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Abstract

Abstract
The design of targeted prodrugs has become a viable aim in cancer chemotherapy, as
research moves away from classical cytotoxic agents. The development of various
compounds that exploit tumour physiological and protein expression profiles for
targeted activation is reviewed. Cytochrome P450 enzymes, either overexpressed
intratumourally or introduced by gene therapy, have potential for activation of
deshydroxy prodrug analogues of the duocarmycins via bioxidation of the
pharmacophore. The duocarmycins are potent antitumour antibiotics capable of
sequence-selective alkylation of DNA. They bind in the minor groove and exhibit high
selectivity towards AT rich sequences.
Herein, the synthesis of deshydroxy-seco-CI-MI 59 and the fluorinated derivative 105
by two complementary routes is described. These prodrugs are based on the m in im u m
potent pharmacophore of the duocarmycins (Cl). Initial investigations of the 5-exo-trig
free radical cyclisation with catalytic BugSnH, using polymethylhydrosiloxane (PMHS)
as a hydride source gave good yields. This was further improved by the use of
tris(trimethylsilyl)silane (TTMSS) in stoichiometric quantities. An alternative route
involving alkylation of a 2 -fluoronitrobenzene with dimethyl malonate was also
developed. Functional group interconversions allowed a 5-exo-tet nucleophilic
substitution to form the A ring. This synthesis allows the application of an enzymebased resolution of an early intermediate without downstream racémisation.
Deprotection and coupling to 5-methoxyindole-2-carboxylic acid 60 gave an extended
prodrug in good yield. Duocarmycin SA 19 is among the most potent compounds in this
class of natural products. Synthesis of the deshydroxy-^eco-DSA pharmacophore was
also achieved using the 5-exo-trig free radical cyclisation.
A methoxy prodrug 126, where the activity is removed by ether formation rather than
removal of the hydroxyl group, was designed based on known substrates of CYPIBI.
Based on the seco-CQ pharmacophore of natural products duocarmycin B] 21 and C2
2 2 , the novel synthesis was achieved via direct allylation of an aniline derivative
followed by dihydroxylation to give a 1,2-diol. Selective tosylation of the primary
alcohol and protection of the secondary hydroxyl group allowed cyclisation to the 6 membered ring exclusively. Preliminary biological results are also given.
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Chapter One

Literature Review

Chapter One

1.1

Literature Review

Cancer Chemotherapy

Cancer is the collective name for a number of malignant neoplastic diseases
characterised by the unregulated and non-systemic proliferation of cells. It is
distinguished from a benign growth by the invasive nature of the malignancy. Capable
of spreading to other regions of the body via the lymphatic and cardiovascular systems;
known as métastasés, these secondary tumours are often indicative of the primary
growth. Cancer is characterised by the type of cell from which it originated; sarcoma,
leukaemia, lymphoma and carcinoma are the four main classifications of cancer
corresponding to malignancies arising from connective tissue, blood forming tissue,
lymph tissue and epithelial tissue respectively, the last being the most common.
Although cancer is by no means a modem day disease, increased incident rates in recent
years can be attributed to longevity and lifestyle factors, although genetic predisposition
has been identified in some cases. Specific carcinogens can be viral, chemical or
biological.

Carcinogenesis is the process by which a tumour forms; a critical step is the irreparable
alteration of DNA that persists through replication. This can arise through point
mutations, insertion mutations, gene amplification, chromosomal translocation and/or
protein-protein interactions and lead to the formation of oncogenes. A single mutation is
insufficient to cause carcinogenesis; a number of changes must occur and remain
unaltered by the cell’s normal repair and regulatory mechanisms.

Oncogenes are mutated forms of proto-oncogenes that contribute to cancer development
by dismpting a cell's DNA repair mechanisms and ability to control its own growth.
Proto-oncogenes are often involved in growth signalling and anti-apoptotic pathways.
When proto-oncogenes mutate to become oncogenes they retain their functionality, but
are no longer capable of responding to normal regulatory signals. Proto-oncogenes have
been identified at all levels of the various signal transduction cascades that control cell
growth, proliferation and differentiation.^

An additional factor that distinguishes a malignant tumour from a benign growth is the
ability to promote the formation of new blood vessels to supply itself with oxygen and
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nutrients. A tumour mass is also capable of communicating to the surrounding healthy
cells and breaking down the extracellular matrix to facilitate movement through tissue.^

There are three stages of cancer development; initiation, promotion and progression.
Initiation includes the various steps that lead to the formation of a single cancer cell,
promotion is the differentiation and proliferation of that cell to form a tumour mass and
finally progression involves the continuous adaptation of the neoplastic cells as the
tumour grows and develops. Progression leads to metastatic cancer formation; cancer
seed cells are released by the primary cancer and proceed to remote locations, here they
form secondary tumours. It is this continual development and ability to spread that
poses the biggest clinical problem."^

The treatment of cancer usually involves the combined effort of surgery, radiotherapy
and chemotherapy; the aim is to cause cytostatic and cytotoxic effects within the
tumour.^ Although improved techniques in surgery and radiotherapy have emerged,
these are well-established forms of treatment. In contrast, chemotherapy is constantly
under review and improved novel anticancer agents are being developed. Classic
chemotherapeutic agents have traditionally disrupted DNA replication and mitosis.^
However since these processes are
c o m m on .

c o m m on

to all proliferating cells, side effects are

In an attempt to reduce the side effects associated with chemotherapy,

attention has turned to the design of more targeted agents.

With improved knowledge of the aetiology of cancer and the increased understanding of
the biological pathways involved in cancer progression, an increased number of
biological targets specific to neoplastic cells have been identified. Determination of key
differentiating characteristics of cancer cells also provides novel targets, for example the
existence of necrotic cells within tumours, ^ the expression of distinct enzyme profiles
by tumour cells^ and the identification of tumour antigens not found elsewhere in the
body.^ Evidence is also mounting for the potential to induce these differentiating
characteristics; for example, stimulation of tumour cell glycolysis leads to decreased
extracellular pH within tumours,^ the administration of tumour specific antibodyenzyme conjugates to the patient gives rise to tumour localised enzymes.^ These tumour
specific characteristics have the potential to be used as biological targets by
chemotherapy agents.
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Efforts are underway to design molecules that exploit these novel targets and are as such
cytotoxic to tumour cells exclusively. There are two approaches to targeting tumour
cells specifically; the first is the targeting of a tumour specific protein or DNA sequence
causing damage and eventual disruption of the cell cycle followed by apoptosis. The
second is to use a prodrug, an inactive form of the drug, exploiting a tumour specific
target to activate the prodrug intratumourally. It is the latter approach that is the focus of
this thesis.

1.2

Development of Antitumour Prodrugs

The term prodrug, first introduced by Albert in 1958,^° is used to describe a biologically
inactive compound, which is metabolised in the body into the active drug and is then
able to exert its biological effect. The concept of a prodrug has existed for over a
century, and was initially used to improve a drug’s clinical utility. Often a therapeutic
agent possesses undesirable physical or chemical properties that may become
pharmacological, pharmaceutical, or pharmacokinetic barriers in the clinical application
of the drug. Chemical derivatisation of the molecule allows the modification of the
structure in an attempt to minimise the undesirable properties while retaining the
therapeutic activity of the compound.

This same concept has developed further yielding the targeted prodrug approach.
Antitumour drug design now focuses on tumour-specific cytotoxic agents allowing the
circumnavigation of adverse effects on healthy cells. In addition to novel chemotherapy
agents, a number of established anticancer agents have benefited from a renewed
interest in the classic compounds; the nitrogen mustards and the anthracyclines are two
classes of anti-cancer agents that exemplify this progression from drug to targeted
prodrug.

1.2.1

Nitrogen Mustard Prodrugs

Mechlorethamine 1 is the parent compound of a family of molecules known as the
nitrogen m u stards.(F ig. 1.1) This group of compounds is an example of a class of anti
tumour agents that act by alkylating DNA and ultimately causing apoptosis.
Mechlorethamine 1 was first used in 1942 and is still in use today, although the
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associated bone marrow toxicity (myelosuppression), kidney and liver toxicity, immune
system effects and observed acquired drug resistance has limited the therapeutic index
of the a g e n t . I n an attempt to improve the drug and reduce the systemic toxicity
associated with its use, a number of derivatives have been synthesised. Chlorambucil 2
and melphalan 3 are two examples of these modified nitrogen mustards. Developed in
the 1950s and still in use today, their improved water solubility and improved uptake by
cancer cells increased their therapeutic efficacy over the original mustards. In spite of
this improvement, myelosuppression remains a severe side effect.
01

Cl

HO
Cl

HO

Cl

NH

2 Chlorambucil

1 Mechlorethamine

Figure 1.1: The nitrogen mustards.

The mechanism o f action is common to mechlorethamine 1, chlorambucil 2 and
melphalan 3. These compounds are alkylating agents and at high doses will alkylate any
biological entity. At therapeutic doses they alkylate DNA and display selectivity
towards guanine over adenine and cytosine. Alkylation proceeds via an intramolecular
cyclisation to the aziridinium ion and subsequent nucleophilic attack by the N7 of
guanine. (Fig. 1.2)
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Figure 1.2: The alkylation o f DNA by mechlorethamine 1.

Since all of these molecules possess two chloroalkyl side-arms they are able to repeat
this process and alkylate DNA a second time, essentially cross-linking the two strands
of DNA. This creates a block to DNA-processing enzymes involved in replication and
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transcription and ultimately to cell death. The biological consequence of this crosslinking is most apparent in proliferating cells, though the drugs themselves are cell
cycle non-specific. Cells imdergoing mitosis are particularly susceptible since DNA
synthesis is occurring.'^
/C l
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4 Cyclophosphamide
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5 Ifosfamide

Direct administration of these potent alkylating agents leads to severe systemic toxicity.
In an attempt to reduce these side effects a targeted prodrug approach was employed.
Acid phosphatase enzymes were known to be present in the tumour cells of prostate
cancer. It was hoped that this expression could be exploited by prodrug analogues of the
nitrogen mustards; cyclophosphamide 4 and ifosphamide 5. During clinical trials both
prodrugs were highly effective against a number of forms of cancer, although not by the
anticipated mode of action. It was foimd that both agents are metabolised by a hepatic
cytochrome P450 system.'^
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Carboxyphosphamide
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Nomitrogen mustard

vivo metabolism o f cyclophosphamide'^

The schematic representation of the metabolism of cyclophosphamide 4 is shown below
(Fig. 1.3). The initial metabolism to 4-hydroxycyclophosphamide is followed by further
enzymatic and non-enzymatic degradation of the molecule to yield both active and non
active secondary metabolites. This degradation may occur in the liver, plasma or other
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tissue (including neoplastic) and accounts for the minimal hepatotoxicity observed; due
to the high enzyme content of hepatocytes, any 4-hydroxycyclophosphamide or the
corresponding acyclic tautomer (aldophosphamide) persisting in the liver will quickly
be metabohsed further into non-cytotoxic metabolites and cleared from the body via
standard pathways. The active metabolites are able to circulate in the body and are taken
up

by

the

tumour cells

where

they

can

exert their biological

effects.

Cyclophosphamide 4 and ifosphamide 5 were revealed to be non-target specific
prodrugs with similar associated systemic toxicity to the active nitrogen mustards. In
spite of this they are both useful agents and are successfully used in the clinic.

A second approach to the targeting of nitrogen mustards relies on the physiology of the
tumour rather than direct targeting of a specific enzyme. Regions of hypoxia exist in
around 65% of all solid tumours.^^ The chaotic and inefficient blood vessel network in a
tumour compared to the usually regular and systematic network of blood vessels in
healthy tissue leads to variable and temporarily obstructed blood flow. As a tumour
grows, many cells are left with an insufficient blood supply leading to a hypoxic state
where the cell is deprived of oxygen and nutrients. Hypoxic cells display a high degree
of drug resistance that arises for several reasons. These cells are not usually
prohferating so drugs targeting the cell cycle are less effective. As mentioned
previously, hypoxic cells are some distance from a blood supply and many drugs lack
the physical properties required to diffuse over long distances. It has been shown that
genes known to be involved in drug resistance are upregulated in hypoxic cells. In
addition, hypoxic cells also exhibit resistance to radiation therapy.
OH
0 = P -0 H
NO
NH
NH

OoN
N

01
6C B -1954

7 SN-23862

8

PR-104

Figure 1.4: Examples o f hypoxia activated nitrogen mustard prodrugs

For this reason targeting these cells is of great clinical importance and since this state is
almost entirely unique to neoplastic cells, hypoxia is an attractive “target” for the
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activation of a prodrug.CB1954^^ 6 and SN23862^^ 7 were design to be activated in
hypoxic cells by reductase enzymes; the first modelled on the aziridinium ion
intermediate and the latter directly on a nitrogen mustard. (Fig. 1.4)

Both of these agents are activated bioreductively by an enzymatic le ’ reduction; this
transformation occurs in both oxygenated and hypoxic cells however it is readily
reversible in oxygenated cells. The absence of this back reaction in hypoxic cells leads
to conversion of the prodrug to the active form. (Fig. 1.5) A second 2e‘ bioreduction
also occurs in both oxygenated and hypoxic cells however it is not reversible so cannot
be used as a differentiating metabohc mechanism between healthy oxygenated cells and
hypoxic tumour cells. CB-1954 6 is susceptible to both the le ’ and 2e’ reductions
leading to decreased selectivity for neoplastic over normal cells making it unlikely to
succeed as a hypoxia targeted agent. Unlike CB-1954 6, SN-23862 7 is not susceptible
to this 2e’ reduction and is consequently the better clinical candidate.

Prodrug

bioreduction

r
1*“
[ ProdrugJ

.
Active drug

0%
Figure 1.5 : The activation o f a prodrug in a hypoxic cell.

The nitro groups of SN-23862 7 are strongly electron-withdrawing and so deactivate the
nitrogen mustard moiety to nucleophilic attack by disfavouring the ring closure to the
aziridinium ion, a similar situation exists with CB-1954 6. Upon reduction of the nitro
group to the electron donating NH: the ring becomes activated and susceptible to attack
by a nearby guanine residue, this conversion can be thought of as an electronic switch.
This leads to DNA alkylation by CB-1954 6 and DNA cross linking by SN-23862 7 via
the same mechanism as the active nitrogen mustards. (Fig. 1.2) An analogue programme
based on SN-23862 7 is well advanced and PR-104 8 has been selected very recently
from this library of compounds to proceed to clinical trials.
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Figure 1.6: The activation o f PR-104
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PR-104 8 is the final result of a lengthy analogue investigation that has identified the
key requirements of a hypoxia activated nitrogen mustard prodrug. The phosphate “pre
prodrug” 8 serves to improve solubility and hence bioavailability when administered.
Chemical degradation to the alcohol 9 increases the lipophilicity of the prodrug and
improves the diffusion rate and bystander effect* of the active amino compound 10.
(Fig. 1.6) Controlled by Proacta Therapeutics Ltd, PR-104 8 began phase I clinical
evaluation in January 2006, the results of which are eagerly awaited.^^

Exemplified by mechlorethamine 1 through cyclophosphamide 4 to SN-23862 7; the
development of the nitrogen mustards from classic cytotoxic agents to targeted prodrug
analogues has been clearly demonstrated. Similar developments from natural product to
prodrug have also been made with non-alkylating antitumour agents.

1.2.2

Anthracycline Prodrugs

Doxorubicin 11 and daunorubicin 12 are natural products belonging to a family of
compounds known as the anthracychnes, which are potent anti-tumour antibiotics. They
exert their effect by a non-covalent interaction with DNA; these compounds intercalate
between the strands of DNA and inhibit topoisomerase II, one of the enzymes
responsible for the unwinding of DNA during s y n th e sis.T h e natural products and
their synthetic derivatives share the same aromatic tricyclic ring system, this electron
rich, planar molecule interacts with the hydrophobic faces of the DNA base pairs while
* The influence o f a drug on untargeted cells by diffusion o f the active agent from the hypoxic cells to
surrounding cells.
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the sugar moiety is located in the minor groove. The intercalation of the anthracyclines
is relatively non-sequence specific.

OH

11 Doxorubicin
'" O H

= OH R 2 = OCH 3

12 Daunorubicin Rj = H

R 2 = OCH3

CH.

daunosamine

In addition to the anti-topoisomerase activity of these molecules, the anthracycline
chromophore contains a hydroxyquinone moiety; these structures are known to strongly
chelate iron. The anthracycline:DNA:Fe complex is able to catalyse the transfer of
electrons to form radical species that are able to cause strand breaks in DNA and
although this is a minor contributor to the agent’s cytotoxicity, it is this activity that
leads to the cardiotoxicity associated with the use of anthracyclines; usually the dose
limiting effect of these drugs. In addition to this, they also cause other side effects such
as myelosuppression and acquired drug resistance.

A number of prodrugs have been developed in order to improve the efficacy and
circumvent the severe side effects, particularly the cardiotoxicity, of the natural
products. Morpholinyl anthracyclines are a group of closely related derivatives that are
characterised

by

the

modification

of

the

daunosamine

residue

with

a

methoxymorpholino ring; MMDX (PNU-152243) 13 is one such morpholinyl derivative
currently under clinical investigation (phase I I ) . M M D X 13 is potentiated by
metabolism in the liver by a specific isoform of cytochrome P450 (3A) and is 80-150
fold more potent than doxorubicin 11 in vivo. Unlike the natural products, MMDX 13
inhibits topoisomeriase I,

and ribosomal gene transcription.^^ Despite the improved

properties and biological activity of the morpholinyl anthracyclines, the presence of the
hydroxyquinone means that cardiotoxicity remains a severe side effect.
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Ox /OH3

OH

+ "CH;
"O H

OH

13 MMDX (PNU-152243)

14 AQ4N

Since potentiation of this prodrug occurs in the liver, like cyclophosphamide this
represents a non-specific prodrug/"* AQ4N 14 is a novel bioreductively-activated
prodrug. Activation occurs as with SN-23862 7 in hypoxic cells. AQ4N 14 is reduced to
AQ4 15, the active metabolite capable of inhibiting topoisomerase H. (Fig. 1.7) AQ4 15
is formed by the

2 e*

reduction of the two tertiary amine A-oxide groups to the

corresponding tertiary amines by cytochrome P450s.^
9 H3

o, ,CH3
+ "C H

■CH;
2

e" reductase
CYP3A
XH;

N
I

CH3

14 AQ4N

15

AQ4

Figure 1.7: The activation o f AQ4N 14 to AQ4 15 by cytochrome P450

Unlike SN-23862 7, it is not the nature of the reduction but the isoform of the enzyme
tiiat gives the differentiation between normal and tumours cells. The bioreduction of
AQ4N 14 is catalysed predominantly by the CYP3A isoforms, strongly expressed in
some human tumours. Oxygenated cells also express these enzymes, however O2 binds
strongly to the active site causing irreversible inhibition of the enzyme. In hypoxic,
oxygen-deficient, cells there is no inhibition and so AQ4N 14 is free to bind to the
reduced haem group in the active site leading to prodrug activation. AQ4N 14 has
significant activity against hypoxic cells; it has out performed tirapazamine, another
hypoxia active topoisomerase II inhibitor, and is currently being evaluated in phase I/E
clinical trials.
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By examination of the properties of cyclophosphamine 4, ifosphamide 5, CB-1954 6,
SN-23862 7, PR-104 8, MMDX 13 and AQ4N 14, the requirements of a targeted
prodrug become apparent. The prodrug must be inactive, or substantially less active,
than the corresponding drug. An effective targeted prodrug remains dormant until
activation by the desired target within the tumour cell. Activation should not occur in
healthy cells; or at least should occur preferentially in tumour cells. Since metabolism
of a prodrug may lead to a number of metabolites, not all of which will be active, the
corresponding drug should be ultra-potent to maximise the biological effect. With these
requirements in mind, the aim of this project was to design and synthesise prodrug
analogues of the duocarmycins; a class of ultra-potent natural products known to be
effective sequence-specific DNA alkylators.

1.3

CC-1065 and the Duocarmycins
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Figure 1.8: CC-1065 and the duocarmycins
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CC-1065 16, gilvusmycin 17, yatakemycin 20 and the duocarmycins 8, 19, 21-24 are
the parent compounds of a class of natural products discovered over the past 25 years.
(Fig. 1.8) Isolated from culture broths of Streptomyces sp., these compounds have been
found to be highly cytotoxic.^^'^"* (Fig. 1.9)

1--------- 1--------- 1---------1---------1
1978

1988

1989

1990

1998

r"
2003

Figure 1.9: Natural product, year o f isolation, stretomyces s p } ^ ^

CC-1065 16, gilvusmycin 17, yatakemycin 20, duocarmycins A 18 and SA 19 are all
active compounds whereas duocarmycins Bi, B2, C%, C2 21-24 are equilibrium products
and although they also possess biological activity, they are known to spirocyclise to
duocarmycin A 18 before alkylating DNA. The potent cytotoxicity of these compounds
is derived from their ability to sequence-selectively alkylate DNA, causing strand
breakage and eventually apoptosis.^^ Alkylation is stereoelectronically controlled and
occurs at the A3 of adenine by an Sn2 reaction onto the least substituted carbon of the
cyclopropyl ring exclusively. Substitution onto the more substituted ring carbon would
lead to ring expansion and is sterically and conformationally disfavoured.^^ (Fig. 1.10)

N
f
N
R

Figure 1.10: Alkylation o f an adenine residue by a duocarmycin
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Initial screening against the L1210 murine tumour cell line showed these compounds to
be potent anti-tumour antibiotics; cytotoxicity was observed with ICso^ values at
picomolar concentrations (xlO'^^

(Table 1.1)

(+)-Y atakemycin

20

IC 50 (pM)
(L1210)
3

(+)-Duocarmycin SA

19

10

(+)-CC-1065

16

20

(+)-Duocaimycin A

18

200

Compound

Table 1.1 : IC5 0 values for the natural products

37

The natural products share a number of common structural features. Each compound
can be thought of in terms of having a left-hand unit, a right-hand unit and an alkylating
unit. With the exception of yatakemycin 20, the right-hand moiety is an extended
poly cyclic system and the left-hand unit a 5-membered ring, both the left and right
moieties possess various oxygen functionalities. The alkylating moiety is a tricyclic
system identified primarily by the presence of a spirocyclic 3-membered ring.
Yatakemycin 20 is the exception where both the left and right-hand moieties are
extended polycyclic systems.

Yatakemycin 20 is a naturally occurring sandwich analogue, where the alkylation
subunit lies in the centre of the molecule, flanked by two extended non-covalent DNA
binding units; a sandwich hybrid of CC-1065 16 and duocarmycin SA 19.^^ The
increased rate and comparable efficiency of the alkylation and the improved
cytotoxicity of yatakemycin 20 have provided further insight into the SAR of this class
of compounds.^^ Since the discovery of yatakemycin 20 and the first structural
elucidation, the original structure has been found to be incorrect. Boger et al used a
synthetic approach with mass spectrometry and NMR studies to discover the true
structure of the antibiotic; Boger has since reported the first total synthesis of
yatakemycin 2 0 .^^

^ Inhibition Concentration 50% -concentration that inhibits a 50% growth compared to a control.
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The isolation of gilvusmycin 17, unlike yatakemycin 20, caused little excitement as the
structure differs very httle to that of CC-1065 16/^ It showed no novel mode of action
or selectivity, nor did it show any enhanced or even comparable antibiotic properties. In
fact, Boger had synthesised gilvusmycin 17 before it was discovered as part of the
investigation into the SAR of CC-1065 16^^

Since their discovery, the chemical and biological properties of these DNA alkylating
agents have been extensively investigated and reviewed."^®^ In recent years, a period of
fine-tuning and resolution of controversial points has ensued, in particular the
development of a new model of catalysis and the clarification of the origin of sequence
specificity has been the focal point of research.

1.3.1

The DNA Alkylation Reaction

In 1978 the Cancer Unit at the Upjohn Company isolated a novel anti-tumour antibiotic,
CC-1065 16, from Streptomyces Zelensis. They later showed that this compound binds
in the minor groove of DNA at AT rich sites, without detectable distortion of the DNA
helix. The stability of the drug-DNA complex implied a covalent interaction and this
was later proven. Moreover the site of alkylation was shown to be the N3 of adenine
rather than the more sterically inaccessible guanine N3^^ and that sequence selectivity
was shown to extend over 5 base pairs

These studies eventually led to the

determination of the absolute stereochemistry and the clarification of the binding
orientation of the molecule within the minor groove of DNA; 3’ to 5’ from the site of
alkylation."^*

The biological implications of this binding were found to be the inhibition of DNA
synthesis, secondary to this was the inhibition of RNA synthesis. CC-1065 16 inhibits
helicase II and T4 ligase and also gene transcription by interfering with the binding of
the TATA box binding protein to its target DNA.'*^ Studies have also indicated the
overwindmg of DNA as an additional consequence of CC-1065 16 binding. Although
the specific details are not fully understood, this action has also been implicated as the
cause of the delayed death observed in animal studies.^®
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Figure 1.11: Examples o f minor groove binders

Minor groove binders such as distamycin A 25 and Hoechst 33258 26 have curved
planar structures that insert well into the deep and narrow AT rich regions of the minor
groove. (Fig. 1.11) Like these compounds, CC-1065 16, gilvusmycin 17, yatakemycin
20 and the duocarmycins 18, 19, 21-24 are equally able to equilibrate into the minor
groove by the displacement of water molecules and favourable Van der Waals
interactions. 51

Like distamycin A 25, the duocarmycins and their analogues are amphipathic where the
increased oxygen functionality on the outer curve of the molecule further ensures
insertion into the minor grove of D N A . ( F i g . 1.12) It is both the curved structure and
amphipathicity that allows the molecule to mimic the twist of P-helix DNA and controls
the orientation of binding.
NH

HN

OH
N
HN
M eO

OMe
OH

Figure 1.12: The amphipathic nature o f CC-1065 16

The extended nature of the natural products allows them to recognise up to 5 base-pairs.
The DNA alkylation reaction is stereoelectronically controlled; the unnatural
enantiomers of the parent compounds are known to bind in the opposite direction, 5 ’ to
3’ from the site of alkylation. The reaction of CC-1065 16 with DNA is irreversible
under physiological conditions and attempts to reverse the reaction through
experimental manipulations were unsuccessful.^^ Originally, the irreversible nature of
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the reaction and stability of the drug-DNA complex was thought to be the major
contributing factor to biological potency of the compound. However, the duocarmycin
natural products and a number of synthetic analogues, shown to bind reversibly to
DNA,"^^ are at least equivalent in their potency and cytotoxicity to CC-1065 16.

The synthetic analogues C7-Me-CPI-PDE I 27, CBI-PDE I 28 and CBI-PDE II 29 were
synthesised and found to possess almost identical biological activity and potency as CC1065 16.^^ (Fig. 1.13) This observation strongly indicated that the third right-hand tri
cyclic moiety of CC-1065 is unnecessary for the molecule to exhibit the full biological
potency of the natural product."^ ^

27 (+)-C7-MeCPI-PDE I R =PDEI
16 (+)-CC-1065
R =PDEn

28 (+)-CBI-PDE I
29 (+)-CBI-PDE n
30 (+)-CBI-TMI

R=PDE I
R=PDE U
R=TMI

NH
NH
.O M e

'O M e

OH
OMe

R=PDEI

OMe
M eO

OH

R = PDEH

OMe

R = TMI

Figure 1.13: Derivatives incorporating the minor-groove binding subunits o f the natural products

Both CC-1065 16 and the synthetic derivative CBI-PDE I I 29 produced delayed toxicity
in mice.^^’ This phenomenon was not observed with any other of the natural products
or the synthetic derivative CBI-TMI 30. Although the cause of this delayed death in
animal studies is not yet fully understood, there is a strong indication that the extended
PDE n unit is involved, probably due to its effectiveness as a minor groove binder and
the stability of the drugiDNA complex, leading to the irreversibility of binding. Since
stability appeared to be a controlling factor in the efficacy of these drugs, investigation
into the inherent stability of the unbound and bound states of these molecules began.

The solvolysis reaction of the natural products cannot be studied due to their high
stability; instead studies were conducted on the various pharmacophores of CC-1065
17
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and the duocannycins. (Fig. 1.14) Since these are the parts of the natural compounds
that vary in structure, these studies allowed a quantitative correlation between the
inherent molecular stability and solvolytic reactivity, which can be further extrapolated
to the natural products. The pharmacophores were identified by systematically stripping
the natural products of their functionalities and provided a valuable insight into the
structure activity relationship of the natural products.

N B oc

N Boc

N Boc

o

M eO
M eO

31 (+)-^-Boc-C7-MeCPI

3 4

32 (+)-AT-Boc-DA

33 (+)-A-Boc-DSA

N Boc

N Boc

N Boc

(+)-A-Boc-CPI

35 (+)-A-Boc-CBI

36 (+)-A-Boc-CI

Figure 1.14: The common pharmacophores o f CC-1065 and the duocarmycins

C7-MeCPI^ 31, DA 32 and DSA 33 are the pharmacophores of the natural products CC1065 16, duocarmycin A 18 and duocarmycin SA 19 respectively. These moieties are
responsible for the alkylation activity of the compounds. CPI 34 is a further simplified
pharmacophore of CC-1065 16 and duocarmyciu SA 19. C B I 35, as discussed earlier, is
an entirely synthetic analogue that was found to be as potent as the natural products.
These moieties are not however the minimum potent pharmacophore for this class of
compound. Further investigation showed that the simplest analogue of the
duocarmycins to retain alkylation activity against DNA was Cl 36.^^

By conducting simple solvolysis studies at low pH using various A-Boc pharmacophore
derivatives (Fig. 1.14), it was shown unequivocally that there is a direct relationship
between stability of these compounds and their observed biological potency; a
relationship that can be extended to include the parent compounds. The pharmacophores

^ In earlier literature this natural product pharmacophore was often referred to as CPI however this has
since been clarified and CPI is used to denote the simple pharmacophore without the C7 methyl
substitution as shown in Figure 1.14.
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with extended left hand ring systems exhibited improved stability and potency over NBoc-CI 36, the minimum potent pharmacophore. The improved stability arises from the
extended conjugation through the fused ring."^^’^^’^^ (Table 1.2)

(+)-A^-Boc-CI

36

0.01

IC50 [nM]
(L1210)
18,000

(+)-A-Boc-DA

32

11

2000

(+)-A-Boc-CPI

34

27

160

(+)-A-Boc-C7-MeCPI

31

37

330

I

(+)-#-Boc-CBI

35

133

80

(+)-A-Boc-DSA

33

177

6

I

Agent

t%[h] (at pH 3)

T a b le 1.2: T h e I C 50 a n d t/, v a lu e s f o r th e c o m m on p h a rm a c o p h o re s

The ability of the pharmacophores to alkylate DNA in a sequence specific manner led to
the postulation that the pharmacophores are responsible for the observed sequence
specificity of the extended products also. The primary model (alkylation site model) for
sequence selectivity proposed by Hurley and Warpehoski was two fold; firstly, they
proposed that a conformational change in the DNA helix was required to optimise the
distance and geometry for the N3 of adenine to react with the drug, and that the AT rich
regions of the minor groove were able to do this more easily than other regions, leading
to selectivity. A second contributing factor was believed to be a strategically positioned
phosphate in the DNA backbone that would give rise to sequence-specific activation of
the molecules through C4 carbonyl protonation.^^’^®

Later investigations by Boger using enantiomeric, reversed and sandwich analogues of
the natural products and their derivatives contradicted this model for the origin of
binding selectivity and suggested a different model (non-covalent binding model).
Through the systematic study of analogues with key structural differences, they were
able to show unambiguously that the non-covalent minor-groove binding moiety plays
an important role in the sequence selectivity of CC-1065 and the duocarmycins.^^’
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Agent

Consensus Sequence

IC 50 [nM]
(L1210)

(+)-CC-1065

(+ y i6

5’-A/T A/T A/T A/T A Pu>Py -3 ’

0 .0 2

(-)-CC-1065

(-)-16

5’-A/TAA/TA/TA/TN

0 .0 2

(+)-A-Boc-C7-Me-CPI

(+)-31

5’-A /TA Pu>Py-3’

330

(-)-A^-Boc-C7-Me-CPI

(-)-31

5’-A /TA Pu>Py-3’

-

(+)-duocarmycin SA

(+ y i9

5’- A/T A/T A/T A Pu>Py-3 ’

0 .0 1

(-)-duocarmycin SA

i-y i9

5’- A/T A A/T A/T N

0 .1

(+)-A-Boc-DSA

(+)-33

5’-A /TA Pu>Py-3’

6

(-)-WBoc-DSA

(-)-33

5’-A /TA Pu>Py-3’

60

Table 1.3: The consensus sequences and IC5 0 values for some key derivatives (N = any base, Pu = purine,
Py = pyrimidine, A = alkylated adenine residue)

Table 13 shows the preferred sequence for CC-1065 16 and duocarmycin SA 19, their
uimatural enantiomers and their pharmacophores 31, 33. It clearly illustrates the role of
the right hand binding unit in sequence selectivity and also the effect, or lack thereof, of
the pharmacophore upon the sequence selectivity. It can be seen that both enantiomers
of C7-Me-CPI 31 and DSA 33 alkylate in the same position within the same sequence.
We can conclude that the left hand ring system does not contribute significantly to the
sequence selectivity of the molecule. However, the IC50 values show a clear difference
between the molecules, which can be attributed to stability and thus DNA binding. In
contrast, the extended natural products show selectivity over a longer sequence of DNA
(5 base pairs) with differences in sequence selectivity for both enantiomers. In all case,
the unnatural enantiomer is less potent however, this can be attributed to steric effects
on the DNA binding rather than their stability.'*^ These results further illustrate the
binding orientation selectivity of the two enantiomers and the stereoelectronic control of
the alkylation reaction.^^’

The reversed and sandwich analogues synthesised by Boger incorporated the
duocarmycin SA pharmacophore and a non-covalent minor-groove binding moiety
derived from that of CC-1065 16/^

(Fig. 15) Both the natural (+) and unnatural (-)

enantiomers were synthesised and their consensus sequences determined. (Table 1.4)
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,NH

M eO

M eO

37

D S A -C D P I-C D P I

38

C D P I-C D P I-D S A

39

C D P I-D S A -C D P I

N B oc
HN

NH

M eO
HN

o
F i g u r e 1 .1 5 : N o r m a l , r e v e r s e d a n d s a n d w i c h a n a l o g u e s o f d u o c a r m y c i n S A 1 9

Table 1.4 shows the results of the sequencing experiments. (+)-DSA-CDPI-CDPI 37
and (+)-CDPI-CDPI-DSA 38 and their enantiomers were compared. The natural
reversed compound (+)-CDPI-CDPI-DSA 38 was found to bind in the same way as the
unnatural enantiomers of the compound (-)-DSA-CDPI-CDPI 37 and the same was true
for (-)-CDPI-CDPI-DSA 38 and (+)-DSA-CDPI-CDPI 37. This was in direct
contradiction of the alkylation model that predicted the two natural enantiomers would
behave in the same way. Both enantiomers of the sandwich analogue 39 alkylated the
same sites; their selectivity was greater than the reversed and normal analogues.

Agent

Consensus Sequence

IC 50 [nM]
(L1210)

(+ )-D S A -C D P I-C D P I

(+)-37

5 ’- A / T > G / C A / T X j / C A / T A /T A P u > P y - 3 ’

4

(+ )-C D P I-D S A -C D P I

(+)-39

5 ’- A A > G / C A / T A A / T A / T > G / C - 3 '

5

(+ )-C D P I-C D P I-D S A

(+)-38

5 ’- A / T A A /T A / T > G / C A / T > G /C N

500

(-)-D S A -C D P I-C D P l

(-)-37

5 ’ -A /T A A /T A T X j / C A /T X 3 /C N

20

(-)-C D P I-D S A -C D P I

(-)-39

5 ’- A / T > G / C A / T A A / T A / T > G / C - 3 ’

6

(-)-C D P I-C D P I-D S A

(-)-38

5 ’- A / T > G / C A / T > G /C A / T A / T A P u > P y - 3 ’

500

T a b l e 1 .4 : T h e c o n s e n s u s s e q u e n c e a n d

IC 5 0

v a l u e s f o r th e n o r m a l , r e v e r s e d a n d s a n d w i c h e d a n a l o g u e s

a n d t h e i r u n n a t u r a l e n a n t io m e r s .
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A key component of both models was the conformational differences of AT rich regions
of DNA over other regions. The minor groove of DNA is not uniform in depth and
width, the AT sequences are narrower and deeper than GC sequences due to the steric
effects of the N2-amino group of guanine, which protrudes into the minor groove.
However, this variability is innate and not imparted on the DNA by the drug as
suggested by the earlier model. The conformational variability of DNA has been shown
to be important in the sequence specificity of the duocarmycins and is likely to be of
similar importance to sequence selectivity of other drugs relying on hydrophobic and
Van der Waals interactions for binding stabilisation.^^

Concurrent with the two models for sequence selectivity were two contrasting models
for the catalysis of the alkylation reaction. Since the natural products and their
derivatives are reactive towards DNA in vitro and in vivo under physiological
conditions (<1 h) and yet unreactive towards conventional nucleophiles at pH 7 the
reaction must be catalysed in some way. Hurley and co-workers attributed the activation
of CC-1065 16 to the involvement of a water molecule and the phosphate back bone of
DNA, essentially suggesting acid catalysis as an explanation for the increased rates of
reaction. Boger proposed an alternative model that suggested a shape-dependant
catalysis of the reaction whereby the non-covalent binding of the extended right hand
unit to DNA causes activation of the molecule towards alkylation.

Inextricably linked, the rebuttal of the alkylation model for sequence selectivity also
goes some way in disproving the acid catalysis model. The acid-catalysis model is
based on the observed stability of the natural products and the conventional requirement
of acid catalysis in the reaction of nucleophiles. Attempts to support this model have
been inconclusive in the context of DNA alkylation.^^ Since the reaction occurs under
physiological conditions, scrutiny of the “acidity” of these conditions should provide an
insight into the likelihood of an acid catalysed alkylation reaction.

There are 3 main sources of acidity within DNA. Firstly, it has been shown that at pH
7.4 the phosphate backbone of DNA is fully ionised and only 0.0001-0.00004% is
protonated; with such low levels of protonation at physiological pH, the availability of a
proton to catalyse the alkylation reaction is minimal. An alternative source of protons
may be the “acidic domains” that are thought to exist within DNA; areas of increased
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hydronium ion concentration that are thought to be responsible for the DNA mediated
acid catalysis and nucleotide reactivity, however considering the stability of the
duocarmycins at lower pH (6-4) it is unlikely that these “acidic domains” are of a
sufficiently low pH to affect the catalysis of the alkylation reaction. The only viable
mechanism for sequence dependant catalysis is by means of a Lewis acid; metal cations
associated with the phosphate backbone of DNA may be able to catalyse the alkylation
if associated with the C4-carbonyl of the drug.^^’

To unequivocally rule out the involvement of the phosphate backbone in the catalysis of
the alkylation reaction, a range of duplex DNA molecules containing one high-affinity
binding site was made, where key phosphates surrounding the alkylation site were
replaced with methyl phosphonates, rendering the backbone unable to participate in the
catalysis of the alkylation reaction. DNA binding studies using (+)-duocarmycin SA 19
were carried out with the modified DNA and the relative rates of reaction determined.
Had the phosphate backbone been in anyway responsible for tiie catalysis of the
alkylation reaction, the relative rates of reaction would have been substantially
decreased. However the rates of reaction were all comparable to that of the control,
unequivocally ruling out the involvement of the DNA phosphate backbone in the
catalysis of the alkylation reaction.^^

The shape dependant catalysis model attributes catalysis of the alkylation reaction to a
destabilisation of the compound rather than an external factor.^^ Since the stability of
these compounds is directly related to their biological activity, it follows that it must
also be a factor in the mechanism by which alkylation occurs. As previously discussed,
the natural products are highly stable and the origin of this stability was suggested to be
the extended conjugation and the resonance stabilisation of the vinylogons amide (C7C8-N12-C16). X-ray crystallography of the compounds in the fi*ee unbound state
showed the two rigid ring systems of the alkylating moiety and non-covalent binding
subunit are coplanar with torsion angles all

This co-planar conformation

maximises orbital overlap and hence conjugation, thus stabilising the otherwise unstable
cyclopropyl ring.

Molecular modelling of DNA binding predicted that the conformation allowing
maximum interaction of the compound with DNA would be where the two parts of the
23
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molecule are twisted with respect to one another; effectively mimicking the DNA helix.
The non-covalent interaction of the right-hand subunit leads to a conformational change
in the compound to enable insertion into the minor groove without perturbation of the
DNA helix. In the bound state the molecule adopts a helical conformation where the
two subunits are twisted approximately 45° with respect to one another. Although the
bound agent maintains full amide character, the N12 is no longer co-planar with the
cyclohexadienone system and so the vinylogous amide character is considerably
diminished. This disruption in conjugation and destruction of the vinylogous amide
destabilises the cyclopropyl ring and activates it towards alkylation by a nearby adenine
residue. Interestingly, this adds another level of sequence selectivity since the
conformational change is dependant on the width and depth of the minor groove, it
follows that the change in the molecule is greatest in the narrow deep regions of AT rich
sequences. This implies preferential activation of the duocarmycins in AT rich regions
of the minor groove.^^

b

40

CBI

43

41

C B In

42

CBQ

CNA

o

4 4 C 7 -m o d ifie d C B I

F i g u r e 1 .1 6 : K e y s t r u c t u r e s in t h e s h a p e - d e p e n d a n t c a t a l y s i s s t u d ie s

The synthesis of substituted CBI 44 and ring expanded analogues CBQ 41 and CNA 42
with varying R groups allowed the measurement of the substituent effects and a
quantification of vinylogous amide stabilising effects on the active compounds. (Fig.
16) CBI 40 was selected for study for its simplified synthesis and easy accessibility to
substituted derivatives. Key changes in the derivatives observed by X-ray were bond
length a to d and torsion angles Xi and

The comparison of CBIn 43 with CBI 40

showed that the presence of the nitrogen and the vinylogous amide leads to an increased
stability of 3200 times at pH 3 and >10^-10"^ at pH 7. This observation was further
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supported by the results of ring-expanded analogues CBQ 41 and CNA 42; an increase
in vinylogous amide conjugation leads to a shortening of bond c and an increase in
(Table 1.5)
CBI

40

CBQ

41

CNA

42

Bond length c (A)

1.390

1.415

1.428

%2

6.9'

34.2'

86.4'

t%at pH 3 (R = Boc)

930 h

91 h

0.62 h

t%at pH 7 (R = Boc)

Stable

Stable

563 h

T a b l e 1 .5 : D i a g o n o s t i c v a r i a b l e s in r e a c t i v i t y s t u d i e s

To quantify the substituent effects of X and R on the reactivity of compound 44, a
classic Hammett series was employed. The results of these studies found that large
variations in the substituent X had little effect on the overall stability of the molecule;
the Hammett reaction constant was determined as p = -0.3. Varying R however had a
large effect on the stability of the molecule p = -3.0. This is in support of previous
experimental results indicating that a small change in the nature of the vinylogous
amide leads to a large change in the reactivity of the molecule.^^ (Table 1.6)

1

X (R = Boc)

(at pH 3)

C7p

R (X = H)

t%at pH 3

rtp

OMe

IlOh

-0.28

CONHCH3

36 h

0.72

H

133 h

0 .0 0

CO2 CH3

59 h

0.48

CN

213 h

0.70

S0 2 Et

383 h

0.36

T a b l e 1 .6 : S u b s t i t u e n t e f f e c t s a s q u a n t i f ie d b y t h e i r H a m m e t t c o n s t a n t .

Further evidence for the model came from the reversed, extended and sandwich
analogues, previously described. In order to observe DNA alkylation with the reversed
analogues, extended reaction times at physiological temperatures were required,
whereas the extended and sandwich analogues reacted rapidly with DNA at 4 °C. The
non-covalent binding affinity of the three compounds being essentially the same; this
demonstrates the requirement for an extended conjugated system to the right of the
alkylation subunit, with binding of a simple carbamate analogue containing the
vinylogous amide and thus the stability of the compound.
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Clinical Candidates of the Duocarmycins

Despite their ultra potent nature, sequence specificity and novel mode of activation, the
success of the duocarmycins in the clinic has been hampered by their indiscriminate
cytotoxicity towards all proliferating cells. Although this is a common problem in
classical chemotherapeutic agents, as discussed in section 1.1, anticancer research is
now moving towards potentially more efficacious and less toxic targeted therapies.
Investigation into the duocarmycins has now turned to feasible drug and prodrug
candidates of these natural products. The inextricable link between stability and potency
has highlighted yatakemycin 20, duocarmycin SA 19 and CBI 40 derivatives as the
most promising compounds since they all exhibit a high degree of ground state stability,
all are synthetically accessible and they all alkylate DNA in a highly sequence specific
and reversible fashion.

There have been a number of CC-1065 and duocarmycin drug

and prodrug analogues that have had some limited success in clinical evaluation over
the past 25 years. Key compounds have been summarised in sections 1.3.1 and 1.3.2;
these represent the most successful and most promising therapeutic agents to be derived
fi"om the duocarmycins to date.

1.4.1

Duocarmycin Drug Candidates

Though highly potent in their active forms and indiscriminate in their cytotoxicity,
attempts to design effective drugs have been made. The most successful of these were
adozelesin and bizelesin although both had limited progression through clinical trials.
Their structures and a brief outline of their activity are given below.

Adozelesin
CH

HN

45 Adozelesin

Adozelesin 45 in a mono-functional drug closely related to CC-1065 16. The C7-MeCPI
pharmacophore of CC-1065 remains unaltered however the right-hand minor-groove
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binding moiety has been simplified; the complex pyrroloindole dimer of the natural
product has been replaced with an indole-benzofuran moiety. Adozelesin 45 binds
reversibly in the minor groove in the same way as the duocarmycins; the extended drug
spans a total of 5 base pairs with a consensus sequence of 5’-PuPy>PuTTA-3’. Since
adozelesin 45 possesses improved cytotoxicity (IC50 (LI210) = 3.9 pM) without the
associated delayed death it was selected for and completed phase I clinical trials in
1993/°

Adozelesin 45, like the natural products, is highly potent even at very low
concentrations; this however poses problems in clinical trials when attempting to
measure plasma concentrations of the drug making characterisation of their
pharmacokinetics very difficult.^^ Despite the practical problems associated with these
phase I trials, adozelesin 45 showed promise against breast cancer. A phase II study was
conducted in 1998 on patients with untreated metastatic breast cancer. The study was
halted after a short time due to a lack of efficacy as demonstrated by poor patient
responses. The serious toxicity and marginal efficacy of this drug has halted its
progression through clinical trials.

Bizelesin
CH.
NH

HN

HO'

Y
O

N
OH

46 Bizelesin

Bizelesin 46 is a bifunctional alkylating agent designed to cross link DNA and extend
the selectivity and efficacy of the natural products. The molecule consists of two CPI
alkylating moieties connected by a urea rigid linker. The two CPI units are of opposing
stereochemistry; this is necessary since the alkylation reaction is stereoelectronically
controlled. The compound is able to cross link DNA and cause significant distortion of
the DNA phosphate backbone thus blocking replication. Bizelesin 46 was found to be
less sequence specific than the natural products due to the cross-linking action of the
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compound, it has also been suggested that alkylation can occur at guanine in addition to
adenine.^^

Bizelesin 46 was selected for clinical trials in the mid-1990s due to its broad range of
antitumour efficacy exhibited in preclinical tests.^^’

Bizelesin 46 was found to be 2-

30 times more effective than adozelesin 45 and lacking the delayed death seen with CC1065 16, in particular, it exhibited activity against colorectal cancer and was examined
in phase I clinical trials in 1997/^ Most recently, bizelesin 46 was evaluated in patients
with advanced solid malignancies/^ The study found that the most common toxicity
was myelosuppression, typically neutropenia, which was brief in duration. Other
common toxicities were not observed or very mild. A single patient (ovarian carcinoma)
displayed a 40% reduction in measurable disease for 24 months. As with other
duocarmycin derivatives, the reliable measurement of drug or metabolite plasma
concentration was problematic. In light of their findings, Rowinsky et al have
recommended the evaluation of this highly selective and potent DNA alkylating agent
in phase II trials and also investigation into its use in targeted conjugate therapies.

