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1. Introduction

Spatio-temporal control over the release of chemicals is
a major interest in chemistry. For example, in biomedical
applications, it may be useful to mask the biological activity of
an active compound before it reaches its target. This strategy
permits to overcome limitations of free small molecules such
as low water solubility, lack of specificity to the target, or sub-
optimal pharmacokinetics. Protecting groups, well-estab-
lished in organic chemistry, can be useful to engineer such
prodrugs: protection induces a decrease or elimination of the
biological activity, the masked compound is then released
under specific biological conditions.[1–8] Hence various strat-
egies have been used to directly release active compounds
from their protected precursors. However, when the protect-
ing group or the active compound is bulky, precursor
activation may become difficult and the release of the desired
compound not effective.[9] To overcome this limitation, an
efficient and increasingly popular approach consists of
decoupling precursor activation from compound release by
introducing a “self-immolative spacer” between the protect-
ing group and the active compound.[10]

Self-immolative spacers are covalent assemblies tailored
to correlate the cleavage of two chemical bonds in an inactive
precursor. The precursor typically contains a protective
capping moiety, the central spacer, and the compound of
interest. Upon application of an appropriate stimulus, the
protective moiety is removed, which generates a cascade of
disassembling reactions ultimately leading to release the
active compound (Figure 1).

Since their introduction in 1981,[11–17] self-immolative
spacers found applications in prodrugs,[4,18–32] sensors for
chemicals or enzymes,[33–41] and for drug delivery.[26–28, 30–32,42–46]

Self-immolative spacers are also increasingly used in materi-
als science,[47–51] where their unique feature of kinetically
programmable auto-destruction provides unprecedented
opportunities for sustainable matter management (i.e.
making materials degradable).

For most applications, kinetic information on the disas-
sembly of the activated self-immolative spacer is crucial (e.g.

to control the kinetics of drug release after enzymatic
activation or the spatial correlation between the enzyme
position and the labeling location; see below). Hence in this
Review we report on works addressing kinetic aspects of self-
immolation. For users, it will provide the relevant information
to guide their choice towards a particular self-immolative
motif in relation to a specific demand. Moreover, it will also
benefit developers, who will find guidelines to conceive
kinetic experiments and exploit the singular kinetic features
of self-immolative spacers.

The Review is organized as follows. It first introduces the
two main currently used self-immolation processes for which
the key step is elimination via electronic delocalization or
cyclization. Then the major factors are detailed for analyzing
the mechanism and the kinetics of self-immolation processes.
The third and fourth sections dissect the significance of the
precursor structure on its self-immolation kinetics. They also
report on the role of control parameters, such as solvent,

Self-immolative spacers are covalent assemblies tailored to correlate
the cleavage of two chemical bonds after activation of a protective part
in a precursor: Upon stimulation, the protective moiety is removed,
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duced to overcome limitations for drug delivery, self-immolative
spacers have gained wide interest in medicinal chemistry, analytical
chemistry, and material science. For most applications, the kinetics of
the disassembly of the activated self-immolative spacer governs func-
tional properties. This Review addresses kinetic aspects of self-
immolation. It provides information for selecting a particular self-
immolative motif for a specific demand. Moreover, it should help
researchers design kinetic experiments and fully exploit the rich
perspectives of self-immolative spacers.
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pH value, or temperature. The final section deals with kinetic
considerations for tailoring a self-immolative spacer to fulfil
a targeted molecular function.

2. Self-Immolative Processes

Self-immolation is governed by the structure of the spacer.
Two self-immolative processes have gained wide acceptance.
In the first process, the liberation of the desired compound
results from an electronic cascade leading to the formation of
a quinone or azaquinone methide intermediate. In the second
process, spacer disassembly involves a cyclization giving for

instance imidazolidinone, oxazolidinone, or 1,3-oxathiolan-2-
one ring structures. In both cases, precursor activation
generates nucleophilic functional groups, such as hydroxy,
amino, or thio groups, conjugated with or near a leaving
group, their reaction spontaneously activates the self-immo-
lation process releasing the desired compound.

2.1. Self-Immolation by 1,4-, 1,6-, or 1,8-Elimination

Self-immolative spacers relying on an electronic cascade
for disassembly contain an aromatic structure bearing a hy-
droxy,[52–54] an amino,[55, 56] or a thiol,[19] group. As long as they
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Figure 1. Schematic representation of a self-immolative spacer. The cleavage of Bond 1, which links a protecting group (PG) to the spacer,
spontaneously causes the cleavage of the Bond 2, linking the spacer to the desired compound (shown as an ellipse). Thus a primary activating
event disassembles the initial precursor into three moieties.
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are protected (or masked), these functional groups are not
nucleophilic enough to trigger the process of electronic
delocalization in the non-activated precursor. However,
activation by an external stimulus reveals their intrinsic
nucleophilicity and initiates the self-immolation liberating the
desired compound after one or several steps (Figure 2).

Driven by its positive entropy and the formation of stable
products (e.g. CO2 when carbonates or carbamates are
included in the spacer), self-immolation by electron delocal-
ization occurs both spontaneously and irreversibly.

To date, most reported self-immolative spacers in this
series rely on 1,4- (Figure 2a) or 1,6- (Figure 2 b) eliminations.
1,8-elimination was shown to be possible in para-amino(or
hydroxy)cinnamyl alcohol (Figure 2c) or coumarinyl alcohol
(Figure 2d) spacers.[44, 56, 57] In contrast, putative self-immola-
tive spacers based on combinations of contiguous (such as
naphthalene for 1,8-elimination; Figure 2 e) or successive
(like in biphenyl for 1,10-elimination; Figure 2 f) aromatic
rings do not lead to release the leaving group. This phenom-
enon has been tentatively explained by too high an energy
barrier to break aromaticity and by repulsion of hydrogen
atoms in the ortho position of biphenyl that prevents the
planar structure required for good electron delocalization.[58]

2.2. Self-Immolation by Cyclization

Self-immolative spacers exploiting cyclization for their
disassembly, incorporate linkers based on alkyl chains (Fig-
ure 3a,b),[15, 59–63] or on ortho mono- or disubstituted aromatic
spacers (Figure 3c–e).[62, 64–70] Once activated, their disassem-

bly involves a nucleophilic attack on a car-
bonyl group (Figure 3 a–d) or an electro-
philic aliphatic carbon atom (Figure 3 e).[68]

The associated cyclization occurs directly
after activation or after a preliminary elim-
ination step (Figure 3b).[59] As with elec-
tronic delocalization, self-immolation is
driven by a positive reaction entropy and
by the formation of thermodynamically
stable products (5- and 6-membered rings).

