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Abstract We explored the use of cucurbiturils to form
inclusion complexes to overcome the solubility problems
of kinetin, a plant cytokinin. Inclusion complexes between
kinetin and Q[7], TMeQ[6] and HMeQ[6] in aqueous
solution and in solid state were investigated by phase sol-
ubility studies, '"H NMR and IR. The effects of pH and
temperature on complex stability were also investigated.
Phase solubility studies showed that kinetin solubility
increased in a linear fashion as a function of Q[7] and
TMeQ[6] concentrations. However, kinetin solubility
increased first, then decreased as the HMeQ[6] concentra-
tion increased, and the maximum solubility of kinetin was
achieved at 4.95 mM in HMeQ[6]. The solubility of kinetin
as well as the stability constant of its complex with Q[7]
were affected by the pH of the medium. The thermody-
namic parameters of the complex formation were also
determined, and it showed that the formation of the
inclusion complexes between Kkinetin and Q[7] was
enthalpy controlled, suggesting that hydrophobic and van
der Waals interactions were the main driving forces.
Moreover, we found that the size of the cavity of cucur-
bituril played an important role in the association process.
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The formation of inclusion complexes between Q[7],
TMeQ[6] and HMeQ[6] with kinetin was confirmed by 'H
NMR, and IR spectroscopy showed the presence of inclu-
sion complexes in solid state. Our results demonstrated that
the complexation of kinetin with Q[n] could be used to
improve the solubility of kinetin in aqueous solution.
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Introduction

Synthetic receptors, such as cyclodextrins (CDs) and
calixarenes, have been extensively explored as drug carri-
ers with the aim to enhance the solubility, stability, and
bioavailability of drug molecules and to reduce their tox-
icity [1-3]. Cucurbituril [4] and its homologues [5-7], are a
new family of synthetic receptors, which have been widely
studied since the structure of cucurbituril (Q[6]) was
determined and reported in 1981 [4]. The Q[n] family has
common characteristic features, like a hydrophobic cavity
and two open hydrophilic portals. It consists of different
number of glycoluril units that are linked by pairs of
methylene bridges. Cucurbit[7]uril(Q[7]) consists of seven
glycoluril units. Tetramethyl cucurbituril (TMeQ[6]) is a
modified Q[6] obtained by methyl substitution, partially
methyl substituted cucurbit [6]Juril (HMeQ[6]) has been
prepared by using the monomethyl substituted glycoluril
(Fig. 1). This chemical modification significantly increases
the solubility of TMeQ[6] and HMeQ[6] over Q[6]. Dif-
ferent numbers of glycoluril units lead to different cavity
sizes. The inner diameters of the hydrophobic cavity are
approximately 7.2, 6.2 (long axes), and 5.9 A for Q[7],
TMeQ[6] and HMeQ[6], respectively. Thus, the varying
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cavity and portal sizes enable the formation of inclusion or
exclusion complexes with different organic or inorganic
species through a combination of dipole-ion, hydrogen
bonding and hydrophobic interactions. These studies in
different periods of development of Q[n]s chemistry have
been summarized in different reviews [8-10].

Cytokinins are important adenine derivatives that serve as
hormones to control many processes in plants. They were
discovered as factors that promote cell division in tobacco
tissue cultures, and they also have been shown to regulate
several other developmental events. Kinetin (Fig. 1) was
isolated first in 1955 from autoclaved herring sperm DNA
and has been treated as an artificial DNA rearrangement
product [11, 12]. It can be easily cleaved off DNA at slightly
acidic conditions, due to the acid lability of the glycosylic
bond. Generally kinetin promotes growth, induces bud for-
mation and bud development, controls apical dominance,
and slows senescence. Although the effects of cytokinins in
plants are well known, the mechanisms of their actions are
still not well understood. Kinetin and other N6-substituted
adenines show strong potential to be used in molecular
medicine [13]. However, the solubility of kinetin is a prob-
lem. In cold water, ethanol, and methanol, the solubility of
kinetin is very low. Even though its solubility increases as pH
decreases below pK; (3.78) or increases above pK, (9.79), it
is practically insoluble in distilled water [11, 12]. The low
aqueous solubility of kinetin hinders its biological applica-
tions. Some cucurbit[n]urils have been used as complexing
agents to increase the aqueous solubility and stability of
poorly water-soluble drugs [14]. In the present report, we
described the preparation and characterization of kinetin
inclusion complexes formed with Q[7] and modified cu-
curbiturils (TMeQ[6] and HMeQ[6]) and their aqueous
solubility. Both "H-NMR and IR spectroscopy demonstrated
the formation of inclusion complexes.

