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Abstract: The confused-prism[5]arene macrocycle (c-PrS[5]Me)
shows conformational adaptive behavior in the presence of
ammonium guests. Upon guest inclusion, the 1,4-bridged
naphthalene flap reverses its planar chirality from pS to pR

(with reference to the pS(pR)4 enantiomer). Stereoselective
directional threading is also observed in the presence of
directional axles, in which up/down stereoisomers of homo-
chiral (pR)5-c-PrS[5]

Me pseudorotaxanes are formed.

Introduction

Macrocycles[1] are ubiquitous in supramolecular chemistry. They
have found applications in different fields, such as molecular
recognition,[2] catalysis,[3] and as building blocks in self-
assembled architectures.[4] Taking inspiration from natural
receptors, macrocyclic hosts are designed to incorporate a
biomimetic internal cavity which can host complementary
guests. In addition to the classical macrocycles, such as
calixarenes,[5] resorcinarenes[6] and pillararenes,[7] very recently
many efforts have been made to synthesize deep-cavity
macrocycles[8] based on macrocyclization of naphthol mono-
mers. Among these, naphthotubes,[9] calixnaphtharene,[10]

oxatubarene[11] and saucerarenes,[12] show peculiar conforma-
tional and structural properties. Aromatic macrocyclic hosts
typically exhibit considerable conformational versatility; for
example, due to the potential relative orientations of the n
constitutive phenol rings, each calix[n]arene macrocycle can
adopt a variety of molecular conformations,[5] which directly
influence its supramolecular properties. Macrocycles with high
conformational mobility often show adaptive behaviors in the

presence of complementary guests.[13] Interestingly, conforma-
tional adaptive processes induced by the presence of substrates
are widely diffuse in biological systems.[14] Natural processes,
such as protein–substrate binding, often involve conformational
changes of the protein, which can occur through two limiting
mechanisms: prior to the ligand binding event (“conformational
selection”[14]) or after the ligand binding event (“induced
fit”).[15,16] In the conformational-selection binding model, protein
conformational changes can occur before the ligand binding,
and the binding of the substrate stabilizes a specific conforma-
tion of the protein. In induced-fit binding model,[14] the
conformational change is induced by the ligand and occurs
upon substrate binding.[17]

Recently, the oxatub[4]arene macrocycle reported by Wei
Jiang[11] has shown biomimetic conformational adaptive
behavior,[13] as it can adopt four conformations interconvertible
by flipping of naphthalene rings. The authors showed that, in
agreement with the model of the “conformational selection”,
specific ammonium guests selected the best-fit conformer, thus
altering the equilibrium distribution in its favor, at the expense
of other conformations. Analogously, we showed that the
complexation of secondary ammonium cations selects the cone
and partial cone conformations of calix[5]arene.[18] Therefore,
also calix[n]arenes are capable of exhibiting a conformational
response to ammonium guests. In addition, our recently
reported calix [2]naphth[2]arene macrocycle[10] which can adopt
five possible conformations, shows, in the presence of alkali
metal cations, only the 1,2-alternate conformation to achieve
the optimal binding.

In 2020, we reported a novel class of macrocycles named
prism[n]arenes constituted by methylene-bridged 2,6-dialkoxy-
naphthalene units (Figure 1, top). [19–24] In the symmetric
prism[n]arene, the naphthol rings are all linked at their 1,5-
positions (Figure 1, top left and right). The C� C single bridging
bonds on positions 1 and 5 are not aligned, which partially
hinders the mutual rotation of the naphthalene moieties. This
conformational property is an important aspect of the preorga-
nization of these dissymmetric macrocyclic hosts.[19–24] Methoxy-
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prismarenes PrS[n]Me were obtained by reaction of the 2,6-
dimethoxynaphthalene with paraformaldehyde in the presence
of TFA and dry 1,2-dichloroethane (1,2-DCE) as solvent at 70 °C.
Prism[n]arenes show a deep π-electron rich aromatic cavity
which exhibits a great affinity for quaternary ammonium guests.
The 2,6-dimethoxynaphthalene-based prismarenes PrS[n]Me

were obtained by template effect in a thermodynamically
controlled synthesis,[19] in which the pentameric prism[5]arene
PrS[5]Me (Figure 1, top left) and the hexameric prism[6]arene
PrS[6]Me (Figure 1, top right) were selectively isolated from the
equilibrium mixture by using their complementary guests,
respectively, 1,4-dihexyl-DABCO (12+) and tetraethylammonium
cations (Figure 2a).[19,25] Differently, when the reaction was
performed in the absence of an ammonium guest, the 1,4-
confused-prism[5]arene c-PrS[5]Me (Figure 1, top middle, and
Figure 2a) was preferentially formed by solvent template
effect.[19]