3. Kinetic Analysis of Self-
Immolation

To analyze the mechanism of self-
immolation and its rate constants, requires
choosing a triggering action and monitor-
ing the formation of the desired compound
(and possibly intermediates).

3.1. Self-Immolation: A Multistep Process

Most experiments aiming at analyzing
the kinetics of disassembly of an activated
self-immolative spacer rely on measuring
the temporal evolution of the concentra-
tion in the desired compound after the
activation of the precursor is triggered.
Focusing on the species which contain the
desired compound, the complete mecha-
nism is a series of irreversible unimolecular
reactions (Figure 4).[52–54] When their rate
constants are different, the concentrations

of the precursor, the intermediates, and the released com-
pound evolve multi-exponentially with as many relaxation
times ti as rate constants ki (with ti = 1/ki).[72] However, the
temporal resolution of the kinetic experiment governs the
number of relaxation times (and thus rate constants), which
can be effectively extracted from the observables. Indeed, any
reaction occurring faster than the temporal resolution “van-
ishes” from the temporal system response.[53, 73]

To analyze self-immolation, a key parameter is therefore
temporal resolution.[74, 75] It depends on two main factors.
Temporal control over the initial time of the kinetic experi-
ment is the first. For instance, to rely on mixing the content of
a cuvette (which typically requires a second for stirring) to
achieve precursor activation only allows access to rate
constants smaller than 1 s¢1 in the disassembly mechanism.
In contrast, to turn on light for triggering disassembly of
a photoactivatable self-immolative spacer can permit rate
constants up to 104 s¢1 to be measured. The other key factor

Figure 2. Self-immolative spacers relying on an electronic cascade (ortho or para delocaliza-
tion) for disassembly. PG =protecting group; X = O, NH, or S; LG = leaving group belonging
to the desired compound. a) 1,4-elimination;[52–54, 71] b) 1,6-elimination;[52, 54, 55, 71] c),d) 1,8-
elimination.[44, 56, 57] 1,8-elimination involving a naphthalene ring (e) or 1,10-elimination involv-
ing a biphenyl (f) do not occur, even with a strongly donating amino group.[58]
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controlling temporal resolution is the acquisition frequency
during the kinetic experiment: it is not possible to access any
rate constant, which is larger than the acquisition frequency.
Hence, it is more favorable to collect in situ a sensitive
observable to exhaustively report on a disassembly process,
since it allows the kinetic experiment to be performed at high
acquisition frequency. Although relying on HPLC analysis to
follow self-immolation is relevant to analyze rate constants
below the min¢1 range, monitoring the emission from
a fluorescent reporter in situ will easily give access to rate
constants as high as 103 s¢1.

For instance, the last step (proton exchange) of the overall
mechanism shown in Figure 4a is so fast (typically submicro-
second time scale) that it has not been accessible in any
reported kinetic experiments: the dynamic response of the
self-immolative spacer has been reliably modelled as a two-
step process, with the two rate constants (k1 and k2) being
associated with the cleavage of the protecting group (activa-
tion) and the release of the leaving group (self-immolation),
respectively.[53] An additional step associated with a rate
constant k3 may have to be considered to model self-
immolation when it involves decarboxylation of carbonates
or carbamates,[53] or elimination from a tetrahedral inter-
mediate (Figure 4b,c). Notably for the decarboxylation of
carbonates or carbamates, this step occurs on the millisecond
time scale under mildly basic conditions at room temperature
for the carbonates and at physiological temperature for the
carbamates.[53, 54] Under these conditions its rate constant is
large enough for the three step model to dynamically decrease
to a two steps model.

Note, we assumed above that only the
species containing the desired compound
could be observed in the kinetic experi-
ments. However, other reactions may take
place during the self-immolation process.
Hence, in the course of spacer disassembly
by electron delocalization, a reactive by-
product intermediate quinone methide (for
self-immolative phenols) or azaquinone
methide (for self-immolative anilines) is
released and rapidly attacked (millisecond
time scale) by nucleophiles or protic polar
solvents.[76]

3.2. Triggering the Activation of Self-
Immolation

The first step of the self-immolation
process involves a trigger, which leads to
removal of a protecting moiety and libera-
tion of the nucleophilic functional group
initiating spacer disassembly. Currently
more than 20 trigger/protecting moiety com-
binations responding to various criteria
(such as activation rate, reporting observ-
able, but also solubility and stability of the
precursor) have been used in kinetic experi-
ments performed in vitro as well as in vivo.

Herein they are reported according to the nature of the
trigger: a chemical reagent, an enzyme, or light (Tables 1–3).

3.2.1. Activation by Chemical Reagents

Because of its ease of introduction and cleavage, chemical
activation mediated by electron exchange, nucleophilic
attack, or proton exchange was the first developed to trigger
self-immolation.

Activation reactions relying on electron exchange have
been mostly achieved by transition-metal-containing reagents
or thiols (reductions), and H2O2 (oxidation). Treated under
mild conditions with zinc/acetic acid, the nitro group yields an
amine, which initiates self-immolation (entry 1,
Table 1).[56, 77–79] Note, this mode of activation can also be
triggered by enzymes (see below). The allyloxy and allyla-
mino groups have been activated by metal-containing reduc-
ing agents, such as [Pd(PPh3)4]/NaBH4, [Pd(PPh3)4]/
(Bu)3SnH, [PdCl2(PPh3)2]/KBH4 (entry 2, Table 1).[80–86] In
particular, the allyloxy group has been used to release
a hemiacetal that subsequently decomposed into a dialde-
hyde.[83] Disulfide bridges provide biologically relevant pre-
cursors to initiate self-immolation after activation by thiols,[87]

such as dithiothreitol[32, 88] (entries 3–4, Table 1). Phenylboro-
nates have been activated by hydrogen peroxide (entry 5,
Table 1).[49, 89–93] In particular, this system has been used in
prodrugs of matrix metalloproteinase inhibitors.[94]

The second class of chemical activators relies on a nucle-
ophilic attack to initiate self-immolation. Silylated ethers
have been activated by the fluoride anion (entry 6,

Figure 3. a)–e) Self-immolative spacers relying on a 1,5- or 1,6-cyclization for disassembly.
PG= protecting group; LG = leaving group belonging to the desired compound.
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Table 1).[52, 83, 95] Water was used to cleave labile esters
(entry 7, Table 1),[59] which enabled slow activation under
physiological conditions.