Experimental

Materials

Kinetin was obtained from Sigma and used without further
Cucurbit[n]urils

purification. TMeQ[6] and

Q(7],

SR
NH

2 </N N

B ¥

Q[7]:R=Rp=H, n=7 TMeQ[6] Kinetin

HMeQ[6]:R,=H,R2=CH, n=6

Fig. 1 Structures of cucurbit[n]urils and kinetin
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HMeQ[6]) were prepared and purified according to the
published methods [5, 15, 16]. All other reagents were of
analytical grade and were used as received.

pH solubility profiles

The same amounts of kinetin, which were in large excess
of the amount to reach saturation, were added to 50 mL of
water. The pH was adjusted to various values at 20 °C with
HCI and NaOH. The solutions were thermostatically sha-
ken, allowed to settle, and filtered. The absorbance of the
clear solution was then measured at 267 nm. The concen-
tration of each solution was determined using appropriate
calibration curves.

Phase solubility studies

Phase solubility was measured according to the method of
Higuchi and Connors [17]. Briefly, excess amounts of ki-
netin were added to aqueous solutions containing various
concentrations of Q[7], TMeQ[6] and HMeQ[6] (0-
16.0 mM). Samples were maintained at 20 °C, vibrated for
24 h, and allowed to stay for 7 days until equilibrium was
reached. Afterwards, samples were filtered (0.45 pm) and
appropriately diluted with H,O. The absorbances at 267nm
were measured on an Agilent 8453 spectrophotometer. The
kinetin calibration curve was generated at pH 9.40.
Apparent 1:1 stability constants (K) were determined from
the initial part of the straight-line of the phase solubility
diagrams:

slope

- So(1 — slope) (1)

where (Sy) is the free kinetin aqueous solubility. The molar
ratios of the complexes were determined by UV absor-
bance at 267 nm. Each experiment was conducted in
triplicate.

Gibbs and Van’t Hoff equations were used to estimate

the thermodynamic parameters AH°, AS° and AG°
according to:

AG® = —RTInK (2)
InK = AS°/R — AH°/RT (3)

A plot of In (K) versus 1/T produces: Slope = —AH°/R
and intercept = AS°/R.

'"H NMR measurements

To study the host—guest complexation of Q[n] and kinetin,
2.0-2.5 x 107> mmol samples of Q[7] in 0.5-0.7 mL D,O
with increasing concentrations of kinetin were prepared.
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The corresponding '"H NMR spectra were recorded at
20 °C on a VARIAN INOVA 400 spectrometer.

Preparation of the inclusion complexes and physical
mixtures

The kinetin inclusion complexes were prepared at a 1:1
molar ratio. The solution was stirred at 20 °C for 24 h and
then filtered, and the filtrate was freeze-dryed to obtain the
inclusion complexes. The physical mixtures were prepared
by simply blending Q[7] and kinetin with 1:1 molar ratio
uniformly in a mortar.

Infrared spectroscopy(IR) measurement

IR spectra were recorded on an IR Presting-21 (SHIMA-
DZU, Japan) spectrophotometer. Samples in KBr disks
were prepared with a hydrostatic press at a force of 5T/cm?
for 3 min. The scanning range was 4000400 cm ™' and the

resolution was 4 cm™ .

Results and discussion
Profiles of solubility versus pHs

Figure 2 shows the pH-solubility profiles of kinetin at
20 °C. The reported pKa values of kinetin are 3.78 and
9.79. Solubility was much higher when the pH decreased
below pK; (3.78) or increases above pK, (9.79). Thus, in
this study, we investigated the interactions between Q[n]
and kinetin in the pH range of 3-11 with the phase solu-
bility method.
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Fig. 2 Solubility profiles of kinetin under different pH at 20 °C

Effects of Q[n] on the solubility of kinetin

The effects of cucurbituril on the aqueous solubility of
kinetin were evaluated using the phase solubility method.
Figure 3 shows the phase diagrams of kinetin with three
different types of Q[n] in aqueous solutions at 20 °C. The
solubility of kinetin increased linearly as a function of Q[7]
and TMeQ[6] concentrations. These phase solubility dia-
grams (PSDs) are classified as type Ap by Higuchi [17],
which denotes a linear increase in solubility. In contrast,
HMeQ[6] showed a type Bg solubility curve, which
denotes an initial increase in solubility and a later decrease
in solubility, because of the limited solubility of the
complexes.

