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ABSTRACT
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(S,S,8)-2b: Ry =R, = Et

Cage-like receptors that have internal binding sites and a C;-symmetric chiral bias have been synthesized, and their chiral discrimination
behavior toward o-chiral amines as their ammonium salts has been compared with that of their open structures.

Cage-like molecules® are attractive receptors in the context
of supramolecular chemistry, as they exhibit structurally
confined cavities that can accommodate guest molecules
through molecular interactions. Size- and shape-dependent?
selectivity can be redlized by structuraly defined cage
receptors. Additionally, cage-like molecules can have achira
bias by introduction of point chirality.®® This unsurpassable
combination of size, shape, and chiral selectivity makes the
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design and synthesis of cage-like receptors for molecular
recognition a matter of enduring interest.* Despite such
fascinating features, a limited number of chiral cage-like
receptors are known because sometimes they require formi-
dable synthetic efforts. Furthermore, a structuraly simple
cage receptor that providesinternal binding sites with achiral
bias remains as a challenging object. Herein, we wish to
report anovel type of cage-like molecules with these features.

Thetripodal oxazoline receptors 1 developed by us provide
unique Cz-symmetric chiral environments toward a-chiral
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organoammonium ions.> Receptor 1a (R = Me) provides a
“screw-sense” chiral environment toward the a-substituents
of a-chiral organoammonium ions (Figure 1). We have
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Figure 1. Benzene-based tripodal oxazoline receptors (SS9)-1
complexed with an organoammonium ion and schematic diagrams
of top views for the diastereomeric complexes (SS9)-1a—(R)-Am1
and (SS9-1a—(9-Aml (1la: R = Me; R’'NH3" = PhCH(Me)NH3"
(Am1)).

demonstrated that a high level of chira discrimination of
some a-chiral organoammonium ions (~7:3) can be realized
in the Cs-symmetric environment contrary to previous
perception.®*® Such a high level of chiral discrimination,
however, can be obtained only in the case of a-chira
organoammonium ions that have a-aryl substituentsif there
is no additional secondary H-bonding interaction.®® An
emerging question is how such chiral discrimination behavior
would change if we confine the recognition motifs asin the
cage-like receptors.” Compounds 2a and 2b seem to be ideal
chiral cage-like receptors, as they are structurally simple
owing to their symmetry and, more importantly, could
provide internal binding sites with screw-sense chirality
toward a-chiral organoammonium ions (Figure 2).
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Figure 2. Synthesis of cage-like receptors (SS9-2a and (SS9)-
2b.

(SSS) -2a: Ry =R, = Me
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Receptors 2 should provide more confined chiral environ-
ments compared with receptors 1 and thus would exert
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increased steric interactions toward o-substitutents of the
organoammonium ions. Chiral discrimination in such a
confined space may be different from that in the “open”
environment provided by receptors 1.

Cage compounds 2a and 2b (Figure 2) can be efficiently
synthesized in 26% and 29% yields, respectively, from the
corresponding 3-hydroxyphenyl-substituted tripodal oxazo-
lines 3,2 through a direct coupling with capping molecules
4 under high dilution conditions (Supporting Information).
Preorganization of the oxazoline groups seems to be respon-
sible for the good yields in the “double” macrocyclization
step.

The 'H NMR spectrum of receptor 2a obtained at 25 °C
shows its Csz-symmetric nature. The protons are readily
identified at different resonance frequencies. Whereas the
H NMR spectrum of receptors 2b shows amore split pattern
owing to the restricted rotation of the ethyl groups. For
example, both the benzylic protons of the bottom phenyl ring
(Ha, 0 3.7 ppm; Hyp, 6 3.0 and 2.7 ppm) in receptor 2b are
split into a AB fashion, respectively (Supporting Informa-
tion).

The chiral discrimination ability of receptors 2 has been
examined toward two typical amines, a-aryl- and a-akyl-
substituted amines: o-phenylethylammonium (Am1) and
alanine methyl ester (Am2). The R-, S, or racemic-guest as
its perchlorate salt (2.0 equiv) was added to a solution of
either receptor 2a or 2b in CDCI3/CD3CN (3:1) and then
was analyzed by H NMR at various temperatures. The
diagnostic peaks are those of the guest methyl groups, which
are highly shielded by the receptor and thus resonate upfield
relative to those of the unbound guest (Supporting Informa-
tion). The diagnostic peaks of the inclusion complexes are
well resolved at lower temperature, and thus the ratio of their
aress directly gives the enantioselectivity of the receptor. The
results of chiral discrimination experiments are summarized
in Table 1. The ratio of the bound and unbound guest in the
presence of an equimolar amount of the receptor is deter-

