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Abstract: Single crystal X-ray diffraction is a powerful method to unambiguously characterize the structure of
molecules with atomic resolution. Herein, we review the molecular recognition of the (di)axial conformers of
mono- and (±)-trans-1,2-disubstituted cyclohexanes by enantiopure alleno-acetylenic cage receptors in solu-
tion and in the solid state. Single crystals of the host–guest complexes suitable for X-ray diffraction allow for the
first time to study the dihedral angles of a series of mono- and (±)-trans-1,2-disubstituted cyclohexanes in their
(di)axial chair conformation. Theoretical studies indicate negligible influence of the host structure on the guest
conformation, suggesting that the structural information obtained from the host–guest complexes give insight
into the innate structures of mono- and (±)-trans-1,2-disubstituted cyclohexanes. Strong deviation of the dihedral
angles θa,a (X–C(1)–C(2)–X) from the idealized 180° are observed, accompanied by substantial flattening of the
ring dihedral angles ρ (X–C(1)–C(2)–C(3)).
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1. Introduction

Structure elucidation is the process of
determining the chemical structure of a
compound.[1]Despite the constantly evolv-
ing techniques to characterize the structure
of molecules, single crystal X-ray diffrac-
tion remains the most important method
to provide accurate structural informa-
tion with atomic resolution.[2] Most mol-
ecules and molecular complexes can in
principle be crystallized, but the disorder
in their solid-state assemblies often pre-
vents the determination of high-resolution
structures.[2b,e,3] Early techniques, such
as clathrate-type inclusion complexation
and crystallization in porous complexes,

were developed in an attempt to overcome
these challenges by integrating guest mol-
ecules into an inorganic or organic host
lattice.[4] Through inclusion into host lat-
tices, the guest molecules interact with
the host, which can result in an ordering
of the molecules and a lowering of their
motional degrees of freedom. Thereby, the
orientational disorder can be effectively
decreased, allowing for high-resolution
structure determination. Few of these sys-
tems, however, showed general applicabil-
ity for the structure determination of mol-
ecules, mainly due to the strong influence
of the size and shape of the guest on the
crystal formation.[4a] More recently, coor-
dination of small molecules into crystalline
metal–organic frameworks (MOFs)[5] and
their soaking into crystalline sponges[6]
emerged as alternatives. The main differ-
ence to the clathrate-type inclusion is that
the single crystal is formed prior to guest
complexation. Suitable single crystals are
subsequently soaked with the guests or the
guest is coordinatively aligned within the
framework of the host structure.[5,6] The
porous nature of the metal–organic frame-
works results in large and open voids ca-
pable of incorporating a large variety of
molecules. The drawback of the porous
nature of theMOFs is that it often results in
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comes the more stable conformation for
(±)-trans-1,2-dihalocyclohexanes (nega-
tive A-values).[10,12] Despite continuous
research on substituted cyclohexanes, no
conformational isomer of the mono- or
(±)-trans-1,2-disubstituted cyclohexanes
has ever been isolated at ambient tempera-
tures in solution, and only few X-ray co-
crystal structures have been reported.[10b,13]
In this context, we sought to utilize AACs
as receptors to trap the single conformers
of monosubstituted cyclohexanes (meth-
yl-, fluoro-, chloro-, bromo- and iodocy-
clohexane) and selected (±)-trans-1,2-di-
substituted analogs ((±)-trans-1,2-dichlo-
ro-, -dibromo- and -dimethylcyclohexane)
in solution and in the solid state.

We developed a general protocol to
obtain single crystals of the solid-state
inclusion complexes suitable for X-ray
diffraction.[9b] The molecular structures
obtained from X-ray diffraction show the
exclusive complexation of the axial/diax-
ial conformers of this series of mono- and
(±)-trans-1,2-disubstituted cyclohexanes
with the single exception of methylcy-
clohexane.[9] In the latter, the guest binds
in the equatorial conformation with one
methyl group of the host rotated into the
interior of the cavity, compensating for
the smaller size of the guest.[9a] The mo-
lecular structures determined by X-ray
diffraction enabled us to analyze the di-
axial dihedral angles of this series in
detail. The dihedral angle θ

a,a
(X–C(1)–

C(2)–H) decreases from –173° for fluo-
rocyclohexane to –165° for chloro-, bro-
mo- and iodocyclohexane (Fig. 2).[9b] This
decrease in the dihedral angle is accom-
panied by a flattening of the ring dihedral
angles ρ (X–C(1)–C(2)–C(3)) from +53°
for fluorocyclohexane to +73° for iodo-
cyclohexane (Fig. 2A).[9b] In the series of
(±)-trans-1,2-disubstituted cyclohexanes,
the dihedral angles θ

