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Interest in self-immolative chemistry has grown over the past decade with more research groups harnes-
sing the versatility to control the release of a compound from a larger chemical entity, given a specific
stimulus. Originally conceived in 1981 to overcome electronic or steric features which may prohibit clea-
vage of a prodrug linkage; today's self-immolative linkers are widely used, inter alia, within medicinal
chemistry, analytical chemistry, and material science. The incorporation of these linkers can be found in
small molecules, dendritic and polymeric systems where a controlled release profile is required. This
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control can be of a binary character, release or not release, or a more nuanced issue of rate of release. In
this article, we build upon our previous review in 2011 discussing key literature within the self-immolative
field and, in particular, a selection of more recent examples that highlight how this field has matured in
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1 Introduction and key concepts

Over the past two decades, the chemistry of self-immolative
systems has received significant attention and the technology
has developed sufficiently to permit application in areas as
diverse as the pharmaceutical sector,'” degrade-on-demand
adhesives,*® chemosensors’ and the detection or disclosure
of toxic compounds.®° In 1981 seminal studies conducted by
Katzenellenbogen and co-workers on prodrugs led to the term
‘self-immolative connector’ being proposed, and this degrad-
able unit has subsequently been referred to in the literature as
a ‘self-immolative spacer’ or ‘self-immolative linker’."" The
chemistry of self-immolative systems has been the subject of
several reviews in the past decade, and indeed we published a
review a decade ago on the topic of self-immolative linkers in
polymeric delivery systems.">™’ In this review, we will build
upon our original survey'” to evaluate the most recent develop-
ments in self-immolative linkers including those utilised in
polymeric systems and will assess the degradation chemistries
plus the different macromolecular architectures used.
Important advances have also occurred in the more general
area of self-reporting materials, not always incorporating a
self-immolative linker, and these have been reviewed recently
by Mutlu and Barner-Kowollik.*
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the past decade, with relevant earlier literature to provide context.

The self-immolative linker (spacer) has been defined by
Schmidt and Jullien in their 2015 review as: ‘self-immolative
spacers (linkers) are covalent assemblies tailored to correlate
the cleavage of two chemical bonds in an inactive precursor’.>'
In a similar way, Corso and Gennari used the following defi-
nition in 2021: ‘self-immolative (SI) spacers (linkers) are
covalent constructs designed to degrade spontaneously in
response to specific stimuli’.*

They have developed from traditional protecting group
strategies, wherein a reactive functionality in a molecule would
be protected, modifying the reactivity at that site. Following
whatever synthetic manipulations are desired, the protecting
group is cleaved in a selective manner to release the modified
molecule. In the present context, the act of protection has
been used to modify a particular property of a molecule e.g.
colour, fluorescence, biological activity; whereas, the selectivity
in deprotection has been utilised in a number of ingenious
ways as a means of detecting a specific environmental factor
and responding to it e.g. the presence of a hydrolytic enzyme
or toxic molecule to release a drug or indicator molecule. The
molecules prepared are often referred to as SIEs (Self-
Immolative Entities) and in their classical manifestation are
composed of three parts, a trigger group (a protecting group),
a linker, and a reporter group (it should be noted that in
Katzenellenbogen’s original work these were referred to as a
specifier, a self-immolative connector or link and a drug). In
principle, the linker may not be necessary, whereupon the SIE
becomes a two-component system of the type that predated
Katzenellenbogen’s work. However, the field has attracted its
own lexicon of terminology and the reader should be aware of
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synonyms used in the literature such as cargo, effector or
reporter groups for the released molecules or atoms. In that
case, upon a given specific stimulus (herein referred to as an
activation event), the protecting group is activated so that the
bond to the reporter group becomes labile and leads to its
release (Scheme 1a). However, this approach is not always feas-
ible as the covalent linkage between the trigger and reporter
may be resistant to cleavage; for example, by steric bulk sur-
rounding the scissile bond or electronic factors that enhance
the stability of the bond.*>*" To overcome this impairment, a
linker is incorporated joining the trigger and the reporter moi-
eties. The linker forms a scissile bond to the trigger group and
a stable linkage to the reporter; however, upon activation of
the trigger and subsequent cleavage, the linker-reporter coup-
ling is rendered labile, resulting in disassembly of the now
two-component system and release of the reporter
(Scheme 1b). The incorporation of a linker has facilitated
further developments in the field that go beyond reactivity and
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Scheme 1 (a) Two-component system, (b) traditional non-amplified
self-immolative system, (c) dendritic self-immolative system resulting in
an amplified reporting event, (d) polymeric self-immolative system
resulting in an amplified reporting event and depolymerisation, (e) den-
dritic chain reaction whereby the reporter event allows for a further
trigger event.
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embrace the ability to release multiple reporter groups,
vide infra. Prior to our 2011 review, the field had integrated
advancements from the polymer field such as dendrons and
self-immolative polymers to allow for amplification of detected
events (Scheme 1c and d),****™** this reaching impressive
levels with dendritic chain reactions (Scheme 1e), potentially
delivering exponential growth of the signal from the
analyte.>”*> The classic tripartite structure proved adaptable;
for example, such that the linker moiety simultaneously func-
tioned as a reporter group, vide infra. From the impressive
foundations already present in 2011, many ingenious appli-
cations, new dendritic chain reactions, and exciting develop-
ments in information storage have been reported.

2 Classes of self-immolative
elimination pathways

Self-immolative elimination occurs when a molecular system
undergoes a spontaneous and irreversible disassembly into its
constituent fragments through either an electronic cascade,
via an elimination pathway or, alternatively, where self-immo-
lation is achieved through a cyclisation-elimination event.
Although these degradation processes differ fundamentally
from each other, the pathways that drive self-immolative elim-
ination both lead to: (i) an increase in entropy coupled with
(ii) the irreversible formation of thermodynamically stable pro-
ducts (e.g. CO,). The more general area of stimuli responsive
materials, where a single trigger site is not always present, has
also led to important developments e.g. recyclable polymers,*®
and has been recently reviewed by Gillies.>* These will only be
covered for examples that include a specific trigger(s) within
the structure e.g. an OTBS group.”’

In order to aid the reader of this review, a specific colour
scheme has been employed in the diagrams to highlight the
individual components of self-immolative systems herein;
trigger (blue), self-immolative linker (green), reporter (red).

2.1 Self-immolation via an electronic cascade process

A significant number of self-immolative systems that undergo
an electronic cascade commonly feature an aromatic linker
with an electron-donating substituent (such as hydroxyl,
amino or thiol residues) that is in conjugation (ortho- or para-)
with a leaving group in a benzylic position on the molecule.
The presence of an electron-donating group is essential to low-
ering the energy barrier of dearomatisation within the self-
immolative process (thus forming a quinone methide, azaqui-
none methide or thioquinone methide intermediate). In
general, amine groups have been found to be the most
effective at promoting rapid cleavage, post activation, though
hydroxyls, particularly when deprotonated, have been found to
have significant roles, such as when linked to the anomeric
position of carbohydrates and when generated from C-B
bonds, vide infra.

Katzenellenbogen’s seminal account reported a model tri-
partite prodrug that employed the self-immolative linker
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4-aminobenzyl alcohol.'* The self-immolative elimination of
4-nitroaniline (used as a model for drug compounds) from 1
was demonstrated, following hydrolysis its scissile amide
bond, catalysed by trypsin, with N*-Boc-Lys serving as the
trigger moiety (Scheme 2). The N*-Boc-Lys protected amide 1 is
insufficiently electron releasing in nature (6,” = —0.6) to facili-
tate spontaneous disassembly at a rate relevant to its use as
prodrug (¢, ~ 40 h in 0.05 M Bistris buffer (pH 6.9) at 25 °C).
However, upon trypsin mediated hydrolysis of the amide, a
strongly electron-releasing amine (o,” = —1.31) is revealed and
promotes self-immolation through a 1,6-elimination process.
Elimination proceeds from the intermediate 2 with concomi-
tant decarboxylation, resulting in the release of 4-nitroaniline
3. In conjunction with release of 3, highly reactive aza-quinone
methide species 4 was presumably formed which was readily
quenched by water to afford 4-aminobenzyl alcohol 5. Thus,
the presence of a nucleophile was required to complete
product formation from 2 and the rate of fragmentation was
likely increased by the reaction occurring in a polar protic
solvent system.*®*° The decomposition of 2 could also be
described as solvolysis (or solvolytic cleavage).

An interesting point, raised in a footnote to the paper, con-
cerns the fate of 4 when alternative nucleophiles are present;
for example, in the case of formation of 4 in a cell, the possi-
bility of quenching of 4 by glutathione was considered. This
raises a very important point regarding the fate of such reactive
intermediates, generated from the linkers, that is worthy of
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Scheme 2 Trypsin mediated release of 4-nitroaniline through self-
immolative elimination of a 4-aminobenzylalcohol linker.'*
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consideration in the application of a SIE system; some
examples of recapture of the reporter group has been observed
by Hay, Du and Li, and Phillips.>°* In addition, reversible
reactions of the reactive intermediates from self-immolative
processes with DNA bases have reported by Fakhari and
Rokita.>® These observations and reports highlight an impor-
tant aspect of use of self-immolative systems in biological
environments — there is a need to understand the biocompat-
ibility and toxicity of such reactive intermediates before these
highly innovative, degradable materials can be translated into
‘real-world’ applications. Established tumour imaging appli-
cations; for example, by chemiluminescence, have been
carried out in animals without significant side effects being
reported (vide infra), though this aspect was not the focus of
the studies. In the treatment of cancer, selective cell death is
desirable and release of reactive intermediates at the target
site may not be an issue and possibly beneficial. By contrast,
off-site release may be problematical but, to date, detailed
findings of such studies have yet to be published.

Since Katzenellenbogen’s ground breaking report,"* numer-
ous groups have utilised successfully this type of benzylic
spacer including some recent examples from Byun et al,
Anami et al., Wei and Safina et al., Gennari and Piarulli.>*>® It
has also been demonstrated that the hydroxyl and thiol ana-
logues, 4-hydroxybenzyl alcohol and 4-mercaptobenzyl alcohol,
respectively, also undergo 1,6-elimination upon cleavage of a
triggering moiety attached to the ring heteroatom.’>®® In a
study by Senter on mercaptobenzyl alcohols, following rapid
disulfide reduction, the para-derivative 6 fragmented with a
t1» value of 10 minutes, as compared to a ¢, of 72 minutes
for the ortho-derivative 7, to release mitomycin C (Scheme 3).
The meta-derivative 8 proved stable toward release.’® That the
rates of fragmentation increased with a change in pH from 6,
to 7.2 to 8.0 supports the role of deprotonated thiol (thiophe-
nol pK, 6.6).

Shabat and co-workers have reported previously kinetic
studies with aminobenzylalcohol linkers that undergo single
para/1,6- or ortho/1,4-elimination and observed 1,6-elimination
to be more slightly rapid that 1,4-elimination, in agreement
with Senter’s observations on thiobenzyl alcohol linkers.®" As
a result of the increased electronegativity of oxygen with
respect to nitrogen, hydroxybenzyl alcohol-based linkers
undergo disassembly at relatively reduced rates, although
these can be enhanced through the incorporation of
additional ring substituents or the use of mild basic con-
ditions to effect deprotonation.*®®27¢>

In addition, Shabat and co-workers evaluated a pyridine
core-based AB and AB, self-immolative dendron (AB,,, where A
and B represent an electron-donating group and suitable
leaving groups, respectively, and n correlates to the number of
leaving groups present).®® Under physiological conditions, the
AB system constructed from a pyridine core, a reporter, and an
enzyme (penicillin-G-amidase, (PGA)) sensitive trigger unit
underwent 1,4-elimination more rapidly than its parent system
featuring a benzene core. Furthermore, the pyridine core-
based AB, dendron was also found to release its two reporter

This journal is © The Royal Society of Chemistry 2022
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units upon activation through 1,6- and 1,4-pyridinone-methide
elimination reactions and faster than the analogous benzene
system. To promote the elimination the conjugate base must
be formed; given the pK, of 3-hydroxypyridine (8.7) vs. phenol
(10.0) under aqueous conditions, a larger concentration of the
conjugate base is expected in the pyridine system in compari-
son to the benzene system. This difference in pK, serves to
explain the variation in the rates of elimination, though it
introduces the potential for variance in aromatic resonance
energy to affect rates of elimination vide infra.

Hay et al.>>®” have investigated the influence of ring substi-
tuents on the rate of 1,6-elimination of para-hydroxylamino-
benzyl alcohol linkers 9, following radiolytic reduction of the
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Scheme 3 Prodrugs 6-8 for mitomycin C with release triggered by reductive cleavage of a disulfide bond.>®

corresponding nitro compound 10 to release aniline 11
(Scheme 4). Twelve analogues were analysed and revealed that
the presence of electron-donating groups were found to
enhance the rate; whereas, electron-withdrawing groups serve
to decrease the rate of elimination. The highest effect on self-
immolative elimination rate occurs when electron-donating or
withdrawing groups were ortho to the benzylic leaving group
(R? in 9 rather than R"), permitting conjugation with the devel-
oping cation formed during departure of the reporter group.
Indeed, data on the electron-donating substituents e.g. OMe
could be fitted to the equation log(Mt,,,) = 0.57¢ + 1.30, where
Mt,, is the maximum half-life and ¢ represents o, for 2-substi-
tuents and o,, for 3-substituents.
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Scheme 4 Reductively triggered self-immolative compounds showing the effects of ring substituents on the rate of fragmentation and recapture

of the reporter group.so'68
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An increase of elimination rate was also observed when a
methyl group was substituted at R® to create a secondary
carbon, consistent with its ability to stabilise a developing
positive charge. As noted above, Hay also reported that the
extent of release of the reporter group can be compromised by
recombination of the reporter group with a precursor to 12,
probably the azaquinone methide intermediate 13: a detailed
analysis being given for 14. This was found to be pH depen-
dent with greater formation of the reporter group at pH 3 and
more recombination at pH 7.4.>° The observation of a reduced
fragmentation rate (factor of 2) upon methylation at R*
suggested the leaving group structure may also be important.
A study of the four related compounds 15 (Box A) showed
different extents of release of reporter group, at the end of the
reduction process, dependent upon its structure though a
clear connection to pK, of the reporter group remained
elusive. Hamachi has reported an interesting application of
nitroreductase to trigger a signal-amplifiable, self-assembling
'F NMR-MRI probe, based on the self-immolative molecule
shown in Box B.*® Cleverly, this molecule utilises a hydro-
phobic ortho-alkoxy group that simultaneously facilitates its
self-assembly into an NMR silent aggregate (mean diameter of
100 nm by DLS), prior to self-immolation, and increases the
rate of that self-immolation, following reduction of the nitro
group.

The generation of an aniline by reduction, to initiate 1,6-
elimination, has also been examined from the diazo functional
group. This has proved of value in drug release in the colon by
action of azo reductase e.g. for controlled release of Tofacitinib
for the treatment of ulcerative colitis.®®”°

Senter et al. have also flagged the importance of the leaving
group during an investigation into release of a reporter group
linked through an alcohol moiety and have shown the effect
on self-immolative ability, elimination rates, and conjugate
stability.”" In this study, 4-aminobenzyl ether-based conjugates
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were studied with the N-protected dipeptide trigger group, ben-
zyloxycarbonylvaline-citrulline (Z-val-cit). Z-val-cit was conju-
gated with the amino group of aminobenzyl ether derivatives
of 1-naphthol 16 and N-acetylnorephedrine 17 (Scheme 5). The
amide bond in these derivatives was sensitive to hydrolysis by
the protease enzyme Cathepsin B. Upon treatment with
Cathepsin B, the peptide bond of conjugate 16 was hydrolysed
and release of 1-naphthol occurred through 1,6-elimination
from intermediate 18. Under identical reaction conditions, the
conjugate 17 featuring N-acetylnorephedrine was also subject
to hydrolysis of the amide bond to yield the corresponding
aniline 19, but 1,6-elimination of N-acetylnorephedrine did
not occur. The failure of 19 to undergo 1,6-elimination was
attributed to a higher pK, of the reporter moiety. Stirling has
noted the nucleofugality of leaving groups cannot always be
correlated to the pK, of their conjugate acid.””> However, in the
context of p-elimination reactions with an E1cBg character,
Stirling assigns the leaving group rankings (via a logarithmic
scale) of PhO™ (8.9) and MeO™ (6.1), consistent with the above
observations. Germane to the upcoming discussion, stirling
notes that ‘small variations of structure within a series of
leaving groups of the same type, e.g. aryloxy, do, however,
show a correlation with pK,’.

Based upon these studies, the phenolic anticancer drugs
etoposide and combretastatin were synthesised with ether
20-21 and carbonate 22-23 linkages to the Z-Val-Cit-p-amido-
benzyl self-immolative unit, forming the corresponding tripar-
tite prodrugs (Fig. 1). The phenolic ethers 20-21 proved to be
stable in aqueous buffers as well as in human serum, and self-
immolative fragmentation occurred only upon treatment with
Cathepsin B. In contrast, the carbonates 22 and 23 were found
to be unstable in aqueous buffers as well as in human serum.
This study highlights that the design of a self-immolative
system should consider the possibility of release by other than
the desired mechanism. Similar studies were reported by

1,6-elimination /O/\OH N Ho/‘
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@:

o
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Scheme 5 Variation of the self-immolative ability of the 4-aminobenzyl ether linker when coupled to either naphtholic or alcoholic reporter

groups.”
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Fig. 1 Self-immolative tripartite prodrugs of anticancer agents etoposide and combretastatin A-4 described by Senter et al. in their ether (20-21)

and carbonate (22—23) forms, respectively.”

Burke and co-workers,”®> and Leu and co-workers”® who
described the self-immolative ability of glucuronide hydroxy-
benzyl ether prodrugs of 10-hydroxycamptothecin.”*”7®
Recently, Zhang, Pillow and co-workers have investigated the
self-immolation of 4-aminobenzylalcohol linkers with phenol-
based drugs as reporter groups in antibody drug conjugates.””
They concluded that a case-by-case evaluation was necessary to
determine their likely effectiveness. Related to these studies
have been the application of self-immolative linkers in protein
activity assays that take advantage of the highly reactive (aza)
quinone methide”® and quinone methide species.”

Building upon these observations, Phillips and co-workers
have reported protected 4-aminobenzyalcohol linkers such as
24, substituted by electron donating groups, that allow tunable
release of phenols with pK, values <11.5, directly connected to
the benzylic carbon and under neutral conditions (Fig. 2).*° A
particularly conformation, that simultaneously
allowed facile interaction of the methoxy lone pairs with the
aromatic n-system and, by conjugation, the o* orbital of the
departing C-O bond, was shown to be favoured. Of general sig-

reactive
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Fig. 2 Protected 4-aminobenzyalcohol linker that facilitates phenol
release at neutral pH (for pK, < 11.5).*°

This journal is © The Royal Society of Chemistry 2022

nificance to SIE triggered decomposition, the effect of solvent
polarity was explicitly considered by variation of the ratio of
two solvents, MeCN: H,O; an increased rate of release was
observed with increased polarity. That the fragmentation of
many prodrugs has utilised enzymatic reactions in water could
leave this point less easily recognised.

Use of a trigger group based on oxidation of a C-B bond
has been reported by Chang and co-workers (Scheme 6).%°
Specifically, the use of hydrogen peroxide to mediate the oxi-
dation is of medicinal significance as elevated levels in a cell
are often correlated to significant disease states such as cancer
and neurodegenerative diseases. Earlier work from this group
has established the selectivity of this type of trigger for hydro-
gen peroxide over other reactive oxygen species.®’ Chang
reported a SIE system 25 that is capable of releasing firefly luci-
ferin with a view to quantifying the level of hydrogen peroxide
in a cell. Thus, exposure of boronic acid 25 to intracellular
H,O0, releases 26 (firefly luciferin) that, in turn, upon exposure
to luciferase, gives oxyluciferin 27 and chemiluminescence
(612 nm).

