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Cleavage of C–O and C–N bonds mediated by transition metals is a promising bioorthogonal approach
to rescue the activity of caged molecules, such as proteins and cytotoxic drugs, under biological condiReceived 30th May 2020

tions. However, the precise mechanism of such uncaging reactions remains elusive. This review provides
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mechanistic insights into metal-mediated bond-cleavage reactions, with the goals of understanding the
main factors that influence the reaction and aiding the rational development of new caging groups/
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catalysts for chemical biology and drug-delivery applications.

1. Introduction
The caging of molecules such as proteins, drugs and fluorophores
is an important strategy in chemical biology applications.1,2 The
purpose of a caging strategy is the temporary loss of function of a
specific molecule of interest upon its modification with a protecting
handle, and then reinstating its function/activity after the selective
removal of the caging group, preferably in a spatiotemporally
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controlled manner, by photo, chemical or metal triggers. Representative applications of bioorthogonal uncaging (dissociative)
reactions are the study of intracellular function of a specific protein
of interest in living cells, engineering intact cells to manipulate the
cell surface and adding new gain-of-functions and lastly activating
small molecules including imaging probes and prodrugs in living
cells.3
Amine and hydroxyl are the preferred functional groups for
caging/uncaging in such applications. Indeed, these functionalities are abundant in biomolecules as well as in synthetic organic
compounds, whose free forms are often needed to maintain
their intrinsic properties. For metal-mediated uncaging applications, the caging of these functional groups with electron-rich
handles (mainly allyl or propargyl) is by far the most popular
approach. In other examples, the N-/O-groups of the molecule to
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be caged can be masked with the allyl or propargyl handles through
self-immolative spacers, such as oxycarbonyl or oxyaryl groups, in
order to improve reactivity (Scheme 1). These combinations result
in alkylated amine, ether and carbamate substrates.
Taking advantage of organometallic chemistry, protocols using
transition metals for bond-cleavage reactions have emerged as an

alternative to the conventional photo- and small molecule-mediated
uncaging approaches.4 Working in a biological environment, the
uncaging reaction must follow the criteria of bioorthogonal
chemistry,5 i.e., it needs to be chemoselective, proceed with fast
kinetics, and must not disrupt the native biological functions of
biomolecules and small molecules. Some benefits of using transition
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Scheme 1 Transition metal-promoted C–N or C–O bond-cleavage
reactions for uncaging amino and hydroxyl substrates. The most common
caging functional groups are allyl (top) and propargyl (bottom), which can
be combined with different spacers, such as oxycarbonyl or oxyaryl
groups, to tune the reactivity.

metals over other uncaging approaches are higher capacity for
tissue/cell-penetration, being less prone to forming reactive oxygen
species, lower cytotoxicity and higher selectivity.4
The use of transition metals for uncaging has expanded the
applications within the life sciences in recent years. As a result
of their pioneering work, Meggers and Streu reported, in 2006,
the first metal-mediated uncaging reaction performed inside
living cells.6 The authors investigated the use of ruthenium
complexes to trigger the uncaging of an N-allyloxycarbonyl-caged
fluorophore in HeLa cells. Also pioneering was the work reported in
2011 by Bradley and Unciti-Broceta, who developed heterogeneous
palladium nanoparticles with the ability to cross cell membranes
and act as catalysts, either for the uncaging of an allylcarbamate or
for Suzuki–Miyaura cross-coupling in a cellular environment,
expanding the range of tools available for creative applications in
chemical biology.7 Following these steps, many other metalmediated uncaging reactions for biological applications were developed for the gain-of-function study of proteins8–10 and activation of
prodrugs10–21 to cell surface engineering.22,23
Until now, most metal catalysts have been limited to ruthenium,
palladium and, more recently, copper, gold and platinum.
Although a wide range of biological applications have been
explored using either metal complexes or nanoparticles, relatively
little eﬀort has been made to rationally design new catalysts, from a
mechanistic point of view. The identification of new metal catalysts
for uncaging is challenging and involves the quest of seeking the
right ligands to provide water solubility, to induce the high stability
necessary for compatibility with biomolecules that feature acidic,
basic, coordinating and redox functional groups, and to improve
cell-permeability, allowing the target of interest to be reached
(targetability). For these reasons most of the catalysts reported
possess a small turnover number (TON) and, therefore, high doses
are necessary to quantitatively yield the product, even when the
reaction is performed in a flask under optimized conditions. The
TON is of paramount importance for the catalyst to function at
concentrations that are non-toxic to cells and often orders of
magnitude lower than in typical synthetic organic reactions.
With variable oxidation states and sizes, transition metals
may have full or partially filled d-orbitals, which aﬀect the
ligand-to-metal and metal-to-ligand charge transfer and d–d
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transitions established in the formation of the complexes. These
transitions are closely related to the strength of the binding between
the ligand and the metal, which directly affects the interaction with
the substrate/product and consequently the catalytic activity. Additionally, the reaction mechanisms involving metals with different
oxidation states are normally quite different. Consequently, the
design of new metal catalysts for uncaging reactions must take into
account the type of metal, its oxidation state and the nature of the
ligands, and these all need to be rationalized for a specific caging
group. On top of this, most of these systems present a dynamic
behavior, i.e., if the transition metal catalyst does not possess
strongly bound ligands, in solution it can be converted into different
active species, including complexes, clusters and nanoparticles.
Similarly, when using metal nanoparticles, different metal species
may also be formed from the leaching of metal atoms and small
clusters into the solution. The mix of these metal species is best
described as a ‘‘cocktail’’ of catalysts.24 In this regard, it would be a
better strategy to work with systems involving ‘‘single-type’’ catalysts,
which are usually more advantageous, as they result in higher
efficiency and selectivity.25 The main route to rationally develop
better catalysts is to understand their mode of action and gain
insights into the reaction mechanisms. Such mechanistic insights
are made possible by different experimental techniques, for
instance, using catalyst poisons, kinetics studies, spectroscopy,
microscopy and electrochemistry, paired with quantitative molecular
structure–function analysis.
Although reviews describing the applications of metalmediated uncaging reactions are available,1–4,26–28 to the best
of our knowledge, no reviews have focused on the mechanisms
involved in these reactions. Thus, this review summarizes and
discusses the mechanistic aspects of transition metal-mediated
uncaging reactions, in order to provide a picture of how
different catalysts work in different reactions and highlight
perspectives on future directions that could lead to a better
understanding of the catalytic behavior of these entities. The
review is organized into two main topics according to the type
of caging group and metal uncaging promoter. We hope that
this critical review can aid a better understanding of metalmediated uncaging reactions.

2. Allyl caging group
The first bond-cleavage reactions reported involved the uncaging of
amine- and hydroxyl-allyl groups assisted by metals, and this is still
the most popular approach. However, so far, the only transition
metals that have been explored in the uncaging protocols are
ruthenium and palladium.
2.1

Ruthenium-mediated deallylation reaction

The first metal-mediated bond cleavage reaction was reported
in 2006, by Streu and Meggers, who used a ruthenium(II) halfsandwich complex (Ru1, Chart 1),6 previously developed by
Mitsudo and co-workers29 for the allylation of thiols. Specifically,
the authors found that the Ru1 is capable of cleaving allylcarbamates
to give the respective primary amines under biologically-relevant
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conditions (presence of water, air and thiols) and inside living HeLa
cells.6 The in vitro reaction was performed in MeOH/H2O (95 : 5) at
RT and 37 1C in the presence of diﬀerent thiol nucleophiles, which
were crucial for the catalytic cleavage. The best results were obtained
in the presence of an excess of thiophenol (5 equiv.), which
serves as a trapping nucleophile of the allyl group, while without thiol the cleavage reaction is completely prevented. Using a
bis-allyloxycarbonyl-caged rhodamine 110 (Rho-Alloc) as the
substrate, confocal imaging in HeLa cells (PBS at 37 1C) showed
a 10-fold increase in the fluorescence within the cytoplasm
corresponding to the release of the uncaged rhodamine 110.
With no addition of thiophenol, the fluorescence increased
around 3.5-fold, indicating that in cells thiophenol is not
absolutely required. The authors suggested that in the course
of the reaction, thiophenol is converted into allylphenylsulfide
and CO2 is released. The proposed mechanism is similar to that
previously reported for the ruthenium-catalyzed addition of
nucleophiles to allylic carbonates, which has been postulated
to proceed through the formation of a p-allylruthenium
species.30
Later, the same group published a photoactivatable ruthenium complex (Ru2, Chart 1), which showed only marginally
improved eﬃciency compared with the original study in the
uncaging reaction of the substrate Rho-Alloc, in the presence
of 5 equiv. of thiols and upon irradiation with l Z 330 nm for
10 min.31 Even though the deallylation with Ru2 was modest, it
enabled the spatial/temporal control of the reaction, with the
delivery of fluorescence within the cellular cytosol. As described
above, the addition of thiols, serving as trapping nucleophiles,
was also required for the reaction to proceed either in vitro
(50% DMSO/sodium phosphate buﬀer, pH 7.25 at 37 1C) or
in vivo (HeLa cells, PBS buﬀer at 37 1C). The more nucleophilic
thiophenol or combinations of aliphatic and aromatic thiols
improved the reaction compared to aliphatic thiols alone. With
regard to the mechanism, the authors speculated that solventcoordinated fragments ([Cp*Ru(solvent)3]+, Cp* = Z5-pentamethylcyclopentadienyl ligand) released upon UV-light irradiation would be
the active metal-catalyst species.

