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Abstract: The interaction between cucurbit[7]uril (Q[7]) and a series of 4-pyrrolidinopyridinium
salts bearing aliphatic substituents at the pyridinium nitrogen, namely 4-(C4H8N)C5H5NRBr, where
R = H (C0), Et (C2), n-butyl (C4), n-hexyl (C6), has been studied in aqueous solution by 1H NMR
spectroscopy, electronic absorption spectroscopy, and mass spectrometry.

Keywords: host–guest interaction; cucurbit[7]uril; 4-pyrrolidinopyridinium

1. Introduction

The behavior of a host toward a guest is typically controlled by non-covalent interactions, and this
can impact greatly on the properties exhibited by the guest [1–3]. Given this, supramolecular approaches
have been used extensively to construct functional materials, and these have seen applications
in a number of areas, for example, in molecular electronics, drug-delivery, optical sensors, and for
molecular machines [4–8]. In recent years, new host–guest systems have been reported that employ
hosts comprising calix[n]arenes, crown ethers, pillararenes, cyclodextrins, or cucurbit[n]urils [9–14].
Indeed, during the last two decades, the host–guest chemistry of the cucurbit[n]uril (n = 5–8, 10) family
has started to flourish [15,16], and this is now impacting on exciting new applications in the fields of
materials, biomedicine, sensors, and catalysis [17–20].

In 1983, Mock et al., were the first to study the complexation of alkylammonium and
alkyldiammonium ions with Q[6] in aqueous formic acid and to determine their binding affinities [21].
However, there have been few applications of Q[6] in host–guest chemistry due to its small cavity
diameter and poor aqueous solubility. In contrast, Q[7] not only has a cavity size amenable to
the encapsulation of sizable guest molecules, but also has a much greater aqueous solubility relative to
other members of the Q[n] family. For example, Q[7] exhibits a water solubility of 30 mM compared
to 0.01 mM for Q[8] or Q[10] [18]. This greater solubility, coupled with the larger cavity volume,
has resulted in a variety of specific applications of Q[7] systems in aqueous solution [22].

In our previous research, for a series of guests with the same ’central motif’, but with different
alkyl chain substituents, we found that the length of the alkyl chain determined the mode of interaction
with the Q[n] [23,24]. Therefore, for the same type of Q[n], we can establish different host–guest
interaction modes simply by adjusting the length of the alkyl chain, thereby obtaining host–guest
materials with different properties. In the case of Q[8], for a series of 4-pyrrolidinopyridinium guests
bearing aliphatic substituents at the pyridinium nitrogen, studies in aqueous solution revealed that
the alkyl chain at the pyridinium nitrogen can either reside in the Q[8] cavity along with the rest of
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the guest (as observed for R = n-hexyl, n-octyl, n-dodecyl), can be found outside the Q[8] with the rest
of the guest inside (as seen for R = Et), or that the two species can exist in equilibrium for which either
the chain or the rest of the guest is encapsulated by the Q[8]. In the solid-state, the structures are
somewhat different (in the case of Q[8]@g2, two Q[8] molecules are filled with a centro-symmetric pair
of guest molecules) with the cyclic amine encapsulated, and the molecule enters at a rather shallow
angle. Interestingly for Q[8]@g3, the two Q[8] molecules behave in different ways. In particular, for
one Q[8], the cyclic amine of the guest enters the ring at a rather shallow angle, but for the other Q[8],
it is the alkyl chain of the guest that enters the ring with the four carbon atoms of the alkyl chain
almost perpendicular to the cavity opening and almost completely encapsulated by the Q[8]). It is well
known that the portal diameter and cavity volume of Q[7](7.3 Å, 279 Å3) are less than Q[8](8.8 Å,
479Å3) [6,25]. Herein, we examined the interaction of the same family of guests with Q[7] (see Scheme 1)
and compared the behavior with that observed for Q[8]. Given that 4-pyrrolidinopyridines have seen
widespread use as catalysts in acyl transfer reactions, [26–28] information about their bonding actions
can provide insight into their behavior and may inform such catalytic research.

Scheme 1. The guests and Q[7] used in this study.