1.4.2

Duocarmycin Prodrug Candidates

Prodrug methodology to date has focused largely on the deactivation of 5eco-derivatives
by protection of the phenol functionahty since it is responsible for the ability of the
methyl chloride to spirocychse into the active drug. Alternative strategies have included
the synthesis of antibody conjugates,^^’ biotinylate^^ and carbohydrate derivatives.^^’
Targeted prodrug methodologies rely on the effective metabolism of the agent into the
active compound; the ultra-potency and sequence selective DNA activation makes the
duocarmycins ideal candidates for PMT (prodrug monotherapy^), ADEPT (anti-body
directed enzyme prodrug therapy) and GDEPT (gene directed enzyme prodrug therapy)
since only small amounts are required to yield a large therapeutic effect.

Although a

prodrug analogue of the duocarmycins has yet to reach the clinic, there are a number of
agents in varying stages of preclinical and clinical evaluation the most promising of
which are given below.

The direct activation o f a prodrug by a tumour associated enzyme or other tumour associated factors.
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Carzelesin

Carzelesin 47 represents the most successful prodrug analogue of the duocarmycins to
date. It is a seco derivative of adozelesin 45 with a diethylamino substitution on the
extended right-hand moiety and a phenylurethane moiety protecting the phenol.
Activated by hydrolysis of the phenylurethane to liberate the phenol it is an example of
a non-targeted prodrug since the site of activation is non-specific. Known to bind
reversibly in the same manner as the natural products, carzelesin 47 does not exhibit the
delayed death of CC-1065 16.

CH

HN
N

O
HN

47 Carzelesin (U-80,244)

In a time course study conducted by the Upjohn company, IC50 values (ng/mL) in
L1210 cells at time 1 h, 3 h and 5 h were 0.06, 0.04 and 0.03 for adozelesin 45 and >35,
31 and 11.5 for carzelesin 47, however a value of 1.47 ng/mL was achieved for an
incubation time of 24 h. When cytotoxicity was compared over a 3-day incubation
period in the same cell Ime IC 50 values were 0.0093 nM for adozelesin 42 and 0.036 nM
for carzelesin 47. Although less potent in in vitro and in vivo experiments compared to
adozelesin 45, carzelesin 47 showed improved efficacy across a broad range of murine
and human tumour xenograft models. This improved efficacy may be attributed to a
slower clearance rate, more efficient absorption, distribution and retention compared to
that of the active drug control and adozelesin 45

78

Phase I clinical trials were completed with unpromising results. However practical
problems were identified concerning the measurement of plasma concentrations casting
doubt over the results of a number of phase I trials. Known to be activated in the
plasma, whole blood and intracellular tissue; plasma concentrations measured would
only account for blood concentrations of the active and un-metabolised compound.
Additionally, the conversion of prodrug to drug occurs rapidly at physiological
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temperatures, so any sample taken must be rapidly cooled and stored to below 4 °C to
prevent continued conversion of the prodrug and ultimately to an erroneous
concentration ratio of prodrug to drug. Poor solubility of the prodrug may have
contributed to discrepancies in dosage, which would also lead to flawed results.^^

Myelotoxicity appeared to be the only adverse side effect, however the effects appeared
to be cumulative and were dose limiting.^® This specificity towards bone marrow also
highlighted the agent’s potential in the treatment of haematological tumours, in
particular leukaemia patients.*^ Discrepancies between the preclinical in vivo results
using murine and rat models and the results from the phase I clinical trials prompted a
comparative study between the 3 species. A significant difference in tolerance between
the species was observed. A 10% Lethal Dose (LDio) for a mouse (500 pg/kg) was
significantly higher than for either a rat (40 pg/kg) or human (7.5 pg/kg). This increased
susceptibility may have prevented therapeutic doses being achieved.^^

The results of a phase II clinical trial, conducted in 2000, showed carzelesin 47 was well
tolerated at the dose and schedule investigated; the most common side affect being
myelotoxicity with only mild non-hematological side effects.

Unfortunately no

significant activity against the selected tumour types was observed.^^ Since then, no
further phase II trials have been reported in the literature.

A-M ethylpiperazinylcarbamoyl seco Derivatives

OMe

O M e Rr

OM e
H

48 KW-2189

49 DU - 8

OM e

6

HBr

KW-2189 48 is a novel water-soluble analogue of duocarmycin B2 21. Found to exhibit
improved anti-tumour activity, water solubility and chemical stability over duocarmycin
B 2 21 and other similar derivatives synthesised in the initial investigation, these
improved properties were attributed to the methylpiperazinyl moiety. It is metabolised
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in the liver by the action of esterases into the active metabolite DU - 8 6 49 and it also
represents a non-targeted prodrug. 84

Incubation with HeLa S3 gave IC 50 values of 53 nM after 1 h falling to 1.6 nM after 72
h. This can be compared to the active metabolite DU-8 6 , where in the same experiment,
values of 0.045 nM and 0.0052 nM were obs erved. Aft er successful preclinical
evaluation, KW-2189 48 entered phase I clinical trials.^^’

Neutropenia and

thrombocytopenia were the dose limiting toxicities; unsurprisingly the toxicity patterns
observed with KW-2189 48 were similar to those seen with adozelesin 45 and
carzelesin 47. Doses administered were typically 1000 times lower than those of
classical chemotherapy agents due to the ultra potency of the compound. Distribution
and clearance of the compound was rapid, however this was difficult to quantify due to
the low doses used.^^ In 2000, KW-2189 48 entered phase II however lack of significant
anti-tumour activity in vivo and the associated toxicity of the treatment has halted its
progression. 88, 89

Fluorinated drugs often exhibit novel pharmacological properties; to investigate the
potential enhancement of a duocarmycin analogue in this way a large library of
compounds was synthesised incorporating a CF3 group on the pyrrole ring by Fukuda
and co-w orkers.V ariations in the alkylating moiety were limited to the tethered
methyl halide group, however a large number of analogues containing modifications in
the minor-groove binding moiety were synthesised. (Fig. 1.17)

X=Br,Cl
O M e.X

^
H 3C

°

R= 4-OMe
5-OMe
6-OMe
7-OMe
5,6,7-(OMe>3
X = N H ,0 4,5,6-(OMe>3

HCI

X=NH R= 5-OMe
5,6,7-(OMe)3
4,5,6-(OMe)3
X = 0 R= 5,6,7-(OMe)3

F i g u r e 1 .1 7 : T h e F u k u d a l i b r a r y o f A ^ - m e th y lp ip e r a z in y lc a r b a m o y l p r o d r u g s
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From these investigations AT-3510 50 was identified as a good candidate for further
biological evaluation. Preliminary results fi*om animal models suggested that AT-3510
50 possesses improved anti-tumour activity against human xenografts compared to
carzelesin 47 and KW-2189 48.

•O M ^ C I

HN

50 AT-3510

Maximum tumour growth inhibition in cell lines NUGC-3, HCT-116 and DLD-1
compared to an untreated control were 100%, 90% and 83% respectively for AT-3510
50 compared to 98%, 82% and 79% for carzelesin 47 and 91%, 73% and 65% for KW2189 48. Further preclinical studies are currently underway to assess its suitability for
clinical trials.*^

-O M e

M eO

■OMe

M eO

OMe

OMe
OM e

OMe
N

N

KW-2189 48 and AT-3510 50 share the common methylpiperazinyl moiety since this
has been reported to represent an improvement over the phenylurethane moiety present
in carzelesin 47. Saito made a semi-synthetic prodrug derivative 52 of duocarmycin Bi
incorporating this methylpiperazinyl group and compared the results of the carbamate to
glycoside and phosphate derivatives, finding it to be more stable and potent.^^ Included
in the investigation was the methylpiperazinyl derivative of duocarmycin B2 51, similar
to KW-2189 48. IC50 values in the HeLa S3 cell line of the quinoline 52 and indole 51
derivatives were compared and were found to be 2000 nM (1 h) to 70 nM (72 h) and
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170 nM (1 h) to 15 nM (72 h) respectively.^^ In the same cell line, untreated with
esterase, the IC 50 value of KW-2189 48 was 110 nM (72 h).^"^ These values are
comparable. Although the quinoline 52 derivative shows no significant improvement in
antitumour activity, preliminary in vivo results show an absence of peripheral blood
toxicity seen with KW-2189 48. This duocarmycin Bi derivative may represent a new
lead compound with significantly different toxicological and antitumour activity
profiles.^^

Biotinylated Analogue

N

OH

53

The biotinylated CBI analogue 53 represents a novel class of prodrug capable of tumour
selective cytotoxicity through monoclonal antibody-directed pretargeting. Although this
technique has been used for the delivery of radioisotopes with applications in tumour
imaging and therapy, there has been little investigation into its use as a prodrug delivery
system. In essence this technology exploits the exceptionally strong binding of biotin
with avidin/streptavidin, extracellular proteins of Streptomyces Avidinii known to act as
biotin scavengers. Conjugated to a non-toxic tumour specific antibody, its
administration would lead to a highly specific target for biotinylated compounds. The
concept focuses around the primary administration of the avidin/streptavidin conjugated
to the tumour specific antibody thus localising the biotin specific proteins at the tumour
sites. These proteins would scavenge the subsequent administration of the biotinylated
prodrug delivering the agent to the site of the tumour where it is metabolised to the free
aniline.

Despite the intact phenol, compound 53 is 7 times less toxic than the active metabolite.
IC50 values in U937 leukemia cell lines after 48h incubation were 0.7 nM and 0.09 nM
for the prodrug and active metabolite respectively. Although this difference in
cytotoxicity is usually insufficient to be considered an effective prodrug, the additional
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consideration of the biotin moiety and the high affinity of the scavenger proteins
previously administered suggesting that it should be benign to healthy cells. An
additional advantage of biotin-derived compounds is the improved pharmacokinetics
that arises from the incorporation of a water-soluble B vitamin such as biotin. Currently
in the developmental stages, preliminary in vitro studies have shown this delivery
system to work, however it is yet unclear whether the tumour cells will internalise the
drug sufficiently and rapidly to avoid systemic toxicity and cause cell death.

Carbohydrate derivatives
O.

OM e
OAc

O

OAc OAc

N

54 (n=l)
55 (n=2)
OH

Glucuronide prodrugs have applications in PMT based on elevated tumor pglucuronidase activity and also in ADEPT via induced expression of p-glucuronidase.^^
Larrick and co-workers attempted to apply this methodology to a CBI derivative
proposing that the initial de-esterification of the suger moiety by carboxylate esterase,
abundant in human serum would lead to the free glucuronic acid, which in turn would
be cleaved by the p-glucuronidase thus delivering the liberated seco-precursor to the
tumour site. Unfortunately these attempts have been unsuccessful; IC50 values of the
prodrug and free drug differed very little, only a 2 fold difference (54 n = 1) and 6 fold
difference (55 n = 2) was observed. Aiso in vitro experiments suggested that the
glucuronide derivative was a poor substrate for the P-glucuronidase and that activation
was not occurring via the anticipated route.^^

Cl

N
OH
HO
HO

OH
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In contrast phenol protected carbohydrate derivatives have been shown to be effective
prodrugs with potential as ADEPT and PMT agents. Tietze has made considerable
headway in this field and recently reviewed key work by his group and others.^^ The
introduction of the carbohydrate moiety as a phenol protecting group renders the
duocarmycin derivative considerably less active since spirocyclisation cannot occur.

Initial research began using a Cl moiety for ease of synthesis and to gain proof of
concept.^'*'

The identification of the CBI extended analogue 56 as the most potent and

promising agent followed. In addition, of the various carbohydrates tried (mannosides,
glucosides and galactosides) the galactoside derivatives proved the most suitable
prodrug. In vitro cytotoxicity studies revealed that the activity of the galactoside
derivative 56 against a human bronchial carcinoma cell line (A549) was increased 3000
times by the addition of (3-D-galactosidase from ICso= 408 nM to 0.13 nM.^^

1.5

Conclusions

The progression from classic anti-cancer agents to non-specific prodrug and ultimately
targeted and pre prodrugs has been demonstrated using the nitrogen mustards and the
anthracydines as examples. This trend is now established and the emerging compounds
use novel targets and modes of activation to deliver the agent to the site of the tumour.
The potency, selectivity and distinct mode of action make the duocarmycins and their
synthetic derivatives potentially useful clinical agents and despite their lack of success a
large number of independent investigations are underway. Novel therapeutic methods,
including ADEPT, GDEPT and PMT, are all being investigated in an attempt to exploit
the ultra potent and sequence selective duocarmycins.
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2.1

Introduction

The activation of a targeted prodrug by a tumour cell can be induced, as with ADEPT
{antibody-directed enzyme prodrug therapy) or GDEPT {gene-directed enzyme prodrug
therapy) or inherent, as with PMT {prodrug monotherapy). These classes of activation
both lead to the delivery of the chemotherapeutic agent to the tumour site. The obvious
advantage of these forms of therapy is the reduced risk to healthy cells during
treatment.^^

ADEPT was conceptualised by Philpott et a f^ and has shown significant promise in
rodent models^^. Tumour specific antigens are exploited by the administration of an
antibody-enzyme conjugate that binds to the tumoural antigen and localises the enzyme
on the tumour cell surface. The enzyme-activated prodrug is subsequently administered
leading to activation of the enzyme at the site of the tumour. GDEPT varies this
approach by the delivery of genes that encode for prodrug-activating enzymes to the
tumour cell. Uptake and expression of these genes leads to increased intratumoural
expression of the enzyme; subsequent administration of the prodrug gives tumour
specific activation.^^ PMT describes the treatment of the disease by prodrugs that are
designed for direct recognition of tumour specific characteristics, such as hypoxia or
tumoural enzymes that convert the prodrug directly to the active form within a tumour
cell.^^

Examples of PMT prodrugs are the hypoxia specific drugs such as PR-104 8
AQ4N 14

and

discussed in detail in section 1.1. The oxygen deficiency that is common

in the core of solid tumour masses leads to enhanced activity of reducing enzymes, tike
nitroreductases. These enzymes are able to metabolise the prodrug giving site- specific
release of the drug.^ The expression of drug metabolising enzymes by tumours is being
increasingly reported; cytochrome P450 (GYP), glutathione-S-transferase (GST) and
uridine diphospho-glucuronosyltransferase (UGT) superfamilies have all been identified
in a wide number of tumour cell lines though the level of expression and the activity, as
well as their regulation has been less well documented.^'^^' 100,101
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2.2

Cytochrome P450

Cytochrome P450 is a superfamily of drug metabolising enzymes found in a variety of
human tissues at varying concentration levels. Classification is by family, subfamily and
individual form with the prefix CYP (human) or Cyp (murine); for example CYP3A4 is
the 4* isoform belonging to the 3A subfamily of the human cytochrome P450
superfamily. There are 60 known human P450s; the majority of these enzymes act by
the mono-oxidation of the substrate using molecular

Their substrate specificity is

broad and they are able to catalyse a diverse range of oxidative biotransformations
including hydroxylation, epoxidation and dealkylation of heteroatoms, these enzymes
are largely responsible for the phase I metabolism of xenobiotics by the body. Other
P450s are responsible for the metabolism and catabolism of endogenous compounds
such as steroids, vitamins and retinoic acid.^°^

Cytochrome P450s are mainly present in elevated levels in the liver, but also found in
comparable concentrations in the adrenal glands though these enzymes are associated
with the catabolism of steroids rather than the metabolism of drugs. Other tissues
known to express cytochrome P450 include kidney, lung and small intestine, albeit at
considerably lower levels than those found in the liver. The distribution profiles of these
enzymes through the body are similar for rodent and humans; this allows confident use
of animal models for in vivo studies.

The hepatic expression of these drug metabolising enzymes has already been exploited
by conventional prodrugs. Nitrogen mustard prodrug analogues cyclophosphamide 4
and ifosfamide 5 (see section 1.1) are both activated in the liver by CYP2B1.^’^^
Increasing evidence of tumoural expression of cytochrome P450 has emerged over
recent years. A study by Waxman et al screened a panel of 60 NCI (National Cancer
Institute) human tumour cell lines representing 9 different tumour tissue types and
determined the cytochrome P450 expression profiles and the enzyme activity.

They

found significant correlation between enzyme expression and drug efficacy indicating
the important role of CYPs in tumoural drug m etab o lism .A n o th er study carried out
by Murray et al measured the CYP expression in soft tissue sarcomas and found that
subfamilies lA and 3A were present in 70 and 78% of tumours studied respectively.
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Other reports of tumoural CYP expression identified specific tumour types and the
associated CYP isoforms. Primary and secondary liver tumours were seen to express a
number of cytochrome P450 isoforms (CY PlA l, 2A6, 2B6, 2C8/9, 3A4, 4A).^^ Renal
tumours have been found to express CYP3A4/5/7. Tumoural CYP3A was identified in
lung, breast, bladder, prostate, colon and stomach cancers. One study failed to detect
CYPIBI in healthy human liver or breast tissue, but it was detected in a number of
human tumours including bladder, kidney and prostate cancers. These studies all
highlight the importance of cytochrome P450 expression in tumours; their role in
tumour resistance and the potential for their exploitation as biological targets in
P M

2.3

T ,1 0 7 , 108

The CYP activated duocarmycin prodrug rationale

The requirements of a prodrug were summarised in section 1.1 as follows; “The prodrug
analogue must be inactive, or substantially less active, than the corresponding drug. An
effective targeted prodrug remains inactive until activation by the desired target within
the tumour cell. That is to say that activation should not occur in healthy cells, or should
occur at least preferentially in tumour cells. Since metabolism of a prodrug may lead to
a number of metabolites, not all of which will be active, the corresponding drug should
be ultra-potent to maximise the biological effect.”

cytotoxic

in a c tiv e

NBoc X

NTMI

^ Med^

^

.NBoc

±

^

NBoc

N Boc

^
OH

Y -Boc-DSA 33
duocarmycin SA 19

N -Boc-seco-C l 57
JV-Boc-CI 36

Y-Boc-deshydroxy-^eco-CI 58

Figure 2.1: Stability/activity series

The duocarmycins derive their activity through the alkylation of DNA by an Sn2
reaction between the N3 of adenme and the least substituted carbon of the cyclopropyl
ring.^^ The stability and activity of these compounds are intimately related, where an
increase in ground state stability leads to an augmentation of biological activity. (Fig.
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2.1) The stability is derived through the extended conjugation arising from the
vinylogous amide, the removal of which leads to a significant decrease in biological
activity. (Table 2.1) The deshydroxy compounds are completely inactive since they are
unable to spirocyclise.^^’^^’^^ This property coupled with their ultra potency in the active
form makes the duocarmycins promising prodrug lead compounds.

:

Agent
(+)-Duocarmycin SA

19

ICsofnM] (L1210)
0.01

(+)-A-Boc-DSA

33

6

(+)-A^-Boc-CI

36

18,000

7\^-Boc-deshydroxy-5eco-CI

58

>10 mM

Table 2.1 : IC5 0 values o f key compounds in the stability/activity series (Fig. 2.1)

Cytochrome P450 enzymes have been discussed in the context of hepatic and tumoural
expression. Their use as prodrug-activating hepatic enzymes is well know n.H ow ever,
their use in PMT is less so, AQ4N 14 is presently the only example of tumoural
cytochrome P450 activation of a prodrug. Although there are concerns relating to
individual patient response arising from genetic polymorphism and variability among
individuals the success of hepatic-cytochrome P450 mediated prodrugs and the
encouraging progression of AQ4N 14 through clinical trials shows the potential of these
enzymes as PMT tumoural targets.

m in o r - g r o o v e b in d e r

Figure 2.2: The activating positions o f a deshydroxy-^eco-CI prodrug

As described earlier, cytochrome P450s are able to catalyse a wide range of oxidative
biotransformations of a diverse group of substrates. The majority of these enzymes act
by the mono-hydroxylation of the substrate. This serves to increase the water solubility
of the xenobiotic leading to rapid clearance from the body. In the case of a prodrug
analogue this oxidation could lead to activation and increased water solubility, a
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favourable physical characteristic in drugs for reasons of bioavailability and
pharmacokinetics.

Considering the duocarmycins, an inactive deshydroxy analogue could undergo
hydroxylation, which if it took place in the correct position on the aromatic ring would
lead to activation. (Fig. 2.2) These enzymes are also known to catalyse the dealkylation
of OR (R= alkyl group) groups to the free hydroxyl compound which provides an
alternative prodrug approach for the duocarmycins, rather than deshydroxy prodrugs an
OR functionality could potentially mask the phenol and metabolism by tumoural
cytochrome P450 would lead to the active compound. These concepts form the basis of
the investigation into the design of an effective targeted prodrug based on the
duocarmycins.

2.4

The design of a CYP activated duocarmycin prodrug

Preventing the spirocyclisation of the seco- derivatives renders the duocarmycin
alkylating subunit inactive. This can be achieved in two ways, by removing the
hydroxyl functionality or alternatively by protecting the phenol as an ether. The latter
approach is similar to the prodrug analogues incorporating the 7V-methylpiperazinyl
carbamoyl moiety such as KW-2189 48.^^ (See section 1.4.2)

2.4.1

Deshydroxy prodrugs

In order to gain proof of concept, deshydroxy-5eco-CI-MI 59 was designed as the
simplest prodrug analogue of the duocarmycins; the compound is comprised of the
deshydroxy ^eco-derivative of the minimum potent pharmacophore of the duocarmycins
(Cl) and a simplified right-hand unit, 5-methoxyindole (MI), reminiscent of 5,6,7trimethoxyindole (TMI), the right-hand subunit found in the spirocyclic natural products
duocarmycins A 18, SA 19, and also in the ^eco-duocarmycins 21-24. (Fig. 2.3)
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Cl

Cl

-OM e

OMe
N
OMe
OMe
OH

TM I

duocarmycin C2 22

MI
deshydroxy-^eco-CI-Ml 59

Figure 2.3: Design o f a simplified duocarmycin derived prodrug.

Cl (l,2,7,7a-tetrahydrocyclopropa[c]indol-4-one) was identified as the minimum potent
pharmacophore of CC-1065 16 and the duocarmycins 18, 19, 21-24.^^'^^’^^ It is the
simplest analogue of the natural products that retains the alkylating activity of the parent
compounds though with considerably less efficiency and potency. The simplicity of the
compounds makes the synthesis considerably less complex than that of the extended
compounds, which is a distinct practical advantage.

The biological importance of the substituents on the tri-methoxy indole moiety (TMI)
was investigated by Boger et al and despite the 5,6,7 motif of the oxygen functionalities
contributing greatly to the amphipathic property of the drug, it was found that their
contribution to the biological potency diminished as their interaction with the minor
groove decreased.

The C5-methoxy substituent which is deeply imbedded in the

minor groove contributes to the non-covalent stabilisation the DNA-Drug complex and
hence the overall reversibility of the binding. The C6- and C7-methoxy substituents lie
on the outer face of the molecule and do not come into contact with the minor groove;
these substituents contribute very little to the overall properties of the molecule
(C6>C7). Therefore the use of Ml over TMI should have only a minimal impact on the
biological properties of our prodrug with the advantage that the Ml carboxylic acid
derivative (5-methoxyindole-2-carboxylic acid 60) is commercially available.

Since the Cl active form is less biologically potent than the DSA or CPI analogues it is
not expected that these will perform well under preclinical evaluation however the
relationship of the simplified derivatives to the extended analogues is well understood
and allows confident extrapolation of the results and will provide proof of concept.
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Phenolic ether prodrugs

HO

^

^

oestradiol 61

R = alkyl group
LG = good leaving group
MI = 5-methoxy-indole

O

"O

ethoxyresorufin 62

phenolic ether prodrug

Figure 2.4: A structural comparison o f oestradiol, ethoxyresorufin and the phenolic ether prodrug

CYPIBI is a specific cytochrome P450 isoform that has been shown to be expressed in
a number of tumour tissues, particularly prostate cancer, whereas protein expression in
normal tissue has not been reported. Oestradiol 61 is a known substrate for this CYP
isoform, the enzyme catalyses the hydroxylation of the aromatic ring of the substrate
ortho to the phenol group. The same enzyme is also known to catalyse the de-ethylation
of ethoxyresorufin 62. (Fig. 2.4)

Evaluation of the structure of these substrates and comparisons with the duocarmycins
shows similarities with the duocarmycins Bi 23 and C] 24. The tetrahydro-quinoline
motif of these seco, 6-membered ring natural products are reminiscent of the tetrahydronapthalene motif of oestradiol 61. Potentially these similarities may highlight a greater
substrate affinity for the 6-membered over the 5-membered ring analogues of the
duocarmycins.

OMe

M eO

-OM e

M eO

OMe

OMe
OMe

OMe
N

N

During the investigations into the properties of the methylpiperazinyl compounds both
the indoline 51 and quinoline 52 derivatives were studied and results showed that while
there was no significant difference in their anti tumour activity, preliminary in vivo
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results for the quinoline show a marked reduction in peripheral blood toxicity attributed
to the difference in structure.^^ (Section 1.4.2)

2.5

Preliminary results and biological proof of concept

Initial investigations of the synthesis and evaluation of the deshydroxy-5eco-CI-MI 59
highlighted synthetic issues with the molecule compared to the natural hydroxylated
products. The loss of oxygen functionality impacted on the 5-exo-trig radical cyclisation
reaction that had been reported as an improvement on the TEMPO method.
Metabolism of the prodrug with liver microsomes confirmed that the molecule was a
suitable substrate for hepatic cytochrome P450s but also showed a number of
metabolites. Structural elucidation of the metabolites using mass spec techniques
showed them to be the Cl-hydroxylated, the Ml-hydroxylated and the Ml-demethylated
compounds. Comparison with an authentic sample showed the absence of CI-MI 63, the
spirocyclic active derivative.^" (Fig. 2.5)

OMe

OH

N

OMe

N
OH
HO

deshydroxy-5 eco-CI-MI 59

CI-MI 63

Figure 2.5: The observed metabolites o f deshydroxy-5 eco-CI-MI after incubation with human liver
microsomes.

The large number of different metabohtes and the absence of CI-MI 63 led us to believe
that hydroxylation was occurring readily at a variety of sites on both the Cl and MI
moieties. It also implied the preferential hydroxylation of the undesired over the
activating sites on the Cl moiety. Since the suitability of these compounds as P450
enzyme substrates is clear, work has progressed using CYP expressing tumour cell
lines. As the biological project moved forward specific synthetic requirements have
been identified and form the aims of my project.
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2.6

Thesis Aims

Four main areas of expansion were highlighted by the initial research conducted by the
group.
1. The improved synthesis of deshydroxy-^eco-CI-MI 59
The need for more material to continue the biological evaluation of the prodrug required
the resynthesis of deshydroxy-5eco-CI-MI 59. Though the synthesis of deshydroxyseco-C\-Mi 59 had been achieved previously, the yields and experimental conditions
were not optimised. The 5-exo-trig reaction was particularly problematic and worked
sporadically, often with incomplete reaction and difficult purification. In resynthesising
deshydroxy-5eco-CI-MI 59, the first aim of the project was to develop a
general/standard procedure, including yield optimisation and improvement of the ring
closure step.
2. The synthesis of blocked analogues of deshydroxy-^eco-CI-MI
The number of metabolites observed in initial metabolism studies indicates high
substrate affinity but also a high proportion of “non-activating” metabolites. The
synthesis of deshydroxy-5eco-CI derivatives where non-activating positions are blocked
with suitable R groups should lead to increased formation of activated metabolites. This
is the second and concurrent aim of the project.
3. The synthesis of a methoxy prodrug
To examine the alternative “phenolic ether” prodrug hypothesis and also the potential
substrate improvement of the 6-membered over 5-membered ring, the design of a
simple methoxy derivative of the duocarmycin Bi 23 and C\ 24 pharmacophore was
considered. The aim was to devise a synthetic route to a novel prodrug compound.

As discussed in section 1.3, the DNA alkylation reaction by the natural and unnatural
enantiomers differs significantly. Although the unnatural products are less potent they
exhibit distinct sequence selectivity. Any drug or prodrug of the duocarmycins must
therefore ultimately be enantiomerically pure to fully evaluate the impact of the two
isomers. A number of derivatisation techniques, and enzymatic induction of
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stereochemistry, have been reported in the literature however the introduction of
stereocontrol chemically has been reported only once and via a complex synthetic route.
Since the 5-exo-trig radical reaction proposed for the synthesis of the deshydroxy
compounds does not allow the development of a stereosynthetic route to the prodrugs, a
secondary aim of this alternative synthesis is the potential incorporation of chirality into
the molecule.
4. The synthesis of extended prodrug analogues
While proof of concept is necessary and deshydroxy-^eco-CI-MI 59 has advantages for
this due to the simplicity of the synthesis, it is unlikely that a therapeutically useful
compound will result directly from this derivative. The extended analogues possess
superior stability and biological potency compared to the simplified derivatives.
Duocarmycin SA 19 and yatakemycin 20 are the most promising natural products since
they are the most potent.
SM e
OM e

O

H

19 Duocarmycin SA

20 Yatakemycin

The DSA pharmacophore 33 present in both of these natural products is an amino acid
and as such could be used on the solid phase allowing the facile synthesis of both
extended and sandwich deshydroxy-5eco analogues for biological evaluation. The fmal
aim of this project is to synthesise the deshy droxy-^eco-D SA pharmacophore 64 for
evaluation. Time permitting; this amino-acid pharmacophore will be used to investigate
the synthesis of extended, sandwich and reversed duocarmycin analogues using solid
phase techniques to couple minor-groove binding moieties to the pharmacophore.

N B oc

Q

^

.N B o c

M eO

A-Boc-DSA 33

A-Boc-deshydroxy-5 eco-DSA 64
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Radical Cyclisation

Chapter Three

3.1

Introduction

Potency, selectivity and to some extent reversibility, are all factors affected by the
extended right hand unit. However, the alkylation subunit alone is able to alkylate DNA
and a large amount of work has focused on the study of the various alkylating units with
regard to the relationship between stability, alkylation efficiency and biological potency.
C7-MeCPI, DSA, DA, CPI, Cl, CBI and Cl represent acronyms for the various
subunits. C7-MeCPI, DSA, DA are the naturally-occurring alkylation moieties of CC1065, Duocarmycin SA and Duocarmycin A respectively. CPI is the unsubstituted
indole derivative, representing a demethylated CC-1065 subunit or a DSA unit lacking
the methyl ester. CBI is a synthetic analogue in which a fused benzene ring replaces the
fused indole of the natural products. Finally, Cl is the minimum potent pharmacophore
of all of these alkylation subunits. (Fig. 1.14 and quick reference sheet)

Although these simple molecules exhibit low potency and selectivity towards DNA
alkylation, compared to that of the parent compounds, the synthesis of these small
molecules allows for the subsequent synthesis of more complex analogues. Cl is the
minimum potent pharmacophore of this family of compounds and its structure,
represented by the 7V-Boc spirocyclised derivatives 36 and ring open seco derivatives
57, can be seen within all of the natural products; it is for this reason that Cl has been
studied extensively.

NHBoc C-Alkylated
LG = leaving group
N B oc

N B oc

NBoc
A^-Boc-CI
36

A^-Boc-5 eco-CI
57

A^-Alkylated
X = Br,I

Figure 3.1 : Disconnection routes to N-Boc-seco-C\ 57

Substituted phenols and their methyl ethers are commercially available inexpensive
starting materials and form the basis of all synthetic routes to Cl described to date. The
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subsequent requirement is the introduction of a 3-carbon alkyl chain, suitably
fimctionalised to cyclise to the indoline structure. The synthetic approaches to the
formation of this ring can be classed in two categories, using A^-alkylated and Calkylated precursors. (Fig. 3.1)
OAc

CH(CH20Ms)2
NÜ2 .

NMs

IV, V, VI,

11, 111

65 R = C1

i.r~

^ 66 R = CH(C02Et)2

Scheme 3.1: Wierenga’s synthesis o f C7-Me-CPI by way o f a seco-C\ derivative: Reagents and
conditions: i. NaCH(C 0 2 Et)2 , DMF, A, 70%; ii. DffiAL-H, 0-25 °C, THF/Toluene, 50-60%; hi. MsCl,
EtgN, CH2 CI2 ; iv. H 2 , Pt0 2 , EtjN, 69% (2 steps); v. MsCl, EtgN, CH2 CI2 ; vi. NaOAc, EtOH, DMF, 70%
(2

steps).

Wierenga reported a synthesis of C7-Me-CPI 31 in 1981 and disclosed modifications to
the synthesis in 1988.^^^’

(Scheme 3.1) An example of a C-aUsylation synthetic route,

the synthesis introduced the 3-carbon moiety by aryl malonation. Commercially
available 4-chloro-3-nitroanisole 65 was converted to the aryl malonate 66 with
subsequent ester reduction and activation of the resultant alcohols as the dimesylate 67.
Reduction of the nitro group followed by ring closure and functional group
manipulations gave the protected Cl intermediate 68.
I

NHS02Ph
y.
OCH3

i, ii'C.

69R = NH2
70R = I

OH

Vll.
OCH3

OCH3

73

74

75

Scheme 3.2: Sakamoto’s route to a seco-C\ derivative: Reagents and conditions: i. aq. HCl, NaN 0 2 ; ii.
KI, 89% (2 steps); iii. NH 2 NH 2 , FeCb, MeOH, Reflux, 4 h; iv. PhS0 2 Cl, pyridine, RT,
V.

6

h

8 8

% (3 steps);

aUyl bromide, K2 CO3 , DMF, 0 °C, 48 h, 96%; vi. Pd(0 Ac) 2 , PPhs, AgCOs, DMF, RT, 24 h, 73%; vn.

9-BBN, THF, 0 °C,

6

h, then H 2 O2 , NaOH, RT,

6

h, 90%.
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A contrasting route, via the A-alkylated precursor, was reported by Sakamoto in 1993
employing an intramolecular Heck reaction to form the A-ring.^^'* (Scheme 3.2)
Conversion of the 4-methoxy-2-nitroaniline 69 to the 2-iodo compound 70 via
diazotization was followed by reduction of the nitro group to give 71. Protection of the
aniline as the sulfonamide 72 with subsequent alkylation using allyl bromide gave 73.
Ring closure of 73 using the Heck reaction would normally proceed to the 3methylindole via the 3-methyleneindole 74. The presence of AgzCOg prevents this
process and gives the 3-methyleneindole derivative exclusively. Oxidation of the
hydroborated alkene gave the primary alcohol 75.^^"^

A similar synthetic route was reported in 1989 by Boger and co-workers, however,
rather than using a Heck reaction to form the heterocycle, they employed a radicalalkene c y c l i s a t i o n . (Scheme 3.3) From 3-benzyloxy-aniline 76, regioselective
bromination of the 6-position and A-Boc protection gave the 7V-Boc-2-bromo-5benzyloxyaniline 78. Deprotonation of the carbamate with NaH allowed reaction with
phenyl 4-bromo-2-butenyl-sulfide 79 to give the A-aUsylated precursor 80 to the
intramolecular 5-exo-trig aryl radical-alkene reaction.

NHR

.N B o c

.

N B oc

iii.
OBn

79

OBn

76 X = R = H
77 X = B r,R = H
78 X = Br, R = Boc

OBn

81

Scheme 3.3: Boger’s route to an iV-Boc-5 eco-CI derivative: Reagents and conditions: i. NBS, cat. H 2 SO4 ,
THF, -78 °C, 10 h, 42%; ii. B 0 C2 O, dioxane, 105 °C, 10 h, 85%; iii. NaH, 79, THF/DMF (9:1), RT, 3 h,
6 8

%; iv. BugSnH, cat. AIBN, benzene, 80 ®C, 3 h, 91%; v.

O 3,

EtOH, -78 °C, 3 min, then NaBHt,

EtOH/H20 (1:1), -78 -2 5 “C, 4 h, 54%.

The intramolecular cyclisation to compound 81 was achieved using 2.1 equivalents of
M-BugSnH and catalytic amounts of AIBN in benzene and is the first example of the use
of a radical ring closing reaction in the synthesis of a duocarmycin derivative. The
primary alcohol 82 was formed by ozonolysis of the alkene followed immediately by
the reduction of the ozonide using NaBILj. Developed further for the synthesis of CC-
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1065 16 and extended to the synthesis of other duocarmycin analogues, this 5-exo-trig
radical intramolecular cyclisation proved a versatile synthetic tool in the formation of
the pharmacophore A-ring.

In an attempt to avoid the need to functionalise the cyclisation product using O3 or H 2O2
as in previous methods, both of which gave poor or erratic conversion to the
corresponding primary alcohol, the radical-alkene cyclisation was modified by the use
of a TEMPO trap. (Scheme 3.4) This methodology provides the TEMPO derivative,
which is easily cleaved to the alcohol using zinc (80%).^^^

•OH

NBoc

N H B oc

ii.
vanous
steps

OH
O NC9H

N B oc

N Boc

85

OBn

N Boc
IV.

111.

86

OBn

OR

C

87 R = Bn
8 8 R = H

Scheme 3.4: TEMPO trap metiiod for A-ring formation in the synthesis o f A-Boc-CBI: Reagents and
conditions: i. NaH, Allyl Bromide, DMF, 0-25 °C, 3 h, 83%; ü. TEMPO, BugSnH, benzene, 70 °C, 1 h,
87%; iii. Zn, HOAc/THF/HzO (3:1:1), 70 T , 2 h, 80%; iv. Hz, Pd/C, 97%.

The A-allylation of the iodo derivative 83 using allyl bromide gave the 3-carbon
alkylated moiety 84 necessary for formation of the A-ring. The intramolecular
cyclisation was achieved using BugSnH and the radical trapped with TEMPO to give
85. The heterocyclic TEMPO group was removed to give the Jfree alcohol

86

using zinc

and subsequently converted to the chloro derivative 87 before the catalytic
hydrogenation to liberate the phenol from the benzyl ether to give A-Boc-5 eco-CBI

88.

The investigation also explored the use of a TEMPO trap in the synthesis of Cl with a
number of radical sources; BugSnH, (Me3Sn)2 and (Me3Si)3SiH (TTMSS).^^^
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N Boc

N Boc

90
Scheme 3.5: Reaction o f an 7V-allylated iodo species under varying conditions to form the indoline
derivative: Reagents and conditions: a. 3 equiv. BugSnH, 5 equiv. TEMPO, benzene, 70 ®C, 1 h, 83%; b.
2 equiv. (Me3 Sn)2 , 5 equiv. TEMPO, benzene, hv, 12 h, 48% (36% recovered starting material); c. 3-4
equiv. TTMSS,

6

equiv. TEMPO, benzene, 71-80%.

The intramolecular radical cyclisation reaction of the W-allylated iodo compound 89
was carried out using BusSnH, (MegSn)! and TTMSS. (Scheme 3.5) The results
indicated that BugSnH was the most efficient reagent; the use of (MegSn): gave poor
conversion to the indoline moiety 90 and the use of

TTMSS required prolonged

reaction times. Boger postulates that the increased reaction times arising from the use of
a silane reagent is due to the increased Si-H (299 kJ/mol) bond strength compared to the
Sn-H (264 kJ/mol); the rate determining step is likely to be the hydrogen atom
abstraction by TEMPO so a greater bond enthalpy would cause rate retardation. 116

N B oc

NBoc

N Boc .

N Boc

NHg
91 Amino-CBI-TMI

Scheme 3.6: Key step in Denny’s synthesis o f amino-CBI: Reagents and conditions: i. 7.0 equiv.
TEMPO, 5.0 equiv. BugSnH, benzene, 60 °C, 130 min, 100%.

Denny’s attempts to use the TEMPO trap 5-exo-trig radical cyclisation method in his
synthesis of amino-CBI-TMI 91 were initially u n s u c c e s s fu l.^ (S c h e m e 3.6) The TV52
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allylated nitro iodo compound 92 did not cyclise to 93 under these conditions, however
the A^#-di-allylated iodo compound 88 successfully ring closed to the desired product
89 with quantitative conversion. This demonstrates the sensitivity of the BugSnH system
to aryl substitution.

N H B oc

Various
Steps

N Boc

0

^eO
OBn

OBn

OBn

96

97

98

Scheme 3.7: A-ring formation via a tethered vinyl chloride: Reagents and conditions: i. NaH, E /Z -l,3dichloropropene, DMF, 0-25 ®C, 15 h, 82%; ii. BugSnH, cat. AIBN, benzene, RT for 1 h then reflux for
3.5 h, 72%.

The TEMPO trap methodology was superseded by the development of a 5-exo-trig
radical intramolecular cyclisation onto a tethered vinyl chloride. (Scheme 3.7) This
novel radical reaction was initially reported by Patel in the total synthesis of secobenzofuran derivatives of duocarmycin

This method completely avoids the need

for functionalisation or inter-conversion of functional groups after the ring closure step,
providing the chloro derivative directly and as such was quickly adopted by other
investigators and used in the synthesis of other duocarmycin derivatives.

From the

bromo derivative 96, A-alkylation using 1,3-dichloropropene gives the tethered vinyl
chloride precursor 97, which can then be cyclised to the methylene chloride 98 using
BugSnH and catalytic amounts of AIBN as the radical initiator.

N Boc

N B oc

Various
steps

M eO

M eO

B oc

100

99
Scheme 3.8: Key cychsation step in Tietze’s synthesis o f

loc
OBn

OBn

5

eco-duocannycin SA: Reagents and

conditions: i. 1.1 equiv. TTMSS, cat. AIBN, benzene, 3 h, 80 °C, 79%.

A recent report by Tietze and co-workers uses TTMSS in replacement of BugSnH in the
radical-alkene cyclisation reaction in conjunction with the novel tethered vinyl chloride
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method for the 7V-alkylation in their synthesis of seco-duocannycm SA.

(Scheme 3.8)

Conversion of the A-alkylated precursor 99 to the methylene chloride 100 was achieved
in 3 h giving a 79% yield; the use of TTMSS could potentially supersede the use of
BugSnH completely, as TTMSS is less toxic and reportedly easier to purify.^^®

3.2

The Synthesis of deshydroxy-CI Analogues via an Intramolecular Radical
Cyclisation of a Tethered Vinyl Chloride

OMe

OMe

amide bond
disconnection
deshydroxy-5 ecoCI-MI 59

5-methoxyindole-2carboxylic acid 60

Figure 3.2: Retrosynthesis o f the prodrug deshydroxy-5 eco-CI-MI 59.

Disconnection of the target prodrug deshydroxy-5eco-CI-MI 59 gives the corresponding
secondaiy amine and carboxylic acid. (Fig. 3.2) The 5-methoxyindole synthon is a
commercially available material (5 -methoxyindole-2-carboxylic acid 60); the focus of
this chapter will be the synthesis of the Cl moiety, TV-Boc-deshydroxy-^eco-CI 58.

As discussed in Section 2.5, preliminary biological results suggest undesirable
metabolism is occurring at the 5-position of the indoline ring. The substitution of
hydrogen for fluorine has a marked effect on the chemical and biological properties of a
drug without altering the physical p r o p e r tie s .W ith similar sized atomic radii,
hydrogen and fluorine can be interchanged without significantly distorting the size and
shape of the molecule.* The presence of a fluorine atom at this non-activating position
will prevent hydroxylation occurring there and hopefully in turn, increase the proportion
of active metabohtes. The synthesis of the 5-fluoro derivative 101 is also outlined
concurrently.

Retrosynthetic analysis of the deshydroxy-^eco-CI derivatives 58 and 101 using the
principles of the intramolecular aryl radical cyclisation of a tethered vinyl chloride (N-

* Atomic radii o f F = 50 pm, H=25 pm of. C=70 pm, Cl=100 pm’^^
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alkylated precursor) show the necessary starting materials to be the Æ-Boc-2bromoaniline derivatives and 1,3-dichloropropene. (Fig. 3.3)

Cl
^

,

Br ^

Br

A^NBOC = ^ A

58 R=H
101 R=F

NHBOC .

A^-alkylated precusor

Figure 3.3: Retrosynthetic analysis o f the TV^-Boc-deshydroxy-^eco-CI derivatives 58 and 101.

The corresponding synthetic route involves the protection of primary amine using
B0 C2 O with subsequent Æ-alkylation using 1,3-dichloropropene to give the tethered
vinyl chloride derivative. Finally radical cyclisation gives the desired deshydroxy-5ecoCI derivative in 3 steps. (Scheme 3.9)
01
Br

Br
NH 2

102a R = H
102b R = F

^L .N H B oc

103a R = H
103b R = F

Br
A s^ N B og

104a R = H
104b R = F

.N B o c

58 R = H
101 R = F

Scheme 3.9: Proposed synthesis o f iV-Boc-deshydroxy-5 eco-CI 58 and the fluoro derivative 101: Reagents
and conditions: i. B 0 C2 O, EtgN, dioxane; ii. NaH, E/Z-1,3-dichloropropene, DMF; iii. Bu^SnH, AIBN,
toluene.

3.2.1

The Synthesis of the A -Alkylated Precursors

Step One:

Boc protection of the aniline
Br

Br

NH2

102a R = H
102b R - F

J%^NHBoc

103a R = H
103b R = F

Scheme 3.10: Synthesis o f A-Boc protected 2-bromoaniline derivatives: Reagents and conditions: i. 1.2
equiv. B 0 C2 O, 1 equiv. Et^N, 1,4-dioxane, reflux, 16 h, 27 - 56%.
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A known method for the protection of an aniline with a Boc group was used to form the
carbamates 103a and 103b from the 2-bromoaniline derivatives 102a and 102b.^^^
(Scheme 3.10) The original report used 6.3 equivalents of B 0 C2O and stoichiometric
amounts of EtgN in 1,3-dioxane, presumably to force the reaction to completion,
reporting an 85% yield. The reaction was monitored with TLC and ultimately left over
night at reflux; despite prolonged reaction time a substantial amount of starting material
and two products in apparently equal quantities were observed. Isolation of these
products using flash chromatography and subsequent characterisation using

NMR

showed them to be the mono-protected and di-protected molecules. A reduction in the
number of equivalents of B 0 C2O from 6.3 to 1.2 served only to increase the amount of
starting material remaining after 16 h at reflux, the two products were formed in near
equal amounts.

Aryl amines, in contrast to aliphatic amines, have reduced nucleophilicity due to overlap
of the sp^ orbital of the lone pair with the n system of the aromatic ring. In the case of
orrAo-substituted derivatives, this effect is increased if die substituent is electronwithdrawing. The reduced nucleophilicity of the nitrogen leads to rate retardation of the
initial Boc protection reaction. Steric interference that arises due to orfAo-substituents
will also lead to rate retardation. However, once the carbamate is formed, the NH is
acidic enough to be deprotonated by the base present in the mixture allowing reaction
with a second molecule of B 0 C2O to give the NB 0 C2 species. In the case of the original
investigation, the 2-bromoaniline derivative was further substituted with an OBn group
at the 5-position, which would have the affect of reducing the acidity of the carbamate
NH and so prevent a second reaction with B 0 C2O.

Br

Br

NH2

J^N H B oc

NB0C2
1.

11.

102a R = H
102b R = F

103a R = H
103b R = F

Scheme 3.11: Revised synthesis o f the A^-Boc protected 2-bromoaniline derivatives: Reagents and
conditions: i. 2.2 equiv. B 0 C2 O, cat. DMAP, THF, reflux, 16 h; ii. 3 equiv.