Activation reactions based on proton exchange have
mainly involved Boc[57, 59,60, 96–100] and Fmoc[98] carbamate
protecting groups of amines. After activation, decarboxyla-
tion takes place before liberation of the desired compound
(entries 8–10, Table 1).

3.2.2. Enzymatic Activation

Self-immolative spacers have become increasingly popu-
lar in prodrug strategies after developing various triggering
methods in vivo, such as enzymatic activations. For kinetic
experiments, enzymatic activations are generally rather slow.

Plasmin-induced cleavage of a tripeptide enabled the
release of drugs with a 1,6-elimination spacer[58] (entry 1,
Table 2). Enzyme activation proved to be highly sensitive to
steric hindrance: The half-life associated with enzymatic
activation by plasmin dropped from 42 to 4 min when the
activation was combined with the cyclization of N,N’-ethyl-
enediamine. Antibody 38C2-mediated activation by a retro-
aldol retro-Michael reaction has been implemented to liberate
drugs or 4-nitrophenol (entry 2, Table 2).[42,45,100–103] Penicil-
lin G amidase (PGA) and Bovine Serum Albumin (BSA)
have been used to cleave the phenylacetamide moiety

(entry 3, Table 2)[34,38,44,45,55,

92,96,99,100,104–108] and a carba-
mate[109] (entry 4, Table 2),
and liberate various sub-
strates. b-Glucuronidase (b-
GUS)[33,40,43] (entry 5,
Table 2) and b-Galactosi-
dase[110–112] (entry 6,
Table 2) have been success-
fully implemented to specif-
ically deliver bioactive sub-
strates in tumors and in
bacteria.[110] Eventuallya flu-
orogenic probe containing
a self-immolative spacer
that was alkaline phospha-
tase (ALP) sensitive was
implemented for the quan-
titative analysis of ALP
activity (entry 7,
Table 2).[113]

3.2.3. Light-Driven Activation

The last protecting moi-
eties discussed in this
Review are triggered by
light.[114] From the point of
view of kinetic analysis,
they benefit from not
requiring a mixing step to
stimulate their cleavage
(see above).

The photolabile o-nitrobenzyl group is activated by UV
illumination,[53, 54,63, 73, 97, 115–118] which causes its cleavage in less
than 1 ms when good leaving groups are released[53, 54,73]

(entry 1, Table 3). In particular, this time scale yields an
excellent temporal resolution to analyze fast self-immola-
tions[53, 54, 73] by using fluorescent reporters. Interestingly the
cleavage of the bromocoumarin caging group (entry 2,
Table 3) has been carried out by irradiation in the near
infra-red (NIR) wavelength range[63, 119] to trigger the degra-
dation of long polymers and nanoparticle spheres containing
self-immolative spacers.

4. Structure–Property Relationships

As an outcome of the kinetic analysis, the basic principles
of which have been introduced above, this Section dissects the
significance of the precursor structure on its self-immolation
kinetics for both spacers based on elimination by electronic
cascade and by cyclization. It also shows the role of control
parameters, such as solvent, pH value, or temperature.

Numerical data in Tables 1S–7S (see Supporting Informa-
tion) give rate constants and half-times for the compounds 1–
110 shown in Figure 5–11. It should be emphasized that most
of the publications analyzed report only apparent rate
constants k and disassembly half-times t1/2 and not an

Figure 4. From the complete mechanism to the dynamic model of self-immolation. a) Reduction of a three-
step mechanism to a two-step dynamic model focusing on the species containing the released compound
(the precursor R, an intermediate I1, and the released compound P). Since the last step of the mechanism
(proton exchange) is fast on the time scale of the kinetic experiment, two rate constants k1 and k2 are
sufficient to account for the observed temporal evolution of the concentrations of R, I1, and P ; b),c) Reduced
three-step mechanisms of self-immolation in which the conversion of the precursor R into the desired
compound P now involves two intermediates I1 and I2 and three rate constants k1, k2, and k3. In (b), the last
step (decarboxylation) may be fast at the time scale of the kinetic experiment so as to further reduce the
model to a two-step model as in (a). PG= protecting group; X= O, NH; Y = O, NH; LG = Leaving Group.
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exhaustive set of rate constants (and relaxation times),
including the one specifically associated with the self-immo-
lation step (see above). Therefore, upon considering that the
rate-limiting step in precursor disassembly may be activation
not self-immolation, comparison between data acquired with

various activation modes should be performed with care.
Hence it is more reliable to perform kinetic analysis on
homogeneous sets of data obtained with the same type of
activation and under the same experimental conditions.

Table 1: Kinetic analysis of self-immolation after chemical activation.[a]

Entry Protecting
group

Trigger Reporting molecule Anal.
tool

Ref.