2. Materials and Methods

To analyze the host–guest complexation between Q[7] and C0/C2/C4/C6, 2.0–2.5 × 10−3 mmol
solutions of Q[7] in 0.5–0.7 mL D2O with Q[7]:C0/C2/C4/C6 ratios ranging between 0 and 2 were
prepared. All 1H NMR spectra including those for the titration experiments were recorded at 298.15 K
on a JEOL JNM-ECZ400S 400 MHz NMR spectrometer (JEOL, Akishima, Japan) in D2O. D2O was used
as a field-frequency lock, and the observed chemical shifts were reported in parts per million (ppm).

All UV–Visible spectra were recorded from samples in 1 cm quartz cells on an Agilent 8453
spectrophotometer, equipped with a thermostat bath (Hewlett Packard, CA, USA). The host and guests
were dissolved in distilled water. UV–Visible spectra were obtained at 25 ◦C at a concentration of
2.00 × 10−5 mol·L−1 Ci (i = 0, 2, 4, 6) and different Q[7] concentrations for the Q[7]@Ci (i = 0, 2, 4, 6)
system. The MALDI-TOF mass spectra were recorded on a Bruker BIFLEX III mass spectrometer with
α-cyano-4-hydrox-ycinnamic acid as the matrix.

3. Results and Discussion

3.1. NMR Spectroscopy

The binding interactions between each of the pyrrolidinopyridinium guests and Q[7] can be
conveniently monitored using 1H NMR spectroscopic data recorded in neutral D2O solution.

In the case of C0, Figure 1 shows the changes observed in the 1H NMR spectrum of C0 as
progressively larger amounts of Q[7] were added to the D2O solution at 25 ◦C. Spectrum A was
obtained in the absence of Q[7], B with Q[7] at 0.326 (B), C with 0.487 equivalents with progressive
increasing amounts up to spectrum I with 1.939 equivalents of Q[7] in D2O (D) at 20 ◦C. The peaks
associated with protons a–d all experienced upfield shifts as increasing amounts of Q[7] was added
(for specific shift changes, see Table A1, ESI). This is consistent with the complete encapsulation of C0
as depicted in the image shown top right, Figure 1. For the COSY NMR spectrum of this system with
1.939 equivalents of C0, see Figure A1, ESI.
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Figure 1. Interaction of C0 and Q[7] (25 ◦C): 1H NMR spectra (400 MHz, D2O) of C0 (ca. 0.5 mM)
in the absence (A), 0.191 equiv. (B), 0.326 equiv. Q[7] (C), 0.487 equiv. (D), 0.663 equiv. Q[7] (E),
0.838 equiv. (F), 0.930 equiv. (G), 1.570 equiv. (H), and 1.939 equiv. of Q[7] (I).

In the case of C2, similar analysis (Figure 2) of the system involving Q[7] and C2 revealed that
the peaks associated with the ethyl chain, particularly the methyl group (f), did not undergo any
significant changes. However, the remaining peaks associated with the protons of the pyridine and
pyrrole rings did undergo an upfield shift (for specific shift changes, see Table A2). This situation,
whereby the pyridine and pyrrole rings are accommodated within the cavity of Q[7] is reminiscent of
that observed for Q[8] [23] and the same guest. There may be slight differences with regard to how
much the alkyl chain protrudes out of the cavity for Q[7] versus Q[8], but the 1H NMR spectra suggest
the difference is small (the change of chemical shifts between these two systems is not obvious).

Figure 2. Interaction of C2 and Q[7] (25 ◦C): 1H NMR spectra (400 MHz, D2O) of C2 (ca. 0.5 mM)
in the absence (A), 0.133 equiv. (B), 0.273 equiv. Q[7] (C), 0.453 equiv. (D), 0.595 equiv. Q[7] (E),
0.755 equiv. (F), 0.926 equiv. (G), 1.415 equiv. (H), and 1.733 equiv. of Q[7] (I).

