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ABSTRACT

Small molecules that can perturb the function of a specific target protein are

useful tools in basic cell biology research. Important areas in biology, such as

cytokinesis (the last step in cell division), have not been extensively explored due to the
lack of suitable small molecule tools that target their relevant proteins. Non-muscle

myosin II has been identified as a protein component necessary for cell division. A
recent programme focused on identifying novel inhibitors of non-muscle myosin II has
been developed at Harvard University and screening of a commercially available

compound library led to the discovery of the novel small molecule inhibitor,

(-)-blebbistatin.

This thesis describes an efficient and flexible synthetic approach to highly

optically enriched (-)-blebbistatin. The bioactive compound is synthesised from

2-amino-5-methylbenzoic acid in a four step procedure. The key step is the asymmetric

hydroxylation of a quinolone intermediate using the Davis oxaziridine methodology.
For the first time, we have proved that the absolute stereochemistry of

(-)-blebbistatin is S by X-ray analysis of a heavy atom containing analogue of
blebbistatin.

Subsequent studies on the core structure of blebbistatin show that it is possible

through chemical modification to prepare analogues. Further biological testing of these

compounds show which parts of (S)-(-)-blebbistatin are important to retain its inhibitory

activity.

In addition, it is shown that the incorporation of a nitro functional group into the
blebbistatin core structure modifies its fluorescence properties. This is of importance
since this analogue can therefore be used in fluorescence-based microscope imaging

experiments on live cells where (-)-blebbistatin cannot.
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Chapter 1. Introduction

THE USE OF SMALL MOLECULE TOOLS TO STUDY

CELLULAR PROCESSES

1.1. SMALL MOLECULES: DISCOVERY AND OPTIMISATION

The use of small molecules as tools to perturb biological systems has had an

enormous impact in the field of cell biology.1'2 There have been a considerable number

of pharmacological reagents, both natural products and synthetic compounds, developed
over the years for use in biology laboratories (Figure 1 shows some important

examples). In addition, the use of small molecule tools is gaining momentum in other
fields such as neurobiology and cellular microbiology.3

The term 'small molecule' is usually applied to organic, non-peptide compounds
with a molecular weight of less than 1500 Da. '4 Small molecules are preferably cell-

permeable and can perturb (either enhance or inhibit) the function of a specific target

protein in place of a genetic mutation.5 Knowing the mode of action of the small
molecule in one system could also lead to the investigation of the role of its target

protein in other systems and processes.6

Small molecules come from several sources such as complex mixtures of natural

products extracted from plants, fungi and bacteria,7 commercial compound collections

{e.g. Maybridge) or 'in house libraries' {e.g. from target orientated synthesis (TOS)
libraries and diversity orientated synthesis (DOS) libraries).

1



Chapter 1. Introduction

Figure 1. Examples of bioactive small molecules, a) Cytochalasin D (1), a natural product isolated from
a fungal species. This molecule inhibits whole-cell migration through a direct effect on actin9 and

disrupts the cell margin and the cytoplasmatic cleavage of dividing cells10 b) FK506 (2), a natural product
that inhibits the production of many cytokines (e.g. the protein calcineurin) which are produced in cells

during an immune response. In addition this inmunosuppressant molecule is used to prevent organ

transplant rejection11 c) Taxol® (3), a natural product with an antileukemic and antitumor activity. This

compound stimulates the polymerisation of microtubules (tubulin stabiliser)10 d) Secramine (4), a small
molecule identified from a DOS library that is known to block protein trafficking from the Golgi

apparatus to the plasma membrane, although the protein target is unknown.12

2



Chapter 1. Introduction

Small molecule natural products can be obtained by extraction of plants or

microbes with different solvents. Subsequently, the resulting crude extracts can be

assayed for the biological activity of interest. Further rounds of purification and

screening are repeated until the pure bioactive compound is isolated. Although natural

products have been used as a source of bioactive small molecules for many years, the

purification of single bioactive entities from complex crude mixtures is laborious and

difficult. This is one of the factors that has resulted in commercial collections of

compounds becoming more popular. Large, chemically diverse and high purity
collections of small molecules can be purchased from different companies (e.g.

ChemBridge and ChemDiv) and they are also available from non commercial sources
such as the National Cancer Institute. These compound collections are often provided
as individual dry films/powders or as stock solutions in DMSO, formatted in multi-well

plates ready for high-throughput screening. Common features of these compounds are

often their low molecular weight (average 350 Da) and the relative absence of

stereogenic centres. Not all bioactive compounds identified from these collections can

be used in a straightforward manner as a tool to study the biological processes of

interest, as the identified compounds do not always have all the desired properties

(chemical, biological or physical). At this stage, the synthetic organic chemist plays a

very important role by carrying out chemical optimisation of the target molecule to

improve its properties. A key challenge is to modify the structure of the compounds by

incorporation of diverse building blocks (i.e. preparing a large collection of

analogues)4,13

Finally, small molecules can be prepared in the laboratory as large collections of
novel compounds. This work has been intensively developed by Schreiber and co¬

workers at Harvard University.8 The preparation of small molecule collections using
solid phase organic chemistry affords not only the initial hit compounds but also large
numbers of structurally related analogues. Work in this field is termed diversity-
orientated synthesis (DOS), which has the aim of preparing large collections of

compounds with a high level of structural complexity and diversity to explore a specific
biological process.14 This approach contrasts with target-orientated synthesis (TOS),
which has as its main goal the synthesis of a defined target (e.g. a natural product

synthesis).8'15

3



Chapter 1. Introduction

The search for novel small molecule modulators of protein function has been

mainly an approach developed in pharmaceutical companies although it is gaining
momentum in academia. This revival in the use of small molecules in academic biology
has occurred because they provide a method of dissecting biological processes that is
often complementary to classical genetics and RNAi technology.16 The success of the
chemical genetic approach and the increasing access in academia to high-throughput

screening equipment and collections of small molecules will allow the rapid discovery
17 1 R

of potential novel therapeutics and biological probes. ' Figure 2 lists the advantages
of using small molecules and therefore the importance of the chemical genetics

approach.

Advantages Disadvantages
• Cell permeability.
• Fast acting.
• Use of small molecules in combination

(multiple knock-outs/ins).
• Easily applicable to cross-species studies.
• Used to study systems where standard

genetic tools are unavailable, rudimentary
or difficult to use.

• Study of the function of essential or
recessive genes.

• Excellent temporal resolution
(particularly important in the study of
rapid cellular processes).

• The ability to observe biological
responses following release from a small
molecule block (due to reversibility of
action of most small molecules).

• Can be used in most experimental
situations including in vitro {e.g. purified
protein studies), in the cell type of the
researcher's chosing or in vivo.

• Precise temporal and spatial control of
activity using caging techniques.19

• Leads for drug discovery.

• Lack of sufficient selectivity.
• Timescale, for

identification/validation

Figure 2. Advantages and disadvantages of using small molecules.4

4



Chapter 1. Introduction

1.2. CHEMICAL GENETICS

The investigation of the role of a protein in a cellular process requires the
alteration of its function. A 'genetic approach', widely used in biology, involves the

incorporation of inactivating (e.g. 'knock out') or activating mutations in the gene

encoding the protein of interest. However, small molecules bind directly to proteins and
can therefore be used in complementary studies to the genetic approach to alter protein
function (Figure 3). The use of small molecules as biological probes is not a new

concept. Since the eighteenth century where the first active compound (morphine) was
isolated from a plant, natural product extracts have been used as the main available tool
for perturbing biological systems. Nevertheless, a recent field has emerged at the
interface between chemistry and biology which has been termed 'chemical genetics'
with the aim of systematising the discovery and use of small molecule tools. This

approach could also be considered as a reinvention of classical pharmacology using

chemistry to generate biologically relevant small molecules.2'5' 11'13-20-21

inactivating mutation in gene C activating mutation in gene C
5' i .V 5' 3'

X

cytoplasm

I

\ genetic Vapproach *

a
/chemicalgenetic \

approach
> NHCOCH,

Me0 \ i colchicine
OMc

1 * X

nucleus

cell division,
differentiation,
cell death, etc.

OH

Me dexamethasone

Figure 3. Schematic representation of the relationship between chemical genetics and classical genetics,

using both small molecules and mutations to explore protein function. In the case of the genetic approach,

inactivating or activating mutations in genes that encode the protein of interest are used. The chemical

genetic approach uses small molecules to alter the function of the protein of interest by binding to it.
These molecules can either inactivate the function of the protein (e.g. colchicine, which inactives the
function of tubulin) or activate the function of the protein (e.g. dexamethasone, a steroid hormone that
activates the transcriptional properties of nuclear hormone receptors). (Figure taken from Schreiber, S. L.,

Bioorganic & Medicinal Chemistry)."
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Chapter 1. Introduction

In addition, this approach requires the development of new synthetic methods
both to help to discover novel small molecules and to optimise the potency and

22 23
specificity of the initially identified bioactive compounds. '

The chemical genetics approach is divided into two types:22'24 a) Forward
chemical genetics, where chemical libraries of compounds are tested in cells with the
aim of finding small molecules that can cause the desired effect on the cell (produce a

phenotype of interest), b) Reverse chemical genetics, where the small molecules are

used to determine the biological function of a single target protein by inhibiting its

activity.

Both forward and reverse chemical genetics (Figure 4) are essentially three step

procedures: a) a collection or 'library' of compounds is obtained, b) a high-throughput
screen (HTS) or assay is carried out to identify relevant compounds, c) a final step that
is different for forward and reverse chemical genetics. Forward chemical genetics
involves the use of an appropriate methodology to identify the target protein, the

activity of which has been affected by the bioactive compound {protein target

identification).25 Protein target identification usually uses biochemical and molecular

biological techniques. In reverse chemical genetics it is necessary to show that the in
vitro activity of the small molecule is applicable in cells. This also involves target

validation studies.1'13'20-25

#.

SM

Natural

products

Drversity-
onented

synthesis

Commercial

>- 'Hits'

Seteenin(j Assay

Figure 4. Chemical genetics approach. A schematic representation of the three step procedure: a) source
of the small molecules, b) screening assay, c) target identification (forward chemical genetics) or target
validation in cells (reverse chemical genetics'
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Chapter 1. Introduction

a) The chemical genetics approach: Collections or 'libraries' of compounds

The different methodologies used to prepare such libraries include solution

phase (automated parallel synthesis) and solid phase (solid support such as a

polystyrene bead). The use of solid phase methods is empowered by the 'split and pool'

procedure (Figure 5) which enables the synthesis of large diverse collections of

compounds by combining different building blocks (monomers). (>

Round 1 Round 2

6§

&

I
Split React Pool

a

b

b

Dm./*

Split React Pool

••A

>•

IfM

a

*•
•«

*.•

I Core I
Y I Core I

si Si'0

W
d^r°'A -A__.I Core I

Insert A

°v A Y I Core I

I Core | 5 A -f n°t
4

y
■y

I Core I
4

. i r°
I Core I

;X:
Y

• SiF

X^

[ Core |

-r

Insert B Insert C

Figure 5. An example of the combinatorial chemistry approach. 'Split and pool' methodology to prepare

large number of compounds.'' The reaction starts with copies of the same core small molecule attached to

a set of beads (grey colour and insert A). The beads are then split out into different reaction flasks (in this

example, four). Similar chemical reactions are carried out in order to attach a different building block to

the small molecules on the beads, contained in each flask (purple colour and insert B). The beads from
each flask are then pooled together into the same flask. Subsequently, they are split out again into a new

set of reaction flasks (in this example, two). Second set of building blocks is added to the small
molecules on the bead, using the same chemistry in each reaction. The beads from each flask are then

pooled into the same flask again. Two rounds of split-pool synthesis have been completed. Insert A:

example of the representation of a solid phase synthesis on a bead. The core small molecule is attached to

the bead through a linker system (covalently attached to the small molecule). Insert B: example of a bead
after one round of 'split and pool' synthesis. Insert C: at the end of the synthesis, the small molecule is
cleaved from the bead after each bead is separated from each other. Finally, the small molecules are

ready to be analytically and biologically tested.
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Chapter 1. Introduction

This approach has yielded a wide range of chemical structures, although the

compounds sometimes appear relatively simple compared with the complexity

presented in natural products, which target diverse proteins with high affinity and

selectivity. Although there is not an optimal structure to affect all biological system, it
seems that efforts to synthesise small molecules have focused on heterocyclic aromatic

compounds, which have a good background as drug leads. Recently studies led by
Schreiber have focused on the synthesis of natural product-like libraries.1'20'25

b) The chemical genetics approach: High-throughtput screening (HTS)

Once a collection of compounds has been established, the next step is to assay

them in order to find compounds with the desired biological activity. In the case of the

forward chemical genetics approach, the compound collection is added to cell cultures
whereas for the reverse chemical genetics approach, the library of compounds is added
to a purified protein of interest. The technology used is often automated and

27miniaturised. In general assays are performed in 96 well plates at 100 jiiL/assay or in
384 well plates at -20 /xL/assay. On rare occasions 1536 well plates at -2-4 /xL/assay
are used. The transfer of microlitre and also nanolitre volumes of liquid containing

compounds from the collection into wells can be carried out by the use of parallel

pipetting systems and pin arrays linked to a robotic system respectively (Figure 6).
Control compounds (both positive and negative) are added to each plate where possible.

Assays are usually monitored in a plate reader using either absorbance, luminescence,

radioactivity or different fluorescence-based formats. In addition, automated

microscopy approaches can be used." The collection of compounds is screened at a

fixed concentration (typically 100 /xM) hopefully yielding hit rates of 0.5-2.0%. All hits
are retested several times to obtain validated preliminary hits (a new sample of the hit

compound is either repurchased or resynthesised). Furthermore once the bioactive

compounds have been discovered in the screen, they will often have to be structurally
modified in order to increase their affinity for the target and to aid in protein target

identification studies.3

8



Chapter 1. Introduction

A

i
i

Figure 6. Compound transfer using a robot. An example of the pin array which can be attached to a

robot.

c) Chemical genetics tools: Target validation in cells

This section briefly describes the third step in reverse chemical genetics as this
was the approach used to identify the small molecule, (S)-(-)-blebbistatin (7) which is
the subject of this thesis.

Once the active small molecule has been selected from a chemical library, the
next step is to test whether the hit binds to and modifies the activity of its protein target

in cells. This is the first step in a process referred to as target validation. A further step
involves efforts to study the specificity of the small molecule for its target protein in the

presence of multiple other possible targets. This specificity assessment is often carried
out by testing whether the small molecule inhibits other closely related proteins in in

vitro assays. Finally the specificity of the small molecule must be tested in cells

although this is considerably more challenging.28

In summary, the continuous effort by chemists and biologists to co-operate

together and the improvement of techniques involved in chemical genetics is generating
a series of powerful small molecule tools to help investigate biological questions.

Furthermore, small molecules that have been screened for a human disease pathway can

also function as drug leads.2:1 Additionally, Schreiber has proposed a new goal for the
chemical genetics approach, where the chemistry plays an important role in identifying
a small molecule partner for every protein.11

9
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1.3. SMALL MOLECULES INVOLVED IN STUDYING THE

CYTOSKELETON

One aspect of cell biology research involves the study of the cytoskeleton

(Figure 7). The cytoskeleton is a complex network of protein filaments that extends

throughout the cytoplasm to control the shape and movement of the cell. The

cytoskeleton is also involved in intracellular transport and chromosome segregation.
Two main groups of proteins that form the cytoskeleton are the protein filaments known
as microtubules (made of tubulin) and microfilaments (made of actin). Other proteins

present in the cytoskeleton include the intermediate filaments and motor proteins
90 ... .

(myosins, kinesins, dyneins)/ Many essential cell biological processes require the
correct functioning of the cytoskeleton. Therefore, cell biologists have been interested
in the search for small molecules that can modulate the activity of the cytoskeletal

proteins in order to help them study the cytoskeleton.10

Figure 7. Coomassie stained cell showing extent of network of protein filaments throughout the cell

(picture taken from Alberts et at., Molecular Biology of the Cell).29

The existing literature includes several examples of small molecules that target
the cytoskeleton. For instance, the latrunculin family (Figure 8, A (8) and B (9)) has

been widely used to study the cellular role of the actin cytoskeleton, as these inhibitors

modify the ability of actin to polymerise.10'30 Furthermore, colchicine (5), a plant
natural product has been used as a tubulin targeting tool to study the role of the
microtubule cytoskeleton of cells. In addition some of these chemical inhibitors have

been used as drugs for the treatment of diseases (e.g. colchicine (5) has been used in the
treatment of gout).10

10
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The recent discovery of the small molecule tool, (S)-monastrol (10) has been of

great interest due to the fact that it is one of the few molecules shown to disrupt mitosis
without acting on tubulin. (^-Monastrol (10) was discovered from a commercially
available compound collection (using a forward chemical genetics approach) and

subsequently identified as a selective inhibitor of the motor protein Eg5 (a mitotic

kinesin). This molecule has therefore become an important molecular tool for studying
mitotic mechanisms.31 Other small molecules that have been used to study the

cytoskeleton included Taxol® (3), the cytochalasins (1 and 11) and nocodazole (12)

amongst others (Figures 1 and 8).10

Figure 8. Structures of small molecules that target cytoskeletal proteins.

Advances in combinatorial chemistry and high-throughput screening should

speed up the identification of small molecules that target cytoskeletal proteins.10 This is
of great importance for many areas of cytoskeletal research which have not yet been
explored due to the lack of suitable small molecules tools. For example, the detailed
study of cytokinesis in mammalian cells would benefit from a small molecule that is

11
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capable of preventing ingression of the cleavage furrow without preventing furrow

assembly.
32

Cytokinesis is described as the final stage of cell division that leads to the
formation of two daughter cells from one mother cell. This process is possible due to

the formation of a contractile ring. The contractile ring must be assembled at the

beginning of cell division and contains proteins such as actin,33 myosin34 and anillin

(Figure 9).35 This ring appears below the plasma membrane and it compresses the
middle of the cell leading to the separation of the cell into the daughter cells (the

process in which the cytoplasm is divided is also termed 'cleavage').
29

Contractile ring

"

Cleavage furrow

Figure 9. Actin and myosin in cytokinesis. Formation of the contractile ring containing an actin-myosin

complex and subsequent cleavage of the cell into the two daughters (picture taken from Lodish, H., et al.,
Molecular Cell Biology),16

It has been shown using an anti-nryosin II antibody that it is possible to stop the
cell cycle during cytokinesis by inhibiting the action of non-muscle myosin II.34
Therefore, in order to study cytokinesis in more detail using a chemical genetic

approach it was necessary to discover a small molecule that inhibits the activity of non-
muscle myosin II. This thesis has its origins in attempts to identify small molecules of
this type.

1.4. TARGET PROTEIN: THE MYOSINS

1.4.1. Classification of Myosins
37,38

The myosins are a large superfamily of molecular motor proteins that interact
with actin filaments. There are at least 18 different classes of myosins 9'40 found in

12
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eukaryotic cells (Figure 10). Sometimes within a single class, myosins isoforms are

named with the letters A, B, etc. Only myosin classes I, II and V have been extensively

biochemically characterised. The class II myosins have been widely studied and much
•3"7 no

is known about their function. ' Furthermore over 40 myosins are expressed in
humans and their involvement in many cellular processes makes them potential drug

39
targets.

Myosin II

The class II myosins are the most abundant in animal cells and are mainly
located in muscle cells and the cytoplasm of most non-muscle cells. The myosin II
class is divided into subclasses such as skeletal muscle, cardiac muscle, smooth muscle

and non-muscle. Non-muscle myosin II contains three isoforms referred to as non-

muscle IIA, non-muscle IIB and non-muscle IIC.41 Although, myosin II appears in all
non-muscle cells, its concentration is lower than in muscle cells. The function of

myosin II in skeletal and cardiac muscles is the generation of force necessary for muscle
contraction. Non-muscle myosin II (found mainly in stress fibres within cells) is
involved in several cellular processes such as membrane blebbing, cell migration,

controlling cell polarity and cytokinesis.

Other myosin classes

Myosins are also essential in sensory systems such as hearing, balance and
vision. Myosin classes I, III, VI and VII have roles in sensory function. Myosin III and
VII are required for vision whereas myosins I, VI and VII are necessary for hearing.42
Therefore, mutations in these myosins are linked to human disorders such as deafness.

Myosin class XIV is involved in host cell invasion by protozoan parasites including
Plasmodium falciparum, the causative agent of malaria.43'44

Figure 10 shows a schematic representation of the myosin superfamily.
Although 18 classes have been identified so far, the scheme only shows 17 classes of
myosins and their subclasses.

13
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Figure 10. Myosin superfamily tree.45

The common characteristic of all the myosins is their ability to bind reversibly to
actin filaments. They all hydrolyse ATP to produce the energy for movement along
actin filaments (Figure 11). The ATPase activity of the myosins alone is low but when

myosin interacts with actin filaments its ATPase activity increases significantly.

Figure 11 shows a schematic representation of how myosin II is believed to

move along actin filaments.
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A

B

C

E

Figure 11. Movement of myosin along actin filaments: cycle of conformational changes of the myosin
head during ATP binding, hydrolysis and inorganic phosphate release.29'46 A) The head of myosin is
bound to the actin filament but does not bind to ATP (short-lived state which is ended by the binding of

ATP). B) A molecule of ATP binds to the head of myosin (on the cleft* situated on the back and the
furthest side to the actin filament). A slight change in the conformation of the domains is produced with
the consequence of reducing the affinity of the myosin head for actin, leading to the movement of myosin

along the actin filament. C) The cleft closes around the ATP molecule and then due to a large shape

change, the head is displaced along the filament. After that ATP is hydrolysed, although the ADP and

inorganic phosphate produced remain tightly bound to myosin. D) Release of the inorganic phosphate
occurs due to the now weak binding of the myosin head to a new site on the actin filament. Therefore the
head recovers its origin conformation and loses its bound ADP. E) The myosin head is tightly bound to

the actin filament although the head has moved to a new position on the actin filament. The cleft is
extended from the actin-binding site to the base of the ATP binding site.

minus
end

actin filament

ATTACHED
myosin head

RELEASED myosin
thick filament

COCKED

HYDROLYSIS

FORCE-
GENE RATING

POWER STROKE

AI IALHEU

15



Chapter 1. Introduction

Myosins contain three functional domains: a) a globular head or motor domain,
which contains the actin and ATP binding sites, b) a neck domain, which binds to light
chain subunits or calmodulin, c) a tail domain which serves to anchor and position the

37 38head ofmyosin interaction with actin (Figure 12). '

Myosin

Calmodulin

light chains

Myosin

Regulatory
Essential "'9^ chain
light chain

Figure 12. Functional domains of myosin I and II: head, neck and tail. Note that myosin II has two

heads (each head contains both ATPase and motor activity), two pairs of light chains on the neck and a

long tail (picture taken from Lodish, H., et al., Molecular Cell Biology)."'6

1.4.2. Inhibitors ofMyosins

Due to the fundamental importance of myosins in many cellular processes, one

important long term goal is the identification of a series of small molecules that

specifically inhibit the biological activity of different sub-classes of myosins (a small
molecule for each member of the superfamily). Through the specific inhibition of the

activity of these proteins it will be possible to learn which biological processes are

controlled by each myosin (Section 1.3). To date, only a few examples of inhibitors of

myosins have been reported in the literature (see below).47

Only two small molecule inhibitors of myosin II; 2,3-butanedione monoxime

3DM)48 and N-b

extensively (Figure 13).

(13) (BDM)48 and N-benzyl-p-toluene sulfonamide (14) (BTS)49 have been studied
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N-0H

o

2,3-butanedione
monoxime (BDM)

13

Figure 13. Inhibitors of skeletal muscle myosin II.

BDM (13) is a non-competitive inhibitor of skeletal muscle myosin II and
inhibits myosin II ATPase activity.48'50'51 Previous results in the literature report this
molecule as a 'general' myosin inhibitor.52 However later reports call this into question
due to the fact that 13 was found to be non specific and to affect the function of other

proteins.49'53 It was observed that 13 seems to slow the release of inorganic phosphate

following the ATP hydrolysis cycle.50'51 BTS (14) is a relatively specific inhibitor of
skeletal muscle myosin II which inhibits myosin ATPase activity. BTS (14) does not

compete with ATP for the nucleotide-binding site of skeletal muscle myosin II. 14
decreases the affinity of myosin-ADP-Pi and myosin-ADP complexes for actin.54 In
addition BTS (14) also decreases the rate of phosphate release from skeletal muscle

myosin II. It is suggested that BTS (14) could bind within the cleft between the ATP

binding pocket and the actin.54

Xestoquinone (15), a natural product extracted from a sea sponge was found to

inhibit the ATPase activity of skeletal muscle myosin II (Figure 14).55 In addition,

analogues of xestoquinone (15) retaining the quinone moiety were also found to have
the same inhibitory activity as 15.56 Analogues of 15 where the quinone was chemically
converted into a quinol dimethyl ether (16) did not inhibit the ATPase activity. These

results suggest that the quinone moiety is essential for the inhibitory activity of 15.56 A
recent report has described the dual effect of thymol (17) upon myosin II. 17 is a plant
natural product which is used as an antiseptic. Thymol (17) (Figure 14) acts as an

inhibitor reducing the contraction of skeletal muscle fibres, but at the same time it
enhances the ATPase activity of myosin.57 The molecular mechanism of this interaction
has currently not been determined.

17

A/-benzyl-p-toluene
sulfonamide (BTS)
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1.4.3. Identification of (±)-Blebbistatin (18): a novel small molecule inhibitor of

non-muscle myosin II

Mitchison and co-workers have developed a programme at Harvard University
to screen commercially available chemical libraries in order to discover selective

inhibitors of myosin protein subfamilies (a reverse chemical genetics approach). This

approach employs HTS of small molecules against the actin stimulated ATPase activity
of myosins (Figure 15, panel A).49 A recent application of this approach was to study

32the role of non-muscle myosin II in cytokinesis. A commercially available compound

library of 16,300 chemical compounds was screened. This led to the identification of
four preliminary hits as inhibitors of non-muscle myosin IIA (NMIIA) ATPase activity

(Figure 15, panel B) of which compound 18 was the most potent.

In this type of approach, once hits have been identified, the next step is to

confirm the chemical structure of the initially identified hit. Therefore, more material is

purchased or prepared for subsequent biological testing. Interestingly, the structure of
the compound present in the hit well was azatacrine 22. However, when a repurchased
and freshly dissolved sample of 22 was tested again it did not inhibit the activity of non-
muscle myosin II. In addition, it was observed that when a solution of 22 was stored at

room temperature in DMSO it decomposed from a colourless to a bright yellow solution.
This result suggested that the screening sample of 22 had decomposed to produce a

mixture of compounds that was active in this assay.
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Figure 15. A reverse chemical genetic approach to discover novel small molecule tools: A) A

diagrammatic representation of the coupled assay procedure used to identify inhibitors of non-muscle

myosin IIA. The assay was performed by adding DMSO solutions of small molecules to wells containing
a solution of actin and human platelet NMIIA. The assay was performed in a 1536 well format, with
nanolitre volumes of solutions being transferred using an automated pin transfer device. The assay was

then initiated by the addition of ATP. The assay plates were incubated to allow ATP hydrolysis to occur

prior to the addition of a solution of luciferase and luciferin. The resulting luminescence was then
recorded as a direct measure of the inhibitory effect of each small molecule; the greater the luminescence
the more ATP present and therefore the more effective an inhibitor the small molecule was. B) The four
inhibitors of NMIIA identified by HTS.32'49

Whilst not the first time that a degradation product or contaminant of the
intended inhibitor has proved to be the bioactive component,58 these cases are relatively
rare. Preliminary studies carried out in the Mitchison laboratory, showed that an 'aged'
DMSO solution of 22 degrades to 18 (Figure 16).

1/2 (C02H)2

Figure 16. Decomposition of azatacrine (22) to give blebbistatin (±18).

"aged"
DMSO
of light

22

Azatacrine

solution in
in presence
and air
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Blebbistatin
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The chemical structure of 18 was confirmed based on the following

spectroscopic evidence:

• ]H NMR on a very small sample of 18 (<1 mg). However, the interpretation of
the spectra was relatively difficult due to the structural isolation of the sets of

protons.

• The conjugated system in the molecule produced an intense colour.

• Mass spectrometric analysis (ES+) was consistent with 18, although the peak

appeared to have a mass corresponding to the mass of 18 plus water [M+H+18]+.

Unfortunately, the initial lack of material made it impossible to obtain a

13C NMR or X-ray analysis on the compound. Furthermore, there is no literature

precedent for heterocycles of this type.

1.4.3.1. Preliminary biological characterisation of (±)-blebbistatin (18)

Once the hit molecule has been identified from the compound collection, the

next step in this reverse chemical genetics programme was to determine the biological
effect of 18 upon non-muscle myosin II in cells. 18 was found to inhibit several myosin

II-dependent processes in vertebrate cells. It blocks, reversibly and rapidly, cell

blebbing, cell migration and cytokinesis (Figure 17).32 Due to the fact that 18 inhibits

blebbing of the cell membrane it was given the name blebbistatin. 100 juM

(±)-blebbistatin (18) blocked contraction of the cleavage furrow in dividing cells
without affecting mitosis or contractile ring assembly (localisation of myosin II,
microtubules and anillin was unaffected during assembly). Therefore, in the presence of

(±)-blebbistatin (18) the two daughter cells cannot be separated into individual cells.

However, the progression of the furrow ingression and therefore the completion of

cytokinesis was possible after 'washing out' (±)-blebbistatin (18).
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Figure 17. The effect of (±)-blebbistatin (18) on cytokinesis. Image A shows a vertebrate cell

undergoing normal cell division in the absence of drug treatment (control cell), note the presence of the

contracted cleavage furrow. Image B shows the same cell type treated with 100 pM (±)-blebbistatin (18).

Note the complete absence of cleavage furrow contraction despite successful chromosome segregation.32

It is important to note that (±)-blebbistatin (18) contains a stereogenic centre. It

is therefore of interest to test the inhibitory activity of each enantiomer separately, as it
is common to find that one enantiomer of a bioactive molecule is more potent than the

other. Therefore, the two enantiomers of (±)-blebbistatin (18) were separated by chiral
HPLC and assigned according to the direction in which each enantiomer rotates the

plane of plane polarised light. It was found that (-)-blebbistatin (7) (for structure see

page 88) was active against non-muscle myosin II with an IC50 value of approximately
half that of racemic 18, whereas (+)-blebbistatin (23) was inactive. However, the (+)-

enantiomer (23) (for structure see page 88) can be used as a useful control compound
for biological studies.32

In summary, (±)-blebbistatin (18) was found to be a novel specific, cell

permeable, reversible small molecule inhibitor of non-muscle myosin II. This

compound inhibits cytokinesis by blocking the contraction of the cleavage furrow
32

without disrupting mitosis or contractile ring assembly.
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Interestingly, the importance of (-)-blebbistatin (7) as a molecular tool, in

biology and medicine, increased dramatically after its initial publication in March
322003. Twenty seven research papers were published from 2004 to date, focusing on

the use of the small molecule (-)-blebbistatin (7) or (±)-blebbistatin (18) as a tool to

study other non-muscle myosin II-dependant cellular process. In addition, the

compound is now commercially available as a (±)-18, (-)-7 and (+)-23 blebbistatin for

use in cell biology research.

An interesting application to examine the effects of (S)-(-)-blebbistatin (7) as a

molecular tool in different processes has been reported recently by Duxbury et al.59 The
effects of (S)-(-)-blebbistatin (7) were tested on pancreatic adenocarcinoma cellular

migration invasion, adhesion and spreading. Pancreatic adenocarcinoma is a malignant
and aggressive type of cancer that is very difficult to treat due to its rapid metastasis.
Cancer cell invasion and metastasis, is a multi-step process that involves changes in
cellular morphology, motility, and interaction with extracellular matrix components.

The components of the cytoskeleton such as microtubules, actin microfilaments and
other proteins including non-muscle myosin II play an important role upon malignant
cellular behaviour. The (-)-enantiomer (7) was used in these experiments in order to

investigate the role of non-muscle myosin II in migration, invasiveness and the

extracellular matrix interaction. The results from this study showed that 7 potently
inhibited pancreatic adenocarcinoma cellular migration and invasiveness. In addition,

proliferation of the cancer in mice was affected with high concentrations of 7.

Another example on the use of (±)-blebbistatin (18) as a molecular tool to

dissect biological processes is in neurological studies. Recently it has been shown that

myosin II plays an important role in the nervous system.60 (±)-Blebbistatin (18) was

used to determine whether myosin II activity is required for axon retraction (a process

that occurs as part of the axons response to an injury). The results showed an inhibitory

effect of (±)-blebbistatin (18) on axon retraction. Therefore, this confirmed the

importance of myosin II in this process.

In summary, neurological and cancer biology studies using (±)-blebbistatin (18)
and (-)-blebbistatin (7) have identified myosin II as a key protein in biological process
of therapeutic relevance.59'60 As a result the (-)-enantiomer of blebbistatin (7) could be
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considered as a lead compound for pharmaceutical development to treat these and other
diseases or injuries.

1.4.3.2. Specificity of (±)-Blebbistatin (18)

The specificity of (±)-blebbistatin (18) was tested in order to observe its ability
to inhibit different classes ofmyosin. Straight et al. reported that when different classes
of myosin (I, V and X) were treated with (±)-blebbistatin (18), their ATPase activities
were unaffected, except for myosin V that was slightly inhibited.32 However, a recent

study reported in the literature by Sellers and co-workers showed that the activity of

myosin V was not inhibited at all.61 They also re-assessed the ATPase activity of
different classes of myosins (I, X and XV), in the presence of 18. None of these

myosins were inhibited by 18 even when the concentration of the compound was at

100 pM, consistent with the earlier report.61 These results suggest that 18 is specific for
the class II myosins, but other myosin family classes remain to be tested.