K 2C O 3,

MeOH, reflux, 3 h, 83

- 99% (2 steps).
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Dambrough and co-workers encountered the same problem when attempting to prepare
a series of 2-halo-7V-Boc-anilines as substrates in their investigation into Pd-mediated
coupling/cyclisation with terminal alkynes.^^^ They reported a method for the
exhaustive Boc-protection of the aniline followed by subsequent selective deprotection
to give the mono protected molecule. In our hands, using 3 equivalents of B 0 C2O and
catalytic quantities of DMA? the reaction proceeded rapidly under reflux conditions in
THF. The crude material was isolated from the reaction mixture and redissolved in
methanol. The solution was treated with 3 equivalents of potassium carbonate and
allowed to reflux. After 3 h, TLC clearly showed a single product spot, which co
spotted with the known mono-Boc protected molecule. The reaction reached completion
and the yield over the two steps was found to be near quantitative in all cases, R=F
(99%), R=H (83%). (Scheme 3.11)

In all cases, mass spectrometry and

NMR allowed the unambiguous identification of

the product. The molecular ion,

with the associated bromine isotope pattern

was observed in all cases in the mass spectra. Assignment of the 9H singlet peak of the
^Bu group at -1.5 ppm confirmed the presence of only a single Boc group, supported by
the broad singlet at -6.9 ppm corresponding to the NH of the carbamate.

Step Two:

Alkylation using 1,3-dichIoropropene

Br

Br

/ '

^L^NBoc
1.

103a R = H
103b R = F

104a R = H
104b R = F

Scheme 3.12: Synthesis o f the JV-alkylated tethered vinyl chloride derivatives: Reagents and conditions: i.
3 equiv. NaH, DMF, 0 “C, 30 min, then 3 equiv.

1,3-dichloropropene, RT, 3 h, 80 - 90%.

The introduction of a 3C-alkyl group is necessary for subsequent A ring formation. The
reaction of aniline derivatives with E/Z-1,3-dichloropropene is well reported in the
literature and so no attempts to improve the protocol were made. (Scheme 3.12)
Deprotonation of the primary amine gives the nitrogen a formal negative charge, which
increases its nucleophilicity towards the least substituted sp^ carbon. The Sn2 reaction
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proceeds efficiently; yields were consistently high (80-90%) for both the substituted
104a and unsubstituted 104b derivatives. 1,3-Dichloropropene was used as a mixture of
E and Z isomers; no effort was made to separate the two isomers {E/Z) as the radical
nature of the subsequent cyclisation meant that they had little effect on the product of
ring closure. However, this made absolute assignment of the

and

NMR spectra

difficult. In aU cases a highly complex multiplet with a total integral of 2H was
observed at ~6.0 ppm corresponding to olefinic protons. The two protons of the CH2
group should be equivalent, we would expect to see two doublets with a total integral of
2H however in reality we can see a very complicated multiplet from 3.7 to 4.7 ppm,
probably four poorly resolved doublet of doublets as observed in the analogous
molecule in the deshydroxy-5eco-DSA synthesis. (Chap. 6)

m/z 346/348

m/z 364/366

N

m/z 290/292

N

m/z 308/310

[M-'Bu]'
Figure 3.4: Mass spectrometry fragmentation o f the /V-alkylated derivatives 104a and 104b.

Mass spectrometry was used to confirm the structure of each of the compounds. (Fig.
3.4) The fragmentation patterns showed the loss of /ert-butyl group from the molecule
and the presence of the molecular ion [M+H]^. The isotope pattern in all fragments is
unique to a Cl/Br di-halo compound “triplet” with the relative peak intensities 76.4%,
100.0%, 25.4%.

58

Chapter Three

3.2.2

Radical CycUsation

The Radical Ring Closure Reaction

a

N Boc

V

N B og

R
104a R = H
104b R = F

5-exo-trig
intramolecular
cyclisation

58 R = H
lo i R = F

Scheme 3.13: 5-exo-trig radical ring closure to form a 2,3-dihydro-indole derivative: Reagents and
conditions: Method a. 1-4.5 equiv, BugSnH, 0.1-0.4 equiv. AIBN, toluene, 90 °C, 1 - 1 6 h.; Method b.
cat. (Bu 3 Sn)2 0 , 2.5 equiv. PMHS, AIBN, n-BuOH, toluene, 90 °C , 5 h.; Method c. 1.1 equiv. TTMSS,
0.25 equiv, AIBN, toluene, 3 h, 90 °C.

The cyclisation reaction of the A^-alkylated precursors 104a and 104b was attempted
using three distinct reagents to effect the 5-exo-trig radical ring closure. (Scheme 3.13)
Initial attempts using stoichiometric amounts of BuaSnH were unsuccessful, incomplete
reaction and persistence after purification of the tin residues were the main problems
encountered. Polymethylhydrosiloxane (PMHS) was used as a stoichiometric reductant
in the presence of catalytic amounts of BugSnH, reactions were more efficient and the
purification process easier compared to the stoichiometric method. Product 58 was
formed in low yields with starting material recovered in every case, however fluoro
analogue 101 was consistently formed in good yields with only minimal amounts of
starting

material

isolated.

Finally

BugSnH

was

replaced

completely

by

tris(trimethysilyl)silane (TTMSS) giving complete reactions with both 104a and 104b
and facile purification of the indoline products 58 and 101.

The cyclisation reaction was first attempted using stoichiometric amounts of BusSnH as
it is the most commonly used reagent to effect the ring closure of an 7V-alkylated acyclic
precursor of a duocarmycin derivative (method A). The reaction proceeded slowly and
failed to reach completion in every case; modification of the equivalents used (BugSnH
1-4.5 equiv., AIBN 0.I-0.4 equiv.), the dilution of the reaction mixture (1 ruL/mmol 10 mL/mmol) and the reaction time (1 - 16 h) had some affect. Lengthy reactions using
high numbers of equivalents of BugSnH gave the most complete reactions, however
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some starting material was observed and contamination even after multiple
chromatographic purification procedures was common.

Attempts to separate the product from the starting material by flash chromatography
were successful however both compounds were consistently contaminated with
organometallic material. The crude product was redissolved in EtOAc, treated with a
solution of KF and stirred overnight, in an attempt to convert the soluble BugSnBr to the
insoluble BugSnF. Unfortunately this was not successful and the removal of the tin by
products remained a problem. This problem was exacerbated by the apolar nature of the
final compound; solvent systems used in flash chromatography were <1% EtOAc in
hexane causing the organometallic material to elute with the product. Purification of the
desired product was not achieved adequately to report isolated yields.

ySnBus
a.

N = C ^ ^ _ c/ - C S N _ N 2 ^ N = C ^
N=N
A

NBoc

R

R
Z

BuaSn

NBoc

NBoc

b.

^

Z

Z

Figure 3.5: a. The formation o f the tributyltin radical, b. The mechanism of the radical ring closure

Thermal homolysis of AIBN leads to the formation of two isobutyronitrile radicals that
are able to abstract the hydrogen from BugSnH to give the desired tin radical. (Fig. 3.5a)
This process occurs rapidly; the Sn-H bond is weak (264 kJ/mol) and susceptible to
homolysis, the C-H bond formed is comparatively strong (338 kJ/mol). Subsequent
halogen abstraction by the tin radical forms the aryl radical. This also occurs rapidly
since the C-X bonds are weak (C-Br 280 kJ/mol) and the Sn-X bonds are strong (Sn-Br
552 kJ/mol).

The intramolecular reaction depends on the nature of the phenyl radical and the olefin to
which addition is occurring. (Fig. 3.5b) The substituents on the aromatic ring determine
the nucleophilicity and reactivity of the phenyl radical. Electron-donating groups will
lead to increased electron density and subsequently a more reactive radical. This radical
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will also be more nucleophilic in nature owing to the increased negative charge at the
carbon atom. Conversely, the presence of an electron-withdrawing group will lead to a
more stable radical, a reduction in the electron density at the carbon creates a more
electrophilic radical. The alkene of the tethered vinyl chloride is electron deficient due
to the electronegativity of the adjacent chlorine atom. This electrophilic double bond
will add more readily with the more reactive nucleophilic phenyl radical. The literature
reports and the finding of this investigation support this hypothesis.

Consideration of the Hammett substituent constants for the acyclic phenyl radicals
derived from 104a and 104b, and also comparison with those derived from Denny’s
CBI moieties 92 and 94, and finally considering the various active duocarmycin
derivatives where the oxygen functionality is preserved as an ether show a clear trend;
of all of these compounds, those that were successfully cyclised using the stoichiometric
BusSnH/AIBN system contained electron-donating groups. (Table 3.1)

R

Compound

Z

Om

Op

104a

H

0.0

H

0.0

104b

F

0.34

H

0.0

92

-

-

NO:

0.77

94

-

-

NH% (allylated A-Boc)

-0.62

-

-

-

OMe (OBn)

-0.29

Table 3.1: The Hammett substituent constants.

The reaction of the less reactive phenyl radicals proceeds with the use of high numbers
of equivalents of BusSnH and prolonged reaction time, however this is unpractical;
lengthy/multiple purification procedures and large quantities of tin residues for disposal
are less than ideal. A literature report by Fu in 1997 disclosed a new method for the use
of catalytic (Bu3Sn)2 0 ^ in the presence of a non-toxic, inexpensive stoichiometric
reductant, PMHS, although the application was in the Barton-McCombie deoxygenation

^ This is used as a precatalyst and generates 2 moles o f BugSnH in the presence o f «-BuOH. It has the
advantage o f being less reactive and inexpensive. BugSnH can also be used directly however «-BuOH is
still required as it aids catalyst regeneration.^^'*
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of a l c o h o l s . P M H S is a polymeric siloxane that has been successfully used as
reductant in a number of organic transformation.

Using the method reported by Fu as a guide, the protocol was adapted for use in an
intramolecular cyclisation r e a c t i o n . T h e dilution factor was increased from 1
mL/mmol to 10 mL/mmol; the reaction proceeded under the more concentrated
conditions however a greater number of side products were observed. The number of
equivalents of PMHS was reduced from 5 to between 1.5-2.4; in all cases, after 5 h at
90 °C the reaction had reached completion. A higher number of equivalents (>2.4) made
purification more difficult and so it was reduced. Finally the amount of
(Bu3 Sn)2 0 /AIBN was altered from the single addition of 0.04 equiv. (Bu3 Sn) 2 0 and
0.15 equiv. AIBN to a regime of 4 hourly additions of 0.06 (Bu3 Sn) 2 0 and 10% w/w
AIBN at t = 0, 1, 2, 3 h. Using the single addition method, even at elevated equivalents,
failed to achieve a complete reaction. This is most likely due to quenching of the
radicals or poor catalytic cycling. The 4 additions effectively push the reaction to
completion while still maintaining the tin in sub-stoichiometric quantities.

Br, CHs

NBoc

BuiSn

NBoc

Bu^SnBr

NBoc

H CH3
0'®'0
NBoc

.

,C H 3

n
Figure 3.6: The proposed catalytic cycle o f BujSnH and PMHS: halogen abstraction and intramolecular
cyclisation followed by hydrogen abstraction and radical termination.
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AIBN initiates the radical reaction by thermal homolysis, however in the absence of
BusSnH, it abstracts a hydrogen from the PMHS instead. The silyl radical is then able to
liberate the BngSn radical; the Sn-0 bond is relatively weak compared to the Si-0 (531,
799 kJ/mol respectively). The exact mechanism of the radical reaction and the roles of
each reagent are unclear however propagation is likely to proceed via the abstraction of
bromine by the tin radical, which is in turn regenerated by PMHS. (Fig. 3.6) Cyclisation
forms the methylene radical, which terminates by abstracting a hydrogen atom from a
BugSnH molecule. The PMHS is acting as a hydrogen source and the tin as a hydrogen
transfer agent. This method (B) worked well for the fluoro derivative 101 (70-90%)
however the reaction failed to reach completion under the same conditions for the
unsubstituted derivative 58 (isolated yield 34%).

The third method (C) attempted was the use of TTMSS in stoichiometric quantities in
replacement of BugSnH. Since Boger’s investigation*^^ only a single synthesis of a
duocarmycin derivative has been reported using this reagent.*^** Developed by
Chatgilialoglu**^ in 1992 as an alternative to the toxic BugSnH, and a more inexpensive
reagent than germanium hydrides, TTMSS reacts about 5 times slower than BugSnH.*^^
Trialkylsilyl radicals are highly reactive species however their corresponding silanes are
poor hydrogen donors, thus hindering hydrogen abstraction and preventing a radical
chain reaction. Chatgilialoglu observed that the Si-H bond can be weakened by the
successive substitution of the silicon atom by alkyl groups increasing the silane’s ability
to donate its hydrogen atom.*^^ The mechanism for this radical chain reaction is
analogous to that of the tributyl tin system. (Fig. 3.4) Thermolysis of AIBN forms the
isobutyronitrile radical which abstracts a hydrogen atom from the TTMSS molecule.
The resultant silyl radical then abstracts the bromine of the starting material to form the
phenyl radical that is then able to intramolecularly react with the tethered vinyl chloride
to form the indoline moiety.

The reaction was carried out following the protocol outlined by Tietze in the synthesis
of 5eco-duocarmycin SA, using 1.1 equiv. of TTMSS with 0.25 equiv. of AIBN in a
single addition at high dilution (10 mg/mL).*^** The reaction proceeded to completion
within 3 h at 90 °C to give 58 and 101 in good yields, 74% and 77% respectively.
Purification of the products was facile and no problems with contamination were
encountered.
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101 R = F

R
Figure 3.7: The numbering system o f the indoline analogues 58 and 101.

The indoline products were characterised predominantly using

NMR; there are two

characteristics that define the formation of the 5-membered heterocycle, the loss of the
olefinic 2H peak at ~6 ppm and the appearance of 5 distinct peaks between 4.2 and 3.5
ppm that correspond to the C2 and C8 methylene groups and the C3 proton.
Inequivalence was anticipated for the C2 protons that were observed as two doublet of
doublets (58 ô = 3.77, 3.55 ppm, 101 ô = 3.73, 3.57 ppm). These peaks occur further upfield compared to the C8 protons since the carbamate nitrogen has a weaker electronwithdrawing affect compared to the chloro substituent. Two distinct peaks (58 ô = 4.11,
3.94 ppm, 101 Ô = 4.14, 3.94 ppm) are observed for the C8 methylene protons. This
chemical inequivalence arises due to the diastereotopic nature of the C8 methylene
protons; the vicinal chiral centre means that these geminal protons are noninterchangable through any symmetry operation and so absorb at different frequencies.
The same peak pattern was observed in the extended analogues (59 and 105) discussed
in the next section for the same reason.

3.2.3

Synthesis of the extended analogues

OM e
N B oc
11.

58 R = H
101 R = F

59 R = H
105 R = F

Scheme 3.14: Coupling reaction between the pharmacophore and the methoxyindole minor groove
binder: Reagents and conditions’, i. HCl (2.7 M in EtOAc), RT, 3 h, concentrate in vacuo; ii. EDC, 60,
DMF, RT, 16 h.
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Deprotection of the Boc group to give the HCl salt was achieved using a 2.5 M solution
of HCl in EtOAc. The crude HCl salt was then used directly in the coupling reaction
with 5-methoxyindole-2-carboxylic acid 60 to give the extended deshydroxy analogues
59 and 105. Yields for the coupling reaction were fair (62% R = H, 64% R = F) and not
optimised. Classical reagents in amide condensation reactions are primary amines and
acyl chlorides. Acyl chlorides can be difficult to make and handle and various other
coupling reagents have been developed, particularly for peptide synthesis. Rather than
forming the acyl chloride derivative of the 5-methoxy-indole moiety, a carbodiimide
(EDC) is used as an activating agent. The practical advantage of using EDC over other
ester activating agents is the formation of a water-soluble urea by-product. (Fig. 3.8)
,R'
,^0
> A o P „ r"

O

RNiH2
O

o
N'
H

amide

X NHR"
R'HN
urea
by-product

EDC
l-ethyl-3-(3dimethylaminopropyl)carbodiimide
hydrochloride

Figure 3.8: The mechanism o f amide coupling using EDC

The coupled product was analysed spectroscopically and confirmed to be the desired
product by mass spectrometry and ^H NMR. The molecular ions were observed using
Electrospray at [M-H]^ m /z = 339.2 and [M+H]^ m /z = 359.0 for 59 and 105
respectively. In IR, the amide I band is observed at characteristically low wavenumber
1623 cm'^ and 1619 cm'* respectively for 59 and 105. The conjugation of the carbonyl
with the nitrogen and the aromatic ring system results in delocalisation of the tt
electrons and a lessening of the C=0 double bond character.

59
105

R= H
R -F

Figure 3.9: The numbering system o f the extended analogues including the inequivalent methylene
protons o f the pharmacophore’s heterocycle.
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NMR shows a total of 8 protons in the aromatic region of the spectrum.

Though full assignment was difficult due to overlapping of the peaks, a sharp doublet
was observed at 8.34 ppm (C7) coupling with a 2H multiplet at 7.36 ppm that in turn
couples with a more shielded doublet of doublets at 7.02 ppm (C4). This represents the
four aromatic protons of the pharmacophore subunit. The AB system of the indole is
partially observed as a doublet at 7.30 ppm (C7’) coupling with a multiplet at 7.14 ppm.
The pharmacophore heterocycle shows inequivalence in both the CH2 protons giving 5
distinct peaks; assignment of which was hampered by the coincidence of the 3H OMe
peak at 3.88 ppm, the tertiary carbon C3 proton peak and also one of the protons of the
C2 CH 2. The two protons of C8 both appear as doublets of doublets, 4.69 ppm {J =
10.6, 9.5 Hz) and 4.51 ppm (J = 10.7,4.5 Hz), arising due to their diastereotopic nature.

~ 6-10 Hz
'^meta ~ 5-6 Hz
Jpara ~ ^ Hz
J ortho

Figure 3.10: Typical coupling constants between ’H and

of a mono-substituted benzene ring."*

For 105, ^H NMR shows a total of 7 protons in the aromatic region of the spectrum.
Coupling with ^^F nuclei further complicated the pharmacophore proton peaks. The

Cl

proton now appears as a doublet of doublets (8.32 ppm) due to vicinal coupling with C6
proton and meta coupling with the C5 fluoro substituent. (Fig. 3.10) In spite of the
electronegativity of fluorine, the effect on the 04 and 06 vicinal protons is shielding
due to electron-donation from the lone pair into the ring, this effect leads to the
observation of a complex 4H multiplet at 7.04 ppm; a 2D DEPT experiment confirmed
that the multiplet consisted of peaks arising from the 04, 06, 0 6 ’ and 0 3 ’ protons. The
0 4 ’ proton appears at 7.13 ppm with visible meta coupling to the 0 6 ’ proton {J= 1.7
Hz). As in the unsubstituted compound 59 (R=H), the protons of the heterocycle show
inequivalence. Inequivalence in the 08 methylene protons was also observed due to
their diastereotopic nature.
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Figure 3.11 ; The Vicinal Karplus Correlation Curve 1 2 9

The same pattern of peaks was seen between 3.6 and 4.75 ppm in the

NMR spectrum

of both 59 and 105, corresponding to the CH2 groups (4 x dd), the C3 CH (m) and the
OCH3 (s) protons. Vicinal coupling constants are indicative of the dihedral angle
between the coupling nuclei in a rigid system, best observed by a Newman projection,
and can be used to assign the C 8 and C2 methylene protons relative to the C3 proton.
The Karplus Correlation Curve relates the size of the J coupling constant between
vicinal protons to the dihedral a n g l e . ( F i g . 3.11) The relationship is purely
theoretical and is limited by the exclusion of other factors such as chemical
environment, bond length, electronegativity, steric interactions etc.^^®

Protons
Î

angle C)

^Vicinal (Uz)

wrt

60

~2

wrt

180

-9.5

wrt

0

—8.5

wrt %

60

-2

1

01

2a
R ^ V ^ C H jC I

CHjNR

RN

Table 3.2: Predicted dihedral angles and vicinal coupling constants for the extended analogues

The Newman projections were generated with the aid of a MM2 minimised energy
calculation using Chem3D Ultra 7.0. The predicted conformation in both the substituted
and unsubstituted compounds was staggered for the C 8 with respect to C3 and eclipsed
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for C3 with respect to C2 giving predicted values for the vicinal coupling constants.
(Table 3.2) Only the global minimum energy was calculated, local minima were not
considered and consequently the reliability of the prediction is limited.

59

105

proton

8 (ppm)

»A^icinal (Rz)

Angle (°)

S aR

4.51

4.5

50 (130)

S bR

4.69

9.5

180(0)

X aR

4.52

4.7

45 (135)

8bR

4.71

10.3

180 (0)

Table 3.3: The observed/values and predicted angles o f the C8 protons.

The obstruction of the C2 methylene protons by the methoxy and C3 protons prevents
the verification of the eclipsed conformation, however the two doublet of doublets
arising from the two C8 protons are observed cleanly and confirm a staggered
arrangement. (Table 3.3) The Karplus Correlation Curve predicts two possible dihedral
angles for each J value; the alternative conformation was considered however it is an
eclipsed structure with considerable electronic and steric interference and is thought to
be unlikely. When the vicinal scalar coupling constants show values between 4-6 Hz it
is likely that the observed values are an average of two interchanging conformation and
so caution must be taken in assigning protons based on the J values. Additionally, the
limitiations of the Karplus Correlation Curve should also be considered. Absolute
assignment based on the Karplus Correlation Curve is not possible since it does not take
into account the nature of the surrounding chemical environment, for example
substituent size or electronegativity.^^®
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Conclusions

The synthesis of both 7V-alkylated acyclic precursors proceeded well, the main
improvement over the literature method was the exhaustive Boc protection of the aniline
starting material followed by selective deprotection to give 103 a and 103b with near
quantitative conversion.

The radical ring closure of the TV-alkylated acyclic precursors (104a and 104b) was
achieved using cat. BusSnH/PMHS when R=F and TTMSS when R=H and F. The use
of stoichiometric quantities of BugSnH gave incomplete reactions in both cases with the
persistent problem of organometallic contamination of the products. The poor reaction
of 104a in either the stoichiometric BusSnH or catalytic BugSnH reactions indicates that
tin is unsuitable for use with deactivated aryl compounds.

Coupling of the TV-Boc derivatives 58 and 101 with 5 -methoxyindole-2-carboxyhe acid
60 was achieved using standard coupling procedure with reasonable yields to give the
extended prodrug analogues 59 and 105.
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The synthesis of deshydroxy-sec<?-CI-MI and a Fluoro Derivative: A Ring
Formation using an Intramolecular Nucleophilic Substitution Reaction

Chapter Four

4.1

Intramolecular Nucleophilic Substitution

The Design of a Novel Synthetic Route to 7V-Boe-deshydroiy-sgco-CI

Warpehoski reported the use of a dialkyl malonate to introduce an alkyl substituent onto
an aromatic ring in the synthesis of a C7-Me-CPI derivative 106 in 1988.^^^ Subsequent
methods for the synthesis of C7-Me-CPI 31 and the other pharmacophores of the natural
products have predominantly used alternative methods for the substitution of the
aromatic ring, most notably the 5-exo-trig free radical ring closure. (Chap. 3) This is
probably because of the limitations in aromatic substituents permitted (a halogen must
be ortho to a nitro group and para to an oxygen functionality) and the mediocre yields
even on large scale (>100 g, 0.42 mol, 55%).

OEt

HO

OR

R=H 107
=Bnl08
O M s

NM s

NM s

OBn

112

106

Scheme 4.1 : Warpehoski’s synthesis o f a jeco-C7-Me-CPI derivative: Reagents and conditions: i. K2 CO3 ,
BnBr, Acetone, 64 h, RT, 96%; ii. NaH, (C0 2 Et)2 CH2 , <30 “C then reflux 24 h, 55%; hi. DIBAL-H, THF,
0 °C, 1 h, 40%; iv. Pt0 2 , H2 , DMF, 69%; v. Pyridine, MsCl, 5 T ,

8 6

%.

Warpehoski began the synthesis with commercially available 4-chloro-3-nitrophenol
107, which is protected as the benzyl ether 108 before reaction with diethyl malonate in
the presence of NaH to give the aryl malonate 109. (Scheme 4.1) Reduction of the
diester to the corresponding diol

110

is followed by reduction of the nitro group using a

platinum catalyst rather than palladium due to the sensitivity of the benzyl ether under
these conditions. Finally mesylation of the diol leads to in situ ring closure via an
intramolecular 5-exo-tet nucleophilic substitution reaction to give the indoline
derivative 112. Further manipulations give the #-mesyl-C7-Me-CPI derivative 106.
Conversion of 107 to 112 proceeds in 5 steps with a 12% overall efficiency.^
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The advantage of this synthesis is the potential for stereoselection through enzymatic
i n d u c t i o n . T h e 5-exo-trig free radical reaction leads to racemic mixtures of
product and separation by chemical derivatisation or chiral chromatography is the usual
method of obtaining enantiomerically pure material. The inherent induction and
retention of stereochemistry is preferable as this allows practical scale-ups, which may
otherwise be limited.

A recent report describes the use of dimethyl malonate to introduce carbon substituents
onto aromatic nitro compounds with subsequent reaction with a variety of alkyl halides
to give more extended c o m p o u n d s . K e y differences in reagents were the use of 1fluoro-2 -nitro substituted aromatics radier than the corresponding chloro derivative and
also the use of dimethyl rather than diethyl malonate. Furthermore, the conditions under
which the reaction was carried out were also modified; the original solvent was changed
from DMSO to DMF, the salt generation was maintained at 0 °C (cf. >30

before

heating to 70 °C, compared to the DMSO solution that was heated to 115 °C. These
adjustments are reported to proceed with yields ranging from 75 - 85%, with shorter
reaction times (16 h rather than 24 h) and improved efficiency (100% compared with
80% isolated yield), a considerable improvement on the Warpehoski method.

4.2

The Synthesis of TV-Boc-deshydroxy-^eco-CI derivatives

0

O M s

0
OCH3 HO

OH

M s O ^ '^ Y ^ O M s

NO2

113a R = H
113b R = F

114a R = H
114b R = F

115a R = H
115b R = F

/L

.X

.N O , .

116a R = H
116b R = F

/NBoc

117a R = H
117b R = F

Scheme 4.2: The proposed synthetic route to A^-Boc-deshydroxy-jeco-CI derivatives: Reagents and
conditions: i. NaH, (C0 2 CH3 )2 CH, THF, 0 ®C, then reflux, 16 h.; ii. DIBAL-H, THF, 0 °C, 1 h.; iii. MsCl,
EtsN, CH2 CI2 , 0°C, 1 h.; H2 , Pd/C, EtgN, B 0 C2 O, THF, RT, 16 h.

The synthetic route was designed around the Warpehoski C7-Me-CPI synthesis^
the modifications in the malonation reaction outlined by Selvakumar^^^’

using

and the one-

pot reduction/protection/cyclisation method detailed by Dervan and co-workers in the
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context of pyrrole s y n t h e s i s a n d developed for applications in the synthesis of the
duocarmycins by Boger/^^ (Scheme 4.2)

4.2.1

Synthesis of 7V-Boc-deshydroxy-5 ^c<?-CI and the Fluoro Derivative

Step One:

Malonation
O
H3 C O '

O

'

'O C H 3

.NO2

NO2
R

113a R = H
113b R = F

114a R = H
114b R = F

S c h e m e 4 .3 : R e a c t i o n o f d im e th y l m a l o n a t e w i t h a 1 - f l u o r o - 2 - n i t r o b e n z e n e d e r i v a t i v e :

conditions:

Reagents and

i. N a H , ( C 0 2 C H 3) 2C H , T H F , 0 °C f o r 15 m in t h e n r e f l u x f o r 16 h , 8 6 - 8 8 % .

Reported by Selvakumar and co-workers in 2001 as a one-carbon source for the
introduction of carbon substituents onto aromatic nitro compounds, the malonation
reaction provides the three-carbon skeleton required for the A-ring formation of the Cl
moiety. 133,134 This is an attractive synthetic step as it permits the presence of a nitro
group ortho to the site of alkylation necessary to form the heterocyclic ring of the
indoline moiety. (Scheme 4.3)

C02Me _

Me02C
MeOoC

Me02C

C02Me

Me02C
O'

F i g u r e 4 .1 : T h e a d d i t i o n - é l i m i n a t i o n m e c h a n i s m

This nucleophilic aromatic substitution reaction proceeds via an addition-élimination
mechanism. (Fig. 4.1) As the electrophilic centre is an sp^ hybridised carbon attack
cannot occur via the usual Sn2 route. Instead, the nucleophile adds to the carbon and the
anionic intermediate is stabilised by conjugation with the nitro group; subsequent
movement of electrons can then eliminate a fluoride ion.
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The reaction was carried out as described in the literature without protocol
modification. ^ ^ Yields were uniformly high for both the unsubstituted deshydroxy
moiety (8 8 %) and the corresponding fluoro derivative ( 8 6 %) Excellent regioselectivity
for the C2 over the C4 substitution was observed when using 2,4-difluoro-nitrobenzene
in the synthesis of the fluoro derivative. Approximately 5% of the undesired C4
malonate product was isolated and no dimalonate product. NO 2 is a strongly electronwithdrawing substituent increasing electrophihcity of both the ortho and para carbons
via conjugation. However inductive electron withdrawal is greatest at the ortho position
due to its proximity to the nitro substituent and so the C2 is more activated towards
nucleophilic attack than the C4 position, thus providing regioselectivity.

114b R = F

Figure 4.2: Numbering system for the nitrobenzene derivatives 114a and 114b.

Mass spectrometry and

NMR confirmed the structures of these compounds. For the

unsubstituted moiety 114a (R=H) a molecular ion ([M] m/z = 253.1) was not obtained in
spite of attempts to modify the experimental parameters of the Electrospray instrument
in both positive and negative modes, however [M+Na]"^ was observed at m/z = 276.0.
Elemental analysis of 114a was accurate and confirmed the composition of the
compound.

NMR of 114a clearly showed the 6 H singlet at 3.81 ppm corresponding

to the two deshielded 9- and P'-OCHg groups and the IH singlet at 5.34 ppm
corresponding to 7-CH of the malonate group. Four aromatic proton peaks were also
observed with complex splitting corresponding to an asymmetrical

1 ,2 -disubstituted

aromatic system. The strongly electron withdrawing nitro group has a deshielding affect
on the ortho (8.07 ppm) and para (7.66 ppm) protons relative to itself. In both of these
cases meta (/~1 Hz) coupling in addition to ortho (7 ~ 7-8 Hz) coupling was observed.
The final two protons of the aromatic ring have similar chemical shifts and the presence
of ortho and meta splitting gives an unresolved multiplet. Finally infrared spectroscopy
is useful for confinning the presence of a carbonyl functionality. Esters are known to
give two strong absorptions corresponding to the C =0 and C -0 stretching vibrations at

74

Chapter Four_____________________________________________ Intramolecular Nucleophilic Substitution

1735-1750 cm'^ and 1300-1000 cm'^ respectively. The IR spectrum of this compound
clearly shows a strong absorption at 1751 cm'^ and also strong absorptions in the
fingerprint region between 1300-1000 cm '\

The characterisation of the fluoro derivative 114b was achieved using the same
techniques. Electrospray (negative mode) of the molecule ([M] m/z = 271.1) gave the
molecular ion [M-H]' at m/z - 270.2. The observed singlets corresponding to the 6 H
2 OCH3

and IH CH groups of the malonate substituent were slightly more deshielded at

3.86 ppm and 5.43 ppm respectively {cf. 3.81 ppm and 5.34 ppm when R=H). The main
difference in the

NMR spectrum was observed in the aromatic region where 3H

rather than 4H are present. In practice, two peaks are observed; a doublet of doublets at
8.19 ppm corresponding to the C6 proton, ortho to the NO 2 group and hence deshielded,
and a multiplet at 7.26 ppm corresponding to the C3 and C5 protons, these are shielded
due to the donation of the lone pair of fluorine into the aromatic ring. Unlike chlorine,
bromine and iodine where the mismatch orbital sizes prevent conjugation, there is
sufficient orbital overlap between the lone pair of F (sp^) and the n system of the
aromatic ring for conjugation to occur.

The fluorine atom further complicates the anticipated AB pattern for protons at
positions 5 and 6 .

has a spin number V2 and couples strongly with protons with the

same rules applying for coupling as with homonuclear interactions. In aromatic systems
the Jortho values for proton-fluorine coupling are close to those observed for protonproton coupling (6-10 Hz) however longer range coupling is greater; Jmeta ~ 5-6 Hz and
Jpara ~ 2 Hz (cf. H-H iuteractions Jmeta ~l-3 Hz, Jpara"^-^ Hz). This can be observed best
with the C6 proton; the doublet of doublets observed arises due to vicinal {ortho)
interaction with the C5 proton and interaction with the C4 fluoro substituent, observed J
values are 9.0 Hz and 5.2 Hz respectively.
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Step Two:

Reduction
o

o

H3C0

115a R = H
115b R = F

114a R = H
114b R = F
S c h e m e 4 .4 : T h e r e d u c t i o n o f a d i e s t e r to a d io l:

Reagents and conditions:

i. D I B A L - H , T H F , 0 ° C , 1 h ,

4 3 % (R = H ), 2 8 % (R = F ).

The reduction of an ester to an alcohol can be achieved using a number of different
reducing agents. Most common is LiAlRj however the reactive nature of the reagent
makes its use problematic. DIBAL-H (diisobutyl aluminium hydride) has been used
successfully as an alternative; conveniently handled as a solution; it is possible to
control the reduction reaction using experimental conditions, namely temperature.
(Scheme 4.4) The reagent exists as a bridged dimer and acts as a Lewis acid forming a
Lewis acid-base complex with the carbonyl of the ester. The lone pairs of the carbonyl
oxygen are able to attack the empty p-orbital (LUMO) of the A1 atom. Subsequent H"
transfer to the carbonyl carbon is the key step; the Is^ (HOMO) orbital of the hydride
(nuc') interacts with the tt* anti-bonding molecular orbital of the carbonyl leading to n
bond breakage and the formation of a tetrahedral intermediate which is a stable Lewis
acid-base complex. (Fig. 4.3)

R

OCH3

O

R

OCH3

AI

"o'
R

R I OCH3

R"

A!

H3O
H

R'^H

H

H H

y

R

OH

A

" '

D IB A L -H
B rid g e d D im e r

F i g u r e 4 .3 : T h e p r o p o s e d m e c h a n i s m o f e s t e r r e d u c t i o n b y D I B A L - H .
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The initial formation of the aldehyde and subsequent reduction to the alcohol requires 2
equivalents of DIBAL-H, for a diester a total of 4 equivalents of DIBAL-H are required
for reduction to the diol. The protocol followed was that reported by Warpehoski and
co-workers^

in the synthesis of the active (hydroxy) C7-Me-CPI pharmacophore.

Yields for this reaction were reasonable for the unsubstituted derivative (43% R=H)
however poor with the fluoro derivative (R = F, 28%). Warpehoski also reported a low
yield of 40% (90 g, 0.23 mol scale). The low isolated yields of the fluoro-derivative
may also be explained by the activating affects of the nitro group on the C4 fluoro
position. The electron-withdrawal by the nitro group increases the electrophihcity of the
C4 atom and makes it susceptible to attack by a hydride ion. Extensive efforts to
optimise the yields were not attempted.

Multiple reaction products were observed in both cases arising due to side reactions; it
is possible that the temperature was too high. Though an excess of DIBAL-H was used,
the unstable nature of any aluminium hydride makes reagent degradation possible; this
too could have affected the overall yield of the reaction. Boger overcame these
problems in the synthesis of CBI by the use of BHs-SMe2 rather than DIBAL-H to
affect the ester reduction, reporting an isolated yield of 73%.^^^ Though this method was
not attempted, it could represent a significant improvement in the overall efficiency of
this synthetic route.

Characterisation of the diols 115a and 115b was primarily achieved using NMR and IR
with comparison to the starting material spectra. The absence of the sharp, strong
carbonyl absorption at -1750 cm'^ and the presence of a broad, medium intensity
hydroxyl absorption at -3250 cm'^ confirms the effective reduction of the ester to the
alcohol. The DEPT spectrum confirmed the presence of a CH and two CH% groups, and
also the absence of the two deshielded ester CH3 groups. ^H NMR was used to assign
the protons of the alkyl chain; Warpehoski observed a quintet (IH) at 3.47 ppm and a
doublet (4H) at 3.93 ppm for the analogous diol 110;

the same pattern was expected

but not observed in diols 115a and 115b.

Chemical shift equivalence arises in this molecule due to free rotation about the arylcarbon bond shown in green. (Fig. 4.4) The observation of a multiplet (4H) at 3.99 ppm
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(R=H) and 3.91 ppm (R=F) respectively, indicates restricted rotation and hence
inequivalence probably arising due to hydrogen bonding. The hydroxyl band observed
in the IR spectra further supports this theory. Free hydroxyl groups absorb between
3650-3584 cm'^; any hydrogen bonding will lead to a shift to a higher wavelength
(typically 3550-3220 cm'^) and a broadening of this OH band.^^^ The observed bands at
3238 cm ' (R=H) and 3251 cm"' (R=F) confirm the presence of hydrogen bonding
though it is not clear whether it is an intramolecular or intermolecular affect.

H O ^Y^O H
j|

P ro to n d o n o r g r o u p s

I

115a
115b

P ro to n a c c e p to r g ro u p s

R = H
R = F

F i g u r e 4 .4 : P o t e n t i a l p r o t o n d o n o r a n d a c c e p t o r g r o u p s s u i t a b l e f o r h y d r o g e n b o n d i n g in t h e 1 ,3 - d io ls

115a

and

115b.

Hydrogen bonding arises between proton donor group (X-H, e.g. NH, OH) and acceptor
group (Y, e.g. O, N, Hal.) with a maximum affect when X-H and the lone pair of
electrons of Y are co-planar; this allows maximum orbital overlap between the s orbital
of the proton and the orbital of the lone pair. Intramolecular hydrogen bonds are most
effective when a 5 or 6 membered ring is formed for this r e a s o n . F o r diols 115a and
115b, an intramolecular hydrogen bonding interaction between the oxygen of the nitro
group and a hydroxyl group would lead to an 8-membered ring which would give poor
orbital overlap. However, an intramolecular hydrogen bond between the two hydroxyl
groups of the diol gives rise to a 6-membered ring; a stable structure providing good
orbital over lap and favourable interaction distances. (Fig. 4.5)

HO"

"O

p ro to n d o n o r
p ro to n a c c e p to r

^

R
6 -m e m b e re d r in g

8 - m e m b e re d rin g

F i g u r e 4 .5 : T h e p o t e n t i a l s tr u c t u r e s o f i n t r a m o l e c u l a r h y d r o g e n b o n d e d r i n g s y s te m s o f t h e 1 ,3 - d i o ls
and

115a

115b.
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Additionally, the interaction could be intermolecular in this case the interactions would
be more complex and varied. Intermolecular hydrogen bonds are more temperature and
concentration dependant compared to intramolecular interactions; these variables could
be the reason that Warpehoski observed the anticipated doublet and would implicate an
inter rather than intra molecular interaction in this case.

Step Three:

Mesylation

MsO

115a R = H
115b R = F

116a R = H
116b R = F

S c h e m e 4 .5 : M e s y l a t i o n o f th e 1 ,3 - d io l d e r i v a t i v e s :

Reagents and conditions:

i. M s C l , E t j N , C H 2C I 2 , 0

°C , 1 h , 7 1 % (R = H ), 3 5 % (R = F ).

Mesylation, unlike the base catalysed 8^2 (S) mechanism of tosylation, proceeds first
with the elimination of HCl to form a sulfene intermediate, this is then susceptible to
attack by the lone pair of the alcoholic oxygen, hydrogen transfer then occurs rapidly to
form the mesylate. (Fig. 4.6)

Cl—s

- c i-s—

+YObH

OMs

su lfe n e

F i g u r e 4 .6 : T h e g e n e r a l m e c h a n i s m f o r t h e m e s y l a t i o n o f a n a l c o h o l g r o u p .

It may be preferable to protect one of the alcohols to prevent intermolecular side
reactions during the subsequent steps however the 1,3 diol is symmetrical and both are
reactive primary alcohols, differentiation between the two is difficult and so was not
attempted. The reaction proceeded with good yields (71%) in the case of the
unsubstituted (R=H) derivative. However, the fluoro derivative (R=F) gave poor yields
(35%) in spite of attempts at optimisation, including prolonged reaction times and
increased equivalents of MsCl.
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The structure was confirmed in both cases using mass spectrometry and

NMR. For

the unsubstituted derivative 116a ([M] m/z = 353.6) a molecular ion peak was not seen
however the [M+Na]^ ion was observed at m/z = 376.0, this was also the case for the
fluoro derivative 116b ([M] m/z = 371.0) where the sodium adduct [M+Na]^ was
observed at m/z = 393.9. Elemental analysis was also obtained for both compounds to
substantiate these results. A singlet at 3.02 ppm (R=H) and 3.01 ppm (R=F) with an
integral of 6 H show the two methyl groups of the mesyls to be equivalent indicating
free rotation about the aryl-carbon bond arising through the loss of hydrogen bonding.
IR is a useful tool to identify the presence of individual functional groups; the
asymmetrical and symmetrical stretching of the S=0 bond are characteristic of the
sulfonates and appear at 1372-1335 cm'^ and 1195-1168 cm'^ respectively. The narrow
range in wavenumber makes the identification of these absorptions easier. In both the
fluoro substituted and the unsubstituted deshydroxy derivatives two strong absorptions
can be observed at -1340 and -1172 cm '\

Step Four:

One-pot Reduction/Protection/Ring closure

OM s

M sO
N B oc

116a R = H
116b R = F

117a R = H
117b R = F

Scheme 4.6: One-pot reaction to form the indoline derivatives: Reagents and conditions: i. Pd/C, H 2 ,
EtgN, B 0 C2 O, THF, RT, 16 h, 70% (R=H), 34% (R=F).

The reduction of aromatic nitro compounds to the corresponding anilines is a common
procedure in organic chemistry. The standard reagents for affecting this transformation
are molecular hydrogen and a palladium catalyst on an activated carbon support.
Previous attempts to use this method with similar analogues were unsuccessful giving
incomplete reaction and significant amounts of compound degradation. A one-pot
reduction/protection was adapted from Dervan’s work on the synthesis of pyrrole
derivatives^^^ and improved the yield significantly. (See Chap. 5) The use of the one-pot
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reduction/protection method in this synthesis has the added advantage of effecting the
ring closure simultaneously.*^^

The pyrrole synthesis involves the reduction and protection of a nitro group with only a
slight excess (1.1 equiv.) of BocoO and EtgN giving a 58% yield. In this synthesis
however, the subsequent intramolecular cyclisation requires a high dilution factor to
prevent competing intermolecular reactions. At high dilution a greater excess of both
base and B0 C2 O was required to ensure the protection of the amine as well as the ring
closure to the indoline derivative. Using 5 equiv. of B0 C2 O and EtgN, the yield obtained
for the unsubstituted derivative 117a (R=H) was very good (70%) however as with the
previous steps, the fluoro derivative 117b (R=F) reacted poorly giving only a 34%
yield.
OMs OMs

OMs OMs

a.

Pd/C

OH

Pd/C

R

OMs

OMs^OMs

b.

OMs

OMs

NBoc

c.

R
F i g u r e 4 .7 : T h e t h r e e - s t e p m e c h a n i s m o f t h e o n e - p o t r e d u c t i o n / p r o t e c t i o n / r i n g c l o s u r e ; a . R e d u c t io n o f a
n itro b e n z e n e

to

an

a n ilin e

v ia

th e

h y d r o x y la m in e

in te r m e d ia te ;

b.

The

i n t r a m o l e c u l a r r i n g c lo s u r e ; c . T h e p r o t e c t i o n o f t h e s e c o n d a r y a m i n e a s t h e

base

tert-huty\

c a ta ly s e d

5-exo-tet

c a r b a m a te .

The probable sequence of reactions is reduction, ring closure and subsequent protection
as the tert-huty\ carbamate. (Fig. 4.7) The chemisorption of H2 onto the surface of the
Pd metal lattice structure leads to a weakening of the H-H bond; subsequent
coordination of the starting material with the Pd leads to a reaction to form the
hydroxylamine intermediate and ultimately to the primary amine product. The
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nucleophilic amine is then free to attack the electron deficient sp^ carbon of the alkyl
chain leading to a 5-exo-tet ring closure. Boc protection of the secondary amine
proceeds via an Sn2 reaction to yield the 7V-Boc-deshydroxy-CI derivatives 117a and
117b It is also possible that the reaction sequence involves the protection of the
primary amine before ring closure to the indoline product however this would require
nucleophilic attack by the amide like nitrogen of the carbamate and as such is less
likely.

The presence of the fluoro substituent on the aromatic ring of 117b is clearly having a
pronounced affect on each step of the synthetic route. The inductive effect of the
fluorine arising due to the electro-negativity of the element decreases from
ortho>meta>para however the electron-donating effect increases the electron density at
both the ortho and para positions. The predominance of the two competing effects
varies with each reaction type; for example the comparison of benzene with
fiuorobenzene shows the latter is more reactive towards acétylation but less reactive to
nitration. This makes the prediction of the substituent effects difficult. However the
poor overall yield indicates that the fluoro substituent is having a detrimental influence
on one or all of the steps involved. If donation of the lone pair from fluorine into the
aromatic ring was the contributing factor a faster rate and good yield would arise due to
increased nucleophilicity at the nitrogen however the powerful electronegativity of the
fluorine atom may now come into play and prevent nucleophilic attack by the aniline
lone pair by reducing the electron density at the nitrogen and so weakening the
nucleophilicity.

Three chemical transformations have occurred and the final products 117a and 117b
were characterised spectrally using mass spectrometry and

NMR. A molecular ion

peak ([M] m/z = 327.4) was observed using Electrospray (positive mode)

m/z =

328.1 for 117a. However, the fluoro derivative 117b gave sodium adduct [M+Na]^ m/z
= 368.1. In ^H NMR, the CHg group of the mesyl was observed at 2.98 ppm (R=H) and
2.99 ppm (R=F) with an integral of 3H confirming the presence of a single mesyl group.
The tert~\mXy\ 9H singlet peak was observed at 1.59 ppm (R=H) and 1.55 ppm (R=F),
broadening of the base of the peak indicates rotameric forms arismg due to steric
interaction causing restricted rotation. As seen in chapter 3, the diastereotopic C 8
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methylene protons and the heterocyclic methylene protons appear as four doublet of
doublets.

H3C: /P
OMs

2a'
H 2b

CH2OMS

117a R = H
117b R = F
Figure 4.8: Inequivalent methylene protons o f the indohne moieties 117a and 117b and the predicted
Newman Projections o f the C2 and C8 methylene groups relative to C3.

As previously discussed in chapter 3, the assignment of the methylene protons can be
achieved using the scalar coupling constants. The correlation between the dihedral angle
of vicinal protons and the scalar coupling constant can be seen using the Karplus
Correlation Curve. Unfortunately the absolute assignment of protons with scalar
coupling constant values between 4-5 Hz is problematic; often the observed peak
pattern and consequently V values represent an average rather than an absolute
configuration. What can be said is that the similarity in vicinal coupling constants
between 117a and 117b indicate very little difference in conformation between the
fluoro 117b and unsubstituted 117b derivatives.

