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An imine derived from 4-(N,N-dimethylamino)benzaldehyde and a
primary amine undergoes very rapid hydrolysis in weak acid,
however, it can be encapsulated within cucurbit[7]uril (CB7) to
give a host/guest complex that completely protects the labile
imine bond.

Imines (also known as Schiff bases) are formed when primary
amines are condensed with aldehydes or ketones.' Imines are
ubiquitous structures in biochemistry and they are commonly
employed as linkers or protecting groups in different mole-
cular research fields, including pharmaceutical science and
functional materials.>™ The kinetics and thermodynamics of
imine hydrolysis in water are structure and pH dependent. In
general imines undergo relatively slow hydrolysis in neutral
and basic pH but fast and nearly complete hydrolysis in
weakly acidic pH.® There is an increasing need for effective
methods to stabilize imine bonds under specific aqueous con-
ditions, and also innovative strategies that permit controlled
hydrolytic cleavage.

One way to improve aqueous stability is to employ structu-
rally modified imines with ortho-substituted hydroxyl or
boronic acids that can form stabilizing interactions with the
imine nitrogen.”® There has also been considerable research
on supramolecular methods to capture and protect unmodi-
fied imines from hydrolytic attack. One supramolecular strat-
egy is to generate a self-assembled, amphiphilic aggregate,
such as a micelle or vesicle, that buries the reactive imine
group in a hydrophobic, non-aqueous microenvironment.’*°
An alternative supramolecular strategy is to form a discrete
and structurally defined host/guest complex that encapsulates
and protects an imine-containing guest molecule within a pro-
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tective macrocycle or cage. This approach has been used effec-
tively to complex iminium cations derived from secondary
amines which are relatively stable compounds with a perma-
nent charge."'™* In comparison, imine derivatives of primary
amines are more easily hydrolysed and supramolecular stabi-
lization is much more challenging. There is a report of high
imine stabilization inside a water-soluble spherical polyaro-
matic cage at neutral pH,"” but capture and protection of an
imine in acidic solution is very rare. Here, we describe a new
method for supramolecular protection of a protonated imine
using cucurbit[7]uril (CB7) a readily-available and non-toxic
macrocyclic host molecule.’®'” CB7 is known to promote or
inhibit the reactivity of captured guest molecules,'® > includ-
ing guests that have a labile C=N bond.”’** Focusing on
imines derived from primary amines,} the group of Nau and
coworkers reported that CB7 promoted hydrolysis of an oxime
derivative of benzaldehyde in weak acid by rate-enhancement
factors of 50 to 285, and the group of Liu and coworkers
found that the presence of CB7 slightly favoured hydrolysis of
a benzaldehyde imine in basic pH.*' In striking contrast to
these hydrolysis enhancement effects, we report the first
example of an imine that can be captured and completely
stabilized by CB7 in weak acid which is a common environ-
mental condition in biomedicine.

A well-known supramolecular feature of CB7 is its capacity
to capture a nitrogen-containing guest molecule as its cationic
protonated structure (complexation-induced pK, shift).”* This
supramolecular property was apparent in our recent studies of
azobenzene complexation by CB7, where we found that CB7
captures 4-(N,N-dimethylamino)azobenzene dyes as their pro-
tonated azonium structures with complex stabilization by a
combination of attractive intermolecular N-H---O and C-H::-O
interactions (Fig. 1a).>**® We reasoned that structurally similar
imine derivatives of 4-(N,N-dimethylamino)benzaldehyde
would have the same shape and polarity surface, and thus be
complementary guests for CB7 (Fig. 1b). Moreover, complexa-
tion inside CB7 should protect the protonated imine from
attack by water which is the initiating step for imine hydrolysis

This journal is © The Royal Society of Chemistry 2025
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(a) Previous work: CB7 complexation of protonated 4-(N,N-
dimethylamino)azobenzene dye
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(b) This work: CB7 complexation of protonated imine derived
from 4-(N,N-dimethylamino)benzaldehyde

imine imine-H*@CB7

Fig. 1 Comparison of previous work (a) and this work (b). Molecular
models of energy-minimized complexes in water (B3LYP/6-31G**)
showing the N—H---O bond in each case. CB7 hydrogens omitted for
clarity.
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in acid.”””® To test our hypothesis we prepared imine 1
(Scheme 1) and found that it exhibited sufficiently high solubi-
lity in weak aqueous acid for analysis by NMR and absorption
spectroscopy.