Table 1. Enantioselective Binding of Receptors 1a, 2a, and 2b
toward Organoammonium lons Am1 and Am2?2

receptor—guest temp (°C) enantioselectivity binding (%)°

la—(R,S)-Am1 25 71(R):29(S)* 82
2a—(R,S)-Am1 -30 57(R):43(S) ~100
—50 B60(R):40(S) ~100
2b—(R,S)-Am1 -30
~50 61(R):39(S) 73
1a—(R,S)-Am2 25 47(R):53(S)* 41
2a—(R,S)-Am2 10 61(R):39(S) 62
-10 60(R):40(S) 65
-30 61(R):39(S) 67
~50 64(R):36(S) 68
2b—(R,S)-Am2 -10 64(R):36(S) 79
-30 66(R):34(S) 83
—50 72(R):28(S) 76

& Am1 and Am2 represent a-phenylethylamine and alanine methyl ester,
respectively, which were used as their perchlorate salts. ® Percentage of
receptor—guest adduct with respect to unbound guest, calculated for 1 equiv
of receptor. © Taken from ref 5a.
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mined from the relative area of the corresponding diagnostic
peaks and gives the percent binding value.

Receptors 2 preferentially bind to the (R)-Am1, abeit in
a lower enantioselectivity compared to the open receptors
1. Whereas receptors 2 discriminate the enantiomers of
alanine methyl ester with a high enantioselectivity (7:3), the
chiral discrimination is not effective with receptors 1. The
sense of chiral discrimination with the cage-like receptors
is the same as that observed with the open receptors.

The binding mode of cage compound 2a toward the (R)-
o-phenylethylammonium ion was studied by single crystal
X-ray diffraction. The X-ray structure® of the major adduct
2a—(R)-Am1 was resolved, which clearly shows that 2a
binds to the ammonium ion through tripodal hydrogen bonds
(Figure 3). The Nr—Ng distances (subscript R and G denote

Figure 3. ORTEP representation (side and atop views) of the X-ray
crystal structure of the inclusion complex 2a—(R)-PhCH(Me)-
NH3"ClO4~. Hydrogen atoms, except for the three NHs;™ and the
chiral hydrogen of the guest, the counter perchlorate anion, and
solvent dichloromethane have been removed for clarity.

those of the receptor and guest) range from 2.94 to 3.07 A,
which are close to the average H-bonded N—H--N distance,
2.98 + 0.16 A .2° Vaues of the Ng.—Ng—Ng angles are 105°,
110°, and 133°. The perchlorate counteranion resides outside
the inclusion complex with no apparent interaction. A side
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view of the crystal structure (Figure 3) shows that the three
sidewall phenyl rings are in a propeller-shaped arrangement,
providing a screw-sense chirality. From a top view of the
crystal structure, we can recognize that the bottom and top
capping phenyl rings are dlightly twisted (—11.54°) as the
linkages between them, the phenyloxazoline moieties, are
curved into the same direction. This helical twist seems to
contribute to the chiral discrimination also. Helical chirality
in macrobicyclic receptors is known, both in solid** and
solution phases.*? Although the phenyl ring of the guest and
the side pheny! ring of cage 2a do not appear to have perfect
parallel stacking, the interplanar distances between the
benzene carbons are in the range 3.5—-4.4 A, suggesting
existence of w—a interactions'® between them (Figure 3).
However, there is a significant distortion in the bond angle
between the phenyl and methyl groups of the guest (114.3°)
inthe crystal structure, as compared with the major inclusion
complex of receptor la (109.4°) (Table 2). This angle
distortion suggests that the (R)-guest experiences larger steric
strain in the cage 2a than in the open receptor 1a, which is
likely due to a space restriction in the former case. The side
wall phenyl rings in 2a—(R)-Am1 are more contracted
compared with those in the open complex la—(R)-Am1,
judging from the shortened distances from the center of
bottom phenyl to the center of side wall phenyl groups
(6.386—7.242 A in the cage; 6.528—7.351 A in the open
receptor). Therefore, the guest molecules in the confined
space provided by cages 2 experience more steric strain
between the o-substituents and the surrounding phenyl walls.
The increased steric strain seems to govern the guest
selectivity. As a result, the enantioselective recognition of
the alanine methyl ester is enabled with the cages, whereas
it is a poor guest in the case of the open receptors.