a,a
(X–C(1)–C(2)–X)

further decrease down to –147° for
(R,R)-trans-1,2-bromofluorocyclohexane
and to –146° for (R,R)-trans-1,2-dime-

a cyclic four-fold hydrogen-bonding array,
which creates a highly confined cavity.This
binary conformational switching is accom-
panied by strong changes in the associated
electronic circular dichroism (ECD) spec-
tra, allowing for a spectroscopic readout of
the conformational changes. The combina-
tion of an interior capable of guest com-
plexation together with the highly sensi-
tive optical readout through ECD enables
to identify and quantify guest binding.[9a]
The interior of the host can be character-
ized by means of an electrostatic potential
map. While the outer surface of the recep-
tor is largely characterized by a neutral
electrostatic potential (Fig. 1, right), the
interior of the host displays areas of nega-
tive electrostatic potential associated with
the oxygen atoms closing the cage at the
top, and with the aromatic and acetylenic
moieties within the host. This enables first
insights into which guests could interact
favorably with the interior of the host and
how complementarity of the host–guest in-
teraction could lead to selective binding.[9b]

3. The Guests: Complexation and
Structural Elucidation of Mono-
and (±)-trans-1,2-Disubstituted
Cyclohexanes

The isolation and characteriza-
tion of single conformers of mono- and
(±)-trans-1,2-disubstituted cyclohexanes
is difficult due to the rapid isomerization
process between their (di)equatorial and
(di)axial conformers.[10] The existence of
both conformers together with the respec-
tive preference for either conformation has
previously been studied in solution by IR
and at low temperature by NMR spectros-
copies, and enabled the quantitative de-
termination of their conformational ener-
gies (A-values).[10b,11] While the equatorial
conformations are generally preferred for
monosubstituted cyclohexanes (positive
A-values), the diaxial conformation be-

lower occupancies of the guest molecules,
which can lead to lower resolution of the
guest structures.[5–7] In contrast, molecular
receptors with confined cavities can form
multiple interactions with guest molecules.
With a suitable crystallization protocol,
guest complexation can lead to the forma-
tion of single crystals suitable for X-ray
diffraction. While molecular recognition
of the guest with the host often leads to
higher guest occupancies and lower disor-
der, the specificity of the receptor can limit
the choice of suitable guest molecules.[7,8]

Here we review a strategy for the com-
plexation and co-crystallization of cyclo-
hexane and its mono- and (±)-trans-1,2-
disubstituted derivatives in the interior
of enantiopure cage receptors.[9] Solution
binding studies give insight into the af-
finity of the guest molecules towards the
receptors and, for the stronger binding
guests, enables the study of the host–guest
complexes. Molecular structures obtained
from single crystal X-ray diffraction al-
low the characterization of the molecular
structures of the encapsulated guests with
atomic resolution. Our results show that
the guest molecules are complexed in their
axial/diaxial chair conformations with di-
hedral angles θ

a,a
(X–C(1)–C(2)–X) deviat-

ing substantially from the idealized angle
of 180°.[9b] We investigated the structures
of the host–guest complexes and of the
isolated guest molecules with quantum
chemical methods and find that the encap-
sulation hardly affects the structure of the
guest molecules.[9b] The results regarding
the structure of the guest molecules ob-
tained from the experimental investigation
of the host–guest complexes may, hence,
be transferred to the isolated guest struc-
tures, which further highlights the value of
this host as a means to elucidate the struc-
ture of cyclohexane derivatives.

2. The Host: Enantiopure Alleno-
Acetylenic Cage Receptors

Enantiopure alleno-acetylenic cage
(AAC) receptors are constructed from a
methylene-bridged resorcin[4]arene core
to which four homochiral alleno-acety-
lenes with OH termini are attached, giving
access to (P)

4
- and (M)

4
-configured AACs

(Fig. 1, only (P)
4
-configured receptor is

shown).[9a]
The AAC receptors undergo solvent-

dependent binary conformational switch-
ing between a closed cage conformation
and an open state by rotation around a
C–C bond (Fig. 1, left). Both states were
characterized in solution by NMR and IR
spectroscopic studies and by single crystal
X-ray diffraction in the solid state.[9a] In the
closed cage conformation (Fig. 1), the OH-
termini of the alleno-acetylenic arms form

