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ABSTRACT

Enamine [2 + 2] cycloadditions can be achieved in useful yields simply by stirring a mixture of an aldehyde, diethylamine, a dialkyl fumarate,
and potassium carbonate in acetonitrile at 25 °C, conditions that are compatible with the presence of a potential leaving group on the â-position
of the intermediate enamine. Methylation and elimination of the product cyclobutanes completes a mild nonphotochemical route to functionalized
cyclobutenes.

The unique features of the cyclobutene ring have provided
a focus for the development of some fundamental structural
principles over the years, notably those that underpin the
electrocyclization reactions.1 This has in turn ensured a
sustained interest in the preparation of cyclobutenes2,3 and
their exploitation in synthesis, e.g., as diene precursors.4

Our interest in this area5 led us to seek an alternative to
the [2 + 2] photoaddition methods6 that have traditionally
provided access to key intermediates such as1-3, from
which various targets (e.g., geometrically pure polyenes,5

nucleoside analogues7) can be prepared. We were attracted

by the substitution patterns that emerge from the [2+ 2]
thermal cycloadditions of enamines to electron-deficient
alkenes, a process studied in depth by Brannock et al. some
40 years ago8 and occasionally exploited for cyclobutene
synthesis.9 We chose to reevaluate this process and herein
report that it can be run as a multicomponent reaction10 under
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mild conditions that are compatible with the presence of a
potential leaving group, viz., a protected hydroxyl, in the
enamine component, making it a simple and convenient
source of 2-cyclobutene-1,2-dicarboxylates of the form4.

In initial experiments we used the conventional method,8

reacting enamines5a-c, prepared by condensation of the
respective aldehydes6a-c and diethylamine7a, with the
fumarate8a (Scheme 1). Although quantities of the desired

products9, 10, and11 were obtained, in our hands the
sequence suffered from irreproducibility associated with
manipulating the enamines, especially5b and5c.

To address the problems associated with the isolation of
enamines, we developed a one-pot, multicomponent variant
of these cycloadditions in which the enamine precursors6

and7 are stirred with the diester8 and potassium carbonate
in acetonitrile at room temperature. The results using this
mild and straightforward procedure are shown in Table 1.

The initial targets9-11 were obtained in improved and
consistent yields working on various scales (entries 1-6).
The products with fumarate8aand maleate8c (entry 5) were
the same, a feature of this type of reaction8,11 that can be
attributed to the rapid isomerization of maleate into fumarate
on contact with the enamine or a related species.12 The minor
stereoisomers formed in the cycloadditions with6a and6b
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Figure 1. Synthetically useful cyclobutene derivatives.

Scheme 1. Reactions of Enamines5 with Dimethyl Fumaratea

a Enamines prepared with K2CO3 using the method in ref 8. All
yields based on starting aldehyde6. bThe enamine was distilled.

Table 1. One-Pot Access to Cyclobutane-1,2-dicarboxylatesa

entry
aldehyde
(mmol)

amine
(equiv) ester

isolated products
(yield %)b method

1 6a (2.2) 7a (2) 8a 9 (65), 16 (15) A
2 6b (18) 7a (2) 8a 10 (64), 17 (9) A
3 6b (0.6) 7a (1) 8a 10 (62), 17 (16) B
4 6b (0.7) 7a (2) 8b 12 (63), 18 (10) A
5 6b (0.6) 7a (2) 8c 10 (65)c A
6 6c (0.9) 7a (2) 8a 11 (39) A
7 6d (15) 7a (2) 8a 13 (58)c A
8 6d (0.9) 7b (1)d 8a 14 (36), 19b (36)c,e A
9 6d (0.9) 7b (1)d 8a 14 (61)c B
10 6e (1.4) 7a (2) 8a 15 (26) A

a Method A: a mixture of6, 7, K2CO3 (1 mol per mol of7), and8 (1.2
mol per mol of6) in MeCN (1 mL per mmol of6) was stirred at room
temperature for 2-3 d. Method B: as method A, but with8 added after 1
h. b Yield based on6. c No other products were investigated.d The amine
was added as a 2 Msolution in THF.e Yield based on8a.

Figure 2. Structures relating to Table 1 and other experiments.
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(and probably6d) were not observed when using preformed
enamines (Scheme 1). Further experiments revealed that the
efficiency of the multicomponent method is finely balanced.
Imine formation with diethylamine7a is evidently rapid,
allowing enamine formation and [2+ 2] cycloaddition to
compete successfully with the conjugate addition of the
amine to the fumarate to produce19a. On changing to
dimethylamine7b, conjugate addition to give19b and
elimination to give20a become more significant (entry 8).
These side reactions are inhibited and the yield of14
improved if the introduction of the fumarate8a is delayed
for 1 h (entry 9). However, such a delay provided no obvious
benefit with7a as the amine (entry 3).