Further studies on such SIE systems, by Cohen and co-
workers,®” has mapped out several useful design features
(Fig. 3). In a comparative experiment, measuring rates of
release of the phenol methyl salicylate (pK, 9.8), from three
precursors 28-30, the carbonate 29 showed a slightly higher
rate of release when compared to the phenol 28 but was
subject to some background hydrolysis. Removing the self-
immolative linker to give 30 revealed a significantly slower rate
of formation; this latter issue highlights the general point that
a self-immolative linker offers a consistent substructure within
the molecule, with predicable kinetics and attenuated influ-
ence from changes in the reporter group structure, even when
it is not an enzyme catalysed reaction that is under consider-
ation. Amine-based reporter groups were unsuccessful e.g., 31a
unless part of a carbamate (32); a thiophenol (31b) also proved
ineffective. At the reaction pH of 7.5, the amine-based reporter

Polym. Chem., 2022, 13, 3188-3269 | 3193
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Fig. 3 Effectiveness of C—B bond oxidation to trigger release of various reporter groups.®?

groups would be protonated to a very small extent, but this
provided insufficient drive to eliminate, presenting an interest-
ing contrast to N-alkylation (see Schemes 9, 33 and Fig. 12).
Interestingly, 33, containing a hydroxamic acid reporter group,
also failed to self-immolate, perhaps reflecting the acidity of
the NH group. The related compound 34 fragmented readily.
Boronic acids were generally cleaved more rapidly than their
corresponding esters, as well as improving aqueous solubility.
An alternative approach to the release of alcohols that
addresses the difficulty of self-immolative release of alkyl alco-
hols has been advanced by Mosey and Floreancig
(Scheme 7).%? Building on the body of work reported by Chang
and co-workers,®® using a C-B bond oxidation of e.g., 35 to 36
triggered by exposure to hydrogen peroxide, a key a-alkoxy car-
bamate 37 is released. Of significance is the observation that
self-immolation of the linker is slow compared to decarboxyl-

3194 | Polym. Chem., 2022, 13, 3188-3269

ation to give 38 and subsequent breakdown of the resultant
tetrahedral intermediate, leading to 39. When 40a and 40b (R
= R> = H) are treated with hydrogen peroxide, the corres-
ponding phenol and neopentyl alcohol were released at com-
parable rates, despite their difference in nucleofugacity.
Interestingly, the authors also note the rate enhancement of
linker fragmentation that attends the presence of a OMe at R*
in 40 or a methyl group at R', (¢f Scheme 4 and Fig. 2).
Overall, compound 35 is an interesting example of the
general method; it is designed to deliver an antioxidant repor-
ter group 39 to mitochondria, directed by the triphenylpho-
sphonium group, as initially described by Murphy and co-
workers.®*® It could be considered that the O,N-acetal func-
tional group forms a second part of the linker moiety, as well
as affording an attachment point for the directing group. In
the latter sense, Santi has applied this type of O,N-acetal in the

This journal is © The Royal Society of Chemistry 2022
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Scheme 7 Hydrogen peroxide induced self-immolative release of alcohols under pseudo biological conditions.®*
delivery of SN-38.%° Kolakowski and Jeffrey have shown s_é
this type of linker to be effective in drug delivery from anti- 0,0 on -
body-drug  conjugates.’” A  related approach  was ’
AN
exploited independently by Wang and Xian for the delivery of H0zlied |
p p y by g ry i + L
persulfides (vide infra).*®®° In later work, Floreancig and (10 sau) | .
Deiters utilised hydrogen peroxide to trigger disassembly of N o g e "
0,0-acetals.”® | |
In contemporaneous studies, Phillips and co-workers !
demonstrated release of two alcohols from symmetric or asym- Bn0” “OBn . Secondary OH OH
. . 1 ducts
metric acetals of the type present in 41, at pH 7 under the “ p o prone
influence of hydrogen peroxide (Scheme 8).>*> The amino benz- ﬁ
aldehyde acts simultaneously as a reporter group (by colour, M N N
see Scheme 77 for the likely origin of the yellow colour) and a N o /©/\
second linker group to the alcohol reporters. The observation &
of the secondary products 42 and 43 formed during fragmenta- &6 Nis
tion of 41 relates to the original suggestion by 42 3

Katzenellbogen'' that the fate of the linker could be influ-
enced by nucleophiles in the system, other than water.
Presumably, these arise via the para-quinone methide 44;
however, as these are also coloured, fortuitously they do not
influence that part of the read-out.

The modular approach to synthesis of the detection system
allows ready construction of detectors that respond to a range
of environmental triggers; for example, UV radiation (45a),
fluoride (45b), Pd(0) (45c), PGA (45d) and p-glucuronidase (45e)
(see exemplars in Fig. 4).>”

This journal is © The Royal Society of Chemistry 2022

Scheme 8 Hydrogen peroxide responsive detector that releases alco-
hols from an acetal under pseudo biological conditions.>?

In addition to amine reporter groups being released as car-
bamates, ammonium ions have also been used to significant
advantage. For example, Peng and co-workers have applied
this approach to the delivery of nitrogen mustard anticancer
agents e.g. mustine 46 (Scheme 9).”"~%* Utilising the nitrogen’s
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Scheme 9 Hydrogen peroxide induced self-immolative release of a
nitrogen mustard.’*~%*

lone pair in bonding to the linker within 47 simultaneously
forms a leaving group and prevents its use in neighbouring
group participation, a key step that precedes DNA strand cross-
linking, such as that to guanine N-7 illustrated in the boxed
structure in Scheme 9. As noted above, intracellular hydrogen
peroxide, frequently present in elevated levels in cancer cells, oxi-
dises C-B bonds delivering borate esters such as 48 and thence
via hydrolysis to phenols/phenolates 49 that self-immolate to
release 46. A related use of ammonium ion reporter groups has
been discussed by Taran and Le Gall, vide infra.” In addition,
Staben et al. have described the use of ammonium ions as
leaving groups in self-immolative drug delivery systems based
upon para-aminobenzyl alcohol and cyclization-based linkers.**

Gois and co-workers have adapted the C-B bond oxidation
method to the targeted delivery of the fluorescent imaging
agent 7-hydroxycoumarin 50 to folate-positive cancer cells
(MDA-MB-231). Thus, 51 in the presence of glutathione
releases 52 which will undergo oxidation and self-immolative
cleavage to afford 50 (Scheme 10).%°

Again, the modular approach for assembling the molecules
greatly facilitates development of a glutathione triggered
release of the cytotoxic drug Bortezomid.”®> A model study
identified the cleavage products (Scheme 11) and led to a pro-
posal for the mechanism of release of the boronic acid.
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Scheme 11 Glutathione mediated release of Bortezomid.>®

Fréchet et al. have prepared a modified version of the bio-
compatible polymer dextran that is sensitive to the presence of
H,0, (Scheme 12).°° This new polymer, named OxiDEX, was
found to be soluble in organic solvents, facilitating formation
of microparticles (100-200 nm) capable of carrying a payload.
OxiDEX was demonstrated to encapsulate ovalbumin to a

This journal is © The Royal Society of Chemistry 2022
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Scheme 12 The modified dextran carrier polymer that was sensitive to H,O, as reported by Fréchet et a

protein loading of 1.6 + 0.1 wt%. In the presence of H,0,, the
particles were shown to degrade with a half-life of 36 =+
1 minutes. The OxiDEX particles were found to provide
effective antigen presentation.

The value of C-B bond oxidation in affecting/investigating
function within a cell was further exemplified by Pluth and co-
workers by the development of a range of SIEs (53) capable of
controlled release of COS and thence, by action of carbonic
anhydrase, to accelerated release of H,S (some non-enzymatic
background release).””°® The discovery of H,S as a gasotrans-
mitter implicated in human health and disease has heigh-
tened interest in such molecules and 54 was shown to
afford protection against oxidative stress in HeLa cells: it’s
mode of action, via 55, is illustrated below (Scheme 13).
Release was preferentially triggered by H,O, but O,  and
ONOO™ were also found to be competent oxidants; this being

J Fragmentation
S=C=0

Carbonic
anhydrase

H,S

Scheme 13 Reactive oxygen species triggered release of COS and
thence gasotransmitter H,S.%7-°
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less discriminating than in its preferred oxidant than the
systems reported by Chang and co-workers.®! An alternative
approach to the delivery of sulfur species has been
developed by Toscano et al. via a cyclisation linker strategy (see
section 2.2).1%°

Significant efforts have been expended to develop a range
of self-immolative molecules, based upon 1,6-elimination, that
deliver COS/H,S but are triggered by a range of methods.

As a variation on 54, Chakrapani and co-workers prepared a
range of compounds exemplified by 56 (Fig. 5). The key feature
of these compounds being the sulfur atom through which the
linker is attached to the leaving group.'®' The significantly
lower C-S as compared to C-O bond energy being considered
advantageous during fragmentation. Similar compounds have
also been reported by Pluth and their degradation pathways
were subject to detailed theoretical analysis.”® Despite the
change of linking atom in 56, it fragments efficiently to
deliver, initially, COS and thence H,S. The co-released aniline
is the methyl ester of the non-steroidal anti-inflammatory drug
mesalamine, used in the treatment of colitis. Together, the
concept was to co-release a drug (mesalamine) and the cell-
protective agent H,S. The correlation of the pK,H' of the
various amines/anilines employed in the study to the rate of
release of H,S (via COS) was also considered.

An alternate system, triggered by visible light, was also
reported by the Chakrapani group.'®® Thus, 57 was prepared
that featured a BODIPY-based photolabile trigger group
(Fig. 5); this group being modified by ‘click’ methodology to
append an oligo-ethylene glycol unit so as to improve aqueous
solubility. Irradiation of 57 for 2 minutes at 470 nm afforded
cleavage of the trigger group, within HeLa cells. Successful
cleavage was established by observation of fluorescence at
540 nm. Additionally, compound 57 was found to be non-
toxic. Klan and co-workers have reported use of BODIPY-based
prodrug systems, but without use of a self-immolative
linker.'” Chakrapani and co-workers have also developed
hydrogen peroxide triggered nitric oxide donors; whereas,
Yuan et al. have reported a hydrogen peroxide triggered H,O,
sensor with NO detection capability.'**'%

Developing the 1,6-elimination system in 56 and 57,
Chakrapani and co-workers have exploited enzymatic trigger-
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56

Fig. 5 COS/H,S donor compounds 56 and 57, triggered by H,O, and visible light, respectively.

ing of COS/H,S release by protecting the phenolic OH as a
POM (PivaloylOxyMethyl) group to afford compounds 58
(Fig. 6)."°° For the examples when X = O, rapid cleavage of the
pivalate ester occurred upon exposure to an esterase followed
immediately by sequential 1,6-elimination and formation of
COS with the rate largely invariant with nature of R. Broadly
the same mechanistic observations were made for examples
when X = NH; however, some evidence for formation of a
short-lived intermediate 58a was presented. Additionally, for
the X = NH compounds, the rate of release of COS/H,S was
variable with the nature of R; for example, a benzyl group was
found to generate the gasotransmitters more slowly than a
para-methoxyphenyl group.

In a related study, Pluth and co-workers noted the advan-
tage of intracellular cleavage in concentrating the release of
H,S where required to solicit its action.'®” The relatively slow
non-catalysed rate of hydrolysis associated with the sterically
demanding pivalate ester in 59 was noted, a particular concern
for a phenolic ester (Fig. 6). By contrast, rapid hydrolysis was
demonstrated in the presence of porcine liver esterase. The
generation of H,S in this manner does not directly consume
intracellular nucleophiles, such as glutathione; however, the
potential of consuming them by reaction with the para-
quinone methide by-product was noted (much as suggested in
the original paper by Katzenellenbogen). Compound 59 was
noted to be cytotoxic and the cause was attributed to inhi-
bition of mitochondrial respiration.

The abundant intracellular nucleophile cysteine has been
utilised by Pluth in a two-step triggering of release of COS/H,S
from 60 (Scheme 14).'°® Following an initial conjugate
addition of thiolate to the acrylate moiety in 60 to afford 61,
cyclisation to e-lactam 62 releases the linker/reporter unit 63
that undergoes rapid 1,6-elimination to release COS. The two-
step activation does make 60 vulnerable to trapping of the

Fig. 6 The esterase triggered COS/H,S donors 58 and 59 reported by the Chakrapani and Pluth groups, respectively.
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101,102

acrylate moiety by alternative nucleophiles, such as gluta-
thione or N-acetyl cysteine, that can only function in the first
step. Competitive hydrolysis by porcine liver esterase was also
noted, though the rate of release of COS/H,S was slower than
that with cysteine.

Recognizing that self-immolation by 1,6-elimination can be
initiated by an aniline as well as a phenoxide, reductively trig-
gered self-immolative systems have been reported by Pluth,
and by Singh and Chakrapani (Fig. 7).°”'% Compound 64 was
designed as an analytical tool for H,S and takes advantage of
the well-known reduction of azides by two equivalents of H,S
to afford the corresponding amine. The subsequent 1,6-elimin-
ation and release of COS, following hydrolysis by carbonic
anhydrase, replaces one half of the consumed H,S analyte.
The highly fluorescent methylrhodol (e, 480-650 nm) is sim-
ultaneously released allowing quantification. A self-immolative
polymer, triggered by azide reduction, for amplified release of
COS, has recently been reported by Matson and co-workers
(see section 4)."'° An additional method for release of COS,
based upon a trans-cyclooctene trigger/linker system is dis-
cussed later on in this section."**

Rather than first releasing COS, Singh and Chakrapani uti-
lised reduction of the nitro groups in molecules such as 65 to
release H,S directly, following 1,6-elimination of the so-formed
aniline/hydroxylamine (Fig. 7). E. coli nitroreductase (NTR)
would be expected to reduce to the nitro group to the corres-
ponding hydroxylamine 65a or amine 65b (see also Scheme 4).
Exposure of 65 to NTR was shown to liberate H,S, as was its
intracellular release in a variety of bacteria. As NTR is found in
bacteria but not mammalian cells, 65 can be seen as a species
selective H,S donor.

By adapting the enzymatically triggered species 58 and 59
to sulfonate 66 and analogues, Chakrapani was able to prepare
cell-permeable, self-immolative molecules for controlled deliv-

59

106,107

This journal is © The Royal Society of Chemistry 2022
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ery of SO,: a cellular signalling compound (Scheme 15)."** The

cyclopropyl ester was selected according to its typically slower
background rate of hydrolysis than simple aliphatic esters. The
bond dissociation energy of the C-S bond was assessed to be
comparable to a C-O bond; thus, fragmentation during 1,6-
elimination and a-elimination of SO, was anticipated to be
facile. Forming the sulfonate ester with, inter alia, a 7-hydroxy-
coumarin (umbelliferone) facilitated fluorescence monitoring
of fragmentation (phenyl sulfonate esters were also effective
SO, donors). As an alternative to aromatic sulfonates, some
alkyl sulfonate esters were examined and found to be relatively
poor SO, donors, reflecting their inferior leaving group ability.
As expected, the more reactive benzyl and allyl sulfonate esters
were subject to significant background hydrolysis at pH 7.4,
though no generation of SO, was observed from the resultant
sulfonate. Exposure of 66 to an esterase led to consumption

This journal is © The Royal Society of Chemistry 2022

with a half-life of 5 minutes. Umbelliferone was formed at a
comparable rate and co-formation of SO, was established by
its reaction with a coumarin-hemicyanine dye.

Interest in this area has also embraced hydropersulfides,
such as cysteine and glutathione hydropersulfide, as ubiqui-
tous in mammalian cells with protein-based cysteine hydroper-
sulfides also being significant. Together, such hydropersul-
fides are considered mediators of biological function. The
development of small molecules capable of effecting delivery
of hydropersulfides, as reagents for the formation of their bio-
logically significant counterparts, has become a matter of
interest and self-immolative linkers have played a role in their
design. In particular, the instability of persulfides, especially
when an unprotected SH is present, suggests that selective
release of such species from a protected form is important. For
example, in the style of Mosey and Floreancig’s hemiaminal-
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based linker 35 (Scheme 7), a persulfide donor 68 that liber-
ates an unstable disulfaneylmethanol 69, upon cleavage with
an esterase, was developed by Wang (Scheme 16a).®® Once
formed, 69 spontaneously undergoes a 1,2-elimination to
release a single hydropersulfide species 70 allowing a detailed
study of its biological effects. Reaction of 70 with thiols also
generates the gasotransmitter H,S. Variation of the structure
of R" allows control of the rate of release; whereas, changes to
R can tune its aqueous solubility, e.g. 68a (R' = Et) was found
to exhibit protective effects in a murine model of heart myocar-
dial infarction-reperfusion-injury studies. Xian has described a
range of self-immolative persulfide donors of which 71 serves
as an example, these are triggerable by fluoride/acid,
Scheme (15a).%° Of further interest is the conversion of 71 into
the potentially esterase sensitive compound 72. Additionally,
related H,S and HSNO donors were reported. Overall, these
silyl-triggered SIEs appear very flexible synthetically.

Two related reports have appeared, by Chakrapani and
Matson, that target elevated levels of hydrogen peroxide in
cells undergoing oxidative stress (vide supra) by oxidative clea-
vage of the C-B bond in 73 and 74 (Scheme 16b and c).'*"'"?
These reagents utilise 1,4- and 1,6-elimination to liberate 70b
and 75 from 76 and 77, respectively. In each case, these com-
pounds were shown to offer protection to cells undergoing oxi-
dative stress. Chakrapani and co-workers noted that the cinna-
maldehyde by-product 78 is a Generally Regarded As Safe
(GRAS) compound, though it does offer some potential for re-

View Article Online

Polymer Chemistry

trapping 70b. In each case, the oxidation with hydrogen per-
oxide was found to be chemoselective for the boronate ester
over the persulfide moiety. These and other studies on reactive
sulfur species has been expertly reviewed by Bora et al. in
2018."*

Using new versions of Schaap’s dioxetane, such as 79,
with improved chemiluminescence properties, Shabat and co-
workers have developed a range of self-immolative detectors
e.g. for galactosidase 80 and glutathione 81a (Fig. 8)."'® A par-
ticular advantage of these new dioxetanes is that they maintain
high light emission efficiency in aqueous solutions, greatly
assisting their application in biological systems. The fragmen-
tation of dioxetane 79 affords a deprotonated, excited state
benzoate, as the final emissive species. Attachment of an acry-
late/acrylonitrile moiety ortho to the phenolic OH was key to
the improved emissive properties. The ortho-chloro substituent
lowers the pK, of the phenol, increasing the percentage that is
deprotonated at a given pH, a prerequisite for chemiexcitation
and chemiluminescence.'*® Compound 79 exhibits ¢¢; 13.8%
(Amax = 525 nm); in the absence of the acrylonitrile moiety, the
chemiluminescent quantum yield falls to ¢, 0.003% (Amax =
470 nm).** A detailed summary of the chemistry underpinning
these dioxetanes has been reported by Gnaim et al’®
Additionally, Shabat and co-workers were able to demonstrate
further enhancements to light emission by formation of an
inclusion complex between a range of dioxetane probes, e.g. 80
and trimethyl B-cyclodextrin; further, some of these were

115-117
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release of hydropersulfide from 73 by 1,4-elimination; (c) hydrogen peroxide triggered release of hydropersulfide from 74 by 1,6-elimination.
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(a) Esterase or fluoride/acid mediated release of a hydropersulfide from 68 or 71 via a 1,2-elimination; (b) hydrogen peroxide triggered

88,107,113
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Fig. 8 Modified Schaap's dioxetanes for improved chemiluminescence.!*®

shown to be effective for in vivo imaging.'*® Utilising the H,S
released by biodegradation of p-lactam antibiotics, following
ring opening by a p-lactamase, Spitz and Shabat have devel-
oped several H,S sensitive probes e.g. 81b that allow screening
for antibiotic resistance."* Wu and Zheng have used a similar
trigger to that in 81a-b to release camptothecin (see section
3.1).12

Developing self-immolative entity 80 into 82, to make the
aromatic ring of the chemiluminescent moiety a second linker
unit, allows the luminescent reporting to be accompanied by
delivery of the chemotherapeutic agent monomethyl auristatin
E (Fig. 8)."*® Of significance is that such reporting was estab-
lished to work in vivo in mice bearing CT26-LacZ tumours.

Developing the applications of these new 1,2-dioxetanes
has facilitated ultrasensitive self-immolative sensors for the
key food pathogens Salmonella and Listeria monocytogenes. The
limit of detection of these sensors outperforms common fluo-

rescent probes. The sensors 83 and 84 function by targeting,
respectively, a Salmonella esterase and a phosphatidylinositol-
specific phospholipase C that is species specific (Fig. 9)."**
Building on earlier work by Renard and Romieu,"*>"*° con-
necting the chemiluminescent probe through a self-immola-
tive aniline linker, giving probes of type 85 (see Fig. 10), allows
a range of peptide triggers to be attached that can target
specific proteases. For example, Brik and Shabat reported that
attaching the C-terminal sequence of ubiquitin protein (Ub
(1-75)) to the aniline nitrogen through a glycine residue (85a)
allows an assay for deubiquitinase activity to be developed.'*’
Since deubiquitinating enzymes are involved in various
human diseases, monitoring of their activity is valuable. Probe
85a was found to be effective at detecting activity from three
different deubiquitinases by cleavage of the scissile bond:
UCH-L3, UCH-L1 and USP-2, with the first two giving the
stronger response. Kitamura, Shabat and Vendrell have shown

o\eo (l)o—o
HO, o—P\” cl
O
HO -OH C e}
HO OH —
HO,C
84

Fig. 9 Selective chemiluminescent sensors 83 and 84 for rapid detection of Salmonella and Listeria monocytogenes.*?*
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Fig. 10 Chemiluminescent probes 85a—d that target of protease activity in four different contexts.

that appending peptide 85b was found to selectively target
granzyme B, a key enzyme in the functioning of natural killer
cells; these cells can kill certain types of cancer cells. This
probe has allowed imaging of granzyme B activity in mouse
models."® Attaching the peptide sequence in 85c allows tar-
geting of prostate specific antigen proteolytic activity; this has
been applied to the forensic detection of human semen on
fabrics."”® Bogyo et al. have studied the imaging of the clini-
cally very important disease tuberculosis; this has been by
addressed with the peptidic sequence in 85d. This sequence
targets the Hip1 protease in Mycobacterium tuberculosis, allow-
ing imaging of such cells either in culture or in human
sputum samples.'*’

Using solid-phase methods, a general approach to the syn-
thesis of these self-immolative, chemiluminescent probes that
are triggered by proteases, has been described by Ponomariov
et al ™"

As an alternative to targeting proteases, conjugation of the
nitrogen of the aniline linker to a substrate for the copper
dependent enzyme tyrosinase allows selective oxidation from
sensor 86 to ortho-quinone 87 (Scheme 17)."*> When 87 forms
in the presence of thiols, for example, glutathione then clea-
vage occurs to 88 and sets in train disassembly of the linker
and ultimately chemiluminescence from an excited state of 89.
The electrophilicity of ortho-quinones toward thiols is known
and has been examined in a biological context by Fellmann,
Doudna and Francis."* Such conjugate addition is expected to
form a catechol, allowing the trigger to cleave. The presence of
the 2-dimethylaminoethyl unit facilitates cell permeability.
The typically high levels of tyrosinase expressed in melanoma
cells makes this probe of significance in cancer imaging.

