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Introduction to imine structure and

chemistry

Schiff bases are part of the broader imine family of functional
groups and they are commonly investigated in organic chem-
istry, metal coordination chemistry, materials science, and
medicinal chemistry.'™ Schiff bases are made by condensing
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Imine bond protection by supramolecular
encapsulation

Kejia Shi‘® ¥ and Bradley D. Smith @ *+

The imine bond (Schiff base) is ubiquitous in chemistry, biochemistry, and materials science, even though
it is susceptible to hydrolysis in aqueous environments. Nature protects reactive imines by molecular
encapsulation within hydrophobic protein binding pockets. This review summarizes the various synthetic
supramolecular strategies that have been developed to stabilize a C=N bond and protect it from hydro-
lysis. Early biomimetic approaches investigated self-inclusion host systems, such as deep cavitands and
pillar[5]arenes, that were equipped with anchored functional groups to form stabilized imines. Other
approaches used a water-soluble metallocage or cucurbit[7]uril as a host molecule to capture and
protect an iminium cation or Schiff base. A recent study showed that a self-assembled capsule can
sequester the two reactants (amine and carbonyl) from water and promote imine formation inside the
capsule hydrophobic interior. Adding a high-affinity guest to the supramolecular complex displaces the
encapsulated imine, which then hydrolyzes in the surrounding water. Future applications of this supramo-
lecular technology are expected in prodrug delivery, responsive materials, and supramolecular catalysis.

aldehydes or ketones with primary amines to make aldimines
or ketimines, whereas carbonyl condensation with a secondary
amine generates a permanently charged iminium cation
(Fig. 1). These equilibria are highly sensitive to the solution
pH."® From the perspective of Schiff base hydrolysis, the reac-
tion is fastest in acid (typically around pH 4) where the imine
nitrogen is protonated and nucleophilic attack by water gener-
ates an unstable hemiaminal intermediate that subsequently
converts into the separate carbonyl and amine components.®
The reversibility of imine formation has been exploited as an
error-correcting, self-assembly method to synthesize complex
but thermodynamically stable molecules such as molecular
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cages, knots, macrocycles, and polymer networks.” ® Furthermore,
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Fig. 1 Formation and hydrolysis of an imine (Schiff base) or iminium cation.

imine reversion has been used as a structural design element
within advanced materials that exhibit adaptive, responsive, or
processable properties.'® The reversibility of imine formation
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also makes it attractive for dynamic covalent chemistry where
one research goal is to self-assemble imine-containing build-
ing blocks within the binding pocket of a biomacromolecule."*
Imine linkers are also attractive for various forms of bioconju-
gation chemistry, however, the hydrolytic susceptibility is often
a practical limitation. Synthetic chemists have confronted this
challenge by developing imine structures with ortho-substi-
tuted hydroxyl or boronic acids that can form stabilizing inter-
actions with the imine nitrogen atom.""? Another synthetic
method to stabilize an imine linkage is to create amphiphilic
molecules that self-assemble in aqueous solution to form
aggregates, such as micelles or vesicles, with the imine bond
spatially located in the hydrophobic core away from the bulk
water.'>"® These different synthetic strategies for imine stabi-
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Fig. 2 (a) Summary of enzyme catalyzed transformations that use PLP as a cofactor.’® (b) Stepwise mechanism for the formation and hydrolysis of
rhodopsin. The 11-cis-retinal chromophore is covalently bonded via a protonated aldimine linkage to Lys296 located in a hydrophobic opsin binding
pocket that is isolated from bulk water. The protonated aldimine is stabilized by a nearby anionic Glul13. Photoisomerization of rhodopsin rapidly
forms bathorhodopsin whose strained structure induces an altered protein conformational change that induces proton transmembrane transport
and also permits a water network to gain access to the aldimine linkage. Nucleophilic attack of the protonated aldimine by water is mediated by a
series of proton transfers and produces the hemiaminal intermediate, with subsequent release of all-trans-retinal as the hydrolysis product and re-

cycling of the opsin protein with a protonated Lys296 residue.
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lization have been reviewed elsewhere and will not be dis-
cussed further here.'®™8