The specificity of (±)-blebbistatin (18) was also tested within myosin class II. It

was found that 18 inhibits the ATPase activity of rabbit skeletal muscle myosin, porcine

P-cardiac muscle myosin, human non-muscle myosin IIA and chicken non-muscle

myosin IIB (Figure 18). In contrast, turkey smooth muscle myosin was only weakly
inhibited by 18 (IC5o 80 pM).

Inhibitory Activity of (+/-)-Blebbistatin on Different

Myosin type (Class II)

Figure 18. Assessment of (±)-blebbistatin (18) selectivity within the myosin II class.61
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In summary, it was shown that (±)-blebbistatin (18) has a limited selectivity
within the myosin class II and subclasses, being an inhibitor of both muscle and non-

muscle myosin II.61 In addition, this compound is becoming a popular molecular tool

especially in the fields of cell motility and muscle physiology. Therefore it is

interesting to note, that the role for the organic chemist remains as important in

preparing novel analogues of 18 with improved potency and specificity (see Chapter 4).

1.4.3.3. Mechanism of action of (±)-Blebbistatin (18)

Until recently only two papers were reported describing the mechanism of action
of (±)-blebbistatin (18).62'63 These papers involve assessment of the effect of 18 on the

kinetics of skeletal muscle and non-muscle myosin IIB function.62,63 In brief, these

investigations conclude that 18 does not compete with ATP at the ATP binding site of
the motor domain of the myosin and that 18 does not interfere with the binding of

myosin to actin. Instead (±)-blebbistatin (18) binds with high affinity to a complex that
contains ADP and Pi bound to myosin and therefore slows down the release of

inorganic phosphate (see cycle of ATP binding and its hydrolysis in Figure 11, Section

1.4). The complex formed between myosin and ADP-Pi represents a long-lived state

where the force-generating step is catalysed by the release of phosphate when myosin
binds again to actin. Therefore, the results suggested that (-)-blebbistatin (18) affects

specific steps in the motility cycle. Molecular simulations proposed that the binding
site of (-)-blebbistatin (18) to the myosin head is within the aqueous cavity between the
nucleotide and actin binding sites (referred to as the cleft).63 Although this result was
not conclusive it was envisaged that this information could be useful in developing an

appropriate strategy for preparing inhibitors of myosin II or other myosin classes.

1.5. AIMS AND OBJECTIVES OF THE PROJECT

From the initial results relating to the discovery of (t)-blebbistatin (18),32 it was
clear that (-)-18 will become a powerful molecular tool to dissect cellular processes.

Therefore, it is at this stage of a chemical genetics project that synthetic organic

chemistry can play an important role, firstly to prove the chemical structure of

(±)-blebbistatin (18) and also for the preparation of analogues in order to find more

potent and specific inhibitors of myosin II or other myosin classes. In addition, it is of
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importance to take into account that the two enantiomers of blebbistatin differed in

biological activity with only (S)-(-)-enantiomer of blebbistatin (7) being active.

Therefore, a stereoselective synthesis was required.

The goals of the project were therefore clearly established. Although initial

attempts to prepare 18 provided support for its structure based on spectroscopic

methods, the lack of material made the complete assignment of its structure difficult

(Section 1.4.3). Thus, the initial goal of the project was:

1. To prepare a sufficient amount of the proposed bioactive compound 18 (Section

1.4.3) to confirm its chemical structure by X-ray crystallographic techniques

(Chapter 2).

In addition, other goals to be achieved in the project were as follows:

2. To design a synthetic route to prepare optically pure enantiomers of (-)- and

(+)-blebbistatin (18) (Chapter 3).

3. To determine and optimise the degree of asymmetric induction (ee) achieved

during the preparation of optically enriched samples of 18 (Chapter 3).

4. To develop a methodology to determine the absolute configuration of the
bioactive enantiomer of (-)-blebbistatin (7) (Chapter 3).

5. To introduce diversity in the (-)-blebbistatin (7) core structure in order to

prepare more active and selective analogues (Chapter 4).

6. To test the biological activity of the different analogues of 7, which were

prepared (Chapter 5).
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Chapter 2. Results and Discussion

SYNTHETIC APPROACHES TO S-3a-HYDROXY-6-METHYL-l-

PHENYL-2,3,3a,4-TETRAHYDRO-l//-PYRROLO

[2,3-Z>]QUINOLIN-4-ONE

2.1. SYNTHESIS OF RACEMIC 3a-HYDROXY-6-METHYL-l-PHENYL-

2,3,3a,4-TETRAHYDRO-l//-PYRROLO[2,3-^]QUINOLIN-4-ONE (18)

2.1.1. Via Azatacrine (22) Degradation

Initial studies carried out in the Mitchison laboratory, showed that an "aged"

DMSO solution of the azatacrine analogue 22 degrades to (±)-blebbistatin (18),

although the mechanism of this reaction was not studied (Figure 19) (see Chapter 1,
Section 1.4.3. for more details).1

Figure 19. Degradation of 22 into 18 in the presence of light and air.

'H NMR experiments were carried out in order to follow this decomposition and
to enable the proposal of a possible reaction mechanism. It was first envisaged that 22
could hydrolyse to afford quinolone 24. 24 could then oxidise in the presence of air to
the corresponding (±)-blebbistatin (18) (Figure 20).

Figure 20. Proposed degradation of 22 into 18 in the presence of light and air.
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Azatacrine 22 was dissolved in d6-DMSO in the absence of air and was analysed

by 'H NMR each day for 12 days. The same procedure was carried out for a sample of

quinolone 24. No decomposition and no hydrolysis of 22 was observed over this period
of time. In the case of 24 it was observed that the sample was stable to oxidation over

that period of time, without any change on the ]H NMR. It was then decided to add a

small amount of deuterium oxide to the sample of 22 and to analyse the resulting
solution by 'H NMR and 13C NMR. Whilst minor changes were observed in both

spectra, it was not possible to assign these changes to the formation of a new compound.
These results are tentatively explained by a solvent dependence in the NMR spectra of
22. It is clear, however, that even when excess D2O is added to the d6-DMSO solution

of 22 hydrolysis of 22 to 24 does not occur over a two day period. The two samples
were then opened to the air for 16 hours resulting in their oxidation (samples turned

bright yellow). A mass spectroscopic analysis (ES+ mode) of both samples afforded a

signal corresponding to (±)-blebbistatin (18) (m/z 293). In a similar experiment a

sample of azatacrine 22 in d6-DMSO without D2O was exposed to the air for 16 hours.
The result was the oxidation of the sample to give 18.

It is therefore proposed that a sample of azatacrine 22 could first oxidise in a

slow step in the presence of air to give 25, this is then followed by the rapid hydrolysis
of 25 to give 18 (Figure 21).

Figure 21. Proposed mechanism tor the oxidation of azatacrine 22.

2.1.2. An overview of the synthetic approach to (±)-Blebbistatin (18)

In an attempt to confirm the chemical structure of (±)-blebbistatin (18) and to

prepare larger amounts of 18, a more efficient route, via quinolone 24, was developed.
The synthetic approach comprised of a four step reaction sequence. In brief, the route
starts with the esterification of commercially available methyl anthranilic acid 26
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(Figure 22). A coupling reaction between 5-methyl anthranilate (27) and commercially
available l-phenyl-2-pyrrolidinone (28) affords amidine 29, which could be followed by
a base induced intramolecular cyclisaton of 29 to give 24. Finally the proposed
structure 18 would be prepared by oxidation of 24. On completion of the synthesis of

18, the plan was to prove the chemical structure by single X-ray crystal analysis and to

show that it was identical to the bioactive decomposition product (Chapter 1, Section
1.5. goal 1). An analogous route was also planned for the synthesis of a blebbistatin

analogue 30.

O o

33 R= H 34 R= H
27 R= CH3 26 R= CH3

R = H commercially
commercially available
available

Figure 22. A retrosynthetic analysis to (±)-blebbistatin 18 and 30.

2.1.3. Preparation of the cyclisation precursors 29 and 32

The first step in the synthesis of (±)-blebbistatin (18) was the preparation of the
anthranilate ester 27 as starting material (Figure 23). Although 27 is commercially
available now, initial attempts involved the esterification of the commercially available

2-amino-5-methyl carboxylic acid (26) to the corresponding methyl ester 27. The
esterification was carried out using concentrated sulphuric acid in methanol at reflux for
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48 hours. Purification by flash column chromatography gave 27 in excellent yield

(94%) with its structure being confirmed by 'H NMR analysis. The anthranilate 33 was

commercially available. It was envisaged that reaction of the lactam 28 with

phosphorus oxychloride could afford an intermediate that was activated towards

nucleophilic attack by anthranilates 27 and 33. This step would afford the desired
amidines 29 and 32.

R ^^^/C02Me

cxTO
33 R= H 32 R= H
27 R= CH3 >1 29 R= CH3

Figure 23. Preparation of the amidines 29 and 32. Reagents and conditions: a) MeOH, H2S04, 80 °C,
48 hours, basic work-up, 94%, b) i) 28 (1.0 equiv), POCI3 (1.2 equiv), DCM, RT, 16 hours, ii)
Anthranilate ester 27 or 33 (1.1 equiv), DCM, 40 °C, 16 hours, 10% (29), 16% (32).

2.1.3.1. The Vilsmeier reaction

The initial idea for activation of the lactam 28 with phosphorus oxychloride was

based on results reported by Kuehne et al? These authors proposed that this reaction
led to the formation of an iminium intermediate 35 (Figure 24) by conversion of an
amide or lactam of general structure 36 in the presence of phosphorus oxychloride.

O XY
R-C-N/Rl ^ R—C—N/Rl X=ClorOPOOI2

XR„ \ „ Y= OPOCIo or CI
36 H 35 R

Figure 24. Formation of an iminium intermediate where X and/or Y can be OPOCl2 and/or CI.3

It is well known that the Vilsmeier reaction converts amides to electrophilic

intermediates, iminium ions, which are very reactive species and therefore may react

with weakly nucleophilic groups.4 A Vilsmeier salt is formed when a disubstituted

35



Chapter 2. Results and Discussion

amide, most often TV,/V-dimethylformamide (DMF), is treated with an inorganic acid
halide, such as phosphorus oxychloride (POCl3), thionyl chloride (SOCI2) or phosgene

(COCI2).5 The general representation of the Vilsmeier salt derived from the reaction

between TV.TV-dirnethylformamide and phosphorus oxychloride is shown in Figure 25, as

the /Tchloroiminium phosphate (37) which has been proved by IR and both 'H and
31 *567 & 8P NMR analysis. ' ' ' However a third structure, /Tphosphoryliminium chloride,
has also been proposed as being more reactive than the /Tchloroiminium phosphate

(Figure 26), although the structure of 38 has been called into question during
measurements by 31P NMR analysis. 5, 8

Me\ ©/H
N c

Me CI

M\© /H
N C

Me CI

37

OPOClJg>

Figure 25. /FChloroiminium phosphate 37 intermediate formed from the reaction with phosphorus

oxychloride and DMF.5,6

M\© /H
N=C

Me OPOCI2

38

#>

Figure 26. Proposed structure for /?-phosphoryliminium chloride 38.5

Kuenhe followed the formation of the iminium derivatives in his work by

'H NMR analysis in CDCI3. The results showed a downfield shift of 0.8-1.0 ppm for
the protons a to nitrogen in tertiary amides and 0.4-0.6 ppm in secondary amides in the
'H NMR spectra. Table 1 shows the conversion of the lactams into the corresponding
iminium derivatives at different reaction times and their corresponding chemical shifts.

Other examples of the use of phosphorus oxychloride to activate amides and
lactams, via Vilsmeier-type chloro iminium ion intermediates have been reported in the

One of these examples is the formation of amidine pseudodisaccharides4,9,10,literature.

from the TV-methyl lactam 39 (Figure 27).
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Entry Compound
Reaction

time (h)

Lactam

Cone- (M)

Lactam

(5 ppm)

Iminium

derivative

(5 ppm)

A6, ppm

9
1 rVs^ Ph

0.25 1.0 (s) 4.5 (s) 5.48 0.98

0
y

2 r^N^Ph 0.25 1.0 (s) 4.6 (s) 5.60 1.0

3 cxt°
\

24.0* 1.0 (s) 3.26 - -

Table 1. Reaction of different lactams with phosphorus oxychloride. The reaction times are expressed in

hours and the chemical shifts in ppm. The concentration of the lactam are given in units of Molarity. In

general, the reactions were carried out at room temperature. * Reaction run at reflux, although no

formation of the iminium derivative was observed. The value for the protons a to the nitrogen atom,
3

corresponds to the benzylic protons (entry 1 and 2).

CHc

^4.O
39

OMe
40

OMe

41

Figure 27. Literature example of the formation of amidine 41. Reagents and conditions: a) i) POCh,
benzene, 23 °C, 24 hours, ii) 40, benzene, 60 °C, 5 hours.10

An example from the literature reported that amidine 42 could be accessed from
the condensation of 2-cyanoaniline derivative 43 and a lactam derivative 44 in the

presence of various condensing agents such as phosphorus oxychloride (POCl3),
phosphorus pentachloride (PC15) or thionyl chloride (SOCl2) in either dichloromethane
or chloroform (Figure 28)

11
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Figure 28. Literature example for the preparation of the amidine 42. Reagents and conditions:

a) i) yV-methyl-2-pyrrolidinone (44, R2=CH3, n=l) (1.0 equiv), POCl3 (1.1 equiv), CHC13, RT, 30 min,

ii) 43 (R=CH3) (1.0 equiv), 60 °C, 3 hours, 98%."

Another example from the literature also reported the synthesis of an amidine

following this procedure. The preparation of amidine 45 was carried out by the reaction
of l-phenyl-2-pyrrolidinone (28) and the corresponding ort/ro-trifluoromethyl toluidine

(46) in the presence of phosphorus oxychloride (Figure 29).12 Interestingly the yield for
the reaction was not reported by the authors.

Figure 29. Literature example for the preparation of amidine 45. Reagents and conditions: a) l-phenyl-

2-pyrrolidinone (28), POCl3, CHC13, 60 °C, 4 hours.12

2.1.3.2. Initial attempts to prepare amidine 29

The first attempts to form the amidine functionality 29 are summarised in Table
13

2. The reactions were carried out by following the literature procedure. Phosphorus

oxychloride was added to a solution of commercially available l-phenyl-2-

pyrrolidinone (28) in benzene, and the reaction was stirred for 16 hours at room

temperature. Subsequently anthranilate 27 was added and the reaction was refluxed for
16 hours. Unfortunately none of the desired amidine 29 was identified by 'H NMR

analysis of the crude reaction mixture (entry 1). A second attempt was carried out with
the only major change being in the concentration of the reaction. Again none of the
desired product 29 was present in the crude reaction mixture (entry 2). However when
the solvent was changed from benzene to dichloromethane a 10% yield of 29 was
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obtained (entry 3). The desired product 29 was obtained after purification by flash
column chromatography. 'H NMR analysis confirmed the presence of the desired

compound 29. The sample was recrystallised from ethyl acetate/hexane affording high

quality crystals suitable for X-ray analysis, which confirmed the structure of 29 (Figure

30).

Figure 30. X-ray of amidine 29. CDC number 243020.

In a further attempt (entry 4) using dichloromethane as the solvent but at the
same concentration as entry 1, none of the desired product 29 was obtained. It was
concluded that the concentration of the reaction as well as the solvent played an

important role in the formation of the amidine moiety.

39



Chapter 2. Results and Discussion

Entry Solvent
Timea

(h)

equivb
(29)

equivb
POCE

equivb
(28)

Concc
Yield

(%)

1 Benzene 16 1.0 1.2 1.1 0.12
-

2 Benzene 16 1.0 1.2 1.2 0.62
-

3 DCM 16 1.0 1.2 1.1 0.62 10

4 DCM 16 1.0 1.2 1.1 0.12
-

Table 2. Preparation of the amidine 29 at different concentrations and solvents. The time" of the reaction
is expressed in hours and indicates time of stirring at room temperature prior to addition of 27. The

amount of the starting material is given in equivalents1". Concentration0 is expressed in Molarity based on

28. Reagents and conditions: a) i) l-phenyl-2-pyrrolidinone (28), POCI3, Benzene or DCM, RT, 16

hours, ii) anthranilate 27, benzene or DCM, heat, 16 hours.

In addition to the atom connectivity, the geometry of the N(2)=C(2) double bond
was shown by X-ray analysis to be the E regioisomer. Spatial proximity of the protons

in amidine 29 was explored by nOe (nuclear Overhauser enhancement) experiments

(Figure 31). The NOESY experiment was also consistent with the E-isomer being the

only isomer present in solution. A nOe was observed between the signals

corresponding to the OCH3 protons 8h 3.82 and the protons on C(7)/C(ll)
8h 7.82. Another two nOes were found between protons on C(5) and the protons on

C(7)/C(ll) and also between protons on C(7)/C(ll) and protons on C(10).
Enhancement between the signals corresponding to the proton on C(3) and the protons

of OCH3 was not observed. This is also consistent with the E-isomer being present in

29.

Figure 31. nOe Enhancements observed in amidine 29. The observed nOes are indicated by arrows.
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In order to study further the importance of the formation of a Vilsmeier
intermediate on the coupling reaction a series of attempts were carried out. When the
reaction of the anthranilate 27 and the lactam 28 in dichloromethane was heated at

40 °C for 16 hours in the absence of POCI3, none of the desired amidine 29 was

obtained. In a similar attempt carried out by Dr Blum in our laboratory, the reaction
between 27 and 28 was carried out under microwave irradiation in the absence of

POCI3. Again, none of the desired amidine 29 was formed even in the presence of a

dehydrating agent. In addition, attempts to optimise this reaction by using alternative

reagents (SOCI2, MeOTf, PCI5) proved unsuccessful.

!H NMR experiments (on a Bruker Avance 300 (300.1 MHz) spectrometer)
were carried out in order to study the formation of a possible Vilsmeier intermediate,

inspired by the results reported by Kuehne et al. (Table 1). The reaction was carried
out between lactam 28 and phosphorus oxychloride at room temperature where aliquots
were withdrawn at different times for *H NMR spectroscopic analysis. Unfortunately,
'H NMR analysis of the reaction did not provide evidence in support of the formation of
an iminium intermediate, making these preliminary results difficult to interpret.

Finally, different approaches for preparing amidine 29 were attempted. The first

attempt commenced with the coupling between the lactam 28 and anthranilate 33 in the

presence of the coupling reagent, DCC (47) (Figure 32). The reaction was heated for 24

hours, although as judged by TLC, only starting material was detected. It was decided
then to heat the reaction another day. ]H NMR confirmed the presence of unreacted

starting materials.

Figure 32. Attempted preparation of the amidine 32. Reagents and conditions: a) 33 (1.0 equiv), 28

(2.0 equiv), DCC (47) (1.0 equiv), DCM, 40 °C, 48 hours.

O
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According to literature precedent14 the amidine functionality has been prepared
in the presence of piperidine instead of phosphorus oxychloride. Dr Blum developed

experiments in order to verify the formation of the amidine moiety following this
literature protocol. The reactions were carried out with anthranilic acid 34 and either

pyrrolidinone (48) or l-phenyl-2-pyrrolidinone (28) (Figure 33), respectively, in the

presence of piperidine (49) and they were heated in ethanol for 5 hours. As judged by
]H NMR only unreacted starting material was obtained.

O

28 R= Ph 50 R= H
51 R= Ph

Figure 33. Attempted preparation of the amidines 50 and 51. Reagents and conditions: a) 34 (1.0 equiv),
lactam 28 or 48 (1.0 equiv), 49 (1.0 equiv), EtOH, 80 °C, 5 hours.

2.1.3.3. Empirical approaches to improving the yield of the coupling reaction

In the light of the results obtained previously it was decided to attempt the

improvement of the yield of the reaction empirically. Several attempts at this reaction
were carried out during the course of this project. Table 3 summarises the results from
these experiments (between lactam 28 and phosphorus oxychloride) when the solvent

(see Section 2.1.3.2), time and concentration were changed. It is worth noting that a

systematic study was not carried out and that the reaction conditions used were different
in each case and are therefore not directly comparable. Nevertheless, a number of

trends can be discussed from the results.

First, it was found that similar yields were obtained for the coupling reactions
when they were carried out at different time, 3 and 16 hours, respectively. Second, no

significantly improvement in the isolated yield of the reaction was observed when
different conditions were attempted (entries 1-9).
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Entry Amidine Solvent Time3
equivb
(28)

equiv1'
POCl3b

equivb
(27), (33)

Concc
Yield

(%)

1 29 DCM 16 1.0 1.2 1.1 0.60 10

2 29 DCM 3 5.0 1.0 1.2 0.60 7

3 29 DCM 3 5.0 1.0 1.2 0.30 4

4 29 DCM 3 10 1.0 1.2 1.5 11

5 29 DCM 3 10 1.0 1.2 2.5 6

6 29 DCM 3 10 1.5 1.2 1.5 10

7 29 DCM 3 1.1 1.0 1.0 1.1 41

8 32 DCM 3 1.0 1.0 1.0 1.5 16

9 32 DCM 3 1.1 1.0 1.0 1.0 26

Table 3. Preparation of the amidines 29 and 32. The timea of the reaction is expressed in hours and
indicates time of stirring at room temperature prior to addition of 27 or 33. The amount of the starting

material is given in equivalentsb. Concentration0 is expressed in Molarity based on 28. Reagents and
conditions: a) i) l-phenyl-2-pyrrolidinone (28), POCl3, DCM, RT, 16 and 3 hours, ii) Anthranilate 27 or

33, DCM, 40 °C, 16 hours.

In all cases, the purification of the amidines 29 and 32 was carried out without
the use of flash column chromatography. Once the reaction was complete, as judged by
TLC analysis, the reaction solvent was removed in vacuo. The residue was then
dissolved in dilute hydrochloric acid (pH 2) (to protonate the amidine carrying it into
the aqueous phase) and extracted three times with dichloromethane. The aqueous

extract was then basified (pH 8) (to recover the amidine from the aqueous phase) and

subsequently extracted three times with ethyl acetate. 'H NMR analysis confirmed the
structure of the product with no minor impurities detected. In cases where the
extraction procedure was repeated two more times (starting with the dichloromethane
extracts, entries 7 and 9), it was found that the isolated yield was increased. However,

the extraction procedure suggested that the poor yield of the reaction could be
rationalised by loss of product into dichloromethane during the work-up procedure.

In addition, it was envisioned that perhaps an excess of hydrochloric acid could
be produced during the condensation reaction and therefore a possible protonation of the
anthranilate would take place, decreasing the yield. Therefore in order to remove any

hydrochloric acid, a base was added to the reaction. Anthranilate 27 was added to a
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crude reaction mixture of 28 and phosphorus oxychloride that had been stirred for 48
hours and the reaction was heated for 16 hours. Diisopropylethylamine (Hunig's base)
was then added. After refluxing the reaction mixture for a further 16 hours an aliquot
was taken from the reaction in order to check for the formation of the desired product

(29). Although !H NMR analysis showed the presence of a small amount of 29,

purification by flash column chromatography of the rest of the reaction gave only a

different product. By comparing the analytical data with literature precedent15'16 a

possible structure for this compound, 52, was proposed (Figure 34). Mass spectrometric

analysis of the compound showed the molecular weight (m/z (CI+) 305) to be consistent
with the proposed structure. *H NMR and COSY data were also consistent with 52.
The geometry of the double bond in 52 was not determined. Therefore, it was decided
to draw 52 as the Z-isomer according to the literature.15,16 In a subsequent reaction it
was found rerunning this reaction, but in absence of anthranilate 27, also gave 52.

Figure 34. Proposed mechanism for the formation of 52.16

In conclusion, despite the low yield for the coupling reaction, it was decided to

use the conditions described in the table (entry 7 and 9) as optimal for preparation of

amidines 29 and 32.
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2.1.3.4. NMR studies on the formation of the Vilsmeier intermediate

In the light of the low yields previously obtained for the coupling reaction, it
was decided to revisit the NMR experiments in order to study the reaction in more

detail: In this case, the NMR spectra were obtained in collaboration with Dr Tomas
Lebl and were recorded on a Bruker Avance 500 (499.9 MHz) spectrometer.

The first issue was to find a system that would work under the reaction
1 31

conditions to enable subsequent analysis by H and possibly P NMR. Based on

literature precedent" (Section 2.1.3.1), it was envisaged that the type of lactams that
should work well in these reactions would contain an electron-donating groups on the

nitrogen atom, such as A-alkyl lactams 39 and 53. Therefore, the first aim was to

prepare A-alkyl amidines 54 and 55 (Figures 35 and 36), under the optimised work-up

procedure previously described in Section 2.1.3.3.

Figure 35. Preparation of the amidine 54. Reagents and conditions, a) i) 39 (1.1 equiv), POCI3

(1.0 equiv), DCM, RT, 3 hours, ii) 27 (1.0 equiv), DCM, 40 °C, 16 hours, 79%.

A-methyl-2-pyrrolidinone (39) and A-ethyl-2-pyrrolidinone (53) were activated
in the presence of phosphorus oxychloride and then reacted with anthranilate ester 27 at

40 °C for 16 hours. The solvent was removed in vacuo and the residue was dissolved in

aqueous hydrochloric acid. The aqueous phase was extracted with dichloromethane and
then basified and extracted with ethyl acetate. The reactions gave the desired products
in moderate yields, 46% for 54 and 29% for 55, respectively. When this extraction

protocol was repeated one more time, there was a significant increase in the final yield
of 54 (79%) whereas in the case of 55 the final yield was almost the same (31%).
Further attempts to recrystallise these compounds to determine their structure and

geometry were unsuccessful due to the fact that the samples were thick oils.

O

39
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O

NH2

OMe a •^/CC^Me

N=0M —o=
N

O N
27 55

53

Figure 36. Preparation of the amidine 55. Reagents and conditions, a) i) 53 (1.1 equiv), POCl3

(1.0 equiv), DCM, RT, 3 hours, ii) 27 (1.0 equiv), DCM, 40 °C, 16 hours, 31%.

However attempts to determine the geometry of the double bond in 54 by measuring

spatial proximity of the protons by NOESY were unsuccessful. Although some nOes
were observed, the free rotation of the single bonds between the aromatic ring and the

nitrogen and between the lactam nitrogen and the methyl group, made this molecule
flexible and therefore a possible assignment of the geometry proved difficult.

These results showed that the presence of an electron-donating group {e.g. alkyl

group) on the lactam nitrogen increased significantly the yield of the coupling reaction
as required for these sections of research. It was therefore decided to carry out *H NMR

experiments on the reaction of lactam 39 with phosphorus oxychloride. These

experiments were carried out in CD2CI2 in order to mirror the preparative scale reaction.
The results from these experiments and from analogous studies using the A-phenyl
lactam 28 are presented below.

2.1.3.4.1. NMR studies on AMactams 28 and 39 and phosphorus oxychloride

The reaction was carried out between lactam 39 (1.1 equivalents) and

phosphorus oxychloride (1.0 equivalents) in CD2CI2, at a concentration of 25 mM.
'H spectra were recorded at 15 minute intervals (not all data points are shown in Figure

37). Two interesting observations were made: i) the signals corresponding to starting
lactam 39 shifted downfield as the time course progressed with the shift for the signals

corresponding to the H-3 protons being the most dramatic; ii) a new set of signals was

observed to increase in intensity with time having first become visible at

t = 130 minutes.

H NMR analysis confirmed the presence of compounds 54 and 55 respectively.
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An analogous set of experiments were carried out using A-phenyl lactam 28

(Figures 38 and 39). Signals corresponding to the lactam 28 were observed to shift
downfield in analogous manner to those for 39. However, this shift was less

pronounced in the case of 28. In addition no formation of a second set of signals was

observed.

Attempts to synthesise amidines 29 and 54 gave significantly different results.
Amidine 54 was produced in much higher yield than amidine 29. One possible

explanation for the difference in yields of these two reactions is that it reflects a

difference in the reaction of the two lactams (28 and 39) with phosphorus oxychloride.
In fact when the reaction of 28 and 39 with phosphorus oxychloride is followed by
*H NMR, a clear difference is observed. At first sight, the reaction of 39 with

phosphorus oxychloride appears to be consistent with previous observations made by
Kuehne.3 However, the fact that no analogous peaks are observed in the reaction with

28, despite knowing that formation of 29 occurs, suggests that the situation may be
much more complicated than previously suggested. Whilst ultimately difficult to

interpret, these experiments do at least identify a clear difference in the reactivity of 28
and 39. This almost certainly results from the presence of the aromatic substituent on
the nitrogen in 28 which causes a delocalisation of the lone pair of electrons into the

ring. Further studies to aid the explanation of these observations are continuing within
the Westwood laboratory.
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Figure 37. 'H NMR spectrum of reaction of 39 in CD2C12 after 19 hours. * Signals corresponding to the
protons for the new chemical species.
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Figure 38. 'H NMR spectrum of the aliphatic region, of reaction of 28 in CD2CI2 after 2 days.
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7.6 7.5 7.4 7.3 7.2 7.1 ppm

Figure 39. 'H NMR spectrum of the aromatic region, of reaction of 28 in CD2Cl2 after 2 days.

2.1.4. Synthesis of Quinolones 24 and 31

Quinolone 24 was prepared from amidine 29 en route to the final product

(±)-blebbistatin (18). Several analogous transformations have been reported in the
literature and are briefly reviewed here. Interestingly it was found that tacrine 56, a

quinoline-based heterocycle of relevance to the treatment of Alzheimer's disease, could
be synthesised using the reaction of amidine 42 with ZnCl2 (Figure 40)."
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Figure 40. Literature example for the preparation of tacrine 56. Reagents and conditions: a) ZnCl2,

nitrobenzene, 140 °C, 50 min."

A different approach to a tacrine heterocycle 57 proceeded through the
formation of a quinone methide intermediate 58 (Figure 41).12

Figure 41. Proposed mechanism for the preparation of tacrine 57. Reagents and conditions: a) NaHMDS

(1M in THF), -78 °C-RT, 4 hours, 81% (57).12

In this case, the amidine 45 was reacted in the presence of 4 equivalents of base

(NaHMDS) to afford the desired heterocycle 57 in excellent yield. They found that
THF was the optimal solvent for the cyclisation reaction compared with diethyl ether,
dioxane or 2-methyltetrahydrofuran. Temperature and time also played a very

important role in the reaction. Low yields were found when the reaction mixture was
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allowed to warm to room temperature rapidly whereas the optimal range for the

cyclisation temperature was found to be -35 to -15 °C. However the nature of the base
counteranion did not affect the reaction.

It was also found that the nature of the substituents in the trifluoromethylaniline

(either mildly electron-donating or mildly electron withdrawing) did not affect the
12

progress of the reaction. Surprisingly, a previous report suggested that the presence of
either a nitrogen or oxygen group at C-4 position of 57 comes directly from the base
utilised for cyclisation (e.g. lithium diisopropylamine (LDA) or potassium tert-butoxide

(t-BuOK), although it is important to point out that these bases are not nucleophiles).17

In our case, the preparation of quinolone 24 was carried out by base-induced

cyclisation of the amidine 29 (Figure 42). Therefore 29 was treated with an excess of
lithium bis(trimethylsilyl)amide at -78 °C. The reaction mixture was then warmed to

0 °C for 3 hours until no starting material (29) was detected by TLC. The crude reaction

mixture was purified by flash column chromatography eluting with 100% ethyl acetate
to afford the desired quinolone 24 in high yield (90%). Quinolone 24, an off-white

solid, was found to be stable in the absence of air and light and could be stored for
extended periods of time in multigramm quantities. The same protocol was carried out

for the preparation of 31 from 32.

Figure 42. Preparation of the quinolones 24 and 31. Reagents and conditions: a) LiHMDS

(3.0-2.5 equiv), THF, -78 °C-0 °C, 3 hours, 90% (24) and 95% (31).

During the cyclisation reaction (Figure 43) it was assumed that the base, lithium

bis(trimethylsilyl)amide, would remove the most acidic proton to form the enamine

anion which would attack the ester carbonyl carbon, with methoxide acting as a leaving

group. In theory, therefore, only one equivalent of base is required in this reaction. In
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practice, however, it was necessary to use an excess of base in order to push the reaction
to completion.

R v^^^C02Me

N

LiHMDS

N

32 R= H

29 R= CH3

R C02Me

A?

31 R= H

24 R= CH3

Figure 43. Proposed mechanism for the cyclisation reaction.

The structure of the product 24 was confirmed by 'H NMR analysis which
showed the presence of two triplets with chemical shifts of 3.17 ppm for H-3 and
4.06 ppm for H-2. A report in the literature discusses the presence of ketone-enol
tautomerism associated with the quinolone structure (Figure 44). It is argued that only
two tautomers are possible, the oxo or keto form (24) and the hydroxyl or enol form

(59). However 24 is preferred in solution.18 A third form 60 was ruled out based on

spectroscopic evidence. Infrared analysis showed the presence of a band at 1571 cm"1,
which is assumed to correspond to the ketone.

Figure 44. Tautomeric forms of quinolone 24.
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It was shown that the cyclised product 24 could decompose in the presence of
molecular oxygen and light to give (±)-blebbistatin (18). Therefore it was decided to

investigate its stability by 'H NMR. Quinolone 24 was dissolved in CDCI3, covered
with parafilm and left at room temperature under natural light in the absence of

atmospheric oxygen. 'H NMR spectra were taken at regular intervals over twenty five

days. It was found that quinolone 24 was stable towards oxidation in the absence of air
and could be stored for long periods of time without degradation.

