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Introduction

Large-ring, noncollapsible heterocycles (heteraphanes),[1]

particularly those of chiral structure, are of considerable in-
terest for their promising applications as ligands, organo-
catalysts and scaffolds for biomimetic and nanopatterning
purposes.[2] Large-scale applications of macrocycles are fre-
quently limited by their availability and cost. Despite many
advances in synthesis, efficient one-step assembly of a mac-
rocycle[3] still represents a formidable challenge in terms of
the number of synthesis steps, reaction conditions, chemical
yield and atom economy.
We recently introduced a facile method for a one-step

construction of large chiral hexaimine macrocycles I,
through [3+3] cyclocondensations between enantiomerically
pure trans-1,2-diaminocyclohexane and terephthalic or iso-
phthalic aldehydes.[4] This reversible reaction provides the
macrocycles in high yields, under nontemplated conditions
and at relatively high substrate concentrations (typically

0.4mL�1) in a variety of solvents and is evidently favoured
over linear polymer formation both kinetically and thermo-
dynamically. With terephthalaldehyde and racemic trans-1,2-
diaminocyclohexane, a diastereoisomeric [3+3] cyclocon-
densation product could be obtained, differing in molecular
symmetry (C2) from those obtained from the enantiomeri-
cally pure trans-1,2-diaminocyclohexanes (D3 symmetry).

[5]

Subsequently, triangular hexaimines I (named triangli-
mines by Kuhnert[6]) have been obtained from many rigid
aromatic 1,3- and 1,4-dialdehydes incorporating biphenyl,[7,8]

terphenyl,[9] quaterphenyl,[10] 9,10-anthryl,[8] benzene ring
substituted,[6,7,11] heterocyclic[7,10] and stilbene or divinylben-
zene structural motifs.[9] In the case of aromatic 1,3-dialde-
hydes, [2+2] and [4+4] cyclocondensation may compete
with [3+3] cyclocondensation, resulting in mixtures of prod-
ucts.[7,12,13]

Hexaimines such as II, obtained from aromatic 1,3-dialde-
hydes,[14] have vaselike structure[15] and hence bear the name
calixsalens.[16] Their Robson-type metal complexes have
been studied recently.[17]

Examples of related [3+3] triangular 30-membered mac-
rocyclic hexaimines formed from 1,2-diaminobenzene deriv-
atives and 2,3-dihydroxybenzene-1,4-dicarbaldehyde have
recently been reported.[18a,19a,b] However, high yields in this
reaction could only be achieved when lower concentration
of the substrates (0.04mL�1 in acetonitrile) and long reac-
tion times (two weeks at room temperature) were applied.
Even larger triangular macrocycles were recently obtained
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from 1,2-diaminobenzene derivatives and hydroxylated aro-
matic dialdehydes.[18b,19c]

Successful [3+3] cyclocondensation requires that both
substrates are predisposed[20] to perform the desired func-
tion; that is, both have rigid structures, with the diamine
providing the apexes of the triangular product and the dial-
dehyde the sides. Indeed, with the use of the more confor-
mationally flexible open-chain syn-1,2-diphenylethane-1,2-
diamine the formation of oligomeric chain products was
found to compete significantly with the cyclocondensation
reaction.[6]

Trianglamines (III), products of reduction of trianglimines
(I), are chiral hexamines.[4,7,8] The trianglamine derived from
terephthalaldehyde and trans-1,2-diaminocyclohexane (1)
has recently been used as a receptor for the recognition of
aromatic tricarboxylic acids,[21] and the ZnII complex of 1
was found to catalyse asymmetric aldol reactions.[22] Much
better asymmetric induction in aldol and nitroaldol reactions
was achieved with the use of a trinuclear—rather than
mononuclear—ZnII complex of the hexamine derived from
calixsalen II.[23]

The structures and conformations of trianglimines[4,9,11]

and calixsalens[15] have been analysed. Although the struc-
tures of trianglimines are in many cases shape-persistent,
conformational analysis of trianglamine macrocycles repre-
sents a challenging task due to the anticipated ring flexibili-
ty: rotation of any of the ring single bonds can generate new
stereostructures. In view of the significance and anticipated
new applications of trianglamines we present here a one-
step synthesis of trianglamine 1 and its N-derivatisation to
provide 2–12, together with a conformational analysis of

representative hexamines 1, 2
and 12, based on molecular
modelling and circular dichro-
ism (CD) spectra. Unusual in-
clusion complexes of 1 with ar-
omatic compounds and their X-
ray-determined structures, dem-
onstrating conformational flexi-
bility of 1 in the crystal state,
are also reported.

Results and Discussion

Synthesis : A comparative study
of the condensation of (R,R)-
1,2-diaminocyclohexane and
terephthalaldehyde in various
solvents with subsequent
NaBH4 reduction in methanol
was carried out: 1 was obtained
in high yield and without no-
ticeable amounts (ESI-MS) of
the [2+2] cyclocondensation
product in benzene, dichloro-
methane, tetrahydrofuran or

acetonitrile. A small amount (below 3%) of the [2+2] cyclo-
condensation product was detected in the crude reaction
product obtained in methanol. However, because of the con-
venience of carrying out the two-step synthesis in a one-pot
fashion, methanol was chosen as a solvent in the synthesis
of 1.
The original[4] and the one-step[22] procedures for the

preparation of trianglamine 1 were subsequently significant-
ly improved. As a result, trianglamine 1 can now be pre-
pared in 96–97% yield from the readily available (R,R)-tar-
trate salt of (R,R)-1,2-diaminocyclohexane,[24] rather than
the more expensive free base, in a combination of the con-
densation with terephthalaldehyde and the sodium borohy-
dride reduction of the intermediate trianglimine in a one-
pot synthesis. We found that the reduction step can be car-
ried out efficiently with less than half the amount of NaBH4
used in a previous procedure[22] and that product 1 can be
obtained as a free base, rather than as its hexahydrobromide
salt. Eschweiler–Clark methylation of 1 afforded 2 in 71%
yield. Attempted preparation of 2 by methylation at room
temperature with methyl iodide in the presence of potassi-
um carbonate resulted in a lower yield (ca. 50%) of the
product.
Other N-alkylated trianglamines (3–6 and 8–11) were pre-

pared by alkylation of 1 with the corresponding alkyl bro-
mides in acetonitrile in the presence of potassium carbonate.
Trianglamine 7 was obtained by LiAlH4 reduction of 6. It is
of interest to note that, unlike other derivatives, hexakis(2-
hydroxyethyl) derivative 7 shows significantly broadened
1H NMR signals in CDCl3 at room temperature, whereas a
complex pattern of sharp signals is obtained on lowering the
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measurement temperature down to �50 8C. This suggests
that the conformational equilibrium of 7 is strongly influ-
enced by the formation of intramolecular hydrogen bonds
within each of the b-aminoalcohol moieties. Broadened
1H NMR signals are also observed at room temperature in
the case of N-benzylated derivatives 8–11.

