
Chemical
Science

EDGE ARTICLE
Interplay of chlo
aLaboratory of Biomimetic Catalysis (LaC

University of Santa Catarina (UFSC), Cam

SC, Brazil. E-mail: josiel.domingos@ufsc.br
bCenter for Cooperative Research in Bioscien

Technology Alliance (BRTA), Bizkaia Techn

Spain
cInstitut de Chimie Moléculaire et des Matéri
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ride levels and palladium(II)-
catalyzed O-deallenylation bioorthogonal
uncaging reactions†

Gean M. Dal Forno, a Eloah Latocheski, a Claudio D. Navo, b

Brunno L. Albuquerque, a Albert L. St John,a Frédéric Avenier, c

Gonzalo Jiménez-Osés bd and Josiel B. Domingos *a

The palladium-mediated uncaging reaction of allene substrates remains a promising yet often overlooked

strategy in the realm of bioorthogonal chemistry. This method exhibits high kinetic rates, rivaling those of

the widely employed allylic and propargylic protecting groups. In this study, we investigate into the

mechanistic aspects of the C–O bond-cleavage deallenylation reaction, examining how chloride levels

influence the kinetics when triggered by Pd(II) complexes. Focusing on the deallenylation of 1,2-allenyl

protected 4-methylumbelliferone promoted by Allyl2Pd2Cl2, our findings reveal that reaction rates are

higher in environments with lower chloride concentrations, mirroring intracellular conditions, compared

to elevated chloride concentrations typical of extracellular conditions. Through kinetic and

spectroscopic experiments, combined with DFT calculations, we uncover a detailed mechanism that

identifies AllylPd(H2O)2 as the predominant active species. These insights provide the basis for the design

of p-allylpalladium catalysts suited for selective uncaging within specific cellular environments,

potentially enhancing targeted therapeutic applications.
Introduction

Bioorthogonal uncaging reactions driven by transition metal
ions represent an emerging and powerful approach for the
activation of caged molecules within living systems.1–6 Oper-
ating in both extra- and intracellular environments, metal
complexes and nanoparticles have demonstrated the ability to
selectively catalyze C–O or C–N bond cleavage reactions without
disruption to native biological processes.7,8 More recently we
demonstrated that also some C–C bonds could be cleaved by
transition metal ions in vivo.9 The efficiency of the uncaging
process, determined by the paired caging group and catalyst, is
signicantly inuenced by the functional group's affinity for the
metal ion and the ion's capacity to promote the bond breaking
of the corresponding functional group. The choice of metal ion,
its oxidation state, and the nature of the ligand, considering the
Bio), Department of Chemistry, Federal

pus Trindade, Florianópolis, 88040-900,
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substrate's characteristics, are pivotal for achieving success in
gain-of-function studies of proteins,10–12 prodrug activation,13–23

and cell surface engineering.24,25

In the development of metal catalytic systems, a thorough
understanding of the mechanism, including the medium's
inuence on the reaction, is indispensable.26 A signicant
portion of research in bioorthogonal chemistry employs bio-
logical aqueous buffers for catalytic studies. Prominent among
these are phosphate-buffered saline (PBS), Earl's balanced salt
solution (EBSS), Hank's balanced salt solution (HBSS), and
minimum essential medium (MEM). These isotonic solutions
are formulated to maintain osmolarity and pH in biological
contexts. Notably, chloride ions, present in concentrations
exceeding 100 mmol L−1, are the principal components in these
buffers. Given their electronic properties and prevalence, chlo-
ride ions are uniquely positioned in biological environments to
effectively coordinate with transition metal centers. Their
presence can substantially inuence whether a metal catalyst
undergoes successful activation through ligand exchange with
solvents or substrates. However, a noteworthy detail, oen
overlooked during the optimization phase of new transition
metal bioorthogonal catalytic system development, is the vari-
ability in chloride ion concentrations, ranging from 4–30 mmol
L−1 intracellularly to approximately 100–140 mmol L−1 extra-
cellularly. While research on the role of chloride ions in the
mechanism of palladium-catalyzed reactions has historically
focused on oxidative additions from Pd(0) in organic
© 2024 The Author(s). Published by the Royal Society of Chemistry
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solvents,27,28 there is a distinct scarcity of systematic studies that
explore their effects in uncaging reactions promoted by Pd in
aqueous environments.