1
Zn/AcOH Paclitaxel N [56]
Zn/AcOH Tryptamine H [77]
Radiolytic reduction Hydroxylamines H [78,79]

2

[Pd(PPh3)4]/NaBH4 ;
[PdCl2(PPh3)2]/KBH4

p-Nitrophenol U [80,82]

[Pd(PPh3)4] o-Phthalaldehyde G, N [83]
[Pd(PPh3)4]/NaBH4 2,4-Dimethylphenol N [84]
[Pd(PPh3)4]/[(Bu)3SnH] Substituted phenols U [85,86]

3 Dithiothreitol
Epothilone
Paclitaxel, daunomycin

H
H

[88]
[32]

4 Thiols BODIPY U, F [87]

5 H2O2

Alcohols
Arenes
4-Nitroaniline
Fluorescent aniline
Fluorescein, Fluorescent reporter
5-Amino-2-nitrobenzoic acid
7-Hydroxycoumarin
Hydroxylamines, Enols

N
U
U
H
F
U
F
U

[89]
[90]
[91]
[49]
[92]
[93]
[93]
[94]

6 Fluoride
7-Hydroxycoumarin
o-Phthalaldehyde
4-Nitroaniline

F
G
U

[52]
[83]
[95]

7 H2O
4-Hydroxybenzylalcohol
Nile Red

N
F

[59]
[59]

8 TFA

Aminomethylpyrene
4-Hydroxybenzylalcohol
6-Aminoquinoline
Aminomethylpyrene, 4-Nitroaniline
Polymer
Phenol

F, H
N
F
H
G
U

[57]
[59]
[96]
[97]
[98]
[60]

9
Piperidine
Morpholine

4-Nitroaniline, 1-Naphthylamine
4-Nitroaniline

H
U

[99]
[100]

10 Piperidine Azaquinone methide G [98]

[a] The columns 1–5 respectively indicate the entry number, the protecting group with the position of cleavage, the chemical trigger, the released
substrate, and the tool for kinetic analysis of substrate release: N = NMR, H = HPLC, U = UV/Vis, G = GPC, F = Fluorescence.
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4.1. Self-Immolation Based on Elimination by Electronic Cascade

The elimination based on electronic delocalization
involves the formation of a quinone or azaquinone methide
intermediate and results in loss of electron density at the
benzylic position associated with release of a leaving group
(see Figure 2). Thus resonance energy of the aromatic ring as
well as substituents borne by the aromatic core or at the
benzylic position alter the disassembly rate. Furthermore,
external parameters, such as the solvent, pH value, or
temperature are also anticipated to play a role.

4.1.1. Substituents on the Aromatic Core

An increase in the electron density on the aromatic ring is
expected to 1) facilitate dearomatization and 2) assist the
cleavage of the bond between the leaving group and the
aromatic core by stabilization of the transient positive charge
formed at the benzylic position during the elimination leading
to the quinone methide intermediate.[78, 91, 120] In fact, electron-
donating groups (e.g. OMe) should increase the energy of the
HOMO of the aromatic ring and correspondingly strengthen
the HOMO–LUMO interaction between the bonding p ring
molecular orbital and the non-bonding s* C¢LG orbital
(LG = leaving group). This interaction should result in the

Table 2: Kinetic analysis of self-immolation after enzymatic activation.[a]

Entry Protecting
group

Trigger Reporting molecule Anal.
tool

Ref.

1 Plasmin Doxorubicin, paclitaxel H [58]

2
Catalytic
antibody 38C2
(Ab38C2)

Doxorubicin, camptothecin
Etoposide
4-Nitrophenol
Ab38C2

C
H
U
F

[42,101,103]
[102]
[45]
[100]

3
Penicillin-G-
amidase (PGA)

7-Hydroxycoumarin
Melphalan
4-Nitrophenol
Doxorubicin
6-Aminoquinoline
4-Nitroaniline
5-Amino-2-nitrobenzoic acid
1-Naphthylamine
Tryptophane
Cy5
Fluorescent reporters
Camptothecin
PGA

F
F, H
U
H
U, F
H
H
H
H
F
F
H
F

[34,38]
[44,105]
[45,106]
[45]
[96,106]
[55,99]
[55,108]
[99]
[105]
[92]
[38,104,107]
[107]
[100]

4 BSA
4-Nitroaniline
Fluorescent Amine

H
F

[109]
[109]

5
b-Glucuronidase

4-Hydroxy-3-nitrobenzyl alcohol
2SBPO
Doxorubicin

U
F
H

[33]
[40]
[43]

6
b-Galactosidase

Glucose
SulfoQCy7
Doxorubicin
Monomethyl auristatin E

B
F
H
U,H

[110]
[110]
[111]
[112]

7
Alkaline
phosphatase

Benzothiazolyl iminocoumarin F, H [113]

[a] The columns 1–5 respectively indicate the entry number, the protecting group with the position of cleavage, the enzymatic trigger, the released
substrate, and the tool to analyze substrate release: N=NMR, H = HPLC, U = UV/Vis, G = GPC, F = Fluorescence, C = Cell growth inhibition,
B = Bacteria growth assay.
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strengthening of the C¢C benzylic s bond (which becomes
shorter) and the weakening of the s bond C¢LG, thus
facilitating release of the leaving group. Indeed, the self-
immolation rate is significantly accelerated by grafting
electron-donating groups (such as, OMe and NHMe; formu-
las 4, 7–9, 12–14, 18, 21, 22, 26, 29, 30 ; Figure 5) conjugated or
not with the benzylic position[53, 78, 85, 91,120] (see Table 1S).

In contrast, electron-withdraw-
ing substituents induce a drop in
electron density on the aromatic
ring, which destabilizes the partial
positive charge at the benzylic posi-
tion in the transition state of the
spacer disassembly, thus increasing
the kinetic stability of the activated
spacer. Indeed, self-immolative
spacers containing aromatic rings
substituted with strong electron-
withdrawing functional groups,
such as NO2 (formulas 3, 6, 11)
and CO2Me (formulas 10, 27),
exhibit a half-life of self-immolation
larger than their unsubstituted ana-
logues[53, 78, 120] (see Table 1S).

As expected from their similar
electronic properties in the same
ionization state, self-immolations
driven either by a phenol or an

aniline occur at similar rates (formulas 18 and 26 ; see
Table 1S).

Although the preceding trends seem well-established, it is
of note that the same self-immolative spacer (formula 17) was
reported to exhibit two different disassembly half-times: t1/2 =

600 s was found with activation by nitro reduction,[78] whereas
t1/2 = 17 s was measured when activation was by deprotona-

Table 3: Kinetic analysis of self-immolation after light activation.[a]

Entry Protecting
group

Trigger Reporting molecule Anal.
tool

Ref.

