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Abstract
Silicon-rhodamine (SiR) dyes are among the most important fluorophores for super-resolution imaging owing to their far-red emis-
sion, high photostability, and tunable lactone–zwitterion equilibrium. However, their broader application in targeted probe develop-
ment has been limited by the challenging synthesis of 5,6-carboxylated SiR derivatives, which are essential intermediates for bio-
conjugation. Here, we report a practical CO2-mediated strategy for the synthesis of 5,6-carboxylated SiRs from brominated SiR
precursors via lithium–halogen exchange and direct carboxylation. Using n-BuLi and readily available CO2, this method delivers
carboxylated SiR derivatives in 60–93% yields while avoiding the use of t-BuLi, toxic CO, and expensive palladium catalysts. In
addition, the crude carboxylation mixtures can be directly subjected to amide coupling without chromatographic purification,
enabling one-pot access to HaloTag-targeted SiR probes. The resulting probes were successfully applied to long-term live-cell
super-resolution imaging, allowing visualization of filopodial dynamics and mitochondrial remodeling. This work establishes a
concise and efficient route to functionalized SiR dyes and facilitates the rapid development of targeted SiR probes.
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Introduction
Rhodamine dyes, which enable fluorescence imaging in living
cells – a powerful technique for studying biological systems in
vivo [1,2] – have emerged as one of the most important fluoro-
phores for live-cell bioimaging [3-7] by virtue of their high
brightness, excellent photostability [8-10], and, most important-
ly, tunable lactone–zwitterion (L–Z) equilibrium [11-13]. This

distinctive feature enables controllable fluorescence switching
and fluorogenic responses, making rhodamines particularly
valuable for advanced imaging beyond the optical diffraction
limit [14-19]. Replacement of the conventional bridging oxygen
atom with silicon shifts the emission of rhodamines from red to
the far-red region (typically λem ≈ 650–670 nm) while retaining
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Figure 1: (a) Modular structure of spirocyclic rhodamines. (b) Conventional carboxylation strategies. (c) CO2-based direct carboxylation method de-
veloped in this work.

high brightness and excellent photostability [20-24]. As a result,
silicon-rhodamines (SiRs) have become the most practical
rhodamine scaffolds for live-cell imaging, benefiting from
reduced cellular autofluorescence and phototoxicity, together
with favorable cell permeability [25,26]. Johnsson and

co-workers further showed that SiRs can exist in a nonfluores-
cent spirolactone form, whereas target binding shifts the equi-
librium toward the fluorescent zwitterionic form, thereby gener-
ating a strong fluorogenic response (Figure 1a) [27-29]. This
behavior makes SiRs highly attractive as fluorogenic probes for
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precise super-resolution imaging by enabling target-specific
recognition and significantly improving signal-to-noise ratio
(SNR). In addition, hydroxymethyl-substituted SiR derivatives,
including HMSiR [30,31] and Aze-HMSiR [32-34], can
undergo spontaneous blinking and have become indispensable
tools for live-cell single-molecule localization microscopy
(SMLM), highlighting the versatility of SiR dyes in live-cell
imaging [35,36].

Building on this foundation, structural modification of SiR dyes
has evolved into a well-established molecular design frame-
work (Figure 1a). Conformational restriction and optimization
of amino substituents have been widely employed to enhance
brightness and photostability [8,37-39], whereas extension of
π-conjugation and electronic tuning have expanded the emis-
sion of SiR dyes from the far-red to the near-infrared region,
reaching up to 740 nm [21,22,40]. In addition, modulation of
the L–Z equilibrium through tuning of N-substituents has
enabled the development of fluorogenic and spontaneously
blinking SiR probes with finely controlled off–on behavior
[11,26,28,41]. However, despite the maturity of photophysical
optimization, the broader expansion of SiR chemistry is increas-
ingly constrained by the limited accessibility of 5,6-carboxyl-
ated SiR derivatives. The carboxy groups provide a general and
efficient handle for amide coupling with targeting ligands and
are therefore central to the construction of SiR-based probes, in-
cluding HaloTag, SNAP-tag, peptide-, and small-molecule-
conjugated derivatives [18,35]. The synthetic accessibility of
5,6-carboxylated SiRs has thus become a central bottleneck in
the diversification and broader application of SiR chemistry.