The 1,4-confused-prism[5]arene c-PrS[5]Me is constituted by
4/5 of the naphthalene rings bridged through their 1,5-
positions, while the remaining naphthalene group shows a 1,4-
bridging pattern (confused-naphthalene ring in green in Fig-
ure 1). In this case, the molecule is asymmetric and the two C� C
bridging single bonds on positions 1,4 are aligned in such a
way that the corresponding naphthalene moiety can in
principle rotate more freely. This structural feature of the c-
PrS[5]Me macrocycle makes it as an ideal candidate to study
conformational adaptive processes in the presence of appro-
priate guests.

Results and Discussion

Prism[n]arenes exhibit planar chirality, and analogously to
pillararene macrocycles,[26] the chirality of each stereogenic
plane can be described with pR and pS descriptors, here
defined by the sign of the C� CH2� C1� C2 torsion angles
(pages S23–S26 in the Supporting Information, Figure 1).[27] c-
PrS[5]Me can adopt in principle 32 conformations of different
planar chiralities, corresponding to 16 enantiomeric pairs (Fig-
ure 1), which can interconvert by rotation of the naphthalene
units around the methylene bridges.

In order to investigate the stability of the 16 conformers of
c-PrS[5]Me (Figure 1) an exhaustive computational conforma-
tional search was performed (see the Supporting Information).
An initial guess of the equilibrium geometry of each structure
was obtained by molecular mechanics (MM) computations
using the MMFF94 force field. Later, the conformer distribution
was obtained by a conformer search based on the Monte Carlo
simulated annealing procedure. Finally, DFT geometry optimiza-
tions were carried out (Supporting Information).

The structure of the lowest-energy conformer (Figure 2a)
shows the 1,4-bridged naphthalene ring inserted in the core of
the macrocycle, with a negative C� CH2� C1� C2 torsion angle
value of � 25° (pS, Supporting Information). In this conforma-
tion, which shows a pseudo-C2 symmetry, the 2-OMe group (in
magenta in Figure 2a) points inside the cavity to establish
C� H···π interactions with the aromatic walls with an average
C� H···πcentroid distance of 3.1 Å (Supporting Information, Fig-
ure 3a). The remaining four naphthalene rings, bridged through
their 1,5-positions, adopt the pR conformation, (pR)4. Thus, the

Figure 1. (Top) Chemical drawing of prismarene macrocycles and (bottom)
schematic representation of the 16 diastereoisomers (each as an enantio-
meric pair) of c-PrS[5]Me generated by the various configurations of the chiral
planes.

Figure 2. a) The pS(pR)4-c-PrS[5]Me lowest-energy conformation as obtained
by Monte Carlo simulated annealing and successive DFT optimization.
b) Schematic representation of possible Gn+@c-PrS[5]Me stereoisomeric
complexes potentially obtainable by threading/endo-cavity complexation of
the c-PrS[5]Me host with ammonium guests 1–5. c) For the assignment of up
and down stereochemistry see ref. [28a]. I) (U)-Gn+@(pR)5-c-PrS[5]

Me. II) (D)-
Gn+@pS(pR)4-c-PrS[5]

Me. III) (D)-Gn+@(pR)5-c-PrS[5]
Me. IV) (U)-Gn+@pS(pR)4-c-

PrS[5]Me.
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pS(pR)4 conformer (and the enantiomer pR(pS)4) is found to be
far more stable than all other arrangements both by MM and
DFT computations. According to DFT results, the second most
stable conformer belong to the (pS)5 (or (pR)5) homochiral
family, but it lies+3.5 kcalmol� 1 higher than the global
minimum (Table S2). Finally, calculations indicate that the other
heterochiral conformations of c-PrS[5]Me are higher in energy by
4–10 kcalmol� 1 (Supporting Information) than the lowest en-
ergy conformation pS(pR)4 in Figure 2a. Previously,[19] two
pseudo-polymorphic forms of c-PrS[5]Me (α=monoclinic form,
β= triclinic form) were reported, which are composed of a
racemic mixture of pR(pS)4 and pS(pR)4 molecules in the unit
cell, which is in agreement with the higher calculated stability
for the isolated molecule in this conformation. The strong
similarity between the X-ray structure and the predicted
minimum energy conformation is confirmed by a rmsd value of
0.20 Å.

