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A rapid and extremely convenient method forR-methylena-
tion of aldehydes with aqueous formaldehyde is described.
Two optimal catalytic systems are presented that allow short
reaction times and afford the functionalized products in good
to excellent yields (up to 99%) and chemoselectivity.

R,â-Unsaturated aldehydes, especially those with anR-sub-
stituent (R-substituted acroleins), provide a range of possibilities
for further transformations such as nucleophilic addition,1

conjugate addition,2 Baylis-Hillman reaction,3 Diels-Alder
reaction,4 and a number of organocatalytic transformations.5

Several synthetic methods have been developed for the
construction ofR-substituted acroleins. Simple alkyl-substituted
acroleins, such as methacrolein, can be produced at high
temperatures and preferably under high pressure from formal-

dehyde and propionaldehyde, using variable amounts of second-
ary amine (typically dimethyl- or diethylamine) and an acid
cocatalyst.6 Although these procedures can be used industrially
for the production of simple unsaturated aldehydes, their
application in the synthesis of more complex aldehydes present
serious problems. With more complex aldehydes, stoichiometric
amounts of the amine salt are typically required.6f-h As a result
of the slow reaction rates and relatively drastic conditions
(typically reflux overnight), yields tend to be lower and the
reactions are often characterized by the formation of polymeric
side products.7 From an atom economic and process chemistry
points of view, the use of a stoichiometric amount of the amine
salt and the long reaction time are major disadvantages.

For the synthesis of more complex, functionalizedR-substi-
tuted acroleins, milder methods have been sought. In these cases,
the Horner-Wadsworth-Emmons reaction of phosphorus ylides
with paraformaldehyde8 or the Mannich reaction of aldehydes
with methylenedimethylammonium chloride (Eschenmoser’s
salt) have been the most popular choices.9,10The latter has been
the method of choice in a total synthesis setting, where the
mildness of reaction conditions is most important.11 A particu-
larly mild method based on dibromomethane has also been
described.12

Herein we wish to report a very simple and mildcatalytic
protocol for the directR-methylenation of aldehydes using only
1 equiv of aqueous formaldehyde.13
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The reaction of formaldehyde with simpleR-monosubstituted
aldehydes can afford either the aldol product14 or the dehydrated
R-substituted acrolein (Figure 1). The latter product might arise
from a Mannich-type reaction with a catalytic amount of
secondary amine base.15

To prevent any unwanted crossed-aldol or polymerization
reactions, we sought to develop conditions that were as mild
and neutral as possible. In our initial study, different secondary
amine/carboxylic acid combinations were screened (Table 1).
Pyrrolidine was found to be the optimal amine component in a
reaction between propionaldehyde and formaldehyde in room
temperature.

Inspired by these results, we reasoned that pyrrolidine
derivatives that would contain also the acid functionality in the
molecular structure might be potential catalysts for this reaction.

A variety of amino acids and dipeptides were thus screened
(Table 2). We discovered that under the same reaction conditions
the dipeptideL-Pro-â-Ala 13affords the desired product in 78%
conversion in 4 h atroom temperature (entry 7). Slightly higher
yields were obtained by raising the temperature to 45°C (entry
8).16 Again, the unsaturated aldehyde was the only product
observed.

Further screening of the reaction conditions was then carried
out in the reaction between citronellal and formaldehyde by
varying the catalyst, temperature, and solvent (Table 3). In this
study, citronellal was used as the test aldehyde to probe the
generality of the protocol with less water-soluble aldehydes.

Both pyrrolidine/propionic acid4 as well asL-Pro-â-Ala 13
catalyzed the reaction in neat conditions. However, especially
with 13, the poor solubility of citronellal seemed to limit the
reaction rate. This problem was alleviated by the addition of a
small amount of isopropyl alcohol. In this case, raising the
temperature to 45°C was essential for good conversions. We
were especially delighted that with both catalyst systems,
complete conversion of the starting material to the aldehyde
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Schreiber, J.; Wermuth, C. G.Bull. Soc. Chim. Fr.1965, 2242-2249. (e)
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substituted aldehydes, see: Habib-Sahmani, H.; Hacini, S.; Bories, C.; Faure,
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(15) (a) List, B.; Pojarliev, P.; Castello, C.Org. Lett. 2001, 3, 573-
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B.; Risch, N.Angew. Chem., Int. Ed.1998, 37, 1045-1070.
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FIGURE 1. Possible reaction modes of formaldehyde with simple
aldehydes.

TABLE 1. Screening of Different Amine Salts as Catalysts

conversiona (%)

entry catalyst 30 min 135 min

1 1 19 37
2 2 9 19
3 3 8 29
4 4 70 75

a Determined by1H NMR.

TABLE 2. Proline and Imidazolidinone Derivatives as Catalysts

entry catalyst temp time (h) conversiona (%)

1 8 rt >24 9
2 9 rt 4 0
3 10 rt 4 0
4 11 rt 4 12
5 12 rt 24 73
6 12 45 °C 4 75
7 13 rt 4 78
8 13 45 °C 4 90

a Determined by1H NMR.

