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Abstract 


Prostate cancer is the most common non-skin cancer for men in America. The 


androgen receptor exerts transcriptional activity and plays an important role for the 


proliferation of prostate cancer cells. Androgen receptor ligands bind the androgen 


receptor and inhibit its transcriptional activity effectively. However, prostate cancer can 


progress to hormone refractory prostate cancer (HRPC) to avoid this effect. 


Chemotherapies are currently the primary treatments for HRPC. Unfortunately, none of 


the available chemotherapies are curative. Among them, paclitaxel and docetaxel are two 


of the most effective drugs for HRPC. More importantly, docetaxel is the only form of 


chemotherapy known to prolong survival in the HRPC patients. We hypothesized that the 


conjugation of paclitaxel or docetaxel with an androgen receptor ligand will overcome 


the resistance mechanism of HRPC. Eleven conjugates were designed, synthesized and 


biologically evaluated. Some of them were active against androgen-independent prostate 


cancer, but they were all less active than paclitaxel and docetaxel. 


Discodermolide is a microtubule interactive agent, and has a similar mechanism of 


action to paclitaxel. Interestingly, discodermolide is active against paclitaxel-resistant 


cancer cells and can synergize with paclitaxel, which make it an attractive anticancer 


drug candidate. Understanding the bioactive conformation of discodermolide is important 


for drug development, but this task is difficult due to the linear and flexible structure of 


discodermolide. Indirect evidence for the orientation of discodermolide in the tubulin 


binding pocket can be obtained from fluorescence spectroscopy of the discodermolide 


tubulin complex. For this purpose, we designed and synthesized a simplified 


fluorescently labeled discodermolide analog, and it was active in the tubulin assembly 


bioassay. In addition, a conformationally constrained discodermolide was designed to 


mimic the bioactive conformation according to computational modeling. The synthetic 


effort was made, but failed during one of the final steps. 
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Chapter 1. Overview of microtubule interactive agents 


  


1.1 Introduction to tubulin and microtubules 


Microtubules are essential polymers in the cytoplasm of eukaryotic cells and key 


components of the cytoskeleton.1 They play crucial roles in the development and 


maintenance of cell shape, in cell transport and motility, in cell signaling, and in cell 


division and mitosis. Microtubules are long, hollow, tube-shaped protein aggregates, 


which are composed of α-tubulin and β-tubulin heterodimers. Each microtubule is formed 


by the parallel association of 13 linear protofilaments formed by tubulin heterodimers 


arranged head-to-tail. A microtubule tube is 24 nm in diameter and can be many µm long. 


The assembly of tubulin to microtubules is through the nucleation-elongation pathway. 


In the nucleation phase, the tubulin heterodimers first assemble to form oligomers, which 


further aggregate to form a microtubule nucleus as small sheets of protofilaments.2 In the 


next phase, tubulin adds rapidly to both ends of the nucleus, leading to the elongation, 


and then the sheets close up to form microtubules. In living cells, γ-tubulin that is 


localized at microtubule-organizing centers (MTOCs) forms ring structures, serving as 


templates for tubulin heterodimers to make small protofilament sheets.3,4 


The two ends of microtubules are not equivalent either structurally or kinetically.5 


One end, called the plus end, is crowned by β-tubulin, whereas the other end with 
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α-tubulin facing outside is called the minus end. The plus end grows more rapidly and 


extensively than the minus end. In vivo, the minus end of the microtubule is associated 


with the centrosome, whereas the plus end is peripheral. 


The functional diversity of microtubules relies on their high dynamics. Microtubules 


can switch between slow growing and fast shortening phases, which is called dynamic 


instability.6 The transition from growing to shortening phases is referred to as catastrophe, 


and the opposite transition is called rescue. The dynamic instability of microtubules can 


be characterized by four factors: the growing rate, the shortening rate, the catastrophe 


frequency, and the rescue frequency. And it is highly related to the binding and hydrolysis 


of GTP by tubulin subunits. Generally, each tubulin monomer binds one GTP molecule. 


The GTP bound to α-tubulin is not exchangeable and cannot be hydrolyzed, while the one 


bound to β-tubulin is exchangeable.7 At the time that the GTP-bound tubulin heterodimer 


adds to microtubule ends or shortly after that, GTP on β-tubulin is hydrolyzed to GDP, 


which provides energy for the assembly of tubulin subunits. The dynamic instability of 


microtubules can be explained by the GTP cap model.5 In this model, the microtubule 


body made of GDP-tubulin subunits is believed to be unstable and its structure can be 


stabilized by a terminal cap composed of GTP-tubulin subunits. Once the GTP cap is 


gone, the microtubule depolymerizes rapidly. This is related to the conformational change 


of the tubulin subunit caused by hydrolysis of GTP to GDP. The GTP-bound tubulins 


assemble to form protofilaments with a straight conformation. When GTP is hydrolyzed 
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to GDP, the conformation of the tubulin subunit changes to a curved form, so that the 


tubulin locked in the microtubule core is conformationally constrained.6a When the GTP 


cap is present, the microtubule end is stabilized and the constrained tubulin subunits are 


locked and remain relatively stable. So the terminal GTP cap serves as a stabilizer of the 


GDP-containing microtubule body. Once the cap is lost, the curved-form GDP-tubulin 


subunits are exposed and dissociate from microtubules rapidly due to loss of the 


conformational constraint. 


Besides dynamic instability, microtubules have a second dynamic behavior, called 


treadmilling,8 which involves a net flow of tubulin subunits from the plus end to the 


minus end without a significant change in microtubule length. This results from a net 


growth at one end of the microtubule and a balanced net shortening at the other end, 


which is created by a difference in the critical subunit concentrations at opposite ends. 


Treadmilling might be particularly important in mitosis.9 


Dynamic instability and treadmilling are compatible and related in the cell. A change 


from dynamic instability to treadmilling was observed in fibroblast cytoplasts lacking 


centrosomes. A particular microtubule population can primarily show dynamic instability 


behavior, treadmilling behavior, or mixed behaviors. The mechanism is not well 


understood. But the degree to which a microtubule population shows one or the other 


behavior probably depends on the tubulin isotype composition, the degree of 


post-translational modification of tubulin, and the interaction of microtubules with other 
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cellular factors, especially regulatory proteins.10 


The assembly and stability of microtubules are regulated by the nucleotide state of 


tubulin. Further modifications can be achieved in the cell by interacting with cellular 


factors, which stabilize or destabilize microtubules through the expression of different 


tubulin isotypes, post-translational modification of tubulin subunits, and interaction with 


microtubule-associated proteins (MAPs) and a large number of other stabilizers and 


destabilizers in the cell. 


Microtubules are crucial in cell division and mitosis, which makes them excellent 


targets for anticancer chemotherapy. With the development of observation methods in 


living cells, it has become clear that their rapid dynamics are essential to successful 


mitosis.11 In the early stages (G1 phase and S phase) of interphase in the cell cycle, 


microtubules that constitute the cytoskeleton exchange their tubulin subunits with tubulin 


in the soluble pool slowly, with half-times ranging from several minutes to several 


hours.11b,12 In the G2 phase of interphase, these low dynamic microtubule networks are 


broken and replaced by high dynamic spindle microtubules that turn over 4-100 times 


more rapidly than cytoskeleton microtubules, with half-times of 10-30 seconds.11c,13 The 


spindle microtubules are attached to each of the spindle poles (centrosome) at their minus 


ends and the free plus ends will attach to chromosomes in the following stages. 


During mitosis (M phase), the spindle microtubules play crucial roles at almost all 


stages. In prometaphase, the nuclear envelope breaks into fragments and disappears, and 
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the spindle microtubules grow and shorten very fast to search the cytoplasm until they 


reach and become attached to the duplicated chromosomes at kinetochores. The ability of 


microtubules to grow and shorten rapidly is a key to allow the chromosomes to become 


attached to spindle microtubules, which is essential in the prometaphase stage.14 The 


presence of a single chromosome unable to attach to a spindle is sufficient to stop the 


transition to the next stage, and leads to the arrest of the cell cycle and ultimately 


apoptosis. 


In metaphase, the chromosomes attached to spindles need to move and align to their 


position at the metaphase plate, which also requires the high dynamics of spindle 


microtubules.15 In addition, the tubulins in the soluble pool are continuously and rapidly 


added to microtubules at the kinetochores and lost at the centrosome end in a balanced 


fashion (treadmilling),9,16 which generates a high tension to allow chromosomes to 


oscillate back and forth in the spindle equatorial region. The oscillations of the 


chromosomes created by microtubule treadmilling are required for the spindle to function 


properly. The cell cycle progress from metaphase to anaphase will be blocked in the 


absence of this oscillation. In anaphase and telophase, the duplicated chromosome pair 


needs to be taken apart and finally divided into two chromosomes along with the division 


of the parent cell, which requires the microtubules attached to the chromosomes to 


achieve finely regulated shortening and the microtubules that directly connect two 


spindle poles to lengthen at the same time. Any disturbance to microtubule dynamics at 
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this stage will result in apoptosis. 


Since microtubules are extremely important for mitosis, they have attracted interest as 


an anticancer target. It was found that suppression of microtubule dynamics can be a 


common mechanism by which a certain drug can block cancer cell mitosis and kill cancer 


cells. For example, paclitaxel, a clinically used anticancer drug, can bind to β-tubulin and 


change microtubule dynamics by promoting tubulin assembly and stabilizing 


microtubules. In human osteosarcoma cells after incubation with paclitaxel, the 


chromosomes are stuck at two spindle poles and unable to move to the metaphase plate 


region, which blocks cell mitosis.17 Generally, cancer cells are more sensitive to this drug 


action mechanism than normal cells, because cancer cells divide more rapidly and 


therefore are more vulnerable to antimitoic agents. 


 


1.2 Tubulin binding agents 


A large number of tubulin binding substances have been found to display antimitotic 


activity and inhibit cell proliferation by suppressing spindle microtubule dynamics. 


Although they are chemically and structurally diverse, these substances all bind to 


β-tubulin at one of the three common sites: the Vinca site, the colchicine site, and the 


paclitaxel site. According to the effects of these substances on microtubules, tubulin 


interactive substances are usually classified into two groups: microtubule polymerization 
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inhibitors and microtubule polymerization promoters. The microtubule polymerization 


inhibitors destabilize spindle microtubules and promote microtubule depolymerization, 


while the microtubule polymerization promoters affect spindle microtubules in the 


opposite way. Importantly, it seems that both of the two groups suppress treadmilling and 


dynamic instability of spindle microtubules, leading to the reduction of spindle tension, 


slowing or preventing cell cycle progression from metaphase into anaphase, and 


eventually inducing apoptosis.18 


1.2.1 Microtubule polymerization inhibitors 


This group of tubulin binding substances includes the Vinca alkaloids, colchicine, 


combretastatins, cryptophycins, halichondrins, and estramustine. Some of them are in 


clinical use or under clinical investigation for treatment of cancer. 


1.2.1.1 The Vinca alkaloids 


Vincristine and vinblastine (Figure 1.1) have been used clinically for treatment of 


neoplastic diseases for over four decades. They were originally isolated from the leaves 


of the periwinkle plant Catharanthus roseus (L.) G. Don, and their antimitotic activity 


was established in the late 1950s by groups at Eli Lilly Research Laboratories and at the 


University of Western Ontario, which made them attractive potential cancer 


chemotherapeutic agents.19 Shortly after, these two candidates began clinical use for 


single-agent treatment of haematological and solid malignancies, and they were so 
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successful in treatment of childhood leukemia that they were considered “wonder drugs” 


at that time. A large number of efforts towards improving their efficacy resulted in 


various analogs, including vindestine, vinorelbine, and vinflunine. Among them, 


vinorelbine has been widely used in the clinic for treatment of solid tumours, lymphomas, 


and lung cancer. Vinfunine is now in phase III clinical trial for treatment of bladder 


cancer, non-small-cell lung cancer, and breast cancer.  
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Figure 1.1 Structures of Vinca alkaloids 


 


The mechanism of drug action involves the interaction of Vinca alkaloids with 


tubulin.20 At high concentrations, Vinca alkaloids induce depolymerization of 


microtubules, break up the mitotic spindles in the cell, block cell mitosis, and ultimately 


lead to cell death by apoptosis. At low concentrations, Vinca alkaloids do not 
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depolymerize microtubules, but can still block cell mitosis through suppressing 


microtubule dynamics.  


It was found that Vinca alkaloids bind to β-tubulin at a distinct region called the 


Vinca-binding site.21 The rapid and reversible binding of Vinca alkaloids with tubulin in 


the soluble pool introduces a conformational change in tubulin, which decreases the 


ability of tubulin self-assembly. Remarkably, Vinca alkaloids bind directly to 


microtubules at the terminal ends with much higher affinity than to the tubulin within the 


microtubule body. More importantly, only a small amount of a Vinca alkaloid bound to 


microtubule ends is sufficient to suppress microtubule dynamics, without changing the 


mass of microtubules, or in other words, without inducing microtubule depolymerization. 


The suppression of microtubule dynamics prevents the mitotic spindle from forming 


normally, and reduces the tension of microtubules at the kinetochores of the 


chromosomes in metaphase, which blocks mitotic progression from metaphase to 


anaphase and leads to apoptosis. 


 


1.2.1.2 Colchicine 


Colchicine (Figure 1.2) was originally isolated from the poisonous plant meadow 


saffron (Colchicum autumnale L.) and related species in 1820 by two French chemists P. 


S. Pelletier and J. Caventou. The plant extracts were known since antiquity for their 
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therapeutic properties in gout and their toxicity. Colchicine is an important bioactive 


compound to treat various diseases and currently is used clinically for treatment of acute 


gout and familial Mediterranean fever. 


 


Figure 1.2 Structure of colchicines 


 


The antimitotic activity of colchicine was recognized about sixty years after it was 


isolated. Colchicine is able to bind to β-tubulin at the colchicine site, and the binding is 


relatively slow, but extremely tight. Unlike other microtubule destabilizers such as the 


Vinca alkaloids, colchicine interacts with tubulin and inhibits microtubule functions by a 


different mechanism. Interestingly, colchicine depolymerizes microtubules at high 


concentrations, and stabilizes microtubule dynamics at low concentrations. Moreover, 


colchicine inhibits microtubule polymerization even at concentrations much lower than 


the tubulin concentration, indicating that colchicine interacts with the tubulin subunits in 


microtubules rather than the tubulin in the soluble pool. However, it was found that 


colchicine itself cannot directly bind to microtubules. It is very possible that colchicine 


first binds to soluble tubulin, induces conformational changes in the tubulin, and finally 


forms a stabilized tubulin-colchicine complex that is poorly reversible.22 Then the 
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complex is incorporated to the microtubule ends in small numbers along with a large 


amount of free tubulin. The microtubules that contain the tubulin-colchicine complex can 


still grow, but their dynamics are suppressed. The reason might be the disruption to the 


microtubule structure by the complex, which slows down the addition of new tubulin, 


instead of totally blocking it. 


Clinical use of colchicine in cancer therapy has been hampered by its general 


cytotoxicity of colchicine. A large amount of work has been done to modify the 


colchicine structure and prepare colchicine analogs in order to reduce its general 


cytotoxicity while retaining its antimitotic activity. It turns out that it is difficult to reduce 


the general cytotoxicity, but the unique mechanism by which colchicine suppresses 


microtubule dynamics is still attractive, and compounds that interact with tubulin at the 


colchicine binding site are of pharmaceutical interest for cancer therapy. 


Combretastatin A4 (Figure 1.3) is a competitive inhibitor of colchicine binding and an 


inhibitor of tubulin polymerization. Combretastatins were isolated from the stem bark of 


the South African tree Combretum caffrum and their structure elucidated in 1982.23 


Combretastatin A4 shows both antimitotic activity and antivascular effects inside tumors, 


which is a new mechanism for cancer therapy. Antivascular agents can rapidly shut down 


existing tumor vasculature so that the tumor cannot be supplied with oxygen and 


nutrients through blood, leading to rapid cell death. Interestingly, combretastatin A4 


seems to damage tumor vasculature without harming normal tissue too much, which 
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results in some efforts to develop combretastatin A4 analogs for cancer therapy. At this 


date, several combretastatin derivatives are in clinical trials for treatment of cancer. 


 


Figure 1.3 Structure of combretastatin A4 


 


1.2.2 Microtubule polymerization promoters 


The microtubule polymerization promoters form a very important group of 


antimitotic agents that have achieved significant success in cancer chemotherapy. 


Generally, microtubule polymerization promoters bind to microtubules with high affinity 


and promote microtubule polymerization by inducing conformational changes on the 


bound tubulin subunits and increasing their affinity for the neighbor tubulin subunits. 


Among them, paclitaxel, as well as its semi-synthetic analog, docetaxel, is among the 


most successful anticancer drugs in the market today (Figure 1.4). Several other 


paclitaxel derivatives also display good anticancer potential and some of them are under 


clinical investigation. Their specific mechanism of action and the structure-activity 


relationships will be discussed in detail later in Chapter 2. 
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Figure 1.4 Microtubule polymerization promoters 


 


The clinical success of taxanes led to a search for other drugs from this group. Some 


promising substances including discodermolide, epothilones, sarcodictyins, dicyostatin, 


eleutherobin and laulimalide, have been identified (Figure 1.4). Although they bind to 


tubulin at various sites, these compounds share a similar mechanism of action and show 


good antimitotic activity. Among them, discodermolide, eleutherobin, and epothilones 


bind to tubulin at the paclitaxel binding site, whereas others, like laulimalide, bind to 


distinct sites on microtubules. Epothilones and eleutherobin were observed to inhibit the 


binding of paclitaxel to microtubules, indicating that they share the same binding site as 


paclitaxel. Laulimalide and paclitaxel bind to microtubules simultaneously with a molar 
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ratio of 1:1, which enhances microtubule assembly. Interestingly, although 


discodermolide binds to tubulin at the paclitaxel binding site, the combination of 


discodermolide and paclitaxel shows better antimitotic activity than either of them alone.  


 


1.2.3 Drug resistance 


Different microtubule interactive agents display antiproliferative activity towards 


different cancer cells specifically, and the reason why one agent is efficient for some 


types of cancer, but totally inactive for other types is not well understood. It might result 


from either the nature of the cancer cell itself or the pharmacological accessibility of the 


drugs to the cancer cells.24  


One big problem of microtubule interactive drugs in cancer chemotherapy is drug 


resistance. It often results from overexpression of membrane transporter proteins, for 


example, P-glycoprotein.25 These membrane transporter proteins are able to decrease the 


intracellular drug levels by pumping the drug out of the cell, and lead to multidrug 


resistance (MDR). In addition, since all these drugs induce apoptosis by suppressing 


microtubule dynamics that are regulated by a host of factors such as expression of the 


microtubule associated proteins, post-translational modification of tubulin, and 


expression of different tubulin isotypes, cancer cells have many microtubule-related 


mechanisms to confer drug resistance.18,24,26 The development of drug resistance might 
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also involve some of the tubulin isotypes associated with the centrosomes and spindle 


poles. But the mechanism of how drugs interact with the tubulin at centrosomes and how 


this interaction affects microtubule dynamics is not clear, so whether they are related to 


drug resistance is still an unsolved question. The development of drug resistance is 


complicated and there is very little known about it currently. Considerable efforts are 


underway to recognize various microtubule regulatory proteins, to understand how these 


proteins regulate microtubule formation and dynamics, to understand how particular 


cancer cells develop drug resistant, and to figure out a way to overcome drug resistance. 


 


1.2.4 Synergy 


 


Figure 1.5 Colchicine binding inhibitor CI-980 


 


There are many diverse binding sites on tubulin and microtubules, besides the three 


common tubulin binding domains mentioned above. One tubulin interactive agent can 


bind exclusively and specifically to tubulin at one site to affect tubulin dynamics. 


Theoretically it is possible that more than one tubulin interactive drug could bind to 


tubulin at different sites simultaneously to have an additional advantage. Many examples 


have indicated that the clinical combinations of two or more tubulin interactive drugs 
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have the potential to improve efficacy, overcome drug resistance and reduce the side 


effects of cancer therapy. The combination of vinorelbine (Figure 1.1) and paclitaxel or 


docetaxel (Figure 1.4) shows better antimitotic activity than each drug alone.27 The same 


synergistic effects have been observed with the combination of docetaxel and the 


colchicine binding inhibitor CI-980 (Figure 1.5),28 the combination of paclitaxel and 


vinblastine,29a the combination of estramustine (Figure 1.6) and vinblastine or 


paclitaxel.29b,c Surprisingly, paclitaxel and discodermolide that share the same or 


overlapping binding sites on tubulin and have similar mechanisams of action were found 


to act synergistically in the suppression of microtubule dynamics and their antimitotic 


effect.30 The synergism of paclitaxel and discodermolide is not well understood, but it is 


of great value, since the potential for the use of microtubule interactive drugs with similar 


mechanisms is still an untapped source of anticancer chemotherapeutic potential. 


 


Figure 1.6 Estramustine 


 


Several clinical trials involving the combination of two or more microtubule 


interactive drugs are in progress. The combinations of estramustine (Figure 1.6) with 


paclitaxel, docetaxel, vinorelbine or epothilone analogs are in clinical trials in various 
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phases.18 In addition, 22 combination trials of vinblastine, 108 combination trials of 


vincristine, and combination trials of vinorelbine for treatment of cancer are underway.18 


It is hoped that efficient combinational chemotherapy with fewer side effects will be 


found in the near future. 


 


1.3 Dissertation overview 


This dissertation consists of two parts, linked by the common theme of the study of 


microtubule polymerization promoting agents. The first part involves the design, 


synthesis and biological evaluation of androgen receptor targeted taxane analogs for 


treatment of hormone refractory prostate cancer (Chapter 2 and 3). The second part 


consists of an introduction to discodermolide (Chapter 4), and the conformational studies 


on how discodermolide binds to microtubules, including the design and total synthesis of 


fluorescently labeled discodermolide derivatives (Chapter 5), and the design and total 


synthesis of conformationally constrained bridged discodermolide derivatives (Chapter 


6). 
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Chapter 2. Introduction to paclitaxel and docetaxel 


 


2.1 Discovery and history 


 


Figure 2.1 Paclitaxel and docetaxel  


Paclitaxel and docetaxel (Figure 2.1) are both microtubule-interactive mitotic 


inhibitors that are widely used in cancer chemotherapy. Paclitaxel was isolated from the 


bark of the Pacific Yew tree, Taxus brevifolia by Wall and Wani at the Research Triangle 


Institute in 1967.1 Later, in 1971 Wall and Wani published its chemical structure as well 


as some biological test results.2 Paclitaxel was originally recognized as a cytotoxic and 


antileukemic agent with excellent activity, but it had poor solubility in water and was 


only available in low yield from its natural source (in 0.02% yield from Pacific Yew bark), 


which lowered people’s interest in developing it as a drug. But the situation changed after 


further biological evaluations at NCI revealed its activity against various human solid 


tumor xenografts in nude mice in 1977, and shortly after that, Horwitz and coworkers 


discovered its interesting mechanism of action of paclitaxel in 1979.3 They found that 


paclitaxel bound to β-tubulin, promoted tubulin polymerization and stabilized 
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microtubules from disassembly. This was an unknown mechanism at that time, and is 


considered as a key discovery in the development history of paclitaxel. The clinical trials 


began at 1984, and paclitaxel was eventually licensed to Bristol-Myers Squibb and finally 


approved for treatment of ovarian cancer by FDA in 1992. Paclitaxel is now used to treat 


patients with lung, ovarian, breast cancer, head and neck cancer, as well as advanced 


forms of Kaposi's sarcoma. Its annual sales peaked in 2000, reaching 1.6 billion dollars. 


Docetaxel is a semisynthetic analog of paclitaxel and was discovered in the extensive 


research conducted to solve the scarcity issue of paclitaxel.4 It can be synthesized by the 


esterification of 10-deacetyl baccatin III, which is extracted from the renewable and 


readily available European yew tree. Docetaxel differs from paclitaxel at two positions in 


the structure. Firstly, an N-Boc group replaced the N-benzoyl group in paclitaxel at the 


C3′ position on the side chain; in addition, docetaxel has a free hydroxyl group at the C10 


position instead of the acetate ester in paclitaxel, which results in better solubility in 


water than paclitaxel.5 Docetaxel has the same mechanism of action as paclitaxel 


involving promoting tubulin assembly, stabilizing microtubules in the cell and arresting 


the cell cycle, ultimately leading to apoptosis. It is approximately twice as potent as 


paclitaxel as a cytotoxic antimicrotubule agent.4 Docetaxel is currently a well 


established anti-mitotic chemotherapy medication used for the treatment of breast, 


ovarian, prostate and non-small cell lung cancer, as well as locally advanced or metastatic 


breast or non small-cell lung cancer and metastatic castration resistant prostate cancer. It 
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was marketed worldwide by Sanofi-Aventis under the name Taxotere in 2004. The annual 


sales are approximately 2.5 billion dollars in 2007. 


Paclitaxel and docetaxel are two of the most successful anticancer drugs in the past 


two decades, and the discovery of their unique mechanism of action opened a door to the 


development of other antimitotic drugs. This chapter will briefly introduce the chemistry 


and biology of paclitaxel and docetaxel. 


 


2.2 Bioactivity 


Since Horwitz and coworkers discovered the ability of paclitaxel to bind to β-tubulin, 


promote tubulin assembly and stabilize microtubules in 1979,3 its bioactivity and 


mechanism of action have been extensively studied. 


2.2.1 Interaction with β-tubulin and microtubules 


As mentioned in Chapter 1, the assembly and disassembly of micrutubules in cells 


plays a crucial role in cell mitosis. Paclitaxel and docetaxel display antiproliferative 


activity through their interactions with β-tubulin and microtubules,6 which suppress 


microtubule dynamics, disrupt the mitotic spindle and eventually result in cell death by 


apoptosis.3 


The binding of paclitaxel or docetaxel with tubulin promotes the polymerization of 
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tubulin and stabilizes the microtubules, which suppresses the microtubule dynamics. 


Interestingly, paclitaxel and docetaxel bind to the tubulin on microtubules more tightly 


than to soluble tubulin itself.7 The binding site is located on β-tubulin on the inner surface 


of the microtubules, which was confirmed by an electron diffraction structure of tubulin 


complexed with paclitaxel.8 The binding of paclitaxel with tubulin introduces 


conformational changes of tubulin, which facilitate assembly and increase the affinity 


between neighbouring tubulin molecules.9 Paclitaxel is able to bind to tubulin subunits on 


microtubules with a 1:1 stoichiometric ratio, so the increase of tubulin polymerization 


requires a high concentration of paclitaxel. However, the binding of a small amount of 


paclitaxel was found to efficiently suppress microtubule dynamics without increasing 


tubulin polymerization.10 


Paclitaxel also decreases the critical concentration of tubulin required for 


polymerization and accelerates tubulin assembly.3,11 The paclitaxel-induced microtubules 


are quite different from the normal ones in structure. The average diameter of 


paclitaxel-induced microtubules is 22 nm rather than 24 nm, and paclitaxel-induced 


microtubules consist with 12 protofilaments, instead of the normal 13 protofilaments.12 


The stabilities of paclitaxel-induced microtubules are maintained even under conditions 


that cause disassembly of normal microtubules. Meanwhile, paclitaxel was found to 


interact with microtubule-organizing centers and introduce their disarrangement, which 


changes the morphology of microtubule spindles in the cell.10 
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2.2.2 Drug resistance 


Cancer cells can always find a way to resist drug effects, and this proved to be true 


for paclitaxel and docetaxel, as with other chemotherapies. The resistance to paclitaxel is 


generally developed through over-expression of P-glycoprotein and the mutation of the 


paclitaxel binding site on tubulin. P-glycoprotein is a transport protein which can pump 


hydrophobic substances out of the cell and maintain low concentrations of these 


substances inside the cell. Paclitaxel is a substrate of P-glycoprotein, so cancer cells can 


develop resistance through lowering the intracellular concentration of paclitaxel by 


P-glycoprotein mediated efflux.13 On the other hand, upon treatment with paclitaxel, 


cancer cells can survive through mutation of the paclitaxel-binding site on tubulin, which 


results in the elimination of the drug target for paclitaxel inside the cancer cell.14 


2.2.3 Side effects 


Paclitaxel and docetaxel are not able to distinguish cancer cells from normal ones, so 


they are cytotoxic to all the cells. In fact, they can kill cancer cells more than normal cells, 


which results from the faster proliferative rate of cancer cells. The cytotoxicity of 


paclitaxel and docetaxel to normal cells leads to their side effects, which include hair loss, 


decrease in white blood cells, numbness of the fingers and toes, bone marrow suppression, 


and neutropenia (loss of neutrophils).15 The decrease in white blood cells generally 


results in the susceptibility of the body to infections. These side effects make patients 


suffer a lot from pain and inconvenient life. So medicinal chemists have been trying to 
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reduce the side effects of paclitaxel and docetaxel by modifying the drug structure and 


introducing targeted delivery, and the investigations are still in progress. 


2.2.4 Docetaxel for treatment of HRPC 


Although docetaxel is similar to paclitaxel in structure, as well as in mechanism of 


action, it possesses some other interesting pharmaceutical profiles which paclitaxel does 


not have, among which it is the most promising that upon treatment with docetaxel 


patients with hormone refractory prostate cancer (HRPC) obtained significant survival 


and palliative benefits in two randomized trials. This result led to further clinical trials to 


investigate the efficiency of docetaxel against HRPC either by docetaxel itself or in 


combination with other drugs. Currently, docetaxel has become the best available drug 


for HRPC, and docetaxel-based therapies have become the standard of care for patients 


with HRPC.16 


 


2.3 Structure-activity relationships (SAR) 


 


 Figure 2.2 Structure of paclitaxel 


Although paclitaxel achieved great success as an anticancer drug, it is an extremely 
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complicated structure, which delayed the development of improved analogs. Meanwhile, 


paclitaxel was found to be much less active against multidrug-resistant cancer cell lines 


and showed cytotoxicity to normal cells, resulting in side effects. Therefore, 


modifications to improve its activity and to reduce its side effects were necessary for its 


further development. These goals required that its structure-activity relationships (SAR) 


must be well understood. In the past three decades, extensive studies were carried out on 


the SAR of paclitaxel, with the goal of developing analogs with simple structures, better 


activities and fewer side effects. The results of the SAR studies is summarized in this 


section. 


2.3.1 Main body: tetracyclic ring system 


The unusual and distorted tetracyclic main body of paclitaxel was proved to be 


crucial for paclitaxel to maintain optimum conformation and drug-protein interaction. 


However, it was found that not all functional groups in the main body of paclitaxel 


contribute to the bioactivity. In general, the northern hemisphere can tolerate structural 


modification better than the southern hemisphere. The details are discussed below. 


2.3.1.1 Northern hemisphere 


Hydroxylation of the C6 position dramatically reduced the bioactivity by 30 fold,17 


whereas modifications at the C7 position such as acylation and dehydroxylation did not 


change the activity significantly.18 In addition, it was reported that the conversion of the 
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C7 hydroxyl group to a keto group significantly decreased the activity of paclitaxel 


because it facilitated the opening of the oxetane ring at the C4-C5 position.19 The keto 


group at the C9 position can be reduced to a hydroxyl group without loss of bioactivity.20 


Deacetylation at the C10 position preserved the activity of paclitaxel.18a,21 Additionally, 


acylation of the C7 and C10 positions or the single acetylation of the C10 position of 


docetaxel preserved the activity.21 The rearrangement around the double bond at the 


C11-C12 positions decreased the antiproliferative activity moderately,22 and the 


formation of the C7-C8-C19 cyclopropane ring did not drastically affect the binding of 


paclitaxel to the microtubule binding site.21,23 


2.3.1.2 Southern hemisphere 


In comparison with the northern hemisphere, the southern hemisphere is far more 


essential for paclitaxel to maintain its antimicrotubule activity. This region is believed to 


play a more important role in maintaining the optimum conformation of paclitaxel, and 


the modifications in the southern hemisphere affect the bioactivity of paclitaxel 


dramatically, as discussed below. 


Dehydroxylation at C1 decreases the activity slightly, indicating that the C1 hydroxyl 


group is helpful but not essential for the bioactivity of paclitaxel.24 The C2 benzoyloxy 


group was proved to be crucial to maintain optimum conformation, and the aromatic 


substitutions affect the activity of paclitaxel dramatically.25 Interestingly, the analogs with 


meta position substituted by certain functional groups or with the benzoyloxy group 
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replaced by certain alkenyl groups gave improved bioactivities.26 In addition, the 


stereochemistries at the C2 and C13 positions are both essential for the activity of 


paclitaxel.27 The removal of the acetate group at the C4 position decreases the activity 


significantly, but replacement by the methyl carbonate group improves the activity.28 The 


oxetane ring at the C4-C5 position is required for activity, and opening of this ring 


decreases the activity significantly. The sulfetane analog, with oxygen replaced by sulfur, 


gave poor activity, but the taxol analog with the oxetane ring replaced with a 


cyclopropane ring was still active. In addition, hydroxylation at the C14 position does not 


affect the activity of paclitaxel.18g,29 


2.3.2 Side chain at the C13 position 


Although the side chain at the C13 position of paclitaxel is flexible in comparison to 


the tetracyclic skeleton, it is crucial for paclitaxel to maintain its bioactive conformation 


and tubulin-binding activity. Its removal leads to dramatic reduction or total loss of the 


activity, and major modifications on the side chain affect the activity of paclitaxel 


significantly in either positive or negative ways. An important example is docetaxel, 


which has a side chain with the N-benzoyl group of paclitaxel replaced by an N-Boc 


group at the C3′ position, and shows better tubulin-binding activity and cytotoxicity than 


paclitaxel, indicating that well-manipulated modifications on the side chain can improve 


the activity of paclitaxel. 


The stereochemistries at the C2′ and C3′ positions have been investigated, and 
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analogs with the naturally occurring stereochemistry always had better bioactivity than 


others with different stereochemistries.18a The free C2′ hydroxyl group or a hydrolysable 


ester is required for the activity of paclitaxel or docetaxel.18a,30 The insertion of a 


methylene group between the C1′ and C2′ positions reduces the activity of paclitaxel 


dramatically.31 The phenyl group at the C3′ position is replacable by large alkyl groups, 


alkenyl groups or substituted phenyl groups without affecting the activity.32 In some cases 


the replacement even improves the activity, but replacement with small alkyl groups such 


as the methyl group results in a remarkable loss of activity.18a Importantly, the N-acyl 


group at the C3′ position is crucial for maintaining correct conformation and good 


bioactivity of paclitaxel, but the modifications are still allowed.18a Interestingly, some of 


the acyl analogs gave improved activity.18a 


Figure 2.3 summarizes the SAR information discussed in this section. 


 


Figure 2.3 SAR of paclitaxel 
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2.4 Synthesis 


As shown in the first part of this chapter, paclitaxel is an extremely complex structure, 


consisting of an unusual and distorted tetracyclic skeleton with specific stereochemistries 


at different positions. Its total synthesis proved to be one of the greatest challenges in 


synthetic chemistry and of great value and importance to the development of new organic 


synthetic methods. Meanwhile, the scarcity of paclitaxel from its natural source prompted 


scientists to find a better way to obtain enough material in good quality and yield for 


further studies. Therefore, the synthesis of paclitaxel attracted the attention of synthetic 


chemists all over the world, and some of the successful approaches are reviewed and 


discussed below. 


2.4.1 Total synthesis 


2.4.1.1 The Holton synthesis 


In 1994, Holton and coworkers described their synthesis of paclitaxel for the first 


time in two papers.33 The Holton synthesis began with the intermediate 2.1 readily 


available from camphor, which was silylated to give TES ether 2.2. Then compound 2.2 


was converted to ketone 2.3 in 93% yield, which subsequently underwent aldol 


condensation to give ketone 2.4 in 75% yield. Hydroxylation, reduction and cyclization 


of 2.4 afforded carbonate 2.5 in 82% yield, which was then converted to hydroxy lactone 


2.6 via Swern oxidation and Chan rearrangement (Scheme 2.1).  
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Scheme 2.1 Synthesis of fragment 2.6  


After samarium diiodide reduction, tautomerization and hydroxylation, lactone 2.6 


was transformed to hydroxy ketone 2.7, which was treated with phosgene to give lactone 


carbonate 2.8 quantitatively (Scheme 2.2). 
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Scheme 2.2 Synthesis of fragment 2.11  


Subsequently, 2.8 underwent ozonolysis, oxidation and esterification to provide 
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methyl ester 2.9, which was converted to its MOP ether via Dieckman cyclisation and 


MOP protection. Decarbomethoxylation followed by BOM protection converted 2.9 to 


2.10, which was converted to ketone 2.11 via enolation and oxidation. Upon treatment 


with the Grignard reagent, ketone 2.11 was converted to tertiary alcohol 2.12, which 


underwent elimination with Burgess’ reagent and Ms protection to afford alkene 2.13. 


Osmylation followed by cyclisation provided oxetanol 2.14, which was converted to 


alcohol 2.15 via acetylation and TES deprotection. 
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 Scheme 2.3 Synthesis of paclitaxel 


Treatment of 2.15 with phenyllithium and TPAP oxidation produced unsaturated 


ketone 2.16, which was converted to 7-BOM-13-TBS baccatin III in two steps in high 


yield. Subsequently, TBS deprotection followed by coupling with β-lactam and global 
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deprotection finally furnished paclitaxel in 93% yield (Scheme 2.3). The Holton synthesis 


is the first successful synthetic approach of paclitaxel and the overall yield is about 4.5% 


from 2.1.  


2.4.1.2 The Nicolaou synthesis 


In 1994, Nicolaou and co-workers published their total synthesis of paclitaxel in 


Nature.34 In 1995 they published two follow-up papers in JACS describing their synthesis 


in detail.35  


 


Scheme 2.4 Synthesis of fragment 2.22 
 


The Nicolaou synthesis started from a previously reported intermediate 2.18, which 


can be readily obtained from commercially available materials. After 7 steps, 


intermediate 2.18 was converted to ring C precursor 2.22 in 38% overall yield (Scheme 


2.4). The synthesis of ring A precursor 2.26 began with two commercially available 


materials 2.23 and 2.24 in overall 51% yield.  
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Scheme 2.5 Synthesis of fragment 2.26  


Subsequently, the two precursors were coupled by Shapiro reaction and McMurry 


coupling to form the ABC ring skeleton in overall 12% yield. The following oxidation of 


C9 hydroxyl group to a keto group gave intermediate 2.31 in 88% yield, to which the 


oxetane ring was subsequently installed to establish the ABCD ring skeleton.  


 


Scheme 2.6 Synthesis of fragment 2.32  


After careful addition of various substituents around ring B and C, intermediate 2.34 


was converted to protected baccatin III 2.35 in 47% yield.  
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Scheme 2.7 Synthesis of paclitaxel 
 


Finally, baccatin III was coupled with β-lactam to attach the side chain to the C13 


position, and the following global deprotection completed the Nicolaou synthesis in about 


0.1% overall yield from 2.18. 
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Scheme 2.8 Synthesis of fragment 2.42  
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2.4.1.3 The Danishefsky synthesis 


Danishefsky and colleagues published their synthetic approach of paclitaxel in 


1996.36 Their synthetic strategy is based on the retrosynthetic analysis shown in Figure 


2.4. In this approach, the C ring and D rings are formed first and then coupled with the A 


ring, and finally the B ring is established via a ring-closing Heck reaction. 
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Scheme 2.9 Synthesis of paclitaxel 


The Danishefsky synthesis began with the Wieland-Miescher ketone 2.36, which was 


converted to 2.38 in 17% yield over ten steps. The D ring (oxetane ring) was formed by 
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treatment of 2.38 with ethylene glycol at reflux in 69%. Compound 2.39 was then 


converted to the CD ring precursor 2.43 in 43% yield over ten steps, which was 


subsequently coupled with the A ring precursor 2.44 giving rise to intermediate 2.45 after 


ketone deprotection in 74% yield. 


