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Abstract

Novel tumor-targeting drug conjugates, BLT-F2 (1) and BLT-S-F6 (2), bearing a fluorotaxoid as 

the warhead, a mechanism-based self-immolative disulfide linker, and biotin as the tumor-

targeting module, were designed and synthesized as 19F NMR probes. Fluorine atoms and CF3 

groups were strategically incorporated into the conjugates to investigate the mechanism of linker 

cleavage and factors that influence their plasma and metabolic stability by real-time monitoring 

with 19F NMR. Time-resolved 19F NMR study on probe 1 disclosed a stepwise mechanism for 

release of a fluorotaxoid, which might not have been detected by other analytical methods. Probe 2 
was designed to bear two CF3 groups in the taxoid moiety as “3-FAB” reporters for enhanced 

sensitivity and a polyethylene glycol oligomer insert to improve solubility. The clean analysis of 

the linker stability and reactivity of drug conjugates in blood plasma or cell culture media by 

HPLC and 1H NMR is troublesome, due to the overlap of key signals/peaks with background 

arising from highly complex ingredients in biological systems. Accordingly, the use of 19F NMR 

would provide a practical solution to this problem. In fact, our “3-FAB” probe 2 was proven to be 

highly useful to investigate the stability and reactivity of the self-immolative disulfide linker 

system in human blood plasma by 19F NMR. It has also been revealed that the use of polysorbate 

80 as excipient for the formulation of probe 2 dramatically increases the stability of the disulfide 

linker system. This finding further indicates that the tumor-targeting drug conjugates with 
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polysorbate 80/EtOH/saline formulation for in vivo studies would have high stability in blood 

plasma, while the drug release in cancer cells proceeds smoothly.
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1. Introduction

In traditional chemotherapy, highly potent cytotoxic drugs are administered to cancer 

patients based on the premise that rapidly dividing cancer cells are more likely to be killed 

than normal cells. However, lack of tumor specificity of these drugs often leads to severe 

and dose-limiting side effects, and continues to be a serious issue in cancer treatment. 

Therefore, intensive efforts have been made on the development of tumor-targeted drug 

delivery systems (TTDDSs) that exploit the unique and intrinsic physiological and 

biochemical properties of tumors and cancer cells to selectively deliver cytotoxic drugs to 

cancer cells [1, 2]. A TTDDS consists of a tumor-targeting moiety (TTM) and a cytotoxic 

drug connected through a “smart” linker system. An ideal “smart” linker must remain stable 

during circulation in blood, but should readily cleave to release the free drug upon 

internalization into cancer cells or accumulation in the tumor microenvironment [1]. Due to 

the immense importance of linker dynamics for TTDDS efficacy, significant advancement 

has been made in the development of effective linker systems, in particular for small-

molecule drug conjugates (SMDCs) [3–7] and antibody–drug conjugates (ADCs) [3, 8–12]. 

Along this line, we have developed novel self-immolative disulfide linkers capable of 

releasing unmodified drugs via glutathione-triggered linker cleavage and thiolactonization 

[4, 13–15].

19F NMR spectroscopy allows for direct observation of fluorinated compounds and their 

metabolites in biological systems without background signal from the tissue or medium due 

to the absence of fluorine in living systems [16]. Furthermore, 19F has a natural abundance 

of 100% and a high sensitivity to NMR detection (83% of 1H), allowing for a strong NMR 

signal with negligible background noise [17]. In the last decade, the “three fluorine atoms 

for biochemical screening (3-FABS)” has emerged as a useful biochemical tool with 

heightened signal sensitivity by labeling a substrate with a CF3 moiety and using 19F NMR 

spectroscopy for the analysis of enzymatic processes [18–20]. Our laboratory has been 

exploring “fluorine-probes” for structural analysis of paclitaxel and taxoids in the absence 

and presence of microtubules by 19F NMR in solution and solid state, as well as in 

combination with computational analysis [21–26]. As Figure 1 shows, we also applied time-

resolved 19F NMR spectroscopy to demonstrate a proof of concept for the mechanism-based 

drug release through thiol-triggered cleavage of a self-immolative disulfide linker and 

subsequent thiolactonization, using a model system [27].

Our laboratory has been successfully developing a series of taxoid-based tumor-targeted 

drug delivery systems (TTDDSs) using self-immolative disulfide linkers, exemplified in 

Figure 2 [1, 4, 5, 15]. These vitamin receptor-targeted DDSs are efficiently internalized via a 
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receptor-mediated endocytosis (RME) that traffics the conjugates through highly reduced 

endosomal and lysosomal compartments, wherein the concentration of endogenous thiols, 

represented by glutathione (GSH), is >1,000 times higher (2–8 mM) than that in the blood 

plasma (1–2 µM) [28, 29]. The endogenous thiols trigger the drug release cascade via the 

cleavage of disulfide linkage and thiolactonization [14]. The internalization of TTDDSs via 

RME and drug release in cancer cells were validated by means of confocal fluorescence 

microscopy (CFM) and flow cytometry, using fluorescence-labeled TTDDSs [4, 5, 14, 15].

We describe here the design and synthesis of two novel 19F NMR probes, BLT-F2 (1) and 

BLT-S-F6 (2), to investigate the factors that affect the rate of disulfide cleavage and drug 

release in biologically relevant media such as human blood plasma, which would otherwise 

be difficult to assess accurately by conventional HPLC or 1H NMR analysis, due to complex 

background peaks/signals. These 19F NMR probes, 1 and 2, are TTDDSs, bearing 

fluorotaxoids, SB-T-12145 (3) and SB-T-12822-5 (4), respectively, as “warheads”, a self-

immolative disulfide linker unit, and biotin as the tumor-targeting module (Figure 3). 

Fluorine atoms are strategically incorporated into each conjugate to monitor the dynamics of 

disulfide linker cleavage and drug release by 19F NMR.

2. Results and Discussion

2.1. Design and Synthesis of Fluorine-Probe 1

Among possible cytotoxic agents for use in SMDCs, our laboratory has been developing 

highly potent next-generation taxoids, which exhibit 2–3 orders of magnitude greater 

potency than paclitaxel and docetaxel against multidrug-resistant and paclitaxel-resistant 

cancer cell lines [30–35]. For fluorine-probe 1, we designed and synthesized fluorotaxoid 

SB-T-12145 (3) as the warhead with site-specific incorporation of fluorine at the meta-

position of the C2-benzoate moiety as a close mimic of a highly efficacious next-generation 

taxoid, SB-T-1214 [35–38]. Another fluorine was introduced to the 4 position of the self-

immolative disulfanylphenylacetate moiety in the linker unit, i.e., para to the disulfide 

moiety.

The synthesis of fluorotaxoid 3 is shown in Scheme 1. 7-TES-2-(3-fluorobenzoyl)-10-

cyclopropanecarbonylbaccatin 5 and (3R,4S)-4-isobutenyl-3-TIPSO-β-lactam 6 were 

prepared according to literature methods [35, 39] and subjected to the Ojima-Holton 

coupling under the standard conditions to afford 7. Deprotection of the silyl groups of 7 with 

HF-pyridine gave SB-T-12145 (3) in 76% yield for 2 steps (Scheme 1).

The synthesis of the fluorine-labeled disulfide linker 12 is illustrated in Scheme 2. First, the 

reaction of 5-fluoro-3H–benzo[b]thiophene (8) [40] with n-BuLi and tributyl borate afforded 

2,4,6-trisubstituted-1,3,5-trioxa-2,4,6-triborane, which was treated with 30% hydrogen 

peroxide to give fluorobenzothiolactone 9. 4-Fluoro-2-sulfhydrylphenylacetic acid (10), 

which was obtained by the basic hydrolysis of 9, was subjected to a thiol-disulfide exchange 

with 2-pyridyldisulfide 11 [5, 41] to afford the coupling-ready disulfide linker 12.

Synthesis of conjugate 1 is illustrated in Scheme 3. Esterification of the hydroxyl group at 

C2 of 3 with 12 in the presence of DIC and DMAP afforded taxoid-linker conjugate 13. 
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Deprotection of the TIPS ester with HF-pyridine, followed by condensation with N-

hydroxysuccinimide gave activated ester 15 in 77% yield for 2 steps. Coupling of 15 with 

biotinylhydrazine (16) [42] in the presence of pyridine afforded doubly fluorine-labeled 

probe 1, in 56% overall yield from 3.

2.2. 19F NMR Analysis of the Linker Cleavage and Drug Release Using Probe 1

The chemical shifts (ppm) of the two fluorine signals in probe 1 were first examined in 

aqueous DMSO solutions (30% DMSO, 70% D2O, 25 °C) of (a) SB-T-12145 (3), (b) probe 

1, (c) fluorobenzothiolactone (9), and (d) a mixture of the three compounds (see 

Supplemental Information). The fluorine signal of the linker unit appeared at −114.1 ppm 

and is clearly distinct from that of thiolactone 9 (−116.3 ppm). There was no appreciable 

difference in chemical shift (−112.5 ppm) between the signal arising from the fluorine in 

free taxoid 3 and that in probe 1. This may indicate that the fluorine at the meta-position of 

benzoate at C2 in taxoid unit in probe 1 is not spatially close to the phenylacetate moiety in 

the linker unit in this solvent system. In turn, this signal can be used as the internal standard.

The time-resolved 19F NMR spectra of disulfide linker cleavage in probe 1 in the same 

solution, starting from 1 hour after the addition of GSH (6 eq, 15 mM) at 25 °C with 15 

minute intervals, is shown in Figure 4. The reference signal of the fluorine atom o\in the C2-

benzoate group of 3 and the taxoid moiety in 1 was clearly identified at −112.5 ppm, i.e., no 

appreciable chemical shift change during the process under the conditions employed. As 

Figure 4 shows, most of probe 1 (at −114.1 ppm) was consumed after incubation with GSH 

for 1 hour. However, the disappearance of 1 did not directly correspond to the increase in 

the amount of thiolactone 9 (at −116.3 ppm). This result makes a sharp contrast to the 

observation for the model system shown in Figure 1. Instead of the immediate formation of 

9, the 19F NMR analysis detected a substantial formation of 2’-

fluoro(sulfhydryl)phenylacetyltaxoid 3-A (at −119.2 ppm) at the beginning of the 

monitoring. The observed 5 ppm upfield shift in this fluorine signal strongly indicates the 

likely formation of thiolate at para to the position of fluorine in the phenylacetate moiety. 