117a

117b

proton
UaR

8an

8

(ppm)

«/vicinal (Hz)

4.38

5.5

4.25

8 .2

4.34

5.9

4.24

7.7

Table 4.1: The observed chemical shifts and vicinal coupling constants o f the C8 methylene protons.
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Warpehoski
NMs Compound
5 steps
^
12% overall

\ __

1

a

V

b.

OM s

OM s

c.

OM s

Unsubstituted
NBoc Derivative
4 steps
19% overall

\
Fluoro
.NBoc Derivative
4 steps
3% overall

OBn

Figure 4.9: Structure, synthetic route length and overall efficiency o f a. the Warpehoski synthesis; b. the
unsubstituted 5eco-deshydroxy-CI 117a; c. the fluoro derivative 117b.

This synthesis, though based on the Warpehoski synthetic route^*^ represents a novel
method for the synthesis of deshydroxy-CI derivative precursors. The Warpehoski
synthesis proceeded to the equivalent compound over 5 steps with an overall efficiency
of 12%. The synthesis of the unsubstituted deshydroxy derivative proceeded over 4
steps with a 19% efficiency, however the fluoro derivative gave only a 3% overall yield.
(Fig. 4.9) We can conclude that this synthetic route is appropriate for the large-scale
synthesis of deshydroxy Cl precursors and could also be extended to give the
deshydroxy-C7-Me-CPI prodrug pharmacophore as per Warpehoski's

original

synthesis. We can also use this synthetic route to enzymatically introduce
stereospecificity at the C2 of the indoline structure.

4.2.2

Synthesis of the Extended Analogue, deshydroxy-x^co-CI-MI

MI -methoxyindole
TMI -trimethoxyindole
•O M e

OM e

N

,N
OM e
OM e

M eO

O
duocarmycin SA 19

OM e
OM e

M eO
OH

5eco-duocarmycm SA
118
deshydroxy-5eco-CI-MI 59

Figure 4.10: The design o f deshydroxy-5eco-CI-MI 59 based on the natural products, e.g. duocarmycin
SA 19.

The synthesis outlined in section 4.2.1 provides the basic unsubstituted deshydroxyseco-C l moiety as the Boc protected mesylate in good yield over only 4 steps. This

precursor can be further extended to contain a non-covalent minor groove-binding
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moiety, 5-methoxyindole (MI), reminiscent of the 5,6,7-trimethoxyindole subunit (TMI)
seen in the naturally occurring duocarmycin SA 19. (Fig. 4.10) As discussed in chapter
2, MI has two advantages over TMI; firstly it is commercially available as the
carboxylic acid (MI-OH, 60) and also that the loss of the C6 and C7-methoxy
substituents has little affect on the biological properties of the compound.

A

OM s

" "

u.
NM I

N B oc

117a
11.
111.

Scheme 4.7; Synthesis of the extended deshydroxy-^eco-CI-Ml derivative 59: Reagents and conditions: i.
2.5 equiv. TBAC, DMF, 90 “C, 5-16 h: ii. HCl in EtOAc (2.5 M soF), RT, 3 h; iii. 3 equiv. EDC, 1.1
equiv. 60, DMF, RT, 16 h.

Conversion of the less physiologically robust mesyl group to a chloride and coupling of
the pharmacophore with the minor groove binding subunit MI was carried out. (Scheme
4.7) These chemical transformations were carried out in either order. Functional group
interconversion of the mesylate 117a to the chloro derivative 58 can be achieved using
TBAC via a simple nucleophilic substitution reaction. The chloro derivative 58 was
previously synthesised by an alternative route. (Chap. 3) Product 58 can then be coupled
with 5-methoxyindole-2-carboxylic acid 60 to give the desired deshydroxy-5 eco-CI-MI
59. The synthesis of 59 from 117a via 58 proceeds to give a 53% yield over the two
steps. Alternatively, coupling of 117a with 60 gives the extended mesyl derivative 119
which can then be transformed to the chloro by the same method to again give the
desired deshydroxy-^eco-CI-MI 59. The synthesis of 59 from 117a via 119 proceeds to
give 36% yield over the two steps.

The coupling reaction of 117a with 60 gave 119 in a reasonable yield (51%). The
absence of starting material and side products in the reaction mixture indicates a clean
reaction. The mechanism for the coupling of 5-methoxyindole-2-carboxylic acid 60
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with the pharmacophore is outlined in detail in chapter 3.2.3. The extended compound
119 was analysed spectroscopically and confirmed to be the desired product by mass
spectrometry, IR and

NMR. Mass spectrometry confirmed the mass of the molecule

as [M] m/z = 400.1 by the observation of the [M+H]^ molecular ion peak at m/z = 401.0.
The formation of the amide link is further supported by the 1621 cm"^ “Amide I” band
present in the IR spectrum. The carbonyl of amides absorbs at a lower wavelength than
“normal” carbonyls because of resonance stabilisation. This effect increases with
increased conjugation, which is why the carbonyl of this compound absorbs at the lower
end of the predicted range for tertiary amides (1680 - 1620 cm'^).

8a H

OMs 2a

Figure 4.11: The numbering system o f extended analogue 119 including the inequivalent methylene
protons o f the pharmacophore’s heterocycle.

NMR showed the presence of two methyl groups; one highly deshielded at 3.88
ppm, corresponding to the methoxy group of the indole moiety and the other at 2.98
ppm, corresponding to the CH 3 of the mesyl group. The absence of a 9H singlet seen at
1.59 ppm in 117a and the observation of a broad NH singlet at 9.38 ppm unequivocally
confirms the exchange of the tertAyyxtyX carbamate group for the MI subunit.

Assignment of the aromatic groups was problematic due to the similarities between the
two aromatic systems. A total of 8 proton peaks were observed in the aromatic region of
the spectra; partial assignment was achieved using 2D experiments, COSY and HMQC.
The aromatic system of the pharmacophore contains 4 protons; the most deshielded of
these is the C7-H due to the electron-withdrawal by the amide (8.32 ppm, J = 8.1 Hz).
This proton is coupled to a 2H multiplet at 7.36-7.32 ppm, which in turn couples to a
IH doublet of doublets at 7.15 ppm {J= 7.4, 0.9 Hz). This corresponds to the C5-H and
C 6 -H, which are in similar chemical environments and so coincide on the spectra,
observed as a multiplet. This is further complicated by the presence of meta coupling
displayed by the C4-H, giving rise to the doublet of doublets. The 5-methoxyindole
(MI) protons also show long range coupling; the C7’ proton appears as a deshielded
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doublet (7.37 ppm,

9.1 Hz) which is coupled to the C 6 ’ proton, a doublet of doublet

(7.02 ppm, J = 8.9, 2.4 Hz) arismg due to meta coupling with C4’ proton.

Four doublet of doublets and a multiplet were observed between 4.67-3.95 ppm
corresponding to the two methylene groups and the tertiary CH group respectively. The
inequivalence of the two protons ( 8 a and 8 b) of the C 8 -CH2 group is indicative of their
diastereotopic nature as seen in the extended analogues 59 and 105. (See Chap. 3) The
C 8 methylene group will be more deshielded than the C2 methylene group due to the
increased electron-withdrawing effect of the oxygen (OMs) compared to that of the
nitrogen atom.

Protons

Angle C)

*/vicinal (Hz)

"H wrt

60

~2

^ H w rt^'n

180

-9.5

"Hwrt^^H

0

—8.5

"H w rt^'H

60

-2

OMs

CH2NR

2a'
RN

Table 4.2: Predicted dihedral angles and vicinal coupling constants for the extended analogue 119

Further assignment of each individual methylene proton can be made using the geminal
and vicinal coupling constants, where geminal J values confirm which protons belong to
which CH] group (confirmed by HMQC experiment) and vicinal J values permit
assignment of the C2 and C 8 methylene protons relative to the C3 proton.
Approximations of the dihedral angle between protons are based on steric interactions
between the different groups and assignment of each doublet of doublets was done
using the Vicinal Karplus Correlation as described in Chapter 3.^^^’

Using an energy

global minimising calculation in Chem3D Ultra 7.0, the Newman projections were
constructed, and as with 59 and 105, the predicted conformation was staggered and
eclipsed for the C 8 and C2 with respect to C3. (Table 4.2) This approximation to the
likely configuration does not include local minima for separate functional groups and so
should be treated with caution. The observed coupling constant values support the
prediction, however due to their middle range values it is possible that the coupling
constants measured are an average of the true conformation.^^^’^^®(Table 4.3)
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Proton

H

Ô (ppm)

‘A^icinal ( H z )

4.50

4.5

4.67

9.3

4.30

8.4

4.49

5.0

Table 4.3: The observed J values o f the C8 and C2 methylene protons relative to the C3 proton in 119.

The conversion of the mesyl to the chloride was achieved by nucleophilic substitution
(Sn2). Tetra-w-butyl ammonium chloride (TBAC) was used as an organic source of
chloride ions; the highly hydrophobic nature of the ammonium salt allows dissolution in
organic solvents. The sp^ C atom carries a 6 + charge due to the polarity of the C-0
bond; attack by the chloride nucleophile releases a methanesulfonic acid anion, which is
resonance stabilised. (Fig. 4.12) Elevated temperatures and prolonged reaction times
were required to ensure complete reaction.

cr

NR

TBAC
tetra-n-butyl ammonium chloride
117a R - Boc
119 R = MI

58 R = Boc
59 R = MI

Figure 4.12: The nucleophilic substitution o f a mesyl group by a chloride ion.

Chloride 58 was synthesised in good yields (8 6 %) from 117a after 5 h at 90 °C. The
analogue 59 was also synthesised in good yields (70%) from 119 however a longer
reaction time was needed (16 h, 90 °C). Both compounds were characterised by
comparison with the previously synthesised materials. Specifically the successful
exchange of leaving group from mesyl to the chloride was observed in

NMR spectra

by the loss of an upfield 3H singlet peak corresponding to the CH3 of the mesyl group.
Also, the mass spectra showed a decrease in mass of 60 acompanied by an observed
peak ratio of 3:1 arising due to the relative abundance of ^^Cl relative to ^^Cl (-32%).
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Enzymatic Induction of Stereospecificity

The use of enzymes in organic chemistry to give stereospecific products is common. A
number

of

enzymatic

routes

to

duocarmycin

derivatives

have

been

reported/^^’^^^’^^^’^^^’^^^ The most successful of these routes was described by Boger in
2004 in the efficient asymmetric synthesis of CBI, using Pseudomonas sp. hpase to
stereoselectively monoacylate a 1,3-diol analogous to 115a, reporting excellent yields
( 8 8 %) and optical purity (99% ee)}^^

N Boc

115a

120

121

122

Scheme 4.8: The enzymatic stereospecific synthesis o f an 7V-Boc-deshydroxy-seco-CI derivative 116:
Reagents and conditions: i. vinyl acetate, pseudom onas sp. Lipase; ii. 2 equiv. MsCl, pyridine; iii. Hz,
Pd/C, 2 equiv. EtgN, 2 equiv, BoczO.

The potential application of enzymatic induction of stereospecificity was briefly
investigated in the context of this synthesis. Using commercially available Lipase from
pseudomonas sp. and vinyl acetate as both the solvent and acyl source, the
stereoselective monoacylation of diol 115a was achieved (39% yield). Attempts to
optimise the conditions to improve the yield were unsuccessful, leading to increased
proportions of diacetate or recovered starting material. The racemic monoacetate 120
was also prepared non-enzymatically. Subsequent mesylation of 120 gave the acyclic
intermediate 121 in good yields (80%). Reduction/ring closure/protection using the onepot method afforded the indoline derivative 122 (44%). These yields were not optimised
further due to time constraints. The products were characterised ftdly by the methods
previously described in section 4.2.1. The optical rotation of each intermediate was
measured and the specific rotation calculated. (Table 4.4)
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Compound

Yield

120

39%

121

80%

122

44%

Specific Rotation
20
1a 1 -K34.9
20
laj^=+17.7
20
ot D= -96.8

Table 4.4: The isolated yields and optical rotations o f the A^-Boc-deshydroxy-jcco-CI derivative and
intermediates 120-122.

The yield obtained using the pseudomonas sp. lipase was much lower than that reported
by B o g e rh o w e v e r the amount of enzyme used was comparable (40 mg/g substrate).
An alternative enzyme, PPL {Porcine Pancreatic Lipase) described in the synthesis of a
Cl derivative by Chenevert^^^ was also used however this gave no reaction even after
prolonged reaction times (>24 h).

4.3

Conclusions

In conclusion, the prodrug deshydroxy-seco-CI-MI 59 was synthesised in 6 steps fi'om
the commercially available, inexpensive, starting material 113a with an overall
efficiency of 10%, representing a novel synthetic route to this molecule. This route is
less suitable for the synthesis of the extended fluoro derivative 105 as the synthesis of
the jV-Boc indoline intermediate 117b proceeded with only a 3% efficiency over 4 steps.

In addition, enzymatic induction of stereoselectivity was successfully achieved using
catalytic quantities of pseudomonas sp. lipase, though not optimised.
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Synthesis o f a quinoline prodrug

Chapter Five

5.1

Introduction

NTM I

NTM I

+HX

NTM I

+H X
OH

OH

d u o c a rm y c in A

18

d u o c a r m y c i n B 2 X - B r 21

d u o c a rm y c in B j X = B r 23

d u o c a rm y c in C 2 X = C l 22

d u o c a rm y c in C j X = C l 2 4

F i g u r e 5.1 ; T h e q u i n o l i n e a n d in d o l i n e e q u i l i b r i u m d e r i v a t i v e s o f d u o c a r m y c i n A 1 8 .

The natural products duocarmycin Bi, Ci, B2 and C2 exist in equilibrium with the
spirocyclised compound, duocarmycin A

(Fig. 5.1) It is likely to be the relative

lack of stability of duocarmycin A in the spirocyclic form that allows these seco
products to accumulate in isolatable quantities. No precursors to the other active
duocarmycin natural products have been detected to date. The seco natural products can
be classified in two distinct structural groups, the quinoline derived compounds B] 23
and Cl 24, and the indoline derived compounds B2 21 and C2 22. In the context of the
natural products this difference is of little consequence since both the quinoline (CQ)
and indoline (CI) precursors are known to spirocyclise to the cyclopropyl form before
alkylating DNA."^^ However, in the context of our prodrug design there could be an
advantage of one isomeric form over the other.

N B oc

N B oc

2 ,3 -d ih y d ro 1/ / - i n d o l e

OH

N-Boc-seco-C\

57

1 , 2 ,3 ,4 - t e t r a h y d r o q u in o lin e

OH

N-Qoc-seco-CQ

123

F i g u r e 5 .2 ; T h e b a s i c s t r u c t u r e o f t h e q u i n o l i n e a n d i n d o l i n e m o i e t i e s

The indoline structure has been more widely investigated and used in therapeutic
agents. This can be attributed to two factors; the synthetic advantages of the indoline
structure and the presence of the indoline motif in the active natural products. The
prodrug analogues of the duocarmycins currently under investigation are predominantly
indoline-derived structures. If the mode of activation is non-enzymatic as is the case
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with Carzelesin (47) and KW-2189 (48), which rely on chemical degradation to release
the active compound, the structure of the prodrug is of less importance. Those prodrugs
that rely on enzymatic activation must be suitable substrates for the enzyme and so
molecular structure is important. However, those prodrugs under investigation such as
the biotinylated analogue (53) and the carbohydrate analogues (54, 55) require
metabolism of their side groups and so it is possible that the bicyclic ring system of the
pharmacophore is absent from the active site all together and so also of lesser
importance structurally. (Fig. 5.3) The exception is the CBI analogue (56), which does
have the tetrahydroquinoline motif. (Chap. 1.)

NH

5
o
N

G ro u p re m o v e d
b y enzym e

OH
.O M e
P A c

H
N

O

OAc OAc

N

OH

5 4 ( n = l)
5 5 (n = 2 )

F i g u r e 5 .3 : B i o t i n y l a t e d a n d c a r b o h y d r a t e d e r i v a t i v e s o f C B I

The principle of the exploitation of intra-tumoural cytochrome P450 in the activation of
a prodrug relies on its compatibility as an enzyme substrate. Cytochrome P450 enzymes
are known to have broad substrate compatibility and are able to catalyse a wide range of
oxidative transformations; individual isoforms have different activity and substrate
specificity. For example, CYPIBI, shown to be expressed in a number of tumour
tissues, particularly prostate cancer, is known to catalyse the hydroxylation of oestradiol
61 and also the de-ethylation of ethoxyresorufm 62.
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OH

01
N'
Boc

HO'

o e s t r a d i o l 61

e th o x y r e s o r u f in

62

F i g u r e 5 .4 : C o m p a r i s o n o f k n o w n C Y P I B I s u b s t r a t e s w i t h

N-Boc-seco-CQ.

Structural evaluation by inspection of these substrates and comparison with the
quinoline CI 57 derivative CQ 123 shows that the tetrahydro-quinoline motif is
reminiscent of the tetrahydro-napthalene motif of oestradiol 61 and this 6-6 bicyclic
motif can also be seen in the 2H-benzo[l,4]oxazine moiety of ethoxyresorufin 62. (Fig.
5.4) These similarities may indicate a greater substrate affinity of CYPIBI for the
quinoline over the indoline ring analogues of the duocarmycins. For this reason a novel
synthetic route to a seco-CQ prodrug derivative was developed.

5.2

The design of a seco-CQ prodrug -th e disconnection rationale

.0 CH3
NR'

OCH;
OH

23

d u o carm y cm B j X = B r

24

d u o c a rm y c in C^ X = C l

seco-CQ

F i g u r e 5 .5 : T h e s p i r o c y c l i s a t io n o f

seco-C\

seco-C\

and

seco-CQ

to C I .

The seco-CQ pharmacophore can be seen in duocarmycins Bi 23 and Ci 24.

The

spirocyclisation mechanism is similar to that of the seco-Cl, and in both cases this
intramolecular reaction can be inhibited by the protection or the removal of the phenol
group.^^ (Fig. 5.5) The removal of the phenol group gives the deshydroxy prodrugs
discussed in chapters 3, 4 and 6.

The protection of the phenol group, a common approach used in the development of
prodrugs such as Carzelesin (47) and KW-2189 (48), has yet to be investigated in the
context of tumoural cytochrome P450 activated prodrugs. The cytochrome P450
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enzymes are known to dealkylate heteroatoms, for example CYP IBl de-ethylates
ethoxyresorufin 62. It follows that the protection of the phenol as a methoxy or ethoxy
group should render the molecule inactive and also present a suitable substrate for the
enzyme.

LG

LG

LG
NR’

OR

OR

OR

f u n c tio n a lis e d

P G = h y d ro x y ] p ro te c tin g g ro u p

a c y c lic p re c u rs o r

R ' = a m in e p ro te c tin g g ro u p
L G = le a v in g g ro u p
R

= a lk y l g ro u p

F i g u r e 5 .6 : T h e r e t r o s y n t h e s i s o f a

seco-CQ

p r o d r u g to a f u n c t i o n a l i s e d a c y c l i c p r e c u r s o r

The structure of the proposed prodrug can be simplified to the generalised seco-CQ
analogue shown. (Fig. 5.6) Initial disconnection of this prodrug must occur at the C-N
bond, as this is the easiest to form via a simple nucleophilic substitution reaction. (Fig.
5.7) The resulting amide can be further disconnected to the free aniline while the alkyl
scaffold must contain a good leaving group for the desired 6-exo-tet intramolecular ring
closure to occur. The presence of two leaving groups will lead to a competing 5-exo-tet
ring closure so a functional group interconversion (FGI) is required from the leaving
group (LG) to a protecting group (PG). Considering the 3C alkyl chain, the two main
requirements are that it must be introduced to the aromatic ring and also be
functionalised in a 1,2-motif to allow functional group manipulation.

OH

PG
LG

FG I
OR

-O H

AD
OR

OR

f u n c tio n a lis e d

3 ,4 -d is u b s titu te d

a c y c lic p re c u rs o r

a lk o x y b e n z e n e

F i g u r e 5 .7 : D i s c o n n e c t i o n o f t h e a c y c l i c p r e c u r s o r to c o m m e r c i a l l y a v a i l a b l e s t a r t i n g m a t e r ia l .
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The most common 1,2-fimctionality is a 1,2 diol which can be subsequently protected
against nucleophilic substitution or activated towards it using a wide range of reagents.
The introduction of a 1,2 diol also adds the possibility of stereocontrol since the Sn2
cyclisation reactions does not cause racémisation, unlike radical cyclisations.

The Sharpless asymmetric dihydroxylation (AD) is a well-established method for syn
addition across a double bond.^"^^ Using this methodology would require the
introduction of an allyl group to the aromatic ring ortho to the amine and para to the
phenol. This is a known reaction and can be achieved under various conditions
including a Stille cross coupling reaction,

Claisen rearrangement of allyl phenyl

ethers and electrophilic aromatic s u b s titu tio n .D is c o n n e c tio n of the allyl aryl bond
(in red) leaves a 3,4 di-substituted alkoxy benzene; the methyl ether derivatives are
common reagents, commercially available with a wide range of different functionalities.

5.3

The synthesis of a seco-CQ prodrug
-OTs

OTBDMS

OTBDMS
NHBoc

OMe

OMe

4 -m e th o x y -2 n itro a m lin e

124

NBoc

OMe

OMe

NBoc

OMe
seco-CÇl

a c y c lic
p re c u rso r

OMs

125

p ro d ru g

126

F i g u r e 5 .8 : K e y s t e p s i n t h e p r o p o s e d s y n t h e s i s o f a - s e c o - C Q p r o d r u g v i a a f u n c t i o n a l i s e d a c y c l i c
p re c u rso r.

The starting material 4-methoxy-2-nitroaniline 124 was selected after consideration of
the allylation step. Methyl groups are stable enough to resist chemical degradation
under physiological conditions thus minimising non-enzymatic activation. An additional
advantage is that the methyl group can be removed under certain conditions to give the
active compound as a usefiil control in biological studies.

Research into the techniques for the direct allylation of aromatic compounds showed a
number of versatile methods available.

Of particular interest was the recent

disclosure of development of a radical method using allyl bromide to directly allylate a
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benzene ring, without the need for metal catalyst and with the advantage of easy scale145,146

co-workers affect the direct allylation of aniline derivatives using tert-

butyl nitrite and allyl bromide. The reaction was found to be robust to a wide range of
substituents, however electron-deficient anilines gave the best yields. The proposed
mechanism is that of deamination via diazotisation to form a phenyl radical that then
reacts with the allyl bromide to form the allyl benzene derivative. Electron-withdrawing
groups that decrease the electron density of the aromatic ring give rise to more
electrophilic phenyl radicals increasing the reactivity towards the allyl bromide.

The 3 position of the starting material must be substituted with a nitrogen-containing
group to allow formation of the quinoline hetero ring. A nitro group is sufficiently
electron-withdrawing for the aromatic allylation step and also subsequently readily
reduced to the corresponding amine to give the acyclic precursor 125. Intramolecular
nucleophilic cyclisation to form the A ring gives the seco-CQ prodrug 126.

5.3.1

Synthesis of the acyclic precursor
-OH

.OTs

OH
^O H
NHBoc
iv. ^ I T
T
OMe
130
S c h e m e 5 .1 : S y n t h e s i s o f t h e a c y c l i c p r e c u r s o r f r o m 4 - m e t h o x y - 2 - n i t r o a n i I i n e :

.OTs
I^OTBDMS
NHBoc
u J
T
OMe
125
Reagents and conditions’.

i, 2 e q u i v . ^ B u O N O , 1 0 e q u i v . a l l y l b r o m i d e , C H 3C N , 1 h , R T ; ii. c a t . O S O 4 , 1.1 e q u i v . N M O , H 2O ,
(C H a lz C O , R T ,

1 6 h ; i ü . P d / C , H 2 , B 0 C2O , E ts N , R T ,

1 8 h ; iv . T s C l , E tg N , T H F , R T ,

18 h ; v .

T B D M S O T f, 2 ,6 - lu tid in e , D C M , 0 T , 5 h ;

The synthetic route to the acyclic precursor 125 was designed such that only a single
cyclisation product can be formed via the desired 6-exo-tet intramolecular ring closure.
(Scheme 5.1) To this end the 1,2-diol formed by dihydroxylation of the allylic double
bond was functionalised using a silyl protecting group at the 2-position preventing the
competing 5-exo-tet cyclisation reaction and a tosyl group at the 1-position activating it
to nucleophilic attack.
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Aromatic allylation
NH2

Scheme 5.2: Aromatic allylation o f an aniline derivative: Reagents and conditions: i. 2 equiv. ^BuONO,
10 equiv. allyl bromide, CH3CN, 1 h, RT, 28-49%.

Allylation of 4-methoxy-2-nitro aniline 124 to form the allylic aromatic derivative 127
was carried out using the conditions described by Ek et al.^"^^ (Scheme 5.2) The protocol
and reagent quantities were unchanged from the original literature report. The starting
material was added to a solution of /er/-butyl nitrite and allyl bromide in acetonitrile
over 20 min and subsequently left for 1 h at room temperature. As observed by Ek,
reaction time and temperature had little effect on the yields of the reaction, which were
consistently between 25% and 30% on a 3 mmol scale, however this improved on a
larger scale (12.1 mmol, 49%).
N =N

OH

5N

NO2
/-b u ty l-0 -N = 0

OM e

I

NO2

M eO

/-butyl-OH

N
OMe

OMe

N = N -0

NO2

OM e

OMe

radical
propagation

NO2 xL^NOz
+ [ Q T + Nz(g)
OMe

I
OMe

d riv in g fo rc e

observed products
Figure 5.9: The proposed mechanism for the direct allylation of an aniline derivative.

The suggested mechanism for the reaction of the aniline with allyl bromide involves the
formation of a phenyl radical via deamination of the aniline, which can then react with
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the allyl bromide/"^^ (Fig. 5.9) This is supported by the marked affect substituents have
on the efficiency of the reaction. Reaction of the aniline with the ferZ-butyl nitrite leads
to the formation of a dimer species that decomposes homolytically to the phenyl radical,
releasing nitrogen gas. The attack of the phenyl radical on the allyl bromide yields a
bromide radical in addition to the desired product. The bromide radical can go on to
react with another phenyl radical to give the bromination product. The ratio of the
bromination to allylation products is approximately 1:10. It is not clear whether the
reaction between allyl bromide and the phenyl radical is concerted or proceeds in a
stepwise manner. Neither the mechanism of attack nor the production of side products
was probed in this investigation.

Confirmation of the structure was primarily achieved using

NMR studies, however

IR also proved a useful spectroscopic tool. The IR spectrum of the isolated product
showed a characteristic C=C stretching vibration band at 1622 cm '\ Vinyl olefins are
expected to absorb near 1640 cm'^ however the presence of an aryl substituent leads to
enhanced absorption near 1625 cm'^ confirming the allylation of the benzene ring.
NMR was used to determine the position of the allylic group; the absence of the broad
NFÏ2 group seen in the reference spectra of the starting material and the preservation of
the aromatic C-H peak pattern suggests substitution has occurred para to the methoxy
group. Mass spectrometry gives a [M-H]' peak at m/z = 192.1 confirming the presence
of the molecular ion.

Step Two:

Dihydroxylation
OH

NO2
a. or b.

OMe
127

OMe
128

Scheme 5.3: The dihydroxylation o f a double bond: Reagents and conditions: a. cat. OSO4 (2.5% solution
in f-BuOH), 1.1 equiv. NMO, H2 O, (CH3 ) 2 CO, RT, 16 h, 62%; b. AD-mix a, f-BuOH, H 2 O, 4 °C, 72 h,
73%.

The 1,2 dihydroxylation of a double bond can be achieved both asymmetrically and
non-asymmetrically. (Scheme 5.3) Osmium tetroxide is used in both cases as the active
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reagent, where coordination between the osmium(Vni) and the double bond leads to
syn addition of two hydroxyl groups and the reduction of Os(Vni) to Os(VT). The
expensive and toxic nature of this heavy metal makes its use in stoichiometric quantities
impractical, instead a second oxidising agent can be used and the OSO4 can be
regenerated in a catalytic cycle. In the case of the non-asymmetric dihydroxylation, this
is A^methylmorpholine-W-oxide (NMO). (Fig. 5.10)

NMO

r

OSO4 .
P
P
M
R
R
Osmate ester

H2O

Û

R
J
HO

OH o p
\

un" ViH
R

H3 C 0 “
A^-Methylmoipholine A^-Oxide
(NMO)

Figure 5.10: The regeneration o f catalytic OSO4 by 7V-methylmorpholine-7V-oxide (NMO)

The OSO4 catalyst was purchased as a 2.5% solution in fert-butanol, which has a
number of advantages over other forms of the catalyst. The quantities of catalyst used
are small and often difficult to measure, addition of a liquid using an accurate syringe
allows more careful measurement of the amount of catalyst being used. The solvent
system used most commonly in dihydroxylation reactions involving OSO4 is aqueous
acetone. The organic nature of the starting material may present solubility issues so
often rer^-butanol is added to improve solubility. Finally, OSO4 is highly toxic and
hydroscopic therefore, storage and handling of a dilute solution is easier than OSO4
solid. The development of polymer and dendrimer bound OSO4 catalysts has been
claimed to improve the practical aspects of the dihydroxylation reaction by improving
the purification of the diol product.

Contamination of organic compounds by

transition metals is traditionally problematic, however, in the case of OSO4 the use of
Na 2SOs to form insoluble lower-valent osmium species solves this issue without the
need for expensive novel catalyst delivery systems.

The protocol followed was an established method and conditions were not altered and
the yield obtained was unoptimised ( 6 2 % ) . NMR confirmed the formation of the
diol. The two methylene groups of the aliphatic chain are adjacent to a chiral centre
causing the geminal protons of each group to be diastereotopic and thus chemical shift
inequivalent; four individual doublet of doubles are consequently observed. Geminal
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coupling constants enabled assignment of the four protons of the two CH2 groups. The
protons of the primary alcohol CH] will be the most deshielded (5 = 3.71, 3.52 ppm)
due to the electron-withdrawing effect of both the alpha and beta hydroxyl groups. The
CH] bound directly to the aromatic group will be less deshielded (ô = 3.05, 2.90 ppm).
The proton of the chiral carbon can be seen as a highly deshielded multiplet.

The presence of H-bond donors and acceptors suggests the presence of H-bonding,
which was confirmed by a broad, high wavelength band in the IR spectrum (3199 cm'^).
IR spectroscopy is not a reliable method for the determination of the exact nature of the
H-bonding interaction; further experimentation would be required to distinguish
between intra and intermolecular H-bonding.

p ro to n d o n o r

%

p ro to n a c c e p to r

y ° ' H

yi
OM e

5 -m e m b e re d rin g

OM e

8 -m e m b e re d rin g

V

O'

OM e

9 - m e m b e re d rin g

F i g u r e 5 . 1 1: T h e p o s s i b l e i n t r a m o l e c u l a r H - b o n d i n g in t e r a c t i o n s o f t h e 1 ,2 - d io l

128.

The possible intramolecular interactions between the different acceptors and the primary
and secondary hydroxyl groups are shown in Figure 5.11. A study conducted by Klein
concluded that though there is NMR and IR evidence for the interaction of the hydroxyl
groups of a 1,2-diol, the nature of the interaction is not an intramolecular hydrogen
bond but rather due to dispersion forces. Klein found that the required bond critical
point and atomic bond path was absent in 1,2-diols however diols that are further spaced
apart are able to form intramolecular hydrogen bond.^^^ This suggests that the hydrogen
bonding present in 128 is arising through intermolecular interactions or intramolecular
interactions between the nitro oxygen atoms and hydroxyl groups.
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lo n e p a ir

H:

re p u ls io n

HO.

locked

■
■.%a t i o n
c o nL
fff-.
o r■
m

-Hb

d * ^ 'y ^ o h
p.

He

H^]p

RH2 C

He

HO'^Cj^CHzOH
He

OMe

F i g u r e 5 .1 2 : P r o p o s e d N e w m a n p r o j e c t i o n s o f t h e 1 ,2 - d io l

128

Newman projections can be constructed assuming that the conformation of the three
methylene groups is staggered with respect to one another and that there is lone pair
repulsion between the two hydroxyl groups and steric interaction between the different
groups. The proposed Newman projections place Ha and Hd at 60° and Hb and He at
180° with respect to He that would give Jvicmai values of 2 and 9.5 Hz respectively. (Fig.
5.12)

Proton

5 (ppm)

J vicinal

Ha

3.71

3.0

He

3.52

6.7

Hd

3.05

4.5

He

2.90

8.3

(Hz)

T a b l e 5.1 : C h e m i c a l s h i f ts a n d a s s o c i a t e d s c a l a r c o u p l i n g c o n s t a n t s o f d io l

128

Unfortunately the observed scalar coupling constant values for the four diastereotopic
protons are too similar for any conclusions to be drawn about the exact conformation of
each methylene group with respect to the chiral centre. (Table 5.1)

The asymmetric dihydroxylation reaction was developed by Barry Sharpless, with wide
application to the asymmetric dihydroxylation of o l e f i n s . L i k e the non-asymmetric
method, this reaction uses catalytic quantities of OSO4 , but uses K3 pe(CN )6 as the
stoichiometric oxidising agent rather than NMO. Osmium tetroxide gives syn addition
across the double bond whether the olefin is an E or Z isomer, however both faces of the
double bond are susceptible leading to both enantiomers when a chiral centre is formed.
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PhthaJazine-based Ligands
N=N

N=N

w
DQHD

^

DHQD

QHD

DHQ

T h e A lk alo id s

MeO.

-OMe

Dihydroquinidtne = DHQD

Dihydroquinine = DHQ

F i g u r e 5 .1 3 : T h e p h t h a l a z i n e - b a s e d l i g a n d a n d t h e i r a l k a l o i d s u b u n i t s .

Sharpless developed a novel set of chiral ligands that restrict the interaction of the olefin
with the Osmium to a single face hence imparting stereochemical control on the
reaction. This method has since been refined into a simple reaction procedure utilising a
commercially available pre-prepared mixture of reagents known as AD-Mix, containing
potassium osmate [K20s02(0H)4], (DHQ)2 -PHAL (a) or (DHQD)2 -PHAL (P),
K3 pe(CN)6 and K2CO3, as a fine orange powder.’^®’

(Fig. 5.13)

D H Q D -O S O 4

Hindrance

S = S m a ll

H y d r o p h o b ic

M = M e d iu m

/A r o m a tic
I n te r a c tio n s

L = L a rg e
a -fa c e

D H Q -O S O 4

F i g u r e 5 .1 4 : S c h e m a ti c r e p r e s e n t a t i o n o f th e i n t e r a c t i o n s o f t h e o l e f i n w i t h t h e c h i r a l l ig a n d / o s m i u m
t e t r o x i d e c o m p le x .

152

(DHQ)2 -PHAL and (DHQD)2 -PHAL are the two chiral ligands responsible for the
stereospecificty of this reaction. (Fig. 5.13) These complex ligands consist of a central
phthalazine unit with two alkaloid subunits flanking this central moiety. Although the
exact mechanism for this dihydroxylation is still to be resolved, it is known that the
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bulky ligands form a complex analogous to the active site in an enzyme. The olefin
must align correctly in order to approach the OSO4 sufficiently for reaction to occur.
This alignment depends heavily upon factors such as steric hindrance and hydrophobic
interactions.(F ig. 5.14)

Steric factors orientate the olefin such that the two smallest substituents are in the NW
and SE “comers”, leaving the larger substituents to interact with the hydrophobic
regions, this locks the molecule into place allowing attack from only one face. (Fig.
5.14) The example of styrene is used in a review by S h a r p l e s s , a complex diagram
shows the interaction of the aromatic ring of the olefin with the quinoline moieties of
the ligands. (Fig. 5.15)
[ SurctwJ
Bystancicr

mahoxyquinolinc

( ) s n u » o x c ti t r » e

In tc rm c d u Jc

0

0
H

Î
1

-XciivHc klkitioid

rtK)ic-f\

e
c
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c
N

0

j

I

Binding cleft, sci up by the phthala/inc
ring systern a> tfie floor and the by slander
! metboxyquinolmc as a perpendicular \sall

Figure 5.15: “Structure o f the osmaoxetbane intermediate derived from styrene and (DHQD)2 ?HAL,
calculated using a modified MM2 force field. The aromatic portion of the olefin is positioned inside a
chiral binding pocket.”’'^^

This reaction was carried out following the established protocol without variation.
Yields were consistently high (73%) however despite prolonged reaction times; a small
amount of starting material was always recovered. The product was characterised by
comparison with the racemic authentic sample. The success of the stereochemical
control was measured using chiral HPLC on a Chiralcel OD column and optical
rotation. Both confirmed the presence of a racemic mixture. Chiral FtPLC showed one
broad peak and attempts to separate the two enantiomers were unsuccessful. The optical
rotation was consistently zero despite varying concentrations and repeating the
measurements using different batches of diol. Since both the alpha and beta AD-mix
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had been used, a mixture of the two diols was analysed by chiral HPLC also however
only one broad peak could be seen further confirming a racemic mixture. The lack of
any enantiomeric excess was a surprise since the Sharpless asymmetric dihydroxylation
is an established means of forming a chiral 1 ,2 -diol.

In the synthesis of (+)-duocarmycin A, Boger and co-workers found that Sharpless AD
using AD-mix p gave the 1,2-diol (5)-132, reporting excellent yields (92%) and good
stereospecificity (78% ee), (Scheme 5.4) AD-mix a was found to give the R enantiomer
(89% yield, 77% ee) and ultimately (-)-duocarmycin A.^^^ This was opposite that
predicted from established models.

NHBz

BzH N

NHBz

B zH N

Scheme 5.4: Asymmetric dihydroxylation o f a key intermediate in the synthesis o f (+)-duocarmycin A:
Reagents and conditions: i. AD-m ix-a, THF/H2 O 4:1, 16 h, 92%, 78% ee.

The induction of chirality depends on the interaction of olefinic substituents with the
chiral ligands; the lack of stereoselectivity suggests that the interaction of the 4methoxy-2-nitro derivative 127 and chiral ligands was poor and so the alpha and beta
face of the olefin were presented to the OSO4 leading to a racemic mixture. The simple
styrene example reported by Sharpless suggests that even small, unsubstituted olefins
can be stereoselectively dihydroxylated. The nitro group of 127, not present in 131, may
play a key role in disrupting the formation of the complex. A literature survey failed to
uncover a substrate of the Sharpless AD with an ortho nitro group. Investigations of this
effect are continuing, although due to constraints, are outside the scope of this thesis.
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Reduction/Protection

OH

OH

OH

OH

NO2

OMe

128

N H B oc
1.

OM e

129

Scheme 5.5: The one-pot reduction and protection o f the aromatic nitro group: Reagents a nd conditions: i.
Pd/C, H 2 , B 0 C2 O, EtsN, RT, 18 h, 75%.

Reduction of the nitro group was carried out after the dihydroxylation reaction rather
than later in the synthesis to allow greater control over the reaction. The point at which
the reduction of the nitro group can occur during the synthesis is restricted by the other
chemical transformation; the nitro group is required in die aromatic allylation step since
it increases the electrophilicity of the phenyl radical leading to improved yields. The
reduction cannot be carried out in the presence of the allyl compound 127 using H 2/Pd
without concurrent alkene reduction. If the primary alcohol was already tosylated, the
formation of the amine may lead to undesired and premature ring closure to the
quinoline derivative.

Initial attempts to carry out the reduction followed by carbamate formation with
isolation and purification of the aniline intermediate gave a low yield (35%) over the 2
steps. The unstable nature of the aniline derivative led to decomposition of the molecule
during the purification process. The process was improved by the direct Boc protection
of the crude aniline (63%) though the reduction of the nitro group was still slow and
starting material was often recovered in spite of prolonged reaction times. This can
probably be attributed to the gradual reduction in catalyst activity arising through the
poisoning of the Palladium by the aniline derivative.* The development of the one-pot
procedure outline in chapter 4 was adapted for use here. The in situ Boc protection of
the amine as it is formed helps drive the reduction reaction forward and also prevents
the aniline derivative from poisoning the catalyst. Isolated yields were consistently high
(75%).
* Quinoline, an aromatic amine, is used in the Lindlar Catalyst as a poison to decrease the reactivity o f the
catalyst.
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128

129

Ôppm

Ôppm

Hx

7.32

d

6.96

d

Hy

7.09

dd

6.58

dd

Hz

7.43

d

7.35

hr s

OM e

128 R = N 0 2
129 R = NHBoc

Table 5,2: Aromatic proton chemical shifts for the nitro and carbamate derivatives.

The resultant carbamate 129 was fully characterised.

NMR clearly showed the

presence of a Boc-protected amine with the appearance of characteristic peaks for the
9H Hoc group at 1.49 (singlet) and the N-H at 7.98 (broad singlet). The change from the
strongly electron-withdrawing affects of the nitro group to the NHBoc manifested in the
aromatic chemical shifts; although the multiplicity of the three aromatic peaks remained
consistent, a shift up-field was observed indicating a weak shielding effect. (Table 5.2)

128
Proton Ô

129

t/geminal

«Aâcinal

Ô

«/geminal

»Adcinal

He

3.96

-

-

3.86

-

-

Ha

3.71

11.2

3.0

3.64

10.9

1.8

Hb

3.52

11.1

6.7

3.41

10.9

7.7

He

3.05

13.8

4.5

2.69

14.5

4.9

Hd

2.90

13.8

8.3

2.65

14.5

6.9

Table 5.3: Comparison o f the chemical shifts and scalar coupling constants o f the 1,2-diols 128 and 129.

The general decrease in chemical shift can be attributed to the loss of the electron
withdrawing NO 2 substituent of the aromatic ring; this effect is more greatly felt by the
CH2 bonded directly to the aromatic ring. (Table 5.3) The change in coupling constants
is small and indicates only a slight change in dihedral angles. This is likely to be due to
a change in the nature of the hydrogen bonding interaction, further supporting the
involvement of the nitro and now NHBoc groups.
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OH

OH

proton donor
proton acceptor

^ O H

^ O H

N H B oc

V

T1
OMe

OMe

129

128

Figure 5.16; The proton donor and acceptor groups of the 1,2-diols 128 and 129.

Little can be said about the exact nature of the interaction between the hydroxyl groups
and the nitro or NHBoc groups of these compounds. Though IR can confirm the
presence of a hydrogen bond and NMR can be used to assess the extent of rigidity in the
molecule, both compounds have multiple donor and acceptor atoms so the actual
situation is likely to be far more complex that a simple, single intramolecular hydrogen
bond.

Step Four:

Tosylation
OH

.O T s

r^ O H
A ^N H B oc

I^ O H
^ N H B oc

r

Y1

OMe

129

OMe

130

Scheme 5.6: The regioselective tosylation o f the primary alcohol o f a 1,2-diol: Reagents and conditions: i.
1 equiv. TsCl, 1 equiv. Et?N, 0.2 equiv. Bu?SnO, CH2 CI2 , RT, 16 h, 76%.

Reduction and protection of the nitro group was followed by the tosylation of the
primary alcohol to activate the position towards nucleophilic substitution. The tosylate
was selected due to its ready substitution by a nucleophile and its stability under basic
conditions. Regioselective tosylation of the primary hydroxyl group was achieved in
good yields (76%) under mild conditions in the presence of a tin catalyst.
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-OH

R

OH

\\
OH

Figure 5.17: The Sn2 (S) mechanism o f the tosylation reaction

The tosylation of the primary alcohol occurs via a Sn2 reaction where the lone pair of
the oxygen attacks the electrophilic sulfur atom. The chloride anion is released and
forms the HCl salt of Et^N. (Fig. 5.17) The nature of an Sn2 reaction is such that the
rate of reaction is directly proportional to both the concentration of nucleophile and
substrate. An excess of the base leads to an elimination reaction to give the epoxide and
an excess of/?-toluenesulfonyl chloride (TsCl) gives the corresponding di-tosyl product.
Even with only 1 equivalent of TsCl the reaction products are typically a mixture of the
desired mono-tosylate, diol starting material and the di-tosylate, the relative ratio of
these compounds depends on the nature of the diol. (Fig. 5.18)
OTs

excess

, -diol

1 2

m o n o - to s y l
p ro d u ct

_____

|
di-tosyl
r ^ O T s product

R

"

p ro d u ct

Figure 5.18: Side product formation in the tosylation reaction.

Primary hydroxyl groups are more reactive than secondary alcohols; the difference in
reactivity of the two groups can give innate regioselectivity. Initial attempts to tosylate
the primary alcohol, without the use of a regioselective catalyst, gave the mono-tosylate
in poor yields (<45%). This was in part due to the contamination of the TsCl with ptoluene sulfonic acid (TsOH) and the reaction yield was improved (57%) with the
recrystallisation of the TsCl. In both reactions, large amounts of starting material and ditosyl product were isolated. It is possible to regenerate the diol from the di-tosylate with
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retention of stereochemistry,^ using 10 equivalents of Mg in anhyd. MeOH at room
temperature/^^

Improvements in the regioselectivity of this reaction can be made using catalytic
amounts of BuiSnO in addition to stoichiometric amounts of TsCl and base/^^’

This

technique was used successfully in the stereocontrolled total synthesis of (+)v in b la s ti n e , a n d also by Boger in the total synthesis of (+)-duocarmycin

The tin

acetal temporarily activates the primary alcohol while simultaneously protecting the
secondary from electrophilic attack by the sulfur. The tin complex is destabilised upon
functionalisation of the primary alcohol and so the BuiSnO is released, free to form the
tin acetal complex with another molecule of the diol starting material. (Fig. 5.19) The
yield of the mono tosylate under these conditions was 76%

—
R'^OH
, -diol

1 2

-

r°sn® “ ^
Bu
tin acetal

EtgN
mono-tosylate

Figure 5.19: The formation o f the tin acetal leading to regioselective mono-tosylate.

Electrospray Mass spectrometry confirmed the mass of the product; a molecular ion,
[M] m/z = 452.1, was observed in the positive mode.

NMR further confirmed the

structure; two broad singlet peaks with integrals of IH, were seen at 7.77 and 3.26 ppm,
corresponding to the NH of the carbamate and the OH of the hydroxyl group
respectively. The deshielded nature of the hydroxyl proton peak confirms that it is the
secondary alcohol; the proximity to the aromatic ring decreased the electron density
leading to a higher chemical shift. Comparison with the starting material, in which the
hydroxyl protons appeared at 2.54 ppm (primary) and 3.17 ppm (secondary) support
this. Two methyl groups are present at 3.74 ppm and 2.42 ppm, corresponding to the
methoxy group and the methyl group of the toluene respectively. The aromatic peaks
were assigned using a 2D COSY experiment; the toluene protons were seen at 7.75 ppm
(H m )

and 7.32 ppm

(H n ).

These were both observed as doublets {Jonho

Hz) with

integrals of 2H. H% and Hy show coupling interaction in the 2D spectrum as expected of
an AB system however Hy also shows long range coupling (dd, Jxy = 8.4, Jyz = 2.6 Hz)
^ O f no consequence in this case however had the Sharpless asymmetric step been successful this would
be an important factor.
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with the Hz proton. Unfortunately the coincidence of the singlet peak (Hz) with the Hn
doublet means this long-range coupling is not resolved.

OH
NHBoc
yH

Figure 5.21 : The different aromatic chemical environments o f compound 130.

Step Six:

Silyl Protection
.OTs
^O H
x L . NHBoc
1

r

1
OMe

130

.OTs

.

I^OTBDMS
NHBoc
f
1

V

OMe

125

Scheme 5.7: The silyl protection o f the secondary alcohol: Reagents and conditions: i. TBDMSOTf, 2,6lutidine, DCM, 0 °C, 5 h, 67%.