Traditional approaches to the synthesis of 5,6-carboxylated
SiRs generally rely on the prior installation of protected
carboxy-containing precursors (Figure 1b), followed by cycliza-
tion to construct the SiR framework and subsequent deprotec-
tion [41-44]. In these routes, the strong electron-withdrawing
effect of the carboxy substituent reduces substrate reactivity,
thereby diminishing the efficiency of the key ring-closing
step and often resulting in low overall yields [45]. Moreover,
these methods commonly rely on strongly basic conditions, par-
ticularly the use of highly reactive tert-butyllithium, which
further reduces their practical utility. In addition, the prepara-
tion of protected carboxy-group containing substrates is often
cumbersome [46], especially in the synthesis of (hydroxy-
methyl)rhodamine intermediates, thereby further increasing
synthetic complexity [41]. To overcome these limitations,
Butkevich developed an improved strategy based on brominat-
ed precursors [45]. Owing to the weaker electron-withdrawing
effect of bromine relative to carboxy groups, these precursors
exhibit higher reactivity and enable the construction of bromi-
nated SiR scaffolds in improved yields (60–70%) under milder

conditions. Subsequent Pd-catalyzed carbonylation using in
situ-generated CO then furnished the corresponding carboxyl-
ated SiRs in 50–90% yields. Although this approach significant-
ly improved synthetic efficiency, it still relies on specialized
setups for CO generation and expensive palladium catalysts,
thereby increasing operational complexity, safety concerns, and
overall cost.

Herein, inspired by the limitations of existing methods, we
report a direct CO2-mediated carboxylation strategy for the effi-
cient synthesis of 5,6-carboxylated SiR derivatives from bromi-
nated SiR precursors (Figure 1c). By introducing the classical
carboxylation of metallated aryl halides with CO2 into SiR
chemistry, this method enables the efficient conversion of bro-
minated SiRs into the corresponding carboxylated products
using n-BuLi and readily available CO2 under standard Schlenk
conditions. The target products are obtained in 60–93% yields
under relatively mild conditions. Compared with previous ap-
proaches, this strategy avoids the need for specialized appa-
ratus for in situ CO generation as well as expensive palladium
catalysts, thereby significantly reducing experimental complexi-
ty and synthetic cost. Importantly, the resulting carboxylated
SiR derivatives can be directly used in subsequent amidation
reactions with targeting ligands without column chromatogra-
phy, facilitating the rapid construction of high-performance
targeted fluorescent probes. Overall, this strategy provides a
straightforward, efficient, and practical synthetic route for the
functional derivatization of SiR dyes and the development of
targeted probes.

Results and Discussion
Synthesis of carboxy-substituted silicon-
rhodamine
Inspired by Butkevich’s work [45], we envisioned that carbox-
ylated SiRs might be accessed through brominated SiR interme-
diates, thereby avoiding the traditional multistep synthesis from
protected carboxylated precursors. Butkevich convincingly
demonstrated the generality of Pd-catalyzed carbonylation
conditions employing ex situ CO for the conversion of bromo-
oxorhodamines, carbo-rhodamines, and silicon-rhodamines into
their corresponding carboxylated forms. However, the opera-
tional complexity of these conditions may limit their practical
utility. In particular, the generation and handling of CO remain
major concerns because of its toxicity and limited accessibility
in standard synthetic laboratories. To address this limitation, we
explored a CO-free carboxylation strategy using CO2 as an
inexpensive, readily available, and non-toxic C1 source. In prin-
ciple, CO2 can serve as a carbonyl source through nucleophilic
addition followed by protonation to furnish the corresponding
carboxylic acid.
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Figure 2: (a) Direct carboxylation of brominated silicon-rhodamines 1a–c under n-BuLi/CO2. (b) Strategy for the one-pot functionalization of brominat-
ed silicon-rhodamines 1a–c to construct SiR–halo fluorescent probes 4a–c.

On the basis of this design (Figure 2a), brominated SiR precur-
sors 1a–c were treated with 2.5 equiv of n-BuLi in anhydrous
THF at −78 °C under a nitrogen atmosphere to generate the cor-
responding aryllithium intermediates, followed by introduction
of CO2 via a balloon. The reaction mixture was then allowed to
warm to room temperature and stirred overnight to ensure com-
plete trapping of the aryllithium intermediates by CO2. After
aqueous quenching and extraction, the crude products were
directly subjected to HPLC analysis.