We thus hypothesize that the difference in the concentration
of chloride ions inside and outside of the cells may directly
affect the structure of the transition metals complexes, by
ligand exchange processes, and thus tune the catalytic activity
of the metal ion. This potential alteration, likely via ligand
exchange processes, may consequently modulate the metal's
catalytic activity. To substantiate our hypothesis, we have
devised a mechanistic study for the uncaging reaction of an O-
allenyl protected coumarin substrate, facilitated by palladium
complexes (Scheme 1A). While the allenyl group has recently
been demonstrated to be a highly potent bioorthogonal caging
group, exhibiting sensitivity to a diverse range of transition
metals,29,30 it remains notably underexplored in bioorthogonal
uncaging reactions compared to allyl and propargyl groups.
This underutilization likely stems from a lack of mechanistic
insights and a comprehensive understanding of its reactivity. As
such, our work focuses on assessing the deliberate impact of
chloride ion concentration on the C–O bond cleavage rate and
yield, harnessing kinetic, energetic, and structural analyses.

In alignment with our hypothesis, our ndings indicate that
differences in chloride ion concentration indeed directly affect
the structure of the Allyl2Pd2Cl2 catalyst, thus tuning the cata-
lytic activity of the metal through ligand exchange processes
(Scheme 1B). This study aims to shed light on these specic
interactions and contribute to the broader understanding of
bioorthogonal uncaging reactions by metal complexes.
Scheme 1 (A) Uncaging reaction of allenyl and propargyl protected 4-
Effect of chloride in the O-deallenylation uncaging reaction mediated b

© 2024 The Author(s). Published by the Royal Society of Chemistry
Results and discussion

In the initial phase of our mechanistic study, we set out to
determine the kinetics of the uncaging reaction, specically, the
C–O bond-cleavage of the 1,2-allenyl protected 4-methyl-
umbelliferone (Alle-4-MU). This reaction was triggered by two
distinct Pd(II) complexes: sodium tetrachloropalladate salt
(Na2PdCl4) and the p-allyl dimer (Allyl2Pd2Cl2), as depicted in
Scheme 1. While the primary focus of this study centers on the
uncaging of Alle-4-MU, we incorporated the widely recognized
propargyl caged substrate (Prop-4-MU) for comparison
purposes. Crucially, in all experiments, substoichiometric
quantities of metal catalysts were employed. This approach not
only aligns with standard protocols for in-depth catalytic
mechanistic studies31,32 but also positions the study well for
subsequent biological applications. It's worth noting that the
majority of reported uncaging reaction studies deviate from this
approach, oen using greater amounts of the metal systems.
This divergence can obscure the understanding of the catalytic
mechanism. Monitoring of the reactions was performed in an
aqueous phosphate-buffered medium (pH 7.4) using UV-vis
spectroscopy, wherein the appearance of the phenolate
product (4-MU) was detected at a wavelength of 364 nm
(Fig. S1†).

Our preliminary kinetic evaluations were conducted using
both substrates, with phosphate-buffered saline (PBS, [Cl−] =
140 mmol L−1) as the reaction medium and Na2PdCl4 as the
catalyst. As illustrated in the kinetic proles (Fig. S2 and S3†),
the reaction involving the substrate Alle-4-MU exhibited a half-
methylumbelliferone (4-MU) triggered by palladium(II) complexes. (B)
y the Allyl2Pd2Cl2 catalyst.
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Chemical Science Edge Article
life (t1/2) of approximately 1.8 min. This is signicantly shorter
than the half-life observed for the Prop-4-MU substrate (t1/2= 19
minutes). This highlights the inherently superior reactivity of
the allenyl caging group. In every instance, two turnovers for
product formation were noted. Under these conditions, the
reaction with Alle-4-MU demonstrated a biphasic kinetic
prole, suggesting two parallel reactions, each yielding the
same product but at different rate constants. A comparable
kinetic pattern was previously identied in an O-depro-
pargylation reaction catalyzed by Na2PdCl4.33 That study
postulated that the initial phase of the kinetic prole repre-
sented a swi reaction concluding aer two turnovers, attrib-
utable to product inhibition of the PdCl4

2− complex. In
contrast, the subsequent phase was slower, yielding the same
product, and was catalyzed by Pd(0) nanoparticles generated
during the rst phase. For O-deallenylation, the catalyst also
undergoes modication aer the rst turnover, leading to
a shi in the mechanism, but there was no indication that
Pd(0)-NPs were being formed, suggesting that the participation
of a Pd(II) species is most likely. Through deconvolution of these
biphasic kinetics proles, we were able to discern the two
pseudo rst-order rate constants (Fig. S4 and S5†). Notably, the
initial phase is approximately 20 times faster than the second
one.