The reversibility of Schiff base formation is seen often in
biochemistry. A common example in enzymology is the use of
pyridoxal 5'-phosphate (PLP) as an enzyme cofactor to catalyze
a range of transformations based on different aspects of imine
chemistry."®?° In each case, PLP initiates its function by
forming a reversible aldimine linkage with the epsilon-amino
group of a specific lysine residue within an enzyme active site.
A subsequent transimination reaction attaches an incoming
substrate amine and forms an external aldimine intermediate
that can undergo different reactions followed by imine hydro-
lysis and release of the amine-containing reaction products
(Fig. 2a).2173

Another classic example of reversible imine formation in
biochemistry concerns the visual pigment rhodopsin whose
structure is composed of the 11-cis-retinal chromophore co-
valently linked via a protonated aldimine to Lys296 of the
opsin transmembrane protein (Fig. 2b).>*® The protonated
aldimine bond is encapsulated within a hydrophobic protein
pocket which shields it from bulk water.>” Furthermore, the
protonated aldimine is stabilized by electrostatic interactions
with nearby anionic residues in the pocket such as
Glu113.>*7° As a result the rhodopsin pigment is stable for
days in the dark. Upon light activation, the linked 11-cis-retinal
chromophore undergoes rapid photoisomerization to generate
all-trans-retinal, which induces a change in the protein’s trans-
membrane structure leading to translocation of protons across
the membrane and generation of a transmembrane energy gra-
dient. The protein conformational change also exposes the
protonated aldimine bond to water and triggers hydrolytic
release of all-trans-retinal. As shown in Fig. 2b there is con-
siderable knowledge about the reaction intermediates that
occur along the path to aldimine hydrolysis. Much of our
understanding of imine hydrolysis within enzyme active-sites
comes from computational modeling but the experimental lit-
erature also contains studies that have used X-ray diffraction
and high-field NMR spectroscopy to identify hydrolysis inter-
mediates such as the hemiaminal.*!

These biological examples illustrate two binding strategies
used by proteins for stabilization of a bonded Schiff base; (i)
the surrounding protein structure can shield the encapsulated
imine bond from bulk water and also control water access, and
(if) the protein pocket provides precisely aligned functionality
that can stabilize reaction intermediates by forming favorable
non-covalent interactions. These biological examples have
motivated supramolecular chemists to develop biomimetic
strategies to encapsulate, protect and stabilize an imine bond.
This review first describes examples of solution-state host
molecules with an anchored, inward-directed functional group
that can form an imine bond inside the host cavity. Then the
narrative progresses to host molecules with the capacity to
non-covalently bind and protect a separate reactive imine
guest molecule. This work exemplifies supramolecular enca-
puslation as a broad method to stabilize reactive molecular

species.?>73¢
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Self-inclusion host systems

The first supramolecular attempts to protect and stabilize
imines involved self-inclusion host systems that were rationally
designed to maintain the reactive imine group inside a protec-
tive concave cavity. The example in Fig. 3a shows a seminal
2007 study by Rebek and colleagues who designed the organic-
soluble deep cavitand H1 with an aldehyde group pointing
directly into the cavitand binding cavity.’”*® Using 'H NMR
spectroscopy, the researchers found that amines with small
sizes and complementary shapes could bind inside the cavity,
and form an imine bond with the inward-directed aldehyde
group. Moreover, the observed change in NMR spectra over
time showed that the condensation reaction inside the H1
cavity first formed a stabilized hemiaminal intermediate with
a half-life of ~90 minutes (Fig. 3b and c). The hemiaminal
intermediate was stabilized by H1 in two ways. First, the close
proximity between the H1 aldehyde and the cavity-bound
amine guest promoted bimolecular attack to form the hemi-
aminal. Second, amide residues on the rim of H1 provided sta-
bilizing hydrogen bonds to the hemiaminal intermediate,
which extended its lifetime. Computational work by Li and co-
workers in 2013 used density functional theory (DFT) to model
the structures along the reaction pathway.>® They found that
the pre-reaction complex amine@H1 was pre-organized for
nucleophilic attack, with the amine nitrogen located only
2.61 A from the aldehyde carbon. The subsequent hemiaminal
intermediate was calculated to be ~10.1 kcal mol™" lower in
free energy than amine@H1 which is a remarkable level of
intracavity stabilization because in free solution the hemiam-
inal intermediate is 3.2 kcal mol higher in free energy than the
reactants. A large part of the hemiaminal stabilization arises
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Fig. 3 (a) Synthesis of host H1 with some peripheral groups removed
for clarity. (b) NMR spectroscopy provided a rare opportunity to identify
the transient hemiaminal intermediate inside host H1. (c) Amines for
which hemiaminal formation was observed.
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tested aldehydes.

