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Proton transfer-assisted host–guest complexation between
a difunctional pillar[5]arene and amine-based guests
Scheme 1. Chemical structures of a difunctional pillar[5]arene (H)
amine-based guests (G1–G6).
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a b s t r a c t

Proton transfer from a difunctional pillar[5]arene containing two carboxylic acid moieties to amine-based
guests occurs in the host–guest complexation. The binding affinities are enhanced effectively due to the
existence of electrostatic interactions.

� 2014 Published by Elsevier Ltd.
The arrival of any novel generation of macrocycles can acceler-
ate the development of supramolecular chemistry and provide new
opportunities for materials science. Macrocycles such as crown
ethers,1 cyclodextrins,2 calixarenes,3 and cucurbiturils4 have
attracted much interest over the past few decades. Pillar[n]arenes,
mainly including pillar[5]arenes5 and pillar[6]arenes,6 are a new
family of macrocyclic host molecules. They have acted as useful
platforms for the fabrication of various interesting supramolecular
systems, including cyclic dimers,7 liquid crystals,8 chemosensors,9

supramolecular polymers,10 drug delivery systems,11 cell glue,12

transmembrane channels13, and selective adsorption porous
material.14

The amine derivatives are present in a vast number of naturally
occurring complex structures, such as proteins, peptides, and alka-
loids, which have been widely utilized in supramolecular chemis-
try and aroused remarkable interests. Moreover, amines are
extremely useful building blocks in organic synthesis, and they
serve as precursors for many valuable compounds, including phar-
maceuticals, dyes, agrochemicals, and organic materials. However,
most amine derivatives exhibit slight toxicity, which limit their
applications to some extent. For example, methylhexanamine
and tuaminoheptane are stimulants banned by the World
Anti-Doping Agency. With the aim to prepare large supramolecular
systems efficiently from small building blocks, as well as to encap-
sulate and detect the presence of amine derivatives, searching for
novel host–guest molecular recognition motifs with high binding
affinities is desired by the design of optimized hosts (Scheme 1).

Herein, a difunctional pillar[5]arene bearing two carboxyl units
(H)15 was employed as a macrocyclic host to investigate the
host–guest complexation with various amine-based guests
and the
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(G1–G6) both in solution and in the solid state by using 1H NMR,
isothermal titration calorimetric (ITC), 2D NOESY and X-ray crys-
tallographic analysis. Proton transfer from the carboxylic acid
groups to the amine units occurred in the principle of undergoing
an acid–base reaction, resulting in the achievement of electrostatic
interactions, which played a significant role in the host–guest com-
plexation. Furthermore, the influences of the shapes and basicities
of the guests on the binding affinities were studied.

The host–guest complexation was firstly investigated by 1H
NMR spectroscopy in a mixture of chloroform-d and methanol-d4

(1:1, v/v). The 1H NMR spectra of the host–guest complexes showed
only one set of peaks, indicating fast-exchange complexation
between H and G (G1–G4) on the 1H NMR time scale. Compared
with the spectrum of dibutylamine (G3) shown in Figure 1e, the sig-
nals related to protons H3a, H3b, H3c and H3d shifted upfield signifi-
cantly (Dd = �0.61, �0.79, �0.69 and �0.27 ppm for H3a, H3b, H3c

and H3d, respectively) in the presence of equimolar H (Fig. 1d). This
phenomenon demonstrated that G3 threaded deeply into the cavity
of H and protons on G3 were shielded by the electron-rich cyclic
structure upon formation of an inclusion complex.5b Meanwhile,
broadening effects for the peaks corresponding to the protons on
G3 were observed due to complexation dynamics.6e On the other
hand, the resonances of protons Ha1, Hb and Hc on H exhibited slight
downfield shifts, whereas the peaks of protons Ha1, Hb, and Hc

shifted upfield upon complexation with G3. These observations
indicated that host–guest interactions between H and G3 were
achieved successfully, associated with the formation of a stable
inclusion complex.5h Similar complexation-induced chemical shift
changes were observed for G1, G2, and G4 (Figs. 1 and S1–S4), indi-
cating the host–guest complexation between H and G1 (G2 or G4). It
should be noted that the signals related to H4a on G4 and H1a on G1
shifted downfield upon the addition of equimolar H (Figs. 1b and
S1). These chemical shift changes were caused by the protonation
of the nitrogen atoms on the guests.16 Proton transfer from the car-
boxylic acid groups to the amine units on the guests occurred in the
principle of undergoing an acid-base reaction.15 Mainly driven by
the electrostatic interactions between H and the guests, stable 1:1
[2]pseudorotaxane-type inclusion complexes formed.

