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1. Introduction 

1.1. Summary of the publication 

A previous review “In Vivo Catalyzed New-to-Nature Reaction” published by the Ward group included 

the advances in bioorthogonal transformations inside living cells and organisms by mid-2017.1 The 

review reproduced below “Bioorthogonal strategies for the in vivo synthesis or release of drugs” 

summarizes the key achievements in this field from 2017 to 2021 and underlines the importance of 

biocompatible metal catalysts as elements of the anticancer therapy. The range of active catalytic metal 

species used to carry out new-to-nature reactions on cells and tissues has grown significantly. At the 

same time, the toolkit of protecting groups and modalities used for the drug caging-uncaging, as well as 

the targeted delivery of prodrugs to diseased cells, has also been expanded. 

Bioorthogonal catalysts can be divided into two classes: heterogeneous and homogeneous. The 

indisputable advantages of heterogeneous catalysts include their stability in cells and living organisms. 

This makes it possible to achieve high TONs and, consequently, high concentrations of bioactive 

molecules upon selective uncaging of cytotoxins in tumors. For example, the Unciti-Broceta group in 

2018 reported the first clinically-relevant result for the release of doxorubicin in an animal model 

(zebrafish). Resin nanoparticles (NPs) loaded with Pd were implanted in an animal body and then used 

for the depropargylation of the caged drug in vivo. Subsequently, this approach was significantly 

extended to other metals and prodrugs. In addition to Pd- and Au-catalyzed depropargylation, it is also 

worth noting significant achievements in the field of bioorthogonal catalysis by groups: Gu (deallylation 

by Pd-coated TiO2 in mice), Qu (enantioselective hydrogenation by neutrophil-coated silica NPs 

embedded with Pd and chiral alkaloids in mice , Suzuki-Miyaura cross coupling by photosensitive Pd-

loaded silica NPs in HeLa cells, azide-alkyne cycloaddition by Cu-loaded MOFs in C.elegans.), 

Weissleder (Heck reaction and deallylation by Pd(II) complex encapsulated in polymer NPs in mice), 

Palmans (depropargylation and deallylation by Pd(II) and Cu(I) in single-chain NPs in HeLa cells), 

Mascareñas (depropargylation by Pd-loaded hollow silica spheres and MOFs), Pané (depropargylation 

by Fe-Pd-nanowires in mice), Zhang (azide-alkyne cycloaddition by Cu-loaded lipoic acid NPs in HeLa 

cells), Rotello (azide reduction by Fe-loaded polyzymes in bacteria biofilms). 

Despite the clear advantages of the above catalytic systems, their use is limited by the need to accurately 

implant a heterogeneous catalyst in the tumor region, which is not always possible (for example, for 

metastatic cancers). In addition, the high stability of these catalysts can become a disadvantage if the 

drug needs to be released to treat another tumor. 

Homogeneous transition metal catalysis aims to overcome these limitations due to the potential for the 

precise targeted delivery of the cofactor to the surface or into cancer cells. In addition, the possibility of 

modifying the first coordination sphere of the metal opens up possibilities for fine tuning the properties 

of the catalyst (activity, selectivity). Thus, the Lin, Chen, and Davis groups used water-soluble 

palladium salts for a previously undescribed Sonogashira reaction in addition to Suzuki-Miyaura 

reaction in E. coli, Shigella, and HEK293 cells. Bernardes et al. demonstrated the applicability of a 

bioorthogonal approach to drug release from antibody-drug conjugates using Pd(cod)Cl2. 

The most innovative modalities have been developed for water-soluble gold complexes. Thus, 

Mascareñas and coworkers demonstrated the intramolecular hydroarylation leading to a highly 
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fluorescent product formation in HeLa cells. Tanaka and coworkers developed a new protecting group 

for amines (2-alkynylbenzamide, Ayba). Despite limited reactivity in vivo, this group is specifically 

cleaved only by gold complexes and is not reactive for other metal catalysts, which has been 

demonstrated in various cell lines. The same group developed an HSA-specific cofactor for catalytic 

hydroamination, which demonstrated an unprecedented efficiency (211 TON) in the presence of cell 

components. 

Ruthenium is another promising metal for in vivo catalysis. The Mascareñas group demonstrated the 

orthogonality of Au-catalyzed hydroarylation and Ru-catalyzed deallylation in HeLa cells. The same 

group then showed that deallylation catalysts also catalyze [2+2+2]-cycloadditions both in intra- and 

intermolecular manners. Ru(IV) complexes have also been found to promote isomerization of allyl 

alcohols to ketones giving fluorescent products. 

Ward and coworkers developed artificial metathesases for ring-closing metathesis of diolefins, which 

was further expanded by Tanaka group in the synthesis of an anticancer drug. The Ru-cofactor bound 

to glycosylated HAS significantly reduced viability of various cells lines by cyclization of umbelliprenin 

precursor. 

In vivo RCM was further expanded by Ward and coworkers. A Ru-cleavable diolefin protecting group 

can be used for caging of various functional groups for a wide range of bioactive molecules. 

Other metals were also used for homogeneous bioorthogonal catalysis by groups: Chen 

(depropargylation of ADCs by Cu(I)BTTAA), Do (transfer hydrogenation by IrCp* complexes in 

NIH-3T3), Sadler (perturbation of the redox homeostasis of cells by Ru(II), Os(II), Ir(III) complexes), 

Bernardes (pentynoyl cleavage from ADCs by Pt(II) complexes in HeLa cells and zebrafish). 

Many of the bioorthogonal reactions mentioned have not been applied to drug release but have only 

been tested on fluorogenic substrates in cells. Despite this, these findings provide an innovative arsenal 

with great potential. Optimizing existing methods and developing new ones could lead to breakthroughs 

in new therapies for cancer and other diseases. 
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1.2. Manuscript Reprint 
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2. Objectives of This Thesis 

Since the discovery of Ru-catalyzed deallylation as a biocompatible new-to-nature reaction, the topic of 

bioorthogonality has been constantly growing. Several thousand publications in less than 20 years have 

demonstrated a wide variety of methods for activating fluorogenic and anticancer agents in cells and 

living organisms. However, the problem of precise targeted delivery and release of drugs has only been 

partially addressed using heterogeneous catalysts or ADCs. Homogeneous catalysts, as well as low-

molecular delivery-vehicles, have not yet found application in this area. 

Thus, this work aims to develop approaches to anticancer therapy, using bioorthogonal uncaging of a 

prodrug specifically on cancer cells. Known deallylation catalysts must be modified with selective 

binders to create metal cofactors for cancer-specific membrane proteins. In this work, we propose the 

synthesis of such metal complexes, as well as a test of their ability to a) discriminate against cancer cells 

in the presence of healthy ones, b) activate the prodrug. We also aim to design and synthesize a library 

of caged drugs to reduce the vital properties of diseased cells upon protecting-group cleavage. 

The Ward group has a wealth of experience with other bioorthogonal reactions. In particular, the group 

demonstrated the first example of Ru-mediated olefin metathesis in vivo. However, at the start of this 

project, this reaction had never been used to activate prodrugs. Thus, another objective of this work is 

to design and develop substrates for in vivo ring-closing metathesis as the most promising intramolecular 

Ru-catalyzed reaction. We aim to assess RCM of prodrugs on different cell lines in the presence of 

water-soluble Hoveyda-Grubbs-like catalysts. The activation of fluorogenic substrates will be assessed 

by fluorescence spectroscopy and high-resolution microscopy. 

Cancer cell proteins as scaffolds for ArMs have a strictly determined structure and, therefore, have 

limited functionality and selectivity. However, other proteins (streptavidin, HSA, and others) that can 

be modified by existing methods of protein engineering have been used to catalyze highly efficient and 

selective new-to-nature reactions. Another goal of this work is to expand the catalytic possibilities of 

artificial metathesases by rational design and directed evolution of protein scaffolds. In collaboration 

with Prof. David Baker (University of Washington), we set out to create a fully engineered artificial 

metalloenzyme based on de novo protein. The resulting ArMs will be optimized by directed evolution 

to increase regio-, enantio-, atropo- and other selectivities of RCM. 



Results and Discussion. Deallylation project 

18 

3. Results and Discussion 

3.1. Deallylation project 

Bioorthogonal activation of a prodrug on cells 

This introduction details the application of bioorthogonal catalysis for in vivo drug and fluorophore 

release. The range of metals, ligands, and prodrugs used for cell and animal experiments is expanding 

every year. Despite the great potential of this approach in cancer therapy, to date, none of the developed 

methods has completed all clinical trials and has not been approved by the FDA. One of the most 

effective ways to activate caged prodrugs is heterogeneous Pd- and Au-catalysis, developed by, among 

others, the Unciti-Broceta group. Following implantation in mice and zebrafish, nanoparticles  

loaded with metal ions, catalyze the deallylation and depropargylation of many caged drugs and 

fluorophores.2–4 In this case, the challenge of selective drug delivery is circumvented by the precise 

implantation of a heterogeneous catalyst at the tumor site, where it remains active for several months. 

Obviously, there are several other approaches towards tumor-specific drug delivery. One of the most 

relevant methods for targeting small molecules is the use of monoclonal antibodies as delivery vehicles 

in antibody-drug conjugates (ADCs). Antibodies specifically bind to membrane-bound proteins of 

cancer cells, after which the active molecule is released. Although the FDA has approved the use of 12 

ADCs to date, this approach has several drawbacks: 

1) Cancer cells can develop resistance to ADC in the same way as to other therapies. 

2) Due to their large size, antibodies have low kinetics and cannot penetrate deep into the tumor. 

3) Antibodies may trigger an immune response in the patient. 

To overcome these challenges, antibodies can be loaded with drugs with orthogonal mechanisms of 

action. In particular, mutant antibodies containing selenocysteine for orthogonal conjugation of different 

drugs to one carrier have been developed but not yet validated in clinical trials investigated.  

Also under development are peptide- and small molecule-drug conjugates that target cell-surface 

markers: integrins, membrane receptors, and others. Peptides and small molecules have the advantage 

of lower immunogenicity and improved tissue penetration, but they have poor pharmacokinetic 

properties (shorter half-life relative to ADCs). A small number of peptide- and small molecule-drug 

conjugates are currently in late-stage clinical trials. 

By combining several established strategies of targeted drug-delivery and bioorthogonal catalysis, we 

propose an alternative approach to discriminate cancer from healthy cells, thus enabling a more precise 

cancer therapy. 

Using small molecules – inhibitors or antagonists of cancer cell-membrane proteins – as delivery 

vehicles, we aim to label cancer cells with a bioorthogonal cofactor. In contrast, healthy cells should 

accumulate less cofactor as these display lower levers of the targeted cell-membrane proteins. Upon 

addition of a caged drug, the cofactor-catalyzed uncaging leads to the site-specific release of the uncaged 

drug, thereby deploying its action in the proximity of the cancer cells. 

There are many cancer-specific membrane proteins. These include: i) human epidermal growth factor 

receptor 2 (HER2), ii) vascular endothelial growth factor receptors (VEGFRs), iii) epidermal growth 
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factor receptor (EGFR), iv) fibroblast activation protein (FAP), v) epithelial cell adhesion molecule 

(EpCAM), vi) human carbonic anhydrase IX (hCAIX) and many others. For each of them, low-

molecular agonists and antagonists have been developed. These can potentially be used as an anchor to 

accumulate metal cofactors which catalyze the bioorthogonal uncaging of highly potent anti-cancer 

drugs. 

As surface-displayed protein, we selected the cancer-specific variant of the human carbonic anhydrase 

(hCAIX), which is specifically expressed on cancer cells under hypoxic (<1% O2) conditions. Using the 

difference in expression under hypoxic and normoxic (21% O2) conditions, we can use a single cell line 

as a model for both diseased and healthy cultures. 

Ru-deallylation 

Meggers' 3rd generation Ru-deallylation catalyst I was selected as the catalytic moiety to target hCAIX 

which is overexpressed on the surface of many cancers. This Ru half-sandwich complex I displayed the 

highest efficiency in in vivo studies due to its higher activity and tolerance to cellular components. 

The Ru(II)-complex with 8-hydroxyquinoline moiety I cleaves the alloc-moiety from caged fluorophres 

and drugs by a mechanism which proceeds via i) η2-coordination of the alkene, ii) oxidative addition of 

the allyl group, followed by ii) nucleophilic attack of the η3-allyl to afford iii) the Ru(II)(η2-alkene) 

which after ligand displacement closes the catalytic cycle (Scheme A1). Deallylation is irreversible due 

to the elimination of CO2. When the reaction is performed in a cellular environment the free amino 

group of the drug/fluorophore is hypothesized not to act as a nucleophile on the Ru(IV)(η3-allyl) as other 

nucleophiles (e.g., GSH, OH–) are present in vast excess in the cytoplasm. 

 

Scheme A1.  Proposed catalytic cycle for the deallylation with Ru half -sandwich complexes.  

The electronic properties of the substituents in the quinoline core significantly affect the activity of the 

catalyst I. For example, it is known that if R is a carboxylic acid derivative, then its esters lead to more 
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effective catalysts that the corresponding amide-bearing hydroxyquinoline. Assuming that amide 

coupling of the ligand with an hCAIX-specific anchor is used for the metal cofactor, it was necessary to 

identify the optimal spacer that does not significantly affect i) the binding of the anchor to hCAIX and 

ii) the catalytic properties of the Ru-complexes. 

For this purpose, a series of 8-hydroxyquinoline ligands A2-5 was synthesized for subsequent catalytic 

activity tests (Scheme A2). 

 

Scheme A2.  A family of 8-allyloxyquinolines for catalysis study.  

All ligands were mixed with [CpRu(NCMe)3]PF6 as a Ru source. The uncaging activity of the resulting 

Ru(IV) complexes II was evaluated for the catalytic deallylation of caged 7-aminocoumarin A6 

(Scheme A3). 

 

Scheme A3.  Catalytic deallylation of  A6 .  

The results of these experiments confirmed the initial hypothesis about the influence of substituents. 

Complexes with ligands A2, A4, and A5 revealed nearly the same activity since they are esters of A1. 

Amide A3 turned out to be approximately 10 times less active. Therefore, acid A7 was synthesized as a 

result of partial alkaline hydrolysis of A5 for subsequent amide coupling with an appropriate protein 

binder (Scheme A4). 

 

Scheme A4.  Synthesis of ligand A7 .  
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Fluorinated anchors 

The next goal within the framework of this project was the identification of optimal antagonists of 

hCAIX for the selective accumulation of the metal cofactor to cancer cells which overexpress hCAIX. 

Since all carbonic anhydrases are zinc-dependent enzymes, the most effective inhibitors contain an 

arylsulfonamide which binds tightly to the Zn-ion (Fig. A1). 

 

Figure A1.  Schematic representation of arylsulfonamide binding to hCA binding site.  

However, hCAs are also widely present in healthy cells of the human body. In order to enable the 

cofactor to distinguish between cancer and normal cells, it is necessary to minimize its binding to the 

most abundant anhydrases (hCAII) and maintain its affinity for cancer-specific proteins. Matulis 

Daumantas et al. reported a family of perfluoroarylsulfonamides (Fig. A2) as selective inhibitors of 

hCAIX.5 

 

Figure A2.  Potential delivery vehicles for Ru-deallylation cofactor.  

Inspired by this study, we synthesized a family of hCAIX-specific anchors for subsequent conjugation 

with A1 and a fluorophore for live-cell imaging. Fluorescent markers can also be used to assess the 

target protein expression level under hypoxic and normoxic conditions. Since nucleophilic aromatic 

substitution in 2,3,4,5,6-pentafluorobenzenesolfonamide A8 is facilitated by activation of the ortho- and 

para-positions, the following general scheme for synthesizing hCAIX inhibitors was developed 

(Scheme A5). 

 

Scheme A5.  General approach to hCAIX polyfluorinated inhibitors.  

Next, N-protected α,ω-aminothiols A9,11,14,16 with different chain lengths and polarities, were 

selected as spacers and were synthesized in several steps (Scheme A6). 
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Scheme A6.  Synthesis of N-protected ω-amino-α-thiols as spacers for hCAIX-specific cofactors. 

After that, all the corresponding thiols were reacted with A8 according to the general procedure, giving 

nucleophilic aromatic substitution products A17-20 in good yields (Scheme A7). 

 

Scheme A7.  First nucleophilic substitution in perfluorobenzene ring.  

Since cyclododecylamine and cyclododecanone were not commercially available, we selected 

cyclooctylamine derivatives, and 4 hCAIX anchors A21-24 for deprotection and coupling (Scheme A8). 
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Scheme A8.  Second nucleophilic aromatic substitution.  

Finally, all protecting groups were removed under various conditions (see SI) to afford the 

corresponding free amines A22,25-27 (Fig. A3). 

 

Figure A3.  A family of potential hCAIX-specific anchors.  

One of the anchors A25 was modified with Sulforhodamine B (Kiton Red 620), a water-soluble 

fluorophore widely used for cell experiments. The corresponding fluorescent inhibitor A28 can be used 

to monitor arylsulfonamide binding to surface-expressed hCAIX (Scheme A9). 

 

Scheme A9.  Synthesis of fluorescent marker for hCAIX imaging.  
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Despite its lower catalytic potential, A1 was selected as a ligand, since it is available on a larger scale. 

For proof-of-concept studies, A1 was linked to the anchors A22,25-27 by amide coupling, yielding Ru-

deallylation cofactors precursors A30-33. To compare their activity with a cofactor bearing an hCAII-

specific anchor, the benzenesulfonamide derivative A29 was prepared as well (Scheme A10). 

 

Scheme A10.  Synthesis of hCA-targeted ligands for Ru-catalyzed deallylation.  

With optimized reaction conditions at hand, ligand A36, the cyclododecyl analog of A32, was 

synthesized in 3 steps from A19 (Scheme A11). 

 

Scheme A11.  Synthesis of A36 .  
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Azolamide derivatives and experiments on cells 

Building on a report by Neri and coworkers,6 we synthesized acetazolamide-bearing inhibitors as these 

display high affinity (typcially sub nM) for various CAs. Thus, the azolamide derivatives A37-39 with 

spacers of varying lengths (Scheme A12) were prepared according to the general procedure (see SI). 

 

Scheme A12.  A1-azolamide conjugates. The azolamide fragment highlighted in blue.  

The biological results presented in this chapter as well as probes for cellular studies were obtained in 

collaboration with Brett Garabedian. 

For initial experiments, all synthesized ligands were pre-mixed with [CpRu(NCMe)3]PF6 and tested in 

the deallylation of the caged fluorophore A6 in a cell-free medium either under hypoxic of normoxic 

conditions (corresponding to < 1% O2 vs 21% O2 respectively). 

Control reactions (caged coumarin A6 (100 µM), quinoline ligand (2 µM), [CpRu(NCMe)3]PF6 (2 µM)) 

were run both under hypoxic and normoxic conditions in a) DMSO as a negative control; b) PBS buffer; 

and c) PBS buffer in the presence of 2 µM hCAII as a model protein (Fig. A4). All complexes revealed 

high catalytic activity (from 21 to 50 turnovers), both as a free cofactor and in the presence of hCAII. 

It has also been found that azolamide-bearing derivatives with a short spacer (A37-38) yielded the best 

results (i.e., fluorescence). Importantly, oxygen had a marked detrimental effect on the catalytic 

deallylation of A6. 

 

Figure A4.  Deallylation of caged fluorophore A6  catalyzed by [CpRu]-complexes. Conditions: 

ligand (2 µM), [CpRu(NCMe) 3]PF6  (2 µM), A6 (100 µM), PBS buffer, 37 °C, 24 h.  

The experiment was then repeated in the presence of HeLa cells according to the following protocol: 

1) Seed 10,000 cells/well. 

2) Grow culture at 1% or 21% oxygen, 37˚C, 24 h. 
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3) Bind cofactor, 37˚C, 15 min (1 to 10 µM). 

4) Wash cells 2x with PBS. 

5) Add alloc-coumarin A6 (100 µM). 

6) Incubate at 1% or 21% oxygen, 37˚C, 24 h. 

From the hypoxic experiments, the fluorescence correlates with the concentration of the cofactor 

(Fig. A5). However, even at 10 µM cofactor concentration, only 2 µM of the product is formed, 

corresponding to TON = 0.2. Under normoxic conditions, nonspecific binding of the cofactor leads to 

high background fluorescence at all initial concentrations of Ru. 

Figure A5.  On-cell catalytic deallylation. Conditions: ligand preincubated with 

[CpRu(NCMe)3]PF6 (1:1 ratio, with concentrations varying from 1 to 10 µM), A6  (100 µM), PBS 

buffer, HeLa cells,  37 °C, 24 h.  

Next, the workflow was modified to test the non-specific binding hypothesis by increasing the cofactor 

concentration and decreasing the oxygen content to increase catalysis activity (Fig. A6): 

1) Seed 10,000 cells/well. 

2) Grow culture at 1% or 21% oxygen, 37˚C, 24 h. 

3) Bind cofactor, 37˚C, 30 min (1 to 100 µM). 

4) Wash cells 2x with PBS. 

5) Add alloc-coumarin A6 (100 µM). 

6) Incubate at 1% oxygen, 37˚C, 24 h. 
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Figure A6.  On cell catalytic deallylation. Conditions: ligand preincubated with 

[CpRu(NCMe) 3]PF6 (1 to 100 µM), A6 (100 µM), PBS buffer, HeLa cells, 37 °C, 1% O 2, 24 h.  

This series of experiments suggested that cofactors bearing inhibitors A31-A39 do not accumulate 

significantly on the surface of hypoxic cells. Thus, we set out to design a cofactor with increased affinity 

towards hCAIX 

In 2015, groups of Neri and Scheuermann reported a new hCAIX inhibitor A40 with a subnanomolar 

affinity (Kd ≈ 0.2 nM for hCAIX) identified using a DNA-encoded library.6 In addition to the azolamide 

fragment, it contains a bisphenol A moiety, which significantly improves the binding selectivity. 

Accordingly, inhibitor A40 was synthesized using solid-phase peptide synthesis according to the 

literature procedure (see SI). After that, the following derivatives of A40 were synthesized for 

experiments on cells (Fig. A7): 

1) A40-SRB – fluorescently-labeled inhibitor for in vivo imaging; 

2) A40-QA – amide of A1 with A40 for in vivo catalysis; 

3) A40-COCH2-QA – amide of A7 with A40 for in vivo catalysis; 

4) A40-p-I – amide of p-iodobenzoic acid with A40 for ICP-MS analysis; 

5) A40-p-Sn – amide of p-(tributyltin)benzoic acid with A40 for IСP-MS analysis; 

6) A40-DRDGG-QA – A40 attached to A1 via DRDGG linker to prevent internalization of the 

cofactor for in vivo catalysis; 

7) A40-DRDGG-SRB – fluorescently-labeled inhibitor with DRDGG linker for in vivo imaging. 



Results and Discussion. Deallylation project 

28 

 

Figure A7.  Structures of inhibitor A40  adducts for cell experiments.  

A40-SRB conjugate was used to assess the selectivity of A40 binding to the surface of cancer cells. For 

this, A40-SRB was co-incubated with cells grown under hypoxic (Fig. A8.A-C) and normoxic 

(Fig. A8.D) conditions. In experiment A, the cells were also incubated with primary anti-hCAIX-

antibodies and secondary antibodies labeled with FITC. Primary antibodies were not added in 

experiment B. In experiment C, a large excess of acetazolamide (AAZ) was used to inhibit the binding 

sites of hCAIX, which did not interfere with the binding of antibodies to proteins. In experiment D, all 

fluorescent markers of hCAIX were used on cells grown at normal oxygen concentration. After co-

incubation for 30 minutes, cell cultures were washed twice with cell media to remove free binders. 

      A           A40-SRB/1°/2°          B     A40-SRB/x/2° 

 

 

 

 

      C       A40-SRB/AAZ/1°/2°                D A40-SRB/1°/2° (Normoxia) 

 

 

 

 

 

Figure A8.  Live-cell imaging study of binder localization on the cell membrane. Nuclei –  blue ,  

DAPI. CAIX –  green (FITC) and red (A40-SRB).  
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With these promising results in hand, we set out to synthesize a family of alloc-protected drugs for 

subsequent testing in cancer cell cultures. 

Prodrugs synthesis and evaluation 

There are many existing methods to reduce the vital functions of cancer cells. For this project, we 

selected representatives of various classes of anticancer drugs: SN-38 (topoisomerase inhibitor), 

doxorubicin (anthracycline), vatalanib (protein kinase inhibitor), gemcitabine and 5-fluorouracil 

(antimetabolites). Allyloxy and propargyloxy protecting groups are known to significantly reduce the 

cytotoxicity of bioactive small molecules.4,7,8 SN-38, doxorubicin, gemcitabine, and 5-fluorouracil were 

purchased from suppliers and used without further purification. Vatalanib was synthesized in 5 linear 

steps from commercially available reagents. Within the framework of this project, we relied on the 

classic approach to caging selected drugs by direct modification of their functional groups (OH, NH2) 

(Scheme A13). 

 

Scheme A13.  Synthesis of vatalanib and Pro-Vat, Pro-SN38, Pro-Gem, Pro-Dox, and Pro-5FU. 

For each of these caged prodrugs, the toxicity was compared with the parent drug. For this, various 

cultures of cancer cells were incubated for 7 days with solutions of drugs and prodrugs at different 

concentrations (Table A1). 
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Table A1.  IC50 values of drugs and prodrugs tested on various cell lines.  

 IC50, µM 

HeLa A549 HT29 

Dox 0.09 0.32 0.14 

Pro-Dox 1.78 20.4 21.9 

SN38 0.17 0.30 0.08 

Pro-SN38 0.89 0.30 0.08 

Vatalanib 5.39 29.5 23.6 

Pro-Vatalanib 6.34 29.6 21.7 

5FU 1.24 2.83 16.5 

Pro-5FU 1.24 2.40 47.4 

Gem 0.08 0.07 0.07 

Pro-Gem 0.31 0.43 1.65 

As can be appreciated from these data, the following prodrugs showed the most promising results: 

1) Pro-Dox: 20 times less toxic for HeLa, 64 times less toxic for A549, and 21 times less toxic for 

HT29. 

2) Pro-Gem: 21 times less toxic for HT29. 

All other prodrugs do not provide a sufficiently wide therapeutic window since the prodrug has 

comparable cytotoxicity to the parent drug. 

After that, hCAIX expression was assessed in all cell lines compared to HeLa cells in the presence of 

various stimuli (Fig. A9.A). It was found that HT29 cells cannot be used in this project because they 

express hCAIX under both hypoxic and normoxic conditions without stimuli. HeLa cells express, on 

average, 100,000-400,000 copies of hCAIX per hypoxic cell (Fig. A9.A), which confirms the promise 

of this protein for the targeted accumulation of an azolamide-bearing catalyst. 

 

Figure A9. A. CAIX  expression levels of cancer cell lines under various stimuli. B.  Live-cell 

imaging study of hCAIX expression with primary and secondary antibodies. Nuclei –  blue , DAPI. 

hCAIX –  green , FITC. C.  FACS sorting of CAIX expressing cells.  
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The high level of hCAIX expression in normoxic HT29 precludes the use of this cell line as a model in 

this project. In this regard, HeLa cells and A6 and Pro-Dox were selected as substrates for subsequent 

experiments. Catalysis was performed using a 100 nM solution of [A40-COCH2-

QA+[CpRu(NCMe)3]PF6] a) in the presence and absence of an inhibitor (AAZ); b) with or without 

washing after co-incubation with a catalyst; c) on cells grown under either normoxic or hypoxic 

conditions; d) in hypoxic and normoxic conditions during catalysis. 

It was found that the highest catalytic activity was achieved when the cells were not washed after co-

incubation with the catalyst. Indeed, the uncaging aminocoumarin in the presence of cells that were 

washed after incubation with the cofactor was six times lower – as reflected by increased fluorescence.– 

This suggests that the cells lose ruthenium during washing, which is obviously detrimental to catalytic 

activity. In general, the reaction is not tolerant to oxygen, which was confirmed by the minimal increase 

in fluorescence when the reaction was performed in the presence of air. 

Despite the low catalytic activity of the cofactor bound to hCAIX, a similar experiment was carried out 

with Pro-Dox as a substrate. Cells were preincubated with 100 nM cofactor solution, after which 

Pro-Dox was added at various concentrations immediately or after washing. The efficiency of catalysis 

was monitored by MTT test enabling the monitoring of cell viability. 

The decrease in IC50 that we observed in this experiment suggests the following: washed cells adsorb 

about 5-10 · 109 Ru atoms per well (IC50
normoxia 35.8 nM, IC50

hypoxia 33.7 nM); unwashed cells contain 

about 6 · 1012 Ru atoms per well (IC50
normoxia 34.6 nM, IC50

hypoxia 19.2 nM) (Fig. A10). 

 

Figure A10. Cell surface deallylation of A6  and Pro-Dox .  

The low catalytic activity leads to the fact that the required "lethal" concentration of doxorubicin cannot 

be achieved as a result of Pro-Dox deallylation. However, the visible and reproducible difference in 

catalysis between hypoxic and normoxic cells opens up opportunities for further system improvement. 
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One of the approaches to address this challenge may be to uncage a more potent drug as a result of Ru-

catalyzed deallylation. Nanomolar drug activity must be sufficient to achieve IC50 under Ru-deallylation 

conditions. 

For this project, the antimitotic agent monomethyl auristatin E (MMAE), blocking the polymerization 

of tubulin, was selected (Fig. A11). Due to its high toxicity, it is not used as a drug itself but conjugated 

with monoclonal antibodies that direct its delivery to the tumor. 

 

Figure A11. Structure of monomethyl auristatin E MMAE.  

Existing ADCs rely on bioenzymatic cleavage of the valine-citrulline (Val-Cit) dipeptide resulting in a 

cascade elimination of PAB and free MMAE. For this project, alloc-protected MMAE (alloc-MMAE) 

was synthesized and tested on various cells (Fig. A12). Unfortunately, this protecting group turned out 

to be too small to alter the marked cytotoxic properties of the parent drug significantly. The IC50 of 

alloc-MMAE was found to be 4 nM, which is only 4 times higher than the IC50 of MMAE. 

 

Figure A12.  Structure of alloc-MMAE.  

To reduce the toxicity of the prodrug even further, we set out to develop a new alloc-like protecting 

group that would allow the synthesis of a caged drug-drug conjugate. The prodrug with reduced 

bioavailability would release both drug molecules under bioorthogonal catalysis. The simplest allyl diols 

A41-43 were selected as a "bridge" between the two MMAE fragments (Fig. A13). 

 

Figure A13. Structures of potential Ru-cleavable allyl moiety between two MMAE moieties.  

All diols were reacted with 2-methoxyphenyl isocyanate, and the resulting dicarbamates were tested in 

presence of [A2+[CpRu(NCMe)3]PF6] as a catalyst and 2-mercaptoethanol as a nucleophile 

(Scheme A14). As a negative control, the stability of substances was tested in the presence of a catalyst 

without a nucleophile and in the presence of a nucleophile without a catalyst. 

Only the A43 linker led to complete conversion of the model substrate to o-anisidine using 5 mol% of 

the cofactor and two equivalents of the nucleophile. In the absence of the nucleophile, the maximum 

achieved conversion was lower than 10%. The reaction did not proceed in the absence of a catalyst, 

highlighting the compound's resistance to hydrolysis under aqueous conditions. 
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Scheme A14.  Synthesis of caged o-anisidines A44-46  and their catalytic deallylation.  

In order to obtain two MMAE units linked with the cleavable bridging allyl group, the alcohol groups 

of A43 were first activated with PNP-carbonates (A47), after which MMAE was conjugated with the 

A47, affording the pure NN1 dimer after reversed-phase HPLC purification (Scheme A15). 

 

Scheme A15.  Synthesis of dimeric MMAE (NN1).  

The toxicity of NN1 was determined for three cancer cell lines (HeLa, A549, HT29). For each of them, 

a significant increase in IC50 (up to more than 20 times) was found (Fig. A14). Given that this molecule 

is a dimer of MMAE, it results in about a 40-fold decrease in toxicity per drug molecule. 
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Figure A14. IC5 0 values of MMAE and NN1  for various cancer cell lines.  

We also tried to design a protecting group for the norephedrine moiety of MMAE because it has a 

stronger effect on drug potency. For this, several deallylation substrates A49-51 containing an o-

aminophenylacetic acid moiety have been synthesized since it is known that the released amino group 

can lead to aminolysis of the ester. However, under the model reaction conditions, deallylation was not 

followed by lactamization (Scheme A16). 

 

Scheme A16.  Synthesis of caged o-aminophenylacetic esters A51-53  and their catalytic 

deallylation.  

Outlook 

Since anchor A40 revealed high affinity to hCAIX allowing discrimination of cancer cells in presence 

of healthy cells, ligands A40-COCH2-QA and A40-QA will be further used for generation of Ru-

deallylation cofactor in cellulo. The prodrug NN1 will be used as the most promising prodrug candidate. 

Upon generating positive results, cell viability can also be tested in the presence of a mixture of NN1 

and other prodrugs at concentrations far below IC50. The synergistic effect of combinatorial therapy may 

allow a milder dosage regimen.
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3.2. Ring-Closing Metathesis Project 

A Close-to-Aromatize Approach for the Late-Stage Functionalization through Ring-

Closing Metathesis 

The next reaction of practical interest in the context of ruthenium-catalyzed bioorthogonal 

transformations is metathesis. The number of structural fragments present in bioactive molecules that 

can be obtained as a result of intra- or intermolecular metathesis is limited. As a part of this project, a 

family of substrates that convert to mono-substituted aromatic compounds under mild conditions has 

been developed. 

Abstract of the publication 

An efficient approach for the synthesis of monosubstituted aromatic compounds relying on a ring-

closing metathesis followed by spontaneous 1,2-elimination is presented. The efficiency for late-stage 

functionalization is highlighted in various solvents (up to 920 TON). This approach is compatible with 

strained cycles and other multiple bonds in the substrate. 
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Potential substrates for in vivo synthesis of bioactive molecules. 

The research on the synthesis of monosubstituted aromatic compounds described in the previous chapter 

was a follow-up study of the design of substrates capable of RCM under ruthenium catalysis in water 

and a cellular environment. Existing protecting groups, removable in a bioorthogonal manner, do not 

significantly change the toxicity of the parent drug.  Thus, we aimed to develop new in vivo synthetic 

methods in the framework of this project.  

RCM is one of the most promising reactions for experiments on living cells, due to its compatibility 

with water and cell media, and low toxicity. Some Ru-catalysts have revealed their effectiveness in a 

number of studies.9–12 However, since at the beginning of this project there were no FDA-approved 

drugs containing an internal double bond, it was decided to develop a substrate containing a benzene 

ring precursor. Aromatic compounds can be obtained under RCM conditions, however, previously 

reported studies typically required aromatization as the last step. Classical conditions (DDQ, toluene, 

70 °C) are incompatible with living cells.13 The work of Sabatino et al.12 as well as the results described 

in the preceding chapter14 suggest that the use of leaving groups (OH, OR) may offer fascinating 

opportunities for spontaneous aromatization. 

For example, (5Z,7E)-nona-1,5,7-trien-4-one, after the addition of a suitable nucleophile forms a 

triene-ol system, which is a versatile benzene-ring precursor. 

With these preliminary results in hand, we selected tamoxifen as the target molecule (Fig. M1). This 

non-steroidal drug, developed in 1962 for the treatment of breast cancer, is still widely used today. For 

example, in 2018 alone, over a million prescriptions for this drug were filled in the USA. The World 

Health Organization has included tamoxifen on its list of essential medicines.15 

 

Figure M1.  Structure of tamoxifen. Monosubstituted benzene rings are highlighted in blue (top) 

and red (bottom).  

Despite its proven effectiveness, this drug can cause severe side effects associated with the toxicity of 

the compound to healthy cells. In vivo synthesis of one of the aromatic rings can reduce the overall 

toxicity of the drug, opening the possibility for its activation on cancer cells whose surface proteins are 

associated with an olefin metathesis cofactor. 

Since there are several drugs containing a triphenylethylene moiety, the "upper" ring was selected as the 

target benzene ring since this is a common fragment for all compounds of this family (Fig. M2). 

 

Figure M2.  Nonsteroidal selective estrogen-receptor modulators.  

In order to transform (5Z,7E)-nona-1,5,7-trien-4-one into the desired prodrug, an approach to 1,1-diaryl-

2-bromobutene-1 was developed (Scheme M1). 
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Scheme M1.  Proposed synthesis of a tamoxifen precursor III and Ru-mediated RCM leading to 

tamoxifen.  

Initially, synthetic approaches were optimized for alkylated derivatives of 4-bromophenol (R = Me, Bn). 

However, it was found that all steps tolerate the Me2N-CH2-CH2 group, which simplified the synthetic 

scheme. The desired bromide M3 was obtained in 4 linear steps (Scheme M2). The metalation of the 

starting aryl bromide was carried out using tert-butyllithium. Indeed, the use of magnesium led to low 

yields (<20%); while n-butyllithium, following metalation and conversion to 1-bromobutane, 

irreversibly alkylated the amino group of the product M1. The elimination of water, which usually 

requires catalytic amounts of p-toluenesulfonic acid, was carried out in the presence of 1.2 equivalents 

of acid since the amino group deprotonates it quantitatively. M2 was obtained as a mixture of cis- and 

trans-isomers (1:1 ratio) in high yield. Finally, it was brominated and dehydrobrominated using pyridine 

as a base, giving product M3 as a mixture of cis- and trans-isomers (5:4 ratio). 

 

Scheme M2.  Optimized synthesis of 1,1-diaryl-2-bromobutene-1 M3 .  

Unfortunately, all attempts to metalate M3 and add it to (5Z,7E)-nona-1,5,7-trien-4-one failed. The only 

product of this reaction was the dehalogenation product M2. Aliphatic and aromatic aldehydes and 

ketones were tested as carbonyl compounds. It was found that the reactivity of lithiated M3 is limited 

by reactions with an aldehyde (Scheme M3). Thus, the proposed approach cannot be used for the 

synthesis of the tamoxifen precursor III. 



Results and Discussion. RCM project 

42 

 

Scheme M3.  Reactivities of M3  with various carbonyl compounds.  

To evaluate other possibilities, the carboxylic acid M4 was synthesized, and its acyl chloride was added 

to lithium acetylide, as described in the previous chapter (Scheme M4). However, the desired product 

was not obtained in this reaction. We thus concluded that this approach is not suitable for the synthesis 

of the tamoxifen precursor III. 

 

Scheme M4.  Alternative synthetic route to tamoxifen precursor III.  

At this time, we found out that the Janus kinase inhibitor pacritinib (Fig. M3) – which received FDA 

priority review, fast track – had entered the second stage of clinical trials. In addition to its potential 

medicinal properties, its structure is ideal for use in this project, as pacritinib is a macrocyclic compound 

with an internal double bond. 

 

Figure M3.  Structure of pacritinib. The target trans-internal double bond is highlighted in blue.  

The diolefin precursor of pacritinib M12 was synthesized in 8 steps (6 LLS) from commercially 

available reagents (Scheme M5). 
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Scheme M5. Synthesis of pacritinib precursor M12 .  

Preliminary experiments in organic solvents and in water highlighted that RCM using Hoveyda-Grubbs 

2nd generation catalysts lead to the formation of a mixture of cis- and trans-macrocyclization products 

with a predominance of the desired trans-product (Scheme M6). 

 

Scheme M6.  Ru-mediated macrocyclization of M12 leading to pacritinib.  

Recent studies suggest that the yield and selectivity of olefin metathesis can be significantly improved 

by lowering the pH, opening the way for in vivo synthesis of pacritinib.16 

However, at the time when this synthesis and preliminary experiments were carried out in our group 

(mid-2019), clinical trials of pacritinib showed a number of severe toxic side effects, and the drug was 

withdrawn from further clinical trials. Therefore, we decided not to focus on its use as a model drug and 

instead pursue a more classic approach to reducing drug toxicity, namely caging drugs with a cleavable 

protecting group. 

Unexpectedly, in early 2022, the FDA granted accelerated approval for pacritinib to treat adults who 

have a rare form of a bone marrow disorder with intermediate or high-risk primary or secondary 

myelofibrosis. This fact allows us to reconsider our decision to use pacritinib precursor M12 as a model 

for proof-of-concept studies of in vivo drug synthesis. 
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Close-to-release approach (phenols) 

The work of Sabatino et al. was a big step towards Ru-mediated in vivo drug release. Although there 

was only one example of a caged drug in the original publication (alofanib, now in Phase 2 of clinical 

trials), the naphthalene precursor can be considered as a protecting group for many other compounds. 

This chapter outlines a new approach to the synthesis of 1,2-diallylnaphthalene derivatives for various 

applications, as well as attempts to develop a universal approach to drug synthesis, allowing the rapid 

development of a prodrugs' library for experiments on cancer cells. 

Alcohol M13, which can be obtained in 2 steps from commercially available reagents, is a universal 

starting material for the synthesis of caged fluorophores and drugs (Scheme M7). However, Mitsunobu 

reaction conditions or esterification and other modifications lead to a mixture of branched and linear 

products. The structures of the products share many similarities, and therefore their separation by 

column chromatography is most often very challenging. In addition, some products rearrange on the 

column from the less stable branched product to the more stable linear one, further reducing the yield of 

the desired product. It was also found that the use of chlorocarbamates in the synthesis of carbamates 

leads to the formation of a predominantly linear product. Anhydrides and isocyanates give higher yields 

of branched products. 

 

Scheme M7.  Caging of alcohols, phenols, carboxylic acids, and amines using the naphthalene 

precursor M13 .  

Since the most common functional groups of fluorophores and drugs are phenols and amino groups, 

there is a need for general methods for their protection (caging). 

Droplet experiments in our group (performed by Dr. Jaicy Vallapurackal) required large amounts of 

fluorogenic compounds. However, the modification of M13 with 7-hydroxycoumarin under the 

Mitsunobu reaction conditions proceeded with low selectivity. Importantly, on a larger scale (1 mmol) 

the selectivity decreases further. As an alternative, we considered the possibility of converting the OH 

group into a halide for use in direct alkylation. However, all attempts to convert the alcohol M13 to the 

branched bromide M14A were unsuccessful, since linear cinnamyl bromide M14 was formed in a 

quantitative yield (Scheme M8). 

 

Scheme M8.  Synthesis of the linear bromide M14  from the branched alcohol M13 .  
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There are few examples of the synthesis of branched esters, ethers, and other derivatives of 1-

phenylprop-2-en-1-ol in the literature.17–20 They usually involve metal-catalyzed rearrangements and the 

use of ligands that hinder the formation of a linear product. One of these approaches, which uses cheap 

and commercially available [RuCp*Cl2]2 as a catalyst, was applied to the bromide M14 and 7-

hydroxycoumarin as the nucleophile (Scheme M9). The first attempts revealed the formation of a 

predominantly branched product. Further optimization of the conditions, including the choice of solvent, 

determination of the water content, as well as the order of addition and the amounts of reagents, made 

it possible to obtain M15 with a 96% yield (300 mg scale) in solid form. The purity of M15 was regularly 

tested highlighting its stability in the fridge after more than 2 years. 

 

Scheme M9.  Synthesis of caged coumarin M15 .  

Due to the need for a water-soluble substrate, hydroxycoumarins containing charged and polar groups 

were tested as nucleophiles. Unfortunately, the presence of such groups significantly reduced the 

selectivity of the rearrangement. In addition, the purification of the charged molecules IV, proved 

extremely challenging, rendering this approach unsuitable for our purposes (Scheme M10). 

 

Scheme M10.  Synthesis of water-soluble caged fluorophores (B/L represents branched/linear 

ratio).  

However, if the polar group is protected or introduced after the formation of ether, then the desired 

product M16 can be obtained in high yield (Scheme M11). The reaction of M14 with 

7-hydroxycoumarin-3-carboxylic acid led to linear product M17A. 

 

Scheme M11.  Synthesis of the caged fluorophore with polar group.  
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Additionally, the topoisomerase inhibitor SN-38, which is an active metabolite of irinotecan widely used 

in cancer therapy, was tested as a nucleophile. Despite the complexity of the molecule, the desired 

branched product M18 was obtained under standard conditions in 40% yield (Scheme M12). 

 

Scheme M12.  Synthesis of caged SN-38. The SN-38 structure is highlighted in blue.  

It is worth noting some limitations of this method, in addition to general intolerance to charged 

fragments, which may be the result of traces of water. This method is also not applicable to hetero-

nucleophiles (thiols, amines) and other halides. 

Thus, for example, a product containing a tetraalkylammonium cation can theoretically be obtained from 

the corresponding halide. However, under reaction conditions, the benzyl bromide was transformed into 

the corresponding benzyl alcohol. The product, upon addition of halogenating reagents, rearranges into 

a linear derivative, which can no longer be converted into the desired branched product (Scheme M13). 

 

Scheme M13.  Limitations of the approach.  

To test the effectiveness of the method for generating substrates bearing multiple fluorophores, the 

approach illustrated in Scheme M14 was used. 

 

Scheme M14.  Synthesis of symmetrical diethers.  

Due to the low solubility of the product M21, which partially precipitates during the reaction, RCM for 

this particular substrate requires the addition of significant amounts of DMSO or DMF to homogenize 

the solution. The highest achieved activity of the ruthenium catalyst was TON = 1 (Scheme M15). 

However, the introduction of allyl groups in both ortho-positions can potentially lead to the release of 
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both fluorophores and the formation of phenanthrene. Nevertheless, this approach can be used for the 

caging of multiple molecules. 

 

Scheme M15.  RCM of the diolefin M21 .  

An attempt to synthesize caged cyanine dye for in vivo imaging was also made. Caged dialdehyde M22 

was obtained in a high yield. However, the branched fragment showed high acid and base sensitivity 

and rearranged into the undesired linear product (Scheme M16). 

 

Scheme M16.  An attempt to synthesize a caged cyanine dye.  

Summarizing the above: 

1) Alcohol M13 is a promising substrate for the direct modification of the OH group (esterification, 

carbamoylation). 

2) Bromide M14 is more promising in the synthesis of ethers from phenols in the absence of certain 

functional groups in the nucleophile (charged groups, halogens). 

3) Post-rearrangement modification of branched products is severely limited due to the tendency 

of the products to rearrange into their linear form. 

As a close-to-release proof of concept, the known 3-allylindole derivative M23 was synthesized. 

Following a Grignard reaction with vinylmagnesium bromide, it was converted to 9H-carbazole under 

RCM conditions (Scheme M17). This synthesis of indole derivatives is the last missing approach to the 

synthesis of these compounds under RCM conditions. Due to the frequent appearance of the indole 

fragment in biologically active molecules, this approach can potentially be used for bioorthogonal 

prodrug activation. 

 

Scheme M17.  Close-to-release approach in 9H-carbazole synthesis.  
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Close-to-release approach (carbamates) 

In the previous chapter, the synthesis of caged phenols was considered. However, amino groups are 

more common in drug and fluorophore molecules. Moreover, the binding of these groups leads to a 

much greater drop in bioactivity or fluorescence than with the "protection" of OH groups. Since there 

are not many biocompatible protecting groups, which can be cleaved bioorthogonally (amides, 

carbamates), it was decided to use M13 alcohol derivatives to cage a wide range of functional molecules. 

This project was developing in parallel with the deallylation of caged MMAE as the most bioactive and 

highly toxic drug. Therefore, the main focus of this chapter was devoted specifically to attempts to 

synthesize a prodrug that releases MMAE under conditions of ruthenium olefin metathesis. 

In medicinal chemistry, there are two main ways to synthesize carbamates: a) addition of alcohols to 

isocyanates; b) addition of amines to p-nitrophenyl carbonates or CDI derivatives. 

Both approaches have been used for the synthesis of protecting group precursors. Below, we omit long 

preparatory experiments and highlight only the optimized methods that open access to caged drugs. 

The alcohol M13 was activated with p-nitrophehyl cloroformate directly and via a PAB linker to afford 

products M25 and M30 (Scheme M18). The reactivity of these compounds was tested with 

N-Boc-piperazine. Both substrates showed high reactivity, affording M26 and M31 in 80% and 63% 

yield, respectively. 

 

Scheme M18.  Synthesis of PNP-activated protecting groups M25  and M30  and evaluation of 

their reactivity towards amines.  

Next, M25 and M30 were reacted with MMAE, but the target product could not be detected under any 

conditions (Scheme M19). We could not find any rationale for this unexpected lack of reactivity, as in 

the deallylation project, we used PNP-carbonates to attach the MMAE to the protecting group. 
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Scheme M19.  M25  and M30 reactivity test with MMAE.  The target secondary amine highlighted 

in red. 

Since this was the main goal of this project, the resulting compounds were not further used to protect 

other drugs. However, they are still of high interest for caging amino groups of drugs and fluorophores 

and may be used in the future. 

MINFLUX project 

A particular challenge of bioorthogonal activation of prodrugs inside living cells is the difficulty of 

localizing the catalytic reaction and, consequently, the drug release. The development of microscopy-

tools allows scrutinizing deeper into a single cell. This makes possible single-molecule detection using 

a fluorophore with a high quantum yield and a suitable wavelength. One of these technologies is 

MINFLUX, which enables tracking the movement of single molecules in real-time with ultra-high 

resolution.21 This opens up fascinating prospects for understanding the action of metal cofactors in either 

the periplasm, the outer-membrane or the cytoplasm of E. coli. Importantly, it may enable the precise 

localization of both a (fluorescently labeled) cofactor as well as the reaction product it this latter is 

fluorescent. Importantly, however, the newly developed MINFLUX requires the use of dyes with very 

high near-infrared fluorescence and must be completely quenched with an appropriate protecting group 

prior to the uncaging event. Unfortunately, such near-infrared dyes, suitable for MINFLUX –cyanines, 

rhodamines, and heterorhodamines– are very difficult to quench. Accordingly, using conventional 

protecting groups will most probably result in very high background fluorescence caused by the presence 

of the caged fluorophore. 

One of the most efficient methods of energy transfer from a fluorescent molecule is Förster resonance 

energy transfer (FRET), which allows the energy of an excited particle to be quickly transferred within 

a covalently bound complex. Most often, FRET is used in the study of the structure of macromolecules 

and intermolecular interactions. However, this effect can be used to quench the fluorescence of a strong 

fluorophore if a moiety with high absorbance, but low fluorescence is selected as acceptor. In this case, 

both molecules must be covalently linked through a cleavable bridge. 

In this project, we were inspired by previous work in the group, in which Reuter at al. developed a 

fluorogenic probe V for RCM using quenching of 5-methoxynaphthalene-1-sulfonamide with a 2,4-

dinitroaniline derivative.22 Upon relay ring-closing metathesis, the fluorophore and quencher were 

disconnected, resulting in the formation of a fluorescent product (Scheme M20). 
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Scheme M20.  Profluoresent substrate and its activation upon RCM.  

Substituting the fluorophore and quencher fragments with more efficient near-infrared dyes may provide 

a fluorogenic substrate for MINFLUX. Dr. Ryo Tachibana, experienced in dye design and synthesis, 

proposed several potential structures VI, VII for this project using the same approach to release the 

fluorescent molecule VIII (Scheme M21). Both moieties contain the same fragment of silicorhodamine, 

which is widely used in cell experiments. Quenchers IX and X are not described in the literature, but 

computational prediction suggests that they display very high absorption, coinciding with the emission 

wavelength of the fluorescent fragment. Their own fluorescence is quenched by the amino group on the 

"upper" aromatic ring. 

