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Introduction

The constant inspiration from nature in the development of
more efficient and selective artificial enzymes has spurred the
implementation of supramolecular interactions in homogene-
ous catalysis. Enzymes are extremely complex macromolecular
catalysts in which the substrate is surrounded by the peptide
chain in proximity to the active site. The mimic of this high
surface interaction in homogeneous catalysts poses the prob-
lem of complex and tedious synthesis of new catalysts endow-
ed with supramolecular features. A possible approach consists
in the employment of self-assembling artificial supramolecular
catalysts for which the functionalities installed in the subunits
allow the formation of sufficiently large cavities featuring sub-
strate recognition as well as catalytic activity.[1–3] Hence, supra-
molecular catalysis is growing as a new cross discipline that
points at implementing weak intermolecular forces[4] in artifi-
cial catalysts to achieve high activity and product and sub-
strate selectivity.[5] An important differentiation exists between
supramolecular catalysts operating in water and those operat-
ing in organic media. In the former medium, a wide range of
host structures with catalytic performance have been devel-
oped in recent times, in particular calixarene-like and capsule-
like unimolecular or self-assembled supramolecular catalysts.[3, 5]

The most important driving force favoring reactivity in water is
the hydrophobic effect that promotes encapsulation of the

substrates and eventually their reaction. In organic media this
cannot occur and other weak intermolecular forces as well as
size effects and packing coefficient effects[6] are dominant to
promote catalysis within confined spaces.

Among possible host structures, resorcin[4]arene 1[7] with
long alkyl chains is an easily prepared building block that in
apolar, water-saturated solvents such as chloroform and ben-
zene spontaneously self-assembles above micromolar concen-
trations to form hexameric capsule 16·8 H2O held together by
60 hydrogen bonds (Scheme 1). The assembly presents
a cavity with a volume of approximately 1375 �3 that can ac-
commodate from six to eight chloroform or benzene solvent
molecules.[8] Resorcin[4]arene is a beautiful supramolecular
nanometric object that has been studied for a long time for its
ability to host species through two distinctive processes. Cat-
ionic guests such as organic ammonium and phosphonium
ions[9] or metal species[10] can be encapsulated and stabilized
through cation–p[11] interactions with the electron-rich concave
aromatic internal surfaces of the cavity. In addition, the capsule
binds species such as carboxylic acids, amino acids,[12] and alco-
hols,[13] which are often used in large molar excess.

In recent years, the hexameric capsule, thanks to its large
cavity, has started to be employed as a nanometric supra-
molecular catalyst to steer activity and selectivity. In particular,
the capsule has been shown to act as both an inhibitor encap-
sulating a photo-oxidation catalyst[14] and a stable solvation
sphere to influence product[15] as well as substrate[16] selectivity
in alkyne hydration reactions catalyzed by AuI complexes.
Zhang and Tiefenbacher demonstrated that the seam of the
hydrogen bonds of the hexamer stabilized the deprotonation
of 16·8 H2O that acted as a reasonably strong Brønsted acid
(pKa�5.5–6) and promoted substrate-selective diethyl acetal
hydrolysis as well as the Wittig reaction.[17] Recently, we dis-

Diazoacetate esters proved to be suitable neutral guests for
the self-assembled resorcin[4]arene hexameric capsule. The hy-
drogen-bonded supramolecular host catalyzed the 1,3-dipolar
cycloaddition reaction between diazoacetate esters and elec-
tron-poor alkenes such as acrolein, acrylonitrile, predominantly
trans-crotonaldehyde, trans-2-hexenal, methyl, and butyl acry-
late, which led to the corresponding 4,5-dihydro-1H-pyrazole
derivatives. The cycloaddition reaction occurred within the
cavity of the capsule. In fact, substantial inhibition of the cata-

lytic activity was observed by employing tetraethylammonium
tetrafluoroborate characterized by greater affinity for the hex-
americ capsule as a competitive guest; its presence inhibited
access of the substrates. The 1,3-dipolar cycloaddition reaction
between diazoacetate esters and acrylate esters of different
lengths showed a significant degree of substrate selectivity
owing to the encapsulation of the reagents before the cyclo-
addition reaction.
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closed that isonitriles, thanks to their carbene-like character,
are a new class of efficiently encapsulated neutral guests for
the hexamer. Moreover, as a consequence of encapsulation,
isonitriles are smoothly hydrated to the corresponding forma-
mides within the capsule.[18] This recent finding prompted us
to explore other neutral carbene-like molecules as guests to
benefit from for the catalytic effect of the capsule in promot-
ing bimolecular reactions.

