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ABSTRACT: Organocatalysis in a confined space has been performed through encapsulation of a proazaphosphatrane
superbase in a hemicryptophane host. The resulting catalyst displays good to high catalytic activity in the base-catalyzed Diels−
Alder reactions investigated. A comparison with the model superbase, which lacks a cavity, shows much higher diastereomeric
excess with the encaged proazaphosphatrane for the reaction of 3-hydroxy-2-pyrone with N-methylmaleimide. The use of an
encaged superbase as organocatalyst is unprecedented and highlights how the confinement may impact the stereoselectivity.

■ INTRODUCTION

Because of their high activity and selectivity, enzymes have been
a source of inspiration for supramolecular catalysis.1−13 The
peculiar confined environment induced by the cavity around
the substrate should provide a structural preorganization that
can stabilize a transition state and ensure the desolvation of the
guest molecule. The design of such nanoreactors appears very
promising to develop new catalytic processes. Molecular
capsules allowing encapsulation of a substrate in a restrained
space have already been described as reaction vessels for
chemical transformations.3 The specific size, shape, and
chemical environment of the confined nanospace induce new
activities and selectivities by imposing specific orientation and
conformation of the guest molecule. Nevertheless, there are
only few examples of molecular containers dealing with the
encapsulation of a reactive center (either organic or metallic)
through the endohedral functionalization of the molecular
host.14,15

Among the host structures presenting an endohedral
functionalization, hemicryptophanes appear as good candi-
dates.16 For instance, the introduction of an oxidovanadium or
a zinc metal center has led to highly active supramolecular
catalysts for the oxidation of sulfide to sulfoxide or the
hydrolysis of methyl para-nitrophenyl carbonate.17−19 In
particular, it was shown that both catalysts displayed higher
rate constants than their related models without a cavity. The
insertion of a Cu(II) ion in the hemicryptophane structure was

also described, and the resulting catalyst was applied in C−H
oxidation reactions.20

Recently, we have reported the synthesis of the hemi-
cryptophane-capped proazaphosphatrane 1 as a potential
supramolecular organocatalyst (Figure 1).21,22 Proazaphospha-
tranes, often named Verkade’s superbases (pKa ≈ 32), belong
to the class of nonionic strong bases combining phosphorus
and nitrogen atoms23,24 and are now broadly used as basic or
nucleophilic catalysts in organic reactions, including trans-
esterification, allylation, silylation, and elimination.25−36 It was
found that the confinement of the organocatalyst in a
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Figure 1. Supramolecular superbase 1 and the corresponding model 2.
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hemicryptophane structure affects the pKa values of the
proazaphosphatranes. The increase or decrease of the super-
basic character of the compounds, when compared to their
open-faced model molecules, strongly depends on the hemi-
crytophane structure. Moreover, the encapsulation of the
phosphorus moiety also dramatically impacts the rate of proton
transfer. Because of this remarkable change in reactivity
induced by the confinement of the active site, we decided to
investigate further the catalytic activity of such supramolecular
superbases. Herein, we report the first use of an encaged
Verkade’s superbase as a basic organocatalyst. Comparison with
the model compound, which lacks a cavity, in a base-catalyzed
Diels−Alder reaction showed that the confinement strongly
improved the diastereoselectivity, favoring the endo adducts.

■ RESULTS AND DISCUSSION
The Diels−Alder reaction, which allows the simultaneous regio-
and stereoselective formation of two carbon−carbon bonds, is
one of the most powerful reactions in organic synthesis. A
supramolecular approach based on molecular recognition using
nanoreactors has been reported to improve very efficiently the
rate and the selectivity of this reaction.37−39 The design of
systems capable of catalyzing cycloaddition between anthrone
[9-(10H)-anthracetone] and dienophiles is of continuous
interest since anthrone can act as a protecting group for a
wide range of olefins.40−42 Thus, the reactivity of the
supramolecular (1) and model (2) proazaphosphatrane-based
catalysts was first examined in the base-catalyzed Diels−Alder
reaction of anthrone with two electron-deficient dienophiles,
namely, N-methylmaleimide and dimethylfumarate (Scheme
1).