Based on the phase solubility diagrams, the association
constants (K;;) for the different inclusion complexes were
determined using Eq. (1), assuming a 1:1 stoichiometry
(see Table 1). The stability of the kinetin inclusion com-
plexes is in the order of HMeQ[6]>TMeQ[6]>Q[7],
demonstrating the importance of the size fit between the
host and the guest in the complexation process.

The highest association constant was observed for
HMeQ[6], indicating that kinetin interacts strongly with
HMeQ[6] due to the suitable cavity size (diameter 5.9 A)

€q

S (mM)

——TMeQ6

0 | |
0 5 10 15 20

Q[n}(mM)

Fig. 3 Phase solubility diagrams of kinetin versus concentrations of
Q[7], TMeQ[6] and HMeQ[6], obtained in water at 20 °C

Table 1 Complex formation constants of kinetin with Q[7],
TMeQ[6] and HMeQ[6] calculated from PSDs (Fig. 3)

Equation R K;; M~ PSD type
QI7] Y = 0.239x + 0.339 09776 2.86 x 10° Ap
TMeQ[6] Y = 0.260x + 0.351 0.9944 3.19 x 10° A
HMeQ[6] Y = 0.953x + 0.256 0.9933 1.84 x 10° Bg

*Ay stands for a linear PSD, Bg stands for PSDs with a descending
portion according to Higuch and Connors [17]
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and the higher solubility. Q[7] had the lowest affinity with
kinetin, presumably because kinetin formed loose com-
plexes with the hydrophobic cavity of Q[7] (diameter 7.3
A). On the other hand, although the smaller cavity size of
TMeQ[6] allows suitable room for encapsulation, but
because of lower solubility, its affinity with kinetin was
less than that of HMeQ[6]. Therefore, HMeQ[6] appear to
be the beset host molecule for kinetin encapsulation in our
study.

In the aqueous solutions of Q[n]—kinetin complexes, the
free kinetin molecules are in equilibrium with the kinetin
molecules entrapped within the cavity. Thus, with the
increase of the concentration of Q[n], more kinetin mole-
cules will be captured from the aqueous solution into the
hydrophobic cavities of the Q[n]. Therefore, more kinetins
are being dissolved in water and the solubility of kinetin
increases with the increased concentration of Q[n]. The
concentration of kinetin in HMeQ[6] solution reached
4.95 mM, a 43-fold increase over that in water. A 35-fold
increase in solubility was achieved when 16 mM Q[7]
solution was used. HMeQ[6] is the most effective candi-
date to solubilize kinetin (Tables 2, 3, 4).

Effect of pH on the complex formation constant (K;;)

The influence of pH on the apparent association constant of
the Q[7]-kinetin inclusion complex, and on the efficacy of
the solubility enhancing effect was studied. The PSDs
obtained in water at different pHs are shown in Fig. 4. The
Ky; constants at pH 5.72, pH 6.89 and pH 8.32 were
2.61 x 103, 1.72 x 10 and 1.44 x 103M_1, respectively,
where kinetin was predominantly neutral and/or anionic.
The association constant of ionized kinetin at pHs 3.21 was
lower (6.40 x 10? M_l), where it existed as positive ion
species. Generally, both the hydrophobic cavity interaction
and the portal ion—dipole interaction of the host Q[7] and
the ionized kinetin led to a complex formation, the com-
petition between the bulk protonated water with the
carbonyl of the portals of the host could weaken the
interaction of the Q[7] and kinetin.

Thermodynamics

In principle, evaluation of K over a significant temperature
range can be used to calculate the enthalpy (AH®) and

Table 2 Increase of kinetin solubility by complexing with Q[7]

Q[7]1 (mM) 0 066 249 522 7.58 1091 16.25

Seq (mM) 0.11 030 0.89 1.83 2.55 3.22 3.81
S/So 1.00 273 8.09 16.64 23.18 29.27 34.63
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Table 3 Increase of kinetin solubility by complexing with TMeQ[6]

TMeQ[6] (mM) O 0.66 253 486 815 11.87 17.15

Seq (mM) 0.11 046 1.17 1.65 270 351 4.63
S/So 1.00 4.18 10.64 15.00 24.54 3191 42.09

Table 4 Increase of kinetin solubility by complexing with HMeQ[6]

HMeQ[6] (mM) 0 0.75 2.68 495 857 11.63 16.29
Seq (mM) 0.11 096 3.16 479 458 427 4.04
S/So 1.00 8.73 28.73 43.54 41.64 38.81 36.73
| T T
—e—pH3.21
3.5 ) —e—pH572 =
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—a—pH38.32
~ 25F L] D> -
St
=
_53 2.0 =
2 s -
1.0 -
0_51 -
0 | 1 1 | | 1

