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ABSTRACT: The e�cient synthesis of chiral macrocycles with highly enantioselective recognition remains a challenge. We have
addressed this issue by synthesizing a pair of chiral macrocycles, namely, R/S-BINOL[2], achieving total isolated yields of up to 62%
through a two-step reaction sequence. These macrocycles are readily purified by column chromatography over silica gel without the
need for chiral separation, thus streamlining the overall synthesis. R/S-BINOL[2] demonstrated enantioselective recognition toward
chiral ammonium salts, with enantioselectivity (KS/KR) values reaching up to 13.2, although less favorable separations were seen for
other substrates. R/S-BINOL[2] also displays blue circularly polarized luminescence with a |glum| value of up to 2.2 × 10−3. The R/S-
BINOL[2] macrocycles of this study are attractive as chiral hosts in that they both display enantioselective guest recognition and
benefit from a concise, high-yielding synthesis. As such, they may have a role to play in chiral separations.

■ INTRODUCTION

Chiral recognition continues to receive attention due to its
crucial role in understanding biological processes,1−4 aiding
pharmaceutical design,5,6 creating asymmetrically catalytic
systems,7−12 and preparing chiral separation materials.13−17

E6orts have long been devoted to the design and development
of chiral recognition tools, including chiral small organic
molecules,18−24 helical supramolecular assemblies,25−29 chiral
porous materials,30−33 and chiral polymers.34−37 Within this
set, macrocyclic compounds, such as crown ethers,38−41

cyclodextrins,42−44 calixarenes,45−48 cucurbiturils,49−52 and
other macrocyclic hosts,53−60 are viewed as being particularly
attractive for chiral recognition due to their preorganized
cavities and the presence of multiple binding sites (Table S1).
Some chiral macrocycles, such as chiral crown ethers and
cyclodextrins, have even been commercialized for chiral
separations.61−64 However, there are still key issues that need
to be addressed. First, the enantioselectivity (KR(S)/KS(R) or
KL(D)/KD(L)), a critical parameter reflecting the chiral
recognition capability, is lower than 5 for most reported chiral
macrocycles.59,65−68 Enantioselectivities greater than 10 are
thus rare, although progress beyond this limit has been
reported in recent years. For instance, Chen et al. reported an
enantioselective recognition of 12.9 in water using chiral
macrocyclic octopus[3]arenes.69 Lledo ́ and coworkers re-
ported a chiral cavitand receptor with a KS/KR value of
18.7.47 Yang and Jiang synthesized a chiral naphthotubes that

display an enantioselectivity value of 34.4.70 Cai and coworkers
developed a water-soluble conjugated macrocycle that
provided enantioselectivities up to 18.7.71 Second, the
preparation of chiral macrocycles is generally limited by
tedious syntheses, low yields (generally under 20% overall),
and a need to preseparate the chiral forms before use.
Collectively, these limitations can be an impediment to
practical applications. There thus remains a need for chiral
macrocyclic receptors that simultaneously possess high
enantioselectivity (KS/KR > 10) and benefit from concise,
high-yielding syntheses (Table S1 and Figure S1). Here, we
report a set of binaphthol macrocycles that are readily prepared
in two synthetic steps in yields exceeding 60% and which act as
e6ective chiral hosts for chiral ammonium salts.
The present study is based on our recent development of a

modular method for the preparation of functional macrocycles
and endobinding site macrocycles.72,73 Binaphthols were
chosen as the chiral units due to their long-standing use as
chiral recognition elements in host−guest chemistry.23,38,74 By
incorporating binaphthol subunits into our syntheses, we
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postulated that it would be possible to create a new class of
easy-to-prepare chiral hosts. In particular, the presence of four
OH groups directed inward was expected to provide
directional binding sites that would favor stereochemically
selective guest binding. Furthermore, the direct connection
between the recognition sites (OH) and the chiral moieties
(binaphthyls) might enhance chiral transfer between the hosts
and guests, thereby increasing the enantioselectivity. Finally, by
utilizing 2,4-dimethoxyphenyl, which has demonstrated high
activity and possesses fixed reaction sites, as a reaction
component, we anticipated that a high-yielding synthesis
could be achieved. The present study was undertaken as a test
of this hypothesis.
As shown in Figure 1, two pairs of binaphthol macrocycles,