Contrasting the reactivity of the bioorthogonal reactant
pairs, the second-order rate constants (k2) were determined
(entries 1–4, Table 1, and Fig. S6 and S7†). These results clearly
highlighted the superior reactivity of the allenyl substrate,
especially in the initial phase of the reaction, with rate
constants approximately 30 times higher than those observed in
the depropargylation reaction, considering the initial phase of
the biphasic kinetics. When utilizing the Allyl2Pd2Cl2 catalyst,
which is oen preferred in bioorthogonal reactions due to its
efficacy and biocompatibility, the deallenylation reaction
remains faster and yields better results than the depro-
pargylation reaction in the PBS medium (entries 7–10, Table 1,
Fig. S8 and S9†). However, its reactivity is not as pronounced as
when the Na2PdCl4 salt is applied.

We subsequently examined the impact of chloride concen-
tration on the kinetics of the uncaging reaction for both
Table 1 Reaction kinetic conditions, parameters, and product conversio

Entry Catalyst Substrate
[
(

1 Na2PdCl4 Prop 1
2 Na2PdCl4 Alle 1
3 Na2PdCl4 Prop
4 Na2PdCl4 Alle
5 Allyl2Pd2Cl2 Alle
6 Allyl2Pd2Cl2 Alle
7 Allyl2Pd2Cl2 Alle 1
8 Allyl2Pd2Cl2 Prop
9 Allyl2Pd2Cl2 Prop
10 Allyl2Pd2Cl2 Prop 1

a Aqueous phosphate-buffered media (ionic strength (I) = 140 mmol L−1

25 mol% of Pd. c For the initial phase. d Second phase of the biphasic kin
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substrates. Comparisons were made between the reactions in
PBS ([Cl−] = 140 mmol L−1) and PB ([Cl−] = 0 mmol L−1), at pH
7.4. Using Na2PdCl4 as the catalyst and the Prop-4-MU
substrate, a minimal difference was noted (entries 1 and 3,
Table 1, and Fig. S10†). For the Alle-4-MU substrate, the
biphasic kinetic prole in PBS transitioned to a monophasic
prole in PB (entries 2 and 4, Table 1 and Fig. S11†), with k2
about 7 times larger than in the slow phase in PBS. When the
Allyl2Pd2Cl2 catalyst was employed, there was a pronounced
difference in the kinetics (Fig. S12 and S13†). In the chloride-
free buffer (PB), both reactions were markedly faster and ach-
ieved higher yields, particularly for the deallenylation reaction
(entries 5–10, Table 1).

A paramount criterion for a bioorthogonal reaction is rapid
kinetics, ideally exhibiting second-order rate constants greater
than 10 L mol−1 s−1.26 Remarkably, the reaction of Alle-4-MU,
catalyzed by Allyl2Pd2Cl2 in PB, demonstrated an outstanding
second-order rate constant of 88.9 L mol−1 s−1, achieving an
84% product conversion (entry 5, Table 1, and Fig. S13 and
S14†). This rate is comparable to those seen in other fast bio-
orthogonal reactions, such as cycloaddition reactions like
SPAAC, SPANC, photoclick 1,3-dipolar, CuAAC, and IEDDA.34

In the PBS medium, the deallenylation reaction exhibited
signicantly reduced reactivity, highlighting the pivotal role of
the chloride ion in this process. Consequently, we investigated
the effect of varying chloride concentrations. We systematically
adjusted this concentration by incorporating different amounts
of NaCl into the buffer solution. As illustrated in Fig. 1, even
minor changes in chloride concentration markedly inuenced
the deallenylation reaction rates when promoted by Allyl2Pd2-
Cl2. Comparable with deallenylation, chloride variation showed
the same trend in the rate of depropargylation reaction medi-
ated by Allyl2Pd2Cl2 (Fig. S17†), however with lower yields and
rates (entries 8–10, Table 1).