After the conversion of 2.45 to 2.48 in 28% yield over six steps, the B ring was 


formed from 2.48 via a Heck reaction to give rise to 2.49 in 49% yield. The following 


elaboration of 2.49 provided protected baccatin III 2.50 in 36% yield over thirteen steps. 


Finally, after coupling with β-lactam followed by global deprotection, 2.15 was converted 


to paclitaxel in overall 0.18% yield from 3.36. 


Besides the three synthesis mentioned above, other successful syntheses of paclitaxel 


include the Wender synthesis,37 the Kuwajima synthesis,38 and the Mukaiyama 


synthesis.39 Their retrosynthetic strategies are summarized in Figure 2.4.  


 


   Figure 2.4 Retrosynthesis of paclitaxel 
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2.4.2 Semisynthesis 


Although some successful total synthetic approaches of paclitaxel were developed 


over the past twenty years, none of them can provide a satisfactory solution to 


paclitaxel’s supply issue due to their low yields and overall length. The supply issue was 


initially addressed by a semisynthetic method developed by Potier in 1988.40 The 


semisynthesis starts with 10-deacetylbaccatin III (10-DAB) which can be obtained from 


the leaves of the European Yew, Taxus baccata, in good yield (1g/kg). In comparison with 


the slow growing Pacific Yew, the European Yew grows easily and rapidly, and more 


importantly, it can be harvested without killing the plant, which makes the European Yew 


an excellent raw material source. Up to date, several semisynthsis of paclitaxel or 


docetaxel based on Potier’s strategy have been reported and will be discussed in this 


section. 


 


Figure 2.5 10-deacetyl baccatin III (10-DAB) 
 


As shown above, 10-DAB has four hydroxyl groups, and it was found that in general 


the reactivity sequence of these four groups is C7 > C10 > C13 > C1. Since the side chain 


needs to be installed selectively at the C13 position, the more reactive hydroxyl groups at 


the C7 and C10 positions must be protected before introducing the side chain. The most 
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commonly used protecting strategy for the synthesis of paclitaxel or docetaxel is that the 


C7 hydroxyl is protected as the TES ether to give 7-TES-10-deacetyl baccatin III, after 


which the C10 hydroxyl is acetylated. Docetaxel has a free hydroxyl group at the C10 


position, thus the strategy for synthesis of docetaxel is that both of the C7 and C10 are 


protected with the trichloroethoxycarbonyl (Troc) group and later the Troc groups are 


removed simultaneously at the final stage to give free hydroxyl groups at the C7 and C10 


positions.  


2.4.2.1 Cinnamate method 


The cinnamate method was used early to set up the two chirality centers at the C2′ 


and C3′ positions via a Sharpless oxyamination (Scheme 2.10).4 However, this method 


gave the desired product in low yield and poor stereoselectivity.41 The attempt to improve 


yield and stereoselectivity through the addition of chiral tertiary bases did improve the 


overall yield, but failed to increase the selectivity. People came to realize that the 


pre-setup chirality centers on the side chain precursor were necessary for a successful 


semisynthesis. However, this synthesis was the route by which the semisynthetic analog 


docetaxel was discovered. 
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Scheme 2.10 The cinnamate approach to docetaxel  


2.4.2.2 The acyclic side chain precursors 


The first acyclic side chain precursor with correct stereochemistry was reported by 


Greene and Potier. This precursor with its C2′ hydroxyl protected as the ethoxyethyl (EE) 


ether was coupled to the C13 position of 7-TES baccatin III with dipyridylcarbonate 


(DPC) and dimethylaminopyridine (DMAP) in toluene to give protected paclitaxel in 


80% yield (Scheme 2.11). This was subsequently treated with 0.5 M HCl in ethanol at 0 


˚C to remove the EE and TES protecting groups and produce paclitaxel in 89% yield.  


 
Scheme 2.11 The acyclic side chain precursors 
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Later on, a similar side chain precursor with C2′ protected with a benzoyl group was 


used to synthesize docetaxel. The coupling of the side chain and Troc protected 10-DAB 


was achieved by treatment with dicyclohexylcarbodiimide (DCC) and DMAP to give 


protected docetaxel, which was deprotected by treatment with Zn/AcOH followed by 


hydrogenation to give docetaxel in 61% yield (Scheme 2.11). The drawback of these two 


methods includes easy C2′ isomerization during the coupling and the need for excess 


coupling agents to achieve the coupling and avoid the formation of byproducts.42  


2.4.2.3 Oxazolidines 


The coupling of the side chain and baccatin III is difficult due to the steric hindrance 


at either C13 position of baccatin III or the carboxyl group of the side chain. To minimize 


this steric hindrance, a side chain precursor with the C2′ hydroxyl and C3′ amine 


protected by a single protecting group to form an oxazolidine ring was developed to 


reduce the steric congestion of the carboxyl group of the side chain, as shown in Figure 


2.6.43 


 


Figure 2.6 The oxazolidine side chain precursors  


Another advantage of this strategy is that the trans relationship of the phenyl and 
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carboxyl groups reduces the risk of C2′ isomerization during the coupling. Interestingly, 


the C2′ stereochemistry was found to be unnecessary to establish the correct C2′ chirality 


on the side chain. Both (2′S,3′S)-oxazolidine and (2′R,3′S)-oxazolidine gave the same 


desired product in similar yields.  


  


Scheme 2.12 The oxazolidine approach  


2.4.2.4 Oxazolines 


This approach was reported by the Bristol-Myers Squibb group, Kingston and 


Gennari.44 They utilized oxazolines as the side chain precursor (Scheme 2.13). 


One of the advantages of this method is its atom-economy since the protecting group 


in the oxazoline is also part of the structure of paclitaxel. On the other hand, the planar 


five-membered ring precursor minimizes the steric hindrance of the carboxyl group and 


thus improves the efficiency of the coupling of side chain and baccatin III. However, it is 


still not the most satisfactory method since it generally requires excessive amount of side 


chain precursor which must be removed by chromatography after the coupling, and the 


major byproduct is hard to separate. 
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Scheme 2.13 The oxazoline approach to paclitaxel 
 


2.4.2.5 Oxazinones 


As shown in Scheme 2.14, an oxazonone was used as an activated ester coupling with 


baccatin III to prepare paclitaxel. This method was reported by Holton and Swindell.45 


 
Scheme 2.14 The oxazinone approach 


 


2.4.2.6 β-lactam 


Holton and co-workers first reported the use of a β-lactam as the side chain precursor. 


In their original method, five equivalents of the β-lactam precursor was coupled with 


7-TES baccatin III by DMAP in pyridine, giving protected paclitaxel in 90% yield. This 


method is not suitable for docetaxel synthesis because the tert-butoxyl carbamate is not 


as activating as the benzoyl group for DMAP-mediated coupling reaction.  
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Scheme 2.15 The EE protected β-lactam precursor 
 


Later, Ojima reported the use of NaH or NaHMDS as the base for connection of 


β-lactam to protected baccatin III, and this allows the synthesis of docetaxel through this 


strategy.46 A revised method as shown below used a TBS protected β-lactam as the side 


chain precursor, instead of the EE protected one. This avoided the production of 


diastereomers formed by the EE protected β-lactam and allowed the synthesis of 


docetaxel. The β-lactam method has become the most widely used method due to the easy 


synthesis of the β-lactam and the good yield in coupling the β-lactam with protected 


baccatin III. 
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2.5 Summary 


As two of the most successful anticancer drugs, paclitaxel and docetaxel have been 


extensively studied during the past three decades. The discovery of their mechanism of 


action gave us a new drug target in the fight against cancer and prompted scientists to 


search for better microtubule-interactive agents as anticancer drugs. However, neither 


paclitaxel nor docetaxel is a perfect drug due to their high toxicity and side effects. 


Therefore, futher investigations are still needed to improve drug potency and reduce the 


side effects. 
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Chapter 3. Androgen-receptor-targeted paclitaxel and docetaxel 


analogs for treatment of hormone refractory prostate cancer (HRPC) 


 


3.1 Overview of prostate cancer 


Prostate cancer occurs in the prostate gland when cells within the prostate grow 


uncontrollably. It is one of the most common cancers for men in America, and one out of 


six American men develops prostate cancer. More than 200,000 American men are 


diagnosed with prostate cancer each year and about 30,000 men died from this disease 


every year in the US.1 The mortality rate of prostate cancer among American men was 


reported to be 25 per 100,000 in 2004, and it was estimated that there were about two 


million prostate cancer survivors in the US in 2004. For reasons not yet fully understood 


yet, African-American men have the highest risk of developing prostate cancer and the 


highest death rate from this disease all over the world. On the other hand, prostate cancer 


is relatively rare in southern and eastern Asia, suggesting that either genetic or dietary 


factors are the reason for this difference. Prostate cancer is also dependent on age. It 


tends to develop in men over the age of 50, and the average age of diagnosis is 70.2 Some 


studies indicate that eighty percent of men develop prostate cancer in their 70’s.3 


Prostate cancer is typically a slow-growing tumor. In its early stages, it is comprised 


of multiple small primary tumors in the prostate gland and is curable, with a survival rate 


of 90% or better. Detection of the disease in the early stages is difficult because prostate 


cancer does not have any symptoms most of the time. Fortunately, this issue has been 


solved by the development of several detecting methods such as physical examination, 
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measurement of prostate specific antigen (PSA), or biopsy, and now about 90% of 


American men with prostate cancer are diagnosed in its early stages. Once prostate 


cancer spreads to other organisms through the lymph nodes and progresses to advanced 


prostate cancer, the cure rate decreased significantly. 


Current treatments of prostate cancer include surgery, radiotherapy, chemotherapy, 


and hormone therapy. The primary options for treatment of early-stage prostate cancer 


are surgery and radiotherapy, whereas hormone therapy and chemotherapy are usually 


used at the advanced prostate cancer stage. Treatment options are always on a case by 


case basis, depending on the patient’s age, life expectancy, health situation, personal 


preference, and concerns about the side effects. 


3.1.1 Hormone refractory prostate cancer (HRPC) 


Androgens play an essential role in cell growth, and generally serve as the main fuel 


for prostate cancer cell growth and thus have been recognized as a major therapeutic 


target.4 One of the successful examples is hormone therapy, also known as androgen-


deprivation therapy (ADT), which is designed to stop the production of testosterone (the 


primary androgen in men’s body) or to prevent testosterone from acting on prostate 


cancer cells.5 There are four typical methods for androgen-deprivation therapy: castration, 


estrogen treatment, anti-androgen therapy, and combined androgen blockade. Hormone 


therapy is of great importance in managing advanced prostate cancer and is likely a 


necessary part of the therapeutic regimen at some point in fighting against advanced 


prostate cancer, but it is not a perfect therapy for prostate cancer and cannot cure it.  It 


was found that the majority of prostate cancer cells stop growing after hormone therapy, 
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but some cells do not respond to the removal of testosterone and grow independent of 


testosterone. Thus, these hormone-independent cells continue uncontrolled growth and 


over time, hormone therapy becomes less and less effective to prevent the cancer cell 


growth until prostate cancer progresses to hormone-refractory prostate cancer (HRPC). 


At the HRPC stage, the prostate cancer cells become unaffected by hormone therapy at 


all, and thus prostate cancer can metastasize through lymph nodes and become incurable 


if no further therapy is taken. The most widely used therapy for HRPC is chemotherapy. 


Many different chemotherapeutic agents have been tested for the treatment of HRPC,6 


and show efficacy to some extent, but none of them are completely curative. Therefore, 


the development of a strongly effective treatment of HRPC is a high priority. 


3.1.2 The androgen receptor (AR) 


 


Figure 3.1 Testosterone and dihydrotestosterone (DHT) 


Androgen action involves the testicular synthesis of testosterone, its transportation to 


target tissues such as the prostate, and the conversion of testosterone by 5α-reductase to 


the more active metabolite 5α-dihydrotestosterone (DHT) (Figure 3.1). Testosterone and 


DHT exert their biological effects through binding to the androgen receptor (AR) in the 


cytoplasm and inducing AR transcriptional activity in the nucleus.7 
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Androgen receptors are a class of proteins that are responsible for sensing the 


presence of steroid and thyroid hormones in the cell. In prostate cancer cells, the 


androgen receptor binds to heat shock protein in the cytosol and remains inactive until 


DHT enters the cell and binds to it,8 leading to the dissociation of androgen receptor from 


the protein. The activated androgen receptor then moves through the nuclear membrane 


into the nucleus, activates the androgen-responsive genes and triggers transcriptional 


activity in the nucleus.4,9 Androgen receptors are expressed throughout prostate cancer 


progression.10 Even hormone refractory prostate cancer still needs AR expression for 


growth. The functional status of the androgen receptor is an important mediator in 


prostate cancer growth and survival.7 


It is widely accepted that the alteration of AR functions is involved in the mechanism 


for the progression of prostate cancer to hormone refractory prostate cancer. First, 


increased expression of the androgen receptor generally takes place in patients after 


hormone therapy, which allows prostate cancer cells to become sensitive to decreased 


androgen levels resulting from hormone therapy.11 Similarly, changes in the androgen 


receptor may enable antiandrogens or other endogenous ligands such as adrenal 


androgens to activate its transcriptional activity, leading to the relaxation of androgen 


receptor specificity. In this case, antiandrogens or other endogenous ligands, which 


previously inhibited or had no effect on the androgen receptor, can now function as 


androgen receptor agonists.12 Meanwhile, alteration in the expression of specific 


androgen receptor coactivators or mutation of coactivators may also contribute to the 


progression of prostate cancer to hormone refractory prostate cancer.13 In general, the 


interaction between the AR and AR coactivators defines the range of ligands that can 
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activate the transcriptional activity of androgen receptor. Therefore, the mutation of AR 


coactivators may enhance the transcriptional sensitivity in response to other ligands and 


result in the relaxation of AR specificity.13a Besides, prostate cancer progression is often 


associated with the alteration of the growth factor as well.7,14 In prostate cancer cells, 


growth factors can bind to receptors on the membrane and initiate a phosphorylation 


cascade that eventually leads to the phosphorylation of transcription factors such as the 


androgen receptor. Phosphorylation of the androgen receptor influences the interaction 


between it and its coactivators, and thus may contribute to the progression of prostate 


cancer to hormone refractory prostate cancer. 


As discussed above, the androgen receptor plays an essential role throughout prostate 


cancer progression, as well as in hormone refractory prostate cancer. Therefore, it is a 


good chemotherapeutic target for treatment of hormone refractory prostate cancer. In this 


chapter, we describe the design and synthesis of androgen-receptor-targeted paclitaxel 


and docetaxel analogs for treatment of hormone refractory prostate cancer. 


 


3.2 Design, synthesis and biological evaluation of androgen-receptor-targeted 


paclitaxel and docetaxel analogs 


3.2.1 Design of the analogs 


As mentioned in Chapter 2, taxane-based chemotherapy is the only form of HRPC 


treatment to prolong survival. Docetaxel (DTX) (Figure 3.2) is currently the best 


available chemotherapeutic agent which gives patients with hormone refractory prostate 


cancer survival and palliative benefits,15 although survival benefits from docetaxel are 
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only 2 to 3 months.16 Therefore, enhancement in the effectiveness of taxane-based 


chemotherapy for treatment of HRPC is highly needed. The objective of this research is 


to improve the chemotherapy for treatment of hormone refractory prostate cancer by 


targeting paclitaxel (PTX) or docetaxel (DTX) to the androgen receptor through an 


excellent androgen receptor ligand, cyanonilutamide (Figure 3.2).17 We hypothesized that 


the conjugation of paclitaxel or docetaxel with an androgen receptor ligand will 


overcome the resistance mechanism of hormone refractory prostate cancer. On one hand, 


if well designed, the paclitaxel or docetaxel moiety would retain its tubulin assembly 


activity and antimitotic activity. On the other hand, if the androgen receptor ligand 


moiety can simultaneously bind to the androgen receptor with high affinity, a stable link 


between the taxane moiety and the AR ligand would allow the “cross-linking” of 


microtubules and the androgen receptor in the cytoplasm. This would sequester the 


androgen receptor in the cytoplasm, and thus keep it from entering the nucleus. This 


would then block its transcriptional activity, leading to suppression of cell growth. 


 


Figure 3.2 The structure of the designed conjugate  


To achieve the two goals described above, the conjugation on the taxane moiety 


needs to be designed to retain its tubulin assembly activity, and an AR ligand with high 


affinity is needed as well. The SAR studies on paclitaxel and docetaxel, which were 
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discussed in Chapter 2, have revealed that paclitaxel or docetaxel can tolerate acetylation 


at the C7 or C10 positions with only minor effects on activity.18 Another option is the C3' 


position, since the benzoyl group at this position in paclitaxel can be replaced with 


certain groups with minor effects on activity.19 SAR studies showed that an acyl 


functional group at the C3' position is required for activity, but that the phenyl group can 


be replacable by large alkyl groups, alkenyl groups or substituted phenyl groups without 


significantly affecting the activity. We rationalized that the tubulin assembly activity of 


the docetaxel moiety would be preserved if we were to connect the cyanonilutamide 


moiety to docetaxel at the C3' position in place of the tert-butoxycarbonyl group. 


Therefore, we chose these three positions as the connecting sites on the paclitaxel or 


docetaxel moieties.  


 


Figure 3.3 The colchicines-cyanonilutamide conjugate 


As for the AR ligand, we selected cyanonilutamide as the preferred candidate. 


Cyanonilutamide is a nonsteroidal antiandrogen and binds to the androgen receptor with 


an affinity one and a half times higher than nilutamide, which is classified as a pure 


antiandrogen and is currently in clinical use.20 More importantly, it was observed that the 


3′ position in cyanonilutamide can be modified with a wide variety of substituents 


without losing binding affinity, and in some cases the binding affinities were even 


improved.21 One possible issue we might encounter is that the AR ligand might be 
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completely buried in a hydrophobic binding pocket when it binds to the AR. A rigid 


linker would thus be needed to allow the paclitaxel or docetaxel moiety to extend outside 


the AR binding pocket. According to a finding by Nima Sharifi and coworkers, an 


alkyne-based linker might be a good choice for us.22 They designed and synthesized a 


conjugate of colchicine and cyanonilutamide (Figure 3.3), and they found that the rigid 


alkyne linker allowed the colchicine moiety to extend outside the binding site on the AR. 


Moreover, Cogan and Koch found that the connection of cyanonilutamide to an alkyne-


based linker preserves much of the AR binding activity of cyanonilutamide.17,23 In 


addition, we also designed several docetaxel analogs with the cyanonilutamide moiety 


linked to the C10 position through poly(ethylene glycol) based linkers of various lengths. 


When we chose the linkers, one of our concerns was that the solubility of the docetaxel 


analogs might be reduced by connecting docetaxel to a hydrophobic cyanonilutamide 


moiety, so we chose ethylene glycol based linkers to compensate for this solubility 


decrease. We also believed that longer linkers would favor the possibility of the cross-


linking between AR and tubulin. 


We first designed four AR targeted paclitaxel analogs with cyanonilutamide linked to 


the C7 position (Figure 3.4). But these analogs were all less active than paclitaxel in the 


A2780 bioassay, indicating that connecting the cyanonilutamide moiety to paclitaxel at 


the C7 position does not preserve the antiproliferative activity of paclitaxel. Since the C7 


position was not a good option, we designed six AR targeted docetaxel analogs with 


cyanonilutamide linked to the C10 position through the linkers of various lengths, and 


one analog with cyanonilutamide linked to the C3′ position (Figure 3.5). The synthesis 
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and biological evaluations of all these analogs will be discussed in the following two 


sections. 
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Figure 3.4 Paclitaxel analogs 3.1-3.4 


 


 
Figure 3.5 Docetaxel analogs 3.5-3.11 
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3.2.2 Synthesis of the analogs 


3.2.2.1 Synthesis of the cyanonilutamide moiety 


Cyanonilutamide 3.14 and the designed cyanonilutamide moiety 3.17 with an alkyne 


linker connected at the C3′ position was synthesized through reported methods (Scheme 


3.1).  


 
Scheme 3.1 Synthesis of cyanonilutamide moiety 3.17  


 


3.2.2.2 Synthesis of analogs 3.1-3.3 


The syntheses of paclitaxel analogs 3.1, 3.2 and 3.3 are outlined in Scheme 3.2. The 


syntheses began with paclitaxel, which was first protected as its 2′-TBS ether. The 2'-


TBS-paclitaxel was then treated with 4-(dimethylamino)pyridine (DMAP) and linking 


agents such as bis(4-nitrophenyl) dicarbonate, succinic anhydride, or glutaric anhydride 


in DCM, and the resulting intermediates were coupled with cyanonilutamide moiety 3.17 


upon treatment with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride 


(EDCI) and DMAP. The removal of the silyl protecting group finally gave analogs 3.1, 


3.2 and 3.3 in good overall yields. 
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Scheme 3.2 Synthesis of paclitaxel analogs 3.1-3.3 
 


3.2.2.3 Synthesis of docetaxel analogs 3.5 and 3.6 


The retrosynthetic analysis of 3.5 and 3.6 is shown in Scheme 3.3. The syntheses of 


analogs 3.5 and 3.6 began with 10-deacetyl baccatin III 3.25, which was acetylated at the 


C10 position and then protected at the C7 position as its TES ether via a one-pot method 


to give protected baccatin 3.23. The synthesis of the C13 side chain precursor, β-lactam 


3.24, was carried out by a reported approach, shown in Scheme 3.4. The protected 


70 


 







baccatin 3.23 was then coupled with β-lactam 3.24 upon treatment with LiHMDS in THF. 


Deacetylation at the C10 position by hydrazine then afforded alcohol 3.22 in 60% yield. 
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Scheme 3.3 Retrosynthetic analysis of docetaxel analog 3.5 and 3.6 


The subsequent connection to a linking agent at the C10 position was found to be 


difficult when the C7 position was protected as TES ether. Various linking agents, such 


as bis(4-nitrophenyl) dicarbonate, carbonyl diimidazole, 4-nitrophenyl chloroformate, 


succinic anhydride and glutaric anhydride, were evaluated, but only succinic anhydride 


and glutaric anhydride were successfully connected to the C10 position. So alcohol 3.22 


was treated with succinic anhydride or glutaric anhydride and DMAP in toluene at 85-90 


oC and stirred for 5 days to give carboxylic acid 3.33a or 3.33b in about 40% yield. After 
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EDCI coupling with cyanonilutamide moiety 3.17 and global silyl deprotection, 


docetaxel C10 conjugates 3.5 and 3.6 were prepared (Scheme 3.5). 


 Scheme 3.4 Synthesis of baccatin 3.23 and β-lactam 3.24 
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Scheme 3.5 Synthesis of docetaxel analog 3.5 and 3.6 
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3.2.2.4 Synthesis of docetaxel analog 3.7 


The synthesis of docetaxel analog 3.7 began with docetaxel derivative 3.32 which 


was treated with TFA in DCM at 0 oC to remove the tert-butoxycarbonyl group (Boc) at 


the C3' position. Formic acid and acetic acid were also tried as catalysts to remove the 


Boc group, but only TFA proved to be reliable and to give high yields. The resulting 


amine was coupled with succinic anhydride and subsequently treated with hydrazine in 


ethanol to give carboxylic acid 3.35. An EDCI coupling reaction with cyanonilutamide 


derivatives 3.17 and global silyl group deprotection finally furnished C3' docetaxel 


analog 3.7 in 69% yield (Scheme 3.6). 
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Scheme 3.6 Synthesis of docetaxel analog 3.7 
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3.2.2.5 Synthesis of docetaxel analogs 3.8-3.11 


The synthesis of these docetaxel analogs is outlined in Scheme 3.7. The 


cyanonilutamide moiety 3.17 was first converted quantitatively to carboxylic acid 3.37 


upon treatment with succinic anhydride and DMAP in DCM. Then EDCI coupling of 


acid 3.37 and mono TBS protected ethylene glycol linkers, followed by removal of TBS 


under acidic conditions, provided alcohol 3.38a-d in good yields. Subsequently, they 


were coupled with intermediate 3.33a by EDCI and DMAP in DCM to give analogs 


3.39a-d respectively, which were treated with HF in pyridine and acetonitrile to afford 


docetaxel analogs 3.8-3.11. 


  Scheme 3.7 Synthesis of docetaxel analogs 3.8-3.11 
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3.2.2.6 Synthesis of paclitaxel analog 3.4 


Carboxylic acid 3.21a was connected to cyanonilutamide derivative 3.38b by an 


EDCI coupling reaction, and subsequent deprotection of the TBS group produced the C7 


paclitaxel conjugate 3.4 in 55% yield (Scheme 3.8). 
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Scheme 3.8 Synthesis of paclitaxel analog 3.4 


 


 


3.2.3 Biological evaluations of all analogs 


All these analogs were submitted to our A2780 bioassay for antiproliferative activity. 


The results are summarized in Table 3.1. We found that C10 docetaxel conjugates 3.5, 


3.6 and 3.8-3.10 show better activity than C7 paclitaxel conjugates, and they have 


comparable activities to paclitaxel and docetaxel. The C3′ docetaxel conjugate 3.7 lost all 


activity in this assay, and did not preserve as much of the tubulin assembly activity as had 
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been expected, indicating the limitation of modification at this position. Interestingly, 


analogs 3.5, 3.10 and 3.11 are even more active than docetaxel in this assay. 


 
Table 3.1 A2780 bioassay results 


Paclitaxel
Docetaxel


3.14
3.17
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11


IC50 against A2780 (nM)


14 2
8 3
NA
NA
110 90
320 110
5400*
300 100
2 1
20*
NA
18 8
17 9
4 2
2 1


Compound


* Single test  


These analogs were then submitted to Susan L. Bane at SUNY at Binghamton for 


bioassay for tubulin assembly activity (Chart 3.1). In agreement with their 


antiproliferative activities from the A2780 bioassay, C7 paclitaxel conjugates 3.1-3.4 


showed significantly reduced tubulin assembly activities, while the C10 docetaxel 


conjugates 3.5, 3.6 and 3.8-3.11 preserved essentially all of the assembly activity of 


paclitaxel. The C7 paclitaxel conjugate 3.4 with a TEG linker still showed diminished 


activity like the other C7 paclitaxel analogs without TEG linkers. These results indicate 


that an ethylene glycol based linker does not help improve the tubulin assembly activity 


of C7 paclitaxel conjugates, and that the C7 position in paclitaxel is more sensitive to 


bulky substituents than is the C10 position. 
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Chart 3.1 Tubulin-assembly activities 


The analogs were also submitted to Nima Sharifi at NCI to test their activity against 


androgen-dependent prostate cancer cells (Chart 3.2) and androgen-independent prostate 


cancer cells (Chart 3.3). We found that the C10 docetaxel conjugates always showed 


much better activity in both of the cancer cell lines than the C7 paclitaxel conjugates, 


which was consistent with the results from the A2780 antiproliferative bioassay and 
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tubulin assembly assay. In androgen-dependent prostate cancer cells, the C10 docetaxel 


analogs 3.5, 3.6, and 3.8-3.11 show similar activities to those of paclitaxel and docetaxel, 


while C3' docetaxel analog 3.7 shows essentially no activity. Unfortunately, in an 


androgen-independent prostate cancer cell line, even the most active analogs 3.8-3.11 are 


still not as active as docetaxel or paclitaxel. This result may be due to fact that paclitaxel 


or docetaxel bind to the inner surface of microtubules, which would require a longer 


linker to allow the cyanonilutamide moiety to reach outside the microtubule tube, making 


the crosslinking of microtubules and androgen receptor extremely difficult. 
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 Chart 3.2 Activity in androgen-dependent prostate cancer cells 
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 Chart 3.3 Activity in androgen-independent prostate cancer cells 
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3.3 Conclusions 


Eleven paclitaxel or docetaxel analogs with a cyanonilutamide moiety linked at the 


C7, C10 or C3' position through linkers of various lengths were designed and synthesized. 


Among them, the C7 paclitaxel analogs all showed significantly reduced activity in the 


A2780 bioassay and tubulin assembly bioassays compared with paclitaxel, but all C10 


docetaxel analogs preserved the tubulin assembly activities or even showed enhanced 


79 


 







activities in comparison with docetaxel. This result suggests that the C7 position in 


paclitaxel or docetaxel is more sensitive to the influence of bulky substituents on tubulin 


assembly and antiproliferative activity than the C10 position. Additionally, the C3' 


docetaxel analog was not as active as we had been expected, indicating the limitation of 


modifications at this position. 


In androgen-dependent prostate cancer cells, the C10 docetaxel analogs displayed 


similar activity to that of paclitaxel or docetaxel in agreement with the results from the 


A2780 and tubulin assembly bioassays. However, it was disappointing that none of them 


were as active as paclitaxel or docetaxel against androgen-independent prostate cancer 


cells, although the C10 docetaxel analogs did show much better activity than the other 


analogs. This result may be due to fact that paclitaxel or docetaxel bind to the inner 


surface of microtubules, which would require a longer linker to allow the 


cyanonilutamide moiety to reach outside the microtubule tube, making the crosslinking of 


microtubules and androgen receptor extremely difficult. Therefore, a docetaxel analog 


with the cyanonilutamide moiety connected to the C10 position through a much longer 


PEG linker could be the next candidate in further work. 


 


3.4 Experimental section 


General experimental methods 


All chemicals obtained from commercial sources were used without further 


purification. The anhydrous reactions were performed under nitrogen or argon. All 


solvents were of reagent grade or HPLC grade. Tetrahydrofuran (THF) was distilled over 
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sodium/benzophenone, and dichloromethane (DCM) was distilled over calcium hydride. 


The reactions were monitored by the analytical thin layer chromatography (TLC) plates 


(silica gel 60 GF) and analyzed with 254 nm UV light, KMnO4 stain, and/or 


vanillin/sulfuric acid spray. Preparative thin layer chromatography (PTLC) plates were 


purchased from Analtech. All NMR spectral data were obtained on JEOL Eclipse 


spectrometer at 500 MHz, Varian Unity or Varian Inova spectrometer at 400 MHz. 


Chemical shifts reported as δ-values relative to known solvent residue peaks. High-


resolution mass spectra (HRMS) were obtained in the analytical service in the 


Department of Chemistry at Virginia Tech. Known compounds were prepared through 


the reported procedures, and the NMR data of these compounds matched the literature 


values. All compounds were more than 95% pure as judged by the TLC and 1H NMR. 


 


7-((4-(Cyanonilutamide-3'-yl)but-2-ynyloxy)carbonyloxy)-paclitaxel (3.1) 
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To a solution of 7-((4-(cyanonilutamide-3'-yl)but-2-ynyloxy)carbonyl)-2'-TBS 


paclitaxel 3.20 (15.7 mg, 0.012 mmol) in THF (1 mL) was added HF-pyridine (0.2 mL) 


at 0 oC. The mixture was stirred at room temperature and the reaction was monitored by 


TLC. When the reaction was complete, saturated NaHCO3 solution was added to the 
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reaction mixture. The mixture was then extracted with ethyl acetate (3 x 15 mL), washed 


with saturated brine, and dried over Na2SO4. After filtration and rotary evaporation, the 


residue was then purified by flash chromatography (50% ethyl acetate in hexane) to 


afford C7 paclitaxel conjugate 3.1 (12.9 mg, 86.4%) as a white solid: 1H NMR (500 MHz, 


CDCl3) δ 8.13 (1H, d, J = 2.0 Hz), 8.11 (2H, dd, J = 8.0, 1.5Hz), 7.99 (1H, dd, J = 8.5, 


2.0 Hz), 7.92 (1H, d, J = 8.5 Hz), 7.75 (2H, dd, J = 8.5, 1.5 Hz), 7.62 (1H, tt, J = 7.5, 1.5 


Hz), 7.52 – 7.40 (9H, m), 7.35 (1H, tt, J = 7.5, 1.5 Hz), 7.01 (1H, d, J = 9.0 Hz), 6.28 (1H, 


s), 6.18 (1H, t, J = 9.0 Hz), 5.79 (1H, dd, J = 9.0, 2.5 Hz), 5.66 (1H, d, J = 7.0 Hz), 5.46 


(1H, dd, J = 9.0, 2.5 Hz), 4.93 (1H, d, J = 7.0 Hz), 4.91 (1H, dt, J = 16.0, 2.0 Hz), 4.79 


(1H, dd, J = 4.0, 2.5 Hz), 4.67 (1H, dt, J = 16.0, 2.0 Hz), 4.32 (1H, d, J = 8.0 Hz), 4.28 


(2H, t, J = 2.0 Hz), 4.17 (1H, d, J = 8.5 Hz), 3.91 (1H, d, J = 6.5 Hz), 3.54 (1H, broad s), 


2.58 (1H, ddd, J = 15.0, 10.0, 7.5 Hz), 2.38 (3H, s), 2.33 (1H, d, J = 9.5 Hz), 2.32 (1H, d, 


J = 9.0 Hz), 2.15 (3H, s), 1.97 (1H, ddd, J = 14.5, 10.5, 2.0 Hz), 1.84 (3H, d, J = 1.0 Hz), 


1.80 (3H, s), 1.71 (1H, broad s), 1.61 (6H, s), 1.21 (3H, s), 1.16 (3H, s); 13C NMR (500 


MHz, CDCl3) δ 201.6, 174.4, 172.7, 170.6, 169.2, 167.1, 166.9, 153.7, 152.4, 140.6, 


138.0, 136.3, 135.4, 133.9, 133.7, 133.0, 132.1, 130.3, 129.1, 128.9, 128.8, 128.5, 128.1, 


127.2, 127.1, 123.2, 123.2, 115.1, 108.6, 83.8, 81.7, 81.0, 78.6, 78.3, 76.5, 76.1, 75.4, 


74.3, 73.2, 72.3, 64.5, 62.2, 56.3, 55.9, 55.0, 47.0, 43.3, 35.6, 33.5, 29.3, 26.6, 23.3, 22.6, 


21.0, 20.9, 14.7, 10.7; HRMS (FAB+) calcd for C65H64F3N4O18 [M+H]+ 1245.4168, 


found 1245.4193. 
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7-(4-(4-(Cyanonilutamide-3'-yl)but-2-ynyloxy)-4-oxobutanoyl)paclitaxel (3.2) 


 


To a solution of 7-(3-carboxypropanoyl)-2'-TBS paclitaxel 3.21a (21.4 mg, 0.02 


mmol), 3'-(4-hydroxybut-2-ynyl)cyanonilutamide 3.17 (21.4 mg, 0.06 mmol) and DMAP 


(7 mg, 0.06 mmol) in DCM (1 mL) was added 1-ethyl-3-(3-dimethylaminopropyl)-


carbodiimide hydrochloride (EDCI) (11.5 mg, 0.06 mmol). The mixture was stirred at 


room temperature overnight. After the addition of water, the mixture was extracted with 


ethyl acetate (3 x 15 mL), washed with saturated brine, and dried over Na2SO4. Then the 


mixture was vacuum filtered and rotary evaporated. Without purification, the residue 


(19.4 mg) was dissolved in THF (1 mL) and HF-pyridine (0.23 mL) was added at 0 oC. 


The mixture was stirred at room temperature until the completion of the reaction 


(monitored by TLC). Then saturated NaHCO3 solution was added to the reaction mixture. 


The mixture was then extracted with ethyl acetate (3 x 15 mL), washed with saturated 


brine, and dried over Na2SO4. After vacuum filtration and rotary evaporation, the residue 


was then purified by flash chromatography (50% ethyl acetate in hexane) to give 7-(4-(4-


(cyanonilutamide-3'-yl)but-2-ynyloxy)-4-oxobutanoyl)paclitaxel 3.2 (14 mg, 53.8% for 


two steps) as a white solid: 1H NMR (500 MHz, CDCl3) δ 8.12 (1H, d, J = 2.0 Hz), 8.10 


(2H, dd, J = 8.0, 1.5Hz), 7.97 (1H, dd, J = 8.0, 2.0 Hz), 7.89 (1H, d, J = 8.0 Hz), 7.76 (2H, 


dd, J = 8.5, 1.5 Hz), 7.62 (1H, tt, J = 7.5, 1.5 Hz), 7.52 – 7.40 (9H, m), 7.34 (1H, tt, J = 
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7.0, 1.5 Hz), 7.04 (1H, d, J = 9.0 Hz), 6.16 (1H, s), 6.16 (1H, t, J = 9.0 Hz), 5.79 (1H, dd, 


J = 9.0, 2.5 Hz), 5.66 (1H, d, J = 7.0 Hz), 5.56 (1H, dd, J = 10.8, 7.0 Hz), 4.92 (1H, d, J = 


10.0 Hz), 4.79 (1H, d, J = 3.0 Hz), 4.67 (2H, d, J = 3.5 Hz), 4.30 (1H, d, J = 8.5 Hz), 4.27 


(2H, d, J = 2.0 Hz), 4.17 (1H, d, J = 8.5 Hz), 3.90 (1H, d, J = 7.0 Hz), 3.61 (1H, d, J = 5.0 


Hz), 2.73 – 2.65 (1H, m), 2.66 – 2.54 (4H, m), 2.36 (3H, s), 2.33 (1H, d, J = 9.0 Hz), 2.32 


(1H, d, J = 9.0 Hz), 2.15 (3H, s), 1.86 – 1.79 (1H, m), 1.81 (3H, s), 1.80 (3H, s), 1.61 (6H, 


d, J = 2.5 Hz), 1.20 (3H, s), 1.13 (3H, s); 13C NMR (500 MHz, CDCl3) δ 202.0, 174.4, 


172.6, 171.9, 171.3, 170.6, 169.2, 167.0, 152.5, 140.6, 138.2, 136.4, 135.5, 133.9, 133.8, 


133.0, 132.1, 130.4 129.1, 128.9, 128.7, 128.3, 127.3, 123.1, 115.0, 108.6, 83.9, 81.2, 


80.9, 78.9, 78.7, 76.6, 75.5, 74.4, 73.3, 72.2, 71.9, 62.3, 56.2, 55.0, 52.1, 47.1, 43.5, 35.8, 


33.5, 29.2, 29.1, 28.8, 26.7, 23.2, 22.6, 20.9, 14.8, 10.9; HRMS (FAB+) calcd for 


68H68F3N4O19 [M+H]+ 1301.4430, found 1301.4403. 