Conformation and circular dichroism : Despite their formally
high D3 symmetry, trianglamines 1–12 represent a class of
heteraphanes of considerable conformational diversity, due
to low rotational barriers around the numerous single
bonds. Attempts to compute low-energy conformers of the
simplest representative 1, with the MM3-CONFLEX rou-
tine, resulted in the generation of a large number of con-
formers belonging to families of qualitatively similar struc-
tures. A more rational approach, based on qualitative analy-
sis of available conformers of 1, was undertaken as shown
below. In addition, we were fortunate enough to obtain
quantitative structural data from X-ray analyses of crystal
structures of the inclusion complexes of 1, its hexahydrobro-
mide salt and of 12 (see the following section). In order to
reduce the number of variables (torsion angles) in the con-
formational analysis of 1 we made the following assump-
tions: 1) the cyclohexane rings are in chair conformations,
with all carbon–nitrogen bonds equatorial, 2) the rotation of
the 1,4-disubstituted benzene rings is not considered (in
fact, rotational disorder of these rings is demonstrated even
in the crystal structures; see below) and 3) only the rotation
about the carbon–nitrogen bonds forming the macrocycle
needs to be taken into account to define the macrocycle
structure. This includes three sets of torsion angles—a, a’, b
and b’—for each trianglamine (see Figure 1).

Each of the torsion angles shown in Figure 1 is initially re-
stricted to either a gauche (G�) or a trans (T) arrangement.
Although this still gives rise to a large number of possible
conformers of 1, a further simplification can be obtained
from the following consideration. The number of a, a’, b or
b’ angles in trans (T) arrangements is unrestricted, as these
give rise to expanded ring structures. G� arrangements of a,
a’, b or b’ produce folded-ring structures, such as those ob-
served in the crystal state for a number of nonprotonated
molecules of 1, forming inclusion complexes with solvent
guest molecules. The number of G� bond arrangements in 1
is thus limited, as each G� will produce additional ring fold-

ing (in the X-ray-determined structures there are no more
than three G� bond arrangements in the entire ring). Not
available are macro ring structures in which both b and b’
correspond to a G� conformation, as the N�CH2(Ar) bonds
in such structures would assume orientations vertical to the
average cyclohexane ring plane. No G+ arrangement of a,
a’, b or b’ is allowed in the (R,R)-1,2-diaminocyclohexane
series, as such conformations would produce highly strained,
ring-contracted structures (indeed, no such conformations
are observed in the crystal structures). As a result of these
restrictions, there are only a few sequences of torsion angles
available for the macrocycle 1 (Table 1).
The data in Table 1 relate either to X-ray-determined

structures or to the lowest-energy conformers obtained by
structure optimisation by the MM3-AM1 protocol (see the
Experimental Section). Note that the two calculated struc-
tures (1 and 2) contain anticlinal (A), rather than T, bond
arrangements.
The conformers of 1 in solution give averaged NMR spec-

tra at room temperature, but it was possible to elucidate the

Figure 1. Definition of torsion angles a, a’, b and b’ involving flexible
bonds in trianglimine 1 and its N-alkyl derivatives.

Table 1. Sequences of torsion angles available for calculated and X-ray-
determined structures of free and protonated trianglamines 1, 2 and 12,
signs of the corresponding 1Ba exciton Cotton effects generated by each
pair of substituted benzene chromophores, and the distances between the
chromophores.

Sequences of
torsion angles

baa’b’

Sign of
exciton

Cotton effect

Interchromo-
phoric distances

[M][a]

1[b] TATG� positive 6.42
G�TTT positive 8.00
G�AG�T negative 7.24

1·PhF[c] G�TTT positive 7.59
TTTG� positive 7.26
G�TTT positive 7.51

1·BzOMe[c] TTTG� positive 7.34
G�TTT positive 7.41
TTG�T negative 7.37

1·AcOEt[c,d] TG�TG� positive 6.95
G�TTT positive 7.09
TTTT negative 7.77

1·6H+ [b] TTTT negative 8.39
TTTT negative 8.39
TTTT negative 8.39

1·6HBr[c] TTTT negative 8.42
TTTT negative 8.46
TTTT negative 8.47

2[b] TTTT negative 7.92
TG�TT negative 6.75
TATT negative 7.54

(RN)-2·3H
+ [b] TTTT negative 8.07

TTTT negative 7.68
TTTG� positive 7.73

12[b] TTTT negative 7.26
TTTT negative 7.26
TTTT negative 7.26

12·EtOH[c] TTTT negative 7.17
TTTT negative 7.05
TTTT negative 7.04

[a] Measured as the distance between the centres of the benzene rings.
[b] Calculated lowest-energy conformer. [c] Found in the crystal struc-
ture. [d] Determined for ent-1·AcOEt.
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dominant conformers of 1 in solution by CD spectroscopy.
The diagnostic Cotton effects in the CD spectra of triangli-
mines are due to the 1Ba-type transition in the 1,4-disubsti-
tuted benzene chromophores. This transition is polarised
along the chromophore axis running through the 1,4-ben-
zene carbon atoms. Note that the orientation of the 1Ba elec-
tric dipole transition moments is independent of the rotation
of the benzene rings. Orthogonal 1Bb transitions cannot con-
tribute significantly to the CD spectra, as the orientations of
the transition dipoles are averaged through rotation of the
benzene rings around the 1,4-carbon atom axes. Each of the
baa’b’ torsion angle sequences should generate exciton
Cotton effects of differing sign and magnitude within the 1Ba
transition band in the CD spectrum below 200 nm (Table 1).
Note that the distances between the benzene chromophores
are much larger in conformers with all-T torsion angle se-
quences than in their G�TTT or TG�TT counterparts, so the
(negative) CD contributions due to the all-T conformers are
weaker. A positive CD couplet (absorbance (A) = 117,
Table 2) within the strong 1Ba absorption band at 191 nm

(extinction coefficient (e) = 138000) is recorded for 1 in
acetonitrile. The intensity of the 1Ba Cotton effects is signifi-
cantly reduced on acidification with excess methanesulfonic
acid (Figure 2). CD titration of 1 with aqueous meth-
anesulfonic or hydrochloric acid has shown that the intensity
of the 1Ba Cotton effects is reduced only after addition of
more than three equivalents of the acid.
We had previously observed a significant effect of amine

protonation on the CD spectra, reflecting the amine confor-
mational change.[25] This effect can be regarded as intercon-

version of the two chiral forms in response to pH change
(molecular switch).[26] The results presented here can be in-
terpreted as indicative of the equilibrium between the con-
formers containing baa’b’ torsion angle sequences contribu-
ting to either positive or negative rotational strength. For
nonprotonated trianglimine 1, conformers generating posi-
tive Cotton effects dominate. On protonation with up to
three equivalents of the acid these conformers still domi-
nate, demonstrating the stabilising nature of the intramolec-
ular hydrogen bond N···H�N. In fully protonated 1 the con-
tribution due to the TTTT bond arrangement increases and
a less intense positive exciton Cotton effect is observed.
The conformation of the hexamethyl derivative 2 is of

special interest as its 1Ba Cotton effect is negative (Table 2,
Figure 2). There is no intramolecular hydrogen bond be-
tween the nitrogen atoms in 2, and the CD contribution due
to conformers TTTT or TG�TT appears to dominate. Note
that in the TT conformer of 2 (Scheme 1) the methyl groups
can either assume a vertical position (A) or, due to the
rapid configuration inversion at nitrogen, one of them may
be placed between the vicinal nitrogen atoms (B). On full
protonation, hexamine 2 generates a very strong exciton
Cotton effect of reverse (positive) sign (Figure 2). This indi-
cates a dramatic change of conformation in the macrocycle

Table 2. Experimentally obtained CD/UV data (1Ba transition region) for
trianglamines 1–12.

