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Abstract of the Dissertation 

 
Design, Synthesis and Biological Evaluation of Novel Tumor-targeting Taxane-

based Drug Delivery Systems 
 

by 

 

Manisha Das 

Doctor of Philosophy 

in 

Chemistry 

Stony Brook University 

2010 

Cancer continues to be a leading cause of death in the U.S. after heart disease and has 

become the leading cause of death for people younger than 85. Cancer chemotherapy 

relies on the hypothesis that rapidly proliferating cancer cells will be the more likely 

target of cytotoxic agents. However, cytotoxic agents have very little or no specificity 

towards cancer cells leading to systemic toxicity causing severe undesirable side effects. 

A tumor-targeting drug delivery system (DDS) that can distinguish between normal and 

cancer cells by utilizing their physiological and/or morphological differences is amongst 

the most promising protocols. Tumor cells overexpress many receptors and biomarkers 

which can be targeted to deliver chemotherapeutic agents specifically inside the cancer 

cells. Generally, a tumor-targeting DDS consists of a tumor-targeting moiety (TTM) 

connected to a cytotoxic agent directly or through a suitable linker. 
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 A novel tumor-targeting DDS using folic acid as the TTM conjugated to a potent 

novel second-generation taxoid via a novel mechanism-based self-immolative linker has 

been successfully developed. In vitro internalization studies using confocal fluorescence 

microscopy (CFM) and flow cytometry as well as cytotoxicity assays against several 

folate receptor positive and negative cancer cell lines exhibited excellent specificity. 

Immunofluorescent assays demonstrated the release of the potent taxane and its binding 

to microtubules. 

 Another DDS using functionalized single-walled carbon-nanotubes (f-SWNT) as 

the drug delivery vehicle and biotin as the TTM was successfully developed to study dual 

therapy effects of thermal ablation and cytotoxicity. The intrinsic property of SWNT to 

absorb light at near-IR range and thermally ablate cells was successfully utilized in these 

studies. CFM studies demonstrated specific internalization and thermal ablation of biotin-

receptor positive cancer cells. 

 The stability of disulfide linkers while in circulation and the effective disulfide 

bond cleavage to liberate the potent drug after the prodrug reaches the targeted tumor site 

is crucial in the design of successful linkers. A novel series of disulfide linkers have been 

designed and synthesized to study substituent effects and other key factors in their 

stability. The blood plasma stability of several DDS with biotin as TTM has also been 

determined. 
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Chapter 1 
Anticancer Drug Paclitaxel and Semi-synthesis of 

Taxoid using the β-Lactam Synthon Method 

1.1 Introduction: Cancer and its Treatment 
 Cancer is the second leading cause of death in the United States after heart disease 
and affects millions of people worldwide. According to the statistics released by the 
American Cancer Society in 2010 it is estimated that more than 1.4 million new cases of 
cancer will be diagnosed and more than half a million people will die from it in the 
United States alone i.e. more than 1500 people per day are going to die from cancer.1 
There is an estimated more than 12 million new cases of cancer and more than 7 million 
deaths worldwide. It is projected that more than 21 million new cases will be diagnosed 
globally by 2030 (up 69 % compared to 2008) and more than 13 million deaths will occur 
globally by 2030 (up 72 % compared to 2008).2 In fact cancer has surpassed heart disease 
as the leading cause of death for people younger than 85 years of age. Though there has 
been a decline in the incidence of cancer by 1.8 % per year from 2001-2005 in men and a 
decline of 0.6 % per year from 1998-2005 in women in the United States1 much remains 
to be done to combat this deadly disease. 

 

 
 

Figure 1-1. Schematic illustration of cancer formation and metastasis3 (Adapted from 
http://64.202.120.86/upload/image/articles/2008/smart-bombing-cancer/cell-grow.jpg) 
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 The Greek physician Hippocrates (460-370 B.C.) used the word carcinos and 
carcinoma to describe tumors and is credited for the origin of the word cancer. In Greek 
these words mean a crab probably because of the spreading projections associated with 
cancer. Celsus, the Roman physician later translated the word to cancer which is the 
Latin word for crab. Cancer is the collective term for a group of diseases which are 
characterized by an unrestrained division of cells and the ability of these cells to 
proliferate and invade other tissues either by direct invasion into the neighboring tissues 
or by metastasizing to distant sites.  
 Cancer can be caused by various external (chemicals, radiation, viruses, etc) and 
internal (mutation, immune conditions, hormones, etc) factors which cause mutations to 
genes that encode for the proteins controlling the cell division. This mutation results in 
accelerated and uncontrolled growth of cells which causes the formation of tumor mass 
or neoplasm i.e. a discrete population of cells which grow independently. Tumors can be 
benign or malignant whereas cancer is by definition malignant. A benign tumor is usually 
composed of cells that bear a strong resemblance to the normal cells of the organs from 
where it originates and if required can be easily removed by surgery in most cases. A 
benign tumor is usually harmless and grows slowly whereas a malignant tumor grows 
much faster and invades neighboring tissues and can metastasize i.e. break away or 
dislodge from the parent tumor and spread to other organs or distant parts of the body 
through the bloodstream or lymph system. A malignant tumor or cancer is made up of 
cells that are different from the normal cells around them and grows much faster than the 
normal cells. 
 Physicians use different names to identify cancers and naming conventions are 
not standardized. Cancers are usually named based on one of the following: 
a) Site of the body where it originated (breast, lung, liver, etc) 
b) Type of tissue involved (carcinoma, adenocarcinoma, etc) 
c) Type of cancer cell (basal cell, squamous cell, etc) 
d) Stage of cancer 
Cancer can be treated by surgery, radiation therapy, chemotherapy and other methods as 
well as combination therapy like surgery and chemotherapy. The choice of therapy 
usually depends on various factors like the stage of the cancer, location and type of 
cancer as well as the medical history of the patient. 
a) Surgery 

Surgery is used to remove the malignant tumor or the organ where the tumor is 
located. However often cases the tumor cannot be entirely excised and it can grow 
back. Complete surgical removal of tumor is usually impossible when the tumor 
metastasizes prior to surgery.  

b) Radiation therapy 
Radiation therapy uses ionizing radiation to kill the malignant cells and shrink the 
tumor and can be used to treat solid tumors. However it is not effective against 
other types of tumor like leukemia and radiation can also damage neighboring 
tissue causing undesirable side effects. 

c) Chemotherapy  



 

 

 

 

3

Chemotherapy is the treatment of disease with drugs; cancer chemotherapeutic 
drugs or cytotoxic drugs impair mitosis or cell division and effectively target the 
fast dividing cells causing apoptosis or other forms of cell death. These cytotoxic 
chemotherapeutic drugs however make little or no distinction between normal and 
cancer cells and thus systemic non-cancerous fast-dividing cells like those for hair 
growth, bone marrow, intestinal lining, etc are often affected. This often results in 
severe undesirable side effects which is a major drawback of chemotherapy. Some 
of the common side effects are depressed immune system, hair loss, nausea, 
vomiting, anemia, diarrhea or constipation, cardiotoxicity, hemorrhage, etc. Since 
chemotherapy affects cell division malignant tumors like aggressive lymphomas, 
acute myelogenous leukemia, etc which have higher growth rate are more 
sensitive to chemotherapy while malignant tumors with slower growth rate 
respond much slowly to chemotherapy. Tumors that are more differentiated or 
younger tumors are affected more by chemotherapy than older tumors where 
differentiation is typically lost and the growth is not as regulated. Chemotherapy 
can be used to prolong life by ameliorating symptoms and decreasing tumor load 
or to cure the condition. There are different strategies for administering 
chemotherapeutic drugs. In neoadjuvant or preoperative chemotherapy the tumor 
is usually shrunk by administering drugs and then surgery or radio therapy is used 
which is more effective. Adjuvant or postoperative chemotherapy is used when 
there is a risk of cancer recurrence to destroy any remaining cancerous cells. 
Combination chemotherapy involves using different drugs which can differ in 
mechanism. Combined modality chemotherapy involves using drugs with other 
forms of treatment like surgery or radiation therapy. Chemotherapy is the most 
prevalent form of treatment and the drugs can be divided into different categories 
like plant alkaloids (e.g. taxanes, vinca alkaloids), anthracycline antibiotic (e.g. 
doxorubicin, daunorubicin), DNA targeting agents (e.g. cisplatin, carboplatin), 
topoisomerase inhibitors (e.g. topotecan, irinotecan), antimetabolites (e.g. 
methotrexate), antitumor antibiotics (e.g. dactinomycin). Some of the 
chemotherapy drugs are shown in Figure 1-2. 

d) Immunotherapy  
Immunotherapy uses the body’s own system to reject the cancer like using 
therapeutic antibodies to modulate the body’s natural defense mechanism. 

e) Hormonal therapy 
Hormonal therapy is a form of systemic therapy which can be used to help reduce 
the risk of cancer recurrence after treatment or after the cancer has spread. It is 
used for treating cancers of the breast, prostate, etc by lowering hormone levels or 
sometimes by supplying certain hormones.  

f) Cancer vaccines 
Cancer vaccines can be prophylactic/preventive or therapeutic. The prophylactic 
vaccines are intended to prevent cancer from developing in healthy people and 
therapeutic vaccines are intended to treat existing cancers by fortifying the body’s 
natural defenses against cancer. 

g) Bone marrow transplant 
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In bone marrow transplant the diseased bone marrow of the patient is destroyed 
and replaced with healthy bone marrow from the donor. In a successful transplant 
the bone marrow then migrates to the cavities of the bones and starts producing 
healthy normal cells. 
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Figure 1-2. Examples of some chemotherapeutic drugs 
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1.2 Anticancer Drug Paclitaxel 

1.2.1 Discovery and Development 
 Paclitaxel is a mitotic inhibitor and is used in cancer treatment. In the 1950s the 
National Cancer Institute (NCI) started an exploratory plant screening program. The 
objective was to identify and evaluate potential anticancer drug sources in nature. In 1960 
NCI commissioned the United States Department of Agriculture (USDA) to collect plant 
species for screening.4 More than 35000 plant species were screened for anticancer 
activity.5 One sample was collected from the Pacific Yew tree - Taxus brevifolia Nutt. 
growing in the Gifford Pinchot National forest in the state of Washington. The extract 
from the bark of this tree was found to have tumor inhibitory properties and potent 
cytotoxicity against mouse leukemia.  The extract was sent to the laboratory of Wall and 
Wani in Research Triangle Park, North Carolina for identification and characterization 
and it was not until 1971 that Wall, Wani and their coworkers succeeded in the 
identification of the active component of this natural extract.6 Taxol® (paclitaxel) is a 
complex diterpene and has a tetracyclic framework including an oxetane D-ring with an 
N-benzoylphenylisoserine side chain attached to the C-13 hydroxy group.  There are 11 
chiral centers and 14 oxygen atoms present in the molecule. Paclitaxel has a molecular 
weight of 853.90 and a molecular formula C47H51NO14. Paclitaxel is one of the best 
selling anticancer drugs with annual sales of $ 1.6 billion in 2000. 
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Figure 1-3. Structure of paclitaxel 

 

1.2.2 Mechanism of Action of Paclitaxel 
 Paclitaxel was believed to be a typical spindle poison with a mechanism similar to 
other known vinca alkaloids.7 However, in 1979 Susan Horwitz and her coworkers8-10 
discovered that paclitaxel possesses a unique mechanism of action unlike the other 
naturally occurring microtubule poisons like vinca alkaloids, colchicine, etc.11 
Microtubule is an important structural component of cells and plays a critical role in 
cytoskeletal formation and cell division. The biological role of microtubules is regulated 
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mainly by the polymerization dynamics.12 Paclitaxel disrupts the tubulin-microtubule 
equilibrium by actually promoting polymerization unlike the vinca alkaloids which 
inhibit polymerization of tubulins to form microtubules thereby disrupting cell division 
cycle and causing apoptosis and cell death. Paclitaxel promotes polymerization, stabilizes 
the resulting microtubules and prevents depolymerization thereby inhibiting the normal 
dynamic reorganization of microtubular network required for mitosis, which eventually 
induces apoptosis and cell death.8  The cell cycle and role of microtubule-targeting 
anticancer agent is shown in Figure 1-4.5  
 Cells have a characteristic life cycle that can be divided into two major phases 
based on cellular activity – interphase and mitosis and microtubules play a very 
important role in cell division governing the location of membrane-bound organelles and 
other cell components13 which makes it one of the best known targets in cancer 
chemotherapy. Interphase is the first phase and is the period of time between successive 
cell divisions.  During interphase, the size of the cell increases as new proteins are 
synthesized and the genetic material is duplicated. Interphase is characterized by three 
subphases G1-S-G2. The G1 (GAP 1) is the first growth phase and lasts for 8-10 hours. 
During this phase the cell increases organelle numbers and cytoplasm grows in volume. 
S-phase is the synthesis of new proteins and duplication of the genetic material under 
slow microtubule dynamics. This stage is completed in 6-8 hours. The G2 - "GAP 2" is 
the second growth phase before mitosis stage. The G2 is generally shorter than G1, it 
lasts for 4-6 hours, and it is more uniform in duration among the different cell types. This 
is illustrated in the cell cycle diagram in Figure 1-5.  The cell then enters the mitosis 
phase where the actual division occurs. 
 

 
 

Figure 1-4. Cell cycle and microtubule targeting anticancer agent5 (Adapted from Ref. 5) 
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Figure 1-5. Cell cycle diagram14 (Adapted from Ref. 14) 

 
 Mitosis can be further divided into several small phases lasting an hour or less.  
During the first stage of mitosis or prophase, the duplicated chromatin condenses into 
discrete chromosomes, each composed of two identical sister chromatids. The 
centrosome splits into two daughter centrosomes which serve as the spindle poles of the 
dividing cell later.  Then in a “sun-burst” arrangement, spindles, composed of 
microtubules, start to radiate out from each centrosome to reach into the nucleus as the 
nuclear membrane breaks down. The process of mitosis is shown in Figure 1-6 where a 
cultured epithelial cell line stained with immunofluorescent antibodies for actin and 
microtubules and a DNA-specific dye for chromosomes.15 

 

 
 

Figure 1-6. Process of mitosis visualized (Adapted from 
http://www.itg.uiuc.edu/technology/atlas/structures/actin/images/actin_microtubules

.jpg&imgrefurl) 
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 The cell reaches the metaphase stage once the spindles attach onto the sets of 
chromosomes and help align them along the “equator” of the cell.  During anaphase the 
sister chromatids of each chromosome split apart and begin their poleward movement. 
The migration of each chromosome toward a pole is facilitated by the shortening of the 
microtubules to which they are attached. It is between metaphase and anaphase that 
microtubule-targeting agents such as paclitaxel or vinblastine disrupt the regular 
dynamics required for mitosis. As a result of this mitotic block, apoptosis or programmed 
cell death is eventually induced.16 
 When the chromosomes nearly reach their respective poles on each side of the 
mother cell, the cell enters telophase. At this phase the nuclear envelope reforms around 
each set of chromosomes and the cell membrane pinches off to form two daughter cells. 
After mitosis phase, cell can either enter the dormant G0 phase or re-enter the cell cycle. 
G0 phase is a stage outside the normal cell division cycle where cells can remain dormant 
for a long time before they suddenly become active and start rapid proliferation when 
necessary.  
 Horwitz and her co-workers8, 9 further investigated the mechanism of action of 
paclitaxel at the molecular level and found that paclitaxel enhances the rate, extent, and 
nucleation phase of tubulin polymerization and stabilizes the microtubules arresting cell 
division at the G2/M phase. The process of microtubule formation and the mechanism of 
action of paclitaxel are illustrated in Figure 1-7. Microtubules are linear polymers of the 
globular protein tubulin and consist of two polypeptide subunits –  α- and β-tubulin. α, β-
tubulin heterodimer is the basic structural unit of microtubule. α- and β-tubulin are 
homologous but not identical with a molecular weight of 50 kDa each. α-tubulin has a 
bound molecule of GTP which is not hydrolyzed and β-tubulin may have bound GTP or 
GDP which can hydrolyze under certain conditions.17 In the presence of magnesium ions, 
guanosine 5'-triphosphate (GTP), and microtubule-associated proteins (MAPs), the α- 
and β-tubulin form dumb-bell shaped heterodimers that could grow both along and 
perpendicular to the axis until the two edges join to form a microtubule. This microtubule 
is composed of 13 protofilaments with an average diameter of about 24 nm. This tubulin 
heterodimer is the binding target of a number of drugs such as colchicine, 
podophyllotoxin, Vinca alkaloids, vinblastine and vincristine that inhibit tubulin 
polymerization. However, paclitaxel binds to the tubulin heterodimer aggregate in a 1:1 
ratio18 and promotes polymerization thereby stabilizing the microtubules, either in the 
presence or in the absence of GTP, MAPs and magnesium ion.  The microtubule thus 
formed differs from the one produced by MAP induction in that only 12 protofilaments 
are present with a mean diameter of about 22 nm, and is irreversibly stabilized to regular 
microtubule depolymerization conditions (calcium ions or cooling to 0-4 oC).5 
 The mechanism of action of paclitaxel is very complex and paclitaxel kills cancer 
cells by morphologically altering the microtubules thereby inducing apoptosis or cell 
death. However, the biochemical events that take place downstream of paclitaxel binding 
to microtubules that lead to apoptosis are not well understood. Apoptosis induced by 
paclitaxel can occur either directly after a mitotic arrest or after an aberrant mitotic exit 
into a G1-like multinucleated state.19-22 When cells are treated with high concentration of 
paclitaxel then paclitaxel-induced abnormal centrosome function interferes with bipolar 
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Figure 1-7. Microtubule formation and mechanism of action of paclitaxel8 (Adapted 
from Ref. 8 with modification) 

 
spindle formation and monopolar and multipolar spindles are formed.  When cells are 
treated with low concentration of paclitaxel the normal centrosome functions remain 
unperturbed and bipolar spindle formation takes place but microtubule dynamics and 
accurate chromosome segregation are impaired. Sustained mitotic block may lead to 
apoptosis, whereas mitotic slippage may lead to multinucleated G1-like state and the 
activation of apoptosis as illustrated in Figure 1-8.11 G2/M arrest is characterized by 
p34cdc2 activation23-26 and Bcl-2 phosphorylation27-30, both contributing to apoptosis. Also 
there is accumulating evidence that suggests that the arrest of cell cycle at the G2/M 
phase is not the only mechanism for paclitaxel induced apoptosis.31, 32 There is enough 
evidence to suggest that the microtubule network integrates both apoptosis and cell 
cycle33-35 and therefore paclitaxel has multiple effects on the modulation of apoptosis and 
cell cycle.36 
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Figure 1-8. Possible molecular mechanism in paclitaxel-induced apoptosis11 

 

1.2.3 Synthesis of Paclitaxel 
 The unique mechanism of action and novel structure of paclitaxel have attracted 
extensive research over the past few decades. Paclitaxel is used to treat various cancers 
when other existing treatments have failed. It has been approved by the US Food and 
Drug Administration (FDA) for the treatment of refractory ovarian cancer (December 
1992, approved for first line treatment in April 1998), breast cancer (April 1994), AIDS 
related Kaposi’s sarcoma (1997), and non-small cell lung cancer (1998). Phase II and 
Phase III clinical trials for the treatment of other cancers such as prostate, colon, head and 
neck cancers as well as combination therapy with other chemotherapeutic drugs are 
currently in progress. Paclitaxel (Taxol®) and docetaxel (Taxotere®) are among the most 
successful anticancer drugs currently in the market. Despite its overwhelming promise, 
large scale clinical trials of paclitaxel were hampered because of the limited supply of the 
drug from natural resources. Paclitaxel was originally isolated from the extracts of the 
bark of the pacific yew tree (Taxus brevifolia) which is a slow-growing coniferous tree 
populating the old growth forest of the American Pacific Northwest37 and this was the 
major source of the drug. However harvesting the bark of the tree is fatal to the tree and 
poses a major ecological and environmental hazard especially because the trees are slow 
growing making this a limited and nonrenewable natural source. Moreover the extraction 
process is slow and difficult as well as low yielding which makes this process very 
expensive. Approximately 3,000 yew trees have to be sacrificed to obtain 10,000 kg of 
bark which can yield 1 kg of paclitaxel38 (0.01 % yield) – a supply sufficient to treat 
approximately 500 patients. Accordingly, alternate methods of producing paclitaxel were 
explored to secure a sustainable supply of this novel anticancer drug. 

Total synthesis of paclitaxel has been successfully attempted by Danishefsky, 
Nicolaou,39-43 Holton,44, 45 Wender,46, 47 Kuwajima,48 Mukaiyama49-51 research groups. 
While these syntheses were remarkable academic achievements they are not 
economically viable and thus not suitable for large scale production of paclitaxel. Cell 
culture fermentation52, 53 is one promising alternative to producing paclitaxel. Since the 
first report of producing paclitaxel from Taxus cell cultures54 there has been some 
progress in increasing the yield of paclitaxel in vitro. Cell suspension cultures,55-57 plant 
tissue culture,58 hairy root cultures,59 recombinant microorganisms60 and the induction of 
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paclitaxel biosynthesis in cell culture systems61 have been reported. A paclitaxel 
producing endophytic fungus, Taxomyces andreanae, isolated from yew trees62-64 has 
also been reported though the yield of paclitaxel is low. 
  Fortunately in 1980 a natural product 10-deacetyl baccatin III (10-DAB III) was 
isolated from the leaves of the ubiquitous European yew (Taxus baccata), a renewable 
natural source, in a relatively good yield (1 g/ 1 Kg of fresh leaves).65, 66 The 10-DAB III 
is the most difficult to synthesize tetracyclic core of paclitaxel and thus it was identified 
as a suitable starting material for the semisynthesis of paclitaxel and its congeners. The 
discovery of 10-DAB III, ensured a long term supply of paclitaxel which could be semi-
synthesized by attaching the chiral C-13 side chain to the appropriately modified baccatin 
core (10-DAB III). The semi synthetic approach opened the doors for readily producing 
paclitaxel and its analogs with superior potency and better pharmacological properties.  
  In 1988 Potier and Greene65 reported the first semisynthesis of paclitaxel. 
The four hydroxyl groups on the 10-DAB III exhibited different reactivities which 
allowed for the modification of the C-7 and C-10 positions sequentially. The C-13 
hydroxyl group was then esterified with (2R,3S)-N-benzoyl-phenylisoserine as shown in 
Scheme 1-1. The isoserine acid precursor was synthesized in 8 steps from trans-cinnamyl 
alcohol with a modest 76-80% ee and later improved to 98%.67, 68 However, partial 
epimerization occurred at the C-2’ position of the side chain under harsh reaction 
conditions (73 oC, 100 h) which was necessary because of the steric hindrance at the C-13 
position and the esterification of the C-13 hydroxyl group with the protected chiral side 
chain precursor gave modest yields of the protected paclitaxel. 

 

 
 

Figure 1-9. Structure of 10-DAB III 

 
 Numerous reports have since been made on various methodologies for the 
asymmetric synthesis of (2'R,3'S)-N-benzoyl-3-phenylisoserine and its analogs such as 
Sharpless’69 and Jacobsen's asymmetric epoxidation,70 Sharpless’ dihydroxylation,71 
Sharpless’ asymmetric aminohydroxylation,72 aldol reaction,73 Chen’s chemoenzymatic 
synthesis via lipase-mediated trans-esterification,74 Kobayashi’s chiral Lewis acid 
catalyzed Mannich-type reaction.75 
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Scheme 1-1. First semi-synthesis of paclitaxel by Potier and Greene65 

 
 Several new methods for the coupling of modified baccatin and phenylisoserine 
moiety have been reported such as Commerçon oxazolidinecarboxylic acid coupling 
(Scheme 1-2),76 Ojima-Holton β-lactam coupling,77-79 Green-Potier esterification,65 
Holton oxazinone coupling79, 80 and Kingston oxazolinecarboxylic acid coupling.81 The 
Ojima-Holton β-lactam coupling has been the most efficient amongst all the coupling 
methods and is frequently used for the semi-syntheses of paclitaxel as well as other 
taxoids for SAR studies. 
 

 
 

Scheme 1-2. Semi-synthesis of paclitaxel by Commerçon 

 
 Holton proposed direct coupling of (3R,4S)-N-benzoyl-3-O-EE-4-phenylazetidin-
2-one (5 eq; EE = 1-ethoxyethoxyl) with 7-TES-baccatin III in the presence of 4-
dimethylaminopyridine (DMAP) and pyridine to generate the 7-TES-2'-O-EE-paclitaxel 
in 92% yield. The (3R,4S)-N-benzoyl-3-O-EE-4-phenylazetidin-2-one was obtained 
through classical optical resolution of racemic cis-3-hydroxy-4-phenylazetidin-2-one. 
Paclitaxel was obtained in 90% yield by subsequent deprotection as shown in Scheme 1-
2. There were limitations in Holton’s protocol like the necessity of using a large excess of 
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β-lactam, slow reaction, and being limited N-benzoyl group protected β-lactam although 
no epimerization was observed and the overall yield was high. 

 

 
 

Scheme 1-3. Semi-synthesis of paclitaxel by Holton 

 
 Ojima et. al. introduced a very practical and efficient way to semi-synthesize 
paclitaxel by using the “β-Lactam Synthon Method”82, 83 which was developed in our 
laboratories (Scheme 1-4). The optically pure β-lactam (3R,4S)-4-phenylazetidin-2-one 
was prepared via a highly efficient lithium chiral ester enolate-imine cyclocondensation 
in high yield and with high enantioselectivity (> 96% ee).78, 84, 85 A ring-opening coupling 
of N-acyl-β-lactams with 13-O-metalated derivatives of 7-TES-baccatin III was achieved 
in the presence of strong bases. Amongst the numerous bases examined such as NaH in 
THF and DME, n-BuLi, LDA, LiHMDS, NaHMDS, and KHMDS in THF, NaHMDS 
proved to be the best base for these ring-opening couplings which proceeded smoothly at 
-30 ~ 0 oC with only a slight excess of N-acyl-β-lactam to give the desired coupled 
product within 30 min in excellent yield which was followed by deprotection to afford 
paclitaxel in high overall yield. 

 

 
 

Scheme 1-4. Ojima coupling protocol 
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1.2.4 Structure-Activity Relationship (SAR) Studies 
 The efficient semi-synthetic route not only ensured a steady supply of the drug 
but also allowed for a practical synthetic route for generating paclitaxel analogs for 
structure-activity relationship (SAR) studies. In 1984 docetaxel (Taxotère®) was 
discovered by Potier et. al. and developed by a French pharmaceutical company, Rhone-
Poulenc Rorer.86-88 This paclitaxel analog has a C3'-N-tert-butoxycarbonyl moiety in 
place of the benzoyl group and a free C-10 hydroxyl group in place of the acetoxyl group 
of paclitaxel.  
 

 
 

Figure 1-10. Docetaxel 

 
 Docetaxel has the same mechanism of action as paclitaxel and is twice as potent 
as paclitaxel. It was approved by the FDA for the treatment of breast cancer in 1996 and 
is currently undergoing clinical trials for breast and lung cancers.5 Despite their enormous 
success and extensive use in cancer chemotherapy they cause numerous undesirable side 
effects like infections due to low white blood cell count, hair loss, joint and muscle pain, 
upset stomach and diarrhea, neuropathy and allergic reactions. Often multi-drug 
resistance (MDR)89 renders these drugs ineffective and thus it is imperative to develop 
new analogs (taxoids) with superior pharmacological profiles which can bypass MDR. 
Accordingly, SAR studies have been performed by the Ojima group as well as others79, 86, 

90-93 and Figure 1-11 summarizes the results performed on paclitaxel. SAR studies of the 
C-13 side chain and the baccatin core of paclitaxel are discussed below. 
 
(i) C-13 side chain 
 SAR studies have revealed that the C-13 side chain (2R,3S)-N-acyl-3-
phenylisoserine moieties of paclitaxel and docetaxel are crucial for retaining their 
cytotoxicity and antitumor activity. The loss of this isoserine moiety results in >1,000-
fold reduction in their potency and the deletion of any substituent or introduction of any 
other stereochemistry also substantially lowers their potency by >500 times in some 
cases.94, 95 
 Studies have indicated that a free hydroxyl group at the C-2' position of the 
isoserine moiety is required for the biological activity of the compounds. Recent studies 
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indicate hydrogen bonding between the free C-2' hydroxyl group and either Arg 369 or 
Gly 370 of the β-tubulin backbone.96 Thus any protection, deletion or acylation at this 
position caused significant decreases in in vitro activity.97 However, groups which can 
undergo hydrolysis in the presence of esterases in the cells can be used at this position as 
the in vivo activity is comparable to the parent compound which led to the development 
of a “prodrug”.37, 91, 98-100 
 C-3'-N position is more tolerable to structural changes and can lead to more potent 
compounds as is evidenced by docetaxel which has tert-butoxycarbonyl  group in place 
of the C-3'-N-benzoyl group.91, 101-103 C-3'-N acyl analogs have significantly increased 
activity compared to the free amine group or replacement with n-alkanoyl groups at this 
position.90, 101, 104 However, analogs with lipophilic and hydrophilic acyl groups both 
exhibit activity similar to paclitaxel.104 Some analogs bearing N-cycloalkenoyl 
substituents also possess improved biological activity.105  
 C-3' phenyl group has been extensively studied90-92 and has been replaced with a 
range of heteroaromatic groups which led to numerous analogs that exhibit activity 
comparable to or better than paclitaxel.104 Second-generation taxoids bearing C-3' alkyl, 
alkenyl, fluorinated alkyl, and epoxy groups have been extensively studied and developed 
in our laboratory and were found to be extremely potent, especially against multidrug 
resistant cancer cell lines.91, 92, 101-103, 106, 107 
 The effect of stereochemistry at the C-2' and C-3' positions of the side chain on 
the potency of paclitaxel has also been investigated. Studies have shown that a departure 
from the natural configuration of 2'R, 3'S have resulted in significant loss of activity. 
However, epimerization at one of the two stereocenters resulted in analogs with activity 
comparable to that of the parent compound.  
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Figure 1-11. SAR summary for paclitaxel 

(ii) Baccatin core 
 Studies on the modification of the baccatin skeleton such as altering ring sizes and 
structural integrity as well as deletion and/or modification of various oxygen 
functionalities have been extensively reported (Figure 1-11).108-110 Modifications to the A 
ring such as contraction111, 112 or cleavage113, 114 significantly decreases activity compared 
to the intact structure. The contraction of B-ring, however, maintains a certain level of 
cytotoxicity115 but contracted C-ring analogs exhibit considerably decreased activity. C-
seco taxoids obtained through an oxidation-reduction protocol have been reported and 
one of the analogs, IDN5390 (Figure 1-12) exhibited a slightly diminished cytotoxicity 
compared to paclitaxel but possess potent antiangiogenic and antimetastatic activity.116, 

117 
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Figure 1-12. Structure of C-seco taxoid IDN5390 

 
 Extensive SAR studies of this novel semi-synthetic analog are ongoing in our 
laboratory. An intact D-ring is crucial in maintaining the high level of activity; 
modifications such as ring-opening,115-117 formation of azetidine ring,118, 119 replacement 
of oxygen with sulfur,120 results in loss of activity. The activity of the analog, in which 
the oxetane ring is replaced with a cyclopropane ring, remains similar to that of 
paclitaxel.121 
 Several SAR studies have found that the C-2 position is essential for cytotoxicity. 
There is a drastic decrease in activity when there is epimerization at C-2 as well as 
hydrolysis of the ester functionality at C-2.122 Substitution at the meta position 
(F>Cl>OMe>N3>Me>CH=CH2) of the C-2 benzoyl group results in analogs with greater 
cytotoxicity than that of paclitaxel while substitution at the para position of the C-2 
benzoyl group is detrimental to activity. It has been found that meta position of C-2 
benzoyl group is involved in the metabolism of paclitaxel,123, 124 therefore, a slower 
metabolic rate of meta substituted derivatives may be responsible for the higher activity. 
It is believed that substitution at the para position of the C-2 benzoyl group disrupts the 
hydrophobic interactions between the C-2 benzoate residue and the phenyl group at C-3' 
which is necessary for the conformation of the active compounds, while substitution at 
the meta position enhances them.125 Studies in our laboratory have shown that the 
incorporation of an alkyl or alkenyl group in place of the phenyl group may lead to 
improved activity.  However, a majority of these analogs exhibited muted activity.126   
 The C-4 functionality is also important to maintain the activity. The loss of 
acetoxy group and hydrolyzation of C-4 ester functionalities resulted in significant 
decrease in cytotoxicity.127-129 Analogs bearing a cyclopropanoyl group in place of acetyl 
group exhibited slightly increased activity, whereas analogs bearing a benzoyloxy group 
at C-4 showed greatly reduced activity.130 Unlike the southern part of the taxane skeleton, 
the northern part, particularly C-7, C-9 and C-10, are more tolerable to modifications and 
most of the resulting analogs possess similar or even better biological activity. 
 Extensive SAR studies have been performed on the C-7 hydroxyl group.130-132 
Acylation, epimerization as well as deoxygenation at the C-7 position do not significantly 
alter the in vitro activities though there have been reports that in vitro data do not 
necessarily correlate with in vivo activity of such analogs.130 
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 Reduction of the C-9 ketone of paclitaxel analogs to either an α- or β-hydroxyl 
group has little effect on the cytotoxicity,133, 134 while a C-9, C-10 diol results in 
decreased activity.135-137 
 Studies have shown that modification of C-10 position has little effect on the in 
vitro cytotoxicity.138, 139 However, the SAR studies in our group on the second-generation 
taxoids revealed that the exceptional activity of these analogs against the drug resistant 
cell lines is clearly ascribed to the modification at C-10 position.101, 102 Besides, studies of 
the advanced second-generation taxoids indicated that the combination of C-10 and C-2 
modifications virtually overcame the P-glycoprotein based MDR in several cancer cell 
lines.140 
 SAR studies performed on paclitaxel indicate that the upper part of the taxane 
skeleton appears to be much more flexible and tolerable to various modifications 
compared to the lower part of the molecule (Figure 1-11). The exact roles of each part of 
the molecule towards the anticancer activity of paclitaxel are not completely clear. Thus 
further studies are required to study the roles of each part in order to develop new 
generation anticancer agents with fewer side effects, superior pharmacological properties, 
and improved activity against various classes of tumors, especially against drug-resistant 
human cancers. 

1.3 β-Lactam Synthon Method 

1.3.1  Introduction 
 The β-lactam skeleton is the core structure of natural and synthetic β-lactam 
antibiotics and hence has attracted significant interest among synthetic and medicinal 
chemists over the years.141 These antibiotics include various structural classes such as 
carbapenems, cephems, monobactams, penams, penems, trinems, etc142, 143 as shown in 
Figure 1-13. 
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Figure 1-13. Structures of β-lactams 

 
However, the ability of β-lactams to serve as synthetic intermediates was not fully 
realized until the early 1980s, when the Ojima group started to develop the “β-lactam 
Synthon Method (β-LSM)”. Through 1980s and 1990s, Ojima and others have 
successfully demonstrated that enantiopure β-lactam serve as versatile intermediates for 
the asymmetric synthesis of various natural and unnatural amino acids, peptides, peptide 
mimetics and taxoid anticancer agents.83, 144, 145  
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Scheme 1-5. β-Lactam Synthon Method 

 
 Several research groups have extensively studied the semisynthesis of paclitaxel, 
docetaxel and their analogs via the coupling of a phenylisoserine moiety with DAB.91, 92, 

94, 146-148 Among the various coupling protocols, the Ojima-Holton β-lactam coupling 
protocol is the most efficient and versatile method.39, 45, 47, 149, 150 Our strategy has been to 
apply the β-lactam synthon method82, 83, 145 for the asymmetric synthesis of a (2'R,3'S)-N-
benzoyl-3-phenylisoserine moiety in high yield and excellent enantiopurity followed by 
ring-opening coupling of (3R,4S)-N-benzoyl-β-lactam with an appropriately modified 
DAB (Scheme 1-6). 
 

 
 

Scheme 1-6. Retro-synthesis of taxane-based anticancer agents 
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 Our efforts on the development and applications of the β-LSM have been well 
reviewed.82, 83, 91, 92, 144, 145, 151 In addition to its industrial application for the synthesis of 
paclitaxel, the Ojima-Holton protocol has opened an extremely efficient and practical 
route for the synthesis of a diverse array of new taxoids which paved the way for 
extensive structure-activity relationship (SAR) studies of taxoid anticancer agents. The 
most important issue for the β-LSM to be successfully applied to taxoid syntheses is to 
secure the supply of enantiopure β-lactams with the appropriate substituents and correct 
absolute configuration. Various synthetic methods have been explored to synthesize β-
lactams152-154 such as metalloester enolate-imine condensation,155-159 hydroxamate 
cyclization,160 isocyanate-alkene cycloaddition,161 chromium carbene-imine reaction,162 
ketene-imine cycloaddition, also known as the Staudinger reaction.163 We employed two 
methods for the synthesis of β-lactams –   
(a) asymmetric ester–imine cyclocondensation  
(b) Staudinger reaction followed by enzymatic optical resolution. 
 

1.3.2  Synthesis of enantiomerically pure β-lactam via asymmetric ester–
imine cyclocondensation   

 
1.3.2.1. Introduction 
 The β-Lactam Synthon Method has been successfully utilized for the preparation 
of C-13 side chain precursors in the semi-synthesis of paclitaxel,77 docetaxel85 and a great 
number of taxoids possessing extremely high antitumor activity.91, 92 Investigations in our 
laboratory showed that the desired β-lactams can be synthesized in good yields and high 
enantiomeric purity through an efficient chiral TIPS-ester enolate-imine 
cyclocondensation reaction.84, 150 The chiral auxiliaries that have been successfully 
employed in the β-LSM for the synthesis of highly optically pure β-lactams include (-)-
trans-2-phenylcyclohexanol (Whitesell's chiral auxiliary) (Figure 1-14 a),164, 165 or (-)-10-
dicyclohexylsulfamoyl-D-isoborneol (Oppolzer's chiral auxiliary) (Figure 1-14 b).166, 167 
 

 
 

Figure 1-14. Structure of chiral auxiliaries 
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Numerous novel taxoids have been synthesized using the efficient coupling of β-lactams 
following the Ojima coupling protocol with appropriately protected and functionalized 
baccatins followed by deprotection101-103, 106, 107, 168, 169 (Scheme 1-7). 
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Scheme 1-7. Synthesis of novel taxoids using β-lactam 

 
1.3.2.2. Results and discussion 
 Chiral TIPS ester (1-7) was synthesized as the first step towards the synthesis of 
β-lactam. (-)-trans-2-Phenylcyclohexanol (Whitesell’s chiral auxiliary) (1-2) was 
synthesized according to Whitesell’s methods164, 170 and used as the source of chirality. 
CuI-catalyzed ring opening of cyclohexene oxide (1-1) with phenylmagnesium bromide 
afforded racemic trans-2-phenylcyclohexanol (1-2).  Acetylation of this alcohol followed 
by enzymatic kinetic resolution of the resultant racemic acetate (1-3) using pig liver 
acetone powder (PLAP) afforded (-)-(1-2) (Scheme 1-8). 
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Scheme 1-8. Synthesis of Whitesell’s chiral auxiliary 

 
 Benzyloxyacetic acid (1-4) was obtained by reacting bromoacetic acid with the 
sodium benzyl alkoxide. Chiral alcohol (-)-(1-2) was then reacted with benzyloxyacetic 
acid (1-4) in the presence of p-toluenesulfonic acid (p-TSA), yielding the esterified 
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product (1-5). Subsequent hydrogenolysis of the benzyloxyacetic ester with palladium on 
carbon at 45 oC in methanol gave hydroxyacetate (1-6) as a white solid (Scheme 1-9). 
Protection of the free hydroxyl group of (1-6) with chlorotriisopropylsilane (TIPSCl) 
yielded the chiral (-)-ester (1-7) bearing Whitesell’s chiral auxiliary in good overall yield 
after vacuum distillation as a colorless, viscous liquid. 
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Scheme 1-9. Synthesis of TIPS ester 

 
 One of the advantages of the β-LSM is that it can be applied to the syntheses of a 
variety of β-lactams bearing different substituent groups at the C-4 position.  β-lactams 
with phenyl group,78, 85 substituted phenyl groups,171 isobutenyl group,101, 169, 171 and even 
long-chain alkenyl moieties at C-4 positions171 have been synthesized in high yields and 
enantiopurities.  
 p-Methoxyphenyl (PMP) β-lactam (1-9) was synthesized as shown in Scheme 1-
10. 3-Methyl-2-butenal was reacted with p-anisidine in methylene chloride to generate N-
p-methoxyphenyl-iso-butenylaldimine (1-8). TIPS ester 1-7 in THF was slowly added to 
LDA and the resulting enolate was then reacted with the 1-8 to yield β-lactam (1-9). The 
p-methoxy phenyl group was removed by a ceric ammonium nitrate (CAN) oxidation in 
aqueous acetonitrile. Subsequent standard acylation with di-tert-butyldicarbonate 
anhydride yield the desired β-lactam, 4-isobutenyl-1-(tert-butoxycarbonyl)-3-
(triisopropylsilyl)oxyazetidin-2-one(1-11) (Scheme 1-10).82 
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Scheme 1-10. Synthesis of C-4-isobutenyl β-lactam 

 
 The selective formation of cis-β-lactam with high enatiomeric purity could be 
explained by the 6-member-ring transition state proposed in Scheme 1-11.150  At low 
temperature, (E)-enolate is predominantly formed and the initial enolate addition to imine 
would occur from the least hindered face, thus forming the β-amino ester intermediate 
which could be isolated upon quenching the reaction at low temperature.  When warmed 
up to room temperature, this intermediate cyclizes to give the chiral β-lactam and release 
the chiral auxiliary. 
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Scheme 1-11. Proposed mechanism of chiral TIPS-ester enolate-imine condensation 

 

1.3.3 Synthesis of enantiomerically pure β-lactam via Staudinger 
cycloaddition reaction followed by enzymatic kinetic resolution 
 
1.3.3.1. Introduction 
 Although our laboratory already developed optically pure β-lactams in high yield 
with high enantioselectivity (> 96% ee) via a highly efficient lithium chiral ester enolate-
imine cyclocondensation,78, 84, 85 asymmetric Staudinger reaction provides an alternative 
way to generate optically active β-lactams, due to the ready availability of both Schiff 
bases and ketenes.172, 173 
 Staudinger reaction or ketene-imine cycloaddition, is one of the most versatile 
approaches for the formation of diversely functionalized β-lactams. The reaction between 
acyl chlorides and imines is assumed to proceed via in situ formation of a ketene, 
followed by reaction with the imine to form a zwitterionic intermediate, which undergoes 
an electrocyclic conrotatory ring closure to give the β-lactam ring (Figure 1-15).174 In 
general, (E)-imines preferentially lead to the more hindered cis-β-lactams, while (Z) 
imines give predominantly the corresponding trans isomers (Figure 1-15).175-177 The 
theoretical studies undertaken to establish the origin of the cis/trans stereoselection reveal 
that the relative energies of the rate-determining transition states, led from the zwitterions 
to β-lactams, are dictated not necessarily by steric effects, but by electronic 
torquoselectivity.178-180 For instance, it has been calculated179 at the RHF/6-31G* level 
that the zwitterionic intermediate having an electron-donating group in the ketene 
fragment (R1 = OH, CH3) has a barrier for conrotatory closure to the β-lactam that is 8-
12 kcal/mol lower when it adopts an “outward” rotation.  This situation translates as a 
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preference for the imine attack opposite (exo) to the R1 group and, therefore, the 
formation of cis-β-lactams from (E) imines. The origin of the chiral control of the 
Staudinger reaction, arising from the presence of chiral substituents (R1, R2 and/or R3), 
has also been investigated at a semiempirical level (AM1) for chiral amino ketenes and 
chiral α-hydroxy- and α-amino-imines.180  
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Figure 1-15. Synthesis of β-lactams by Staudinger reaction 

 
 Optically pure α-hydroxy β-lactams can be obtained by chemical181 or 
enzymatic38 resolution of the corresponding racemic derivatives. It was reported that 
racemic phenyl β-lactams underwent selective kinetic hydrolysis with several 
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Pseudomonas lipases and two penicillinases and the enantiomeric excess was determined 
by NMR with chiral shift reagents. 
 
 
1.3.3.2. Results and discussion 
 Hydrolytic enzymes are being increasingly used to produce optically active 
compounds, particularly lipases which are being used for the kinetic resolution of 
racemic alcohols and carboxylic esters. These lipases also catalyze the cleavage of the β-
lactam ring to produce (2R,3S)-phenylisoserine derivatives in high enantiomeric excess 
which are important intermediates in the C-13 paclitaxel side chain synthesis. The lipases 
are an attractive class of catalysts for industrial-scale kinetic resolution process because 
of their commercial availability and relative stability. The following are application of 
lipases in the synthesis of optically active 3-hydroxy-4-aryl-β-lactam derivatives. In both 
cases [2+2] ketene-imine cycloaddition is followed by enzymatic resolution to produce β-
lactams with different substituents.  
 p-Methoxyphenyl (PMP) β-lactam (1-13) was synthesized using Staudinger 
reaction as shown in Scheme 1-12. Acetoxyacetylchloride was cyclocondensed with N-
(4-methoxyphenyl)benzaldimine (1-12) in presence of tertiary amine to give the racemic 
(1-13). PS-Amano preferentially hydrolyzed the C-3 acetate moiety of the (3S, 4R) 
enantiomer of (1-13). A common approach for improving the biocatalytic reaction rates 
of water-insoluble substrates is the use of cosolvents. Acetonitrile (10%) was used as the 
cosolvent to enhance the rate and enantioselectivity of the reaction. The p-methoxyphenyl 
group was eventually removed by oxidation with ceric ammonium nitrate followed by 
hydrolysis of the acetoxy group to give (1-16) and subsequent protection of the hydroxyl 
group by ethoxyethyl (EE). The smaller EE group facilitates the coupling of β-lactam to 
baccatin.  
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Scheme 1-12. Synthesis of Z-3(R)-Ethoxyethoxy–4(S)-phenylazetidin-2-one (1-17) 

 
 The isobutenyl β-lactam (1-11) was also synthesized in a similar way as shown in 
Scheme 1-13. Acetoxyacetylchloride was cyclocondensed with imine (1-8) in the 
presence of tertiary amine to obtain the racemic (1-18). PS-Amano preferentially 
hydrolyzed the C-3 acetate moiety of the (3S, 4R) enantiomer of (1-18). Acetonitrile 
(10%) was used as the cosolvent to enhance the rate and the enantioselectivity of the 
reaction. The racemic acetate (1-18) was hydrolyzed followed by protection with TIPSCl. 
p-Methoxyphenyl group is then removed by oxidation with ceric ammonium nitrate 
followed by protection of the amine with di-tert-butyl dicarbonate yielding (1-11). The 
optical purity of 3-acetoxy-β-lactam (+)-1-18 was determined by chiral HPLC and by 
comparison to the reported specific rotation.38 
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Scheme 1-13. Synthesis of 4-isobutenyl-1-(t-butoxycarbonyl)-3-[(triisopropylsilyl)oxy] 
azetidin-2-one (1-11) 

 

1.3.4 Synthesis of second generation taxoid SB-T-1214 by β-LSM  

 
1.3.4.1. Introduction 
 Paclitaxel (Taxol®) and its semisynthetic analog docetaxel (Taxotére®) are two of 
the most important drugs used in cancer chemotherapy.91 Both these drugs exhibit 
excellent anti-tumor activity against various cancer cell lines due to their unique 
antimitotic mechanism of action and are approved by the FDA for treatment of several 
different types of cancers. However, treatment with these drugs often result in various 
undesired side effects and multi-drug resistance (MDR).182 Therefore, it is essential to 
develop novel taxoids with superior pharmacological properties, greatly reduced and 
fewer side effects and greatly improved activity against various classes of tumors, 
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especially against drug-resistant human cancers. Extensive structure-activity relationship 
(SAR) studies on paclitaxel, docetaxel as well as on a series of highly active second-
generation taxoids were explored by Ojima and coworkers through collaboration with 
world-leading experts in oncology, pharmacology, cell biology, hematology, and 
toxicology. The structures of some of the novel taxoids are summarized in Figure 1-
16.107, 113, 126, 183-189 
 

 
 

Figure 1-16. Structure of some novel second-generation taxoids 

 

 SAR studies in our group led to the discovery of novel second-generation taxoids 
most of which possess one order of magnitude higher potency than paclitaxel and 
docetaxel against drug-sensitive cancer cell lines and 2-3 orders of magnitude higher 
potency than their parent compounds against drug-resistant cell lines expressing MDR 
phenotypes. These SAR studies indicate that there are three key factors responsible for 
the enhanced anticancer activity of these novel taxoids:102, 126  
(1) presence of a t-butoxycarbonyl group at C-3'-N in place of a benzoyl group;  
(2) replacement of C-3' phenyl with an alkenyl or alkyl group;  
(3) proper modification at C-10 position.  
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 Another novel taxane diterpenoid, 14β-hydroxy-10-deacetylbaccatin III (14β-OH-
10-DAB-III, Figure 1-17) was isolated from the needles and other parts of the plant 
Taxus wallichiana Zucc.190 
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Figure 1-17. Structure of 14β-OH-10-DAB-III 

 
This baccatin possessed an extra hydroxyl group at the C-14 position, allowing another 
modification site for the SAR studies as well as rendering it more water soluble than the 
10-DAB-III. Thus new taxoids developed from modifications of 14β-OH-10-DAB-III 
could be expected to have improved water solubility, bioavailability, and less 
hydrophobicity-related drug resistance.191 
 A new series of second-generation taxoids has also been designed and synthesized 
based on this novel taxane. These taxoids have a 1,14-carbonate moiety and various 
substituents at the C-10, C-3' and C-3'-N positions and exhibit potent anticancer 
activities.101 One of these compounds, SB-T-110131 (IDN5109; BAY59-8862; Ortataxel) 
(Figure 1-19) has a promising pharmacological profile and has been the focus of 
extensive biological studies. It is orally active, showed excellent pharmacological profile 
in preclinical studies and is in human clinical trials sponsored by Bayer Corporation and 
Spectrum Pharmaceuticals.192-194 
 Studies showed that modification to the meta-position of C-2 benzoyl group 
showed significantly improved activities against the P-388 cell line.195 A new series of 
second-generation taxoids bearing a substituent on the C-2-benzoyl group and 
modifications at C-3'/C-10 positions has been synthesized and their cytotoxicity 
evaluated based on this result and our study. It is noteworthy that a couple of taxoids 
shows virtually no difference in activity against drug-resistant and drug-sensitive cell 
lines, which are categorized as “advanced second generation taxoids” (Figure 1-18). The 
synthesis of a novel taxoid with substitution at the meta-position SB-T-121402 (Figure 1-
19) is discussed in Chapter 6.    
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Figure 1-18. Structure of advanced second generation taxoids 

 
 During the development of the “second generation taxoids”, our group members 
realized that these taxoids might have MDR reversal activity and they can modulate Pgp 
efflux, which might also be responsible for the modulation of Pgp in the intestine of 
animals that would enhance the uptake of the drug from intestine to blood stream. This 
hypothesis was then proven by investigating a possible Pgp modulation by IDN-5109, 
SB-T-1213, SB-T-1250, and SB-T-101187 using the rhodamin 123 fluorescent probe. 
Thus these taxoids have dual functions in one molecule, i.e., cytotoxicity and MDR 
reversal activity. This exciting discovery identified a new class of anticancer agents. SB-
T-1214, SB-T-1103, SB-T-1104 and SB-T-1216 were chosen for further development. 
Structures of some novel taxoids are shown in Figure 1-19. This chapter describes the 
synthesis of SB-T-1214. 
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Figure 1-19. Structure of some novel taxoids 

 

1.3.4.2. Results and discussion  
 The synthesis of second-generation taxoid SB-T-1214 was carried out using the β-
LSM via β-lactam ring-opening coupling with modified baccatin. The 10-DAB III was 
selectively protected at the C-7 OH with triethylsilyl choride (TESCl) in presence of 
imidazol in DMF to yield 7-TES-DAB III (1-12) in excellent yield.102 This was then 
modified at C-7 position by treating with cyclopropanoyl chloride to yield 1-13 followed 
by ring opening coupling of β-lactam (1-11) with lithium bis(trimethylsilyl)amide 
(LiHMDS) to afford the protected taxoid 1-14 which was then subjected to a global silyl 
deprotection with HF/pyridine to yield SB-T-1214 as shown in Scheme 1-14 .  
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Scheme 1-14. Synthesis of SB-T-1214 

 

1.4 Experimental section 
General Methods: 1H, 13C and 19F NMR spectra were measured on a Bruker AC-250 
NMR spectrometer or a Varian 300, 400, 500, or 600 MHz NMR spectrometer.  The 
melting points were measured on a “Uni-melt” capillary melting point apparatus from 
Arthur H. Thomas Company, Inc. Optical rotations were measured on a Perkin-Elmer 
Model 241 polarimeter.  High-resolution mass spectrametric analyses were conducted at 
the Mass Spectrometry Laboratory, University of Illinois at Urbana-Champaign, Urbana, 
IL. GC-MS analyses were performed on an Agilent 6890 Series GC system equipped 
with the HP-5HS capillary column, (50 m X 0.25 mm, 0.25 μm) and with the Agilent 
5973 network mass selective detector.  LC-MS analyses were carried out on an Agilent 
1100 Series Liquid Chromatograph Mass Spectrometer. IR spectra were measured on a 
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Shimadzu FTIR-8400s spectrophotometer. TLC analyses were performed on Merck DC-
alufolien with Kieselgel 60F-254 and were visualized with UV light, iodine chamber, 10 
% sulfuric acid and 10% PMA solution. Column chromatography was carried out on 
silica gel 60 (Merck; 230-400 mesh ASTM). Chemical purity was determined with a 
Waters HPLC assembly consisting of dual Waters 515 HPLC pumps, a PC workstation 
running Millennium 32, and a Waters 996 PDA detector, using a Phenomenex Curosil-B 
column, employing CH3CN/water as the solvent system with a flow rate of 1 mL/min, or 
Shimadzu HPLC.  Chiral HPLC analysis for the determination of enantiomeric excess 
was carried out with a Waters HPLC assembly, comprising Waters M45 solvent delivery 
system, Waters Model 680 gradient controller, Water M440 detector (at 254 nm) 
equipped with a Spectra Physics Model SP4270 integrator. The system uses a DAICEL-
CHIRACEL OD chiral column (25 x 0.46 cm i.d.), employing hexan/2-propanol as the 
solvent system with a flow rate of 1.0 mL/min. 
 
Materials: The chemicals were purchased from Sigma Aldrich Company or Acros 
Organic Fischer Company. 10-Deacetyl baccatin III (DAB) was donated by Indena, SpA, 
Italy.  Dichloromethane and methanol were dried before use by distillation over calcium 
hydride under nitrogen or argon. Ether and THF were dried before use by distillation over 
sodium-benzophenone ketyl under nitrogen or argon. Toluene and benzene were dried by 
distillation over sodium metal under nitrogen or argon before use. Dry DMF was 
purchased from EMD chemical company, and used without further purification. PURE 
SOLVTM, Innovative technology Inc, provided an alternative source of dry toluene, THF, 
ether, and dichloromethane. The glasses were dried in a 110 oC oven and allowed to cool 
to room temperature in a desiccator over “Drierite” (calcium sulfate) and assembled 
under inert gas nitrogen or argon atmosphere. 
 

1.4.1 Synthesis of β-lactam (1-11) by chiral TIPS-ester enolate-imine 
cyclocondensation method 
 
Racemic trans-2-phenylcyclohexanol [(±)-1-2]:164 
A solution of phenylmagnesium bromide in 150 mL of THF was prepared from 7.07 g 
(0.29 mol) of magnesium and bromobenzene (31 mL, 0.294 mol) using standard 
conditions. After cooling the Grignard solution to -30 oC, CuI (2.52 g, 13.2 mmol) was 
added. The resulting solution was stirred for approximately 10 min, and a solution of 
cyclohexene oxide (20 mL, 0.2 mol) 1-1 in 200 mL of THF was added dropwise over a 
period of 1 h. The reaction mixture was then allowed to warm to 0 ºC and was stirred for 
an additional 2 h. The reaction was quenched at 0 ºC with a saturated aqueous NH4Cl 
solution and extracted with ethyl acetate. The organic layer was washed with a saturated 
aqueous NH4Cl solution until there was no longer any color change in the aqueous layer.  
The combined aqueous layers were extracted with ether and the combined organic layers 
dried over anhydrous MgSO4, filtered and concentrated in vacuo. Recrystallization from 
hexane gave 28.35 g (80 % yield) of 1-2 as a white solid. M.p. 55-56 °C. 1H NMR (300 
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MHz, CDCl3) 1.25-1.53 (m, 4 H)(H on C2,C4,OH), 1.62 (s, 1 H)(H on C6), 1.76 (m, 1 
H)(H on C3), 1.84 (m, 2 H)(H on C3), 2.11 (m, 1 H)(H of C6), 2.42 (ddd, J = 16.6 Hz, 
10.8 Hz, 5.4 Hz, 1 H)(H on C2), 3.64 (ddd, J = 16.6 Hz, 10.8 Hz, 5.4 Hz, 1 H)(H on C1), 
7.17-7.35 (m, 5 H)(H on benzene ring). All data are in agreement with literature values. 
164 
Racemic trans-2-phenylcyclohexyl acetate [(±)-(1-3)]:164  
Racemic alcohol 1-2 in (27.85 g, 157 mmol), 4-dimethylaminopyridine (DMAP) (0.419 
g, 4.71 mmol), pyridine (17 mL) was dissolved in CH2Cl2 (23 mL) in a flask and a 
solution of acetic anhydride (17 mL) in 28 mL of CH2Cl2 was added dropwise over a 
period of 2 h. The reaction was then poured into a mixture of 49 mL 6 N HCl, 73 mL of 
ice and 150 mL of ether. The organic layer was washed with 2 N HCl aqueous solution 
and the combined aqueous layers were extracted with ether. The combined organic layers 
were washed with a saturated aqueous NaHCO3 solution and dried over anhydrous 
MgSO4, filtered and concentrated in vacuo to afford 39.02 g (quantitative yield) of 1-3 as 
pale yellow oil. 1H NMR (300 MHz, CDCl3) 1.35 (m, 1 H)(H on C4), 1.41 (m, 1 H) (H 
on C4), 1.46 (m, 1 H)(H on C2), 1.56 (m, 1 H) (H on C6), 1.74 (s, 3 H) (H on CH3), 1.78 
(m, 1 H) (H on C3), 1.84 (m, 1 H) (H on C3), 1.93 (m, 1 H) (H of C6), 2.65 (ddd, J = 
16.6 Hz, 11.0Hz, 5.4 Hz, 1 H)(H on C2), 4.98 (ddd, 1 H)(H on C1), 7.17-7.35 (m, 5 H)(H 
on benzene ring). All data are in agreement with literature values.164  
 
(+)-trans-2-Phenylcyclohexyl acetate [(+)-1-3] and (-)-trans-2-phenylcyclohexanol [(-
)-1-2]:164 
The racemic acetate 1-3 (39 g, 0.178 mol) in 161 mL of ether was added to 1.21 L of 0.5 
M aqueous buffer with pH = 8 (KH2PO4/K2HPO4) at 31 ºC. After stirring for 30 min, 9.2 
g of pig liver acetone powder (PLAP) was added. The mixture was stirred for 7 days at 
31 ºC, until 1H NMR of the crude organic layer showed <50/50 ratio of alcohol (-)-1-2 
and acetate (+)-1-3. The reaction mixture was quenched by acidifying to pH = 4 with 2 N 
HCl solution. To the resulting mixture was added 200 mL of ether with stirring for 1 h. 
After the PLAP was allowed to settle, the supernatant organic layer was removed 
(addition of ether and removal of the organic layer was repeated 3 times). The organic 
and aqueous layers were filtered and the aqueous layer was extracted with ether. The 
combined organic layers were dried over anhydrous MgSO4, filtered and concentrated in 
vacuo. Some (-)-alcohol was crystallized out from the resulting brown solution. The 
remainder of the crude product was purified via column chromatography on silica gel 
using hexane/ethyl acetate (15/1) as the eluant to afford acetate (+)-1-3 as a slightly 
yellow oil (15.2 g, 39 %) and 7.23 g (23 %) of pure (-)-1-2 as a white solid. M.p.: 63-65 
ºC.  
 
