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Detailed structural analyses, including solid-state (X-Ray), solution-state (NMR) and theoretical (AM1) studies of
the two most stable protonated forms — di 3H2

2� and tetraprotonated 3H4
4� — of a C2 symmetrical, optically active

cyclam derivative 3 have been carried out. Important conformational changes in the 14-membered and cyclohexane
rings accompany the protonation. A rigid conformation with C2 symmetry stabilized by bifurcated intramolecular
hydrogen bonds is obtained for 3H2

2�, whereas for 3H4
4� a dynamic system in solution and a loss of the C2 symmetry

in the solid state are found. The effects of temperature and the counter-ion are also discussed.

Introduction
Cyclam (1,4,8,11-tetraazacyclotetradecane) is perhaps one
of the most useful azamacrocycles due to its ability to act as
effective metal-ion binding site and also its basic properties.1

Structural changes, like the presence of methyl groups on N and
C positions in the cyclam structure, or the incorporation of
functionalized substituents, lead to changes in the metal bind-
ing behavior of the macrocycle as well as in their protonation
capability.2 Some of these differences have been explained in
terms of the modification of coordination geometry and, there-
fore, of ring conformation.3 Taking into account the close
relation between conformation and some properties of cyclam
derivatives, it is surprising that most of the studies on these
compounds have been performed in solid-state 4 in combination
with molecular modeling calculations,5 while data concerning
the structures in solution are very scarce.6

In a recent paper we have described the synthesis of some
optically active cyclam analogs.7 Thus, starting from (S,S)-
cyclohexane-1,2-diamine [(S,S)-1] or from tetraamine (R,R)-2,
both enantiomers of the C2 symmetrical cyclam derivative
(S,S)- or (R,R)-3 have been prepared. Because of the scarcity of
structural studies about cyclam and its derivatives, we consider
a structural study of this C2 symmetrical cyclam analog at dif-
ferent protonation degrees, to be of interest. This study covers
the solid-state, solution-state and calculated structures of the
two most stable protonated forms of 3, the di- and tetra-
protonated species.

Experimental and theoretical methods
X-Ray crystallographic analysis†

Salt (R,R)-3H2
2�(ClO4)2

2� is formed by mixing equimolecular
amounts of (R,R)-3H4

4�(ClO4)4
4� and (R,R)-3, and it crystal-

lizes from a methanol–water mixture as colorless needles.
The salt (S,S)-3H4

4�Br4
4� crystallizes from a 48% aq HBr–

ethanol mixture as colorless needles.
Crystal data and refinement parameters for the two struc-

tures, 3H2
2�(ClO4)2

2� and 3H4
4�Br4

4�, are shown in Table 1. The
unit-cell dimensions were determined from the angular settings

* E-mail: vgs@sauron.quimica.uniovi.es
† CCDC reference number 188/214. See http://www.rsc.org/suppdata/
p2/a9/a904998c for crystallographic files in .cif format.

of 25 reflections with θ between 13/7 and 15�. The space groups
were determined to be P21/P1, both from systematic absences
and from the structural determination. The intensity data sets
were measured using the ω–2θ scan technique and a variable
scan rate, with a maximum scan time of 60 s per reflection. The
intensity of the primary beam was checked throughout the data
collection by monitoring three standard reflections every 60
min. The final drift correction factors were between 0.991/0.957
and 1.038/1.025. A profile analysis was performed on all reflec-
tions.8 Some double measured reflections were averaged,
Rint = ΣI � 〈I 〉/ΣI. Lorentz and polarization corrections were
applied and the data were reduced to Fo

2 values. The structure
of 3H4

4�Br4
4� was solved by Patterson methods and phase

expansion using DIRDIF,9 while the structure of 3H2
2�-

(ClO4)2
2� was solved directly by SHELXS86.10 Isotropic least-

squares refinement on F 2 was made using SHELXL93.11 At this
stage an empirical absorption correction was applied using
XABS2.12 The relative maximum and minimum transmission
factors were 0.1693/0.575 and 1.000/1.000, respectively.

During the final stages of the refinement the positional
parameters and the anisotropic thermal parameters of the non-
H atoms were refined. All non-hydrogen atoms were aniso-
tropically refined. Hydrogen atoms attached to all carbon
atoms were found by low angle difference Fourier synthesis, but
due to their lack of stability they were refined riding from the
ideal geometry using common thermal parameters. Most of
H-atoms bonded to nitrogens were also located by difference
Fourier synthesis. Water H-atoms were fixed and refined taking
the oxygen thermal parameter as reference.