CD UV Solvent[a]

De (l in nm) A eO10�3 (l in nm)

1 62 (196) 117 138 (191) A
�55 (186)

2 �75 (198) �105 153 (193) C
30 (189)

3 60 (198) 90 142 (194) A
�30 (185)

4 53 (197) 69 145 (192) A
�16 (189)

5 40 (196) 80 120 (191) A
�40 (186)

6 107 (198) 171 136 (193) A
�64 (188)

7 150 (198) 268 120 (192) A
�118 (189)

8 180 (196) 470 337 (191) C
�290 (183)

9 292 (201) 554 327 (196) C
�262 (187)

10 216 (198) 450 284 (195) A
�234 (185)

11 298 (200) 588 326 (195) A
�290 (185)

12 �58 (199) �58 156 (192) A

[a] A = acetonitrile, C = cyclohexane.

Figure 2. CD spectra of trianglamines 1 (upper panel) and 2 (lower
panel): in acetonitrile (c), in acetonitrile with added approximately 60
equivalents of MeSO3H (a), and calculated ZINDO/S CD spectra
(d) of the most stable conformers of 1 (upper panel) and 2 (lower
panel). Rotational strength R is calculated in the dipole-length represen-
tation.
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towards the folded structure, such as that represented by D
in Scheme 1.
Computational modelling for 1 and 1·6H+ yielded low-

energy conformers similar to those determined by X-ray dif-
fraction analysis either for 1·PhF or for 1·PhCOOMe and
1·6HBr, respectively (see Table 1). ZINDO/S-computed CD
spectra for the calculated lowest-energy conformer of 1 are
shown in Figure 2. Although we note a good agreement be-
tween the experimentally measured and the calculated CD
curves for 1, this is not the case for the fully protonated 1
(see the Supporting Information).
The computed lowest-energy structure for 2 (Table 1) is

of the all-T type, with the exception of the two a angles in
either G� or anticlinal (A) arrangements. As in the case of
1, there is satisfactory agreement between the calculated
and experimentally measured 1Ba Cotton effects for 2
(Figure 2), but not for its protonated form. In fact, calcula-
tions for fully protonated 2 suggest that in one of the cyclo-
hexane rings the C�N bonds are axial to produce a low-
energy conformer. No axial C�N bonds are present, on the
other hand, in the computed low-energy conformer of
2·3H+ , in which every second nitrogen atom is protonated
(C3 symmetry). The computed structure of 2·3H

+ (Table 1)
is of all-T type, with the exception of one G� arrangement
of angle b. The methyl groups occupy positions vertical to
the macrocycle plane and all protonated nitrogen atoms
have R configurations. The calculated 1Ba Cotton effect for
this structure (see the Supporting Information) is positive, in
agreement with the experimental data (Figure 2).
Of further interest is the finding that trianglamines 3–11,

with substituents larger than the methyl group on the nitro-
gen atoms, all display positive exciton Cotton effects, with
amplitudes varying according to the substituent. Inspection
of Scheme 1 shows that the two nitrogen substituents of sim-
ilar size, �CH2Ar (in the ring) and �CH2R, can easily be ex-
changed by a nitrogen atom inversion process, resulting in
the generation of conformer C. The very large Cotton ef-
fects of 8–11 are evidently due to contributions to the CD
spectra from the chromophoric benzyl-type substituents at
the nitrogen atoms.
Bridging of the nitrogen atoms by the methylene groups,

as in 12, gives rise to a noncollapsible all-T structure of the
macrocycle, with a well-defined hole. This is in contrast with
the structure of 1, which is flexible and can adopt to the en-
vironment, and similar to the effect of full protonation of

the nitrogen atoms of 1, stabilising all-T conformer. As
would be expected, a negative 1Ba Cotton effect is observed
for 12. This is fully confirmed by the calculated lowest-
energy structure and CD spectrum of 12 (Figure 3).

In conclusion, CD spectra reflect changes of trianglamine
ring conformation due to substitution and protonation of
the nitrogen atoms.

Crystal structures of the inclusion complexes 1·PhF,
1·BzOMe, ent-1·AcOEt, 1·6HBr and 12·EtOH : To the best
of our knowledge, this is the first report concerning the crys-
tal structures of trianglamines, all of which crystallise with
included solvent molecules. Unlike trianglimines, which con-
tain rather rigid skeletons, trianglamines display various
types of conformations in the solid state, in which the
formal D3 molecular symmetry is lost. The only exception is
the fully protonated trianglamine 1·6HBr, which maintains
C3 molecular symmetry in the solid state, whilst the mole-
cule of 12, formally asymmetric in the crystal, adopts a con-
formation that still approximates C3 symmetry. The various
types of conformation that these molecules display in their
crystals are presented in Figure 4. Interestingly, the presence
of three intramolecular hydrogen bonds of the N�H···N type
does not prevent the macrocycle 1 from displaying flexibili-
ty. Partial rigidification of the trianglamine skeleton has also
been achieved by �CH2� bridging (12) or by protonation
(1·6HBr) of the nitrogen atoms and has also resulted in in-
creases in the macrocycle symmetry.
Only T and G arrangements around the C�N bonds are

observed, although in some cases close to the limiting values
of 150 and 308, respectively (Figure 4). Quite interestingly,
for R,R enantiomers, the conformations around two neigh-
bouring C�N bonds are described either by the T,T or T,G�

sequences, indicating clear absence of G+ conformers. The
molecular conformation is stabilised by intramolecular hy-

Scheme 1. Conformational changes of trianglamines involving configura-
tion inversion at the nitrogen atom and protonation.

Figure 3. A comparison of experimentally measured (c) and ZINDO/
S-calculated (a) CD spectra of trianglamine 12. Rotational strength R
is calculated in the dipole-length representation.
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drogen bonds of the N�H···N type, which involve three out
of six amine hydrogen atoms.
The type of inclusion depends to a great extent on the

structures of the hosts and the solvent molecules used for
crystallisation (see Figures 5–7): aromatic guest molecules
are accommodated in channels formed between layers of
host 1 (Figure 5) while linear molecules are incorporated
inside the molecular cavity (Figure 6).

