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Hydrogen bond-stabilised N-alkylammonium resorcinarene halide cavitands®

N. Kodiah Beyeh, Mario Cetina, Miika Lofman, Minna Luostarinen, Alexander ShivanyukJr and Kari Rissanen*

Department of Chemistry, NanoScience Center, University of Jyviskyld, P.O. Box 35, 40014 Jyviskyld, Finland
(Received 10 May 2010; final version received 13 June 2010)

A family of hydrogen bond-stabilised N-alkylammonium resorcinarene chloride and bromide cavitands were synthesised
and characterised with 'H NMR and ESI mass spectrometry. The seven compounds exhibit interestingly either self-inclusion
or guest complexation in the solid state evidenced by single crystal X-ray diffraction. The four dimers show self-inclusion of
the upper rim propyl chains and consist of two hydrogen-bonded resorcinarene tetracations and six halide anions, while the
remaining two halide anions are located in between the dimers linking them via hydrogen bonding. Small solvent molecules
such as dichloromethane, methanol, n-butanol or chloroform are complexed into the resorcinarene cavity in three 1:1 or 1:2
host—guest complexes. While included, the methanol and butanol molecules are simultaneously hydrogen bonded to the
halide anion enhancing the complex formation. The complementary self-inclusion results in a nearly perfect cone
conformation of the resorcinarene core in the dimers, while the host—guest complexes are much more distorted.

Keywords: resorcinarenes; tetrabenzoxazines; ammonium halides; hydrogen bonding; X-ray structure

Introduction

The presence of free hydroxyl groups involved in strong
intramolecular hydrogen bonding is critical in the
cyclisation step during the synthesis and subsequently
maintaining the cone conformation of resorcinarenes (7).
The disruption of the intramolecular hydrogen bonds leads
to the collapse of the unique cone conformation.
Considerable interest has been focused on the design and
synthesis of calixarenes as biomimetic receptors (2). In
order to achieve convergent arrangement of binding sites,
many of these receptors have utilised the cone shape of the
resorcinarenes for a variety of applications (2). The easy
large-scale preparations of resorcinarenes make them very
attractive building blocks in supramolecular chemistry (3).
Resorcinarenes easily form molecular assemblies via
hydrogen bonds such as in the formation of open inclusion
complexes (4), dimers (5), hexamers (6) and tubular
assemblies (7) with cavities aimed at trapping cationic (4—
6), neutral (8) or anionic (9) guests.

Functionalisation of resorcinarenes at the aromatic ring
via Mannich condensation to form tetrabenzoxazines is
widely reported (/0). The cleavage of tetrabenzoxazines by
mineral acids leads to the formation of N-alkylammonium
resorcinarene halides with strong circular hydrogen bond
belt (---NRyHJ---X - -NRyHj---X"---), between the
ammonium moieties and halide anions leading to water-

soluble extended cavitand-like structures (/7). The use of
amino acid derivatives such as phenylalanine in the synthesis
of tertiary amine resorcinarene derivatives can lead to
a formation of self-complementary dimeric homo- or
heterochiral capsules encapsulating highly polar guests (/2).

Herein, we present the synthesis of several N-alkyl-
ammonium resorcinarene chlorides and bromides and the
structural study of the self-assembly properties of seven of
them in the solid state by single crystal X-ray diffraction.
We specifically pay attention to the inclusion properties
of these compounds and not to their packing. The structures
in solution were verified by 'H NMR spectroscopy.
Electrospray ionisation (ESI) mass spectrometry is used
to study their fragmentation behaviour in the gas phase.

Results and discussion
Synthesis and NMR characterisation

Mannich condensation of resorcinarenes with primary
amines in the presence of excess formaldehyde gives
the corresponding tetrabenzoxazines in high yields.
The tetrabenzoxazines can easily be cleaved by refluxing
in the presence of concentrated HCI or HBr in n-butanol to
give the N-alkylammonium resorcinarene halides in yields
ranging from 40 to 90% (Scheme 1) (/1).

The 'H NMR spectra of the N-alkylammonium
resorcinarene halide cavitands show the compounds to
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a) HCI; b) HBr
H,0, BuOH

R= CQH5, R' = C3H7

R= C2H5, R'= C6H11

R= CgHT, R'= C3H7

R= C3H7, R'= CGH11

R= C3H7, R'= CGH13

R= CgHy, R'= CH2C5H5
0 R=C5H11, R'=C5H11

11a R=C,Hs, R=CsH; X=Cl b X=Br
12a R=02H5. R'=CGH11 X=Cl b X=Br
13a R=C3H;, R'=CzH; X=Cl b X=Br
14a R=CsH;, R'=CgHyy X=Cl b X=Br
15a R=03H7, R!=CSH13 X=Cl b X=Br
16a R=CsH;, R'=CH,CgHs X=Cl b X=Br

17a R=C5H11, R'=CGH11 X=Cl

Scheme 1. Synthesis of the resorcinarene tetrabenzoxazines and the corresponding N-alkylammonium resorcinarene halide cavitands.

be relatively symmetrical in solution (//a). Taking 14a in
CDCl; as an example, the proton signals corresponding
to the resorcinarene skeleton appear as sharp signals in
accordance with a C4v symmetrical structure. The methine
protons of the resorcinarene scaffold appear around
4.34ppm as a triplet. The diastereotopic protons of the
Ar—CH,—N group are easily identified as a broad signal
at 4.20 ppm. Two different broad peaks corresponding to
the hydroxyl and the NHJ groups appear at 8.95 and
7.28 ppm, respectively (Figure 1).

Mass spectrometric analysis

The N-alkylammonium resorcinarene halides 11-17 can
be easily ionised in the gas phase by ESI mass spectro-
metric technique using CHClz/methanol as the spray
solvent (/3). Taking 14b as an example, the progressive
loss of the bromide anion resulted in signals corresponding
to [14b-Br]|" (m/z 1341), [14b-2Br]*" (m/z 631) and [14b-
3Br]** (m/z 394). Signals resulting from the deprotonation
and subsequent loss of HBr such as [14b-2HBr + HIT /2
1261), [14b-3HBr + H]* (m/z 1181), [14b-4HBr + H]"
(m/z 1101), [14b-3HBr + 2H]*" (m/z 591) and [14b-
4HBr + 2H]*" (m/z 551) were also observed (Figure 2).

The isotope patterns obtained by experiment agree with
those simulated on the basis of natural abundances.

