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Modern organic synthesis predominately relies on functional
group reactivity differences to achieve the chemoselective
formation of desired products.[1] Herein we report a one-pot
multistep asymmetric catalytic reaction in which substrates
with similar chemical reactivities are differentiated on the
basis of polarity. The one-pot reaction involves two catalysts
and three substrates in the presence of water. The reaction
mixture consists of two phases: a polar aqueous phase and a
hydrophobic organic phase. The biphasic nature of the
reaction medium and the polarity properties of the substrates
and catalysts enable the selective formation of a major
product instead of a statistical mixture of four possible
products.

We chose a two-step reaction involving condensation[2,3]

and subsequent conjugate addition as a model to develop a
polarity-directed cascade reaction. Both reaction steps can
involve linear aliphatic aldehydes as substrates
(Scheme 1).[4,5] Our aim was to combine the two reaction

steps to develop a one-pot reaction in which two different
aldehyde substrates react in a controlled manner to generate
the desired cross-product.[6] A typical homogeneous (one-
phase) version of such one-pot reactions in organic solvents
results in a statistical mixture of all four possible cascade

products in an approximately a 1:1:1:1 ratio (see the
Supporting Information for details), as confirmed in our
preliminary studies. Therefore, we decided to focus on a
water/organic biphasic system that might allow the use of
substrate polarity differences to control the reaction pathways
(Scheme 1).

We first examined the condensation reaction of nitro-
methane and n-pentanal mediated by l-proline in an aqueous
buffer (Table 1). The condensation reaction is reversible.[2c,d]

Subsequently, the a,b-unsaturated nitroalkene formed in this
step was consumed in a conjugate addition reaction to
generate a homo-cascade product with 45 % yield and little
enantioselectivity (Table 1, entry 1). The low yield resulted
from many side reactions, such as aldol reactions and the
addition of nitromethane to the nitroalkene intermediate.
The condensation reaction mediated by l-proline is a facile
process, and the conjugate addition catalyzed by l-proline[7]

appeared to be slow under the aqueous conditions.[8] There-
fore, we reasoned that the formation of the cascade product
could be improved by accelerating the conjugate addition
step. This acceleration may be achieved through the addition
of a second catalyst, such as diphenylprolinol TMS ether
(A),[5a,9] an efficient and stereoselective catalyst for the
conjugate addition of aldehydes to nitroalkenes.[5] As shown
in entry 2 of Table 1, when a combination of l-proline and A

Scheme 1. Polarity-directed chemoselective incorporation of two differ-
ent aldehydes to form a major cross-cascade product in a one-pot
reaction involving two aldehydes with similar reactivities but different
polarities.

Table 1: Studies on the reaction of nitromethane with n-pentanal or
n-decanal to generate a homo-cascade product.[a]

Entry R l-Proline [mol%] A [mol%] Yield [%] e.r.[b]

1 nPr 20 0 45[c] ca. 50:50
2 nPr 20 20 70[c] 93:7
3[d] nPr 0 20 trace[e] –
4[d] n-octyl 20 20 trace[e] –
5 n-octyl 20 0 none[e] –

[a] Reaction conditions: aldehyde (2 mmol 9, nitromethane (1 mmol),
PBS (1 mL, pH 7.5), RT, 16 h. [b] Determined by 1H NMR assay (see the
Supporting Information for details).[11] Absolute and relative stereo-
chemistry established by analogy to literature precedent.[5] [c] Yield of
isolated product after column chromatography. [d] Attempted with and
without added lauric acid, a co-catalyst used to promote the reactions
mediated by amine A. [e] Estimated from 1H NMR analysis of the crude
reaction mixture. PBS = phosphate buffered saline.
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(20 mol % each) was used, the product yield was significantly
improved. The cascade reaction performed in this manner
had good enantioselectivity (ca. 93:7), thereby indicating that
the rate of the competitive, non-stereoselective conjugate
addition mediated by l-proline was negligible under these
conditions. Previous reports by others[5c,10] and our own
studies have indicated that the conjugate addition reaction
mediated by A in the presence of water mainly takes place in
a concentrated organic phase and not in water. When only A
was used, there was little formation of either the nitroalkene
intermediate or the final cascade product (Table 1, entry 3),
which suggested that A was not effective in mediating the
condensation step. When n-decanal (more hydrophobic than
n-pentanal) was used as the substrate with l-proline or a
combination of l-proline and A as the catalyst(s), only a small
amount of the nitroalkene intermediate or the cascade
product was observed (Table 1, entries 4 and 5). These results
indicate that the condensation reaction requires some mis-
cibility of the aldehyde with the aqueous solution containing
l-proline and nitromethane. The hydrophobic nature of
n-decanal explains its poor reactivity in contrast to the less
hydrophobic n-pentanal.

The solubility properties of the reacting components and
the results summarized in Table 1 suggest that the condensa-
tion reaction mainly occurs in the aqueous phase of the one-
pot system. The conjugate addition catalyzed by A predom-
inately takes place in the organic phase constituted by the
aldehyde substrate and the nitroalkene intermediate. We next
sought to perform a controlled one-pot reaction involving two
different aldehydes to produce a single cross-product. We
anticipated that aldehydes with different polarities, such as
n-butanal (1a) and n-decanal (1b), could be distinguished and
react in a programmed manner. Whereas both n-butanal and
n-decanal are hydrophobic molecules, n-butanal should have
a significantly greater miscibility with the aqueous phase than
n-decanal. For example, in water/octanol (1:1) systems n-
butanal partitions into the aqueous phase approximately 1000
times more favorably than n-decanal.[12] The condensation
reaction step occurring in water mainly involves n-butanal
and nitromethane as the substrates to produce nitroalkene 2a
as the intermediate. This hydrophobic intermediate diffuses
into the organic phase consisting of catalyst A and the other
organic components of the reaction. Under these heteroge-
neous conditions with 20 mol % l-proline and 20 mol % A,
the desired cross-product 3ab was formed as the major
product (Scheme 2) when the aldehydes were used in
equimolar amounts and added to the reaction mixture
simultaneously. The main side product was 3aa (the ratio of
3ab :3aa being approximately 4:1), formed from aldehyde 1a
and nitroalkene 2a. Products 3bb and 3ba, which would
require a nitroalkene intermediate (not shown in Scheme 2)
generated from n-decanal, were observed in only trace
amounts; n-decanal is too hydrophobic to participate in the
aqueous phase condensation reaction to form the correspond-
ing nitroalkene intermediate.