Benzyloxyacetic acid (1-4):196 
Sodium metal (5.4 g, 0.236 mol) was added gradually to benzyl alcohol (88 mL, 0.848 
mol) at room temperature with stirring. After most of the sodium had reacted, the reaction 
mixture was heated to 150 ºC till complete reaction of the sodium was observed.  
Bromoacetic acid (14.20 g, 0.103 mol) in 20 mL of THF was added dropwise to the 
reaction mixture. The reaction mixture was stirred at 150 ºC for 3 h and then cooled to 
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room temperature. Cold water was added and the two layers separated. The aqueous layer 
was carefully extracted with dichloromethane to remove any remaining benzyl alcohol. 
The water layer was acidified with 10 % HCl until a pH of 2-3 and extracted with ether. 
The organic layer was then dried over magnesium sulfate, filtered and concentrated in 
vacuo. The oil residue was distilled under reduced pressure to afford 5.4 g (32 %) of 1-4 
as a colorless oil: B.p. 138-140 ºC (0.3 mm Hg); 1H NMR (300 MHz, CDCl3,) δ 4.17 (s, 
2 H)(H on benzyl group), 4.67 (s, 2 H)(H on C1), 7.38 (m, 5 H)(H on benzene ring). All 
data are in agreement with literature values.196 
 
(1R,2S)-(-)-2-Phenylcyclohexyl benzyloxyacetate (1-5):196 
 (-)-trans-2-Phenylcyclohexanol (1-2) (5.50 g) and a catalytic amount of (p-TSA) p-
toluenesulfonic acid was taken in a flask which was then inerted (vacuum/nitrogen). 
Distilled toluene (75 mL) was then syringed into the flask to dissolve the solids. 
Benzyloxyacetic acid (1-4, 5.20 g) was dissolved in distilled toluene and added to the 
reaction flask. The reaction mixture was refluxed (130 oC) overnight. The water produced 
in the reaction along with some toluene was condensed and collected in a Dean-Stark 
apparatus. The toluene was evaporated off in vacuo and the reaction mixture was diluted 
with ether and washed with saturated sodium bicarbonate solution. The organic and 
aqueous layers were separated and the organic layer was washed with saturated sodium 
chloride solution and dried over anhydrous magnesium sulfate solution, filtered and 
concentrated in vacuo. The crude product was purified via flash chromatography (50:1 
pentane/ ethylacetate) to yield 6.3 g (63 %) of 1-5 as a white solid. 1H NMR (400 MHz, 
CDCl3) δ 1.26-1.63 (m, 4 H)(H on C2,C4,C6), 1.76-1.99 (m, 3 H)(H on C3,C5,C6), 2.10-
2.20 (m, 2 H)(H on C6), 2.70 (dt, J = 11.0, 4.1 Hz, 1 H)(H on C2), 3.73 (d, J = 16.5 Hz, 1 
H)(H on acetic acid), 3.84 (d, J = 16.5 Hz, 1 H) (H on acetic acid), 4.25 (s, 2 H) (H on 
benzyl group), 5.13 (td, J = 11.0Hz, 4.1 Hz, 1 H) (H on C1), 7.17-7.36 (m, 10 H) (H on 
benzene ring). All data are in agreement with literature values.196    
 
(1R,2S)-(-)-2-Phenylcyclohexyl hydroxyacetate (1-6):141 
 (-)-Benzyloxyacetate (1-5) (3.5 g) and 0.807 g of 10% palladium on carbon (Pd-C) was 
added in a flask which was inerted (vacuum/nitrogen) and then filled with hydrogen gas. 
50 mL of distilled THF and 3 mL of methanol was added to the reaction flask. The 
reaction mixture was stirred for 40 h at 45 ºC under hydrogen. When TLC monitor (2:1 
hexane/ethylacetate) indicated no starting material the reaction mixture was filtered 
through celite and concentrated in vacuo. The crude product was purified via flash 
chromatography (20:1 pentane/ethylacetate) to afford 2.49 g (97 % yield) of 1-6 as a 
white solid. 1H NMR (300 MHz, CDCl3) δ 1.30-1.66 (m, 4 H) (H on C2,C4,C6), 1.78-
2.00 (m, 3 H) (H on C3,C5,C6), 2.14-2.20 (m, 2 H) (H on C6), 2.67 (dt, J = 11.0, 4.2 Hz, 
1 H) (H on C2), 3.72 (d, J = 17.0 Hz, 1 H)(H on acetic acid), 3.92 (d, J = 17.0 Hz, 1 H) 
(H on acetic acid), 5.07 (td, J = 11.0 Hz, 4.2 Hz, 1 H)(H on C1), 7.15-7.32 (m, 5 H) (H on 
benzene ring). All data are in agreement with literature values.141   
 
(1R,2S)-(-)-2-Phenylcyclohexyl triisopropylsilyloxyacetate (1-7):141 
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Hydroxy-acetate (1-6) (2.48 g), 1.7 g of imidazole was taken in a flask which was inerted 
(vacuum/nitrogen) and 5.4 mL of DMF was added to dissolve the solids. 3 mL of 
chlorotriisopropylsilane (TIPSCl) was then syringed into the flask. The reaction was 
stirred under nitrogen overnight at room temperature. TLC monitor (6:1 hexane/ 
ethylacetate) was performed and the reaction quenched with saturated ammonium 
chloride solution. The aqueous layer was extracted with dichloromethane (3 x 20 mL). 
The collective organic layers was washed with saturated sodium chloride solution, dried 
over anhydrous magnesium sulfate, filtered and concentrated in vacuo. The oil residue 
was distilled under reduced pressure to afford 3.1 g (79 % yield) of 1-7 as a colorless oil: 
B.p.: 155-160 ºC (0.1 mm Hg). 1H NMR (300 MHz, CDCl3) δ 0.94-1.25 (m, 21 H)(H on 
TIPS group), 1.35-1.70 (m, 4 H)(H on C2,C4,C6), 1.80-2.04 (m, 3 H)(H on C3,C5,C6), 
2.10-2.20 (m, 1 H)(H on C6), 2.70 (dt, J = 11.0 Hz, 4.2 Hz, 1 H)(H on C2), 3.91 (d, J = 
16.5 Hz, 1 H)(H on acetic acid), 4.08 (d, J = 16.5 Hz, 1 H)(H on acetic acid), 5.07 (td, J = 
11.0 Hz, 4.2 Hz, 1 H)(H on C1), 7.16-7.30 (m, 5 H)(H on benzene ring). All data are in 
agreement with literature values.141   
 
N-(4-Methoxyphenyl)-3-methyl-2-butenaldimine (1-8):101 
p-Anisidine (0.44 g) and anhydrous Na2SO4 (2 eq) was added in a flask which was 
inerted (vacuum/nitrogen). 20 mL of distilled dichloromethane was syringed in the flask 
to dissolve the p-anisidine. 0.41 mL of 3-Methylbut-2-eneal was added dropwise, and 
then the reaction mixture was stirred at room temperature for 2 h. When TLC monitor 
(1:1 hexane/ethylacetate) indicated no starting material the reaction mixture was filtered 
and the solvent was evaporated, then put under vacuum to yield imine 1-8 as yellow, 
viscous oil, which was immediately used for the synthesis of β-lactam without further 
purification. 1H NMR (300MHz, CDCl3) δ 1.95 (s, 3 H)(H on CH3), 2.01 (s, 3 H)(H on 
CH3), 3.81 (s, 3 H)(H on CH3O group), 6.20 (d, J = 9.5 Hz, 1 H)(H on C2), 6.89 (d, J = 
7.0 Hz, 2 H)(H on benzene ring), 7.11 (d, J = 7.0 Hz, 2 H)(H on benzene ring), 8.38 (d, J 
= 9.5 Hz, 1 H)(H on C1). All data are in agreement with literature values.101   
 
1-p-Methoxyphenyl-3-triisopropylsilyloxy-4-(2-methylpropen-2-yl)azetidin-2-one (1-
9): 101 
Distilled diisopropylamine (0.44 mL) in 10 mL of distilled THF was added in an inerted 
flask which was cooled to –15 oC. 1.26 mL (2.5 M in hexanes) of n-butyllithium was then 
added to the flask and the mixture was stirred for 1 h at – 15 oC. The reaction mixture 
was then cooled to -80 oC. A solution of the TIPS-Ester 1-7 (0.93 g) in 10 mL distilled 
THF was slowly added via cannula over a period of 1 h. After stirring for an additional 
hour, a solution of the imine (1-8) (in 10 mL distilled THF) was carefully added via a 
cannula over a period of 2 h. The reaction was stirred overnight at -80 oC. LiHMDS (1 
eq) was added the next day and the reaction was allowed to stir at -80 oC for 1 h. TLC 
monitor (10:1 hexane/ethyl acetate) was performed and the reaction was then quenched 
with a saturated ammonium chloride solution. The aqueous layer was extracted with 
dichloromethane and the combined organic layers were washed with saturated sodium 
chloride solution and dried over magnesium sulfate and concentrated in vacuo. The crude 
product was then purified by column chromatography on silica gel (40:1 hexane/ethyl 
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acetate) to yield 0.75 g 1-p-methoxy-phenyl-3-triisopropylsiloxy-4-(2-methylpropen-2-
yl)azetidin-2-one (1-9) in 78 % yield. 1H NMR (300 MHz,CDCl3): δ 0.97-1.24 (m, 21 
H)(H on TIPS group), 1.84 (d, J = 2.3 Hz, 3 H)(H on CH3), 1.88 (d, J = 2.3 Hz, 3 H)(H 
on CH3), 3.77 (s, 3 H)(H on CH3O group), 4.82 (dd, J = 9.9, 5.1 Hz, 1 H)(H on C1’), 5.04 
(d, J = 5.1 Hz, 1 H)(H on C4), 5.33 (d, J = 9.9 Hz, 1 H)(H on C3), 6.84 (d, J = 8.7 Hz, 2 
H)(H on benzene ring), 7.32 (d, J = 8.7 Hz, 2 H)(H on benzene ring). All data are in 
agreement with literature values.101   
 
3-Triisopropylsilyloxy-4-(2-methylpropen-2-yl)azetidin-2-one (1-10):102 
The compound 1-9 (0.97 g) was dissolved in 94 mL of acetonitrile and 19 mL of water 
and cooled to - 10 oC. Ammonium cerium nitrate (CAN) (4.6 g) in 75 mL water was 
added dropwise over a 30 min period using a dropping funnel. The reaction mixture was 
then stirred for 2 h and quenched with 140 mL of saturated sodium sulfite solution when 
TLC monitor indicated no starting material. The reaction mixture was filtered using a 
buchner funnel and the aqueous layer was extracted with dichloromethane (3 x 100 mL). 
The combined organic layers was washed with saturated sodium chloride solution, dried 
over anhydrous magnesium sulfate, filtered and concentrated in vacuo. The crude was 
purified using flash chromatography on silica gel (7:1 pentane/ethyl acetate). 0.5 g of the 
pure 1-10 was obtained in 70 % yield. 1H NMR (400 MHz,CDCl3) δ 0.97-1.18 (m, 21 
H)(H on TIPS group), 1.19 (d, J = 2.3 Hz, 3 H)(H on CH3), 1.68 (d, J = 2.3 Hz, 3 H)(H 
on CH3), 4.45 (dd, J = 9.5, 4.7 Hz, 1 H) (H on C1'), 4.98 (dd, J = 4.7, 2.3 Hz, 1 H) (H on 
C4), 5.31 (d, J = 9.5 Hz, 1 H) (H on C3). All data are in agreement with literature 
values.102   
 
1-(t-Butoxycarbonyl)-3-triisopropylsiloxy-4-(2-methylpropen-2-yl)azetidin-2-one (1-
11):102 
The compound 1-10 (0.406 g) and a catalytic amount of DMAP (0.25 eq) was added in a 
flask and inerted (vacuum/nitrogen). 8 mL of distilled dichloromethane was then syringed 
into the flask to dissolve the solids. Triethylamine (0.6 mL, 3 eq) was then syringed in 
dropwise followed by 0.324 g of di-t-butyl-dicarbonate (1.1 eq) in 5 mL 
dichloromethane. The reaction was allowed to stir overnight at room temperature and 
quenched with 10 mL saturated ammonium chloride solution. The organic and aqueous 
layer was separated and the aqueous layer was extracted with dichloromethane (3 x 30 
mL). The combined organic layers was washed with saturated sodium chloride solution, 
dried over anhydrous magnesium sulfate, filtered and concentrated in vacuo. The crude 
was purified using flash chromatography (40:1 pentane/ethyl acetate) to give 0.459 g of 
1-11 as a clear oil in 98 % conversion yield. 1H NMR (300 MHz, CDCl3) δ 1.02-1.2 (m, 
21 H)(H on TIPS group), 1.48 (s, 9 H)(H on Boc group), 1.77 (d, J = 1.0 Hz, 3 H)(H on 
CH3), 1.79 (d, J = 1.0 Hz, 3 H)(H on CH3), 4.75 (dd, J = 9.8, 5.6, 1 H) (H on C’), 4.97 
(d, J = 5.6 Hz, 1 H) (H on C4), 5.28 (dd, J = 9.8, 1.0 Hz, 1 H)(H on C3). All data are in 
agreement with literature values.102   
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1.4.2 Synthesis of Z-3(R)-Ethoxyethoxy-4(S)-phenylazetidin-2-one (1-17) 
via [2+2] ketene-imine cycloaddition 
 
N-(4-Methoxyphenyl)benzaldimine (1-12): 
Benzaldehyde (2.95 mL, 29 mmol) was added dropwise to a solution of p-anisidine 
(3.180 g, 26 mmol; recrystalized once from methanol) and anhydrous Na2SO4 in 60 mL 
CH2Cl2 and then the reaction mixture was stirred at room temperature for 2 h. The 
solution was filtered and evaporated to remove the solvent. After recrystallzation, 4.49 g 
N-(4-methoxyphenyl)benzaldimine 1-12 was obtained as a white solid (87 % yield).  
 
cis-1-p-Methoxyphenyl-3-acetoxy-4-phenylazetidin-2-one (1-13): 
A solution α-acetoxyacetyl chloride (3.134 g, 23 mmol) in 30 mL CH2Cl2 was added 
dropwise to a solution of N-(4-methoxyphenyl)benzaldimine 1-12 (4.430 g, 20 mmol) 
and triethylamine (4.46 mL, 15.4 mmol) in 90 mL of CH2Cl2 at –78 oC. The reaction 
mixture was allowed to warm to 25 oC over 18 h, then diluted with 50 mL of CH2Cl2, and 
organic layer was washed with 30 mL of water and 30 mL of saturated aqueous sodium 
bicarbonate, dried over magnesium sulfate, and concentrated to provide a solid product. 
The product 1-13 was then purified by column chromatography on silica gel 
(hexane:ethyl acetate = 3/1) to give a white crystal (5.53 g, 93 % yield). 1H NMR (300 
MHz, CDCl3) δ 7.35-7,26 (m, 7 H)(H on benzene group), 6.81 (d, J = 9.0 Hz, 2 H)(H on 
PMP group), 5.81(d, 1 H)(H on C3), 5.34 (d, J = 4.9 Hz, 1 H)(H on C4), 3.75 (s, 3 H)(H 
on CH3O group), 1.68 (s, 3 H)(H on acetate group).  
 
Enantioselective hydrolysis of β-lactam (1-13):38 
The racemic 1-13 (5.5 g) was suspended in 480 mL of potassium phosphate buffer (pH = 
7.5) and 48 mL of acetonitrile. PS-Amano lipase (1.5 g) was added to it and the mixture 
was stirred at 50 oC for 25 h. The reaction was terminated when NMR monitor indicated 
50:50 ratio of the acetate and the alcohol. Extraction was performed with ethyl acetate (4 
x 50 mL). The organic layers was washed with saturated sodium chloride solution, dried 
over magnesium sulfate, and concentrated to provide solid product mixture which was 
then separated using column chromatography on silica gel (dichloromethane and 
dichloromethane/0.1% methanol) to yield (+)-cis-l-(p-methoxyhenyl)-3-acetoxy-4-
phenylazetidin-2- one 1-13 2.2 g with the yield of 40 % and (-)-cis-l-(p-methoxyhenyl)-3-
hydroxy-4- phenylazetidin-2-one 1-14 0.9 g with 23 % yield. 
 
Z–3(R)-Acetoxy-4(S)-phenylazetidin-2-one (1-15):38 
The compound 1-13 (1.004 g) was dissolved in 96 mL of acetonitrile and 16 mL of water 
and cooled to -10 oC. Ammonium cerium nitrate (CAN) (6.189 g) in 96 mL water was 
added dropwise over a 30 min period using a dropping funnel. The reaction mixture was 
then stirred for 2 h afterwards and quenched with 143 mL of saturated sodium sulfite 
solution when TLC monitor (2:1 hexane/ethylacetate) indicated no starting material. The 
reaction mixture was filtered using a buchner funnel and the aqueous layer was extracted 
with dichloromethane (3 x 100 mL). The combined organic layers was washed with 
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saturated sodium chloride solution, dried over anhydrous magnesium sulfate, filtered and 
concentrated in vacuo. The product 1-15 (0.6 g) was obtained as a white solid in 91 % 
yield. 1H NMR (300 MHz, CDCl3): δ 1.68 (s, 3 H)(H on acetate group), 5.05(d, 1 H)(H 
on C4), 5.87 (dd, J = 2.7Hz, 4.7Hz, 1 H)(H on C3), 6.21 (s, exchangeable, 1 H)(H on 
NH), 7.30-7.38 (m, 5 H)(H on benzene ring). All data are consistent with literature data.38 
  
Z-3(R)-Hydroxy–4(S)-phenylazetidin-2-one (1-16): 
The compound 1-15 (0.48 g) was dissolved in 30 mL THF and cooled to 0 oC. A solution 
of 24 mL of 1 M KOH in 20 mL of THF was added dropwise to the reaction flask via a 
dropping funnel. The mixture was kept stirring at 0 oC for 1 h. TLC monitor was 
performed with (1:1 hexane/ethylacetate) and the reaction was quenched when no starting 
material was indicated with saturated ammonium chloride solution (pH ~ 7). The organic 
and aqueous layers were separated and the aqueous layer was extracted with 
dichloromethane (4 x 50 mL). The collective organic layers was washed with saturated 
sodium chloride solution, dried with anhydrous magnesium sulfate, filtered and 
concentrated in vacuo to yield 0.23 g of pure 1-16 in 61 % yield. 1H NMR (300 MHz, 
CDCl3) δ 2.10 (d, 1 H)(H on OH), 4.94 (d, J = 4.7 Hz, 1 H)(H on C4), 5.04 (d, J = 4.7 Hz, 
1H)(H on C3), 6.20 (s exchangeable, 1 H)(H on NH) 7.25-7.35 (m, 5 H)(H on benzene 
ring); All data are consistent with literature data. 
 
Z-3(R)-Ethoxyethoxy-4(S)-phenylazetidin-2-one (1-17): 
The flask containing 1-16 (0.21 g) and a catalytic amount of p-TSA (5 %) was inerted 
(vacuum/nitrogen). Distilled THF (5 mL) was used to dissolve the solids in the flask and 
0.18 mL of ethoxy vinyl ether was added dropwise via syringe. The reaction was 
monitored by TLC (1:1 hexane/ethylacetate). The reaction was stirred at room 
temperature for 2 h and quenched with saturated sodium bicarbonate solution when no 
starting material was observed in TLC. The aqueous layer was extracted with 
dichloromethane (4 x 30 mL). The collective organic layers was washed with saturated 
sodium chloride solution, dried with anhydrous magnesium sulfate, filtered and 
concentrated in vacuo. The pure product 1-17 was obtained using flash chromatography 
(1:1 hexane/ethyl acetate) on silica gel as a white solid in 80 % yield (0.244 g). 1H NMR 
(300MHz, CDCl3) δ 0.98 (d, J = 5.4 Hz), 1.05 (d, J = 5.4 Hz), 3H (H on CH3 of ethyl 
group), 1.11 (t, J = 7.1 Hz), 1.12 (t, J = 7.1 Hz), 3H (H on CH3 of OCO), 3.16-3.26 (m), 
3.31-3.42 (m), 3.59-3.69 (m), 2H (H on CH2 of ethyl group), 4.47 (q, J = 5.4 Hz), 4.68 (q, 
J = 5.4 Hz), 1H (H on OCO), 4.82 (d, J = 4.7 Hz), 4.85 (dd, J = 4.7 Hz), 1H (H on C3), 
5.17-5.21 (m, 1 H)(H on C4), 6.42 (s, 1 H)(H on NH), 7.35 (m, 5 H)(H on benzene ring). 
All data are consistent with literature data. 
 

1.4.3 Synthesis of 1-(t-Butoxycarbonyl)-3-triisopropylsiloxy-4-(2-methyl 
propen-2-yl)azetidin-2-one (1-11) via [2+2] ketene-imine cycloaddition 
 
(+)-1-(4-Methoxyphenyl)-3-acetoxyl-4-(2-methylprop-1-enyl)azetidin-2-one (1-18): 
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p-Anisidine (6 g, 48.72 mmol) and anhydrous sodium sulfate (27.68 g, 4 eq) were added 
in a flask which was inerted (vacuum/nitrogen). The flask was covered by aluminum foil.  
194 mL of distilled dichloromethane was then added while stirring to dissolve the solid 
reactant. 3-methyl-2-butenal (5.5 mL, 56.7 mmol) was added dropwise into the flask and 
the reaction mixture was kept stirring at room temperature for 3 h. The reaction was 
monitored by TLC every half hour using 2:1 hexane/ethyl acetate. When the TLC 
indicated no starting material the reaction was stopped. The inorganic solid was filtered 
off using sintered glass funnel. The precipitate was washed with dichloromethane. The 
filtrate was concentrated in vacuo and the unreacted 3-methyl-2-butenal was pumped out 
using a vacuum pump to obtain 1-8.  
The flask containing 1-8 was inerted (vacuum/nitrogen) and 270 mL of distilled 
dichloromethane was added to dissolve 1-8. The solution was cooled to -78 oC. 
Triethylamine (13.8 mL, 97.9 mmol, 2 eq) was added using syringe followed by 
acetoxyacetyl chloride (6 mL, 55.9 mmol, 1.14 eq). The reaction mixture was allowed to 
warm up to room temperature overnight. The reaction was quenched after TLC monitor 
(1:1 hexane/ethyl acetate) with 120 mL saturated ammonium chloride solution and 
extracted with dichloromethane (3 x 170 mL). The organic and aqueous layers were 
separated using a separating funnel. The combined organic layers were washed with 
distilled water, saturated sodium chloride solution, dried over anhydrous magnesium 
sulfate and concentrated in vacuo. Flash column chromatography of the crude compound 
was performed on silica gel (5:1 hexane/ethyl acetate) to give 11.86 g of pure 1-18 as a 
pale yellow solid in 84 % yield. 1H NMR (300 MHz, CDCl3) 1.70 (s, 3 H)(H on CH3), 
1.72 (s, 3 H)(H on CH3), 2.01 (s, 3 H)(H on CH3 of acetate), 3.67 (s, 3 H)(H on CH3 of 
PMP), 4.83 (dd, J = 9.9Hz, 4.8 Hz, 1 H)(H on CH of isobutenyl), 5.02 (d, J = 9.3 Hz, 1 
H)(H on C4), 5.67 (d, J = 4.8 Hz, 1 H)(H on C3), 6.74 (d, J = 8.9 Hz, 2 H)(H on benzene 
ring), 7.20 (d, J = 8.9 Hz, 2 H) (H on benzene ring). 
 
Enzymatic kinetic resolution of 1-18:38 
Racemic 1-18 (2.03 g) was suspended in 238.5 mL of 0.2 M potassium phosphate buffer 
(pH = 7.5) and 25 mL acetonitrile. PS-Amano lipase (1.07 g) was added to it and the 
mixture was vigorously stirred using a mechanical stirrer at 50 oC (using oil bath). The 
reaction was monitored by NMR and stopped after 56 h when 50% of the acetate had 
converted to the alcohol. The reaction mixture was filtered using a sintered glass funnel 
to remove the enzyme. The enzyme was washed with dichloromethane and the organic 
and aqueous layers were separated using separating funnel. The aqueous layer was 
washed with dichloromethane (4 x 100 mL) and the organic layer collected with the 
previous organic layers. The collective organic layers was washed with saturated sodium 
chloride solution, dried with anhydrous magnesium sulfate, filtered and concentrated in 
vacuo. The pure compounds were obtained by performing flash chromatography on silica 
gel (5:1 and 2:1 hexane/ethyl acetate). 0.849 g of the (+)-cis-1-(4-methoxyphenyl)-3-
acetoxyl-4-(2-methylprop-1-enyl)azetidin-2-one (1-18) was obtained as colorless solid in 
41 % yield (> 99.99 % ee) and (-)-cis-1-(4-methoxyphenyl)-3-hydroxy-4-(2-methylprop-
1-enyl)azetidin-2-one (-)-(1-19) was obtained in 55 % yield (0.950 g) as a reddish colored 
solid. 



 

 

 

 

43

 
(3R,4S)-1-(4-Methoxyphenyl)-3-hydroxy-4-(2-methylprop-1-enyl)azetidin-2-one (1-
19):197 
The pure (+)-1-18 (4.24 g) was dissolved in 255 mL THF and cooled to 0 oC. A solution 
of 156.4 mL of 1 M KOH (10 eq) and 174 mL of THF was added dropwise using a 
dropping funnel over 30 min period at 0 oC. The mixture was then stirred for 2.5 h at 0 oC 
and monitored by TLC (1:1 hexane/ethyl acetate). The reaction was quenched with 
saturated ammonium chloride solution (pH ~ 7) when TLC monitor showed no starting 
material. The organic and aqueous layers were separated and the aqueous layer was 
washed with dichloromethane (4 x 250 mL). The organic layers were collected with the 
previous organic layers. The combined organic layers was washed with saturated sodium 
chloride solution, dried with anhydrous magnesium sulfate, filtered and concentrated in 
vacuo to give 3.6 g of (+) 1-19 as colorless solid in quantitative yield and > 99.9% ee. 
(Daicel-Chiracel ODH, hexane/2-propanol (85:15 v/v) as solvent system, 0.9 mL/min 
flow rate). 1H NMR (300 MHz, CDCl3) δ 1.86 (s, 6H on isobutenyl CH3), 3.78 (s, 3H on 
OCH3), 4.84 (d, J = 4.7 Hz, 1 H)(H on C4), 5.04 (d, J = 4.7 Hz, 1 H)(H on C3), 7.25-7.35 
(m, 5 H)(H on benzene ring). All data are consistent with literature data.197 
 
1-p-Methoxyphenyl-3-triisopropylsilyloxy-4-(2-methylpropen-2-yl)azetidin-2-one (1-
9):101 
To 0.498 g of 1-19 was added 0.0492 g of DMAP (0.2 eq) and the flask was inerted 
(vacuum/nitrogen). Distilled dichloromethane (7 mL) was added to dissolve the solids in 
the flask and 1.12 mL of triethylamine (4 eq) was added using syringe. TIPSCl (0.65 mL, 
1.5 eq) was then added dropwise and the mixture was stirred at room temperature 
overnight. TLC monitor was performed using 2:1 hexane/ethyl acetate and the reaction 
quenched with saturated ammonium chloride solution (pH ~ 7) when TLC monitor 
showed no starting material. The organic and aqueous layers were separated and the 
aqueous layer was washed with dichloromethane (3 x 30 mL) and the organic layer 
collected with the previous organic layers. The collective organic layers was washed with 
saturated sodium chloride solution, dried with anhydrous magnesium sulfate, filtered and 
concentrated in vacuo. The pure product was obtained using flash chromatography (15:1 
pentane/ethyl acetate) on silica gel as a colorless crystal in quantitative yield (0.869 g). 
1H NMR (300 MHz, CDCl3) δ 0.97-1.24 (m, 21 H)(H on TIPS group), 1.84 (d, J = 2.3 
Hz, 3 H)(H on CH3), 1.88 (d, J = 2.3 Hz, 3 H)(H on CH3), 3.77 (s, 3 H)(H on CH3O 
group), 4.82 (dd, J = 9.9, 5.1 Hz, 1 H)(H on C1’), 5.04 (d, J = 5.1 Hz, 1 H)(H on C4), 
5.33 (d, J = 9.9 Hz, 1 H)(H on C3), 6.84 (d, J = 8.7 Hz, 2 H)(H on benzene ring), 7.32 (d, 
J = 8.7 Hz, 2 H)(H on benzene ring). All data are in agreement with literature values.101   
 
3-Triisopropylsilyloxy-4-(2-methylpropen-2-yl)azetidin-2-one (1-10):102 
The compound 1-9 (0.812 g) was dissolved in 80 mL of acetonitrile and 16 mL of water 
and cooled to -10 oC. Ammonium cerium nitrate (CAN) (3.86 g) in 63 mL water was 
added dropwise over a 30 min period using a dropping funnel. The reaction mixture was 
then stirred for 2 h and quenched with 120 mL of saturated sodium sulfite solution when 
TLC monitor indicated no starting material. The reaction mixture was filtered using a 
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buchner funnel and the aqueous layer was extracted with dichloromethane (3 x 100 mL). 
The combined organic layers was washed with saturated sodium chloride solution, dried 
over anhydrous magnesium sulfate, filtered and concentrated in vacuo. The crude was 
purified using flash chromatography on silica gel (7:1 pentane/ethyl acetate) and 0.456 g 
of the pure 1-10 was obtained in 76 % yield. 1H NMR (400 MHz, CDCl3) δ 0.97-1.18 (m, 
21 H)(H on TIPS group), 1.19 (d, J = 2.3 Hz, 3 H)(H on CH3), 1.68 (d, J = 2.3 Hz, 3 
H)(H on CH3), 4.45 (dd, J = 9.5, 4.7 Hz, 1 H) (H on C1'), 4.98 (dd, J = 4.7, 2.3 Hz, 1 H) 
(H on C4), 5.31 (d, J = 9.5 Hz, 1 H) (H on C3). All data are in agreement with literature 
values.102   
 
1-(tert-Butoxycarbonyl)-3-triisopropylsiloxy-4-(2-methylpropen-2-yl)azetidin-2-one 
(1-11):102 
The pure compound 1-10 (0.424 g, 1.42 mmol) and a catalytic amount of DMAP (0.25 
eq) was added in a flask and inerted (vacuum/nitrogen). Distilled dichloromethane (8 
mL) was then syringed into the flask to dissolve the solids. Triethylamine (0.6 mL, 3 eq) 
was then syringed in dropwise followed by di-tert-butyl-dicarbonate (0.3469 g, 1.1 eq) in 
5 mL dichloromethane. The reaction was stirred overnight at room temperature and 
quenched with 10 mL saturated ammonium chloride solution. The organic and aqueous 
layer was separated and the aqueous layer was extracted with dichloromethane (3 x 30 
mL). The combined organic layers was washed with saturated sodium chloride solution, 
dried over anhydrous magnesium sulfate, filtered and concentrated in vacuo. The crude 
was purified using flash chromatography (40:1 pentane/ethyl acetate) to give 0.550 g of 
1-11 as clear oil in 97 % yield. 1H NMR (300 MHz,CDCl3) δ 1.02-1.2 (m, 21 H)(H on 
TIPS group), 1.48 (s, 9 H)(H on Boc group), 1.77 (d, J = 1.0 Hz, 3 H)(H on CH3), 1.79 
(d, J = 1.0 Hz, 3 H)(H on CH3), 4.75 (dd, J = 9.8, 5.6, 1 H) (H on C'), 4.97 (d, J = 5.6 Hz, 
1 H) (H on C4), 5.28 (dd, J = 9.8, 1.0 Hz, 1 H)(H on C3). All data are in agreement with 
literature values.102   

1.4.4 Synthesis of novel second-generation taxoid, SB-T-1214 
 
7-Triethylsilyl-10-deacetylbaccatin III (1-12):102 
A flask containing 10-deacetyl baccatin III (380 mg, 0.71 mmol) and imidazol (194 mg, 
2.8 mmol) was inerted. Anhydrous DMF (18 mL, c 0.04 M) was added via syringe to 
dissolve the solids in the flask. The temperature of the flask was maintained at 0 ˚C. 
Triethylsilylchloride (0.36 mL, 3 eq) was then added dropwise via syringe in the flask. 
The reaction was monitored by TLC (1:1 hexane:ethyl acetate) and quenched with 
saturated ammonium chloride solution after 2 h. The reaction mixture was diluted with 
ethyl actetate and the organic and aqueous layer was separated. The organic layer was 
washed with brine, dried over anhydrous magnesium sulphate and concentrated in vacuo. 
The pure product 1-12 was obtained by performing flash chromatography (4:1, 1:1 
hexane:ethyl acetate) as a white solid in 90 % (420 mg) yield. 1H NMR (300 MHz, 
CDC13) δ 0.56 (m, 6 H), 0.94 (m, 9 H), 1.08 (s, 6 H), 1.59 (d, J = 2.5 Hz, 1H), 1.73 (s, 
3H), 1.90 (dt, 1 H) (H6a), 2.05 (d, J = 4.8 Hz, 1H), 2.08 (s, 3 H), 2.24 (s, 1 H), 2.28 (s, 3 
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H) (OAc), 2.48 (ddd, 1 H) (H6b), 3.95 (d, J = 7.1 Hz, 1 H) (H3), 4.16 (d, J = 8.3 Hz, 1 H) 
(H20a), 4.25 (s, 1 H), 4.31 (d, J = 8.3 Hz, 1 H) (H20b), 4.40 (dd, J = 6.4, 10.5 Hz, 1 H) 
(H7), 4.85 (t, 1 H) (H13), 4.95 (d, J = 8.0 Hz, 1 H) (H5), 5.17 (s, 1 H) (H10), 5.60 (d, J = 
7.0 Hz, 1 H) (H2), 7.47 (t, J = 7.5 Hz, 2 H), 7.60 (t, J = 7.5 Hz, 1 H), 8.10 (d, J = 7.3 Hz, 
2 H); 13C NMR (400 MHz, CDCl3) δ 5.1, 6.7, 9.9, 15.1, 19.5, 22.6, 26.8, 37.2, 38.6, 42.7, 
47.0, 57.9, 67.9, 72.9, 74.6, 74.8, 76.5, 78.8, 80.7, 84.2, 87.6, 128.6, 129.4, 130.0, 133.6, 
135.1, 141.8, 167.0, 170.7, 210.3. All data are in agreement with literature values.102  
 
7-Triethylsilyl-10-cyclopropanecarbonyl-10-deacetylbaccatin III (1-13):102 
A flask containing 7-TES-10-DAB III 1-12 (303 mg, 0.46 mmol) was inerted and dry 
THF (c 0.06 M) was added to dissolve it. The flask was cooled to -40 oC. LiHMDS 1.0 M 
in THF (0.51 mL, 1.1 eq) was added dropwise via syringe. The mixture was stirred at -40 
oC for 5 min, and then cyclopropanoyl chloride (44.2 μL, 1.05 eq) was added dropwise.  
After 50 min, the reaction was quenched with aqueous saturated NH4Cl (10 mL), 
extracted with CH2Cl2 (20 mL x 3), and the combined organic layers were dried over 
anhydrous MgSO4 and concentrated in vacuo. The crude product was purified on a silica 
gel column (hexane : ethylacetate = 4 : 1 followed by 2 : 1 and then 1 : 1) to afford 1-13 
as a white solid in 97 % yield (332 mg). 1H NMR (300 MHz, CDC13) δ 0.55 (m, 6 H), 
0.90 (m, 9 H), 1.00 (s, 3 H), 1.16 (s, 3 H), 1.64 (s, 3 H), 1.73 (m. 1 H), 1.82 (m, 1 H) 
(H6a), 2.14 (s, 3 H), 2.23 (m, 2 H), 2.24 (s, 3 H) (OAc), 2.49 (m, 1 H) (H6b), 3.84 (d, J = 
6.9 Hz, 1 H) (H3), 4.11 (d, J = 8.0 Hz, 1 H) (H20a), 4.26 (d, J = 8.2 Hz, 1 H) (H20b), 
4.45 (dd, J = 6.7, 10.3 Hz, 1 H) (H5), 4.77 (t, J = 7.8 Hz, 1 H) (H13), 4.92 (d, J = 8.6 Hz, 
1 H) (H5), 5.59 (d, J = 7.0 Hz, 1 H) (H2), 6.43 (s, 1H) (H10), 7.43 (t, J = 7.4 Hz, 2 H), 
7.56 (t, J = 7.6 Hz, 1 H), 8.05 (d, J = 7.3 Hz, 2 H).  All data are consistent with the 
reported values.102 
 
3'-Dephenyl-3'-(2-methyl-1-propenyl)-10-cyclopropanecarbonyl-10-deacetyl-2’-
TIPS-7-TES docetaxel (1-14): 
A flask containing 1-13 (511 mg, 0.703 mmol) was inerted and dry THF (55 mL) was 
added to dissolve it. β-lactam 1-11 (419.3 mg, 1.5 eq) was dissolved in 15 mL of dry 
THF and added to the reaction flask. The flask was cooled to -40 oC and LiHMDS (1 M 
in THF solution, 1.5 eq) was added dropwise via syringe and the reaction was monitored 
by TLC (2:1 hexane:ethyl acetate). The reaction was quenched after 1.5 h with saturated 
ammonium chloride solution and extracted with dichloromethane three times. The 
combined organic layers was dried with brine and anhydrous magnesium sulphate and 
concentrated in vacuo. The pure product 1-14 was obtained by performing flash 
chromatography (20:1, 4:1 hexane:ethyl acetate) as a white solid in 89 % (717 mg) yield. 
1H NMR (300 MHz, CDC13) δ 0.55 (m, 9H), 1.11-1.39 (m, 47 H), 1.69 (s, 3 H), 1.69-
1.93(m, 6 H), 2.02 (s, 3 H),  2.04 (s, 3 H), 2.36 (m, 5 H), 2.51 (m, 1 H), 3.84 (d, J = 6.9 
Hz, 1 H), 4.20 (d, J = 8.4 Hz, 1 H), 4.30 (d, J = 8.4 Hz, 1 H), 4.47 (m, 2 H), 4.77-4.87 (m, 
2 H), 4.93 (d, J = 8.4 Hz, 1 H), 5.69 (d, J = 7.2 Hz, 1 H), 6.09 (t, J=9, 1H), 6.49 (s, 1H), 
7.46 (t, J = 7.5 Hz, 2 H), 7.60 (t, J=7.2, 1 H), 8.10 (d, J = 6.9 Hz, 2 H).  
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3'-Dephenyl-3'-(2-methyl-1-propenyl)-10-cyclopropanecarbonyl-10-
deacetyldocetaxel, SB-T-1214: 
A flask containing 1-14 (717 mg, 0.628 mmol) was inerted and 30 mL of dry 
pyridine/acetonitrile (1:1) was added to dissolve it. The flask was cooled to 0 oC and 
HF/pyridine (70:30, 7.5 mL) was added dropwise at 0 oC. The mixture was stirred at 
room temperature for 15 h. The reaction was quenched with aqueous saturated sodium 
carbonate solution (30 mL) and diluted with ethyl acetate (100 mL), washed with 
aqueous saturated copper sulfate solution (50 mL x 3) and water (50 mL), dried over 
anhydrous magnesium sulfate and concentrated in vacuo to afford SB-T-1214 as a white 
solid in 93 % yield (500 mg, > 98 % purity). 1H NMR (300 MHz, CDC13) δ 0.98-1.05 
(m, 2 H), 1.13-1.21 (m, 2 H), 1.27 (m, 2 H),  1.37 (s, 9 H), 1.42 (m, 1 H),  1.69 (s, 3 H), 
1.69-1.1.93(m, 4 H), 1.91 (s, 3 H),   2.06 (s, 1 H), 2.37 (s, 3 H), 2.55 (m, 1 H), 2.63 (d, J 
= 3.9 Hz, 1 H), 3.82 (d, J = 7.2 Hz, 1 H), 4.21 (m, 2H), 4.33 (d, J = 8.1 Hz, 1 H), 4.43 (m, 
1 H), 4.76 (t, J = 6, 1 H), 4.85 (d, J = 8.4 Hz, 1 H), 4.97 (d, J = 9.3 Hz, 1 H), 5.33 (d, J = 
8.4 Hz, 1 H), 5.68 (d, J = 7.2 Hz, 1 H), 6.19 (t, J=7.6, 1H), 6.32(s, 1H), 7.49 (t, J = 8.1 
Hz, 2 H), 7.61 (t, J=7.2, 1 H), 8.11 (d, J = 8.4 Hz, 2 H). All data are consistent with the 
reported values. 102 
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Chapter 2 
Synthesis of C-3’-Difluorovinyl Taxoid SB-T-12851 

 

2.1 Introduction 

2.1.1 The Relevance of Fluorine in Medicinal Chemistry
 Fluorine is an important heteroatom used in drug design and its importance in 
bioorganic and medicinal chemistry has been demonstrated by the numerous fluorinated 
compounds approved by the FDA for medical use for both human and veterinarian use.1, 2 
There are only a few organic compounds found in nature that contain fluorine (Figure 2-
1).3 There are, however, more than a hundred FDA approved fluorine-containing drugs 
for human diseases (Figure 2-2) and 33 are currently approved for veterinary use.4 The 
two most notable examples, 5-flurouracil (anticancer drug) and 9α-fluorohydrocortisone, 
were discovered and developed in the 1950s and the introduction of one fluorine atom 
resulted in remarkable pharmacological properties. In 2006, Lipitor®/atorvastatin 
calcium, an anticholesteremic agent was the best selling drug in the world. Risperidone 
used for schizophrenia and lansoprazole which is a proton pump inhibitor are also very 
successful drugs currently available in the market. 
 

 
 

Figure 2-1. Structures of naturally occurring fluoro-compounds 

 
  Fluorine is considered to be the second favorite heteroatom in drug design after 
nitrogen because of its favorable properties.5 Fluorine is a unique atom with attractive 
properties that has potential beneficial application to medicinal chemistry. Fluorine has 
very small size with very high electronegativity and its van der Waals radius is 1.47 Å6 
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which is larger than hydrogen atom but smaller than a lot of functional groups such as 
methyl, hydroxyl and amino group. Its nuclear spin of ½ and low polarizability of the C–
F bond are also among the special properties that render fluorine so attractive. The 
replacement of a C–H or C–O bond with a C–F bond in fluoroorganic compounds often 
leads to increased binding to target molecules, higher metabolic stability, increased 
lipophilicity and membrane permeability all of which translate to appealing attributes of 
biologically active compounds.7, 8, 9 The recognized value of fluorine has contributed to 
the study of fluoro-analogs of lead compounds under development in drug discovery.10  
 

NHC

 
 

Figure 2-2. Structure of some FDA approved fluorine containing drugs 
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 Medicinal chemists have long introduced fluorine into bioactive molecules on the 
basis of experience and intuition, however, it is recent experimental and computational 
studies that have given a better understanding as to how the introduction of fluorine into 
small drug molecules results in higher binding affinities and selectivity.11 It is essential to 
have an understanding of how the replacement of H with F affects the electronic nature 
and conformation of small molecules to be able to predict the interaction of the fluorine-
containing molecules with proteins and enzymes. Since the size of F atom is only slightly 
more than H atom replacing H with F will introduce minimal steric alterations. The C-F 
bond is at least 14 Kcal/mole stronger than C-H bond making it much less susceptible to 
metabolic oxidation compared to the C-H bond. Oxidative metabolism by the liver 
enzymes, especially the cytochrome P450, often leads to undesirable pharmacological 
profile. The carbon-fluorine bond length is 1.39 Å while carbon-oxygen bond is 1.43 Å. 
The fluorine can be a hydrogen bond acceptor and as the most electronegative element, 
fluorine can significantly affect the basicity and acidity of neighboring groups altering the 
physicochemical properties of the molecule.7 Fluorine atom can significantly change the 
hydrophobicity of groups such as the trifluoromethyl and difluoromethyl making them 
highly lipophilic and modulate the properties of bioactive molecules for a substantially 
improved pharmacological profile.9 Thus, a fluorine atom can be introduced at the active 
site to block the enzymatic cleavage and enhance the lipophilicity of the molecule, 
increase hydrophobic binding and membrane permeability. Moreover, the introduction of 
fluorine(s) into the bioactive molecules as marker(s) provides a unique and valuable tool 
for in vitro and in vivo 19F NMR studies of protein structures and drug-protein 
interactions which has found numerous applications to molecular imaging and promoted 
the development of molecular probes for imaging. The sensitivity of 19F NMR 
spectroscopy, the large 19F–1H coupling constants and the virtual absence of 19F in living 
tissues,12 makes incorporation of fluorine into bioactive compounds a particularly 
powerful tool for the investigation of biological processes.13, 14 Thus, the rational design 
of fluoro-compounds will lead to the generation of new and effective biochemical tools. 
 

2.1.2 The Applications of Fluorine in Novel 2nd-generation Taxoids
 The β-lactam skeleton is found in numerous pharmacologically active molecules 

possessing antifungal,15 antibacterial,16 antitumor17 and plasma cholesterol lowering 
activities.18, 19 Thus fluorine-containing β-lactams have inherent importance as a 
pharmacophore of various therapeutic agents and have attracted considerable attention in 
the past few decades. The fluoro-β-lactams could be utilized as versatile synthetic 
intermediates and the development and applications of the β-Lactam Synthon Method (β-
LSM) carried out in our group have been well reviewed.20-25 The Ojima-Holton coupling 
protocol is an extremely efficient and practical route to synthesize a diverse array of new 
taxoids which has paved the way for extensive structure-activity relationship (SAR) 
studies of taxoids besides its industrial application. As part of our continuing efforts, the 
β-LSM has been applied for the syntheses of fluorinated α-hydroxy-β-amino acids, 
dipeptides, and fluoro-taxoids. Figure 2-3 illustrates representative transformations of N-
t-Boc-3-PO-4-Rf-β-lactams (P = hydroxyl protecting group). 
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Figure 2-3. Representative transformations of N-t-Boc-3-PO-4-Rf-β-lactams 

 
 Several fluorine-containing second-generation taxoids have been prepared in our 

laboratory. The new fluoro-taxoids, SB-T-12842-4 and SB-T-128221-3, were found to 
possess more than two orders of magnitude higher cytotoxicity than paclitaxel against the 
drug-resistant cell lines, MCF7-R and LCC6-MDR,and several times higher potency than 
paclitaxel against the drug-sensitive cell lines, MCF7-S and LCC6-WT (Figure 2-4, 
Table 2-1).  
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Figure 2-4. Structure of SB-T-12842-4 and SB-T-128221-3 
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Taxoid MCF7-S 
(breast) 

MCF7-R 
(breast) R/Sb 

LCC6-
WT 

(breast)

LCC6-
MDR 

(breast)
R/Sb H460 

(ovarian) 
HT-29 
(colon) 

Paclitaxel 1.8 484 269 3.4 216 64 5.5 3.6 

SB-T-
12842-4 0.6 6.4 11 0.6 3.1 5.2 0.3 0.5 

SB-T-
128221-3 0.4 2.6 6.5 1.2 1.6 1.3 0.2 0.4 

 
Table 2-1. In vitro cytotoxicity (IC50 nM)a of fluoro-taxoids26

 

a The concentration of compound which inhibits 50% (IC50) of the growth of the human tumor 
cell line after 72 h drug exposure. 
b R/S = drug-resistant factor = IC50 (drug-resistant cell line)/IC50 (drug-sensitive cell line). 

 
 Metabolism studies on paclitaxel have shown that the para position of the C-3’ 
phenyl, meta position of the C-2 benzoate, C-6 methylene, and C-19 methyl groups are 
the primary sites of hydroxylation by the cytochrome P450 family of enzymes. Among 
them, the predominant site is the hydroxylation of the C-3’ phenyl at para position by 
cytochrome 3A family.27 The metabolism studies on the second generation taxoids 
containing C3’-N t-Boc, and C3’-isobutyl groups which were developed in our group 
showed that cytochrome P450 does not attack t-Boc, which is most likely the only 
oxidation observed for docetaxel in the first place.27 Instead, CYP 3A4 of the cytochrome 
P450 primarily attacks the two allylic methyl groups of the C-3′-isobutenyl (SB-T-1214, 
SB-T-1216) and the methine moiety of the 3′-isobutyl (SB-T-1103) group as shown in 
Figure 2-5.28, 29 Accordingly, C3′-difluorovinyl-taxoids to replace C3’-isobutenyl group 
were synthesized to block the allylic oxidation by CYP 3A4 which should enhance the 
metabolic stability and activity in vivo. 
 This chapter describes the large scale preparation of enantiopure 4-difluorovinyl 
β-lactam and the corresponding fluorine-containing second-generation taxoid SB-T-
12851 (Figure 2-6). Three other fluorine-containing taxoids SB-T-12852, SB-T-12853, 
and SB-T-12854 (Figure 2-6) were synthesized by Dr. Jin Chen, Dr. Xianrui Zhao, Dr. 
Liang Sun and Dr. Shuyi Chen. The fluorine-containing β-lactam and second-generation 
taxoid were synthesized in multi-gram scale for the first time in our group for preclinical 
animal studies. 
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.  
 

Figure 2-5. Primary sites of hydroxylation on the second-generation taxoids by the P450 
family of enzymes 
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Figure 2-6. Structures of some 2nd-generation fluoro-taxoids 
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2.2 Results and Discussion 

2.2.1 Synthesis of 4-Difluorovinyl β-lactam 
 The enantiopure (3R,4S)-N-Boc-3-TIPSO-4-difluorovinylazetidin-2-one was 
prepared via [2+2] ketene-imine cycloaddition followed by kinetic enzymatic resolution 
(please refer to Chapter 1 for more details). The TIPS protected β-lactam, (+)-(3R,4S)-1-
PMP-3-TIPSO-4-(2-methyl-1-propenyl)-azetidin-2-one (A) (Scheme 2-1, please refer to  
Chapter 1 for synthesis) was first subjected to ozonolysis to give (3R,4S)-1-PMP-3-
TIPSO-4-formylazetidin-2-one. The resulting aldehyde was then converted to fluorinated 
β-lactam, (3R,4S)-1-PMP-3-TIPSO-4-difluorovinylazetidin-2-one by Wittig reaction 
using CBr2F2, hexamethylphosphoroustriamide (HMPA) and Zn in THF solution.30, 31 
The PMP group was then removed with cerium ammonium nitrate (CAN) to obtain 
enantiopure (3R,4S)-3-TIPSO-4-difluorovinylazetidin-2-one which was subjected to 
acylation with Boc2O to yield desired β-lactam (3R,4S)-N-Boc-3-TIPSO-4-
difluorovinylazetidin-2-one in excellent overall yield (Scheme 2-2). 
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Scheme 2-1. Synthesis of TIPS protected β-lactam 

 
 The difluorination reaction is the key step of this synthesis. The synthesis of 
difluorovinyl compounds proceeds through the formation of [Ph3P+-CF2Br]Br – (B) 
generated in situ by the reaction of Ph3P and CBr2F2 in THF. A highly exothermic 
reaction occurs immediately due to the formation of the quasicomplex with zinc (C) and 
then ylide system (D). The ylide conversion is fast and yields the desired fluorocarbon 
within a short period of time (Scheme 2-3).32 
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Scheme 2-2. Synthesis of difluorovinyl β-lactam 
 

 
 

Scheme 2-3. Mechanism of difluoroolefin formation 

 

2.2.2 Synthesis of SB-T-12851 
 The synthesis of baccatin core started from 10-DAB-III with acetylation of the C-

10 position followed by TES protection of C-7 position 2-6 (Scheme 2-4).  
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Scheme 2-4. Modification of baccatin core 

 
 The ring-opening coupling of β-lactams with modified baccatin 2-6 was carried 
out at -40 °C in THF using LiHMDS.33, 34 The subsequent removal of the silyl protecting 
groups with HF/pyridine gave the corresponding new difluorovinyl-taxoid SB-T-12851 
in good overall yields (Scheme 2-5).  

 

 
 

Scheme 2-5. Synthesis of SB-T-12851 

 

2.2.3 Biological Evaluation of SB-T-12851 
 The novel fluoro-taxoids SB-T-12851, SB-T-12852, SB-T-12853, and SB-T-

12854 were previously synthesized by Dr. Larisa Kuznetsova and sent to the Department 
of Pharmacology and Therapeutics in Roswell Park Center Institute for biological 
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evaluations. Cytotoxicity of the difluorovinyl second-generation taxoids was evaluated in 
vitro against both types of human breast cancer cell lines, drug sensitive and drug 
resistant, MCF7-S and MCF7-R respectively. The IC50 values were determined through 
72 h exposure of the fluoro-taxoids to the cancer cells according to protocol developed by 
Skehan et al.35 The data is summarized in Table 2-2. 

 

 
 

Taxoid R1 R2 MCF7-S 
(breast) 

MCF7-R 
(breast) R/S 

Paclitaxel   1.7 300 176 

SB-T-1213 Et CH3 0.18 2.2 12 

SB-T-12851 Ac F 0.14 0.95 6.7 

SB-T-12852 c-Pr-CO F 0.17 6.03 35.5 

SB-T-12853 Et-CO F 0.17 1.2 7.06 

SB-T-12854 Me2N-CO F 0.19 4.27 22.5 

 
Table 2-2. In vitro cytotoxicity (IC50 nM) of C-3’-difluorovinyl-taxoids 

 
 According to Table 2-2, C-3’ difluorovinyl taxoids possess one order of 

magnitude higher potency than paclitaxel, and comparable cytotoxicity with second-
generation taxoid SB-T-1213, against the drug-sensitive cell line MCF7-S. The biological 
activity against drug-resistant cell line MCF7-R was two to three orders of magnitude 
better compared with paclitaxel and several times higher activity than non-fluorinated 
second-generation taxoid  SB-T-1213 (except SB-T-12852, SB-T-12854).  

 Newly synthesized difluorovinyl taxoids SB-T-12851 and SB-T-12854 were 
tested against two drug-resistant pancreatic cancer cell lines, CFPac and Panc1, with the 
help of Jennifer Curato in Professor Weixing Zong’s research group in the department of 
molecular genetics and microbiology at Stony Brook University. The preliminary results 
are summarized in Table 2-3. 
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Taxoids CFPac Panc1 

Paclitaxel 15.8 4.7 

SB-T-12851 0.0056 1.3 

SB-T-12854 2.2 0.83 

 
Table 2-3. In vitro cytotoxicity (IC50 nM) of C-3’-difluorovinyl-taxoids against 

pancreatic cancer cell lines 

 
The two taxoids were tested and shown to have IC50 values that ranged between 

0.0056-2.2 nM, from several times to 4 times more potent than paclitaxel against CFPac 
and Panc1 cell lines. The efficacy of the compounds did not appear to be affected by the 
expression of multidrug resistance proteins.  

2.3 Conclusion 
 C-3’-difluorovinyl second-generation taxoids were successfully synthesized in 

large scale. These taxoids were previously evaluated for their antitumor activity against 
the drug-sensitive human breast tumor cell line MCF7-S and the drug-resistant human 
breast tumor cell line MCF7-R. It was found that C-3’-difluorovinyl taxoids have one 
order of magnitude better antitumor activity against drug sensitive MCF7-S cell line and 
more than two orders of magnitude better activity against drug-resistant MCF7-R cell 
line. Also these analogs were tested against drug-resistant pancreatic cancer cell lines, 
CFPac and Panc1. SB-T-12851 and SB-T-12854 exhibited much higher cytotoxicity than 
paclitaxel. These results showed that C-3’-difluorovinyl taxoids are very promising 
candidates for preclinical studies and further development. 

2.4 Experimental Section 
General Methods: 1H, 13C and 19F NMR spectra were measured on a Bruker AC-250 
NMR spectrometer or a Varian 300, 400, 500, or 600 MHz NMR spectrometer.  The 
melting points were measured on a “Uni-melt” capillary melting point apparatus from 
Arthur H. Thomas Company, Inc.  Optical rotations were measured on a Perkin-Elmer 
Model 241 polarimeter.  High-resolution mass spectrometric analyses were conducted at 
the Mass Spectrometry Laboratory, University of Illinois at Urbana-Champaign, Urbana, 
IL.  GC-MS analyses were performed on an Agilent 6890 Series GC system equipped 
with the HP-5HS capillary column, (50 m X 0.25 mm, 0.25 um) and with the Agilent 
5973 network mass selective detector.  LC-MS analyses were carried out on an Agilent 
1100 Series Liquid Chromatograph Mass Spectrometer.  IR spectra were measured on a 
Shimadzu FTIR-8400s spectrophotometer.  TLC analyses were performed on Merck DC-
alufolien with Kieselgel 60F-254 and were visualized with UV light, iodine chamber, 10 
% sulfuric acid and 10% PMA solution.  Column chromatography was carried out on 
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silica gel 60 (Merck; 230-400 mesh ASTM).   Chemical purity was determined with a 
Waters HPLC assembly consisting of dual Waters 515 HPLC pumps, a PC workstation 
running Millennium 32, and a Waters 996 PDA detector, using a Phenomenex Curosil-B 
column, employing CH3CN/water as the solvent system with a flow rate of 1 mL/min, or 
shimazu HPLC.  