An increase in sample cone voltage results in intense
gas phase fragmentations with signals appearing at
repetitive distances corresponding to the loss of an amine
moiety (Figure 2). Intramolecular hydrogen bonding
between one of the OH groups on a resorcinol ring and
the amine nitrogen supports the 1,4-elimination proceeding
through a six-membered transition state structure
(Scheme 2). All four arms of the tetrabenzoxazines were
successfully fragmented at higher voltages. A similar
pattern was observed for all N-alkylammonium resorcina-
rene halide cavitands in the gas phase (see Figures S1—S3
of the Supporting Information, available online).

Single crystal X-ray crystallographic studies

The charge-neutral N-alkylammonium resorcinarene
halides 11-17, with their flower-like shape and a cavity
of suitable size for accepting the small guests, present an
interesting family of compounds for inclusion studies.
The recrystallisation studies from several solvents or
solvent mixtures resulted in altogether seven new single
crystal X-ray structures. Table 2 (see Experimental
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Figure 1. 'H NMR spectrum of 14a in CDCl; at 303K,
revealing a triplet for the CH of the resorcinarene skeleton and a
broad signal for the diastereotopic ArCH,N. The inset shows the
different signals corresponding to OH and NHj protons.
The asterisk corresponds to n-butanol from the synthesis.

section) summarises the crystal data of these complexes.
Depending on the nature and length of the upper rim chain
(R/, Scheme 1) and size of the solvent or guest molecule(s)
used for recrystallisation studies, two different types of
complexes are formed, self-included or host—guest
complexes. In 13b (sesquihydrate), one of the upper rim
propyl chains perfectly fits in the cavity of another
molecule, so forming self-included dimer (Figure 3(a))
via N—H:--Br hydrogen bond (see Table S1 of the
Supporting Information, available online).

The dimer consists of two self-included resorcinarene
tetracations and six bromide anions. Four of the
bromides are hydrogen bonded between six positively
charged nitrogen atoms, and two self-included propy-
lammonium chains share the remaining two bromides,
each of which being H-bonded to four ammonium
cations (Scheme 3).

The remaining two bromide anions are located outside,
linking the dimers via intermolecular hydrogen bonds (see
Table S1 of the Supporting Information, available online).
The nitrogen atoms in 13b form an almost perfect square,
with the N---N distance difference of 0.04 A (Table 1;
Figure 3(b)). The resorcinarene core in 13b is nearly
symmetrical with distances between the opposite phenyl
ring centroids being 6.84 and 6.86 A (Table 1). The
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= | ; 705
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\ [14b-3Br]* v E C =[14b-4HBr+3H]
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Figure 2. ESI mass spectra of 14b at different sample cone voltage
fragmentation pattern resulting from the loss of amine moieties.

s showing from singly to triply charged species with systematic
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H=N" ®=H*" m/z 1101
! m/z 551

Scheme 2.

elimination
of amine

14-

-N

®=H* m/z 1002

'N& 2@ =2 H* mv/z 501
®@=H" m/z903
-N 2@ =2 H* m/z 452

@=H" m/z 804
2® =2 H" m/z 402

o0 @®=H" m/z705
_H

Figure 3. (a) Ball and stick representation of the self-inclusion complex of 13b. Atoms of one self-included propyl chain as well as
nitrogen atom to which they are attached are presented in CPK style. The bromide anions and hydrogen atoms bonded to carbon atoms
have been omitted for clarity. (b) CPK plot of 13b (from the top), showing an almost perfect square formed by four bromide anions and

four ammonium cations at the upper rim of the resorcinarene core.

minimum distance between the methyl group C39
(denoted as Ct) of the included propyl chain and the
centroid (denoted as C,) of one of four resorcinarene
phenyl rings of 3.43 Alis slightly longer than the sum of the
van der Waals radii of methyl and phenyl carbon atoms

The upper rim propyl chains have been omitted for clarity.

(Table 1). The methyl group is not situated in the centre of
the cavity, and the C38—C39 bond is directed towards one
phenyl (C15—C20) ring, enabling C—H- - -7 interaction
[H39A.--C, =2.93 1&]. Due to steric reasons, one of the
non-included propyl chains (C43—C45) at upper rim has
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Scheme 3. Schematic representation of the orientation of the
positively charged nitrogen atoms and halide anions in the self-
included dimers.

to adopt a different orientation and points away from the
dimer (Figure 3(a)).

The chloride 13a crystallises in two slightly different
forms, a monohydrate (designated as 13aW) with almost
similar unit cell parameters as 13b (sesquihydrate)
(Table 2, see Experimental section) and butanol solvate
hemihydrate (13aB). As expected, the replacement of the
bromide anions with chlorides results in slightly shorter
N---Nand X ---X distances in 13aW, and the cavity at
the upper rim is therefore slightly more closed than that in
13b (Table 1). The chloride anions and ammonium cations
form again an almost perfect square (Figure 4(a)). The
methyl group of the propyl group is even closer to one of
the phenyl rings (Table 1; Figure 4(b)) than in 13b. Hence,
self-inclusion formed by two N—H. - -Cl hydrogen bonds
(see Table S2 of the Supporting Information, available
online) is accompanied by two C—H- - -7 interactions, in
which hydrogens of the C39 atom point to the C8—C13
and CI15—C20 rings, respectively [H39A.--C,
(C8—C13) = 2.92 A; H39C- - -C, (C15—C20) = 2.89 A].

In 13aB, the butanol solvate hemihydrate of 13a, the
butanol molecule participates in linking self-included

dimers via hydrogen bonds (see Table S3 of the Supporting
Information, available online). Even though the only
difference between 13aW and 13aB are the solvent
molecules, the included propyl chains in 13aB is so far
from the chloride anion that one hydrogen atom of
ammonium nitrogen N30 does not participate in the
formation of N—H---Cl hydrogen bonding rings inside
resorcinarene core and points to the chloride which is
outside of the dimer (Figure 5(a)). This is a consequence of
completely different conformation of the self-included
propyl group. The propyl group is not directed towards the
bottom of the cavity as in 13aW, in which the propyl group
adopts an almost perfect antiperiplanar conformation
defined by the propyl chain torsion angles
C5—C29—N30—C37, C29—N30—C37—C38 and
N30—C37—C38—C39 of —179.0(6)°, —178.5(6)° and
179.5(6)°, respectively. The propyl chain inside the cavity
in 13aB is twisted, the C5—C29—N30—C37 and
N30—C37—C38—C39 torsion angles being 83.1(5)° and
—71.6(6)°, respectively (Figure 5(b)). Consequently, the
C39---C, (C15—C20) distance is 0.12A longer than in
13aW (Table 1), and such orientation of the propyl group
prevents C—H- - - interaction formation. Furthermore, the
upper rim defined by N- - -N distances is more opened than in
13aW resulting in much bigger cavity for self-inclusion
(Figure 5(a)). Lower rim is also more distorted than in 13b
and 13aW, so that resorcinarene core in 13aB adopts
distorted conformation (Table 1).