TABLE 3. Optimization Studies with Citronellal

conversionb (%)

entry catalyst conditionsa 3 h 24 h

1 12 45 °C, neat 14 36
2 13 rt, neat 5c 35
3 13 45 °C, neat 24 54
4 13 45 °C, i-PrOHd 32 100
5 13 45 °C, i-PrOHe 67 100
6 4 rt, neat 4 11
7 4 45 °C, neat 100 ndf

a Temperature, solvent.b Determined by1H NMR. c 2 h. d 200µL/mmol
i-PrOH. e 100 µL/mmol i-PrOH. f Not determined.
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could be obtained with both reasonable temperature (45°C)
and reaction time (3-24 h) and therefore selected these two
conditions (entries 5 and 7) for further exploration.

The scope of the reaction was then assessed with a repre-
sentative selection of aldehydes (Table 4).

As shown in Table 4, a wide variety ofR-monosubstituted
aldehydes can be converted reliably to the corresponding
R-substituted acroleins in good to excellent yields with both

catalysts. Considerable latitude in both steric demands of the
aldehyde (entries 1-5) as well as choice of alcohol and amine
protecting groups (benzyl, silyl, Boc, acetonide) and function-
alities (ketone, carbamate, alkene) are tolerated (entries 6-12).
Further, no isomerization of the double bond was detectable
even with aromaticâ-substituents (entries 5 and 6), and no
epimerization at theâ carbon was observed with citronellal
(entry 4). In the case of aldehydes26, 28, and30, the dipeptide

TABLE 4. Synthesis ofr-substituted Acroleins from Different Aldehydes

a Reaction conditions: 10 mol % of catalyst, 100µL of i-PrOH/1 mmol of starting material, 45°C; see Supporting Information for details.b Conversion
by 1H NMR. c Determined by chiral GC (see Supporting Information).d Significant decomposition was observed.
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catalyst13 gave significantly cleaner reactions and superior
yields (entries 8-10). Catalyst13 would thus appear to be a
catalyst of choice with particularly sensitive aldehydes. Finally,
R-oxy andR-amino substituents are readily tolerated, giving
access to protected enol and enamine derivatives (entries 11
and 12) in high yields (85-98% with catalyst4). Hydroxy
groups are, of course, also tolerated by these aqueous conditions;
however, 5-hydroxyvaleraldehyde and unprotected 2-deoxy-
ribose, both existing predominantly in the hemiacetal form, did
not perform well under these conditions.17 As such, at present
the method is limited to aldehydes that exist in the open-chain
form.

In summary, a mild, chemoselective, and catalytic method
for the synthesis ofR-substituted acroleins has been developed,
and two different optimized catalysts are described. The
mildness of the reaction conditions and the high chemoselec-
tivity of the reaction allows the rapid and easy preparation of
functionalizedR-substituted acroleins in high yields under very
benign reaction conditions. In comparison with previously
reported Mannich methods,6f-h,7 drastic cuts in the amount of
amine salt (10 vs 100 mol %, reaction time (typically 2 vs 12-
18 h), temperature (45 vs 80-100 °C), and the amount of
solvent were realized in this study. The ease with which these
reactions can be performed facilitates their use in tandem
processes. Studies along these lines will be reported in due
course.

Experimental Section

General Procedure A for theR-Methylenation of Aldehydes.
To a mixture of aqueous formaldehyde solution (37% formaldehyde
in water, 1.0 mmol, 100 mol %) and aldehyde (1.0 mmol) ini-PrOH
(100 µL) were added propionic acid (0.1 mmol, 10 mol %) and
pyrrolidine (0.1 mmol, 10 mol %). The reaction mixture was
stirred at 45°C for 1-25 h. NaHCO3 was added, and the mix-
ture was extracted with CH2Cl2 (3 × 5 mL). The combined
extracts were washed with brine, dried (Na2SO4), and concentrated
in vacuo. If necessary, the crude product thus obtained was purified
by a passage through a short pad of silica gel using Et2O as the
eluent.

General Procedure B for theR-Methylenation of Aldehydes.
To catalyst13 (L-Pro-â-Ala) (0.1 mmol, 10 mol %) ini-PrOH (100
µL) in a 5-mL vial were added aqueous formaldehyde solution (37%
formaldehyde in water, 1.0 mmol, 100 mol %) and aldehyde (1.0
mmol, 100 mol %) at room temperature. The mixture was stirred
at 45°C for 1-25 h. H2O (5 mL) was then added, and the mixture
was extracted with CH2Cl2 (3 × 5 mL). The combined extracts
were washed with brine, dried (Na2SO4), and concentrated in vacuo.
If necessary, the crude product thus obtained was purified by a
passage through a short pad of silica gel using Et2O as the eluent.

Acknowledgment. Financial support from Helsinki Univer-
sity of Technology, the Academy of Finland (Project No.
203287), Tekes, and COST D-28 is gratefully acknowledged.
We thank Prof. Ari Koskinen for material support and Dr. Jari
Koivisto for NMR assistance.

Supporting Information Available: Experimental procedures
for the preparation of the starting materials and the catalysts,
characterization data, and copies of NMR spectra. This material is
available free of charge via the Internet at http://pubs.acs.org.

JO052529Q

(17) With catalyst4, 5-hydroxyvaleraldehyde gave ca. 55-60% yield
of the R-methylenation product after 24 h reaction time, accompanied by
significant decomposition. 2-Deoxyribose afforded less than 5% of the
product under similar conditions.
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