7-(5-(4-(Cyanonilutamide-3'-yl)but-2-ynyloxy)-5-oxopentanoyl)paclitaxel (3.3) 


C


 


 


To a solution of 7-(4-carboxybutanoyl)-2'-TBS paclitaxel 3.21b (10 mg, 0.01 mmol), 


3'-(4-hydroxybut-2-ynyl)cyanonilutamide 3.17 (11 mg, 0.03 mmol) and DMAP (4 mg, 


0.03 mmol) in DCM (1 mL) was added EDCI (6 mg, 0.03 mmol). The mixture was 


stirred at room temperature overnight. After the addition of water, the mixture was 
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extracted with ethyl acetate (3 x 15 mL), washed with saturated brine, and dried over 


Na2SO4. Then the mixture was filtered, concentrated and vacuum dried. Without 


purification, the residue (12.3 mg) was dissolved in THF (1 mL) and HF-pyridine (0.2 


mL) was added at 0 oC. The mixture was stirred at room temperature and the reaction was 


monitored by TLC. When starting material was completely consumed, saturated NaHCO3 


solution was added to the reaction mixture carefully. The mixture was then extracted with 


ethyl acetate (3 x 15 mL), washed with saturated brine, and dried over Na2SO4. After 


filtration and rotary evaporation, the residue was then purified by flash chromatography 


(50% ethyl acetate in hexane) to give 7-(4-(4-(cyanonilutamide-3'-yl)but-2-ynyl)-4-


oxopentanoyloxy)paclitaxel 3.3 (10.2 mg, 77.6% for two steps) as a white solid: 1H NMR 


(500 MHz, CDCl3) δ 8.13 (1H, d, J = 2.0 Hz), 8.10 (2H, d, J = 8.0 Hz), 7.99 (1H, dd, J = 


8.5, 2.0 Hz), 7.92 (1H, d, J = 8.5 Hz), 7.76 (2H, d, J = 8.0 Hz), 7.62 (1H, t, J = 7.5 Hz), 


7.52 – 7.47 (5H, m), 7.43 – 7.39 (4H, m), 7.34 (1H, t, J = 7.0 Hz), 7.05 (1H, d, J = 8.5 


Hz), 6.19 (1H, s), 6.16 (1H, t, J = 9.0 Hz), 5.79 (1H, dd, J = 9.0, 2.0 Hz), 5.65 (1H, d, J = 


6.0 Hz), 5.54 (1H, dd, J = 10.0, 8.0 Hz), 4.92 (1H, d, J = 8.5 Hz), 4.79 (1H, d, J = 3.0 Hz), 


4.66 (2H, s), 4.31 (1H, d, J = 8.5 Hz), 4.28 (2H, s), 4.17 (1H, d, J = 8.5 Hz), 3.90 (1H, d, 


J = 7.5 Hz), 3.61 (1H, d, J = 5.0 Hz), 2.57 (1H, ddd, J = 14.5, 9.5, 8.0 Hz), 2.45 – 2.36 


(4H, m), 2.37 (3H, s), 2.32 (1H, s), 2.31(1H, s), 2.14 (3H, s), 1.94 – 1.87 (2H, m), 1.85 – 


1.78 (1H, m), 1.82 (3H, d, J = 0.8 Hz), 1.79 (3H, s), 1.61 (6H, s), 1.19 (3H, s), 1.15 (3H, 


s); 13C NMR (500 MHz, CDCl3) δ 202.0, 174.4, 172.5, 172.3, 172.0, 170.6, 169.0, 167.1, 


152.5, 140.7, 138.2, 136.4, 135.5, 133.9, 133.8, 133.0, 132.0, 130.3, 129.2, 128.9, 128.5, 


128.1, 127.2, 123.2, 115.1, 108.6, 84.0, 81.1, 80.9, 78.8, 78.6, 76.6, 75.4, 74.4, 73.3, 72.2, 


71.6, 62.2, 56.3, 55.0, 52.0, 47.0, 43.3, 35.6, 33.6, 33.1, 29.3, 26.6, 23.3, 22.7, 20.9, 19.6, 
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14.8, 10.9; HRMS (FAB+) calcd for C69H70F3N4O19 [M+H]+ 1315.4586, found 


1315.4564. 


 


7-(23-(Cyanonilutamide-3'-yl)-4,15,18-trioxo-5,8,11,14,19-pentaoxatricos-21-yneoyl) 


paclitaxel (3.4) 


 


To a solution of palitaxel analog 3.21a (24 mg, 0.02 mmol), cyanonilutamide 


derivative 3.38b (20 mg, 0.034 mmol) and DMAP (8 mg, 0.06 mmol) in DCM (0.6 mL) 


was added EDCI (12 mg, 0.06 mmol). The mixture was stirred at room temperature 


overnight. After the addition of water, the mixture was extracted with ethyl acetate (3 x 


10 mL), washed with saturated brine, and dried over Na2SO4. Then the mixture was 


vacuum filtered and rotary evaporated. After purification by flash chromatography (60% 


ethyl acetate in hexane), the product (14 mg, 0.0085 mmol) was dissolved in THF (0.6 


mL) and HF-pyridine (0.14 mL) was added at 0 oC. The mixture was stirred at room 


temperature until the completion of the reaction (monitored by TLC). Then saturated 


NaHCO3 solution was added to the reaction mixture. The mixture was then extracted with 


ethyl acetate (3 x 10 mL), washed with saturated brine, and dried over Na2SO4. After 


vacuum filtration and rotary evaporation, the residue was then purified by flash 


chromatography (70% ethyl acetate in hexane) to give the C7 paclitaxel conjugate 3.4 (7 


mg, 22.8% for two steps) as a white solid: 1H NMR (500 MHz, CDCl3) δ 8.13 (1H, d, J = 
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2.0 Hz), 8.10 (2H, dd, J = 8.0, 1.5Hz), 7.98 (1H, dd, J = 8.5, 2.0 Hz), 7.91 (1H, d, J = 8.5 


Hz), 7.76 (2H, dd, J = 8.0, 1.5 Hz), 7.61 (1H, tt, J = 7.5, 1.5 Hz), 7.52 – 7.46 (5H, m), 


7.43 – 7.38 (4H, m), 7.34 (1H, tt, J = 7.5, 2.0 Hz), 7.08 (1H, d, J = 9.0 Hz), 6.17 (1H, s), 


6.16 (1H, dt, J = 9.0, 1.5 Hz), 5.79 (1H, dd, J = 8.5, 2.5 Hz), 5.65 (1H, d, J = 7.0 Hz), 


5.55 (1H, dd, J = 10.5, 7.5 Hz), 4.92 (1H, dd, J = 9.0, 1.0 Hz), 4.79 (1H, d, J = 2.5 Hz), 


4.68 (2H, d, J = 2.0 Hz), 4.30 (1H, d, J = 9.0 Hz), 4.27 (2H, d, J = 2.0 Hz), 4.25 – 4.21 


(4H, m), 4.17 (1H, d, J = 9.0 Hz), 3.89 (1H, d, J = 7.0 Hz), 3.70 – 3.67 (4H, m), 3.64 (4H, 


s), 2.71 – 2.54 (9H, m), 2.36 (3H, s), 2.35 – 2.28 (2H, m), 2.15 (3H, s), 1.86 – 1.79 (1H, 


m), 1.81 (3H, d, J = 1.0 Hz), 1.79 (3H, s), 1.61 (6H, d, J = 2.5 Hz), 1.19 (3H, s), 1.15 (3H, 


s); 13C NMR (500 MHz, CDCl3) δ 201.9, 174.4, 172.6, 172.5, 172.2, 171.6, 170.4, 169.1, 


167.1, 167.0, 152.4, 140.5, 138.1, 136.3, 135.4, 133.9, 133.8, 133.0, 132.0, 130.2, 129.1, 


128.8, 128.4, 128.1, 127.2, 127.1, 123.2, 115.1, 108.6, 84.0, 81.1, 78.6, 76.5, 75.4, 74.3, 


73.3, 72.2, 71.6, 70.6, 69.2, 69.1, 64.0, 63.8, 62.2, 56.2, 55.0, 52.3, 47.1, 43.3, 35.6, 33.4, 


29.2, 28.9, 28.8, 26.6, 23.3, 22.6, 20.9, 14.7, 10.9; HRMS (MALDI+) calcd for 


C78H83F3N4O25Na [M+Na]+ 1555.5196, found 1555.4937. 


 


10-(4-(4-(Cyanonilutamide-3'-yl)but-2-ynyloxy)-4-oxobutanoyl) docetaxel (3.5) 
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To a solution of 7-TES-10-(3-carboxypropanoyl)-2'-TIPS docetaxel 3.33a (22 mg, 


0.019 mmol), 3'-(4-hydroxybut-2-ynyl)-cyanonilutamide 3.17 (22.3 mg, 0.057 mmol) and 


DMAP (7 mg, 0.057 mmol) in DCM (1 mL) was added EDCI (11 mg, 0.057 mmol). The 


mixture was stirred at room temperature overnight. After the addition of water, the 


mixture was extracted with ethyl acetate (3 x 15 mL), washed with saturated brine, and 


dried over Na2SO4. Then the mixture was vacuum filtered and rotary evaporated. Without 


purification, the residue (28 mg) was dissolved in THF (1 mL) and HF-pyridine (0.3 mL) 


was added at 0 oC. The mixture was stirred at room temperature until the completion of 


the reaction (monitored by TLC). Then saturated NaHCO3 solution was added to the 


reaction mixture. The mixture was extracted with ethyl acetate (3 x 15 mL), washed with 


saturated brine, and dried over Na2SO4. After vacuum filtration and rotary evaporation, 


the residue was then purified by flash chromatography (50% ethyl acetate in hexane) to 


give 10-(4-(4-(cyanonilutamide-3'-yl)but-2-ynyloxy)-4-oxobutanoyl) docetaxel 3.5 (13.3 


mg, 55.8% for two steps) as a white solid: 1H NMR (500 MHz, CDCl3) δ 8.13 (1H, d, J = 


2.0 Hz), 8.10 (2H, d, J = 7.5 Hz), 7.99 (1H, dd, J = 8.0, 2.0 Hz), 7.90 (1H, d, J = 8.0 Hz), 


7.61 (1H, tt, J = 7.5, 1.0 Hz), 7.50 (2H, t, J = 8.0 Hz), 7.42 – 7.35 (4H, m), 7.32 (1H, tt, J 


= 7.0, 1.0 Hz), 6.29 (1H, s), 6.22 (1H, t, J = 8.5 Hz), 5.65 (1H, d, J = 7.0 Hz), 5.35 (1H, d, 


J = 9.5 Hz), 5.25 (1H, d, J = 8.0 Hz), 4.93 (1H, dd, J = 9.0, 1.5 Hz), 4.71 (2H, s), 4.61 


(1H, d, J = 1.0 Hz), 4.38 (1H, dd, J = 11.0, 6.5 Hz), 4.29 (1H, d, J = 8.0 Hz), 4.29 (2H, s), 


4.15 (1H, d, J = 8.0 Hz), 3.78 (1H, d, J = 7.0 Hz), 3.32 (1H, s), 2.91 – 2.83 (2H, m), 2.83 


– 2.66 (2H, m), 2.51 (1H, ddd, J = 15.5, 10.0, 7.0 Hz), 2.43 (1H, broad s), 2.37 (3H, s), 


2.35 – 2.20 (2H, m), 1.89 – 1.81 (1H, m), 1.84 (3H, s), 1.66 (3H, s), 1.62 (6H, s), 1.33 


(9H, s), 1.25 (3H, s), 1.13 (3H, s); 13C NMR (500 MHz, CDCl3) δ 203.5, 174.5, 172.4, 
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171.3, 170.2, 167.2, 155.5, 152.4, 142.6, 138.3, 136.3, 135.4, 133.9, 132.9, 130.3, 129.1, 


129.0, 128.8, 128.2, 128.1, 126.8, 123.2, 115.0, 108.8, 84.5, 81.2, 80.4, 79.2, 78.6, 76.5, 


76.0, 75.0, 73.9, 72.5, 72.3, 62.3, 58.8, 56.3, 52.5, 45.7, 43.3, 35.8, 35.6, 29.2, 29.0, 28.9, 


28.3, 26.9, 23.3, 22.8, 22.1, 15.0, 9.7; HRMS (FAB+) calcd for C64H70F3N4O19 [M+H]+ 


1255.4586, found 1255.4573. 


 


10-(5-(4-(Cyanonilutamide-3'-yl)but-2-ynyloxy)-5-oxopentanoyl) docetaxel (3.6) 


        


To a solution of docetaxel derivative 3.22 (87 mg, 0.082 mmol) in toluene (5 mL) 


was added glutaric anhydride (28 mg, 0.25 mmol) and DMAP (30 mg, 0.25 mmol). The 


mixture was stirred at 85-90 oC for 5 days. After it had cooled to room temperature, the 


reaction mixture was diluted with ethyl acetate and aqueous HCl solution (0.2%) was 


added carefully. The aqueous layer was then extracted with ethyl acetate (3 x 20 mL). 


The combined organic phase was washed with saturated brine and dried over Na2SO4. 


After vacuum filtration and rotary evaporation, the residue was purified by flash 


chromatography (40% ethyl acetate in hexane) to afford carboxylic acid 3.33b as a white 


solid (38 mg, 39%). 
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To a solution of docetaxel analog 3.33b (38 mg, 0.032 mmol), cynanolutamide 


analog 3.17 (34 mg, 0.096 mmol) and DMAP (12 mg, 0.096 mmol) in DCM (1.7 mL) 


was added EDCI (19 mg, 0.096 mmol). The mixture was stirred at room temperature 


overnight. After the addition of water, the mixture was extracted with ethyl acetate (3 x 


15 mL), washed with saturated brine, and dried over Na2SO4. The mixture was vacuum 


filtered and rotary evaporated. Without purification, the residue was dissolved in pyridine 


(1.6 mL) and acetonitrile (0.8 mL). HF-pyridine (0.23 mL) was added to the solution at 


room temperature. The mixture was stirred at 62 oC until the completion of the reaction 


(monitored by TLC). Then saturated NaHCO3 solution was added to the reaction mixture 


dropwise. The mixture was extracted with ethyl acetate (3 x 20 mL), washed with 


saturated brine, and dried over Na2SO4. After vacuum filtration and rotary evaporation, 


the residue was then purified by flash chromatography (50% ethyl acetate in hexane) to 


give C10 docetaxel analog 3.6 (20.4 mg, 53.6% for two steps) as a white solid: 1H NMR 


(500 MHz, CDCl3) δ 8.13 (1H, d, J = 2.0 Hz), 8.10 (2H, d, J = 7.5 Hz), 7.99 (1H, dd, J = 


8.5, 2.0 Hz), 7.90 (1H, d, J = 8.5 Hz), 7.61 (1H, tt, J = 7.5, 1.5 Hz), 7.50 (2H, t, J = 8.0 


Hz), 7.42 – 7.35 (4H, m), 7.32 (1H, tt, J = 7.0, 1.5 Hz), 6.30 (1H, s), 6.23 (1H, t, J = 3.5 


Hz), 5.66 (1H, d, J = 7.5 Hz), 5.35 (1H, d, J = 9.5 Hz), 5.25 (1H, d, J = 8.0 Hz), 4.94 (1H, 


dd, J = 9.5, 2.0 Hz), 4.69 (2H, t, J = 2.0 Hz), 4.62 (1H, s), 4.43 – 4.37 (1H, m), 4.30 (1H, 


d, J = 9.0 Hz), 4.29 (2H, t, J = 2 Hz), 4.16 (1H, d, J = 9.0 Hz), 3.79 (1H, d, J = 7.0 Hz), 


3.34 (1H, d, J = 3.5 Hz), 2.65 – 2.50 (4H, m), 2.46 (1H, d, J =4.5 Hz), 2.37 (3H, s), 2.34 


– 2.22 (2H, m), 2.04 (2H, tt, J = 7, 7 Hz), 1.90 – 1.83 (1H, m), 1.84 (3H, d, J = 1.0 Hz), 


1.66 (3H, s), 1.63 (6H, s), 1.33 (9H, s), 1.25 (3H, s), 1.13 (3H, s); 13C NMR (500 MHz, 


CDCl3) δ 203.7, 174.4, 173.0, 172.2, 170.3, 167.1, 155.5, 152.4, 142.3, 138.2, 136.3, 
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135.4, 133.9, 133.8, 132.9, 130.3, 129.2, 129.0, 128.8, 128.2, 128.1, 126.8, 123.2, 123.1, 


115.0, 108.6, 84.4, 81.1, 81.0, 79.1, 78.7, 76.5, 75.7, 75.0, 73.8, 72.4, 72.3, 62.2, 58.7, 


56.3, 52.1, 45.7, 43.3, 35.7, 35.5, 33.1, 32.8, 29.2, 28.2, 26.8, 23.3, 22.7, 22.0, 20.0, 14.9, 


9.7; HRMS (FAB+) calcd for C65H72F3N4O19 [M+H]+ 1269.4743, found 1269.4652. 


 


3'-(4-(4-(Cyanonilutamide-3'-yl)but-2-ynyloxy)-4-oxobutanoyl)-10-deacetyl-3′-


debenzoyl paclitaxel (3.7) 


      


Paclitaxel derivative 3.34 (31 mg, 0.028 mmol) was dissolved in ethanol (2.6 mL) 


and hydrazine monohydrate (0.29 mL) was added. The mixture was stirred at room 


temperature overnight. After the addition of saturated NH4Cl solution, the mixture was 


extracted with ethyl acetate (3 x 25 mL), washed with saturated brine, and dried over 


Na2SO4, followed by vacuum filtration and rotary evaporation. The residue was then 


purified by flash chromatography (50% ethyl acetate in hexane) to give docetaxel analog 


3.35 (12 mg, 40%) as a white solid. 


To a solution of compound 3.35 (12 mg, 0.011 mmol), cyanonilutamide analog 3.17 


(12 mg, 0.034 mmol) and DMAP (4.2 mg, 0.034 mmol) in DCM (0.6 mL) was added 


EDCI (6.6 mg, 0.034 mmol). The mixture was stirred at room temperature overnight. 


After the addition of water, the mixture was extracted with ethyl acetate (3 x 15 mL), 
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washed with saturated brine, and dried over Na2SO4. Then the mixture was vacuum 


filtered and rotary evaporated. After purification by flash chromatography (50% ethyl 


acetate in hexane), the product (15 mg, 0.011 mmol) was dissolved in pyridine (0.6 mL) 


and acetonitrile (0.3 mL). HF-pyridine (0.081 mL) was added to the solution at room 


temperature. The mixture was stirred at 62 oC until the completion of the reaction 


(monitored by TLC). Then saturated NaHCO3 solution was added to the reaction mixture 


dropwise. The mixture was extracted with ethyl acetate (3 x 20 mL), washed with 


saturated brine, and dried over Na2SO4. After vacuum filtration and rotary evaporation, 


the residue was then purified by flash chromatography (100% ethyl acetate) to give C3' 


docetaxel conjugate 3.7 (8.7 mg, 68.5% for two steps) as a white solid: 1H NMR (500 


MHz, CDCl3) δ 8.11 (d, 1H, J = 2.5 Hz), 8.09 (2H, dd, J = 8.5, 1.0 Hz), 7.96 (1H, dd, J = 


8.5, 2.5 Hz), 7.89 (1H, d, J = 8.5 Hz), 7.60 (1H, tt, J = 7.5, 1.5 Hz), 7.50 (2H, t, J = 7.5 


Hz), 7.41 – 7.33 (4H, m), 7.32 (1H, tt, J = 6.5, 2.0 Hz), 6.52 (1H, d, J = 9.0 Hz), 6.22 (1H, 


dt, J = 9.0, 1.5 Hz), 5.67 (1H, d, J = 7.0 Hz), 5.56 (1H, dd, J = 9.0, 2.5 Hz), 5.19 (1H, s), 


4.91 (1H, dd, J = 9.5, 2.0 Hz), 4.65 (1H, d, J = 2.0 Hz), 4.53 (1H, dt, J = 16.0, 2.0 Hz), 


4.32 (1H, dt, J = 16.0, 2.0 Hz), 4.27 (1H, d, J = 9.0 Hz), 4.23 – 4.20 (3H, m), 4.20 (1H, d, 


J = 8.5 Hz), 3.88 (1H, d, J = 6.5 Hz), 3.49 (1H, broad s), 2.71 – 2.64 (1H, m), 2.59 – 2.42 


(4H, m), 2.34 (3H, s), 2.26 (2H, dd, J = 9.0, 6.5 Hz), 2.11 (1H, broad s), 1.87 – 1.79 (1H, 


m), 1.83 (3H, d, J = 0.5 Hz), 1.74 (3H, s), 1.57 (6H, s), 1.24 (3H, s), 1.12 (3H, s); 13C 


NMR (500 MHz, CDCl3) δ 211.4, 174.3, 172.8, 172.4, 170.8, 170.3, 166.9, 152.4, 138.3, 


138.0, 136.3, 136.2, 135.4, 133.8, 130.3, 129.4, 129.0, 128.8, 128.3, 128.1, 126.9, 123.2, 


123.1, 115.0, 108.6, 84.2, 81.2, 81.1, 78.7, 78.3, 76.7, 74.9, 74.6, 73.2, 72.8, 72.1, 62.2, 
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57.7, 54.6, 52.4, 46.5, 43.2, 37.0, 36.0, 30.4, 29.1, 29.0, 26.6, 23.2, 22.7, 20.9, 14.4, 10.0; 


HRMS (FAB+) calcd for C59H62F3N4O17 [M+H]+ 1155.4062, found 1155.5883. 


 


10-(20-(Cyanonilutamide-3'-yl)-1,4,12,15-tetraoxo-5,8,11,16-tetraoxaicos-18-yneoyl) 


docetaxel (3.8) 


 


To a solution of docetaxel analog 3.33a (20 mg, 0.017 mmol), compound 3.38a (11 


mg, 0.0204 mmol) and DMAP (6.7 mg, 0.051 mmol) in DCM (0.5 mL) was added EDCI 


(10 mg, 0.051 mmol). The mixture was stirred at room temperature overnight. After the 


addition of water, the mixture was extracted with ethyl acetate (3 x 10 mL), washed with 


saturated brine, and dried over Na2SO4. Then the mixture was vacuum filtered and rotary 


evaporated. After purified by flash chromatography (40% ethyl acetate in hexane), the 


product (14.5 mg, 0.0085 mmol) was dissolved in pyridine (0.5 mL) and acetonitrile 


(0.25 mL). HF-pyridine (0.063 mL) was added to the solution at room temperature. The 


mixture was stirred at 62 oC until the completion of the reaction (monitored by TLC). 


Then saturated NaHCO3 solution was added to the reaction mixture dropwise. The 


mixture was extracted with ethyl acetate (3 x 15 mL), washed with saturated brine, and 


dried over Na2SO4. After vacuum filtration and rotary evaporation, the residue was then 


purified by flash chromatography (70% ethyl acetate in hexane) to give C10 docetaxel 
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analog 3.8 (10.2 mg, 40.8% for two steps) as a white solid: 1H NMR (500 MHz, CDCl3) 


δ 8.13 (1H, d, J = 1.5 Hz), 8.10 (2H, d, J = 7.5 Hz), 7.99 (1H, dd, J = 8.5, 2.0 Hz), 7.91 


(1H, d, J = 8.5 Hz), 7.61 (1H, tt, J = 7.5, 1.5 Hz), 7.49 (2H, t, J = 7.5 Hz), 7.42 – 7.35 


(4H, m), 7.32 (1H, tt, J = 7.0, 1.5 Hz), 6.30 (1H, s), 6.22 (1H, t, J = 8.5 Hz), 5.65 (1H, d, 


J = 7.0 Hz), 5.36 (1H, d, J = 10.0 Hz), 5.25 (1H, d, J = 9.0 Hz), 4.93 (1H, dd, J = 9.5, 2.0 


Hz), 4.69 (2H, t, J = 2.0 Hz), 4.61 (1H, m), 4.39 (1H, dd, J = 11.0, 7.0 Hz), 4.29 (1H, d, J 


= 8.5 Hz), 4.27 (2H, t, J = 2.5 Hz), 4.27 – 4.23 (4H, m), 4.16 (1H, d, J = 8.5 Hz), 3.78 


(1H, d, J = 7.5 Hz), 3.71 – 3.67 (4H, m), 3.34 (1H, broad s), 2.85 (2H, dt, J = 6.5, 2.5 Hz), 


2.81 – 2.68 (2H, m), 2.68 – 2.65 (4H, m), 2.53 (1H, ddd, J = 15.0, 9.5, 6.5 Hz), 2.47 (1H, 


broad s), 2.37 (3H, s), 2.37 – 2.22 (2H, m), 1.89 – 1.82 (1H, m), 1.84 (3H, s), 1.72 (1H, 


broad s), 1.66 (3H, s), 1.61 (6H, s), 1.33 (9H, s), 1.25 (3H, s), 1.13 (3H, s); 13C NMR 


(500 MHz, CDCl3) δ 203.6, 174.4, 173.1, 172.5, 172.2, 172.0, 171.6, 170.3, 167.1, 155.5, 


152.4, 142.7, 138.4, 136.3, 135.4, 133.8, 133.0, 130.3, 129.2, 129.0, 128.8, 128.2, 128.1, 


126.8, 123.2, 115.0, 108.6, 84.5, 81.2, 81.1, 80.4, 79.1, 78.6, 76.5, 75.9, 75.0, 73.7, 72.5, 


72.2, 69.0, 63.9, 62.2, 58.6, 56.3, 52.3, 45.7, 43.3, 35.8, 35.6, 29.2, 29.1, 29.0, 28.9, 28.8, 


28.2, 26.8, 23.2, 22.7, 22.0, 14.9, 9.6; HRMS (FAB+) calcd for C72H82F3N4O24 [M+H]+ 


1443.5271, found 1443.5204. 
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10-(23-(Cyanonilutamide-3'-yl)-1,4,15,18-tetraoxo-5,8,11,14,19-pentaoxatricos-21-


yneoyl)docetaxel (3.9) 


 


To a solution of docetaxel analog 3.33a (20 mg, 0.017 mmol), compound 3.38b (15 


mg, 0.026 mmol) and DMAP (6.2 mg, 0.051 mmol) in DCM (0.8 mL) was added EDCI 


(10 mg, 0.051 mmol). The mixture was stirred at room temperature overnight. After the 


addition of water, the mixture was extracted with ethyl acetate (3 x 15 mL), washed with 


saturated brine, and dried over Na2SO4. Then the mixture was vacuum filtered and rotary 


evaporated. After purification by flash chromatography (50% ethyl acetate in hexane), 


the product (12 mg, 0.007 mmol) was dissolved in pyridine (0.4 mL) and acetonitrile (0.2 


mL). HF-pyridine (0.052 mL) was added to the solution at room temperature. The 


mixture was stirred at 62 oC until the completion of the reaction (monitored by TLC). 


Then saturated NaHCO3 solution was added to the reaction mixture dropwise. The 


mixture was extracted with ethyl acetate (3 x 15 mL), washed with saturated brine, and 


dried over Na2SO4. After vacuum filtration and rotary evaporation, the residue was then 


purified by flash chromatography (70% ethyl acetate in hexane) to give C10 docetaxel 


conjugate 3.9 (8.2 mg, 34.5% for two steps) as a white solid: 1H NMR (500 MHz, CDCl3) 


δ 8.13 (1H, d, J = 2.0 Hz), 8.10 (2H, d, J = 7.0 Hz), 7.99 (1H, dd, J = 8.5, 2.0 Hz), 7.91 


(1H, d, J = 8.5 Hz), 7.61 (1H, tt, J = 7.0, 1.5 Hz), 7.49 (2H, t, J = 7.5 Hz), 7.42 – 7.35 
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(4H, m), 7.32 (1H, tt, J = 7.0, 1.5 Hz), 6.29 (1H, s), 6.22 (1H, t, J = 9.0 Hz), 5.65 (1H, d, 


J = 7.0 Hz), 5.37 (1H, d, J = 9.0 Hz), 5.25 (1H, d, J = 8.5 Hz), 4.93 (1H, dd, J = 9.0, 1.5 


Hz), 4.68 (2H, t, J = 2.0 Hz), 4.61 (1H, broad s), 4.38 (1H, dd, J =4.5, 3.5 Hz), 4.29 (1H, 


d, J = 8.5 Hz), 4.27 (2H, t, J = 2.0 Hz), 4.27 – 4.22 (4H, m), 4.16 (1H, d, J = 8.5 Hz), 


3.78 (1H, d, J = 7.0 Hz), 3.71 – 3.67 (4H, m), 3.65 (4H, s), 3.36 (1H, broad s), 2.85 (2H, 


dt, J = 7.0, 2.0 Hz), 2.81 – 2.67 (2H, m), 2.68 – 2.63 (4H, m), 2.52 (1H, ddd, J = 15.0, 


10.0, 6.5 Hz), 2.48 (1H, broad s), 2.37 (3H, s), 2.28 (2H, m), 1.90 – 1.81 (1H, m), 1.84 


(3H, s), 1.73 (1H, broad s), 1.66 (3H, s), 1.61 (6H, s), 1.33 (9H, s), 1.25 (3H, s), 1.13 (3H, 


s); 13C NMR (500 MHz, CDCl3) δ 203.7, 174.4, 173.1, 172.6, 172.2, 172.1, 171.6, 170.3, 


167.1, 155.5, 152.4, 142.6, 138.4, 136.3, 135.4, 133.8, 133.0, 130.3, 129.2, 129.0, 128.8, 


128.2, 128.1, 126.8, 123.2, 115.0, 108.6, 84.5, 81.2, 81.1, 80.4, 79.1, 78.6, 76.5, 75.9, 


75.0, 73.7, 72.5, 72.2, 70.6, 69.2, 64.0, 62.2, 58.6, 56,3, 52.3, 45.7, 43.2, 35.7, 35.6, 29.2, 


29.1, 28.9, 28.8, 28.2, 26.8, 23.3, 22.7, 22.0, 14.9, 9.6; HRMS (FAB+) calcd for 


74H86F3N4O25 [M+H]+ 1487.5533, found 1487.5585. 


'-yl)-1,4,18,21-tetraoxo-5,8,11,14,17,22-hexaoxahexacos-


24-yneyl)docetaxel  (3.10) 


C


 


10-(26-(Cyanonilutamide-3
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Tetra(ethylene glycol) (1 mL, 6 mmol) and pyridine (0.47 mL, 5.8 mmol) were 


dissolved in DCM (4.6 mL) and a solution of TBSCl (0.873 g, 5.8 mmol) in DCM (2.3 


mL) was added at 0 oC. The mixture was stirred at room temperature overnight. The 


reaction solution was concentrated and purified by flash chromatography (50% ethyl 


acetate in hexane) to give TBS ether as a colorless oil (717 mg, 40%). 


To a solution of tetra(ethylene glycol) TBS ether (70 mg, 0.22 mmol), 


cyanonilutamide analog 3.37 (34 mg, 0.075 mmol) and DMAP (28 mg, 0.22 mmol) in 


DCM (4 mL) was added EDCI (44 mg, 0.22 mmol). The mixture was stirred at room 


temperature overnight. After the addition of water, the mixture was extracted with ethyl 


acetate (3 x 20 mL), washed with saturated brine, and dried over Na2SO4. Then the 


mixture was vacuum filtered and rotary evaporated. Without purification, the residue was 


dissolved in a solution of HCl in ethanol (1%, 7.2 mL) at room temperature. After stirring 


for 15 minutes, the mixture was treated with saturated NaHCO3 solution carefully and 


extracted with ethyl acetate (3 x 20 mL). The combined organic phase was then washed 


with saturated brine, dried over Na2SO4, vacuum filtered, and rotary evaporated. The 


residue was purified by flash chromatography (5% methanol in DCM) to afford 


cyanonilutamide derivative 3.38c (19.5 mg, 40.6% for two steps) as a white solid. 
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To a solution of docetaxel analog 3.33a (22 mg, 0.019 mmol), cyanonilutamide 


derivative 3.38c (10 mg, 0.0156 mmol) and DMAP (6 mg, 0.047 mmol) in DCM (0.5 mL) 


was added EDCI (10 mg, 0.05 mmol). The mixture was stirred at room temperature 


overnight. After the addition of water, the mixture was extracted with ethyl acetate (3 x 


15 mL), washed with saturated brine, and dried over Na2SO4. Then the mixture was 


vacuum filtered and rotary evaporated. After purified by flash chromatography (60% 


ethyl acetate in hexane), the product (16 mg, 0.009 mmol) was dissolved in pyridine (0.5 


mL) and acetonitrile (0.25 mL). HF-pyridine (0.068 mL) was added to the solution at 


room temperature. The mixture was stirred at 62 oC until the completion of the reaction 


(monitored by TLC). Then saturated NaHCO3 solution was added to the reaction mixture 


dropwise. The mixture was extracted with ethyl acetate (3 x 15 mL), washed with 


saturated brine, and dried over Na2SO4. After vacuum filtration and rotary evaporation, 


the residue was then purified by flash chromatography (70% ethyl acetate in hexane) to 


give C10 docetaxel conjugate 3.10 (8.4 mg, 35.2% for two steps) as a white solid: 1H 


NMR (500 MHz, CDCl3) δ 8.13 (1H, d, J = 1.5 Hz), 8.09 (2H, d, J = 8.0 Hz), 7.98 (1H, 


dd, J = 8.5, 1.5 Hz), 7.91 (1H, d, J = 8.5 Hz), 7.60 (1H, t, J = 7.5 Hz), 7.49 (2H, t, J = 7.5 


Hz), 7.41 – 7.35 (4H, m), 7.31 (1H, tt, J = 7.0, 1.5 Hz), 6.29 (1H, s), 6.22 (1H, t, J = 8.5 


Hz), 5.65 (1H, d, J = 7.0 Hz), 5.37 (1H, d, J = 9.5 Hz), 5.25 (1H, d, J = 9.0 Hz), 4.93 (1H, 


dd, J = 9.0, 1.5 Hz), 4.68 (2H, t, J = 2.0 Hz), 4.61 (1H, broad s), 4.38 (1H, dd, J =10.5, 


7.0 Hz), 4.29 (1H, d, J = 8.0 Hz), 4.27 (2H, t, J = 2.0 Hz), 4.27 – 4.21 (4H, m), 4.15 (1H, 


d, J = 8.0 Hz), 3.78 (1H, d, J = 7.5 Hz), 3.71 – 3.67 (4H, m), 3.65 (4H, s), 3.65 (4H, s), 


2.85 (2H, dt, J = 7.5, 1.5 Hz), 2.81 – 2.67 (2H, m), 2.68 – 2.64 (4H, m), 2.53 (1H, ddd, J 


= 15.0, 9.5, 7.0 Hz), 2.47 (1H, broad s), 2.37 (3H, s), 2.36 – 2.21 (2H, m), 1.89 – 1.82 
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(1H, m), 1.84 (3H, s), 1.70 (1H, broad s), 1.65 (3H, s), 1.61 (6H, s), 1.32 (9H, s), 1.24 


(3H, s), 1.13 (3H, s); 13C NMR (500 MHz, CDCl3) δ 203.6, 174.4, 173.1, 172.6, 172.2, 


172.1, 171.6, 170.3, 167.2, 155.5, 152.4, 142.6, 138.3, 136.3, 135.4, 133.8, 133.0, 130.3, 


129.2, 129.0, 128.8, 128.2, 128.1, 126.8, 123.2, 123.1, 115.0, 108.6, 84.5, 81.1, 80.3, 79.1, 


78.6, 76.5, 75.9, 75.0, 73.7, 72.5, 72.2, 70.7, 69.1, 64.0, 62.2, 58.6, 56.2, 52.3, 45.7, 43.3, 


35.7, 35.5, 29.2, 29.1, 28.9, 28.8, 28.2, 26.8, 23.3, 22.7, 22.0, 14.9, 9.6; HRMS (FAB+) 


calcd for C76H90F3N4O26 [M+H]+ 1531.5795, found 1531.5819. 


 


10-(29-(Cyanonilutamide-3'-yl)-4,21,24-trioxo-5,8,11,14,17,20,25-heptaoxanonacos-


27-yneoyl)docetaxel (3.11) 


 


 


Penta(ethylene glycol) (2 mL, 10 mmol) and pyridine (0.767 mL, 9.5 mmol) were 


dissolved in DCM (7.5 mL) and a solution of TBSCl (1.43 g, 9.5 mmol) in DCM (3.8 mL) 


was added at 0 oC. The mixture was stirred at room temperature overnight. The reaction 
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solution was concentrated and purified by flash chromatography (70% ethyl acetate in 


hexane) to give the TBS ether as a colorless oil (1.426 mg, 43%). 


To a solution of penta(ethylene glycol) TBS ether (90 mg, 0.257 mmol), 


cyanonilutamide analog 3.37 (39 mg, 0.086 mmol) and DMAP (32 mg, 0.257 mmol) in 


DCM (4.6 mL) was added EDCI (50 mg, 0.257 mmol). The mixture was stirred at room 


temperature overnight. After the addition of water, the mixture was extracted with ethyl 


acetate (3 x 20 mL), washed with saturated brine, and dried over Na2SO4. Then the 


mixture was vacuum filtered and rotary evaporated. Without purification, the residue was 


dissolved in a solution of HCl in ethanol (1%, 8.2 mL) at room temperature. After stirring 


for 15 minutes, the mixture was treated with saturated NaHCO3 solution carefully and 


extracted with ethyl acetate (3 x 25 mL). The combined organic phase was then washed 


with saturated brine, dried over Na2SO4, vacuum filtered, and rotary evaporated. The 


residue was purified by flash chromatography (5% methanol in DCM) to afford 


cyanonilutamide derivative 3.38d (18.8 mg, 31.9% for two steps) as a white solid.  


To a solution of docetaxel analog 3.33a (23 mg, 0.02 mmol), cyanonilutamide 


derivative 3.38d (11 mg, 0.0161 mmol) and DMAP (6 mg, 0.05 mmol) in DCM (0.5 mL) 


was added EDCI (10 mg, 0.05 mmol). The mixture was stirred at room temperature 


overnight. After the addition of water, the mixture was extracted with ethyl acetate (3 x 


15 mL), washed with saturated brine, and dried over Na2SO4. Then the mixture was 


vacuum filtered and rotary evaporated. After purification by flash chromatography (70% 


ethyl acetate in hexane), the product (17 mg, 0.0092 mmol) was dissolved in pyridine 


(0.52 mL) and acetonitrile (0.26 mL). HF-pyridine (0.071 mL) was added to the solution 


at room temperature. The mixture was stirred at 62 oC until the completion of the reaction 
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(monitored by TLC). Then saturated NaHCO3 solution was added to the reaction mixture 


dropwise. The mixture was extracted with ethyl acetate (3 x 15 mL), washed with 


saturated brine, and dried over Na2SO4. After vacuum filtration and rotary evaporation, 


the residue was then purified by flash chromatography (70% ethyl acetate in hexane) to 


give C10 docetaxel conjugate 3.11 (9.5 mg, 37.5% for two steps) as a white solid: 1H 


NMR (500 MHz, CDCl3) δ 8.13 (1H, d, J = 2.0 Hz), 8.09 (2H, d, J = 8.0 Hz), 7.98 (1H, 


dd, J = 8.5, 2.0 Hz), 7.91 (1H, d, J = 8.5 Hz), 7.60 (1H, tt, J = 7.5, 1.5 Hz), 7.49 (2H, t, J 


= 8.0 Hz), 7.42 – 7.35 (4H, m), 7.31 (1H, tt, J = 7.5, 1.5 Hz), 6.29 (1H, s), 6.22 (1H, t, J = 


8.0 Hz), 5.65 (1H, d, J = 6.5 Hz), 5.38 (1H, d, J = 8.5 Hz), 5.25 (1H, d, J = 8.0 Hz), 4.93 


(1H, dd, J = 9.5, 1.5 Hz), 4.68 (2H, t, J = 2.0 Hz), 4.62 (1H, broad s), 4.38 (1H, dd, J 


=11.0, 7.0 Hz), 4.29 (1H, d, J = 8.5 Hz), 4.27 (2H, t, J = 2.0 Hz), 4.26 – 4.21 (4H, m), 


4.15 (1H, d, J = 8.0 Hz), 3.78 (1H, d, J = 7.0 Hz), 3.71 – 3.67 (4H, m), 3.65 (4H, s), 3.65 


(4H, s), 3.64 (4H, s), 2.84 (2H, dt, J = 6.5, 1.5 Hz), 2.80 – 2.67 (2H, m), 2.66 – 2.63 (4H, 


m), 2.52 (1H, ddd, J = 14.5, 9.0, 6.0 Hz), 2.48 (1H, broad s), 2.37 (3H, s), 2.22 – 2.36 


(2H, m), 1.90 – 1.83 (1H, m), 1.84 (3H, s), 1.71 (1H, broad s), 1.65 (3H, s), 1.61 (6H, s), 


1.32 (9H, s), 1.24 (3H, s), 1.13 (3H, s); 13C NMR (500 MHz, CDCl3) δ 203.6, 174.4, 


173.1, 172.6, 172.2, 172.1, 171.6, 170.3, 167.1, 155.5, 152.4, 142.7, 138.4, 136.3, 135.4, 


133.8, 132.9, 130.3, 129.2, 129.0, 128.8, 128.2, 128.1, 126.8, 123.2, 123.1, 115.1, 108.7, 


84.5, 81.1, 80.3, 79.1, 78.6, 76.5, 75.9. 75.0, 73.7, 72.4, 72.2, 70.7, 70.6, 69.1, 64.1, 64.0, 


62.2, 60.5, 58.6, 56.2, 52.3, 45.7, 43.3, 35.7, 35.6, 29.2, 29.1, 28.9, 28.8, 28.2, 26.8, 23.3, 


22.7, 22.0, 14.9, 9.6; HRMS (FAB+) calcd for C78H94F3N4O27 [M+H]+ 1575.6058, found 


1575.5980. 
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3'-(4-Hydroxybut-2-ynyl)cyanonilutamide (3.17)  


 


To a solution of cyanonilutamide 3.1423 (825 mg, 2.78 mmol) in DMF (8.5 mL) was 


added NaH (60% in mineral oil, 134 mg, 3.34 mmol) under argon at room temperature. 


