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Trost deallylation in living cells
with an internal-nucleophile coumarin-based
probe†

Yonghua Tan,ab François Pierrard,ab Raphaël Frédérick*b and Olivier Riant *a

In recent years, bioorthogonal uncaging reactions have been developed to proceed efficiently under

physiological conditions. However, limited progress has been made in the development of protecting

groups combining stability under physiological settings with the ability to be quickly removed via

bioorthogonal catalysis. Herein, we present a new water-soluble coumarin-derived probe bearing an

internal nucleophilic group capable of promoting Tsuji–Trost deallylation under palladium catalysis. This

probe can be cleaved by a bioorthogonal palladium complex at a faster rate than the traditional probe,

namely N-Alloc-7-amino-4-methylcoumarin. As the deallylation process proved to be efficient in

mammalian cells, we envision that this probe may find applications in chemical biology, bioengineering,

and medicine.
Introduction

Bioorthogonal chemistry has emerged as a promising eld in
chemical biology, offering versatile tools for studying and
manipulating biological systems. Indeed, reactions such as
copper-catalyzed azide–alkyne cycloaddition (CuAAC),1–6 Stau-
dinger ligation,7–10 strain-promoted azide–alkyne cycloaddition
(SPAAC),11,12 and inverse electron-demand Diels–Alder reaction
(IEDDA),13–17 have been characterized by their compatibility
with living systems, allowing specic chemical transformations
to occur without interfering with native biochemical
processes.18–21 Moreover, transition metals, especially palla-
dium, have sparked signicant interest in the development of
imaging probes and prodrugs, as these metals can catalyze
biocompatible cross-coupling and uncaging reactions, leading
to the formation of a compound of interest.22–24 In 2017, the
Weissleder group reported that a uorescent coumarin product
was formed in HT1080 cells via an intramolecular Heck reaction
catalyzed by a Pd(0) complex.25 Also, in 2019, the Neto group
transformed nonuorescent compounds into 2,1,3-
benzothiadiazole-derived uorescent probes through in cellulo
Suzuki and Buchwald–Hartwig cross-coupling reactions
(Scheme 1a).26 Alongside cross-coupling reactions, palladium-
promoted uncaging reactions are even more popular for
ciences (IMCN), Université catholique de
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generating molecules of interest in biological settings. In 2011,
the Bradley group demonstrated the release of a uorescent
rhodamine derivative through Pd(0)-catalyzed removal of an N-
Alloc moiety within cellular environments.27 The same year, the
Liu group pioneered a naphthalimide-based uorescent probe,
capitalizing on Pd(0)-catalyzed N-Alloc cleavage under mild
conditions.28 Subsequently, uncaging of N-Alloc-protected
compounds have been applied widely in the eld of uorescent
probes.25,29–37 In this uncaging chemistry context, other diverse
protecting groups have been used, including N-
propargyloxycarbonyl,38–43 O-allyloxycarbonyl,44–47 O-allyl,48–52
Scheme 1 Generation of fluorescent compounds via biocompatible
palladium-catalyzed reactions.
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and O-propargyl42,53–55 groups (Scheme 1b). All these chemical
moieties can indeed reveal a free amine or free alcohol
following palladium-catalyzed Tsuji–Trost deallylation or
depropargylation. This highlights the importance and potency
of the Tsuji–Trost reaction in bioorthogonal uncaging chem-
istry.56 Typically, the Tsuji–Trost reaction occurs when a nucle-
ophile traps a p-allylpalladium electrophile, which is obtained
by coordination of an olenic substrate to a Pd(0) species fol-
lowed by oxidative addition. Kinetics of olen coordination and
oxidative addition can be tuned by the properties of ligands,
such as bite angles, and electronic and steric factors.34,52,57–59

Regarding the nucleophilic attack, this usually involves an
external nucleophile, which, in biological media, can be
a cysteine or tyrosine residue.60–63 This step can be a slower
process, especially if the nucleophile is not readily available
close to the p-allylpalladium species. Conversely, intra-
molecular trapping of p-allylpalladium cations allows for
particularly fast reactions (Scheme 2).64