In the present contribution, we report the efficient encapsu-
lation of diazoacetate esters 2 a–c as neutral substrate mole-
cules and their 1,3-dipolar cycloaddition reactions with elec-
tron-poor alkenes 3 a–f selectively leading to 4,5-dihydro-1H-
pyrazole derivatives 4 aa–cf (Scheme 1).

The reaction is likely to occur within the cavity of the capsu-
le. In fact, in the presence of tetraethylammonium tetrafluoro-
borate (5 a) as a competitive guest, substantial inhibition
of the catalytic activity was observed. The reaction between di-
azoacetate esters 2 a–c and electron-poor alkenes 3 a–f
showed a significant degree of substrate selectivity owing to
the co-encapsulation of the reagents before the cycloaddition
reaction.

Results and Discussion

Encapsulation of diazoacetates within 16·8 H2O

Encapsulation of the neutral guest ethyl diazoacetate
(2 a) was observed by its simple addition (10 equiv.)
to a solution of self-assembled capsule 16·8 H2O in
water-saturated CDCl3.

New upfield-shifted broad resonances were ob-
served in the 1H NMR spectrum in the d=�0.86 to
�1.06 ppm range, and this corresponded to an up-
field shift of Dd��2.1 ppm (Figure 1 B). The shield-
ing effect provided by the internal surface of the cap-
sule to the terminal ethyl ester moiety of the sub-
strate confirmed the uptake of the diazoacetate by
the capsule. The same results were observed with
tert-butyl diazoacetate (2 b) and benzyl diazoacetate
(2 c). The former showed a pair of major, slightly
broad singlet resonances at d=�0.50 and
�0.52 ppm, which corresponded to an upfield shift
of Dd��2.0 ppm (Figure 1 D). The latter showed
several partially overlapped resonances of the encap-
sulated substrates at d�6.4 ppm for the aromatic
moiety and at d= 3.8 ppm for the benzyl moiety
(Figure 1 F).

The encapsulation of diazoacetate neutral guests
within 16·8 H2O can be rationalized on the basis of
recent findings by our group. It was disclosed that
isonitrile molecules characterized by carbene-like
character[19] are efficiently encapsulated within
16·8 H2O[18] thanks to the stabilization imparted by the
electron-rich internal surface of the capsule. There-
fore, extension to other carbene-like neutral mole-
cules such as diazoacetate esters was expected to
occur. In fact, diazoacetate esters are well-known re-

agents that are characterized by remarkable chemical reactivity
as carbene precursors simply by loss of dinitrogen.[20, 21]

The different affinity of substrates 2 a–c for the capsule were
measured by integrating the upfield-shifted resonances of the
encapsulated diazoacetate esters in different molar ratios with
respect to the capsule. With 10 equivalents of 2 a and 2 b with
respect to the capsule, quantitative formation of one-to-one
host–guest adducts was observed, whereas for 2 c the same in-
vestigation was not possible because of overlap of the reso-
nances of encapsulated diazoacetate 2 c and those of 16·8 H2O.
With larger amounts of 2 a and 2 b, it is likely that more than
one molecule of diazoacetate per capsule could be accommo-
dated. In fact, in the presence of 20 equivalents of 2 a, an aver-
age of 1.6 molecules of this substrate was encapsulated within
the capsule, whereas for 2 b, and average of 1.8 molecules was
encapsulated, which confirmed the slightly better affinity of
the tert-butyl-substituted diazoacetate substrate with respect
to the ethyl counterpart probably because of better CH–p in-
teractions. Substrates 2 a–c were shown to be stable in water-
saturated CDCl3 both in the presence and in the absence of
16·8 H2O even at 50 8C for more than 20 h without substantial
formation of typical decomposition products such as fumarate