HO

C6H13
C6H13

O O
O O

C6H13

O

C6H13

O O O

HOOHOH

(P)4- AAC ⊃ cycloheptane
X-ray crystal structure

(P)4- AAC
Lewis structure

(P)4- AAC
electrostatic potential map

P21P21P21

Fig. 1. Lewis structure of (P)4-AAC (left), blue arrow indicates conformational switching towards
the open state; X-ray co-crystal structure of (P)4-AAC⊃cycloheptane, hydrogens and n-hexyl
chains omitted for clarity, complexed guest depicted in sphere representation (center); elec-
trostatic potential map of (P)4-AAC based on the data calculated in ref. [9b] (right); Only (P)4-
configured structures depicted.[9]
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axial conformation strongly affects the
association constant of the guest towards
the receptor. In general, cyclohexane de-
rivatives with large positive A-values show
weaker binding, compared to derivatives
with negative A-values. The binding af-
finities for monosubstituted cyclohexanes
increase with the substituent in the order
of Me < F < Cl < Br < I. The substantial
increase in the binding affinities of 270
m–1 for fluorocyclohexane to 18000 m–1

for iodocyclohexane can be rationalized
with the favorable halogen-bonding inter-
actions of the iodocyclohexane with the

The binding studies quantify the abil-
ity of the AACs to complex mono- and
(±)-trans-1,2-disubstituted cyclohexanes
also in solution.[9b] Slow exchange of
the stronger binding guests on the NMR
timescale, such as the iodo- (at 293 K),
dichloro- (at 273 K), and dibromo- (at
293 K) derivatives, enabled the charac-
terization of the inclusion complexes in
solution, further substantiating their ex-
clusive binding in the axial/diaxial con-
formation.[9b] The nature of the substituent
together with the substituent-dependent
preference for the (di)equatorial or (di)

thylcyclohexane complexed to (P)
4
-AAC.

Again, this decrease in the dihedral an-
gle θ

a,a
is accompanied by a flattening

of the ring dihedral angles ρ (X–C(1)–
C(2)–C(3)) of up to +79° for (R,R)-trans-
1,2-bromofluorocyclohexane (Fig. 2B).[9b]

The strong deviation from the idealized
dihedral angle θ

a,a
of 180° for all investigat-

ed cyclohexane derivatives raised the ques-
tion of howmuch the encapsulating host af-
fects the structures of the guest molecules,
and hence θ

a,a
. The crystallographic data

already suggest that this effect is likely to
be small, because the observed host-guest
contacts exceed the sum of their respective
covalent van der Waals radii (heavy atom
distances ≥ 3.50 Å).[9b] We characterized
the interactions between (±)-trans-1,2-di-
methylcyclohexane and (P)

4
-AAC, and be-

tween methylcyclohexane and (P)
4
-AAC

with the non-covalent interaction mea-
sures introduced in ref. [14] (see Fig. 3 for
a graphical representation). Fig. 3 shows
that methylcyclohexane and (±)-trans-1,2-
dimethylcyclohexane exhibit allover en-
veloping dispersive interactions without
strong (repulsive or attractive) interactions
with the host. The absence of strong in-
teractions suggests that the trapped guest
structures might not be strongly affected
by the host. This can be directly probed by
quantum chemical optimization and com-
parison of the isolated and encapsulated
guest structures. In ref. [9b], we found
that the root-mean-square deviations of
the atomic positions in the isolated and
encapsulated guest structures do not ex-
ceed 0.02 Å, i.e. the trapped guest struc-
tures closely resemble the isolated ones.
Consequently, the differences of the dihe-
dral angles θ

a,a
in the isolated and complex-

ated guest structures are small (on average
1°, Fig. 4).A direct comparison of themea-
sured and calculated θ

a,a
in the host–guest

complexes shows a satisfactory agreement
for some structures ((±)-trans-1,2-dihalo-
cyclohexanes, Fig. 4), but large deviations
of up to 15° for others ((±)-trans-1,2-di-
methylcyclohexane and monohalocyclo-
hexanes, Fig. 4). While this disagreement
seems large, it can be traced back to the
flexibility of the cyclohexane scaffold. A
reduction of θ

a,a
in (P)

4
-AAC⊃(±)-trans-

1,2-dimethylcyclohexane by up to 15° re-
quires less than 1 kcal mol–1.[9b]Our results
indicate that the reason for θ

a,a
to be signifi-

cantly smaller than the idealized angle of
180° is not the encapsulation, because the
dihedral angles θ

a,a
are also smaller than

180° in the isolated cyclohexane deriva-
tives.