Herein, we present an original probe, namely diisopropyla-
minobenzyl-N-Alloc-7-amino-4-methylcoumarin (DIPA-
NcoumA), that can be subjected to intramolecular Tsuji–Trost
deallylation in living cells (Scheme 1c). This probe is cleaved by
a bioorthogonal palladium complex at a faster rate than the
traditional probe N-Alloc-7-amino-4-methylcoumarin
(NcoumA). DIPA-NcoumA also shows an improvement in the
on/off ratio, which can make uorescence measurements
easier. Lastly, we propose a plausible mechanism for the
uncaging of 7-amino-4-methylcoumarin (Ncoum) from DIPA-
NcoumA, thanks to the identication of the key cyclic product 1.
Scheme 2 Catalytic cycle of intermolecular (left) and intramolecular
(right) Tsuji–Trost reactions. LG: leaving group; X: halogen; NuH:
(hetero)nucleophile. * If the counter anion LG− (corresponding to the
leaving group or obtained after its decarboxylation) is sufficiently basic,
it can deprotonate the nucleophile itself. If not, another basic species
must be present to allow the deprotonation of the nucleophile.

© 2024 The Author(s). Published by the Royal Society of Chemistry
We are condent that this versatile probe holds signicant
potential for widespread applications, notably in chemical
biology.
Results and discussion

NcoumA is a very common caged probe in model reactions for
optimizing conditions in bioorthogonal chemistry.33–35,65,66

Indeed, it can release the uorescent compound Ncoum
following a deallylation reaction. However, its poor water solu-
bility requires the use of 10% DMSO33 or 0.05% Tween 20.67

Moreover, its low on/off ratio decreases the sensitivity of
uorescence-based analytical methods. In an effort to poten-
tially address these issues, we aimed to design a new caged
probe. Building upon the general mechanism of the Tsuji–Trost
reaction, our main strategy was to enhance the deallylation
kinetics by incorporating an internal nucleophilic group near
the allyl carbamate moiety of NcoumA. Considering NcoumA as
the rst-generation probe, we synthesized a second-generation
caged probe, dimethylaminobenzyl-NcoumA (DMA-NcoumA),
whose structure includes an additional nucleophilic dimethy-
lamino moiety in close proximity to the allyl carbamate (Fig. 1).
This group was also supposed to increase the water solubility of
the molecule.

Having the DMA-NcoumA probe in our hands, we evaluated
its stability in conditions similar to physiological settings,
namely in 10 mM potassium phosphate buffer (KPi, pH 8.0).
Surprisingly, the uorescence intensity (lex= 342 nm, lem= 440
nm) increased over time in the absence of any palladium cata-
lysts (Fig. 2a). By converting the uorescence intensity at lem
440 nm into a kinetic curve, it became apparent that the DMA-
NcoumA probe exhibited instability under the conditions used,
resulting in the spontaneous release of the uorescent
compound Ncoum. We speculated that the nucleophilic dime-
thylamino group could attack the carbon–carbon double bond
of the allyl carbamate moiety, leading to the liberation of CO2,
Ncoum, and a cyclic quaternary ammonium 2 (Fig. 2b). 1H-NMR
analysis of DMA-NcoumA was performed in DMSO-d6 for 1 h at
room temperature, which showed signals corresponding to
Ncoum (Fig. S2†). Besides, the formation of compound 2 was
conrmed by LC-MS analysis (Fig. S3†). These ndings
corroborated the intrinsic instability of DMA-NcoumA under
the given conditions.

Given the physiological instability of DMA-NcoumA, we
embarked on the development of a third-generation caged
probe. By replacing the dimethylamino moiety with a sterically
hindered diisopropylamino group, we anticipated that the
nearby vinyl group would be less prone to intramolecular
nucleophilic attack, which led to the design of DIPA-NcoumA
Fig. 1 First- and second-generation caged Ncoum probes.
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Fig. 2 (a) Stability study of DMA-NcoumA (6 mM) in 1% DMSO in KPi
(10 mM, pH 8.0) for 15 h at 37 °C, lex = 342 nm, lem = 375–600 nm. (b)
Proposed degradation mechanism.