 

Scheme M21.  Proposed structures of coupled FRET-pairs and their activation resulting from 

RCM. The fluorescent fragment is hihglighted in magenta.  

The first fluorescent core was obtained in several linear steps. First, o-toluic acid was sulfochlorinated, 

to afford the known product M32. After sulfonylation of allylamine (M33) and esterification, M34 was 

obtained in a high yield. Using the approach of Fischer et al.,23 we obtained a silicon derivative M35 

which was brominated to give M36. The reactivity of bis(magnesium bromide) obtained by mixing M36 

with magnesium was tested in reaction with p-bromobenzoic acid (M37). However, the reaction of M36 

with M34 required lithiation, affording the monoallylic product M38 in moderate yield (Scheme M22). 
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Scheme M22.  Synthesis of the first f luorescent core M38 .  

For the synthesis of the second fragment, we hoped to use the same approach, so compounds M39-44 

were synthesized for subsequent metalation and nucleophilic addition (Scheme M23). A by-product 

M42 was used to test relay RCM. Complete conversion of M42 to the corresponding 2,5-dihydro-1H-

pyrrole XI was achieved in less than 5 min in the presence of HG-I (5 mol%). 

 

Scheme M23.  Synthesis of precursors for dibromide -to-ester approach.  

However, despite thorough screening of M44 metalation conditions and nucleophilic addition to M41, 

M44 was found to degrade upon metalation to form polyaryl by-products (Scheme M24). In addition, 

compounds M43 and M44 are unstable in the light, which complicates their purification and handling. 



Results and Discussion. RCM project 

52 

 

Scheme M24.  Unsuccessful metalation of M44 .  

Summarizing the above, M44 is not suitable for the synthesis of silicorhodamine derivatives. We thus 

set out to devise an alternative synthesis. 

Another strategy to obtain rhodamines is the addition of aryllithium to phenones, followed by the 

elimination of water under acidic conditions, leading to the aromatization of the molecule 

(Scheme M25). 

 

Scheme M25.  Alternative approach to rhodamines.  

In order to obtain the target compound or its analogs, phenone M46 and aryl halides M49, M51, and 

M52 were synthesized. The amino group is used to quench fluorescence and bind to another fluorescent 

core. All introduced substituents, according to computational studies performed by Dr. Ryo Tachibana, 

should not change the electronic- and hence the fluorescent properties (Scheme M26). 

 

Scheme M26.  Synthesis of precursors for the aryllithium-to-phenone approach.  

However, the challenges arose on the side of the aryl halides. The nucleophilicity of metalated M49 and 

M51 was not strong enough to react with phenone M46 at -78°C, and heating the reaction mixture to 

room temperature led to the cleavage of the Boc-group. Metalated M52 did not react with M46 at room 

temperature, and heating to 50°C led to degradation of the phenone. 

In order to overcome these limitations, we set out to synthesize an alternative phenone M56 as a 

precursor of phosphonorhodamine. The required intermediate was obtained in 6 steps, including 

replacing the allyl protection with p-methoxybenzyl (PMB) (Scheme M27). 
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Scheme M27.  Synthesis of the phosphonorhodamine precursor.  

The previously-prepared aryl halides M49, M51, and M52 were metalated and reacted with M56. As 

with M46, the reactivity of the aryllithium derivatives was found to be low, with loss of the Boc-group 

and degradation at room temperature. The product of the addition of metalated M52 to M56 was the 

only success of this approach (Scheme M28). However, the PMB protecting group was quantitatively 

removed upon acidic hydrolysis during the workup. Since it was originally proposed to partially remove 

the allyl group for subsequent binding to the first fluorescent core, this approach was also not suitable 

for the synthesis of target compounds. 

 

Scheme M28.  Synthesis of the phosphonorodamine M57 .  

Dendritic approach 

Since the triolefin approach proved challenging, we sought for alternative methods leading to the release 

of multiple molecules. Self-immolative branched linkers, first reported by Shabat in 2003,24 were 

significantly improved in 2007 by the replacement of phenol with aniline.25 These linkers provide 

various degrees of branching and, upon protecting-group cleavage, spontaneously release from two to 

nine caged-molecules (Scheme M29). 

 

Scheme M29.  Multiple releases upon single deprotection resulting from self -immolation.  
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This approach has been used to create dendrimers carrying multiple drug copies, but never for 

fluorescence studies. For example, the use of dendrimer-bearing quenched fluorophore and caged drug 

can provide multiple responses on the effectiveness of catalysis and cytotoxic effect. To prove the 

concept and to achieve the goal set in the previous chapter, we set out to synthesize a dendritic substrate 

XII with M13 as a protecting group. The close-to-release sequence, leading to the release of both 

cargoes as a result of the spontaneous 1,4-elimination and self-immolation of the tri-substituted self-

immolative core is presented in Scheme M30. Accordingly, the FRET-pair consisting of the fluorophore 

M58 and the quencher M59 were connected to the trisubstituted aromatic core. As a result of RCM, we 

predicted that both fluorophore M58 and quencher M59 should be released, thus enabling the 

monitoring of RCM in cellulo. 

 

Scheme M30.  Proposed dendritic substrate and its activation upon RCM to release the 

fluorophore M58 and the quencher  M59 .  

To complete the synthesis, the tri-substituted core, M63 was prepared in a high yield on a multi-gram 

scale in 4 steps from commercially available reagents (Scheme M31). 

 

Scheme M31.  Synthesis of dendritic building block M63 .  
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Since it is not known how much the charged fragments of fluorophores will affect the efficiency of 

RCM, in addition to the direct adduct of M63 to M13, its analog containing a PAB-linker was prepared 

by reaction of M63 with M29. Since the synthesis of M65 proceeds with a higher overall yield, this 

compound was selected for preliminary screening of the conditions for subsequent reactions (Scheme 

M32). For example, the removal of TBS-protection from benzyl alcohol in the ortho-position to M13 is 

sterically challenging. Accordingly, it cannot be removed by TBAF or Amberlyst-H. If necessary, this 

may be used for orthogonal sequential modification of the dendrimer. As a result of intensive screening, 

Et3N·3HF was found as the best reagent for quantitative cleavage of silyl ethers. In comparison to acidic 

solutions, it does not lead to a rearrangement of the branched carbamate into a linear one. 

 

Scheme M32.  Synthesis of caged dendritic precursors M64  and M66 .  

Since it is known that the introduction of a free amino group into the dye structure significantly 

complicates the synthesis, a carboxylic acid was selected as the functional group for the attachment to 

the dendrimer. In this case, the sterically-hindered ester was protected from spontaneous hydrolysis in 

an aqueous environment, making this substrate suitable for experiments in cells. To test the concept, the 

substrate M68 bearing two different carboxylic acids on para- and ortho-benzyl alcohols was 

synthesized (Scheme M33). 

 

Scheme M33.  Synthesis of generation-0 dendrimer for mechanistic studies.  

To evaluate RCM of diolefin and the concurrent release of both cargoes, M68 was dissolved in CD2Cl2, 

the Hoveyda-Grubbs 2nd gen. catalyst (5 mol%) was added, and the reaction progress was monitored for 

72 hours to determine the kinetics of the transformations by the 1H and 19F NMR spectroscopy 

(Scheme M34, Fig. M3-4). 
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Scheme M34.  RCM of M68  followed by cascade elimination.  

 

Figure M3.  1H-NMR analysis of RCM of M68 , followed by spontaneous elimination within 2 

hours.  
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Figure M4.  1H-NMR analysis of the cascade elimination within 72 h.  

The results of the NMR spectra analysis led us to the following conclusions: 

1) In an organic solvent, RCM proceeds quantitatively in less than 2 hours. 

2) Complete 1,4-elimination leading to naphthalene proceeds in 48 hours. 

3) The rate of cleavage of carboxylic acids is much higher than the rate of cleavage of naphthalene 

since the amount of naphthalene is equal to the amount of free benzoic acids. 

4) The reaction proceeds cleanly and without by-products, which is highlighted by the formation 

of (4-amino-1,3-phenylene)dimethanol. 

Then, a similar experiment was carried out in a mixture of D2O-DMF-d7 (the organic solvent was added 

to increase the solubility of the lipophilic substrate M68). Due to the use of a solvent mixture, calibration 

of the NMR spectrometer was challenging. Accordingly, the reaction mixture was analyzed at several 

time points after sampling and extraction of the products from the aqueous phase. 

Based on the results of this experiment, the following conclusions can be drawn: 

1) The reaction proceeds much more slowly due to the presence of both water and DMF. 

2) The maximum conversion achieved is 65% (13 TON) in 12 hours. 

3) Intermediates M69 and M70 were not detected at any time point, which confirms the potential 

of this approach within the framework of this project. 

The reaction of the test substrate in an aqueous medium revealed no delay between RCM and the release 

of uncaged molecules (in contrast to the reaction carried out in an organic solvent). Accordingly, we set 

out to modify the diol M66 with a fluorophore and a quencher to yield a water-soluble FRET-substrate. 

Silicorhodamine carboxylic acid M58 was prepared according to a literature method in high yields 

(Scheme M35).26 
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Scheme M35.  Synthesis of carboxylic acid M58 .  

At the time of writing this thesis, the synthesis of the quencher M59 was carried out to the penultimate 

step. The tert-butyl ester proved as an unsuitable protecting group in the metallation of 4-bromo-3-

dimethylaminobenzoic acid M73. The carboxyl group was protected as an orthoester M76. After 

metalation, nucleophilic addition, and aromatization, the product M77 was obtained in high yield 

(Scheme M36). 

 

Scheme M36. Synthesis of ester M77. 

After alkaline hydrolysis of M77, both carboxylic acids M58 and M59 will be attached to the diol M66 

under Yamaguchi-esterification conditions, and the resulting diester will be tested on living cells in the 

presence of Ru-cofactors. 

In order to quickly check whether the resulting compounds form a FRET pair and whether the M77 ester 

is an appropriate quencher for M72, the optical and fluorescent properties of the compounds were 

measured (Fig. M5-7). 
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Figure M5.  UV-Vis spectra of esters M72  and M77 .  

  

Figure M6.  Normalized absorption and fluorescence spectra of M72 .  

 

Figure M7.  Fluorescence spectra of M77  with different excitation wavelengths.  

As can be appreciated from these spectra, the M72 and M77 are indeed ideal candidates for a FRET 

pair, so this will be the highest priority after the thesis submission. 
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It should be emphasized that these carboxylic acids M58 and M59 may be used to implement the 

triolefin approach. (E)-N1,N4-dialylbut-2-ene-1,4-diamine can be coupled sequentially to both 

carboxylic acids by acid chloride acylation or amide coupling to afford the desired product. Upon relay 

RCM, both FRET partners are released, leading to fluorescence (Scheme M37). 

 

Scheme M37.  Alternative application of carboxylic acids M58 and  M59 .  

However, the dendritic approach seems more versatile as it allows the addition of any number of 

molecules of interest, while the triolefin approach is limited to two. 

Side projects 

Prior to this project, Ward Group's experimental experience in artificial metathesases was limited to 

streptavidin, HaloTag, and hCAII, with the following cofactors MRu1-3 used to create metalloenzymes 

(Fig. M8). 

 

Figure M8.  Structures of the cofactors used in Ward Group.  

As can be seen from the structures of the cofactors MRu1 and MRu2, they are prepared as racemates. 

Since it is still not clear whether the absolute configuration affects the cofactor binding to the host 

protein, and hence the efficiency and selectivity of catalysis, there is a need to synthesize single 

enantiomers to evaluate their catalytic properties. Dr. Fadri Christoffel tried a number of approaches to 

the separation of the enantiomers of N-heterocyclic carbenes for gold complexes, but without success. 

In order to obtain enantiomerically pure ligands for subsequent metal coordination, the following 

synthetic scheme was developed (Scheme M38). 
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Scheme M38.  Synthesis of enantiopure trans-3,4-(bisarylamino)-pyrrolidine M82 .  

Both enantiomers of M82 were synthesized starting from both enantiomers of tartaric acid. 

After that, it was decided to prepare the N-heterocyclic carbene precursor under standard conditions 

(TEOF, NH4Cl, 130 °C). However, this resulted in the formation of the only product M83 instead of the 

expected imidazolinium salt M83A (Scheme M39). 

 

Scheme M39.  The reaction of M82  with TEOF. 

Despite the fact that the product M83A was not formed as a result of the reaction, it is known that the 

adducts of the corresponding imidazoles with methanol and tert-butanol can be used as starting materials 

in the synthesis of ruthenium complexes.27 However, all tested sources of ruthenium, temperature 

conditions, and stoichiometric ratios did not lead to a complex with the enantiopure NHC bound to the 

metal. 

During the work on the project described in the next chapter, it was found that 1,2-(bisarylamino)ethanes 

react with paraformaldehyde under acidic conditions to form the corresponding imidazolidines in high 

yields. However, after mixing M82 with paraformaldehyde in acetic acid, the starting material was 

quantitatively recovered, and the desired product was not detected (Scheme M40). 
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Scheme M40.  Attempt to synthesize saturated imidazolidine for subsequent oxidation to 

NHC precursor.  

Most likely, a trans-disubstituted five-membered ring cannot be fused with another unsaturated five-

membered ring due to steric hindrance since similar cis-adducts are known in the literature. 

Also, for hCAII-specific cofactors, a family of arylsulfonamide anchors was produced for subsequent 

amide coupling with MRu1 and MRu2 cofactors (Scheme M41). 

 

Scheme M41. Synthesis of novel hCAII-specific anchors.  

The resulting carboxylic acids M84–86 were reacted with the deprotected MRu0 cofactor in the 

presence of HCTU and DIPEA (Scheme 42). However, despite moderate conversions, the polarity of 

the resulting cofactors turned out to be very close to those of the starting acids. Various purification 

methods failed to remove impurities, and since the cofactor must not be contaminated with a protein 

inhibitor, these mixtures were not used for experiments with purified proteins and in cells. 

 

Scheme M42. Synthesis of novel hCAII specific Ru -cofactors.
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3.3. De Novo Artificial Metalloenzymes 

Brief summary of existing approaches to abiotic enzymatic reactions 

Natural enzymes, as scaffolds for ArMs, are of particular interest in the field of in vivo drug release and 

synthesis. However, since the cell genotype strictly determines the structure of the protein, the catalytic 

activity of the metal cofactor cannot be improved by tuning the structure of the binding site. In this case, 

selectivity and TON are usually improved by modifying the first coordination sphere of the metal and 

electronic properties of the chemically engineered ligands. In addition, the design of prodrugs that are 

easily transformed into target bioactive molecules in bioorthogonal manner is another key to achieving 

high TONs. 

However, the scope of ArMs is not limited to bioorthogonal drug release. Moreover, the medical 

applications are only a small part of the variety of ArMs' known and potential functions. Over the past 

decades, many groups working on the design, creation, and optimization of metalloenzymes have made 

significant contributions to fundamental science.28,29 In particular, they have expanded understanding of 

protein-small molecule interactions, structure-activity relationships, and the existing scope of 

biomimicking and new-to-nature reactions. Since the first use of avidin as a host for a metal cofactor in 

1970s,30,31 the field has grown steadily, gradually involving more and more protein scaffolds and abiotic 

cofactors, resulting in over 80 ArMs to date.32 Researchers have developed a huge library of cofactors 

and metalloenzymes using four different anchoring strategies: covalent, supramolecular, dative, and 

metal substitution (Fig. B1).28 

 

Fig. B1.  Four anchoring strategies allow one to firmly localize an abiotic cofactor within a 

protein scaffold: (a) covalent,  (b) supramolecular, (c) dative, and (d) metal substitution. The 

following color codes apply: protein and natural cofactor ( green), supramolecular anchor (red),  

variable spacer and ligand (blue), and abiotic metal (black).  

With the development of protein engineering and modification techniques, the variety of forms and 

functions of ArMs has expanded. Chimeric and other engineered ArMs display significantly higher 

TONs and selectivities as compared with wild-type-based ArMs. The discovery and development of 

directed evolution gave impetus for the explosive growth of the ArMs field since it provided the 

necessary tools for fine-tuning the structure and properties of the protein active site, and hence the 

resulting metalloenzyme. Some research groups have achieved unprecedented efficiencies in 

bioorthogonal catalysis using these methods.33–37 

However, all known ArMs use “natural proteins” as starting points for design and optimization. Due to 

this, the maximum achievable TON and e.r. (TON = turnover number and e.r = enantiomeric ratio, for 

enantioselective reactions) are limited by the characteristics of each parent protein, as well as by the 
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number of amino acid residues in the first and secondary coordination sphere of the metal. The latter 

can be optimized by rational design and directed evolution. 

In order to overcome these limitations and have more degrees of freedom to further fine-tune the 

protein's structure to specific needs, de novo scaffolds can be used as hosts for engineer de novo ArMs. 

Prof. Baker is the uncontested leader in the field of de novo protein design. The Rosetta software, 

originally introduced by the Baker group in 1998 as an ab initio approach to structure prediction, has 

evolved into several new computational methods and custom services such as Rosetta@Home and 

RoseTTAFold. 

Since 2008, when Baker's lab published pioneering work, devoted to the computer-aided design of an 

enzyme for retro-aldol condensation (a reaction that had not been found in nature until then).38 Since 

then, the importance of this approach to structure-property prediction and design of new-to-nature 

fragments of the tertiary structure have grown significantly. The capabilities of the predictive platform 

have led to several important advances, with clear and potentially highly-important practical 

applications. For example, the pharmaceutical industry is in dire need of establishing the structure of 

proteins to search for targets and leads. RoseTTAFold and AlphaFold (GoogleDeepMind deep learning 

program)39 have come close to solving the problem of protein folding and are making predictions that 

are accurate enough to be used in drug discovery, increasing the speed of protein analysis, and reducing 

the need for X-ray crystallography and Cryo-EM. Also recently, the group of Prof. Baker published 

approaches to the design of miniproteins as protein binders with picomolar affinity to their targets, 

predicted from structural information alone,40 as well as picomolar SARS-CoV-2 inhibitors.41 These 

advances can be directly used for precise drug delivery and other areas of medicine. 

In a recent review, Baker and Hilvert42 identify four main approaches to constructing de novo 

metalloenzymes: i) supramolecular anchoring of the metal cofactor into host scaffolds; ii) introduction 

of new functionalities into natural metalloenzymes; iii) construction of simple protein mimics for 

subsequent evolutionary optimization; iv) design of new protein scaffold from scratch followed by metal 

cofactor binding. 

The first two approaches are the most widely used and have been developed since the discovery of the 

first ArMs, demonstrating the implementation of top-down enzyme engineering of abiotic reactions. 

However, new protein design methods have made possible a bottom-up approach to artificial 

(metallo)enzymes. Significant improvement in computer modeling methods, together with the 

development of directed evolution, open prospects for the creation of fully engineered protein 

constructs. For example, catalytic dyads and triads for the hydrolysis of esters with  

kcat/Km = 405 M-1s-1 were first described in 201243 and were completely revised and reassembled from 

short new peptides in 2022, resulting in Zn-dependent de novo metalloenzyme for enantiospecific ester 

cleavage with high catalytic efficiency (kcat/Km = 106 M-1s-1).44 In addition, based on the same principles, 

the Baker and Hilvert groups constructed metal-free de novo enzymes for the stereoselective Diels-Alder 

reaction,45 aldol condensation46 and others.42 

It is also worth noting the contribution of the Tezcan group to the development of de novo protein 

assemblies. Self-assembling agglomerates of monomeric redox proteins are capable of coordinating 

multiple (up to 8) Zn cations in its interface.47,48 The resulting de novo constructs act as esterases and 

beta-lactamases with unprecedented efficiency in the hydrolysis of ampicillin [(kcat/Km) /kuncat 2.3·106].49 
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Independently, the Lombardli group developed a family of de novo Fe-enzymes (Due Ferri) that allow 

exquisite control of the selectivity of dioxygen-dependent oxidation of aminophenols by fine tuning of 

protein structure.50 

On the way to fully engineered ArMs 

Inspired by previous advances in ArMs, as well as the expertise of the Baker group, we set out to 

construct a fully engineered ArM based on a Hoveyda-Grubbs-like metal cofactor, which is known to 

be a water-soluble and water-compatible catalyst. To achieve precise localization of the cofactor in the 

protein pocket, we aimed to modify the catalyst with a highly polar moiety for non-covalent interactions 

with amino acid residues of the binding site. 

Since the general goal of this thesis is repurposing membrane proteins on the cell surface to abiotic 

reactions, the key requirement in the design of target protein should be its monomeric nature, enabling 

it to be displayed on a cell surface in its fully functional quaternary structure. Due to this, tandem repeat 

proteins51,52 were selected as the scaffolds. Their closed architectures and ease of handling and 

modification make them ideal hosts for abiotic metal cofactor. 

The asymmetric structure of the parent catalyst requires to use a ligand with C2 symmetry so that for 

any orientation inside the binding site it guarantees the same number of hydrogen (and covalent) bonds. 

Inspired by the structure of the Hoveyda-Grubbs 2nd generation catalyst as the most air- and water-

compatible catalyst, we proposed the following cofactor structures to our collaborators (Scheme B1). 

 

Scheme B1.  Initial cofactor concept for de novo  scaffold optimization.  

Trans-5,6-diamino-1,3-diazepane containing a fragment of urea (Y = C, X = O), guanidine (Y = C, X = 

NH or NH2
+), thiourea (Y = C, X = S) and sulfamide (Y = S=O, X = O) were proposed as non-covalent 

binders. For covalent binding, in para-positions of the mesityl moieties, we proposed maleimides, which 

have long been used in bioconjugation as a semi-reversible anchor to protein cysteines. 

Dr. Indrek Kalvet from Baker's lab performed preliminary calculations of cofactor structures, which 

were then used for docking into the proposed protein scaffold. An intensive and complete screening for 

all possible mutants in the binding site led to the following conclusions: 

1) sulfamide (-NH2SO2NH2-) predictably turned out to be the most promising anchor for 

hydrogen bonding due to the presence of four electronegative atoms and two amide protons; 

2) the interaction of the binding site with the polar anchor and aromatic rings provides 

sufficiently strong binding and eliminates the need for maleimide moieties for covalent binding; 
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3) depending on the set of mutations in the binding site, the cofactor is oriented differently, 

which opens up various possibilities for modifying the carbene fragment (for example, for Grela-like 

cofactors with fast initiation). 

Thus, we identified and selected a cofactor containing one sulfamide moiety for non-covalent 

interactions with the host protein for binding and catalytic experiments. Also, for further experiments 

on cells and in droplets, we designed a cofactor modified at the o-isopropoxystyrene moiety remote from 

the binding site. To avoid quenching the fluorescence by the protein, the dye was attached to the cofactor 

by a long polar linker (Fig. B2). 

 

Figure B2.  Selected structures of cofactors for catalytic and fluorescent essays to be used in 

conjunction with a de novo  designed Tandem Repeat Protein.  

Based on the literature data and the group's experience in the synthesis of olefin metathesis cofactors, 

we proposed the general strategy for the synthesis of desired compounds XIII and XIV (Scheme B2). 

Since it is not known whether the sulfamide moiety may coordinate to ruthenium, it must be protected 

to avoid side-reactions. We set out to deprotect these after coordination of the NHC to the Ru. The rest 

of the synthetic scheme in inspired by well-known approaches. It relies on the 3-phenyl-1H-inden-1-

ylidene-based catalyst XV instead of the G-I catalyst XVI, as its more stable and synthetically available. 

The N-heterocyclic carbene precursor XVII must be synthesized in enantiopure (R,R)-form, since this 

enantiomer was used by Indrek Kalvet to design the tailored TRPs. 

 

Scheme B2.  Proposed synthesis of Ru-cofactors XIII and  XIV .  

 



Results and Discussion. De novo ArMs 

67 

Synthesis of the carbene precursor XVII 

The synthesis of the 1,2,7-thiadiazepane 1,1-dioxide derivative (seven-membered sulfamide) was 

carried out according to literature procedures, starting from tartaric acid (Scheme B3).53 

 

Scheme B3.  Synthesis of 7-membered cyclic sulfamide.  

Starting from 50 g of L-tartaric acid, the diamide DB1 could be obtained in two steps. It should be noted 

that the reduction of diamide DB1 to diamine DB2 followed by cyclization with sulfamide SO2(NH2)2 

proceeds in low yield, and the reaction scale had to be kept below 5 g of the starting diamide DB1. 

Therefore, the conversion of the diamide DB1 to the cyclic sulfamide DB3 required five repetitions of 

these reactions. 

The resulting cyclic sulfamide DB3 was deprotected under acidic conditions to afford the dihydroxy 

derivative DB4A. The hydroxyl groups were tosylated, giving DB5A which was subjected to 

nucleophilic substitution with azide (Scheme B4). All attempts of nucleophilic SN2 substitution led to 

partial racemization of stereocenters, affording a mixture of trans- and meso-forms of the diazide DB6A 

in 1 to 1 ratio. Unfortunately, these proved inseparable by column chromatography. The products DB7A 

of catalytic reduction of diazides (H2, Pd/C) were also inseparable by column chromatography and by 

crystallization with enantiopure tartaric acid. 

 

Scheme B4.  Synthesis of diamino sulfamide DB7A  via tosylation-azidation-reduction.  

Assuming that the cause of racemization is the bulkiness of tosylate, we replaced the tosylate groups 

with mesylates as leaving groups. However, all solvents, temperature conditions and stoichiometric 

ratios led to the formation of mixtures of both O- and N-mesylation products. 

Considering subsequent reactions involving acidic hydrolysis, nucleophilic substitutions, reductions, 

cross-couplings, condensations and carbene additions, we set out to protect the sulfamide nitrogen atoms 

with a group that unaffected by these multiple reactions. The two benzyl protecting groups were 

introduced in quantitative yield. Gratifyingly, these could be removed quantitatively in a test run by 

catalytic hydrogenolysis (Scheme B5). 
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Scheme B5.  Synthesis of protected sulfamide DB4  and its deprotection by Pd-catalyzed 

hydrogenolysis.  

The acetonide protecting group was hydrolyzed using the solution of HCl in dioxane (Scheme B6). The 

diol DB5 was nearly quantitatively mesylated to afford DB6.  Without further purification, it was reacted 

with NaN3 in DMF. According to NMR data, no meso-product was formed, suggesting that both 

nucleophilic substitutions proceed exclusively via an SN2 mechanism. After column chromatography, 

the diazide DB7 was reduced to the diamine DB8 using LiAlH4. However, despite the complete 

conversion and purity of the crude material confirmed by 1H-NMR, the preparative yield was <40%, 

probably due to the high polarity of the product. To overcome this limitation, catalytic hydrogenation 

was attempted. Surprisingly, the benzyl protection of DB7 was tolerant to azide reduction conditions 

and remained intact. The crude diamine DB8 was subjected to a Buchwald-Hartwig amination with 

bromomesitylene in the presence of Pd2dba3, (±)-BINAP, and tert-BuONa as a base. Despite steric 

hindrance of both substrates, the bis(arylamine) DB9 was obtained in 59% yield (i.e., 77% per amino 

group) after column chromatography (Scheme B6). 

 

Scheme B6.  Synthesis of enantiopure bis(arylamino)sulfamide DB9 .  

The classical method of the synthesis of imidazolinium salts from 1,2-bis(arylamino)ethanes requires 

heating the starting material in TEOF, in presence of ammonium salts. When applied to DB9, a complex 

mixture of products resulted. Unfortunately, the desired product could not be detected by LC-MS 

(Scheme B7). In addition, benzyl deprotection did not work on this substrate either. 

 

Scheme B7.  Unsuccessful reactivities of DB9 .  
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Thus, it was necessary to identify ways to generate a carbene precursor for subsequent coordination with 

the metal, as well as deprotection under metal-compatible conditions. 

Intensive screening of reductive (H2, HCOOH with Pd/C, Pd(OH)2, PtO2, and others) and oxidative 

(DMP, NIS) methods for benzyl-group cleavage from amide nitrogen revealed no conversion under all 

tested pressures and temperatures:  the starting material was quantitatively recovered. Surprisingly, 

treatment with 98-100% sulfuric acid proved very effective for deprotecting amide nitrogens from their 

benzyl protection, despite the fact that there is only one example in the literature (Scheme B8).54 The 

crushed solid DB9 was mixed with sulfuric acid and stirred for 1 hour. Following neutralization and 

extraction, the free sulfamide DB10 was isolated in high purity. 

 

Scheme B8.  H2SO4-mediated benzyl cleavage.  

Since this approach cannot be used for benzyl-deprotection in the presence of ruthenium, we set out to 

replace the protecting group – or use an unprotected sulfamide – for the generation of the N-heterocyclic 

carbene. As there were no data on the nucleophilicity of the nitrogen atoms present in DB10, the 

compound was allyllated with two equivalents of allyl bromide. This led to the formation of a single 

product DB11A in a high yield (Scheme B9). NMR spectra and test reaction with Boc2O revealed that 

a selective alkylation of both sulfamide nitrogens had taken place. Fmoc-Cl was also evaluated to protect 

sulfamide DB10. However, only the Boc-protected DB11 was found to be stable enough for 

chromatographic purification. 

 

Scheme B9.  Protection of sulfamide DB10 required for the completion of the synthesis of the 

NHC precursor XVII.  

Test deprotections under mild conditions highlighted the promise of this approach in the proposed 

reaction sequence (Scheme B10). 

 

Scheme B10.  Protecting-group cleavage from sulfamides DB11A  and DB11 .  
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To obtain NHC-metal complexes, imidazolidine-derived substrates with different leaving groups (LGs) 

were evaluated. These can generate a carbene under the action of base (LG = H) or thermally (LG = 

CCl3, CO2, OR1, PFP and others). Since the direct method of obtaining the imidazolinium salt did not 

work, we set out to test various adducts for the thermal generation of the corresponding NHC. 

Chloroform, carbon dioxide, and alcoholate precursors require the synthesis of the H-derivative. These 

are therefore not suitable. To overcome this limitation, the products of the condensation of diamines 

DB9, DB10, and DB11 with pentafluorobenzaldehyde were prepared according to Scheme B11.55 

 

Scheme B11.  Condensation of bis(arilamino)sulfamides DB9 ,  DB10 , and DB11  with 2,3,4,5,6-

pentaflourobenzaldehyde.  

The resulting adducts DB9-PFP, DB10-PFP, and DB11-PFP were subjected to thermolysis in a series 

of NMR experiments evaluating various solvents and temperature regimes (Table B1). The course of 

the reaction was monitored by 1H- and 19F-NMR spectra. Monitoring the formation of 1,2,3,4,5-

pentafluorobenzene proved very useful. As can be appreciated from Table B1, the heat resistance of the 

adducts increases with decreasing dipole moment of the solvent, making standard solvents for the 

synthesis of NHC-Ru complexes (benzene, toluene, DCM) unsuitable for these starting materials. 

Table B1.  Results of thermolysis of PFP adducts in various solvents after 4 hours of the reaction 

time at 40 °C and 12 hours at 60 °C.  

Solvent Conversion, % 

40 °C, 4h 60 °C, 12 h 

Chloroform 0 0 

DCM 0 0 

Benzene 0 0 

THF 0 43 

ACN 7 95 

Acetone 10 97 

To test the other solvents in the synthesis of desired cofactors, the adducts were thermalized in THF, 

ACN, and acetone in the presence of G-I and CuCl. Unfortunately, none of the adducts coordinated the 

metal in any of the solvents. Accordingly, we sought for alternative ways to synthesize the 

imidazolinium XVII. 

In order to make sure that such a five-membered cycle is thermodynamically stable, a calculation of the 

bond lengths and angles in the structure of the desired product was carried out using the PRIRODA 

software (Figure B3). The calculation revealed no particular challenge in generating the desired product. 



Results and Discussion. De novo ArMs 

71 

 

Figure B3.  Calculated structure of the imidazolinium XVIII.  

Then it was decided to first generate the saturated five-membered imidazolidine DB12A via 

condensation of bis(arylamino)sulfamides with paraformaldehyde (Scheme B12).56 

 

Scheme B12.  Condensation of DB9  with paraformaldehyde under acidic conditions.  

There are several reported methods for the oxidation of imidazolidines to imidazolinium salts with 

radical halogenating reagents.57,58 The desired product DB13A was obtained using NCS at room 

temperature in toluene and using NBA in DCM at 0 °C (Scheme B13). NBS or a slight excess of NBA 

lead to overoxidation and formation of the bromo adduct DB13B. 

 

Scheme B13.  Oxidation of D12A  by radical halogenating agents leading to imidazolinium salts  

DB13A  and DB13B.  

Since the optimization of the protecting group and the approach to the carbene were conducted 

simultaneously, DB9 was used as a model substrate. Then, the Boc-protected NHC precursor DB13 was 

similarly obtained from DB11 after cyclization with paraform and subsequent oxidation with NCS 

(Scheme B14). 

 

Scheme B14.  Synthesis of NHC precursor DB13 .  

In summary, the heterocyclic carbene precursor DB13 was obtained in fourteen linear steps with a total 

yield of 4%. Importantly, it only required three chromatographic purifications (Scheme B15). A 

weakness of this method is the low yield of sulfamide DB3 (20% after diamide DB2 reduction and 

cyclization) and the need to repeat this step several times due to poor scalability. All other steps give 
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moderate to high yields and do not require further purification. The imidazolinium DB13 only requires 

reprecipitation and drying and can be used for subsequent steps. 

 

Scheme B15.  Complete synthesis of imidazolinium DB13 .  

To evaluate the binding of the 7-membered sulfamides to the host protein, the deprotected 

imidazolinium DB14 was generated by deprotection with HCl gas in DCM (Scheme B16). The 

quantitative conversion confirmed the potential of this approach towards the synthesis of various metal-

containing cofactors. 

 

Scheme B16.  Synthesis of the imidazolinium DB14  for binding studies.  
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Synthesis of metal cofactors 

Ru-cofactors 

The target olefin metathesis cofactor DBRu1 was obtained in two linear steps from imidazolinium DB13 

using a first generation Hoveyda-Grubbs catalyst as the ruthenium source. Following coordination, the 

Boc-protecting groups were removed with HCl gas (Scheme B17). The conditions for the carbene 

generation and its coordination to metal were optimized by extensive screening of bases, solvents, 

temperatures, and order of reagent's addition. Complex DBBoc2-Ru was prepared using two equivalents 

of solid KHMDS and HG-I, which gave a 46% yield, significantly surpassing the efficiency of many 

other known approaches. Complete deprotection followed by chromatographic purification afforded the 

product DBRu1 in an overall yield of 39% over two steps. 

 

Scheme B17.  Synthesis of the cofactor DBRu1 .  

While working on the synthesis of ligand DB13, we synthesized a series of functionalized 

o-isopropoxystyrenes for subsequent conjugation with a dye for the synthesis of fluorescent cofactors 

DBS-p-SRB, DBS-m-SRB, and DBS-m-BODIPY (Schemes B18-19). 

 

Scheme B18.  Synthesis of styrene DBS-p-SRB.  
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Scheme B19.  Synthesis of styrenes DBS-m-SRB and DBS-m-BODIPY .  

To evaluate the reactivity of 3-phenyl-1H-inden-1-ylidene-containing complexes, commercially 

available Grubbs Catalyst® M101 (XIX) was reacted with the protected styrene DBS-p-Pht 

(Scheme B20). The desired product DBRu-p-Pht was obtained in high yield and purity, highlighting 

the promise of the synthetic route. 

 

Scheme B20.  Alkylidene exchange in the synthesis of Hoveyda-Grubbs-like catalysts.  

For simple and efficient synthesis of the flourophore bearing cofactors, intermediate DBRu0 containing 

the required ligand and an easily cleavable 3-phenyl-1H-inden-1-ylidene fragment was obtained 

(Scheme B21). 
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Scheme B21.  Synthesis of intermediate DBRu0 .  

The structure of the binding site, predicted by computer modelling, suggested that introduction of 

substituent in meta-position of the benzylidene group should be favoured. The fluorescent cofactor 

DBRu-m-SRB was obtained by heating a mixture of styrene DBS-m-SRB, intermediate DBRu0, and 

CuCl in THF, followed by deprotection with HCl in DCM (Scheme B22). 

 

Scheme B22.  Synthesis of fluorescent cofactor DBRu-m-SRB.  

Charged Ru-cofactors 

Preliminary experiments with purified proteins, performed by Dr. Zhi Zou revealed that cofactor 

DBRu1 has insufficient solubility in water, thus rendering the screening experiments challenging. To 

overcome this challenge, we set out to increase the polarity of the cofactor by adding one or two positive 

charges to the o-isopropoxybenzylidene moiety. 

Charged o-isopropoxystyrenes were obtained according to literature methods (Scheme B23).59 

 

Scheme B23.  Synthesis of charged styrenes DBS-m-N+ and  DBS-m-NN++.  
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The resulting styrenes DBS-m-N+ and DBS-m-NN++ were mixed with the intermediate DBRu0 in THF 

in the presence of CuCl, after which they were subjected to column chromatography. Due to the high 

polarity of the initial styrenes and the expected products, neutral alumina was selected as a sorbent, 

which allowed to obtain pure complex DBBoc2Ru-m-N+ after double purification. DBBoc2Ru-m-

NN++, despite its presence in the reaction mixture (according to NMR and LC-MS), could not be eluted 

from alumina. DBRu-m-N+ was obtained after deprotection with HCl and two column purifications 

(Scheme B24). The product DBRu-m-N+ turned out to be insoluble in DCM, but soluble in MeOH and 

water proving initial hypothesis about high solubility of charged Ru-complexes. 

 

Scheme B24. Synthesis of charged cofactor DBRu-m-N+. 

Due to the difficulty encountered in the synthesis of DBRu-m-N+, we developed an alternative approach 

for the synthesis of water-soluble cofactors. For this, we introduced the charge during the last synthetic 

step, facilitating chromatographic purification. For this, mono- and diamino styrenes DBS-m-N and 

DBS-m-NN were prepared (Scheme B25). 

 

Scheme B25.  Synthesis of aminostyrenes DBS-m-N  and DBS-m-NN.  

The interaction of styrene DBS-m-N with the intermediate DBRu0 resulted in the formation of the 

desired complex DBRu-m-N, which completely decomposed upon removal of the Boc protection, 

demonstrating the unsuitability of this approach for the synthesis of charged cofactors (Scheme B26). 

 

Scheme B26.  Alternative approach for the synthesis of charged cofactors.  
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At this time, Dr. Zhi Zou found that minimal addition of ACN and DMF sufficiently increase the 

solubility of cofactor DBRu1 without changing the properties of the host protein, which eliminated the 

need in charged olefin metathesis cofactors. 

Au-cofactors 

Since heterocyclic carbenes can coordinate to a variety of metals, we set out to expand this project with 

the chemistry of gold as another catalyst with a wide range of bioorthogonal reactivities. Using the same 

NHC precursor DB13, after extensive screening and optimization of conditions, we synthesized a Boc-

protected Au-cofactor DBBoc2-Au-Cl by simple mixing DB13 with Au(Me2S)Cl in the presence of 

base. The deprotection with HCl afforded cofactor DBAu-Cl in a quantitative yield after two steps 

(Scheme B27). 

 

Scheme B27.  Synthesis of Au-NHC-complex DBAu-Cl .  

Preliminary experiments performed by Elinor Morris revealed insufficient solubility of DBAu-Cl. To 

overcome this challenge, we prepared the pyridine complex DBAu-py-SbF6 by replacing the chloride 

in the presence of soluble silver salt and pyridine (Scheme B28). 

 

Scheme B28.  Synthesis of water-soluble complex DBAu-py-SbF6 .  

To further increase solubility, we synthesized a family of charged and polar pyridines, however they did 

not form a stable complex with NHC-Au (Scheme B29). 

 

Scheme B29.  Attempts to synthesize charged Au-py complexes.  
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Nevertheless, the cofactor DBAu-py-SbF6 revealed sufficient solubility in water, thus enabling the 

screening and evolving of gold-containing TRPs. 

The high affinity of gold for sulfur opens prospects for the preparation of thiol-containing gold. We 

hypothesized that these may not be catalytically active but may allow to introduce a fluorescent reporter 

that could enable fluorescence-based sorting. This may be required to evolve the affinity of the cofactor 

for the TRP: ideally the cofactors should display Kd < 1 mM for the various TRPs. As a proof of concept, 

DBAu-SPh was obtained by simple mixing DBAu-Cl with thiophenol and potassium carbonate, 

followed by precipitation in diethyl ether (Scheme B30). 

 

Scheme B30.  Synthesis of covalent complex DBAu-SPh.  

The thiophenol with a fluorescent moiety was obtained in a few simple steps (Scheme B31). 

 

Scheme B31.  Synthesis of thiophenol DBHS-SRB modified with fluorophore.  

Despite all attempts to coordinate DBAu-Cl to the fluorescent thiophenol DBHS-SRB, the product 

could never beobtained. Thankfully however, the Kd of DBAu-Cl could be determined by Isothermal 

Titration Calorimetry, albeit not a high-throughput method. 

All obtained cofactors and ligands were tested for the binding and catalytic activity by Dr. Zhi Zou and 

Elinor Morris. Preliminary data are presented in the next chapter. 
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RuTRPs 

As it was mentioned above, homohexameric TRP was selected as a scaffold for ArMs construction, and 

DBRu1 was chosen as a metal cofactor. Docking studies were carried out by Dr. Indrek Kalvet and 

resulted in 21 designs of de novo TRPs (Fig. B4). 

 

Figure B4. Proposed interactions of the cofactor DBRu1  and donut-shaped de novo  designed α-

helical tandem repeat proteins (DeNovoTRPs).  

Twenty out of 21 designs were solubly expressed in E. coli, purified, and characterized (HRMS) by 

Dr. Zhi Zou. 

Binding affinity of the cofactor DBRu1 were preliminarily determined by fluorescence quenching 

(Fig. B5). Since cofactor itself revealed negligible fluorescence, DBRu1 was used for titration of the 

protein. Kd determined for two pH values was found as micromolar, proving the design's success. 

 

Figure B5. Fluorescence scan of TRP02 (1 μM) in presence of different concentrations of 

DBRu1 .  

Then, catalytic activity of metalloenzymes was investigated for various TRPs with the cationic 

diolefin XX. The free cofactor revealed moderate TON = 17. In order to completely bind the cofactor 

DBRu1 Dr. Zhi Zou used 20 eq. of protein. In presence of protein cofactor demonstrated lower TONs 

(Fig. B6). 
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Figure B6. RCM of the diolefin XX in presence of DBRu1  and TRPs.  

Assuming that the protein surface is positively charged at pH 4.2 and cationic substrate is 

electrostatically repelled, the neutral diolefin XXI was tested (Fig. B7) under similar conditions (DMSO 

additive was increased for better substrate solubility). Despite the known negative effect of DMSO on 

the aqueous RCM, the catalytic activity of unbound cofactor reached 52 turnovers. Surprisingly, almost 

all RuTRPs demonstrated higher activity (up to 188 turnovers). This can be explained by the fact that 

the hydrophobic binding site protects the cofactor from water and DMSO. 

 

Figure B7. RCM of the diolefin XXI in presence of DBRu1  and TRPs.  

For TRP18, a quick-and-dirty evolutionary experiment was performed by random substitutions of amino 

acids at positions in close proximity to Ru cofactor (L115, G17, E39, F43, L78) (Fig. B8). Some of the 

substitutions led to a significant decrease in catalytic activity. However, the mutant L115S revealed a 

noticeable and reproducible improvement, which opens the way for further, more systematic structure 

optimization. 
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Figure B8. RCM of the diolefin XXI in presence of DBRu1  and TRP18 mutants.  

AuTRPs 

Preliminary studies of Au-TRP metalloenzymes were performed by Elinor Morris and Dr. Sophie 

Basler. Catalytic activity of ArMs was evaluated in hydroamination of 2-ethynylaniline XXII as yields 

of indole (determined by UPLC). As can be seen from Figure B9, constructs 16, 17, and 18 demonstrate 

significant improvement in catalytic activity. 

 
Figure B9. Intramolecular hydroamination  of 2-ethynylaniline XXII  in the presence of DBAu-

py-SbF6  (Au) and TRPs. Reaction conditions: TRP (10 μM), cofactor (10 μM), substrate (1 mM), 

pH 5, MES (40 mM), NaCl (300 mM), ACN (12.5%), 25 °C.  

For the further assessment of the catalytic activity of the gold complex DBAu-py-SbF6, two substrates 

DBSb1 and DBSb2 were prepared (Fig. B10). Upon gold-catalyzed hydroarylation, aminocoumarin 
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derivatives are generated which can be readily monitored by fluorescence allowing high-throughput 

screening. 

 

Figure B10.  Substrates for Au-catalyzed hydroarylation.  

The results obtained by Dr. Zhi Zou and Elinor Morris confirm the initial hypothesis about interaction 

between cofactor and de novo protein. The expressed and purified proteins will be further investigated 

by ITC for precise determination of Kd values. After all preliminary experiments, selected proteins will 

be assessed in various reactions. Selectivities (regio-, enantio-, atropo-, diastereo-, and others) as well 

as TONs will be improved by directed evolution. 
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4. Summary and Outlook 

Bioorthogonal transformations are of particular interest in the context of cancer therapy. Acting like 

conventional batch catalysts, metal cofactors allow new-to-nature reactions inside living cells or in 

tumor tissue. 

In this work, we present a Ru-deallylation cofactor associated with a low-molecular, highly specific 

binder of hCAIX (a known marker of various cancer cell lines). The ability of HeLa cells to express 

hCAIX exclusively under hypoxic conditions made it possible to use this cell line as a single model for 

healthy and diseased cells. The specificity of binding of the anchor to the tumor marker was 

demonstrated by FACS and super-resolution microscopy. A library of new prodrugs capable of Ru-

catalyzed uncaging was also synthesized. Due to the limited applicability of conventional alloc-

protection for highly potent cytotoxins, a new protecting group that allows caging of two drug molecules 

has been developed. The obtained results open-up prospects for further study of this catalytic system for 

targeted delivery of the Ru-cofactor to the cell surface, discriminating diseased cells against healthy 

ones. 

In addition, as part of the work on designing the substrate for in vivo synthesis of bioactive molecules, 

we developed an approach to monosubstituted benzenes under RCM conditions. Unfortunately, this 

method was inapplicable for the synthesis of the tamoxifen precursor. However, this approach 

complements and completes the arsenal of methods for the synthesis of aromatic compounds under Ru-

catalysis. A precursor of pacritinib has also been synthesized. It has been shown that this bioactive 

molecule can be obtained by RCM in various solvents, including water. Due to the controversial clinical 

status of the drug in 2019, it was not then tested on cancer cells. Even so, in early 2022 it was approved 

by the FDA, and therefore is a potential subject for further in vivo studies. 

New approaches to caging phenols and amines relying on a Ru-cleavable protecting group have also 

been developed. In particular, SN-38 caged by naphthalene diolefin precursor was synthesized. A 

dendritic approach to caging of multitude of molecules was also demonstrated for the first time in a 

bioorthogonal manner. Finally, we developed a substrate for live-cell imaging of RCM using MINFLUX 

technology. The synthesis of the target substrate has been brought to the final stage. In the near future, 

all synthesized building blocks will be combined, and the resulting substrate will be tested in living cells 

in the presence of water-soluble ruthenium complexes. 

With the aim of developping monomeric ArMsAs that can readily be evolved on a cell surface, we are 

collaborating with Prof. David Baker. Having designed a suitable cofactor bearing a sulfamide moiety, 

we have synthesized an optically active NHC as well as ruthenium and gold complexes for 

bioorthogonal reactions. These cofactors display a micromolar affinity to engineered de novo scaffolds. 

The next stage of this study includes optimization of the structure of binding sites, after which all 

cofactors will be tested on a wide range of substrates to evaluate regio-, atropo-, enantio- and other types 

of selectivity. Thereafter, each of these reactions will be individually optimized by directed evolution to 

achieve the best-in-class activities and selectivities.
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5. Supplementary Information 

5.1. Deallylation Project 

8-(Allyloxy)quinoline-5-carboxylic acid derivatives 

 

8-(Allyloxy)quinoline-5-carboxylic acid (A1) 

 

The carboxylic acid A1 was prepared according to a reported procedure.60 

1H NMR (500 MHz, DMSO-d6): δ 12.95 (s, 1H), 9.41 (dd, J = 8.8, 1.7, 1H), 8.91 (dd, J = 4.0, 1.7, 1H), 

8.27 (d, J = 8.4, 1H), 7.67 (dd, J = 8.7, 4.0, 1H), 7.27 (d, J = 8.4, 1H), 6.18 (ddt, J = 17.1, 10.7, 5.4, 1H), 

5.53 (dq, J = 17.2, 1.6, 1H), 5.35 (dq, J = 10.5, 1.5, 1H), 4.85 (dt, J = 5.4, 1.5, 2H). 

 

Methyl 8-(allyloxy)quinoline-5-carboxylate (A2) 

 

The carboxylic acid A1 (70 mg, 0.3 mmol) was dissolved in methanol (5 mL) and thionyl chloride 

(70 µL, 0.96 mmol) was added. The reaction mixture was refluxed for 16 h and then concentrated under 

reduced pressure. The residue was dissolved in diethyl ether (10 mL) and washed with a saturated 

solution of NaHCO3 (2×5 mL), water (50 mL), and brine (10 mL), dried over anhydrous sodium sulfate 

and filtered. The organic solvent was removed under reduced pressure to give the methyl ester A2 as an 

off-white solid (68 mg, 93%). 

1H NMR (500 MHz, CDCl3) δ 9.46 (dd, J = 8.8, 1.7 Hz, 1H), 8.99 (dd, J = 4.1, 1.7 Hz, 1H), 8.30 (d, J 

= 8.4 Hz, 1H), 7.56 (dd, J = 8.8, 4.1 Hz, 1H), 7.05 (d, J = 8.4 Hz, 1H), 6.20 (ddt, J = 17.2, 10.8, 5.5 Hz, 

1H), 5.49 (dq, J = 17.3, 1.5 Hz, 1H), 5.38 (dd, J = 10.5, 1.3 Hz, 1H), 4.94 (dt, J = 5.4, 1.3 Hz, 3H), 3.97 

(s, 3H). 
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8-(Allyloxy)-N,N-dimethylquinoline-5-carboxamide (A3) 

 

The carboxylic acid A1 (69 mg, 0.3 mmol) was dissolved in DMF (5 mL), and HATU (384 mg, 1 mmol) 

and DIPEA (350 µL, 2 mmol) were added at room temperature. The reaction mixture was stirred for 30 

min, and dimethylamine hydrochloride (40 mg, 0.5 mmol) was added. The reaction mixture was stirred 

for 16 h, concentrated under reduced pressure, and purified by silica gel column chromatography (60% 

EtOAc in cycloheaxane) to give the amide A3 as a colourless liquid (43 mg, 56%). 

