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Stacking interactions between cyclohexane and benzene were
studied in crystal structures from the Cambridge Structural
Database and by ab initio calculations. Calculated at the very
accurate CCSD(T)/CBS level of theory, the cyclohexane-benzene
interaction energy is —3.27 kcal/mol, which is significantly
stronger than the interaction in the benzene dimer (-2.84
kcal/mol) indicating the importance of aliphatic-aromatic
interactions.

Noncovalent interactions of aromatic molecules and other n—
systems, including m—stacking!®# and CH/m interactions,[5-7]
are recognized as very important in various molecular systems,
from biomolecules to molecular crystals. Interactions between
aromatic molecules were extensively studied on benzene
dimer.l¥ The energy of the stacking benzene-benzene
interaction is -2.73 kcal/mol, while the most stable geometry is
the tilted T-shape, with the interaction energy of -2.84
kcal/mol.[42]

Although  stacking involving
molecules have been extensively studied, the importance of
these interactions at large horizontal displacements have only
been reported recently.[® Specifically, statistical analysis of the
data from the Cambridge Structural Database (CSD) showed
that in crystal structures the preferred stacking (parallel)
benzene—benzene interactions are at large horizontal
displacements (3.5 — 5.0 A), and not at 1.5 A, where the energy
minimum is. By ab initio calculations on the parallel benzene
dimer, substantial interaction energies of around —2.0 kcal/mol
were obtained for large offsets of 3.5 — 5.0 A.[82] A more recent
studyl® has confirmed our results on interactions at large
horizontal displacements.

Stacking interactions are usually thought of as occurring
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between organic aromatic molecules or fragments; however,
other molecules and fragments can also be involved in stacking
interactions.[210-15] Moreover, recent results show that these
alternative stacking arrangements can sometimes be stronger
than stacking between benzene molecules.[20-18] For example,
stacking interactions of chelate rings and stacking interactions
of hydrogen bridged rings are stronger than stacking in the
benzene dimer.[10,16,17]

Considering stacking interactions between aliphatic and
aromatic molecules, it is interesting that interaction between
benzene and cyclohexane (—3.01 kcal/mol)[8! is somewhat
stronger than interactions in stacking benzene dimer (-2.73
kcal/mol),12] or cyclohexane dimer (—2.62 kcal/mol).[19]

To study further aliphatic—aromatic interactions, herein we
present the detailed results on the stacking interactions of
cyclohexane—benzene dimers including interactions at large
horizontal displacement. To the best of our knowledge this is
the first study that includes both statistical analysis of
crystallographic data from Cambridge Structural Database
(CSD) and calculations on the potential energy surface of
cyclohexane—benzene stacking interactions. In these
interactions mean planes of phenyl and cyclohexyl are parallel
with possibilities for CH/mt interactions between two moieties
(Fig. 1).

Fig. 1. Geometrical parameters used for describing the interactions between
cyclohexyl and phenyl fragments with mutual parallel orientation. X can be any
atom. Parameter d is the intermolecular distance between the centroids of
phenyl and cyclohexyl rings. The normal distance between the average planes of
the interacting rings is R. The distance between the center of phenyl ring (Q,)
and the projection of the center of the cyclohexyl ring onto the plane of the

phenyl ring (Q’.) is the horizontal displacement (offset) r.
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Statistical analyses were done on structures obtained from
the CSD (version 5.34 update May 2013).[201 A CSD search was
performed using the ConQuest 1.15 program[21l to extract all
structures containing phenyl and cyclohexyl fragments with
parallel orientation between average planes of the fragments
(those with inter-plane angle less than 10°). Center—center
distance was screened to be less than 7.0 A, and the normal
distance between the average planes of the fragment were
less than 5.0 A. The structures also satisfied the following
criteria: a) a crystallographic R factor below 10%, b) error—free
coordinates, c) normalized H—atom positions, and d) no
polymer structures. The geometrical parameters used for CSD
search and analysis of the interactions between cyclohexyl and

phenyl fragments, are presented in Fig. 1.
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Fig. 2 The corrected distribution of the offset values r for cyclohexyl-phenyl

interactions. N is number of the cyclohexyl-phenyl interactions.

