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ABSTRACT: The rigid and nonchiral bis-naphthalene cleft was used for the first time as a scaffold to build a chiral molecular
tweezer. The molecular tweezer and its related compounds have been synthesized and carefully characterized by X-ray
crystallography and NMR spectroscopy. Their solid-state structures and molecular recognition properties have also been studied.

D 1 olecular tweezers are featured by two flat, usually afford 1 in a decent yield (85%). The crystal structure of 1 was

’cllromatic and identical pincers and a more or less rigid then obtained by slow evaporation of its solution in CHCl,. As
tether.” The tether holds the two pincers in a syn shown in Figures la and S1, the cleft 1 packed in a “hug from
conformation/configuration. Their half-open cavities tend to behind” fashion and forms a “supramolecular polymer” in the

bind flat aromatic guests.” Very rigid molecular tweezers, such
as Klirner’s di- to tetra-methylene-bridged molecular tweezers,’
often have good guest-binding properties, resulting in biological
applications.* But they usually require multistep synthesis and
are not always easy to access. Chiral molecular tweezers are
even rarer in literature. Two major classes are based on

solid state. The neighboring molecules are in an antiparallel
orientation. This results in better dipole alignments and more
compact crystal packing. The crystal structure also suggests the
methylene protons may have very weak C—H:--7 interactions '

(H-centroid distance: 2.79—2.89 A) with the naphthalenes in

Tréger’s base® and Kagan’s ether,’ respectively. Both of these the adjacent molecule. The dihedral angle of two naphthalenes
two modules are chiral themselves. However, their synthesis in the same molecule is ca. 107°, defining a well-defined cleft
and purification are often tedious. Herein, we report a new class structure'" for molecular recognition. Multiple incorporation of
of chiral molecular tweezer based on a nonchiral bis- this basic module may enable the construction of molecular
naphthalene cleft. This kind of molecular tweezer is fairly tweezers.

easy to synthesize. Its related structures and host—guest In order to obtain a molecular tweezer, the structure of 1 has

chemistry have also been studied.

The bis-naphthalene cleft 1 (16H-8,16-methanodinaphtho-
[2,1-d:1',2"-g][1,3]dioxocin) has been known for three
decades.” Its well-defined curvature is ideal for creating a cavity
to host guest molecules. However, its applications to
supramolecular chemistry are very scarce in the supramolecular
literature.*” The synthesis of 1 is actually rather straightfor-
ward: 2-naphthol and 1,1,3,3-tetramethoxypropane were stirred Received: June 29, 2015
in the 1:2 mixture of THF and TFA at room temperature to Published: July 21, 2015

to be incorporated more than once. Relatively symmetric
structures are preferable. Therefore, 2,6-dihydroxynaphthalene
was used together with 2-naphthol as the basic building blocks.
To test the reactivity and prepare starting materials for the
synthesis of more complex structures, we thus synthesize two
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compounds 2 and 3 through a protection and deprotection
procedure.

Analogously, the crystal structures of 2 and 3 were also
obtained (Figure 1b, 1c, and S1). Surprisingly, the “hug from
behind” arrangement is not observed. Instead, two clefts
“dimerize” in the solid state. Again, they are arranged in an
antiparallel orientation presumably to favor the dipole moment
and crystal packing, Offset 77 stacking'® (centroid—centroid
distance: 3.54 A for 2; 3.64 A for 3) and O—H---x interactions
(H—centroid distance: 2.37 A for 2; 2.42 A for 3) contribute to
this dimerization. Although the cleft 1 is symmetric and
nonchiral, the cleft 2 with lower symmetry is actually planar-
chiral (Scheme 1). The two enantiomers of 2 are both observed

Scheme 1. (a) Modified Synthetic Procedure for Compound
1 and Chemical Structures of Its Hydroxyl Derivatives 2 and
3; (b) Synthetic Route and Structures of the Tris-
naphthalene 4; (c) Synthetic Route and Structures of the
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“Numbering on the structures corresponds to the assignment of NMR
signals. Sb or 5c are only detected by NMR and cannot be isolated in
pure forms.