3202 | Polym. Chem., 2022, 13, 3188-3269
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Similar metabolic activity of tyrosinase has been shown as
effective at triggering self-immolation by Ma and Zhang, in
turn acting as sensors for that enzyme.">*'%°

Further studies by Shabat and co-workers have seen deploy-
ment of chemiluminescent 1,2-dioxetanes in a polymeric
framework (see section 4.1).*

Hou et al. have developed a ratiometric self-immolative
probe 90 for B-galactosidase that changes from blue (475 nm)
to green (545 nm) fluorescence upon triggering to release the
4-amino-1,8-naphthalimide fluorophore 91 (Scheme 18)."*°
They report an interesting observation with respect to the sub-
stituent R on the linker, finding that the rate limiting step for
the probe was enzymatic hydrolysis and thus the primary con-
tribution of the substituent was to affect the Michaelis—
Menten constant (K,) of the substrate for the p-galactosidase,
the nitro substituted compound having the lowest value.

Probing redox biology is important in understanding cellu-
lar function. Yang has introduced an innovative method for
sensing hydrogen peroxide based upon sequential Payne and
then Dakin reactions; hydrogen peroxide is converted into a
reagent suitable for rapid Dakin oxidative conversion of an aro-
matic aldehyde into a phenol (Scheme 19)."*” When applied to
pro-fluorescent agents 92 or 93, the presence of hydrogen per-
oxide triggers 1,6-elimination and release of their strongly fluo-
rescent reporter groups at a rapid rate. It was found that
CI3CCN, 92 and 93 were non-toxic to RAW264.7 macrophages
and were successful in imaging hydrogen peroxide activity in
RAW264.7 cells. Shabat and Yang successfully extended this
methodology to chemiluminescence by preparing probe 94
and demonstrating its effectiveness in imaging live cells and
real-time monitoring of rat brain."*®

This journal is © The Royal Society of Chemistry 2022
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Scheme 17 Satchi-Fainaro, Shabat and Sessler's sensor 86 for a chemiluminescent response to the simultaneous presence of tyrosinase and
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Scheme 18 The p-galactosidase probes 90 developed by Hou and co-workers 3¢

By varying the trigger group and a subtle modification to
the linker, Shabat and Yang have extended this work to the
sensing and real-time imaging of HOCI in mice
(Scheme 19)."*° Thus, in 95 a phenoxy trigger group has been
attached to the linker; the two ortho-chloro substituents on the
trigger (pK, 6.8) ensured that at physiological pH greater than
half of the phenol will be ionised, enhancing the nucleophili-
city of the aromatic ring. It would also resist chlorination of
this ring by HOCI. When exposed to HOCI, oxidative cleavage
occurred with loss of quinone 96 and release of the linker
reporter unit 97; this will fragment by 1,6-elimination leading,
after fragmentation of 98, to chemiluminescence. The addition
of a chloro substituent to the linker resisted further chlori-
nation and lowered the pK, of the phenol.

Antibiotic resistance is one of the major challenges in
medicine and medicinal chemistry. The role of p-lactamases is
central to that challenge and probes that can offer an
easily applied diagnostic tool to a given sample, for their pres-
ence, is of considerable importance. Spitz and Shabat have

This journal is © The Royal Society of Chemistry 2022

reported such a probe 99 for carbapenemase activity
(Scheme 20)."*° In the presence of a carbapenemase e.g. SPM-1
(a metallo-B-lactamase), the f-lactam ring of 99 undergoes
hydrolysis to give 100, setting up an enamine-driven 1,8-elim-
ination to give the chemiluminescent dioxetane 98 discussed
above.

Formaldehyde is an important one carbon source for bio-
logical systems, frequently stored as part of a folate molecule.
The low concentrations and transient nature of formaldehyde
in biological systems has resulted in an interest in developing
probes for its detection. Building on Chang’s extensive studies
on the self-immolative aza-Cope rearrangement strategy to
trigger a fluorescent response to the presence of formaldehyde,
chemiluminescent probe 101 was developed by Chang and
Shabat (Scheme 21)."*'"'** Upon exposure to formaldehyde,
the primary amine of the Chang trigger condenses with it to
give the corresponding imine 102 that undergoes an aza-Cope
rearrangement to afford 103. Hydrolysis of 103 delivers ketone
104 that undergoes p-elimination to release the dioxetane 98

Polym. Chem., 2022,13, 3188-3269 | 3203
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Scheme 20 Spitz and Shabat's probe 99 for carbapenemase activity.

that undergoes decomposition with release of a photon at
540 nm. To improve imaging in vivo imaging probe 105 was

developed that emits radiation at 700 nm.

By contrast, Ma has demonstrated that imine formation by
followed by hydrolysis
B-elimination of acrolein, to release a self-immolative phenol,
can serve as a selective sensor for monoamine oxidase A

oxidation of an amine,

(MAO-A) over MAO-B.'*
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The Staudinger reduction of a-azido-ether groups to gene-
rate unstable N,0-acetal moieties that collapse with the release
of a reporter group have been important, inter alia, in nucleic
acid detection studies and have been reviewed by Winssinger,
Seitz and Kool."*®'*® The utility of the N,O-acetal functional
group in SIEs has been illustrated in Scheme 7. The develop-
ment of templated Staudinger azide reduction into a SIE
technology for release of functional molecules has been

This journal is © The Royal Society of Chemistry 2022
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reported independently in 2013 by Sadhu and Winssinger
(Scheme 22), and by Ito and Abe (Scheme 23)."*>**° In particu-
lar, the bioorthogonality of the azide group was seen as impor-
tant in allowing the method’s implementation within cells.
Winssinger employed a strategy of synthesising a peptide

Me020%

98

Scheme 21 Chang and Shabat's aza-Cope driven probe 101 for folate-derived formaldehyde.
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nucleic acid then condensing it with the SIE to afford oxime
106 (Scheme 22). Subsequent reduction of the azide in 106
generates the corresponding aniline 107, that then permits
degradation to liberate doxorubicin as the reporter group. The
alternative reporter groups rhodamine methylurea and estra-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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23S rRNA

Scheme 23 The RNA templated self-immolative system 109 reported by Ito and Abe.

diol were also examined. Model azide reductions indicated
Staudinger reduction and fragmentation of the first linker stage
to be very fast; whereas, the second linker self-immolated at a
rate related to the pK, of the reporter group, with some attenu-
ation for the carboxyl linker.'> However, even the slowest
system examined, doxorubicin, was found to have a t;, of
21 minutes. Further studies by Winssinger have utilised tem-
plated azide photoreduction, mediated by a Ru(u) complex, in
live cells."®® The method was found to give very high turnover in
the reduction and high sensitivity in nucleic acid sensing.

3206 | Polym. Chem., 2022, 13, 3188-3269
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Ito and Abe have described an RNA-templated SIE
decomposition that releases isopropyl-p-p-thiogalactoside
(IPTG) 108 within an E. coli cell (Scheme 23)."*° IPTG, when
present in a bacterial cell, induces expression of plasmid-
based genes that are under the control of the lac operator by
binding to the lac repressor. In their study, Ito and Abe have
used the Staudinger reduction of azide triggered para-hydroxy-
mandelic acid-based SIE 109 by RNA bound triphenyl-
phosphine 110 affording, after hydrolysis, the corresponding
phosphine oxide 111 and linker system 112. Upon loss of for-

This journal is © The Royal Society of Chemistry 2022
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maldehyde imine and 1,6-elimination of the mandelate unit,
decarboxylation releases IPTG 108. Additional DNA-templated
FRET systems were also reported.

Recently Seitz and co-workers have presented an interest-
ing, templated SIE method (an immolative Molecular Beacon
iMB) that allows amplification of a fluorescence signal, facili-
tating detection of RNA/DNA target sequences at pM levels
(Scheme 24).">* It involves a novel and unusual situation in
which the trigger and reporter group are the same, activation
of which photosensitises cleavage of a remote linker. Thus, an
immolative molecular beacon 113 was prepared that uses a
pentamer stem (underlined nucleotides) to give a hairpin
structure that brings the fluorescent reporter group (ATTO425)
into proximity with a quencher group (three copies of
BMNS535). Upon exposure to the target RNA/DNA template, the
hairpin opens allowing fluorescence upon exposure to 455 nm
light. Simultaneously, this photosensitises cleavage of the

A
: iMB

View Article Online

Review

N-alkylpicolinium-phenol ether linker, mediated by ascorbic
acid. Each fragment of the cleaved probe has a lower binding
energy for the template than the probe itself, allowing dis-
sociation, continued fluorescence and reuse of the template.

The mechanism illustrated in Scheme 25 has been pro-
posed'” to account for reductive cleavage of the
N-alkylpicolinium-phenol ether (NAP) linker.

Building upon earlier work on light activation of 114,
Schmidt, Jullien and co-workers studied light activation (365 +
25 nm) of SIEs of type 115 to underpin a detailed assessment
of the kinetics of disassembly of representative self-immolative
systems, such as 116, and the relationship their of structure to
the observed rates (Fig. 11)."°"'** The results emphasise the
speed and utility of photochemical triggering, a technique that
has found a number of applications in the field, e.g. Schemes
47 and 57. The data reported are of general importance; for
example, the relative rates of decarboxylation of carbamates
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Scheme 24 The immolative molecular beacon (iMB) 113 reported by Seitz and co-workers.*>®
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Scheme 25 The proposed mechanism for cleavage of the NAP-phenyl ether linker 113153
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Fig. 11 The photoactivatable self-immolative systems 114—-116 subject to kinetic studies by Schmidt, Jullien and co-workers.

and carbonates, two commonly employed parts of SIE design,
are determined. Also, quantitative data on the effect of elec-
tron withdrawing and electron donating groups on the linker
add further useful design information. The authors have
drawn attention to the idea of a self-immolative linker as a
‘molecular clock’ and report further quantitative information
on the importance of pH on their disassembly. The signifi-
cance of such considerations is given useful focus in the
recent results reported'®® by Bradley and co-workers that show
reaction-condition-dependent stability of a self-immolative (SI)
linker. This phenol-based linker-reporter system proved isol-
able under some conditions yet disassembled expeditiously
under others (see Schemes 35 and 36). A broader consideration
of the kinetic aspects of SIE disassembly, across many systems,
was covered in their recent review.”"
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An interesting application of photo-triggered self-immola-
tive linkers has been reported by Zhou (Scheme 26).">° The
system 117 conjugates a new self-immolative linker/reporter
group to a carrier peptide or protein; this peptide/protein has
an appropriately placed primary amine e.g. a lysine residue,
the e-amino group of which then becomes critical to fragment-
ing the system once photo-decaging has taken place. The
method is based upon earlier work on the fragmentation of
DNA by primary amines at C4-oxidized abasic sites (referred
to as C4APs) and has focused upon the biocompatibility of
both the initial system and the breakdown products, with the
added advantage that the carrier could assists with important
functions such as cell penetration. Thus, irradiation of 117 at
365 nm led to quantitative cleavage of its two ortho-nitrobenzyl
trigger groups to afford 118. Equilibria with ring-opened forms

NH,
hv (365 nm)
\ HO
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Scheme 26 Zhou's PC4AP (photocaged C4'-oxidized Abasic site) self-immolative linker attached to a carrier peptide to form a delivery system for

doxorubicin.*>®
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of 118 facilitates formation of imine 119 using the intra-
molecular e-amino group of a lysine side-chain. Elimination of
the carbamate, possibly via the enamine form of 119, releases
the doxorubicin reporter group. Cyclisation of 120 with step-
wise addition and re-elimination of water gives 121 as the final
product. Release of doxorubicin was found to reach 85%
within 1 h, following irradiation for 5 min at 365 nm, when
H3-V35C was used as the carrier peptide. The conjugate was
also shown to be transported into the cytoplasm of HeLa cells
and release its doxorubicin upon irradiation, only then did the
drug move to the nucleus. The new linker was also shown to
be compatible with antibody directed methods.

Though an amine-containing reporter group (doxorubicin)
is illustrated in Scheme 26, alcohol bearing reporter groups
are also usable.

The design of linkers with varying rates of release has been
important to the advancements in the field. In respect of
linkers based upon an aromatic core, in addition to the use of
judiciously placed donor substituents on the ring, employing
an aromatic ring of lower resonance energy can also be useful;
for instance, Shabat’s pyridine linker®® (vide supra) and the use
of polycyclic aromatics. Indeed, Gillies has utilised the facile
thermal reversibility of a furan Diels-Alder reaction, coupled
with furan’s electron rich 2 and 5 positions, to facilitate frag-
mentation of a self-immolative polyglyoxylate polymer, see
section 4.4. Some measure of relative aromaticity can be gar-
nered, inter alia, from aromaticity indices; for example, those
proposed by Hess and Schaad which relate a number of hetero-
cycles to benzene as 100%. Thus, pyridine (82%), pyrrole
(37%), furan (12%) can be seen as having lower aromaticity."””

Phillips has shown that naphthyl linkers can be effective, if
designed to give 1,6-elimination.’®® As part of this study, the

OH OH

‘ N =

MeO [ MeO 7
(¢]

122 123
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contributions of resonance energy of a particular aromatic
were considered and evaluated against a benzene ring as stan-
dard (Scheme 27). The results were applied to the fragmenta-
tion rates of oligo-linkers 122-124, formed after triggering of
the corresponding boronate esters. The naphthyl linker dis-
assembled a little slower than a methoxy bearing benzene
ring; however, it still represents a valuable, alternative
approach to varying fragmentation rates. Solvent polarity
effects were also considered with more polar solvent mixtures
encouraging faster fragmentation rates. The naphthyl and
methoxybenzene linkers 123 and 124 were able to function
effectively in a significantly less polar medium than 122.

Self-immolative systems that operate, post-triggering, via an
electronic cascade have been utilised in innovative synthetic
processes. For example, Goggins et al. have described the use
of a self-immolative electronic cascade process to permit
signal transduction and amplification via an enzymatically-
triggered ligand release and accelerated catalysis process.'*®
The pro-ligand enzyme substrate 125 was designed to selec-
tively self-immolate in the presence of an alkaline phosphatase
enzyme to release a ligand 126 that can bind to a metal pre-
catalyst [(cp*IrCl,),] to afford 127, thus accelerating the rate of
a transfer hydrogenation reaction (Scheme 28). Using SI proli-
gands to facilitate a change in the properties of metals may
prove quite generally significant (vide infra).

Using an esterase driven cleavage of a SIE, Gale and co-
workers have described a very interesting means by which the
magnetic properties of a complex can be profoundly changed,
from antiferromagnetic to paramagnetic (Scheme 29).'°° A pro-
ligand was designed into the Fe®" p-oxo-bridged dimer
complex 128 that, upon exposure to a porcine liver esterase,
triggered cleavage of the pivalate ester to afford 129; concomi-

MeO MeO

O%NH MeO

NO, NO,

124

Relative rate 113
of fragmentation

143

Scheme 27 Comparative rates of fragmentation of modified, aromatic self-immolative linkers 122-124.1%®
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tant 1,6-elimination gave 130. The facility with which elimin-
ation of the phenol occurs probably reflects the predominantly
aqueous solution in which the reaction takes place, as noted
by Phillips (vide supra).*® By bonding of the newly generated
phenolic ligand in 130 it spontaneously splits into two equiva-
lents of a monomeric, distorted octahedral, high-spin Fe*
complex 131 that displays paramagnetic properties. This
change in magnetic properties can support, inter alia, mag-
netic resonance imaging experiments.

An alternative approach to the targeted delivery of nitrogen
mustards to that described by Peng and co-workers (Scheme 9)
has been reported by Shabat et al. An elegant prodrug system
based on a 7-hydroxycoumarin fluorophore-linker was devel-
oped which allowed for an efficient 1,8-elimination cascade
(Scheme 30)."®" The success of a 1,8-elimination across a cou-
marin mirrors that across cinnamyl alcohol systems but con-
trasts with that attempted across a naphthalene ring
system."®>'%® The prodrug 132 was comprised of a dipeptide,
Z-Phe-Lys, the 4-aminobenzyl alcohol linker, an ethylenedia-
mine-derived cyclisation spacer, coumarin-based fluorophore-
linker and the anticancer agent, melphalan. Exposure of the
prodrug 132 to cathepsin B, an enzyme found in elevated
levels in cancer cells and tumour endothelial cells, resulted in
cleavage of the trigger group to reveal the aniline moiety 133
capable of 1,6-elimination to yield a secondary amine that in

NH;
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turn cyclises to afford a urea and the free ionised
hydroxycoumarin species 134. The phenolate species 134
fragmented via a 1,8-elimination process, resulting in the
release of melphalan and the coumarin-quinone-methide 135,
which is then subject to hydration in the aqueous medium
to afford the highly fluorescent coumarin derivative 136.
This design facilitates monitoring of fragmentation by
fluorescence.

Inspired by the work of Bertrand and Gesson on acid sensi-
tive triazolylmethylcarbamate linkers,'®* Blencowe et al.'®®
demonstrated the base sensitivity of triazolylmethylcarbamate
self-immolative systems 137, capable of a 1,4-elimination
cascade with a pivaloyloxymethyl (POM) trigger (Scheme 31). It
was highlighted that the rate of self-immolative elimination
was tuneable by the degree and nature of substitution at the
triazole a-methine position (R; and R,), with the fastest rate of
self-immolation when R, and R, were gem-dimethyl groups.
Self-immolation was triggered in a mixture of NaOCD; and
MeOD; with formaldehyde generated as a by-product,
affording the triazole anion 138. Under these experimental
conditions, the triazole anion 138 initiates a 1,4-elimination to
allow for release of the carbamic anion which subsequently
underwent a decarboxylation event resulting in the formation
of the deuterated benzylamine 139. The so-formed triazaful-
vene 140 was trapped by excess base to afford 141. Acid

Cl
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(e] Cl

OH

134

H,0

QL™
HO o” "0

136

Scheme 30 Melphalan release upon exposure of prodrug 132 to cathepsin B featuring 7-hydroxycoumarin fluorophore-linker as reported by

Shabat and co-workers.*%*
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Scheme 31 Base mediated disassembly of self-immolative triazole 137 via 1,4-elimination reported by Blencowe et al.*%°

mediated degradation of polymer bonded triazoles have also
been described."®

Roberts and Stevens further developed the 1,2,3-triazolyl-
based self-immolative scaffold to afford a dynamic, pH sensi-
tive switch that allows controlled delivery of the reporter
group. A double linker system was prepared that combined the
triazole moiety with a 1,2-diamine cyclisation stage to facilitate
the use of carbamate trigger moieties.*® Removal of the trigger
from 142 with a Pd(0) catalyst and morpholine as stoichio-
metric nucleophile yielded the free amine 143. Cyclization to a
urea, with concomitant elimination of formaldehyde, gave tria-
zolide anion 144. The triazolide anion then underwent a pH
dependent 1,4-elimination; under basic conditions, release the

OMe

reporter moiety together with carbon dioxide and triazafulvene
140 occurred. In turn, 140 undergoes a Michael addition with
the excess morpholine to give 145 (Scheme 32). Alternatively,
upon the addition of acid, the triazolide anion protonates,
thus pausing the self-immolation. Treatment with base was
observed to restart the paused 1,4-elimination. The 1,4-elimin-
ation was found to be faster in the presence of D,0, in accord
with other fragmentations discussed above.

Subsequently, the authors have applied this methodology
to ‘click’ their self-immolative unit to a polymer with pendant
alkyne groups in order to develop a material with tuneable pro-
perties.®” Further work, with Gillies, has seen the method
used to effect post-polymerisation modification of self-immo-
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Scheme 32 Dynamic pH responsive self-immolative triazole 142 with a
described by Roberts and Stevens.*®
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lative polymers (SIPs), allowing depolymerisation’®® under
selective conditions e.g. Pd(0) catalysts or UV light (365 nm)
e.g. 146, for related SIPs, see section 4.4.