Scheme 1. Structures of resorcin[4]arene 1 and capsule 16·8 H2O, diazoacetate substrates
2 a–c, electron-poor alkenes 3 a–f, corresponding cycloaddition products 4 aa–cf, and
competitive guests tetraethylammonium tetrafluoroborate (5 a).
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and maleate esters.[22] 2D NMR experiments confirmed the in-
teraction between 2 b and the capsule (see the Supporting In-
formation). DOSY experiments[23] showed a drastic decrease in
the diffusion coefficient for the resonances of 2 b once encap-
sulated (signal at d��0.5 ppm) that were aligned with those
of the capsule. The NOESY experiment showed cross-peaks be-
tween the tert-butyl moiety of diazoacetate substrate 2 b and
the aromatic CH group between the two hydroxyl groups of
1 at d= 6.1 ppm. Conversely, neither acrolein (3 a) nor methyl
acrylate (3 e) provided evidence for encapsulation within
16·8 H2O either in the presence or in the absence of 2 a (see
the Supporting Information).

Dipolar cycloaddition reaction between diazoacetate esters
2 a–c and electron-poor alkenes 3 a–f promoted by 16·8 H2O

Among several different bimolecular reactions, cycloaddition
reactions and in particular Diels–Alder reactions represent
a benchmark test to investigate the effect of nanoenviron-
ments in catalysis. Cycloaddition reactions have been exten-
sively investigated in both water and organic media by using
a wide range of supramolecular unimolecular or self-assembled
hosts ranging from cyclodextrins,[24] cucurbiturils, and cavitands
to capsules.[25–28] Only one example of a Diels–Alder reaction
within a hydrogen-bonded self-assembled capsule such as
16·8 H2O has been reported thus far on the basis of a resorci-
n[4]arene bearing fluorous feet operating in a fluorous bipha-
sic system that enabled simple catalyst recycling by decanta-
tion.[29] In the latter case, the effect of the capsule could be as-
cribed to the fluorophobic effect imparted by the solvent that
forces the organic substrates to be encapsulated within the
cavity ; this results in an increased local concentration that pro-
motes the cycloaddition reaction.

Diazoacetate compounds are known to take part in atom-ef-
ficient 1,3-dipolar cycloaddition reactions with a wide range of
dipolarophiles.[30] The reaction is spontaneous at very high con-
centrations and alternatively can be catalyzed by Lewis acids
and bases as well as by Brønsted acids initially to provide 4,5-
dihydro-3H-pyrazoles as unstable intermediate species that
tautomerize to the corresponding 4,5-dihydro-1H-pyrazole iso-
mers.[31–33] The stability of such products is highly dependent
on the alkene used. It is known that decomposition can be
spontaneous or promoted by acids or bases[34] with dinitrogen
loss, and this leads to the corresponding cyclopropyl deriva-
tives (Scheme 2). Stable 4,5-dihydro-1H-pyrazoles are prepared
by acid catalysis with a,b-unsaturated aldehydes and ethyl di-
azoacetate[35] or with metal Lewis acids with other electron-de-
ficient alkenes.[36] Alternatively, they can be synthesized under
Baylis–Hillman conditions with Lewis acid and/or Lewis base
catalyzed [3+2] cycloaddition reactions.[37, 38] The enantioselec-
tive version of the reaction is also known and was applied to
a- and a,b-substituted acrolein derivatives.[39, 40]

Initially, acrolein (3 a) was selected as a rather active elec-
tron-poor alkene, and its reaction with ethyl diazoacetate (2 a)
was investigated at room temperature (Table 1, entries 1–4).
The reaction in CDCl3 was sluggish, and corresponding 4,5-di-
hydro-1H-pyrazole 4 aa was formed in only 12 % yield after
20 h. The same reaction in the presence of capsule 16·8 H2O led
to 47 % yield of 4 aa, and this is indicative of the positive effect
imparted by the capsule. To investigate whether or not the cat-
alytic effect of the capsule was due to encapsulation effects,
we repeated the experiments with capsule 16·8 H2O and added
a large excess amount of tetraethylammonium tetrafluorobo-
rate (5 a) to the system as a competitive guest for the cavity
(see the Supporting Information). Under these conditions, we
observed a marked decrease in the yield of 4 aa down to 8 %,
which indicated the need of an accessible cavity to promote
the reaction. With 5 equivalents of 5 a with respect to the cap-
sule, an average of two molecules of ammonium guest per
capsule was determined by 1H NMR spectroscopy, and under