For structure 3H2
2�(ClO4)2

2�
, atom C(28) was isotropically

refined and atom O(34) was found split into two very close
positions and was anisotropically refined.

The minimized function was [Σw(Fo
2 � Fc

2)2/Σw(Fo
2)2]1/2,

w = 1/[σ2(Fo
2) � (0.0274P)2 � 10.09P] with σ(Fo

2) from count-

Scheme 1 Retrosynthesis of (S,S)- or (R,R)-3.
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Table 1 Crystal data and structure refinement for 3H4
4�Br4

4� and 3H2
2�(ClO4)2

2�

Identification codes
Empirical formula
Formula weight
Temperature/K
Wavelength/Å
Crystal system
Space group
Unit cell dimensions
a/Å, α/�
b/Å, β/�
c/Å, γ/�
Volume/Å3

Z
Density (calculated)/mg m�3

Absorption coefficient/mm�1

F(000)
Crystal size/mm3

θ range/�
Index ranges
Reflections collected
Independent reflections
Refinement method
Data/restraints/parameters
Goodness-of-fit on F 2

Final R indices [I > 2σ(I)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole/e Å�3

3H4
4�Br4

4�

C14H36Br4N4O
596.11
293(2)
0.71073
Monoclinic
P21

7.990(10)
15.168(2), 106.69(6)
9.713(1)
1128(1)
2
1.756
7.147
592
0.26 × 0.13 × 0.07
2.19–24.98
�9 � h � 9, �1 � k � 18, 0 � l � 11
2378
2233 [R(int) = 0.079]
Full-matrix least-squares on F2
2233/10/253
1.037
R1 = 0.0467, wR2 = 0.0971
R1 = 0.1450, wR2 = 0.1320
0.02(5)
0.783 and �1.078

3H2
2�(ClO4)2

2�

C14H32C12N4O8

455.34

Triclinic
P1

8.033(6)/100.01(6)
8.268(7)/94.67(5)
18.03(2)/116.89(7)
1034(2)
2
1.462
0.363
484
0.23 × 0.10 × 0.07
1.17–25.00
�9 � h � 9, �9 � k � 9, 0 � l � 21
3765
3639 [R(int) = 0.0812]

3765/22/533
1.008
R1 = 0.0581, wR2 = 0.1207
R1 = 0.2101, wR2 = 0.1689

0.395 and �0.437

ing statistics and P = (Max(Fo
2,O) � 2*Fc

2)/3, for 3H4Br4, and
w = 1/[σ2(Fo

2) � (0.0599P)2] for 3H2(ClO4)2. The crystallo-
graphic plots were made by a EUCLID package.13

Atomic scattering factors were taken from International
Tables for X-ray Crystallography.14 Geometrical calculations
were made with PARST.15 All calculations were made at the
University of Oviedo on the Scientific Computer Center and
X-Ray group DEC/AXP-computers.

NMR experiments

NMR spectra were run on Brucker AC200, AC300 and
AMX400 spectrometers. Selected spectral parameters were as
follows. 1H,13C 2D HMQC 16 spectral width, 2008 Hz in F2 and
5534 Hz in F1 for 3H2

2�, 1760 Hz in F2 and 6850 Hz in F1 for
3H4

4�; 128 increments recorded; final matrix after zero fill-
ing, 2048 × 256; evolution delay of 1JCH, 2.45 ms; 16 scans per
increment in F1. The same parameters were used for the corre-
sponding 1H,13C 2D HMBC 16 spectra. In these experiments the
number of scans was 32 and the evolution delay of nJCH was set
to 60 ms. 2D ROESY:16 3125 Hz for 3H2

2� and 2263 Hz
for 3H4

4�, all of them in both dimensions; 128 increments
recorded; final matrix after zero filling, 2048 × 256; spin-lock
mixing time 200 ms; spin-lock field γB1/2π ∼− 4.5 kHz 40 scans
per increment in F1. All the spectra were acquired in the TPPI
mode, and a shifted sinus bell multiplication of π/2 in both
dimensions prior to transformation was performed.

Theoretical calculations

Solid state structures, from experimental X-ray diffraction, were
used as starting geometries when available. In the other cases, a
preliminary conformational searching was performed with the
MMX force field as implemented in PCMODEL 17 program.
The structures thus obtained were used as starting geometries
for the semiempirical AM118 level of theory in the Gaussian94
program. They were fully minimized without symmetry con-
straints and the frequencies analysis showed they were minima
of energy.