Fig. 3 (a) Structure of DIPA-NcoumA. (b) Comparison of on/off ratios
between NcoumA and DIPA-NcoumA. Conditions: Ncoum, NcoumA,
and DIPA-NcoumA (6 mM) in 1% DMSO in KPi (10 mM, pH 8.0) lex =
342 nm, lem = 375–600 nm (5% DMSO was necessary to dissolve
NcoumA). UV absorption spectra of NcoumA (c) and DIPA-NcoumA
(d) in aqueous buffers of varying pH (from 4 to 11). Absorption spectra
were normalized at the maximal intensity of the main band.

Fig. 4 (a) Pd1/TFP-catalyzed deprotection of NcoumA and DIPA-
NcoumA in 10 mM KPi (pH 8.0). (b) Comparison of reaction rates
between DIPA-NcoumA and NcoumA. Conditions: NcoumA (5%
DMSO in KPi, 1.0 equiv., 6 mM) or DIPA-NcoumA (1% DMSO in KPi, 1.0
equiv., 6 mM), Pd1 (6 mM, 1 equiv.) and TFP (12 mM, 2 equiv.) in KPi
(10mM, pH 8.0) at 37 °C. Error bars:± SD from n= 3. (c) Determination
of the kinetic constant for the reaction between DIPA-NcoumA and
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(Fig. 3a). We rst conducted a stability study in 10 mM KPi (pH
8.0). Interestingly, we did not observe any changes in uores-
cence intensity at lem 440 nm, suggesting that the diisopropy-
lamino group did not engage in an intramolecular nucleophilic
attack on the nearby vinyl group (Fig. S4a†). Moreover, LC-MS
analysis did not reveal the appearance of Ncoum or a poten-
tial cyclic degradation product 1 (Fig. S4b†). 1H-NMR analysis of
DIPA-NcoumA was also performed in DMSO-d6 for 24 h at room
temperature, which did not show any signs of degradation
(Fig. S5†). Based on these ndings, we concluded that the
introduction of the diisopropylamino group successfully pre-
vented unwanted degradation, allowing the third-generation
caged probe DIPA-NcoumA to be stable at pH 8.0.

Subsequently, we aimed to compare the on/off ratio prop-
erties of DIPA-NcoumA with the former probe NcoumA, to
evaluate their suitability as uorogenic probes. The excitation
and emission wavelengths chosen for the measurements were
342 nm and 440 nm, respectively, for the free amine Ncoum
(considered as a control), and the caged compounds NcoumA
and DIPA-NcoumA (Fig. 3b). Among them, DIPA-NcoumA
exhibited an impressive on/off ratio of 20 in aqueous solution.
This ratio was four times higher than that of the rst-generation
5494 | RSC Adv., 2024, 14, 5492–5498
probeNcoumA. This signicant improvement in the on/off ratio
has the potential to reduce the background noise and enhance
the sensitivity of uorescence measurements, making DIPA-
NcoumA a promising candidate for uorogenic applications.
The UV absorption spectra of both NcoumA and DIPA-NcoumA
were then examined at different pH levels, revealing distinct
results (Fig. 3c and d). NcoumA displayed similar absorption
spectra within the pH range from 4 to 11. In contrast, the
absorption of DIPA-NcoumA exhibited a red shi when exposed
to basic buffers. We postulated that the deprotonation state (pH
above 7) of the diisopropylamino group might inuence the
absorption properties of the compound. It is also important to
mention that DIPA-NcoumA is more water-soluble than
NcoumA, as only 1% of DMSO was sufficient to dissolve the new
probe.

Then, our next objective was to evaluate the release kinetics
of the caged probes NcoumA and DIPA-NcoumA under condi-
tions enabling Tsuji–Trost deallylation, using complex Pd1,
which was previously developed in our group, along with tri(2-
furyl)phosphine (TFP) as a ligand (Fig. 4a).34 By employing
uorescence emission of the released Ncoum molecule as
a monitoring tool, it became apparent that NcoumA couldn't
reach a plateau aer incubation for 10 h, while DIPA-NcoumA
achieved a plateau in only 3 h (Fig. 4b). Using equimolar
amounts of DIPA-NcoumA and Pd1/TFP, high-performance
liquid chromatography (HPLC) experiments allowed us to
determine that the second-order rate constant k2 of the deal-
lylation reaction was 5.74 ± 0.51 M−1 s−1 in KPi at pH 8.0
(Fig. 4c). Under identical conditions, k2 of NcoumA deallylation
was only 0.42 ± 0.04 M−1 s−1 (Fig. S10†). The turnover number
(TON) and the turnover frequency (TOF) were also calculated to
assess the catalytic activity.68 When only 4% of Pd1/TFP were
used to deprotect DIPA-NcoumA, Ncoum was obtained in a 6%
yield aer 30 min, giving a TON of 1.5 and a TOF of 3.0 h−1.
However, when NcoumA was subjected to the same catalytic
conditions, only 2.7% of Ncoum was detected, resulting in
a TON of 0.7 and a TOF of 1.4 h−1 (Fig. S11†). These results
Pd1/TFP. The mathematical reasoning is provided in Fig. S8 and S9.†