Then, the thiolactonization of 3-A forms 3. This correlation is apparent from the observed 

decrease in the 3-A signal and the increase in 3 signal over the time course.

This 19F NMR experiment disclosed that the “self-immolation” of the disulfide linker 

proceeded in two steps, generating the mechanistically anticipated thiolate 3-A as a 

detectable transient species/intermediate, prior to thiolactonization to release a drug. It also 

suggests that the introduction of a fluorine para to a disulfide linkage had a profound effect 

on the rate of linker cleavage as well as thiolactonization. Thus, the para-fluorine can 

stabilize the thiolate being formed, which may contribute to faster disulfide cleavage in the 

thiol-disulfide exchange process, as well as slower thiolactonization by reducing the 

nucleophilicity of the thiolate species. It should also be noted that the 2-step self-immolation 

process was not observed in the model system mentioned above (Figure 1), which may 

indicate that the steric and/or conformational factors in the microenvironment of probe 1, a 

biotin-linker-taxoid conjugate, are substantially different from those of the model system. 

Consequently, probe 1 has provided unique and very useful information for the mechanism 

of “self-immolation”, which would not have been possible by other means.
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Attempts to utilize probe 1 as a 19F NMR probe in cell culture media or blood plasma (10% 

DMSO, 20% D2O, 70% plasma/media) were hampered by the poor solubility and low signal 

intensity of the probe. At the concentrations required for 19F NMR detection of single 

fluorine (1.0–2.5 mM), the conjugate was insoluble and precipitated from most aqueous 

solutions, including cell culture media and blood plasma. However, the use of Solutol HS15 

as an excipient (5% Solutol HS15, 5% EtOH, 20% D2O, 70% saline) was found to solubilize 

the conjugate effectively at these concentrations, and quantification of the 19F NMR signals 

from probe 1 was readily achieved. The addition of 6 equivalents of GSH (15 mM) to probe 

1 in this formulation showed only ca. 20% linker cleavage after 10 hours (see Figure S2 in 

the Supporting Information), as compared to the nearly-quantitative cleavage within 1 hour 

in DMSO/D2O (see Figure S4 in the Supporting Information). The results clearly indicate 

that excipients used for in vivo drug efficacy studies have a profound effect on the stability 

of drug conjugates or TTDDSs by protecting disulfide linkers from GSH-mediated cleavage. 

To further investigate the effects of excipients on the stability and reactivity of the self-

immolative disulfide linker unit of a TTDDS in relevant biological media, a double “3-

FAB” probe 2 was designed and synthesized.

2.3. Design and Synthesis of Probe 2

Probe 2 was designed as a more sensitive 19F NMR probe with higher solubility in aqueous 

media than probe 1. The aqueous solubility of probe 2 was increased by incorporating a 

triethylene glycol moiety in the linker unit, and the sensitivity was heightened by using CF3 

and CF3O groups as reporter signals. The CF3 group at C3’ of the taxoid moiety is located 

adjacent to the site of linker attachment and designed to be used as the reporter signal for 

linker cleavage, while the meta-CF3O group of benzoate at C2 was designed to be used as an 

internal standard signal for quantification (Figure 3). This design relies on a significant 

difference in chemical shift between the CF3 group in taxoid and the taxoid moiety in probe 

2 so that the peaks may be integrated for quantitative assessment of linker stability and 

reactivity. For probe 2, we designed and synthesized fluorotaxoid SB-T-12822-5 (4) as the 

warhead, placing a CF3 group at C3’ and a CF3O group at the meta position of benzoate at 

C2.

Synthesis of fluorotaxoid 4 is illustrated in Scheme 4. Esterification of 2-debenzoyl-tri-TES-

baccatin 17 with 3-(trifluoromethoxy)benzoic acid in the presence of DIC and DMAP 

afforded tri-TES-fluorobaccatin 18 in 88% yield. Deprotection of TES groups with HF-

pyridine gave fluorobaccatin 19, which was protected with a TES group at the hydroxyl 

group at C7 to afford 7-TES-fluorobaccatin 20 in 73% yield for 2 steps. Acylation of the 

hydroxyl group at C10 with cyclopropanecarbonyl chloride in the presence of LHMDS gave 

fluorobaccatin 21 in 93% yield. The Ojima-Holton coupling of 21 with (3R,4R)-3-TIPSO-4-

CF3-β-lactam 22 [43] in the presence of LHMDS afforded 2’-TIPS-7-TES-taxoid 23. The 

subsequent deprotection of the silyl groups with HF-pyridine afforded SB-T-12822-5 (4) in 

60% for 2 steps.

Synthesis of probe 2 is illustrated in Scheme 5. Ester coupling of taxoid 4 with self-

immolative disulfide linker TIPS ester 24 [5] in the presence of DIC and DMAP gave 
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taxoid-linker conjugate 25 in 72% yield. Deprotection of TIPS with HF-pyridine followed 

by amide coupling with biotinyl-NH(PEG)3(CH2)2NH2 (27) gave probe 2 in 80% yield.

2.4. Effects of Solvent Systems and Drug Formulations on the 19F NMR chemical shifts of 
the CF3 Groups at the 3’ Position of Taxoid 4 and the Taxoid Moiety in Probe 2

The 3’-trifluoromethyl and m-trifluoromethoxy groups of fluorotaxoid 4 and probe 2 were 

used as quantitative 19F NMR reporter signals to assess the stability and reactivity of probe 

2. The 19F NMR chemical shift changes and differences between probe 2 and free taxoid 4 
were measured on a 400 MHz NMR spectrometer in various solvent and formulation 

systems. Results are summarized in Table 1. The corresponding 19F NMR spectra are shown 

as Figure S3 – S12 in the Supporting Information.

The difference in chemical shifts between the 3’-CF3 and 2’-m-CF3O groups was first 

examined in chloroform-d. A chemical shift difference of nearly 0.3 ppm with baseline 

resolution was observed between the 3’-CF3 groups of 2 (−73.116 ppm) and 4 (−73.404 

ppm), respectively. In contrast, but as anticipated, the 2-m-OCF3 groups of 2 (−57.923 ppm) 

and 4 (−57.961 ppm) showed a much smaller difference (Entry 1). Then, samples of 

fluorotaxoid 4 and probe 2 were prepared in various biologically relevant aqueous media 

with or without excipient, and the 19F NMR chemical shift differences were measured. The 

most significant difference in chemical shift between the 3’-CF3 signals of 2 and 4 was 

observed when polysorbate 80 was used as a surfactant (Entries 2–4) with as large as 0.21 

ppm difference with baseline resolution in blood plasma solution (Entry 2). In contrast, no 

appreciable change in chemical shift was detected when Solutol HS15 was used as the 

excipient (Entry 9). The results revealed that different excipients would make different 

microenvironments to probe 2, which should also be applicable to various drugs and drug 

conjugates. In the absence of excipient, the 19F NMR chemical shift differences between the 

3’-CF3 of probe 2 and fluorotaxoid 4 were 0.070–0.065 ppm in (saline or PBS)/EtOH/D2O 

solutions (Entries 5 and 6) and 0.047–0.046 ppm in aqueous DMSO and EtOH solutions 

(Entries 7 and 8). For the 2-m-CF3O signals, no chemical shift difference was observed 

between probe 2 and fluorotaxoid 4 in the presence of an excipient. However, in the absence 

of excipient, small changes in chemical shift were detected ranging from 0.02 to 0.04 ppm.

2.5. Assessment of the Stability and Reactivity of Probe 2 in Human Blood Plasma by 19F 
NMR

The stability and reactivity of probe 2 in human blood plasma at 37 °C was evaluated by 19F 

NMR using the 3’-CF3 signals of probe 2 (−73.048 ppm) and released fluorotaxoid 4 
(−72.838 ppm) as key reporters. In 86% blood plasma, 10% D2O, 2% EtOH, and 2% 

polysorbate 80, probe 2 remained stable with a very little release (<10%) of fluorotaxoid 4 
via linker cleavage and thiolactonization for 48 hours at 37 °C (Figure 5). The result implies 

that the putative half-life of drug conjugates and TTDDSs using this self-immolative linker 

unit and taxoids as warheads in this formulation would be longer than one week in human 

blood plasma.

To validate the results, supplemental GSH (100 equiv., 20 mM concentration) was added to 

probe 2 and analyzed by time-resolved 19F NMR spectroscopy with 1 hour intervals. As 
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Figure 6 shows, >98% of probe 2 disappeared and the corresponding amount of fluorotaxoid 

4 appeared within 10 hour at 37 °C. The half-life of probe 2 with 100 equivalents of GSH in 

blood plasma was calculated to be ~3 h, which was determined by plotting the changes in 

integration of the C3’-CF3 signals of probe 2 and free fluorotaxoid 4 over time, as shown in 

Figure 7. As the intracellular concentration of glutathione is known to be at the 10 mM level 

[44], this experiment allows us to estimate the half-life of this self-immolative disulfide 

linker in the cytosolic compartments following RME.

It should be noted that the linker cleavage and drug release of probe 2 with 100 equivalents 

of supplemental GSH in 96% D2O, 2% EtOH, 2% polysorbate 80 at 37 °C was significantly 

slower than that under the same conditions in blood plasma, wherein only 50% drug release 

was observed at approximately 4 days as determined by 19F NMR analysis (Figure S11 in 

the Supporting Information). This result serves to recapitulate the observation made during 

the NMR analysis of probe 1 that the presence of an excipient significantly reduces the rate 

of disulfide cleavage (Solutol HS15 for 1 and polysorbate 80 for 2). However, blood plasma 

contains many proteins which are not present in the D2O or saline/PBS formulations and 

likely to interact with the excipient, which leads to its dissociation from the drug conjugate, 

rendering the disulfide linkage more exposed to the attack of the supplemental GSH.

3. Conclusions

We have successfully synthesized two novel 19F NMR probes 1 (BLT-F2 conjugate) and 2 
(BLT-S-F6 conjugate), bearing biotin as the tumor-targeting module, a self-immolative 

linker unit, and a fluorotaxoid as the warhead for the assessment of stability and reactivity of 

those drug conjugates by means of 19F NMR spectroscopy. Fluorine atoms or CF3 groups 

were strategically incorporated into the conjugates to investigate the mechanism of linker 

cleavage and factors that influence their plasma and metabolic stability by real-time 

monitoring with 19F NMR. Time-resolved 19F NMR study on probe 1 disclosed a stepwise 

mechanism for the release of a fluorotaxoid, which might not be detected by other analytical 

methods, as well as indicated a profound effect of the fluorine para to the disulfide group of 

the phenylacetate moiety on the rate of linker cleavage and thiolactonization.