1H NMR (500 MHz, CDCl3) δ 8.98 (dd, J = 4.1, 1.7 Hz, 1H), 8.18 (dd, J = 8.5, 1.7 Hz, 1H), 7.47 (dd, J 

= 8.5, 4.1 Hz, 1H), 7.42 (d, J = 8.0 Hz, 1H), 7.06 (d, J = 8.0 Hz, 1H), 6.20 (ddt, J = 17.2, 10.7, 5.4 Hz, 

1H), 5.48 (dd, J = 17.3, 1.4 Hz, 1H), 5.36 (dd, J = 10.5, 1.3 Hz, 1H), 4.90 (dt, J = 5.4, 1.3 Hz, 2H), 3.23 

(s, 3H), 2.86 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 170.02, 155.18, 149.87, 140.35, 133.65, 132.88, 126.58, 125.48, 122.49, 

118.81, 108.41, 70.11, 39.34, 35.26. 

 

2-(Dimethylamino)-2-oxoethyl 8-(allyloxy)quinoline-5-carboxylate (A4) 

 

The carboxylic acid A1 (69 mg, 0.3 mmol), 2-chloro-N,N-dimethylacetamide (50 mg, 0.35 mmol), NaI 

(30 mg, 0.2 mmol) were mixed in DMF (1 mL). Et3N (83 µL, 0.6 mmol) was added   at room 

temperature, and the mixture was stirred for 16 h. The reaction mixture was diluted with water (10 mL) 

and extracted with diethyl ether (3×10 mL). The combined organic phase was washed with saturated 

NaHCO3 solution (2×10 mL), water (10 mL), and brine (20 mL), dried over anhydrous sodium sulfate 

and filtered. The organic solvent was removed under reduced pressure. The residue was purified by 

silica gel column chromatography (60% EtOAc in cyclohexane) to give the amide A4 as a colourless 

liquid (89 mg, 94%). 

1H NMR (500 MHz, CDCl3) δ 9.49 (dd, J = 8.8, 1.6 Hz, 1H), 8.98 (dd, J = 4.1, 1.6 Hz, 1H), 8.44 (d, J 

= 8.4 Hz, 1H), 7.55 (dd, J = 8.8, 4.1 Hz, 1H), 7.06 (d, J = 8.4 Hz, 1H), 6.20 (ddt, J = 16.0, 10.7, 5.5 Hz, 

1H), 5.52 – 5.45 (m, 1H), 5.43 – 5.32 (m, 1H), 5.03 (s, 2H), 4.94 (d, J = 5.4 Hz, 2H), 3.08 (s, 3H), 3.03 

(s, 3H). 

13C NMR (126 MHz, CDCl3) δ 166.68, 166.14, 158.64, 149.58, 140.28, 134.83, 133.33, 132.44, 128.95, 

123.24, 119.13, 117.83, 107.77, 70.22, 61.76, 36.07, 35.79. 

 

2-Methoxy-2-oxoethyl 8-(allyloxy)quinoline-5-carboxylate (A5) 

 

The carboxylic acid A1 (140 mg, 0.6 mmol), methyl bromoacetate (107 mg, 0.65 mmol), NaI (30 mg, 

0.2 mmol) were mixed in DMF (1 mL). Et3N (170 µL, 1.2 mmol) was added at room temperature, and 
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the mixture was stirred for 16 h. The reaction mixture was diluted with water (10 mL) and extracted 

with diethyl ether (3×10 mL). The combined organic phase was washed with saturated NaHCO3 solution 

(2×10 mL), water (10 mL), and brine (20 mL), dried over anhydrous sodium sulfate and filtered. The 

organic solvent was removed under reduced pressure to give the diester 2-methoxy-2-oxoethyl 8-

(allyloxy)quinoline-5-carboxylate A5 as a pale yellow oil (141 mg, 78%) which was used in the next 

step without further purification. 

1H NMR (500 MHz, CDCl3) δ 9.45 (dd, J = 8.8, 1.6 Hz, 1H), 8.99 (dd, J = 4.1, 1.6 Hz, 1H), 8.42 (d, J 

= 8.4 Hz, 1H), 7.56 (dd, J = 8.8, 4.1 Hz, 1H), 7.07 (d, J = 8.5 Hz, 1H), 6.20 (ddd, J = 22.7, 10.7, 5.5 Hz, 

1H), 5.49 (dd, J = 17.3, 1.3 Hz, 1H), 5.38 (dd, J = 10.5, 1.2 Hz, 1H), 4.95 (d, J = 5.4 Hz, 2H), 4.92 (s, 

2H), 3.82 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 168.67, 165.63, 158.89, 149.67, 140.31, 134.60, 133.39, 132.37, 128.99, 

123.36, 119.19, 117.17, 107.73, 70.26, 61.06, 52.51. 

 

(7-(((Allyloxy)carbonyl)amino)-2-oxo-2H-chromen-4-yl)methanesulfonic acid triethylammonium salt 

(A6) 

 

 The coumarin A6 was prepared according to a reported procedure.61 

1H NMR (500 MHz, DMSO-d6) δ 10.23 (s, 1H), 7.85 (d, J = 8.8 Hz, 1H), 7.55 (d, J = 2.0 Hz, 1H), 7.34 

(dd, J = 8.8, 2.1 Hz, 1H), 6.25 (s, 1H), 6.00 (ddt, J = 17.2, 10.6, 5.5 Hz, 1H), 5.38 (dt, J = 17.2, 1.6 Hz, 

1H), 5.26 (dt, J = 10.5, 1.4 Hz, 1H), 4.65 (dt, J = 5.5, 1.4 Hz, 2H), 4.01 (s, 2H). 

 

2-((8-(Allyloxy)quinoline-5-carbonyl)oxy)acetic acid (A7) 

 

To a stirred solution of the diester A5 (135 mg, 0.45 mmol) in methanol (3.5 mL) a solution of 

LiOH·H2O (18 mg, 0.43 mmol) in water (300 µL) was added at room temperature. The mixture was 

stirred for 16 h at room temperature, and acetic acid (3 mL) was added dropwise at 0 °C. Solids were 

filtered, washed with acetic acid, and dried in vacuo to give the carboxylic acid A7 as an off-white 

powder (89 mg, 72%). The crude product was used in the next step without further purification. 

1H NMR (500 MHz, DMSO-d6) δ 13.20 (s, 1H), 9.29 (d, J = 8.4 Hz, 1H), 8.95 (s, 1H), 8.34 (d, J = 8.3 

Hz, 1H), 7.71 (dd, J = 8.5, 3.7 Hz, 1H), 7.33 (d, J = 8.4 Hz, 1H), 6.19 (td, J = 10.8, 5.2 Hz, 1H), 5.54 

(d, J = 17.1 Hz, 1H), 5.36 (d, J = 10.4 Hz, 1H), 4.88 (s, 4H). 

 

2,3,4,5,6-Pentafluorobenzenesulfonamide (A8) 

 

2,3,4,5,6-pentafluorobenzenesulfonamide A8 was prepared according to a reported procedure.62 

1H NMR (500 MHz, DMSO-d6) δ 8.46 (s, 2H). 
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19F NMR (471 MHz, DMSO-d6) δ -138.77 – -139.23 (m), -148.82 (tt, J = 22.5, 5.2 Hz), -160.46 (tt, J = 

22.6, 5.5 Hz). 

 

α,ω-Aminothiols 

6-Mercaptohexanenitrile (A9) 

 

6-bromohexanitrile (1.76 g, 10 mmol) and thiourea (910 mg, 12 mmol) were heated in ethanol (25 mL) 

under reflux for 4 h. The reaction mixture was cooled to room temperature, and a 10% NaOH solution 

(20 mL) was added, and the mixture was heated to reflux for additional 16 h. The organic solvent was 

removed under reduced pressure, and the aqueous phase was extracted with diethyl ether (3×20 mL). 

The combined organic phase was washed with water (20 mL) and brine (20 mL), dried over anhydrous 

sodium sulfate and filtered. The organic solvent was removed under reduced pressure to give the thiol 

A9 as a pale-yellow liquid (896 mg, 69%). The crude product was used without further purification. 

1H NMR (500 MHz, CDCl3) δ 2.54 (q, J = 7.1 Hz, 2H), 2.35 (t, J = 7.0 Hz, 2H), 1.73 – 1.61 (m, 4H), 

1.59 – 1.51 (m, 2H), 1.35 (t, J = 7.8 Hz, 1H). 

 

Synthesis of the thiol A11 

 

S-(4-Nitrophenethyl) ethanethioate (A10) 

 

1-(2-Bromoethyl)-4-nitrobenzene (1.06 g, 4.6 mmol), K2CO3 (760 mg, 5.5 mmol), and thioacetic acid 

(390 µL, 5.5 mmol) were mixed in ACN (10 mL) and stirred at room temperature for 4 h. The organic 

solvent was removed under reduced pressure, and the residue was redissolved in diethyl ether (50 mL). 

The organic phase was washed with saturated NaHCO3 solution (20 mL), water (20 mL) and brine (20 

mL), dried over anhydrous sodium sulfate and filtered. The organic solvent was removed under reduced 

pressure to give the thioester A10 as a pale-yellow oil (1 g, 97%). The crude product was used in the 

next step without further purification. 

1H NMR (500 MHz, CDCl3) δ 8.20 – 8.10 (m, 1H), 7.44 – 7.34 (m, 1H), 3.14 (dd, J = 8.4, 6.6 Hz, 1H), 

2.98 (t, J = 7.5 Hz, 1H), 2.33 (s, 1H). 

 

2-(4-Aminophenyl)ethane-1-thiol (A11) 

 

The thioester A10 (1 g, 4.4 mmol) was mixed with 2M HCl solution (30 mL) and Sn dust (2.5 g, 

21 mmol) was added in portions at room temperature. The reaction mixture was stirred for 16 h and then 

filtered through a pad of celite. The aqueous phase was extracted with diethyl ether (3×20 mL), washed 

with a saturated NaHCO3 solution (20 mL), water (20 mL) and brine (20 mL), dried over anhydrous 

sodium sulfate and filtered. The organic solvent was removed under reduced pressure to give the thiol 

A11 as a yellow oil (195 mg, 29%). The crude product was used in the next step without further 

purification. 
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1H NMR (500 MHz, CDCl3) δ 6.99 (d, J = 8.3 Hz, 2H), 6.64 (d, J = 8.4 Hz, 2H), 2.89 – 2.78 (m, 2H), 

2.77 – 2.67 (m, 2H), 1.37 (t, J = 7.7 Hz, 1H). 

Synthesis of the thiol A14 

 

2-(2-Bromoethyl)isoindoline-1,3-dione (A12) 

 

The bromide A12 was prepared according to a reported procedure.63 

 

S-(2-(1,3-Dioxoisoindolin-2-yl)ethyl) ethanethioate (A13) 

 

The bromide A12 (2.32 g, 9.1 mmol), K2CO3 (1.51 g, 10.9 mmol), and thioacetic acid (780 µL, 

10.9 mmol) were mixed in ACN (20 mL) and heated to reflux for 3 h. The organic solvent was removed 

under reduced pressure, and the residue was redissolved in diethyl ether (100 mL). The organic phase 

was washed with a saturated NaHCO3 solution (50 mL), water (50 mL) and brine (50 mL), dried over 

anhydrous sodium sulfate and filtered. The organic solvent was removed under reduced pressure to give 

the thioester A13 as an off-white solid (2.24 g, 99%). The crude product was used in the next step 

without further purification. 

1H NMR (500 MHz, CDCl3) δ 7.84 (dd, J = 5.4, 3.0 Hz, 2H), 7.71 (dd, J = 5.5, 3.0 Hz, 2H), 3.90 (t, J = 

6.5 Hz, 2H), 3.20 (t, J = 6.5 Hz, 2H), 2.31 (s, 3H). 

 

2-(2-Mercaptoethyl)isoindoline-1,3-dione (A14) 

 

The thioester A13 (2.24 g, 9 mmol) was dissolved in MeOH (30 mL) and conc. HCl (4 mL) was added 

at room temperature. The reaction mixture was stirred for 3 h and then concentrated under reduced 

pressure. The residue was redissolved in ethyl acetate (100 mL), and the organic phase was washed with 

saturated NaHCO3 solution (50 mL), water (50 mL) and brine (50 mL), dried over anhydrous sodium 

sulfate and filtered. The organic solvent was removed under reduced pressure to give the thiol A14 as a 

pale-yellow solid (1.64 g, 88%). The crude product was used in the next step without further purification. 

1H NMR (500 MHz, CDCl3) δ 7.86 (dd, J = 5.5, 3.0 Hz, 2H), 7.73 (dd, J = 5.5, 3.0 Hz, 2H), 3.93 – 3.81 

(m, 3H), 2.84 (ddd, J = 8.5, 7.2, 6.4 Hz, 3H), 1.43 (t, J = 8.6 Hz, 1H). 
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Synthesis of the thiol A16 

 

S-(2-(2-(2-(1,3-Dioxoisoindolin-2-yl)ethoxy)ethoxy)ethyl) ethanethioate (A15) 

 

The thioester A15 was prepared according to a reported procedure.64 

1H NMR (500 MHz, CDCl3) δ 7.84 (dd, J = 5.4, 3.1 Hz, 2H), 7.71 (dd, J = 5.5, 3.0 Hz, 2H), 3.90 (t, J = 

5.8 Hz, 2H), 3.74 (t, J = 5.8 Hz, 2H), 3.66 – 3.49 (m, 6H), 3.01 (t, J = 6.4 Hz, 2H), 2.31 (s, 3H). 

 

2-(2-(2-(2-Mercaptoethoxy)ethoxy)ethyl)isoindoline-1,3-dione (A16) 

 

The thioester A15 (1.4 g, 4.1 mmol) was dissolved in MeOH (50 mL) and conc. HCl (2 mL) was added 

at room temperature. The reaction mixture was heated under reflux for 3 h and then concentrated under 

reduced pressure. The residue was redissolved in ethyl acetate (100 mL), and the organic phase was 

washed with a saturated NaHCO3 solution (50 mL), water (50 mL) and brine (50 mL), dried over 

anhydrous sodium sulfate and filtered. The organic solvent was removed under reduced pressure to give 

the thiol A15 as a pale-yellow oil (1.1 g, 90%). The crude product was used in the next step without 

further purification. 

1H NMR (500 MHz, CDCl3) δ 7.84 (dd, J = 5.4, 3.0 Hz, 2H), 7.71 (dd, J = 5.5, 3.0 Hz, 2H), 3.90 (t, J = 

5.8 Hz, 1H), 3.75 (t, J = 5.8 Hz, 2H), 3.66 – 3.61 (m, 2H), 3.61 – 3.56 (m, 2H), 3.54 (t, J = 6.4 Hz, 2H), 

2.60 (dt, J = 8.2, 6.4 Hz, 2H), 1.53 (t, J = 8.2 Hz, 1H). 

 

2,5,6-Trifluorobenzenesulfonamides 

General procedure for the synthesis of A17-A20 (GP1)62 

 

The sulfonamide A8 (1 eq.), Et3N (1.01 eq.) and the nucleophile (1.1 eq.) were dissolved in MeOH 

(0.133M). The reaction mixture was refluxed for 16 h. The reaction mixture was concentrated under 

reduced pressure, and the residue was purified to afford the desired product. 
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4-((5-Cyanopentyl)thio)-2,3,5,6-tetrafluorobenzenesulfonamide (A17) 

 

The sulfonamide A17 was synthesized according to the general procedure GP1 and purified by silica 

gel column chromatography (25% EtOAc in cyclohexane) to give the title compound as a white solid 

(1.28 g, 90%). 

1H NMR (500 MHz, CDCl3) δ 5.44 (s, 2H), 3.07 (t, J = 7.0 Hz, 2H), 2.36 (t, J = 6.9 Hz, 2H), 1.67 (p, J 

= 7.1 Hz, 4H), 1.63 – 1.55 (m, 2H). 

19F NMR (471 MHz, CDCl3) δ -131.81 – -132.11 (m), -138.02 – -138.50 (m). 

 

4-((4-Aminophenethyl)thio)-2,3,5,6-tetrafluorobenzenesulfonamide (A18) 

 

The aniline A18 was synthesized according to the general procedure GP1 and purified by silica gel 

column chromatography (33% EtOAc in cyclohexane) to give the title compound as a white solid 

(192 mg, 69%). 

1H NMR (500 MHz, CDCl3) δ 6.92 (d, J = 8.3 Hz, 2H), 6.50 (d, J = 8.4 Hz, 2H), 6.35 (s, 2H), 3.64 (s, 

2H), 3.40 – 3.30 (m, 2H), 2.98 (dd, J = 7.1, 5.0 Hz, 2H). 

19F NMR (471 MHz, CDCl3) δ -130.53 – -131.14 (m), -139.59 – -140.02 (m). 

 

4-((2-(1,3-Dioxoisoindolin-2-yl)ethyl)thio)-2,3,5,6-tetrafluorobenzenesulfonamide (A19) 

 

The sulfonamide A19 was synthesized according to the general procedure GP1 and purified by silica 

gel column chromatography (33% EtOAc in cyclohexane) to give the title compound as a white solid 

(1.44 g, 83%). 

1H NMR (500 MHz, CDCl3) δ 7.84 (dd, J = 5.5, 3.0 Hz, 2H), 7.75 (dd, J = 5.5, 3.0 Hz, 2H), 5.38 (s, 

2H), 3.92 (t, J = 6.5 Hz, 2H), 3.44 (t, J = 6.5 Hz, 2H). 

19F NMR (471 MHz, CDCl3) δ -131.17 – -131.59 (m), -137.93 – -138.29 (m). 

 

4-((2-(2-(2-(1,3-dioxoisoindolin-2-yl)ethoxy)ethoxy)ethyl)thio)-2,3,5,6-

tetrafluorobenzenesulfonamide (A20) 

 

The sulfonamide A20 was synthesized according to the general procedure GP1 and purified by silica 

gel column chromatography (50% EtOAc in cyclohexane) to give the title compound as a white solid 

(1.09 g, 87%). 
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1H NMR (500 MHz, CDCl3) δ 7.83 (dd, J = 5.4, 3.1 Hz, 2H), 7.72 (dd, J = 5.5, 3.0 Hz, 2H), 6.02 (s, 

2H), 3.83 (t, J = 5.8 Hz, 2H), 3.64 (td, J = 5.8, 3.4 Hz, 4H), 3.48 (s, 4H), 3.11 (t, J = 5.8 Hz, 2H). 

19F NMR (471 MHz, CDCl3) δ -131.29 – -131.80 (m), -138.83 – -139.13 (m). 

13C NMR (126 MHz, CDCl3) δ 168.67, 134.26, 132.07, 123.48, 121.29, 71.24, 70.51, 70.15, 67.96, 

37.44, 34.02. 

 

Synthesis of A21-24 (GP2)65 

 

A mixture of 2,3,5,6-tetrafluoro-4-[thio]benzenesulfonamide (1 eq.), Et3N (1.04 eq), DMSO 

(5 mL/mmol), and cyclooctylamine (1.04 eq.) was stirred at 60 °C for 16 h. The mixture was then diluted 

with EtOAC and extracted with EtOAc three times. The combined organic phase was dried over MgSO4 

and concentrated under reduced pressure. The product was purified to give the desired product. 

 

4-((5-Cyanopentyl)thio)-2-(cyclooctylamino)-3,5,6-trifluorobenzenesulfonamide (A21) 

 

The cyclooctylaniline A21 was synthesized according to the general procedure GP2 and purified by 

silica gel column chromatography (20% EtOAc in cyclohexane) to give the title compound as a 

colourless oil (285 mg, 61%). 

1H NMR (500 MHz, CDCl3) δ 6.16 (d, J = 7.3 Hz, 1H), 5.29 (s, 2H), 3.80 (dd, J = 7.8, 3.5 Hz, 1H), 2.98 

(t, J = 6.9 Hz, 2H), 2.35 (t, J = 6.9 Hz, 2H), 1.86 (ddt, J = 12.0, 8.4, 3.0 Hz, 2H), 1.76 – 1.44 (m, 18H). 

19F NMR (471 MHz, CDCl3) δ -119.81 (dd, J = 11.4, 3.2 Hz), -138.06 (dd, J = 25.9, 11.4 Hz), -144.58 

(dd, J = 25.9, 3.2 Hz). 

13C NMR (126 MHz, CDCl3) δ 132.65, 119.49, 56.22, 56.13, 33.81, 33.78, 33.75, 32.98, 29.34, 27.53, 

27.37, 25.67, 24.98, 23.58, 17.24. 

 

4-((4-Aminophenethyl)thio)-2-(cyclooctylamino)-3,5,6-trifluorobenzenesulfonamide (A22) 

 

The cyclooctylaniline A22 was synthesized according to the general procedure GP2 and purified by 

silica gel column chromatography (25% EtOAc in cyclohexane) to give the title compound as a white 

solid (37 mg, 58%). 

1H NMR (500 MHz, CDCl3) δ 6.94 (d, J = 8.3 Hz, 2H), 6.51 (d, J = 8.4 Hz, 2H), 5.98 (s, 2H), 3.74 (s, 

1H), 3.58 (s, 2H), 3.24 (dd, J = 7.1, 5.8 Hz, 2H), 2.95 – 2.85 (m, 2H), 1.92 – 1.80 (m, 2H), 1.76 – 1.45 

(m, 12H). 
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19F NMR (471 MHz, CDCl3) δ -119.63 (dd, J = 11.2, 3.2 Hz), -139.54 (dd, J = 26.1, 11.2 Hz), -143.25 

(dd, J = 26.1, 3.2 Hz). 

13C NMR (126 MHz, CDCl3) δ 143.65, 130.31, 129.88, 115.88, 56.29, 56.21, 37.41, 34.41, 33.16, 27.41, 

27.06, 25.70, 23.64. 

 

2-(Cyclooctylamino)-4-((2-(1,3-dioxoisoindolin-2-yl)ethyl)thio)-3,5,6-trifluorobenzenesulfonamide  

(A23) 

 

The cyclooctylaniline A23 was synthesized according to the general procedure GP2 and purified by 

silica gel column chromatography (25% EtOAc in cyclohexane) to give the title compound as a white 

solid (261 mg, 73%). 

1H NMR (500 MHz, CDCl3) δ 7.82 (dd, J = 5.4, 3.1 Hz, 2H), 7.73 (dd, J = 5.5, 3.0 Hz, 2H), 6.11 (d, J 

= 8.4 Hz, 1H), 5.30 (d, J = 1.6 Hz, 2H), 3.91 (t, J = 6.7 Hz, 2H), 3.83 – 3.63 (m, 1H), 3.35 (t, J = 6.7 

Hz, 2H), 1.93 – 1.76 (m, 2H), 1.74 – 1.61 (m, 2H), 1.59 – 1.53 (m, 8H). 

19F NMR (471 MHz, CDCl3) δ -119.46 (dd, J = 11.3, 3.8 Hz), -138.00 (dd, J = 25.8, 11.4 Hz), -144.36 

(dd, J = 25.8, 3.8 Hz). 

13C NMR (126 MHz, CDCl3) δ 168.03, 134.36, 131.84, 123.51, 60.56, 56.22, 56.14, 37.77, 32.98, 31.70, 

31.67, 31.64, 27.39, 27.05, 25.66, 23.56, 21.19, 14.33. 

 

2-(Cyclooctylamino)-4-((2-(2-(2-(1,3-dioxoisoindolin-2-yl)ethoxy)ethoxy)ethyl)thio)-3,5,6-

trifluorobenzenesulfonamide (A24) 

 

The cyclooctylaniline A24 was synthesized according to the general procedure GP2 and purified by 

silica gel column chromatography (40% EtOAc in cyclohexane) to give the title compound as a white 

solid (237 mg, 65%). 

1H NMR (500 MHz, CDCl3) δ 7.84 (dd, J = 5.4, 3.0 Hz, 2H), 7.71 (dd, J = 5.4, 3.0 Hz, 2H), 6.13 (d, J 

= 7.9 Hz, 1H), 5.61 (s, 2H), 3.84 (t, J = 5.8 Hz, 2H), 3.77 (d, J = 3.8 Hz, 1H), 3.66 (t, J = 5.8 Hz, 2H), 

3.60 (t, J = 6.2 Hz, 2H), 3.56 – 3.48 (m, 4H), 3.05 (t, J = 6.2 Hz, 2H), 1.83 (ddt, J = 11.9, 5.2, 2.8 Hz, 

2H), 1.69 – 1.44 (m, 10H). 

19F NMR (471 MHz, CDCl3) δ -119.45 (dd, J = 11.4, 3.0 Hz), -138.41 (dd, J = 26.1, 11.4 Hz), -144.00 

(dd, J = 26.1, 3.0 Hz). 

13C NMR (126 MHz, CDCl3) δ 168.57, 134.18, 132.16, 123.46, 70.94, 70.55, 70.15, 67.95, 56.22, 56.13, 

37.40, 33.83, 33.80, 32.94, 27.37, 27.05, 25.64, 23.55. 
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Synthesis of amines A25-27 

4-((6-Aminohexyl)thio)-2-(cyclooctylamino)-3,5,6-trifluorobenzenesulfonamide (A25) 

 

The cyclooctylaniline A21 (285 mg, 0.6 mmol) was dissolved in THF (10 mL) and BH3·Me2S complex 

(570 µL, 6 mmol) was added dropwise at room temperature. The reaction mixture was stirred for 16 h, 

and then quenched by addition of HCl (1M, 25 mL). The reaction mixture was stirred for 30 min and 

then 2 M NaOH (15 mL) was added. The organic solvent was removed under reduced pressure and 

water phase was extracted with diethyl ether (5×20 mL). The combined organic phase was washed with 

water (20 mL) and brine (20 mL), dried over anhydrous sodium sulfate, filtered, and the organic solvent 

was removed under reduced pressure to give the amine A25 as a colourless oil (261 mg, 93%). The 

crude product was used in the next step without further purification. 

1H NMR (500 MHz, CDCl3) δ 6.16 (d, J = 8.2 Hz, 1H), 5.30 (s, 2H), 3.80 (tq, J = 8.5, 4.7 Hz, 1H), 2.98 

(t, J = 6.9 Hz, 2H), 2.35 (t, J = 6.9 Hz, 2H), 1.86 (ddd, J = 12.3, 5.7, 3.1 Hz, 2H), 1.76 – 1.41 (m, 20H). 

19F NMR (471 MHz, CDCl3) δ -119.82 (dd, J = 11.4, 3.3 Hz), -138.06 (dd, J = 25.9, 11.4 Hz), -144.59 

(dd, J = 25.9, 3.3 Hz). 

13C NMR (126 MHz, CDCl3) δ 119.49, 56.21, 56.13, 33.81, 33.78, 32.98, 29.34, 27.52, 27.37, 25.67, 

24.98, 23.58, 17.24, 2.05. 

 

4-((2-Aminoethyl)thio)-2-(cyclooctylamino)-3,5,6-trifluorobenzenesulfonamide (A26) 

 

The cyclooctylanilineA23 (108 mg, 0.2 mmol) was dissolved in MeOH (10 mL), and hydrazine hydrate 

(200 µL, 4 mmol) was added dropwise. The reaction mixture was stirred at room temperature for 16 h 

and then concentrated under reduced pressure. Chloroform (10 mL) was added, and the resulting 

suspension was sonicated for 5 min, and filtered through a pad of celite. The organic solvent was 

removed under reduced pressure to give the amine A26 as a colourless oil (82 mg, 97%). 

1H NMR (500 MHz, CDCl3) δ 6.17 (d, J = 8.5 Hz, 1H), 3.85 – 3.75 (m, 1H), 3.04 (t, J = 6.2 Hz, 2H), 

2.86 (t, J = 6.2 Hz, 2H), 1.93 – 1.82 (m, 2H), 1.75 – 1.41 (m, 10H). 

19F NMR (471 MHz, CDCl3) δ -119.51 (dd, J = 11.5, 3.3 Hz), -138.02 (dd, J = 26.1, 11.5 Hz), -144.31 

(dd, J = 26.1, 3.3 Hz). 

 

4-((2-(2-(2-Aminoethoxy)ethoxy)ethyl)thio)-2-(cyclooctylamino)-3,5,6-trifluorobenzenesulfonamide 

(A27) 
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The cyclooctylaniline A24 (126 mg, 0.2 mmol) was dissolved in MeOH (10 mL), and hydrazine hydrate 

(200 µL, 4 mmol) was added dropwise. The reaction mixture was stirred at room temperature for 16 h 

and then concentrated under reduced pressure. Chloroform (10 mL) was added, and the resulting 

suspension was sonicated for 5 min, and filtered through a pad of celite. The organic solvent was 

removed under reduced pressure to give the amine A27 as a colourless oil (100 mg, quant.). The crude 

product was used in the next step without further purification. 

1H NMR (500 MHz, CDCl3) δ 3.78 (d, J = 3.3 Hz, 1H), 3.70 (t, J = 5.7 Hz, 2H), 3.55 – 3.49 (m, 2H), 

3.46 (dt, J = 6.3, 3.1 Hz, 2H), 3.33 (t, J = 5.2 Hz, 2H), 3.11 (t, J = 5.7 Hz, 2H), 2.78 – 2.68 (m, 2H), 

1.95 – 1.81 (m, 2H), 1.74 – 1.64 (m, 2H), 1.63 – 1.44 (m, 8H). 

19F NMR (471 MHz, CDCl3) δ -119.43 (dd, J = 11.6, 2.8 Hz), -139.26 (dd, J = 26.3, 11.5 Hz), -143.74 

(dd, J = 26.3, 2.9 Hz). 

13C NMR (126 MHz, CDCl3) δ 72.74, 72.17, 70.78, 70.74, 56.25, 50.99, 41.27, 33.92, 33.04, 27.40, 

25.68, 23.62. 

 

5-(N-(6-((3-(cyclooctylamino)-2,5,6-trifluoro-4-sulfamoylphenyl)thio)hexyl)sulfamoyl)-2-(6-

(diethylamino)-3-(diethyliminio)-3H-xanthen-9-yl)benzenesulfonate (A28) 

 

The amine A25 (47 mg, 0.1 mmol), Sulforhodamine B acid chloride (58 mg, 0.1 mmol), and Et3N 

(28 µL, 0.2 mmol) were mixed in CH2Cl2 (5 mL) at room temperature. The reaction mixture was stirred 

for 16 h, concentrated under reduced pressure and purified by silica gel column chromatography (5% 

MeOH in CH2Cl2) to give the rhodamine A28 as a mixture of two regioisomers as a pink solid (46 mg, 

46%). 

1H NMR (500 MHz, CDCl3) δ 8.75 – 8.53 (m, 1H), 8.10 – 7.91 (m, 1H), 7.39 – 7.13 (m, 2H), 7.06 (d, J 

= 7.8 Hz, 1H), 6.85 – 6.72 (m, 2H), 6.69 – 6.60 (m, 2H), 3.78 – 3.43 (m, 13H), 2.95 – 2.82 (m, 2H), 

1.83 – 1.72 (m, 2H), 1.64 – 1.42 (m, 20H), 1.25 (t, J = 7.1 Hz, 12H). 

19F NMR (471 MHz, CDCl3) δ -119.59 – -120.56 (m), -137.22 – -138.22 (m), -143.96 – -145.12 (m). 

 

General procedure for the synthesis of ligands A29-33 (GP3) 

 

The carboxylic acid A1 (1 eq.) was dissolved in DMF (30 mL/mmol) and HATU (1.1 eq.) and Et3N (1.2 

eq.) were added. The mixture was stirred for 30 min and a solution of amine (1 eq.) in DMF 

(10 mL/mmol) was added dropwise. The reaction mixture was stirred at room temperature for 16 h, and 

then concentrated under reduced pressure. The residue was purified to give the desired product. 
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8-(Allyloxy)-N-(4-sulfamoylphenethyl)quinoline-5-carboxamide (A29) 

 

The arylsulfonamide A29 was synthesized according to the general procedure GP3 and purified by silica 

gel column chromatography (70% EtOAc in cyclohexane) to give the title compound as a white solid 

(29 mg, 35%). 

1H NMR (500 MHz, DMSO-d6) δ 8.87 (dd, J = 4.0, 1.6 Hz, 1H), 8.58 (t, J = 5.6 Hz, 1H), 8.53 (dd, J = 

8.6, 1.6 Hz, 1H), 7.76 (d, J = 8.2 Hz, 2H), 7.60 (d, J = 8.1 Hz, 1H), 7.56 (dd, J = 8.6, 4.1 Hz, 1H), 7.47 

(d, J = 8.2 Hz, 2H), 7.31 (s, 2H), 7.20 (d, J = 8.2 Hz, 1H), 6.16 (ddd, J = 22.5, 10.5, 5.3 Hz, 1H), 5.51 

(dd, J = 17.3, 1.6 Hz, 1H), 5.39 – 5.30 (m, 1H), 4.81 (d, J = 5.3 Hz, 2H), 3.58 (q, J = 6.8 Hz, 2H), 2.96 

(t, J = 7.0 Hz, 2H). 

13C NMR (126 MHz, DMSO-d6) δ 165.82, 153.63, 147.48, 142.15, 140.46, 137.84, 132.16, 131.71, 

127.64, 124.98, 124.93, 124.45, 124.02, 120.59, 116.40, 116.32, 106.51, 67.39, 53.25, 53.25, 44.10, 

33.12. 

 

8-(Allyloxy)-N-(6-((3-(cyclooctylamino)-2,5,6-trifluoro-4-sulfamoylphenyl)thio)hexyl)quinoline-5-

carboxamide (A30) 

 

The arylsulfonamide A30 was synthesized according to the general procedure GP3 and purified by silica 

gel column chromatography (40% EtOAc in cyclohexane) to affford the title compound as a white solid 

(95 mg, 37%). 

1H NMR (500 MHz, CDCl3) δ 8.94 (dd, J = 4.1, 1.6 Hz, 1H), 8.79 (dd, J = 8.6, 1.6 Hz, 1H), 7.59 (d, J 

= 8.0 Hz, 1H), 7.49 (dd, J = 8.6, 4.1 Hz, 1H), 6.97 (d, J = 8.1 Hz, 1H), 6.31 – 6.01 (m, 3H), 5.81 (s, 2H), 

5.49 (dd, J = 17.3, 1.2 Hz, 1H), 5.43 – 5.34 (m, 1H), 4.86 (d, J = 5.5 Hz, 2H), 3.81 – 3.65 (m, 1H), 3.46 

(q, J = 6.8 Hz, 2H), 2.97 (t, J = 7.1 Hz, 2H), 1.89 – 1.79 (m, 2H), 1.74 – 1.37 (m, 20H). 

19F NMR (471 MHz, CDCl3) δ -120.04 (dd, J = 11.3, 3.2 Hz), -138.37 (dd, J = 26.0, 11.3 Hz), -144.77 

(dd, J = 26.0, 3.2 Hz). 

 

8-(Allyloxy)-N-(4-(2-((3-(cyclooctylamino)-2,5,6-trifluoro-4-sulfamoylphenyl)thio)ethyl)phenyl) 

quinoline-5-carboxamide (A31) 

 

The arylsulfonamide A31 was synthesized according to the general procedure GP3 and purified by silica 

gel column chromatography (60% EtOAc in cyclohexane) to give the title compound as a white solid 

(57 mg, 82%). 

1H NMR (500 MHz, CDCl3) δ 8.87 (dd, J = 4.1, 1.6 Hz, 1H), 8.76 (dd, J = 8.6, 1.6 Hz, 1H), 8.31 (s, 

1H), 7.68 (d, J = 8.1 Hz, 1H), 7.42 (dd, J = 8.6, 4.2 Hz, 3H), 7.09 (d, J = 8.4 Hz, 2H), 6.87 (d, J = 8.2 
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Hz, 1H), 6.23 (s, 2H), 6.20 – 5.98 (m, 2H), 5.45 (dd, J = 17.3, 1.3 Hz, 1H), 5.34 (dd, J = 10.5, 1.2 Hz, 

1H), 4.77 (d, J = 5.6 Hz, 2H), 3.66 (s, 1H), 3.27 (t, J = 6.7 Hz, 2H), 2.95 (t, J = 6.7 Hz, 2H), 1.88 – 1.73 

(m, 2H), 1.69 – 1.58 (m, 2H), 1.55 – 1.41 (m, 8H). 

19F NMR (471 MHz, CDCl3) δ -119.43 (dd, J = 11.1, 2.8 Hz), -139.01 (dd, J = 26.1, 11.2 Hz), -144.22 

(dd, J = 26.2, 3.0 Hz). 

13C NMR (126 MHz, CDCl3) δ 171.34, 166.85, 156.26, 149.68, 139.85, 136.62, 135.37, 134.32, 132.39, 

129.35, 127.21, 126.96, 125.75, 122.74, 120.34, 119.29, 107.45, 70.00, 60.52, 56.02, 55.94, 38.67, 

37.06, 34.87, 32.98, 27.33, 27.01, 25.58, 23.53, 21.14, 14.28. 

 

8-(Allyloxy)-N-(2-((3-(cyclooctylamino)-2,5,6-trifluoro-4-sulfamoylphenyl)thio)ethyl)quinoline-5-

carboxamide (A32) 

 

The arylsulfonamide A32 was synthesized according to the general procedure GP3 and purified by silica 

gel column chromatography (60% EtOAc in cyclohexane) to give the title compound as a white solid 

(72 mg, 58%). 

1H NMR (500 MHz, CDCl3) δ 8.98 (dd, J = 4.1, 1.5 Hz, 1H), 8.89 (dd, J = 8.6, 1.5 Hz, 1H), 7.64 (d, J 

= 8.1 Hz, 1H), 7.53 (dd, J = 8.6, 4.2 Hz, 1H), 7.04 (d, J = 8.1 Hz, 1H), 6.48 (t, J = 5.8 Hz, 1H), 6.27 – 

6.06 (m, 2H), 5.58 – 5.44 (m, 3H), 5.37 (d, J = 9.5 Hz, 1H), 4.89 (d, J = 5.5 Hz, 2H), 3.75 (s, 1H), 3.68 

(q, J = 5.9 Hz, 2H), 3.26 (t, J = 6.0 Hz, 2H), 1.87 – 1.76 (m, 2H), 1.60 – 1.42 (m, 10H). 

19F NMR (471 MHz, CDCl3) δ -120.01 (dd, J = 11.6, 3.7 Hz), -137.81 (dd, J = 26.3, 11.6 Hz), -144.67 

(dd, J = 26.3, 3.8 Hz). 

 

8-(Allyloxy)-N-(2-(2-(2-((3-(cyclooctylamino)-2,5,6-trifluoro-4-sulfamoylphenyl)thio)ethoxy)ethoxy) 

ethyl)quinoline-5-carboxamide (A33) 

 

The arylsulfonamide A33 was synthesized according to the general procedure GP3 and purified by silica 

gel column chromatography (70% EtOAc in cyclohexane) to give the title compound as a white solid 

(70 mg, 49%). 

1H NMR (500 MHz, CDCl3) δ 8.92 – 8.76 (m, 2H), 7.61 (d, J = 8.0 Hz, 1H), 7.45 (dd, J = 8.6, 4.2 Hz, 

1H), 7.04 (s, 1H), 6.88 – 6.70 (m, 2H), 6.20 (ddt, J = 16.3, 10.7, 5.8 Hz, 1H), 5.86 (d, J = 8.2 Hz, 1H), 

5.56 (d, J = 17.2 Hz, 1H), 5.49 – 5.40 (m, 1H), 4.69 (d, J = 5.8 Hz, 2H), 3.86 – 3.61 (m, 10H), 3.41 (s, 

1H), 3.02 (t, J = 5.6 Hz, 2H), 1.86 – 1.34 (m, 12H). 

19F NMR (471 MHz, CDCl3) δ -121.69 (dd, J = 10.9, 3.3 Hz), -138.79 (dd, J = 26.1, 11.0 Hz), -146.36 

(dd, J = 26.1, 3.3 Hz). 
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Synthesis of A36 

 

2-(Cyclododecylamino)-4-((2-(1,3-dioxoisoindolin-2-yl)ethyl)thio)-3,5,6-trifluorobenzenesulfonamide 

(A34) 

 

The cyclododecylaniline A34 was synthesized according to the general procedure GP2 and purified by 

silica gel column chromatography (40% EtOAc in cyclohexane) to give the title compound as a white 

solid (420 mg, 60%). 

1H NMR (500 MHz, DMSO-d6) δ 8.06 (s, 2H), 7.90 – 7.74 (m, 4H), 6.13 (d, J = 8.2 Hz, 1H), 3.78 (t, J 

= 6.4 Hz, 2H), 3.62 (s, 1H), 3.35 (t, J = 6.4 Hz, 2H), 1.55 (d, J = 6.3 Hz, 2H), 1.39 – 1.24 (m, 20H). 

19F NMR (471 MHz, DMSO-d6) δ -120.88 (dd, J = 11.3, 3.5 Hz), -137.15 (dd, J = 26.8, 11.5 Hz), -

145.21 (dd, J = 26.8, 3.7 Hz). 

13C NMR (126 MHz, DMSO-d6) δ 167.46, 134.54, 131.19, 122.92, 59.75, 52.40, 52.32, 37.58, 31.13, 

30.10, 23.84, 23.62, 22.78, 22.64, 20.76, 20.57, 14.08. 

 

4-((2-Aminoethyl)thio)-2-(cyclododecylamino)-3,5,6-trifluorobenzenesulfonamide (A35) 

 

The cyclododecylaniline A34 (210 mg, 0.35 mmol) was dissolved in MeOH (10 mL), and hydrazine 

hydrate (500 µL, 10 mmol) was added dropwise. The reaction mixture was stirred at room temperature 

for 16 h and then concentrated under reduced pressure. Chloroform (10 mL) was added, and the resulting 

suspension was sonicated for 5 min, and filtered through a pad of celite. The organic solvent was 

removed under reduced pressure to give the crude amine A35 as a colourless oil (173 mg, quant.). The 

crude product was used in the next step without further purification. 

1H NMR (500 MHz, CDCl3) δ 6.10 (d, J = 8.5 Hz, 1H), 3.78 (s, 1H), 3.03 (t, J = 6.1 Hz, 2H), 2.85 (t, J 

= 6.1 Hz, 2H), 1.62 (dt, J = 14.0, 6.0 Hz, 2H), 1.48 – 1.24 (m, 20H). 

19F NMR (471 MHz, CDCl3) δ -119.54 (dd, J = 11.5, 3.3 Hz), -138.01 (dd, J = 26.1, 11.5 Hz), -144.52 

(dd, J = 26.1, 3.4 Hz). 
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13C NMR (126 MHz, CDCl3) δ 149.65, 147.71, 143.98, 140.86, 133.25, 133.13, 117.31, 117.21, 53.43, 

53.35, 41.36, 38.45, 38.42, 38.40, 30.83, 24.49, 24.21, 23.35, 23.22, 21.17. 

 

8-(Allyloxy)-N-(2-((3-(cyclododecylamino)-2,5,6-trifluoro-4-sulfamoylphenyl)thio)ethyl)quinoline-5-

carboxamide (A36) 

 

The arylsulfonamide A36 was synthesized according to the general procedure GP3 and purified by silica 

gel column chromatography (33% EtOAc in cyclohexane) to give the title compound as a white solid 

(50 mg, 45%). 

1H NMR (500 MHz, DMSO-d6) δ 8.88 (dd, J = 4.1, 1.7 Hz, 1H), 8.77 (dd, J = 8.6, 1.7 Hz, 1H), 8.62 (t, 

J = 5.5 Hz, 1H), 8.14 (s, 2H), 7.61 (d, J = 8.1 Hz, 1H), 7.57 (dd, J = 8.6, 4.1 Hz, 1H), 7.21 (d, J = 8.2 

Hz, 1H), 6.26 – 6.09 (m, 2H), 5.51 (dq, J = 17.3, 1.6 Hz, 1H), 5.33 (dd, J = 10.5, 1.6 Hz, 1H), 4.82 (d, 

J = 5.3 Hz, 2H), 3.66 (s, 1H), 3.47 (q, J = 6.5 Hz, 2H), 3.24 (t, J = 6.6 Hz, 2H), 1.59 – 1.45 (m, 2H), 

1.37 – 1.20 (m, 20H). 

19F NMR (471 MHz, DMSO-d6) δ -120.48 (d, J = 9.0 Hz), -137.11 (dd, J = 27.1, 11.5 Hz), -144.89 – -

145.21 (m). 

13C NMR (126 MHz, DMSO-d6) δ 167.44, 155.49, 149.11, 139.52, 133.85, 133.32, 126.95, 126.67, 

125.45, 122.21, 118.00, 108.08, 69.03, 30.19, 23.71, 23.46, 22.79, 22.63, 20.61. 

 

Azolamide derivatives 

8-(Allyloxy)-N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)quinoline-5-carboxamide (A37) 

 

The sulfonamide A37 was synthesized according to general procedure GP3 and purified by silica gel 

column chromatography (60% EtOAc in cyclohexane) to give the title compound as a white solid 

(50 mg, 61%). 

1H NMR (500 MHz, MeOD) δ 8.89 (dd, J = 4.3, 1.6 Hz, 1H), 8.25 (dd, J = 8.5, 1.6 Hz, 1H), 7.68 (dd, J 

= 8.5, 4.3 Hz, 1H), 7.57 – 7.49 (m, 1H), 7.29 (d, J = 8.0 Hz, 1H), 6.23 (dddd, J = 16.0, 12.9, 6.6, 4.3 Hz, 

1H), 5.51 (dq, J = 17.3, 1.6 Hz, 1H), 5.38 – 5.31 (m, 1H), 4.90 (dt, J = 5.4, 1.4 Hz, 3H). 

 

8-(Allyloxy)-N-(6-oxo-6-((5-sulfamoyl-1,3,4-thiadiazol-2-yl)amino)hexyl)quinoline-5-carboxamide 

(A38) 

 

 The sulfonamide A38 was synthesized according to the general procedure GP3 and purified by silica 

gel column chromatography (60% EtOAc in cyclohexane) to give the title compound as a white solid 

(41 mg, 41%). 
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1H NMR (500 MHz, MeOD) δ 8.91 – 8.79 (m, 2H), 7.86 (d, J = 8.4 Hz, 1H), 7.67 (dd, J = 8.6, 4.3 Hz, 

1H), 7.25 (d, J = 8.2 Hz, 1H), 6.21 (ddt, J = 16.1, 10.7, 5.4 Hz, 1H), 5.57 – 5.48 (m, 1H), 5.40 – 5.32 

(m, 1H), 4.91 (d, J = 5.4 Hz, 2H), 3.44 (t, J = 7.1 Hz, 2H), 2.37 (t, J = 7.4 Hz, 2H), 1.68 (ddt, J = 11.1, 

7.4, 3.9 Hz, 4H), 1.54 – 1.41 (m, 2H), 1.40 – 1.29 (m, 2H). 

 

8-(Allyloxy)-N-(11-oxo-11-((5-sulfamoyl-1,3,4-thiadiazol-2-yl)amino)undecyl)quinoline-5-

carboxamide (A39) 

 

The sulfonamide A39 was synthesized according to the general procedure GP3 and purified by silica 

gel column chromatography (50% EtOAc in cyclohexane) to give the title compound as a white solid 

(38 mg, 33%). 

1H NMR (500 MHz, MeOD) δ 8.84 (d, J = 3.2 Hz, 1H), 8.77 (d, J = 8.6 Hz, 1H), 7.70 (d, J = 8.1 Hz, 

1H), 7.61 (dd, J = 8.5, 4.1 Hz, 1H), 7.20 (d, J = 8.1 Hz, 1H), 6.22 (ddt, J = 16.1, 10.6, 5.3 Hz, 1H), 5.50 

(d, J = 17.3 Hz, 1H), 5.33 (d, J = 10.5 Hz, 1H), 4.88 (d, J = 5.1 Hz, 2H), 3.43 (t, J = 7.1 Hz, 2H), 2.30 

(t, J = 7.4 Hz, 2H), 1.72 – 1.55 (m, 4H), 1.51 – 1.27 (m, 12H) 

 

2-(6-(Diethylamino)-3-(diethyliminio)-3H-xanthen-9-yl)-5-(N-(11-oxo-11-((5-sulfamoyl-1,3,4-

thiadiazol-2-yl)amino)undecyl)sulfamoyl)benzenesulfonate (A39-SRB) 

 

11-Amino-N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)undecanamide (36 mg, 0.1 mmol), Sulforhodamine B 

acid chloride (58 mg, 0.1 mmol), and Et3N (28 µL, 0.2 mmol) were mixed in CH2Cl2 (5 mL) at room 

temperature. The reaction mixture was stirred for 16 h, concentrated under reduced pressure and purified 

by silica gel column chromatography (5% MeOH in CH2Cl2) to give the rhodamine A39-SRB as a 

mixture of two regioisomers as a pink solid (38 mg, 42%). 

1H NMR (500 MHz, MeOD) δ 8.64 (d, J = 1.7 Hz, 1H), 8.10 (dd, J = 7.9, 1.7 Hz, 1H), 7.52 (d, J = 7.9 

Hz, 1H), 7.11 (d, J = 9.5 Hz, 2H), 6.99 (dd, J = 9.5, 2.3 Hz, 2H), 6.94 (d, J = 2.3 Hz, 2H), 3.71 – 3.63 

(m, 8H), 3.04 – 2.98 (m, 2H), 2.29 (t, J = 7.4 Hz, 2H), 1.65 – 1.48 (m, 4H), 1.37 – 1.28 (m, 24H). 

 

(8-(Allyloxy)quinoline-5-carbonyl)glycylglycyl-L-aspartyl-L-arginyl-L-aspartic acid (DRDGG-QA) 

 

Commercially available pre-loaded Fmoc-Asp(OtBu)-OH on trityl resin (200 mg, 0.12 mmol) was 

swollen first in CH2Cl2 (3 × 5 min × 2 mL) and then in DMF (3 × 5 min × 2 mL). Then it was sequentially 

loaded with Fmoc-Arg(Pbf)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-Gly-OH, Fmoc-Gly-OH, and A1. 

Analytical sample was obtained by cleavage with 20% TFA in CH2Cl2 and purification by reversed-
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phase HPLC (95% A / 5% B to 30% A / 70% B over 30 min). After lyophilization the title compound 

was collected as a white powder. 

1H NMR (500 MHz, D2O) δ 8.75 (dd, J = 4.3, 1.5 Hz, 1H), 8.65 (dd, J = 8.7, 1.6 Hz, 1H), 7.77 (d, J = 

8.2 Hz, 1H), 7.58 (dd, J = 8.7, 4.3 Hz, 1H), 7.16 (d, J = 8.3 Hz, 1H), 6.13 (ddd, J = 22.8, 10.7, 5.5 Hz, 

1H), 5.43 (dd, J = 17.3, 1.4 Hz, 1H), 5.31 (dd, J = 10.5, 1.2 Hz, 1H), 4.82 – 4.77 (m, 2H), 4.60 – 4.49 

(m, 2H), 4.44 (t, J = 6.5 Hz, 1H), 4.20 (s, 2H), 4.07 – 3.91 (m, 2H), 3.74 (s, 2H), 3.13 – 2.96 (m, 3H), 

2.76 – 2.46 (m, 8H), 2.31 – 2.20 (m, 2H), 1.46 (p, J = 7.6 Hz, 2H), 1.35 (p, J = 7.2 Hz, 2H), 1.15 (p, J 

= 7.4 Hz, 2H). 