1 UV light

p-Nitrophenol
Coumarin
DDAO
Nile Red
Dendrimer degradation
Aminomethylpyrene
Polymer degradation

U, N
F
F
F
U, G, N
H
G, N

[115]
[53,54,73]
[53,54,73]
[118]
[116]
[97]
[63,117]

2 NIR light Polymer degradation
G, N
H–M

[63,119]
[119]

[a] The columns 1–5 respectively indicate the entry number, the protecting group with the position of
cleavage, the light trigger, the released substrate, and the analytical method to detect the substrate
release: N = NMR, H =HPLC, U = UV/Vis, G= GPC, F = Fluorescence.

Figure 5. Substrates used to evaluate the effect of the substituents borne by the aromatic ring on the rate of disassembly caused by electronic
delocalization. PG = protecting group; LG-O, LG-N= leaving group.
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tion (see Table 1S).[121] Such discrepancies may originate from
different experimental conditions or rate-limiting steps in the
activation–disassembly process.

4.1.2. Aromatic Core

It is important to recognize that the nature of the aromatic
core governs the distance between the activation position and
the leaving group, independently of any electronic effect. As
such, it can contribute to reduce steric hindrance in the case of
enzyme activation.[58, 122] The significance of the aromatic core
has been further evaluated by reference to resonance energy
and electronic effects.

The kinetics of self-immolation were first examined with
the benzene ring by analyzing any difference between
eliminations involving the benzylic position either ortho
(1,4-elimination) or para (1,6-elimination) to the nucleophilic
atom (Figure 2a,b). In fact, the disassembly times were found
to be almost identical for both types of eliminations (formulas
1 and 37; see Table 1S and 2S respectively).[52,54, 55, 71] However,
in a system involving dual release, the leaving group located at
the para position (1,6-elimination) was released faster than
the ortho one (1,4-elimination).[55, 77] Furthermore, the para
(1,6-elimination) was also faster than the 1,6-elimination
through the vinylogous ortho-benzyl position in a spacer
involving a dual release.[99]

The disassembly rate has been also compared in self-
immolative spacers containing the benzene aromatic ring and
its heteroaromatic analogues. Indeed, upon release of the
leaving group by self-immolation, the aromatic ring loses
aromaticity. Thus decrease of the resonance energy of the
aromatic ring should accelerate the release. Indeed this trend
has been observed in the hydrocarbon aromatic series:
disassembly of the phenantrene spacer 24 is five-times faster
than that of the naphthalene spacer 23, which is itself 10-times
faster than that of the benzene spacer 20 (Table 1S).[86, 91]

Pyridine and pyrimidine have a lower resonance energy
(142 and 132 kJmol¢1) than benzene (ca. 150 kJmol¢1),[123] so
should be favorable to build fast self-immolative spacers. This
was observed in a spacer containing the pyridinic core
(formula 31; Figure 6).[108] After enzymatic activation, its

self-immolation was complete after 30 min, compared to
more than 4 h for the benzenic analogue.[108] In contrast, other
results (see Table 2S) relying on photochemical activation and
detailed kinetic analysis demonstrated that the pyridine ring
decreases the rate of disassembly relative to the benzene core
(see formulas 34 and 37 relatively to others) and that the
position of its nitrogen atom is significant (see formulas 31
and 32). Moreover, it has even been shown that the
introduction of two nitrogen atoms in the aromatic core
(pyrimidines; formulas 33 and 35) prevents release of the
leaving group under acidic conditions. Thus, more than the
drop of the resonance energy, it seems that disassembly
kinetics of the heterocyclic self-immolative spacer is con-
trolled by the electron density at the benzylic carbon atom
bearing the leaving group. This electron density is lowered by
the presence of nitrogen atoms exerting electron-withdrawing
effects.

4.1.3. Linking Core Leaving Groups and Substituents at the
Benzylic Position

The disassembly half-time of self-immolative spacers is
also affected by the link between the aromatic core and the
leaving group (see Table 3S). Indeed, half-times larger by
several order of magnitudes (> 103 times)[52] have been
observed for spacers where the leaving group was linked by
an ether (formulas 38 and 42 ; Figure 7) with respect to
analogous spacers in which the leaving group was bound by
a carbonate (formulas 39 and 40) or carbamate (formula
41).[52, 53] Indeed the carboxylate group is a much better
leaving group than the alcoholate group. In fact, the
decarboxylation of the carbamic acid may even become
rate-limiting in the whole disassembly process: Decarboxyla-
tion half-times in the 5 min range have been reported at
293 K[53, 124] Furthermore, reporters directly linked to the
benzylic position through an amine or thiol bond lead to
almost no liberation except under rather drastic experimental
conditions or specific aromatic substitutions (formulas 27–
30).[79, 90,120]

As expected from the stabilization of the partial positive
charge at the benzylic position in the transition state, the
introduction of a methyl substituent at the benzylic substitu-
ent was also shown to significantly accelerate the elimination
of the quinone methide intermediate (compare formulas 44
and 46 with formulas 43 and 45).[78,89] A phenyl substituent
similarly accelerates the rate of disassembly.[125]

4.1.4. Leaving Groups

Nucleofugacity governs the last step of self-immolation: it
generally increases when the proton exchange constant (pKa)
of the conjugated acid of the leaving group decreases.[126] This
trend has been observed while studying the disassembly
kinetics of a family of self-immolative spacers releasing
different alcoholates including phenols bearing various sub-
stituents (Figure 8 and Table 4S).[19, 85] The disassembly half-
life of the spacer was shown to increase exponentially with the
pKa of the free alcohols (formulas 47–50 and formulas 51–53).