 
Materials: The chemicals were purchased from Sigma Aldrich Company or Acros 
Organic Fischer Company.  10-Deacetyl baccatin III (DAB) was donated by Indena, 
SpA, Italy.  Dichloromethane and methanol were dried before use by distillation over 
calcium hydride under nitrogen or argon. Ether and THF were dried before use by 
distillation over sodium-benzophenone and kept under nitrogen or argon. Toluene and 
benzene were dried by distillation over sodium metal under nitrogen or argon before use. 
Dry DMF was purchased from EMD chemical company, and used without further 
purification. PURE SOLV™, Innovative Technology Inc, provided an alternative source 
of dry toluene, THF, ether, and dichloromethane. The glasses were dried in a 110 oC oven 
and allowed to cool to room temperature in a desiccator over “Drierite” (calcium sulfate) 
and assembled under inert gas nitrogen or argon atmosphere. 

2.4.1 Synthesis of Difluorovinyl β-lactam 
 
(3R,4S)-1-p-Methoxyphenyl-3-triisopropylsilyloxy-4-formylazetidin-2-one (2-1): 
Compound A (598 mg, 1.48 mmol) was dissolved in distilled dichloromethane (c 0.02 M) 
in a two-necked flask. Nitrogen was bubbled through the solution for 5 min. The 
temperature of the flask was brought down to – 78 °C using acetone and dry ice. Ozone 
was then passed through the mixture till a faint blue color was observed. Nitrogen was 
then bubbled through the mixture to make it colorless. Dimethyl sulfide (5 eq, 0.24 mL) 
was then added and the acetone bath removed after 5 min. The reaction was allowed to 
stir (~ 3 h) and monitored by TLC (2:1 hexane:ethyl acetate). The organic layer was 
washed with distilled water several times and then washed with brine and dried over 
anhydrous magnesium sulphate. The organic layer was then concentrated in vacuo and 
the pure product was obtained by performing flash chromatography (20:1, 10:1 
hexanes:ethyl acetate) in 75 % yield (420 mg) as a white solid. 1H NMR (300 MHz, 
CDCl3): δ 1.11-1.27 (21 H, m) (H on TIPS group), 3.84 (3 H, s) (H on CH3O group), 4.53 
(dd, J = 9.6, 4.2 Hz, 1 H)(H on C4), 5.36 (d, J = 5.4 Hz, 1 H)(H on C3), 6.93 (d, J = 9.3 
Hz, 2 H)(H on benzene ring), 7.32 (d, J = 9.3 Hz, 2 H)(H on benzene ring), 9.83 (d, J = 
4.8 Hz, 1 H)(H on aldehyde). 
 
1-(4-Methoxyphenyl)-3-triisopropylsiloxy-4-(2,2-difluorovinyl)azetidin-2-one (2-2):31 
The compound 2-1 (300 mg, 0.79 mmol) was taken in a flask and inerted. An empty two 
necked round bottom flask fitted with a condenser was inerted, THF (5 mL) was added to 
it and cooled to 0 °C. CF2Br2 (2 eq, 0.15 mL) was added using a syringe cooled to – 78 
°C followed by HMPT (hexamethyl phosphorus triamide) (4 eq, 0.58 mL) and the flask 
shaken to break up the clumps of ylid formed. The starting material 2-1 was dissolved in 
the remaining THF (c 0.05M) and introduced in the flask containing the ylid. Zinc 
powder (6 eq, 314 mg) was then added to it and the flask was refluxed in an oil bath at 80 
°C. The reaction mixture turned reddish brown and the reaction was monitored by TLC 



 

 59

(5:1 hexane:ethyl acetate). The reaction was stirred till TLC indicated no starting material 
(~ 30 min). The reaction mixture was then cooled to room temperature and the Zn filtered 
out using celite lined frit funnel. The THF was removed using a rotary evaporator and the 
mixture diluted with dichloromethane. The organic layer was washed several times with 
distilled water to remove the salt, dried over anhydrous magnesium sulphate and 
concentrated in vacuo. The pure product was then obtained by performing flash 
chromatography (30:1, 25:1 hexanes:ethyl acetate) in 70 % yield (231 mg) as a 
transparent oil/white solid. 1H NMR (300 MHz, CDCl3): δ1.08-1.15 (21 H, m), 3.79 (3 H, 
s), 4.54 (1 H, ddd, J = 1.5, 6.3, 16.5 Hz), 4.83 (1 H, m), 5.14 (1 H, d, J = 5.1 Hz ), 6.87 
(2H, d, J = 9.0 Hz), 7.32 (2H, d, J = 9.0 Hz); 13C NMR (400 MHz, CDCl3): 12.1, 17.9, 
54.1 (d, J = 8.5 Hz), 55.8, 75.8 (dd, J = 5.0, 22.1 Hz), 76.9, 77.4, 114.8, 118.6, 130.9, 
156.7, 164.9; 19F NMR (300 MHz, CDCl3): δ-80.80 (d, 1F, J = 32.7 Hz), -86.34  (dd, 1F, 
J = 2.8 Hz, J = 28.2); HRMS (FAB+, m/z): Calcd. for C21H31F2NO3Si·H+, 412.2114; 
Found, 412.2127. 
 
3-Triisopropylsiloxy-4-(2,2-difluorovinyl)azetidin-2-one (2-3):36 
The compound 2-2 (216 mg, 0.52 mmol) was taken in a flask and dissolved in 
acetonitrile (18 mL) and water (3 mL). The flask was then cooled to – 10 °C. A solution 
of cerium ammonium nitrate (CAN, 3.5 eq, 1 g) in distilled water (16 mL) was then 
added dropwise via a dropping funnel over a 30 min period. The reaction mixture was 
then stirred for 2 h and periodically monitored by TLC (2:1 hexane:ethyl acetate). When 
no starting material was observed the reaction was quenched with saturated solution of 
sodium sulfite resulting in an orange precipitate. This was filtered using a Buchner funnel 
and the precipitate washed well with ethyl acetate. The organic and aqueous layers were 
then separated and the organic layer was washed with brine, dried over anhydrous 
magnesium sulphate and concentrated in vacuo. The crude was then purified by 
performing flash chromatography (15:1, 10:1 hexanes:ethyl acetate) to yield a transparent 
oil in 83 % yield (132 mg). 1H NMR (CDCl3, 400 MHz): δ1.03-1.18 (21 H, m), 4.44-4.54 
(2 H, m), 5.04 (1 H, dd, J = 1.6, 2.4 Hz), 6.59 (1 H, bs); 13C NMR (CDCl3, 100 MHz): 
12.1, 17.8 (d, J = 4.6 Hz), 50.4 (d, J = 7.6 Hz), 77.1 (dd, J = 15.9, 23.5 Hz), 79.3, 157.6 (t, 
J = 289.9 Hz), 169.4; 19F NMR (282 MHz, CDCl3): δ -82.33 (d, 1F, J = 34.7 Hz), -87.50  
(dd, 1F, J = 9.3 Hz, J = 25.7).   
 
(3R,4S)-1-(tert-Butoxycarbonyl)-3-triisopropylsilyloxy-4-difluorovinylazetidin-2-one 
(2-4):36 
The compound 2-3 (266 mg, 0.87 mmol) and a catalytic amount of DMAP (0.25 eq, 
26.59 mg) were added in a flask and inerted (vacuum/nitrogen). 5 mL of distilled 
dichloromethane was then added into the flask to dissolve the solids. Triethylamine (3 eq, 
0.36 mL) was then added dropwise followed by di-tert-butyldicarbonate (1.1 eq, 209 mg) 
in 2 mL dichloromethane. The reaction was allowed to stir overnight at room temperature 
and quenched with 10 mL saturated ammonium chloride solution. The organic and 
aqueous layer was separated and the aqueous layer was extracted with dichloromethane 
(3 x 30 mL). The combined organic layers was washed with saturated sodium chloride 
solution, dried over anhydrous magnesium sulfate, filtered and concentrated in vacuo. 
The crude was purified using flash chromatography (50:1 hexane:ethyl acetate) to give 
344 mg of the pure product as a clear oil in 97 % yield. 1H NMR (300 MHz, CDCl3): δ 
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1.04-1.17 (21 H, m), 1.50 (9 H, s), 4.49 (1 H, ddd, J = 1.6, 13.8, 23.7 Hz), 4.75 (1 H, 
dddd, J = 0.9, 2.4, 5.1, 9.0 Hz), 5.04 (1 H, d, J = 5.7 Hz), 6.59 (1 H, bs); 13C NMR (400 
MHz, CDCl3): δ 12.0, 17.8 (d, J = 5.3 Hz), 28.2, 53.6 (d, J = 8.4 Hz), 74.5 (dd, J = 10.6, 
26.5 Hz), 77.2, 83.9, 147.9, 158.5 (t, J = 292.2 Hz), 165.3; 19F NMR (300 MHz, CDCl3): 
δ -81.20 (d, 1F, J = 31.0 Hz), -85.83 (dd, 1F, J = 5.6 Hz, J = 29.3). HRMS (FAB+, m/z): 
Calcd. for C19H33F2NO4SiNa+, 428.2039; Found, 428.2050. 

2.4.2 Synthesis of SB-T-12851 
 
10-Acetylbaccatin III (2-5): 
A flask containing 10-DAB-III (10-deacetylbaccatin III, 860 mg, 1.57 mmol), cerium 
trichloride heptahydrate (0.1 eq, 60 mg) was inerted. Distilled THF (c 0.03 M) was added 
to dissolve the solids. Acetic anhydride (10 eq, 1.48 mL) was then added dropwise at 
room temperature and the reaction was monitored by TLC (1:4 hexane:ethyl acetate). The 
reaction was stopped after 3 h when no starting material was observed. The THF was 
evaporated off and distilled water was added to dissolve the inorganic solids. 
Dichloromethane was used for extraction and the organic layer was washed with brine, 
dried over anhydrous magnesium sulfate and concentrated in vacuo. The white crude 
product 2-5 thus obtained in quantitative yield was then subjected to 7-TES protection. 
1H NMR (300 MHz, CDCl3): δ 1.1 (3H, s, C-16), 1.25 (3H, m, C-17), 1.67 (3H, s, H-19), 
1.75 (bs, 1 H, OH), 1.88 (4H, m, H-6b, H-18), 2.24 (3H, s, 10-OAc), 2.33 (2H, m, H-14), 
2.39 (3H, s, 4-OAc), 2.49 (1H, d,  J= 3.6 Hz, OH),  2.55 (1H, ddd, J=  6.4, 9.6, 14.8 Hz, 
H-6a), 3.72 (1H, OH), 3.81 (1H, d, J= 7.2 Hz, H-3),  4.17 (1H, d, J= 8.4 Hz, H-20b), 
4.31 (1H, d, J= 8.4 Hz, H-20a), 4.44 (1H, m, H-7), 5.66 (1H, d, J= 7.2 Hz, H-2), 6.24 (1 
H, t, J= 8.8 Hz, H-13), 6.30 (1H, s, H-10), 7.49 (2H, t, J= 7.6 Hz), 7.61 (1H, t, J= 7.2 
Hz), 8.11 (2H, d, J= 7.6 Hz). 
 
7-TES-10-acetylbaccatin III (2-6): 
A flask containing modified baccatin 2-5 (921 mg, 1.57 mmol) and imidazol (4 eq, 430 
mg) was inerted. DMF (c 0.04 M) was added via syringe to dissolve the solids in the 
flask. The temperature of the flask was maintained at 0 °C. Triethylsilylchloride (3 eq, 
0.8 mL) was then added dropwise via syringe in the flask. The ice bath was removed after 
5 min. The reaction was monitored by TLC (1:1 hexane:ethyl acetate) and quenched with 
saturated ammonium chloride solution after 2.5 h. The reaction mixture was diluted with 
ethyl acetate and the organic and aqueous layer was separated. The organic layer was 
washed with brine, dried over anhydrous magnesium sulphate and concentrated in vacuo. 
The pure product 2-6 was obtained by performing flash chromatography (4:1, 1:1 
hexane:ethyl acetate) as a white solid in 84 % (920 mg) yield. 1H NMR (300 MHz, 
CDCl3): δ 0.52- 0.93 (m, H on TES), 1.15 (3H, s, C-16), 1.25 (3H, m, C-17), 1.67 (3H, s, 
H-19), 1.75 (bs, 1 H, OH), 1.88 (4H, m, H-6b, H-18), 2.24 (3H, s, 10-OAc), 2.33 (2H, m, 
H-14), 2.39 (3H, s, 4-OAc), 2.49 (1H, d,  J= 3.6 Hz, OH),  2.55 (1H, ddd, J=  6.4, 9.6, 
14.8 Hz, H-6a), 3.81 (1H, d, J= 7.2 Hz, H-3),  4.17 (1H, d, J= 8.4 Hz, H-20b), 4.31 (1H, 
d, J= 8.4 Hz, H-20a), 4.44 (1H, m, H-7), 5.66 (1H, d, J= 7.2 Hz, H-2), 6.24 (1 H, t, J= 
8.8 Hz, H-13), 6.30 (1H, s, H-10), 7.49 (2H, t, J= 7.6 Hz), 7.61 (1H, t, J= 7.2 Hz), 8.11 
(2H, d, J= 7.6 Hz) 
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10-Acetyl-3’-dephenyl-3’-(2,2-difluorovinyl)-2’-TIPS-7-TES docetaxel (2-7): 
10-Acetyl-7-TES baccatin III (2-6) (722 mg, 1.03 mmol) was taken in a flask which was 
inerted and dry THF (c 0.01 M) 50 mL was added to dissolve it. β-Lactam 2-4 (1.5 eq, 
630 mg) was inerted in a separate flask and dissolved in the remaining dry THF and 
syringed into the reaction flask containing the modified baccatin. The flask was cooled to 
- 40 °C using dry ice and acetone. Then LiHMDS (1 M in THF solution, 1.5-2 eq, 2 mL) 
was added dropwise via syringe and the reaction monitored by TLC (2:1 hexane:ethyl 
acetate). The reaction was quenched after 2 hr with saturated ammonium chloride 
solution and extracted with dichloromethane three times. The combined organic layers 
was dried with brine and anhydrous magnesium sulphate and concentrated in vacuo. The 
pure product 2-7 was obtained by performing flash chromatography (13:1, 5:1 
hexane:ethyl acetate) as a white solid in 96 % (1.1 g) yield. 1H NMR (300 MHz, CDCl3): 
δ 0.52- 0.93 (m, H on TES), 1.08 – 1.3 (m, H on TIPS), 1.15 (3H, s, C-16), 1.25 (3H, m, 
C-17), 1.30 (9H, s, Boc), 1.68 (3H, s, H-19), 1.88 (4H, m, H-6b, H-18), 2.24 (3H, s, 10-
OAc), 2.33 (2H, m, H-14), 2.39 (3H, s, 4-OAc), 2.49 (1H, d,  J= 3.6 Hz, OH),  2.55 (1H, 
ddd, J=  6.4, 9.6, 14.8 Hz, H-6a), 3.81 (1H, d, J= 7.2 Hz, H-3),  4.17 (1H, d, J= 8.4 Hz, 
H-20b), 4.28 (1 H, s, J= 2.8 Hz, H-2’), 4.31 (1H, d, J= 8.4 Hz, H-20a), 4.44 (1H, m, H-
7), 4.58 (1H, ddd, J= 1.2, 9.6, 24.8 Hz, H-3’-vinyl), 4.87 (1H, t, J= 8.8 Hz, H-3’), 4.96 (2 
H, d, J= 9.6, H-5, NH-3’), 5.66 (1H, d, J= 7.2 Hz, H-2), 6.24 (1 H, t, J= 8.8 Hz, H-13), 
6.30 (1H, s, H-10), 7.49 (2H, t, J= 7.6 Hz), 7.61 (1H, t, J= 7.2 Hz), 8.11 (2H, d, J= 7.6 
Hz) 
 
10-Acetyl-3’-dephenyl-3’-(2,2-difluorovinyl)docetaxel (SB-T-12851): 
The compound 2-7 (1.1 g, 0.99 mmol) was taken in a flask which was inerted and cooled 
to 0 °C. Acetonitrile and dry pyridine (22 mL each, 1:1) was added to dissolve the solid 
compound. Then HF/Pyridine was added (11 mL) dropwise, the reaction was allowed to 
warm to room temperature and stirred overnight. TLC (1:1 hexane:ethyl acetate) 
indicated complete conversion and the reaction was quenched with saturated NaHCO3 
slowly and stirred. The reaction mixture was diluted with ethyl acetate and the organic 
layer was washed with saturated NaHCO3 several times to remove unreacted HF. The 
combined organic layers were then washed with copper sulphate solution to remove 
pyridine till no color change was observed. The organic layer was then washed with 
distilled water to remove copper sulphate, dried over brine and anhydrous magnesium 
sulphate and concentrated in vacuo. The pure product was obtained by performing flash 
chromatography (5:1, 2:1 pure hexane:ethyl acetate) as a white solid in 93 % (770 mg) 
yield. (HPLC purity > 97 %, mp 155-160 °C) 1H NMR (CDCl3, 300 MHz): δ 1.15 (3H, 
s, C-16), 1.25 (3H, m, C-17), 1.30 (9H, s, Boc), 1.68 (3H, s, H-19), 1.75 (bs, 1 H, OH), 
1.88 (4H, m, H-6b, H-18), 2.24 (3H, s, 10-OAc), 2.33 (2H, m, H-14), 2.39 (3H, s, 4-
OAc), 2.49 (1H, d,  J= 3.6 Hz, OH),  2.55 (1H, ddd, J=  6.4, 9.6, 14.8 Hz, H-6a), 3.52 
(1H, d, J= 5.6 Hz, OH), 3.81 (1H, d, J= 7.2 Hz, H-3),  4.17 (1H, d, J= 8.4 Hz, H-20b), 
4.28 (1 H, s, J= 2.8 Hz, H-2’), 4.31 (1H, d, J= 8.4 Hz, H-20a), 4.44 (1H, m, H-7), 4.58 
(1H, ddd, J= 1.2, 9.6, 24.8 Hz, H-3’-vinyl), 4.87 (1H, t, J= 8.8 Hz, H-3’), 4.96 (2 H, d, 
J= 9.6, H-5, NH-3’), 5.66 (1H, d, J= 7.2 Hz, H-2), 6.24 (1 H, t, J= 8.8 Hz, H-13), 6.30 
(1H, s, H-10), 7.49 (2H, t, J= 7.6 Hz), 7.61 (1H, t, J= 7.2 Hz), 8.11 (2H, d, J= 7.6 Hz); 
13C NMR (CDCl3, 400 MHz) δ 9.8, 14.4, 15.1, 21.1, 22.1, 22.5, 26.9, 28.3, 35.7 (d, J= 
13.7 Hz), 43.5, 45.7, 48.2, 58.8, 72.4, 72.9, 75.8, 76.7, 79.3, 80.7, 81.3, 84.6, 128.9, 
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129.3, 130.4, 133.4, 133.9, 142.4, 155.1, 156.7, 158.0, 167.3, 170.5, 171.5, 172.7, 203.9; 
19F NMR, (CDCl3, 282 MHz) δ –84.29 (1 F, dd, J= 25.7, 36.4 Hz), –86.22 (1 F, dd, J= 
34.7 Hz); HRMS (FAB+, m/z): Calcd. for C41H51F2NO15·H+,  836.3300; Found, 836.3278. 
 

 



 

 63

Chapter 3 
Synthesis and stability studies of novel disulfide linkers 

3.1 Introduction 
 The therapeutic activity of most anticancer drugs used in chemotherapy is 
restricted because of the nonspecific toxicity they generate by killing rapidly proliferating 
cells including normal cells. This results in a low therapeutic index and a narrow 
therapeutic window. Most chemotherapeutic drugs have to be used near their maximum 
tolerated dose (MTD) to achieve desired therapeutic effect and using multidrug therapy 
has become a standard practice.1 Thus the intensive chemotherapy required because of 
the lack of selectivity and specificity for tumors results in systemic toxicity and effective 
therapeutic results are achieved only in a small number of cancers. Besides the lack of 
tumor selectivity drug development is also hampered because of multi-drug resistance 
(MDR). Thus it is critical to develop target-specific agents which can utilize the 
physiological and morphological differences between normal and tumor cells and potent 
cytotoxic drugs which would be able to bypass or overcome MDR. 
 Small molecules that can specifically inhibit enzymes which play a key role in the 
development of tumors have received clinical success. Imatinib or Gleevec® was 
approved by the Food and Drug Administration (FDA) in 2001 and is the first small 
molecule tyrosine kinase inhibitor used in treating chronic myeloid leukemia (CML).2, 3 
Imatinib competitively inhibits ATP binding to the kinase domain of target proteins4 and 
gave encouraging and impressive results in late stage clinical trial for blast crisis CML. 
However, these positive results were annulled by the emergence of drug resistance5, 6 
which arose mainly due to the mutations in BCR-ABL kinase domain which alter 
binding.7, 8 Thus promising opportunities are met by challenges as was evidenced by the 
failure of other such kinase inhibitors. Another tumor-specific approach is to develop 
drugs or prodrugs that can specifically recognize and target receptors or other biomarkers 
that are overexpressed on the surface of tumor cells. Thus a tumor-targeted drug delivery 
system (DDS) (please refer to chapter 4 for details) which consists of a tumor-targeting 
moiety (TTM) conjugated to a potent, cytotoxic drug through an appropriate linker is a 
promising way to overcome the challenges faced by conventional chemotherapy. 
Mylotarg® (gemtuzumab-ozogamicin) which has an anti-CD33 antibody (hP67.6) 
conjugated to calicheamicin was the first mAb-drug immunoconjugate approved by the 
FDA in 2000 for the treatment of acute myelogenous leukemia (AML).9 

3.2 Linker 
 The first generation tumor-targeted DDS were designed by conjugating clinically 
used anticancer drugs such as methotrexate, doxorubicin, vinca alkaloids, etc with TTM 
like monoclonal antibodies (mAb) to enhance tumor specificity.10 In general, after the 
conjugate internalizes into the target cell the drug has to be released efficiently from the 
TTM. This efficient cleavage of the drug from the TTM requires a linker with certain 
desirable features. A summary of some of the desired features of the key parts of a tumor-
targeting moiety are show in Figure 3-1. 
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Linker DrugTTM

Able to connect the drug to TTM efficiently
Stable in circulation in vivo
Efficient drug release inside cell
Stable upon storage

High tumor specificty
High affinity for tumor-specific receptor

High potency
Linkable

 
 

Figure 3-1. Key features of a tumor-targeting DDS 

 
 The linker has a critical significance in the design of a successful DDS and must 
meet some stringent criteria. Firstly, the linker should be designed such that it can 
connect the drug to the TTM effectively and under mild chemistry conditions. Secondly, 
the linker must be stable in circulation in vivo but get efficiently cleaved inside cancer 
cells once the DDS has internalized. The desired stability of the linker also depends on 
the type of tumors the DDS is targeting. If a linker is too labile then it will release the 
drug before the prodrug conjugate reaches the target site causing high systemic toxicity 
and if it is too stable it will prevent the drug from being released which will cause 
substantially decreased or insufficient potency. The whole conjugate must remain intact 
during storage in aqueous solution to allow formulations for administration. Early work 
on immunoconjugate involved direct connection of a drug and a monoclonal antibody 
(mAb) through an amide bond, which suffered from the insufficient release of the active 
drug. Thirdly, the linkers should be exposed in a way such that they can be readily 
cleaved inside cancer cells. The selection of an appropriate linker depends on the type of 
tumor and the required cytotoxic agent. There is no universal linker and each of them has 
its advantages and disadvantages. The most frequently used linkers can be categorized 
into four classes in accordance with their modes of cleavage, i.e. (i) acid labile, (ii) 
proteolytic, (iii) disulfide exchange, and (iv) hydrolytic. Several types of cleavable 
linkers have been evaluated and some examples of the commonly used linkers are shown 
on Figure 3-2. 
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Figure 3-2. Examples of some commonly used linkers11 

 

3.2.1 Acid Labile Linker 
 The acid labile linker takes advantage of the low pH (~ 5) or acidic conditions in 
the endosomes and lysosomes which can release the potent drug from the prodrug 
conjugate via non-enzymatic hydrolysis. The most extensively studied linkers are cis-
aconitic acid and hydrazone linkers. cis-Aconitic acid linker was used to attach 
daunorubicin to poly(D-lysine)12 and also to attach daunorubicin to anti T-cell mAb.13, 14 
It is one of the first acid labile linkers used in immunoconjugates.  
 Hydrazone linkers are also widely used acid labile linkers. The cytotoxic drug or 
the TTM should have an appropriate carbonyl group such as ketone or aldehyde moiety 
to form the hydrazone. Several cytotoxic agents such as doxorubicin,15, 16 daunorubicin,17 
calicheamicin,18 vinblastine19 and chlorambucil17 have been used in tumor-targeting 
conjugates containing a hydrazone linker. Doxorubicin (Dox) attached to a mAb via a 
hydrazone linker was used for the first time in 1990.20 A hydrazone linker was also used 
to attach Dox to a chimeric mAb BR96 that recognizes Lewis Y antigens that are 
overexpressed on lung, colon, breast and various other human carcinomas. This BR96-
Dox conjugate had 8 molecules of Dox and was rapidly internalized into the target cell 
upon binding to the antigen.10 Phase II clinical trials showed that single-agent treatment 
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did not bring about complete responses for patients with large solid tumors though 
complete regressions was observed in animal models with human lung, colon and breast 
tumor xenografts.15, 21 Follow-up studies with the xenograft models in animals showed 
significant synergistic antitumor effect with combination therapy using BR96-Dox and 
paclitaxel or docetaxel.22 Conjugates with hydrazone linker exhibited higher release rate 
under slightly acidic conditions as compared to neutral conditions. However, premature 
cleavage of the hydrazone linker at physiological pH was also observed16 which indicates 
instability of the linker during circulation.  
 Nevertheless, hydrazone linker has proven to be successful in Mylotarg® which is 
used for the treatment of AML. In this immunoconjugate the TTM is CDR-grafted 
humanized mAb hP67.6 targeting CD33 in leukemia cells and the cytotoxic agent is 
calicheamicin. This immunoconjugate contains 2 or 3 molecules of the cytotoxic agent 
and has a sophisticated linker system with both a hydrazone linker and a disulfide moiety. 
The lysine residue in mAb was coupled to a 4-(4-acetyl-phenoxy) butanoic acid via a 
stable amide bond and the carbonyl group of the acetophenone moiety was then linked to 
the cytotoxic agent via an alkanoylhydrazone linker serially connected to a disulfide 
moiety. Studies showed that cleavage by disulfide exchange is not sufficient and 
hydrazone linker is the actual cleavage site.23 Studies showed that this conjugate was 
2000-fold more potent than the parent cytotoxic agent and its remarkable activity was 
also confirmed in vivo. It became the first anticancer immunoconjugate in the market.9 
Unfortunately, in June 2010 the FDA withdrew Mylotarg® from the market because a 
recent clinical trial designed to determine whether adding Mylotarg® to standard 
chemotherapy demonstrated an improvement in clinical benefit (survival time) to AML 
patients showed no improvement in clinical benefit. Also, a greater number of deaths 
occurred in the group of patients who received Mylotarg® compared with those receiving 
chemotherapy alone.24 
 An acid labile thiocarbamoyl linker for conjugating daunorubicin to a polymeric 
carrier has also been reported. Structures of some representative examples of acid labile 
linkers are shown in Figure 3-3. 
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Figure 3-3. Structures of representative acid labile linkers  

 

3.2.2 Proteolytic Linker 
 The proteolytic or peptide linkers are designed to have high serum stability and 
undergo rapid lysosomal hydrolysis. When a DDS is delivered to the lysosomes in cancer 
cells via internalization they are exposed to many proteases, mostly belonging to the 
cathepsin family and a number of exopeptidases. Therefore, numerous short peptide 
sequences were explored for their suitability as cleavable linkers. These peptide linkers 
should contain 2 to 5 amino acid residues with at least two hydrophobic, preferably 
aromatic residues.25 There are several examples of peptide linkers such as dipeptides Phe-
Lys and Val-Cit (Cit = citrulline)26 and tetrapeptide Gly-Phe-Leu-Gly.27 The dipeptide 
linkers Phe-Lys and Val-Cit were employed for BR96-Dox immunoconjugate with a self-
immolative spacer (p-aminobenzyloxycarbonyl, PABC) inserted between the dipeptide 
and the drug. The self-immolation of the spacer is triggered by a proteolytic cleavage of 
the linker by cathepsin B, which is present in lysosomes of cancer cells.28 These 
conjugates did not cleave when incubated in fresh human plasma for over 7 h and the 
half-lives of Phe-Lys-PABC and Val-Cit-PABC linkers were 8 and 240 min, 
respectively. The in vitro assay showed potent antigen-specific cytotoxicity of both 
immunoconjugates with IC50 values of 0.15 μM and 0.4 μM respectively. Dipeptide 
linker-PABC constructs have also been used for BR96-Dox28 and cAC10-
monomethylauristatin E (MMAE)29 and the peptide linkers seemed to be more stable 
compared to the hydrazone linker containing conjugates prepared earlier. The in vitro 
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cytotoxicity assay of mAb-MMAE conjugate against Karpas 299 cell line gave an IC50 
value of 4.5 ng/mL and a specificity ratio (i.e. the IC50 ratio of nonbinding conjugates to 
the binding control) of more than 500. The in vivo antitumor activity assay against 
Karpas 299 lymphoma in severe combined immune deficiency (SCID) mice showed that 
effective dose was 60-times lower than the maximum tolerated dose (MTD). Thus, 35 μg 
of MMAE component/kg/injection achieved 100 % tumor cure in human Karpas 299 
anaplastic large cell lymphoma. Figure 3-4 shows the structure BR96-MMAE conjugate 
with Val-Cit linker and PABC spacer. 

 

 

Figure 3-4. Structure of BR96-MMAE conjugate with Val-Cit linker and PABC spacer 

 

3.2.3 Hydrolytic Linker 
 Hydrolytic linker such as ester linker is cleaved due to pH sensitivity or by lipase-
catalyzed hydrolysis in vivo. The ester linkers are highly labile and have limited use in 
prodrug design without appropriate modifications. Sterically hindered secondary alcohols 
are used to circumvent this problem. A mAb C225 which specifically recognizes EGFR 
was conjugated to paclitaxel for tumor-targeting therapy.30, 31 This conjugate was 
synthesized by conjugating the mAb to the C2’-hydroxyl group of paclitaxel through an 
ester bond using succinic acid as a spacer Figure 3-5.  
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Figure 3-5. Structure of C225-paclitaxel 

 
 This conjugate induced more apoptosis than free drug alone in in vitro studies, 
however, in vivo studies showed no difference in tumor growth inhibition effects between 
the conjugate and C225. This phenomenon was likely caused due to the instability of the 
ester linker. Biodistribution and in vitro kinetic study using a 125I-labeled C3’-OH-
paclitaxel-C225 conjugate showed that the conjugate is not stable under physiological 
conditions with a half-life of about 2 h. The succinic acid moiety in the conjugate was 
replaced by glutaric acid to improve the systemic stability and the new prodrug showed 
better stability and indicated better antitumor activity than the original conjugate in in 
vivo studies.31  

3.2.4 Disulfide Linker 
 Disulfide linkers are designed to cleave inside tumor cells through a disulfide 
exchange with an intracellular thiol such as glutathione which is an intracellular 
tripeptide with a thiol group. They are stable at physiological pH and take advantage of 
the high levels of reduced glutathione inside cancer cells that can cause scission of the 
disulfide bond and release the drug inside the cell. The concentration of reduced 
glutathione in circulation in blood is very low (typically in the micromolar range) while 
that in cancer cells is very high (typically in the millimolar range).32 Sterically hindered 
disulfides are commonly used in the design of prodrugs to prevent premature cleavage of 
the disulfide bond and release of the drug while in circulation. There are several 
examples of disulfide linker containing conjugates which have superior efficacy compare 
to other linkers against numerous tumor xenografts such as colorectal cancer, pancreatic 
cancer, gastric cancer, small-cell lung cancer, non-small-cell lung cancer, prostate cancer 
and breast cancer in preclinical models.33, 34 
 A tumor-targeting drug conjugate with a humanized mAb huC242 which has high 
binding affinity to CanAg antigen expressed on most pancreatic, biliary and colorectal 
cancer cell membranes conjugated to a specially designed maytansine derivative DM1 
bearing a methyldisulfanyl (MDS) group (Figure 3-6) showed remarkable potency and 
selectivity in vitro and in vivo. This mAb-DMI conjugate cured all mice bearing COLO 
205 human colon tumor xenografts at much lower dose than the parent drug and also 
caused complete regressions of tumors of large size (260-500 mm3).33 A Phase I clinical 
trial on patients with CanAg-expressing solid malignancies showed some responses with 
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a terminal half-life of 41 (+/- 16) hours. Less than 1% of prematurely cleaved maytansoid 
DM1 was also detected in blood.35  
 

 
 

Figure 3-6. Structure of HuC242-DM1 conjugate 

 
 Disulfide-containing CC-1065 analog conjugated to anti-B4 targeting CD19 
showed >700-fold potency against targeted cells. The disulfide linkage was stable and did 
not show any cytotoxicity to antigen-negative cells.10 The disulfide bond linking the drug 
to the antibody can be manipulated to obtain maximum stability of the linker during 
blood circulation while cleaving efficiently inside the target cells. Varying degrees of 
steric hindrance could be obtained by introducing methyl substituents on the carbon atom 
geminal to the disulfide link.36 Some structures of mAb-maytansinoid are shown in 
Figure 3-7.37 Our group has developed mAb-taxoid conjugates containing disulfide 
linkers which showed remarkable antitumor activity38 (discussed in chapter 4). 
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Figure 3-7. Structure of some mAb-maytansinoid conjugates37 

 

3.3 Previous Achievements on Novel Disulfide Linkers 
 Despite the success of our first-generation mAb-taxoid immunoconjugates, the 
cytotoxicity of the active drug in cancer cell was 8 times weaker than the parent taxoid 
(SB-T-1213) and would not be potent enough for clinical use in humans. This was 
because the active drug, SB-T-12136-SH, was a derivative of the original taxoid 
molecule, SB-T-1213, with modification at C-10 position to attach the disulfide linker.38, 

39 Accordingly, novel second-generation mechanism-based disulfide linkers were 
developed which would release the potent drug in its original form efficiently and restore 
its extremely high cytotoxicity upon internalization to cancer cells. Several novel 
disulfide linkers were proposed as shown in Figure 3-8. 
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Figure 3-8. Structure of novel disulfide linkers 

 
 These novel mechanism-based self-immolative disulfide linkers are bifunctional 
and can be connected to various tumor-targeting moieties and various potent drugs. Upon 
target-specific internalization inside the cancer cells the glutathione triggered cascade 
releases the potent anticancer drug. The concentration of glutathione (GSH) in blood 
plasma is very low (~ 2 μM), while that in tumor tissues is 1,000 times higher (2-8 mM). 
Also, the concentration of GSH in tumor tissues is 2-10 fold higher than in normal tissues 
(10 fold higher in drug-resistant tumors).32, 40-43 The disulfide bond is cleaved by 
glutathione or other thiols to generate a free sulfhydryl group on the linker moiety which 
can then undergo an intramolecular nucleophilic acyl substitution on the ester moiety to 
form a 5- or 6-membered ring thiolactone and release the taxoid molecule in its original 
active form. Like other linkers these disulfide linkers should be stable in blood circulation 
but readily cleave inside the tumor tissues and cells. 
 Model reactions were carried out to prove the mechanism-based release process 
and study the relative reactivity of the disulfide linkers towards a thiol-initiated          
fragmentation, the substitution effect on the aromatic ring and the release profile under 
different pH conditions. A commonly used protocol to perform dynamic studies of 
complex reaction systems is 19F NMR because the fluorine tagged compounds and their 
behavior can be easily detected by 19F NMR technique in vivo. Accordingly, model 
compounds were synthesized with p-fluorophenol as an alternative to the drug and a 
fluorine tag was also introduced into the aromatic ring to monitor the reaction progress 
with 19F NMR.44 The model reaction was carried out at 37 oC with acetonitrile as co-
solvent in pH 7.4 buffer solution using cysteine to mimic glutathione present in cancer 
cells. The progress of the reaction was monitored by time-dependent 19F NMR and the 
expected intramolecular thiolactonization went as expected and completed in about 90 
min (Figure 3-9).44, 45 
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Figure 3-9. Mechanism-based release profile of model system45 

 
 The strategic design of placing the phenyl group attached to the disulfide bond 
directs the cleavage of the disulfide bond by a thiol to generate a desirable thiophenolate 
or sulfhydryl phenyl moiety for intramolecular thiolactonization. The mechanism of 
cleavage of disulfide bond is shown in Figure 3-10. 

 

 
 

Figure 3-10. Mechanism of disulfide bond cleavage 
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This type of mechanism-based self-immolative disulfide linker is readily applicable to a 
wide range of tumor-targeting DDS as shown in Figure 3-11. 
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Figure 3-11. Applications of disulfide linker to various tumor-targeting conjugates 

 
The promising preliminary results prompted the application of the original cytotoxic 
taxoid for the drug release study as shown in Figure 3-12. The reaction was performed in 
a similar manner to the model system and monitored by TLC, HPLC and NMR. The 
time-dependent 19F NMR spectrum clearly indicated the disappearance of the starting 
material and formation of thiolactone and free taxoid.  
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Figure 3-12. 19F NMR profile of mechanism-based taxoid release44 

 
Various buffer solutions (pH = 6.0, 7.0, 8.0) were used to investigate the pH dependent 
release profile and it was found that the reaction completed in 2 h at pH 7, within 1.5 h at 
pH 8 but the reaction went much slower at pH 6. At pH 6, only 84 % of conjugate was 
converted to thiolactone and taxoid even after 5 h (Table 3-1). 

 
pH Reaction time 
6.0 > 5 h, at 5 h 84 % conversion 

7.0 2.0 h 
8.0 1.5 h 

 
Table 3-1. Profile of pH dependent release 
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3.4 Results and Discussion  
 The mechanism of thiol-disulfide exchange reaction has been under investigation 
for a long time because of its great significance in biochemistry. Thiol-disulfide exchange 
reaction plays an important role in the folding of proteins, maintaining the redox state of 
cells, protecting organism from oxidative stress and in many other fundamental 
processes.46-49 Thiol-disulfide exchange reaction can be schematically considered as 
shown in Scheme 3-1. 

 

 
 

Scheme 3-1. Mechanism of thiol-disulfide exchange reaction 

 
 The thiol-disulfide exchange reaction is an SN2 reaction in which the thiolate 
anion is the reactive species. The thiolate anion attacks the disulfide bond along the S–S 
axis.46, 49 Consequently, introduction of bulky functional groups can affect the speed of 
the reaction. For example, introduction of methyl group at β position to the C–S bond of 
thiolate anion slightly slows down the reaction.46 The reaction proceeds through the SN2 
transition state. The charge in the transition state is delocalized on the peripheral sulfur 
atoms with zero or small negative charge on central sulfur atom. It has been concluded 
that the charge is transferred directly from Snuc to Slg without significant accumulation on 
Sc. The concentration of the charge on Snuc or Slg (or reactants) will lead to better 
stabilization of reactant in polar solvents compared with the transition state where the 
charge is more evenly distributed. Thus, polar environment will increase the activation 
energy and slow down the thiol-disulfide exchange reaction.49 
 A systematic kinetic study, wherein a p-fluorophenol was used as an alternative to 
a real drug for simplicity, was performed towards the understanding of the drug release 
processes. Glutathione was utilized to mimic the in vitro reducing conditions in 
biological environment. All the model reactions were carried out at 37 oC and pH 7.4 
conditions. The kinetic studies and the synthesis of model linkers were carried out in 
collaboration with Dr. Jin Chen, Dr. Stanislav Jaracz, Dr. Shuyi Chen and Dr. Xianrui 
Zhao.   

3.4.1 Synthesis of Disulfide Linkers 
 Initially, the relative activity of disulfide linkers with variable lengths was 
investigated, as shown in Figure 3-13. 
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Figure 3-13. Structure of disulfide linkers with variable lengths 

 
The disulfide linker 3-4 has been proven to be the most successful substrate in our model 
system. Its synthetic route is illustrated in Scheme 3-2. First, oxidation of 
benzo[b]thiophen-2-ylboronic acid with H2O2 in ethanol gave the 5-member ring 
thiolactone 3-1, which was then hydrolyzed to yield the corresponding product 2-
mercaptophenyl acetic acid 3-2 bearing a free sulfhydryl group. Methyl 
methanethiosulfonate was used in thiol-disulfide exchange reaction to afford methyl 
disulfide 3-3, followed by esterification with p-fluorophenol in DIC/DMAP to give the 
desired final product 3-4 in good overall yield. 
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Scheme 3-2. Synthesis of 4-fluorophenyl 2-(2-methyldisulfanylphenyl)acetate (3-4) 

 
 The gem-dimethyl effect, also termed as Thorpe-Ingold effect was first reported in 
the early 1900s to accelerate cyclization rate by a gem-dialkyl moiety located on the 
framework of the acyclic carbon backbone.50-53 A common application of this effect is the 
presence of a quaternary carbon, e.g. a gem-dimethyl group, in an alkyl chain, to increase 
the reaction rate of cyclization. In our attempts to elucidate the mechanism-based release 
process, we believed that the incorporation of gem-dimethyl effect may facilitate the 
intramolecular cyclization and thereby accelerate the drug release. Accordingly, a set of 
disulfide linkers bearing a gem-dimethyl group on the benzylic position was proposed, as 
illustrated in Figure 3-14. 
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Figure 3-14. Structure of disulfide linkers with gem-mono/dimethyl groups 
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 The afore-mentioned rate acceleration of cyclization reactions was attributed to 
the decrease in angle between the two reacting termini when the gem-dimethyl groups 
were located on the framework of the acyclic carbon backbone (Figure 3-15). This 
compression would subsequently result in bringing the two reacting termini closer to each 
other and thereby, increase the cyclization rate. 

 

 
 

Figure 3-15. Decrease in angle between the two reacting termini upon introduction of 
gem-dimethyl groups 

 
 Several disulfide linkers were designed with various substituents on the aromatic 
ring as shown in Figure 3-16 to study the effect of substitution on the aromatic ring on 
the kinetics of the mechanism-based drug release.  
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Figure 3-16. Structure of disulfide linkers with substituents on aromatic ring 

 
 Several disulfide linkers were designed and synthesized with different 
substituents on the S-S bond as shown in Figure 3-17 to compare the effect of the 
polarities of different disulfide bonds on the stability and mechanism-based release. 
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Figure 3-17. Structure of disulfide linkers with different substituents on the S-S bond 

 
 Scheme 3-3 shows the synthesis of 4-fluorophenyl 2-(2-isopropyldisulfanyl 
phenyl) acetate (3-8). p-Toluenesulfonhydrazide is reacted with bromine to yield tosyl 
bromide (3-5)54 which was then reacted with propan-2-thiol55 to yield 3-6. This reaction 
did not proceed well with DCM as solvent. The compound 3-6 was then reacted with 3-2 
to yield the acid 3-7. The acid 3-7 was then reacted with 4-fluorophenol to form the 
desired compound 3-8 in excellent yields. 
 

 
 

Scheme 3-3. Synthesis of 4-fluorophenyl 2-(2-isopropyldisulfanylphenyl)acetate (3-8) 
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 Scheme 3-4 shows the synthesis of 4-fluorophenyl 2-(2-tert-
butyldisulfanylphenyl) acetate (3-11). Tosyl bromide (3-5) was reacted with 2-
methylpropan-2-thiol55 to yield 3-9 which was then reacted with 3-2 to yield the acid 3-
10. The compound 3-10 was then reacted with 4-fluorophenol to form the desired 
compound 3-11 in excellent yields. 
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Scheme 3-4. Synthesis of 4-fluorophenyl 2-(2-tert-butyldisulfanylphenyl)acetate (3-11) 

 
 Scheme 3-5 shows the synthesis of 4-fluorophenyl 2-(2-pyridin-2-
yldisulfanylphenyl)acetate (3-13). A disulfide exchange reaction was performed using the 
compound 3-2 and 2,2’-dithiodipyridine to form the acid 3-12 which was then reacted 
with 4-fluorophenol to form the desired compound 3-13. 
 

 
 

Scheme 3-5. Synthesis of 4-fluorophenyl 2-(2-pyridin-2-yldisulfanylphenyl)acetate (3-
13) 
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3.4.2 Kinetic Study of Disulfide Linkers 
 A series of systematic kinetic studies to further elucidate the characteristics of this 
self-immolative disulfide linker including reaction rate constant determination and pH-
dependent drug release profile were performed in our laboratory by previous group 
members. The reaction rate constant was determined based on HPLC assay as shown in 
Scheme 3-6. The reaction was carried out in the presence of excess glutathione, pH 7.4 
buffer, at 37 oC to mimic biological conditions. Acetonitrile was used as the co-solvent to 
improve the poor solubility of the substrate in the buffer. 
 

S
S

O

O F

3-4

HO F
S

OGlutathione (100 eq),
buffer pH 7.4/CH3CN = 2/1,
37 oC

 
 

Scheme 3-6. Model reaction for determination of rate constant 

 
The rate constant was calculated according to rate law, rate = -d[A]/dt = k[A][B]. When 
B is in large excess, rate = -d[A]/dt = q[A], wherein q = k[B]. As shown in Figure 3-18 
(C), ln(A) exhibited a linear relationship with time, which indicated that this reaction can 
be considered as a pseudo-first order reaction. Consequently, ln(At) = ln(A0)-qt, q = 
6.1×10-2 min-1, half time t1/2 = 11.4 min. 
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Figure 3-18. Measurement of model drug release rate constant for disulfide linker (3-4) 

 
 However, in the case of disulfide linkers (3-A) and (3-C) bearing S-S bond at the 
benzylic position, both reactions were extremely slow with incomplete conversion even 
after several days as shown in Scheme 3-7. 
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Scheme 3-7. Model reaction for drug release with different thiol-initiated fragmentation 

 
 The pH-dependence of drug release was also assayed by Dr. Jin Chen with 
disulfide linker (3-4) as shown in Figure 3-19. The pH in physiological environment is 
7.4 while that in tumor tissues is usually lower than 7; therefore it is essential to explore 
this reaction under different pH conditions. As expected, the reaction was faster at pH 
10.0 (green) than under physiological pH of 7.4 (red). The release rate is only slightly 
decreased at pH 5.0 (blue) than that at pH 7.4 (red). 

 

 
 

Figure 3-19. Profile of pH-dependent drug release for disulfide linker (3-4) 
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  A preliminary evaluation of gem-dimethyl effect with disulfide linker (3-
28) is illustrated in Scheme 3-8 and Figure 3-20. The rate constant (q) and release half 
time (t1/2) were also calculated according to the rate law: q = 9.6×10-3 min-1 and t1/2 = 72.1 
min, respectively. 
 

 
Scheme 3-8. Model reaction of 3-L 

 

 
 

Figure 3-20. Measurement of gem-dimethyl effect on drug release for 3-L 

 
 The substituent effects on the aromatic ring of the disulfide linker are described in 
Scheme 3-9. These substituents included H, F, Me, OMe, NO2 and NMe2. The reactions 
were carried out in the presence excess of glutathione, buffer pH 7.4, at 37 oC to mimic 
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physiological conditions. Acetonitrile was used as the co-solvent to improve the poor 
solubility of the substrates in the buffer. Preliminary results, wherein R = H, Me and 
OMe, are summarized in Table 3-2. The release rate decreased in the following order, R 
= H > R = OMe > R = Me.  
 

 
 

Scheme 3-9. Model reaction for comparison of substituent effect 

 
R Reaction Rate Constant (q, min-1) Release Half Time (t1/2, min) 
H  6.1×10-2  11.4  

OMe  2.6×10-2  22.6  
Me  1.5×10-2  46.2  

 
Table 3-2. Aromatic ring substituent effect on drug release 

 
Currently, it would be very difficult to make a convincing conclusion on the exact 
intrinsic characteristics of the mechanism-based drug release profile without extensive 
exploration of other substituents. Figure 3-21 describes the drug release profile only 
when R = OMe for simplicity. 
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Figure 3-21. Measurement of substituent effect on drug release for 3-F 

 
 Disulfide bonds with different polarities and steric hindrance environments may 
also significantly affect the thiol disulfide exchange reaction. Accordingly, an iso-propyl 
functionalized disulfide linker (3-8) was employed for comparison (Scheme 3-10). It was 
observed that this reaction was sluggish with only trace amounts of thiolactone formation 
even after 40 h. Another two disulfide linker substrates (3-11) and (3-13) with tert-butyl 
and pyridinyl substituents, respectively, are still under investigation. 
 

 
 

Scheme 3-10. Model reaction with 3-8 
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3.4.3 Stability Studies 
 As mentioned before it is crucial that the linker remains stable in circulation and 
cleaves efficiently inside the target cells once the conjugate is internalized. Several 
stability studies were performed with model systems as well as with suitably tagged drug 
conjugate system. The stability studies were performed using the biotin-linker-taxoid 
conjugates in blood plasma. Prior to the blood plasma studies the stability of these 
conjugates were monitored in PBS (phosphate buffered saline) under physiological 
conditions (37 oC, pH ~7.4) using varying amounts of glutathione. This preliminary study 
allowed us to develop the LC-MS method as well as gave us some idea of the stability of 
these conjugates. The structures of the tumor-targeting conjugates are shown in Figure 3-
22. 
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Figure 3-22. Structures of tumor-targeting conjugates for linker stability studies 

 
 The conjugates were incubated with PBS (pH ~ 7.4) or blood plasma at 37 oC and 
aliquots were taken at certain time intervals and monitored using HPLC. (Note: The 
human blood plasma used for the study was from the same lot.) The amount of taxoid 
released was compared to the decrease in the conjugate to determine the stability of the 
linkers. In the case of blood plasma the aliquots were treated with acetonitrile/0.1 % TFA 
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to precipitate out the plasma proteins which was then removed by centrifugation and the 
clear supernatant was used to monitor the stability. The linkers chosen for this study has 
different lengths and branching to study the effect on stability and drug release. Figure 3-
23 shows the results of stability of two conjugates in presence of 10 eq of glutathione in 
PBS. Under these conditions the branched linker is more stable than the short chained 
unbranched linker. 
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B-L-T-Me

 
 

Figure 3-23. Preliminary study of conjugates using 10 eq glutathione in PBS 

 
 B-L-T was incubated with blood plasma and after 30 min there was some release 
of the drug from the conjugate. In 1 h 15 min there was an almost 1:1 ratio of conjugate 
to drug with the conjugate being in excess as shown in Figure 3-24, Figure 3-25. After 2 
h 15 min the conjugate was consumed with the release of the taxoid. 
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Figure 3-24. B-L-T after 30 min incubation in blood plasma 
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Figure 3-25. B-L-T after 1 h 15 min incubation in blood plasma 

 
 When B-L-T-4C was incubated in PBS (pH 7.4) with 1 eq of GSH it was stable 
and very little taxoid formed even after 24 h of incubation (Figure 3-26) while in 10 eq 
GSH there was almost 1:1 ratio of the conjugate and taxoid in 7 h and in 23 h there was a 
slight excess of taxoid as compared with the conjugate but still a 1:1 ratio of conjugate to 
taxoid was maintained (Figure 3-27). It seems that even after 23 h there was still no 
complete release of the taxoid under these conditions. While in blood plasma the 
conjugate was present in 1:1 ratio with the taxoid after 3 h 30 min incubation and was 
consumed after 5 h incubation as shown in Figure 3-28. 
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Figure 3-26. B-L-T-4C incubated in PBS with 1 eq GSH 
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Figure 3-27. B-L-T-4C incubated in PBS with 10 eq GSH 
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Figure 3-28. B-L-T-4C after incubation in blood plasma  
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 When B-L-T-Me was incubated in PBS (pH 7.4) with 1 eq of GSH it was stable 
even after 6 h as shown in Figure 3-29. 
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Figure 3-29. B-L-T-Me incubated in PBS with 1 eq GSH 

 
When B-L-T-Me was incubated in PBS and 10 eq GSH there was a 2:1 ratio of conjugate 
to taxoid in 3 h and a 1:1 ratio in 6 h as shown in Figure 3-30. When this conjugate was 
incubated in blood plasma there was a 2:1 ratio of conjugate to drug in 4 h 20 min as 
shown in Figure 3-31. 
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Figure 3-30. B-L-T-Me incubated in PBS with 10 eq GSH 
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Figure 3-31. B-L-T-Me after incubation in blood plasma 

 

3.5 Experimental Section 
General Methods: 1H, 13C and 19F NMR spectra were measured on a Bruker AC-250 
NMR spectrometer or a Varian 300, 400, 500, or 600 MHz NMR spectrometer.  The 
melting points were measured on a “Uni-melt” capillary melting point apparatus from 
Arthur H. Thomas Company, Inc.  Optical rotations were measured on a Perkin-Elmer 
Model 241 polarimeter.  High-resolution mass spectrometric analyses were conducted at 
the Mass Spectrometry Laboratory, University of Illinois at Urbana-Champaign, Urbana, 
IL.  GC-MS analyses were performed on an Agilent 6890 Series GC system equipped 
with the HP-5HS capillary column, (50 m X 0.25 mm, 0.25 μm) and with the Agilent 
5973 network mass selective detector.  LC-MS analyses were carried out on an Agilent 
1100 Series Liquid Chromatograph Mass Spectrometer.  IR spectra were measured on a 
Shimadzu FTIR-8400s spectrophotometer.  TLC analyses were performed on Merck DC-
alufolien with Kieselgel 60F-254 and were visualized with UV light, iodine chamber, 10 
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% sulfuric acid and 10% PMA solution.  Column chromatography was carried out on 
silica gel 60 (Merck; 230-400 mesh ASTM).   Chemical purity was determined with a 
Waters HPLC assembly consisting of dual Waters 515 HPLC pumps, a PC workstation 
running Millennium 32, and a Waters 996 PDA detector, using a Phenomenex Curosil-B 
column, employing CH3CN/water as the solvent system with a flow rate of 1 mL/min, or 
shimazu HPLC.  

 
Materials: The chemicals were purchased from Sigma Aldrich Company or Acros 
Organic Fischer Company.  10-Deacetyl baccatin III (DAB) was donated by Indena, 
SpA, Italy.  Dichloromethane and methanol were dried before use by distillation over 
calcium hydride under nitrogen or argon. Ether and THF were dried before use by 
distillation over sodium-benzophenone and kept under nitrogen or argon. Toluene and 
benzene were dried by distillation over sodium metal under nitrogen or argon before use. 
Dry DMF was purchased from EMD chemical company, and used without further 
purification. PURE SOLV™, Innovative Technology Inc, provided an alternative source 
of dry toluene, THF, ether, and dichloromethane. The glasses were dried in a 110 oC oven 
and allowed to cool to room temperature in a desiccator over “Drierite” (calcium sulfate) 
and assembled under inert gas nitrogen or argon atmosphere. 
 
Benzo[b]thiophen-2(3H)-one (3-1): 
Thianaphthene-2-boronic acid (1.81 g, 10 mmol) was dissolved in EtOH (17.5 mL) and 
hydrogen peroxide (30%, 3.3 mL) was added dropwise. The reaction mixture color 
changed from pink to reddish pink within 1 hr. The reaction mixture was stirred 
overnight at room temperature. TLC (eluant hexane/ethyl acetate 5:1) was performed. 
The reaction mixture was evaporated in vacuo. The reddish white crude residue was 
dissolved in saturated NaCl solution and extracted with chloroform (x3). The combined 
organic layer was dried over anhydrous MgSO4 and concentrated in vacuo. The pure 
compound 4-8 was obtained as white solid by flash chromatography on silica gel (40:1 
hexane/ethyl acetate) in 92 % yield (1.38 g). 1H NMR (300 MHz, CDCl3): δ 3.98 (s, 2 H), 
7.2-7.4 (m, 4 H).  
 
(2-Mercaptophenyl) acetic acid (3-2): 
Benzo[b]thiophen-2(3H)-one (3-1) (953 mg, 6.35 mmol) was added in a flask which was 
inerted (vaccum/nitrogen) and dissolved with dry THF (c 0.2 M). Distilled water (6.3 
mL) was added to the flask. (Both THF and water was degassed before addition). Lithium 
hydroxide monohydrate (6 eq) was dissolved in 25 mL distilled water and syringed into 
the flask. The reaction mixture was heated to 60 oC using an oil bath for 14 h (overnight). 
The reaction was checked by TLC (eluent hexane/ethyl acetate 2:1) the next day and 
stopped. The flask was cooled to room temperature and the reaction mixture was diluted 
with water (20 mL) and diethyl ether (45 mL). The organic and aqueous layer was 
separated and the yellow aqueous layer was acidified with 6N aqueous HCl to pH ~2. 
The aqueous layer became white on acidification and was extracted with diethyl ether (X 
3). The combined organic layer was then washed with brine, dried over anhydrous 
MgSO4 and concentrated in vacuo. The pure compound 3-2 was obtained by flash 
chromatography on silica gel (10:1 hexane/ethylacetate) in 95 % yield (1 g). 1H NMR 
(300 MHz, CDCl3): δ 3.49 (s, 1 H, S-H), 3.83 (s, 2 H on methylene carbon), 7.18-7.29 
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(m, 3 H), 7.41 (m, 1 H), 10.10 (b, 1 H), 13C NMR (400 MHz, CDCl3): δ 39.85, 126.94, 
128.25, 130.74, 131.00, 132.41, 133.33, 176.16. 
 
2-(2-Methyldisulfanylphenyl)acetic acid (3-3): 
A flask containing 3-2 (93 mg, 0.55 mmol) was inerted. Degassed ethanol (3 mL) and 
water (0.78 mL) was added to dissolve the solid. Methyl methane thiosulfonate (MMTS) 
(1.1eq) was then added dropwise and the reaction was stirred overnight. The reaction was 
checked by TLC the next day (1:1 hexane/ethyl acetate). The reaction mixture was then 
diluted with ether and washed with 1N KOH solution (x 3). The combined yellow 
aqueous layers were then acidified with 5N HCl solution which becomes colorless on 
acidification. The aqueous layer was then extracted with DCM (x 3) and dried over 
anhydrous MgSO4 and concentrated in vacuo. The pure compound 3-3 was obtained by 
flash chromatography on silica gel (10:1 hexane/ethylacetate) in 70 % yield (83 mg). 1H 
NMR (400 MHz, CDCl3): δ 2.41 (s, 3 H), 3.89 (s, 2 H), 7.2 (m, 1 H), 7.3 (m, 2 H), 7.76 
(dd, 1 H).  
 
4-Fluorophenyl 2-(2-methyldisulfanylphenyl)acetate (3-4): 
A flask containing 3-3 (53 mg, 0.247 mmol), DMAP (0.5 eq) and p-fluorophenol (1.1 eq) 
was inerted. Anhydrous DCM (1 mL) was added to dissolve the solids and the flask was 
cooled to 0 0C using ice bath. DIC (1.5 – 2 eq) was added dropwise and the mixture was 
allowed to stir overnight and the flask was kept at room temperature. The reaction was 
checked by TLC the next day (5:1 hexane/ethyl acetate). The reaction mixture was 
filtered using Buchner funnel to remove the urea formed and concentrated in vacuo. The 
pure compound 3-4 was obtained by flash chromatography on silica gel (50:1 
hexane/ethylacetate) in 90 % yield (69 mg, 97 % purity). 1H NMR (300 MHz, CDCl3): δ 
2.43 (s, 3 H), 4.08 (s, 2 H), 7.05 (m, 4 H), 7.33 (m, 3 H), 7.79 (dd, 1 H). 
 