 

5-(N-((6S,9S)-1-Amino-9-(carboxymethyl)-6-(((S)-1,2-dicarboxyethyl)carbamoyl)-1-imino-8,11,14-

trioxo-2,7,10,13-tetraazapentadecan-15-yl)sulfamoyl)-2-(6-(diethylamino)-3-(diethyliminio)-3H-

xanthen-9-yl)benzenesulfonate (DRDGG-SRB) 

 

Commercially-available pre-loaded Fmoc-Asp(OtBu)-OH on trityl resin (200 mg, 0.12 mmol) was 

swollen first in CH2Cl2 (3 × 5 min × 2 mL) and then in DMF (3 × 5 min × 2 mL). Then it was sequentially 

loaded with Fmoc-Arg(Pbf)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-Gly-OH, Fmoc-Gly-OH, and 

Sulforhodamine B acid chloride. An analytically pure sample was obtained by cleavage with 20% TFA 

in CH2Cl2 and purification by reversed-phase HPLC (95% A / 5% B to 20% A / 80% B over 30 min). 

After lyophilization the title compound was collected as a pink powder. 

 

A40 and its derivatives 

N4-((S)-1-((2-(2-(2-aminoethoxy)ethoxy)ethyl)amino)-1-oxo-6-(4-(4-oxo-4-((5-sulfamoyl-1,3,4-

thiadiazol-2-yl)amino)butyl)-1H-1,2,3-triazol-1-yl)hexan-2-yl)-N2-((S)-3-(4,4-bis(4-

hydroxyphenyl)pentanamido)-3-carboxypropanoyl)-L-asparagine (A40) 

 

Commercially-available pre-loaded O-bis-(aminoethyl)ethylene glycol on trityl resin (200 mg, 

0.12 mmol) was swollen first in CH2Cl2 (3 × 5 min × 2 mL) and then in DMF (3 × 5 min × 2 mL). Fmoc-

protected azidolysine (142 mg, 0.36 mmol), HBTU (137 mg, 0.36 mmol), HOBt·H2O (55 mg, 0.36 

mmol) and DIPEA (119 μL, 0.72 mmol) were dissolved in DMF (2 mL), the mixture was allowed to 

stand at 22 °C for 15 min and then reacted with the resin for 1 h under gentle agitation. After washing 

with DMF (6 × 1 min × 2 mL) the Fmoc group was removed with 20% piperidine in DMF (1 × 2 min × 

2 mL and 2 × 10 min × 2 mL) and the resin washed with DMF (6 × 1 min × 2 mL) before the peptide 
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was extended with 4,4-Bis(4-hydroxyphenyl)valeric acid (103 mg, 0.36 mmol) using the same coupling 

conditions (HBTU/HOBt·H2O/DIPEA) described above. After the last peptide coupling step with the 

azidolysine, a solution of CuI (2.3 mg, 0.01 mmol), TBTA (6.4 mg, 0.01 mmol) and alkyne (99 mg, 

0.36 mmol) in a mixture of DMF (1 mL) and THF (1 mL) was prepared and reacted with the resin at 22 

°C for 2 h. After washing with DMF (6 × 1 min × 2 mL), the compound was cleaved by agitating the 

resin with a mixture of TFA (4.5 mL), TIPS (250 μL) and H2O (250 μL) at 22 °C for 2 h. The resin was 

washed with TFA (1 × 5 min × 2 mL) and the combined cleavage and washing solutions added dropwise 

to ice cold diethyl ether (50 mL). The precipitate was collected by centrifugation and the product purified 

by reversed-phase HPLC (95% A / 5% B to 20% A / 80% B over 30 min). After lyophilization the title 

compound was collected as a white powder (52 mg, 61 μmol, 51% yield). 

1H NMR (500 MHz, DMSO-d6): δ 13.01 (s, 1H), 9.20 (brs, 2H), 8.33 (s, 2H), 7.90 (t, J = 5.7 Hz, 1H), 

7.88 (d, J = 8.0 Hz, 1H), 7.84 (s, 1H), 7.80 (brs, 3H), 6.93 (dd, J = 8.6, 1.4 Hz, 4H), 6.64 (d, J = 8.6 Hz, 

4H), 4.25 (t, J = 7.1 Hz, 2H), 4.14 (td, J = 8.5, 5.4 Hz, 1H), 3.60 – 3.51 (m, 6H), 3.37 (t, J = 6.1 Hz, 

2H), 3.17 (qd, J = 6.0, 2.0 Hz, 2H), 2.97 (sext, J = 5.6 Hz, 2H), 2.64 (t, J = 7.5 Hz, 2H), 2.58 (t, J = 7.4 

Hz, 2H), 2.19 – 2.13 (m, 2H), 1.93 (pent, J = 7.5 Hz, 2H), 1.94 – 1.84 (m, 2H), 1.80 – 1.70 (m, 2H), 

1.62 – 1.54 (m, 1H), 1.52 – 1.41 (m, 1H), 1.46 (s, 3H), 1.26 – 1.12 (m, 2H).  

13C NMR (126 MHz, DMSO-d6) δ 172.91, 172.87, 172.48, 172.16, 171.76, 169.33, 169.21, 164.41, 

161.19, 158.43, 155.01, 146.17, 139.75, 139.68, 127.90, 121.95, 114.78, 69.74, 69.53, 68.90, 66.75, 

52.45, 49.17, 48.79, 43.92, 38.80, 38.61, 37.20, 37.02, 34.34, 31.34, 29.48, 27.43, 24.47, 24.30, 22.34. 

 

5-(N-((11S,15S,19S)-15,19-Dicarboxy-24,24-bis(4-hydroxyphenyl)-10,13,17,21-tetraoxo-11-(4-(4-(4-

oxo-4-((5-sulfamoyl-1,3,4-thiadiazol-2-yl)amino)butyl)-1H-1,2,3-triazol-1-yl)butyl)-3,6-dioxa-

9,12,16,20-tetraazapentacosyl)sulfamoyl)-2-(6-(diethylamino)-3-(diethyliminio)-3H-xanthen-9-

yl)benzenesulfonate (A40-SRB) 

 

The amine A40 (54 mg, 0.05 mmol), Sulforhodamine B acid chloride (34.5 mg, 0.06 mmol) and DIPEA 

(89 µL, 0.5 mmol) was dissolved in DMF and stirred for 16 h at room temperature. The reaction mixture 

was concentrated and purified by reversed-phase HPLC (95% A / 5% B to 30% A / 70% B over 40 min). 

After lyophilization the peptide A40-SRB was collected as a pink powder (49 mg, 61% yield). 

1H NMR (500 MHz, DMSO-d6) δ 12.92 (s, 1H), 9.11 (s, 2H), 8.34 (s, 1H), 8.24 (s, 2H), 8.09 (d, J = 7.6 

Hz, 1H), 7.98 (t, J = 5.7 Hz, 2H), 7.87 (d, J = 8.0 Hz, 1H), 7.82 (d, J = 7.5 Hz, 2H), 7.75 (s, 1H), 7.40 

(d, J = 7.9 Hz, 1H), 7.21 (s, 1H), 7.11 (s, 1H), 7.01 (s, 1H), 6.95 (d, J = 9.6 Hz, 2H), 6.89 (d, J = 9.4 Hz, 

2H), 6.84 (d, J = 7.9 Hz, 6H), 6.56 (d, J = 8.3 Hz, 4H), 6.16 (s, 1H), 4.48 – 4.32 (m, 2H), 4.21 – 4.04 

(m, 2H), 2.97 – 2.90 (m, 2H), 2.58 – 2.48 (m, 6H), 2.13 – 2.05 (m, 2H), 1.90 – 1.80 (m, 2H), 1.67 (d, J 

= 6.2 Hz, 2H), 1.54 (s, 2H), 1.40 (s, 1H), 1.12 (t, J = 6.8 Hz, 12H). 
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N4-((S)-1-(8-(Allyloxy)quinolin-5-yl)-1,12-dioxo-17-(4-(4-oxo-4-((5-sulfamoyl-1,3,4-thiadiazol-2-

yl)amino)butyl)-1H-1,2,3-triazol-1-yl)-5,8-dioxa-2,11-diazaheptadecan-13-yl)-N2-((S)-3-(4,4-bis(4-

hydroxyphenyl)pentanamido)-3-carboxypropanoyl)-L-asparagine (A40-QA) 

 

To a solution of the carboxylic acid A1 (23 mg, 0.1 mmol) in DMF (500 µL), HATU (34 mg, 0.09 mmol) 

and DIPEA (16 µL, 0.09 mmol) were added. The mixture was stirred for 30 min and a solution of the 

amine A40 (54 mg, 0.05 mmol) in DMF (200 µL) was slowly added. The reaction mixture was stirred 

for 8 h, concentrated and purified by reversed-phase HPLC (90% A / 10% B to 30% A / 70% B over 30 

min). After lyophilization the title compound was collected as a white powder (53 mg, 82% yield). 

1H NMR (500 MHz, DMSO-d6) δ 12.99 (s, 1H), 12.16 (brs, 1H), 9.13 (s, 2H), 8.96 – 8.92 (m, 1H), 8.89 

(d, J = 8.5 Hz, 1H), 8.57 (t, J = 5.6 Hz, 1H), 8.32 (s, 2H), 8.16 (d, J = 8.0 Hz, 1H), 8.04 (d, J = 8.1 Hz, 

1H), 7.93 – 7.87 (m, 2H), 7.82 (s, 1H), 7.74 (d, J = 8.1 Hz, 1H), 7.69 (dd, J = 8.4, 4.1 Hz, 1H), 7.30 (d, 

J = 8.2 Hz, 1H), 6.92 (d, J = 8.3 Hz, 4H), 6.64 (d, J = 8.3 Hz, 4H), 6.16 (ddt, J = 15.8, 10.6, 5.3 Hz, 

1H), 5.52 (dd, J = 17.3, 1.6 Hz, 1H), 5.33 (dd, J = 10.5, 1.4 Hz, 1H), 4.85 (d, J = 5.1 Hz, 2H), 4.54 – 

4.42 (m, 2H), 4.31 – 4.13 (m, 3H), 3.23 – 3.13 (m, 2H), 2.68 – 2.56 (m, 6H), 2.49 – 2.41 (m, 1H), 2.21 

– 2.12 (m, 2H), 1.93 (p, J = 6.9, 6.4 Hz, 2H), 1.89 – 1.80 (m, 2H), 1.80 – 1.69 (m, 2H), 1.68 – 1.57 (m, 

1H), 1.55 – 1.41 (m, 1H), 1.32 – 1.15 (m, 2H). 

 

N4-((S)-1-(8-(allyloxy)quinolin-5-yl)-1,4,15-trioxo-20-(4-(4-oxo-4-((5-sulfamoyl-1,3,4-thiadiazol-2-

yl)amino)butyl)-1H-1,2,3-triazol-1-yl)-2,8,11-trioxa-5,14-diazaicosan-16-yl)-N2-((S)-3-(4,4-bis(4-

hydroxyphenyl)pentanamido)-3-carboxypropanoyl)-L-asparagine (A40-COCH2-QA) 

 

To a solution of the carboxylic acid A7 (29 mg, 0.1 mmol) in DMF (500 µL), HATU (34 mg, 0.09 mmol) 

and DIPEA (16 µL, 0.09 mmol) were added. The mixture was stirred for 30 min and a solution of the 

amine A40 (54 mg, 0.05 mmol) in DMF (200 µL) was slowly added. The reaction mixture was stirred 

for 8 h, concentrated and purified by reversed-phase HPLC (90% A / 10% B to 30% A / 70% B over 30 

min). After lyophilization the title compound was collected as a white powder (58 mg, 87% yield). 

1H NMR (500 MHz, DMSO-d6) δ 12.98 (s, 1H), 12.57 (s, 2H), 9.32 (dd, J = 8.8, 1.6 Hz, 1H), 9.14 (s, 

2H), 8.98 – 8.88 (m, 1H), 8.36 (d, J = 8.4 Hz, 1H), 8.31 (s, 2H), 8.22 (t, J = 5.6 Hz, 1H), 8.16 (d, J = 8.0 
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Hz, 1H), 8.04 (d, J = 8.1 Hz, 1H), 7.92 – 7.86 (m, 2H), 7.82 (s, 1H), 7.70 (dd, J = 8.8, 4.1 Hz, 1H), 7.32 

(d, J = 8.5 Hz, 1H), 6.92 (d, J = 8.2 Hz, 4H), 6.64 (d, J = 8.3 Hz, 4H), 6.18 (ddt, J = 17.2, 10.6, 5.3 Hz, 

1H), 5.53 (dq, J = 17.3, 1.6 Hz, 1H), 5.35 (dd, J = 10.5, 1.6 Hz, 1H), 4.88 (d, J = 5.4 Hz, 2H), 4.78 (s, 

2H), 4.49 (ddd, J = 13.8, 11.2, 6.9 Hz, 2H), 4.27 – 4.12 (m, 3H), 3.56 – 3.48 (m, 4H), 3.45 (t, J = 5.9 

Hz, 2H), 3.32 – 3.25 (m, 2H), 3.23 – 3.10 (m, 2H), 2.68 – 2.55 (m, 6H), 2.49 – 2.42 (m, 2H), 2.19 – 2.13 

(m, 2H), 1.94 (p, J = 7.4 Hz, 2H), 1.89 – 1.81 (m, 2H), 1.78 – 1.71 (m, 2H), 1.69 – 1.58 (m, 1H), 1.48 

(dt, J = 10.1, 5.2 Hz, 1H), 1.23 (dq, J = 16.7, 8.9, 7.8 Hz, 2H). 

 

N2-(4,4-Bis(4-hydroxyphenyl)pentanoyl)-N4-((S)-1-carboxy-3-(((S)-1-(4-iodophenyl)-1,12-dioxo-17-

(4-(4-oxo-4-((5-sulfamoyl-1,3,4-thiadiazol-2-yl)amino)butyl)-1H-1,2,3-triazol-1-yl)-5,8-dioxa-2,11-

diazaheptadecan-13-yl)amino)-3-oxopropyl)-L-asparagine (A40-p-I) 

 

To a solution of 4-iodobenzoic acid (6.2 mg, 0.025 mmol) in DMF (500 µL), HATU (9.5 mg, 

0.025 mmol) and DIPEA (6 µL, 0.035 mmol) were added. The mixture was stirred for 30 min and a 

solution of the amine A40 (21.5 mg, 0.02 mmol) in DMF (200 µL) was slowly added. The reaction 

mixture was stirred for 72 h, concentrated and purified by reversed-phase HPLC (90% A / 10% B to 

30% A / 70% B over 30 min). After lyophilization the title compound was collected as a white powder 

(3 mg, 9% yield). 

1H NMR (500 MHz, DMSO-d6) δ 12.98 (s, 1H), 12.54 (s, 2H), 9.15 (s, 2H), 8.57 (t, J = 5.6 Hz, 1H), 

8.31 (s, 2H), 8.16 (d, J = 8.0 Hz, 1H), 8.08 – 7.93 (m, 4H), 7.91 – 7.87 (m, 2H), 7.86 – 7.80 (m, 3H), 

7.72 (s, 2H), 7.68 – 7.58 (m, 2H), 6.92 (d, J = 8.4 Hz, 4H), 6.64 (d, J = 8.5 Hz, 4H), 4.54 – 4.43 (m, 

2H), 4.30 – 4.13 (m, 3H), 3.56 – 3.47 (m, 6H), 3.25 (q, J = 6.2 Hz, 2H), 3.22 – 3.13 (m, 3H), 3.05 (d, J 

= 5.4 Hz, 2H), 2.84 (q, J = 6.0 Hz, 2H), 2.66 – 2.55 (m, 6H), 2.21 – 2.12 (m, 2H), 1.95 (dq, J = 15.1, 

8.2, 7.7 Hz, 2H), 1.83 (s, 2H), 1.77 – 1.70 (m, 2H), 1.68 – 1.58 (m, 1H), 1.51 – 1.42 (m, 1H), 1.33 – 

1.15 (m, 4H). 
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(2S,5S,8S,21S,25S,29S)-2-(2-(2-(8-(Allyloxy)quinoline-5-carboxamido)acetamido)acetamido)-8-

(carboxymethyl)-5-(3-guanidinopropyl)-34,34-bis(4-hydroxyphenyl)-3,6,9,20,23,27,31-heptaoxo-21-

(4-(4-(4-oxo-4-((5-sulfamoyl-1,3,4-thiadiazol-2-yl)amino)butyl)-1H-1,2,3-triazol-1-yl)butyl)-13,16-

dioxa-4,7,10,19,22,26,30-heptaazapentatriacontane-1,25,29-tricarboxylic acid (A40-DRDGG-QA) 

 

Commercially-available pre-loaded Fmoc-Asp(OtBu)-OH on trityl resin (200 mg, 0.12 mmol) was 

swollen first in CH2Cl2 (3 × 5 min × 2 mL) and then in DMF (3 × 5 min × 2 mL). Then, it was 

sequentially loaded with Fmoc-Arg(Pbf)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-Gly-OH, Fmoc-Gly-OH, 

and the carboxylic acid A1. The resin was treated with 20% HFIP in CH2Cl2, filtered, and solution was 

concentrated. The residue was dissolved in DMF (500 µL), HATU (34 mg, 0.09 mmol) and DIPEA (16 

µL, 0.09 mmol) were added. The mixture was stirred for 30 min and a solution of the amine A40 (54 

mg, 0.05 mmol) in DMF (200 µL) was slowly added. The reaction mixture was stirred for 8 h, 

concentrated and purified by reversed-phase HPLC (95% A / 5% B to 20% A / 80% B over 30 min). 

After lyophilization, the title compound was collected as a white powder (27 mg, 30% yield). 

1H NMR (500 MHz, CH3CN+D2O) δ 9.56 (d, J = 8.3 Hz, 1H), 9.04 (d, J = 5.2 Hz, 1H), 8.68 (s, 2H), 

8.18 – 8.07 (m, 2H), 7.68 (s, 1H), 7.51 (d, J = 8.4 Hz, 1H), 6.96 (d, J = 8.7 Hz, 4H), 6.66 (d, J = 8.6 Hz, 

4H), 6.15 (ddt, J = 16.5, 11.1, 5.6 Hz, 1H), 5.49 (d, J = 17.4 Hz, 1H), 5.36 (d, J = 10.5 Hz, 1H), 4.95 (d, 

J = 5.4 Hz, 2H), 4.69 – 4.50 (m, 4H), 4.25 (t, J = 6.8 Hz, 2H), 3.54 – 3.41 (m, 8H), 3.24 (dd, J = 11.0, 

6.3 Hz, 84H), 2.75 – 2.63 (m, 8H), 2.56 (t, J = 7.3 Hz, 2H), 2.27 – 2.18 (m, 2H), 1.76 (s, 4H), 1.64 (s, 

2H), 1.57 – 1.48 (m, 4H). 

 

(2S,5S,8S,21S,25S,29S)-8-(Carboxymethyl)-2-(2-(2-((4-(3-(diethyl-λ4-azaneylidene)-6-(diethylamino)-

3H-xanthen-9-yl)-3-sulfophenyl)sulfonamido)acetamido)acetamido)-5-(3-guanidinopropyl)-34,34-

bis(4-hydroxyphenyl)-3,6,9,20,23,27,31-heptaoxo-21-(4-(4-(4-oxo-4-((5-sulfamoyl-1,3,4-thiadiazol-2-

yl)amino)butyl)-1H-1,2,3-triazol-1-yl)butyl)-13,16-dioxa-4,7,10,19,22,26,30-

heptaazapentatriacontane-1,25,29-tricarboxylic acid (A40-DRDGG-SRB) 

 

Commercially-available pre-loaded Fmoc-Asp(OtBu)-OH on trityl resin (200 mg, 0.12 mmol) was 

swollen first in CH2Cl2 (3 × 5 min × 2 mL) and then in DMF (3 × 5 min × 2 mL). Then it was sequentially 

loaded with Fmoc-Arg(Pbf)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-Gly-OH, Fmoc-Gly-OH, and 

Sulforhodamine B acid chloride. One tenth of the resin was treated with 20% HFIP in CH2Cl2, filtered, 
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and the solution was concentrated. The residue was dissolved in DMF (100 µL), HATU (3.4 mg, 0.009 

mmol) and DIPEA (1.6 µL, 0.009 mmol) were added. The mixture was stirred for 30 min and a solution 

of the amine A40 (5.4 mg, 0.005 mmol) in DMF (100 µL) was slowly added. The reaction mixture was 

stirred for 8 h, concentrated and purified by reversed-phase HPLC (95% A / 5% B to 20% A / 80% B 

over 30 min). After lyophilization the title compound was collected (0.3 mg, 3% yield). The product 

was obtained as a single peak on HPLC with the desired mass peak. m/z = 1057.73, calcd. 1057.86. 

 

Drug and prodrug synthesis 

Synthesis of vatalanib and Pro-Vat 

 

Vatalanib 

 

Vatalanib was prepared according to a reported procedure.66  

1H NMR (DMSO-d6) δ 9.28 (s, 1H), 9.05 (s, 1H), 8.68 (d, 1H), 8.59 (m, 1H), 8.13 (m, 1H), 7.95 (m, 

4H), 7.48 (d, 1H), 7.38 (d, 2H), 4.72 (s, 2H). 
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Allyl (4-chlorophenyl)(4-(pyridin-4-ylmethyl)phthalazin-1-yl)carbamate (Pro-Vat) 

 

Vatalanib hydrochloride (76 mg, 0.2 mmol) was dissolved in DMF (2 mL), and NaH (60% in mineral 

oil, 40 mg, 1 mmol) was added at 0 °C. The reaction mixture was stirred at that temperature for 1 h, and 

allyl chloroformate (100 µL, 1 mmol) was added dropwise. The reaction mixture was stirred for 16 h at 

room temperature and concentrated under reduced pressure. The residue was purified by silica gel 

column chromatography (25% EtOAc in cyclohexane) to give the carbamate Pro-Vat as an off-white 

solid (28 mg, 32%). 

1H NMR (500 MHz, DMSO-d6) δ 9.19 (s, 1H), 8.52 (dd, J = 7.3, 2.0 Hz, 1H), 8.32 (dd, J = 7.4, 2.0 Hz, 

1H), 8.09 – 7.89 (m, 4H), 7.78 (dd, J = 8.4, 2.0 Hz, 1H), 7.45 – 7.35 (m, 3H), 7.28 (dd, J = 8.0, 1.8 Hz, 

1H), 6.54 (s, 1H), 6.33 (dd, J = 8.2, 2.2 Hz, 1H), 6.02 (ddt, J = 17.2, 10.7, 5.5 Hz, 1H), 5.42 (dq, J = 

17.3, 1.6 Hz, 1H), 5.31 (dq, J = 10.6, 1.3 Hz, 1H), 4.81 (dt, J = 5.5, 1.4 Hz, 2H). 

 

(S)-Allyl (4,11-diethyl-4-hydroxy-3,14-dioxo-3,4,12,14-tetrahydro-1H-pyrano[3',4':6,7]indolizino[1,2-

b]quinolin-9-yl) carbonate (Pro-SN38) 

 

To a stirred solution of SN-38 (260 mg, 0.66 mmol) and DIPEA (230 µL, 1.3 mmol) in DMF (3 mL) 

allyl chloroformate (140 µL, 1.3 mmol) was added dropwise at 0 °C and the reaction mixture was stirred 

for 4 h. The organic solvent was removed under reduced pressure, and the residue was purified by silica 

gel column chromatography (100% EtOAc) to give the carbonate Pro-SN38 as a white solid (261 mg, 

83%). 

1H NMR (500 MHz, DMSO-d6) δ 8.20 (d, J = 9.1 Hz, 1H), 8.15 (d, J = 2.5 Hz, 1H), 7.77 (dd, J = 9.1, 

2.5 Hz, 1H), 7.32 (s, 1H), 6.52 (s, 1H), 6.04 (ddt, J = 17.2, 10.6, 5.6 Hz, 1H), 5.52 – 5.39 (m, 3H), 5.42 

– 5.24 (m, 3H), 4.80 (dt, J = 5.6, 1.4 Hz, 2H), 3.18 (q, J = 7.6 Hz, 2H), 1.96 – 1.76 (m, 2H), 1.29 (t, J = 

7.6 Hz, 3H), 0.88 (t, J = 7.3 Hz, 3H). 

 

(S)-9-(allyloxy)-4,11-diethyl-4-hydroxy-1,12-dihydro-14H-pyrano[3',4':6,7]indolizino[1,2-

b]quinoline-3,14(4H)-dione (allyl-SN38) 

 

To a stirred solution of SN-38 (80 mg, 0.2 mmol) in DMF (2 mL), K2CO3 (55 mg, 0.4 mmol) and allyl 

bromide (36 mg, 0.3 mmol) were added dropwise at 0 °C, and the reaction mixture was heated to 80 °C 

for 4 h. The volatiles were removed under reduced pressure, and the residue was purified by silica gel 
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column chromatography (100% EtOAc) to give the allylic ether allyl-SN38 as a white solid (78 mg, 

90%). 

1H NMR (500 MHz, CDCl3) δ 8.12 (d, J = 9.2 Hz, 1H), 7.59 (s, 1H), 7.46 (dd, J = 9.2, 2.4 Hz, 1H), 7.31 

(d, J = 2.3 Hz, 1H), 6.13 (ddt, J = 16.0, 10.6, 5.3 Hz, 1H), 5.73 (d, J = 16.2 Hz, 1H), 5.51 (d, J = 17.3 

Hz, 1H), 5.38 (d, J = 10.5 Hz, 1H), 5.28 (d, J = 16.1 Hz, 1H), 5.21 (s, 2H), 4.72 (d, J = 5.2 Hz, 2H), 

3.93 (s, 1H), 3.11 (q, J = 7.6 Hz, 2H), 1.87 (ddp, J = 21.1, 13.9, 6.9 Hz, 2H), 1.76 (s, 2H), 1.38 (t, J = 

7.6 Hz, 3H), 1.02 (t, J = 7.3 Hz, 3H). 

 

Allyl (1-((1R,3R,4R)-2,2-difluoro-3-hydroxy-4-(hydroxymethyl)cyclopentyl)-2-oxo-1,2-

dihydropyridin-4-yl)carbamate (Pro-Gem) 

 

The carbamate Pro-Gem was synthesized according to a reported procedure.67 

1H NMR (500 MHz, Acetone-d6) δ 9.53 (s, 1H), 8.30 (d, J = 7.6 Hz, 1H), 7.25 (s, 1H), 6.28 (t, J = 7.5 

Hz, 1H), 5.98 (ddt, J = 16.0, 10.7, 5.4 Hz, 1H), 5.51 – 5.36 (m, 2H), 5.24 (dd, J = 10.5, 1.3 Hz, 1H), 

4.69 (d, J = 5.4 Hz, 2H), 4.60 (t, J = 4.9 Hz, 1H), 4.49 (d, J = 10.6 Hz, 1H), 4.12 – 3.99 (m, 3H), 3.89 

(dt, J = 9.8, 4.4 Hz, 1H), 1.96 (s, 1H), 1.19 (t, J = 7.1 Hz, 1H). 

19F NMR (471 MHz, Acetone-d6) δ -117.99 – -119.65 (m). 

 

Allyl ((2S,3R,4S,6R)-3-hydroxy-2-methyl-6-(((1S,3S)-3,5,12-trihydroxy-3-(2-hydroxyacetyl)-10-

methoxy-6,11-dioxo-1,2,3,4,6,11-hexahydrotetracen-1-yl)oxy)tetrahydro-2H-pyran-4-yl)carbamate  

(Pro-Dox) 

 

The carbamate Pro-Dox was synthesized according to a reported procedure.68 

1H NMR (500 MHz, CDCl3): δ 13.96 (s, 1H), 13.22 (s, 1H), 8.02 (d, J = 7.4 Hz, 1H), 7.78 (t, J = 7.8 

Hz,  1H), 7.39 (d, J = 8.3Hz, 1H), 5.84 (m,  1H), 5.50 (s, 1H), 5.28 (m, 1H), 5.17 (m, 2H), 4.76 (s, 2H), 

4.56 (s, 1H), 4.49 (d, J = 4.0Hz, 2H), 4.14 (d, J = 5.7 Hz, 1H), 4.08 (s, 3H), 3.86 (m, 1H), 3.67 (s, 1H), 

3.26 (d, J = 18.8 Hz, 1H), 2.99 (m, 2H), 2.33 (d, J = 14.6 Hz, 1H), 2.16 (d, J = 14.0 Hz, 1H), 2.02 (m, 

1H), 1.86 (m, 2H), 1.77 (m, 1H), 1.28 (s, 3H). 

 

Allyl 5-fluoro-2,4-dioxo-3,4-dihydropyrimidine-1(2H)-carboxylate (Pro-5FU) 

 

5-fluoropyrimidine-2,4(1H,3H)-dione (260 mg, 2 mmol) was dissolved in DMF (3 mL), and NaH (60% 

in mineral oil, 100 mg, 2.5 mmol) was added in portions at 0 °C. The reaction mixture was stirred at that 

temperature for 1 h, and allyl chloroformate (320 µL, 3 mmol) was added dropwise. The reaction 
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mixture was stirred for 16 h at room temperature and concentrated under reduced pressure. The residue 

was purified by silica gel column chromatography (30% EtOAc in cyclohexane) to give the carbamate 

Pro-5FU as a white powder (373 mg, 87%). 

1H NMR (500 MHz, DMSO-d6) δ 12.02 (s, 1H), 8.22 (d, J = 7.3 Hz, 1H), 5.99 (ddt, J = 17.2, 10.6, 5.3 

Hz, 1H), 5.48 (dq, J = 17.2, 1.6 Hz, 1H), 5.30 (dq, J = 10.6, 1.4 Hz, 1H), 4.83 (dt, J = 5.3, 1.5 Hz, 2H). 

19F NMR (471 MHz, DMSO-d6) δ -165.15. 

13C NMR (126 MHz, DMSO-d6) δ 157.12, 156.90, 149.41, 145.95, 141.06, 139.20, 131.25, 124.48, 

124.18, 118.86, 68.74. 

 

Allyl ((S)-1-(((S)-1-(((3R,4S,5S)-1-((S)-2-((1R,2R)-3-(((1S,2R)-1-hydroxy-1-phenylpropan-2-

yl)amino)-1-methoxy-2-methyl-3-oxopropyl)pyrrolidin-1-yl)-3-methoxy-5-methyl-1-oxoheptan-4-

yl)(methyl)amino)-3-methyl-1-oxobutan-2-yl)amino)-3-methyl-1-oxobutan-2-yl)(methyl)carbamate 

(Alloc-MMAE) 

 

To a stirred solution of MMAE (36 mg, 0.05 mmol) and DIPEA (36 µL, 0.2 mmol) in DMF (1 mL) 

allyl chloroformate (10 µL, 0.1 mmol) was added. The reaction mixture was stirred for 4 h and then 

concentrated under reduced pressure. The residue was purified by reversed-phase HPLC (90% A / 10% 

B to 10% A / 90% B over 50 min). After lyophilization the title compound was collected as a white 

powder (28 mg, 70% yield). 

1H NMR (500 MHz, DMSO-d6) δ 8.25 (d, J = 7.8 Hz, 1H), 8.02 (dd, J = 13.4, 8.7 Hz, 1H), 7.95 (s, 1H), 

7.89 (d, J = 8.7 Hz, 1H), 7.63 (d, J = 8.5 Hz, 1H), 7.31 (d, J = 7.9 Hz, 4H), 7.26 (t, J = 7.1 Hz, 4H), 7.17 

(q, J = 7.1 Hz, 2H), 6.00 – 5.85 (m, 2H), 5.38 (dd, J = 33.9, 5.0 Hz, 2H), 5.27 (t, J = 15.6 Hz, 2H), 5.17 

(ddd, J = 10.5, 4.0, 1.5 Hz, 2H), 4.74 (s, 1H), 4.66 – 4.37 (m, 9H), 4.22 (dt, J = 24.7, 12.8 Hz, 2H), 3.98 

(dtq, J = 27.9, 13.2, 6.6 Hz, 4H), 3.62 – 3.52 (m, 2H), 3.45 (d, J = 7.1 Hz, 1H), 3.23 (d, J = 8.6 Hz, 6H), 

3.18 (d, J = 11.9 Hz, 6H), 3.12 (s, 3H), 3.05 (dd, J = 12.6, 5.5 Hz, 1H), 2.97 (s, 3H), 2.88 – 2.81 (m, 

4H), 2.40 (d, J = 16.0 Hz, 2H), 2.27 (dd, J = 15.8, 9.3 Hz, 2H), 2.16 – 1.94 (m, 6H), 1.84 – 1.69 (m, 

6H), 1.52 (ddt, J = 27.7, 14.4, 6.7 Hz, 4H), 1.27 (dq, J = 16.0, 6.0, 5.1 Hz, 4H), 1.08 – 0.95 (m, 12H), 

0.89 – 0.73  (m, 38H). 

 

Dimeric caging 

Hexa-1,5-diene-3,4-diol (A42) 

 

To a stirred solution of acrolein (1 mL, 15 mmol) in THF (40 mL), a saturated solution of NH4Cl (25 mL) 

was added. Then, Zn powder (2 g, 30 mmol) was added in portions at room temperature. The reaction 

mixture was stirred for 16 h, filtered through glass frit and extracted with ethyl acetate (2×50 mL). The 

combined organic phase was washed with water (30 mL) and brine (30 mL), dried over anhydrous 

sodium sulfate, filtered, and the organic solvent was removed under reduced pressure. The residue was 

purified by silica gel column chromatography (50% EtOAc in cyclohexane) to give the diol A42 as a 

colourless oil (510 mg, 60%). 

1H NMR (500 MHz, CDCl3) δ 5.98 – 5.81 (m, 4H), 5.37 (dd, J = 17.3, 9.0 Hz, 4H), 5.33 – 5.22 (m, 4H), 

4.21 (s, 2H), 4.03 (d, J = 3.3 Hz, 2H), 2.29 (s, 2H), 2.07 (d, J = 3.4 Hz, 2H). 
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(Z)-But-2-ene-1,4-diyl bis((2-methoxyphenyl)carbamate) (A44) 

 

1-Isocyanato-2-methoxybenzene (300 mg, 2 mmol), (Z)-but-2-ene-1,4-diol (79 mg, 0.9 mmol), and Et3N 

(552 µL, 4 mmol) were dissolved in THF (5 mL) and stirred at room temperature for 16 h. The volatiles 

were removed under reduced pressure and the residue was purified by silica gel column chromatography 

(25% EtOAc in cyclohexane) to give the bis(carbamate) A44 as a colourless oil (219 mg, 63%). 

1H NMR (500 MHz, CD2Cl2) δ 8.03 (d, J = 7.3 Hz, 2H), 7.29 (s, 2H), 7.00 (td, J = 7.8, 1.7 Hz, 2H), 6.94 

(td, J = 7.7, 1.3 Hz, 2H), 6.89 (dd, J = 8.0, 1.4 Hz, 2H), 5.84 (ddd, J = 5.1, 3.9, 1.1 Hz, 2H), 4.90 – 4.74 

(m, 4H), 3.85 (s, 6H). 

 

Hexa-1,5-diene-3,4-diyl bis((2-methoxyphenyl)carbamate) (A45) 

 

1-Isocyanato-2-methoxybenzene (300 mg, 2 mmol), the diol A42 (103 mg, 0.9 mmol), and pyridine 

(200 µL, 2.5 mmol) were dissolved in THF (5 mL) and stirred at room temperature for 16 h. The volatiles 

were removed under reduced pressure, and the residue was purified by silica gel column 

chromatography (20% EtOAc in cyclohexane) to give the crude bis(carbamate) A45 in an inseparable 

mixture containing, among others, the diol A42 as a colourless oil (115 mg of pure product, 31%). 

1H NMR (500 MHz, CDCl3) δ 8.09 (s, 2H), 7.36 (s, 2H), 7.01 – 6.85 (m, 6H), 5.99 – 5.90 (m, 2H), 5.48 

– 5.36 (m, 4H), 3.88 (s, 6H). 

 

2-Methylenepropane-1,3-diyl bis((2-methoxyphenyl)carbamate) (A46) 

 

1-Isocyanato-2-methoxybenzene (300 mg, 2 mmol), 2-methylenepropane-1,3-diol (79 mg, 0.9 mmol), 

and Et3N (552 µL, 4 mmol) were dissolved in THF (5 mL) and stirred at room temperature for 16 h. The 

volatiles were removed under reduced pressure and the residue was purified by silica gel column 

chromatography (25% EtOAc in cyclohexane) to give the bis(carbamate) A46 as a colourless oil (167 

mg, 48%). 

1H NMR (500 MHz, CDCl3) δ 8.08 (s, 2H), 7.31 (s, 2H), 7.01 – 6.94 (m, 4H), 6.85 (dd, J = 8.0, 1.4 Hz, 

2H), 5.37 (s, 2H), 4.76 (s, 4H), 3.85 (s, 6H). 

 

2-Methylenepropane-1,3-diyl bis(4-nitrophenyl) bis(carbonate) (A47) 

 

The diol A43 (1.76 g, 20 mmol) was dissolved in pyridine (20 mL). 4-Nitrophenyl chloroformate (12.7 

g, 63 mmol) was added in portions at 0 °C. The reaction mixture was stirred at 40 °C for 1 h and diluted 

with ethyl acetate (100 mL). The organic phase was washed with 1 M HCl (5×100 mL), water (50 mL) 

and brine (50 mL), dried over anhydrous sodium sulfate, filtered, and the organic solvent was removed 

under reduced pressure. The residue was purified by silica gel column chromatography (10% EtOAc in 
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cyclohexane) to give the bis(carbonate) A47 in a mixture with p-nitrophenol (2:3 ratio) as a yellow solid 

(4.82 g of pure product (calculated by NMR), 58%). The mixture was used in the next step without 

further purification. 

1H NMR (500 MHz, CDCl3) δ 8.30 – 8.25 (m, 4H), 7.43 – 7.35 (m, 4H), 5.55 (s, 2H), 4.89 (s, 4H). 

 

2-Methylenepropane-1,3-diyl bis(((S)-1-(((S)-1-(((3R,4S,5S)-1-((S)-2-((1R,2R)-3-(((1S,2R)-1-hydroxy-

1-phenylpropan-2-yl)amino)-1-methoxy-2-methyl-3-oxopropyl)pyrrolidin-1-yl)-3-methoxy-5-methyl-

1-oxoheptan-4-yl)(methyl)amino)-3-methyl-1-oxobutan-2-yl)amino)-3-methyl-1-oxobutan-2-

yl)(methyl)carbamate) (NN1) 

 

To a solution of MMAE (108 mg, 0.15 mmol) and DIPEA (178 µL, 1 mmol) in DMF (2 mL), a solution 

of the bis(carbonate) A47 (21 mg, 0.05 mmol) in DMF (200 µL) was added dropwise. The reaction 

mixture was stirred for 16 h, concentrated and purified by reversed-phase HPLC (95% A / 5% B to 

100% A / 90% B over 50 min). After lyophilization the title compound was collected as a white powder 

(69 mg, 88% yield). 

1H NMR (500 MHz, DMSO-d6) δ 8.21 (s, 2H), 7.89 (d, J = 8.2 Hz, 1H), 7.62 (d, J = 8.4 Hz, 1H), 7.38 

– 7.10 (m, 10H), 5.47 – 5.29 (m, 2H), 5.28 – 5.08 (m, 2H), 4.83 – 4.34 (m, 10H), 4.32 – 4.11 (m, 2H), 

3.97 (ddt, J = 27.9, 13.3, 6.7 Hz, 4H), 3.56 (dt, J = 12.2, 6.6 Hz, 3H), 3.26 – 3.10 (m, 17H), 3.08 – 2.81 

(m, 10H), 2.41 (d, J = 15.4 Hz, 2H), 2.26 (dd, J = 15.3, 9.5 Hz, 2H), 2.18 – 1.92 (m, 6H), 1.87 – 1.65 

(m, 6H), 1.62 – 1.43 (m, 4H), 1.07 – 0.97 (m, 12H), 0.82 (ddt, J = 30.2, 13.9, 7.1 Hz, 38H). 

 

Methyl 2-(2-isocyanatophenyl)acetate (A48) 

 

Toluene (30 mL) was heated to reflux, and a solution of 15 wt.% phosgene in toluene (6 mL, 8 mmol) 

was added. Then, a solution of methyl 2-(2-aminophenyl)acetate (201 mg, 1.22 mmol) in toluene (5 mL) 

was slowly added dropwise. The reaction mixture was stirred for 2 h at 110 °C and then cooled to room 

temperature. The volatiles were removed under reduced pressure to give the isocyanate A48 as a 

colourless oil (232 mg, quant.). The crude product was used in the next step without further purification. 

1H NMR (500 MHz, CDCl3) δ 7.29 – 7.22 (m, 2H), 7.20 – 7.11 (m, 2H), 3.72 (s, 3H), 3.69 (s, 2H). 
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Methyl 2-(2-(((allyloxy)carbonyl)amino)phenyl)acetate (A49) 

 

To a stirred solution of methyl 2-(2-aminophenyl)acetate (661 mg, 4 mmol) and DIPEA (1.4 mL, 

8 mmol) in THF (10 mL) allyl chloroformate (640 µL, 6 mmol) was added dropwise at 0 °C, and the 

reaction mixture was stirred  for 4 h. The organic solvent was removed under reduced pressure, and the 

residue was purified by silica gel column chromatography (10% EtOAc in cyclohexane) to give the 

carbamate A49 as a colourless oil (660 mg, 66%). 

1H NMR (500 MHz, CDCl3) δ 7.93 (s, 1H), 7.78 (s, 1H), 7.40 – 7.27 (m, 1H), 7.19 (dd, J = 7.6, 1.3 Hz, 

1H), 7.11 – 7.04 (m, 1H), 5.99 (ddt, J = 16.2, 10.8, 5.7 Hz, 1H), 5.44 – 5.33 (m, 1H), 5.33 – 5.22 (m, 

1H), 4.68 (dt, J = 5.7, 1.3 Hz, 2H), 3.72 (s, 3H), 3.64 (s, 2H). 

13C NMR (126 MHz, CDCl3) δ 172.81, 154.17, 136.93, 132.78, 130.87, 128.65, 124.83, 118.22, 66.06, 

52.69, 38.56. 

 

Dimethyl 2,2'-((((but-2-ene-1,4-diylbis(oxy))bis(carbonyl))bis(azanediyl))bis(2,1-phenylene))(Z)-

diacetate (A50) 

 

The isocyanate A48 (200 mg, 1.05 mmol), (Z)-but-2-ene-1,4-diol (35 mg, 0.4 mmol), and DIPEA 

(352 µL, 2 mmol) were dissolved in THF (5 mL) and stirred at room temperature for 16 h. The volatiles 

were removed under reduced pressure and the residue was purified by silica gel column chromatography 

(50% EtOAc in cyclohexane) to afford the bis(carbamate) A50 as a colourless oil (104 mg, 55%). 

1H NMR (500 MHz, CDCl3) δ 7.94 (s, 2H), 7.77 (s, 2H), 7.36 – 7.27 (m, 2H), 7.19 (dd, J = 7.6, 1.3 Hz, 

2H), 7.13 – 7.04 (m, 2H), 5.97 – 5.75 (m, 2H), 4.83 (d, J = 4.9 Hz, 4H), 3.71 (s, 6H), 3.64 (s, 4H). 

 

Dimethyl 2,2'-((((hexa-1,5-diene-3,4-diylbis(oxy))bis(carbonyl))bis(azanediyl))bis(2,1-phenylene)) 

diacetate (A51) 

 

The isocyanate A48 (191 mg, 1 mmol), the diol A42 (45 mg, 0.4 mmol), and DIPEA (352 µL, 2 mmol) 

were dissolved in DMF (2 mL) and stirred at room temperature for 16 h. The volatiles were removed 

under reduced pressure and the residue was purified by silica gel column chromatography (50% EtOAc 

in cyclohexane) to give the crude bis(carbamate) A51 in an inseparable mixture with the diol A42 as a 

colourless oil (30 mg of pure product, 15%). 

1H NMR (500 MHz, CDCl3) δ 7.97 (s, 2H), 7.75 (s, 2H), 7.31 (t, J = 7.8 Hz, 2H), 7.20 (d, J = 7.6 Hz, 

2H), 7.10 (t, J = 7.4 Hz, 2H), 5.97 – 5.91 (m, 2H), 5.48 – 5.37 (m, 4H), 3.73 (s, 6H), 3.65 (s, 4H).
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5.2. RCM Project 

Substrates for the in vivo synthesis 

Synthesis of the bromoalkene M3 

 

1-(4-(2-(Dimethylamino)ethoxy)phenyl)-1-phenylbutan-1-ol (M1) 

 

2-(4-Bromophenoxy)-N,N-dimethylethan-1-amine (4 g, 16.4 mmol) was dissolved in diethyl ether (125 

mL) and cooled to -78 °C. A solution of tert-BuLi (1.69M, 19.4 mL, 33 mmol) was added dropwise via 

cannula at that temperature. The reaction mixture was stirred at -78 °C for 1 h, and then a solution of 1-

phenylbutan-1-one (2.66 g, 18 mmol) was added dropwise. The solution was warmed to room 

temperature and stirred for additional 4 h. A saturated solution of NH4Cl (100 mL) was added, and the 

mixture was extracted with diethyl ether (3×100 mL). The combined organic phase was washed with 

water (100 mL) and saturated brine (100 mL), dried over anhydrous sodium sulfate, filtered, and the 

organic solvent was removed under reduced pressure. The crude product was purified by silica gel 

column chromatography (5% MeOH in CH2Cl2) to afford the alcohol M1 as a colourless oil (3.8 g, 

74%). 

1H NMR (500 MHz, CDCl3) δ 7.39 (dd, J = 8.3, 1.1 Hz, 2H), 7.31 – 7.13 (m, 5H), 6.88 – 6.81 (m, 2H), 

4.03 (t, J = 5.8 Hz, 2H), 2.70 (t, J = 5.8 Hz, 2H), 2.31 (s, 6H), 2.22 (dd, J = 8.9, 7.5 Hz, 2H), 1.38 – 1.18 

(m, 2H), 0.92 (t, J = 7.4 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 157.76, 147.51, 139.79, 128.16, 127.42, 126.74, 126.15, 114.17, 78.15, 

66.07, 58.45, 46.05, 44.58, 17.31, 14.59. 

 

N,N-Dimethyl-2-(4-(1-phenylbut-1-en-1-yl)phenoxy)ethan-1-amine (M2) 

 

The alcohol M1 (3.8 g, 12.1 mmol) and p-toluenesulfonic acid monohydrate (2.85 g, 15 mmol) were 

mixed in toluene (100 mL) and heated to reflux for 16 h. The reaction mixture was cooled to room 

temperature and washed with aqueous NaOH (1M, 5×50 mL) and brine (100 mL), dried over anhydrous 

sodium sulfate, filtered. The organic solvent was removed under reduced pressure to give the 

trisubstituted alkene M2 as a mixture of diastereomers as a colourless liquid (3.2 g, 90%). The crude 

product was used in the next step without further purification. 

1H NMR (500 MHz, CDCl3) δ 7.48 – 7.06 (m, 7H), 7.00 – 6.79 (m, 2H), 6.11 – 5.86 (m, 1H), 4.07 (dt, 

J = 25.5, 5.8 Hz, 2H), 2.73 (dt, J = 19.9, 5.8 Hz, 2H), 2.34 (d, J = 14.5 Hz, 6H), 2.12 (dp, J = 26.9, 7.5 

Hz, 2H), 1.03 (q, J = 7.5 Hz, 3H). 
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13C NMR (126 MHz, CDCl3) δ 158.04, 157.91, 143.40, 140.68, 140.65, 140.51, 135.73, 132.76, 131.66, 

131.13, 130.17, 130.01, 128.34, 128.20, 128.13, 127.45, 126.88, 126.81, 114.25, 114.24, 66.13, 66.10, 

58.53, 58.46, 46.10, 46.06, 23.36, 23.27, 14.75, 14.70. 

 

2-(4-(2-Bromo-1-phenylbut-1-en-1-yl)phenoxy)-N,N-dimethylethan-1-amine (M3) 

 

The trisubstituted alkene M2 (3.2 g, 11 mmol) was dissolved in DCE (20 mL) and cooled to 0 °C. 

A solution of Br2 (1.92 g, 12 mmol) in DCE (5 mL) was added dropwise, and the reaction mixture was 

stirred at room temperature for 2 h. The reaction mixture was washed with a saturated solution of Na2SO3 

(20 mL), water (20 mL), and brine (20 mL), dried over anhydrous sodium sulfate. Following filtering, 

the organic solvent was removed under reduced pressure. The residue was redissolved in DCE (20 mL), 

and pyridine (4 mL, 50 mmol) was added at room temperature. The reaction mixture was refluxed for 

16 h and cooled to room temperature. The organic phase was washed with water (2×20 mL) and brine 

(20 mL), dried over anhydrous sodium sulfate, filtered, and the organic solvent was removed under 

reduced pressure. The crude product was purified by silica gel column chromatography (3% MeOH in 

CH2Cl2) to give the bromoalkene M3 as a mixture of diastereomers as a yellow oil (2.5 g, 61%). 

1H NMR (500 MHz, CDCl3) δ 7.33 – 7.01 (m, 7H), 6.88 – 6.82 (m, 2H), 4.05 (td, J = 5.8, 3.3 Hz, 2H), 

2.72 (t, J = 5.8 Hz, 2H), 2.56 (dq, J = 22.2, 7.3 Hz, 2H), 2.33 (s, 6H), 1.19 (dt, J = 8.7, 7.3 Hz, 3H). 

 

Synthesis of the diolefin M12 
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(3-(2-Chloropyrimidin-4-yl)phenyl)methanol (M5) 

 

The alcohol M5 was obtained according to a reported procedure.69 

1H NMR (500 MHz, DMSO-d6) δ 8.82 (d, J = 5.3 Hz, 1H), 8.21 – 8.10 (m, 2H), 8.05 (dt, J = 7.1, 1.7 

Hz, 1H), 7.62 – 7.48 (m, 2H), 5.36 (t, J = 5.8 Hz, 1H), 4.61 (d, J = 5.7 Hz, 2H). 

 

4-(3-((Allyloxy)methyl)phenyl)-2-chloropyrimidine (M6) 

 

The pyrimidine M6 was obtained according to a reported procedure.69 

1H NMR (500 MHz, CDCl3) δ 8.63 (d, J = 5.2 Hz, 1H), 8.07 (s, 1H), 8.03 – 7.98 (m, 1H), 7.66 (d, J = 

5.2 Hz, 1H), 7.56 – 7.42 (m, 2H), 5.97 (ddt, J = 17.1, 10.5, 5.7 Hz, 1H), 5.33 (dq, J = 17.2, 1.6 Hz, 1H), 

5.23 (dq, J = 10.4, 1.2 Hz, 1H), 4.60 (s, 2H), 4.08 (dt, J = 5.7, 1.4 Hz, 2H). 

13C NMR (126 MHz, CDCl3) δ 167.20, 161.98, 159.96, 139.69, 135.35, 134.60, 131.24, 129.36, 126.81, 

126.67, 117.60, 115.38, 71.75, 71.61. 