The effectiveness of ammonium ions as leaving groups in
self-immolative processes has been exemplified in drug deliv-
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Scheme 33 Taran and LeGall's FRET-based detection system 148 for
electrophilic alkylating agents.®
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ery by Peng, wusing hydrogen peroxide triggering
(Scheme 9).°*"* pillow et al. have used both glutathione and
enzymatic triggering to release drugs, in ammonium ion form,
from antibody-drug conjugates.”® By contrast, Taran and Le
Gall have used the generation of an ammonium ion (147) by
alkylation of 148 as a means of triggering its self-immolative
fragmentation (Scheme 33).° By this means, the FRET quench-
ing apparent in 148 is removed in 149, allowing quantitative
detection of a variety of alkylating agents by fluorescence upon
excitation of coumarin 149 at 365 nm. This method is particu-
larly interesting as one of the early examples of an electrophili-
cally triggered SIE and, as with Seitz’s iMB, has the rare prop-
erty that the reporter group and trigger are in the same moiety.
The self-immolative linker features an ortho-nitrophenol, to
enhance the acidity of the phenolic OH; an alternative role for
the nitro group, in enzyme catalysed reactions, was discussed
by Hou and co-workers (Scheme 18)."%¢

The utility of the related iminium ions, as leaving groups in
SIEs, has also been used in an elegant DNA ‘walking’ mecha-
nism of a 2,6-disubstituted phenol system by Fakhiri and
Rokita (see section 3).”?

Acton et al. reported a self-immolative system triggered by
non-acidic electrophilic species such as methyl, allyl and
benzylic halides.® Inspired by work from Kunz'®® and
Verducci,'”® 2-(diphenylphosphino)ethyl group (DPPE) was
conjugated with N-methyl-4-nitroaniline via a carbamate to
afford 150 (Scheme 34). Subjecting phosphine 150 to a Type II
Sn2 alkylation resulted in formation of the corresponding
phosphonium salt 151, thus increasing the acidity of the
a-methylene protons and activating the trigger towards base
mediated elimination. Addition of N,N-diisopropylethylamine
(DIPEA) to a solution of 151 in acetonitrile led to 1,2-elimin-
ation, releasing the nitroaniline reporter moiety, confirmed
visually by the distinct yellow colour of the solution
(Scheme 34). A one-pot procedure proved equally effective.
Recent optimisation studies by Gavriel et al, to probe both
electronic and steric effects of the reporter unit, identified the
self-immolative system 152 as the best balance of stability and
reactivity.'”!

PPN

©
Br ®

[ co,

Scheme 34 (a) Self-immolative system 150 for disclosure of electrophilic alkylating agents, as described by Acton et al.;® (b) optimisation of 150 to

afford compound 152.17*
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Bradley and co-workers have recently adapted a self-immo-
lative electronic cascade process, that affords a quinone
methide intermediate, to give an elegant protecting group
strategy and demonstrated its application to solid-phase
peptide synthesis.'” In this approach, the side chain amine of
a lysine residue is protected in the form of a modified benzylic
carbamate that uses a 4-demethoxyveratryl alcohol unit that
bears a para-vinyl ether (referred to as the vinyl ether benzylox-
ycarbonyl (VeZ) protecting group), for example 153
(Scheme 35). The vinyl unit of the VeZ protecting group allows
a thermally induced triggering event that is orthogonal to the
standard range of protecting groups used in peptide synthesis.
Thus, treatment of 153 with tetrazine 154, induces a tandem
inverse electron-demand Diels-Alder reaction, retro-Diels-
Alder affording, after tautomerism, 155. An eliminative rearo-
matisation released the linker-reporter unit 156; indeed, this
elimination could be regarded as an additional linker unit
(vide infra)."”>'7* The stability of 156 proved condition depen-
dent, with isolation being possible.

Consistent with Phillips’ observations on the fragmentation
of phenolic systems (Fig. 2),*° plus those of Roberts and
Stevens®® on the fragmentation of triazole carbamate systems
(Scheme 32), an increase in the percentage of water in the
solvent assisted the rate 1,6-elimination of 156. Thus, the reac-
tion conditions of 50% water/DMF mixture (buffered to pH 5
using sodium citrate), in conjunction with exposure to micro-
wave radiation, allowed for an accelerated Diels-Alder reaction
and a facile self-immolative deprotection step: these con-

View Article Online
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ditions could be employed when generating peptides on solid-
supports (Scheme 36). Fmoc-Lys(VeZ)-OH was applied to the
synthesis of two cyclic peptides, melanotan II (MTII) and a
constrained BAD BH3 peptide analogue - both of which are
examples of side-chain to side-chain lactam-bridge peptides.
Additionally, the approach has proved effective at drug release
from prodrug systems."”*

The use of thermal triggering of SIE systems, using Diels—
Alder reactions, has also proved advantageous in SIE polymer
systems (see section 4.4)."7°

The method has proved effective at release of doxorubicin
(for its structure see Schemes 22 and 39) from an amphiphilic
methyl methacrylate/PEG copolymer 157 in HEK273 T and PC3
cells (Scheme 37)."7° In view of the vinyl ether unit, the
polymer was best prepared by RAFT. When in water, the copo-
lymer formed nanoparticles of 35 nm diameter with PEG at
the surface and four doxorubicin moieties in the hydrophobic
core.

This work was developed from reports of effective bioconju-
gation and protein activation of tetrazines with t¢rans-cyclooc-
tene derivatives."””"'”° Robillard developed this facile ligation
method into an interesting self-immolative method termed
‘click to release’ (Scheme 38)."®° Of particular interest is the
innovative way that the triggering event simultaneously com-
pletes construction of a self-immolative unit. The nature of the
R group on the tetrazines, e.g. 158-159 being found to exert a
significant effect of its rate of reaction, alkyl substituents
enhancing reactivity over their aromatic counterparts. Thus,
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Scheme 35 The thermally induced cleavage of the trigger moiety of the vinyl ether benzyloxycarbonyl (VeZ) protecting group on 153 with tetrazine

154 reported by Bradley and co-workers.*>®
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trans-cyclooctene 160 (X = O) undergoes the previously dis-
cussed tandem inverse electron-demand Diels-Alder reaction,
retro-Diels-Alder, under physiologically compatible conditions,
affording 161. Dihydropyridazine 161 undergoes tautomerism to
give 162, completing the self-immolative unit. Once formed, 162
undergoes 1,4-elimination to release the reporter group (a
detailed analysis of this process was reported), CO, and 163 that,
in turn, isomerises to aromatic pyridazine 164. The significance
of water in the reaction medium was again noted.

For the case when X = S, Pluth has cleverly adapted the
approach to delivery of COS, mediated by tetrazine 159, and
thence by catalysis with carbonic anhydrase to gasotransmitter
HZS.IH

The use of the trans-cyclooctene-based methodology has
also been adapted to the release of oxygen-connected reporter
groups by inserting an aniline-based linker and exemplified by
preparation of the Triclosan donor 165 by Bernardes
(Scheme 38)."®" Release of this antibacterial agent was demon-
strated within live E-Coli cells by reaction with tetrazine 166:
restoration of triclosan’s activity was observed.

Further, Robillard has substituted the benzylamine reporter
group in 160 for doxorubicin in 167 and demonstrated its
release in A431 cell culture upon treatment with 158, as well as
noting the method’s potential for use in antibody drug conju-
gates (Scheme 39).'*° The delivery of doxorubicin by this
approach has been further extended by Mejia Oneto et al. to
target soft tissue sarcoma by using an injectable polymeric
reagent 168; specifically, an alginate hydrogel modified with
tetrazines (Scheme 39).'%

Further impressive advances in the application of trans-
cyclooctene, tetrazine methodology in the anticancer area have

NH
o
: Moo  NaOC HO o
5 :
HO HO §

Partial structure of alginate hydrogel
modified with tetrazines 168

Doxorubicin
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been published.'®*'®" Very recently, Fan and Chen have
reported a novel approach to on-demand pyroptosis via tetra-
zine mediated activation of a cytosine base editor, blocked by a
trans-cyclooctene.'®

An interesting variation on the method is the use of a 1,3-
dipolar cycloaddition of an aromatic azide e.g. hydrogelator
169 to a trans-cyclooctene 170 to give an unstable adduct 171
that fragments to diazonium species 172 with concomitant
ring contraction to deliver, after hydrolysis, an aniline 173
(Scheme 40). This aniline undergoes 1,6-elimination to yield
dipeptide 174; in so doing, a gel-sol transition takes place
raising the potential of such systems to be employed in inter
alia a drug delivery role e.g. for doxorubicin.'®® This reaction
has also proved successful in prodrug systems e.g. for doxo-
rubicin and profluorescence compounds.'®”'®® Such a change
of physical properties of a gelator has also been used as part of
a dendritic chain reaction (see section 3.3).

Reduction of azides to initiate 1,6-elimination and targetted
release of reporters by cyclisation-elimination, triggered by
saccharide azides, has also been achieved by Staudinger
reduction,'®"%°

Alternative reactive alkenes have also been used in ‘click to
release’ reactions of tetrazenes; for example, Franzini has
demonstrated the effectiveness of 7-oxa/azabenzonorborna-
dienes e.g. 175 (Scheme 41)."9%%?

Developing work by Imming et al and Leeper et al,
Franzini has also reported a distinctive method for dual repor-
ter group release from a combination of tetrazines and isoni-
triles and found this to work in vivo, using zebra fish embryos
(Scheme 41)."*7'°® The capacity for dual release offers an
interesting alternative to the use of dendrons and can be used,

‘Click to
release’

R'=R2=Me
(from 158)
R!=Me, R2 = Ar
(from 168)

Scheme 39 ‘Click to release’ of doxorubicin system 167, modified with trans-cyclooctene, by tetrazines 158 or 168.180-182
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for example, to deliver two different, synergistic drugs, in ther-
anostic applications or to release two distinct fluorescent
molecules (see pro-fluorescent 176 and 177). Thus, treatment

This journal is © The Royal Society of Chemistry 2022
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of tetrazines 178 with isonitriles 179 results in a tandem chele-
tropic reaction, retro-[4, + 2,] cycloaddition to afford pyrrazole
180. Hydrolysis of 180 liberates aldehyde 181 that undergoes
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f-elimination to deliver one reporter group; whereas, 182
undergoes 1,4-elimination to give the second reporter group.

Related results have been reported for release of sulfona-
mide groups by Houk and Liang using cycloaddition of sydno-
nimines onto the strained alkyne, dibenzoazacyclooctyne. An
orthogonality of delivery was noted between this system and
the benzonorbornadiene-terazine system of type 175, men-
tioned above.'®”

2.2 Self-immolation via cyclization elimination

Self-immolative linkers that utilize cyclization for disassembly
via activation of a latent nucleophile (e.g. amine,'*® phenol,"*°
and thiol groups®’®>°") followed by an intramolecular exo-trig
type cyclization mechanism are driven by (i) an increase in
entropy coupled with (ii) the irreversible formation of thermo-
dynamically stable products (e.g. CO,). For example, this degra-
dation pathway was demonstrated by Amir and Shabat with
the release of para-nitrophenol from a first-generation diethyl-
ene tri-amine-based dendron 183 (Scheme 42) using ethylene-
diamine as the linker.>®> The amide linkage is stable under
physiological conditions; however, the selection of the amide
side chain of penicillin G affords an elegant solution for mild
cleavage of an otherwise stable functional group. Thus, clea-
vage of the two trigger groups by the enzyme penicillin-G-

mNH HZN

Penicillin-G-Amidase
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amidase affords the nucleophilic amine species 184 that par-
ticipates in a favourable 5-exo-trig-cyclisation to liberate para-
nitrophenol (the reporter unit in this model study) with conco-
mitant formation of imidazolidinone 185. The cyclisation—
elimination approach to self-immolative linkers, either alone
or in tandem with other linker types, has been applied in a
number of ways in recent years and below we illustrate some of
these.

The biological significance of controlled release of COS/H,S
and persulfides has been discussed above (Schemes 13, 14, 16,
38 and Fig. 5-7). Additionally, Toscano notes the recent discov-
ery of the use of tRNA bound Cys-SSH in protein synthesis.'*°
Toscano and co-workers have thus prepared a range of self-
immolative molecules of which compounds 186a-d were
found to be effective for persulfide or COS/H,S delivery
(Scheme 43). They are triggered by deprotonation of its term-
inal nitrogen, at physiological pH, to give free amines 187 or
by nucleophilic attack by thiols to give persulfides 188 and
thence COS/H,S. The predictable cyclisation rate (pH depen-
dent) of the linker affords a suitable release profile for hydro-
persulfide 189, with ureas 190 as by-product. The rate of
release of the persulfide 189 is slowed at lower by pH, or with
the absence of a terminal methyl group (186b and 186d) or a
longer linker (186c-d). The steric bulk presented by the gem-

Cyclisation
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L™
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B +
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Scheme 42 Pencillin-G-Amidase triggered self-immolative system 183 featuring a cyclisation linker as described by Shabat and co-workers.2%?
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dimethyl group in the N-acetyl penicillamine unit of 186 is sig-
nificant. The analogue of 186 derived from N-acetylcysteine
methyl ester releases hydropersulfide anion 191 that reattacks
the S-S bond of the starting material to deliver trisulfide 192
as a significant by-product. In the presence of thiols, in com-
petition with cyclisation to cyclic ureas 190, attack on the per-
sulfides 186 occurs to give 188 and 193, and thence release of
COS, with subsequent hydrolysis, catalysed by carbonic anhy-
drase, to deliver H,S (see also Scheme 13). Though a minimal
pathway with 186a, slower cyclising compounds e.g. 186¢-d led
to this becoming a major pathway. Thus, linker design is
crucial to achieving a desired mode of action. In addition, 188
also reacts with N-acetylcysteine to afford polysulfides. Artaud
and Galardon have also described a pH sensitive persulfide
donor molecule based on penicillamine.**

The cleavage of disulfide bonds in 194 by cellular thiols has
been described by Feng and co-workers as means of controlled
release of sorafenib 195 via a cyclisation-elimination event to
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yield 1,3-oxathiolan-2-one 196 as the by-product via the thiol
intermediate 197 (Scheme 44).>* The drug release system 194
was prepared from multi-armed PEG-NH, adding to acrylate
198 to deliver an amphiphilic polymer that exhibited good
aqueous solubility and self-assembled into micellar-like nano-
particles (hydrodynamic diameter ca. 150 nm). Sorafenib could
be released in vitro by treatment with dithiothreitol. Dose
dependent cytotoxicity was observed toward HeLa and HepG2
cells, with evidence for improved intracellular localization; in
addition, in vivo activity was reported. A similar cyclisation—
elimination, but onto a carbonate group, was reported by Low
for the delivery of camptothecin.?*>

As part of their studies on traceless linkers to quaternary
ammonium ions, Pillow et al have used a glutathione
sensitive persulfide trigger to initiate a tandem cyclisation—
elimination, 1,6-elimination sequence to release tubulysin
from tripartite antibody-linker-drug conjugate 199 in vitro
(Fig. 12).”*
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Scheme 44 The PEG-based SIE 194 for intracellular delivery of sorafenib as described by Feng and co-workers.2%*
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Fig. 12 Pillow's glutathione triggered antibody-double linker-drug conjugate 199.°*

Perez has developed a SIE that combines targeting of doxo-
rubicin delivery with a folate unit and a cyclisation-elimin-
ation linker that was triggered by intracellular cleavage of a
persulfide bond to release the drug.>*®

The ethylenediamine-carbamate module has been shown to
be highly versatile, and has been used in combination with
self-immolative triggers that are activated upon the application
of different stimuli (e.g. enzymatic action,®**°"*°” irradiation
with UV,?°® or near-infrared light>°®). However, as noted by Dal
Corso, Gennari and co-workers, the cyclisation can prove to be
rate-limiting and ultimately affect prodrugs’ therapeutic
efficacy.>'® In 2020, Dal Corso and Gennari proposed a suitable
modification of the ethylenediamine-carbamate resulting in a
proline-derived self-immolative linker with an enhanced rate
of cyclisation whilst retaining the desirable features of the
ethylenediamine linker (Scheme 45).>'® The reactivity of the
proline-derived linker in 200 was compared directly to the
ethylenediamine linker in 201 in their trifluoroacetic acid
(TFA)-salt pro-drug forms. The half-life for cyclisation of 201
was 10.6 hours; whereas, 200 was found to release the reporter
moiety with a half-life of only 1.6 hours. In this system, the
cyclic amine attacks the carbamate connected to the exocyclic
amine thus forming a bicyclic urea.

Subsequently, this was extended to a trifunctional linker
system 202 which functions by non-sequential, dual activation
wherein the presence of a protease enzyme, though sufficient
to remove the dipeptide trigger, with concomitant 1,6-elimin-
ation to give 203, is insufficient to give rapid cyclisation to
release the camptothecin reporter group (Scheme 46).>° This is
thought to arise because of extensive protonation of the
proline-derived amine, preventing its nucleophilic cyclisation

onto the carbamate in 203. By contrast, the combined presence
of both a protease and a phosphatase converts 202 into 204
which undergoes rapid cyclisation-elimination forming bicyc-
lic urea 205 and releasing the reporter group. This nuanced
approach allows for the general idea of selecting for environ-
ments in which two analytes must be present e.g. a cell type
that contains two enzymes; this should allow for more selective
targeting of a reporter group.

In a related study, the rates of cyclisation of variously substi-
tuted 4-aminobutyric acids were examined by Gillies as poten-
tial self-immolative linkers.*"*

Schnermann has developed a number of drug delivery
systems, based around a cyanine caging group, of which the
antibody-cyanine-drug conjugate 206 serves as an example
(Scheme 47). These are triggered by irradiation with near-IR
light (780 nm), affording good tissue penetration of the light
and lower risk of tissue damage than UV radiation.>'*'®
Formation of singlet oxygen allows cleavage of the indicated
double bonds via the corresponding dioxetanes 207. Once
cleaved to compounds 208 and 209, the enamine moiety
becomes susceptible to hydrolysis releasing self-immolative
linker-reporter unit 210 that undergoes cyclisation-elimin-
ation to afford cyclic urea 211 and release of the duocarmycin
reporter group. It should be noted that these systems also
allow for fluorescence monitoring of the systems distribution
in vivo.

The E/Z-isomerism of ortho-hydroxycinnamates of type 212
leads to spontaneous cyclisation from 213 to coumarin 214
with release of the reporter group (Scheme 48). Such self-
immolation may be regarded as an example of a reagentless
form of activation in that no formal trigger group is present

[e]
e \ (o o o
F,¢7 "0 v o o DMSO/acetate buffer [LN\é‘ N o e
O RCEU R Tet2 WS o B SIS SRR e S o
RG] o { 72N/ o N KQJ N
H /N HO”: © HO”: ©
HO": ©O a A
200
[e]
Lo \P 2 2
[Xeigiae} \ o o DMSO/acetate buffer N\é e N o s N
~ AN =("N @8 RS D T e A . wo o
“Ne o / I o H \ /N N N
' \ N £
M N HO": © ~ HO”: O
HO": ©
7

201

Scheme 45 The proline-derived self-immolative linker in 200 as described by Dal Corso and Gennari et al.?*°
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and the only ‘reagent’ is a UV or near IR two-photon excitation.
However, this approach does allow for double targeting, as
exemplified by Wang and Zhang’s theranostic pro-prodrug 215
where reduction of the aromatic nitro group by nitroreductase
directs release toward cells over expressing this enzyme e.g.
hypoxic solid tumours, after which external irradiation
(365 nm) effects E/Z isomerism and release of the gemcitabine
reporter group.’’” Concomitant with this is formation of a
strongly fluorescent coumarin reporter from the self-immola-
tive linker. A related double activation strategy has also been
exemplified by Zeng and Wu (see Scheme 52).

Sasmal et al. have recently reported drug delivery platform
216 based upon a key cinnamate photoactivation.?'® In the
same way as Mosey and Floreancig (Scheme 7), Sasmal et al.
have employed Murphy’s triphenylphosphonium directing
group to target the mitochondria of the relevant cell type, and
the success of this approach was evident in the fluorescence
microscopy studies following treatment of HeLa cells with 216
(92% of cellular uptake into the mitochondria within 2 h). Use
of one (365 nm) or two-photon irradiation (700 nm)*'° of 216
proved successful in releasing the doxorubicin reporter group.

An alternative platform for effective intramolecular cyclisa-
tion systems have been realised by the trimethyl-lock linkers,

217
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these take advantage of a Thorpe-Ingold effect in tandem with
repulsion from an adjacent aromatic methyl group: recently,
these have been thoroughly reviewed by Klahn.*?*°7*** Jullien
and Schmidt have reported valuable kinetic data of their rates
of cyclisation, utilising a photoactivatable self-immolative
system 217 that, upon trigger activation, results in a 6-exo-trig-
cyclisation (218), favoured by steric hindrance, resulting in
lactonization of the linker to give 219 in ca. 3 minutes liberat-
ing the fluorescent reporter 220 (Scheme 49)."*° This sterically
induced effect occurs on account of the unfavourable inter-
actions between the methyl residue at the meta-position on the
phenolic core and geminal methyl groups at the benzylic posi-
tion of the alkyl chain. Further data is reported on a phenol-
carbamate cyclisation linker. They note the general point that
cyclisation-based linkers tend to self-immolate less rapidly
than elimination-based linkers.