Having demonstrated the possibility of selectively form-
ing the cross-product 3ab, we then adjusted several param-
eters to additionally improve the reaction selectivity. We first
attempted to achieve an aldehyde concentration bias by the

slow addition of one aldehyde component.[1a] However,
undesired side reactions consumed whichever aldehyde was
in excess, indicating that the simultaneous addition of the
aldehydes may be the best method. The consumption of
intermediate 2a in the absence of aldehyde 1b indicates that
stepwise reactions under these conditions are not suitable for
the synthesis of 3ab, which further demonstrates the advan-
tages of our one-pot reaction approach.[3] We found that the
most productive optimization approach was to accelerate the
formation of nitroalkene intermediate 2a. Accelerating 2a
formation increases nitroalkene concentration and decreases
the presence of n-butanal in the organic phase. This minimizes
the conjugate addition reaction leading to 3aa and avoids
other significant side reactions in the organic phase. There-
fore, accelerating the condensation reaction between nitro-
methane and n-butanal favors the ultimate formation of
desired product 3ab. Our methods for selectively accelerating
the formation of 2 a included raising the pH of the aqueous
layer,[13] increasing the concentration of nitromethane used,
and lowering the ratio of catalyst A to l-proline. A very small
amount of catalyst A (e.g., 1 mol%) in combination with an
acid co-catalyst[4c,d, 14] was optimal to perform the conjugate
addition in the organic phase. Lauric (dodecanoic) acid is
sufficiently hydrophobic to remain exclusively in the organic
layer and was chosen as the acid co-catalyst. Importantly,
even slightly water-miscible organic acids are problematic for
the reaction because they lower the pH of the aqueous layer
and slow the condensation step catalyzed by l-proline. For
this reason, shorter-chain aldehydes were distilled and
handled carefully before use as oxidation led to residual acids.

We settled on conditions employing three equivalents of
nitromethane, a 0.4m concentration of l-proline (40 mol %),

Scheme 2. A polarity-directed one-pot reaction for the selective forma-
tion of a major cascade product. The reaction mixture consists of oily
droplets (organic phase) in an aqueous medium, as pictured. The
relatively polar n-butanal is converted into nitroalkene intermediate 2a
by a reaction in the aqueous phase. This intermediate is then
converted into the final product by reaction with n-decanal in the
organic substrate phase. TMS= trimethylsilyl.
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1 mol% A, and 20 mol% lauric acid. The ratio of products
3ab and 3aa observed by 1H NMR analysis at full conversion
of both aldehydes was around 6:1 in favor of 3ab, and few side
reaction products were observed. Under these conditions, 3ab
could be isolated in 67 % yield (82% for each step) and
around 9:1 d.r.; and the major diastereomer was formed with
excellent enantioselectivity. The beneficial feature of the
biphasic mixture was additionally confirmed by a control
reaction in a homogeneous solution (DMF as the solvent)
under otherwise similar conditions. Multiple side products
(including those other than the cascade products) were
formed, and NMR analysis of the crude reaction mixture
showed that 3aa, 3 ab, 3ba, and 3 bb were formed in roughly
equal molar amounts. Under homogeneous conditions there
was no significant chemical reactivity difference between
these aldehydes. This result is a further confirmation that the
controlled formation of a single cascade product in our system
is achieved using polarity differences.

By using the one-pot, two-phase system containing multi-
ple catalysts and substrates, aldehyde pairs with a small size
difference can be differentiated and react in a controlled
manner to selectively form a single cross-product. The yield of
the reaction is most sensitive to the identity of the “more
polar” aldehyde component, for which a certain degree of
miscibility with water is required for the condensation
reaction to occur efficiently. Therefore, n-butanal and n-
pentanal are much more effective as the more polar reacting
partners than is n-hexanal. Aldehyde pairs with as little as a
one carbon atom difference (such as n-butanal and n-
pentanal) can react selectively (see the Supporting Informa-
tion for details). A small set of examples involving several
aldehyde pairs are summarized in Table 2. The highest yield is
obtained with 3-methylbutanal as the more polar aldehyde
component because it effectively undergoes the condensation
reaction but participates very little in the conjugate addition
reaction because of its steric bulk (Table 2, entry 7).

In summary, we have developed a polarity-directed one-
pot cascade reaction. Substrates with different hydrophobic-
ities but similar reactivities can be differentiated to react in a
programmed manner. Two catalysts were used, and each
catalyst mediates an individual reaction step in either the
aqueous or organic phase. The system highlights an often-
ignored approach to developing chemoselective reactions by
using properties other than chemical reactivity (such as
polarity) inherent to the substrates or catalysts. We anticipate
that these results should inspire the design of new catalytic
systems, including those using enzyme-like polymer catalysts,
which can achieve unusual control of reactions.[15]
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