To evaluate the generality of this strategy, three brominated SiR
precursors 1a–c, all accessible by reported procedures, were
selected as model substrates (Figure 3). Direct HPLC analysis
of the crude reaction mixtures at 640 nm revealed clear separa-
tion between substrates and products. The retention times of 1a,
1b, and 1c were 8.5, 7.5, and 7.4 min, respectively, whereas
those of the corresponding carboxylated products 3a, 3b, and 3c
were 5.2, 4.4, and 3.2 min, allowing unambiguous distinction
between starting materials and products. On the basis of peak
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Figure 3: (a–c) Conversion of three bromo-SiR precursors 1a–c in the CO2 carboxylation reaction and their corresponding HPLC results.

integration, products 3a, 3b, and 3c were obtained in 93%,
60%, and 77% yields, respectively. Compared with previously
reported routes, this protocol provides a simpler and safer ap-
proach to carboxylated SiR derivatives while delivering good to
excellent yields.

Sequential one-pot functionalization of
brominated silicon-rhodamine
In the carboxylation of 1b, a prominent side peak was observed
in addition to the desired product peak (Figure 3b). NMR (Sup-
porting Information File 1, Figure S17) and HRMS (Figure
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S24) analysis identified this side product as the uncarboxylated
rhodamine formed by lithium–halogen exchange followed by
protonation. This byproduct likely arises from protonation of
the aryllithium intermediate before efficient trapping by CO2,
possibly due to trace moisture or other proton sources in the
reaction system. Improving the CO2-trapping efficiency and
maintaining strictly anhydrous conditions may help suppress
this side reaction. Similar uncarboxylated rhodamine
byproducts were also present in the reaction mixtures of the
other two precursors, although in lower amounts. Importantly,
these species lack a carboxy group and therefore cannot partici-
pate in subsequent amide coupling reactions. Moreover,
although small amounts of these byproducts were formed,
they did not significantly interfere with the subsequent
reactions. Thus, the reaction mixtures could be extracted
with ethyl acetate and concentrated before being directly
subjected to amide coupling without chromatographic purifica-
tion.

To demonstrate the utility of this strategy for probe construc-
tion, we selected three representative SiR scaffolds 1a–c, which
were widely used in super-resolution imaging, for direct func-
tionalization with HaloTag ligands through a one-pot sequence
(Figure 2b). After treatment of compounds 1a–c with n-BuLi
and CO2, the reaction mixtures were extracted with ethyl
acetate and concentrated, and the resulting crude carboxylated
intermediates were directly subjected to amide coupling with
the HaloTag amine using HATU/DIPEA as the activation
system. This strategy afforded three high-performance fluores-
cent probes 4a, 4b, and 4c, in overall yields of 62%, 37%, and
46%, respectively. The absorption and emission spectra of 4a,
4b, and 4c (Figures S1–S3 in Supporting Information File 1)
showed characteristic SiR fluorescence with emission maxima
around 640 nm, making them suitable for far-red fluorescence
imaging. These results demonstrate that the present CO2-medi-
ated strategy provides a simple, safe, and efficient route to
carboxylated SiR derivatives and enables their rapid conversion
into targeted SiR probes.

Long-term live-cell super-resolution imaging
using one-pot-functionalized silicon-
rhodamine probes
Encouraged by the successful one-pot functionalization of
silicon-rhodamine scaffolds, we next evaluated the perfor-
mance of the resulting HaloTag-targeted SiR probes in long-
term super-resolution imaging. Among them, probes 4a and 4b,
corresponding to HMSiR-Halo and AzeHMSiR-Halo origi-
nally reported by the Urano and Xu groups [30,32-34], respec-
tively, are widely used fluorophores for single-molecule
imaging because of their excellent spontaneous blinking proper-
ties. Accordingly, the two probes obtained through our one-pot

strategy were first examined by single-molecule localization
microscopy (SMLM) imaging (Figure 4).