After stirring for 15 minutes at ambient temperature, the mixture was treated dropwise 


with a solution of tert-butyl(4-iodobut-2-ynyloxy)dimethylsilane (1.01 g, 3.34 mmol) in 


anhydrous DMF (8.5 mL). The mixture was stirred at room temperature for 3 hours. Then 


the solution was poured into saturated brine and extracted with ethyl acetate (3 x 100 mL). 


The combined organic extracts were washed with water and saturated brine, dried over 


Na2SO4, filtered, and concentrated. After purification by flash chromatography (30% 


ethyl acetate in hexane), the product (885 mg, 1.88 mmol) was dissolved in a solution of 


HCl in ethanol (1%, 60 mL) at room temperature. After stirring for 15 minutes, the 


mixture was treated carefully with saturated NaHCO3 solution and extracted with ethyl 


acetate (3 x 150 mL). The combined organic phases were then washed with saturated 


brine, dried over Na2SO4, filtered, and concentrated. The residue was purified by flash 


chromatography (50% ethyl acetate in hexane) to afford 3'-(4-hydroxybut-2-ynyl)-


cyanonilutamide 3.17 as a white solid (543 mg, 81.4%): 1H NMR (500 MHz, CDCl3) δ 


8.14 (1H, d, J = 2.1 Hz), 7.99 (1H, dd, J = 8.4, 2.1 Hz), 7.92 (1H, d, J = 8.4 Hz), 4.27 (4H, 


m), 1.62 (6H, s); 13C NMR (500 MHz, CDCl3) δ 174.4, 152.5, 136.3, 135.4, 133.7, 128.0, 
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123.1, 120.9, 115.0, 108.6, 82.6, 80.0, 62.2, 51.1, 29.3, 23.3; HRMS (ESI+) calcd for 


C17H18F3N4O3 [M+NH4]+ 383.1331, found 383.1311. 


 


7-((4-(Cyanonilutamide-3'-yl)but-2-ynyloxy)carbonyl)-2'-TBS paclitaxel (3.20)  


 


Bis(4-nitrophenyl) carbonate (20 mg, 0.063 mmol) and N,N-dimethylaminopyridine 


(DMAP) (11 mg, 0.063 mmol) were added to a solution of 2'-TBS paclitaxel 3.1924 (20 


mg, 0.21 mmol) in DCM (0.1 mL). The mixture was stirred at room temperature 


overnight. After addition of water, the mixture was extracted with ethyl acetate (3 x 10 


mL), washed with saturated brine, and dried over Na2SO4. The extract was vaccum 


filtered and concentrated. After purification by flash chromatography (30% ethyl acetate 


in hexane), the product (16 mg, 0.014 mmol) was dissolved in DCM (0.1 mL), and 3'-(4-


hydroxybut-2-ynyl)-cyanonilutamide 3.17 (15 mg, 0.042 mmol) and DMAP (5 mg, 0.042 


mmol) were added. The mixture was stirred at room temperature overnight. After the 


addition of water, the mixture was extracted with ethyl acetate (3 x 10 mL), washed with 


saturated brine, and dried over Na2SO4, followed by vacuum filtration and rotary 


evaporation. The residue was then purified by flash chromatography (50% ethyl acetate 


in hexane) to afford 7-((4-(cyanonilutamide-3'-yl)but-2-ynyloxy)carbonyl)-2'-TBS 
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paclitaxel 3.20 as a white solid (15.7 mg, 82%): 1H NMR (500 MHz, CDCl3) δ 8.12 (3H, 


m), 7.99 (1H, dd, J = 9.0, 2.2 Hz), 7.91 (1H, d, J = 8.4 Hz), 7.74 (2H, dd, J = 8.1, 1.4 Hz), 


7.60 (1H, t, J = 7.4 Hz), 7.50 (3H, dd, J = 14.2, 7.7 Hz), 7.44 – 7.36 (4H, m), 7.34 – 7.30 


(3H, m), 7.08 (1H, d, J = 9.0 Hz), 6.31 (1H, s), 6.25 (1H, t, J = 9.0 Hz), 5.73 (1H, d, J = 


9.0 Hz), 5.69 (1H, d, J = 6.9 Hz), 5.51 (1H, dd, J = 10.6, 7.1 Hz), 4.97 (1H, d, J = 8.4 Hz), 


4.91 (1H, d, J = 15.8 Hz), 4.67 (2H, m), 4.34 (1H, d, J = 8.6 Hz), 4.28 (2H, d, J = 1.4 Hz), 


4.19 (1H, d, J = 8.5 Hz), 3.95 (1H, d, J = 6.9 Hz), 2.64 – 2.54 (1H, m), 2.57 (3H, s), 2.40 


(1H, dd, J = 15.3, 9.6 Hz), 2.20 – 2.12 (1H, m), 2.14 (3H, s), 2.03 – 1.95 (1H, m), 


1.97(3H, s) 1.81 (3H, s), 1.61 (6H, s), 1.21 (3H, s), 1.15 (3H, s), 0.79 (9H, s), -0.04 (3H, 


s), -0.30 (3H, s); 13C NMR (500 MHz, CDCl3) δ 201.6, 174.4, 171.6, 170.2, 169.2, 


167.21, 167.0, 153.7, 152.4, 141.1, 138.3, 136.3, 135.4, 134.1, 133.7, 132.8, 132.0, 130.3, 


129.1, 128.9, 128.9, 128.1, 128.1, 127.1, 126.5, 123.2, 123.2, 115.6, 115.1, 108.6, 83.9, 


81.6, 81.0, 78.8, 78.4, 76.5, 76.0, 75.4, 75.2, 74.5, 71.4, 64.5, 62.2, 56.1, 55.9, 55.8, 46.9, 


43.4, 35.7, 33.4, 29.2, 26.5, 25.6, 23.3, 23.1, 21.6, 20.9, 18.2, 14.7, 10.8, -5.1, -5.7; 


HRMS (FAB+) calcd for C71H78F3N4O18Si [M+H]+ 1359.5033, found 1359.5117. 


 


 


7-(3-Carboxypropanoyl)-2'-TBS paclitaxel (3.21a) 
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To 2'-TBS paclitaxel 3.19 (18.7 mg, 0.02 mmol) in DCM (0.2 mL) was added 


succinic anhydride (7.1 mg, 0.06 mmol) and DMAP (7.8 mg, 0.06 mmol). The mixture 


was stirred at room temperature overnight. After the addition of water, the mixture was 


extracted with ethyl acetate (3 x 10 mL), washed with saturated brine, and dried over 


Na2SO4. After vacuum filtration and rotary evaporation, the residue was then purified by 


flash chromatography (60% ethyl acetate in hexane) to afford 7-(3-carboxypropanoyl)-2'-


TBS paclitaxel 3.21a as a white solid (21.4 mg, 100%): 1H NMR (500 MHz, CDCl3) δ 


8.12 (2H, d, J = 8.1 Hz), 7.74 (2H, d, J = 7.8 Hz), 7.61 (1H, t, J = 7.5 Hz), 7.54 – 7.47 


(3H, m), 7.44 – 7.36 (4H, m), 7.33 – 7.30 (3H, m), 7.08 (1H, d, J = 8.9 Hz), 6.25 (1H, t, J 


= 9.2 Hz), 6.22 (1H, s), 5.72 (1H, dd, J = 9.1, 1.7 Hz), 5.69 (1H, d, J = 7 Hz), 5.62 (1H, 


dd, J = 10.5, 7.2 Hz), 4.97 (1H, d, J = 9.5 Hz), 4.66 (1H, d, J = 2.2 Hz), 4.33 (1H, d, J = 


8.5 Hz), 4.20 (1H, d, J = 8.5 Hz), 3.95 (1H, d, J = 6.9 Hz), 2.72 – 2.64 (1H, m), 2.64 – 


2.57 (4H, m), 2.56 (3H, s), 2.40 (1H, dd, J = 15.4, 9.6 Hz), 2.17 (1H, d, J = 9.2 Hz), 2.14 


(3H, s), 1.96 (3H, s), 1.85 (1H, t, J = 13.0 Hz), 1.80 (3H, s), 1.20 (3H, s), 1.15 (3H, s), 


0.79 (9H, s), -0.04(3H, s), -0.31 (3H, s); 13C NMR (500 MHz, CDCl3) δ 202.0, 171.6, 


171.2, 170.0, 169.3, 167.1, 167.0, 141.1, 138.3, 134.2, 133.8, 132.7, 131.9, 130.3, 129.2, 


128.9, 128.8, 128.1, 127.1, 126.5, 88.6, 84.1, 81.1, 78.7, 77.3, 75.4, 75.2, 74.6, 71.8, 71.4, 


56.1, 55.7, 46.9, 43.4, 35.7, 33.3, 26.5, 25.6, 23.1, 21.5, 20.8, 18.2, 14.7, 10.9, -5.1, -5.7.; 


HRMS (APCI+) calcd for C57H69NO17SiNa [M+Na]+ 1090.4233, found 1090.4229. 
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7-(4-Carboxybutanoyl)-2'-TBS paclitaxel (3.21b) 


 


To 2'-TBS paclitaxel 3.19 (18 mg, 0.019 mmol) in DCM (1 mL) was added glutaric 


anhydride (6.5 mg, 0.057 mmol) and DMAP (7 mg, 0.057 mmol). The mixture was 


stirred at room temperature for 2 days. After the addition of water, the mixture was 


extracted with ethyl acetate (3 x 15 mL), washed with saturated brine, and dried over 


NaSO4, followed by vacuum filtration and rotary evaporation. The residue was then 


purified by flash chromatography (60% ethyl acetate in hexane) to afford 7-(4-


carboxybutanoyl)-2'-TBS paclitaxel 3.21b as a white solid (10 mg, 48.7%): 1H NMR 


(500 MHz, CDCl3) δ 8.12 (2H, dd, J = 8.5, 1.4 Hz), 7.74 (2H, dd, J = 8.5, 1.4 Hz), 7.61 


(1H, tt, J = 7.4, 1.9 Hz), 7.54 – 7.47 (3H, m), 7.44 – 7.36 (4H, m), 7.34 – 7.29 (3H, m), 


7.09 (1H, d, J = 8.9 Hz), 6.26 (1H, s), 6.25 (1H, t, J = 9.7 Hz), 5.73 (1H, dd, J = 8.9, 1.8 


Hz), 5.69 (1H, d, J = 7 Hz), 5.61 (1H, dd, J = 10.6, 7.1 Hz), 4.97 (1H, dd, J = 9.3, 1.2 Hz), 


4.67 (1H, d, J = 2.1 Hz), 4.33 (1H, d, J = 8.5 Hz), 4.21 (1H, d, J = 8.5Hz), 3.96 (1H, d, J 


= 7.0 Hz), 2.62 – 2.55 (1H, m), 2.57 (3H, s), 2.45 – 2.26 (5H, m), 2.19 – 2.15 (1H, m), 


2.14 (3H, s), 1.97 (3H, d, J = 1.1 Hz), 1.93 – 1.81 (3H, m), 1.20 (3H, s), 1.15 (3H, s), 


0.79 (9H, s), -0.03 (3H, s), -0.31 (3H, s); 13C NMR (500 MHz, CDCl3) δ 202.1, 176.9, 


172.2, 171.6, 170.0, 169.2, 167.2, 167.0, 141.0, 138.3, 134.2, 133.8, 132.8, 131.9, 130.3, 


129.2, 128.9, 128.9, 128.8, 128.1, 127.1, 126.5, 84.1, 81.1, 78.7, 77.3, 76.5, 75.3, 75.2, 


74.6, 71.4, 56.1, 55.8, 46.9, 43.4, 35.7, 33.5, 33.0, 32.7, 26.5, 25.6, 23.1, 21.5, 20.8, 19.5, 
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18.2, 14.7, 11.0, -5.1, -5.7; HRMS (APCI+) calcd for C58H71NO17SiNa [M+Na]+ 


1104.4389, found 1104.4384. 


 


7-(Triethylsilyl)-10-(3-carboxypropanoyl)-2'-(triisopropylsilyl)docetaxel (3.33a) 


 


To a solution of 7-TES-10-acetyl-2'-TIPS docetaxel 3.3224 (310 mg, 0.277 mmol) in 


ethanol (20 mL) was added hydrazine monohydrate (4.8 mL). The mixture was stirred at 


room temperature overnight. After the addition of saturated NH4Cl solution, the mixture 


was extracted with ethyl acetate (3 x 100 mL), washed with saturated brine, and dried 


over Na2SO4, followed by vacuum filtration and rotary evaporation. The residue was then 


purified by flash chromatography (15% ethyl acetate in hexane) to afford 7-TES-2'-TIPS 


docetaxel 3.22 as a white solid (253 mg, 84.8%). 


To a solution of 7-TES-2'-TIPS docetaxel 3.22 (36 mg, 0.033 mmol) in toluene (2 mL) 


was added succinic anhydride (15 mg, 0.1 mmol) and DMAP (13 mg, 0.1 mmol). The 


mixture was stirred at 85-90 oC for 24 hours. After cooling to room temperature, the 


reaction mixture was diluted with ethyl acetate and aqueous HCl solution (0.2%) was 


added carefully. The aqueous layer was then extracted with ethyl acetate (3 x 30 mL). 


The combined organic phase was washed with saturated brine and dried over Na2SO4. 


After vacuum filtration and rotary evaporation, the residue was purified by flash 
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chromatography (60% ethyl acetate in hexane) to afford 7-TES-10-(3-


carboxypropanoyl)-2'-TIPS docetaxel 3.33a as a white solid (16 mg, 41%): 1H NMR 


(500 MHz, CDCl3) δ 8.11 (2H, d, J = 7.5 Hz), 7.57 (1H, t, J = 7.5 Hz), 7.47 (2H, t, J = 


7.9 Hz), 7.36 (2H, t, J = 7.8 Hz), 7.30 – 7.25 (3H, m), 6.48 (1H, s), 6.25 (1H, t, J = 8.9 


Hz), 5.69 (1H, d, J = 7.1 Hz), 5.40 (1H, d, J = 9.8 Hz), 5.30 (1H, d, J = 9.8 Hz), 4.94 (1H, 


dd, J = 9.4, 1.6 Hz), 4.80 (1H, s), 4.47 (1H, dd, J = 10.7, 6.7 Hz), 4.31 (1H, d, J = 8.3 Hz), 


4.17 (1H, d, J = 8.5 Hz), 3.83 (1H, d, J = 7.1 Hz), 2.89 – 2.79 (1H, m), 2.79 – 2.71 (3H, 


m), 2.56 – 2.49 (1H, m), 2.51 (3H, s), 2.35 (1H, dd, J = 15.5, 9.3 Hz), 2.24 – 2.16 (1H, 


m), 2.00 (3H, s), 1.89 (1H, ddd, J = 13.9, 10.5, 2.1 Hz), 1.68 (3H, s), 1.67 (1H, broad s), 


1.29 (9H, s), 1.21 (6H, s), 0.94 – 0.84 (30H, m), 0.63 – 0.50 (6H, m); 13C NMR (500 


MHz, CDCl3) δ 201.7, 175.4, 171.8, 170.4, 167.2, 155.4, 141.0, 133.7, 133.2, 130.3, 


129.3, 128.8, 128.7, 127.8, 126.5, 84.3, 81.2, 80.3, 79.0, 77.3, 76.6, 76.0, 75.4, 75.0, 72.3, 


71.6, 58.5, 46.8, 43.4, 37.3, 35.5, 29.1, 28.7, 28.2, 26.5, 23.1, 21.6, 17.9, 17.9, 14.4, 12.6, 


10.2, 6.9, 5.4; HRMS (APCI+) calcd for C62H91NO17Si2Na [M+Na]+ 1200.5723, found 


1200.5710. 


 


7-(Triethylsilyl)-2′-(triisopropylsilyl)-3′-debenzoyl-3'-(3-carboxypropanoyl) 


paclitaxel (3.34) 
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To a solution of docetaxel derivative 3.32 (105 mg, 0.094 mmol) in DCM (1 mL) was 


added TFA (0.48 mL) dropwise at 0 oC. The mixture was stirred at 0 oC until the 


completion of the reaction (monitored by TLC). After careful addition of saturated 


NaHCO3 solution, the mixture was extracted with ethyl acetate (3 x 20 mL), washed with 


saturated brine, dried over Na2SO4, vacuum filtered and rotary evaporated. The residue 


was then purified by flash chromatography (40% ethyl acetate in hexane) to give primary 


amine as a white solid (65 mg, 68%). This amine (65 mg, 0.064 mmol) was dissolved in 


DCM (1 mL). Succinic anhydride (20 mg, 0.192 mmol) and DMAP (24 mg, 0.192 mmol) 


was added successively. The mixture was then stirred at room temperature overnight. 


After addition of water, the mixture was extracted with ethyl acetate (3 x 20 mL), washed 


with saturated brine, dried over Na2SO4, vacuum filtered and rotary evaporated. The 


residue was then purified by flash chromatography (40% ethyl acetate in hexane) to give 


docetaxel derivative 3.34 (31 mg, 43.8%) as a white solid: 1H NMR (500 MHz, CDCl3) δ 


8.07 (2H, d, J = 7.5 Hz), 7.54 (1H, t, J = 7.3 Hz), 7.46 (2H, t, J = 7.7 Hz), 7.35 (2H, t, J = 


7.6 Hz), 7.28 (1H, d, J = 7.3 Hz), 7.24 (3H, d, J = 7.8 Hz), 6.42 (1H, s), 6.41 (1H, d, J = 


10.0 Hz), 6.33 (1H, t, J = 9.0 Hz), 5.69 (1H, d, J = 7.2 Hz), 5.56 (1H, d, J = 9.0 Hz), 4.91 


(1H, d, J = 8.5 Hz), 4.82 (1H, d, J = 1.8 Hz), 4.46 (1H, dd, J = 10.5, 6.7 Hz), 4.23 (2H, dd, 


J = 17.9, 8.5 Hz), 3.80 (1H, d, J = 7.1 Hz), 2.56 – 2.44 (3H, m), 2.49 (3H, s), 2.42 – 2.35 


(1H, m), 2.32 – 2.23 (2H, m), 2.20 – 2.13 (1H, m), 2.17 (3H, s), 2.01 (3H, s), 1.92 – 1.84 


(1H, m), 1.69 (3H, s), 1.23 (3H, s), 1.21 (3H, s), 0.89 (30H, m), 0.80 – 0.46 (6H, m); 13C 


NMR (500 MHz, CDCl3) δ 201.8, 175.4, 171.6, 171.2, 170.2, 169.5, 167.0, 140.2, 138.1, 


133.7, 133.5, 130.3, 129.5, 128.8, 128.0, 126.42, 84.3, 81.2, 79.1, 76.6, 75.6, 75.1, 75.0, 


72.3, 71.5, 58.4, 55.7, 46.7, 43.5, 37.2, 35.7, 30.1, 28.3, 26.8, 23.1, 22.0, 21.0, 17.9, 17.9, 
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14.2, 12.5, 10.3, 6.8, 5.4; HRMS (ESI+) calcd for C59H86NO16Si2 [M+H]+ 1120.5485, 


found 1120.5470. 


 


3'-(4-(3-Carboxypropanoyloxy)but-2-ynyl) cyanonilutamide (3.37) 


 


To a solution of 3'-(4-hydroxybut-2-ynyl)cyanonilutamide 3.17 (61mg, 0.167 mmol) 


in DCM (1.6 mL) was added succinic anhydride (50 mg, 0.5 mmol) and DMAP (62 mg, 


0.5 mmol). The mixture was stirred at room temperature overnight. After the addition of 


water, the mixture was extracted with ethyl acetate (3 x 15 mL), washed with saturated 


brine, and dried over Na2SO4. After filtration and rotary evaporation, the residue was then 


purified by flash chromatography (70% ethyl acetate in hexane) to afford 3'-(4-(3-


carboxypropanoyloxy)but-2-ynyl)cyanonilutamide 3.37 as a white solid (70 mg, 90%): 


1H NMR (500 MHz, CDCl3) δ 8.12 (1H, d, J = 2.1 Hz), 7.98 (1H, dd, J = 8.4, 2.1 Hz), 


7.92 (1H, d, J = 8.4 Hz), 4.69 (2H, t, J = 1.9 Hz), 4.26 (2H, t, J = 1.9 Hz), 2.70 – 2.61 


(4H, m), 1.61 (6H, s); 13C NMR (500 MHz, CDCl3) δ 176.6, 174.4, 171.4, 152.7, 136.3, 


135.4, 133.6, 128.2, 123.3, 123.3, 115.0, 108.7, 81.1, 78.5, 62.3, 52.3, 29.2, 28.7, 28.7, 


23.2; HRMS (APCI+) calcd for C21H19F3N3O6 [M+H]+ 466.1226, found 466.1243. 
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3'-(4-(4-(2-(2-Hydroxyethoxy)ethoxy)-4-oxobutanoyloxy)but-2-ynyl)cyanonilut-


amide (3.38a) 


 


Pyridine (0.85 mL, 11 mmol) and di(ethylene glycol) (1 mL, 0.01 mol) were 


dissolved in DCM (8 mL) and a solution of tert-butyldimethylsilyl Chloride (TBSCl) 


(1.58 g, 10.5 mmol) in DCM (4 mL) was added at 0 oC. The mixture was stirred at room 


temperature overnight. The reaction solution was concentrated and purified by flash 


chromatography (50% ethyl acetate in hexane) to give TBS ether as a colorless oil (900 


mg, 37.2%). 


To a solution of di(ethylene glycol) TBS ether (44 mg, 0.2 mmol), 3'-(4-(3-


carboxypropanoyloxy)but-2-ynyl)cyanonilutamide 3.37 (31 mg, 0.067 mmol) and DMAP 


(25 mg, 0.2 mmol) in DCM (4 mL) was added EDCI (40 mg, 0.2 mmol). The mixture 


was stirred at room temperature overnight. After the addition of water, the mixture was 


extracted with ethyl acetate (3 x 20 mL), washed with saturated brine, and dried over 


Na2SO4. Then the mixture was filtered and rotary evaporated. Without purification, the 


residue (25 mg) was dissolved in a solution of HCl in ethanol (1%, 1.2 mL) at room 


temperature. After stirring for 15 minutes, the mixture was treated with saturated 


NaHCO3 solution carefully and extracted with ethyl acetate (3 x 15 mL). The combined 


organic phase was then washed with saturated brine, dried over Na2SO4, vacuum filtered, 
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and rotary evaporated. The residue was purified by flash chromatography (50% ethyl 


acetate in hexane) to afford 3'-(4-(4-(2-(2-hydroxyethoxy)ethoxy)-4-oxobutanoyloxy)but-


2-yny)cyanonilutamide 3.38a (19 mg, 51.3% for two steps) as a white solid: 1H NMR 


(400 MHz, CDCl3) δ 8.15 (1H, d, J = 1.8 Hz), 8.00 (1H, dd, J = 8.2, 1.8 Hz), 7.93 (1H, d, 


J = 8.2 Hz), 4.70 (2H, t, J = 2.0 Hz), 4.29 – 4.25 (2H, m), 3.76 – 3.68 (4H, m), 3.62 – 


3.58 (2H, m), 2.67 (4H, s), 1.62 (6H, s); 13C NMR (500 MHz, CDCl3) δ 174.4, 172.1, 


171.7, 152.4, 136.3, 135.4, 133.9, 133.6, 128.1, 123.2, 123.2, 115.0, 108.6, 100.0, 81.1, 


78.5, 72.4, 69.1, 63.8, 62.2, 61.8, 52.4, 29.2, 28.9, 28.9, 23.3; HRMS (ESI+) calcd for 


C25H26F3N3O8 M+ 553.1672, found 553.1684. 


 


3'-(1-Hydroxy-10,13-dioxo-3,6,9,14-tetraoxaoctadec-16-yn-18-yl)cyanonilutamide 


(3.38b) 


 


Tri(ethylene glycol) (1 mL, 8 mmol) and pyridine (0.61 mL, 7.5 mmol) were 


dissolved in DCM (6 mL) and a solution of TBSCl (1.1 g, 7.5 mmol) in DCM (3 mL) 


was added at 0 oC. The mixture was stirred at room temperature overnight. The reaction 


solution was concentrated and purified by flash chromatography (50% ethyl acetate in 


hexane) to give TBS ether as a colorless oil (800 mg, 38.9%). 
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To a solution of tri(ethylene glycol) TBS ether (50 mg, 0.181 mmol), 3'-(4-(3-


carboxypropanoyloxy)but-2-ynyl)cyanonilutamide 3.37 (28 mg, 0.061 mmol) and DMAP 


(25 mg, 0.2 mmol) in DCM (4 mL) was added EDCI (40 mg, 0.2 mmol). The mixture 


was stirred at room temperature overnight. After the addition of water, the mixture was 


extracted with ethyl acetate (3 x 20 mL), washed with saturated brine, and dried over 


Na2SO4. Then the mixture was vacuum filtered and rotary evaporated. Without 


purification, the residue (20 mg) was dissolved in a solution of HCl in ethanol (1%, 0.9 


mL) at room temperature. After stirring for 15 minutes, the mixture was treated with 


saturated NaHCO3 solution carefully and extracted with ethyl acetate (3 x 15 mL). The 


combined organic phase was then washed with saturated brine, dried over Na2SO4, 


vacuum filtered, and rotary evaporated. The residue was purified by flash 


chromatography (60% ethyl acetate in hexane) to afford 3'-(1-hydroxy-10,13-dioxo-


3,6,9,14-tetraoxaoctadec-16-yn-18-yl)cyanonilutamide 3.38b (11 mg, 30.2% for two 


steps) as a white solid: 1H NMR (400 MHz, CDCl3) δ 8.15 (1H, d, J = 1.5 Hz), 8.00 (1H, 


dd, J = 8.6, 1.9 Hz), 7.93 (1H, d, J = 8.4 Hz), 4.70 (2H, t, J = 1.8 Hz), 4.28 (2H, t, J = 1.8 


Hz), 4.23 (4H, t, J = 4.7 Hz), 3.75 – 3.64 (8H, m), 3.64 – 3.59 (2H, m), 2.69 – 2.65 (4H, 


m), 1.62 (6H, s); 13C NMR (500 MHz, CDCl3) δ 174.4, 172.2, 171.6, 152.4, 136.3, 135.4, 


133.9, 133.6, 128.8, 123.2, 123.2, 115.0, 108.6, 100.0, 81.06, 78.6, 72.5, 70.7, 70.4, 69.1, 


63.9, 62.2, 61.9, 52.3, 29.2, 28.9, 28.8, 23.3; HRMS (ESI+) calcd for C27H30F3N3O9 M+ 


597.1934, found 597.1954. 


 


 


 


113 


 







References 


1. Jemal, A.; Murray, T.; Ward, E.; Samuels, A.; Tiwari, R. C.; Ghafoor, A.; Feuer, E. 


J.; Thun, M. J., Cancer statistics, 2005. CA Cancer J. Clin. 2005, 55, 10-30. 


2. Hankey, B. F.; Feuer, E. J.; Clegg, L. X.; Hayes, R. B.; Legler, J. M.; Prorok, P. C.; 


Ries, L. A.; Merrill, R. M.; Kaplan, R. S., Cancer surveillance series: interpreting 


trends in prostate cancer—part I: evidence of the effects of screening in recent 


prostate cancer incidence, mortality, and survival rates. J. Natl. Cancer Inst. 1999, 


91, 1017-1024. 


3. Breslow, N.; Chan, C. W.; Dhom, G.; Drury, R. A. B.; Franks, L. M.; Gellei, B.; Lee, 


Y. S.; Lundberg, S.; Sparke, B.; Sternbya, N. H.; Tulinius, D. H., Latent carcinoma 


of prostate at autopsy in seven areas. Collaborative study organized by the 


International Agency for Research on Cancer, Lyons, France. Int. J. Cancer 2006, 20, 


680-688. 


4. Roy, A. K.; Lavrovsky, Y.; Song, C. S.; Chen, S.; Jung, M. H.; Velu, N. K.; Bi, B. 


Y.; Chatterjee, B., Regulation of androgen action. Vit. Horm. 1999, 55, 309-352. 


5. Huggins, C.; Hodges, C. V., Studies on prostate cancer: I. The effect of estrogen and 


of androgen injection on serum phosphatase in metastatic prostate cancer. Cancer 


Res. 1941, 1, 293-297. 


6. Martel, C. L.; Gumerlock, P. H.; Meyers, F. J.; Lara, J., P. N., Current strategies in 


the management of hormone refractory prostate cancer. Cancer Treat. Rev. 2003, 29, 


171-187. 


7. Heinlein, C. A.; Chang, C., Androgen receptor in prostate cancer. Endocr. Rev. 2004, 


25, 276-308. 


114 


 







8. Georget, V.; Lobaccaro, J. M.; Terouanne, B.; Mangeat, P.; Nicolas, J. C.; Sultan, C., 


Trafficking of the androgen receptor in living cells with fused green fluorescent 


protein-androgen receptor. Mol. Cell Endocrinol. 1997, 129, 17-26. 


9. (a) Cunha, G. R.; Donjacour, A. A.; Cooke, P. S.; Mee, S.; Bigsby, R. M.; Higgins, S. 


J.; Sugimura, Y., The endocrinology and developmental biology of the prostate. 


Endocr. Rev. 1987, 8, 338-362; (b) Heinlein, C. A.; Chang, C., Androgen receptor 


(AR) coregulators: an overview. Endocr. Rev. 2002, 23, 175-200; (c) Buchanan, G.; 


Irvine, R. A.; Coetzee, G. A.; Tilley, W. D., Contribution of the androgen receptor to 


prostate cancer predisposition and progression. Cancer Metast. Rev. 2001, 20, 207-


223; (d) Tyagi, R. K.; Lavrovsky, Y.; Ahn, S. C.; Song, C. S.; Chatterjee, B.; Roy, A. 


K., Dynamics of intracellular movement and nucleocytoplasmic recycling of the 


ligand-activated androgen receptor in living cells. Mol. Endocrinol. 2000, 14, 1162-


1174. 


10. (a) Mohler, J. L.; Chen, Y.; Hamil, K.; Hall, S. H.; Cidlowski, J. A.; Wilson, E. M.; 


French, F. S.; Sar, M., Androgen and glucocorticoid receptors in the stroma and 


epithelium of prostatic hyperplasia and carcinoma. Clin. Cancer Res. 1996, 2, 889-


895; (b) Kwast, T. H. v. d.; Schalken, J.; Winter, J. A. R. d.; Vroonhoven, C. C. J. v.; 


Mulder, E.; Boersma, W.; Trapman, J., Androgen receptors in endocrine-therapy-


resistant human prostate cancer. Int. J. Cancer 1991, 48, 189-193; (c) Sadi, M. V.; 


Walsh, P. C.; Barrack, E. R., Immunohistochemical study of androgen receptors in 


metastatic prostate cancer. Cancer 1991, 67, 3057-3064; (d) Chodak, G. W.; Kranc, 


D. M.; Puy, L. A.; Takeda, H.; Johnson, K.; Chang, C., Nuclear localization of 


androgen receptor in heterogeneous samples of normal, hyperplastic and neoplastic 


115 


 







human prostate. J. Urol. 1992, 147, 798-803; (e) Hobisch, A.; Culig, Z.; Radmayr, 


C.; Bartsch, G.; Klocker, H.; Hittmair, A., Androgen receptor status of lymph node 


metastases from prostate cancer. Prostate 1996, 28, 129-135. 


11. (a) Chen, C. D.; Welsbie, D. S.; Tran, C.; Baek, S. H.; Chen, R.; Vessella, R.; 


Rosenfeld, M. G.; Sawyers, C. L., Molecular determinants of resistance to 


antiandrogen therapy. Nat. Med. (New York) 2004, 10, 33-39; (b) Mellinghoff, I. K.; 


Vivanco, I.; Kwon, A.; Tran, C.; Wongvipat, J.; Sawyers, C. L., HER2/neu kinase-


dependent modulation of androgen receptor function through effects on DNA 


binding and stability. Cancer Cell 2004, 6, 517-527. 


12. (a) Gaddipati, J. P.; McLeod, D. G.; Heidenberg, H. B.; Sesterhenn, I. A.; Finger, M. 


J.; Moul, J. W.; Srivastava, S., Frequent detection of codon 877 mutation in the 


androgen receptor gene in advanced prostate cancer. Cancer Res. 1994, 54, 2861-


2864; (b) Taplin, M. E.; Bubley, G. J.; Ko, Y. J.; Small, E. J.; Upton, M.; 


Rajeshkumar, B.; Balk, S. P., Selection for androgen receptor mutations in prostate 


cancers treated with androgen antagonist. Cancer Res. 1999, 59, 2511-2515. 


13. (a) Yeh, S.; Chang, C., Cloning and characterization of a specific coactivator, 


ARA70, for the androgen receptor in human prostate cells. Proc. Natl. Acad. Sci. 


1996, 93, 5517-5521; (b) Miyamoto, H.; Yeh, S.; Lardy, H.; Messing, E.; Chang, C., 


5-Androstenediol is a natural hormone with androgenic activity in human prostate 


cancer cells. Proc. Natl. Acad. Sci. 1998, 95, 11083-11088; (c) Yeh, S.; Miyamoto, 


H.; Shima, H.; Chang, C., From estrogen to androgen receptor: a new pathway for 


sex hormones in prostate. Proc. Natl. Acad. Sci. 1998, 95, 5527-5532; (d) Miyamoto, 


H.; Yeh, S.; Wilding, G.; Chang, C., Promotion of agonist activity of antiandrogens 


116 


 







by the androgen receptor coactivator, ARA70, in human prostate DU145 cells. Proc. 


Natl. Acad. Sci. 1998, 95, 7379-7384; (e) Gregory, C. W.; He, B.; Johnson, R. T.; 


Ford, O. H.; Mohler, J. L.; French, F. S.; Wilson, E. M., A mechanism for androgen 


receptor-mediated prostate cancer recurrence after androgen deprivation therapy. 


Cancer Res. 2001, 61, 4315-4319. 


14. (a) Russell, P. J.; Bennett, S.; Stricker, P., Growth factor involvement in progression 


of prostate cancer. Clin. Chem. 1998, 44, 705-723; (b) Djakiew, D., Dysregulated 


expression of growth factors and their receptors in the development of prostate 


cancer. Prostate 2000, 42, 150-160. 


15. (a) Gulley, J.; Dahut, W. L., Chemotherapy for prostate cancer: finally an advance! 


Am. J. Therapuet. 2004, 11, 288-294; (b) Wolff, J. M., Significance of docetaxel in 


the chemotherapy of hormone-refractory prostate cancer. Onkologie 2003, 26, 37-40; 


(c) Khan, M. A.; Carducci, M. A.; Partin, A. W., The evolving role of docetaxel in 


the management of androgen independent prostate cancer. J. Urology 2003, 170, 


1709-1716; (d) Beer, T. M.; El-Geneidi, M.; Eilers, K. M., Docetaxel (Taxotere) in 


the treatment of prostate cancer. Exp. Rev. Anticancer Ther. 2003, 3, 261-268; (e) 


Petrylak, D. P., Chemotherapy for the treatment of hormone-refractory prostate 


cancer. Eur. Urology Supp. 2002, 1, 15-23. 


16. (a) Tannock, L. F.; de Wit, R.; Berry, W. R.; Horti, J.; Pluzanska, A.; Kim, N.; 


Oudard, S.; Theodore, C.; James, N. D.; Turesson, I.; Rosenthal, M. A.; Eisenberger, 


M. A., Docetaxel  plus prednisone or mitoxantrone plus prednisone for advanced 


prostate cancer. N. Engl. J. Med. 2004, 351, 1502-1512; (b) Petrylak, D. P.; Tangen, 


C. M.; Hussain, M. H. A.; Lara, P. N., Jr.; Jones, J. A.; Taplin, M. E.; Burch, P. A.; 


117 


 







Berry, D.; Moinpour, C.; Kohli, M.; Benson, M. C.; Small, E. J.; Raghavan, D.; 


Crawford, E. D., Docetaxel  and estramustine compared with mitoxantrone and 


prednisone for advanced refractory prostate cancer. N. Engl. J. Med. 2004, 351, 


1513-1520. 


17. Cogan, P. S.; Koch, T. H., Studies of targeting and intracellular trafficking of an 


anti-androgen doxorubicin-formaldehyde conjugate in PC-3 prostate cancer cells 


bearing androgen receptor-GFP chimera. J. Med. Chem. 2004, 47, 5690-5699. 


18. (a) Gueritte-Voegelein, F.; Guenard, D.; Lavelle, F.; Le Goff, M.-T.; Mangatal, L.; 


Potier, P., Relationships between the structure of taxol analogues and their 


antimitotic activity. J. Med. Chem. 1991, 34, 992-998; (b) Lataste, H.; Senilh, V.; 


Wright, M.; Guenard, D.; Potier, P., Relationships between the structures of taxol 


and baccatine III derivatives and their in vitro action on the disassembly of 


mammalian brain and Physarum amoebal microtubules. Proc. Natl. Acad. Sci., 1984, 


81, 4090-4094; (c) Mathew, A. E.; Mejillano, M. R.; Nath, J. P.; Himes, R. H.; Stella, 


V. J., Synthesis and evaluation of some water-soluble prodrugs and derivatives of 


taxol with antitumor activity. J. Med. Chem. 1992, 35, 145-151; (d) Kingston, D. G. 


I.; Samaranayake, G.; Ivey, C. A., The chemistry of taxol, a clinically useful 


anticancer agent. J.  Nat. Prod. 1990, 53, 1-12; (e) Senilh, V.; Blechert, S.; Colin, M.; 


Guenard, D.; Picot, F.; Potier, P.; Varenne, P., Mise en evidence de nouveaux 


analogues du taxol extraits de taxus baccata. J. Nat. Prod. 1984, 47, 131-137; (f) 


Chaudhary, A. G.; Rimoldi, J. M.; Kingston, D. G. I., Modified taxols. 10. 


Preparation of 7-deoxytaxol, a highly bioactive taxol derivative, and 


interconversions of taxol and 7-epi-taxol. J. Org. Chem. 1993, 58, 3798-3799; (g) 


118 


 







Chen, S.-H.; Huang, S.; Kant, J.; Fairchild, C.; Wei, J.; Farina, V., Synthesis of 7-


deoxy- and 7,10-dideoxytaxol via radical intermediates. J. Org. Chem. 1993, 58, 


5028-5029; (h) Kant, J.; O'Keeffe, W. S.; Chen, S.-H.; Farina, V.; Fairchild, C.; 


Johnston, K.; Kadow, J. F.; Long, B. H.; Vyas, D., A chemoselective approach to 


functionalize the C-10 position of 10-deacetylbaccatin III. Synthesis and biological 


properties of novel C-10 taxol analogues. Tetrahedron Lett. 1994, 35, 5543-5546. 


19. (a) Georg, G. I.; Cheruvallath, Z. S.; Himes, R. H.; Mejillano, M. R., Novel 


biologically active taxol analogues: baccatin III 13-(N-(p-chlorobenzoyl)-(2'R,3'S)-


3'-phenylisoserinate) and baccatin III 13-(N-Benzoyl-(2'R,3'S)-3'-(p-


chlorophenyl)isoserinate). Bioorg. Med. Chem. Lett. 1992, 2, 295-298; (b) Georg, G. 


I.; Cheruvallath, Z. S.; Himes, R. H.; Mejillano, M. R., Semisynthesis and Biological 


Activity of taxol Analogues:  baccatin III 13-(N-benzoyl-(2'R,3'S)-3'-(p-


tolyl)isoserinate), baccatin III 13-(N-(p-toluoyl)-(2'R,3'S)-3'-phenylisoserinate), 


baccatin III 13-(N-benzoyl-(2'R,3'S)-3'-(p-trifluoromethylphenyl)isoserinate), and 


baccatin III 13-(N-(p-trifluoromethylbenzoyl)-(2'R,3'S)-3'-phenylisoserinate). Bioorg. 