It was also found that the stability of probe 1 was dramatically enhanced when 5% Solutol 

HS15 was used as excipient. Thus, the effects of excipients on the stability and reactivity of 

drug conjugates bearing a self-immolative disulfide linker unit were further studied by using 

probe 2. Probe 2 was designed to be more water-soluble and have enhanced sensitivity by 

the introduction of a polyethylene glycol oligomer to the linker unit and CF3 groups to the 

taxoid warhead. Since the clean analysis of the linker stability and reactivity of drug 

conjugates in blood plasma or cell culture media by HPLC and 1H NMR is very challenging, 

the use of 19F NMR would provide a practical solution to this problem. Indeed, it has been 

shown that probe 2 is very useful to study the stability and reactivity of the self-immolative 

disulfide linker system in human blood plasma by 19F NMR. The use of polysorbate 80 as 

excipient for the formulation of probe 2 was found to dramatically increase the stability of 

the disulfide linker system. Thus, the half-life of probe 2 in human blood plasma is 

estimated to be longer than one week. Nevertheless, probe 2 releases the taxoid warhead 

smoothly (t1/2 ~3 hours) in the presence of 100 equivalents of supplemental GSH (20 mM), 
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which is equivalent to the level of GSH in tumors and thus mimics the drug release in cancer 

cells. Further studies on the applications of fluorine-probes for the tumor-targeting drug 

conjugates as well as drug delivery systems by means of 19F NMR spectroscopy are actively 

in progress in our laboratory.

4. Experimental

4.1 General Methods
1H, 13C and 19F NMR spectra were measured and recorded on a Varian 300, 400, or 500 

MHz NMR spectrometer or a Brüker 300, 400, 500 MHz NMR spectrometer. 

Hexafluorobenzene was used as an external reference for 19F NMR. Melting points were 

measured on a Thomas-Hoover capillary melting point apparatus and are uncorrected. TLC 

was performed on Sorbent technologies aluminum-backed Silica G TLC plates (Sorbent 

Technologies, 200 µm, 20 × 20 cm), and column chromatography was carried out on silica 

gel 50 (Merck, 230–400 mesh ASTM). Low resolution mass spectrometry analysis was 

carried out on an Agilent LC-MSD mass spectrometer at the Institute of Chemical Biology 

and Drug Discovery, Stony Brook, NY. High resolution mass spectrometry (HRMS) 

analysis was carried out on an Agilent LC-UV-TOF mass spectrometer at the Institute of 

Chemical Biology and Drug Discovery, Stony Brook, NY or at the Mass Spectrometry 

Laboratory, University of Illinois at Urbana-Champaign, Urbana, IL.

4.2 Materials

All reagents were purchased from Sigma-Aldrich, Fisher Scientific, and VWR International, 

and used as received or purified before use by standard methods. Tetrahydrofuran was 

freshly distilled from sodium and benzophenone. Dichloromethane was also distilled 

immediately prior to use under nitrogen from calcium hydride. 10-Deacetylbaccatin III was 

obtained from Indena, SpA, Italy. 10-Cyclopropanecarbonyl-10-deacetyl-2-debenzoyl-2-(3-

fluorobenzonyl)-7-triethylsilylbaccatin III (5) [35], (3R,4S)-1-tert-butoxycarbonyl-3-

triisoproylsilyloxy-4-(2-methyl-1-propenyl)-2-azetidinone (6) [39], 5-fluoro-3H–

benzo[b]thiophene (8) [40], triisopropylsilyl 4-(pyridine-2-yldisulfanyl)pentanoate (11) [5], 

biotinylhydrazine (16) [42], 10-deacetyl-2-debenzoyl-7,10,13-tris(triethylsilyl)baccatin III 

(17) [35], (3R,4R)-1-(tert-butoxycarbonyl)-3-triisopropylsiloxy-4-trifluoromethylazetidin-2-

one (22) [43], 2-(5-oxo-triisopropylsiloxypentan-2-yl)disulfanylphenylacetic acid (24) [5], 

and biotinyl-NH(PEG)3(CH2)2-NH2 (27) [45] were prepared according to literature 

methods. Human peripheral blood plasma (HemaCare), 0.9% sodium chloride injection 

saline with 10% dextrose (Baxter Healthcare Corp.), RPMI cell culture medium, and 

phosphate-buffered saline (PBS) (Gibco) were used as received for formulation and NMR-

based assays.

4.3 Synthesis of SB-T-12145 (3)

4.3.1. 2-Debenzoyl-2-(3-fluorobenzoyl)-3'-dephenyl)-3'-(2-methyl-2-
propenyl)-10-(cyclopropanecarbonyl)docetaxel [SB-T-12145] (3)—To a cooled 

solution of 5 (185 mg, 0.25 mmol) and (+)−6 (124 mg, 0.31 mmol) in THF (10 mL) at −40 

°C was added a [1 M] solution of LHMDS in tert-butyl methyl ether (0.36 mL), and the 

mixture was allowed to react for 1.5 h at −40 °C with stirring. The reaction was quenched 
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with saturated NH4Cl (5 mL), and the reaction mixture was allowed to warm to room 

temperature, diluted with H2O (30 mL), and extracted with ethyl acetate (2 × 30 mL). The 

combined organic layers were washed with brine (3 × 30 mL), dried over MgSO4, and 

concentrated in vacuo. Purification of the crude product by column chromatography on 

silica gel with hexanes/ethyl acetate (4:1) as eluent gave 7 as a white solid (236 mg, 83% 

yield): 1H NMR (300 MHz, CDCl3): δ 0.46–0.64 (m, 6H), 0.82–0.98 (m, 13H), 1.04–1.14 

(m, 21H), 1.19 (s, 3H), 1.27 (s, 3H), 1.34 (s, 9H), 1.68 (s, 3H), 1.75 (s, 3H), 1.78 (s, 3H), 

1.82–1.96 (m, 1H), 2.01 (s, 3H), 2.20–2.32 (m, 2H), 2.36 (s, 3H), 2.42–2.58 (m, 1H), 3.85 

(d, J = 7.2 Hz, 1H), 4.17 (d, J = 8.4 Hz, 1H), 4.30 (d, J = 8.4 Hz, 1H), 4.40–4.52 (m, 2H), 

4.70–4.86 (m, 2H), 4.95 (d, J = 8.1 Hz, 1H), 5.33 (d, J = 8.7 Hz, 1H), 5.65 (d, J = 7.5 Hz, 

1H), 6.06 (t, 1H), 6.48 (s, 1H), 7.31 (m, 1H), 7.45 (m, 1H), 7.79 (d, J = 10.2 Hz, 1H), 7.90 

(d, J = 7.8 Hz, 1H). MS (ESI) m/z: Calcd. for C60H93FNO15Si2+: 1142.6; Found: 1142.6.

To a cooled solution of 7 (230 mg, 0.20 mmol) in CH3CN-pyridine (1:1) (16 mL) at 0 °C 

was added HF-pyridine (2.4 mL), and the mixture was allowed to warm from 0 °C to room 

temperature and react for 12 h with stirring. The reaction was quenched with 10% citric acid 

(5 mL), and the reaction mixture was neutralized with saturated NaHCO3 (30 mL) and 

extracted with ethyl acetate (2 × 30 mL). The combined organic layers were washed with 

saturated CuSO4 solution (3 × 30 mL), H2O (2 × 30 mL), and brine (3 × 30 mL), and then 

dried over MgSO4, and concentrated in vacuo. Purification of the crude product by column 

chromatography on silica gel with hexanes/ethyl acetate (1:2) as eluent gave SB-T-12145 

(3) as a white solid (159 mg, 91%): mp 153–155 °C; 1H NMR (500 MHz, CDCl3): δ 1.02–

1.20 (m, 5H), 1.22 (s, 3H), 1.33 (s, 3H), 1.42 (s, 9H), 1.60–1.72 (m, 3H), 1.74 (s, 3H), 1.83 

(s, 3H), 1.833 (s, 3H), 1.97 (s, 3H), 2.11 (s, 1H), 2.28–2.50 (m, 3H), 2.42 (s, 3H), 2.54–2.72 

(m, 1H), 3.88 (d, J = 7.2 Hz, 1H), 4.21 (d, J = 8.4 Hz, 1H), 4.27 (d, J = 8.4 Hz, 1H), 4.48 

(dd, J = 6.6, 10.5 Hz, 1H), 4.74–4.88 (m, 2H), 5.04 (d, J = 8.1 Hz, 1H), 5.39 (d, J = 6.0 Hz, 

1H), 5.70 (d, J = 7.2 Hz, 1H), 6.23 (t, J = 9.0 Hz, 1H), 6.37 (s, 1H), 7.38 (t, J = 8.4 Hz, 1H), 

7.53 (m, 1H), 7.86 (d, J = 9.0 Hz, 1H), 7.97 (d, J = 7.8 Hz, 1H); 13C NMR (125 MHz, 

CDCl3): δ 9.25, 9.51, 13.05, 15.03, 18.54, 21.97, 22.35, 25.73, 26.66, 28.22, 35.49, 35.55, 

43.15, 45.65, 51.60, 58.52, 72.23, 72.39, 73.71, 75.42, 75.52, 77.04, 77.30, 76.31, 79.25, 

81.04, 84.49, 116.85, 117.05, 120.54, 120.72, 120.89, 126.01, 130.34, 130.40, 131.42 (d, J = 

7.5 Hz), 132.78, 142.80, 155.46, 161.56, 163.51, 165.70, 170.03, 175.17, 202.87; 19F NMR 

(282 MHz, CDCl3) δ −111.90; HRMS (TOF): Calcd. for C45H59FNO15
+: 872.3863; Found: 

872.3864 (Δ = 0.1 ppm).

4.4 Synthesis of 19F-labeled self-immolative disulfide linker (12)

4.4.1. 5-Fluoro-3H–benzo[b]thiophen-2-one (9)—To a solution of 5-fluoro-3H–

benzo[b]thiophene (8) (350 mg, 2.3 mmol) in Et2O (5 mL) was added n-BuLi (1.4 mL, 1.6 

M in hexanes) dropwise at −40 °C, and the mixture was allowed to stir for 45 min at −40 °C. 

