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A temperature-dependent equilibrium is observed for the cyclotrimerization of aliphatic aldehydes in the
presence of Montmorillonite K10 clay, while aerobic oxidation of aliphatic aldehydes to the correspond-
ing carboxylic acids is favored at room temperature in the presence of Montmorillonite KSF clay.
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1. Introduction

As concern for the environment continues to shape the way
chemists think about the construction of physiologically active com-
pounds, the development of synthetic methodologies that promote
greener reactions is essential. Environmentally benign clays are ide-
ally suited for the ‘greening’ of modern synthetic chemistry—they
are naturally abundant, inexpensive, nontoxic, chemically versatile,
and recyclable. We have shown that Montmorillonite K10 clay is an
effective catalyst for a variety of reactions,1 including the hetero-
Diels–Alder reaction of aromatic aldehydes with 2,3-dimethyl-1,3-
butadiene.1b Our efforts to effect the hetero-Diels–Alder reaction
of aliphatic aldehydes with 2,3-dimethyl-1,3-butadiene (1–2,
Scheme 1), however, were unsuccessful, primarily due to a compet-
ing side reaction: cyclotrimerization (1–3, Scheme 1).1b Because
1,3,5-trioxanes (3) have been implicated in a host of practical appli-
cations,2 and because their synthesis3 in the presence of untreated
Montmorillonite clay had not been reported, we were encouraged
to further pursue this reaction. In the course of our investigation of
the clay-catalyzed cyclotrimerization of aliphatic aldehydes, we ob-
served another competing reaction: oxidation to the corresponding
carboxylic acids (1–4, Scheme 1). Herein we report our findings.

Under the conditions that were optimal for the hetero-Diels–Al-
der reaction (heat-activated Montmorillonite K10 clay, 1 h, 23 �C,
ll rights reserved.
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ner).
neat) we observed only minimal formation of trioxane (3).1b Thus,
we set out to optimize conditions for the cyclotrimerization reac-
tion, with propanal as a model system, by varying the following
experimental parameters: solvent, stoichiometry, temperature,
time, and type of clay. In keeping with the tenets of green chemis-
try, we were delighted to find that solvent was completely unnec-
essary for cyclotrimerization. Similarly, varying the amount of clay
(10–100% by mass relative to aldehyde) had minimal impact on the
conversion of propanal to 3. Further, the use of unactivated (‘wet’)
clay was observed to be much more effective in promoting cyclo-
trimerization than the heat-activated clay. The effects of tempera-
ture and time were investigated simultaneously, using neat, wet
R OH
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Scheme 1. Cyclotrimerization and oxidation of aliphatic aldehydes.
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clay. The relative ratio of trioxane-to-propanal (3:1a) was assessed
over a range of temperatures (�80 to 50 �C) by 1H NMR analysis of
the reaction mixtures at 24-h increments over the course of
10 days, specifically by comparison of the relative integration val-
ues for the ketal protons of 3 with the aldehydic proton of 1a.
Interestingly, the K10 clay-mediated equilibrium appeared to favor
the trioxane product at low temperature, with the highest ratio of
trioxane-to-propanal (3:1a, Table 1) observed at �20 �C after 192 h
(8 days). We rationalized this temperature dependence as an en-
tropy effect.4 Small amounts of by products, presumably from aldol
condensations, were also observed at �20 �C.5 In a typical proce-
dure, propanal was thoroughly mixed using a metal spatula with
untreated Montmorillonite K10 clay in a glass scintillation vial.
The vial was capped and allowed to stand at specified tempera-
tures for extended periods of time. Aliquots were periodically re-
moved, and the reaction mixture filtered with CDCl3 directly into
an NMR tube for analysis. The ratio of trioxane-to-propanal
(3:1a) was determined by comparison of the relative integration
values for the ketal protons of 3 with the aldehydic proton of 1a
(Table 1).

Although interesting theoretically, we found this reversible
reaction to be rather capricious in the presence of Montmorillonite
K10, minimizing its potential usefulness in synthesis. Thus, we
next investigated the use of Montmorillonite KSF clay in place of
the K10, anticipating that the smaller surface area of KSF compared
to K10 might afford better control of the cyclotrimerization reac-
tion. Remarkably, in the presence of Montmorillonite KSF we ob-
served a different reaction all together: oxidation of propanal to
propanoic acid (1a–4a, Scheme 1). Oxidation proceeded slowly at
ambient temperature or above, but was irreversible, giving near
quantitative yield of the acid in approximately 168 h (7 days).In or-
der to confirm that atmospheric oxygen was acting as the oxidizing
agent for this reaction, a control experiment was conducted at
room temperature under a nitrogen environment. Indeed, in the
absence of atmospheric oxygen, no reaction was observed after
168 h. The oxidation reaction appears to be fairly general with
aliphatic aldehydes (Table 2, entries 1–6), but no reaction was ob-
served for aromatic or a,b-unsaturated systems (Table 2, entries
Table 1
Trioxane (3) formation after 192 h at various temperatures

Entry T (�C) 3:1aa

1 50 0.1:1
2 23 1.3:1
3 8 1.0:1
4 �20 3.9:1
5 �80 0.2:1

a Determined by 1H NMR integration.

Table 2
KSF-catalyzed oxidation reaction

Entry Aldehyde Carboxylic acid %
Yield

1 Propanal (1a) Propanoic acid (4a) 59
2 Butanal (1b) Butanoic acid (4b) 81
3 Isobutyraldehyde (1c) Isobutyric acid (4c) 58
4 Pentanal (1d) Pentanoic acid (4d) 95
5 Hexanal (1e) Hexanoic acid (4e) 90
6 Cyclohexanecarboxaldehyde

(1f)
Cyclohexanecarboxylic acid
(4f)

57

7 Benzaldehyde (1g) Benzoic acid (4g) 0
8 2-Butenal (1h) 2-Butenoic acid (4h) 0
9 3-Methyl-2-butenal (1i) 3-Methyl-2-butenoic acid

(4i)
0

10 Cinnamaldehyde (1j) Cinnamic acid (4j) 0
7–10). The Montmorillonite KSF-catalyzed air oxidation of
aliphatic aldehydes constitutes a much milder and environmen-
tally friendlier alternative to traditional methodology for the syn-
thesis of aliphatic carboxylic acids.6

A typical procedure for the KSF clay-catalyzed air oxidation of
aliphatic aldehydes follows. Propanal (200 mg, 3.44 mmol) was
thoroughly mixed with Montmorillonite KSF clay (200 mg) in a
scintillation vial. The mixture was allowed to stand at room tem-
perature for 168 h, and then taken up in 3 mL CH2Cl2 and the mix-
ture filtered and washed with 3–5 mL methanol. The filtrate was
concentrated under vacuum to give propanoic acid (149 mg, 59%).7
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