from hydrogen bonding with the cavitand walls. Furthermore,
the rate-determining step in the entire pathway is dehydration
of the hemiaminal to form the anchored imine and this step is
catalyzed by proton transfer mediated by an amide NH group
on the cavitand wall. Thus, several aspects of this imine-
forming reaction are reminiscent of the rate enhancement
factors operating in enzyme active sites.

In 2019, Yang and co-workers reported on the organic
soluble pillar[5]arene host H2 with an anchored, inward-
directed aminoethyl side-chain (Fig. 4).*° Evidence for self-
inclusion was provided by NMR spectroscopy in CDCl;
including NOESY spectra that showed cross-peaks between
the aminoethyl side-chain and backbone protons of the
pillar[5]arene. Host-guest interactions between different
aldehydes and pillar[5]arene hosts were quantified by 'H
NMR titration, and the data showed that only small, linear
aldehydes bind inside the host cavity with measurable
affinity (e.g., K, = 49 M™'), with essentially no binding of
branched or aromatic aldehydes. Furthermore, NMR and
mass spectrometry analysis showed that only the encapsu-
lated linear aldehyde formed self-included hemiaminal or
imine structures, while non-binding aldehydes did not
react with the aminoethyl side-chain of the pillar[5]arene
host. Control experiments with amine compounds that
lacked an attached pillar[5]arene showed that the host
cavity was necessary for hemiaminal or imine stabilization.
The authors concluded that the hydrophobic pillar[5]arene
cavity protects the reaction site by excluding water which
slows hemiaminal dehydration and suppresses imine
hydrolysis.

In 2022, the group of Jiang and co-workers reported a major
advance by studying the water-soluble naphthotube host H3
that is equipped an appended amine side-chain directed into
the host cavity (Fig. 5a).*' "H NMR experiments showed that
adding an excess of acetaldehyde to a solution of H3 in D,O
produced a transient set of signals corresponding to the hemi-
aminal intermediate and a final set of signals corresponding
to the imine conjugate located inside the cavity of H3, a con-
clusion that was supported by mass spectral data. DFT calcu-
lations indicated that the hemiaminal intermediate and imine
product were stabilized by hydrogen bonds with NH residues
on H3. Longer aldehydes (Fig. 5b) had higher affinities for the
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Fig. 5 (a) Chemical structure of host H3. (b) Chemical structures of
tested aldehydes.

hydrophobic cavity of H3 and NMR experiments showed that
they could replace the shorter acetaldehyde as an imine conju-
gate inside H3. This capacity to completely form and rapidly
replace an imine bond located inside the restricted cavity of a
water-soluble host is an impressive example of microenviron-
mental control by molecular inclusion.

In addition to the solution-state studies described above, it
is worth noting that there are published reports of solid-state
metal-organic frameworks with internal pore surfaces contain-
ing an amine group that can react with added low molecular
weight aldehydes and form stabilized hemiaminal and imine
products.*>™**

Collectively, these self-inclusion host systems demonstrate
that imine reactivity can be modulated by molecular designs
that locate and orient the amine and carbonyl reactants within
a microenvironment that excludes bulk water and provides
non-covalent interactions to stabilize the hemiaminal inter-
mediate and imine product. The obvious limitation with a self-
inclusion host system is the requirement that one of the reac-
tants be covalently anchored to the host, which restricts the
range of potential applications.