To comprehensively elucidate the role of chloride in these
reactions, we explored deeper into mechanistic details. The
second step of our mechanistic study aimed at character-
izing the nature of the active catalytic species. Initially, we
probed the impact of Pd oxidation state [Pd(II) vs. Pd(0)] on
the reaction kinetics of both substrates. This was done by
na

NaCl]
mmol L−1) k2 (L mol−1 s−1) [Product]b (%)

40 3.4 49
40 104.1,c 2.0d 50
0 3.5 48
0 15.2 57
0 88.9 84

15 19.8 71
40 2.0 52
0 56.0 37

15 4.5 39
40 0.4 15

(NaClO4)).
b Maximum product conversion in 180 min of reaction with

etics.

© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 Uncaging reaction of Alle-4-MU promoted by Allyl2Pd2Cl2 in
phosphate buffer with different NaCl concentrations (25 mol% of Pd,
37 °C, pH 7.4), ionic strength (I = 140 mmol L−1 (NaClO4)).

Scheme 2 p-AllylPd species in equilibrium derived from Allyl2Pd2Cl2

Edge Article Chemical Science
incorporating 10 equiv. of sodium ascorbate (SA) or 2.5
equiv. of EDTA into the reaction medium, with a palladium
concentration of 25 mol%. SA is frequently employed as
a reducing agent to generate Pd(0)-NPs from Na2PdCl4; upon
its addition, the solution swily transitions to a light grey
hue. Notably, this phenomenon was absent when using the
Allyl2Pd2Cl2 complex. Neither the solution color nor the UV-
vis spectrum of the complex was inuenced by the presence
of SA, suggesting that Allyl2Pd2Cl2 is not reduced by SA. Aer
allowing SA to incubate in the reaction mixture for 10 min,
the substrate was introduced to initiate the reaction. This
pre-incubation period was essential to ensure the complete
reduction of Pd(II) to Pd(0). Intriguingly, slight product
formation was noted aer 90 min of reaction with Na2PdCl4
(Fig. S18 and S19†). This suggests that the in situ formed
Pd(0) is not particularly active in the deallenylation reaction.
In contrast, when using the Allyl2Pd2Cl2 complex, the addi-
tion of SA brought about negligible changes to the kinetic
proles (Fig. S20–S23†). This validates that the catalyst
remained largely unaffected by SA under the given reaction
conditions.

Furthermore, introducing EDTA into the medium markedly
decelerated both reactions (Fig. S24–S27†). Given that EDTA is
a chelating agent, it readily forms stable complexes with Pd(II).
This complexation potentially hinders substrate coordination
and subsequent catalysis.35 These ndings robustly advocate for
the involvement of a Pd(II) catalytically active species in both the
deallenylation and depropargylation reactions. Moving forward,
our investigations focused solely on the Allyl2Pd2Cl2 catalyst, as
Na2PdCl4 has shown greater vulnerability to the reductive
conditions inherent within cellular environments.36
© 2024 The Author(s). Published by the Royal Society of Chemistry
Earlier spectroscopic and potentiometric investigations on
Allyl2Pd2Cl2 in aqueous media revealed an equilibrium among
various monomeric p-AllylPd species, contingent upon both
[Cl−] and pH levels. In environments with high chloride ion
concentrations, the solution predominantly comprises
AllylPdCl2. Conversely, in the absence of chloride and at neutral
pH, AllylPd(H2O)2 emerges as the principal form.37,38

In alignment with this observation, the ligand exchange
between chloride and water was followed by UV-vis spectral
scanning kinetics (Fig. S28†) with a pre-formed AllylPd(H2O)2
species in a PB medium with the addition of NaClaq (140 mmol
L−1) at 5 min. The disappearance of the AllylPd(H2O)2 and
appearance of chloride species [AllylPdCl(H2O) and AllylPdCl2]
occur at 275 and 360 nm, respectively. The rst-order kinetics
showed that the ligand exchange possesses a reaction half-life
of 42 s, demonstrating that the ligand exchange is a fast
process and indicating that the choice of starting species may
not inuence the catalytic process due to their rapid intercon-
version. To further evaluate the stability of the p-allyl ligand, we
conducted a 1H NMR analysis on Allyl2Pd2Cl2 in D2O. The
spectrum predominantly displayed the signals associated with
the h3-allylic protons. These signals remained consistent
throughout a 140 min kinetic assessment, indicating that no
signicant modications, such as hydration, occurred
(Fig. S29†). When sodium chloride was introduced at
a concentration of 140mmol L−1, the only discernible alteration
in the 1H NMR signals was a reduction in the coupling
constants (Fig. S30†). This is likely attributable to shis in the
electronic charge distribution within the solution. We also
conducted Synchrotron X-ray Absorption Spectroscopy (XAS)
analysis to assess the presence of Pd species in the solution.
Three samples of Allyl2Pd2Cl2 were analyzed, both in PB and
PBS buffers, as well as in the solid state. The XANES spectra in
Fig. S31† clearly indicate that the oxidation state of Pd has not
been affected by the composition of the buffers. Furthermore,
the EXAFS analysis reveals that in the solid form and in PBS,
only Pd–Cl and Pd–C bonds are observed, with coordination
numbers NPd–C and NPd–Cl of 2 and 3, respectively, in both cases
(Fig. S32a and Table S1†). Conversely, in the PB solution,
a signal is observed for the Pd–O bond (NPd–O = 1.09, NPd–C =