Lifeact-HaloTag, H2B-HaloTag, and TOMM20-HaloTag fusion
proteins were transiently expressed in HeLa cells to label actin
filaments, the nucleus, and the mitochondrial outer membrane,
respectively. Both 4a and 4b enabled high-quality super-resolu-
tion imaging of these distinct subcellular structures (Figure 4a),
with localization precisions ranging from 24 to 46 nm
(Figure 4b). In the reconstructed SMLM images, both probes
clearly resolved microfilament structures with high localization
precision. Probe 4b exhibited a localization precision of
24.9 nm due to its high brightness, superior to that of 4a
(45.9 nm). In addition, filopodia displayed a width of 69.4 nm
in the SMLM images, whereas the corresponding width
measured by wide-field (WF) imaging was 348.8 nm (Figure S4
in Supporting Information File 1), further demonstrating the
excellent performance of these probes in super-resolution
imaging.

On the basis of its superior localization precision, compound 4b
was further used to investigate microfilament dynamics by
long-term live-cell SMLM imaging (Figure 4c). Segmental
reconstruction using continuously acquired image sequences
enabled real-time tracking of filopodial growth and wiggling
dynamics (Figure 4d). During the first 0–160 s, the filopodium
indicated by the blue arrow underwent slight retraction, fol-
lowed by gradual extension. Its length increased from 6.03 μm
to 11.16 μm over the subsequent approximately 240 s (Figure
S5 in Supporting Information File 1). In addition, the
filopodium labeled by the orange arrow exhibited a pronounced
wiggling process, with the angle between the filopodium and
the cell membrane edge increasing from 50° to 95° (Figure S6
in Supporting Information File 1). This demonstrates that com-
pound 4b is suitable for long-term dynamic super-resolution
imaging.

Compound 4c is a practical fluorogenic HaloTag probe for live-
cell imaging. In previous studies, HaloTag-compatible
rhodamine probes have been used to visualize a variety of intra-
cellular proteins, including histone H2B, Sox2, vimentin,
clathrin, and ensconsin [15,16,39], underscoring the broad
utility of this labeling strategy for protein-specific imaging.
Subsequently, the 4c probe obtained through our one-pot
strategy was applied to SIM imaging of multiple subcellular
structures, including actin filaments, nucleus, and mitochondria
(Figure 5a). Long-term live-cell imaging of mitochondria over
20 min was successfully performed, revealing pronounced
temporal remodeling of the mitochondrial network, including
recurrent twine-unfasten events (Figure 5b). Specifically, at
20 s, two neighboring mitochondria marked by the white arrow
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Figure 4: SMLM imaging of different organelles in live HeLa cells stained with 4a and 4b (150 nM). (a) SMLM and wide-field images of actin labeled
with Lifeact-HaloTag fusion protein, nucleus labeled with H2B-HaloTag fusion protein, and mitochondria labeled with TOMM20-HaloTag fusion protein.
(b) Average localization precisions of 4a and 4b for different organelles. (c) Long-term SMLM imaging of actin with 4b in live HeLa cells. (d) Schematic
diagram of filopodia growth and wiggling process in (c). Scale bars: 5.0 μm.
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Figure 5: SIM imaging of different organelles in live HeLa cells stained with 4c (200 nM). (a) SIM images of actin labeled with Lifeact-HaloTag fusion
protein, nucleus labeled with H2B-HaloTag fusion protein, and mitochondria labeled with TOMM20-HaloTag fusion protein. (b) Long-term SIM imaging
of mitochondria with 4c in live HeLa cells. Scale bars: 5.0 μm.

were in a twined state. By 490 s, they gradually unfastened, fol-
lowed by further separation at 510 s. At 570 s, the twined state
reappeared, whereas at 900 s, a clearly unfastened state was
again observed, followed by gradual re-twining. These observa-
tions demonstrate the reversible and highly dynamic nature of
mitochondrial twine-unfasten behavior and highlight the utility
of 4c for long-term dynamic super-resolution imaging.

Conclusion
In conclusion, we have developed a practical CO2-mediated
strategy for the synthesis of 5,6-carboxylated silicon-rhodamine
(SiR) derivatives from brominated SiR precursors via
lithium–halogen exchange and direct carboxylation. This
method enables efficient access to carboxylated SiRs under
mild conditions while avoiding the use of t-BuLi, toxic CO, and
expensive palladium catalysts. The crude carboxylation mix-
tures can be directly advanced to amide coupling without chro-
matographic purification, allowing streamlined one-pot con-
struction of functionalized SiR probes. Using this approach,
several high-performance probes were readily prepared and suc-
cessfully applied to long-term live-cell super-resolution

imaging. Overall, this work improves the synthetic accessibility
of functionalized SiR dyes and provides a concise and versatile
platform for the rapid development of targeted super-resolution
probes.
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Experimental details and characterization of compounds by
NMR and ESIMS.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-22-72-S1.pdf]

Funding
This work is supported by the National Natural Science Foun-
dation of China (22541705, U25A20620, 22225806, 22522816,
22578443, 22378385, 22278394, 22507121, and 22508383);
the Chinese Academy of Sciences Project for Young Scientists
in Basic Research Grant No.YSBR-104; the Energy Revolution

https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-22-72-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-22-72-S1.pdf


Beilstein J. Org. Chem. 2026, 22, 915–924.