namely, R/S-BINOL[2] and exo-R/S-BINOL[2], were synthe-
sized in yields up to 62% in two steps from commercially
available starting materials. Purification of the homochiral
macrocycles was achieved by column chromatography using a
simple silica gel column without the need for chiral separation.
The macrocycles possessing inward-directing OH groups, (R/
S-BINOL[2]), demonstrated high enantioselective recognition
toward chiral ammonium salts, with a KR/KS up to 13.2 (vide
infra). It was discovered that the structures of the guests

dictate the enantioselectivity with KR/KS values of only about 2
being seen for unsuitable guests. The exo-R/S-BINOL[2]
congeners were also studied. They were found to lack any
appreciable recognition capacity, presumably because of the
absence of inward-pointing OH groups. To our knowledge,
chiral macrocycles R/S-BINOL[2] are the first of their kind to
benefit simultaneously from three useful features, namely, a
concise synthesis process giving overall yields exceeding 60%,
an ability to be used directly without preseparation of
enantiomers, and e6ective substrate recognition characterized
by high enantioselectivity (KS/KR > 10). We thus believe that
the present set of chiral macrocycles may see use in chiral
separations.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Chiral Macrocyclic
Hosts R/S-BINOL[2] and Exo-R/S-BINOL[2]. The R-BINOL
monomer was synthesized in 83% yield through a Suzuki−
Miyaura cross-coupling reaction between commercially avail-
able R-3,3′-dibromo-1,1′-bi-2-naphthol and 2,4-dimethoxyphe-
nylboronic acid (Figures 1a, S2−S4, and Scheme S1). The
cyclization of the monomer to form the macrocyclic host R-
BINOL[2] was achieved in 75% yield by condensing it with

Figure 1. (a, c, e, g) Synthesis of (a) R-BINOL[2], (c) S-BINOL[2], (e) exo-R-BINOL[2], and (g) exo-S-BINOL[2] reaction conditions: (i) 2,4-
dimethoxybenzeneboronic acid, Pd(PPh3)4 or Pd(dppf)Cl2, Na2CO3, 1,4-dioxane/H2O, under N2, reflux, 12−18 h and (ii) (CH2O)n, BF3·Et2O,
CH2Cl2, r.t., 5 min). (b, d) Single-crystal structures of (b) R-BINOL[2] and (d) S-BINOL[2] (CCDC numbers 2338090 and 2338097). (f, h)
Calculated structures of (f) exo-R-BINOL[2] and (h) exo-S-BINOL[2] shown in the top and side views. Color codes: C, gray or blue; O, red; H,
white.
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paraformaldehyde in dichloromethane (DCM) at room
temperature in the presence of a catalytic amount of BF3·
Et2O (Figures 1a, S5−S9, and Scheme S2). This cyclization
can also be carried out in other solvents, such as 1,2-
dichloroethane (DCE) and CHCl3, and using other catalysts,
including trifluoromethanesulfonic acid (TfOH), p-toluene-
sulfonic acid (TsOH), trifluoroacetic acid (TFA), and FeCl3
(Table S2). The enantiomer S-BINOL[2] was prepared from
S-BINOL in 71% yield by using the same basic procedure as
was used for R-BINOL[2] (Figure 1c). Macrocycles with
outward-directed OH groups were synthesized in 70% (exo-R-
BINOL[2]) and 74% (exo-S-BINOL[2]) cyclization yields,
respectively, using a method similar to that used for R/S-
BINOL[2] (Figures 1e,g, S10−S15, Schemes S3, and S4).
Di6raction grade colorless single crystals of R/S-BINOL[2]

were obtained through the slow evaporation of an acetonitrile
solution containing the macrocyclic hosts at room temperature
for 4 days. The resulting single-crystal structures are shown in
Figure 1 with associated data given in Table S3. Macrocycle R-
BINOL[2] adopts a funnel-shaped conformation in the solid
state, characterized by a rhombic inner cavity with dimensions
of 12.3 Å × 6.5 Å, an outer cavity size measuring 14.7 Å × 10.6
Å, and a cavity depth of 8.8 Å (Figure 1b). Four vertically
aligned 2,4-dimethoxyphenyl groups alternating in opposite
directions help define a deep 3D cavity that appears well-suited
for substrate binding. Individual molecules of R-BINOL[2]
stack in register with other molecules via presumed C−H···π