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Assessment of the impact of Pd1/TFP catalyst loading on the
Tsuji–Trost deallylation reaction. (b) Evaluation of the influence of GSH
and various buffers on the reaction. (c) Screening of various palladium
complexes for catalytic deallylation, with fluorescence intensity
measured after 3 h. The kinetic curves over 10 h were provided in
Fig. S13.† Conditions: DIPA-NcoumA (6 mM, 1.0 equiv.), Pd1 (6 mM, 1
equiv.)/TFP (12 mM, 2 equiv.), or other palladium complexes (6 mM, 1.0
equiv.) in 1% DMSO in KPi (10 mM, pH 8.0) at 37 °C. Error bars: ± SD
from n = 3.
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suggested that DIPA-NcoumA can be efficiently deprotected by
the Pd1/TFP catalyst under conditions close to physiological
ones (Table 1).

We then proceeded to investigate the genuine catalytic
conditions and the limits of the Pd/probe ratio. At a ratio of
0.01, no signicant uorescence was observed. However, when
the catalyst loading was increased to above 0.05, a robust uo-
rescence signal emerged, which was indicative of potent cata-
lytic activity (Fig. 5a). We also assessed the inuence of external
nucleophiles, such as glutathione (GSH),69 and common buffers
such as Phosphate-Buffered Saline (PBS), Dulbecco's Modied
Eagle Medium (DMEM), and Iscove's Modied Dulbecco's
Medium (IMDM).70 Elevating the GSH concentration resulted in
a slowdown in the Tsuji–Trost deallylation process, and we
suspected a possible partial deactivation of the catalyst when
high concentrations of GSH (>10 equivalents) were present in
the reaction media. Nevertheless, a signicant part of the
reactivity remained, even with 100 equivalents of GSH. When
the catalyst was incubated with DMEM and IMDM, most of the
catalytic activity was lost, indicating a possible deactivation of
the catalyst by some components of those cell culture media
(Fig. 5b). However, we found that using such media for cell
culture before incubation with the probe and the catalyst did
not prevent the catalytic deallylation reaction inside the cells
(vide infra). We also tested the cleavage of the DIPA-NcoumA
probe using various commercial palladium sources, including
Pd(0), Pd(II), monomers, and dimers (Fig. 5c). Our screening
began with common Pd(II) salts, such as Li2PdCl4, Pd(OAc)2,
PdCl2$(CH3CN)2, and PdCl2. These palladium sources showed
relatively low catalytic efficiency in the deallylation of DIPA-
NcoumA. Notably, PdCl2 exhibited the best performance among
these salts. The use of the bidentate ligand 1,10-bis(diphenyl-
phosphino)ferrocene (dppf) induced a slight increase in uo-
rescence intensity, which meant a more efficient deallylation
reaction. The employment of Pd(PPh3)2Cl2 led to a signicant
improvement in the release process. To explain this result, we
hypothesized that phosphine ligands could promote the acti-
vation of the precatalytic Pd(II) species through base-mediated
reduction, thus forming the active Pd(0) species.71,72 Using
Pd(PPh3)4 as a Pd(0) source gave a similar reaction rate. Another
well-known palladium precatalyst, (Xantphos)Pd(h3-allyl)Cl,73

exhibited a rapid release within the initial 30 minutes but
reached a lower plateau than that observed using Pd1/TFP
(Fig. S13†). This observation led us to speculate that the active
Pd(0) complex generated by the (Xantphos)Pd(h3-allyl)Cl pre-
catalyst might be less stable compared to that generated by the
Pd1/TFP catalytic system. Finally, we explored the activities of
two dimers, namely [Pd(allyl)Cl]2 and Herrmann's catalyst.74

Both dimers produced negative results, suggesting a lack of
Table 1 Summary of the kinetic parameters for deallylation of
NcoumA and DIPA-NcoumA

Probe TON TOF (h−1) k2 (M
−1 s−1)

NcoumA 0.7 1.4 0.42 � 0.04
DIPA-NcoumA 1.5 3.0 5.74 � 0.51

© 2024 The Author(s). Published by the Royal Society of Chemistry
active Pd(0) generation or a lack of Pd(0) stability under the
studied conditions, as no stabilizing ligand was employed in
those cases.