Reactions were carried out in THF at room temperature with
an equimolar mixture of anthrone and the corresponding
dienophile in the presence of 1 mol % of catalyst. Under these
conditions, the cycloadducts 3 and 4 were the only products
obtained (no Michael adduct was detected). Both compounds
1 and 2 are efficient catalysts, leading to high and comparable
yields, much higher than those obtained with the triethylamine
(NEt3) reference catalyst (Table 1).
To compare more accurately the catalytic activity of 1 and 2,

the time course for the Diels−Alder reaction of anthrone with
dimethylfumarate, in the presence of 1 or 2, was followed by

NMR spectroscopy. The reaction between anthrone and the
very reactive dienophile N-methylmaleimide was too fast to
allow for accurate monitoring (the reaction was completed in
less than 10 min). The results are shown in Figure 2. The rate

constant was found to be 2-fold lower with the supramolecular
catalyst 1 than with the model 2 (k(2)/k(1) = 2.2).
Interestingly, the decrease in activity imposed by the confine-
ment is much lower for this reaction than that previously
observed for the rate of protonation of the proazaphosphatrane
moiety in acetonitrile, which was found to be 100 times lower
with the encapsulated species than with the model compound.8

This constitutes a key point in the development of supra-
molecular catalysts based on encaged Verkade’s superbases,
since (i) a decrease of reactivity similar to that previously
observed for the proton transfer would strongly limit the
interest of such systems, and (ii) this supramolecular catalyst
does not suffer from product inhibition,43 highlighting the
relevance of designing more efficient encaged catalysts, based
on hemicryptophane structures.
Given the efficiency of our system for the cycloaddition of

anthrone with dienophiles, we then investigated the Diels−
Alder reaction of 3-hydroxy-2-pyrone with N-methylmaleimide
and dimethylfumarate (Scheme 2). This reaction is known to
be an attractive method to access a wide variety of functional
cycloadducts that can be used as building blocks, after
decarboxylation, for the synthesis of polyoxygenated natural
products.44,45 Moreover, this reaction leads to the formation of
endo and exo diastereomeric products, allowing the study of the
stereoselectivity of the reaction with respect to the confinement
of the active site. The reactions were performed under the same
conditions than those described above: 1:1 diene-to-dienophile
molar ratio, room temperature, THF as solvent, and 1 mol % of
catalyst. Two main conclusions can be drawn from Table 2.

Scheme 1. Diels−Alder Reaction of Anthrone with (a) N-
Methylmaleimide and (b) Dimethylfumarate

Table 1. Diels−Alder Reaction between Anthrone and N-
Methylmaleimide or Dimethylfumarate in the Presence of
Catalysts 1, 2, or NEt3

yields (%)a

catalyst 3 4

− <1 <1
1 95 100
2 100 95
NEt3 38 3

aYields were determined from NMR spectra using 2,4-dibromomesi-
tylene as internal reference.

Figure 2. Time course of the Diels−Alder reaction between anthrone
and dimethylfumarate catalyzed by 1 and 2 (THF, T = 298 ± 1 K, 1
mol % of catalyst).
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First, an important difference between the two catalysts is
observed; the model 2 is able to perform this reaction
efficiently with both substrates, and high yields are obtained in
less than 10 min (99% and 95% yields for N-methylmaleimide
and dimethylfumarate, respectively). In contrast, the supra-
molecular catalyst 1 displays a catalytic activity, which is
substrate-dependent. A quantitative yield is achieved with N-
methylmaleimide as dienophile, whereas no reaction occurs
with dimethylfumarate. The confinement of the organocatalyst
in a deep and narrow cavity combined with steric hindrance of
the trans-dimethylfumarate could account for this result. This
highlights that encaging the Verkade’s superbase induces an
improvement of its ability to carry out substrate-dependent
reactions. Second, both catalysts display quantitative yields for
the reaction between 3-hydroxy-2-pyrone and N-methylmalei-
mide, but a much higher diastereomeric excess is observed with
the supramolecular catalyst than with the corresponding model
(77% and 43%, respectively, both in favor of the 5-endo
product). This is in agreement with previous reports that
suggest that a catalyst presenting a deep and narrow cavity
should favor endo control of the reaction.46,47 Moreover, large
active sites allow various transition-state geometries, whereas a
catalyst encaged in a tight space can limit them, thus favoring
the more compact ones and leading to an overall improvement
of the selectivity. This constitutes an important step in the
development of encaged catalysts based on the hemi-
cryptophane structure. Not only the yields and catalytic
activities are only slightly altered by the confinement of the
active site, but the encapsulation of the organocatalyst also
improves the stereoselectivity of the Diels−Alder reaction.
Furthermore, these results show that the space above the basic

phosphorus center strongly affects the substrate and stereo-
selectivity of the reaction, suggesting that a partial encapsula-
tion of at least the activated diene occurs during the reaction.
This is also supported by the low polarity and acidity of the
solvent (THF): the deprotonation of the diene by the
Verkade’s superbase has to take place inside the cavity, giving
a tight ion pair; then, the anionic diene reacts with the
dienophile, this latter being probably not trapped inside the
cavity.