and C−H···O interactions, yielding infinite empty channels

within the crystal (Figure S16a−c). Enantiomer S-BINOL[2]
displays analogous conformational attributes, cavity size, and
superstructural features (Figures 1d and S16d−f). Although
single crystals of exo-R/S-BINOL[2] could not be obtained,
their energy-minimized structures were inferred based on DFT
(B3LYP/6-31G(d)) calculations. Notably, both exo-R-BINOL-
[2] and exo-S-BINOL[2] contain box-like cavities, charac-
terized by dimensions of 9.1 Å × 8.2 Å and 10.2 Å × 7.4 Å,
respectively, as well as larger outer cavities with dimensions of
11.5 Å by 14.0 Å while displaying a uniform depth of 11.0 Å
(Figure 1f,h).
Surface electrostatic potential maps were constructed. They

revealed that all four macrocyclic hosts possess electron-rich
cavities, lending support to the suggestion that they would act
as e6ective receptors for electron-deficient guest molecules
(Figure S17).
The photophysical properties of R/S-BINOL[2], R/S-

BINOL, exo-R/S-BINOL[2], and exo-R/S-BINOL were also
investigated. These molecules exhibited similar absorption
features, with prominent bands being seen between 260 and
370 nm in CHCl3; presumably, this reflects the presence of
similar chromophores (Figure 2a). In particular, the emission
spectrum of R-BINOL[2] was characterized by a fluorescent
emission peak at 387 nm in CHCl3 characterized by a
photoluminescent quantum yield (PLQY) of 8.4%. The
increase in PLQY relative to R-BINOL, for which a value of
4.5% was recorded, is ascribed to a macrocyclization-induced
emission enhancement e6ect (Figures 2b and S18).75 Exo-R-

Figure 2. (a) Normalized UV/vis absorption spectra and (b) photoluminescence emission spectra of R/S-BINOL[2], R/S-BINOL, exo-R/S-
BINOL[2], and exo-R/S-BINOL. (c, d) CD spectra of (c) R/S-BINOL[2] and R/S-BINOL and (d) exo-R/S-BINOL[2] and exo-R/S-BINOL ([R/
S-BINOL] = [exo-R/S-BINOL] = 2[R/S-BINOL[2]] = 2[exo-R/S-BINOL[2]] = 2 × 10−5 mol/L for UV/vis spectra, 1 × 10−5 mol/L for
photoluminescence spectra, 1 × 10−4 mol/L for CD spectra in CHCl3, Ex = 300 nm.
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BINOL[2] exhibited similar fluorescence and emission features
(PLQY = 7.9%) (Figures 2b and S19).
The chiroptical properties of this set of the present BINOL-

containing macrocycles were further investigated by using
circular dichroism (CD) spectroscopy. As shown in Figure 2c,
R-BINOL[2] showed positive-to-negative Cotton bands in the
315 to 365 nm spectral range in CHCl3, while S-BINOL[2]
exhibited a mirror-image CD spectrum. The absorption
dissymmetry factors (|gabs|) of R-BINOL[2] at 344 nm is 1.1
× 10−3, a value significantly greater than displayed by its
constituent, monomer R-BINOL (|gabs| = 7.6 × 10−4) (Figure
2c). Similar increases were seen for macrocycle S-BINOL[2] (|
gabs| = 1.2 × 10−3) and monomer S-BINOL (|gabs| = 7.3 ×

10−4). Macrocycles exo-R/S-BINOL[2] and their correspond-
ing constituents, exo-R/S-BINOL, also displayed distinct CD
spectra (Figure 2d). Both enantiomers exhibited mirror image
CD spectra in the 255−355 nm spectral range in CHCl3, with
relatively weak |gabs| values of 4.2 × 10−4 and 4.8 × 10−4 being
recorded for exo-R-BINOL[2] and exo-S-BINOL[2], respec-
tively. These latter values are on the same order of magnitude
as those of their corresponding monomers (|gabs| = 7.8 × 10−4