Med. Chem. Lett. 1992, 2, 1751-1754; (c) Georg, G. I.; Cheruvallath, Z. S.; Himes, R. 


H.; Mejillano, M. R.; Burke, C. T., Synthesis of biologically active taxol analogues 


with modified phenylisoserine side chains. J. Med. Chem. 1992, 35, 4230-4237. 


20. (a) Raynaud, J. P.; Bonne, C.; Bouton, M. M.; Lagace, L.; Labrie, F., Action of a 


nonsteroidal anti-androgen, RU 23908, in peripheral and cantral tissues. J. Steroid 


Biochem. 1979, 11, 93-99; (b) Raynaud, J. P.; Bonne, C.; Moguilewsky, M.; 


Lefebvre, F. A.; Belanger, A.; Labrie, F., The pure antiandrogen RU 23908 


119 


 







120 


 


(anandron), a candidate of choice for the combined antihormonal treatment of 


prostatic cancer:  a review. Prostate 1984, 5, 299-311. 


21. (a) van Dort, M. E.; Jung, Y., Synthesis and structure-activity studies of side-chain 


derivitized arylhydantoins for investigation as androgen receptor radioligands. 


Bioorg. Med. Chem. Lett. 2001, 11, 1045-1047; (b) Battmann, T.; Bonfils, A.; 


Branche, C.; Humbert, J.; Goubet, F.; Teutsch, G.; Philibert, D., RU 58841, anew 


specific topical antiandrogen: a candidate of choice for the treatment of acne, 


androgenetic alopecia and hirsutism. J. Steroid Biochem. Mol. Biol. 1994, 48, 55-60; 


(c) Battmann, T.; Branche, C.; Bouchoux, F.; Cerede, E.; Philibert, D.; Goubet, F.; 


Teutsch, G.; Gaillard-Kelly, M., Pharmacological profile of RU 58642, a potent 


systemic antiandrogen for the treatment of androgen-dependent disorders. J. Steroid. 


Biochem. Mol. Biol. 1998, 64, 103-111. 


22. Sharifi, N.; Hamel, E.; Lill, M. A.; Risbood, P.; Kane, C. T., Jr.; Hossain, M. T.; 


Jones, A.; Dalton, J. T.; Farrar, W. L., A bifunctional colchicinoid that binds to the 


androgen receptor. Mol. Cancer Ther. 2007, 6, 2328-2336. 


23. Cogan, P. S.; Koch, T. H., Rational design and synthesis of androgen receptor-


targeted nonsteroidal anti-androgen ligands for the tumor-specific delivery of a 


doxorubicin-formaldehyde conjugate. J. Med. Chem. 2003, 46, 5258-5270. 


24. Ojima, I.; Fumero-Oderda, C. L.; Kuduk, S. D.; Ma, Z.; Kirikae, F.; Kirikae, T., 


Structure-activity relationship study of taxoids for their ability to activate murine 


macrophages as well as inhibit the growth of macrophage-like cells. Bioorgan. Med. 


Chem. 2003, 11, 2867-2888. 





		Pyridine (0.85 mL, 11 mmol) and di(ethylene glycol) (1 mL, 0.01 mol) were dissolved in DCM (8 mL) and a solution of tert-butyldimethylsilyl Chloride (TBSCl) (1.58 g, 10.5 mmol) in DCM (4 mL) was added at 0 oC. The mixture was stirred at room temperature overnight. The reaction solution was concentrated and purified by flash chromatography (50% ethyl acetate in hexane) to give TBS ether as a colorless oil (900 mg, 37.2%).






Chapter 5. Design, synthesis and biological evaluation of simplified and 


fluorescently labeled discodermolide analogs 


 


5.1 Introduction 


The structure of discodermolide is unique, because unlike other tubulin binding 


agents with polycyclic or large ring skeletons, discodermolide consists of a flexible chain. 


Discodermolide can thus adopt a seemingly infinite number of conformations when 


binding to tubulin, which brings us the question: which conformation is the most 


bioactive one among all possibilities? This could be resolved by examining the 3D 


structure of the discodermolide tubulin complex, but this complex has never been 


crystallized. Some NMR studies on the conformation of free discodermolide in solid state 


or in various solvents and tubulin-bound discodermolide have been conducted.1  These 


studies show that the conformations of free discodermolide in the solid state and tubulin 


bound discodermolide in solution are quite similar except for the lactone moiety.1b It was 


also observed that when bound to microtubules, the orientation of the lactone ring relative 


to the backbone is nearly identical to that observed in the free state, and the bound 


discodermolide shows no significant distortions in the area of C5-C24 from the major 


conformer in water.1a 


In addition of the NMR studies described above, indirect evidence of the orientation 


of discodermolide in the tubulin binding pocket can be obtained from the fluorescence 


spectroscopy of the discodermolide tubulin complex,2 since fluorescence spectroscopy is 


widely used to study ligand-receptor interactions.3 To use this technique, a fluorophore 
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must be incorporated into the discodermolide structure, since discodermolide does not 


have a natural fluorophore. In previous studies in our group, a small environmentally 


sensitive fluorophore, such as an aminobenzoyl group, was successfully used to explore 


the local environment of the paclitaxel binding site on microtubules.4 However, the 


addition of such a fluorophore to discodermolide must inevitably cause major structural 


changes, which could lead to the loss of activity. Therefore, the fluorophore incorporation 


needs to be carefully designed to preserve the tubulin binding activity. 


 


5.2 Design and synthesis of fluorescently labeled discodermolide analogs 


5.2.1 SAR-based design of fluorescently labeled discodermolide analogs 


 
 
Figure 5.1 The structures of discodermolide and previous fluorescently labeled analogss 


Previously, two simplified fluorescently labeled discodermolide analogs were 


designed and successfully synthesized in our group (Figure 5.1). The design of the two 


analogs was based on the SAR studies that the replacement of the δ-lactone by aromatic 


ring could preserve the cytotoxicity of discodermolide if it maintained the appropriate 


orientation.5 Therefore, it was expected that the replacement of the δ-lactone by an 
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aromatic fluorophore, such as an aminobenzoyl group or a dimethylaminobenzoyl group, 


would not adversely interfere with the interaction of the analog with microtubules. 


Additionally, the C7 hydroxyl group was removed for structural simplication and 


synthetic convenience. Unfortunately, the antiproliferative activities of the two analogs 


were found to be reduced significantly, in comparison with discodermolide (Figure 5.1).  


This might result from the removal of C7 hydroxyl group, since previous SAR studies 


revealed that the absence of the hydroxyl group at C7 resulted in an apparent reduction in 


bioactivity.6 Besides, it was noticeable that the dimethylaminobenzoate analog was ten-


fold better than the aminobenzoate analos in its antiproliferative activity, suggesting that 


the dimethylaminobenzoate fluorophore could be a better choice. 


 


 


 
Figure 5.2 The structures of the new fluorescently labeled discodermolide analogs 


According to the information above, three new simplified and fluorescently labeled 


discodermolide analogs were designed, as shown in Figure 5.2. These analogs avoided 


the possibility of the activity reduction by keeping the C7 hydroxyl group, and they took 


advantage of the dimethylaminobenzoyl fluorophore. Plus, in two of the analogs, the 


terminal diene was replaced by a saturated butyl group to simplify the structures, since 
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the terminal conjugated diene system does not contribute significantly to the cytotoxicity 


of discodermolide.5b,7 Therefore, it was expected that these analogs would preserve the 


activity better than the previous ones. 


 


5.2.2 Synthesis of analog 5.1 


The retrosynthetic analysis is shown in Scheme 5.1. The synthesis of analog 5.1 


involved the final installation of the fluorophore 5.6 and HWE coupling of the 


phosphonate 5.5 and aldehyde 5.4, which was prepared from iodide 5.7 and vinyl iodide 


5.8 by Suzuki coupling. 


The precursors 5.7 and 5.8 were synthesized via the convergent approach developed in 


Smith’s group.5b,8 The synthesis of 5.7 started from the commercially available ester 5.9, 


which was first protected as its PMB ether. Reduction and Swern oxidation converted 


ester 5.10 to aldehyde 5.11, which subsequently underwent the Evans-aldol reaction to 


 


  Scheme 5.1 Retrosynthesis of 5.1 
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establish two chirality centers with the syn relative configuration. The resulted amide 


5.12 was treated with N,O-dimethylhydroxylamine hydrochloride and AlMe3 in THF at 0 


oC to afford the Weinreb amide 5.13 (Scheme 5.2), which was used as a common 


precursor to prepare both fragments 5.7 and 5.8. 


 


Scheme 5.2 Synthesis of aldehyde 5.15 


 For the synthesis of iodide 5.7, the common precursor 5.13 was oxidized by DDQ to 


give acetal 5.14 in 80% yield, which was then reduced directly to aldehyde 5.15 in 96% 


yield (Scheme 5.2). Subsequently, a second Evans-aldol reaction built two more chirality 


centers with the syn relative configuration, which finished the construction of the 


repeating stereotriad sequence of the backbone of 5.7 (Scheme 5.3). The resulting amide 


5.16 was then protected as its TBS ether, followed by treatment with LiBH4 to afford 


alcohol 5.17. After protection as its trityl ether, acetal 5.17 was converted to PMB ether 


5.18 by treatment with DIBAL. Swern oxidation, Wittig olefination and trityl 


deprotection then afforded alcohol 5.20 in 59% yield over 3 steps, and this was 


hydrogenated by H2 and Pt2O, and then iodinated to give iodide 5.7 in 90% over 2 steps. 
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Scheme 5.3 Synthesis of iodide 5.7 
 


 


Scheme 5.4 Synthesis of vinyl iodide 5.8 
 


For the synthesis of vinyl iodide 5.8, the common precursor 5.13 was protected as its 


MOM ether and reduced by DIBAL to give aldehyde 5.21, which was subsequently iodo-


olefinated to vinyl iodide 5.22 in 32% yield. After oxidative deprotection of the PMB 


group, vinyl iodide 5.22 was then protected as its TBS ether to afford subunit 5.8, as 


shown in Scheme 5.4. 
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The connection of subunit 5.7 to 5.8 was achieved via Suzuki coupling to afford TBS 


ether 5.23 in 77% yield. Subsequent TBS deprotection and Swern oxidation provided 


aldehyde 5.4 in 65% yield (Scheme 5.5). 


   
Scheme 5.5 Synthesis of aldehyde 5.4 


 


The synthesis of subunit 5.5 began with propane-1,3-diol, which was mono protected 


as its TBS ether. After Swern oxidation and further oxidation by NaClO2 and NaH2PO4, 


the resulting acid was converted to acid chloride 5.26 by treatment with 1-chloro-N,N,2-


trimethyl-1-propenylamine.9 Subsequently, acid chloride 5.26 was transformed to 


phosphonate 5.5 at -98 oC in 40% yield over 2 steps (Scheme 5.6).  


 


 


Scheme 5.6 Synthesis of phosphonate 5.5  
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Figure 5.3 1H NMR spectra of the MPA esters  


 


As shown in Scheme 5.7, HWE coupling between subunit 5.4 and subunit 5.5 


afforded TBS ether 5.27 in 85% yield, which was then subjected to oxidation with DDQ 


to remove the PMB protecting group. The subsequent installation of the carbamate 


moiety on the resulting alcohol gave ketone 5.29, which was reduced by K-selectrideTM 


to give alcohol 5.30 with the desired configuration. The configuration was determined by 


Mosher ester analysis. Alcohol 5.30 was coupled separately with R-PMA and S-PMA to 
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form two Mosher esters (Figure 5.3) via EDC coupling. Their 1H NMR spectra were 


obtained and the δ R-S values were calculated for adjacent protons to the chiral cencer. 


The results are summarized in Figure 5.4, where the δ R-S values of the top part of the 


structure were positive, while the values for the bottom part were negative. According to 


the Mosher ester model (Figure 5.4), the configuration was confirmed to be the desired 


one. 


The alcohol 5.30 was then treated with HCl (4 N) in small portions over 4 hours to 


remove all the protecting groups, and the resulting alcohol was coupled with 3-


dimethylaminobenzoic acid via EDCI coupling to give the final product 5.1 in 10% yield 


over 2 steps. 


 


 


  Figure 5.4 Determination of the absolute configuration of 5.30 
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Scheme 5.7 Finale of the Synthesis of 5.1 


 


5.2.3 Synthesis towards analog 5.2 


From a structure-activtity viewpoint, an analog such as 5.2 was predicted to have 


higher activity than analog 5.1, based on the known SAR of discodermolide. It was thus 


an attractive target for synthesis. According to a retrosynthetic analysis, analog 5.2 could 


be synthesized via HWE coupling between the known subunit 5.4 and phosphonate 5.32.  
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Scheme 5.8 Retrosynthesis of analog 5.2 
 


We began with the synthesis of phosphonate 5.32, since the subunit 5.4 was prepared 


previously. Stille coupling was first tested as the method to connect the side chain to the 


commercially available material methyl 3-nitro-4-iodobenzoate, but this reaction did not 


proceed as desired. Later, we found a convenient method to prepare allylbenzene 5.33 as 


a starting point via halogen-magnesium exchange, followed by transmetalation and 


allylation. 


The commercially available methyl 3-nitro-4-iodobenzoate was treated with PhMgCl, 


followed by CuCN·2LiCl and allyl bromide at -40 oC to give allylbenzene 5.33 in 11% 


yield over 3 steps. Ozonolysis of 5.33 produced phenylacetaldehyde 5.37, which was 


subsequently oxidized to give acid 5.38 in 40% yield over 2 steps. Unfortunately, the 


transformation of acid 5.38 to phosphonate 5.32 via the previous method was not 


successful, probably due to the interference of the ester carbonyl moiety and nitro group 


in the structure. So a method to convert acid 5.38 to subunit 5.32 needs to be explored in 


the future. 
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Scheme 5.9 Synthesis towards analog 5.32 


 


5.2.4 Synthesis towards analog 5.3 


Similar to the synthesis of analog 5.1, the synthesis of analog 5.3 involved a Suzuki 


coupling between iodide 5.40 and vinyl iodide 5.22 and an HWE reaction to establish the 


backbone of the structure, as shown in Scheme 5.10. 
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Scheme 5.10 Retrosynthesis of 5.3 
 


The synthesis of fragment 5.40 was begun with alcohol 5.18 which was prepared in 
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the synthesis of analog 5.1. After Swern oxidation, alcohol 5.18 was converted to an 


aldehyde, which was then treated with 1-bromo-1-trimethylsilyl-2-propene and 


chromium(II) chloride in THF to give intermediate anti-α-hydroxysilanes 5.41 (Scheme 


5.11). Treatmemt of 5.41 with KH in THF led to the formation of the terminal diene 


moiety. Subsequently, the resulting diene 5.42 was transformed to iodide 5.40 via trityl 


deprotection and iodination, and Suzuki coupling of 5.40 and 5.22 provided PMB ether 


5.43. 


 


 
Scheme 5.11 Synthesis of 5.43 


After the reductive deprotection of the PMB groups of 5.43 by DDQ and TEMPO 


oxidation, the PMB ether 5.43 was converted to aldehyde 5.44, which was coupled to 


phosphonate 5.5 via the HWE reaction to yield TBS ether 5.45. Then the carbamate 


moiety was installed at C19 position to provide amide 5.46. However, the first attempt to 


reduce ketone 5.46 to alcohol 5.47 by K-selectrideTM failed in the first batch. Fortunately, 


a successful procedure was later found for the K-selectride reduction in the synthesis of 


analog 5.1, which could be used to synthesize analog 5.3. But due to the limited amount 


of intermediate 5.46, this project was temporarily placed on hold. The good thing is that 


all the steps to synthesize analog 5.3 have been well explored to give good or acceptable 
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yields.  


 


Scheme 5.12 Synthesis towards 5.3  


 


5.3 Biological evaluations of the simplified fluorescently labeled discodermolide 


analog 


Table 5.1 The bioassay results of analog 5.1 


 


The simplified fluorescently labeled discodermolide analog 5.1 was submitted to the 


A2780 bioassay for antiproliferative activity and to Susan L. Bane at SUNY at 


Binghamton for tubulin assembly activity. The bioassay results are summarized in Table 


5.1. The analog 5.1 was active in both bioassays, but it was nearly 400 times less active 


than paclitaxel in A2780 bioassay. Fortunately, it showed much better activity in the 
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tubulin assembly bioassay, only 10 times less active than paclitaxel, indicating that it 


binds tubulin in a similar way to discodermolide. Further biological investigations are 


currently in progress. 


 


5.4 Experimental section 


General experimental methods 


All chemicals obtained from commercial sources were used without further 


purification. The anhydrous reactions were performed under nitrogen or argon. All 


solvents were of reagent grade or HPLC grade. Tetrahydrofuran (THF) was distilled over 


sodium/benzophenone, and dichloromethane (DCM) was distilled over calcium hydride. 


The reactions were monitored by the analytical thin layer chromatography (TLC) plates 


(silica gel 60 GF) and analyzed with 254 nm UV light, KMnO4 stain, and/or 


vanillin/sulfuric acid spray. Preparative thin layer chromatography (PTLC) plates were 


purchased from Analtech. All NMR spectral data were obtained on JEOL Eclipse 


spectrometer at 500 MHz, Varian Unity or Varian Inova spectrometer at 400 MHz. 


Chemical shifts reported as δ-values relative to known solvent residue peaks. High-


resolution mass spectra (HRMS) were obtained in the analytical service in the 


Department of Chemistry at Virginia Tech. Known compounds were prepared through 


the reported procedures, and the NMR data of these compounds matched the literature 


values. All compounds were more than 95% pure as judged by the TLC and 1H NMR. 
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(3S,4Z,6S,7S,8S,9Z,12S,13R,14S,15S,16S)-15-(Carbamoyloxy)-3,7,13-trihydroxy-


6,8,10,12,14,16-hexamethylicosa-4,9-dienyl 3-(dimethylamino)benzoate (5.1) 


 


TBS ether 5.30 (18 mg, 0.024 mmol) was dissolved in MeOH (3.6 mL). After stirring 


for 15 minutes, HCl solution (3.6 mL, 4M in water) was added to the solution in small 


portions (0.15 mL per 10 minutes in 4 hours) at RT before NaHCO3 was added carefully 


to quench reaction. The solution was extracted with EtOAc, washed with brine, dried 


over Na2SO4, filtered and concentrated. The residue was purified by flash 


chromatography (80% EtOAc in hexanes) to give alcohol 5.31 (10 mg, 88%) as a 


colorless oil. 


To a solution of 3-(dimethylamino)benzoic acid (2.8 mg, 17 µmol) and DMAP (1.5 


mg, 12.3 µmol) in DCM (0.6 mL) was added a solution of alcohol 5.31 (4.2 mg, 8.7 µmol) 


in DCM (0.6 mL), followed by EDCI (3.9 mg, 20 µmol). After stirring at RT for 12 hours, 


water was added and the mixture was extracted with EtOAc. The organic layer was then 


washed by brine, dried over Na2SO4, filtered, concentrated and purified by flash 


chromatography (50% EtOAc in hexanes) to give 5.1 (1 mg, 18%) as a colorless oil. 


[α]D
25 -12.5 (c 0.2, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.40 (1H, dd, J = 2.6, 1.4 Hz), 


7.35 (1H, dd, J = 7.6, 1.2 Hz), 7.29 (1H, t, J = 7.9 Hz), 7.00 (1H, ddd, J = 8.2, 2.7, 0.9 
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Hz), 5.60 (1H, d, J = 10.3 Hz), 5.42 (1H, dd, J = 10.7, 9.2 Hz), 5.03 (1H, d, J = 10.0 Hz), 


4.65 (1H, t, J = 5.9 Hz), 4.53 (1H, td, J = 8.6, 3.6 Hz), 4.42 (2H, dd, J = 7.3, 5.6 Hz), 3.20 


(1H, t, J = 5.7 Hz), 3.14 (1H, dd, J = 7.7, 3.8 Hz), 2.99 (6H, s), 2.72 – 2.67 (1H, m), 2.52 


– 2.37 (2H, m), 2.18 – 2.08 (2H, m), 1.97 – 1.89 (3H, m), 1.88 – 1.78 (2H, m), 1.74 (1H, 


dd, J = 11.6, 2.6 Hz), 1.59 (3H, s), 1.46 – 1.41 (2H, m), 1.22 – 1.11 (4H, m), 1.07 (3H, d, 


J = 7.0 Hz), 0.95 (3H, d, J = 6.6 Hz), 0.93 (3H, t, J = 7.2 Hz), 0.91 – 0.89 (6H, m), 0.78 


(3H, d, J = 6.6 Hz); 13C NMR (500 MHz, CDCl3) δ 167.6, 159.1, 150.8, 133.0, 132.9, 


132.1, 130.7, 130.2, 128.8, 117.4, 117.0, 112.9, 79.2, 76.4, 64.1, 61.6, 48.3, 39.5, 36.8, 


36.5, 36.3, 36.1, 35.6, 34.4, 32.8, 30.4, 29.1, 22.7, 22.2, 18.2, 16.4, 15.3, 13.2, 13.0, 8.3; 


HRMS (ESI+) calc for C36H60N2O7Na [M + Na]+ 655.4298, found 655.4306. 


 


(2R,3R,4S,5Z,8S,9R,10R,11S,12S,Z)-9-(tert-Butyldimethylsilyloxy)-11-(4-methoxy 


benzyl-oxy)-3-(methoxymethoxy)-2,4,6,8,10,12-hexamethylhexadec-5-enal (5.4) 


 


To a vigorously stirred solution of PMB ether 5.22 (400 mg, 0.9 mmol) in DCM (6.4 


mL) and water (0.3 mL) was added DDQ (250 mg, 1.1 mmol) at 0 oC. After stirring for 


1.5 hours, NaHCO3 solution was added and the mixture was extracted with DCM, 


washed by Na2S2O3 solution, water and brine, dried over Na2SO4, filtered and 


concentrated to give the crude alcohol without purification. The crude alcohol was 


dissolved in DCM (4 ml) and then imidazole (123 mg, 1.8 mmol) and TBSCl (210 mg, 
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1.35 mmol) were added at RT. After stirring for 15 hours, the reaction was quenched by 


brine. The mixture was then extracted with DCM, washed with brine, dried over Na2SO4, 


filtered and concentrated. The residue was purified by flash chromatography (10% 


EtOAc in hexanes) to afford TBS ether 5.8 (300 mg, 75% over 2 steps) as a colorless oil. 


1H NMR (500 MHz, CDCl3) δ 5.46 (1H, dd, J = 8.7, 1.5 Hz), 4.68 (2H, dd, J = 16.7, 6.5 


Hz), 3.69 (1H, dd, J = 9.8, 4.0 Hz), 3.59 (1H, dd, J = 9.8, 6.5 Hz), 3.47 – 3.43 (1H, m), 


3.44 (3H, s), 2.54 (d, J = 1.4 Hz, 10H), 1.85 (1H, dtd, J = 13.6, 6.8, 4.0 Hz), 1.04 (3H, d, 


J = 6.9 Hz), 1.04 (3H, d, J = 6.9 Hz), 0.94 (9H, s), 0.09 (6H, s). Spectroscopic data 


agreed with the literature data.10 


To a solution of iodide 5.7 (87 mg, 0.15 mmol) in ether (1.74 mL) was added t-BuLi 


(0.18 mL, 1.7 M in pentane, 0.3 mmol), followed by MeO-9-BBN (0.3 mL, 1 M in 


hexane, 0.3 mmol) and THF (1.74 mL) at -78 oC. After stirring at RT for 1 hour, Cs2CO3 


solution (0.13 mL, 3 M in water, 0.38 mmol), a solution of vinyl iodide 5.8 (67 mg, 0.15 


mmol) in DMF (1.4 mL) and Pd(dppf)Cl2 (6.2 mg) were added successively. The 


resulting solution was covered with aluminum foil and stirred at RT for 20 hours. After 


dilution with water and ether, the mixture was extracted with ether, washed by brine, 


dried over Na2SO4, concentrated and purified by flash chromatography (5% EtOAc in 


hexanes) to afford TBS ether 5.23 (86 mg, 77%) as a colorless oil. [α]D
23 +4.0 (c 10.0, 


CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.28 (2H, d, J = 7.2 Hz), 6.87 (2H, d, J = 8.3 Hz), 


5.12 (1H, d, J = 10.2 Hz), 4.64 (2H, q, J = 6.5 Hz), 4.49 (2H, dd, J = 33.5, 10.7 Hz), 3.80 


(3H, s), 3.64 (1H, dd, J = 10.0, 3.8 Hz), 3.52 – 3.47 (2H, m), 3.41 (3H, s), 3.21 (1H, t, J = 


5.8 Hz), 3.14 (1H, t, J = 5.3 Hz), 2.64 – 2.49 (1H, m), 2.22 (1H, t, J = 13.3 Hz), 1.95 – 


1.80 (3H, m), 1.80 – 1.73 (2H, m), 1.63 (3H, s), 1.45 – 1.23 (4H, m), 1.20 – 1.12 (2H, m), 
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0.99 (3H, d, J = 6.6 Hz), 0.96 (3H, d, J = 6.8 Hz), 0.95 – 0.87 (9H, m), 0.94 (9H, s), 0.89 


(9H, s), 0.75 (3H, d, J = 6.7 Hz), 0.07 (3H, s), 0.06 (3H, s), 0.03 (6H, s). Spectroscopic 


data agreed with the literature data.5b 


This TBS ether (86 mg, 0.11 mmol) was dissolved in HCl/EtOH (1:99, 3.8 mL) at RT 


and stirred for 20 minutes. The reaction was quenched with NaHCO3 and extracted with 


DCM, dried over Na2SO4, filtered, and concentrated to give the crude alcohol without 


purification. 


To the crude alcohol (50 mg, 0.077 mmol) in DCM (0.4 mL) and DMSO (0.4 mL) 


was added Et3N (0.11 mL, 0.77 mmol) and pyridinium sulfurtrioxide (122 mg, 0.77 


mmol) at 0 oC. After stirring at 0 oC for 1 hour, NH4Cl solution and water was added. The 


mixture was extracted with DCM, washed by water and brine, dried over Na2SO4, filtered, 


concentrated and purified by flash chromatography (15% EtOAc in hexanes) to afford 


aldehyde 5.4 (33 mg, 65% over 2 steps) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 


9.62 (1H, d, J = 1.2 Hz), 7.27 (2H, d, J = 8.0 Hz), 6.88 (2H, d, J = 8.6 Hz), 4.85 (1H, d, J 


= 10.5 Hz), 4.67 (2H, dd, J = 8.2, 7.1 Hz), 4.53 (1H, d, J = 10.8 Hz), 4.43 (1H, d, J = 10.8 


Hz), 3.80 (3H, s), 3.62 (1H, dd, J = 8.1, 4.0 Hz), 3.46 (1H, dd, J = 5.2, 3.5 Hz), 3.37 (3H, 


s), 3.13 (1H, t, J = 5.2 Hz), 2.69 – 2.59 (2H, m), 2.18 (1H, t, J = 12.4 Hz), 1.95 – 1.81 


(2H, m), 1.77 – 1.65 (2H, m), 1.58 – 1.56 (3H, m), 1.52 (1H, ddd, J = 10.3, 7.6, 3.1 Hz), 


1.45 – 1.23 (3H, m), 1.19 – 1.13 (2H, m), 1.09 (3H, d, J = 7.0 Hz), 1.01 (3H, d, J = 6.6 


Hz), 0.98 (3H, d, J = 6.9 Hz), 0.96 (3H, d, J = 6.8 Hz), 0.93 (9H, s), 0.89 (3H, t, J = 7.2 


Hz), 0.72 (3H, d, J = 6.7 Hz), 0.07 (3H, s), 0.06 (3H, s); 13C NMR (500 MHz, CDCl3) δ 


202.7, 159.0, 135.7, 131.3, 129.1, 128.6, 113.7, 97.4, 85.3, 84.1, 77.5, 74.5, 56.0, 55.3, 
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49.5, 39.0, 37.3, 35.9, 35.2, 35.1, 31.1, 29.9, 26.3, 23.1, 18.5, 17.4, 17.2, 14.2, 13.5, 11.4, 


9.9, -3.4, -3.4; HRMS (APCI+) calc for C38H69O6Si [M + H]+ 649.4863, found 649.4865. 


 


1-(Bis(2,2,2-trifluoroethyl)phosphoryl)-4-(tert-butyldimethylsilyloxy)butan-2-one 


(5.5) 


 


To a solution of 1,3-propanediol (3 mL, 40 mmol) in THF (60 mL) was added NaH 


(1.2 g, 60%, 20 mmol) at RT. After stirring for 2.5 hours, TBSCl (630 mg, 4.3 mmol) 


was added and the mixture was stirred overnight before the addition of NaHCO3 solution 


in MeOH. The solution was then extracted with DCM, washed with water and brine, 


dried over Na2SO4, filtered, concentrated and purified by flash chromatography (30% 


EtOAc in hexanes) to afford TBS ether (800 mg, 90% based on TBSCl) as a colorless oil. 


To a solution of this TBS ether (590 mg, 3.11 mmol) in DCM (29 mL) was added 


NaHCO3 and Dess-Martin periodinane at RT. After stirring for 30 minutes, the solution 


was concentrated, diluted with hexane to participate byproduct, filtered and concentrated 


carefully to give the crude aldehyde without purification. A solution of this crude 


aldehyde in t-BuOH (13 mL) and 2-methyl-2-butene (1.5 mL) was treated with a solution 


of NaClO2 (500 mg, 5.5 mmol) and NaH2PO4 (1.85 g, 15.4 mmol) in water (12 mL) 


dropwise. After stirring for 1 hour, the reaction was partitioned between brine and DCM. 


The organic layer was dried over Na2SO4, filtered, concentrated and purified by flash 


chromatography (30% EtOAc in hexanes) to afford acid 5.25 (431 mg, 68% over 2 steps) 


186 


 







as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 3.91 (2H, t, J = 6.1 Hz), 2.58 (2H, t, J = 


6.1 Hz), 0.89 (9H, s), 0.09 (6H, s). 


To a solution of acid 5.25 (166 mg, 0.81 mmol) in DCM (9 mL) was added 1-chloro-


N,N,2-trimethyl-1-propenylamine (0.24 mL, 1.8 mmol). After stirring for 1 hour, the 


solution was concentrated and the crude acid chloride was dried in vacuo for 30 minutes. 


Meanwhile, LiHMDS (2.7 mL, 1.0 M in THF, 2.7 mmol) was added dropwise to a 


solution of methylphosphonic acid bis(2,2,2-trifluoroethyl) ester (700 mg, 2.67 mmol) in 


THF (2 mL) at -98 oC. After stirring for 15 minutes, a solution of the crude acid chloride 


in THF (5.8 mL) was added at -98 oC. The resulting solution was stirred for 1 hour at -98 


oC before adding NH4Cl solution to quench the reaction. The solution was then warmed 


to RT, and more NH4Cl solution was added. The mixture was extracted with DCM, dried 


over Na2SO4, filtered, concentrated and purified by flash chromatography (30% EtOAc in 


hexanes) to afford phosphonate 5.5 (135 mg, 40% over 2 steps) as a colorless oil. 1H 


NMR (500 MHz, CDCl3) δ 4.50 – 4.39 (4H, m), 3.90 (2H, t, J = 6.0 Hz), 3.38 (1H, s), 


3.34 (1H, s), 2.74 (2H, td, J = 6.0, 0.8 Hz), 0.88 (9H, s), 0.06 (6H, s); 13C NMR (500 


MHz, CDCl3) δ 200.7, 122.6 (dd, J = 551.5, 16.6 Hz), 62.5 (dq, J = 75.8, 11.1 Hz), 58.6, 


47.2 (d, J = 10.4 Hz), 42.8, 41.7, 25.9, 18.3, -5.5; HRMS (ESI+) calc for C14H26F6O5PSi 


[M + H]+ 447.1191, found 447.1186. 
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tert-Butyl((2R,3S,4R,5S,6S)-1-iodo-5-(4-methoxybenzyloxy)-2,4,6-trimethyldecan-3-


yloxy)dimethylsilane (5.7) 


 


To a solution of trityl ether 5.19 (626 mg, 0.89 mmol) in ether (20 mL) was added a 


solution of formic acid (20 mL) in ether (20 mL) dropwise at RT. After stirring for 12 


hours, the reaction was diluted with water and quenched carefully with solid K2CO3. The 


aqueous layer was extracted with ether and the combined organic phases were 


concentrated, dissolved in MeOH and treated with K2CO3. After stirring for 20 minutes, 


the solution was diluted with water and ether. The aqueous layer was extracted with ether 


and the combined organic phases were washed with water and brine, concentrated and 


purified by flash chromatography (5%-10% EtOAc in hexanes) to give the alcohol (346 


mg, 84%) as a colorless oil. Spectroscopic data agreed with the literature data.5b 


This alcohol (346 mg, 0.75 mmol) was dissolved in EtOAc (5 mL) and PtO2 (15 mg, 


on carbon) was added. The mixture was submitted to a hydrogen pressure (10-15 psi) and 


stirred for 4 hours. After filtration and concentration, the residue was purified by flash 


chromatography (10% EtOAc in hexanes) to afford the hydrogenated alcohol as a 


colorless oil which was used in the next step without purifications. 


To a solution of this hydrogenated alcohol, PPh3 (380 mg, 1.43 mmol) and imidazole 


(100 mg, 1.43 mmol) in benzene/ether (1:2, 15 mL) was added a solution of iodine (290 


mg, 1.13 mmol) in ether (3 mL) at 0 oC. After stirring for 1 hour at RT, NaHCO3 solution 
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was added and the mixture was extracted with ether, washed by Na2S2O3 solution, water 


and brine, dried over Na2SO4, filtered, concentrated and purified by flash 


chromatography (5% EtOAc in hexanes) to afford iodide 5.7 (476.4 mg, 90% over 2 


steps) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 7.29 (2H, d, J = 8.6 Hz), 6.89 (2H, 


d, J = 8.7 Hz), 4.52 (2H, dd, J = 30.1, 10.8 Hz), 3.81 (3H, s), 3.63 (1H, dd, J = 6.2, 3.0 


Hz), 3.15 (1H, dd, J = 9.5, 6.1 Hz), 3.09 (2H, dt, J = 9.5, 5.0 Hz), 1.95 (1H, ddd, J = 13.3, 


6.8, 3.0 Hz), 1.87 – 1.81 (1H, m), 1.79 – 1.71 (1H, m), 1.59 – 1.52 (1H, m), 1.46 – 1.25 


(3H, m), 1.24 – 1.12 (2H, m), 0.99 (3H, d, J = 6.8 Hz), 0.97 (3H, d, J = 7.0 Hz), 0.94 (3H, 


d, J = 6.8 Hz), 0.92 (9H, s), 0.90 (3H, t, J = 7.2 Hz), 0.08 (3H, s), 0.08 (3H, s); 13C NMR 


(500 MHz, CDCl3) δ 159.2, 131.5, 129.3, 113.9, 84.7, 75.6, 74.4, 55.4, 40.9, 39.4, 36.2, 


31.7, 30.0, 26.4, 23.3, 18.7, 17.1, 15.3, 14.5, 14.4, 11.6, -3.3, -3.4; HRMS (ESI+) calc for 


C46H63O4Si [M + H]+ 577.2574, found 577.2578. Spectroscopic data agreed with the 


literature data.5b 


 


(R)-4-Benzyl-3-((2R,3S,4S)-3-hydroxy-5-(4-methoxybenzyloxy)-2,4-dimethylpentan-


oyl)oxazolidin-2-one (5.12) 


 


To a suspension of NaH (275 mg, 60%, 6.83 mmol) in Et2O (45 mL) was added a 


solution of PMBOH (8.5 mL, 68.3 mmol) in Et2O (35 mL) at RT. After stirring for 1 


hour, the mixture was cooled to 0 oC and Cl3CCN (6.8 mL, 68.3 mmol) was added. The 
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mixture was then stirred at 0 oC for 5 minutes and at RT for 20 minutes before adding 


NaHCO3 solution. The organic layer was separated, washed with brine, dried over 


Na2SO4, filtered and concentrated. The residue was dissolved in DCM (90 mL), and ester 


5.9 (5 mL, 45.5 mmol) and PPTS (500mg) was added. After the mixture had stirred at RT 


for 22 hours, NaHCO3 was added and the organic layer was washed with NaHCO3 


solution and brine, dried over Na2SO4, filtered, concentrated and purified by flash 


chromatography (5% EtOAc in hexanes) to give PMB ether 5.10 (9.65 g, 90%) as a 


colorless oil. 1H NMR (500 MHz, CDCl3) δ 7.24 (2H, dd, J = 8.7, 0.5 Hz), 6.87 (2H, d, J 


= 8.7 Hz), 4.49 – 4.41 (2 H, ABq, J = 11.8, 2.5 Hz), 3.80 (3H, s), 3.69 (3H, s), 3.62 (1H, 


dd, J = 9.1, 7.3 Hz), 3.45 (1H, dd, J = 9.2, 5.9 Hz), 2.81 – 2.72 (1H, m), 1.66 (3H, d, J = 


7.1 Hz); 13C NMR (500 MHz, CDCl3) δ 175.2, 159.1, 130.2, 129.1, 113.6, 72.6, 71.6, 


55.01, 51.6, 40.1, 13.9. Spectroscopic data agreed with the literature data.8b 


LiAlH4 (310 mg) was added to a solution of ester 5.10 (1.9 g, 8.1 mmol) in Et2O (40 


mL) at 0 oC. After stirring at 0 oC for 4 hours, small amount of cold water was added 


carefully and slowly and the mixture was diluted with EtOAc before being dried over 


Na2SO4, filtered and concentrated to give crude alcohol as a colorless oil. 


To a solution of DMSO (1.9 mL) in DCM (39 mL) was added oxalyl chloride (1.14 


mL, 13 mmol) at -78 oC. After stirring for 30 minutes, a solution of the crude alcohol in 


DCM (3 mL) was added to the solution. The resulting solution was stirred at -78 oC for 


45 minutes before adding iPr2NEt (9.2 mL, 53 mmol). After stirring at -78 oC for another 


30 minutes, the solution was warmed slowly to 0 oC, and NaHCO3 solution was added. 


The organic layer was separated, washed with water and brine, dried over Na2SO4, 


filtered and concentrated to give crude aldehyde 5.11 as a colorless oil. 
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Bu2BOTf (9.7 mL, 1.0 M in DCM, 9.7 mmol) and Et3N (1.5 mL, 10.5 mmol) was 


added successively to a solution of (R)-4-benzyl-3-propionyloxazolidin-2-one8b (2.2 g, 


9.33 mmol) in DCM (23 mL) at 0 oC. The resulting light yellow solution was stirred at 0 


oC for 30 minutes and then cooled to -78 oC before slowly adding a solution of crude 


aldehyde 5.11 in DCM (5 mL). After stirring at -78 oC for 2 hours and at 0 oC for another 


2 hours, pH 7 buffer was added, followed by the addition of H2O2 in MeOH (1: 2) at 0 oC. 


The mixture was warmed to RT slowly and stirred overnight. The mixture was then 


extracted with EtOAc (3x50 mL), washed with NaHCO3, water and brine, dried over 


Na2SO4, filtered and concentrated. The residue was purified by flash chromatography 


(25%-30% EtOAc in hexanes) to give amide 5.12 (3.1 g, 87% over 3 steps) as a colorless 


oil. 1H NMR (500 MHz, CDCl3) δ 7.36 – 7.31 (2H, m), 7.30 – 7.27 (1H, m), 7.25 – 7.18 


(4H, m), 6.86 (2H, d, J = 8.7 Hz), 4.70 – 4.63 (1H, m), 4.44 (2H, s), 4.19 – 4.16 (2H, m), 


3.93 (1H, qd, J = 7.0, 3.1 Hz), 3.89 – 3.84 (1H, m,), 3.80 (3H, s), 3.57 (1H, dd, J = 9.2, 


4.4 Hz), 3.52 (1H, dd, J = 9.2, 7.3 Hz), 3.32 (1H, dd, J = 13.3, 3.2 Hz), 2.76 (1H, dd, J = 


13.3, 9.7 Hz), 2.01 – 1.91 (1H, m), 1.25 (3H, d, J = 6.9 Hz), 0.94 (3H, d, J = 7.0 Hz). 