Results and discussion
Both for crystallization and for NMR analyses of the diproton-
ated and tetraprotonated species of 3, the almost exclusive

presence of each species in solution is advisable. This requires
an adequate control of the pH value. By means of 13C-NMR
spectroscopy,19 we have carried out an analysis of the degree of
protonation of (R,R)-3 in D2O at different acid concentrations.
Samples were prepared with (R,R)-3 (100 mg) and D2O (1 mL)
adjusting the pH value with concentrated aqueous HBr. The
results obtained are shown in Fig. 1.

Each line represents the variation of experimental chemical
shift for each carbon atom in the pD range 11–0.2.20 All the
carbon signals shift to higher field when the degree of proton-
ation increases.19 The two straight sections, at pD between 9–4.5
and at pD < 0.8, have special significance, suggesting the pres-
ence of a major species in every section. By comparison with
the pKaa values measured for cyclam (pKa1 = 11.6, pKa2 = 10.6,
pKa3 = 1.61, pKa4 = 2.42) 5b and taking into account that pKa1

and pKa2 are not significantly affected by C-alkylation,21 it
seems clear that the diprotonated species (3H2

2�) is the major

Fig. 1 Change in δC with pD for 100 mg (R,R)-3 in 1 ml D2O, pH
adjusted with aq. HBr.
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Table 2 Selected experimental (X-ray) and calculated (AM1) geometrical data for 3H2
2�(ClO4)2

2� and for 3H4
4�Br4

4� (intramolecular N–N
distances in Å, torsion angles in degrees)

3H2
2�(ClO4)2

2� 3H4
4�Br4

4�

Exp. 1 Exp. 2 Calc. Exp. Calc. 

N(1)–N(2)
N(3)–N(4)
N(2)–N(3)
N(1)–N(4)
N(1)–N(3)
N(2)–N(4)

N(1)–C(1)–C(6)–N(2)
N(3)–C(10)–C(11)–N(4)
N(2)–C(7)–C(8)–C(9)
C(7)–C(8)–C(9)–N(3)
N(4)–C(12)–C(13)–C(14)
C(12)–C(13)–C(14)–N(1)

2.85(1)
2.89(1)
2.86(2)
2.92(2)
4.09(2)
4.06(2)

�59.0(1)
�61.0(2)
�66.0(2)
�65.0(2)
�68.0(2)
�67.0(2)

2.85(2)
2.92(2)
2.92(1)
2.87(1)
4.10(2)
4.07(2)

�56.0(1)
�63.0(2)

66.0(2)
�63.0(2)
�68.0(2)

64.0(2)

2.92
2.98
3.09
3.08
4.31
4.23

�51
60
77

�68
�74

71

3.73(2)
3.18(2)
4.27(2)
4.48(2)
5.78(2)
5.23(2)

160.0(2)
�70.0(2)

59.0(2)
�163.0(2)
�76.0(2)
173.0(2)

3.84
3.24
4.42
4.59
5.83
5.50

164
68
62

�161
�79
177

species at pD 9–4.5, and the tetraprotonated (3H4
4�) is the main

species at pD < 0.8. Moreover, the width of the first section
discloses a great difference between pKa2 and pKa3 values for
our macrocycle, such as is shown for cyclam. By means of MM
calculations 5b this difference was explained for cyclam in terms
of conformational changes. A more detailed study of solid-
state, solution-state and calculated gas-state structures of 3H2

2�

and 3H4
4� is shown below.

Structural analysis of (R,R)-3H2
2�(ClO4)2

2�

The solid state conformation was determined by X-ray analysis
(Fig. 2). The asymmetric unit consists of two macrocyclic
cations and four perchlorate anions. Both cations possess sim-
ilar, but not identical, conformations. Fig. 2 offers a view of the
molecular structure of one of the two macrocyclic cations, the
numbering scheme stemming from the X-ray crystallographic
results. Selected bond distances and torsion angles are given in
Table 2.