for exo-R-BINOL and 6.7 × 10−4 for exo-S-BINOL). Taken in

concert, these results provide additional evidence for the
enantiotropy of the macrocyclic structures and their
enantiopurity. Moreover, both pairs of enantiomeric macro-
cycles exhibited mirror image circularly polarized luminescence
(CPL) in the 350 to 450 nm range in CHCl3, with
luminescence dissymmetry factors (|glum|) on the order of 2.2
× 10−3 (Figure S20).
Enantioselective Recognition. Due to their electron-rich

cavities, the chiral macrocycles of this study were considered
likely to act as hosts for electron-withdrawing guests. To
investigate their enantioselective binding capabilities, we
studied their interactions with six pairs of chiral cationic
guests. As an example, R/S-G1 was separately mixed with
equimolar quantities of R-BINOL[2] in CDCl3. This mixing
produced readily discernible changes in the proton signals of
both the hosts and guests (Figure 3b−f). All of the proton
signals of R/S-G1 shifted upfield, a finding taken as evidence of
a strong shielding e6ect induced as the result of complexation
by host R-BINOL[2]. Furthermore, with R-BINOL[2], larger
changes were seen in the proton signals of S-G1 than in the
case of R-G1 (Δδ = −0.70 and −0.52 ppm for Ha, −0.96 and
−0.54 ppm for Hb, −0.61 and −0.37 ppm for Hc, −1.02 and

Figure 3. (a) Chemical structures of the guests. (b−f) 1H NMR spectra (400 MHz, CDCl3, 2.00 mM, 298 K) of (b) S-G1, (c) S-G1@R-
BINOL[2], (d) R-BINOL[2], (e) R-G1@R-BINOL[2], and (f) R-G1. Changes in the chemical shifts are marked in red for the host and blue for
the guests
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−0.51 ppm for Hd, and −0.58 and −0.31 ppm for He). This is
expected for a recognition process that benefits from the chiral
discrimination induced by R-BINOL[2]. Downfield shifts in
the OH proton signals of R-BINOL[2] were also seen, leading
us to suggest that these groups are involved in the hydrogen
bonding-based recognition of the presumably bound guests.
Again, a guest dependence was seen with Δδ values for these
signals of 0.38 for S-G1 and 0.21 ppm for R-G1 being
observed. As above, this was taken as evidence of
enantioselective binding. Gratifyingly, corresponding, if mirror
image-like, e6ects were seen in the case of enantiomer S-
BINOL[2] and guests S-G1 and R-G1 (Figure S21). In the
ROESY spectra of R-G1@R-BINOL[2], cross-peaks between
Ha−H2 and Ha−H8 were readily apparent. In the case of
complex S-G1@R-BINOL[2], in addition to these NOE peaks,
cross-peaks between He−H10 were also observed (Figures

S22−S25). These findings are taken as evidence for the close
proximity between the trimethylammonium group of the guest
and the OH/2,4-dimethoxyphenyl moiety of the host. This, in
turn, leads us to suggest the presence of hydrogen bonding
interactions between S/R-G1 and R-BINOL[2].
Job’s plots were constructed by changing the ratio of the

host to the guest and measuring the chemical shifts of key
proton signals of the host. These plots revealed maximal
changes in the chemical shifts at a mole fraction of 0.5. While
not a proof, such findings are consistent with a binding
stoichiometry of 1:1 between R/S-G1 and R/S-BINOL[2]
(Figure S26). This inferred stoichiometry was further
supported by the observation of a prominent peak correspond-
ing to [S/R-G1@R/S-BINOL[2]-BArF]+ in the high-resolu-
tion mass spectra of the putative host−guest complexes
(Figure S27).

Table 1. Association Constants (Ka/M
−1) of R/S-BINOL2 for Chiral Cationic Guests R/S-G1−G7, as Determined by 1H NMR

Spectroscopic Titrations in CDCl3 or CD2Cl2 at 298 K for R/S-G1−G3 and R/S-G6−G7, and by Fluorescence Titrations in
CHCl3 at 298 K for R/S-G4−G5a

entry guests

R-BINOL[2] S-BINOL[2]