Chem Soc Rev
Almost a decade after the first report, the cleavage reaction
catalyzed by ruthenium was still limited by its low activity and
TON. Addressing this issue, Meggers and co-workers developed
new catalyst/substrate pairs that improved the eﬃciency of the
reaction and aided an understanding of its mechanism.12 The
best performance was obtained with ruthenium complexes
featuring diﬀerent bidentate quinoline-2-carboxylate ligands,
a mono dentate p-allyl ligand and a cyclopentadienyl group
(Ru3, Chart 1), based on the work of Kitamura.32 The reactions
were performed with N-(allyloxycarbonyl)-aminocoumarin in water/
DMSO (200 : 1), under air, at RT and in the presence of an excess of
glutathione (GSH). The authors proposed that in the case of the
complex containing a Cp* ligand the reactivity was aﬀected by the
steric hindrance of the methyl groups on the cyclopentadienyl
moiety. Moreover, they postulated that the electronic properties of
the ligands, particularly the p-accepting ability, could strongly
influence the reactivity. Based on these assumptions, new quinoline
complexes with a reduced p-backbonding were designed by introducing electron-donating groups, such as methoxy or dimethylamino
groups (Ru3OMe and Ru3NMe2, respectively, Chart 1), in the quinoline
moiety. In the presence of the new catalysts, the TONs of the
reaction were significantly increased (Ru3H = 90, Ru3OMe = 150
and Ru3NMe2 = 270).
Through kinetic experiments, the authors studied the eﬀect
of the nucleophile strength on the rate-determining step (RDS)
of the reaction: for strong nucleophiles, the allylic C–O bond
cleavage to release the uncaged amine and CO2 is the RDS;
while for weak nucleophiles, the RDS is the allylation step
(Scheme 2). These results had implications with regard to the
performance of the complexes in vivo, as the high concentrations of thiols inside living cells (millimolar range) do not
inhibit the activity of the catalysts, since with the change of
the RDS to the allylic C–O bond cleavage at high thiol concentration the reaction rate is no longer limited by the allylation
step. In fact the reaction is zero-order with respect to GSH
concentration. This work emphasizes the importance of using
mechanistic studies for the design of catalytic organometallic
tools compatible with biological systems.

Chart 1 Time evolution of ruthenium complex catalysts for the uncaging reaction of allyl-carbamates. The above reported turnover numbers (TONs)
were obtained under biologically-relevant conditions (presence of water, air and excess of thiols) which, together with the Alloc-substrates, vary between
reports. Thus, although Ru4 seems to have a low TON, it performed better than Ru3 under the same reaction conditions.
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Fig. 1 Eﬀect of substituents on quinoline ruthenium complexes in the
uncaging reaction of an allylcarbamate substrate.33

Scheme 2 Proposed mechanism for the uncaging reaction of allylcarbamate (N-Alloc) substrates using ruthenium(II) complexes. L = undefined
ligand (e.g. water or thiols).12

In a biological context, beside the catalyst activity, other
problems arise, such as cellular retention of the catalyst, the
eﬀect of its accumulation at the reaction site, and intrinsic
toxicity. To investigate these issues, Mascareñas and co-authors
developed the first non-toxic ruthenium complex stabilized with
the 2-quinolinecarboxylate ligand modified with a pendant phosphonium group (Ru4, Chart 1), which is known to accumulate in
specific organelles.16 Interestingly, this target-specific complex was
able to catalyze the uncaging of exogenous substrates within the
mitochondria of living cells. As a proof of concept, the catalytic
activity of the complex was assessed in water, buﬀer (PBS, pH 7.2),
cell lysate (pH 7.25) and living cells (HeLa cells) using the Rho-Alloc
as the substrate and an excess of GSH as the additive. Importantly,
the activity of Ru4 was higher than that of Ru3 in all solvent
systems used in this study (water and PBS), even in cell lysates.12
Importantly, both complexes presented significantly lower activity
in cell lysates, but better performance in living-cells, indicating that
the in vitro results do not necessarily correlate with the reactivity
profile in living environments. Moreover, the authors inferred that
the data are fully consistent with a p-allyl-mediated organometallic
reaction generating products that are localized at specific cellular
compartments.
In 2017, Meggers and co-authors provided an update on the
ruthenium-catalyzed deallylation reaction.33 Still concerned
about the eﬀects of the substituents in the ruthenium ligand,
the authors prepared a new family of complexes consisting of
8-hydroxyquinolinate with electron-withdrawing and donating
groups (Ru5, Chart 1). Under biologically-relevant conditions
(0.1 equiv. of catalyst, 100 equiv. of GSH in phosphate buﬀer,
pH 7.4 at 25 1C), the activity experiments for the uncaging
reaction of an N-alloc-caged fluorophore revealed that replacing the
bidentate ligand quinoline-2-carboxylate (Ru3H) with 8-hydroxyquinolinate (Ru5H) increases the initial reaction rate 30-fold, which
was attributed to increased electron density at the ruthenium. To
further rationalize the ligand eﬀect, the authors performed the
uncaging reaction with complexes bearing electron-withdrawing

7714 | Chem. Soc. Rev., 2020, 49, 7710--7729

substituents. Analysis of the data was performed by plotting the
uncaging reaction yield against the Hammett constants (Fig. 1). The
reactivity-structure analysis revealed a curve with maximum yield, in
this case the substituent –CO2Me provided the best electron density
for the complex, meaning that a mildly electronegative group may be
the best feature for this reaction. This modification led to a TON of
318, the highest value reported to date for a transition metalcatalyzed deallylation. These results show that the right electronic
density at the metal center is required to reach maximum activity.
These electronic properties, together with steric effects, are important design features of organometallic catalysts, since they are related
to balancing the thermodynamics and kinetics by controlling the
strength of the coordination of the ligands, solvents, substrates and
products to the metal center, and the activation of electrophilic/
nucleophilic centers.34
2.2

Palladium-mediated deallylation reaction

Although palladium catalyzed C–O bond cleavage reactions of
O-allylic substrates in aqueous media (a Tsuji–Trost-type reaction) have been known since the 1980s,35 the first use of the
reaction in aqueous media for chemical biology applications,
was reported by Koide and co-authors in 2007.36 With the goal
of detecting palladium in any oxidation state, the authors used
an allyl ether fluorescein probe combined with PPh3 as both the
reducing agent and ligand. Performing the uncaging experiments in borate buffer pH 10 with Pd(PPh3)4 and PdCl2–PPh3,
the two reactions exhibited almost the same fluorescence
intensity, while on using PdCl2 without PPh3 the conversion
to the product was not observed. Based on these results, the
reaction appeared to proceed through an allylic oxidative
insertion of Pd(0), with the formation of a p-allylpalladium
intermediate, which would undergo a nucleophilic attack generating an allyl-nucleophile product and the uncaged fluorophore, which is similar to the traditional Tsuji–Trost reaction
mechanism (Scheme 3).37,38
The same group continued to study this reaction and
progressed towards a better understanding of this catalytic
system. In 2009, the authors considered that the low TOF
(turnover frequency, B1.8 h1 obtained in the first example)
may be influenced by the use of PPh3.39 In their hypothesis, the
electron-rich PPh3 would stabilize the palladium in an inactive
form, such as Pd0L4. In this complex, palladium would not have
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Scheme 3 Catalytic cycle for the palladium-catalyzed O-deallylation
reaction of allylic ethers and carbamates (Tsuji–Trost-type reaction). Nu =
nucleophile (e.g. water or thiols) and L = ligand (e.g. Cl or PPh3).37,38