and they follow heterochiral self-sorting'® in the solid state.
Introducing two hydroxyl groups does not disrupt the
symmetry of 3, and it is still nonchiral. Based on the
stereochemistry of 2 and 3, we anticipate that the tris-
naphthalene 4 must be chiral, while the titrakis-naphthalene $
can be either chiral or achiral. Thus, we may obtain a chiral
molecular tweezer from the nonchiral bis-naphthalene cleft.
The tris-naphthalene 4 can be synthesized in a one-pot
procedure. However, the yield is rather low (3% for 4a, 4% for
4b), presumably due to the competition of many possible
reaction combinations. Two tris-naphthalenes with different
solubility were separated through fractional crystallization: One
is more soluble in CHCl;, and the other is much less soluble.
Their '"H NMR spectra are shown in Figure 2. Theoretically,
two isomers are possible (Scheme 1): one with two terminal
naphthalenes in a syn configuration (4a); the other’s terminal
naphthalenes are in an anti configuration (4b). Although their
NMR spectra are different (Figure 2a and 2b), they have the
same peak splitting/pattern and cannot be distinguished by
regular '"H NMR. 2D NMR experiments were thus performed.
All the peaks can be unambiguously assigned (Figures $2—S4),
but the two still cannot be differentiated. Luckily, the single
crystals of both isomers were obtained and their solid-state
structures are shown in Figure 1d and le. The one with good
solubility in CHCI; is proven to be 4a, and the other one is 4b.
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Figure 1. Single crystal structures of compounds (a) 1, (b) 2, (c) 3,
(d) 4a, and (e) 4b. For compound 2, 4a, or 4b, the two enantiomers
are colored in light green and light blue, respectively.
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Figure 2. Partial "H NMR spectra (400 MHz, CDCl,, 25 °C) of (a)
4a, (b) 4b, (c) Sa, and (d) Sb/5c. Asterisk = residual solvent.

As discussed above, both isomers are chiral. The syn isomer
(4a) “self-sorts heterochirally” in the solid state: the
enantiomeric pair exists within the same “dimeric assembly”.
While the anti isomer (4b) prefers homochiral self-sorting,"*
each enantiomer forms a linear polymeric arrangement. Weak
C—H:--rr interactions and offset 7---7 stacking should also be
responsible for the crystal packing (Figure S1). In the present
research, these enantiomers are not separated.

To further extend the cavity, we set out to synthesize the
tetrakis-naphthalene S. Three possible isomers are expected for
tetrakis-naphthalene 5 (Scheme 1): 5b and Sc are symmetric
structures and are not chiral; Sa has reduced symmetry and is
chiral. We aimed to obtain Sc which has a macrocycle-like
cavity. The synthesis of 5 can be achieved through the
dimerization of 2 under the same conditions. The yield is
surprisingly low (8% for Sa), and only one major product was
isolated. After accumulation over many batches, another minor
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product was obtained in a very small quantity together with
some impurity (see synthetic procedures in the Supporting
Information). Numerous attempts to obtain single crystal
structures on the major product have been unsuccessful so far.
Nevertheless, simple '"H NMR spectra are also helpful for
assigning their structures (major product, Figure 2c; minor
product, Figure 2d). With respect to Sa, three NMR peaks are
expected for proton g, since each of the three acetal bridges are
located at different environments. But for Sb and Sc, two peaks
with 1:2 ratio are expected for protons a. Based on this analysis,
the major product (Figure 3c) can be assigned to 5a. 2D NMR
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Figure 3. (a) Electrostatic potential surface of 4a calculated at the
AM] level of theory; (b) energy-minimized structure of the complex
between 4a and a DABCO dication; (c) chemical structures of guests
8D8** and D8*. Counterion = tetrakis[3,5-bis(trifluoromethyl)-
phenyl]borate anion (BArF™); (d) Partial "H NMR spectra (400
MHz, CD,Cl, 2.0 mM, 25 °C) of 8D8>, 4a, and their equimolar
mixture.

has been performed to assign almost all the peaks (Figures SS—
S7). The minor product is either Sb or Sc. Limited by the
quantity and the purity, the exact structure of the minor
product is not further assigned. With either one, it suggests
there is one product undetected in the product mixture. The
less symmetric product Sa is, however, favored in this reaction.

With all of these compounds in hand, we decided to test their
supramolecular chemistry. Compounds 2, 3, and 4a “dimerize”
in the solid state. We wonder whether this is also true in
solution. However, most of them have very poor solubilities. In
the accessible concentration range (0.5—5.0 mM), the changes
of chemical shifts are rather small to allow the determination of
dimerization constants.