The C, analogue of the bromide 13b, viz. 11b (Figure 6)
was recrystallised from the mixture of acetonitrile,
dichloromethane and butanol as a hemihydrate. The upper
rim of the resorcinarene core is only slightly distorted with
the difference between opposite N- - -N distances of 0.16 A,
while the distance between phenyl ring centroids differs for
only 0.05 A (Table 1). Such conformation of the resorcinar-
ene core in 11b corresponds to that of previously published

Table 1. Geometrical parameters defining conformation of the resorcinarene core and interaction distances.

11a 11b 13aW 13aB 13b 17a

Core conformation

C, - -C, distance (A)

C1—C6/C15—C20 6.47, 6.51 6.83 7.20 6.83 6.92 6.84 6.96
C8—C13/C22—C27 7.13,7.10 6.88 6.40 6.84 6.80 6.86 6.77

N---N distance (10%)

N30---N34 7.63, 8.07 8.84 10.00 8.67 9.47 8.90 9.79
N32--:N36 9.22,9.04 9.00 7.86 8.62 8.99 8.94 8.54

X ..-X" distance (A)

X1---X3 8.24, 8.09 7.47 8.28 7.20 7.39 7.41 8.80
X2---X4 7.43,7.55 7.81 7.73 7.60 7.65 7.81 8.50

Inclusion .

Cr-- 'Cg distance (A) Cr = Cbem Cr=Cp, Cr = Cmeon Cr=Cp, Cr=Cp, Cr=Cp, Cr = Cpuon
Cp - -C4(C1—C6) 3.54,3.90 3.71 4.59 4.02 4.24 4.06 4.29
Cr---Cy(C8—C13) 3.86, 3.58 4.08 3.93 3.71 3.94 3.80 3.94
Crp- - -Co(C15—C20) 3.56, 3.90 3.79 3.93 341 3.53 343 3.57
Crp---Co(C22—C27) 3.99, 3.58 345 3.70 3.74 3.77 3.73 3.71
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Figure 4. (a) CPK plot of 13aW (from the top), showing an almost perfect square formed by four chlorides and four ammonium moieties
of the upper rim of the resorcinarene core. The upper rim propyl chains have been omitted for clarity. (b) Capped sticks representation of
self-inclusion of 13aW showing position of the self-included propyl groups. Chlorides and lattice water have been omitted for clarity.

Figure 5. (a) CPK plot of 13aB (from the top), showing the spatial deformation of the ammonium moieties and chloride anions. The
upper rim propyl chains have been omitted for clarity. (b) Ball and stick representation of self-inclusion in 13aB, showing self-included
propyl chain in CPK style. Chloride anions and hydrogen atoms bonded to carbon atoms and solvent molecules are omitted for clarity.

(I1a) n-butylammonium chloride analogue of structures
presented here (//a) (R’ = n-butyl, R = methyl; Scheme 1).
Asin 13b and 13aW, the self-included dimers are joined via
two of the six bromides by H-bonds to the ammonium
centres, while remaining two disordered bromides link the
dimers via hydrogen bonds (see Table S4 of the Supporting
Information, available online). The orientation of the self-
included propyl group inside the cavity is enabled via two
C—H: - -7 interactions, pointing towards the phenyl rings
(C22—C27 and C1—C6) with almost identical geometry
[H: - -Cg(C22—C27) = 2.88 A, C—H---C, = 118"
H.--C,(C1—C6) = 2.93A, C—H:--C, = 137°].

For recrystallisation studies of the chloride analogue
11a, butanol was not used and the usage of acetonitrile and
dichloromethane mixture resulted in an unexpected
disruption of the self-included dimer, and instead inclusion
of dichloromethane molecules into the cavity was observed.
The 11a crystallises with Z' =2, and dichloromethane

molecules fill up the cavities of both independent
resorcinarene molecules with the host:guest ratio of 1:2
(Figure 7(a)). Unlike in all previous halides, now the four
chloride anions are H-bonded between the ammonium
moieties of the resorcinarene (see Table S5 of the
Supporting Information, available online). The inclusion
of the dichloromethane molecules results in a highly
distorted resorcinarene conformation as a consequence of
repulsion between dichloromethane chlorines and atoms of
the anion—cation belt (Table 1; Figure 7(b)). Distortion is
strongly pronounced even in the resorcinarene core with the
C, - -C, distance differences of 0.66 and 0.59 A. Thus, the
geometry of the resorcinarene core is markedly influenced
by the inclusion of dichloromethane molecules. The
dichloromethane molecules (DCM) sit on top of each
other inside the cavity, the lower dichloromethane molecule
is situated at the bottom of the cavity, while the second one
is placed slightly above the cation—anion belt at the upper
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Figure 6. CPK plot of the dimer of 11b. Bromide anions have
been omitted for clarity. For clarity, only one component of
disordered atom C54 is shown.

rim (Figure 7(a)). The shortest Cr(DCM)- - -C, distances
for dichloromethane molecules at lower position in both
cavities are approximately the same, so indicating their
similar position inside the cavity. The chlorine atoms of the
dichloromethane molecules within the same cavity are
rotated and displaced in staggered orientation in order to
minimise their repulsion (Figure 7(a),(b)), yet the
orientation of the dichloromethane is different in both
resorcinarenes. Each dichloromethane carbon atom on
lower position participates with both hydrogen atoms in two
C—H---m interactions with H---C, distances which are
sohorter compared to 11b [H1A.- -Cg(Clé—C6A) = 2.68
A; HIB---Cy(CI5A—C20A) = 2.72A;  H3A---Cy(-
C8B—CI13B) = 2.78 A].

In the cyclohexyl analogue of 11b and 13b, viz. 12b,
the self-inclusion and subsequent dimer formation is not

possible due to the sterically very bulky cyclohexyl
groups. When methanol is used as the recrystallisation
solvent, only simple methanol inclusion complex is
formed (Figure 8). As a consequence of the larger sterical
demand of the cyclohexyl groups and the bromide anions,
the cation—anion belt is more distorted than in other
bromides (11b and 13b), even the overall conformation of
the resorcinarene core is affected (Table 1). The difference
in distance between opposite ring centroids and opposite
N-.-N atoms is 0.80 and 2.14 A, respectively.

