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Abstract

This account describes our recent progress on the strategic incorporation of fluorine and 

organofluorine moieties into new-generation taxoid anticancer agents for medicinal chemistry and 

chemical biology studies.

In the case study 1, novel 3rd-generation fluorotaxoids bearing 3-OCF3 or 3-OCF2H group in 

the C2-benzoate moiety were designed, synthesized and examined for their anticancer activities. 

The potency of novel taxoids against drug-resistant cancer cell lines was 2–3 orders of magnitude 

higher than that of paclitaxel (PTX). Molecular modeling analysis indicated the favorable van 

der Waals interactions of OCF3 and OCHF2 groups in the binding site. Overall, taxoids bearing 

a OCHF2 group at the C2 benzoate position exhibited the highest potencies against multidrug-

resistant (MDR) cancer cell lines and cancer stem cell (CSC)-enriched cell lines, indicating that 

the new 3rd-generation fluorotaxoids are promising candidates as chemotherapeutic agents.

In the case study 2, novel 3rd-generation 3′-difluorovinyl (DFV)-taxoids, bearing 3-CF3O 

or 3-CHF2O group in the C2-benzoyl moiety, were designed, synthesized, and evaluated for 

their potencies and pharmacological properties. These new DFV-taxoids exhibited remarkable 

cytotoxicity against extremely drug-resistant cancer cell lines with subnanomolar IC50 values, 

indicating that these new DFV-taxoids can overcome MDR caused by the overexpression of Pgp 

and other ABC cassette transporters. The molecular docking analysis of new DFV-taxoids revealed 

that the 3′-DFV moiety and the 3-CF3O/3-CHF2O group of the C2-benzoate moiety are nicely 

accommodated to the deep hydrophobic pocket of the PTX/taxoid binding site in the β-tubulin, 

enabling an enhanced binding through unique attractive interactions between F/OCF3/OCHF2 and 

the protein. This enhancement in binding is reflected in the remarkable high potency of new 

3rd-generation DFV-taxoids.
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In the case study 3.1, the therapeutic potential of new 3rd-generation DFV-taxoids in anaplastic 

thyroid cancer (ATC) cells was evaluated in vitro and in vivo. This study demonstrated that these 

new DFV-taxoids were more efficacious than PTX against ATC cell lines and tumor xenografts, 

as demonstrated by the efficient inhibition of cell proliferation and colony formation, induction 

of apoptosis via the mitotic arrest at the G2/M phase, as well as the suppression of tumorigenic 

potential in nude mice. Furthermore, tubulin polymerization assay and molecular docking analysis 

confirmed that these new DFV-taxoids promoted far more rapid polymerization of β-tubulin than 

PTX through stronger binding to tubulin/microtubules. Taken together, this study has indicated a 

promising therapeutic potential of these new DFV-taxoids against ATC.

In the case study 3.2, DFV-OTX displayed potent cytotoxicity and effective induction of β-tubulin 

polymerization, as well as the G2/M phase arrest, leading to apoptosis in PTX-sensitive and PTX-

resistant breast cancer cells. Furthermore, DFV-OTX clearly exhibited efficacy against MCF-7R 

and MDA-MB-231R tumor xenografts in mouse models. Thus, DFV-OTX effectively overcame 

PTX-resistance in MDA-MB-231R cells and tumor xenografts, wherein the drug resistance was 

attributed to ABCB1/ABCG2 upregulation. DFV-OTX was also effective against MCF-7R cells 

and tumor xenografts, which are PTX-resistant due to different MOA. Accordingly, DFV-OTX is a 

promising chemotherapeutic agent for the treatment of PTX-resistant cancers.

Overall, these next-generation fluorotaxoids are promising candidates for highly potent 

chemotherapeutic agents, as well as payloads for tumor-targeting drug conjugates such as 

antibody-drug conjugates (ADCs).
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1. Introduction

It has been shown that the role of fluorine is exceptionally significant in medicinal 

chemistry, chemical biology, and drug discovery, as evidenced by the fact that the 

FDA has approved many fluorine-containing compounds for medical and agricultural 

use [1–5]. Because of the unique properties of fluorine, e.g., small atomic radius, 

high electro-negativity and low polarizability of C-F bond, the selective introduction of 

fluorine or organofluorine moieties into medicinally active compounds often improves their 

pharmacological properties such as higher metabolic stability, increased binding to target 

molecules, and enhanced membrane permeability. Thus, fluorine is the second most utilized 

heteroatom (after nitrogen) in the current drug discovery and development. Therefore, it 

is natural to explore fluoro-analogs of current lead compounds for further optimization 

in the field of drug discovery and development [1,6–8]. This account presents our recent 

progress on the strategic incorporation of organofluorine moieties into new-generation 

taxoid anticancer agents by exploiting the unique nature of fluorine.

According to the American Cancer Society, nearly 2 million new cancer cases and around 

0.6 million cancer deaths were projected to occur in the United States in 2021 [9]. Cancer 
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remains one of the most challenging diseases to deal with, as conventional chemotherapy 

has many undesirable side effects, which deteriorate patient’s quality of life. Furthermore, 

a very serious issue associated with traditional chemotherapy is its inability to eradicate 

cancer stem cells (CSCs), which are relatively rare and highly drug-resistant, comprising a 

population of quiescent or slowly proliferating tumor-initiating cells [10]. It has been shown 

that CSCs are tumor-initiating cells and also responsible for resistance to therapeutics, 

metastasis and recurrence. CSCs promote the formation of a diverse set of proliferating, 

but slowly differentiating cells, thereby contributing to the tumor cell heterogeneity in 

human cancers [10]. Thus, CSCs are one of the most crucial targets in the development of 

next-generation anticancer agents [10–13].

The 1st-generation taxane anticancer drugs, paclitaxel (PTX, “Taxol”) and docetaxel (Fig. 

1), are the most extensively used chemotherapeutic drugs in the clinic for the treatment 

of various cancers, e.g., ovarian, breast, and lung cancers, as well as Kaposi’s sarcoma, 

head/neck and other cancers [14–16]. PTX and docetaxel are often combined with one 

or more other anticancer agents to exhibit synergistic effects [15]. More recently, FDA 

approved a 1st-generation taxoid, cabazitaxel (Fig. 1), which is used in combination with 

prednisone for hormone-refractory metastatic prostate cancer [17]. Besides these drugs, 

several novel taxoids, new formulations, and new combination therapies are currently in 

various stages of preclinical and clinical development [15]. Despite the significant impact 

of these drugs on cancer chemotherapy, there are clear limitations in the use of these 

drugs, such as susceptibility to multi-drug resistance (MDR) caused by overexpression of 

ABC cassette efflux pumps, overexpression of β-III tubulin isoform, point mutations in the 

microtubule-binding site and CSCs, and lack of tumor specificity. These drugs do not exhibit 

efficacy against melanoma, colon, pancreatic, and renal cancers. For example, human colon 

carcinoma overexpresses ATP-binding cassette transporter proteins, e.g., P-glycoprotein 

(Pgp), which binds to hydrophobic anticancer drugs, such as paclitaxel and taxoids, and 

acts as an efflux pump, reducing their intracellular drug accumulation, leading to multidrug 

resistance (MDR) [18–25].

