
c Determined from the crude 1H NMR spectrum.
d Determined by chiral HPLC.
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Although enantiomeric excess was observed in the presence of
C2 symmetric catalysts I and II, it was relatively low compared to
bifunctional catalysts IVa, b.16 The reaction yielded aldol adduct
3a in poor conversion, but with somewhat better stereoselectivity
in the presence of bifunctional cinchona-(thio)urea catalysts IVa, b
(entries 4 and 5). The poor enantioselectivity obtained in the pres-
ence of III supports the enhancement of selective substrate binding
via the hydrogen bond donor (thio)urea moiety. Considering the
study of Barbas,12

L-proline and its combination with IVb and achi-
ral thiourea VI were also tested, however, these trials gave inferior
results in terms of conversion and enantioselectivity besides lead-
ing to faster retro-aldol reactions as well (entries 7–9). Choosing
IVb as the best catalyst, parameters such as the solvent, molarity,
catalyst loading, and temperature were investigated to find the
optimum conditions (entries 9–16).

Though polar aprotic solvents such as dichloromethane and
chloroform resulted in higher conversions, the enantioselectivity
was lower than that obtained in toluene. Toluene also led to both
higher conversions and enantiomeric ratios than when using ace-
tonitrile. Of the solvents screened, toluene proved to be the best
in terms of selectivity (entries 9–11).17

At this stage, we established that the prolonged reaction times
might have caused a decrease in the diastereomeric ratio due to
epimerization of product 3a and/or a possible retro-aldol reaction.
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ing (mol %) Time (h) Conversion (%)c drc syn:anti erd syn

48 92 76:24 35:65
48 93 75:25 36:64
48 87 84:16 41:59
48 60 80:20 77:23
48 64 82:18 78:22
27 4 50:50 50:50

1 27 83:17 80:20
6 7 75:25 50:50

96 77 81:19 81:19
96 86 80:20 79:21
96 84 81:19 77:23
24 68 87:13 83:17
12 68 89:11 84:16
12 56 92:8 86:14
12 47 93:7 87:13
24 45 90:10 83:17
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In this regard, the decrease in the diastereomeric ratio was con-
firmed by checking the change in the ratio and conversion of the
products at the end of specific time intervals (by 1H NMR analysis
of the crude product) in subsequent screening studies.

Considering entries 12–14, as the concentration of 2a decreases,
an increase in enantioselectivity was detected. Accordingly, a con-
centration of 0.2 M gave the highest er (86:14) and diastereoselec-
tivity, dr = 92:8 (syn:anti), obtained so far (entry 14).17 Among the
trials with higher and lower catalyst loadings, 2 mol % of the cata-
lyst afforded an 87:13 er, and a better diastereomeric ratio (93:7)
(entry 15). Our effort to decrease the catalyst loading to 1 mol %
for atom economy brought about a very low conversion without
any increase in the selectivity.17 Consequently, the optimum cata-
lyst loading was 2 mol %. A lower temperature was also examined
using the previously optimized conditions, but it did not enhance
the stereoselectivity (entry 16). Elevated temperatures were not
tried due to the thermally labile nature of azides.18

Despite the fact that model compound 3a could not be isolated
under the racemic conditions of Patonay’s study,4 at the end of our
optimization trials, it was found that the isolation of 3a was possi-
ble by suppressing the aforementioned retro-aldol process via the
assistance of asymmetric organocatalysts. Having established the
optimum reaction conditions, a variety of a-azido ketones 2a–g19

as aldol donors were probed and the stereocontrol on derivatives
was explored to some extent with reasonable conversions (Table 2).
p-Methoxy derivative 3c yielded the best enantioselectivity, but
the lowest conversion (entry 3). This situation can be attributed
to a decrease in the acidity of the methylene protons. On the other
hand, when the methoxy group was at the meta-position, (3g),
although the conversion was relatively high (41%), the enantiose-
lectivity was quite low (entry 7). In the case of 4-Br substituted
derivative 3d, the obtained enantiomeric ratio was 75:25. In spite
of providing almost the same conversion, 3-Br substituted adduct
3f led to an 80:20 er (entries 4 and 6, respectively). Besides its elec-
tronic effect, bromide may have a steric effect on the transition
state.

Substrate scope studies also revealed that the enantiomeric
ratio of each derivative decreases after reaching a maximum value
due to epimerization of the major enantiomer and/or a possible
retro-aldol reaction in the presence of IVb (see Supplementary
data, Graph S1).17

Among the derivatives, the major diastereomer of 3c was iso-
lated whereas other derivatives were isolated as mixtures of syn
and anti isomers. The 1H and 13C NMR spectra of isolated 3c were
Table 2
Scope of the a-azido ketones 2a-ga
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Entry R Time (h) Conversionb (%) drc syn:anti erd syn

1 H (3a) 12 47 (40) 93:7 87:13
2 4-Me (3b) 18 27 (23) 95:5 89:11
3 4-MeO (3c) 18 21 (18) 92:8 91:9
4 4-Br (3d) 16 60 (55) 91:9 75:25
5 4-F (3e) 24 44 (39) 92:8 88:12
6 3-Br (3f) 18 (55) 87:13 80:20
7 3-MeO (3g) 24 41 (39) 92:8 84:16

a The reaction was performed with 1 (4 equiv), a-azido ketone (2a-g), (1 equiv,
0.2 M) and the catalyst IVb (2 mol %) in toluene. syn-3c was separated by column
chromatography.

b Isolated yields are in parentheses.
c Determined from the crude 1H NMR spectrum.
d Determined by chiral HPLC.
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in accord with the results reported for the syn-adduct by Patonay
and co-workers.13 The syn-preference over the anti-isomer in the
coupling reactions of a-azido ketones with carbon electrophiles,
reported in the work of Patonay,4 Padwa20 and Barbas,12 allowed
us to assign the diastereomers in the whole series on the basis of
the characteristic differences in their 1H NMR spectra. The stereo-
genic methine proton of the 4-MeO substituted syn-adduct, which
is in accordance with the literature,13 resonates at higher field
(d = 4.55) than its anti counterpart (d = 4.67). Likewise, the stereo-
genic methine carbon atom of the syn-isomer was observed at a
higher field (Dd = 1.7) than its anti counterpart in the 13C NMR
spectrum. Similarly, in the 1H NMR spectra of all the derivatives,
the stereogenic methine proton of the major diastereomers
appeared at a higher field (Dd = 0.11–0.13) than the methine pro-
ton of the minor diastereomer.17

In summary, for the first time, we have demonstrated direct
asymmetric aldol reactions of a-azido ketones and ethyl pyruvate
to afford ethyl 4-aryl-3-azido-2-hydroxy-2-methyl-4-oxobutano-
ates by controlling the rate of the retro-aldol reaction, even under
asymmetric conditions. Diastereo- and enantiocontrol was
achieved by using bifunctional cinchona-based urea catalyst IVb
as a chiral auxiliary. A significant induction of diastereoselectivity
[up to 95:5 (syn:anti) diastereomeric ratio] and enantioselectivity
of up to 91:9 were obtained using a very low (2 mol %) catalyst
loading. Further studies on increasing the stereoselectivity and
conversions are in progress.
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