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Hemicryptophanes have been designed to include endohedral functionalities in the cavity, giving molec-
ular receptors and catalysts. In this study, a tri-aromatic amide hemicryptophane was synthesized. The
host–guest interactions with various types of tetraalkylammonium salts were investigated. The structure
of the partial inclusion complex in which an acetylcholine molecule was encapsulated within the
hemicryptophane was characterized by NMR, X-ray crystal structure, and ESI-MS analysis.

� 2016 Elsevier Ltd. All rights reserved.
Artificial molecular receptors can mimic biological systems
such as enzymes.1 A large number of bio-inspired compounds have
been designed and the recognition of biologically interesting
guests has been investigated. Cryptophanes, which have
cyclotriveratrylene (CTV) host units, efficiently encapsulate small
neutral organic guests, Xe, and tetraalkylammonium salts, are use-
ful molecular receptors.2 Related hemicryptophanes have been
designed to include endohedral functionalities in the cavity, to give
molecular receptors and catalysts. The addition of specific binding
sites with affinities for metal ions to such structures can give new
endohedral metal hemicryptophane complexes. This has been
achieved by synthesizing various hemicryptophanes with suitable
endohedral functional groups; oxidovanadium,3 zinc,4 phospho-
rus,5 copper,6 ruthenium,7 gallium, and iron8 endohedral-function-
alized hemicryptophanes have been reported, in which the
functional atom is located inside the molecular cavity, giving an
endohedral complex.

The construction of new catalysts with reaction fields in the
hemicryptophane cavity needs additional information on the
host–guest interactions of hemicryptophanes. Various guest mole-
cules such as primary alkylammonium salts,9 carbohydrates,10

zwitterionic species,11 carnitine,12 norephedrine,13 and tetram-
ethylammonium species4d,14 have been investigated using NMR
spectroscopy and density functional theory calculations.
However, the X-ray crystal structures of host–guest interactions
are limited to those of simple solvent molecules such as
toluene,8,15 acetonitrile,4a,4b,5d dichloromethane,5b,5d,14a,16

pentane,16 and water.11b Here, we report the synthesis of
triaromatic amide hemicryptophane 5. The host–guest
interactions with various tetraalkylammonium salts were
clarified. The structure of a partial inclusion complex in which an
acetylcholine (ACh) molecule was encapsulated in 5 was
determined using 1H NMR spectroscopy, X-ray diffraction, and
ESI-MS.

The synthesis of 5 is shown in Scheme 1. Tosylation of 1 gave 2
in 86% yield. Cyclotriguaiacylene 317 was alkylated with 2 to give 4
in 84% yield. Tri-tert-butoxycarbonyl (Boc) CTV 4 was deprotected
with trifluoroacetic acid (TFA); addition of Et3N and nitrilotriacetic
acid tris(p-nitrophenyl ester) in dilute tetrahydrofuran (THF) and
chloroform gave 5 in 31% yield (2 steps).18 The 1H NMR spectrum
of 5 has two singlets from the aromatic protons Hb and Hc, a singlet
from the OMe group Hd, two doublets from the aromatic protons
Hg and Hh, and multiplets from the alkyl protons He and Hf

(Fig. 1); the spectrum shows that 5 has C3 symmetry.
Complexation of 5 with anions in CDCl3/MeOD (20/1) was

investigated by 1H NMR spectroscopic titrations with tetra-n-buty-
lammonium salts (nBu4N+X�). The titration conditions were based
on Dutasta and Martinez’s report on the complexation of the first
triamide hemicryptophane.14a,16 Only one set of signals was
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Scheme 1. Synthesis of hemicryptophane 5.

Table 1
Binding constants (Ka) at 298 K of 5 with selected anions

Entry Aniona VvdW (Å3)b Ka (M�1)c

1 F� 3.6 27 ± 2.2
2 Cl� 13 18 ± 1.0
3 Br� 17 20 ± 1.5
4 I� 23 25 ± 2.2
5 ClO4

� 48 27 ± 3.0
6 PF6� 59 53 ± 15

a Counter cation: nBu4N+.
b Van der Waals volumes were calculated using a reported procedure.21
c Ka values were determined by fitting 1H NMR titration curves of a Hi proton

using TitrationFit.19

Table 2
Binding constants (Ka) at 298 K of 5 with various tetraalkylammonium salts

Entry Aniona Proton of 5 Ka (M�1)b

1 Me4N+ Hb 6.5 ± 1.2 � 104

Hc 6.6 ± 1.3 � 104

Hh 6.4 ± 1.1 � 104

2 Et2Me2N+ Hb 7.9 ± 1.3 � 103

Hc 1.2 ± 0.5 � 104

Hh 9.6 ± 4.3 � 103

3 Et3MeN+ Hb 4.7 ± 1.4 � 103

Hc 5.7 ± 1.4 � 103

Hh 6.2 ± 1.5 � 103

4 AcOCH2CH2Me3N+ (ACh) Hb 1.4 ± 0.8 � 104

Hc 1.2 ± 0.6 � 104

Hh 1.2 ± 0.6 � 104

a Counter anion: Cl�.
b Ka values were determined by fitting 1H NMR titration curves of protons using

