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Water is the most abundant and environmentally friendly
solvent in nature. Yet, its application in organic synthesis is
currently limited.[1] As most organic compounds have low
solubility in water, much effort has been invested in the
development of organic microenvironments in the aqueous
phase, for example, in micellar catalysis.[2,3] Recently, reac-
tions of water-insoluble organic compounds that take place in
aqueous suspensions (“on water”) have received a great deal
of attention because of their high efficiency and straightfor-
ward synthetic protocols.[4] Nevertheless, such reactions are
still rare and lack generality. Herein we report a general
procedure toward a common aerobic oxidation of aldehydes
that takes place “on water” and its use in the consecutive
three-component Passerini reaction both “on water” and “in
water”.

The oxidation of aldehydes by oxygen or oxygen/nitrogen
mixtures is a well-known reaction.[5] Organic chemistry
textbooks pay very little attention to the use of air in the
synthesis of carboxylic acids from aldehydes. Notably, air is
the ultimate “green” oxidant, more so than hydrogen
peroxide, which is considered “green” for synthetic oxidation
processes. In industry, aldehyde oxidation reactions are
usually performed in bulk liquid aldehyde or organic solvents,
with the stream of gas passing through the liquid phase.[6]

Various additives are often introduced into the system,[7] but
the role of these is still unclear.[8] As the solubility of nonpolar
gases, such as molecular oxygen, is generally low in any
solvent,[9] we hypothesized that the solvent is unnecessary or
even detrimental to the oxidation process. An aldehyde
oxidation taking place in thin layers of aldehyde, which
increases the surface of interaction between the reagents, has
also been reported, however, the yields were poor.[10] Alter-
natively, such an increase in surface interaction can be
achieved by mixing the aldehyde with water in the presence
of oxygen. Indeed, we found that hydrophobic aliphatic
(branched and linear) and aromatic aldehydes undergo facile
oxidation upon simply stirring their aqueous emulsions in air
to give the corresponding carboxylic acids in high yields

(Scheme 1).[11] As both the starting materials and products are
insoluble in water, they can be easily separated from the
aqueous phase at the end of the reaction. The bubbling of gas

through the liquid phase was not required, thus making the
use of a condenser or other reactant traps unnecessary. The
reactions proceeded smoothly both on a small scale (1 mmol)
and on a relatively large laboratory scale (50 mmol). Table 1

shows typical results of the oxidation of liquid aldehydes “on
water”. The reaction was especially straightforward for the
preparation of solid carboxylic acids, such as benzoic acid,
which precipitated from the reaction mixture and could be
isolated by simple filtration. Importantly, very low amounts of
by-products (mainly the corresponding formate) were
observed in the “on water” reaction compared with the
same reaction performed in bulk aldehyde. No oxidation was
observed under the same conditions when the reaction was
carried out in methanol or dichloromethane instead of water.
Moreover, the addition of THF (5%) also completely
inhibited the reaction.

The highly efficient conversion of aldehydes into carbox-
ylic acids described above inspired us to explore the
possibility of coupling this reaction with a known “on

Scheme 1. Aldehyde oxidation “on water”.

Table 1: Aldehyde oxidation “on water”.[a]

Entry Aldehyde Oxidation
conditions

Yield [%]

1 cyclo-C6H11CHO (1a) A 87
2 1a B 87
3 1a C 66
4 nC7H15CHO (1b) A 50
5 1b B 60
6 2-ethyl hexanal (1c) A 86
7 1c B 88
8 1c C 75[b]

9 benzaldehyde (1d) A 83
10 1d B 81
11 1d C 53
12 nC4H9CHO (1e) A 11

[a] See the Experimental Section for detailed reaction conditions. [b] 90%
yield after 2 h with O2.
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water” accelerated process. Recently, Pirrung et al. reported
elegant multicomponent Passerini- and Ugi-type reactions
that were accelerated by using water as a solvent.[4a,12,13] This
finding led us to explore the possibility of using an aldehyde
as the source of both carbonyl and ester functions in the
Passerini reaction (Scheme 2).[14] In this three-component

reaction, only two components would be added to the
reaction mixture, with the third one generated in situ from
one of the reagents. As many aldehydes and carboxylic acids
show considerable solubility in water, it was important to
establish to what extent the reactions proceed “in water”
rather than “on water”.[15] To this end, we studied the reaction
of various aldehydes with water-insoluble isocyanides, which
gave the Passerini products in the oxidation/three-component
reaction sequence, (Table 2). As isocyanides slowly hydrolyze
upon stirring with water, a slight excess of the aldehyde was
used.[16] Interestingly, the reactions between the highly hydro-
phobic aldehydes and the isocyanides “on water” and in air
were complete after 3–4 hours at room temperature or upon

