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ABSTRACT

Because of the efficacy of taxol against a wide variety of cancers, the demand for this
drug has vastly increased during the last decade. Due to its limited natural supply, a number
of alternative sources of taxol continue to be investigated. One approach toward alleviating
the taxol supply problem is by the systematic investigation of the structure-activity
relationships of the molecule, in order to establish the structural features and functionalities
necessary for biological activity. Research efforts during the last decade have led to the
establishment of the molecular domains and functionalilties which are crucial for biological
activity, however at the inception of this work, the structure-activity relationships of the C-4
position of taxol were unknown. It was thus the major goal of this work to prepare 4-
deacetyltaxol, in order to assess the importance of the C-4 acetate for overall activity, as well
as to have a template molecule with which to begin studies aimed at determining the effect
on activity rendered by replacement of the C-4 acetate with other acyl groups.

Preliminary studies of the deacylation and reacylation of baccatin III were carried out in
order to find conditions necessary for the preparation of 4-deacetylbaccatin III, and hence
4-deacetyltaxol. 4-Deacetyltaxol has now been prepared from baccatin III via two synthetic
approaches and from taxol via one synthetic approach, and has been shown to be
significantly less potent than taxol, suggesting that the C-4 acetate is necessary for biological

activity.



From the investigation of several potential synthetic approaches toward the formation of
4-acyltaxol analogs, one methodology has been developed which has allowed the
preparation of 4-acyltaxol derivatives from baccatin III or the more readily available 10-
deacetylbaccatin III. This particular methodology can be extended to the preparation of
other 4-acyltaxol or 4-acyltaxotere derivatves.

Two C-5a halogenated oxetane ring-opened compounds have been prepared from a 4-
deacetyltaxol derivative, offering the opportunity to investigate the potential effects on

biological activity generated by modifications to the oxetane ring.
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For most of us this is the aim
Never here to be realized;

Who are only undefeated

Because we have gone on trying
We, content at last

If our temporal reversion nouvish
(Not too far from the yew tree)
The life of significant soil.

- T.S. Eliot
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I. INTRODUCTION

1.1 Historical

From the nomadic hunter-gatherer tribes of prehistory, through the establishment of
agriculture-based societies, to the present time, plants and plant-derived materials have been
of paramount importance to humankind. Not only have humans derived sustenance from
the plant kingdom through the ages, but we have also sought out plants and plant products
for a vast supply of non-nutritive, yet valuable commodities which have been used variously
for shelter, clothing, transportation, weapons, poisons, intoxicants, and more importantly in
the context of the work to be reported in the following pages, in the treatment of or cure
for a myriad of ailments and diseases. In addition to the archeological evidence we have
accumulated, giving us a deeper understanding of the diverse lives and activities of primitive
peoples, we also have written evidence of the importance of plants in ancient times,
especially regarding their medicinal value. Some of the oldest written evidence of the use of
plant materials as medicinal agents can be found in the Rig Vedas of India. Compiled
between 4500 and 1600 BC, it is one of the oldest collections of human learning and many
of its 1,028 entries detail the efficacy and therapeutic value of various plants.* Another
ancient source of botanical medicine is a Chinese text, the Pen T5’a0, completed in 1596
AD, but representing the culmination of a much older compilation of pharmacological
knowledge, traditionally dating to the Emperor Shen Nung about 2700 BC. Included in
the Pen T5’ao are hundreds of plant-derived preparations for use in the treatment of various
health problems.?? The Ebers Papyrus, another ancient treatise on medical knowledge, was
written in Egypt about 1550 BC and contains, in addition to over 800 references to plant-
derived medicinal products, some of the earliest references to the use of natural products in
the treatment of cancer.>+

While it is obvious that the use of plants or plant extracts in the treatment of disease has
a long history, it was only relatively recently that these remedies were understood from a

scientific point of view. The birth of pharmacognosy (the branch of pharmacy dealing with

1



the derivation of biologically active compounds from plant sources) in the early 1800s and
the advances of organic chemistry between the mid-1700s and the turn of this century led
to the realization that the efficacy of traditional medicinally useful plants could most often
be attributed to the action of a single compound or a series of related compounds.? This
understanding prompted a relatively rapid decline in the use of crude plant preparations
(folk remedies as they are commonly known) and a proportionate increase in the use of the
purified active compound(s), such that purified compounds are now nearly exclusively used
in the treatment of illnesses.