923

S&T Program of Yulin Innovation Institute of Clean Energy,
Grant No.E412050705; the Liaoning Binhai Laboratory
(LBLD-2024-07); the Dalian Institute of Chemical Physics
(DICPI202436, DICP&SIA UN202502, DMU-1&DICP
UN202301, DMU-1&DICP UN202301, and DMU-2&DICP
UN202502); the Natural Science Foundation of Liaoning
(2025-MS-061 and 2025-BS-0147); and the Dalian Science and
Technology Innovation Fund Program (2022JJ11CG007).

Author Contributions
Dongjie Hou: conceptualization; data curation; formal analysis;
investigation; writing – original draft. Shaowei Wu: data cura-
tion; investigation. Ning Xu: data curation; investigation.
Pengjun Bao: data curation; investigation. Wenhao Jia: data
curation. Qinglong Qiao: conceptualization; funding acquisi-
tion; project administration; supervision; writing – original
draft; writing – review & editing. Zhaochao Xu: conceptualiza-
tion; funding acquisition; project administration; supervision;
writing – review & editing.

ORCID® iDs
Zhaochao Xu - https://orcid.org/0000-0002-2491-8938

Data Availability Statement
All data that supports the findings of this study is available in the published
article and/or the supporting information of this article.

References
1. Kim, H. N.; Lee, E.-H.; Xu, Z.; Kim, H.-E.; Lee, H.-S.; Lee, J.-H.;

Yoon, J. Biomaterials 2012, 33, 2282–2288.
doi:10.1016/j.biomaterials.2011.11.073

2. Qiao, Q.; Zhao, M.; Lang, H.; Mao, D.; Cui, J.; Xu, Z. RSC Adv. 2014,
4, 25790–25794. doi:10.1039/c4ra03725a

3. Wang, L.; Du, W.; Hu, Z.; Uvdal, K.; Li, L.; Huang, W.
Angew. Chem., Int. Ed. 2019, 58, 14026–14043.
doi:10.1002/anie.201901061

4. Zhang, J.; Shi, H.; Huang, C.; Mei, L.; Guo, Q.; Cheng, K.; Wu, P.;
Su, D.; Chen, Q.; Gan, S.; Chan, C. K. W.; Shi, J.; Chen, J. L.;
Choi, C. H. J.; Yao, S. Q.; Chen, X.-K.; Tang, B. Z.; He, J.; Sun, H.
ACS Nano 2023, 17, 3632–3644. doi:10.1021/acsnano.2c10467

5. Zeng, S.; Liu, X.; Kafuti, Y. S.; Kim, H.; Wang, J.; Peng, X.; Li, H.;
Yoon, J. Chem. Soc. Rev. 2023, 52, 5607–5651.
doi:10.1039/d2cs00799a

6. Tao, Y.; Pan, J.; Yin, W.; Qiao, Q.; Xu, Z. Chin. Chem. Lett. 2026, 37,
112611. doi:10.1016/j.cclet.2026.112611

7. Liu, W.; Chen, J.; Qiao, Q.; Liu, X.; Xu, Z. Chin. Chem. Lett. 2022, 33,
4943–4947. doi:10.1016/j.cclet.2022.03.121

8. Grimm, J. B.; English, B. P.; Choi, H.; Muthusamy, A. K.; Mehl, B. P.;
Dong, P.; Brown, T. A.; Lippincott-Schwartz, J.; Liu, Z.; Lionnet, T.;
Lavis, L. D. Nat. Methods 2016, 13, 985–988. doi:10.1038/nmeth.4034

9. Ye, Z.; Yang, W.; Wang, C.; Zheng, Y.; Chi, W.; Liu, X.; Huang, Z.;
Li, X.; Xiao, Y. J. Am. Chem. Soc. 2019, 141, 14491–14495.
doi:10.1021/jacs.9b04893