To the cooled solution was added B(OBu)3 (635 mg, 2.76 mmol) in Et2O (1 mL), and the 

mixture was allowed to warm from −40 °C to 0 °C and react for 1 h with stirring. The 

reaction was quenched with 2 N HCl (10 mL), and the reaction mixture was diluted with 

H2O (20 mL) and extracted with Et2O (3 × 30 mL). The combined organic layers were 

extracted with 2 M NaOH (3 × 30 mL), and the combined aqueous layers were acidified to 

pH 1 with concentrated HCl and extracted again with Et2O (3 × 25 mL). The second ether 
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extract (75 mL) was dried over MgSO4 and concentrated in vacuo to give 2,4,6-tri(5-

benzo[b]thiophen-2-yl)-1,3,5-trioxa-2,4,6-triborinane as an off-white solid.

To a solution of crude triborinane (330 g, 0.62 mmol) in EtOH (4 mL) was added 30% H2O2 

(1.3 mL, 10 mmol), and the mixture was allowed to react for 12 h at room temperature with 

stirring. The reaction mixture was diluted with H2O (10 mL) and extracted with CH2Cl2 (2 

× 20 mL). The combined organic layers were washed with brine (2 × 30 mL), dried over 

MgSO4, and concentrated in vacuo to afford a brown oil. Purification of the crude product 

by column chromatography on silica gel with hexanes/ethyl acetate (5:1) as eluent gave 9 as 

a pale yellow solid (172 mg, 46% for 2 steps): mp 101–102 °C; 1H NMR (300 MHz, 

CDCl3): δ 3.98 (s, 2H), 7.01–7.07 (m, 1H), 7.05 (d, J = 8.7 Hz, 1H), 7.29 (dd, J = 4.8, 9.6 

Hz, 1H); 19F NMR (282 MHz, DCl3): δ −116.24 (s, 1F). HRMS (TOF): Calcd. for 

C8H6FOS+: 169.0118; Found: 169.0115 (Δ = −1.8 ppm).

4.4.2. 2-Sulfhydryl-5-fluorophenyl acetic acid (10)—To a solution of 9 (165 mg, 

0.98 mmol) in THF (2 mL) and heated at 60 °C was added LiOH .H2O (300 mg, 7.8 mmol) 

in H2O (2 mL), and the mixture was allowed to react for 6 h at 60 °C with stirring. The 

reaction mixture was allowed to cool to room temperature, and the mixture was acidified to 

pH 2 using 1 M HCl and extracted with ethyl acetate (3 × 15 mL). The combined organic 

layers were washed with brine (2 × 15 mL), dried over MgSO4, and concentrated in vacuo to 

afford a yellow solid. Purification of the crude product by column chromatography on silica 

gel with hexanes/ethyl acetate (3:1) as eluent gave 10 as an off-white solid (171 mg, 

94%): 1H NMR (300 MHz, CDCl3): δ 3.40 (bs, 1H), 3.84 (s, 2H), 6.92 (dt, J = 2.7, 8.4 Hz, 

1H), 7.01 (dd, J = 2.7, 9.0 Hz, 1H), 7.43 (dd, J = 5.4, 8.4 Hz, 1H); 19F NMR (282 MHz, 

CDCl3): δ −113.05 (s, 1F). MS (ESI): Calcd. for C8H6FO2S−: 185.0; Found: 185.0.

4.4.3. 2-(1-Methyl-4-oxo-5-triisopropylsilyloxybutyldisulfanyl)-5-
fluorophenylacetic acid (12)—To a solution of 10 (165 mg, 0.89 mmol) in THF (2 mL) 

at 0 °C was added a cooled solution of 11 (354 mg, 0.89 mmol) in THF (2 mL) at 0 °C, and 

the mixture was allowed to react for 30 min at 0 °C with stirring. The reaction mixture was 

allowed to warm to room temperature and was directly concentrated in vacuo to afford a 

pink oil. Purification of the crude product by column chromatography on silica gel with 

hexanes/ethyl acetate (3:1) as eluent gave 12 as a colorless oil (142 mg, 34%): 1H NMR 

(300 MHz, CDCl3): δ 1.00–1.10 (m, 18H), 1.20–1.32 (m, 3H), 1.26 (d, J = 6.9 Hz, 3H), 1.81 

(m, J = 8.1 Hz, 1H), 1.94 (m, J = 8.1 Hz, 1H), 2.39 (dt, J = 2.7, 7.8 Hz, 2H), 2.89 (m, J = 6.9 

Hz, 1H), 3.89 (s, 2H), 6.94 −7.02 (m, 1H), 6.97 (d, J = 8.4 Hz, 1H), 7.74 (dd, J = 6.0, 8.4 

Hz, 1H); 19F NMR (282 MHz, CDCl3): δ −113.13 (s, 1F). MS (ESI): Calcd. for 

C22H35FO4S2Si−: 473.2; Found: 473.2.

4.5. Synthesis of BLT-F2 (1)

4.5.1. SB-T-12145-(SS-F-Linker)-CO2TIPS (13)—To a cooled solution of SB-T-12145 

(3) (140 mg, 0.16 mmol) and DMAP (4 mg, 0.03 mmol) in CH2Cl2 (4 mL) at −10 °C was 

added DIC (0.024 mL, 0.13 mmol) followed by the dropwise addition of a solution of 12 (61 

mg, 0.13 mmol) in CH2Cl2 (4 mL), and the mixture was allowed to warm from −10 °C to 

room temperature and react for 4 h with stirring. The reaction mixture was directly 
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concentrated in vacuo to give a yellow oil. Purification of the crude product by column 

chromatography on silica gel with hexanes/ethyl acetate (3:1) as eluent gave 13 as a white 

solid (132 mg, 77%): 1H NMR (300 MHz, CDCl3): δ 1.02–1.20 (m, 22H), 1.20–1.32 (m, 

3H), 1.23 (s, 3H), 1.24–1.28 (m, 3H), 1.33 (s, 3H), 1.42 (s, 9H), 1.60–1.72 (m, 1H), 1.74 (s, 

3H), 1.81 (m, 1H), 1.83 (s, 3H), 1.84 (s, 3H), 1.92 (m, 1H), 1.97 (s, 3H), 2.11 (s, 1H), 2.24–

2.52 (m, 4H), 2.42 (s, 3H), 2.54–2.72 (m, 1H), 2.87 (m, 1H), 3.88 (d, J = 7.2 Hz, 1H), 3.93 

(s, 2H), 4.21 (d, J = 8.4 Hz, 1H), 4.27 (d, J = 8.4 Hz, 1H), 4.48 (dd, J = 6.6, 10.5 Hz, 1H), 

4.74–4.88 (m, 2H), 5.04 (d, J = 8.1 Hz, 1H), 5.39 (d, J = 6.0 Hz, 1H), 5.70 (d, J = 7.2 Hz, 

1H), 6.23 (t, J = 9.0 Hz, 1H), 6.37 (s, 1H), 6.94 −7.02 (m, 2H), 7.38 (t, J = 8.4 Hz, 1H), 7.53 

(m, 1H), 7.75 (dd, J = 6.0, 8.4 Hz, 1H), 7.86 (d, J = 9.0 Hz, 1H), 7.97 (d, J = 7.8 Hz, 

1H); 19F NMR (282 MHz, CDCl3): δ −112.87 (s, 1F), −111.93 (s, 1F). MS (ESI): Calcd. for 

C67H92F2NO18S2Si+: 1328.5; Found: 1328.5.

4.5.2. SB-T-12145-(SS-F-Linker)-CO2H (14)—To a cooled solution of 13 (132 mg, 

0.10 mmol) in CH3CN-pyridine (1:1) (8 mL) at 0 °C was added HF-pyridine (1.3 mL), and 

the mixture was allowed to warm from 0 °C to room temperature and react for 12 h with 

stirring. The reaction was quenched with 10% aqueous citric acid (5 mL), and the reaction 

mixture was neutralized with saturated NaHCO3 (20 mL) and extracted with ethyl acetate (2 

× 40 mL). The combined organic layers were washed with saturated CuSO4 (2 × 50 mL), 

H2O (50 mL) and brine (3 × 50 mL), dried over MgSO4, and concentrated in vacuo to afford 

a pale yellow solid. Purification of the crude product by column chromatography on silica 

gel with hexanes/ethyl acetate (1:1) as eluent gave 14 as a white solid (113 mg, 97%): 1H 

NMR (300 MHz, CDCl3): δ 1.03–1.24 (m, 4H), 1.23 (s, 3H), 1.24–1.28 (m, 3H), 1.33 (s, 

3H), 1.42 (s, 9H), 1.60–1.72 (m, 1H), 1.74 (s, 3H), 1.81 (m, 1H), 1.83 (s, 3H), 1.84 (s, 3H), 

1.92 (m, 1H), 1.97 (s, 3H), 2.11 (s, 1H), 2.24–2.52 (m, 4H), 2.42 (s, 3H), 2.54–2.72 (m, 1H), 

2.87 (m, 1H), 3.88 (d, J = 7.2 Hz, 1H), 3.93 (s, 2H), 4.21 (d, J = 8.4 Hz, 1H), 4.27 (d, J = 8.4 

Hz, 1H), 4.48 (dd, J = 6.6, 10.5 Hz, 1H), 4.74–4.88 (m, 2H), 5.05 (d, J = 8.1 Hz, 1H), 5.39 

(d, J = 6.0 Hz, 1H), 5.70 (d, J = 7.2 Hz, 1H), 6.23 (t, J = 9.0 Hz, 1H), 6.37 (s, 1H), 6.94 

−7.02 (m, 2H), 7.38 (t, J = 8.4 Hz, 1H), 7.53 (m, 1H), 7.75 (dd, J = 6.0, 8.4 Hz, 1H), 7.86 (d, 

J = 9.0 Hz, 1H), 7.97 (d, J = 7.8 Hz); 19F NMR (282 MHz, CDCl3): δ −113.41 (d, 1F), 

−111.86 (s, 1F). MS (ESI): Calcd for C58H71F2NO18S2
+ (M+H+): 1172.4; Found 1172.4.