Based on extensive structure-activity relationship (SAR) studies, we have developed a series 

of highly potent 2nd-generation taxoids (modifications at C10, C3′ and C3′ N), including 

SBT-1214 as representative (Fig. 1) [26–30] and 3rd-generation taxoids (modifications at 

C2, C10, C3′, and C3′ N) [28,29,31]. These new-generation taxoids exhibit 2–3 orders 

of magnitude higher potency than PTX and docetaxel against various drug-resistant cancer 

cell lines, expressing the MDR phenotype, e.g., LCC6-MDR (breast), NCI-ADR (ovarian), 

DLD-1 (colon), and CFPAC-1 (pancreas), as well as having point mutations at the taxane-

binding site in β-tubulin, e.g., 1A9PTX10 (ovarian) [32]. A 2nd-generation 3′-difluorovinyl 

(DFV) taxoid, SBT-12854 (Fig. 1), is highly potent against CSC-enriched HCT-116 human 

colon cancer cells, which is 230–33,000 times higher potency than that of conventional 

anticancer drugs, e.g., cisplatin, doxorubicin, methotrexate, topotecan and PTX [33]. This 

means that these new-generation taxoids can promote differentiation of the treated CSCs by 

suppressing the expression of “stemness genes”. This finding has added a new mechanism 

of action (MOA) to taxane anticancer agents whose major MOA is the blocking of the 

cell mitosis at the G2/M stage, leading to apoptosis [12]. Another 2nd-generation DFV-

taxoid, DFV-ortataxel (DFV-OTX) (Fig. 1) [34], has shown promising efficacy against 
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MDA-MB-231R taxane-resistant human breast tumor xenografts, overexpressing ABCB1/

ABCG2 efflux pumps. DFV-OTX is a DFV analog of ortataxel (OTX) which was derived 

from 14β-baccatin III [35] and advanced to phase II clinical trials in humans [36].

The 3-position (meta position) of the C2-benzoate moiety in PTX was identified as one 

of the metabolism sites by cytochrome C P450 [37], as well as the site for attractive 

interaction with His229 in β-tubulin, enhancing the binding affinity of PTX [38,39] and 

taxoids [29,40]. Our SAR studies have disclosed that the modifications of this position 

with halogens (F, Cl), azide and methoxy groups substantially enhance the potency of 

2nd-generation taxoids against MDR-cancer cell lines. This finding led to the development 

of 3rd-generation fluorotaxoids [28,31].

2. 3rd-generation fluorotaxoids bearing 3-CF3O and 3-CHF2O groups at the 

C2-benzoate position [41]

Fluorine substitution in bioactive molecules not only exerts significant effects on their 

binding conformations through dipolar, van der Waals and H-bonding interactions, but also 

on the intrinsic conformation of a molecule which would influence its binding to the target 

[42].

Unique effects of fluorine substitution on conformation are clearly observed in the 

comparison of the OCF3 group in trifluoroanisole with the OCH3 group in anisole. Although 

the methoxy group in anisole is preferred to be coplanar with the phenyl ring, the OCF3 

group in trifluoroanisole has a strong preference to be out of the plane [2,43–45]. The 

conformational preference of the OCHF2 group in Ar-OCHF2 has turned out to be between 

the planar and the orthogonal states and thus it acts as a bioisosteric replacement for 

the OCH3 or OCF3 moiety, depending on its conformation [2,43,46]. Due to the unique 

non-spherical feature of the OCHF2 group, either one or both C-F bonds of Ar-OCHF2 can 

be in the anomeric position to take the endo-exo or endo-endo conformation as indicated 

in their X-ray crystal structures [46]. The polarity of the C-F bond is largely cancelled 

out in the endo-endo conformation in contrast to the three times higher polarity in the 

endo-exo conformation. Thus, Ar-OCHF2 could be more (endo-endo) or less (endo-exo) 

lipophilic than their Ar-OCF3 counterparts [2,43,46]. This unique characteristic of the 

OCHF2 group to different conformations in polar and nonpolar environments can provide 

unconventional property combinations, e.g., good aqueous solubility,cellular permeability, 

and low lipophilicity [46]. In addition, the matched molecular pair (MMP) analysis indicated 

that the OCHF2 group might be superior to the OCH3 and OCF3 groups for optimizing 

ADME properties, e.g., metabolic stability and passive transmembrane permeability [43]. 

Furthermore, the multipolar interactions of fluorine atoms with the electrophilic carbon of 

nearby protein amide carbonyl groups in protein-ligand binding were found to be highly 

significant, which is supported by the analysis of large numbers of crystal structures and 

biological activity data [2]. The significance of the multipolar interactions of fluorine 

provides a rationale for the strategic incorporation of fluorine in lead optimization [47].

Four 3rd-generation taxoids, bearing a 3-CF3O-benzoate moiety at C2, were initially 

examined for their potency against an extremely PTX-resistant breast cancer cell line, 
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MCF-7/PTX, together with PTX and SBT-1214 (1c) (Fig. 1) [48]. It was found that 

SBT-121205 (1a-05) (Fig. 2) possessed high potency (IC50 19.0 nM), which is 121 times 

more potent than PTX (IC50 2,291 nM) and 4 times more potent than 1c (IC50 80.5 

nM) [48]. Moreover, the MOA study of 1a-05 revealed the effective suppression of the 

PI3k/Akt pathway and epithelial-mesenchymal transition (EMT) by activating PTEN tumor 

suppressor expression [48]. This new and significant finding on MOA along with a high 

potency against CSCs by effectively suppressing the stemness gene expressions prompted us 

to investigate a series of new 3rd-generation fluorotaxoids [41].

A series of new fluorotaxoids, bearing a 3-OCF3 or 3-OCF2H group in the C2-benzoate 

moiety, was designed and synthesized, using the procedures and protocols developed for 

the 3rd-generation taxoids, starting from 10-deacetylbaccatin III (10-DAB) by means of the 

β-lactam synthon method [41,49] (Fig. 2).

2.1. Cytotoxicity of 3rd-generation fluorotaxoids in cancer cells [41]

The 3rd-generation fluorotaxoids were evaluated against various drug-sensitive and drug-

resistant cancer cell lines for their potencies as shown in Table 1, wherein PTX and 

SBT-1214 (1c) were also included for comparison.

