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Abstract: In the work, we have studied the interaction of cucurbit[7]uril (Q[7]) with 1-
[4-(dimethylamino)phenyl]-ethanone (DAPE) using a variety of techiniques including
"H NMR spectroscopy, UV-vis adsorption and fluorescence spectroscopies, Isothermal
titration calorimetry and single crystal X-ray diffraction. Results revealed the formation
of a 1:1 complex, whilst the molecular structure of the species [(Q[7]@DAPE)Ca(H-
20)3]2(CdCls)2-31(H20) is reported.
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Introduction

Cucurbit[n]urils (Q[nr]s, where n = 5 to 15) are a relatively new class of
macrocycles that are readily available from the acid catalyzed condensation of
glycoluril and formaldehyde. ') Q[n]s have a highly symmetric structure with good
structural rigidity and hydrophobicity, and the electrical neutrality of their cavities
allows them to encapsulate small guest molecules. [°°! In addition, the carbonyl unit
located at the portals of Q[n]s possesses a significant negative potential, giving it
multiple sites of action. ['*!*] The hydrophobic cavities of Q[n]s are the main object of
study in cucurbit[z]urils chemistry, which has led to extensive studies on the host-guest
chemistry of Q[n]s. ['>'71 Q[7] in particular has been found to exhibit excellent affinities
towards certain guests, particularly amino-containing substrates, but for the
cucurbit[n]uril family, there are not many host-guest crystal structures reported for the
Q[7] system ['8]. We have also been studying the host-guest chemistry of Q[7], and have
reported a number of systems including the use of amines as the guest. ")

Herein, we extend our studies to the guest 1-[4-(dimethylamino)phenyl]-ethanone
(also known as P-acetyl-N,N-dimethylaniline; 4-dimethylaminoacetophenone) ), and
abbreviated herein as DAPE. Our interest in DAPE originates from the fact that DAPE
is an important intermediate in organic synthesis and pharmaceuticals. Moreover, it is
also known to irritate the eyes, respiratory system and skin'?!l. Cucurbit[n]urils have
been shown to act as a drug carrier!?>*], whilst in other studies we and others have
shown have encapsulation of a guest (e.g. a pesticide) can allow for control of properties
such as toxicity **. In recent years, cucurbit[n]uril assemblies have been involved in
many research fields, such as chemistry, materials, environment and biology, and have
attracted wide attention [>°2°), Supramolecular assembly systems with novel structures,
good rigidity and different properties have been constructed by selecting different
construction modes through intermolecular hydrogen bonding, induced dipole, n--m and
other weak interactions.

Herein, we constructed a supramolecular system between DAPE and Q[7]; there
are few reports regarding the use of DAPE and supramolecular self-assemblies.

Matsushita et al. °° have reported the interaction between a-, B- and y-cyclodextrins



(CD) and DAPE, and studied the fluorescent properties, and the results show that the
cavity size affects the optical properties of DAPE. Fluorescence properties of excited
DAPE complexed with a-cyclodextrin (CD) have been studied ! The complex
exhibited dual fluorescence in neutral aqueous solution and no TICT fluorescence was
observed under alkaline conditions. In this paper, the optical properties of DAPE and
Q[7] have been subjected to a preliminary study in order to provide a reference for the
subsequent study of DAPE and larger ring systems. However, supramolecular
recognition of DAPE by cucurbit[z]urils has not been reported. Therefore, the
supramolecular assembly mode of DAPE and cucurbit[n]urils was constructed herein,
and a crystal structure of the 1:1 host-guest complex was obtained. The hydrophobic
cavity associated with cucurbit[#n]urils can reduce the fluorescence of DAPE. Given all
of the above, this work will provide new insight into cucurbit[#]urils as a drug carrier

for DAPE. Scheme 1 shows the structures of Q[7] and DAPE.

Scheme 1. Structures of Q[7] and DAPE.

Experimental section

Materials

The guest 1-[4-(dimethylamino)phenyl]-ethanone was obtained from Aladdin
(Shanghai, China). Q[7] was prepared and purified according to the literature method.
321 All other reagents were of analytical reagent grade and were used without any

further purifification. Deionized water was used in all experiments.