We have applied an area correction22l (ESI, 1) on the
distribution of the offset values r for cyclohexyl-phenyl
stacking interactions, since the area covered by an interval
ri—r, is smaller for smaller r values. The non-corrected
distribution of the offset values r for cyclohexyl—phenyl
interactions is shown in Fig. S1 (ESI). The area corrected
distribution of the offset values shows two maxima; the first is
at the offset value of 0.5 — 1.5 A and the second is at 5.0 — 6.5
A (Fig. 2). The first maximum corresponds to geometries where
the cyclohexyl ring overlaps the phenyl ring, forming one or
two CH/m interactions (Fig. 3). The second of the maxima,
smaller than the first, corresponds to geometries without any
overlap of the rings, where only hydrogen atoms of two
fragments are in proximity. The maxima in area-corrected
histogram indicate that interactions at offsets near 1.5 A are
significantly more frequent than those at offset near 6.0 A.
More frequent interactions in the corrected distribution
means that these interactions are stronger. That said, the
second maximum indicates that the interaction energy at large
offset is not negligible.

All energy calculations have been done in the Gaussian09
(version D.01) program.[23] The geometries of isolated
cyclohexane and benzene molecules were optimized using
B2PLYP-D2[241 method and def2—-TZVP basis set.?5] The
optimized geometries of cyclohexane and benzene molecules
(ESI, ) were used to calculate the interaction energies for
different parallel orientations of cyclohexane—benzene system.
The MP2[26] method, with the def2—TZVP basis set, was used to
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Fig. 3 Two views of the three cyclohexane—benzene orientations, (a) A, (b) B and (c) C,
used for calculations. Geometries with offset values r of —1.5 A, 0.0 A and +1.5 A are
presented.

calculate potential surface. The MP2/def2—TZVP method, with
correction for basis—set superposition error, gives results that
are in good agreement with the accurate CCSD(T) data.[?”]
Namely, calculated energies for cyclohexane—benzene
interactions at CCSD(T)/CBS[28! |evel for offset values r 0.0, 1.5,
and 4.0 ,&, are —3.05, —3.27 and -1.19 kcal/mol respectively,
while MP2/def2—TZVP energies for the same geometries are —
3.17,-3.34 and —1.19 kcal/mol, respectively (ESI, Ill, Table S1).

The interaction energies as a function of the horizontal
displacements (offsets r) were examined for three different
parallel orientations, A, B and C (Fig. 3) by varying the normal
distance (R) between two molecules in a series of single point
calculations for a cyclohexane—benzene system, while the
geometries of the monomers were kept rigid.
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The calculated interaction energies at different horizontal
displacements (r) for the cyclohexane—benzene dimer are
presented in Fig. 4 and Table 1. The corresponding normal
distances (R) at different horizontal displacements (r) are
presented in Fig. S2 (ESI, V).
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Fig. 4 Calculated interaction energies (AE), at MP2/def2—-TZVP level, for three different
orientations of cyclohexane—benzene dimer plotted as a function of the offset value r.
The interactions energies for each offset value r were calculated by varying the normal
distance (R) between two molecules in a series of single point calculations. The
strongest calculated energy for each offset value is presented. The A, B, and C
orientations are presented in Fig. 3.

Table 1. The calculated MP2/def2-TZVP interaction energies at different offset values
(r) for cyclohexane—benzene dimer (Fig. 3)

r= r= r= r= r= r= r=

) ) 50A | -40A | -1.5A | 0.0A 1.5A 40A 5.0A
orientation

AEl) AEL] AEL] AEl) Al Al Al

A -1.58 | -1.90 | -2.65 | -3.17 | -3.34 | -1.13 | -0.78

B -1.55 | -1.62 | -2.69 | -3.17 | -3.21 | -1.21 | -0.98

c -1.07 | -135 | -290 | -3.17 | -2.90 | -1.35 | -1.07

lal Interaction energies in kcal/mol

The interactions energies at offset r = 0.0 A have
coincidentally the same value for all three orientations (Table
1, Fig. 4, Table S2), although the geometry at r = 0.0 A for
orientation A is different than geometry for orientations B and
C (Fig. 3).

The interaction energy curves for negative and positive
offsets for orientations A and B (Fig. 4) are asymmetric,
because of differences in the interaction of hydrogen atoms
for positive and negative offsets (Fig. 3), while that for
orientation C is symmetric due to symmetry of the geometries
(Fig. 3).

The minima on the potential curves for A and B
orientations occur at offset values, 1.5 and 1.0 A, with similar
interaction energies (Table 1). The geometries of A and B at
minima are also similar; in both an axial hydrogen atom of
cyclohexane is above the center of the benzene ring, forming
CH/mt interaction, while the two others are between benzene’s
hydrogen atoms in A, and above benzene’s C-H bonds in B (Fig.
3a and 3b). The minimum on the potential curve for

This journal is © The Royal Society of Chemistry 20xx
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orientation C is at offset 0.0 A (Table 1). In the, minimum
geometry for orientation C, all three axiRHPhifdroEEn TS Gf
cyclohexane are oriented above the C-C bond mid-points of
the benzene, which could be considered as weak CH/m
interactions. The offset motion for this orientation does not
bring a cyclohexane hydrogen to the center of the benzene
ring (Fig. 3c).