In the case of C4, the 1H NMR titration spectra of C4/Q[7] in D2O are presented in Figure 3. There
was a clear upfield shift of the signals of all protons in the pyridine ring, whilst the pyrrole ring and alkyl
chain protons were also shifted upfield, though to a lesser degree (for specific shift changes, see Table A3,
ESI). This indicates that the pyridine ring, pyrrole ring, and the alkyl chain are all accommodated
within the cavity of Q[7], and that the Q[7] is capable of shuttling on the guest C4 in a state of dynamic
equilibrium. For the COSY NMR spectrum of this system with 1.939 equivalents of C4, see Figure A2,
ESI. This shuttling situation is reminiscent of that observed for Q[8] and the same guest.
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Figure 3. Interaction of C4 and Q[7] (25 ◦C): 1H NMR spectra (400 MHz, D2O) of C4 (ca. 0.5 mM)
in the absence (A), 0.116 equiv. (B), 0.173 equiv. Q[7] (C), 0.331 equiv. (D), 0.474 equiv. Q[7] (E),
0.641 equiv. (F), 0.750 equiv. (G), 1.164 equiv. (H), and 1.653 equiv. of Q[7] (I).

In the case of C6, Figure 4 depicts the 1H NMR titration spectra of the C6/Q[7] in D2O. All the protons
of the guest experienced upfield shifts to varying degrees (for specific shift changes, see Table A4,
ESI). There was little change on increasing the Q[7] concentration beyond the addition of 0.997
equivalents. The situation is consistent with the pyridine ring, pyrrole ring, and the alkyl chain all
being accommodated within the cavity of Q[7], and with the Q[7] shuttling on the guest C6 in a state of
dynamic equilibrium. This contrasts with the situation observed for the same guest and Q[8], in which
the pyridine ring, the alkyl chain, and the N part of the pyrrole were accommodated within the cavity
of Q[8], and the another part of pyrrole was at its portal; the alkyl chain was buried in the cavity of
Q[8] in a twisted form. The reason for the different inclusion modes involving C6 is likely to be related
to the smaller cavity size of Q7 versus Q8, which prevents the alkyl chain from bending in the cavity
of Q7.

Figure 4. Interaction of C6 and Q[7] (25 ◦C): 1H NMR spectra (400 MHz, D2O) of C6 (ca. 0.5 mM)
in the absence (A), 0.110 equiv. (B), 0.223 equiv. Q[7] (C), 0.363 equiv. (D), 0.461 equiv. Q[7] (E),
0.646 equiv. (F), 0.739 equiv. (G), 0.997 equiv. (H), and 1.494 equiv. of Q[7] (I).

3.2. Ultraviolet (UV) Spectroscopy

To further understand the binding of these 4-pyrrolidinopyridinium salts to Q[7], we also
investigated the systems by UV–Vis spectroscopy. The UV spectra were obtained using aqueous
solutions containing a fixed concentration of guests C0–C6 and variable concentrations of Q[7]
(Figures 5 and A3, Figures A4 and A5). All systems of action showed similar phenomena, and here,
only the interactions between Q[7] and guest C2 are described as an example. On gradually increasing
the Q[7] concentration in the C2 solution, the absorption band of the guest exhibited a progressively
higher absorbance due to the formation of the host–guest complex Q[7]@C2. The absorbance vs.
ratio of n(Q[7])/n(C2) data can be fitted to a 1:1 binding model. The pyrrolidinopyridinium part
of the guest was encapsulated into the cavity of the Q[7] host, whilst the alkyl moiety remained
outside. This generated a 1:1 host–guest inclusion complex. The encapsulation by Q[7] of this guest is
presumably due to the favorable ion-dipole interactions between the positively charged guest and
the portal oxygen atoms of Q[7] in addition to hydrophobic effects. Moreover, the association constant



Chemistry 2020, 2 266

(K) is calculated from the UV-vis spectroscopy data according to the modified Benesi–Hildebrand
(B–H) equation. For these systems, the binding constants have determined as Ka(Q[7]@C0) = 8.0 × 106,
Ka(Q[7]@C2) = 5.7 × 109, Ka(Q[7]@C4) = 3.6 × 107 and Ka(Q[7]@C6) = 2.5 × 109.

Figure 5. (Color online) (A) Electronic absorption of C2 (2 × 10−5 mol L−1) upon addition of increasing
amounts (0, 0.2, 0.4······2.6, 2.8, 3.0 equiv.) of Q[7]; (B) the concentrations and absorbance vs. NQ[7]/NC2

plots; (C) the corresponding ∆A–NQ[7]/(NQ[7] + NC2) curves.