Following the analysis of the molecular
structures obtained by X-ray diffraction,
we conducted solution complexation stud-
ies by 1H NMR and ECD spectroscopic
titrations in a non-competitive solvent
(d

18
-n-octane and n-octane) at 293 K.[9a]
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Fig. 2. (A) X-ray co-crystal structures of monohalocyclohexanes obtained from (P)4-AAC in the
axial conformation with fluoro-, chloro-, bromo- and iodocyclohexane; (B) X-ray co-crystal
structures of (±)-trans-1,2-disubstituted cyclohexanes in the diaxial conformation obtained from
(P)4-AAC with (±)-trans-1,2-dichloro-, -dibromo-, -bromofluoro- and -dimethylcyclohexane; only
(R,R)-configured guests are shown; dihedral angles of the complexed guests in their (di)axial chair
conformation are given in °.[9]

(P)4- AAC ⊃(P)4- AAC ⊃
CH3 Me

Me

(5�5)

Fig. 3. Isosurface of the reduced density gradient s(r) of density functional theory for s(r) = 0.55
revealing the interaction between (R,R)-trans-1,2-dimethylcyclohexane and (P)4-AAC (left) and
between methylcyclohexane and (P)4-AAC (right) within a radius of 4.5 Å around the centroid
of the guest molecule based on the data calculated in ref. [9b]. The surfaces are colored on a
blue-green-red scale according to the type of interactions with which they are associated: Blue
indicates strongly attractive interactions such as hydrogen-bonding, and green indicates disper-
sive interactions; red would indicate steric clashes, but no such red regions emerged in the analy-
sis. We refer to ref. [14] for a detailed discussion on how the types of interaction are assigned.
Element color code: carbon in host, light gray; carbon in guest, dark gray; oxygen, red; hydrogen,
white. Hydrogen atoms of the host are omitted for clarity.
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(±)-trans-1,2-disubstituted cyclohexanes
in their (di)axial chair conformation.
The dihedral angles θ

a,a
(X–C(1)–C(2)–

H/X) show strong deviation from 180°
down to –146° for (R,R)-(±)-trans-1,2-
dimethylcyclohexane and –147° for (R,R)-
(±)-trans-1,2-bromofluorocyclohexane.
Theoretical analysis of the isolated guest
molecules shows close agreement with
the complexed guest structures, demon-
strating negligible influence of the host on
the structure of the guest molecules. This
further validates the utility of the AACs to
capture single conformers of derivatives of
cyclohexane for their structural elucida-
tion. Slow exchange of guest molecules on
the NMR timescale, associated with their
stronger binding, allowed the character-
ization of the inclusion complexes in solu-
tion, further substantiating their exclusive
binding in the axial/diaxial conformation.
Solution binding studies give insight into
the affinities of the guests depending on
the nature of the substituent and the con-
formational energies associated with ac-
cessing the (di)axial conformer necessary
for binding to the interior of the host. The
difference in conformational energy, to-
gether with the favorable halogen bonding
interactions, resulted in large increase in
binding affinities of up to ∆∆G = –3.3 kcal
mol–1 for (±)-trans-1,2-dimethylcyclohex-
ane compared to (±)-trans-1,2-dibromo-
cyclohexane.
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aromatic moieties of the resorcin[4]arene
receptor.[9b] This halogen-π-interaction
contributes to an increase in binding affin-
ity of ∆∆G = –2.4 kcal mol–1 (both mol-
ecules show comparable A-values of –0.3
kcal mol–1).[9b] The contribution of both
the conformational energies and favor-
able halogen-bonding interactions to the
binding affinity is observed in the series
of (±)-trans-1,2-disubstituted cyclohex-
anes: The association constant increases
upon halogen addition from 110 m–1 for
(±)-trans-1,2-dimethylcyclohexane up to
29000m–1 for (±)-trans-1,2-dibromocyclo-
hexane,[9b] with (±)-trans-1,2-dimethylcy-
clohexane favoring the diequatorial con-
formation (A-value of +3.0 kcal mol–1) and
(±)-trans-1,2-dibromocyclohexane favor-
ing the diaxial conformation (A-value of
–0.5 kcal mol–1). The difference in confor-
mational energy, together with the favor-
able halogen bonding interactions of the
bromo-substituents with the π-system of
the receptor, translates into the large in-
crease in binding affinity of ∆∆G = –3.3
kcal mol–1.

4. Conclusion

In summary, we reviewed the molecu-
lar recognition of a series of mono- and
(±)-trans-1,2-disubstituted cyclohex-
anes by alleno-acetylenic cage recep-
tors. Molecular structures obtained from
single crystal X-ray diffraction reveal
the exclusive complexation of the (di)
axial conformations of monohalo- and
(±)-trans-1,2-disubstituted cyclohexanes,
allowing for the first time to analyze a se-
ries of dihedral angles of monohalo- and

Fig. 4. Calculated dihedral angles θa,a in the isolated cyclohexane derivatives (blue circles) or in
the host-guest complexes (red squares) in their axial (a) conformation reproduced from data pre-
sented in ref. [9b] in comparison to available experimental values (black crosses).