 

2-(2-Chloroethoxy)-5-nitrobenzaldehyde (M7) 

 

The aldehyde M7 was obtained according to a reported procedure.69 

1H NMR (500 MHz, CDCl3) δ 10.51 (s, 1H), 8.74 (d, J = 2.9 Hz, 1H), 8.45 (dd, J = 9.1, 2.9 Hz, 1H), 

7.10 (d, J = 9.2 Hz, 1H), 4.49 (t, J = 5.5 Hz, 2H), 3.94 (t, J = 5.5 Hz, 2H). 

 

(2-(2-Chloroethoxy)-5-nitrophenyl)methanol (M8) 

 

The benzylic alcohol M8 was obtained according to a reported procedure.69 

1H NMR (500 MHz, CDCl3) δ 8.31 (d, J = 2.8 Hz, 1H), 8.20 (dd, J = 9.0, 2.8 Hz, 1H), 6.91 (d, J = 9.0 

Hz, 1H), 4.78 (s, 2H), 4.41 – 4.35 (m, 2H), 3.91 – 3.86 (m, 2H). 

2-((Allyloxy)methyl)-1-(2-chloroethoxy)-4-nitrobenzene (M9) 

 

The nitrobenzene M9 was obtained according to a reported procedure.69 
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1H NMR (500 MHz, CDCl3) δ 8.36 (d, J = 2.8 Hz, 1H), 8.17 (dd, J = 9.0, 2.9 Hz, 1H), 6.88 (d, J = 9.0 

Hz, 1H), 5.99 (ddt, J = 17.1, 10.6, 5.6 Hz, 1H), 5.36 (dq, J = 17.2, 1.6 Hz, 1H), 5.25 (dd, J = 10.4, 1.4 

Hz, 1H), 4.59 (s, 2H), 4.35 (t, J = 5.6 Hz, 2H), 4.14 (dt, J = 5.6, 1.3 Hz, 2H), 3.87 (t, J = 5.6 Hz, 2H). 

 

1-(2-(2-((Allyloxy)methyl)-4-nitrophenoxy)ethyl)pyrrolidine (M10) 

 

The pyrrolidine M10 was obtained according to a reported procedure.69 

1H NMR (500 MHz, CDCl3) δ 8.33 (d, J = 2.8 Hz, 1H), 8.16 (dd, J = 9.0, 2.9 Hz, 1H), 6.90 (d, J = 9.1 

Hz, 1H), 6.07 – 5.87 (m, 1H), 5.34 (dq, J = 17.2, 1.6 Hz, 1H), 5.26 – 5.17 (m, 1H), 4.56 (s, 2H), 4.24 (t, 

J = 5.8 Hz, 2H), 4.18 – 4.04 (m, 2H), 2.97 (t, J = 5.9 Hz, 2H), 2.71 – 2.86 (m, 4H), 1.88 – 1.75 (m, J = 

3.7, 3.0 Hz, 4H). 

 

3-((Allyloxy)methyl)-4-(2-(pyrrolidin-1-yl)ethoxy)aniline (M11) 

 

The aniline M11 was obtained according to a reported procedure.69 

1H NMR (500 MHz, CDCl3) δ 6.78 (d, J = 2.9 Hz, 1H), 6.70 (d, J = 8.6 Hz, 1H), 6.56 (dd, J = 8.5, 2.9 

Hz, 1H), 5.96 (ddt, J = 17.2, 10.6, 5.6 Hz, 1H), 5.31 (dq, J = 17.2, 1.6 Hz, 1H), 5.19 (dd, J = 10.4, 1.5 

Hz, 1H), 4.51 (s, 2H), 4.12 – 3.98 (m, 4H), 3.42 (s, 1H), 2.88 (t, J = 6.0 Hz, 2H), 2.73 – 2.54 (m, 4H), 

1.87 – 1.73 (m, 4H). 

 

N-(3-((Allyloxy)methyl)-4-(2-(pyrrolidin-1-yl)ethoxy)phenyl)-4-(3-

((allyloxy)methyl)phenyl)pyrimidin-2-amine (M12) 

 

The diene M12 was obtained according to a reported procedure.69 

1H NMR (500 MHz, CDCl3) δ 8.44 (d, J = 4.8 Hz, 1H), 8.08 – 7.96 (m, 2H), 7.68 – 7.57 (m, 2H), 7.52 

– 7.44 (m, 2H), 7.17 – 7.08 (m, 2H), 6.93 – 6.88 (m, 1H), 6.06 – 5.88 (m, 2H), 5.41 – 5.15 (m, 4H), 4.61 

(s, 2H), 4.57 (s, 2H), 4.41 (s, 2H), 4.11 – 4.03 (m, 4H), 3.31 (brs, 2H), 3.17 (brs, 4H), 2.04 (brs, 4H). 

 

Click-to-release approach (phenols) 

1-(2-Allylphenyl)prop-2-en-1-ol (M13) 

 

The alcohol M13 was obtained according to a reported procedure.12 
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1H NMR (500 MHz, CDCl3) δ 7.56 – 7.43 (m, 1H), 7.33 – 7.21 (m, 2H), 7.21 – 7.13 (m, 1H), 6.17 – 

5.92 (m, 2H), 5.47 (td, J = 5.4, 4.7, 1.8 Hz, 1H), 5.35 (dt, J = 17.2, 1.5 Hz, 1H), 5.22 (dt, J = 10.4, 1.5 

Hz, 1H), 5.09 (dq, J = 10.1, 1.6 Hz, 1H), 5.00 (dq, J = 17.1, 1.8 Hz, 1H), 3.50 (d, J = 6.2 Hz, 2H), 1.88 

(d, J = 4.0 Hz, 1H). 

 

(E)-1-Allyl-2-(3-bromoprop-1-en-1-yl)benzene (M14) 

 

To the stirred solution of the alcohol M13 (174 mg, 1 mmol) in diethyl ether (2.5 mL), a solution of 

PBr3 (135 mg, 0.5 mmol) in diethyl ether (1 mL) was added dropwise at 0 °C. The reaction mixture was 

stirred for 1 h, after which, a saturated solution of NaHCO3 (1 mL) was added. The organic phase was 

separated, washed with brine (2 mL), dried over anhydrous sodium sulfate, filtered, and the organic 

solvent was removed under reduced pressure to give the allylic bromide M14 as a pale-yellow oil (237 

mg, quant.). The crude product was used in the next step without further purification. 

1H NMR (500 MHz, CDCl3) δ 7.53 – 7.43 (m, 1H), 7.24 – 7.12 (m, 3H), 6.88 (d, J = 15.4 Hz, 1H), 6.29 

(dt, J = 15.4, 7.8 Hz, 1H), 5.95 (ddt, J = 16.3, 10.1, 6.2 Hz, 1H), 5.08 (dt, J = 10.1, 1.6 Hz, 1H), 4.97 

(dq, J = 17.1, 1.7 Hz, 1H), 4.17 (dd, J = 7.8, 0.9 Hz, 2H), 3.45 (d, J = 6.1 Hz, 2H). 

 

7-((1-(2-Allylphenyl)allyl)oxy)-2H-chromen-2-one (M15) 

 

The allylic bromide M14 (237 mg, 1 mmol), 7-hydroxy-2H-chromen-2-one (243 mg, 1.5 mmol), 

[RuCp*Cl2]2 (60 mg, 0.1 mmol), and K2CO3 (350 mg, 2.5 mmol) were suspended in dry and degassed 

ACN (10 mL) and stirred for 3 h. The reaction mixture was centrifuged, and the supernatant was 

concentrated under reduced pressure. The residue was purified by silica gel column chromatography 

(10% EtOAc in cyclohexane) to give the coumarin M15 as a white solid (306 mg, 96%). 

1H NMR (500 MHz, CDCl3) δ 7.60 (d, J = 9.5 Hz, 1H), 7.44 (d, J = 7.8 Hz, 1H), 7.32 (d, J = 8.6 Hz, 

1H), 7.30 – 7.21 (m, 3H), 6.87 (dd, J = 8.6, 2.4 Hz, 1H), 6.79 (d, J = 2.3 Hz, 1H), 6.23 (d, J = 9.5 Hz, 

1H), 6.11 (ddd, J = 16.4, 10.5, 5.5 Hz, 1H), 5.99 (ddt, J = 16.6, 10.1, 6.3 Hz, 1H), 5.93 (d, J = 5.5 Hz, 

1H), 5.38 – 5.26 (m, 2H), 5.21 – 5.13 (m, 1H), 5.06 (dd, J = 17.1, 1.6 Hz, 1H), 3.69 – 3.37 (m, 2H). 

 

Methyl 7-((1-(2-allylphenyl)allyl)oxy)-2-oxo-2H-chromene-3-carboxylate (M16) 

 

The allylic bromide M14 (237 mg, 1 mmol), methyl 7-hydroxy-2-oxo-2H-chromene-3-carboxylate (330 

mg, 1.5 mmol), [RuCp*Cl2]2 (60 mg, 0.1 mmol), and K2CO3 (350 mg, 2.5 mmol) were suspended in dry 

and degassed ACN (10 mL) and stirred for 3 h. The reaction mixture was centrifuged, and the 

supernatant was concentrated under reduced pressure. The residue was purified by silica gel column 

chromatography (10% EtOAc in cyclohexane) to afford the methyl ester M16 as a colourless oil (238 

mg, 63%). 

1H NMR (500 MHz, CDCl3) δ 8.50 (s, 1H), 7.46 (d, J = 8.7 Hz, 1H), 7.42 (d, J = 7.7 Hz, 1H), 7.35 – 

7.18 (m, 3H), 6.92 (dd, J = 8.7, 2.4 Hz, 1H), 6.78 (d, J = 2.3 Hz, 1H), 6.11 (ddd, J = 17.1, 10.5, 5.5 Hz, 
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1H), 6.05 – 5.87 (m, 2H), 5.35 (d, J = 10.5 Hz, 1H), 5.31 (d, J = 17.2 Hz, 1H), 5.15 (dd, J = 10.1, 1.5 

Hz, 1H), 5.06 (dd, J = 17.1, 1.6 Hz, 1H), 3.93 (s, 3H), 3.61 – 3.37 (m, 2H). 

 

7-((1-(2-Allylphenyl)allyl)oxy)-2-oxo-2H-chromene-3-carboxylic acid (M17) 

 

The methyl ester M16 (200 mg, 0.53 mmol) and LiOH·H2O (50 mg, 1.2 mmol) were mixed in a mixture 

of water (2 mL) and THF (2 mL) and stirred for 16 h at room temperature. A solution of HCl (0.1 M, 

15 mL) was added dropwise at 0 °C, and the resulting mixture was extracted with CH2Cl2 (3×10 mL). 

The combined organic phase was washed with water (100 mL) and brine (100 mL), dried over anhydrous 

sodium sulfate, filtered, and the organic solvent was removed under reduced pressure. The crude product 

was purified by silica gel column chromatography (30% EtOAc in cyclohexane) to afford the carboxylic 

acid M17 as a colourless oil that solidifies in the fridge (4 °C) (175 mg, 91%). 

1H NMR (500 MHz, CDCl3) δ 12.02 (s, 1H), 8.82 (s, 1H), 7.59 (d, J = 8.8 Hz, 1H), 7.45 – 7.38 (m, 1H), 

7.33 – 7.22 (m, 3H), 7.04 (dd, J = 8.8, 2.3 Hz, 1H), 6.89 (d, J = 2.2 Hz, 1H), 6.20 – 6.07 (m, 1H), 6.07 

– 5.91 (m, 2H), 5.38 (d, J = 10.5 Hz, 1H), 5.32 (d, J = 17.2 Hz, 1H), 5.17 (dd, J = 10.1, 1.4 Hz, 1H), 

5.06 (dd, J = 17.1, 1.6 Hz, 1H), 3.75 – 3.30 (m, 2H). 

13C NMR (126 MHz, CDCl3) δ 164.69, 164.62, 163.21, 156.95, 151.29, 137.14, 136.47, 135.96, 135.46, 

131.75, 130.75, 128.97, 127.40, 126.99, 118.45, 117.05, 116.47, 112.56, 111.10, 103.04, 78.78, 37.06, 

27.06. 

 

(4S)-9-((1-(2-Allylphenyl)allyl)oxy)-4,11-diethyl-4-hydroxy-1,12-dihydro-14H-

pyrano[3',4':6,7]indolizino[1,2-b]quinoline-3,14(4H)-dione (M18) 

 

The allylic bromide M14 (24 mg, 0.1 mmol), SN-38 (60 mg, 0.15 mmol), [RuCp*Cl2]2 (6 mg, 

0.01 mmol), and K2CO3 (34.5 mg, 0.25 mmol) were suspended in dry and degassed ACN (2 mL) and 

stirred for 3 h. The reaction mixture was centrifuged, and the supernatant was concentrated under 

reduced pressure. The residue was purified by silica gel column chromatography (30% EtOAc in 

cyclohexane) to give the diene M18 as a pale-yellow solid (22 mg, 40%). 

1H NMR (500 MHz, CDCl3) δ 8.19 – 8.02 (m, 1H), 7.62 (t, J = 3.0 Hz, 1H), 7.55 – 7.43 (m, 2H), 7.35 

– 7.20 (m, 3H), 7.16 (dd, J = 17.1, 2.6 Hz, 1H), 6.21 (dddd, J = 17.5, 10.2, 5.5, 2.6 Hz, 1H), 6.11 – 5.92 

(m, 2H), 5.71 (d, J = 16.2 Hz, 1H), 5.40 – 5.34 (m, 2H), 5.31 – 5.10 (m, 5H), 4.23 – 4.08 (m, 2H), 3.67 

– 3.50 (m, 2H), 3.08 – 2.84 (m, 2H), 1.95 – 1.78 (m, 3H), 1.14 (dt, J = 13.3, 7.7 Hz, 3H), 0.99 (td, J = 

7.4, 3.0 Hz, 3H). 
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1,1'-(1,2-Phenylene)bis(prop-2-en-1-ol) (M19) 

 

Phthalaldehyde (1.34 g, 10 mmol) was dissolved in THF (20 mL), cooled to 0 °C, and of 

vinylmagnesium bromide (0.7 M solution, 36 mL, 25 mmol) was added dropwise. The reaction mixture 

was stirred at room temperature for 1 h, and then saturated solution of NH4Cl (20 mL) was added at 

room temperature. The mixture was extracted with diethyl ether (3×20 mL). The combined organic 

phase was washed with water (20 mL) and brine (20 mL), dried over anhydrous sodium sulfate. 

Following filtering, the organic solvent was removed under reduced pressure to give the diol M19 as a 

mixture of diastereomers as a colourless oil (1.83 g, 96%). The crude product was used in the next step 

without further purification. 

1H NMR (500 MHz, CD2Cl2) δ 7.51 – 7.37 (m, 2H), 7.36 – 7.23 (m, 2H), 6.22 – 6.08 (m, 2H), 5.66 – 

5.51 (m, 2H), 5.43 – 5.33 (m, 2H), 5.29 – 5.20 (m, 2H). 

 

1,2-Bis((E)-3-bromoprop-1-en-1-yl)benzene (M20) 

 

To the stirred solution of the diol M19 (380 mg, 2 mmol) in diethyl ether (5 mL), a solution of PBr3 

(542 mg, 2 mmol) in diethyl ether (5 mL) was added dropwise at 0 °C. The reaction mixture was stirred 

for 1 h and then saturated solution of NaHCO3 (10 mL) was added. The organic phase was separated, 

washed with brine (10 mL), dried over anhydrous sodium sulfate, filtered, and the organic solvent was 

removed under reduced pressure to give the dibromide M20 as a pale-yellow oil (480 mg, 76%). The 

crude product was used in the next step without further purification. 

1H NMR (400 MHz, CDCl3) δ 7.48 – 7.37 (m, 2H), 7.32 – 7.19 (m, 2H), 6.91 (d, J = 15.4 Hz, 2H), 6.27 

(dt, J = 15.5, 7.8 Hz, 2H), 4.18 (dd, J = 7.8, 1.0 Hz, 4H). 

 

7,7'-((1,2-Phenylenebis(prop-2-ene-1,1-diyl))bis(oxy))bis(2H-chromen-2-one) (M21) 

 

The dibromide M20 (158 mg, 0.5 mmol), 7-hydroxy-2H-chromen-2-one (243 mg, 1.5 mmol), 

[RuCp*Cl2]2 (60 mg, 0.1 mmol), and K2CO3 (350 mg, 2.5 mmol) were suspended in dry and degassed 

ACN (10 mL) and stirred for 3 h. The reaction mixture was centrifuged, and the supernatant was 

concentrated under reduced pressure. The residue was purified by silica gel column chromatography 

(50% EtOAc in cyclohexane) to give the bis(coumarin) M21 as a white solid (177 mg, 37%). 

1H NMR (500 MHz, DMSO-d6) δ 8.00 – 7.49 (m, 8H), 7.42 (td, J = 5.9, 3.4 Hz, 2H), 7.04 – 6.89 (m, 

4H), 6.82 – 6.66 (m, 2H), 6.43 (dd, J = 22.2, 5.7 Hz, 2H), 6.32 – 6.19 (m, 2H), 6.19 – 6.07 (m, 2H), 5.43 

(dd, J = 22.8, 17.2 Hz, 2H), 5.32 (dd, J = 10.5, 6.8 Hz, 2H). 
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4-((1-(2-Allylphenyl)allyl)oxy)isophthalaldehyde (M22) 

 

The allylic bromide M14 (237 mg, 1 mmol), 4-hydroxyisophthalaldehyde (225 mg, 1.5 mmol), 

[RuCp*Cl2]2 (60 mg, 0.1 mmol), and K2CO3 (350 mg, 2.5 mmol) were suspended in dry and degassed 

ACN (10 mL) and stirred for 3 h. The reaction mixture was centrifuged, and the supernatant was 

concentrated under reduced pressure. The residue was purified by silica gel column chromatography 

(10% EtOAc in cyclohexane) to give the dialdehyde M22 as a colourless oil (238 mg, 78%). 

1H NMR (500 MHz, CDCl3) δ 10.59 (s, 1H), 9.91 (s, 1H), 8.33 (d, J = 2.1 Hz, 1H), 7.98 (dd, J = 8.8, 

2.2 Hz, 1H), 7.55 – 7.42 (m, 1H), 7.35 – 7.17 (m, 3H), 7.03 (d, J = 8.8 Hz, 1H), 6.23 – 6.06 (m, 2H), 

6.06 – 5.91 (m, 1H), 5.53 – 5.28 (m, 2H), 5.13 (dd, J = 10.1, 1.4 Hz, 1H), 5.02 (dd, J = 17.1, 1.6 Hz, 

1H), 3.67 – 3.39 (m, 2H). 

 

3-Allyl-1H-indole-2-carbaldehyde (M23) 

 

The aldehyde M23 was synthesized according to a reported procedure.70 

1H NMR (600 MHz, CDCl3) δ 10.04 (s, 1H), 8.77 (s, 1H), 8.18 – 7.67 (m, 1H), 7.56 – 7.34 (m, 2H), 

7.16 (ddd, J = 8.0, 4.7, 3.1 Hz, 1H), 6.08 (ddt, J = 16.2, 10.0, 6.1 Hz, 1H), 5.25 – 5.01 (m, 2H), 3.87 (dt, 

J = 6.1, 1.6 Hz, 2H). 

 

1-(3-Allyl-1H-indol-2-yl)prop-2-en-1-ol (M24) 

 

The aldehyde M23 (200 mg, 1.1 mmol) was dissolved in THF (10 mL), cooled to 0 °C, and 

vinylmagnesium bromide (0.7 M solution, 1.7 mL, 1.2 mmol) was added dropwise. The reaction mixture 

was stirred at room temperature for 1 h, and then saturated solution of NH4Cl (10 mL) was added at 

room temperature. The mixture was extracted with diethyl ether (3×10 mL). The combined organic 

phase was washed with water (10 mL) and brine (10 mL) successively, dried over anhydrous sodium 

sulfate, filtered, and the organic solvent was removed under reduced pressure to give the allylic alcohol 

M24 as a pale-yellow oil (187 mg, 80%). The crude product was used in the next step without further 

purification. 

1H NMR (600 MHz, CDCl3) δ 8.17 (s, 1H), 7.56 (d, J = 7.9 Hz, 1H), 7.33 (d, J = 8.1 Hz, 1H), 7.21 – 

7.15 (m, 1H), 7.12 – 7.05 (m, 1H), 6.08 (ddd, J = 17.1, 10.4, 5.3 Hz, 1H), 6.00 (ddt, J = 16.1, 10.0, 6.1 

Hz, 1H), 5.57 (d, J = 4.4 Hz, 1H), 5.45 (dt, J = 17.1, 1.4 Hz, 1H), 5.28 (dt, J = 10.4, 1.4 Hz, 1H), 5.15 – 

4.98 (m, 2H), 3.53 (dt, J = 6.1, 1.6 Hz, 2H). 
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Close-to-release approach (carbamates) 

1-(2-Allylphenyl)allyl (4-nitrophenyl) carbonate (M25) 

 

The allylic alcohol M13 (523 mg, 3 mmol) and pyridine (400 µL, 5 mmol) were dissolved in CH2Cl2 

(15 mL). 4-Nitrophenyl chloroformate (666 mg, 3.3 mmol) was added portionwise at 0 °C. The reaction 

mixture was stirred at that temperature for 1 h and then concentrated under reduced pressure. The residue 

was subjected to silica gel column chromatography (10% EtOAc in cyclohexane) to give the carbonate 

M25 as a pale-yellow solid (631 mg, 62%). 

1H NMR (500 MHz, CDCl3) δ 8.32 – 8.19 (m, 2H), 7.57 – 7.44 (m, 1H), 7.41 – 7.29 (m, 4H), 7.23 (dd, 

J = 6.3, 2.7 Hz, 1H), 6.44 (d, J = 5.8 Hz, 1H), 6.18 – 6.05 (m, 1H), 5.99 (ddt, J = 16.5, 10.1, 6.2 Hz, 

1H), 5.42 – 5.27 (m, 2H), 5.10 (dq, J = 10.1, 1.5 Hz, 1H), 5.01 (dq, J = 17.1, 1.7 Hz, 1H), 3.58 (dd, J = 

16.1, 6.4 Hz, 1H), 3.53 – 3.43 (m, 1H). 

 

1-(1-(2-Allylphenyl)allyl) 4-(tert-butyl) piperazine-1,4-dicarboxylate (M26) 

 

The carbonate M25 (34 mg, 0.1 mmol) and tert-butyl piperazine-1-carboxylate (20 mg, 0.11 mmol) 

were dissolved in DMF (1 mL). Et3N (42 µL, 0.3 mmol) was added to the reaction mixture, and the 

resulting solution was stirred at room temperature for 1 h. Volatiles were removed under reduced 

pressure, and the residue was purified by silica gel column chromatography (10% EtOAc in 

cyclohexane) to give the carbamate M26 as a pale-yellow oil (31 mg, 80%). 

1H NMR (500 MHz, CDCl3) δ 7.37 – 7.14 (m, 4H), 6.44 (d, J = 5.2 Hz, 1H), 6.09 – 5.87 (m, 2H), 5.46 

– 5.15 (m, 2H), 5.11 – 4.96 (m, 2H), 3.60 – 3.30 (m, 10H), 1.46 (s, 9H). 

 

Tert-butyl((4-isocyanatobenzyl)oxy)dimethylsilane (M27) 

 

The isocyanate M27 was prepared according to a reported procedure.71 
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1-(2-Allylphenyl)allyl (4-(((tert-butyldimethylsilyl)oxy)methyl)phenyl)carbamate (M28) 

 

The isocyanate M27 (1.05 g, 4 mmol), the allylic alcohol M13 (700 mg, 4 mmol), and Et3N (1.1 mL, 

8.8 mmol) were dissolved in CH2Cl2 (15 mL) at 0 °C and then stirred at room temperature for 16 h. The 

volatiles were removed under reduced pressure and the residue was purified by silica gel column 

chromatography (5% EtOAc in cyclohexane) to afford the carbamate M28 as a colourless oil (1.3 g, 

74%). 

1H NMR (500 MHz, CDCl3) δ 7.48 – 7.07 (m, 8H), 6.65 (s, 1H), 6.51 (d, J = 5.3 Hz, 1H), 6.18 – 5.88 

(m, 2H), 5.47 – 5.19 (m, 2H), 5.16 – 4.96 (m, 2H), 4.68 (s, 2H), 3.61 (dd, J = 16.0, 6.5 Hz, 1H), 3.54 – 

3.41 (m, 1H), 0.92 (s, 9H), 0.08 (s, 6H). 

 

1-(2-Allylphenyl)allyl (4-(hydroxymethyl)phenyl)carbamate (M29) 

 

To a solution of the carbamate M28 (437 mg, 1 mmol) in THF (15 mL) 1 M solution of TBAF in THF 

(1.5 mL, 1.5 mmol) was added dropwise at 0 °C. The reaction mixture was stirred for 2 h at room 

temperature and then concentrated under reduced pressure. The residue was purified by silica gel column 

chromatography (20% EtOAc in cyclohexane) to give the alcohol M29 as a white solid (300 mg, 93%). 

1H NMR (500 MHz, CDCl3) δ 7.61 – 7.03 (m, 8H), 6.70 (s, 1H), 6.50 (d, J = 5.3 Hz, 1H), 6.17 – 5.88 

(m, 2H), 5.45 – 5.21 (m, 2H), 5.14 – 4.95 (m, 2H), 4.62 (s, 2H), 3.60 (dd, J = 16.0, 6.5 Hz, 1H), 3.48 

(dd, J = 16.0, 6.0 Hz, 1H). 

 

1-(2-Allylphenyl)allyl (4-((((4-nitrophenoxy)carbonyl)oxy)methyl)phenyl)carbamate (M30) 

 

The alcohol M29 (150 mg, 0.46 mmol) and pyridine (85 µL, 1.1 mmol) were dissolved in CH2Cl2 

(2 mL). 4-nitrophenyl chloroformate (202 mg, 1 mmol) was added portionwise at 0 °C. The reaction 

mixture was stirred at that temperature for 1 h, and then concentrated under reduced pressure. The 

residue was directly subjected to silica gel column chromatography (10% EtOAc in cyclohexane) to 

give the carbonate M30 as a pale-yellow solid (148 mg, 66%). 

1H NMR (500 MHz, CDCl3) δ 8.29 – 8.23 (m, 2H), 7.47 – 7.30 (m, 7H), 7.30 – 7.26 (m, 2H), 7.22 (dd, 

J = 6.9, 2.1 Hz, 1H), 6.74 (s, 1H), 6.52 (d, J = 5.3 Hz, 1H), 6.21 – 5.92 (m, 2H), 5.36 – 5.21 (m, 4H), 

5.14 – 4.98 (m, 2H), 3.61 (dd, J = 16.0, 6.5 Hz, 1H), 3.50 (dd, J = 16.0, 6.0 Hz, 1H). 
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1-(4-((((1-(2-allylphenyl)allyl)oxy)carbonyl)amino)benzyl) 4-(tert-butyl) piperazine-1,4-dicarboxylate 

(M31) 

 

The carbonate M30 (48 mg, 0.1 mmol) and tert-butyl piperazine-1-carboxylate (54 mg, 0.3 mmol) were 

dissolved in DMF (1 mL). DIPEA (55 µL, 0.3 mmol) was added to the reaction mixture, and the resulting 

solution was stirred at room temperature for 1 h. Volatiles were removed under reduced pressure and 

the residue was purified by silica gel column chromatography (15% EtOAc in cyclohexane) to give the 

dicarbamate M31 as a colourless oil (34 mg, 63%). 

1H NMR (500 MHz, CDCl3) δ 7.51 – 7.14 (m, 8H), 6.87 (s, 1H), 6.50 (d, J = 5.3 Hz, 1H), 6.15 – 5.89 

(m, 2H), 5.37 – 5.22 (m, 2H), 5.16 – 4.92 (m, 4H), 3.85 – 3.49 (m, 10H), 1.45 (s, 9H). 

 

MINFLUX project 

5-(Chlorosulfonyl)-2-methylbenzoic acid (M32) 

 

The carboxylic acid M32 was obtained according to a reported procedure.72 

1H NMR (500 MHz, Acetone-d6) δ 8.55 (d, J = 2.3 Hz, 1H), 8.18 (dd, J = 8.3, 2.3 Hz, 1H), 7.77 (d, J = 

8.3 Hz, 1H), 2.76 (s, 3H). 

 

5-(N-Allylsulfamoyl)-2-methylbenzoic acid (M33) 

 

The carboxylic acid M32 (9.4 g, 40 mmol) and pyridine (9.6 mL, 120 mmol) were dissolved in CH2Cl2 

(120 mL). Allylamine (2.3 g, 40 mmol) was added dropwise at 0 °C. The reaction mixture was stirred 

at room temperature for 4 h and then washed with 1M solution of HCl (5×50 mL), water (50 mL) and 

brine (50 mL) successively, dried over anhydrous sodium sulfate, filtered, and the organic solvent was 

removed under reduced pressure to give the arylsulfonamide M33 as a colourless oil (1 g, 10%). The 

crude product was used in the next step without further purification. 

1H NMR (500 MHz, Acetone-d6) δ 8.40 (d, J = 2.1 Hz, 1H), 7.91 (dd, J = 8.0, 2.1 Hz, 1H), 7.69 – 7.49 

(m, 1H), 6.75 (t, J = 5.8 Hz, 1H), 5.77 (ddt, J = 17.1, 10.3, 5.7 Hz, 1H), 5.19 (dq, J = 17.2, 1.6 Hz, 1H), 

5.03 (dq, J = 10.3, 1.5 Hz, 1H), 3.58 (tt, J = 6.0, 1.6 Hz, 2H), 2.68 (s, 3H). 
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Methyl 5-(N-allylsulfamoyl)-2-methylbenzoate M34 

 

The arylsulfonamide M33 (1.0 g, 4 mmol) was dissolved in methanol (100 mL) and sulphuric acid (200 

µL) was added. The reaction mixture was refluxed for 16 h and then concentrated under reduced 

pressure. The residue was dissolved in diethyl ether (50 mL) and washed with a saturated solution of 

NaHCO3 (2×20 mL), water (20 mL) and saturated brine (30 mL) successively, dried over anhydrous 

sodium sulfate, filtered, and the organic solvent was removed under reduced pressure to give the methyl 

ester M34 as a colourless oil (1.05 g, quant.). The crude product was used in the next step without further 

purification. 

1H NMR (500 MHz, Acetone-d6) δ 8.36 (dd, J = 37.7, 2.1 Hz, 1H), 7.91 (ddd, J = 8.0, 2.0, 1.2 Hz, 1H), 

7.63 – 7.44 (m, 1H), 6.74 (s, 1H), 5.75 (ddtd, J = 17.1, 10.4, 5.7, 4.7 Hz, 1H), 5.18 (ddq, J = 17.1, 3.3, 

1.6 Hz, 1H), 5.03 (dp, J = 10.3, 1.5 Hz, 1H), 3.75 (s, 3H), 3.63 – 3.54 (m, 2H), 2.66 (d, J = 12.3 Hz, 

3H). 

 

3,3'-(Dimethylsilanediyl)bis(N,N-dimethylaniline) (M35) 

 

The dianiline M35 was obtained according to a reported procedure.23 

1H NMR (600 MHz, CDCl3) δ 7.24 (t, J = 7.7 Hz, 2H), 6.98 – 6.87 (m, 4H), 6.76 (dd, J = 8.2, 2.1 Hz, 

2H), 2.92 (s, 12H), 0.53 (s, 6H). 

 

3,3'-(Dimethylsilanediyl)bis(4-bromo-N,N-dimethylaniline) (M36) 

 

The dibromide M36 was obtained according to a reported procedure.23 

1H NMR (600 MHz, CDCl3) δ 7.34 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 3.1 Hz, 2H), 6.59 (dd, J = 8.8, 3.1 

Hz, 2H), 2.87 (s, 12H), 0.75 (s, 6H). 

 

N-(10-(4-Bromophenyl)-7-(dimethylamino)-5,5-dimethyldibenzo[b,e]silin-3(5H)-ylidene)-N-

methylmethanaminium chloride (M37) 

 

The silicorhodamine M37 was obtained according to a reported procedure.23 

1H NMR (400 MHz, CDCl3) δ 7.67 (d, J = 8.4 Hz, 2H), 7.25 (d, J = 2.8 Hz, 2H), 7.17 – 7.03 (m, 4H), 

6.65 (dd, J = 9.7, 2.8 Hz, 2H), 3.42 (s, 12H), 0.63 (s, 6H). 
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N-(10-(5-(N-Allylsulfamoyl)-2-methylphenyl)-7-(dimethylamino)-5,5-dimethyldibenzo[b,e]silin-

3(5H)-ylidene)-N-methylmethanaminium chloride (M38) 

 

A solution of the dibromide M36 (91 mg, 0.2 mmol) in THF (5 mL) was cooled to -78 °C and sec-BuLi 

(1.4 M solution, 320 µL, 0.45 mmol) was added dropwise. The reaction mixture was stirred at that 

temperature for 1 h, and a solution of the methyl ester M34 (27 mg, 0.1 mmol) in THF (1 mL) was 

added dropwise. The reaction mixture was stirred for 1 h at -78 °C and for 16 h at room temperature. 

HCl (1M, 1 mL) was added, and the mixture was stirred for additional 30 min. The volatiles were 

removed under reduced pressure and the residue was purified by silica gel column chromatography 

(5% MeOH in CH2Cl2) to give the silicorhodamine M38 as a blue solid (25 mg, 48%). 

1H NMR (500 MHz, CDCl3) δ 8.01 (dd, J = 8.1, 2.0 Hz, 1H), 7.67 (d, J = 1.9 Hz, 1H), 7.48 (d, J = 8.2 

Hz, 1H), 7.18 (d, J = 2.8 Hz, 2H), 7.03 (d, J = 9.6 Hz, 2H), 6.72 (dd, J = 9.6, 2.8 Hz, 2H), 6.59 (t, J = 

6.1 Hz, 1H), 5.82 (ddt, J = 17.0, 10.3, 5.8 Hz, 1H), 5.18 (dq, J = 17.1, 1.5 Hz, 1H), 5.03 (dq, J = 10.3, 

1.3 Hz, 1H), 3.79 – 3.62 (m, 2H), 3.40 (s, 12H), 2.09 (s, 3H). 

 

Methyl 4-(allylamino)-2-methylbenzoate (M39) 

 

Methyl 4-amino-2-methylbenzoate (2.5 g, 15 mmol), allyl bromide (1.6 g, 13 mmol), and K2CO3 (4.14 g, 

30 mmol) were heated at 60 °C in DMF (50 mL) for 2 h. The reaction mixture was concentrated under 

reduced pressure, and the residue was dissolved in water (100 mL) and extracted with diethyl ether 

(3×50 mL). The combined organic phase was washed with water (50 mL) and brine (50 mL) 

successively, dried over anhydrous sodium sulfate, filtered, and the organic solvent was removed under 

reduced pressure. The crude product was purified by silica gel column chromatography (5% EtOAc in 

cyclohexane) to give the secondary aniline M39 as a colourless oil (1.3 g, 42%). 

1H NMR (500 MHz, CDCl3) δ 7.84 (d, J = 8.4 Hz, 1H), 6.44 – 6.34 (m, 2H), 5.93 (ddt, J = 17.2, 10.4, 

5.3 Hz, 1H), 5.27 (dq, J = 17.2, 1.7 Hz, 1H), 5.19 (dq, J = 10.3, 1.5 Hz, 1H), 4.14 (s, 1H), 3.90 – 3.72 

(m, 5H), 2.56 (s, 3H). 

 

Methyl 4-(diallylamino)-2-methylbenzoate (M40) 

 

The diallyl aniline M40 was isolated as by-product in the synthesis of the secondary aniline M39 

(840 mg, 23%). 

1H NMR (500 MHz, CDCl3) δ 7.85 (d, J = 8.8 Hz, 1H), 6.56 – 6.29 (m, 2H), 5.84 (ddt, J = 17.1, 10.3, 

4.8 Hz, 2H), 5.29 – 5.12 (m, 4H), 3.96 (dt, J = 3.8, 1.6 Hz, 4H), 3.81 (s, 3H), 2.57 (s, 3H). 
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Methyl (E)-4-(allyl(4-bromobut-2-en-1-yl)amino)-2-methylbenzoate (M41) 

 

The secondary aniline M39 (1.3 g, 6.3 mmol), (E)-1,4-dibromobut-2-ene (1.35 g, 6.3 mmol), and K2CO3 

(874 mg, 6.3 mmol) were heated at 40 °C in DMF (40 mL) for 2 h. The reaction mixture was 

concentrated under reduced pressure. The residue was dissolved in water (100 mL) and extracted with 

diethyl ether (3×50 mL). The combined organic phase was washed with water (50 mL) and brine 

(50 mL) successively, dried over anhydrous sodium sulfate, filtered, and the organic solvent was 

removed under reduced pressure. The crude product was purified by silica gel column chromatography 

(5% EtOAc in cyclohexane) to give the aniline M41 as a pale-yellow oil (651 mg, 31%). 

1H NMR (600 MHz, CDCl3) δ 7.85 (d, J = 8.8 Hz, 1H), 6.55 – 6.36 (m, 2H), 5.86 – 5.76 (m, 3H), 5.17 

(dd, J = 23.2, 13.8 Hz, 2H), 4.00 – 3.91 (m, 6H), 3.82 (s, 3H), 2.57 (s, 3H). 

 

Dimethyl 4,4'-(but-2-ene-1,4-diylbis(allylazanediyl))(E)-bis(2-methylbenzoate) (M42) 

 

The triene M42 was isolated as by-product in the synthesis of the aniline M41 (212 mg, 15%). 

1H NMR (600 MHz, CDCl3) δ 7.84 (d, J = 8.8 Hz, 2H), 6.72 – 6.34 (m, 4H), 5.81 (ddq, J = 15.1, 9.7, 

4.3 Hz, 2H), 5.58 (s, 2H), 5.29 – 5.07 (m, 4H), 4.14 – 3.89 (m, 8H), 3.82 (s, 6H), 3.49 (d, J = 5.5 Hz, 

2H), 2.56 (s, 6H). 

 

Methyl 4-(2,5-dihydro-1H-pyrrol-1-yl)-2-methylbenzoate 

 

The triene M42 (23 mg, 0.05 mmol) was dissolved in CD2Cl2 (400 µL) and placed in an NMR tube. A 

solution of HG-I (3 mg, 0.0025 mmol) in CD2Cl2 (200 µL) was added, and the reaction was monitored 

by 1H NMR. According to spectra, quantitative conversion of the triene M42 to methyl 4-(2,5-dihydro-

1H-pyrrol-1-yl)-2-methylbenzoate was achieved within 5 min. 

1H NMR (600 MHz, CD2Cl2) δ 7.78 (d, J = 8.6 Hz, 1H), 6.29 – 6.19 (m, 2H), 5.88 (s, 2H), 4.05 (s, 4H), 

3.70 (s, 3H), 2.49 (s, 3H). 

 

8-Bromo-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolone 

 

8-bromo-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolone was obtained according to a reported 

procedure.73 
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1H NMR (600 MHz, CDCl3) δ 6.75 (d, J = 8.0 Hz, 1H), 6.64 (d, J = 8.0 Hz, 1H), 3.12 (dt, J = 18.1, 5.6 

Hz, 4H), 2.77 (t, J = 6.7 Hz, 2H), 2.70 (t, J = 6.5 Hz, 2H), 1.96 (dp, J = 18.2, 6.3 Hz, 4H). 

 

Dimethylbis(2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-8-yl)silane (M43) 

 

To a solution of 8-bromo-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinoline (1 g, 4 mmol) in dry THF 

(25 mL), sec-BuLi (1.4M, 2.86 mL, 4 mmol) was added dropwise at -78 °C, and the mixture was stirred 

1 h at that temperature. Me2SiCl2 (232 mg, 1.8 mmol) was added at -78 °C and the reaction mixture was 

allowed to warm to room temperature over 15 h. Water (10 mL) was added to the reaction and the 

mixture was extracted with diethyl ether (3×20 mL). The combined organic layers were washed with 

brine (50 mL), dried over anhydrous sodium sulfate, filtered, and the organic solvent was removed under 

reduced pressure. The residue was purified by silica gel column chromatography (2% EtOAc in 

cyclohexane) to give the silane M43 as a pale-yellow oil (549 mg, 76%). 

1H NMR (500 MHz, CDCl3) δ 6.77 (d, J = 7.4 Hz, 2H), 6.70 (d, J = 7.4 Hz, 2H), 3.19 – 3.10 (m, 4H), 

3.10 – 3.03 (m, 4H), 2.76 (t, J = 6.5 Hz, 4H), 2.67 (t, J = 6.4 Hz, 4H), 1.96 (dt, J = 12.0, 6.5 Hz, 4H), 

1.85 (p, J = 6.3 Hz, 4H), 0.51 (s, 6H). 

 

Bis(9-bromo-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-8-yl)dimethylsilane (M44) 

 

To a solution of the silane M43 (183 mg, 0.45 mmol) in CH2Cl2 (5 mL), a solution of Br2 (144 mg, 

0.9 mmol) in CH2Cl2 (2 mL) was added at 0 °C within 3 min. The reaction mixture was stirred at room 

temperature for 30 min and then concentrated under reduced pressure to give the dibromide M44 as a 

red oil (252 mg, quant.). The crude product was used in the next step without further purification. 

1H NMR (500 MHz, CDCl3) δ 6.93 (s, 2H), 3.48 – 3.07 (m, 4H), 3.05 (s, 4H), 2.84 – 2.54 (m, 8H), 1.99 

– 1.85 (m, 4H), 1.81 (p, J = 6.3 Hz, 4H), 0.77 (s, 6H). 

13C NMR (126 MHz, CDCl3) δ 137.69, 131.92, 129.51, 124.75, 115.48, 50.64, 49.76, 29.20, 27.85, 

27.07, 22.49, 21.92, 7.71. 

 

Bis(8-bromo-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-9-yl)methane (M45) 

 

The dibromide M45 was obtained according to a reported procedure.74 

1H NMR (500 MHz, CDCl3) δ 6.47 (s, 2H), 3.95 (s, 2H), 3.30 – 2.99 (m, 8H), 2.83 (t, J = 6.7 Hz, 4H), 

2.64 (t, J = 6.6 Hz, 4H), 2.16 – 1.80 (m, 8H). 

Phenone M46 
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The phenone M46 was obtained according to a reported procedure.75 

1H NMR (500 MHz, CDCl3) δ 8.06 (s, 2H), 3.28 (dt, J = 8.8, 5.9 Hz, 8H), 3.02 – 2.86 (m, 4H), 2.82 (t, 

J = 6.3 Hz, 4H), 2.10 – 1.83 (m, 8H), 0.59 (s, 6H). 

 

4-Bromo-3,5-dimethoxyaniline (M47) 

 

The primary aniline M47 was obtained according to a reported procedure.76 

1H NMR (500 MHz, CDCl3) δ 5.95 (s, 2H), 3.83 (s, 6H), 3.74 (s, 2H). 

 

Tert-butyl (4-bromo-3,5-dimethoxyphenyl)carbamate (M48) 

 

The primary aniline M47 (635 mg, 2.7 mmol) and Boc2O were heated in toluene at 100 °C for 16 h. The 

volatiles were removed under reduced pressure and the residue was purified by silica gel column 

chromatography (10% EtOAc in cyclohexane) to give the carbamate M48 as a pale-yellow oil (550 mg, 

61%). 

1H NMR (500 MHz, CDCl3) δ 6.70 (s, 2H), 6.51 (s, 1H), 3.88 (s, 6H), 1.52 (s, 9H). 

 

Tert-butyl allyl(4-bromo-3,5-dimethoxyphenyl)carbamate (M49) 

 

The carbamate M48 (550 mg, 1.66 mmol) was dissolved in DMF (15 mL), and 60% NaH in mineral oil 

(100 mg, 2.5 mmol) was added in portions. Then, allyl bromide (303 mg, 2.5 mmol) was added at 0 °C, 

and the reaction mixture was stirred for 16 h at room temperature. Volatiles were removed under reduced 

pressure and saturated solution of NH4Cl (20 mL) was added. The mixture was extracted with CH2Cl2 

(3×20 mL). The combined organic phase was washed with water (20 mL) and brine (20 mL) 

successively, dried over anhydrous sodium sulfate, filtered, and the organic solvent was removed under 

reduced pressure. The residue was purified by silica gel column chromatography (10% EtOAc in 

cyclohexane) to give the carbamate M49 as a colourless oil (580 mg, 94%). 

1H NMR (500 MHz, CDCl3) δ 6.50 (s, 2H), 6.05 – 5.78 (m, 1H), 5.22 – 5.08 (m, 2H), 4.40 – 4.16 (m, 

2H), 3.86 (d, J = 1.2 Hz, 6H), 1.46 (s, 9H). 

Tert-butyl (4-bromo-3-methylphenyl)carbamate (M50) 

 

4-Bromo-3-methylaniline (4.4 g, 23.7 mmol) and Boc2O (5.16 g, 23.7 mmol) were dissolved in toluene 

(40 mL) and heated at 100 °C for 40 h. The volatiles were removed under reduced pressure to give the 
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carbamate M50 as a white solid (6.78 g, quant.). The crude product was used in the next step without 

further purification. 

1H NMR (500 MHz, CDCl3) δ 7.40 (d, J = 8.6 Hz, 1H), 7.32 (s, 1H), 7.02 (dd, J = 8.6, 2.6 Hz, 1H), 6.42 

(s, 1H), 2.36 (s, 3H), 1.51 (s, 9H). 

 

Tert-butyl allyl(4-bromo-3-methylphenyl)carbamate (M51) 

 

The carbamate M50 (6.78 g, 23.7 mmol) was dissolved in DMF (100 mL) and 60% NaH in mineral oil 

(1.42 g, 35.5 mmol) was added in portions. Then, allyl bromide (3.1 mL, 35.5 mmol) was added 

dropwise at 0 °C, and the reaction mixture was stirred for 16 h at room temperature. Volatiles were 

removed under reduced pressure and saturated solution of NH4Cl (50 mL) was added. The mixture was 

extracted with diethyl ether (3×50 mL). The combined organic phase was washed with water (50 mL) 

and brine (50 mL) successively, dried over anhydrous sodium sulfate, filtered, and the organic solvent 

was removed under reduced pressure. The residue was purified by silica gel column chromatography 

(5% EtOAc in cyclohexane) to give the carbamate M51 as a colourless oil (6.73 g, 87%). 

1H NMR (500 MHz, CDCl3) δ 7.44 (d, J = 8.5 Hz, 1H), 7.11 (s, 1H), 6.92 (dd, J = 8.4, 2.2 Hz, 1H), 5.98 

– 5.80 (m, 1H), 5.22 – 5.07 (m, 2H), 4.18 (dt, J = 5.6, 1.5 Hz, 2H), 2.36 (s, 3H), 1.44 (s, 9H). 

 

3,7-Bis(dimethylamino)-5-phenyl-10H-acridophosphin-10-one 5-oxide 

 

3,7-bis(dimethylamino)-5-phenyl-10H-acridophosphin-10-one 5-oxide was obtained according to a 

reported procedure.77 

1H NMR (500 MHz, CD3OD_SPE) δ 8.26 (dd, J = 9.1, 6.2 Hz, 2H), 7.63 – 7.36 (m, 5H), 7.09 (dd, J = 

15.1, 2.7 Hz, 2H), 7.04 (dd, J = 9.0, 2.6 Hz, 2H), 3.09 (s, 12H). 

31P NMR (202 MHz, CD3OD_SPE) δ 9.43. 

 

N,N-Diallyl-3-bromo-4-(2-bromo-4-(dimethylamino)benzyl)aniline (M53) 

 

The dibromide M53 was obtained according to a reported procedure.78 

1H NMR (500 MHz, CDCl3) δ 6.93 (d, J = 2.7 Hz, 1H), 6.90 (d, J = 2.7 Hz, 1H), 6.87 (d, J = 8.6 Hz, 

1H), 6.80 (d, J = 8.6 Hz, 1H), 6.59 (dd, J = 8.6, 2.7 Hz, 1H), 6.54 (dd, J = 8.6, 2.7 Hz, 1H), 5.82 (ddt, J 

= 17.3, 9.8, 4.9 Hz, 2H), 5.23 – 5.11 (m, 4H), 3.98 (s, 2H), 3.87 (dt, J = 4.5, 1.5 Hz, 4H), 2.91 (s, 6H). 

 

3-(Diallylamino)-7-(dimethylamino)-5-phenyl-10H-acridophosphin-10-one 5-oxide (M54) 
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The dibromide M53 (2.04 g, 4.4 mmol) was dissolved in THF (15 mL) under an Ar atmosphere, and the 

solution was cooled to -78 °C. Then, sec-BuLi (1.4 M, 6.6 mL, 9.28 mmol) was added dropwise, and 

the mixture was stirred at that temperature for 15 min. Dichlorophenylphosphine (600 µL, 4.44 mmol), 

dissolved in THF (5.0 mL), was added dropwise, and the mixture was stirred at the same temperature 

for 2 h. H2O2. (30% aqueous solution, 4.0 mL, 36 mmol) was added and the stirring was continued at 0 

°C for 2 h. The reaction mixture was diluted with H2O and a saturated NaHCO3 solution, extracted with 

EtOAc, and dried over anhydrous Na2SO4. The solvent was removed under reduced pressure, and the 

residue was dissolved in CH2Cl2 (50 mL). Chloranil (1.0 g, 4.4 mmol) was added to the solution, and 

the mixture was stirred at room temperature for 8 h. Then, the solvent was removed under reduced 

pressure and the residue was purified by silica gel column chromatography (1% MeOH in CH2Cl2) to 

give the phenone M54 as a yellow solid (660 mg, 34%). 

1H NMR (500 MHz, CDCl3) δ 8.32 (dd, J = 9.0, 5.9 Hz, 1H), 8.27 (dd, J = 9.0, 5.9 Hz, 1H), 7.63 – 7.54 

(m, 2H), 7.43 – 7.28 (m, 3H), 7.14 (td, J = 14.5, 2.8 Hz, 2H), 6.86 (td, J = 8.8, 2.7 Hz, 2H), 5.79 (ddt, J 

= 17.1, 10.0, 4.8 Hz, 2H), 5.20 – 5.02 (m, 4H), 4.05 (dd, J = 17.3, 4.8 Hz, 2H), 3.95 (ddt, J = 17.4, 4.7, 

1.6 Hz, 2H), 3.08 (s, 6H). 

 

3-Amino-7-(dimethylamino)-5-phenyl-10H-acridophosphin-10-one 5-oxide (M55) 

 

The phenome M54 (500 mg, 1.13 mmol), 1,3-dimethylbarbituric acid (360 mg, 2.3 mmol), and 

Pd(PPh3)4 (266 mg, 0.23 mmol) were heated in DCE (20 mL) at 80 °C for 5 h. The volatiles were 

removed under reduced pressure and the residue was purified by silica gel column chromatography 

(3% MeOH in CH2Cl2) to give the aniline M55 as a yellow solid (280 mg, 69%). 

1H NMR (500 MHz, CDCl3) δ 8.29 (dd, J = 9.0, 6.1 Hz, 1H), 8.22 (dd, J = 8.6, 5.7 Hz, 1H), 7.55 (ddd, 

J = 12.7, 8.3, 1.3 Hz, 2H), 7.42 – 7.29 (m, 3H), 7.14 – 7.02 (m, 2H), 6.91 – 6.72 (m, 2H), 3.06 (s, 6H). 

