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Expeditious ‘On-Water’ Cycloaddition between N-Substituted Maleimides

and Furans
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Abstract: Cycloaddition reactions between N-alkyl and N-aryl-
substituted maleimides and furan derivatives have been carried out
using the ‘on-water’ methodology. Transformations are faster and
products can easily be isolated by simple workup protocols, often in
quantitative yields.
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Synthetic organic chemistry is currently experiencing nu-
merous innovations to develop environmentally friendly
procedures that avoid the use of toxic or hazardous re-
agents, leading to safer and more efficient protocols. This
so-called ‘green chemistry’ takes into account economic
and ecological considerations, such as energy consump-
tion, atom efficiency, and sustainability of chemical pro-
cesses.! In this context, considerable research is devoted
to alternative reaction media, such as solvent-free condi-
tions, ionic liquids, or water, to reduce or eliminate the use
of traditional organic solvents and the processing thereof.
Among these options, the use of water as the supporting
medium for a reaction opens up new and advantageous
ways to perform organic transformations. By using this
methodology, there have been in the last decades numer-
ous reactions which not only have shown remarkable in-
creases in both rates and yields when compared with the
same processes in common organic solvents, but also they
were more chemo-, regio-, and enantioselective; thus in-
creasing the importance of those reactions performed in
aqueous media.?

Sharpless et al.? coined the term ‘on-water’ reactions for
those processes involving water-insoluble reactants in
which a vigorous stirring of the reaction medium gener-
ates aqueous emulsions or suspensions in the absence of
organic cosolvents. From an environmental point of view,
this methodology where water plays the roles of reaction
medium and catalyst is one of the most recent and prom-
ising innovations in organic synthesis.*

Literature reports about organic reactions that occur ‘on
water’ are rapidly growing in number and this area has
been reviewed.’ Pericyclic reactions, such as Diels—Alder
cycloadditions, are among the most frequently cited,
probably because these processes were the first for which
substantial changes in selectivities and accelerations were
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described on moving from organic solvents to aqueous
conditions.®’

The Diels—Alder cycloaddition plays a key role in synthe-
ses of cantharidin (1) and norcantharidin (2, Figure 1), as
well as some of their derivatives; those two compounds
have similar biological activity, the former being the most
effective ingredient in the preparation of several healing
products used in ancient Chinese medicine and against
certain malignant tumors worldwide. Some derivatives of
exo-5,6-dehydronorcantharidin (3) also exhibit pharma-
cological activity.® Currently, the use of these compounds
in clinical practice is replacing cantharidin due to their
lower toxicity and greater ease of synthesis.’
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Figure 1 Pharmacologically active cantharidin (1) and related prod-
ucts

The unsaturated oxabicycle 3 is the immediate precursor,
via 2, of a series of norcantharimides 4, which have shown
moderate to good cytotoxicity in anticancer evaluation,'®
as well as good antiplasmodial activity.!! The presence of
the imide moiety is a structural requisite for several im-
portant bioactive molecules showing antitumor, antiviral,
analgesic, sedative, and fungicide properties.”™'? Herein
we report highly efficient Diels—Alder reactions between
furan derivatives and three maleimides, by using the envi-
ronmentally benign ‘on-water’ protocol.

Reactions between N-phenyl-, N-ethyl-, and N-tert-butyl-
maleimides (5a—c) with furan, 2-methylfuran, and 2,5-di-
methylfurans (6a—c) were carried out either at ambient
temperature or at 65 °C. In all cases, the reagents were in-
soluble or only slightly soluble in water, forming an aque-
ous suspension after vigorous magnetic stirring. An
excess of furan or derivatives were used to dissolve the
solid maleimides 5a and 5b, whereas stoichiometric
amounts of the same furans were employed with liquid
maleimide S¢. Under both temperature conditions, N-phe-
nyl- and N-ethylmaleimides (5a and Sb) afforded mix-
tures of the corresponding endo- and exo-Diels—Alder
adducts 7-12 (Scheme 1 and Table 1) in quantitative
yields, although for Se, the yields are of product obtained
after achieving equilibrium at 25 °C. With the exception
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5a, R' = Ph 6a, R?=R%=H
5b, R' = Et 6b, R2=H, R®= Me
5¢, R' = t-Bu 6c, R2=R%=Me

Scheme 1

of the cycloaddition between 5¢ and 9, reaction times
were shorter at 65 °C.