labile positions to coordinate to the substrate and the formation of
the p-allylpalladium intermediate would not occur (Scheme 3).
Another drawback of their system was that no reaction was
observed in the presence of sulfides, again due to the coordination
of sulfur to the palladium, resulting in deactivation of the catalyst.
To overcome these issues, the cited authors used an
electron-poor phosphine ligand, so that the palladium catalyst
would not become coordinatively saturated. In another set of
experiments, NaBH4, which forms hydrides that bind strongly
to palladium, was also added to compete with sulfides resulting
in a faster reduction of Pd(II) to Pd(0). Under these conditions,
the authors screened diﬀerent ligands, using the previously
reported allyl ether fluorescein-based sensor (reaction for 1 h at
24 1C in 0–30% DMSO/pH 7 buffer, with and without NaBH4). The
best conversions were obtained when the tri-2-furylphosphine (TFP)
ligand was employed in combination with NaBH4. This result was
attributed to the ability of TFP to promote the turnover of the
p-allylpalladium species by making the dissociation from the metal
center more favorable, leaving the d-orbitals available for the
oxidative insertion. What remains unclear, is whether the improvement in reaction efficiency is solely due to the higher dissociation
capacity of TFP ligands, compared with PPh3, or also an increase in
the dissociation of solvent/salt ligands, through an electronic trans
effect.40
According to another report, Mark Bradley and co-workers
were the first to explore palladium nanoparticles to promote
deallylation.7 These authors developed Pd(0)-supported microspheres that crossed cell membranes and could mediate the
uncaging of the Rho-Alloc substrate in HeLa cells. In in vitro
studies, turnover numbers up to 30 were observed, but with
very low conversion for all tested media (PBS, RPMI-CM, DMF
and cell extract, about 22% in the presence of an excess of
GSH). The addition of thiophenol in place of GSH did not
appear to have any eﬀect. However, the authors did not discuss
the mechanistic aspects of this reaction.
In 2014, interested in finding a biocompatible caging group
to modulate the activity of proteins, Chen and co-workers
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screened six simple and air-stable palladium species in the
uncaging reaction of Rho-Alloc and bis-propargyloxycarbonyl
rhodamine 110 (Rho-Proc), under aqueous conditions (5%
DMSO) with 1 equiv. of Pd.9 The deallylation was less eﬃcient
than depropargylation for all catalysts tested (for more details
on the depropargylation reaction please refer to Section 3.1),
and the highest conversions were obtained with Pd(dba)2 and
allyl2Pd2Cl2. The authors also observed that the addition of a
phosphine ligand (TPPTS) to Pd(NO3)2 species, increased the
eﬃciency of the allylic but not the propargylic-uncaging reaction. Moving on to Alloc-caged lysine analogues (Alloc-Lys) in
the presence of the most active Pd-reagents (Pd(dba)2 and
Allyl2Pd2Cl2), under biological and catalytic conditions (PBS
buﬀer at 37 1C and 0.1 equiv. of Pd), the reaction was also much
less eﬃcient than the proc-derivatives (yields of 24% and 84%,
respectively, determined by LC after 8 h of the reaction). Due to
the lack of eﬃciency of the uncaging reaction, the authors did
not proceed to cell assays using the Alloc caging group. In terms
of mechanism, the authors claim that the deallylation reaction
follows the Pd(0)-mediated p-allylpalladium pathway.
In the same year, Unciti-Broceta and co-workers investigated
the in vitro and the extracellular activation of prodrugs caged
with allylic, propargylic and benzylic groups at the 1-NH position
of 5-fluoro-uracil (5-FU), by Pd(0)-nanoparticles (NPs) trapped in
amino-functionalized polystyrene resin-microspheres.13 Under
biocompatible conditions (PBS, pH 7.4 at 37 1C), they observed
that the allylic cleavage was very slow compared with the
propargylic cleavage and did not lead to a substantial amount
of free 5-FU even after 48 h. The authors suggested that this low
eﬃciency of the allylic amine uncaging was due to electronic
and/or conformational aspects of the metal coordination to the
allyl group and its cleavage.
The same group also reported the development of novel
prodrugs based on gemcitabine, a known chemotherapy drug,
and performed the uncaging reaction using the same Pd(0)-NPs
in polystyrene resin.11 Gemcitabine was caged with allylic,
propargylic and benzylic groups in the sugar 5 0 -OH position
to yield carbonates, and also in the 4-NH2 position to yield
carbamates. The authors tested the stability of the compounds
in cell media and observed that the carbonate is too unstable
under these conditions to be suitable for biorthogonal applications. In cells, the authors observed that deallylation had
diﬀerent toxigenic eﬀects depending on the cell type. Pd(0)promoted deallylation of the protected prodrug was tested in
two diﬀerent cell lines (BxPC-3 and Mia PaCa-2), which display
similar sensitivity to unmodified gemcitabine. However, a
higher toxigenic eﬀect was observed for the BxPC-3 cells,
indicating higher uncaging eﬃciency in these cells. These
results were linked to the cell type and, consequently, the
culture conditions must aﬀect the reaction (for the BxPC-3
the cells were grown in RPMI, while for the Mia PaCa-2 cells
DMEM media was used). Although not mentioned, it is important
to highlight that among the few diﬀerences in the cell culture
media compositions, RPMI contains GSH, which is known from
previous work to improve the eﬃciency of the allylic cleavage.7
To test the caging groups on zebrafish, the authors applied an
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N-caged rhodamine derivative as a probe. In this case, it was
observed that the reaction with the Rho-Alloc proceeded even in
the absence of palladium, indicating that the bioorthogonal
character of the Alloc caging group was not sustained under these
conditions.
In 2017, Weissleder and co-workers screened a series of
Pd(0) and Pd(II) complexes (2.0 equiv.) under biological conditions
using Rho-Alloc and Rho-Proc-caged substrates (5 mM) at 37 1C in
two buﬀers widely used in cell culture, Hank’s balanced salt
solution (HBSS) and minimum essential media (MEM) (Fig. 2).18
The most active catalyst was PdCl2(TFP)2, a complex bearing an
electron-poor phosphine ligand which readily generates the
coordinatively unsaturated Pd(0) species under such conditions.
Both reactions, Alloc or Proc uncaging, yielded around 80% of
the fluorescent product in HBSS media. Mechanistically, the
authors suggested that, as described by Koide,39 the TFP ligand
has a weaker s-donor character and therefore dissociates from the
metal center more easily than PPh3, leaving the d-orbitals available
to undergo the oxidative insertion in the Alloc-substrate, initiating
the hydrolytic catalytic cycle. Importantly, it was observed that
when TFP was added in excess, the reaction rate increased. This
eﬀect was attributed to the p-backbonding from the TFP ligand to
the Pd(0) formed in situ. Additionally, the formation of TFP-oxide
species was observed by 31P NMR, which suggests a mechanism of
dissociation followed by metal reduction.
In 2018, Mascareñas and co-workers showed that the reactivity of discrete phosphine Pd(II) complexes (0.1 equiv.) for
Alloc decaging could be improved with the addition of an
excess reducing agent sodium ascorbate (NaAsc) or GSH in
water at 37 1C.41 In the presence of NaAsc, 450% of reaction
yield was obtained (24 h). With GSH, the reaction was more
eﬃcient, 94% yield after 24 h. In the absence of the additives,
the yields were very poor. Of note, in HeLa cell lysates, the
product yields were lower than in water, with values of 33% and
24% in the absence and presence of added GSH (0.4 mmol L1),
respectively. Based on these results, it is assumed that the
deallylation reaction was promoted by Pd(0) through the reduction
of the Pd(II) complexes in the presence of the reducing agents

Review Article
NaAsc and GSH. What is not clear, however, is whether GSH is
acting only as a reducing agent or as a nucleophile as well.
In 2019, Koide and co-workers studied the Tsuji–Trost allylic
cleavage reaction in aqueous buffer by means of kinetics data,
activation parameters and DFT calculations.42 They evaluated
the effect of the substrate, phosphine (TFP), phosphate ion
(buffer), NaBH4, palladium and DMSO concentrations on the
activation parameters for the deallylation of the O-allyl Pittsburgh Green ether probe. Through these studies it was possible
to identify the turnover limiting step (TLS) in the catalytic cycle
(Scheme 4).37 The Eyring plot showed that the reaction could
have three kinetic regimes with different TLSs: Regime 1, when
DH‡ 4 0, the TLS was assigned as oxidative addition; Regime 2,
when DH‡ E 0, TLS corresponds to nucleophilic attack; and
Regime 3, DH‡ o 0, corresponds to the association step. The
change in regime may be attributed to different temperatures
or even substrate concentrations, meaning that the regime can
change due to substrate consumption.
Another important contribution provided by this study was
the nucleophile identification. In the system studied, there
were at least three possible nucleophiles: phosphate, water
and TFP. Based on LC-MS studies it was possible to identify
allylated-TFP species, revealing that the palladium ligand can
also act as a primary nucleophile, a hypothesis also confirmed
by the DFT calculations. Another important insight provided by
the computational study was that at micromolar or nanomolar
concentrations of the substrate and with palladium employed
in bioorthogonal applications, the TLS may be the association
step. Prior to this study, the association step had not been
considered as a possible TLS.
Although some progress has been made toward comprehending the mechanistic aspects of the deallylation reaction (O- and
N-allylic Tsuji–Trost-type substitution) in water, there are still gaps to
fully understand the effect of each reaction component and mastering allylic cleavage as an uncaging strategy in complex biological
settings.43 Nevertheless, it is possible to imply some mechanistic
trends from the reports presented above. The reaction, for example,
can benefit from the presence of nucleophiles such as GSH, which

Fig. 2 Pd complexes (10 mmol L1) were screened for ability to catalyze deallylation and depropargylation via fluorogenic uncaging of Rho-Alloc
(Alloc2R110, 5 mmol L1) or Rho-Proc (Poc2R110, 5 mmol L1) in HBSS and MEM buﬀers at 37 1C for 12 h. Figure partially reproduced with permission from
ref. 18. Copyright 2017, Springer, Nature https://creativecommons.org/licenses/by/4.0/.

7716 | Chem. Soc. Rev., 2020, 49, 7710--7729

This journal is © The Royal Society of Chemistry 2020

View Article Online

Published on 07 October 2020. Downloaded by University of Cambridge on 11/19/2020 2:23:40 PM.

Review Article

Chem Soc Rev

Scheme 5 Early mechanism proposals for the depropargylation reaction
promoted by palladium: (A) oxidative addition to Pd(0) as proposed by
Manojit Pal45 and (B) hydration by Pd(II/IV) as proposed by Ahn.46
Scheme 4 General catalytic cycle of a Tsuji–Trost reaction with
proposed TLSs.42

44

are present in most cells at millimolar concentrations, when the
allylation step is the RDS. However, in this case and even in cases
where the association or the oxidative addition steps could be the
RDS, the reaction effectiveness is strongly dependent on the structure of the metal catalyst and the substrate. When electronic, steric
and geometrical effects impose a stronger affinity of the ligands
toward the metal center than the substrate, the reaction efficiency is
diminished, due to the lower lability of these ligands. On the
other hand, if the ligands are too labile, this will allow the strong
affinity of other Lewis bases (such as thiols) toward the metal
center, deactivating the catalyst. Thus, a fine balance between
these different parameters must be reached to improve the
reaction rate and TON. Nevertheless, the dynamic nature of
these systems must also be considered, since metal catalysts
may undergo notable structure alterations in solution.