In 1·PhF and 1·PhCOOMe the trianglamine molecules are
arranged in corrugated sheets, the neighbouring layers being
shifted with respect to each other. Within each layer the
molecules are held together by van der Waals forces, while
between the consecutive layers there are hydrogen-bond in-
teractions of the N�H···N type. In 1·PhF, a two-dimensional
host cavity formed between the host bilayers is closed by cy-
clohexane fragments, giving one-dimensional channels that
are aligned nearly perpendicular to the mean plane of the
macrocycle. The PhF molecules are accommodated in these
channels in a host/guest ratio of 1:2. The included molecules
are disordered (orientational disorder) and interact only

Figure 4. Conformers of trianglamines, viewed perpendicular and parallel to the main plane of the macrocycle. T and G designators describe conforma-
tion around the C�N bonds. Broken lines mark intramolecular hydrogen bonds.

Figure 5. Illustration of one-dimensional channels in crystals of 1·PhF
(upper) and 1·PhCOOMe (lower). Host atoms are shown as spheres of
van der Waals radii. The channels formed between bilayers of the host
molecules run nearly perpendicular (upper) or parallel (lower) to the
macrocycle ring planes. The black spheres represent the N atoms.

Figure 6. One-dimensional channels passing through the macrocyclic cavi-
ties in ent-1·AcOEt (upper), and 12·EtOH (lower). Guests are omitted
and the host atoms are shown as spheres of van der Waals radii. The
black spheres represent the N atoms.
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very weakly with the host molecule through N�H···F hydro-
gen bonds. The guest-accessible volume per unit cell
amounts to 784 M3, which means that approximately 31.5%
of the crystal volume is available for inclusion of guests. The
term “porosity” (P) has been used in the literature to refer
to this value.[27] Similarly, the trianglamine molecules in
1·PhCOOMe are arranged in corrugated sheets, the two
neighbouring layers being shifted with respect to each other.
The solvent molecules are accommodated in channels be-
tween consecutive host bilayers. In this case, however, the
solvent channels run nearly parallel to the macrocycle main
plane and the host to guest ratio is 1:1. The guest-accessible
volume per unit cell amounts to 544 M3, and the correspond-
ing P value is 24.0%. Both crystals possess the same space
group symmetry (P21) and similar ratios of unit-cell parame-
ters, but the orientations of the host molecules with respect
to the twofold screw axes are substantially different. The
angles between the normals to the mean planes of the mac-
rocycles and the y axes amount to 23.2 and 70.38 for 1·PhF
and 1·PhCOOMe, respectively. This is in turn reflected in
the values of the a and b cell constants, which are inter-
changed in the two crystals. Each methyl benzoate molecule
is situated in-between two cyclohexane rings of the host,
and is involved in C�H···p interactions with all axial C�H
bonds of the two diaminocyclohexane molecules. The C�
H···p interactions that involve aromatic rings and 1,2-diami-
nocyclohexane derivatives have recently been reported to
be responsible for the formation of clathrates by the two
types of molecules.[28]

Unlike aromatic guest molecules, the other guests are ac-
commodated inside the channels passing through host mole-
cules arranged in stacks (Figure 6). The repetition period in
this direction is approximately 5 M if the plane of the mac-
rocycle is nearly perpendicular to the x direction, or
amounts to approximately 9 M if the macrocycles are in-
clined with respect to the x direction (Figure 6). The peri-
odicities of the host and guest along the channel axis in the
structures formed do not match. In ent-1·AcOEt the guest
ethyl acetate molecules are disordered, as is one of the
phenyl rings in the host molecule. This is a concerted host/
guest disorder in which two equally occupied phenyl orien-
tations either allow or prevent the presence of an ethyl ace-
tate molecule in the macrocycle cavity. This dynamic behav-
iour illustrates extreme conformational flexibility in triangl-
amines and their tendency to avoid formation of large
cavity-containing frameworks. The guest-accessible volume
per unit cell when the phenyl ring closes the entrance to the
macrocyclic cavity is only 232 M3 and the corresponding P
value amounts to 5.8%, while the other orientation of the
phenyl ring results in a solvent-accessible volume of 358 M3

and a P value of 9.1%.
Inclusion inside the macrocycle cavity is also observed in

crystals of bridged trianglamine 12, which crystallises with
ethanol molecules in a host/guest ratio of 3:2. Unlike in the
crystal structure of ent-1·AcOEt described above, however,
in which the trianglamine planes are nearly perpendicular to
the crystallographic x direction (the angle between the

normal to the plane defined by the six nitrogen atoms in the
macrocycle and the x direction amounts to 13.48), the mole-
cules in a stack in 12 are inclined with respect to the x axis,
with the angle between the normal to the plane defined by
the six nitrogen atoms in the macrocycle and the x direction
amounting to 54.58. Such an arrangement of molecules
causes an increase of the unit translation along x from 5 to
9 M and creates more space for the guest molecules aligned
along the x axis. The guest-accessible volume per unit cell is
approximately 625 M3, and the corresponding P value
amounts to 14.4%.
The protonated trianglamine 1·6HBr forms crystals of un-

usual symmetry (space group P321), which display both
types of inclusion described above. The guest-accessible
volume per unit cell is the largest in the studied crystals and
amounts to 1133 M3, while the corresponding P value is
34.6%. The host molecules arrange in stacks along the [001]
direction (Figure 7). The asymmetric unit consists of one

third of a fully protonated trianglamine molecule lying
around the threefold symmetry axis, with two bromide
anions in general positions. This corresponds to a bromide/
trianglamine ratio of 6:1. Within a macrocycle cavity, half of
the statistically disordered Br2 molecules are situated on a
threefold symmetry axis. Water and methanol molecules, as
well as Br� anions, separate neighbouring triangles related
by a unit translation along the z axis in a sandwich-type
mode. The repeat period of these guest molecules, as well as
Br2 molecules situated in the molecular cavities, spans two
unit cells in the [001] direction. In channels formed by six
neighbouring host molecules, running along the direction of

Figure 7. Illustration of one-dimensional channels formed inside and out-
side the macrocycle in 1·6HBr. Four types of ion or molecule (Br� , Br2,
MeOH and H2O) are included within and between the macrocycles,
which are arranged in stacks. The lattice channel is filled by highly unusu-
al cubane-shaped clusters consisting of 16 water molecules. The black
spheres represent the N atoms.
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the threefold crystallographic z axis, one finds unusual cubi-
cal water clusters consisting of 16 water molecules hydrogen
bonded to each other and to the bromide anions (Figure 7).
The hydrogen-bonding pattern in this crystal structure is
supplemented by N�H···Br� and N�H···O types of interac-
tions.