 

3-(bis(4-methoxybenzyl)amino)-7-(dimethylamino)-5-phenyl-10H-acridophosphin-10-one 5-oxide 

(M56) 

 

The aniline M55 (280 mg, 0.77 mmol) was dissolved in a mixture of CH2Cl2 (15 mL) and DMF (15 mL). 

NaH (60% in mineral oil, 462 g, 11.5 mmol) was added in portions. Then, p-methoxybenzyl chloride 

(1.2 g, 7.7 mmol) was added at 0 °C, and the reaction mixture was stirred for 16 h at room temperature. 

Volatiles were removed under reduced pressure and a saturated solution of NH4Cl (20 mL) was added. 

The mixture was extracted with CH2Cl2 (20 mL×5). The combined organic phase was washed with water 

(50 mL) and saturated brine (50 mL) successively, dried over anhydrous sodium sulfate, filtered, and 

the organic solvent was removed under reduced pressure. The residue was purified by silice gel column 

chromatography (1% MeOH in CH2Cl2) to give the phenone M56 as a yellow solid (255 mg, 55%). 
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1H NMR (500 MHz, CDCl3) δ 8.32 (dd, J = 9.0, 5.9 Hz, 1H), 8.23 (dd, J = 9.0, 5.9 Hz, 1H), 7.51 – 7.32 

(m, 3H), 7.30 – 7.19 (m, 2H), 7.12 – 7.01 (m, 5H), 6.90 (ddd, J = 16.9, 9.0, 2.7 Hz, 2H), 6.83 – 6.63 (m, 

4H), 4.74 (d, J = 16.7 Hz, 2H), 4.53 (d, J = 16.7 Hz, 2H), 3.78 (s, 6H), 3.07 (s, 6H). 

 

N-(7-Amino-10-(4-(diallylamino)-2,6-dimethylphenyl)-5-oxido-5-phenyl-3H-acridophosphin-3-

ylidene)-N-methylmethanaminium chloride (M57) 

 

A solution of N,N-diallyl-4-bromo-3,5-dimethylaniline (140 mg, 0.5 mmol) in THF (5 mL) was cooled 

to -78 °C sec-BuLi (1.4M, 357 µL, 0.5 mmol) was added dropwise. The reaction mixture was stirred at 

that temperature for 1 h, and a solution of the phenone M56 (60 mg, 0.1 mmol) in THF (5 mL) was 

added dropwise. The reaction mixture was stirred for 1 h at -78 °C and for 16 h at room temperature. 

HCl (2M, 5 mL) was added, and the mixture was stirred for an additional 30 min. The volatiles were 

removed under reduced pressure and the residue was purified by silica gel column chromatography 

(10% MeOH in CH2Cl2) to give the phosphonorhodamine M57 as a turquoise solid (25 mg, 46%). 

1H NMR (500 MHz, CDCl3) δ 7.71 – 7.35 (m, 7H), 7.04 (d, J = 6.8 Hz, 4H), 6.83 (s, 4H), 6.45 (s, 2H), 

5.89 (s, 2H), 5.43 – 5.02 (m, 4H), 3.97 (s, 4H), 3.79 (s, 6H), 1.91 (d, J = 25.5 Hz, 6H). 

Dendritic approach 

Synthesis of M63 

 

1,3-Bis(((tert-butyldimethylsilyl)oxy)methyl)benzene (M60) 

 

The arene M60 was obtained according to a reported procedure.71 

1H NMR (500 MHz, CDCl3) δ 7.33 – 7.27 (m, 2H), 7.22 – 7.17 (m, 2H), 4.74 (s, 4H), 0.95 (s, 18H), 

0.10 (s, 12H). 

 

(((4-Nitro-1,3-phenylene)bis(methylene))bis(oxy))bis(tert-butyldimethylsilane) (M61) 

 

The nitrobenzene M61 was obtained according to a reported procedure.71 
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1H NMR (500 MHz, CDCl3) δ 8.1 (d, J = 8.0 Hz, 1H), 7.87 (s, 1H), 7.37 (d, J = 8.0 Hz, 1H), 5.11 (s, 

2H), 4.82 (s, 2H), 0.94 (s, 18H), 0.13 (s, 12H). 

 

2,4-Bis(((tert-butyldimethylsilyl)oxy)methyl)aniline (M62) 

 

The nitrobenzene M61 (8.2 g, 20 mmol) was dissolved in a mixture of acetone (300 mL) and THF (120 

mL). NH4Cl (107 g, 2 mol) and water (200 mL) were added. Under rigorous stirring, Zn powder (65 g, 

1 mol) was added in portions at room temperature. The reaction mixture was stirred for 16 h and then 

filtered through a glass frit. The organic solvents were removed under reduced pressure and the aqueous 

phase was extracted with CH2Cl2 (5×100 mL). The combined organic phase was washed with water 

(200 mL) and brine (200 mL), dried over anhydrous sodium sulfate, filtered, and the organic solvent 

was removed under reduced pressure to give the aniline M62 as a colourless oil (4.2 g, 55%). The crude 

product was used in the next step without further purification. 

1H NMR (500 MHz, CDCl3) δ 7.05 (dd, J = 8.0, 1.9 Hz, 1H), 7.00 (d, J = 1.7 Hz, 1H), 6.63 (d, J = 8.0 

Hz, 1H), 4.68 (s, 2H), 4.61 (s, 2H), 4.14 (s, 2H), 0.92 (s, 9H), 0.90 (s, 9H), 0.07 (d, J = 2.0 Hz, 12H). 

 

(((4-Isocyanato-1,3-phenylene)bis(methylene))bis(oxy))bis(tert-butyldimethylsilane) (M63) 

 

Toluene (10 mL) was heated to reflux and a solution of 15 wt.% phosgene in toluene (7.5 mL, 10 mmol) 

was added. Then, a solution of the aniline M62 (763 mg, 2 mmol) in toluene (5 mL) was slowly added 

dropwise. The reaction mixture was stirred for 2 h at 110 °C and then cooled to room temperature. The 

volatiles were removed under reduced pressure to give the isocyanate M63 as a colourless oil (815 mg, 

quant.). The crude product was used in the next step without further purification. 

1H NMR (500 MHz, CDCl3) δ 7.45 – 7.37 (m, 1H), 7.17 (dd, J = 8.0, 2.0 Hz, 1H), 7.03 (d, J = 8.0 Hz, 

1H), 4.74 (s, 2H), 4.71 (s, 2H), 0.94 (d, J = 2.4 Hz, 18H), 0.11 (s, 6H), 0.09 (s, 6H). 

 

1-(2-Allylphenyl)allyl (4-((((2,4-bis(((tert-butyldimethylsilyl)oxy)methyl)phenyl)carbamoyl)oxy) 

methyl)phenyl)carbamate (M64) 

 

The isocyanate M63 (80 mg, 0.2 mmol), the alcohol M29 (49 mg, 0.15 mmol), and Et3N (60 µL, 

0.4 mmol) were dissolved in toluene (3 mL) at 0 °C and then stirred at room temperature for 16 h. The 

volatiles were removed under reduced pressure and the residue was purified by silica gel column 

chromatography (5% EtOAc in cyclohexane) to give the dicarbamate M64 as a colourless oil (102 mg, 

93%). 

1H NMR (500 MHz, CDCl3) δ 8.33 (s, 1H), 7.97 (s, 1H), 7.44 – 7.20 (m, 9H), 7.04 (s, 1H), 6.71 (s, 1H), 

6.52 (d, J = 5.3 Hz, 1H), 6.14 – 5.92 (m, 2H), 5.29 (dd, J = 4.8, 1.3 Hz, 1H), 5.26 (d, J = 1.4 Hz, 1H), 

5.13 (s, 2H), 5.09 (dd, J = 10.1, 1.5 Hz, 1H), 5.03 (dd, J = 17.1, 1.7 Hz, 1H), 4.70 (s, 2H), 4.66 (s, 2H), 
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3.61 (dd, J = 16.0, 6.5 Hz, 1H), 3.50 (dd, J = 16.0, 6.0 Hz, 1H), 0.92 (s, 9H), 0.87 (s, 9H), 0.08 (s, 6H), 

0.06 (s, 6H). 

 

1-(2-Allylphenyl)allyl (2,4-bis(((tert-butyldimethylsilyl)oxy)methyl)phenyl)carbamate (M65) 

 

The isocyanate M63 (1.14 g, 2.8 mmol), the allylic alcohol M13 (348 mg, 2 mmol), and Et3N (1 mL, 

7.2 mmol) were dissolved in toluene (16 mL) at 0 °C and stirred at room temperature for 16 h. The 

volatiles were removed under reduced pressure and the residue was purified by silica gel column 

chromatography (5% EtOAc in cyclohexane) to give the carbamate M65 as a colourless oil (890 mg, 

76%). 

1H NMR (500 MHz, CDCl3) δ 8.43 (s, 1H), 7.97 (d, J = 7.1 Hz, 1H), 7.44 – 7.36 (m, 1H), 7.31 – 7.15 

(m, 4H), 7.04 (d, J = 1.5 Hz, 1H), 6.51 (dt, J = 5.2, 1.4 Hz, 1H), 6.12 – 5.95 (m, 2H), 5.34 – 5.20 (m, 

2H), 5.12 – 4.95 (m, 2H), 4.71 (s, 2H), 4.66 (s, 2H), 3.62 (dd, J = 16.0, 6.6 Hz, 1H), 3.51 (ddt, J = 15.9, 

5.9, 1.5 Hz, 1H), 0.92 (d, J = 1.6 Hz, 18H), 0.10 (s, 3H), 0.09 (s, 3H), 0.07 (s, 6H). 

13C NMR (126 MHz, CDCl3) δ 152.90, 137.72, 137.40, 137.14, 136.73, 130.02, 128.30, 127.81, 126.75, 

126.69, 126.00, 116.44, 116.31, 73.33, 65.60, 64.75, 37.08, 27.06, 26.09, 25.90, 18.56, 18.23, -5.05, -

5.25, -5.27. 

 

1-(2-Allylphenyl)allyl (2,4-bis(hydroxymethyl)phenyl)carbamate (M66) 

 

The carbamate M65 (890 mg, 1.53 mmol) was dissolved in CH2Cl2 (10 mL), and Et3N·3HF (1 mL, 

6.1 mmol) was added dropwise at 0 °C. The reaction mixture was stirred for 16 h at room temperature, 

and then a saturated solution of NH4Cl (10 mL) was added. The mixture was extracted with CH2Cl2 

(3×10 mL). The combined organic phase was washed with water (20 mL) and brine (20 mL) 

successively, dried over anhydrous sodium sulfate, filtered, and the organic solvent was removed under 

reduced pressure. The residue was purified by silica gel column chromatography (50% EtOAc in 

cyclohexane) to give the diol M66 as a pale-yellow solid (380 mg, 70%). 

1H NMR (500 MHz, CDCl3) δ 8.00 – 7.81 (m, 2H), 7.46 – 7.41 (m, 1H), 7.34 – 7.24 (m, 3H), 7.24 – 

7.13 (m, 2H), 6.51 (dt, J = 5.4, 1.4 Hz, 1H), 6.20 – 5.90 (m, 2H), 5.39 – 5.23 (m, 2H), 5.13 – 4.95 (m, 

2H), 4.70 (d, J = 5.8 Hz, 2H), 4.63 (d, J = 5.7 Hz, 2H), 3.61 (dd, J = 16.0, 6.6 Hz, 1H), 3.55 – 3.42 (m, 

1H), 1.98 (t, J = 5.8 Hz, 1H), 1.61 (t, J = 5.9 Hz, 1H). 

13C NMR (126 MHz, CDCl3) δ 152.95, 137.90, 137.11, 137.08, 136.44, 130.19, 128.51, 128.11, 127.87, 

127.85, 126.84, 117.06, 116.33, 73.89, 64.95, 64.51, 37.08, 0.14. 

 

4-((((1-(2-Allylphenyl)allyl)oxy)carbonyl)amino)-3-(hydroxymethyl)benzyl 4-nitrobenzoate (M67) 
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The diol M66 (17 mg, 0.05 mmol) and Et3N (28 µL, 0.2 mmol) were dissolved in CH2Cl2 (1 mL). A 

solution of 4-nitrobenzoyl chloride (9 mg, 0.05 mmol) in CH2Cl2 (200 µL) was added dropwise, and the 

mixture was stirred for 16 h at room temperature. The reaction mixture was then concentrated under 

reduced pressure, and the residue was purified by silica gel column chromatography (30% EtOAc in 

cyclohexane) to give the alcohol 4-((((1-(2-allylphenyl)allyl)oxy)carbonyl)amino)-3-(hydroxymethyl) 

benzyl 4-nitrobenzoate M67 as a white solid (10 mg, 40%). 

1H NMR (500 MHz, CDCl3) δ 8.31 – 8.21 (m, 2H), 8.21 – 8.12 (m, 2H), 7.98 – 7.63 (m, 1H), 7.44 (d, J 

= 1.8 Hz, 2H), 7.36 (dd, J = 8.4, 1.9 Hz, 1H), 7.31 – 7.22 (m, 2H), 7.21 (dd, J = 7.2, 1.7 Hz, 1H), 6.53 

(dt, J = 5.3, 1.3 Hz, 1H), 6.08 (ddd, J = 17.1, 10.5, 5.4 Hz, 1H), 5.99 (ddt, J = 16.7, 10.1, 6.3 Hz, 1H), 

5.40 (s, 1H), 5.34 – 5.21 (m, 2H), 5.14 – 4.97 (m, 2H), 4.77 – 4.55 (m, 3H), 3.61 (dd, J = 16.0, 6.6 Hz, 

1H), 3.49 (dd, J = 16.0, 6.0 Hz, 1H), 1.74 (s, 1H). 

 

4-((((1-(2-Allylphenyl)allyl)oxy)carbonyl)amino)-3-(((4-fluorobenzoyl)oxy)methyl)benzyl 

4-nitrobenzoate (M68) 

 

The alcohol M67 (10 mg, 0.02 mmol) and Et3N (28 µL, 0.2 mmol) were dissolved in CH2Cl2 (3 mL). A 

solution of 4-fluorobenzoyl chloride (8 mg, 0.05 mmol) in CH2Cl2 (200 µL) was added dropwise, and 

the mixture was stirred for 16 h at room temperature. The reaction mixture was then concentrated under 

reduced pressure, and the residue was purified by silica gel column chromatography (15% EtOAc in 

cyclohexane) to give the diester M68 as a white solid (10 mg, 80%). 

1H NMR (500 MHz, CDCl3) δ 8.28 – 8.21 (m, 2H), 8.21 – 8.15 (m, 2H), 8.10 – 8.03 (m, 2H), 7.91 (d, J 

= 8.2 Hz, 1H), 7.81 (s, 1H), 7.52 – 7.41 (m, 3H), 7.31 – 7.27 (m, 2H), 7.21 (dd, J = 7.2, 1.8 Hz, 1H), 

7.15 – 7.06 (m, 2H), 6.53 (d, J = 5.4 Hz, 1H), 6.08 (ddd, J = 17.1, 10.5, 5.4 Hz, 1H), 5.99 (ddt, J = 16.7, 

10.1, 6.3 Hz, 1H), 5.41 (s, 2H), 5.34 – 5.23 (m, 4H), 5.13 – 4.97 (m, 2H), 3.61 (dd, J = 16.0, 6.5 Hz, 

1H), 3.49 (dd, J = 16.0, 6.1 Hz, 1H). 

19F NMR (470 MHz, CDCl3) δ -105.24. 

 

N-(10-(4-(Tert-butoxycarbonyl)-2-methylphenyl)-7-(dimethylamino)-5,5-dimethyldibenzo[b,e]silin-

3(5H)-ylidene)-N-methylmethanaminium chloride (M72) 

 

The silicorhodamine M72 was obtained according to a reported procedure.26 
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1H NMR (500 MHz, CDCl3) δ 8.01 (dd, J = 8.0, 1.8 Hz, 1H), 7.65 (d, J = 1.8 Hz, 1H), 7.39 (d, J = 8.1 

Hz, 1H), 7.20 (d, J = 2.8 Hz, 2H), 6.98 (d, J = 9.6 Hz, 2H), 6.62 (dd, J = 9.6, 2.8 Hz, 2H), 3.39 (s, 12H), 

2.06 (s, 3H), 1.56 (s, 9H), 0.61 (d, J = 3.0 Hz, 6H). 

 

N-(10-(4-Carboxy-2-methylphenyl)-7-(dimethylamino)-5,5-dimethyldibenzo[b,e]silin-3(5H)-ylidene)-

N-methylmethanaminium chloride (M58) 

 

The carboxylic acid M58 was obtained according to a reported procedure.26 

1H NMR (500 MHz, CDCl3) δ 8.06 (d, J = 7.6 Hz, 1H), 7.73 (s, 1H), 7.33 (d, J = 7.7 Hz, 1H), 7.14 – 

7.07 (m, 2H), 7.03 (d, J = 9.6 Hz, 2H), 6.74 – 6.51 (m, 2H), 3.30 (s, 12H), 2.01 (s, 3H), 0.54 (d, J = 4.4 

Hz, 6H). 

 

4-Bromo-3-(dimethylamino)benzoyl chloride (M74) 

 

4-bromo-3-(dimethylamino)benzoic acid (1.22 g, 5 mmol) and DMF (3 drops) were dissolved in CH2Cl2 

(60 mL). Oxalyl chloride (1.27 g, 10 mmol) was added dropwise at 0 °C. The reaction mixture was 

stirred for 2 h at room temperature and then concentrated under reduced pressure to give the 

chloroanhydride M74 as a colourless oil (1.31 g, quant.). The crude product was used in the next step 

without further purification. 

1H NMR (500 MHz, DMSO-d6) δ 7.70 (d, J = 8.2 Hz, 1H), 7.66 (d, J = 2.0 Hz, 1H), 7.48 (dd, J = 8.2, 

2.0 Hz, 1H), 2.75 (s, 6H). 

 

(3-Methyloxetan-3-yl)methyl 4-bromo-3-(dimethylamino)benzoate (M75) 

 

(3-methyloxetan-3-yl)methanol (1.02 g, 10 mmol) and pyridine (1.18 g, 15 mmol) were dissolved in 

CH2Cl2 (25 mL). The chloroanhydride M74 (1.31 g, 5 mmol) was added dropwise at 0 °C, and the 

reaction mixture was stirred for 16 h at room temperature. The organic phase was washed with 

0.5 M HCl (5×20 mL), water (20 mL) and brine (20 mL) successively, dried over anhydrous sodium 

sulfate, filtered, and the organic solvent was removed under reduced pressure. The residue was purified 

by silica gel column chromatography (10% EtOAc in cyclohexane) to give the ester M75 as a colourless 

oil (721 mg, 44%).  

1H NMR (500 MHz, CDCl3) δ 7.75 (d, J = 2.0 Hz, 1H), 7.63 (d, J = 8.2 Hz, 1H), 7.54 (dd, J = 8.2, 2.0 

Hz, 1H), 4.63 (d, J = 6.0 Hz, 2H), 4.46 (d, J = 6.0 Hz, 2H), 4.40 (s, 2H), 2.84 (s, 6H), 1.42 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 166.27, 152.38, 134.28, 130.00, 124.99, 124.68, 121.60, 79.74, 69.35, 

44.20, 39.51, 21.41. 
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2-Bromo-N,N-dimethyl-5-(4-methyl-2,6,7-trioxabicyclo[2.2.2]octan-1-yl)aniline (M76) 

 

The ester M75 (721 mg, 2.2 mmol) was dissolved in CH2Cl2 (15 mL) and BF3·Et2O (78 mg, 0.55 mmol) 

was added dropwise at 0 °C. The reaction mixture was stirred at room temperature for 16 h, and then 

Et3N (1 mL) was added. After 10 min, the volatiles were removed and the residue was purified by silica 

gel column chromatography (20% EtOAc in cyclohexane) to give the orthoester M76 as a white solid 

(571 mg, 79%). 

1H NMR (500 MHz, CDCl3) δ 7.52 (d, J = 8.3 Hz, 1H), 7.35 (d, J = 2.0 Hz, 1H), 7.14 (dd, J = 8.3, 2.0 

Hz, 1H), 4.08 (s, 6H), 2.80 (s, 6H), 0.89 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 151.69, 137.76, 133.67, 121.64, 120.23, 118.17, 107.34, 73.41, 44.35, 

30.65, 14.62. 

 

Quencher M77 

 

A solution of the orthoester M76 (82 mg, 0.25 mmol) in THF (5 mL) was cooled to -78 °C and tert-BuLi 

(1.5M, 300 µL, 0.5 mmol) was added dropwise. The reaction mixture was stirred at that temperature for 

1 h, and a solution of the phenome M46 (10 mg, 0.025 mmol) in THF (1 mL) was added dropwise. The 

reaction mixture was stirred for 1 h at -78 °C and then for 16 h at room temperature. A  solution of HCl 

(2 mL of a 2M solution) was added, and the mixture was stirred for an additional 30 min. The volatiles 

were removed under reduced pressure, and the residue was purified twice by silica gel column 

chromatography (10% MeOH in CH2Cl2) to give the silicorhodamine ester M77 as a turquoise solid (13 

mg, 77%). 

1H NMR (500 MHz, CDCl3) δ 7.73 (d, J = 1.5 Hz, 1H), 7.65 (dd, J = 7.8, 1.5 Hz, 1H), 6.97 (d, J = 7.9 

Hz, 1H), 6.74 (s, 2H), 4.42 (s, 2H), 3.63 – 3.49 (m, 8H), 3.36 (s, 4H), 2.98 – 2.90 (m, 4H), 2.64 (s, 6H), 

2.57 – 2.46 (m, 4H), 2.17 – 2.06 (m, 4H), 1.95 (q, J = 6.1 Hz, 4H), 0.70 (s, 3H), 0.66 (s, 3H). 

 

Alternative ligands 

(3S,4S)-3,4-Diazido-1-benzylpyrrolidine (M78) 

 

The diazide M78 was obtained according to a reported procedure.79 

1H NMR (500 MHz, CDCl3) δ 7.37 – 7.24 (m, 5H), 3.90 – 3.84 (m, 2H), 3.64 (q, J = 13.0 Hz, 2H), 2.99 

(dd, J = 10.0, 6.4 Hz, 2H), 2.60 (dd, J = 10.0, 4.7 Hz, 2H). 
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(3S,4S)-1-Benzylpyrrolidine-3,4-diamine (M79) 

 

The diamine M79 was obtained according to a reported procedure.79 

1H NMR (500 MHz, CDCl3) δ 7.38 – 7.17 (m, 5H), 3.69 – 3.52 (m, 2H), 3.08 – 3.00 (m, 2H), 2.94 (dt, 

J = 9.5, 4.5 Hz, 2H), 2.30 (dd, J = 9.5, 5.0 Hz, 2H). 

 

(3S,4S)-1-Benzyl-N3,N4-dimesitylpyrrolidine-3,4-diamine (M80) 

 

Under an inert atmosphere, Pd(OAc)2 (50 mg, 0.22 mmol), BINAP (274 mg, 0.44 mmol), and sodium 

tert-butoxide (1.20 g, 12.5 mmol) were added to toluene (80 mL) and stirred for 20 min. The diamine 

M79 (800 mg, 4.1 mmol) and 2-bromomesitylene (7.96 g, 8.3 mmol) were then added, and the solution 

was heated at 100 °C for 16 h. The solution was then cooled to room temperature and concentrated under 

reduced pressure. The residue was purified by silica gel column chromatography (5% EtOAc in 

cyclohexane) to give the bis(arylamine) M80 as a colourless oil (1.07 g, 61%). 

1H NMR (500 MHz, CDCl3) δ 7.39 – 7.23 (m, 5H), 6.68 (s, 4H), 3.67 (s, 2H), 3.47 (s, 2H), 3.21 (s, 2H), 

2.98 (dd, J = 9.6, 6.0 Hz, 2H), 2.37 (d, J = 7.6 Hz, 2H), 2.21 (s, 6H), 1.94 (s, 12H). 

13C NMR (126 MHz, CDCl3) δ 141.56, 138.89, 131.19, 129.67, 129.44, 128.90, 128.45, 127.27, 62.12, 

60.18, 60.15, 27.06, 20.66, 18.44. 

 

(3S,4S)-N3,N4-Dimesitylpyrrolidine-3,4-diamine (M81) 

 

To a stirred suspension of 10% Pd on charcoal (400 mg, 0.38 mmol) in methanol (20 mL), a solution of 

the bis(arylamine) M80 (1.07 g, 2.5 mmol) in methanol (10 mL) and ammonium formate (1.26 g, 

20 mmol) were added, and the mixture was heated at reflux for 3 h. The catalyst and inorganic salts 

were filtered and washed with methanol. The solvent was removed under reduced pressure to give the 

triamine M81 as a colourless oil (801 mg, 95%) which was used without further purification. 

1H NMR (500 MHz, CDCl3) δ 8.52 (s, 1H), 6.72 (s, 4H), 3.70 (dd, J = 4.9, 2.3 Hz, 2H), 3.61 (dd, J = 

12.0, 6.1 Hz, 2H), 3.17 (dd, J = 12.1, 2.7 Hz, 2H), 2.21 (s, 6H), 2.03 (s, 12H). 

 

Tert-butyl (3S,4S)-3,4-bis(mesitylamino)pyrrolidine-1-carboxylate (M82) 
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The triamine M81 (160 mg, 0.5 mmol), Et3N (138 µL, 1 mmol), and DMAP (6 mg, 0.05 mmol) were 

dissolved in CH2Cl2 (15 mL) and then cooled to 0 °C. Boc2O (164 mg, 0.075 mmol) was added in 

portions, and the resulting mixture was stirred at 0 °C for additional 30 min and then for 3 h at room 

temperature. The reaction mixture was then concentrated under reduced pressure, and the residue was 

purified by silica gel column chromatography (10% EtOAc in cyclohexane) to afford the carbamate 

M82 as a colourless oil (210 mg, 96%). 

1H NMR (500 MHz, CDCl3) δ 6.78 (s, 4H), 3.80 – 3.52 (m, 4H), 3.43 – 3.24 (m, 2H), 3.07 (brs, 2H), 

2.22 (s, 6H), 2.13 (s, 12H). 

 

Tert-butyl (3aS,6aS)-2-ethoxy-1,3-dimesitylhexahydropyrrolo[3,4-d]imidazole-5(1H)-carboxylate 

(M83) 

 

The carbamate M82 (210 mg, 0.48 mmol) and NH4Cl were heated to 120 °C in TEOF (2 mL) for 4 h. 

The volatiles were removed under reduced pressure to afford the crude imidazolidine M83 as a pale-

yellow oil (237 mg, quant.). 

1H NMR (500 MHz, CDCl3) δ 7.94 (d, J = 9.2 Hz, 2H), 6.94 (s, 4H), 4.57 (d, J = 6.6 Hz, 1H), 4.31 (d, 

J = 6.0 Hz, 1H), 4.12 (q, J = 7.1 Hz, 2H), 3.84 (td, J = 14.5, 13.6, 7.5 Hz, 2H), 3.76 – 3.71 (m, 1H), 3.59 

(d, J = 12.4 Hz, 1H), 2.30 (s, 6H), 2.18 (s, 3H), 2.12 (d, J = 2.5 Hz, 6H), 2.04 (s, 3H), 2.03 (s, 3H), 1.35 

(s, 9H), 1.26 (t, J = 7.1 Hz, 3H). 

Alternative anchors 

Tert-butyl (4-sulfamoylbenzoyl)glycinate 

 

4-(aminosulfonyl)-benzoic acid (800 mg, 4 mmol), glycine tert-butyl ester hydrochloride (670 mg, 

4.8 mmol), benzotriazol-1-ol (560 mg, 4.2 mmol), 1-ethyl-(3-(3-dimethylamino)propyl)-carbodiimide 

hydrochloride (800 mg, 4.2 mmol) were dissolved in ACN (125 mL), and Et3N (1.1 mL, 8 mmol) was 

added. The reaction mixture was stirred at room temperature for 16 h and then concentrated under 

reduced pressure. Water (50 mL) was added, and the mixture was extracted with ethyl acetate 

(3×50 mL). The combined organic phase was washed with water (50 mL) and brine (50 mL) 

successively, dried over anhydrous sodium sulfate, filtered, and the organic solvent was removed under 

reduced pressure. The crude product was purified by silica gel column chromatography (3% MeOH in 

CH2Cl2) to give tert-butyl (4-sulfamoylbenzoyl)glycinate as a white solid (940 mg, 75%). 

1H NMR (500 MHz, DMSO-d6) δ 9.04 (t, J = 5.9 Hz, 1H), 8.01 (d, J = 8.4 Hz, 2H), 7.92 (d, J = 8.4 Hz, 

2H), 7.49 (s, 2H), 3.92 (d, J = 5.9 Hz, 2H), 1.43 (s, 9H). 
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(4-Sulfamoylbenzoyl)glycine (M84) 

 

Tert-butyl (4-sulfamoylbenzoyl)glycinate (940 mg, 3 mmol) was dissolved in CH2Cl2 (80 mL) and 

trifluoroacetic acid (10 mL) was added dropwise at 0 °C. The reaction mixture was stirred at that 

temperature for 2 h, and then volatiles were removed under reduced pressure to give the carboxylic acid 

M84 as a white crystalline powder (772 mg, quant.). The crude product was used in the next step without 

further purification. 

1H NMR (500 MHz, DMSO-d6) δ 12.67 (s, 1H), 9.02 (t, J = 5.4 Hz, 1H), 8.02 (d, J = 8.1 Hz, 2H), 7.92 

(d, J = 8.1 Hz, 2H), 7.49 (s, 2H), 3.94 (d, J = 5.6 Hz, 2H). 

13C NMR (126 MHz, DMSO-d6) δ 171.08, 165.46, 146.45, 136.69, 127.91, 125.71, 41.29. 

 

Tert-butyl 6-(4-sulfamoylbenzamido)hexanoate 

 

4-(aminosulfonyl)-benzoic acid (1.52 g, 7.5 mmol), tert-butyl 6-aminohexanoate (1.42 g, 7.5 mmol), 

benzotriazol-1-ol (1.06 g, 7.9 mmol), 1-ethyl-(3-(3-dimethylamino)propyl)-carbodiimide hydrochloride 

(1.52 g, 7.9 mmol) were dissolved in ACN (200 mL), and Et3N (2.1 mL,15.4 mmol) was added. The 

reaction mixture was stirred at room temperature for 16 h and then concentrated under reduced pressure. 

Water (100 mL) was added , and the mixture was extracted with CH2Cl2 (3×100 mL) . The combined 

organic phase was washed with water (100 mL) and brine (100 mL) successively, dried over anhydrous 

sodium sulfate, filtered, and the organic solvent was removed under reduced pressure. The crude product 

was purified by silica gel column chromatography (3% MeOH in CH2Cl2) to give tert-butyl 6-(4-

sulfamoylbenzamido)hexanoate as a white solid (1.51 g, 54%). 

1H NMR (500 MHz, DMSO-d6) δ 8.62 (t, J = 5.5 Hz, 1H), 7.98 (d, J = 8.4 Hz, 2H), 7.89 (d, J = 8.5 Hz, 

2H), 7.47 (s, 2H), 3.26 (q, J = 6.7 Hz, 2H), 2.19 (t, J = 7.3 Hz, 2H), 1.57 – 1.47 (m, 6H), 1.38 (s, 9H), 

1.33 – 1.24 (m, 2H). 

 

6-(4-Sulfamoylbenzamido)hexanoic acid (M85) 

 

Tert-butyl 6-(4-sulfamoylbenzamido)hexanoate (1.51 g, 4.1 mmol) was dissolved in CH2Cl2 (60 mL) 

and trifluoroacetic acid (20 mL) was added dropwise at 0 °C. The reaction mixture was stirred at that 

temperature for 2 h, and the volatiles were removed under reduced pressure to give the carboxylic acid 

M85 as a white solid (1.28 g, quant.). The crude product was used in the next step without further 

purification. 

1H NMR (500 MHz, DMSO-d6) δ 8.62 (t, J = 5.5 Hz, 1H), 7.97 (d, J = 8.5 Hz, 2H), 7.88 (d, J = 8.4 Hz, 

2H), 7.46 (s, 2H), 3.26 (q, J = 6.8 Hz, 2H), 2.21 (t, J = 7.3 Hz, 2H), 1.57 – 1.44 (m, 4H), 1.36 – 1.28 (m, 

2H). 

 

Methyl 2-(2-(2-(4-sulfamoylbenzamido)ethoxy)ethoxy)acetate 
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4-(aminosulfonyl)-benzoic acid (606 mg, 3 mmol), methyl 2-(2-(2-aminoethoxy)ethoxy)acetate 

(531 mg, 3 mmol) (obtained in 5 steps from triethyleneglycol),80 benzotriazol-1-ol (424 mg, 3.1 mmol), 

1-ethyl-(3-(3-dimethylamino)propyl)-carbodiimide hydrochloride (600 mg, 3.1 mmol) were dissolved 

in ACN (80 mL), and Et3N (840 µL, 6.2 mmol) was added. The reaction mixture was stirred at room 

temperature for 16 h and then concentrated under reduced pressure. Water (50 mL) was added, and the 

mixture was extracted with ethyl acetate (6×50 mL). The combined organic phase was washed with 

brine (50 mL), dried over anhydrous sodium sulfate, filtered, and the organic solvent was removed under 

reduced pressure. The crude product was purified by silica gel column chromatography (5% MeOH in 

CH2Cl2) to give methyl 2-(2-(2-(4-sulfamoylbenzamido)ethoxy)ethoxy)acetate as a colourless oil (390 

mg, 36%). 

1H NMR (500 MHz, DMSO-d6) δ 8.70 (t, J = 5.5 Hz, 1H), 8.04 – 7.97 (m, 2H), 7.93 – 7.87 (m, 2H), 

7.48 (s, 2H), 4.13 (s, 2H), 3.63 (s, 3H), 3.62 – 3.53 (m, 6H), 3.44 (q, J = 5.8 Hz, 2H). 

13C NMR (126 MHz, DMSO-d6) δ 170.63, 165.34, 146.23, 137.33, 127.88, 125.63, 69.99, 69.59, 68.75, 

67.65, 51.36. 

 

2-(2-(2-(4-Sulfamoylbenzamido)ethoxy)ethoxy)acetic acid (M86) 

 

Methyl 2-(2-(2-(4-sulfamoylbenzamido)ethoxy)ethoxy)acetate (130 mg, 0.36 mmol) and LiOH·H2O 

(100 mg, 2.4 mmol) were dissolved in mixture of methanol (5 mL), THF (7.5 mL), and water (7.5 mL). 

The reaction mixture was stirred at room temperature for 4 h and then was concentrated under reduced 

pressure. Water (5 mL) was added, and the mixture was extracted with CH2Cl2 (10×10 mL). The 

combined organic phase was washed with brine (5 mL), dried over anhydrous sodium sulfate, filtered, 

and the organic solvent was removed under reduced pressure to give the carboxylic acid M86 as a white 

solid (114 mg, 92%). The crude product was used in the next step without further purification. 

1H NMR (500 MHz, DMSO-d6) δ 8.70 (t, J = 5.5 Hz, 1H), 7.99 (d, J = 8.5 Hz, 2H), 7.89 (d, J = 8.5 

Hz, 2H), 7.47 (s, 2H), 4.02 (s, 2H), 3.64 – 3.52 (m, 6H), 3.43 (q, J = 5.8 Hz, 2H).
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5.3. De Novo ArMs Project 

Synthesis of NHC precursor DB13 

 

(3aS,8aS)-5,7-Dibenzyl-2,2-dimethylhexahydro-[1,3]dioxolo[4,5-d][1,2,7]thiadiazepine 6,6-dioxide 

(DB4) 

 

The sulfamide DB4 was obtained according to known procedure.53  

1H NMR (500 MHz, CDCl3) δ 7.40 – 7.28 (m, 10H), 4.47 (d, J = 14.5 Hz, 2H), 4.36 (d, J = 14.5 Hz, 

2H), 4.25 – 4.12 (m, 2H), 3.44 (dd, J = 12.9, 4.2 Hz, 2H), 3.05 – 2.94 (m, 2H), 1.35 (s, 6H). 
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(4S,5S)-2,7-Dibenzyl-4,5-dihydroxy-1,2,7-thiadiazepane 1,1-dioxide (DB5) 

 

The diol DB5 was obtained according to known procedure.53 

1H NMR (500 MHz, CDCl3) δ 7.47 – 7.28 (m, 10H), 4.65 (d, J = 15.3 Hz, 2H), 4.46 (d, J = 15.3 Hz, 

2H), 3.58 – 3.45 (m, 2H), 3.38 (dd, J = 15.1, 8.8 Hz, 2H), 3.16 (dd, J = 15.1, 2.6 Hz, 2H), 2.08 (d, J = 

3.7 Hz, 2H). 

 

(4S,5S)-2,7-Dibenzyl-1,1-dioxido-1,2,7-thiadiazepane-4,5-diyl dimethanesulfonate (DB6) 

 

The crude diol DB5 (7.25 g, 20 mmol) was dissolved in anhydrous CH2Cl2 (150 mL). Triethylamine 

(11.05 mL, 80 mmol) was added dropwise, and then methanesulfonyl chloride (3.5 mL, 45 mmol) was 

added dropwise to the reaction at 0 °C. After completion of the dropwise addition, the mixture was 

stirred at room temperature for 12 h. After completion of the reaction as revealed by TLC, the mixture 

was washed with water, saturated sodium bicarbonate and saturated brine, dried over anhydrous sodium 

sulfate, and filtered. The volatiles were removed under reduced pressure to give the sulfamide DB6 as 

a yellow foam (10.05 g, 97%). The crude product was used in the next step without further purification. 

1H NMR (500 MHz, CDCl3) δ 7.48 – 7.31 (m, 10H), 4.59 (d, J = 15.1 Hz, 2H), 4.52 (d, J = 15.1 Hz, 

2H), 4.47 – 4.39 (m, 2H), 3.60 (dt, J = 14.7, 7.3 Hz, 2H), 3.43 (dd, J = 15.6, 2.9 Hz, 2H), 2.93 (s, 6H). 

 

(4R,5R)-4,5-Diazido-2,7-dibenzyl-1,2,7-thiadiazepane 1,1-dioxide (DB7) 

 

The sulfamide DB6 (5 g, 9.6 mmol) was dissolved in DMF (80 mL), then sodium azide (2.5 g, 

38.5 mmol) was added, then reaction mixture was heated to 80 °C and stirred for 16 h. 200 mL of water 

was added, and mixture was extracted with ethyl acetate (150 mL×3). The combined organic phase was 

washed with water (200 mL×2) and saturated brine (200 mL), dried over anhydrous sodium sulfate, 

filtered, and the organic solvent was removed under reduced pressure. The crude product was purified 

by silica gel column chromatography (3-5% EtOAc in cyclohexane) to give the diazide DB7 as a pale-

yellow oil (3.76 g, 95%). 

1H NMR (500 MHz, CDCl3) δ 7.45 – 7.33 (m, 10H), 4.56 (d, J = 15.0 Hz, 2H), 4.51 (d, J = 15.0 Hz, 

2H), 3.47 (dt, J = 16.3, 8.2 Hz, 2H), 3.10 (dd, J = 15.5, 2.7 Hz, 2H), 3.00 – 2.92 (m, 2H). 

13C NMR (126 MHz, CDCl3) δ 135.73, 129.32, 128.74, 128.72, 62.77, 52.69, 46.96. 
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(4R,5R)-4,5-Diamino-2,7-dibenzyl-1,2,7-thiadiazepane 1,1-dioxide (DB8) 

 

To a stirred suspension of 10% Pd on charcoal (1.65 g, 0.14 eq.) in methanol (100 mL) the solution of 

the diazide DB7 (4.5 g, 10.9 mmol) in methanol (50 mL) was added and the mixture was hydrogenated 

at atmospheric pressure at r.t. for 6 h. The catalyst was filtered off and washed with methanol. The 

solvent was removed under reduced pressure to give the diamine DB8 as a colourless oil (3.76 g, 96%), 

which was used in the next step without further purification. 

1H NMR (500 MHz, CDCl3) δ 7.43 – 7.28 (m, 10H), 4.73 (d, J = 15.5 Hz, 2H), 4.37 (d, J = 15.5 Hz, 

2H), 3.40 (dt, J = 15.3, 7.2 Hz, 2H), 2.88 (dd, J = 15.3, 2.4 Hz, 2H), 2.46 – 2.37 (m, 2H). 

 

(4R,5R)-2,7-Dibenzyl-4,5-bis(mesitylamino)-1,2,7-thiadiazepane 1,1-dioxide (DB9) 

 

Under inert atmosphere, Pd2dba3 (1.40 g, 1.5 mmol), BINAP (1.86 g, 3 mmol), and sodium tert-butoxide 

(4.20 g, 43.7 mmol) were added to toluene (300 mL) and stirred for 20 min. The diamine DB8 (3.61 g, 

10 mmol) and 2-bromomesitylene (7.96 g, 40 mmol) were then added and the solution was heated to 

100 °C for 16 h. The solution was then cooled to room temperature and concentrated under reduced 

pressure. The residue was purified by silica gel column chromatography (10% EtOAc in cyclohexane) 

to afford the bis(arylamine) DB9 as a white foam (3.53 g, 59%). 

1H NMR (500 MHz, CDCl3) δ 7.29 – 7.23 (m, 2H), 7.20 (t, J = 7.4 Hz, 4H), 6.99 (d, J = 7.2 Hz, 4H), 

6.79 (s, 4H), 4.32 (d, J = 14.6 Hz, 2H), 4.24 (d, J = 14.6 Hz, 2H), 3.36 (dt, J = 15.4, 7.6 Hz, 2H), 3.03 

(s, 2H), 2.83 (d, J = 15.1 Hz, 2H), 2.78 (d, J = 8.6 Hz, 2H), 2.28 (s, 6H), 2.06 (s, 12H). 

 

(4R,5R)-4,5-Bis(mesitylamino)-1,2,7-thiadiazepane 1,1-dioxide (DB10) 

 

The bis(arylamine) DB9 (3.53 g, 5.9 mmol) was crushed and mixed with concentrated H2SO4 (40 mL). 

The reaction mixture was vigorously stirred for 1 h and then crushed ice (200 g) was added at 0 °C. 

Then, 2M NaOH was added dropwise to pH = 8. The mixture was extracted with CH2Cl2 (100 mL×6). 

The combined organic phase was washed with water (100 mL) and saturated brine (200 mL) 

successively, dried over anhydrous sodium sulfate, filtered, and the organic solvent was removed under 

reduced pressure to give the sulfamide DB10 as an off-white solid (2.43 g, quant.). The crude product 

was used in the next step without further purification. 

1H NMR (500 MHz, CDCl3) δ 6.80 (s, 4H), 4.63 (t, J = 6.2 Hz, 2H), 3.52 (dd, J = 15.2, 6.3 Hz, 2H), 

3.25 – 3.18 (m, 2H), 3.14 (d, J = 5.4 Hz, 2H), 2.22 (s, 6H), 2.13 (s, 12H). 
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Di-tert-butyl (4R,5R)-4,5-bis(mesitylamino)-1,2,7-thiadiazepane-2,7-dicarboxylate 1,1-dioxide (DB11) 

 

The sulfamide DB10 (2.43 g, 5.9 mmol), Et3N (5.0 mL, 36 mmol), and DMAP (216 mg, 1.77 mmol) 

were dissolved in chloroform (250 mL) and then cooled to 0 °C. Boc2O (3.86 g, 17.7 mmol) was added 

portionwise and the resulting mixture was stirred at 0 °C for additional 30 min and for 3 h at room 

temperature. The reaction mixture was concentrated under reduced pressure and purified by silica gel 

column chromatography (15% EtOAc in cyclohexane) to give the bis(arylamine) DB11 as a white foam 

(2.4 g, 66%). 

1H NMR (500 MHz, CDCl3) δ 6.82 (s, 4H), 3.99 (d, J = 15.4 Hz, 2H), 3.70 (dd, J = 15.1, 7.8 Hz, 2H), 

3.39 (m, 4H), 2.22 (s, 18H), 1.39 (s, 18H). 

13C NMR (126 MHz, CDCl3) δ 150.33, 139.70, 133.00, 131.86, 129.97, 85.29, 60.41, 48.25, 27.86, 

20.70, 19.06. 

 

Di-tert-butyl (3aR,8aR)-1,3-dimesitylhexahydro-1H-imidazo[4,5-d][1,2,7]thiadiazepine-5,7 

dicarboxylate 6,6-dioxide (DB12) 

 

The bis(arylamine) DB11 (2.4 g, 3.9 mmol) was dissolved in acetic acid (100 mL) and paraformaldehyde 

(0.40 g, 13.3 mmol) was added. The reaction was stirred until the paraformaldehyde had dissolved. 

Acetic acid was removed under reduced pressure and the resulting crude material was purified by 

column chromatography on SiO2 (10% EtOAc in cyclohexane) to afford the imidazolidine DB12 as a 

white foam (2.41 g, 98%). 

1H NMR (500 MHz, CDCl3) δ 6.88 (s, 2H), 6.84 (s, 2H), 4.38 (s, 2H), 4.11 – 4.03 (m, 2H), 3.82 (dd, J 

= 14.0, 2.8 Hz, 2H), 3.61 (dt, J = 14.0, 7.3 Hz, 2H), 2.40 (s, 6H), 2.33 (s, 6H), 2.25 (s, 6H), 1.43 (s, 

18H). 

13C NMR (126 MHz, CDCl3) δ 150.78, 139.84, 137.35, 137.24, 136.48, 130.98, 129.32, 84.77, 70.94, 

66.32, 48.69, 27.92, 27.06, 20.92, 19.16, 19.16. 

 

(3aR,8aR)-5,7-Bis(tert-butoxycarbonyl)-1,3-dimesityl-3a,4,5,7,8,8a-hexahydro-1H-imidazo[4,5-d] 

[1,2,7]thiadiazepin-3-ium 6,6-dioxide chloride (DB13). 

 

The imidazolidine DB12 (200 mg, 0.32 mmol) was dissolved in toluene (20 mL). N-Chlorosuccinimide 

(45 mg, 0.34 mmol) was added, and the reaction mixture was stirred at room temperature for 5 h 

(depending on the quality of NCS, the reaction time may be extended to achieve full conversion). After 

reaction completion, toluene was removed under reduced pressure and the resulting foam was dissolved 

in minimal amount of CH2Cl2. This solution was added dropwise to a vigorously stirred mixture of 
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hexane (20 mL) and diethyl ether (20 mL) to separate product from succinimide. Solids were collected 

by vac-filtration, washed with hexane-ether mixture, and dried to give the imidazoline DB13 as a white 

powder (176 mg, 83%). 

1H NMR (500 MHz, CDCl3) δ 10.92 (s, 1H), 7.01 (s, 2H), 6.98 (s, 2H), 4.81 (s, 2H), 4.01 (d, J = 14.1 

Hz, 2H), 3.97 – 3.89 (m, 2H), 2.46 (s, 6H), 2.37 (s, 6H), 2.29 (s, 6H), 1.46 (s, 18H). 

13C NMR (126 MHz, CDCl3) δ 162.07, 149.87, 141.45, 135.98, 134.72, 130.95, 130.68, 127.82, 87.02, 

67.73, 45.09, 27.84, 21.20, 19.42, 18.60. 

 

(3aR,8aR)-1,3-Dimesityl-3a,4,5,7,8,8a-hexahydro-1H-imidazo[4,5-d][1,2,7]thiadiazepin-3-ium 6,6-

dioxide chloride (DB14) 

 

The imidazolidine DB13 (20 mg, 0.03 mmol) was dissolved in CH2Cl2 (5 mL) and HCl gas was purged 

through the solution for 3 h at room temperature. The gaseous HCl was generated by dropwise addition 

of concentrated H2SO4 to solid NH4Cl. The solution was stirred for an additional 1 h at room 

temperature. Upon completion of the reaction as revealed by 1HNMR, the solvent was evaporated under 

reduced pressure to give the imidazoline DB14 as a white solid (13.9 mg, quant.). This compound was 

used without further purification. 

1H NMR (500 MHz, CDCl3) δ 7.82 (s, 1H), 7.03 (s, 2H), 7.01 (s, 2H), 5.36 (s, 2H), 3.64 (s, 2H), 3.39 

(s, 4H), 2.32 (s, 18H). 

 

Alternative routes' products 

(4S,5S)-4,5-Dihydroxy-1,2,7-thiadiazepane 1,1-dioxide (DB4A) 

 

To a solution of the sulfamide DB3 (1 g, 4.5 mmol) in CH2Cl2 (5 mL), 2 M HCl in dioxane (1 mL) were 

added. Then, the reaction mixture was stirred for 3 h. and then concentrated. The diol DB4A was 

obtained as a brownish solid (819 mg, quant.) and used in the next step without further purification. 

1H NMR (500 MHz, Acetone-d6) δ 5.86 (s, 2H), 4.44 (s, 2H), 3.71 (d, J = 4.2 Hz, 2H), 3.34 (dd, J = 

15.5, 7.6 Hz, 2H), 3.02 (ddd, J = 15.3, 7.4, 5.0 Hz, 2H). 

 

(4S,5S)-1,1-Dioxido-1,2,7-thiadiazepane-4,5-diyl bis(4-methylbenzenesulfonate) (DB5A) 

 

The diol DB4A (182 mg, 1 mmol) and 4-toluenesulfonyl chloride (572 mg, 3 mmol) were dissolved in 

pyridine (5 mL) at room temperature. The reaction mixture was stirred overnight at that temperature and 

then was diluted with distilled water (20 mL) and 1M HCl solution (100 mL) was added dropwise at 0 

°C. Water phase was extracted with ethyl acetate (50 mL×3). The combined organic phase was washed 

with water (50 mL×2) and saturated brine (50 mL), dried over anhydrous sodium sulfate, filtered, and 

the organic solvent was removed under reduced pressure. The crude product was purified by silica gel 
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column chromatography (15% EtOAc in cyclohexane) to afford the sulfamide DB5A as a yellowish 

solid (294 mg, 60%). 

1H NMR (500 MHz, Acetone-d6) δ 7.77 (d, J = 8.4 Hz, 4H), 7.50 (d, J = 8.0 Hz, 4H), 6.72 (t, J = 6.3 

Hz, 2H), 4.54 – 4.49 (m, 2H), 3.55 – 3.46 (m, 2H), 3.15 – 3.08 (m, 2H), 2.49 (s, 6H). 

 

Meso- and rac-4,5-diazido-1,2,7-thiadiazepane 1,1-dioxide (DB6A) 

 

The sulfamide DB5A (294 mg, 0.6 mmol) was dissolved in DMF (10 mL), then sodium azide (260 mg, 

4 mmol) was added. The resulting reaction mixture was heated to 80 °C and stirred for 16 h. Water (20 

mL) was added, and mixture was extracted with ethyl acetate (10 mL×3). The combined organic phase 

was washed with water (10 mL×2) and saturated brine (20 mL), dried over anhydrous sodium sulfate, 

filtered, and the organic solvent was removed under reduced pressure. The crude product was purified 

by silica gel column chromatography (10% EtOAc in cyclohexane) to give the mixture of the meso- and 

rac-diazide DB6A as a pale-yellow oil (105 mg, 75%). 