2.1.4.1. Attempts to cyclise amidine analogues 54 and 55

After the successful preparation of quinolones 24 and 31, it was decided to carry

out the cyclisation of the amidines 54 and 55. The first attempts at these reactions
followed the procedure described in Section 2.1.4. Unfortunately none of the desired

quinolones were obtained after purification of the crude reaction mixture by flash
column chromatography.

The cyclisation reaction for amidine 54 (Figure 45) was carried out at -78 °C and
the reaction was warmed to room temperature for 3 hours. However, it was found that
the starting material was consumed at -40 °C as judged by TLC analysis. This reaction
was therefore repeated at -40 °C with 2 equivalents of base for 16 hours and then

quenched at -40 °C. TLC analysis showed the presence of one major new compound.
'H NMR analysis of the crude reaction mixture suggested the possible presence of the
dimer 61 (Figure 47). Mass spectroscopic analysis of the crude reaction mixture
showed the presence of a peak at m/z (EI) 460 consistent with this assigment. Again,

purification by flash column chromatography proved difficult. The same conditions
were attempted for the cyclisation of 55 (Figure 47). TLC analysis of the reaction
showed a complex mixture of products and no purification attempts were made.

\i^5^/C02Me ^

U-N= ^
N

54 /

Figure 45. Attempt to cyclise (V-methyl amidine 54. Reagents and conditions: a) LiHMDS (2.0 equiv),
THF, -40 °C, 16 hours.
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xc;-*N
N

55

Figure 46. Attempt to cyclise A-ethyl amidine 55. Reagents and conditions: a) LiHMDS (2.0 equiv),

THF, -40 °C, 16 hours.

In a final attempt to cyclise amidine 54 an additive, DMPU (64) was included.

It is known that solvents such as HMPA (65) and DMPU (64) (Figure 47) can disrupt
metal chelation,19 therefore it was envisioned that addition of this co-solvent might
avoid formation of dimer 61, in favour of the quinolone formation by destabilising a

chelate of structure 66. To a solution of amidine 54 in THF at -78 °C was added

3 equivalents of lithium bis(trimethylsilyl)amide and 1 equivalent of DMPU. The
reaction mixture was warmed to 0 °C for 16 hours and TLC analysis confirmed the

consumption of the starting material 54. Mass spectrometric analysis of the crude
reaction mixture exhibited a positive ion mass peak at m/z (ES+) 461, being consistent
with the mass of the dimer 61. In addition, high resolution mass analysis on that peak
was consistent with the formation of a compound with the molecular formula

C27H33N4O3, which was the same as that for dimer 61 (Figure 47). No other products
were identified and the reaction was therefore abandoned.

O O
A ^ II

NN N
I I Me2N I NMe2AA NMe2

64 65

66

Figure 47. Structure of the dimer 61, DMPU (64), HMPA (65), and chelate 66.
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2.1.5. Synthesis of (±)-BIebbistatin (18)

The last step of the reaction sequence to the blebbistatin core structure was the
oxidation of quinolone 24. This section focuses on the oxidation of 24 to

(±)-blebbistatin (18) by two different methods.

2.1.5.1. Air Oxidation

It was observed that a DMSO solution of quinolone 24 slowly decomposed in air

in the presence of light to give (±)-blebbistatin (18) (Figure 48). The experiment was
followed for 40 days and initial TLC analysis mainly showed the presence of 24,

although an additional less polar spot was detected and increased during the course of
the experiment. The resultant product was purified by flash column chromatography to

afford the desired (±)-blebbistatin (18) in a low yield (22%). 'H NMR analysis

confirmed the structure of 18 and the measurement of the optical rotation gave a value

of zero ([a]D25 = 0), as expected.

Figure 48. Oxidation of quinolone 24 to (±)-blebbistatin (18). Reagents and conditions: a) 02, light,
DMSO, RT, 40 days, 22%.

2.1.5.2. Photolysis

The rate of this transformation was increased by irradiation of 24 in DMSO or

THF using a medium pressure mercury lamp (400 W, unfiltered) or upon irradiation

(365 nm) of 24 supported on silica gel (Figure 49).
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Figure 49. Oxidation of quinolone 24 to the (i)-blebbistatin (18). Reagents and conditions: a) 02, light,
DMSO or THF, RT, 3 hours, 29% and 26% respectively.

A solution of 24 in DMSO in the presence of air was irradiated for 1 hour. The
reaction was followed by TLC analysis which showed a very weak yellow spot

corresponding to the product 18. It was then decided to increase the time of irradiation
for another hour and more of the yellow spot was formed as judged by TLC analysis.

Finally after 3 hours of reaction, no further change was observed. The crude material
was purified by flash chromatography to afford the desired compound 18 as a yellow

solid in 29% of yield. 'H NMR and optical rotation values ([oc]d25 = 0) were consistent

with the previous result.

Due to the inconvenience of removing DMSO during the work up, the use of an
alternative solvent to carry out the degradation process was attempted. THF was judged
to be the most suitable solvent as quinolone 24 was soluble in this solvent. Distilled
THF was required for the reaction due to the fact that commercially available bottles
contained a radical inhibitor. The reaction followed the same procedure as described

above for DMSO. In this case (±)-blebbistatin (18) was obtained in 26% of yield. An

analogous experiment using the photosensitiser, Rose Bengal, was carried out in an

attempt to improve the yield of the reaction. Unfortunately no significant differences
were observed. Furthermore it was found that when quinolone 24 was irradiated in the

presence of argon, (±)-blebbistatin (18) was not formed, as judged by ]H NMR analysis,
consistent with the essential role of molecular oxygen in this transformation.

In summary, the degradation of 24 to 18 occurred in a slightly better yield and in
much less time when the reaction is irradiated using a mercury lamp. The use of THF
as a solvent helped work up as the reaction could be concentrated in vacuo directly

allowing for immediate purification of 18. The use of a photosensitiser (Rose Bengal)
did not improve the yield of the reaction.
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2.2. ASYMMETRIC HYDROXYLATION: AN ALTERNATIVE ROUTE FOR

THE SYNTHESIS OF THE CORE STRUCTURE OF (-)-BLEBBISTATIN (7)

Stereochemical control in the formation of stereogenic centres presents a

significant challenge to the organic chemist. It is well established that for many chiral

compounds the two enantiomers show different biological properties. For instance it
can happen that one enantiomer of a bioactive compound is more potent than the other,
or even that one enantiomer is inactive or induces a different unrelated phenotype.

Mitchison et al.1 (Chapter 1, Section 1.4.3.1) observed in in vitro assays that

(-)-blebistatin (7) was active against non-muscle myosin II whilst (+)-blebbistatin (23)
was inactive. In light of these results, it became desirable to develop a highly efficient
route for synthesising enantiomerically enriched samples of (-)-blebbistatin (7) and

(-t-)-blebbistatin (23).

The a-hydroxy carbonyl functionality in (-)-blebbistatin (7) is common in many

biologically active molecules, as well as in chiral building blocks and in key
41 on p

intermediates in the synthesis of natural products. ' ' ' In many of these examples
this functional group is prepared by direct oxidation of an enolate to the desired

a-hydroxy ketone (Figure 50). The stereoselective creation of the new stereogenic
centre can be achieved by the reaction with a chiral reagent.

Figure 50. Proposed mechanism for the oxidation of the quinolone.

2.2.1. Overview of chemical methods in asymmetric hydroxylation

Several methods have been developed for the synthesis of a-hydroxy carbonyl
compounds, although most of them involve multistep transformation of a carbonyl
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group.24 Examples reported in the literature involve, among others, the conversion into
the hydroperoxy compound and subsequent reduction to the a-hydroxy compounds as

developed by Barton et al.25 or the pre-formation of a silyl enol ether from the carbonyl
compound followed by oxidation with reagents such as m-chloroperbenzoic acid

(m-CPBA) as developed by Rubottom.26 The most straightforward way to a-hydroxy

carbonyl compounds is direct enolate hydroxylation. Two reagents that have been
studied in detail for this transformation are molecular oxygen (02)27 and Vedejs'reagent

[molybdenum peroxide-pyridine-hexamethylphosphoramide, M0O5 Py HMPA

(MoOPH)].28'29 Nevertheless, these two reagents do not induce asymmetry (they are

not chiral) and their use also lead to the formation of byproducts.24 a-Hydroxy ketones
can also be prepared by catalytic enantioselective oxidation of achiral ketones using
molecular oxygen with a chiral phase transfer catalyst, affording up to 79% of

30enantiomeric excess. The enantioselective a-hydroxylation of p-ketoesters, has been

reported in the literature by using titanium catalyst complexes and an oxaziridine as the
31

oxidising reagent, affording enantioselectivities up to 94%. Several other examples of
this approach using chiral A-sulfonyloxaziridines have been reported.23' 24, 30 These

reagents afforded the a-hydroxy carbonyl compounds in high yield with excellent

stereoselectivity. The advantages of these reagents are that they are aprotic, therefore

they will not be destroyed by the enolate prior to oxidation, and are very stable thus

easy to store. In addition, over-oxidation to a-dicarbonyl compounds are not detected as

side products in the oxidation reaction (where relevant).

Therefore it was decided to focus our attention on exploring the asymmetric

synthesis of (-)-blebbistatin (7) using the Davis oxaziridine reagents.21

2.2.2. Oxaziridines

The oxaziridines (Figure 51) are a class of oxidising reagents employed for the

asymmetric a-hydroxylation of enolates. These reagents are heterocyclic compounds

containing an oxygen, nitrogen and carbon atom in a three-membered ring which leads
to an unusually high reactivity and also results in the weak N-O bond. In addition, if the
substituents at the ring carbon in the oxaziridines are identical (R2= R3 and R1 does not

contain a stereogenic centre), the only possible centre of asymmetry is the nitrogen
32

atom. This class of compounds was introduced by Franklin A. Davis, and extensive
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literature exits for their use and synthesis. The features of these reagents are that they
are neutral, aprotic, electrophilic, stable, easy to prepare, in some cases commercially
available and they frequently afford high stereoselectivities in asymmetric oxidations.

,/V-sulfonyloxaziridines are soluble in different solvents such as tetrahydrofuran,
21

dichloromethane, chloroform and insoluble in water and hexane.

•' O R^
•\ / \ ,*R

,'N—C.
R1^ ^R3

R1 = H, R, Ar, RC(O), RS02

Figure 51. General structure of oxaziridines.

2.2.2.1. Synthesis of oxaziridines

The main group of oxaziridines is the 7V-sulfonyloxaziridines 68 (Figure 52)
which are widely studied in asymmetric synthesis. They can be prepared from biphasic
buffered oxidation of sulfonimine (69) with m-chloroperbenzoic acid (m-CPBA) or

Oxone (potassium peroxymonosulfate), affording racemic frans-./V-sulfonyloxaziridine
68 in excellent yields.21'23'33

Ar
Ar biphasic O Ar

.. , oxidation \ / \ ^ \ ^
/=\ ► C. + N C'/ \H 80-95% RO2S^ R02S< \ / ^ro2s

69

r= alkyl, aryl

h
O

68

Figure 52. Preparation of /V-sulfonyloxaziridines 68.

The ACsulfonyloxaziridines are classified as followed.21,23

a) Optically active Af-sulfonyloxaziridines; they can be prepared by biphasic oxidation
of optically active sulfonimines 70 (Figure 53) using achiral peracids (m-CPBA) to give
mixtures of oxaziridine diastereoisomers 71 and 72 or oxidation of an achiral

sulfonimine with a chiral peracid. These oxaziridines can only be separated by
recrystallisation due to their instability to chromatographic techniques.34

60



Chapter 2. Results and Discussion

M_/r '\A/ + ,*ArN=< ► N C. + C.

R*02S H R*O2S^ R*02S^ \/O
70

71 72

R*= (+)-10-camphor

,QV
Br

Figure 53. Preparation of optically active N-sulfonyloxaziridines 71 and 72.

b) Diastereomeric 7V-sulfamvloxaziridines; they can be prepared by biphasic oxidation
of sulfamimines 73 (Figure 54) using m-CPBA/NaHC03, to give a mixture of the two

diastereomeric 2-sulfamyloxaziridines 74 and 75 in high yield. The diastereomers are

stable to chromatography and therefore they can be separated by crystallisation or

preparative HPLC into their optical pure forms.35

■Ar biphasic o Ar .V Ar
oxidation / \ , A, >v<^

,N=\ ► 'n—c* + 'n—c'
( X 75"90% z-02s^ z.o2s»^ V^HZ*02S H Z*02S

73
o

74 75

Z* = (+)-(S)-(A/-benzyl)-1-phenethylamine

H CH
>\N_^ Ar = 4-N02Ph, 3-N02Ph, 2-N02Ph, 2-CI-5-N02Ph,"

. s Q c.Hi-Mn^Ph r.~F.Ph 15 3,5-di-N02Ph, C6F5
Ph^

Figure 54. Preparation of diastereomeric Af-sulfamyloxaziridines 74 and 75.

c) (Camphorvlsulfonyl)oxaziridines; they can be prepared by biphasic oxidation of the
sulfonimine 76 (Figure 55) with potassium peroxymonosulfate (Oxone),

m-chloroperbenzoic acid (m-CPBA), buffered with saturated K2CO3 to afford a single
oxaziridine isomer ((-)- or (+)-(camphorylsulfonyl)oxaziridines). The oxidation has

also been developed using peracetic acid or magnesium monoperoxyphthalate with

K2CO3 in the presence of a phase-transfer catalyst.36 The enantiomerically pure forms
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of several (camphoryl-sulfonyl)oxaziridines are commercially available from the
Aldrich Chemical Co. and Fluka.

(+)-77 X= H (-)-81 X= H
(+)-78 X= CI (-)-82 X= CI
(+)-79 X= OMe (-)-83 X- OMe

Figure 55. Preparation of (camphorylsulfonyl)oxaziridines.

2.2.2.2. Oxaziridines as oxygen transfer reagents

iV-Sulfonyloxaziridines contain a highly electrophilic oxygen atom. The main
reaction in which ,/V-sulfonyloxaziridines are involved is with nucleophiles as oxidising

reagents. The mechanism of the transfer of oxygen from iV-sulfonyloxaziridine to the

nucleophile is via an Sn2 process. The oxaziridine oxygen atom is attacked by the
carbon atom of the enolate 84 with simultaneous N-O bond cleavage to give the
hemiaminal intermediate 85 which fragments to the sulfonimine 86 (by-product) and
alkoxide 87 (Figure 56).

In some cases when A-sulfonyloxaziridines (88) react with lithium enolates

(Figure 56), in addition to the a-hydroxy carbonyl compound, the imino-aldol product
89 is also obtained as a side product, resulting from the addition of the enolate 84 to the

carbon atom of the sulfonimine 86. Flowever, the formation of the imino-aldol product
89 could be avoided by using sodium or potassium enolates or (camphorylsulfonyl)-
oxaziridines.
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O
pi / \

PhS02N—CHAr
cP bP 88
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©
l\P

Ph^N-SH02-Ph
CL X(0)R'

R

85

PhSOp—N=CHPh

_l_ 86

cPP
R -R'

O
87

O 89

Figure 56. General mechanism for enolate oxidation with /V-Sulfonyloxaziridine 88.
23

The N-sulfonyloxaziridines are highly chemoselective oxidising reagents in
reactions such as the oxidation of organosulfur compounds, organoselenium

compounds, organonitrogen compounds, carbon-carbon double bonds and
21

organometallic reagents. The enantiomerically pure samples of A-sulfonyloxaziridines
are used, mainly as asymmetric oxidising reagents for the asymmetric oxidation of
sulfides (66 to >95% of enantiomeric excess), for the epoxidation of alkenes (up to 65%
of enantiomeric excess), and for asymmetric oxidation of enolates to optically active

a-hydroxy carbonyl compounds (55-95% of enantiomeric excess). These reagents

afford high stereoselectivities in asymmetric oxidations and the configuration of the
oxaziridine three-membered ring controls the product stereochemistry.37

2.2.2.3. Examples of the use of oxaziridines

One example of the use of enantiomericaly pure A-sulfonyloxaziridines is in the

asymmetric oxidation to afford a-hydroxy P-dicarbonyl compounds (Figure 57). This

moiety is a common feature of many biological molecules such as antibiotics and it is

also an intermediate for the asymmetric synthesis of natural products. Therefore

(+)-[(8,8-dimethoxycamphoryl)sulfonyl]oxaziridine (79) was used to prepare a-hydroxy

P-ketoester 90 a precursor of the AB ring segment of the antitumor anthracycline
antibiotic Daunomycin, in 70% yield and >95% of enantiomeric excess.38'39'& 40
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Figure 57. Literature example for the synthesis of a-hydroxy P-dicarbonyl compound 90 with Davis

reagent 79.38

Another example that has been reported is the asymmetric oxidation of the aza-

enolate anion of deoxyvasicinone 91 (Figure 58). Vasicinone (S)-92 is one of the

pyrrolo[2,l-£>]-quinazoline alkaloid family which includes medicines for bronchitis and
asthma. One route employed for the synthesis of Vasicinone (92) is by the asymmetric

hydroxylation of deoxyvasicinone (91) with oxaziridines (lS)-(+)-77 or (lR)-(-)-81.
The reaction afforded the two pure enantiomers of Vasicinone (92) in a 71% and 62%
of enantiomeric excess, respectively. The optical purity was analysed by chiral
HPLC.41 It is surprising that these two values are not equal and opposite to each other.

(+)-77

Figure 58. Literature example for the synthesis of Vasicinone (92) with Davis reagent 77.41

Chiral tetrasubstitued enolates can also be oxidised in the presence of

enantiomerically pure A-sulfonyloxaziridines. The diastereoselective oxidation of the

amide enolate of 94 gave acyclic tertiary a-hydroxy amide 95 in high optical purity

(88-91% de) (Figure 59).21

64



Chapter 2. Results and Discussion

(+)-77

Figure 59. Literature example for the synthesis of tertiary a-hydroxy amide 95 with Davis reagent 77.21

An interesting example which shows the importance of using oxaziridines in

asymmetric synthesis arises from the synthesis and application of new chiral non-
racemic reagents such as 3-aryl-A-alkoxycarbonyloxaziridine (96) (Figure 60). This

reagent has been reported as a tool for the asymmetric electrophilic amination of
enolates.42 Therefore in this case, 96 reacts with the enolate of 97 to introduce nitrogen
into the product 98 instead of the oxygen. Flowever the aminated products were

obtained in low diastereoselectivities of up to 21% d.e. (diastereomeric excess).

Figure 60. Literature example of the asymmetric amination of the enolate of 97 with the chiral reagent
96.42

Our attention was focused on the asymmetric hydroxylation of enolates to

enantiomerically enriched a-hydroxy carbonyl compounds using enantiopure
N- sulfonyloxaziridines. This reaction was applied to study the asymmetric synthesis of
the target molecule (-)-blebbistatin (7).
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2.2.3. Synthesis of (-)-Blebbistatin (7) using Davis methodology

It was envisaged that optically enriched (-)-blebbistatin (7) or (+)-blebbistatin

(23) could be prepared from quinolone 24 using the Davis methodology.19'21 This late

stage oxidation was attractive as both enantiomers could be prepared in a single step
from a common intermediate.

Our first step in establishing a standard asymmetric hydroxylation protocol was
to focus on determining the temperature at which the Davis reagent reacted with the
ketone enolate. Frequently, lower temperatures allow for higher levels of

stereoselectivity.43

The first attempt to prepare the 5-hydro analogue of (-)-blebbistatin (67) was

carried out using a one pot reaction with the base-induced cyclisation of the amidine 32
to form the corresponding enolate followed by asymmetric hydroxylation (Figure 61).
Lithium bis(trimethylsilyl)amide was added to a solution of amidine 32 in THF at

-78 °C and the reaction was warmed to 0 °C and stirred until no starting material was
detected by TLC analysis. A solution of Davis reagent 81 in THF was then added to the
enolate at -78 °C. The reaction was followed by TLC analysis to find the optimum of

temperature at which the Davis reagent reacted with the enolate. It was found that when
the reaction was warmed to -10 °C a very bright yellow spot was detected by TLC

analysis. It was decided to warm the reaction to room temperature to afford complete
conversion to the oxidised product 67. The reaction was quenched at room temperature

with saturated aqueous NH4CI. The crude residue was purified by flash column

chromatography (20% ethyl acetate/hexane) to give the desired oxidised product 67 in
low yield 18%, as a very bright yellow solid. The same procedure was used for the
oxidation of 29 affording the product 7 in 25% yield.

*H NMR analysis confirmed the presence of 67 and (-)-blebbistatin 7

respectively in these two reactions. The optical rotation for compound 67 afforded a

negative value ([a]D25 = -107, concentration of 0.1 g/lOOmL in dichloromethane) which
was consistent with the sign found for the biologically active enantiomer of blebbistatin

(Chapter 1, Section 1.4.3.1).
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X02Me

29 R= Me
32 R= H 81

Figure 61. Preparation of (-)-blebbistatin 7 and 67 in a one pot reaction. Reagents and conditions:

a) i) LiHMDS (1.1-3.0 equiv), THF, -78 °C to 0 °C, ii) 72 (2.0 equiv), THF, -78 °C to RT, 25% (7), 18%

(67), respectively.

Furthermore 67 was recrystallised from ethyl acetate/hexane to afford crystals
suitable for X-ray analysis. Surprisingly two different types of crystals were obtained
from the recrystallisation of 67, one set appeared yellow and the other set green (Figures
62 and 63). Both of these X-ray analyses confirmed the structure of 67 but they differ
in the intermolecular hydrogen bonding network. In addition in both sets of crystals

only one enantiomer was present although it was not possible to assign the absolute

stereochemistry due to the lack of a heavy atom. In contrast the reaction for 7 did not

yield enough material either for recrystallisation or for measuring the optical rotation.

Figure 62. X-Ray structure of 67 (yellow crystals). The figure shows the intermolecular hydrogen

bonding network between hydrogen (from the 4-oxygen) and 5A-oxygen.
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Figure 63. X-Ray structure of 67 (green crystals). The figure shows the intermolecular hydrogen

bonding network between hydrogen (from the 4-oxygen) and 12A-nitrogen.

Despite the fact that the first attempt led to the synthesis of 67 and 7 and
confirmed the structure of 67, there was a need to optimise the yield of the reaction and
also to prepare sufficient amounts of 7 for a complete assignment. In addition, the use

of the one pot procedure, which required excess reagents, could lead to a situation in
which unwanted counter ions negatively influence the enantiomeric excess of the
reaction. In order to avoid this, it was decided to hydroxylate quinolone 24 directly.

Quinolone 24 was deprotonated at -78 °C with one equivalent of LiHMDS. The
reaction was then wanned from -78 °C to -10 °C, until no starting material was detected

by TLC analysis. A solution of 81 (2.0 equivalent) was added at -78 °C and the reaction
mixture was warmed slowly. Although TLC analysis showed the presence of a new

bright yellow spot corresponding to the desired product at -10 °C, the reaction was

wanned to room temperature and quenched with saturated aqueous NH4CI. The crude
residue was purified by flash column chromatography (20% ethyl acetate/hexane) to

afford (-)-blebbistatin (7) in an improved yield (48%). The optical rotation for 7 gave a

negative value of [a]D25 = -56 (concentration of 0.1 g/lOOmL in dichloromethane). The

structure of the compound was confirmed by 'H NMR.
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In summary, a synthetic route to access enantioselectively the bioactive

enantiomer, (-)-blebbistatin (7), was established via quinolone 24. However with the
new procedure the yield of the reaction was still moderate. Optimisation of the reaction
conditions to improve the yield and also establishment of an optimal methodology to

determine the enantiomeric excess of the reaction were the next goals of the project (see

Chapter 3).
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ABSOLUTE STEREOCHEMICAL ASSIGNMENT OF

(-)-BLEBBISTATIN (7)

3.1. GENERAL METHODS FOR THE DETERMINATION OF

ENANTIOMERIC EXCESS

The previous chapter described preliminary results on the enantioselective

preparation of (-)-blebbistatin (7) using Davis chiral oxaziridines (Chapter 2, Section

2.2.3). Although it was known that 7 prepared by this route was neither racemic
25

([a]o tD) nor enantiomerically pure but enantiomerically enriched, it was necessary to

develop a method to determine accurately the ratio of the two enantiomers

(enantiomeric excess (ee)). The enantiomeric excess (ee) can be defined as the excess

of one isomer over the other. It can be calculated with the following formula:
ee- 100 x (Xr-Xs)/(Xr+Xs), where XR>XS and XR and Xs representing the molarity of
each enantiomer.

Well established methods have been developed for determining enantiomeric

excess (ee) in asymmetric synthesis.1 The classical methods include the use of NMR

spectroscopy2 which usually requires the intervention of a chiral reagent to convert a

mixture of enantiomers into the corresponding mixture of diastereomers. The three

types of chiral reagents are: a) enantiomerically pure derivatising reagents3'4 in achiral
solvents, b) chiral lanthanide shift reagents,5'6 c) chiral solvating agents.7'8 Other

techniques, which involve diastereomeric interactions for the separation of the two

enantiomers, include the use of chiral stationary phases in gas and liquid

chromatography (GC and HPLC).9 Methods such as optical rotation, optical rotatory
dispersion (ORD) and circular dichroism (CD) can also be used to determine the
enantiomeric excess due to the ability of the chiral molecules to rotate the plane of

plane-polarised light, although the enantiomers cannot be separated with these
techniques.

Chiral derivatisation and NMR analysis remains the most widely used technique
for determination of enantiomeric excess. The studied chiral molecule (e.g. alcohols
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and amines) is derivatised with optically active acids to afford the corresponding
diastereoisomeric esters and amides, respectively. The first chiral derivatising reagent

[(R)-(-)-0-methylmandeloyl chloride (99)] (Figure 64) was introduced by Raban and
Mislow10and extensively used by others.11'12 The diastereomers can be identified by
NMR due to differences in chemical shift values (e.g. difference in the chemical shift of
the CH3O groups) in the 'H NMR spectrum. Therefore, the ratio of both diastereomers
can be measured by the integration of the areas under their corresponding peaks.

However, the use of this reagent was limited by the observed epimerisation at the

hydrogen a to the acid chloride carbonyl, presumably via the corresponding ketene.13

H OMe

O H Me

+ (R,R)-101

H OMe

PhVxPh
O H Me

(R,S)-102

Figure 64. Literature example of the derivatisation of an amine with the chiral derivatising reagent,

(R)-(-)-0-methylmandeloyl chloride (99)."'12

In order to avoid the problem of racemisation, Mosher et al.?'A developed the
well known chiral derivatising reagent, Mosher's acid (a-methoxy-a-trifluoromethyl-

phenyl-acetic acid) (MTPA). This reagent is stable to racemisation because it contains a

CF3 group instead of the a-hydrogen atom (Figure 65). The enantiomers of the
molecule under analysis are converted into diastereomers as before. The advantage of
these reagents is the presence of CF3 which enables the determination of the
enantiomeric excess by 19F NMR analysis. This approach leads to fewer signals

(normally only two peaks) than *H NMR analysis, avoiding the problem of overlapping

signals.

H OMe

Ph
CI

+

O

R-99

H NH2

Phi Me

100
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F3C OMe
PIT C(CH3)3

O H Me

Cl >C1 + Me^C(CH3)3
(R,R)-105

O F3C OMe
S-103 104 Ph' C(CH3)3

(R,S)-106

Figure 65. Derivatisation of the secondary alcohol (3,3-dimethyl-butan-2-ol) with Mosher's acid
chloride 103 [(5')-(+)-MTPA-Cl].14

with the enantiomers in solution resulting in an induced shift in certain resonances in

the NMR spectrum. The most common reagents are the perfluoroalkyl camphorato
chelates tris-(3-trifluoromethyl-hydroxymethylene-(l/?)-camphorato)europium (III)

[Eu(thd3)] (107) and tris-(3-heptafluorobutyryl-hydroxymethylene-(lR)-camphorato)-

europium (III) [Eu(hfc)3] (108) (Figure 66) and they have been used with chiral alcohols,

aldehydes, ketones, esters, oxiranes and sulphonamides.5 The measurement of the
enantiomeric excess is by integration of the peaks corresponding to the diastereomeric

complexes.

Figure 66. Chiral lanthanide shift reagents [Eu(thd3)] (107) and [Eu(hfc)3] (108).5 15

The use of chiral solvating agents in NMR to determine the enantiomeric excess

has been studied on lactones.7 This method is based on the stereochemical interaction

between the homochiral solvating agent and the chiral compound (Figure 67), and
therefore the formation of diastereomeric solvation complexes with the enantiomers.

The enantiomeric excess can be determined on the basis of such interactions.

Chiral lanthanide shift reagents5,15 form diastereomeric association complexes
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H^> mo
Ar 109

Ar- 9-anthryl

110a 110b

Figure 67. Example of the interaction between the chiral solvating agent (2,2,2-trifluoro-l-(9-

anthryl)ethanol) (109) and y-lactone enantiomers 110a and 110b.7

Polarimeter based methods have also been used to determine optical purity.
ORD and CD are more powerful techniques than optical rotation. These techniques are

based on the variation of the optical rotation (a) with the wavelength of the light. CD is

a complementary technique in which the differential absorption of polarised light by the

chromophore is studied.5 However, polarimeter measurements are often unreliable
because they depend on a number of factors such as temperature, solvent, and
concentration (massive errors can be introduced due to the presence of small amount of
chiral impurities).5

The separation of enantiomers can be carried out by chromatographic methods
such as chiral HPLC and GC. Both methods use a chiral stationary phase which

contains an auxiliary resolving agent of high enantiomeric purity.5 The comparison of
relative peak areas provides the measurement of the enantiomeric excess. Chiral gas

chromatography (GC) on capillary columns is an important tool for determining the

optical purity of chiral compounds and its advantages are high resolution, precision and

reproducibility.16 It is based on the separation of volatile substances, therefore only
volatile compounds are suitable for this technique. The main chiral compounds

analysed by this technique contain hydroxyl (alcohols and phenols) and carbonyl
(aldehydes and ketones) groups. Separation by GC is carried out at high temperatures

17
therefore the studied compound also needs to be thermally stable.
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A number of techniques have been described to determine the enantiomeric
excess (ee) of chiral compounds. However, there is no general rule as to which specific

methodology is most appropriate for a particular chiral compound therefore two

independent methods should be carried out if possible to verify the observed
enantiomeric excess.5

3.1.1. Determination of the enantiomeric excess for (-)-Blebbistatin (7) by chiral

liquid chromatography (HPLC)

This section describes our main method for determining the enantiomeric excess

(ee) of the Davis hydroxylations using chiral high performance liquid chromatography

(HPLC). This approach was chosen to determine the enantiomeric excess of samples of

(-)-blebbistatin (7) due to its reliability in our system compared with the other

techniques described in Section 3.1. HPLC differs from GC in several ways, probably
the most important of which is that liquid chromatography is carried out at room

temperature. The possibility of racemisation or sample degradation during the
17 18

separation is therefore negligible. '

The determination of enantiomeric excess by HPLC is divided into two

categories:17 a) direct measurement using a chiral stationary phase (CPS), b) indirect

measurement, which involves derivatisation of the chiral compound with a suitable
chiral derivatising reagent. In the second of these, separation of the resulting
diastereomers occurs on an achiral column. The most common method used is the

direct separation, which is based on the diastereomeric interactions between the chiral

stationary phase and each enantiomer. The diastereomeric complexes formed have
different stabilities which lead to elution at different times (the enantiomer that forms

the complex of higher stability will be eluted second). This methodology is more

efficient and less problematic than the indirect method.5

The separation of the two enantiomers of (-)-blebbistatin (7) was performed

using the direct separation method (monitored by diode array and mass spectrometry).
The column was a commercially available analytical reverse phase column packed with

amylose tris(3,5-dimethylphenylcarbamate) (111), coated on a 10 /xm silica gel
substrate (Figure 68). The optimal conditions for the resolution of 7 were found to be in
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isocratic mode (solvent conditions held constant). The mobile phase was a mixture of
two eluents (acetonitrile and water) without the presence of acid (for more details see

Experimental Section).

OR

OR 1
0

silica gel

R:

111

Figure 68. Composition of the chiral reverse phase column for the resolution of 7.

A standard provided by the HPLC company (2-methyl-l-tetralone) was first
measured to ensure that the column was working properly and subsequently, a sample
of racemic blebbistatin 18 was analysed to confirm the retention time of the two

blebbistatin enantiomers (Figure 69). Chiral liquid chromatography (HPLC) showed
the presence of two peaks of equal integration (50:50), indicating a racemic mixture of
the two enantiomers of 18 (ee= 0%).

ci08S3diii a

100t

3: Diode Array
TIC

5.64e7

1.00 2.00 3.00 4.00 5.00 6 00 7.00 8.00 10.00 11.00 12.00 13 00 14.00

Figure 69. Determination of the enantiomeric excess of racemic (i)-blebbistatin (18) by chiral HPLC

analysis. Conditions: Daicel Chiralpak AD-RH, Acetonitrile/Water 50:50, flow rate 0.8 mL min"',
A.=254 nm. Chromatogram of the purified product (11): first enantiomer tR=5.87 min., kmax=249 nm and
second enantiomer tR=8.12 min., ^max=249 nm.
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3.1.2. Optimisation of the asymmetric hydroxylation reaction

The selective formation of stereogenic centres presents a significant challenge to

the organic chemist. However, precedent exists for the use of (camphorylsulfonyl)-
oxaziridines such as 77 and 78 (Figure 71) to perform asymmetric hydroxylations of
ketone enolates in high yield and with excellent enantiomeric excesses (ee).19 It was

envisaged that optically enriched (-)-blebbistatin (7) could be prepared from quinolone
24 using the methodology described in Chapter 2, Section 2.2.3. In order to optimise
the stereoselectivity for the asymmetric hydroxylation of (-)-blebbistatin (7), it was

decided to carried out a number of experiments to find the best reaction conditions.