One of the most dynamic areas of chemical research during the past 50 years has been
that of cancer chemotherapy, involving either the isolation of biologically active components
from natural sources, the synthesis of potential chemotherapeutic agents, or a combination
of both (i.e., using plant-derived molecules as starting materials in the semi-synthesis of
potentially useful anticancer agents). However, because prospective anticancer drugs may
exhibit undesirable side effects, they must pass through a rigorous testing period. Out of
literally thousands of compounds which may enter this testing period only one may be
found which satisfies the strict testing criteria and be allowed to be marketed as a clinically
useful chemotherapeutic agent. Thus, of the large number of potential compounds derived
from plant sources and initially showing promising activities in tissue and animal trials, only
a relative few have proven to be clinically useful enough to become established cancer
chemotherapeutic agents. Among the most successful antineoplastic agents discovered to
date are the Vinca alkaloids obtained from Catharanthus roseus, commonly referred to as

the periwinkle. Vincristine (1.1) is particularly effective against childhood leukemia and in

o

allowing short-term remission of reticulum-cell sarcoma and Hodgkin’s disease.?
Vinblastine (1.2) is useful in the treatment of generalized Hodgkin’s disease, lymphocytic
lymphoma, advanced testicular carcinoma and Kaposi’s sarcoma.® Vindesine (1.3), a semi-
synthetic derivative of vinblastine, has also shown promise as a chemotherapeutic agent,
especially for use in patients who show resistance to vincristine and vinblastine. The lignans

colchicine (1.4), isolated from Colchicum autumnale, and podophylltoxin (1.5) and its

2



derivatives, isolated from several species of Podophyllum, have been found to exhibit
profound cvtotoxic properties. Two semi-synthetic derivatives of podophyllotoxin,
teniposide (1.6) and etoposide (1.7), are currently the preferred chemotherapeutic agents
in the treatment of small cell lung carcinoma and have shown good activity against
Hodgkin’s disease and other malignant lymphomas, pediatric leukemias and a variety of

other types of cancer.”

Vincristine (1.1): R = CHO
Vinblastine (1.2): R = CH,

Vindesine (1.3)
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One of the most recent additions to this select group of clinically important anticancer
agents derived from plants is taxol (1.8), a member of the taxane diterpenoid family of
natural products originating in various Taxus species. While early clinical testing of taxol was
hampered by its extremely low water solubility and very limited supply, it has now emerged
as one of the most important chemotherapeutic agents isolated to date. Taxol has been
shown to have excellent activity against advanced and drug-refractory ovarian cancer® and
against breast cancer,”!? as well as very promising activity against lung cancer!'!? and
melanoma.!3!* Based on its behavior in ongoing clinical testing, it is likely that taxol will
exhibit activity against other cancers as well, further enhancing its reputation as one of the

most intriguing cancer chemotherapeutic agents ever isolated frorn a plant source.
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1.2 Cancer: An Overview

Cancer is the general name used to define a large class of diseases. These diseases are all
characterized by two things: uncontrolled growth -and division of abnormal cells, and the
ability of these cells to spread to other parts of the body and invade other organs and
tissues, a process known as metastasis. If the spread of these abnormal cells is not controlled,
the activities of normally functioning cells and tissues may be disrupted and death can result.
Cancer is caused by a number of both internal and external factors. These include hormonal
changes, immune problems and inherited mutations, as well as exposure to chemicals,
radiation and viruses. These causal factors may operate singly, in combination or in sequence
to initiate cancer formation and/or to promote its spread to other parts of the body.

Cancer is not a new phenomenon. As evidenced by archeological findings which have
produced skeletons and mummies bearing the distinctive scarring of cancer or showing signs
of attempted surgical intervention, and ancient medical tracts which contain descriptions of
diseases we now recognize as cancer and the known remedies of the time, cancer has
afflicted humankind through the ages. While having always been greatly feared, cancer was
not frequently encountered until the last century. In 1850, approximately one in every 190
deaths in the United States was reported to be related to cancer,!> whereas it has been
estimated that cancer now accounts for one of every five deaths.!® Most of the increase in
cancer mortality has occurred during this century despite the impressive advances made in
scientific knowledge and medical practice, as well as the significant improvements made
socially and economically. The increase in cancer mortality can be attributed to a number of
factors, as discussed below.

During the first half of this century, increasing acceptance of the germ theory of disease
led to a series of medical and public health advances which resulted in improvements in
water and food supplies, in sewage treatment and waste removal, in antiseptic practices in
homes and hospitals and in the administration of vaccines, antitoxins and antibiotics. These
innovations resulted in the reduction of both the frequency and the severity of infectious