Tosyl bromide (3-5):54 
p-Methoxybenzenesulfonhydrazide (1.9 g, 0.01 mol) was taken in an Erhlenmeyer flask 
and dissolved in chloroform (20.5 mL). Few pieces of ice were added to the flask. 
Bromine (2 eq) was added in portions while vigorously stirring the reaction mixture. The 
orange color disappeared as the reaction proceeded and the temperature inside the flask 
was maintained at less than 10-15 oC. When the chloroform layer acquired a permanent 
orange color in ~ 30 min it was separated from the aqueous layer and washed with water. 
The chloroform was removed in vacuo and 3-5 was obtained as a white solid in 97 % 
yield (2.3 g, m.p. 93-96 oC). 1H NMR (400 MHz, CDCl3): δ 2.48 (s, 3H), 7.38 (d, 2H, J = 
6.4 Hz), 7.87 (d, 2H, J = 6.3 Hz), 13C NMR (400 MHz, CDCl3): δ 21.81, 126.51, 130.08, 
144.61, 146.72. 
 
(S)-isopropyl 4-methylbenzenesulfonothioate (3-6):55 
Tosyl bromide (1.2 eq, 3-5) was taken in a flask which was inerted and 15 mL of 
carbontetrachloride was added to dissolve the solid. The reaction mixture was cooled to 0 
oC and triethylamine (1.2 eq) was added to the flask. A solution of propan-2-thiol (0.18 
mL, 2 mmol, 1 eq) was dissolved in 5 mL carbontetrachloride and added very slowly 
using addition funnel over a 30 min period. The mixture was stirred for 60 min and 50 
mL of DCM was added to dissolve the yellowish white solid. This was then washed with 
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cold 5 % HCl (x 3), saturated NaHCO3 (x 2), brine (x 1) and dried on anhydrous MgSO4 
and dried in vacuo to remove solvent and the thiol. The pure compound 3-6 was obtained 
by flash chromatography using silica gel (50:1 hexane/ethylacetate) as colorless liquid in 
81 % yield (361 mg). 1H NMR (400 MHz, CDCl3): δ 1.28 (s, 3H), 1.30 (s, 3H), 2.43 (s, 
3H), 3.46 (m, 1H), 7.32 (d, 2H, J = 8 Hz), 7.80 (d, 2H, J = 8 Hz), 13C NMR (400 MHz, 
CDCl3): δ 21.55, 23.44, 42.48, 126.88, 129.72, 142.54, 144.50 
 
2-(2-Isopropyldisulfanylphenyl)acetic acid (3-7): 
A flask containing 3-2 (105 mg, 0.62 mmol) and 3-6 (1.1 eq) was inerted. Degassed 
ethanol (3.65 mL) and water (0.87 mL) was added to dissolve the solids. The reaction 
was stirred overnight at room temperature. The reaction was checked by TLC the next 
day (1:1 hexane/ethyl acetate). The reaction mixture was concentrated in vacuo. The pure 
compound 3-7 was obtained by flash chromatography on silica gel (10:1 
hexane/ethylacetate) in 98 % yield (157 mg, 56-58 oC). 1H NMR (400 MHz, CDCl3): δ 
1.27 (d, 6H, J = 6.8 Hz), 3.01 (m, 1H), 3.90 (s, 2H), 7.27 (m, 3H), 7.79 (d, 1H, J = 7.6 
Hz), 13C NMR (400 MHz, CDCl3): δ 22.31, 38.86, 41.36, 127.24, 128.23, 129.64, 130.76, 
132.66, 137.92, 177.38, HRMS: (EI+) m/z Calculated for C11H14O2S2: 242.0437 Found: 
242.0435 (∆ = -0.2 ppm). 
 
4-Fluorophenyl 2-(2-isopropyldisulfanylphenyl)acetate (3-8): 
A flask containing 3-7 (75 mg, 0.31 mmol), DMAP (0.5 eq) and p-fluorophenol (1.1 eq) 
was inerted. Dry DCM (1.25 mL) was added to dissolve the solids and the flask was 
cooled to 0 oC using ice bath. DIC (1.5 – 2 eq) was added dropwise and the mixture was 
allowed to stir overnight and the flask was kept at room temperature. The reaction was 
checked by TLC the next day (5:1 hexane/ethyl acetate). The reaction mixture was 
filtered using frit funnel to remove the urea formed and concentrated in vacuo. The pure 
compound 3-8 was obtained as colorless oil by flash chromatography on silica gel (45:1 
hexane/ethylacetate) in 95 % yield (98 mg, 97 % purity). 1H NMR (400 MHz, CDCl3): δ 
1.30 (d, 6H, J = 6.8 Hz), 3.06 (m, 1H), 4.1 (s, 2H), 7.05 (m, 4H), 7.30 (m, 3H), 7.83 (d, 
1H, J = 8 Hz), 13C NMR (400 MHz, CDCl3): δ 22.33, 39.23, 41.40, 115.81, 116.05, 
122.79, 122.88, 127.41, 128.23, 129.77, 130.81, 132.95, 137.73, 146.55, 146.58, 158.95, 
161.38, 169.42, 19F NMR (400 MHz, CDCl3): δ -67.23 (m, 1F), HRMS: (EI+) m/z 
Calculated for C17H17O2S2F: 336.0654 Found 336.0654: (∆ = 0.0 ppm). 
 
(S)-tert-butyl 4-methylbenzenesulfonothioate (3-9):55 
Tosyl bromide (1.2 eq, 3-5) was taken in a flask which was inerted and 15 mL of 
carbontetrachloride was added to dissolve the solid. The reaction mixture was cooled to 0 
oC and triethylamine (1.2 eq) was added to the flask. A solution of 2-methylpropan-2-
thiol (0.22 mL, 2 mmol) was dissolved in 5 mL carbontetrachloride and added very 
slowly using addition funnel over a 30 min period. The mixture was stirred for 45 min 
and 50 mL of DCM was added to dissolve the yellowish white solid. This was then 
washed with cold 5 % HCl (x 3), saturated NaHCO3 (x 2), brine (x 1) and dried on 
anhydrous MgSO4 and dried in vacuo to remove solvent and the thiol. The pure 
compound 5-2 was obtained by flash chromatography using silica gel (50:1 
hexane/ethylacetate) as white solid in 69 % yield (329 mg, m.p 67-68 oC). 1H NMR (300 
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MHz, CDCl3): δ 1.44 (s, 9H), 2.43 (s, 3H), 7.31 (d, 2H, J = 8.1 Hz), 7.83 (s, 2H, J = 8.7 
Hz), 13C NMR (400 MHz, CDCl3): δ 21.60, 30.80, 55.12, 127.00, 129.62, 143.97, 144.28.  
 
2-(2-tert-Butyldisulfanylphenyl)acetic acid (3-10): 
A flask containing 3-2 (105 mg, 0.62 mmol) and 3-9 (1.1 eq) was inerted. Degassed 
ethanol (200 proof, 3.68 mL) and water (0.88 mL) was added to dissolve the solids. The 
reaction was stirred overnight at room temperature. The reaction was checked by TLC the 
next day (1:1 hexane/ethyl acetate). The reaction mixture was then diluted with ether and 
washed with 1N KOH solution (x 3). The combined yellow aqueous layers were then 
acidified with 5N HCl solution which becomes colorless on acidification. The aqueous 
layer was then extracted with DCM (x 3) and dried over anhydrous MgSO4 and 
concentrated in vacuo. The pure compound 3-10 was obtained by flash chromatography 
on silica gel (10:1 hexane/ethylacetate) in 36 % yield (57 mg, m.p. 71-73 oC). 1H NMR 
(300 MHz, CDCl3): δ 1.26 (s, 9H), 3.91 (s, 2H), 7.18 (m, 2H), 7.29 (m, 1H), 7.84 (d, 1H, 
J = 9 Hz), 13C NMR (400 MHz, CDCl3): δ 29.75, 38.84, 49.35, 126.74, 128.10, 128.76, 
130.65, 131.78, 138.42, 177.51, HRMS: (EI+) m/z Calculated for C12H16O2S2: 256.0592 
Found: 256.0592 (∆ = 0.0 ppm) 
 
4-Fluorophenyl 2-(2-tert-butyldisulfanylphenyl)acetate (3-11): 
A flask containing 3-10 (40 mg, 0.15 mmol), DMAP (0.5 eq) and p-fluorophenol (1.1 eq) 
was inerted. Anhydrous DCM (0.64 mL) was added to dissolve the solids and the flask 
was cooled to 0 oC using ice bath. DIC (1.5 – 2 eq) was added dropwise and the mixture 
was allowed to stir overnight and the flask was kept at room temperature. The reaction 
was checked by TLC the next day (5:1 hexane/ethyl acetate). The reaction mixture was 
filtered using frit funnel to remove the urea formed and concentrated in vacuo. The pure 
compound 3-11 was obtained as a colorless oil by flash chromatography on silica gel 
(45:1 hexane/ethylacetate) in 95 % yield (98 mg, 98 % purity). 1H NMR (400 MHz, 
CDCl3): δ 1.29 (s, 9H), 4.11 (s, 2H), 7.05 (m, 4H), 7.263 (m, 3H), 7.87 (d, 1H, J = 8 Hz), 
13C NMR (400 MHz, CDCl3): δ 24.57, 29.83, 39.19, 49.37, 115.82, 116.05, 122.81, 
122.89, 126.95, 128.01, 129.00, 130.70, 132.17, 138.24, 146.57, 146.59, 158.96, 161.39, 
169.39, 19F NMR (300 MHz, CDCl3): δ -67.24 (m, 1F), HRMS: (EI+) m/z Calculated for 
C18H19O2S2F: 350.0810 Found: 350.0811 (∆ = 0.1 ppm). 
 
2-(2-Pyridin-2-yldisulfanylphenyl)acetic acid (3-12): 
A flask containing 3-2 (46 mg, 0.27 mmol) was inerted and dry THF (c 0.1 M) was added 
to dissolve it. A solution of dithiodipyridine (2 eq, 0.54 mmol) in dry THF (c 0.1 M) was 
then added dropwise to the reaction flask and stirred overnight. The reaction mixture was 
concentrated in vacuo and the pure compound 3-12 was obtained by flash 
chromatography on neutral alumina (DCM/MeOH 5 % /Acetic acid 3 %) and then 
another silica gel column (2:1 hexane/ethylacetate) in 52 % yield (40 mg) m.p. 117-118 
oC). 1H NMR (300 MHz, CDCl3): δ 4.01 (s, 2 H), 7.10 (m, 1 H), 7.26 (m, 3H), 7.64 (m, 3 
H), 8.46 (dd, 1 H), 13C NMR (400 MHz, CDCl3): δ 39.05, 120.24, 121.11, 128.06, 
128.64, 129.67, 130.93, 133.29, 136.10, 137.48, 149.39, 159.18, 176.10. HRMS: (EI+) 
m/z Calculated for C13H11O2NS2: 277.0231 Found: 277.0231 (∆ = 0.0 ppm). 
 
4-Fluorophenyl 2-(2-pyridin-2-yldisulfanylphenyl)acetate (3-13): 
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A flask containing 3-12 (40 mg, 0.14 mmol), DMAP (0.5 eq) and p-fluorophenol (1.1 eq) 
was inerted. Anhydrous DCM (1 mL) was added to dissolve the solids and the flask was 
cooled to 0 oC. DIC (1.5 – 2 eq) was added dropwise and the mixture was allowed to stir 
overnight at room temperature. The reaction was monitored by TLC (5:1 hexane/ethyl 
acetate). The reaction mixture was filtered using Buchner funnel to remove the urea 
formed and concentrated in vacuo. The pure compound 3-13 was obtained by flash 
chromatography on silica gel (50:1 hexane/ethylacetate) in 46 % yield (24.6 mg). 1H 
NMR (300 MHz, CDCl3): δ 4.18 (s, 2 H), 7.08 (m, 5 H), 7.30 (m, 3H), 7.58 (m, 2 H), 
7.70 (m, 1 H), 8.47 (dd, 1 H), 13C NMR (300 MHz, CDCl3): δ 39.36, 115.86, 116.17, 
120.03, 121.05, 122.81, 122.92, 128.16, 128.51, 128.71, 129.85, 130.88, 131.01, 133.27, 
136.19, 137.24, 149.61, 158.62, 159.18, 161.86, 169.38, 19F NMR (300 MHz, CDCl3): δ -
67.05 (m, 1 F). 
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Chapter 4 
Tumor-targeted Drug Delivery using Folate as the 

Tumor-targeting Moiety 

4.1 Introduction 

4.1.1 Tumor-targeted Drug Delivery 
 Despite the significant progress that has been made in the development of 
treatments and therapies for treating cancer, there is still no common cure for patients 
afflicted with this malignant disease. The most common forms of treatments used for 
treating patients suffer from many drawbacks. A long-standing problem associated with 
chemotherapy is the lack of specificity for tumors. Traditional chemotherapy relies on the 
premise that rapidly proliferating cancer cells will preferentially be killed over the normal 
cells by the cytotoxic agents used in chemotherapy. It has been reported that in cancer 
patients whose disease has spread there are about one trillion cells or 1012 cells. It is well 
established that it is necessary to kill at least 99% of these cells i.e. a two-log or greater 
reduction of these neoplastic cells is required to achieve complete remission. Thereafter, 
continued treatment during remission is required to completely eradicate the tumor.1, 2 
Unfortunately, clinically used chemotherapeutic agents have very little or no specificity 
for the tumor cells over other actively proliferating normal cells. Therefore the levels of 
drug required to destroy sufficient number of tumor cells to achieve the state of complete 
remission in cancer patients as well as maintain such a state leads to significant systemic 
toxicity towards rapidly proliferating non-malignant or normal cells. This results in 
severe undesirable side effects such as hair loss, damage to bone marrow, liver, kidney, 
gastrointestinal tract, etc. Also tumors which are young or more differentiated will be 
affected more by these cytotoxic chemotherapeutic agents than older tumors where the 
differentiation is typically lost. Experimental evidence also suggests that there are other 
factors such as drug-resistant cells, stem cells, pharmacological barriers, etc that have to 
be negotiated to overcome the final hurdle to achieve almost complete to complete 
eradication of the tumor. Thus it is required to develop new delivery methods for 
cytotoxic agents which will have better selectivity for tumor cells to avoid the collateral 
damage associated with their uptake by the healthy cells. Therefore, several drug delivery 
protocols and systems have been explored in the past few decades. 
 Cancer cells originate from the host unlike bacteria and viruses and thus do not 
contain molecular targets that are completely foreign to the host. However, it is important 
to recognize that there are inherent morphological and physiological differences between 
malignant and normal cells which can be potentially exploited to design an effective 
tumor-targeted drug delivery system which can be selective towards the cancer cells. The 
tumor-targeting approach can be broadly divided into two categories – a) passive tumor-
targeting and b) active tumor-targeting. Passive tumor targeting relies on the 
accumulation of macromolecules in the tumor tissue by means of nonspecific trapping of 
such molecules in the tumor interstitium.3 Active tumor targeting relies on the effective 
binding of ligands carrying cytotoxic drugs to the tumor-specific receptors overexpressed 
on the tumor cells. 
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 The rapidly growing tumor cells have unique growth characteristics like rapid 
growth rate and ability to metastasize to distant sites in the body and hence require quick 
formation of new blood vessels to sustain such growth. The solid tumor has various 
vascular mediators which results in a defective tumor vasculature. The defective tumor 
vasculature allows macromolecules and lipids to easily enter the extravascular space in 
the tumors and the undeveloped and suppressed lymphatic drainage system in the tumors 
cannot release these macromolecules and lipids which are effectively retained inside the 
tumor tissues. It is reasonable to assume that the large interstitial space in tumors possibly 
serves as a reservoir for these macromolecules which can accumulate in this space and 
enhance vascular permeability and thus contribute to specific affinity for tumor cells.4 
The enhanced vascular permeability is considered to meet the enhanced nutritional 
demand as well as demand for oxygen by these actively growing cancer cells. This 
phenomenon was first described by Maeda et. al. in 1986 and is termed “enhanced 
permeability and retention” (EPR) effect.5, 6 Almost all human cancers with the exception 
of hypovascular tumors such as prostate cancer or pancreatic cancer exhibit EPR effect.7
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Figure 4-1. Schematic representation of EPR effect8 (Adapted from Ref. 8) 

 
 The EPR effect is thus critical in the targeted delivery of macromolecular 
anticancer drugs to the tumor whose impaired lymphatic system can hamper the clearance 
of these drugs and retain them for a long time inside the tumor. The EPR effect is 
regarded as a “gold standard” in designing targeted anticancer drugs.9-12 Extensive studies 
indicate that tumor blood flow appears to be an irregular event – blood flow in tumor can 
be seen only once in 15-20 min, then stops for a while or runs in the opposite direction 
which is in contrast to the normal organs or tissues.13-15 Biocompatible macromolecules 
which have an average molecular size greater than 45 kDa accumulate at a much higher 
concentrations (> 6-fold) in tumor tissues than in normal tissues and in even much higher 
concentrations than in plasma.9, 10, 16, 17 Thus while most conventional low molecular 
weight drugs have short plasma half-lives it takes about 6 h or longer for drugs in 
circulation to exert EPR effect. This requires drug candidates to have a large molecular 
weight which is above the renal clearance threshold so that it can circulate for a longer 
time.5  
 An actively developing tumor requires various vitamins and nutrients and 
therefore to meet the increased demand tumor cells overexpress many tumor-specific 
receptors. The lack of overexpressed tumor specific markers on the normal cells 
compared to the tumor cells forms the basis for active tumor targeting.18 The logical 
outcome of this interesting difference between tumor cells and normal cells was to 
exploit the binding specificity of various ligands to these receptors or biomarkers. The 
basic approach to the design of a tumor-targeted drug delivery system is the conjugation 
of an anticancer drug to the tumor-specific molecule which renders the drug inactive till it 
reaches the tumor site. One of the important physiological characteristics of cancer cells 
is their enhanced metabolic rate which results in hypoxicity inducing anaerobic 
metabolism, resulting in lactate formation and thereby lowering the intracellular pH.19, 20 
Thus numerous conjugates can be designed which can release the cytotoxic agent upon 
acidification. These tumor-specific drug conjugates can be construed as molecular Trojan 
horse which can get internalized specifically inside the tumor cells. The basic principle of 
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these tumor-targeting drug delivery systems is that these tumor-targeting conjugates or 
prodrugs should be initially inactive. Once they reach the tumor site the tumor-targeting 
module then tightly bind to the specific receptor overexpressed on the surface of the 
tumor cells and get internalized via various mechanisms such as endocytosis and 
transcytosis. Thus these conjugates should have minimal systemic toxicity while in 
circulation. Once these prodrug conjugates are internalized the active drugs are liberated 
in their original potent form.  
 Conventionally, prodrugs have been designed to improve oral delivery by making 
the prodrug more water soluble or to overcome other physiological barriers such as rapid 
metabolism, etc with the expectation that improving the pharmacokinetic properties of 
the original drug will result in elevated levels of the drug in circulation and thus enhanced 
levels at the target site. Usually a tumor-targeted drug conjugate or “guided molecular 
missile”21 (Figure 4-2) consists of a) tumor-targeting module b) missile or warhead 
(anticancer drug) and c) linker. 
 

 
 

Figure 4-2. Tumor-targeting drug conjugate 

 
 Once the tumor-targeting conjugate is tightly bound to the receptor on the surface 
of the tumor cells it is then internalized via receptor mediated endocytosis. This process 
which involves several steps is illustrated in Figure 4-3. In the first step the drug 
conjugate binds to the tumor receptor and is internalized to form a vesicle coated by 
clathrin which is later removed by depolymerization. The uncoated vesicle thus formed 
fuses with an endosome in the cell to form an ‘early endosome’. As the endosome 
matures the pH value gradually drops from 7 to ~5 in the late endosome stage. This drop 
in pH causes the receptor to change configuration and release the conjugate. Sometimes 
the receptor recycles back to the membrane to ferry in more of the conjugate. The fate of 
the rest of the conjugate is determined during a sorting process within the late endosome 
stage. The cytotoxic warhead is released from the conjugate by various mechanisms such 
as acid catalyzed hydrolysis, enzymatic hydrolysis, disulfide exchange, etc depending on 
the type of linker used. 
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Figure 4-3. Schematic representation of receptor mediated endocytosis22 (Adapted from 
Ref. 22) 

 
 The efficacy of such drug conjugates depend on several factors such as the 
efficiency of the targeting moiety, stability of the whole conjugate while in circulation, 
efficient release mechanism that regenerates the parent cytotoxic drug and potency of the 
drug. It is crucial for the tumor-targeting conjugate to possess a good pharmacokinetic 
profile, a broad therapeutic window and optimal biodistribution. Additionally, a key 
parameter to take into consideration is optimal drug loading per conjugate to maximize 
the number of drug molecules that can be safely internalized since there are only a 
limited number of receptors on the cancer cell surface. 

4.1.2 Tumor-targeting Modules 
 Tumor-targeting drug delivery methods have received a lot of attention in the past 
few decades23, 24 as it attempts to develop effective cures for cancer by trying to 
ameliorate the negative effects of chemotherapy. Several tumor-targeting and tumor 
specific moieties such as monoclonal antibodies,22, 25-29 folic acid,30-32 biotin,33, 34 
aptamers,35, 36 oligopeptides,37 hyaluronic acid,38, 39 polyunsaturated fatty acids,40, 41 etc 
(Figure 4-4) have been applied as tumor-targeting modules to construct “guided 
molecular missiles”. 
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Figure 4-4. Tumor-targeting modules 

 
 Paul Ehrlich suggested the use of antibody conjugated to diphtheria toxins as far 
back as the early 1900s.42 The discovery of antigens which are overexpressed on the 
surface of cancer cells opened up promising opportunities for tumor-targeted therapy. 
Early efforts towards this goal were hindered due to the technical difficulty in obtaining 
appropriate antibodies. However, pioneering work by Kohler and Milstein43 on 
monoclonal antibodies (mAbs) using hybridoma technology significantly accelerated the 
progress in mAb-based cancer therapy. Monoclonal antibodies (mAbs) have a high 
binding specificity to tumor-specific antigens and thus can be used as a vehicle to deliver 
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cytotoxic drugs selectively inside the cancer cells. The high binding affinity of mAbs to 
their respective antigens makes them an attractive target because this would allow 
localization and retention of the drug in high concentrations at the tumor site. Eventually 
the mAb moiety carrying the drug payload binds to the tumor specific antigens on the 
cancer cells and gets internalized and subsequently the parent drug is released inside the 
cancer cells. Also, the long circulation time of the antibodies increases the probability of 
the drug to reach the tumor site. A mAb has a characteristic general structure consisting 
(Figure 4-4) of two light chains (25 kDa each) and two heavy chains connected by 
disulfide bonds (50 kDa each).  
 The therapeutic effects of the early mAb-drug conjugates were severely impaired 
because the murine antibody derived from the hybridoma technology caused human 
antimouse antibody (HAMA) response which resulted in the rapid clearance of these 
conjugates from the body. Accordingly, recombinant DNA protocol was developed to 
produce generations of chimeric and humanized mAbs which had decreased 
immunogenicity.44 Also, large mAb conjugates impaired efficacy because of poor 
penetration in solid tumors which led to the development of truncated mAb which can 
penetrate into solid tumors much faster.45-47 However, these truncated mAbs are cleared 
more rapidly in circulation but chA7Fab-neocarzinostatin bearing a truncated mAb 
fragment exhibited significantly better antitumor activity than A7-neocarzinostatin with 
whole mAb against human pancreatic carcinoma xenograft in nude mice.48 Currently 
humanized antibodies which are generated by grafting the complementarity determining 
region (CDR) from a mouse mAb into a human IgG are most commonly used. The 
binding affinity of these humanized mAbs are also fully preserved as compared to the 
original murine mAb.49  
 The warhead or cytotoxic drug used in these immunoconjugates should be very 
potent (toxicity in the subnanomolar range) to be effective in humans18, 50 because only a 
limited number of molecules can be loaded on the mAb without reducing its binding 
affinity. Another reason for using a highly potent cytotoxic drug is that there are only a 
limited number of antigens expressed on the surface of the tumor cells. During the early 
development stages of these mAb-drug conjugates several drugs such as vinca 
alkaloids,51 vinblastine,52 methotrexate,28 mitomycin,53 etc were linked to the mAbs but 
none of them showed any appreciable anticancer efficacy in vivo. This failure was 
attributed to the moderate cytotoxicity of the drugs used in these conjugates and 
consequently extremely cytotoxic agents such as calicheamicin,54 second-generation 
taxoid,27 monomethylauristatin E,55 maytansine derivative DM1,56 C-1065,57 etc were 
used. Mylotarg® (gemtuzumab-ozogamicin) which has an anti-CD33 antibody (hP 67.6) 
conjugated to calicheamicin54 (Figure 4-5) was the first mAb-drug immunoconjugate 
approved by the Food and Drug Administration (FDA) in 2000 for the treatment of acute 
myelogenous leukemia (AML). Several other mAbdrug conjugates, including 
maytansinoid-bearing huC242-DM1,56 huN901-DM1,58 MLN2704-DM1,58 herceptin-
DM1,58 anti-CD44v6 antibody-DM1,58 BR96–doxorubicin59 and CTM01-
calicheamicin,60 are currently under human clinical trials. 
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Figure 4-5. Mylotarg® (gemtuzumab-ozogamicin) 

 
 Hyaluronic acid or hyaluronan (HA) has a linear, negatively charged 
polysaccharide (Figure 4-4) with alternating units of D-glucuronic acid and N-acetyl-D-
glucosamine. It is responsible for a wide range of physiologically important functions 
such as cell growth, cell differentiation, cell migration,61 etc as is evidenced by the large 
number of HA-binding receptors such as cell surface glycoprotein CD44 (associated with 
lymphocyte activation), receptor for hyaluronic acid-mediated motility (RHAMM), 
hyaluronic acid receptor for endocytosis (HARE), lymphatic vessel endocytic receptor 
(LYVE-1), and also intracellular HA-binding proteins including CDC37, 
RHAMM/IHABP, P-32, and IHABP4.62, 63 Various cancer cells have an elevated level of 
HA which is believed to be responsible for forming a less dense matrix enhancing the 
motility of the cell as well as its invasive ability into other tissues.64, 65 Numerous tumors 
like ovarian, colon, epithelial, stomach, etc overexpress HA-binding receptors like 
CD4466 and RHAMM67 and consequently exhibit enhanced binding and internalization of 
HA.68 While overexpression of hyaluronic acid synthases increases the HA level causing 
accelerated tumor growth and metastasis,69, 70 exogenous oligomeric HA inhibits tumor 
progression most likely by competing with endogenous polymeric HA.71 Although the 
mechanism of HA-CD44 is not fully understood studies show that larger oligomers (≥ 
HA20) have higher binding affinity than smaller oligomers due to simultaneous multiple 
interactions with more than one CD44 receptor.66, 71, 72  
 Consequently, the high tumor specificity and exceptional biocompatibility of HA 
make it a desirable targeting module which can be coupled to potent anticancer drugs 
either directly or via a suitable polymer. HA has been directly conjugated to low 
molecular weight drug such as paclitaxel39 and doxorubicin.38 It has been shown that 
these conjugates are internalized into the cancer cells via receptor-mediated endocytosis 
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and subsequent intracellular liberation of the potent drug. As with the mAb 
immunoconjugates the efficacy of these HA bioconjugates depend on the amount of 
loading of the cytotoxic agent. Cytotoxicity of highly loaded drugs on the HA conjugates 
has been found to be weaker than that of the drug alone.73 Several tumor-targeting drug 
delivery systems such as HA-containing liposomes with entrapped doxorubicin74 (DOX) 
and N-(2-hydroxypropyl) methacrylamide (HPMA) copolymer-hyaluronan-doxorubicin38 
(HPMA-HA-DOX) bioconjugates have been reported. The degree of HA-liposome 
uptake by murine melanoma tumor cell line (B16F10) was proportional to the loading of 
HA in the 0 - 3 mol % range. Even loading as low as 0.1 mol % HA showed selective 
tumor-targeting. The HA-containing DOX liposomes showed almost one order of 
magnitude better cytotoxicity than the drug alone and more than two orders of magnitude 
better activity than non-targeting liposomes against B16F10 cells. Additionally, the HA-
containing DOX liposomes were not cytotoxic to CV-1 cells with a low level of CD44 
expression. HPMA-HA-DOX bioconjugate demonstrated better internalization and 
cytotoxicity as compared to non-targeting HPMA-DOX conjugate against human breast 
cancer (HBL-100), ovarian cancer (SKOV-3), and colon cancer (HCT-116) cells. The 
IC50 value of HPMA-HA-DOX against HBL-100 (breast) cell line was 0.52 μM for 36 wt 
% loading of HA, which is more than one order of magnitude better than that of non-
targeting HPMA-DOX (18.7 μM). It was also found that the systemic toxicity of HPMA-
HA-DOX to the primary cells of murine fibroblast was low (IC50 =21.2 μM). 

 

 
 

Figure 4-6. Structure of HPMA-HA-Dox38 
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 Aptamers, discovered in 1990, are short strands of DNA or RNA with molecular 
weight in 5-15 kDa range.75, 76 Aptamers are engineered through repeated rounds of in 
vitro selection or a systematic evolution of ligands in an exponential process of 
enrichment (SELEX). They can bind to various molecular targets such as proteins, small 
organic compounds, nucleic acids, and even entire cells, tissues and organisms with high 
binding affinity and specificity. They have an unusual tertiary structure which allows 
them to fold into stable scaffolds for molecular recognition. They can be engineered with 
various site-directed modifications for specific applications. Thus they are attractive 
candidates in biotechnology as diagnostic tools and target specific therapeutic agents.77-80 
Aptamers are similar to antibodies and can be specially engineered to bind to tumor-
specific receptors specifically so that they can be used as tumor-targeting modules to 
deliver cytotoxic drug payloads inside the cancer cells.35 They have many potential 
advantages over antibodies – a) aptamers elicit little to no immunogenicity in therapeutic 
applications, b) aptamers are robust with desirable storage properties and can be easily 
synthesized, c) their relatively small size allows them to penetrate tumors better and d) 
their half-life can be easily tuned to optimize the therapeutic index. 
 Archemix, an aptamer therapeutics company is leading the development of this 
new class of targeted therapeutics for prevention and treatment chronic and acute diseases 
and is currently in Phase 2 clinical trials for ARC1779 – its first-in-class antagonist of 
von Willebrand Factor.81 The US FDA has already approved its first aptamer-based drug, 
Macugen, for the treatment of age-related macular degeneration (AMD).82 However, 
developing tumor-targeted aptamer therapeutics is still in research phase. Doxorubicin 
conjugated to a A10 RNA aptamer that binds to the prostate-specific membrane antigen 
(PSMA) has been reported. PSMA can be used as an excellent disease marker as it is a 
tumor-associated antigen expressed specifically on cell surface of androgen independent 
prostate tumors. This aptamer-doxorubicin conjugate could bind efficiently to PSMA 
expressing cell lines, get internalized and release the drug inside the cell.83 
 Peptide based targeting is another attractive strategy in tumor-targeted drug 
delivery because high affinity peptide sequences and their truncated analogs with 
appropriate tumor recognition properties can be generated. Somatostatin (SST) is a 
hormonal neuropeptide and possesses high binding affinity to SSTR1-5 membrane 
receptors, which are overexpressed at significantly elevated levels in tumor cells.84 Thus, 
somatostatin is a good candidate for cytotoxic drug delivery. However, the one of the 
active forms of SST has a short plasma half life which prompted the development of 
more stable synthetic analogs. Octapeptides RC-160 and RC-121 (Figure 4-4) were found 
to be more potent than SST with significantly improved metabolic stability.85 Several 
conjugates of RC-160 and RC-121 with glutarate linked doxorubicin and 2-pyrrolino-
doxorubicin(500-1000 times more cytotoxic than DOX) have been reported by Nagy et 
al.37, 86 
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Figure 4-7. Structure of AN-23837 

 
 The in vivo antitumor activity assays against MXT murine mammary carcinoma 
in female BDF mice indicated that inhibition of tumor growth by AN-238, which is a 
conjugate of RC-121 and glutarate linked 2-pyrrolino-doxorubicin (Figure 4-7), was dose 
dependent with no systemic toxicity. In contrast, 2-pyrrolino-doxorubicin alone at the 
same dose was highly toxic and did not show any antitumor activity.37 Studies showed 
that AN-238 inhibited growth of small cell lung cancer and non-small cell lung cancer 
cell lines in nude mice.87 
 The antitumor activity of paclitaxel (PTX) conjugated with a bicyclic peptide 
E[c(RGDyK)] (RGD) was evaluated in a metastatic breast cancer cell line (MDA-MB-
435). The RGD peptide selectively binds to alpha(v) integrin receptors that are 
overexpressed in metastatic cancer cells and inhibits cell cycle proliferation by arresting 
cell growth in G0/G1 phase in vitro. The RGD-PTX (Figure 4-8) conjugate inhibited cell 
proliferation with activity comparable to that of paclitaxel and mediated cell cycle arrest 
at the G2/M phase followed by apoptosis. Although the RGD-PTX conjugate showed 
slightly decreased integrin binding affinity than the unconjugated peptide, it indicated 
integrin specific accumulation in vivo.88 

 

 
 

Figure 4-8. Structure of PTX-RGD88 
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 Polyunsaturated fatty acids (PUFAs) (Figure 4-4) are essential fatty acids which 
are obtained from diet alone. There are several PUFAs which have exhibited antitumor 
activity against certain cancer cell lines. They are taken up greedily by the rapidly 
growing tumor cells presumably to meet their increased nutritional and energy demand 
and thus are attractive candidates for tumor-specific drug delivery though their tumor-
specific mechanism is not clear (for details please refer to Chapter 6). 
 Cancer cells are also known to overexpress certain vitamin receptors which can 
bind the respective vitamins with high specificity. Thus the innocuous vitamins such as 
folic acid (for details please refer to later part of this chapter) and biotin are promising 
candidates for tumor-targeted drug delivery as well as diagnostic agents.  
 

4.1.3 Linker 
 In the early stages of tumor-targeting drug conjugates it was believed that the 
specificity of these conjugates could be enhanced by merely linking these drugs to the 
targeting moieties directly. Thus several potent anticancer drugs28, 51, 89 such as vinca 
alkaloids, methotrexate, mitomycin C, etc were linked via non-cleavable bonds to several 
murine mAbs. However, these conjugates lacked potency and were much less potent than 
the unconjugated drugs. Linking a large number of drug molecules to mAb directly or 
through macromolecular carrier resulted in impaired binding affinity in vitro and 
unfavorable pharmacokinetics in vivo.90, 91 To realize the full potency of these potent 
drugs, focus shifted towards the development of linkers that could be cleaved inside the 
cancer cells and release the drug. The tumor-targeting conjugates thus comprise of a 
tumor-specific moiety conjugated either directly or via a linker to the anticancer drug(s) 
to increase their efficacy. Thus the linker moiety plays a critical role in the efficacy of 
these tumor-targeting conjugates. An ideal linker should maintain the stability of the 
conjugate while in circulation and be efficiently cleaved inside the cells to release the 
drug cargo. There is no universal linker and the selection of a suitable linker depends on 
the type of cancer, targeting moiety, drug and pharmacokinetic requirements. Different 
types of linkers are discussed in Chapter 3. 
 

4.1.4 Cytotoxic Warheads 
 The success of a tumor-targeting drug delivery system depends on the cytotoxic 
drug to a great extent. There are several criteria such as potency, stability, chemically 
amenable functional groups, insensitivity towards multidrug resistance and lack of 
immunogenicity that have to be considered while selecting an appropriate drug for the 
tumor-targeting conjugate. Studies have shown that the promising efficacy of conjugates 
in animal tumor models is not translated in patients because of lack of potency. While 
animals could be dosed at 10-20 fold higher doses than tolerated by humans a lower dose 
in humans was not sufficient to achieve desired efficacy. Since only a limited number of 
cytotoxic molecules can be loaded onto the tumor recognition module without affecting 
its binding affinity to the receptor it is desirable to select a highly potent cytotoxic drug. 
Data from clinical trials showed peak circulating concentration of conjugates of 
doxorubicin and vinblastine with mAbs was in the range of 10-6 to 10-7 M59, 92 which 
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could eliminate at best 50% of cells. Since calculation shows that maximum 
concentration of the drug that can be delivered inside cancer cells via receptor-mediated 
endocytosis would probably not exceed 10-7 M the toxicity of the drug should be in the 
subnanomolar range to be effective in humans.50 Also tumor cells express only a limited 
number of antigens in most cases and to maximize the amount of drug and maintain its 
desired concentration it is essential to have a drug with high potency. The cytotoxic agent 
should also be stable in the proteolytic and acidic conditions of lysosomes where the 
cytotoxic agent is released. This is important because degradation of the agent in this 
environment can result in loss of potency or other undesirable effects. The presence of 
chemically amenable functional groups such as carboxyl, hydroxyl, amino, carbonyl and 
sulfhydryl groups are essential for ease of modification and conjugation to a linker. The 
cytotoxic agent should also be insensitive towards multi-drug resistant (MDR) cancers or 
cancers bearing MDR-reversal activity to prevent extensive leakage of the drug or its 
active metabolite from the cell by efflux or diffusion. Cytotoxic agents should have a 
desirable size because a large size contributes to a large conjugate which will result in 
poor penetration inside the tumor because of hampered binding to the receptor. Cytotoxic 
agents like plant toxins can be destroyed by the host immune system and thus lack of 
immunogenicity is another important criterion to consider while selecting an appropriate 
cytotoxic agent. Some representative cytotoxic agents commonly used in tumor-targeted 
drug delivery are summarized in Figure 4-9. 

 

 
 

Figure 4-9. Representative cytotoxic warheads for tumor-targeted drug delivery 

 
 Calicheamicin is produced by Micromonospora echinospora calichensis and is a 
class of enediyne class of antibiotics containing an enediyne, an iodine atom and an 
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unusual trisulfide moiety. It binds to the minor groove of DNA and produces sequence 
specific DNA breaks.93 Calicheamicin exhibits remarkable potency against various 
tumors and is ~ 4000-fold more active than doxorubicin, with an optimal dose of 0.5-1.5 
μg/kg.94, 95 It has a very narrow therapeutic window and thus has limited use as a single 
agent chemotherapeutic. However, its unique mechanism of action and high potency 
make it a good candidate for immunoconjugates. 
 Mayatansine is a chlorine-containing macrolactam with an epoxide ring and was 
isolated from the Maytenus ovatus plant.96 It is an inhibitor of microtubule assembly and 
initial in vitro studies showed median effective (EC50) values in the range of 0.6-2 nM.97 
Its synthetic analog methyldithio-maytansinoid (DM1), showed 100- to 1000-fold higher 
cytotoxicity than doxorubicin, methotrexate and vinca alkaloids, with a median inhibitory 
concentration (IC50) in the picomolar level and has been explored as a potential mAb-
based tumor-targeting therapeutic by Immunogen.56 
 Mitomycin A, B and C form a specific class of antitumor antibiotics and act as 
DNA alkylating agents.98, 99 They were isolated from the soil bacteria Streptomyces 
verticillatus.100  Mitomycin C was investigated as tumor-targeting immunoconjugate 
against human gastric cancer and biliary tract carcinoma xenografts in mice.53, 101, 102 
 Paclitaxel (please refer to chapter 1 for details) is a cytotoxic drug that has been 
used in developing mAb immunoconjugates. The observed inefficacy of mAb-paclitaxel 
conjugates can be ascribed to insufficient potency, insufficient intracellular release of the 
drug or unfavourable effects on the mAb function due to the high hydrophobicity of the 
drug as well as its susceptibility to drug-resistant cancer cells expressing MDR 
phenotypes.103-105 
 In sharp contrast most of the taxoids developed by Ojima et al.106-110 exhibit one 
order of magnitude higher potency than that of paclitaxel against drug-sensitive cancer 
cell lines and two to three orders of magnitude higher potency than that of paclitaxel 
against MDR-expressing cell lines. Thus immunoconjugates of 2nd-generation taxoids 
such as SB-T-1213 and SB-T-1214 with mAbs have been studied and they show high 
potency and exceptional tumor-targeting specificity.26, 27, 111  
 Doxorubicin and daunorubicin belong to the anthracyclin group of cytotoxic 
agents and was isolated from cultures of Streptomyces peucetius.112 Numerous 
immunoconjugates of mAb-doxorubicin have been investigated because of the potent 
broad-spectrum antitumor activity of doxorubicin notably BR96-Dox.113 
 

4.2 Rational Design of Tumor-targeting Drug Delivery System 

4.2.1 Previous Achievement with mAb-taxoid Conjugates  
 Cancer cells overexpress certain antigens on the cell surface and these tumor-
specific antigens serve as a biomarker to differentiate tumor tissues from normal tissues. 
Therefore, certain antibodies can be used to recognize these tumor-specific antigens 
selectively. Monoclonal antibodies (mAbs) were chosen as tumor-targeting molecule 
because it was anticipated that their high binding specificity to tumor-specific antigens 
would enable mAbs to be used as a suitable drug delivery vehicles to carry a payload of 
cytotoxic agents specifically to the tumor site. The mAb-drug conjugate is internalized 
upon binding to the tumor-specific antigen via receptor-mediated endocytosis (RME) and 
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the payload is released inside the cancer cells. This process has been discussed earlier in 
this chapter. The cytotoxic drug gets liberated inside the cancer cells by various 
mechanisms such as proteolysis, acid-catalyzed hydrolysis or disulfide exchange 
depending on the linker used to connect the drug to the mAb. Thus the efficacy of the 
mAb-drug immunoconjugates depends not only on the specificity of the mAb and the 
potency of the cytotoxic drug, but also on the linker which connects the mAb to the drug. 
Monoclonal antibodies have been widely investigated in the past decades as a tumor-
targeting molecule for efficient drug delivery and numerous review articles have been 
reported in the literature regarding mAb-mediated drug delivery. 18, 22, 24  
 Paclitaxel and docetaxel are currently considered to be the two most widely used 
drugs in cancer chemotherapy. However, they suffer from lack of tumor specificity and 
multidrug resistance. Immunoconjugates of mAb-paclitaxel have recently been reported 
as potential tumor-targeted anticancer agents. Current studies indicate that the 
cytotoxicity of the drug that can be effectively used in immunoconjugates must be at IC50 
level of 10-10∼-11M. The IC50 values of paclitaxel and docetaxel are in the 10-9 M range, 
obviously not sufficient as the cytotoxic component of the conjugate for human clinical 
use. Besides, these conjugates are predicted to be inactive against tumors expressing 
MDR phenotype.104, 114 Our group developed highly potent second-generation taxoids 
with 2-3 orders of magnitude higher potency than those of paclitaxel and docetaxel 
against drug-resistant cell lines expressing MDR phenotypes and one order of magnitude 
higher potency than that of paclitaxel against drug-sensitive cancer cell lines. Thus these 
novel taxoids could serve as highly promising drug candidates in mAb-cytotoxic agent 
conjugates.  
 Recently, our group successfully developed mAb-taxoid conjugates bearing 
disulfide linkers.27 Disulfide linkers were chosen as they have superior efficacy compared 
to other linkers because of their favorable characteristics (for details please refer to 
chapter 3). A model mAb-taxoid conjugate is shown in Figure 4-10. 

 

 
 

Figure 4-10. Schematic of mAb-linker-taxoid 

 
Our group chose two of the second-generation taxoids which possess the required 
cytotoxicity, SB-T-1213 and SB-T-12162 with modification at C-10 position with 
methyldisulfanylalkanoyl (MDS-alkanoyl) as the cytotoxic drugs for these 
immunoconjugates. Various immunoglobin G (IgG) class mAbs recognizing the human 
epidermal growth factor receptor (EGFR) were linked to the taxoids via the disulfide 
linkage. The epidermal growth factor receptor (EGFR) was selected as the model antigen 
for mAb because it is known to be over-expressed in several human squamous cancers 
such as head, neck, lung, and breast cancers which have been extensively studied. The 
preparation of mAb-taxoid conjugates is illustrated in Scheme 4-1. 
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Scheme 4-1. Preparation of mAb-taxoid conjugate27 (Adapted from Ref. 27) 

 
 Structure-activity relationship (SAR) studies demonstrated that cytotoxicity was 
retained when a 3-MDS-alkanoyl group was attached to the C-10 position of the taxoid. 
The novel taxoid SB-T-12136, the 10-MDS- propanoyl analog of SB-T-1213, was treated 
with dithiothreitol (DTT) to generate SB-T-12136-SH bearing free thiol functional group. 
The mAbs, KS61 (IgG2a), KS77 (IgG1) and KS78 (IgG2a), which specifically bind to 
EGFR, were also modified with N-succinimidyl-4-(2-pyridyldithio) pentanoate (SPP) to 
attach 4-pyridyldithio (PDT)-pentanoyl groups. The modified mAbs were subsequently 
conjugated with SB-T-12136-SH and purified by gel filtration to yield the 
immunoconjugates. Preliminary matrix-assisted laser desorption ionization time-of-flight 
(MALDI–TOF) analysis of the KS77-taxoid conjugate indicated that ~ 4-5 taxoids were 
loaded per mAb molecule. These three immunoconjugates showed quite impressive and 
promising results with cytotoxicities at 10-9 M level specifically against A-431 cancer 
cells expressing EGFR. 
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Figure 4-11. Antitumor activity of anti-EGFR mAb-taxoid conjugates against A-431 
xenografts in SCID mice27 ( Adapted from Ref. 27) 

 
 However, non-binding immunoconjugate, mN901-SB-T-12136 exhibited no 
cytotoxicity against the A431 cell line. In vivo antitumor activities of two conjugates, 
KS61-SB-T-12136 and KS77-SB-T-12136, were evaluated against human squamous 
cancer (A431) xenografts in SCID mice. Both of them showed remarkable antitumor 
activity with complete inhibition of tumor growth in all the treated animals for the 
duration of the experiment. The free taxoid SB-T-12136 showed no therapeutic effect at 
the same dose (Figure 4-11). Moreover, the immunoconjugates were totally non-toxic to 
the mice as demonstrated by the absence of any weight loss. These promising results 
indicate excellent tumor target specificity of the immunoconjugates.27 
 

4.2.2 Novel Disulfide Linker 
 Regardless of the success of the 1st-generation mAb-taxoid conjugate the taxoid, 
SB-T-12136-SH, released through the cleavage of the 1st-generation disulfide linker 
inside the cancer cell was modified at the C-10 position. This modification at C10, 
required to introduce the disulfide linker moiety, resulted in 8-10 times reduced potency 
compared to the parent taxoid SB-T-1213. Thus, it was not potent enough for clinical use 
in humans (IC50 0.5-0.8 nM against A431 and MCF7).27 Therefore it was essential to 
design and develop a novel disulfide linker which would readily cleave inside the cancer 
cell and liberate the taxoid without any loss in its potency. Several novel mechanism-
based self-immolative disulfide linkers were designed and studied (for details please refer 
to chapter 3). This novel class of disulfide linkers is bifunctional and can be connected to 
various cytotoxic warheads on one end and to TTMs on the other end. Upon 
internalization of the tumor-activated prodrug conjugate, the glutathione-triggered 
cascade takes place to generate the original anticancer agent as shown in Figure 4-12.21, 24 
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Figure 4-12. Mechanism of drug release of self-immolative disulfide linker24 

 

4.2.3 Coupling Ready Warhead 
 As discussed in chapter 3 efforts on the construction of a versatile and efficient 
tumor-targeting drug delivery system by fine tuning the structure of the novel 
mechanism-based bifunctional disulfide linker are ongoing. The two carboxylic acid  
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Figure 4-13. Coupling ready warhead construct 

 
functional groups on the disulfide linker can be orthogonally protected. The unprotected 
carboxylic acid terminus can be coupled to the potent warhead which has a free hydroxyl 
group such as the novel 2nd-generation taxoids SB-T-1214, SB-T-1213, etc. The 
carboxylic acid group at the other terminus could then be converted to an active ester 
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moiety, i.e. hydroxysuccinimide to generate the ‘coupling ready warhead’ construct 
(Figure 4-13). Subsequently, any tumor-targeting moiety bearing amine residues can then 
be readily coupled to the active ester of the ‘coupling ready warhead’ under standard 
peptide coupling protocol. For this project we chose folic acid as the tumor-targeting 
moiety. 
 

4.2.4 Folic Acid as the Tumor-targeting Moiety 
 Gene therapy vectors, liposome encapsulated drugs, protein therapeutics, 
biodegradable polymers with drugs, aptamers, etc show great potential for cancer 
targeted therapy because of their improved specificity, better potency compared to 
chemotherapeutic drugs and prolonged delivery. However, these macromolecular drugs 
often encounter major obstacles that limit their potential. Although the EPR effect allows 
the accumulation of these macromolecules inside the tumor cells,6 the cell membrane still 
poses a significant barrier for those macromolecules that must traverse this membrane 
and enter the cancer cell to exert their effect. Also the delivery of these macromolecules 
to sites deep within the tumor mass gets compromised because the poor lymphatic 
drainage system increases the intratumor pressure.115 Therefore, cancer cell specific 
ligands have been employed for improved delivery and retention of drugs inside the 
cancer cells.  
 Folic acid or vitamin B9 is an essential vitamin and functions as a cofactor in one-
carbon transfer reactions in de novo nucleotide biosynthesis and plays a critical role in 
various metabolic pathways involved in DNA and RNA synthesis, epigenetic processes, 
cellular proliferation and survival.116 Thus, folic acid is consumed in elevated quantities 
by rapidly proliferating cells to meet their rising need for nutrients. The major form of the 
vitamin that circulates in the serum is 5-methyltetrahydrofolate which is present at 5 - 30 
nM concentration. According to various studies, folate deficiency is the cause of several 
conditions such as fetal nerve development disorders and cardiovascular disease besides 
its profound effect on DNA replication and repair and on gene expression.117 At 
physiological pH, folates have an anionic and hydrophilic nature which prevents them 
from entering the cell by passive diffusion through the plasma membrane. Therefore 
cellular folate uptake in normal cells is mediated by transporters like the reduced folate 
carrier (RFC) and folate receptor (FR). The RFC is found in virtually all cells and is the 
major pathway for the uptake of physiological folates. FR is found mainly on polarized 
epithelial cells and activated macrophages.118 Recently, a proton-coupled high-affinity 
folate transporter has been reported which is believed to be the major transporter of folate 
in low pH environments. It seems to be the primary transporter in the intestinal 
absorption of folates.119 
 The RFC is unable to bind folic acid which is the oxidized form of the vitamin 
and is the principal folate transporter. It is expressed virtually in all cells throughout 
development and in normal adult tissues.120 The RFC is a transmembrane protein that 
transports folate via anion exchange and although it has a high dissociation constant for 
5-methyltetrahydrofolate (micromolar range) the transport is rapid and normally adequate 
to meet the cellular needs. RFC can shuttle only folate molecules inside the cells and 
folate-drug conjugates are not substrates of RFC.32  
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 Folate receptor (FR) is a cell surface glycosyl phosphatidylinositol (GPI)-
anchored glycopolypeptide that binds folic acid as well as 5-methyltetrahydrofolate with 
a low dissociation constant (subnanomolar range) and transports them by a receptor-
mediated endocytosis mechanism (RME).121, 122 There are three well characterized 
isoforms of human FR with an average molecular weight in ~ 38 kDa range – FR-α, FR-β 
and FR-γ/γ’ that are ~ 70-80% identical in amino acid sequence but differ in their 
expression patterns.123, 124, 125 FR-α and FR-β are both membrane associated proteins by 
virtue of their attachment to the GPI anchor.125 Figure 4-14 illustrates the special class of 
GPI-anchored proteins – (A) shows the core structure of a GPI-anchor and (B) shows 
how GPI-anchoring replaces C-terminal GPI-signal via a transamidation reaction 
involving the ethanolamine amine of the pre-formed GPI-anchor glycolipid and the GPI-
attachment site carboxyl group in the lumen of the ER.124 FR-α however binds folic acid 
and physiologic folates with a higher affinity (KD ~ 0.1 nM) than FR-β (KD ~ 1 nM).126, 

127 This high affinity of FR- α for folic acid has been the focus of development of FR-
targeted therapeutic and diagnostic agents. FR-γ and a truncated form of the protein FR-
γ’ are not attached to the GPI anchor and are secreted in barely detectable amounts.125 
There are reports of another isoform FR-δ which was not found in detectable quantities in 
human tissues. 
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Figure 4-14. Illustration of GPI-anchored protein124 (Adapted from Ref. 124) 

 
 The expression of these FR isoforms is tissue-specific and depends on 
differentiation.128 FR-α is present at low levels in normal epithelial cells with the 
exception of some normal tissues like kidney, choroid plexus and placenta but is often 
present in elevated levels in epithelial malignant tissues especially ovary, uterus, kidney, 
head and neck, brain, endometrium, etc.129-132 The upregulation of FR-α in malignant 
tissues can be two orders of magnitude higher than in normal tissues which is quite an 
impressive difference.130 Although low concentrations of RFC are probably sufficient to 
meet folate requirements of most normal cells, the overexpression of FR in malignant 
cells is required to enable these cells to compete successfully for their elevated need for 
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folates when supplies are limited. Studies have shown that the level of FR-α expression 
can be correlated with higher histologic grade and more advanced stage of cancer 
suggesting the possible need of more folates in the more rapidly proliferating tumors. 
Also it has been found that there are usually higher levels of FR in tumors that have 
survived chemotherapy.129, 133 Therefore, it is conceivable that the tumors that are more 
advanced and more resistant to standard chemotherapy can be most readily targeted by 
folate-conjugated drugs. FR-β is normally expressed in hematopoietic and non-epithelial 
cells130 and is elevated in some malignancies of non-epithelial origin.125, 134 Importantly, 
the FR-β detected on hematopoietic stem/precursor cells is expressed in an inactive 
conformation that shows no affinity for folates.135 
 Since there are relatively high levels of FR found in the choroid plexus of the 
brain and the proximal tubules of the kidney, there had been logical concern that FR 
targeted therapeutics could prove to be toxic to these tissues.136 However, 
immunohistochemical studies and studies with radiolabeled folate demonstrate that there 
is a highly polarized pattern of distribution of FR on these normal epithelial cells. FR is 
found only on the apical or luminal surface i.e. urine facing surface of the proximal 
tubules of the kidney where it probably helps in the reabsorption of the folates from the 
urine. Thus folate-drug conjugates will not encounter kidney FR except in patients with 
certain kidney dysfunctions. FR in the brain also seems to be localized on the brain side 
of the blood-brain barrier where they probably assist in retaining the vitamin in the 
cerebrospinal fluid and thus folate-drug conjugates are not accessible by the brain FR.136-

138 Thus, FR further qualifies as a tumor-specific target because normal cell FR cannot 
access the blood borne folate-drug conjugates as FR generally becomes available to 
intravenous drugs after cells have undergone malignant transformation. When normal 
epithelial cells undergo malignant transformation the cell polarity is lost and FR becomes 
available to folate-drug conjugates in circulation. This dual mechanism for tumor 
specificity – overexpression and specific orientation on malignant cells besides its high 
affinity for folic acid makes FR an attractive target for folate-mediated selective drug 
delivery and diagnostic agents. FR seems to meet several of the desirable characteristics 
of an ideal cell surface molecule such as well defined structure expressed mainly on 
tumor tissues, binds targeting molecule with high affinity and limited distribution and  
accessibility on normal tissues.18 
 Folic acid in addition to its high affinity for FR, has several other advantages 
namely small size, amenable to chemical modifications, compatible with many aqueous 
and organic solvents, low immunogenicity, low cost and ready availability. Folic acid 
(Figure 4-15) has a pteroic acid moiety and a glutamic acid moiety. Studies show that the 
glutamic acid (Glu) residue of folic acid is not essential for the recognition of FR139, 140 
and thus modifications can be typically made to the Glu residue. Folate targeting was 
invented soon after it was reported that the folates entered cells via a receptor-mediated 
endocytosis process141 and the physiological process of folate-drug delivery is identical to 
that of free folic acid.142, 143 
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Figure 4-15. Structure of Folic acid 

 
 FR mediated transport of folic acid inside the cells is a highly specific receptor-
mediated endocytosis pathway31, 121 where folate (key) is inserted into the FR (lock) as 
illustrated in Figure 4-16. The exogenous folate-linker-drug binds to the FR which is 
externally oriented on the cell surface. 
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Figure 4-16. Receptor mediated endocytosis 

 
Soon after binding to the FR, the membrane around the FR-folate-conjugate complex 
begins to invaginate to form a distinct internal vesicle known as the ‘early endosome’. 
Irrespective of the size of the folate-drug conjugates, they internalize and traffic to these 
intracellular compartments or endosomes.144 The pH of the vesicle lumen then drops to ~ 
5 by the action of proton pumps that are co-localized in the membrane of the endosome in 
a process called endosome acidification.145 The binding of folic acid to FR is pH 
dependant and hence this drop in pH values presumably protonates the numerous 
carboxyl groups on the FR and causes a change in conformation that releases the folate-
drug molecule inside the cell. Upon its release, the parent drug is liberated by various 
mechanisms (discussed earlier in this chapter and in chapter 3) from the linker in its 
potent form. In the illustration in Figure 4-16, the drug (taxoid) is released from the novel 
disulfide linker (discussed earlier in this chapter and in chapter 3) by the action of 
intracellular glutathione (GSH) or other thiols in its potent form which then binds to 
microtubules and stabilizes them causing apoptosis of the cell (for details please refer to 
chapter 1). The RFC present in normal cells cannot internalize the folate-drug conjugate 
as mentioned earlier in this chapter. After releasing the drug cargo the FR recycles back 
to the cell surface and studies indicate that the total number of folate conjugates 
internalized is approximately proportional to the number of FR expressed on the cell 
surface and an average FR expressing cancer cell may internalize folate-drug conjugates 
at the rate of ~ 1-2 x 105 molecules/cell/h.128 Consequently, all these exciting and 
promising research and discovery prompted us to design and develop FR targeted drug 
delivery system using folic acid as the tumor-targeting moiety in a molecular Trojan 
horse approach (discussed in more detail later in this chapter). 
 