A number of factors are involved in determining the stereoselectivity of

asymmetric hydroxylation reactions using chiral A-suIfonyloxaziridines. Initial studies
to find new oxidising reagents in asymmetric synthesis, showed the influence of the

oxaziridine structure on the stereoselectivity of the asymmetric oxidation of sulfides to

sulfoxides.20 For instance, asymmetric oxidation of sulfides to sulfoxides resulted in

higher enantioselectivities using A-sulfamyloxaziridines 74 (53-91% ee, determined by
a chiral HPLC column) compared with (camphorylsulfonyl)oxaziridines 77 and

A-sulfonyloxaziridines 71 (Figure 70 and 71).20'21

• % ,sAr •% yAr Me, hi
^N_C^u ^N-C^H Ph^N-jR'SOf H Z'SOf H j §

Ph
71 74

Z*= (+)-(S)-(/V-benzyl)-1-phenethylamine

R*= (+)-10-camphor

Figure 70. Structures of /V-sulfonyloxaziridine 71 and A'-sulfamyloxaziridine 74.

In contrast, for the asymmetric oxidation of metal enolates to optically active

a-hydroxy carbonyl compounds, (camphorylsulfonyl)oxaziridines of type 77 are the
most frequently used reagents because they are more stable and easier to prepare than
71 and 74. Additionally (camphorylsulfonyl)oxaziridines of type 77 gave high
enantioselectivities (60-95% ee, determined by using the chiral shift reagent Eu(hfc)3
and chiral HPLC column) for the asymmetric oxidation of enolates.19'22'23'24
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Davis et a/.,19'25'26 reported an improvement of the stereoinduction for the
oxidation of tetrasubstitued cyclic ketone enolates (tetralone enolates) (Figure 91,
Section 3.3) with a new reagent, (+) ((8,8-dichlorocamphoryl)sulfonyl)oxaziridine (78)

(Figure 71). This reagent showed higher enantioselectivities of 90-95% ee (determined

by chiral HPLC column and chiral shift reagent Eu(hfc)3), compared with

(camphorylsulfonyl)oxaziridines of type 77 (Figure 71) (16-30% ee, determined by
chiral HPLC column and chiral shift reagent Eu(hfc)3). They considered that this
resulted from either stereoelectronic and/or metal chelation effects due to the presence

of the electronegative chlorine atoms in 78. In another attempt to improve
stereoselectivities in the asymmetric oxidation of enolates, it was reported that

(+)-[(8,8-dimethoxycamphoryl)sulfonyl]oxaziridine (79) (Figure 71) also led to an

increase in stereoselectivity (better than 94%ee), compared to (+)-((8,8-

dichlorocamphoryl)sulfonyl)oxaziridine (78), because of the presence of the chelating

methoxy groups.27 Although it was found that oxidation of 8-methoxy-tetralone gave

higher enantioselectivities with this new reagent 79 than 78 and 112, it was necessary to

have the 8-methoxy group in the substrate for this result. This conclusion arose from

the observation that oxidation of 2-substitued 1-tetralone enolates (Figure 91, Section

3.3) lacking the 8-methoxy group, when they are treated with dimethoxy oxaziridines of

type 79, gave lower stereoselectivities (2-36%) than those obtained with the dihalo
oxaziridine of type 78. However, this result could not be explained due to the inability

27
to relate the enolate solution structure with reactivity.

(+)-112 R= PhCH2

Figure 71. Structure of (+)-(camphorylsulfonyI)oxaziridines.

Furthermore it was found that the enolate substitution pattern has a strong

influence on the asymmetric induction. For instances, for the oxidation with

(camphorylsulfonyl)oxaziridines of type 77 and 78 (Figure 71), acyclic ketone enolates
22 28

generally gave higher enantioselectivities than cyclic ketone enolates. '
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Another factor which affects the degree of asymmetric induction is the enolate
counterion. The oxidation of lithium enolates of esters and amides with optically active

dihydro oxaziridines of type 77 and 81 (Figures 71 and 74) gave better enantiomeric
excesses (up to 85% ee) than the sodium and potassium enolates.28 In contrast, the

sodium enolates of ketones gave the highest stereoselectivities with the dihydro
oxaziridines of type 77 and 81, respectively. ' 8' Furthermore sodium enolates from
113 are more reactive than lithium or zinc enolates at low temperatures (from -78 °C to

-40 °C) whereas the tetrasubstituted sodium enolates from 116 were not completely
oxidised at -78 °C (Figure 72). The reactions required warming to 0 °C affording good

yields although the stereoselectivities were low. In these cases dihydro oxaziridines of

type 77 and 81 were used.24

O OM OM

CH3 CH3 Ph
116 Z-117 E-118

Figure 72. Example of enolates type 113 and tetrasubstitued 116 enolates.24

It was also envisaged that the solvent could affect significantly the
stereoinduction. Optimisation of the reaction conditions for the oxidation of ketone
enolates has been reported to result in only modest improvement in the stereoinduction

25
when the solvent was changed from THF to toluene.

Finally, temperature plays an important role in the asymmetric induction. When
the temperature of oxidation is lowered from 25 to -78 °C, the degree of asymmetric
induction for conversion of sulfides to sulfoxides, increases using

2-sulfamyloxaziridines of type 74. This effect is related to the increase in the rigidity of
the substrate and oxaziridine in the transition state.20 Higher reactivity was exhibited

with the dihalo oxaziridines of type 78 allowing enolate hydroxylations to proceed at

-78 °C instead of 0 °C for acyclic trisubstituted enolates. However, in the case of
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2-methyl-l-tetralone enolates, it was necessary to warm the reaction with dihalo

oxaziridines of type 78, to 0 °C.26

Summarising the results reported in the literature (see above), it was found that
the stereoselectivities are mainly influenced by the choice of oxaziridine, the enolate
substitution pattern, the enolate solution structure (counterion) and the reaction

temperature.

In our case, it was decided to carry out a number of reactions to prepare

(-)-blebbistatin (7) in an attempt to identify the optimal conditions. The reactions were

carried out in THF as the main solvent but some conditions were changed following the
literature examples described above, including temperature, oxaziridine and base. The
enantiomeric excess of the reaction was determined by chiral HPLC. Optical rotation
measurements were also used in each case and the values for the enantiomeric excess

were calculated using these values.

The results for the asymmetric hydroxylation of quinolone 24 are summarised in
Table 4. The kinetic enolate anions were formed by the slow addition of the quinolone
24 to a solution of 1.2 equivalents of the base at -78 °C. A solution of 2.4 equivalents of
the Davis oxaziridines of type 81 and 82 (Figure 74) was then added to the preformed
enolate after 30 minutes stirring at -78 °C. The progress of the reaction was monitored

by TLC. When the reactions were complete (0.5-16 hours), they were quenched at

different temperatures by addition of aqueous NH4I, to reduce the excess oxaziridine to

the (camphorylsulfonyl)imine 80 (Figure 73). This procedure was used to facilitate, if

necessary, chromatographic isolation of (-)-blebbistatin (7) which was found to have a

similar Rf to the dihalo oxaziridine 82.24

Figure 73. Reduction of (camphorylsulfonyl)oxaziridine 81 and 82 to camphorsulfonimine 80.

81 X= H
82 X- CI

80
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It is interesting to note that often the purification of the crude residue did not

require flash column chromatography. The crude residue was dissolved in dilute acid

(pH 2) and extracted three times with dichloromethane. The aqueous extract was then

basified (pH 8) and extracted three times with ethyl acetate to give (-)-blebbistatin (7)
in good yields (65-90%) (Table 4).

Figure 74. Structure of (-)-(Camphorylsulfonyl)oxaziridines.

Entry
Davis

oxaziridine
Base

Temperature

(°C)

Time

(h)

%

yield

% ee

(HPLC)
[a]D25

%ee*

1 81 LiHMDS -78 16 0 n/a n/a n/a

2 81 LiHMDS -40 16 0 n/a n/a n/a

3 81 LiHMDS -10 16 73 42 -183 34

4 81 LiHMDS RT 1.5 74 44 -181 34

5 81 NaHMDS -78 16 0 n/a n/a n/a

6 81 NaHMDS -40 16 81 36 -105 20

7 82 LiHMDS -78 16 0 n/a n/a n/a

8 82 LiHMDS -40 16 74 74 -345 65

9 82 LiHMDS -10 16 82 86 -461 87

10 82 NaHMDS -78 16 65 82 -385 73

11 81 LDA 0 16 90 31 -107 20

12 81 LDA JKT 16 83 37 -105 20

Table 4. Optimisation of the asymmetric oxidation using the Davis oxaziridine methodology. Reagents
and conditions: a) i) LiHMDS or LDA or NaHMDS (1.2 equiv), THF, 30 min, ii) oxaziridine 81 or 82

(2.4 equiv). The table summarises the yield and enantiomeric excess (ee) obtained as a function of base,

temperature and reagent. All ee values were determined using chiral HPLC analysis of the crude reaction
mixture. Optical rotation values were measured in DCM on the purified material. *Calculated ee based
on optical rotation values.
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The results summarised in Table 4 suggested a number of trends that agreed
with the results reported by Davis et al,26 in the literature for the preparation of

a-hydroxy carbonyl compounds.

1. Lithium enolates are less reactive than the sodium enolates (entries 7 and 10).

When reactions are carried out at low temperatures in the presence of the lithium

base, no reaction was observed (entries 1, 2 and 7). Therefore, the reactions'

using lithium enolates needed to be warmed for complete consumption of 24

(entries 3, 4, 8, 9, 11 and 12).

2. The dihalo oxaziridine 82 was more reactive than the dihydro reagent 81.
Reaction with 82 gave the desired (-)-blebbistatin (7) at low temperature (entries
8 and 10) whereas in the corresponding experiment using 81 (entries 2 and 5) no
reaction was observed. The highest stereoselectivities (74-86% ee) for the

asymmetric oxidation of 24 were observed when the reactions were carried out

with either lithium or sodium enolates and dihalo oxaziridine 82 at -10 °C,

-40 °C and -78 °C (entries 8, 9 and 10), although the reaction with the lithium
enolate at -10 °C gave the best yield.

3. It is interesting to note that whereas in literature26 precedent the hydroxylations
with dihalo oxaziridines are carried out at -78 °C, in our case it was observed no

formation of product at that temperature using the dihalo oxaziridine 82

(entry 7).

4. In contrast the dihydro oxaziridine 81 was less stereoselective for the

asymmetric oxidation of 24 (31-44% ee, entries 3, 4, 6, 11 and 12). It is

interesting to note that when the oxidation was carried out in the presence of

IDA, the lowest temperature for the formation of (-)-blebbistatin (7) was found
to be at 0 °C.

5. Table 5 summarises the results obtained by Davis et al.26 for the hydroxylation
of 2-methyl-l-tetralone (119) in order to compare them with the data obtained
for (-)-blebbistatin (7). In this case the enolates were formed at 0 °C during
30 minutes and then the reaction was cooled to -78 °C before adding the
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oxaziridine. However, the reactions need to be warmed to 0 °C before

quenching, when dihydro oxaziridine 77 was used. In contrast, when the

reaction was carried out with dihalo oxaziridine 78, the necessary temperature

was -78 °C. The main difference observed from these results is in the

enantiomeric excess. The hydroxylation reactions carried out with dihydro
oxaziridine 77 gave lower values of enantiomeric excess than the dihalo

oxaziridines 78. In addition the lowest enantioselectivities were found for the

potassium enolates (see entries 3 and 6). Davis rationalised the observed

difference in enantiomeric excess as a function of oxaziridine and the

differences in the temperature that the two reactions were carried out. It is

interesting to note that the stereochemistry obtained for the hydroxylation of 119
with the (+)-enantiomer of the oxaziridines 77 and 78 is R (see Section 3.4 for

more details).

It is worth pointing out that the difference in enantiomeric excess observed by
Davis was also found for the preparation of (-)-blebbistatin (7). When the

asymmetric hydroxylation was carried out with oxaziridines 81 and 82 at the

same temperature, it was observed that the enantiomeric excesses for both
reactions were different (Table 4, entries 3 and 9).

Entry
Davis

oxaziridine
base

Temperature

(°C)
% ee

configuration

%

yield

1 77 LDA 0 30 R 82

2 77 NaHMDS 0 16 R 90

3 77 KHMDS 0 6 R 76

4 78 LDA -78 >95 R 60

5 78 NaHMDS -78 >95 R 66

6 78 KHMDS -78 60 R 61

Table 5. Hydroxylation of 2-methyl-ltetralone (119) by Davis et al.26

6. Davis et al.,19 found in the asymmetric oxidation of 3-methyl-4-chromanone

(120) with (+)-(8,8-dichlorocamphorylsulfonyl)oxaziridine) (78) that the
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absolute stereochemistry of the product was dependent on the counterion with
the sodium enolates giving the R product (96% ee), whereas the lithium enolates

afforded the S enantiomer (64% ee) (Figure 75).

Figure 75. Asymmetric hydroxylation of the sodium enolate of 3-methyl-4-chromanone (120)
with 78. The reaction afforded (/?)-121 in 96% ee and 64% yield.19

However, this counterion dependency was not detected for the asymmetric
oxidation of the lithium and sodium enolates of tetralone 119 with (+)-(8,8-

dichlorocamphorylsulfonyll)oxaziridine) (78) (Figure 76).19

119 (R)-122 (S)-122

Figure 76. Asymmetric hydroxylation of the sodium and lithium enolate of 2-methyl-l-tetralone (119)
with 83. The reaction afforded (/?)-122 in >95% ee and 66% yield with NaHMDS and (R)-122 in >95%

ee and 60% yield with LDA.19

In the case of the asymmetric oxidation to give (-)-blebbistatin (7) with (—)-(8,8-

dichlorocamphorylsulfonyll)oxaziridine) (82) it was found that for both lithium and

sodium enolates the stereochemistry of the product was the same as judged by the sign
of the optical rotation (entries 9 and 10).

In summary, the asymmetric oxidation of the quinolone 24 gave the highest
stereoselectivities with the dihalo oxaziridine 82. Furthermore the sodium enolates

were more reactive at low temperatures than the lithium enolates. Finally the best result
was found for the reaction with 82 and the lithium enolate at -10 °C, where both

enantiomeric purity and yield of the reaction were good although it was not possible to

obtain ee>90% without further purification (see next section).
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3.1.3. Preparation of highly optically enriched samples of (-)-BIebbistatin (7) and

(+)-Blebbistatin (23)

In the light of the results obtained from Section 3.1.2., this section describes the

preparation of highly optically enriched (-)-blebbistatin (7) and (+)-blebbistatin (23).
The reaction conditions described in Table 4, entry 9 were used to prepare 7 in 82%

yield and with high stereoselectivity (86% ee) (Figure 77). The optical rotation for

(-)-blebbistatin (7) was determined as [a]D25 = -461 (concentration of 0.1 g/lOOmL in

dichloromethane). A single recrystallisation from acetonitrile of the crude reaction

product provided essentially optically pure 7 in >99% ee ([a]o = -530, concentration

of 0.1 g/lOOmL in dichloromethane). The crystals were suitable for X-ray analysis and
confirmed the structure of (-)-blebbistatin (7) (Figure 78). It is important to note that
the enantiomer drawn in Figure 77, for (-)-blebbistatin (7), was chosen arbitrarily.

Figure 77. Asymmetric hydroxylation of quinolone 24. Reagents and conditions: a) i) LiHMDS

(1.2 equiv), THF, -78 °C, 30 min, ii) 82 (2.4 equiv), THF, -10 °C, 16 hours, 82%, 86% ee,

b) recrystallisation from MeCN, >99% ee, [a]D25 = -530 (c=0.1 in DCM).

In addition, 'H NMR and 13C NMR analysis confirmed the structure of 7. The

triplets corresponding to the protons H-2 and H-3 (Figure 77) from the starting material
24 disappeared to give more complicated signals. The introduction of a stereogenic
centre into the molecule resulted in chemical shift nonequivalence of the diastereotopic

protons H-2 (5 3.79-3.88 and 5 3.96) and H-3 (5 2.15-2.30 and 5 2.44) (Figure 79).
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Figure 78. X-Ray of (-)-blebbistatin (7).CCDC number 238391.
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Figure 79. H NMR of (-)-blebbistatin (7) in CDC13. Expansion of the aliphatic region to show the

diastereotopic protons corresponding to H-2 and H-3.
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In addition, the (+)-blebbistatin enantiomer (23) was also prepared following the
same procedure, except for replacement of 82 by its enantiomer 78, in a 76% yield and
86% ee as judged by HPLC analysis. A single recrystallisation from acetonitrile gave

highly optically enriched 23 in >99% ee ([a]D25 = +525, concentration of 0.2 g/lOOmL
in dichloromethane).

Chiral HPLC analysis of both the crude reaction mixture and the recrystallised
material 7 demonstrate how effective this purification procedure was (Figure 80).

.00 15.00

Figure 80. Determination of the enantiomeric excess of (-)-blebbistatin 7 detected by chiral HPLC

analysis. Conditions: Daicel Chiralpak AD-RH, Acetonitrile/Water 50:50, flow rate 0.8 mL min"1,
h=254 nm. A) Chromatogram of the crude mixture of 7: major enantiomer tR=6.33 min., 7max=249 nm.

and minor enantiomer tR=8.60 min., kmax=249 nm. B) Chromatogram of crystallised 7: major enantiomer

tR=6.22 min., ^.max=249 nm.

In summary, this section has described a flexible and efficient route to highly

optically enriched (-)-blebbistatin (7) and (+)-blebbistatin (23) (>99% ee) using the
Davis oxaziridine methodology. In addition the structure of 7 has been proved by X-ray

crystallographic techniques. The next goal of the project is to determine the absolute
configuration of (-)-blebbistatin (7).
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3.2. DETERMINATION OF THE ABSOLUTE CONFIGURATION

One challenge in organic chemistry is determination of the absolute

configuration of optically pure organic molecules.29 Therefore, the development of
different methodologies to determine the absolute configuration is of importance. The
classical methods for determining absolute configuration include: a) X-ray diffraction,13
b) optical rotation,13 c) methodologies which require initial derivatisation into the
diastereomeric derivatives, such as circular dichroism (CD) exciton chirality, pioneered

by Nakanishi et al., and NMR analysis of diastereomeric esters introduced by Mislow
et al.,2'31 and developed latter by Mosher14'32 and others.33'34'& 35

Small molecule X-ray crystallographic analysis is a very useful tool to determine
absolute configuration. This can be achieved through the methodology developed by

Bijvoet et al.,36 using anomalous X-ray scattering, for substances that are crystalline and
contain an appropriate heavy atom. In cases where there is no heavy atom, the

methodology used is multiple scattering X-ray experiments for light atom

molecules.18'31'38

Circular dichroism exciton chirality is based on the absorption of the circularly

polarised light by chiral molecules, therefore on the variation of the optical rotation (a)
with the wavelength of the light. The assignment is based on the sign of the CD at a

suitable wavelength.

NMR spectroscopic methods are extensively used in the literature to assign the
absolute configuration of organic molecules. The general procedure involves the
derivatisation of the compound of unknown configuration with the two enantiomers of
an auxiliary reagent to afford the corresponding diastereomers. The most common

auxiliary reagents are methoxyphenylacetic acid (MPA), a-methoxy-a-

trifluoromethylphenylacetic acid (MTPA) (Mosher's reagent) and O-methylmandelic
acid (described in Section 3.1).14'33 The configuration of the desired compound can be
deduced from the correlation of the NMR spectral data with the configuration of the

alternative diastereomers. Therefore, the proton NMR spectra of the resulting
diastereoisomeric derivatives are compared and the differences are measured in

chemical shifts as ASrs values. The sign of the A5RS values is used to assign the
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absolute configuration. The determination of the configuration with these methods has
been possible for primary alcohols, secondary alcohols, primary amines and carboxylic
acids.39' 40'&41

However, the techniques described have some limitations when they are used on

their own. Literature precedent shows examples of how contradictory these

methodologies can be for determining the stereochemistry of organic compounds. For

instance, although the Mosher esters have been shown as a reliable method involving an

easy preparation, their use can be unsuccessful for sterically hindered alcohol groups.42

Additionally an example reported in the literature describes the use of both CD
and NMR analysis of Mosher's derivatives for determining the absolute configuration
of the tricycle 123 (Figure 81).29

Figure 81. Derivatisation of 123 to the corresponding benzoate esters 126, 127 and 128 to determine
their absolute configuration. Reagents and conditions: a) PFL (Pseudomonas fluorescens lipase), vinyl
acetate, RT, 4h, 53%, b) p-bromobenzoyl chloride (2 equiv), /V-methylimidazole (3 equiv), 2:1

DCM/propylene oxide, RT, 30 min, 60%, c) Acetyl chloride (1 equiv), /V-methylimidazole (0.2 equiv),
2:1 DCM/propylene oxide, RT, 2.5 h, 74%, d) Acyl chloride, N- methylimidazole 2:1 DCM/propylene
oxide, RT, 2 h, 50-70%, e) PFL, 50mM phosphate buffer, pFI=7, RT, overnight, 40%.29
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The two techniques (CD and NMR analysis) gave opposite results (R and S,
29

respectively). Attempts to establish finally the determination of the configuration of
123 by a third method were based on the use of calculated and experimental optical

rotatory dispersion (ORD) data, which was consistent with the Mosher ester analysis.

Subsequently, they decided to prepare a bromobenzoate analogue of 123 to confirm the
absolute configuration by X-ray analysis. A single-crystal X-ray diffraction of the ester

126 established the absolute configuration as S, consistent with Mosher's and ORD

methodologies. Therefore, it was concluded that the use of the CD method must be

treated with care when determining absolute configuration.

3.2.1, Proof of absolute stereochemistry of (S)-(-)-Blebbistatin (7)

In our case it was initially decided to solve the absolute configuration of

(-)-blebbistatin (7) by X-ray diffraction. Absolute structures of light-atom containing

organic systems can normally be achieved by X-ray diffraction with Cu-Ka radiation
when the molecule contains sufficient oxygen atoms.43'44 Although the preparation of

crystals for X-ray analysis was successful and also the absolute structure parameter was

close to zero, (see Chapter 3, Section 3.1.3. and Appendix for X-ray details), the
described method failed to determine the absolute configuration due to the fact that the

crystals were not of high enough quality.

Therefore, it was decided to try and use Mosher's methodology to determine

both the enantiomeric excess and the absolute configuration. It is worth noting that this

methodology has been used mainly for secondary alcohols (see Section 3.1) and in our

case the molecule of interest contains a tertiary alcohol. Unfortunately attempts to

derivatise 7 into the corresponding ester with the Mosher's reagent (103) [(R)(-)-a-

methoxy-a-(trifluoromethyl)phenylacetyl chloride] (Figure 82) were unsuccessful (see
in more detail Chapter 4, Section 4.4.1.1).
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Figure 82. Attempted preparation of the Mosher's esters 129 and 130. Reagents and conditions:

a) DMAP (catalytic amount), Et3N, (R)-(-)-Mosher acid chloride (103) (25 equiv), DCM, RT, 2 hours.

Another attempt to prepare the ester was through coupling reaction with HOBT
and DCC (Figure 83). A solution of Mosher's acid ((S)-(-)-a-methoxy-a-

(trifluoromethyl)phenylacetic acid)) (131) and HOBT in THF was added to optically
enriched (-)-blebbistatin (7) (86% ee), followed by addition of DCC. The reaction
mixture was stirred for 16 hours at room temperature. TLC analysis showed only the

presence of starting material. The reaction was then heated for 16 hours at 80 °C. TLC

analysis showed mainly starting material from the reaction.

Figure 83. Attempted preparation of the Mosher's esters 129 and 130. Reagents and conditions:

a) (S)-Mosher's acid (5)-131 (5.0 equiv), HOBT (5.0 equiv), DCC (5.0 equiv), THF, RT, 16 hours and 80

°C, 16 hours.

Finally, it was decided to try and prepare a heavy atom containing derivative in
order to assign the absolute configuration. The incorporation of a bromine atom was

selected. Therefore, a heavy atom (bromine)-containing analogue of (-)-blebbistatin (7)
was prepared.
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The most well known way to introduce bromine into a system that contains an

aromatic ring is by electrophilic substitution with bromine. However, several problems
can occur. For example, the use of bromine can afford a complex mixture of

polysubstituted bromo compounds and when /V-bromosuccinimide is used as the

brominating reagent, the reaction often affords the dibromo derivatives.45 The polarity
of the solvent used with the brominating reagent is also very important.46 While
bromination with /V-bromosuccinimide, in carbon tetrachloride or benzene, can

introduce a bromine atom on a methyl group (as is possible in this case) or methylene

group adjacent to the aromatic ring, the use of A-bromosuccinimide in a polar solvent,

mainly gives the aromatic substituted products.46 However, the use of A-bromo-

succinimide in polar solvents such as DMF at room temperature is reported to be a mild,
selective monobrominating reagent for reactive aromatic compounds 47 Additionally,
the latter brominating reagent is reported to be more selective than bromine and

thallium (III) acetate48 and cupric bromide49 for the bromination of aromatic systems.47

In our case initial attempts to brominate (-)-blebbistatin (7) with NBS at room

temperature in DMF were unsuccesful. Purification of a mixture of brominated isomers

resulting from the reaction proved difficult. An equally complex mixture was obtained
when bromination of amidine 29 was attempted.

During attempts to acylate the tertiary alcohol functionality in 7 with various

bromobenzoyl chlorides, the desired products were isolated, but in initial studies did not

yield sufficiently high quality crystals for X-ray analysis (Chapter 4, Section 4.4.2.1).

Attempts to prepare an analogue of 7 with a bromine atom in place of the methyl
substituent also proved unsuccessful due to the low yield of the reaction between methyl
5-bromoanthranilate and l-phenyl-2-pyrrolidinone 28.

After failed attempts to brominate directly 7 and amidine 29 to give 135 and 133

respectively, it was decided to prepare 135 from the lactam 28 using an analogous
approach to that used to prepare (-)-blebbistatin (7) (Figure 84) (Chapter 3, Section
3.1.3). Therefore, 28 was dissolved in DMF and treated with NBS. The reaction
mixture was stirred at room temperature for 2 days. The compound was purified by

recrystallisation in hexane/ethyl acetate to afford white needles in 50% yield. In this
case the selective monobromination was achieved at the para position on the aromatic
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ring. !H NMR of 132 showed an AA'BB' system on the aromatic region due to the

presence of the para-bromine. The coupling reaction was carried out in 16 hours

affording the corresponding bromo amidine 133 in low yield (26%). The quinolone 134
was then prepared in 62% yield after purification by flash column chromatography

using neat ethyl acetate. Finally the desired oxidised bromine-containing analogue 135
was prepared using the optimised asymmetric hydroxylation in good yield (69%) as a

red solid.

N'-O a ^ » b -Y<vC02Me

Figure 84. Assignment of the absolute stereochemistry of (-)-blebbistatin (7). Reagents and conditions:

a) NBS (1.0 equiv), DMF, RT, 2 days, 50%; b) i) P0C13 (0.90 equiv), DCM, RT, 3 hours; ii) 27

(1.0 equiv), DCM, 40°C, 16 hours, 26%; c) LiHMDS (3.0 equiv), THF, -78°C to 0°C, 3 hours, 62%;

d) i) LiHMDS (1.2 equiv), THF, -78°C, 30 min; ii) 82 (2.4 equiv), THF, -10°C, 16 hours, 69%, 88% ee;

e) recrystallisation from MeCN >99% ee; [oc]D25 = -526 (c=0.1 in DCM).

The enantiomeric excess of the asymmetric oxidation was determined by chiral
HPLC which showed that 135 was prepared in a high enantiomeric excess (88% ee)

(Figure 85). Recrystallisation from acetonitrile gave 135 as essentially one enantiomer

(>99% ee) as confirmed by chiral HPLC analysis (Figure 85). ]H NMR and 13C NMR

spectra were consistent with the formation of 135. 'H NMR showed the presence of an
AA'XX' system in the aromatic region which is consistent with the presence of a

bromine atom at the para position. The optical rotation value of optically pure 135
showed a negative value of [a]D25= -526 (concentration of 0.1 g/lOOmL in
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dichloromethane). The synthesis of highly optically enriched (>99% ee) 135 was

achieved with an overall yield for the synthetic route of 5.3%.

ID8.

100-

%-

1 cnadeaii 1
2<

* l
'?A 1Jv _J

3. Diode Airay

T ,.;S

1 (-)-enantiomer

1

\\
\ (+)-enantiomer

1003

100-,

10.00 30.OO

2<

30.00 40 00 50 00 60.00 70.00 80 00 90 00

3: Diode Array
.18 TIC
A V 47f>7

1
1

%-

J

| (-)-enantiomer

I
|

0-

J
1

I
2.00 /

\
\

Figure 85. Determination of the enantiomeric excess of 135 by chiral HPLC analysis. Conditions:
Daicel Chiralpak AD-RH, Acetonitrile/Water 50:50, flow rate 0.8 mL min"1, >.=254 nm.

A) Chromatogram of the crude mixture of 135: major enantiomer tR=29.12 min., ?^max=244 nm. and
minor enantiomer tR=59.25 min., 7max=244 nm. B) Chromatogram of the crystallised bromo-
blebbistatin analogue 135: major enantiomer tR=29.18 min., >unax=244 nm. * Minor impurity at

tR= 13.95 min. For more details see Appendix.

Sufficiently high quality crystals of the bromine-containing analogue 135 were

successfully prepared to enable X-ray analysis. As shown in Figure 86, the absolute

configuration of (-)-bromo-blebbistatin (135) is S. Figure 87 shows an intermolecular

hydrogen bond between the oxygen atom of the carbonyl group 0(5A) and the

hydrogen H(04) of an adjacent molecule.
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C(16)

Figure 86. X-Ray of brorno containing analogue of blebbistatin 135. CCDC number 238392.

Br(17)
0(5)

BH1A)
NCI2A) I

^0(4A)

Figure 87. Intermolecular hydrogen bonding between Hydrogen (from the 4-Oxygen) and the 5-Oxygen
in 135.
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Hydrogenation of a highly enantiomerically enriched sample of 135 (>99% ee)
was then carried out (Figure 88). 135 was dissolved in a 1:1 mixture of MeOH:DMF in

the presence of triethylamine and a catalytic amount of 1% Pd/C.50 The reaction was

treated with hydrogen gas and stirred at room temperature for 24 hours. Purification of
the residue by flash column chromatography gave (-)-blebbistatin (7) in an essentially

quantitative yield (100%). In addition, during initial attempts at this reaction, it was
found that the blebbistatin core structure could be reduced in the presence of FF/Pd/C

(Chapter 4, Section 4.5).

Figure 88. Hydrogenation of (-)-bromo-blebbistatin (135). Reagents and conditions: a) H2, 1% Pd/C,

Et3N, DMF/MeOH, RT, 24 hours, 100% (quant).

Chiral HPLC analysis of the crude reaction mixture showed that reduction of
135 afforded 7 as the only peak in the chromatogram (Figure 89C). Samples of

enantiomerically pure (+)-blebbistatin (23) (Figure 89A) and (-)-blebbistatin (7) (Figure

89B) were first run as references. Comparison with the product from the hydrogenation
of 135 (tR=6.18 min) showed that reduction of 135 gave a product that was identical to 7

(tR=6.22 min). When 23 was mixed with the reduced product, two different peaks were

observed (Figure 89D). Finally it was decided to mix the three samples to ensure the

presence of only two peaks corresponding to the (-)-blebbistatin and (+)-blebbistatin
enantiomers (Figure 89E). These results confirmed that when 135 was reduced by

hydrogenation it afforded (-)-blebbistatin (7) and hence that as the absolute
stereochemistry of 135 is known to be S, the absolute stereochemistry of (-)-blebbistatin
(7) must be S.
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Figure 89. Determination of the absolute configuration of 135 by chiral HPLC chomatography.
Conditions: Daicel Chiralpak AD-RH, Acetonitrile/Water 50:50, flow rate 0.8 mL min"1, A.=254 nm.

Chromatograms; A) crystallised material 23, tR=8.73 min, B) crystallised material 7, tR=6.22 min,
C) reduced bromo-blebbistatin tR=6.18 min, D) A+C, tR=6.13 min, tR=8.73 min. E) A+B+C, tR=6.22 min,
tR=8.67 min.
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In summary, the preparation of an essentially optically pure bromine-containing

analogue of blebbistatin 135 was achieved. The structure of 135 was confirmed by

X-ray analysis and the absolute configuration was solved, due to the presence of the

heavy-atom, as S. Subsequent replacement of the bromine in (S)-(-)-135 with a

hydrogen atom using catalytic hydrogenation gave exclusively (-)-blebbistatin (7)

(confirmed by comparison with authentic material using chiral HPLC). Therefore, the
absolute stereochemistry of (-)-blebbistatin (7) is S.

Additionally blebbistatin analogue 135 can also function as a useful precursor
for the synthesis of a radiolabeled derivative of 7 (via palladium catalysed tritiation)
and for the preparation of (S)-(-)-blebbistatin (7) analogues functionalised at C4'.