1H NMR (500 MHz, Acetone-d6) δ 6.42 (s, 2H), 6.06 (m, 2H), 3.89 – 3.72 (m, 6H), 3.70 – 3.51 (m, 3H), 

3.51 – 3.41 (m, 3H), 3.33 – 3.21 (m, 2H). 

 

Meso- and rac-4,5-diamino-1,2,7-thiadiazepane 1,1-dioxide (DB7A) 

 

To a stirred suspension of 10% Pd on charcoal (100 mg) in ethanol (50 mL), a solution of the diazide 

DB6A (100 mg, 0.43 mmol) in ethanol (5 mL), was added and the mixture was hydrogenated at 

atmospheric pressure and room temperature for 6 h. The catalyst was filtered off and washed with 

methanol. The solvent was removed under reduced pressure to give the mixture of the meso- and rac-

diamine DB7A as a colourless oil (77 mg, quant.). 

1H NMR (500 MHz, CD3OD) δ 3.36 (dd, J = 13.9, 4.6 Hz, 2H), 3.30 – 3.28 (m, 2H), 3.20 (dd, J = 13.9, 

10.0 Hz, 2H), 3.08 (dd, J = 13.4, 3.9 Hz, 2H), 2.81 (dd, J = 13.5, 8.6 Hz, 2H), 2.61 (td, J = 9.7, 4.6 Hz, 

2H). 

 

(3aR,8aR)-5,7-Dibenzyl-1,3-dimesityl-2-(perfluorophenyl)octahydro-1H-imidazo[4,5-

d][1,2,7]thiadiazepine 6,6-dioxide (DB9-PFP) 

 

The bis(arylamine) DB9 (100 mg, 0.17 mmol) was dissolved in acetic acid (2 mL) and 2,3,4,5,6-

pentafluorobenzaldehyde (36 mg, 0.18 mmol) was added. The reaction was stirred for 16 h and acetic 

acid was removed under reduced pressure. The resulting crude material was purified by column 
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chromatography (0.5% MeOH in CH2Cl2) to give the imidazolidine DB9-PFP as a white solid (96 mg, 

73%). 

1H NMR (500 MHz, CDCl3) δ 7.34 – 7.20 (m, 8H), 7.14 – 7.08 (m, 2H), 6.89 (s, 1H), 6.74 (s, 1H), 6.67 

(s, 1H), 6.51 (s, 1H), 6.16 (s, 1H), 4.79 (brs, 1H), 4.42 (dd, J = 14.3, 7.6 Hz, 2H), 4.31 (m, 2H), 4.20 (d, 

J = 13.9 Hz, 1H), 3.36 (dd, J = 13.2, 9.7 Hz, 1H), 3.06 (dd, J = 12.9, 4.4 Hz, 1H), 2.94 (dd, J = 13.3, 3.7 

Hz, 1H), 2.84 (dd, J = 12.8, 9.6 Hz, 1H), 2.57 (s, 3H), 2.33 (s, 3H), 2.23 (s, 3H), 2.14 (s, 3H), 2.01 (s, 

3H), 1.86 (s, 3H). 

19F NMR (471 MHz, CDCl3) δ -134.49 (dd, J = 22.9, 8.4 Hz), -147.47 (dd, J = 22.8, 7.9 Hz), -154.45 (t, 

J = 20.8 Hz), -161.91 – -162.07 (m), -162.35 – -162.51 (m). 

 

(3aR,8aR)-1,3-Dimesityl-2-(perfluorophenyl)octahydro-1H-imidazo[4,5-d][1,2,7]thiadiazepine 6,6-

dioxide (DB10-PFP) 

 

The sulfamide DB10 (21 mg, 0.05 mmol) was dissolved in acetic acid (1 mL) and 2,3,4,5,6-

pentafluorobenzaldehyde (11 mg, 0.055 mmol) was added. The reaction was stirred for 16 h and acetic 

acid was removed under reduced pressure. The resulting crude material was purified by column 

chromatography (1% MeOH in CH2Cl2) to give the imidazolidine DB10-PFP as a white solid (24 mg, 

81%). 

1H NMR (500 MHz, CDCl3) δ 6.90 (s, 1H), 6.81 (s, 1H), 6.77 (s, 1H), 6.64 (s, 1H), 6.22 (s, 1H), 4.82 

(brs, 1H), 4.49 (dd, J = 6.8, 3.9 Hz, 1H), 4.39 (dd, J = 7.5, 4.0 Hz, 1H), 4.18 (t, J = 7.4 Hz, 1H), 3.56 – 

3.47 (m, 1H), 3.19 (dt, J = 13.1, 4.2 Hz, 1H), 3.13 (dt, J = 13.1, 3.8 Hz, 1H), 2.91 (ddd, J = 13.1, 10.1, 

7.0 Hz, 1H), 2.61 (s, 3H), 2.43 (s, 3H), 2.23 (s, 3H), 2.19 (s, 3H), 2.18 (s, 3H), 2.04 (s, 3H). 

19F NMR (471 MHz, CDCl3) δ -134.49 (dd, J = 23.1, 8.2 Hz), -147.48 (dd, J = 23.2, 8.1 Hz), -154.12 (t, 

J = 20.9 Hz), -161.78 (td, J = 21.0, 7.3 Hz), -162.21 (td, J = 21.7, 21.1, 7.1 Hz). 

13C NMR (126 MHz, CDCl3) δ 139.77, 137.80, 137.52, 137.28, 137.05, 135.80, 135.55, 134.37, 131.60, 

131.26, 130.44, 129.93, 69.02, 64.60, 45.69, 45.15, 20.93, 20.92, 20.84, 20.64, 19.35, 18.69. 

 

Di-tert-butyl (3aR,8aR)-1,3-dimesityl-2-(perfluorophenyl)hexahydro-1H-imidazo[4,5-d][1,2,7] 

thiadiazepine-5,7-dicarboxylate 6,6-dioxide (DB11-PFP) 

 

The imidazolidine DB10-PFP (62 mg, 0.1 mmol), DIPEA (100 µL, 0.6 mmol), and DMAP (5 mg, 0.04 

mmol) were dissolved in THF (5 mL) and then cooled to 0 °C. Boc2O (87.3 g, 0.4 mmol) was added, 

and the resulting mixture was stirred at 0 °C for an additional 30 min, and for 3 h at room temperature. 

The reaction mixture was concentrated under reduced pressure and purified by silica gel column 
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chromatography (5% EtOAc in cyclohexane) to give the imidazolidine DB11-PFP as a white foam (66 

mg, 80%). 

1H NMR (500 MHz, CDCl3) δ 6.87 (s, 1H), 6.82 (s, 1H), 6.77 (s, 1H), 6.66 (s, 1H), 6.31 (s, 1H), 4.59 

(brs, 1H), 4.18 – 4.07 (m, 1H), 3.97 (dd, J = 14.2, 3.9 Hz, 1H), 3.91 – 3.80 (m, 2H), 3.51 (dd, J = 14.2, 

9.6 Hz, 1H), 2.59 (s, 3H), 2.45 (s, 3H), 2.21 (s, 3H), 2.18 (s, 3H), 2.16 (s, 3H), 2.09 (s, 3H), 1.51 (s, 9H), 

1.39 (s, 9H). 

19F NMR (471 MHz, CDCl3) δ -133.39 (dd, J = 23.2, 8.1 Hz), -147.37 (dd, J = 23.2, 8.6 Hz), -154.08 (t, 

J = 20.5 Hz), -161.82 (td, J = 22.2, 7.9 Hz), -162.12 – -162.66 (m). 

13C NMR (126 MHz, CDCl3) δ 150.77, 150.34, 140.05, 137.49, 137.10, 136.98, 136.51, 136.33, 135.48, 

134.02, 131.51, 131.00, 130.18, 129.86, 85.13, 84.63, 68.04, 48.36, 20.90, 20.66, 20.55, 19.39, 18.56. 

 

(4R,5R)-2,7-Diallyl-4,5-bis(mesitylamino)-1,2,7-thiadiazepane 1,1-dioxide (DB11A) 

 

The sulfamide DB10 (84 mg, 0.2 mmol) and K2CO3 (77 mg, 0.56 mmol) were stirred in DMF (2 mL) 

at room temperature and allylbromide (48 mg, 0.4 mmol) was added. The reaction mixture was stirred 

at room temperature for 16 h and then was concentrated under reduced pressure. The crude material was 

purified by silica gel column chromatography (5% EtOAc in cyclohexane) to give the bis(arylamine) 

DB11A (91.4 mg, 92%) as a white foam. 

1H NMR (500 MHz, CDCl3) δ 6.82 (s, 4H), 5.73 (ddt, J = 16.7, 10.1, 6.6 Hz, 2H), 5.02 (d, J = 10.0 Hz, 

2H), 4.89 (d, J = 17.0 Hz, 2H), 3.82 (dd, J = 15.2, 6.6 Hz, 2H), 3.71 (dd, J = 15.2, 6.6 Hz, 2H), 3.33 (dd, 

J = 14.9, 8.7 Hz, 4H), 3.15 (d, J = 7.9 Hz, 2H), 3.05 (d, J = 14.9 Hz, 2H), 2.24 (s, 6H), 2.22 (s, 12H). 

 

(3aR,8aR)-5,7-Dibenzyl-1,3-dimesityloctahydro-1H-imidazo[4,5-d][1,2,7]thiadiazepine 6,6-dioxide 

(DB12A) 

 

The bis(arylamine) DB9 (1.2 g, 2 mmol) was dissolved in a mixture of acetic acid (10 mL) and methanol 

(100 mL) and paraformaldehyde (240 mg, 8 mmol) was added. The reaction was stirred until the 

paraformaldehyde had dissolved. Acetic acid was removed under reduced pressure and the resulting 

crude material was purified by column chromatography on silica gel (10% EtOAc in cyclohexane) to 

give the imidazolidine DB12A as a white foam (1.26 g, quant.). 

1H NMR (500 MHz, CDCl3) δ 7.25 (d, J = 9.7 Hz, 6H), 7.16 (dd, J = 6.3, 3.0 Hz, 4H), 6.83 (s, 2H), 6.80 

(s, 2H), 4.42 (d, J = 14.3 Hz, 2H), 4.33 – 4.23 (m, 4H), 4.19 (d, J = 14.2 Hz, 2H), 3.06 (dd, J = 13.1, 8.9 

Hz, 2H), 2.93 (dd, J = 13.0, 3.5 Hz, 2H), 2.39 (s, 6H), 2.24 (s, 6H), 2.18 (s, 6H). 
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(3aR,8aR)-5,7-Dibenzyl-1,3-dimesityl-3a,4,5,7,8,8a-hexahydro-1H-imidazo[4,5-d][1,2,7]thiadiazepin-

3-ium 6,6-dioxide (DB13A) 

 

The imidazolidine DB12A (609 mg, 1 mmol) was dissolved in toluene (150 mL). N-Chlorosuccinimide 

(536 mg, 4 mmol) was added, and the reaction mixture was stirred at room temperature for 5 h. After 

reaction completion, toluene was removed under reduced pressure and the resulting foam was dissolved 

in a minimal amount of CH2Cl2. This solution was added dropwise to vigorously stirring mixture of 

hexane (40 mL) and diethyl ether (40 mL) to separate the product from succinimide and N-

chlorosuccinimide. The solids were collected by vacuum-filtration, washed with hexane-ether mixture, 

and dried to give the imidazoline DB13A as a white solid (353 mg, 55%). 

1H NMR (500 MHz, CDCl3) δ 9.78 (s, 1H), 7.31 – 7.19 (m, 10H), 6.90 (s, 2H), 6.87 (s, 2H), 5.44 – 5.25 

(m, 2H), 4.69 (d, J = 14.3 Hz, 2H), 4.45 (d, J = 14.3 Hz, 2H), 3.52 – 3.44 (m, 2H), 3.06 (d, J = 13.0 Hz, 

2H), 2.35 (s, 6H), 2.26 (s, 12H). 

 

Gold cofactors 

Synthesis of DBAu-Cl and DBAu-py-SbF6 

 

((3aR,8aR)-5,7-Bis(tert-butoxycarbonyl)-1,3-dimesityl-6,6-dioxidooctahydro-2H-imidazo[4,5-d] 

[1,2,7]thiadiazepin-2-ylidene)gold(I) chloride (DBBoc2-Au-Cl) 

 

The imidazoline DB13 (44 mg, 0.066 mmol) was dissolved in CH2Cl2 (3 mL) in a small vial. 

Chloro(dimethylsulfide)gold(I) (21 mg, 0.07 mmol) was added, the vial was wrapped with aluminium 

foil, and the reaction mixture was stirred at room temperature for 30 min. K2CO3 (97 mg, 0.7 mmol) 

was added, and mixture was stirred at room temperature overnight. After reaction completion, the 

reaction mixture was filtered through small pad of celite, and the solvent was removed under reduced 
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pressure to give the complex DBBoc2-Au-Cl as an off-white solid (56 mg, quant.). The crude product 

was used in the next step without further purification. 

1H NMR (500 MHz, CD2Cl2) δ 7.08 (s, 2H), 7.04 (s, 2H), 4.54 – 4.47 (m, 2H), 3.98 – 3.80 (m, 4H), 2.37 

(s, 6H), 2.35 (s, 6H), 2.31 (s, 6H), 1.44 (s, 18H). 13C NMR (126 MHz, CD2Cl2) δ 198.42, 150.55, 140.55, 

137.07, 135.92, 132.94, 130.96, 130.56, 86.71, 68.05, 46.74, 28.09, 21.43, 19.40, 18.62. 

 

((3aR,8aR)-1,3-Dimesityl-6,6-dioxidooctahydro-2H-imidazo[4,5-d][1,2,7]thiadiazepin-2-ylidene) 

gold(I) chloride (DBAu-Cl) 

 

The complex DBBoc2-Au-Cl (56 mg, 0.066 mmol) was dissolved in CH2Cl2 (5 mL) in Schlenk tube, 

wrapped with aluminium foil, and HCl gas was purged through the solution for 3 h at room temperature. 

The gaseous HCl was generated by dropwise addition of concentrated H2SO4 to solid NH4Cl. The 

solution was stirred for an additional 1 h at room temperature. Upon completion of the reaction as 

revealed by 1HNMR, the solvent was evaporated under reduced pressure to give the cofactor DBAu-Cl 

as a white solid (42.8 mg, quant.). The crude product was used in the next step without further 

purification. 

1H NMR (500 MHz, CDCl3) δ 6.97 (s, 2H), 6.95 (s, 2H), 4.73 – 4.60 (m, 2H), 4.56 – 4.47 (m, 2H), 3.38 

– 3.18 (m, 4H), 2.32 (s, 6H), 2.31 (s, 6H), 2.30 (s, 6H). 

 

((3aR,8aR)-1,3-Dimesityl-6,6-dioxidooctahydro-2H-imidazo[4,5-d][1,2,7]thiadiazepin-2-ylidene) 

(pyridine)gold(I) hexaflouroantimonate (DBAu-py-SbF6) 

 

The complex DBAu-Cl (42.8 mg, 0.065 mmol) and pyridine (80 µL, 1 mmol) were dissolved in CH2Cl2 

(3 mL). AgSbF6 (23 mg, 0.067 mmol) was added, and reaction mixture was stirred overnight. After 

reaction completion, the resulting suspension was filtered through small pad of celite, and the organic 

solvent was removed under reduced pressure. The solids were dissolved in a minimal amount of CH2Cl2. 

This solution was added dropwise to vigorously stirred diethyl ether (5 mL). The suspension was 

centrifuged (4000 rpm, 5 min) and the supernatant was discarded. Precipitation was repeated twice, and 

the resulting solid was dried in vacuo to give the cofactor DBAu-py-SbF6 as a yellowish powder (57 

mg, 94%). 

1H NMR (500 MHz, CD2Cl2) δ 8.02 – 7.92 (m, 1H), 7.87 (d, J = 4.9 Hz, 2H), 7.48 (t, J = 6.7 Hz, 2H), 

7.03 (s, 4H), 5.55 (dd, J = 8.7, 4.4 Hz, 2H), 5.10 – 5.04 (m, 2H), 3.39 – 3.29 (m, 2H), 3.25 (dt, J = 13.3, 

4.2 Hz, 2H), 2.42 (s, 6H), 2.39 (s, 6H), 2.32 (s, 6H). 
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((3aR,8aR)-1,3-Dimesityl-6,6-dioxidooctahydro-2H-imidazo[4,5-d][1,2,7]thiadiazepin-2-ylidene) 

(phenylthio)gold(I) (DBAu-SPh) 

 

The complex DBAu-Cl (42.8 mg, 0.065 mmol) and thiophenol (35.7 g, 33 µL, 0.325 mmol) were 

dissolved in CH2Cl2 (3 mL). K2CO3 (90 mg, 0.65 mmol) was added, and reaction mixture was stirred 

overnight. After reaction completion, the suspension was filtered through a small pad of celite, and the 

organic solvent was removed under reduced pressure. The solids were dissolved in minimal amount of 

CH2Cl2. This solution was added dropwise to vigorously stirred diethyl ether (5 mL). The resulting 

suspension was filtered, washed with diethyl ether, and dried in vacuo to give the phenylthiol complex 

DBAu-SPh as a yellowish powder (57 mg, 94%). 

1H NMR (500 MHz, CD2Cl2) δ 7.05 (s, 2H), 7.03 (s, 2H), 6.80 – 6.68 (m, 5H), 4.80 – 4.54 (m, 4H), 3.26 

(dd, J = 4.9, 2.2 Hz, 4H), 2.36 (s, 12H), 2.35 (s, 6H). 

 

Ru-cofactors 

Synthesis of cofactor DBRu1 

 

Dichloro((3aR,8aR)-5,7-bis(tert-butoxycarbonyl)-1,3-dimesityl-6,6-dioxidooctahydro-2H-

imidazo[4,5-d][1,2,7]thiadiazepin-2-ylidene)(2-isopropoxybenzylidene)ruthenium(II) (DBBoc2-Ru)

 

The imidazoline DB13 (40 mg, 0.06 mmol), KHMDS (24 mg, 0.12 mmol), and the Hoveyda-Grubbs 1st 

generation catalyst (72 mg, 0.12 mmol) were suspended in dry and degassed toluene (10 mL). The 

reaction mixture was heated to 80 °C for 5 h. The solvent was evaporated, and the crude material was 

purified by column chromatography (10% EtOAc in cyclohexane) to afford the complex DBBoc2-Ru 

as a green solid (26 mg, 46%). 

1H NMR (500 MHz, CD2Cl2) δ 16.20 (d, J = 0.8 Hz, 1H), 7.56 (dt, J = 8.4, 4.5 Hz, 1H), 7.13 (s, 2H), 

7.08 (s, 2H), 6.92 (d, J = 4.3 Hz, 2H), 6.85 (d, J = 8.3 Hz, 1H), 4.89 (hept, J = 6.1 Hz, 1H), 4.71 (brs, 

2H), 4.09 – 3.77 (m, 4H), 2.42 (brs, 18H), 1.43 (s, 18H), 1.20 (dd, J = 6.1, 3.0 Hz, 6H). 
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Dichloro((3aR,8aR)-1,3-dimesityl-6,6-dioxidooctahydro-2H-imidazo[4,5-d][1,2,7]thiadiazepin-2-

ylidene)(2-isopropoxybenzylidene)ruthenium(II) (DBRu1) 

 

The complex DBBoc2-Ru (26 mg, 0.027 mmol) was dissolved in CH2Cl2 (5 mL) in a Schlenk tube, and 

HCl gas was purged through the solution for 3 h at room temperature. The gaseous HCl was generated 

by dropwise addition of concentrated H2SO4 to solid NH4Cl. The solution was stirred for an additional 

1 h at room temperature. Upon completion of the reaction as revealed by TLC (30% EtOAc in 

cyclohexane), the solvent was evaporated under reduced pressure, and the crude material was purified 

by column chromatography (30% EtOAc in cyclohexane) to give the cofactor DBRu1 as a green solid 

(17.4 mg, 85%). 

1H NMR (500 MHz, CD2Cl2) δ 16.23 (d, J = 0.8 Hz, 1H), 7.56 (ddd, J = 8.4, 5.5, 3.6 Hz, 1H), 7.11 (s, 

2H), 7.08 (s, 2H), 6.94 – 6.87 (m, 2H), 6.84 (d, J = 8.3 Hz, 1H), 4.89 (hept, J = 6.1 Hz, 1H), 4.87 – 4.80 

(m, 2H), 4.60 (t, J = 5.5 Hz, 2H), 3.32 (s, 4H), 2.41 (brs, 18H), 1.19 (dd, J = 6.1, 3.5 Hz, 6H). 

 

Synthesis of the intermediate DBRu0 and derivatized cofactors DBRu-m-XX 

 

Dichloro((3aR,8aR)-5,7-bis(tert-butoxycarbonyl)-1,3-dimesityl-6,6-dioxidooctahydro-2H-

imidazo[4,5-d][1,2,7]thiadiazepin-2-ylidene)(3-phenyl-1H-inden-1-ylidene)ruthenium(II) (DBRu0) 

 

The imidazoline DB13 (20 mg, 0.03 mmol), KHMDS (9 mg, 0.045 mmol), and dichloro(3-phenyl-1H-

inden-1-ylidene)bis(tricyclohexylphosphine)ruthenium(II) (41.5 mg, 0.045 mmol) were suspended in 

dry and degassed toluene (10 mL). The reaction mixture was heated to 80 °C for 5 h. The solvent was 

evaporated, and the crude material was purified by column chromatography (5% EtOAc in cyclohexane) 

to afford the complex DBRu0 as a red-brown solid (14.5 mg, 38%). 

1H NMR (500 MHz, CD2Cl2) δ 8.57 (ddd, J = 21.4, 7.5, 0.9 Hz, 1H), 7.75 – 7.66 (m, 2H), 7.55 – 7.39 

(m, 4H), 7.29 – 7.14 (m, 3H), 7.13 – 7.01 (m, 3H), 6.44 (d, J = 6.1 Hz, 1H), 6.03 – 5.98 (m, 1H), 4.58 – 

4.37 (m, 2H), 3.91 – 3.65 (m, 2H), 3.64 – 3.40 (m, 2H), 2.71 (d, J = 3.9 Hz, 3H), 2.60 (d, J = 7.8 Hz, 
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3H), 2.35 (s, 3H), 2.22 (d, J = 22.6 Hz, 3H), 2.17 – 2.02 (m, 6H), 1.86 (d, J = 11.7 Hz, 3H), 1.41 – 1.34 

(m, 12H), 1.12 – 0.91 (m, 18H). 

 

Dichloro((3aR,8aR)-5,7-bis(tert-butoxycarbonyl)-1,3-dimesityl-6,6-dioxidooctahydro-2H-imidazo 

[4,5-d][1,2,7]thiadiazepin-2-ylidene)(2-isopropoxy-5-((trimethylammonio)methyl)benzylidene) 

ruthenium(II) chloride (DBBoc2-Ru-m-N+). 

 

The complex DBRu0 (18 mg, 0.014 mmol), the styrene DBS-m-N+ (3.2 mg, 0.012 mmol), and CuCl 

(4.5 mg, 0.045 mmol) were suspended in THF (3 mL) and stirred at 60 °C for 1 h. The solvent was 

evaporated, and the crude material was purified twice by column chromatography (neutral Al2O3, 

10% MeOH in CH2Cl2) to give the complex DBBoc2-Ru-m-N+ as a green solid (11.5 mg, 78%). 

1H NMR (500 MHz, CD2Cl2) δ 16.20 (s, 1H), 8.06 (d, J = 8.7 Hz, 1H), 7.14 (s, 2H), 7.09 (s, 2H), 6.99 

(d, J = 8.4 Hz, 1H), 6.97 (s, 1H), 5.01 – 4.88 (m, 3H), 4.80 – 4.60 (m, 2H), 4.16 – 3.75 (m, 4H), 3.28 (s, 

9H), 2.43 (s, 18H), 1.45 (s, 18H), 1.21 (dd, J = 6.0, 3.5 Hz, 6H). 

 

Dichloro((3aR,8aR)-1,3-dimesityl-6,6-dioxidooctahydro-2H-imidazo[4,5-d][1,2,7]thiadiazepin-2-

ylidene)(2-isopropoxy-5-((trimethylammonio)methyl)benzylidene)ruthenium(II) chloride 

DBRu-m-N+) 

 

The complex DBBoc2-Ru-m-N+ (11.5 mg, 0.011 mmol) was dissolved in toluene (5 mL) in a Schlenk 

tube, and HCl gas was purged through the solution for 3 h at room temperature. The gaseous HCl was 

generated by dropwise addition of concentrated H2SO4 to solid NH4Cl. The solution was stirred for an 

additional 1 h at room temperature. Upon completion of the reaction as revealed by TLC (neutral Al2O3, 

10% MeOH in CH2Cl2), the solvent was evaporated under reduced pressure, and the crude material was 

purified by column chromatography (neutral Al2O3, 10% MeOH in CH2Cl2) to give the cofactor 

DBRu-m-N+ as a green solid (8.1 mg, 86%). 

1H NMR (500 MHz, CD3OD) δ 16.48 (s, 1H), 7.79 (dd, J = 8.5, 2.2 Hz, 1H), 7.25 – 7.04 (m, 6H), 7.01 

(d, J = 2.2 Hz, 1H), 5.05 – 4.97 (m, 1H), 4.55 (s, 2H), 3.25 – 3.13 (m, 4H), 3.07 (s, 9H), 2.44 (s, 18H), 

1.21 (t, J = 5.8 Hz, 6H). 
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Dichloro(5-(2-(2-(2-((4-(6-(diethylamino)-3-(diethyliminio)-3H-xanthen-9-yl)-3-sulfonatophenyl) 

sulfonamido)ethoxy)ethoxy)ethoxy)-2-isopropoxybenzylidene)((3aR,8aR)-1,3-dimesityl-6,6-

dioxidooctahydro-2H-imidazo[4,5-d][1,2,7]thiadiazepin-2-ylidene)ruthenium(II) (DBRu-m-SRB) 

 

The styrene DBS-m-SRB (12.75 mg, 0.015 mmol), complex DBRu0 (9 mg, 0.007 mmol), and CuCl (5 

mg, 0.05 mmol) were suspended in THF (3 mL) and stirred at 60 °C for 1 h. The solvent was evaporated, 

and the crude material was purified by column chromatography (8% MeOH in CH2Cl2) to give the 

semipure complex DBBoc2Ru-m-SRB as a pink solid (9.26 mg, 84%). 

The crude complex DBBoc2Ru-m-SRB (9.26 mg, 0.006 mmol) was dissolved in CH2Cl2 (5 mL) in 

Schlenk tube, and HCl gas was purged through the solution for 3 h at room temperature. The gaseous 

HCl was generated by dropwise addition of concentrated H2SO4 to NH4Cl. The solution was stirred for 

an additional 1 h at room temperature. Upon completion of the reaction as revealed by TLC (10% MeOH 

in CH2Cl2), the solvent was evaporated under reduced pressure, and crude material was purified by 

column chromatography (10% MeOH in CH2Cl2) to give the complex DBRu-m-SRB as a pink solid 

(7.6 mg, 90%). 

1H NMR (500 MHz, CD2Cl2) δ 16.09 (s, 1H), 8.65 (d, J = 1.8 Hz, 1H), 7.90 (dd, J = 7.9, 1.9 Hz, 1H), 

7.25 – 7.17 (m, 4H), 7.16 – 7.01 (m, 4H), 6.86 – 6.80 (m, 2H), 6.76 – 6.70 (m, 3H), 6.45 (d, J = 3.0 Hz, 

1H), 5.45 (t, J = 6.0 Hz, 0H), 4.85 – 4.53 (m, 3H), 4.11 – 4.04 (m, 2H), 3.96 – 3.77 (m, 6H), 3.73 – 3.67 

(m, 2H), 3.67 – 3.50 (m, 12H), 3.25 (q, J = 5.7 Hz, 2H), 2.40 (brs, 18H), 1.44 (s, 18H), 1.37 – 1.20 (m, 

12H), 1.14 (dd, J = 6.1, 2.3 Hz, 6H). 

 

Synthesis of the intermediate DBS-m-N+ 

 

1-(4-Isopropoxy-3-vinylphenyl)-N,N,N-trimethylmethanaminium chloride (DBS-m-N+) 

 

The styrene DBS-m-N+ was obtained according to literature procedure.81 
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1H NMR (500 MHz, CDCl3) δ 7.60 (d, J = 1.9 Hz, 1H), 7.51 (dd, J = 8.4, 1.9 Hz, 1H), 6.97 (dd, J = 

17.8, 11.2 Hz, 1H), 6.89 (d, J = 8.5 Hz, 1H), 5.80 (d, J = 17.7 Hz, 1H), 5.29 (d, J = 11.3 Hz, 1H), 4.87 

(s, 2H), 4.58 (p, J = 6.0 Hz, 1H), 3.37 (s, 9H), 1.35 (d, J = 6.0 Hz, 6H). 

 

Synthesis of styrenes DBS-m-SRB and DBS-m-BODIPY 

 

3-Formyl-4-isopropoxyphenyl pivalate (DBS6) 

 

The aldehyde DBS6 was obtained according to known procedure.82 

1H NMR (500 MHz, CDCl3) δ 10.03 (s, 1H), 7.28 – 7.23 (m, 1H), 7.06 (dd, J = 8.8, 3.1 Hz, 1H), 6.97 

(d, J = 8.8 Hz, 1H), 1.40 (s, 9H). 

 

5-Hydroxy-2-isopropoxybenzaldehyde (DBS7) 

 

The aldehyde DBS6 (3.83 g, 14.5 mmol) was dissolved in methanol (100 mL), cooled to 0 °C, and 

sodium tert-butoxide (6.96 g, 72.5 mmol) was added portionwise. The reaction mixture was warmed to 

room temperature and stirred for additional 16 h. A concentrated solution of NH4Cl (100 mL) was added 

and the mixture was extracted with ethyl acetate (100 mL×2). The combined organic phase was washed 

with water (100 mL×2) and saturated brine (100 mL) successively, dried over anhydrous sodium sulfate, 

filtered, and the organic solvent was removed under reduced pressure. The crude product was purified 

by silica gel column chromatography (30% EtOAc in cyclohexane) to give the phenol DBS7 as a 

colourless oil (2.02 g, 77%). 
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1H NMR (500 MHz, CDCl3) δ 10.40 (s, 1H), 7.35 (d, J = 3.2 Hz, 1H), 7.10 (dd, J = 9.0, 3.2 Hz, 1H), 

6.92 (d, J = 9.0 Hz, 1H), 6.00 (brs, 1H), 4.55 (hept, J = 6.1 Hz, 1H), 1.41 – 1.33 (m, 6H). 

5-(2-(2-(2-(1,3-Dioxoisoindolin-2-yl)ethoxy)ethoxy)ethoxy)-2-isopropoxybenzaldehyde (DBS8) 

 

The phenol DBS7 (810 mg, 4.5 mmol), 2-(2-(2-(2-bromoethoxy)ethoxy)ethyl)isoindoline-1,3-dione 

(1.56 g, 4.5 mmol), NaI (150 mg, 1 mmol), and K2CO3 (828 mg, 6 mmol) were suspended in DMF (25 

mL). The reaction mixture was heated at 80 °C overnight. 50 mL of water was added, and mixture was 

extracted with ethyl acetate (25 mL×3), and the combined organic phase was washed with water (50 

mL×2) and saturated brine (50 mL) successively, dried over anhydrous sodium sulfate, filtered, and the 

organic solvent was removed under reduced pressure. The crude product was purified by silica gel 

column chromatography (50% EtOAc in cyclohexane) to give the aldehyde DBS8 as a viscous 

colourless oil that solidifies in fridge (4 °C) (1.05 g, 59%). 

1H NMR (500 MHz, CDCl3) δ 10.43 (s, 1H), 7.83 (dt, J = 7.2, 3.6 Hz, 4H), 7.74 – 7.66 (m, 4H), 7.26 

(d, J = 3.9 Hz, 1H), 7.12 (dd, J = 9.1, 3.3 Hz, 1H), 6.93 (d, J = 9.1 Hz, 1H), 4.56 (hept, J = 6.1 Hz, 1H), 

4.03 – 3.98 (m, 2H), 3.91 (t, J = 5.8 Hz, 2H), 3.84 (t, J = 5.8 Hz, 2H), 3.79 – 3.71 (m, 4H), 3.70 – 3.64 

(m, 6H), 3.59 (s, 2H), 1.37 (d, J = 6.1 Hz, 6H). 

 

2-(2-(2-(2-(4-Isopropoxy-3-vinylphenoxy)ethoxy)ethoxy)ethyl)isoindoline-1,3-dione (DBS-m-Pht) 

 

Methyltriphenylphosphonium bromide (1.07 g, 3 mmol) was suspended in THF (10 mL). The 0.5M 

solution of KHMDS (6.4 mL, 3.2 mmol) was added dropwise at 0 °C. After 30 min solution of the 

aldehyde DBS8 (1.0 g, 2.26 mmol) in THF (5 mL) was added dropwise at 0 °C. The reaction mixture 

was stirred at room temperature overnight. A concentrated solution of NH4Cl (20 mL) was added and 

the mixture was extracted with ethyl acetate (25 mL×3). The combined organic phase was washed with 

water (50 mL×2) and saturated brine (50 mL) successively, dried over anhydrous sodium sulfate, 

filtered, and the organic solvent was removed under reduced pressure. The crude product was purified 

by silica gel column chromatography (25% EtOAc in cyclohexane) to give the styrene DBS-m-Pht as a 

viscous colourless oil that solidifies in fridge (4 °C) (705 mg, 71%). 

1H NMR (500 MHz, CDCl3) δ 7.82 (dt, J = 7.0, 3.5 Hz, 2H), 7.72 – 7.64 (m, 2H), 7.05 – 6.96 (m, 2H), 

6.80 (d, J = 8.9 Hz, 1H), 6.74 (dd, J = 8.9, 3.0 Hz, 1H), 5.69 (dd, J = 17.8, 1.2 Hz, 1H), 5.23 (dd, J = 

11.1, 1.1 Hz, 1H), 4.37 (hept, J = 6.1 Hz, 1H), 4.04 – 3.99 (m, 2H), 3.91 (t, J = 5.8 Hz, 2H), 3.76 (dt, J 

= 9.2, 5.5 Hz, 4H), 3.67 (s, 4H), 1.31 (d, J = 6.1 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 168.42, 153.25, 149.72, 134.04, 132.29, 131.95, 129.39, 123.36, 117.04, 

115.10, 114.28, 112.35, 72.42, 70.87, 70.34, 70.01, 68.11, 68.04, 37.43, 27.06, 22.38. 

 

2-(2-(2-(4-Isopropoxy-3-vinylphenoxy)ethoxy)ethoxy)ethan-1-amine (DBS-m-NH2) 

 

The styrene DBS-m-Pht (100 mg, 0.22 mmol) was dissolved in ethanol (3 mL). A 33% solution of 

methylamine in water (3 mL) was added dropwise, and the resulting mixture was heated to 60 °C for 

3 h. The solvents were evaporated under reduced pressure and residue was sonicated with chloroform. 

The resulting suspension was filtered, and the solvent was removed under reduced pressure to give the 
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crude amine DBS-m-NH2 as a colourless oil (65 mg, 96%). The crude product was used in the next step 

without further purification. 

1H NMR (500 MHz, CDCl3) δ 7.11 – 6.97 (m, 2H), 6.82 (d, J = 8.9 Hz, 1H), 6.77 (dd, J = 8.9, 3.0 Hz, 

1H), 5.69 (dd, J = 17.8, 1.4 Hz, 1H), 5.23 (dd, J = 11.1, 1.4 Hz, 1H), 4.37 (hept, J = 6.1 Hz, 1H), 4.11 

(dd, J = 5.4, 4.4 Hz, 2H), 3.84 (dd, J = 5.5, 4.3 Hz, 2H), 3.69 – 3.60 (m, 2H), 3.55 – 3.49 (m, 2H), 2.87 

(t, J = 5.2 Hz, 2H), 1.30 (d, J = 6.1 Hz, 6H). 

 

2-(6-(Diethylamino)-3-(diethyliminio)-3H-xanthen-9-yl)-5-(N-(2-(2-(2-(4-isopropoxy-3-

vinylphenoxy)ethoxy)ethoxy)ethyl)sulfamoyl)benzenesulfonate (DBS-m-SRB) 

 

The crude amine DBS-m-NH2 (65 mg, 0.21 mmol), Et3N (138 µL, 1 mmol) were dissolved in CH2Cl2 

(8 mL). Sulforhodamine B acid chloride (144 mg, 0.25 mmol) was added portionwise at 0 °C. The 

reaction mixture was stirred at room temperature overnight and then concentrated under reduced 

pressure. The crude mixture was purified by column chromatography (5% MeOH in CH2Cl2) to give the 

styrene DBS-m-SRB as a pink solid (73.2 mg, 41%). 

1H NMR (500 MHz, CDCl3) δ 8.86 (d, J = 1.8 Hz, 1H), 7.95 (dd, J = 7.9, 1.9 Hz, 1H), 7.17 (d, J = 8.0 

Hz, 1H), 7.08 – 6.95 (m, 2H), 6.81 – 6.75 (m, 4H), 6.66 (d, J = 2.5 Hz, 2H), 5.69 (dd, J = 17.8, 1.4 Hz, 

1H), 5.45 (t, J = 6.0 Hz, 1H), 5.20 (dd, J = 11.1, 1.4 Hz, 1H), 4.36 (hept, J = 6.1 Hz, 1H), 4.18 – 4.12 

(m, 2H), 3.91 – 3.86 (m, 2H), 3.75 (dd, J = 5.6, 3.3 Hz, 2H), 3.72 – 3.62 (m, 4H), 3.54 (hept, J = 7.4 Hz, 

8H), 3.31 (q, J = 5.6 Hz, 2H), 1.32 – 1.27 (m, 18H). 

 

Alternative routes' products 

 

4-Hydroxy-2-isopropoxybenzaldehyde (DBS3) 

 

The phenol DBS3 was obtained according to a reported procedure.83 
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1H NMR (500 MHz, CDCl3) δ 10.29 (s, 1H), 7.80 – 7.72 (m, 1H), 6.54 – 6.36 (m, 2H), 4.61 (hept, J = 

6.2 Hz, 1H), 1.40 (d, J = 6.1 Hz, 6H). 

 

4-(2-(2-(2-(1,3-Dioxoisoindolin-2-yl)ethoxy)ethoxy)ethoxy)-2-isopropoxybenzaldehyde (DBS4) 

 

The phenol DBS3 (900 mg, 5 mmol), 2-(2-(2-(2-bromoethoxy)ethoxy)ethyl)isoindoline-1,3-dione 

(1.5 g, 4.4 mmol), NaI (150 mg, 1 mmol), and K2CO3 (828 mg, 6 mmol) were suspended in DMF 

(25 mL). The reaction mixture was heated at 80 °C overnight. Water (50 mL) was added, and the mixture 

was extracted with ethyl acetate (25 mL×3). The combined organic phase was washed with water (50 

mL×2) and saturated brine (50 mL) successively, dried over anhydrous sodium sulfate, filtered, and the 

organic solvent was removed under reduced pressure. The crude product was purified by silica gel 

column chromatography (50% EtOAc in cyclohexane) to give the aldehyde DBS4 as a viscous 

colourless oil that solidifies in the fridge (4 °C) (1.4 g, 72%). 

1H NMR (500 MHz, CDCl3) δ 10.30 (s, 1H), 7.88 – 7.75 (m, 3H), 7.69 (dt, J = 5.4, 3.5 Hz, 3H), 6.50 – 

6.43 (m, 3H), 4.61 (hept, J = 6.1 Hz, 1H), 4.10 – 4.07 (m, 3H), 3.90 (t, J = 5.8 Hz, 2H), 3.82 – 3.78 (m, 

3H), 3.75 (t, J = 5.8 Hz, 2H), 3.67 (s, 5H), 1.38 (d, J = 6.1 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 188.87, 168.40, 165.34, 162.39, 134.08, 132.25, 130.33, 123.35, 120.12, 

106.33, 100.74, 71.26, 70.92, 70.33, 69.61, 68.13, 67.77, 37.41, 22.10. 

 

2-(2-(2-(2-(3-Isopropoxy-4-vinylphenoxy)ethoxy)ethoxy)ethyl)isoindoline-1,3-dione (DBS-p-Pht) 

 

Methyltriphenylphosphonium bromide (1.22 g, 3.4 mmol) was suspended in THF (10 mL). A 1.6 M 

solution of n-BuLi (2 mL, 3.2 mmol) was added dropwise at 0 °C. After 30 min, the solution of the 

aldehyde DBS4 (1.4 g, 3.2 mmol) in THF (5 mL) was added dropwise at 0 °C. The reaction mixture 

was stirred at room temperature overnight. The concentrated solution of NH4Cl (20 mL) was added, and 

the mixture was extracted with ethyl acetate (25 mL×3). The combined organic phase was washed with 

water (50 mL×2) and saturated brine (50 mL) successively, dried over anhydrous sodium sulfate, 

filtered, and the organic solvent was removed under reduced pressure. The crude product was purified 

by silica gel column chromatography (25% EtOAc in cyclohexane) to give the styrene DBS-p-Pht as a 

viscous colourless oil that solidifies in the fridge (4 °C) (830 mg, 59%). 

1H NMR (500 MHz, CDCl3) δ 7.82 (dd, J = 5.4, 3.0 Hz, 2H), 7.72 – 7.65 (m, 2H), 7.36 (d, J = 8.5 Hz, 

1H), 6.95 (dd, J = 17.8, 11.2 Hz, 1H), 6.45 (d, J = 2.4 Hz, 1H), 6.42 (dd, J = 8.5, 2.4 Hz, 1H), 5.61 (dd, 

J = 17.8, 1.6 Hz, 1H), 5.10 (dd, J = 11.2, 1.6 Hz, 1H), 4.49 (hept, J = 6.1 Hz, 1H), 4.06 – 4.00 (m, 2H), 

3.91 (t, J = 5.8 Hz, 2H), 3.80 – 3.77 (m, 2H), 3.75 (t, J = 5.8 Hz, 2H), 3.67 (s, 4H), 1.34 (d, J = 6.1 Hz, 

6H). 

13C NMR (126 MHz, CDCl3) δ 168.43, 159.69, 156.31, 134.06, 132.28, 131.73, 127.27, 123.37, 121.23, 

111.90, 105.93, 101.94, 70.95, 70.89, 70.32, 69.88, 68.13, 67.52, 37.42, 22.32. 
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2-(6-(Diethylamino)-3-(diethyliminio)-3H-xanthen-9-yl)-5-(N-(2-(2-(2-(3-isopropoxy-4-

vinylphenoxy)ethoxy)ethoxy)ethyl)sulfamoyl)benzenesulfonate (DBS-p-SRB) 

 

The styrene DBS-p-Pht (100 mg, 0.22 mmol) was dissolved in methanol (10 mL). Hydrazine hydrate 

(200 µL, 6.25 mmol) was added dropwise, and the resulting mixture was stirred at room temperature for 

16 h. The solvents were evaporated under reduced pressure and the residue was sonicated with 

chloroform. The resulting suspension was filtered and the solvent was removed under reduced pressure 

to give the crude amine DBS-p-NH2 as a colourless oil (65 mg, 96%). 

The crude amine DBS-p-NH2 (65 mg, 0.21 mmol) and Et3N (100 µL, 0.72 mmol) were dissolved in 

CH2Cl2 (25 mL). Sulforhodamine B acid chloride (144 mg, 0.25 mmol) was added portionwise at 0 °C. 

The reaction mixture was stirred at room temperature overnight and then concentrated under reduced 

pressure. The crude mixture was purified by silica gel column chromatography (6% MeOH in CH2Cl2) 

to give the styrene DBS-p-SRB as a pink solid (73.2 mg, 41%). 

1H NMR (500 MHz, CDCl3) δ 8.83 (s, 1H), 7.96 (dd, J = 7.9, 1.6 Hz, 1H), 7.34 (d, J = 8.4 Hz, 1H), 7.30 

– 7.22 (m, 3H), 7.18 (d, J = 7.9 Hz, 1H), 7.00 – 6.88 (m, 1H), 6.79 (dd, J = 9.5, 2.2 Hz, 2H), 6.66 (d, J 

= 1.8 Hz, 2H), 6.51 – 6.36 (m, 2H), 5.81 – 5.72 (m, 1H), 5.58 (d, J = 17.8 Hz, 1H), 5.07 (d, J = 11.2 Hz, 

1H), 4.50 (hept, J = 5.9 Hz, 1H), 4.19 – 4.11 (m, 2H), 3.88 (q, J = 7.8, 6.3 Hz, 2H), 3.73 (dd, J = 5.6, 

3.0 Hz, 2H), 3.70 – 3.61 (m, 4H), 3.60 – 3.47 (m, J = 7.3 Hz, 8H), 3.28 (q, J = 5.3 Hz, 2H), 1.32 (d, J = 

6.1 Hz, 6H), 1.28 (t, J = 7.1 Hz, 12H). 

13C NMR (126 MHz, CDCl3) δ 159.71, 159.18, 158.04, 156.49, 156.29, 155.65, 148.41, 141.93, 133.78, 

133.61, 131.74, 129.86, 129.22, 127.56, 127.26, 127.06, 126.37, 121.08, 114.51, 113.63, 111.74, 

106.17, 104.95, 101.86, 101.47, 95.73, 70.93, 70.84, 70.59, 69.95, 69.89, 69.69, 67.62, 50.94, 45.96, 

43.35, 22.93, 22.31, 22.29, 14.57, 12.71. 

 

4-(5,5-Difluoro-1,3,7,9-tetramethyl-3H,5H-5λ
4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-10-yl)-N-(2-

(2-(2-(4-isopropoxy-3-vinylphenoxy)ethoxy)ethoxy)ethyl)benzamide (DBS-m-BODIPY) 

 

4,4-Difluoro-8-(4'-carboxyphenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a,-diaza-s-indacene (60 mg, 0.163 

mmol), HATU (114 mg, 0.3 mmol), and DIPEA (107 µL, 0.6 mmol) were stirred in DMF (3 mL) for 

30 min. The solution of the crude amine DBS-m-NH2 (70 mg, 0.23 mmol) in DMF (1 mL) was added, 

and the mixture was stirred at room temperature for an additional 16 h. The organic solvent was removed 

under reduced pressure, and the crude material was purified purified by column chromatography 

(5% MeOH in CH2Cl2) to give the styrene DBS-m-BODIPY as brown solid (42 mg, 35%). 

1H NMR (500 MHz, CDCl3) δ 7.94 (d, J = 8.2 Hz, 2H), 7.34 (d, J = 8.2 Hz, 2H), 7.05 – 6.92 (m, 3H), 

6.80 – 6.68 (m, 2H), 5.97 (s, 2H), 5.65 (dd, J = 17.8, 1.2 Hz, 1H), 5.21 (dd, J = 11.1, 1.2 Hz, 1H), 4.34 
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(hept, J = 5.8 Hz, 1H), 4.12 – 4.05 (m, 2H), 3.85 (q, J = 5.0 Hz, 2H), 3.81 – 3.67 (m, 8H), 2.55 (s, 6H), 

1.33 (s, 6H), 1.28 (d, J = 6.1 Hz, 6H). 

 

Dichloro(1,3-dimesitylimidazolidin-2-ylidene)(4-(2-(2-(2-(1,3-dioxoisoindolin-2-

yl)ethoxy)ethoxy)ethoxy)-2-isopropoxybenzylidene)ruthenium(II) (DBRu-p-Pht) 

 

Dichloro[1,3-bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene](3-phenyl-1H-inden-1-

ylidene)(tricyclohexylphosphine)ruthenium(II) (30 mg, 0.032 mmol), the styrene DBS-p-Pht (18 mg, 

0.041 mmol), and Amberlyst-15A (40 mg) were suspended in THF (3 mL) and stirred at 60 °C for 1 h. 

The solvent was evaporated, and the crude material was purified twice by column chromatography (15% 

EtOAc in cyclohexane) to afford the complex DBRu-p-Pht as a green solid (24.6 mg, 85%). 

1H NMR (600 MHz, CD2Cl2) δ 7.80 – 7.75 (m, 2H), 7.68 (dd, J = 5.0, 3.2 Hz, 2H), 7.06 (s, 4H), 6.83 

(d, J = 8.5 Hz, 1H), 6.40 (d, J = 8.5 Hz, 1H), 6.38 (s, 1H), 4.81 (hept, J = 5.9 Hz, 1H), 4.15 (s, 4H), 4.01 

– 3.95 (m, 2H), 3.84 (t, J = 5.7 Hz, 2H), 3.70 (dt, J = 15.1, 5.2 Hz, 4H), 3.58 (s, 4H), 2.42 (d, J = 20.7 

Hz, 18H), 1.22 (d, J = 6.1 Hz, 6H). 

13C NMR (151 MHz, CD2Cl2) δ 212.06, 168.12, 160.69, 153.93, 140.83, 138.74, 133.91, 132.04, 129.17, 

123.20, 122.94, 106.65, 101.04, 75.28, 70.54, 70.17, 69.27, 67.88, 67.81, 37.37, 26.87, 20.80. 

 

2-(Dimethylamino)-N-(4-isopropoxy-3-vinylbenzyl)-N,N-dimethylethan-1-aminium chloride (DBS12) 

 

The styrene DBS12 was obtained according to a reported procedure.81 

1H NMR (500 MHz, CDCl3) δ 7.60 (d, J = 2.3 Hz, 1H), 7.53 (dd, J = 8.5, 2.3 Hz, 1H), 6.97 (dd, J = 

17.8, 11.3 Hz, 1H), 6.89 (d, J = 8.6 Hz, 1H), 5.80 (dd, J = 17.8, 1.2 Hz, 1H), 5.29 (dd, J = 11.2, 1.2 Hz, 

1H), 4.92 (s, 2H), 4.58 (hept, J = 6.0 Hz, 1H), 3.82 – 3.79 (m, 2H), 3.28 (s, 6H), 2.80 (t, J = 5.6 Hz, 2H), 

2.27 (s, 6H), 1.36 (d, J = 6.1 Hz, 6H). 

 

N1-(4-Isopropoxy-3-vinylbenzyl)-N1,N1,N2,N2,N2-pentamethylethane-1,2-diaminium dichloride 

(DBS-m-NN++) 

 

The styrene DBS-m-NN++ was obtained according to a reported procedure.81 

1H NMR (500 MHz, DMSO-d6) δ 7.71 (d, J = 2.3 Hz, 1H), 7.47 (dd, J = 8.6, 2.3 Hz, 1H), 7.17 (d, J = 

8.8 Hz, 1H), 6.96 (dd, J = 17.8, 11.3 Hz, 1H), 5.86 (dd, J = 17.8, 1.5 Hz, 1H), 5.35 (dd, J = 11.2, 1.5 

Hz, 1H), 4.73 (hept, J = 5.9 Hz, 1H), 4.52 (s, 2H), 3.98 (dd, J = 10.2, 5.9 Hz, 2H), 3.84 (dd, J = 10.2, 

6.0 Hz, 2H), 3.19 (s, 9H), 3.02 (s, 6H), 1.32 (d, J = 6.0 Hz, 6H). 
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1-(4-Isopropoxy-3-vinylphenyl)-N,N-dimethylmethanamine (DBS-m-N) 

 

The chloride DBS11 (633 mg, 3 mmol) was dissolved in ethanol (20 mL). Me2NH (40 wt % solution in 

water 3.375 g, 30 mmol) was added quickly at room temperature. The mixture was stirred for 1 h, and 

the organic solvent was removed under reduced pressure. The residue was dissolved in 0.1M NaOH (50 

mL), extracted with diethyl ether (25 mL×3). The combined organic phase was washed with water (20 

mL) and saturated brine (20 mL), dried over anhydrous sodium sulfate, filtered. After removal of the 

organic solvent under reduced pressure, the amine DBS-m-N was obtained as a yellow oil (657 mg, 

quant.) which was used without further purification. 

