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Recognition of glycine by cucurbit[5]uril and cucurbit[6]uril:
A comparative study of exo- and endo-binding
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A B S T R A C T

Recognition features of glycine (Gly) with cucurbit[5]uril (Q[5]) and cucurbit[6]uril (Q[6]) both in
aqueous solution and solid statewere investigated by 1HNMR spectroscopy and X-ray crystallography. 1H
NMR data indicate that the Gly is located outside of the portals of the Q[5], exhibiting exo binding with
the Q[5]. In the case of the Q[6], the Gly shows endo binding or a dual binding mode (endo and exo
binding) with the host, which depends on the amount of the host in the aqueous solution. X-ray
crystallography clearly display that the Gly forms 2:1 exclusion complex with the Q[5], and 2:1 inclusion
complex with the Q[6]. Interestingly, hydrogen bondings between the encapsulated Glymolecules in the
Q[6] were observed.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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Recognition and determination of amino acids, which play
fundamental and significant roles in life systems, are of great
interest in pharmaceutical science and materials science for
potential applications in nutritional analysis, medical diagnostics,
cell imaging, and drug delivery [1]. Recently, several supramolec-
ular systems that can recognize specific amino acids or their
residues in peptides and proteins have been developed [2–4]. For
example, Wei et al. successfully developed a fluorescent sensor
based on a functionalized pillar [5]arene, which exhibits high
selectivity and sensitivity towards L-tryptophan [4a]. Rao and co-
workers synthesized a series of transition metal complexes with
calix[4]arene derivatives, which demonstrate excellent recogni-
tion features toward some amino acids [5].

In the vein of developing supramolecular systems for recogni-
tion amino acids, our efforts have been focused on the cucurbit[n]
uril (n = 5–8, Q[n]), a family of synthetic macrocyclic cavitands
made of glycoluril units linked by methylene bridges (Fig. 1) [6].
Over the past two decades, Q[n]s have been applied in numerous
areas such as sewage treatment, metal ion separation, catalysis,
electrochemistry and photochemistry. They also be used to
recognize and bind amino acids, peptides and proteins through
the combination of ion-dipole, hydrogen bonding interactions, van
der Waals interactions as well as hydrophobic effects [7–18]. Most
of these works have focused on the larger Q[n] homologues (Q[8]

and Q[7]), because their spacious hydrophobic cavity can
accommodate one or more amino acid residues to form host-
guest complex. For example, Urbach group and Kim group have
demonstrated that Q[8] and Q[7] have strong affinity for numerous
peptides and proteins [7]. The N-teminal aromatic residues of
peptides and proteins can be encapsulated within the cavities of
the hosts Q[8] and Q[7]. By contrast, the smaller Q[n] homologues
Q[5] and Q[6] have smaller hydrophobic cavity and smaller
coordination portal, which makes them even more difficult to
recognize and encapsulate amino acids. And naturally very little
attention was devoted to the smaller Q[n] homologues, especially
for the smallest Q[5].

Not long ago we and others have found that Q[6] and its
derivative α,α',d,d'-tetramethyl-Q[6] can bind to some amino acids
through exo-binding [16–18]. Inspired by these findings, we start to
investigate the binding interactions of the amino acids with the Q
[5] and Q[6]. In this paper, we report the extraordinary binding
modes of the glycine (Gly), the smallest of the 20 nonessential
amino acids, with the Q[5] and Q[6] in aqueous solution and in the
solid state through 1H NMR spectroscopy and X-ray crystallogra-
phy. Our objective was to reveal how the Q[5] and Q[6] recognize
the Gly, and how the cavity size affects the possible bindingmodes.

Exo- and endo-bindingmodes of the Glywith the hosts Q[5] and
Q[6] in aqueous solution can be monitored by 1H NMR titration
experiments. It is well known that the hydrophobic cavity of Q[n] is
proton-shielding region which would induce upfield shift of the
corresponding proton signals, while the outside of the portals of Q
[n] belong to proton-deshielding region which would induce[28_TD$DIFF]* Corresponding authors.
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downfield shift of the corresponding proton signals [19,20]. On this
theory, it is easy for us to deduce the relative position of the guest
and the host from their 1HNMR spectra. As can be seen in Fig. 2, the
1H NMR spectrum of Gly in D2O exhibits only one resonance signal
of the methylene protons. In the presence of different equivalents
of Q[5] host, the methylene proton signal of Gly slightly shifted
downfield (from 3.276 ppm to 3.306 ppm), indicating that Gly is
located at the deshielding region of the Q[5]. In other words, the
Gly is located near theQ[5] portals. On the basis of this observation,
and combined with the ESI-MS of Gly with Q[5] (Fig. 3) which
showed the charged peak at 981.0145 for {Gly\Q[5]\Gly�H}+
(calcd. 981.3167), we conclude that Gly can bind exo to Q[5] to form
exclusion complex Gly\Q[5]\Gly.