The newly developed caged probe DIPA-NcoumA also
exhibited positive release behaviors in SiHa cells (Fig. 6). The
uorescence intensity of the negative control, which was not
treated with Pd1/TFP, remained unchanged during 6 h of
incubation in SiHa cells. However, when Pd1/TFP were used,
a signicant increase in uorescence intensity was observed,
reaching a plateau aer 2 h. This demonstrated the successful
activation and cleavage of the caged probe in living cells, further
validating its utility for cellular imaging applications.

Our ndings suggested that the diisopropylamino group in
DIPA-NcoumA was responsible for an increase in the deal-
lylation kinetics. In an attempt to rationalize these results, we
proposed a catalytic cycle illustrating the likely inuence of the
diisopropylamino group on the Tsuji–Trost reaction (Scheme 3).
First, this group could act as a base, promoting the reduction of
the precatalyst Pd1 via a Heck-type reaction involving the allyl
moiety of the Alloc-type protecting group.34,75 The active Pd(0)
species thus released could then catalyze the Tsuji–Trost deal-
lylation reaction. Secondly, the amine function could make the
palladium centre more nucleophilic, leading to the acceleration
of the oxidative addition step. Furthermore, two distinct
RSC Adv., 2024, 14, 5492–5498 | 5495
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Fig. 6 (a) Pd1/TFP-catalyzed transformation of DIPA-NcoumA into
Ncoum in SiHa cells. (b) Bar diagram representation of fluorescence
intensity obtained at different time points in SiHa cells. Conditions:
DIPA-NcoumA (50 mM), incubation for 18 h, washing with PBS three
times, addition of Pd1 (20 mM) and TFP (40 mM), then fluorescence
measurements (lex= 342 nm, lem= 440 nm) at 37 °C every 0.5 h. Error
bars: ± SD from n = 3.

Scheme 3 Proposed mechanism for the Tsuji–Trost deallylation of
DIPA-NcoumA using Pd1/TFP as a catalyst. Compounds 1 and 6 were
detected by LC-MS (1 : 6 = 98 : 2).
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pathways were identied regarding the trapping of the p-allyl-
palladium intermediate. In the rst path, the diisopropylamino
group, acting as an internal nucleophile, could react with
intermediate 5 to yield both compound 1 and Ncoum. The
second path comes into play when water molecules serve as
external nucleophiles, leading to the formation of allylic alcohol
6 alongside Ncoum. LC-MS analysis unveiled the generation of
compounds 1 and 6 in a ratio of about 49 : 1, highlighting the
predominance of the rst path in the release process (Fig. S12†).
5496 | RSC Adv., 2024, 14, 5492–5498
The structure of the key cyclic compound 1 was conrmed by
1H-NMR and 1H–1H COSY experiments (Fig. S6 and S7†). In
summary, the internal diisopropylamino moiety, despite its
steric hindrance, is a much better nucleophile towards the p-
allylpalladium intermediate than water molecules, i.e., the
solvent. Such a result was anticipated because intramolecular
reactions are presumed to be faster than intermolecular ones,64

and water is a relatively weak nucleophile in Tsuji–Trost reac-
tions.76 Thus, the intramolecular nature of the p-allylpalladium
capture step is likely the primary reason for the improvement in
deallylation kinetics compared to the former probe NcoumA,
which does not include an internal nucleophilic function.