As Table 1 shows, all 3rd-generation fluorotaxoids possess two orders of magnitude greater 

potency than PTX against different drug-resistant human cancer cell lines, NCI/ADR 

(ovarian), LCC6/MDR (breast), and DLD-1 (colon), which clearly indicates that these 

fluorotaxoids can overcome MDR caused by the overexpression of Pgp and other ABC 

cassette transporters [41]. Also, all these fluorotaxoids exhibit subnanomolar IC50 values 

against MCF7 and LCC6-WT drug-sensitive breast cancer cell lines, NCI/ADR drug-

resistant ovarian cancer cell line, as well as CFPAC-1 pancreatic cancer cell line, which 

is moderately resistant to PTX.

2.2. Dose-response analysis of 3rd-generation fluorotaxoids in drugresistant cancer cell 
lines [41]

PTX is essentially inactive against NCI/ADR, LCC6-MDR, and DLD-1 drug-resistant 

cancer cell lines (IC50 130 nM, 619 nM and 364 nM respectively, Table 1, Fig. 3). The 

3rd-generation fluorotaxoids possess significantly higher potency (Fig. 3) than PTX and 

better dose-response than 2nd-generation taxoid 1c. It is noteworthy that 10% of cells were 

still alive in the NCI/ADR and LCC6-MDR cell lines after 100 nM PTX treatment, while 

only <3% of cells were alive in the NCI/ADR and LCC6-MDR cell lines after 12.5 nM 

of 3rd-generation fluorotaxoids treatment. In the NCI/ADR drug-resistant ovarian cancer 

cell line, 1d-05, 1e-05, 1d-06 and 1e-06 are highly potent (< 10% cell viability) at 2.5 

nM concentration and especially, 1d-06 and 1d-05 display impressive dose-response (kill) 

curves as compared to that of PTX and 1c. In the LCC6-MDR drug-resistant breast cancer 

cell line, taxoids 1c-05, 1d-05, 1e-05, and 1a-06 are highly potent (< 15% cell viability) 

at 2.5 nM concentration and show impressive dose-response (kill) curves as compared to 

those of PTX and 1c. In the DLD-1 drug-resistant colon cancer cell line, 80% of the 

cancer cells were alive at 12.5 nM PTX concentration, while less than 10% of cancer 

cells were alive after treatment with 3rd-generation fluorotaxoids at the same concentration. 
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Furthermore, in DLD-1 drug resistant colon cancer cell line, taxoids 1a-06, 1d-06, and 1e-06 

possess high potency (< 15% cell viability) at 5 nM concentration, wherein 1d-06 and 1e-06 

exhibit the most impressive dose-response (kill) curves as compared to that of PTX and 1c. 

Interestingly, the 1–05 series of taxoids did not show distinct dose response (kill) curves 

compared to that of 1c against this drug-resistant cell line.

2.3. Potencies of 3rd-generation fluorotaxoids against CSC-enriched colon and patient-
derived prostate cancer cells [41]

The potency of selected 3rd-generation fluorotaxoids was evaluated against a CSC-enriched 

colon cancer cell line, HCT116CSC, and a patient-derived prostate CSCs, PPT2, which 

express a high level of CD133, CD44, CD44v6, EpCAM, CD49f, and CD166 genes. Since 

CSC-enriched cancer cells with CD133+ and CD44+ are highly resistant to traditional 

chemotherapeutic drugs, it is important to examine the potency of select 3rd-generation 

fluorotaxoids against those cells. As HCT116CSC formed 3D spheroids, those cells did 

not attach firmly to the bottom of the wells. However, after 72 h treatment with 1d-05, 

1c-05, and 1c at 10 μM concentration, much fewer floating 3D spheroids were observed as 

compared to the control. The cell death rate with 10 μM of 1d-05 and 1c-05 (72 h) was 

found to be appreciably higher than that of cabazitaxel which is the most potent taxane 

approved by the FDA (Fig. 1). After treatment with select 3rd-generation fluorotaxoids, 

32–40% of HCT116CSC cells survived. However, those survived cells showed distinct 

morphological abnormalities, e.g., enlarged size, severe vacuolization, knobby projections, 

prolonged size, and multiple nuclei, which are characteristic of seriously damaged CSCs, 

losing pluripotency and ability to form secondary spheroids, as reported previously for 1c 

[50].

In the patient-derived prostate CSCs PPT2, 1b-06 exhibited the best potency (IC50 23 nM) 

among the twelve fluorotaxoids examined, wherein the order of potency was 1–06 (CF2HO) 

> 1–05 (CF3O) in all variations at C10 at 50 nM and 250 nM concentrations. Overall, 1e-06 

exhibited the best potency among all the fluorotaxoids examined, which caused 62% cell 

death at 50 nM concentration and 78% cell death at 250 nM concentration.

2.4. Molecular modeling analysis of new 3rd-generation taxoids [41]

The molecular docking analysis of 1a-05 and 1a-06 with β-tubulin indicated that the OCF3 

and OCF2H groups of 1a-05 and 1a-06 make favorable van der Waals interactions with 

hydrophobic amino acid residues, Leu230 and Leu275, in the proximal binding site of 

β-tubulin (Fig. 4). Interestingly, the 1–05 and 1–06 series of fluorotaxoids orient the OCF3 

and OCF2H groups to the proximal site, while the corresponding 3rd-generation taxoids with 

3-Me- and 3-MeO-benzoate groups place the Me and OMe groups to the distal binding site 

of β-tubulin. This finding indicates the presence of favorable interactions with OCF3/OCF2H 

groups over Me/OMe groups in the proximal site, which was supported by a clear difference 

in docking energy scores [41].

In summary, new 3rd-generation fluorotaxoids, bearing 3-OCF3 or 3-OCF2H at the C2 

benzoate moiety, exhibited higher potency than PTX against drug-sensitive cancer cell 

lines and drug-resistant cancer cell lines. Furthermore, the 1–06 series of taxoids, bearing 
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an OCHF2 group at the C2 benzoate position, exhibited the highest potencies against 

MDR-cancer cell lines and CSC-enriched cancer cell line, HCT-116CSC (colon), as well 

as patient-derived PPT2 CSCs (prostate). Molecular modeling analysis further confirmed 

the benefit of having 3-OCF3 or 3-OCF2H groups at the C2 benzoate position through 

favorable van der Waals interactions of OCF3 and OCF2H groups with hydrophobic amino 

acid residues in the β-tubulin binding site.

3. 3rd-generation DFV-taxoids bearing 3-OCF3 or 3-OCF2H group at the 

C2-benzoate moiety and DFV group at the C3′ position [33]

The metabolism study of 2nd-generation taxoids revealed that a major human metabolic 

enzyme, CYP 3A4, of the cytochrome P450 family [40], metabolized these taxoids through 

hydroxylation primarily at the two allylic methyl groups of the 3′-isobutenyl moiety [51]. 