Complexation of iminium cations
inside hosts

A significant advance in this research field was advent of
water-soluble host molecules with the size and molecular reco-
gnition capacity to bind and protect a reactive imine guest. In
2006, Raymond and co-workers achieved success by using a
self-assembled [GasLe]">~ metallocage with high anionic
charge and a hydrophobic interior (Fig. 6a).*> The study exam-
ined iminium cations derived from pyrrolidine (a secondary
amine) and various ketones and observed negligible iminium
formation in neutral or basic aqueous solution. But iminium
cation formation could be promoted if it was encapsulated as
a guest inside the metallocage. The encapsulation process was
slow on the "H NMR time-scale and the signals for an encapsu-
lated guest were readily identified by the diagnostic upfield
changes in chemical shifts. Guest “binding efficiency” values
were determined by integrating the guest and host NMR peaks
and there was a dependence on the iminium cation structure

This journal is © The Royal Society of Chemistry 2026
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recognition of iminium cations generated in water from pyrrolidine and various ketones characterized by percentage binding efficiencies which is

the fraction of host molecules occupied by an iminium guest.

(Fig. 6b).*> Moreover, it was apparent that the metallocage
selected for iminium cations with a size and shape that
matched with the internal volume of the metallocage. For
example, iminium cations derived from acetone and 2-buta-
none were encapsulated with moderate binding efficiency
(63-66%), whereas those derived from 3-pentanone and
3-hexanone showed nearly quantitative binding inside the
metallocage (85-90%). However, no iminium cations could
be observed using ketones such as 2-undecanone or 3-nona-
none, as these guests were too large to fit inside the metal-
locage cavity. Additional experiments demonstrated that the
metallocage could selectively bind a specific iminium
cation out of a mixture generated from several different
amines and ketones In summary, the study
showed that the unfavorable equilibrium for iminium
cation formation in neutral or basic aqueous solution could
be shifted strongly by binding the iminium cation as a
guest inside a hydrophobic and polyanionic metallocage.
Once captured, the iminium cation was protected from
nucleophilic attack and remained stable for months at
room temperature.

Cucurbit[7]uril (CB7) is a water-soluble host molecule
with a well-known capacity to bind nitrogen-containing
molecules in their protonated form. In 2017, Liu and co-
workers reported that CB7 can bind and protect complemen-
tary iminium cations in basic aqueous solution (Fig. 7a-c).*®

in water.
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"H NMR spectroscopy was used to monitor the two pro-
cesses of iminium hydrolysis or iminium encapsulation by
CB7 in D,O. In the absence of CB7 the iminium cations
shown in Fig. 7c underwent very rapid hydrolysis whereas
there was no measurable hydrolysis of the corresponding
CB7:imine complex after 1 day. The NMR data was consist-
ent with a “dynamic binding model” with either end of the
imine guest protruding from the CB7 cavity (Fig. 7a). An
X-ray crystal structure provided insightful atomic detail by
showing that the positively charged nitrogen atom was sur-
rounded by the seven oxygens on the portal of CB7, a
location that maximizes ion-dipole interactions between
CB7 and the iminium guest (Fig. 7b).

Subsequently, the same research group designed an
iminium dication guest specifically tailored for the CB7 cavity,
achieving an exceptionally high binding affinity (K, > 10"
M™") that was driven by an optimal set of ion-dipole inter-
actions and a perfect packing coefficient (Fig. 7d).*” An X-ray
crystal structure showed that the labile iminium bond was
buried deep inside the CB7 cavity and well protected from the
aqueous environment. The complex was stable under neutral
or acidic conditions, but under alkaline conditions there was
release from the CB7 host and iminium hydrolysis. The depen-
dence of guest binding on pH was exploited to create a
method for recycling CB7 or CB7 derivatives using the remova-
ble iminium dication guest (Fig. 7d).
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(a) Structure of CB7 and the kinetic binding model between CB7 and iminiums. (b) Representation of the X-ray crystal structures of an

iminium@CB?7 inclusion complex. (Reproduced from ref. 46 with permission from the Americal Chemical Society.) (c) Structures of iminium cations
captured by CB7 in aqueous solution. (d) Recycling of CB7 using removable iminium dication guest.
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Stabilization of Schiff bases inside
hosts