Spectroscopic data agreed with the literature data.8b 


 


(2R)-N-Methoxy-2-((4S,5S)-2-(4-methoxyphenyl)-5-methyl-1,3-dioxan-4-yl)-N-


methylpropanamide (5.14) 
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To a solution of N,O-dimethylhydroxylamine hydrochloride (2.3 g, 23.1 mmol) in 


THF (17 mL) was slowly added AlMe3 (11.55 mL, 2.0 M in hexane, 23.1 mmol) at 0 oC 


(venting required). After stirring at 0 oC for 30 minutes and at RT for 90 minutes, a 


solution of PMB ether 5.12 (3.39 g, 7.7 mmol) in THF (17 mL) was introduced slowly at 


-20 oC and the solution was stirred at -20 oC for 90 minutes before pouring the solution 


into HCl solution (1 N, 50 mL) and DCM (50 mL). After stirring at 0 oC for another 90 


minutes, the mixture was extracted with DCM (3 x 50 mL). The combined organic phases 


were then washed with water and brine, dried over Na2SO4, filtered and concentrated. 


The residue was purified by flash chromatography (30% EtOAc in hexanes) to give 


Weinreb amide 5.13 (1.88 g, 75%) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 7.25 


(3H, d, J = 8.6 Hz), 6.87 (2H, d, J = 8.7 Hz), 4.45 (2H, dd, J = 17.2, 11.6 Hz), 4.02 (1H, d, 


J = 2.7 Hz), 3.80 (3H, s), 3.73 – 3.67 (1H, m), 3.67 (3H, s), 3.62 (1H, dd, J = 9.1, 4.0 Hz), 


3.53 (1H, dd, J = 9.1, 5.9 Hz), 3.18 (3H, s), 3.08 – 2.99 (1H, m), 1.93 – 1.80 (1H, m), 


1.17 (3H, d, J = 7.0 Hz), 0.97 (3H, d, J = 6.9 Hz). Spectroscopic data agreed with the 


literature data.8b 


To the mixture of this amide 5.13 (2.7 g, 8.3 mmol) and molecular sieves (3.2g, 4 Ǻ) 


in DCM (63 mL) was added DDQ (2.26 g, 9.97 mmol) at -10 oC. After stirring at 0 oC for 


90 minutes, the mixture was filtered through celite pad and the filtrate was washed by 


NaOH solution (1 N) and brine, dried over Na2SO4, filtered and concentrated. The 


residue was purified by flash chromatography (30% EtOAc in hexanes) to give acetal 


5.14 (2.15 g, 80%) as a colorless liquid. 1H NMR (500 MHz, CDCl3) δ 7.41 (2H, d, J = 


8.4 Hz), 6.87 (2H, d, J = 8.9 Hz), 5.47 (1H, s), 4.05 (1H, dd, J = 11.3, 4.7 Hz), 3.82 (1H, 


dd, J = 9.7, 6.5 Hz), 3.80 (3H, s), 3.71 (3H, s), 3.52 (1H, t, J = 11.2 Hz), 3.19 (3H, s), 
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3.19 – 3.15 (1H, m), 1.95 (1H, m), 1.27 (3H, d, J = 7.0 Hz), 0.76 (3H, d, J = 6.7 Hz); 13C 


NMR (500 MHz, CDCl3) δ 159.8, 131.3, 127.3, 113.6, 100.8, 82.9, 72.9, 61.5, 55.4, 39.0, 


33.9, 13.2, 12.5; HRMS (ESI+) calc for C17H26NO5 [M + H]+ 324.1810, found 324.1821. 


Spectroscopic data agreed with the literature data.8b 


 


(2R)-2-((4S,5S)-2-(4-methoxyphenyl)-5-Methyl-1,3-dioxan-4-yl)propanal (5.15) 


 


A solution of acetal 5.14 (2.15 g, 6.7 mmol) in THF (13 mL) was added to a solution 


of LiAlH4 (430 mg, 11.3 mmol) in THF (50 mL) slowly at -60 oC. After stirring at -60 oC 


for 2 hours and 0 oC for 1 hour, glacial acetic acid (2 mL) was added to the solution, 


followed by sodium potassium tartrate solution (66 mL) and the mixture was stirred at 


RT for another 1 hour before diluted with hexanes. The mixture was then extracted with 


DCM and the organic phase was washed by brine, dried over Na2SO4, filtered and 


concentrated. The residue was purified by flash chromatography (20% EtOAc in hexanes) 


to give aldehyde 5.15 (1.7 g, 96%). 1H NMR (500 MHz, CDCl3) δ 9.76 (1H, s), 7.34 (2H, 


d, J = 8.4 Hz), 6.86 (2H, d, J = 8.9 Hz), 5.49 (1H, s), 4.15 (1H, dd, J = 11.3, 4.7 Hz), 4.07 


(1H, dd, J = 10.1, 2.3 Hz), 3.79 (3H, s), 3.58 (1H, t, J = 11.1 Hz), 2.58 (1H, ddd, J = 7.2, 


6.1, 4.1 Hz), 2.17 – 2.05 (1H, m), 1.24 (3H, d, J = 7.1 Hz), 0.82 (3H, d, J = 6.7 Hz); 13C 


NMR (500 MHz, CDCl3) δ 204.3, 160.1, 130.9, 127.4, 113.7, 101.1, 81.8, 73.0, 55.4, 
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47.5, 30.5, 12.1, 7.2; HRMS (ESI+) calc for C15H21O4 [M + H]+ 265.1440, found 


265.1443. Spectroscopic data agreed with the literature data.8b 


 


(2S,3S,4R,5R,6S)-5-(tert-butyldimethylsilyloxy)-3-(4-methoxybenzyloxy)-2,4,6-


trimethyl-7-trityloxy-heptan-1-ol (5.18) 


 


Bu2BOTf (4.04 mL, 1 M in DCM, 4.04 mmol) and Et3N (0.74 mL, 5.3 mmol) was 


added successively to a solution of (R)-4-benzyl-3-propionyloxazolidin-2-one (1.02 g, 


4.35 mmol) in DCM (6 mL) at 0 oC. The resulting light yellow solution was stirred at 0 


oC for 30 minutes and then cooled to -78 oC before adding a solution of aldehyde 5.15 


(821 mg, 3.11 mmol) in DCM (2 mL) slowly. After stirring at -78 oC for 2 hours and at 0 


oC for another 2 hours, pH 7 buffer was added, followed by the addition of H2O2 in 


MeOH (1: 2) at 0 oC. The mixture was warmed to RT slowly and stirred overnight. The 


mixture was then extracted with EtOAc (3 x 50 mL), washed with NaHCO3, water and 


brine, dried over Na2SO4, filtered and concentrated. The residue was purified by flash 


chromatography (20% EtOAc in hexanes) to give amide 5.16 (1.34 g, 86%) as a colorless 


oil. Spectroscopic data agreed with the literature data.8b 


To a solution of alcohol 5.16 (1.33 g, 2.6 mmol) and 2,6-lutidine (0.61 mL, 5.2 mmol) 


in DCM (7.4 mL) was added TBSOTf (1 mL, 3.9 mmol) at -20 oC. After stirring at 0 oC 


for 2 hours, the solution was diluted with ether, washed with NaHSO4 and brine, dried 
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over Na2SO4, filtered, concentrated and purified by flash chromatography (10% EtOAc in 


hexanes) to give TBS ether (1.52 g, 93%) as a colorless oil. Spectroscopic data agreed 


with the literature data.8b 


This TBS ether (1.52 g, 2.4 mmol) was dissolved in THF (27 mL). EtOH (0.3 mL) 


and LiBH4 (2.4 mL, 2 M in THF, 4.8 mmol) added to the solution at -30 oC. After stirring 


at 0 oC for 1 hour and RT for 12 hours, the solution was diluted with Et2O. Then NaOH 


solution (1 N) was added and the mixture was stirred for additional 2 hours. The organic 


phase was washed by brine, dried over Na2SO4, filtered, concentrated and purified by 


flash chromatography (20% EtOAc in hexanes) to give alcohol 5.17 (820 mg, 74%) as a 


colorless oil. Spectroscopic data agreed with the literature data.8b 


To a solution of alcohol 5.17 (820 mg, 1.8 mmol) in pyridine (18 mL) was added 


TrCl (1.06 g, 3.8 mmol) and DMAP (464 mg, 3.8 mmol). After refluxing for 18 hours, 


the solution was cooled to RT and citric acid was added. The mixture was extracted with 


DCM and the organic phase was washed with citric acid, water and NaHCO3 solution, 


dried over Na2SO4, filtered and concentrated to give crude trityl ether as a white solid 


which was used in the next step without purifications. 


This trityl ether was dissolved in DCM (11 mL). DIBAL-H (9 mL, 1 M in toluene, 9 


mmol) was added at 0 oC. After stirring for 3 hours, MeOH was added dropwise, 


followed by potassium sodium tartrate and EtOAc. The solution was stirred for another 1 


hour. The mixture was then extrated with DCM, and the organic phase was washed by 


water, dried over Na2SO4, filtered and concentrated. The residue was purified by flash 


chromatography (20% EtOAc in hexanes) to give alcohol 5.18 (1.09 g, 86% over 2 steps) 


195 


 







as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 7.44 – 7.40 (6 H, m), 7.28 – 7.16 (11 H, 


m), 6.83 (2 H, d, J 8.7), 4.47 (2 H, dd, J 30.1, 10.4), 3.79 (3 H, s), 3.73 – 3.65 (2 H, m), 


3.56 (1 H, dt, J 11.0, 5.5), 3.32 (1 H, dd, J 6.3, 4.6), 3.07 (1 H, dd, J 9.1, 6.5), 3.01 (1 H, 


dd, J 9.0, 7.3), 2.70 (1 H, dd), 2.04 – 1.99 (1 H, m), 1.91 (1 H, ddd, J 13.1, 6.3, 3.5), 1.84 


(1 H, td, J 6.9, 4.6), 0.99 (3 H, d, J 7.0), 0.93 (3 H, d, J 7.0), 0.91 (3 H, d, J 6.8), 0.79 (8 


H, s), -0.03 (3 H, s), -0.25 (2 H, s); 13C NMR (500 MHz, CDCl3) δ 159.35, 144.42, 


130.48, 129.37, 128.82, 127.82, 127.00, 113.96, 100.00, 86.77, 86.07, 75.24, 73.83, 67.22, 


66.05, 55.36, 40.69, 38.36, 37.96, 26.25, 18.53, 15.60, 11.80, 11.51, -3.40, -3.89.; HRMS 


(ESI+) calc for C43H59O5Si [M + H]+ 683.4131, found 683.4128. 


 


tert-Butyl((2S,3R,4R,5S,6S,Z)-5-(4-methoxybenzyloxy)-2,4,6-trimethyl-1-(trityloxy) 


dec-7-en-3-yloxy)dimethylsilane (5.19) 


 


To a solution of DMSO (0.41 mL) in DCM (7.5 mL) was added oxalyl chloride (0.22 


mL, 2.5 mmol) at -78 oC. After stirring for 30 minutes, a solution of alcohol 5.18 (1.09 g, 


1.55 mmol) in DCM (1 mL) was added. The resulting solution was stirred at -78 oC for 


45 minutes before adding Et3N (1.5 mL, 11 mmol). After stirring at -78 oC for another 30 


minutes, the solution was warmed to 0 oC slowly, and NaHCO3 solution was added. The 


organic layer was separated, washed with water and brine, dried over Na2SO4, filtered 
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and concentrated to give crude aldehyde as a colorless oil which was used in the next step 


without purification. 


Propyltriphenylphosphonium bromide (1.1 g, 2.9 mmol) was suspended in THF (6 


mL). n-BuLi solution (1.14 mL, 2.5 M in hexane, 2.9 mmol) was added dropwise at -78 


oC. After stirring at RT for 40 minutes, the resulting orange solution was added to a 


solution of the above crude aldehyde in THF (8 mL) at -78 oC until the orange color 


persisted. Then the solution was warmed to -10 oC, stirred for 1 hour and quenched with 


saturated NH4Cl solution. The mixture was then diluted with hexane and the layers 


separated. The combined organic layers were washed with water (2 x 20 mL) and brine 


(20 mL), dried (MgSO4), concentrated and purified by flash chromatography (5% 


EtOAc/hexanes) to afford trityl ether 5.19 (766 mg, 70% over 2 steps) as a colorless oil. 


1H NMR (500 MHz, CDCl3) δ 7.45 – 7.41 (6H, m), 7.28 – 7.17 (11H, m), 6.81 (2H, d, J 


= 8.7 Hz), 5.36 (1H, dd, J = 10.9, 9.6 Hz), 5.28 (1H, dt, J = 11.0, 7.1 Hz), 4.45 (2H, dd, J 


= 80.0, 10.6 Hz), 3.79 (3H, s), 3.52 (1H, dd, J = 5.7, 3.3 Hz), 3.16 (1H, t, J = 5.2 Hz), 


3.06 (1H, dd, J = 8.8, 5.5 Hz), 2.85 (1H, t, J = 8.8 Hz), 2.77 – 2.71 (1H, m), 2.05 – 1.99 


(2H, m), 1.90 (1H, ddd, J = 15.6, 11.0, 4.6 Hz), 1.70 (1H, dd, J = 12.5, 5.7 Hz), 0.99 (3H, 


d, J = 6.9 Hz), 0.96 (3H, d, J = 6.9 Hz), 0.91 – 0.87 (6H, m), 0.79 (9H, s), -0.03 (3H, s), -


0.24 (3H, s); 13C NMR (500 MHz, CDCl3) δ 159.0, 144.6, 131.7, 131.6, 129.1, 128.9, 


128.1, 127.8, 127.0, 113.7, 86.6, 84.5, 74.7, 74.2, 67.2, 55.4, 40.1, 38.8, 35.3, 26.3, 21.0, 


18.9, 18.6, 14.5, 12.6, 11.1, -3.3, -3.9; HRMS (ESI+) calc for C46H63O4Si [M + H]+ 


707.4496, found 707.4499. Spectroscopic data agreed with the literature data.5b 
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1-(((2S,3R,4S,Z)-6-Iodo-3-(methoxymethoxy)-2,4-dimethylhept-5-enyloxy)methyl)-4-


methoxybenzene (5.22) 


 


To a solution of Weinreb amide 5.13 (420 mg, 1.14 mmol) in THF (11.4 mL) was 


added DIBAL-H (1.4 mL, 1 M in toluene, 1.4 mmol) dropwise at -10 oC. After stirring 


for 3 hours, the solution was poured into Rochelle’s solution, diluted with ether and 


stirred for another 30 minutes. Two layers formed and the organic layer was washed with 


water and brine, dried over Na2SO4, filtered and concentrated to give the crude aldehyde 


without purification. 


To a solution of ethyltriphenylphosphonium iodide (326 mg, 0.78 mmol) in THF (2 


mL) was added n-BuLi (0.30 mL, 2.5 M in hexane, 0.75 mmol) at 0 oC. After stirring for 


10 minutes, the solution was cooled to -78 oC, and a pre-cooled (-78 oC) solution of 


iodine (198 mg, 0.78 mmol) in THF (4.5 mL) was added. The resulting slurry mixture 


was stirred at -70 oC for 15 minutes before warmed to -23 oC. NaHMDS (0.7 mL, 1 M in 


THF, 0.7 mmol) was added. After stirring at -23 oC for 10 minutes, the red solution was 


cooled to -33 oC and the crude aldehyde in THF (0.5 mL) was added and the solution was 


stirred at -33 oC for 30 minutes before warming to RT and addition of MeOH. The 


mixture was then concentrated and purified by flash chromatography (5-10% EtOAc in 


hexanes) to give vinyl iodide 5.22 (38 mg, 32%) as a colorless oil. 1H NMR (500 MHz, 


CDCl3) δ 7.26 (2H, d, J = 8.7 Hz), 6.87 (2H, d, J = 8.7 Hz), 5.35 (1H, dq, J = 8.9, 1.4 Hz), 


4.60 (2H, dd, J = 14.8, 6.6 Hz), 4.42 (2H, s), 3.80 (3H, s), 3.52 (1H, dd, J = 9.1, 4.3 Hz), 
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3.41 – 3.37 (1H, m), 3.37 (3H, s), 3.34 (1H, dd, J = 9.1, 7.1 Hz), 2.65 – 2.53 (1H, m), 


2.46 (3H, d, J = 1.4 Hz), 2.03 – 1.92 (1H, m), 1.04 (3H, d, J = 6.9 Hz), 0.99 (3H, d, J = 


6.8 Hz); 13C NMR (500 MHz, CDCl3) δ159.2, 138.7, 131.0, 129.4, 113.9, 99.8, 98.3, 84.0, 


72.9, 72.2, 56.2, 55.4, 43.8, 36.9, 33.7, 15.0, 14.5; HRMS (ESI+) calc for C19H29IO4Na 


[M + Na]+ 471.1008, found 471.1001. Spectroscopic data agreed with the literature 


data.8b 


 


(8Z,10S,11S,12S,13Z,16S,17R)-17-((2R,3S,4S)-3-(4-methoxybenzyloxy)-4-


methyloctan-2-yl)-11-(methoxymethoxy)-2,2,3,3,10,12,14,16,19,19,20,20-


dodecamethyl-4,18-dioxa-3,19-disilahenicosa-8,13-dien-7-one (5.27) 


5.8 5.8


PMBO OTBS OMOM


5.27


O


OTBS
 


K2CO3 (60 mg, 0.43 mmol) and 18-crown-6 (228 mg, 0.86 mmol) were dissolved in 


toluene (0.6 mL) and HMPA (0.06 mL) at RT and the mixture was stirred for 3 hours 


before adding a solution of aldehyde 5.4 (38 mg, 0.07 mmol) and phosphonate 5.5 (103 


mg, 0.23 mmol) in toluene (0.6 mL) and HMPA (0.06 mL) at -10 oC. After stirring at -5 


oC for 18 hours, NH4Cl solution was added to quench the reaction and the mixture was 


extracted with EtOAc, washed with brine, dried over Na2SO4, filtered, concentrated and 


purified by flash chromatography (20% EtOAc in hexanes) to afford the new TBS ether 
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5.27 (51 mg, 85%) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 7.27 (2H, d, J = 8.5 


Hz), 6.87 (2H, d, J = 8.7 Hz), 6.15 – 6.08 (2H, m), 4.90 (1H, d, J = 10.3 Hz), 4.73 (2H, 


dd, J = 36.7, 6.7 Hz), 4.48 (2H, dd, J = 36.0, 10.8 Hz), 3.95 – 3.84 (2H, m), 3.80 (3H, s), 


3.75 – 3.64 (1H, m), 3.49 – 3.46 (1H, m), 3.41 (3H, s), 3.25 (1H, d, J = 7.3, 3.8 Hz), 3.13 


(1H, t, J = 5.4 Hz), 2.73 – 2.55 (2H, m), 2.54 – 2.42 (1H, m), 2.16 (1H, t, J = 12.5 Hz), 


1.95 – 1.80 (2H, m), 1.74 – 1.65 (2H, m), 1.57 (3H, s), 1.51 (1H, ddd, J = 10.7, 8.0, 2.7 


Hz), 1.45 – 1.25 (3H, m), 1.20 – 1.13 (2H, m), 1.02 (3H, d, J = 6.9 Hz), 0.98 (3H, d, J = 


6.9 Hz), 0.96 (3H, d, J = 6.8 Hz), 0.96 (3H, d, J = 6.6 Hz), 0.93 (9H, s), 0.89 (3H, t, J = 


7.3 Hz), 0.87 (9H, s), 0.72 (2H, d, J = 6.7 Hz), 0.07 (3H, s), 0.06 (3H, s), 0.04 (3H, s), 


0.04 (3H, s); 13C NMR (500 MHz, CDCl3) δ 199.6, 159.0, 151.1, 133.0, 131.4, 130.0, 


129.0, 125.7, 113.7, 97.6, 86.9, 85.6, 77.5, 74.6, 59.1, 56.2, 55.3, 47.2, 38.8, 36.7, 36.2, 


35.9, 35.6, 35.4, 30.9, 29.9, 29.7, 26.3, 25.9, 23.1, 18.5, 18.3, 17.5, 17.3, 16.9, 14.2, 14.0, 


11.4, -3.4, -3.5, -5.4, -5.4; HRMS (ESI+) calc for C48H88O7Si2Na [M + Na]+ 855.5966, 


found 855.5944. 


 


(8Z,10S,11S,12S,13Z,16S,17R)-17-((2R,3S,4S)-3-hydroxy-4-methyloctan-2-yl)-11-


(methoxymethoxy)-2,2,3,3,10,12,14,16,19,19,20,20-dodecamethyl-4,18-dioxa-3,19-


disilahenicosa-8,13-dien-7-one (5.28) 


200 


 


 







To a vigorously stirred solution of PMB ether 5.27 (45 mg, 0.06 mmol) in DCM (2.7 


mL) and pH 7 buffer (0.3 mL) was added DDQ (25 mg, 0.11 mmol) at 0 oC. After stirring 


for 1.5 hours, NaHCO3 solution was added and the mixture was extracted with DCM, 


washed by Na2S2O3 solution, water and brine, dried over Na2SO4, filtered, concentrated 


and purified by flash chromatography (20% EtOAc in hexanes) to give alcohol 5.28 (28 


mg, 75%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 6.21 – 6.08 (2H, m), 4.92 (1H, 


d, J = 10.2 Hz), 4.73 (2H, dd, J = 24.2, 6.7 Hz), 3.90 (2H, qt, J = 10.3, 6.6 Hz), 3.71 (1H, 


ddd, J = 9.0, 6.9, 3.7 Hz), 3.65 (1H, t, J = 3.9 Hz), 3.41 (3H, s), 3.26 (2H, dd, J = 7.2, 3.8 


Hz), 2.70 (1H, dt, J = 15.9, 6.7 Hz), 2.60 (1H, dt, J = 15.9, 6.4 Hz), 2.54 – 2.45 (1H, m), 


2.14 (1H, t, J = 12.1 Hz), 1.90 – 1.79 (3H, m), 1.70 (1H, br s), 1.66 – 1.61 (1H, m), 1.59 


(3H, d, J = 0.9 Hz), 1.55 – 1.50 (1H, m), 1.43 – 1.26 (3H, m), 1.24 – 1.15 (1H, m), 1.13 – 


1.05 (1H, m), 1.03 (3H, d, J = 6.9 Hz), 0.97 (3H, d, J = 6.6 Hz), 0.92 (9H, s), 0.90 (3H, t, 


J = 7.3 Hz), 0.89 (3H, d, J = 7.0 Hz), 0.87 (9H, s), 0.84 (3H, d, J = 6.7 Hz), 0.74 (3H, d, J 


= 6.9 Hz), 0.10 (3H, s), 0.10 (3H, s), 0.05 (3H, s), 0.04 (3H, s); 13C NMR (500 MHz, 


CDCl3) δ 199.6, 151.0, 133.3, 130.0, 125.8, 97.8, 87.1, 79.7, 79.1, 59.0, 56.2, 47.2, 36.9, 


36.4, 36.2, 36.0, 35.8, 35.3, 31.9, 29.2, 26.2, 25.9, 23.2, 23.2, 18.4, 18.3, 17.5, 17.1, 16.0, 


14.5, 14.2, 8.8, -3.2, -4.1, -5.4, -5.4; HRMS (ESI+) calc for C40H80O6Si2Na [M + Na]+ 


735.5391, found 735.5401. 
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(5S,6S,7R,8R,9S,11Z,13S,14S,15S,16Z)-8,20-bis(tert-butyldimethylsilyloxy)-14-


(methoxymethoxy)-5,7,9,11,13,15-hexamethyl-18-oxoicosa-11,16-dien-6-yl 


carbamate (5.29) 


5.8 5.8


5.29


O OTBS OMOM


O


OTBS


O


NH2


 


To a solution of alcohol 5.28 (28 mg, 0.04 mmol) in DCM (3.7 mL) was added 


Cl3CCONCO (24 µL, 0.2 mmol) at RT. After stirring for 1.5 hours, the solution was 


loaded onto a neutral Al2O3 plug and left for 2 hours. The Al2O3 plug was then flushed 


with EtOAc (100 mL) and the solution was concentrated and purified by flash 


chromatography (30% EtOAc in hexanes) to afford carbamate 5.29 (24 mg, 82%) as a 


colorless oil. 1H NMR (500 MHz, CDCl3) δ 6.17 – 6.06 (2H, m), 4.86 (1H, d, J = 10.3 


Hz), 4.73 (2H, dd, J = 33.8, 6.7 Hz), 4.69 (2H, br s), 4.61 (1H, dd, J = 7.2, 4.6 Hz), 3.91 


(2H, t, J = 6.8 Hz), 3.68 (1H, dqd, J = 10.3, 6.9, 3.6 Hz), 3.40 (3H, s), 3.40 – 3.38 (1H, 


m), 3.22 (1H, dd, J = 7.8, 3.5 Hz), 2.67 (2H, td, J = 6.8, 2.7 Hz), 2.50 – 2.41 (1H, m), 


2.15 (1H, t, J = 12.4 Hz), 1.96 – 1.87 (2H, m), 1.73 – 1.62 (2H, m), 1.59 (3H, s), 1.45 – 


1.23 (4H, m), 1.17 – 1.03 (2H, m), 1.01 (3H, d, J = 7.0 Hz), 0.94 (3H, d, J = 6.6 Hz), 0.91 


(9H, s), 0.90 – 0.85 (9H, m), 0.86 (9H, s), 0.69 (3H, d, J = 6.8 Hz), 0.07 (3H, s), 0.06 (3H, 


s), 0.04 (3H, s), 0.04 (3H, s); 13C NMR (500 MHz, CDCl3) δ 199.4, 157.1, 151.1, 133.4, 


129.6, 125.7, 97.8, 87.2, 79.9, 77.1, 59.1, 56.2, 47.1, 37.4, 36.6, 36.3, 36.0, 34.9, 34.9, 
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31.1, 29.4, 26.2, 25.9, 23.0, 22.9, 18.5, 18.3, 17.7, 17.0, 16.1, 14.1, 13.0, 10.5, -3.4, -3.6, -


5.4; HRMS (ESI+) calc for C41H81NO7Si2Na [M + Na]+ 778.5449, found 778.5462. 


 


(5S,6S,7R,8R,9S,11Z,13S,14S,15S,16Z,18S)-8,20-bis(tert-butyldimethylsilyloxy)-18-


hydroxy-14-(methoxymethoxy)-5,7,9,11,13,15-hexamethylicosa-11,16-dien-6-yl 


carbamate (5.30) 


 


A solution of ketone 5.29 (15 mg, 0.02 mmol) in toluene (3.7 mL) was treated with 


K-selectrideTM (40 µL, 1 M in THF, 0.04 mmol) at -78 oC. After stirring for 2 hours, one 


drop of AcOH was added to quench the reaction. The solution was diluted with EtOAc, 


washed with water and brine, dried over Na2SO4, filtered and concentrated. The residue 


was purified by flash chromatography (15% EtOAc in hexanes) to give alcohol 5.30 (14 


mg, 90%) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 5.49 – 5.38 (2H, m), 5.03 (1H, 


d, J = 10.1 Hz), 4.63 (2H, s), 4.62 – 4.54 (3H, m), 3.91 (1H, dt, J = 10.3, 5.3 Hz), 3.88 – 


3.81 (1H, m), 3.43 (1H, dd, J = 5.9, 3.0 Hz), 3.39 (3H, s), 3.14 – 3.07 (1H, m), 2.81 (1H, 


dd, J = 13.8, 6.8 Hz), 2.58 – 2.50 (1H, m), 2.19 (1H, t, J = 12.3 Hz), 1.98 – 1.90 (2H, m), 


1.79 – 1.66 (4H, m), 1.64 (3H, s), 1.44 – 1.27 (4H, m), 1.19 – 1.04 (2H, m), 1.02 (3H, d, 


J = 6.9 Hz), 0.95 (3H, d, J = 6.7 Hz), 0.92 (9H, s), 0.90 (9H, s), 0.90 – 0.85 (9H, m), 0.73 
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(3H, d, J = 6.8 Hz), 0.08 (3H, s), 0.07 (3H, s), 0.07 (3H, s), 0.06 (3H, s); 13C NMR (500 


MHz, CDCl3) δ 157.1, 134.3, 132.9, 131.8, 130.3, 98.2, 87.3, 80.0, 77.2, 68.2, 62.4, 56.1, 


38.8, 37.3, 36.4, 35.7, 35.1, 35.0, 31.1, 29.7, 29.4, 26.2, 25.9, 23.1, 23.0, 18.5, 18.3, 18.2, 


16.6, 16.1, 14.1, 13.1, 10.5, -3.4, -3.7, -5.5; HRMS (ESI+) calc for C41H83NO7Si2Na [M + 


Na]+ 780.5606, found 780.5615. 


 


Methyl 4-(3-(bis(2,2,2-trifluoroethoxy)phosphoryl)-2-oxopropyl)-3-nitrobenzoate 


(5.32) 


NO2


MeOOC
O


P(OCH2CF3)2
O


5.32  


A solution of the aldehyde 5.37 (244 mg, 1.09 mmol) in t-BuOH (6 mL) and 2-


methyl-2-butene (0.75 mL) was treated with a solution of NaClO2 (248 mg, 2.74 mmol) 


and NaH2PO4 (972 mg, 8.10 mmol) in water (6 mL) dropwise. After stirring for 1 hour, 


the reaction was partitioned between brine and DCM. The organic layer was dried over 


Na2SO4, filtered, concentrated to afford acid 5.38 which was used for the next step 


without purification. 


To a solution of acid 5.38 (239 mg, 1.0 mmol) in DCM (13.5 mL) was added 1-


chloro-N,N,2-trimethyl-1-propenylamine (0.32 mL, 2.4 mmol). After stirring for 1 hour, 


the solution was concentrated and the crude dark red oil was dried in vacuo for 30 


minutes. Meanwhile, LiHMDS (3.5 mL, 1.0 M in THF, 3.5 mmol) was added dropwise 


to a solution of methylphosphonic acid bis(2,2,2-trifluoroethyl) ester (935 mg, 3.63 mmol) 
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in THF (2.7 mL) at -98 oC. After stirring for 15 minutes, a solution of the dark red oil in 


THF (7.9 mL) was added at -98 oC. The resulting solution was stirred for 1 hour at -98 oC 


before adding NH4Cl solution to quench the reaction. The solution was then warmed to 


RT, and more NH4Cl solution was added. The mixture was extracted with DCM, dried 


over Na2SO4, filtered, concentrated. TLC plate and 1H NMR spectrum of the crude 


mixture indicated that this reaction failed to yield the desired product 5.32. 


 


Methyl 4-allyl-3-nitrobenzoate (5.33) 


NO2


MeOOC


5.33  


To a solution of methyl 4-iodo-3-nitrobenzoate 5.34 (1.0 g, 3.3 mmol) in THF (13 mL) 


was added PhMgCl (1.8 M in THF, 2.0 mL, 3.6 mmol) dropwise at -78 oC. After 10 


minutes, CuCN⋅2LiCl (1.0 M in THF, 3.6 mL, 3.6 mmol) was added dropwise. The 


reaction mixture was stirred for 5 minutes before allyl bromide (0.60 mL, 6.5 mmol) was 


added. After stirring at -78 oC for 2 hours, the reaction mixture was quenched with 


saturated NH4Cl solution was and poured into water. The aqueous layer was extracted 


with ethyl acetate (3 x 100 mL), and the combined organic phases were washed with 


brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified 


by flash chromatography (1% EtOAc in hexanes) to yield alkene 5.33 (610 mg, 85%) as a 


yellow oil. 1H NMR (500 MHz, CDCl3) δ 8.55 (1H, d, J = 1.6 Hz), 8.18 (1H, dd, J = 8.0, 


1.7 Hz), 7.48 (1H, d, J = 8.0 Hz), 6.02 – 5.88 (1H, m), 5.20 – 5.03 (2H, m), 3.96 (3H, s), 
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3.74 (2H, d, J = 6.5 Hz); 13C NMR (500 MHz, CDCl3) δ 165.1, 139.8, 134.3, 133.6, 


132.3, 129.9, 126.0, 118.1, 52.8, 37.1.  


 


Methyl 3-nitro-4-(2-oxoethyl)benzoate (5.37) 


 


A solution of alkene 5.33 (370 mg, 1.7 mmol) in MeOH (21 mL) was cooled to -78 


oC, and O3 was bubbled into the solution. When the solution turned light blue, O3 was 


stopped and Me2S was added to quench the reaction. The resulted solution was 


concentrated in vacuo, and the residue was purified by flash chromatography (2% EtOAc 


in hexanes) to give aldehyde 5.37 (244 mg, 65%) as a yellow oil. 1H NMR (500 MHz, 


CDCl3) δ 9.86 (1H, s), 8.77 (1H, s), 8.26 (1H, dd, J = 7.9, 1.5 Hz), 7.43 (1H, d, J = 7.9 


Hz), 4.22 (2H, s), 3.99 (3H, s); 13C NMR (500 MHz, CDCl3) δ 195.8, 164.8, 134.3, 134.0, 


133.1, 131.4, 126.5, 53.0, 48.7. 


 


(2R,3R,4S,5Z,8S,9R,10R,11S,12S,13Z)-9-(tert-Butyldimethylsilyloxy)-11-hydroxy-3-


(methoxymethoxy)-2,4,6,8,10,12-hexamethylhexadeca-5,13,15-trienal (5.44) 


OH OTBS OMOM


O5.44  
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To a vigorously stirring solution of PMB ether 5.43 (130 mg, 0.17 mmol) in DCM 


(4.25 mL) and pH 7 buffer (0.43 mL) was added DDQ (118 mg, 0.425 mmol) at 0 oC. 


After stirring for 30 minutes at 0 oC and 45 minutes at RT, the mixture was diluted with 


pH 7 buffer and extracted with DCM (3 x 50 mL), washed with brine, dried over Na2SO4 


and concentrated to give a crude diol as a colorless oil. 


To a solution of this diol (45 mg, 0.085 mmol) in DCM (1.0 mL) and H2O (0.6 µL) 


was added DAIB (163 mg, 0.51 mmol) and TEMPO (5.3 mg, 0.034 mmol) at RT. After 


stirring for 2 hours, Na2S2O3 aqueous solution was added. The solution was extracted 


with EtOAc (3 x 15 mL), washed with water and brine, dried over Na2SO4 and 


concentrated. The residue was purified by flash chromatography (15% EtOAc in hexanes) 


to give aldehyde 5.44 (21 mg, 24% over two steps) as a colorless oil. 1H NMR (500 MHz, 


CDCl3) δ 9.63 (1H, d, J = 1.4 Hz), 6.63 (1H, dt, J = 17.1, 10.8 Hz), 6.15 (1H, t, J = 11.0 


Hz), 5.33 (1H, t, J = 10.5 Hz), 5.25 (1H, dd, J = 16.9, 1.6 Hz), 5.16 (1H, d, J = 10.1 Hz), 


4.86 (1H, d, J = 10.4 Hz), 4.67 (2H, s), 3.64 – 3.58 (2H, m), 3.37 (3H, s), 3.35 – 3.31 (1H, 


m), 2.85 – 2.76 (1H, m), 2.69 – 2.60 (2H, m), 2.17 (1H, t, J = 12.2 Hz), 1.94 – 1.84 (1H, 


m), 1.82 – 1.75 (2H, m), 1.61 (3H, s), 1.58 (1H, d, J = 3.1 Hz), 1.10 (3H, d, J = 7.0 Hz), 


1.01 (3H, d, J = 6.6 Hz), 0.97 (3H, d, J = 6.7 Hz), 0.96 (3H, d, J = 7.0 Hz), 0.93 (9H, s), 


0.74 (3H, d, J = 6.8 Hz), 0.09 (3H, s), 0.09 (3H, s); 13C NMR (500 MHz, CDCl3) δ 202.9, 


136.0, 134.6, 132.1, 131.1, 128.5, 118.5, 97.5, 84.2, 78.8, 76.2, 56.1, 49.5, 38.2, 36.9, 


36.3, 35.2, 34.8, 26.2, 23.3, 18.5, 17.3, 17.2, 13.5, 10.1, 9.5, -3.3, -3.6. 


 


207 


 







(8Z,10S,11S,12S,13Z,16S,17R)-17-((2R,3S,4S,Z)-3-Hydroxy-4-methylocta-5,7-dien-


2-yl)-11-(methoxymethoxy)-2,2,3,3,10,12,14,16,19,19,20,20-dodecamethyl-4,18-


dioxa-3,19-disilahenicosa-8,13-dien-7-one (5.45) 


5.45


OH OTBS OMOM


O


OTBS  


K2CO3 (34 mg, 0.24 mmol) and 18-crown-6 (127 mg, 0.48 mmol) were dissolved in 


toluene (0.4 mL) and HMPA (0.04 mL) at RT and the mixture was stirred for 3 hours 


before adding a solution of aldehyde 5.44 (20 mg, 0.040 mmol) and phosphonate 5.5 (17 


mg, 0.040 mmol) in toluene (0.4 mL) and HMPA (0.04 mL) at -10 oC. After stirring at -5 


oC for 18 hours, NH4Cl solution was added to quench the reaction and the mixture was 


extracted with EtOAc, washed with brine, dried over Na2SO4, filtered, concentrated and 


purified by flash chromatography (20% EtOAc in hexanes) to afford the TBS ether 5.45 


(10 mg, 36%) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 6.63 (1H, dt, J = 16.9, 


10.6 Hz), 6.18 – 6.07 (3H, m), 5.34 (1H, t, J = 10.4 Hz), 5.25 (1H, dd, J = 16.8, 1.8 Hz), 


5.16 (1H, d, J = 10.1 Hz), 4.90 (1H, d, J = 10.3 Hz), 4.73 (2H, dd, J = 27.0, 6.7 Hz), 3.90 


(2H, qt, J = 10.3, 6.6 Hz), 3.73 – 3.65 (1H, m), 3.61 (1H, dd, J = 5.5, 3.3 Hz), 3.41 (3H, 


s), 3.33 (1H, dd, J = 7.8, 3.3 Hz), 3.25 (1H, dd, J = 7.4, 3.8 Hz), 2.85 – 2.76 (1H, m), 


2.70 (1H, dt, J = 15.9, 6.8 Hz), 2.61 (1H, dt, J = 15.9, 6.4 Hz), 2.53 – 2.44 (1H, m), 2.15 


(1H, t, J = 12.3 Hz), 1.93 – 1.83 (1H, m), 1.82 – 1.77 (1H, m), 1.72 (1H, d, J = 12.1 Hz), 


1.58 (3H, d, J = 0.7 Hz), 1.03 (3H, d, J = 6.9 Hz), 0.97 (3H, d, J = 6.6 Hz), 0.95 (3H, d, J 
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= 6.4 Hz), 0.95 (3H, d, J = 7.0 Hz), 0.92 (9H, s), 0.87 (9H, s), 0.72 (3H, d, J = 6.8 Hz), 


0.09 (3H, s), 0.09 (3H, s), 0.05 (3H, s), 0.04 (3H, s); 13C NMR (500 MHz, CDCl3) δ 


199.6, 151.1, 134.7, 133.4, 132.1, 131.0, 129.8, 125.8, 118.5, 97.7, 87.1, 78.9, 76.5, 59.0, 


56.2, 47.2, 37.9, 36.4, 36.3, 36.2, 35.7, 35.0, 26.2, 25.9, 23.2, 18.5, 17.5, 17.2, 17.1, 13.7, 


9.4, -3.3, -3.7, -5.4, -5.4. 