Thus, the replacement of the isobutenyl group at the C3′ position of 2nd-generation taxoids 

with a 2,2-difluorovinyl (DFV) group successfully blocked the hydroxylation of allylic 

methyl groups, as well as further oxidations of the taxoids [29,51]. Computational analysis 

of 3′-DFV-taxoids in the taxane binding site of β-tubulin indicated that the 2,2-DFV group 

would nicely mimic an isobutenyl group despite the difference in size and electronic nature 

between the two groups [32].

Based on the observed highly beneficial effects of the DFV group at the C3′ position [24] 

and the 3-OCF3/OCHF2 groups at the C2-benzoyl moiety in the 2nd- and 3rd-generation 

taxoids [41], it is natural to assume that some extraordinarily potent taxane anticancer 

agents could be developed through the combination of these two modifications in the 

3rd-generation taxoids. As anticipated, novel 3rd-generation DFV-taxoids with a 3-CF3O-/

CHF2O-benzoate moiety at the C2 position, indeed, exhibited a remarkable activity against 

drug-sensitive and drug-resistant human cancer cell lines, which are superior to the 2nd-

generation DFV-taxoids, as well as the 3rd-generation fluorotaxoids bearing a 3-CF3O/

CHF2O-benzoyl moiety at the C2 position [33].

The novel 3rd-generation DFV-taxoids were synthesized using the procedures in a manner 

similar to those employed for the synthesis of 3rd-generation fluorotaxoid described above, 

by means of the β-lactam synthon method [49] through the Ojima-Holton coupling of 

2,10-modified baccatins with (3S,4R)-1-t-Boc-3-TIPSO-4-DFV-β-lactam 9 (Fig. 5) [33].

3.1. Cytotoxicity of new 3rd-generation DFV-taxoids [33]

The cytotoxicity of the 3rd-generation DFV-taxoids was evaluated and summarized in 

Table 2. All the 3rd-generation DFV-taxoids exhibit remarkable cytotoxicity against human 

breast (MCF7, LCC6-MDR), lung (A549), colon (HT29, DLD-1), pancreatic (PANC-1), 

and prostate (Vcap, PC3) cancer cell lines, with subnanomolar IC50 values against drug-

sensitive cell lines, A549, HT29, Vcap, and PC3, as well as PANC-1. Furthermore, these 

taxoids possess 2–4 orders of magnitude greater potency against extremely drug-resistant 

cancer cell lines, LCC6-MDR and DLD-1, as compared to PTX, indicating that these 

new DFV-fluorotaxoids can overcome MDR caused by the overexpression of Pgp and 

other ABC cassette transporters. New DFV-fluorotaxoids bearing a 3-OCHF2 group at the 

Jayanetti et al. Page 7

J Fluor Chem. Author manuscript; available in PMC 2024 October 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



C2-benzoate moiety (11–06 series) possess slightly higher cytotoxicity than those bearing a 

3-CF3O-benzoate group at C2 (11–05 series). It should be noted that 11f-06, a DFV-mimic 

of cabazitaxel, exhibited the highest potency against Vcap, MCF7, PANC-1, and PC3 cancer 

cell lines, as well as the second highest potency (IC50 89 pM) against LCC6-MDR.

3.2. Dose-response analysis of 3rd-generation DFV-taxoids in drugresistant cancer cell 
lines [33]

As discussed in Section 2.1, PTX is essentially ineffective (IC50 503 nM) against the 

LCC6-MDR drug-resistant breast cancer cell line since the 20 nM PTX treatment only 

killed 20% of the cancer cells. In contrast, less than 10% of cancer cells were viable after 

the 20 nM treatment with any of the 3rd-generation DFV-taxoids (Fig. 6), and all of the 

new DFV-taxoids exhibit impressive dose-response (kill) curves as compared to PTX and 

1c. Among all 3rd-generation DFV-taxoids, 11f-06 and 11g-06 display the most effective 

dose-responses.

PTX is again essentially ineffective (IC50 428 nM) against the DLD-1 drug-resistant colon 

cancer cell line, wherein 90% and 50% of DLD-1 cells were viable at 4 nM doses of PTX 

and 1c, respectively (Fig. 6). In sharp contrast, less than 10% of cancer cells were viable at 

4 nM dose for most of the 3rd-generation DFV-taxoids. Among all of the new DFV-taxoids, 

11e-05 and 11g-06 exhibited the most effective dose-responses. Notably, 11g-06 was able to 

kill ca. 90% of the cancer cells even at 0.16 nM dose and eradicated the cancer cells at 20 

nM dose.

3.3. Molecular modeling analysis of 3rd-generation DFV-taxoids [33]

The molecular docking analysis of 3rd-generation DFV-taxoids bound to β-tubulin shows 

that the 3′-DFV moiety and the 3-OCF3/3-OCHF2 group of the C2-benzoate moiety 

are nicely accommodated in the proximal binding site in β-tubulin. In the case of the 

most potent compounds, 11e-05 and 11f-06, one of the most notable features is the 

attractive interactions of fluorine substituents with the aromatic π-system of Phe272 and 

the H-bonding of the exo-fluorine of the DFV group with the hydroxyl group of Ser236 

(Fig. 7A, B) [33,52]. In addition, the OCF3/OCHF2 moiety makes favorable van der 

Waals contacts with hydrophobic residues, Leu217, Leu230, and Leu275, in the proximal 

binding site in the same manner as that of 3rd-generation fluorotaxoids mentioned above 

(Section 2.4.) [33,41,53]. It should be noted that the 3-OCF3 group of 11f-05 is shown to 

have a unique H-bonding interaction with (π)N3-H of His229 (OF2C-F—H-N) (Fig. 7C) 

[33,44,52], while the 3-OCHF2 group of 11f-06 is oriented to form another type of H-bond 

to the (π)N3 of His229 (OF2C-H—N) (Fig. 7D) [33,54], by taking advantage of facile 

tautomerization in the imidazole moiety of His229. These unique H-bonding interactions 

clearly enhance the affinity of these two DFV-fluorotaxoids to β-tubulin. In spite of the 

difference in size between fluorine and methyl, the DFV group mimics the binding mode 

of the isobutenyl group of the 2nd- and 3rd-generation taxoids. Moreover, the smaller DFV 

group is positioned in closer proximity to Phe272 and Ser236 than the isobutenyl group, 

which enables the attractive interaction of fluorine with the aromatic π-system, enhancing 

the affinity [33].
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Consequently, we have identified attractive interactions between 3rd-generation DFV-

taxoids and β-tubulin through OF2C-F—HN, OF2C-H—N and CH=C(F)-F—HO-R H-

bonding, as well as of C-F—Ar π-system in this molecular docking analysis, as shown 

in Fig. 8. These unique attractive interactions involving fluorine collectively enable an 

enhanced binding of the 3rd-generation DFV-taxoids with β-tubulin beyond those of 1st-

generation taxane drugs (i.e., PTX and docetaxel), cabazitaxel and new-generation taxoids 

without bearing organofluorine groups. These unique features are reflected in the remarkable 

potency of novel DFV-fluorotaxoids 11–05 and 11–06.