"H NMR spectroscopy was employed to characterize the
complexation of imine 1-H" by CB7 in D,O/acetic acid, pD =
4.70. A titration study mixed 1-H" with 0-2.0 molar equivalents
of CB7. As shown in Fig. 2 and Fig. S1, S2,T the presence of
CB7 induced a new set of peaks in the "H NMR spectra indicat-
ing 1:1 complex formation and slow host/guest exchange with
NMR peak assignments verified by 2D COSY NMR (Fig. S37).
Notably, complexation induced large upfield changes in the
chemical shifts of imine protons H, (Admax = —0.97 ppm,
where Admax = Scomplex — Otree); Hp (Admax = —0.85 ppm), and H,
(Admax = —0.22 ppm), along with a downfield change in chemi-
cal shift of Hyq (Admax = +0.35 ppm). In contrast, H. and peaks
for the N,N-diethanolamino protons remained largely
unchanged (Fig. S17), suggesting that these structural regions
were not encapsulated by CB7. A 2D NOESY specrum of the
1-H'@CB7 complex was not very informative (Fig. S47).
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Fig. 2 'H NMR spectra (400 MHz) and atom assignments for solutions
of imine 1-H* (1.0 mM) mixed with 0-2.0 molar equivalents of CB7 in
D,O containing 2.0 mM acetic acid and 2% DMSO-ds (pD = 4.70) at
room temperature.

Therefore, we employed density functional theory (DFT) to cal-
culate the low-energy structure of the 1-H'@CB7 complex in
water and identify the important atomic features. For simpli-
city and clarity, the N,N-diethanolamino group was modelled
as an N,N-dimethylamino group. The calculated structure in
Fig. 1b and Fig. S15t is highly consistent with the observed
complexation-induced changes in 'H NMR chemical shift
(Fig. 2). Together, the NMR data and molecular modelling
reveals that the upper aryl ring of the imine structure is a
complementary match for the hydrophobic cavity of CB7, and
that the 1-H'@CB7 complex is stabilized by specific directional
bonds to oxygen atoms within each portal of the surrounding
CB7, namely, (i) NH---O hydrogen bond between the iminium
NH and an oxygen within the bottom portal; (ii) weak CH---O
interactions between the six N,N-dimethylamino hydrogens
and the oxygens within the top portal.**

We next used "H NMR spectroscopy to track the hydrolysis
of imine 1-H' in weak acid (Fig. 3a). A solution of 1-H'
(1.0 mM) in D,O/acetic acid, pD = 4.70, was monitored over
time, and the extent of hydrolysis (% conversion) was deter-
mined by integrating the NMR peaks (Fig. S71). Standard
kinetic analysis of the plot in Fig. 3b produced a half-life ¢,,, =
44.7 min (k = 1.55 x 107> M min™") for the hydrolysis of free
1-H". In contrast, '"H NMR spectra of a solution containing
imine 1-H" (1 mM) + CB7 (2.0 mM) exhibited no significant
change over a period of 2 weeks, indicating a highly stable
1-H'@CB7 complex (Fig. S97). In comparison, a second NMR
experiment monitored a solution of imine 1-H" (1 mM) plus
pB-cyclodextrin (B-CD, 2.0 mM), a widely used container macro-
cycle with similar cavity size as CB7, and, observed rapid
hydrolysis of imine 1-H" (Fig. 3b and Fig. S81) with a half-life
tip = 17.3 min. These results show clearly that CB7 has a
unique capability to capture imine 1-H" and completely
prevent its hydrolysis in weak acid.§

Additional NMR evidence that imine 1-H" was encapsulated
and protected by CB7 was gained by conducting a guest displa-
cement experiment using 1-adamantylamine (ADA) which is
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Fig. 3 (a) Chemical summary of imine 1 hydrolysis, capture and protec-

tion of 1:-H* by CB7, and displacement by ADA. (b) Kinetic plots showing
hydrolysis of free imine 1-H*, 1.-H*@CB7 complex, 1-H*@p-CD complex,
or 1-H*@CB7 complex with ADA acetate added at 360 min. All solutions
in D,O with 2.0 mM acetic acid and 2% DMSO-ds (pD = 4.70), [1] =
1.0 mM, [CB7] = [p-CD] = [ADA] = 2.0 mM. Extent of imine hydrolysis (%
Conv.) was determined from *H NMR spectra at 22 °C.

