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ABSTRACT

Thermodynamically driven cyclocondensation of (R,R)-1,2-diaminocyclohexane and 1,3,5-triformylbenzene yields solely a [4 + 6] spherand
type product. This is a unique example of spontaneous formation of an organic compound of permanent chiral tetrahedral (T) symmetry.

Recently, much attention has been focused on the synthesis
and applications of chiral macrocyclic oligoimines derived
from (R,R)-1,2-diaminocyclohexane (DACH) and dialde-
hydes.1,2 The advantages of this type of macrocycle forma-
tion are that the reaction does not require the use of a
template to preorganize the substrates and that it is highly
selective, with little interference of polymer formation, when
the substrates are structurally predisposed for the formation
of cyclic products. The imination reaction is reversible and
therefore thermodynamically driven to give the most stable
products. The formation of strain-free cyclic reaction prod-
ucts can be realized if no significant change of the substrate
conformation is necessary, as is the case in most macrocy-
clizations based on the imination reactions. The combination
of DACH and aromatic dialdehydes is unique in providing
the necessary stability of the imine bond, limited conforma-
tional flexibility of the substrates, and adequate reactivity

of the system comprising of an aliphatic amine and an
aromatic aldehyde. In addition, macrocyclic structure appears
to stabilize the imine bonds even in the cases where both
the amine and the aldehyde are aliphatic entities.3

Proper choice of geometry of the building blocks,
i.e., DACH and dialdehyde, allows obtainment of a
variety of macrocyclic oligoimines of differing shapes. The
most frequently encountered polygons are triangles
(trianglimines)1a,d,4 and rhombs (rhombimines),1b,c while
more complex structures (loopimines) can be obtained from
conformationally bistable DACH derivatives.5 Recent reports
show the possibility of obtaining a nanocontainer6a and a
nanocapsule6b of octahedral (Oh) symmetry as well as a chiral
nanocube6c of O symmetry by dynamic covalent assembly
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of the imine bonds from aromatic tetraaldehydes and di- or
triamines.

Here, we show that DACH molecules (D) can react with
an aromatic trialdehyde, 1,3,5-triformylbenzene (A),7 to give
selectively a spherand molecule in a thermodynamically
driven [6 + 4] cycloimination.

The reaction of 3 equiv of D with 2 equiv of A at room
temperature in dichloromethane at a concentration 0.1 M
showed (TLC) the disappearance of the substrates and the
formation of a single product within 12 h. Evaporation of
the solvent afforded quantitatively the product having a
simple 1H NMR spectrum with just two sharp signals
(relative intensity 1:1) in the aromatic region (δ 7.89,
aromatic H, 8.16, imine H). Similarly simple was the 13C
NMR spectrum comprising three signals due to DACH
moiety (δ 24.5, 33.1, 74.6), two aromatic region signals (δ
129.4, 136.5), and one imine signal (δ 158.9),8 suggesting a
high symmetry of the chiral product. Mass spectroscopy
disclosed the molecular weight of the product (FAB M )
1116.7, MALDI TOF M + 1 ) 1118), corresponding to a
[6 + 4] cyclocondensation stoichiometry (Scheme 1).9

There are two high symmetry structures of the product
which correspond to the MS data, 1 (T) and 2 (D2) (Figure
1).

The tetrahedral (T) structure has four C3 axes and three
C2 axes, whereas the D2 structure has just three C2 axes.
The simplicity of the aromatic region signals in both the 1H
and 13C NMR spectra implies the T symmetry of the product.
D2 symmetry would require twice as many aromatic signals
in both 1H and 13C NMR spectra.

In order to assign a detailed structure of the product of
cyclocondensation, we calculated the low energy conformers
of 1 and 2 using the semiempirical PM3 method.10

The calculated structures of 1 and 2 are characterized by
a nearly flat conjugated aromatic triimine system, a trans
configuration of the imine bond, and a nearly eclipsed
position of the imine bond with regard to the C*-H bond
in an undistorted cyclohexane skeleton, as previously found
for unstrained imine polygons1a,b (Figure 2).