Wang and co-workers have used the trimethyl-lock linker as
an esterase-triggered source of the gasotransmitter H,S
(Scheme 50).>** Treatment of 221a-b with porcine liver ester-
ase gives rapid cleavage of the trigger group. The resultant
phenol 222 undergoes facile cyclisation, possibly following
protonation to the thioacid, to give d-lactone 219 and the
reporter group, H,S. By variation of the ester group, the rate of

218 219 220

OMe
MeO. .
Ho - 2 o 0._0
S Rseg o
e
o < O o e} N 2
3 5 HO N
2
o N OMe
MeO.
NO
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Scheme 49 Near-UV triggered self-immolative system 217 cable of undergoing a trimethyl-lock accelerated cyclisation event resulting in the

release of a fluorescent reporter moiety as described by Jullien, Schmidt and co-workers.
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Scheme 50 The esterase/alkaline phosphatase triggered trimethyl-lock linker for controlled release of H,S and H,S, reported by Wang, Zheng and

co-workers 224225
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hydrolysis could be tuned (221a ¢;,, 13.0 + 2.4; 221b ¢;, 28.7 +
1.5). Additionally, the absence of the aromatic methyl groups
could significantly slow the rate of the cyclisation reaction.
Together these allow variation in the rate of delivery of the H,S
gasotransmitter. Zheng and Wang have also modified this
approach to deliver hydrogen persulfide using 223a-b
(Scheme 50).>** By altering the trigger group to a phosphate in
224, triggering can occur using alkaline phosphatase.

By coupling the ability of some 1,4-benzoquinones to func-
tion as substrates for DT-diaphorase, being reduced to the
corresponding hydroquinone, a combined trigger-linker of the
trimethyl-lock type has been used by Cheng as part of a deliv-
ery system 225 for N-azidoacetylmannosamine (Scheme 51).>*°
The trigger-linker and reporter group are connected by a
second, N,N'-dimethylethylene diamine, linker; this linker was
established to give negligible non-specific hydrolysis. Thus,
following reduction of 225 by DT-diaphorase, 226 undergoes
cyclisation to eliminate &-lactone 227. The N,N-dimethyl-
ethylene diamine linker in 228 then cyclises to urea 190 to
deliver N-azidoacetylmannosamine 229; the latter is known to
be incorporated into cell surface saccharides, offering a
partner for subsequent ‘click’ chemistry modifications. The
overexpression of DT-diaphorase in multiple cancer cell lines
makes this of particular interest in the study of cancer biology;
for example, 225 was shown to deliver 229 in Bxps-3 cells (pan-
creatic cancer cells).

In 2015, Zeng and Wu used the combined trigger-linker of
the trimethyl-lock type with an aniline-based 1,6-elimination
linker to give a camptothecin delivery system 230 (Fig. 13).>*” In
this system, an additional feature is the ability to self-indicate
fragmentation by the loss of fluorescence quenching (photo-
induced electron transfer — PeT - from the camptothecin to the
quinone). Simultaneously, this also functions as diagnostic for
DT-diaphorase activity, with the fluorescence intensity being

This journal is © The Royal Society of Chemistry 2022

Wu's theranostic SIE 230 for

Fig. 13 Zeng and
delivery.??’

camptothecin

shown to reflect the levels of the enzyme. This strategy has been
adapted to a dendritic platform (see section 3).>>®

In 2018, Wu and Zeng developed a selective methotrexate
delivery system 231, in a liposome carrier; as it requires two
triggering stimuli, it may be designated as a pro-prodrug
(Scheme 52).>*° First, reduction/cyclisation of the DT-diaphor-
ase sensitive 1,4-benzoquinone trigger/linker in 231 leads to
selective cleavage in cells overexpressing that enzyme.
Concomitant with this, activation of fluorescence (475 nm) of
the coumarin moiety in 232 occurs, facilitating assessment of
the enzyme’s levels. Subsequent irradiation by one-photon
(visible - 400-450 nm) or two-photon (near infrared) light
cleaves the coumarin to release the dihydrofolate reductase
inhibitor, methotrexate. Critically, in the absence of
DT-Diaphorase, cleavage of the coumarin under irradiation at
400-450 nm is blocked. Such double triggering offers the
potential of detection and selective cytotoxicity toward cancer-
ous cells overexpressing DT-diaphorase e.g. HeLa and A549.
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Scheme 52 Wu and ‘s pro-prodrug system 231 for selective targeting of cancer cells.

A practically interesting in vivo imaging application of the
1,4-benzoquinone trigger/linker has been reported by a collab-
oration between Kwak, Sessler, Shabat and Kim, utilising an
optimised chemiluminescent reporter group described by
Sigman and Shabat, comparison was made between the pro-
chemiluminescence 233 and pro-fluorescence probes 234
shown in Fig. 14.2*>**" Amongst the advantages attributed to
chemiluminescence is good penetration depths into tissue,
higher signal-to-noise ratios than fluorescence and reduced
interference from autofluorescence. Upon exposure to DT-dia-
phorase (NQO1), the chemiluminescent probe 233 was
observed to rapidly begin emission of green light (<90 s, moni-
tored at 515 nm), undergoing rapid reduction, cyclisation, 1,6-
elimination and fragmentation of the dioxetane without an
observed intermediate. In vitro, this probe was found to differ-
entiate between A549 cells (elevated NQO1 levels) and H596/
WI-38 cells (low NQO1 levels). The fluorescence-based probe
234, developed by McCarley, was also effective;****** however,
chemiluminescence was found to deliver a higher signal-to-
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noise ratio in reporting on NQO1 activity in A549 cells. In vivo
imaging of NQOL1 activity in A549-tumour-bearing mice, by
chemiluminescence, was effective whilst no signal was seen
with H596 derived xenografts.

Ji and Miller have developed a self-immolative system 235
for the selective transport of the antibiotic ciprofloxacin into
bacterial cells, utilizing the microbial iron acquisition system
(Fig. 15).>** The targeting is achieved by a siderophore (desfer-
rioxamine B) that is attached to a succinate trigger; in turn,
this connects to a trimethyl-lock linker and, finally, the repor-
ter group. As a cautionary note, whilst displaying antibiotic
activity, it proved less active than ciprofloxacin alone, raising
the probability that the enzymatic cleavage of the trigger was
inefficient. Linkers were originally introduced to ease the
problem of enzyme access to a scissile bond, but here a
problem remains.

In an ingenious adaptation of the Julia olefination, Wang
and Wang have reported an esterase sensitive prodrug 236 for
delivery of the potential gasotransmitter SO, (Scheme 53).>* A

o Chemiluminescence Probe 233
I
N
(0] (®) i o/ o.
o (0]
HO,C™ ™

Fluorescence Probe 234

Fig. 14 Chemiluminescence 233 and fluorescence-based 234 trimethyl-lock linker probes for in vitro and in vivo imaging of NQO1 activity.
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Scheme 53 Wang and Wang's esterase triggered SO, release SIE 236 based on a modified Julia reaction.?*®

range of molecules related to 236 were prepared, with the glyci-
nate ester shown below facilitating rapid hydrolysis and
enhanced aqueous solubility. The substituents on the linker
facilitates rearrangement via 237 and 238 to give 239, the gem-
dimethyl precludes p-elimination of the ester prior to hydro-
lysis, then, critically, stabilises the antiperiplanar transition
state for fragmentation of 239 to release SO,. Compound 236
was shown to release SO, in HeLa cells.

Linkers featuring a phosphate/phosphonate unit have
proved to be of significant value, in both the cyclisation-elim-
ination mode and from para-aminobenzylalcohol®*® linkers
where they may readily replace the role played by carbonates or
carbamates in connecting to the reporter group (see
Scheme 50 for use as a trigger group). These groups have
found an early implementation in prodrugs; for example, they
have been employed in the form of ester hydrolysis triggered
phosphonamidates for the delivery of tenofovir*®” and
Propofol,**® building upon earlier technology reported by
McGuigan et al. (Scheme 54).>*°** Thus, following adminis-
tration of Tenofovir alafenamide 240, hydrolysis to carboxylate

This journal is © The Royal Society of Chemistry 2022

241 is thought to occur and that spontaneously cyclises to 242;
in turn, this hydrolyses twice to give first 243 then release of
the drug Tenofovir (NB the usual colour scheme has been
abandoned as trigger, linker and reporter groups overlap). This
approach was adapted by Wei et al. to give prodrugs 244 and
245 for the phenolic reporter groups Propofol and HSK3486,
respectively: compounds with a variety of uses including start-
ing and maintaining anaesthesia. This approach offers a
general platform for the delivery of phenolic drugs.

Berkman and co-workers have reported a number of pH
triggered phosphoramidate-based systems for the delivery of
amines, with general acid catalysis of cleavage of the P-N bond
being noted (Scheme 55). The pK, of the amine reporter group
was found to be important in determining the rate of hydro-
lysis.>** "H and *'P NMR studies on 246 revealed cleavage of
247 proceeding via a two-step mechanism, passing through an
acylphosphate intermediate 248 to give 249.>*> Further work
on a series of compounds related to 250 confirmed the impor-
tance of the nature of the amine reporter group and estab-
lished the significance of the carboxylic acid (or other acid

Polym. Chem., 2022,13, 3188-3269 | 3225
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Scheme 55 The pH triggered phosphoramidate-based systems for the delivery of amines reported by Berkman and co-workers.

group), its pK, and its position relative to the phosphorami-
date in labializing the P-N bond.>® In studies on the rate of
hydrolysis of 250, it was shown to vary significantly over the
pH range 3-7.4.>%°

Building upon this work, a SIE 251 for the delivery of the
antimitotic agent monomethyl auristatin E has been reported
(Scheme 56).>*” Inclusion of an N,N-ethylenediamine cyclisation
linker, coupled with a 1,6-elimination linker in 251 achieved
consistent rates of hydrolysis, regardless of varying steric hin-
drance of the reporter group, the proposed mechanism of frag-
mentation of 251 to yield the antimitotic agent and the phos-
phate 252 via intermediates 253-255 is illustrated in Scheme 56.
The presence of an azide in 251 makes it adaptable to a number
of purposes through ‘click’ chemistry e.g. the potential for incor-
poration into an antibody-drug conjugate. This methodology
has also been applied to controlled release of .-Dopa.>*®

Recently, Baszczynski and Prochazkova have described a set
of UV light triggered, phosphate-based self-immolative entities
that facilitate the release of two reporter groups, exploiting

3226 | Polym. Chem., 2022, 13, 3188-3269

244-246

that particular advantage of using a phosphate over, say, a car-
bamate (Scheme 57).>*° The release of more than one reporter
group has mainly been achieved by the use of dendritic and
polymeric systems (vide infra) though, for example, Phillips
has described an acetal-based system for achieving this
(Scheme 9, and Fig. 4). The rate of release from 256 proved
tunable by a combination the Thorpe-Ingold effect on the
cyclisation step and variation of the pK, of the reporter group.
The first reporter to be released occurs via an SI mechanism
(257 to 258a-b, then hydrolysis to 259a-b); whereas, the
second release to 260 occurs by direct hydrolysis. Phenols were
found to be good leaving groups; whereas, alkanols were
retained on the phosphate. A particularly rapid release of
phenols was observed when a gem-dimethyl group was present
on the linker (256, R' = R*> = Me).

Recently, Rotger has introduced a new linker based upon a
squaramide group 261 (Scheme 58).>>° When the linker nitro-
gen proximal to the squaramide is N-methylated, the preferred
E,Z-conformation 261 (boxed structure) favours cyclisation

This journal is © The Royal Society of Chemistry 2022
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through an apparent 7-endo-trig mode. The combination of
stability of linker under physiological conditions, with a good
rate of cyclisation-elimination for aniline-based reporter
groups (alkylamines are significantly slower) makes this a valu-
able addition to the chemist’s arsenal. Use of the linker was
exemplified with delivery system 262 which undergoes
reduction of the nitro group with nitroreductase in the pres-
ence of NADH, followed by 1,6-elimination of 263 to give 264.
Cyclisation of 264 occurs smoothly to release the aniline-based
nitrogen mustard 265 and bicyclic squaramide 266.

This journal is © The Royal Society of Chemistry 2022

3 Amplification of self-immolative
systems through dendron-based and
related approaches

It was quickly understood that release of reporter groups could
be amplified following a single triggering event by either
linking self-immolative units together in the appropriate
manner (to yield self-immolative polymers, see section 4
below) or alternatively utilising multiple electronic cascade
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processes through branching units (i.e. self-immolative dendri-
tic systems). To this end, self-immolative dendritic systems are
a unique class of molecules defined by the release of multiple
reporter groups via a series of electronic elimination processes
arising from a single activation event.>>?°%2°%>> gyitable
structural modification of linear self-immolative aromatic
linker units to permit degradation via additional pathways
enables the creation of branched self-immolative linker
systems and ultimately amplified release of multiple reporter
groups following the triggering event.

In the past decade, the synthetic focus towards self-immola-
tive systems capable of amplified release of reporter units has
shifted from the construction of dendritic compounds of high
generation number; their syntheses are frequently far too
complex and practically challenging, not to mention extremely
costly in terms of labour, in relation to the advantage of ampli-
fication offered. More pragmatic studies on self-immolative
systems offering amplified release have thus focused primarily

3228 | Polym. Chem., 2022, 13, 3188-3269

on the use of first generation dendrons to demonstrate ampli-
fication for new trigger or linker groups or indeed application
of these systems under realistic environmental conditions.

3.1 Phenol-based AB,, AB; and AB, based linkers

Shabat and co-workers described an example of a phenol-
based AB, linker system to control the disassembly rate of self-
immolative dendrons.””® Dendrons 267 and 268 contained the
methyl and ethylcarboxy-ester substituent on a core benzene
building-block (Scheme 59). Upon a single trigger event via
photo-irradiation of the ortho-nitrophenyl residue to promote
1,6- and 1,4-elimination, the dendrons release para-nitroani-
line from 269/270 via diamine cyclisation and fragmentation
from the cresol derivative 271. The dendron 268 featuring the
electron-withdrawing substituent exhibited a higher disassem-
bly rate when compared to dendron 267 that possessed a para-
methyl substituent. It was proposed that control of the rate of
self-immolative dendrimer disassembly would be applicable in

This journal is © The Royal Society of Chemistry 2022
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Scheme 59 Chemical structure and disassembly of second-generation 2,4-bis(hydroxymethyl)phenol AB,

dendrons.?%®

the field of diagnostic or therapeutic applications when a
specific release of reporter rate is needed.

Shabat and co-workers subsequently developed a divergent
strategy wherein a phenol-based self-immolative dendritic pro-
drug system,'®*>* featuring a 2,4,6- tris (hydroxymethyl)
phenol branching unit, allowed preparation of a number of
derivatives. This approach facilitated the stepwise coupling of
doxorubicin (DPX) directly via its primary amine, whereas eto-
poside (ETP) and camptothecin (CPT) were coupled through
the N,N-dimethylethylenediamine self-immolative cyclisation
linker (as exemplified in Scheme 43, 186a). Self-immolative
elimination was carried out under physiological conditions in
the presence of catalytic antibody 38C2 enzymes'®® and facili-
tated the disassembly via retro-aldol, retro-Michael cleavage of
the trigger group and release of three different drugs (i.e. from
a single molecular scaffold) through a combination of 1,6-and
two 1,4-elimination processes after only a single trigger event.
It was, however, observed for self-immolative higher gene-
ration dendrons based on AB, repeat units that the aqueous
solubility was compromised in the light of their hydrophobic
character, which in turn led to aggregation in this protic
medium.*>**>>> An alternative approach was thus developed to
overcome this solubility issue whereby the multiplicity of a low
generation self-immolative dendron was increased to permit
high substrate loading and also improve the aqueous solubi-
lity.>>® The self-immolative dendron 272 featured 2,4,6-trifor-
mylphenol as the branch point, phenylacetamide as the trigger
and six tryptophan reporter groups (Scheme 60). The self-
immolative dendron was then incubated in phosphate buffer
of saline (PBS, pH 7.4) both in the presence and absence of
penicillin G amidase (PGA). PGA cleaved the phenylacetamide
from dendron 272 and the resulting phenoxide 273 dis-
assembled to release a total of six equivalents of tryptophan

This journal is © The Royal Society of Chemistry 2022
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linker-based self-immolative

and the hexahydroxyphenol 274. The release of tryptophan was
completed within 48 hours in the presence of PGA; whereas,
release was not observed in the absence of the enzyme.

Shabat and co-workers have also utilised a first generation
dendritic system where the trigger unit was a phenyl boronic
ester (susceptible to the presence of hydrogen peroxide, vide
supra) to develop FRET sensors (see 275 and 276 in Fig. 16).>*”
These dendrons feature fluorophores (a fluorescein system and
CY5, respectively) whose visible emission was suppressed by the
close proximity of the quencher compounds coupled onto the
branched unit. The turn-on FRET sensors shown in Fig. 16
operate by exposure to hydrogen peroxide (in buffered PBS plus
DMSO as a co-solvent) to facilitate release of the fluorophores
and quencher compounds into solution via two 1,4-elimination
processes thus permitting observation of the fluorescence.

Akkaya has demonstrated the applicability of an AB,
dendron 277 to the detection of fluoride, utilising Schaap’s
1,2-dioxetane-based  chemiluminescent reporter  group
(Scheme 61).>°® Related reporter groups have also made a sig-
nificant impact in a number of areas; in particular, the com-
pounds developed by Shabat (see Fig. 8)."'® Treatment of
dendron 277 with a source of fluoride ions chemoselectively
cleaves the Si-O bond of the trigger group and releases phen-
oxide 278 that subsequently undergoes successive 1,4-elimin-
ation reactions to liberate two equivalents of chemilumines-
cent reporter group 279 for each ion sensed. The reporter
group fragments to 280%, relaxation of which to its ground
state occurs with emission in the blue region of the spectrum.
The sensor proved effective both in solution and when impreg-
nated into a polymer support (PMMA).>*®

Use of two-photon excitation, with near infrared (NIR) light,
to trigger a self-immolative delivery system allows good spatial
and temporal control of the process and is effective in biologi-
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Scheme 60 The structure of a self-immolative ABg dendron 272 with tryptophan units and phenylacetamide group as a trigger.2>*

Fig. 16 The phenolic-based self-immolative FRET systems 275 and 276 reported by Shabat and co-workers.?>”
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Scheme 61 Chemiluminescent sensor for the detection of fluoride using an AB; linker-based self-immolative dendron 27

cal systems. An action cross-section of 1 GM (Goeppert-Mayer)
units at 740 nm has been reported for a 4-bromo-7-hydroxycou-
marin chromophore. As an alternative to redesigning the
trigger chromophore, to increase the action cross-section and
hence it’s efficiency at triggering an SIE, Almutairi and co-
workers have prepared a second-generation (G2) dendritic
system 281 that should release four r-glutamic acid units per
two-photon excitation (see Fig. 17).>°° In practice, some back-
ground hydrolysis and side reactions from the irradiation of
281 were observed, but the amount of L-glutamic acid released

7 258

from the dendron, after 30 minutes exposure to NIR light, was
2.8-fold higher than that from the coumarin conjugate of
t-glutamic acid 282. Thus, this work demonstrates the impor-
tant lesson that while dendrons are effective in this role, it is
important to consider potential side reactions.

Hennig has described a range of efficiently quenched, NIR
fluorescent, activatable (PGA) probes based on the compounds
283 and 284 but varying the fluorescent species, here illus-
trated with a fluorescein reporter group that forms a non-fluo-
rescent H-dimer in the dendron (Fig. 18).>° The particular

OH
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CO,H OYO CO,H
COH J/N\ HO,C H -
HN.__O O+_NH Br
b X s
PR SSN Py 7
Oo.__N N__O N
N o o Ny 0
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Fig. 17 Almutairi’s two-photon, NIR triggered G2 dendron 281 for the release of L-glutamic acid.?°°
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advantage of such systems being that once the dye and
quencher interaction is optimised, to give the maximum
change from the quenched to free state, the trigger component
can be varied with little effect on those optical properties.
Investigation of the optical properties of these compounds led
to a detailed understanding of their behaviour. Interestingly,
whether a 2,6 or 2,4-substitution pattern was used in the
dendron portion of the molecule had little effect on the rela-
tive quantum yields.

Gillies and co-workers have developed a route to photo-trig-
gered self-immolative hydrogels®®® using a combination of cycli-

CusQy
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DMF/H,0

PEG
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p—d |
¢ N o _N I
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PEG”

sation linkers and electronic cascade processes. The bis-alkyne
dendron 285 shown in Scheme 62 was crosslinked with the
four-armed PEG featuring azide end groups via the well-estab-
lished copper-catalysed ‘click’ cycloaddition to yield a network
hydrogel. The dendron component of this network featured an
ortho-nitrobenzyl unit end group that could be photochemically
triggered to permit liberation of the secondary amine and
induce self-immolation via an initial cyclization event followed
by electronic cascade (1,4-elimination) to degrade the links of
the network, thus disrupting the physical form of the hydrogel
as established by studying the compressive moduli.

Crosslinked Network
Hydrogel

Scheme 62 The light-triggered self-immolative hydrogel reported by Gillies and co-workers.2¢°
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An excellent example of how self-immolative electronic
cascade processes can be utilised in biotechnology has been
reported®® by Fakhari and Rokita in the development of
dynamic DNA crosslinking agents to modify biochemical
transportation and ultimately disrupt DNA repair as part of a
strategy for cancer chemotherapy. A silyl ether protected
phenol 286 featuring a DNA intercalator (acridine) unit and
two benzyl acetates was synthesised - triggering with a fluor-
ide ion source activated the system to the corresponding
phenolate which then could degrade via 1,4-elimination to
afford a quinone methide intermediate (Scheme 63). This
intermediate was able to reversibly couple to DNA via the
nucleophilic nitrogen atoms of adenine or guanine in turn
leading to formation of another quinone methide that can
then bind to the nitrogen base of an adjacent nucleotide to
form a crosslink (either intra or interchain crosslinking is
viable). This crosslinking process was shown to be reversible
and thus the quinone methide unit can migrate along the
DNA duplex in a bipedal fashion.