Conclusion

X-ray diffraction and CD studies, in conjunction with molec-
ular modelling and calculations of the CD spectra, demon-
strate that the macrocyclic skeletons of trianglamines 1 and
2 can assume a variety of low-energy conformations, de-
scribable in terms of T or G� torsion angles around the C�N
bonds. On the other hand, structures of the fully protonated
1 and the free base 12 appear to be conformationally re-
stricted to all-T arrangements of the torsion angles around
the C�N bonds. The crystal structures of hexamines differ
significantly as a result of inclusion of various guests, solvent
molecules and counteranions, and this can be ascribed to
the facile formation of interpenetrated structures preventing
formation of large cavities. The range of molecular confor-
mations observed in the solid state is not only a demonstra-
tion of the substantial conformational flexibility of triangla-
mine 1, but also of a tendency, in the absence of guest mole-
cules, to reduce the inner cavity of the macrocycle as much
as possible. The ability to include guest molecules in the
crystal is strongly reduced in the case of N-alkylated deriva-
tives 2–11 and is again demonstrated in the case of the
methylene-bridged macrocycle 12. In addition, our results
indicate that supramolecular interactions involving macrocy-
cle 1 do not follow a simple lock-and-key principle.
Shape complementarity of the components of inclusion

complexes is the subject of current extensive studies. It was
recently reported that benzene-1,3,5-tricarboxylic acid inter-
acts more strongly with 1 in solution than its 1,2,3- and
1,2,4-isomers do.[21] However, we were not able to obtain
any crystalline inclusion complexes by cocrystallisation of 1
with numerous aromatic carboxylic acid guest molecules, in-
cluding benzene-1,3,5-tricarboxylic acid. It appears that,
within the constraints of our conformational analysis of 1
and its inclusion complexes, the inner cavity of trianglamine
1 is not large enough to accommodate any trisubstituted
benzene derivative. In fact, in no case studied by us could
any aromatic guest molecule be found located inside the
cavity of the macrocycle in the trianglamine crystalline in-
clusion complexes. We also note that, in view of the results
of our study, macrocycle 1 cannot be considered rigid, as
claimed previously.[22]

Further work on applications of trianglamines 1–12 in or-
ganic synthesis and supramolecular chemistry is in progress.

Experimental Section

Improved one-step synthesis of trianglamine 1: A mixture of (R,R)-1,2-
diaminocyclohexane (R,R)-tartrate salt (5.28 g, 20 mmol), terephthalalde-
hyde (2.68 g, 20 mmol), methanol (200 mL) and triethylamine (7.0 mL,
50 mmol) was stirred overnight (the reagents dissolved and a precipitate
of the product was formed). The mixture was cooled in an ice bath and
sodium borohydride (2.28 g, 60 mmol) was added over one hour. After
the system had been stirred for a further three hours at room tempera-
ture, the solvents were removed in vacuo and the residue was extracted
with dichloromethane and aqueous sodium carbonate (5%). The organic
solution was dried over magnesium sulfate, evaporated and dried in
vacuo at 70 8C for three hours. Trianglamine 1 was obtained in a yield of
4.1 g (96.5%). M.p. 154–156 8C; [a]20D = �104 (c = 1.3 in CHCl3);
1H NMR (300 MHz, CDCl3, 20 8C, TMS): d = 1.03 (m, 2H; CH2), 1.24
(m, 2H; CH2), 1.74 (m, 2H; CH2), 1.86 (br s, 2H; NH), 2.25 (m, 4H;
CH2), 3.62 (d,

3J(H,H) = 12.9 Hz, 2H; ArCH2), 3.92 (d,
3J(H,H) =

12.9 Hz, 2H; ArCH2), 7.29 ppm (s, 4H; Ar).

The product can be crystallised from ethyl acetate, but for further synthe-
ses it was used as obtained. Crystallisation from aromatic solvents (or
from mixtures of aromatic compounds and ethyl acetate) resulted in the
formation of crystalline molecular complexes of varying stoichiometry.
These complexes have characteristic melting points (Table 3). In many

cases the complexes melt below 100 8C and then solidify and melt again
at approximately 155 8C. These complexes are of lower stability and they
slowly lose solvent molecules at room temperature. Some complexes
(e.g., those with dioxane or pyridine) have high melting points and are of
higher stability.

The hexahydrobromide of 1 was crystallised from water/methanol, m.p.
294–300 8C (ref. [22]: m.p. 296–298 8C).

Rac-1 was obtained by crystallising equal amounts of (R,R)-1 and (S,S)-1
together; m.p. 174–177 8C (from ethyl acetate). From the difference of
the melting points of the racemate and the enantiomer (ca. 20 8C) it ap-
pears that 1 crystallises as a racemic compound.

Hexa(N-methyl) derivative 2 : A solution of trianglamine 1 (648 mg,
1 mmol) in a mixture of aqueous formaldehyde (36%, 2 mL) and formic
acid (10 mL) was heated at reflux for 6 h. The solvents were evaporated
and the residue was extracted with saturated aqueous NaHCO3 and
CH2Cl2. The organic extracts were evaporated to give the crude product
(655 mg), which was crystallised from ethanol/hexane. The yield of 2 was
260 mg (71%). M.p. 182–186 8C (after recrystallisation from acetone m.p.

Table 3. Melting points of inclusion complexes of trianglamine 1 with ar-
omatic guest molecules.

Guest (mole equivalent by 1H NMR) M.p. [8C]

fluorobenzene (2.0) 115–125
benzene (1.0) 96–99
toluene (1.0) 95–100
chlorobenzene (1.0) 96–103
phenol (1.0) 118–126
anisole (0.7) 94–100
nitrobenzene (0.7) 80–90
methyl benzoate (0.7) 132–135, 200–203
m-xylene (0.7) 107–112
1,3-dichlorobenzene (0.7) 104–108
1,3-dinitrobenzene (0.7) 144–159
mesitylene (0.9) 115–130, 185–194
1,3,5-trihydroxybenzene (0.5) 106–120
1,3,5-trimethoxybenzene (0.9) 112–115
trimethyl benzene-1,3,5-tricarboxylate (0.7) 103–110
hexafluorobenzene (–) 94–98
hexachlorobenzene (–) 134–140, 185–210
pyridine (0.5) 193–196
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187–190 8C); 1H NMR (300 MHz, CDCl3, 20 8C, TMS): d = 1.18 (m, 2H;
CH2), 1.31 (m, 2H; CH2), 1.77 (m, 2H; CH2), 1.97 (m, 2H; CH2), 2.19 (s,
6H; CH3), 2.74 (m, 2H; CH2), 3.74 (m, 4H; ArCH2), 7.38 ppm (s, 4H,
Ar); 13C NMR (75 MHz, CDCl3, 20 8C, TMS): d = 26.0, 26.4, 35.9, 58.7,
65.0, 128.5, 139.2 ppm; EI MS: m/z (%): 732.7 (100) [M]+ .

