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Abstract: The interaction between cucuribit[10]uril (Q[10]) and a series of 4-
pyrrolidinopyridinium salts bearing aliphatic substituents at the pyridinium nitrogen,
namely 4-(C4HgN)CsHsNRBr, where R = Et (g1), n-butyl (92), n-pentyl (g3), n-hexyl
(g4), n-octyl (g5), n-dodecyl (g6), has been studied in aqueous solution by *H NMR
spectroscopy, electronic absorption spectroscopy and mass spectrometry. The results
revealed that the guests g1-g5 are located completely inside the cavity differing only in
the orientation of g1, g4 and g5 which are aligned with the portal, whilst g2 and g3 are
perpendicular to it. For g6, the tetrahydropyrrole moiety remains outside of the portal.
DFT calculations confirm the stability of the guests in the Q[10] and the possibility of

their curved structure inside the Q[10].
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1. Introduction



There is continued interest in the chemistry of cucurbit[n]uril (Q[n]) systems given their
excellent host-guest binding ability and resultant potential for a variety of
applications.*1% For example, systems incorporating Q[10] have been employed as
supramolecular hydrogels, drug delivery agents, and its metal coordination chemistry
is currently being explored.[*-221 Of the Q[n] systems, curcurbit[10]uril (Q[10]) is still
the largest prepared to date, and as such has the largest portals and cavity of all the Q[n]
compounds. It is noteworthy though that our group has recently reported a series of
twisted curcurbit[n]urils (tQ[n]s) constructed from a twisted oligomer which contain
13, 14 or 15 glycouril moieties.[?>?41 Q[10] was first reported in a Q[5]-Q[10] form in
2002,?%1 and was subsequently isolated via the use of 1,12-dodecanediaminel?®! as
ammeline ™1 and amantadine!®®! derivatives. Despite its isolation, the chemistry of
Q[10] has been less well studied than that of other Q[n]s such as Q[7] and Q[8],2%34
which is presumably due to low yield and/or difficulty in purifying the Q[5]-Q[10]
form, or indeed problems isolating pure Q[10] prior to 2015 when Liu et al published
their alternative and more efficient method.!?>! After more than 6 years of trying, we
were finally able to isolate ~10 g of pure Q[10] from 450 g of an insoluble Q[n] mixture

that included Q[6], iQ[6], Q[8] and Q[5]-Q[10]) using the one-pot method of Liu et al.

We are interested in the host-guest behaviour of Q[n]s, and have previously reported
how Q[n] systems, where n = 6 and 8, interact with a variety of pyridinium salts. [35-%
Given the interest in 4-pyrrolidinopyridines as for example catalysts in acyl transfer
reactions, >4 we have focused on our recent studies on this type of guest. In the case

of Q[6], we found that for N-butyl-4-pyrrolidinopyridine, only the butyl chain was



found to reside in the cavity. [“l We now extend our host-guest studies to the Q[10]
system (see chart 1), and report our observations on its interaction with a series of 4-
pyrrolidinopyridinium salts, namely 4-(C4HgN)CsHsNRBr, where R = Et (g1), n-butyl
(92), n-pentyl (g3), n-hexyl (g4), n-octyl (g5), n-dodecyl (g6), which are characterized

by *H NMR and *C NMR (Figure S1-S6).

N

g1 R=CH,CH; g2 R=(CH,);CH; g3 R=(CH,),CH,
g4 R=(C}12)5CI"I3 gS R=(CH2)7C["13 g6 R=(CI"12)11CI'13

Chart 1. Guests and Q[10] used in this study.

2 Results and Discussion

2.1 NMR spectroscopy

The binding interactions between each of the pyrrolidinopyridinium guests and Q[10]
can be conveniently monitored using *H NMR spectroscopic data recorded in neutral
D0 solution. Figure 1 shows the changes observed in the *H NMR spectrum of g1 as
progressively larger amounts of Q[10] are added to the solution. A slight up-field shift
of the signals of the protons of the ethyl chain and a clear up-field shift of the signals
of the protons of the pyridine and pyrrole rings was observed as Q[10] was added. At
1.00 equiv. of Q[10], the resonances of protons He, and Hr associated with the ethyl
group exhibited up-field shifts of 0.38 ppm and 0.37 ppm, respectively. The aromatic
protons Hc and Hq of the pyridinium moiety were shifted up-field by 0.47 ppm and 0.42

ppm respectively. The largest up-field shifts were experienced by the protons Ha and
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Hy of the pyrrolidino group at 0.50 and 0.58 ppm respectively. These shifts indicate that
the pyridinium, ethyl and pyrrole rings were all accommodated within the cavity of the