3.3.1. Current understanding of C-F—Ar π-system interactions—The 

stabilizing interaction between halogens and aromatic groups (C-X—π) has been discussed 

in the literature over the past two decades and more intensively in the last several years. 

In 2016, Holl et al. reported that C-F—π interactions can bring >1,500-fold increase in the 

relative rate of an electrophilic substitution reaction by promoting activation of the aromatic 

rings [53]. Traditionally, fluorine as an aromatic substituent is deactivating for electrophilic 

aromatic substitution reactions based on the inductive effect. However, Holl et al. observed 

a through-space stabilization of the Wheland intermediate that ultimately increased the 

nitration reaction rate (Fig. 9A). A non-covalent interaction (NCI) analysis predicted a 

slightly stabilizing interaction between the fluorine and arene moieties [55]. Finally, ab initio 
calculations of the complexes predicted greater stabilizing interactions when the fluorine 

was directed toward the arene, as compared to away from the arene or without a fluorine 

present (Fig. 9B).

The C-F—π interactions have also been structurally resolved in a biochemical context. In 

2003, Saraogi and co-workers reported a statistical investigation on the role of C-X—π 
interaction in protein structures using the Brookhaven Protein Data Bank, analyzing halogen 

interactions with histidine, phenylalanine, tyrosine and tryptophan [56]. The probability for 

the formation of a C-X—π interaction was higher in the case of fluorine compared to 

other halogens. Additionally, the average interaction distance between the halogen and the 

aromatic ring was very close to the van der Waals radius, hinting that the size of fluorine 

may play an important role in the interaction. Although the sample size was not statistically 

significant, the authors noted a directional preference for the C-X—π interaction that was 

later confirmed in computational work [57]. In 2004, Kawahara et al. observed a dependence 

of the interaction energy on the electron deficiency of the aromatic system through ab 
initio potential energy scans of the interaction coordinate [58]. Notably, Kawahara et 

al. also noticed an underestimation of attractive interactions and an overestimation of 

repulsive interactions with smaller basis sets. The authors concluded that the C-F—π 
interaction involving benzene as the aromatic component was very weakly repulsive, while 

the hexafluorobenzene resulted in an attractive interaction. The authors noted that for 

each interaction studied, the electron-correlation energy was the largest contributor to the 

overall interaction energy. Lastly, the electron repulsion term was much smaller in the 

hexafluorobenzene calculations than in the benzene calculations, indicating that the relative 

electropositive nature of the hexafluorobenzene ring, and subsequent increase in the “hole” 

for halogen interaction, is an important part of the C-F—π interaction (Fig. 10).
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In 2013, Esrafili et al. employed in silico methods to describe the properties and strength 

of the C-X—π interactions within the NC‐X—Y‐C≡C‐Y complexes (X=Cl, Br; Y=H, CN, F, 

Cl, OH, NH2, CH3) (Fig. 11) [57]. The physical nature of the interactions was studied using 

symmetry-adapted perturbation theory (SAPT). The stability of the C-X—π interactions 

was predicted to be attributable mainly to electrostatic and dispersion effects. Even though 

they did not include fluorine as a halogen substituent for their studies, their natural bond 

order (NBO) analysis suggested the significance of the π→σ*C—X orbital interaction for the 

stability of the C-X—π bonded complexes.

Li et al. supported the findings of Kawahara et al. in an NMR and ab initio study of 

halogen interactions in electron-poor aromatic molecular balances as shown in Fig. 11 

[59]. These results recapitulated the finding of Kawahara et al. in that increasing electron 

deficiency of the aromatic entity increases the stabilizing interaction with the halogen, 

but differs in the origins of the interaction energy. Whereas Kawahara et al. found the 

primary component was electron-correlation effects, Li et al. found that these interactions 

were electrostatically driven. Li et al. sampled C-F—π, C-Cl—π, C-Br—π, C-I—π, and 

F2C-F—π interactions and found that C-F—π interactions were most stabilizing for a given 

aromatic “shelf” and that more electropositive aromatic groups were more highly stabilized 

by halogen interactions. Similarly to Holl et al., these complexes sampled through-space 

intramolecular interactions measured via NMR. The authors also confirmed the structures 

of their compounds via X-ray crystallography and supported the perpendicular interaction 

between the halogen and aromatic ring previously documented in computational and 

structural work. Jian and coworkers similarly used molecular balances to probe C-X—π 
interactions [60]. Echoing the earlier work of Kawahara et al., the C-F—π interaction 

was found to be slightly less stabilizing than C-H—π interactions for phenyl groups. 

Nevertheless, fluorine far outcompeted the other halogens for the aromatic interaction, and 

surpassed the methyl group as well, which indicatesthat the size of the halogen group is an 

important part of the interaction in this system (Fig. 11B).

In summary, the results reported in the literature emphasize that the through-space 

stabilizing nature of the C-X—π interaction is dependent on the electronics of the aromatic 

ring and tends to be most stabilizing for fluorine as compared to other halogens. Although 

most of the results discussed above detail through-space intramolecular interactions, their 

applicability to intermolecular interactions is clear. While an individual amino acid may 

not be polarized, the polarization of an aromatic amino acid residue may be accomplished 

through adjacent polar amino acid residues in the context of a protein, affecting the π 
system. Such polarization of aromatic amino acid residues may, in turn, have an attractive 

interaction with an organofluorine moiety, as noted in the work of Saraogi et al [56].
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4. 3rd-generation DFV-taxoids (DFV-fluorotaxoids) and DFV-ortataxel (DFV-

OTX) as potent therapeutic agents for anaplastic thyroid and breast 

cancers

4.1. Potent antitumor activity of DFV-fluorotaxoids in anaplastic thyroid cancer [61]

Thyroid cancer is the fourth most common cancer in China and anaplastic thyroid cancer 

(ATC) accounts for 1–2% of all thyroid cancer [62,63]. In this study, DFV-fluorotaxoids 

were evaluated for their therapeutic potential. Table 3 shows the cytotoxicity of five selected 

DFV-fluorotaxoids against 8505C and 8305 ATC cell lines [61].

The in vitro growth response of DFV-fluorotaxoids and PTX in ATC cells showed 

significant proliferation inhibition in a dose-dependent manner, and the DFV-fluorotaxoids 

showed 2–9-fold more effective inhibition than PTX. Moreover, the DFV-fluorotaxoids 

significantly inhibited cell proliferation than PTX and the colony formation assay 

demonstrated that the DFV-fluorotaxoids exerted a highly potent inhibitory effect on the 

colony formation of ATC cells as compared to PTX.