Because we were not able to obtain single crystals from
2a—(9-Am1, we analyzed the molecular structures of both
diastereomeric inclusion complexes by quantum chemical
calculations. The energy minimized structures of the inclu-
sion complexes obtained at the M06-2X/6-31G(d) level'* are
presented in the Supporting Information. The calculated bond
angles of free and bound Am1 are also listed in the Table 2.
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Table 2. Selected Bond Angles (deg) of (R)- and (9-Aml
Bound to Receptors 1a and 2a

crystal structure
la—(R)-Am1°

N—C—Cp. 109.7(7) N—C—Cye 109.5(7) N—C—Cy. 108.5(4)
N—-C—Cpn 111.4(6) N—-C—Cp, 111.7(6) N—-C—Cpp 110.5(4)
Cyme—C—Cpp 114.3(6) Cpe—C—Cpp, 109.4(7)  Cpe—C—Cpp 114.1(4)

2a—(R)-Am1 1a—(S)-Am1°

calculated values®
2a—(R)-Am1

N-C—Cye 109.24
N-C—Cpp, 110.13 N-C—Cpn 108.57
Cpe—C—Cpyp115.74 Cpe—C—Cpp115.07

Aml Am1? (crystal structures)

N-C—Cy, 107.87—108.2
N—-C-Cp, 106.64—107.11 N-C—Cp, 110.1-112.3
Cpe—C—Cpp 116.03—117.21 Cye—C—Cpp111.5—-114.4

& Cwue and Cpy, correspond to the carbons of Me and Ph groupsin Am1
(PhCH(Me)NH™). ® Taken from ref 5a. © Data from the M06-2X/6-31G(d)

calculation using Q-Chem ver 3.2. @ Taken from crystal structure data of
the sulfate and phosphate salts (ref 15).

2a—(S)-Am1
N-C—Cye 111.56

N-C—Cye 107.7-109.6

As we anayzed previously, the less stable complex
1la—(9-Aml manifests an unusual bond angle distortion for
the Cye—C—Cpy, angle (114.1°).%2 Both the crystal structure
and the calculated one show that thereis significant distortion
in the bond angle even in the case of the magjor inclusion
complex 2a—(R)-Am1 (114.3° from the crystal, 115.74° from
the calculated structure). The calculation suggests that the
minor complex 2a—(S-Aml has a larger bond angle
distortion for the Cy—C—Cpy angle (115.07°).
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A further analysis of the calculated structures suggests
another important structural difference between the inclusion
complexes la—Am1 and 2a—Am1. Because of the steric
congtraint in the cage, the guest molecule is forced to
dislocate from the center of the cavity: the Ng—C bond is
tilted from 90° with respect to the bottom receptor phenyl
plane. (The angle is expected to be 90° if there is no steric
bias between the receptor and guest.) The angle between the
phenyl plane and the Ng—C bond is 64.87° in the |ess stable
2a—(9-Am1, whereasit is 74.95° in the more stable 2a—(R)-
Aml1; the angleis larger in the less strained, open inclusion
complexes (70.89° for la—(S-Aml, 82.99° for la—(R)-
Am1). These results support that the guest molecule experi-
ences increased steric strain in the cage receptors.

In the calculated structures of 2a—(R)-Am2 and 2a—(S)-
Am2, theinclusion complexes of (R)- and (S-alanine methyl
esters, the ester group behaves as the most stericaly
demanding group and takes the position of the phenyl group
of Am1 in the inclusion complexes. Structure analysis also
gave a similar trend in the bond angle distortion between
the major and minor complexes [Cye—C—Cco = 115.40°
(major) vs 117.46° (minor)].

We determined the binding affinity of receptor 2a toward
each enantiomeric (R)- and (S)-Am1 astheir perchlorate salts
by 'H NMR titrations. The binding affinities are K, = 6170
and 2920 M~ for (R)-Am1 and (S)-Am1, respectively, at
25 °C. At ahigher temperature of 50 °C the binding affinities
are K, = 1220 and 850 M4, respectively. These affinities
confirm the higher selectivity of receptor 2a toward the (R)-
enantiomer of the guest.

In summary, we have synthesized cage-like chiral receptors
based on tripodal oxazolines, which provide internal binding
sites for organoammonium ions and a screw-sense chirality
toward their o-substituents. The cages show a distinctive
chiral discrimination behavior from the corresponding open
receptors owing to the confined space available for the guest.
Expansion of the inner space of the cage molecules to
accommodate other guest molecules is under investigation.

Supporting Information Available: Synthetic route and
characterization of receptors 2a and 2b and *H NMR hinding
studies of receptors 2a and 2b with perchlorate salts of
o-phenylethylamine and alanine methyl ester. This material
is available free of charge viathe Internet a http://pubs.acs.org.
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