Upon complexation with ammonium guests (Figure 2), the
stereochemistry of the resulting complexes becomes even more
complicated due to the potential formation of directional
isomers (up and down in Figure 2c) in the case of directional
guests (2+, 42+, 52+) with respect to the twofold symmetric ones
(12+, 3+ in Figure 2b). In the former case, the two possible
orientations of the directional guest (up/down in Figure 2c)[28a]

in the macrocycle doubles the number of possible stereo-
isomeric complexes with respect to those obtainable with 12+,
3+ in Figure 2b.[28] However, if the analysis is restricted to the
most stable all-pR (or all-pS) conformations of the 1,5-
naphtalene rings observed for the free host, then the question
arises as to whether the 1,4-bridged naphthalene flap (in blue
in Figure 2) of c-PrS[5]Me, which is pS (or pR) in the free host,
opens to adopt a pR or pS conformation (Figure 2b).

Solid-state structural analysis of the pseudorotaxane 12+@
c-PrS[5]Me with BArF[29] counterions clearly revealed that the
centrosymmetric triclinic crystals are composed of a racemic
mixture of homochiral (pS)5 and (pR)5 conformations (Figure 4a).
The central bicyclic unit of 12+ is wrapped by the naphthalene
rings, with the two N+ atoms of 12+ equidistant from the
methylene mean plane of the host (+N···N+ centroid of 12+ lies
in the CH2 mean plane of c-PrS[5]Me). The macroring becomes a
nearly regular pentagonal prism upon threading of the 1,4-
dihexyl-DABCO 12+ axle.

In this orientation, the methylene groups of the central
DABCO unit of 12+ establishes eight C� H···π interactions with
the four 1,5-bridged naphthalene units (C� H···πcentroid average
distance of 2.5 Å and an average C� H···πcentroid angle of 143°).
The 1,4-bridged naphthalene ring of the complexed host c-
PrS[5]Me adopts a canting angle[30] of 65°, and experiences a
large rotation upon threading with 12+. Significantly, while a
very weak C� H···A π interaction with the guest is observed for
the 1,4-bridged naphthalene (CH···πcentroid distance of 2.7 Å and
C� H···πcentroid angle of 108°), its 2-methoxy group establishes a
more significant H-bonding interaction with the +NCH2 group
of the DABCO unit of the axle 12+ with a C� H···O distance of
2.4 Å and a C� H···O angle of 149°.[31] The conformation of the
nearly regular pentagonal prism is stabilized by an intra-
molecular ArC� H···OMe H-bond[31] network formed by the
methoxy groups and aromatic H atoms of adjacent naphthalene
moieties (Figure 4a, right). In particular, the aromatic hydrogens
in positions 4 and 8 (3 and 8 in the 1,4-bridged naphthalene
group) are involved in a total of nine intramolecular H-bonds
(average H···O distance of 2.1 Å and average C� H···O angle of
150°). The 6-methoxy group of the confused moiety and the
adjacent aromatic CH are not part of this regular circular
network. It should be noted that two of these stabilizing H-

Figure 3. 1H NMR spectra of a) c-PrS[5]Me in CD2Cl2 (600 MHz), b) a 1 :1 mixture of c-PrS[5]
Me and 2+ ·BArF (4.10 mM) at 298 K, c) a 1 :1 mixture of c-PrS[5]Me and

12+ · (BArF)2 (2.85 mM) at 183 K and d) a 1 :1 mixture of c-PrS[5]
Me and 52+ · (BArF)2 (4.10 mM) at 298 K. Guest signals shielded inside the macrocycle are colored

in green; red signals (red arrows) indicate the 3-ArH atom of the 1,4-naphthalene ring; the OMe signals of the macrocycle are colored in blue.
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bonding interactions would be lost in the heterochiral
orientations of the naphthalene flap, in addition to the
presence of a destabilizing repulsive interaction between syn-
oriented OMe groups. In solution, the flipping of the 1,4-
bridged naphthalene unit of c-PrS[5]Me upon threading with 12+