The protection of the secondary alcohol as the silyl ether (^e/T-butyldimethylsilyl,
TBDMS) is necessary to prevent a competing 5-exo-tet ring closure. (Scheme 5.7) The
relative low reactivity of a secondary hydroxyl group and the steric hindrance caused by
the adjacent Boc and tosyl groups is such that a reactive reagent is required. Common
reagents for the introduction of a trialkylsilyl group to a hydroxyl group are the chloride
(TBDMSCl) and triflate (TBDMSOTf). Literature reports show slow reaction of the
chloride derivative with sterically hindered or unreactive a l c o h o l s . T h e triflate
derivative (TBDMSOTf) has successfully been used for the protection of tertiary and
unreactive secondary alcohols; for tiiis reason the triflate reagent was chosen over the
chloride.
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Reaction of the secondary alcohol 130 with the triflate at 0 °C in the presence of 2,6lutidine gave the desired acyclic precursor 125 in reasonable yields 67%. The 2,6lutidine has two roles in this reaction; as a weak base, it forms a salt with the triflic acid
formed and also acts as a nucleophilic catalyst. A conventional base catalyst such as
NaOH removes the proton from the attacking species, in this case the hydroxyl group,
increasing the nucleophilicity of the group. A nucleophilic catalyst is used when the
attacking nucleophile is a weak one, such as a secondary alcohol. The catalyst, usually
pyridine, imidazole or in this case 2,6-lutidine, is more nucleophilic than the alcohol
and so reacts to form a cationic intermediate which reacts more readily with the
alcohol.’’^ (Fig. 5.21)
^

R

\

HO

^
OTs

B u '-S ir O T f

'

R

%

tbdm s

Figure 5.21: The base catalysed nucleophilic reaction of the secondary alcohol with the /er/-butyl di
methyl silyl triflate.

The incorporation of the TBDMS group was confirmed using

NMR. Three

additional peaks in the spectrum were observed at 0.80, -0.07 and -0.28 ppm with
integrals of 9H, 3H and 3H respectively; these correspond to the silyl methyl and tertbutyl groups. The negative values occur for the methyl group due to the increased
electron density imparted by the tert-huXy\ group compared to that of TMS
(tetramethylsilane) reference compound.
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Ring closure to the seco -C Q methoxy prodrug

,O T s
OM s

OTBDM S
OTBDM S
N B oc

N H Boc

N B oc

N B oc

Scheme 5.8: Synthesis o f the quinoline prodrug from the acyclic precursor: Reagents and conditions: i.
3.3 equiv. NaH, THF, 0 °C, 2 h, 90%; ii. 1.1 equiv. TBAF, THF, RT, 30 min. 82%; iii. 1.1 equiv. MsCl,
1.1 equiv. Et^N, CH2 CI2 , 0 °C, 1 h. 69%.

Step Seven:

Cyclisation

Ring closure of this molecule proceeds via an Sn2 reaction in which the attacking
nucleophile is the deprotonated nitrogen of the carbamate and the leaving group is the
tosylate. Baldwin’s rules can be used to predict the favourability of any particular
cyclisation reaction based on the size of the resultant ring, the hybridisation of the
carbon atom under attack and finally the fate of the leaving group. In this case, the ring
formed is a 6 membered ring, the carbon under attack is an sp^ carbon and the OTs is
the leaving group, making this a favoured 6-exo-îeî ring closure. The protection of the
secondary alcohol prevents the competing 5-exo-tet reaction. Baldwin’s rules however
cannot be used to predict the reactivity or the rate of reaction.

OTs
OTBDM S
I jZ O T s
r^ O T B D M S
.^ ^ N H B o c

OM e

^ A - ^ N B oc

OM e

X
V

OTBDM S

X ^ N B o c

OM e

Figure 5.22: 6-exo-tet intramolecular cyclisation to the quinoline derivative

Intramolecular reactions are entropically favoured over intermolecular reactions; rates
of reaction are less dependant upon concentration since the electrophile and nucleophile
are tethered together maximising their relative concentrations. Intramolecular reactions
are typically performed at high dilution to prevent competing intermolecular reaction.
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Since the lone pair of the nitrogen is involved in conjugation within the carbamate
group, it is a poor nucleophile. To improve the nucleophilicity, NaH is used to
deprotonate the carbamate giving the nitrogen a formal negative charge and thus greatly
increasing its nucleophilicity. The reaction proceeds cleanly, with good yields (-90%).

The

spectrum of this quinoline derivative confirmed the structure; the previously

inequivalent two methyl groups of the silyl ether now appear as one peak at 0.09 with
an integral of 6H and the tert-hu\y\ group at 0.88 (9H) indicating free rotation about the
O-Si bond. The loss of the broad singlet of the NHBoc and the peaks associated with the
tosyl group (4 x Ar-H and 1 x CHg) are also indicative of the successful ring closure.

OTBDM S

NBoc
NBoc
OM e

R = TBDMSO

Figure 5.23: The relative configuration o f the heterocyclic protons.

The 5 protons of the heterocycle are inequivalent and appear as 4 doublet of doublets
and a multiplet. The compound is present in a racemic mixture; one enantiomer is
shown and the protons arbitrarily labelled for assignment purposes. (Fig. 5.23) The
multiplet at 4.04 (IH) corresponds to proton C; doublet of doublets are seen at 2.65,
2.94, 3.30 and 3.95 ppm corresponding to the remaining 4 diastereotopic protons of the
heterocycle, assignment of these will be relative to proton C. The C2 methylene group
is closest to the N1 atom and so will be deshielded by induction relative to the C4
methylene group. (Table 5.4) Since the “through bond” deshielding affect of the R
group is the same for both protons of each methylene group, their chemical shift
inequivalence is arising due to a “through space” deshielding affect.

From figure 5.23, Ha and Hd are cis to the oxygen of the R group (trans to He) and so
appear downfield from their partner protons; Karplus Correlation can further clarify the
dihedral angles using the Jvicinai values in conjunction with the cis/trans assignment.
Observed V and V coupling constants for the 4 methylene protons are summarised in
Table 5.4; geminal values were used to assign the protons to the correct carbon atom.
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COSY and HMQC further confirmed this assignment. Because of the similarities
between the vicinal coupling constants of each methylene protons, it is difficult to
predict their dihedral angle from the Karplus Curve. It is likely that the observed values
represent an average of two configurations.

Proton

5(ppm)

«^geminal (Hz)

«/vicinal (Hz)

He

4.04

-

-

Ha

3.95

12.5

4.0

Hb

3.30

12.5

8.3

Hd

2.94

15.9

5.7

He

2.65

15.9

5.7

Table 5.4: Chemical shifts and coupling constants for heterocyclic protons A to E.

Step Eight:

Functional Group Interconversion
OTBDMS

X

OH

I

X ,N B o c

X s^NB oc.

rOMe
1

133

OMs

X

V

OMe
134

V

OMe

126

Scheme 5.9: The deprotection and subsequent activation o f the secondary alcohol as the mesylate:
Reagents and condition: i. 1.1 equiv. TBAF, THF, RT, 30 min, 82%; iii. 1.1 equiv. MsCl, 1.1 equiv.
EtsN, CH2 CI2 , 0 “C, 1 h, 69%.

The final steps towards making this prodrug involve the conversion of the protected
secondary alcohol into a good leaving group. The TBDMS group must be removed
before activation of the alcohol as the mesylate can occur. The silicon atom carries a 6+
charge due to the polarity of the 0-Si bond making it susceptible to nucleophilic attack.
The most effective nucleophiles are those which are strongly electronegative and that
upon reaction lead to the formation of strong bonds to silicon. TBAF (tetra-w-butyl
ammonium fluoride) is used to deprotect silyl ethers as it is a useful source of fluoride
ions; these small hard nucleophiles attack the silicon centre forming a very strong Si-F
bond (582 kJ mol'*) which is the driving force for the reaction.
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Me ,Me

Me _ Me

Me^ ,Me

'-Bu'J'O''' ------ - .-B uf'0''" ------ F

penta-valent
anionic species

Figure 5.24: The deprotection o f trialkylsilyl ether via a pentavalent intermediate.

The mechanism for the deprotection is a Sn2-S1 pathway; differing from a standard Sn2
in that it proceeds via a pentavalent silicon anion. (Fig. 5.24) The longer Si-C bond
length (1.94Â) relieves steric hindrance to the pentavalent silicon intermediate, which
would not be possible with a carbon analogue (C-C = 1.54 A). Additionally, the empty
3d orbitals of silicon are available which allows nucleophilic attack at geometric
approaches other than at 180° to the leaving group (backside attack), as is the case with
the carbon analogue.

The TBDMS group was removed using a 1.0 M solution of TBAF in THF giving the
secondary alcohol in good yields (-'85%). Subsequent mesylation of the alcohol to
create a good leaving group also proceeded well (69%) under mild conditions using
MsCl and EtsN in stoichiometric amounts. The mesyl group was selected to avoid
reaction at the chiral centre. Had this synthesis been carried out in a stereocontrolled
manner, this would be of great importance. Conversion to the chloro was considered
however this would have involved an additional step and leads to épimérisation at the
stereocentre.

The ^H NMR and mass spectrum confirmed the structure of this final compound.
Electrospray Mass spectrometry (positive mode) showed a molecular ion [M+H]^ at m/z
= 358.1 corresponding to the calculated value of [M] m/z = 357.4. Characteristic
singlets were observed at 3.72, 3.22 and 1.47 ppm corresponding to the methyl (3H),
methoxy (3H) and tert-hutyl (9H) of the Boc group respectively. The doublet of
doublets corresponding to the 2 CH2 groups of the heterocycle have undergone a shift
downfield caused by the increased deshielding affect of the OMs group compared to
that of the OTBDMS group. The methoxy-^eco-CQ prodrug 126 was synthesised in 8
steps with an overall efficiency of 8%.
5.4

The Synthesis of the Active Drug
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OMs

N B oc

OMs

,N B o c

Scheme 5.10: Attempted synthesis o f the active seco~CQ derivative from the methoxy prodrug

Attempts to remove the methyl group to provide an authentic sample of the active
compound 135 were unsuccessful. The known methods using Lewis acids (BBrg and
AICI3 ) resulted in the anticipated Boc deprotection but left the OMe group intact.
Extended reaction times and excess Lewis acid did nothing to alter this result and led to
compound degradation. PhiPLi^^^ was reported to effect the deprotection of an aryl
methyl ether in the presence of an A-Boc protected amine however these conditions also
led to compound degradation.

5.4.1

Strategic redesign of the synthetic route

In light of this problem the synthesis was redesigned to incorporate a more easily
removed protecting group. The benzyl group can be used to protect phenols; it is stable
under both acidic and basic conditions and can be easily removed by catalytic
hydrogenation. Step five of the original synthesis involves the reduction of the nitro
group to the corresponding amine using Hi/Pd; an alternative method for is required to
avoid deprotection of the benzyl group.

In their efforts to find an alternative route to 2-methyl-2-nitrosopropane, Calder and co
workers developed a novel method for the reduction of a nitro group to a
hydroxylamine using a Hg-Al a m a l g a m . ( S c h e m e 5.11) This is known as a
“dissolving metal” reduction and is usually used in the reduction of conjugated systems,
enols or aromatics.
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-NH2

-NO2

-NHOH

-N=0

Scheme 5.11: Calder's synthesis o f 2-methyl-2-nitrosopropane: Reagents and conditions: i. KMn0 4 , H 2 O,
55 “C, 5 h, 78%; ii. Al.Hg, EtjOiHzO (100:1), 0 T , 65-75%; iii. NaOBr, H2 O, -20 to 25 °C, 4 h, 75-85%.

The Al/Hg amalgam was also used for the reduction of 2-nitro alcohols to the
corresponding primary a m i n e s . ( S c h e m e 5.12) The different starting materials used in
the study indicate the stability of olefins under these reductive conditions. Both
ultrasound assisted and standard bench-top conditions were investigated and while the
ultrasound assisted reaction proceeded faster, the standard reaction conditions also
yielded the desired amines in only slightly lower yields. The hydroxylamine
intermediate was seen under both conditions but the reaction was successfully pushed to
completion by the addition of more amalgam.
OH
Rj

OH

^2
N0 2

i.
KIH2

Scheme 5.12: Aluminium amalgam reduction o f a nitro group: Reagent and condition: i. Al.Hg, THF,
H 2 O, ultrasound, 2 h, 77-92%

A literature search found no examples of nitrobenzene derivatives being reduced under
these conditions. No information on the stability of the benzyl group under these
conditions was found either. This is likely to be a reflection on the number of diverse
methods for nitro reduction available rather than the unsuitability of this method for
nitrobenzenes.
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Synthesis of an Active seco-CQ Drug

137
OH

138
^OTs

OH
^O H
NHBoc
A ^ N H B og
vi. ^
OBn
141

.OTs

OTBDM S

OM s

[^OTBDMS
J^N H B oc

yVT

N Boc

OBn

142

Scheme 5.13: Synthesis o f the active compound: Reagents and conditions: i. BnBr, NaOH, TBAI,
DCM/H 2 O (1:1), 99%; ii. Allyl bromide, *BuONO, CH3 CN, 25%; iii. OSO4 , NMO, ^BuGH, Acetone,
59%; iv. Hg/Al, Et2 0 /Et0 H/H 2

0

(22:7:1), RT, 5 h; v. B 0 C2 O, Et^N, 1,4-dioxane, reflux, 16 h, 47% (2

steps); vi. TsCl, EtgN, THF, 59%; vii. TBDMSOTf, 2,6-lutidine, CH2 CI2 , 59%; viii. NaH, THF, 99%.

The fully protected derivative 143 was synthesised from 136 in 8 steps with an overall
efficiency of 2.4%. Time constraints prevented the synthesis of 135 from this precursor.
Details of the benzyl protection reaction and the Al/Hg amalgam reduction are detailed
below; characterisation of these products (137 and 140) and the final compound 143 are
also detailed. The intermediary compounds were characterised by comparison with their
methoxy analogues, details of which can be found in the experimental section. Reaction
conditions used in each step were those developed for the methoxy derivative and were
unoptimised in this synthesis; as such they are not discussed in detail here.

From 4-hydroxy 2-nitroaniline 136 the benzyl-protected phenol 137 was formed in near
quantitative yields. The purification of the benzyl derivative was facilitated by the use
of a two-phase reaction. The base catalysed nucleophilic substitution reaction occurs at
the interface of the two phases, the by-products of the reaction and excess reagents
(HBr, NaOH, TBAI) are all water soluble and so can be easily removed by separation of
the two phases and subsequent washing with water. The product was characterised
using ^H NMR; a 5H complex multiplet in the aromatic region 7.40-7.31 ppm shows the
presence of the benzyl aromatic ring. A 2H singlet at 5.00 ppm further confirms the
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protection of the phenol as the benzyl ether. The aromatic protons of the 4-benzyloxy-2nitro-aniline derivative 136 display the same splitting pattern as that observed in the
analogous methoxy derivative 124; an ABX pattern. A doublet was observed at 6.80
ppm {Jortho = 9.1 Hz) corresponding to the C6 proton. The C5 proton was observed as a
doublet of doublets (7.12 ppm) arising due to vicinal coupling {Jonho = 9.1 Hz) with the
C6 proton and long range coupling {Jmeta = 2.9 Hz) to the C3 proton. A deshielded
doublet observed at 7.63 ppm {Jmeta = 2.9 Hz) corresponds to the C3 proton showing
long range coupling to the C5 proton.

Allylation and non-asymmetric dihydroxylation gave the 1,2-diol 139; the amalgam
protocol was adapted from both literature reports.*^^’^^^ Aluminium foil was used and
the amalgam made by dipping coiled strips of the foil into a 2% aqueous solution of
HgCli. The amalgamate foil was then rinsed in EtiO before adding it to a vigorously
stirring solution of 139 in Et0H/Et20/H20 (22:7:1). A total of 10 equiv. of Aluminium
over 5 h was required to force the reaction to completion. Decomposition of the
resultant unstable aniline was avoided by the immediate Boc protection of the crude
amine. The carbamate product 140 was characterised by ^H NMR; comparison of the
pharmacophores aromatic peaks with those of the nitro derivative 139 show a distinct
difference in chemical shift indicative of the transformation from an electronwithdrawing nitro group to an electron-donating amide like group.
,0H

139 R = N 02
140 R = NHBoc

Proton

139 (NO2)

140 (NHBoc)

X

7.39 ppm

7.06 ppm

Y

7.22 ppm

6.67 ppm

Z

7.50 ppm

7.31 ppm

Table 5.5: A comparison o f the aromatic chemical shifts between the nitro and carbamate derivatives.

The protecting groups were also clearly identified by ^H NMR; a sharp singlet at 1.45
ppm (9H) confirms the presence of the tert-\m\y\ group of the carbamate. Additionally,
a deshielded 2H singlet at 5.04 ppm showing long distance coupling with a complex 5H
multiplet at -7.42 ppm confirms the benzyl group is still present.
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The fully protected derivative 143 was synthesised from 4-hydroxy-2-nitroanilme 136
in 8 steps with an overall efficiency of 2.4%. The compound was fully characterised and
the spectra compared to those of 133. Highly shielded singlets at 1.54 ppm (9H), 0.91
ppm (9H), 0.12 ppm (6H) confirm the presence of the Boc and TBDMS protecting
groups. The aromatic protons of the benzyl group appear as a complex multiplet at 7.38
ppm and coincide with the Hz of the quinoline aromatic ring. H% and Hy are shielded,
appearing at 6.96 and 6.68 ppm respectively. (Table 5.5) The heterocyclic protons show
the same splitting pattern as observed in 133, four doublet of doublets and a deshielded
multiplet.

5.5

Preliminary Biological Results

The metabolism of the seco-CQ prodrug 126 was studied in vitro by incubation with rat,
mouse and human liver microsomes, human colon carcinoma microsomes and human
recombinant P450s. A collaborator, Kersti Karu, at the University of London, School of
Pharmacy, conducted these experiments. The results reported are those of the human
liver microsomes; experiments using rat and mouse liver microsomes, human colon
carcinoma microsomes and human recombinant P450s all gave the same metabolites in
similar ratios.
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Figure 5.25: Reconstructed ion chromatogram of m/z 380, 366 and 396 corresponding to the [M+Na]"^
ions o f 126 (28 min) and its 0-demethylated 135 (21 min) and hydroxylated 145 metabolites (20, 21.5
and 23 min).
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After incubation of the prodrug 126 with the human liver microsomes (20 min, 37 °C,
NADPH), the metabolites were isolated from the incubation media by centrifugation
and subsequently separated on a C l 8 capillary column. LC/MS of each metabolite peak
gave 5 distinct mass spectra. Comparison of the HPLC chromatogram of the authentic
sample witii the reconstructed chromatogram of the incubation media confirmed a
common peak in both (28 min retention time). (Fig. 5.25) A further four peaks at 20, 21,
21.5 and 23 min correspond to the four major metabolites. Their mass spectra and
probable structures are shown. (Fig. 5.28-5.32)
OMs
NBoc

I
T
T

Jiv^NBoc

X
I
V
OMs

OMs

^^N B oc
HOl

OH

135

OMe

145

Figure 5.26: The metabolites formed after incubation o f 126 with human liver microsomes.

The most apolar compound isolated by HPLC (28 min) from the incubation media was
shown by mass spectrometry to be the intact prodrug 126. Although no molecular ion
peak was observed ([M] m/z = 357.1), the sodium adduct was seen ([M+Na]"^ m/z =
380.1). Fragment peaks at m/z = 206.1, m/z = 262.1, m/z = 302.0 were identified as the
[M-OMs-^Bu+H]^, [M-OMs]^ peaks and the sodium adduct of the [M-Ms+H]'*’ peak
respectively. (Fig. 5.28) The fragmentation pattern was compared to the mass spectrum
of an authentic sample of 126 and found to be the same.

Isolation of four more polar metabolites was achieved by HPLC, corresponding to the
desired demethylated compound 135 (21 min) and three hydroxylated compounds 145
(23, 21.5, 20 min). All metabolites were identified using mass spectrometry; sodium
adducts were observed for all of the compounds. The mass spectrum of the
demethylated compound ([M+Na]^ m/z = 366.1) gave characteristic fragment peaks at
m/z = 1 9 2 and m/z = 288 corresponding to the [M-Ms+Na+H]^ and [M-OMs-^Bu+H]^
fragments respectively, similar to the fragments observed in the spectrum of 126. (Fig.
5.29)
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The three hydroxylated metabolites isolated from the incubation media all gave sodium
adducts in their mass spectra ([M+Na]^ m/z = 396.1]. (Fig. 5.30-5.32) Absolute
assignment of the exact site of hydroxylation is not possible without the isolation of
analytical quantities for NMR or the synthesis of authentic samples for comparison.
However, the elution of each compound at distinct retention times and the differences in
fragmentation patterns suggests these are three distinct isomers of 145. Two metabohtes
(23 and 21.5 min) appear to be formed in near equal amounts (assuming similar UV
spectral characteristics) with HPLC peaks of similar integrals. The third hydroxylated
metabolite (20 min) appears to be formed to a lesser extent.
OMs

OMs

X

X
NBoc

HO

OMe

X ^N B oc

_

rOMe ■''
145

OMs

I

V

OMe

126

z50-A^-Boc-(9-methoxy-CI
146

V
OH
135

V
II

0

A^-Boc-CI
36

Figure 5.27; Formation o f active metabolites and their spirocyclic derivatives (i. metabolism; ii.
spirocyclisation)

Oestradiol 61, and ethoxyresorufin 62, known substrates of the cytochrome P450, are
both metabolised at the aromatic ring. This suggests that the likely sites of
hydroxylation are the C5, C6 and C8 positions of the quinoline prodrug 126. In addition
to the demethylated metabolite 135, the C5-hydroxylated metabolite would also be
activating and lead to spirocyclisation.*^^ The mass spectrum of the metabohte isolated
at 23 min from the incubation mixture contains two distinct peaks; m/z = 396
corresponding to the sodium adduct [M+Na]^ and m/z = 300 which could correspond to
the sodium adduct of the iso-Cl derivative 146. (Fig. 5.32)
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Figure 5.29: MS^ spectrum for the 0-dem ethyiated m etabolite 135 {m/z 366, 21 min)
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Chapter Five

5.6

Synthesis o f a quinoline prodrug

Conclusions

The successful design and synthesis of a novel, seco-CQ prodrug 126 was achieved, this
represents the first disclosure of a quinoline based biooxidatively activated prodrug. 126
was synthesised from the commercially available and inexpensive starting material, 4methoxy-2-nitroanilme in 8 steps with an overall efficiency of 6%. Though stereospecificity failed to be induced by a Sharpless asymmetric dihydroxylation, the previous
success of this method by Boger in the synthesis of duocarmycin

is encouraging

and the investigation into this step is ongoing though outside the scope of this thesis.
Unfortunately time constraints prevented the completion of the active compound 135
though the fully protected precursor 143 was successfully synthesised from 4-hydroxy2-nitroaniline in 8 steps with an overall efficiency of 2%.

Preliminary biological results show that, as designed, this molecule is a good substrate
for the cytochrome P450 enzymes. The desired demethylated metabolite 135 (21 min,
m/z = 366 [M+Na]^ was identified in the incubation mixture along with three
hydroxylated metabolites (20, 21.5, 23 min, m/z = 396 [M+Na]^. Unfortunately the
position of hydroxylation cannot be confirmed, however it is likely that one of these
metabolites is the C5-hydroxy compound, which can spirocyclise to form an fro-CI
derivative 146.

These results suggest that the CQ-based prodrugs have potential as CYP-activated
therapeutic agents and further work in this area may be fruitful. Biological evaluation of
126 is currently underway, the results of which are eagerly awaited.
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Synthesis of deshydroxy-seco-DSA,
a Duocarmycin SA Prodrug Analogue

Chapter Six

6.1

Synthesis o f deshydroxy-s'eco-DSA

Introduction

Duocarmycin SA 19 was discovered in 1990^^ and until the recent discovery of
yatakemycin, represented the most potent of the natural products. This increased
potency arises form an enhanced stability over duocarmycin A and CC-1065. The
structure of duocarmycin SA 19 differs from duocarmycin A only in the left-hand ring
system where the oxo-pyrrolidine has been replaced by a pyrrole derivative that extends
the conjugation within the molecule providing increased stability. The right hand noncovalent minor groove binding moiety is TMI, which is also present in duocarmycins A,
Bi, B], Cl and C]. The increased stability and biological potency of duocarmycin SA 19
makes it an attractive target for prodrug design.

H3C' N
duocarmycin A 18

6.2

duocarmycin SA 19

Review of Synthetic Routes to duocarmycin SA

duocarmycin SA
19

amide bond
disconnection

TMI-OH
147

Figure 6.1 : Disconnection o f the amide bond in duocarmycin SA

The first total synthesis of duocarmycin SA 19 was reported in 1992 by B oger/^ since
then a number of distinct routes to the natural product have been disclosed. ^^0,165,166,16?
These, along with the synthetic efforts towards other duocarmycins, CC-1065 and their
derivatives have been periodically and extensively reviewed."^® One common feature of
all of these synthetic routes is the initial disconnection of the amide bond linking the
pharmacophore to the non-covalent binding subunit, TMI. (Fig. 6.1)
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OM e

OM e
OM e

-

OM e

X = 0 148

Scheme

6 .1 :

R = CH3

m

-^X = C(N3)C02CH3

147

R = H

Moody’s synthesis o f the trimethoxyindole subunit: Reagents and conditions: i.

N3CH2CO2CH3,

8

equiv. NaOCH3, MeOH,

LiOH, THF/M e0H/DM S0/H20

h,

0 T , 5

(3 :1 :1 :1 ), R T , 18

h,

xylenes,

9 8 % ; Ü.

140 T , 4

h,

75% ;

in.

10

equiv.

3 .4

equiv.

100% .

A concise route to the non-covalent minor-groove binding subunit, TMI, was published
by Moody et al in 1985, and has yet to be improved upon.^^* (Scheme 6.1) His synthesis
of the TMI moiety has now become the standard method and all subsequent syntheses
of extended duocarmycin analogues incorporating this subunit use

5,6,7-

Trimethoxyindole-2-carboxylic acid (TMI-OH) 147, was formed over 3 steps from
3,4,5-trimethoxy-benzaldehyde 148, an inexpensive commercially available starting
material, with an efficiency of 73%.

,X

NBz

NHBz

NHBz

NBz

1.
'O B n B z H N " " ^ ^
NBz

B zH N

OBn

149

ii.|—

M eO

OBn

X=Cp 2Me 150
X C H 2OH 151

152

OH

OM e

OH

OH

OM e
NHBz
M eO '

NHBz

M eO

v i.,

^
M eO

B zH N

M eO
Bz
OBn

OBn

155

e q u iv .

154, THF, R T ,

Reagents and conditions:

- 3 0 ° C , 2 h , 5 1 - 6 4 % ; i i. 5 e q u i v .

Me2 C(OMe>2 , cat TsOH, DMF,

OBn

157

156

S c h e m e 6 .2 : R o g e r ’s s y n t h e s i s o f d u o c a r m y c i n S A :

cat. NaOCH 3 , THF,

NBz

M eO

VII.

NaBIij, EtOH,

R T , 2 4 h , 9 9 % ; i v . 1 e q u i v . P b ( 0 A c ) 4,

1 0 -1 5 m in ,

then THF/pH 4

R T , 2 h , 9 1 % ; v i i . 1 .5 e q u i v . D E A D - P h 3P ,

THF,

i. 1.1 e q u i v . C H ( C 0 2 M e ) 2 ,

0 - 2 5 ° C , 3 h , 7 1 % ; i ii . 2 e q u i v .

CHCI3 , 0 - 2 5

" C , 2 .5 h , 1 0 0 % ; v . 2

B u f f e r ( 4 : 1 ) , R T , 4 - 2 4 h , 6 1 % ; v i. 2 e q u i v .

HCl, MeOH,

R T , 2 h, 100% .
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The first total synthesis of duocarmycins SA was published by Boger^^ and involved
two sequential nucleophilic substitutions of a / 7-quinone diimide 149 to fiimish the
aromatic ring with the necessary alkyl groups for ring closure to the fimctionalised
dihydropyrroloindole intermediate 157. The tricyclic skeleton is thus derived fi*om
cyclisations on to the B ring to give the C and A rings respectively. (Scheme 6.2)

Nucleophilic addition of dimethyl malonate to the C5 of the diimide 149 was achieved
in the presence of catalytic amounts of NaOMe and is controlled both sterically and
electronically. Reduction of the dimethyl ester 150 to the diol 151 and subsequent
acetonide protection gave an intermediate 152 that when oxidised by Pb(0 Ac)4 gave a
second diimide 153 ready for the second nucleophilic addition. Regioselective C 6
nucleophilic addition of the enamme 154 was achieved using mildly acidic conditions to
give 155. Acid-catalysed ring closure to the indole 156, followed by the cyclisation of
the diol under Mitsunobu alkylation conditions gave the fully fimctionalised tri-cyclic
compound 157. Duocarmycin SA 19 was formed using this synthetic route over 14
steps with an overall efficiency of 6 %.

OBn

OR

N C b z ...

o

NCbz

111.

M eO

M eO

O

,N C b z

158

11.
M eO ,

OM e

R = H 160
-R = Bn 161
M eO ,

N Cbz

OMe

N C bz

o

N C bz

V ll-r
M eO

I
R=H
■'— " R = SePh 164
Scheme 6.3: Natsume’s synthesis o f duocarmycin SA: Reagents and conditions: i. SnCb, EtOAc, -70-0
”C, 63%; ii. Cl3 CC(=NH)OCH 2 Ph, CF3 SO 3 H, cyclohexane/CH^Clz, 0-22 =C, 74%; iii. Pd(0 Ac>2 , (oTolyl) 3 P, Et3 N, CH3 CN, 110 T , 82%; iv. MeOSiMc 3 , Mc 3 SiOTf, CH2 CI2 , -20-0 T ,

8 6

%; v. Mc 3 SiOTf,

Et3 N, CH2 CI2 , 0-22 °C, then, PhSeCl, TBAF, THE, 0-22 T , 83%; vi. mCPBA, THE, -20 °C, 71%; v ± p TsOH, acetone, RT, then NaBEU, MeOH, -20 ®C, 79%.
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The synthesis published 2 years later by Natsume and co-workers^^^ approached the
molecule from the opposite side beginning with the pyrrole C ring and then furnishing
the molecule with a preformed A ring in order to form the aromatic B ring. (Scheme
6.3) The final seco derivative bears the tetrahydroquinoline motif seen in the natural
products Bi and Ci rather than the dihydro-l//-indole of B 2 and C2, however this is an
insignificant difference when closing to the spirocyclic active compound.

The basic tricyclic skeleton was formed from the pyrrole derivative 158; condensation
of the pyrrole with a singlet oxygen adduct 159 gave the trans product 160. An
intramolecular reaction under Heck conditions gave the tricyclic moiety 162 from the
benzyl derivative 161. Aromatisation of 164 was achieved by the oxidative elimination
of the PhSe group affording 165. The dimethyl acetal group was converted to the
hydroxyl via the ketone to give the seco precursor 166 Duocarmycin SA 19 was
synthesised over 13 steps with an overall efficiency of 9% using this synthetic route.

^NBoc

NCOzMe
OBn

OH

(i?)-Ph(Ac0 )CHC 0 2 H
85%

p C O C H (O A c )P h

(/?)-Ph(MeO)CHC 0 2 H
94%

p C O C H (O M e)P h

NC02 Me

N Boc

O C O C H (O A c )P h

i)HPLC
separation
(a=1.31)
ii) NaOMe, 94%

i) HPLC separation
(a=1.44)
ii) K2 CO3 , 97%

, OH

JL

N
f' B o c

NCOglVIe

M eO
OH

Scheme 6.4: Derivatisation and chromatographic separation to give a single stereoisomer o f the secoduocarmycin SA derivatives; a. Boger’s method; b. Natsume’s method.
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Both the Natsume^^^ and Boger^^ syntheses give the racemic product (±)-duocarmcyin
SA 19, however, in both cases simple resolution can allow the separation of the two
enantiomers. (Scheme 6.4) Boger achieved this by the conversion of the hydroxy-^eco
intermediate to the bis-(/?)-0 -acetylmandelate ester with subsequent chromatographic
separation. Methanolysis of the individual diastereoisomers gave optically pure
intermediates and ultimately enantiomerically pure duocarmycin SA 19. The same
result can also be achieved using a Chiralcel OD HPLC column. The Natsume synthesis
required some modification to permit the resolution of the key intermediate as the (R)(9-methylmandelate ester; this was then followed by the subsequent chromatographic
separation of the diastereoisomers before ester hydrolysis to give the individual
stereoisomers.

Stereochemical induction by means of derivatisation or chiral chromatography
resolution,^^'^^^ or the synthetic introduction of stereochemistry enzymatically^^^^
have been exploited in the synthesis of optically pure derivatives of CC-1065 and the
duocarmycins. In the case of duocarmycin SA, only two stereospecific synthetic routes
have been reported in which introduction of the stereocentre is inherent in the chemistry
rather than induced enzymatically or by resolution.
OBn
OBn
Br

C02 Bn
111.
OBn

N
O

M eO

M eO
..

H

X

^x^^OBn

I— X
w =- (0Me>2

x =o

i^ e Q

Q <ÿL ^^C 02B n

167
OBn

OBn
OBn

COoR^

N H C O oM e
N C O oM e

^

R ^=Bn,

H

r

I

M<aO

►

(+)-19

2= H

R ^=Bn, R ^ A c

R=Bn

Ri=H, R^Ac
S c h e m e 6 .5 : N a ts u m e ’s a sy m m e tric sy n th e sis o f (+ )-d u o c a r m y c in S A :
C H ( 0 C H 3 >3 , 97% ; ü . T sO H , 98% ; h i. t-B u O K ,

8 6

Reagents and conditions:

i. C u B iz,

%; iv . B F 3 . 0 E t 2 , 54% ; v . A cg O , 97% ; v i. H z, P d /C ,

75% ; v ii. D P P A , i-P rzN E t, M e O H , 69% ; v iii. B B f 3 , 61% ; P h 3 P -D E A D , 90% .
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Natsume amd co-workers used a p-keto ester derived from L-malic acid to introduce the
desired stereochemistry into the A ring of (+)-duocaimycin

(Scheme 6.5) The

synthesis begins with the pyrrole C ring that is alkylated after bromination by the

L -

malic acid derivative 167 to give the iudole precursor 168 able to cychse under Lewis
acid

conditions

iu the presence

o f 2-ethyl-2-methyl-1,3-dioxane.

A

Curtins

rearrangement gives the C5 amine 169 and subsequent treatment of this intermediate
with PhsP-DEAD leads to A ring formation to give the tricyclic skeleton 170. The final
product, (+)-duocarmycin SA 19, was obtained over 18 steps with an overall efficiency
of 2 %.

More recently, Fukuyama and co-workers reported the asymmetric synthesis of (+)duocarmycin A 18 and (+)-duocarmycin SA 19 from a common chiral CI derivative
171.^^^ The indoline moiety 171 was prepared from the dibromoiodobenzene derivative
172; addition of the chiral auxiliary 173 to the aryl lithium derivative of 172 gave the
acetonide intermediate 174. The acyclic precursor 175 was formed from the acetonide
intermediate 174 over 5 steps; acid catalysed hydrolysis, cleavage of the resultant diol
and reduction of the ensuing aldehyde gives the hydroxyl side-group. Reduction of the
nitro group was achieved using Fe/FeCb to give the amino-alcohol, which was then
converted to the protected amine via the o-nosylamide. Ring closure was effected using
a novel copper-mediated aryl amination reaction. The fully protected CI derivative 171
was obtained after protection of the free hydroxyl group as the TBDMS ether. (Scheme
6 . 6)

173
NO

.O H
Ph

Vll.

ll.-V l.
BnO '

BnO '

BnO

172

174

OTBDM S

NHBn

NO

Br

175

viii.

gnO '

171

Scheme 6 .6 : Fukuyama’s asymmetric synthesis o f the chiral CI intermediate: Reagents and conditions: i.
n-BuLi, toluene, -78 ®C, 173, 20 min, 58%; ii. ACOH-H2 O (1:4), reflux, 3 h, quant.; iii. H5 IO 6 , THF, 0 “C,
5 min, then NaBIL, MeOH, -78-0 °C, 90%; iv. Fe, FeCb, HCl, EtOH, reflux, 2 h; v. o-NsCl, NaHCOs,
CH2 CI2 -H 2 O, RT, 5 min; vi. BnBr, K2 CO3 , DMF, RT, 1 h, then PhSH, RT, 1 h, 74% (3 steps); vii. Cul,
CsOAc, DMSO, RT, 24 h, 67%; viii. TBDMSCl, imidazole, DMF, RT, 10 min, quant.
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Conversion of the bromo to the iodo derivative of 171 was followed by a Heck reaction
with 176 to afford the acyclic precursor 177. This was then regioselectively brominated
followed by copper mediated aryl amination to give the tri-cyclic skeleton 178. (Scheme
6.7)
ÇOglVIe
X

____________
OTBDM S

C bzH gN '

____ ________
-■ ^O T B D M S

iv.

B nO

M eO gC

>=

X = Br 171
X=I

^O TB D M S

111.

11.
BnO

= r\
CbzN

BnO '

178

177

C bzH N

176

Scheme 6.7: Fukuyama’s asymmetric synthesis o f duocarmycin SA 19 from the chiral CI intermediate
171: Reagents and conditions', i. n-BuLi, THF, -78 °C, I2 , 97%; ii. Pd(0 Ac) 2 , (o-Tolyl))?, EtgN, CH3 CN,
90 "C, 4 h, 72%; iii. NBS, DMF, RT, 5 min, 82%; iv. Cul, CsOAc, DMSO, RT, 10 min, quant.

Since the disclosure of these synthetic routes, efforts have focused on the synthesis of
duocarmycin SA 19 derivatives in an attempt to identify a clinically useful agent.
Concurrent improvements in the synthesis of the natural product have been made, most
notably the use of a 5-exo-trig radical cyclisation onto a tethered vinyl chloride to form
the A ring. (Chap. 3)

NO;

0^
HoN
OMe

179

t - Y 'g
MeO'^O

1

OMe

M eO

OR

iv

= M e ;

V.

= Bn

N H B oc

M eO

loc
OBn

:

180

R=H
R = Boc

N B oc

N B oc
XI.

IX.
M eO

NHR

M eO
ioc

19
B oc
OBn

OBn

183

182

Scheme 6 . 8 : Tietze’s synthesis o f duocarmycin SA: Reagents and conditions: i. NaN 0 2 , HCl, -10 ®C, 5
min, SnCh, -20 ®C, 1 h, 70%; ü. NaOAc, methyl pyruvate, MeOH, RT, 16 h, 99%; hi. PPA, xylene, 120
°C, 18 h, 64%; iv. AICI3 , CH2 CI2 , RT, 72 h, 70%; v. BnBr, K 2 CO3 , acetone, 40 “C,

8

h,

8 8

%; vi. B 0 C2 O,

DMAP, THF, RT, 1 h, 98%; vii. Lindlar Catalyst, quinoline, EtOAc, H2 , RT, 18 h, 91%; viii. B 0 C2 O,
THF, RT, 18 h, 89%; ix. NBS, THF, -78 “C, 4 h,

8 8

%; x. NaH, DMF, RT, 30 min, then E/Z-1,3-

dichloropropene, RT, 12 h, 92%; xi. TTMS, AIBN, benzene, 80 °C, 3 h, 79%.
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The synthesis of benzofuran derivatives of duocarmycin SA reported by Patel and co
workers disclosed the development of this novel transformation.^^® It was subsequently
used by other groups in the synthesis of a range of duocarmycin analogues, however the
concise synthesis of duocarmycin SA 19 published by Tietze was the first example of
its direct apphcation to the natural p ro d u cts.(S ch em e 6 .8 )

Using an inexpensive and widely available starting material (2-methoxy-4-nitroaniline)
179, the hydrazone 180 was formed using methyl pyruvate. Formation of the C ring was
achieved using a Fischer indole cyclisation to give the indole intermediate 181.
Regioselective bromination of the carbamate was followed by alkylation using 1,3dichloropropene to give 182. A 5-exo-trig radical cyclisation onto the tethered vinyl
chloride formed the A ring to give the tricyclic derivative 183. The final product,
duocarmycins SA 19, was achieved over 13 steps with an overall efficiency of 6.4%.

6.3

Design of a duocarmycin SA prodrug- disconnection rationale

MeO

MeO

N Boc

NBoc

NBoc

MeO
OH

A^-Boc-DSA
33

A^-Boc-5 eca-DSA
184

A^-Boc-deshydroxy-jeco-DSA
64

Figure 6.2: The design o f a deshydroxy-5 eco-DSA prodrug

Following the proposed CYP-activated duocarmycin prodrug concept outlined in
chapter 2, duocarmycin SA 19 can be stripped down to the simplified A-Boc prodrug
analogue. Removal of the phenolic hydroxyl group from the ^æo-pharmacophore 184
will deactivate the molecule. The focus of this chapter will be the synthesis A-Bocdeshydroxy- ^eco-DSA 64. (Fig. 6.2)

Disconnection of the A-Boc-deshydroxy-^eco-DSA 64 moiety to the simplest,
commercially available starting material was carried out considering all synthetic routes
to the natural product and also other syntheses described in the hterature. Since these
deshydroxy-5eco compounds have never been synthesised before, careful consideration
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of the electronic impact of the removal of the oxygen functionality from the aromatic
ring was needed.
Cl,
Cl
Br
NH

O
M eO

>Aw
NH

0
M eO

H

Br
^

H

NH2
FGI

M eO

NH:

FGI

M eO
H

0

_

H

o
M eO

,N02
N
H

n
Figure 6.3: Disconnection o f the deshydroxy-^eco-DSA pharmacophore

In the majority of reported syntheses the last ring to be formed of the tricyclic skeleton
of duocarmycin SA is the A ring. Disconnection of the A ring to the tethered vinyl
chloride in accordance with the literature reports of clean, efficient and concise
syntheses using this methodology gives the corresponding alkylated bromo bi-cyclic
compound. Other methods of A ring formation have been employed however the use of
the tethered vinyl chloride should provide the practical synthetic benefits as outlined in
chapter 3.

Since the free amine is required for regioselective bromination of the C4 position, the
next disconnection should be the removal of the alkyl group from the nitrogen. Without
the directing affects of the NH 2 group, bromination is likely to occur at undesirable and
potentially multiple locations on the indole skeleton. The alkyl disconnection is
followed by the removal of the bromo group to the 5-amino indole derivative.
Catalogue searches of this compound reveal that the corresponding nitro derivative is
available as the ethyl ester so the final disconnection must be the oxidation of the
aromatic amine to the nitro group leaving ethyl-5-nitroindole-2-carboxylate 185; a
relatively inexpensive commercially available starting material. It should be noted that it
is the ethyl ester rather than the methyl ester that is available however transestérification
is facile and can be achieved at any time with good yields. Although this provides a
good basis on which to design our synthetic route, the main consideration is the
protecting group strategy. The exposed functionalities must be considered at each step
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and the appropriate protection employed. The rationale for which will be discussed in
section 6.4.

6.4

6.4.1

The Synthesis of deshydroxy-sec<?-DSA

Initial synthesis
.NO2

11.

N
R

E tO

R = H 185
R = Bz 186
Br
N Boc

NBoc

Bz

189
S c h e m e 6.9 : T h e p r o p o s e d sy n th e tic ro u te to d e s h y d r o x y -j e c o -D S A :

Reagents and conditions:

i. B z C l,

D M A P , C H 2 CI 2 , R T , 16 h , 94% ; n . H 2 , P d /C , T H F , 16h , 69% ; iii. N B S , T sO H , T H F , 0 " C fo r 3 h th e n R T
fo r 16 h , 68% ; iv . B 0 C2 O , EtgN , 1 ,4 -d io x a n e , 7 0 -7 8 % ; v . N a H , D M F , 0 °C , 3 0 m in , th e n 1 ,3 d ic h lo ro p ro p en e, R T , 3 h.

Step One:

Benzoylation
NO2

j
185

S c h e m e 6 .1 0 : B e n z o y la tio n o f e th y l-5 -n itr o in d o le -2 -c a r b o x y la te :

NO2

186
Reagents and conditions:

i. B z C l,

D M A P , C H 2 CI 2 , R T , 16 h , 94% .

The starting material ethyl-5-nitroindole-2-carboxylate 185 is a 2,5-di-substituted indole
derivative. Indoles are bi-cyclic, non-basic aromatic moieties susceptible to electrophilic
substitution at the C3 position due to the increased stability of the 3H over the 2H
indolium cation intermediate. The increased thermodynamic stability of this cation
arises due to retention of aromaticity and the localisation of the positive charge over
both the nitrogen and a-C atoms. When considering bromination at the C4 position
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required for A-ring formation, the deactivation of C3 and the activation of C4 is
necessary to avoid by-product formation. To this end, the protection of the indole
nitrogen

with

an

electron-withdrawing

group

is

required.

Benzoyl

(Bz),

benzyloxycarbonyl (Cbz) and r-butoxycarbonyl (Boc) are all suitable; the lone pair of
the nitrogen becomes iuvolved with the carbonyl group, developing amide like
character, and is no longer available to stabilise the 3H-indolium cation intermediate.
An alternative nitrogen protecting group is benzyl, however this would not be suitable
as CH2Ph is electron donating and would potentially further stabilise the 3H
intermediate. Bz was chosen over CBz because of experience in handling the reagents.
Boc was not selected as bromination of an aromatic ring is acid catalysed and this is
likely to lead to deprotection of an NBoc derivative.

The benzoylation of the indole was achieved under mild conditions and with near
quantitative yields (94%). (Scheme 6.10) The product is a white solid with the practical
advantage of straightforward purification through crystallisation fi-om EtOAc and
hexane. Mass spectrometry confirmed the addition of 105 to the molecular weight of the
compound. The [M+H]^ peak was observed at m/z = 339.0 and also a [M-Bz]^
fragmentation peak at m/z = 233.2.

NMR further confirmed the compound as the desired product. The addition of the Bz
group increases the number of observed aromatic protons from 4 to 9. The indole C6
and C l aromatics show typical AB splitting; the C7 proton appears as a doublet at 7.79
ppm {Jortho = 9.2 K[z), the doublet expected for the C 6 proton is further split by meta
coupling with the C4 proton to give a highly deshielded doublet of doublets (8.24 ppm,
Jmeta ~ 2.3 Hz); 2D experiments confirm these coupling interactions. Comparison of the
spectrum with a reference spectrum of the starting material also confirmed the
protection of the indole nitrogen by the disappearance of a broad, highly deshielded, IH
peak at ~10 ppm. Inspection of the

NMR spectrum showed the appearance of an

additional quaternary carbon at 168 ppm correspondiug to the highly deshielded
benzoyl carbonyl. Esters are susceptible to hydrolysis; the persistence of the ethyl ester
was confirmed by the observation of a characteristic deshielded quartet (2H, 4.02 ppm)
coupled with a triplet (3H, 1.10 ppm).
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Step Two:

Nitro Group Reduction

E tO

E tO

186

187

Scheme 6.11 : Reduction o f the nitro group: Reagents and conditions: i. H 2 , Pd/C, THF, 16h, 69%.

As mentioned previously, the required deactivation of the C3 position is accompanied
by the need for activation of the C4 position to achieve the desired bromination product.
NO 2 is a strongly electron-withdrawing group and deactivates the ortho positions for
electrophilic attack. The A ring formation, to give the tri-cyclic skeleton of duocarmycin
SA, requires the C4 position ortho to the nitro group be activated, for this reason the
nitro group must first be reduced to the free amine. Anilines are ortho/para directing but
since the para position is unavailable there are two possible ortho sites of activation. A
simple reduction using Pd on carbon and a positive pressure of H2 gas gave good and
consistent yields (69%). Tietze uses a Lindlar catalyst, this is a poisoned catalyst used
with highly reactive groups to avoid undesired reduction, e.g. triple to double not single
bonds. The Tietze molecule has the added OBn functionality, which is susceptible to
deprotection under these conditions. Since the Lindlar catalyst is expensive and
unnecessary in our synthesis, it was not employed.