Each cyclohexyl group has a slightly different
orientation towards the resorcinarene core and the groups
are disposed in propeller-like fashion (Figure 8). The
included methanol molecule sits on the upper part of the
cavity, slightly below the plane of the cation—anion belt,
and in a position which enables O—H- - -Br hydrogen bond
formation (see Table S6 of the Supporting Information,
available online). Therefore, it is closer to the bromide to
which it generates hydrogen bond. The carbon atom of the
methanol molecule is too far away from the phenyl rings,
and therefore, no C—H- - -7r interactions are observed.

In our preliminary work (//a), we have shown that
N-alkylammonium resorcinarene halide cavitands bind
short-chained aliphatic alcohols, showing the selectivity
towards n-butanol. The Cs analogue of 12a, viz. 17a,
represents such an example in which the N-alkylammo-
nium resorcinarene chloride acts as a size-selective
receptor for n-butanol. In addition to the deeply included
n-butanol, one molecule of chloroform sits on top of the
cation—anion belt just as in the dichloromethane-included
11a. The n-butanol is deeply buried inside the cavity, and
similarly as the methanol molecule in 12b, the OH group
of the n-butanol is situated on the cation—anion belt
between the chloride anion and the ammonium moiety
with a Cl™---H—O.---H—N" hydrogen bond motif
(Figure 9(a),(b); see Table S7 of the Supporting
Information, available online). As in other host—guest
complexes, the resorcinarene core adopts a distorted
conformation. There is also one C—H---7 interaction

Figure 7. (a) Ball and stick representation of 11a, showing position of the dichloromethane molecules in the cavity of the two
independent complexes. The chloride anions and hydrogen atoms bonded to carbon atoms of the cations have been omitted for clarity. (b)
CPK plots of two 11a-2CH,Cl, complexes showing the distorted conformation of the upper rim cation—anion belt and staggered
orientation of dichloromethane molecules. Upper rim propyl chains have been omitted for clarity. For clarity, only major component of

the disordered atoms C41A, C42A, C52A, C56A and C4 is shown.
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Figure 8. CPK plot of 12b showing the included methanol
molecule, which is hydrogen bonded to one of the bromide
anions.

between the hydrogen of the butanol molecule metlzyl
group and phenyl ring [H81A. - -C4(C22-C27) = 2.90 A].

Conclusion

The synthesis and structural studies of several hydrogen
bond-stabilised N-alkylammonium resorcinarene chloride
and bromide cavitands are reported. These compounds are
symmetrical in solution by NMR spectroscopy and show
typical fragmentation pattern in the gas phase by tuning
the sample cone voltage. X-ray crystal structural study of
seven of these cavitands revealed that when the upper rim
ammonium moiety is functionalised with a short alkyl
chain, viz. a propyl chain, complementary self-inclusion
dimers are formed (11b, 13aW, 13aB and 13b) in all
except one case (11a). In the case of 1la or with
cyclohexylammonium halides, host—guest complexes

with the solvent molecule inclusion are obtained. In all
of the self-included dimer complexes, the dimer consists of
extensively hydrogen-bonded N-alkylammonium resorci-
narene tetracations and six halide anions, the remaining
two halide anions link the dimers via H-bonds. In dimer
complexes, the resorcinarene core has nearly symmetrical
cone conformation due to the complementary structures of
the dimer halves. The conformation of the host—guest
inclusion complexes is much more influenced by the size,
shape and guest to host H-bonding than in the dimers. Both
protic and aprotic guest molecules are included into the
resorcinarene cavity. As the cavity is much more extended
than in regular resorcinarenes, a simultaneous inclusion of
two molecules is observed as 1:2 complexes, the first guest
deep in the cavity and the second on top of the first one;
two dichloromethane molecules in 11a and butanol and
chloroform molecules in 17a. In both cases, the second
included guest molecule was non-polar, and thus in the
case of polar protic methanol, only the 1:1 inclusion
complex (12b) was formed. The protic-included mol-
ecules, methanol and butanol, were hydrogen bonded to
the halide, in the case of longer butanol, Cl ---
H—O---H—N" hydrogen bond motif is observed.
The deep cavity and the cation—anion belt of the cavitands
11-17 offer possibilities to create size-selective receptors
for suitably sized molecules with H-bond donor sites such
as alcohols, amides and ammonium ions, and this work is
currently in progress in our laboratory.

Experimental
General remarks

Melting points were determined with a Mettler Toledo
FP62 capillary melting point apparatus and are uncor-
rected. Elemental analyses were carried out with a Varian
ELIII elemental analyser. 'H and '*C NMR spectra were
recorded on Bruker Avance DRX 500 (500 MHz for 'H

Figure 9. (a) Ball and stick representation of 17a showing position of the n-butanol molecule in the cavity. The chloroform molecule and
the hydrogen atoms of the carbons of the cation have been omitted for clarity; (b) CPK plot of 17a (from the top), showing hydrogen-
bonded n-butanol and differently orientated cyclohexane rings. Pentyl group atoms, chloroform molecule and the cyclohexyl hydrogens
have been omitted for clarity. Only one component of disordered C82 and C83 atoms in both figures is shown.
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and 126 MHz for *C) or Bruker Avance DRX 250
(250 MHz for 'H and 63MHz for '*C) spectrometers.
The mass spectrometric studies were performed with
a micromass LCT ESI-TOF instrument. Since the
instrument does not permit MS/MS experiments, the
fragmentation behaviour of the samples was examined by
in-source fragmentation-induced collisions with the gas
molecules present in the ion source. For this purpose, the
ions were accelerated to different kinetic energies by
tuning the sample cone voltage to different settings. At low
voltage, the ions are not significantly accelerated and
undergo fragmentations only to a minor extent upon
collision with the surrounding gas molecules. With a high
sample cone voltage, the ions approach the sample cone at
a higher velocity, and collisions with the surrounding gas
lead to more pronounced fragmentations.

All materials were commercial and used as such unless
otherwise mentioned. Compounds 1-3, 5, 10, 12a,b and
17a were synthesised according to reported procedures
(1,10,11).

Synthesis

General procedure for the preparation of the
tetrabenzoxazines

Into a solution of resorcinarene and excess formaldehyde
in ethanol, 4 equiv. of the amine was slowly added. The
mixture was stirred at room temperature for 24 h. The
precipitated product was filtered off, washed with cold
ethanol/water (9:1 v/v) and dried.