4.2.5 Design of fluorescent probes for internalization studies 
 Fluorescence microscopy has been extensively used to study cellular mechanisms 
of microtubule assembly and stabilization by paclitaxel using fluorescent paclitaxel 
derivatives.146-148 Figure 4-17 shows the fluorescence microscopy images of permealized 
and fixed H-460 cells at interphase by FITC-labeled (A) and rhodamine-labeled (B) 
paclitaxel.146 
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Figure 4-17. Fluorescence microscopy images of interphase stage of permealized and 
fixed H-460 cells by FITC-labeled (A) and rhodamine-labeled (B) paclitaxel146 (m = 

microtubule organizing center; n = nucleolus) (Adapted from Ref. 146) 

 
Fluorescent molecules such as fluorescein, fluorescein isothiocyanate, rhodamine, etc 
shown in Figure 4-18 are receptive to the intracellular environment of cells and are 
indispensable for the rapid detection of essential cellular functions in biology.147, 149-154 
Thus they are extensively used in biotechnology for target validation, drug discovery, 
drug delivery, etc using flow cytometry, fluorescence microscopy and instruments. 

 

 
 

Figure 4-18. Structures of some commonly used fluorescent dyes 

 
Figure 4-19 illustrates the use of fluorescent staining in cells to identify structures like 
actin, nucleus, microtubules, etc. Identifying these structures is critical in studying 
cellular processes. 

 



 

 126

 
 

Figure 4-19. Fluorescently stained cellular structures155 (Figure was adapted from 
http://www.itg.uiuc.edu/technology/atlas/structures/actin/images/actin_microtubules

.jpg&imgrefurl) 

 

In Figure 4-19 cultures epithelial cell are stained – (A) visualizes actin (red) cytoskeleton 
using rhodamine-conjugated phalloidin and microtubules (green) using fluorescein-
conjugated antibodies to tubulin, (B) visualizes nucleus (green) using sytox green and 
microtubules (red) using rhodamine-conjugated antibodies to tubulin, (C)  visualizes 
microtubules (green) using fluorescein-conjugated antibodies to tubulin and nucleus 
(blue) using chromamycin stain specific for DNA and (D) visualizes nucleus (green) 
using sytox green, a DNA specific dye and golgi apparatus (red) using rhodamine-
conjugated antibodies to wheat germ agglutin. 
 Thus with so many readily available fluorophore dyes capable of detecting 
cellular organic biomolecules, we focused on fluorescein and fluorescein isothiocyanate 
(FITC) due to their high quantum yields, water solubility and ease of chemical 
modification without losing their fluorescent capability. A set of fluorescent probes – (a) 
Folate-4-carbon linker-FITC, (b) Folate-PEG-FITC and (c) Folate-PEG-linker-paclitaxel-
fluorescein conjugate were synthesized and their structures are shown in Figure 4-20. 
These fluorescent probes were successfully used to study the effective internalization of 
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the tumor-targeting conjugates inside the cancer cells overexpressing folate receptors, 
effective cleavage of the disulfide linkers regenerating the potent taxane and the drug’s 
binding to the microtubule. 
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Figure 4-20. Structures of fluorescent probes 
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4.3 Results and Discussion  

4.3.1 Design of Folate Receptor Targeted Drug Conjugate  
 A tumor-targeting drug delivery conjugate was designed to target cancer cells 
specifically using folic acid as the tumor-targeting moiety, taxane as the cytotoxic 
warhead and the novel mechanism-based self-immolative disulfide linker to connect the 
TTM to the cytotoxic drug as shown in Figure 4-21. 
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Figure 4-21. Structure of tumor-targeting drug delivery conjugate 

 
A short heterofunctional polyethylene glycol (PEG) was introduced in the design to lend 
water solubility to the folate moiety. PEG is one of the most widely used biocompatible 
polymers in medicine and other industrial applications. It has excellent solubility in 
aqueous and most organic solvents. PEG has low toxicity and does not induce 
immunogenic response. It has favorable pharmacokinetics and tissue distribution. PEG 
has been approved by FDA for use in vivo. PEG modification of therapeutics has been 
clinically proven to have a) increased in vivo half-life because of decreased enzymatic 
degradation and decreased kidney excretion b) enhanced drug performance with reduced 
immunogenicity, antigenicity and toxicity c) improved physicochemical properties due to 
improved solubility and stability. Inside the blood stream, the PEG chain is heavily 
hydrated and is in rapid motion which causes the PEG to sweep out a large volume and 
prevent interference from other molecules. Therefore, PEG protects the drug molecules 
from immune responses and other clearance mechanisms. The short PEG moiety which 
was chosen had amine functional group at one terminus and azide functional group at the 
other terminus. The azide group can be converted to amine with relative ease for further 
conjugation and is versatile enough to be used for other reactions such as ‘click 
chemistry’ without compromising the integrity of the folate-PEG moiety. At an early 
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stage of design and planning it was realized that purification and isolation of these 
conjugates would require extensive reverse phase preparative HPLC and could not be 
performed using conventional flash chromatography. Thus to keep the purification 
process to a minimum the PEG moiety was first attached to the folate and the free azide 
group was reduced and then subjected to coupling with the coupling-ready warhead 
conjugate to obtain the final conjugate. 
 A model reaction with folic acid was carried out to determine reaction conditions 
and monitor progress of reaction using proton NMR. Folic acid was reacted with N-
hydroxysuccinimide (NHS) in anhydrous dimethylsulfoxide (DMSO) at room 
temperature and then reacted with benzyl amine as shown in Scheme 4-2. This reaction 
was performed in an NMR vial and the progress was determined by the shift of the 
methylene protons in benzyl amine and the shift of the protons on the two methylene 
groups in NHS. Dicyclohexyl carbodiimide (DCC) and diisopropyl carbodiimide (DIC) 
were both tried. Anhydrous dimethylformamide (DMF) was also tried as a solvent but 
results with DMSO were consistent. Benzyl amine was chosen for the model reaction 
because it has less peaks interfering with FA, NHS, DCC and the intermediates formed 
during the reaction and the benzyl –CH2– would give an identifiable and distinguishable 
peak. Both DIC and DCC were tried as coupling reagents to form the N-
hydroxysuccinimide (NHS) activated ester. It was found during NMR monitor of the 
reaction that FA-NHS formation was slower with DIC than with DCC.  
 

 
 

Scheme 4-2. Model reaction with folic acid monitored by NMR 

 
 Model reactions were performed using folic acid and benzyl amine to determine 
reaction conditions for scale up of the synthesis of folic acid PEG conjugate which would 
give pure products without requiring preparative HPLC purification (Scheme 4-3). 
Polymer supported carbodiimide (PS-DCC) was used in place of DCC to activate the 
folic acid for coupling with benzyl amine. This process also ensures that the urea 
byproduct formed would be easily removed and the product will be pure. In one instance 
HOBt was used to make the activated ester intermediate before coupling with benzyl 
amine to determine if there is any difference in the formation of the product. From the 
various reaction conditions used and MS monitoring (FIA and LC-MS) it seems that the 
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desired product is also associated with unreacted folic acid and the bis-substituted folic 
acid-benzyl amine.  
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Scheme 4-3. Model reaction with folic acid using PS-DCC 

 
 The reaction conditions and results are tabulated in Table 4-1. In all the reactions 
listed below folic acid used was 50 mg (0.113 mmol) and the reactions were carried out 
at room temperature. The reactions were monitored by mass spec (FIA analysis) in ESI 
mode and the approximate yields are calculated based on MS data and benzyl amine as 
the limiting reagent. Reaction 7 has the desired mono-substituted product with very little 
contamination from starting material (FA) and may be used for scale-up.  
 

 
PS-

DCC/ 
Time 

HOBt/ 
scavenging

resin 

Benzyl 
amine/ 
Time 

DMF Pyridine Yield 
(%) 

Ratio of 
mono: bis: 

FA 

1 1 eq/ 1 h - 
0.8 eq, 10 

μL/ 
overnight 

3 ml 0.1 ml 
15 mg 
(~ 15 
%) 

1:0.1:2 

2 3 eq/ 1 h - 
0.8 eq, 10 

μL/ 
overnight 

3 ml 0.1 ml 
31 mg 
(~ 30 
%) 

1:0.25:0.9 

3 5 eq/ 1 h 1.1 eq/10 0.8 eq, 10 3 ml 0.15 ml 36.9 1:1:1 
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eq μL/ 3 d mg (~ 
26 %) 

4 10 eq/ 1 
h - 0.8 eq, 10 

μL/ 3 d 3 ml 0.15 ml 
20 mg 
(~ 14 
%) 

1:2:0 

5 10 eq/ 3 
h - 

0.8 eq, 10 
μL/ 

overnight 

10 
ml 0.1 ml 

45 mg 
(~ 67 
%) 

1:0.25:0.15

6 10 eq/ 3 
h - 

0.8 eq, 10 
μL/ 

overnight 

10 
ml 0.5 ml 

40 mg 
(~ 60 
%) 

1:0.25:0.15

7 0.5 eq/ 
overnight - 

0.25 eq, 3 
μL/ 

overnight 
6 ml - 

3 mg 
(~ 20 
%) 

1:0:0.07 

 
Table 4-1.  Reaction conditions using PS-DCC 

(Mono – mono-substituted FA, bis – bis-substituted FA and FA – folic acid). 
  
 The coupling reaction between FA and PEG was also tried with 
hexamethylphosphoramide (HMPA) as solvent to eliminate the need for reverse phase 
preparative HPLC purification. The desired product was obtained as determined by mass 
spectroscopy but the conversion of azide to amine did not yield much of the desired 
product possibly because of residual HMPA. 
 

4.3.2 Synthesis of fluorescent probe 
 A set of fluorescent probes were synthesized to monitor the internalization of 
folate conjugates inside cancer cells as shown in Scheme 4-4 and Scheme 4-5.  
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Scheme 4-4. Synthesis of FA-4C-FITC 

 
A folate conjugate, FA-4C-FITC (4-4) was synthesized as an internalization standard to 
determine the specific internalization of folate conjugates inside cancer cell lines 
overexpressing folate receptor. This compound also provided a comparison parameter 
with the folate-PEG-FITC (4-7) conjugate and there was no determinable difference in 
efficacy of internalization between the two compounds. Thus introducing the short PEG 
chain in the compound 4-7 did not affect the efficacy or specificity of internalization. 
 Scheme 4-4 shows the solid phase synthetic scheme for the synthesis of FA-4C-
FITC (4-4). An activated ester of FA was synthesized with N-hydroxybenzotriazole 
(HOBt) in presence of DIC using DMAP as catalyst and DMSO as solvent.  This was 
then reacted with the 1,4-butane diamine attached to the Wang resin to form compound 
4-2 which after TFA/DCM mediated cleavage from the resin yielded the TFA salt of 
folate-4C-NH2 (4-3). Compound 4-3 was then coupled to fluorescein isothiocyanate 
(FITC) in presence of base and DMSO as solvent to obtain final internalization standard 
FA-4C-FITC (4-4).  
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Scheme 4-5. Synthesis of FA-PEG-FITC conjugate 

 
 FA was converted to the active ester with N-hydroxysuccinimide (NHS) and 
reacted with azido-PEG-amine (10-mer) to form the desired azide terminated conjugate 
4-5 as shown in Scheme 4-5. The γ-carboxylic acid group has higher reactivity than α-
carboxylic acid group of the glutamic acid moiety of FA and therefore the γ-substituted 
product is the major product. The azide terminated conjugate 4-5 was soluble in water 
and was reduced to the amine 4-6 in presence of hydrogen gas using palladium-carbon 
(Pd/C) as catalyst. The compound 4-6 was then coupled with FITC in presence of base to 
form the desired FA-PEG-FITC conjugate (4-7). The α-substituted and the γ-substituted 
products were separated on preparative HPLC and no difference in their internalization 
ability was observed.30, 156  
 

4.3.3 Synthesis of Novel Disulfide Linker  
 As discussed in chapter 3 novel mechanism-based disulfide linkers were 
synthesized and various studies were performed to determine the mode of cleavage and 
stability. The synthesis of the bifunctional disulfide linker used in the design of the 
tumor-targeting folate conjugate is shown in Scheme 4-6.  
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Scheme 4-6.  Synthesis of novel disulfide linker 

 
 Thianaphthene-2-boronic acid was oxidized to the thiolactone 4-8 with hydrogen 
peroxide which was then hydrolyzed to (2-mercaptophenyl) acetic acid (4-9) using LiOH 
as base. Pyridine-2-thione was oxidized with potassium permanganate to yield 2, 2’-
dithiodipyridine (4-10) which was then reacted with 3-mercapto propanoic acid to form 
3-(2-pyridyldisulfanyl) propanoic acid (4-11). The compound 4-11 was protected with 
TIPS to generate 4-12 which was then reacted with 4-9 to form 4-13. Another method 
was attempted to synthesize 4-10 but the method shown in Scheme 4-6 gave excellent 
yield of pure compound with no purification. The TIPS protected compound was used to 
connect the TTM with the cytotoxic warhead. 
 

4.3.4 Synthesis of Fluorescent Probe to Study Drug Release 
 A fluorescent probe was designed and synthesized to visualize the drug release 
and binding to the microtubules. A fluorescein tag was attached to the taxane molecule to 
visualize its binding to the microtubules after its release from the folate prodrug 
conjugate. The synthetic steps are illustrated in Schemes 4-7, 4-8 and 4-9. Commercially 
available mono-t-boc protected succinic acid ester was reduced with borane 
dimethylsulfide to form the corresponding alcohol 4-hydroxy-butyric acid t-butyl ester 4-
14. This compound was used as a spacer to connect the fluorescein to the taxane 
molecule. Fluorescein was first converted to its methyl ester (4-15), followed by 
Mitsunobu coupling with 4-hydroxy-butyric acid tertbutyl ester (4-14), to give the 
protected fluorescein derivative (4-16). Deprotection of the tert-butyl group afforded 2-
[6-(3-carboxy-propoxy)-3-oxo-3H-xanthen-9-yl]benzoic acid methyl ester (4-17).  
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Scheme 4-7. Synthesis of modified fluorescein 

 
 Schemes 4-8 and 4-9 illustrate the installation of fluorescein-spacer unit (4-17) 
onto the paclitaxel. The free C-2’ hydroxy group of paclitaxel was first protected by tert-
butyldimethylsilyl (TBDMS) group to obtain (4-18), followed by C-7 modification with 
carboxylic acid tethered fluorescein unit (4-17) to give the protected fluorescein-
paclitaxel conjugate (4-19). Deprotection of TBDMS, provided the desired fluorescein-
paclitaxel conjugate (4-20). Subsequently, the resulting fluorescein-paclitaxel conjugate 
(4-20) was coupled with mono-TIPS ester of the disulfide linker carboxylic acid (4-13) to 
afford a TIPS-protected linker-paclitaxel-flurorescein conjugate (4-21). The TIPS 
protecting group was then removed by HF-pyridine to give the linker-paclitaxel-
flurorescein conjugate (4-22). The resulting carboxylic acid group in (4-22) was 
converted to the corresponding activated ester (4-23) using NHS/DIC, which was then 
reacted with folate-PEG-amine conjugate (4-6) to provide the folate-linker-paclitaxel-
fluorescein conjugate (4-24) in reasonable overall yield. 
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Scheme 4-8. Synthesis of fluorescein tagged paclitaxel 

 



 

 138

COOH

S
S

COOTIPS

(2 eq)

DIC (2 eq), DMAP (1 eq),
DCM, 5 h

61 %

NHS (5 eq), DCC (2.5 eq)
THF, r.t., 28 h

Folate-PEG-NH2 (1.1 eq),
DMSO, r.t., 67 h

71 %

37 %

4-20

O

O

H
OBzHO

O

O O

OAc

O

O

OH

NH

Ph

O

Ph

O O

O

O

O

O

O

O

H
BzOHO

O

O O

OAc

O

O

O

NH

Ph

O

Ph

O O

O

O

O

O

O
S

S
O

OTIPS

4-21

HF/Py, Py/CH3CN,
r.t., 3 h

67 %
O

O

H
OBzHO

O

O O

OAc

O

O

O

NH

Ph

O

Ph

O O

O

O

O

O

O
S

S
O

OH

O

O

H
OBzHO

O

O O

OAc

O

O

O

NH

Ph

O

Ph

O O

O

O

O

O

O
S

S
O

ONHS

4-22

4-23

4-24

O

O

H
OBzHO

O

O O

OAc

O

O
O

NHPh

OPh

O O

O

O

O

O

O
SS

OH
N

NH N

NH
N

N

O

NH2

NH

O

HO2C

O
HN

O

O 10

 
Scheme 4-9. Synthesis of fluorescein tagged tumor-targeting prodrug conjugate 
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4.3.5 Synthesis of Tumor-targeting Prodrug Conjugate 
 The tumor-targeting prodrug conjugate with folate as the TTM and novel second-
generation taxoid as the cytotoxic warhead was synthesized as shown in Scheme 4-10. 
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Scheme 4-10. Synthesis of folate-taxoid conjugate 

 
Second-generation taxoid SB-T-1214 was prepared as described in chapter 1 and was 
used for the synthesis of the folate-taxoid conjugate. The linker 4-13 was coupled to the 
C-2’ of SB-T-1214 to form conjugate 4-25 followed by deprotection of TIPS group using 
HF-pyridine to form the free acid terminated conjugate 4-26. This compound was then 
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converted to the activated ester using NHS/DCC to form compound 4-27 which was then 
coupled to FA-PEG-NH2 (4-6) conjugate to obtain desired conjugate 4-28. 
 

4.3.6 In Vitro Biological Evaluation 
 The cellular uptake of the tumor recognition moiety, i.e. folic acid, was assayed in 
vitro with leukemia cancer cells (L1210FR and L1210) using CFM under various 
conditions. Initially, certain parameters such as effect of conjugation to FA with small 
and long chained linkers, conjugate concentration and incubation time were examined. 
The results of the concentration dependent internalization studies using FA-4C-FITC (4-
4) are shown in Figure 4-22. Studies were performed using 4-4 from concentrations 
ranging from 10 μM to 10 pM at ten times serial dilution. 
 

10 M 1 M 100 nM 10 nM 1 nM

10 M

 
Figure 4-22. Concentration dependent CFM images of 4-4 with L1210FR leukemia cells 

 
The results of the concentration dependent internalization studies using FA-PEG-FITC 
(4-7) are shown in Figure 4-23. Studies were performed using 4-7 from concentrations 
ranging from 10 μM to 10 pM at ten times serial dilution. There is no observed difference 
in internalization ability between 4-4 and 4-7. All incubations were performed at 37 oC 
and for 3 h. The results clearly indicate that even at 10 nM concentration there is 
effective internalization. In both cases the fluorescence intensity decreased significantly 
at concentrations lower than 10 nM. 
 

 
Figure 4-23. Concentration dependent CFM images of 4-7 with L1210FR leukemia cells 
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 The two isomers of 4-7 were isolated and incubated at 100 nM concentration in 
L1210FR cells at 37 oC for 3 h and no difference in internalization ability were observed 
between the two isomers as shown in Figure 4-24. 
 

 
 

Figure 4-24. CFM images of both isomers of 4-7 

 
When 4-7 was incubated with L1210FR cells at 37 oC for various lengths of time such as 
5 min, 10 min, 30 min and 60 min it effectively internalized inside the cells. Even at 5 
min 4-7 binds to the L1210FR cells as shown in Figure 4-25.  
 

 

 
 

Figure 4-25. Time dependence CFM images of 4-7 incubated with L1210FR cells at 37 
oC 

 
Internalization of 4-7 (100 nM) was studied in presence of FA and compared with the 
control (no FA was added) as shown in Figure 4-26. Incubation was carried out at 37 oC 
for 3 h and even in the presence of 50 nM FA some internalization was observed. The 
physiological concentration of FA is typically between 5-20 nM. 
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Figure 4-26. CFM images of 4-7 incubated with L1210FR in presence of 0, 10, 50 nM 

FA 

 
Based on the above observations it can be concluded that 100 nM of the conjugate 
incubated for 1-3 h is suitable for further studies. 
 Figure 4-27 shows the various levels of folate receptor expression studied in 
different cell lines. It was determined that the level of FR expression can be categorized 
as –  
(a) > 6 pmol/mg protein – high positive 
(b) 2.5 – 6 pmol/mg protein – low positive 
(c) < 2.5 pmol/mg protein – negligible 
A549 human lung cancer cell lines has no FR expression while L1210 leukemia cell 
lines, KB human nasopharynx carcinoma, M109 lung cancer, HeLa human cervical 
cancer expresses FR at a high level.157 Accordingly, A549 cell line was used as the 
control.  
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Figure 4-27. Folate receptor expression in various cells157 (Figure adapted from Ref. 
157) 

  
 Figure 4-28 shows the internalization specificity of 4-7 in various cell lines with 
different levels of folate receptor expression. The difference in fluorescence intensity in 
the CFM images clearly indicates that there is no internalization of the fluorescent probe 
in FR(-) A549 whereas the intensity difference clearly shows that ID8 which has a lower 
expression of FR compared to L1210 and L1210FR has a lesser internalization of 4-7. 
The data clearly demonstrates the specificity of this conjugate which clearly correlates 
with the FACS analysis using flow cytometry. 
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Figure 4-28. CFM images of 4-7 incubated with different cell lines along with FACS 
analysis 

 
Figure 4-29 shows the internalization of fluorescent conjugate 4-24 in L1210FR cell lines 
in the absence and presence of glutathione. The CFM image A in Figure 4-29 clearly 
sows the internalization of the conjugate inside the cell while CFM image B shows that in 
the presence of glutathione there is release of the fluorescent labeled drug which is bound 
to the microtubules. To further study the internalization and visualize the release of the 
drug from the mechanism-based linker an immunofluorescent assay was performed with 
fluorescent conjugate 4-24 and the results are shown in Figure 4-30. 
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Figure 4-29. CFM images of 100 nM of 4-24 using L1210FR cell lines A) without 
glutathione B) with glutathione 

 
Figure 4-30 shows the CFM images of indirect immunofluorescent assay. Figure 4-30 A 
shows that the microtubules in L1210FR have been stained, B shows that when 4-7 was 
incubated with L1210FR cells it internalized as can be seen from the red and green 
fluorescent colors and C shows that when 4-24 is incubated with L1210FR cell it 
internalizes and when glutathione is added to enhance the cleavage of the conjugate the 
drug gets released successfully and binds to the microtubules as can be seen from the 
yellow color. The yellow color is because of the overlap of green fluorescent label of the 
drug with the red stained microtubule. 
 

A B C  
 

Figure 4-30. CFM images A) stained microtubule B) 4-7 incubated with L1210FR C) 4-
24 incubated with L1210FR 

 
These studies clearly indicate that the tumor-targeting DDS efficiently and specifically 
internalizes inside cancer cells in vitro and are worthy of further development. 
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 In vitro cytotoxicity assays (IC50, nM) performed in various cell lines clearly 
indicate the effectiveness and specificity of conjugate 4-28 as shown in Table 4-2. 
  

 
Cell line 

 
SB-T-1214 

 
4-28 

 
Paclitaxel 

L1210FR 11.5 3 200 

L1210 17.0 13 180 

A549 1.4 >1000 7.3 

ID8 7.6 <1 36.4 

 
Table 4-2. In vitro cytotoxicity assay in various cell lines (IC50, nM) 

 

4.4 Experimental Section 
General Methods: 1H, 13C and 19F NMR spectra were measured on a Bruker AC-250 
NMR spectrometer or a Varian 300, 400, 500, or 600 MHz NMR spectrometer.  The 
melting points were measured on a “Uni-melt” capillary melting point apparatus from 
Arthur H. Thomas Company, Inc. Optical rotations were measured on a Perkin-Elmer 
Model 241 polarimeter.  High-resolution mass spectrametric analyses were conducted at 
the Mass Spectrometry Laboratory, University of Illinois at Urbana-Champaign, Urbana, 
IL. GC-MS analyses were performed on an Agilent 6890 Series GC system equipped 
with the HP-5HS capillary column, (50 m X 0.25 mm, 0.25 μm) and with the Agilent 
5973 network mass selective detector.  LC-MS analyses were carried out on an Agilent 
1100 Series Liquid Chromatograph Mass Spectrometer. IR spectra were measured on a 
Shimadzu FTIR-8400s spectrophotometer. TLC analyses were performed on Merck DC-
alufolien with Kieselgel 60F-254 and were visualized with UV light, iodine chamber, 10 
% sulfuric acid and 10% PMA solution. Column chromatography was carried out on 
silica gel 60 (Merck; 230-400 mesh ASTM). Chemical purity was determined with a 
Waters HPLC assembly consisting of dual Waters 515 HPLC pumps, a PC workstation 
running Millennium 32, and a Waters 996 PDA detector, using a Phenomenex Curosil-B 
column, employing CH3CN/water as the solvent system with a flow rate of 1 mL/min, or 
shimazu HPLC.  Chiral HPLC analysis for the determination of enantiomeric excess was 
carried out with a Waters HPLC assembly, comprising Waters M45 solvent delivery 
system, Waters Model 680 gradient controller, Water M440 detector (at 254 nm) 
equipped with a Spectra Physics Model SP4270 integrator. The system uses a DAICEL-
CHIRACEL OD chiral column (25 x 0.46 cm i.d.), employing hexan/2-propanol as the 
solvent system with a flow rate of 1.0 mL/min. 
 
Materials: The chemicals were purchased from Sigma Aldrich Company or Acros 
Organic Fischer Company. 10-Deacetyl baccatin III (DAB) was donated by Indena, SpA, 
Italy.  Dichloromethane and methanol were dried before use by distillation over calcium 
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hydride under nitrogen or argon. Ether and THF were dried before use by distillation over 
sodium-benzophenone ketyl under nitrogen or argon. Toluene and benzene were dried by 
distillation over sodium metal under nitrogen or argon before use. Dry DMF was 
purchased from EMD chemical company, and used without further purification. PURE 
SOLVTM, Innovative technology Inc, provided an alternative source of dry toluene, THF, 
ether, and dichloromethane. The glasses were dried in a 110 oC oven and allowed to cool 
to room temperature in a desiccator over “Drierite” (calcium sulfate) and assembled 
under inert gas nitrogen or argon atmosphere. 
 
Model reactions with Folic acid 
 
FA-benzylamine conjugate (4-1): Model reaction 1 
In a NMR tube folic acid (22.6 mg, 0.05 mmol) dissolved in DMSO-d6 (c 0.05M) was 
added. 1H NMR was recorded, NHS (1 eq) was added and 1H NMR was recorded again. 
Next, dicyclohexylcarbodiimide (DCC, 1 eq) was added and NMR was monitored. After 
overnight reaction benzyl amine (1 eq) was added and the amide bond formation was 
monitored by 1H NMR.  
Also, DMF was tried as solvent instead of DMSO and DMSO proved more efficient and 
easier to work with. 
 
FA-benzylamine conjugate (4-1): Model reaction 2 
Model reactions were performed using folic acid and benzyl amine to determine reaction 
conditions for scale up of the synthesis of folic acid PEG conjugate which would give 
pure products without requiring preparative HPLC purification. Polymer supported 
carbodiimide (PS-DCC) was used in place of DCC to activate the folic acid for coupling 
with benzyl amine. This also ensures that the urea byproduct formed would be easily 
removed and the product will be pure. In one instance HOBt was used to make the 
activated ester intermediate before coupling with benzyl amine to determine if there is 
any difference in the formation of the product. A scavenging resin was added and 
reaction stirred overnight to remove impurities.  From the various reaction conditions 
used and MS monitoring (FIA and LC-MS) it seems that the desired product is also 
associated with unreacted folic acid and the bis substituted folic acid-benzyl amine. The 
reaction conditions and results are tabulated in Table 4-1. Reaction 7 has the desired 
product with minimum impurities and could be optimized further. 
 
Synthesis of fluorescent probes 
 
FA-4C-resin (4-2): 
To a solution of folic acid (3 eq), N-hydroxybenzotriazol (3 eq), iPr2EtN (3 eq) and 
DMAP (0.1 eq) in DMSO (0.1 M for folic acid) was added N, N’-
diisopropylcarbodiimide (3 eq). After reacting for 45 minutes at room temperature, the 
solution was loaded into the plastic syringe (equipped with polypropylene filter) with the 
Wang resin attached to 1, 4-butane diamine (1 eq). The syringe was plugged and the 
reaction mixture was agitated for 4 hours on shaker. The solution was drained and the 
resin was thoroughly washed (3x DMF, 3x CH2Cl2, 2x MeOH, 2x CH2Cl2, 2x MeOH) 
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and dried under vacuum to remove MeOH and obtain 4-2. The resin color changed to 
orange. The Kaiser test was negative indicating no free primary amine. 
 
FA-4C-NH2 (4-3): 
The plastic syringe (with the filter) containing resin 4-2 was loaded with 50 % solution of 
TFA in CH2Cl2 (2-3 mL) and the syringe was agitated for 10 minutes. The solution was 
drained and collected. The procedure was repeated 2 more times and the combined 
solutions were evaporated. The crude product 4-3 was subjected to coupling with FITC. 
 
FA-4C-FITC (4-4): 
DIPEA (2 eq) was added to a solution of 4-3 in DMSO (c 0.07M). Fluorescein 
isothiocyanate (FITC, 1.2 eq) was dissolved in DMSO and added to the reaction flask. 
The reaction was stirred for 24 hrs at room temperature. The pure compound 4-4 was 
obtained by preparative HPLC using Shimadzu HPLC and Jupiter Proteo RP C18 (250 x 
4.6 mm, 10 μ) column. The desired pure product 7 mg was collected at 11 min (flow rate 
15 mL/min, H2O/0.1% formic acid : Acetonitrile 90:10). HRMS: (Q-TOF TOF MS ES+) 
m/z Calculated for C44H41O10N10S+: 901.2728 Found: 901.2731 (∆ = 0.3 ppm). 
   
FA-PEG-N3 conjugate (4-5): 
Folic acid (34 mg, 0.076 mmol) was dissolved in DMSO-d6 (c 0.05M) and added to a 
NMR tube followed by NHS (1 eq) in DMSO-d6, DCC (1 eq). The reaction was allowed 
to progress overnight and then dry pyridine (24 eq) and azido-PEG-amine (0.5 eq) was 
added and the reaction proceeded for 5 h. FA-PEG conjugate formation was confirmed 
by MS. Analytical HPLC was performed to determine a suitable method to purify the 
product using preparative HPLC. LC-MS was performed to determine the retention time 
of the desired product. The reaction mixture was ultracentrifuged to remove precipitated 
dicyclohexylurea (DCU) and the clear supernatant liquid was subjected to reverse phase 
preparative HPLC using a mobile phase of acetonitrile/water (8 min at 5/95, gradient 
through 50 min at 90/10) flow rate of 1 mL/min (analytical) and 20 mL/min 
(preparative). Column used was Jupiter reverse phase 10 μ C18 Phenomenex 300 Å, 250 
X 4.60 mm. The wavelengths monitored were 220 and 280 nm. Two peaks at 20 min and 
22 min had the same desired mass. This is possibly due to the amide bond formation at 
the γ - COOH and α – COOH of the glutamic acid moiety of FA. The different fractions 
were collected, the solvents removed and lyophilized. The pure products were yellow 
solids. The fraction collected at 19-22 min was probably the γ – amide (4-5-G, 60 mg, 49 
% yield) and the fraction collected at 23 min was probably the α – amide (4-5-A, 10 mg, 
8 %). 
Folic acid (113 mg, 0.25 mmol) was dissolved in DMSO (c 0.05M) followed by NHS (1 
eq) and DCC (1 eq) in DMSO. The reaction was allowed to progress overnight and then 
dry pyridine (24 eq) and azido-PEG-amine (0.5 eq) was added and the reaction proceeded 
for 24 h. FA-PEG conjugate formation was confirmed by MS. LC-MS was performed to 
determine the retention time of the desired product. The reaction mixture was centrifuged 
to remove precipitated dicyclohexylurea (DCU) and the clear supernatant liquid was 
subjected to preparative HPLC using a mobile phase of acetonitrile/water-0.1 % formic 
acid (8 min at 5/95, gradient through 50 min at 90/10) flow rate of 0.75 mL/min (LC-MS) 
and 20 mL/min (preparative). Column used was Jupiter proteo reverse phase 10 μ 90 Å, 
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250 X 4.60 mm. The wavelengths monitored were 214 and 280 nm. Two peaks at 20 min 
and 22 min had the same desired mass. The pure product 4-5 was obtained as a yellow 
solid (220 mg, 97 %). HRMS: (Q-TOF TOF MS ES+) m/z Calculated for C41H64O11N15

+: 
950.4583 Found: 950.4565 (∆ = -1.9 ppm). 
 
Alternate method used to synthesize 4-5 for scale up – HMPA was used as the solvent in 
place of DMSO and the rest of the conditions were the same as above. After the 
formation of product was determined using MS the reaction was transferred in centrifuge 
tubes and washed thoroughly with methanol, DCM, ether to remove impurities including 
the solvent HMPA. Then the precipitate was dissolved in water and 4-5 dissolved in 
water while unreacted FA did not. However, when the 4-5 was further reacted to form 4-
6 the hydrogenation reaction was hampered because of trace amounts of HMPA. 
 
FA-PEG-NH2 conjugate (4-6): 
FA-PEG-N3 (4-5, 24 mg, 0.025 mmol) was taken in a flask and 10.8 mg of Pd/C was 
added to it and the flask was inerted. Then 4.6 mL of distilled water was added to 
dissolve 1-1b and H2 was passed into the flask overnight and the reaction mixture was 
kept at room temperature. The product formation was confirmed by mass and the Pd/C 
was removed by centrifugation and the product was purified by preparative HPLC using 
Waters 996 photodiode array detector, Waters 515 HPLC pump and Jupiter Proteo RP 
C18 (250 x 4.6 mm, 10 μ) column. The desired pure product 4-6 was collected at 8.4 min 
(flow rate 16 mL/min, H2O/0.1% formic acid : Acetonitrile 87:13) in 86 % yield (20 mg). 
1H NMR (400 MHz, D2O): δ 1.92-2.38 (m, 4 H), 3.13-3.62 (m, 46 H), 4.36 (d, 3 H), 6.57 
(s, 2 H), 7.47 (s, 2 H), 8.5 (s, 1 H), 13C NMR (400 MHz, D2O): δ 39.40, 49.19, 66.62, 
66.96, 69.82, 70.26, 121.28, 129.53, 163.11, 165.92, HRMS: (Q-TOF TOF MS ES+) m/z 
Calculated for C41H66O15N9

+: 924.4678 Found: 924.4668 (∆ = - 1.1 ppm). 
 
FA-PEG-FITC conjugate (4-7): 
A flask containing 4-6 (9.4 mg, 0.01 mmol) and fluorescein isothiocyanate (1.2 eq) was 
inerted and dry DMSO (c 0.05 M) was added to the flask followed by 
diisopropylethylamine (DIPEA, 2 eq). The reaction was stirred at room temperature for 
24 h and purified by reverse phase preparative HPLC (Jupiter Proteo RP C18 (250 x 4.6 
mm, 10 μ) column, H2O/0.1% formic acid : Acetonitrile) to obtain 4-7 as a yellow solid 
(7.5 mg) in 58 % yield. HRMS: (Q-TOF TOF MS ES+) m/z Calculated for 
C62H77O20N10S+: 1313.5036 Found: 1313.5043 (∆ = 0.5 ppm). 
 
Synthesis of disulfide linker 
 
Benzo[b]thiophen-2(3H)-one (4-8):158, 159 
Thianaphthene-2-boronic acid (1.81 g, 10 mmol) was dissolved in EtOH (17.5 mL) and 
hydrogen peroxide (30%, 3.3 mL) was added dropwise. The reaction mixture color 
changed from pink to reddish pink within 1 hr. The reaction mixture was stirred 
overnight at room temperature. TLC (eluant hexane/ethyl acetate 5:1) was performed. 
The reaction mixture was evaporated in vacuo. The reddish white crude residue was 
dissolved in saturated NaCl solution and extracted with chloroform (x3). The combined 
organic layer was dried over anhydrous MgSO4 and concentrated in vacuo. The pure 
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compound 4-8 was obtained as white solid by flash chromatography on silica gel (40:1 
hexane/ethyl acetate) in 92 % yield (1.38 g). 1H NMR (300 MHz, CDCl3): δ 3.98 (s, 2 H), 
7.2-7.4 (m, 4 H).  
 
(2-Mercaptophenyl)acetic acid (4-9):  
Benzo[b]thiophen-2(3H)-one (4-8) (483 mg, 3.21 mmol) was added in a flask which was 
inerted (vaccum/nitrogen) and dissolved with dry THF (c 0.2 M). Distilled water (6.3 
mL) was added to the flask. (Both THF and water was degassed before addition). Lithium 
hydroxide monohydrate (6 eq) was dissolved in 25 mL distilled water and syringed into 
the flask. The reaction mixture was heated to 60 oC using an oil bath for 14 h (overnight). 
The reaction was checked by TLC (eluant hexane/ethyl acetate 2:1) the next day and 
stopped. The flask was cooled to room temperature and the reaction mixture was diluted 
with water (20 mL) and diethyl ether (45 mL). The organic and aqueous layer was 
separated and the yellow aqueous layer was acidified with 6N aqueous HCl to pH ~2. 
The aqueous layer became white on acidification and was extracted with diethyl ether (x 
3). The combined organic layer was then washed with brine, dried over anhydrous 
MgSO4 and concentrated in vacuo. The pure compound 4-9 was obtained by flash 
chromatography on silica gel (10:1 hexane/ethylacetate) in 88 % yield (477 mg). 1H 
NMR (300 MHz, CDCl3): δ 3.49 (s, 1 H, S-H), 3.83 (s, 2 H on methylene carbon), 7.18-
7.29 (m, 3 H), 7.41 (m, 1 H), 10.10 (b, 1 H), 13C NMR (400 MHz, CDCl3): δ 39.85, 
126.94, 128.25, 130.74, 131.00, 132.41, 133.33, 176.16 
 
2, 2’-Dithiodipyridine (4-10):160 
Pyridine-2-thione (114 mg, 1 mmol) was dissolved in DCM (c 0.08 M) in a flask. 
Potassium permanganate (3.2 mmol) was ground into fine powder using mortar and 
pestle and added in small portions over 15 – 20 min while vigorously stirring the reaction 
mixture at room temperature. TLC monitor (1:1 hexane/ethyl acetate) after 30 min 
indicated no starting material. The reaction mixture was filtered using frit funnel lined 
with celite and washed with DCM. The solution was concentrated in vacuo and dried to 
give 4-10 as yellow solid in quantitative yield (118 mg) with melting point of 55-58 oC. 
1H NMR (300 MHz, CDCl3): δ 7.1 (m, 2 H), 7.6 (m, 4 H), 8.4 (m, 2 H). 
 
2, 2’-Dithiodipyridine (4-10):161 Alternate method 
Pyridine-2-thione (208 mg, 1.87 mmol) was taken in a flask which was inerted and 
dissolved in DCM (c 0.25 M). Sulfuryl chloride (2.2 eq) was dissolved in DCM and 
added dropwise over 5-7 min using a dropping funnel. TLC monitor (1:1 hexane/ethyl 
acetate) after 30 min indicated no starting material. The yellow reaction mixture was 
concentrated in vacuo which resulted in a white powder with a melting point of 123-126 
oC and insoluble in most organic solvents but soluble in water. This is probably the 
protonated form of 2-1. The previous procedure is more efficient and was used for 
synthesis of this compound. 
 
3-(2-Pyridyldisulfanyl) propanoic acid (4-11): 
A flask containing 4-10 (1.9 g, 8.6 mmol) was inerted. Degassed ethanol (200 proof, 7.6 
mL) and glacial acetic acid (0.2 mL) was added. Degassed ethanol (200 proof, 1.4 mL) 
was used to dissolve and transfer 3-mercaptopropanoic acid (0.5 eq) dropwise into the 
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reaction mixture. The reaction mixture was stirred overnight at room temperature. The 
reaction mixture was concentrated in vacuo and the oily residue was dissolved in DCM 
and purified by flash chromatography using neutral alumina (DCM/methanol/acetic acid). 
The white product 4-11 was collected and dried under high vacuum to remove acetic acid 
(759 mg) in 82 % yield. 1H NMR (400 MHz, CDCl3): δ 2.79 (t, J = 6.8 Hz, 2 H), 3.06 (t, 
J = 6.8 Hz, 2 H), 7.14 (m, 2 H), 7.66 (m, 1 H), 8.48 (dd, J = 3.3, 1.2 Hz, 1 H), 13C NMR 
(400 MHz, CDCl3): δ 33.9, 34.1, 120.5, 121.2, 137.4, 149.4, 159.2, 175.6. 
 
 
3-(2-Pyridyldisulfanyl)propanoic acid TIPS ester (4-12): 
A flask containing 4-11 (124 mg, 0.57 mmol) was inerted and dry DCM (c 0.24M) was 
added to dissolve the solid. The reaction was cooled to 0 oC. Triethylamine (1.6 eq) was 
then added followed by triisopropylsilylchloride (TIPSCl, 1.5 eq). The reaction was then 
brought to room temperature and allowed to stir for 30 min. The reaction was monitored 
by TLC (5:1 hexane/ethyl acetate), concentrated in vacuo and purified using silica gel 
(30:1 hexane/ethyl acetate) to yield colorless viscous oil 4-12 (205 mg, 96 % yield). 1H 
NMR (400 MHz, CDCl3): δ 1.03 (d, J = 7.2 Hz, 23 H), 1.24 (m, 3 H), 2.8 (t, J = 6.9 Hz, 2 
H), 3.04 (t, J = 6.9 Hz, 2 H), 7.09 (m, 2 H), 7.67 (m, 1 H), 8.47 (dd, J = 3.3, 1.2 Hz, 1 H), 
13C NMR (400 MHz, CDCl3): δ 11.7, 12.2, 17.6, 33.7, 35.2, 119.6, 120.6, 136.9, 159.8, 
171.3. 
 
2-(O-TIPSO-carbonylethyldisulfanyl)phenyl acetic acid (4-13): 
A flask containing 4-12 (106 mg, 0.28 mmol) was inerted and dissolved in dry THF (c 
0.2M). A solution of 4-9 (1 eq) in dry THF (c 0.4M) was added at 0 oC and the reaction 
mixture was allowed to come to room temperature. The reaction was stirred for 3 h and 
monitored by TLC (2:1 hexane/ethyl acetate), concentrated in vacuo and purified using 
silica gel chromatography (8:1 hexane/ethyl acetate) to yield 4-13 as a viscous liquid 
(120 mg, 98 %). 1H NMR (300 MHz, CDCl3): δ 1.04 (m, 18 H), 1.27 (m, 3 H), 2.7 (t, 2 
H), 2.9 (t, 2 H), 3.8 (s, 2 H), 7.27 (m, 2 H), 7.77 (m, 2 H). 
 
Synthesis of drug –TTM fluorescent probe 
 
tert-Butyl 4-hydroxybutanoate (4-14): 
4-tert-Butoxy-4-oxobutanoic acid (1 g, 5.7 mmol) (543.8 mg, 3.12 mmol) was taken in a 
flask and inerted. Dry THF (10 mL) was added to dissolve the solid and the flask was 
cooled to 0 oC using ice bath. BH3.Me2S 2M solution in THF (3 mL) was added dropwise 
to the reaction mixture. The reaction was allowed to stir at room temperature for 24 h. 
The reaction mixture was cooled to room temperature and the THF was removed by 
rotary evaporation. Saturated potassium carbonate was added to the reaction mixture and 
it was extracted with ether. The organic layer was washed with brine, dried with 
anhydrous magnesium sulfate and concentrated in vacuo to give 4-14 as a colorless liquid 
(894 mg) in 98 % yield. 1H NMR (400 MHz, CDCl3): δ 1.43 (s, 9H), 1.83 (m, 2H), 1.97 
(br, 1H), 2.34 (t, 2H, J = 6 Hz), 3.66 (t, 2H, J = 6 Hz), 13C NMR (400 MHz, CDCl3): δ 
27.78, 27.98, 32.31, 61.97, 80.43, 173.41. 
 
Fluorescein methyl ester (4-15): 
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Fluorescein (2 g, 6 mmol) was dissolved in methanol (c 0.05 M) and sulfuric acid (3.75 
mL) and refluxed for 20 h. The methanol was removed by rotary evaporation and the 
reaction mixture was dissolved in large volume of chloroform and washed repeatedly 
with water to remove any remaining acid. The organic layer was washed with brine, dried 
with anhydrous magnesium sulfate and concentrated to obtain 4-15 as a dark orange 
powder (1.94 g) in 93 % yield. 1H NMR (400 MHz, DMSO-d6): δ 3.56 (s, 3H), 7.02 (m, 
2H), 7.13 (m, 1H), 7.24 (m, 3H), 7.52 (m, 1H), 7.90 (m, 2H), 8.27 (m, 1H) 
 
Methyl 2-[3-(4-tert-butoxy-4-oxobutoxy)-6-oxo-6H-xanthen-9-yl]benzoate (4-16): 
The dye 4-15 (105.3 mg, 0.3 mmol), 4-14 (0.9 mmol, 3 eq) and Ph3P (0.9 mmol, 3 eq) 
was taken in a flask and inerted. DIAD (0.6 mmol, 2 eq) was added to it and 
THF/CH3CN (1 mL each) was added to dissolve them. The reaction was stirred for 2 h at 
room temperature and stopped. TLC monitor (10 % MeOH in DCM) indicated no starting 
material. The reaction mixture was subjected to rotary evaporation to remove solvents 
and 4-16 was obtained by flash chromatography on silica gel (2 % MeOH in DCM) as an 
orange solid in 87 % yield. 1H NMR (400 MHz, CDCl3): δ 1.45 (s, 9H), 2.10 (m, 2H), 
2.42 (t, 2H, J = 6 Hz), 3.62 (s, 3H), 4.10 (t, 2H, J = 6 Hz), 6.53 (m, 2H), 6.72 (m, 1H), 
6.89 (m, 3H), 7.30 (m, 1H), 7.71 (m, 2H), 8.24 (m, 1H), 13C NMR (400 MHz, CDCl3): δ 
24.70, 28.42, 32.04, 52.68, 68.04, 80.91, 101.15, 106.04, 113.96, 115.09, 117.84, 129.13, 
130.47, 130.59, 130.85, 131.41, 132.30, 132.43, 132.98, 134.92, 150.43, 154.52, 159.22, 
163.63, 165.88, 172.44, 185.92. 
 
4-[9-(2-Methoxycarbonylphenyl)-6-oxo-6H-xanthen-3-yloxy]butanoic acid (4-17): 
The compound 4-16 (146.4 mg, 0.3 mmol) was taken in a flask and inerted. Dry DCM 
(0.2M) was added to dissolve it. TFA (c 0.2 M) was added dropwise and the reaction was 
allowed to stir at room temperature for 2 h. TLC monitor (10 % MeOH in DCM) 
indicated product. The reaction mixture was rotary evaporated and 4-17 was obtained by 
flash chromatography on silica gel (3 % MeOH in DCM) as an orange solid (121 mg) in 
94 % yield. 1H NMR (400 MHz, CDCl3): δ 2.26 (m, 2H), 2.67 (t, 2H), 3.64 (s, 3H), 4.38 
(t, 2H), 7.14 (m, 1H), 7.41 (m, 4H), 7.84 (m, 3H), 8.35 (m, 1H) 
 
Paclitaxel-2’-TBDMS (4-18): 
Paclitaxel (200 mg, 0.23 mmol), imidazol (10 eq), TBDMSCl (5 eq) was dissolved in dry 
DMF (c 0.75 M) and stirred at room temperature for 1 h. TLC monitor (1:1 hexane/ethyl 
acetate) indicated no starting material. The reaction mixture was diluted with ethyl 
acetate and washed with water, brine, dried with anhydrous magnesium sulfate and 
concentrated in vacuo. The desired product 4-18 was obtained as white solid in 
quantitative yield by flash chromatography on silica gel (1:1 hexane/ethyl acetate). 1H 
NMR (300 MHz, CDCl3): δ -0.3 (s, 3H) (TBDMS Me), -0.04 (s, 3H) (TBDMS Me), 0.79 
(s, 9H) (TBDMS t-Bu), 1.13 (s, 3H), 1.24 (s, 3H), 1.68 (s, 4H), 1.9 (d, 4H), 2.12 (m, 1H), 
2.27 (s, 3H), 2.41 (m, 2H), 2.54 (m, 4H), 3.8 (d, 1H), 4.27 (dd, 2H), 4.42 (m, 1H), 4.66 
(d, 1H), 4.9 (m, 1H), 5.7 (m, 2H), 6.3 (m, 2H), 7.0 ( d, 1H), 7.7 (m, 2H), 7.6 (m, 1H), 7.5 
(m, 3H), 7.4 (m, 4H), 7.3 (m, 3H), 8.1 (d, 2H). 
 
SB-T-1214-2’-TBDMS (4-18a): 



 

 153

White solid, 89 % yield. 1H NMR (300 MHz, CDCl3) δ 0.09 (s, 3 H) (TBDMS Me), 0.12 
(s, 3 H) (TBDMS Me), 0.94 (s, 9 H) (TBDMS t-Bu), 0.98 (m, 2 H) (C-10 CH2), 1.10 (m, 
2 H) (C-10 CH2), 1.15 (s, 3 H) (C-16 Me), 1.27 (s, 3 H) (C-17 Me), 1.35 (s, 9 H) (Boc), 
1.67 (s, 3 H) (C-19 Me), 1.75 (s, 3 H) (isobutenyl Me), 1.78 (s, 3 H) (isobutenyl), 1.82 
(m, 1 H) (C-6 1 H), 1.88 (s, 3 H) (C-18 Me), 2.27 (m, 1 H) (C-10 1 H), 2.40 (m, 1 H) ( C-
6 1 H), 2.42 (s, 3 H) (OAc), 2.55 (m, 2 H) (C-14), 3.81 (d, J = 7.2 Hz, 1 H) (C-3), 4.20 
(d, J = 8.1 Hz, 1 H) (C-20), 4.25 (d, J = 3.0 Hz, 2H) (C-2’), 4.31 (d, J = 8.1 Hz, 1 H) (C-
20), 4.43 (m, 1 H) (C-7), 4.77 (m, 2 H) (C-3’, C-4’), 4.98 (d, J = 9.3 Hz, 1 H) (C-5), 5.25 
(d, J = 8.1 Hz, 1 H) (NH), 5.68 (d, J = 7.2 Hz, 1 H) (C-2), 6.19 (t, J=7.6, 1H) (C-13), 
6.29 (s, 1H) (C-10), 7.49 (t, J = 8.1 Hz, 2 H), 7.61 (t, J=7.2, 1 H), 8.11 (d, J = 8.4 Hz, 2 
H). 
 
Paclitaxel-7-fluorescein-2’-TBDMS (4-19): 
Paclitaxel-2’-TBDMS (4-18) (45 mg, 0.046 mmol), 4-17 (4 eq) and DMAP (1 eq) was 
taken in a flask and inerted. Dry DCM (c 0.02 M) and dry DMF (c 0.06 M) was added to 
dissolve the solids, the flask cooled to 0 oC and DIC (2 eq) was added to the reaction 
mixture. The reaction was stirred overnight at room temperature. TLC monitor (10 % 
MeOH in DCM) indicated starting material and product. The solvents were removed and 
7-2 was obtained as an orange solid (53 mg) in 73 % yield after flash chromatography (2 
% MeOH in DCM). 1H NMR (400 MHz, CDCl3): δ −0.3 (s, 3H) (TBDMS Me), -0.03 (s, 
3H) (TBDMS Me), 0.79 (s, 9H) (TBDMS t-Bu), 1.2 (t, 9H), 1.87 (m, 5H), 1.9 (s, 4H), 
2.13 (m, 4H), 2.5 (m, 8H), 3.6 (s, 3H), 3.96 (d, 1H), 4.19 (m, 4H), 4.34 (d, 1H), 4.67 (d, 
1H)  4.98 (d, 1H), 5.67 (m, 4H), 6.2 (m, 2H), 6.64 (m, 2H), 6.78 (m, 2H), 6.89 (m, 3H), 
7.00 (m, 1H), 7.10 (d, 1H), 7.3 (m, 5H), 7.38 (m, 4H), 7.5 (m, 3H), 7.6 (t, 1H), 7.67 (t, 
1H), 7.73 (m, 3H), 8.12 (d, 2H), 8.25 (d, 1H), 13C NMR (400 MHz, CDCl3): δ 10.85, 
14.57, 18.06, 20.65, 20.67, 21.36, 22.94, 23.66, 25.47, 26.31, 30.20, 33.38, 35.56, 43.30, 
46.79, 52.39, 55.64, 55.99, 68.03, 71.24, 71.45, 74.45, 75.05, 75.17, 76.34, 78.57, 80.87, 
83.86, 100.71, 100.73, 105.39, 114.88, 117.34, 126.37, 126.95, 127.92, 128.69, 128.73, 
129.03, 129.77, 130.15, 130.23, 130.35, 130.40, 131.12, 131.76, 132.57, 132.66, 133.67, 
134.06, 134.39, 138.21, 140.90, 159.06, 165.44, 165.46, 166.84, 166.97, 168.98, 169.92, 
171.40, 171.92, 171.94, 201.99, 201.01. 
 
SB-T-1214-7-fluorescein-2’-TBDMS (4-19a): 
Orange solid, 82 % yield. 1H NMR (300 MHz, CDCl3) δ 0.07 (s, 3 H) (TBDMS Me), 
0.10 (s, 3 H) (TBDMS Me), 0.92 (s, 9 H) (TBMDS t-Bu), 0.99 (m, 2 H) (H10), 1.06 (m, 
2 H) (H10), 1.16 (s, 3 H) (H16 Me), 1.22 (s, 3 H) (C17 Me), 1.34 (s, 9 H) (Boc), 1.66 (m, 
1 H) (H10), 1.73 (s, 3 H) (H19 Me), 1.77 (s, 3 H) (isobutenyl Me), 1.79 (s, 3 H) 
(isobutenyl Me), 1.93 (s, 3 H) (H18 Me), 2.09 (m, 2 H) (fluorescein CH2), 2.15 (m, 1 H) 
(H6 1 H), 2.29 (m, 1 H) (H6 1 H), 2.40 (s, 3 H) (OAc), 2.46 (m, 2 H) (fluorescein CH2), 
2.57 (m, 2 H) (H14), 3.61 (s, 3 H) (fluorescein Me), 3.69 (s, 1 H) (OH), 3.95 (d, J = 6.8 
Hz, 1 H) (H3), 4.10 (m, 2 H) (fluorescein CH2), 4.17 (d, J = 8.4 Hz, 1 H) (H20), 4.23 (d, J 
= 3.2 Hz, 1 H) (H2’), 4.30 (d, J = 8.4 Hz, 1 H) (H20), 4.74 (m, 1 H) (H4’), 4.80 (m, 1 H) 
(H3’), 4.93 (d, J = 8.8 Hz, 1 H) (H5), 5.22 (d, J = 8.0 Hz, 1 H) (NH), 5.60 (dd, J = 10.8, 
7.2 Hz, 1 H) (H7), 5.66 (d, J = 6.8 Hz, 1 H) (H2), 6.13 (t, J = 8.8 Hz, 1 H) (H13), 6.29 (s, 
1 H) (H10),  6.49 (s, 1 H), 6.54 (d, J = 10 Hz, 1 H), 6.73 (m, 1 H), 6.86 (m, 2 H), 6.96 (t, 
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J = 2.4 Hz, 1 H), 7.28 (d, J = 7.2 Hz, 1 H), 7.46 (t, J = 8.0 Hz, 2 H), 7.64 (m, 3 H), 8.08 
(d, J = 8.8 Hz, 2 H), 8.22 (m, 1 H). 
 
Paclitaxel-7-fluorescein-2’-OH (4-20):  
Paclitaxel-7-fluorescein-2’-TBDMS (4-19) (14 mg, 0.01 mmol) was dissolved in 
acetonitrile/pyridine (0.26 mL each). The flask was cooled to 0 oC and HF/pyridine (65-
70 %, 0.13 mL) was added dropwise. The mixture was stirred at room temperature for 9 
h.  The reaction was neutralized with NaHCO3 solution, pyridine was removed by 
evaporation, and the solid was dissolved with ethyl acetate. The organic layer was 
washed with water (x3), NaCl (x1) and dried over anhydrous MgSO4 and concentrated in 
vacuo. The crude product was purified on a silica gel column (2 % methanol in 
dichloromethane) to afford 4-20 as an orange solid (11.6 mg, 91 % yield) 
1H NMR (400 MHz, CDCl3): δ 1.19 (m), 1.81 (m), 2.27 (m), 2.5 (m), 3.7 (m), 3.98 (t), 
4.18 (d), 4.31 (d), 4.89 (s), 4.98 (d), 5.6 (d), 5.7 (m), 6.1 (m), 6.2 (s), 6.9 (m), 7.0 (m), 7.6 
(m), 7.77 (m), 7.90 (d), 8.1 (d), 8.3 (d), 13C NMR (400 MHz, CDCl3): δ 10.85, 14.57, 
14.63, 20.83, 20.94, 22.52, 22.63, 26.35, 28.88, 29.00, 29.67, 30.01, 33.46, 35.47, 43.12, 
47.11, 52.76, 52.79, 56.07, 56.36, 69.21, 70.79, 71.86, 73.48, 73.57, 74.36, 75.49, 76.34, 
78.63, 78.67, 80.50, 83.96, 100.64, 103.75, 116.37, 116.85, 127.18, 127.21, 127.50, 
127.58, 127.73, 128.32, 128.35, 128.57, 128.70, 128.86, 129.11, 129.74, 129.84, 130.13, 
130.65, 131.02, 131.36, 131.47,131.60, 132.01, 132.07, 133.04, 133.25, 133.77, 133.96, 
139.02, 141.54, 141.63, 159.70, 159.77, 164.99, 166.87, 167.27, 169.11, 170.34, 172.21, 
172.25, 202.31. 
 
SB-T-1214-7-fluorescein-2’-OH (4-20a):162 
Orange solid, 72 % yield. 1H NMR (300 MHz, CDCl3) δ 0.93 (m, 2 H) (H10), 1.08 (m, 2 
H) (H10), 1.18 (s, 3 H) (H16 Me), 1.24 (s, 3 H) (C17 Me), 1.35 (s, 9 H) (Boc), 1.68 (m, 1 
H) (H10), 1.73 (s, 3 H) (H19 Me), 1.77 (s, 3 H) (isobutenyl Me), 1.81 (s, 3 H) (isobutenyl 
Me), 2.02 (s, 3 H) (H18 Me), 2.10 (m, 2 H) (fluorescene CH2), 2.20 (m, 1 H) (H6 1 H), 
2.33 (m, 1 H) (H6 1 H), 2.38 (s, 3 H) (OAc), 2.42 (m, 2 H) (fluorescene CH2), 2.57 (m, 2 
H) (H14), 3.62 (s, 3 H) (fluorescene Me), 3.97 (d, J = 6.8 Hz, 1 H) (H3), 4.13 (m, 2 H) 
(fluorescene CH2), 4.17 (d, J = 8.4 Hz, 1 H) (H20), 4.27 (d, J = 3.2 Hz, 1 H) (H2’), 4.31 
(d, J = 8.4 Hz, 1 H) (H20), 4.77 (m, 1 H) (H4’), 4.95 (m, 2 H) (H3’, H5), 5.35 (d, J = 8.0 
Hz, 1 H) (NH), 5.67 (m, 2 H) (H7, H2), 6.13 (t, J = 8.8 Hz, 1 H) (H13), 6.32 (s, 1 H) 
(H10),  6.56 (s, 1 H), 6.60 (d, J = 10 Hz, 1 H), 6.74 (m, 1 H), 6.89 (m, 2 H), 7.15 (t, J = 
2.4 Hz, 1 H), 7.29 (d, J = 7.2 Hz, 1 H), 7.48 (t, J = 8.0 Hz, 2 H), 7.64 (m, 3 H), 8.09 (d, J 
= 8.8 Hz, 2 H), 8.24 (m, 1 H). 
 