slight heating (40 8C) to give the Passerini reaction products.
On the other hand, more water soluble aldehydes gave
mixtures of the Passerini products with another product—the
a-hydroxyamide (Scheme 2). The ratio between the products
roughly followed the solubility properties of the aldehyde
(Table 2). Both propionic aldehyde and acetaldehyde, which

are fully miscible with water, formed gemi-
nal diols in 100% yield in aqueous solu-
tions.[17] a-Hydroxyamides were the only
products obtained for these two aldehydes
(Table 2, entries 15 and 16, 17 and 18,
respectively). Although water-miscible
aldehydes do not readily oxidize under
these conditions, the lack of a carboxylic
acid moiety was not responsible for the
absence of the three-component Passerini
products with such aldehydes. The reaction

between acetaldehyde, isocyanide, and acetic acid resulted in
the formation of the a-hydroxyamide as the only product,
which suggests that the reaction “in water” only gives this
compound. In contrast, the reaction between octanoic
aldehyde, isocyanide, and acetic acid gave only the Passerini
product. It is likely that the formation of a gem-diol
significantly decreases the concentration of the water-soluble
aldehyde in the reaction. In addition, water competes
favorably with the carboxylate in the nucleophilic addition
to the carbonyl carbon atom when the reaction takes place “in
water”.

In all cases, water-insoluble aldehydes gave the three-
component Passerini products in high yields, while partially
soluble aldehydes gave mixtures of both products, thus
indicating the competition between the “in water” and “on
water” reactions. Also, more hydrophobic pentyl isocyanide
(4) reacted significantly faster than ethyl isocyanoacetate (3)
and gave significant amounts of the Passerini product, even
with partially water soluble aldehydes (Table 2, entries 11 and
14,). In support of the heterogeneous nature of the reaction
mixture, the product distribution showed some dependence
on the stirring rates (Table 2, compare entries 11 and 12).[18]

Importantly, almost no reaction was observed when the
reactions were performed in methanol or dichloromethane
under the same conditions. Furthermore, the reaction “in
water” was significantly slower than the reaction “on water”
even when the reactants were partially water soluble.[19]

We further investigated the mechanism of the “on water”
oxidation–Passerini reaction sequence by using isotope label-
ing experiments. When 1-octanal (1b) was stirred with H2

18O
(2 mL) under oxygen for 5 hours, about 60% of the 1-
octanoic acid (2b) obtained had one labeled oxygen atom
incorporated in the structure (Table 3, entry 1). As no 18O
incorporation was observed when nonlabeled 1-octanoic acid
was stirred with H2

18O, the incorporation of this isotope
occurs prior to the formation of the carboxylic acid. Two
possible pathways may account for this labeling: either rapid
aldehyde/gem-diol equilibration[20] on the water surface or an
exchange reaction in one of the peroxo or radical species that
are postulated in the oxidation of aldehydes by molecular
oxygen (Scheme 3).[5] Interestingly, when the Passerini reac-
tion (Scheme 2) was performed in H2

18O, the incorporation of

Scheme 2. Tandem aldehyde oxidation/Passerini reaction “on water”.

Table 2: Aldehyde oxidation/Passerini reaction “on water” and “in
water”.[a]

Entry Aldehyde Isonitrile Product ratio [%]
RCHO R1CH2NC 5 7 6 8

1 1a 3 80 0 – –
2 1a 4 – – 81 (90)[b,d] 0
3 1b 3 90 0 – –
4 1b 3 84[c] 0 – –
5 1b 4 – – 90 (71)[d] 0
6 1d 3 30[e] 0 – –
7 1d 4 – – 57[e] 0
8 1e 3 12 37 – –
9 1e 4 – – 37 11
10 R= iPr, 1 f 3 5[d] 74[d] – –
11 R= iPr, 1 f 4 – – 35 (30)[d] 42 (34)[d]

12 R= iPr, 1 f 4 – – 28[f ] 60[f ]

13 R= nPr, 1g 3 2 51 – –
14 R= nPr, 1g 4 – – 36 44
15 R=Et, 1h 3 0 58 – –
16 R=Et, 1h 4 – – 7(4)[d] 32 (30)[d]

17 R=Me, 1 i 3[g] 0 72 – –
18 R=Me, 1 i 4[g] – – 0 59

[a] Conditions: The mixture of the aldehyde and isocyanide in a 3:1 ratio
was stirred at 1100 rpm for 3 h at 40 8C. The organic products were
extracted with CH2Cl2, the solvent was evaporated, and the mixture
analyzed by 1H NMR spectroscopy. [b] After 4 h. [c] The reaction was
performed at room temperature. [d] Yield of isolated product. [e] Benzoic
acid precipitates during the reaction, which results in lower yields. [f ] The
reaction was stirred at 300 rpm. [g] An aldehyde/isocyanide ratio of 10:1
was used.
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one (minor product) and two (major product) labeled oxygen
atoms into the final products was observed (Table 3, entries 2
and 3; 5b and 6b, respectively).