Preliminary data on the activity of compounds substituted at C4' shows that they retain
non-muscle myosin II ATPase inhibitory activity.51

3.3. ASYMMETRIC HYDROXYLATION OF METHYL ANALOGUES OF (5)-

(-)-BLEBBISTATIN (7)

In order to study the effect that the position of the methyl substituent has on the
enantiomeric excess for the asymmetric hydroxylation of the methyl analogues of

(-)-(5)-blebbistatin (7) (Chapter 4, Section 4.3.1) a series of asymmetric hydroxylations
were carried out. The asymmetric hydroxylation of the different ketone enolates were

carried out by treatment of the corresponding quinolones with 1.2 equivalents of the

appropriate base at -78 °C followed, after 30 minutes, by the addition of 2.4 equivalents
of the Davis oxaziridine (78, 81, 82) (Figure 90) to the preformed enolate at -78 °C.
The reactions were stirred at -10 °C for 16 hours. The progress of the reaction was

monitored by TLC and the reactions were quenched at -10 °C by addition of aqueous
NH4I. The enantiomeric excess (ee) was determined in each case by chiral HPLC. The

results are summarised in Table 6.

(-)-81 (-)-82 (+)-78

Figure 90. Structure of (Camphorylsulfonyl)oxaziridines.
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136 X-|= Me, X2'3'4 = H
24 X2= Me, X1'3'4 = H
137 X3= Me, X1'2'4 = H
138 X4= Me, X1,2,3 = H
31 X=1'2'3'4 = H

Xl X?H

139 X-|= Me, X2'3'4 = H
7 X2= Me, X1'3'4 = H
140 X3= Me, X1,2,4 = H
141 X4= Me, X1'2'3 = H
67 X=1'2'3'4 = H

% % %
% ee % ee % ee

Entry Product
(81) (82) (78)

yield yield yield

(81) (82) (78)

1 139 17 64 65 76* 87 87

2 7 42 86 86 73 82 76

3 140 28 90 90 72 83 67

4 141 40 86 88 33 63 77

5 67 55 86 85 65 78 74

Table 6. Comparison on the enantiomeric purity (ee) of the different methyl analogues of

(-)-blebbistatin (7). Reagents and conditions: a) i) LiHMDS (1.2 equiv), THF, -78 °C, 30 min,

ii) oxaziridines 81, 82 and 78 (2.4 equiv), THF, -10 °C, 16 hours. The table summarises the yield and
enantiomeric excess (ee) obtained as a function of base and reagent. All ee values were determined using
chiral HPLC analysis. *Reaction carried out by Dr Stephen Patterson.

The results summarised in Table 6 suggest a number of trends. First, it was

found that asymmetric oxidation carried out by dihydro oxaziridine 81 showed low

stereoselectivities for each analogue of (-)-blebbistatin (7) (17-55% ee). However, an

improvement was observed with the use of dihalo oxaziridine 82 (64-90% ee). These

results were consistent with the results obtained by Davis et al., where they found that

((8,8-dichlorocamphoryl)sulfonyl)oxaziridine gave the highest stereoselectivities. It is

interesting to note that the asymmetric induction for 139 gave the lowest ee with both

reagents dihydro 81 and dihalo 82 and 78 oxaziridines (see entry 1). Furthermore the

asymmetric hydroxylation of the lithium enolates gave good yields for all the analogues

except in the case of formation of 141 with dihydro oxaziridine of type 81 (entry 4).
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These results suggest the position of the methyl group can influence the

enantioselectivity of the reaction. Davis et al., ' 26 reported that enolate structure is

very important for the hydroxylation stereoselectivity. In one example Davis focuses
attention on the asymmetric hydroxylation of tetralones with dihalo oxaziridine 78

(Figure 91). High enantioselectivities were observed (>90%) for 2-substitued

1-tetralones having a variety of groups at C-2 (R= Me, Et, PhCHa). However, it was
found that when a methoxy group is placed at the C-8 position the stereoselectivity
decreased to 83% (ee).

Figure 91. Asymmetric oxidation of 2-substitued l-tetralone (142) with OMe at C-8 position.19'26

In summary, the asymmetric hydroxylation of analogues of quinolone 24 in
which the methyl group has been placed in all possible positions, resulted in good yields
for each analogue. In addition, variations in the enantiomeric excess did occur, with

special attention being drawn to the hydroxylation of 136 to give 139.

3.4. PROPOSED MODEL FOR ASYMMETRIC INDUCTION

Formation of (S)-(-)-blebbistatin (7) presumably proceeds through an analogous
transition state to the one proposed by Davis.24' 26 After extensive discussion of the

possible transition state, Davis26 concluded that an "open" or "nonchelated" transition
state of the type TS1 and TS2 was the most favoured for the hydroxylation of 2-methyl-
1-tetralone (119). However, these studies found that in fact TS1 is more favoured than

TS2, and therefore TS1 was used as a model to explain the stereochemistry of the

product (Figure 92).
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Figure 92. Transition state structures for the hydroxylation of 2-methyl-l-tetralone (119).26

In the case of (S)-(-)-blebbistatin (7) it was decided to reproduce the proposed
Davis model for the transition state of type TS1 (Figure 93). The transition state (TS1)

corresponding to the approach of the enolate of l-methyl-2-tetralone (119) to the dihalo
oxaziridine 78 affording the R configuration is shown in Figure 93A. Therefore, when
the same rationalisation was applied to (S)-(-)-blebbistatin (7), using dihalo oxaziridine

78, the predicted configuration should correspond to R (Figure 93B). In contrast, when
dihalo oxaziridine 82 is used, the predicted configuration should correspond to S (Figure

93C). These predictions were consistent with the results previously described for the

synthesis of (S)-(-)-blebbistatin (7).

In addition, Davis26 also rationalised the variation observed in the enantiomeric

excess for the hydroxylation of the 2-methyl-l-tretralone (119) using dihydro 81 and
dihalo 82 oxaziridines. Davis proposed that it was the difference in the temperature at

which the hydroxylation reaction was carried out with the two oxazidirines that had the

major influence on the enantiomeric excess. The reaction of the lithium enolate with

dihydro oxaziridines afforded 30% ee when the temperature of the reaction was 0 °C,
whereas the dihalo oxaziridine gave >95% ee at -78 °C. In the case of (S)-(-)-
blebbistatin (7), it was observed that the enantiomeric excess for the hydroxylation
reaction using dihydro 81 and dihalo 82 oxaziridines, were different even when the
reaction was carried out at the same temperature (-10 °C) (see Table 4, entries 3 and 9).
Therefore the difference in the enantiomeric excess must result from the presence of

halogen atoms in the oxaziridine which must have a differential effect on the TS1 and
TS2. Davis26 and co-workers also suggested that the metal of the enolate could chelate

to the halogen of the oxaziridines although further experiments with fluorine showed
that the enantiomeric excess for the hydroxylation of 2-methyl-l-tetralone (119) was

lower (62% ee) compared with the dichloro oxaziridines (>95% ee). Unfortunately due
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to time constraints it was not possible to carry out a further hydroxylation of quinolone
24 with difluoro oxaziridines to help investigate further the origins of observed
difference in enantiomeric excess.

Figure 93. A schematic representation of Davis' rationalisation of the sense of asymmetric induction and
its application to (S)-(-)-blebbistatin (7) compared with the literature example. Proposed approach of the
enolate to the oxaziridine from the less hindered direction. OM (Metal= Li, Na), the most sterically

demanding group.
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In order to provide further information to rationalise the observed differences in

the asymmetric induction for the different methyl analogues of (S)-(-)-blebbistatin (7)

(Section 3.3), 7Li NMR analysis of the corresponding enolates was carried out. It was

proposed that these studies would afford some limited spectroscopic information about
the lithium enolates of the quinolones (136, 137, 138 and 24).

The fact that 139 gave the lowest enantiomeric excess of the methyl blebbistatin

analogues could possibly be explained by differences in the structure of their lithium

enolates. Therefore, it was decided to prepare four samples of the enolate anions using
the four quinolone analogues 136, 137, 138 and 24. The reactions were carried out in

NMR tubes under an inert atmosphere in dry tetrahydrofuran. Thus, 1.2 equivalents of
the base (LiHMDS) were added to each quinolone at -78 °C and the formation of the
lithium enolates was examined by 7Li NMR (116.6 MHz), at -78 °C. The 7Li NMR
spectra from these experiments are presented in Figure 94.

The 7Li NMR showed the presence of a signal with the same chemical shift

(0.69 ppm) for the enolates of 137, 138 and 24. The chemical shift observed for the
enolate of 136 was different (0.33 ppm). It is important to take into account that
7Li NMR is difficult to interpret due to its small chemical shift scale (around 6 ppm for
salt solution) and it is also solvent, temperature and concentration dependent.52
Nevertheless, the difference observed in the NMR is consistent with a difference in the

structure of the enolate formed from 136 compared with those formed from 137, 138
and 24. This difference in enolate structure mirrors the low value of enantiomeric

excess for the formation of 139 from 136, compared to the high enantiomeric excess for

140, 141 and 7 from 137, 138 and 24 respectively.
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0.33

d)
0.69

0.18

Figure 94. 7Li NMR spectra for the different enolate anions. Conditions: -78°C, THF, LiHMDS. A

capillary containing acetone-d6 was used as a lock signal in each case. 7Li chemical shifts are given with

respect to 0.1M solution of Li2S04 (as external standard, with a 8=0 ppm)) in H20. a) LiHMDS (starting

material), b) 138, c) 137, d) 24, e) 136.

Figure 95 shows the full scale of 7Li NMR of the enolate of 136. An additional
broad signal at 1.4 ppm can be observed. Although the presence of this signal cannot be

explained, it may also be of relevance in explaining the reduced enantiomeric excess

observed on the formation of 139.
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-3 -4 -5 -6 -7 -8 -9 -10

Figure 95.7Li NMR spectrum of 136.

One possible rationalisation of these results is as follows: analogous oxygen-

centred enolates are formed on treatment of quinolones 137, 138 and 24 with lithium

bis(trimethylsilyl)amide (see structure 146 as a representative example) (Figure 96).

However, in the case of quinolone 136, the corresponding enolate (144) is energetically
disfavoured due to a steric interaction between the methyl and O-Li groups. An

alternative structure (145) may therefore be formed (explaining the difference in the
observed chemical shift) which results in a reduced level of selectivity for the

corresponding hydroxylation reaction.

Figure 96. Interaction between the lithium enolate and the methyl groups in 24 and 136. Steric effects
are more likely to appear in the case of the lithium enolate 144.
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A second possible rationalisation of the observed differences in the 7Li NMR,
could be related to the formation of different lithium aggregates in solution. Literature

precedent24'53'54'55' has reported that lithium enolates of ketones can exist and react as

molecular aggregates in solution. The studies also showed that these enolates are

solvated and therefore for example can form cubic tetrameric aggregates in solution (in

solvents such as tetrahydrofuran, dioxolane, dioxane). However, in our case, the

lithium enolate derived from 136 could be differently ordered compared to the other

analogues leading to a different level of selectivity on reaction with the oxaziridines 78,
81 and 82.

To conclude these studies it will be necessary to use computational molecular

modelling to establish the transition state of the lithium enolate of the ketones with the
Davis oxaziridines. Due to time constraints, these studies will be performed at a future
date.
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SYNTHESIS OF (S)-(-)-BLEBBISTATIN (7) ANALOGUES

4.1. SPECIFICITY AND POTENCY OF (S)-(-)-BLEBBISTATIN (7)

The progress of drug discovery during the past century has been possible thanks
to the collaboration between different disciplines such as chemistry, biology,

pharmacology and clinical sciences.1 Organic chemistry also plays an important role in
the discovery and synthesis of novel compounds that aid research in the medical
sciences. Therefore, as organic chemists, we can synthesise small molecules as both

molecular tools for biological studies and drug leads.

The small molecule (S)-(-)-blebbistatin (7) is a relatively specific inhibitor of
muscle and non-muscle myosin II (see Chapter 1, Section 1.4.3.1).3 However, it is

important that analogues are prepared to increase its potency and improve its specificity
between the myosin II subclasses. Furthermore, a recent study investigating the
inhibition of other myosin classes has shown that (5)-(-)-blebbistatin (7) does not

inhibit myosins from classes I, V, X, and XV (see for more details Chapter 1, Section

1.4.3.2).4 The synthesis and testing of (S)-(-)-blebbistatin (7) analogues may enable
inhibitors of these myosin classes to be identified.

The studies described here are designed to enable the synthesis of novel

chemical structures based on the blebbistatin core through the use of conventional

synthetic methods (solution phase) and new techniques (combinatorial chemistry and

parallel synthesis).

4.2. INTRODUCTION OF DIVERSITY INTO THE (S)-(-)-BLEBBISTATIN (7)

CORE STRUCTURE

In order to achieve the goals discussed in Section 4.1, the first step involved the

development of an efficient route to synthesise (S)-(-)-blebbistatin (7) itself as

described in Chapter 2, section 2.1.2.

The second goal was to determine which positions within the (S)-(-)-blebbistatin

(7) core structure could be used to introduce structural diversity. (S)-(-)-Blebbistatin
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(7) is not an ideal core structure for incorporating structural diversity, due to the lack of
functional groups and also the presence of seven quaternary carbon atoms. However,

our analysis identified that 6 sites and 1 ring size could potentially be modified

(Figure 97).

Figure 97. Different sites on the (S)-(-)-blebbistatin (7) core structure to be modified; a) Hydroxyl

group (R1), b) A-phenyl ring (R2), c) Aromatic ring (R'), d) Carbonyl group (R4), e) Oxidation state

of carbonyl and amidine and f) Pyrrolidine ring size (n).

4.3. PREPARATION OF (N)-(-)-BLEBBISTATIN (7) ANALOGUES

SUBSTITUTED IN THE AROMATIC RING (R3)

This section is focused on the synthesis of small molecule analogues of (S)-(-)-
blebhistatin (7) substituted in the aromatic ring (R^). The substituents present on an

aromatic ring (e.g. electron-donating (methyl group) or electron-withdrawing (halogen

atom, nitro groups) can have significant effects on the biological activity of a molecule.'2
Early examples of this were reported in the 1960s and 1970s, where the influence of the
substituent on the activity was found to be mainly dependent of lipophilic, electronic
and steric factors.6'7'8'& 9 Figure 98 summarises the analogues that have been prepared

including an analogue with an unsubstitued aromatic ring, analogues with the position
of the methyl group varied, and an analogue incorporating an electron withdrawing

group (nitro).
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Figure 98. Analogues of (S)-(-)-blebbistatin (7) modified in one of the aromatic rings (R^).

It is synthetically possible to vary the position of the substituents around the
aromatic ring (R3), because the starting anthranilate esters are relatively easy to prepare

from commercially available anthranilic acids. The route followed for the synthesis of
the methyl analogues of (S)-(-)-blebbistatin (7) was the same as described previously
for the synthesis of (<S)-(-)-blebbistatin (7) itself (Chapter 2, Section 2.1.2) (Figure 99).
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Figure 99. Retrosynthetic analysis of analogues of (5)-(-)-blebbistatin (7).

-l

4.3.1. Synthesis of analogues with R~= Me

During the synthetic studies used to prepare these analogues, several interesting
variations in the chemical transformations were observed across the series. The

esterification of the commercially available acids was carried out for 2-amino-5-methyl
benzoic acid (26), 2-amino-3-methyl benzoic acid (147) and 2-amino-4-methyl benzoic
acid (148) in good yields (94%, 69%, and 84%, respectively). In addition, the methyl
anthranilate (33) was commercially available and in the case of the methyl

6-methylanthranilate (149), was previously prepared by Dr. Stephen Patterson in our

laboratory. The coupling reaction between anthranilates and lactam 28 was carried out

as described previously (Chapter 2, Section 2.1.3). The reaction afforded the

corresponding amidines (Figure 100) in variable yields (from 14% to 41%). Table 7
summarises the results obtained.
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Xi O

a, b

149 X1 = Me, X2'3'4= H

27 x2 = Me, X1'3'4=H
150 X3 = Me, X1,2>4= H

151 x4 = Me, X1'2'3= H

33 X1,2,3,4 _ H

CO2MG

152 X-, = Me, X2,3,4= H
29 X2 = Me, X1,3'4= H
153 X3 = Me, X1'2-4=H
154 X4 = Me, X1,2,3= H
32 X1'2'3-4= H

Figure 100. Synthesis of amidine analogues. Reagents and conditions: a) l-phenyI-2-pyrrolidinone (28)

(1.1 equiv), POCl3 (1.0 equiv), DCM, RT, 3 hours, b) anthranilate esters (1.0 equiv), DCM, 40 °C,
16 hours.

Entry Product Time (h)
(ester)

equiv1

POC13

equiv'

Lactam

(28)

equiv1

Yield

(%)

1 152 16 1.0 1.0 28

2 29 16 1.0 1.0 41

3 153 16 1.0 1.0 24

4 154 16 1.0 1.0 14

5 32 16 1.0 1.0 26

6 154 72 1.0 1.0 52

Table 7. The table summarises the amidine forming coupling reactions for the different analogues. The
amount of reagents are given in equivalents1 and the time of the reaction in hours. Reagents and
conditions: a) lactam 28, POCI3, DCM, RT, 3 hours, b) anthranilate ester, DCM, 40 °C, 16 hours.

The position of the methyl group on the ring (R3) does influence the yield of the

coupling reaction. Electron-donating substituents in the ortho and para positions
relative to the anthranilate nitrogen atom would be expected to increase the

nucleophility of the aniline nitrogen atom and therefore, potentially increase the yield of
the reaction. This is the case for anthranilate 27 which gives the best yield for the

coupling reaction to form 29. Surprisingly, formation of 154 occurred in significantly
lower yield (14%), using the standard conditions. When the reaction was repeated but
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run for 72 hours rather than 16 hours the yield increased considerably to 52% (entry 6).
A steric effect due to the 3-methyl group presumably explains this observation (the
aniline nitrogen is in this case double substituted in the ortho positions). When the

methyl group is meta to the nitrogen functionality (anthranilates 149 and 150) or when
the unsubstituted anthranilate 33 is used, the yield for the coupling reactions is low

(entries 1, 3 and 5).

The cyclisation of the amidines 152, 29, 153, 154 and 32 to give the

corresponding quinolones 136, 24, 137, 138 and 31, occurred in good yields (84-95%)
for all the analogues (Figure 102). Interestingly the cyclisation of 154 required 12 hours
at room temperature whereas 152, 29, 153 and 32, were complete at 0 °C in 3 hours.

However, a steric effect between the 3-methyl group and the N-metal group (N-Li)

(155a) could explain this observation (Figure 101). Due to the presence of a single
bond on the aniline nitrogen, rotation is possible resulting in the establishment of an

equilibrium with the species 155b. 155b is more favoured due to the fact that the steric
hindrance is reduced between the methyl and N-Li groups.

Figure 101. Steric effects during the formation of 3-methyl quinolone 154.

Purification of the crude material was performed by flash column

chromatography, eluting with neat ethyl acetate, due to the polarity of the quinolones
136, 24, 137, 138 and 31. It is worth noting that the samples were stable to any

oxidative decomposition when they were stored under argon for long periods of time.
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136 Xt - Me, X2'3'4= H
24 X2= Me, X1'3'4=H
137 X3 = Me, X1,2'4= H
138 X4 = Me, X1,2,3= H
31 X1'2'3'4= H

Figure 102. Synthesis of Quinolone analogues. Reagents and conditions: a) LiHMDS (2.5-3.0 equiv),

THF, 0 °C-RT, 3.0-12 hours, 84-95%.

'Hi NMR analysis of the quinolones 136, 24, 137, 138 and 31 was carried out in
d8-THF (Figure 103). However, 13C NMR analysis proved challenging due the long
relaxation times associated with several of the quaternary carbon atoms. Therefore the
1 "3

C signals for quaternary carbons were either very weak or not observed. For example

Figure 104 shows the 13C NMR spectra for 138. As can be seen the 13C NMR signals
for the quaternary carbons (C8a and C9a) were very weak after 5 hours of NMR data
collection (number of scans 6000 and a delay of 1.5 seconds). Therefore, it was

necessary to use alternative NMR techniques to ensure that weak peaks present in the
1 T
C spectrum, did not correspond to any minor impurities in the sample. The use of 2D

NMR experiments such as 'H-^C COSY spectra (HSQC: Heteronuclear Single

Quantum Coherence, Figure 105) and long-range 'H-^C COSY spectra (HMBC:

Heteronuclear Multiple Bond Connectivity, Figure 106) proved helpful.
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Figure 103. *H NMR of 138 in deuterated d8-THF (chemical shifts 5=3.57 and 1.72 ppm (not shown)).

Figure 104. 13C NMR of 138 in deuterated d8-THF (chemical shift 5=25.2 and 67.2 ppm). *Signal
corresponding to a minor impurity.
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ppm

pprn

Figure 105. HSQC spectrum of 138. ]H chemical shifts (ppm) are on the (x)-axis and 13C chemical
shifts (ppm) are on the (y)-axis. This '^-'H HSQC spectrum is used to correlate an identified proton

(e.g. 5-H) with the carbon to which is directly attached (e.g. 5-C).

Finally, the asymmetric hydroxylation of the quinolones gave the desired

analogues of (5)-(-)-blebbistatin (7) in an analogous manner to that described in

Chapter 3, Section 3.1.3. All the reactions were carried out at -10 °C with stirring for
16 hours. Davis oxaziridine 82 was used as the oxidising reagent in all of these

reactions. The reactions afforded the desired compounds in good yields (63-87%) and
variable enantiomeric excess. The results of these experiments have been discussed in

detail in Chapter 3, Section 3.3. In addition, the biological activity of the different

analogues 139, 7, 140, 141 and 67 has been determined and is discussed in Chapter 5,
Section 5.3.
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Figure 106. HMBC spectrum of 138. 'H chemical shifts are on the (x)-axis and 13C chemical shifts are

on the (y)-axis. This kind of spectrum is of great importance for the assignment of quaternary carbons as

the proton is correlated to carbon atoms separated by two or three bonds. Here is shown the assignment
of the quaternary carbon C-8a. This carbon is correlated by three bonds to two identified protons in the
aromatic region (5-H and 7-H) centred at 7.84 and 7.27-7.36 ppm. In the same way the carbon is

correlated to the methyl group (5 2.65 ppm) by three bonds. Therefore the 13C peak corresponding to

C-8a will appear at 148.7 ppm, consistent with a weak signal in the 13C NMR spectrum (Figure 104).

4.3.2. Preparation of an analogue of (S)-(-)-Blebbistatin (7) incorporating a nitro
substituent in the aromatic ring (R3)

This section is focused on the synthesis of an analogue of (5)-(-)-blebbistatin (7)
with a nitro substituent at the C-7 position of the aromatic ring (R3). A microscopy-

based study10 recently identified a limitation in the usefulness of (±)-blebbistatin (18) in
live-cell imaging experiments. These types of studies normally involve the irradiation
of cells with light of a wavelength between 420-490 nm. It was found that

(±)-blebbistatin (18) degrades when illuminated for long periods of time with filtered

light (450-490 nm). The degradation of 18 afforded inactive products devoid of
inhibitory activity. This degradation was proposed to occur via short-lived cytotoxic
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intermediates which caused irreversible damage to the cells. A study of the UV-vis

absorption spectrum of a sample of (±)-blebbistatin (18) was carried out in order to

show the appearance of photodegradation products as a function of irradiation

wavelength and time in phosphated-buffered saline (PBS) solution (Figure 107).10

wavelength (nm)

Figure 107. Absortion spectra of (±)-blebbistatin (18) and products formed following photodegradation.
The UV-vis spectra were recorded using a 20 solution of (±)-blebbistatin (18) in PBS and

illumination for 1 hour with 365 or 450-490 nm light. The absorption spectra of blebbistatin without

irradiation, showed strong absorbances at 265 nm and at 430 nm. The asterisk indicates that absorbance

at 430 nm is decreased by illumination and the two arrows show the new peaks which appeared after
illumination at 450-490 nm.10

It was also reported in the literature 11 that (±)-blebbistatin (18) is itself

fluorescent, being a problem for its use in fluorescence microscopy techniques on live
cells. This can be explained by the fact that when 18 is excited at 440 nm, light is

subsequently emitted within the wavelength range (520-570 nm), which corresponds to

the tag protein utilised in these experiments. To facilitate fluorescence imaging of live

cells, the preparation of an analogue of (±)-blebbistatin (18) with optimised
fluorescence emission properties and retained biological activity was envisaged.

It was proposed that the incorporation of a nitro group into the chromophore of 7
would modify its fluorescence properties and hence improve its photostability. It was

envisaged that analogue 160 could therefore be used as a tool in biological experiments
where (S)-(-)-blebbistatin (7) could not. It was hoped that the incorporation of the nitro
functional group would not result in loss of biological activity. The biological testing of
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(S)-(-)-blebbistatin (7) analogues had demonstrated that methyl substitution at C-7
could be tolerated (Chapter 5, Section 5.3). Therefore, a sample of (S)-(-)-7-nitro-
blebbistatin (160) was prepared utilising the synthetic methodology described in

Chapter 2, section 2.1.2. (Figure 108).

Figure 108. Preparation of a nitro containing analogue (160). Reagents and conditions: a) MeOH,

H2S04, 80°C, 96 hours, 81%; b) i) 28 (1.1 equiv), POCl3 (1.0 equiv), DCM, RT, 3 hours; ii) 157

(1.0 equiv), DCM, 40°C, 72 hours, 22%; c) LiHMDS (2.5 equiv), THF, -78°C to 0°C, 96 hours, 44%;

d) i) LiHMDS (1.2 equiv), THF, -78°C, 30 min; ii) 82 (3.1 equiv), THF, -10°C, 32 hours, 31%, 76% ee.

The synthetic route started with the synthesis of 2-amino-4-nitro-benzoic acid

methyl ester (157) from commercially available 2-amino-4-nitro benzoic acid (156).

The nitro ester was then reacted to afford the desired amidine 158 in low yield. The

coupling reaction was followed by TLC analysis, which showed no formation of 158
within 48 hours. This reaction was then left to reflux until the product was detected by

TLC (72 hours). The cyclisation step was carried out over four days at 0 °C to give the
nitro quinolone analogue 159 in low yield (44%). Finally the hydroxylation to give
nitro-blebbistatin analogue 160 was carried out in 31% yield. The time of the reaction
and amount of the Davis reagent 82 were increased to 32 hours and 3.1 equivalents

respectively. The enantiomeric excess of the reaction was measured by chiral HPLC

giving a value of 76% ee. Interestingly, the order of elution of the two enantiomers
from the chiral HPLC was different compared with (5)-(-)-blebbistatin (7) (see

Experimental Section). In the case of 160, the major enantiomer eluted second

126



Chapter 4. Result;, and Discussion

(tR= 11.22 min). This result was supported by the fact that the sign of the optical
rotation was negative value ([a]DJ:>= -418, in a concentration of 0.05 g/lOOmL in

dichloromethane) consistent with the previous results for 7. In addition, attempts to

recrystallise the nitro analogue 160 afforded highly optically enriched 160 (>90% ee).

An optically enriched sample of 160 (76% ee) was then used in experiments to

study its fluorescence properties. These experiments were carried out by Dr. Stephen
Patterson in our laboratory and in the School of Physics. The UV-vis absorption spectra

were recorded using a spectrophotometer and the measurements were recorded at a

sample concentration of 10 mg L"1, in HPLC grade methanol. The samples were

excited at wavelengths of 420, 440, 460 and 488 nm in order to obtain fluorescence
emission spectra.

From these experiments it was found that when 160 was excited at 440 nm, the
fluorescence emission was significantly reduced compared to 7 (Figure 109).

Therefore, nitro-blebbistatin analogue 160 may prove useful in fluorescence microscopy

experiments.

Figure 109. Fluorescence emission speclrum of (S)-(-)-blebbistatin (7) (red line) and its mtro-analogue
160 (black line) in the wavelength range 450-800 nm after excitation at 440 nm.

It was also found that 160 was stable when irradiated for 3 hours at wavelengths

typically used for the fluorescence-based imaging of live cells

(420-490 nm) (Figure 110B) whereas (A)-(-)-blebbistatin (7) over the same period of

time, decomposed completely (Figure 110A), consistent with the literature reports.10

blebb vs nitroblebb at 440nm
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Figure 110. A) UV spectra of (S)-(-)-blebbistatin (7) in PBS (black line). The UV spectra of 7 after

exposure to filtered light (436 and 510 nm) for 3 hours (red line). B) UV spectra of 160 in PBS (black

line) and 160 after exposure to filtered light (436 and 510 nm) for 3 hours (red line).

In conclusion, it was found that the nitro analogue 160 can be considered as an

important tool to be used in live-cell imaging experiments, where the use of (5)-(-)-
blebbistatin (7) was limited. In addition, an optically enriched sample of 160 retains the

biological activity against non-muscle myosin II ATPase, although its inhibitory activity
was slightly lower than that of (S)-(-)-blebbistatin (7) (Chapter 5, Section 5.2).

4.3.3. Summary section

It is concluded that variations in the position of the methyl group around the
aromatic ring (R3) were possible. The synthesis of each analogue was achieved with an

overall yield for the four step sequence of 16-28% except for the nitro analogue 160,
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which was prepared in an overall yield of 2.4%. Additionally the incorporation of a

nitro functionality into the chromophore of 7 tunes its fluorescence properties, resulting
in an important tool for the study of biological systems.

4.4. INTRODUCTION OF DIVERSITY AT THE QUATERNARY CARBON (3a)

POSITION

Prior to this work nothing was known about the chemistry that could be carried
out at the R1 position of the blebbistatin core structure. In addition there have been no

reports regarding the effect of substitution at this position on the biological activity.

Therefore, the results in this section describe attempts to incorporate different functional

groups at the C-3a position (Figure 111). The results from biological studies using
these analogues are presented in Chapter 5.

J R2
change oxidation state

Figure 111. Sites of (S)-(-)-blebbistatin (7) to be modified.

4.4.1. Incorporation of Halogens at the R1 position

The studies described in this section of the thesis involve the incorporation of

halogens (fluorine, chlorine and bromine) at the C-3a position. The three target
molecules are shown in Figure 112.

(±)-F-blebbistatin (±)-Cl-blebbistatin (±)-Br-blebbistatin

Figure 112. Structures of halogen-containing analogues of blebbistatin (7).
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4.4.1.1. Synthesis of 3a-Chloro analogue (162)

The classic reagents to prepare an alkyl chloride from an alkyl alcohol include

oxalyl chloride, thionyl chloride, phosphorous oxychloride, phosphorus trichloride and

phosphorus pentachloride.12'13 Therefore, our initial approach to prepare the chloro

analogue (162) used oxalyl chloride (Figure 113).

Figure 113. Synthesis of 162. Reagents and conditions: a) Oxalyl chloride (5.0 equiv), DMAP

(catalytic amount), Et3N, DCM, RT, 2 hours, 62%.

Optically enriched (5)-(-)-blebbistatin (7) (86% ee) was treated with an excess

of oxalyl chloride (5 equivalents) in the presence of base and a catalytic amount of
DMAP. The 3a-chloro analogue (162) was isolated from the reaction after column

chromatography in 62% yield. The mechanism of the reaction can be explained by

nucleophilic substitution of the activated tertiary alcohol (as an ester) by the halide

(chloride) ion (Figure 114). If the reaction were to proceed via a Sn2 mechanism, it
would be expected to proceed with inversion of stereochemistry. The measurement of
the optical rotation of 162 was therefore important in rationalising the reaction

25
mechanism. The value for the specific rotation of 162 was zero ([a]o = 0, in a

concentration of 0.1 g/lOOmL in dichloromethane), implying that the reaction occurs via
an SnI mechanism. It is worth noting that the carbocation that is formed is tertiary and
therefore relatively stable. However, the presence of the electron-withdrawing carbonyl
and amidine groups would be expected to destabilise the carbocation.
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Figure 114. Proposed mechanism for the formation of 162 via an SN1 mechanism.

'H NMR and MS analysis were consistent with the formation of 162. The
structure of this compound was also confirmed by X-ray crystallographic analysis

(Figure 115).

Figure 115. X-ray of 3a-chloro analogue 162.

131



Chapter 4. Results and Discussion

Interestingly, during our attempts to derivatise the tertiary alcohol functionality
in (S)-(-)-blebbistatin (7) with Mosher's acid chloride14 (103) (Chapter 3, Section

3.2.1), 162 was isolated in 47% yield (Figure 116). This reaction was carried out by

treating optically enriched (5)-(-)-blebbistatin (7) (86% ee) with Mosher's acid chloride

(R)-(-)-a-methoxy-a-(trifluoromethyl)phenylacetylchloride) (103). The Mosher's

reagent used in the reaction was either commercially available or synthesised from the

(S)-(-) Mosher's acid 131.15 A possible explanation could be that an ester derivative of

(S)-(-)-blebbistatin (7) could have been formed during the reaction although the

presence of HC1 led to the nucleophilic substitution by chlorine (see mechanism shown
in Figure 114) forming 3a-chloro analogue (162). A l3C NMR spectrum of

commercially available 103 did not show the presence of oxalyl chloride as an impurity.

Figure 116. Synthesis of 162. Reagents and conditions: a) DMAP (catalytic amount), Et3N (25 equiv),

(R)-(-)-Mosher acjd chloride (103) (25 equiv), DCM, RT, 2 hours, 47%.