I
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Zhang and co-workers have cleverly deployed an ABj;
dendron, conjugated to a range of DNA strands by azide ‘click’
chemistry, to create amphiphiles.*®* These amphiphiles
assemble into micellar nanostructures in water, whose struc-
ture can be varied, that undergo ready endocytosis (within
6 hours). Subsequent UV irradiation (365 nm) triggers release
of three equivalents of camptothecin (CPT). The conjugated
system affords much lower cell toxicity than the camptothecin
itself. For example, a DNA 20-mer 287 was conjugated to an
AB; dendron 288 to afford the amphiphile 289 (Scheme 64).

In 2017, Zeng and Wu described'®* a glutathione (GSH)-
triggered and self-immolative ABB' dendritic platform 290
comprising the reporter groups, the anticancer drug camp-
tothecin (CPT) and a two-photon NIR fluorophore (dicyano-
methylene-4H-pyran, DCM) for the in situ tracking of drug
release and anti-tumour therapy (Scheme 65). GSH is an
endogenous tripeptide that is present in cells at the millimolar
concentration level and it serves as the major antioxidant in
many biological systems. The dendritic drug release system

Migration
A

Scheme 63 The self-immolative DNA crosslinking system 286 capable of migrating in a bipedal fashion along DNA sequences reported by Fakhari

and Rokita.>*
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Scheme 64 A camptothecin bearing ABz dendron 288 equipped with a UV trigger, conjugated to a strand of DNA 287 to yield amphiphile 28
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Scheme 65 The self-immolative theranostic dendritic drug delivery
system 290 reported by Zeng and Wu.!??
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featured 2,4-dinitrobenzenesulfonyl (DNS) as the thiol-respon-
sive trigger group that was cleaved by the action of GSH, pre-
sumably via Meisenheimer complex 291, to liberate the corres-
ponding phenol 292 that in turn facilitated self-immolation
via a combination of 1,4-elimination processes to deliver CPT
and DCM within cellular environments. This prodrug was
shown to be effective both in vitro and in vivo and was able to
achieve sustained release of CPT to afford efficient inhibition
of tumour growth.

In the same manner that the elevated levels of glutathione
in some cancer cells was targeted by ABB’ dendron 290
(Scheme 65), a number of malignant cancers e.g. non-small
cell lung carcinoma, overexpress DT-diaphorase, sometimes by
as much as 50-fold compared to normal cells also can be tar-
geted. Developing their work on a drug delivery system that is
both triggered by the enzyme DT-diaphorase and able to
measure its level within the cell (Fig. 12), Zeng and Wu have
prepared an AB, dendron 293 (Fig. 19).>*® Following reduction
of the 1,4-benzoquinone to the corresponding hydroquinone,
successive cyclisation of the trimethyl-lock and N,N’-ethylene-
diamine linkers occurs, followed by 1,4-elimination of phenol
moiety and decarboxylation to release the CPT reporter group.
The fluorescence that arises from irradiation of camptothecin
is quenched by the quinone in 293. However, fragmentation of
the dendron not only releases the topoisomerase I inhibitor,
but restores camptothecin fluorescence (Amax 446 nm), self-
indicating the fragmentation and quantifying DT-diaphorase
activity. The release was shown to occur in A549 cells (a
DT-Diaphorase overexpressing cell line) but not in L929 cells (a
non-overexpressing cell line). Kim and Kim have used a
related, theranostic dendron using biotin as a cancer targeting
unit an SN-38 as the therapeutic agent.>®* In vitro and in vivo
studies showed inhibition of tumour growth.
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Fig. 19 The DT-Diaphorase triggered AB, dendron 293 for the
amplified release of camptothecin reported by Zeng and Wu.2%®

3.2 Aniline-based AB, and AB; linkers

First and second-generation aniline-based self-immolative den-
drons were first introduced in 2003 by De Groot et al.>>* A self-
immolative second generation dendron featuring three 2-(4-
aminobenzylidene)propane-1,3-diol AB, type self-immolative
linkers was able to degrade via two 1,8-elimination processes
from a single trigger activation event to liberate four equiva-
lents of paclitaxel (PTX). The self-immolative process for this
second generation dendron was triggered by reduction of the
nitro focal point under mild acidic conditions (zinc in the
presence of acetic acid in MeOH). Subsequent investigations
by De Groot et al. assessed the potential of self-immolative AB;
linkers featuring the same trigger group chemistries with the
release of 2-phenylethanol from a first-generation dendron 294
with a 2,4,6- tris (hydroxymethyl(aniline) dendritic core unit
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(Scheme 66).>°" In the light of the modest basicity of anilines
(pK,H" of aniline ca. 5) generated post-reduction of the nitro
trigger group, a significant percentage was present in the non-
protonated form and can, therefore, trigger 1,6-elimination to
lead to decarboxylation and liberation of the reporter molecule
and aza-quinone methide. Quenching the aza-quinone
methide with methanol reformed the electron-donating
aniline, which then in turn permitted two sequential 1,4-elim-
inations to occur with concomitant decarboxylation to release
two additional reporter molecules. Overall, a total of three
equivalents of 2-phenylethanol were released from a single
reduction activation event in the appropriate solvents.

In 2011, Papot and co-workers demonstrated>®® successfully
the action of an ABB’ dendritic prodrug system that featured
two back-to-back self-immolative linkers (Fig. 20). The first
being phenol-based and attached to the glucuronic trigger
group; whereas, the second is an aniline-based branched
amplifier unit carrying two distinct reporter groups. This first
generation dendron (295) featured doxorubicin and the
histone deacetylase inhibitor MS-275 as the reporter groups.
The phenol-based linker carried an ortho-nitro substituent that
will serve to decrease the pK, of the phenol and, as discussed
by Hou in the context of their galactosidase-based SIE, it may
affect the Michaelis-Menten constant (K,,) of the substrate for
the enzyme (Scheme 18)."*® This linker provides a suitable dis-
tance between the enzyme substrate and the two bulky drugs
to allow easy recognition of 295 by p-glucuronidase. Enzyme-
catalyzed cleavage of 295 led to the generation of a phenoxide
intermediate that then induced the release of an aniline via a
1,6-elimination process. Once activated, the aniline amplifier
unit first liberated doxorubicin via a 1,4-elimination followed
by spontaneous decarboxylation. Reaction with the water in
the aqueous environment traps the resultant ortho-azaquinone
methide to regenerate the electron-rich aniline thereby permit-
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Scheme 66 Triple self-immolation elimination of 2-phenylethanol from first generation 2,4,6-tris(hydroxymethyl)aniline based ABs; dendron
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Fig. 20 The anti-cancer self-immolative dendritic prodrug systems (295 and 296) developed by the Papot group.

ting the subsequent release of MS-275 via a 1,6-elimination
process. Normally, 1,6-eliminations are observed to be faster
than their 1,4 counterparts; however, this appears to be signifi-
cantly influenced by the nature of the leaving group. The
authors also note that as azaquinone methides are potential
alkylating species (see Scheme 62 for a related example), there
is potential for these intermediates to also prove toxic to can-
cerous cells. The one issue with 295 was effective cell pene-
tration. Additional work on amplification, with delivery of two
doxorubicin reporter groups was reported in 2012.>°* To
enhance the cell specificity and efficiency of the action of
drugs in dendritic prodrug systems, Papot and co-workers have
cleverly refined their prodrug design to produce 296 that fea-
tures a folate moiety to target the folate receptors frequently
overexpressed in cancerous cell lines and facilitate endocytosis
of the prodrug (Fig. 20).>> The structure of the phenoxy linker
was modified at the benzylic position to allow the folate to be
attached by ‘click’ chemistry. The lysosomal enzyme,
B-galactosidase, triggered self-immolation to release two doxo-
rubicin molecules in a highly targeted fashion. A similar,
folate directed approach has been reported for delivery of
monomethylauristatin E.**® More recently, Papot has extended

3236 | Polym. Chem., 2022, 13, 3188-3269
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these studies to give a f-glucuronidase-responsive drug deliv-
ery system that contains a maleimide unit that allows in vivo
functionalisation of cysteine-34 of plasmatic albumin.>*”>%®
Such albumin conjugates prevent rapid clearance of the drug
and concentrate that conjugate in tumour tissues where
B-glucuronidase triggers release of the anticancer agent e.g.
monomethyl auristatin E or doxorubicin; these drug delivery
systems were shown to be effective against, inter alia, pancrea-
tic tumors and murine LLC xenografts. The studies were
extended to include trimeric versions of the system.>®’

In the same paper*®’ in which FRET sensors were reported
from first generation self-immolative dendrons bearing a
phenyl boronic ester trigger group to permit a turn-on FRET
response upon exposure to hydrogen peroxide following two
1,4-elimination processes, Shabat and co-workers also reported
an analogous Homo-FRET sensor (see 297 in Fig. 21). Unlike
the phenol-based FRET dendritic systems, activation of this
aniline-based Homo-FRET probe was triggered by the action of
the enzyme PGA on the phenylacetamide group to liberate the
Cy5 fluorophores via both 1,4- and 1,6-elimination processes
from the branching unit to achieve the desired fluorescence
response.

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2py00414c

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 28 1401. Downloaded on 25/01/1405 09:09:24 ..

(cc)

Polymer Chemistry

(o] O%O

View Article Online

Review

297

Fig. 21 The aniline-based self-immolative Homo-FRET system 297 reported by Shabat and co-workers.?%”

3.3 Dendritic chain reactions (DCR) and amplification
systems

Although self-immolative dendrons are elegant systems, there
are structural and practical limitations (i.e. very labour-inten-
sive syntheses) in terms of achieving significant amplification
values for reporter release from dendritic architectures as high
generation dendritic species are required. In 2009 Shabat and
co-workers reported a solution for this limitation in the form
of the dendritic chain reaction (DCR).>’° This approach takes
inspiration from the polymerase chain reaction (PCR) and
Mirkin’s example of a PCR-like casade.>”>*”*> Shabat’s initial
DCR system 298, a first generation dendron which featured an
arylboronic acid was triggered in response to H,O, to provide a
phenolic species capable of a 1,6-elimination via a quinone
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methide and decarboxylation reaction to release the core
unit.>?” The core unit was able to undergo three further elimin-
ations of the substituents in the ortho- and para-positions to
release 4-nitroaniline (yellow) and the two choline molecules.
The choline units were then oxidized by choline oxidase (COX)
present in solution to produce four molecules of hydrogen per-
oxide, enabling amplification (Scheme 67).

Developing the concept of a hydrogen peroxide sensitive
first-generation dendron 299 as amplifier, Shabat has reported
an exponential signal amplification using a dendritic chain
reaction. Thus, exposure of 299 to hydrogen peroxide releases
three molecules of glucose that upon exposure to glucose
oxidase generates three equivalents of hydrogen peroxide
(Scheme 68).*” This hydrogen peroxide generator is coupled
with a second component 300, sensitive to H,0,, that gives a
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Scheme 67 Self-immolative dendritic chain reaction involving the dendron 298 triggered by the oxidation of a phenylborinic acid releasing

4-nitroanline (coloured readout) and two choline molecules that undergo oxidation by COX generating H,O, for further trigger activation.
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Scheme 68 Shabat's self-immolative dendritic chain reaction involving the ABz dendron 299.*°

spectroscopically monitorable signal. During this work, the
authors compared the effectiveness of the AB; dendron 299
with an AB, and two second-generation dendrons of AB, and
ABg design, respectively. The higher order dendrons gave the
fastest rate of disassembly but it was noted that they are
subject to more background hydrolysis; overall, the AB;
dendron 299 represents the best balance of stability and
amplification.

In 2015, Hamachi and co-workers described the application
of a dendritic chain reaction process within a multicomponent
supramolecular hydrogel to permit detection of small-mole-
cule biomarkers by a gel-sol transition, with the naked-eye.*”?
The hydrogel was composed of a hydrogen peroxide-responsive
supramolecular triphenylalanine-based hydrogel (BPmoc-F3)
plus an embedded dendritic self-immolative system and
corresponding enzymes (sarcosine oxidase (SOx)/urate oxidase
(UOx)) to afford a signal amplification system (see Scheme 69).
Degradation of both the peptide BPmoc-F; and self-immolative
first generation dendritic system 301 was triggered by hydro-
gen peroxide, produced by reaction of the biomarker (uric
acid) with UOx. In order to effect amplified degradation of the
hydrogel network, the multi-component material was designed
so that dendritic component would release two sarcosine units
upon self-immolation; the sarcosine produced was then con-
sumed by SOx present in the gel matrix, in turn liberating two
equivalents of hydrogen peroxide to amplify degradation of
BPmoc-F; and 301, producing the gel-sol transition.

3238 | Polym. Chem., 2022, 13, 3188-3269

Papot and Taran have used their p-glucuronidase sensitive
trigger/linker combination to drive controlled release of a
payload from a micelle effectively amplifying the analyte signal
(Scheme 70).>”* An amphiphilic, micelle forming, compound
302 was synthesised around an iminosydnone (coloured
brown). The micelles formed from 302 (CMC = 50 uM, 10 =
1 nm) were shown to carry payloads and to breakdown on
exposure to a strained alkyne e.g. 303 to give 304 by a ‘click’
reaction with the iminosyndone moiety, cleaving the hydro-
philic from the hydrophobic segments. Breakdown of the
micelle releases the payload. Use of a self-immolative molecule
305 with a hydrophilic tale slows transport of the strained
alkyne into the micelle core; however, upon triggering with
B-glucuronidase (a tumour associated enzyme), the released
alkyne 303 rapidly penetrates to the hydrophobic core, reacting
with concomitant release of the payload e.g. a fluorescent
probe. This combination of reagents was found to be effective
both in KB cells and subcutaneous KB mouth epidermal carci-
noma xenografts in mice.

In 2012, Phillips described an autocatalytic signal amplifi-
cation system that couples a molecule sensitive to a particular
analyte (Pd(0)) that produces a chemical signal with another
that serves to amplify that initial signal (Scheme 71).>”> Thus,
307 detects the analyte with decomposition initiated by a
n-allylpalladium species, followed by rapid 1,6-elimination to
release a molecule of piperidine. Once formed, the piperidine
serves as a base to cleave the Fmoc group from amplifier 308,

This journal is © The Royal Society of Chemistry 2022
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itself being regenerated in the process, and triggering for-
mation of a second molecule of piperidine. The process then
repeats with the total number of piperidine molecules being
2" (n = the number of cycles). As discussed previously, the
methoxy group in 308 was found to confer an increase in rate
of fragmentation (factor of 2.3) compared to its desmethoxy
analogue. Additionally, a dendron-based amplification reagent
309 was also found to be successful in this process, but
releases two additional molecules of the base for each com-
plete cycle. Readout occurred spectroscopically, via dibenzoful-
vene (Amax = 305 nm), or via a pH indicator.

In a similar fashion to the palladium detection system out-
lined in Scheme 71, Phillips outlined®”” an amplification
system for the detection of p-galactosidase as the analyte, with
readout from the assay being colourimetric (2-hydroxy-1,4-

This journal is © The Royal Society of Chemistry 2022

benzoquinone).””® Exposure of 310 to p-galactosidase, followed
by 1,6-elimination, releases hydroxyquinol 311 that is auto-oxi-
dised in air to give coloured benzoquinone 312 and an equi-
valent of H,0, (Scheme 72). Compound 313 serves as a hydro-
gen peroxide sensitive amplifier.

Phillips and co-workers have describe a system for
in situ signal amplification that is activated by the presence of
the analyte (glucose) and minimises background reactions, an
important issue for amplification processes. Thus, in the pres-
ence of the analyte (glucose), oxidation takes place by glucose
oxidase delivering hydrogen peroxide with the expected lower-
ing of pH. The hydrogen peroxide is used by amplification
reagent 314 to mediate oxidation of the C-B bond with sub-
sequent 1,4-elimination of glucose from the so-formed enol/
enolate (Scheme 73). As the pH lowers from >6.2 to
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Scheme 70 Papot and Taran's self-immolative molecule 305 for biorthogonal ‘click to release’ degradation of a payload bearing micelle.

<4.2 methyl red 315 protonates to afford 316 with a concomi-
tant colour change from yellow to pink, giving a colourimetric
readout. In respect of background hydrolysis of the amplifica-
tion reagent 314, use of an ether bond to connect the linker to
the reporter group affords a highly stable molecule that, when
highly purified, gives a minimal background reading. A non-
amplified assay for penicillin-G-amidase, based upon a self-
immolative molecule that releases glucose has also been
reported by Mohapatra and Phillips.>”®

Detection and amplification of the analyte fluoride has
proved to be of significance in a number of roles e.g. the dis-
closure and quantification of G series nerve agents (vide infra).
Shabat and co-workers have reported’’® a dendron-based

3240 | Polym. Chem., 2022,13, 3188-3269

304 (plus regioisomer)

274

amplification system 317 that takes advantage of the high
chemoselectivity of fluoride for silicon (Scheme 74). Treatment
of 317 with as little as 0.004 equivalents fluoride leads to its
complete disassembly with an exponential rate of progress.
Each disassembly of 317 is accompanied by release of one
equivalent of para-nitroaniline, facilitating spectroscopic
readout.

Baker and Phillips have provided a further example of the
flexibility of a two-component analytical system discussed in
Schemes 71 and 72.25%?%! In the case below, the allylic carba-
mate in 318 again serves as the specifier for the Pd (0);
whereas, 319 serves as the amplifier (Scheme 75). Following
cleavage of the allylic carbamate, generation of two fluoride

This journal is © The Royal Society of Chemistry 2022
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Scheme 72 Phillips dendron-based signal amplification system for col-
ourimetric detection of p-galactosidase.?”®

ions by 1,6-elimination occurs with concomitant formation of
para-aminobenzaldehyde, the latter allowing for colourimetric
reporting. In respect of this reporting mechanism, see

This journal is © The Royal Society of Chemistry 2022
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Scheme 75 for the likely identity of the coloured species. Once
the fluoride is released, its high affinity for silicon triggers the
amplifier 319. Trapping of the quinone methide from 319 by
nucleophiles other than water, to afford 320 and 321, was also
noted, again  reinforcing  this  consideration in
Katzenellenbogen’s seminal paper. Thus, it can be seen that
the self-immolative linkers in 318 and 319 serve as both linker
and reporter, a feature frequently encountered with self-immo-
lative polymers (vide infra).

Huang and co-workers have describe
fluorometric probe 322 that uses autoinductive signal amplifi-
cation for enhanced sensitivity and combines selectivity for
fluoride with generation of a fluorogenic coumarin 323 (dep, =
445 nm), for the readout (Scheme 76). As seen above, the
affinity of fluoride for silicon drives the selectivity whilst the
generation of two fluorides from the disassembly of each mole-
cule of 322 via intermediate 324 affords an exponential
increase in the signal. Additionally, an alternative fluorometric
probe 325, that fluoresces at longer wavelength (A, = 595 nm),
was shown to couple with this amplifier and is promising for
applications with biological samples. Encouragingly, a limit of
detection of 0.5 pM was reported.

In an interesting extension of their solution-phase method-
ology in which detection of an analyte signal with concomitant
release of fluoride is coupled to triggering of an amplification
cycle, Phillips has demonstrated that within a suitable co-
polymeric material, a fleeting signal can be converted to a
macroscopic response (Scheme 77).”% Exposure of a small
section of copolymer 326 to 300 nm light gives cleavage of the
ortho-nitrobenzyl moiety with release of a linker-reporter
group unit that undergoes both 1,4 and 1,6-elimination to
deliver four fluoride ions and copolymer 327. These fluoride
ions then trigger an amplification unit on a separate side-

d*®? a self-immolative
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Scheme 75 The two-component difluoride specifier/amplifier 318/319 with colourimetric readout reported by Baker and Phillips.

chain causing the effect to spread throughout the sample
changing its physical properties from hydrophobic in 326 to
hydrophilic in 328. The idea has been further developed by
Phillips and Sen to give a self-powered microsphere, based on
a modified tentagel bead (329), that responds to a short stimu-
lus of 365 nm light by pumping the surrounding fluid toward
itself (Scheme 77).*®* A similar example of a macroscopic
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change to a polymer’s properties, triggered by a fleeting thiol
signal, has also been described.>®

Anslyn and Phillips have applied the methodology set out
above to the detection and quantification of G-class nerve
agents. Taking the established reactivity of such compounds
toward nucleophiles, G-series surrogate 330 was treated with
benzaldoxime to give 331 and an initial fluoride signal

This journal is © The Royal Society of Chemistry 2022
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(Scheme 78).'° Transfer of this sample to a second vessel con-
taining autoinductive amplifier molecule 332, led to cleavage
of the Si-O bond to afford phenolate 333 that disassembles by
a series of 1,4- and 1,6-eliminations to give six fluoride ions
and, initially, para-aminobenzaldehyde. Careful examination
of the reaction products revealed that the colourimetric
response was attributable to a group of short oligomers 334
(2-10 monomer units, monitored at A = 425 nm) derived from
the first-formed para-aminobenzaldehyde; by inference, this is
probably true in other systems that have used this indicator as
readout. The fluoride ions produced during amplification can
then be used in a third vessel to release fluorophore 91 from
G1 dendron 335, allowing readout by fluorescence methods
(Amax = 520 nm).