Figure 6. Benzenic and heteroaromatic (pyridine and pyrimidine) rings
in self-immolative spacers. The structures on the left and on the right
yield ortho (1,4-elimination) and para (1,6-elimination) release of the
leaving group respectively. PG= protecting group; LG-N= leaving
group.
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However, this relationship alone does not account for all the
reported behaviors. Hence, in a recent comparative inves-
tigation using DDAO and 7-hydroxytrifluoromethyl cou-
marin (with respective pKa ~ 5 and ~ 7.5; formulas 66 and 67)
as leaving groups,[53] the coumarin was released faster than
DDAO. This observation has suggested that conformational
effects could also impact the disassembly kinetics and
a carbonate linker may decrease the importance of the
leaving group’s nucleofugacity.[79]

The significance of the leaving group has been also
evaluated in a series in which the activating phenol was
generated from oxidation of the arylboronic ester precursors
(formulas 54–65).[89, 90,127, 128] Electron-withdrawing groups at

the aromatic ring or benzylic position enhance the rate of
arylboronic ester oxidation[129] but decrease the rate of
quinone methide formation. Hence similar rate constants of
self-immolation have been reported for formulas 54–59.[90,94]

Moreover, as expected from sharing a similar carbamate
linkage, the compounds 60–64 exhibited essentially similar
disassembly half-times.[89]

4.1.5. Control Parameters

The solvent is anticipated to alter the disassembly rate of
activated spacers. Indeed an increase in polarity should
stabilize the partial charges, which are developed in the
transition state of the self-immolation step. Indeed the
disassembly rate in a series of self-immolative spacers
involving the formation of quinone methide species increases
proportionally with solvent polarity (e.g. H2O percentage in
a H2O/MeCN mixture).[85]

As strikingly evidenced in self-immolative spacers con-
taining a phenol core, pH value also controls the disassembly
rate by means of the ionization state of the nucleophilic atom
liberated after removal of the capping protecting group.
Hence phenol ionization accelerates the disassembly rate by
a factor 100 over the 4–10 pH range (formulas 2 and 3 with
respective phenol pKa 9.5 and 8.1).[53] The pH effect was even
more pronounced for pyrimidine-containing spacers (see
formulas 33 and 35) since disassembly of the activated
precursor could be launched when increasing pH value from
4 to 9.5.

Temperature was also shown to affect the rate of self-
immolation: a ten-fold increase of the disassembly rate was
observed upon increasing temperature from 293 K to
318 K.[53]

4.2. Self-Immolation Based on Cyclization

The cyclization strategy has been applied in pro-
drugs,[4,18–25, 130–134] sensors,[34–36, 38,41] and drug delivery sys-

Figure 7. Substrates used to both evaluate the effect of the link
between core and leaving group, and the incidents of the substituents
at the benzylic position on the rate of elimination caused by electronic
delocalization. PG = protecting group; LG-O, LG-N= leaving group.

Figure 8. Substrates used to evaluate the effect of the leaving group on the rate of elimination caused by electronic delocalization. PG = protecting group;
LG-O, LG-N= leaving group.
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tems.[26–28,30, 32, 88] Disassembly of self-immolative spacers based
on intramolecular 5-exo-trig or 6-exo-trig cyclization yields
cyclic esters, ureas, carbamates, or thiocarbonates[59, 63] (Fig-
ure 3a–c). In most cases, cyclization occurs more slowly than
elimination by electronic cascade. When cyclization is com-
bined with 1,6-elimination (Figure 3b), it is often the rate-
limiting step.[63, 105] However, this combination is useful to
facilitate enzymatic activation by lowering steric hindrance or
providing chemically stable precursors (e.g. engaging an
alcohol in a carbamate).

In contrast to the preceding series, the kinetics of
cyclization-driven disassembly are mainly governed by con-
formational aspects (Thorpe–Ingold effect[63,105] and/or reac-
tive rotamer effect).[135] However, the electrophilicity and
nucleophilicity of the sites involved in the cyclization also
bring significant changes on the half-time of self-immolation
by cyclization.

4.2.1. Substituents on the Spacer

Substituents differing by their size and their electronic
effects have been introduced in the a position of the ester
function of linear alkyl spacers (Figure 9) to examine the
Thorpe–Ingold effect[63, 105] and/or the reactive rotamer
effect[135] on the kinetics of cyclization. Half-times of cycliza-
tion ranged between 2 and 39 s at pH 7.4 and 37 88C
(Table 5S).[60]

Introducing a methyl group on the amino group of the
spacer (formula 69) accelerated cyclization by a factor of 4.
Furthermore, as expected by the Thorpe–Ingold[42, 58] and
reactive rotameric effects,[101] mono (formulas 70, 74, 75) and
di- (formulas 71 and 72) substitutions in the a position of the
ester induced similar accelerations of the cyclization. Such
conclusions have been also supported by the “trimethyl lock”
effect.[67] However, the insertion of two benzylic substituents
(formula 76) in the same position decreased the rate of
cyclization by a factor of 4 with respect to the other
substituents. In contrast, engaging both a positions in a cyclo-
pentyl ring yielded a much shorter half-life of the activated
spacer (formula 78). Finally, the introduction of hydroxy

groups (formulas 73 and 77) accelerated the cyclization more
effectively than all the other substituents.

The significance of substituents was also shown in the
series in Figure 10.[136] After bioreduction of the nitro group,
these 2-aminoaryl amides release their substrate after sponta-
neous cyclization by the nucleophilic attack of the aniline
generated on the carbonyl of the amide bearing the leaving
group. Cyclization rates at pH 2.4 varied by more than
a factor 50000 (Table 6S), revealing the significance of
substituents in the spacer (formulas 91, 92, and 97), at the
benzylic position (formulas 79–84) but also on the amino
leaving group (formulas 81 and 82).

4.2.2. Electrophilicity and Nucleophilicity of the Sites Involved in
the Cyclization

Tuning the electrophilicity and nucleophilicity of the sites
involved is relevant to alter the rate of the cyclization
reaction. Hence, replacing an electrophilic carbamate site
with a carbonate decreased the cyclization half-life of the
spacer 500-fold. The self-immolation rate was further
increased by replacing the nucleophilic amine with a thiol.[137]

As in the preceding series of self-immolative spacers
acting by elimination, there is a correlation between the pKa

value of the leaving group and the rate constant of spacer
disassembly. This correlation has been evidenced in a series of
thioamides[138] (Figure 11 and Table 7S): para-electron-donat-
ing substituents, such as OMe and Me (formulas 104 and 105),
increase the pKa value of the leaving phenol and lower the
cyclization rate by several orders of magnitude with respect to
leaving phenols containing strongly electron-withdrawing
groups, such as NO2 (formula 110).