Figure 1. 1H NMR spectra in water-saturated CDCl3 : A) ethyl diazoacetate
(2 a, 60 mm), B) 2 a (60 mm) and 1 (36 mm), C) tert-butyl diazoacetate (2 b,
60 mm), D) 2 b (60 mm) and 1 (36 mm), E) benzyl diazoacetate (2 c, 60 mm),
F) 2 c (60 mm) and 1 (36 mm), and g) 1 (36 mm). fl: encapsulated substrate
1 a–c. Diazoacetate esters 2 a–c contained a small amount (5–15 %) of CH2Cl2

as a stabilizer.
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these conditions, 4 aa was obtained in 10 % yield. With only
1 equivalent of 5 a with respect to the capsule, an average of
0.7 molecules of ammonium inhibitor was encapsulated, which
led to 28 % yield of 4 aa. Notably, the reaction between diazoa-
cetates 2 a–c and 3 a in the presence of ammonium salt 5 a
without the capsule led to the formation of the corresponding
cycloaddition products in yields of 32, 40, and 20 % for 4 aa,
4 ba, and 4 ca, respectively. This indicated that the cycloaddi-
tion reaction was actually favored by the presence of ammoni-
um species. The experimental observation is in agreement
with studies describing the favorable effect of imidazolium-
based ionic liquids[41] in the Diels–Alder reaction between cy-
clopentadiene and electron-poor alkenes such as 3 a. The acti-

vation of the reaction in that case is ascribable to interactions
of the dienophile with the imidazolium species. The observa-
tion that 5 a alone favors the reaction, whereas it is much less
active in the presence of capsule 16·8 H2O, could be explained
by considering that in the latter case, part of 5 a is trapped
within the cavity, whereas the remaining part does not pro-
mote the reaction because of possible interactions with the ex-
ternal surface of the capsule.

Moreover, to ascertain the possible activation of the reaction
by means of hydrogen bonding, the same reaction was repeat-
ed in the presence of 24 equivalents of resorcinol as an H-
bonding analogue of 16·8 H2O, and under these conditions,
4 aa was formed in 12 % yield (Table 1, entry 4). This clearly in-
dicates that, even if it is known that the reaction is sensitive to
hydrogen bonding,[35] the activation is fully displayed only in
the presence of the supramolecular hexamer operating as
a single entity.

We then extended the reaction of acrolein to diazoacetate
esters 2 b and 2 c, and we observed similar effects: 1) a marked
increase in catalytic activity moving from the uncatalyzed reac-
tion to the reaction performed in the presence of 16·8 H2O
(Table 1, entries 5 and 6 and 9 and 10); 2) a marked decrease
in the yield of the corresponding 4,5-dihydro-1H-pyrazoles
(Table 1, entries 6 and 7 and 10 and 11) if the cavity was occu-
pied by 5 a ; 3) the insufficient ability of free resorcinol to act as
a catalyst (Table 1, entries 8 and 12). Overall, these observa-
tions support the idea that the dipolar cycloaddition reaction
occurs within the cavity.

Given that the reaction is rather sensitive to the combina-
tion of substrates, we further extended the screening of the re-
action of tert-butyl diazoacetate (2 b) to other electron-poor al-
kenes such as acrylonitrile (3 b), predominantly trans-crotonal-
dehyde (3 c), and trans-2-hexenal (3 d, Table 2). In all cases, the

Scheme 2. Reaction between diazoacetate esters 2 and electron-poor alkenes 3 to form 4,5-dihydro-3H-pyrazoles as 1,3-dipolar cycloaddition products that
undergo tautomerization to the corresponding more stable 4,5-dihydro-1H-pyrazoles 4 and in some cases leads to loss of dinitrogen to form the correspond-
ing cyclopropyl derivatives.