3.3. Mass Spectrometry

The nature of the inclusion complexes between Q[7] and the 4-pyrrolidinopyridinium guests
was also established by the use of MALTI-TOF mass spectra, as shown in Figure 6. Intense signals
were found at 1311.080, 1339.624, 1367.817, 1395.699, 1423.788, and 1479.762, which corresponded to
[(Q[7]@C0)–Cl–]+ (calculated as 1312.196), [(Q[7]@C2)–Br–]+ (calculated as 1340.250), [(Q[7]@C4)–Br–]+

(calculated as 1368.304) and [(Q[7]@C6)–Br–]+ (calculated as 1396.358), respectively, thereby providing
support for the formation of 1:1 host–guest inclusion complexes.

Figure 6. MALDI-TOF mass spectrometry of Q[7]@C0 (A), Q[7]@C2 (B), Q[7]@C4 (C), and Q[7]@C6 (D).

4. Conclusions

In summary, we investigated the binding interactions of Q[7] with a series of
4-pyrrolidinopyridinium guests (namely C0, C2, C4, C6) bearing aliphatic substituents at the pyridinium
nitrogen by using 1H NMR and UV spectroscopy and mass spectrometry. The results herein revealed
that for C0, the entire C0 molecule is encapsulated in the cavity of Q7. For C2, the pyridine and
pyrrole rings are accommodated within the cavity of Q[7] and this is reminiscent of the situation
observed for Q[8] and the same guest, but the difference between Q[7] and Q[8] is whether the alkyl
chain is completely at its portal. For C4, this shuttling situation is reminiscent of that observed for
Q[8] and the same guest. For C6, the shuttling situation herein is in contrast with that observed
previously for Q[8], where the alkyl chain was twisted and buried in the Q[8] cavity; only part of
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pyrrole ring protruded from the portal. Based on this work and the previous results for the same guests
with Q[8], we found that, for larger guests in particular, the size of the cavity of the cucuribit[n]uril
dictates the interaction between the cucuribit[n]uril and guest. This is illustrated herein for C6, where
there is insufficient space in the Q[7] system to allow for the bending of the alkyl chain previously
observed for the Q[8] system. Among the Q[n]-based rotaxane/pseudorotaxane systems, most of
the axle molecules have been built from ammonium, pyridinium ions, and viologen derivatives [17–20].
In comparison with previously reported cucurbit[7]uril-based host–guest systems (such as pyridinium
ions, viologen derivatives), the interaction mode is similar [6,25]. This provides more insight into
the possible applications of systems such as switchable mechanically pseudorotaxane molecules, for
instance, in the area of supramolecular materials science.
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Appendix A

Figure A1. The COSY spectrum of C0 with 1.939 equivalent of Q[7] in D2O (400 MHz).

Table A1. Data from the 1H NMR spectra for the interaction of C0 and different proportions of Q[7].

Hd Hc Hb Ha

C0 7.80 6.58 3.35 1.91

0.191 Q[7] 7.75 \ \ 1.86

0.326 Q[7] 7.72 \ \ 1.83

0.487 Q[7] 7.68 \ \ 1.79

0.663 Q[7] 7.64 \ \ 1.75

0.838 Q[7] 7.61 \ 2.60 1.70

0.930 Q[7] 7.58 \ 2.51 1.67

1.570 Q[7] 7.58 5.45 2.50 1.67

1.939 Q[7] 7.58 5.45 2.50 1.67
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Table A2. Data from the 1H NMR spectra for the interaction of C2 and different proportions of Q[7].

Hd Hc He Hb Ha Hf

C2 7.81 6.57 3.97 3.34 1.90 1.28

0.133 Q[7] 7.78 \ 3.95 3.31 1.88 1.28

0.273 Q[7] \ \ 3.93 \ 1.86 1.28

0.453 Q[7] \ \ 3.90 \ 1.83 1.28

0.595 Q[7] \ \ 3.87 \ 1.81 1.28

0.755 Q[7] 7.32 \ 3.85 2.69 1.79 1.28

0.926 Q[7] 7.30 5.43 3.84 2.66 1.77 1.28

1.415 Q[7] 7.30 \ 3.84 2.66 1.77 1.28

1.733 Q[7] 7.30 \ 3.84 2.66 1.77 1.28

Figure A2. The COSY spectrum of C4 with 1.653 equivalent of Q[7] in D2O (400 MHz).