The reaction with nonlabeled 1-octanal (1b), 1-octanoic
acid (2b), and ethyl isocyanoacetate (3) or pentyl isocyanide
(4) in H2

18O, gave the Passerini product with one incorporated
18O as the major product (Table 3, entries 4 and 5; 5b and 6b,
respectively). For comparison, the Passerini reaction products
showed no incorporation of 18O upon stirring “on H2

18O” in
the presence of acid. The less reactive ethyl isocyanoacetate
(3) gave more 18O incorporation in the Passerini reaction
product compared to the reaction with pentyl isocyanide (4).

In conclusion, we have reported a general approach for
“on water” oxidation of aldehydes by using air or molecular
oxygen as the oxidant. This method can be extended to
perform consecutive organic reactions “on water” with
hydrophobic organic compounds, such as the multicomponent
Passerini reaction. The reported reactivity significantly
advances the use of water as a medium for organic reactions.
We are currently investigating the interaction modes between
water and organic substrates as well as the scope of the “on
water” oxidation of aldehydes in triggering other organic
transformations.

Experimental Section
General experimental procedures: All reactions were performed in
ultrapure water (W 18 MOhm, < 10 ppb total organic content), which
was obtained by using the Barnstead EASYpure II UF water

purification system. The use of standard deionized water gave
comparable results. The reagents were purchased from Sigma–
Aldrich and used as received. In several cases, the aldehydes were
purified by distillation, however, the reactivity of the distilled
compounds was found to be identical to that of the commercially
available chemicals. The reactions were performed in test tubes with
the Radleys Carousel Workstation. Alternatively, the reactions could
be performed in disposable 20 mL scintillation vials. Complete
product characterization is reported in the Supporting Information.

Conditions for aldehyde oxidation: Method A: A suspension of
aldehyde (100 mL, ca. 0.6–1 mmol) in pure water (3 mL) was added to
a 50 mL glass tube equipped with a magnetic stirrer bar and stirred at
room temperature at 1100 rpm for 12 h in the presence of air. The
product was quantitatively extracted with CH2Cl2 and isolated after
solvent evaporation. When CDCl3 was used instead of CH2Cl2
without solvent evaporation, the 1H NMR analysis of the reaction
mixture showed a product distribution identical to that obtained

under standard work-up conditions, thus indicating that no
volatile organic compounds are formed. Method B: A suspen-
sion of aldehyde (100 mL, ca. 0.6–1 mmol) in pure water (3 mL)
was added to a 50 mL round-bottomed flask and stirred at room
temperature for 2 h in pure molecular oxygen at 1 atm. The
product was quantitatively extracted with CH2Cl2 and isolated
after solvent evaporation. Method C: A suspension of aldehyde
(5 mL) in pure water (50 mL) was added to a 500 mL round-
bottomed flask and stirred at room temperature for 12 h in the
presence of air. The product was quantitatively extracted with
CH2Cl2 and isolated after solvent evaporation. Generally, most
of the product could be collected by simple phase separation of
the reaction mixture. The organic solvents were used to ensure
quantitative mass balance of organic compounds.

Conditions for the Passerini reaction: Unless reported
otherwise, a suspension of aldehyde (0.51 mmol) and isocyanide
(0.17 mmol, 3:1 ratio) in water (3 mL) was stirred for 3 h at 40 8C
in the presence of air in a 50 mL glass reactor. Generally, 2 equiv

of the aldehyde was sufficient to achieve high yields of the Passerini
product, however, small amounts of hydrolyzed isocyanide were
obtained in some cases. For 1 i, 10 equiv of aldehyde was used. The
organic products were extracted with CH2Cl2, the solvent was
evaporated and the mixture analyzed by 1H NMR spectroscopy. No
by-products were observed in the reactions of aldehydes with
isocyanides. Small amounts of recovered starting materials and
hydrolysis of the isocyanide were also observed.

