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Abstract: In this study, single crystal X-ray diffraction and 'H NMR spectroscopy were

used to examine the interaction of the guest 1,5-pentanediamine with inverted
cucurbit[6]uril (iQ[6]) in the presence of [ZnCls]*>" anion. The results show that
[ZnCl4]* and [Zn(H20)CI3] anions form a honeycomb framework structure, and iQ[6]
forms a 1:1 complex with 1,5-pentanediamine. Inverted cucurbit[6]uril forms
molecular chains via outer surface interactions, which in turn fill in the honeycomb
framework structure. The amino groups at both ends of the 1,5-pentanediamine guest
are situated at the entrance of the central cavity, while the alkyl chain part resides in the

central cavity of the iQ[6].
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1. Introduction

Biogenic amines (BAs) are nitrogenous organic compounds important to living
organisms "' and can be classified according to their chemical structure as aliphatic amines
(cadaverine, spermidine, putrescine), aromatic amines (dopamine, phenylethylamine,

161 Cadaverine, also known as

tyramine) or heterocyclic amines (tryptamine, histamine) !
1,5-pentanediamine, is produced when a corpse is broken down by bacteria. Cadaverine is
a fatty amine of the biogenic amine family and has a variety of biological functions. It is a
common constituent of high-protein foods including fish, pork, soy, as well as different
beverages and wines, and particularly dairy products . When manufacturing and storage
conditions are favorable for microbial development, microbial contamination can result in
lysine decarboxylation, aldo-ketoamidation and transamidation, which can produce
cadaverine ! ' "I, Therefore, 1,5-pentanediamine can be used as a decomposition marker
and a key indicator of the quality and freshness of high-protein industrial foods such as

meat [12-14

I, Like other biogenic amines, cadaverine exhibits a range of physiological and
toxicological effects depending on concentration. Cadaverine is an essential component of
many physiological processes in living things, acting not only as a source of nitrogen but
also as a blood pressure control, and impacts on pH and cell metabolism and growth at low
concentrations !'>'7. At high concentrations, cadaverine enhances the toxicity of histamine
and can combine with nitrite to form the cancer and mutagenic substance nitrosamines.
Cadaverine can also have several negative side effects, including headaches, nausea,
vomiting, diarrhea, hypotension, and bradycardia ['> 2!, A significant industrial chemical
with numerous uses, cadaverine can be used as a raw material in the production of
polyamides and polyurethanes *?*!. As a result, it is crucial to identify 1,5-pentanediamine
and analyze its behavior in quantitative fashion if possible. To-date, researchers have
reported a number of techniques for the separation and analysis of biogenic amines,
including immunoassays, capillary electrophoresis, enzymatic methods, and fluorescence-
high performance liquid chromatography >,

In macrocyclic compounds, guest molecules can be incorporated and can interact in

non-covalent fashion with their hosts, forming supramolecular systems that are the perfect



platform for molecular recognition. Such a strategy has attracted extensive attention in
recent years, and the recognition of biogenic amine molecules by various supramolecular
host compounds (crown ethers, cyclodextrins, calix[n]arenes and pillar[n]arenes) has been
reported *7-3%,