Table A3. Data from the 1H NMR spectra for the interaction of C4 and different proportions of Q[7].

Hd Hc He Hb Ha Hf Hg Hh

C4 7.79 6.57 3.94 3.33 1.90 1.65 1.13 0.75

0.116 Q[7] 7.73 \ 3.90 3.28 1.89 1.63 1.13 0.72

0.173 Q[7] 7.65 \ 3.86 3.22 1.87 1.62 1.14 0.69

0.331 Q[7] 7.56 \ 3.83 3.14 1.86 1.60 1.14 0.67

0.474 Q[7] 7.46 \ 3.78 3.06 1.85 1.58 1.14 0.64

0.641 Q[7] 7.36 \ 3.74 2.98 1.83 1.57 1.14 0.60

0.750 Q[7] 7.27 \ 3.71 2.91 1.82 1.55 1.15 0.58

1.164 Q[7] 7.16 \ 3.64 2.82 1.80 1.53 1.15 0.54

1.653 Q[7] 7.16 5.45 3.64 2.82 1.80 1.53 1.15 0.54
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Table A4. Data from the 1H NMR spectra for the interaction of C6 and different proportions of Q[7].

Hd Hc He Hb Ha Hf Hg-i Hj

C6 7.79 6.56 3.93 3.33 1.90 1.67 1.12 0.68

0.110 Q[7] 7.76 6.54 3.91 3.30 1.89 1.65 1.11 0.66

0.223 Q[7] 7.72 \ 3.87 3.26 1.87 1.63 1.11 0.65

0.363 Q[7] 7.68 \ 3.82 3.19 1.85 1.60 1.10 0.63

0.461 Q[7] 7.64 \ 3.77 3.04 1.84 1.57 1.09 0.62

0.646 Q[7] 7.59 \ 3.72 2.95 1.82 1.55 1.08 0.60

0.739 Q[7] 7.56 5.86 3.68 2.89 1.80 1.52 1.08 0.58

0.997 Q[7] 7.52 5.81 3.64 2.84 1.78 1.49 1.07 0.56

1.494 Q[7] 7.52 5.81 3.64 2.84 1.78 1.49 1.07 0.56

Figure A3. (Color online) (A) Electronic absorption of C0 (2 × 10−5 mol L−1) upon addition of increasing
amounts (0, 0.2, 0.4······2.6, 2.8, 3.0 equiv.) of Q[7]; (B) the concentrations and absorbance vs. NQ[7]/NC0

plots; (C) the corresponding ∆A–NQ[7]/(NQ[7] + NC0) curves.

Figure A4. (Color online) (A) Electronic absorption of C4 (2 × 10−5 mol L−1) upon addition of increasing
amounts (0, 0.2, 0.4······2.6, 2.8, 3.0 equiv.) of Q[7]; (B) the concentrations and absorbance vs. NQ[7]/NC4

plots; (C) the corresponding ∆A–NQ[7]/(NQ[7] + NC4) curves.

Figure A5. (Color online) (A) Electronic absorption of C6 (2 × 10−5 mol L−1) upon addition of increasing
amounts (0, 0.2, 0.4······2.6, 2.8, 3.0 equiv.) of Q[7]; (B) the concentrations and absorbance vs. NQ[7]/NC6

plots; (C) the corresponding ∆A–NQ[7]/(NQ[7] + NC6) curves.

Guests C0, C2, C4, C6 were synthesized by previously reported methods. [23].
Synthesis of guest C0: 4-pyrrolidinopyridine (296 mg, 0.002 mol) and HCl (10 mL) were stirred

under an inert nitrogen atmosphere and heated to 80 ◦C and refluxed for 12 h. The resulting solution



Chemistry 2020, 2 270

was filtered and then the white precipitate was washed with diethyl ether and dried in vacuum to give
C0 (331 mg, 90%). 1H NMR (D2O, 400 MHz) δ: 7.79 (d, J = 7.5 Hz, 2H), 6.58 (d, J = 7.5 Hz, 2H), 3.35
(t, J = 6.8 Hz, 4H), 1.94–1.89 (m, 4H). 13C NMR (101 MHz) δ: 154.65, 137.82, 107.26, 48.09, 24.65. Anal.
Calcd. for C9H13N2Cl: C, 58.54; H, 7.10; N, 15.17; found C, 57.92; H, 7.18; N, 15.93. The 1H NMR (top)
(400 MHz) and 13C NMR (below) (100 MHz) spectra of C0 in D2O are presented in Figure A6.