4.5.3. SB-T-12145-(SS-F-Linker)-OSu (15)—To a cooled solution of 14 (113 mg, 0.097 

mmol) and HOSu (20 mg, 0.174 mmol) in CH2Cl2 (3 mL) at 0 °C was added DIC (0.016 

mL, 0.104 mmol), and the mixture was allowed to warm from 0 °C to room temperature and 

react for 6 h with stirring. The reaction mixture was directly concentrated in vacuo to afford 

a yellow solid. Purification of the crude product by column chromatography on silica gel 

with hexanes/ethyl acetate (1:2) as eluent gave 15 as a white solid (91 mg, 79%): 1H NMR 

(300 MHz, CDCl3): δ 1.03–1.24 (m, 4H), 1.23 (s, 3H), 1.24–1.28 (m, 3H), 1.33 (s, 3H), 1.42 

(s, 9H), 1.60–1.72 (m, 1H), 1.74 (s, 3H), 1.81 (m, 1H), 1.83 (s, 3H), 1.84 (s, 3H), 1.92 (m, 

1H), 1.97 (s, 3H), 2.11 (s, 1H), 2.24–2.52 (m, 4H), 2.42 (s, 3H), 2.54–2.72 (m, 1H), 2.83 (bs, 

4H), 2.87 (m, 1H), 3.88 (d, J = 7.2 Hz, 1H), 3.93 (s, 2H), 4.21 (d, J = 8.4 Hz, 1H), 4.27 (d, J 

= 8.4 Hz, 1H), 4.48 (dd, J = 6.6, 10.5 Hz, 1H), 4.74–4.88 (m, 2H), 5.05 (d, J = 8.1 Hz, 1H), 

5.39 (d, J = 6.0 Hz, 1H), 5.70 (d, J = 7.2 Hz, 1H), 6.23 (t, J = 9.0 Hz, 1H), 6.37 (s, 1H), 6.94 

−7.02 (m, 2H), 7.381 (t, J = 8.4 Hz, 1H), 7.53 (m, 1H), 7.75 (dd, J = 6.0, 8.4 Hz, 1H), 7.86 
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(d, J = 9.0 Hz, 1H), 7.97 (d, J = 7.8 Hz, 1H); 19F NMR (282 MHz, CDCl3): δ −112.87 (s, 

1F), −111.93 (s, 1F); MS (ESI) for C62H75F2N2O20S2
+ calcd: 1269.4; Found 1269.4.

4.5.4. Biotin-(SS-F-Linker)-SB-T-12145 [BLT-F2] (1)—To a solution of 15 (87 mg, 

0.069 mmol) and 16 (28 mg, 0.11 mmol) in DMSO (0.5 mL) at 0 °C was added pyridine 

(0.15 mL), and the mixture was allowed to warm from 0 °C to room temperature and react 

for 72 h with stirring. The reaction mixture was directly concentrated in vacuo to afford a 

yellow-green oil. Purification of the crude product by column chromatography on silica gel 

with 6% CH3OH in CH2Cl2 as eluent gave BLT-F2 (1) as a white solid (62 mg, 77%): mp 

129–131 °C; 1H NMR (500 MHz, CD3OD): δ 1.03–1.24 (m, 4H), 1.23 (s, 3H), 1.24–1.32 

(m, 5H), 1.38–1.70 (m, 4H), 1.33 (s, 3H), 1.42 (s, 9H), 1.60–1.72 (m, 1H), 1.74 (s, 3H), 1.81 

(m, 1H), 1.83 (s, 3H), 1.84 (s, 3H), 1.92 (m, 1H), 1.97 (s, 3H), 2.11 (m, 3H), 2.24–2.52 (m, 

4H), 2.42 (s, 3H), 2.54–2.72 (m, 2H), 2.83 (br s, 4H), 2.87 (m, 2H), 3.22 (m, 1H), 3.88 (d, J 

= 7.2 Hz, 1H), 3.93 (s, 2H), 4.21 (d, J = 8.4 Hz, 1H), 4.27 (d, J = 8.4 Hz, 1H), 4.48 (dd, J = 

6.6, 10.5 Hz, 1H), 4.74–4.32 (m, 1H), 4.49 (m, 1H), 4.88 (m, 2H), 5.05 (d, J = 8.1 Hz, 1H), 

5.39 (d, J = 6.0 Hz, 1H), 5.70 (d, J = 7.2 Hz, 1H), 6.23 (t, J = 9.0 Hz, 1H), 6.37 (s, 1H), 6.94 

−7.02 (m, 2H), 7.381 (t, J = 8.4 Hz, 1H), 7.53 (m, 1H), 7.75 (dd, J = 6.0, 8.4 Hz, 1H), 7.86 

(d, J = 9.0 Hz, 1H), 7.97 (d, J = 7.8 Hz, 1H); 13C NMR (125 MHz, CD3OD): δ 7.78, 8.99, 

12.38, 13.59, 17.22, 19.41, 19.49, 20.93, 24.96, 25.55, 27.36, 27.94, 29.35, 30.53, 30.90, 

32.96, 35.35, 36.11, 38.15, 39.03, 39.64, 43.16, 45.72, 46.67, 49.30, 55.51, 57. 86, 60.26, 

61.84, 70.15, 70.91, 71.59, 75.32, 75.44, 75.94, 77.69, 79.11 80.96, 84.45, 114.87, 115.09, 

116.11, 116.34, 117.68, 117.91, 119.78, 119.93, 120.15, 125.68, 130.29, 130.37, 132.32, 

132.39, 132.97, 133.36, 133.45, 136.67, 137.30, 141.25, 156.09, 161.16, 161.37, 163.60, 

163.81, 164.74, 164.88, 168.82, 169.98; 19F NMR (376 MHz, CD3OD): δ −112.95 (s, 1F), 

−111.88 (s, 1F). HRMS (TOF): Calcd. for C68H88F2N5O19S3
+: 1412.5204: Found: 

1412.5159 (Δ = −3.2 ppm).

4.6. Synthesis of SB-T-12822-5 (4)

4.6.1. 10-Deacetyl-2-debenzoyl-2-(3-trifluoromethoxybenzoyl)-7,10,13-
tris(triethylsilyl)baccatin III (18)—To a solution of 17 (0.398 g, 0.508 mmol), 3-

(trifluoromethoxy)benzoic acid (0.838 g, 4.07 mmol), and DMAP (0.497 g, 4.07 mmol) in 

CH2Cl2 (10 mL) was added DIC (0.63 mL, 4.07 mmol), and the mixture was allowed to 

react for 10 h at room temperature with stirring. The reaction was quenched with saturated 

NH4Cl (10 mL), and the reaction mixture was diluted with H2O (10 mL) and extracted with 

ethyl acetate (3 × 30 mL). The combined organic layers were washed with brine (3 × 30 

mL), dried over MgSO4, and concentrated in vacuo to give a yellow solid. Purification of 

the crude product by column chromatography on silica gel with hexanes/ethyl acetate (6:1) 

as eluent gave 18 as a white solid (0.435 g, 88%): 1H NMR (500 MHz, CDCl3): δ 0.64 (m, 

18H), 0.99 (m, 27H), 1.12 (s, 3H), 1.19 (s, 3H), 1.50 (s, 1H), 1.65 (s, 3H), 1.88 (t, J = 10.6 

Hz, 1H), 1.98 (s, 3H), 2.10 (m, 1H), 2.19 (m, 1H), 2.27 (s, 3H), 2.53 (m, 1H), 3.86 (d, J = 

7.0 Hz, 1H), 4.13 (d, J = 8.2 Hz, 1H), 4.25 (d, J = 8.2 Hz, 1H), 4.40 (dd, J = 6.6, 10.3 Hz, 

1H), 4.94 (m, 2H), 5.19 (s, 1H), 5.59 (d, J = 7.2 Hz, 1H), 7.43 (d, J = 9.0 Hz, 1H), 7.52 (t, J 

= 8.0 Hz, 1H), 7.98 (s, 1H), 8.02 (d, J = 7.8 Hz, 1H); 13C NMR (125 MHz, CDCl3): δ 4.80, 

5.21, 5.94, 6.85, 6.95, 10.40, 14.59, 20.55, 22.17, 26.29, 37.23, 39.71, 42.93, 46.88, 58.19, 

68.22, 72.61, 75.74, 76.09, 76.46, 79.63, 80.72, 84.01, 122.03, 126.03, 128.53, 130.17, 
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131.62, 135.61, 139.55, 149.21, 165.64, 169.99, 205.64; 19F NMR (282 MHz, CDCl3): δ 

−58.48 (s, 3F); HRMS (TOF): Calcd. for C48H78F3O11Si3+: 971.4799: Found: 971.4806 (Δ 

= 0.7 ppm).

4.6.2. 10-Deacetyl-2-debenzoyl-2-(3-trifluoromethoxybenzoyl)baccatin III (19)—
To a cooled solution of 18 (0.573 g, 0.590 mmol) in CH3CN-pyridine (1:1) (40 mL) was 

added HF-pyridine (5.7 mL), and the mixture was allowed to warm from 0 °C to room 

temperature and react for 13 h with stirring. The reaction was quenched with 10% citric acid 

(15 mL), and the reaction mixture was diluted with H2O (10 mL) and extracted with ethyl 

acetate (3 × 30 mL). The combined organic layers were washed with saturated CuSO4 (3 × 

30 mL) and brine (3 × 30 mL), dried over MgSO4, and concentrated in vacuo to give 19 as a 

white solid (0.333 g, 90%): 1H NMR (500 MHz, DMSO-d6): δ 0.97 (s, 3H), 0.98 (s, 3H), 

1.57 (s, 3H), 1.69 (m, 1H), 1.94 (s, 3H), 2.18 (d, J = 8.3 Hz, 1H), 2.21 (s, 3H), 2.32 (m, 1H), 

3.86 (d, J = 7.1 Hz, 1H), 4.06 (s, 2H), 4.13 (m, 1H), 4.52 (s, 1H), 4.66 (m, 1H), 4.97 (d, J = 

8.3 Hz, 1H), 5.05 (d, J = 7.1 Hz, 1H), 5.17 (d, J = 2.6 Hz, 1H), 5.28 (d, J = 4.6 Hz, 1H), 5.43 

(d, J = 7.1 Hz, 1H), 7.76 (s, 1H), 7.77 (t, J = 8.1 Hz, 1H), 7.96 (s, 1H), 8.06 (dt, J = 1.7, 7.0 

Hz, 1H); 13C NMR (125 MHz, DMSO-d6): δ 10.16, 15.34, 20.58, 22.53, 27.22, 37.04, 

42.88, 46.96, 57.49, 66.47, 71.41, 74.87, 75.88, 76.06, 77.40, 80.56, 84.18, 121.91, 126.52, 

129.06, 131.62, 132.86, 134.89, 142.07, 148.79, 164.27, 169.89, 210.70; 19F NMR (376 

MHz, DMSO-d6): δ −56.92 (s, 3F). HRMS (TOF): Calcd. for C30H36F3O11
+: 629.2204; 

Found: 629.2207 (Δ = 0.5 ppm).