Compared to the iminium cations derived from secondary
amines, the imines derived from primary amines (Schiff bases)
are more complex supramolecular guests because they can
exist as imine bases or as protonated iminium cations with
typical pK, values in the range of 6-8. Furthermore, imine
molecules containing additional functional groups can exist in
different tautomeric states depending on the pH. In these
cases, in change in pH can switch the structure of a host:
imine complex from one that promotes imine stabilization to
one that promotes imine hydrolysis.*® This effect was demon-
strated by Aliaga and colleagues who studied the impact of
added CB7 on the structure and hydrolytic stability of five
different 7-diethylaminocoumarin imines with varied phenyl
ring substituents.*® Hydrolysis rates constants in acidic solu-
tion were measured using absorption spectroscopy and the
kinetic data was consistent with a reaction model containing
three different protonated forms of the imine substrate (free
base, monoprotonated and diprotonated) and three parallel
reaction pathways. In the case of 7-diethylaminocoumarin
imine IC4, whose structure is shown in Fig. 8a, encapsulation
by CB7 to form a 1:1 complex led to inhibited imine hydro-
lysis due to complexation-induced tautomerization and for-
mation of a less reactive structure. Formation of a 1:2
IC4:CB7 complex (Fig. 8b) inhibited imine hydrolysis even
more, an effect that was attributed to greater steric protection
of the encapsulated imine. Interestingly, CB7 complexation of
two other analogous 7-diethylaminocoumarin imines pro-
duced enhanced imine hydrolysis in the acidic media, a result
that was attributed to complexation-induced protonation of
the imine nitrogen and imine activation for attack by water.
Thus with this family of coumarin imines, complexation by
CB7 could either promote or inhibit imine hydrolysis through
structure-dependent control of protonation state, tautomer dis-
tribution, or water accessibility.
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While CB7 capture of imines or oximes in weak acid leads
to complexation-induced protonation of the C=N bond,**"*°
enhanced hydrolysis is not always the outcome as shown by
the Smith group who demonstrated that CB7 can complex and
protect protonated Schiff bases derived from 4-(N,N-dimethyl-
amino)benzaldehyde (Fig. 9a).> Absorption and NMR spec-
troscopy data provided clear evidence that CB7 complexed the
protonated form of these Schiff bases and greatly inhibited
hydrolysis. Furthermore, addition of the high-affinity guest
adamantylamine (ADA) to the mixture led to Schiff base displa-
cement from the CB7 host and immediate hydrolysis in the
weak acid. A detailed subsequent investigation examined the
ten different Schiff bases that are illustrated in Fig. 9b.
Hydrolysis rate measurements at pH 6.0 showed that a low
concentration of CB7 could slow hydrolysis by factors up to
97-fold. The protection effect was unique to the CB7 structure
because there was no measurable protection when the Schiff
bases were mixed with f-cyclodextrin, a widely used container
molecule with similar cavity size as CB7. A combination of
experimental spectroscopic data and computer modelling
(quantum chemistry and molecular dynamics simulation) pro-
duced a visual and energetic rationale for the complexation
and imine protection. In short, an encapsulated protonated
imine is “clamped” inside the CB7 cavity by a combination of
attractive van der Waals interactions with the CB7 interior and
specific directional bonds to CB7 oxygen atoms at each portal;
specifically, a NH---O hydrogen bond between the iminium
NH and an oxygen within the bottom portal, and a set of weak
CH---O interactions between the N,N-dimethylamino hydro-
gens and the oxygens within the top portal. This “clamping”
effect constrains the mobility of the encapsulated protonated
imine within the CB7 cavity and reduces its transient exposure
to nucleophilic attack by the surrounding water.