Cucurbit[n]urils (Q[n]s), originally obtained as a white solid compound by the
reaction of glycourea unit with formaldehyde under acidic conditions by the German
chemist Behrend *), are a class of macrocyclic hosts compounds different from crown
ethers, cyclodextrins, calix[n]arenes and pillar[n]arenes. The prominent feature of Q[#n]s is
a rigid hydrophobic cavity that varies in size and affinity with the degree of polymerization
and is lined with upper and lower ports of hydrophilic carbonyl oxygen atoms ***3%, which
allows guest molecules to enter through two open ports, thus wrapping them in the empty
cavity of the Q[n]s. In addition, the guest molecule can interact with the outer surface of
the Q[#]s through weak noncovalent interactions (hydrogen bonding, n-rn stacking, C-H---n
and ion-dipole interactions), known as the "outer-surface interaction" of cucurbit[#n]urils
[37-391 Tt is due to the aforementioned properties that the Q[#] family has received extensive
attention. The use of Q[n]-based supramolecular assemblies in chemical catalysis, drug
delivery, sensors, biomolecular recognition, etc. has been reported by various
researchers!***7). In 2005, Isaacs and Kim reported both the inverted cucurbit[6]uril
(iQ[6]) and inverted cucurbit[7]uril (iQ[7]) **). The inverted cucurbit[n]uril family has an
inverted glycourea unit, which makes the cavity of the inverted cucurbit[z]uril different
from that of the normal cucurbit[z]uril* >, and given the difficulty in isolating such
inverted species from the cucurbit[n]uril mixture, these inverted cucurbit[n]urils have
rarely been reported. However, the different structural features possessed by inverted
cucurbit[n]urils versus normal cucurbit[n]urils, and given that their encapsulation behavior
of guest molecules may also differ from that of the normal cucurbit[#n]urils, such inverted
species deserve further in-depth exploration '3,

In the present work, we have explored how the macrocyclic host iQ[6] forms
supramolecular assemblies with biogenic amine molecules in the presence of structure

inducers. In this study, a 1:1 supramolecular assembly of 1,5-pentanediamine and iQ[6]



was constructed in 6 M HCI medium using iQ[6] as the host component and [ZnCls]* as
the structure inducer. The complexation behavior of the host iQ[6] and the guest 1,5-
pentanediamine in solution was investigated using 'H NMR spectroscopy and X-ray
crystallography. Figure 1 shows the structures of the inverted cucurbit[6]uril (iQ[6]) and

1,5-pentanediamine.
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Figure 1. Chemical structures of iQ[6] and the guest 1,5-pentanediamine.

2.Experimental section
2.1 Materials

The guest 1,5-pentanediamine was purchased from Aladdin and was used without
further purification; it was protonated in the presence of 6 M HCL. iQ[6] was prepared

45.47. 48] Deionized water was used

and purified according to the literature methods |
during all the experiments.
2.2 'H NMR spectroscopy

The complexation reaction of iQ[6] with 1,5-pentanediamine in solution was
studied by "H NMR spectroscopy at 298.15 K, using 4 M DCI/D:0, and were recorded
on a JEOL JNM-ECZ400S 400 MHz NMR spectrometer (JEOL). D20 was used as a
field frequency lock, and the observed chemical shifts were reported in parts per million

(ppm) relative to the internal standard (TMS of 0.0 ppm).

2.3 Single-crystal X-ray crystallography



Colorless single crystals suitable for X-ray diffraction were obtained by slow
evaporation of a 6 M HCI solution over about one week. A suitable crystal (about 0.2
x 0.2 x 0.1 mm?) were taken, fixed on a glass filament with petroleum jelly, and
diffraction data were collected on a Bruker Smart Apex III X-ray single crystal
diffractometer. A Mo target with an excitation voltage of 50 KV for Mo, and a
wavelength A(MoKa) = 0.71073 A were used at a temperature of 293 K. Empirical
absorption corrections were applied by using the multi-scan program SADABS. The
data were reduced and corrected using Lp correction with both polarized factor
correction and Lorentz factor correction, and semi-empirical absorption correction.
Structure solution was conducted by direct methods using the SHELXS-97 program
and full matrix least squares refinement of F? values by the SHELXL-2018 program for
the anisotropic refinement of all non-hydrogen atoms with Olex2. Carbon-bound
hydrogen atoms were introduced at the calculated positions and treated as riding atoms
with isotropic displacement parameters of 1.2 times the displacement parameter of the
parent atom. Disordered solvent was modelled using a solvent mask. CCDC 2259121
contains the complex iQ[6]@1,5-pentanediamine with additional crystallographic data.
2.4 Preparation of complex A