Synthesis of guest C2: 4-pyrrolidinopyridine (296 mg, 0.002 mol) and bromoethane (1.308 g,
0.012 mol) were dissolved in acetonitrile (40 mL). The solution was stirred under an inert nitrogen
atmosphere and heated to 80 ◦C and refluxed for 12 h. The resulting solution was filtered and then
the yellow precipitate was washed with diethyl ether and then dried in vacuum to give C2 (437 mg,
85%). 1H NMR (D2O, 400 MHz) δ: 7.78 (d, J = 7.6 Hz, 2H), 6.54 (d, J = 7.5 Hz, 2H), 3.94 (q, J = 7.3 Hz,
2H), 3.30 (m, J = 8.0 Hz, 4H), 1.90–1.84 (m, 4H), 1.25 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz) δ 153.50,
140.95, 108.23, 52.98, 48.15, 24.82, 15.42. Anal. Calcd. for C11H17N2Br: C, 51.37; H, 6.66; N, 10.89; found
C, 51.29; H, 6.71; N, 10.92. The 1H NMR (top) (400 MHz) and 13C NMR (below) (100 MHz) spectra of
C2 in D2O are presented in Figure A7.

Synthesis of guest C4: The same method as for C2 was employed, but using 4-pyrrolidinopyridine
(296 mg, 0.002 mol) and bromobutane (1.644 g, 0.012 mol) to give C4 (496 mg, 87%). 1H NMR
(D2O, 400 MHz) δ: 7.79 (d, J = 7.6 Hz, 2H), 6.57 (d, J = 7.5 Hz, 2H), 3.94 (t, J = 7.1 Hz, 2H), 3.34 (t, J = 6.7
Hz, 4H), 1.93–1.88 (m, 4H), 1.66 (m, J = 14.8 Hz, 2H), 1.14 (m, J = 14.8 Hz, 2H), 0.75 (t, J = 7.4 Hz,
3H). 13C NMR (D2O, 101 MHz) δ: 153.52, 141.23, 107.82, 57.46, 48.24, 32.12, 24.78, 18.73, 12.69. Anal.
Calcd. for C13H21N2Br: C, 54.74; H, 7.42; N, 9.82; found C, 54.82; H, 7.47; N, 9.75. The 1H NMR (top)
(400 MHz) and 13C NMR (below) (100 MHz) spectra of C4 in D2O are as presented in Figure A8.

Synthesis of guest C6: The same method as for C2 was employed, but using 4-pyrrolidinopyridine
(296 mg, 0.002 mol) and bromohexane (1.981 g, 0.012 mol) to give C6 (551 mg, 88%). 1H NMR
(D2O, 400 MHz) δ: 7.79 (d, J = 7.0 Hz, 2H), 6.57 (d, J = 7.1 Hz, 2H), 3.94 (q, J = 7.0 Hz, 2H), 3.35
(d, J = 6.1 Hz, 4H), 1.91 (m, 4H), 1.68 (m, J = 6.6 Hz, 2H), 1.12 (m, 6H), 0.69 (t, J = 6.4 Hz, 3H). 13C NMR
(400 MHz) δ: 153.52, 141.23, 108.22, 57.42, 48.24, 30.42, 29.94, 24.90, 24.77, 21.80, 13.21. Anal. Calcd. for
C15H25N2Br: C, 57.51; H, 8.04; N, 8.94; found C, 57.48; H, 8.11; N, 8.99. The 1H NMR (top) (400 MHz)
and 13C NMR (below) (100 MHz) spectra of C6 in D2O are as presented in Figure A9.

Figure A6. 1H NMR (top) (400 MHz) and 13C NMR (below) (100 MHz) spectra of C0 in D2O.
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Figure A7. 1H NMR (top) (400 MHz) and 13C NMR (below) (100 MHz) spectra of C2 in D2O.

Figure A8. 1H NMR (top) (400 MHz) and 13C NMR (below) (100 MHz) spectra of C4 in D2O.
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Figure A9. 1H NMR (top) (400 MHz) and 13C NMR (below) (100 MHz) spectra of C6 in D2O.
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