3. Propargyl caging group
3.1

Palladium-mediated depropargylation reaction

The first example of a palladium-mediated depropargylation
reaction in aqueous media was reported by Manojit Pal and coauthors in 2003,45 which inspired many biological applications,
and turned out to be a major uncaging protocol for amines and
hydroxyl groups. The authors performed the deprotection of
aryl propargylamines and ethers in mixtures of DMF/water
(2 : 1) at 80 1C, in the presence of triethylamine as a base. It
was proposed that the mechanism of the C–X (X = N, O) bond
cleavage reaction proceeds via generation of an allenylpalladium intermediate, through an oxidative addition to the Pd(0)
species (Scheme 5A). The catalytically active species Pd(0)
would be formed in situ from Pd(II) due to the presence of
Et3N and heat. This hypothesis was supported by the fact that
the reaction was also effective with the use of a Pd(0) source,
implying its participation in the C–X bond cleavage.
In 2010, Ahn and co-workers suggested a distinct pathway
for the O-depropargylation of a fluorescein-based probe promoted by palladium.46 Performing reactions with Pd(0), Pd(II)
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and Pd(IV) species, in the mixtures of 10% CH3CN in water at
room temperature, without the addition of any other reagent
that could change the oxidation states of Pd, the authors
observed that all Pd mediators exhibited fluorescence enhancement. Since under these conditions, in situ generation of Pd(0)
was less probable, they suggested a diﬀerent reaction mechanism for the Pd(II/IV) species. In this case, hydration of the
propargyl ether, after the coordination with Pd(II/IV) species,
occurs to form an internal and a terminal carbonyl compound,
where the latter can undergo b-elimination (Scheme 5B). It is
important to point out that Pd(IV) species are often resistant to a
b-elimination process, which is often a competing process with
reductive elimination.47 When an internal alkyne probe (but-2yne ether) was used the oxidative addition would not be possible
and, indeed, the O-depropargylation did not proceed with Pd(0)
species and reacted slower with Pd(II/IV). Therefore, for Pd(0)
species the mechanism follows the route proposed by Manojit
Pal (Scheme 5A) and works only with terminal propargyl ethers.
For the Pd(II/IV) species, a hydration reaction (Scheme 5B) would
occur for the internal and terminal alkyne ethers.
In 2013, Manojit Pal and co-workers synthesized aryl propargyl ether and amine substrates with various substituents on
the phenyl ring. As a reaction promoter palladium on carbon
(Pd/C, 10%) was used in the presence of 2-ethanolamine as an
additive (reaction in water at 80 1C for 5–6 h under nitrogen).48
The 2-ethanolamine was suggested to have two key roles:
participation in the generation of active water-soluble catalytic
species; and solubilization of the substrates. Importantly, it was
observed that in the absence of 2-ethanolamine the reaction
did not progress. Moreover, when Hg(0) was added the depropargylation reaction was deactivated, suggesting that Hg(0)
accumulated at the charcoal surface would interact with palladium through dp–dp bonding, poisoning the catalyst. The
proposed mechanism (Scheme 6) is the same as that previously
reported, with the formation of 1-hydroxyacetone (acetol) as a
second product. However, no experimental data for acetol
detection were provided. The lack of the detection of hydrolytic
products to support the mechanisms of the Pd-catalyzed depropargylation reaction in water has been a general drawback.
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Scheme 6 Proposed mechanism for the Pd/C catalyzed depropargylation reaction for aryl propargyl ethers and amines in water (X = O or NH).48

In 2014, the first bioorthogonal application of the Pd-mediated
depropargylation reaction was reported by Unciti-Broceta and
co-authors.13 In this work, heterogeneous Pd(0)-NPs functionalized
with polyethylene glycol–polystyrene were used to activate the
prodrug 5-fluoro-1-propargyl-uracil (Pro-5FU). The in vitro (PBS,
pH = 7.4 at 37 1C) results showed a complete substrate conversion
after 72 h using catalytic sub-stoichiometric amounts of Pd(0).
Notably, the authors also observed the release of Pd(0) atoms from
the resins into the solution, supported by the formation of the
product even when a solid-free solution was incubated with Pro-5FU
for 24 h. The in vivo catalytic evaluation of the reaction was
performed in zebrafish yolk with the Rho-Proc substrate. A strong
fluorescent signal from the area surrounding the Pd(0)-resin in the
yolk sac and in the gastrointestinal system was observed. It is
important, however, to mention that even in the absence of Pd,
residual fluorescence was detected by confocal imaging. These
results confirm the high sensitivity of the Proc group to palladium
catalysis, but also its low chemical stability in the digestive system.
The reaction was described as following the mechanism previously
proposed by Manojit Pal in 2013,48 as indicated by ESI-MS analysis
with the identification of the acetol ([M + Na]+, m/z = 96.8) in the
crude. These results support an oxidative addition mechanism
for Pd(0)-catalysts. This is the only experimental evidence
reported to date for the formation of acetol in Pd-mediated O- or
N-depropargylation reactions in aqueous media (Scheme 7).
In the quest to find a biocompatible caging group to modulate
the activity of proteins, Chen and co-workers9 identified that propargylcarbamate substrates (Rho-Proc and Proc-lysine) were more
eﬀectively uncaged by Pd catalysts than the allylated-versions of the
substrates (Rho-Alloc and Alloc-lysine). For both caging groups,
Allyl2Pd2Cl2 and Pd(dba)2, representing Pd(II) and Pd(0) complexes,
respectively, were the most eﬃcient catalysts. The highest uncaging
yield was obtained for the Proc/Allyl2Pd2Cl2 pair (84% with 0.1 equiv.

Scheme 7 Pd(0)-mediated conversion of Pro-5FU into 5FU and 1-hydroxyacetone (acetol) in aqueous media.13
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of Pd for the Proc-lysine substrate, and 90% with 10 equiv. of Pd for
the protein-ProcLys substrate, i.e., GFP-N149-ProcLys, in PBS buﬀer,
pH 7.4). The same caging group/catalyst pair was eﬀective in in vivo
experiments with HeLa cells for caging and release approaches,
although with lower conversions (31% for the cleavage of the Proc
group on the GFP-Y40-ProcLys protein and 28% on the OspF-K134ProcLys protein, with 10 mmol L1 of Allyl2Pd2Cl2 in both cases).
In terms of mechanism, the authors suggest that Allyl2Pd2Cl2
and Pd(dba)2 are two precursors that readily generate Pd(0)
species in solution, and since they exhibit higher reaction yields
and faster reaction kinetics than that of the Na2PdCl4 catalyst,
this would indicate that Pd(0) species may be faster than Pd(II/IV)
in promoting the depropargylation reaction. To support this
hypothesis, the authors added NaAsc as a reducing agent to
the diﬀerent Pd systems and a marked increase of the reaction
rate and yield was observed for Na2PdCl4 while there were
negligible eﬀects on the reaction catalyzed by Allyl2Pd2Cl2 or
Pd(dba)2 complexes. The negligible eﬀect on the reaction rate for
Allyl2Pd2Cl2 was attributed to its zero-valent nature in solution
after in situ reduction upon nucleophilic attack and a reductive
elimination.9
In fact, a primary reduction of Pd(II) to Pd(0) can be assisted
by hard nucleophiles, of which the most common are hydroxide, alkoxide, fluoride and even water, when in the presence of
phosphine ligands.49–51 In the case of phosphine-free systems,
the reduction of Pd(II) was shown to be effected by bases, e.g.
amines, boron reagents or olefins (Waker-type reaction).51,52
There is no clear evidence to date that Pd(II) species are readily
converted into Pd(0) species in phosphine-free biological solvent systems, e.g., PBS buffer at 37 1C. Hence, although there
are significant improvements in the reaction rate and yield for
depropargylation promoted by Na2PdCl4 in the presence of
NaAsc, possibly due to the formation of the more active Pd(0)
species, the same effect is not so evident for allyl2Pd2Cl2. If this
is the case, the catalytic effectiveness of the Pd(II) hydration
versus Pd(0) oxidative addition pathways must be controlled by
factors other than the simple difference in Pd oxidation states.
A higher eﬃciency of the depropargylation (Proc) reaction
compared with deallylation (Alloc) was also observed by Asier
Unciti-Broceta and co-workers in 2014, for the activation of
Gemcitabine using Pd(0)-NPs.11 Contrasting with the mechanism
proposed by Manojit Pal,48 the depropargylation reaction involves a
second additional nucleophilic attack by an intramolecular OH
molecule coordinated to a Pd(II) intermediate, to release Pd(0) and
acetol (Scheme 8). This mechanism was, however, not supported
experimentally.
In 2018, José Marcareñas and co-workers screened various
Pd(II) complexes (Chart 2) for the cleavage reaction of O-propargyl
and N-Proc groups in diﬀerent systems (e.g., water, PBS, cell
lysates and living cells), to find optimal uncaging conditions for
biological applications.41 Using sub-stoichiometric amounts of
catalyst (0.1 equiv.), Pd(OAc)2 and Allyl2Pd2Cl2, and complexes
bearing pyridine (Pd4) and methionine (Pd5) provided good
yields of the deprotected product in both water and PBS after
24 h at 37 1C. However, in cell lysates the conversion was
extremely low.
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Proposed mechanism for the Pd(0)-catalyzed cleavage of O/N-propargyl groups in water (X = O, NH).11