Received: November 21, 2007
Revised: January 20, 2008
Published online: March 3, 2008

.Keywords: aldehydes · green chemistry · oxidation ·
Passerini reaction · water

[1] For general references, see: a) Organic Synthesis in Water (Ed.:
P. A. Grieco), Springer, New York, 1997; b) Clean Solvents:
Alternative Media for Chemical Reactions and Processing : ACS
Symp. Ser. 2002, 819 (Eds.: M. A. Abraham, L. Moens);
c) Organic Reactions in Water (Ed.: U. M. Lindstroem), Black-
well, Oxford, UK, 2007; d) H. C. Hailes, Org. Process Res. Dev.
2007, 11, 114.

[2] a) P. Scrimin in Supramolecular Control of Structure and
Reactivity (Ed.: A. Hamilton), Wiley, Chichester, UK, 1996,
p. 101; b) M. N. Khan, Micellar Catalysis, CRC Press, Boca
Raton, USA, 2006.

[3] For examples of homogeneous aqueous chemistry, see: a) W.
Blokzijl, J. B. F. N. Engberts, J. Am. Chem. Soc. 1992, 114, 5440;
b) I. Vilotijevic, T. F. Jamison, Science 2007, 317, 1189; c) see

Table 3: 18O Isotope distribution in aldehyde oxidation–Passerini reac-
tions “on H2

18O”.[a]

Entry Reaction on “H2
18O” 18O Isotope distribution in product

1 1b
O2, 5 h

2b
1 (2G 16O): 3 (16O + 18O)

2 1b (3 equiv) + 3
air, 3 h

5b
1 (2G 16O): 7 (16O + 18O): 20 (2G 18O)

3 1b (3 equiv) + 4
air, 3 h

6b
1 (2G 16O): 2 (16O + 18O): 3 (2G 18O)

4 1b + 2b + 3
air, 3 h

5b
1 (2G 16O): 8 (16O + 18O)

5 1b + 2b + 4
air, 3 h

6b
1 (2G 16O): 6 (16O + 18O)

[a] All reactions were performed under standard conditions for the
aldehyde oxidation and Passerini reactions.

Scheme 3. General mechanism for aerobic oxidation of aldehydes (see
Ref. [5]).

Angewandte
Chemie

2851Angew. Chem. Int. Ed. 2008, 47, 2849 –2852 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/op060157x
http://dx.doi.org/10.1021/op060157x
http://dx.doi.org/10.1021/ja00039a074
http://dx.doi.org/10.1126/science.1146421
http://www.angewandte.org


also: J. B. F. N. Engberts, M. J. Blandamer, Chem. Commun.
2001, 1701, and references therein.

[4] a) M. C. Pirrung, K. Das Sarma, J. Am. Chem. Soc. 2004, 126,
444; b) S. Narayan, J. Muldoon, M. G. Finn, V. V. Fokin, H. C.
Kolb, K. B. Sharpless, Angew. Chem. 2005, 117, 3339; Angew.
Chem. Int. Ed. 2005, 44, 3275; c) B. K. Price, J. M. Tour, J. Am.
Chem. Soc. 2006, 128, 12899; d) A. El-Batta, C. Jiang, W. Zhao,
R. Anness, A. L. Cooksy, M. Bergdahl, J. Org. Chem. 2007, 72,
5244; e) D. Gonzalez-Cruz, D. Tejedo, P. de Armas, F. Garcia-
Tellado, Chem. Eur. J. 2007, 13, 4823; key earlier work: f) D. C.
Rideout, R. Breslow, J. Am. Chem. Soc. 1980, 102, 7816; g) A.
Lubineau, J. Org. Chem. 1986, 51, 2142.

[5] a) J. R. McNesby, C. A. Heller, Chem. Rev. 1954, 54, 325; b) S. S.
Maslov, E. A. Blyumberg, Russian Chem. Rev. 1976, 45, 155;
c) L. Sajus, I. S. De Roch in Comprehensive Chemical Kinetics,
Vol. 16 (Eds.: C. H. Bamford, C. F. H. Tipper), 1980, p. 89.

[6] F. Koch in Applied Homogeneous Catalysis with Organometallic
Compounds, 2nd ed. (Eds.: B. Cornils, W. A. Herrmann), Wiley-
VCH, Weinheim, 2002, p. 427.

[7] For detailed analysis of additives effect on aldehyde oxidation,
see: a) C. Lehtinen, G. Brunow, Org. Process Res. Dev. 2000, 4,
544; b) C. Lehtinen, V. Nevalainen, G. Brunow, Tetrahedron
2001, 57, 4741.