Ka/M
−1 KR/KS Ka/M

−1 KR/KS

1 R-G1 (1.3 ± 0.1) × 103 1/11.5 (1.4 ± 0.3) × 104 10.8/1

2 S-G1 (1.5 ± 0.3) × 104 (1.3 ± 0.2) × 103

3 R-G2 (3.8 ± 0.4) × 103 1/13.2 (4.1 ± 0.3) × 104 13.2/1

4 S-G2 (5.0 ± 0.6) × 104 (3.1 ± 0.3) × 103

5 R-G3 (3.2 ± 0.7) × 103 2.5/1 (1.0 ± 0.1) × 103 1/1.7

6 S-G3 (1.3 ± 0.2) × 103 (1.7 ± 0.4) × 103

7b R-G4 (1.3 ± 0.1) × 106 4.4/1 (2.2 ± 0.2) × 105 1/3.8

8b S-G4 (3.0 ± 0.3) × 105 (8.3 ± 1.1) × 105

9b R-G5 (3.6 ± 0.3) × 105 1/2.0 (5.9 ± 0.4) × 105 2.2/1

10b S-G5 (7.4 ± 0.7) × 105 (2.8 ± 0.3) × 105

11 R-G6 (7.1 ± 1.1) × 103 2.2/1 (3.2 ± 0.6) × 103 1/2.2

12 S-G6 (3.3 ± 0.5) × 103 (6.9 ± 0.6) × 103

13c R-G7 (5.0 ± 0.4) × 102 1/2.4 (1.3 ± 0.2) × 103 2.5/1

14c S-G7 (1.2 ± 0.3) × 103 (5.2 ± 0.6) × 102

aError values represent the standard deviations determined from three independent measurements. bIn these cases, the Ka values were determined
by fluorescence spectral titrations because they exceed 105 M−1 and could not be accurately calculated from data acquired by means of 1H NMR
spectroscopic titrations. c1H NMR spectral titrations were conducted in CD2Cl2 due to the poor solubility of G7 in CDCl3.

Figure 4. (a, b) Optimized binding geometry of (a) S-G1@R-BINOL[2] and (b) R-G1@R-BINOL[2] host−guest complexes in side and top views
obtained by DFT calculations. (c) MEP-mapped molecular van der Waals surfaces of R-BINOL[2] and S-G1 in top and side views. Note: the red
region represents a negative potential area characterized by an abundance of electrons. Blue region represents a positive potential area characterized
by a relative absence of electrons.
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Assuming a 1:1 binding stoichiometry, the association
constants and enantioselectivities were determined based on
1H NMR spectroscopic titrations. Typically, enantioselectiv-
ities can be assessed by allowing either one chiral host to
interact with both enantiomers of a nonracemic guest or
testing how the two enantiomers of a chiral host interact with a
single enantiomer of the guest. The enantioselectivities derived
from both approaches should prove consistent. Given that
complexes R-G1@R-BINOL[2] and R-G1@S-BINOL[2] are
enantiomers of complexes S-G1@S-BINOL[2] and S-G1@R-
BINOL[2], respectively, we expected that the association
constants would prove similar.
In the present instance, 1H NMR spectroscopic titrations

(conducted in triplicate) yielded association constants of (1.3
± 0.1) × 103 M−1 for R-G1@R-BINOL[2] and (1.5 ± 0.3) ×

104 M−1 for S-G1@R-BINOL[2], corresponding to enantiose-
lectivity (KS/KR ratio) of 11.5 (Figures S28−S31 and Table 1).
Similarly, for S-G1@S-BINOL[2] and R-G1@S-BINOL[2],
the association constants were determined to be (1.3 ± 0.2) ×

103 and (1.4 ± 0.3) × 104 M−1, respectively, resulting in a
comparable (if reciprocal) enantioselectivity (KR/KS ratio) of
10.8 (Figures S32−S35 and Table 1). These findings are
consistent with the notion that R/S-BINOL[2] displays
di6erential a�nities for the enantiomers of R-G1 and S-G1
as initially inferred based on the qualitative studies discussed
above.
Since the inward-directing OH (H8) in host R/S-BINOL[2]

was deemed important in stabilizing the observed host−guest
binding interactions, the congeneric macrocyclic hosts with
outward-facing OH moieties (exo-R/S-BINOL[2]) were also
studied. When a CDCl3 solution of exo-R/S-BINOL[2] was
titrated with R/S-G1, no changes in the chemical shifts were
observed for either the hosts or the guests (Figures S36−S38).
This finding is taken as further support for the conclusion that
the inward-directing OH groups present in R/S-BINOL[2]
play a crucial role in mediating the observed guest recognition.
Further insights into the molecular recognition features