10. Jiang, G.; Ren, T.-B.; D’Este, E.; Xiong, M.; Xiong, B.; Johnsson, K.;
Zhang, X.-B.; Wang, L.; Yuan, L. Nat. Commun. 2022, 13, 2264.
doi:10.1038/s41467-022-29547-3

11. Wang, L.; Tran, M.; D’Este, E.; Roberti, J.; Koch, B.; Xue, L.;
Johnsson, K. Nat. Chem. 2020, 12, 165–172.
doi:10.1038/s41557-019-0371-1

12. Chi, W.; Qi, Q.; Lee, R.; Xu, Z.; Liu, X. J. Phys. Chem. C 2020, 124,
3793–3801. doi:10.1021/acs.jpcc.9b11673

13. Deng, F.; Sun, D.; Yang, S.; Huang, W.; Huang, C.; Xu, Z.; Liu, L.
Spectrochim. Acta, Part A 2022, 268, 120662.
doi:10.1016/j.saa.2021.120662

14. Wang, Y.; Wang, X.; Ma, W.; Lu, R.; Zhou, W.; Gao, H. Chemosensors
2022, 10, 399. doi:10.3390/chemosensors10100399

15. Si, D.; Li, Q.; Bao, Y.; Zhang, J.; Wang, L. Angew. Chem., Int. Ed.
2023, 62, e202307641. doi:10.1002/anie.202307641

16. Wang, N.; Wang, T.; Fan, M.; Li, C.; Tian, Y.; Cui, X. Aggregate 2025,
6, e70077. doi:10.1002/agt2.70077

17. Pham, L. D.; Hight, M. O.; Wang, G.; Pimentel, A. E.; Haque, L.;
Su, T. A. J. Am. Chem. Soc. 2025, 147, 39340–39350.
doi:10.1021/jacs.5c11150

18. Wu, S.; Hou, D.; Qiao, Q.; Xu, Z. Chem. Soc. Rev. 2026, 55,
1935–1953. doi:10.1039/d5cs01304f

19. Zhou, W.; Fang, X.; Qiao, Q.; Jiang, W.; Zhang, Y.; Xu, Z.
Chin. Chem. Lett. 2021, 32, 943–946. doi:10.1016/j.cclet.2021.02.003

20. Koide, Y.; Urano, Y.; Hanaoka, K.; Terai, T.; Nagano, T.
ACS Chem. Biol. 2011, 6, 600–608. doi:10.1021/cb1002416

21. Koide, Y.; Urano, Y.; Hanaoka, K.; Terai, T.; Nagano, T.
J. Am. Chem. Soc. 2011, 133, 5680–5682. doi:10.1021/ja111470n

22. Koide, Y.; Urano, Y.; Hanaoka, K.; Piao, W.; Kusakabe, M.; Saito, N.;
Terai, T.; Okabe, T.; Nagano, T. J. Am. Chem. Soc. 2012, 134,
5029–5031. doi:10.1021/ja210375e

23. Lesiak, L.; Dadina, N.; Zheng, S.; Schelvis, M.; Schepartz, A.
ACS Cent. Sci. 2024, 10, 19–27. doi:10.1021/acscentsci.3c01173

24. Zhou, X.; Miao, L.; Zhou, W.; Qiao, Q.; Xu, Z. Chin. Chem. Lett. 2025,
36, 110984. doi:10.1016/j.cclet.2025.110984

25. Myochin, T.; Hanaoka, K.; Iwaki, S.; Ueno, T.; Komatsu, T.; Terai, T.;
Nagano, T.; Urano, Y. J. Am. Chem. Soc. 2015, 137, 4759–4765.
doi:10.1021/jacs.5b00246

26. Zheng, Q.; Ayala, A. X.; Chung, I.; Weigel, A. V.; Ranjan, A.; Falco, N.;
Grimm, J. B.; Tkachuk, A. N.; Wu, C.; Lippincott-Schwartz, J.;
Singer, R. H.; Lavis, L. D. ACS Cent. Sci. 2019, 5, 1602–1613.
doi:10.1021/acscentsci.9b00676