Q[10] as represented by the cartoon representation top right of Figure 1.
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Figure 1. Interaction of g1 and Q[10] (20 °C): *H NMR spectra (400 MHz, D,0) of g1
(ca. 2 mM) in the absence of Q[10] (A), in the presence of 0.090 equiv. of Q[10] (B),
in the presence of 0.176 equiv. of Q[10] (C), in the presence of 0.242 equiv. of Q[10]
(D), in the presence of 0.408 equiv. of Q[10] (E), in the presence of 0.659 equiv. of

Q[10] (F), in the presence of 1.001 equiv. of Q[10] (G), and in the presence of 1.273

equiv. of Q[10] (H).

Figure 2 shows the *H NMR titration spectra of g2 in DO recorded in the absence of

Q[10] (A) and with increasing proportions of Q[10] at 0.169 (B), 0.330 equiv. (C),
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0.565 equiv. (D), 0.963 equiv. (E), and 1.372 equiv. (F) at 20 “C. Noticeably up-field
shifts were observed for all the protons of the pyridine ring, pyrrole ring and alkyl chain
as Q[10] was added. On addition of one equivalent of Q[10] all peaks had shifted by >
0.37 ppm compared to their positions in free g2, with the largest shift observed for Hg
at 0.68 ppm (from 1.13 to 0.45 ppm). This indicates that the pyridine ring, the pyrrole
ring and the alkyl chain are all accommodated within the cavity of Q[10]. The changes
observed in the chemical shifts for all the protons of g3 are similar to those of g2 as
Q[10] was added. As shown in Figure S7, obvious up-field shifts for all the protons of
the pyridine ring, the pyrrole ring and the alkyl chain were observed (shifts were in the
range 0.34 to 0.77ppm) as the Q[10] was added, which indicates the situation is as for

g2.
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Figure 2. Interaction of g2 and Q[10] (20 °C): *H NMR spectra (400 MHz, D,0) of g2
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(ca. 2 mM) in the absence of Q[10] (A), in the presence of 0.169 equiv. of Q[10] (B),
in the presence of 0.330 equiv. of Q[10] (C), in the presence of 0.565 equiv. of Q[10]

(D), in the presence of 0.963 equiv. of Q[10] (E) and in the presence of 1.372 equiv. of
Q[10] (F).

In the case of g4 (and g5), again all peaks undergo an up-field shift with shifts in the

range 0.31 to 0.63 ppm (for g4) and 0.25 to 0.66 ppm (for g5), with the largest shift

exhibited by Hg~Hi (for g4) and H, (for g5), Figure 3 and S8.
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Figure 3. Interaction of g4 and Q[10] (20 °C): *H NMR spectra (400 MHz, D,0) of g4
(ca. 2 mM) in the absence of Q[10] (A), in the presence of 0.078 equiv. of Q[10] (B),
in the presence of 0.206 equiv. of Q[10] (C), in the presence of 0.466 equiv. of Q[10]

(D), in the presence of 1.014 equiv. of Q[10] (E) and in the presence of 1.303 equiv. of
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Q[10] (F).

In the case of the largest guest g6, as shown in Figure 4, the alkyl chain is completely
embedded in the cavity as evidenced by the mostly large up-field shifts exhibited by
He-Hp (0.26-0.50), whereas Ha undergoes a slight down-field shift (0.05 ppm) and Hb
and Hc exhibit only small up-field shifts (0.17 and 0.15 ppm respectively). These
observations indicate that the tetrahydropyrrole moiety remains outside of the portal.

For comparison, the chemical shifts of all the protons in these systems are presented in

Table 1.

g

=]
=

......O.-—-Q
.0000000:——5‘

oo."... ="

tessevsne
.
ee®
eee®

| —

>

[ —
P‘."......_m

Lma s e e e s s s

—
-
t .