2D NOESY NMR spectroscopy was utilized to study the relative
positions of the components in host�guest inclusion complexes
(Figs. S9–S11). As shown in Figure S10, nuclear Overhauser effect
(NOE) correlations between the resonances corresponding to the
aromatic protons (Ha and Ha1) of the pillar[5]arene framework of
H and protons H3a, H3b, H3c, and H3d on G3 were observed, demon-
Figure 1. 1H NMR spectra (500 MHz, chloroform-d/methanol-d4 = 1:1, 295 K): (a)
G4 (5.00 mM); (b) H (5.00 mM) and G4 (5.00 mM); (c) H (5.00 mM); (d) H
(5.00 mM) and G3 (5.00 mM); and (e) G3 (5.00 mM).
strating that G3 was threaded into the cavity of H. Similarly, NOE
correlations were also observed for host�guest systems H�G2
and H�G4, verifying the formation of threaded inclusion
complexes.

Moreover, ITC measurements were performed to determine
association constants as well as thermodynamic parameters, such
as enthalpy changes (DH�) and entropy changes (DS�). In all cases,
the titration data were well fitted by computer simulation using
the ‘one set of binding sites’ model, demonstrating 1:1 complex-
ations between H and the guests (Figs. S12–S16). Notably, the ther-
modynamic data (G1–G4) listed in Table 1 have the same feature
(DH� < 0; TDS� < 0; |DH�| > |TDS�|), indicating that these complexa-
tions are all driven by enthalpy changes.17 The association constant
of H�G3 was determined to be (3.03 ± 0.151) � 105 M�1, about 7.5
times that of H�G4. The reason was that tributylamine (G4) pos-
sessed a three-armed structure and the relatively large size inhib-
ited its effective complexation with H. The corresponding cationic
guest interacted with the carboxylate anion on H through electro-
static interaction due to the proton transfer from H to G4. One alkyl
chain penetrated into the cavity of H in the presence of C–H� � �p
interaction, whereas the rest of the two alkyl chains appended
on the rim of the host. In comparison to H�G1, H exhibited stron-
ger binding affinity to G2, because the pKa value of p-xylylenedi-
amine (G2) was higher than that of p-phenylenediamine (G1).
The difference in pKa values affected the proton transfer behavior,
thus influencing the association constant significantly. This selec-
tivity emphasized that proton transfer from the carboxylic acid
groups to the amine units associated with the formation of salt
bridge played an important role in the host–guest complexation.
In order to verify this conclusion, G6 with two cationic groups
was selected as a model guest where proton transfer could not
occur. Compared with that, (3.45 ± 0.23) � 105 M�1, of H�G5,15

the association constant related to H�G6 decreased to
(1.78 ± 0.28) � 104 M�1, because proton transfer from H to the
guest assisted the host–guest complexation for H�G5. It should
be noted that the entropy change for H�G6 was different from
those of the other host–guest systems (Table 1), which attributed
to the protonation of the amine groups, thus affecting the
host–guest interactions. Moreover, undecane and n-decylamine
(n-C10H21NH2) were employed as guest molecules to demonstrate
that electrostatic interactions enhanced the binding affinities of
these host–guest systems effectively (Figs. S17 and S18). The bind-
ing affinity between H and undecane was too weak to be calculated
by ITC, because proton transfer could not realize in this host–guest
system. The main driving forces were C–H� � �p interactions, which
were much weaker than the electrostatic interactions. The associ-
ation constant of H and n-decylamine was calculated to be
(1.01 ± 0.13) � 105 M�1, which was lower than that of H�G5. The
reason was that cooperative electrostatic interactions between
G5 and H could be achieved on both sides of the pillar[5]arene
platform. These results were in good agreement with our previous
work.15
Table 1
Association constants Ka, enthalpy changes DH�, and entropy changes DS� obtained
from ITC experiments for 1:1 complexes of H with guests G1–G4a

pKa Ka (M�1) DH� (cal/mol) DS�
(cal/mol/deg)