In contrast to Q[5] host, studies of the binding behavior of the
Gly with the bigger Q[6] revealed completely different results. The
1H NMR spectra of Gly and Q[6] are shown in Figs. 4A and E,
respectively. Upon the addition of 0.63 equiv. of Q[6] to the
aqueous solution of Gly, two sets of signals of Gly were observed.
One is on the upfield and the other is on the downfield (Fig. 4B).
This observation suggests that the Gly reside inside and outside of
the Q[6] host simultaneously in the presence of small amount of Q
[6]. Obviously, Gly exhibits two binding modes (endo- and exo-
binding) with the Q[6], generating an inclusion-exclusion hybrid
complex Gly@Q[6]\Gly. Notably, though, there are also two
different types of complexes, inclusion complex Gly@Q[6] and
exclusion complex Gly\Q[6] in theory. The presence of the
inclusion-exclusion hybrid complex Gly@Q[6]\Gly is further
evidenced by ESI-MS (Fig. 5). The peak at 1147.034 can be assigned
to Gly@Q[6]\Gly (calcd. {Gly@Q[6]\Gly�H}+, 1147.37). When more
and more Q[6] was added, the proton signals in the downfield

disppeared (Fig. 4C and D), and only one set of proton signals of the
Gly on the upfield are observed. It is clear that all the Glymolecules
were encapsulated into the hydrophobic cavity of Q[6] host. It also
suggests that the Gly molecules bind endo with the Q[6], forming
only the inclusion complex Gly@Q[6] in the presence of enough of
Q[6] host.

Above described 1H NMR experiments confirm that the Gly
molecule can only bind exo to Q[5] to form exclusion complex

[(Fig._1)TD$FIG]

Fig. 1. Chemical structures of Q[5], Q[6] and Gly.

[(Fig._2)TD$FIG]

Fig. 2. 1H NMR spectra (400MHz, D2O) of Gly (0.01mol/L) in the absence (A) and in
the presence of (B) 0.55 and (C) 1.30 equivalence of Q[5] in D2O at 20 �C; (D) 1HNMR
spectrum (400MHz) of Q[5] in D2O (0.01mol/L) at [19_TD$DIFF]20 �C.

[(Fig._3)TD$FIG]

Fig. 3. ESI-MS spectrum of Gly with Q[5]. The peak found at m/z 981.0145
corresponds to {Gly[20_TD$DIFF]\Q[5]\Gly�H}+ (calcd. 981.3167).

[(Fig._4)TD$FIG]

Fig. 4. 1H NMR spectra (400MHz, D2O) of Gly (0.01mol/L) in the absence (A) and in
the presence of (B) 0.63, (C) 1.01 and (D) 2.10 equiv. of Q[6] in D2O at [18_TD$DIFF]20 �C; (E) 1H
NMR spectrum (400MHz) of Q[6] in D2O (0.01mol/L) at [19_TD$DIFF]20 �C.

[(Fig._5)TD$FIG]

Fig. 5. ESI-MS spectrum of Gly with Q[6]. The peak found at m/z 1147.034
corresponds to {Gly@Q[21_TD$DIFF][6]\Gly�H}+ (calcd. 1147.37).
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because the Q[5] cavity is not large enough to accommodate the
Gly molecule. For the Q[6] host, however, the binding modes
depend on the quantities of the host. In the presence of enough of Q
[6] host, the Gly molecule prefers to be encapsulated into the Q[6]
cavity, and binds endo to Q[6] portals to form inclusion complex. In
the presence of small amount of Q[6] host, the excessive Gly
molecule also binds exo with the Q[6] to form exclusion complex.