was ascertained by downfield shifts of the resonances attribut-
able to 2-OMe and 3-ArH H-atoms (Figure 3c). In detail, the 2-
OMe group is shifted from � 0.27 (for the free host in Figure 3a,
blue signal) to 3.88 ppm (upon threading of 12+, in Figure 3c),
while the 3-ArH atom is downfield shifted from 4.70 to
7.70 ppm (Figure 3cm red signals). These values confirm that
the 2-OMe and 3-ArH groups are pushed out from the cavity of
c-PrS[5]Me upon complexation with 12+. In addition, the
formation of the 12+@c-PrS[5]Me pseudorotaxane was ascer-
tained by the presence of 1H NMR signals at negative value of
chemical shifts (from � 0.8 to � 2.0 ppm) attributable to the H
atoms of the central bicyclic unit of 12+ threaded inside the
macrocycle (Figure 3c). The complexation process between 12+

and c-PrS[5]Me is slow on the NMR timescale and the 1H NMR
signals of the free and complexed c-PrS[5]Me were identified in
Figure 3c.

Finally, the conformational all-pR (all-pS) homochirality of
the host, was confirmed by 1D and 2D NMR analysis. An
association constant value of 470�65 M� 1 was determined for
the formation of this pseudorotaxane.[19]

In summary, in the presence of 12+, the c-PrS[5]Me macro-
cycle shows a conformationally adaptive behavior and forms a

pseudorotaxane structure in which the macrocycle c-PrS[5]Me

adopts a homochiral all-pR (all-pS) conformation. DFT studies at
B97D3/SVP level of theory confirmed that the complex 12+

@(pR)5-c-PrS[5]
Me is more stable by 2.3 kcalmol� 1 than the

stereoisomer 12+@pS(pR)4-c-PrS[5]
Me (Supporting Information).

Analogously, the threading of the symmetric 3+ dibutylammo-
nium cation inside the cavity of the c-PrS[5]Me host is also
stereoselective. 2D NMR investigations (HSQC and COSY)
indicated the formation of a single complex. DFT calculations
indicated that the homochiral complex 3+@(pR)5-c-PrS[5]

Me is
more stable by 1.5 kcalmol� 1 than the stereoisomer 3+@pS-
(pR)4-c-PrS[5]

Me (Supporting Information, Figure 2b). The flip-
ping of the 1,4-bridged naphthalene unit due to the formation
of the 3+@(pR)5-c-PrS[5]Me was ascertained by downfield shifts
of the resonances attributable to 2-OMe and 3-ArH H atoms of
the host (Supporting Information). In detail, the 2-OMe group is
shifted from � 0.27 to 3.03 ppm, while the 3-ArH group is
shifted from 4.70 to 5.60 ppm. DFT calculations show that upon
threading with the axle 3+, the 1,4-bridged naphthalene ring of
c-PrS[5]Me adopts a canting angle of 42°, which indicates a
flipping angle smaller than that experienced by c-PrS[5]Me upon
threading with 12+. DFT-optimized structure of the 3+@(pR)5-c-
PrS[5]Me complex (Supporting Information) evidenced the
presence of a H-bonding interaction between +NH2 group of
the axle and the 2-OMe group of the 1,4-bridged naphthalene
ring, with a +N···O distance of 2.8 Å. An association constant
value of 325�40 M� 1 was calculated for the formation of 3+

@(pR)5-c-PrS[5]
Me from 1H NMR data. This value is slightly higher

than that reported previously for the formation of the
analogous di-N-pentyl ammonium complex (190 M� 1).[19,20]

With regard to the endo-cavity complexation of c-PrS[5]Me

with n-butylammonium 2+ as barfate salt, X-ray investigation
(Figure 4b) confirmed the stereoselective formation of the
homochiral 2+@c-PrS[5]Me complex (Figures 4b and 2c). Inter-
estingly, upon endo-cavity complexation with 2+ the 1,4-
bridged ring of the host adopts a canting angle of 38°,
significantly lower than the analogous value found in the
pseudorotaxane complex 12+@(pR)5-c-PrS[5]