Table 1 Diels—Alder Reactions between Furans 6a—c, 9 and Ma-
leimides 5a—¢(*"]

Imide Diene Time Yield Product(s) Ratio
(h)y®P (%)*? endolexo
5a 6a 3.0° quant.*® 7a/7bl*4 1.6:12
6b 1.5° quant.>® 8a/8b 1.6:1°
6¢ 0.6 quant.®® 9a/9b 1.3:12
9 0.3 quant.*® 16a2¢! 0:1°
1.0? 5:12
0.5° 1.2:1°
1.52 0:12
0.25° 0:1°
5b 6a 3.0° quant.*® 10a/10b 6:1°
6b 1.0° quant.>® 11a/11b 1.4:1°
6¢ 2.5 quant.®® 12a/12b 1.5:1°
9 1.0° quant.*® 19b27! 1:1.7°
0.6* 6.5:12
0.25° 3.5:1°
0.452
0.25°
5c¢ 6a 512 38¢ 13a/13b[>! 1:1.6*
6b 26° 37° 14a/14b 0:1°
6¢ 512 61¢ 15a/15b 1.8
9 23b 56°¢ 20¢/21¢8 0:1°
1.32 82°¢ 2.3:12
1.0 30P 1:2.5°
0.6* 37¢ 2:12
1.0° 37° 0:1°

2 Results from reactions at r.t.

b Results from reactions at 65 °C.

¢ Incomplete reactions: conversion rates are calculated when equilib-
rium is reached.

At 25 °C, the adducts from olefins 5a or Sb were predom-
inantly endo, whereas an increase in exo adducts was ob-
served when the cycloadditions were carried out at 65 °C.
At this temperature, only the exo products 8b, 13b, and
14b were formed in the cycloadditions of 5a and 6b, 5c¢
and 6a, or Sc and 6b, respectively.

Synlett 2014, 25,2179-2183

LETTER
o R? OR O
o
/ +
= / N—R!
N R3
\R1 O
o
R! R2 R3
7a Ph H H 7b
8a Ph H Me 8b
9a Ph Me Me 9b
10a Et H H 10b
11a Et H Me 11b
12a Et Me Me 12b
13a t-Bu H H 13b
14a t-Bu H Me 14b
15a t-Bu Me Me 15b

Compound exo-11b was prevalent in the mixture of
11a/11b. This behavior could be explained by considering
that the exo adducts are compounds of thermodynamic
control. It should be noted that 7b and 8b were obtained
quantitatively; thus, the former was resulting from heating
the mixture of 7a + 7b at 95-100 °C, whereas the latter
was obtained directly from the cycloaddition at 65 °C. The
imide-oxabicycle 7b has been used as starting material for
the preparation of perhydroisoindoles showing broad
pharmacological activity."> Adducts 7a, 8a, 9a,b, 10a,
11b, and 12a were isolated in pure form by preparative
thin-layer chromatography, having been used compounds
10a and 10b as monomers in the alternating copolymer-
ization with cyclooctene, via ring-opening metathesis of
copolymers with polar tailorable functionalities linked by
nonpolar spacers.'* Similarly, the treatment of furans 6a—
¢ with N-tert-butylmaleimide (5¢) led to the correspond-
ing cycloadducts as endo—exo mixtures, from which
13a,b, 14b, and 15a,b could be isolated by PTLC.

The outcomes of the reaction between furfural N,N-di-
methylhydrazone (9) and maleimides Sa—c (Scheme 2 and
Table 1) were different from those described above. Thus,
either at room temperature or at 65 °C, the treatment of 9
with Sa led quantitatively to the exo adduct 16a, whereas
with 5b the phthalimide 19b was exclusively obtained
and, in the case of Sc, the product consisted of a mixture
of 20c¢ and 21e¢.

Heating of an aqueous suspension of 16a in water at 95—
100 °C for 50 minutes gave phthalimide 17a in 94% yield.
The conversion of 18b into 19b proceeded spontaneously
under the reaction conditions at 25 °C for 27 minutes or
by heating either at 65 °C for 15 minutes.

Treatment of hydrazone 9 with N-tert-butylmaleimide
(5¢) yielded a 2:1 mixture of cycloadduct 20c and
phthalimide 21c¢ (Table 1); however, after stirring for six
hours at room temperature, the ratio 20¢/21c became
1:6.1. When this reaction was performed at 65 °C, only
phthalimide 21¢ was obtained. We propose that the for-
mation of phthalimides through ring opening of exo-7-0x-
abicycle followed by dehydration is aided by electron
donation from the hydrazono substituent assisting in the
rupture of the oxygen bridge;'> however, no cycloadduct
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Scheme 2 ‘On-water’ cycloadditions between maleimides Sa—c and furfural N,N-dimethylhydrazone (9)

18b could be detected by '"H NMR analysis of the reaction
mixture of 9 and Sb.