4

Formaldehyde (5ml), ethanol (90ml), resorcinarene 1
(4.0 g, 6.7mmol) and n-propylamine (2.7 ml, 33.0 mmol).
Yield 2.84 g, 45%. Mp > 300°C (found C, 71.11; H, 8.43;
N, 5.72. C5¢H76N405-1.0CH3CH,OH requires C, 71.14; H,
8.43; N, 5.72) [Cs¢H76N4Og MW 933.20; ESI-TOF MS
[M 4+ H]7933.61]. '"H NMR (250 MHz, CDCl;, 30°C) &:
7.78 (s, 4H, Ar-OH), 7.11 (s, 4H, Ar-H), 491 (m, 8H,
N-CH»-0), 4.13 (t, J=7.6Hz, 4H, CH), 3.93 (d,
J=17.3Hz, 4H, Ar-CH»-N), 3.75 (d, J = 17.3Hz, 4H,
Ar-CH,-N), 2.59 (m, 8H, CH»), 2.18 (m, 8H, CH,), 1.53
(m, 8H, CH,), 0.89 (m, 24H, CH;); '*C NMR (63 MHz,
CDCls, 30°C) 6: 149.75, 148.12, 124.09, 123.38, 120.98,
108.57, 83.12, 53.46, 46.31, 34.83, 26.62, 21.18, 12.63,
11.54.

6

Formaldehyde (5ml), ethanol (90ml), resorcinarene 2
(3.0 g, 4.6 mmol) and n-propylamine (1.5 ml, 18.0 mmol).
Yield 3.23 g, 71%. Mp > 300°C (found C, 71.39; H, 8.38;
N, 5.11. CgoHgqN4Og:1.0CH5;CH,0H-0.5H,0 requires C,
71.30; H, 8.78; N, 5.36) [CoHgsN,Og MW 989.40; ESI-

TOF MS [M + H]7989.66]. '"H NMR (250 MHz, CDCl;,
30°C) &: 7.77 (s, 4H, Ar-OH), 7.12 (s, 4H, Ar-H), 4.91 (m,
8H, N-CH,-0), 4.25 (t, J=7.8Hz, 4H, CH), 3.92 (d,
J=17.3Hz, 4H, Ar-CH,-N), 3.74 (d, J = 17.5Hz, 4H,
Ar-CH,-N), 2.58 (m, 8H, CH,), 2.17 (m, 8H, CH,), 1.52
(m, 8H, CH>), 1.31 (m, 8H, CH>), 0.98 (t, J = 7.3 Hz, 12H,
CHs), 0.88 (t, J = 7.3 Hz, 12H, CHs); '*C NMR (63 MHz,
CDCls, 30°C) &: 149.66, 148.02, 124.21, 123.41, 121.14,
108.54, 83.12, 53.43, 46.29, 35.59, 32.30, 21.17, 21.08,
13.96, 11.53.

7

Formaldehyde (3 ml), ethanol (30ml), resorcinarene 2
(1.0g, 1.5mmol) and cyclohexylamine (0.70ml,
6.1 mmol). Yield 1.40g, 80%. Mp = 268°C (found C,
73.65; H, 8.54; N, 4.42. C;,H;,0N405-0.75CH;CH,OH
0.5H,0 requires C, 73.99; H, 8.91; N, 4.70) [C7,H;99N4Og
MW 1149.60; ESI-TOF MS [M + H]"1149.90]. '"H NMR
(250 MHz, CDCls, 30°C) &: 7.72 (s, 4H, Ar-OH), 7.13 (s,
4H, Ar-H), 5.06 (d, J = 10.0 Hz, 4H, N-CH,-0), 4.98 (d,
J = 10.3Hz, 4H, N-CH,-0), 4.24 (t, J = 7.8 Hz, 4H, CH),
3.99 (d, J=17.5Hz, Ar-CH,-N), 3.89 (d, /= 17.3Hz,
4H, Ar-CH,»-N), 2.59 (m, 8H, CH,), 2.57 (br s, 4H, CH),
1.5-2.3 (m, H, CH,), 1.1-1.4 (m, H, CH,), 0.98 (t,
J =7.3Hz, 12H, CH;); *C NMR (63 MHz, 30°C, DMSO-
de) 6. 149.25, 148.95, 124.15, 123.52, 121.02, 109.57,
80.60, 57.98, 43.66, 35.68, 32.21, 31.89, 31.15, 30.85,
25.88, 25.45, 25.18, 21.07, 13.93.

8

Formaldehyde (3ml), ethanol (30 ml), resorcinarene 2
(1.0g, 1.5mmol) and n-hexylamine (0.81 ml, 6.1 mmol).
Yield 1.18 g, 67%. Mp > 300°C (found C, 73.06; H, 9.05;
N, 4.34. C72H108N4Og'0.5CH3CH2OH.I.OHQO requires C,
73.14; H, 9.50; N, 4.67) [C7,H0sN4Og MW 1157.70; ESI-
TOF MS [M + H]"1158.00]. "H NMR (250 MHz, CDCl,
30°C) &: "H NMR (250 MHz, 30°C, CDCl) &: 7.77 (s, 4H,
Ar-OH), 7.11 (s, 4H, Ar-H), 4.90 (m, 8H, N-CH,-0), 4.24
(t, J=7.6Hz, 4H, CH), 392 (d, J=17.3Hz, 4H,
Ar-CH»-N), 3.72 (d, J = 17.5Hz, 4H, Ar-CH,-N), 2.59
(m, 8H, CH»), 2.17 (m, 8H, CH>), 1.50 (m, 8H, CH,), 0.97
(t, J = 7.3Hz, 12H, CH;), 0.86 (m, 12H, CH;); °C NMR
(63 MHz, 30°C, CDCl5) 6: 149.67, 148.03, 124.23, 123.42,
121.13, 108.56, 83.04, 51.56, 46.39, 35.60, 32.30, 31.71,
27.98, 26.84, 22.61, 21.08, 14.02, 13.97.