iQ[6] (20 mg, 0.02 mmol) and ZnCl2 (13.9 mg, 0.12 mmol) were weighed out and
dissolved in 6 M HCI (1.0 mL), heated and stirred until completely dissolved, and
cooled to obtain solution V1. 1,5-Pentanediamine (14.3 mg, 0.14 mmol) was then
placed in a vial and dissolved by adding 1.0 mL H20 to obtain solution V2; the latter
was then added to solution V1 and mixed well with stirring. After standing for about
10 days, crystals were obtained (compound A),
(CsHi1sN2)@iQ[ 6] [ZnCls]- [Zn(H20)Cl3]-(H30)-2(H20). The data and structural

refinement details of compound A are given in Table 1.



Table 1: Compound A single crystal data and refined structure.

Empirical formula

C41He61Cl7N26016 Zn2

Formula weight 1553.24
Crystal system monoclinic
Space group P2i/n

a, A 14.8476(13)
b, A 22.5459(19)
c, A 22.2940(19)
o, deg 90.00

B, deg 91.380(3)

v, deg 90.00

v, A3 7460.8(11)
Z 4

Dcalcd, g cm™ 1.383

T, K 293(2)

1, mm’! 0.965
Unique reflns 13293

Obsd reflns 8383
Params 791

Rint 0.0591

R [[>20 (I)] 0.0503
WR(F?) [I>26 (I)] 0.1351
R(all data) 0.0768
WR(F?) (all data) 0.1454
Goof on F? 1.026



https://baike.baidu.com/item/%CE%B1-%E6%B7%80%E7%B2%89%E9%85%B6/697627

3. Results and discussion
3.1 Analysis of crystal structure

It is well known that [CdCl4]* and [ZnCl4]* anions can play the role of structural
directing agents in the construction of Q[#n]-metal coordination polymers. In the present
work, the introduction of [ZnCls]* into the iQ[6]-1,5-pentanediamine system
demonstrated the formation of supramolecular assemblies of 1,5-pentanediamine with
iQ[6] molecules in the presence of [ZnCls]* anions.

Single-crystal X-ray diffraction data revealed the formation of a supramolecular
self-assembly system of compound A (iQ[6]-1,5-pentanediamine-[ZnCls]*-HCI). This
structure was formed by the interaction of Zn*" in 6 M hydrochloric acid medium
forming [ZnCl4]* ions and [Zn(H20)Cl3] ions, and [ZnCl4]* was introduced into the
system of iQ[6]-1,5-pentanediamine-HCI. The iQ[6] and the zinc complexes were
clearly identified in the structure and were well resolved from the diffraction data. The
1,5-pentanediamine was much more poorly located; there is a clear region of electron
density located within the iQ[6] consistent with a linear molecule but this electron
density is rather diffuse. The encapsulated molecule was modelled as disordered over
2 different positions. This is physically meaningful and provides a reasonably good fit
to the data, but is still probably a much more ordered arrangement than is actually
present in the crystal.

First, we focus on the part of the crystal structure, as shown in Figure 2a, where a
hexagonal honeycomb framework structure is formed in compound A by [ZnCl4]*" and
[Zn(H20)Cl3] ions. The iQ[6] molecules form one-dimensional supramolecular chains
through outer-surface interactions before filling into the honeycomb cavity. As shown
in Figure 2b, a closer look reveals that each iQ[6] molecule is surrounded by three
[ZnCl4]* and four [Zn(H20)Cl3] ions, which are driven by the [ZnCls]> anion
interacting with the [Zn(H20)CIs] anion and the positively charged outer wall of iQ[6]
through the outer wall of the cucurbit[#]uril. The water molecule of the [Zn(H20)Cl3]
anion forms a hydrogen bond to one portal carbonyl oxygen of iQ[6] with O...O
distance of 2.812 A. In addition, the chloride ions of [ZnCls]* and [Zn(H20)Cl3] form