Although CB7 can capture and stabilize a pre-formed
iminium cation in water, it is worth noting that there is no
report of CB7 promoting imine formation in water. Indeed,
there is literature evidence for the opposite effect. For

Hydrolysis

Accelerated or inhibited
hydrolysis depending on
substituents

Inhibited hydrolysis
due to steric hindrance

Fig. 8 Effects of CB7 complexation on hydrolysis of the representative coumarin imine 1C4.
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Fig. 9 (a) Chemical summary of hydrolysis, capture and protection of a

protonated aldimine by CB7, and displacement by the competing guest
ADA. (b) Structures of the aldimines and ketimine tested in hydrolysis
studies.

example, Liu and coworkers found that a binary mixture of
benzylamine and benzaldehyde at pD 9.6 produces an imine
in 35% yield, but a 1:1:1.1  mixture of
benzylamine : benzaldehyde : CB7 does not produce any ald-
imine.** NMR studies of this mixture showed that the CB7
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host binds and sequesters the reactant molecules in separate
complexes (especially benzylammmonium cation) and pre-
vents them from reacting. Similarly, the presence of CB7 does
not promote the reaction of secondary amines with carbonyls
in water to form iminium cations.*®

There are two major reasons why the two host systems men-
tioned in this section, [GasLe]'>~ metallocage and CB7, do not
promote an imine-forming reaction inside the host cavity.
First, the host cavity sizes are not large enough to simul-
taneously accommodate both reactants (free amine and carbo-
nyl) as free species, and second the electrostatic preference of
both hosts is to bind amines as protonated ammonium
cations, which means they cannot attack any putative co-
encapsulated carbonyl. Overcoming these two problems
requires a water-soluble host molecule with a cavity that is, (i)
large enough to capture both reactants, and (ii) has an electro-
static preference to capture the amine as its free base. These
days, the easiest way to fabricate a very large host molecule is
to self-assemble a metallocage with suitably designed building
blocks.?* A relevant example is the work of Yoshizawa and col-
leagues who prepared a water-soluble [Pt,L,]*" metallocage
with a spherical polyaromatic shell and twelve hydrophilic
side-chains. The water-soluble capsule provides a closed,
hydrophobic cavity with a diameter of ~1 nm and it was found
to capture and protect an aldimine from hydrolysis in water at
neutral pH.>® It appears that this metallocage system was
never tested for its capacity to promote imine formation in
water, but high feasibility is suggested by the success
described in the next paragraph.

Recently, Rebek and colleagues reported a self-assembled,
dynamic capsule that was formed by spontaneous dimeriza-
tion of the water-soluble cavitand H4 (Fig. 10a). The capsule
assembly is maintained by reversible Se-N chalcogen bonds
and it is large enough to accommodate two guest moleules.”*
Unlike their previously studied hydrogen-bonded capsules that

H4 dimer
(b)
H,N—@ HN—@® aldimine
o 2 o formation ’
H \ H in situ H
c=o fll o=¢ c=0 0=C = C=N
\ \
H chalcogen H
bond - ’
disruption O—C\
H

Fig. 10

(a) Cavitand H4 dimerizes to form a capsule that is held together by multiple chalcogen bonds. (b) Proposed mechanism of aldimine for-

mation in the H4 dimer capsule. Free amine from the bulk solution can disrupt the chalcogen bonds at the H4 dimer interface, and gain access to an
encapsulated aldehyde to form an encapsulated aldimine, with ejection of the second aldehyde that was also in the capsule.

This journal is © The Royal Society of Chemistry 2026

Org. Biomol. Chem.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ob00736h

Open Access Article. Published on 03 June 2026. Downloaded on 6/15/2026 2:35:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

were permeated by water, the chalcogen-bonded interface
creates a hydrophobic cavity that can capture amine and alde-
hyde reactants from bulk water and promote aldimine for-
mation inside the capsule with >90% yield and a storage stabi-
lity of >1 month. It was observed that aliphatic aldimines are
favored over aromatic analogues because the increased flexi-
bility of an aliphatic chain improves packing within the
capsule cavity. Experiments also showed that addition of the
high-affinity guest, ADA, could displace an aldimine from the
interior of the capsule into the bulk aqueous where it was
rapidly hydrolyzed.