leading to the enantioselectivity seen in the case of S/R-G1@
R-BINOL[2] came from calculations. The energy-minimized
structures of the two complexes were determined through
energy minimization using density functional theory (DFT) at
the B3LYP-D3/6-31G(d) level, taking into account solvent
e6ects (Figure 4a,b)
Conformational searching revealed that each complex

adopts the single most stable conformation independent of
the initial arrangement of the host and guest. As shown in
Figure 4a,b, the electronic binding energy of S-G1@R-
BINOL[2] (ΔE = −164.56 kJ/mol) exceeds that of R-G1@
R-BINOL[2] (ΔE = −152.99 kJ/mol), resulting in an energy
di6erence of −11.57 kJ/mol. This observation aligns
qualitatively with the results obtained from the 1H NMR
spectroscopic titrations, which yielded association constants of
(1.5 ± 0.3) × 104M−1 for S-G1@R-BINOL[2] and (1.3 ± 0.1)
× 103 M−1 for R-G1@R-BINOL[2], as noted above.
The calculations also provide an energetic-based explanation

for the enantioselective recognition seen by the experiment. In
the calculated structures of the host−guest complexes, both S-
G1 and R-G1 are positioned within the cavity of R-BINOL[2]
and are e6ectively shielded; this finding is consistent with the
significant upfield chemical shifts observed in the 1H NMR
spectra of S/R-G1 (vide spra). Moreover, multiple noncovalent
interactions involving hydrogen bonding, π···π donor−accept-
or, and C−H···π interactions were observed in the calculated

structure of S-G1@R-BINOL[2]. For instance, the three
methyl groups of the trimethylammonium moiety participate
in four hydrogen bonding interactions with three OH groups
of the host; the phenyl moiety of S-G1 engages in π···π donor−
acceptor interactions with the naphthol unit of the host; the
methyl in the stereogenic center points into the host cavity and
participates in hydrogen bonding interactions with two OH
moieties; the hydrogen atom in the chiral center is near one
OH group of the host and interacts with it via an apparent
hydrogen bonding interaction. In contrast, the conformation of
R-G1@R-BINOL[2] is influenced by the reversed positions of
the methyl groups and hydrogen atoms in the stereogenic
center. This reversal leads to severe steric hindrance between
the methyl and OH groups. As a consequence, R-G1 is
displaced from the cavity and adopts a conformation with
higher energy (11.57 kJ/mol) compared to S-G1@R-BINOL-
[2].
To gain further understanding of the molecular recognition

behavior, the molecular electrostatic potentials (MEPs) on the
molecular van der Waals surfaces of R-BINOL[2] and S-G1
were mapped (Figure 4c). The cavity of R-BINOL[2] is
electron-rich, while S-G1 is electron-deficient, particularly in its
trimethylammonium group. The optimized binding geometry
was deemed reasonable since molecules tend to approach each
other in a complementary manner, as reflected in the MEP.
These findings highlight the significance of complementary fits
and the presence of stabilizing noncovalent interactions
between the host and bound guest molecules in governing
the enantioselective recognition seen for R-BINOL[2] and
guest R/S-G1.
Against the background presented above, we sought to

explore the structural determinants that might underlie the
relatively high enantioselectivity seen for R/S-G1. This was
done through systematic structural changes in the guests. For
instance, to explore the impact of aromatic groups on chiral
selectivity, R/S-G2 and R/S-G3 were selected for the study.
The KR/KS increased to 13.2 for R/S-G2 (from 11.5 for R/S-
G1), thus revealing how the addition of aromatic groups may
be used to increase the enantioselectivity (Figures S39−S50
and Table 1). On the other hand, a reduced KR/KS (2.5) is
seen in the case of R/S-G3. This reduction is ascribed to steric
hindrance and serves to highlight the importance of substituent
positioning on the enantioselectivity (Figures S51−S62 and
Table 1).
In the case of G2 for which high selectivity was observed,