The cyclohexane ring adopts a chair conformation with both
nitrogens [N(1) and N(2)] in equatorial positions. All the C–C
units of the 14-membered ring (see Table 2) adopt a gauche
conformation, both rings being almost coplanar. In order to
minimize electrostatic repulsions, protonation takes place on
alternate nitrogens [N(1) and N(3)], placing the four nitrogens
in endo position, and in the same plane (with only 5% of
deviation from the ideal least-squares plane through the four
N-atoms). This arrangement of the nitrogen atoms, as well as
the proximity between them (N� � � � N is below 3.0 Å 22) favors

Fig. 2 One of the two conformations of the cation in solid state (R,R)-
3H2

2�(ClO4)
2�.

the formation of bifurcated intramolecular hydrogen bonds.23

Based on this assumption, all nitrogen atoms within the ring are
intramolecularly hydrogen-bonded, forming six-membered and
five-membered rings. Torsion angle values for the N–C–C–C–N
fragments (see Table 2) are in accordance with a chair-like
conformation for the six-membered rings.

Both perchlorate anions are placed over and on the underside
of the mean macrocyclic plane. The shortest N � � � O distances
are within the range expected for the type oxy anion-to-NH
hydrogen bond,24 and are applicable to all the nitrogen atoms.

Solution structure of (R,R)-3H2
2�Br2

2� in D2O

The dihydrobromide of (R,R)-3 was prepared by dissolving
equimolecular amounts of the (R,R)-3H4

4�Br4
4� and the free

amine (R,R)-3 in D2O (pD of the solution = 6.5). 1H and 13C
NMR spectra of (R,R)-3H2

2�Br2
2� show thirteen and seven

signals, respectively, thus revealing an effective C2 symmetry for
the compound in the NMR–time scale (Table 3).

Chemical inequivalence is shown for all the CH2 protons of
both rings. As a general rule, for each CH2 group the most
deshielded proton shows a large coupling constant (assignable
to 2JHH) and at least two small ones (assignable to two gauche
couplings), whereas the most shielded proton shows at least two
large J, which are assignable to 2JHH, and to one antiperiplanar
coupling. This indicates the presence in solution of one con-
former with axial and equatorial positions for all the protons of
the molecule, the most deshielded proton being the equatorial.25

The well-defined axial and equatorial positioning for all the
CH2 protons, suggests a fast prototropic process in the inner
cavity of the macrocycle, the protonation sites being averaged
between the four nitrogens. Values of the coupling constants for
the propylene unit (Table 3) are in accordance with the existence
of a pseudo-chair conformation for the six-membered ring,
built up at the expense of a strong intramolecular hydrogen
bond between nitrogen atoms. In addition, the ROESY spec-
trum of 3 shows a cross peak between H(2e) and H(6e), sup-
porting the co-planarity between the six and 14-membered
rings. With these data, we propose a conformation similar to
both the solid structure and the conformation of the free amine
in CDCl3.

7 Semi-empirical calculations with the AM1 Hamil-
tonian 18 using the X-ray data for the starting geometry leads to
an energy minimum in good agreement with the solid-state
conformation (Table 2).

In order to study the conformational stability of this com-
pound, 1H NMR experiments at temperatures in the range 278–
358 K were carried out, no significant changes being observed.
All these NMR experiments show that the bifurcated intra-
cationic hydrogen bonds of 3H2

2� are so strong that they give
the structure a rigid conformation in solution, a structure which
is retained even at 358 K.
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Table 3 1H and 13C NMR data for 3H2
2�Br2

2� and for 3H4
4�Br4

4� (in D2O)

3H2
2�Br2

2� 3H4
4�Br4

4�

Position a δHe (J/Hz) δHa (J/Hz) δC δH
b δC

1
2
3
4
5
6
7

—
3.36 ddd (�12.2, 4.0, 2.9)
1.93 m (�13.4, 5.3, 4.7, 4.1, 4.0)
3.12 ddd (�11.6, 4.1, 2.9)
3.07 qAB
2.27 m
1.75 m

2.65 m
2.73 ddd (�12.2, 9.6, 4.7)
1.93 m (�13.4, 9.6, 9.3, 2.9, 2.9)
2.94 ddd (�11.6, 9.3, 5.3)
2.88 qAB
1.10 m
1.20 m

60.3
46.5
25.4
49.3
46.4
28.7
24.3

3.92
3.23
1.94
3.23
3.41
1.72
1.49/1.31

49.0
41.1
19.7
41.1
37.5
23.3
18.5

a Numbering as is shown in Fig. 1. b Broad signals for all the protons.

Introduction of a metal-ion (Fe2�, Ni2�, etc.) in the inner
cavity of 3 would occupy the position of the two endo protons
in 3H2

2�, leading to an optically active complex. This will be of
great importance for the further application of 3 complex
derivatives as potential catalysts in asymmetric synthesis.