Me (Figure 4a). This
result clearly indicates that a smaller rotation of the 1,4-bridged
flap of the c-PrS[5]Me host (for pS(pR)4 enantiomer) is required
to allow endo-cavity complexation of 2+, with respect to the
threading process with 12+. The above-described characteristic
intramolecular CArH···OMe H-bond network involving adjacent
naphthalene groups is also observed for this complex (Fig-
ure 4b, right). However, while the interactions between the 1,5-
naphthalene groups are similar (six H-bonds with an average
distance of 2.1 Å and an average angle of 167°), the H-bond
interactions involving the 1,4-linked naphthalene show a much
less significant direction characteristic due to the smaller flap
rotation (three very weak interactions with an average distance
of 2.8 Å and average angle of 99°). The butyl ammonium guest
is inserted in the macrocycle so that the charged head forms
three strong H-bonds (Figure 4c): i) with the 2-OMe group of
the flap (H···O distance of 2.1 Å and N� H···O angle of 132°); ii)
with an aromatic ring of a 1,5-linked naphthalene (H···πcentroid

distance of 2.7 Å and N� H···πcentroid angle of 151°); and iii) with a
hosted water molecule (H···O distance of 1.9 Å and N� H···O

Figure 4. X-ray structural models of the host–guest complexes: a) 12+@(pR)5-
c-PrS[5]Me, b) (U)-2+@(pR)5-c-PrS[5]

Me. Left: side views of the complexes with
the guest molecules as vdW spheres. Center: top views of the complexes
with the host molecules as vdW spheres. Right: bottom views of the
complexes with the stabilizing intramolecular C� H···OMe H-bonds as dashed
green lines and the host–guest interactions as dashed orange lines. Top
views of the stick representations of the c) up (70%) and d) down (30%)
directional isomers found in the X-ray structure of the 2+@c-PrS[5]Me

complex.

Research Article
doi.org/10.1002/chem.202203030

Chem. Eur. J. 2023, 29, e202203030 (4 of 8) © 2022 Wiley-VCH GmbH

Wiley VCH Dienstag, 24.01.2023

2306 / 277857 [S. 116/120] 1

 15213765, 2023, 6, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202203030 by U

niversita D
i T

rieste, W
iley O

nline L
ibrary on [02/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

4



angle of 164°). This hosted water molecule also forms a synergic
OH···π hydrogen bond (Figure 4c) with an aromatic ring
(H···πcentroid distance of 2.4 Å and O� H···πcentroid angle of 145°).

It is interesting to note that the directional stereochemistry
of the racemic complex is predominantly up (U)-2+@(pR)5-c-
PrS[5]Me and (U)-2+@(pS)5-c-PrS[5]Me (Figures 4c, d and 5a).
However, the X-ray structure shows, together with thelower
occupancy factor (0.3), the inverted orientation of the 2+

directional guest corresponding to the down steroisomeric
complexes (D)-2+@(pR)5-c-PrS[5]

Me and (D)-2+@(pS)5-c-PrS[5]
Me

(Figures 4d and 5e, f, see the Supporting Information). In this
case, the stabilizing host-guest ammonium interactions are
largely absent. When 2+ as barfate salt was added to a CD2Cl2
solution of c-PrS[5]Me, the 1H NMR spectrum in Figure 3b, of the
mixture (equimolar) shows a typical signature at high-field
negative values characteristic of an endo-complexation of the
butyl chains of 2+ shielded by naphthalene rings (0.60, � 0.55,
� 0.21, and 0.09 ppm for α, β, γ, and δ, respectively; Figure 3b,
green signals).

2D COSY, HSQC, and NOESY experiments clearly show the
selective formation in solution of (U)-2+@(pR)5-c-PrS[5]

Me. In
fact, diagnostic dipolar couplings (Figure S31 in the Supporting
Information) are present between H(α) (0.60 ppm) of 2+ and 3-
ArH (5.34 ppm) of c-PrS[5]Me host (Figure 5e).

The DFT-optimized structure of the (U)-2+@(pR)5-c-PrS[5]Me

complex shows the presence of stabilizing H-bonding inter-
actions between +NH3 group of 2+ and 2-OMe group of c-
PrS[5]Me. An association constant value of 1000�160 M� 1 was
evaluated by 1H NMR analysis. With these results in hand, the
directional threading of c-PrS[5]Me with cations 42+ and 52+ was
investigated (Figures 2c and 5). In this case four stereoisomeric
up/down complexes can be potentially formed.[28a] The addition

of 1-hexyl-4-isopropyl-DABCO 42+ as barfate salt to c-PrS[5]Me in
CD2Cl2 clearly evidences the formation of a pseudorotaxane
complex in which the macrocycle adopts a homochiral all-pR
conformation. 2D NOESY experiment evidences the stereo-
selective formation of the down stereoisomer (D)-42+@(pR)5-c-
PrS[5]Me (Figure 5). In fact diagnostic dipolar couplings (Sup-
porting Information) are present in the NOESY spectrum of the
pseudo[2]rotaxane, between H5 (� 0.73 ppm) of down-oriented
42+ and 3-ArH atom (7.70 ppm) of c-PrS[5]Me host (Figures 5c)
and between and H7 atoms (� 0.58 ppm) of 42+ and 3-ArH
atom of c-PrS[5]Me. DFT calculations indicate that the complex
(D)-42+@(pR)5-c-PrS[5]