Calculated heats of formation and free energies of 1 and
2 show that structure 1 is significantly more stable than 2
(Table 1). One of contributing factors to preferential forma-
tion of 1 under thermodynamic conditions is its higher
symmetry (symmetry number for 1 is 12, for 2 is 4).
Consequently, there is entropy of symmetry advantage of
the order of 0.66 kcal·mol-1 for the formation of 1 at room
temperature. An additional factor contributing to destabiliza-
tion of structure 2 is a larger (-28°) H-C*-NdC torsion
angle of two of the six imine bonds connected with
nonplanarity of the aromatic imine system; see the Support-
ing Information.

Since the product of cyclocondensation of D and A is chiral,
we were able to obtain the final proof of its structure by
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Scheme 1

Figure 1. Schematic structures of D6A4 spherand.

Table 1. Calculated Differences of Heats of Formation (HOF),
Free Energy (∆E), and Entropy of Symmetry at 298 K (Ssym)

structure HOF (kcal·mol-1) ∆E (kcal·mol-1) Ssym (kcal·mol-1)

1 0 0 0.66
2 3.4 4.3 0
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comparing the experimental circular dichroism spectrum of
D6A4 with the computed CD spectra for 1 and 2 based on their
calculated structures.11 The CD spectra were calculated using
TDDFT method at B3LYP/cc-pvdz level using 150 lowest
energy transitions. To save computation time, the cyclohexane
rings in structures 1 and 2 were removed by substituting the
C-N bonds with the H-N bonds. Since the cyclohexane ring

is nonchromophoric, its contribution to the UV/CD spectrum
is expected to be insignificant. Note that despite the assumed
approximation the calculation reproduces very well basic
features of the UV absorption spectrum. As shown in Figure
3, the intense π-π* absorption bands of the benzene-1,3,5-
triimine system at ca. 260 and 240 nm in D4A6 are associated
with intense, presumably exciton-type Cotton effects (-/+) at
these wavelengths. A similar (-/+) CD band pattern is
calculated for 1 (negative at ca. 260 nm and positive at ca. 240
nm); however, a very different CD spectrum was obtained for
2 (a series of negative Cotton effects between 320 and 220 nm).
Since the CD spectra are sensitive to chiral molecular structure,
the calculation results confirm that D6A4 product has a spherand
structure of unique tetrahedral (T) symmetry 1.12

According to a recent review13 compounds of T sym-
metry are extremely rare, the best known examples being

(11) Although the product could be crystallized, no X-ray quality crystals
were obtained.

Figure 2. Calculated structures 1 and 2 of D6A4 spherand and a
detailed view of the imine bond conformation.

Figure 3. CD (solid line) and UV (dashed line) experimental spectra
for D6A4 and calculated spectra for 1 and 2. The calculated UV
maxima of 1 and 2 are blue-shifted by 10 nm for a better match
with the experimental UV maximum of D6A4.
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metallacyclic polygons reported by Stang et al.14 Product
D4A6 is apparently the first example of structurally
characterized covalently bound molecule of chiral tetra-
hedral symmetry.15

The uniqueness of the cyclocondensation of D and A is
demonstrated by the results of cyclocondensation of A with
(R,R)-1,2-diamino-1,2-diphenylethane, having a more flexible
structure. A mixture of products was obtained in this reaction,
and no cyclic structures could be detected by MS and NMR
analysis.

In summary, we have demonstrated that the first chiral
iminospherand of a tetrahedral symmetry could be obtained
in a simple [6 + 4] cyclocondensation of DACH and 1,3,5-
triformylbenzene with very high yield, using no template or
special reaction conditions. The direction of this unique
reaction is highly biased by structural factors and the
symmetry of the product, in which tripodal triiminebenzene
units form the vertices and DACH molecules are the sides
of the tetrahedron. While the spherand reported here is not
large enough to accommodate other molecules in its cavity,
work is now in progress to obtain larger entities, based on
the principles of structure planning described above.
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