Cell cycle distribution assay of DFV-fluorotaxoids showed a significant mitotic arrest at 

the G2/M phase. Treatment of ATC cells with taxoid 11d-06 or PTX induced a marked 

decrease in the expression of cell cycle regulatory components at the G2/M boundary, such 

as p-Rb, Weel, Cyclin B1, Cyclin E, CDK1, and p21 in ATC cell lines, particularly after 48 

h treatment. This indicates that the G2/M arrest induced by 11d-06 is closely associated with 

an alteration in the expression of cell cycle regulatory proteins.

In vitro tubulin polymerization assay indicated that DFV-fluorotaxoids promoted the 

polymerization of β-tubulin to microtubules at a much faster rate than PTX. This observation 

may imply that there is a difference in the structure between the microtubules formed with 

DFV-fluorotaxoids and those with PTX. As a matter of fact, we observed such structural 

differences in microtubules formed through rapid polymerization of tubulins promoted by 

2nd- and 3rd-generation taxoids [64] and 2nd-generation DFV-taxoids [29].

The in vivo antitumor activity of 11d-06 against the ATC tumor xenografts in mice showed 

significant tumor growth inhibition (Fig. 12A) and reduction in the mean tumor weight 

(Fig. 12B) as compared to PTX. Ki-67 is known as a marker that presents in proliferating 

cells, but not in resting cells [65]. DFV-fluorotaxoid 11d-06 showed a significant decrease in 

Ki-67 percentage in tumor xenografts compared to PTX (Fig. 12C). Moreover, 11d-06 did 

not affect the body weight of mice during treatment, indicating a good therapeutic window.

4.2. DFV-OTX effectively overcomes PTX resistance in breast cancer in vitro and in vivo 
[34]

Breast cancer is the second leading cause of cancer-related death in women [66] and 

metastatic breast cancer, especially triple-negative breast cancer (TNBC), is considered 

incurable, with an expected survival of only 2–3 years [67]. Even though the fact that 

ortataxel (OTX) derived from 14-OH-DAB has advanced to the phase II human clinical 

trials [68], no fluorine-containing analogs of OTX had been synthesized and evaluated 

Jayanetti et al. Page 11

J Fluor Chem. Author manuscript; available in PMC 2024 October 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



until we synthesized the first fluorine-containing analog of OTX, 3′-difluorovinylortataxel 

(DFV-OTX) and investigated its potency and profile as a new anticancer agent [34]. The 

synthesis of DFV-OTX is shown in Fig. 13, wherein the same protocols as those used for the 

synthesis of 2nd- and 3rd-generation DFV-taxoids described above.

DFV-OTX exhibited higher potency than PTX against most of the breast cancer cell lines 

assayed, especially drug-resistant cell lines including TNBC cell lines, as shown in Table 

4. In addition to the cytotoxicity assay, the colony formation inhibitory assays were also 

performed, which disclosed the high inhibitory activity of DFV-OTX on the tumorigenesis 

of MCF-7R and MDA-MB-231R cells, as well as the parental MCF-7 and MDA-MB-231 

cells. The results indicate a highly promising anticancer activity of DFV-OTX against 

PTX-resistant breast cancer cells, including TNBC cells (e.g., BT549) which lack effective 

chemotherapeutics agents.

The immunofluorescence assay was performed to examine whether DFV-OTX could 

polymerize the tubulin/microtubules in PTX-resistant breast cancer cells. The results clearly 

indicated that DFV-OTX effectively induced tubulin polymerization in MCF-7R and MDA-

MB-231R cells, while PTX only showed a weak effect on tubulin polymerization at the 

same drug concentration.

The molecular docking analysis of DFV-OTX in comparison to PTX and OTX displayed 

significant overlapping of binding orientations (Fig. 14A). DFV-OTX conserved the H-

bonding interactions with Gly262 and His229, as well as the favorable van der Waals 

interactions with His229 as PTX (Fig. 14B). The observed strong H-bonding between the 

NH of the imidazole moiety of His229 and the carbonyl oxygen of the 1,14-carbonate 

moiety is unique to DFV-OTX, which does not exist in PTX. Furthermore, the two fluorine 

atoms of the DFV group make attractive interactions with Ala233, Ser236, and Phe272 (Fig. 

14C).

DFV-OTX induced cell cycle arrest at the G2/M phase in PTX-resistant MCF-7R and 

MDA-MB-231R cells. Cell cycle-related protein expression analysis showed that DFV-

OTX caused an increase in cyclin B1 and a decrease in cyclin D1 in a dose-dependent 

manner in MCF-7R and MCF-7 cells as well as MDA-MB-231R and MDA-MB-231 cells. 

Interestingly, p53 and p21 were upregulated in a dose-dependent manner in MCF-7R and 

MCF-7 cells, while p21 was slightly downregulated in MDA-MB-231 cells. However, 

p21 was slightly upregulated after PTX treatment, while it was slightly downregulated 

after DFV-OTX treatment in MDA-MB-231R cells. The observed difference in the p21 

expression pattern may suggest a difference in the MOA between DFV-OTX and PTX.

Cell apoptosis induced by DFV-OTX was significantly higher than that by PTX in MCF-7R 

and MDA-MB-231R cells in a dose-dependent manner. DFV-OTX induced the upregulation 

of p-eIF2α and p-p38, which are the markers of endoplasmic reticulum (ER) stress response, 

which suggests a similar cell death induction mechanism between DFV-OTX and PTX.

The inherent and acquired resistance to PTX in tumors is mainly attributed to the facts 

that (i) high expression of efflux pumps, such as ABCB1, ABCG2, and/or ABCC1, 

(ii) mutations at the PTX binding site in β-tubulin, (iii) the overexpression of β-tubulin 
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subtypes, especially βIII-tubulin (TUBB3), and (iv) the overexpression of microtubule 

regulatory proteins (MAP4) and/or γ-actin [50,69]. It was found that ABCB1 was drastically 

overexpressed in MDA-MB-231R and MCF-7R cells compared to the corresponding 

PTX-sensitive cancer cells which promotes drug efflux, which eventually causes major 

resistance to PTX. The combination of PTX and Elacridar (Ela) induced substantial tubulin/

microtubule polymerization, compared to PTX alone, whereas DFV-OTX alone induced 

extensive tubulin/microtubule polymerization, indicating the capability of DFV-OTX to 

overcome PTX-resistance caused by the ABC-efflux pumps. Further, the blocking of ABC-

efflux pumps with Ela can sufficiently restore the cytotoxicity of PTX in MDA-MB-231R 

cells, but not in MCF-7R cells. This suggests the involvement of other PTX-resistance 

mechanisms, such as point mutations in the PTX binding site of β-tubulin and the 

overexpression of β-III-tubulin subtype, in this MCF-7R cell line. Importantly, DFV-OTX 

can overcome the drug-resistance in MCF-7R cells.