Chart 2 Pd catalysts used for the study of their catalytic performance in
biocompatible media and in living cells.41

On the other hand, complexes with phosphine ligands were
able to promote depropargylation in cell lysates, which was
attributed to the higher stability of these complexes. The
depropargylation reaction was also performed with living cells.
A quenched propargylated probe was incubated (30 min at
37 1C with 1 equiv. of Pd) with Vero cells cultured in DMEM
containing 5% fetal bovine serum (FBS-DMEM). These results
showed almost negligible red emission with the release of the
product for the Pd catalysts Pd1–Pd5 and strong red emission
for the species with phosphine ligands (Pd6–Pd8). Additionally,
considering the amount of palladium present in cells, the
estimated average TON for Pd7 was 10, whereas for Pd8 it
was 45, suggesting that catalytic cycles can operate in cellular
settings. This is one of the few examples of a depropargylation
reaction that proceeds with regeneration of the catalyst intracellularly. Moreover, the work shows the importance of a ligand
design for improving the efficiency of the uncaging reaction.
Depending on the characteristics of the ligands, the palladium
complexes were modulated by controlling the balance between
reactivity, targetability, and cellular uptake.
The same group recently showed that by replacing the
ethylenediamine as a ligand by 1,8-cyclooctadiene (COD), the
in vitro and in vivo eﬃcacy of peptide-bearing palladium complexes was moderately increased.53 This observation was attributed to the fact that the ethylenediamine ligand is not as labile
as COD and thus does not allow an eﬃcient coordination of the
substrate during depropargylation.
In 2019, Domingos and co-workers also observed a strong
influence of the ligand lability on the depropargylation yield of the
prodrug 2,4-dinitrophenyl propargyl ether (DNPPE) promoted by
Na2PdCl4, without the addition of any ligands or bases, in
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phosphate buﬀer (pH 7.4).54 Kinetics studies, associated with ESIMS, X-ray absorption spectroscopy (XAS), high-resolution transmission electron microscopy (HRTEM) and computational analysis,
demonstrated that the kinetics of the reaction is composed of two
main phases (one fast and one slow).
The faster phase (Rx1), occurring with the displacement of two
chloride ions from Na2PdCl4 by substrate coordination, ends after
two turnovers, due to inhibition of the metal by the propargyl
hydrolytic product, forming the Pd(3-hydroxypropanal)2Cl2 complex
(Pd(HPA)2Cl2, Scheme 9). The speciation of the Pd catalytically-active
species of this phase was determined by poisoning experiments.
Addition of CS2 to the reaction media did not aﬀect the reaction rate
(CS2 forms a stable inactive complex with Pd(0)). On the other hand,
addition of EDTA completely inhibited the reaction (EDTA forms a
strong stable complex with Pd(II)).
The RDS for this fast phase was found to be the b-O
elimination from a Pd(II) complex intermediate to release the
product DNP at each turnover (Scheme 9). The authors also
demonstrated by computational analysis that the displacement
of a third chlorine atom, or displacement of the hydrolytic
product attached to Pd (Pd(HPA)2Cl2, Scheme 9), by a substrate
molecule, is unlikely due to a high energetic barrier. After these
first two turnovers, the slow phase (Rx2) was proposed to
proceed via a diﬀerent mechanism. Specifically, Rx2 was consistent with the hydrolysis of the substrate promoted by Pd(0)
nanoparticles formed by decomposition of the Pd(II) complex
(Pd(HPA)2Cl2), as observed by dynamic light scattering, HRTEM
and XAS, triggered by the presence of aldehyde ligands
(Scheme 10). These results show that, even for a simple
symmetrical Pd salt, such as Na2PdCl4, when one or two ligands
are replaced (e.g., by coordination of the substrate or product),
the properties of the intermediates formed are markedly
aﬀected. In particular, for the system studied, the authors
showed that chlorides of the Pd(HPA)2Cl2 complex became
much less labile through coordination of the product formed
in the Rx1, as assessed by DFT studies. This ‘‘product inhibition
process’’ avoids further substrate coordination which limits the
reaction rate and TON.
More recently, Brik and co-workers in the search for new
methods for chemical protein synthesis, reported the development of a novel N-depropargylation reaction involving peptide
bonds employing various Pd(II) and Pd(0) complexes.55 The best
conversion yields were observed with PdCl2 and Pd2(dba)3, with
values of 90% and 30%, respectively (GnHCl/Na2HPO4 buﬀer,
pH 6–7, 42 1C for 3 h). Since Pd(II) gave the best results, the
authors screened eight Pd(II) complexes, resulting in 0–90%
yields of conversion to the depropargylated peptide (Gly–Gly
junction). The Pd(NO3)2 complex was the only one that showed
a similar high reactivity of PdCl2. Notably, attempts at the
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Scheme 9 Proposed pathways for the fast phase (Rx1) of the depropargylation reaction of DNPPE mediated by Na2PdCl4. Initially, the reaction involves
the coordination of DNPPE molecules to Pd(II), followed by an anti-Markovnikov attack of water molecules at the propargyl moiety, prior to the C–O
bond breaking by b-O-elimination and hydration, to form the desired product DNP and the Pd(HPA)2Cl2 complex.54

Scheme 10 Fate of the Pd(II) catalyst in the DNPPE O-depropargylation
reaction. The full substrate conversion is a consequence of two diﬀerent
catalytic cycles: (i) two equivalents of substrate are converted in a fast
reaction, where the initial step is ligand exchange (a), followed by hydration
of the triple bond (b) and C–O bond cleavage by b-O elimination, followed
by hydration (c). (ii) The second and less effective cycle might be the result
of Pd(0) nanoparticles/lixiviated catalytic species formed after the first
cycle (d). L = ligand (e.g., Cl and AcO). R = 2,4-dinitrophenyl group.54

uncaging of an allyl handle were ineffective even after long
reaction times. To assess the extent of the depropargylation
reaction further than the Gly–Gly junction, a library of 10
synthetic peptides containing different amino acids coupled
to Gly were studied. However, conversion to the unmodified
native amide remained low (5–20%), even following attempts to
optimize the reaction conditions, as well as increasing the
reaction temperature to above 60 1C.
This work and the others mentioned above highlight the
complexity in the design of Pd-catalysts for the depropargylation reaction, since both Pd(II) and Pd(0) can be eﬀective.
Nevertheless, most of these studies support the postulation
that Pd(II)-catalysts are indeed more reactive. Independent of
the oxidation state involved in the reaction, the activity of a
species will be governed by the electronic, steric and geometric
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nature of the catalyst and substrate structures. At this point, the
eﬀects of the type and concentration of nucleophiles on the
depropargylation reaction are less clear. In addition, in vivo
environments have been shown to be detrimental to both types of
Pd-catalysts, where the high concentration of ions and the plethora
of functionality present make the reactivity more diﬃcult to predict
at this time. Nevertheless, the depropargylation reaction has been
shown to be more active than the deallylation reaction.
Taking into consideration the above discussion regarding
the deallylation and depropargylation reactions promoted by
Pd(0) and Pd(II), it is possible to mechanistically classify these
reactions through the pathway they follow after the substrate
association: (a) an oxidative addition with Pd(0) or (b) a hydration step with Pd(II) (Scheme 11). For the coordination of the
substrate with the metal in the first step, the structural nature
of the metal-catalyst plays a very important role, by modulating
the association/dissociation degree of substrates/products/
interferents, and directly influencing the reaction success (rate
and yield) and bioorthogonality. Yet, the ligand may modulate
solubility, cell uptake and targetability of the metal-complexes.
The deallylation and depropargylation reactions with Pd(0)
are quite straightforward, and both reactions involve oxidative
addition followed by reaction with water and a subsequent
reductive elimination reaction to regenerate the active metal
species and continue the successive turnovers (Scheme 11a).
On the other hand, the reactions promoted by Pd(II) present
some peculiarities (Scheme 11b). The regeneration of Pd(II) for
the depropargylation reaction (iii) may, in some cases, be
inhibited by a strong aﬃnity of the subproduct with the metal
complex, avoiding further substrate complexation. In contrast,
the deallylation reaction (iv), similar to the Wacker–Tsuji
oxidation reaction, generates a Pd(0) species in the first turnover, which can, in turn, start a new catalytic cycle with other
substrate molecule, as shown in (ii), or it can be oxidized by
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Scheme 11 Mechanisms of the first turnover for (a) Pd(0) and (b) Pd(II)-promoted propargyl and allyl-uncaging reactions in water. Nu = nucleophilic;
X = O, NH, NR.

media components to regenerate Pd(II). As for the Wacker
process, it might be assumed that the oxidation of Pd(0) can
be achieved without the use of a cocatalyst if some specific
ligands are employed.56 In the same way, the ligands may
increase the redox potential of Pd(II) complexes and promptly
reduce to Pd(0) in the reaction media (or by reductive eliminations), especially in a reducing biological environment (due the
presence of reductants such as GSH and NaAsc), particularly on
most solid tumors, which due to hypoxia, present a highly
reducing microenvironment.57 In these cases the oxidative
addition mechanisms (i) and (ii) will be almost exclusively
dominant.
3.2

