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The stereoselective direct Henry reaction of pyruvates medi-
ated by chiral P-spiro tetraaminophosphonium salts is described.
High levels of diastereo- and enantioselectivities have been
achieved by the use of L-valine-derived (P,S)-2e bearing para-
chlorophenyl groups as a precatalyst.

Chiral �-nitroalkanols are a versatile intermediate for the
stereoselective construction of biologically important, polyfunc-
tional molecular frameworks, such as 1,2-amino alcohols and �-
hydroxy acids.1 The catalytic enantioselective direct Henry reac-
tion2 is undoubtedly the most efficient and straightforward meth-
od to produce this class of compounds, and hence it has been ex-
tensively studied since Shibasaki’s pioneering work using a
powerful heterobimetallic catalyst.3 Despite the elaborations of
structurally diverse catalyst families that accommodate a range
of aldehydes as an electrophile, the development of the reaction
with ketones has met with limited success even with highly ac-
tivated substrates.4–6 Although effective catalyst systems have
emerged for the enantioselective addition of nitromethane to
�-keto esters4 and trifluoromethylketones,5 there has been only
one report on addressing the stereochemical issues associated
with the generation of two adjoining chiral centers in the reac-
tion of substituted nitroalkanes with �-keto esters.4f

Recently, we reported a catalytic, highly anti- and enantio-
selective direct Henry reaction of aldehydes.7a The key to ach-
ieving high stereoselectivity was the development of a chiral
P-spiro tetraaminophosphonium salt (M,S)-1 (Figure 1) as a con-
jugate acid of the actual organic base catalyst, chiral triamino-
iminophosphorane.7 The cationic moiety of 1 was expected to
form a structured chiral organic ion pair with nitronate anion
via double hydrogen-bonding, being responsible for rigorous
stereocontrol in the addition to aldehyde. Here, we demonstrate
further potential of this type of tetraaminophosphonium salt as a
catalytic stereocontroller for establishing highly diastereo- and
enantioselective Henry reactions of �-keto esters.

An initial trial was conducted by applying (M,S)-1a–1c,
which were previously found to be effective for the Henry reac-
tion of aldehydes,7a to the reaction of nitroethane with ethyl pyr-
uvate (Table 1, Entries 1–3). Bond formation proceeded smooth-
ly at �78 �C to give the desired Henry adduct 3a in good yield
with moderate syn- and enantioselectivities.8 Fortunately, the

use of partially yet selectively N-methylated aminophosphonium
salt (P,S)-2a (Figure 1), originally developed for a direct
Mannich-type reaction of azlactones,9 improved diastereoselec-
tivity without sacrificing enantioselectivity (Entry 4). Interest-
ingly, while the spiro-chirality of (P,S)-2 is opposite to that of
(M,S)-1, preferential formation of the configurationally identical
syn isomer was observed. Next, the effect of the aromatic sub-
stituent on the diazaphosphacycles of (P,S)-2 was investigated.
The introduction of the para-tolyl group [(P,S)-2b] led to im-
provement of diastereoselectivity albeit with certain rate retarda-
tion (Entry 5). Although aminophosphonium salt (P,S)-2c,
which possesses highly electron-deficient para-trifluoromethyl-
phenyl substituents, showed essentially no catalytic activity
(Entry 6), the use of (P,S)-2d or -2e, both of which bear the mod-
erately electron-withdrawing para-halophenyl moiety, resulted
in notable enhancement of enantioselectivity (Entries 7 and 8).
Throughout this optimization, however, dimerization of pyru-
vate appeared to be a problematic side reaction.10 In order to sup-
press the undesired dimerization, 20 equiv of nitroethane were
added, which as we assumed, allowed for the isolation of 3a at
a synthetically useful chemical yield (Entry 9). Unfortunately,
further increase in the amount of nitroethane to 30 equiv nega-
tively affected the stereochemical control by (P,S)-2e, probably
due to the influence of the polarity of the reaction medium
(Entry 10).

With the optimized conditions in hand, the substrate profile
was evaluated (Table 2).11 With regard to the ester substituent,
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Figure 1. Structures of chiral P-spiro tetraaminophosphonium
chlorides.

Table 1. Effect of catalyst structure on stereoselectivity
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Entry Catalyst
EtNO2

(equiv)
Time/h

Yielda
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drb

(syn/anti)
eec

/%

1 (M,S)-1a 10 2 84 3:1 68
2 (M,S)-1b 10 2.5 80 3:1 73
3 (M,S)-1c 10 2.5 68 3:1 76
4 (P,S)-2a 10 4.5 70 6:1 71
5 (P,S)-2b 10 12 70 9:1 76
6 (P,S)-2c 10 24 8d 5:1 79
7 (P,S)-2d 10 24 63 7:1 86
8 (P,S)-2e 10 24 52 10:1 86
9 (P,S)-2e 20 20 76 10:1 86

10 (P,S)-2e 30 12 84 5:1 78
aIsolated yield. bDetermined by 1HNMR (500MHz) analysis
of crude aliquot. cEnantiomeric excesses of major syn isomer
were analyzed by chiral stationary phase HPLC using TCI
Chiral CH-S with hexane/2-propanol = 10:1 as eluent. dNot
all conversion.
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similar reactivity and selectivity were observed with methyl pyr-
uvate, but tert-butyl pyruvate gave only a trace amount of the
product upon being reacted with nitroethane (Entries 1 and 2).
As a nucleophile, nitromethane added to ethyl pyruvate at a fast-
er rate to furnish the �-nitro alcohol 3 almost quantitatively with
comparable enantioselectivity (Entry 3), and its absolute stereo-
chemistry was determined to be R on the basis of literature
data.4d,4e Nitropropane also appeared to be a good candidate in
terms of stereoselectivity (Entry 4). Further, the reaction of ethyl
2-oxobutanoate with nitroethane was found to proceed with high
levels of both relative and absolute stereocontrol (Entry 5).

In conclusion, we have demonstrated that chiral tetraamino-
phosphonium chloride (P,S)-2e can function as an effective, cat-
alytic stereocontroller for realizing highly syn- and enantioselec-
tive direct Henry reaction of pyruvates. This study underscores
the importance of the combination of the spiro-chirality and
the central chirality of the catalyst as well as its appropriate
structural modifications.
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Table 2. Substrate scope
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Entry R1 R2 R3 Time/h
Yielda

/%
drb

(syn/anti)
eec

/%

1 Me Me Me 21 75 6:1 72
2 tBu Me Me 24 Trace — —
3 Et Me H 15 98 — 76 (R)e

4 Et Me Et 24 50d 9:1 90
5 Et Et Me 24 55d 9:1 92

aIsolated yield. bDetermined by 1HNMR (500MHz) analysis
of crude residue. cEnantiomeric excesses of major diaster-
eomer were analyzed by chiral stationary phase HPLC. dNot
all conversion. eAbsolute configuration was determined
by comparison of its HPLC retention time with literature
data.4d,4e
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