2.5 and NPd–Cl = 2.0). These XAS analyses have conrmed, albeit
under different conditions compared to the kinetic experi-
ments, that chloride ions are more readily replaced by water
molecules at lower chloride concentrations.

The collected evidence regarding the nature of the palla-
dium's active catalytic species is concisely illustrated in Scheme
2. Within aqueous solutions, Allyl2Pd2Cl2 predominantly exists
as three primary p-AllylPd species: the dichloride, the mono-
in aqueous solution.

Chem. Sci., 2024, 15, 4458–4465 | 4461
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aquo, and the diaquo forms. All these species potentially
participate in the uncaging reactions. Given the chloride
concentration used in the kinetics (Fig. 1) and by referencing
the equilibrium constants K1 and K2 from the literature under
analogous conditions,37 we calculated the proportion of each of
the three p-AllylPd species present in solution (Table 2).

From the accumulated data, including those presented in
Tables 1 and 2, a distinct trend emerges: the rate of the
deallenylation reaction using the Allyl2Pd2Cl2 complex
increases as the chloride concentration decreases. This
increase is attributable to the growing concentration of
a more active species, AllylPd(H2O)2. At a chloride concen-
tration of 140 mmol L−1 (resembling extracellular condi-
tions), the proportion of AllylPd(H2O)2 is merely 0.5%,
corresponding to a k2 value of 2.0 L mol−1 s−1. In contrast, at
15 mmol L−1 of chloride (emulating intracellular conditions),
the proportion of AllylPd(H2O)2 rises to 17.4% and is associ-
ated with a k2 value of 19.8 L mol−1 s−1. At 0 mmol L−1 of
chloride (with 99.5% of AllylPd(H2O)2), the k2 value reaches
88.9 L mol−1 s−1. This pattern suggests that the reactivity of
the bioorthogonal reactant pairs is directly impacted by the
concentration of the diaquo form of the p-AllylPd catalyst.
Extrapolating these ndings to biological contexts, one could
reasonably infer that this deallenylation reaction mediated by
the Allyl2Pd2Cl2 reaction would be more effective within the
intracellular environment than in the extracellular milieu,
with the diaquo form emerging as the most active catalytic
species. Previous studies demonstrate that the Allyl2Pd2Cl2
catalyst enters cells effectively, facilitating the uncaging of
allenyl and propargyl groups.11,31 Despite the similar trans-
formation of the drug/catalyst cisplatin (Pt(NH3)2Cl2) inside
the cell, where it transitions into its more active aquo forms,
specically [Pt(NH3)2Cl(H2O)]

1+ and [Pt(NH3)2(H2O)2]
2+,39

there is no straightforward explanation for why the aquo
forms would also be more active than the dichloride Pd
species in the uncaging reactions presented here.

To further substantiate our ndings, we investigated the
deallenylation reaction using ESI-MS analysis in both positive
and negative ion modes (Fig. S33–S36†). This reaction was
conducted in the presence of 12.5 mol% of Pd2Ally2Cl2 (equiv-
alent to 25 mol% of Pd) in water at 37 °C. Three aliquots were
Table 2 Percentage distribution of thep-allylPd species in equilibrium
derived from Allyl2Pd2Cl2 in aqueous solution, at various chloride
concentrationsa

Entry
[Cl−]
(mmol L−1) AllylPdCl2 (%)

AllylPdCl(H2O)
(%) AllylPd(H2O)2 (%)

1 0 0 0.5 99.5
2 5 9.0 45.2 45.8
3 15 31.0 51.6 17.4
4 30 50.4 42.0 7.6
5 90 77.2 21.5 1.3
6 140 84.4 15.1 0.5

a The equilibrium constants used for the calculations are the
ones reported in the literature: K1 = 2.5 × 10−2. K2 = 5.0 × 10−3

(25 °C, I = 100 mmol L−1 (NaClO4)).37
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sampled at distinct time points: immediately aer mixing the
reagents (0 min), and then at 15 and 30 min into the reaction.