Copper-mediated depropargylation reaction

Copper catalyzed reactions have attracted attention in bioorthogonal
chemistry since the development of the Cu(I)-catalyzed azide alkyne
cycloaddition (CuAAC), but their application in living samples has
been limited by the toxicity of Cu(I) ions.58 Nevertheless, some eﬀorts
have been made to develop biocompatible stabilizing ligands
designed to decrease the cytotoxicity and increase the reactivity,
allowing these reactions to be performed in cells.53
In 2007, Bertrand and Gesson, during the development of
biodegradable multifunctional poly(ethylene oxide) polymers
suitable for click chemistry in water, reported the first depropargylation reaction catalyzed by Cu(I) in aqueous media.59 The
C–O cleavage reaction of tertiary dimethyl O-propargylcarbamates
led to the formation of a stabilized carbocation, which was trapped
by a nucleophile (e.g., water).
Using a tertiary propargyl carbamate caging group, Finn and
co-workers, in 2013, developed a copper-sensitive fluorogenic probe
based on O-caged rhodamine 110, which is virtually non-fluorescent
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and stable in aqueous media. In the presence of a Cu(I)–THPTA
complex (THPTA: tris(3-hydroxypropyltriazolylmethyl)amine),
the caged rhodamine was successfully uncaged (reaction up to
60 min, 37 1C, in water), which resulted in an increase in
fluorescence due to the release of free rhodamine 110, and the
formation of 1,1-dimethylpropargyl alcohol as a second product.60
More recently, non-toxic biocompatible single-chain polymeric nanoparticles (SCPNs) complexed with Pd(II) or Cu(I), the
latter generated in situ with the reduction of CuSO4 by NaAsc,
were developed to deliver the catalysts in the extracellular space
of living cells. In vivo experiments with HeLa cells in DMEM
media (supplemented with 10% serum) showed that the SCPN–
Cu(I) catalyst was better at uncaging dimethylpropargyloxycarbonyl
(DMProc) derivatives, than propargyloxycarbonyl- (Proc), allyloxycarbonyl- (Alloc) or inner alkyne-caged rhodamine (MC-Rh 110).
The SCPN–Cu(I) was shown to be even more effective than the
SCPN–Pd(II) catalyst. A high TON, metal-complex protection and
local substrate concentration in the hydrophobic core of the
particle were proposed as the main reasons for the observed
efficiency of the Cu(I)-catalyst.61
In 2019, Chen and co-authors employed high throughput
screening, using fluorogenic amino- and hydroxy-caged coumarins,
to evaluate the uncaging reactivity of dual-substituted propargylic
groups in the presence of 24 transition-metals and various
co-ligands.10 High reaction rates were observed only for Cu(I)containing complexes (100 mmol L1 of fluorogenic probes,
1 equiv. of metal in PBS buﬀer 20 mmol L1 pH = 7.8, 5% DMSO,
37 1C, 30 min reaction). Dual-substituted caging groups are of
interest, since they extend the possibility of having at least one
arm for conjugation to a biomolecule or a payload. In vivo
compatibility was assessed by uncaging doxorubicin from a
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Scheme 12 Activation of Dox from Dox-DMProc-ZHER2 in tumor cells
enabled by the copper-triggered bioorthogonal cleavage reaction.10

Review Article
It should be noted that the reaction is very slow without the
addition of an accelerating ligand, as also highlighted by Finn
in 2013.60 For example, in Chen’s work, the active species of
Cu(I) is prepared by reducing Cu(II) in the presence of NaAsc
and a ligand before applying this solution to the substrate. This is
an interesting point considering that Cu(II) ions are bioavailable,
and also highlights the importance of developing metal ligands
for these reactions. Currently, high doses of copper are necessary
to quantitatively release the product in biological media, however,
future ligand design may produce faster reaction rates and
decrease the cytotoxicity.
3.3

dual-substituted propargyl linker on an antibody conjugate
targeting anti-HER2 positive cells (Scheme 12). Copper uncaging
led to the recovery of the Dox toxicity to a level comparable to
that of the unmodified drug.10 Other in vivo applications, such as
copper uncaging of DMProc-caged lysine site-specifically incorporated into proteins by genetic encoding, have also been
reported, allowing bioorthogonal modulation of ligand–receptor
interactions in cells.10
The C–O bond-cleavage of dual-substituted propargyl ethers
(dsPra) and carbamates (dsProc) by Cu(I)-complexes, according
to the mechanism proposed by Bertrand,59 is initiated by the
coordination of a triple bond to the Cu(I) complex, followed by
the formation of the well-known compound cuprous acetylide.
An intramolecular electron transfer resulted in the C–O bond
breaking to give the phenol product and copper-stabilized
propargyl cations, which can be readily trapped by water, to
form propargylic alcohol (Scheme 13).

Scheme 13 Proposed mechanism for the Cu(I)-triggered depropargylation of aryl ethers and carbamates.59
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Gold-mediated depropargylation reaction

As in the case of other transition metals, gold exhibits a strong
tendency to act as a p-acid for triple bonds, making the alkyne
more reactive towards nucleophiles.62
In 2017, the research group of Unciti-Broceta first reported
in vivo gold-catalyzed uncaging reactions of propargylic prodrugs and a propargylic fluorescent dye.19 The activation of
drugs in cancer cell cultures and local release of a fluorescent dye
in the brain of a zebrafish by heterogeneous Au(0) nanoparticles
(Au-NPs) supported on a resin was described. Importantly, by
embedding Au-NPs in a solid support, side reactions with thiolcontaining biomolecules could be prevented. These researchers
firstly investigated the properties of the gold resins, under biological conditions, for uncaging Rho-Proc in PBS (pH 7.4) at 37 1C,
with and without fetal bovine serum (10%). The reaction in the
presence of the serum achieved greater yield, indicating that the
variety of proteins and organic functions present in the serum did
not adversely aﬀect the reaction.
To better understand the influence of serum, the authors
investigated the eﬀect of an excess of low molecular compounds,
such as ethylene glycol, 2-mercaptoethanol and ethanolamine,
compounds containing nucleophilic groups (OH, SH, and NH2)
present in serum proteins. While the 2-mercaptoethanol suppressed the reactivity, ethanolamine significantly boosted the
catalytic activity. The influence of GSH, at concentrations of 10 to
400 mmol L1 was also investigated. Increasing concentrations
up to 50 mmol L1 promoted the reaction, whereas greater
concentrations led to a substantial reduction in the reaction
yield. These results were attributed to the assistance of neighboring thiol molecules until the surface is saturated, avoiding
further substrate coordination (Fig. 3).
With these data in hand, the authors proposed that the
mechanism for C–O bond cleavage by Au-NPs starts with
the coordination of a triple bond to gold, activating it for the
nucleophilic addition of biomolecules, resulting in the C–O or

Fig. 3 Rationale for the assisting–inhibiting roles of GSH in [Au]-catalyzed
O/N-propargyl cleavage reactions.19

This journal is © The Royal Society of Chemistry 2020

View Article Online

Published on 07 October 2020. Downloaded by University of Cambridge on 11/19/2020 2:23:40 PM.

Review Article

Scheme 14 Tentative reaction mechanism for the [Au]-triggered depropargylation of C–N and C–O bond breaking of propargylic-caged substrates in biological media.19

C–N bond breaking to give the product and a reactive allenyl
that could isomerize or hydrolyze (Scheme 14).
Recently, Brik and co-authors reported a notably eﬃcient
N-depropargylation of peptides under aqueous conditions
using Au(I), even when compared to Pd-complexes and various
transition-metals.55 The depropargylation by Au(I) was eﬀective
in 10 synthetic peptides containing diﬀerent amino acids
junctioned with Gly (GnHCl/Na2HPO4 buﬀer, pH 6–7, 42 1C).
Analysis by HPLC/ESI-MS after incubation at 37 1C with AuCl
for 5 min, showed the formation of the depropargylated product together with a main intermediate with an atomic mass
18 Da higher than that of the propargylated peptide. This result is in
accordance with a hydration pathway of the alkyne system through
Au(I) activation (Scheme 15A). When the reaction was performed in
DMF, the depropargylated product was not identified. Moreover, on
attempting the uncaging of the N-propargyl amide bond at the Gly–
XX junctions with different amino acids (XX: Leu, Arg, Ala and Nle),

Scheme 15 (A) Proposed depropargylation mechanism via AuCl and (B)
proposed amide cleavage mechanism via AuCl.55
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the authors found that the reaction led to amide cleavage products
(70–95% conversion) within a few minutes (GnHCl/Na2HPO4 buffer, pH 7.3, 42 1C, 20 equiv. AuCl) (Scheme 15B). The authors
speculated that the altered orientation of the Gly–XX N–C
bond allows intramolecular coordination of the oxygen of
the nearby carbonyl to the gold–vinyl intermediate, generating a
5-membered cyclic intermediate that would undertake hydrolysis
(Scheme 15B). HPLC/ESI-MS analysis identified the propargylated
amide bond, the C-terminal fragment of the amide cleavage bearing
an N-terminus amine functionality and the N-terminal fragment of
the amide cleavage bearing C-terminus acid functionality. On the
other hand, when the allylated peptide was subjected to the same
conditions, the amide cleavage was not detected. These discoveries,
in theory, could expand the use of gold chemistry, in addition to the
synthesis of peptides and proteins, for the selective cleavage of
propargylamide bonds.
3.4