 


(3Z,5S,6S,7R,8R,9S,11Z,13S,14S,15S,16Z)-8,20-Bis(tert-butyldimethylsilyloxy)-14-


(methoxymethoxy)-5,7,9,11,13,15-hexamethyl-18-oxoicosa-1,3,11,16-tetraen-6-yl 


carbamate (5.46) 


5.46


O OTBS OMOM


O


OTBS


O


NH2


 


To a solution of this alcohol (10 mg, 0.014 mmol) in DCM (1.25 mL) was added 


Cl3CCONCO (8.5 µL, 0.071 mmol) at RT. After stirring for 1.5 hours, the solution was 


loaded onto a neutral Al2O3 plug and left for 2 hours. The Al2O3 plug was then flushed 


with EtOAc (100 mL) and the solution was concentrated and purified by flash 


chromatography (30% EtOAc in hexanes) to afford carbamate 5.45 (4.6 mg, 44%) as a 


colorless oil. 1H NMR (500 MHz, CDCl3) δ 6.60 (1H, dt, J = 16.9, 10.7 H), 6.19 – 6.07 


(2H, m), 6.03 (1H, t, J = 11.1 Hz), 5.38 (1H, t, J = 10.5 Hz), 5.23 (1H, dd, J = 16.8, 1.9 


Hz), 5.14 (1H, d, J = 10.1 Hz), 4.86 (1H, d, J = 10.3 Hz), 4.77 (1H, d, J = 6.7 Hz), 4.75 – 


4.71 (1H, m), 4.70 (1H, d, J = 6.7 Hz), 4.58 (1H, s), 3.91 (2H, td, J = 6.9, 2.2 Hz), 3.73 – 
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3.64 (1H, m), 3.41 (3H, s), 3.22 (1H, dd, J = 7.7, 3.5 Hz), 3.03 – 2.94 (1H, m), 2.74 – 


2.61 (2H, m), 2.48 – 2.40 (1H, m), 2.07 (1H, t, J = 12.4 Hz), 1.91 – 1.81 (2H, m), 1.62 


(1H, d, J = 13.4 Hz), 1.58 (3H, s), 1.02 (3H, d, J = 7.0 Hz), 1.00 (3H, d, J = 6.8 Hz), 0.94 


(3H, d, J = 4.9 Hz), 0.93 (9H, s), 0.92 (3H, d, J = 6.8 Hz), 0.87 (9H, s), 0.70 (3H, d, J = 


6.8 Hz), 0.11 (3H, s), 0.08 (3H, s), 0.05 (3H, s), 0.05 (3H, s); 13C NMR (500 MHz, 


CDCl3) δ 199.4, 156.9, 151.1, 133.7, 133.3, 132.1, 129.8, 129.7, 125.7, 117.9, 97.8, 87.1, 


78.8, 76.9, 59.1, 56.2, 47.2, 37.8, 36.3, 36.2, 35.9, 35.1, 34.4, 26.2, 25.9, 22.9, 18.5, 18.3, 


17.6, 17.5, 17.0, 13.7, 10.2, -3.4, -3.6, -5.4. 
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Chapter 6. Bridged discodermolide analog for conformational study 


 


6.1 Design of conformationally constrained discodermolide analogs 


As mentioned in Chapters 4 and 5, conformational studies of discodermolide 


indicated that discodermolide in the β-tubulin binding site likely adopts a hairpin shaped 


conformation,1 which is similar to those observed in the solid state and in solution.2 If the 


conformational studies are correct, then a locked into its tubulin-binding hairpin shape 


would be expected to bind more strongly to tubulin than discodermolide itself, since it 


would not have to pay an entropic price to adopt the binding conformations. We thus 


collaborated with James P. Snyder of Emory University on the design of a bridged 


discodermolide analog which would be locked into the hairpin conformation. The 


resulting conformationally constrained discodermolide analog 6.1 (Figure 6.1) has a 


bridge between the C3 and C17 positions.  


 


 
 


Figure 6.1 The structure of discodermolide and bridged analog 6.1 
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Figure 6.2 Computational modeling of discodermolide and bridged analog 6.1. (a) 
Stereoscopic view of discodermolide; (b) Stereoscopic view of bridged analog 6.1; 
(c) (d) discodermolide (blue) and bridged analog 6.1 (yellow) superimpose around the 
C10-C12 bend in the molecule. (Figure created by Dr. J. P. Snyder) 


In addition, the terminal diene was replaced with an n-butyl group, since SAR studies 


indicate that the terminal diene is not essential for the tubulin assembly activity of 


discodermolide. The modeling study carried out by Professor Snyder shows that the 


bridge between the C3 and C17 positions constrains the conformation of the analog into a 


close analog of the hairpin shape (Figure 6.2). Therefore, if the bridged analog displays 


similar or better tubulin assembly activity, the hairpin shape conformation will have been 


confirmed as the bioactive conformation of discodermolide, and it is possible that a better 
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drug candidate will have been discovered. 


 


6.2 Synthesis of the bridged analog 


6.2.1 The first synthetic approach 


The retrosynthetic analysis of the bridged analog 6.1 is shown in Scheme 6.1. 


According to Paterson’s second generation synthetic strategy,3 the target molecule can be 


formed from the two subunits ketone 6.2 and aldehyde 6.3 via an aldol reaction. 


Fragment 6.2 can be prepared from precursors 6.4 and 6.5, and fragment 6.3 can be 


formed from precursor 6.6. The synthesis of these precursors has been described in 


Chapter 5. 


O O OH


HO


O


O


O


ONH2


O


6.4
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PMBO OTBS
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PMBO OMOM
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6.6


O OTBS OMOM


O
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OMe


6.3  


Scheme 6.1 The retrosynthetic analysis of analog 6.1  


The synthesis of fragment 6.2 began with the Suzuki coupling of precursors 6.4 and 


6.5, and their synthesis was described in Chapter 5. The resulting alkene 6.7 was treated 
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with DDQ in DCM to remove the PMB protecting groups and the following oxidation 


provided aldehyde 6.8 in 31% yield over two steps. The HWE coupling of aldehyde 6.8 


and the appropriate phosphonate reagent afforded ketone 6.9. The subsequent PMB 


deprotection and the installation of the carbamate finished the synthesis of fragment 6.2. 


To synthesize the other fragment 6.3, the precursor 6.6 was first reduced to diol 6.10 


upon treatment with lithium borohydride (Scheme 6.3). After selective protection of its 


primary hydroxyl group as a TBS ether, alcohol 6.11 was treated with sodium 


hydride, tetrabutylamonium iodide and allyl bromide to provide allyl ether 6.12 in 70% 


yield. Subsequent acidic removal of the TBS group followed by oxidation and 


methylation provided methyl ester 6.16 in 83% yield over four steps. After oxidative 


deprotection of the PMB group and Swern oxidation, PMB ether 6.16 was converted to 


O
P OCH2CF3
O


2


OH OTBS OMOM


O


O OTBS OMOM


O


O


NH2


1.18-crown-6, K2CO3


2. 6.8, toluene, HMPA,


Cl3CCONCO,
Al2O3, DCM, 90%


OH OTBS OMOM


O6.8


6.2


6.9


, 83%


PMBO OTBSI


1. t-BuLi, MeO-9-BBN, THF, -78oC


2. 6.5, Cs2CO3, Pd(dppf)Cl2,
Et2O, DMF, 77%


PMBO OTBS OMOM


OPMB6.4


1. DDQ, DCM, pH 7
buffer, 52%


2.DAIB, TEMPO, DCM,
60%


6.7


 
 Scheme 6.2 The synthesis of fragment 6.2 
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fragment 6.3 in 92% yield over two steps. 


Before running the next step, we found that aldehyde 6.3 was readily epimerized at 


the α position of the aldehyde carbonyl group even on storage in the freezer. Therefore, 


we revised the structure of this fragment as shown in Scheme 6.4, in the expectation that 


the bulky TES group at the β position would block the epimerization at the α position. 


The synthesis of fragment 6.19 began with a previously synthesized precursor 6.17, 


which was converted to fragment 6.19 in good yield after protection as its 


TES ether, oxidative removal of the PMB group, and Swern oxidation. As expected, 


fragment 6.19 was stable in the freezer. 


 
 Scheme 6.3 Synthesis of the fragment 6.3 


With fragments 6.2 and 6.19 in hand, the next step was to couple them through an 


aldol reaction (Scheme 6.5). But the aldol reaction turned out to be a major issue. 
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Three attempts at the aldol reaction were made, but each time the fragment 6.2 was 


recovered and compound 6.19 had decomposed. One of the reasons why the aldol 


reaction did not work may be that the reaction is extremely sensitive to moisture, and 


furthermore, each batch was run on a small scale (less than 10 mg) due to the limited 


amount of 6.2, which made the reaction even more sensitive to traces of moisture.  


Scheme 6.4 Synthesis of the fragment 6.19 


 


 
 


Scheme 6.5 Union of fragments 6.2 and 6.19 


 


6.2.2 The revised synthetic approach 


Since the original synthetic approach was not successful, we revised our synthetic 


strategy. The revised retrosynthetic analysis is shown in Scheme 6.6. The backbone of the 


target molecule 6.1 can be formed via HWE coupling of fragment 6.20 and 6.21, 
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according to Paterson’s third generation synthesis.4 


 


 


 


Scheme 6.6 The revised retrosynthetic analysis of analog 6.1 


 


 
 


Scheme 6.7 Synthesis of the intermediate 6.27 


The synthesis of fragment 6.20 was described previously in Chapter 5, while the 


synthesis of fragment 6.21 began with PMB ether 6.22 (Scheme 6.7), which was first 


converted to ketone 6.23. The following aldol coupling between ketone 6.23 and 


aldehyde 6.25 gave diol 6.26 in 60% yield, which was then protected as acetal 6.27 in 


90% yield. 
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2-methyl-2-butene, 62%


P OCH2CF3


O
2


2. 6.28, -98oC, 73% over 2 steps


2. NaClO2, NaH2PO4, t-BuOH,
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 Scheme 6.8 Synthesis of the intermediate 6.21 


Removal of the PMB protecting group from 6.27 gave primary alcohol 6.28. This was 


then converted to methyl ester 6.29 in 60% yield by oxidation and methylation (Scheme 


6.8). Subsequent debenzylation and oxidations afforded carboxylic acid 6.30 in 49% 


yield, which was then transformed to acid chloride 6.31 in quantitative yield. 


Subsequently, acid chloride 6.31 was converted to phosphonate 6.21 in 73% yield. 


The following step to connect aldehyde 6.20 to phosphonate 6.21 via the HWE 


reaction established the backbone successfully to afford 6.32 in 40% yield. Unfortunately, 


the subsequent deprotection and ring closure reactions could not be achieved under acidic 


conditions (Scheme 6.9). Three acids (CSA, AcOH and HF) were tested, but none of 


them yielded any product. Therefore, this project has been deferred. Currently, 100 mg of 


key intermediate 6.20 and 200 mg of the key intermediate 6.21 are available for future 


use. 
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Scheme 6.9 The HWE reaction between 6.8 and 6.21 
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Scheme 6.10 The ring closure reaction of intermediate 6.32  


6.3 Future work 


In the future, other acids need to be tested to find out the optimized condition for the 


ring closure reaction. Once this is done, allylation at the C3 position, the installation of 


the carbamate moiety, and the acryloylation at the C17 position will provide 6.33. 


Following reduction of the carbonyl group at C7 position, Grubb’s metathesis, and the 


final removal of the MOM protecting group will afford the bridged discodermolide 


analog 6.1 (Scheme 6.10). 
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 Scheme 6.11 Future work 


 


6.4 Experimental section 


General experimental methods 


All chemicals obtained from commercial sources were used without further 


purification. The anhydrous reactions were performed under nitrogen or argon. All 


solvents were of reagent grade or HPLC grade. Tetrahydrofuran (THF) was distilled over 


sodium/benzophenone, and dichloromethane (DCM) was distilled over calcium hydride. 


The reactions were monitored by the analytical thin layer chromatography (TLC) plates 


(silica gel 60 GF) and analyzed with 254 nm UV light, KMnO4 stain, and/or 


vanillin/sulfuric acid spray. Preparative thin layer chromatography (PTLC) plates were 


purchased from Analtech. All NMR spectral data were obtained on JEOL Eclipse 


spectrometer at 500 MHz, Varian Unity or Varian Inova spectrometer at 400 MHz. 


Chemical shifts reported as δ-values relative to known solvent residue peaks. 


222 
 







High-resolution mass spectra (HRMS) were obtained in the analytical service in the 


Department of Chemistry at Virginia Tech. Known compounds were prepared through the 


reported procedures, and the NMR data of these compounds matched the literature values. 


All compounds were more than 95% pure as judged by the TLC and 1H NMR. 


 


(5S,6S,7R,8R,9S,11Z,13S,14S,15S,16Z)-8-(tert-Butyldimethylsilyloxy)-14-(methoxym


ethoxy)-5,7,9,11,13,15-hexamethyl-18-oxononadeca-11,16-dien-6-ylcarbamate (6.2) 


 


Removal of PMB protecting groups 


To a vigorously stirring solution of 6.7 (50 mg, 0.065 mmol) in DCM (1.5 mL) and 


pH 7 buffer (0.15 mL) was added DDQ (37 mg, 0.16 mmol) at 0 oC. After stirring for 30 


minutes at 0 oC and 45 minutes at RT, the mixture was diluted with pH 7 buffer and 


extracted with DCM (3 x 30 mL), washed with brine, dried over Na2SO4 and 


concentrated to yield a diol (18 mg, 52%) as a colorless oil, which was used for the next 


step without purification. 


Oxidation 


To a solution of the diol from last step (17 mg, 0.032 mmol) in DCM (0.5 mL) was 
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added DAIB (28 mg, 0.096 mmol) and TEMPO (1 mg, 0.0064 mmol) at RT. After 


stirring for 2 hours, Na2S2O3 aqueous solution was added. The solution was extracted 


with EtOAc (3 x 15 mL), washed with water and brine, dried over Na2SO4 and 


concentrated. The residue was purified by flash chromatography (15% EtOAc in hexanes) 


to give aldehyde 6.8 (10 mg, 60%) as a colorless oil. 


HWE reaction 


A solution of 18-crown-6 (285 mg, 1.08 mmol) and K2CO3 (75 mg, 0.54 mmol) in 


toluene (1 mL) and HMPA (0.1 mL) was stirred at RT for 3 hours. The solution was 


cooled to -10 oC and a solution of aldehyde 6.8 (47 mg, 0.09 mmol) and 


bis(2,2,2-trifluoroethyl) methylphosphonate (109 mg, 0.36 mmol) in toluene (1 mL) and 


HMPA (0.1 mL) was added. The resulting solution was stirred at -5 oC for 16 hours. After 


addition of ammonium chloride solution, the solution was extracted with EtOAc (3 x 10 


mL), washed with brine, dried over Na2SO4 and concentrated. The residue was purified 


via flash chromatography (10% EtOAc in hexanes) to give ketone 6.9 (40 mg, 83%) as a 


colorless oil. 


Installation of the carbamate moiety 


To a solution of the product 6.9 from last step (40 mg, 0.071 mmol) in DCM (1.26 


mL) was added trichloroacetyl isocyanate (12.6 μL, 0.106 mmol) and the solution was 


stirred at RT for 1.5 hours. Then the solution was loaded onto a neutral Al2O3 plug. After 
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2 hours, the plug was eluted with EtOAc (200 mL), and the eluent was concentrated and 


purified by flash chromatography (30% EtOAc in hexanes) to give ketone 6.2 (34 mg, 


80%) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 6.14 (1H, dd, J = 11.6, 9.4 Hz), 


6.07 (1H, d, J = 11.6 Hz), 4.87 (1H, d, J = 10.2 Hz), 4.73 (2H, dd, J = 38.6, 6.7 Hz), 4.68 


(2H, br s), 4.60 (1H, m), 3.66 (1H, ddd, J = 17.3, 8.6, 5.4 Hz), 3.43 (1H, dd, J = 5.6, 3.1 


Hz), 3.41 (3H, s), 3.22 (1H, dd, J = 7.9, 3.4 Hz), 2.47 – 2.42 (1H, m), 2.17 (3H, s), 1.97 – 


1.85 (3H, m), 1.74 – 1.67 (2H, m), 1.60 (3 H, s), 1.44 – 1.27 (4H, m), 1.12 (1H, ddd, J = 


7.2, 6.7, 4.3 Hz), 1.10 – 1.04 (1H, m), 1.03 (3H, d, J = 6.9 Hz), 0.96 (3H, d, J = 6.6 Hz), 


0.91 (9H, s), 0.90-0.86 (9H, m), 0.70 (3 H, d, J = 6.8 Hz), 0.07 (3 H, s), 0.05 (3H, s); 13C 


NMR (500 Hz, CDCl3) δ 198.8, 157.4, 150.9, 133.6, 129.78, 126.1, 98.0, 87.3, 80.2, 77.0, 


56.3, 37.3, 36.4, 36.3, 36.2, 35.4, 35.1, 31.7, 31.1, 29.5, 26.4, 26.3, 23.1, 23.1, 18.6, 17.9, 


17.2, 16.3, 14.3, 13.5, 10.7, -3.3, -3.7; HRMS (ESI+) calcd for C34H66NO6Si [M + H]+ 


612.4659, found 612.4638. 


 


 


 


 


(5R,6S,10S,11R,Z)-11-((2R,3S,4S)-3-(4-Methoxybenzyloxy)-4-methyloctan-2-yl)-5-((


S)-1-(4-methoxybenzyloxy)propan-2-yl)-6,8,10,13,13,14,14-heptamethyl-2,4,12-triox
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a-13-silapentadec-7-ene (6.7) 


 


To a solution of alkyl iodide 6.4 (87 mg, 0.15 mmol) in ether (1.74 mL) was added 


tert-butyl lithium (0.18 mL, 1.7 M in pentane), MeO-9-BBN (0.30 mL, 1.0 M in hexane) 


and THF (1.74 mL) at -78 oC. After stirring at RT for one hour, Cs2CO3 (0.13 mL, 3M in 


H2O) was added, followed by the addition of vinyl iodide 6.5 (66.6 mg, 0.151 mmol) in 


DMF (1.40 mL) and Pd(dppf)Cl2 (6.2 mg). The reaction mixture was covered with 


aluminum foil and stirred at RT for 20 hours. The resulting solution was diluted with H2O 


(5 mL) and ether (5 mL) and extracted with ether (3 x 10 mL). The combined organic 


phase was washed with brine, dried over Na2SO4 and concentrated. The residue was 


purified by flash chromatography (5% EtOAc in hexanes) to give 6.7 (86 mg, 77%) as a 


colorless oil. [α]D
25 +4.0 (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.30 – 7.20 (4H, 


m), 6.89 – 6.81 (4H, m), 5.06 (1H, d, J = 10.1 Hz), 4.62 (2H, dd, J = 15.3, 6.6 Hz), 4.48 


(2H, dd, J = 42.4, 10.8 Hz), 4.39 (2H, dd, J = 17.4, 11.6 Hz), 3.80 – 3.79 (1H, m), 3.79 


(3H, s), 3.79 (3H, s),  3.54 – 3.45 (2H, m), 3.37 (3H, s), 3.29 (1H, dd, J = 9.0, 7.9 Hz), 


3.21 (1H, t, J = 5.8 Hz), 3.14 (1H, t, J = 5.2 Hz), 2.64 – 2.55 (1H, m), 2.21 (1H, t, J = 


12.3 Hz), 2.05 – 1.96 (1H, m), 1.92 – 1.82 (2H, m), 1.66 – 1.61 (2H, m), 1.60 (3H, d, J = 


0.7 Hz), 1.55 – 1.48 (1H, m), 1.34 – 1.26 (2H, m), 1.19 – 1.13 (2H, m), 0.99 (3H, d, J = 
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6.8 Hz), 0.98 (3H, d, J = 6.9 Hz), 0.97 – 0.87 (9H, m), 0.93 (3H, s), 0.74 (3H, d, J = 6.7 


Hz), 0.06 (6H, d, J = 5.1 Hz); 13C NMR (500 Hz, CDCl3) δ 159.0, 159.0, 132.7, 131.4, 


130.9, 130.5, 129.2, 129.1, 113.7, 113.7, 98.2, 85.4, 85.3, 77.5, 74.5, 72.6, 72.4, 56.1, 


55.3, 55.3, 38.9, 36.7, 35.9, 35.2, 34.5, 31.0, 29.9, 26.3, 26.2, 23.2, 23.1, 18.5, 17.2, 16.4, 


14.8, 14.2, 13.6, 11.4, -3.3, -3.4; HRMS (ESI+) calcd for C46H78O7SiNa [M + Na]+ 


793.5415, found 793.5419. 


 


(2R,3S,4S)-Methyl 3-(allyloxy)-5-(4-methoxybenzyloxy)-2,4-dimethylpentanoate 


(6.16) 


 


A solution of PMB ether 6.6 (3.1 g, 7.1 mmol) in THF (80 mL) was treated with 


MeOH (0.9 mL) followed by LiBH4 (7.1 mL, 4 M in THF) at -30 oC. After stirring at 0 


oC for 1 hour and RT for 12 hours, the mixture was diluted with EtOAc (100 mL). NaOH 


solution was added and stirred for another 2 hours before the solution was extracted with 


EtOAc (3 x 100 mL), washed with brine, dried over Na2SO4, concentrated to give crude 


diol 6.10. 


To a solution of the crude diol 6.10 in DCM (26 mL) was added imidazole (1.82 g, 
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26.8 mmol) and TBSCl (1.1 g, 7.3 mmol) at 0 oC. After stirring at 0 oC for 1 hour, the 


solution was diluted with MeOH, concentrated and purified by flash chromatography 


(15-30% EtOAc in hexanes) to give TBS ether 6.11 (2.663 g, 92% over 2 steps) as a 


colorless oil. 


A solution of alcohol 6.11 (0.51 g, 1.3 mmol) in DMF (2.6 mL) was treated with NaH 


(80 mg, 60%, 2 mmol) at 0 oC. After 30 minutes stirring at 0 oC, Bu4NI (25 mg, 0.063 


mmol) and allyl bromide (0.18 mL, 2 mmol) were added successively. The resulting 


mixture was stirred at RT for 24 hours. After the addition of water, the mixture was 


extracted with EtOAc (3 x 30 mL), washed with brine, dried over Na2SO4, concentrated 


and purified by chromatography (2% EtOAc in hexanes) to give allyl ether 6.12 (360.2 


mg, 70%) as a colorless oil. 


To a solution of allyl ether 6.12 (340 mg, 0.763 mmol) in DCM (3.1 mL) and MeOH 


(3.1 mL) was added CSA (34 mg, 0.15 mmol) at RT. After stirring for 1 hour, the reaction 


was quenched with NaHCO3 solution, extracted with DCM (3 x 20 mL), dried over 


Na2SO4 and concentrated to give crude alcohol 6.13 as a colorless oil. 


A solution of DMSO (0.2 mL) in DCM (3.7 mL) was treated with oxalyl chloride 


(0.11 mL, 1.2 mmol) at -78 oC. After 30 minutes stirring at -78 oC, a solution of crude 


alcohol 6.13 in DCM (0.3 mL) was added and the solution was stirred for 45 minutes at 


-78 oC. Then Et3N (0.75 mL, 5.4 mmol) was added slowly. After stirring at -78 oC for 


another 30 minutes, the solution was warmed to 0 oC slowly, quenched with NaHSO4 
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solution, extracted with EtOAc (3 x 20 mL), washed with water and brine and 


concentrated to give crude aldehyde 6.14 as a colorless oil. 


A solution of the crude aldehyde 6.14 in t-BuOH (3.6 mL) and 2-methyl-2 butene (0.5 


mL) was treated dropwise with a solution of NaClO2 (173 mg) and NaH2PO4 (880 mg) in 


water (2.7 mL) at 0 oC. After stirred at RT for 3 hours, the mixture was partitioned 


between brine and Et2O. The organic layer was dried over Na2SO4 and concentrated to 


give crude carboxylic acid 6.15 as a colorless oil. To a solution of this crude acid in 


hexane (4.5 mL) and MeOH (0.45 mL) was added TMS-CHN2 (2 M in Et2O) dropwise 


until no bubbles came out and the color of solution stayed no change. After the addition 


of one or two drops of acetic acid, the solution was concentrated and purified by flash 


chromatography (5%-15% EtOAc in hexanes) to give methyl ester 6.16 (226 mg, 82% 


over 4 steps) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 7.26 (2H, d, J = 8.6 Hz), 


6.87 (2H, d, J = 8.6 Hz), 5.89 – 5.67 (1H, m), 5.18 (1H, dq, J = 17.2, 1.7 Hz), 5.09 (1H, 


ddd, J = 10.4, 2.8, 1.4 Hz), 4.42 (2H, ABq, J = 11.7, 4.1 Hz), 3.98 – 3.89 (2H, m), 3.80 


(3H, s), 3.74 – 3.69 (1H, m), 3.66 (3H, s), 3.50 (1H, dd, J = 8.9, 3.8 Hz), 3.44 (1H, dd, J 


= 8.9, 5.9 Hz), 2.67 (1H, qd, J = 7.0, 4.3 Hz), 1.90 (1H, m), 1.16 (3H, d, J = 7.1 Hz), 0.98 


(3H, d, J = 6.9 Hz); l3C NMR (500 MHz, CDCl3) δ 176.3, 159.4, 135.3, 131.1, 129.5, 


116.7, 114.0, 82.3, 73.8, 73.1, 72.1, 55.6, 51.9, 42.0, 37.5, 15.1, 10.8; HRMS (ESI+) 


calcd for C19H29O5 [M + H]+ 337.2015, found 337.2028. 


(2R,3S,4S)-3-(Triethylsilyloxy)-5-(4-methoxylbenzyloxy)-2,4-dimethylpentanoic acid 


229 
 







methoxymethyl amide (6.18) 


 


To a solution of alcohol 6.17 (110 mg, 0.34 mmol) in DMF (1.8 mL) was added 


imidazole (60 mg) and TESCl (0.12 mL) at RT. After stirring overnight, the solution was 


extracted with EtOAc (3 x 40 mL), washed with brine, dried over Na2SO4, concentrated 


and purified by flash chromatography (30% EtOAc in hexanes) to give TES ether 6.18 as 


a colorless oil. 1H NMR (500 MHz, CDCl3) δ 7.24 (2H, d, J = 8.7 Hz), 6.86 (2H, d, J = 


8.7 Hz), 4.39 (2H, s), 3.93 (1H, dd, J = 8.3, 3.1 Hz), 3.80 (3H, s), 3.59 – 3.55 (1H, m), 


3.57 (3H, s), 3.17 (1H, dd, J = 9.1, 7.9 Hz), 3.11 (3H, s), 1.94 – 1.82 (1H, m), 1.12 (3H, d, 


J = 6.9 Hz), 1.00 (3H, d, J = 6.9 Hz), 0.96 (9H, t, J = 7.9 Hz), 0.62 (6H, q, J = 7.9 Hz); 


l3C NMR (500 MHz, CDCl3) δ 177.1, 159.4, 131.3, 129.6, 114.0, 73.0, 72.2, 61.6, 55.6, 


39.6, 38.8, 15.9, 15.1, 7.4, 5.7; HRMS (ESI+) calcd for C23H42NO5Si [M + H]+ 440.2832, 


found 440.2820. 
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(R)-Methyl 2-((7S,8S,9S)-9-(3-(bis(2,2,2-trifluoroethoxy)phosphoryl)-2-oxo- propyl)- 


8-methyl-6,10-dioxaspiro[4.5]decan-7-yl)propanoate (6.21) 


 


1-Chloro-N,N,2-trimethyl-1-propenylamine (0.17 mL, 1.3 mmol) was added to a 


solution of acid 6.30 (174 mg, 0.58 mmol) in DCM (7.1 mL). The solution was stirred at 


RT for 1 hour before being concentrated. The crude acid chloride was dried under high 


vacuum for another hour. At the same time, to a solution of 


bis(2,2,2-trifluoroethyl)methylphosphonate (493 mg) in THF (1.42 mL) was added 


LiHMDS (1.86 mL, 1 M in THF) at -98 oC. After stirring at -98 oC for 30 minutes, a 


solution of the crude acid chloride in THF (4.16 mL) was added to the reaction mixture. 


The resulting solution was stirred at -98 oC for 1 hour before the addition of aqueous 


NH4Cl solution. The mixture was warmed to RT, diluted with aqueous NH4Cl solution, 


extracted with DCM (3 x 30 mL), dried over Na2SO4, concentrated, and purified by flash 


chromatography (30% EtOAc in hexanes) to give phosphonate 6.21 (230 mg, 73%) as a 


colorless oil. 1H NMR (500 MHz, CDCl3) δ 4.49 – 4.36 (4H, m), 3.99 (1H, dd, J = 10.3, 


3.1 Hz), 3.90 (1H, ddd, J = 10.0, 8.4, 3.7 Hz), 3.68 (3H, s), 3.39 (1H, s), 3.35 (1H, s), 


2.70 (3H, ddd, J = 10.2, 9.8, 3.5 Hz), 1.94 – 1.75 (3H, m), 1.74 – 1.66 (1H, m), 1.64 – 


1.50 (5H, m), 1.14 (3H, d, J = 7.1 Hz), 0.77 (3H, d, J = 6.7 Hz); 13C NMR (500 MHz, 


CDCl3) δ 200.1, 174.4, 122.5, 110.6, 75.9, 73.5, 62.3, 51.7, 47.8, 43.3, 42.0, 40.8, 39.7, 
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35.7, 30.8, 24.2, 22.4, 11.5, 8.7; HRMS (ESI+) calcd for C20H30O8F6P [M + H]+ 


543.1583, found 543.1578. Spectroscopic data agreed with the literature data.4 


 


(S)-1-(4-Methoxybenzyloxy)-2-methylpentan-3-one (6.23) 


 


To a solution of ester 6.22 (2.0115 g, 8.45 mmol) and N,O-dimethylhydroxylamine 


hydrochloride (1.23 g, 12.6 mmol) in THF (14 mL) was added iPrMgCl (12.6 mL, 2.0 M 


in THF) at -15 oC. After stirring for 30 minutes, the solution was partitioned between 


NH4Cl and ether (3 x 50 mL). The combined organic solution was washed with brine, 


dried over Na2SO4, concentrated and purified by flash chromatography (30% EtOAc in 


hexanes) to give the Weinreb amide as a yellow oil. 


To a solution of this Weinreb amide (2.14 g) in THF (60 mL) was added EtMgBr 


(15.23 mL, 1 M in THF) dropwise at 0 oC. After 2 hours, NH4Cl solution was added and 


the resulting mixture was extracted with ether (3 x 30 mL), washed with brine, dried over 


Na2SO4, concentrated, and purified by chromatography (5% EtOAc in hexanes) to give 


ketone 6.23 (1.726 g, 87%) as a colorless oil. [α]D
25 +20.2 (c 6.73, CHCl3); 1H NMR (500 


MHz, CDCl3) δ 7.21 (2H, d, J = 8.8 Hz), 6.86 (2H, d, J = 8.7 Hz), 4.40 (2H, ABq, J = 


16.9, 11.6 Hz), 3.80 (3H, s), 3.59 (1H, dd, J = 9.1, 7.8 Hz), 3.43 (1H, dd, J = 9.1, 5.5 Hz), 
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2.96-2.78 (1H, m), 2.50 (2H, q, J = 7.3 Hz), 1.06 (3H, d, J = 7.0 Hz), 1.04 (3H, t, J = 7.3 


Hz). Spectroscopic data agreed with the literature data.3 


 


(2S,3R,4S,5S)-7-(Benzyloxy)-1-(4-methoxybenzyloxy)-2,4-dimethylheptane-3,5-diol 


(6.26) 


6.206.20
PMBO OH


OBn


OH


6.26  


To a solution of c-Hex2BCl (1.84 mL, 8.37 mmol) in Et2O (20.5 mL) was added Et3N 


(1.35 mL) and a solution of ketone 6.23 (1.517 g, 6.43 mmol) in Et2O (10.7 mL) at 0 oC. 


After stirring at 0 oC for 2 hours, the solution was cooled to -78 oC, and a solution of 


aldehyde 6.25 (1.062 g, 6.48 mmol) in Et2O (17.2 mL) was added. After stirring at -78 oC 


for 3 hours, LiBH4 (15.03 mL, 2 M in THF) was added and the reaction was stirred at -78 


oC for another 3 hours and then stirred at -23 oC for 20 hours. NH4Cl solution was added 


to the cold solution and the solution was warmed to RT. The mixture was extracted with 


Et2O (3 x 50 mL), and the combined organic layers was redissolved in MeOH (19.9 mL). 


At 0 oC, NaOH (19.9 mL, 10%) and H2O2 (19.9 mL, 30%) was added. After stirring at RT 


for 3 hours, the reaction was diluted with H2O, extracted with Et2O, washed with brine, 


dried over Na2SO4, concentrated and purified by flash chromatography (20% EtOAc in 


hexanes) to give diol 6.26 (1.7796 g, 70%) as a colorless oil. 1H NMR (500 MHz, CDCl3) 


233 
 







δ 7.36-7.27 (5H, m), 7.26-7.23 (2H, m), 6.90-6.86 (2H, m), 4.53 (2H, s), 4.45(2H, s), 


3.87-3.83 (1H, m), 3.80 (3H, s), 3.77-3.66 (3H, m),3.53 (2H, qd, J = 9.0, 5.4 Hz), 


1.93-1.88 (2H, m), 1.78-1.72(1H, m), 1.70-1.64 (1H, m), 1.43 (1H), 1.21 (1H), 0.95 (3H, 


d, J = 7.0 Hz), 0.75 (3H, d, J = 6.9 Hz); 13C NMR (500 MHz, CDCl3) δ 159.2, 138.0, 


130.3, 129.2, 128.4, 127.7, 113.8, 77.9, 75.7, 75.1, 73.3, 73.1, 70.0, 55.3, 40.9, 35.2, 33.8, 


30.3, 12.7, 9.3; HRMS (ESI+) calcd for C24H35O5 [M + H]+ 403.2479, found 403.2488. 


Spectroscopic data agreed with the literature data.4 


 


(S)-2-((7R,8S,9S)-9-(2-(Benzyloxy)ethyl)-8-methyl-6,10-dioxaspiro[4.5]decan-7-yl)pr


opan-1-ol (6.28) 


6.206.20 OH O


OBn


O


6.28  


To a solution of diol 6.26 (800 mg, 1.99 mmol) and cyclopentylidene dimethyl acetal 


(5.5 mL) in DCM (3.3 mL) was added PPTS (8 mg). The mixture was stirred at 50 oC for 


1.5 hours, then cooled to RT and concentrated. The residue was purified by flash 


chromatography (20% EtOAc in hexanes) to give PMB ether 6.27 (781 mg, 84%) as a 


colorless oil. Spectroscopic data agreed with the literature data.4 


To a vigorously stirring solution of PMB ether 6.27 (781 mg, 1.67 mmol) in DCM 
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(43 mL) and pH 7 buffer (4.5 mL) was added DDQ (570 mg, 2.51 mmol) at RT. After 


stirring for 50 minutes, the mixture was diluted with pH 7 buffer, extracted with DCM (3 


x 50 mL), dried over Na2SO4, concentrated, and purified by flash chromatography (30% 


EtOAc in hexanes) to give alcohol 6.28 (500 mg, 86%) as a colorless oil. 1H NMR (500 


MHz, CDCl3) δ 7.36-7.26 (5H, m), 4.53 (1H, d, J = 11.9 Hz), 4.47 (1H, d, J = 12.1 Hz), 


3.73 (1H, dd, J = 10.6, 3.4 Hz), 3.68-3.47 (5H, m), 2.06-1.99 (1H, m), 1.94-1.70 (5H, m), 


1.69-1.53 (6H, m), 0.98 (3H, d, J = 7.2 Hz), 0.75 (3H, d, J = 6.8 Hz). Spectroscopic data 


agreed with the literature data.4 


 


(R)-Methyl 2-((7S,8S,9S)-9-(2-(benzyloxy)ethyl)-8-methyl-6,10-dioxaspiro[4.5] decan 


-7-yl)propanoate (6.29) 


6.206.20 O O


OBn


O


6.29


MeO


 


To a solution of alcohol 6.28 (500 mg, 1.44 mmol) in DCM (8.3 mL) was added 


NaHCO3 (1.22 g, 14.52 mmol) and Dess-Martin periodinane (1.22 g, 2.88 mmol). After 


stirring at RT for 3 hours, the solution was diluted with Et2O, aqueous Na2S2O3 and 


NaHCO3. The solution was stirred vigorously for another 30 minutes, and then extracted 


with Et2O, washed with aqueous NaHCO3, dried over Na2SO4 and concentrated to give a 


crude aldehyde. 
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A solution of this crude aldehyde in t-BuOH (8.5 mL) and 2-methyl-2 butene (1 mL) 


was treated dropwise with a solution of NaClO2 (326 mg, 3.6 mmol) and NaH2PO4 


(1.212 g, 10.1 mmol) in water (7.85 mL). After stirred at RT for 1 hour, the mixture was 


partitioned between brine and DCM. The organic layer was dried over Na2SO4 and 


concentrated to give the crude acid. 


To a solution of this crude acid in hexane (13.4 mL) and MeOH (1.7 mL) was added 


TMS-CHN2 (2 M in Et2O) dropwise until no bubbles came out and the color of solution 


stayed unchanged. After the addition of one or two drops of acetic acid, the solution was 


concentrated and purified by flash chromatography (5%-15% EtOAc in hexanes) to give 


methyl ester 6.29 (548 mg, 95% over 3 steps) as a colorless oil. 1H NMR (500 MHz, 


CDCl3) δ 7.35-7.26 (5H, m), 4.53 (1H, d, J = 12.1 Hz), 4.47 (1H, d, J = 12.0 Hz), 3.95 


(1H, dd, J = 10.4, 3.0 Hz), 3.68 (3H, s), 3.62-3.53 (3H, m), 2.69 (1H, dq, J = 7.2, 3.1 Hz), 


2.06-1.98 (1H, m), 1.95-1.72 (4H, m), 1.65-1.48 (6H, m), 1.14 (3H, d, J = 7.1 Hz), 0.78 


(3H, d, J = 6.7 Hz). Spectroscopic data agreed with the literature data.4 


 


2-((7S,8S,9S)-9-((R)-1-Methoxy-1-oxopropan-2-yl)-8-methyl-6,10-dioxaspiro[4.5]dec


an-7-yl)acetic acid (6.30) 
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To a solution of benzyl ether 6.30 (548 mg, 1.44 mmol) in THF (25 mL) was added 


Pd(OH)2 (421 mg, 20% on C). The mixture was stirred under hydrogen pressure (40-50 


psi) overnight. The mixture was then filtered and concentrated to give the crude alcohol. 