In the positive ion mode at the beginning of the reaction, the
predominant peak was identied as a cluster comprising two
substrate molecules and a sodium ion (m/z 451.1), which
diminished rapidly thereaer. Several p-AllylPd species were
discerned in this mode. The major species include: [AllyPd]+ (m/
z 146.9), [AllylPd-DMSO]+ (m/z 224.9), [AllylPd-(Alle-4-MU)]+ (m/z
361.0), and [AllylPd-(Alle-4-MU)2]

+ (m/z 575.1), all of which
exhibited high intensities. In the negative ion mode, the
predominant peak was attributed to the product [4-MU]− (m/z=
174.7). The array of species detected in the solution can be
attributed to a combination of factors. These encompass
solvent–ligand exchange dynamics in the solution and the ion-
molecule as well as ion–ion interactions occurring therein.
Additionally, the analysis underscores the high stability of the
[p-AllylPd]+ species and its aptitude for effectively coordinating
to substrate molecules. The species identied via ESI-MS, in
conjunction with our kinetic and additives introduction study
ndings, suggest a mechanism that initiates with the substrate
coordinating to the AllylPd(H2O) species. This is followed by
hydration of the allene moiety, culminating in hydrolysis to
yield the phenol product, thereby regenerating the diaquo form
of the p-AllylPd catalyst.

The deallylation reaction mechanism was computationally
explored using quantum mechanics (Fig. 2 and S37†). The initial
step involves the coordination of Alle-4-MU (abbreviated as A) to
the diaquo h3-allylpalladium(II) (AllylPd(H2O)2) catalyst via the
inner p-bond of the allene (B), accompanied by the release of
a water molecule. Notably, this complex exhibits low reactivity,
given that no transition structure was identied for the direct
water molecule attack on the inner carbon atom of the allene.
Moreover, high activation barriers were computed for water
molecule attacks on both the central (DG‡ z 39 kcal mol−1) and
terminal (DG‡ approximates to 32 or 34 kcal mol−1) carbon atoms
of the allene B (Fig. S38†). These pathways, however, are dead-end
pathways. Conversely, while the s-coordination of Pd to the
allene's central carbon atom (C) is thermodynamically less favored
(DGs–p is roughly 17 kcal mol−1), it results in a more reactive
conguration. As such, a water molecule attacking the allene's
inner carbon atom [TS1, with DG‡ about 31 kcal mol−1 as the rate-
determining step (RDS)] evolves into intermediate D. This inter-
mediate undergoes rapid intramolecular proton transfer (E*),
leading to the barrierless decaging of 4-MU (TS2*) and subsequent
discharge of s-complex F. Notably, only high-energy geometries
could be fully optimized for these species (E* and TS2*), as relaxed
scans along the breaking C–O bond from lower-energy confor-
mations always show downhill proles (Fig. S39†). Remarkably,p-
complex G exhibits greater stability than s-complex F (DGs–p

approximates to 9 kcal mol−1). A ligand exchange involving this
species and a water molecule regenerates the AllylPd(H2O)2 cata-
lyst, releasing hydroxyallene (H) in the process. Ultimately, this
hydroxyallene tautomerizes to acrolein, serving as the thermody-
namic driver for the entire mechanism (DG is about
−24 kcal mol−1). It's crucial to underline that this mechanism
effectively includes the hydrolysis of acrolein's carbonyl group
while masked as an enol, that is, a protected hydroxyallene.
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 Proposed mechanism and minimum energy pathway (MEP) calculated with PCM(H2O)/M06-2X/6-311+G(d,p)+SDD(Pd) for the deal-
lenylation reaction of Alle-4-MU (abbreviated as A). (A) Mechanism for the deallenylation reaction catalyzed by h3-allylpalladium(II) complexes in
water. (B) Minimum energy pathway for the deallenylation reaction mediated by AllylPd(H2O)2 (black) and AllylPdCl2 (green). For the stationary
points E* and TS2* (in red) only high-energy conformations could be fully optimized. Therefore, the MEP is proposed to proceed downhill to
decaged product F after tautomerization of intermediate D.