Conclusions

We studied three generations of coumarin-derived caged probes
bearing Alloc-type protecting groups. Through the intrinsic
instability of the second-generation probe DMA-NcoumA, we
deduced that the additional dimethylamino group was so
nucleophile that it could spontaneously attack the terminal
carbon–carbon double bond of the allyl carbamate moiety. The
third-generation probe DIPA-NcoumA incorporating a sterically
hindered diisopropylamino group addressed this issue. In other
words, enhancing the steric hindrance around the tertiary
amine allowed us to achieve a good compromise in nucleo-
philicity: this prevented the probe from spontaneously frag-
menting under physiological conditions while maintaining the
ability of this amine to intramolecularly trap a p-allylpalladium
electrophile.

From the rst-generation probe NcoumA to the third-
generation probe DIPA-NcoumA, the on/off ratio increased
four-fold. Meanwhile, the water solubility of DIPA-NcoumA was
better than that of NcoumA. Subsequently, we chose Pd1/TFP to
assess the reaction kinetics of the uncaging process. In this
context, the third-generation probe showed a higher release rate
than the rst-generation one in physiological conditions, which
was probably because its additional diisopropylamino group
can capture the p-allylpalladium intermediate in an intra-
molecular fashion, as demonstrated through LC-MS analysis.
Moreover, Pd1/TFP successfully promoted Tsuji–Trost deal-
lylation of DIPA-NcoumA in living cells. Those exciting results
proved that the newly designed compound DIPA-NcoumA was
a suitable and promising probe in bioorthogonal uncaging
chemistry. Moreover, we anticipate that the
diisopropylaminobenzyl-modied Alloc protecting group,
which was used in this study to protect 7-amino-4-
methylcoumarin, could be employed to mask other amines of
interest, thereby creating new caged uorescent probes or even
new prodrugs. Indeed, this protecting group is relatively
straightforward to install from a synthetic point of view (4
steps), stable in aqueous environment, and above all, easily
removable through palladium-catalyzed deallylation.
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Raphaël Frédérick: supervision, methodology, visualization,
writing –review & editing. Olivier Riant: supervision, method-
ology, visualization, writing – review & editing.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

We acknowledge the Institute of Condensed Matter and Nano-
sciences (IMCN) and Louvain Drug Research Institute (LDRI) in
UCLouvain, and the Fonds National de la Recherche Scienti-
que FNRS (MIS grant F.4513.18 for G. B.) for generous funding.
Yonghua Tan was supported through a PhD grant from the
China Scholarship Council (CSC, 201908320489) and François
Pierrard was supported through Fonds de la Recherche Scien-
tique (F. N. R. S., ASP fellowship, application numbers
40005969 & 40018024). Romain Marteau and Chiara Brustenga
are acknowledged for their guidance during the experiment
execution.

Notes and references

1 A. J. Link and D. A. Tirrell, J. Am. Chem. Soc., 2003, 125,
11164–11165.

2 A. Deiters, T. A. Cropp, M. Mukherji, J. W. Chin,
J. C. Anderson and P. G. Schultz, J. Am. Chem. Soc., 2003,
125, 11782–11783.

3 S. Lin, Z. Zhang, H. Xu, L. Li, S. Chen, J. Li, Z. Hao and
P. R. Chen, J. Am. Chem. Soc., 2011, 133, 20581–20587.

4 N. Li, R. K. Lim, S. Edwardraja and Q. Lin, J. Am. Chem. Soc.,
2011, 133, 15316–15319.

5 C. Besanceney-Webler, H. Jiang, T. Zheng, L. Feng,
D. Soriano del Amo, W. Wang, L. M. Klivansky,
F. L. Marlow, Y. Liu and P. Wu, Angew. Chem., Int. Ed.,
2011, 50, 8051–8056.

6 G. Chakraborti, R. Jana, T. Mandal, A. Datta and J. Dash, Org.
Chem. Front., 2021, 8, 2434–2441.

7 E. Saxon and C. R. Bertozzi, Science, 2000, 287, 2007–2010.
8 C. Bednarek, I. Wehl, N. Jung, U. Schepers and S. Brase,
Chem. Rev., 2020, 120, 4301–4354.