4.2.3. Control Parameters

The pH value exerts a significant impact on the rate of
self-immolation by cyclization when a pH-sensitive group is
liberated after spacer activation. Hence, for 4-aminobutyric
acid containing spacers, the self-immolation rate of the
compound 78 is fastest at pH 7.4 but drops when the pH value
decreases to pH 4.

5. Kinetics in Action

After the many attractive features presented above, this
Section now elaborates on the kinetic opportunities provided
by self-immolative spacers to liberate a product after
activation. The simplest kinetic scheme (subsequently
denoted as RP): one-step product P liberation after precursor
R activation (Figure 12 a) is used as a reference behavior. The
temporal evolutions of the precursor and product concen-
tration are first examined when the system is homogeneous.
We subsequently address the case of localized activation,
which is relevant for prodrug applications where a drug is
expected to be liberated in the neighborhood of activating
markers (e.g. enzymes). We end up with an examination of
self-immolative spacers releasing several products after
activation.

Figure 9. Substrates used to evaluate the effect of the substituents at
the a position of the linear spacers on the rate of elimination by
cyclization.
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5.1. Temporal Control of Product Liberation

Although disassembly of a self-immolative spacer may
involve multiple steps, it is relevant in the following discussion
to adopt the simple dynamic model (subsequently denoted as
RIP) shown in Figure 12b, which involves two irreversible
unimolecular steps: activation of the precursor R to yield an
intermediate I and subsequent rate-limiting step leading to
product liberation.[53, 73]

Figure 13 displays the simulated temporal evolution of the
concentrations in the non-activated precursor R, the activated
self-immolative spacer I, and the desired product P when
activation occurs in a closed homogeneous system with
different values for the rate constants associated with the

activation (ka) and liberation (kl) steps. For comparison,
Figure 13 also shows the corresponding temporal evolutions
for the non-activated precursor R and the product P, when
product liberation directly occurs after R activation.

With respect to direct product liberation after R activa-
tion, Figure 13 emphasizes the key opportunities provided by
self-immolative spacers for product liberation. Whereas the
temporal evolution of the non-activated precursor is identical
for both dynamic models, product liberation occurs after
a delay ta when a self-immolative precursor is used. However,
to observe this delay requires that product liberation is slower
than precursor activation (kl< ka) (in the opposite case, i.e.
kl>ka, both RIP and RP dynamic models do not differ),
which can be achieved by an appropriate choice of the self-
immolative motif. Note that the concentration of the inter-
mediate I is only significant in the kl<ka case (otherwise its
concentration is vanishing) between the times ta and tl = 1/kl.
This last point is particularly relevant for the design of
efficient self-immolative precursors transiently generating
trapping quinone methide intermediates for DNA alkylation

Figure 10. Substrates used to evaluate the effect of the substituents in the spacer on the rate of elimination by cyclization.[136]

Figure 11. Substrates used to evaluate the effect of the leaving group
on the rate of elimination by cyclization.

Figure 12. The RP (a) and the RIP (b) kinetic model.

..Angewandte
Reviews

F. Schmidt, L. Jullien et al.

7504 www.angewandte.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 7492 – 7509

http://www.angewandte.org


(Figure 14).[139–142] In this strategy, the substituents of the
benzenic core of the spacer have been modified to optimize
alkylating properties.[142]

5.2. Spatial Control of Product
Liberation

When the system is not
closed, molecular motion
affects the concentration pro-
files. In relation to prodrug
applications, which have sig-
nificantly motivated the devel-
opment of self-immolative sys-
tems, the case of localized
activation (e.g. by enzymatic
activation) is specifically
examined. Two different situa-
tions are successively consid-
ered: 1) activation occurs in an
open system, as in prodrug
strategies, such as antibody-
directed enzyme prodrug ther-
apy (ADEPT)[143] in which
precursor activation occurs at
cellular surfaces with subse-
quent local internalization of
the liberated drug; 2) intracel-
lular prodrug activation and
drug liberation, which is rele-
vant of therapeutic approaches
like gene-directed enzyme
prodrug therapy (GDEPT).[144]

Following the derivation
provided in the literature,[145]

activation of the self-immola-
tive spacer is considered to
occur in a sphere of radius r
located in an infinite medium
containing a reservoir of freely
diffusing non-activated precur-
sor R with concentration R0.
For simplification, all the spe-
cies R, I, and P are supposed to

share a same diffusion coefficient D. Then the diffusion time
td = r2/D typically evaluates the time to enter the sphere
volume by diffusion.[145] When product liberation directly
occurs after precursor activation (RP model), the steady-state
P concentration is at the highest within the activation sphere
(out of the sphere, it decays as the inverse of the distance from
its center): it is equal to R0 when ta< td and scales as (td/ta)R0

when ta> td.
[145] Taking r = 100 mm (a few cells in diameter)

and D = 10¢10 m2 s¢1 (typical for a molecule of medicinal
interest) yields 100 s as an order of magnitude for td. Thus
activation should typically occur faster than in 100 s to locally
deliver the desired product P at the nominal R0 concentration.
When using a self-immolative spacer (RIP model), the same
result now requires both ta< td and tl< td to be fulfilled.[145]

Hence, to co-localize product liberation with precursor
activation at the concentration of the non-activated precursor
(a much sought after goal in the prodrug design) is kinetically
constrained: the fastest activation and self-immolative
chemistry must be chosen.

Figure 13. Temporal evolution of the concentrations in the non-activated precursor R (a), the activated self-
immolative spacer I (b), and the desired product P (c,d) (normalized to the initial concentration R0 of the
non-activated precursor) associated to the dynamic models shown in Figure 12b: a)–c) R(t)/R0 = exp(¢kat),
I(t)/R0 = [ka/(kl¢ka)][(exp(¢kat)¢exp(¢klt)], P(t)/R0 =1¢{[klexp(¢kat)¢kaexp(¢klt)]/(kl¢ka)}), and Fig-
ure 12 a: a),d) R(t)/R0 = exp(¢kat), P(t)/R0 =1¢exp(¢kat)). q= t/ta (ta = 1/ka) is the time variable in the
plots. For the RIP dynamic model, the temporal evolution has been plotted for the following values of the
ratio kl/ka : 0.1 (dashed-dotted line), 0.46 (dotted line), 2.15 (dashed line), 10 (solid line). See Referen-
ces [53,73] for the derivation of the kinetic equations.