■ CONCLUSION
In summary, we have reported on the unprecedented use of an
encaged proazaphosphatrane superbase as an efficient organo-
catalyst in two base-catalyzed Diels−Alder reactions. High
yields were obtained with both the model and the supra-
molecular catalysts. The catalytic activity in the confined space
of the hemicryptophane cage remains very close to that of the
uncapped proazaphosphatrane. Interestingly, the diastereose-
lectivity of the Diels−Alder reaction can be improved by
encaging the catalytic species. This emphasizes the relevance of
the hemicryptophane structure to design highly effective
supramolecular catalysts, since, depending on the reaction
and the catalytic site considered, such an encapsulation could
enhance the reaction rate, the stability of the catalyst, or the
selectivity.

■ EXPERIMENTAL SECTION
Methods and Materials. All manipulations were conducted at

298 K, under an inert atmosphere or vacuum conditions using Schlenk
techniques, including the transfer of the catalysts to the reaction vessel.
The solvents were dried using standard methods and stored over 4 Å
activated molecular sieves. Anthrone, dimethylfumarate, N-methyl-
maleimide, and 3-hydroxy-2-pyrone were purchased from commercial
suppliers. Compounds 1 and 2 were synthesized as previously
reported.21 The endo and exo isomers obtained in the Diels−Alder
reactions of 3-hydroxy-2-pyrone with N-methylmaleimide were
assigned according to the literature.49

Cycloaddition of 3-Hydroxy-2-pyrone and N-Methylmalei-
mide. In a 10 mL round-bottom flask, 3-hydroxy-2-pyrone (30 mg,
0.268 mmol), dibromomesitylene (as an internal standard), superbase
catalyst (1 mol %), and THF (1 mL) were successively added. Then,
N-methylmaleimide (30 mg, 0.270 mmol) was added, and the reaction
was allowed to proceed. After 15 min of stirring, a solution of 4 M HCl
in 1,4-dioxane (0.005 mL) was added in order to quench the reaction.
Volatiles were reduced in vacuo, and the final solid residue was

Scheme 2. Diels−Alder Reaction of 3-Hydroxy-2-pyrone with (a) N-Methylmaleimide and (b) Dimethylfumarate

Table 2. Diels−Alder Reaction between 3-Hydroxy-2-pyrone
and N-Methylmaleimide or Dimethylfumarate with Catalysts
1 and 2

dienophile catalyst compound (%)a de (%)b

dimethylfumarate 2 6 (95) 20
dimethylfumarate 1 6 (<1)
N-methylmaleimide 2 5 (99) 43c

N-methylmaleimide 1 5 (100) 77c

aYields were determined from NMR spectra using 2,4-dibromomesi-
tylene as internal reference. bDiastereomeric excesses were determined
by NMR. cThe major product is 5-endo.48
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dissolved in DMSO-d6 to allow the estimation of the reaction yield via
NMR quantification. The 1H NMR displays the characteristic signals
for 5-endo and 5-exo: 1H NMR of 5-endo (250 MHz, DMSO-d6): 6.51
(br d, J = 8.1 Hz, 1H), 6.42 (dd, J = 4.8, 8.1 Hz, 1H), 5.59 (dt, J = 1.8,
4.8 Hz, 1H), 3.95 (br s, 1H), 3.77 (dd, J = 4.8, 8.1 Hz, 1H), 3.13 (d, J
= 8.1 Hz, 1H), 2.97 (s, 3H). 1H NMR of 5-exo (250 MHz, CDC13):
6.60−6.51 (m, 2H), 5.60−5.67 (m, 1H), 3.92 (br s, 1H), 3.27 (dd, J =
2.2, 9.2 Hz, 1H), 3.20 (d, J = 1H, 9.2 Hz), 2.99 (s, 3H). The
stereochemistry was assigned according to the literature.48