27. Wang, L.; Frei, M. S.; Salim, A.; Johnsson, K. J. Am. Chem. Soc. 2019,
141, 2770–2781. doi:10.1021/jacs.8b11134

28. Lardon, N.; Wang, L.; Tschanz, A.; Hoess, P.; Tran, M.; D’Este, E.;
Ries, J.; Johnsson, K. J. Am. Chem. Soc. 2021, 143, 14592–14600.
doi:10.1021/jacs.1c05004

29. Kompa, J.; Bruins, J.; Glogger, M.; Wilhelm, J.; Frei, M. S.;
Tarnawski, M.; D’Este, E.; Heilemann, M.; Hiblot, J.; Johnsson, K.
J. Am. Chem. Soc. 2023, 145, 3075–3083. doi:10.1021/jacs.2c11969

30. Uno, S.-n.; Kamiya, M.; Yoshihara, T.; Sugawara, K.; Okabe, K.;
Tarhan, M. C.; Fujita, H.; Funatsu, T.; Okada, Y.; Tobita, S.; Urano, Y.
Nat. Chem. 2014, 6, 681–689. doi:10.1038/nchem.2002

31. Werther, P.; Yserentant, K.; Braun, F.; Kaltwasser, N.; Popp, C.;
Baalmann, M.; Herten, D.-P.; Wombacher, R. Angew. Chem., Int. Ed.
2020, 59, 804–810. doi:10.1002/anie.201906806

32. Qiao, Q.; Song, A.; An, K.; Xu, N.; Jia, W.; Ruan, Y.; Bao, P.; Tao, Y.;
Zhang, Y.; Wang, X.; Xu, Z. Angew. Chem., Int. Ed. 2025, 64,
e202417469. doi:10.1002/anie.202417469

https://orcid.org/0000-0002-2491-8938
https://doi.org/10.1016%2Fj.biomaterials.2011.11.073
https://doi.org/10.1039%2Fc4ra03725a
https://doi.org/10.1002%2Fanie.201901061
https://doi.org/10.1021%2Facsnano.2c10467
https://doi.org/10.1039%2Fd2cs00799a
https://doi.org/10.1016%2Fj.cclet.2026.112611
https://doi.org/10.1016%2Fj.cclet.2022.03.121
https://doi.org/10.1038%2Fnmeth.4034
https://doi.org/10.1021%2Fjacs.9b04893
https://doi.org/10.1038%2Fs41467-022-29547-3
https://doi.org/10.1038%2Fs41557-019-0371-1
https://doi.org/10.1021%2Facs.jpcc.9b11673
https://doi.org/10.1016%2Fj.saa.2021.120662
https://doi.org/10.3390%2Fchemosensors10100399
https://doi.org/10.1002%2Fanie.202307641
https://doi.org/10.1002%2Fagt2.70077
https://doi.org/10.1021%2Fjacs.5c11150
https://doi.org/10.1039%2Fd5cs01304f
https://doi.org/10.1016%2Fj.cclet.2021.02.003
https://doi.org/10.1021%2Fcb1002416
https://doi.org/10.1021%2Fja111470n
https://doi.org/10.1021%2Fja210375e
https://doi.org/10.1021%2Facscentsci.3c01173
https://doi.org/10.1016%2Fj.cclet.2025.110984
https://doi.org/10.1021%2Fjacs.5b00246
https://doi.org/10.1021%2Facscentsci.9b00676
https://doi.org/10.1021%2Fjacs.8b11134
https://doi.org/10.1021%2Fjacs.1c05004
https://doi.org/10.1021%2Fjacs.2c11969
https://doi.org/10.1038%2Fnchem.2002
https://doi.org/10.1002%2Fanie.201906806
https://doi.org/10.1002%2Fanie.202417469


Beilstein J. Org. Chem. 2026, 22, 915–924.

924

33. Qiao, Q.; Song, A.; Jiang, G.; Zhou, Y.; Ruan, Y.; Jia, W.; Liu, X.;
Xu, Z. Angew. Chem., Int. Ed. 2025, 64, e202503177.
doi:10.1002/anie.202503177

34. Song, A.; Qiao, Q.; Xu, N.; Ruan, Y.; Jia, W.; Wang, X.; Xu, Z.
Chin. Chem. Lett. 2025, 36, 110643. doi:10.1016/j.cclet.2024.110643