The high effectiveness of readout from an assay by chemilu-
minesence has led a number of groups to explore this in the
context of signal amplification; for example, in fluoride assays.
Below is exemplified three approaches based around the
Schaap dioxetane; first, Shabat has synthesised autoinductive
molecule 336 wherein the cleavage of the O-Si bond to give
phenolate 337 simultaneously promotes chemiluminescence
and, by 1,6-elimination, release of a fluoride ion to restart the
cycle (Scheme 79).”*® Second, Akkaya has developed their den-
dritic probe 277 (Scheme 61) to accommodate a third arm in
the dendron that carries a self-immolative aniline (338).>%”
This aniline moiety, by 1,6-elimination, releases two fluoride
ions, facilitating a dendritic chain reaction. Third, Hisamatsu
et al. used a two-component system (Scheme 79) where

3244 | Polym. Chem., 2022, 13, 3188-3269

dendron 339 upon triggering with fluoride releases two fluor-
ide ions, leading to exponential amplification; once amplifica-
tion is complete, 340 is added inducing its fragmentation with
chemiluminescence from the excited state of 341.>%% A straight-
forward system for fluoride amplification that works with par-
ticularly simple molecular components was reported by
Gabrielli and Mancin in 2017.%%°

The fluoride dependent DCR systems noted above, proceed
by cleavage of strong C(sp’)-F bonds. This release profile is
inherently slow as fluoride is a poor nucleofuge; also, in the case
of difluromethyl groups, a high energy fluorinated quino-
methide is formed. Anslyn and co-workers overcame this struc-
tural issue with the addition of benzoyl fluoride as a latent
source of fluoride (Scheme 80).>°° Cleavage of the tert-butyldi-
methylsilyl ether trigger group of the dendron 342 led to the
release of three equivalents of 4-amino-1,8-naphthalimide 91, as
the reporting fluorophore. The resultant dendritic core, 2,4,6-tris
(hydroxymethyl)phenolate, was able to react with benzoyl fluor-
ide (catalysed by 1,5-diazabicyclo[4.3.0]non-5-ene) to release up
to four fluoride anions for subsequent triggering events.

Developing their work on an autoinductive cascade for
sensing of thiols, to detect V-class nerve agents, Anslyn and
Marcotte utilised a cyclisation-elimination, self-immolative
linker to release a fluorescent 4-amino-1,8-naphthalimide 91
that can be the subject of ratiometric fluorescence sensing
(Scheme 81).>°"*°*> Thus, a thiol is generated from the analyte
e.g. VX nerve agent simulant demeton-S-methyl (DSM), and
enters an amplification cycle by cleavage of 2-hydroxyethyl di-

This journal is © The Royal Society of Chemistry 2022
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Scheme 79 Autoinductive, DCR and two-component fluoride sensors with a chemiluminescent response.

sulfide 343 to afford two equivalents of B-mercaptoethanol
which then reacts with Meldrum’s acid derivative 344 to liber-
ate two equivalents of methylmercaptan for each molecule of
f-mercaptoethanol consumed. Once the amplification has
occurred, the sample may be analysed by addition of disulfide
345. Upon cleavage of the disulfide to give, for example, 346
cyclisation-elimination occurs to afford 196 with concomitant
decarboxylation and release of fluorophore 91. A detailed
explanation of a simple-to-apply method of data analysis,
based upon chromaticity, using a cell phone was presented.

Recently, Milliron and Anslyn have incorporated Meldrum’s
acid derivates related to 344 as a linker into hydrogel struc-
tures.>® This has allowed their facile, self-propagating
decomposition via a ‘declick’ reaction in response to the pres-
ence of thiols, with reporting by significant changes to their
physical properties and release of dyes. These hydrogels have
been applied to the detection of tabun mimics.

4 Self-immolative polymeric systems
4.1 Self-immolative polycarbamates and polycarbonates

Shabat and co-workers reported the first example of a self-
immolative linear polymer in 2008.>* The polycarbamate 347

This journal is © The Royal Society of Chemistry 2022
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was based on a 4-aminobenzyl alcohol linker that had been
used previously in prodrugs,”® self-immolative dendritic
systems,**® and oligomers.>®” In this system, enzymatic action
by BSA in PBS-buffered media promoted cleavage of the buta-
none trigger group and led to amplified release of fluorogenic
aniline-acrylate monomers (Scheme 82). In the context of this
self-immolative polymer system, the short oligomers of a 4-ami-
nobenzyl alcohol linker prepared by Scheeren et al.,"®* to create
extended linkers and activatable anticancer prodrugs plus the
studies of Warnecke and Kratz*®*” on structurally-related
materials whereby elimination was triggered by reduction, are
both worthy of mention as they laid out key principles in terms
of the degradation process for linker units of this type. Trigger
activation and cleavage allows for the aniline linker to undergo
a head-to-tail disassembly via a series of sequential decarboxyl-
ation and 1,6-aza-quinone methide eliminations. Upon the
depolymerisation the side product, aza-quinone methide,
undergoes rapid conversion to the corresponding 4-aminoben-
zyl alcohol under the aqueous conditions used. The success of
these initial studies on self-immolative polybenzylcarbamates
have laid the foundation for extensive exploitation of this
system as outlined in the following section.

The degradable 4-aminobenzyl alcohol linker unit has now
been utilised successfully as the scaffold upon which to build

Polym. Chem., 2022, 13, 3188-3269 | 3245
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Scheme 80 Silyl protected self-immolative dendron 342 capable of DCR with the addition of benzoyl fluoride as a latent source of fluoride to

enhance the rate of disassembly, as described by Anslyn and co-workers.?9°

345

Scheme 81 Anslyn and Marcotte’s self-propagating chemical cascade for the detection and quantification of V-series nerve agents.
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348

complex polycarbamate drug delivery or detection systems
whose degradation can be triggered by a diverse range of
stimuli and in aqueous media.”**®*°" For example, Matson and
co-workers derivatised this linkage as a polythiocarbamate
348, the trigger was activated by reduction with Na,S forming
an aniline, depolymerisation via aza-quinone methides
resulted in the 4-aminobenzyl alcohol linker and carbonyl
sulfide (COS) which was converted into H,S in the presence of
carbonic  anhydrase, thus amplifying the release
(Scheme 83)."'° In contrast to the example shown in
Scheme 82, in this case, the linker serves just that function
and reporting is done via the COS liberated from the
thiocarbamate.

Systematic developments by the Phillips group on self-
immolative oligocarbamates featuring a boronic ester trigger
unit have led to the development of elegant microfluidic point
of care colorimetric indicator devices for the quantification (at
femtomole levels) of active enzymes."”®?°>3% Related studies
using the same boronic ester trigger group have also led to the
successful generation of colorimetric microfluidic multilayer
devices capable of assessing the concentration of heavy metal
salts (Pb®>" and Hg>") in water.’** Within discrete layers within
the multilayer device are located a DNAzyme, bead-bound
glucose oxidase (GOX), glucose, the hydrophobic self-immola-
tive polycarbamate, a food colouring and finally at the external
viewing location in the assembly a layer of absorbent white
paper. When the metal contaminated water sample is applied
to the device, in the case of the Pb>" metal ions, they activate
the DNAzyme which cleaves the GOX from its bound state
enabling it to travel to the region of the device where it can
react with the store of glucose, in turn generating hydrogen
peroxide that then triggers the self-immolation of the polycar-
bamate. The hydrophobicity of this polymer layer decreases as
the material degrades, enabling the aqueous phase to perme-

This journal is © The Royal Society of Chemistry 2022
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ate into the food dye and wet the external white paper layer
affording a colorimetric response. Redy and Shabat have
employed®?” an oligocarbamate featuring side chains to yield a
modular prodrug system that generates a fluorescent signal
through a FRET-activated self-immolative linker.

Following their earlier studies*** wherein the function of
linker and reporter are combined (Scheme 82), Gnaim and
Shabat have adapted®® the approach to allow chemilumines-
cent sensing of a range of analytes, according to the nature of
the trigger group, 349a (fluoride), 349b (H,0,) and 349c¢ Pd(0)
(Fig. 22). The polymeric nature of the sensor offers significant
sensitivity advantages over the equivalent small self-immola-
tive molecules (for examples see section 2.1).

In 2014, Peterson et al described®®® the site-specific
thermal activation of a self-immolative polybenzylcarbamate-
PDMA block copolymer 350. In this block copolymer system,
the two polymer blocks were joined by a temperature-sensitive
oxazine linker unit (Scheme 84). At temperatures ranging
between room temperature and 85 °C, the oxazine trigger unit
was found to undergo thermal retro-{4, + 2,] reaction followed
by hydrolysis of the acyl nitroso moiety to permit depolymeri-
sation of the block polymer in solution. These degradation
temperatures are far lower than observed for poly(phthalalde-
hyde) block copolymers®®” (>150 °C, however, the ceiling temp-
erature of self-immolative poly(phthalaldehyde)s can be tuned
to easily accessed conditions, see section 4.3). The oxazine
unit degrades to the corresponding free amine via the unstable
carbamoylnitroso and carbamic acid intermediates to permit
depolymerisation of the polybenzylcarbamate block.

Trigger groups sensitive to UV irradiation such as perylene-
3-yl units have been coupled to amphiphilic polybenzylcarba-
mates capable of self-assembling into polymersomes.**® These
stable polymersome assemblies can encapsulate photo-
dynamic therapy agents such as eosin Y or other drug pay-
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Fig. 22 Shabat's chemiluminescent self-immolative polymers 349a—c equipped with various triggers.**
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Scheme 84 The self-immolative polybenzylcarbamate-PDMA block copolymer 350 reported®°® by Peterson et al. featuring a temperature sensitive
oxazine linker unit which can be degraded thermally to permit self-immolation of the polybenzylcarbamate block.

loads. Exposure of the photo-sensitive polymersomes to UV
light (420 nm) for a period of thirty minutes leads to self-
immolation of the carbamate blocks and results in disinte-
gration of the polymersomes (so-called ‘SIPsomes’) and release
of the reactive payload (Scheme 85). Liu et al have also
employed the perylene-3-yl trigger unit successfully in a hyper-
branched polycarbamate functionalised with doxorubicin and
hydrophilic PEG chains plus cell membrane targeting RGD
units to facilitate spatiotemporal intracellular drug delivery in
aqueous media.**® Cornelissen and co-workers have reported
an analogous photochemically initiated approach for the trig-
gered degradation of polycarbamates and release of mono-
meric 4-aminobenzyl alcohol subunits from virus-like assem-
blies using 5-methoxy-2-nitro benzyl alcohol as the photolabile
unit.**® In 2020, Kumar et al. reported®’" the use of the photo-
labile 2-nitrobenzyl alcohol trigger system in conjunction with
self-immolative amphiphilic polybenzylcarbamates to generate
self-assembled vesicles that carry an enzyme payload. Upon

3248 | Polym. Chem., 2022, 13, 3188-3269

photochemical activation, the polybenzylcarbamate structure
degrades leading to vesicle disassembly and ultimately payload
release. The liberated enzyme promotes the formation of a
stable hydrogel and thus triggered destruction of a polymer
can be utilised to construct a different polymer-based material.
The use of photolabile units in conjunction with degradable
polycarbamates based on the 4-aminobenzyl alcohol repeat
unit has also been utilised by Chujo et al. to yield highly
efficient self-immolative hybrid colorimetric materials.*'°

Liu, Hu and co-workers have recently developed amphiphilic
micellar polyurethane nanoparticles that can be degraded in a
self-immolative fashion via exposure to only trace quantities of
the appropriate stimulus.**' The nanoparticles feature both
external and internal ‘built-in’ triggers, activation of the external
trigger liberates primary amine species capable of penetrating
the micelle to react with and degrade the contents of the micelle
in an amplified manner. This approach to highly efficient degra-
dation of micellar systems (as demonstrated in this study using

This journal is © The Royal Society of Chemistry 2022
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Scheme 85 The self-assembly of self-immolative polymersomes ('SIPsomes’) from amphiphilic block copolymers capable of releasing an encapsu-

lated payload of the photodynamic therapy agent Eosin Y as reported by Liu et al.

a range of stimuli including enzymes or irradiation) offers an
attractive route to the development of nanovectors to treat
disease states®'? such as cancer via targeted means.

In contrast to the polymer degradation processes outlined
above, Zhang et al. reported®'® in 2021 an alternative use of
the quinone methide elimination cascade process whereby
polycarbamates are produced via the controlled ring opening
polymerisation®'**"*® of macrocyclic monomers (Scheme 86).
In this innovative study, a nucleophilic amine (such as
N-hexylamine) was used to trigger the ring opening of a macro-
cyclic carbonate-benzylic carbamate 351 that then, in turn,
degrades via the quinone methide elimination cascade process
to yield a newly formed carbamate featuring a nucleophilic
amine terminus that can then propagate chain growth. The
lability of the carbonate unit in these carbonate-carbamate
macrocycles was enhanced by the presence of an electron-with-
drawing nitro group located on the phenyl ring ortho- to the
carbonate and control of the polymerisation was improved by
the addition of a nucleophilic trapping agent. In these studies,
the relatively weak nucleophile, N-methyaniline, was employed
to trap the reactive quinone methide generated in the self-
immolative ring opening step. This aniline was insufficiently
nucleophilic in nature to trigger ring opening and chain
growth. Using this strategy, excellent control of the polymeris-
ation was afforded with monomer conversions up to 97% and
polydispersity (P) values as low as 1.06.

DeWwit and Gillies developed the first self-immolative
polymer containing alternating elimination and cyclization

This journal is © The Royal Society of Chemistry 2022

1 300

spacers in 2009.>'® This system, 352, was constructed using
4-hydroxybenzyl alcohol as the 1,6-elimination linker and
N,N-dimethylethylenediamine as the cyclization linker
(Scheme 87). A self-immolative polycarbamate capped with a
Boc protecting group was prepared and subsequent cleavage of
the tigger group afforded self-immolative depolymerisation,
yielding  N,N'-dimethylimidazolidinone,  4-hydroxybenzyl
alcohol, and CO,. In an extension of this study, Gillies and co-
workers have been able to tune the rates of polymer degra-
dation by replacing the cyclization linker, N,N’-dimethyl-
ethylenediamine, with N-methylaminoethanol 353 or 2-mer-
captoethanol 354 (Scheme 87).>'” In 2013, McBride and Gillies
described a detailed study of the effect of the chain length on
the kinetics of self-immolative depolymerisation involving
alternating elimination and cyclization; a proportional
relationship between polymer chain length and the depolymer-
ization time was established.’'® Further refinement of this
elimination/cyclization approach by Gillies and co-workers
involved®'® the use of an orange-coloured diazo trigger group
to permit a colourimetric indicator for depolymerisation - in
an approach related to the report of Hay and co-workers on the
effect of leaving group effects in reductively triggered fragmen-
tation of 4-nitrobenzyl carbamates,’® reduction of the azo unit
with hydrazine affords the corresponding electron rich hydra-
320 that can then promote self-immolation and depolymer-
isation to yield a colourless solution.

Almutairi and co-workers have developed®*! a photochemi-
cally driven cyclization/elimination triggering process to

zine
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initiate the depolymerisation of polycarbamates (Fig. 23).>** In
this study, the trigger groups used on the polymer chain ends
were either an ortho-nitrobenzyl residue 355 (for cleavage via
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Scheme 87 Linear self-immolative polymers 352—354 containing alternating linkers as described by Gillies and co-workers.
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UV-irradiation) or 4-bromo-7-hydroxycoumarin 356 (sensitive
to NIR light) that were coupled to the polycarbamate via a
diamine cyclisation linker. Photo-irradiation cleaves the trigger
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Fig. 23 Example polycarbamate structures 355 and 356 reported by Almutairi and co-workers that undergo photochemically induced depolymeri-

sation via a cyclisation/elimination process.**?
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group (via single photon and two photon absorption processes
for UV and NIR exposure, respectively) permitting cyclization
by the liberated amine end group that in turn promotes depo-
lymerisation. Further work from these authors has studied
photochemically triggered depolymerisation of polycaprolac-
tone particles, with payload release.**® Similarly, controlled
degradation of poly(lactic-co-glycolic  acid)-based and
ornithine-based polymers were studied.*>*?*

UV-triggered self-immolative polycarbamate systems have
also been reported by the Cheng research group that success-
fully demonstrate 2-directional polymer cleavage®*® and the
ability to exhibit controlled delivery of the anti-cancer drug,
9-aminocamptothecin.’

Zimmerman and co-workers have demonstrated a new type
of base-triggered self-amplifying self-immolating polycarba-
mate based on the Fmoc protecting group 357.>*” The polymer
was obtained through polycondensation of the Fmoc-deriva-
tive, a diol, with hexamethylene diisocyanate and a catalytic
amount of dibutyltin dilaurate. Several bases were screened to
optimise the degradation of the polymer, hexylamine was
selected as the appropriate base with which to initiate the
ElcB elimination pathway. Deprotonation of the acidic
methine proton of the fluorenylmethyl unit triggers the E1cB
elimination and chain scission via a decarboxylation process
leading to the production of two shorter polymer chains, one
possessing a dormant fluorenyl end group and the other
bearing a primary amine that is then capable of triggering
further depolymerisation (Scheme 88). Evidence for the auto-
catalytic nature of this self-immolative depolymerisation
process was provided by the sigmoidal shape of the plots of
the "H NMR spectroscopic data vs. time for the degradation of
the polycarbamate 357.

Zimmerman and co-workers advanced this further with the
addition of the photo-cleavable trigger ortho-nitrobenzyl carba-
mate.**® Exposure to UV irradiation (365 nm) promoted photo-
lytic cleavage, activating the trigger through a Norrish-type II

View Article Online

Review

reaction mechanism, generating a nitrosobenzaldehyde and a
primary aliphatic amine. The free amino groups can then act
as a trigger to induce further self-immolation of the base sen-
sitive Fmoc carbamate units in the polymer backbone. After
irradiation at room temperature for 40 minutes and incubation
at room temperature for 24 hours, only low molecular weight
species were observed via GPC analysis. Zimmerman and co-
workers noted that unlike the Fmoc containing polymer
357,>*” the degradation kinetics of the photo-triggered
polymer did not show an exponential profile as expected for a
self-amplifying system. This was attributed to quenching of
the free amine via a Schiff base type reaction with the nitroso-
benzaldehyde generated in the photocleavage of the trigger.
More recently, Barner-Kowollik and co-workers have reported
closely-related studies that involved the non-amplified photo-
lysis of polyurethanes.**°

Phillips and co-workers have developed recently a new class
of self-immolative polymer, poly(carboxypyrrole)s, that are
capable of undergoing complete head-to-tail depolymerisation
in the solid state, offering a potential route to selectively depo-
lymerisable adhesive and coating materials (Scheme 89).>*°
Pyrrole was selected as the core for the repeat unit based upon
observations in an earlier study by the Phillips group that
reduction in the aromaticity of the central ring (using 1,4-di-
substituted benzene, 1,4-disubstituted naphthalene and 9,10-
disubstituted phenanthrene as the model substrates) provided
an increase in the rate of triggered release of the pendant
benzylic group.”®’ Analogous calculations predicted that
pyrrole would be 40% less aromatic than benzene,***?** hence
it was anticipated that the depolymerisation rate would be
faster. Polymerisation of bifunctional pyrrole monomers
bearing phenyl carbamate at position 1 and a nucleophilic
alcohol at position 3 of the heterocycle was achieved by
heating at 60 °C using catalytic quantities of 1,8-diazabicy-
cloundec-7-ene (DBU) in the presence of an alcohol functiona-
lised end-capping unit equipped with a stimuli-responsive
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Scheme 88 The base-triggered Fmoc-derivative self-immolative polycarbamate 357 as described by Zimmerman and co-workers.*?’
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(a) Calculated relative aromaticity values for three different aromatic systems (values shown in green correspond to rings without sub-

stituents);**! (b) head-to-tail depolymerisation of poly(carboxypyrrole) 358 as described by Phillips and co-workers plus the analogous poly(carbox-

yindole) 359 assessed in this study.>*°

moiety. Depolymerisation of 358 that featured an aryl boronate
trigger group ((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)
phenyl)methanol) via exposure to hydrogen peroxide resulted
in rapid head-to-tail depolymerization to the corresponding
azafulvene units within 40 minutes (Scheme 89). Within this
study, Phillips and co-workers also reported the synthesis of
an analogous poly(carboxyindole) 359 to strengthen the
hypothesis that lower aromaticity affords more rapid depoly-
merization (see Table 1 for the resonance energy per
n-electron).*****!  Exposure of poly(carboxyindole) 359 to

Table 1 Theoretical values of aromaticity for aromatic systems

Compound Resonance energy per n-electron (unit = f3)
Benzene 0.065
Pyrrole 0.039
Indole 0.047
O\B/O o
\(\O Ow
(¢]
360

hydrogen peroxide under the same degradation conditions as
358 revealed that poly(carboxyindole) depolymerizes twelve
times slower than the poly(carboxypyrrole), thus supporting
this hypothesis. Phillips and co-workers further demonstrated
that 358 could undergo depolymerisation in the solid state
within 9 hours when moulded into a disc with 40 wt% poly
(ethylene glycol) (M,, = 400) used as a plasticizer.