Two possible mechanisms were contemplated for the ald-
imine formation reaction. In one scenario, a free amine and
aldehyde react in the bulk aqueous solution to produce an ald-
imine that is subsequently captured by an H4 dimer. However,
this process was deemed unlikely with high-affinity hydrophobic
aldehydes that could not be detected outside the capsulate. A
second, more likely mechanism starts with the pre-assembly of
two aldehydes inside an H4 dimer capsule. A subsequently
added free amine disrupts the chalcogen bonding at the dimer
interface, leading to exposure of the encapsulated aldehyde and
subsequent reaction to form an aldimine which is captured
inside the capsule (Fig. 10b). This second mechanism was sup-
ported by the results of test reactions that were monitored by 'H
NMR. A lower concentration of free amine disproportionately
slowed the imine formation, while addition of Et;N significantly
accelerated the formation, suggesting that the free amine is
essential for the formation of aldimine within the host.
However, aldimines only formed with amines that possessed the
complementary size and shape to fit inside the container.

Future directions

Although the imine bond is quite strong, its formation in
water and room temperature is a reversible equilibrium that
can be controlled by the surrounding microenvironment
which in turn can be modulated by supramolecular encapsula-
tion. Over the last two decades, the supramolecular commu-
nity has developed an increasingly sophisticated set of syn-
thetic host molecues for imine complexation and stabilization,
as well as strategies to trigger imine release and rapid hydro-
lysis. These processes can be exploited to develop kinetic traps
and gatekeeping mechanisms that permit non-equilibrium
chemistry.”® By stabilizing reactive imines and iminium
cations, future researchers can investigate new modes of
chemical regulation and metabolic-like reaction networks.

In the near-term, different technical fields are likely to
employ supramolecular strategies for controlling imine reactiv-
ity. Biomedical researchers will continue to develop new supra-
molecular methods for enhanced bioconjugation and drug
delivery. For example, supramolecular encapsulation can be
used to stabilize imine containing prodrugs or drug delivery
vehicles for controlled release or selective drug activation at
the site of disease. Material science is another technical field
that will benefit from supramolecular-regulated imine chem-
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istry. Prototype imine-based polymers and hydrogels have
already shown great promise as self-healing and recyclable
materials. By integrating host-guest regulation, new composite
materials can be designed to respond to specific external trig-
gers, such as pH changes or guest displacement.

Further into the future is the development of new supramo-
lecular catalysts based on selective imine reaction inside a con-
tainer molecule. An inspiring example of this concept is a
recent publication using the self-assembled [Ga,L¢]"®~ metal-
locage to catalyze several different types of chemical reactions
inside the cavity, including imine reduction.>® One example
reaction is a reductive amination that selectively modifies the
epsilon-amine on a protein lysine residue in preference to reac-
tion with the protein’s N-terminal amine. The reaction occurs
inside the metallocage cavity where a penetrating lysine ald-
imine group is reduced by a co-encapsulated borane reagent.
This arrangement is suggestive of the PLP-based chemistry
that is mentioned in the introduction. Indeed, there is a long
history going back many decades of biomimetic PLP chemistry
based on supramolecular conjugates with appended PLP
homologues.”>*® Recent years has seen the advent of endo-
functionalized metallocages that have catalytic functionality
located inside the host cavity.””*® It seems likely that metallo-
cages will soon be devised with an internal PLP homologue
that can catalyze some of the chemical processes shown in
Fig. 2a. These reactions progress through a transient imine
intermediate but they release an amine-containing product
that is structurally quite different. Therefore, it might be poss-
ible to minimize product inhibition with the these PLP-
mimetic reactions and generate high catalytic turnover - a
catalyst performance feature that has rarely been achieved
using supramolecular catalysts in water.>**°
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