(B)

©)

-

% . % —:‘.’ok-'.‘
D) : ELLJ.JEJ% RS

8 7 6 5 4 3 2 1 Oppm
Figure 4. Interaction of g4 and Q[10] (20 °C): *H NMR spectra (400 MHz, D,0) of g6
(ca. 2 mM) in the absence of Q[10] (A), in the presence of 0.342 equiv. of Q[10] (B),

in the presence of 1.045 equiv. of Q[10] (C) and in the presence of 1.934 equiv. of Q[10]



(D).

g1 92 g3

Protons Ao/ppm Protons Ad/ppm Protons Ad/ppm
a -0.5 a -0.54 a -0.54
b -0.58 b -0.43 b -0.43
c -0.47 c -0.37 c -0.34
d -0.42 d -0.5 d -0.51
e -0.38 e -0.46 e -0.45
f -0.37 f -0.55 f -0.53

g -0.68 i -0.59

gh -0.59 -

n 0-56 0.77

S Ad/ppm S Ad/ppm S Ad/ppm

Protons Protons Protons
a -0.47 a -0.56 a +0.05
b -0.41 b -0.41 b -0.17
c -0.31 c -0.25 c -0.15
d -0.45 d -0.37 d -0.27
e -0.43 e -0.51 e -0.26
f -0.52 f -0.53 f -0.43
] -0.62 I -0.66 p -0.36

K -0.66 - i
g-i -0.63 : 0.71 -0.88 : 05

Table 1. *H NMR complexation-induced shifts (Ad/ppm) of guest g1- g6 upon addition of Q[10] in
D,0 at 298 K.

2.2 UV spectroscopy

Electronic absorption spectroscopy can be utilized to afford information about the
binding mode(s) among the host and/or guest molecules, and so to further understand
the binding of these 4-pyrrolidinopyridinium salts to Q[10], we employed UV-vis
spectrometry herein. The UV spectra were obtained using aqueous solutions containing
a fixed concentration of guest g1-g6 and 1.00 equiv. of Q[10]. As shown in Figure 5,
the addition of 1.0 equiv. of Q[10] to the solution of the guest in water induces similar
phenomena in the six systems. In particular, the guests 1-6 exhibited a maximum UV
absorption at 282 nm in aqueous media on addition of Q[10] (1.0 equiv.) which resulted

in a slight red shift, and the UV absorption intensity decreased significantly.
9



These observations indicate that the interaction between Q[10]

occurred.
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Figure 5. Electronic absorption of guests g1 to g6 and on addition of Q[10].

2.3 Mass spectrometry

and guest 1-6 has

The nature of the inclusion complexes between Q[10] 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 1838.68, 1866.74, 1880.76, 1894.79, 1922.83 and
1978.94, which correspond to [(g1@Q[10])-Br T, [(92@Q[10])-Br T*, [(g3@Q[10])-
Br 1", [(94@Q[10])-Br 1", ([(95@Q[10])-Br T"and ([(g6@Q[10])-Br ] respectively,

thereby providing support for the formation of 1:1 host-guest inclusion complexes.
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Figure 6. MALDI-TOF mass spectrometry of g1l@Q[10] (A), g2@Q[10] (B), g3@Q[10] (C),

g4@Q[10] (D), g5@Q[10] (E) and g6@Q[10] (F).

2.4 DFT calculations

We conducted first-principles calculations based on density functional theory
(DFT)4344 to obtain the binding energy and the atomic structure of the
pyrrolidinopyridinium guests in Q[10]. The binding energy will confirm the observed
stability of the guest inside the Q[10], while the atomic structure will show the
differences in the structure of the guest. We used a supercell approach, in which the
guest and the host are placed in a (24x24x24)-sized unit cell. The diameter of the model
Q[10] is 12.801A and the width is 6.215A as shown in Figure 7(A) and Figure 7 (B),
thus, the chosen unit cell size is enough to prevent interaction with periodic images. We
used the projector-augmented-wave (PAW) method*® to treat the ion-electron
interaction and the Perdew-Burke-Ernzerhof functional (GGA-PBE)“® to describe the
exchange and correlation effects. Because of the presence of oxygen and carbon in the
guest/host system, a large 400 eV plane wave cut-off energy is used. The molecular
structure of both the guest and the host only necessitates a 1x1x1 K-point. All the DFT
calculations are implemented in the Vienna Ab-initio Simulation Package (VASP). [47
81 The above calculation method and parameters are tested on pyridine and we have
found a 1.343A C-N, 1.395A C-C and 1.091A C-H bond lengths in agreement with
experiment (1.340A, 1.396A, 1.086A).14°I The obtained bond angles, which are 120.572°
for £H-C-C, 117.047° for £C-N-C, 123.697° for «C-C-N, and 118.427° for «C-C-
C, are also in good agreement with experiment (120.780°, 116.980°, 123.790°,
118.500°)“é1 confirming the suitability and robustness of the employed theoretical
methods.