NMR spectroscopic experiments and DFT calculations were
carried out. The 1H NMR and ROESY results are similar to
what was seen in the case of R/S-G1 above. For instance, more
significant changes were observed in the proton signals of S-G2
compared to R-G2 (Δδ = −0.78 and −0.58 ppm for Ha, −1.09
and −0.63 ppm for Hb, and −0.63 and −0.40 ppm for Hc,
respectively; Figure S39). In addition, NOE cross-peaks
between Ha−H2 in these complexes could be observed
(Figures S63 and S64). DFT calculations on the R/S-G2@R-
BINOL[2] complexes revealed the presence of multiple
noncovalent interactions, including hydrogen bonding and
C−H···π interactions (Figure S65). The S-G2@R-BINOL[2]
exhibited a lower electronic binding energy (ΔE = −179.20 kJ/
mol) compared to the R-G2@R-BINOL[2] (ΔE = −163.14
kJ/mol). These results are thus qualitatively aligned with the
binding data obtained from 1H NMR spectroscopic titrations.
We further tested guests in which the aromatic group in G1

was replaced with a pyridinium or an aliphatic ammonium
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cation as well as ones in which the stereogenic center contains
a hydroxyl substituent instead of a trimethylammonium group
(guests R/S-G4, R/S-G5, and R/S-G6). However, the
maximum enantioselectivity achieved was only 4.4 in the
case of G4, with the remaining two values hovering around 2
(Figures S66−S89 and Table 1). This finding is interpreted in
terms of the stereogenic trimethylammonium group playing a
decisive role in producing high enantioselectivity in the case of
the present receptor systems.
It is well appreciated that di6erent drug enantiomers can

di6er dramatically in their pharmacological activity, metabo-
lism, and toxicity.6,76,77 For example, quinine and quinidine
constitute a pair of enantiomers with completely di6erent
physiological activities. Quinine serves as an antimalarial drug,
whereas quinidine acts as an antiarrhythmic drug.78 We were
thus keen to test whether the hosts of this study could be used
to achieve the enantioselective recognition of representative
drug enantiomers. With this objective in mind, we mixed the
protonated products R-G7 and S-G7 with chiral hosts R/S-
BINOL[2] in CD2Cl2 and monitored the changes produced by
1H NMR spectroscopy. Distinct changes in the proton
chemical shifts were seen for both the hosts and guests,
providing qualitative evidence of enantioselective recognition
(Figures S90 and S91). Job’s plots and mass spectrometric
studies supported a 1:1 binding stoichiometry (Figures S92
and S93). The association constants for these interactions
ranged from (5.0 ± 0.4) × 102 to (1.3 ± 0.2) × 103 M−1,
resulting in KR/KS values of 1:2.4 for R-BINOL[2] and 2.5:1
for S-BINOL[2] (Figures S94−S101 and entries 13 and 14 in
Table 1). While not appreciably high, these values demonstrate
the potential of R/S-BINOL[2] and its analogs for the future
chiral separation of drug enantiomers.

■ CONCLUSIONS

In summary, we successfully synthesized two pairs of chiral
macrocycles, namely, R/S-BINOL[2] and exo-R/S-BINOL[2],
through the Lewis acid-catalyzed reaction between the bis(2,4-
dimethoxyphenyl)binaphthol monomer and paraformalde-
hyde. These macrocycles could be obtained in yields of up
to 62% via a two-step process involving the use of
commercially available starting materials. They could be
purified by silica gel column chromatography without the
need for chiral separation before use as receptors for chiral
substrates. The macrocycles with inward-directing OH groups,
namely, R/S-BINOL[2], exhibited highly enantioselective
recognition toward chiral ammonium salts, with KR/KS values
of up to 13.2 being obtained in the most favorable cases. In
contrast, little recognition capacity was seen in the case of exo-
R/S-BINOL[2], a finding ascribed to the absence of inward-
directing OH groups. The enantioselective recognition
achieved with R/S-BINOL[2] is attributed to a favorable
steric matching between the host and guests, as well as
stabilizing noncovalent interactions. The combination of a
concise synthesis (two-step reaction sequence), good yields
(up to 62%), high enantioselectivity (KS/KR up to 13.2), and a
circumvented need to separate a racemic mixture of the
receptors before use leads us to suggest that R/S-BINOL[2]
may have a role to play in the recognition and separation of
various chiral species.
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