4.6.3. 10-Deacetyl-2-debenzoyl-2-(3-trifluoromethoxybenzoyl)-7-
triethylsilylbaccatin III (20)—To a cooled solution of 19 (0.333 g, 0.530 mmol) and 

imidazole (0.144 g, 2.12 mmol) in DMF (5.3 mL) was added chlorotriethylsilane (0.3 mL, 

1.59 mmol), and the mixture was allowed to react for 30 min at 0 °C with stirring. The 

reaction was quenched with saturated NH4Cl (10 mL), and the reaction mixture was diluted 

with H2O (10 mL) and extracted with ethyl acetate (3 × 30 mL). The combined organic 

layers were washed with brine (3 × 30 mL), dried over MgSO4, and concentrated in vacuo to 

give a colorless oil. Purification of the crude product by column chromatography on silica 

gel with hexanes/ethyl acetate (3:2) as eluent gave 20 as a white solid (0.320 g, 81%): 1H 

NMR (500 MHz, CDCl3): δ 0.54 (m, 6H), 0.93 (t, J = 8.0 Hz, 9H), 1.07 (s, 6H), 1.72 (s, 

3H), 1.89 (dt, J = 2.1, 12.6 Hz, 1H), 2.07 (s, 3H), 2.08 (t, J = 5.3 Hz, 1H), 2.25 (t, J = 8.1 

Hz, 2H), 2.26 (s, 3H), 2.47 (m, 1H), 3.95 (d, J = 6.9 Hz, 1H), 4.14 (d, J = 8.2 Hz, 1H), 4.24 

(d, J = 2.1 Hz, 1H), 4.28 (d, J = 8.2 Hz, 1H), 4.41 (dd, J = 7.0, 10.6 Hz, 1H), 4.86 (m, 1H), 

4.96 (d, J = 7.9 Hz, 1H), 5.16 (d, J = 2.1 Hz, 1H), 5.57 (d, J = 7.0 Hz, 1H), 7.45 (d, J = 8.1 

Hz, 1H), 7.52 (t, J = 7.9 Hz, 1H), 7.98 (s, 1H), 8.03 (dt, J = 1.1, 7.7 Hz, 1H); 13C NMR (125 

MHz, CDCl3): δ 5.13, 6.72, 9.86, 15.19, 19.43, 22.39, 26.83, 37.17, 38.44, 42.61, 46.96, 

57.89, 67.85, 72.91, 74.64, 75.34, 78.85, 80.63, 84.23, 122.12, 126.10, 128.50, 130.21, 

131.41, 134.98, 141.89, 149.22, 149.24, 165.54, 170.77, 210.24; 19F NMR (376 MHz, 

CDCl3): δ −57.86 (s, 3F). HRMS (TOF): Calcd. for C36H50F3O11Si+: 743.3069; Found: 

743.3072 (Δ = 0.4 ppm).

4.6.4. 10-(Cyclopropanecarbonyl)-10-deacetyl-2-debenzoyl-2-(3-
trifluoromethoxybenzoyl)-7-triethylsilylbaccatin III (21)—To a cooled solution of 
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20 (0.240 g, 0.323 mmol) in THF (3.2 mL) was added 1 M LHMDS in THF (0.35 mL, 0.355 

mmol) followed by cyclopropanecarbonyl chloride (31 µL, 0.340 mmol), and the mixture 

was allowed to react for 10 min at −40 °C with stirring. The reaction was quenched with 

saturated NH4Cl (10 mL), and the reaction mixture was diluted with H2O (10 mL) and 

extracted with ethyl acetate (3 × 30 mL). The combined organic layers were washed with 

brine (3 × 30 mL), dried over MgSO4, and concentrated in vacuo to give a crude yellow oil. 

Purification of the crude product by column chromatography on silica gel with hexanes/

ethyl acetate (3:2) as eluent gave 21 as a white solid (0.245 g, 93%): 1H NMR (500 MHz, 

CDCl3): δ 0.57 (m, 6H), 0.90 (m, 2H), 0.91 (t, J = 8.0 Hz, 9H), 1.05 (s, 3H), 1.19 (s, 3H), 

1.67 (s, 3H), 1.75 (m, 1H), 1.87 (dt, J = 2.0, 12.3 Hz, 1H), 2.08 (m, 1H), 2.19 (s, 3H), 2.24 

(m, 2H), 2.26 (s, 3H), 2.53 (m, 1H), 3.89 (d, J = 7.0 Hz, 1H), 4.12 (d, J = 8.0 Hz, 1H), 4.27 

(d, J = 8.0 Hz, 1H), 4.47 (dd, J = 6.7, 10.3 Hz, 1H), 4.84 (m, 1H), 4.96 (d, J = 8.2 Hz, 1H), 

5.61 (d, J = 7.1 Hz, 1H), 6.46 (s, 1H), 7.45 (d, J = 8.1 Hz, 1H), 7.53 (t, J = 8.0 Hz, 1H), 8.00 

(s, 1H), 8.05 (dt, J = 1.2, 7.8 Hz, 1H); 13C NMR (125 MHz, CDCl3): δ 5.23, 6.74, 8.57, 

8.71, 9.87, 12.98, 14.17, 14.93, 20.07, 21.04, 22.44, 26.80, 37.15, 38.07, 42.68, 47.23, 

53.40, 58.55, 60.39, 67.88, 72.31, 75.27, 75.47, 76.35, 78.84, 80.76, 84.21, 122.15, 126.12, 

128.52, 130.21, 131.40, 132.60, 143.99, 149.22, 165.60, 170.72, 173.17, 202.24. 19F NMR 

(376 MHz, CDCl3): δ −57.86 (s, 3F); HRMS (TOF): Calcd. for C40H54F3O12Si+: 811.3331; 

Found: 811.3336 (Δ = 0.6 ppm).

4.6.5. 2-Debenzoyl-3’-dephenyl-10-(cyclopropanecarbonyl)-2-(3-
trifluoromethoxybenzoyl)-7-triethylsilyl-2’-triisopropylsilyl-3’-
trifluoromethyldocetaxel (23)—To a cooled solution of 21 (0.245 g, 0.302 mmol) and 

22 (0.155 g, 0.369 mmol) in THF (5 mL) was added 1 M LHMDS in THF (0.4 mL, 0.4 

mmol), and the mixture was allowed to react for 3 h at −40 °C with stirring. The reaction 

was quenched with NH4Cl (10 mL), and the reaction mixture was diluted with H2O (10 mL) 

and extracted with ethyl acetate (3 × 30 mL). The combined organic layers were washed 

with brine (3 × 30 mL), dried over MgSO4, and concentrated in vacuo to give a yellow oil. 

Purification of the crude product by column chromatography on silica gel with hexanes/

ethyl acetate (4:1) as eluent gave 23 as a white solid (0.254 g, 69%): 1H NMR (500 MHz, 

CDCl3): δ 0.55 (m, 6H), 0.90 (t, J = 8.0 Hz, 9H), 0.92 (m, 2H), 1.11 (m, 21H), 1.17 (s, 3H), 

1.22 (s, 3H), 1.31 (s, 9H), 1.58 (m, 3H), 1.68 (s, 3H), 1.75 (m, 1H), 1.88 (m, 1H), 2.01 (s, 

3H), 2.30 (m, 1H), 2.32 (s, 3H), 2.50 (m, 1H), 3.84 (d, J = 7.1 Hz, 1H), 4.17 (d, J = 8.7 Hz, 

1H), 4.29 (d, J = 8.4 Hz, 1H), 4.45 (dd, J = 6.7, 10.5 Hz, 1H), 4.65 (m, 1H), 4.91 (s, 1H), 

4.93 (t, J = 16.6 Hz, 1H), 5.17 (d, J = 10.6 Hz, 1H), 5.65 (d, J = 7.6 Hz, 1H), 6.07 (t, J = 8.5 

Hz, 1H), 6.47 (s, 1H), 7.45 (d, J = 7.5 Hz, 1H), 7.55 (t, J = 8.0 Hz, 1H), 8.01 (s, 1H), 8.06 

(d, J = 7.8 Hz, 1H); 13C NMR (125 MHz, CDCl3): δ 5.27, 6.73, 8.70, 8.83, 10.02, 12.70, 

12.93, 14.18, 14.25, 17.79, 17.92, 21.29, 22.22, 26.50, 27.92, 35.19, 37.09, 43.23, 46.71, 

58.33, 70.01, 72.18, 72.44, 72.66, 75.48, 76.36, 78.84, 81.12, 84.26, 122.20, 126.11, 128.57, 

130.32, 131.26, 133.59, 140.25, 149.26, 155.12, 165.54, 169.87, 170.61, 173.14, 201.81; 19F 

NMR (376 MHz, CDCl3): δ −57.98 (s, 3F), −72.55 (s, 3F). HRMS (TOF): Calcd. for 

C58H86F6NO16Si2+: 1222.5384; Found: 1222.5383 (Δ = 0.1 ppm).

4.6.6. 2-Debenzoyl-3’-dephenyl-10-(cyclopropanecarbonyl)-2-(3-
trifluoromethoxybenzoyl)-3’-trifluoromethyldocetaxel [SB-T-12822-5] (4)—To a 
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cooled solution of 23 (0.190 g, 0.155 mmol) in CH3CN-pyridine (1:1) (10 mL) was added 

HF-pyridine (1.9 mL), and the mixture was allowed to warm from 0 °C to room temperature 

and react for 12 h with stirring. The reaction was quenched with 10% citric acid (10 mL), 

and the reaction mixture was diluted with H2O (10 mL) and extracted with ethyl acetate (3 × 

30 mL). The combined organic layers were washed with saturated CuSO4 (3 × 30 mL) and 

brine (3 × 30 mL), dried over MgSO4, and concentrated in vacuo to give a colorless oil. 