The most stable interaction energy of -3.27 kcal/mol (at
CCSD(T)/CBS level), at the minima of potential curve A, is not
very different to previously reported cyclohexane-benzene
interaction of -3.01 kcal/mol(19! at CCSD(T)/aug-CC-PVTZ level.

To compare calculated cyclohexane-benzene stacking
interaction energies at minima with energies of cyclohexane-
benzene CH/m interactions, we calculated CH/m interactions of
axial and equatorial cyclohexane H atoms with benzene (ESI,
V). The geometry with the most stable CH/m interaction of an
axial H atoms (the distance between the center and the H is
2.6 A, and C-H...center of ring angle of 90° Fig. S3a, ESI) is very
similar to the minimum at potential curve for A orientation
and has the interaction energy of -3.26 kcal/mol. On the other
hand, calculated the most stable CH/m interaction with one
equatorial H atom (the distance between the center and the H
is 2.5 A, and C-H...center of ring angle of 90° Fig. S3b, ESI)); has
energy of -2.55 kcal/mol. This geometry can be considered as
T-shaped cyclohexane-benzene geometry with one CH/m
interaction. We also calculated optimized tilted T-shape
geometry (Fig. S3c, ESI); the interaction energy is -3.11
kcal/mol. The calculated energies shows that stacking
interaction (-3.34 kcal/mol) is stronger than T-shaped
cyclohexane-benzene interactions (-2.55 kcal/mol and -3.11
kcal/mol). The stronger stacking interaction is a consequence
of three cyclohexane axial hydrogen atoms interacting with
negative potential of benzene (Fig. 3).

At large offset values, both positive and negative (above
3.0 A), the calculated interaction energies are quite weak
(Table 1) and without CH/m interactions. At positive offset
values larger than 5.0 A some stabilization is achieved by
interaction of equatorial hydrogen of cyclohexane and m-
electrons of benzene in orientations B and C. For negative
offset values orientations of both axial and equatorial
hydrogens of cyclohexane in orientations A and B do not form
favourable interactions, while curve for orientation C is
symmetrical, as was mentioned above.

The calculated potential curves are in agreement with the
data observed in crystal structures (Fig. 2). The large maximum
at shorter offset values corresponds to the strongest
calculated interactions; the minima on potential curves are
calculated at offset values 0.0 — 1.5 A (Fig. 4, Table 1). In
agreement with the higher stability calculated for offsets
greater than 0.5 A for orientations A and B, the experimental
frequency distribution is skewed in this direction (Fig. 2).

It is very interesting that the calculated interaction
between cyclohexane and benzene of —-3.27 kcal/mol, (at
CCSD(T)/CBS level), is significantly stronger than stacking
interaction in benzene dimer (-2.73 kcal/mol), stronger than
the most stable, tilted T-shape, benzene dimer (-2.84 kcal/mol,
calculated also at CCSD(T)/CBS level),[#a] and stronger than

J. Name., 2013, 00, 1-3 | 3
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interaction in
CCSD(T)/CBS). [19]

The strong interaction between cyclohexane and benzene
can be explained by electrostatic potential maps (ESI, VI). The
strong interaction is a consequence of
interactions of positive potentials of three cyclohexane
hydrogens with benzene negative potential. One of these
interactions is close to optimal CH-mt interaction, while the
other two positive hydrogens interact with the edge of the
benzene negative potential (Fig. S4, ESI). As was shown above,
optimal CH-1t interaction between cyclohexane and benzene is
quite strong, -2.55 kcal/mol, hence it is not surprising that
interaction between benzene and cyclohexane is stronger than
stacking between two benzene molecules. Since two
molecules are in close contact one has also recognize
significance of dispersion component in the cyclohexane-
benzene interaction.

In conclusion, our analysis of the crystal-structure data and
corresponding calculations of the interaction energies indicate
that aliphatic-aromatic interactions can be stronger than
aromatic-aromatic interactions. Such strong and often
overlooked interactions can be particularly important in all
molecular systems with aromatic and aliphatic groups, such as
co-polymers, proteins, and engineered crystals.

cyclohexane dimer, -2.62 kcal/mol, (at

simultaneous
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