Almutairi and co-workers have also developed biocompati-
ble polymeric capsules, prepared from polyesters that contain
self-immolative dendron units; these capsules were able to
carry cargo molecules, e.g. Nile Red or fluorescein diacetate.
The dendron units are triggered by, and degrade in response
to biologically relevant levels of H,O, (produced by cells in oxi-
dative stress).*** Capsules generated from polymers 360 and
361 (Fig. 24) were shown to undergo significant morphological
changes on exposure to hydrogen peroxide, with release of Nile
Red. Polymer 361 showed release of the cargo molecule fluor-
escein diacetate. Thus, these self-immolative materials are can-
didates for delivery of bioactive molecules.

\B/
(0] (0]
\éo ow
o
361

Fig. 24 The repeat units used in self-immolative polymer-based capsules by Almutairi and co-workers.>*
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Scheme 90 Du and Li's pH/H,0O; sensitive self-immolative, amphiphilic poly(amino ester) 362.3*

In similar style, Du and Li have reported amphiphilic poly
(amino ester)s that are degraded in the presence of hydrogen
peroxide.’ The copolymers represented by 362 in Scheme 90
had PEG chains attached, primarily at the primary terminal
amines with limited attachment at the internal secondary
amines. These amphiphilic copolymers self-assemble in
aqueous media into nanoparticles and have proved responsive
to both pH and hydrogen peroxide. Of general interest, is an
extensive study of trapping of the quinone methides formed
during self-immolation, with the amines (reporter groups) pro-
duced during the fragmentation process. These can give rise to
compounds such as 363 and 364.

Anslyn has introduced a fascinating and important set of
sequence defined N-to-O repeating oligocarbamates such as
365 shown in Scheme 91 that have been shown to be readable
using a single LC/MS trace as a result of their self-immolative
nature.*®® Taking inspiration from Li’s lactonization depoly-
merisation, Anslyn et al. established conditions for the con-
trolled self-immolation of the oligocarbamates, initiated by
reversible deprotonation of the primary alcohol as trigger
(K3PO4, MeOH/H,0, 70 °C) and proceeding via a series of 5-
exo-trig cyclisations (Scheme 91).>?° Excitingly, the potential in
information storage has been addressed in a recent paper.’’
In addition to information storage, this system also has poten-
tial in areas such catalysis and self-assembly.

4.2 Self-immolative poly(benzyl ether)s

In 2003 McGrath and coworkers demonstrated the triggered
degradation of branched polybenzyl ethers (PBEs) to permit
both linear®** and geometric dendrimer disassembly (so-called
‘dendritic amplification’) via a 1,6-elimination pathway analo-

This journal is © The Royal Society of Chemistry 2022

gous to that observed in the self-immolation of materials fea-
turing 4-aminobenzyl alcohol repeat units (vide supra).>*®
Subsequent studies of the linear disassembly of dendritic oli-
gomers®*® or oligomers involved structures that were based
upon vanillin or ortho-vanillin as the cleavage vectors®*® in
conjunction with either allyl or ortho-nitrobenzyl trigger
groups (Fig. 25).

In the light of the above developments, in 2013 Phillips and
co-workers reported the synthesis and degradation analysis of
self-immolative linear PBEs (Scheme 92).>*" In this study, PBEs
366 were synthesised via anionic polymerisation of quinone
methide monomers and capped with a range of stimulus-
responsive (trigger) groups. Cleavage of the triggering group
generates a phenolate which is capable of a 1,6-elimination
cascade, releasing the quinone methide monomeric units and
resulting in rapid depolymerisation within a few hours. The
ether linkages of the PBEs offer a higher stability to acid, base,
and heat which would cause unwanted degradation of a self-
immolative polycarbamate or polycarbonate.

Subsequent evolution of this system led to the development
of PBE-based materials (Fig. 26) that incorporated detection
units onto each repeating unit and amplified depolymerisation
in the solid-state was demonstrated in a colorimetric
fashion.”” Treatment of a rigid solid disk of PBE 367 with a
solution of TBAF led to cleavage of the silyl ether trigger group
and self-immolation of the polymer, with rapid reduction in
the size of the polymer disk and release of the purple coloured,
deprotonated quinone methide 368 (Fig. 26) into the solvent
used (acetonitrile). In contrast, in the case of the analogous
PBE where the trigger group was situated only at the polymer
chain end, the degradation of cast disks proved to be negli-
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gible, even after exposure to TBAF over more than seven days.
A triggered degradative response of this type is extremely
attractive in applications where dramatic changes in physical
form of a polymer is needed (such as debond on demand) or
where colorimetric disclosure of the presence a reactive agent
on a surface may be needed. Indeed, the Phillips group
extended the triggered decay of PBEs featuring silyl ethers
using fluoride anion sources to demonstrate successful degra-
dation of a cross-linked prototype adhesive.*

In an approach to demonstrate the applicability of self-
immolative processes in polymer recycling, PBEs modified
with tri(ethylene glycol) or fluoroalkyl groups to access desir-
able physical and mechanical properties of plastics were
described in 2015 by Phillips and co-workers.*** These modi-
fied PBEs featured a phenolic end group and thus were depoly-
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Scheme 92 Disassembly pathway of a self-immolative poly(benzyl ether)-based polymer 366 with different triggers.>**
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367

Fig. 26 The self-immolative PBE system 367 capable of revealing a col-
orimetric response (in the form of the purple coloured deprotonated
quinone methide 368) in the solid state.*”

merised in a head-to-tail depolymerisation fashion at ambient
temperatures upon exposure to the base, 1,8-diazabicycloun-
dec-7-ene (DBU), and the recovered monomeric materials were
of sufficient purity to permit repolymerisation, thus demon-
strating end-of-life recycling capabilities.

Successful triggering of the self-immolation of PBEs
bearing silyl ethers by fluoride anions is a strategy that has
been employed by several other research groups to achieve
materials with antimicrobial activity with reduced hemolytic
toxicity®**?*** and degradable polymer brush architectures.**>
Bringing key aspects from these studies and those led by
Phillips™*”*** (vide supra) have enabled Zhang and co-workers
to develop so-called ‘side chain-immolative polymers (ScIPs)’

View Article Online

Review

based upon the PBE scaffold.**® The ScIP PBEs in this case
bear pendant pyridine disulfide units (Scheme 93), that, in the
presence of thiols can undergo thiol-disulfide exchange reac-
tions to prepare ScIP-g-PEG graft polymers and organogel net-
works. The self-immolative degradation of these ScIP PBE-
based materials could, in theory, be triggered via two different
approaches - (i) exposure to reductive cleavage conditions for
the disulfide linkages in either the grafted side chains or orga-
nogel or (ii) treatment with a fluoride ion source to target reac-
tion with the silyl ether chain end of the PBE backbone. On
account of the higher density of the disulfide groups present
in either of these ScIP PBE-based materials when compared to
the chain end silyl ether trigger unit, it was found that treat-
ment using reductive conditions in a basic environment (DTT
in combination with DBU) led to rapid depolymerisation both
in the solution and solid state. In stark contrast, when exposed
to TBAF, a solid pellet of the parent ScIP PBE featuring the
pendant pyridine disulfide units did not degrade over the
same time frame (ca. 5 hours) demonstrating the advantage to
rapid depolymerisation of solid-state materials that possess
active side chains to permit self-immolation, in agreement
with Phillips.

4.3 Self-immolative poly(phthalaldehyde)s

Polyphthalaldehydes (PPAs), first reported in the late 1960s by
Aso and Tagami,

347,348 are known to degrade under acidic

HE-PEG.-SH

\l Side chain-immolative polymer (SclP)
5-5
4 H ‘

S

£

Graft polymer Organogel
Side-chain Side-chain
Cleavage Cleavage

Degradation Fragments

Scheme 93 The side chain-immolative polybenzylether system (SclP) reported by Zhang and co-workers.>4¢
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Scheme 94 a) Head-to-tail depolymerisation of PPAs 369 as described

of a patterned film featuring a self-immolative PPA 370 reactive to fluoride ion sources such as TBA

conditions.>****° They have now, however, been modified®*"
with stimuli-responsive end-capping units by Seo and Phillips
in order to introduce chemoselective self-immolative character
to these materials. For example, the PPA 369 shown in
Scheme 94a was generated from 1,2-benzenedicarboxaldehyde
via anionic polymerisation and the reactive chain end capped
with either an allyl or TBDMS group.*”" This approach to self-
immolative materials was based upon a PPA which had been
used successfully in photoresist technologies by Willson and
Fréchet®® and further refined for greater sensitivity by Ito and
Willson.>**?3* In the case of the PPA bearing the TBDMS end
capping group 370, exposure to a solution of TBAF resulted in
the cleavage of the silyl trigger leading to formation of the
hemiacetal and subsequent depolymerisation within
15 minutes. As part of this study, it was demonstrated that the
self-immolative degradation of this type of polymer was very
effective in the solid state. Patterned films (approximately
0.5 mm thick) were cast where defined regions of the film (a
cylinder) were composed of the polyphthalaldehyde 370 and
the rest of the film was a made from control polyphthalalde-
hyde that did not feature an end group sensitive to fluoride
ions. When the patterned composite film was exposed to a
buffered solution of TBAF for a period of only fifteen minutes
and then washed with diethyl ether (to remove the 1,2-benze-
nedicarboxaldehyde) a cylindrical hole in the plastic film was
revealed (Scheme 94b). In a manner similar to PBEs, PPAs are
known to undergo rapid depolymerisation because of a signifi-
cant lowering in ceiling temperature (7;) when the capping
group is cleaved (the T of the hemiacetal is —40 °C). Further
studies by the Phillips group led to the development of PPAs
with triggering groups located at both ends of the polymer
chains in order to optimise the degradation rates.*>>>>¢

Sen, Phillips and co-workers reported further advances in
self-immolative PPAs by reporting self-powered microscale

3256 | Polym. Chem., 2022, 13, 3188-3269

Plastic Film with a cylindrical hole

by Phillips and co-workers; (b) selective degradation of a cylindrical region
F.351

pumps which undergo depolymerisation with a fluoride stimu-
lus.>®” The depolymerisation of an insoluble polymer causes
the release of highly soluble monomers simulating a concen-
tration gradient capable of moving fluids on a micrometer-
scale. It was further demonstrated that the pump could be acti-
vated (or turned “on”) with the enzyme p-p-glucuronidase by
synthesizing a separate self-immolative spacer capable of
releasing fluoride ions upon activation by the enzyme. Phillips
and co-workers also developed core-shell microcapsules which
resulted in head-to-tail depolymerisation in an amplified
response to fluoride.>®® The ability to employ PPAs in melt
extrusion additive manufacturing processes is limited as a
result of the thermal instability of linear PPAs. Phillips and co-
workers proposed that polymer degradation may arise from
non-specific cleavage of either the end-cap or the polymer
backbone, or a combination of the two mechanisms.**?*¢° To
overcome the issue of instability, Phillips and co-workers syn-
thesised polymers with the addition of electron-withdrawing
chloride groups para- to the benzylic acetals (poly(4,5-dichlor-
ophthalaldehyde (PCl,PA)); by doing so, the formation of the
oxocarbenium ion intermediates would be disfavoured. This
hypothesis was proved as variants of PCI,PA featuring different
trigger groups (371 and 372) was shown to be suitable for
selective laser sintering and selective layers of the resultant 3D
image (that were doped with different coloured dyes to aid
visualisation of the degradative processes) could be degraded
via controlled exposure to the different chemical triggering
agents (Scheme 95).>*°

Moore and co-workers have reported the synthesis of PPAs,
however, these systems did not include a stimuli-responsive
end-cap but we include them here for contrast. These polymers
could be depolymerised via acetal hydrolysis or mechanical
degradation.>*"?®*> In 2013 their studies led to inadvertent syn-
thesis of a cyclic PPA (cPPA) 373 via a cationic polymerization

This journal is © The Royal Society of Chemistry 2022
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TBAF

Pd(PPh,),/benzenesulfinic acid Na salt

Scheme 95 Selective laser-sintered 3D gratings of two PCl,Pas (371
and 372) that feature different triggering groups — exposure of the
grating to a solution of TBAF leads to self-immolation and selective
degradation of the blue coloured rods of the grating followed by the use
of a Pd(0) source and the sodium salt of benzenesulfinic acid to trigger
the conversion of the alloc-functionalised PCLPA into soluble
products.>°

using a Lewis acid to generate high-molecular-weight polymer
with high purity.>** They highlighted the increased stability of
cPPA in comparison to PPA, noting that cPPAs are benchtop
stable for several months whereas PPAs require diligent
storage or risk untoward depolymerisation. Furthermore, it
was demonstrated that the macrocycles could be opened with
the addition of a Lewis acid and undergo ring expansion with
the addition of more monomer. Interestingly, this phenom-
enon could be reversed resulted in ring contraction and was
attributed to polymerization occurring close to the polymer
ceiling temperature, rendering propagation and depropagation
dependent on monomer concentration (Scheme 96). This
interesting property was further explored by Moore and it was

CA

View Article Online
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demonstrated that the scrambling of distinct homopolymer
mixtures to copolymers under cationic polymerisation con-
ditions occurred.***

4.4 Self-immolative polyglyoxylates

Polyglyoxylates (PGs) are another class of self-immolative poly-
mers that were reported by Gillies and co-workers in 2014.%°
In a manner similar to PPHAs, without conjugation of an end-
capping group, PGs undergo depolymerisation back to mono-
meric material via a hemiacetal mechanism. Gillies and co-
workers reported the chain-growth polymerization of an ethyl
glyoxylate followed by end-capping with the UV trigger, 4,5-
dimethoxy-2-nitrobenzyl alcohol to afford poly(ethyl glyoxylate)
(PetG) 374. Irradiation with UV light (300-350 nm) resulted in
cleavage of the trigger unit that, in turn, led to depolymerisa-
tion with 70% degradation to ethyl glyoxylate hydrate after
24 hours in the solution state (Scheme 97). Photo-triggered
degradation of 374 in the solid state was further explored with
polymer films exposed to UV irradiation, then immersed in pH
7.4 phosphate buffer. Solid state depolymerisation proceeded
slower but after 17 days the films of 374 had undergone com-
plete degradation. Gillies and co-workers have demonstrated
subsequently that PGs are versatile self-immolative polymers
via the incorporation of different end-capping groups that
cleave upon exposure to heat, hydrogen peroxide or
DTF‘162,365,366

More recently, Gillies and co-workers have reported the
preparation and synthesis of self-immolative polyglyoxyla-
mides (PGAms) 375; whilst retaining the desirable stimuli-
responsive depolymerisation (Scheme 98), they were able to
obtain these materials through monomer polymerisation or
post-polymerisation amidation of PetG under mild conditions
without degradation of the polymers.*®” Furthermore, PGAms
exhibit very different properties to PGs with higher glass tran-
sition (Ty) values as a result of hydrogen bonding from the
amide motif (85 °C for PGAm-Net-MMT 375 vs. —10 °C for
PetG-MMT) and higher water solubility at ambient tempera-
ture. This increased water solubility of PGAms, compared to
the predominantly hydrophobic PetG systems, allows for
exploration of drug delivery applications. This work has also
been reported with an application as kinetic hydrate inhibitors
by Gillies and co-workers.>®®

In another innovative development of self-immolative PG-
based systems, Fan and Gillies have conjugated poly(ethyl

f@A

0O O
A
ACId Stimulus @ Depolymerisation /

Scheme 96 cPPA 373 and self-immolation in the presence of an acidic stimulus as described by Moore and co-workers.3%®
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Scheme 97 Head-to-tail depolymerisation of PetG 374 upon exposure to UV radiation, as described by Gillies and co-workers.>6°
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Scheme 98 Head-to-tail depolymerisation of PGAm-Net-MMT 375 upon exposure to 0.9 M acetic acid as described by Gillies and co-workers.>®”

glyoxylate) (PEtG) with poly(ethylene oxide) (PEO) to generate
amphiphilic block copolymers 376-379. As a consequence of
their amphiphilic nature, these block copolymers self-assem-
ble to form nanoparticles in aqueous solution.**® The apolar
interior of these nanoparticles enables uptake of hydrophobic
payloads such as dyes (e.g. Nile Red) or anti-cancer drugs (e.g.
doxorubicin or curcumin). Several different self-immolative
linker end caps were used to conjugate the two polymers so
that each end of PEtG was coupled to a polar PEG unit. The
chemistries of the linker end caps permitted triggering via
exposure to UV light, thiols, hydrogen peroxide or importantly,
combinations of these stimuli (Scheme 99). The trigger event
leads to selective degradation of the linker end caps, thus frag-
menting the amphiphilic block copolymer and initiating self-
immolation of the PEtG block; the net result of this process is
disassembly of the block copolymer-based nanoparticles and
release of the payload.

In a related approach, Gillies and co-workers have also
developed'”> thermo-responsive micelles and vesicles utilising
a poly(ethyl glyoxylate) block copolymer system 380 equipped
with an end cap on the PEtG unit that is susceptible to a retro-
[4, + 2,] reaction, liberating a furan. This reaction fragments
the hydrophilic and hydrophobic blocks of the copolymer; in
addition, furans with this substitution pattern will cleave
under the reaction conditions leading to end-to-end depoly-
merization (Scheme 100). Overall, the PEG-PEtG-PEG architec-
ture with the thermally sensitive cycloadduct at the junction
point between the different polymer blocks led to thermo-
responsive micelles and vesicles that disassembled upon
heating. In addition, stable assemblies could be generated that

3258 | Polym. Chem., 2022, 13, 3188-3269

incorporated iron oxide nanoparticles within the hydrophobic
core - exposure to magnetic fields led to localised heating
within the thus triggering disassembly.

5 Self-immolative supramolecular
systems

Developing their work on f-galactosidase triggered release of
anticancer agents (Fig. 20), Papot et al. reported an inventive
supramolecular drug delivery system based on a [2]rotax-
ane.””® In 381, the taxol prodrug, with its esterase cleavable
linker, is mechanically interlocked with a macrocyclic ring
(Scheme 101). The macrocyclic ring has an in-built self-immo-
lative linker triggered by fp-galactosidase; on exposure to that
enzyme, 1,6-elimination of the first, phenol-based linker is
initiated to afford 382. Following this, the 2,4-substituted
aniline undergoes either 1,6 or 1,4-elimination to fragment the
locking ring, exposing the scissile bond of prodrug 383.
Hence, this system falls into the category of SIEs that require
two-trigger events to liberate the reporter group; with well-
chosen triggering events, this has been shown to give
improved targeting of the drug.’”*'*** The galactosidase
trigger unit was also employed by Leigh, Aucagne and Papot in
rotaxane-based peptide delivery systems (e.g. Met-enkephalin)
as part of the stopper.’”*”> The enhanced solubility of 381, as
compared the taxol, owes much to the inclusion of a hydro-
philic stopper, attached through a ‘click’ reaction. The stopper
features hydrophilic glucose units and was pioneered in earlier
work toward a drug delivery system for cyclopamine.®”?

This journal is © The Royal Society of Chemistry 2022
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Scheme 99 The structures of the PEtG-PEG block copolymers 376—379 that could be triggered via exposure to light, thiols or hydrogen peroxide
and a schematic illustrating the self-assembly of nanoparticles plus the mode of payload delivery post application of the key stimulus.

Scheme 100 The PEG-PEtG-PEG block copolymer 380 reported by Gillies and co-workers that featured thermally degradable cycloadducts at the

polymer block junctions.*’>
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Scheme 101 Papot's [2]-rotaxane-based drug delivery system 381 for intracellular delivery of taxol.3”°

6 Pers peCtiveS and COnClUding decade - the number of publications has burgeoned with inno-
vative uses of self-immolative linkers that undergo either an
remarks

electronic cascade or a cyclisation event (or indeed a combi-
nation of both processes) following triggering events. There
This update assessment of the field of self-immolative linker has been a natural progression from studies that targeted
systems and their implementation into polymeric materials establishment of fundamentals of the self-immolative path-
has revealed a significant degree of progress over the past ways to the application of these degradable materials. It is
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notable that self-immolative linkers have now found use
within small molecular and macromolecular drug delivery or
sensor systems that, with further development, can transition
to commercially viable systems. The fate of the by-products of
the self-immolative process have also been considered and an
overview of their role in the reactive milieu is being gained -
this aspect of these degradable systems has particular rele-
vance in the context of the ability to recycle and re-use
materials. However, more in-depth studies are needed to com-
prehensively understand the reactive pathway of these poten-
tially reactive by-products to permit use of self-immolative
polymers, especially in biological applications such as drug
delivery systems or biosensors. Practical challenges to the com-
mercial uptake of these materials still exist (especially relating
to the synthetic complexity of many of the systems reported in
this review) but it is not unreasonable to expect that within the
next decade we will see the introduction into modern society
of self-immolative materials in the form of ‘smart’ medicines,
highly sensitive/selective sensor and security devices, or
adhesives or coatings that can be debonded on demand to
permit recycling of valuable components.
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