Me is more stable by 2.5 kcalmol� 1 than
the U-stereoisomer. Closer inspection of the DFT-calculated
structures of up and down 42+@(pR)5-c-PrS[5]Me pseudorotax-
anes reveals that the down-oriented 42+ axle penetrates more
deeply into the cavity of c-PrS[5]Me (Supporting Information). In
fact, the +N···N+ centroid of the central DABCO unit of the axle
is sitting at 0.8 Å above the mean plane of the methylene
groups of the host, a value significantly lower with respect to
that measured for the up-stereoisomer (1.2 Å). Thus, in the
down-orientation, the central DABCO unit establishes a larger
contact area with the cavity of the prismarene, and 10 C� H···π
interactions (mean CH···πcentroid distance of 2.6 Å (Supporting
Information)) are observed. Differently, the DFT-optimized
structure of the stereoisomeric (U)-42+@(pR)5-c-PrS[5]Me shows
only 4 C� H···π interactions with a mean C� H···πcentroid distance of
2.6 Å (Supporting Information).

1D and 2D NMR analysis of an equimolar mixture of 52+ and
c-PrS[5]Me (Figure 3d) indicates the formation of the (D)-52+

@(pR)5-c-PrS[5]Me pseudorotaxane. Analogously, the down-ori-
entation (Figure 5) was ascertained by 2D NOESY experiment
(Figure S22). A diagnostic dipolar coupling (Supporting Informa-
tion) is present between N+CH3 (2.02 ppm) group of 52+ and 2-
OMe (3.94 ppm) of c-PrS[5]Me host (Figure 5d). In addition, a
diagnostic cross-peak is present in the NOESY spectrum of the
complex between 2-OMe (3.94 ppm) of c-PrS[5]Me host and
CH2(2) atoms of the axle 52+ (0.94 and 0.74 ppm, Figure S22).
These results evidenced the stereoselective formation of the
down-stereoisomer (D)-52+@(pR)5-c-PrS[5]

Me (Figure 5), and DFT
results confirm the larger stability of the down-stereoisomer
with respect to up (~E=3.6 kcalmol� 1). Analysis of the DFT-
optimized structures of the up and down 52+@(pR)5-c-PrS[5]Me

stereoisomers, reveals that in the down orientation, the centroid
(+N···N+) of the DABCO unit of 52+ is at a distance of 0.31 Å
from the CH2-mean plane of c-PrS[5]

Me, significantly lower than
that measured in the up orientation of 52+ (1.62 Å). Also in this
case, the deeper penetration of the DABCO unit inside the
cavity of the macrocycle of the (D)-42+@(pR)5-c-PrS[5]

Me com-
plex ensures larger contact area between host and guest to
give more favorable C� H···π interactions (Supporting Informa-
tion). NMR spectra showed that a higher binding affinity is
achieved for the complexation of 1-hexyl-4-isopropyl-DABCO
42+ with respect to 1-hexyl-4-methyl-DABCO 52+, with K values
of 800�130 and 500�70 M� 1, respectively.

Figure 5. a) Schematic representation of the threading equilibrium between
c-PrS[5]Me host and directional ammonium guests 2+, 42+, and 52+. b) For
the assignment of up and down directionality of the axles, see ref. [28a]. c)–f)
Chemical drawings of the up/down stereoisomers. Green arrows highlight
the diagnostic dipolar couplings observed in the NOESY spectra (Supporting
Information).
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Conclusions

The confused-prism[5]arene macrocycle shows conformationally
adaptive behavior in the presence of appropriate ammonium
guests. After the inclusion processes, a homochiral conforma-
tion of the host was observed that inverts the planar chirality of
the 1,4-naphtalene flap (from pS to pR and vice versa). X-ray
studies supported by DFT calculations demonstrate that the
homochiral all-pR (all-pS) complexes are stabilized by favorable
intramolecular and intermolecular C� H···π interactions.