Three guests are considered namely, g1, g2 and g3 and the optimized structures are

depicted in Figure 7(C)-(E).
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Figure 7. Optimized atomic structure of Q[10] viewed along the center axis (A), perpendicular to
the center axis (B), and of the guests, g1 (C), g2 (D) and g3 (E), viewed at the x-y plane. Relevant
C atoms in the pyridine and pyrrole rings are labeled as a~d, while those of the alkyl chains are

indicated as e ~ i.

Although, three other larger guests (g4-g6) are not included in the DFT calculations due
to their very large size requiring a much larger diameter and width for the host, the
trends on the interaction can still be well captured. The guests are placed parallel to the
center axis of the host (z-axis) and all the 205 atoms in g1/Q[10], 211atoms in g2/Q[10]
and 214 atoms in g3/Q[10] are allowed to relax using the conjugate-gradient algorithm
until convergence is achieved, that is, when the forces on the atoms are ~0.01eV/A. The
optimized guest/host structures are shown in Figure 8, and the binding energies (Eb)

are given in Table 2. Ey, is calculated with respect to the isolated guest and isolated host.
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Figure 8. Optimized atomic structure of g1 in Q[10] (A), g2 in Q[10] (B) and g3 in Q[10] (C).

We note that the binding energies are all negative, indicating stability of the guests
inside the Q[10]. Because of the obvious curvature of the alkyl chains as seen on the
empirical diagrams above, we obtained the N*-e-f and f-g-h angles, which can
quantitatively confirm the curvature as the chains become longer. These angles are
given in Table 2. We note that for all guests, N*-e-f decreases when the host
encapsulates the guests. For g2 and g3, the f-g-h angle also decreases. Thus, we can see
the curving of the chains towards the -y axis in Figure 8. The changes in these angles
led to contraction or elongation in the N-C and C-C bonds (please see Table 2). In the
case of g1, N*-e decreases. For g2 and g3, an alternating decrease-increase in the last
three C-C bonds (i.e. from e-f and f-g for g2 and g3, respectively) are noted. We think
that such alternating contraction and elongation of bond lengths compensates for the

significant decrease in the bond angles for g2 and g3.

91 91/Q[10] 92 92/Q[10] 93 93/Q[10]

Eb (eV) - -0.134 - -1.017 - -2.527
£N*-e-f (°) 117.030 116.706@) 118.428 116.483()) 119.037 117.021@)
£f-g-h (°) - - 115.297 113.798()) 114.855 112.896(.)

N*-e 1.539 1.5381) 1.515 1.515 1.513 1.515(m)

e-f 1.475 1.475 1.527 1.528(1) 1.530 1.528()

f-g - - 1.565 1.561q) 1.536 1.530()

g-h - - 1471 1.473(1) 1.557 1.560(m)

h-i - - - - 1.477 1.472¢)

Table 2. Binding energy (Eb) of the guests in the Q[10] and angles/distances between nitrogen and
the carbon atoms of the alkyl chain. These atoms are depicted in Figure 8. Down (up) arrows indicate
decrease (increase) with respect to that of the isolated guest molecule.

3. Experimental Section
3.1. General remarks
To analyze the host—guest complexation between Q[10] and g1/g2/g3/g4/g5/g6,
2.0-2.5x10° mmol solutions of Q[10] in 0.5-0.7 mL D,O with Q[10]:
g1/92/g3/g4/g5/g6 ratios ranging between 0 and 2 were prepared. All *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 D20O. DO
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was used as a field-frequency lock, and the observed chemical shifts are 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, California, USA). The host and guests were
dissolved in distilled water. UV-visible spectra were obtained at 25 °C at a
concentration of 2.00x10° mol-L* gi (i=1,2,3,4,5,6) and 1.00 equiv. Q[10]
concentrations for the Q[10]@gi (i=1,2,3,4,5,6) system. MALDI-TOF mass
spectrometry was recorded on a Bruker BIFLEX |11 ultra-high resolution Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometer with a-cyano-4-
hydroxycinnamic acid as matrix. 4-pyrrolidinopyridine was purchased from
Aladdin Industrial Corporation, and Q[10] was prepared and purified according
to previously published methods. (29) All other reagents were of analytical grade

and were used as received. Double-distilled water was used for all experiments.