The synthesis of 162 was also achieved by following a literature procedure for
the chlorination of quinolones of type 164 (Figure 117).16

Figure 117. Proposed mechanism for the synthesis of the a-chloro ketone intermediate 165.16,17
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It was suggested that a-chloro ketone 165 is an intermediate formed during the
oxidation of 7-methyl-l,2,3,4-tetrahydro-9(10//)-acridinone (164) to cis-4a,9a-

dihydroxy-l,2,3,4,4a,9a-hexahydro-7-methyl-9(10//)-acridinone (166) on treatment

with sodium hypochlorite.18'19 The isolation of the chloro analogue 165 was not
17achieved in their study.

This reaction was originally considered of relevance to the synthesis of

(±)-blebbistatin (18) itself. The preparation of the chloro analogue 162 from quinolone
24 followed by nucleophilic substitution of the CI by OH (favoured by the neighbouring

C=0 group),17 could afford racemic (±)-blebbistatin (18) (Figure 118).

Figure 118. Proposed hydroxylation of quinolone 24 on route to (±)-blebbistatin (18).

It was decided then to attempt both the hydroxylation and chlorination of

quinolone 24. Therefore a solution of quinolone 24 was treated with sodium

hypochlorite (NaOCl), at room temperature for 72 hours. TLC analysis of the reaction
mixture indicated that the main component of the reaction was starting material 24,

although a new red spot was observed along with other small impurities. The red spot

had an identical Rf value to authentic 3a-chloro blebbistatin (162). No spot which could

correspond to (±)-blebbistatin (18) was observed when the crude reaction was purified

by flash column chromatography. Compound 162 was finally obtained pure after two

crystallisations with ethyl acetate/hexane, although the yield was low (21%).
'H NMR and MS analysis confirmed the structure of 162 (Figure 119).

RT, 72 hours, 21%.
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However, later attempts carried out by Dr. Stephen Patterson in our laboratory,
led to the isolation of both, 3a-chloro blebbistatin (162) and (±)-blebbistatin (18)

(Figure 120). The reaction was carried out with a solution of quinolone 24 in methanol
and water which was treated with sodium hydroxide, followed by addition of the

chlorinating reagent sodium dichloroisocyanurate (167). The reaction afforded 162 and

18 in 77 and 21% yield, respectively.

167

Figure 120. Synthesis of 162 and 18 from quinolone 24. Reagents and conditions: a) 167 (0.5 equiv),
2 M NaOH, 2:1 MeOH/H20, RT, 40 min, 84% (162), 24% (18).

4.4.1.2. Synthesis of 3a-Fluoro analogue (161)

After successful incorporation of the chlorine atom, it was decided to continue
the synthesis of new analogues with the incorporation of another halogen, fluorine.

The introduction of fluorine into organic molecules has been widely studied and
can induce significant effects on the physical, chemical and biological properties of the
molecules.20'21 As the hydroxyl group of blebbistatin is incorporated by an electrophilic

oxidising reagent, it was postulated that a fluorine atom could be introduced by an

analogous electrophilic fluorinating reactant.

The most common electrophilic fluorinating reagents used in organic chemistry
22 23

are perchloryl fluoride, O-F compounds such as trifluoromethyl hypofluorite, xenon

difluoride,24 and fluorine itself.25 However, selective fluorination can also be carried

out with the more effective and user friendly21 reagent, Selectfluor™ (F-TEDA-BF4) a

commercially available (V-fluoroammonium salt (168) (Figure 121).
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N-Si
/ x

-—Si
/ \

Figure 121. Synthesis of 3a-fluoroblebbistatin 161. Reagents and conditions: a) i) LiHMDS (1.2equiv),
Selectfluor™ (168) (2.0 equiv), THF, -78 °C, ii) RT, 24 hours, 96%.

The fluorination was found to be straightforward and was performed as follows

(Figure 121). The reaction first involved the formation of the lithium enolate at -78 °C

using lithium bis(trimethylsilyl)amide. Selectfluor™ was added after 30 minutes and
the reaction mixture was warmed to room temperature. The reaction was then stirred
for 24 hours. After purification by flash column chromatography, 161 was isolated in
excellent yield (96%). 'H NMR and I9F NMR analysis, in CDCI3 confirmed the
structure of 161. The presence of fluorine in the molecule was detected by 19F NMR

(doublet of doublets, coupling constants of J- 42, J- 21, 8p -149.56 ppm). In the case

of 'H NMR, the diastereotopic protons gave complicated multiplets due to the fact that
there is a coupling between the fluorine atom and the protons. The 13C NMR spectrum

showed a coupling between carbon and fluorine for the following carbons 3-C

(2J= 24.9 Hz), 3a-C ('/= 174 Hz), 9a-C (2/= 17.1 Hz) and 4-C (2/= 19.9 Hz). The

measurement of the optical rotation 161 gave a value of zero, as expected. In addition,
chiral HPLC analysis was carried out in order to determine the conditions for the

separation of the two enantiomers corresponding to the racemic mixture of 161 (Figure

122).

c-
(BF4 )2

169
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SPCUF0H

Figure 122. Chiral HPLC chomatography of 3a-fluoro analogue 161. Conditions: Daicel Chiralpak AD-

RH, Acetonitrile/Water 45:55, flow rate 0.9 mL min"1,1=254 nm. A) Chromatogram of 161, shows two

peaks corresponding to a 1:1 mixture of enantiomers, first enantiomer tR=44 min. and second enantiomer

tR=72 min.

It is interesting to note that when the 'H NMR spectrum of 161 was recorded in

CD3OD, it showed the presence of a series of extra peaks in both the aliphatic and
aromatic regions. Taking into account the possibility that nucleophiles can add to two

different sites in the 3a-fluoro analogue (161), either the carbonyl group or the amidine

functionality (Figure 123), the presence of CD3OD as a solvent could give rise to the
formation of adducts 170 or 171.

Figure 123. Proposed reversible addition of deuterated CD3OD to 3a-fluoro analogue (161). 161
contains two electrophilic sites, the carbonyl and amidine carbons.
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Figures 124-127 show the comparison of the 'H NMR spectra of 161 in the

aliphatic and aromatic regions, dissolved in CDCI3 and CD3OD. It is worth noting that
the clearest change observed in the 'H NMR in CD3OD was observed in the aromatic

region. Two set of signals corresponding to two compounds are clearly present.

Interestingly there is a large change in chemical shift (0.3 ppm) for the proton

corresponding to 7-H. This result was confirmed by 'H-'H COSY analysis. This
observation could suggest that addition of CD3OD takes place at the carbonyl group,

affecting mainly the aromatic proton located in the para position. Although it is still
unclear as to the relative stereochemistry observed after addition of CD3OD.

Additionally, the 19F NMR spectra showed two signals, one corresponding to the

"starting material" with a chemical shift of -150.60 ppm and a new signal with a

chemical shift of -167.20 ppm. The ratio between the two signals was 2.7:1,

respectively.

4.4 4.3 4.2 4.1 4.0 3.9 3.8 3.7 3.6 3.5 3.4 3.3 3.2 3.1 3.0 2.9 2.8 2.7 2.6 2.5 2.4 2.3 2.2 ppm

Figure 124. Aliphatic region of the 'H NMR spectra of 161 in CDC13.
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4.4 4.3 4.2 4.1 4.0 3.9 3.8 3.7 3.6 3.5 3.4 3.3 3.2 3.1 3.0 2.9 2.8 2.7 2.6 2.5 2.4 2.3 2.2 ppm

Figure 125. Aliphatic region of the 'HNMR spectra of 161 in CD3OD (5= 3.31 ppm).
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Figure 126. Aromatic region of the *H NMR spectra of 161 in CDC13.
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Figure 127. Aromatic region of the 'H NMR spectra of 161 in CD3OD.

The results of these studies were compared with the 'H NMR spectra obtained
for (S)-(-)-blebbistatin (7). It was found that when 7 was dissolved in CD3OD and

analysed by 'H NMR, no analogous adducts were formed.

Although not carried out due to time constraints, preparation of chiral

a-fluorocarbonyl compounds can be achieved by enantioselective electrophilic
26 27 & 28

fluorination with the use of reagents derived from cinchona alkaloids. ' '

The asymmetric fluorination is carried out with commercially available reagents

and can afford high chemical yields and high enantioselectivities. An example of this

approach is the enantioselective fluorination of the oxindole 172 to afford (S)-(+)-BMS-
204352 (MaxiPost) (a K+-channel opener) (173) (Figure 128) with two different

fluorinating reagents.
29, 30
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Figure 128. Asymmetric fluorination of the oxindole 172. Reagents and conditions: a) F-2NaphtQN-
BF4 (174), DABCO (base), THF/CH3CN/DCM (1/3/4), -78 °C, 96%, 88% ee, b) (DHQ)2AQN
/Selectfluor™ (175), DCM/CH3CN (1/1), -80 °C, 16 hours, 94%, 84% ee.29'30

In one case the fluorinating reagent was the /V-fluoroammonium salt of cinchona

alkaloids, F-2NaphtQN-BF4 (174). This reagent affords 173 in high enantioselectivities

(88% ee) and in high yield (96%).30 In addition the reaction was carried out using a

combination of alkaloid and Selectfluor [(DHQ^AQN/Selectfluor™ (175)]31, affording
173 in high enantioselectivity (84% ee) and also high chemical yield (94%)

(Figure 129).29

Figure 129. Fluorinating reagents.

4.4.1.3. Synthesis of 3a-Bromine analogue (163)

The next target molecule in this series was the bromine containing analogue 163.
It was envisaged that this analogue could be prepared by the use of oxalyl bromide in an

analogous manner to the use of oxalyl chloride to prepare the chloro analogue (162).
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Accordingly, optically enriched (S)-(-)-blebbistatin (7) was treated with an

excess of oxalyl bromide (5 equivalents), DMAP and base in dichloromethane. The

reaction mixture was stirred at room temperature for 16 hours. TLC analysis showed
that starting material 7 was the main component of the reaction. 'H NMR of the crude

reaction mixture showed only the presence of unreacted starting material (Figure 130).

An attempt to synthesise the 3a-bromo analogue (163) was also made using PBr3

(Figure 130).32 This reagent was added to a solution of 7 in chloroform at 0 °C. The

reaction mixture was stirred at room temperature for 30 minutes and then refluxed for

2.5 hours. !H NMR analysis showed only the presence of unreacted starting material 7.

Figure 130. Attempted synthesis of 3a-bromo analogue 163. Reagents and conditions: a) Oxalyl
bromide (5.0 equiv), DMAP (catalytic amount), Et3N, DCM, RT, 16 hours, b) PBr3 (3.3 equiv), CHC13,
60 °C, 2.5 hours.

To summarise, the 3a-chloro 162 and 3a-fluoro 161 analogues were prepared in
moderate and excellent yields, respectively. Formation of a 3a-bromo derivative 163

proved unsuccessful. Due to time constraints an alternative approach using quinolone
24 and NaOBr was not performed.

4.4.2. Attempts to derivatise the Blebbistatin core structure at position 3a

4.4.2.1. Acylation of the tertiary alcohol

Given the fact that the molecule of (S)-(-)-blebbistatin (7) contains an alcohol

functionality (position (3a)) it was of interest to chemically derivatise this position. A
classical way to acylate an alcohol is by reacting with an acid chloride.
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The acid chlorides used in this section contain a bromine atom (Figure 131).

Additionally, incorporation of such a heavy atom into a molecule is advantageous when

using X-ray crystallography to determine the absolute stereochemistry (Chapter 3,
33Section 3.2). Therefore, it was decided to use p-bromo and m-bromo benzoyl

chlorides as acylating reagents for this reaction.

The preparation of ester derivatives of 7 was expected to prove challenging, due
to the presence of steric effects at the reaction centre. The synthesis of the ester

derivatives was carried out in line with previous attempts to determine the absolute

stereochemistry of (5)-(-)-blebbistatin (7) by formation of the Mosher's ester at the

C-3a position (Chapter 3, Section 3.2.1).

Figure 131. Ester analogues of (S)-(-)-blebbistatin (7).

The mechanism of the reaction consists of nucleophilic attack by DMAP (more

nucleophilic than the alcohol) on the benzoyl chloride to form a highly electrophilic
intermediate (due to the positive charge). This intermediate then reacts with the alcohol
in the presence of an excess of base to give the ester. Due to the poor nucleophility of
the tertiary alcohol, it was necessary to use a large excess (10 equivalents) of the

corresponding benzoyl chlorides to drive the reaction to completion.

The reaction was carried out with highly optically enriched (S)-(-)-blebbistatin

(7) (86% ee) in the presence of a catalytic amount of DMAP and excess of pyridine

(Figure 132). 3-Bromo-benzoylchloride (178) was added to the solution and the
reaction mixture was stirred at room temperature for 24 hours. The crude solid was

purified by flash column chromatography on silica gel to afford 177 in excellent yield
(97%).
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O

Figure 132. Synthesis of an ester analogue of blebbistatin 177. Reagents and conditions: a) DMAP

(0.50 equiv), py (4.0 equiv), 178 (10 equiv), DCM, RT, 24 hours, 97%.

The 'HI NMR of the ester derivative 177 showed a more complicated aromatic

region, due to the presence of three aromatic rings. The MS analysis showed the

presence of the two isotopes of bromine at m/z 474 [M7Q]+ and 476 [M8I]+. Additionally
oc

the sign for the optical rotation was negative ([(x]d = -568, in a concentration of
0.1 g/lOOmL in dichloromethane), which was consistent with 177 being in the same

enantiomeric series as (-)-(S)-blebbistatin (7). However, attempts to recrystallise 177
from ethyl acetate/hexane to obtain an optically pure sample of 177 to enable absolute
stereochemical assignment by X-ray analysis were unsuccessful.

Similarly, the preparation of 176 (Figure 133) from highly optically enriched

(S)-(-)-bIebbistatin (7) (86% ee) and 4-bromobenzoyl chloride (179) was carried out

using the same procedure as for 177. 176 was prepared in quantitative yield. The sign
25

for the optical rotation was also negative ([a]o = -607, in a concentration of
0.1 g/lOOmL in dichloromethane), which was consistent with the sign of 7. *H NMR

analysis showed the presence of a new AA'XX' system in the aromatic region which is
consistent with the presence of a substituent at the 4 position in an aromatic ring.

O

Figure 133. Synthesis of the ester analogue 176. Reagents and conditions: a) DMAP (0.50 equiv), py
(4.0 equiv), 179 (10 equiv), DCM, RT, 24 hours, 100%.
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Several initial attempts to crystallise 176 did not yield sufficiently high quality

crystals tor X-ray analysis. Finally, 176 was recrystallised from ethyl acetate/hexane to

afford high quality crystals which were analysed by X-ray crystallography.

Furthermore, the structure and the absolute configuration were solved by the heavy-
atom method.34 The absolute configuration of 176 was confirmed as S (Figure 134).
This result was consistent with the data presented in Chapter 3, Section 3.2.1.

Figure 134. X-Ray crystal structure of 176.

In order to confirm that no racemisation3^ had occurred during the reaction it
was decided to hydrolyse a recrystallised sample of 176 back to 7 and to check the

optical purity of 7 formed by this route. Therefore, it was important to confirm that the

preparation of ester derivatives could be carried out without racemisation. It was

envisaged that the preparation of optically pure analogues of 7, from highly optically
enriched samples, would not be possible in case of compounds that do not recrystallise.

Therefore, an alternative route to optically pure analogues of 7 could be through the

preparation of the ester derivatives, recrystallisation to obtain an optically pure sample
and their subsequent hydrolysis without racemisation.
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The hydrolysis of the ester was carried out under basic conditions using lithium

hydroxide at room temperature for 3 hours (Figure 135). The crude solid was purified

by flash column chromatography on silica gel affording (,S)-(-)-blebbistatin (7) in a

moderate yield (55%).

O

Figure 135. Hydrolysis of 176 under basic conditions. Reagents and conditions: a) LiOH (1.0 equiv),

THF, RT, 3 hours, 55%.

Chiral HPLC analysis was used to confirm the assignment of the

stereochemistry of 7 derived from 176 by comparison with authentic material of (S)-(-)-
blebbistatin (7) (Figure 136). Samples of enantiomerically pure (S)-(-)-blebbistatin (7)
and (i?)-(+)-blebbistatin (23) were analysed as standards affording in each case a single

peak (Figures 136A and 136B, respectively). 7 prepared from recrystallised 176 was

also analysed and showed the presence of a single peak in the chromatogram (Figure

136C). The retention time for the pure enantiomer 7 and 7 prepared by hydrolysis of
176 were very similar (7.13 and 7.27 min). In contrast, the retention time for the pure

enantiomer (/?)-(+)-blebbistatin (23) was 10.12 min. When 7 prepared by hydrolysis of
176 was doped with enantiomerically pure (/?)-(+)-blebbistatin (23), two peaks

corresponding to each enantiomer were observed (Figure 136D). In the same way,

when enantiomerically pure (5)-(-)-blebbistatin (7) was mixed with 7 prepared by

hydrolysis of 176 only one peak was observed (Figure 136E). Finally, the last

chromatogram showed the presence of two peaks when the three samples of 7, 23 and

hydrolysed 176 were mixed (Figure 136F). This result therefore confirmed that

hydrolysed 176 was the same enantiomer as 7, as judged by the retention time which
was the same in both cases. Therefore, from these experiments it was found that a two

step procedure had been developed in which enantiomerically enriched
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(S)-(-)-blebbistatin (7) could be acylated on the 3a-OH group, purified by crystallisation
to give optically pure 176 and then hydrolysed back to give optically pure 7.

In summary, the acylation of the tertiary alcohol functionality in 7 with different

bromobenzoyl chlorides was possible by using a large excess of the acid chloride due to
the steric hindrance associated with the 3a tertiary alcohol. Furthermore the absolute

configuration of (S)-(-)-blebbistatin (7) was established by X-ray analysis of a bromo

containing derivative 176 and was found to be consistent with the results presented in

Chapter 3, Section 3.2.1.

145



Chapter 4. Results and Discussion

Figure 136. Chiral HPLC analysis of blebbistatin enantiomers from various synthetic routes. HPLC
conditions: Daicel Chiralpak AD-RH, Acetonitrile/Water 50:50, flow rate 0.8 mL min"\ k=254 nm.

Chromatograms; A) optically pure enantiomer (+)-(fl)-blebbistatin (23), tR=10.12 min, B) optically pure

enantiomer (-)-(S)-blebbistatin (7), tR=7.13 min, C) 7 prepared by hydrolysis of 176, tR=7.27 min,
D) A+C, tR=7.22 min, tR=10.43 min, E) B+C, tR=7.35 min, F) A+B+C, tR=7.30 min, tR= 10.45 min.
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4.4.2.2. Alkylation of the 3a alcohol

A common reaction in organic chemistry is the methylation of the alcohol

functionality.36'37 This section describes the methylation of the tertiary alcohol from

enantiomerically enriched (,S)-(-)-blebbistatin (7) using methyl iodide. The purpose of
this reaction was to provide an alternative method of studying the importance of the OH

group to the biological activity of (S)-(-)-blebbistatin (7) without adding significant
steric bulk.

Figure 137. Synthesis of a methylated analogue of blebbistatin (180). Reagents and conditions:

a) NaHMDS (1.5 equiv), THF, -78-0 °C, b) Mel (5.0 equiv), THF, 0 °C, 1 hour, RT, 16 hours, 91%.

The mechanism of the reaction involved deprotonation of the alcohol moiety in

optically enriched 7 (86% ee) with NaHMDS at low temperature (Figure 137). The
reaction was then warmed to 0 °C, and an excess (5 equivalents) of the methylating

agent methyl iodide was added. An excess of methyl iodide was required to drive the
reaction to completion. The reaction was then stirred at room temperature for 16 hours.
TLC analysis showed the complete conversion of the starting material 7 to the desired

product 180. The reaction was quenched with saturated ammonium chloride solution
and extracted with dichloromethane to afford 180 in excellent yield. *H NMR showed

the presence of a clear singlet at 3.27 ppm corresponding to the CH3 of the methoxy

group. Furthermore 13C NMR, HSQC and HMBC analyses were also consistent with
25

the assigned structure. The optical rotation for the compound was [a]D = -462

(concentration of 0.05 g/100 mL in dichloromethane).

147



Chapter 4. Results and Discussion

4.4.3. Carbon-Carbon bond formation

One of the most challenging issues in organic chemistry is the creation of a

carbon-carbon bond. It was therefore of interest to attempt to prepare analogues of 7 in
which the 3a alcohol was replaced by a carbon chain (Figure 138).

Figure 138. Proposed incorporation of a carbon-carbon bond via enolate 181.

A common method of making carbon-carbon bonds is through the alkylation of
an enolate. These types of reactions are complicated when the enolate is sterically
encumbered as in 181. Alkylation on the oxygen atom rather than on the carbon atom

often occurs in such cases. Additionally, in our case, the heterocyclic core structure

also contains a nitrogen atom that can be alkylated (Figure 139).

Figure 139. Different positions to alkylate the heterocyclic core structure.

In this section the alkylation step was attempted by the use of several reagents

including methyltrifluoromethanesulfonate (183) and benzylbromide (184)
(Figure 140).
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0

F3C-S-O-CH3
11 J
0

183 184

Figure 140. Alkylating reagents.

The first attempt to alkylate at the 3a position on the heterocyclic core structure

was carried out with methyl trifluoromethanesulfonate (183) as an alkylating reagent.

This involved the formation of the lithium enolate 181 at -78 °C followed by addition of
183 (Figure 141). The reaction was stirred at -20 °C for 16 hours. The crude product
was purified by flash column chromatography to afford the O-alkylated analogue 185 in
44% yield.

Figure 141. Synthesis of O-alkylated analogue 185. Reagents and conditions: a) i) LiHMDS (1.2 equiv),

THF, -78 °C, 30 min, b) 183 (2.0 equiv), -20 °C, 16 hours, 44%.

!H NMR analysis confirmed the presence of 185 due to the presence of a singlet

corresponding to the CH3 of the methoxy group at 8 4.15 ppm. This result can be
rationalised by the fact that 183 is a hard electrophile and therefore more likely to react

at the oxygen atom (hard nucleophile).

Literature precedent38 reported the formation of an O-alkylated product 188
when 7-chloro-4-hydroxy-3-(2-phthalimidoethyl)-2(lF0-quinolone (186) was treated
with methyl toluene-p-sulphonate (187) in anhydrous medium at room temperature

(Figure 142). Whereas when the reaction was heated to 50-60 °C the N-189 and O-I88
alkylated products were both present.
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Figure 142. Selective alkylation of 186. Reagents and conditions: a) K2C03 (1.0 equiv), 187

(2.2 equiv), DMF, RT, 17 hours, 93%. Unselective alkylation of 186. Reagents and conditions:

a) K2C03 (1.0 equiv), 187 (large excess), DMF, 50-60 °C, 17 hours, 32%.38

A second attempt to alkylate the carbon at position 3a was carried out with

benzylbromide (184) (Figure 143). This involved the formation of the lithium enolate
at -78 °C followed by addition of benzylbromide (184). The reaction was warmed to

-20 °C and stirred for 16 hours. The reaction was followed by TLC which showed

mainly the presence of unreacted starting material.

Figure 143. Attempted benzylation of carbon at 3a position. Reagents and conditions: a) i) LiHMDS

(1.2 equiv), THF, -78 °C, 30 min, ii) benzylbromide (184) (2.0 equiv), -20 °C, 16 hours.

Many methods described in the literature based on the use of magnesium methyl
carbonate39 or dialkyl carbonates40 to prepare (3-keto esters suggest that these reagents

will not give the required level of control in the attempted C-acylation of 181.

Additionally, alternative reagents such as acyl halides or anhydrides41 are expected to
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give a mixture of O-, C- and N- acylated products. It was then decided to use methyl

cyanoformate, known as Mander's reagent (191)41 (Figure 144), a reagent that is known
to prefer C-acylation of enolates in a regio-selective process to give the corresponding

P-keto ester derivatives even in sterically demanding situations.

O

x
MeO CN

191

Figure 144. The acylating reagent Mander's reagent (191).

A literature example for the preparation of p-keto esters by acylation of

preformed enolates is shown in Figure 145. The results from different acylations using

methyl cyanoformate showed that when the substrates have the P-carbon of the enolate

sterically hindered, the O-acylated products are obtained from the reaction. It was

found that enolate 192 was converted by methyl cyanoformate (191) in a 1:4 mixture of
193 and 194 when the reaction was carried in THF. However when the solvent was

changed to diethyl ether, the O-acylation was almost suppressed with the predominant
formation of the P-keto ester 194. The stereochemistry of the product was determined

by comparison with authentic material.42

192 193 194

Figure 145. Preparation of p-keto esters by acylation of preformed enolates. Reagents and conditions:

a) 191 (1.1 equiv), Et20, -78-0 °C, 20:1 (194:193).42

In our case, the reaction commenced with the formation of the lithium enolate,

reacting H-quinolone 31 with lithium bis(trimethylsilyl)amide at -78 °C (Figure 146).
The lithium enolate was then reacted with Mander's reagent. The reaction was warmed

at -10 °C and stirred for 16 hours. TLC analysis of the reaction mixture indicated

mainly the presence of unreacted starting material. Purification by flash
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chromatography enabled only the isolation of unreacted starting material 31.

Subsequently, !H NMR analysis showed only the presence of unreacted starting
material 31.

Figure 146. Atempted alkylation of carbon at 3a position. Reagents and conditions: a) i) LiHMDS

(1.2 equiv), THF, -78 °C, 30 min, ii) Mander's reagent (191) (2.0 equiv), -10 °C, 16 hours.

In summary, attempts to introduce a carbon-carbon bond at position 3a by the
use of alkylating and acylating reagents were unsuccessful. Formation of an

O-alkylated product was achieved by using methyl trifluoromethyl sulfonate (183). No
evidence for formation of the /V-alkylated isomer was obtained. Due to time constraints
it was not possible to study this reaction further. An alternative approach via 3a-chloro
blebbistatin (162) was proposed based on literature precedent43 in which an a-chloro
ketone (196) (Figure 147) was stereoselectively methylated via halohydrin formation
and rearrangement. Again, due to the time constraints this procedure was not

investigated.

196 197

Figure 147. Literature example for the methylation of a-c.hloro ketones.43

4.5. CHANGE IN THE OXIDATION STATE OF THE HETEROCYCLIC CORE

STRUCTURE (7)

This section is focused on the reduction of the core structure of (S)-(-)-

blebbistatin (7). The molecule contains two sites suitable for reduction, the carbonyl

group and the amidine moiety. Furthermore, regarding the biological activity of (S)-(-)-
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blebbistatin (7), it was considered of interest to explore whether these parts of the
molecule were of importance for activity.

Figure 148. Functionalities to be reduced in the blebbistatin core structure.

A well known reagent used in the reduction of carbonyl groups is sodium

borohydride (NaBFLp). Therefore, it was decided to attempt the reduction of (£)-(-)-
blebbistatin (7) with this reagent. Optically enriched blebbistatin 7 (86% ee) was

dissolved in methanol and treated with one equivalent of sodium borohydride. The
reaction mixture was stirred at room temperature for 30 minutes. TLC analysis showed
the presence of two new spots with similar Rf values. The crude 'H NMR of the
reaction showed a mixture of two compounds in a ratio of 1.5:1. Purification by flash
column chromatography afforded two products 198 (37%) and 199 (50%), which are

assigned as having the structures shown in Figure 149. It is interesting to note that the
same result was obtained when the reaction was carried out with

0.5 equivalents of NaBH4.

Figure 149. Reduction of the blebbistatin core structure (7) and proposed reaction products. Reagents
and conditions: a) NaBH4 (1.0 equiv), MeOH, RT, 30 min., 37% (198) and 50% (199).

However, the reduction of 7 can afford four more products, one diastereoisomer

for 199 and another 3 diastereoisomers for 198 (Figure 150). Therefore, the following
section discusses the reasons for the relative stereochemical assigments of the two

structures 198 and 199.
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HO, H HO, H HQ H HO. H

Figure 150. Possible additional products from the reduction of 7 with NaBH4.

The identity of 199 was established from the following evidence: the mass

spectrum in ES+ mode showed a peak corresponding to m/z 295 [M+H]+. Although
reduction at the amidine moiety to give 204 (Figure 151) would give the same mass,

other evidence in support of this structure assignment for compound 199 were; i) the
infrared spectrum, which showed no band for the carbonyl group (C=0 IR stretching
band was 1694 cm'1 in 7) but did show an IR band corresponding to the amidine moiety

1 13
at 1593 cm" , ii) the C NMR spectrum did not show the presence of the peak

corresponding to the carbonyl group (5 194.1 ppm in 7) but instead showed the presence

of a signal corresponding to the new 4C-H carbon at 5 74.9 ppm (C-4 in 199,
PENDANT indicates that this is a CH). In addition, the signal for the amidine in the
l3C NMR appeared at 163.4 ppm (164.7 ppm in 7). 'H NMR confirmed the presence of
an additional proton at 8 4.78 ppm (H-4) in CDCI3.

It is worth noting that the blebbistatin core structure is characterised by a bright

yellow colour. Due to the reduction of the carbonyl group 199 was colourless. One
further experiment was carried out to clarify whether the amidine moiety was reduced
instead of the carbonyl group in 7. It was decided to oxidise 199 with the Dess-Martin

periodinane oxidising reagent44 (205) (Figure 151). A small amount of 199 was

dissolved in a vial and the oxidising reagent was added to it. The solution in the vial
turned yellow and TLC analysis showed a spot with the same Rf as (5)-(-)-blebbistatin

(7).

205

Figure 151. Proposed reduction at the amidine moiety (204) and Dess-Martin reagent (205).
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Crystallisation of a sample of 199 from acetonitrile, afforded needles of
sufficient quality for X-ray analysis (Figure 152). The studies enabled the relative

stereochemistry of the diol 199 to be assigned. The result showed the syn diol

diastereoisomer, where the two OH groups are on the same side of the molecular plane
with the 05-C5-C4-04 dihedral angle being 60 °C (gauche conformation). This

arrangement was consistent with literature precedent stating that the reduction of

carbonyl groups with sodium borohydride ordinarily leads to the formation of equatorial
alcohols corresponding to axial attack of the hydride.4x46

Figure 152. X-Ray crystal structure of 199.

The structural assignment of the doubly reduced compound 198 was based on

infrared spectrum, NMR and mass spectral analysis. Mass spectral analysis (ES+ mode)
showed a peak corresponding to the mass (296) plus sodium m/z 319 [M+Na]+. IR

analysis did not show the bands corresponding to either the carbonyl group or the
amidine. The l3C NMR spectrum showed two peaks corresponding to the new

stereogenic centres that have been formed at 71.6 ppm (C-4) and 72.9 ppm (C-9a),

corresponding to CH by PENDANT. The 'H NMR in CDCI3 also confirmed the

presence of two new singlets corresponding to one proton each at 4.55 ppm (H-4) and
5.07 ppm (H-9a).
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For an additional way to prove the structure of 198, it was decided to attempt the
reduction of 199. It was found that when the reaction was carried out with NaBH4

under the same conditions described previously, 199 is reduced to 198 (Figure 153).
TLC analysis of the crude reaction mixture showed the presence of a new compound
with identical Rf to compound 198. 'H NMR analysis of the crude reaction mixture

confirmed the presence of both starting material (199) and product (198) in a ratio of
1:2. Purification of the crude reaction mixture by flash column chromatography and

subsequent analysis by 'H NMR, confirmed the structure of the compound as 198.

Figure 153. Reduction of 199 to 198 with NaBH4. Reagents and conditions: a) NaBH4 (1.0 equiv),

MeOH, RT, 2.5 hours, 52%.

In conclusion, the reduction of (SM-Pblebbistatin (7) showed that one

diasteroisomer (199) is formed on reduction of the carbonyl group and in addition 199
can be further reduced, to compound 198. Unfortunately attempts to crystallise

compound 198 to determine its stereochemistry were unsuccessful. In addition,
NOESY experiments were carried out to study the distance in space between the

protons H-9a and H-4, in order to determine the relative stereochemistry of 198. In this
case, the results from the NMR experiments were inconclusive and therefore it was not

possible to deduce the stereochemistry of 198. Therefore, following the proposed
mechanism for the first reduction, it was postulated that the transferred hydride to the
carbon of the N=C, could be also done from the bottom face, opposite to the OH groups.

The structure and relative stereochemistry of the doubly reduced compound 198 was

then suggested to be as drawn in Figure 154.
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During attempts to reduce the para-bromo phenyl analogue of blebbistatin (135)

(Chapter 3, Section 3.2.1) with hydrogen using 10% Pd on charcoal, it was found that
the core structure could also be reduced. H2/Pd/C reducing agent is a chemoselective

reducing agent which reduces easily alkenes and imines but the reduction of carbonyl

groups by this reagent combination is considered more difficult. It was therefore
decided to attempt the reduction of the core structure of (S)-(-)-blebbistatin (7) using

H2/Pd/C. Optically enriched blebbistatin (7) (86% ee) was dissolved in a mixture of
MeOH and DMF with triethylamine in the presence of 10% Pd/C. Hydrogen gas was

then added and the reaction mixture was stirred at room temperature for 48 hours.
Purification by flash column chromatography afforded the reduced product 199 in 55%

yield (Figure 155).

Figure 155. Reduction of the blebbistatin core structure (7). Reagents and conditions: a) 10% Pd/C

(3.0 equiv), EtjN, H2 (balloon), 1:1 MeOH:DMF, RT, 48 hours, 55%.

NMR analysis and 13C NMR of the product of this reaction showed that the

carbonyl group was reduced during the reaction whereas the amidine moiety was not.

