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Synthesis of Norbornahemicucurbiturils
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Abstract: Ethyleneurea fused with a norbornane ring was prepared.
Acid-catalyzed polycondensation of the urea with paraformalde-
hyde yielded a new six-membered hemicucurbituril derivative. The
presence of hemicucurbiturils containing from four to eight mono-
mer units were also detected.
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Hemicucurbit[z]Jurils (HmCBJ[#n]) are macrocyclic com-
pounds consisting of n ethyleneurea units linked together
with n methylene bridges' (Figure 1). The name of
HmCBJ#]s was chosen because of their structural resem-
blance to cucurbit[n]urils (CB[n]s)>* that have been di-
vided in half along the equator. HmCB[n]s were
introduced in 2004 by Miyahara et al., who prepared six-
and twelve-membered rings, HmCB[6] and HmCBJ[12].
These compounds were synthesized by a Mannich-type*
polycondenzation reaction of ethyleneurea with formalde-
hyde in aqueous HCI. The size of the prepared hemicucur-
bituril macrocycle can be controlled by the concentration
of the acid, reaction time, and temperature. HmCB[6] was
obtained in an excellent yield of 94% as a precipitate from
4 MHCI after stirring at room temperature for
30 minutes. Chloride anions act as a template and the re-
sulting HmCBJ6] is the kinetic product of the reaction.
HmCBJ[12] requires 1 M HCl, a temperature of 55 °C, and
is formed as a gel after three hours. The conformation of
ethyleneurea units within HmCB[#] differs significantly
from that of glycoluril in CB[n]s (Figure 1). Glycoluril
units of CB[n]s are linked together with a pair of methy-
lene bridges, resulting in a very rigid structure with only
little conformational variability. On the other hand, only
one row of CH, bridges connect the ethyleneurea units of
HmCBJr]s, allowing rotations of the individual units with
respect to each other. With this freedom, ethyleneurea
units adopt an alternate conformation in which the carbon-
yl groups of adjacent urea units are directed towards op-
posite sides of the macrocycle plane. A similar
conformation was previously described in a related family
of macrocyclic compounds — bambus[r]urils (Figure 1).5

Until today, only two derivatives of HmCB[#]s have been
reported.®’” The syntheses were performed according to
the protocol for HmCB[#]s but cis- and frans-octahydro-
2H-benzimidazol-2-one instead of ethyleneurea was used,
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and elevated temperature was required for the formation
of the macrocyclic product. The resulting macrocycles
contained six ethyleneurea units fused with cyclohexane
rings.

2) b) o

Figure 1 (a) Cucurbit[z]uril CB[6], (b) Hemicucurbit[s]uril
HmCBJ6], and (c) Me,BU[6]

HmCB|#]s have been investigated for their ability to bind
anions and cations,”” and they have also been used in
crystal engineering and catalysis.*!° The introduction of
new substituents on the hemicucurbituril framework
could modify their binding affinity as well as catalytic
properties and could also tune their packing in the crystal
structure. Therefore, we decided to investigate the prepa-
ration of a new HmCBJ#] derivative.
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Scheme 1 Reduction of endo-3,5-diazatricyclo[5.2.1.0>¢]dec-8-ene-
4-one (2) to endo-3,5-diazatricyclo[5.2.1.0>%]decane-4-one (1)

We selected endo-3,5-diazatricyclo[5.2.1.0>]decane-4-
one (1) as a basic building block for the synthesis. This
modified ethyleneurea is more spacious and rigid com-
pared with those previously used. It was prepared by the
reduction of endo-3,5-diazatricyclo[5.2.1.0>®]dec-8-ene-
4-one (2) under hydrogen gas (1 atm) in the presence of
10% Pd/C (Scheme 1).!! The starting material 2 was syn-
thesized in several steps through the preparation of 2,3-di-
hydro-1H-imidazol-2-one, its conversion into the
corresponding diacetyl, followed by Diels—Alder cyclo-
addition with cyclopentadiene and final deacetylation. All
these methods, which were described in literature,!> '
were optimized to increase the reaction yields (see the
Supporting Information). Macrocyclization of ethylene-
urea 1 with paraformaldehyde was performed in 4 M HCI
at 70 °C for four hours (Scheme 2).!> Hydrochloric acid
was chosen because it proved to be most efficient for the
preparation of this class of macrocyclic compounds.” Af-
ter investigating various acid concentrations and tempera-
tures, the given conditions were found to be optimal
regarding the yield and purity of the product. The forma-
tion of macrocycles did not take place when an HCI con-
centration of less than 3 M was used. Higher reaction
temperatures resulted in the formation of an impurity that
was difficult to separate from the product.