3.1. Synthesis of guest g1

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 vacuo to give gl (437 mg, 85%). *H NMR (D-0, 400
MHz) & 7.78 (d, J = 7.6 Hz, 2H), 6.54 (d, J = 7.5 Hz, 2H), 3.94 (g, 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). Anal.
Calcd. for Cu1H17N2Br: C, 51.37; H, 6.66; N, 10.89; found C, 51.29; H, 6.71; N,
10.92.

3.2. Synthesis of guest g2

As for g1, but using 4-pyrrolidinopyridine (296 mg, 0.002 mol) and bromobutane
(1.644 g, 0.012mol) to give g2 (496 mg, 87%). *H NMR (D20, 400 MHz) & 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). Anal. Calcd. for C13H21N2Br: C, 54.74 ; H,

14



7.42; N, 9.82; found C, 54.82; H, 7.47; N, 9.75.
3.3. Synthesis of guest g3

As for gl, but using 4-pyrrolidinopyridine (296 mg, 0.002 mol) and
bromopentane (1.813 g, 0.012mol) to give g3 (508 mg, 85%). *H NMR (D:O,
400 MHz) & 7.75 (d, J = 7.6 Hz, 2H), 6.53 (d, J = 7.6 Hz, 2H), 3.90 (t, J = 7.1 Hz,
2H), 3.30 (t, J = 6.8 Hz, 4H), 1.89 — 1.84 (m, 4H), 1.64 (m, J = 14.5 Hz, 2H),
1.18 — 0.99 (m, 4H), 0.66 (t, J = 8.8Hz, 3H). Anal. Calcd. for C1aH23N2Br: C,
56.19; H, 7.75; N, 9.36; found C, 56.14; H, 7.81; N, 9.39.

3.4. Synthesis of guest g4

As for gl, but using 4-pyrrolidinopyridine (296 mg, 0.002 mol) and
bromohexane (1.981 g, 0.012mol) to give g4 (551 mg, 88%). *H NMR (D-O,
400 MHz) & 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). Anal. Calcd. for C1sH2sN2Br: C, 57.51; H, 8.04;
N, 8.94; found C, 57.48; H, 8.11; N, 8.99.

3.5. Synthesis of guest g5

As for g1, but using 4-pyrrolidinopyridine (296 mg, 0.002 mol) and 1-
bromooctane (2.318 g, 0.012mol) to give g5 (593 mg, 87%). *H NMR (D20, 400
MHz) & 7.79 (d, J = 7.0 Hz, 2H), 6.57 (d, J = 7.1 Hz, 2H), 3.94 (t, 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,
10H), 0.69 (t, J = 6.4 Hz, 3H). Anal. Calcd. for C17H29N2Br: C, 59.82; H, 8.56;
N, 8.21; found C, 59.89; H, 8.59; N, 8.14.

3.6. Synthesis of guest g6

As for gl, but using 4-pyrrolidinopyridine (296 mg, 0.002 mol) and 1-
bromododecane (2.991 g, 0.012mol) to give g6 (659 mg, 83%). 'H NMR (D-0,
400 MHz) & 7.81 (d, J = 7.3 Hz, 2H), 6.59 (d, J = 7.4 Hz, 2H), 3.95 (t, J = 6.9 Hz,
2H), 3.35 (t, J = 6.4 Hz, 4H), 1.93 (m, J = 6.7 Hz, 4H), 1.70 (d, J = 6.9 Hz, 2H),
1.11 (m, 18H), 0.70 (t, J = 6.7 Hz, 3H). Anal. Calcd. for C21Hs7N2Br: C, 63.46;
H, 9.38; N, 7.05; found C, 63.40; H, 9.42; N, 7.10.
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4. Conclusion

In summary, we have conducted spectroscopic investigations of the interaction between
Q[10] and 4-pyrrolidinopyridinium salts 4-(C4HgN)CsHsNRBr, where R = Et (g1), n-
butyl (g2), n-pentyl (g3), n-hexyl (g4), n-octyl (g5), n-dodecyl (g6). Results revealed
that the guests gl1-g5 are located completely inside the cavity differing only in their
orientation with g1, g4 and g5 aligned with the portal whilst g2 and g3 are perpendicular
to it. For g6, the tetrahydropyrrole moiety remains outside of the portal. Calculations
suggest that the guests are stable in the Q[10] host and that the curvature of the alkyl

chain increases as the length of the chain increases.
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