diseases, such that the mortality rate from infectious diseases has fallen from more than half
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of all deaths in 1900 to well below one in 30 currently in the United States.!s As a result of
eliminating infectious diseases as a major cause of death, the average life span has increased -
in 1900 only 4.1% of the population was 65 years or older, but by 1988, 12.3% of the
population was 65 or older; and while the total population tripled in this time, the elderly
group increased nearly tenfold.'” However, as the life expectancy of the population has
increased, the death rate from cancer has also increased. Considering that cancer mortality is
relatively low among children and teenagers (about seven deaths in 100,000 at ages
younger than 15 years), but from age 15 on the death rate from cancer increases very
rapidly, to over 170 per 100,000 by ages 45 to 54 and over 1,200 per 100,000 by ages 75
to 84,5 it is apparent that the reduction of the death rate by infectious diseases has resulted
in a greater frequency of cancer-related deaths. That the cancer mortality rate increases with
advancing age can be attributed to two factors: 1) the greater likelihood of exposure to
environmental carcinogens (it has been estimated that probably more than 90% of cancer is
caused by cancer-causing agents found in foods, water, air and clothing, as well as in the
workplace or in various substances to which the body is voluntarily or involuntarily exposed,
such as tobacco smoke, ethyl alcohol, viruses, ultraviolet radiation, ionizing radiation, vinyl
chloride, and asbestos); and 2) for nearly all carcinogens there is a typical delay of five to 30
years or more between initial exposure and the manifestation of cancer. Thus, years of
chronic exposure to carcinogens can precede detection of disease, a situation which shifts
the prevalence of cancer to the older age groups.'®

While cancer is often a deadly disease, it is by no means predictable in its effects.
Different types of cancer do not behave alike and the same kind of tumor in several people
may behave in radically different ways, allowing one person to be cured, while another may
die, and vet another mav be treated and appear disease-free for years before suffering a
relapse. Additionally, cancer can vary in its site frequency, depending on environmental
factors and behavioral patterns. Thus, while a number of cancers, including those of the
stomach, rectum and colon, have declined in their occurrence in the last 60 years, mainly

due to improved eating habits, a number of cancers have increased in frequency during the
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same period, including lung cancer, breast cancer and non-Hodgkin’s lymphoma. Of
particular note is that the incidence of death from lung cancer has steadily increased since
1930 from a mortality rate of three per 100,000 to over 70 per 100,000 in 1990, and it is
now the leading cause of cancer deaths among men and woman.!>!¢ Mortality from this
cancer continues to increase more rapidly than for any other cause of death, and the
incidence of this cancer has become so prevalent that if lung cancer deaths were excluded
from consideration, general cancer mortality would have declined 14% between 1950 and
1990.16 The rise in lung cancer deaths can be attributed almost exclusively to exposure to
tobacco smoke, which is estimated to have at least 43 known carcinogens.!®

Despite the advances made this century in scientific understanding and medical
practices, the treatment of many major types of cancer has proven to be a difficult task.
Earlier detection of symptoms has greatly improved the prognosis for survival, especially
regarding the treatment optons available, which include surgical removal, radiation therapy,
chemotherapy, hormone manipulation therapy and immunologic agent therapy; however,
depending on the cancer and the treatment option(s) selected, the five-year survival rate is
quite variable. For example, the five-year survival rate for lung cancer in all patients is only
13%; for leukemia, the rate is 38%; for ovarian cancer, 41%; for prostate cancer, 78%; and for
breast cancer, 93%.1¢ In light of these statistics, which show hope for some cancer
treatments yet indicate the extent to which effective cancer treatments have eluded
discovery, it is not surprising that the search for more active treatments has continued to

intensify, especially in the quest for more potent chemotherapeutic agents.



1.3 Taxanes

In the search for potential chemotherapeutic agents derived from plants, often a
particular plant or plant part is selected for study based on its known toxicity, since it has
frequently been shown that the particular component(s) responsible for the toxic nature of
the plant or plant part can show significant activity against various diseases or ailments,
including cancer. This has been evidenced by the discovery of the Vinca alkaloids and
podophyllotoxin and its biological derivatives (as mentioned in Section 1.1), as well as by a
class of compounds known as the taxane diterpenoids.

The taxane diterpenoids comprise a unique class of natural products characterized by an
unusual multiring carbon skeleton (1.9) or by closely related skeletons (the numbering
system for the taxane skeleton is that adopted by IUPAC).!® This class of compounds
originates in the various species of the genus Taxus (Taxaceae), commonly referred to as
yew plants, which have been known since ancient times to be extremely toxic. In fact, early
interest in the chemical composition of Taxus species was prompted by the known toxic and
often deadly effects elicited by ingestion of various parts of the English yew ( Taxus baccara).
Chemical investigation was initiated in 1856 by Lucas,!® who reported the isolation of a
crude alkaloidal material from 7. &accata, which he named “taxine.” While this material was
held to be largely responsible for the toxicity of the yew, it was later found to be a mixture
of related alkaloids. Early investigations?® of the structure of “taxine” were carried out by a
number of researchers during the period from 1856 to 1943, but it was the work of
Winterstein and his colleagues which produced the first structural elucidation of a
significant portion of the mixture. They obtained, upon acid hydrolysis of the mixture, a
nitrogen-containing carboxylic acid and determined it to be 3-(dimethylamino)-3-
phenylpropanoic acid, later named “Winterstein’s acid.”?1-22 Work on the structural
elucidation of the components of “taxine” continued during the 1940s and the 1950s,