2 4 6 8 10 12 u
Q[7)(mM)

Fig. 4 Phase solubility diagrams of the kinetin/Q[7] system at pH
3.21, 5.67,6.86 and 8.32 at 20 °C

entropy (AS°®) of association. These parameters can provide
insight into the driving forces responsible for the binding
interaction. Therefore, we measured the K values from the
solubility measurements at 295, 299, 303, 310 and
315K.The PSDs of kinetin obtained at different tempera-
tures are shown in Fig. 5. The corresponding complex
formation constants (K;), the solubilities of kinetin in the
absence of Q[n] (So) and the calculated thermodynamic
parameters (AH®, AS® and AG®) are listed in Table 5.

Figure 5 shows that the solubility of kinetin increased
linearly with the concentration of Q[7] at different tem-
peratures, indicating an A type of PSDs according to
Higuchi [17]. Moreover, K values decreased with the
increase of temperature, suggesting that the complex was
less stable with the increase of temperature. The changes of
Gibbs free energy, enthalpy and entropy are all negative.
These data suggested that complex formation (AG =
—18.80 ~ —19.48 kJ/mol) was largely driven by enthalpy
(AH = —34.61 kJ/mol) in the presence of an unfavourable
entropy (AS = —29.90 J/mol K), which were attributed to
the van der Waals and hydrophobic interactions.



J Incl Phenom Macrocycl Chem (2008) 61:171-177

f:eq(ml\-'l)

2 4 6 8 10 12 14 16
Q[7)(mM)

Fig. 5 Phase solubility diagrams of the kinetin/Q[7] system at
different temperatures (295 K, 299 K, 303 K, 310 K and 315 K)

Table 5 Complex formation constants (K;;) and the thermodynamic
parameters of the Q[7]/kinetin system at pH 5.67

TE ) So@mM) K AG°® AH° AS°®
™M™h (kJ/mol)  (kJ/mol)  (J/mol K)

295 0.11 279 x 10> —1948 —3461 —29.90

299 0.12 257 x 10°  —19.54

303 0.12 252 x 10°  —19.75

310  0.14 228 x 10°  —19.95

315 0.24 130 x 10° —18.80

"H NMR study of the inclusion complexes

'"H NMR spectroscopy is a powerful tool to study the
structures of inclusion complexes. It is well known that
insertion of a guest molecule into the hydrophobic cavity of
cucurbituril can affect the chemical shifts of the guest
protons. Figure 6 shows the '"H NMR spectra of kinetin in
the absence (a) and in the presence of 1 equivalent (b), 2
equivalents (c), and 5 equivalents (d) of Q[7]. The un-
deuterated protons H,—H; of kinetin were detected.

The protons Hy, H. and Hy on the furfural ring moiety
and the methylene protons (H,) of kinetin underwent a
gradually upfield shift with increasing equivalent of Q[7]
(from bottom to top), suggesting that Q[7] encapsulated the
furan ring and the methylene moiety into its cavity with a
fast ingress and egress exchange ratio. Moreover, the
protons H, and H; on the adenine ring showed a downfield
shift. Chemical shift changes of certain proton resonances
of the guest or host with increasing or decreasing equiva-
lents of the guest or host have been used to study host—
guest interaction. However, it was difficult to determine the
accurate chemical shift and integration of the guest
hydrogen for the Q[7]-kinetin interaction system due to the
broad proton resonances of the guest.

He_Hd PN
He Hd He o N NH
a Hb Ha = H42=<
Hf l l HaHa Nt
9 8 7 6 5 4  ppm

Fig. 6 'THNMR spectra (400 MHz, D,0) of kinetin in the absence (a)
and in the presence of 1 equivalent (b), 2 equivalents (c), and 5
equivalents (d) of Q[7]

When complexed with host TMeQ[6] and HMeQ[6], the
furfural ring and methylene moiety of guest kinetin were
also entrapped in the cavity of the host. "HNMR spectra of
kinetin in the absence and in the presence of TMeQ[6] and
HMeQ[6] are shown in Figs. 7 and 8, respectively. The
proton Hy on the furan ring moiety showed an upfield shift
by ~0.8ppm with increasing equivalents of cucurbiturls
(from bottom to top). Moreover, the protons Hy, and H, on
the furfural ring showed an upfield shift and merged in the
5-6 ppm region. The methylene proton (H,) was also
upfielded shift by ~0.2 ppm. These data suggested that the
furan ring and the methylene group were also encapsulated
into the cavity of the cucurbiturils.