Purification of the crude product by column chromatography on silica gel with hexanes/

ethyl acetate (3:7) as eluent gave SB-T-12822-5 (4) as a white solid (0.128 g, 87%): mp 

141–142 °C; 1H NMR (500 MHz, CDCl3): δ 1.00 (m, 2H), 1.14 (m, 2H), 1.15 (s, 3H), 1.24 

(s, 3H), 1.31 (s, 9H), 1.67 (s, 3H), 1.78 (m, 1H), 1.85 (m, 1H), 1.88 (s, 3H), 2.32 (t, J = 12.7 

Hz, 2H), 2.35 (s, 3H), 2.54 (m, 1H), 2.60 (d, J = 4.1 Hz, 1H), 3.43 (d, J = 4.6 Hz, 1H), 3.81 

(d, J = 7.0 Hz, 1H), 4.16 (d, J = 8.4 Hz, 1H), 4.28 (d, J = 8.4 Hz, 1H), 4.40 (m, 1H), 4.69 (d, 

J = 4.0 Hz, 1H), 4.74 (m, 1H), 4.95 (d, J = 7.9 Hz, 1H), 5.22 (d, J = 7.9 Hz, 1H), 5.22 (d, J = 

10.8 Hz, 1H), 5.63 (d, J = 7.1 Hz, 1H), 6.21 (t, J = 8.0 Hz, 1H), 6.29 (s, 1H), 7.46 (d, J = 7.4 

Hz, 1H), 7.56 (t, J = 8.0 Hz, 1H), 8.00 (s, 1H), 8.06 (d, J = 7.8 Hz, 1H); 13C NMR (125 

MHz, CDCl3): δ 9.30, 9.54, 13.03, 13.73, 14.22, 14.89, 19.14, 21.05, 21.09, 22.00, 22.14, 

26.70, 27.93, 30.65, 35.34, 35.48, 43.20, 45.66, 53.46, 58.55, 60.45, 64.42, 68.06, 72.19, 

73.46, 75.25, 75.63, 76.32, 79.17, 81.15, 81.34, 84.50, 122.34, 126.28, 128.60, 130.43, 

131.15, 133.34, 141.82, 149.33, 154.65, 165.65, 170.22, 171.88, 175.16, 203.65; 19F NMR 

(470 MHz, CDCl3): δ −57.96 (s, 3F), −73.39 (d, J = 8.0 Hz, 3F). HRMS (TOF): Calcd. for 

C43H52F6NO16
+: 952.3185. Found: 952.3199 (Δ = 1.5 ppm).

4.7. Synthesis of BLT-S-F6 (2)

4.7.1. SB-T-12822-5-(Me-SS-Linker)-OTIPS (25)—To a solution of SB-T-12822-5 (4) 

(0.200 g, 0.210 mmol), 24 (0.116 g, 0.230 mmol), and DMAP (0.012 g, 0.062 mmol) in 

CH2Cl2 (10 mL) was added DIC (36 µL, 0.230 mmol), and the mixture was allowed to react 

for 12 h at room temperature with stirring. The reaction was quenched with saturated NH4Cl 

(10 mL), and the reaction mixture was diluted with H2O (10 mL) and extracted with CH2Cl2 

(3 × 30 mL). The combined organic layers were washed with brine (3 × 30 mL), dried over 

MgSO4, and concentrated in vacuo to afford a yellow oil. The diisopropylurea byproduct 

was removed by filtration with diethyl ether. Purification of the crude product by column 

chromatography on silica gel with hexanes/ethyl acetate (2:1) as eluent gave 25 as a white 

solid (0.210, 72%): 1H NMR (500 MHz, CDCl3): δ 0.97 (m, 2H), 1.08 (d, J = 7.5 Hz, 18H), 

1.25 (m, 3H), 1.26 (s, 3H), 1.31 (d, J = 7.5 Hz, 3H), 1.36 (s, 9H), 1.69 (s, 3H), 1.80 (m, 1H), 

1.92 (s, 3H), 2.30 (m, 1H), 2.35 (s, 3H), 2.46 (m, 2H), 2.57 (m, 1H), 2.65 (d, J = 3.5 Hz, 

1H), 2.97 (m, 1H), 3.87 (m, 4H), 4.01 (bs, 2H), 4.09 (m, 1H), 4.18 (d, J = 8.0 Hz, 1H), 4.31 

(d, J = 8.0 Hz, 1H), 4.45 (m, 1H), 4.92 (m, 1H), 4.99 (d, J = 9.0 Hz, 1H), 5.22 (d, J = 10.0 

Hz, 1H), 5.37 (s, 1H), 5.66 (d, J = 7.0 Hz, 1H), 6.22 (t, J = 9.5 Hz, 1H), 6.30 (s, 1H), 7.21 

(m, 3H), 7.48 (d, J = 8.0 Hz, 1H), 7.59 (t, J = 8.0 Hz, 1H), 7.84 (d, J = 7.5 Hz, 1H), 8.04 (s, 

1H), 8.09 (d, J = 7.5 Hz, 1H); 13C NMR (125 MHz, CDCl3): δ 9.23, 9.47, 9.55, 11.88, 

12.99, 14.79, 15.30, 17.79, 19.14, 20.52, 21.99, 22.21, 23.36, 24.70, 26.64, 27.92, 30.95, 

33.00, 35.26, 35.38, 36.64, 38.48, 43.15, 45.61, 46.03, 58.47, 64.40, 65.89, 69.30, 72.15, 

72.37, 75.30, 75.76, 76.24, 79.36, 81.00, 81.58, 84.54, 122.31, 126.21, 127.71, 128.49, 

128.55, 130.19, 130.89, 130.72, 131.21, 132.38, 132.76, 137.51, 142.77, 149.31, 154.67, 

156.83, 165.65, 166.21, 169.39, 169.67, 173.00, 175.11, 203.85; 19F NMR (470 MHz, 
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CDCl3): δ −57.95 (s, 3F), −73.31 (d, J = 8.0 Hz, 3F). HRMS (TOF): Calcd. for 

C65H86F6NO19S2Si+: 1390.4903; Found: 1390.4882 (Δ= −1.5 ppm).

4.7.2. SB-T-12822-5-(Me-SS-Linker)-COOH (26)—To a cooled solution of 25 (0.210 

g, 0.151 mmol) in CH3CN-pyridine (1:1) (45 mL) was added HF-pyridine (2.1 mL), and the 

mixture was allowed to warm from 0 °C to room temperature and react for 10 h with 

stirring. The reaction was quenched with 10% citric acid (10 mL), and the reaction mixture 

was diluted with H2O (20 mL) and extracted with ethyl acetate (3 × 20 mL). The combined 

organic layers were washed with saturated CuSO4 (3 × 20 mL) and brine (3 × 20 mL), dried 

over MgSO4, and concentrated in vacuo to afford 26 as a white solid (0.189 g, quant.): 1H 

NMR (500 MHz, CDCl3): (1:1 mixture of two diastereomers) δ 0.91 (m, 2H), 1.11 (m, 3H), 

1.26 (s, 3H), 1.28 (m, 3H), 1.35 (s, 4.5H), 1.36 (s, 4.5H), 1.79 (m, 4H), 1.90 (s, 1.5H), 1.91 

(s, 1.5H), 2.30 (m, 3H), [2.39 (s, 1.5H), 2.42 (s, 1.5H)], 2.65 (m, 2H), [2.94 (m, 0.5 H), 3.02 

(m, 0.5 H)], 4.00 (dd, J = 9.0, 17.0 Hz, 1H), 4.08 (d, J = 7.0 Hz, 1H), 4.15 (d, J = 7.0 Hz, 

1H), 4.31 (d, J = 8.0 Hz, 2H), 4.43 (m, 1H), 4.93 (m, 1H), 5.00 (d, J = 9.0 Hz, 1H), 5.35 (dd, 

J = 10.5, 16.0 Hz, 1H), [5.48 (s, 0.5 H), 5.52 (s, 0.5 H)], 5.66 (d, J = 7.0 Hz, 1H), 6.24 (m, 

1H), [6.29 (s, 0.5H), 6.30 (s, 0.5H)], 7.26 (m, 3H), 7.35 (m, 1H), 7.48 (d, J = 8.0 Hz, 1H), 

7.59 (t, J = 8.0 Hz, 1H), 7.84 (d, J = 7.5 Hz, 1H), 8.03 (s, 1H), 8.08 (d, J = 8.0 Hz, 1H); 13C 

NMR (125 MHz, CDCl3): δ 9.25, 9.47, 9.56, 11.75, 11.86, 13.01, 13.73, 14.15, 14.22, 

14.73, 14.74, 17.22, 19.14, 20.11, 20.21, 21.09, 21.91, 22.12, 22.16, 22.68, 22.72, 26.61, 

26.65, 27.92, 29.39, 29.72, 30.65, 31.61, 31.95, 35.26, 35.42, 38.45, 43.13, 45.38, 45.75, 

45.87, 52.36, 52.61, 53.22, 55.95, 58.45, 60.44, 64.40, 69.41, 69.48, 72.14, 79.29, 81.21, 

81.28, 81.57, 81.61, 84.42, 122.32, 126.22, 127.57, 127.63, 127.92, 128.53, 128.80, 129.75, 

130.04, 130.40, 130.89, 131.22, 132.32, 132.76, 137.20, 137.59, 142.73, 149.32, 154.70, 

154.78, 157.21, 165.63, 166.45, 169.55, 170.73, 175.14, 175.18, 195.28, 203.75; 19F NMR 

(470 MHz, CDCl3): δ −57.95 (s, 3F), −73.09 [(d, J = 8 Hz, 1.5H), −73.15 (d, J = 1.5H)]. 

HRMS (TOF): Calcd. for C56H69F6N2O19S2
+ [M+NH4

+]: 1251.3835; Found: 1251.3820 

(Δ= −1.2 ppm).