mainly centered around the basic Winterstein esters, in the belief that these were the major
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active compounds responsible for the toxicity of the yew. Two independent groups
converted the mixture of Winterstein esters to the more stable cinnamate ester by B-
elimination, each obrtaining a different compound, but marking the first successful isolation
of homogeneous materials from “taxine.” The structures of these two compounds were
determined to be O-cinnamoyltaxicin-I triacetate (1.10) derived from T. baccara,?® and O-
cinnamoyltaxicin-II triacetate, or taxinine (1.11) derived from T. cuspidata, the Japanese

yew, 2426

While early investigations of Taxus constituents had focused on the isolation of basic
components through the use of rather harsh acidic conditions, which undoubtedly resulted

in substantial decomposition, when milder extraction methods were employed a large
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number of neutral compounds could be isolated directly. Thus, in 1963 Taylor reported the
isolation of a compound from the heartwood of T. baccata, which he named baccatin.?”

Taylor’s compound was later renamed baccatin I (1.12) by Halsall, who had isolated other

baccatins from the same species.?8-32

AcQ  OAC oAc

1.12

The development of nuclear magnetic resonance spectroscopy during the 1960s and
subsequent refinement of NMR techniques, coupled with the application of X-ray
crystallography, optical rotary dispersion and circular dichroism,?5:28:31,33-35 have since
allowed the investigation and structural elucidation of taxane diterpenoids to be carried out
at a contnually increasing pace, leading to the structural characterization of well over 100
taxanes to date.3¢ These compounds can be included in three main structural classifications,
as shown in Figure 1.

Representative examples of taxanes corresponding to the type A structural class are
summarized in Table 1. The common structural features of this class of compounds are an
exocyclic C-4(20) double bond, a C-5 a-oxygenated substituent and a B-oxygenated
substituent at C-10. Variable oxygenated substituent patterns are seen in this class at the C-
2, C-7 and C-13 positions.

Table 2 lists a number of representative taxanes of the relatively small structural class B,
from Figure 1. This class of taxanes has as its main structural feature a C-4(20) epoxide. In

addition, this class is characterized by an acetate group at the C-2 position and varying
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oxygenated substituents at C-1, C-5, C-7, C-9, C-10 and C-13. From a biological point of
view, it can be supposed that the epoxide functionality common to this class arises from the
oxidation of the C-4(20) olefin of the group A class of taxanes.

The third structural class of taxanes, type C, are typified by a C-4(5) oxetane ring, an
unusual structural feature for a naturally occurring compound; and, in the majority of the
compounds of this class, a bridgehead C-1 hydroxyl group. Representative examples of this
structural class are given in Table 3, and as can be seen from the table, this class of taxanes
includes taxol (1.8), baccatin III (1.13), the C-13 deacyl analog of taxol, and
cephalomannine (1.16).

As is evident from Table 3, cephalomannine, which itself displays some antitumor

activity,¥” differs from taxol only by the substituent on the side chain nitrogen atom:

Figure 1. Major structural classes of the taxane diterpenoids.

12



Table 1. Representative examples of taxanes of
the structural class type A from Figure 1.”

Name R, R, R, R, Ry Ry R,

50,9a,10B,13a- Tetraacetoxy-4(20),

11-taxadiene (Taxusin) H H Ac H OAc OAc OAc
50,90,10B,13a-Tetrahydroxy-4(20),

11-taxadiene H H H H OH OH OH
9a,10B-Diacetoxy-5a,13a-dihydroxy-4

(20),11-taxadiene H H H H OAc OAc OH
5a,78,9a,10B,1 3a- Pentaacetoxy-4(20),

11-taxadiene H H Ac OAc OAc OAc OAc
7B,9a,10B- Triacetoxv-2a,5a,1 30

trihydroxy-4(20),11-taxadiene H OH H OAc OAc OAc OH
5a-Hyvdroxy-2a,7B8,90,10B,1 30 tetraacetoxy-4

(20),11-raxadiene (Decinnamoyltaxinine J) H OAc H OAc OAc OAc OAc
18,2a,50,90,108,1 3a-Hexahydro-4(20),

11-traxadiene OH OH H H OH OH OH
2a-Benzovloxy-9a,10B-diacetoxy-1B,5a,

130a-trihydroxy-4(20),11-taxadiene OH OCOPh H H OAc OAc OH
2a-Benzovioxy-108,13a-diacetoxy-18,

50,90a-trihydroxy-4(20),11-taxadiene OH OCOPh H H OH OAc OAc
Brevifoliol OH H H OCOPh OAc OAc OH
Taxinine A H OAc H H OAc OAc =0

Taxinine H H OAc Ac H OAc OAc =0

*Adapred from Reference 36.
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