TitrationFit.19
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observed for 5 and nBu4N+X�, indicating that host–guest exchange
was fast on the NMR timescale. The complexation-induced shifts of
the Hi signal were plotted as a function of the guest/host ratio and
modeled using TitrationFit software.18 Job’s plots of 5 and
nBu4N+X� showed 1:1 binding stoichiometry (Figs. S1–S10). No
shift was observed in the signals from Bu4N+ or the CTV protons
Hb and Hc, indicating that 5 and Bu4N+ did not interact. The binding
constants (Ka) of 5 with various anions are listed in Table 1. The
results show that order of the affinities of 5 for coordinated anions
was Cl� < Br� < I� < F� = ClO4

� < PF6� (entries 1–6). The binding
constant of F� is stronger than that of other halogen anions
because of its hydrogen-bond-accepting ability. The binding
constants of other halogen anions and soft anions with lower
Figure 1. 1H NMR spectra (400 MHz, 298 K in CDCl3/CD3OD, 20/1) for titrati
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hydrogen-bond-accepting abilities depend on the anion volume
rather than hydrogen-bonding interactions. This is explained by
the weak hydrogen-bonding ability of the aromatic amide.

We investigated the binding properties of 5 with tetra-n-alky-
lammonium cations. The 1H NMR spectra obtained on titrating a
solution of 5 with Me4N+Cl� are shown in Figure 1. Complexa-
tion-induced shifts of the phenylene spacer Hg and Hh and alkyl
spacer Hf were observed; the CTV-MeO proton Hd and amide-
CH2- proton Hi were shifted downfield; CTV-phenylene protons
Hb and Hc and CTV-ArCH2 bridge protons Ha were shifted upfield.
The Me4N+ proton signals shifted downfield and broadened on
on of hemicryptophane 5 with Me4N+Cl�; j CHCl3, ▲ CD2HOD, d HOD.
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Figure 2. 1H NMR spectra (400 MHz, 298 K in CDCl3/CD3OD, 20/1) of (a) ACh+Cl�; (b) hemicryptophane 5 with ACh (2.0 equiv); and (c) 5; j CHCl3; ▲ CD2HOD; d HOD.
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addition of Me4N+Cl�. The binding constants for various
tetraalkylammonium salts are shown in Table 2. Et3MeN+Cl� and
Et2Me2N+Cl� were also encapsulated in 5 (entries 2 and 3); how-
ever, the binding constants were smaller than that with Me4N+Cl�.

ACh was encapsulated by 5 (entry 4). Complexation was
verified using HR-ESI-MS, which indicated the presence of a 1:1
complex (m/z calcd for C61H70N5O11 [5+ACh+H]+ 1048.5072; found
1048.5071, Fig. S15). The 1H NMR spectra of 5 and ACh are shown
in Figure 2. Complexation-induced shifts of phenylene spacers Hg

and Hh and alkyl spacer Hf were observed on addition of 2 equiv
of ACh. The CTV-MeO proton Hd and amide-CH2 proton Hi shifted
downfield.

The CTV-phenylene protons Hb and Hc and CTV-ArCH2 bridge
proton Ha shifted upfield. The trimethyl proton of ACh (HA) and
ethylene protons of HB and HC were broadened, similar to the
signal corresponding to the tetramethylammonium moiety of
Me4N+Cl�, although the acetyl proton of HD remained sharp. This
result indicates that the ammonium moiety of ACh entered the
cavity, but the acetyl moiety was outside the cavity in solution.
These phenomena were also observed in the solid state.

Single crystals of the complex of 5 with ACh were obtained by
slow evaporation from CDCl3 and CD3OD. The X-ray crystal struc-
ture (CCDC:1483398), which is shown in Figure 3, indicates that
the ammonium unit of ACh is inside the cavity, and the acetyl unit
and chloride ions are outside the cavity. The calculated distance
between the carbon atom of the trimethylammonium group
(C59) and the C15@C16 double bond was 3.56 Å, indicating CH–p
interactions between the CTV phenyl unit and ACh HA protons.
The estimated distance between the chloride ion (Cl14) and the
Figure 3. X-ray crystal structure of 5�ACh+Cl�: (a) top view, (b) side view. Hydrogen
atoms of 5 and solvent were omitted for clarity (CCDC: 1483398).20
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amide nitrogen (N2) was 3.17 Å, showing hydrogen-bonding inter-
actions. Intermolecular hydrogen bonding was observed outside
the cavity of 5. Intramolecular hydrogen bonding was observed
between the amide nitrogen (N4) and amide oxygen (O4). The
solid- and solution-state binding constants between nBu4N+X�

guests and 5 indicate interactions between the tetraalkylammo-
nium salt anions and amide protons outside the cavity of 5.

In conclusion, we synthesized a triaromatic amide hemicrypto-
phane. The host–guest interactions with various tetraalkylammo-
nium salts were investigated. The 1H NMR spectrum and X-ray
crystal structure of the inclusion complex formed between 5 and
ACh were obtained. These host–guest interactions of hemicrypto-
phane will help in the design of hemicryptophanes in which the
inner cavity can serve as a reaction field. Our next goal is to con-
struct a molybdenum hemicryptophane complex based on 5
toward the Shrock-type catalytic nitrogen-reduction.
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