Structural analysis of (S,S)-3H4
4�Br4

4�

A view of the molecular structure of the cation with the
numbering scheme adopted is shown in Fig. 3.

The cyclohexane ring adopts a chair conformation with a
diaxial arrangement of the N(1) and N(2) ammonium groups
[torsion angle N(1)–C(1)–C(6)–N(2) of 160.(2)�], thus avoiding
electrostatic repulsions. An important structural characteristic
of the 14-membered ring is the proximity of the Br(4) bromide
anion to both the N(3) and N(4) ammonium groups. The
interionic distances, Br(4) � � � N(3) of 3.26(2) Å and Br(4) � � �
N(4) of 3.30(1) Å, are less than the sum of van der Waals radii
of Br and N (ca. 3.40 Å),22 supporting the existence of hydro-
gen bonding between Br(4) and both H(31)–N(3) and H(42)–
N(4).23 These bonding interactions contribute to stabilize the
gauche arrangement adopted by the N(3) and N(4) ammonium
groups [torsion angle N(3)–C(10)–C(11)–N(4) of �70.(2)�] in
contrast with the N(1) and N(2) groups. As a consequence, the
cation adopts a different conformation to that of C2 symmetry,
and both N–C–C–C–N frameworks adopt a conformation
placing the cyclohexane ring nearer to C(7) [torsion angle C(7)–
N(2)–C(6)–C(5) of 56.(2)�] than to C(14) [torsion angle C(14)–
N(1)–C(1)–C(2) of 180.(2)�].

In order to obtain information about the conformation of
the tetraprotonated macrocycle in solution, the salt was dis-
solved in D2O and 48% HBr was added until pD = 0.2. The 13C
NMR spectrum (Table 2) consists of seven signals, meaning
that 3H4

4� presents an averaged conformation with C2 sym-
metry in solution. The 1H NMR spectrum (Table 2) shows
broad signals for all the protons, thus indicating the existence of
a conformationally mobile system. Diastereotopic CH2 protons
are indistinguishable (298 K), except for those of C(7) [two

Fig. 3 Molecular structure of the (S,S)-3H4
4�Br4

4� cation.

resonances at 1.31 (H(7a)) and 1.49 (H(7e)) ppm]. H(5) forms
an A2 spin system and a broad signal is assigned to H(2)/H(4)
protons. H(1) resonates at 3.92 ppm and it is the lowest–field
signal of the spectrum. These data suggest that the cyclohexane
ring of 3H4

4� is locked in a chair conformation with H(1) in the
equatorial position.25 ROESY spectrum 16 shows cross peaks of
H(1) with H(2) (and/or H(4)) and H(3), supporting an endo
position of H(1) (towards the inner part of the 14-membered
ring). Moreover, the ROEs observed in this spectrum also
indicate that the solid-state structure A (Fig. 4) of 3H4

4� is
retained in solution. Because C2 symmetry is necessary, struc-
ture A must be in equilibrium with at least another structure,
such as B, which only differs from A in the 14-membered ring
conformation.

The analysis of the 1H NMR spectra at different temper-
atures shows no significant changes in the range 278 (Fig. 5a)–
313 K. However, at 333 K the changes are important (Fig. 5b),
most of the diastereotopic CH2 protons being distinguishable.

Fig. 4 Conformations of (S,S)-3H4
4�Br4

4� in solution A is that of the
solid state cation.

Fig. 5 1H NMR of (S,S)-3H4
4�Br4

4� (a) at 278 K, (b) at 333 K. (c)
Shows the second-order multiplet for H(2)/H(2�)/H(4)/H(4�) simplified
to an AB quartet on irradiation of the H(3)/H(3�) signal.
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H(5) and H(5�) form an AA�BB� system at 3.93 ppm; H(2) and
H(2�) show the same chemical shifts as H(4) and H(4�), respect-
ively, appearing as a second-order multiplet (centered at 3.74
ppm), which is simplified to an AB quartet (JAB = 13.6 Hz)
when the signal of H(3)/H(3�) (2.52 ppm) is irradiated (Fig. 5c).
H(1) is still the most de-shielded proton (4.29 ppm), and H(7e)
and H(7a) coalesce at 1.93 ppm, whereas H(6e) and H(6a) show
two signals at 2.35 and 2.20 ppm, respectively. These data are
in agreement with a fully alternated conformation C, which
presents both C2 symmetry and an anti arrangement of all the
ammonium groups. Although C structure is not consistent with
some ROE’s observed at room temperature, it could be present
at T < 333 K given that C is the intermediate conformation
necessary to convert A into B (Fig. 4). In addition to this, when
temperature is raised over 333 K, the signals of the spectrum
become broader, so their chemical inequivalence disappears.
This fact suggests that the proposed rigid conformation C is
broken at T > 333 K.