Paclitaxel-7-fluorescein-2-linker-OTIPS (4-21): 
A flask containing 4-20 (38 mg, 0.011 mmol), DMAP (1 eq) and linker (2 eq) was inerted 
and dichloromethane (1.5 mL) was added to dissolve the solids. The flask was cooled to 
0 oC and DIC (2 eq) was then added dropwise. The solution was stirred for 5 h at room 
temperature and the crude product was purified on a silica gel column (1:2 hexane:ethyl 
acetate) to afford 4-21 (30.6 mg, 61 % yield) as an orange solid. 
1H NMR (400 MHz, CDCl3): δ 1.14 (d, 6H), 1.37 (m), 1.8 (s), 2.0 (m), 2.1 (m), 2.4 (d), 
2.7 (m), 2.8 (m), 3.6 (s), 3.9 (m), 4.1 (m), 4.3 (m), 4.9 (d), 5.4 (m), 5.6 (m), 5.8 (m), 6.2 
(m), 6.8 (m), 6.9 (m), 7.1 (m), 7.3 (m), 7.4 (m), 7.5 (m), 7.6 (m), 7.7 (m), 8.1 (t), 8.3 (d), 
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13C NMR (400 MHz, CDCl3): δ 6.75, 10.86, 11.83, 12.24, 14.15, 14.50, 17.72, 20.54, 
20.69, 21.00, 21.26, 22.65, 23.60, 26.37, 29.65, 29.81, 30.11, 33.34, 33.70, 35.22, 38.90, 
43.23, 46.86, 52.49, 52.77, 53.12, 55.98, 60.36, 68.41, 71.55, 74.49, 75.25, 76.31, 76.68, 
76.99, 77.31, 78.55, 80.75, 80.89, 83.89, 100.72, 104.94, 117.17, 126.53, 126.75, 127.19, 
127.92, 128.08, 128.32, 128.70, 128.90, 129.11, 129.43, 130.14, 130.84, 131.02, 131.22, 
131.89, 132.36, 132.76, 133.06, 133.24, 133.55, 133.68, 134.08, 136.33, 136.88, 141.29, 
141.45, 159.37, 159.51, 165.33, 166.84, 167.15, 167.30, 167.78, 168.13, 168.95, 169.30, 
169.62, 170.25, 171.30, 171.73, 171.99, 173.95, 174.87, 202.15. 
 
SB-T-1214-7-fluorescein-2-linker-OTIPS (4-21a):162 
Orange solid, 63 % yield. 1H NMR (300 MHz, CDCl3): δ 0.98-1.05 (m, 2 H), 1.07 (d, J = 
6.9 Hz, 18 H), 1.13-1.21 (m, 2 H), 1.15 (s, 3 H), 1.26 (s, 3 H), 1.29 (m, 3 H), 1.35 (s, 9 
H), 1.62 (m, 2 H), 1.65 (s, 3 H), 1.67 (s, 3H), 1.72 (m, 1 H), 1.75 (s, 3 H), 1.92 (s, 3 H), 
2.12 (m, 2 H), 2.24 (m, 2 H), 2.32 (s, 3 H), 2.41 (m, 2 H), 2.52 (m, 1 H), 2.72 (t, J = 6.6 
Hz, 2 H), 2.91 (t, J = 6.6 Hz, 2 H), 3.58 (d, J = 0.9 Hz, 3 H), 3.87 (m, 2 H), 4.02-4.14 (m, 
4 H), 4.26 (d, J = 8.4 Hz, 1 H), 4.7-4.9 (m, 4H), 5.04 (d, J = 8.4 Hz, 1 H), 5.55 (dd, J = 
10.5, 6.9 Hz, 1 H), 5.63 (d, J = 6.9 Hz, 1 H), 6.11 (t, J = 7.2 Hz, 1 H), 6.25 (s, 1 H), 6.41 
(s, 1 H), 6.47 (d, J = 9.9 Hz, 1 H), 6.68 (dd, J = 9.0, 2.1 Hz, 1 H), 6.80 (m, 2 H), 6.92 (t, J 
= 2.1 Hz, 1 H), 7.27 (m, 4 H), 7.43 (t, J = 7.8 Hz, 2 H), 7.54-7.73 (m, 4 H), 8.06 (d, J = 
8.4 Hz, 2 H), 8.19 (dd, J = 8.1, 1.5 Hz, 1 H). 
 
Paclitaxel-7-fluorescein-2-linker-COOH (4-22): 
A flask containing 4-21 (29 mg, 0.0228 mmol) was inerted and 0.6 mL of dry 
pyridine/acetonitrile (1:1) was added to dissolve it. The flask was cooled to 0 oC and 
HF/pyridine (70:30, 0.08 mL) was added dropwise at 0 oC. The mixture was stirred at 
room temperature for 5 h. The reaction was quenched with aqueous saturated sodium 
carbonate solution and the pyridine evaporated. The solid was then dissolved in ethyl 
acetate, washed with NaHCO3 (x 3), water, brine and dried over anhydrous magnesium 
sulfate and purified by flash chromatography (5 % MeOH in DCM) to afford 4-22 as an 
orange solid in 67 % yield. 1H NMR (400 MHz, CDCl3): δ 1.25 (m), 1.79 (s), 2.06 (m), 
2.2 (m), 2.5 (m), 2.8 (m), 3.6 (s), 3.9 (m), 4.0 (m), 4.1 (m), 4.3 (m), 4.9 (m), 5.5 (m), 5.6 
(m), 5.8 (m), 6.1 (m), 6.2 (s), 7.0 (m), 7.1 (m), 7.3 (m), 7.4 (m), 7.5 (m), 7.6 (m), 7.7 (m), 
8.1 (d), 8.2 (d). 13C NMR (400 MHz, CDCl3): δ 10.85, 14.17, 14.67, 20.39, 20.62, 21.02, 
21.15, 22.65, 23.54, 26.39, 26.67, 33.34, 33.81, 35.21, 38.84, 43.19, 47.01, 52.55, 53.18, 
55.96, 60.37, 68.54, 71.65, 74.52, 75.27, 76.28, 77.31, 78.54, 80.76, 80.93, 83.80, 100.54, 
100.69, 104.72, 117.00, 126.80, 126.86, 127.24, 127.28, 127.92, 128.35, 128.63, 128.73, 
128.92, 129.07, 130.15, 130.94, 131.19, 131.27, 131.92, 132.29, 132.80, 133.05, 133.55, 
133.77, 136.66, 136.91, 141.51, 159.57, 165.28, 166.84, 167.25, 168.19, 168.29, 168.98, 
169.64, 172.05, 173.63, 202.15.  
 
SB-T-1214-7-fluorescein-2-linker-COOH (4-22a):162 
Orange solid, 95 % yield. 1H NMR (300 MHz, CDCl3): δ 0.98-1.05 (m, 2 H), 1.13-1.21 
(m, 8 H), 1.35 (s, 9 H), 1.62 (m, 2 H), 1.72-1.78 (m, 10 H), 1.97 (s, 3 H), 2.12 (m, 2 H), 
2.3-2.6 (m, 8 H), 2.68 (t, J = 6.9 Hz, 2 H), 2.95 (m, 2 H), 3.62 (d, J = 0.9 Hz, 3 H), 3.94 
(m, 2 H), 4.02-4.25 (m, 4 H), 4.33 (d, J = 8.7 Hz, 1 H), 4.90-4.97 (m, 4 H), 5.12 (d, J = 
8.4 Hz, 1 H), 5.58 (dd, J = 10.5, 6.9 Hz, 1 H), 5.69 (d, J = 6.9 Hz, 1 H), 6.17 (t, J = 7.2 
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Hz, 1 H), 6.28 (s, 1 H), 6.58-6.62 (m, 2 H), 6.74 (dd, J = 9.0, 2.1 Hz, 1 H), 6.88 (m, 2 H), 
7.03 (t, J = 1.8 Hz, 1 H), 7.27 (m, 4 H), 7.43 (t, J = 7.8 Hz, 2 H), 7.54-7.73 (m, 4 H), 8.06 
(d, J = 8.4 Hz, 2 H), 8.19 (dd, J = 8.1, 1.5 Hz, 1 H). 
 
Paclitaxel-7-fluorescein-2-linker-OSu (4-23): 
A flask containing 4-22 (17 mg, 0.011 mmol), N-hydroxysuccinimide (5 eq), DCC (2.5 
eq) was inerted and dry THF (0.05 M) was added to dissolve the solids. The flask was 
cooled to 0 oC. The reaction was then stirred for 28 h at room temperature till TLC 
indicated conversion to product (4-23) and MALDI indicated no starting material. The 
solvent was removed and the product was obtained by flash chromatography (2 % MeOH 
in DCM) in 71 % yield as an orange solid (13 mg). The product was verified by MALDI 
and used immediately for the next reaction. 
 
Paclitaxel-7-fluorescein-2-linker-PEG-Folic acid (4-24): 
A flask containing 4-23 (13 mg, 0.0086 mmol) was inerted and DMSO (0.5 mL) was 
added to dissolve it. FA-PEG-NH2 (4-6) (1 eq) was dissolved in DMSO and added. The 
reaction was stirred at room temperature for 67 h with a further addition of 0.1 eq of FA-
PEG-NH2. MALDI indicated no starting material. The reaction was stopped and the 
product 4-24 purified by HPLC (Acetonitrile: water/0.1 % formic acid 70:30) and 
obtained as a yellow solid (7.6 mg, 37 % yield, mixture of α and γ isomers). HRMS: (Q-
TOF TOF MS ES+) m/z Calculated for C124H142O37N10S2

+ (M+/2): 1214.4568 Found: 
1214.4525 (∆ = - 3.5 ppm). 
 
Synthesis of tumor-targeting drug conjugate 
 
SB-T-1214-2’-linker-OTIPS (4-25):162 
A flask containing SB-T-1214 (70 mg, 0.08 mmol), DMAP (0.5 eq) and TIPS protected 
linker 4-13 (1.2 eq) was inerted and dichloromethane (1.5 mL) was added to dissolve the 
solids. The flask was cooled to 0 oC and DIC (2 eq) was then added dropwise. The 
solution was stirred for 5 h at room temperature and the crude product was purified on a 
silica gel column (1:1 hexane:ethyl acetate) to afford 4-25 (50 mg, 50 % yield) as an 
white solid. 1H NMR (300 MHz, CDCl3): δ 1.13 (s, 3 H), 1.14 (s, 3 H), 1.25 (s, 4 H), 1.22 
(d, J = 7.2 Hz, 18 H), 1.31 (m, 3H), 1.34 (s, 9 H), 1.66 (s, 3 H), 1.71 (s, 1 H), 1.75 (s, 6 
H), 1.82 (s, 1 H), 1.86(m, 1 H), 1.91 (s, 3 H), 2.31 (s, 1 H), 2.33 (s, 1 H), 2.37 (s, 3 H), 
2.60 (m, 2 H), 2.87 (d, J = 6 Hz, 2 H), 2.97 (d, J = 6 Hz, 2 H), 3.80 (d, J = 7.2 Hz, 1 H), 
4.17 (s, 2 H), 4.19 (d, J = 8.7 Hz, 1 H), , 4.30 (d, J = 8.7 Hz, 1 H), 4.43 (dd, J = 10.6, 6.6 
Hz, 1 H), 4.9-5.0 (m, 4 H), 5.19 (s, 1 H), 5.66 (d, J = 7.2 Hz, 1 H), 6.17 (t, J = 8.7 Hz, 1 
H), 6.29 (s, 1 H), 7.34 (m, 3 H), 7.47 (t, J = 7.5 Hz, 2 H), 7.60 (t, J = 7.3 Hz, 1 H), 7.80 
(d, J = 7.2 Hz, 1 H), 8.10 (d, J = 7.4 Hz, 2 H), 13C NMR (100 MHz, CDCl3): δ 1.22, 9.32, 
9.53, 9.75, 13.21, 13.90, 15.00, 18.75, 19.32, 22.42, 22.63, 23.69, 25.80, 25.94, 26.91, 
28.44, 29.90, 30.86, 32.84, 33.54, 35.67, 35.95, 43.40, 45.84, 49.20, 58.71, 64.56, 72.05, 
72.37, 75.05, 75.45, 75.66, 76.62, 79.51, 80.07, 81.22, 84.70, 120.15, 128.57, 128.85, 
129.20, 129.51, 130.38, 131.03, 131.27, 132.12, 132.76, 133.82, 136.70, 138.16, 143.58, 
155.13, 166.58, 167.21, 168.39, 169.20, 169.86, 171.19, 175.30, 204.30. 
 
SB-T-1214-2’-linker-COOH (4-26):162 
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A flask containing 4-25 (50 mg, 0.04 mmol) was inerted and 1 mL each of dry 
pyridine/acetonitrile (1:1) was added to dissolve it. The flask was cooled to 0 oC and 
HF/pyridine (70:30, 0.5 mL) was added dropwise at 0 oC. The mixture was stirred at 
room temperature for 1 h. The reaction was quenched with aqueous saturated sodium 
carbonate solution and the pyridine evaporated. The solid was then dissolved in ethyl 
acetate, washed with NaHCO3 (x 3), water, brine and dried over anhydrous magnesium 
sulfate and purified by flash chromatography (5 % MeOH in DCM) to afford 4-26 as a 
white solid in 97 % yield. 1H NMR (300 MHz, CDCl3): δ 1.13 (s, 3 H), 1.14 (s, 3 H), 
1.25 (s, 4 H), 1.34 (s, 9 H), 1.66 (s, 3 H), 1.71 (s, 1 H), 1.75 (s, 6 H), 1.82 (s, 1 H), 
1.86(m, 1 H), 1.91 (s, 3 H), 2.31 (s, 1 H), 2.33 (s, 1 H), 2.37 (s, 3 H), 2.60 (m, 2 H), 2.87 
(d, J = 6 Hz, 2 H), 2.97 (d, J = 6 Hz, 2 H), 3.80 (d, J = 7.2 Hz, 1 H), 4.17 (s, 2 H), 4.19 
(d, J = 8.7 Hz, 1 H), , 4.30 (d, J = 8.7 Hz, 1 H), 4.43 (dd, J = 10.6, 6.6 Hz, 1 H), 4.9-5.0 
(m, 4 H), 5.19 (s, 1 H), 5.66 (d, J = 7.2 Hz, 1 H), 6.17 (t, J = 8.7 Hz, 1 H), 6.29 (s, 1 H), 
7.34 (m, 3 H), 7.47 (t, J = 7.5 Hz, 2 H), 7.60 (t, J = 7.3 Hz, 1 H), 7.80 (d, J = 7.2 Hz, 1 
H), 8.10 (d, J = 7.4 Hz, 2 H) 
 
SB-T-1214-2’-linker-OSu (4-27):162 
A flask containing 4-26 (40 mg, 0.036 mmol), N-hydroxysuccinimide (5 eq), D1C (2.5 
eq) was inerted and dry THF (c 0.05 M) was added to dissolve the solids. The flask was 
cooled to 0 oC. The reaction was then stirred for 24 h at room temperature till TLC 
indicated conversion to product (4-27) and MALDI analysis indicated no starting 
material. The solvent was removed and the product was obtained by flash 
chromatography (1:1 hexane:ethyl acetate) in 77 % yield as a white solid (33 mg). The 
product was verified by MALDI and used for the next reaction. 1H NMR (400 MHz, 
CDCl3): δ 1.13 (s, 3 H) (H16), 1.14 (s, 3 H) (H17), 1.25 (s, 4 H) (H10 cyclopropane), 
1.34 (s, 9 H) (Boc), 1.66 (s, 3 H) (H19), 1.71 (s, 1 H) (cyclopropane), 1.75 (s, 6 H) 
(isobutenyl), 1.82 (s, 1 H) (OH), 1.86(m, 1 H) (H6a), 1.91 (s, 3 H) (H18), 2.31 (s, 1 H) (H 
6), 2.33 (s, 1 H) (OH), 2.37 (s, 3 H) (OAc), 2.60 (m, 2 H) (H 14), 2.83 (s, 4 H) (OSu), 
2.87 (d, J =6 Hz, 2 H) (CH2-CO2Su), 2.97 (d, J =6 Hz, 2 H) (S-CH2), 3.80 (d, J = 7.2 Hz, 
1 H) (H3), 4.17 (s, 2 H) (Ph-CH2-CO2), 4.19 (d, J = 8.7 Hz, 1 H) (H20a), , 4.30 (d, J = 8.7 
Hz, 1 H) (H20b), 4.43 (dd, J = 10.6, 6.6 Hz, 1 H) (H7), 4.9-5.0 (m, 4 H) (H3’, 
H4’isoButenyl, H5, H2’), 5.19 (s, 1 H) (NH), 5.66 (d, J = 7.2 Hz, 1 H) (H2), 6.17 (t, J = 
8.7 Hz, 1 H) (H13), 6.29 (s, 1 H) (H10), 7.34 (m, 3 H) (Ph linker), 7.47 (t, J = 7.5 Hz, 2 
H) (Bz), 7.60 (t, J = 7.3 Hz, 1 H) (Bz), 7.80 (d, J = 7.2 Hz, 1 H) (Ph linker), 8.10 (d, J = 
7.4 Hz, 2 H) (Bz), 13C NMR (400 MHz, CDCl3): δ 1.22, 9.32, 9.53, 9.75, 13.21, 13.90, 
15.00, 18.75, 19.32, 22.42, 22.63, 23.69, 25.80, 25.94, 26.91, 28.44, 29.90, 30.86, 32.84, 
33.54, 35.67, 35.95, 43.40, 45.84, 49.20, 58.71, 64.56, 72.05, 72.37, 75.05, 75.45, 75.66, 
76.62, 79.51, 80.07, 81.22, 84.70, 120.15, 128.57, 128.85, 129.20, 129.51, 130.38, 
131.03, 131.27, 132.12, 132.76, 133.82, 136.70, 138.16, 143.58, 155.13, 166.58, 167.21, 
168.39, 169.20, 169.86, 171.19, 175.30, 204.30. 
 
SB-T-1214-2’-linker-PEG-folate (4-28): 
A flask containing 4-27 was inerted and anhydrous DMSO was added to dissolve it. Then 
FA-PEG-NH2 4-6 (1.1 eq) was dissolved in anhydrous DMSO and added to the flask. 
The reaction was carried out at room temperature for 3 days. LC/MS was performed to 
determine conditions for purification and the compound was purified using preparative 



 

 158

HPLC (water/acetonitrile) and obtained as a light yellow solid. The product was verified 
by MALDI MS. HRMS: (Q-TOF TOF MS ES+) m/z Calculated for C97H133N10O32S2

+: 
2013.8529 Found: 2013.8521 (∆ = - 0.4 ppm). 
 
Biological assays: 
 
Cell culture: L1210FR cell line was received as a gift from Dr. Gregory Russell-Jones 
(Access Pharmaceuticals Australia Pty Ltd., Targeted Delivery, Unit 5, 15-17 Gibbes St, 
Chatswood, NSW, Sydney 2067, Australia). L1210, A549, ID8 were purchased from 
ATCC. The cells were grown in RPMI-1640 cell culture medium (Invitrogen) in the 
absence of folate receptor (FR) supplemented with 10 % fetal bovine serum (FBS). Prior 
to incubation, the cells were collected by centrifugation at 1000 rpm for 6 min and 
resuspended in RPMI medium without FR at a cell density of 5×105 cells/mL.  
 
Incubation of cells with the folate-4C-FITC (4-4) folate-PEG-FITC conjugate (4-7):  
The cell suspension (1 mL each) was added to separate microtubes. The folate-FITC 
conjugates (4-4 and 4-7) (10 μL) in DMSO was added to the microtube at a final 
concentration of 100 nM and incubated at 37 oC for 3 h. After incubation, the cells were 
washed with phosphate buffered saline (PBS) and collected by centrifugation twice, and 
resuspended in 100 μL phosphate buffered saline (PBS) for imaging. 
 
Low temperature incubation of cells with the folate-PEG-FITC conjugate (4-7): 
The incubation of L1210FR with the folate-PEG-FITC conjugate (4-7) was carried out in 
the cold room at ~ 4 oC. The isolation and washing of the cells were achieved as 
described above. 
 
Blocking the receptors on L1210FR cells with excess folic acid: 
Before incubation with the folate-PEG-FITC conjugate (4-7), the cells were treated with 
folic acid at a several concentrations for 1 h. 
 
Incubation of cells with the folate-PEG-linker-paclitaxel-fluorescein conjugate (4-
24): 
The cell suspension (1 mL) was added to microtube. The conjugates (10 μL) in DMSO 
were added to the microtube at a final concentration of 20 μM. After incubation at 37 oC 
for 2 h, the cells were washed twice with phosphate buffered saline (PBS) to remove 
excess conjugates and resuspended in the medium. DMSO (10 μL) was then added to the 
suspension as a control and incubated for another 1 h. After incubation, the cells were 
washed with phosphate buffered saline (PBS) and collected by centrifugation twice, and 
resuspended in 100 μL phosphate buffered saline (PBS) for imaging. 
 
Release of the taxane in cells: 
The conjugates (10 μL) in DMSO were added to 1 mL of cells in the microtube at a final 
concentration of 20 μM. After incubation at 37 oC for 2 h, the cells were washed twice 
with phosphate buffered saline (PBS) to remove excess conjugates and resuspended in 
the medium. Glutathione monoester (GSH-OEt) (10 μL) was then added to the 
suspension at a final concentration of 2 mM and incubated for another 1 h. The excess 
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GSH-OEt was removed by washing twice with phosphate buffered saline (PBS) and the 
cells were resuspended in 100 μL phosphate buffered saline (PBS) before imaging. 
 
Immunofluorescent assay in L1210FR cells: 
Indirect immunofluorescent assay using folate-PEG-linker-paclitaxel-fluorescein 
conjugate (4-24) following standard protocol. Cells were first incubated with 4-24 at 100 
nM cell concentration for 3 h at 37 oC and excess conjugate was removed in the usual 
way. GSH-OEt was then added as described in the previous procedure to enhance the 
release of the taxane. The microtubules were stabilized using PIPES buffer and incubated 
with the primary goat antibody and the cells were permeabilized. The cells were then 
incubated with antigoat antimouse antibody, washed in the usual way described above 
and resuspended in 100 μL PBS for CFM imaging. 
 
Confocal microscopy imaging of the treated cells: 
All the confocal images were taken immediately after the incubation and washing steps. 
100 μL of the cell suspension was transferred to the bottom-glass dish using micropipette 
and imaged by a Zeiss LSM 510 confocal microscope. 
 
Flow cytometry fluorescent measurements of the cells: 
Flow cytometry analysis was performed immediately after the incubation and washing 
steps. Cells were resuspended in 0.5 mL of PBS and analyzed using a flow cytometer, 
FACSCalibur, operating at a 488 nm excitation wavelength and detecting emission 
wavelengths with a 530/30 nm bandpass filter. At least 10,000 cells were counted for 
each experiment using CellQuest 3.3 software (Becton Dickinson) and the distribution of 
FITC fluorescence was analyzed using WinMDI 2.8 freeware (Joseph Trotter, Scripps 
Research Institute). 
 
In vitro cytotoxicity assay: 
The cytotoxicity of folate-PEG-linker-SB-T-1214 (4-28) was quantitatively evaluated in 
vitro on FR(+)leukemia mouse cell lines L1210FR, L1210, FR(-) lung cancer cell line 
A549, FR(+) ovarian cancer cell line ID8 and the measurement was performed with the 
well-established MTT (3-(4,5-dimethylthiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) 
cell proliferation assay. Paclitaxel and second-generation taxoid, SB-T-1214 were also 
assayed as control. The cell suspension was cultured and incubated at a concentration of 
~ 2 × 104 in each well of a 96-well plate. For the adhesive cell type, the cells were 
allowed to reseed to the bottom of the plates overnight and fresh medium was added to 
each well upon removal of the old medium. Cells were subsequently treated with 10 μL 
of the folate-PEG-linker-SB-T-1214 (4-28) dissolved in medium at different final 
concentrations ranging from 0.01 to 1000 nM for 72 h. The cells were then centrifuged 
down, old medium was removed and fresh medium containing MTT (e.g. 100 μL of 0.5 
mg/mL) was added and incubated at 37 oC for 4 h. The medium was then removed and 
the insoluble violet formazan crystals, which were the product of the mitochondrial 
reduction of MTT by succinic dehydrogenase, were further dissolved using 0.1 N HCl in 
isopropanol which formed a violet solution. The absorbance measurement of each well in 
the 96-well plate was performed at 570 nm and gave a direct estimate of cell viability and 
activity. The viability of the cells was plotted as a function of concentration and the 
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cytotoxicity of folate-PEG-linker-SB-T-1214 (4-28) was also determined by the IC50 
value, which was defined as the drug concentration inducing 50 % of the cells death. 
Finally, the IC50 value from the viability-concentration curve was calculated with the 
Sigma Plot. 
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Chapter 5 
Functionalized SWNT (f-SWNT) as a Versatile Platform 

for Tumor-targeted Drug Delivery and Dual Therapy 

5.1 Introduction 

5.1.1 Nanotechnology – Opportunities in Diagnostic and Therapeutic 
Nanomedicine 
 Nanotechnology encompasses a vast and diverse array of devices or nanovectors 
from multidisciplinary fields of chemistry, physics, biology and engineering which can 
be applied for diagnosis and treatment of diseases. Nanomedicine or the medical 
applications of nanotechnology include nanomaterials, nanoelectronic biosensors and 
molecular nanotechnology.1 The last few years have witnessed a surge in the discovery 
and development of novel nanomaterials which consist of inorganic and organic matter as 
is evidenced by the allocation of $144 million in 2004 by the National Cancer Institute 
(NCI), $54 million by the National Heart, Lung and Blood Institute in U.S.A. for research 
in nanomedicine, sharp increase of patent filings in this area2 as well as funding by 
European Commission. Nanotechnology typically refers to man-made devices that are in 
the 1-100 nm range at least in one dimension.3 To put things in perspective a DNA 
double helix has a diameter of 2 nm and the smallest cellular life form is around 200 nm 
in length. Thus nanoparticles are in the same dimension range as antibodies, nucleic 
acids, receptors, proteins and other biomolecules. The basic nanotechnology approaches 
for medical application can be traced back a few decades but the recent success of 
nanomedicine has fueled interest in research as well as funding. The first example of lipid 
vesicles or liposomes was reported in 1965,4 the first controlled release polymer system 
was reported in 1976,5 first long circulating stealth polymeric nanoparticle was reported 
in 1994,6 the first quantum dot bioconjugate was reported in 19987, 8 and the first 
nanowire nanosensor was reported in 2001.9 Structures of some organic nanoparticles are 
shown in Figure 5-1 and inorganic nanoparticles are shown in Figure 5-2.10
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Figure 5-1. Structures of organic nanoparticles A) liposomes, B) dendrimers and C) 
carbon nanotubes10 (Figure adapted from Ref. 10) 

 
 

 
 

Figure 5-2. Structures of inorganic nanoparticles A) quantum dots, B) magnetic 
nanoparticles and C) gold nanoparticles10 (Figure adapted from Ref. 10) 

 
 Currently, research in nanotechnology include developing novel nanomaterials for 
applications in –  
1) nanomedicine for the purpose of a) disease diagnosis, b) disease imaging and c) drug 
delivery;  
2) arranging small components into complex ones such as DNA nanotechnology  
3) biomimetics; besides many others. 
Some of the applications of nanomaterials in medicine are summarized in Table 5-1.11 
 
 

Nanomaterials  Size  Toxicity Status  Application  
Gold nanoparticle  2-4 nm  Low  Commercial  Delivery/Treatment 

Quantum dot  2-10 nm  Toxic  Commercial  Delivery/Imaging  
Liposome  100-200 nm  Low  Clinical use  Delivery  
Polymer  ~ 200 KDa  Low  Clinical use  Delivery  

Dendrimer  2-6 nm  Variable Phase I  Delivery  
Virus  30-100 nm  High  Phase II  Delivery  

Single-walled carbon 
nanotube  

1-2 nm diameter 
Variable length  Variable Research  Delivery  
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Multi-walled carbon 
nanotube  

20-25 nm 
diameter 

Variable length  
Variable Research  Delivery  

Magnetic 
nanoparticle  ~ 100 nm  Low  Research  Delivery/Imaging  

Nanowire  Variable 
length/diameter  N/A  Research  Sensing  

 
Table 5-1. Summary of application of some nanomaterials11 (Table adapted from Ref.11) 

 
Several excellent reviews on nanoparticles and their applications have been reported in 
literature.1, 3, 12, 13 Many multifunctional nanoparticles are in various stages of preclinical 
and clinical development. Abraxane® (ABI-007), a novel cremophor free formulation of 
anticancer agent paclitaxel, was approved by the FDA in 2005 as a second line treatment 
for breast cancer.14 The traditional excipients, polyoxyethylated castor oil and alcohol 
such as Cremophor was replaced with human serum albumin (HSA) to minimize side 
effects such as hypersensitivity associated with Cremophor.15 Abraxane® is a 130 nm 
particle obtained as a colloidal suspension derived from the lyophilized formulation of 
paclitaxel and human serum albumin diluted in saline solution (0.9% NaCl). A high 
pressure homogenization of paclitaxel in the presence of HSA resulted in the nanoparticle 
colloidal suspension. The ultrasonic irradiation process created tremendous local heat and 
pressure, which resulted in the formation of superoxide ions that cross-linked the HSA by 
oxidizing the sulfhydryl residues. Paclitaxel was then encapsulated into the albumin-
containing aqueous solution. The HSA serves to stabilize the drug and prevents the risk 
of capillary obstruction and does not require any premedication before the drug 
administration.16 In this nanoparticle formulation the concentration of paclitaxel was 
increased to 2-10 mg/mL in normal saline and clinical studies showed that the therapeutic 
response rate was doubled, the time to disease progression was prolonged and overall 
survival rate of breast cancer patients increased.14, 17 It has been suggested that an 
albumin-binding protein, known as “albondin” or “gp60” found on endothelial cells 
within the microvasculature of tissue may be responsible for rapid binding and 
transportation of albumin-bound paclitaxel from the bloodstream, across the blood vessel 
and into the underlying tumor tissue space.18 Then the HSA-drug complex binds to 
SPARC (secreted protein, acidic and rich in cysteine) and rapidly internalizes into the 
tumor cells via a non-lysosomal pathway. This transendothelial transportation mechanism 
may in part be responsible for the efficient delivery and accumulation of paclitaxel 
besides the passive enhanced permeability and retention (EPR) effect.19  
 Examples of some commercial applications of nanoparticles are summarized in 
Table 5-2.10 
 

Nanoparticle 
component Application Indication 

Liposomes Drug delivery Cancer,  Vaccines: influenza, hepatitis A, 
Fungal infection 
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Dendrimers Therapeutics HIV, cancer, ophthalmology, 
inflammation 

Carbon 
nanotubes 

In vitro diagnostics Respiratory function monitoring 

 Imaging Atomic-force microscopy probe tip 
Quantum dots In vitro diagnostics, 

imaging 
Labelling reagents: Western blotting, flow 

cytometry, biodetection 
Magnetic 

nanoparticles 
In vitro diagnostics Cancer 

 Imaging, therapeutics Liver tumours, cardiovascular disease, 
anaemia 

 Therapeutics Cancer 

Gold 
nanoparticles 

In vitro diagnostics HIV 

 In vitro diagnostics, 
imaging 

Labelling reagents (PCR, RNA, Western 
blotting), angiography and kidney 

 

Table 5-2. Summary of application of some nanomaterials10 (Table adapted from Ref. 
10) 

5.1.2 Nanovector Toolbox 
 Though there has been outstanding progress in the understanding of cancer 
biology it has not translated in comparable advances in the clinic largely because of 
inability to deliver therapeutic agents to target sites selectively without little to none 
collateral damage.12, 20 The efficacy of the therapeutic or imaging agent can be enhanced 
by increasing its target selectivity and ensuring that it can overcome the barriers that 
prevent it from reaching its target.21, 22 Thus nanomaterials with their biomimetic 
features, high surface to volume ratio and prospect of modulating their properties provide 
great promise in revolutionizing medical treatment in areas of therapy, drug delivery, 
imaging, faster diagnosis, etc.23, 24 Nanoparticles are generally hollow or solid materials 
with more than two dimensions in the size range of 1-100 nm and exhibit unique size 
dependent physical and chemical properties. Their specific properties are also dependent 
on their shape and chemical composition. Thus these nanovectors can be filled with or 
suitably modified on their surface with drugs, imaging/detection agents, targeting 
moieties, etc and used in targeted drug delivery, imaging, disease diagnosis and medical 
devices. 
 
5.1.2.1. Liposomes 
 Liposomes are the typical form of nanovectors which have been reported as early 
as 1965.4 They are phospholipid vesicles with a bilayer membrane structure similar to 
that of biological membranes with an internal aqueous phase. They are classified 
according to their size and number of layers – unilamellar liposomes are spherical 
concentric structures with one bilayer and multilamellar liposomes are spherically 
concentric structures with many bilayers as depicted in Figure 5-3. The amphiphilic 
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nature of liposomes allows them to transport hydrophilic drugs trapped in their aqueous 
interior and hydrophobic drugs dissolved in their membrane. Liposomes have excellent 
circulation, penetration and diffusion properties because of their physical and chemical 
characteristics and are amenable to surface modification to increase targeted drug 
delivery.25 Liposomes use the overexpression of fenestrations in the tumor vasculature to 
increase the drug concentration at the tumor site. Formulations of doxorubicin 
encapsulated in liposomes have been approved for the treatment of Kaposi’s sarcoma and 
are now being used for the treatment of breast cancer and refractory ovarian cancer 
(Doxil®). Liposome-encapsulated doxorubicin is less cardiotoxic than unencapsulated 
doxorubicin.26, 27, 28 Myocet, a non-pegylated form of liposomal doxorubicin is used for 
the treatment of metastatic breast cancer in Europe and Canada.29 Liposomes are being 
modified and applied to more cancer indications.21, 30 There is a growing number of 
liposomal nanovectors under development for novel and more effective drug delivery.12, 

20, 31, 32 
 

 
 

Figure 5-3. Illustration of liposomal structure for drug delivery33 (Adapted from 
http://www.nanopharmaceuticals.org/sitebuilder/images/liposome-379x402.jpg) 

 
5.1.2.2. Dendrimers 
 Dendrimers are highly branched synthetic polymers with a central core, an 
internal region and many terminal groups that determine the characteristics of the 
dendrimer. Dendrimers can be synthesized to make it more soluble and more 
biocompatible. They are excellent vehicles for drugs, imaging agents through 
modification of their numerous terminal groups.34 
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Figure 5-4. Schematic of a dendrimer vehicle 

 
Since dendrimers are produced by multistep organic synthesis they are structurally well 
defined and monodispersed35 unlike linear polymers. Dendrimers can be manipulated for 
precise control of size, shape and placement of functional groups that is desirable for 
drug delivery and imaging agents. Depending on the generation the hyperbranched 
structure of the dendrimer can lead to a densely packed, globular structure with unique, 
well-defined outer and inner structure depending on the monomer used. At lower 
generations the dendrimer branch may fold back on itself depending on the pH, solvent 
polarities and surface group.36, 37 A G-4 polyamidoamine (PAMAM) dendrimer have 64 
surface amine groups and can be used for multivalent interactions for installing more than 
one drug, imaging or contrast agents, targeting moieties, groups for biocompatibility, etc 
simultaneously to create a polyfunctional nanomaterial which can be fine tuned for the 
individual patient with potential to revolutionize personalized medicine. Dendrimers can 
be used for both covalent and non-covalent interactions with drugs.38  
 Dendrimers contain a hydrophobic core and a polar surface with numerous 
functional groups which are ionizable and can be used to form complexes with drugs. 
Dendrimers can be loaded with drugs via non-covalent interactions and the host-guest 
interactions are determined by the hydrophilic and hydrophobic properties of the 
dendrimer, along with its branching and rotational angles and the length of the repeat 
units.39 Cytotoxicity, immunogenicity, hemocompatibility, and organ accumulation are 
some of the critical factors that have to be considered for in vivo use of dendrimers. 
Studies indicate that the cytotoxicity of dendrimers is dependent on their generation, 
concentration and the chemistry of terminal groups. The cell permeability and 
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cytotoxicity of dendrimers rise with increasing generation and concentration.40 It has 
been reported that cationic PAMAM dendrimers show higher toxicity than anionic 
dendrimers.41, 42 Cationic dendrimers with positively charged surface groups are prone to 
destabilize cell membranes and cause cell lysis. Amino-terminated PAMAM dendrimers 
showed significant cytotoxicity on human intestinal adenocarcinoma Caco-2 cells in in 
vitro studies and the cytotoxicity increased with higher generation of dendrimers.43-45 

 

 
 

Figure 5-5. Illustration of dendrimer generation (G) from core to G740 (Figure adapted 
from Ref. 40) 

 
An anionic PAMAM dendrimer developed for gene silencing in cancer cells showed no 
cytotoxic effects, and had greater membrane transport than cationic PAMAM 
dendrimers.46 This opens up new possibilities for non-cytotoxic gene transfer vectors for 
the treatment of cancer. 
 Often polyethyleneglycol (PEG) is conjugated to the surface of dendrimers to 
create a hydrophilic shell around the hydrophobic core of the dendrimer to form a 
unimolecular micelle to solubilize hydrophilic drugs in the PEG layer or hydrophobic 
drugs in the interior of the dendrimer.47-50 The anticancer drug 5-fluorouracil50 and the 
blood schizonticide chloroquine phosphate51 have been encapsulated in PEGylated 
dendrimers which resulted in increased drug entrapment and increase in molecular weight 
of PEG51 as compared to non-PEGylated dendrimers.50 They also exhibited decreased 
cytotoxicity and hemolytic activity. PAMAM dendrimers with varying lengths of PEG 
were also studied for the encapsulation of methotrexate (MTX) and adriamycin and it 
was found that the encapsulation ability increased with increasing generation of the 
dendrimer and with increasing PEG length. A G4 dendrimer coated with PEG2000 
encapsulated the highest number of drug molecules – 26 MTX and 6.5 adriamycin 
molecules per molecule of dendrimer. The MTX molecules were released slowly in 
aqueous solutions of low ionic strength but rapidly in isotonic solutions.48 Similar results 
were observed in the release of MTX from non-PEGylated PAMAM dendrimers 
conjugated with folate.52 Paclitaxel, a poorly water soluble antitumor drug (for details 
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please refer to Chapter 1) was solubilized hydrotropically in polyglycerol dendrimers 
which resulted in a 10,000-fold increase in solubilization at an aqueous concentration of 
80 wt% of dendrimer.47 This increase in solubilization was due to the high density of 
ethylene glycol units in the dendrimer. The anticancer drug 10-hydroxycamptothecin (10-
HCPT) was encapsulated within a carboxylated poly(glycerol succinic acid) dendrimer53 
and also within a triblock macromolecule composed of two poly(glycerol succinic acid) 
dendrons linked by PEG3400.49 There was a 20-fold increase in water solubility of 10-
HCPT with the triblock polymer. The anticancer drug cisplatin was encapsulated within 
PAMAM dendrimers to form conjugates that exhibited slower release, higher 
accumulation in solid tumors, and lower toxicity compared to free cisplatin.54 
 The dendrimer surface with its numerous terminal groups provides an excellent 
platform for covalent modifications to attach cell-specific ligands, imaging agents, 
therapeutic agents, solubility modifiers, etc. This characteristic of dendrimer to allow 
attachment of well-defined molecules in a controlled manner on a robust surface 
differentiates them from other nanovectors such as liposomes. Folate-dendrimer 
conjugates have been shown to be well-suited for cancer-specific targeted drug delivery 
of cytotoxic agents.55-57 Folate-PAMAM dendrimers have been successfully used as 
carriers of boron isotopes in boron neutron-capture treatment of cancer.58 Carbohydrates 
are another class of biological recognition molecules and to achieve high binding affinity 
they have to be present in clusters. The dendrimer platform offers excellent opportunity 
for such an orientation. The Thomsen-Friedenreich carbohydrate antigen (T-antigen), β-
Gal-(1-3)-α-GalNAc, is an important antigen for the detection and immunotherapy of 
carcinomas such as breast cancer and has been attached to the surface of PAMAM and 
other dendrimers and an enhanced binding was observed.59-61 These conjugates could 
potentially block metastatic sites of tumor cells. The effect of glycodendrimer on binding 
affinity and other properties were studied and the effect of complex formation on 
biological recogmition with anticancer drug docetaxel was investigated.62 Studies 
revealed an increase in binding affinity between the glycodendrimers and the cell surface 
with increasing sugar moieties.63 Attachment of PEG molecules to the surface of 
dendrimers could reduce cytotoxicity besides improving solubility. Modifications to the 
dendrimer surface using techniques such as ‘click’ reaction open up more possibilities to 
modulate the dendrimer’s properties to make them more biocompatible and less toxic. 
 
5.1.2.3. Gold nanoparticles 
 Gold nanoparticles (AuNPs) can be prepared with different shapes such as 
nanoshells, nanocages, nanorods or nanospheres. AuNPs have unique physicochemical 
properties, such as ultra small size, large surface area to mass ratio, and high surface 
reactivity, presence of surface plasmon resonance (SPR) bands, biocompatibility and ease 
of surface functionalization which may be used for targeted drug delivery64, 65 and in 
diagnostics. When these particles are irradiated with light, photons are emitted with the 
same frequency in all directions thereby exhibiting localized surface plamon resonant 
properties. These particles are excellent labels for biosensors because they can be 
detected by fluorescence, optical absorption, electrical conductivity, etc.66 Gold nanoshell 
which comprises of a precisely tunable gold layer over a silica core can be selectively 
activated through tissue radiation with near infra-red light to perform localized thermal 
ablation of target cells and it has been used to eradicate tumors in mice.67 
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Light-mediated release
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Non-covalent loading of drugs

Glutathione-mediated release

GSH

 
 

Figure 5-6. Schematic of AuNP as multimodal drug delivery system65 

 
 The AuNPs can be fabricated with a wide variety of core sizes with relative ease 
and in a scalable fashion. The use of the place-exchange reaction is the most commonly 
used method for creation of mixed monolayer-protected AuNPs.68 In this protocol, 
external thiols replace the existing ligands on AuNPs in an equilibrium process. The 
ligand structure can be controlled to make the AuNPs more suitable for delivery 
applications such as through use of biocompatible polyethylene glycol (PEG) and 
oligoethylene glycol (OEG) moieties.69, 70, 71 

 

Core size (d) Synthetic methods Capping 
agents 

1–2 nm Reduction of AuCl(PPh3) with diborane 
or sodium borohydride Phosphine 

1.5–5 nm 
Biphasic reduction of HAuCl4 by 

sodium borohydride in the presence of 
thiol capping agents 

Alkanethiol 

3.5–10 nm Heat-induced size ripening method Alkanethiol 

10–150 nm Reduction of HAuCl4 with sodium 
citrate in water Citrate 

 
Table 5-3. Different synthetic methods employed for synthesis of AuNP65 
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 The surface functionality, size72 and charge73, 74 are important factors in 
determining the cellular uptake and intracellular fate of the AuNPs. The cellular uptake of 
AuNPs is dependent on their size as has been demonstrated by Chan et al.75 ErbB2 
receptor mediated internalization in breast cells were studied using AuNPs (2–100 nm) 
coated with Herceptin. AuNPs with 20–50 nm size exhibited the most efficient cellular 
uptake and apoptosis or programmed cell death was enhanced by AuNPs in the 40–50 nm 
range. Passive targeting of AuNPs in the 10–100 nm size range was also investigated and 
it was found that the larger AuNPs remained near the vasculature whereas the smaller 
nanoparticles rapidly diffused from blood vessels to the tumor matrix.76 It has been 
shown that the cellular uptake is dependent on both charge and hydrophobicity68 as well 
as ligand shell morphology.77 AuNPs with a structured ligand shell are capable of passing 
directly through the cell’s plasma membrane without making pores on the cell membrane 
which can result in cytotoxicity. Targeting moieties can be attached on the surface of the 
AuNPs for target specific delivery of therapeutic or diagnostic agents. It has been shown 
that by modifying the surface of the AuNPs with cell penetrating peptides [e.g. the 
oligopeptides TAT (AGRKKRRQRRR) and Pntn (GRQIKIWFQNRRMKWKK)] and 
the nuclear localization sequence (NLS: GGFSTSLRARKA) specific cellular 
components such as nucleus and other organelles can be targeted. The particles appeared 
to enter the cytosol either directly through the cell membrane or by endosomal escape.78 
The modified AuNPs appeared to be capable of disrupting the endosomal morphology 
and dissolving the endosomal membrane resulting in the release of its content. The 
nuclear targeting has been reported by other studies as well.79, 80  
 As with other nanovectors, both the transport and drug release play critical roles 
in efficient and specific delivery. Active drugs can be loaded via non-covalent 
interactions on the surface of the nanoparticle and covalent conjugation to the 
nanoparticle generally requires cellular processing of the prodrug to release the active 
drug.81 Drug delivery systems (DDS) based on glutathione (GSH)-mediated release of 
active drug are designed to exploit the higher intracellular GSH concentration compared 
to the extracellular level of the thiol82 (for details please refer to chapters 3 and 5). This 
elevated level of GSH can be used to release prodrugs on AuNPs via disulfide exchange 
or place-exchange reactions at the core. The monolayer of nanoparticles can provide 
steric protection against disulfide exchange with surface cysteines of proteins in the blood 
stream,83, 84 increasing their potential in vivo use. The cationic surface of the 
nanoparticles facilitated their penetration through cell membranes and the prodrug release 
was triggered by intracellular GSH. 
 Light-mediated drug release of caged drugs has also been reported where the 
activity of the drug was suppressed by attaching it to a blocking element via a photolabile 
protecting group.85 This concept has been applied to AuNP delivery vehicles using a 
photocleavable o-nitrobenzyl ester moiety that dissociated upon light irradiation to 
change the surface potential from positive to negative and releasing adsorbed DNA.86 
Light-controlled release of anticancer drug 5-fluorouracil from AuNPs has also been 
demonstrated using a o-nitrobenzyl linkage.87 Other delivery strategies have also been 
explored using AuNP platforms. It has been shown that nitric oxide (NO) can be 
efficiently released at acidic pH from AuNPs,88 providing a potential means of 
controlling multiple cellular processes including angiogenesis, vasodilation and immune 
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response.89, 90 A phosphate linker was used to conjugate paclitaxel to AuNP and Fe3O4 
particles. The drug could be released from the particles using phosphodiesterase.91 
 
5.1.2.4. Quantum dots 
 Quantum dots (QDs) are colloidal fluorescent semiconductor nanocrystals 
consisting of a central core made up of elements from groups II-VI such as CdS, CdSe, 
ZnS and ZnSe or from groups III-V such as InS, InP, GaS and GaP with an outer coating 
of a layer of ZnS. QDs are photostable, exhibit size and composition dependent emission 
spectra92 and have high quantum yield. QDs are resistant to photobleaching and chemical 
degradation.93 Figure 5-7 shows ten distinguishable emission colors of CdSe QDs capped 
with ZnS after excitation with a near-UV lamp. The emission spectra are located at   443, 
473, 481, 500, 518, 543, 565, 587, 610, and 655 nm respectively from blue to red (left to 
right).92 QDs have the potential to be used as a sensitive probe for screening cancer 
markers, specific label for classifying biopsied tissue and as a high resolution contrast 
agent for detecting tumors. QDs have a high surface-to-volume ratio which makes them 
suitable for a multifunctional nanoplatform where the QDs can be a nanoscaffold for 
therapeutic and diagnostic (theranostic) modalities besides being imaging agents. 

 

 
 

Figure 5-7. Ten distinguishable emission colors of CdSe QDs capped with ZnS92 (Figure 
adapted from Ref. 92) 

 
 QDs have a 10-100 times stronger fluorescence and have 100-1000 times stronger 
fluorescence stability against photobleaching than organic fluorophores and fluorescent 
proteins which make them suitable for long-term monitoring of inter- and intra-molecular 
processes in live cells and organisms.94, 95 One of the predominant ways to prepare a QD 
is to coat a CdSe core with a ZnS layer to obtain the best crystalline quality and 
monodispersity. The ZnS layer protects the core from oxidation, reduces toxicity by 
preventing the CdSe from leaching out to the surrounding solutions and enhances the 
photoluminescence yield. However, QDs coated with ZnS are soluble in nonpolar organic 
solvents only and require an alteration in their surface properties from hydrophobic to 
hydrophilic to be suitable for use in the aqueous biological environment.94, 96, 97 Also QDs 
have no innate biological specificity and rely on conjugation with antibodies,98 
peptides,99-102 aptamers,103 folate104 and small molecule ligands to gain biological 
affinity.105 Figure 5-8 shows the structure of a multifunctional QD probe where the 
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polymer coating can be conjugated with PEG to make the QD more biocompatible and 
the affinity ligands can suitably chosen to lend specificity to the QD. 

 

 
 

Figure 5-8. Structure of a QD probe 

 
Figure 5-9 shows the possibilities of an idealized multiply functionalized QD probe 
which consists of an integrated nanoplatform which can target tumor cells specifically, 
transport and liberate the drug payload and image the therapeutic response 
simultaneously.106 

 
 

 
 

Figure 5-9. Structure of an idealized QD nanoplatform106 (Figure adapted from Ref. 106) 
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Nie and coworkers reported the development of a novel series of multifunctional QD 
probes for cancer targeting and in vivo imaging in animals. The luminescent QDs were 
encapsulated with a triblock copolymer and linked to tumor-targeting ligands and drug-
delivery functionalities. The QDs were then injected into nude mice bearing human 
prostate cancer xenografts and studies indicated that the QDs accumulated at tumor sites 
both by enhanced permeability and retention (EPR) effect (for details please refer to 
Chapter 4) and by PSMA (prostate specific membrane antigen) targeting monoclonal 
antibody binding to tumor-specific cell surface biomarkers. Figure 5-10 shows the results 
of the sensitivity and multicolor capability of in vivo QD imaging. Figure 5-10 A) shows 
the in vivo imaging of multicolor QD-encoded microbeads. The right hand figure in A) 
shows the QD-encoded microbeads (0.5 μm diameter) emitting green, yellow or red light. 
Approximately 1–2 million beads in each color were injected subcutaneously at three 
adjacent locations on a host animal. Figure 5-10 B) shows the whole animal and the 
tumor where the QD probes are clearly seen against a black background with little or no 
interference from the mouse autofluorescence.98  
 

 
 

Figure 5-10. A) in vivo simultaneous imaging of multicolor QD-encoded microbeads and 
B) in vivo image of QD-PSMA Ab with tumor xenograft98 (Figure adapted from Ref. 98) 

 
 QDs have the promising potential of detection of cancer eliminating the need for 
biopsy. When different sized quantum dots are combined within a single bead, probes 
that release distinct colors and intensities of light can be created which upon stimulation 
by UV light will emit light that serves as a sort of spectral bar code, identifying a 
particular region. The QD particles used for drug delivery can be injected in the blood 
stream to bind to specific antigens to detect cancer cells. The QDs radiate photons when 
infra-red light is shone on the cancer site which can simultaneously release the anticancer 
drug as well as pinpoint the location of the cancer.11, 107 A QD-aptamer-doxorubicin (QD-
Apt-Dox) conjugate has been reported for simultaneous cancer-targeted imaging, therapy 
and sensing system. The surface of the fluorescent QD was functionalized with A10 RNA 
aptamer which recognized the extracellular domain of the PSMA. This multifunctional 
QD could deliver Dox to the targeted prostate cancer cells and sensed the delivery of Dox 
by activating the fluorescence of QD, which imaged the cancer cells simultaneously.107 
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 However, the significant concern for the use of QDs is their inherent cytotoxicity 
from surface oxidation and leaching-out of heavy metal ions from the core of the QD. 108, 

109 The cytotoxicity depends on the physicochemical properties of QDs, such as size, 
surface charge and coating materials, besides the dosage of QDs and the duration of 
exposure.110 Table 5-4 shows the animal biodistribution of QDs with various core and 
surface modifications and size.111  
 

 
Table 5-4. Biodistribution studies of QDs111 (Table adapted from Ref. 111) (ND – no 

data) 

QD Core QD 
Shell QD Surface 

Emission 
Peak of 

QD 

QD 
Size 

Animal 
Model 

Principal 
Organ 

Accumulation 
ND 25 nm Liver  

CdSe  ZnS  lysine-
modified BSA ND 80 nm 

sprague- 
dawley 

rats Liver  
mAb to 

mouse lung  Lung  
Cd125mTe  ZnS  

control mAb 

 
ND  

 

 
ND 

 

female 
Balb/c 
mice Liver  

CdSe  CdS  PEG  621 nm 37 nm SKH-1 
mice Liver  

CdTe  ZnS  PEG  705 nm 13 nm 
male 
ICR 
mice 

Liver  

cystein-99mTc 515 nm  4 nm  Bladder   CdSe  ZnS  cystein-99mTc 575 nm 9 nm 
CD-1 
mice Liver  

NH2-PEG-
64Cu  

525 nm  12 nm 

COOH-64Cu 525 nm 12 nm 
NH2-PEG-

64Cu 
800 nm 21 nm CdSe  ZnS  

COOH-64Cu 800 nm 21 nm 

nude 
mice 

 
 
 

Liver   
  

CdSeTe  ZnS  NH2 NH2-
EGF  

800 nm 
800 nm 

21 nm 
26 nm 

male 
nude 
mice 

 
Liver   

 

CdSe  ZnS  COOH  655 nm 16 nm 
female 
nude 
mice 

Auxiliary 
lymph node 

CdSeS  SiO2  OH  570 nm 22 nm 
male 
ICR 
mice 

Liver 

CdSe  ZnS  nothing  596 nm 4 nm  wistar 
rats 

Digestive 
system 
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QDs hold significant and exciting promise in personalized nanomedicine with the 
potential for tunable functionalization for simultaneous imaging, diagnosis and treatment. 
 
5.1.2.5. Magnetic nanoparticles 
 Magnetic nanoparticles (MNPs) are spherical nanocrystals with a Fe2+ and Fe3+ 
core coated with a shell of PEG or dextran molecules and are amenable to 
functionalization on the surface for active in vitro and in vivo targeting. Targeting ligands 
and additional imaging modalities are attached to the shell and therapeutic agents can be 
embedded in the shell structure or chemically bonded to its surface. The magnetic 
properties of these nanoparticles make them excellent labeling agents in bioassays as well 
as MRI contrast agents.112 Thus fascinating opportunities exist in the cell-specific 
targeting, drug delivery and multi-modal imaging by MNPs by modulating and utilizing 
their physicochemical properties. A few MNPs are commercially available or under 
clinical trials such as Ferimoxides (Endorem®/Feridex®) and Ferumoxtran-10.113 

 

 
 

Figure 5-11. TEM images of MNPs prepared using different synthetic routes114 (Figure 
adapted from Ref. 114) 

  
 MNPs have to overcome considerable physiological barriers to be a successful 
therapeutic and diagnostic vehicle. The body’s intrinsic defense mechanism can restrict 
the function of the MNPs by blocking their movement, causing physical changes to them 
or by eliciting a negative biochemical host response.115 Additionally, upon administration 
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in the body MNPs will encounter blood, plasma proteins, etc which can cause 
agglomeration, alter their magnetic properties and cause particle sequestration, 
nonspecific interaction with proteins, cell surfaces, etc. This would result in premature 
binding or uptake by cells before reaching the target tissue.116 The MNPs also have to 
overcome size restrictions which may prevent them from accessing the target tissue.3, 117 
The in vivo pharmacokinetics and cellular uptake of MNPs are dependent on their 
physicochemical properties such as morphology, hydrodynamic size, charge, etc.118 
MNPs are referred to as SPION (superparamagnetic iron oxide nanoparticle) or USPION 
(ultrasmall superparamagnetic iron oxide nanoparticle) depending on their hydrodynamic 
diameter. 
 MNPs can be designed for both passive (utilizing EPR effect) and active targeting 
and MNPs are being designed with targeting molecules which have specific affinity to 
biomarkers on the diseased tissue. SPION systems have utilized various targeting ligands 
such as small organic molecules,119, 120 peptides,121, 122 aptamers,123 antibodies,124, 125 etc. 
The density and molecular organization of the bound ligands influence the binding of the 
MNPs to the target cells because of the multivalent binding which is the enhanced 
binding observed when multiple ligands bind with multiple receptors.126, 127 When MNPS 
were conjugated with RGD peptides (4.1, 20, and 52 peptides per MNP) simultaneous 
ligand binding increased with increasing RGD peptides upto a certain density after which 
steric hindrance affected the multivalent interactions.128 The size of the MNPs also 
affected multivalency. Studies showed that when MNPs ranging from 2-100 nm were 
attached to herceptin targeting antibodies, MNPs less than 25 nm in size did not exhibit 
multivalency unlike the larger MNPs while the larger MNPs were not endocytosed by 
cells effectively.129 The shape of the MNPs also influence their targeting abilities, rod 
shaped “nanoworm” MNPs exhibited enhanced cell binding compared to peptide 
modified spherical MNPs in several studies121, 130-132 as shown in the schematic in Figure 
5-12. 
 

 
 

Figure 5-12. Schematic of multivalent interactions of MNPs133 (Figure adapted from Ref. 
133) 
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Yang et al. studied simultaneous targeted drug delivery and MR imaging of breast cancer 
tumors through the use multifunctional magneto-polymeric nanohybrids (MMPNs) 
composed of magnetic nanocrystals and doxorubicin which were simultaneously 
encapsulated within an amphiphilic block copolymer shell and the surface of these 
nanoparticles were functionalized with breast cancer targeting anti-Herceptin antibody. In 
vivo studies performed in nude mice bearing NIH3T6.7 breast cancer tumors showed that 
MNPs functionalized with targeting ligands and loaded with doxorubicin were most 
effective in inhibiting tumor growth.134 MNPs hold exciting potential in simultaneous 
targeted therapy and imaging as well as diagnosis. 
 