Interestingly it was reported in the literature that the catalytic hydrogenation of aromatic
ketones and aldehydes can afford methylene compounds via intermediary benzyl

alcohols with the employment of 10% Pd/C.47 Crystallisation of 199, prepared by
reduction of 7 using H2/Pd/C, from acetonitrile, afforded the same result as the
reduction with NaBHL*. (Figure 156). Interestingly, Figure 157 shows the formation of
an intermolecular H-bonding between the oxygen (04) from one molecule of 199 and
the oxygen (05) of another molecule of 199.
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Figure 157. Intermolecular hydrogen bonding between the hydrogen atom (from the 4-Oxygen) and the

5-Oxygen in 199.
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4.6. INCORPORATION OF DIVERSITY AT THE A-PHENYL RING (R2)

Exploration on the A-phenyl ring (R2) started first with the preparation of the

para-bromo containing analogue of blebbistatin (135) to assign the absolute

stereochemistry of (S)-(-)-blebbistatin (7) (Chapter 3, Section 3.2.1). The synthesis of
this compound proved that substitution at C-4' could be achieved (Figure 158). Initial

attempts to prepare alkylated analogues (A-methyl and A-ethyl) from commercially
available pyrrolidinones (39 and 53) failed as described previously (Chapter 2, Section

2.1.4.1). An alternative to this approach involved the incorporation of a methoxy group

at the position C-4' of the A-phenyl ring (Figure 158). Subsequent removal of the

p-methoxy phenyl group in a single mild deprotection step, would then afford an

A-H analogue (207). Selective alkylation of the amidine functionality would then be

required to prepare A-alkyl analogues of (S)-(-)-blebbistatin (7).

Figure 158. Different analogues derivatised at iV-phenyl ring (R2).

The synthesis of the p-anisyl analogue 206 followed the same synthetic route as

described for (S)-(-)-blebbistatin (7) (Chapter 2, Section 2.1.2) (Figure 159), affording
the desired compound (206) in an overall yield of 12.1% (4 steps) and high
enantiomeric excess. The synthesis commenced with the preparation of the starting
materials. A reaction carried out by Dr Patterson afforded the p-methoxy moiety lactam
210 from pyrrolidinone (208) and /?-iodoanisole (209).
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+ cj)
OMe

208 209

Figure 159. Preparation of /V-phenyl-analogue 206. Reagents and conditions: a) 208 (1.2 equiv), 209

(1.0 equiv), K3PO4 (2.0 equiv), Cul (0.10 equiv), A(AP-dimethyIethylenediamine (0.20 equiv), PhMe,
70 °C, 16 hours, 88%, b) i) 210 (1.1 equiv), POCl3 (1.0 equiv), DCM, RT, 3 hours; ii) 27 (1.0 equiv),

40°C, 35 hours, 18%; c) LiHMDS (3.0 equiv), THF, -78°C to 0°C, 3 hours, 85%; d) i) LiHMDS

(1.2 equiv), THF, -78°C, 30 min; ii) 82 (2.4 equiv), THF, -10°C, 16 hours, 90%, 82% ee, [a]D25 = -460

(c= 0.08 in CHCI3); e) recrystallisation from MeCN >99% ee; f) CAN (5.0 equiv), MeCN:H20 (1:1),
0 °C, 2 hours and RT, 16 hours.

The coupling step between the lactam analogue 210 and anthranilate 27 was

carried out for 35 hours to afford the desired amidine moiety 211 in a low yield. The

presence of an electron-donating group at the para position to the nitrogen led us to

expect an improvement in the yield of this reaction compared to the (V-phenyl lactam

(28), but this was not observed with 211 being formed in only 18%. The cyclisation

step was carried at 0 °C within three hours to give the quinolone analogue 212 in good

yield (85%). Finally the blebbistatin analogue 206 was prepared in excellent yield

(90%) using the Davis methodology. The enantiomeric excess of the crude reaction
mixture was measured by chiral HPLC analysis (82% ee). Recrystallisation from
acetonitrile gave crystals which when analysed by chiral HPLC showed that 206 had
been prepared in greater than 99% ee. The deprotection of the p-anisyl moiety via
oxidation with CAN has been previously reported in the literature.48'49 However,

attempts to cleave the p-anisyl moiety (206), on a small scale (10-15 mg), to obtain 207

CO2M6

N:
N

OMe

160



Chapter 4. Results and Discussion

proved unsuccessful. The oxidation was carried out in the presence of CAN in a

mixture of 1:1 acetonitrile-water. The reaction was then cooled to 0 °C and stirred for

16 hours at room temperature. Purification by flash column chromatography afforded
four fractions which were analysed by 'H NMR and mass spectroscopy. One of the

products did exhibit a peak in the mass spectrum corresponding to the mass of the
desired product 207 (jn/z (ES+) 217). However ]H NMR did not give enough
information because of the small amount of compound isolated from the column. Due

to time restrictions further investigation of the other three products and additional

attempts to improve the synthesis were not undertaken, although it is still being
considered as a first priority in future work to explore the chemistry of

(S)-(-)-blebbistatin (7) in the R2 position.
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BIOLOGICAL INVESTIGATIONS ON BLEBBISTATIN

5.1. CRYSTAL STRUCTURE OF BLEBBISTATIN AND MYOSIN II

Since the completion of the laboratory work associated with this research project
a crystal structure of the (S)-(-)-blebbistatin-myosin II complex has been published1.
This result is of great interest in order to confirm how (S)-(-)-blebbistatin (7) binds to

the protein and therefore how it effects the protein activity.

As described previously in Chapter 1, Section 1.4.3.3, (S)-(-)-blebbistatin (7)

was found to stabilise the ADP-Pi-myosin complex, with the consequent inhibition of

phosphate release. This observation was consistent with the crystal structure of (5)-(-)-
blebbistatin (7) bound to the MgADP-vanadate complex (which mimics the ADP-Pi

3 1
state ) of Dictyostelium discoideum myosin II.

The selectivity of the two enantiomers of blebbistatin (7 and 23) can be

explained by the presence of hydrogen bonds between the protein and the hydroxyl

group. In the case of the (S)-(-)-enantiomer (7) hydrogen bonds are formed from the
OH group (on the top face of the molecule) to the main chain amide carbonyl oxygen of
Leu262 and to the main chain amide hydrogen of Gly240 (Figure 160). In contrast, the

binding of the (/?)-(+)-enantiomer (23) is of lower affinity due to the absence of the

equivalent hydrogen bonds.1

It was also found that the binding of (S)-(-)-blebbistatin (7) to myosin was

stabilised by hydrophobic interactions. For instance both the phenyl ring and

tetrahydropyrrolo ring are surrounded by non-polar aliphatic and aromatic residues
(Figure 160).
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/

Figure 160. Interaction between (S)-(-)-blebbistatin (7) (yellow) and selected amino acids of myosin

(green sticks). In red is shown the hydrogen bonds between the OH group of (S)-(-)-blebbistatin (7) and
the amino acids, Leu262 and Gly240.'

Finally, the specificity of (X)-(-)-blebbistatin (7) for different classes and
subclasses ofmyosin can be explained by the presence or absence of similar residues in
different myosins. Table 8 shows the variation of residues across the myosins as

compared to the model myosin used in the crystallisation studies (Dictyostelium.
discoideum II). For instance, looking at the selected contact residue for

(5)-(-)-blebbistatin (e.g. serine 456), it is interesting to note that the variation of this
residue for another through the different subclasses resulted in a decrease of the

inhibitory activity. A possible explanation could arise from the size of the residue
involved in such interaction with the small molecule (e.g. alanine versus tyrosine and

phenylalanine, where the phenyl ring would be in the way of the small molecule).

It has been observed that the best inhibition occurs for skeletal muscle myosin

II, non-muscle myosin I IB, non-muscle myosin IIA and D. discoideum myosin II. In

contrast, low or no inhibition was observed for smooth muscle myosin II, myosin I,

myosin V and myosin X. Although the residues in smooth muscle myosin II are nearly
identical to those in D. discoideum II (only substitution of Ser456 for Ala) (Table 8), the

lack of inhibition was proposed to be a result of differences in the position of residues
related to Leu262.'
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Myosin Selected blebbistatin contact residues IC50 (^M)

Dictyostelium II Ser456 Thr474 Tyr634 Gln637 4.9

Nonmuscle IIA Ala Thr Tyr Gin 5.1

Nonmuscle IIB Ala Thr Tyr Ser 1.8

Skeletal II Ala Thr Phe Asn 0.5

Smooth II Ala Thr Tyr Gin 79.6

lb Tyr Cys Phe Ser >150

Va Tyr Ala Phe Ser >150

X Phe Ala Phe Ser >150

Table 8. Binding of (5')-(—)-blebbistatin (7) to selected amino acids on the different myosins.1

The publication of the crystal structure of myosin bound to (5)-(-)-blebbistatin

(7) is also of importance in order to understand which parts of (S)-(-)-blebbistatin (7)
could be changed to increase its potency and also to alter its selectivity towards different

myosins. The crystal structure shows that the appropriate sites (where there is space) to
introduce diversity in the (S)-(-)-blebbistatin (7) core structure are around both the

phenyl and tetrahydropyrrole rings. It was envisaged that the biological activity of

(5)-(-)-blebbistatin (7) could be improved by the introduction of a bromine atom at the

para position of the phenyl ring (C4').

Therefore, (5)-(-)-bromo-blebbistatin (135) was sent to Rayment's research

group to perform crystallographic studies. Rayment and co-workers were able to grow

crystals of the (S)-(-)-bromoblebbistatin-myosin complex and obtained X-ray data
(Figure 161). The data was solved and showed that the bromine at the para position on

the phenyl ring was accommodated in the protein structure. The bromine atom forms

hydrophobic interactions with the surrounding amino acids residues.
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Figure 161. Crystal structure of the (5)-(-)-bromo-blebbistatin (135)-myosin complex.

(Sj-(-)-Bromo-blebbistatin (135) was also sent to Prof. Seller's laboratory in
order to test its biological activity against non-muscle myosin II. It was found that 135
was a more potent inhibitor than (<S)-(-)-blebbistatin (7) itself (data not shown).

5.2. BIOLOGICAL ACTIVITY OF (A)-(-)-BLEBBISTATIN (7), (/?)-(+)-

BLEBBISTATIN (23) AND NITROBLEBBISTATIN (160)

As described in Chapter 1, section 1.5, one of the aims of the project was to

prepare highly enriched enantiomers of blebbistatin (18) for biological testing.

Therefore, samples of highly enriched (Sj-(-)-blebbistatin (7) (>99% ee) and

(i?)-(+)-blebbistatin (23) (>99% ee) were sent to Prof. Sellers' laboratory in order to
determine their biologically activities. In addition an optically enriched sample of

(S)-(-)-nitro blebbistatin (160) (76% ee) was also sent for biological testing.

The inhibitory activity of the three samples was tested against non-muscle

myosin II. A NADH-coupled assay was carried out to measure the actin-activated
ATPase activity. The assay works as follows (see also Figure 162):

i) Myosin hydrolyses ATP to produce ADP and Pi.

ii) Pyruvate kinase converts ADP and phosphoenolpyruvate (PEP) into ATP
and pyruvate.

iii) Lactate dehydrogenase reduces pyruvate to lactate. This converts the
cofactor NADH into NAD+.
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iv) The production ofNAD+ can be monitored by spectrophotometry. For

every molecule of ATP hydrolysed by myosin, one molecule ofNAD+ is

produced.

ATP '

ADP + PEP :

PYR + NADH + H (+)

ADP + Pi + H (+)
ATP + PYR

LAC + NAD(+)

Figure 162. NADH-coupled assay.

The inhibition values are expressed as percentage inhibitions where the DMSO
was used as a control (100% activity, 0% inhibition). The assay mixture contained
10 jttM actin (without the actin, myosin ATPase activity would be very low, see for
more details Chapter 1, Section 1.4.1) and 1 mM ATP.

The results from the assays are represented in the curves shown in Figure 163.
The x-axis shows the concentration of the inhibitors (0.1 to 100 /iM) and the y-axis
shows the % of inhibition.

Inhibitory effect of (+)-, (-)- and nitro-blebbistatin on non-muscle myosin 11A ATPase
100 ■

RO -

60 -

c
o

E 40 -

20-

- 23
• 7
a 160

IC = 7.1 ± 0.41.liM
Inh = 100%

IC50 = 27.5 ±3.09uM
Inh =91%

|C50 = 24.4 ± 25.11uM
Inh = 9%

100

[inhibitor] / pM

Figure 163. Inhibitory activity of (S)-(-)-blebbistatin (7), (/?)-(+)-blebbistatin (23) and nitro blebbistatin

(160).
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As it can be observed, the (-)-enantiomer (7) showed a maximum of inhibition

of 100% for a concentration of 100 /xM whereas the (+)-enantiomer (23) gave only a

9% of inhibition at the same concentration, being consistent with results obtained by

Straight et al4 (Chapter 1, Section 1.4.3.1). The IC50 values were 7.1 /xM for 7 and

24.4 /xM for 23. The nitro analogue 160 showed an inhibition of 91% at a concentration

of 100 /xM with an IC50 of 27.5 /xM. It is worth noting that this inhibition value is lower

than that observed for 7. Despite this decrease in activity, this result was of great
interest due to the fact that the nitro analogue 160 retained the inhibitory activity against
non-muscle myosin II. Therefore, 160 can be used as molecular tool in certain

biological assays where 7 is not suitable (Chapter 4, Section 4.3.2).

5.3. PRELIMINARY BIOLOGICAL TESTING OF BLEBBISTATIN

ANALOGUES

The first batch of samples biologically tested was composed of optically
enriched samples of the methyl analogues (139, 140, 141, 7), H-blebbistatin (67), fluoro
blebbistatin (161) and a reduced analogue (213) (Figure 164). The hydroxylation of the

methyl analogues was carried out with both types of Davis oxaziridines 81 and 78. The
enantiomeric excess values obtained in the hydroxylation reactions are shown in Table

6, Chapter 3).

139 X1=Me, X2,3,4 = H
7 X2= Me, X1'3'4 = H
140 X3= Me, X1,2,4 = H
141 X4= Me, X1'2,3 = H
67 X=1'2'3'4 = H

161

HO H

213

Figure 164. Different analogues sent in a first batch.
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X= H X= CI

Figure 165. Davis oxaziridines used to prepare the different analogues of blebbistatin.

The NADH-coupled assay was carried out for all the samples in order to test

their inhibition of myosin ATPase activity. Samples of racemic blebbistatin 18 and
sulfonimines (+)-76 and (-)-80 were used as a controls.

Figure 166 shows the effect of the different analogues on the myosin ATPase
activities of scallop striated muscle, cardiac muscle and skeletal muscle myosin II. The
concentration used for testing the analogues was 100 piM. The concentration of actin in
the assay was 10 /xM.

The results showed a number of trends:

• Inhibition of skeletal muscle myosin ATPase: The highest inhibition values

(>80%) were found for the analogues (+)-139, (-)-139, (+)-23, (-)-7, (+)-67,

(-)-67, and fluoro-blebbistatin (161). Surprisingly, only small differences were

found between the different enantiomers of these analogues. This can be

explained due to the fact that the samples were not optically pure and also the
concentrations used for testing in each case were very high. It is important to
note that the inhibition of 141 was lower than the other methyl analogues.

Therefore, substitution at C-8 reduces the inhibitory activity.

• Similar values of inhibition were observed for cardiac muscle myosin II. In this

case, the (+)-enantiomers gave lower values than the (-)-enantiomers, as

expected.
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* The inhibition of scallop muscle myosin II showed that analogue 139 gave the

highest inhibitory activity.

• The reduced analogue 213 was inactive against all three myosins. The reduction
of the ketone functionality to the alcohol on (S)-(-)-blebbistatin (7) could change
the shape of the inhibitor with the consequent loss in biological activity.

Figure 166. Effect of different compounds on the ATPase activity of scallop muscle, cardiac muscle and
skeletal muscle myosin II.

In summary, the results were consistent with the results obtained by Straight et
al,4 where racemic blebbistatin (18) inhibited the ATPase activity of scallop, cardiac
and skeletal myosins II.

Differences were also found in the inhibitory activity of the analogues of

(A)-(-)-blebbistatin (7) within the myosin II class. Figure 167 summarises the results
obtained for the effect of the blebbistatin analogues on the ATPase activity of the three
isoforms of non-muscle myosin II and smooth muscle myosin II. The concentration
used for testing the analogues was 100 q,M. The concentration of actin in the assay was

10 juM.
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Figure 167. Effect of different compounds on the ATPase activity of non-muscle IIA, non-muscle IIB,
non-muscle 1IC and smooth muscle myosin II.

The results showed in Figure 167 can be summarised as follows:

• Inhibition of smooth muscle myosin was found for racemic blebbistatin (18) and
the fluoro analogue (161) with values over 60%. However, lower inhibition was

observed for (-)-enantiomer of 7 and (-)-enantiomer 141 (20-40%).

• In the case of non-muscle myosin IIA, the highest inhibition was observed for
racemic blebbistatin (18) and (+)-23 followed by inhibition with (-)-7, (+)-141.
Lower values were found for (+)-67, (+)-139 and (—)-l41.

• Non-muscle myosin IIB was significantly inhibited by racemic blebbistatin (18),

(—)-7, (—)-l39 and (-)-67. Interesting low inhibition was observed for 141. This
can be rationalised by the position of the methyl group at the C-8.

• In addition, non-muscle myosin IIC was inhibited by racemic blebbistatin (18),
fluoro analogue (161), blebbistatin analogue 139 and (-)-67.

In summary, smooth muscle was mainly inhibited by fluoro analogue (161) and
racemic blebbistatin (18). In the case of non-muscle myosin IIA the inhibition was
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caused by racemic blebbistatin (18), and the (+)-enantiomers of 23 and 141. In addition
the highest values of inhibitory activity for non-muscle myosin IIB were found for
racemic (18) and the (-)-enantiomers of 7 and 139. Finally non-muscle myosin IIC was

mainly inhibited by the two enantiomers of 139 and racemic 18.

The results, although preliminary, provided important information in order to
determine the specificity of the different analogues. Figure 168 shows a graph with

promising examples of specificity of methyl analogues over the three isoforms of
non-muscle myosin II. Non-muscle myosin IIC was inhibited by (+)-139 to a greater

extent than was observed for non-muscle myosin IIB and non-muscle myosin IIA. In

contrast, non-muscle myosin IIA was significantly inhibited by (+)-141, over and above
the inhibition levels observed for non-muscle myosin IIB and non-muscle myosin IIC.

Interestingly the larger differentiation between isoforms is observed in the

(+)-enantiomers.

(+)-141 (+)-139

Figure 168. Specificity in (h )-l39 and (+)-141.

The same set of compounds was also tested against two different classes of

myosins, class V and class X. The concentration used for the analogues was of 100 /xM.
The concentration of actin was 10 nM. Interestingly out of the set of compounds, only
the fluoro-blebbistatin analogue (161) (-60%) and reduced blebbistatin 213 (-20%)

inhibited myosin X (Figure 169). Although there is not clear rationalisation for these
two inhibitions, however, differences in the shape of the active site of myosin X,
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compared with myosin II, could explain the inhibition of these compounds against this
class ofmyosin.

Figure 169. Effect of different compounds on the ATPase activity of myosin V and myosin X.

A new batch of compounds containing the methyl analogues 139 and 140 and
214 (see this structure in Figure 171) were assayed against skeletal muscle myosin II

(Figure 170). 140 was prepared with three different Davis oxaziridines, affording
enantiomeric excess of 28% for (-)-81 (140a), 90% for (-)-82 (140b) and 90% for

(+)-78 (Figure 165). In addition 139 was prepared with (~)-82 and (+)-78 (64-65% ee).
The concentrations used for the analogues were 3 fiM and 100 juM. Furthermore the
concentration used for actin was of 10 /rM.

□ 100uM

□ 3uM

Figure 170. Effect of different compounds on the ATPase activity of skeletal muscle myosin II.
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The results showed that at low concentration of inhibitor (3/xM) the highest

inhibitory activities were found for racemic blebbistatin (18) (-80%), (-)-139 (-70%)
and (-)-140b (-80%). In contrast, the inhibitory activity of bromo blebbistatin 214

(90% ee) was only 50%. The inhibitory activity for the (+)-enantiomers was lower as

expected. However, when the concentration of the analogues was increased to 100 /xM
the values of inhibition were similar for all the samples.

More recently, a final batch of analogues was sent to be tested against myosin II
and different classes of myosin. Included in this batch were the methyl analogues (see

Figure 164), fluoro-blebbistatin (161) and chloro-blebbistatin (162), ester derivative

176, methoxy analogue of blebbistatin 180, partially reduced blebbistatin 199 and

p-methoxy-blebbistatin (206) (Figure 171). The samples were highly optically enriched

(>90% ee).

O

Figure 171. Structures of different analogues of 7.

Unfortunately, the biological data for most of the compounds did not arrive in
time to be included in this thesis. Nevertheless, the methoxy analogue of blebbistatin

180 was found to be inactive against myosin II (data not shown). Furthermore partially
reduced blebbistatin 199 and doubly reduced blebbistatin 198 were also found to be
inactive against myosin II (data not shown).
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In summary, it was observed that blebbistatin and its analogues were specific for
the myosin II class over other family members such as myosin V and X. The specificity
within the myosin II class was also tested. The results showed fluoro blebbistatin (161)

as a specific inhibitor of smooth muscle myosin. In addition, blebbistatin analogue 141
was found to only have inhibitory activity against skeletal and non-muscle myosin IIA.

Furthermore, it is interesting to note that (+)-141 was more potent than the

(-)-enantiomer, contrary to expectations. In addition, promising specificity data was

found for (+)-enantiomers of 141 and 139 within the non-muscle myosin II isoforms.

5.4. SECTION SUMMARY

In conclusion, although preliminary, the data found for the inhibitory activity of
the different analogues, will be useful in order to enable the preparation of specific
inhibitors within the same class and subclasses of myosins. Furthermore the lack of

activity of methoxy blebbistatin analogue 180, reduced blebbistatin 199 and fully
reduced blebbistastin 198, gave an idea of which functional groups are important in the
blebbistatin core structure. However, both the carbonyl and OH group were necessary

for the biological activity of (S)-(-)-blebbistatin (7). In addition, the crystal structure of
blebbistatin also showed the parts of this molecule that can introduce diversity in order
to synthesise compounds of increased potency (e.g. modifications in the R4 position and
also the size of the tetrahydropyrrole ring).
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CONCLUSIONS AND FUTURE WORK

CONCLUSIONS

In this thesis, the development of one efficient synthetic route to prepare the core

structure of (-)-blebbistatin (7) has been presented. The incorporation of a hydroxy

group has been achieved by asymmetric hydroxylation using Davis oxaziridines as the

oxidising reagents. It has been found that this reaction gives high values of
enantiomeric excess. In addition, the chemical structure of (-)-blebbistatin (7) has been

confirmed by X-ray crystallographic analysis.

To determine the stereochemistry of 7, a bromo containing analogue of
blebbistatin (135) was prepared using the same synthetic route and analysed by X-ray
diffraction. The absolute configuration of the crystallised bromo-blebbistatin analogue

(135) was found to be S. Further comparison, by chiral HPLC, showed that a reduced

sample of 135 back to 7 was identical to a sample of 7 prepared by the usual route.

Therefore, this result led to the assignment of (-)-blebbistatin (7) as 5.

In addition, the synthesis of a nitro-blebbistatin analogue (160) has been shown
to be of great interest. Since this compound is a potent inhibitor of
non-muscle myosin II and has modified fluorescence properties, it can replace

(S')-(-)-blebbistatin (7) as a molecular tool in live-cell imaging experiments.

Our studies show that the core structure of (5)-(-)-blebbistatin (7) can be

chemically modified, enabling the preparation of different analogues. Biological testing
of some of these analogues has proved that both the carbonyl and hydroxy group must

be present in the core structure of (S)-(-)-blebbistatin (7) for it to exhibit inhibitory

activity.

FUTURE WORK

The use of (5)-(-)-blebbistatin (7), as a molecular tool, has had an impact on

biomedical research in the last two years. A number of papers have reported the

importance of this molecule to dissect biological processes. Therefore, this is of
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importance for the development of new projects where synthetic chemistry has a key
role for the optimisation and preparation of novel small molecule inhibitors. The recent

publication of the crystal structure of the blebbistatin-myosin complex has helped to

develop a better understanding of which parts of the molecule are available for

introducing diversity with retention of biological activity.

Therefore, the identification of more potent and specific inhibitors of myosin II
will be possible by the preparation of small focussed libraries of (5)-(-)-blebbistatin (7)

(Figure 172). This approach can be carried out by the development of a solid supported

synthesis of (S)-(-)-blebbistatin (7).

i) Cyclisaton, cleavage of PS resin
II) asymmetric hydroxylation

^

R

Palladium catalyed
coupling reactions

Selective N-alkylation
or arylation

n^n
H

Figure 172. Design to prepare future libraries of compounds from (S)-(-)-blebbistatin (7).

Therefore, the preparation of these small libraries are based on several resin
bound intermediates that will be reacted with lactam activated intermediates to afford

the corresponding amidines (Figure 172A). Further cyclisation of the resulting
amidines and subsequent treatment with either Davis reagent or with alternative

electrophiles will lead to a large number of blebbistatin analogues. The preparation of
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small focussed libraries can be also achieved by the incorporation of different
substituents at the R2 position where it is known not to disrupt the inhibitory activity

(Figures 172B and 172C). These analogues will be screened, in order to discover novel
bioactive compounds which will be more specific for myosin II compared to

(S)-(-)-blebbistatin (7).

182



CHAPTER 7

EXPERIMENTAL



Chapter 7. Experimental

EXPERIMENTAL

7.1. General Methods

Chemicals and solvents were purchased from Acros, Aldrich, Fisher Chemicals,
Fluka and Lancaster and were used as received unless otherwise stated. Air and

moisture sensitive reactions were carried out under an inert atmosphere of dried argon

and glassware was oven dried (145 °C).

Tetrahydrofuran (THF) was dried by heating under reflux with

sodium/benzophenone under a nitrogen atmosphere and collected by distillation.
Dichloromethane (DCM) was dried by heating under reflux over calcium hydride and
distilled under an atmosphere of nitrogen. Anhydrous methanol (MeOH) was

purchased from Aldrich.

Analytical thin-layer chromatography (TLC) was performed on pre-coated TLC

plates SEL G-25 UV254 (layer 0.25 mm silica gel with fluorescent indicator UV254)

(Aldrich). Developed plates were air dried and analysed under a UV lamp, Model
UVGL-58 (Mineralight LAMP, Multiband UV254/365 nm) and where necessary, stained
with a solution of eerie ammonium molybdate or iodine on silica to aid identification.

Flash column chromatography was performed using silica gel (40-63 pm, Fluorochem).

Melting points were determined using an Electrothermal 9100 capillary melting

point apparatus. Values are quoted to the nearest 0.5 °C and are uncorrected.

'H Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker
Avance 300 (300.1 MHz), Bruker Avance 500 (499.9 MHz) or a Varian Gemini 2000

(300.0 MHz) spectrometer, using deuterochloroform (or other indicated solvent) as

reference or internal deuterium lock. I3C NMR spectra using the PENDANT sequence

and internal deuterium lock were recorded on a Bruker Avance 300 (75.5 MHz) or a

Bruker Avance 500 (125.7 MHz) spectrometer. All other 13C spectra were recorded on

a Varian Gemini 2000 (75.5 MHz) spectrometer using composite pulse 'H decoupling.
19F NMR spectra were recorded on a Bruker Avance 300 (282.3 MHz) spectrometer

using 'H decoupling and 'H coupling. Deuterated solvent was used as the lock and the
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residual protonated solvent as the internal reference. 31P NMR spectra were recorded on

a Bruker Avance 300 (121.5 MHz) or a Bruker Avance 500 (202.4 MHz) instrument

using 'H decoupling and internal deuterium lock. The chemical shift data for each

signal are given as (<5) in units of parts per million (ppm) using the residual solvent as

the internal reference in all cases (CDCI3 5H 7.27 ppm, 8C 77.0 ppm), ([DgJTHF 8c 25.2

ppm, 67.2 ppm), ([D6]DMSO Sh 2.5 ppm, 5c 39.5 ppm) and ([D4]MeOD 8H 3.31; 4.79

ppm, 8c 49 ppm). Coupling constants (J) are quoted in Hz and are recorded to the

nearest 0.1 Hz. The multiplicity of each signal is indicated by the following
abbreviations: s, singlet; d, doublet; dd, doublet of doublets; ddd, doublet of doublet of

doublets; dt, doublet of triplets; t, triplet; q, quartet; ddq, doublet of doublet of quartets;

m, multiplet and br, broad. Two-dimensional NMR spectroscopy such as 'H-'H COSY

spectra (Correlated Spectroscopy), 5H-13C COSY spectra (HSQC: Heteronuclear Single

Quantum Coherence) and long-range 'H-^C COSY spectra (HMBC: Heteronuclear

Multiple Bond Connectivity), were carried out to determine the correlation between 'H
and 13C.

Fourier Transform Infrared (FT-IR) spectra were recorded as Nujol mulls for
solids and dichloromethane solutions for liquids using a Perkin-Elmer Paragon series

1000 Fourier Transform spectrometer. Absorption maxima are reported in
wavenumbers (cm-1). Intensities of the maxima are quoted as strong (s), medium (m)
and weak (w).

Low resolution and high-resolution (HR) mass spectral analysis (EI and CI)

were recorded using a VG AUTOSPEC mass spectrometer or a Micromass GCT (Time-

of-Flight), high performance, orthogonal acceleration spectrometer coupled to an

Agilent Technologies 6890N GC system. Electrospray mass spectrometry (ESMS) was
recorded on a high performance orthogonal acceleration reflecting TOF mass

spectrometer, coupled to a Waters 2975 HPLC. Only major peaks are reported and
intensities are quoted as percentages of the base peak.

Microanalysis for carbon, hydrogen and nitrogen were performed using EA
1110 CHNS CE Instruments, elemental analyser.

184



Chapter 7. Experimental

The enantiomeric excess (ee) of the samples was measured using two systems of
chiral high performance liquid chromatography (HPLC):

a) HPLC system which includes a Waters 2996 photodiode array detector, Waters 2795
Alliance HT Separations Module, Micromass LCT, Thinkcenter IBM running

MassLynx™ 4.0.Global. Separations were performed using a Daicel® Chiralpak AD-
RH HPLC analytical chiral column (150 x 4.6 mm, 5 jtim).

b) HPLC system which includes a Waters 2700 Sample Manager, Waters 600

Controller, Waters 2487 Dual X Absorbance Detector, Thinkcenter COMPAQ deskpro
EN running MassLynx™ version 3.5. Separations were performed using a Daicel®
Chiralpak AD-RH HPLC analytical chiral column (150 x 4.6 mm, 5 /xm).

Specific Optical Rotation measurements were performed using an Optical

Activity AA-1000 automatic polarimeter (Optical Activity Ltd. Polarimeter millidegree-

autoranging), operating at 589 nm using a 2 mL solution cell with a 20 cm path length.
The concentration (c) is expressed in g/100 mL (equivalent to g/0.1 dm3). Specific
rotations are denoted [a]DT and are given in units of 10 1 deg cm2 g"1 (T= ambient

temperature in °C).

UV absorption spectra were recorded on a Cary Varian model 300 absorption

spectrophotometer, and time-integrated PL spectra were measured on a Jobin Yvon
Fluoromax 2 fluorimeter. Measurements were recorded at a sample concentration of
10 mg L"1, in HPLC grade methanol. The samples were excited at wavelengths of 420,

440, 460 and 488 nm, and the optical densities of the samples were similar and small

(-0.2).

Ultra Violet irradiation was carried out in quartz apparatus using a 400 W

medium pressure Hg lamp.

X-Ray Crystallography data were recorded on: a) Bruker SMART
diffractometer with graphite-monochromated Mo-Ka radiation (k= 0.71073 A), sealed
tube and CCD detector, b) Mer-Rigaku, mercury detector 007 with Mo-Ka radiation
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(X= 0.71073 A) generator (rotating anode), c) Cop-Saturn 92 detector 007, Cu-Ka
radiation with rotating.