In order to rationalize these conformational changes, we have
chosen a theoretical (AM1) approach. Three energy minima, A
(very close to the solid-state structure), and C and D with an
anti arrangement for the ammonium groups, are obtained. Both
C (10.8 kcal mol�1) and D (11.0 kcal mol�1) proved to be more
stable than conformer A (Fig. 6), but this stability order dis-
agrees with the conformations found through the temperature-
dependent NMR analysis.

Fig. 6 Energy minima found by AM1 calculation on (S,S)-3H4
4�.

Fig. 7 Effect of counterion on minima shown in Fig. 6. Conformation
D becomes EBr.

Because the driving force for the presence of the less stable A
conformer in solution could be similar to that in the solid-state,
that is, the existence of bonding interactions with the bromide
anion,26 we decided to estimate the effect of the counter-ion by
AM1 calculations. To do this, one bromide was placed as found
in the crystal for the A conformer, and equidistant to the four
nitrogen atoms for both C and D. The minimum obtained for
ABr� is 14.5 kcal mol�1 lower in energy than for CBr� (Fig. 7).
For D the presence of the bromide anion leads to a conform-
ational change in one of the propylene units, obtaining a min-
imum (EBr�) in which two ammonium groups are closer. These
results imply that bromide stabilization effect is more effective
for A and E conformers than for C, probably due to the form-
ation of two strong hydrogen bonds in both A and E (see Fig.
7). We can conclude that the tetracation–bromide interaction
remains in solution at room temperature and the inversion of
the 14-membered ring through conformer EBr� is fast in the
NMR time scale. When T is increased (333 K), thermal energy
breaks the bromide interactions, and the molecule changes to a
more stable conformer (C or D), as is shown by NMR and AM1
calculations of the isolated tetracation.

In addition, the binding effect of the bromide anion in solu-
tion was also proved when the 1H NMR spectrum was recorded
with a larger counter-ion. Thus, by using H2SO4 acid instead of
HBr to adjust the pD value, H(5) and H(5�) form a clearly
resolved AA�BB� system compatible with the conformation C
and similar to the result obtained with HBr at 333 K.

On the other hand, experimental proof of the ion-pair inter-
actions in gas-phase for 3H4

4�Br4
4� were obtained. Thus, fast

atom bombardment mass spectrometry (FABMS) 27 shows two
equally intense peaks at m/z 335 and 337 corresponding to
[3H2

79Br]� and [3H2
81Br]�, respectively.

The apparently higher binding anion ability of 3H4
4� com-

pared to tetraprotonated cyclam could be explained in terms of
poorer solvation of the ammonium sites of 3H4

4� due to their
more hydrophobic environment. This exceptional ability of the
fused cyclohexane-cyclam can be exploited in the design of
other optically active polyammonium macrocycle analogs 28

which can act as receptors of chiral anions.
In summary, an exhaustive study of the diprotonated (3H2

2�)
and tetraprotonated (3H4

4�) compounds reveals the conform-
ational changes that accompany protonation. In 3 7 and 3H2

2�

all the nitrogen atoms are placed in endo, with a trans-
diequatorial arrangement of the cyclohexane moiety, a strong
similarity between the solution and calculated structures being
found. The same structure is obtained in the X-ray analysis of
3H2

2�(ClO4
�)2. The driving force for the existence of this com-

mon structure is its high stability resulting from strong intra-
molecular hydrogen bonds.

The solid state structure of 3H4
4� Br4

4� shows a trans-diaxial
arrangement for the cyclohexane moiety and a gauche dis-
position for the ethylendiammonium unit, leading to a loss of
the C2 symmetry. This conformation, stabilized by bromide–
ammonium groups interactions, is retained in solution, but it
is in equilibrium with other conformations, and displays an
averaged C2 symmetry.

Two interesting characteristics could be of great importance
for further applications of this compound: (i) the major affinity
of compound 3H4

4� for the bromide anion compared with that
of cyclam, and (ii) the rigid conformation of the diprotonated
species, which implies an efficient transference of chirality
throughout the ring.

Further applications of this compound as a chiral tool are
currently in progress.
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