1H NMR (500 MHz, CDCl3) δ 7.40 (d, J = 2.2 Hz, 1H), 7.13 (dd, J = 8.4, 2.2 Hz, 1H), 7.04 (dd, J = 

17.8, 11.2 Hz, 1H), 6.83 (d, J = 8.4 Hz, 1H), 5.76 (dd, J = 17.8, 1.6 Hz, 1H), 5.22 (dd, J = 11.2, 1.6 Hz, 

1H), 4.52 (hept, J = 6.1 Hz, 1H), 3.35 (s, 2H), 2.23 (s, 6H), 1.34 (d, J = 6.1 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 154.47, 132.07, 130.99, 129.58, 127.66, 127.46, 114.20, 114.12, 71.05, 

64.05, 45.43, 22.35. 

 

N1-(4-Isopropoxy-3-vinylbenzyl)-N1,N2,N2-trimethylethane-1,2-diamine (DBS-m-NN) 

 

The chloride DBS11 (211 mg, 1 mmol) was dissolved in ACN (20 mL). TBAI (37 mg, 0.1 mmol), 

K2CO3 (276 mg, 2 mmol) and N,N,N′-Trimethylethylenediamine (204 mg, 2 mmol) were added to the 

solution in that order. The mixture was stirred for 16 h, and the organic solvent was removed under 

reduced pressure. The residue was dissolved in 0.1M NaOH (20 mL), extracted with diethyl ether 

(15 mL×5), and the combined organic phase was washed with water (20 mL) and saturated brine 

(20 mL), dried over anhydrous sodium sulfate, filtered, and the organic solvent was removed under 

reduced pressure to give the diamine DBS-m-NN as a yellow oil (232 mg, 84%). 

1H NMR (500 MHz, CDCl3) δ 7.41 (d, J = 2.2 Hz, 1H), 7.17 (dd, J = 8.4, 2.2 Hz, 1H), 7.03 (dd, J = 

17.8, 11.2 Hz, 1H), 6.84 (d, J = 8.4 Hz, 1H), 5.75 (dd, J = 17.8, 1.5 Hz, 1H), 5.23 (dd, J = 11.2, 1.5 Hz, 

1H), 4.52 (hept, J = 6.0 Hz, 1H), 3.51 (s, 2H), 2.65 (s, 4H), 2.39 (s, 6H), 2.29 (s, 3H), 1.34 (d, J = 6.1 

Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 154.67, 131.96, 129.78, 127.78, 127.62, 114.31, 71.11, 62.34, 45.04, 

42.36, 22.33. 
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Dichloro((3aR,8aR)-5,7-bis(tert-butoxycarbonyl)-1,3-dimesityl-6,6-dioxidooctahydro-2H-imidazo 

[4,5-d][1,2,7]thiadiazepin-2-ylidene)(5-((dimethylamino)methyl)-2-isopropoxybenzylidene) 

ruthenium(II) (DBSRu-m-N) 

 

The complex DBRu0 (5 mg, 0.004 mmol), CuCl (2 mg, 0.02 mmol), and the styrene DBS-m-N (2.2 

mg, 0.01 mmol) were stirred in toluene (2 mL) at 80 °C for 3 h. The organic solvent was removed under 

reduced pressure and the residue was purified by silica gel column chromatography (25% EtOAc in 

cyclohexane) to give the complex DBSRu-m-N as a green solid (2.3 mg, 57%). 

1H NMR (500 MHz, CD2Cl2) δ 16.14 (s, 1H), 7.60 (d, J = 7.1 Hz, 1H), 7.13 (s, 2H), 7.09 (s, 2H), 6.83 

(d, J = 6.9 Hz, 2H), 4.88 (hept, J = 6.1 Hz, 1H), 4.72 (brs, 2H), 4.15 – 3.75 (m, 4H), 3.60 (brs, 2H), 2.65 

– 2.19 (m, 24H), 1.45 (s, 18H), 1.19 (dd, J = 6.1, 3.1 Hz, 6H). 

 

N,N-Dimethyl-1-(pyridin-4-yl)methanamine (DBP-N) 

 

4-Picolylchloride hydrochloride (1.64 mg, 10 mmol) was suspended in ethanol (20 mL). Me2NH 

(40 wt% solution in water, 11.25 g, 100 mmol) was quickly added at room temperature. The mixture 

was stirred for 1 h, and the organic solvent was removed under reduced pressure. The residue was 

dissolved in 0.1M NaOH (100 mL), extracted with diethyl ether (50 mL×3), and the combined organic 

phase was washed with water (100 mL) and saturated brine (100 mL), dried over anhydrous sodium 

sulfate, filtered, and the organic solvent was removed under reduced pressure to give the amine DBP-N 

as a colourless oil (1.36 g, quant.). The crude product was used in the next step without further 

purification. 

1H NMR (500 MHz, CDCl3) δ 8.56 – 8.51 (m, 2H), 7.26 – 7.23 (m, 2H), 3.42 (s, 2H), 2.24 (s, 6H). 

 

N,N,N-Trimethyl-1-(pyridin-4-yl)methanaminium iodide (DBP-N+) 

 

The amine DBP-N (1.36 g, 10 mmol) was dissolved in THF (30 mL). A solution of methyl iodide (1.28 

g, 9 mmol) in THF (10 mL) was added dropwise. The reaction mixture was stirred for an additional 1 h 

and the solid residue was filtered, washed with THF and dried in vacuo to afford the pyridine DBP-N+ 

as a white solid (2.33 g, 93%) 

1H NMR (500 MHz, CDCl3) δ 8.75 – 8.69 (m, 2H), 7.66 – 7.61 (m, 2H), 5.09 (s, 2H), 3.34 (s, 9H). 
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Sodium pyridin-4-ylmethanesulfonate (DBP-S-) 

 

4-picolylchloride hydrochloride (164 mg, 1 mmol), Na2SO3 (300 mg, 2.4 mmol), and sodium iodide (50 

mg, 0.33 mmol) were dissolved in a mixture of water (10 mL) and ethanol (5 mL). The reaction mixture 

was stirred at 60 °C for 3 h. The solution was concentrated under reduced pressure to afford a white 

solid which was dissolved in water (1.5 mL) and adjusted to pH 9 with 2M sodium hydroxide. The 

resulting white suspension was filtered, and the filtrate was evaporated under reduced pressure to give 

the pyridine DBP-S- as a white solid (121 mg, 62%). 

1H NMR (500 MHz, DMSO-d6) δ 8.43 (dd, J = 4.5, 1.4 Hz, 2H), 7.30 (d, J = 5.9 Hz, 2H), 3.75 (s, 2H). 

 

2-(6-(diethylamino)-3-(diethyliminio)-3H-xanthen-9-yl)-5-(N-(2-(2-(2-((4-mercaptophenyl)amino)-2-

oxoethoxy)ethoxy)ethyl)sulfamoyl)benzenesulfonate (DBHS-SRB) 

 

4-aminothiophenol (2.5 g, 20 mmol) and NaHCO3 (2.1 g, 25 mmol) were suspended in CH2Cl2 

(150 mL). After 15 min, iodine (7.62 g, 30 mmol) was added portionwise at 0 °C and the mixture was 

stirred for an additional 30 min. Then, a saturated solution of sodium thiosulfate was added dropwise at 

0 °C until the solution became colourless. The two phases were separated, and the organic phase was 

washed with water (100 mL) and saturated brine (100 mL), dried over anhydrous sodium sulfate, 

filtered, and the organic solvent was removed under reduced pressure to give crude 

4,4'-disulfanediyldianiline (2 g, 81%) as dark green solid. 

1-(9H-fluoren-9-yl)-3-oxo-2,7,10-trioxa-4-azadodecan-12-oic acid (1.7 g, 4.4 mmol), HATU (1.7 g, 

4.44 mmol), and DIPEA (870 µL, 5 mmol) were dissolved in DMF (20 mL) and stirred for 30 min at 

room temperature. The solution of crude 4,4'-disulfanediyldianiline (500 mg, 2 mmol) in DMF (5 mL) 

was added, and the reaction mixture was stirred for additional 16 h. The organic solvent was removed 

under reduced pressure and residue was purified by flash column chromatography (3% MeOH in 

CH2Cl2) to give crude bis((9H-fluoren-9-yl)methyl) (((((((disulfanediylbis(4,1-phenylene)) 

bis(azanediyl))bis(2-oxoethane-2,1-diyl))bis(oxy))bis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-diyl)) 

dicarbamate as brown semi-solid (982 mg, 50%). 

bis((9H-fluoren-9-yl)methyl) (((((((disulfanediylbis(4,1-phenylene))bis(azanediyl))bis(2-oxoethane-

2,1-diyl))bis(oxy))bis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-diyl))dicarbamate as brown semi-solid 

(491 mg, 0.5 mmol) was dissolved in DMF (10 mL) and piperidine (425 mg, 5 mmol) was added at 

room temperature. The reaction mixture was stirred for 16 h and concentrated under reduced pressure. 

The residue was co-evaporated with toluene three times to remove excess of piperidine, and the residue 

was subjected to acid-base extraction to afford N,N'-(disulfanediylbis(4,1-phenylene))bis(2-(2-(2-

aminoethoxy)ethoxy)acetamide) as colourless oil (164 mg, 60%). 

The crude N,N'-(disulfanediylbis(4,1-phenylene))bis(2-(2-(2-aminoethoxy)ethoxy)acetamide) and Et3N 

were dissolved in CH2Cl2 (15 mL) and Sulforhodamine B acid chloride (300 mg, 0.6 mmol) was added. 
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The reaction mixture was stirred at room temperature overnight and then was concentrated under 

reduced pressure. The crude mixture was purified by silica gel column chromatography (10% MeOH in 

CH2Cl2) to give 2-(6-(diethylamino)-3-(diethyliminio)-3H-xanthen-9-yl)-5-(N-(2-(2-(2-((4-((4-(2-(2-

(2-((4-(6-(diethylamino)-3-(diethyliminio)-3H-xanthen-9-yl)-3-sulfonatophenyl) 

sulfonamido)ethoxy)ethoxy)acetamido)phenyl)disulfaneyl)phenyl)amino)-2-oxoethoxy)ethoxy)ethyl) 

sulfamoyl)benzenesulfonate as pink solid (83 mg, 17%). 

The disulfide (16 mg, 0.01 mmol) and triphenylphosphine (8 mg, 0.03 mmol) were dissolved in THF (2 

mL) and stirred for 2 days at room temperature. The reaction mixture was concentrated under reduced 

pressure and the residue was purified by silica gel column chromatography (7% MeOH in CH2Cl2) to 

give the thiol DBHS-SRB as a pink solid (12 mg, 74%). 

1H NMR (500 MHz, CDCl3) δ 9.12 (s, 1H), 8.88 (d, J = 1.8 Hz, 1H), 8.01 (dd, J = 7.9, 1.9 Hz, 1H), 7.51 

– 7.45 (m, 2H), 7.25 – 7.21 (m, 2H), 7.16 – 7.10 (m, 2H), 6.75 (dd, J = 9.5, 2.5 Hz, 2H), 6.63 (d, J = 2.5 

Hz, 2H), 5.46 (t, J = 5.8 Hz, 1H), 4.16 (s, 2H), 3.79 (dd, J = 5.5, 3.4 Hz, 2H), 3.69 (dd, J = 5.5, 3.4 Hz, 

2H), 3.64 (t, J = 5.1 Hz, 2H), 3.59 – 3.45 (m, 10H), 3.39 (s, 1H), 3.34 (q, J = 5.5 Hz, 2H), 1.28 (t, J = 

7.1 Hz, 12H). 

 

Substrates and products for catalytic assays 

3-(Diethylamino)phenyl 3-phenylpropiolate (DBSb1) 

 

The alkyne DBSb1 was obtained according to a reported procedure.84 

1H NMR (400 MHz, CDCl3) δ 7.62 (dd, J = 8.3, 1.3 Hz, 2H), 7.52 – 7.44 (m, 1H), 7.44 – 7.35 (m, 2H), 

7.21 (t, J = 8.2 Hz, 1H), 6.56 (dd, J = 8.4, 2.2 Hz, 1H), 6.48 – 6.39 (m, 2H), 3.34 (q, J = 7.1 Hz, 4H), 

1.16 (t, J = 7.1 Hz, 6H). 

 

7-(Diethylamino)-4-phenyl-2H-chromen-2-one (DBPr1) 

 

The coumarin DBPr1 was obtained according to known procedure.84 

1H NMR (500 MHz, CDCl3) δ 7.38 (d, J = 8.9 Hz, 1H), 7.25 (d, J = 9.0 Hz, 1H), 6.58 (dd, J = 9.0, 2.6 

Hz, 1H), 6.50 (d, J = 2.6 Hz, 1H), 5.96 – 5.92 (m, 1H), 3.41 (q, J = 7.1 Hz, 4H), 1.21 (t, J = 7.1 Hz, 6H). 

 

3-(Diethylamino)phenyl but-2-ynoate (DBSb2) 

 

The alkyne DBSb2 was obtained according to a reported procedure.85 
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1H NMR (500 MHz, CDCl3) δ 7.17 – 7.11 (m, 1H), 6.55 – 6.50 (m, 1H), 6.33 – 6.29 (m, 2H), 3.35 (q, J 

= 7.1 Hz, 4H), 2.52 (s, 3H), 1.18 (t, J = 7.1 Hz, 6H). 

 

7-(Diethylamino)-4-methyl-2H-chromen-2-one (DBPr2) 

 

The coumarin DBPr2 was obtained according to a reported procedure.85 

1H NMR (500 MHz, CDCl3) δ 7.38 (d, J = 8.9 Hz, 1H), 6.58 (dd, J = 9.0, 2.6 Hz, 1H), 6.50 (d, J = 2.6 

Hz, 1H), 5.96 – 5.92 (m, 1H), 3.41 (q, J = 7.1 Hz, 4H), 2.34 (d, J = 1.1 Hz, 3H), 1.21 (t, J = 7.1 Hz, 

6H).
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6. Index of Abbreviations 

°C   degree Celsius 

Å   Ångstrom, 10-10 m 

AAZ   acetazolamide 

Ac   acetyl 

ACN   acetonitrile 

ADC   antibody-drug conjugate 

alloc   allyloxycarbonyl 

Ar   aryl 

ArM   artificial metalloenzyme 

BINAP  2,2′-bis(diphenylphosphino)-1,1′-binaphthyl 

Bn   benzyl 

Boc   tert-butyloxycarbonyl 

BODIPY  4,4-difluoro-4-bora-3a,4a-diaza-s-indacene 

Bu   butyl 

CD   circular dichroism 

CDI   1,1'-carbonyldiimidazole 

cod   1,5-cyclooctadiene 

Cp   cyclopentadienyl 

Cp*   1,2,3,4,5-pentamethylcyclopentadienyl 

δ   chemical shift 

DAPI   4′,6-diamidino-2-phenylindole 

dba   dibenzylideneacetone 

DCE   1,2-dichloroethane 

DCM   dichloromethane 

DDQ   2,3-dichloro-5,6-dicyano-1,4-benzoquinone 

DIPEA   N,N-Diisopropylethylamine 

DMAP   4-dimethylaminopyridine 

DMF   N,N-dimethylformamide 

DMSO   dimethyl sulfoxide 

EDC·HCl  1-ethyl-3-carbodiimide hydrochloride 

eq.   equivalent 

e.g.   lat. exempli gratia, for example 

e.r.   enantiomeric ratio 
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et al.   lat. et alia, and others 

Et   ethyl 

FACS   fluorescence-activated cell sorting 

FDA   Food and Drug Administration 

FITC   fluorescein isothiocyanate 

Fmoc   fluorenylmethyloxycarbonyl 

FRET   Förster or fluorescence resonance energy transfer 

g   gram 

G-I   1st generation Grubbs' catalys 

GSH   glutathione 

h   hours 

HATU   hexafluorophosphate azabenzotriazole tetramethyl uronium 

HBTU   hexafluorophosphate benzotriazole tetramethyl uronium 

hCA   human carbonic anhydrase 

HCTU   hexafluorophosphate 6-Cl-benzotriazole tetramethyl uranium 

HFIP   1,1,1,3,3,3-hexafluoro-2-propanol 

HG   Hoveyda-Grubbs catalyst 

HOBt·H2O  1-hydrozybenzotriazole monohydrate 

HRMS   high-resolution mass spectrometry 

HPLC   high performance liquid chromatography 

HSA   human serum albumin 

Hz   hertz 

IC50   half maximal inhibitory concentration 

ICP-MS  inductively coupled plasma mass spectrometry 

ITC   isothermal titration calorimetry 

k   reaction rate 

K    kelvin 

Kd   dissociation constant 

KHMDS  potassium bis(trimethylsilyl)amide 

L   liter 

LC   liquid chromatography 

LG   leaving group 

μL    microliter 

μmol    micromol 
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M   metal    

M   molarity, mol 

Me    methyl 

Ms   methanesulfonyl 

MS   mass spectrometry 

min   minutes 

MINFLUX  maximally informative luminescence excitation probing 

mL    milliliter 

MMAE  monomethyl auristatin E 

mmol    millimole 

MOF   metal-organic framework 

NBA   N-bromoacetamide, 

N(B/C/H/I)S  N-(bromo/chloro/hydroxy/iodo)succinimide 

nM   nanomol 

NMR   nuclear magnetic resonance 

NP   nanoparticle 

PAB   p-aminobenzyl alcohol 

PBS   phosphate-buffered saline 

PFP   2,3,4,5,6-pentafluoromethylphenyl 

PG   protecting group 

pH lat. pondus hydrogenii, negative base 10 logarithm of the activity of the 

hydrogen ion in a solution 

Piv pivaloyl 

Ph   phenyl 

Pht   phthalimide 

PMB   p-methoxybenzyl 

PNP   p-nitrophenyl 

ppm  parts per million, 10-6 

Pr   propyl 

py   pyridine 

RCM   ring-closing metathesis 

rt   room temperature 

SRB   sulforhodamine B 

TBAB, TBAI  tetrabutylammonium bromide, tetrabutylammonium iodide 
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TBS   tert-butyldimethylsilyl 

TEOF   triethyl ortoformate 

TFA   trifluoroacetic acid 

THF    tetrahydrofuran 

TLC   thin-layer chromatography 

TON   turnover number 

TRP   tandem repeat protein 

Ts   p-toluenesulfonyl 

UPLC   ultra-high performance liquid chromatography 

UV   ultraviolet 
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9. Appendix 

8-(Allyloxy)quinoline-5-carboxylic acid (A1) 

 

Methyl 8-(allyloxy)quinoline-5-carboxylate (A2) 
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8-(Allyloxy)-N,N-dimethylquinoline-5-carboxamide (A3) 
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2-(Dimethylamino)-2-oxoethyl 8-(allyloxy)quinoline-5-carboxylate (A4) 
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2-Methoxy-2-oxoethyl 8-(allyloxy)quinoline-5-carboxylate (A5) 
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(7-(((Allyloxy)carbonyl)amino)-2-oxo-2H-chromen-4-yl)methanesulfonic acid triethylammonium salt 

(A6) 

 

2-((8-(Allyloxy)quinoline-5-carbonyl)oxy)acetic acid (A7) 
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2,3,4,5,6-Pentafluorobenzenesulfonamide (A8) 
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6-Mercaptohexanenitrile (A9) 

 

S-(4-Nitrophenethyl) ethanethioate (A10) 
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2-(4-Aminophenyl)ethane-1-thiol (A11) 

 

 

S-(2-(1,3-Dioxoisoindolin-2-yl)ethyl) ethanethioate (A13) 
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2-(2-Mercaptoethyl)isoindoline-1,3-dione (A14) 

 

S-(2-(2-(2-(1,3-Dioxoisoindolin-2-yl)ethoxy)ethoxy)ethyl) ethanethioate (A15) 
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2-(2-(2-(2-Mercaptoethoxy)ethoxy)ethyl)isoindoline-1,3-dione (A16) 

4-((5-Cyanopentyl)thio)-2,3,5,6-tetrafluorobenzenesulfonamide (A17) 

 



Appendix 

185 

 

4-((4-Aminophenethyl)thio)-2,3,5,6-tetrafluorobenzenesulfonamide (A18) 
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4-((2-(1,3-Dioxoisoindolin-2-yl)ethyl)thio)-2,3,5,6-tetrafluorobenzenesulfonamide (A19) 

 



Appendix 

187 

 

4-((2-(2-(2-(1,3-dioxoisoindolin-2-yl)ethoxy)ethoxy)ethyl)thio)-2,3,5,6-

tetrafluorobenzenesulfonamide (A20) 
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4-((5-Cyanopentyl)thio)-2-(cyclooctylamino)-3,5,6-trifluorobenzenesulfonamide (A21) 
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4-((4-Aminophenethyl)thio)-2-(cyclooctylamino)-3,5,6-trifluorobenzenesulfonamide (A22) 

 



Appendix 

191 

 

 

 

 



Appendix 

192 

2-(Cyclooctylamino)-4-((2-(1,3-dioxoisoindolin-2-yl)ethyl)thio)-3,5,6-trifluorobenzenesulfonamide  

(A23) 
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2-(Cyclooctylamino)-4-((2-(2-(2-(1,3-dioxoisoindolin-2-yl)ethoxy)ethoxy)ethyl)thio)-3,5,6-

trifluorobenzenesulfonamide (A24) 
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4-((6-Aminohexyl)thio)-2-(cyclooctylamino)-3,5,6-trifluorobenzenesulfonamide (A25) 
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4-((2-Aminoethyl)thio)-2-(cyclooctylamino)-3,5,6-trifluorobenzenesulfonamide (A26) 
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4-((2-(2-(2-Aminoethoxy)ethoxy)ethyl)thio)-2-(cyclooctylamino)-3,5,6-trifluorobenzenesulfonamide 

(A27) 
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5-(N-(6-((3-(cyclooctylamino)-2,5,6-trifluoro-4-sulfamoylphenyl)thio)hexyl)sulfamoyl)-2-(6-

(diethylamino)-3-(diethyliminio)-3H-xanthen-9-yl)benzenesulfonate (A28) 
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8-(Allyloxy)-N-(4-sulfamoylphenethyl)quinoline-5-carboxamide (A29) 
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8-(Allyloxy)-N-(6-((3-(cyclooctylamino)-2,5,6-trifluoro-4-sulfamoylphenyl)thio)hexyl)quinoline-5-

carboxamide (A30) 
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8-(Allyloxy)-N-(4-(2-((3-(cyclooctylamino)-2,5,6-trifluoro-4-sulfamoylphenyl)thio)ethyl)phenyl) 

quinoline-5-carboxamide (A31) 
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8-(Allyloxy)-N-(2-((3-(cyclooctylamino)-2,5,6-trifluoro-4-sulfamoylphenyl)thio)ethyl)quinoline-5-

carboxamide (A32) 
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8-(Allyloxy)-N-(2-(2-(2-((3-(cyclooctylamino)-2,5,6-trifluoro-4-sulfamoylphenyl)thio)ethoxy)ethoxy) 

ethyl)quinoline-5-carboxamide (A33) 
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2-(Cyclododecylamino)-4-((2-(1,3-dioxoisoindolin-2-yl)ethyl)thio)-3,5,6-trifluorobenzenesulfonamide 

(A34) 
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4-((2-Aminoethyl)thio)-2-(cyclododecylamino)-3,5,6-trifluorobenzenesulfonamide (A35) 
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8-(Allyloxy)-N-(2-((3-(cyclododecylamino)-2,5,6-trifluoro-4-sulfamoylphenyl)thio)ethyl)quinoline-5-

carboxamide (A36) 
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8-(Allyloxy)-N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)quinoline-5-carboxamide (A37) 

 

8-(Allyloxy)-N-(6-oxo-6-((5-sulfamoyl-1,3,4-thiadiazol-2-yl)amino)hexyl)quinoline-5-carboxamide 

(A38) 
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8-(Allyloxy)-N-(11-oxo-11-((5-sulfamoyl-1,3,4-thiadiazol-2-yl)amino)undecyl)quinoline-5-

carboxamide (A39) 

 

2-(6-(Diethylamino)-3-(diethyliminio)-3H-xanthen-9-yl)-5-(N-(11-oxo-11-((5-sulfamoyl-1,3,4-

thiadiazol-2-yl)amino)undecyl)sulfamoyl)benzenesulfonate (A39-SRB) 
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(8-(Allyloxy)quinoline-5-carbonyl)glycylglycyl-L-aspartyl-L-arginyl-L-aspartic acid (DRDGG-QA) 

 

N4-((S)-1-((2-(2-(2-aminoethoxy)ethoxy)ethyl)amino)-1-oxo-6-(4-(4-oxo-4-((5-sulfamoyl-1,3,4-

thiadiazol-2-yl)amino)butyl)-1H-1,2,3-triazol-1-yl)hexan-2-yl)-N2-((S)-3-(4,4-bis(4-

hydroxyphenyl)pentanamido)-3-carboxypropanoyl)-L-asparagine (A40) 
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5-(N-((11S,15S,19S)-15,19-Dicarboxy-24,24-bis(4-hydroxyphenyl)-10,13,17,21-tetraoxo-11-(4-(4-(4-

oxo-4-((5-sulfamoyl-1,3,4-thiadiazol-2-yl)amino)butyl)-1H-1,2,3-triazol-1-yl)butyl)-3,6-dioxa-

9,12,16,20-tetraazapentacosyl)sulfamoyl)-2-(6-(diethylamino)-3-(diethyliminio)-3H-xanthen-9-

yl)benzenesulfonate (A40-SRB) 
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N4-((S)-1-(8-(Allyloxy)quinolin-5-yl)-1,12-dioxo-17-(4-(4-oxo-4-((5-sulfamoyl-1,3,4-thiadiazol-2-

yl)amino)butyl)-1H-1,2,3-triazol-1-yl)-5,8-dioxa-2,11-diazaheptadecan-13-yl)-N2-((S)-3-(4,4-bis(4-

hydroxyphenyl)pentanamido)-3-carboxypropanoyl)-L-asparagine (A40-QA) 

 

N4-((S)-1-(8-(allyloxy)quinolin-5-yl)-1,4,15-trioxo-20-(4-(4-oxo-4-((5-sulfamoyl-1,3,4-thiadiazol-2-

yl)amino)butyl)-1H-1,2,3-triazol-1-yl)-2,8,11-trioxa-5,14-diazaicosan-16-yl)-N2-((S)-3-(4,4-bis(4-

hydroxyphenyl)pentanamido)-3-carboxypropanoyl)-L-asparagine (A40-COCH2-QA) 
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N2-(4,4-Bis(4-hydroxyphenyl)pentanoyl)-N4-((S)-1-carboxy-3-(((S)-1-(4-iodophenyl)-1,12-dioxo-17-

(4-(4-oxo-4-((5-sulfamoyl-1,3,4-thiadiazol-2-yl)amino)butyl)-1H-1,2,3-triazol-1-yl)-5,8-dioxa-2,11-

diazaheptadecan-13-yl)amino)-3-oxopropyl)-L-asparagine (A40-p-I) 

 

A40-DRDGG-QA 
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Allyl (4-chlorophenyl)(4-(pyridin-4-ylmethyl)phthalazin-1-yl)carbamate (Pro-Vat) 

 

(S)-Allyl (4,11-diethyl-4-hydroxy-3,14-dioxo-3,4,12,14-tetrahydro-1H-pyrano[3',4':6,7]indolizino[1,2-

b]quinolin-9-yl) carbonate (Pro-SN38) 

 



Appendix 

217 

(S)-9-(allyloxy)-4,11-diethyl-4-hydroxy-1,12-dihydro-14H-pyrano[3',4':6,7]indolizino[1,2-

b]quinoline-3,14(4H)-dione (allyl-SN38) 

 

Allyl (1-((1R,3R,4R)-2,2-difluoro-3-hydroxy-4-(hydroxymethyl)cyclopentyl)-2-oxo-1,2-

dihydropyridin-4-yl)carbamate (Pro-Gem) 
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Allyl 5-fluoro-2,4-dioxo-3,4-dihydropyrimidine-1(2H)-carboxylate (Pro-5FU) 
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Alloc-MMAE 

Hexa-1,5-diene-3,4-diol (A42) 
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(Z)-But-2-ene-1,4-diyl bis((2-methoxyphenyl)carbamate) (A44) 

 

Hexa-1,5-diene-3,4-diyl bis((2-methoxyphenyl)carbamate) (A45) 
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2-Methylenepropane-1,3-diyl bis((2-methoxyphenyl)carbamate) (A46) 

 

2-Methylenepropane-1,3-diyl bis(4-nitrophenyl) bis(carbonate) (A47) 
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NN1 

 

Methyl 2-(2-isocyanatophenyl)acetate (A48) 
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Methyl 2-(2-(((allyloxy)carbonyl)amino)phenyl)acetate (A49) 
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Dimethyl 2,2'-((((but-2-ene-1,4-diylbis(oxy))bis(carbonyl))bis(azanediyl))bis(2,1-phenylene))(Z)-

diacetate (A50) 

 

1-(4-(2-(Dimethylamino)ethoxy)phenyl)-1-phenylbutan-1-ol (M1) 
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N,N-Dimethyl-2-(4-(1-phenylbut-1-en-1-yl)phenoxy)ethan-1-amine (M2) 
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2-(4-(2-Bromo-1-phenylbut-1-en-1-yl)phenoxy)-N,N-dimethylethan-1-amine (M3) 
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(3-(2-Chloropyrimidin-4-yl)phenyl)methanol (M5) 

 

4-(3-((Allyloxy)methyl)phenyl)-2-chloropyrimidine (M6) 
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2-(2-Chloroethoxy)-5-nitrobenzaldehyde (M7) 
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(2-(2-Chloroethoxy)-5-nitrophenyl)methanol (M8) 

 

2-((Allyloxy)methyl)-1-(2-chloroethoxy)-4-nitrobenzene (M9) 
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1-(2-(2-((Allyloxy)methyl)-4-nitrophenoxy)ethyl)pyrrolidine (M10) 

 

3-((Allyloxy)methyl)-4-(2-(pyrrolidin-1-yl)ethoxy)aniline (M11) 
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N-(3-((Allyloxy)methyl)-4-(2-(pyrrolidin-1-yl)ethoxy)phenyl)-4-(3-((allyloxy)methyl)phenyl) 

pyrimidin-2-amine (M12) 

 

1-(2-Allylphenyl)prop-2-en-1-ol (M13) 
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(E)-1-Allyl-2-(3-bromoprop-1-en-1-yl)benzene (M14) 

 

7-((1-(2-Allylphenyl)allyl)oxy)-2H-chromen-2-one (M15) 
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Methyl 7-((1-(2-allylphenyl)allyl)oxy)-2-oxo-2H-chromene-3-carboxylate (M16) 

 

7-((1-(2-Allylphenyl)allyl)oxy)-2-oxo-2H-chromene-3-carboxylic acid (M17) 

 



Appendix 

235 

 

(4S)-9-((1-(2-Allylphenyl)allyl)oxy)-4,11-diethyl-4-hydroxy-1,12-dihydro-14H-pyrano[3',4':6,7] 

indolizino[1,2-b]quinoline-3,14(4H)-dione (M18) 

 



Appendix 

236 

1,1'-(1,2-Phenylene)bis(prop-2-en-1-ol) (M19) 

 

1,2-Bis((E)-3-bromoprop-1-en-1-yl)benzene (M20) 
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7,7'-((1,2-Phenylenebis(prop-2-ene-1,1-diyl))bis(oxy))bis(2H-chromen-2-one) (M21) 

 

4-((1-(2-Allylphenyl)allyl)oxy)isophthalaldehyde (M22) 
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3-Allyl-1H-indole-2-carbaldehyde (M23) 

 

1-(3-Allyl-1H-indol-2-yl)prop-2-en-1-ol (M24) 

 



Appendix 

239 

1-(2-Allylphenyl)allyl (4-nitrophenyl) carbonate (M25) 

 

1-(1-(2-Allylphenyl)allyl) 4-(tert-butyl) piperazine-1,4-dicarboxylate (M26) 
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1-(2-Allylphenyl)allyl (4-(((tert-butyldimethylsilyl)oxy)methyl)phenyl)carbamate (M28) 

 

1-(2-Allylphenyl)allyl (4-(hydroxymethyl)phenyl)carbamate (M29) 
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1-(2-Allylphenyl)allyl (4-((((4-nitrophenoxy)carbonyl)oxy)methyl)phenyl)carbamate (M30) 

 

1-(4-((((1-(2-allylphenyl)allyl)oxy)carbonyl)amino)benzyl) 4-(tert-butyl) piperazine-1,4-dicarboxylate 

(M31) 
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5-(Chlorosulfonyl)-2-methylbenzoic acid (M32) 

  

5-(N-Allylsulfamoyl)-2-methylbenzoic acid (M33) 
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Methyl 5-(N-allylsulfamoyl)-2-methylbenzoate M34 

 

3,3'-(Dimethylsilanediyl)bis(N,N-dimethylaniline) (M35) 
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3,3'-(Dimethylsilanediyl)bis(4-bromo-N,N-dimethylaniline) (M36) 

 

N-(10-(4-Bromophenyl)-7-(dimethylamino)-5,5-dimethyldibenzo[b,e]silin-3(5H)-ylidene)-N-

methylmethanaminium chloride (M37) 
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N-(10-(5-(N-Allylsulfamoyl)-2-methylphenyl)-7-(dimethylamino)-5,5-dimethyldibenzo[b,e]silin-

3(5H)-ylidene)-N-methylmethanaminium chloride (M38) 

 

Methyl 4-(allylamino)-2-methylbenzoate (M39) 
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Methyl 4-(diallylamino)-2-methylbenzoate (M40) 

 

Methyl (E)-4-(allyl(4-bromobut-2-en-1-yl)amino)-2-methylbenzoate (M41) 
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Dimethyl 4,4'-(but-2-ene-1,4-diylbis(allylazanediyl))(E)-bis(2-methylbenzoate) (M42) 

 

Methyl 4-(2,5-dihydro-1H-pyrrol-1-yl)-2-methylbenzoate 
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8-Bromo-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolone 

 

Dimethylbis(2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-8-yl)silane (M43) 
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Bis(9-bromo-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-8-yl)dimethylsilane (M44) 
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Bis(8-bromo-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-9-yl)methane (M45) 

 

Phenone M46 
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4-Bromo-3,5-dimethoxyaniline (M47) 

 

Tert-butyl (4-bromo-3,5-dimethoxyphenyl)carbamate (M48) 
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Tert-butyl allyl(4-bromo-3,5-dimethoxyphenyl)carbamate (M49) 

 

Tert-butyl (4-bromo-3-methylphenyl)carbamate (M50) 
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Tert-butyl allyl(4-bromo-3-methylphenyl)carbamate (M51) 

 

3,7-Bis(dimethylamino)-5-phenyl-10H-acridophosphin-10-one 5-oxide 
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N,N-Diallyl-3-bromo-4-(2-bromo-4-(dimethylamino)benzyl)aniline (M53) 
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3-(Diallylamino)-7-(dimethylamino)-5-phenyl-10H-acridophosphin-10-one 5-oxide (M54) 

 

3-Amino-7-(dimethylamino)-5-phenyl-10H-acridophosphin-10-one 5-oxide (M55) 
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3-(bis(4-methoxybenzyl)amino)-7-(dimethylamino)-5-phenyl-10H-acridophosphin-10-one 5-oxide 

(M56) 

 

N-(7-Amino-10-(4-(diallylamino)-2,6-dimethylphenyl)-5-oxido-5-phenyl-3H-acridophosphin-3-

ylidene)-N-methylmethanaminium chloride (M57) 
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1,3-Bis(((tert-butyldimethylsilyl)oxy)methyl)benzene (M60) 

 

2,4-Bis(((tert-butyldimethylsilyl)oxy)methyl)aniline (M62) 
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(((4-Isocyanato-1,3-phenylene)bis(methylene))bis(oxy))bis(tert-butyldimethylsilane) (M63) 

 

1-(2-Allylphenyl)allyl (4-((((2,4-bis(((tert-butyldimethylsilyl)oxy)methyl)phenyl)carbamoyl)oxy) 

methyl)phenyl)carbamate (M64) 
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1-(2-Allylphenyl)allyl (2,4-bis(((tert-butyldimethylsilyl)oxy)methyl)phenyl)carbamate (M65) 
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1-(2-Allylphenyl)allyl (2,4-bis(hydroxymethyl)phenyl)carbamate (M66) 
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4-((((1-(2-Allylphenyl)allyl)oxy)carbonyl)amino)-3-(hydroxymethyl)benzyl 4-nitrobenzoate (M67) 

 

4-((((1-(2-Allylphenyl)allyl)oxy)carbonyl)amino)-3-(((4-fluorobenzoyl)oxy)methyl)benzyl 

4-nitrobenzoate (M68) 
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1H NMR. RCM of M68 in DCM (0–2h). 

 

1H NMR. RCM of M68 in DCM (6–72h). 
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19F NMR. RCM of M68 in DCM (0–2h). 

 

19F NMR. RCM of M68 in DCM (6–72h). 
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N-(10-(4-(Tert-butoxycarbonyl)-2-methylphenyl)-7-(dimethylamino)-5,5-dimethyldibenzo[b,e]silin-

3(5H)-ylidene)-N-methylmethanaminium chloride (M72) 

 

N-(10-(4-Carboxy-2-methylphenyl)-7-(dimethylamino)-5,5-dimethyldibenzo[b,e]silin-3(5H)-ylidene)-

N-methylmethanaminium chloride (M58) 
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4-Bromo-3-(dimethylamino)benzoyl chloride (M74) 

 

(3-Methyloxetan-3-yl)methyl 4-bromo-3-(dimethylamino)benzoate (M75) 
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2-Bromo-N,N-dimethyl-5-(4-methyl-2,6,7-trioxabicyclo[2.2.2]octan-1-yl)aniline (M76) 
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Quencher M77 
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(3S,4S)-3,4-Diazido-1-benzylpyrrolidine (M78) 

 

(3S,4S)-1-Benzylpyrrolidine-3,4-diamine (M79) 

 



Appendix 

269 

(3S,4S)-1-Benzyl-N3,N4-dimesitylpyrrolidine-3,4-diamine (M80) 

 

 



Appendix 

270 

(3S,4S)-N3,N4-Dimesitylpyrrolidine-3,4-diamine (M81) 

 

Tert-butyl (3S,4S)-3,4-bis(mesitylamino)pyrrolidine-1-carboxylate (M82) 
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Tert-butyl (3aS,6aS)-2-ethoxy-1,3-dimesitylhexahydropyrrolo[3,4-d]imidazole-5(1H)-carboxylate 

(M83) 
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Tert-butyl (4-sulfamoylbenzoyl)glycinate 

 

(4-Sulfamoylbenzoyl)glycine (M84) 
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Tert-butyl 6-(4-sulfamoylbenzamido)hexanoate 
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6-(4-Sulfamoylbenzamido)hexanoic acid (M85) 

 

Methyl 2-(2-(2-(4-sulfamoylbenzamido)ethoxy)ethoxy)acetate 
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2-(2-(2-(4-Sulfamoylbenzamido)ethoxy)ethoxy)acetic acid (M86) 
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(3aS,8aS)-5,7-Dibenzyl-2,2-dimethylhexahydro-[1,3]dioxolo[4,5-d][1,2,7]thiadiazepine 6,6-dioxide 

(DB4) 

 

(4S,5S)-2,7-dibenzyl-4,5-dihydroxy-1,2,7-thiadiazepane 1,1-dioxide (DB5) 
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(4S,5S)-2,7-dibenzyl-1,1-dioxido-1,2,7-thiadiazepane-4,5-diyl dimethanesulfonate (DB6) 

 

(4R,5R)-4,5-diazido-2,7-dibenzyl-1,2,7-thiadiazepane 1,1-dioxide (DB7) 
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(4R,5R)-4,5-diamino-2,7-dibenzyl-1,2,7-thiadiazepane 1,1-dioxide (DB8) 
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(4R,5R)-2,7-dibenzyl-4,5-bis(mesitylamino)-1,2,7-thiadiazepane 1,1-dioxide (DB9) 

 

(4R,5R)-4,5-Bis(mesitylamino)-1,2,7-thiadiazepane 1,1-dioxide (DB10) 
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Di-tert-butyl (4R,5R)-4,5-bis(mesitylamino)-1,2,7-thiadiazepane-2,7-dicarboxylate 1,1-dioxide 

(DB11) 
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Di-tert-butyl (3aR,8aR)-1,3-dimesitylhexahydro-1H-imidazo[4,5-d][1,2,7]thiadiazepine-5,7-

dicarboxylate 6,6-dioxide (DB12) 
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(3aR,8aR)-5,7-Bis(tert-butoxycarbonyl)-1,3-dimesityl-3a,4,5,7,8,8a-hexahydro-1H-imidazo[4,5-

d][1,2,7]thiadiazepin-3-ium 6,6-dioxide chloride (DB13) 
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(3aR,8aR)-1,3-Dimesityl-3a,4,5,7,8,8a-hexahydro-1H-imidazo[4,5-d][1,2,7]thiadiazepin-3-ium 6,6-

dioxide chloride (DB14) 

 

((3aR,8aR)-5,7-Bis(tert-butoxycarbonyl)-1,3-dimesityl-6,6-dioxidooctahydro-2H-imidazo[4,5-

d][1,2,7]thiadiazepin-2-ylidene)gold(I) chloride (DBBoc2-Au-Cl) 
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((3aR,8aR)-1,3-Dimesityl-6,6-dioxidooctahydro-2H-imidazo[4,5-d][1,2,7]thiadiazepin-2-

ylidene)gold(I) chloride (DBAu-Cl) 
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((3aR,8aR)-1,3-dimesityl-6,6-dioxidooctahydro-2H-imidazo[4,5-d][1,2,7]thiadiazepin-2-

ylidene)(pyridine)gold(I) hexaflouroantimonate (DBAu-py-SbF6) 

 

((3aR,8aR)-1,3-Dimesityl-6,6-dioxidooctahydro-2H-imidazo[4,5-d][1,2,7]thiadiazepin-2-

ylidene)(phenylthio)gold(I) (DBAu-SPh) 
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Dichloro((3aR,8aR)-5,7-bis(tert-butoxycarbonyl)-1,3-dimesityl-6,6-dioxidooctahydro-2H-

imidazo[4,5-d][1,2,7]thiadiazepin-2-ylidene)(2-isopropoxybenzylidene)ruthenium(II) (DBBoc2-Ru) 

 

Dichloro((3aR,8aR)-1,3-dimesityl-6,6-dioxidooctahydro-2H-imidazo[4,5-d][1,2,7]thiadiazepin-2-

ylidene)(2-isopropoxybenzylidene)ruthenium(II) (DBRu1) 
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Dichloro((3aR,8aR)-5,7-bis(tert-butoxycarbonyl)-1,3-dimesityl-6,6-dioxidooctahydro-2H-

imidazo[4,5-d][1,2,7]thiadiazepin-2-ylidene)(3-phenyl-1H-inden-1-ylidene)ruthenium(II) (DBRu0) 

Dichloro((3aR,8aR)-5,7-bis(tert-butoxycarbonyl)-1,3-dimesityl-6,6-dioxidooctahydro-2H-

imidazo[4,5-d][1,2,7]thiadiazepin-2-ylidene)(2-isopropoxy-5-((trimethylammonio)methyl) 

benzylidene)ruthenium(II) chloride (DBBoc2-Ru-m-N+)
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Dichloro((3aR,8aR)-1,3-dimesityl-6,6-dioxidooctahydro-2H-imidazo[4,5-d][1,2,7]thiadiazepin-2-

ylidene)(2-isopropoxy-5-((trimethylammonio)methyl)benzylidene)ruthenium(II) chloride 

(DBRu-m-N+) 

 

Dichloro(5-(2-(2-(2-((4-(6-(diethylamino)-3-(diethyliminio)-3H-xanthen-9-yl)-3-

sulfonatophenyl)sulfonamido)ethoxy)ethoxy)ethoxy)-2-isopropoxybenzylidene)((3aR,8aR)-1,3-

dimesityl-6,6-dioxidooctahydro-2H-imidazo[4,5-d][1,2,7]thiadiazepin-2-ylidene)ruthenium(II) 

(DBRu-m-SRB) 
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1-(4-Isopropoxy-3-vinylphenyl)-N,N,N-trimethylmethanaminium chloride (DBS-m-N+) 

 

3-Formyl-4-isopropoxyphenyl pivalate (DBS6) 
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5-Hydroxy-2-isopropoxybenzaldehyde (DBS7) 

 

5-(2-(2-(2-(1,3-Dioxoisoindolin-2-yl)ethoxy)ethoxy)ethoxy)-2-isopropoxybenzaldehyde (DBS8) 
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2-(2-(2-(2-(4-Isopropoxy-3-vinylphenoxy)ethoxy)ethoxy)ethyl)isoindoline-1,3-dione (DBS-m-Pht) 
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2-(2-(2-(4-isopropoxy-3-vinylphenoxy)ethoxy)ethoxy)ethan-1-amine (DBS-m-NH2) 

 

2-(6-(Diethylamino)-3-(diethyliminio)-3H-xanthen-9-yl)-5-(N-(2-(2-(2-(4-isopropoxy-3-

vinylphenoxy)ethoxy)ethoxy)ethyl)sulfamoyl)benzenesulfonate (DBS-m-SRB)  
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(4S,5S)-4,5-Dihydroxy-1,2,7-thiadiazepane 1,1-dioxide (DB4A) 

 

(4S,5S)-1,1-Dioxido-1,2,7-thiadiazepane-4,5-diyl bis(4-methylbenzenesulfonate) (DB5A) 
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Meso- and rac-4,5-diazido-1,2,7-thiadiazepane 1,1-dioxide (DB6A) 

 

Meso- and rac-4,5-diamino-1,2,7-thiadiazepane 1,1-dioxide (DB7A) 
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(3aR,8aR)-5,7-Dibenzyl-1,3-dimesityl-2-(perfluorophenyl)octahydro-1H-imidazo[4,5-

d][1,2,7]thiadiazepine 6,6-dioxide (DB9-PFP) 
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(3aR,8aR)-1,3-Dimesityl-2-(perfluorophenyl)octahydro-1H-imidazo[4,5-d][1,2,7]thiadiazepine 6,6-

dioxide (DB10-PFP) 
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Di-tert-butyl (3aR,8aR)-1,3-dimesityl-2-(perfluorophenyl)hexahydro-1H-imidazo[4,5-

d][1,2,7]thiadiazepine-5,7-dicarboxylate 6,6-dioxide (DB11-PFP) 
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(4R,5R)-2,7-Diallyl-4,5-bis(mesitylamino)-1,2,7-thiadiazepane 1,1-dioxide (DB11A) 

 

(3aR,8aR)-5,7-Dibenzyl-1,3-dimesityloctahydro-1H-imidazo[4,5-d][1,2,7]thiadiazepine 6,6-dioxide 

(DB12A). 
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(3aR,8aR)-5,7-Dibenzyl-1,3-dimesityl-3a,4,5,7,8,8a-hexahydro-1H-imidazo[4,5-d][1,2,7]thiadiazepin-

3-ium 6,6-dioxide (DB13A) 

 

4-Hydroxy-2-isopropoxybenzaldehyde (DBS3) 
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4-(2-(2-(2-(1,3-Dioxoisoindolin-2-yl)ethoxy)ethoxy)ethoxy)-2-isopropoxybenzaldehyde (DBS4) 
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2-(2-(2-(2-(3-Isopropoxy-4-vinylphenoxy)ethoxy)ethoxy)ethyl)isoindoline-1,3-dione (DBS-p-Pht) 
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2-(6-(Diethylamino)-3-(diethyliminio)-3H-xanthen-9-yl)-5-(N-(2-(2-(2-(3-isopropoxy-4-

vinylphenoxy)ethoxy)ethoxy)ethyl)sulfamoyl)benzenesulfonate (DBS-p-SRB) 

 

 

 



Appendix 

304 

4-(5,5-Difluoro-1,3,7,9-tetramethyl-3H,5H-5λ
4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-10-yl)-N-(2-

(2-(2-(4-isopropoxy-3-vinylphenoxy)ethoxy)ethoxy)ethyl)benzamide (DBS-m-BODIPY) 

 
Dichloro(1,3-dimesitylimidazolidin-2-ylidene)(4-(2-(2-(2-(1,3-dioxoisoindolin-2-

yl)ethoxy)ethoxy)ethoxy)-2-isopropoxybenzylidene)ruthenium(II) (DBRu-p-Pht) 
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2-(Dimethylamino)-N-(4-isopropoxy-3-vinylbenzyl)-N,N-dimethylethan-1-aminium chloride (DBS12) 
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N1-(4-Isopropoxy-3-vinylbenzyl)-N1,N1,N2,N2,N2-pentamethylethane-1,2-diaminium dichloride (DBS-

m-NN++) 

 

1-(4-Isopropoxy-3-vinylphenyl)-N,N-dimethylmethanamine (DBS-m-N) 
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N1-(4-Isopropoxy-3-vinylbenzyl)-N1,N2,N2-trimethylethane-1,2-diamine (DBS-m-NN) 
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Dichloro((3aR,8aR)-5,7-bis(tert-butoxycarbonyl)-1,3-dimesityl-6,6-dioxidooctahydro-2H-

imidazo[4,5-d][1,2,7]thiadiazepin-2-ylidene)(5-((dimethylamino)methyl)-2-

isopropoxybenzylidene)ruthenium(II) (DBSRu-m-N) 
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N,N-Dimethyl-1-(pyridin-4-yl)methanamine (DBP-N) 

 

N,N,N-trimethyl-1-(pyridin-4-yl)methanaminium iodide (DBP-N+) 
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Sodium pyridin-4-ylmethanesulfonate (DBP-S-) 

 

2-(6-(diethylamino)-3-(diethyliminio)-3H-xanthen-9-yl)-5-(N-(2-(2-(2-((4-mercaptophenyl)amino)-2-

oxoethoxy)ethoxy)ethyl)sulfamoyl)benzenesulfonate (DBHS-SRB) 
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3-(Diethylamino)phenyl 3-phenylpropiolate (DBSb1) 

 

7-(Diethylamino)-4-phenyl-2H-chromen-2-one (DBPr1) 
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3-(Diethylamino)phenyl but-2-ynoate (DBSb2) 

 

7-(Diethylamino)-4-methyl-2H-chromen-2-one (DBPr2) 
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