Table 1. Catalytic tests for the 1,3-dipolar cycloaddition of diazoacetate
esters 2 a–c with acrolein (3 a) mediated by 16·8 H2O and control experi-
ments.[a]

Entry Diazoacetate 16·8 H2O 5 a Product 4 [%][b]

1 2 a � � 4 aa 12
2 2 a + � 4 aa 47
3 2 a + + 4 aa 8
4[c] 2 a � � 4 aa 12
5 2 b � � 4 ba 25
6 2 b + � 4 ba 97
7 2 b + + 4 ba 6
8[c] 2 b � � 4 ba 30
9 2 c � � 4 ca 18
10 2 c + � 4 ca 54
11 2 c + + 4 ca 5
12[c] 2 c � � 4 ca 29

[a] [1] = 36 mm, [2 a–c] = 60 mm, [3 a] = 60 mm, [5 a] = 60 mm, water-satu-
rated CDCl3 (0.5 mL), RT, 20 h. + : present; � : absent. [b] Determined by
integration of the signals in the 1H NMR spectrum. [b] [Resorcinol] =

144 mm (24 equiv. with respect to 1).
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reactions were performed at 50 8C because of the intrinsic
lower reactivity of the alkenes.[42]

The reaction with acrylonitrile (3 b) and diazoacetate 2 b led
to expected 4,5-dihydro-1H-pyrazole 4 bb with only a slight in-
crease in yield relative to that obtained in the reaction with
and without capsule 16·8 H2O, whereas ammonium competitive
guest 5 a significantly slowed down the reaction (Table 2, en-
tries 1–3). With a,b-unsaturated aldehydes such as 3 c and 3 d,
the reaction was slower than that with 3 b. In both cases, no
reaction was observed without the capsule or with ammonium
5 a as a competitive guest (Table 2, entries 4–6 and 7–9),
whereas with the capsule yields of 95 and 79 % for 4 bc and
4 bd, respectively, were observed after 48 h at 50 8C. The study
was further extended to other classes of electron-poor alkenes
and alkynes such as acrylate esters 3 e and 3 f and propiolate
ester 3 g. With methyl acrylate (3 e), decomposition products
were observed (Table 2, entry 10), whereas with 16·8 H2O,
a much cleaner and efficient reaction was observed that led
exclusively to 4,5-dihydro-1H-pyrazole product 4 be in 79 %
yield after 48 h (Table 2, entry 11). Moving to longer acrylate
ester 3 f, it was evident that the reaction without the capsule
was still not efficient, whereas in the presence of the capsule
the catalytic effect was much smaller, and the expected prod-
uct was provided in only 18 % yield. In the latter reactions,
a certain degree of substrate selectivity was observed; in fact,
the higher yield observed with the shorter acrylate ester is
probably not due to electronic effects but can be likely as-
cribed to better packing of such a smaller substrate with 3 b.

It is in fact known that for the encapsulation phenomena
good binding is observed if all guests in the cavity occupy no
more than 55 % of the available volume, which results in
a packing coefficient of 0.55, typical for most solvents.[6] In the

present case, it is evident that all capsules do not have exactly
the same composition of the encapsulated guests and that, as
a result of the large cavity, some solvent molecules are co-en-
capsulated with the reagents.

Upon extending the substrate screening to methyl propio-
late (3 g), the reaction without the capsule led to the formation
of the corresponding 1H-pyrazole in 30 % yield compared to
only 22 % yield in the presence of the capsule (Table 2, en-
tries 16 and 17). This is indicative of the higher intrinsic reactiv-
ity of this alkene towards diazoacetates, and in this case, the
presence of capsule 16·8 H2O causes inhibition of the reaction.

Conclusions

We presented an example of the spontaneous encapsulation
of diazoacetate esters within self-assembled hexameric capsule
16·8 H2O driven by the carbene-like character of this class of
compounds. In the presence of proper electron-poor alkenes
such as acrolein, acrylonitrile, a,b-unsaturated aldehydes, and
acrylate esters, the diazoacetate esters reacted within the
cavity of the capsule to form the corresponding cycloadduct
4,5-dihydro-1H-pyrazoles. The supramolecular catalysis ob-
served was a direct consequence of the encapsulation of the
diazoacetate substrates and was ascribed to a combination of
weak interactions, difficult to singularly determine, between
the substrates and the internal electron-rich surface of the re-
sorcin[4]arene moieties. The acceleration of the reaction was
inhibited by the presence of tetraethylammonium tetrafluoro-
borate, which acted as a competitive guest for the capsule.
The confined space of the cavity enabled a significant degree
of substrate selectivity in the cycloaddition reaction between
the diazoacetate esters and acrylate esters with different alkyl
chain; thus, shorter substrates of the series were favored.