The calculated electrostatic potential surface (Figure 3a)
suggests that the half-open cavity defined by molecular tweezer
4a is rather electron-rich. It may well host an electron-deficient
organic cation with a cylindrical or spherical shape, such as
organic cations based on 1,4-diazabicyclo[2.2.2]ocatane
(DABCO). This is supported by molecular modeling: the
energy-minimized structure shows that a DABCO-based
organic cation may be well accommodated by 4a through
multiple C—H---7 interactions. Encouraged by this, two guests
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8D8>" and D8* with good solubility in nonpolar solvents are
selected. The noncoordinating tetrakis[3,5-bis(trifluoro-
methyl)phenyl]borate anion (BArF~) is used as the counter-
jon."> The bis-naphthalene clefts 1 and 2, and 4a and 5a were
studied for their guest binding abilities. The solubility of 3 and
4b is too poor in CD,Cl, and CDCl;, and their binding abilities
are not studied.

The binding between guest 8D8>* and molecular tweezer 4a
was tested first. As shown in Figure 3d, significant chemical
shifts on both the guest and the host were observed when
mixing them in a 1:1 ratio in CD,Cl,. In particular, the protons
d on DABCO were shifted upfield by 1.38 ppm, suggesting the
guest is bound inside the cavity of the tweezer and experiences
the shielding effect of the naphthalenes. The methylene protons
on the alkyl groups show much less upfield shifts (Figure S8),
indicating that the host binds on the DABCO site, not on the
alkyl groups of the guest. Free guest and free host species are
not detected. Further experiments support a fast exchange
complex at the NMR time scale. The ESI mass spectrum of the
equimolar mixture of 8D8*" and 4a was then obtained (Figure
S11). The base peak at m/z 1721.60 can be assigned to [8DS8-
BArF@4a]*, suggesting a 1:1 binding stoichiometry. This is
confirmed by Job’s plot (Figure 4a). Similar NMR spectra and
binding stoichiometry were observed for the other complexes
(Figures S12—S17).
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Figure 4. (a) Job’s plot for the complex between 4a and 8D8>" as
determined by 'H NMR experiments ([4a] + [8D8**] = 2.0 mM). (b)
Nonlinear fitting of the NMR titration curve of 4a by 8D8**. The
chemical shift of proton a on 4a is monitored.

NMR titrations and nonlinear fitting were then performed to
obtain the binding constants (Figures 4b and S18—523). All the
curves are fitted very well according to a 1:1 stoichiometry. The
binding constants are listed in Table 1. Surprisingly, the bis-
naphthalene clefts 1 and 2 are able to complex with guest
8D8*". 2 is slightly better than 1, which may be due to an
additional electron-donating contribution from the hydroxyl
group. The binding constant between 4a and 8D8>' is the
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Table 1. . Binding Constants (M~') as Determined by 'H
NMR Titration (400 MHz, CD,Cl,, 25 °C)“

2 4a Sa
8D8?* S0+ 3 61 +2 6660 + 820 258 + 7
D8* -t -t 187 + 4 30+ 1

“The concentrations of the hosts are fixed at 2.0 mM “The binding
constants are too small (<10 M) to be accurately determined.

largest: 6660 M™Y, which is 100 times stronger than those of the
bis-naphthalene clefts. However, the guest D8* with only one
charge shows much lower affinity to 4a than 8D8>" does. This
indicates cation-- interactions'® play an important role in the
complex 8D8**@4a. Indeed, neutral molecules, such as
naphthalene, adamantine, and DABCO, are no guests for 4a.
Sa contains the structural element of 4a and is thus expected to
have a similar guest binding affinity as 4a. Surprisingly, Sa gives
a much lower binding affinity. The detailed reason is still
unclear. But the molecular model (Figure S24) suggests that
this may be due to a disrupted cooperative binding: for Sa, the
guest forms a strong C—H---O hydrogen bond (2.3 A) with the
additional acetal O atom in Sa, causing the drastic change of the
binding mode; this disrupts the multiple and cooperative C—
H--7 interactions as observed for 4a (Figure 3b), arguably
resulting in a lower binding affinity.

In summary, we reported the synthesis of a new class of
molecular tweezer and its related compounds based on a bis-
naphthalene cleft. Although the scaffold used is not chiral, the
resulting tris-naphthalene tweezer is chiral. The molecular
tweezer and its related compounds have been characterized by
X-ray crystallography and NMR spectroscopy. In addition,
these rigid and electron-rich structures can host DABCO-based
organic cations. The molecular tweezer in the present research
further enriches the toolbox of supramolecular chemistry.
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