TH NMR spectroscopy



All the "H NMR spectra, including those for the titration experiments, were
recorded at 298.15 K on a JEOL JNM-ECZ400S 400 MHz NMR spectrometer (JEOL)
in D>O. D>O was used as a field-frequency lock and the observed chemical shifts are
reported in parts per million (ppm) relative to that for the internal standard (TMS at 0.0
ppm).

In order to investigate the complexation of Q[7] with 1-[4-
(dimethylamino)phenyl]-ethanone in solution, 'H NMR spectroscopic titration
experiments were performed by adding increasing amounts of Q[7] to the solution of

1-[4-(dimethylamino)phenyl]-ethanone in D>O.

UV-Vis absorption spectroscopy
The UV-vis absorption spectra of the host-guest complexes were recorded using

an Agilent 8453 spectrophotometer at room temperature. The aqueous solution of 1-[4-

(dimethylamino)phenyl]-ethanone was prepared at a concentration of 1.0x 1073 mol-L ™!,

An aqueous solution of Q[7] was prepared with a concentration of 1.0x 107> mol-L™
for the absorption spectra determination. The UV-vis absorption experiments were
performed as follows: 200 uL of a 1.0x 107 molL™" stock solution of 1-[4-

(dimethylamino)phenyl]-ethanone and various amounts of an aqueous 1.0x 1073

mol-L™" Q[7] solution were transferred into a 10 mL volumetric flask, and then the

volumetric flask was filled to the final volume with distilled water. Samples of these
solutions were combined to give solutions with an Nq[7]/Npare =0, 0.1, 0.2, 0.3, . ., and
2.0. The Job’s plot method was used to determine the inclusion ratio of the substance,

Nbpare/(Ngr71 + Npare) =0, 0.1, 0.2, 0.3, .. ., 1.0.

Fluorescence spectroscopy
The binding behavior between Q[7] and AC was initially studied by employing
UV-vis absorption and fluorescence spectroscopy. The gradual addition of Q[7] results

in a gradual decrease in the maximum absorbance of 1-[4-(dimethylamino)phenyl]-



ethanone (at a fixed 1-[4-(dimethylamino)phenyl]-ethanone concentration of 2x 107

mol-L™") at 345 nm (Fig. 1A) until the ratio of the host-guest reached 1. This suggests a

1:1 host-guest inclusion complex is formed between the Q[7] and 1-[4-

(dimethylamino)phenyl]-ethanone.

Isothermal titration calorimetry (ITC) experiment

To further understand the nature of the host-guest complexation of Q[7] with 1-[4-
(dimethylamino)phenyl]-ethanone, we carried out isothermal titration calorimetry (ITC)
experiments. The obtained thermodynamic parameters reveal that the host-guest

complexation is both enthalpically and entropically favorable (n=0.942mol™', AH =
-55.35 kJ-mol™!, TAS = -31.05 kJ-mol ™!, AG = -24.30 kJ-mol™!, AS = -105.9 J-mol ™). In

addition to the ion-dipole interactions between the positively charged nitrogens on the
1-[4-(dimethylamino)phenyl]-ethanone guest and the oxygen atoms on the portals of
the Q [7] host, van der Waals interactions between the surfaces of the 1-[4-
(dimethylamino)phenyl]-ethanone guest and the inner wall of the Q[7] host contribute
favorable enthalpy for the host-guest complexation. The removal of the water
molecules from the Q[7] cavity and the Q[7] portals, and from the solvated shell of the
1-[4-(dimethylamino)phenyl]-ethanone is likely responsible for this favorable entropic
gain. According to the van’t Hoff equation (InK = -AH /RT + AS /R) and the enthalpic
andentropic values, a large binding constant (2.212 + 0.2) x 10* of Q [7] with 1-[4-
(dimethylamino)phenyl]-ethanone was obtained, which is consistent with the UV-vis

data.