Being inspired by the preparation of benzyl groups con-
taining bambusurils,'® we also attempted to prepare the
target macrocycle in chloroform by using p-toluenesul-
fonic acid and trifluoroacetic acid. However, all attempts
to prepare the products in organic solvent, both in the
presence and in the absence of tetrabutylammonium io-
dide as a template, failed to give the desired macrocyclic
product.

HN)LNH )OJ\ 4 M aq HCI
I _
@ * B >H 70°C,4h
1 NorHmCBI[6]

Scheme 2 Macrocyclization of 1; synthesis of norbornahemicucur-
bit[6]uril (NorHmCBJ[6])

The macrocyclization in aqueous HCI provided a white
precipitate that was collected by filtration and analyzed by
MALDI-TOF MS and 'H NMR spectroscopy. Although
MS analysis revealed only signals corresponding to the
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hexameric hemicucurbituril (Figure 2), NMR spectra
were more complex. This indicates the presence of low
molecular weight oligomers that were not detected by
MALDI-TOF mass spectrometry. The pure hexamer was
obtained after silica gel column chromatography by using
acetone—CHCl, (1:4 v/v) as the mobile phase. In accor-
dance with the nomenclature used in cucurbituril chemis-
try, we named the new macrocycle norborna-
hemicucurbit[6]uril (NorHmCB[6]).
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Figure 2 MALDI-TOF MS analysis (HCCA, positive mode) of the
crude white precipitate after macrocyclization of 1
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Figure 3 'H NMR (300 MHz, CDCl,, 30 °C) spectrum of NorHm-
CB[6]

Ethyleneurea units within the macrocycle are relatively
large, which prevents their free rotation. Among others,
two probable arrangements of the units — alternate and
cone — are possible. The 'H NMR spectrum of the macro-
cycle showed a singlet at 6 = 4.59 ppm corresponding to
two chemically equivalent hydrogen atoms of the methy-
lene bridges C(11)-H, (Figure 3). This signal is character-
istic for the alternate arrangement of the ethyleneurea
units, as known for all hemicucurbiturils and bambusu-
rils.">¢ Unique singlets of methanetriyl hydrogen signals
from C(2,6)-H and C(1,7)-H prove that the orientation of
all ethyleneurea units within the macrocycle are identical.
The endo- configuration of the monomer units in NorHm-
CB[6] together with steric effects of the spacious norbor-
nane rings ensure that the C(2,6)-H hydrogen atoms point

© Georg Thieme Verlag Stuttgart - New York

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



LETTER

Norbornahemicucurbiturils 2445

to the center of the macrocycle cavity whereas the norbor-
bornane groups are reversed out.

The filtrate that was left after collecting the precipitate
from the reaction mixture was analyzed by MALDI-TOF
MS. Surprisingly, not only the six-membered macrocycle
was found but also macrocycles with 4, 5, 7, and 8 ethyl-
eneurea units were detected in the spectrum (Figure 4).
Until now, only six- and twelve-membered hemicucurbi-
turils have been reported. This unexpected result is cur-
rently under investigation.
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Figure 4 MALDI-TOF MS (HCCA, positive mode) of the filtrate
after the macrocyclization of 1 (Mj,; = NorHmCB[n])

In conclusion, a new hexameric derivative of hemicucur-
bituril has been isolated and fully characterized. endo-3,5-
Diazatricyclo[5.2.1.0*%1]decane-4-one was used as an eth-
ylene urea derivative for the macrocyclization. Hemicu-
curbiturils differing in the number of glycoluril units are
side products of this reaction.
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