General procedure for the synthesis of hexakis(N-alkylated) derivatives
3–6 and 8–11: A solution of trianglamine 1 (162 mg, 0.25 mol) and the
corresponding bromide RBr (2 mmol; in the case of 4 a commercial 80%
solution of propargyl bromide in toluene was used) in acetonitrile (5 mL)
was heated at reflux with powdered K2CO3 (415 mg, 3 mmol) for 4 h.
The solvent was evaporated and the residue was dissolved in CH2Cl2 and
extracted with aqueous Na2CO3 (5%). The organic phase was dried over
MgSO4 and evaporated, and the crude product was purified by column
chromatography on silica gel (solvent CH2Cl2 or CH2Cl2/AcOEt (19:1)).

Compound 3 : Yield: 155 mg (70%); glass; 1H NMR (300 MHz, CDCl3,
20 8C, TMS): d = 1.08 (m, 4H; CH2), 1.70 (m, 2H; CH2), 1.97 (m, 2H;
CH2), 2.71 (m, 2H; CHN), 2.94 (dd,

3J(H,H) = 8.0, 14.0 Hz, 2H; CH),
3.29 (m, 4H; CH2Ar), 3.73 (d,

3J(H,H) = 13.4 Hz, 2H; CH2Ar), 4.98 (d,
3J(H,H) = 9.8 Hz, 2H; CH), 5.08 (d, 3J(H,H) = 17.0 Hz, 2H; CH), 5.84
(m, 2H; CH), 7.26 ppm (s, 4H; Ar); 13C NMR (75 MHz, CDCl3, 20 8C,
TMS): d = 25.8, 26.1, 53.0, 53.2, 59.4, 115.8, 128.7, 138.4, 139.0 ppm; ESI
MS: m/z (%): 890 (100) [M+H]+ .

Compound 4 : Yield: 98 mg (45%); glass; 1H NMR (300 MHz, CDCl3,
20 8C, TMS): d = 1.15 (m, 2H; CH2), 1.40 (m, 2H; CH2), 1.75 (m, 2H;
CH2), 2.16 (m, 2H; CH2), 2.17 (s, 2H; CH), 2.92 (m, 2H; CHN), 3.39 (m,
4H; CH2), 3.54 (d,

3J(H,H) = 13.2 Hz, 2H; CH2Ar), 3.88 (d,
3J(H,H) =

13.2 Hz, 2H; CH2Ar), 7.28 ppm (s, 4H; Ar);
13C NMR (75 MHz, CDCl3,

20 8C, TMS): d = 26.1, 27.0, 38.1, 53.2, 61.7, 71.8, 82.7, 128.7, 138.2 ppm;
IR (KBr): ñ = 3299 (=C�H), 2110 cm�1 (C=C); ESI MS: m/z (%): 878
(100) [M+H]+ .

Compound 5 : Yield: 165 mg (75%); glass; 1H NMR (300 MHz, CDCl3,
20 8C, TMS): d = 1.24 (m, 2H; CH2), 1.45 (m, 2H; CH2), 1.86 (m, 2H;
CH2), 2.22 (m, 2H; CH2), 2.85 (m, 2H; CHN), 3.41 (d,

3J(H,H) =

17.6 Hz, 2H; CH2CN), 3.54 (d,
3J(H,H) = 17.6 Hz, 2H; CH2CN), 3.77

(d, 3J(H,H) = 13.2 Hz, 2H; CH2Ar), 3.90 (d,
3J(H,H) = 13.2 Hz, 2H;

CH2Ar), 7.27 ppm (s, 4H; Ar);
13C NMR (75 MHz, CDCl3, 20 8C, TMS):

d = 25.6, 26.5, 37.1, 54.1, 63.2, 117.7, 129.1, 136.9 ppm; IR (KBr): ñ =

2228 cm�1 (C=N); FAB MS: m/z (%): 883 (8) [M+H]+ .

Compound 6 : Yield: 215 mg (74%); m.p. 57–61 8C; 1H NMR (300 MHz,
CDCl3, 20 8C, TMS): d = 1.11 (m, 4H; CH2), 1.20 (t,

3J(H,H) = 7.0 Hz,
6H; CH3), 1.72 (m, 2H; CH2), 2.05 (m, 2H; CH2), 2.71 (m, 2H; CHN),
3.35 (d, 3J(H,H) = 17.4 Hz, 2H; CH2COOEt), 3.47 (d,

3J(H,H) =

17.4 Hz, 2H; CH2COOEt), 3.52 (d,
3J(H,H) = 13.4 Hz, 2H; CH2Ar),

3.87 (d, 3J(H,H) = 13.4 Hz, 2H; CH2Ar), 4.07 (q,
3J(H,H) = 7.0 Hz,

4H; COOCH2), 7.29 ppm (s, 4H; Ar);
13C NMR (75 MHz, CDCl3, 20 8C,

TMS): d = 14.3, 26.0, 27.2, 51.4, 53.8, 60.1, 61.3, 128.9, 138.1, 172.6 ppm;
IR (KBr): ñ = 1748 cm�1 (C=O); FAB MS: m/z (%): 1166 (24) [M+H]+ .

Compound 8 : Yield: 210 mg (71%); m.p. 258–264 8C; 1H NMR
(300 MHz, CDCl3, 20 8C, TMS): d = 1.02 (m, 4H; CH2), 1.69 (m, 2H;
CH2), 2.05 (m, 2H; CH2), 2.69 (m, 2H; CHN), 3.33 (d,

3J(H,H) =

13.6 Hz, 4H; CH2Ar), 3.76 (m, 4H; CH2Ar), 7.0–7.6 ppm (m, 14H; Ar);
13C NMR (75 MHz, CDCl3, 20 8C, TMS): d = 25.0, 26.1, 53.0, 53.4, 58.4,
126.3, 127.5, 128.5, 129.0, 138.7, 140.5 ppm; FAB MS: m/z (%): 1189 (38)
[M+H]+ .

Compound 9 : Yield: 330 mg (79%); glass; 1H NMR (300 MHz, CDCl3,
20 8C, TMS): d = 1.03 (m, 4H; CH2), 1.70 (m, 2H; CH2), 2.05 (m, 2H;
CH2), 2.63 (m, 2H; CHN), 3.31 (m, 4H; CH2Ar), 3.69 (m, 4H; CH2Ar),
7.0–7.6 ppm (m, 12H; Ar); 13C NMR (75 MHz, CDCl3, 20 8C, TMS): d =

24.4, 25.9, 52.8, 58.4, 120.3, 128.6, 130.7, 131.0, 138.6, 139.5 ppm; FAB
MS: m/z (%): 1666 (20) [M+H]+ .

Compound 10 : Yield: 235 mg (70%); m.p. 175–185 8C; 1H NMR
(300 MHz, CDCl3, 20 8C, TMS): d = 1.07 (m, 4H; CH2), 1.78 (m, 2H;
CH2), 2.10 (m, 2H; CH2), 2.61 (m, 2H; CHN), 3.41 (m, 4H; CH2Ar),
3.73 (m, 4H; CH2Ar), 7.40 ppm (m, 12H; Ar); 13C NMR (75 MHz,
CDCl3, 20 8C, TMS): d = 24.5, 25.6, 53.2, 59.1, 110.5, 118.8, 128.6, 129.4,
131.7, 138.4, 146.1 ppm; IR (KBr): ñ = 2226 cm�1 (C=N); FAB MS: m/z
(%): 1340 (7) [M+H]+ .