In order to get the direct information of the binding interactions
of the Gly with the Q[5] and Q[6], we also try to obtain their single-
crystals. Slow vapor evaporation of the aqueous solution of Gly
with Q[5] results in the single-crystals of compound 1, which
crystallized in the tetragonal crystal system, space group I41/a (No.
88). X-ray structural analysis reveals that the asymmetric unit of
the compound 1 contains one half of Q[5] host, one Gly molecule,
and five lattice water molecules. As shown in Fig. 6, the Gly
molecule is located outside of the portals of the Q[5] host, which is
in agreement with the 1H NMR spectroscopic data. The amine
group of the Gly connects with the carbonyl oxygen atoms (O1, O2
and O5) of the Q[5] host through three hydrogen bondings with N–
H–O distances of 1.971, 2.075 and 2.082 Å, respectively (Fig. 6A). In
other words, two Gly molecules bind exo with the Q[5] host,
generating an exclusion complex of Gly\Q[5]\Gly with 2:1
stoichiometry, which is consistent with their NMR results. At
the same time, the carboxyl group on the other side of the Gly is
interacts with the CH group of the neighbouring Q[5] host with
C–H� � �O distance of 2.560 Å (Fig. 6B). Obviously, hydrogen bonding
between ammoniumgroups of Gly and portal oxygen atomsof Q[5]
accompanied by the ion�dipole interaction between N-terminal
nitrogen and carbonyl oxygen atoms are the important driving
forces for the exclusion complex formation.

Homoternary inclusion complex in which the Q[6] cavity
accommodated two Glymolecules. The compound 2was prepared
in the presence of CdCl2. The X-ray crystal structure of compound 2
reveals a unique endo-binding structure, which crystallized in the
cubic systemwith the Ia 3 (no. 205) space group. The asymmetric
unit of the compound 2 consists of one half of Q[6] host, one
protonated Gly molecule, one tetrahedral [CdCl4]2� anion, and

eleven latticewatermolecules. As can be seen in Fig. 7, the carboxyl
group of the Gly is located inside the Q[6] cavity while the amine
group of the Gly remain outside of the portal. A closer observation
reveals that the carbon atom C19 of the Gly is 0.287 Å above the
mean plane of the six carbonyl oxygen atoms of the Q[6] portal,
indicating that the methylene resides outside of the Q[6] portal,
which is distinctly different fromwhat we observed in the aqueous
solution. The amine group of the Gly also forms two hydrogen
bondings with the carbonyl oxygen atoms (O5 and O6) of the Q[6]
host with N–H–O distances of 2.083 and 2.165 Å respectively. On
the whole, two Gly molecules bind endo with the Q[6] host,
generating a homoternary inclusion complex Gly2@Q[6].

The most remarkable feature of the compound 2 is that two
carboxyl groups of two encapsulated Gly molecules are connected
to each other through hydrogen bonding with O–H� � �O distance of
1.729 Å. It is well known that the spacious hydrophobic cavity of Q
[8] can simultaneously accommodate two guests. More often than
not, charge-transfer complex formation was observed inside the
hydrophobic cavity [21]. However, in the case of the inclusion
complex Gly2@Q[6], two Gly molecules were observed be
encapsulated into the small hydrophobic cavity of Q[6]. Except
for the well known hydrophobic effects [22], the main reasons
which contribute to the formation of this homoternary inclusion
complex include: (i) O–H� � �O hydrogen bondings between two
carboxyl groups of two encapsulated Gly molecules, (ii) N–H� � �O
hydrogen bondings between the amine group of the Gly and the
carbonyl oxygen atoms on the Q[6] portal, (iii) ion–dipole
interactions between the quaternized nitrogen of the Gly and
the carbonyl oxygen atoms on the Q[6] portal, as well as (iv) van
der Waals interactions between the surfaces of the Gly and the
inner wall of the Q[6].

In summary, this study explored the recognition feature of the
hosts Q[5] and Q[6] toward the Gly molecule in aqueous solution
and solid state. The binding interaction of the hosts Q[5] and Q[6]
with the Gly reveals two different binding modes (exo and endo
binding), depending on the size of the hydrophobic cavity of the
hosts. Experimental data indicate that the Gly binds exowith the Q
[5] host, forming exclusion complex Gly\Q[5]. However, the Gly
can binds endo and exo with the Q[6] host, generating hybrid
complex Gly@Q[6]\Gly in aqueous solution and inclusion complex
Gly2@Q[6] in solid state. Interestingly, hydrogen bondings between
two encapsulated Gly molecules were observed in the inclusion
complex Gly2@Q[6] in solid state. The use of the smaller Q[n]
homologues Q[5] and Q[6] to recognize Gly will greatly extend the
application of Q[n]s.
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