In other experiments with the aldehyde6b, the use of an
additional equivalent of the amine7a merely promoted the
formation of19a, while attempts to use less solvent caused
a considerable rise in the yields of the usual byproducts20b
and 21. These compounds are presumed to arise via the
elimination of20b from the zwitterion22 formed in the first
step of the [2+ 2] addition process. In experiments with

6d, the use of the hindered amine7c led mainly to the
elimination product20a(63%), whereas the use of piperidine
7d gave19c and20a as the only identifiable products.

For the dual purpose of determining the structures of the
cycloadducts listed in Table 1 and establishing access to
cyclobutenes of the desired type, the cycloadducts derived
from aldehydes6a and 6b were taken through Hofmann
elimination sequences using mild modifications of known
procedures8,9b (Scheme 2). Thus, the methylation of9 gave
a crystalline salt23awhose stereochemistry was confirmed
by X-ray crystallography.13 The corresponding salt23b
obtained from10 was not crystalline but is presumed to be
analogous to9 on the basis of the following observations.

Treating either of the salts23 with potassium carbonate
in acetonitrile gave the respective cyclobutene24 in good
yield, and heating24aor 24b to 100-110°C brought about
thermal electrocyclic ring opening, which yielded a single
diene25 in quantitative yield. The (Z,E)-geometry of25a
and25b, evident from their1H NMR spectra (H-1′ atδ 6.1-
6.4 ppm), is consistent with the 1,4-transrelationship in24a14
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Scheme 2. Elimination Sequences with9, 10, 16, and17a

a CAN ) Ce(NH4)2(NO3)6. b Not isolated pure.
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and 24b. When the cycloadducts16 and 17 were taken
through the same elimination sequence, the resulting cy-
clobutenes27 were different from their analogues24 and
also more prone to electrocyclic ring opening. This lability
of 27 compared to24 and the exclusive (E,E)-geometry of
the derived dienes28 (H-1′ at δ 7.3-7.5 ppm) is consistent
with a 1,4-cis relationship in27 and illustrates the ability of
cyclobutenes bearing substituents with complementary con-
rotatory preferences to undergo thermal electrocyclic ring-
opening with enhanced rates and stereoselectivity.5 The 1,4-
cis relationship in27bwas confirmed by its ready conversion
into the lactone29.

Although the above sequences confirm the 1,4-cis nature
of 16 and17, the other stereochemical relationships in this
pair are open to question. The structures are tentatively
assigned as depicted on the basis of computer modeling of
the four possible 1,4-cis diastereoisomers for each (Figure
3). The structuresA andE are predicted to possess the lowest
minimum steric energies in their respective series and would
be expected to predominate if formed reversibly or under
product development (i.e., kinetic) control.

Although there is evidence in some cases that both steps
of the enamine [2+ 2] cycloaddition are reversible,11 we
speculate that the 1,4-cisstructures16and17 formed in these
reactions are a consequence of the presence of (Z)-enamines
in the reaction mixtures, since they were not observed in
reactions with isolated enamines. We saw no decomposition
or equilibration of9 and16 or 10 and17 when they were
subjected to the conditions of the one-pot procedure, indicat-
ing that the first step of the cycloaddition process, i.e., the
formation of22, is not significantly reversible under these
conditions. However, reversibility in the second (ring closure)
step is a distinct possibility.

In summary, thermal [2+ 2] cycloadditions of aldehyde-
derived enamines to fumarates can be carried out in multi-
component fashion by stirring the aldehyde, secondary amine,
and fumarate components with potassium carbonate in
acetonitrile. The procedure is a convenient source of
4-substituted 3-dialkylaminocyclobutane-1,2-dicarboxylates
that can be converted into functionalized cyclobutenes via
methylation and elimination. The mildness of the overall
sequence is compatible with the use of protected forms of
3-hydroxypropanal as the starting aldehyde and thus provides

access to cyclobutenes with the functionality normally
generated using alkyne [2+ 2] photoadditions. Various
mechanistic aspects and the synthetic potential of this
methodology are under investigation in our laboratory.
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(14) The diethyl ester analogous to24awas reported by Ichihara et al.,9a

who wrongly attributed its preparation to Brannock et al.8

Figure 3. Calculated minimum steric energies (kJ mol-1) of the
1,4-cisdiastereoisomers of16 and17 (Macromodel 8.0, MM3).
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