It was found that DFV-OTX treatment minimally lowered the mRNA expression levels of 

ABCB1 in MCF-7R and MDA-MB-231R cells. It was also observed that the intracellular 

level of DFV-OTX is lower than PTX at the same extracellular concentrations in both 

MCF-7R and MDA-MB-231R cells. Furthermore, the efflux rate of DFV-OTX showed no 

difference as compared to that of PTX in MDA-MB-231R cells, which would indicate that 

DFV-OTX and PTX possess a similar affinity to the ABC-efflux pumps. These results may 

suggest that the remarkable activity of DFV-OTX against PTX-resistant breast cancer cells 

can be attributed to its exceptionally strong interaction with β-tubulin to promote tubulin 

polymerization and stabilization of the formed microtubules, thereby enhancing cell cycle 

arrest at G2/M and triggering apoptosis.

The antineoplastic activity of DFV-OTX in vivo using the female BALB/c nude mice 

model showed that DFV-OTX significantly inhibited the growth of MCF-7R and MDA-

MB-231R tumor xenografts, which indicates that DFV-OTX can effectively block the 

growth of subcutaneous PTX-resistant breast cancer tumor xenografts in vivo (Fig. 15). The 

sections of the harvested xenografted tumors were examined for tumor cell proliferation and 

apoptotic status by immunohistochemical staining of the Ki 67 cell proliferation marker. The 

results clearly showed that DFV-OTX blocked cell proliferation in both MCF-7R and MDA-

MB-231R tumors, which indicates that DFV-OTX possesses a highly promising therapeutic 

potential for the treatment of PTX-resistant breast tumors.

In summary, this study identified DFV-OTX as a highly promising new taxane anticancer 

agent, which effectively overcame PTX-resistance in both MCF-7R and MDA-MB-231R 

cancer cell lines and exhibited efficacy in tumor xenografts in mouse models. Moreover, 

DFV-OTX has a potentially lower risk of promoting tumor metastasis compared to PTX. 

Molecular docking analysis showed unique H-bonding and van der Waals interactions 

between DFV-OTX and β-tubulin, involving the 1,14-cyclic carbonate and DFV moieties 

contributing to the remarkable activity against PTX-resistant breast cancer cell lines, 

MCF-7R and MDA-MB-231R, with different drug resistance mechanism.
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5. Concluding remarks

To cover the recent progress in the exploration of next-generation taxane anticancer agents, 

novel 3rd-generation taxoids bearing 3-OCF3 or 3-OCF2H at the C2 benzoate moiety 

were reviewed first. These fluorotaxoids exhibited up to 7 times better potency against 

drug-sensitive cancer cell lines (MCF7 and LCC6-WT breast) and are 2–3 orders of 

magnitude more potent against drug-resistant cancer cell lines (NCI/ADR, LCC6-MDR, 

and LDL-1) than PTX. The SAR study on these fluorotaxoids disclosed that OCF3 and 

OCHF2 groups are well tolerated at the C2-benzoate position with enhanced potency, 

especially against MDR-cancer cell lines. Molecular modeling analysis of the 3rd-generation 

fluorotaxoids, 1a-05 and 1a-06, identified considerably favorable van der Waals interactions 

of OCF3 and OCF2H groups with hydrophobic amino acid residues in the binding site, as 

compared to CH3 and OCH3 groups. It has also been shown that the inclusion of OCF3 and 

OCHF2 groups in drug leads often improve their pharmacological properties, especially 

metabolic stability, membrane permeability, and PK profile. The unique non-spherical 

structure of the OCHF2 group can provide interesting characteristics, and the 1–06 series 

of 3rd-generation fluorotaxoids exhibited the highest potencies against MDR-cancer cell 

lines and CSC-enriched cancer cell lines.

Next, a series of 3rd-generation taxoids bearing a DFV group at C3′ and a CF3O/CHF2O 

group at C2 benzoate moiety was reviewed. These novel DFV-fluorotaxoids exhibited 2–

4 orders of magnitude higher potency against extremely drug-resistant cancer cell lines 

(LCC6-MDR and DLD-1) and better dose–response than PTX and SBT-1214 (1c). The 

results indicate that these DFV-fluorotaxoids can effectively overcome MDR caused by the 

overexpression of Pgp and other ABC cassette transporters. A DFV-mimic of cabazitaxel, 

11f-06, exhibited remarkably high potency against MCF7, PANC-1, PC3, and LCC6-MDR 

cancer cell lines. The molecular docking analysis revealed that DFV-fluorotaxoids occupy 

the PTX binding site in β-tubulin, forming a critical H-bonding interaction of C2′-OH and 

Gly362. Furthermore, the 3′-DFV moiety induces a little more compact structure, allowing 

unique attractive interactions between the gem-difluoro group and Phe272, as well as an 

H-boding with Ser236. In addition, the two fluorine atoms of the OCF3/OCHF2 group 

have interactions with Phe272 and H-bonding (OF2C-F—HN or OF2C-H—N) with His229, 

which enhances the binding affinity.

Extensive in vitro and in vivo evaluations of five novel DFV-fluorotaxoids (11a-06, 

11b-05, 11d-06, 11e-06 and 11f-05), disclosed exceptionally high potency of these 

DFV-fluorotaxoids against ATC cells. These DFV-fluorotaxoids were found to induce 

GTP-independent tubulin polymerization much faster than PTX. Furthermore, these DFV-

fluorotaxoids promoted effective inhibition of cell proliferation, colony formation, and 

tumorigenic potential in nude mice. Importantly, no serious toxic side effects were observed 

in the treated mice, indicating a possibly safe and effective treatment for ATC.

Finally, a novel DFV-analog of ortataxel (OTX), DFV-OTX, was reviewed. DFV-OTX 

effectively overcame PTX-resistance in MCF-7R and MDA-MB-231R breast cancer cell 

lines and exhibited efficacy in tumor xenografts in mouse models. It is suggested that 
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DFV-OTX is a promising new-generation taxane anticancer agent for the treatment of 

drugresistant breast tumors, including TNBCs.

Overall, the case studies covered in this account suggest that these next-generation 

fluorotaxoids are highly promising candidates as chemotherapeutic agents, as well as 

payloads for tumor-targeting drug conjugates such as antibody-drug conjugates (ADCs).
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Fig. 1. 
PTX, docetaxel, cabazitaxel, and 2nd-generation taxoids.
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Fig. 2. 
Synthesis of novel 3rd-generation fluorotaxoids bearing 3-OCF3 or 3-OCF2H at the C2-

benzoate moiety. (i) 3-CF3O or 3-CHF2O-benzoic acid, DIC, DMAP, CH2Cl2, r.t; ii) 

LiHMDS, THF, −40°C; iii) HF/pyridine, pyridine/MeCN, 0°C-r.t.
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Fig. 3. 
Dose-response curves of new 3rd-generation fluorotaxoids in LCC6-MDR breast cancer, 

NCI/ADR ovarian cancer and DLD-1 colon cancer cell lines. Adapted from Ref. [41] with 

permission.