well-known to have ultra-high affinity for the cavity of CB7
(Fig. 3a). As shown by the kinetic plot in Fig. 3b, multiple
NMR spectra of a solution containing 1-H" (1.0 mM) + CB7
(2.0 mM) in D,O/acetic acid, pD = 4.70, indicated no imine
hydrolysis after 360 min. At that timepoint an aliquot of ADA
(2.0 mM) was added, which displaced 1-H' from the CB7 cavity
and triggered imine hydrolysis at the same rapid rate as free
imine (Fig. S107).

The supramolecular protection of imine 1-H" by CB7 in
weak acid was also characterized at much lower concentration
using absorption spectroscopy (Fig. 4). An absorption spec-
trum of free 1-H" (25 pM) in pH 6.0 citrate buffer exhibited an
intense peak at 460 nm corresponding to the protonated
iminium cation,*®?" § and this peak disappeared upon imine
hydrolysis with a half-life (t;, = 14.1 min (k = 4.93 x 107> M
min~')). In comparison, imine hydrolysis for a solution con-
taining imine 1-H" (25 pM) + CB7 (500 uM) was much slower
with a half-life ¢,,, = 602 min (k = 1.15 x 10> M min~"). While
the protection of imine 1-H" by CB7 was still quite substantial
(forty-three times longer half-life), the effect was not as com-
prehensive as the NMR experiment because not all 1-H" was
complexed by the CB7 at the lower concentrations used for the
absorption study. Another absorption-based experiment tested
the capacity of cucurbit[6]uril (CB6) to inhibit hydrolysis of
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Fig. 4 Absorption spectra of, (a) 1-H*, (b) 1-H@CBS, or (c) 1-H*@CB7,
in 50 mM sodium citrate buffer (pH 6.00) with 0.5% DMSO. (d) Kinetic
plots of % conversion to hydrolysed products versus time. [1] = 25 uM,
[CB6] or [CB7] = 500 pM.

imine 1 in pH 6.0 citrate buffer and observed very little stabiliz-
ation (Fig. 4d), with a half-life ¢,,, = 29.5 min (k = 2.35 x 107>
M min™"). Apparently, the CB6 cavity size is too small to fully
encapsulate and stabilize 1-H'.

It is worth noting that the hydrolysis of imine 1 in the
absence of CB7 is unusually slow when compared to other aryl
aldehyde imines. For example, the homologous imine deriva-
tive of benzaldehyde (i.e., imine 2 in Scheme 1) undergoes
instant hydrolysis in weak acid with little stabilization gained
by the presence of CB7 (Fig. S11 and S12%). This reactivity
difference reflects the capacity of the strongly electron donat-
ing 4-(N,N-dimethylamino) substituent to reduce the imine
electrophilicity within 1-H".**> This intramolecular imine stabi-
lization effect is further enhanced by the structurally precise
supramolecular complexation of 1-H" by CB7 which sterically
prevents attack of the protonated imine group by water. We
speculate that the encapsulated 1-H" is clamped within the
surrounding CB7 by the simultaneous electrostatic inter-
actions with both CB7 portals (Fig. 1b) which reduces transient
exposure of the labile imine group to nucleophilic attack by
surrounding water.

In conclusion, CB7 has a remarkable capacity to capture an
imine derivative of 4-(N,N-dimethylamino)benzaldehyde
(imine 1) and extend the half-life for hydrolysis in weak acid
from minutes to many hours or even weeks depending on con-
centration.i The protective effect is maximal in weak acid
where the imine is protonated and it can be instantly reversed
by molecular displacement of the imine guest from the CB7
cavity. It should be possible to exploit this discovery for devel-
opment of supramolecular formulations that stabilize valuable
imine derivatives of primary amines under acidic conditions,
with potential applications in pharmaceutical science and
advanced functional materials.>**3°
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