Single-crystal X-ray crystallography

Single-crystal data for compound 1 were collected on the Bruker D§ VENTURE
diffractometer with graphite monochromatic Mo-Ka radiation (A = 0.71073 A).
Empirical absorption corrections were applied by using the multi-scan multiscan
program SADABS. Structural solution and full matrix least-squares refinement based

on F2 were performed within the program Olex2. [*3|Anisotropical thermal parameters



were applied to all the non-hydrogen atoms. All hydrogen atoms were treated as riding
atoms with an isotropic displacement parameter equal to 1.2 times that of the parent

atom. Disordered solvent was modelled using a solvent mask within Olex2.

Preparation of complex 1
Q[7] (6.71 mg, 0.005 mmol) was added to a solution of 1-[4-
(dimethylamino)phenyl]-ethanone (8.2 mg, 0.05 mmol) and CdCl: (9.2 mg, 0.05 mmol)

and CaCl, (5.5 mg, 0.05 mmol) in HCI solution (5 mL, 3 mol-L™"). The mixture was

heated until complete dissolution. Following slow evaporation of the volatiles from the
solution over a period of about three days, block colorless crystals of complex 1 were
obtained.
Results and discussion

'"H NMR titration experiments were employed to investigate the interaction
between Q[7] and the potential guest DAPE. As shown in Figure 1, on gradually adding
Q[ 7], the entire microenvironment of DAPE began to change, which was evident from
the chemical shifts associated with DAPE. For example, H> H; and Hs of the phenyl
and methyl groups attached to the ethanone of DAPE shifted due to the shielding effect
of the cavity with 8> = 6.85 to 6.61ppm, &> = 7.80 to 7.21 and &4 = 2.40 to 2.21 ppm.
These shifts indicate that the pyridine and methyl groups are accommodated within the
cavity of Q[7]. Meanwhile, H; on the dimethylamine group only experienced a slight
upfield shift from 6 = 2.93 to 2.90 ppm. Thus, it can be inferred that the whole guest
molecule resides inside the cavity of Q[7], which is consistent with the single-crystal

structure vide infra.



\]

_
-
w
]

AEXENED

Figure 1. Interaction of DAPE and Q[7] (20 °C): (a) '"H NMR spectra (400MHz, D,0) of DAPE
(ca. 0.5 mM) in the absence of Q[7]; (b) in the presence of 0.10 equiv. of Q[7]; (¢) in the presence
0f 0.20 equiv. of Q[7]; (d) in the presence of 0.40 equiv. of Q[7]; (e) in the presence of 0.6 equiv. of

Q[7]; (f) in the presence of 0.8 equiv. of Q[7]; (g) in the presence of 1.0 equiv. of Q[7]; (h) and neat

Q[7].

The system was also monitored via the use of UV-vis spectroscopy. Figure 2 shows

the variation in the UV spectra obtained for aqueous solutions containing a fixed

concentration of DAPE (3x107° mol-L™") and variable concentrations of Q[7]. The

absorption band of the guest DAPE exhibits a decrease of the absorption peak at 345
nm on addition of Q[7]. The data for absorbance (A) vs. the ratio of the number of moles
(N) of the host Q[7] and guest DAPE (DAPE /Q[7]) can be fitted by a 1:1 binding
model. Furthermore, the Job’s plot (Figure 2¢) was consistent with the formation of a

1:1 host@guest complex.
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Figure 2. (Color online) (a) Electronic absorption of DAPE (3x10~° mol-L™") upon addition of

increasing amounts (0, 0.2, 0.4------ 1.6, 1.8, 2.0 equiv.) of Q[7]; (b) the concentrations and
absorbance vs. Nqr71/Npare plots; (¢) Continuous variation Job’s plot for Q[7] and the guest on the

basis of UV-vis titration spectra.