Platinum-mediated depropargylation reaction

In the course of developing a novel bioorthogonal uncaging reaction for targeted-drug activation in vivo (see Section 4.2), Bernardes
and co-workers evaluated the uncaging of N-propargyl substrates by
platinum complexes, such as K2PtCl4 and Pt(NH3)Cl2 (cisplatin,
CisPt).63 Much less common than the other transition metals
mentioned above, these Pt-complexes were able to uncage a
fluorogenic N-propargyl naphthalimide derivative (Fig. 4A) with
second-order rate constants of 0.120 mol L1 s1 for K2PtCl4 and
0.0160 mol L1 s1 for CisPt, at 37 1C in water/DMF (1 : 1).
For comparison, the reaction was performed with the palladium complex Pd(OAc)2, which behaved just slightly better with
a second-order rate constant of 0.39 mol L1 s1. For all kinetic
experiments performed with K2PtCl4 and CisPt, induction
periods were observed (Fig. 4b), which were attributed to the
hydrolysis of the complexes with the formation of active Pt aqua
complexes, further confirmed by LC-MS to be PtCl2(H2O)2,
Pt(Cl)(H2O)(NH3)2 and Pt(H2O)2(NH3)2. Additional poisoning
experiments with CS2 and EDTA, revealed that CS2 had no eﬀect
but EDTA completely inhibited the reaction, which indicates the
involvement of Pt(II) species. Based on these results, and the
identification of Pt-complex intermediates by LC-MS analysis,
the authors suggested that the first reaction turnover follows a
hydration mechanism similar to that described for palladium
depropargylation,54 i.e., (i) co-ordination of Pt(II) to the alkyne
moiety, (ii) attack of a H2O molecule at the propargyl terminal
carbon to form an enol, (iii) tautomerization to a more stable
Pt-aldehyde complex, and (iv) C–N bond cleavage by hydrolysis
or by (v) b-elimination followed by hydration of the Pt-complex
(Scheme 16).
Since all reactions were performed with an excess of Pt
complex, and no turnovers were observed. The ability of platinum salts to remove the propargyl caging group was also
evaluated in cell (DMEM) and zebrafish (E3) media. Reaction
eﬃciencies in E3 media were generally high, the reactions
being completed in 60 min and 150 min for K2PtCl4 and CisPt,
respectively (50 equiv.). In DMEM, uncaging of the quenched
N-propargylic probe was significantly lower, i.e., 67% for K2PtCl4
(50 equiv.) and 30% for CisPt (150 equiv.) after 14 h at 37 1C.
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Scheme 16 Proposed mechanism for the first turnover of the uncaging
reaction of propargylamines mediated by Pt(II) species.63

Fig. 4 (A) Platinum-triggered bioorthogonal cleavage of N-propargyl
naphthalimide used as a model for studying the reaction and (B) reaction
kinetics for K2PtCl4 and CisPt catalysts.63

The Pt-promoted uncaging reaction was also performed to
activate the prodrug N-propargyl 5-fluorouracil (pFU). In cells,
a two-fold (approx.) increase in toxicity could be observed for
prodrug activation with K2PtCl4. Finally, the reaction was tested
in a colorectal cancer zebrafish xenograft model to activate the
pFU prodrug, which led to a significant tumor reduction in vivo.
Although the reaction in aqueous systems proceeds with high
eﬃciencies, when the Pt metals are in contact with nucleophiles,
present in cell media, for example, a significant reduction in the
overall yield was observed. This is a limitation of the reaction
that still needs to be addressed by designing new Pt complexes.

uncaging of fluorogenic coumarin analogues: 2,3-allenyl ether,
1,2-allenyl ether and allenoate.
The reactions were performed in PBS buﬀer (pH 7.8, 5%
DMSO, 1 equiv. Pd) at 37 1C and in cell lysate, and compared with
that with the propargyl group. Since the allenoate was found to
be unstable upon treatment with cell lysates, the authors focused
on studying the uncaging of 2,3-allenyl and 1,2-allenyl ethers.
The 1,2-allenyl-caged substrates (coumarin and tyrosine) exhibited
the fastest rate and the best yields compared to the propargyl
and 2,3-allenyl derivatives (Fig. 5), with all tested Pd reagents
(Pd(TPPTS)4 and Pd(TAPAd)4, air-sensitive Pd(0) complexes with
water-soluble phosphine ligands; the stable Pd(II) complex
Allyl2Pd2Cl2; and the air-stable Pd(0) complex Pd(dba)2). As seen
in Fig. 5, for the substrate 1,2-allenyl ether, Pd(TPPTS)4 and
Pd(TAPAd)4 presented about the same activity, which was
around twice the Allyl2Pd2Cl2 and Pd(dba)2 complexes. The
reactions were also tested with Na2PdCl4 in water (5% DMSO),
in the absence and presence of the reducing agent NaBH4.

4. Miscellaneous caging groups
4.1

Allenyl caging group

The allenyl group has proved to be a highly reactive functional
group in organic synthesis and it shows high sensitivity towards
a wide range of transition metals.64,65 Although much less
explored in bioorthogonal uncaging reactions than allyl and
propargyl groups, it has characteristics that make it a promising caging group in this field.
In 2016, Chen and co-authors reported the activation of
tyrosine-dependent intracellular proteins by the Pd-promoted
cleavage of an allenylic group.66 The authors envisioned that if
the Pd(0)-triggered depropargylation reaction mechanism does
in fact involve the formation of an allenyl-palladium complex
intermediate in the RDS (Scheme 11a), the allenyl group could
be more susceptible to Pd-triggered uncaging than the propargyl group. Initially, to test the uncaging eﬃciency, three substrates containing allene caging groups were designed for the
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Fig. 5 Fluorogenic assay evaluation of the uncaging eﬃciency for diﬀerent Pd reagents.66
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While, the uncaging of O-propargyl caged coumarin was
more eﬀective with Pd(II) species, the 1,2-allenyl substrate
rendered higher uncaging yield with the addition of NaBH4.
The authors also reported that the eﬃciency with Pd(II)
decreased by 40% when the reaction was performed in PBS
(pH 7.8) and almost terminated in DMEM or cell lysates (data
not shown).
The authors proposed that the reaction mechanism is
mediated by Pd(0) species, with the metal undergoing an
oxidative addition with the allenyl group to form an allenylpalladium intermediate, followed by the nucleophilic attack of
water molecules to release phenol and 1-hydroxy-2-propanone
as reaction products. The mechanism for C–O bond-cleavage by
Pd(II) species is proposed to be initiated by coordination of the
allenyl group to Pd(II) upon the nucleophilic attack of a water
molecule, to further provide a Tsuji–Trost-type intermediate,
which undergoes a second hydration step, releasing phenol and
3-hydroxypropanal. The authors did not present strong experimental
evidence for the mechanistic proposals, which may stimulate further
studies to better understand the mode of action of palladium species
in the deallenylation reaction, aimed at the development of new
substrates and better catalysts.

4.2

Pentynoyl caging group

Recently, Bernardes and co-workers presented a novel bioorthogonal
reaction for the uncaging of protected secondary amines with
platinum complexes (K2PtCl4 or CisPt).63 Based on previous work
on the rapid platinum-mediated cyclization of 4-pentynoic acid
in aqueous media,67 the authors envisioned that the cyclization
of 4-pentynoyl caged amines would cause the displacement of
secondary amines as a leaving group.
To study the platinum reaction, the authors employed a
4-pentynoyl amide conjugated to a naphthalimide-based fluorophore that upon uncaging generates a fluorescent probe (NAPam, Chart 3). The mechanism of the reaction was ascertained by
kinetics studies, poisoning experiments, DFT calculations and
LC-MS analysis. As described in Section 3.4, the reactivity of
K2PtCl4 and CisPt was also dependent on the activation (6 h
incubation at 37 1C in DMF/water) of the complexes via the
formation of the corresponding aqua complexes. Dissociation of
the chloride anions in water was indeed crucial for improving
the reactivity of platinum complexes (e.g., reaction half-time = 30
min for the activated K2PtCl4 vs. t1/2 = 171 min for the unactivated complex). Additionally, the reaction with 0.3 equiv. of the
aqua K2PtCl4 complex yielded the uncaged probe in 98% yield
after 72 h (TON = 3.3) revealing that the catalyst is regenerated.
With 2 equiv. of the metal complex the reaction is faster
resulting in quantitative yields after 4 h at 37 1C in water/DMF
1 : 1. Interestingly, in pure DMF the uncaging reaction was not
observed (50 equiv. of K2PtCl4 or CisPt for 14 h at 37 1C) highlighting the importance of water for the reaction. In addition, the
authors reported that the uncaging reaction is also eﬀective
using palladium as the catalyst (Pd(OAc)2, 498% yield in 1 h).
This is the first report of a palladium-mediated uncaging reaction of alkyne amides.