Figure 14. Self-immolation for generating trapping species for DNA
alkylation. The relative values of the rate constants associated to self-
immolation (kl) and to nucleophile trapping by the quinone methide
intermediate (kt) permit tuning both the maximum concentration of
the trapping species and the kinetic window in which it survives.
LG = Leaving group; Int= Intercalating moiety; Nu = Nucleophile
belonging to DNA.
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Activation of the self-immolative spacer is subsequently
considered to occur in a small volume circumvented by
a permeable shell (a crude model for a cell) such that the
intra-sphere concentration of the non-activated precursor R is
maintained constant at R0 by contact with the infinite external
reservoir.[145] Instead of a diffusion time, it is now a permeation
time tp, which will affect the concentration profiles. For the
steady-state P concentration to be equal to R0 necessitates
ta< tp (RP model) and both ta< td and tl< td (RIP model).
Again fast activation and self-immolative chemistry are
favorable to achieve co-localization of the product liberation
with precursor activation at the concentration of the non-
activated precursor.

In particular, the preceding reasoning is relevant in
analyzing the behavior of prodrugs based on the reduction
of 4-nitrobenzyl carbamates for the release of alkylating
agents in a nitroreductase GDEPT strategy:[146,147] In vitro the
faster prodrugs bearing electron-donating substituents on the
nitrobenzyl core ensured a better selectivity toward cancer
cells expressing the nitroreductase than to healthy cells.[147]

This reasoning also accounts for the enhanced rate of
disassembly of a self-immolative-based profluorophore
probe improving the enzymatic
detection in the sensing and
cellular imaging of human
cancer enzyme.[148]

5.3. Liberation of Multiple
Products

The case of a non-active
precursor releasing multiple
products after its activation
can be considered. In this
Review, the situation is
restricted to one in which two
products, P1 and P2, are liber-
ated.[53, 73] For the following the-
oretical simulations, we corre-
spondingly adopt a dynamic
model (Figure 15), which
involves the successive forma-
tion of two intermediates, I1 and
I2, from the non-activated pre-
cursor R. The first product P1 is
formed together with the inter-
mediate I1, whereas the second
product P2 results from the
reaction of the intermediate I2.

Figure 16 a–d display the
simulated temporal evolution
of the concentrations of the
products P1 and P2 when acti-
vation occurs in a closed homo-
geneous system with different
values for the rate constants
associated to the activation
(ka) and liberation (kl,1 and kl,2)

steps. The liberation of the product P1 exhibits similar
features to the P liberation discussed in Figure 12: P1

liberation occurs after a delay ta when kl,1< ka. P2 liberation
subsequently takes place either with a delay (when tl,1 = 1/
kl,1< tl,2 = 1/kl,2) or not (when tl,1 = 1/kl,1> tl,2 = 1/kl,2).

The preceding considerations have been relevant to
design branched self-immolative spacers bearing two leaving
groups without any significant delay between the two product
liberations.[73, 149, 150] In particular, a caged dual branched self-
immolative spacer was used to build a caging platform with
fluorescence reporting, which was shown to be efficient and
versatile for various biological applications.[73] In this system,
it was crucial to design the self-immolative spacer to reduce
the delay between the liberations of the substrate and the
fluorescent reporter as much as possible (Figure 17).

Figure 15. The RI1I2P1P2 kinetic model.

Figure 16. Temporal evolution of the concentrations in the products P1 (dotted line) and P2 (solid line;
normalized to the initial concentration R0 of the non-activated precursor) associated to the dynamic
model shown in Figure 15: (P1(t)/R0 = [ka/(kl,1¢ka)][(exp(¢kat)¢exp(¢kl,1t)];
P2(t)/R0 =1¢{kl,1kl,2exp(¢kat)/[(kl,1¢ka)(kl,2¢ka)] + kakl,2exp(¢kl,1t)/[(ka¢kl,1)(kl,2¢kl,1)]
+ kakl,1exp(¢kl,2t)/[(ka¢kl,2)(kl,1¢kl,2)]}). The temporal evolution is plotted as a function of q= t/ta for
different values of (kl,1/ka,kl,2/ka): a) (5,0.1); b) (5,10); c) (0.2,0.1); d (0.2,10). See References [53,73] for
the derivation of the kinetic equations.
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6. Conclusion

This Review has shown that self-immolative spacers
already exhibit a wide scope of kinetic properties. In
particular, from literature, it is often possible to identify the
specific chemistries and molecular architectures required to
reach a desired function linked to molecule delivery or
material degradation. However, beyond the available reper-
toire of self-immolative spacers, it is clear that the broader
field of kinetically programmed disassemblying molecular
structures is only beginning to fulfill its potential. In this
perspective, it is worth to conclude with two remarks.

First, in the course of the history of chemistry, degradation
has attracted the attention of chemists much less than
synthesis. In relation to sustainable development, it can be
anticipated that programmable self-destruction of molecules
or materials will become a main chemical concern. Nature
paves the way to clever degradation strategies. However, no
doubt the imagination of chemists will further expand the
repertoire of disassemblying chemistries after molecular
activation.

Second, to date, the kinetic demand placed on self-
immolative spacers has remained modest. Most applications
are presently restricted to introducing a delay for molecular
delivery or to achieve spatio-temporal correlation between
precursor activation and molecular delivery. These goals have
been addressed by relying on simple kinetic schemes involv-
ing irreversible unimolecular steps and molecular diffusion.
In fact, chemical kinetics definitively provides far richer
opportunities. Equipped with non-linear steps, appropriately
tailored complex self-immolation mechanisms could yield
improved as well as unprecedented controls over molecular
delivery or material degradation both in time and in space.

Here again, chemists are expected to find unexplored
frontiers to exert their science and imagination.
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