5.1.2.6. Fullerenes 
 Fullerenes were discovered in 1985135 and their unique physical and chemical 
properties make them an important member of the nanomaterial family. 
Buckminsterfullerene (C60) is a truncated icosahedron with a diameter of ~ 0.7 nm and 
contains 60 carbon atoms with C5–C6 double bonds forming hexagons and C5–C5 single 
bonds forming pentagons.135 They have poor aqueous solubility and form aggregates in 
aqueous solutions and hence not attractive as such for applications in nanomedicine. 
However, appropriate functionalization of fullerenes can overcome the problems posed 
by fullerenes.136, 137 Fullerenes can have multimodal applications such as in drug 
delivery,138 as MRI contrast agents139, 140 and targeted imaging140 and are being 
investigated for diagnosis and treatment of diseases like cancer,141 lung, heart142 and 
blood diseases. Figure 5-13 shows the chemical structure of an amphiphilic fullerene.143 
 

 

 
 

Figure 5-13. Structure of an amphiphilic fullerene monomer143 (Figure adapted from Ref. 
143) 
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 Fullerenes can be modified to produce a lipophilic slow release system and their 
three-dimensional scaffolding can be used to covalently attach multiple drugs to create a 
single-dose ‘drug-cocktail’. A fullerene-paclitaxel conjugate has been reported which was 
designed to release the drug slowly for aerosol liposome delivery of paclitaxel for lung 
cancer therapy.144 The size range of the aggregates was in the 120-145 nm range and did 
not vary with concentration. Paclitaxel was released via enzymatic hydrolysis and the 
release half-life was 80 min in bovine plasma. In another study, amphiphilic fullerene 
embedded with paclitaxel in its hydrophobic pockets was used to enhance water 
solubility of paclitaxel eliminating the need for non-aqueous solvents. A higher 
concentration of paclitaxel could be delivered using this method as compared to 
Abraxane® which could potentially increase tumor uptake and reduce the infusion 
time.145 Fullerene based nanovectors can also be used for passive targeting by utilizing 
the EPR effect exhibited by tumor cells. A tissue vectored bisphosphonate fullerene was 
reported to have successfully targeted bone tissue in vitro. The amide bisphosphonate 
functionalization along with multiple hydroxyl groups conferred a strong affinity for the 
calcium phosphate mineral hydroxyapatite of bone.146 The fullerene cage can encapsulate 
metals and protect them from chemical and enzymatic attack as well as prevent them 
from unwarranted release. Proper functionalization of the fullerenes can make them 
biocompatible and target-specific. In fact gadolinium encapsulated fullerenes have been 
reported where the metal is shielded within the fullerene cage allowing for applications 
that require longer residency times. Also, gadofullerenes enhances the quality of the 
MRI.147, 148 Carbon nanotubes are elongated members of the family of fullerenes and 
have promising applications in nanomedicine as discussed later in this chapter. Figure 5-
14 shows a brief summary of the nanovector arsenal and their exciting potential 
multimodal applications in nanomedicine. 
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Figure 5-14. Summary of potential applications of nanotechnology in medicine 

 

5.1.3 Carbon Nanotubes (CNTs) – Versatile Nanovector 
 Carbon nanotubes (CNTs) first discovered by Iijima and coworkers in 1991149 is 
an allotrope of carbon along with graphite and diamond with a cylindrical nanostructure 
and belongs to the family of fullerenes. This novel nanomaterial has unique electronic, 
structural and mechanical properties that make it a promising candidate in potential 
applications in nanomedicine and material science. CNTs have various structures (Figure 
5-15 and Figure 5-16) and are classified into two broad categories – single-walled 
(SWNT) which consist of one layer of cylinder graphene and multi-walled (MWNT) 
which consist of several concentric sheets of graphene. SWNTs have diameters from 0.4-
2.0 nm and lengths from 20-1000 nm while MWNT are bigger and have diameters from 
1.4-100 nm and lengths from 1 to several μm. 
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Figure 5-15. Structures of carbon nanotubes (Figure is adapted from 
http://nanotube.korea.ac.kr/images/introd2.jpg) 

 
 CNTs are made commercially by various methods such as chemical vapor 
deposition (CVD),150 high pressure carbon monoxide (HiPCO),151 arc discharge,152 and 
laser ablation.153, 154 CNTs possess remarkable physicochemical properties such as 
ordered structure with high aspect ratio, high mechanical strength, high electrical 
conductivity, high thermal conductivity, high surface area, ultra-light weight, and 
metallic or semi-metallic behavior155, 156 which have potential use in diverse applications 
such as biosensors, gas storage, fillers in polymer matrixes, field-emission devices, 
molecular electronics, catalyst supports, probes for scanning probe microscopy and 
others.157-159 There is a burgeoning interest in exploring CNTs in nanomedicine and there 
are extensive reviews reported in literature.160, 161 The state-of-the-art application of this 
nano platform ranges from detection at molecular level to diagnosis of genetic or 
biological diseases and delivery of various therapeutic agents.162-164 
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Figure 5-16. TEM images of SWNT and MWNT (Figure is adapted from 
http://www.cheaptubes.com/images/tem) 

 
5.1.3.1. Toxicological and pharmacological profile of CNTs 
 Despite the promising potential that CNTs hold as efficient carriers for drugs, 
antigens and genes that will facilitate specific transport into targeted tissues, cells and 
cellular compartments that would minimize deleterious side effects, the path to such a 
‘smart’ nanomedicine is fraught with obstacles and results from numerous biological 
studies are still controversial.165 Some of the potential challenges faced by the CNTs after 
administration to the body are summarized in Figure 5-17. The difficulties arise mainly 
because of the problems in controlling and manipulating CNTs. Pristine non-
functionalized CNTs are inherently hydrophobic and have very low solubility in all 
organic and aqueous solvents which is a problem in biology and medicinal chemistry. 
CNTs form bundles or aggregates which can be composed of several hundred single 
nanotubes which entangle together in the solid state through van der Waals forces 
forming a highly complex network. These bundles can be temporarily dispersed in 
solvents by sonication but precipitates as soon as the sonication is stopped. It is 
challenging to produce chemically and structurally reproducible batches of CNTs with 
identical characteristics, minimal impurities and high quality control.1, 160  
 There are several factors that are responsible for the harmful effects of CNTs 
amongst which the high surface area and the intrinsic surface toxicity are the most 
important.166, 167 The CNTs with their small size can be potentially more toxic to the lung 
which is the portal of entry, can escape from the body’s phagocytic defenses, can relocate 
from their site of deposition or can modify the protein structures,166 all of which can 
induce unexpected toxicological effects in biological systems. The structural 
characteristics of CNTs such as the fiber shape, length and aggregation affect the local 
deposition and immunological response.168 Even in a few milligrams of CNTs there are a 
large number of cylindrical, fiber-like particles of CNTs which results in a very high total 
surface area because of their nanoscale dimensions. The total surface area also varies 
with the degree of aggregation or bundling in solution. Besides, the large surface area, the 
intrinsic toxicity of CNTs also varies with the degree of surface functionalization and the 
varying toxicities of the functional groups.169 After synthesis, batches of pristine CNTs 
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can contain impurities such as amorphous carbon and metallic particles from metal 
catalysts used which cause severe toxicity. 
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Figure 5-17. Some obstacles that affect the fate of CNTs in the body 

 
 Bioavailability of CNTs in the body is another important factor to consider and 
the mechanism of CNT accumulation, metabolism, degradation and clearance from the 
body needs to be explored. Acute pulmonary toxicity in mice was reported when SWNT 
dispersed in phosphate buffer saline (PBS) with 1% Tween 80 was administered to mice 
causing 15% mortality. Agglomeration of the CNTs in the major airways was attributed 
to the major cause of death.170 Mice exposed to pharyngeal aspiration of pristine SWNTs 
in PBS showed acute inflammation, granuloma formation and progressive fibrosis.171 
Studies also showed that the length of CNTs modulates the immune response, 
bioavailability and clearance kinetics regardless of whether the CNTs are pristine or 
functionalized.172, 173 A summary of in vivo pharmacological and toxicological 
investigations using CNTs reported in the literature is presented in Table 5-5 and Table 5-
6 respectively.1 
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Table 5-5. In vivo pharmacological studies performed with CNTs 

 

CNT Amount Model Toxicity Ref. 
125I-

SWNT 
(OH) 

1.5 μg/ 
mouse 

Male 
KM 
mice 

Distribute in the entire body quickly except 
for the brain. Accumulate in the bone. 

Excreted via urine. 
174 

[111In] 
DTPA-
CNT 

 

60 and 
400 μg/ 
mouse 

 

Female 
BALB/c 

mice 
 

Not retained in any of the reticuloendothelial 
system organs. Rapidly cleared from systemic 

blood circulation via renal excretion. No 
accumulation was observed. Without any 

toxic side effects or mortality. 

175 

CNT Amount Model Toxicity Ref. 

Pristine 
Arc-CNT 25 mg/ Kg 

Male dunkin 
Hartley guiea 

pigs 

Not induce any abnormalities 
of pulmonary function or 
measurable inflammation 

176 

Pristine 
Laser 

SWNT 

1 and 5 
mg/Kg 

Male Crl:CD® 
(SD)IGS BR 

Rats 

Exposure to the high dose 
produced mortality within 24 h 

post-instillation. Pulmonary 
inflammation with non-dose-

dependent granulomas. 

170 

Raw and 
purified 
HiPCO 

CNT and 
Arc-CNT 

0.1 and 
0.5 

mg/mouse 

Male mice 
B6C3F1 

Induced dose-dependent 
epithelioid granulomas. 

Mortality was observed with 
the high dose. 

177 

MWNT 0.5, 2 and 
5 mg/rat 

Female 
Sprague-

Dawley rats 

Not ground MWNT 
accumulate in the airways. 

Ground MWNTs were cleared 
more rapidly. Both MWNT 
have induced inflammatory 
and fibrotic reactions. Also 

both have caused pulmonary 
lesions at 2 months. 

178 

Metal-free 
HiPCO 
SWNT 

0-40 
μg/mouse 

Female 
C57BL/6 mice 

Rapid progressive fibrosis and 
granulomas. Dose-dependent 
increase in expiratory time. 

Increased pulmonary 
resistance. 

171 
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Table 5-6. In vivo toxicological studies performed with CNTs 

 
 More research in in vivo evaluations is being conducted with aim in therapeutic, 
imaging and other biomedical applications. Systematic studies in mice with water soluble 
125Iodine-labeled multiple hydroxylated SWNTs (125I-SWNTs-OH) functionalized by 
oxidation of the CNTs showed that biodistribution was not significantly influenced by the 
route of administration and 125I-SWNTs-OH distributed quickly throughout the whole 
body. Accumulation was observed in stomach, kidney and bone and 94% of the CNTs 
were excreted into the urine and 6% in feces. Interestingly, no tissue damage or distress 
was observed.174 Another in vivo study in mice using water soluble CNTs modified via 1, 
3-dipolar cycloaddition reaction and functionalized with chelating ligand 
diethylentriaminepentaacetic acid (DTPA) and radio-labeled with 111Indium (111In-
DTPA-CNT) showed an affinity to kidneys, muscle, skin, bone and blood half an hour 
after administration. The maximum blood circulation half time was 3.5 h and these CNTs 
were quickly cleared from all tissues. These CNTs were excreted through the renal route 
into the bladder and urine and were intact upon excretion.175 More studies remain to be 
carried out to get a better and reliable toxicological and pharmacological profile of the 
CNTs. 
 
5.1.3.2. Surface modifications of CNTs 
 The application of CNTs as delivery vehicle relies on the successful surface 
modifications which can render the CNTs more compatible with biological systems. 
Since pristine CNTs are insoluble in organic and aqueous solvents they cause a high 
degree of aggregation in biological environment and hinder their integration into 
biological systems resulting in some health concerns. Therefore, it is critical to develop 
efficient and practical approaches for the preparation of water soluble CNTs, which can 
be used in biological applications, especially drug delivery.13 CNTs can be functionalized 
by non-covalent and covalent modifications of the surface of the CNT as shown on 
Figure 5-18. The surface chemistry of CNTs have been explored and there are several 
reviews in literature.161, 180 Non covalent complexes of CNTs with peptides,181, 182 
oligonucleotides,183, 184 proteins,185 polysaccharides,186 different types of polymers,187, 188 
etc have been realized and these macromolecules were able to wrap around the tubes and 
increase their solubility. 

Purified 
open 

SWNT and 
MWNT 

50 μg/mL Wistar-Kyoto 
rats 

Accelerated time and the rate 
of development of carotid 

artery thrombosis. 179 
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Figure 5-18. Possible modifications of CNTs189 (Figure is adapted from Ref. 189) 

 
 Covalent chemical modifications to the surface of the CNTs on their sidewalls 
and end or tip parts have been explored. A study found that when SWNT was covalently 
modified with phenyl-SO3H or phenyl-(COOH)2 groups they produced less toxicity 
compared to pristine SWNTs dispersed in aqueous solution with surfactant. Also, the 
increase in sidewall functionalization decreased cytotoxicity.169 Various covalent 
modifications such as acid oxidation,190, 191 1,3-dipolar cycloaddtion,192, 193 nitrene 
cycloaddition,194 Bingel reaction,195, 196 nucleophilic addition,155, 197 dichlorocarbene 
addition,198 ozonization,199, 200 diazotization,201 radical addition,202 fluorination,203 
alkylation,204 hydrogenation,205 etc have been attempted. Several surface 
functionalization reactions of CNTs are summarized in Figures 5-19 and 5-20.160 
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Figure 5-19. Various surface modification reactions on CNTs160 (Figure is adapted from 
Ref. 160) 
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Figure 5-20. Various cycloaddition reactions on the surface of CNTs160 (Figure is 
adapted from Ref. 160) 

 
 The surface of CNTs can be modified in two zones – tips and sidewalls. The 
reactivity of the sidewalls is considerably lower than the tips and most reactions are 
expected to occur first on the tips and then on the sidewalls specially where defects are 
present.206 Acid oxidation and 1,3-dipolar cycloaddtion are the two most valuable 
methodologies to obtain CNTs that are soluble in water or organic solvent. Originally, 
acid oxidation was applied for the purification of as-produced or raw CNTs which 
generally contained impurities. The treatment of CNTs with strong oxidative acid 
(combination of HNO3 and H2SO4) induces opening of the tips as well as formation of 
holes on the sidewalls of CNTs, producing CNT fragments modified with carboxylic acid 
groups.207 Consequently, amidation or esterification of oxidized CNTs terminated with 
carboxylic acids, is a convenient way to produce either lipophilic198 or hydrophilic208 
carbon nanotubes. 1,3-Dipolar cycloaddition developed by Prato and Bianco, is another 
way for efficient functionalization of CNTs.192, 193 During the reaction azomethine ylides, 
that are generated in situ by the condensation reaction between glycine derivatives and 
aldehydes, undergo 1,3-dipolar cycloaddition on the graphitic surface of the CNTs 
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forming pyrrolidine rings. The resulting amine-functionalized CNTs are particularly 
useful for the covalent attachment of molecules, such as amino acids,209 peptides,210 
nucleic acids211 and therapeutic agents.212 Encouraging results have been obtained from 
rational functionalization of CNTs, however, more research is required in manipulating 
the properties of these unique nanovectors in a more predictive manner which can have a 
desirable impact on solubility, biocompatibility, toxicity and other parameters. 
 
5.1.3.3. Thermal properties of CNTs 
 Nanostructures possess unique photophysical properties such as photothermal and 
photoacoustic properties which have been explored as promising techniques to destroy 
cancer cells.213, 214 SWNTs can exhibit either metallic or semiconducting behavior 
depending on diameter and chirality215 and are very suitable for these techniques due to 
their strong optical absorbance in the near infra-red (NIR) region (700–1100 nm).216 This 
intrinsic property arises from the electronic band structure of CNTs. The electronic 
transitions from the first or second van Hove singularities give rise to the strong optical 
absorbance. When the Van Hove-like singularity in the density of states (DOS) moves 
towards the top of the valance band it enhances the effective DOS near the Fermi energy 
which results in an increase in the electron-phonon interaction and a consequent increase 
in the temperature of the CNTs.217 CNTs have therefore been explored as photothermal 
agents for killing cancer cells by heating the CNTs via continuous laser irradiation at high 
power density (3.5–35W/cm2) for a long time (3–4 min).214, 218, 219 Besides laser induced 
thermal ablation there are several thermal delivery methods such as microwave and 
radiofrequency (RF) ablation,220 magnetic thermal ablation,213 and focused ultrasound221, 
222 that warrant investigation for local tissue ablation.  
 Biological systems are transparent to NIR light and the strong optical absorbance 
of SWNTs in this spectral window can be effectively used for optically stimulating the 
CNTs inside the cancer cells and causing irreversible death of the cells. When CNTs 
enter cells via nanoneedle mechanism206 or by active targeting with tumor targeting 
moieties214 then the CNTs can thermally destroy the specific cells upon exposure to laser 
irradiation or other forms of radiation. This ability of CNTs to convert NIR light to heat 
has been explored for cancer phototherapy. When CNTs generate heat after laser or other 
forms of irradiation they cause hyperthermia in cells. Hyperthermia has been used 
clinically for solid tumor management in combination with other forms of therapy. 
Hyperthermia also has an added advantage – it causes an increase in the permeability of 
tumor vasculature compared to normal vasculature which can enhance drug delivery into 
tumors.219 When an anti-CD22-targeted mAb non-covalently bound to CNT was studied 
in vitro in human Burkitt’s lymphoma cells it selectively bound to the tumor cells and 
caused NIR-induced thermal ablation of the targeted tumor cells.219 Other studies have 
shown that mAbs non-covalently attached to CNTs could be used in photothermal 
therapy.223  Studies have shown that folic acid-coated CNTs could target folate receptor 
(FR)-positive cells and that NIR light killed the cells.214 Non-covalent attachment of 
targeting moieties to CNTs carry the risk of dissociation of the targeting moiety from the 
CNTs in vivo. Studies performed with mAbs covalently linked to CNTs successfully 
targeted human B lymphoma cells in vitro and caused their NIR photothermal ablation. 
The study showed that mAbs were stably attached to CNTs chemically, bound to target 
cells specifically and remained specific even after incubation in mouse serum and only 
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the specifically targeted cells were thermally ablated upon irradiation with NIR light.218 
Similar studies was also performed using anti-HER2 IgY antibody-functionalized 
SWNTs. In this study the dual functionality of SWNT, namely strong Raman signal for 
cancer cell detection and NIR mediated selective photothermal ablation of tumors, were 
successfully exploited for both detection and selective destruction of cancer cells in an in 
vitro model consisting of HER2-expressing SK-BR-3 and HER2-negative MCF-7 cancer 
cells.224 Figure 5-21 shows selective destruction of targeted cancer cells with folate 
coupled SWNTs utilizing the unique ablation ability of SWNTs.222 

 

 
 

Figure 5-21. Targeted destruction of cancer cells222 (Figure is adapted from Ref. 222) 

 
Thus the unique laser induced properties of SWNTs can be used for targeted drug 
delivery, detection and diagnosis by themselves or in combination with other forms of 
therapy. 
 
5.1.3.4. Functionalized CNTs – a desirable delivery platform 
 Functionalized CNTs (f-CNTs) are promising tools for the efficient delivery of 
diverse imaging agents, therapeutic agents, radionuclides, etc for disease detection, 
diagnosis and therapy. As discussed earlier in this chapter CNTs have been shown to 
effectively deliver their cargo across cell membranes. SWNTs with non-covalently and 
covalently linked mAbs, proteins, oligonucleotides, etc as well as therapeutic agents have 
been explored.212, 224-228 Studies have shown that CNTs can passively cross cell 
membranes via a translocation mechanism or ‘nanoneedle’ mechanism206 or f-CNTs can 
actively enter cells via endocytosis. Figure 5-22 shows a cationic glycopolymers 
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functionalized SWNT used as an in vitro gene transfer agent. This f-CNT was found to be 
biocompatible.229 

 

 
 

Figure 5-22. SWNT functionalized on the surface with polymers229 (Figure is adapted 
from Ref. 229) 

 
 The transportation mechanism of SWNTs has been explored using  fluorescein-
labeled SWNTs (SWNT-biotin-SA, structure shown on the left in Figure 5-23) in human 
promyelocytic leukemia (HL60) cells and human T cells (Jurkat) using the endosome 
marker FM 4-64 (red fluorescence), which was reported to specifically stain the 
endosomes via the endocytosis pathway. The authors claimed that red fluorescence 
caused by FM 4-64 and the green fluorescence by nanotube conjugates in the endosome 
regions completely overlapped with each other, which provided the direct evidence for 
the endocytosis cellular uptake pathway of protein-SWNT conjugates.225 
 

 
 

Figure 5-23. Confocal fluorescent microscopy images of dual staining of endosomes in 
HL60 cells shows endocytosis mechanism of fluorescein-labeled SWNTs (SWNT-biotin-
SA, on the left) (a) Green fluorescent SWNT-biotin-SA (0.05 mg/mL, 37 oC, 1 h) inside 

cells; (b) bright- field image of cells; (c) red endosomes inside cells stained by red 
endosome marker FM 4-64; and (d) overlap of (a)-(c)225

 (Figure is adapted from Ref. 
225) 
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 SWNT derivatized with carboxylate groups and coated with a polysaccharide 
material, was loaded with the anticancer drug doxorubicin (Dox) to design a targeted 
drug delivery system. Changes in pH, for example, lysosomal pH and the pH 
characteristics of certain tumor environments triggered the release of the drug. Folic acid 
was additionally tethered to this f-CNT to selectively deliver this drug inside the 
lysosome of HeLa cells which showed higher efficiency of nuclear damage leading to 
inhibition of cell proliferation as compared to free Dox.230 Platinum(IV) complexes 
attached to amine-functionalized SWNTs modified with phospholipids and PEG to make 
them water soluble have been used to deliver the Pt-based anticancer agents inside tumor 
cells. Pt(IV) complexes, c,c,t-[Pt(NH3)2Cl2(OEt)(O2CCH2CH2CO2H)] served as prodrugs 
with almost no toxicity to cells. Once the water soluble CNT prodrug conjugates were 
internalized inside the cancer cells through endocytosis, the active drug was dissociated 
via reduction in pH environment in cancer cells and showed a significantly enhanced 
cytotoxicity as compared with the untethered complex.231   
 Non-endocytosis mechanism of f-CNT uptake and internalization by cells has also 
been reported. This uptake mechanism is different from f-CNTs coated with polymers or 
biomacromolecules. Jurkat cells were incubated with f-CNTs in the presence of sodium 
azide (NaN3) at 4 oC, which is commonly used to inhibit endocytosis process. The 
authors claimed that there was no significant change between the cells with and without 
NaN3 treatment, which clearly indicated that energy-independent intercession took place 
during the cellular uptake of f-CNTs.232 The structures of f-CNTs obtained via 1,3-dipolar 
cycloaddition and their uptake in cells are shown in Figure 5-24. 
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Figure 5-24. Epifluorescence images of Jurkat cells incubated with f-CNTs: (a) f-CNT 1 
(0.5 μg/mL), 37 oC, 16 h, in the presence of NaN3; (b) f-CNT 2 (5 μg/mL), 37 oC, 16 h, in 

the presence of NaN3; (c) f-CNT 3 (20 μg/mL), 4 oC, 1 h; and (d) f-CNT 3 (20 μg/mL), 
37 oC, 1 h, in the presence of NaN3 232 (Figure is adapted from Ref. 232) 

  
 Ojima group has successfully proved that SWNTs covalently functionalized with 
biotin as TTM and novel disulfide linker-taxoid conjugate can specifically deliver the 
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drug inside cancer cells overexpressing biotin receptor (Figure 5-25) and release the 
taxoid by an intracellular thiolactonization process triggered by excess glutathione or 
similar thiol present in tumor cells. The conjugate was shown to be internalized by a 
receptor-mediated endocytosis process.212 
 
 

 
 

Figure 5-25. Functionalized SWNT and it’s internalization in L1210FR leukemia cells212 
(Figure is adapted from Ref. 212) 

 
 Thus besides the ability of f-CNTs to cross cellular membranes and deliver 
peptides, radionuclides, nucleic acids, proteins, etc they can also be used to deliver 
therapeutic agents or imaging agents in a highly specific targeted manner by covalently 
functionalizing them with TTM like biotin, folic acid, mAbs, etc which would 
specifically bind to tumor specific biomarkers. Such a targeted delivery system would 
minimize systemic toxicity associated with chemotherapeutic agents (as discussed in 
earlier chapters).  Excitingly, the unique thermal properties of CNTs can also be used in 
conjunction with targeted delivery of agents to induce a synergistic dual therapy namely 
targeted and specific killing of tumor cells employing thermal ablation and cytotoxicity. 
A rationally designed SWNT provides a versatile platform for simultaneously 
accommodating TTM (like folic acid, biotin, mAb, etc), imaging agents (like gadolinium, 
technetium, fluorescein, etc) and multiple therapeutic drugs while enhancing 
biocompatibility and creating a unique multimodal nanovector. Thus among the various 
approaches to designing nanomedicine SWNT was chosen for this project because of its 
unique physical and thermal properties and its amenability to chemical modifications 
which impart tumor specificity to the SWNT.  
 
 

5.2 Results and Discussion 

5.2.1 Design of a CNT-Drug Delivery Vehicle 
 Ojima group has successfully designed a CNT-drug delivery vehicle with biotin 
as the TTM and second-generation taxoid connected to the CNT platform through a novel 
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disulfide linker as described earlier. A novel CNT-drug delivery vehicle was designed 
and synthesized to study the synergistic effect of thermal ablation induced by CNT on 
exposure to laser at NIR range and the cytotoxic effect of the potent taxoid. The versatile 
design also accommodates modification on the CNT platform to enable imaging 
simultaneously with targeted drug delivery which would enable us to get further insight 
into the efficacy of CNT-mediated targeted drug delivery system. The design of this CNT 
nanovector allows the incorporation of multiple different TTMs, drugs with different 
mechanism of action and linkers with different cleavage mechanisms. This multi-
component multimodal system is a promising targeted pharmaceutical system that can 
give us an insight to the challenges that exist in the development of personalized 
medicine. The conventional tumor-targeting DDS was a prodrug conjugate formed via 
connecting a TTM to a cytotoxic warhead directly or through suitable linker as described 
in Chapter 4 which would result in monovalent binding of the TTM to the receptor. 
Unlike traditional DDS, the chemical functionalization of TTMs at the end tips and side 
walls of SWNTs may potentially exhibit polyvalent effects in addition to the EPR effect. 
Multiple TTMs would increase the binding ability of the conjugate to the target receptor 
and multiple drug molecules would increase the efficacy of the whole conjugate. Besides, 
the unique one-dimensional structure may facilitate SWNTs leaking out from blood 
microvessels to reach cancer cells through vascular and interstitial barriers.  
 Scheme 5-1 shows the synthesis of the spacers (A, B and C) with various 
protecting groups that were used for the attachment to the CNT platform.  
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Scheme 5-1. Synthesis of different spacers 
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Ethylene diamine was mono t-boc protected using Boc anhydride as the limiting reagent 
to obtain 5-1 and then reacted with benzyl-2-bromoacetate to obtain 5-2 which was then 
subjected to hydrogenolysis to obtain the substituted glycine 5-3. The compound 5-4 was 
obtained by substituting the bromine group in the phthalimide terminated bromo butane. 
Subsequently, the azide in 5-4 was reduced to the amine to obtain 5-5. Butylene diamine 
was also mono t-boc protected using Boc anhydride as the limiting reagent to obtain 5-6. 
 The CNT-drug delivery vehicle was synthesized as shown in Scheme 5-2. A 
fluorescein tag was attached to the CNT platform via a linker to monitor the fate of the 
CNT using fluorescent microscope. 
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Scheme 5-2. Synthesis of fluorescein tagged CNT nanovector 

 
Pristine SWNTs were oxidized to yield the functionalized SWNT (5-7) using 3:1 (v/v) 
concentrated H2SO4 and HNO3 solution by sonicating at 40 oC for 2 h, followed by 
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heating at 70 oC for 30 min. The reaction mixture was diluted with water and filtered 
through a 0.2 μm polycarbonate membrane. The product (5-7) was then washed 
extensively with water until the pH reached neutral conditions and further oven dried at 
120 oC under vacuum.212, 233 This compound was prepared by a graduate student from 
Wong group as well as a senior post-doc from the Ojima group. Oxidized SWNT 5-7 was 
used to attach spacers B and C to obtain 5-8. The phthalimide group was then selectively 
removed using hydrazine to obtain the free amine terminated CNT 5-9 which was then 
reacted with biotin using HATU to obtain biotin coupled CNT 5-10. The t-boc group was 
then removed using TFA/DCM and the free amine thus generated was reacted with FITC 
to generate CNT 5-11. Another protocol was also developed to synthesize 5-11 wherein 
only spacer B was used to obtain 5-12 which was then reacted with a limited 
concentration of biotin to synthesize 5-13. The free amine in 5-13 was then reacted with 
FITC to obtain compound 5-11 as shown in Scheme 5-3. The CNT nanovectors can be 
modified by varying the type of the spacers and the protecting groups with which 
appropriate protection and deprotection can be used to generate the free amine or 
carboxylic groups for further reactions to synthesize a multimodal DDS.  
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Scheme 5-3. Another protocol for the synthesis of fluorescein tagged CNT nanovector 

 
 The CNT 5-15 was synthesized via a 1,3-dipolar cycloaddition reaction as shown 
in Scheme 5-4 and the final CNT 5-16 was synthesized by Dr. Larisa Kuznetsova for 
biological studies towards thermal ablation. 
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Scheme 5-4. Synthesis of final CNT conjugate 

 

5.2.2 In Vitro Biological Evaluation of Thermal Ablation  
 The fluorescent labeled SWNT conjugate 5-11 and 5-16 were used to study the 
selective biotin-receptor mediated internalization into cancer cells as well as the effect of 
thermal ablation. As discussed earlier in this chapter SWNTs have an intrinsic property 
where they can convert light from NIR source to heat. When SWNTs are delivered 
selectively inside the cells and exposed to NIR light they can function as ‘nano heaters’ 
to generate hyperthermia which can destroy the cells. The SWNT-biotin-FITC conjugate 
5-11 was incubated with L1210 and L1210FR leukemia cells and selectively internalized 
in L1210FR which overexpresses biotin receptors.234, 235 
 The mechanism of internalization of SWNTs into cells has not been fully 
established. It has been proposed that SWNTs wrapped with proteins or genes can be 
internalized into cells via endocytosis,236 whereas SWNTs functionalized with small 
molecules tended to act as nanoneedles that can pierce cell membranes, thereby allowing 
for their diffusion into cells.232 Endocytosis is known to be energy dependent and can be 
blocked at low temperature or in the presence of the metabolism inhibitor, such as 
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NaN3.236 It was demonstrated from previous work in our group that the FITC-labeled 
SWNT was able to traverse the cell membrane at low temperature or in the presence of 
0.05% NaN3 after 3 h incubation. It was determined that the internalization of SWNT 
itself into the cells was temperature-related, but energy independent.212 The SWNT-FITC 
conjugate used in the internalization study and the results of the experiments are shown in 
Figure 5-26.  

 

  
 

Figure 5-26. CFM images and the flow cytometry analysis of L1210FR cells after 
incubation with SWNT-FITC conjugate at the final concentration of 10 μg/mL under 
different conditions for 3 h: (A) at 37 oC for 3 h; (B) at 4 oC; and (C) at 37 oC in the 

presence of 0.05 % NaN3 (D) CFM images and flow cytometry data of L1210FR cells 
after treatment with oxidized SWNT at the same concentration at 37 oC for 3 h as the 

control experiment.212 

  
 The internalization of biotin and FITC labeled SWNT conjugate yielded far more 
intense fluorescence than SWNT-FITC conjugate which can be attributed to the 
remarkably increased permeability of the biotin and FITC labeled SWNT conjugate into 
the cancer cells because of the highly effective interaction of biotin and its receptors on 
the leukemia cells. Also studies with DMSO and oxidized SWNT (5-7) showed no 
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internalization. It was also shown that the biotin and FITC labeled conjugates selectively 
internalized into L1210FR and not into the L1210 leukemia and WI38 noncancerous 
human embryonic lung fibroblast cells.212  
 The conjugate 5-11 was used to study the specific internalization and thermal 
ablation of cells using confocal fluorescent microscopy (CFM). Figure 5-27 shows the 
internalization of conjugate 5-11 specifically inside the L1210FR cells (shown on the 
left) using CFM.  

 

10 m
A B

 
 

Figure 5-27. CFM of 10 μg/mL of 5-11 incubated with A) L1210FR and B) L1210 cell 
lines at 37 oC for 3 h shows internalization in biotin receptor overexpressing L1210FR 
while there is no internalization in L1210 which does not overexpress biotin receptor 

 
The pictures in the top row show the color mode while the pictures in the bottom row 
show the overlap of the color and gray modes of the image. It is clearly demonstrated 
from the results that there was no internalization in the L1210 cell lines while there was 
internalization in the L1210FR cell lines which overexpress biotin receptor. 
 The CFM images in Figure 5-28 clearly demonstrates that upon exposure to laser 
at NIR range the L1210FR cells have been disrupted as is seen from the change of 
morphology of the cells in (C). In pictures (A) and (B) in Figure 5-28 the L1210FR cells 
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are healthy as can be seen from the round, even shape of the cells. Laser exposure alone 
without any internalized SWNT as is seen in (A) did not cause any change of 
morphology of the L1210FR cells while L1210FR cells with internalized SWNT which 
were not exposed to laser are also healthy as is seen in (B). 
 

A B C

10 m  
 

Figure 5-28. CFM of L1210FR cells incubated at 37 oC for 3 h with A) no SWNT and 
laser exposure B) 10 μg/mL of 5-11 and no laser exposure C) 10 μg/mL of 5-11 and 2 

min laser exposure 

 
Thus, it can be concluded that the SWNT upon internalization thermally ablates the 
cancer cells upon laser exposure and does not affect the cells which are not exposed to 
the laser. Moreover, it is clear that the laser alone is not responsible for causing any 
damage to the cells.  
 CFM images in Figure 5-29 clearly demonstrates that upon laser exposure for 7 
min the L1210FR cells show a distinct change in morphology while the under the same 
conditions L1210 cells which had no internalized SWNT are perfectly healthy.  
 



 

 202

A B
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Figure 5-29. CFM of 10 μg/mL of 5-11 incubated at 37 oC A) L1210FR with 7 min laser 
exposure B) L1210 with 7 min laser exposure 

 
CFM images shown in Figure 5-30 (overlap of color and gray modes) indicate that when 
L1210FR cells with internalized conjugates 5-11 (Figure 5-30 A) and 5-16 (Figure 5-30 
B) are exposed to NIR light for 5 min the cells are damaged as can be seen from the 
distinct change in morphology.  
 

 
 

Figure 5-30. CFM of L1210FR A) incubated with 10 μg/mL of 5-11 B) incubated with 
10 μg/mL of 5-16 

 
All the above experiments were performed using continuous wave (CW) mode laser. 
CFM images shown in Figure 5-31 shows that using pulsed mode laser in NIR range also 
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has similar effect. When L1210FR cells were exposed to pulsed mode NIR laser for 5 
min the cells are not damaged as can be seen from Figure 5-31 (A) while there is some 
cell damage when L1210FR is incubated with 5-16 and not exposed to laser presumably 
because of the cytotoxic drug as seen from Figure 5-31 (B). Cell damage can be clearly 
visible from the CFM images of L1210FR incubated with 5-11 as shown in Figure 5-31 
(C) and CFM images of L1210FR incubated with 5-16 as shown in Figure 5-31 (D). 
 

 
 

Figure 5-31. CFM of L1210FR A) with no internalized conjugate B) incubated with 5-16 
(not exposed to laser) C) incubated with 5-11 D) incubated with 5-16 

 
Thus, attaching TTM such as biotin to SWNT ensures the specific and selective delivery 
of these nanovectors inside targeted cells allowing NIR light induced thermal ablation of 
the targeted cells. 

5.3 Experimental Section 
General Methods: 1H and 13C NMR spectra were measured on a Varian 300, 400, 500, 
or 600 MHz NMR spectrometer. High-resolution mass spectrometric analyses were 
conducted at the Mass Spectrometry Laboratory, University of Illinois at Urbana-
Champaign, Urbana, IL. GC-MS analyses were performed on an Agilent 6890 Series GC 
system equipped with the HP-5HS capillary column, (50 m X 0.25 mm, 0.25 um) and 
with the Agilent 5973 network mass selective detector. LC-MS analyses were carried out 
on an Agilent 1100 Series Liquid Chromatograph Mass Spectrometer. Infrared spectra 
were obtained on a Nexus 670 (Thermo Nicolet) equipped with a single reflectance ZnSe 
ATR accessory, a KBr beam splitter, and a DTGS KBr detector. UV-vis spectra were 
recorded on a UV1 (Thermo Spectronic) spectrometer. TLC analyses were performed on 
Merck DC-alufolien with Kieselgel 60F-254 and were visualized with UV light, iodine 
chamber, 10 % sulfuric acid-EtOH or 10 % PMA-EtOH solution. The staining agent on 
TLC for biotin derivatives was 4-N,N-Dimethylamino-cinnamaldehyde ethanol solution. 
Column chromatography was carried out on silica gel 60 (Merck; 230-400 mesh ASTM). 
Chemical purity was determined with a Waters HPLC or Shimadzu HPLC, using a 
Phenomenex Curosil-B column, employing CH3CN/water as the solvent system with a 
flow rate of 1 mL/min. Dark room, aluminum foil, and inert nitrogen atmosphere were 
applied when necessary. 
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Materials: The chemicals were purchased from Sigma Aldrich Company, Fischer 
Company or Acros Organic Company. Dichloromethane and methanol were dried before 
use by distillation over calcium hydride under nitrogen or argon. Ether and THF were 
dried before use by distillation over sodium-benzophenone kept under nitrogen or argon. 
Toluene and benzene were dried by distillation over sodium metal under nitrogen or 
argon before use. Dry DMF was purchased from EMD chemical company, and used 
without further purification. PURE SOLV™, Innovative Technology Inc, provided an 
alternative source of dry toluene, THF, ether, and dichloromethane. The reaction flasks 
were dried in a 110 oC oven and allowed to cool to room temperature in a desiccator over 
“Drierite” (calcium sulfate) and assembled under inert gas nitrogen or argon atmosphere. 

5.3.1 Synthesis of SWNT Conjugates 
 
tert-Butyl 2-aminoethylcarbamate (5-1):237 
A solution of di-tert butyldicarbonate (2 g, 9.16 mmol, 1 eq) in DCM (18 mL) was added 
dropwise to a solution of ethylenediamine (6 mL, 91.6 mmol, 10 eq) in DCM at 0 oC. The 
resulting reaction mixture was then stirred at room temperature for 20 h. The DCM was 
then removed in vacuo. The residue was taken up in EtOAc, washed with a saturated 
solution of Na2CO3, dried over MgSO4, and concentrated in vacuo to obtain the desired 
product 5-1 (1.33 g) as a white solid in 91 % yield. 1H NMR (300 MHz, CDCl3): δ 1.34 
(s, 9H), 2.69 (t, J 5.7 Hz, J2 6.0 Hz, 2H), 3.04-3.09 (m, 2H), 5.22 (bs, 1H, NH2). 13C 
NMR (400 MHz, CDCl3): δ 28.2, 41.6, 43.1, 78.8, 156.1.  
 
Benzyl 2-[2-(tert-butoxycarbonylamino)ethylamino]acetate (5-2):237 
A solution of benzyl-2-bromoacetate (1 eq, 1.36 mmol) in 4 mL dioxane was added to a 
solution of 5-1 (654 mg, 3 eq, 4 mmol) in 2.7 mL dioxane and the reaction was stirred 
overnight at room temperature. The solvent was evaporated under reduced pressure, and 
the residue was dissolved in water and extracted with ethyl acetate. The combined 
organic phase was dried over Na2SO4, and the solvent was removed under vacuum. The 
crude residue was purified by chromatography (1/1 EtOAc/hexane followed by pure 
EtOAc) to afford the desired compound 5-2 (419 mg) as colorless oil in quantitative 
yield. 1H NMR (300 MHz, CDCl3): δ 1.43 (s, 9H), 2.3 (bs, 1H), 2.75 (m, 2H), 3.22 (m, 
2H), 3.46 (s, 2H), 5.12 (bs, 1H), 5.16 (s, 2 H), 7.35 (m, 5H). 13C NMR (400 MHz, 
CDCl3): δ 28.7, 40.4, 49.0, 50.7, 66.9, 86.2, 128.7, 128.8, 128.9, 135.9, 156.5, 172.6. 
 
N-(2-N-Boc-aminoethyl)glycine (5-3):237 
The compound 5-2 (650 mg, 2.1 mmol) and Pd/C (10 wt %, 65 mg) were dissolved in 
methanol and H2 gas was passed through the reaction mixture for 48 h till TLC indicated 
no starting material remained. The reaction mixture was then filtered through celite to 
remove the Pd/C catalyst and the solvent removed. The pure product 5-3 (337 mg) was 
obtained as a white solid in 74 % yield. 1H NMR (300 MHz, D2O): δ 1.42 (s, 9H), 3.15 (t, 
J 5.7 Hz 2H), 3.41 (t, 2H, J 5.7 Hz, J2 5.4 Hz,), 3.60 (s, 2H), 13C NMR (400 MHz, D2O): 
δ 27.79, 36.85, 47.49, 49.06, 49.43, 81.69, 158.37, 171.17.  
 
N-(4-Azidobutyl)phthalimide (5-4):238 
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Sodium azide (290 mg, 4.4 mmol) was added to a solution of N-(4-(bromobutyl) 
phthalimide (1.0 g, 3.5 mmol) in 10 mL of DMF. The reaction mixture was then allowed 
to stir for 4 h under nitrogen at room temperature. The solvent was removed in vacuo to 
yield a white semisolid, which was further dissolved in water and extracted with three 50 
mL portions of ethyl acetate. The combined organic layers were dried over anhydrous 
magnesium sulfate and filtered, and the solvent was removed to obtain 5-4 as a white 
amorphous powder (854 mg) in quantitative yield. 1H NMR (300 MHz, CDCl3) δ 1.47-
1.54 (m, 2 H), 1.58-1.66 (m, 2 H), 3.19 (t, J = 7.2 Hz, 2 H), 3.56 (t, J = 7.2 Hz, 2 H), 7.60 
(m, 2 H), 7.64 (m, 2 H), 13C NMR (400 MHz, CDCl3): δ 25.37, 25.77, 36.76, 50.39, 
122.69, 131.55, 133.51, 167.77.  
 
N-(4-Aminobutyl)phthalimide (5-5):238 
N-(4-azidobutyl)phthalimide (5-4) (854 mg, 3.5 mmol) was dissolved in 50 mL of 
ethanol along with 100 mg of 10% Pd/C and H2 gas was passed through the reaction 
mixture for 12 h. The reaction mixture was then filtered through celite and the filtrate was 
concentrated in vacuo to yield N-(4-aminobutyl)phthalimide (5-5) as an amorphous white 
solid (764 mg) in quantitative yield. 1H NMR (500 MHz, DMSO) δ 1.08 (t, 2 H), 1.57 
(m, 2 H), 3.22 (t, 2 H), 3.35 (t, 2 H), 7.40 (m, 2 H), 7.85 (m, 2 H), 13C NMR (500 MHz, 
DMSO): δ 55.98, 26.30, 18.51, 122.95, 127.57, 129.10, 134.31, 136.33, 168.09. 
 
tert-Butyl 4-aminobutylcarbamate (5-6):237 
A solution of di-tert butyldicarbonate (2 g, 9.16 mmol, 1 eq) in DCM (18 mL) was added 
dropwise to a solution of 1,4-butanediamine (9.2 mL, 91.6 mmol, 10 eq) in DCM at 0 oC. 
The resulting reaction mixture was then stirred at room temperature for 20 h. The DCM 
was then removed in vacuo. The residue was taken up in EtOAc, washed with a saturated 
solution of Na2CO3, dried over MgSO4, and concentrated in vacuo to obtain the desired 
product 5-6 (1.31 g) as a white solid in 76 % yield. 1H NMR (300 MHz, CDC13): δ 0.99 
(m, 2 H), 1.21 (s, 9 H), 1.27 (m, 4 H), 2.48 (m, 2 H), 2.88 (m, 2 H), 5.18 (br, 1 H), 13C 
NMR (300 MHz, CDC13): 27.00, 27.98, 30.46, 39.90, 41.35, 78.19, 155.71. 
 
SWNT-conjugate (5-8): 
Functionalized SWNT 5-7 (10 mg), N-(4-aminobutyl)phthalimide, N-benzylbutane-1,4-
diamine (amines in 4:1 ratio, excess) DIPEA and HATU was suspended in anhydrous 
DMF and stirred at room temperature overnight. The black residue was washed 5 times 
with methanol/ether (4/1, 12 mL/3 mL) to remove an excess of amines and dried under 
vacuum to afford modified SWNT 5-8. 
 
SWNT-conjugate (5-9): 
A mixture of SWNT 5-8 and hydrazine hydrate (25%) in ethanol was stirred overnight at 
room temperature in a nitrogen atmosphere. The resulting product 5-9 was obtained by 
centrifugation/precipitation as described above. The loading of amine groups per gram 
was estimated using the quantitative Kaiser test (0.12 μmol/mg).  
 
SWNT-conjugate (5-10): 
Amine-functionalized SWNT 5-9, biotin, DIPEA and HATU were suspended in 
anhydrous DMF. The resulting suspension was stirred overnight at room temperature.  
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Excess reagents were removed by filtration. The resulting residue was purified by 
centrifugation-precipitation, using methanol/ether 5 times (12 mL x 4 and 3 mL x 1) to 
thoroughly remove organic reactants and dried under vacuum to obtain SWNT 5-10. 
Quantitative Kaiser test indicated very little free amine. 
This reaction was tried with biotin-NHS activated ester under the same reaction 
conditions except the reaction was stirred for total of 48 h but the reaction did not 
proceed as well as the process described above. 
 
Biotin-SWNT-FITC conjugate (5-11): 
The SWNT 5-10 was suspended in TFA/DCM (1:1) and stirred vigorously overnight at 
room temperature to remove the t-boc protecting group. The resulting residue was 
isolated by the usual centrifugation-precipitation process and used for the next reaction 
after quantitative Kaiser test. 
A solution of FITC and DIPEA in DMF was added to a suspension/solution of SWNT 
(obtained above) in DMF. The mixture was stirred overnight at room temperature.  The 
resulting crude was washed 5 times through centrifugation-precipitation process, using 
methanol/ether (12 mL x 4 and 3 mL x 1) to thoroughly remove free FITC.  The absence 
of free FITC was confirmed by TLC analysis and the product was dried under vacuum to 
give SWNT 5-11. Quantitative Kaiser test indicated absence of free amine. This 
conjugate was used for the in vitro biological experiments. 
 
SWNT-linker (5-15) 
Oxidized SWNT 5-7 (11 mg) was suspended in DMF (5 mL) and N-(2-N-Boc-
aminoethyl)glycine (5-3) (70 mg, 0.32 mmol) and paraformaldehyde (47 mg, 1.57 mmol) 
were added to it. The reaction mixture was subsequently heated overnight at 125 °C 
under a N2 atmosphere. Excess amino acid 5-3 and paraformaldehyde were removed by 
filtration. The resulting residue was purified by centrifugation-precipitation, using 
methanol/ether 5 times (12 mL x 4 and 3 mL x 1) to thoroughly remove organic reactants 
and dried under vacuum to give 5-15. 
 
Quantitative Kaiser test: 
The quantitative Kaiser test was performed using the modified procedure as described in 
the literature.212 The reagents A and B for the Kaiser test were prepared as follows: For 
reagent A, 40 g of phenol dissolved in 10 mL of ethanol were mixed with 2 mL of 10 
mM KCN aqueous solution in 100 mL pyridine. For reagent B, 2.5 g of ninhydrin were 
dissolved in 50 mL of ethanol and stored in the dark under nitrogen. Functionalized 
SWNT (~1 mg) were added to a 10 × 75-mm test tube, followed by addition of 100 μL of 
reagent A and 25 μL of reagent B. The same amount of reagent A and B were added to 
another test tube in the absence of the SWNT sample as a control. The solution was 
shaken well and both test tubes were heated in an oil bath at 100 oC for 10 min, and then 
placed in cold water. Then 1 mL of 60% ethanol in water was added to each test tube and 
mixed thoroughly. The solution in each test tube was filtered through a Pasteur pipette 
containing a tight plug of glass wool. The glass wool was rinsed twice with 0.5 mL of 
60% ethanol. The filtrate solution was diluted with 60% ethanol and measured the 
absorbance (< 1 a.u.) at 570 nm against the blank reagent. The concentration of free 
amine was calculated by using c = a/(ε×b), where c is the concentration (M), a is the 
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absorbance, ε is the effective extinction coefficient (1.5 × 104 M-1 cm-1)212, and b is the 
optical path length of the cuvette (1 cm). The primary amine content (mol) per sample 
was calculated using concentration multiplied by the volume of solution. Finally, the 
number of amine in the functionalized SWNT sample was indicated as mmol/g. Three 
parallel tests were done for each sample and the standard deviation value was obtained 
using Microsoft Excel. 

5.3.2 Biological Assays 
 
Cell culture: The L1210FR cell line was received as a gift from Dr. Gregory Russell- 
Jones (Access Pharmaceuticals Australia Pty Ltd., Targeted Delivery, Unit 5, 15-17 
Gibbes St, Chatswood, NSW, Sydney 2067, Australia). L1210FR cells were grown in a 
RPMI-1640 cell culture medium (Gibco) in the absence of folic acid (FA) supplemented 
with 10 % fetal bovine serum (FBS) and 1 % Penicillin and Streptomycin. Prior to 
incubation, the cells were collected by centrifugation at 1000 rpm for 6 min and 
resuspended in RPMI medium without FBS at a cell density of 5×105 cells/mL. Similar 
procedure was followed for the L1210 cells purchased from ATCC (American Type 
Culture Collection P.O. Box 1549 Manassas, VA 20108 USA). 
 
Incubation of cells with biotin-SWNT-FITC (5-11) and biotin-SWNT-FITC-Linker-
SB-T-1214 (5-16): 
The cell suspension (1 mL) was initially added to a microtube. The nanotube conjugates 
(10 μL) in DMSO were then added to the microtube for a final concentration of 10 
μg/mL and the resultant suspension was incubated at 37 oC for 3 h. After incubation, the 
cells were washed with phosphate buffer saline solution (PBS), collected by 
centrifugation twice and resuspended in culture media at the desired concentration for 
further analysis. The same protocol was followed for the controls except conjugate 5-11 
or 5-16 were not used. 
 
Laser exposure of cells incubated with biotin-SWNT-FITC (5-11) and biotin-
SWNT-FITC-Linker-SB-T-1214 (5-16): 
The cells after being treated with or without 5-11 or 5-16 were plated in a flat-bottomed 
96-well plate and exposed to laser at NIR range (800 nm) for 0 min (control), 2 min, 5 
min, 7 min and 10 min and then incubated at 37 oC for 24 h. After incubation, the cells 
were washed with PBS, collected by centrifugation and resuspended in 100 μL 
media/PBS prior to imaging. (Note: there was no difference in images of cells when 
suspended in media or PBS) 
A Spectra-Physics MaiTai Ti:sapphire laser was used as the laser source. The laser had a 
nominal wavelength of 800 nm and could be run in either continuous-wave (CW) or 
pulsed mode. In CW mode, the laser could deliver up to 1.20 W at its output. In pulsed 
mode, the laser produced pulses approximately 80 fs in duration at a rate of 80 MHz and 
with a total power output of approximate 1.15W. This corresponded to pulse energy of 
approximately 14 nJ per pulse. The beam exited the laser at a height of 10 cm from the 
optical table and with a beam diameter of roughly 2.5 mm. The beam was horizontally 
polarized with a very nearly TEM00 modeshape. The beam was routed through several 
dielectric folding mirrors to avoid other components on the optical table and was finally 
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brought into an opaque enclosure approximately 55 cm (w) x 43 cm (d) x 30 cm (h) high 
that contained the cell plate and support fixture. The beam entered the enclosure and was 
sent to a 25 mm diameter diverging lens with focal length f = –50 mm. The diverging 
lens served to expand the beam, thus providing the ability to illuminate the entire bottom 
aperture of the cell well. A dielectric mirror located 80 mm from the lens was used to re-
orient the beam vertically upward, allowing the beam to enter the cell well vertically 
from the bottom and pass through the culture media (Figure 5-32). The enclosure serves 
as a beam block to contain scattered and residual laser light from escaping during the 
experiment. A 96-well cell Microtiter plate was used to contain the cell media. Each well 
was 6.5 mm in diameter, 9 mm high and spaced 9 mm apart from its nearest neighbor. 
The cell plate was positioned approximately 25 mm above the mirror. The total distance 
from the diverging lens to the bottom of the cell well was approximately 105 mm, which 
resulted in a beam diameter of roughly 7-8 mm at the well, as estimated using a thick 
paper card at the plane of the cell well. The laser beam struck the card and was scattered 
forming an illuminated circular disk that was then imaged using an ElectroPhysics 
ElectroViewer 7215 intensified imager and a transparent ruler. The beam size was 
selected so as to slightly overfill the cell well. As the beam had a TEM00 intensity profile, 
there would be some variation in the laser intensity as a function of radial distance from 
the beam (cell) centerline. By overfilling the well slightly, these effects were minimized. 
 

 
 

Figure 5-32. Schematic of experimental configuration (left) side-view of experiment, 
showing Spectra-Physics laser source, beam, vertical mirror and cell well, (right) detail of 

cell well and cells during laser irradiation (support stage not shown) 

 
The experiments with laser were performed in collaboration with Prof. Jon Longtin of the 
Mechanical Engineering Department of Stony Brook University. 
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Chapter 6 
Synthesis of novel taxoid for PET studies 

6.1 Introduction 

6.1.1 Principles of PET 
 In the past few decades Positron Emission Tomography (PET) has emerged as a 
powerful tool due to the advances made in radiotracer chemistry and instrumentation. 
PET has found increased application in the study and measurement of drug 
pharmacokinetics and drug pharmacodynamics using positron emitter labeled drug and/or 
tracer. Molecular imaging systems such as PET are important scientific tools which 
enable the investigations of molecular phenomena that are the cause of human disease 
and enable the development of effective treatments. Accordingly, PET has acquired an 
important role as a diagnostic tool for human cancers and is a popular modality in 
oncology.1-3 PET provides functional data on the response to disease and therapy, 
identification of disease recurrence and therapy planning as well as clinical management 
of the disease.4  
 The PET procedure is based on the detection of photons released by the 
annihilation of positrons emitted by radiopharmaceuticals. Radionuclides that emit 
positrons are produced in a cyclotron by bombarding the target material with accelerated 
protons. These radionuclides are then used to synthesize radiopharmaceuticals which 
emit positrons inside the body and undergo annihilation by colliding with nearby 
electrons resulting in the release of two photons. These photons (511 keV) are released at 
an angle of 180 degrees and are detected by coincidence imaging as they strike 
scintillation crystals. A PET scanner consists of a ring of detectors surrounding the object 
to be imaged. The detectors are optimized to capture photons produced from beta decays. 
Photons acquired within 5 to 15 nanoseconds in a straight line are assumed to be released 
from the same positron-electron annihilation event. A PET scanner consists of a ring of 
detectors which surround the object to be imaged. These detectors are optimized to 
capture photons produced from beta decays and photons acquired within 5 to 15 
nanoseconds in a straight line are assumed to be released from the same positron-electron 
annihilation event. These photon pairs or “coincidences” form the lines of response 
(LORs) and the location of the radiation source is determined by calculating the crossing 
of all the LORs. The algorithm takes into account dead time that arises from the inability 
of the system to capture all photons, scatter, and attenuation of true coincidence via the 
Compton process and tissue absorption while constructing the image.5 The resulting data 
is recorded by a computer to show the distribution of the radiotracer within the body. 
Figure 6-1 shows a schematic of the basic principle of PET.  
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Figure 6-1. Schematic of the basic principles of PET 

 
 A major advantage of PET imaging is its versatility and numerous different 
positron emitters with varying characteristics are available which it makes it possible to 
synthesize a wide variety of radiopharmaceuticals.6 Some of the more commonly used 
isotopes for PET are shown in Table 6-1.1, 7 

 

Isotope Half-life β+ yield (%) Max. tissue
range (mm)

Avg. β+  
Energy (MeV)

11C 20.4 minutes 100 4.2 0.39 
18F 109.8 minutes 97 2.6 0.25 
13N 9.98 minutes 100 5.4 0.49 
15O 2.03 minutes 100 8.4 0.74 

68Ga 68.1 minutes 89 - 0.84 

 

Table 6-1. Most commonly used isotopes for PET studies 

 
 These novel radiopharmaceuticals enable the visualization of tumor metabolism, 
specific cell surface receptors, angiogenesis, cellular proliferation and tumor hypoxia 
with high sensitivity. The most widely used PET tracer is FDA approved 18F-
fluorodeoxyglucose (18F-FDG) which is a glucose analog8, 9 that allows the mapping of 
glucose uptake by tumors because malignant tumors have an elevated glucose 
metabolism.10 Another agent 18F-fluoride is used as PET tracer for bone imaging to 
visualize areas of altered osteogenic activity.11, 12 A normalized quantitative measure of 

 

β+

γ 
γ

Positron-emitting radionuclide 

Simultaneous signals detected at 180o

Detectors 

Biological tissue 

 

e-



 

 211

FDG accumulation in tissue or standardized uptake values (SUVs) is obtained by 
normalizing the tissue radioactivity measured with PET to the injected dose and the body 
weight of the patient.13 The SUVs provide extremely reproducible parameters of tumor 
glucose uptake which allows comparison of PET studies performed in different patients 
or in the same patient at different time points when strict PET protocols are followed.14 
Dynamic scans provide tracer distribution information over time and the first such study 
with FDG was performed in the 1980s15 and since then many dynamic PET studies have 
been performed with various tracers.16, 17  
 Valuable pharmacokinetics information can be obtained from PET imaging when 
the drug is radiolabeled and this allows for the assessment of drug metabolism, drug 
action and toxicity. PET imaging is highly sensitive, minimal amount of radiolabeled 
drugs (nano- to picomolar range) which is several orders of magnitude below expected 
toxicity levels can be used. This enables the investigation of PK information before 
human clinical trials and the information thus obtained can be directly transferred to 
clinical trials. This is an advantage over the current practice of predicting PK data for 
human clinical trials from animal models which do not always correlate with human 
results. Radiolabeled drugs can be used to obtain information about two key parameters – 
a) pharmacokinetics (PK) i.e. how the drug distributes in the body and b) 
pharmacodynamics (PD) i.e. what the drug does to the organism. Table 6-2 shows the 
results of pharmacokinetic (PK) studies performed with some radiolabeled drugs.18 
 

 
Radiolabeled Drug 

 
Mechanism of Action

 
Pharmacokinetic Information 

[
11

C]-Temozolomide 
 

DNA alkylating drug

 
Biodistribution in tumor and normal
tissue, mechanism of action, Phases 

1 and 2 trials19 

[
11

C]-N-
[2(Dimethylamino) 

ethyl]acridine-4 
carboxamide 

([
11

C]-DACA) 

Topoisomerase I/II 
inhibitor 

Biodistribution in tumor and normal
tissue, metabolism, potential 
cardiotoxicity was identified, 

Prephase 1 study19 

[
18

F]-5-Fluorouracil 
Antimetabolite that 
inhibits thymidylate 

synthase 

Biodistribution in tumor and normal
tissue, mechanism of action, 

biomodulation using eniluracil to 
improve efficacy19, 20 
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Radiolabeled Drug 

 
Mechanism of Action

 
Pharmacokinetic Information 

[
13

N]-Cisplatin 

Cisplatin is a 
platinum compound 
chemotherapy drug 

that acts like an 
alkylating agent. 