A stereoselective directional threading is also observed in
the presence of directional axles; these up and down directional
isomers double the possible number of stereoisomers. In fact, in
the case of the primary alkylammonium 2+ a preference for the
up stereoisomer is observed in the solid state and in solution
(Figures 4 and 5), whereas 42+ and 52+, assume a down
orientation in solution (Figure 5). Therefore, the symmetry
breaking introduced by the 1,4-link in confused-prismarenes
creates a new scenario in terms of the stereochemistry of these
systems, characterized by a conformationally adaptive macro-
cycle that can easily open the 1,4-bridged naphthalene flap in a
stereoselective manner.

Experimental Section
General: HR MALDI mass spectra were recorded on a Bruker Solaris
XR Fourier transform ion cyclotron resonance mass spectrometer
equipped with a 7T refrigerated actively shielded superconducting
magnet. All samples were recorded in MALDI (8 laser shots were
used for each scan) and they were prepared by mixing 10 μL of
analyte in dichloromethane or methanol (1 mgmL� 1) with 10 μL of
solution of 2,5-dihydroxybenzoic acid (10 mgmL� 1 in MeOH). The
mass spectra were calibrated externally, and a linear calibration was
applied. All chemical reagents grade was used without further
purification and were used as purchased by TCI and Merck.
Reaction temperatures were measured externally. Reactions were
monitored by Merck TLC silica gel plates (0.25 mm) and visualized
by UV light 254 nm, or by spraying with H2SO4-Ce(SO4)2. NMR
spectra were recorded on a Bruker Avance-600 [600 (1H) and
150 MHz (13C)] and Avance-300 [300 (1H) and 75 MHz (13C)]
spectrometers. Chemical shifts are reported relative to the residual
solvent peak.[32] Standard pulse programs, provided by the
manufacturer, were used for 2D COSY (cosygpqf), 2D HSQC
(hsqcedetgpsisp2.2) and 2D NOESY (noesygpphpp) experiments.
Structural assignments were made with additional information
from gCOSY, gHSQC, and geNOESY experiments. Derivative c-
PrS[5]Me was synthesized as reported.[19]

Deposition Numbers 2070351 (for 12+@c-PrS[5]Me) and 2070352 (for
2+@c-PrS[5]Me) contain the supplementary crystallographic data for
this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum KarlsruheAccess Structures service.

Synthesis of 4 · (BArF)2: A solution of 1-hexyl-4-aza-1-
azoniabicyclo[2.2.2]octane Iodide[33] (0.28 g, 0.87mmol) in
acetonitrile (25 mL) was stirred for 10 min. Subsequently, isopropyl
iodide (0.59 g, 3.51mmol) was added, and the mixture was stirred
at room temperature for 16 h. A precipitate was formed which was
filtered, washed several times with petroleum ether (3×10 mL), and
dried under reduced pressure at 80 °C to give 1-hexyl-4-isopropyl-
1,4-diazabicyclo[2.2.2]octane-1,4-diium iodide as intermediate. The

bis-iodide derivative was dissolved in methanol (25 ml) and NaBArF
was added (1.55 g, 1.75mmol), and the mixture was stirred at room
temperature for 16 h. The solvent was removed under reduced
pressure and subsequently the residue was washed several times
with H2O (3×10 mL) to give derivative 4 · (BArF)2 as a light brown
powder (1.54 g, 90%). 1H NMR (300 MHz, CD3OD, 298 K): δ=7.59
(overlapped, ArH, 24H), 3.96-3.90 (overlapped, NCH(CH3)2, NCH2,
13H), 3.54 (m, NCH2, 2H), 1.83 (m, CH2, 2H), 1.51-1.38 (overlapped,
CH(CH3)2, CH2, 12H), 0.94 (t, CH3, J=7.0 Hz, 3H). 13C NMR {1H}
(150 MHz, CD2Cl2, 298 K): δ=162.6, 162.3, 162.0, 161.6, 135.2, 129.5,
129.3, 129.1, 128.9, 127.7, 125.9, 124.1, 122.3, 118.0, 71.9, 67.9, 52.1,
49.1, 31.2, 25.6, 22.9, 22.5, 16.7, 13.7. HRMS (MALDI): m/z calcd for
C47H44BF24N2

+ : 1103.3209 [M-BArF� ]+; found 1103.3183.