9

Formaldehyde (5ml), ethanol (50 ml), resorcinarene 2
(1.0g, 1.5mmol) and benzylamine (1.3 ml, 12.1 mmol).
Yield 1.66 g, 93%. Mp > 300°C (found C, 76.19; H, 6.96;
N, 4.10. C76H8403N405H20075CH3CH20H requires C,
76.26; H, 7.35; N, 4.59) [C76Hg4OsN4, MW 1181.51; ESI-
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TOF MS [M + H]™1181.78]. "H NMR (250 MHz, CDCls,
30°C) &: "H NMR (250 MHz, 30°C, CDCl5) &: 7.71 (s, 4H,
Ar-OH), 7.20-7.29 (m, 24H, Ar-H, Ph-H), 4.88 (dd,
Jun = 9.8Hz, Jyy = 9.8Hz, 8H, NCH,0), 4.29 (t,
Jun = 7.9Hz, 4H, CH), 3.73-4.09 (m, 16H, NCH,Ph,
NCH,Ar), 1.37 (m, 8H, CH,), 2.22 (m, 8H, CH,), 1.00 (t,
Jun = 7.3Hz, 12H, CH;); *C NMR (63 MHz, 30°C,
CDCl;) &: 149.81, 148.09, 137.88, 129.00, 128.80, 128.40,
128.22, 127.34, 127.17, 124.38, 123.60, 121.37, 108.51,
84.92, 55.81, 46.59, 35.76, 21.12, 14.00.

General procedure for the preparation of the N-
alkylammonium resorcinarene halide cavitands

Into a solution of the tetrabenzoxazine in butanol, conc.
HCl or HBr and H,O were added. The mixture was
refluxed for 4 h. After the water and formaldehyde were
removed by azeotropic distillation, the remaining butanol
was evaporated. A small amount of ethanol/toluene (1:1
v/v) was added, and the solvents were again evaporated.
The crude product was titurated with either acetonitrile or
diethylether, filtered off and dried.

1la

Tetrabenzoxazine 4 (1.2 g, 1.3 mmol), 35 ml BuOH, 10 ml
conc. HCI, 8 ml H,0. Yield 0.99 g, 74%. Mp > 300°C
(found C, 51.40; H, 6.98; N, 4.17. C5,HgoN,405Cl4-2.0-
CHClI;-1.0CH;CH,CH,0H-1.0H,0 requires C, 51.15; H,
6.96; N, 4.11) [Cs5,HggN404Cl; MW 1031.10; ESI-TOF
MS [M-4Cl-3H]"885.70]. '"H NMR (500 MHz, CDCl,,
30°C) &: 9.30 (br, 8H, Ar-OH), 7.77 (br, 8H, N-H), 7.20 (s,
4H, Ar-H), 4.22 (m, 12H, CH + Ar-CH,-N), 3.08 (m, 8H,
N-CH,), 2.23 (m, 8H, CH,), 1.94 (m, 8H, CH,), 1.25 (m,
12H, CH;), 0.99 (t, J=7.2Hz, 12H, CH;); '*C NMR
(126 MHz, 30°C, CDCl3) &: 150.3, 126.2, 125.1, 108.1,
50.3, 43.6, 34.2, 26.0, 20.1, 12.4, 11.0.

11b

Tetrabenzoxazine 4 (1.05g, 1.13mmol), 50 ml BuOH,
4ml conc. HBr, 4ml H,O. Yield 091g, 67%.
Mp > 300°C [CspHgoN4OgBry, MW 1208.8; ESI-TOF
MS [M-4Br-3H]" 885.75, [M-3Br-2H]" 965.79]. 'H
NMR (500 MHz, CDCls, 30°C) 6: 8.92 (br, 8H, Ar-OH),
7.46 (br, 8H, N-H), 7.22 (s, 4H, Ar-H), 4.22 (m, 12H, CH
+ Ar-CH,-N), 3.13 (m, 8H, N-CH,), 2.23 (m, 8H, CH,),
2.02 (m, 8H, CH,), 1.56 (m, 8H, CH>), 0.99 (t, J = 7.3 Hz,
12H, CH;), 0.93 (t, J=7.1Hz, 12H, CH;); '*C NMR
(126 MHz, 30°C, CDCl3) &: 150.1, 125.9, 125.1, 108.0,
51.0, 43.8, 36.3, 25.7, 19.2, 12.5, 11.1.

13a

Tetrabenzoxazine 6 (1.0 g, 1.0 mmol), 25 ml BuOH, 10 ml
conc. HCl, 6 ml H,0. Yield 0.55g, 50%. Mp > 300°C

(found C, 60.08; H, 8.22; N, 4.49. CsqHggN,05Cl4-0.25-
CHCl5-0.5CH3CH,CH,0H-0.25H,0 requires C, 60.39; H,
8.16; N, 4.84) [Cs¢HgsN,OsCl, MW 1087.1; ESI-TOF MS
[M-4CI-3H]" 941.74]. "H NMR (500 MHz, CDCl5, 30°C)
8: 9.24 (br, 8H, Ar-OH), 7.80 (br, 8H, N-H), 7.22 (s, 4H,
Ar-H), 4.34 (t,J = 7.7Hz, 4H, CH), 4.17 (br, 8H, Ar-CH»-
N), 3.07 (br, 8H, N-CH>), 2.17 (m, 8H, CH5), 1.92 (br, 8H,
CH,), 1.33 (m, 8H, CH,), 0.98 (t, J = 6.8 Hz, 12H, CH>),
0.83 (t, J=7.2Hz, 12H, CH;); "*C NMR (126 MHz,
30°C, CDCl3) &: 150.2, 126.3, 125.0, 108.7, 50.8, 43.5,
33.9, 20.9, 19.1, 18.8, 13.9, 11.0.

13b

Tetrabenzoxazine 6 (0.51g, 0.52mmol), 25ml BuOH,
4ml conc. HCl, 4ml H,O. Yield 045g, 69%.
Mp > 300°C (found C, 52.92; H, 6.89; N, 3.81. CsgHgg-
N4OgBr4-0.5CH;CH,CH,0H-0.75H,0 requires C, 52.95;
H, 7.24; N, 4.26) [C5cHggN4,OgBry MW 1264.94; ESI-TOF
MS [M-4Br-3H]" 941.77, [M-3Br-2H]"1021.56]. 'H
NMR (500 MHz, CDCls, 30°C) &: 8.91 (br, 8H, Ar-OH),
7.46 (br, 8H, N-H), 7.23 (s, 4H, Ar-H), 4.34 (t,J = 7.8 Hz,
4H, CH), 4.18 (br, 8H, Ar-CH,-N), 3.12 (br, 8H, N-CH,),
2.19 (m, 8H, CH,), 2.01 (br, 8H, CH,), 1.33 (m, 8H, CH,),
0.98 (m, 24H, CH;); '>*C NMR (126 MHz, 30°C, CDCl;) &:
150.0, 126.0, 125.2, 107.9, 51.0, 43.8, 34.7, 20.9, 19.2,
15.2, 13.8, 11.1.