Compound 11: Yield: 250 mg (73%); glass; 1H NMR (300 MHz, CDCl3,
20 8C, TMS): d = 1.02 (m, 4H; CH2), 1.67 (m, 2H; CH2), 2.04 (m, 2H;
CH2), 2.66 (m, 2H; CHN), 3.29 (m, 4H; CH2Ar), 3.72 (m, 10H; CH2Ar,
OCH3), 6.70 (m, 4H; Ar), 7.22 (m, 4H; Ar), 7.39 ppm (m, 4H; Ar);
13C NMR (75 MHz, CDCl3, 20 8C, TMS): d = 24.9, 26.1, 52.7, 55.2, 58.1,
113.2, 128.5, 130.0, 132.6, 138.8, 158.1 ppm; FAB MS: m/z (%): 1370 (10)
[M+H]+ .

Hexakis(N-hydroxyethyl) derivative 7: A solution of LiAlH4 (60 mg) in
THF (3 mL) was added to a solution of compound 5 (190 mg) in THF
(3 mL) and the mixture was stirred for 3 h at room temperature. The re-
action was quenched with ethyl acetate, followed by methanol. The sol-
vents were evaporated and the mixture was extracted with CH2Cl2 and
an aqueous solution of NaOH (1n). The organic solution was dried
(MgSO4) and evaporated to give the glassy product 6 (150 mg, quantita-
tive). 1H NMR (300 MHz, CDCl3, 20 8C, TMS): all signals are broad mul-
tiplets at room temperature; 13C NMR (75 MHz, CDCl3, 20 8C, TMS): d
= 23.6, 25.6, 49.9, 51.9, 54.7, 59.2, 129.8, 137.4 ppm (broad signals); IR
(KBr): ñ = 3385 cm�1 (O�H, broad); FAB MS: m/z (%): 914 (19)
[M+H]+ .

Tris(N,N’-methylene) derivative 12 : A solution of trianglamine 1
(324 mg, 0.5 mmol) and paraformaldehyde (180 mg, 6 mmol) in ethanol
(10 mL) was heated at reflux for 5 h. After cooling, the crystalline prod-
uct was filtered off and washed with ethanol. Yield: 265 mg (77%); m.p.
266–273 8C; 1H NMR (300 MHz, CDCl3, 20 8C, TMS): d = 1.26 (m, 4H;
CH2), 1.82 (m, 2H; CH2), 2.03 (m, 2H; CH2), 2.28 (m, 2H; CHN), 3.16
(d, 3J(H,H) = 14.0 Hz, 2H; CH2Ar), 3.27 (s, 2H; CH2), 4.07 (d,

3J(H,H)
= 14.0 Hz, 2H; CH2Ar), 7.15 ppm (s, 4H; Ar); 13C NMR (75 MHz,
CDCl3, 20 8C, TMS): d = 24.6, 29.4, 57.5, 69.0, 77.1, 127.3, 137.8 ppm; EI
MS: m/z (%): 683.7 (100) [M]+ .

The 1H NMR spectrum of the crystal dissolved in CDCl3 showed the
presence of 0.66–0.80 mole equivalent of ethanol per mole of 12. Product
12, m.p. 290–293 8C (not crystallised) was also obtained in 60% yield by
a general procedure for the synthesis of hexakis(N-alkylated) derivatives
through the use of N-(chloromethyl)phthalimide (in this case the side
product was phthalimide, m.p. 225–227 8C).

X-ray structure determinations

Compound 1·PhCOOMe : Compound 1·PhCOOMe crystallised from
methyl benzoate as an inclusion compound with the formula
C42H60N6·C8H8O2, Mr = 785.10, T = 170 K. Crystal system: monoclinic.
Space group: P21. Unit-cell dimensions: a = 8.628(2), b = 15.043(3), c
= 17.755(4) M, b = 100.27(3)8 ; V = 2267.5(9) M3; Z = 2; 1calcd =

1.150 Mgm�3 ; MoKa (l = 0.71073, w-scan); m = 0.071 mm�1. Final R
value 0.0533 for 3283 observed reflections [I>2s(I)]. Crystal size: 0.4O
0.4O0.08 mm3. Data were collected with a KM4CCD kappa-geometry
diffractometer[29] equipped with graphite monochromator. Theta range
for data collection was 5.13 to 25.038 and the hkl ranges were �7/10,
�17/17 and �21/21, respectively. Of the 11724 reflections collected, 4127
were unique (Rint = 0.0545) and 3283 were considered as observed with
I>2s(I). The intensity data were corrected for Lorentz-polarisation (Lp)
effects. No absorption correction was applied.

Compound 1·PhF : Compound 1·PhF crystallised from fluorobenzene as
an inclusion compound with the formula C42H60N6·2 (C6H5F), Mr =

841.16, T = 294 K. Crystal system: monoclinic. Space group: P21. Unit-
cell dimensions: a = 15.420(3), b = 8.592(2), c = 18.804(4) M, b =

90.20(3)8 ; V = 2491.3(9) M3; Z = 2; 1calcd = 1.121 Mgm�3 ; MoKa (l =

0.71073, w-scan); m = 0.071 mm�1. Final R value 0.076 for 4671 observed
reflections [I>2s(I)]. Crystal size: 0.55O0.55O0.1 mm3. Data were col-
lected with a KM4CCD kappa-geometry diffractometer[29] equipped with
graphite monochromator. Theta range for data collection was 5.10 to
25.038 and the hkl ranges were �11/18, �10/10 and �22/22, respectively.
Of the 18701 reflections collected, 8557 were unique (Rint = 0.082) and
4671 were considered as observed with I>2s(I). The intensity data were
corrected for Lp effects. No absorption correction was applied. In order
to account for the contribution of solvent molecules to the diffraction in-
tensities, we have assumed the presence of orientational disorder by in-
cluding two overlapping instances of the fluorobenzene molecules in the
least-squares refinement. The disorder was modelled in the form of a
major and minor component. Anisotropic displacement parameters were
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applied only for the fluorine atoms constituting part of the major compo-
nent. The other atoms constituting the solvent molecules were refined
isotropically with constraints involving 1,2 and 1,3 distances.