Fluorescence spectroscopy was further performed, and as shown in Figure 3, the
guest, DAPE, exhibited an emission peak at 411 nm. Fluorescence titration experiments
were further used to demonstrate the interaction ratio of Q[7] with DAPE. The
fluorescence intensity associated with DAPE in aqueous solution decreased after the
gradual addition of Q[7] (Figure 3a), and was accompanied by the generation of the
blue shift phenomenon (from 411 nm to 391 nm). With the continuous addition of Q[7],
when the stoichiometric ratio of Q[7]:DAPE was 1:1, the change in the fluorescence
intensity of the system tended to be weaker, and the whole system reached equilibrium
(Figure 3b). This is consistent with that deductions from the UV-vis absorption spectra

as detailed above.
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Figure 3. Titration fluorescence spectra of DAPE (3x107> mol-L™") (0, 0.1, 0.2,---2.0 equiv.). (a)

Emission spectra; (b) change in fluorescence intensity with Noj7/Npapk.

To shed light on the thermodynamic parameters associated with the complexation
between Q[7] and DAPE, ITC experiments were performed at 298.15 K (Figure 4, Table

1). From the titration curve/experimental data, a K. value of 2.14x10* M was



calculated, together with a negative enthalpy variation value of AH® = -55.35 KJ-mol'!,

and a negative entropy variation value of TAS® = -31.03 KJ-mol'!. This data suggests

that the inclusion complex formation is driven by favorable enthalpy change

accompanied by an unfavorable entropy change.
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Figure 4. ITC profile of host Q[7] with guest DAPE at 298.15K.

Table 1. ITC measurements of the thermodynamics of Q[7]@ DAPE interaction at 298.15 K

Experiment Q[7]@ DAPE
Ka (M) 2.14x10%

AH (kJ-mol") -55.35

TAS (kJ-mol ™) -31.05

AG (kJ-mol™) -24.30

AS (kJ-mol) -105.9

n 0.942




Molecular structure determination

Q[7]-DAPE crystallises in the centric space group P2i/n with a single Q[7] and the
guest molecule 1-[4-(dimethylamino)phenyl]-ethanone present in the asymmetric unit,
along with a single [CdCl4]*> ion and one Ca?" ion and both bound and unbound water.
The guest molecule lies almost exactly perpendicular to the plane of the Q[7] ring and
is centred within it rather than being displaced towards one side. On one face of the
Q[7] ring a calcium ion is bound by two oxygens (Cal to O13 and O14 distances are
2.407(2) and 2.431(2) A respectively). The guest molecule is bound to Cal via O15 and
there are three molecules of water bound to Cal. The centre of symmetry generates
another identical Q[7] and guest. The second Q[7] binds to the Cal via O10 (Cal-O10’
is 2.522(2) A, where i = 1—x, 1-y, 1-z2), so that each Ca ion is 7-coordinate. There
hydrogen bonds between two of the bound water molecules and the second symmetry
equivalent Q[7]. The overall effect is to generate face-on dimers of Q[7]+guest that are
akin to sandwiches with 2x[Ca(H>0)3]*" as the filling. Between these dimers are located
[CdCls]* anions and there are C—H---Cl interactions with the Q[7] molecules. The
effect of these intermolecular interactions is to assembly the cationic dimers and anions
into sheets that run parallel to the (1,0,-1) plane. There is further space between these
layers that is occupied by disordered water and this was modelled using a solvent mask
with Olex2. *3] Within the unit cell the void volume was 2017 A3 (24.8 % of unit cell
volume) and this was occupied by electron density 624 e~ per cell, consistent with 62
water molecules per cell, with volume of 3.2 A%/e™.

A representation of a single dimer is shown below (Figure 5) and further representations

of the structure are located in the supporting information (Figures S1-S3).
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Figure 5. Dimeric unit of (Q[7]-DAPE.Ca(H20)3) with atoms drawn as 30%
probability ellipsoids. Symmetry operation used to generate equivalent atoms: $1 = 1—x,
1y 1—z.