a large number of C-H...Cl interactions with the hydrogen on the bridging methylene
and the glyoxal unit on the waist of iQ[6], where the [ZnCl4]*" forms interactions with
bond distances between 2.632 A and 2.941 A, and [Zn(H.0)Cl3]" forms interactions
with bond distances between 2.712 A and 2.913 A. One of the chloride ions of
[Zn(H20)Cl3] forms an interaction with the carbon on the iQ[6] bridging methylene
with a distance of 3.449 A for C1(6)-C(19). In Figure 2c, we omitted the anion from the
structure for ease of observation and kept only the cucurbit[n]uril and the guest
molecule. Although the guest is poorly resolved, there is evidence that the protonated
amine (as NH>") forms charge-assisted hydrogen bonds to the portal oxygen atoms.
O(1)---H(25B) 2.585 A, O(2)--H(25B) 2.347 A, O(2)---H(25C) 2.512 A, O(3)--
H(25C) 2.501 A, O(9):-*H(26B) 2.412A, and C-H--O interactions may play a role in
helping to locate the diamine in the cavity.

Closer inspection of the cucurbit[#n]uril self-induced outer wall interactions reveals
that each iQ[6] molecule is surrounded by four adjacent iQ[6] molecules. The iQ[6]
molecule is connected by the formation of interactions between the port carbonyl
oxygen atom and the carbonyl carbon of the adjacent /Q[6] molecule, where two C(3)-+-
O(34) interactions have a bond distance of 3.191 A and the other two C(1)-+-O(10)

interactions have a distance of 3.156 A (Figure 2d).



Figure 2. (a) Honeycomb framework structure formed by [ZnCls]* ions and

[Zn(H20)Cl3] ions; (b) interactions between [ZnCls]* and [Zn(H20)Cl3] and iQ[6]; (c)
interactions between iQ[6] and the guest 1,5-pentanediamine; (d) each iQ[6] (red) is

surrounded by four iQ[6] molecules through outer surface interactions.

As shown in Figure 3a, the iQ[6] molecule has a positively charged outer surface
and forms a one-dimensional linear assembly through its own outer surface interactions.
Two adjacent iQ[6] molecules are connected by C---O interactions, the carbonyl
oxygen (O3) of one iQ[6] molecule is attached to the carbon atom (C34) of another
iQ[6] molecule at a separation of around 3.191 A for C(34)---O(3). Furthermore, the
two-dimensional planar structure constructed based on the one-dimensional
supramolecular chain is shown in Figure 3b, exhibiting a parallelogram porous channel
with a cross-sectional area of 55.1 A? along the a-axis direction formed by the iQ[6]
molecule and the 1,5-pentanediamine guest molecule. In Figure 3¢, based on the above

two-dimensional structure, the three-dimensional spatial pore channel of each



quadrilateral is formed by eight iQ[6] molecules helically wound around the axis. It can
be seen that the iQ[6] molecules are connected to the [ZnCls]*> and [Zn(H20)Cls]
anions through ion-dipole interactions and to the other iQ[6] molecules through outer

surface interactions.

Figure 3. (a) lon-dipole interactions between two adjacent iQ[6] molecules; (b) general
top view of the supramolecular assembly consisting of iQ[6] and the guest 1,5-
pentanediamine along the a-axis; (c) pore structure consisting of iQ[6]-1,5-

pentanediamine-[ZnCl4]*.