14a

Tetrabenzoxazine 7 (1.3 g, 1.1 mmol), 30 ml BuOH, 10 ml
conc. HCI, 8 ml H,O. Yield 0.87g, 62%. Mp = 259°C
(found C, 6415, H, 840, N, 3.89. C68H104N408CI4'O.5-
CH;CH,CH,OH:1.5H,0 requires C, 64.11; H, 8.61; N,
4.27) [CegH04sN4O05Cly; MW 1247.4; ESI-TOF MS [M-
4C1-3H]"1101.89, [M-3C1-2H]"1138.20, [M-2Br-
H]™1174.22]. '"H NMR (500 MHz, CDCl;, 30°C) &: 9.38
(br, 8H, Ar-OH), 7.54 (br, 8H, N-H), 7.19 (s, 4H, Ar-H),
4.33 (t, J="79Hz, 4H, CH), 4.20 (br, 8H, Ar-CH,-N),
3.13 (br, 4H, CH), 2.27 (d, J = 11.3Hz, 8H, CH,), 2.17 (q,
J=7.6Hz, 8H, CH,), 1.85 (br, 8H, CH,), 1.79 (q,
J=11.5Hz, 8H, CH,), 1.65 (br, 4H, CH,), 1.28 (m, 20H,
CH,), 097 (t, J=73Hz, 12H, CHs); encapsulated
butanol, 1.43 (br, 2H, CH,), 1.18 (br, 2H, CH,), 0.63 (br,
3H, CH;); >*C NMR (126 MHz, 30°C, CDCl5) &: 150.2,
126.1, 124.8, 108.6, 59.2,40.4, 34.7, 34.6, 33.8, 28.6, 24.7,
20.9, 13.9; encapsulated butanol, 24.8, 18.7, 13.4.

14b

Tetrabenzoxazine 7 (0.84 g, 0.73 mmol), 30 ml BuOH,
4 ml conc. HBr, 4 ml H,O. Yield 0.74 g, 81%. Mp = 266°C
(fOUHd C, 5694, H, 741, N, 3.43. C68H104N403Br4-1.0—
CH;CH,CH,OH:1.0H,0 requires C, 56.99; H, 7.71; N,
3.69) [CegH 0sN4OgBry, MW 1247.39 ESI-TOF MS [M-
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4Br-3H]"11102.24, [M-3Br-2H]"1182.21, [M-2Br-
H]"1262.16]. "H NMR (500 MHz, CDCl5, 30°C) &: 8.96
(br, 8H, Ar-OH), 7.25 (br, 8H, N—H), 7.22 (s, 4H, Ar-H),
434 (t, J = 7.8Hz, 4H, CH), 4.19 (br, 8H, Ar-CH,-N),
3.22 (br, 4H, CH), 2.33 (d, J = 10.5 Hz, 8H, CH>), 2.18 (q,
J =17.6Hz, 8H, CH,), 1.88 (br, 16H, CH,), 1.65 (br, 4H,
CH,), 1.29 (m, 20H, CH,), 0.97 (t, J = 7.3 Hz, 12H, CH;);
13C NMR (126 MHz, 30°C, CDCl5) &: 150.0, 125.9, 125.0,
107.8, 59.7, 40.8, 34.8, 33.7, 28.6, 24.7, 20.9, 13.8.

15a

Tetrabenzoxazine 8 (0.6 g, 0.52 mmol), 15 ml BuOH, 6 ml
conc. HCI, 5ml H,0. Yield 0.12g, 18%. Mp > 300°C
(found C, 59.81; H, 8.41; N, 3.84. CggH;12N405Cl,4-1.0-
CHCI; requires C, 60.28; H, 8.28; N, 4.08)
[CesH 12N4OgCly, MW 1255.4; ESI-TOF MS [M-4Cl-
3H]"1145.89]. 'H NMR (500 MHz, CDCls, 30°C) &: 9.31
(br, 8H, Ar-OH), 7.72 (br, 8H, N-H), 7.21 (s, 4H, Ar-H),
434 (t, J="7.8Hz, 4H, CH), 4.18 (br, 8H, Ar-CH,-N),
3.11 (br, 8H, N-CH,), 2.18 (q, J/ = 7.6 Hz, 8H, CH,), 1.88
(m, 8H, CH,), 1.67 (br, 4H, CH,), 1.33 (m, 28H, CH,),
0.98 (t, /= 7.3Hz, 12H, CH5), 0.85 (t, J = 6.9 Hz, 12H,
CH,); '*C NMR (126 MHz, 30°C, CDCl;) &: 150.2, 126.3,
124.9, 108.8, 49.5, 43.7, 34.6, 33.9, 31.0, 26.2, 25.5, 22.3,
21.0, 13.9, 13.8.

15b

Tetrabenzoxazine 8 (0.4 g, 0.34 mmol), 25 ml BuOH, 2 ml
conc. HBr, 3ml H,O. Yield 0.38g, 77%. Mp > 300°C
(found C, 5603, H, 761, N, 3.39. C68H112N408Br4-1.5—
H,0-0.25CH;CH,CH,CH,OH requires C, 56.04; H, 8.01;
N, 379) [C68H1]2N408Br4 MW 143325, ESI-TOF MS
[M-4Br-3H]"1110.04, [M-3Br-2H]"1191.97]. 'H NMR
(500 MHz, CDCl5, 30°C) 8: 8.94 (br, 8H, Ar-OH), 7.46 (br,
8H, N-H), 7.23 (s, 4H, Ar-H), 435 (t,J = 7.9 Hz, 4H, CH),
4.17 (br, 8H, Ar-CH,-N), 3.15 (br, 8H, N-CH,), 2.19 (q,
J=1.5Hz, 8H, CH,), 1.97 (m, 8H, CH,), 1.57 (br, 4H,
CH,), 1.30 (m, 28H, CH,), 0.98 (t, /] = 7.3 Hz, 12H, CH;),
0.86 (t, J=7.0Hz, 12H, CH;); '>*C NMR (126 MHz,
30°C, CDCl5) &: 150.0, 126.0, 125.2, 108.0, 49.6, 43.8,
34.7, 33.8, 31.0, 26.3, 25.4, 22.3, 20.9, 13.9, 13.8.