9 P. Vicennati, N. Bensel, A. Wagner, C. Creminon and
F. Taran, Angew. Chem., Int. Ed., 2005, 44, 6863–6866.

10 J. A. Prescher and C. R. Bertozzi,Nat. Chem. Biol., 2005, 1, 13–
21.

11 N. J. Agard, J. A. Prescher and C. R. Bertozzi, J. Am. Chem.
Soc., 2004, 126, 15046–15047.

12 J. C. Jewett and C. R. Bertozzi, Chem. Soc. Rev., 2010, 39,
1272–1279.

13 M. L. Blackman, M. Royzen and J. M. Fox, J. Am. Chem. Soc.,
2008, 130, 13518–13519.

14 N. K. Devaraj, R. Weissleder and S. A. Hilderbrand,
Bioconjugate Chem., 2008, 19, 2297–2299.

15 J. Li, S. Jia and P. R. Chen, Nat. Chem. Biol., 2014, 10, 1003–
1005.
© 2024 The Author(s). Published by the Royal Society of Chemistry
16 L. Chen, Y. Yang, F. Li, F. Jin, B. He and J. Yang, Org. Chem.
Front., 2023, 10, 4223–4229.

17 H. Sun, Q. Xue, C. Zhang, H. Wu and P. Feng, Org. Chem.
Front., 2022, 9, 481–498.

18 S. L. Scinto, D. A. Bilodeau, R. Hincapie, W. Lee,
S. S. Nguyen, M. Xu, C. W. Am Ende, M. G. Finn, K. Lang,
Q. Lin, J. P. Pezacki, J. A. Prescher, M. S. Robillard and
J. M. Fox, Nat. Rev. Methods Primers, 2021, 1, 30.

19 R. E. Bird, S. A. Lemmel, X. Yu and Q. A. Zhou, Bioconjugate
Chem., 2021, 32, 2457–2479.

20 N. K. Devaraj, ACS Cent. Sci., 2018, 4, 952–959.
21 M. Shen, Y. Wang, Y. Wang, Y. Zhou, J. Gu, X. Liu, J. Guo,

M. Ouyang, L. Deng and H. Xu, Org. Chem. Front., 2022, 9,
4654–4662.

22 J. Tu, M. Xu and R. M. Franzini, Chembiochem, 2019, 20,
1615–1627.

23 R. C. Brewster, E. Klemencic and A. G. Jarvis, J. Inorg.
Biochem., 2021, 215, 111317.

24 M. P. Tracey, D. Pham and K. Koide, Chem. Soc. Rev., 2015,
44, 4769–4791.

25 M. A. Miller, B. Askevold, H. Mikula, R. H. Kohler,
D. Pirovich and R. Weissleder, Nat. Commun., 2017, 8, 15906.

26 T. O. Carvalho, P. Carvalho, J. R. Correa, B. C. Guido,
G. A. Medeiros, M. N. Eberlin, S. E. Coelho, J. B. Domingos
and B. A. D. Neto, J. Org. Chem., 2019, 84, 5118–5128.

27 R. M. Yusop, A. Unciti-Broceta, E. M. Johansson,
R. M. Sanchez-Martin and M. Bradley, Nat. Chem., 2011, 3,
239–243.

28 J. Jiang, H. Jiang, W. Liu, X. Tang, X. Zhou, W. Liu and R. Liu,
Org. Lett., 2011, 13, 4922–4925.

29 J. Li, J. Yu, J. Zhao, J. Wang, S. Zheng, S. Lin, L. Chen,
M. Yang, S. Jia, X. Zhang and P. R. Chen, Nat. Chem., 2014,
6, 352–361.

30 J. Wang, S. Zheng, Y. Liu, Z. Zhang, Z. Lin, J. Li, G. Zhang,
X. Wang, J. Li and P. R. Chen, J. Am. Chem. Soc., 2016, 138,
15118–15121.

31 M. Martinez-Calvo, J. R. Couceiro, P. Destito, J. Rodriguez,
J. Mosquera and J. L. Mascarenas, ACS Catal., 2018, 8,
6055–6061.

32 J. Zhou, S. Xu, X. Dong, Z. Chen and W. Zhao, J. Photochem.
Photobiol., 2018, 355, 158–164.

33 J. Konc, V. Sabatino, E. Jimenez-Moreno, E. Latocheski,
L. R. Perez, J. Day, J. B. Domingos and G. J. L. Bernardes,
Angew. Chem., Int. Ed., 2022, 61, e202113519.

34 Y. Tan, M. Lefevre, F. Pierrard, M. Soetens, M. Shoueiry,
E. Yildiz, S. Ibanez, K. Ozkan, O. Feron, R. Frédérick and
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