Biodistribution in tumor and normal
tissue, blood clearance, metabolism 

comparison intra-arterial vs. 
intravenous administration21 

[
11

C]-BCNU 

Single 
chemotherapeutic 
agent for primary 

brain tumors 

Biodistribution in tumor and normal
tissue, comparison of intra-arterial 

vs. intravenous administration22 

[
18

F]-Tamoxifen 
Down regulates 

estrogen receptors 
for breast cancer 

Biodistribution in tumor and normal
tissue, predicting effect of tamoxifen

therapy on patients with estrogen-
receptor-positive breast cancer23 

[
18

F]-Paclitaxel 

Prevents cell 
division by 
promoting 

disassembly of 
microtubules

Biodistribution, radiation dose 
estimates, and in vivo P-glycoprotein

(Pgp) modulation studies24 

[
18

F]-ZD1839 
(IRESSA) 

Epidermal growth 
factor receptor 

(EGFR) inhibitor 

Molecule has been labeled with 
18

F. 
Potential to predict which patients 

will respond to IRESSA treatment25, 

26 

 
Table 6-2. Pharmacokinetic studies on some radiolabeled drugs18 

 
Table 6-3 shows some of the tracer dose required in various subjects.27 The development 
of small animal PET scanners has enabled the whole body, functional and non-invasive 
imaging strategy for animal studies which give crucial information about the pathology of 
the disease such as receptor overexpression on tumor cells which can be used to plan 
targeted therapies.28  
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Subject Tracer dose (mCi) 

Mice 0.05-0.2 
Rats 0.5-2 

Non-human primates 2-8 
Humans 2-20 

 
Table 6-3. Typical dose required for PET imaging27 

 

6.1.2 DHA a Tumor-targeting Moiety 
 The lack of tumor specificity in traditional chemotherapeutic drugs used for 
cancer treatment is a serious drawback and results in severe undesirable side effects. In 
order to solve this problem, tumor-targeting prodrugs, based on a conjugate of a cytotoxic 
drug to a tumor-specific molecule can be designed. The basic premise of a ‘tumor-
targeting prodrug’ is that the drug is inactive until it is delivered to the target tumor cells 
by the tumor-specific molecule. At the target tumor cell the drug is internalized and 
released from the carrier to restore its original activity. Polyunsaturated fatty acids 
(PUFAs) are ideal candidates as tumor-specific molecules. Representative naturally 
occurring PUFAs possess 18, 20, and 22 carbons, and 2–6 unconjugated cis-double bonds 
separated by one methylene, such as linolenic acid (LNA), linoleic acid (LA), 
arachidonic acid (AA), eicosapentaenoic acid (EPA), and docosahexaenoic acid 
(DHA).29-34 PUFAs are found in vegetable oils, cold-water fish, and meat and are 
classified as a nutritional additive by the FDA in the US. Thus, DHA and its metabolites 
are considered to be safe to humans.32, 35, 36 Taxoprexin® (DHA-paclitaxel) was 
successfully developed by coupling DHA to the C-2’ position of paclitaxel.37 This 
conjugate exhibited substantially increased antitumor activity and reduced systemic 
toxicity against the M109 lung tumor xenograft in mice compared to paclitaxel itself. 
This conjugate was found to be stable in blood plasma and had a prolonged half life (85 
h)38 with sustained levels of DHA-paclitaxel in the blood. High concentration of this 
conjugate was maintained in tumor cells for a long period of time which released 
paclitaxel slowly approximating continuous infusion of paclitaxel. The slowly released 
paclitaxel killed the slowly cycling or residual tumor cells and thus reduces side effects.39 
Taxoprexin® was selected as a fast-track drug development candidate by FDA and has 
advanced to human phase III clinical trials.  
 Ojima et al. have further explored a family of Taxoprexin® analogs (Figure 6-2) 
comprising our cytotoxic warheads, i.e. 2nd-generation taxoids and DHA as promising 
drug candidates. These 2nd-generation taxoids alone exhibited 2-3 orders of magnitude 
higher activity against drug-resistant cancer cells and tumor xenografts in mice, 
expressing MDR phenotypes40-42 and thus they would be better than paclitaxel in several 
drug resistant cancer cells. The antitumor bioactivities of these tumor-targeting drug 
conjugates were evaluated against the drug-sensitive A121 human ovarian tumor 
xenograft (Figure 6-3) and the drug-resistant DLD-1 human colon tumor xenograft 
(Figure 6-4) in SCID mice.43 DHA-taxoid conjugates showed excellent antitumor 
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activities against the drug-sensitive A121 ovarian tumor xenograft. The conjugates also 
exhibited complete regression of the tumor (administration on days 5, 8, and 11) over the 
duration of experiment for 201 days against the drug-resistant DLD-1 human colon tumor 
xenograft in all treated animals.44 

 

 
 

Figure 6-2. DHA-taxoid conjugate 
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Figure 6-3. Effect of DHA-conjugates on human ovarian tumor xenograft (Pgp-) A12143 
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Figure 6-4. Effect of DHA-conjugates on human colon tumor xenograft (Pgp+) DLD-143 

 
Figure 6-3 shows that with Pgp(-) A121 tumor xenografts the effect of DHA-paclitaxel 
and DHA-taxoids are far superior than paclitaxel alone. As expected DHA-taxoids 
showed superior potency in Pgp(+) DLD-1 tumor xenografts where paclitaxel alone and 
DHA-paclitaxel had almost no effect as shown in Figure 6-4. These and other promising 
results led us to design a novel second-generation (SB-T-121402) DHA conjugate which 
could be labeled with carbon-11. The labeled SB-T-121402 and its labeled conjugate 
would be used for small animal PET studies to study the PK and PD of these drugs and to 
determine the specific accumulation of the DHA-taxoid conjugate inside the tumors.  
 

6.1.3 Labeled Pharmaceuticals used for PET Studies 
 PET can be used to monitor various disease targets including genes, antigens, 
ligand-receptor interactions and pathways involved in signal transduction, cell cycle, cell 
death, drug resistance and angiogenesis. The synthetic pyrimidine, 5-fluorouracil (5-FU) 
which is an analog of the pyrimidine uracil is a common anticancer agent used for the 
treatment of gastrointestinal malignancies.45 Substitution of hydrogen with fluorine at the 
5-position transforms uracil into a cytotoxic compound. The drug exerts its effects 
through its metabolites which inhibit DNA synthesis.45 Studies have shown that the 
antitumor activity of 5-FU is limited and it has not consistently improved survival when 
administered alone or in combination with other anti-neoplastic agents.46 The 
pharmacokinetics of 5-FU has been studied with radiolabeled 5-FU. The favorable half-
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life of [18]F and the ease of chemical synthesis of 5-[18F]FU have made it the most often 
monitored anticancer drug using PET. Figure 6-5 shows the synthesis of [18F]FU.47 
 

 
 

Figure 6-5. Radiochemical synthesis of 5-FU using 18F47 

 
PET studies with radiolabeled 5-FU is used to determine aspects of its PK such as its 
localization in liver, gall bladder and its clearance rate from these organs. Biodistribution 
studies with 5-[18F]-FU in rodents indicated a direct relationship between the tumor 
response and tumor levels of 5-[18F]-FU in different lines of tumors in mice and rats was 
found.48 
 Paclitaxel (PAC) is a FDA approved anticancer drug with potent antitumor 
activity as discussed in Chapter 1. However, paclitaxel’s effectiveness in multidrug 
resistant tumors is greatly reduced.49 The MDR is mainly caused by the enhanced 
expression of P-glycoprotein which acts as an efflux pump and removes a number of 
cytotoxic drugs leading to MDR.50 Accordingly, radiolabeled analogs of paclitaxel have 
been synthesized to evaluate the expression of Pgp in certain tumor types. Biodistribution 
studies of halogenated (18F, 76Br, 124I) paclitaxel were performed to determine their 
potential utility in PET. The uptake of [18F]FPAC and [76Br]BrPAC increased 
significantly in rat kidney upon preinjection with PAC. However, this increased uptake 
could not be attributed to inhibition of P-gp-mediated transport as determined from 
studies in knockout mice. All three radiolabeled PAC analogs exhibited increased uptakes 
in lung with a predose of PAC, which suggested a P-gp-mediated transport.51  
 [18F]-FDG has been by far the most extensively used radiopharmaceutical for 
oncologic nuclear imaging with PET. The development of several new 
radiopharmaceutical agents has made it possible to monitor a variety of biological 
processes related to the diagnosis and treatment of cancer. 
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6.2 Results and Discussion 

6.2.1 Synthesis of Tributyl Tin Substituted Benzoic Acid 
 PET imaging can be used to study the drug delivery process and accordingly 
novel second generation taxoids with C-11 labels were proposed as shown in Scheme 6-
1.  
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Scheme 6-1. Carbon-11 labeled taxoids 

 
The 11CH3 label can be introduced in the meta-position of the C-2 benzoyl group of SB-
T-121402 or in the methyl of the isobutenyl group in SB-T-1214. The novel taxoid SB-T-
121402 was chosen for the development of the carbon-11 labeled drug using cold 
material. This novel taxoid structurally belongs to the second- and advanced second-
generation taxoids which are not only very potent but also can modulate Pgp thereby 
bypassing MDR in cancer cells as discussed in Chapter 1. Carbon-11 was chosen as the 
label because it can replace a carbon in the novel potent taxoid and therefore will not 
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affect its potency. Also, methyl group is least bulky and non-polar and will not alter the 
biological efficacy significantly. The short half-life of C-11 also makes many 
experiments possible per day without any special precautions. The C-CH3 derivatives are 
more tolerant to metabolic processes compared to O-CH3 and N-CH3 derivatives. 
Besides, various synthetically well-established precursors, such as 11CH3I, 11CO and 
11CO2, are readily available.52 However, there is a temporal restriction when employing 
carbon-11 to synthesize radiopharmaceuticals or radiotracers. The short half-life of 20.3 
min makes it very challenging to design an experiment because typically the total time 
allowed for synthesis of a PET tracer should be within two to three radionuclide half-
lives. This means that the complete synthesis of an 11C-labeled compound must be 
accomplished within 40 to 60 min. The time allowed for the reaction in tracer synthesis is 
only about 5 to 10 min taking into account the time for reaction, purification and injection 
and thus a rapid reaction is crucial.  
 Rapid methylation using Stille type cross-coupling has been used to install the 
methyl group using methyl iodide and appropriate stannanes. Organostannane precursors 
provide certain advantages such as high tolerance to various chemical reactions and 
chromatographic purification conditions which makes it easier to incorporate the 
radioisotope in the final step as well as extremely low polarity which makes it easier to 
separate it from the desired product.  Accordingly, a 3-tributylstannyl benzoic methyl 
ester compound was synthesized which could be incorporated in the baccatin. The 
synthetic scheme is shown in Scheme 6-2.  

 

 
 

Scheme 6-2. Synthesis of tributyl tin substituted benzoic acid 

 
 The commercially available 3-iodo benzoic acid was used to esterify the free acid 
to form the methyl 3-iodobenzoate 6-1 using thionyl chloride in methanol. This ester was 
then reacted with tetrakis(triphenylphosphine) palladium and hexabutyl distannane to 
synthesize the methyl-3-(tributylstannyl) benzoate 6-2. This was followed by hydrolysis 
to synthesize 3-(tributylstannyl) benzoic acid 6-3 which was used to couple with TES 
protected modified baccatin to synthesize the desired modified baccatin.  
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6.2.2 Synthesis of SB-T-121402 
 The 10-DAB-III was first suitably modified as shown in Scheme 6-3 for the 
synthesis of SB-T-121402. The 10-DAB-III was first protected with TES at C-7, 10 and 
13 positions to obtain 6-4 followed by reduction with Red Al to remove the C-2 benzoyl 
group to obtain 6-5. The modified baccatin 6-5 was then coupled with m-toluic acid to 
obtain compound 6-6. The silyl protecting groups were then removed to obtain baccatin 
6-7 with the C-2 m-methyl benzoyl group installed in place C-2 benzoyl group. 

 

 
Scheme 6-3. Modification of baccatin core 

 
 The desired novel second-generation taxoid SB-T-121402 was synthesized from 
modified baccatin core 6-7 as shown in Scheme 6-4. The baccatin 6-7 was first protected 
with TES at the C-7 position to form 6-8 which was then cyclopropanoylated at the C-10 
position to obtain 6-9. The baccatin 6-9 was then coupled with β-lactam to form 6-10 
following the Ojima coupling protocol and the silyl groups were subsequently 
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deprotected to form desired novel taxoid SB-T-121402. This taxoid will be coupled to 
DHA and other suitable polyunsaturated fatty acids to synthesize the corresponding 
tumor-specific conjugate. 
 

 
 

Scheme 6-4. Synthesis of SB-T-121402 

 

6.2.3 Synthesis of Tributyl Tin Substituted SB-T-121402 and Labeled 
SB-T-121402 using Cold Material 
 The synthesis of the tin precursor for the modified Stille coupling is shown in 
Scheme 6-5. The compound 6-5 was coupled with 3-(tributylstannyl) benzoic acid 6-3 to 
obtain 6-11 which was then deprotected to obtain the tributyltin substituted baccatin 6-12. 
This modified baccatin was TES protected at the C-7 position to form 6-13 which was 
then cyclopropanoylated at the C-10 position to obtain 6-14. The baccatin 6-14 was then 
coupled with β-lactam to form 6-15 following the Ojima coupling protocol and the silyl 
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groups were subsequently deprotected to form desired novel tin precursor taxoid 6-16. 
This was subjected to rapid methylation to form SB-T-121402 and the reaction conditions 
were developed. This taxoid will be coupled to DHA and other suitable polyunsaturated 
fatty acids to synthesize the corresponding tumor-specific conjugate. 
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Scheme 6-5. Synthesis of tin taxoid precursor and cold SB-T-121402 
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 Initially model Stille reactions were performed using 6-11 and 6-14 which 
indicated the formation of the desired product with CH3 substituted for SnBu3. The 
copper(I) salt and the solvent have a special role. When model reactions with 6-2 were 
performed the desired CH3 substituted compound was formed within 5 min in the 
presence of copper(I) salt. Studies have shown that the modified Stille coupling between 
the sp3-sp2 carbons can be enhanced with a combination of Cu(I) salt/F- system and 
phosphines.53 The favorable role of Cu(I) salts in Stille coupling is well known and its 
role in the catalytic cycle is solvent dependent.54-57 In solvents such as dioxane and THF 
the role of Cu is that of a scavenger for the free neutral ligand which is responsible for the 
autoretardation of the associative transmetalation which is the rate determining step.55, 57 
However, in very polar solvents such as DMF and N-methylpyrrolidone (NMP) the Cu(I) 
salt accelerates the rate of the reaction by a preliminary transmetalation reaction from 
organostannane to a more reactive organocopper intermediate which takes part in the 
catalytic cycle.56, 57 It has been shown that the F- increases the rate of the palladium-
catalyzed coupling reaction between vinyl triflates and organostannanes58 and also 
efficiently transforms the Bu3Sn-halide by-product into insoluble Bu3SnF which can be 
easily filtered out. Thus the high efficiency of the combined use of Cu(I)X and CsF is 
attributed to the synergic effect of the generation of a more reactive organocopper 
intermediate through Sn/Cu transmetallation18,19 and the removal of Bu3SnX (X = Cl, 
Br or I) by the formation of insoluble Bu3SnF to shift the equilibrium to the organocopper 
species.53, 55 The efficiency of the reaction could also be enhanced by using K2CO3 which 
also had a similar synergic effect of Sn/Cu transmetalation and formation of the stable 
bis(tributylstannyl)carbonate, [Bu3SnO]2CO.59 This is summarized in Scheme 6-6. 
 

 
 

Scheme 6-6. Possible role of Cu(I) and F- or CO3
2- in the catalytic cycle 
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 The role of the phosphine P(o-tolyl)3 is also crucial. Trialkylphosphines have a 
higher nucleophilic character than triarylphosphines which leads to undesirable side 
products and prevents the use of a large quantity of phosphines. Using P(o-tolyl)3 is also 
more convenient because it is an air stable crystalline compound. The use of a 
coordinatively unsaturated Pd(0) complex, such as Pd[P(o-tolyl)3] and consequently, 
sterically bulky phosphines (e.g., cone angle 194o (P(o-tolyl)3) vs. 145o (PPh3)), enhances 
the sp3–sp2 coupling efficiency. The concept of synergic effect and the use of a bulky 
triarylphosphine allowed an efficient rapid sp3–sp2 Stille coupling reaction potentially 
useful for synthesis of PET tracers.52  
 

6.2.4 Biological evaluation 
 Cytotoxicity assays were performed to determine the potency of the novel second 
generation taxoid as well as the DHA-SB-T-1214 against various cancer cell lines. MTT 
assays were performed in all cases and the results are shown in Table 6-4. 
 

Cell line SB-T-1214 SB-T-121402 DHA-SB-T-1214 Paclitaxel

MCF7-R 4.0 < 1 - 300 

Panc-1 5.0 < 1 50 26 

DLD-1 4.5 < 1 114 - 

LCC6 MDR 8.4 < 1 52 346 

A549 1.4 < 1 - 7.3 

ID8 7.6 < 1 - 36.4 

 

Table 6-4. In vitro cytotoxicity assay (IC50, nM) 

 
The cell line used were MCF-7-R – human breast cancer (drug resistant), Panc-1 – 
human pancreatic cancer, DLD-1 – human colon cancer, LCC6 MDR – human breast 
cancer (multidrug resistant), A549 – human lung cancer, ID8 – mouse ovarian cancer. 
The novel taxoid SB-T-121402 was found to be very potent.  
 

6.3 Experimental Section 
General Methods: 1H and 13C NMR spectra were measured on a Bruker AC-250 NMR 
spectrometer or a Varian 300, 400, 500, or 600 MHz NMR spectrometer.  The melting 
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points were measured on a “Uni-melt” capillary melting point apparatus from Arthur H. 
Thomas Company, Inc.  Optical rotations were measured on a Perkin-Elmer Model 241 
polarimeter.  High-resolution mass spectrometric analyses were conducted at the Mass 
Spectrometry Laboratory, University of Illinois at Urbana-Champaign, Urbana, IL.  GC-
MS analyses were performed on an Agilent 6890 Series GC system equipped with the 
HP-5HS capillary column, (50 m X 0.25 mm, 0.25 um) and with the Agilent 5973 
network mass selective detector.  LC-MS analyses were carried out on an Agilent 1100 
Series Liquid Chromatograph Mass Spectrometer.  IR spectra were measured on a 
Shimadzu FTIR-8400s spectrophotometer.  TLC analyses were performed on Merck DC-
alufolien with Kieselgel 60F-254 and were visualized with UV light, iodine chamber, 10 
% sulfuric acid and 10% PMA solution.  Column chromatography was carried out on 
silica gel 60 (Merck; 230-400 mesh ASTM).   Chemical purity was determined with a 
Waters HPLC assembly consisting of dual Waters 515 HPLC pumps, a PC workstation 
running Millennium 32, and a Waters 996 PDA detector, using a Phenomenex Curosil-B 
column, employing CH3CN/water as the solvent system with a flow rate of 1 mL/min, or 
Shimadzu HPLC.  

 
Materials: The chemicals were purchased from Sigma Aldrich Company or Acros 
Organic Fischer Company.  10-Deacetyl baccatin III (DAB) was donated by Indena, 
SpA, Italy.  Dichloromethane and methanol were dried before use by distillation over 
calcium hydride under nitrogen or argon. Ether and THF were dried before use by 
distillation over sodium-benzophenone and kept under nitrogen or argon. Toluene and 
benzene were dried by distillation over sodium metal under nitrogen or argon before use. 
Dry DMF was purchased from EMD chemical company, and used without further 
purification. PURE SOLV™, Innovative Technology Inc, provided an alternative source 
of dry toluene, THF, ether, and dichloromethane. The glasses were dried in a 110 oC oven 
and allowed to cool to room temperature in a desiccator over “Drierite” (calcium sulfate) 
and assembled under inert gas nitrogen or argon atmosphere. 
 
Methyl 3-iodobenzoate (6-1): 
3-Iodobenzoic acid (4 g, 16 mmol) was dissolved in 40 mL of methanol in a round 
bottom flask, followed by the addition of thionyl chloride (SOCl2, 2 eq) drop wise. The 
reaction was heated to 60 oC and was monitored using TLC (5:1 hexane/ethyl acetate). 
After the reagents were consumed after two hours, the reaction was cooled to room 
temperature. Then, the solvent was removed using rotary evaporation and was neutralized 
using saturated sodium bicarbonate solution. Subsequently, the aqueous layer was 
washed with DCM (50 mL X 3) and the organic layers were combined and dried with 
anhydrous magnesium sulfate. Afterwards, magnesium sulfate was filtered off and DCM 
was removed using rotary evaporation. Finally, the solvent was removed under reduced 
pressure to give the desired compound (6-1) as a white solid (4.14 g) in 98 % yield: 1H 
NMR (300 MHz, CDCl3): δ 3.92 (s, 3H), 7.19 (m, 1H), 7.89 (m, 1H), 8 (m, 1H), 8.38 (m, 
1H).  
 
Methyl 3-(tributylstannyl)benzoate (6-2):60 
Methyl 3-iodobenzoate (6-1) (300mg, 1.14mmol) and tetrakis(triphenylphosphine) 
palladium (0.05 eq) were dissolved in 6 mL of toluene in a round bottom flask and 
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maintained under an inert atmosphere. Hexabutyl distannane (2 eq) was added drop wise 
to the flask and the reaction was refluxed overnight. After all the starting materials were 
consumed, the reaction was cooled to room temperature, filtered through celite and 
subjected to flash chromatography (2 % DCM in hexane) to obtain the pure compound 
(6-2) as a clear transparent oil (367 mg) in 76 % yield: 1H NMR (300 MHz, CDCl3): δ 
0.9 (m, 9H), 1.09 (m, 6H), 1.3 (m, 6H), 1.55 (m, 6H), 3.92 (s, 3H), 7.38 (m, 1H), 7.63 (m, 
1H), 7.95 (m, 1H), 8.13 (m, 1H); 13C NMR (400 MHz, CDCl3): δ 9.60, 13.60, 27.28, 
28.99, 51.97, 127.67, 129.10, 129.35, 137.26, 140.94, 142.49, 167.61. 
 
3-(Tributylstannyl)benzoic acid (6-3): 
Methyl 3-(tributylstannyl)benzoate (6-2) (316 mg, 0.74 mmol) was dissolved in 4 mL of 
ethanol in a round bottom flask. Then, 1M KOH (2 eq) was added and the flask was 
heated to 55 oC. After all the reagents were consumed, the reaction was cooled to room 
temperature and the solvent was removed using rotary evaporation. Subsequently, the 
reaction mixture was neutralized with 2N HCl until there was no white precipitate. Then, 
the aqueous layer was washed with DCM (20 mL X 3) and the combined organic layer 
was washed with water and was dried using anhydrous magnesium sulfate. Finally, the 
product was dried under reduced pressure to obtain the desired compound (6-3) as an oil 
in quantitative yield: 1H NMR (300 MHz, CDCl3): δ 0.89 (m, 9H), 1.1 (m, 6H), 1.35 (m, 
6H), 1.55 (m, 6H), 7.42 (m, 1H), 7.69 (m, 1H), 8.02 (m, 1H), 8.20 (m, 1H); 13C NMR 
(300 MHz, CDCl3): δ 9.65, 13.63, 27.30, 29.01, 127.82, 128.51, 129.77, 137.91, 141.87, 
142.77, 172.78. 
 
7,10,13-Tris(triethylsilyl)-DAB III (6-4):41 
10-DAB III (51 mg, 0.09 mmol) and imidazole (6 eq) were dissolved in 0.5 mL of 
DMF in around bottom flask. Then, triethylsilyl chloride (TESCL) (5 eq) was added 
drop wise and the reaction mixture was stirred overnight at room temperature. After all 
the starting materials were consumed, the mixture was diluted with ethyl acetate. Then, 
the mixture was washed with a saturated aqueous solution of ammonium chloride, 
water, and brine, dried over anhydrous MgSO4 and concentrated in vacuo. Finally, the 
crude product was purified by column chromatography on silica gel (hexanes:EtOAc = 
10:1) to give 6-4 as a white solid (36 mg) in 87 % yield: 1H NMR (300 MHz, CDCl3): δ 
0.65 (m, 18 H), 0.99 (m, 27 H), 1.11 (s, 3 H), 1.18 (s, 3 H), 1.64 (s, 3 H), 1.87 (m, 1 H), 
1.97 (s, 3 H), 2.08 (dd, J = 15.2, 8.8 Hz, 1 H), 2.21 (dd, J = 15.1, 8.2 Hz, 1 H), 2.27 (s, 
3 H), 2.51 (m, 1 H), 3.84 (d, J = 7.0 Hz, 1 H), 4.13 (d, J = 8.3 Hz, 1 H), 4.27 (d, J = 8.3 
Hz, 1 H), 4.40 (dd, J = 10.5, 6.6 Hz, 1 H), 4.92 (m, 2 H), 5.18 (s, 1 H), 5.61 (d, J = 7.1 
Hz, 1 H), 7.44 (t, J = 7.3 Hz, 2 H), 7.57 (t, J = 7.3 Hz, 1 H), 8.07 (d, J = 7.4 Hz, 1 H);  
13C NMR (400 MHz, CDCl3): δ 4.7, 5.2, 5.9, 6.9, 10.4, 14.8, 20.5, 22.4, 26.3, 37.3, 
19.8, 42.4, 46.8, 58.2, 68.3, 72.6, 75.4, 75.7, 76.6, 79.5, 80.7, 83.9, 128.5, 129.6, 130.0, 
133.4, 135.7, 139.3, 167.1, 169.7, 205.6.  
 
2-Debenzoyl-7,10,13-tris(triethylsilyl)-DAB III (6-5):41 
7,10,13-tris(triethylsilyl)-10-deacetyl baccatin III (6-4) (346mg, 0.39 mmol) was 
dissolved in 6 mL of anhydrous THF in a round bottom flask. A solution of Red-Al in 
toluene (65% wt, 2.5 eq) was added drop wise at -15 ºC and the reaction mixture was 
stirred for 4 hours at -15 ºC.  After all the starting materials were consumed, the reaction 
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was quenched with aqueous saturated ammonium chloride solution. Then, the aqueous 
layer was extracted using ethyl acetate and the combined extracts were dried over 
anhydrous MgSO4 and concentrated in vacuo. Finally, the crude product was purified by 
column chromatography on silica gel (hexanes:EtOAc = 4:1) to give 6-5 as a white solid 
(283 mg) in 93 % yield: 1H NMR (300 MHz, CDCl3): δ 0.57 (m, 18 H), 0.94 (m, 27 H), 
1.11 (s, 3 H), 1.55 (s, 3 H), 1.87 (m, 1 H), 1.88 (s, 3 H), 1.94 (m, 1 H), 2.00 (m, 1 H), 
2.12 (s, 3 H), 2.47 (m, 1 H), 3.42 (d, J = 6.6 Hz, 1 H), 3.80 (d, J = 6.6 Hz, 1 H), 4.31 (dd, 
J = 10.4, 6.5 Hz, 1 H), 4.50 (d, J = 9.0 Hz, 1 H), 4.57 (d, J = 9.1 Hz, 1 H), 4.63 (s, 1 H), 
4.89 (d, J = 8.3 Hz, 1 H), 4.91 (m, 1 H), 5.08 (s, 1 H);  13C NMR (400 MHz, CDCl3): δ 
4.7, 5.1, 5.8, 6.7, 6.8, 10.5, 14.4, 20.5, 22.3, 37.3, 40.3, 42.5, 58.1, 65.0, 66.3, 72.6, 74.6, 
75.7, 77.9, 78.5, 81.9, 83.7, 126.8, 127.4, 128.4, 135.9, 138.9, 169.6, 206.3. 
 
2-(3-Methylbenzoyl)-7,10,13-tris(triethylsilyl)-DAB III (6-6): 
2-debenzoyl-7,10,13-tris(triethylsilyl)-10-deacetylbaccatin III (6-5) (102 mg, 0.13 
mmol), m-toluic acid (8 eq) and DMAP (8 eq) were dissolved in 0.32 mL of toluene and 
0.52 mL of DMF in a round bottom flask. Then 1,3-diisopropylcarbodiimide (DIC, 8 eq) 
was added drop wise and the reaction mixture was stirred at 70 oC overnight. After 
completion of the reaction, the precipitate was filtered off and washed with DCM. Then, 
the filtrate was washed with a saturated sodium bicarbonate solution, water and brine and 
dried over MgSO4, and concentrated in vacuo. Finally, the crude was purified by column 
chromatography on silica gel (hexanes/EtOAc) to give 6-6 as a white solid (79 mg) in 67 
% yield: 1H NMR (400 MHz,CDCl3): δ 0.6 (m, 19 H), 0.9 (m, 30 H), 1.09 (s, 3 H), 1.18 
(s, 3 H), 1.33 (s, 3 H), 1.39 (s, 1 H), 1.90 (m, 4 H), 2.15 (s, 3 H), 3.64 (d, 1 H), 3.85 (m, 1 
H), 4.00 (d, 1 H), 4.11 (d, 1 H), 4.55 (m, 1 H), 4.97 (m, 1 H), 5.07 (s, 1 H), 5.70 (m, 1 H), 
7.57 (t, 1 H), 7.8 (m, 1 H), 7.95 (m, 1 H), 8.15 (m, 1 H), 
 
2-(3-Methylbenzoyl)-DAB III (6-7): 
The compound 6-6 (153 mg, 0.17 mmol) was taken in a flask which was inerted and 
cooled to 0 °C. Acetonitrile and dry pyridine (4 mL each, 1:1) was added to dissolve the 
solid compound. Then HF/Pyridine was added (2 mL) dropwise, the reaction was allowed 
to warm to room temperature and stirred overnight. TLC (1:1 hexane:ethyl acetate) 
indicated complete conversion and the reaction was quenched with saturated NaHCO3 
slowly and stirred. The reaction mixture was diluted with ethyl acetate and the organic 
layer was washed with saturated NaHCO3 several times to remove unreacted HF. The 
combined organic layers were then washed with copper sulphate solution to remove 
pyridine till no color change was observed. The organic layer was then washed with 
distilled water to remove copper sulphate, dried over brine and anhydrous magnesium 
sulphate and concentrated in vacuo. The pure product was obtained by performing flash 
chromatography (5:1, 1:1 hexane:ethyl acetate) as a white solid in quantitative (95 mg) 
yield. 1H NMR (CDCl3, 400 MHz): δ 1.00 (s, 6 H), 1.4 (s, 3 H), 1.6 (m, 1 H), 1.88 (s, 1 
H), 2.04 (s, 1 H), 2.12 (s, 3 H), 2.28 (s, 3 H), 2.40 (s, 3 H), 2.88 (m, 2 H), 3.87 (m, 1 H), 
4.01 (d, 1 H), 4.13 (m, 1 H), 4.47 (m, 1 H), 4.91 (t, 1 H), 5.10 (s, 1 H), 5.76 (m, 1 H), 
7.39 (m, 2 H), 7.74 (m, 2 H), 13C NMR (300 MHz, CDC13): 14.29, 15.08, 20.26, 21.20, 
22.49, 25.60, 36.03, 39.40, 42.48, 49.41, 55.19, 67.96, 69.83, 71.65, 73.13, 76.11, 86.28, 
90.01, 126.65, 128.53, 129.19, 130.09, 134.33, 136.60, 138.52, 143.17, 165.21, 171.62, 
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214.21. HRMS: (Q-TOF TOF MS ES+) m/z Calculated for C30H38O10Na 581.2363 
Found: 581.2361 (∆ = - 0.3 ppm). 
 
2-(3-Methylbenzoyl)-7-triethylsilyl-DAB III (6-8): 
A flask containing 6-7 (48 mg, 0.086 mmol) and imidazole (4 eq) was inerted. 
Anhydrous DMF (c 0.04 M) was added via syringe to dissolve the solids in the flask. The 
temperature of the flask was maintained at 0 ˚C. Triethylsilylchloride (3 eq) was then 
added dropwise via syringe in the flask. The reaction was monitored by TLC (1:1 
hexane:ethyl acetate) and quenched with saturated ammonium chloride solution after 45 
min. The reaction mixture was diluted with ethyl actetate and the organic and aqueous 
layer was separated. The organic layer was washed with brine, dried over anhydrous 
magnesium sulphate and concentrated in vacuo. The pure product 6-8 was obtained by 
performing flash chromatography (4:1, 1:1 hexane:ethyl acetate) as a white solid in 
quantitative (58 mg) yield. 1H NMR (300 MHz, CDC13): δ 0.55 (m, 7 H), 0.92 (m, 10 H), 
1.6 (s, 2 H), 1.7 (s, 3 H), 2.07 (m, 5 H), 2.26 (m, 5 H), 2.4 (s, 3 H), 2.86 (m, 2 H), 3.95 (d, 
1 H), 4.13 (m, 1 H), 4.47 (m, 1 H), 4.91 (t, 1 H), 5.16 (s, 1 H), 5.58 (d, 1 H), 7.37 (m, 2 
H), 7.90 (m, 2 H) 
 
2-(3-Methylbenzoyl)-7-triethylsilyl-10-cyclopropanecarbonyl-DAB III (6-9): 
A flask containing 6-8 (67 mg, 0.09 mmol) was inerted and dry THF (c 0.06 M) was 
added to dissolve it. The flask was cooled to -40 oC. LiHMDS 1.0 M in THF (1.1 eq) was 
added dropwise via syringe. The mixture was stirred at -40 oC for 5 min, and then 
cyclopropanecarbonyl chloride (1.05 eq) was added dropwise.  After 2 h, the reaction was 
quenched with aqueous saturated NH4Cl (10 mL), extracted with CH2Cl2 (x 3), and the 
combined organic layers were dried over anhydrous MgSO4 and concentrated in vacuo. 
The crude product was purified on a silica gel column (hexane : ethylacetate = 4 : 1 
followed by 2 : 1 and then 1 : 1) to afford 6-9 as a white solid (44 mg, 60 % yield).  
1H NMR (400 MHz, CDC13): δ 0.529 (m, 7 H), 0.88 (m, 12 H), 0.99 (m, 4 H), 1.14 (m, 4 
H), 1.64 (s, 1H), 1.73 (s, 3H), 1.87 (m, 1 H), 2.16 (s, 3H), 2.24 (s, 6 H), 2.38 (s, 3H), 2.48 
(m, 1 H), 3.83 (d, 1 H), 4.09 (d, 1 H), 4.27 (d, J = 4.8 Hz, 1 H), 4.45 (m, 1 H), 4.79 (m, 1 
H), 4.92 (d, J = 8.0 Hz, 1 H), 5.58 (d, J = 7.2 Hz, 1 H), 6.43 (s, 1 H), 7.34 (m, 2 H), 7.88 
(m, 2 H),  13C NMR (CDCl3, 400 MHz) δ 5.2, 6.7, 8.49, 8.61, 9.92, 12.99, 14.87, 20.14, 
21.35, 22.59, 26.80, 37.23, 38.27, 42.76, 47.26, 58.60, 67.97, 72.35, 74.6, 75.54, 78.77, 
80.91, 84.21, 127.22, 128.45, 129.32, 130.73, 132.78, 134.31, 138.28, 143.85, 167.21, 
170.65, 173.14, 202.29. 
 
3'-(2-Methyl-1-propenyl)-2-(3-methylbenzoyl)-7-triethylsilyl-10-
cyclopropanecarbonyl-DAB III (6-10): 
A flask containing 6-9 (69 mg, 0.09 mmol) was inerted and dry THF (7 mL) was added 
to dissolve it. β-lactam (1.5 eq) was dissolved in 2 mL of dry THF and added to the 
reaction flask. The flask was cooled to -40 oC and LiHMDS (1 M in THF solution, 1.5 
eq) was added dropwise via syringe and the reaction was monitored by TLC (2:1 
hexane:ethyl acetate). The reaction was quenched after 3 h with saturated ammonium 
chloride solution and extracted with dichloromethane three times. The combined organic 
layers was dried with brine and anhydrous magnesium sulphate and concentrated in 
vacuo. The pure product 6-10 was obtained by performing flash chromatography (20:1, 
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4:1 hexane:ethyl acetate) as a white solid in 88 % (90 mg) yield. 1H NMR (400 MHz, 
CDC13): δ 0.56 (m, 8 H), 0.91 (m, 18 H), 1.1 (m, 24 H), 1.2-1.3 (m, 22 H), 2.00 (s, 3 H), 
2.36 (s, 3 H), 2.41 (s, 3 H), 3.83 (d, 1 H), 4.19 (d, 1 H), 4.31 (d, 1 H), 4.43 (m, 1 H), 4.84 
(d, 1 H), 4.95 (d, 1 H), 5.33 (d, 1 H), 5.67 (d, 1 H), 6.08 (m, 1 H), 6.48 (s, 1 H), 7.37 (m, 
2 H), 7.91 (m, 2 H), 13C NMR (400 MHz, CDC13): δ 5.31, 6.74, 8.60, 8.70, 10.06, 12.55, 
12.96, 14.09, 14.31, 17.96, 18.02, 18.58, 21.33, 22.51, 22.67, 25.65, 26.30, 28.25, 29.33, 
31.91, 35.48, 37.19, 43.23, 46.75, 58.33, 71.91, 72.22, 74.80, 74.90, 75.32, 78.85, 79.43, 
81.10, 84.29, 122.19, 127.33, 128.43, 129.34, 130.75, 133.39, 134.29, 138.22, 140.88, 
155.14, 167.01, 169.71, 171.88, 173.04, 202.06. 
 
SB-T-121402: 
A flask containing 6-10 (51 mg, 0.044 mmol) was inerted and 2 mL of dry 
pyridine/acetonitrile (1:1) was added to dissolve it. The flask was cooled to 0 oC and 
HF/pyridine (70:30, 0.5 mL) was added dropwise at 0 oC. The mixture was stirred at 
room temperature overnight. The reaction was quenched with aqueous saturated sodium 
carbonate solution, diluted with ethyl acetate, washed with aqueous saturated copper 
sulfate solution (x 3) and water, dried over anhydrous magnesium sulfate and 
concentrated in vacuo to afford SB-T-121402 as a white solid in 73 % yield (28 mg). 1H 
NMR (400 MHz, CDC13): δ 0.99 (m, 2 H), 1.14 (m, 5 H), 1.34 (s, 9 H), 1.66 (s, 3 H), 
1.76 (d, 8 H), 1.89 (s, 3 H), 2.35 (s, 3 H), 2.42 (s, 3 H), 3.80 (d, 1 H), 4.18 (m, 2 H), 4.30 
(d, 1 H), 4.41 (m, 1 H), 4.76 (m, 2 H), 4.96 (d, 1 H), 5.32 (d, 1 H), 5.64 (d, 1 H), 6.17 (t, 1 
H), 6.30 (s, 1 H), 7.37 (m, 2 H), 7.90 (m, 2 H), 13C NMR (400 MHz, CDC13): δ 9.14, 
9.38, 9.48, 13.01, 14.96, 18.54, 21.32, 21.93, 22.33, 25.68, 26.68, 28.20, 29.67, 35.51, 
35.57, 43.17, 45.65, 51.54, 58.56, 72.23, 72.39, 73.72, 74.94, 75.43, 76.47, 79.18, 79.92, 
81.10, 84.43, 120.67, 127.30, 128.51, 129.13, 130.79, 132.94, 134.42, 138.33, 142.63, 
155.39, 167.07, 169.97, 175.11, 203.91, HRMS: (Q-TOF TOF MS ES+) m/z Calculated 
for C46H62O15N+: 868.4119 Found: 868.4106 (∆ = -1.5 ppm). 
  

2-(3-Tributylstannylbenzoyl)-7,10,13-tris(triethylsilyl)-DAB III (6-11): 
2-Debenzoyl-7,10,13-tris(triethylsilyl)-10-deacetylbaccatin III (6-5) (116 mg, 0.15 
mmol), 3-tributylstannylbenzoic acid (6-3, 8 eq) and DMAP (8 eq) were dissolved in 0.37 
mL of toluene and 0.6 mL of DMF in a round bottom flask. Then DIC (8 eq) was added 
drop wise and the reaction mixture was stirred at 70 oC overnight. After completion, the 
precipitate was filtered and washed with DCM. Then, the filtrate was washed with a 
saturated sodium bicarbonate solution, dried over MgSO4, and concentrated in vacuo. 
Finally, the residue was purified by column chromatography on silica gel 
(hexanes/EtOAc) to give 6-11 as a white solid (154 mg) in 88 % yield: 1H NMR (400 
MHz, CDCl3): δ 0.65 (m, 17 H), 0.87 (t, 9 H), 0.99 (m, 26 H), 1.30 (m, 11 H), 1.90 (s, 3 
H), 2.14 (s, 3 H), 2.85 (m, 1 H), 3.60 (d, 1 H), 3.82 (d, 1 H), 3.96 (d, 1 H), 4.08 (d, 1 H), 
4.55 (m, 1 H), 4.97 (m, 1 H), 5.07 (s, 1 H), 5.66 (m, 1 H), 7.40 (t, 1 H), 7.67 (d, 1 H), 
7.85 (d, 1 H), 8.05 (m, 1 H), 13C NMR (400 MHz, CDCl3): δ 4.82, 5.21, 5.55, 6.61, 6.86, 
6.89, 9.67, 13.61, 13.90, 14.33, 20.89, 22.29, 25.17, 27.29, 28.89, 29.00, 29.10, 37.96, 
40.65, 42.88, 50.78, 55.59, 68.53, 70.83, 71.92, 72 89, 86.34, 90.15, 127.95, 128.58, 
129.08, 137.24, 137.67, 139.24, 141.54, 143.07, 165.53, 170.98, 206.44. HRMS: (Q-TOF 
TOF MS ES+) m/z Calculated for C59H105O10Si3

120Sn 1177.6038 Found: 1177.6044 (∆ = 
0.5 ppm).  
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2-(3-Tributylstannylbenzoyl)-DAB III (6-12): 
The compound 6-11 (225 mg, 0.19 mmol) was taken in a flask which was inerted and 
cooled to 0 °C. Acetonitrile and dry pyridine (4 mL each, 1:1) was added to dissolve the 
solid compound. Then HF/Pyridine was added (70:30, 2 mL) dropwise, the reaction was 
allowed to warm to room temperature and stirred overnight. TLC (1:1 hexane:ethyl 
acetate) indicated complete conversion and the reaction was quenched with saturated 
NaHCO3 slowly and stirred. The reaction mixture was diluted with ethyl acetate and the 
organic layer was washed with saturated NaHCO3 several times to remove unreacted HF. 
The combined organic layers were then washed with copper sulphate solution to remove 
pyridine till no color change was observed. The organic layer was then washed with 
distilled water to remove copper sulphate, dried over brine and anhydrous magnesium 
sulphate and concentrated in vacuo. The pure product 6-12 was obtained by performing 
flash chromatography (5:1, 1:1 hexane:ethyl acetate) as a white solid in quantitative (159 
mg) yield. 1H NMR (400 MHz, CDCl3): δ 0.85 (t, 9 H), 1.0 (m, 3 H), 1.05 (m, 6 H), 1.12 
(m, 3 H), 1.29 (m, 8 H), 1.32 (s, 9 H), 1.40 (s, 3 H), 1.48 (m , 5 H), 1.91 (s, 3 H), 2.08 (s, 
3 H), 3.83 (m, 2 H), 4.01 (d, 1 H), 4.11 (d, 1 H), 4.45 (m, 1 H), 4.89 (m. 1 H), 5.08 (s, 1 
H), 5.73 (m, 1 H), 7.40 (m, 1 H), 7.68 (d, 1 H), 7.82 (d, 1 H), 8.02 (d, 1 H),  13C NMR 
(400 MHz, CDCl3): δ 6.54, 9.68, 13.56, 13.62, 14.02, 15.07, 17.50, 20.23, 22.46, 25.59, 
26.81, 27.29, 28.89, 29.10, 36.26, 39.39, 42.48, 49.50, 55.18, 67.94, 69.90, 71.63, 73.15, 
86.24, 90.03, 127.97, 128.64, 129.04, 136.57, 137.25, 141.64, 143.16, 165.51, 171.63, 
214.02. 
 
2-(3-Tributylstannylbenzoyl)-7-triethylsilyl-DAB III (6-13): 
A flask containing 6-12 (197 mg, 0.23 mmol) and imidazole (4 eq) was inerted. 
Anhydrous DMF (c 0.04 M) was added via syringe to dissolve the solids in the flask. The 
temperature of the flask was maintained at 0 ˚C. Triethylsilylchloride (3 eq) was then 
added dropwise via syringe in the flask. The reaction was monitored by TLC (1:1 
hexane:ethyl acetate) and quenched with saturated ammonium chloride solution after 45 
min. The reaction mixture was diluted with ethyl actetate and the organic and aqueous 
layer was separated. The organic layer was washed with brine, dried over anhydrous 
magnesium sulphate and concentrated in vacuo. The pure product 6-13 was obtained by 
performing flash chromatography (hexane:ethyl acetate) as a white solid in 66 % (148 
mg) yield. 1H NMR (300 MHz, CDC13): δ 0.56 (m, 6 H), 0.93 (m, 23 H), 1.09 (m, 5 H), 
1.38 (m, 3 H), 1.54 (m, 14 H), 2.01 (s, 3 H), 2.13 (s, 3 H), 2.29 (m, 2 H), 2.45 (m, 1 H), 
2.85 (m, 1 H), 3.75 (d, 1 H), 3.86 (d, 1 H), 4.00 (d, 1 H), 4.07 (d, 1 H), 4.27 (s, 1 H), 4.61 
(m, 1 H), 4.9 (m, 1 H), 5.07 (s, 1 H), 5.64 (m, 1 H), 7.41 (t, 1 H), 7.69 (d, 1 H), 7.87 (m, 1 
H), 8.06 (m, 1 H) 
 
2-(3-Tributylstannylbenzoyl)-7-triethylsilyl-10-cyclopropanecarbonyl-DAB III (6-
14): 
A flask containing 6-13 (148 mg, 0.156 mmol) was inerted and dry THF (c 0.06 M) was 
added to dissolve it. The flask was cooled to -40 oC. LiHMDS 1.0 M in THF (1.1 eq) was 
added dropwise via syringe. The mixture was stirred at -40 oC for 5 min, and then 
cyclopropanecarbonyl chloride (1.05 eq) was added dropwise.  After 2 h, the reaction was 
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quenched with aqueous saturated NH4Cl (10 mL), extracted with CH2Cl2 (x 3), and the 
combined organic layers were dried over anhydrous MgSO4 and concentrated in vacuo. 
The crude product was purified on a silica gel column (hexane:ethylacetate) to afford 6-
14 as a white solid (136 mg, 86 % yield). 1H NMR (300 MHz, CDC13): δ 0.60 (m, 5 H),  
0.95 (m, 17 H), 1.16 (m, 10 H), 1.27 (t, 3 H), 1.39 (m, 8 H), 1.59 (m, 8 H),  1.73 (m, 1 H), 
2.04 (s, 2 H), 2.06 (s, 3 H), 2.12 (s, 3 H), 2.32 (d, 2 H), 2.52 (m, 1 H), 2.87 (m, 1 H), 3.67 
(d, 1 H), 3.85 (d, 1 H), 3.99 (d, 1 H), 4.12 (m, 2 H), 4.64 (m, 1 H), 4.88 (m, 1 H), 5.65 
(m, 1 H), 6.41 (s, 1 H), 7.40 (m, 1 H), 7.66 (m, 1 H), 7.85 (m, 1 H), 8.05 (m, 1 H) 
13C NMR (400 MHz, CDC13): δ 5.04, 6.74, 8.42, 8.63, 9.68, 12.96, 13.33, 13.62, 14.17, 
14.83, 20.45, 22.43, 25.62, 27.30, 28.90, 29.01, 29.10, 38.22, 39.03, 42.63, 50.75, 56.11, 
60.37, 68.03, 70.52, 72.03, 73.16, 75.98, 76.08, 85.78, 90.16, 127.97, 128.55, 129.08, 
134.58, 137.24, 141.57, 143.09, 143.88, 165.48, 171.31, 172.99, 202.72. 
 
3'-(2-Methyl-1-propenyl)-2’-triisopropylsilyl-2-(3-tributylstannylbenzoyl)-7-
triethylsilyl-10-cyclopropanecarbonyl-DAB III (6-15): 
A flask containing 6-14 (136 mg, 0.13 mmol) was inerted and dry THF (10 mL) was 
added to dissolve it. β-lactam (1.5 eq) was dissolved in 3 mL of dry THF and added to the 
reaction flask. The flask was cooled to -40 oC and LiHMDS (1 M in THF solution, 1.5 
eq) was added dropwise via syringe and the reaction was monitored by TLC (2:1 
hexane:ethyl acetate). The reaction was quenched after 3 h with saturated ammonium 
chloride solution and extracted with dichloromethane three times. The combined organic 
layers was dried with brine and anhydrous magnesium sulphate and concentrated in 
vacuo. The pure product 6-15 was obtained by performing flash chromatography (20:1, 
4:1 hexane:ethyl acetate) as a white solid in 45 % (85 mg) yield. 1H NMR (300 MHz, 
CDC13): δ 0.56 (m, 8 H), 0.96 (m, 25 H), 1.05 (m, 27 H), 1.25 (m, 18 H), 1.40 (m, 10 H), 
1.53 (m, 7 H), 1.59 (m, 7 H), 1.73 (m, 7 H), 1.86 (s, 3 H), 2.03 (s, 2 H), 2.15 (s, 3 H), 
2.36 (m, 2 H), 3.58 (d, 1 H), 3.83 (d, 1 H), 4.0 (d, 1 H), 4.10 (m, 2 H), 4.36 (m, 1 H), 4.60 
(m, 1 H), 5.28 (m, 1 H), 5.67 (m, 1 H), 6.12 (m, 1 H), 6.39 (s, 1 H), 7.39 (m, 1 H), 7.68 
(m, 1 H), 7.85 (m, 1 H), 8.05 (m, 1 H), 13C NMR (300 MHz, CDC13): δ 5.04, 5.79, 6.56, 
6.74, 8.54, 8.71, 9.70, 11.41, 12.53, 12.89, 13.63, 14.18, 14.26, 17.51, 17.93, 17.99, 
18.59, 21.53, 22.34, 25.19, 25.61, 26.83, 27.03, 27.31, 27.60, 27.83, 28.28, 28.91, 29.02, 
29.12, 29.68, 35.69, 37.72, 43.10, 50.42, 52.15, 55.63, 56.66, 60.38, 70.28, 71.76, 72.10, 
72.97, 75.08, 75.26, 79.57, 86.14, 90.49, 127.99, 128.45, 129.09, 135.75, 137.26, 140.60, 
141.65, 143.14, 155.10, 165.54, 170.54, 171.13, 171.86, 172.95, 202.42. 
 
2-(3-Tributylstannylbenzoyl)-SB-T-1214 (6-16): 
A flask containing 6-15 (76 mg, 0.05 mmol) was inerted and 2 mL of dry 
pyridine/acetonitrile (1:1) was added to dissolve it. The flask was cooled to 0 oC and 
HF/pyridine (70:30, 0.5 mL) was added dropwise at 0 oC. The mixture was stirred at 
room temperature overnight. The reaction was quenched with aqueous saturated sodium 
carbonate solution, diluted with ethyl acetate, washed with aqueous saturated copper 
sulfate solution (x3) and water, dried over anhydrous magnesium sulfate and 
concentrated in vacuo to afford 6-16 as a white solid in quantitative yield (57 mg). 1H 
NMR (300 MHz, CDC13): δ 0.87 (t, 9 H), 0.96 (m, 3 H), 1.08 (m, 10 H), 1.2-1.4 (m, 20 
H), 1.21 (m, 1 H), 1.54 (m, 6 H), 1.68 (s, 3 H), 1.71 (s, 3 H), 1.77 (s, 3 H), 2.14 (s, 2 H), 
2.4 (m, 2 H), 2.82 (m, 1 H), 3.58 (d, 1 H), 3.80 (d, 1 H), 4.09 (m, 3 H), 4.52 (m, 1 H), 
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4.67 (m, 1 H), 5.24 (d, 1 H), 5.72 (m, 1 H), 6.15 (m, 1 H), 6.28 (s, 1 H), 7.37 (t, 1 H), 7.6 
(d, 1 H), 7.81 (d, 1 H), 8.02 (m, 1 H), 13C NMR (300 MHz, CDC13): δ 8.92, 9.11, 9.68, 
12.96, 13.43, 13.63, 14.75, 17.50, 18.61, 22.07, 22.35, 25.48, 25.64, 26.82, 27.02, 27.30, 
27.58, 27.82, 28.24, 28.90, 29.01, 29.10, 35.37, 35.83, 43.07, 49.30, 51.57, 55.50, 69.83, 
71.57, 72.89, 73.11, 73.51, 75.77, 76.35, 79.96, 86.29, 90.43, 120.50, 127.97, 128.41, 
129.07, 135.30, 137.25, 137.85, 141.63, 142.11, 143.11, 155.33, 165.49, 170.77, 173.36, 
174.12, 205.58, HRMS: (Q-TOF TOF MS ES+) m/z Calculated for C57H86O15NSn+: 
1144.5034 Found: 1144.5050  (∆ = - 1.39 ppm).  
 
SB-T-121402 (Stille coupling): 
A small vial containing Pd2(dba)3 (0.6 mg), P(o-tolyl)3 (0.78 mg) (1:4) was inerted and 
200 μL of anhydrous DMF was added to it and stirred for 30 min till yellow color was 
observed. Then methyl iodide (0.04 μL, 0.6 μmol, 1 eq) was added to it and the whole 
reaction mixture was transferred to another small vial containing compound 6-16 (3.4 
mg, 0.003 μmol, 5 eq), CuCl (5 eq) and K2CO3 (5 eq) in 30 μL anhydrous DMF under 
inert atmosphere. The vial was heated to 65 oC and the reaction was monitored after 5 
min and stopped after 10 min. The formation of the desired SB-T-121402 was confirmed 
from TLC comparison as well as from HPLC. The product and the tin precursor were 
well separated in HPLC column and the desired compound elutes out first in a reverse 
phase Luna PFP column.  
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1H NMR Spectrum of SB-T-1214 
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13C NMR Spectrum of SB-T-1214 
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1H NMR Spectrum of 2-1 
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1H NMR Spectrum of 2-2 
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19F NMR Spectrum of 2-2 
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1H NMR Spectrum of 2-3 
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1H NMR Spectrum of 2-4 
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1H NMR Spectrum of 2-5 
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1H NMR Spectrum of 2-6 
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1H NMR Spectrum of 2-7 
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1H NMR Spectrum of SB-T-12851 
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13C NMR Spectrum of SB-T-12851 
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1H NMR Spectrum of 3-1 
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13C NMR Spectrum of 3-3 
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1H NMR Spectrum of 3-4 
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13C NMR Spectrum of 3-4 
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19F NMR Spectrum of 3-4 
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1H NMR Spectrum of 3-5 
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13C NMR Spectrum of 3-5 
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1H NMR Spectrum of 3-6 
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13C NMR Spectrum of 3-6 
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1H NMR Spectrum of 3-7 
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13C NMR Spectrum of 3-7 
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1H NMR Spectrum of 3-8 
 

 
 
 

 
 

 
 
 
 
 
 
 

 
 



 315

 
 

13C NMR Spectrum of 3-8 
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19F NMR Spectrum of 3-8 
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1H NMR Spectrum of 3-9 
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13C NMR Spectrum of 3-9 
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1H NMR Spectrum of 3-10 
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13C NMR Spectrum of 3-10 
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1H NMR Spectrum of 3-11 
 

 
 

 
 
 
 
 
 
 
 
 
 
 



 322

 
 

13C NMR Spectrum of 3-11 
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19F NMR Spectrum of 3-11 
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1H NMR Spectrum of 3-12 
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13C NMR Spectrum of 3-12 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 



 326

 
 

1H NMR Spectrum of 3-13 
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13C NMR Spectrum of 3-13 
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19F NMR Spectrum of 3-13 
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1H NMR Spectrum of 4-5 
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1H NMR Spectrum of 4-6 
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1H NMR Spectrum of 4-9 
 

 
 
 

 
 
 
 
 
 
 



 332

 
 
 
 
 

1H NMR Spectrum of 4-12 
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1H NMR Spectrum of 4-13 
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1H NMR Spectrum of 4-14 
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1H NMR Spectrum of 4-15 
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1H NMR Spectrum of 4-16 
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1C NMR Spectrum of 4-16 
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1H NMR Spectrum of 4-17 
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13C NMR Spectrum of 4-17 
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1H NMR Spectrum of 4-18 
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1H NMR Spectrum of 4-19 
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13C NMR Spectrum of 4-19 
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1H NMR Spectrum of 4-20 
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13C NMR Spectrum of 4-20 
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1H NMR Spectrum of 4-21 
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13C NMR Spectrum of 4-21 
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1H NMR Spectrum of 4-25 
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13C NMR Spectrum of 4-25 
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1H NMR Spectrum of 4-26 
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13C NMR Spectrum of 4-26 
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1H NMR Spectrum of 4-27 
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1H NMR Spectrum of 6-1 
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1H NMR Spectrum of 6-2 
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13C NMR Spectrum of 6-2 
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1H NMR Spectrum of 6-3 
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13C NMR Spectrum of 6-3 
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1H NMR Spectrum of 6-5 
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13C NMR Spectrum of 6-5 
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1H NMR Spectrum of 6-6 
 

 
 
 

 
 
 
 
 
 
 
 
 
 



 360

 
1H NMR Spectrum of 6-7 
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13C NMR Spectrum of 6-7 
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1H NMR Spectrum of 6-8 
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1H NMR Spectrum of 6-9 
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13C NMR Spectrum of 6-9 
 

 
 
 

 
 
 
 
 
 
 



 365

 
 

1H NMR Spectrum of 6-10 
 

 
 

 
 
 
 
 
 
 
 



 366

 
 
 

13C NMR Spectrum of 6-10 
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1H NMR Spectrum of SB-T-121402 
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1H NMR Spectrum of 6-11 
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1H NMR Spectrum of 6-14 
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13C NMR Spectrum of 6-14 
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1H NMR Spectrum of 6-15 
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13C NMR Spectrum of 6-15 
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