The compound was characterised principally by mass spectrometry, the [M+H]'*’ was
observed at m/z = 309.2 corresponding to the expected decrease in molecular mass of
30. The conversion of the electron withdrawing NO 2 to an electron-donating NH 2 group
also has a profound affect on the NMR spectrum. The vicinal aromatic protons will
mostly feel this affect; a significant change in chemical shift from 8.64 ppm to 6.29 ppm
and 8.24 ppm to 6.82 ppm was observed for the C4 and C 6 protons respectively. In
addition, the appearance of a broad 2H peak at 2.05 ppm confirmed the presence of an
aromatic amine group. Finally, the anticipated increase in polarity of the molecule was
apparent in the Rf value of the molecule compared to that of the starting material (186
Rf = 0.85,187 Rf= 0.22 in 50% EtOAc in hexane).
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Step Three:

Bromination

Bz

Bz

187

188

Scheme 6.12: Regioselective bromination o f the C4 position: Reagents and conditions: NBS, TsOH,
THF, O T for 3 h then RT for 16 h, 68%.

The bromination product is key to the effective synthesis of the tri-cyclic skeleton of
duocarmycin SA. As discussed previously, electrophilic substitution of an indole occurs
preferentially at the C3 position however this has been deactivated by N\ -Bz protection.
Tietze reported no by-product formation using an undisclosed number of equivalents of
A-bromosuccinimide (NBS) however in the C7-OBn derivative the protected amine
(NBoc) is directionally ineffective as both meta positions are blocked and the olp
directing nature of OBn is beneficial since steric hindrance to the C 6 ortho position
leaves the desired C4 the only activated position at which bromination can occur.

The desired C4 position of 187 has been activated by the conversion of the nitro group
to the amine. However, in the absence of an o/p-directing group at the C7 position as
with the Tietze synthesis, there are two possible positions for bromination, C4 and C6 .
The protection of the amine with either Boc or Bz in this case would lead to C4
deactivation and so the probability of isomeric products must be accepted. (Fig. 6.4)
NBS can be considered as a source of Br^, the exact mechanism for the acid catalysed
bromination of an aromatic ring with NBS is unknown however the actual brominating
species is likely to be Br].

H

N

H

H

HO

NH

NH
EtO

EtO
Bz

Figure 6.4: The activation o f the ortho positions by the amine and reaction o f the C4 canonical form with
NBS.
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Initial attempts to brominate followed a protocol previously developed within the group
for a similar synthesis that involved the use of 2.6 equivalents of NBS with catalytic
TsOH, stirring at 0 °C for 3 h followed by room temperature for 16 h. Two products
were isolated and confirmed by mass spectrometry to be the C4-mono-bromo and the
C4, C 6 -di-bromo products in a 3:2 ratio. Interestingly, no C 6 -mono-bromo product was
isolated suggesting that the C4 position is more activated and brominated preferentially.
Reducing the number of equivalents of NBS used should therefore reduce the di-bromo
by-product formation. Using 1.1 equivalents of NBS increased the yield of the C4mono-bromo product to

6 8 %.

Attempts to improve this yield by manipulation of the

conditions proved unsuccessful; prolonged reaction times (>16 h) showed an increase in
base-line material attributed to the decomposition of the product and warming the
reaction to room temperature sooner gave an increased number of by-products.

Due to the relative abundance of both bromine 79 and 81 of -50% each, a characteristic
isotope pattern is identifiable in the mass spectra of bromine containing compounds as
with chlorine. The di-bromo product was confirmed by mass spectrometry, [M+H]^ m/z
= 464.9, 466.9, 468.9, the characteristic isotope pattern of a di-bromo compound gives
the three isotope peaks in a ratio of 1:2:1. The mono-bromo product was fully
characterised to confirm the C4 isomer. The mass spectrum showed the molecular ion
peak with the anticipated isotope pattern ([M+H]"^ m/z = 387.0 (100.0%), 389.0
(97.3%)).

NMR confirmed the preservation of the AB aromatic system of the C 6 and C7
protons, which would have been disrupted had it been the C 6 -mono-bromo product.
Two doublets were observed at 7.62 ppm {J =

8 .8

Hz) and 6.89 ppm {J =

8 .8

Hz)

corresponding to the C l and C 6 protons respectively, the latter being more shielded due
to the donation of the lone pair from the nitrogen into the ring. This was further
confirmed by the observation of coupling constants in the order of magnitude associated
with vicinal coupling in an aromatic system. The coupling constants order of magnitude
is such ihsAJorth</>Jmet<?^Jpara whcrc typical values are 9, 3, -0 Hz resp ectiv ely .F u rth er
to these observations, a shift down field from 2.05 to 4.10 ppm was observed for the
broad, 2H NH 2 peak. This deshielding can be attributed to the inductive effect of the
ortho-hxomo group on the amine. Bromine is electron-withdrawing due to the
electronegative nature of the element and so decreases the electron density of
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surroundmg atoms. Despite the presence of a lone pair, conjugation is a lesser effect.
The mismatch size of the lone pair orbital of bromine compared to the n orbitals of the
aromatic ring lead to poor overlap, so unlike the lone pair of an NH 2 group, the
electrons in bromine are unable to donate into the ring.

Step Four: Boc-Protection

Etc*

Bz

E tO

188
S c h e m e 6 ,1 3 : P r o t e c t i o n o f t h e a m i n e a s t h e c a r b a m a t e :

Bz

189
Reagents and conditions:

B 0 C2 O , E tg N , 1 ,4 -

d io x a n e , 7 0 -7 8 % .

To form the A-ring of the tri-cyclic skeleton with the desired tethered chloromethyl
group a 3-carbon moiety must be added via alkylation of the amine. Alkylation of NH]
can occur twice replacing both protons, to avoid this the free amine must be suitably
protected. The tert-\mty\ carbonate group (Boc) is a common protecting moiety for
aromatic amines; its use allows the independent deprotection of the indoline nitrogen
under basic conditions.

Following a procedure developed in the laboratory, Boc protection was affected using a
large excess of B 0 C2O and stoichiometric amounts of EtgN in 1,4-dioxane over 16 h at
RT. Under these conditions the reaction proceeds well with yields of 70-78%. Literature
reports for similar Boc protection steps report quantitative yields however the formation
of the di-Boc product lowers the yield from -100% to -75%. The reaction rarely
proceeded to completion, however increasing the number of equivalents of B 0 C2O or
prolonging the reaction time led to an increase in NBoC] formation. This problem was
encountered again with the deshydroxy-5 eco-CI compounds and was resolved by
exhaustive Boc protection (NB0 C2) and selective deprotection to the mono-Boc
(NHBoc) using K 2CO3 in methanol; this was not attempted here since yields were
deemed reasonable to continue the synthesis. (Chap. 3)
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The Boc protected molecule was confirmed by mass spectrometry, with the presence of
the molecular ion and retention of the isotope pattern, [M+H]^ m/z = 487.4 (100.0%),
489.4 (97.3%).

NMR further confirmed the addition of a single Boc group with the

disappearance of the NH 2 broad 2H peak at 4.10 ppm and the appearance of a broad IH
peak at 6.96 ppm of the NH amide. The observation of

8

proton peaks in the aromatic

region confirmed the presence of the Bz group and the appearance of a singlet at 1.54
ppm with an integral of 9H was characteristic of the tert-huty\ group of Boc. The AB
system was preserved however the change from an amine to an amide-like substituent
caused a shift downfield due to the deshielding of the protons by the amide. The lone
pair of amine is able to donate into the ring increasing the electron density at the C 6
position and shielding the proton. The lone pair of the amide is conjugated with the
adjacent carbonyl and so less available to the tt system of the aromatic ring. Moreover,
the electron-withdrawing affects of the amide lead to further deshielding of the protons.
The C6 proton ortho to the nitrogen functionality is shifted from 6.89 ppm in the amine
to 8.13 ppm in the carbamate.

Step Five:

Alkylation

N H B oc

N Boc
E tO

E tO

189

190

Scheme 6.14: The A^-alkylation using 1,3-dichloropropene: Reagents and conditions', i. NaH, DMF, 0 °C,
30 min, then E/Z-1,3-dichloropropene, RT, 3 h.

The alkylation of a carbamate proceeds via an Sn2 mechanism with attack by the
nitrogen nucleophile at the least substituted carbon of the 1,3-dichloropropene. Due to
the decreased nucleophilicity of the nitrogen of the carbamate it is necessary to
deprotonate, forming a negative charge on the nitrogen and making it more
nucleophilic. The reaction was carried out following a protocol described in the
literature^

using NaH to deprotonate the carbamate and form the sodium salt.

The observation of a precipitate forming and the liberation of H% gas indicate the
formation of the salt. The reaction is quick and occurs readily, after 15 min all of the
starting material should have been converted to the sodium salt. Monitoring this
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reaction by TLC is problematic due to the acidic nature of silica. The addition of the
E/Z-1,3-dichloropropene leads to the solubilisation of the precipitate due to the
formation of the product.

Initial experiments were not promising, multiple products and a large amount of base
line material on the TLC plate suggest side reactions and compound degradation. The
reaction was repeated using “fresh” NaH and the 1,3-dichloropropene was distilled prior
to use to ensure purity. The possibility that the salt formation was not occurring as
expected was addressed by the use of BuLi to form the lithium salt of the amide.
Despite these measures the reactions continued to show multiple products and
decomposition. This is probably due to the deprotection of the indole nitrogen; this
would give two positions at which alkylation could occur and account for the multiple
products seen in the reaction mixture. Bz is susceptible to deprotection under basic
conditions, it was hoped that using only stoichiometric quantities, the NH of the amide
would be removed preferentially to Bz deprotection. In retrospect the benzoyl protecting
group was not the most suitable for the reaction. In the case of the active molecules,
where the C-6 is substituted with an electron-donating oxygen functionality, the
increased electron density on the nitrogen increases the rate of deprotection and would
therefore avoid Bz deprotection. Without this functionality, the rate of deprotection is
retarded by comparison. The Boc protecting group is stable under basic conditions and
can therefore be used as an alternative to Bz for the indole nitrogen protection.

6.4.2

Revised synthesis

The Boc-group could not be introduced at the N1-position prior to the bromination
reaction, as the conditions used are acidic. Reworking of the protecting group strategy
to ensure only the desired position be available to react at every step gives a new
scheme, leading to the alkylation of an N l- & C5-nitrogen substituent Boc-protected
molecule.
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Scheme 6.15: The revised route to the deshydroxy-seco-DSA pharmacophore: Reagents and conditions: i.
BzCl, K 2 CO3 , DMAP, CH2 CI2 , RT, 16 h, quant; ü. NaOEt, RT, 10 min, quant; iii, B 0 C2 O, DMAP, RT, 3
h, 91%; iv. NaOEt, 0 ®C, 90 sec, 85%; v. NaH, DMF, 0 °C, 30 min, then E/Z-1,3-dichloropropene, DMF,
RT, 3 h, 89%; vi. TTMS, AIBN, toluene, 90 °C, 3 h, 74%.

Step Four B: Benzoylation

0

EtO

.

W
EtO

Bz

188
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'

Bz

190

Scheme 6.16: Benzoylation o f the aniline derivative: Reagents and conditions: i. BzCl,

K 2C O 3,

DMAP,

CH2 CI2 , RT, 16 h, quant.

Benzoylation of the aniline derivative with BzCl proceeds quantitatively and without
the formation of NBz2. The analogous situation with the Boc protecting group does give
the di-protected NB 0 C2 as the conjugation is not as extended and so the lone pair retains
more nucleophilicity, allowing further reaction. The protocol followed was that of the
previous benzoyl protection step. The product was confirmed initially by mass
spectrometry where the molecular ion and the isotopic peaks were identified,
m/z = 490.0 (100%), 492.0 (-97%). Additionally the replacement of the broad 2H
singlet peak at -4 ppm with the broad IH singlet peak at 8.42 ppm confirms the
functional group inter-conversion fi*om amine to amide. Again a change in chemical
shift for the C 6 proton from 6.81 to 7.72 ppm, while retaining the AB splitting pattern
corresponds to the change from an electron-donating to an electron-withdrawing group.
Comparison with the analogous Boc-derivative shows the greater electron-withdrawing
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and hence deshielding affect of Bz compared to that of Boc on the C 6 proton; the
chemical shift for the ortho proton is 7.68 ppm (NHBoc) and 7.72 ppm (NHBz).

Steps Five B to Seven B: Protecting Group Manipulation

Br

Br

Bz

^
E tO
; I

R

E tO

R = Bz 190
"R = H 191

'B o c

Br

i ii.. \\
E tO

B oc

192

^

H
B oc

B oc

193

Scheme 6.17: Protecting group manipulation: Reagents and conditions’, i. NaOEt, RT, 10 min, quant.; ii.
B 0 C2 O, DMAP, RT, 3 h, 91%; üi. NaOEt, 0 T , 90 sec, 85%.

The deprotection of the indole NBz was achieved using a 2 M solution of NaOEt; yields
were quantitative and reaction times were under 10 minutes. The NHBz remains
unaffected under these conditions; the

of the carbonyl carbon is greatly diminished by

the inductive effect of the nitrogen lone pair, weakening the electrophilicity of the
carbon atom. Subsequent exhaustive protection of both the indole nitrogen and the
benzoyl amide with Boc is achieved rapidly at room temperature (3 h) and proceeds
with near quantitative yields (91%).

The formation of the carbamate lessens the extent of conjugation through the benzoyl
group and increases it’s susceptibility towards NaOEt-mediated deprotection. Initial
attempts at benzoyl deprotection using the same protocol, reagents and reaction times as
the previous deprotection step gave two products, which were isolated and found to be
the desired di-Boc molecule and also, the mono-Boc compound where the Boc group
had been displaced from the nitrogen indole. This was surprising as the Boc group is
reportedly stable under these conditions. The unusual occurrence of Boc deprotection of
the indole under basic conditions may be due to the presence of an adventitious water
molecule or hydroxide ion causing Boc hydrolysis. The procedure was modified to
prevent undesired Boc deprotection; the reaction time was reduced to 90 sec and the
reaction temperature was reduced to 0 °C, these modifications were successful
increasing the yield to 85%.
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All of the intermediary compounds were characterised fully after each step, mass
spectrometry was used predominantly to confirm the compound was the desired
product. The purity of the crude material after each of these steps is such that
purification is not necessary though it was carried out in this case for analytical
purposes.

The final compound of this protection/deprotection sequence was the di-Boc protected
carbamate analogue; mass spectrometry showed the anticipated isotopic pattern in the
molecular ion peak [M+H]^ m/z = 483.0, 485.0.

NMR confirmed the presence of two

Boc groups with characteristic peaks at 1.63 and 1.55 ppm, further confirmation that the
aniline is only singly protected is the broad singlet peak at 6.93 ppm corresponding to
the NHBoc proton, had this been an indole NH we would have seen a similar peak more
greatly deshielded at - 1 2 ppm.

Step Eight B: Alkylation
.01
Br

Br

Br

N H Boc

N B oc

II.

l y
B oc

ç

ù
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193
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'B o c
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Scheme 6.18: The TV^-alkylation o f the carbamate with 1,3-dichloropropene: Reagents and conditions', i.
NaH, DMF, 0 °C, 30 min; ii. £/Z-1,3-dichloropropene, DMF, RT, 3 h, 89% (2 steps).

The second attempt at alkylation of the carbamate was made following the same
protocol as before, the sodium salt was formed and reacted with 1,3-dichloropropene.
After 1 h at room temperature 89% of the desired alkylated molecule was isolated as a
mixture of E & Z isomers. The product was confirmed as the desired compound by
mass spectrometry where the molecular ions were observed at [M+H]^ m/z = 557.1 with
the anticipated isotope pattern. ^H NMR further confirmed the incorporation of the allyl
group; the disappearance of the broad IH peak at 6.93 ppm and the appearance of a
multiplet at 6.04 ppm characteristic of oleftnic protons. A multiplet is observed rather
than the anticipated doublet (CH=CHC1) and doublet of triplets (CH2CH=CHC1) due to
the presence of both the trans and cis isomers. Additionally, the observation of four sets
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of doublet of doublets, two for each regioisomer, indicates restricted rotation making
the two protons of the CH2 chemical shift inequivalent. The formation of rotamers can
be seen again in the splitting of the 9H Boc group into two peaks (~2H & ~7H)
indicating that one rotameric form is thermodynamically more stable.

Step Nine B: Ring closure

N Boc

N Boc
1.

E tO

E tO
ioc

194

loc

195

Scheme 6.19: 5-exo-trig radical ring closure: Reagents and conditions: i. TTMSS, AIBN, toluene, 90 “C,
3 h, 74%.

In light of the results discussed in chapter 3, tin-mediated radical cyclisation was not
attempted. The reaction was carried out with only one change to the literature reported
protocol; Tietze

describes the use of benzene as a solvent in this reaction however the

hazardous nature of the solvent makes its use impractical. In the synthesis of the
deshydroxy-5 eco-CI derivatives (58 and 101) toluene was used successfully as the
solvent with little effect on the yield of the reaction. (Chap.3) The reaction gave the
fully protected, ethyl derivative of the deshydroxy-seco-DSA pharmacophore 195 in
good yields (74%) in line with the yields reported in the literature (79%).^^° (Scheme
6.19)

Mass spectrometry of 195 confirmed the molecular weight of the compound, [M+H]"^
m/z = 479.2. As observed with the analogous CI derivatives, the C6 proton appears as a
broad doublet; this is like to be due to the conjugation with the nitrogen lone pair and %
electrons o f the carbonyl group. This observation was confirmed by 2D experiments
that clearly show coupling between the broad doublet and a better resolved doublet at
7.97 ppm. The two Boc groups were observed at 1.62 and 1.58 ppm with some
broadening of the latter peak suggesting restricted rotation arising due to steric
interaction between groups.
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6.5

Conclusions

This chapter describes the successful synthesis of a deshydroxy-5 eco-D SA prodrug
analogue 195 in 22% yield over 9 steps. The original protecting group strategy was
found to be inappropriate probably due to the facile deprotection of the N i-Bz group
under basic conditions for alkylation; the use of Ai-Boc successfully overcame this
problem. Time constraints prevented the further manipulation of this compound for use
on the solid phase or the synthesis of the extended analogue.

N —B o c

N —Ml

R^ = Et,R^ = B o c l9 5
R ' = M e , R ^ = H 64
Scheme 6.20: The proposed synthesis o f the extended prodnig analogue 196: Reagents and conditions: i.
NaOMe, MeOH, RT, 1 h; ii. HCl (2.7M in EtOAc), RT, 3h, concentrate in vacuo; ii. EDC, 60, DMF, RT,
16 h.

The fully extended prodrug 196 can be synthesised in two steps from this intermediate
195. (Scheme 6.20) The labile nature of the indoline Boc group under basic conditions
can be exploited; selective Boc deprotection and concurrent transestérification should be
achieved by reacting the intermediate

195 with NaOMe. Coupling of the

pharmacophore could then be achieved as discussed in Chapter 3, by the removal of the
Boc group under acidic conditions to form the HCl salt before reacting with 5methoxyindole-2 -carboxylic acid 60, the commercially available minor groove binding
subunit.
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7.1

Conclusions and Future Work

The deshydroxy-s^co-CI prodrugs

The synthesis of deshydroxy-^eco-CI-MI 59 had previously been achieved however
yields were unoptimised and results were not reproducible. The initial aim of this
project was the resynthesis of 59 while working to optimise yields and improve the
reproducibility of the synthesis. Low yields for the Boc-protection were overcome by an
exhaustive protection step followed by selective deprotection to give the singlyprotected carbamate. Radical ring closure had previously given incomplete reactions
with persistent contamination of the final compounds with organometallic residues. A
catalytic method using PMHS was briefly investigated and found to give a good yield in
the synthesis of the A-Boc-fluoro-deshydroxy-^eco-CI prodrug 101. Replacement of
BugSnH with TTMSS led to complete reactions with consistently high yields for all
substrates. Residual silyl products were easily removed by column chromatography.
The extended prodrug 59 was synthesised over 4 steps with an overall efficiency of
34%.

Preliminary biological evaluation of 59 has shown that the prodrug is a suitable
substrate for cytochrome P450 but that multiple hydroxylation sites lead to a large
number of metabolites.^

The C4 and C 6 positions of the deshydroxy-5 eco-CI indoline

moiety are activating; blocking the non-activating positions of the prodrug should lead
to an increase in metabolism at the desired positions. With this in mind 5-fluorodeshydroxy-5 eco-CI-MI 105 was synthesised by the same route in 44% yield.

Preliminary biological evaluation of the fluoro derivative is currently underway.
Metabolism studies using human liver microsomes will determine whether this biostere
is effective in decreasing unwanted metabohsm at non-activating positions.

7.2

The CQ prodrug

The synthesis and preliminary biological evaluation of the methoxy-prodrug 126 show
the successful design of a cytochrome P450-activated molecule based on known
substrates. Protected phenol 126 was synthesised
inexpensive starting material in

8

6

om a commercially available,

steps with a 2% overall yield. Metabolism studies

showed cytochrome P450s to be efficient enzymes in the catalysis of the déméthylation
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of the methoxy to give the active metabolite. In addition to this, it is likely that
hydroxylation occurring at the C5 position of the quinoline moiety leads to an active
Z50-CI derivative.^^^

In light of these promising results, further investigation into the CQ prodrugs is
underway. Cytotoxicity studies are currently being conducted on 126, the results of
which are eagerly awaited.

7.3

The deshydroxy-seco-DSA prodrug

Duocarmycin SA 19 is among the most potent of the natural products. The alkylation
subunit, DSA 33, is an amino acid and as such has potential for use in solid phase
synthesis of extended and sandwich analogues of the duocarmycins. The successful
synthesis of a deshydroxy-jgco-D SA prodrug analogue 195 in 9 steps with a 22% yield
was achieved from commercially available starting material. Unfortunately time
constraints prevented the investigation of this prodrug in solid phase synthesis however
the molecule is currently being further manipulated to form the extended MI derivative
196. Metabolism and cytotoxicity studies will begin shortly; this more extended
molecule is expected to exhibit exceptional biological activity.

7.4

Stereospecificity

The duocarmycins are unique in the ability of both enantiomers to alkylate DNA with
comparable efficiency and selectivity; for this reason a stereospecific synthesis is
desirable. Two methods for the stereospecific synthesis of a duocarmycin prodrug were
attempted in the course of this project. In the synthesis of deshydroxy-5 eco-CI-MI 59,
an

alternative,

non-radical,

route

was

developed.

Enzymatic

induction

of

stereochemistry was achieved using Lipase {Pseudomonas sp.). Chemical induction of
stereochemistry was attempted in the synthesis of the CQ derived prodrug 126. The
formation of a 1,2-diol using a Sharpless asymmetric dihydroxylation reaction proved
unsuccessful probably due to the lack of steric bulk or functionalities on the aromatic
ring limiting the interaction of the starting material with the chiral ligands. Investigation
in to these methods was brief and both the enzymatic and chemical routes to the chiral
derivatives warrant further attention.
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8.1

General Experimental Information

8.1.1

Physical Characterisation and Spectroscopic Techniques

Experimental

NMR spectra were recorded on a Bruker Avance Spectrometer operating at a nominal
frequency of 400 MHz, using the specified deuterated solvent. All spectra were
processed using Bruker NMR Suite 3.5 and chemical shifts were referenced to the
residual solvent peak. Scalar coupling constants are reported as observed without
correction for the digitisation error. Elemental analysis was carried out using a Carlo
Erba CEiNl 108 Elemental Analyser. Melting points were recorded using a Bibby Stuart
Scientific SMP3 Melting Point Apparatus. Infrared Spectra were recorded as neat
samples using a Nicolet Smart Golden Gate Spectrometer (Avatar 360 FT-IR E.S.P) and
manipulated using OMNIC E.S.P 5.1. Mass spectra (MS) were recorded using a
ThermoQuest Navigator Mass Spectrometer operated under Electrospray Ionisation in
positive (ES+) or negative (ES-) modes. High resolution mass spectra (HRMS) were
recorded using a Micromass Q-TTOF Global Tandem Mass Spectrometer. Data was
manipulated using the MassLab 3.2 software system.

8.1.2

Chromatographic Techniques

Chromatographic separations were performed on Silica gel for flash chromatography
(particle size 40-63pm) (VWR Laboratory Supplies, Poole, Dorset). Analytical-TLC
was performed on Merck precoated silica gel 60 F 254 TEC plates. The TLC plates were
visualised using a variety of techniques; visualisation under UV light, phosphomolybdic
acid (10% soln. in EtOH), ninhydrin (10% soln. in EtOH) followed by heating. PrepTLC was performed on Merck precoated silica gel 60 F254 PLC plates. When separation
had been effected the desired band of silica was scraped from the plate and washed with
CH3OH to leach the product from the silica. Typically this technique was used for the
preparation of analytical samples.

8.1.3

Reagent, Solvent and Apparatus Preparation

All chemicals were reagent grade. All glassware was oven dried prior to use. THE,
where specified as anhydrous, was freshly distilled from Na using benzophenone as an
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indicator, a blue/black colour showing its suitability for use. CH2CI2, where specified as
dry, was freshly distilled from calcium hydride. All other anhydrous/dry solvents used
were bought as such and presumed to conform to manufacturers standards. Palladium
catalyst used was purchased from Sigma-Aldrich as a 10 wt. % loading on an activated
carbon support matrix. DIBAL-H was purchased from Lancaster-Synthesis as a 20%
(ca. 1 M) solution in toluene. NaH was purchased as a 60% dispersion in mineral oil.
All H2O used was distilled unless otherwise specified.
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Experimental: Chemistry

^gyf-Bntyl A^-(2-bromophenyI)carbamate [103a]
Br
,N H B o c

2-Bromoanilme (5 g, 29.1 mmol) was dissolved in anhyd. THF (50 mL) and treated
with B 0 C2O (14.3 g, 65.7 mmol) and DMAP (0.71 g, 5.81 mmol). The reaction mixture
was then heated under reflux for 16 h. The solution was subsequently cooled and
partitioned between HCl (0.5 M, 50 mL) and EtOAc (50 mL). The aqueous phase was
further extracted with EtOAc (3 x 25 mL) and the combined organic extracts washed
with sat. NaCl solution, dried (MgS0 4 ), filtered and concentrated in vacuo. The crude
oil was redissolved in CH3OH (50 mL) and treated with K 2CO3 (12 g, 87.3 mmol). This
heterogenous reaction mixture was then heated under reflux for 3 h. The solution was
subsequently cooled, filtered and partitioned between HCl (0.5 M, 50 mL) and EtOAc
(50 mL). The aqueous phase was further extracted with EtOAc (3 x 25 mL) and the
combined organic extracts washed with sat. NaCl solution. These were then dried
(MgS0 4 ), filtered and concentrated in vacuo. Column chromatography (100% hexane)
gave 6.55 g (83%) of the title compound as a very pale golden oil; Rf 0.57 (10% EtOAc
in hexane); IR (neat) w

3413, 2977, 2930, 1731, 1513, 1431, 1148, 745 cm '; ‘H

NMR (CDCI3, 400 MHz, ppm) 5 8.06 (d, IH, J = 8.2 Hz, ArH), 7.41 (dd, IH, 7 = 8.0,
1.3 Hz, ArH), 7.19 (ddd, IH, J = 8.2, 7.4, 1.2 Hz, ArH), 6.91 (hr s, IH, NH), 6.81 (ddd,
IH, y = 7.8, 7.6,1.5 Hz, ArH), 1.45 (s, 9H, ( % ) ; ) ; "C NMR (CDCI3, 100 MHz, ppm)
8

152.4 (C=0), 136.3 (AiCNH), 132.2 (AiCH), 128.3 (ArCH), 123.8 (ArCH), 120.1

(ArCH), 112.4 (ArCBr), 81.1 (C(CH)3), 28.3 (3C, C(CH)3); MS (ES+) m/z calculated
for CiiHi 4BrN 0 2 [M] 273.0, 271.0. Found [M+1] 274.0/272.0; Analysis calculated for
CiiHi 4BrN 0 2 : C, 48.55; H, 5.19; N, 5.15. Found: C, 48.30; H, 5.04; N, 5.20.

^ert-Butyl A-(2-bromo-4-fluorophenyl)carbamate [103b]
Br

xL^NHBoc

2-Bromo-4-fiuoroaniline (5 g, 26.5 mmol) was dissolved in anhyd. THF (50 mL) and
treated with B 0 C2O (13.0 g, 59.6 mmol) and DMAP (0.65 g, 5.3 mmol). The reaction
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mixture was then heated under reflux for 16 h. The solution was subsequently cooled
and partitioned between HCl (0.5 M, 50 mL) and EtOAc (50 mL). The aqueous phase
was further extracted with EtOAc (3 x 25 mL) and the combined organic extracts
washed with sat. NaCl solution. These were then dried (MgS0 4 ), filtered and
concentrated in vacuo. The crude oil was redissolved in CH 3OH (50 mL) and treated
with K2CO3 (12 g, 87.3 mmol). This heterogenous reaction mixture was then heated
under reflux for 3 h. The solution was subsequently cooled, filtered and partitioned
between HCl (0.5 M, 50 mL) and EtOAc (50 mL). The aqueous phase was further
extracted with EtOAc (3 x 25 mL) and the combined organic extracts washed with sat.
NaCl solution, dried (MgS0 4 ), filtered and concentrated in vacuo. Column
chromatography (100% hexane) gave 5.03 g (76%) of the title compound as a white
crystalline solid; Rf 0.60 (10% EtOAc in hexane); mp = 35.5-37.7 °C; IR (neat) Umax
3343, 3077, 2992, 1694, 1514, 1479, 1365, 1275, 1238, 1155, 1057, 1022, 850, 811,
115, 731 cm '; 'H NMR (CDCU, 400 MHz, ppm) 5 8.02 -7.90 (dd, IH, J = 9.1, 5.6 Hz,
ArH), 7.18-7.16 (ddd, IH, J = 9.1,7.8,2.9 Hz, ArH), 6.96-6.91 (dd, IH,

7.8,2.9 Hz,

ArH), 6.77 (br s, IH, NH), 1.45 (s, 9H, C(CH3);); '^C NMR (CDCI3, 100 MHz, ppm) S
157.8 (d, 7cf = 246.1 Hz, ArCF), 152.5 (C=0), 132.8 (d, Jbr = 3.0 Hz, AiCN), 121.3 (d,
7 cf = 7.8 Hz, ArCH), 119.2 (d, VcF = 25.6 Hz, ArCH), 115.1 (d,JcF = 21.6 Hz, ArCH),
112.5 (d, Jce = 9.9 Hz, ArCBr), 81.2 (^(CHs);), 28.3 (3C, C(ÇH3)3); MS (ES+) m/z
calculated for CnHnBrFNO: [M] 291.0, 289.0. Found [M+1] 292.0, 290.1; Analysis
calculated for CnH^BrENOi: C, 45.54; H, 4.52; N, 4.83. Found: C, 45.92; H, 4.54; N,
4.71.

^ert-Butyl A-(2-bromo-phenyl)-A-(3-chloro-allyI)carbamate [104a]

rf

X ^ N B oc

u

103a (6.5 g, 24 mmol) was dissolved in DMF (60 mL), cooled to 0 °C and treated with
NaH (60%, 2.87 g, 71.7 mmol) portionwise over 15 min. The resulting solution was
allowed to stir at 0 °C for a further 15 min. E/Z-1,3-Dichloropropene (7.4 mL, 71.7
mmol) was then added and the reaction mixture warmed to room temperature and
stirred for 3 h. The reaction was quenched with sat. NaCl and the aqueous phase
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extracted with EtOAc (3 x 25 mL). The combined organic extracts were then dried
(MgS0 4 ), filtered and concentrated in vacuo. Column chromatography (2% EtOAc in
hexane) gave 7.36 g (87%) of the title compound as a pale golden oil; Rf 0.40 (10%
EtOAc in hexane); IR (neat) Umax 3020, 2976, 2929, 1697, 1365, 1159, 754, 724 cm"^;
'H N M R (CDCI3, 400 MHz, ppm)

8

7.61 (d, IH,

7.3 Hz, ArH), 7.30 (d, IH, J =

6 .8

Hz, ArH), 7.17 (m, 2H, ArH), 6.04 (m, 2H, =CH), 4.51 (dd, IH, 7 = 15.7,5.9 Hz, CHz),
4.41 (dd, IH , 7 = 12.4, 5.2 Hz, CHa), 4.30 (dd, IH, 7 = 15.8,6.3 Hz, % ) , 3.86 (dd, IH,
7 = 12.0, 6.0 Hz, CHj), 1.54 (s, 2H, (CHs);), 1.35 (s, 7H, (CH;):); ‘^C NMR (CDCI3,
100 MHz, ppm)

8

154.1 {E/Z C=0), 153.9 {E/Z C=0), 140.9 (E/ZArÇN), 140.5 {E/Z

AiCN), 133.2 (f/Z ArCH), 133.0 (f/Z ArCH), 130.5 (E/Z AiCH), 130.0 (E/Z ArCH),
128.8 (E/Z AiCH), 128.7 {E/Z ArCH), 128.4 (E/Z =CH), 128.0 (E/Z =CH), 127.5
(ArCH), 121.5 (E/Z=CHC1), 120.5 (E/Z=CHC1), 119.9 (AiCBr), 80.6 (C(CH3)3), 48.9
(E ÇH 2), 45.9 (Z ÇH 2), 28.4 (minor rotamer C(CH3)3), 28.1 (major rotamer C(CH3)3);
MS (ES+) m/z calculated for Ci4Hi 7BrClN 0 2 [M] 347.0, 345.0. Found [M+1] 348.0,
346.0; Analysis calculated for Ci4H i 7BrClN 0 2 : C, 48.51; H, 4.94; N, 4.04. Found: C,
48.66; H, 5.06; N, 4.07.

^£/t-Butyl A-(2-bromo-4-fluorophenyl)-7V-(3-chloroallyl)carbamate [104b]

N B oc

F
103b (3.76 g, 14.2 mmol) was dissolved in DMF (30 mL), cooled to 0 °C and treated
with NaH (60%, 1.7 g, 42.6 mmol) portionwise over 15 min. The resulting solution was
allowed to stir at 0 °C for a further 15 min.

1,3-Dichloropropene (3.9 mL, 42.6

mmol) was then added and the reaction mixture warmed to room temperature and
stirred for 3 h. The reaction was quenched with sat. NaCl solution and the aqueous
phase extracted with EtOAc (3 x 25 mL). The combined organic extracts were dried
(MgS0 4 ), filtered and concentrated in vacuo. Column chromatography (10% EtOAc in
hexane) gave 3.8 g (80%) of the title compound as a very pale golden oil; Rf 0.40 (10%
EtOAc in hexane); IR (neat) w

2977, 2928, 1699, 1488, 1379, 1366, 1295, 1254,

1193, 1159, 880, 859, 763, 672 cm '; 'H NMR (CDCI3, 400 MHz, ppm)

8

7.34 (m, IH,

ArH), 7.14 (m, IH, ArH), 7.02 (m, IH, ArH), 6.04 (m, 2H, =CH), 4.48 (dd, IH, 7 =
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15.4,6.1 Hz, CH 2) , 4.39 (dd, IH, J = 14.7,4.0Hz, CH2) , 4.24 (dd, 1H ,7= 15.8,6.9 Hz,
CH2), 3.81 (dd, IH, J = 14.9, 4.6 Hz, CH2), 1.52 (s, 2.3H, (CH,),), 1.35 (s, 6.7H,
(CH;)3); ” C NMR (CDCI3, 100 MHz, ppm) 5 161.1 (d, Tcf = 251.0 Hz, E/Z ArCF),
161.0 (d, Tcf = 251.2 Hz, S/Z ArCF), 154.0 (E/Z C=0), 153.8 (E /Z Ç O ), 137.2 {E/Z
ArCN), 136.8 (E/Z AiCN), 131.3 (d,7cF =

8 .6

Hz, E/Z ArCH), 130.9 (d, 7 = 9 .0 Hz, E/Z

ArCH), 128.5 (E/Z =CH), 127.2 (E/Z =CH), 124.3 (E/Z AiCBr), 124.2 (E/Z ArCBr),
121.8 (E/Z =CHC1), 120.9 (E/Z =ÇHC1), 120.4 (d, J = 25.3 Hz, E/Z ArCH), 120.2 (d, J
= 25.4 Hz, E/Z ArCH), 115.2 (E/Z ArCH), 115.0 (E/Z ArCH), 80.8 (C(CH3))), 48.9 (E
ÇH 2), 45.8 (Z ÇH 2), 28.3 (minor rotamer, C(CH 3)3), 28.1 (major rotamer, C(CH 3)3); MS
(ES+) m/z calculated for Ci4Hi 6BrClFN0 2 [M] 365.0, 363.0. Found [M+1] 366.0,
364.0; Analysis calculated for Ci4Hi 6BrClFN 0 2 : C, 46.11; H, 4.42; N, 3.82. Found: C,
46.11; H, 4.60; N, 3.65.

tert-BniyX 3-chloromethyl-2,3-dihydroindole-l-carboxylate [58]

N B oc

Radical Ring Closure Method B
A solution of 104a (500 mg, 1.45 mmol) in anhyd. toluene (50 mL) was treated with nbutanol (0.8 mL) and PMHS (130.5 mg, 2.2 mmol). The solution was then degassed
with N 2 for 15 min. The reaction was treated four times with AIBN (50 mg, 10% w/w)
and Bu 3SnH (0.06 mL, 0.22 mmol) over 4 h whilst stirring at 90 °C. After this time the
reaction was quenched by the addition of NaOH (50 mL, 2 M) and stirred for 16 h. The
two phases were separated and the aqueous phase extracted with EtOAc (3 x 25 mL).
The combined organic extracts were washed with 1% HCl

(1

x

50

mL) and sat. NaCl

(1 X 50 mL), dried (MgS0 4 ), filtered and concentrated in vacuo. Column
chromatography (100% hexane) gave 133.2 mg (34%) of the title compound as a very
pale golden oil.

Radical Ring Closure Method C
A solution of 104a (116.0 mg, 0.33 mmol) in anhyd. toluene (10 mL) was degassed
with N 2 for 15 minutes and then treated with AIBN (12.6 mg, 0.077 mmol) and TTMSS
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(114 }iL, 0.37 mmol) before heating to 90

for 3 h. The reaction was then cooled and

concentrated in vacuo. Column chromatography (5% EtOAc in hexane) gave 66.3 mg
(74%) of the title compound as a clear colourless oil.

Conversion of 117a to 58
A solution of 117a (0.47 g, 1.45 mmol) in DMF (4.7 mL) was treated with TBAC (1.01
g, 3.6 mmol) and heated at 90 ®C for 5 h. The reaction mixture was concentrated in
vacuo. Column chromatography (5% EtOAc in hexane) yielded 334.5 mg ( 8 6 %) of the
title compound as a clear colourless oil; Rf 0.83 (15% EtOAc in hexane); IR (neat) Umax
2975, 1697, 1484, 1388, 1163, 1140, 1014, 856, 748, 708 cm '; 'H NMR (CDClj, 400
MHz, ppm)

6

7.88-7.49 (br d, IH, ArH), 7.23 (m, 2H, ArH), 6.97 (ddd, IH, J = 7.5,7.5,

0.9 Hz, ArH), 4.11 (dd, IH, / = 11.0, 9.7 Hz, ClfcN), 3.94 (m, IH, C& N ), 3.77 (dd,
IH, J = 10.6,4.4 Hz, CH2CI), 3.69 (m, IH, CH), 3.55 (dd, IH, J = 10.4,4.4 Hz, CH2CI),
1.59 (s, 9H, (CH])]); '^C NMR (CDCI3, 100 MHz, ppm) 5 151.3 (Ç O ), 142.1 (ArC),
129.4 (ArC), 127.9 (ArCH), 123.3 (ArCH), 121.2 (ArCH), 114.0 (ArCH), 80.0
(C(CH])]), 51.0 (CH2CI), 46.2 (CH), 41.3 (CH^N), 27.3 (3C, C(ÇH])3); HRMS m/z
required for C 14H 18CINO2 [M+1] 268.1104. Found [M+1] 268.1112.

tert-RvLiyV 3-chloromethyl-5-fluoro-2,3-dihydroindole-l-carboxylate [101]

N B oc

Radical Ring Closure Method B
A solution of 104b (1.02 g, 2.8 mmol) in anhyd. toluene (100 mL) was treated with nbutanol (1 mL) and PMHS (0.41 g,

6 .8

mmol). The solution was then degassed with N 2

for 15 min. The reaction was treated four times with AIBN (100 mg, 10% w/w) and
(Bu3Sn) 2 0 (0.09 mL, 0.18 mmol) over 4 h in equal portions whilst striring at 90 °C.
After this time the reaction was quenched by the addition of NaOH (50 mL, 2 M) and
stirred for 16 h. The two phases were separated and the aqueous phase extracted with
EtOAc (3 X 50 mL). The combined organic extracts were washed with 1% HCl (1 x 50
mL) and sat. NaCl

(1

x

50

mL), dried (MgS0 4 ), filtered and concentrated in vacuo.
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Column chromatography (2% EtOAc in hexane) gave 0.72 g (90%) of the title
compound as a clear colourless oil.

Radical Ring Closure Method C
A solution of 104b (113.8 mg, 0.31 mmol) in anhyd. toluene (10 mL) was degassed for
15 min with

and subsequently treated with AIBN (12.9 mg, 0.078 mmol) and

TTMSS (0.11 mL, 0.34 mmol) before heating at 90 ”C for 3 h. The reaction was cooled
and concentrated in vacuo. Colmnn chromatography (5% EtOAc in hexane) gave 68.6
mg (77%) of the title compound as a pale golden oil; Rf 0.32 (10% EtOAc in hexane);
IR (neat)

U m ax

2975, 2871, 1699, 1488, 1390, 1366, 1254, 1161, 1143, 880, 859, 763 cm

'H NMR (CDCb, 400 MHz, ppm) 5 7,82-7.37 (br d, IH, ArCH), 6.93 (m, 2H,
ArCH), 4.14 (m, IH, CH2), 3.94 (m, IH, CHj), 3.73 (dd, IH, J = 10.4, 4.7 Hz, CH2),
3.67 (m, IH, CH 2), 3.57 (dd, IH, 7 = 10.2, 8.2 Hz, CHj), 1.57 (br s, 9H, C(CH 3)j); "C
NMR (CDCI3, 100 MHz, ppm) Ô 160.3 (C=0), 152.8 (ArCF), 142.4 (AiC), 138.5
(ArC), 116,3 (ArCH), 115.9 (ArCH), 115.7 (ArCH), 77.8 (e(CHj) 3), 52.9 (ÇH 2CI), 47.4
(CH2N), 29.0 (3C, C(CH3) 3), 14.7 (ÇH); HRMS m/z required for Ci4H,7CIFNNa02
[M+Na]+ 308.0829. Found [M+Na]^ 308.0815.

(3-Chloromethyl-2,3-dihydroindoI-l-yI)-(5-methoxy-ljF/-indol-2-yl)methanone [59]

OMe

Coupling of 58 and 60 to give 59
58 (0.15 g, 0.56 mmol) was added to a solution of HCl in EtOAc (1.5 mL, 2.7 M) and
left to stir at room temperature for 3 h. After this time, the reaction mixture was
concentrated in vacuo and subsequently redissolved in DMF (1.5 mL). This solution
was then treated with EDC (0.32 g, 1.68 mmol) and 60 (118.4 mg, 0.62 mmol), and
stirred at room temperature for 16 h. After this time the reaction mixture was
concentrated in vacuo. Column chromatography (15% EtOAc in hexane) gave 118.5 mg
(62%) of the title compound as an off-white solid.
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Conversion of 119 to 59
A solution o f 119 (94.6 mg, 0.24 mmol) in anhyd. DMF (1 mL) was treated with TBAC
(164.3 mg, 0.59 mmol) and stirred at 90 °C for 16 h. The reaction mixture was
subsequently cooled, concentrated in vacuo, redissolved in EtOAc (5 mL) and washed
with sat. NaCl solution (5 mL). The aqueous phase was extracted with EtOAc ( 3 x 5
mL) and the combined organic extracts dried (MgSO#), filtered and concentrated in
vacuo. Column chromatography (15% EtOAc in hexane) gave 56.5 mg (70%) of the
title compound as a beige solid; Rf 0.65 (50% EtOAc in hexane); mp = 197.6-198.2 °C;
IR (neat)

3266, 3067, 2932, 1623, 1521, 1482, 1404, 1199, 1167, 752, 730 cm ';

'H NMR (CDClj, 400 MHz, ppm) Ô 9.53 (br s, IH, NH), 8.34 (d, IH ,7 = 8.1 Hz, ArH),
7.38-7.30 (m, 3H, ArH), 7.14 (m, 2H, ArH), 7.02 (m, 2H, ArH), 4.69 (dd, IH, J = 10.6,
9.5 Hz, CHjCI), 4.51 (dd, IH, J = 10.7, 4.5 Hz, CHjCl), 3.92-3.85 (m, 5H, OCH 3, CH,
CH2N), 3.63 (dd, IH, y = 10.8, 9.2 Hz, CH2N); '"C NMR (CDCI3, 100 MHz, ppm) Ô
160.4 (C=0), 154.7 (ArCOCHj), 143.7 (ArC), 131.3 (ArC), 131.2 (ArC), 130.6 (ArC),
129.1 (ArCH), 128.3 (ArC), 124.5 (ArCH), 124.2 (ArCH), 118.2 (ArCH), 116.8
(ArCH), 112.7 (ArCH), 105.9 (ArCH), 102.5 (AiCH), 55.7 (OÇH 3), 54.2 (ÇH2CI), 46.9
(CH2N), 43.8 (ÇH); MS (ES-) m/z calculated for C 19H 17CIN2O2 [M] 340.1. Found [M1] 339.2; Analysis calculated for C 19H 17CIN2O2: C, 66.96; H, 5.03; N, 8.22. Found: C,
66.93; H, 5.25; N, 8.29.

(3-Chloromethyl-5-fluoro-2,3-dihydroindoI-l-yl)-(5-methoxy-l^-indol-2yl)methanone [105]
OMe

101 (384.5 mg, 1.35 mmol) was added to a solution of HCl in EtOAc (4 mL, 2.7 M) and
left to stir at room temperature for 3 h. After this time, the reaction mixture was
concentrated in vacuo and subsequently redissolved in DMF (4 mL). This solution was
then treated with EDC (775.9 mg, 4.05 mmol) and 60 (283.7 mg, 1.5 mmol), and left
stirring at room temperature for 16 h. After this time the reaction mixture was
concentrated in vacuo. Column chromatography (15% EtOAc in hexane) gave 309.3 mg
(64%) of the title compound as an white powder; Rf 0.42 (30% EtOAc in hexane); mp =
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186.4-187.9 °C ; IR (neat) Dm» 3323, 3008, 2954, 2479, 1619, 1581, 1480, 1402, 1261,
1232, 1200, 1163, 1030, 810, 726, 708 cm '; 'H NMR (CDClj, 400 MHz, ppm) Ô 9.49
(br s, IH, NH), 8.32 (dd, IH, / = 8.6, 4.8 Hz,
(d, IH, J = 1.7 Hz,

A rH ),

7.02 (m, 4H,

4.52 (dd, lH ,y = 10.7, 4.7 Hz,
1 0 .6 , 8 .7

180 Hz,
{E/Z

A rH ),

4.71 (dd, IH,

3.87 (m, 5H,

8.9 Hz,

A rH ),

10.3, 10.3 Hz,

O C H 3 , C H , C H 2 ),

7.13

C H 2),

3.63 (dd, 1 H ,J =

Hz, CH2); '^C NMR (CDCI3, 100 MHz, ppm) 5 161,1 (C=0), 160.5/158.7 (J =

A tC F ) ,

A iC ) ,

(A rC H ),

C H 2 ),

7.36 (d, IH,

A rH ),

155.1

130.6, 130.5 {E/Z

116.0, 115.8 {E/Z

(ArCH), 102.8

140.1

( A r C O C H j) ,

(A rC H ),

56.1

A rC ),

A rC H ),
( O C H j) ,

( A iC ) ,

133.4, 133.3 (£/Z

A iC ) ,

131.6, 131.5

(A r C ) ,

119.5, 119.4 {E/Z

A rC H ),

117.2

113.0

(A rC H ),

112.0, 111.8 {E/Z

A rC H ),

106.3

54.7

(C H 2 C I),

128.6

46.8

(C H z ),

43.8 (ÇH); MS (ES+)

m/z calculated for C 19H 16CLFN2O2 [M] 358.1. Found [M+1] 359.0; Analysis calculated
for C 19H 16CIFN2O2: C, 63.60; H, 4.49; N, 7.81. Found: C, 63.12; H, 4.11; N, 7.50.