A solution of this crude alcohol in DCM (13.6 mL) was treated with NaHCO3 (1.23 g, 


14.6 mmol) and Dess-Martin periodinane (1.23 g, 2.9 mmol) at RT. After stirring for 30 


minutes, the mixture was diluted with hexane, filtered, concentrated, and purified by flash 


chromatography (30% EtOAc in hexanes) to give aldehyde (266 mg, 65 % over 2 steps) 


as a colorless oil. Spectroscopic data agreed with the literature data.4 


A solution of the aldehyde (266 mg, 0.94 mmol) in t-BuOH (11.2 mL) and 2-methyl-2 


butene (0.71 mL) was treated dropwise with a solution of NaClO2 (213 mg, 2.35 mmol) 


and NaH2PO4 (790 mg, 6.58 mmol) in water (11.2 mL). After stirring at RT for 1 hour, 


the mixture was partitioned between brine and DCM. The organic layer was dried over 


Na2SO4, concentrated, and purified by flash chromatography (30% EtOAc in hexanes) to 


give carboxylic acid 6.30 (174 mg, 62%) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 


3.93 (1H, dd, J = 10.3, 3.1 Hz), 3.83 (1H, ddd, J = 10.1, 8.7, 3.1 Hz), 3.61 (3H, s), 2.67 – 


2.57 (2H, m), 2.41 (1H, dd, J = 15.7, 8.6 Hz), 1.89 – 1.65 (4H, m), 1.52 (5H, m), 1.07 


(3H, d, J = 7.1 Hz), 0.73 (3H, d, J = 6.7 Hz). Spectroscopic data agreed with the literature 


data.4 
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(R)-Methyl 2-((7S,8S,9S)-9-((3Z,5S,6S,7S,8Z,11S,12R,13R,14S,15S)-12-(tert-butyl- 


dimethylsilyloxy)-14-(4-methoxybenzyloxy)-6-(methoxymethoxy)-5,7,9,11,13,15-hexa


methyl-2-oxononadeca-3,8-dienyl)-8-methyl-6,10-dioxaspiro[4.5]decan-7-yl)propano


ate (6.32) 


 


A solution of 18-crown-6 (110 mg, 0.41 mmol) and K2CO3 (30 mg, 0.21 mmol) in 


toluene (0.33 mL) and HMPA (0.033 mL) was stirred at RT for 3 hours. The solution was 


cooled to -10 oC and a solution of aldehyde 6.8 (22.2 mg, 0.034 mmol) and phosphonate 


6.21 (26.5 mg, 0.048 mmol) in toluene (0.33 mL) and HMPA (0.033 mL) was added. The 


resulting solution was stirred at -5 oC for 48 hours. After addition of ammonium chloride 


solution, the resulting solution was extracted with EtOAc (3 x 20 mL), washed with brine, 


dried over Na2SO4 and concentrated. The residue was purified via flash chromatography 


(20% EtOAc in hexanes) to give ketone 6.32 (13 mg, 40%) as a colorless oil. 1H NMR 


(500 MHz, CDCl3) δ 7.28 (2H, d, J = 8.7 Hz), 6.87 (3H, d, J = 8.7 Hz), 6.14 – 6.05 (2H, 


m), 4.90 (1H, d, J = 10.4 Hz), 4.73 (2H, dd, J = 31.2, 6.7 Hz), 4.48 (2H, dd, J = 36.8, 


10.4 Hz), 3.98 (2H, dd, J = 10.4, 3.0 Hz), 3.80 (3H, s), 3.74 – 3.68 (1H, m), 3.68 (3H, s), 
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3.50 – 3.45 (2H, m), 3.40 (3H, s), 3.27 (1H, dd, J = 7.1, 3.9 Hz), 3.13 (1H, t, J = 5.2 Hz), 


2.70 – 2.64 (1H, m), 2.65 – 2.50 (2H, m), 2.16 (1H, t, J = 12.5 Hz), 1.93 – 1.82 (5H, m), 


1.80 – 1.65 (3H, m), 1.58 (3H, s), 1.62 – 1.48 (6H, m), 1.32 – 1.25 (3H, m), 1.18 – 1.13 


(2H, m), 1.12 (3H, d, J = 7.1 Hz), 1.01 (3H, d, J = 6.9 Hz), 0.99 – 0.86 (12H, m), 0.93 


(9H, s), 0.74 (3H, d, J = 6.7 Hz), 0.72 (3H, d, J = 6.7 Hz), 0.07 (3H, s), 0.06 (3H, s); 13C 


NMR (500 MHz, CDCl3) δ 199.0, 174.9, 159.1, 151.5, 133.2, 131.5, 130.1, 129.2, 125.7, 


113.8, 110.3, 97.5, 94.6, 86.9, 85.6, 76.3, 74.7, 73.3, 56.3, 55.4, 51.9, 48.2, 41.0, 39.9, 


39.0, 36.9, 36.2, 36.0, 35.9, 35.5, 35.4, 31.1, 31.0, 30.0, 26.4, 24.4, 23.3, 23.2, 22.5, 18.7, 


17.6, 17.4, 17.0, 14.4, 14.0, 11.8, 11.5, 8.8, -3.2, -3.3. HRMS (ESI+) calcd for 


C54H93O10Si [M + H]+ 929.6538, found 929.6525. 
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Chaper 7. Conclusion 


 


Eleven paclitaxel or docetaxel analogs with a cyanonilutamide moiety linked at the 


C7, C10 or C3' position through linkers of various lengths were designed and synthesized. 


Among them, the C7 paclitaxel analogs all showed significantly reduced activity in the 


A2780 bioassay and tubulin assembly bioassays compared with paclitaxel, but all C10 


docetaxel analogs preserved the tubulin assembly activities or even show enhanced 


activities in comparison with docetaxel. This result suggests that the C7 position in 


paclitaxel or docetaxel is more sensitive to the influence of bulky substituents on tubulin 


assembly and antiproliferative activity than the C10 position. Additionally, the C3' 


docetaxel analog was not as active as we had been expected, indicating the limitation of 


modifications at this position. 


In androgen-dependent prostate cancer cells, the C10 docetaxel analogs displayed 


similar activity to that of paclitaxel or docetaxel in agreement with the results from the 


A2780 and tubulin assembly bioassays. However, it was disappointing that none of them 


were as active as paclitaxel or docetaxel against androgen-independent prostate cancer 


cells, although the C10 docetaxel analogs did show much better activity than the other 


analogs. This result may be due to fact that paclitaxel or docetaxel bind to the inner 


surface of microtubules, which would require a longer linker to allow the 


cyanonilutamide moiety to reach outside the microtubule tube, making the crosslinking of 


 241
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microtubules and androgen receptor extremely difficult. Therefore, a docetaxel analog 


with the cyanonilutamide moiety connected to the C10 position through a much longer 


PEG linker could be the next candidate in further work. 


One simplified fluorescently labeled discodermolide analog was designed and 


synthesized to help understand the bioactive conformation of discodermolide. The 


dimethylaminobenzoate fluorophore was introduced to replace the δ-lactone, since the 


previous SAR studies indicated that the replacement of the δ-lactone by aromatic ring 


could preserve the cytotoxicity of discodermolide if it maintained the appropriate 


orientation. The terminal diene was replaced with saturated alkyl group, since the diene is 


not essential for the activity. This analog was submitted to the A2780 bioassay and the 


tubulin assembly bioassay. The analog was active in both assays, but it was nearly 400 


times less active than paclitaxel in A2780 bioassay. Fortunately, it showed much better 


activity in the tubulin assembly bioassay, only 10 times less active than paclitaxel, 


indicating that the analog bound to tubulin in a similar way to that of discodermolide. 


Further biological investigations are currently in progress. 


To better understand the bioactive conformation of discodermolide, a 


conformationally constrained discodermolide was designed, according to the 


computational study conducted by James P. Snyder at Emory University. The synthetic 


efforts were made, but failed during the final steps. Several key intermediates were 


accumulated, and the further synthetic plan was proposed. 
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Chapter 4. The biology and chemistry of discodermolide 


 


4.1 Introduction 


 


 


In 1990, Sarath P. Gunasekera and co-workers isolated a new polyketide natural 


product named discodermolide,1 from a Caribean marine sponge, Discodermia dissolute, 


which was collected at Lucay, Grand Bahama Island at a depth of 33 m. This place had 


previously been recognized as a source of a number of structurally interesting and potent 


biological agents such as calyculins A-D2,3 and discodermins A-D.4 Discodermolide is a 


crystalline solid that degrades when being dried under vacuum at room temperature, but 


is relatively stable in MeOH or EtOAc. Its structure was elucidated by Gunasekera’s 


group through several spectroscopic techniques including NMR spectroscopy, IR, UV 


and MS, and was then verified by X-ray crystallographic analysis.1 The absolute 


Figure 4.1 Structures of (+)-discodermolide and (-)-discodermolide 
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configuration was defined by Schreiber and co-workers in 1993 through total synthesis. 5 


As shown in Figure 4.1, its structure comprises a linear polyketide backbone with 13 


chirality centers, 3 Z-double bonds, a carbamate at C-9, a terminal cis-diene and a 


δ-lactone. To minimize the strains and steric interactions, a hairpin-shaped conformation 


is generally believed to be preferred by discodermolide in both the solid state and 


solution.6,7 (-)-Discodermolide, the enantiomer of discodermolide, is not naturally 


available and was first synthesized in 1993 by Schreiber’s group for the purpose of 


determining the absolute stereochemistry and finding the cellular target of 


(+)-discodermolide.5,8 Similar to paclitaxel, both discodermolide and its enantiomer arrest 


the cell cycle at a stage after entering mitosis by inducing the polymerization of tubulins 


and stabilizing microtubules, ultimately leading to cell death.9,10,11 Importantly, 


discodermolide shows greater efficiency in stabilization of microtubules than paclitaxel, a 


compound that has played an important role in cancer chemotherapy during the past two 


decades. Of particular interest is that discodermolide displays potent activity against 


multi-drug-resistant cancer cell lines including paclitaxel-resistant cancer cell lines,12 and 


that the combination of paclitaxel and discodermolide exhibits synergistic drug effects in 


cultured cell lines.13 
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4.2 Bioactivity 


Discodermolide was initially isolated as a potent immunosuppressive and antifungal 


substance.14,15 But its bioactivity was then proved not to be limited only to the immune 


system.8,14,15 Remarkably, it displayed impressive and outstanding cytotoxicity. In 1994, 


Schreiber’s group reported that discodermolide inhibited incorporation of tritiated 


thymidine into DNA with IC50 values of 7 nM and 35 nM for discodermolide and its 


enantiomer, respectively, in several cell lines.8 In further investigation, discodermolide 


was found to be toxic in human and murine cell lines with IC50 values of 3-80 nM,11 


which led to a large number of further explorations to its mechanisms of action. 


 


4.2.1 Cell cycle arrest 


The studies on the distribution of a population of cells in the cell cycle through 


measurement of the DNA content in cells by flow cytometry found that cells treated with 


discodermolide were arrested at the G2/M phase, while (-)-discodermolide blocked the 


cell cycle at S phase, both of which eventually led to the cell death. In comparison, the 


population of untreated cells (vehicle control) remained mainly in the G1 phase. 


Interestingly, the arresting phases in the cell cycle were totally different for the two 


enantiomers, indicating that they acted through distinct mechanisms. 
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To further define the arresting mechanism, investigations on the effect of 


discodermolide on cyclin B expression were performed.10,11 In various eukaryotic cells, 


cyclin B associated with and activated the kinase cdc2, and the expression of cyclin B 


resulted in activating M-phase-promoting factor (MPF), which drove the cell cycle into 


mitosis.18-20 More importantly, at the anaphase of mitosis, degradation of cyclin B that 


subsequently deactivated MPF took place, which allowed the separation of sister 


chromatids, chromosome decondensation, cytokinesis, and nuclear envelope reformation, 


indicating that the degradation of cyclin B was necessary for cell mitosis.21-23 These 


studies revealed that discodermolide treatment displayed no effects on the expression of 


cyclin B at the beginning of cell cycle. However, the following degradation of cyclin B at 


anaphase of mitosis was clearly delayed by about 6-12 hours in the presence of 


discodermolide. During this prolonged period, the cells had the same morphology as 


mitotic cells, and finally re-adhered instead of undergoing mitosis as usual. The 


re-adhered cells were mostly micronucleated and larger in size than the control cells. 


 


4.2.2 Tubulin polymerization and microtubule stabilization 


Nearly all anti-mitotic reagents, including colchicines, colcemid and paclitaxel, were 


proved to interact with microtubules,24-27 which promoted researchers into further 


explorations on the effect of discodermolide on microtubules for better understanding of 
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its mechanism of action. 


4.2.2.1 Effects of discodermolide on intracellular microtubules 


The in vivo target of discodermolide was reported to be the intact microtubules by 


Schreiber’s group in 1996.10 It was then found that discodermolide treated cells contained 


dense and discontinuous bundles of microtubules, instead of the continuous network of 


microtubules in control cells. So similarly to paclitaxel, discodermolide caused a major 


rearrangement of cellular microtubules. In comparison with untreated cells, MCF-7 cells 


treated with discodermolide at concentrations as high as 10 nM contained filamentous 


and bundled microtubules retracted and concentrated around the nucleus, while treatment 


with 10 nM of paclitaxel had little effect on the overall appearance of the cellular 


microtubule network.11 Even treated with 10 μM of paclitaxel, the bundled microtubules 


were less extensive than occurred with 1 μM of discodermolide.11 Therefore, 


discodermolide induced microbubule bundle formation more potently than paclitaxel. 


Furthermore, it was found that the higher the concentration of discodermolide, the 


more prominent and elongated the formed bundles became.11 Indirect 


immunofluorescence studies revealed that microtubule bundles appeared more rapidly 


after discodermolide treatment than after paclitaxel treatment, although ultimately both of 


them indistinguishably led to complete reorganization of microtubules into bundles with 


multiple regions of nucleation.12 Meanwhile, similarly to paclitaxel, discodermolide 
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stabilized microtubules upon cold treatment in vivo, whereas the microtubule bundles in 


control Swiss 3T3 cells completely disappeared upon incubation at 4 ˚C for 16 hours, but 


discodermolide clearly stabilized microtubules better than paclitaxel.10 In addition, in 


treated A549 cells, bundle formations observed with discodermolide were distinctly 


different from those noticed with paclitaxel. The microtubule bundles were formed at the 


periphery of the cells in the presence of discodermolide, in contrast to cells treated by 


paclitaxel where the bundles appeared throughout the cell.28 Further investigations found 


that similarly to paclitaxel, discodermolide altered the microtubule dynamic parameters 


and so stabilized intracellular microtubules, which was proved to be related to its ability 


to inhibit proliferation and block mitosis.29 


 


4.2.2.2 Effects of discodermolide on tubulin assembly and microtubule 


stability8,10-12,29 


In the absence of microtubule-associated proteins (MAPs), which are necessary for 


tubulin polymerization in vitro in general, 10 μM of discodermolide alone rapidly 


induced polymerization of tubulin.10 By comparing the effect of 10 μM of discodermolide 


with 10 μM of paclitaxel in inducing polymerization of tubulin in vitro, it was proved that 


more vigorous assembly occurred with discodermolide than with paclitaxel. In the 


presence of GTP and MAPs, tubulin was rapidly polymerized immediately after addition 
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of 10 μM discodermolide at 0 ˚C, while paclitaxel treatment did not induce 


polymerization under the same conditions and significant assembly did not happen until 


the temperature reached 10 ˚C. In comparison, polymerization in the absence of 


discodermolide or paclitaxel occurred only at temperatures above 37 ˚C. 


Further explorations on the combined effects of low temperature and Ca2+ on 


paclitaxel- and discodermolide-induced tubulin polymers in the present of GTP and 


MAPs found that 0.6 mM CaCl2 caused greater than 90% disassembly of the polymer at 


37 ˚C in the reaction with neither paclitaxel nor discodermolide, and higher 


concentrations of CaCl2 caused more rapid and more extensive depolymerization. But 


CaCl2 with a concentration as high as 5 mM caused no significant disassembly of the 


polymer induced by either paclitaxel or discodermolide at 37 ˚C. When the reaction 


temperature was decreased to 0 ˚C, paclitaxel-induced polymer underwent relatively 


rapid disassembly. On the contrary, the discodermolide-induced polymer treated with 


CaCl2 was completely stable at 0 ˚C. 


It was also found that at 0 ˚C tubulin polymerization without GTP was slower than 


that with GTP. In addition, in the absence of GTP, the concentration of CaCl2 made little 


difference in the destabilizing effects of CaCl2. In the absence of MAPs, polymerization 


by discodermolide at 0 ˚C was extremely slow. When the temperature was raised to 37 ˚C, 


the discodermolide-induced assembly became vigorous. With GTP and no MAPs, only 
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discodermolide-induced polymer was stable at 0 ˚C. Paclitaxel completely lost its tubulin 


polymerization activity in the absence of both GTP and MAPs, whereas discodermolide 


remained active at 37 ˚C. Furthermore, the critical concentrations of tubulin for assembly 


with paclitaxel and dicodermolide were reported,12 as listed in Table 4.1. The literature 


critical concentration data, combined with the findings above, confirmed that the potency 


of discodermolide in inducing microtubule assembly reactions was significantly greater 


than that of paclitaxel. 


 


Drug 


Critical concentration of tubulin (μM) 


MAPs and 
GTP 


MAPs only GTP only 
No MAPs or 


GTP 


paclitaxel 0.24±0.3 1.7±0.4 4.3±0.4 22±1 
discodermolide 0.41±0.4 0.93±0.2 0.88±0.4 3.0±0.3 


 


Studies on the binding of tritiated discodermolide to microtubules showed that 


discodermolide bound to microtubules with a binding stoichiometry of one 


discodermolide per tubulin dimer. Additionally, it was proved by drug binding 


competition assay that discodermolide was an excellent inhibitor of the binding of 


3H-paclitaxel to the preformed microtubules. In comparison, paclitaxel only weakly 


inhibited the binding of 3H-discodermolide to polymer even at higher concentrations. 


These results suggested that discodermolide and paclitaxel bound to mutually exclusive 


Table 4.1 Critical concentrations of tubulin for assembly with paclitaxel and discodermolide 
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(the same or overlapping) sites on microtubules and that discodermolide displayed better 


binding affinity to microtubules than paclitaxel. 


Electron microscopy (EM) revealed that discodermolide produced large numbers of 


much shorter microtubules (0.53-0.59 μm) than those formed in the presence of paclitaxel 


(0.70-1.69 μm) which was still relatively shorter than those in a control sample 


(3.26±1.61 μm),11,28 indicating that discodermolide had a major effect on microtubule 


nucleation. In addition, GTP and MAPs were both observed to affect 


discodermolide-induced microtubule morphology.11,12 GTP caused more sheet formation 


instead of microtubules formation than MAPs. In the absence of both MAPs and GTP, a 


greater proportion of discodermolide-induced polymer had microtubule morphology than 


in absence of MAPs only. Addition of CaCl2 did not affect discodermolide-induced 


polymer morphology, neither did lowering temperature. Therefore, the 


discodermolide-induced polymer was relatively more stable to both CaCl2 and 


cold-induced disassembly. 


 


4.2.2.3 Distinct binding and cellular properties between (+)-discodermolide and 


(-)-discodermolide8 


In 3H-thymidine incorporation assays, (+)-discodermolide (IC50= 7 nM) was observed 
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to be ten times more potent than its enantiomer. In addition, as described above, 


(+)-discodermolide arrested the cell cycle at the G2/M phase, while (-)-discodermolide 


blocked cell cycle at the S phase. Of particular interest was that (-)-discodermolide was 


not a competitive inhibitor for binding of tritiated (+)-discodermolide to microtubules, 


which suggested that these two enantiomers arrested the cell cycle at different stages by 


interacting with distinct cellular targets. 


 


4.2.2.4 Synergistic suppression 


As mentioned above, the competitive binding of discodermolide to paclitaxel-induced 


microtubules suggested that they shared a common binding site on microtubules. 


Surprisingly, recent studies discovered that these two drugs could synergize to inhibit 


proliferation of A549 human lung cancer cells when used simultaneously.29 They also 


synergistically inhibited overall microtubule dynamic properties in living cells, blocked 


the cell cycle at G2/M, and promoted apoptosis, more effectively than individually.30 


Several mechanisms could probably explain the synergism between discodermolide and 


paclitaxel.30 One possibility was that the two drugs altered the subtle conformation of the 


microtubules where they were bound, which resulted in increased stability of the 


microtubule lattice. It was also very possible that paclitaxel might enhance positively the 


binding of discodermolide to microtubules or enhance the factor that could help 







131 


 


discodermolide bind to microtubules. Their synergy might also result from differential 


binding of the two drugs to the various tubulin isotypes, which might lead to an altered 


overall microtubule architecture and synergy. Importantly, these findings provided a 


novel and interesting strategy for combining low doses of drugs in cancer chemotherapy. 


 


4.2.2.5 Activity against multidrug-resistant (MDR) cancer cell lines 


Of the most promising features, discodermolide displayed much greater activity 


against MDR cancer cell lines than paclitaxel.12 Although the parental carcinoma lines 


generally were more sensitive to paclitaxel than discodermolide, the corresponding 


paclitaxel-resistant cell lines as a consequence of genetic alterations of a β–tubulin gene 


showed much more sensitivity to discodermolide. This suggested that the affinity of the 


altered tubulin for paclitaxel decreased significantly, while the affinity for discodermolide 


probably just changed a little or did not change. 


 


4.3 Structure-activity relationships (SAR) 


The structure of discodermolide comprises a complex linear polypropionate backbone, 


including 13 chirality centers, 3 Z-double bonds at C8-C9, C13-C14 and C21-C22, a 


carbamate at C-9, a terminal cis-diene at C21-C24 and a δ-lactone. For better 
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understanding of its mechanism of binding to microtubules, the elucidation of its 


structure-activity relationships is necessary. As mentioned above, to minimize the strains 


and steric interactions, a hairpin-shaped conformation is generally believed to be 


preferred by discodermolide in both the solid state and solution.6 Several other important 


SAR findings had been reported on discodermolide during the past decade (Figure 


4.2).9,28,29,31-35 


The C1 position can be thiophenylated without affecting the bioactivity.9 The 


elimination of both the C2 methyl and the C3 hydroxyl groups dramatically increased the 


cytotoxicity of discodermolide by 10 times.36 Acetylation at the C3 hydroxyl group has 


little effect on the cytotoxicity of discodermolide, and the absence of the C3 hydroxyl 


group surprisingly enhances cytotoxicity,13,36 so it is not essential for the bioactivity. 


Silylation at C3 dramatically decreases the cytotoxicity,35 so presumably there is a spatial 


constant at this position. Discodermolide can thus tolerate modification on the lactone 


ring to different extents depending on how the structure is modified.37 Surprisingly, 


replacement of the δ-lactone with certain 5-membered rings enhanced the cytotoxicity, 


whereas significant loss of cytotoxicity was observed when replacing the δ-lactone with 


various aryl groups29 or acyl groups.38 It was also reported that replacement of the lactone 


ring by an aromatic ring could possibly preserve the cytotoxicity of discodermolide if it 


maintained the appropriate orientation.37 
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Inversion of stereochemistry at C7 and C5 led to significant loss of activity.39 In 


addition, acetylation of the C7 hydroxyl group enhanced the cytotoxicity of the molecule 


against A549 cells. Interestingly, discodermolide was found to be more effective in 


polymerizing purified tubulin than the compound with the C7 hydroxyl group acetylated, 


indicating that either acetylated discodermolide at C7 is more cell-membrane permeable, 


or that acetylation at the C7 hydroxyl group induced additional cytotoxic qualities not 


present in the original discodermolide molecule. The absence of the hydroxyl group at C7 


resulted in an apparent reduction in bioactivity, indicating the importance of the C7 


hydroxyl group for cytotoxicity of discodermolide. 


In contrast to acetylation at C3 or C7, acetylation of the hydroxyl groups at the C11 


and C17 positions severely reduced the cytotoxicity of the molecule. Further studies 


Figure 4.2 Structure-activity relationships for discodermolide 
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showed that chemical modifications of the central region (C11, C17) in the 


discodermolide molecule served to impair its biological activities, which indicated that 


these hydroxyl moieties played significant roles in the overall antimitotic activity of 


discodermolide. Furthermore, epimerization of the C17 hydroxyl group made the final 


molecule inactive, and inversion of stereochemistry at C11 greatly reduced the bioactivity 


of the overall molecule. Together, these results indicated the essential roles of the 


hydroxyl groups at C7, C11 and C17 in maintaining the favorable stereochemistry of the 


pharmacophore, possibly through a hydrogen bonding interaction with the neighboring 


carbamate group. 


Other SAR investigations revealed that both the C8-C9 Z-double bond and the 


terminal conjugated diene system were not contributing significantly to the cytotoxicity 


of discodermolide, whereas the C13-C14 Z-double bond, which was believed to partly 


control the folding of the discodermolide molecule to an optimum conformation in order 


to fit into the binding site, was crucial for the antimitotic activity, and the hydrogenation 


of this double bond resulted in complete loss of the bioactivity. The absence of the C14 


methyl group slightly reduced the cytotoxicity and tubulin polymerization activity, but 


led to loss of activity against the NCI/ADR multidrug-resistant cell line. The replacement 


of the C13-C14 double bond by cyclopropane retained nanomolar cytoxicity against the 


drug-sensitive cell line but greatly reduced activities against the multidrug-resistant cell 
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line. 


Additionally, the absence of the C16 methyl group had no effect on the bioactivity. 


On the contrary, inversion of the absolute configuration at C16 led to reduced cytotoxicity, 


indicating that C16 stereochemistry was essential for biological activity of 


discodermolide. The introduction of an acetoxy group at C19 in place of the carbamate 


was detrimental to the antimitotic activity of discodermolide. Modifications of the C19 


carbamate maintained potent cytotoxicity in drug-sensitive cell lines, but led to the loss of 


cytotoxicity in multidrug-resistant cell lines. Importantly, the hairpin folding 


conformation bringing the δ-lactone end and the C19 side chain in close proximity was 


found to be essential for the biological activity of discodermolide. 


 


4.4 Total Synthesis 


Marine sources of discodermolide only provided minimal quantities of material (7 mg 


from 434 g frozen sponge).40 Therefore, currently the only practical solution of this issue 


is total chemical synthesis. Several partial synthesis and total syntheses have been 


reported since 1993.41-53,69 The retrosynthetic analysis of discodermolide for every 


synthetic approach is shown in Figure 4.3, and five well-known total synthetic routes are 


reviewed and discussed below. 
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4.4.1 The Schreiber Synthesis 


Schreiber’s group reported the first total synthesis of (-)-discodermolide in 1993,5 


before they developed a novel total synthetic route for discodermolide in 1996.9 The 


retrosynthesis of discodermolide by Schreiber’s group is shown in Scheme 4.1. 
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Figure 4.3 Retrosynthesis of discodermolide 


Scheme 4.1 Retrosynthesis of Schreiber’s approach 
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Scheme 4.2 Synthesis of fragment 4.4 and 4.5 


This synthetic approach began with a common commercial compound 4.6 as shown 


in Scheme 4.2. The addition of (E)- and (Z)-crotylboronate to 4.6 gave two stereospecific 


precursors 4.4 and 4.5, respectively.33 


 


Scheme 4.3 Synthesis of fragment 4.1 


The common precursor 4.4 was then converted to ester 4.7 via ozonolysis and Wittig 


olefination, which was then converted to alcohol 4.8. 4.8 was subject to Dess-Martin 


oxidation and cyclization reaction to give 4.9, which was converted to fragment 4.1 in 


four steps with good yield. To synthesize fragment 4.2, the common precursor 4.4 was 


protected as its PMB ether and then converted to vinyl iodide 4.11 via ozonolysis and 
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Wittig olefination. Then the terminal diene was installed to give 4.12 by a 


palladium-catalyzed coupling with vinylzinc bromide. Deprotection of the TBS group 


with trifluoroacetic acid, Dess-Martin oxidation and subsequent Grignard addition of 


methylmagnesium bromide provided fragment 4.2 in good yield. 


TBSO


OH


TBSO


OPMB
4.11


I
HO


OPMB


OPMB
4.2


O


1. PMBBr, NaH, 90%
2. O3; DMS; NaHMDS,


Ph3P+CH2II-


1. Pd(PPh3)4,
CH2=CHZnBr


2. TFA, THF, H2O


1. Dess-Matin
2. CH3MgBr
3. Dess-Martin


4.4 4.12


Scheme 4.4 Synthesis of fragment 4.2 


The other precursor 4.5 was transformed into Z-trisubstituted oldfin 4.13 by the 


method of Still and Gennari,54 which was then converted to fragment 4.3 in four steps. 


 


Scheme 4.5 Synthesis of fragment 4.3 


The Nozaki-Kishi coupling of thioacetal 4.1 and iodoacetylene 4.3 yielded 4.15 as the 


major epimer in a 2:1 mixture of diastereomers,55 which was subsequently converted to 


4.16 by hydrogenation, TBS protection and the DIBAL deprotection of the pivaloate. 
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Scheme 4.6 Synthesis of fragment 4.17 
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Scheme 4.7 Synthesis of discodermoldie 


After the conversion of alcohol 4.16 to 4.17, the alkylation of methyl ketone 4.2 with 


bromide 4.17 followed by methylation provided an access to compound 4.18.41,50 


Subsequent conversion of 4.18 to 4.19 followed by selective reduction with 


LiAlH(t-BuO)3 and acidic deprotection of the protecting groups completed the synthesis 
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of discodermolide in 36 steps with 4.3% overall yield. This synthesis provided a good 


solution to the supply problem of discodermolide for further biological studies. Although 


several steps somehow gave poor selectivity and yields, for example, the Nozaki-Kishi 


coupling of compound 4.1 and 4.3 only gave poor stereoselectivity, in favor of the desired 


configuration, their strategy did open an access for the following synthetic studies. 


 


4.4.2 The Smith Synthesis 
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Scheme 4.8 Retrosynthesis of Smith’s appoach 


In 1995, after the first total synthesis of (-)-discodermolide by Schreiber’s group, 


Smith’s group developed a different strategy to synthesize (-)-discodermolide 


(first-generation synthesis).63 Then they reported the improved second- and 
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third-generation syntheses of discodermolide in 1999 and 2003, respectively.64-66 As 


shown below, a triply convergent approach was utilized in Smith’s synthesis, dissecting 


(+)-discodermolide at C8-C9 and C14-C15 to generate subunits 4.21, 4.22 and 4.23, each 


of which was prepared from a common precursor 4.24, which was considered the great 


appeal of the Smith’s synthesis (Scheme 4.8). 


It was noteworthy that the reaction sequence from 4.25 to 4.24 through Evan’s aldol 


chemistry only involved one chromatographic separation step, which brought much 


convenience in practice (Scheme 4.9). 


 


Scheme 4.9 Synthesis of the common precursor 4.24 


Three fragments 4.21, 4.22 and 4.23 were obtained through the reactions starting 


from the common precursor 4.24 upon optimization of the chemistry developed in their 


first-generation synthesis (Scheme 4.10).63  
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The revised palladium-catalyzed cross-coupling (Negishi coupling) of 4.21 and 4.22 


provided 4.33 in a 73% yield based on starting purity of 4.22.67 The compound 4.33 was 


subsequently transformed to Wittig salt 4.36 followed by Wittig coupling with 4.23 to 


afford 4.37 in good yield with excellent Z/E selectivity (15-24:1). After removal of the 


protecting groups and installation of the carbamate at C19 via the Kocovsky protocol,68 


the discodermolide synthesis was completed in a yield of 6% (Scheme 4.11). 


In 2003, they reported a practical improvement of this discodermolide synthesis, in 


which ultrahigh pressure was not required to access the Wittig salt used for constructing 


the C8-C9 disubstituted olefin, compared to relatively higher pressure required in 


second-generation synthesis.65 In comparison with the other syntheses, this synthesis 


Scheme 4.10 Synthesis of fragments 4.21-4.23 
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showed higher efficiency, proceeded in higher yield, and was amenable to gram-scale 


production of discodermolide. Additionally, the notable features also included triple 


convergency, with each of the three subunits derived from the same precursor 4.24, a 


modified Negishi coupling, efficient synthesis of phosphonium salt 4.36, and a 


chemoselective Wittig coupling reaction. 
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Scheme 4.11 Synthesis of discodermolide 
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4.4.3 The Myles Synthesis52,56 


 


Scheme 4.12 Retrosynthesis of Myles’s appoach 


In 1997, Myles’s group reported a total synthesis of (-)-discodermolide using 


chelation-controlled alkylation reaction as the key coupling.52 Recently they reported 


another total synthesis of discodermolide, which adopted a similar strategy disconnecting 


the C7-C8 and C15-C16 bonds to give three key subunits (the retrosynthesis as shown in 


Scheme 4.12.56 


The synthesis began with benzyl ether 4.41, which was prepared from commercially 


available compounds.71 The benzyl ether was oxidized to aldehyde 4.44 via Swern 


oxidation, and the following Lewis acid-catalyzed cyclocondensation reaction provided 


pyrone 4.45. The following Luche reduction converted 4.45 to intermediate 4.46, which 


underwent reduction to open the lactols ring to give diol 4.47. Facile protecting group 
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manipulations then furnished allylic alcohol 4.48 in 85% yield, which was converted to 


allyl iodide 4.38 in 96% yield (Scheme 4.13). 
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Scheme 4.13 Synthesis of fragment 4.38 


The synthesis of the subunit 4.39 began with PMB ether 4.42, which was converted to 


4.49 via Swern oxidation and Evan’s aldol reaction in 88% yield. Then 4.49 was treated 


with trimethyl aluminum and N,O-dimethylhydroxylamine to produce the Weinreb amide, 


which was finally converted to ethyl ketone 4.39 via MOM protection and Grignard 


reaction (Scheme 4.14). 


To prepare subunit 4.40, benzyl ether 4.43 was oxidized and allylated to give alcohol 


4.50. TBS protection and Bn deprotection provided TBS ether 4.51, which was 


subsequently oxidized and treated under Evan’s aldol conditions to furnish alcohol 4.52. 


This material was treated with lithium hydroperoxide to cleave the chiral auxiliary and 


the resulting acid was converted to methyl ester 4.53 by treatment with 
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(trimethylsilyl)diazomethane in 79% yield over four steps.  Finally, TIPS protection 


followed by ozonolysis provided aldehyde 4.40 (Scheme 4.15). 
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Scheme 4.14 Synthesis of fragment 4.39 


 


Scheme 4.15 Synthesis of fragment 4.40 


Allyl iodide 4.38 and ethyl ketone 4.39 were treated with LiHMDS and TMEDA to 


give alkene 4.54 in 70% yield (Scheme 4.16). After the conversion of ketone 4.54 to 


alcohol 4.55, protection of the resulting alcohol as its TIPS ether, followed by 


chemoselective deprotection of the benzyl ether using H2 and Raney Ni provided primary 


alcohol 4.56 in 71% yield over two steps. Alcohol 4.56 was subsequently oxidized to 


aldehyde, which underwent Wittig reaction to give vinyl iodide 4.57 in 90% yield. The 


following PMB deprotection and oxidation furnished aldehyde 4.58, which was then 
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converted to diene 4.59 by treatment with (trimethylsilyl)allylboronate reagent and 


potassium hydride with the desired geometry in 80% yield over two steps. The 


deprotection of MOM ether followed by the installation of carbamate moiety at C19 


position afforded vinyl iodide 4.60. 


 


Scheme 4.16 Synthesis of intermediate 4.60 


The coupling between vinyl iodide 4.60 and aldehyde 4.40 was accomplished by 


treatment with 1% NiCl2/CrCl2 and Kishi’s chiral bispyridinyl ligand in THF in 42% 
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yield. The cyclization and global deprotection of sily protecting groups finally provided 


discodermolide in 52% yield over two steps. This synthesis proceeded in a highly 


convergent manner; the longest linear sequence for synthesizing discodermolide was 22 


steps from aldehyde 4.44 in an overall yield of 1.5%. The synthesis of separate fragments 


and the coupling reactions of these fragments were readily amenable to large scale. The 


convergent strategy also allowed for the facile preparation of analogues of 


discodermolide (Scheme 4.17). 
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Scheme 4.17 Synthesis of discodermolide 


 


4.4.4 The Marshall Synthesis58 


In 1998, Marshall and co-workers developed a new synthetic route for 


discodermolide by using the strategy as shown above. The linear structure of 


discodermolide was disconnected at the C7-C8 and C14-C15 bonds to give three subunits 
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4.62, 4.63 and 4.64, which were derived from starting material aldehyde 4.65 and 4.66 


(Scheme 4.18). 


 


Scheme 4.18 Marshall’s retrosynthetic appoach 


The Marshall synthesis started from chiral alkynyl lithium 4.62 which were afforded 


from aldehyde 4.65 (Scheme 4.19). On the other hand, alkyne 4.67, which was one of the 


intermediates in the synthesis of 4.64, was converted to 4.63 via acetal 4.69 (Scheme 


4.20).  


To synthesize subunit 4.64, the precursor 4.66 was treated with allenylstannane and 


trifluoroborane to provide alkyne 4.71, which was converted to diene 4.72 in eleven steps 


in 39% yield (Scheme 4.21). The acetal 4.72 was subsequently treated with DIBAL-H 


followed by iodination to give iodide 4.64. 
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Scheme 4.19 Synthesis of fragment 4.62 
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Scheme 4.20 Synthesis of Fragment 4.63 


The coupling of 4.62 and 4.63 was accomplished by treatment with lithium bromide 


in THF. The resulting alkyne 4.73 was hydrogenated, protected as MOM ether and TBS 


deprotected to give alcohol 4.74, which was subject to Dess-Martin oxidation and Wittig 


coupling reaction to afford vinyl iodide 4.75 in 40% yield (Scheme 4.22). Iodide 4.64 


was subsequently coupled with vinyl iodide 4.75 via Suzuki coupling reaction to furnish 


acetal 4.76, which was converted to discodermolide via methyl ester 4.77 (Scheme 4.23). 
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Scheme 4.21 Synthesis of Fragment 4.64 


 


The overall yield of the Marshall synthesis was about 1.2%. In the synthesis scheme, 


it is noteworthy that Suzuki coupling was utilized as the key coupling reaction to 


establish the skeleton of discodermolide. Meanwhile, the Marshall synthesis illustrated 


the potential of chiral allenyl metal reagents in the synthesis of polypropionate natural 


products. 


 


 


Scheme 4.22 Synthesis of intermediate 4.75 
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Scheme 4.23 Synthesis of discodermolide 


 


4.4.5 The Paterson Synthesis39,60-62 


Paterson and co-workers reported their first generation synthesis of discodermolide in 


2001, and the retrosynthesis is shown above. In 2003 and 2005, they revised their 


synthetic approach and published second and third generation syntheses, which overcame 


the issues of the low yield and poor stereochemistry selectivity in the first generation. 


In the first generation of Paterson’s strategy, two building blocks 4.78 (Scheme 4.25), 


4.79 (Scheme 4.26) were both prepared from a commercially available material 4.81, and 


4.80 was obtained from starting material 4.82 (Scheme 4.27). 
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Scheme 4.24 Paterson’s retrosynthetic appoach of the first generation  


 


 


Scheme 4.25 synthesis of subunit 4.78  


The connection of 4.79 to 4.80 was accomplished via aldol reaction and the 


subsequent manipulations provided 4.93, which was then coupled with 4.78 via 


boron-mediated aldol reaction to give methyl ester 4.94. The following cyclization and 


global deprotection of silyl protecting groups finally furnished discodermolide in 84% 


yield (Scheme 4.28). 
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Scheme 4.26 synthesis of subunit 4.79 


 


Scheme 4.27 synthesis of subunit 4.80 


The overall yield of the first generation Paterson synthesis was 7.7% through 27 steps, 


which was improved in comparison with the Schreiber (4.3%), Myles (1.5%), Marshall 


(1.2%) and Smith syntheses (6%). It was also amenable to the preparation of multi-gram 


quantities, and this flexible strategy provided a number of diastereomers and structural 


analogues of discodermolide for further studies on the structure-activity relationships of 


discodermolide. 
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Scheme 4.28 synthesis of discodermolide 


 


4.5 Summary 


Since Gunasekera’s group first reported the discovery of discodermolide in 1990, this 


natural product has given people many surprises. This amazing compound was proved to 


inhibit cell proliferation by inducing cell cycle arrest in the G2/M phase, mitotic bundling 


and affecting microtubule assembly in vivo more rapily than taxol. Of the particular 


interest is that discodermolide displays potent activity against multi-drug-resistant cancer 


cell lines. Recently, it has been shown to act synergistically with taxol. These unique 


properties have already made discodermolide a highly promising candidate as a new 


chemotherapeutic agent for the treatment of cancer. In 2004, discodermolide entered into 
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clinical trials as an anticancer agent. Unfortunately, it failed the phase I clinical trials due 


to its pulmonary toxicity,72,73 which may hamper its clinical development. The current 


progress in the total synthesis of discodermolide has alleviated the supply problem and 


permitted further in vivo analysis of its exciting synergism. 
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