Edge Article Chemical Science
In exploring the reaction prole with the dichloride h3-
allylpalladium(II) (AllylPdCl2) as a catalyst, the energy was
calculated to be approximately 7 kcal mol−1 higher (Fig. 2 and
S40†). This translates to a notably slower reaction rate. One
possible explanation for this outcome is the neutral nature of
complex C0, which stands in contrast to the positively charged C
(+1). Consequently, C exhibits greater electrophilicity. More-
over, the water molecule coordinated to Pd aids in stabilizing
both ROH and/or H2O species present in the transition struc-
tures and intermediates. These computational insights align
© 2024 The Author(s). Published by the Royal Society of Chemistry
with experimental observations, suggesting that in media with
elevated chloride concentrations, the catalyst's activity
diminishes.

The decaging mechanism for propargyl derivatives was simi-
larly assessed using Prop-4-MU (Aalkyne) (Fig. S41 and S42†). For
this mechanism, water is able to react with the p-complex Balkyne,
targeting the terminal carbon atom (TS1alkyne). Notably, this attack
presents a higher activation barrier (DG‡ z 34 kcal mol−1)
compared to its allene counterpart. Following this, the hydrated
intermediate, Dalkyne, can directly undergo concomitant
Chem. Sci., 2024, 15, 4458–4465 | 4463
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intramolecular proton transfer and decaging of 4-MU with
a comparable activation energy (TS2alkyne, DG

‡ z 35 kcal mol−1),
culminating in the release of the s-complex F. Consequently, the
resulting products from the alkyne derivative decaging align with
those discerned from the allene derivative, specically, 4-MU and
acrolein. However, the kinetics of the former are anticipated to be
slower, given the approximately 4–5 kcal mol−1 higher activation
energy of the calculated reaction pathway.

The theoretical results agree with the experimentally deter-
mined activation parameters for the deallylation reaction in
a chloride-free medium (PB), using 12.5 mol% of Pd2Ally2Cl2
(25 mol% of Pd), as observed from the Eyring plot (Fig. S43†).
The derived experimental values for the enthalpy of activation
(DH‡ = 8.18 kcal mol−1) and the entropy of activation (DS‡ =

−35.30 cal mol−1 K−1) are consistent with our proposed
mechanism. Specically, these values hint at the formation of
a single bond during the hydration step, which aligns with the
rate-determining step depicted in Fig. 2 (TS1). Furthermore, we
scrutinized the impact of ionic strength on the reaction
kinetics, as detailed in Fig. S44,† by plotting the logarithm of
rate constants against the square root of ionic strength. The
observed primary salt effect suggests the formation of a transi-
tion state carrying a unit charge.

Conclusions

We have demonstrated that the Allyl2Pd2Cl2 complex acts as an
efficient catalyst for the O-deallenylation reaction under
biocompatible conditions, exhibiting second-order kinetics
with reaction rates reaching up to 89 L mol−1 s−1. This rate
shows signicant sensitivity to chloride ion concentrations,
increasing as the chloride concentration decreases. This
phenomenon is likely due to the higher concentration of the
more catalytically active diaquo form at lower chloride
concentrations. Theoretical modeling suggests that the aquo
intermediate involved in the rate-determining step is more
electrophilic and more stabilized than its chloride-containing
counterpart. These ndings are crucial for biological applica-
tions, given the typical chloride concentration range of 4 to
140 mmol L−1 in cellular environments. Our insights facilitate
the design of novel Pd–allyl catalysts specically tailored for the
selective uncaging of drugs or proteins within distinct cellular
settings. For example, designing Pd–allyl complexes that exhibit
slower ligand exchange with water could optimize targeted
delivery in the extracellular matrix. Conversely, utilizing Pd–
allyl complexes with varied substituents on the allyl group
might increase the deallenylation reaction rate in intracellular
environments. Although the precise catalytic behavior of these
reactions in biological media, such as cell cultures and animal
models, has yet to be fully determined, our current knowledge
on the mechanism of action of these common palladium
complexes lays the groundwork for developing highly efficient
biorthogonal catalysts.
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