Dimethyl 2-(2-nitrophenyI)malonate [114a]
o

o

MeO

A solution of dimethyl malonate (24.8 mL, 0.21 mol) in anhyd. THF (150 mL) was
cooled to 0 °C and treated with NaH (8.51 g, 0.21 mol). The resulting suspension was
then stirred at 0 °C for 15 min and subsequently treated with a solution of l-fluoro-2nitrobenzene (7.55 mL, 0.07 mol) in anhyd. THF (50 mL). The reaction mixture was
then heated and allowed to reflux for 16 h. Upon completion, the crude reaction mixture
was poured into acetic acid (100 mL, 10% aq. soln. v/v) then extracted with EtOAc (3 x
25 mL). The organic phase was subsequently washed with sat. NaHCOg solution

(2

x

25 mL), dried (MgS0 4 ), filtered and concentrated in vacuo. Column chromatography
(7% EtOAc in hexane) gave 15.86 g ( 8 8 %) of the title compound as a pale yellow solid;
Rf 0.77 (50% EtOAc in hexane); mp = 59.7-63.9 °C; IR (neat) Um» 3012, 2958, 2866,
1751, 1613, 1578, 1518, 1431, 1341, 1270, 1199, 1031, 794, 718 cm '; 'H NMR
(CDCb, 400 MHz, ppm) 5 8.07, (dd, IH, J = 8.2, 0.9 Hz, ArH), 7.66 (ddd, IH, / = 7.6,
7.6, 0.9 Hz, ArH), 7.56 - 7.51 (m, 2H, ArH), 5.34 (s, IH, CH), 3.81 (s, 6 H, OCH 3); '^C
NMR (CDCI3, 100 MHz, ppm) 5 167.6 (2C, C=0), 148.8 (A1ÇNO 2), 133.6 (ArCH),
131.4 (ArCH), 129.3 (ArCH), 127.9 (ArC), 125.3 (ArCH), 54.1 (ÇH), 53.1 (2C, OÇH3 );
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MS (ES+) m/z calculated for CnHnNOe [M] 253.1. Found [M+Na]^ 276.0; Analysis
calculated for CnHnNOe: C, 52.18; H, 4.38; N, 5.53. Found: C, 52.03; H, 4.46; N, 5.58.

Dimethyl 2-(5-fluorO”2-nltrophenyl)malonate [114b]
o

o

MeO'^

A solution of dimethyl malonate (13.2 mL, 0.11 mol) in anhyd. THF (230 mL) was
cooled to 0 °C and treated with NaH (4.5 g, 0.11 mol). The resulting suspension was
then stirred at 0 °C for 15 min and subsequently treated with a solution of 2,4difluoronitrobenzene (10.4 mL, 0.09 mol) in anhyd. THF (38 mL). The reaction mixture
was then heated and allowed to reflux for 16 h. Upon completion, the crude reaction
mixture was poured into acetic acid (100 mL, 10% aq. soln. v/v) then extracted with
EtOAc (3 X 25 mL). The organic phase was subsequently washed with sat. NaHCOs
solution (2 X 25 mL), dried (MgS0 4 ), filtered and concentrated in vacuo. Column
chromatography (5% EtOAc in hexane) gave 22.1 g (8 6 % yield) of the title compound
as a pale yellow solid; Rf 0.18 (10% EtOAc in hexane); mp = 78.8-79.7 °C; IR (neat)
Umax 3089, 2965, 2355, 1751, 1720, 1588, 1522, 1435, 1353, 1255, 1157, 1006, 834, 742
cm '; 'H NMR (CDCI3, 400 MHz, ppm) Ô 8.19 (dd, IH, / = 9.0, 5.2 Hz, ArH), 7.26 (m,
2H, ArH), 5.43 (s, IH, CH), 3.86 (s, 6 H, CH3); "C NMR (CDCI3, 100 MHz, ppm) 5
167.1 (2C,C=0), 166.0/163.5 (7 = 258 Hz, ArCF), 144.8 (ArCN0 2 ), 131.3/131.2(7=9
Hz, ArC), 128.2/128.1 (7 = 10 Hz, AiCH), 118.8/118.5 (7= 25 Hz, ArCH), 116.5/116.3
(7 = 24 Hz, ArCH), 54.0 (ÇH), 53.3 (2C, ÇH 3); MS (ES-) m/z calculated for
CiiHioFNOô [M] 271.1. Found [M-1] 270.2; Analysis calculated for CnHioFNOei C,
48.72; H, 3.72; N, 5.16. Found: C, 48.84; H, 3.77; N, 5.18.

2-(2-Nitrophenyl)propane-l,3-diol [115a]

A solution of 114a (5.14 g, 20.3 mmol) in anhyd. THF (56.4 mL) was added dropwise
over 30 min to DlBAL-H (84.6 mL, 0.10 mol), under N 2 at 0 °C and stirred for 1 h. A
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cold solution of HCl (2 M, 100 mL) was added at 0 °C to quench the reaction and the
mixture was subsequently extracted with EtOAc (3 x 50 mL). The combined organic
extracts were

dried (MgS0 4 ),

filtered

and concentrated in vacuo.

Column

chromatography (50% EtOAc in hexane) gave 1.54 g (43%) of the title compound as a
dark golden oil; Rf0.13 (50% EtOAc in hexane); IR (neat) Umax 3238, 2946, 2889, 2355,
1609, 1513, 1481, 1352, 1229, 1057, 979, 853, 744 cm *; ‘H NMR (CDCI3, 400 MHz,
ppm)
6 .8 ,

6

7.79 (d, IH, 7 = 8.0 Hz, ArH), 7.59-7.52 (m, 2H, ArH), 7.39 (ddd, IH, 7 = 8.3,

1.5 Hz, ArH), 4.0 (m, 4H, CHz), 3.57 (quin., IH, 7 = 6.3, 5.9 Hz, CH), 2.85 (br s,

2H, OH); ‘^C NMR (CDCI3, 100 MHz, ppm) 5 150.6 (ArCNOz), 134.2 (ArC), 132.7
(ArCH), 129.1 (ArCH), 127.7 (ArCH), 124.4 (ArCH), 64.7 (2C, CH 2OH), 43.8 (CH);
MS (ES-) m/z calculated for C9H 11NO 4 [M] 197.1. Found [M-l+2Na]* 242.1; Analysis
calculated for C9H 11NO 4: C, 54.82; H, 5.62; N, 7.10. Found: C, 54.64; H, 5.46; N, 7.18.

2-(5-Fluoro-2-nitrophenyl)propane-l,3-diol [115b]

A solution of 114b (2.0 g, 7.38 mmol) in anhyd. THF (20 mL) was added dropwise over
30 min to DIBAL-H (30.75 mL, 0.043 mol) under N 2 at 0 °C and stirred for

8

h. A cold

solution of HCl (2 M, 100 mL) was added at 0 °C to quench the reaction and the
mixture was subsequently extracted with EtOAc (3 x
extracts were dried

(MgS0 4 ),

40

mL). The combined organic

filtered and concentrated in vacuo.

Column

chromatography (35% EtOAc in hexane) yielded 440 mg (28%) of the title compound
as an orange-brown solid; Rf0.32 (50% EtOAc in hexane); mp = 79.9-82.2 °C; IR (neat)
Umax 3251 (br), 3087, 2954, 2874, 1618, 1586, 1522, 1479, 1345, 1245, 1055, 1003, 926,
878, 837,699 cm '; ‘H NMR (CD3OD, 400 MHz, ppm) Ô 7.95 (dd, IH ,7 = 9.0, 5.2 Hz,
ArH), 7.42 (dd, IH, 7 = 10.1, 2.8 Hz, ArH), 7.21 (ddd, IH, 7 = 9.1, 7.6, 2.8 Hz, ArH),
4.93 (br s, 2H, OH), 3.91 (m, 4H, CHjOH), 3.61 (m, IH, CH); ” C NMR (CD3OD, 100
MHz, ppm) 5 165.7 (d, 7cf = 252 Hz, ArCF), 149.0 (AiCNO;), 140.1 (d, 7cf = 9 Hz,
AiC), 128.1 (d, 7cf = 10 Hz, ArCH), 117.6 (d, 7cf = 24 Hz, ArCH), 115.5 (d, 7cf = 24
Hz, ArCH), 64.2 (2C, OÇH2), 46.1 (CH); MS (ES-) m/z calculated for C9H 10FNO 4 [M]
215.1. Found [M+ HCOO] 260.1; Analysis calculated for C9H 10FNO4 : C, 50.24; H,
4.68; N, 6.51. Found: C, 50.07; H, 4.68; N, 4.52.
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Methanesulfonic acid 3-methanesulfonyloxy-2-(2-nltrophenyl)propyl ester [116a]

6

-"

A solution of 115a (796.6 mg, 3.9 mmol) in anhyd. CH2CI2

(8

mL) was treated with

EtsN (1.62 mL, 11.7 mmol) and cooled to 0 °C. A solution of MsCl (0.9 mL, 11.7
mmol) in anhyd. CH2CI2 (7.5 mL) was prepared and slowly added to the reaction
mixture and subsequently stirred for 1 h at 0 °C. The reaction was quenched with H 2O
(25 mL) and extracted with EtOAc (3 x 25 mL). The combined organic extracts were
dried (MgS0 4 ), filtered and concentrated in vacuo. Column chromatography (35%
EtOAc in hexane) gave 0.98 g (71%) of the title compound as an off-white crystalline
solid; Rf 0.30 (50% EtOAc in hexane); mp = 95.9-97.2 °C; IR (neat) Umax 3076, 3033,
2937, 1608, 1519, 1337, 1171, 982, 941, 832, 788 cm '; 'H NMR (CDCU, 400 MHz,
ppm)

8

7.93 (dd, IH, 7 = 8 .6 , 1.5 Hz, ArH), 7.67 (ddd, IH, 7 = 7.7, 7.6, 1.3 Hz, ArH),

7.54-7.50 (m, 2H, ArH), 4.59 (m, 4H, CH2), 4.09 (quia., IH, J = 5.8, 5.7 Hz, CH), 3.02
(s, 6 H, CH3); "C NMR (CDCI3, 100 MHz, ppm)

8

150.0 (A1ÇNO 2), 133.4 (ArCH),

130.2, 129.5 (ArCH), 129.2 (ArCH), 125.3 (AiCH), 67.8 (2C, ÇH2), 39.0 (ÇH), 37.5
(2C, ÇH 3); MS (ES+) m/z calculated for C 11H 15NO 8S2 [M] 353.6. Found [M+Na]*
376.0; Analysis calculated for C 11H 15NO 8S2: C, 37.39; H, 4.28; N, 3.96. Found: C,
37.16; H, 4.20; N, 3.76.

Methanesulfonic

acid

2-(5-flnoro-2-nitrophenyl)-3-methanesulfonyloxy-propyl

ester [116b]

A solution of 115b (390 mg, 1.81 mmol) in anhyd. CH2CI2 (4 mL) was treated with
EtsN (0.76 mL, 5.44 mmol) and cooled to 0 °C. A solution of MsCl (0.42 mL, 5.44
mmol) in anhyd. CH2CI2 (10 mL) was prepared and slowly added to the reaction
mixture and subsequently stirred for 1 h at 0 °C. The reaction was quenched with H 2O
(25 mL) and extracted with EtOAc (3 x 25 mL). The combined organic extracts were
dried (MgS0 4 ), filtered and concentrated in vacuo. Column chromatography (30%
EtOAc in hexane) yielded 233.6 mg (35%) of the title compound as a beige solid; Rf
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0.30 (50% EtOAc in hexane); mp = 99.4-102.1 °C; IR (neat) Umax 3093, 3023, 2938,
1525, 1347, 1330, 1172, 978,949, 833, 846, 751, 702 cm '; 'H NMR (CD3COCD3, 400
MHz, ppm) 5 8.01 (dd, IH, J = 9.1, 5.2 Hz, ArH), 7.48 (dd, IH, J = 9.8,2.8 Hz, ArH),
7.28 (ddd, IH, y = 9.1, 7.5, 2.8 Hz, ArH), 4.57 (d, 4H, J = 6.1 Hz, CH2), 4.12 (m, IH,
CH), 3.01 (s, 6 H, CH3); ‘^C NMR (CD3COCD3, 100 MHz, ppm) S 165.4 (d, Jcf = 254
Hz, ArCF), 147.8 (A1ÇNO 2), 135.6 (d, 7cf = 9 Hz, A iQ , 129.0 (d, 7cf = 10 Hz, ArCH),
117.9 (d, Jce = 25 Hz, ArCH), 116.9 (d, Jce = 24 Hz, ArCH), 69.2 (2C, CH;), 40.2
(ÇH), 37.2 (2C, ÇH 3); MS (ES+) m/z calculated for C 11H 14 FNOgS: [M] 371.0. Found
[M+Na]^ 393.9; Analysis calculated for C hH h FNOgS]: C, 35.58; H, 3.80; N, 3.77.
Found: C, 35.77; H, 3.72; N, 3.95.

tert-RutyX 3-methanesulfonyloxymethyI-2^-dihydroindole-l-earboxylate [117a]
OMs

N B oc

EtsN (0.05 mL, 0.38 mmol), B 0 C2O (85.5 mg, 0.38 mmol) and Pd/C (6.3 mg, 9.4%
w/w) were added to a solution of 116a (66.9 mg, 0.19 mmol) in anhyd. THF (3.4 mL).
The mixture was stirred for 16 h at room temperature under a positive pressure of H 2.
The reaction mixture was filtered through Celite and concentrated in vacuo. Column
chromatography (15% EtOAc in hexane) gave 43.4 mg (70%) of the title compound as
a clear, colourless, viscous oil; Rf 0.55 (35% EtOAc in hexane); IR (neat) Umax 2976,
2362, 1692, 1485, 1391, 1168, 1141, 949, 751, 729 cm ''; 'H NMR (CDCI3, 400 MHz,
ppm) S 7.89-7.38 (br d, I H ArH), 7.28-7.22 (m, 2H, ArH), 7.01-6.97 (dd, IH, y = 7.5,
7.0 Hz, ArH), 4.40^.37 (dd, IH, y = 9.9, 5.5 Hz, CH2SO2), 4.27-4.23 (dd, IH, J = 9.7,
8.2 Hz, CH 2SO2), 4.16-4.08 (dd, IH, y = 11.4, 9.9 Hz, C& N ), 3.92-3.89 (dd, IH, y =
11.6, 3.9 Hz, CHzN), 3.78-3.71 (m, I H CH), 2.98 (s, 3H, SO2CH3), 1.59 (s, 9H,
(C H );); '^C NMR (CDCI3, 100 MHz, ppm) S 171.1 (NC=0), 152.3 (ArC), 143.2
(ArCN), 129.1 (ArCH), 124.6 (ArCH), 122.4 (ArCH), 115.1 (ArCH), 81.3 ( £ ( ^ 3) 3),
71.0 (CH2SO2), 60.3 (NCH2), 50.7 (CH), 37.4 (SO2CH 3), 28.4 (3C, C(CH;)3); MS
(ES+) m/z calculated for C 15H21NO 5S [M] 327.1. Found

[M+1] 328.1; Analysis

calculated for C 15H 21NO 5S: C, 55.03; H, 6.47; N, 4.28. Found: C, 55.36; H, 6.16; N,
4.17.
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5-fluoro-3-methanesulfonyloxymethyl-2^-dihydroindole-l-carboxylate

[117b]
OMs

N B oc

EtgN (0.14 mL, 0.98 mmol), B 0 C2O (220.5 mg, 0.98 mmol) and Pd/C (16.3 mg, 8.9%
w/w) were added to a solution of 116b (182.8 mg, 0.49 mmol) in anhyd. THF (8.7 mL).
The mixture was stirred at room temperature over night under a positive pressure of H 2.
The reaction mixture was filtered through Celite and concentrated in vacuo. Column
chromatography (15% EtOAc in hexane) yielded 57.8 mg (34%) of the title compound
as a golden oil; Rf 0.46 (35% EtOAc in hexane); IR (neat) Umax 3020, 2979, 2938,1690,
1490, 1394, 1354, 1175, 1143, 961, 846, 814, 783, 736 cm '; 'H NMR (CDClj, 400
MHz, ppm) Ô 7.57 (br d, IH, ArH), 6.92 (m, 2H, ArH), 4.34 (dd, IH, J = 9.9, 5.9 Hz,
CH2), 4.24 (dd, l H , y = 9.7, 7.7 Hz, CH2), 4.11 (dd, IH,
(dd, IH,

1 1 .2 ,

9.6 Hz, CH 2), 3.87

11.0, 3.6 Hz, CH2), 3.70 (m, IH, CH) 2.99 (s, 3H, CH3), 1.55 (br s, 9H,

(CH 3)3); "C NMR (CDCI3, 100 MHz, ppm) 5 158.5 (d, Jc? = 241 Hz, AiCF), 152.2
(C=0), 115.8(d,JcF = 8H z,A iÇ H ), 115.4 (d,JcF = 22 Hz, AiÇH), 112.1 (AiÇH), 81.3
(Ç(CH3)3), 70.4 (ÇHjOMs), 50.9 (ÇHz), 39.3 (ÇH), 37.6 (ÇH3), 28.4 (3C, C(ÇH 3)3);
MS (ES+) m/z calculated for C 15H20FNO 5S [M] 345.1. Found [M+Na]^ 368.1; Analysis
calculated for C 15H20FNO 5S: C, 52.16; H, 5.84; N, 4.06. Found: C, 52.09; H, 5.53; N,
4.25.

Methanesulfonic acid l-(5-methoxy-15-indole-2-carbonyI)-2^-dihydro-lH-indole3-yI methyl ester [119]
OMs
OM e

117a (186.6 mg, 0.57 mmol) was added to a solution of HCl in EtOAc (1.9 mL, 2.5 M,
4.75 mmol) and left to stir at room temperature for 3 h. After this time, the reaction
mixture was concentrated in vacuo and subsequently redissolved in DMF (1.9 mL).
This solution was then treated with EDC (327.7 mg, 1.7 mmol) and 60 (120.4 mg, 0.63
mmol), and stirred at room temperature for 16 h. After this time the reaction mixture
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was concentrated in vacuo. Column chromatography (2% CH3OH in CH2CI2) gave
116.3 mg (51%) of the title compound as an off-white solid; Rf 0.24 (35% EtOAc in
hexane); mp = 193.1-196.4 °C; IR (neat) Umax 3285, 2938, 2831, 1621, 1586, 1518,
1482, 1408, 1342, 1168, 933, 754 cm '; ‘HN M R (CDCI3, 400 MHz, ppm) 5 9.38 (br s,
IH, NH), 8.12 (d, IH, J = 8.1 Hz, ArH), 7.37 (d, IH, y = 9.1 Hz, ArH), 7.36-7.32 (m,
2H, ArH), 7.16-7.13 (m, 2H, ArH), 7.02 (dd, IH, J = 8.9, 2.4 Hz, ArH), 6.98 (dd, IH, J
= 2.1, 0.6 Hz, ArH), 4.67 (dd, IH, J = 10.8, 9.3 Hz, CH 2SO2), 4.50 (dd, IH, y = 10.9,
4.5 Hz, CH2SO2), 4.49 (dd, IH, J =

1 0 .2 ,5.0

Hz, NCH 2), 4.30 (dd, IH, J =

1 0 .2 ,

8.4 Hz,

NCH 2), 3.95 (m, IH, CH), 3.88 (s, 3H, OCH3), 2.98 (s, 3H, SO2CH3); '^C NMR
(CDCI3, 100 MHz, ppm) 5 160.4 (Ç O ), 154.8 (OÇH3), 143.8 (AiCC=0), 131.3 (ArQ,
130.4
118.2

(A iQ ,

(A rC H ),

(C H 2 O ),

for

129.3

55.7

116.9

(O C H 3 ),

C20H20N2O5S

C20H20N2O5S:

( A iC N ) ,

129.3

(A rC H ),

52.9

[M ]

(A rC H ),

112.7

(A rC H ),

41.1

(C H 2 N ),

128.3

400.1. Found

(Ç H ) ,

124.5

(A r C ) ,

106.0
37.6

[ M + 1]

(A rC H ),

(A rC H ),

(S Ç H 3 );

102.6

124.5

(A rC H ),

(A r C H ) ,

70.6

MS (ES+) m/z calculated

401.0; Analysis calculated for

C, 59.99; H, 5.03; N, 7.00. Found: C, 59.74; H, 4.98; N, 6.74.

3-Hydroxy-2-(2-nitrophenyl)propyl acetate [120]
AcO

A solution of 115a (0.40 g, 3.03 mmol) in vinyl acetate

(6

mL, 65.0 mmol) and enzyme

(16 mg. Pseudomonas sp. lipase) was stirred at 35 °C for 5 h. The reaction was
quenched with the addition of HCl (10 mL, 1.0 M) and subsequently extracted with
EtOAc ( 2 x 1 0 mL). The organic extracts were washed with H2O ( 2 x 1 0 mL), dried
(MgS0 4 ), filtered and concentrated in vacuo. Column chromatography (40% EtOAc in
hexane) yielded 190.4 mg (39%) of the title compound as a golden oil; Rf 0.63 (80%
EtOAc in hexane); IR (neat) Umax 3447 (br), 2960, 1727, 1522, 1354, 1232, 1038, 852,
784, 748, 710 cm '; 'H NMR (CDCI3, 400 MHz, ppm) 5 7.83 (d, IH, y = 8.1 Hz, ArH),
7.57 (m, 2H, ArH), 7.43 (ddd, l H ,y = 8.1,7.2,1.1 Hz, ArH), 4.54 (dd, l H ,y = 11.2,
Hz, CH2), 4.37 (dd, IH, y = 11.9,

6.1

6 .8

Hz, CHj), 3.94 (m, 2 H, CH 2), 3.73 (quin., IH, J=

6.1, 5.8 Hz, CH), 2.06 (br d, 3H, y = 0.5 Hz, CH3), 1.60 (br s, IH, OH); '^C NMR
(CDCI3, 100 MHz, ppm) 5 170.3 (C=0), 149.7 (ArCNOz), 132.5 (ArC), 131.7 (ArCH),
128.1 (ArCH), 127.0 (ArCH), 123.5 (ArCH), 63.0 (CHzOAc), 61.8 (ÇH 2OH), 40.2
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(ÇH3 ), 19.8 (ÇH); HRMS m/z required for CnHnNNaOs [M+Na]"^ 262.0696. Found
[M+Na]^ 262.0692.

3-Methanesulfonyloxy-2-(2-nitrophenyl)propyl acetate [121]

A solution of the acetate 120 (150 mg, 0.63 mmol) in pyridine (1 mL, 12.4 mmol) was
cooled to 0 °C and treated dropwise with MsCl (97 pL, 1.25 mmol). The reaction
mixture was maintained at 0 °C for 1 h while stirring before being warmed to room
temperature and allowed to stir for a further 1 h. The reaction mixture was then
quenched with ice H 2O (5 mL) and extracted with EtOAc. The combined organic
extracts were then washed with HCl ( 3 x 5 mL, 1.0 M), dried (MgS0 4 ), filtered and
concentrated in vacuo. Column chromatography (50% EtOAc in hexane) yielded 159.0
mg (80%) of the title compound as a golden oil; Rf 0.68 (80% EtOAc in hexane); IR
(neat)

3125, 2940, 1734, 1524, 1350, 1224, 1172, 1042, 954, 831, 784, 746 cm ';

'H NMR (CDCI3, 400 MHz, ppm) 5 7.91 (dd, IH, J = 5.5,1.5 Hz, ArH), 7.65 (ddd, IH,
7 = 7.7, 7.6, 1.2 Hz, ArH), 7.52 (m, 2H, ArH), 4.58 (d, 2H, 7 = 5.6 Hz, CH 2), 4.50 (dd,
1 H ,7 = 11.3,

6 .8

Hz, CH2), 4.41 (dd, 1 H ,7 = 11.3, 6.0 Hz, CH2), 4.03 (q, 1 H ,7 = 6.2,

5.9 Hz, CH), 2.97 (s, 3H, SCH3), 2.06 (s, 3H, CHj); ‘^C NMR (CDCI3, 100 MHz, ppm)
5

169.5 (0=0), 139.2 (ArC), 132.1 (ArCH), 130.4 (ArC), 128.1 (AiCH), 127.8

(AiCH), 124.0 (AiCH), 67.3 (CH2CO2), 62.1 (CH 2SO2), 36.5 (SO2CH 3), 28.7 (CH),
19.7 (CO2CH3); HRMS m/z required for CiiHiiNNaOiS [M +Naf 340.0467. Found
[M+Na]^ 340.0460.

tert-Butyl 3-acetoxymethyl-2,3-dihydroindole-l-carboxylate [122]

N Boc

EtsN (123 pL, 0.88 mmol), B 0 C2O (192 mg, 0.88 mmol) and Pd/C (7.5 mg, 6 % w/w)
were added to a solution of 121 (128.0 mg, 0.44 mmol) in anhyd. THF (4 mL). The
mixture was stirred at room temperature overnight under a positive pressure of H2. The
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reaction mixture was filtered through Celite and concentrated in vacuo. Column
chromatography (15% EtOAc in hexane) yielded 52.0 mg (44%) of the title compound
as a golden oil; Rf 0.85 (60% EtOAc in hexane); IR (neat) Umax 2976, 1794,1738,1698,
1485, 1390, 1365, 1224, 1142,1032, 1016, 750 cm'^;

NMR (CDCI3, 400 MHz, ppm)

Ô 7.87-7.45 (br d, IH, ArH), 7.21 (m, IH, ArH), 7.15 (m, IH, ArH), 6.96 (ddd, IH, J =
7.5, 7.5, 1.0 Hz, ArH) 4.29 (dd, IH, J = 10.9, 5.7 Hz, CH2), 4.01 (m, 2H, CH2), 3.80 (m,
IH, CH), 3.73 (dd, IH, J = 7.0, 4.1 Hz, CH2), 2.06 (s, 3H, COsCH^, 1.57 (s, 9H,
C(CH3)3); ^^C NMR (CDCI3, 100 MHz, ppm)

8

169.9 (C=0), 168.6 (C=0), 136.7

(ArC), 127.6 (ArCH), 123.6 (ArQ), 121.3 (2C, ArQH), 113.9 (ArCH), 76.4 (Q(CH3)3),
76.2 (CO2QH3), 65.5 (QH2OAC), 28.7 (QH2N), 27.4 (3C, C(QH3) 3), 19.9 (QH); HRMS
m/z required for Ci6H2 iNNa0 4 [M+Na]^ 314.1368. Found [M+Na]^ 314.1372.

l-Ailyl-4-methoxy-2-nitrobeiizene [127]

OMe

4-Methoxy-2-nitroaniline (2.0 g, 12 mmol) was added portionwise over 20 min to a
solution of tert-butyl nitrite (2.16 mL, 18 mmol) and allyl bromide (15.6 mL, 0.18 mol)
in dried and degassed CH3CN (12 mL), under N 2 at room temperature. After the
addition of starting material, a further 0.5 equiv. of te/7-butyl nitrite (0.72 mL,

6

mmol)

was added and the reaction mixture stirred for 1 h at room temperature, under N 2. The
reaction mixture was concentrated in vacuo. Column chromatography (2% EtOAc in
hexane) gave 1.11 g (49%) of the title compound as a golden oil; Rf 0.27 (10% EtOAc
in hexane); IR (neat)

3079, 3011, 2942, 1622, 1529, 1351, 812 cm '; ‘H NMR

(CDCI3, 400 MHz, ppm) 8 7.44 (d, IH, 7 = 2.7 Hz, ArH), 7.26 (d, IH, J =

8 .6

Hz, ArH),

7.09 (dd, IH, y = 8 .6 , 2.7 Hz, ArH), 5.96 (ddt, IH, / = 17.1, 10.1, 6.4 Hz, =CH), 5.09
(dd, IH, y = 17.1, 1.3 Hz, =CH 2), 5.05 (dd, IH, y = 10.1, 1.4 Hz, =CH 2), 3.85 (s, 3H,
OCH3), 3.61 (d, 2 H, y = 6.4 Hz, CHz);

NMR (CDCb, 100 MHz, ppm) S 158.4

(AtCOCHs), 149.6 (A1ÇNO2), 135.5 (=CH), 132.7 (ArCH), 126.7 (A1ÇCH 2), 119.7
(AiCH), 116.6 (=CH2), 109.3 (ArCH), 55.8 (OÇH3), 36.4 (ÇH2); MS (ES-) m/z
calculated for C 10H 11NO 3 [M] 193.1. Found

[M-1] 192.1; Analysis calculated for

C 10H 11NO 3: C, 62.17; H, 5.74; N, 7.25. Found: C, 62.20; H, 5.61; N, 7.16.
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3“(4-Methoxy-2-nitrophenyl)propane-l, 2-diol [128]
,0 H

OM e

A solution of NMO (333.8 mg, 2.85 mmol) in H2O (5 mL) and acetone (2.5 mL) was
treated with OSO4 (80 p.L, 2.5% solution in ^BuOH) and 127 (506.9 mg, 2.59 mmol).
The two phase reaction was then stirred at room temperature under N 2 for 16 h after
which time Na 2S0 3 (3.8 g) was added and the resulting slurry stirred for a further 3 h.
The reaction was then filtered and the residue washed with EtOAc ( 3 x 1 0 mL). The
two phases were then separated and the aqueous phase extracted with EtOAc (3 x

10

mL). The combined organic extracts were dried (MgS0 4 ), filtered and concentrated in
vacuo. Column chromatography (75% EtOAc in hexane) gave 369.0 mg (62%) of the
title compound as an off-white solid; Rf 0.27 (100% EtOAc); mp = 79.8-80.6 °C; IR
(neat)

3199 (br), 2940, 2875, 1519 cm''; 'H NMR (CDCI3, 400 MHz, ppm) Ô 7.43

(d, IH, y = 2.7 Hz, ArH), 7.32 (d, IH, J =

8 .6

Hz, ArH), 7.09 (dd, IH, J = 8.5, 2.7 Hz,

ArH), 3.96 (m, IH, CH2CHOH), 3.85 (s, 3H, OCH3), 3.71 (dd, l H , y = 11.15, 3.0 Hz,
CH2OH), 3.52 (dd, IH, y = 11.13, 6.7 Hz, CH 2OH), 3.05 (dd, IH, y = 13.8, 4.5 Hz,
ArCHz), 2.90 (dd, IH, y = 13.8, 8.3 Hz, ArCH:), 2.55 (br s, IH, CHOH), 2.26 (br s, IH,
CH2OH); '®C NMR (CDCI3, 100 MHz, ppm) S 158.7 (Ai£OCH 3), 150.1 (AiCNO:),
134.0 (AiCH), 125.1 (A1ÇCH 2), 119.8 (ArCH), 109.5 (AiCH), 72.3 (ÇHOH), 66.1
(ÇH2OH), 55.8 (OÇH3), 35.9 (ArCH:); MS (ES+) m/z calculated for CjoHuNOs [M]
227.1. Found [M+1] 228.0; Analysis calculated for C 10H 13NO 5: C, 52.86; H, 5.77; N,
6.16. Found: C, 52.71; H, 5.79; N, 6.11.

tert-Buty\ A-[2-(2^-dihydroxypropyI)-5-methoxyphenyI]carbamate [129]

N H B oc

OM e

A solution of 128 (575.0 mg, 2.53 mmol) in anhyd. THF

(6

mL) was treated with Et3N

(0.53 mL, 3.8 mmol), B 0 C2O (829.1 mg, 3.8 mmol) and Pd/C (60.0 mg, 10% w/w), the
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reaction mixture was then thoroughly degassed with N 2 and H 2 was bubbled through for
15 min. The reaction was stirred at room temperature for 16 h under a positive pressure
of H 2. Once complete, the reaction mixture was filtered over Celite and concentrated.
The crude product was then redissolved in EtOAc (25 mL) and washed with 1% HCl
solution ( 2 x 1 0 mL). The aqueous phase was extracted with EtOAc

(3

x iQ mL) and

the combined organic extracts dried (MgS0 4 ), filtered and concentrated in vacuo. The
crude oil solidified on standing and this solid was washed with Et2 0 to yield 561.6 mg
(75%) of the title compound as a white crystalline solid without the need for further
purification; Rf 0.20 (50% EtOAc in hexane); mp = 145.1-146.7 °C; IR (neat) Umax 3212,
2939, 2875, 2358, 2344, 1510 cm '; 'H NMR (CDCI3, 400 MHz, ppm) Ô 7.98 (s, IH,
NH), 7.35 (s, IH, ArH), 6.96 (d, IH, / = 8.4 Hz, ArH), 6.58 (dd, IH, J = 8.4, 2.7 Hz,
ArH), 3.86 (m, IH, CHOH), 3.77 (s, 3H, OCH 3), 3.64 (dd, IH, J = 10.9, 1.8 Hz,
CH2OH), 3.41 (dd, IH, J = 10.9, 7.7 Hz, CH2OH), 3.17 (s, IH, CHOH), 2.69 (dd, IH, J
= 14.5, 4.9 Hz, A1CH 2), 2.65 (dd, IH, / = 14.5, 6.9 Hz, ArCHj), 2.54 (s, IH, CH2OH),
1.49 (s, 9H, (CHs);); "C NMR (CDCI3, 100 MHz, ppm) 5 158.8 (ArCOCH3), 153.8
(C=0), 138.2 (ArCNH), 131.3 (ArCH), 120.8 (ArCCHz), 110.2 (ArCH), 107.9 (ArCH),
80.2 (C(CH3) 3), 73.5 (CHOH), 65.8 (CH2OH), 55.4 (OÇH3), 34.6 (ArCH2), 28.4 (3C,
C(CH3 )s); MS (ES+) m/z calculated for C15H23NO 5 [M] 297.2. Found [M+1] 298.0;
Analysis calculated for C15H23 NO5 : C, 60.59; H, 7.80; N, 4.71. Found: C, 60.29; H,
7.68; N, 4.66.

T oluene-4-sulfonic

acid

3-(2-^e/t-butoxycarbonylamino-4-methoxy-phenyl)-2-

hydroxy-propyl ester [130]
OTs

OH
N H B oc

OMe

Et3N (0.12 mL, 0.86 mmol), TsCl (160.1 mg, 0.85 mmol) and w-BuzSnO (4.2 mg, 0.017
mmol) were added to a solution of 129 (252.6 mg, 0.85 mmol) in CH2CI2

(2

mL) and

stirred at room temperature for 16 h. The reaction mixture was then filtered and
concentrated in vacuo. Column chromatography (15% EtOAc in hexane) yielded 290.5
mg (76%) of the title compound as an off-white solid; R f 0.30 (30% EtOAc in hexane);
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3522, 3373, 2969, 2934, 2359, 2343, 1719, 1515

cm-'; 'H NMR (CDCI3, 400 MHz, ppm) 5 7.77 (s, IH, NH), 7.75 (d, 2H, 7 = 8.3 Hz,
ArH), 7.32 (d, 2H, 7 = 8.1 Hz, ArH), 7.32 (s, IH, ArH),

6 .8 6

(d, l H , / = 8.4 Hz, ArH),

6.5 (dd, IH, J = 8.4,2.6 Hz, ArH), 4.03 (m, IH, CHOH), 3.97 (dd, IH, J = 10.0,7.2 Hz,
CH2OSO2), 3.90 (dd, IH, J = 10.0,4.2 Hz, CH2OSO2), 3.74 (s, 3H, OCH 3), 3.26 (s, IH,
CHOH), 2.69 (dd, IH, J = 14.6, 3.4 Hz, A rC ^ ), 2.61 (dd, IH, J = 14.7, 7.4 Hz,
A1CH 2), 2.42 (s, 3H, A 1CH 3), 1.47 (s, 9H, (CH^);); '^C NMR (CDCI3, 100 MHz) S
159.0 (ArCOCHj), 153.7 (C=0), 143.6 (A1ÇCH 3), 139.0 (ArCNH), 132.6 (S0 2 £Ar),
131.3 (ArCH), 130.0 (ArCH), 127.9 (ArCH), 120.0 (ArCCH2), 110.2 (ArCH), 108.0
(ArCH), 80.2 (C(CH3)3), 72.8 (ÇH2OSO2), 70.9 (CHOH), 55.3 (ArOCH,), 34.4
(ArCH2), 28.5 (3C, C(CH3)3), 21.6 (A1ÇH 3); MS (ES+) m/z calculated for C22H29NO 7S
[M] 451.2. Found [M+1] 452.1; Analysis calculated for C22H29NO 7S: C, 58.52; H,
6.47; N, 3.10. Found: C, 58.25; H, 6.53; N, 3.02.

Toluene-4-suLfonic acid 3-(2-/ert-butoxycarbonylamino-4-methoxy-phenyl)-2-(^^/tbutyl-dimethyl-silanyloxy)propyl ester [125]
OTs

OTBDM S
N H B oc

OM e

A solution of 130 (732.2 mg, 1.6 mmol) in anhyd. CH2CI2 (32.5 mL) was stirred at 0 °C
and treated with 2,6-lutidine (0.37 mL, 3.2 mmol) and TBDMSOTf (0.55 mL, 2.4
mmol). The reaction was stirred at 0 °C for 5 h, allowed to reach room temperature and
stirred for a further 16 h. It was then quenched with sat. NaHCOs solution (15 mL) and
extracted with EtOAc (3 x 25 mL). The combined organic extracts were dried (MgSO#),
filtered and concentrated in vacuo. Column chromatography (20% EtOAc in hexane)
yielded 917.5 mg (67%) of the title compound as a pale golden oil; R f 0.4 (20% EtOAc
in hexane); IR (neat) u^ax 3378, 2929, 2857, 2361, 1718, 1653, 1647, 1588, 1558, 1522
cm'^;

NMR (CDCI3, 400 MHz, ppm) ô 7.75 (d, 2H, 7 = 8.1 Hz, ArH), 7.41 (br s, IH,

NH), 7.34 (d, 2H, y = 8.0 Hz, ArH), 7.29 (s, IH, ArH),

6 .8 8

(d, l H , / = 8.4 Hz, ArH),

6.51 (dd, IH, y = 8.4, 2.4 Hz, ArH), 3.97 (m, IH, CHOTBDMS), 3.92 (dd, IH, y = 9.8,
4.9 Hz, CH2), 3.83 (dd, IH, J = 9.7,

6 .6

Hz, CH£), 3.77 (s, 3H, OCH3), 2.69 (dd, IH, J=
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15.0, 3.5 Hz, CH2), 2.67 (dd, 1H , J = 14.5, 8.0 Hz, CH2), 2.45 (s, 3H, ArCHs), 1.48 (s,
9H, C(CH3)3), 0.80 (s, 9H, C(CH 3)3), -0.07 (s, 3H, SiCm), -0.28 (s, 3H, 8 1 % );
NMR (CDCI3, 100 MHz, ppm) Ô 159.0 (A1ÇO), 153.0 (C=0), 145.0 (A1ÇCH 3), 138.4
(ArCN), 132.9 (ArCS), 131.3 (AiCH), 129.9 (ArCH), 128.0 (ArCH), 119.3 (AiC),
110.0 (AiCH), 107.0 (ArCH), 80.1 (C(CH3)3), 72.0 (CHO), 71.8 (CHbOTs), 55.4
(OÇH3), 35.5 (ÇH2), 28.4 (3C, C(CH3)3), 25.8 (3C, SiC(CH3)3), 21.6 (A1CÇH 3), 17.9
(C(CH3)3), -5.1 (8 1 % ) , -5.2 ( 8 IÇH3); M 8 (E 8 +) m/z calculated for C28H43NO 7 8 8 I [M]
565.3. Found [M+ 1 ] 566.0; Analysis calculated for C28H43NO 7 8 I8 : C, 59.44; H, 7.66;
N, 2.48. Found: C, 59.53; H, 7.56; N, 2.49.

tert-RutyX 3-(^CTt-butyl-dimethyl-silanyloxy)-7-methoxy-3,4-dihydro-2^-qumoline1-carboxylate [133]
OTBDM S

N B oc

OMe

A solution of 125 (612.4 mg, 1.08 mmol) In THF (10 mL), at 0 °C, was treated with
NaH (90 mg, 3.6 mmol) In portions over 5 min. The reaction was left for 2 h then
quenched with the addition of sat. NaHC 0 3 solution (10 mL). The reaction mixture was
then extracted with EtOAc (3 x 25 mL) and the combined organic extracts were dried
(Mg8 0 4 ), filtered and concentrated in -vacuo yielding 422.0 mg (99%) of the title
compound as a golden oil without the need for purification; Rf 0.54 (10% EtOAc In
hexane); IR (neat) Um« 3010, 2952, 2927, 2855, 2358, 1733, 1697, 1653, 1647, 1635,
1615, 1584, 1558, 1540, 1506 cm '; 'H NMR (CDCI3, 400 MHz, ppm) S 7.24 (s, IH,
ArH), 6.92 (d, IH, J = 8.4 Hz, ArH), 6.58 (dd, IH,

8.4,2.6 Hz, ArH), 4.04 (m, IH,

CHOH), 3.95 (dd, IH, 7 = 12.5, 4.0 Hz, CH2), 3.76 (s, 3H, OCH3), 3.30 (dd, IH, J =
12.5, 8.3 Hz, CH2), 2.94 (dd, IH, J = 5.7,15.9 Hz, CH2), 2.65 (dd, IH, J = 15.9,5.7 Hz,
c m ) , 1.51 (s, 9H, C(CH 3)3), 0.88 (s, 9H, C(CH3)3), 0.09 (s, 6 H, Si(CH3)2); ' + NMR
(CDCI3, 100 MHz, ppm) 5 156.6 (ArCOCH 3), 152.6 (£= 0), 137.8 (A iQ , 129.5
(ArCH), 118.6 (A iQ , 110.6 (ArCH), 108.9 (ArCH), 79.9 (C(CH3)3), 64.9 (CHOSi),
54.4 (OÇH 3), 49.6 (CHa), 36.0 (CHa), 27.4 (3C, C(CH 3)3), 24,8 (3C, C(CH3)3), 17.2
(C(CH 3)3), -5.7 (2C, Si(CH3)a); MS (ES+) m/z calculated for CaiH35N 0 4 Si [M] 393.2.
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Found [M+1] 394.2; Analysis calculated for C21H 35NO 4S1: C, 64.08; H, 8.96; N, 3.56.
Found: C, 64.30; H, 9.05; N, 3.30.

/^rt-Butyl 3-hydroxy-7-methoxy-3,4-dihydro-2H-qumoline-l-carboxylate [134]

N Boc

OM e

A solution of 133 (333.3 mg, 0.85 mmol) in THF (3.5 mL) was treated with TBAF in
THF (0.98 mL, 0.94 mmol, 1.0 M). The reaction was stirred at room temperature for 30
min. Upon completion, the THF was removed in vacuo and the residual oil redissolved
in EtOAc. This solution is washed with H2O and subsequently extracted with EtOAc (3
X 10 mL). The combined organic extracts are then dried (MgS0 4 ), filtered and
concentrated in vacuo. Column chromatography (20% EtOAc in hexane) yielded 193.9
mg (82%) of the title compound as a pale yellow solid; Rf 0.50 (50% EtOAc in hexane);
mp = 107.9-108.3 °C; IR (neat) Umax 3503, 3461, 2972, 2930, 2898, 2359, 2342, 1734,
1717, 1698, 1669, 1647, 1636, 1616, 1578, 1559, 1541, 1533, 1506 cm '; 'H NMR
(CDCI3, 400 MHz, ppm)

8

7.27 (s, IH, ArH), 6.96 (d, IH, / = 8.4 Hz, ArH), 6.60 (dd,

IH, y = 8.4, 2.0 Hz, ArH), 4.22 (m, IH, CH), 3.77 (s, 3H, OCH3), 3.73 (m, 2H, CH2),
3.0 (dd, IH, J = 16.2,4.9 Hz, CH 2), 2.70 (dd, IH ,7 = 16.2,5.3 Hz, CHi), 2.00 (br s, IH,
OH), 1.52 (s, 9H, C(CHs)3);

NMR (CDCI3, 100 MHz, ppm) Ô 157.9 (AiÇOCH;),

154.1 (C=0), 138.7 (ArQ, 129.9 (ArCH), 118.5 (A rQ , 110.7 (ArCH), 109.1 (ArCH),
81.3 (C(CH3) 3), 65.1 (CHOH), 55.4 (OÇH3), 50.5 (CH;), 35.5 (ÇH2), 28.4 (3C,
0 (0113 )3);

MS (ES+) m/z calculated for O15H 21NO 4 [M] 279.3. Found [M+1] 280.0;

Analysis calculated for O15H21NO 4 : 0 , 64.50; H, 7.58; N, 5.01. Found: O, 64.69; H,
7.77; N, 4.87.
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3-methanesulfonyloxy-7-methoxy-3,4-dihydro-2^-quinoline-lcarboxylate [126]
OM s

N Boc

OMe

A solution of 134 (300 mg, 1.07 mmol) in anhyd. CH2CI2 (3 mL) was cooled to 0 °C
and then treated with EtgN (0.125 mL, 1.07 mmol) and MsCl (0.09 mL, 1.18 mmol).
The reaction was then allowed to stir at 0 °C for 1 h under N 2. The reaction was
quenched by the addition of H 2O (3 mL), extracted with EtOAc ( 3 x 1 0 mL) and the
combined organic extracts dried (MgS 0 4 ), filtered and concentrated in vacuo.
Trituration fi"om Et2 0 and hexane gave 219.2 mg (69%) of the title compound as a
white solid; R f 0.63 (50% EtOAc in hexane); mp = 112.9-114.8 °C; ER (neat) Umax 3026,
2980, 2945, 2838, 1694, 1617, 1577, 1506, 1222, 1041 cm''; 'H N M R (CDCI3, 400
MHz, ppm) 5 7.17 (d, IH, 7 = 2.0 Hz, ArH), 7.05 (d, IH, 7 = 8.5 Hz, ArH), 6.67 (dd,
IH, J = 8.4,2.5 Hz, ArH), 5.20 (m, IH, CHOMs), 4.23 (dd, IH, J = 13.9, 3.4 Hz, CH 2),
3.72 (s, 3H, OCH3), 3.58 (dd, IH, 7 = 13.8, 1.8 Hz, CH2), 3.22 (s, 3H, SO2CH 3), 3.15
(dd, IH, y = 17.4, 5.1 Hz, CH2), 2.92 (d, IH, / = 17.4 Hz, GHz), 1.47 (s, 9H, C(CH3)3);
'^C NMR (CDCI3, 100 MHz, ppm) 5 157.2 (A1ÇOCH 3), 153.0 (C=0), 138.3 (ArCN),
129.6 (ArCH), 117.1 (ArC), 110.4 (AiCH), 109.0 (ArCH), 80.7 (C(CH3)3), 74.4
(CHOMs), 55.1 (OÇH3), 47.3 (CH;), 37.6 (SO2ÇH 3), 32.1 (CH;), 27.8; MS (ES+) m/z
calculated for C 16H 23NO 6S [M] 357.4. Found [M+1] 358.1; Analysis calculated for
C 16H23NO 6S: C, 53.77; H, 6.49; N, 3.92. Found: C, 53.85; H, 6.50; N, 3.87.