35. Chi, W.; Tan, D.; Qiao, Q.; Xu, Z.; Liu, X. Angew. Chem., Int. Ed. 2023,
62, e202306061. doi:10.1002/anie.202306061

36. Ohno, H.; Sasaki, E.; Yamada, S.; Hanaoka, K. Org. Biomol. Chem.
2024, 22, 3099–3108. doi:10.1039/d4ob00130c

37. Grimm, J. B.; Muthusamy, A. K.; Liang, Y.; Brown, T. A.; Lemon, W. C.;
Patel, R.; Lu, R.; Macklin, J. J.; Keller, P. J.; Ji, N.; Lavis, L. D.
Nat. Methods 2017, 14, 987–994. doi:10.1038/nmeth.4403

38. Fang, X.; Qiao, Q.; Li, Z.; Li, H.-K.; Huang, Y.; Hou, D.; Chen, J.;
Xu, N.; An, K.; Jiang, W.; Tao, Y.; Bao, P.; Zhang, Y.; Wu, Z.; Liu, X.;
Xu, Z. J. Am. Chem. Soc. 2025, 147, 22253–22267.
doi:10.1021/jacs.5c08833

39. Xu, N.; Qiao, Q.; Wang, C.; Zhou, W.; Bao, P.; Li, J.; Wu, S.; Liu, X.;
Xu, Z. Angew. Chem., Int. Ed. 2025, 64, e202505579.
doi:10.1002/anie.202505579

40. Deng, F.; Xu, Z. Chin. Chem. Lett. 2019, 30, 1667–1681.
doi:10.1016/j.cclet.2018.12.012

41. Chi, W.; Qiao, Q.; Wang, C.; Zheng, J.; Zhou, W.; Xu, N.; Wu, X.;
Jiang, X.; Tan, D.; Xu, Z.; Liu, X. Angew. Chem., Int. Ed. 2020, 59,
20215–20223. doi:10.1002/anie.202010169

42. Wang, B.; Chai, X.; Zhu, W.; Wang, T.; Wu, Q. Chem. Commun. 2014,
50, 14374–14377. doi:10.1039/c4cc06178k

43. Butkevich, A. N.; Belov, V. N.; Kolmakov, K.; Sokolov, V. V.;
Shojaei, H.; Sidenstein, S. C.; Kamin, D.; Matthias, J.; Vlijm, R.;
Engelhardt, J.; Hell, S. W. Chem. – Eur. J. 2017, 23, 12114–12119.
doi:10.1002/chem.201701216

44. Bucevičius, J.; Gilat, T.; Lukinavičius, G. Chem. Commun. 2020, 56,
14797–14800. doi:10.1039/d0cc06759h

45. Butkevich, A. N. Org. Lett. 2021, 23, 2604–2609.
doi:10.1021/acs.orglett.1c00512

46. Lee, S.; Chung, C. Y.-S.; Liu, P.; Craciun, L.; Nishikawa, Y.;
Bruemmer, K. J.; Hamachi, I.; Saijo, K.; Miller, E. W.; Chang, C. J.
J. Am. Chem. Soc. 2020, 142, 14993–15003.
doi:10.1021/jacs.0c05727

License and Terms
This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is
identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of
material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.22.72

https://doi.org/10.1002%2Fanie.202503177
https://doi.org/10.1016%2Fj.cclet.2024.110643
https://doi.org/10.1002%2Fanie.202306061
https://doi.org/10.1039%2Fd4ob00130c
https://doi.org/10.1038%2Fnmeth.4403
https://doi.org/10.1021%2Fjacs.5c08833
https://doi.org/10.1002%2Fanie.202505579
https://doi.org/10.1016%2Fj.cclet.2018.12.012
https://doi.org/10.1002%2Fanie.202010169
https://doi.org/10.1039%2Fc4cc06178k
https://doi.org/10.1002%2Fchem.201701216
https://doi.org/10.1039%2Fd0cc06759h
https://doi.org/10.1021%2Facs.orglett.1c00512
https://doi.org/10.1021%2Fjacs.0c05727
https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.22.72

	Abstract
	Introduction
	Results and Discussion
	Synthesis of carboxy-substituted silicon-rhodamine
	Sequential one-pot functionalization of brominated silicon-rhodamine
	Long-term live-cell super-resolution imaging using one-pot-functionalized silicon-rhodamine probes

	Conclusion
	Supporting Information
	Funding
	Author Contributions
	ORCID iDs
	Data Availability Statement
	References