It should be noted that the ‘on-water’ reaction between
furfural N,N-dimethylhydrazone (9) and maleimide (5a)
led quantitatively to exo adduct 16a. The structure of the
latter is of great interest either in itself or as immediate
precursor of products with potential biological activity;'?
furthermore, phthalimides 17a, 19b, and 21c¢ are closely
related to compounds which are useful for preventing or
treating diseases or conditions related to an abnormally
high level or activity of tumor necrosis factor o in mam-
mals.!6

In order to highlight the improvements we have achieved
by using the ‘on-water’ methodology, a comparison fol-
lows between our results and those reported in previous
syntheses for some of the products described herein or
other with similar structures. Thus, the reaction between
N-phenylmaleimide (5a) and furan 6a has been de-
scribed!” by dissolving the maleimide in furan, without
any additional organic solvent; the mixture was allowed to
stand for at least 20 hours and, after ten days, crystalliza-
tion of adducts 7a and 7b took place as a mixture that was
filtered and washed with diethyl ether (88% yield, 36:64
respective ratio). The same reaction was conducted in
solutions in diethyl ether, in benzene, or in CDCl;; in the
latter case, the process was monitored by 'H NMR and
gave 86% conversion after seven days at 0 °C, with an
exo—endo ratio of 36:49; 89% conversion after seven days
at room temperature, with an exo—endo ratio of 48:41 and
91% conversion after 20 days at room temperature, with
an exo—endo ratio of 68:23 (equilibrium ratio). In addi-
tion,'® the solventless reaction between Sa and 6a on K10
montmorillonite at 0 °C for 24 hours gave 85% of a 1.3:1
mixture of 7a and 7b and, when additional microwave ir-
radiation was used, 80% of the same mixture of adducts
was produced after 15 minutes (1.5:1 ratio). No pure prod-
ucts were isolated.

Products from reactions involving stoichiometric quan-
tities of 2-substituted furans and N-propyl, N-isobutyl,
N-phenyl, or N-tert-butylmaleimides have been used as
model compounds for the preparation of polymers.!° The
processes were carried out at 55 °C for 24—48 hours, in
chloroform, the products being purified by silica gel col-
umn chromatography.

© Georg Thieme Verlag Stuttgart - New York

The cycloaddition of Sa and 6b has been described at
room temperature for 24 hours, in a 4:1 mixture of tolu-
ene—benzene, under 11 kbar pressure. The product was
obtained in 85% yield, as a 1:1.6 mixture of 8a/8b.?°

The reaction of N-phenylmaleimide (5a) with 2,5-dimeth-
ylfuran (6¢) occurred in 90 minutes at 0 °C on K10 mont-
morillonite and in the absence of organic solvents;'® the
product was obtained in 77% yield, as a 2.3:1 mixture of
9a and 9b. When microwave irradiation was used, the
same mixture of adducts was produced quantitatively af-
ter 15 minutes (2.3:1 ratio). No pure products were isolat-
ed.

A recent patent reported?! two Diels—Alder reactions of
N-maleimide propionic acid and N-(2-hydroxyethyl)ma-
leimide with 2,5-dimethylfuran, leading to 3.5:1 and 4:1
mixtures of exo/endo adducts 22b/22a and 23b/23a, re-
spectively (Figure 2). In the first case, the yield was quan-
titative after stirring for six hours in acetonitrile at 60 °C;
whereas in the second case no yield was reported, the re-
action being carried out in the same solvent under argon
at 65 °C overnight. All of the four adducts could be isolat-
ed in pure form.

o R? O R O
0
/4 i N—R'
R R
N\R1 o
o]
R1 RZ RS
22a CH,CH,COOH Me Me 22b
23a CH,CH,OH Me Me 23b
24a Me H H 24b

Figure 2 Structures for cycloadducts 22a—24b

The cycloaddition between N-methylmaleimide and furan
has been described in refluxing benzene?? for 15 hours, af-
fording 24a and 24b as a mixture that crystallized from di-
ethyl ether (96% yield, ratio 3:2). When the same process
was carried out in tetrahydrofuran at room temperature for
48 hours, the endo-adduct 24a was isolated in 61% yield
by fractional crystallization from the mixture of the ad-
ducts.?