Compound ent-1·AcOEt : Compound ent-1·AcOEt crystallised from
ethyl acetate as an inclusion compound with the formula C42H60N6·
0.5 (C4H8O2), Mr = 693.01, T = 170 K. Crystal system: orthorhombic.
Space group: P212121. Unit-cell dimensions: a = 5.189(1), b = 3.926(5),
c = 31.607(6) M; V = 3924.1(1) M3; Z = 4; 1calcd = 1.173 Mgm�3; MoKa
(l = 0.71073, w-scan); m = 0.071 mm�1. Final R value 0.063 for 3530 ob-
served reflections [I>2s(I)]. Crystal size: 0.4O0.3O0.1 mm3. Data were
collected with a KM4CCD kappa-geometry diffractometer[29] equipped
with graphite monochromator. Theta range for data collection was 5.23
to 25.028 and the hkl ranges were �6/6, �28/27 and �37/27, respectively.
Of the 20592 reflections collected, 6845 were unique (Rint = 0.077) and
3530 were considered as observed with I>2s(I). The intensity data were
corrected for Lp effects. No absorption correction was applied. Included
chain molecules of ethyl acetate are disordered. The disorder was model-
led under the assumption that the repeat period of these guest molecules
spans two unit cells in the [100] direction.

Compound 12·EtOH : Compound 12·EtOH crystallised from ethanol/
chloroform as an inclusion compound with the formula
C45H60N6·0.67C2H5OH, Mr = 714.83, T = 295 K. Crystal system: ortho-
rhombic. Space group: P212121. Unit-cell dimensions: a = 9.288(2), b =

18.162(4), c = 25.796(5) M; V = 4351.5(16) M3; Z = 4; 1calcd =

1.091 Mgm�3 ; MoKa (l = 0.71073, w-scan); m = 0.065 mm�1. Final R
value 0.077 for 4079 observed reflections [I>2s(I)]. Crystal size: 0.55O
0.40O0.10 mm3. Data were collected with a KM4CCD kappa-geometry
diffractometer[29] fitted with graphite monochromator. Theta range for
data collection was 5.11 to 25.038 and the hkl ranges were �7/10, �21/21
and �30/30, respectively. Of the 22623 reflections collected, 7596 were
unique (Rint = 0.067) and 4079 were considered as observed with I>
2s(I). The intensity data were corrected for Lp effects. No absorption
correction was applied. Included ethanol molecules were refined isotropi-
cally with constraints imposed on 1,2 and 1,3 distances.

Compound 1·6HBr : Compound 1·6HBr crystallised from methanol/
water as an inclusion compound with the formula
C42H66N6Br6·11.5H2O·6CH3OH·0.5Br2, Mr = 1613.81, T = 150 K. Crys-
tal system: trigonal. Space group: P321. Unit-cell dimensions: a =

22.478(3), c = 7.476(1) M; V = 3271.3(8) M3; Z = 2; 1calcd =

1.638 Mgm�3 ; MoKa (l = 0.71073, w-scan); m = 4.360 mm�1. Final R
value 0.061 for 2482 observed reflections [I>2s(I)]. Crystal size: 0.4O
0.4O0.08 mm3. Data were collected with a KM4CCD kappa-geometry
diffractometer[29] fitted with graphite monochromator. Theta range for
data collection was 4.16 to 25.028 and the hkl ranges were �26/26, �18/
26 and �8/8, respectively. Of the 22321 reflections collected, 3851 were
unique (Rint = 0.116) and 2586 were considered as observed with I>
2s(I). The intensity data were corrected for Lp effects as well as absorp-
tion;[30] Tmin = 0.265, Tmax = 0.706.

Data reduction and analysis for all structures were carried out with Cry-
sAlisRED.[31] The structures were solved by direct methods by use of
SHELXS97,[32, 33] and refined by the full-matrix least-squares techniques
with SHELXL97.[34] Non-hydrogen atoms were refined anisotropically,
except for the majority of solvent atoms, which were refined isotropically.
The positions of all H atoms attached to carbon atoms were calculated
geometrically (C�H = 0.96 M). Because of disorder of the included sol-
vent molecules not all H atoms contained in these molecules have been
located. All H atoms were refined with a riding model and their isotropic
displacement parameters were given a value 20% (or 30% in case of
methyl hydrogen atoms) higher than the isotropic equivalent for the
atom to which the H atoms were attached. The absolute structures of the
crystals were assumed from the known absolute configurations of the
(R,R)- or (S,S)-trans-1,2-diaminocyclohexane used in the syntheses. Mer-
cury[35] and WebLab VieverPro[36] programs were used to prepare the
drawings. The percentage of the volume accessible to guest molecules
was estimated by use of the PLATON program.[37]

CCDC-272739 (1·PhCOOMe), -272740 (1·PhF), -272737 (ent-1·AcOEt),
-272738 (1·6HBr) and -272741 (12·EtOH) 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.

Calculations : The conformational analyses were carried out for a repre-
sentative set of six molecules: 1, 1·6H+ , 2, 2·3H+ , 2·6H+ and 12. In all
cases starting structures were those of the highest symmetry available for
a given macrocycle. We first obtained the sets of conformers of the mac-
rocycles accessible at ambient temperature from the results of conforma-
tional searches with use both of MM3 molecular mechanics force field
and of CONFLEX software.[38] From these conformers we selected those
with relative energies in the 0.0 to 10 kcalmol�1 range, and their struc-
tures were fully optimised with the aid of the AM1 Hamiltonian imple-
mented in the Gaussian package.[39] In the cases of 2·3H+ and 2·6H+ all
structures differing in absolute configuration at protonated nitrogen
atoms were considered. We next selected optimized structures with rela-
tive energies ranging from 0.0 to 2.0 kcalmol�1, and the percentage popu-
lations for all compounds were calculated on the basis of the DE values,
with use of Boltzmann statistics and T = 298 K. For the sake of simplici-
ty, only the lowest-energy conformers were used for further consider-
ation. These constitute at least 80% of each of the entire conformer pop-
ulations for each analysed structure: that is, 1 (91%), 1·6H+ (100%), 2
(82%), 2·3H+ (80%) and 12 (100%). It should be added that entropy
difference between the conformers due to their symmetry may come into
play for 2·3H+ (C3 symmetry of the second-lowest energy conformer).
Here the entropy of symmetry contribution is �R ln3, so the C3 symme-
try conformer is additionally stabilised by 0.65 kcalmol�1 at 298 K. This
translates to a reduction of the population of the lowest-energy conform-
er of C1 symmetry to 56%. In the cases of 1·6H

+ and 12 (D3 symmetry
of the lowest-energy conformers) the entropy of symmetry contribution
(�R ln6) further stabilises the lowest-energy conformers, already contri-
buting over 99% to the equilibrium.

Finally, for all the lowest-energy conformers of 1, 1·6H+ , 2, 2·3H+ , and
12, the rotational and oscillator strengths were calculated by use of the
ZINDO/S method. The computed oscillator strengths and rotational
strengths were converted into the UV and CD spectra with the assump-
tion of Gaussian shape absorption curves, by the methodology described
by Grimme et al.[40] No correction for the dielectric constant of the
medium was implemented. In all calculated spectra the transition ener-
gies were underestimated (by ca. 20 nm) and were scaled by the factor of
0.92 to match the experimentally obtained UV maxima.
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