Synthesis of 5 · (BArF)2: A solution of 1-hexyl-4-aza-1-
azoniabicyclo[2.2.2]octane iodide[33] (0.28 g, 0.87 mmol) in
acetonitrile (25 mL) was stirred for 10 min. Subsequently, methyl
iodide (0.50 g, 3.51 mmol) was added, and the mixture was stirred
at room temperature for 16 h. The thus formed precipitate was
filtered, washed several times with petroleum ether (3×10 mL), and
dried under reduce pressure at 80 °C to give 1-hexyl-4-methyl-1,4-
diazabicyclo[2.2.2]octane-1,4-diium iodide as intermediate. The bis-
iodide derivative was dissolved in methanol (25 mL) and NaBArF
was added (1.55 g, 1.75mmol), and the mixture was stirred at room
temperature for 16 h. The solvent was removed under reduced
pressure, and subsequently the residue was washed several times
with H2O (3×10 mL) to give derivative 5 · (BArF)2 as a light brown
powder (1.58 g, 95%). 1H NMR (600 MHz, CD2Cl2, 298 K): δ=7.73 (s,
ArH, 16H), 7.59 (s, ArH, 8H), 4.00–3.90 (overlapped, NCH2, 12H), 3.54
(m, NCH2, 2H), 3.48 (s, NCH3, 3H), 1.80 (m, CH2, 2H), 1.46-1.32
(overlapped, CH2, 6H), 0.90 (t, CH3, J=7.0 Hz, 3H). 13C NMR {1H}
(150 MHz, CD2Cl2, 298 K): δ=162.6, 162.3, 162.0, 161.6, 135.2, 129.5,
129.3, 129.1, 128.9, 127.8, 126.0, 124.1, 122.3, 118.0, 68.3, 54.9, 54.5,
52.0, 31.2, 25.6, 22.9, 22.5, 13.7. HRMS (MALDI): m/z calcd for
C45H40BF24N2

+ 1075.2896 [M-BArF� ]+; found 1075.2887.
1H NMR determination of Kass values: The association constant
values for the formation of the complexes were calculated by two
methods:

a) Integration of 1H NMR signals of free and complexed host. In
this case, an equimolar solution of hosts and guests was
solubilized in CD2Cl2, and analyzed immediately after mixing.

b) 1H NMR competition experiments. In this case, an analysis of a
1 :1 :1 mixture of host, and two guests in an NMR tube with
CD2Cl2 as solvent was performed immediately after mixing.

All Kass values were calculated at 183 K, and 1H NMR experiments
were recoded on a 600 MHz spectrometer. Errors <15% were
calculated as mean values of three measures.

Computational details: The B97D3 functional was adopted for all
DFTcomputations.[34] The density fitting approximation was em-
ployed for the Coulomb problem; the proper auxiliary basis set by
Weigend was used throughout.[35] Solvent (dichloromethane) effects
were included in all DFT computations according to the polarizable
continuum model.[36] MM computations carried out before the
conformer search were performed by using the Spartan software.[37]

The Gaussian package was employed for DFT computations.[38] The
TZVP basis set was used in DFT optimizations of the conformers,
whereas the SVP basis set was adopted for the geometry
optimizations of binary complexes. The starting structures of binary
complexes were obtained by MM calculations performed by using
the YASARA software.

Crystallographic structures of 12+@ c-PrS[5]Me and 2+@ c-PrS[5]Me:
Single crystals suitable for X-ray investigation were obtained by
slow evaporation of CH2Cl2/hexane solutions containing 1,4-con-
fused prism[5]arene c-PrS[5]Me in the presence of barfate (BArF–)
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salts of N,N’-dihexyl-1,4-diazabicyclo[2.2.2]octane (12+) or n-buty-
lammonium (2+). Data collection was conducted at the XRD1
beamline of the Elettra synchrotron (Trieste, Italy), employing the
rotating-crystal method with a Dectris Pilatus 2 M area detector.
The single crystals investigated were dipped in a cryo-protectant
(Paratone), mounted on a nylon loop and flash-frozen under a
nitrogen stream at 100 K. Diffraction data were indexed and
integrated using the XDS package,[39] while scaling was carried out
with XSCALE.[40] The structures were solved using the SHELXT
program[41] and structure refinement was performed with SHELXL-
2018/3,[42] operating through the WinGX GUI,[43] by full-matrix least-
squares (FMLS) methods on F2. The thermal parameters of all non-
hydrogen atoms were refined anisotropically, except for atoms
below 50% occupancy. Hydrogen atoms were placed at the
calculated positions and refined using the riding model. Crystallo-
graphic data (and final refinement details for the structures) are
reported in Table S3.
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