Experimental Section

General

1H NMR spectra were recorded at 298 K with a Bruker Avance spec-
trometer operating at 300.15 MHz. GC analysis were performed
with an HP Series II 5890 equipped with an HP5 column (30 m, I.D.
0.25 mm, film 0.25 mm) by using He as the carrier gas and a flame
ionization detector. GC–MS analyses were performed with a GC
Trace GC 2000 equipped with a HP5 MS column (30 m, I.D.
0.25 mm, film 0.25 mm) by using He as the gas carrier and coupled
with a quadrupole MS Thermo Finnigan Trace MS with the full
scan method. Solvents and reactants were used as received; other-
wise, they were purified as reported in the literature.[43] TLC analy-
ses were performed on TLC Polygram Sil G/UV254 of 0.25 mm
thickness, and flash chromatography separations were performed
on silica gel Merck 60, 230–400 mesh.[44]

1,3-dipolar cycloaddition reaction mediated by 16·8 H2O

Typical procedure: A 1.5 mL vial was charged with a water-saturat-
ed chloroform solution of 1 (36 mm, 0.5 mL) followed by diazoace-
tate ester 2 a–c (10 equiv. with respect to 16·8 H2O, 60 mm), and the
resulting mixture was vigorously stirred until it was completely ho-
mogeneous. Subsequently, electron-poor alkene 3 a–f was added

Table 2. Catalytic tests for the 1,3-dipoal cycloaddition of diazoacetate
ester 2 b with electron-poor alkenes 3 b–g mediated by 16·8 H2O and con-
trol experiments.[a]

Entry Alkene t [h] 16·8 H2O 5 a Product Yield [%][b]

1 3 b 20 � � 4 bb 44
2 3 b 20 + � 4 bb 58
3 3 b 20 + + 4 bb 9
4 3 c 48 � � 4 bc 0[c]

5 3 c 48 + � 4 bc 95
6 3 c 48 + + 4 bc 0
7 3 d 48 � � 4 bd 0[c]

8 3 d 48 + � 4 bd 79
9 3 d 48 + + 4 bd 0
10 3 e 48 � � 4 be 1[c]

11 3 e 48 + � 4 be 79
12 3 e 48 + + 4 be 0
13 3 f 48 � � 4 bf 2[c]

14 3 f 48 + � 4 bf 18
15 3 f 48 + + 4 bf 5
16 3 g 20 � � 4 bg 30
17 3 g 20 + � 4 bg 22

[a] [1] = 36 mm, [2 b] = 60 mm, [3 b–h] = 60 mm, [5 a] = 60 mm, water-satu-
rated CDCl3 (0.5 mL), 50 8C. + : present; � : absent. [a] Determined by inte-
gration of the signals in the 1H NMR spectrum. [b] Decomposition prod-
ucts were detected, but the formation of the desired 4,5-dihydro-1H-pyra-
zole was not observed.
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(10 equiv. with respect to 16·8 H2O, 60 mm), and the vial sealed and
thermostated at room temperature or at 50 8C. The reaction prog-
ress was followed by GC or 1H NMR spectroscopy by sampling the
mixture at different times and diluting the sample with water-satu-
rated chloroform. The cycloaddition products were confirmed by
GC–MS and 1H NMR spectroscopy. GC–MS analyses demonstrated
that 4,5-dihydro-1H-pyrazole derivatives 4 were partially thermally
labile, as in several cases significant amounts of the corresponding
cyclopropyl products obtained by dinitrogen loss from the 4,5-di-
hydro-1H-pyrazole moiety was observed. Nevertheless, no evidence
was found for the formation of such cyclopropyl derivatives in
solution.
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