[8] D. R. Larkin, J. Org. Chem. 1990, 55, 1563.
[9] R. Battino, T. R. Rettich, T. Tominaga, J. Phys. Chem. Ref. Data

1983, 12, 163.
[10] K. Buechner, H. Tummes, DE 1154454, 1963.
[11] As the aldehyde oxidation reactions can be influenced by even

trace amounts of metal (see for example: F. Loeker, W. Leitner,

Chem. Eur. J. 2000, 6, 2011), the reactions were performed under
strict metal-free conditions.

[12] M. C. Pirrung, K. Das Sarma, Tetrahedron 2005, 61, 11456.
[13] For additional references, see: a) A. R. Extance, D. W. M.

Benzies, J. J. Morrish, QSAR Comb. Sci. 2006, 25, 484; b) I.
Kanizsai, Z. Szakonyi, R. Sillanpaa, F. Fulop, Tetrahedron Lett.
2006, 47, 9113.

[14] For a general review on the Passerini reaction see: L. Banfi, R.
Riva, Org. React. 2005, 65, 1.

[15] For earlier comparison of “on water” versus “in water” Diels–
Alder reactions, see: R. Breslow, U. Maitra, D. Rideout,
Tetrahedron Lett. 1983, 24, 1901.

[16] Considering the nasty nature of isocyanides, it was preferable to
use a slight excess of the aldehyde rather than the isocyanide to
achieve high conversions.

[17] For the aldehyde/gem-diol equilibrium data, see: a) S. H. Hilal,
L. L. Bornander, L. A. Carreira, QSAR Comb. Sci. 2005, 24, 631;
b) R. P. Bell, Adv. Phys. Org. Chem. 1966, 4, 1.

[18] A dependence of aqueous phase multicomponent reactions on
the mixing rate has been reported: M. C. Pirrung, Chem. Eur. J.
2006, 12, 1312.

[19] For leading discussions on the effect of water in aqueous organic
chemistry, see: a) R. Breslow, Acc. Chem. Res. 1991, 24, 159;
b) S. Otto, J. B. F. N. Engberts, Org. Biomol. Chem. 2003, 1, 2809;
c) Y. Jung, R. A. Marcus, J. Am. Chem. Soc. 2007, 129, 5492; also
see Ref. [18].

[20] The formation of gem-diols as intermediates in metal-catalyzed
aldehyde oxidation in water has been proposed: M. Besson, P.
Gallezot, Catal. Today 2000, 57, 127.

Communications

2852 www.angewandte.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2008, 47, 2849 –2852

http://dx.doi.org/10.1039/b104537g
http://dx.doi.org/10.1039/b104537g
http://dx.doi.org/10.1021/ja038583a
http://dx.doi.org/10.1021/ja038583a
http://dx.doi.org/10.1002/ange.200462883
http://dx.doi.org/10.1002/anie.200462883
http://dx.doi.org/10.1002/anie.200462883
http://dx.doi.org/10.1021/ja063609u
http://dx.doi.org/10.1021/ja063609u
http://dx.doi.org/10.1021/jo070665k
http://dx.doi.org/10.1021/jo070665k
http://dx.doi.org/10.1021/ja00546a048
http://dx.doi.org/10.1021/jo00361a045
http://dx.doi.org/10.1021/cr60168a004
http://dx.doi.org/10.1070/RC1976v045n02ABEH002618
http://dx.doi.org/10.1021/op000045k
http://dx.doi.org/10.1021/op000045k
http://dx.doi.org/10.1016/S0040-4020(01)00397-0
http://dx.doi.org/10.1016/S0040-4020(01)00397-0
http://dx.doi.org/10.1021/jo00292a035
http://dx.doi.org/10.1002/1521-3765(20000602)6:11%3C2011::AID-CHEM2011%3E3.0.CO;2-L
http://dx.doi.org/10.1016/j.tet.2005.08.068
http://dx.doi.org/10.1002/qsar.200540197
http://dx.doi.org/10.1016/j.tetlet.2006.10.069
http://dx.doi.org/10.1016/j.tetlet.2006.10.069
http://dx.doi.org/10.1016/S0040-4039(00)81801-8
http://dx.doi.org/10.1002/qsar.200430913
http://dx.doi.org/10.1002/chem.200500959
http://dx.doi.org/10.1002/chem.200500959
http://dx.doi.org/10.1021/ar00006a001
http://dx.doi.org/10.1039/b305672d
http://dx.doi.org/10.1021/ja068120f
http://dx.doi.org/10.1016/S0920-5861(99)00315-6
http://www.angewandte.org