Cycloaddition of 3-Hydroxy-2-pyrone and Dimethylfuma-
rate. In a 10 mL round-bottom flask, 3-hydroxy-2-pyrone (30 mg,
0.268 mmol), dibromomesitylene (as an internal standard), superbase
catalyst (1 mol %), and THF (1 mL) were successively added. Then,
dimethylfumarate (39 mg, 0.270 mmol) was added, and the reaction
was allowed to proceed. After 15 min of stirring, a solution of 4 M HCl
in 1,4-dioxane (0.005 mL) was added in order to quench the reaction.
Volatiles were reduced in vacuo, and the final solid residue was
dissolved in CDCl3 to allow the estimation of the reaction yield via
NMR quantification. The 1H NMR displays the characteristic signals
for 6-endo and 6-exo: 1H NMR (500 MHz, CDC13) δ (ppm) 6.54−
6.52 (m, 1 H), 6.50−6.45 (m, 2H), 6.42−6.40 (m, 1H), 5.56−5.55 (m,
1H), 5.49−5.47 (m, 1H), 3.78 (s, 3H), 3.75 (s, 3H), 3.74 (s, 3H), 3.72
(s, 3H), 3.60 (dd, 1H, J = 5.9 Hz and J = 3.7 Hz), 3.43 (d, 1H, J = 4.7
Hz), 3.26 (d, 1H, J = 5.9 Hz), 3.20 (dd, 1H, J = 4.5 Hz and J = 1.6
Hz).
Cycloaddition of Anthrone and N-Methylmaleimide. In a 10

mL round-bottom flask, anthrone (25 mg, 0.129 mmol), dibromome-
sitylene (as an internal standard), and superbase catalyst (1 mol %)
were successively added. The round-bottom flask was put in an ice
bath, and THF (1.2 mL) was added before stirring the whole mixture.
Then, N-methyl maleimide (14.3 mg, 0.130 mmol) was added, and the
reaction was allowed to proceed. After 10 min of stirring, a solution of
4 M HCl in 1,4-dioxane (0.005 mL) was added in order to quench the
reaction. Volatiles were removed in vacuo, and the final solid residue
was dissolved in CDCl3 to allow the determination of the reaction
yield via NMR quantification.
The 1H NMR displays the characteristic signals for 3: 1H NMR

(250 MHz, CDC13) δ (ppm) 7.47 (d, 1H, J = 7.5 Hz), 7.68 (d, 1H, J =
7.5 Hz), 7.36 (d, 1H, J = 7.5 Hz), 7.21 (m, 5H), 4.71 (d, 1H, J = 3.5
Hz), 4.48 (s, 1H), 3.31 (dd, 1H, J = 8.5, 3.5 Hz), 2.50 (s, 3H).42

Cycloaddition of Anthrone and Dimethylfumarate. In a 10
mL round-bottom flask, anthrone (25 mg, 0.129 mmol), dibromome-
sitylene (as an internal standard), and superbase catalyst (1 mol %)
were successively added, followed by THF (1 mL). Then,
dimethylfumarate (18.6 mg, 0.129 mmol) was added, and the reaction
was allowed to proceed. After 1 h, a solution of 4 M HCl in 1,4-
dioxane (0.005 mL) was added in order to quench the reaction.
Volatiles were removed in vacuo, and the final solid residue was
dissolved in CDCl3 to allow the estimation of the reaction yield via
NMR quantification. The 1H NMR displays the characteristic signals
for 4: 1H NMR (250 MHz, CDC13) δ (ppm) 7.66 (d,1H, J = 7.5 Hz),
7.53 (d, 1H, J = 7.5 Hz), 7.32 (d, 1H, J = 7.0 Hz), 7.21 (m, 3H), 7.13
(m, 2H), 5.30 (s, 1H), 4.67 (d,1H, J = 3.0 Hz), 3.65 (s,3H), 3.58 (9,
3H), 3.46 (d, 1H, J = 5.0 Hz), 3.42 (dd, 1H, J = 5,3 Hz).42

The reaction was monitored by taking 0.1 mL aliquots from the
reaction mixture. A few drops of a 4 M HCl solution in 1,4-dioxane
were added to this sample in order to quench the reaction. Volatiles
were removed in vacuo, and the final solid residue was dissolved in
CDCl3 to allow the estimation of the reaction yield via NMR
quantification. The ratio of the rate constants is given by the ratio of
the slopes at short times of the curves displayed in Figure 2.
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