G1 6.17 ± 0.10 (9.93 ± 1.92)E3 �(1.05 ± 0.623)E4 �17.1
G2 9.46 ± 0.10 (5.89 ± 1.43)E5 �(1.76 ± 0.043)E4 �32.7
G3 11.0 ± 0.19 (3.03 ± 0.15)E5 �(1.61 ± 0.009)E4 �29.0
G4 9.99 ± 0.50 (4.14 ± 0.34)E4 �(1.65 ± 0.049)E4 �34.2
G5 10.9 ± 0.10 (3.45 ± 0.23)E5 �(2.51 ± 0.031)E4 �57.6
G6 / (1.78 ± 0.28)E4 �(3.29 ± 0.35)E3 8.58

a Microcalorimetric titration experiments were conducted in a mixture of chlo-
roform and methanol (1:1, v/v) at 303.15 K by titration of G (2.00 mM, 10 lL per
injection) into the solution of H (0.100 mM).



Figure 2. Ball-stick views of the crystal structure of H�G5 (a and b). Hydrogens
except the ones participating in the formation of C–H� � �p interactions and hydrogen
bonds were omitted for clarity. The purple dotted lines indicate C–H� � �p
interactions and hydrogen bonds.
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Further evidence for the formation of host–guest complexes
was obtained from ESI mass spectra. Peaks at m/z 947.2, 975.2,
968.5, and 1024.2 corresponding to [H�G1 + H]+, [H�G2 + H]+,
[H�G3 + H]+ and [H�G4 + H]+, respectively, were monitored. These
results further confirmed the formation of inclusion complexes in
the 1:1 binding mode, in agreement with the results obtained from
ITC experiments. In terms of the cavity size, the diameter of the
internal cavity of H is 4.7 Å,18 enabling the host to encapsulate
one alkyl chain or a benzene ring.

Single crystal X-ray analysis provided convincing evidence for
the proton transfer-assisted host–guest complexation process.
The crystal structure of H�G5 was obtained by slow diffusion of
iso-propylether into its dichloromethane/methanol mixture. As
shown in Figure 2, G5 threaded into the cavity of H to form a
[2]pseudortaxane-type inclusion complex. The length of G5 is
longer than the height of H, so the alkyl chain bends to make the
length suitable for the host. On the other hand, the C–H� � �p dis-
tances were shorter than 3.05 Å, and the C–H� � �p angles were lar-
ger than 90�, confirming the existence of multiple C–H� � �p
interactions between H and G5.5c Besides, hydrogen bonds formed
between the methylene protons and the oxygen atoms of the
hydroquinone moiety. Furthermore, protons transferred from the
carboxyl groups to the amines, resulting in the formation of corre-
sponding carboxylate anions and alkylammonium cations inside
its cavity. The guest locates inside the cavity of H with ammonium
groups pointing at the carboxylate anion to achieve electrostatic
interactions, which plays a critical role in the formation of H�G5
in the solid state.

In conclusion, the host–guest complexation between a difunc-
tional pillar[5]arene (H) and various amine-based guests (G1–G6)
with different shapes or basicities was investigated. Proton transfer
from the carboxylic acid groups to the amine units occurred in the
principle of undergoing an acid–base reaction associated with the
achievement of electrostatic interactions, which played a signifi-
cant role in the host–guest complexation. The structures and pKa

values of the guests also influenced the host–guest interactions.
This novel host–guest recognition motif can be applied in the con-
struction of mechanically interlocked molecules, such as pseudoro-
taxanes, rotaxanes, and catenanes.
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