The above '"H NMR spectra showed that the furfural
ring protons of kinetin exhibited a higher upfield shift when

I
leL

n uh e
He Hf
Ha He e N7 NH
a l Pu =
Hf ‘ Hb—, |
L HaCHN \ _/N
9 8 4 3 2 ppm

Fig. 7 '"H NMR spectra (400 MHz, D,0) of kinetin in the absence
(a) and in the presence of 1.0 equivalent (b), and 3.0 equivalents (c) of
TMeQI6]
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Fig. 8 "H NMR spectra (400 MHz, D,0) of kinetin in the absence

(a) and in the presence of 1.0 equivalent (b), 4.0 equivalents (c) of
HMeQ[6]

complexed with TMeQ[6] and HMeQ[6] (~0.82 ppm)
than when complexed with Q[7] (~0.73 ppm), indicating
that the complexation with the flexible TMeQ[6] and
HMeQ[6] were stronger than with the symmetric and rigid
Q[7]. Adenine protons (Hyq and H.) of kinetin exhibited
weak downfield shifts, suggesting that the adenine ring was
likely located at the outside cucurbituril cavity.

FT-IR studies of the inclusion complexes

Pseudorotaxane, polyrotaxane and host—guest inclusion
complexes based on cucurbit[n]urils have been extensively
characterized with '"H NMR, UV-vis, fluorescence, and
mass spectroscopy. However IR is rarely used to charac-
terize those compounds [18]. In this study, FT-IR was used
to characterize the structures of the free guest kinetin, hosts
Q[7], TMeQ[6] and HMeQ[6], the inclusion complexes of
host—kinetin, and the physical mixtures of the hosts and
kinetin. The obtained IR data supported the formation of
the inclusion complexes of Q[7]-kinetin, TMeQ[6]kinetin
and HMeQ[6]-kinetin (referring to Figs. 9-11).

The IR spectrum of kinetin showed the presence of a
peak at 1623 cm™' (C-C, furan ring). The IR spectra of
Q[7] showed prominent absorption bands at 3433 cm™'
(N-H) and 1731 cm ™! (C=0). In the IR spectrum of Q[7]-
kinetin inclusion complex, the stretching vibration peak of
kinetin at 1623 cm™" was shifted to 1628 cm™', indicating
interaction between kinetin and Q[7]. However, in the
physical mixture Q[7] and kinetin, the bonds appeared at
1624 cm™', a slight shift compared with the kinetin, sug-
gesting there is no obvious interaction between kinetin with
Q[7] (Fig. 9a—d). In the TMeQ[6]-kinetin and HMeQ[6]—

kinetin system, the peak of furan ring at 1623 cm ™' were
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Fig. 9 FT-IR spectra of kinetin (a), Q[7] (b), inclusion complex (c),
and physical mixture of Q[7] and kinetin (1:1) (d)
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Fig. 10 FT-IR spectra of kinetin (a); TMeQ[6] (b), inclusion
complex (c), and physical mixture of TMeQ[6] and kinetin (1:1) (d)

shifted to 1627 cm™' and 1625 cm™"' respectively, sug-
gesting the inclusion complexes were formed in solid state
(Figs. 10a—d and 11a-d).
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Fig. 11 FT-IR spectra of kinetin (a); HMeQ[6] (b); inclusion
complex (c); and physical mixture of HMeQ[6] and kinetin (1:1) (d)

Conclusion

We investigated inclusion complex formation between ki-
netin and Q[7], TMeQ[6] and HMeQ[6] in aqueous
solution and in solid state by phase solubility studies, 'H
NMR and IR. The effects of pH and temperature on
complex stability were also explored. Phase solubility
studies showed that kinetin solubility increased in a linear
fashion as a function of Q[7] and TMeQ[6] concentrations.
The kinetin solubility in HMeQ[6] first increase, then
decreased, and the maximum solubility was achieved at
4.95 mM with HMeQ[6]. The solubility of kinetin as well
as the association constant of its complex with Q[7] are
found to be affected by the pH of the medium. It was also
found that the interaction between kinetin and the cucur-
bituril weakened as the temperature increased. Moreover,
the formation of the inclusion complexes was found to be
enthalpy controlled, suggesting that hydrophobic and van
der Waals interactions were the main driving forces. 'H-
NMR study confirmed the formation of the kinetin inclu-
sion complexes with Q[7], TMeQ[6], and HMeQ[6]. IR
spectroscopy showed the presence of inclusion complexes
in solid state. Our results demonstrated that the complex-
ation of kinetin with Q[n] could be used to improve the
solubility of kinetin in aqueous solution.
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