This journal is © The Royal Society of Chemistry 2020
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Chart 3 Pentynoyl tertiary amide substrates developed for the release of
secondary amines in aqueous solution and living cells.63

With the aim of identifying the Pt-active species involved in
the reaction, poisoning studies with CS2 and EDTA were
performed. The presence of CS2 did not aﬀect the reaction rate
but the addition of EDTA strongly inhibited the formation of
the uncaging probe. These results were attributed to the
involvement of Pt(II) species as the main active species in the
reaction. The computational studies suggested that the most
probable reaction pathway was a stepwise process involving the
coordination of a substrate molecule to Pt(II), a subsequent
intramolecular attack of the carbonyl oxygen of the Pt-coordinated
substrate CS to the propargyl group, which originates the fivemembered ring intermediate CP, which is decomposed by hydration to liberate the free amine and recover the metal complex in a
subsequent hydrolysis step (Scheme 17). This mechanism was
further supported by the identification of intermediate species by
LC-MS.
The pentynoyl uncaging eﬃciency in HeLa cells was investigated using the prodrug MMAE-am (Chart 3), a pentynoyl amide
derivative of the antineoplastic drug monomethylauristatin E
(MMAE). When MMAE-am was reacted for 4 h with 10 equiv. of
K2PtCl4, complete consumption of MMAE-am was seen by LC-MS
with a 37% release of MMAE. In cells, a two-fold increase (approx.)
in toxicity was observed for the combined treatment with MMAEam plus K2PtCl4 compared to the solo treatment with MMAE-am.
This modest increase in toxicity was attributed to the low concentration of K2PtCl4 complex tolerated by cells. On the other hand, the
reaction eﬃciency is also significantly reduced in the presence of a
range of biomolecules/nucleophiles in the cell media. These limitations could be overcome with the development of platinum complexes and nanoparticles stabilized with diﬀerent organic ligands
in order to reduce toxicity and optimize the metal reactivity.
4.3 Internal alkene and alkyne-derivative bifunctional caging
groups
To date, the metal-mediated uncaging groups discussed have
been terminal electron-rich C–C p-bonds. Internal functional
groups were used only to provide insights into the reactivity and
mechanistic trends. However, a few examples of internal caging
groups have also been applied in a bifunctional role, i.e., to
cage two functionally-active molecules. The first example was
developed in 2016 by Ohama and co-workers for target pulldown
assays used in phenotype screening.68 The kinase inhibitor BIRB796
was conjugated to a reactive capture tag (HaloTag) via a palladium

Chem. Soc. Rev., 2020, 49, 7710--7729 | 7725

View Article Online

Published on 07 October 2020. Downloaded by University of Cambridge on 11/19/2020 2:23:40 PM.

Chem Soc Rev

Scheme 17
reaction.63

Proposed mechanism of the platinum triggered uncaging

cleavable bifunctional internal alkene -carbamate linker (Fig. 6). By
screening commercially available water-soluble phosphines, the
authors found that the cleavage efficiency correlated well with the
relative electronegativity of these phosphines (o-DANPHOS 4 DANPHOS 4 p-DANPHOS 4 TPPTS). However, it is known that electrondeficient phosphines reduce palladium to its zero oxidation state
faster than electron-rich phosphines.51 To guarantee that the
reduction rate of Pd(II) was not a factor that could influence the
reaction rate, Pd(II) was incubated with the phosphines tested for
long periods (24 h) to ensure complete reduction.69 To further
enhance the cleavage efficiency, a panel of nucleophiles, including
common amine-based buffers, as well as carbon-based and
sulfur-based nucleophiles, were screened. The best performance
was observed for the O-DANPHOS ligand (8 equiv. over Pd) in
combination with the amine-based buffer MOPS (pH 7.5), with
almost complete cleavage within 30 min. This effect is related to
the higher displacement of palladium from the alkene group by
the nucleophilic morpholine present in the MOPS buffer.

Review Article
Another example of an internal uncaging group was developed
in 2018 by Bernardes and co-workers, who reported a bifunctional
thioether internal alkyne carbamate linker for palladium-mediated
drug release (Fig. 6).20 Using caged coumarin derivatives with
diﬀerent pendant S, N, O and C internal alkyne groups as model
compounds, the authors found that better reaction rates with
Pd2allyl2Cl2 were obtained using thioethers with large pendant
groups (e.g., an S-trityl group). In contrast, using palladium complexes with bulkier ligands (e.g. Pd(COD)Cl2) it was possible to
uncage, at faster rates, less steric thioether internal alkyne linkers
(methyl thioether). These diﬀerences may be due to optimal
thioether–palladium–alkyne binding interaction (Fig. 6). This
hypothesis was verified by 1H NMR studies with a truncated alkyne
methyl thioether derivative, which confirmed binding to palladium
through a complete shift of the thioether protons. Unsurprisingly,
the reactivity is reduced by replacement of a chloride with a methyl
ligand in the palladium complex, Pd(COD)MeCl, since chloride is
much more labile than methyl. In addition, a palladium complex
carrying a strained ligand – Pd(NBD)Cl2 (NBD = norbornadiene) –
also provided lower uncaging efficiency, likely due to a slower
reduction step. Other palladium complexes, such as Pd(OAc)2 and
Pd(MeCN)2Cl2, exhibited no reactivity under comparable conditions when reacted with the methyl thioether derivative.
With an eﬃcient palladium complex in hand that allows fast
uncaging of substituted thioether internal alkyne carbarmates,
the distance between the alkyne and the sulfur atom was
evaluated. The authors found that a single methylene between
the alkyne and sulfur gave the best conversion to the corresponding uncaged product, providing further support of the
proposed thioether–palladium–alkyne binding motif (Fig. 6).
Moreover, an internal alkyne PEGylated doxorubicin prodrug
was successfully uncaged in living cells. This strategy was then
extended for the development of a palladium-activated ADC.
Doxorubicin was connected to a nanobody targeting the HER2
antigen via the bifunctional thioether internal alkyne carbamate linker.
Recently, the same authors adapted the pentynoyl tertiary
amide caging group, presented in Section 4.2, to develop a
homogenous non-internalizing ADC bearing the MMAE drug.63
The release of MMAE upon treatment with K2PtCl4 was performed in HeLa cells, inducing cell toxicity.

5. Concluding remarks

Fig. 6

Internal alkene and alkyne carbamate bifunctional caging linkers.
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This review makes it clear that transition metal-mediated
uncaging protocols in biological environments will progress to
become a well-established modus operandi for many life science
applications. However, the recognized reactivity patterns of organometallic chemistry suﬀer serious restraints in complex reaction
media, from the simple presence of water to the presence of a wide
range of functional groups, in a confined space. Nevertheless, the
physical chemistry concepts involved in these reactions should stand
and comprehension of their fundamentals is clearly the most
straightforward route to success.
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Thus, the aim of this review is to bring to the reader the
mechanistic aspects associated with the state-of-the-art uncaging
reactions, in order to identify their structural and reactivity patterns
and motivate further fundamental work, so that more rational
caging group/transition metal-catalyst pairs can be developed. The
general insights have been gathered from various reports but,
although oﬀering very interesting applications, few of them were
concerned with a full understanding of the mechanistic aspects of
product release via a truly catalytic pathway. It is important to point
out that a consensus in the development of catalytic reactions in
complex systems is that the process should be stepwise, and a
critical understanding of mechanistic chemistry is crucial for the
initial steps. Bioorthogonal reactions are a good example of this, as
noted by Bertozzi.43
The most prominent characteristic of these uncaging reactions
is the interaction of p-electron-rich organic functional groups, from
the substrates, with metals possessing d-orbitals. However, these
same d-orbitals are firstly involved with other species to keep their
initial stability, in the ligands, which range from simple ions, as
halides, to more complex organic structures, such as phosphines.
When in solution, the solvent may play an important role in metal
coordination, due to its high concentration. Since multiple species
may interact with the metal, equilibrium chemistry could be the
main factor to consider, in order to activate/deactivate a catalytic
metal center and productively perform multiple turnovers by
tuning the coordination balance between the ligand, solvent,
substrate and product. However, whenever one ligand is displaced
by another, the properties of the metal center are altered, from the
coordination power of the other remaining ligands to the redox
potential of the metal.
The oxidation state of the metal is always an issue in catalytic
transformations by transition metals in bioorthogonal applications. For the deallylation reaction, Ru(II) is a good candidate,
whereas for palladium the most reported active species is Pd(0).
For the depropargylation reaction, good reaction yield and rate
have been reported for both Pd(II) and Pd(0). Diﬀerentiating
between these two active species becomes more complicated
when in situ reduction of Pd(II) is attempted, since it is dependent
on the reaction components/conditions and the metal precursor
type. Moreover, the in situ identification of the catalytically active
species is complicated. Some advances in this context may be seen
in the near future, in bioorthogonal chemistry, with the help of
in situ techniques, such as synchrotron-based X-ray absorption
spectroscopy.70 However, simple poisoning experiments have been
shown to be a useful strategy. Identifying the active catalytic species
is critical, since this will directly influence the mechanism and the
factors that govern the reaction. Moreover, there is a huge lack of
understanding of the true catalytic species in nanoparticle-based
systems, and given the large discrepancies between conditions in
diﬀerent papers, any mechanistic insight and comparisons are
diﬃcult. Attention should also be given to the self-immolative
spacers, as they may directly influence the reaction kinetics and,
consequently, the temporal control of product liberation.71
Based on this review, it is clear that more mechanistic
studies, with the application of diﬀerent experimental strategies,
such as kinetics, poisoning, spectroscopy, microscopy, and
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electrochemical techniques, together with quantitative, molecular
structure-function analysis, are needed for the rational development of preformed catalytic components that diminish the
dynamic nature of these systems and improve the eﬃciency of
transition metal/caging group pair protocols, in diﬀerent reaction
environments. Also, these approaches all need to be associated
with solubility, targetability and the cell uptake issues. Further
diﬃculties may also arise from the fact that some metal-based
species interact with biomolecules,72 partially retaining their activity. Thus, development of truly bioorthogonal reactions, presenting
the same reactivity whatever the environment (in vitro or inside a
cell), may still be challenging for the next few years.
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