4-Benzyloxy-2-mtroaniline [137]

OBn

4-Hydroxy-2-nitroaniline (5 g, 32.4 mmol) was suspended in an aq. soln. of NaOH (50
mL, 10% v/v) and treated with THAI (1.2 g, 3.2 mmol). A solution of benzyl bromide
(4 mL, 32.4 mmol) in CH2CI2 (50 mL) was then added and the two-phase reaction
mixture stirred vigorously for

2

h. The reaction mixture was diluted with CH2CI2 (50
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mL), washed with H2O (10 mL), separated and the aqueous phase further extracted with
CH2CI2 (3 X 25 mL). The combined organic extracts were dried (MgS0 4 ), filtered and
concentrated in vacuo. Crystalisation of the resulting crude solid from EtOAc and
hexane gave 7.23 g (92%) of the title compound as a blood red crystalline solid; Rf 0.37
(25% EtOAc in hexane); mp = 127-129 °C; IR (neat) Umax 3474, 3348, 2930, 1640,
1592, 1571, 1508, 1413, 1334, 1203, 1152, 1013, 830, 745 cm '; 'H NMR (CDCI3, 400
MHz, ppm) 5 7.63, (d, IH, / = 2.9 Hz, ArH), 7.31-7.40 (m, 5H, CeHj), 7.12 (dd, 1 H ,J=
2.9, 9.1 Hz, ArH), 6.80 (d, IH, y = 9.1 Hz, ArH), 5.69 (br s, 2H, NHz), 5.01 (s, 2H,
CHaPh); ‘^C NMR (CDCI3, 100 MHz, ppm) 5 149.8 (ArCOCHaPh), 140.1 (AiCCHa),
136.3 (AiCNOa), 131.4 (ArCNHa), 128.7 (2C, ArCH), 128.2 (ArCH), 127.7 (20,
AiCH), 127.3 (AiCH), 120.3 (ArCH), 107.3 (ArCH), 70.8 (OCHa); MS (ES+) m/z
calculated for C 13H 12N 2O3 [M] 244.5. Found

[M+1] 245.0; Analysis calculated for

C 13H 12N 2O 3: C, 63.93; H, 4.95; N, 11.47. Found: C, 63.46; H, 4.71; N, 11.26.

l-AllyI-4-benzyloxy-2-nitrobenzene [138]

OBn

137 (13 g, 53 mmol) was added portionwise over 20 min to a solution of terr-butyl
nitrite (10.5 mL, 79.8 mmol) and allyl bromide (69.2 mL, 79.8 mmol) in dried and
degassed CH3CN (50 mL) under N%. The exothermic reaction was cooled using a room
temperature water-bath. A further 0.5 equiv. of rert-butyl nitrite (3.5 mL, 26.6 mmol)
was added to the reaction mixture after the final addition of 137 and the reaction
mixture stirred for 1 h at room temperature, under N 2. The volatile material in the
reaction mixture was removed in vacuo. The crude reaction mixture was filtered
through silica gel to remove highly polar impurities. Column chromatography (1%
EtOAc in hexane) gave 3.58 g (25%) of the title compound as a golden oil; Rf 0.71
(25% EtOAc in hexane); IR (neat) Umax 3066, 3033, 2979, 2914, 2345, 1734, 1638,
1619, 1570, 1524, 1497, 1346, 1240, 811, 735 cm '; 'H NMR (CDCI3, 400 MHz, ppm)
5 7.53 (d, IH, y = 2.7 Hz, ArH), 7.44-7.32 (m, 5H, ArH), 7.25 (d, IH, y =

8 .6

Hz, ArH),

7.14 (dd, IH, y = 2.7, 8.5 Hz, ArH), 5.94 (m, IH, =CH), 5.10 (s, 2H, OCH2), 5.08 (dd,
IH, y = 1.5, 9.1 Hz, =CH 2), 5.05 (dd, IH, y = 1.5, 16.9 Hz, C H 2), 3.62 (d, 2H, y = 6.4
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Hz, ArCHa). '^C NMR (CDCI3, 100 MHz, ppm) S 157.5 (AiCOCHaPh),

149.6

(A1ÇNO 2), 135.9 (A1ÇCH 2O), 135.5 (=CH), 132.8 (AiCH), 128.8 (2C, ArCH), 128.4
(AiCH), 127.5 (2C, AiCH), 127.1 (A1ÇCH 2), 120.5 (ArCH), 116.7 (^CHa), 110.4
(ArCH), 70.6 (OÇH2), 36.4 (CHa); MS (ES-) m/z calculated for C 16H 15NO 3 [M] 269.1.
Found [M-1] 268.0; Analysis calculated for C 16H 15NO 3: C, 71.36; H, 5.61; N, 5.20.
Found: C, 71.62; H, 5.50; N, 5.15.

3-(4-Benzyloxy-2-nitrophenyl)propane-l,2-diol [139]

OBn

A solution of NMO (47.9 mg, 0.41 mmol) in H 2O (1 mL) and acetone (0.5 mL) was
treated with OSO4 (11 |iL, 2.5% solution in ^BuOH) and 138 (146.5 mg, 0.54 mmol).
The two phase reaction was stirred at room temperature under N 2 for 16 h, after which
time Na 2SOs (555.0 mg) was added and the resulting slurry stirred for a further 3 h. The
reaction was filtered and the residue washed with EtOAc (3 x 10 mL). The two phases
were separated and the aqueous phase extracted with EtOAc (3 % 10 mL). The
combined organic extracts were dried (MgS0 4 ), filtered and concentrated in vacuo.
Column chromatography (75% EtOAc in hexane) gave 97.3 mg (59%) of the title
compound as an off-white solid; Rf 0.4 (100% EtOAc); mp = 87.6-89.9 °C; IR (neat)
Umax 3387, 3264, 3103, 3064, 3028, 2923, 2861, 2356, 1620, 1519, 1469, 1342, 1285,
1106, 1014,

868,

740, 694 cm'^;

NMR (CDCI3, 400 MHz, ppm) Ô 7.50 (d, l H , / =

2.7 Hz, ArH), 7.44 (d, 2 H, / = 7.2 Hz, ArH), 7.39 (d, IH,
(m, 3H, ArH), 7.22 (dd, IH, J =

8 .6 ,

8 .6

Hz, ArH), 7.39-7.31

2.7 Hz, ArH), 5.18 (s, 2H, OCH2), 3.82-3.79 (m,

IH, CHOH), 3.51 (dd, 1 H , J = 11.2, 4.6 Hz, CH2OH), 3.46 (dd, 1 H , J = 11.2, 6.1 Hz,
CH2OH), 3.09 (dd, IH, J = 13.8, 4.3 Hz, A1CH 2), 2.84 (dd, IH, J = 13.9, 8.5 Hz,
ArCH 2);

NMR (CDCI3, 100 MHz, ppm) Ô 156.7 (ArC0 CH2Ph), 150.5 (ArCN0 2 ),

136.4 (ArCCH2 0 ), 133.8 (ArCH), 128.5 (AiCH), 128.0 (ArCH), 127.8 (ArCH), 125.5
(ArCCH2), 119.5 (ArCH), 109.7 (ArCH), 71.5 (ÇHOH), 69.8 (OÇH2), 65.5 (ÇH2OH),
35.0 (A1ÇH 2); MS (ES-) m/z calculated for C 16H 17NO 5 [M] 303.1. Found [M-1] 302.1;
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Analysis calculated for C 16H 17NO 5: C, 63.36; H, 5.65; N, 4.62. Found: C, 63.22; H,
5.67; N, 4.57.

/CTt-Butyl7V-[5-benzyloxy-2-(23-dihydroxypropyl)phenyl-]-carbamate [140]

N H B oc

OBn

139 (1.54 g, 5 mmol) was dissolved in a solution of Et2 0 , EtOH and H 2O (22:7:1, 150
mL total volume). Aluminium foil (50 mmol, 1.35 g) was cut into strips and rolled into
coils. Each coil was then dipped into Et2 0 briefly, and subsequently immersed in a
stirred 2% aqueous solution of HgCb for 20 seconds. The amalgamated coil was then
dipped briefly in Et2 0 and added to the reaction mixture. After the addition of the
amalgamated aluminium, the resulting green solution was allowed to stir for 5 h at room
temperature. EtOAc was added to the reaction mixture and the resulting suspension
filtered through Celite. The residue was washed with EtOAc (3 x 15 mL) and the
combined organic filtrates dried (MgS0 4 ), filtered and concentrated in vacuo. The crude
aniline was dissolved in anhyd. 1,4-dioxane (25 mL) at room temperature and treated
with EtgN (0.71 mL, 5 mmol) and B 0 C2O (1.11 g, 5 mmol). The solution was heated at
reflux for 18 h, then cooled, washed with 1% HCl (25 mL) and extracted with EtOAc (3
X 25 mL). The combined organic extracts were dried (MgS0 4 ), filtered and concentrated
in vacuo. Column chromatography (50% EtOAc in hexane) afforded 896 mg (47%) of
the title compound as a mustard yellow solid; Rf 0.24 (50% EtOAc in hexane); mp =
166.0-167.6 °C; IR (neat)

3311, 3033, 3003, 2977, 2928, 2859, 2357, 1678, 1610,

1583,1520,1247,1154,1005,697 cm '; ‘H NMR (CDCI3 , 400 MHz, ppm) 5 8.93 (br s,
IH, NH), 7.45 (d, 2H, J = 7.1 Hz, ArH), 7.39 (t, 2H, 7 = 7.1 Hz, ArH), 7.33 (d, IH, J =
7.1 Hz, ArH), 7.31 (s, IH, ArH), 7.06 (d, IH, / = 8.4 Hz, ArH), 6.67 (dd, IH, J = 8.4,
2.7 Hz, ArH), 5.04 (s, 2H, OCH 2) 5.1-4.6 (br s, 2 H, OH), 3.61 (m, IH, CHOH), 3.27
(dd, IH, J = 5.6, 10.8 Hz, CH2OH), 3.24 (dd, IH, 7 = 5.8,10.6 Hz, CHjOH), 2.69 (dd,
IH, y = 3.5, 14.2 Hz, ArCHz), 2.53 (dd, IH, J = 7.6, 15.3 Hz, ArCHz), 1.45 (s, 9H,
(CHs);); '^C NMR (CDCI3, 100 MHz, ppm) Ô 156.9 (A1ÇOCH 2PI1), 152.9 (C=0), 138.3
(A1CCH 2O), 137.2 (AiCNH), 131.5 (ArCH), 128.4 (20, ArCH). 127.7 (ArCH), 127.5
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122.9 (A1ÇCH 2), 109.5 (AiCH), 108.9 (ArCH), 78.9 (C(CH3)3), 72.9

(CHOH), 69.2 (OCHiAr), 64.8 (ÇH2OH), 34.8 (A1ÇH 2), 28.1 (3C, C(CH3)3); MS (ES+)
m/z calculated for C21H 27NO 5 [M] 373.4. Found [M+1] 374.1; Analysis calculated for
C21H27NO 5: C, 67.54; H, 7.29; N, 3.75. Found: C, 67.51; H, 7.43; N, 3.75.
Toluene-4-sulphonic acid 3-(4-benzyloxy-2-^ert-butoxycarbonylamino-phenyl)-2hydroxy-propyl ester [141]
OTs

OH
N H B oc

OBn

Et3N (0.096 mL, 0.689 mmol) was added to a solution of 140 (0.237 g, 0.634 mmol) in
anhyd. THF (2.5 mL) at room temperature, under N 2. A solution of TsCl (0.122 g, 0.642
mmol) in anhyd. THF (1 mL) was then added to the reaction mixture dropwise. The
reaction was then stirred at room temperature under N 2 for 18 h. The reaction mixture
was quenched with sat. NaCl, extracted with EtOAc (3 x 25 mL), dried (MgS0 4 ),
filtered and concentrated in vacuo. Column chromatography (25% EtOAc in hexane)
yielded 197.3 mg (59%) of the title compound as a white solid; Rf 0.20 (25% EtOAc in
hexane); mp = 148.1-149.9 °C; IR (neat) w

3755, 3256, 2971, 2911, 1685, 1614,

1588, 1530, 1366, 1292, 1175, 993, 842, 667 cm‘^; ^H NMR (CDCI3, 400 MHz, ppm) Ô
7.81 (d, 2H, J = 8.2 Hz, ArH), 7.70 (br s, IH, NH), 7.51 (s, IH, ArH), 7.45-7.31 (m, 7H,
ArH), 6.92 (d, IH, J = 8.4 Hz, ArH), 6.63 (dd, IH, J = 8.43, 2.5 Hz, ArH), 5.05 (s, 2H,
OCfLPh), 4.12 (m, IH, CHOH), 4.07 (dd, IH, J= 10.2, 3.5 Hz, CH2OTS), 3.95 (dd, IH,
J = 10.0, 7.7 Hz, CH2OTS), 2.78 (br s, IH, CHOH), 2.74 (dd, IH, J = 14.7, 3.5 Hz,
ArCHz), 2.67 (dd, IH, J = 14.7, 7.4 Hz, ArCEb), 2.47 (s, 3H, A1CH 3), 1.57 (s, 9H,
(CH3)3); ^^C NMR (CDCI3, 100 MHz, ppm) Ô 158.4 , 153.5 (C=0), 145.2 (A1ÇCH 3),
138.4 (ArCCHzO), 137.0 (AiÇNH), 132.6 (ArÇSOi), 131.3 (ArÇH), 130.0 (2C, ArÇH),
128.5 (2C, ArÇH), 128.0 (2C, ArÇH), 127.9 (ArÇH), 127.6 (2C, ArÇH), 120.0
(ArÇCHz), 111.0 (ArÇH), 109.0 (ArÇH), 80.2 (Ç(CH3)s), 73.0 (ÇHzOTs), 71.1
(ÇHOH), 70.1 (OÇHzPh), 34.4 (ArÇHz), 28.4 (3C, C(ÇHs)3), 21.7 (ArÇHs); MS (ES+)
m/z calculated for C28H 33NO 7S [M] 527.2. Found [M+H]^ 528.3; Analysis calculated
for C28H33NO 7S: C, 63.74; H, 6.30; N, 2.65. Found: C, 63.70; H, 6.20; N, 2.58.
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Toluene-4-sulphonic acid 3-(4-benzyloxy-2-/ert-butoxyearbonylammo-phenyl)-2(r^rt-butyl-dimethyl-silanyloxy) propyl ester [142]
O Ts

OTBDM S
N H B oc

OBn

A solution of 141 (63.2 mg, 0.12 mmol) in anhyd. CH2CI2 (1 mL) was stirred at 0 °C
and treated with 2,6-lutidine (0.033 mL, 0.29 mmol) and TBDMSOTf (0.049 mL, 0.22
mmol). The reaction was stirred at 0 °C for 5 h, allowed to reach room temperature and
stirred for a further 18 h. It was then quenched with sat. NaHCOs (5 mL) and extracted
with EtOAc (3 X 10 mL). The combined organic extracts were dried (MgS 0 4 ), filtered
and concentrated in vacuo. Column chromatography (10% EtOAc in hexane) gave 53.2
mg (75%) of the title compound as a golden oil; Rf 0.59 (25% EtOAc in hexane); IR
(neat)

3365, 2928, 2856, 1724, 1521, 1364, 1174, 1154, 979, 836, 809, 777 cm’’;

‘H NMR (CDCU, 400 MHz, ppm) 5 7.79 (d, 2H, 7 = 8.1 Hz, ArCH), 7.54 (s, IH,
AiCH), 7.43-7.29 (m, 7H, ArCH), 6.89 (d, IH, / = 8.4 Hz, ArCH), 6.58 (dd, IH, 7 =
8.3,2.1 Hz, ArCH), 5.04 (s, 2H, ArCIfcO), 3.97 (m, IH, CH), 3.92 (dd, IH, J = 9.8,4.8
Hz, CEbOTs), 3.85 (dd, IH, 7 = 9.2, 6.5 Hz, CHzOTs), 2.74-1.60 (m, 2H, A1CH 2), 2.45
(s, 3H, A1CH 3), 1.49 (s, 9H, OC(CÜ3)3), 0.80 (s, 9H, SiC(CH3)3), -0.06 (s, 3H, SiCIL),
-0.29 (s, 3H, SiCHa); ‘^C NMR (CDCI3, 100 MHz, ppm) 5 158.2 (A1COCH 2PI1), 153.0
(C=0), 145.1 (ArCCHa), 138.5 (A1ÇCH 2O), 137.1 (ArCNH), 132.9 (A1ÇSO 2), 131.3
(ArCH), 129.9 (2C, ArCH), 128.5 (2C, ArCH), 128.0 (2C, ArCH), 127.8 (ArCH), 127.6
(2C, ArÇH), 119.7 (AiCCHj), 110.6 (ArÇH), 108.2 (ArÇH), 80.2 (Ç(CH3)a), 72.1
(ÇH), 71.8 (ÇH2OTS), 70.1 (OÇHaPh), 35.5 (ArÇH2), 28.4 (3C, C(ÇHa)a), 25.8 (3C,
C(ÇHa)a), 17.9 (Ç(CHa)a); MS (ES+) m/z calculated for CaArNOTSSi [M] 641.3.
Found [M+1] 642.4; Analysis calculated for C34H47NO?SiS: C, 63.62; H, 7.38; N, 2.18.
Found: C, 63.65; H, 7.20; N, 2.09.
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/^rt-Butyl 7-benzyloxy-3-(^^-butyl-dimethyl-silanyloxy)3,4-dihydro-2H-quinolme1-carboxylate [143]
OTBDM S

N B oc

OBn

A solution of 142 (14.3 mg, 0.022 mmol) in THF (0.2 mL), at 0 °C, was treated with
NaH (2 mg, 0.05 mmol) and left stirring at 0 °C for 2 h. The reaction was then
quenched with the addition of sat. NaHCOs solution (5 mL), extracted with EtOAc (3 x
5 mL) and the combined organic extracts were dried (MgS0 4 ), filtered and concentrated
in vacuo yielding 10.5 mg (99%) of the title compound as a colourless oil; Rf 0.73
(25% EtOAc in hexane); IR (neat) u^ax 3001, 2926, 2854, 1691, 1503, 1390, 1363,
1147, 1075, 834, 778, 694 cm '; 'H NMR (CDCU, 400 MHz, ppm)
ArH), 6.96 (d, IH, J = 8.4 Hz, ArH),

6 .6 8

6

7.38 (m, 6 H,

(dd, 1 H ,J = 8.4, 2.6 Hz, ArH), 5.05 (s, 2H,

CHzPh), 4.08 (m, IH, CH), 3.98 (ddd, IH, J = 12.5, 3.9,0.9 Hz, CHj), 3.33 (dd, IH, J =
12.5, 8.4 Hz, CH2), 2.98 (dd, IH, / = 15.2, 5.7 Hz, CH2), 2.69 (dd, IH, 7 = 15.9, 7.7 Hz,
CH2), 1.54 (s, 9H,

0

C(CH3)3), 0.91 (s, 9H, SiC(CH3)3), 0.12 (s, 6 H, Si(CH3)2); "C

NMR (CDCI3, 100 MHz, ppm) 5 156.9 (ArCOCHzPh), 153.6 (C=0), 138.8 (A1ÇCH 2),
137.2 (AiC), 129.6 (ArÇH), 128.5 (20, ArÇH), 127.9 (ArÇH), 127.5 (20, ArÇH), 119.9
(AiÇ), 111.3 (ArÇH), 110.0 (ArÇH), 81.0 (OÇ(OH3)3), 70.2 (ÇH2PI1), 65.9 (ÇH), 50.7
(ÇH2), 37.0 (ÇH2), 28.4 (30,

0 0

(ÇH3)3), 25.9 (30, SiO(ÇH3)3), 18.2 (SiÇ(OH3)3), -4.7

(20, Si(ÇH3)2); HRMS mlz required for 027H3;NNa 0 4 Si [M+Na]'*' 429.2546. Found
[M-t-Na]* 492.2538.

Ethyl l-benzoyI-5-nitro-lFf-indole-2-carboxylate [186]
O.

E tO

N
Bz

A solution of ethyl 5-nitroindole-2-carboxylate (10.52 g, 0.045 mol) in anhyd. CH2CI2
(100 mL) was treated with DMAP (5.54 g, 0.045 mol), EtgN (6.26 mL, 0.085 mol) and
benzoyl chloride (8.28 mL, 0.048 mol). The reaction mixture was allowed to stir at
room temperature for 16 h. NaHCOs aq. soln. (25 mL, 10% v/v) was added to quench
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the reaction and the aqueous phase subsequently extracted with CH 2CI2 (3 x 25 mL).
The organic extracts were then combined, dried (MgSO#), filtered and concentrated in
vacuo to afford a yellow solid. The crude material was then ciystalised fi*om EtOAc and
hexane (1:9) to give 13.58 g (94%) of the title compound as an off-white solid; Rf 0.45
(25% EtOAc in hexane); mp = 109.9-110.3 °C; IR (neat) Umax 3071, 2931, 1726, 1690,
1306, 1192, 746 cm"';

NMR (CDCI3, 400 MHz, ppm) 5 8.64 (d, IH, / = 2.2 Hz,

ArH), 8.24 (dd, IH, 9.2, 2.3 Hz, ArH), 7.79 (d, IH, / = 9.24 Hz, ArH), 7.69-7.67 (m,
2H, ArH), 7.64-7.60 (m, IH, ArH), 7.50-7.46 (m, 3H, ArH), 4.02 (q, 2H, J = 14.3, 7.2
Hz, CH2), 1.10 (t, 3H, y = 14.3, 7.1 Hz, CH3);

NMR (CDCI3, 100 MHz, ppm) 5

168.5 (ArCO), 160.1 (CH2ÇO 2), 144.1 (ArCN), 141.0 (A1ÇNO 2), 134.4 (A1ÇCO),
134.0 (ArÇH), 133.8 (ArÇ), 129.5 (2C, ArÇH), 129.1 (2C, ArÇH), 126.7 (ÇCO2CH2),
121.9 (ArÇH), 119.2 (ArÇH), 115.0 (ÇH), 114.2 (ArÇH), 61.9 (ÇH;), 13.8 (ÇH3); MS
(ES+) m/z calculated for C 18H 14N 2O5 [M] 338.3. Found [M+1] 339.0; Analysis
calculated for C 18H 14N 2O 5: C, 63.90; H, 4.17; N, 8.28. Found: C, 63.87; H, 4.06; N,

8.22.

Ethyl 5-amino-l-benzoyl-l/r-indole-2-carboxylate [187]

O,

E ,0

6

186 (6.78 g, 0.02 mol) was dissolved in anhyd. THF (60 mL) and degassed for 15 min
with N 2 . Pd/C (0.67 g, 10% w/w) was added and the reaction left at room temperature
for 16 h under a positive pressure of H 2. Filtration through Celite and concentration in
vacuo yielded a crude oil. Column chromatography (35% EtOAc in hexane) gave 4.23 g
(69%) of the title compound as a golden oil; R f 0.13 (35% EtOAc in hexane); IR (neat)
Umax 3365, 2979, 1702, 1683, 1308, 1221, 1175, 1090, 696 cm''; ’H N M R (CDCI3, 400
MHz, ppm) 5 7.69 (d, IH, J=

8 .8

Hz, ArH), 7.71-7.68 (m, 2H, ArH), 7.58-7.54 (m, IH,

ArH) 7.45 (t, IH, / = 7.8 Hz, ArH), 7.20 (s, IH, ArH), 6.92 (d, IH, J = 2.2 Hz, ArH),
6.81-6.84 (dd, IH, J =

8 .8 ,

2.2 Hz, ArH), 3.94-3.89 (q, 2H, J = 7.1 Hz, CH2), 2.05 (br s,

2H, NH 2), 1.08-1.05 (t, 3H, J = 7.1 Hz, CH3). ^^C NMR (CDCI3 , 100 MHz, ppm) Ô
169.0 (A1ÇO), 161.1 (CH2ÇO 2), 142.9 (A1ÇNO2), 136.0 (A1ÇCO), 133.3 (AiC), 132.8
(AiCH), 131.3 (ArCN), 129.2 (2C, ArÇH), 128.7 (2C, ArÇH), 128.3 (ÇCO2CH2), 117.4
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(Ai€H), 115.4 (ÇH), 115.1 (AiCH), 106.0 (Ai€H), 61.2 (OÇH2), 13.9 (CH3); MS
(ES+) m/z calculated for C 18H 16N2O3 [M] 308.1. Found [M+1] 309.2; Analysis
calculated for C 18H 16N 2O3: C, 70.12; H, 5.23; N, 9.09. Found: C, 69.74; H, 5.38; N,
8.71.

Ethyl 5-amiiio-l-benzoyl-4-bromo-LÉr-mdole-2-carboxylate [188]
Br

E tO

N
Bz

187 (5.7 g, 18.5 mmol) and TsOH (1.4 g, 7.4 mmol) were dissolved in THF (30 mL)
and the resulting solution cooled to 0 °C. The reaction mixture was then treated with a
solution of NBS (3.6 g, 20.3 mmol) in THF (30 mL), allowed to warm to room
temperature, then stirred for 3 h under N 2. The reaction was quenched with sat.
NaHC 0 3 (50 mL) and extracted with CHCI3 (3 x 25 mL). The combined organic
extracts were then dried (MgS0 4 ), filtered and concentrated in vacuo. Column
chromatography (15% EtOAc in hexane) gave 4.19 g (59%) of the title compound as a
yellow crystalline solid; Rf 0.44 (30% EtOAc in hexane); mp = 156.7-158.3 °C; IR
(neat)

3374,2972,1736,1713, 1522,1337, 1234, 1143 cm '; ‘H NMR (CDCI3, 400

MHz, ppm) 6 7.68 (d, 2H, J= 7.1 Hz, ArH), 7.62 (d, IH, J=

8 .8

Hz, ArH), 7.58 (m, IH,

ArH), 7.46 (t, 2H, J = 7.8 Hz, ArH), 7.30 (s, IH, ArH), 6.89 (d, IH, 7 =

8 .8

Hz, ArH),

4.10 (br s, 2H, NH 2), 3.95 (q, 2H, J = 7.1 Hz, CH2), 1.09 (t, 3H, 7 = 7.1 Hz, CH 3); '^C
NMR (CDCI3, 100 MHz, ppm) 5 168.9 (NC=O),160.7 (COiEt), 140.4 (ArCNH:), 135.6
(ArCC=0), 133.1 (ArCH), 132.6 (ArC), 131.3 (A iQ , 129.3 (2C, ArCH), 128.8
(CCOjEt), 128.7 (20, ArCH), 117.2 (ArCH), 114.8 (ÇH), 114.1 (ArCH), 100.0
(AiCBr), 61.4 (OÇH2), 13.9(CH3); MS (ES+) m/z calculated for CigHisBrN2 0 3 [M]
386.0. Found [M+1] 387.0; Analysis calculated for Ci 8Hi$BfN2 0 3 : C, 55.83; H, 3.90;
N, 7.23. Found: C, 55.84; H, 3.94; N, 6.97.
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Ethyl l-benzoyI-4-bromo-5-^^rt-butoxycarbonylainino-10-iiidole-2-carboxylate
[189]

Bz

A solution of 188 (6.0 g, 15.5 mmol) in anhyd. 1,4-dioxane (0.3 L) was treated with
B 0 C2O (27 g, 0.12 mol) and EtgN (2.6 mL, 18.7 mmol) and heated under reflux for 16 h.
The reaction mixture was then cooled, washed firstly with a solution of 1% HCl, then
subsequently with a solution of NaCl, then the two phases were separated and the
organic phase dried (MgS0 4 ) and concentrated in vacuo. Column chromatography (5%
EtOAc in hexane) gave 5.8 g (78%) of the title compound as an beige solid; Rf 0.71
(30% EtOAc in hexane); mp = 103.1-105.3 °C; ER (neat) Umax 3342, 3094, 2967, 1709,
1696, 1537,1508, 1447,1332,1229, 1188,1154, 961, 825, 758, 737, 718, 699 cm '; ‘H
NMR (CDCb, 400 MHz, ppm) 5 8.13 (d, IH, J = 9.4 Hz, ArH), 7.68 (m, 3H, ArH),
7.59 (dd, IH, y = 7.4 Hz, ArH), 7.46 (dd, 2H, J = 7.6 Hz, ArH), 7.36 (s, IH, ArH), 6.96
(br s, IH, NH), 3.98 (q, 2H, J = 7.1 Hz, CH2), 1.54 (s, 9H, (CH;):), 1.10 (t, 3H, y = 7.3
Hz, CH3); '^C NMR (CDCI3, 100 MHz, ppm) 5 168.7 (0=0), 160.5 (C=0), 152.8
(2= 0), 135.1 (AiC), 134.8 (ArC), 133.4 (ArCH), 132.4 (ArQ, 131.7 (AiC), 129.4
(AiCH), 128.8 (ArÇH), 128.1 (ArÇCOzEt), 120.9 (AiCH), 114.8 (ArÇH), 113.5
(AiÇH), 105.5 (ArÇBr), 81.1 (Ç(CH3)3), (61.5 (OÇH2), 28.4 (3C, C(ÇH3)3), 13.9 (ÇH3);
MS (ES+) m/z calculated for CisHigBrNiOs [M] 488.1, 486.1. Found [M+1] 489.4,
487.4; Analysis calculated for C23H23BrN 2 0 5 : C, 56.68; H, 4.76; N, 5.75. Found: C,
56.50; H, 4.77; N, 5.42.

Ethyl l-benzoyl-5-benzoylammo-4-bromo-lÉr-mdole-2-carboxylate [190]

Bz

A solution of 187 (2.59 g, 6.69 mmol) in acetone (50 mL) and CH2CI2 (10 mL) was
treated with benzoyl chloride (0.85 mL, 7.36 mmol), K2CO3 (2.3 g, 16.7 mmol) and
DMAP (81.8 mg, 0.67 mmol). The reaction vessel was then purged with N 2 and the
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reaction left stirring for 16 h under N 2 . The reaction mixture was concentrated in vacuo
and the resulting crude solid redissolved in CH2CI2 (50 mL), filtered, and the solid
impurities rinsed with CH2CI2 ( 3 x 1 0 mL). The combined organic fractions were then
washed with sat. NaHCOg soln. (25 mL) and the aqueous phase extracted with CH 2CI2
(3

X 10 mL). The organic fiuctions were dried (MgS0 4 ), filtered and concentrated in

vacuo. Column chromatography (75% CHCI3 in hexane) afforded 3.2 g (quant.) of the
title compound as a pale yellow solid; Rf 0.43 (85% CH2CI2 in hexane); mp = 171.5173.8 ‘‘C; IR (neat) Umax 3412, 2973, 1712, 1694, 1673, 1533, 1225, 1188, 1174, 694,
705 cm''; ‘H NMR (CDCI3, 400 MHz, ppm) S 8.47 (d, IH, J = 9.1 Hz, ArH), 8.42 (br s,
IH, NH), 7.98 (d, 2H, y = 7.1 Hz, ArH), 7.72 (m, 3H, ArH), 7.61 (m, 2H, ArH), 7.51
(m, 4H, ArH), 7.41 (s, IH, CH), 4.02 (q, 2H, y = 14.3,7.1 Hz, CHj), 1.13 (t, 3H, y = 7.1
Hz, CH3); "C NMR (CDCI3, 100 MHz, ppm) S 168.7 (C=0), 165.4 (C O ), 160.4
(C O ), 135.5 (A1Ç C O ), 134.9 (ArCNH), 134.5 (A rC C O ), 133.6 (ArÇH), 132.2
(ArCH), 131.9 (ArC), 131.8 (CC0 2 Et), 129.5 (2C, ArCH), 129.0 (2C, ArCH), 128.9
(2C, ArCH), 128.1 (ArC), 127.2 (2C, ArÇH), 122.1 (ArCH), 114.7 (indole-ÇH), 113.6
(ArÇH), 107.2 (ArÇBr), 61.6 (OÇH2), 13.9 (ÇH3); MS (BS+) m/z calculated for
C25Hi 9BrN2 0 4 [M] 492.0, 490.0. Found [M+1] 493.1, 491.0; Analysis calculated for
C25H i 9BrN 2 0 4 i C, 61.11; H, 3.90; N, 5.70. Found: C, 60.99; H, 3.81; N, 5.68.

Ethyl-5-benzoylamino-4-bromo-L&-mdole-2-carboxyIate [191]

NHBz

E tO

A solution of 190 (1.87 g, 3.81 mmol) in anhyd. CH2CI2 (3.8 mL) was treated with
NaOEt in EtOH (5.7 mL, 11.4 mmol, 2 M) and stirred for 10 min. The reaction was
subsequently quenched with H2O (10 mL) and EtOAc (10 mL). The two phases were
then separated and the aqueous phase extracted with EtOAc (3 x 25 mL). The combined
organic extracts were dried (MgS0 4 ), filtered and concentrated in vacuo. Column
chromatography (85% CH2CI2 in hexane) gave 1.46 g (quant.) of the title compound as
an off-white solid; Rf 0.22 (25% EtOAc in hexane); mp = 231.9-232.5 °C; IR (neat) Unm
3311, 2982, 1688, 1675, 1542, 1457, 1300, 1246, 1201, 769, 700 cm '; 'H NMR
(CDÇI3 , 400 MHz, ppm) Ô 12.38 (br s, IH, NH) 10.12 (br s, IH, NHC=0), 8.03 (d, 2H,
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J = 7.3 Hz, ArH), 7.61 (m, 3H, ArH), 7.50 (d, IH, J= 8.7 Hz, ArH), 7.37 (d, IH, J = 8.7
Hz, ArH), 7.08 (s, IH, CH), 4.37 (q, 2H,

14.2, 7.1 Hz, OCH2), 1.37 (t, 3H, J = 7.1

Hz, CH3); ' ’C NMR (CDCI3, 100 MHz, ppm) S 165.6 (C=0), 160.8 (C=0), 135.6
(AiC), 134.2 (AiCN), 131.6 (AiCH), 129.4 (ArQ, 128.6 (AiC), 128.4 (2C, AjCH),
127.7 (CCOzEt), 127.6 (2C, ArÇH), 126.1 (ArÇH), 113.7 (ÇH), 112.1 (ArÇH), 107.4
(ÇH), 60.1 (OÇH2), 14.2 (ÇH3); MS (ES+) m/z calculated for CigHisBrNzOs [M] 387.0.
Found [M+1] 388.0; Analysis calculated for CigHi5BrN2 0 3 : C, 55.83; H, 3.90; N, 7.23.
Found: C, 55.77; H, 3.91; N, 7.11.

5-(Benzoyl ^ert-butoxycarbonylammo)-4-bromo-mdole-l,2-dicarboxylic acid 1-tertbutyl ester 2-ethyl ester [192]
Br

E tO

Bz

N
B oc

A solution of 191 (2.06 g, 5.3 mmol) in anhyd. CH2CI2 (60 mL) was treated with
B 0 C2O (6 .8 g, 31.2 mmol) and DMAP (1.3 g, 10.6 mmol) and the solution stirred at
room temperature under N 2 for 3 h. Concentration in vacuo of the solution and
subsequent purification by column chromatography (10% EtOAc in hexane) gave 2.86
g (91%) of the title compound as a white crystalline solid; Rf 0.41 (15% EtOAc in
hexane); mp = 69.2-70.7 °C; IR (neat) Umax 2978, 2357, 1732, 1684, 1253, 1143, 1070,
696 cm '; 'H NMR (CDCI3, 400 MHz, ppm) 5 8.11 (d, IH, J =

8 .8

Hz, ArH), 7.82 (d,

2H, J = 7.3 Hz, ArH), 7.53 (m, IH, ArH), 7.46 (m, 2H, ArH), 7.34 (d, IH, 7 =

8 .8

Hz,

ArH), 7.21 (s, IH, ArH), 4.41 (q, 2H, 7 = 7 .1 Hz, OCH2CH 3), 1.64 (s, 9H, (€ 113) 3), 1.43
(t, 3H, J = 7.14 Hz, OCH 2CH 3), 1.26 (s, 9H, (€ 113)3); '^€ NMR (€D€U, 100 MHz,
ppm) Ô 171.9 (Ç=0), 161.2 (Ç=0), 152.4 (ÇOzEt), 148.7 (Ç=0), 137.0 (AiÇ), 136.6
(ArÇN), 133.5 (ArÇ€=0), 132.1 (ArÇ), 131.5 (ArÇH), 129.4 (ÇÇO;), 128.3 (2€,
ArÇH), 128.1 (2€, ArÇH), 128.1 (ArÇH), 116.8 (ArÇBr), 114.7 (ArÇH), 114.5
(ArÇH), 85.5 (Ç(€H 3)3), 83.8 (Ç(€H 3)s), 61.7 (OÇH2€H 3), 27.8 (3€, €(ÇH 3)3), 27.5
(3€, €(ÇH 3)3), 14.2 (0 €H 2ÇH 3); MS (ES+) m/z calculated for € 2:H 3 ]BrN2 0 7 [M]
588.5, 586.5. Found [M+1] 589.1, 587.1; Analysis calculated for C2gH3 iBrN2 0 7 : C,
57.25; H, 5.32; N, 4.77. Found: C, 57.32; H, 5.14; N, 4.62.

191

Chapter Eight

Experimental

4-Bromo-5-^ert-butoxycarbonylamino-mdole-l,2-dicarboxylic

acid

1-^e/f-butyl

ester 2-ethyl ester [193]
f
/ E tO

A

H
-

'BOO

N
Boc

A solution of 192 (2.86 g, 4.87 mmol) in anhyd. CH2CI2 (145 mL) was cooled to 0 °C
and treated with NaOEt in EtOH (2.56 mL, 5.12 mmol, 2 M). After 90 s the reaction
was quenched by the addition of H 2O (50 mL) and EtOAc (50 mL). The two phases
were separated and the aqueous phase extracted with EtOAc (3 x 25 mL). The
combined organic extracts were dried (MgS0 4 ), filtered and concentrated in vacuo.
Column chromatography (5% EtOAc in hexane) gave 2.01 g (85%) of the title
compound as a white foam; Rf 0.61 (15% EtOAc in hexane); IR (neat) Umax 3374, 2972,
2933,1736,1712,1336,1232,1142,1073, 770 cm '; 'H N M R (CDClj, 400 MHz, ppm)
5 8.16 (br d, IH, y = 9.1 Hz, ArH), 7.99 (d, IH, J = 9.2 Hz, ArH), 7.08 (d, IH, 7 = 0.5
Hz, ArH), 6.93 (br s, IH, NH), 4.40 (q, 2H, J = 7.1 Hz, OCH2CH3), 1.63 (s, 9H,
(CH;);), 1.55 (s, 9H, (CHs);), 1.41 (t, 3H, y = 7.1 Hz, OCH2CH3); '^C NMR (CDCI3,
100 MHz, ppm) Ô 161.4 (0=0), 152.8 (Ç0 2 Et), 148.8 (Ç=0), 133.7 (ArÇ), 132.2
(ArÇN), 131.7 (AiÇ), 128.4 (ÇC0 2 Et), 120.1 (ArÇH), 114.4 (ArÇH), 114.0 (ArÇH),
105.1 (ArÇBr), 85.1 (Ç(CH3)3), 81.0 (Ç(CH3) 3), 61.6 (OÇH2CH 3), 28.3 (30, € ( £ ^ 3) 3),
27.8 (30, C(ÇH 3)3), 14.2 (OCH2ÇH 3); MS (ES+) m/z calculated for C2 iH 27BrN 2 0 6 [M]
484.1, 482.1. Found [M+1] 485.0, 483.0; Analysis calculated for C2 iH27BrN2 0 6 : C,
52.18; H, 5.63; N, 5.80. Found: C, 52.16; H, 5.75; N, 5.89.
4-Bromo-5-[^^-butoxycarbonyl-(3-chloro-allyl)amino]-indole-l,2-dicarboxyllc
acid l-tert-hxityX ester 2-ethyl ester [194]

Boc
E tO
B oc

A solution of 193 (2.01 g, 4.16 mmol) in anhyd. DMF (20 mL) was cooled to 0 °C and
treated with NaH (60%, 499.6 mg, 12.5 mmol) portionwise over 15 min. The resulting
suspension was stirred at 0 °C for 15 min. The reaction mixture was subsequently
treated with 1,3-dichloropropene (1.16 mL, 12.5 mmol), warmed to room temperature
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and stirred for 1 h. The reaction was quenched with NaCl{aq) and the two phases
separated. The aqueous phase was further extracted with EtOAc (3 x 25 mL) and the
combined organic extracts dried (MgS0 4 ), filtered and concentrated in vacuo. Column
chromatography (5% EtOAc in hexane) gave 2.06 g (89%) of the title compound as a
clear colourless oil; Rf 0.45 (10% EtOAc in hexane); IR (neat) Umax 2978, 1731, 1700,
1367, 1252, 1140, 1072, 776, 743 cm '; 'H NMR (CDCI3, 400 MHz, ppm) Ô 8.00 (m,
IH, AtH), 7.19 (m, IH, ArH), 7.15 (s, IH, ArH), 6.09-5.97 (m, 2H, =CH), 4.53 (dd,
0.4H, J = 16.5,6.2 Hz, NCH 2), 4.39 (q, 2.4H, 7 = 7.2 Hz, OCH2, NCHj) 4.34 (dd, 0.6H,
J = 10.9, 6.2 Hz, NCH 2), 3.94 (dd, 0.6H, J = 14.8, 6.9 Hz, NCHz), 1.63 (br s, 9H,
(CiD s), 1.40 (t, 3H, 7 = 7.1 Hz, CHj), 1.32 (br s, 9H, ( % ) ; ) ; '^C NMR (CDCI3, 100
MHz, ppm)

8

161.9 (COjEt), 154.9, 154.7 (C=0), 149.3 (C=0), 136.9 (A rQ , 136.4

(ArÇN), 132.5 (A rQ , 129.9 (A1ÇCO 2), 129.3, 128.9 (=<H), 128.5, 128.0 (ArCH),
122.2, 121.2 (=CH), 117.4 (AiCBr), 114.9 (2C, ArÇH), 86.1, 86.0 (Ç(CH3)3), 81.2,
82.1 (Ç(CH3)3), 62.3 (CO2ÇH 2), 49.8,46.7 (ÇH2N), 29.0,28.7 (30, C(ÇH3)3), 28.4 (30,
C(ÇH 3)3), 14.8 (ÇH 3); HRMS m/z required for O24H 30B1OIN2O6 [M+1] 559.1029.
Found [M+1] 559.1027.

8-ChloromethyI-7,8-dihydro-3,6-diaza-as-mdacene-2^,6-tricarboxylic acid 3,6-di-

tert-hxLiy\ ester 2-ethyl ester [195]

N B oc

B oc

A solution of 194 (0.7 g, 1.25 mmol) in anhyd. toluene (70 mL) was degassed for 15
min and subsequently treated with AIBN (43 mg, 0.28 mmol) and TTMSS (0.4 mL,
1.34 mmol). The reaction mixture was heated at 90 °C for 3 h then cooled to room
temperature and concentrated in vacuo. Column chromatography (2% EtOAc in hexane)
gave 443.8 mg (74%) of the title compound as a white oily wax; Rf 0.62 (30% EtOAc
in hexane); IR (neat) u^ax 2978, 1728, 1698, 1318, 1255, 1199, 1137, 1092, 847, 815
cm'^;

NMR (CDCI3, 400 MHz, ppm) Ô 8.01-8.45 (br d, IH, ArH), 7.97 (d, IH, / =

8.9 Hz, ArH), 6.99 (s, IH, ArH), 4.39 (q, 2 H ,J = 7.1 Hz, OCH2), 4.15 (m, 2H, CH2),
3.89 (m, 2H, CH, CH2), 3.56 (dd, IH,
1.58 (br s, 9H, (CH3)3), L41 (t, 3H,

11.8, 10.5 Hz, CH 2), 1.62 (s, 9H, (CHs)]),
7.2 Hz, CH2CH3); ^^C NMR (CDCI3, 100 MHz,
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ppm) Ô 161.7 (C=0), 152.4 (C=0), 149.1 (C=0), 134.3 (AiC), 132.2 (ArÇ), 129.3
(ArÇ), 128.1 (ArÇ), 127.9 (ArÇ), 115.2 (ArÇH), 114.6 (ArÇH), 111.0 (AiÇH), 84.8
(Ç(CH3)3), 77.2 (Ç(CH3)3), 61.6 (OÇH2), 52.5 (ÇH2CI), 46.6 (ÇH2N), 28.5 (3C,
C(ÇH 3)3), 27.8 (3C, C(ÇH3)3), 15.2 (ÇH), 14.3 (ÇH3CH2); HRMS m/z required for
C24H 31CIN2O6 [M+1] 479.1943. Found [M+1] 479.1947.

8.3

Experimental: Biology

126 (20 pM) was incubated with human liver microsomes at a protein concentration of
0.6 mg/mL in 50 mM Tris-HCl buffer (pH 7.4), 2 mM magnesium chloride. A sample
containing no drug but the same amount of DMSO was used as a control. The reaction
was initiated by adding NADPH (1 mM final concentration) and carried out for 20 min
at 37 °C. The incubation media was the centrifuged and the supernatant liquid collected.
This solution was then passed through a SPE Varian C l 8 column (1 mL CH3OH; 1 mL
CH3OH/H2 O (5:95, v/v) and the column was washed (2 mL CH3OH/H2O (5:95, v/v)
before the desired products were eluted

(1

mL CH3OH/CH2CI2 (5:95, v/v). This solution

was then evaporated to dryness before redisolving in 100 pL 50% acetonitrile, 0.1%
formic acid. The metabolites were separated on 5 p ACE 5 C l 8 , 15 cm x 0.075 mm ID
fi"om Hichrom (UK) utilising an LC Packings Ultimate with FAMOS auto sampler and
detected by a ThermoFinnigan LCQ^^^ mass spectrometer operating in data-dependent
scan mode.

Individual metabolites were subsequently analysed by LC-MS^;

chromatograms were recorded on the Q-TOF Ultimate mass spectrometer interfaced
with a Cap-LC low flow rate chromatography system (Micromass, Waters) and
separation was achieved on a C l 8 Waters Symmetry 3.5 p column, 75 pm x 150 mm.
For both systems a flow rate was set to 1 pL/min. Mobile phase A was 5% acetonitrile,
0.1% formic acid, and mobile phase B consisted of 95% actonitrile, 0.1% formic acid.
Gradient elution was performed starting at 40% B and rising to 90% B over 35 min, and
staying at 90% B for 10 min, before returning to 40% B.
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MeO
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OMe
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Key seco and spirocyclised pharmacophores
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OH
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OH

O
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(+)-A^Boc-jgco-CQ
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57
(+)-JV-Boc-Cl
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OH
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33

Minor-groove Binders

(+)-AABoc-jgco-DSA
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Numbering systems
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5,6,7-trimethoxy indole
TMI
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5-methoxy indole
MI
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derivatives derivatives

Prodrug analogues
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