Jayanetti et al. Page 21

J Fluor Chem. Author manuscript; available in PMC 2024 October 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
A: Overlay of 1a-05 and 1a-06 in the proximal binding site of β-tubulin; B: Favorable 

van der Waals interactions of the OCF3 and OCF2H residues in the proximal binding site 

(Overlay of 1a-05 and 1a-06 as an example). Adapted from Ref. [41] with permission.
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Fig. 5. 
Synthesis of 3rd-generation DFV-taxoids bearing 3-OCF3 or 3-OCF2H at the C2-benzoate 

moiety. A: (i) O3, MeOH/CH2Cl2, −78°C, Me2S; ii) ClF2CCO2Na, Ph3P, DMF, 90°C; iii) 

CAN, MeCN/H2O, −10°C; iv) Boc2O, Et3N, DMAP, CH2Cl2, r.t; B: (i) LiHMDS, THF, 

−40°C; ii) HF/pyridine, pyridine/MeCN, 0°C-r.t.
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Fig. 6. 
Dose-response of new 3rd-generation fluorotaxoids in LCC6-MDR breast cancer and 

DLD-1 colon cancer cells. Adapted from Ref. [33] with permission.
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Fig. 7. 
3rd-Generation DFV-taxoids in the β-tubulin binding site. The fluorine interactions of the 

DFV group with the π-system of Phe272 and H-bonding with Ser236 for (A) 11e-05 and (B) 

11f-06. H-bonding interactions of the OCF3 group of 11e-05 (C) and the OCF2H group of 

11f-06 (D) with His229. Adapted from Ref. [33] with permission.
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Fig. 8. 
Unique attractive interactions of 3rd-generation DFV-taxoids, involving OF2C-F—HN, 

OF2C-H—N and CH=C(F)-F—HO-R H-bonding, as well as C-F—Ar π-system, in the 

β-tubulin binding site.
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Fig. 9. 
(A) Activation of arene ring by perpendicular through-space electron-donating fluorine 

interaction, as opposed to traditional deactivation by covalently bound fluorine. (B) Ab initio 
results indicating that the fluorine substituent stabilizes the Wheland intermediate. Adapted 

from Ref. [53] with permission.

Jayanetti et al. Page 27

J Fluor Chem. Author manuscript; available in PMC 2024 October 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 10. 
Ab initio potential energy scans of benzene (πH) and hexafluorobenzene (πF) interacting 

with C-H and C-F, respectively. Adapted from Ref. [58] with permission.
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Fig. 11. 
(A) General experimental scheme detailing electron-poor molecular balances. (B) 

Combination of NMR-derived energies and ab initio electrostatic potential (ESP) 

calculations. Adapted from Ref. [59] with permission.
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Fig. 12. 
Antitumor effect of 11d-06 and PTX in tumor xenografts. Time course of tumor growth, 

measured as (A) tumor volume, (B) tumor weight, and (C) the number of Ki-67-positive 

cells. Adapted from Ref. [61] with permission.
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Fig. 13. 
Synthesis of DFV-OTX. Reagents and conditions: (i) LiHMDS, THF, −40°C; ii) HF/

pyridine, pyridine/MeCN, 0°C-r.t) [34].
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Fig. 14. 
(A) Overlay of PTX (blue), OTX (pink), and DFV-OTX (green) in β-tubulin. (B) Overlay 

of PTX (blue) and DFV-OTX (green), with important H-bonding and van der Waals 

interactions. (C) The critical H-bonding and van der Waals interactions of the DFV group 

with nearby amino acid residues; Ala233, Ser236, and Phe272. Adapted from Ref. [34] with 

permission.
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Fig. 15. 
DFV-OTX represses the subcutaneous PTX-resistant tumor growth. Tumor growth of 

MCF-7R and MDA-MB-231R xenografts in mice upon treatment with 10 mg/ kg PTX 

or DFV-OTX. * p<0.05; ** p<0.01. Adapted from Ref. [34] with permission.
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Table 1

Cytotoxicity (IC50 nM) of 3rd-generation fluorotaxoids.

Taxoid MCF-7 NCI/ADR LCC6-WT LCC6-MDR DLD-1 CFPAC-

PTX 0.9 130 1.81 619 364 60

SBT-1214 (1c) 0.74 0.88 0.91 3.19 3.4 0.71

1a-05 0.98 0.83 0.51 2.20 3.0 0.57

1b-05 0.37 0.43 0.71 2.40 3.1 0.75

1c-05 0.56 0.42 0.58 2.11 3.2 0.79

1d-05 0.28 0.66 0.74 2.15 3.3 0.69

1e-05 0.32 0.66 0.85 1.96 3.1 0.51

1a-06 0.34 0.45 0.42 2.01 2.9 0.48

1b-06 0.60 0.26 0.56 1.64 3.0 0.42

1c-06 0.37 0.36 0.45 1.80 3.1 0.39

1d-06 0.56 0.42 0.40 1.77 2.9 0.44

1e-06 0.41 0.39 0.67 1.75 3.0 0.49

MCF7: human breast cancer cell line.

NCI/ADR: drug-resistant (Pgp+) human ovarian cancer cell line.

LCC6-WT: human breast cancer cell line.

LCC6-MDR: drug-resistant (Pgp+) human breast cancer cell line.

DLD-1: drug-resistant (Pgp+) human colon cancer cell line.

CFPAC-1: human pancreatic cancer cell line.
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Table 3

Cytotoxicity (IC50 nM) of DFV-fluorotaxoids against 8505C and 8305ATC cell lines [61].

X R1 R2 IC50 (Mean ± SD)/nM

8505C 8305C

Paclitaxel 5.86 2.51

11a-06 OCHF2 MeCO H 0.57 0.52

11b-05 OCF3 c-PrCO H 1.43 1.15

11d-06 OCHF2 Me2NCO H 1.09 0.36

11e-05 OCHF2 Me H 1.61 0.55

11f-05 OCF3 Me Me 1.41 0.50
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Table 4

Cytotoxicity (IC50 nM) of DFV-OTX in various drug-sensitive and drug-resistant breast cancer cells.

Cell lines PTX IC50 (nM) DFV-OTX IC50 (nM)

MCF-7R 17.37 8.15

MDA-MB-231R 550.80 138.50

MCF-7 2.94 3.11

MDA-MB-231 5.31 3.97

BT474 243.60 31.44

BT549 143.60 79.24

MDA-MB-453 3.39 3.07

293T 5.82 6.32

MCF-10A 3.40 2.68

MCF-7R: drug-resistant human breast cancer cell line.

MCF-7: human breast cancer cell line.

MCF-10A: non-malignant breast epithelial cells.

MDA-MB-231R: drug-resistant human breast cancer cell line.

MDA-MB-231: human breast cancer cell line.

MDA-MB-453: human metastatic breast cancer cell line.

BT474: human invasive breast cancer cell line.

BT549: human invasive and metastasized breast cancer cell line.

293T: human embryonic kidney cells.
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