The reaction of N-ethylmaleimide (5b) with hydrazone 9
has been reported'® under stirring for 16 hours in chloro-
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form at room temperature, resulting in 90% of solid
phthalimide 19b after extraction with diethyl ether. No 'H
NMR signals were detected for a hypothetical adduct pre-
cursor of this compound. Analogues of 19b, with (2,6-di-
oxopiperidin-3-yl) as a substituent on the imide nitrogen
have synthesized in a two-step thermal reaction for eight
hours with solvent and catalyst.'®

In conclusion, the results described in this paper show that
the use of the ‘on-water’ protocol clearly improves previ-
ously reported procedures in one or more of the following
aspects: no organic solvent as the reaction medium or
during workup is required; no catalyst is needed; reaction
times are shorter; yields are higher; the protocol is safer
and more energy economical; and reaction conditions are
milder. Therefore, this protocol meets the requirements to
be considered ‘green chemistry’.
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General Procedure for Cycloadditions between N-
Phenyl- or N-Ethylmaleimides Sa,b and Furans 6a—c

A) In a 10 mL round-bottom flask the maleimide (ca. 0.5 g)
was dissolved in the minimum quantity of furan 6a—c (0.5—
1.7 mL); H,0 (3 mL) was added, and the resulting mixture
was subjected to vigorous magnetic vigorous at 25 °C. After
the time specified in Table 1, '"H NMR spectroscopic
analysis and TLC (EtOAc—hexane, 1:1) revealed the absence
of starting materials and appearance of the respective
cycloadducts. The products either immediately precipitated,
from the reaction medium or after overnight storage in the
refrigerator, and were filtered and washed on the filter with
cold H,O. In the case of reaction between 5b and 6b, the
reaction mixture was diluted with brine (5 mL), extracted
with CH,Cl, (3 x 5 mL), the combined extracts dried over
MgSO,, filtered, and evaporated to afford an oil that
crystallized after 24 h into the freezer. Then, the solid was
collected by filtration and washed on the filter with cold
H,0.

Yields were quantitative and, in all cases, analytically pure
samples of each one of the adducts could be isolated by
preparative TLC. The exo adduct 7b was the only product
obtained after refluxing an aqueous suspension of a mixture
of 7a and 7b for 45 min.

B) Following the same procedure above, reactions were
complete after stirring at 65 °C for times specified in Table
1. Then, the adducts, which precipitated in the reaction
mixture, were filtered and collected as indicated above.
General Procedure for Cycloadditions between N-tert-
Butylmaleimide 5¢ and Furans 6a—c

In a 10 mL round-bottom flask, N-tert-butylmaleimide (5c,
0.2 mL, 1.38 mmol) was mixed with an equimolar quantity
of the furans 6a—c (0.10-0.15 mL), H,O was added (3 mL),
and the resulting suspension was subjected to magnetic
vigorous stirring at 25 °C. After times specified in Table 1,
"HNMR and TLC (EtOAc-hexane, 1:2) analyses showed no
further progress of the reaction with the mixture still
containing unreacted starting materials. Except for the
reaction between Sc¢ and 6a, the products precipitated and
were collected by filtration and washed on the filter with
cold H,O. In this case, workup of the reaction mixture was
the same as indicated in ref. 24. Adducts 13a and 13b were
separated by preparative TLC.
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1-[(E)-2,2-Dimethylhydrazono]-7-oxabicyclo[2.2.1]hept-
5-ene-2,3-exo-dicarboxy-N-phenylimide (16a) and 4-
[(E)-2,2-Dimethylhydrazono]-2-phenylisoindoline-1,3-
dione (17a)

Following the two methods A and B as described above,
cycloaddition of N-phenylmaleimide (5a) and furfural
N,N-dimethylhydrazone (9) led quantitatively to adduct 16a
as a yellow solid that was filtered and washed on the filter
with cold H,O. By refluxing a suspension of 16a (0.85 g) in
H,0 (25 mL) for 50 min, this compound was converted
quantitatively into phenylisoindoline 17a, isolated by
filtration as an yellow-orange solid and recrystallized from
EtOH.
4-[(E)-2,2-Dimethylhydrazono]-2-ethylisoindoline-1,3-
dione (19b)

Following methods A and B as described above, treatment of
N-ethylmaleimide (5b, 0.4 g, 3.20 mmol) and furfural N,N-

© Georg Thieme Verlag Stuttgart - New York
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29

dimethyl hydrazone (9, 0.5 mL, 3.77 mmol) led
quantitatively to ethylisoindoline 19b as a solid that was
filtered and washed on the filter with cold H,O.
1-[(E)-2,2-Dimethylhydrazono]-7-oxabicyclo[2.2.1]hept-
5-ene-2,3-exo-dicarboxy-N-tert-butylimide (20c) and 4-
[(E)-2,2-Dimethylhydrazono]-2-tert-butylisoindoline-
1,3-dione (21¢)

Following the general procedure above described for the
reactions of furans with N-tert-butyl maleimide (5c),
treatment of the latter compound (0.2 mL, 1.38 mmol) with
furfural N,N-dimethylhydrazone (9, 0.185 mL, 1.39 mmol)
led to an equilibrium mixture (see Table 1) from which 37%
yield of the title compounds were isolated by filtration and
washing on the filter with cold H,O.

For "H NMR and '*C NMR spectra of all compounds see the
Supporting Information.
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