4.7.3. Biotin-PEG-(SS-Linker)-SB-T-12822-5 [BLT-S-F6] (2)—To a solution of 26 
(0.189 g, 0.151 mmol), 27 (0.094 g, 0.226 mmol), and DMAP (0.019 g, 0.151 mmol) in 

CH2Cl2 (10 mL) was added EDC˙HCl (0.035 g, 0.181 mmol), and the mixture was allowed 

to react for 12 h at room temperature with stirring. The reaction mixture was directly 

concentrated in vacuo to give a yellow oil. Purification of the crude produt by column 

chromatography on silica gel with 8% CH3OH in CH2Cl2 as eluent gave BLT-S-F6 (2) as a 

white solid (0.165 g, 80%): mp 104–106 °C; 1H NMR (500 MHz, CDCl3): δ 1.02 (t, J = 8.0 

Hz, 2H), 1.18 (s, 3H), 1.28 (s, 3H), 1.30 (d, J = 6.8 Hz, 3H), 1.37 (s, 9H), 1.48 (m, 4H), 1.73 

(m, 9H), 1.91 (m, 4H), 1.92 (s, 3H), 2.34 (m, 4H), 2.35 (s, 3H), 2.36 (m, 1H), 2.48 (t, J = 7.5 

Hz, 2H), 2.55 (m, 1H), 2.75 (d, J = 12.5 Hz, 1H), 2.92 (m, 1H), 2.93 (dd, J = 4.5, 12.5 Hz, 

1H), 3.20 (m, 2H), 3.46 (m, 4H), 3.59 (t, J = 5.0 Hz, 2H), 3.66 (m, 10H), 3.83 (d, J = 7.0 Hz, 

1H), 4.01 (m, 2H), 4.09 (dd, J = 3.5, 6.5 Hz, 1H), 4.19 (d, J = 8.5 Hz, 1H), 4.35 (m, 5H), 

4.54 (m, 1H), 4.94 (m, 1H), 4.99 (d, J = 9.0 Hz, 1H), 5.20 (s, 2H), 5.39 (s, 1H), 5.57 (t, J = 

11.0 Hz, 1H), 5.66 (d, J = 7.0 Hz, 1H), 5.78 (s, 1H), 6.17 (s, 1H), 6.20 (t, J = 8.0 Hz, 1H), 

6.33 (s, 1H), 6.51 (m, 1H), 6.75 (bt, 1H), 7.28 (m, 2H), 7.35 (m, 1H), 7.48 (d, J = 8.0 Hz, 

1H), 7.59 (t, J = 7.5 Hz, 1H), 7.83 (d, J = 7.5 Hz, 1H), 8.03 (s, 1H), 8.08 (d, J = 8.0 Hz, 
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1H); 13C NMR (125 MHz, CDCl3): δ 9.21, 9.39, 9.62, 13.04, 14.74, 20.62, 20.97, 22.03, 

22.52, 25.14, 22.52, 25.14, 25.54, 26.59, 27.96, 28.05, 28.12, 28.27, 28.31, 29.73, 31.31, 

33.42, 33.50, 35.32, 35.64, 35.84, 38.44, 39.10, 30.15, 40.52, 42.86, 43.18, 45.85, 46.33, 

47.85, 53.46, 55.32, 55.32, 55.50, 58.38, 60.19, 61.78, 69.41, 69.94, 70.00, 70.08, 70.36, 

71.92, 72.47, 75.30, 75.71, 76.25, 79.20, 81.08, 81.52, 84.53, 122.29, 126.18. 127.79, 

128.54, 130.40, 130.50, 130.55, 130.86, 131.26, 132.64, 132.92, 137.59, 142.29, 149.30, 

153.96, 154.82, 163.42, 163.64, 165.59, 166.44, 170.00, 172.43, 173.33, 173.33, 174.04, 

174.85, 203.75; 19F NMR (470 MHz, CDCl3): δ −57.92 (s, 3F), −73.11 (d, J = 7.5 Hz, 3F). 

HRMS (TOF): Calcd. for C74H98F6N5O23S3
+: 1634.5713; Found: 1634.5698 (Δ= −0.9 

ppm).

4.8 19F NMR Experiments
19F NMR experiments were performed on a Brüker Nanobay 400 MHz NMR spectrometer 

operating at a 19F Larmor frequency of 376 MHz with a BBFOPLUS 5 mm probe (1H –19F) 

at 25 °C or 37 °C. 19F NMR spectra were recorded using a pulse sequence of proton 

decoupling with a spectral width of 89,285 Hz (237 ppm for normal runs and 15,040 Hz (40 

ppm) for kinetic runs, an acquisition time of 0.8 s, and a relaxation delay of 1.0 s. The 

obtained spectra were analyzed with TOPSPIN 3.0 (Brüker).

4.8.1. Time-resolved 19F NMR for probe 2—Fluorotaxoid 3 and probe 1 were first 

each dissolved in DMSO (150 µL), and then diluted with D2O (350 µL) to final 

concentrations of 2.5 mM (30% DMSO in D2O). Glutathione (reduced form, GSH) (six 

equivalents) was added to the solution, which was immediately shaken vigorously and added 

to a NMR tube. Time-resolved 19F NMR spectra, representing disulfide bond cleavage and 

thiolactonization indicating drug release, were recorded in real-time at 25 °C, beginning at 1 

h following the GSH addition by measuring 1 spectrum every 15 min (128 scans/spectrum) 

over a 6 h period (total of 20 spectra).

4.8.2. 19F NMR study on probe 1 in a formulation with Solutol HS15—To test the 

linker cleavage in an excipient formulation, probe 1 was dissolved in a 1:1 mixture of 

ethanol and Solutol HS15 to the final concentration of 25 mM. An aliquot of this stock was 

then diluted with 7:2 saline:D2O, such that the final concentration was 2.5 mM with 

thorough vortexing throughout to maintain complete solubility. Formulation was performed 

with a 500 µL sample volume in an NMR tube with D2O as the NMR reference solvent. 

Time-resolved 19F NMR spectra, representing disulfide bond cleavage and thiolactonization 

indicating drug release, were recorded in real-time at 25 °C beginning at 1 h after the GSH 

addition (15 mM) by measuring 1 spectrum every 15 min (128 scans/spectrum) over a 10 h 

period (total of 40 spectra). Disulfide cleavage was quantified by the comparison of the 

integrations with the linker-F peak at −113.7 ppm normalized to the fluorotaxoid signal at 

−112.23 ppm.

4.8.3. Formulations of probe 2—Stock solutions of SB-T-12145 (3) and BLT-S-F6 (2) 

were prepared by dissolving each compound in ethanol to the final concentration of 10 mM. 

In each experiment, an aliquot of the prepared stock solution (10 µL) was diluted with 

various volumes of aqueous media (PBS, saline, cell culture medium or blood plasma), 0–
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8% ethanol and/or excipient (solutol HS15 or polysorbate 80), and D2O to the final volume 

of 500 µL. Formulations with excipients were performed with a 500 µL sample volume in an 

NMR tube with D2O as the NMR reference solvent. Chemical shift differences were 

determined by comparison of the recorded chemical shifts of the 2-m-OCF3 and 3’-CF3 

groups for mixtures of 2 and 4 in each formulation conditions.

4.8.4. Time-resolved 19F NMR analysis of probe 2—For linker stability and 

reactivity studies in human blood plasma, supplemental glutathione (100 equivalents) was 

dissolved in 200 µM solutions of 2 with 86% blood plasma, 10% D2O, 2% ethanol, 2% 

polysorbate 80 (500 µL). Time-resolved 19F NMR spectra, representing disulfide bond 

cleavage and drug release, were recorded in real-time at 37 °C beginning at 30 min after the 

GSH addition by measuring one spectrum every 1 h (1024 scans/spectrum) over a 13 h 

period (total of 13 spectra). The rate of drug release was monitored by measuring the 

integration ratio of the 3’-CF3 peaks of probe 2 and free taxoid 4. The normalized 

integration ratios indicating drug release were plotted as a function of time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

3-FABS three fluorine atoms for biochemical screening

ADC antibody drug conjugate

BLT biotin-linker-taxoid

CFM confocal fluorescence microscopy

DIC N,N’-diisopropylcarbodiimide

EDC 1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide

GSH glutathione

HOSu N-hydroxysuccinimide

PEG polyethylene glycol

RME receptor-mediated endocytosis

SMDC small-molecule drug conjugate

SWNT single-walled carbon nanotube

TES triethylsilyl
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TTDDS tumor-targeted drug delivery system

TTM tumor-targeting module
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Highlights

➢ Two novel tumor-targeting biotin conjugates, BLT-F2 (1) and BLT-S-F6 (2) 

were designed as 19F NMR probes.

➢ Rapid disulfide exchange of BLT-F2 (2) with GSH, followed by slow 

thiolactonization and drug release.

➢ para-Fluoro group accelerates rate of disulfide cleavage, thiolactonization, 

and drug release.

➢ Linker cleavage was slowed with an excipient, indicating a strong 

“stabilizing effect.”

➢ BLT-S-F6 (2) is stable in blood plasma, yet releases the drug when exposed 

to cytosolic levels of GSH.
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Figure 1. 
A model system for the mechanism-based drug release using cysteine as the trigger for 

thiolactonization. [Adapted from Reference [27]]
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Figure 2. 
Examples of biotin-based SMDCs: BLT (top left), dual-warhead conjugate of SB-T-1214 

and camptothecin (CPT) (right), and SWNT-based drug conjugate of SB-T-1214 (bottom 

left).
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Figure 3. 
BLT-F2 (1), BLT-S-F6 (2), SB-T-12145 (3) and SB-T-12822-5 (4)
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Figure 4. 
Time-resolved 19F NMR spectra for the disulfide linker cleavage and thiolactonization 

process of probe 1 (2.5 mM) in 30% DMSO in D2O beginning at 1 hour after the addition of 

6 equivalents of GSH at 25 °C with 15 min intervals (128 scans/spectrum).
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Figure 5. 
Time-resolved 19F NMR spectra for the drug release of probe 2 (200 µM) in 86% blood 

plasma, 10% D2O, 2% ethanol, and 2% polysorbate 80 at 37 °C without supplemental GSH 

at 0, 24, and 48 h (2048 scans/spectrum). The signals of 2-m-OCF3(left) and 3’-CF3(right) 

for 2 and free taxoid 4 are shown, which indicates minimal drug release after 48 h.

Seitz et al. Page 26

J Fluor Chem. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6. 
Time-resolved 19F NMR spectra for the drug release of probe 2 (200 µM) in 86% blood 

plasma, 2% ethanol, and 2% polysorbate 80 in D2O at 30 min after the addition of 100 

equivalents of GSH at 37 °C with 1 h intervals (1024 scans/spectrum) for 13 h. The signals 

of 2-m-OCF3(left) and the 3’-CF3(right) are shown, which indicate full drug release after 

13.5 h.
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Figure 7. 
Normalized changes in integration of 3’-CF3 peaks of probe 2 with 100 equiv. of GSH in 

86% blood plasma, 2% ethanol, 2% polysorbate 80, 10% D2O and released taxoid 4. 

Experimental data and normalized values are shown in Table S1 in the Supporting 

Information.
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Scheme 1. 
Synthesis of SB-T-12145 (3).
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Scheme 2. 
Synthesis of 19F-labeled linker intermediate (12).
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Scheme 3. 
Synthesis of BLT-F2 probe (1).
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Scheme 4. 
Synthesis of SB-T-12822-5 (4).
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Scheme 5. 
Synthesis of BLT-S-F6 probe (2).
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