As shown in Figure 6, in the sandwich structure, the carboxyl oxygen of Q[7] in one
complex forms hydrogen bonds with a water molecule and this water molecule also
hydrogen bonds with the carbonyl oxygen of another complex. Hydrogen bonding
interactions, such as O(12)---O(16)---0(9); O(8)---O(17)---O(11) are observed with
bond lengths between 2.696 and 2.788 A. These hydrogen bonds further strengthen the
stabilization of the sandwich structure. Moreover, two adjacent dimers form a one-
dimensional assembled host-guest supramolecular structure via hydrogen-bonding

interactions between the portal carbonyl oxygen atom O2 of Q[7] and the coordinating



water molecule O18; the distance O(5)-H---O(18) is 1.939 A.

Figure 6. One-dimensional supramolecular chain of Q[7]-DAPE.

In the crystal stacking diagram of complex Q[7]-DAPE along the a-axis direction
(figure 7), one-dimensional supramolecular chains are observed in a layered
arrangement parallel to each other, thereby forming a two-dimensional network; the

[CACL4]*" anion is trapped in a channel surrounded by four dimers.
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Figure 7. Two-dimensional network of Q[7]-DAPE viewed down the a axis.

In conclusion, we have studied the interaction of cucurbit[7]uril (Q[7]) with 1-[4-
(dimethylamino)phenyl]-ethanone (DAPE) in the presence of CdCl, and CaCl,, and
find that in solution, data is consistent with a 1:1 inclusion complex. A crystal structure
determination revelaed that in the solid state, a dimer is formed involving bridging

calcium units. Extensive hydrogen bonding results in the formation a 2D network.

Conclusion

In summary, the results herein reveal that Q[7] can simultaneously hold one molecule
of 1-[4-(dimethylamino)phenyl]-ethanone in the hydrophobic cavity. We have
characterized the 1:1 inclusion complex by a series of means such as NMR spectroscopy,
X-ray crystallography, fluorescence spectroscopy and UV-Vis absorption spectra. Our
research shows the driving force for the formation of highly stable inclusion complex
is the weak interactions between guest and host, such as C-H---w, C-H---O, and the ion-

dipole interactions between the inorganic metal anions and the host-guest complex.

Appendix 1. Supplementary data

CCDC 2160776 contains the supplementary crystallographic data for this paper. Copies
of the data can be obtained free of charge on application to the CCDC, 12 Union Road,
Cambridge CB2 1EZ, U.K. (email: deposit@ccdc.cam.ac.uk).



Empirical formula C104CaxCd>ClsH184N53067
Formula weight 3907.64
Temperature/K 298
Crystal system monoclinic
Space group P21/n
a/A 16.0926(11)
b/A 22.8025(16)
c/A 23.0948(14)
o/° 90
/e 106.013(2)
v/° 90
Volume/A3 8145.8(9)
Z 2
Pealeg/cm? 1.593
wmm-! 0.564
F(000) 4044.0
Crystal size/mm? 0.21 x 0.15 x 0.12
Radiation MoKa (A =0.71073)
20 range for data collection/° 4.438 to 50.052
Index ranges -19<h<19,-27<k<27,-27<1<
27
Reflections collected 183734
Independent reflections 14375 [Rint ; (§) 322?4’ Rsigma =
Data/restraints/parameters 14375/211/998
Goodness-of-fit on F? 1.014
Final R indexes [[>=2c (1)] R1=10.0444, wR2 =0.1049
Final R indexes [all data] R1=0.0682, wR2 =0.1201
Largest diff. peak/hole / e A~ 1.21/-0.74

Appendix 1. Crystallographic data for [(Q[7]@DAPE)Ca(H20)3]2(CdCls)2-31(H20).
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Figures for the SI:
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Figure S1. Asymmetric unit of Q[7]-DAPE with atoms drawn as 30 % probability
ellipsoids. For clarity, minor disorder in the guest molecule is not shown.




Figure S2. ORTEP style representation of the asymmetric unit of Q[7]-DAPE with

atoms drawn as 30 % probability ellipsoids. For clarity, minor disorder in the guest
molecule is not shown.

Figure S3. Portion of the asymmetric unit showing the coordination about Cal. atoms
drawn as 30 % probability ellipsoids. For clarity, minor disorder in the guest molecule
is not shown. (symmetry operation $1 = 1—x, 1-y, 1-2).
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