16a

Tetrabenzoxazine 9 (0.5 g, 0.42 mmol), 15 ml BuOH, 5 ml
conc. HCI, 5ml H,0. Yield 0.21 g, 39%. Mp > 300°C
(found C, 66.37; H, 7.07; N, 4.09. C;,HggN,O5Cl,-1.0H,O
requires C, 66.66; H, 6.99; N, 4.32) [C7,HggN,O5Cly MW
1279.3; ESI-TOF MS [M-4CIl-3H]"1133.61]. '"H NMR
(500 MHz, CDCls, 30°C) 8: 9.10 (br, 8H, Ar-OH), 8.09 (br,
8H, N-H), 7.68 (d, J = 6.5Hz, 8H, Ph-H), 7.40 (br, 12H,
Ph-H), 7.15 (s, 4H, Ar-H), 4.30 (m, 12H, CH, Ph-CH,),
4.05 (br, 8H, Ar-CH,-N), 2.12 (q, J = 7.5Hz, 8H, CH,),

1.25 (m, 8H, CH,), 0.93 (t, J = 7.3Hz, 12H, CH;); *C
NMR (126 MHz, 30°C, CDCls) &: 150.2, 130.5, 129.6,
129.5, 129.0, 126.3, 124.7, 108.6, 52.0, 42.1, 34.8, 33.8,
20.8, 13.9.

16b

Tetrabenzoxazine 9 (1.0 g, 0.84 mmol), 50 ml BuOH, 4 ml
conc. HBr, 4ml H,O. Yield 0.52g, 42%. Mp > 300°C
(found C, 5888, H, 612, N, 3.19. C72H88N408Br4-0.25
CHCl5-1.0CH3CH,CH,0H requires C, 58.67; H, 6.34; N,
3.59) [C;,HggN4OgBry, MW 1457.11; ESI-TOF MS
[M-4Br-3H]71133.88]. 'H NMR (500MHz, CDCls;,
30°C) &: 8.90 (br, 8H, Ar-OH), 7.79 (d, J = 6.5Hz, 8H,
Ph-H) 7.74 (br, 8H, N-H), 7.45 (br, 12H, Ph-H), 7.18 (s,
4H, Ar-H), 4.43 (br, 8H, Ph-CH,), 4.27 (t, J = 7.8 Hz, 4H,
CH), 4.04 (br, 8H, Ar-CH,-N), 2.13 (m, 8H, CH,), 1.26
(m, 8H, CH,), 0.92 (t, J = 7.3Hz, 12H, CH;); '*C NMR
(126 MHz, 30°C, CDCls) 6: 149.9, 130.8, 129.8, 129.2,
128.9, 125.9, 125.0, 107.8, 52.0, 42.4, 34.6, 33.7, 20.9,
13.8.

X-ray crystallography

Suitable single crystals for X-ray analysis were obtained
by slow evaporation of resorcinarenes in the following
solvent mixtures: 11a—acetonitrile/dichloromethane; 11b
and 13b-acetonitrile/dichloromethane/butanol; 12b,
13aW, 13aB-butanol/methanol; 17a—butanol/chloro-
form. Data were collected on a Bruker-Nonius Kappa
Apex II diffractometer using graphite-monochromated Mo
K, radiation (A = 0.71073 A) at 123.0(1) K for 11a, 12b,
13aW, 13aB and 13b, and at 173.0(1) K for 17a. For 11b,
data were collected on the same instrument using graphite-
monochromated Cu K, radiation (A = 1.54184 A) at
123(2) K. COLLECT (14) software was used for the data
collection and DENZO-SMN (15) for the data processing.
The intensities were corrected for absorption using the
multi-scan absorption correction method (/6). The crystal
structures of 11b, 12b, 13aB and 13b were solved by direct
methods using STR2002 (17), for the crystal structures of
13aW and 17a SIR97 (I8) was used, and for structure
solution of compound 11a SIR2004 (/9) program was
used. All non-hydrogen atoms were refined anisotropically
by full-matrix least-squares calculations based on F * (20).
All hydrogen atoms in cations and solvent molecules were
included in calculated positions as riding atoms, with
SHELXL97 (20) defaults. The choice of hydrogen position
of OH groups in cations, methanol molecule in 12b and
butanol molecules in 13aB and 17a is determined by best
hydrogen bond that can be created to an oxygen atom or
halide ion. Hydrogen atoms of water molecules in 11b,
13aW, 13aB and 13b are modelled in a similar manner,
with hydrogen atoms’ coordinates kept fixed during
refinement. The hydrogen atoms were not modelled for
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one half of the water molecule in 13b, in which oxygen
atom lies in special position. Disordered atoms in 11a were
refined freely with the following occupancy ratio:
0.689(8)/0.311(8) for the C41A and C42A atoms,
0.685(11)/0.315(11) for the C52A atom and
0.581(11)/0.419(11) for the C56A atom. In this structure,
the C4 atom of one dichloromethane molecule is also
disordered over two sites and is refined with a fixed
occupancy ratio of 0.80/0.20. Two components, C41 and
C42, could not be refined anisotropically satisfactorily, and
therefore are refined only isotropically. In 11b, disordered
Br4 and C54 atoms were refined with fixed occupancy
factors in 0.75/0.25 and 0.50/0.50 ratio, respectively, and
the C82 and C83 atoms in 17a with fixed occupancy
factors in 0.50/0.50 ratio. The C44 and C45 atoms in 13b
are severely disordered. Although restraints were used in
their refinement, they could not be modelled as disordered
atoms and are refined only isotropically. Restraints on
anisotropic displacement parameters were applied during
the refinement of disordered atoms and several other atoms
of 11a, 11b, 13aW, 13b and 17a, and some geometrical
restraints were used in the refinement of 11b, 13aB, 13b
and 17a. Structures of 11b, 12b, 13aW, 13aB, 13b and 17a
contain solvent-accessible voids with a small amount of
solvent molecule(s) used for recrystallisation. As they
could not be modelled satisfactorily, data were treated with
the SQUEEZE routine in PLATON (21). High residual
electron densities were observed for 11b (1.961e1&_3,
240 A from Brd) and 13aB (2.490e A3, 1.01 A from
Cl4). Details of crystal data, data collection and refinement
parameters are given in Table 2. PLATON (21) and
Mercury (22) programs were used for structure analysis
and drawing preparation. CCDC 776222-776228 contain
the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.

Supporting Information

Supporting Information data containing mass spectro-
metric analysis of 11a, 11b and 14a (see Figures S1-S3)
and tables with hydrogen-bonding geometries for com-
pounds 11a, 11b, 12b, 13aW, 13aB, 13b and 17a (see
Tables S1—-S7) are available via http://www.informaworld.
com/gsch.
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