After examining the individual parts, our interest turns to the structure of the entire
supramolecular complex assembly. As shown in Figure 4a, two adjacent iQ[6]
molecules form a one-dimensional supramolecular chain-like structure by forming
weak interactions with [ZnCls]* ions and [Zn(H20)Cl3]" ions, where the methyl or
methylene group on the outer surface of the iQ[6] molecule interacts with the
neighboring iQ[6] molecules by an outer-surface interaction (O10---C1). In addition to
the ion-dipole interaction of two adjacent iQ[6] molecules with a [ZnCl4]* ion and a
[Zn(H20)Cl3] ion as in Figure 4b, the [ZnCls]* and Zn(H20)Cls] are connected to the
methyl or methylene hydrogen on the outer wall of the iQ[6] molecule by ion-dipole
interactions. The [ZnCl4]* forms three C-H---Cl  interactions with iQ[6], the distance
of C-H:--CI is between 2.632 A and 2.941 A, whilst [Zn(H20)Cls] forms six C-H---CI”

interactions and one hydrogen bond with iQ[6], the distance of C-H:--Cl  is between
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2.721 A and 2.913 A, and the O-H---O distance is 2.044A. The supramolecular
component as shown in the crystal stacking diagram formed by the interaction of the
iQ[6] molecule, the guest 1,5-pentylenediamine, [ZnCl4]* and Zn(H20)Cl3]", as shown
in Figure 4c, contrasts with the results found for the interaction with other guests such
as 1,w-alkylenediamines, for example iQ[6] forming a ternary V-shaped
supramolecular chain with ethylenediamine, and with hexanediamine which produces

a pseudorotaxane conformation [*>4¢],

Figure 4. (a) Molecular chain formed by iQ[6] molecule, guest 1,5-pentanediamine,
[ZnCl4]* and [Zn(H20)Cl3]; (b) two adjacent iQ[6] molecules with [ZnCls]* and
[Zn(H20)Cl3] interactions; (c) top view of supramolecular assemblies formed by iQ[6]

molecules, guest 1,5-pentanediamine, [Zn(H20)Cl3]” and [ZnCl4]*.

3.2 'H NMR spectroscopy
The host-guest interaction pattern of iQ[6] with the 1,5-pentanediamine guest can

be detected by '"H NMR spectroscopic experiments, whereby 1,5-pentanediamine was
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added to the iQ[6] solution. The hydrophobic cavities of the Q[#n]s are proton shielding
regions, so they cause an up-field shift of the corresponding proton signals. As shown
in Figure 5, the 'H NMR spectrum of the guest 1,5-pentanediamine changed
significantly with upfield shifts of the methylene protons H(a), H(B) and H(y), with H(a)
shifted from 1.75 ppm to 1.72 ppm, H(B) shifted from 0.44 ppm to 0.39 ppm and H(y)
shifted from 0.18 ppm to 0.13 ppm, which indicates that the alkyl chain part of the 1,5-
pentanediamine is completely wrapped in the hydrophobic cavity of the iQ[6]. These

observations are consistent with the X-ray diffraction analysis described above.
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Figure 5. 'H NMR spectra (400 MHz, 0.5 mL 4 mol/L DCI/D20); (a) 'H NMR
spectrum of guest 1,5-pentanediamine; (b) '"H NMR spectrum of iQ[6] and guest 1,5-
pentanediamine; (c) 'H NMR spectrum of iQ[6].

4. Conclusion

In summary, we report the formation of a 1:1 supramolecular assemblies formed
from 1,5-pentanediamine and iQ[6] molecules in HCI medium at 6 M, using [ZnCls]*
ions as a structural inducer. Single crystal X-ray diffraction analysis reveals that the

[ZnCl4]* ions exhibit a typical "honeycomb effect” and are arranged in a honeycomb
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structure repeating in a hexagonal pattern. The iQ[6] has various non-covalent
interactions with the 1,5-pentanediamine guest, including hydrogen bonding
interactions and ion-dipole interactions. The iQ[6] host forms a molecular chain
through external surface interactions, which in turn fills in the hexagonal honeycomb
structure formed by the [ZnCl4]* ion. 'H NMR spectroscopy reveals that the alkyl chain
part of the guest 1,5-pentanediamine is located in the cavity of the iQ[6] whilst the rest

of it resides at the entrance of the cavity.
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