7.2. Synthetic Route to (S)-(-)-Blebbistatin (7)

7.2.1. Preparation of methyl 5-methyl-2-(l-phenylpyrrolidin-2-

ylideneamino)benzoate (29)

4"

Phosphorus oxychloride (0.46 g, 0.30 mL, 3.0 mmol, 1.0 equiv) was added

dropwise to a solution of l-phenyl-2-pyrrolidinone (28) (0.54 g, 3.4 mmol, 1.1 equiv) in

dry dichloromethane (3.0 mL) and the reaction mixture was stirred for 3 hours at room

temperature. A solution of 2-amino-5-methyl-benzoic acid methyl ester (27) (0.50 g,

3.0 mmol, 1.0 equiv) in dry dichloromethane (12 mL) was then added and the mixture
refluxed for 16 hours, then cooled and concentrated in vacuo. The resulting solid was

dissolved in aqueous hydrochloric acid (0.30 M, 100 mL) and extracted with

dichloromethane (3 x 100 mL). The aqueous phase was then basified with aqueous

sodium hydroxide solution (2.0 M, pH adjusted to 8) and extracted with ethyl acetate

(3 x 100 mL). The first organic extracts were concentrated in vacuo and the resulting

solid was carried through the above procedure three more times. All ethyl acetate

extracts were combined, dried (MgS04) and concentrated in vacuo to give the desired

compound 29 (0.38 g, 1.2 mmol, 41%) as a white crystalline solid. An analytical

sample of 29 was prepared by recrystallisation from ethyl acetate/hexane;

mp 119-120 °C; 'H NMR (300 MHz, CDC13): 5=1.98-2.09 (m (7 lines), 2 H; 4'-H),
2.32 (br s, 3 H; CH3), 2.46 (t, 3/(H,H) = 7.8 Hz, 2 H; 3'-H), 3.82 (s, 3 H, OCH3), 3.87

(t, 3/(H,H) = 6.9 Hz, 2 H; 5'-H), 6.72 (d, 3/(H,H) = 8.1 Hz, 1 H; Ar-3-H), 7.01-7.10 (m,

3J(H,H) = 7.4 Hz, 1 H; Ar-4"-H), 7.19 (ddq, 3J(H,H) = 8.1 Hz, V(H,H) = 2.2 Hz,

V(H,H) = 0.6 Hz, 1 H; Ar-4-H), 7.35 (dd, 3/(H,H) = 8.7 Hz, V(H,H) = 7.4 Hz, 2 H; Ar-
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3"-H), 7.65-7.68 (m, 1 H; Ar-6-H), 7.82 ppm (dd, 3/(H,H) = 8.7 Hz, V(H,H) = 0.9 Hz,
2 H; Ar-2"-H); 13C NMR (75.5 MHz, CDC13): 5 =19.7 (C4'), 20.5 (CH3), 29.1 (C3'),

50.6 (C5'), 51.7 (OCH3), 120.2 (C2"), 121.9 (CI), 122.9 (C4"), 123.0 (C3), 128.5

(C3"), 130.9 (C5), 131.0 (C6), 133.4 (C4), 141.4 (CI"), 150.5 (C2) , 159.7 (C2'), 167.8

ppm (C=0); IR (CH2C12 thin film): vmax=1721 (s) (C=0), 1652 (s) (C=N), 756 (m)

(Ar-H), 692 cm"1 (m); LRMS (EI): m/z (%): 308 (85) [M]+, 307 (100) [M]+, 249 (10)

[C02Me], 202 (45), 77 (14) [C6H5]; HRMS (EI): m/z calc'd for C,9H2oN202 [M+]:

308.1524; found: 308.1519; Anal, calc'd for C19H20N2O2: C, 74.00; H, 6.54; N, 9.08;

found: C, 74.02; H, 6.55; N, 9.05.

7.2.2. Preparation of 6-methyl-l-phenyl-2,3,4,9-tetrahydro-l//-pyrrolo[2,3-

&]quinoIin-4-one (24)

A solution of amidine 29 (0.20 g, 0.60 mmol, 1.0 equiv) in anhydrous THF

(30 mL) was cooled to -78 °C and stirred for 15 minutes. Lithium

bis(trimethylsilyl)amide (1.0 M in THF, 1.9 mL, 1.9 mmol, 3.0 equiv) was added

dropwise to the reaction mixture, which was warmed to 0 °C over 3 hours and quenched
at 0 °C with saturated aqueous ammonium chloride (5.0 mL). Further saturated aqueous

ammonium chloride (150 mL) was added. The aqueous phase was extracted with

dichloromethane (3 x 100 mL) and the combined organic extracts dried (MgS04) and

concentrated in vacuo to give an orange solid. Purification by flash column

chromatography on silica gel (eluting with 100% ethyl acetate), gave the desired

compound 24 (0.16 g, 0.60 mmol, 90%) as an off-white solid; mp 189-190 °C; ]H NMR

(300 MHz, D6-DMSO): 5=2.41 (s, 3 H; CH3), 3.17 (t, 37(H,H) = 8.0 Hz, 2 H; 3-H), 4.06

(t, 3/(H,H) = 8.0 Hz, 2 H; 2-H), 6.96-7.02 (m, 1 H; Ar-4'-H), 7.31 (dd, 3/(H,H) =

8.3 Hz, V(H,H) = 1.6 Hz, 1 H; Ar-7-H), 7.34-7.41 (m, 2 H; Ar-3'-H), 7.50 (d,

3J(H,H) = 8.3 Hz, 1 H; Ar-8-H), 7.76 (br s, 1 H; Ar-5-H), 8.04-8.11 ppm (m, 2 H;

Ar-2'-H); 13C NMR (75.5 MHz, CDC13)*: 5=21.1 (CH3), 24.0 (C3), 52.2 (C2), 104.1

O
4a J1 3a 3

4'
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(C3a), 119.6 (C2')> 120.9 (C4'), 123.3 (C4a), 123.6 (C5), 124.2 (C8) 129.4 (C3'), 130.9

(C7), 132.2 (C6), 138.6 (CI'), 140.4 (C8a), 154.9 (C9a), 163.0 ppm (C4); IR (Nujol):

vmax=1571 (s), 1490 (m), 1460 (s), 1309 (s), 1272 (w), 818 (w), 753 (m) (Ar-H),
188 cm'Cm); LRMS (EI): m/z (%): 276 (100) [M]+, 57 (13); HRMS (EI): m/z calc'd for

Ci8H16N20, [M+]: 276.1263; found: 276.1259.

*The assignment of 13C signals was made by using Pendant, HMBC and HSQC NMR

analysis.

7.2.3. Preparation of S-3a-hydroxy-6-methyl-l-phenyI-2,3,3a,4-tetrahydro-l//-

pyrrolo[2,3-ft]quinolin-4-one (7) ((S)-(-)-blebbistatin) + /?-3a-hydroxy-6-methyl-l-

phenyl-2,3,3a,4-tetrahydro- l//-pyrrolo[2,3-£]quinolin-4-one (23) ((!?)-(+)-

blebbistatin)

Method la: Photodegradation of quinolone 24 in DMSO

A solution of quinolone 24 (0.12 g, 0.42 mmol) in DMSO (5 mL) was allowed
to stand open to the air in direct sunlight for 40 days. The reaction was concentrated in
vacuo to give a dark yellow oil which was purified by flash column chromatography

eluting with 20% ethyl acetate/hexane to give (±)-blebbistatin (18) as a bright yellow

solid (0.027 g, 0.092 mmol, 22%). Analytical data for (±)-blebbistatin (18) prepared by
this method was identical to that for 7 (see method 3) except for [a]o = 0 (c=0.1 in

dichloromethane).

Method lb: Photodegradation of quinolone 24 in DMSO using a Mercury Lamp

A solution of quinolone 24 (0.028 g, 0.095 mmol) in DMSO (5.0 mL) was

irradiated (mercury lamp (400 W) medium pressure, unfiltered) for 3 hours in a quartz
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flask in air. The mixture was poured into water (50 mL) and extracted with diethyl
ether (3 x 50 mL). The combined organic extracts were washed with water (3 x 50 mL),
dried (MgSCL) and concentrated in vacuo to give a dark yellow oil. The crude oil was

purified by flash column chromatography eluting with 20% ethyl acetate/hexane to give

(±)-blebbistatin (18) as a bright yellow solid (0.0080 g, 0.027 mmol, 29%). Analytical

data for (±)-blebbistatin (18) prepared by this method were identical to that for 7 (see

method 3) except for [a]D25= 0 (c=0.1 in dichloromethane). Chiral HPLC analysis
indicated that the compound was prepared as a racemic mixture (two peaks of equal

integration).

Method 2: Photodegradation of quinolone 24 in THF using a Mercury Lamp

A solution of quinolone 24 (0.033 g, 0.12 mmol) in THF (5.0 mL) was irradiated

(mercury lamp, 400 W, medium pressure, unfiltered) for 3 hours in a quartz flask under
air. The mixture was poured into water (50 mL) and extracted with diethyl ether

(3 x 50 mL). The combined organic extracts were washed with water (3 x 50 mL), dried

(MgSCL) and concentrated in vacuo to give a dark yellow oil. The crude oil was

purified by flash column chromatography eluting with 20% ethyl acetate/hexane to give

(+)-blebbistatin (18) as a bright yellow solid (0.009 g, 0.030 mmol, 26%). All the

analytical data were identical to that for 7 (see method 3), except for [a]o = 0 (c=0.1 in

dichloromethane) and chiral HPLC analysis (ee=0%).

Method 3: Asymmetric hydroxylation of 24

a) Reagent: Dihalo oxaziridine 82

A solution of quinolone 24 (0.20 g, 0.70 mmol, 1.0 equiv) in dry THF (17 mL)
was added dropwise to lithium bis(trimethylsilyl)amide (1.0 M in THF, 0.90 mL,
0.90 mmol, 1.2 equiv) in dry THF (4.0 mL) at -78 °C under argon. The reaction was

stirred for 30 minutes at -78 °C and a solution of dihalo oxaziridine 82 (0.50 g,

1.7 mmol, 2.4 equiv) in dry THF (10 mL) was added via a cannula. After 16 hours at

-10 °C saturated aqueous ammonium iodide (5.0 mL, 10 equiv) and diethyl ether

(5.0 mL) were added and the reaction mixture gradually warmed to room temperature.

Saturated aqueous sodium thiosulfate (15 mL) was then added and the reaction mixture
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extracted with diethyl ether (2 x 10 mL). The combined organic extracts were dried

(MgS04) and concentrated in vacuo to give a yellow solid. The solid was partitioned
between dichloromethane (100 mL) and aqueous hydrochloric acid solution (0.30 M,

100 mL). The aqueous phase was washed with dichloromethane (3 x 100 mL), basified

with aqueous sodium hydroxide solution (2.0 M, pH adjusted to 8) and extracted with

ethyl acetate (2 x 100 mL). The organic extracts were dried (MgS04) and concentrated

in vacuo to give (S)-(-)-blebbistatin (7) (0.17 g, 0.6 mmol, 82%) as a bright yellow
solid. The enantiomeric excess of 7 was 86% as determined by chiral-phase HPLC

analysis; mp 192-193 °C; [a]D25= -461 (c=0.1 in dichloromethane); *H NMR (300 MHz,

CDC13): 5 =2.15-2.30 (m, 1 H; 3-H), 2.32 (br s, 3 H; CH3), 2.44 (dd, 2J(H,H) = 13.8 Hz,

3J(H,H) = 5.4 Hz, 1 H; 3-H), 3.79-3.88 (m, 1 H; 2-H), 3.96 (dt, 2J(H,H) = 9.8 Hz,

V(H,H) = 5.7 Hz, 1 H; 2-H), 7.06 (d, 3/(H,H) = 8.1 Hz, 1 H; Ar-8-H), 7.14-7.24 (m,

2 H; Ar-4',7-H), 7.39-7.47 (m, 2 H; Ar-3'-H), 7.65 (br d, V(H,H) = 1.9 Hz, 1 H;

Ar-5-H), 7.85-7.92 ppm (m, 2 H; Ar-2'-H); 13C NMR (75.5 MHz, CDC13): 5 =20.6

(CH3), 29.0 (C3), 48.3 (C2), 77.4 (C3a), 120.0 (C4a), 120.4 (C2'), 124.7 (C4'), 125.8

(C8), 127.1 (C5), 128.8 (C3'), 133.4 (C6), 137.2 (C7), 139.7 (CI'), 148.1 (C8a), 164.7

(C9a), 194.1 ppm (C4); IR (Nujol): vmax=1694 (s) (C=0), 1593 (s), 1299 (m), 1108 (m),
755 (m) (Ar-H), 735 cm-1 (m); LRMS (CI+): m/z (%): 293 (100) [M+H]+, 277 (32);

HRMS (EI): m/z calc'd for Ci8H1602N2 [M+]: 292.1213; found: 292.1216; Anal, calc'd
for C18Hi602N2: C, 73.95; H, 5.52; N, 9.58: found: C, 74.04; H, 5.40; N, 9.69; HPLC

(Daicel Chiralpak AD, acetonitrile/water 50:50, flow rate 0.8 mL min"1, X=254 nm):

major enantiomer: tR= 6.33 min., and minor enantiomer: tR= 8.60 min.

An analytical sample of 7 was prepared by recrystallisation from acetonitrile;

[a]D25= -530 (c=0.1 in dichloromethane). Chiral HPLC analysis showed that after a

single recrystallisation (S)-(-)-blebbistatin (7) was prepared with an ee of >99%. HPLC
(Daicel Chiralpak AD, acetonitrile/water 50:50, flow rate 0.8 mL min"1, 7,=254 nm):

major enantiomer: tR= 6.22 min.

b) Reagent: Dihalo oxaziridine 78

A solution of quinolone 24 (0.35 g, 1.3 mmol, 1.0 equiv) in dry THF (13 mL)
was added dropwise to lithium bis(trimethylsilyl)amide (1.0 M in THF, 1.6 mL,
1.6 mmol, 1.2 equiv) in dry THF (8.0 mL) at -78 °C under argon. The reaction was
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stirred for 30 minutes at -78 °C and a solution of dihalo oxaziridine 78 (0.90 g,

3.1 mmol, 2.4 equiv) in dry THF (15 mL) was added via a cannula. After 16 hours at

-10 °C saturated aqueous ammonium iodide (5.0 mL, 10 equiv) and diethyl ether

(5.0 mL) were added and the reaction mixture gradually warmed to room temperature.

Saturated aqueous sodium thiosulfate (15 mL) was then added and the reaction mixture

extracted with diethyl ether (2 x 10 mL). The combined organic extracts were dried

(MgSCL) and concentrated in vacuo to give a yellow solid. The solid was partitioned
between dichloromethane (100 mL) and aqueous hydrochloric acid solution (0.30 M,

100 mL). The aqueous phase was washed with dichloromethane (3 x 100 mL), basified

with aqueous sodium hydroxide solution (2.0 M, pH adjusted to 8) and extracted with

ethyl acetate (2 x 100 mL). The organic extracts were dried (MgSCL) and concentrated

in vacuo to give (7?)-(+)-blebbistatin (23) (0.29 g, 0.99 mmol, 76%) as a bright yellow
solid. The enantiomeric excess of 23 was 86% as determined by chiral-phase HPLC

analysis. [a]D25= +441 (c=0.1 in dichloromethane). HPLC (Daicel Chiralpak AD,
acetonitrile/water 50:50, flow rate 0.8 mL min" , A,=254 nm): minor enantiomer:

tR= 6.33 min., and major enantiomer: tR= 8.60 min.

An analytical sample of 23 was prepared by recrystallisation from acetonitrile;
?c

[a]o = +525 (c=0.2 in dichloromethane). Chiral HPLC analysis showed that after a

single recrystallisation (i?)-(+)-blebbistatin (23) was prepared with an ee of >99%.
HPLC (acetonitrile/water 50:50, flow rate 0.8 mL min"1, 7,=254 nm): major enantiomer:
tR= 8.73 min.

c) Reagent: Dihydro oxaziridine 81

A solution of quinolone 24 (0.040 g, 0.15 mmol, 1.0 equiv) in dry THF (10 mL)
was added dropwise to lithium bis(trimethylsilyl)amide (1.0 M in THF, 0.18 mL,
0.18 mmol, 1.2 equiv) in dry TFfF (4.0 mL) at -78 °C under argon. The reaction was

stirred for 30 minutes at -78 °C and a solution of dihydro oxaziridine 81 (0.080 g,

0.36 mmol, 2.4 equiv) in dry THF (5.0 mL) was added via a cannula. After 16 hours at

-10 °C saturated aqueous ammonium iodide (5.0 mL, 10 equiv) and diethyl ether

(5.0 mL) were added and the reaction mixture gradually warmed to room temperature.

Saturated aqueous sodium thiosulfate (15 mL) was then added and the reaction mixture
extracted with diethyl ether (2 x 10 mL). The combined organic extracts were dried
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(MgS04) and concentrated in vacuo to give a yellow solid. The solid was partitioned
between dichloromethane (100 mL) and aqueous hydrochloric acid solution (0.30 M,

100 mL). The aqueous phase was washed with dichloromethane (3 x 100 mL), basified

with aqueous sodium hydroxide solution (2.0 M, pH adjusted to 8) and extracted with

ethyl acetate (2 x 100 mL). The organic extracts were dried (MgS04) and concentrated

in vacuo to give (S)-(-)-blebbistatin (7) (0.031 g, 0.11 mmol, 73%) as a bright yellow
solid. The enantiomeric excess of 7 was 42% as determined by chiral-phase HPLC

analysis; [a]o25= -183 (c=0.1 in dichloromethane). HPLC (Daieel Chiralpak AD,
acetonitrile/water 50:50, flow rate 0.8 ml min"1, L=254 nm): major enantiomer:

tR= 6.07 min., and minor enantiomer: tR= 8.57min.

Method 4: Asymmetric hydroxylation of 24: One pot reaction

6
A solution of amidine 29 (0.0062 g, 0.020 mmol, 1.0 equiv) in anhydrous THF

(1.0 mL) was cooled to -78 °C and stirred for 15 minutes. Lithium

bis(trimethylsilyl)amide (1.0 M in THF, 0.022 mL, 0.022 mmol, 1.1 equiv) was added

dropwise to the reaction mixture, which was warmed to 0 °C until no starting material
was detected by TLC. A solution of dihydro oxaziridine 81 (0.0092 g, 0.040 mmol,
2.0 equiv) in dry THF (1.0 mL) was added via cannula at -78 °C. The reaction was then
warmed to room temperature and quenched with saturated aqueous ammonium chloride

(5.0 mL). Further saturated aqueous ammonium chloride (150 mL) was added. The

aqueous phase was extracted with dichloromethane (3 x 100 mL) and the combined

organic extracts dried (MgS04) and concentrated in vacuo to give a crude yellow solid.
Purification by flash column chromatography on silica gel (eluting with 20% ethyl

acetate/hexane), gave the desired compound 7 (0.0015 g, 0.0050 mmol, 25%) as a

bright yellow solid. Analytical data for 7 prepared by this method were identical to that
for 7 (see method 3).
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7.3. Proof of absolute stereochemistry of (S)-(-)-Blebbistatin (7)

7.3.1. Attempted bromination of (5)-(-)-BIebbistatin (7)

A sample of optically enriched 7 (0.030 g, 0.10 mmol, 1.0 equiv) was dissolved
in dry DMF (3.0 mL). A solution of yV-bromosuccinimide (0.020 g, 0.10 mmol,
1.0 equiv) in dry DMF (3.0 mL) was added and the reaction stirred at room temperature

for 24 hours. The reaction mixture was poured into water (50 mL) and extracted with

diethyl ether (3 x 50 mL). The combined organic extracts were washed with water

(3 x 50 mL), dried (MgSCL) and concentrated in vacuo to afford a mixture of

compounds from which it proved difficult to obtain a pure sample of a single

compound.

7.3.2. Preparation of l-(4-bromophenyl)-2-pyrrolidinone (132)1

l-Phenyl-2-pyrrolidinone (29) (5.0 g, 31 mmol, 1.0 equiv) and
yV-bromosuccinimide (5.3 g, 31 mmol, 1.0 equiv) were dissolved in anhydrous

dimethylformamide (40 mL). The reaction mixture was left to stir at room temperature

for two days. The mixture was poured into water (50 mL) and extracted with diethyl
ether (3 x 50 mL). The organic extracts were washed with water (3 x 50 mL), dried

(MgS04) and concentrated in vacuo to give a white solid (6.95 g). The crude solid was

purified by recrystallisation from hexane/ethyl acetate to afford 132 (3.64 g, 15.2 mmol,
50%) as white needles; mp 99-100 °C (lit 97.5 °C);1 'H NMR (300 MHz, CDCI3):
5 =2.11-2.23 (m, 2 H; 4-H), 2.58-2.65 (m, 2 H; 3-H), 3.81-3.87 (m, 2 H; 5-H), 7.44-7.49

(m, AA' part of the AA'BB' system, 2 H; Ar-3'-H), 7.51-7.56 ppm (m, BB' part of the
AA'BB' system, 2 H; Ar-2'-H); 13C NMR (75.5 MHz, CDC13): 8 =17.8 (C4), 32.6 (C3),
48.5 (C5), 117.1 (C4'), 121.2 (C3'), 131.7 (C2'), 138.4 (CI'), 174.2 ppm (C2); IR

(Nujol): vmax=1684 (s) (C=0), 1582 (m), 1309 (m), 1224 (m), 1065 (w), 828 cm"1 (s);

3 4

2'

3'

Br
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LRMS (ES+): m/z (%): 296 (28), 262 (100) [(M+23)+ (79Br)], 264 (96) [(M+23)+ (81Br)];
HRMS (ES+): m/z calc'd for CioHioNONa79Br [M+23]+: 261.9843; found: 261.9850 and

calc'd for Ci0Hi0NONa81Br [M+23]+: 263.9823; found: 263.9835; Anal, calc'd for

C10H10NOBr: C, 50.02; H, 4.20; N, 5.83; found: C, 49.72; H, 3.98; N, 5.66.

7.3.3. Preparation of methyl 2-[l-(4-bromophenyl)-pyrrolidin-2-yIideneamino]-5-

methyl-benzoate (133)

Phosphorus oxychloride (0.81 g, 5.3 mmol, 0.90 equiv) was added dropwise to a

solution of l-(4-bromophenyl)-2-pyrrolidinone (132) (1.3 g, 5.3 mmol, 0.90 equiv) in

dry dichloromethane (8.0 mL) and the reaction mixture was stirred for 3 hours at room

temperature. A solution of the anthranilate 27 (0.98 g, 5.9 mmol, 1.0 equiv) in dry
dichloromethane (15 mL) was then added and the mixture refluxed for 16 hours, then

cooled and concentrated in vacuo. The resulting solid was dissolved in aqueous

hydrochloric acid (0.30 M, 100 mL) and extracted with dichlroromethane (3 x 100 mL).

The aqueous phase was then basified with aqueous sodium hydroxide solution (2.0 M,

pH adjusted to 8) and extracted with ethyl acetate (3 x 100 mL). The first organic
extracts were concentrated in vacuo and the resulting solid was carried through the
above procedure three more times. All ethyl acetate extracts were combined, dried

(MgSCL) and concentrated in vacuo to give the desired compound 133 (0.54 g,

1.4 mmol, 26%) as a pale-yellow oil; *H NMR (300 MHz, CDC13): 5=1.98-2.09 (m (6

lines), 2 H; 4'-H), 2.32 (br s, 3 H; CH3), 2.45 (t, V(H,H) = 7.8 Hz, 2 H; 3'-H), 3.80

(s, 3 H; OCH3), 3.81-3.86 (m, 2 H; 5'-H), 6.70 (d, 3/(H,H) = 8.1 Hz, 1 H; Ar-3-H), 7.19

(ddd, V(H,H) = 8.1 Hz, V(H,H) = 2.1 Hz, V(H,H) = 0.6 Hz, 1 H; Ar-4-H), 7.41-7.46

(m, AA' part of the AA'XX' system, 2 H; Ar-3"-H), 7.67 (d, 3/(H,H) = 2.0 Hz, 1 H;

Ar-6-H), 7.71-7.77 ppm (m, XX' part of the AA'XX' system, 2 H; Ar-2"-H); I3C NMR

(75.5 MHz, CDC13): 5 =20.0 (C4'), 21.0 (CH3), 29.5 (C3'), 50.6 (C5'), 52.1 (OCH3),

14'
Br
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115.9 (C4"), 121.6 (CI), 122.1 (C2"), 123.3 (C3), 131.5 (C5), 131.7 (C3"), 131.8 (C6),
134.0 (C4), 140.9 (CI"), 150.6 (C2), 160.2 (C2'), 168.0 ppm (C=0); IR (Nujol):

vmax= 1719 (m) (C=0), 1668 (m) (C=N), 1582 (m), 1197 (m), 1078 (m), 1003 (m), 826
cm"1 (m); LRMS (CI+): m/z (%): 389 (82) [(M+H)+ (81Br)], 387 (100) [(M+H)+ (79Br)],
308 (15) [M-Br]+; HRMS (CI+): m/z calc'd Ci9H2oN20279Br [M + H]+: 387.0708; found:
387.0697 and calc'd Ci9H2oN20281Br [M + H]+: 389.0688; found: 389.0703.

7.3.4. Preparation of l-(4-bromophenyl)-6-methyl-2,3,4,9-tetrahydro-l//-

pyrro!o[2,3-Z»]quinoIin-4-one (134)

O

Br

A solution of 133 (0.47 g, 1.2 mmol, 1.0 equiv) in anhydrous THF (45 mL) was

cooled to -78 °C and stirred for 15 minutes. Lithium bis(trimethylsilyl)amide (1.0 M in

THF, 3.7 mL, 3.7 mmol, 3.0 equiv) was added dropwise to the reaction mixture, which

was warmed to 0 °C over 3 hours and quenched at 0 °C with saturated aqueous

ammonium chloride (5.0 mL). Further saturated aqueous ammonium chloride (150 mL)
was added. The aqueous phase was extracted with dichloromethane (3 x 100 mL) and
the combined organic extracts dried (MgSCL), and concentrated in vacuo. Purification

by flash column chromatography on silica gel (eluting with 100% ethyl acetate), gave
the desired compound 134 (0.26 g, 0.70 mmol, 62%) as a brown solid; mp 187-188 °C;
'H NMR (300 MHz, D6-DMSO): 5=2.41 (s, 3 H; CH3), 3.16 (t, V(H,H) = 8.1 Hz, 2 H;

3-H), 4.02 (t, 3J(H,H) = 8.1 Hz, 2 H; 2-H), 7.32 (dd, 3J(H,H) = 8.4 Hz, 4J(H,H) =

2.0 Hz, 1 H; Ar-7-H), 7.49-7.54 (m, included AA' part of the AA'XX' system, 3 H;

Ar-3',8-H), 7.77 (br s, 1 H; Ar-5-H), 8.04-8.09 ppm (m, XX' part of the AA'XX'

system, 2 H; Ar-2'-H); 13C NMR (75.5 MHz, D6-DMSO)*: 5=21.0 (CH3), 22.0 (C3),
48.0 (C2), 106.3 (C3a), 112.0 (C4'), 118.7 (C4a), 119.0 (C2'), 120.5 (C5), 126.2 (C3'),

130.4 (C7), 131.0 (C6), 131.1 (C8), 141.4 (CI'), 146.2 (C8a), 153.9 (C9a), 159.1 ppm

(C4): IR (Nujol): vmax=1628 (m), 1572 (m), 1312 (m), 1054 (w), 1002 (w), 818 (w), 727
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cm"1 (w) (Ar-H); LRMS (EI): m/z (%): 356 (85) [M+(81Br)]; 354 (100) [M+(79Br)]5 273

(12); HRMS (EI): m/z calc'd for C18H15N2079Br [M]+: 354.0368; found: 354.0364.

*The assignment of 13C signals was made by using Pendant, HMBC and HSQC NMR

analysis.

7.3.5. Preparation of S'-l-(4-broniophenyl)-3a-hydroxy-6-methyl-2,3,3a,4-

tetrahydro-l//-pyrrolo[2,3-Z»]quinolin-4-one (135)

A solution of 134 (0.22 g, 0.62 mmol, 1.0 equiv) in dry THF (15 mL) was added

dropwise to lithium bis(trimethylsilyl)amide (1.0 M in THF, 0.74 mL, 0.74 mmol,
1.2 equiv) in dry THF (4.0 mL) at -78 °C under argon. The reaction was stirred for 30
minutes at -78 °C and a solution of dihalo oxaziridine 82 (0.45 g, 1.5 mmol, 2.4 equiv)
in dry THF (10 mL) was added via a cannula. After 16 hours at -10 °C saturated

aqueous ammonium iodide (5.0 mL, 10 equiv) and diethyl ether (5.0 mL) were added
and the reaction mixture gradually warmed to room temperature. Saturated aqueous

sodium thiosulfate (15 mL) was then added and the reaction mixture extracted with

diethyl ether (2 x 10 mL). The combined organic extracts were dried (MgSCU) and

concentrated in vacuo to give a yellow solid. The solid was partitioned between
dichloromethane (100 mL) and aqueous hydrochloric acid solution (0.30 M, 100 mL).

The aqueous phase was washed with dichloromethane (3 x 100 mL), basified with

aqueous sodium hydroxide solution (2.0 M, pH adjusted to 8) and extracted with ethyl

acetate (2 x 100 mL). The ethyl acetate extracts were dried (MgS04) and concentrated

in vacuo to give the desired compound 135 (0.16 g, 0.43 mmol, 69%) as a red solid.
The enantiomeric excess of 135 was 88% as determined by chiral-phase HPLC analysis;

mp 183-184 °C; [a]o25= -281 (c=0.1 in dichloromethane); 'H NMR (300 MHz, CDCI3):
6 =2.22-2.29 (m, 1 H; 3-H), 2.32 (s, 3 H; CH3), 2.41-2.49 (m, 1 H; 3-H), 3.78-3.86 (m,

1 H; 2-H), 3.95-4.06 (m, 1 H; 2-H), 7.10 (d, 3J(H,H) = 8.1 Hz, 1 H; Ar-8-H), 7.25 (ddd,

Br
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V(H,H) =8.2 Hz, V(H,H) =2.2 Hz, V(H,H) = 0.6 Hz, 1 H; Ar-7-H), 7.47-7.54 (m, AA'

part of the AA'XX' system, 2 H; Ar-3'-H), 7.62-7.65 (m, 1 H; Ar-5-H), 7.77-7.82 ppm

(m, XX' part of the AA'XX' system, 2 H; Ar-2'-H); 13C NMR (75.5 MHz, D8-THF):
5 =20.6 (CH3), 29.5 (C3), 48.2 (C2), 73.8 (C3a), 116.3 (C4'), 121.8 (C2'), 122.2 (C4a),

126.9 (C8), 127.3 (C5), 132.1 (C3'), 133.6 (C6), 136.6 (C7), 141.3 (CI'), 149.8 (C8a),

166.3 (C9a), 194.8 ppm (C4); IR (Nujol): vmax=3304 (br) (O-H), 1673 (s) (C=0), 1615

(s) (C=N), 1588 (w), 1490 (w), 1297 (m), 1258 (m), 1102 (w), 835 (w), 801 cm"1 (w);

LRMS (CI+): m/z (%): 373 (90) [(M+H)+ (81Br)], 371 (100) [(M+H)+ (79Br)], 355 (45),

344 (14), 292 (50) [M-Br]+, 274 (9): HRMS (CI+): m/z calc'd Ci8H16N20279Br
[M + H]+: 371.0395; found: 371.0395; Anal, calc'd for C,8Hi5BrN202: C, 58.24; H,

4.07; N, 7.55; found: C, 58.21; H, 3.87; N, 7.63; HPLC (Daice! Chiralpak AD,
acetonitrile/water 50:50, flow rate 0.8 mL min" , L=254 nm): major enantiomer:

tR= 29.12 min., and minor enantiomer: tR= 59.25 min.

An analytical sample of 135 was prepared by recrystallisation from MeCN;
25

Md = -526 (c=0.1 in dichloromethane). Chiral HPLC analysis showed that after a

single recrystallisation, 135 was prepared with an ee of >99%. HPLC (acetonitrile/water

50:50, flow rate 0.8 mL min"1, 7,=254 nm): major enantiomer: tR= 29.18 min.

7.3.6. Reduction of l-(4-bromophenyl)-3a-hydroxy-6-methyl-2,3,3a,4-tetrahydro-

l//-pyrrolo[2,3-Z?]quinolin-4-one (135)

To a solution of 135 (0.015 g, 0.040 mmol, 1.0 equiv) in a 1:1 mixture of
methanol and dimethyl formamide (6.0 mL) were added triethylamine (0.015 g) and 1%
Pd/C (0.015 g) under argon. This suspension was then degassed under vacuum.

Hydrogen was then introduced and the suspension was stirred at room temperature

under hydrogen for 24 hours. The solid material was filtered off and washed with
methanol (2.0 mL). The filtrate was concentrated in vacuo and the residue was purified
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by flash column chromatography on silica gel (eluting with 20% ethyl acetate/hexane),
to give the desired compound (S)-(-)-blebbistatin (7) (0.012 g, 0.040 mmol,

100%(quant)) as bright yellow solid. 'H NMR and MS agrees with the authentic
material of 7.

7.4. Preparation of (S)-(~)-Blebbistatin (7) analogues substituted at the aromatic

ring (R3)

7.4.1. Preparation of 2-amino-4-nitro-benzoic acid methyl ester (157)

2-Amino-4-nitro benzoic acid (156) (0.45 g, 2.5 mmol, 1.0 equiv) was dissolved
in methanol (50 mL) and H2SO4 (conc., 2.0 mL) was added. The reaction mixture was

refluxed for four days, cooled and concentrated in vacuo. The resulting solid was

dissolved in aqueous sodium hydroxide solution (2.0 M, 100 mL) and extracted with

ethyl acetate (3 x 100 mL). The organic extracts were combined, dried (MgS04), and
concentrated in vacuo to give a solid. The solid was purified by flash column

chromatography on silica gel (eluting with 10% ethyl acetate/hexane), to give the
desired compound 157 (0.39 g, 2.0 mmol, 81%) as a red solid; mp 153-154 °C;
!H NMR (300 MHz, CDC13): 5=3.91 (s, 3 H; OCH3), 7.39 (dd, 37(H,H) = 8.8 Hz,

47(H,H) = 2.3 Hz, 1 H; Ar-5-H), 7.50 (dd, 4/(H,H) = 2.3 Hz, V(H,H) = 0.4, 1 H; Ar-3-

H), 8.00 ppm (dd, l/(H,H) = 8.8 Hz, 4/(H,H) = 0.4 Hz, 1 H; Ar-6-H); 13C NMR

(75.5 MHz, CDCI3): 5 =52.2 (CH3), 110.0 (C5), 111.1 (C3), 114.9 (CI), 132.8 (C6),
132.9 (C2), 150.6 (C-N02), 167.3 ppm (C=0); IR (Nujol): vmax=3487 (m) (N-H), 3378

(m) (N-H), 1701 (m) (C=0), 1519 (m), 1251 (m), 730 cm"1 (m) (Ar-H); LRMS (CI+):
m/z (%): 197 (100) [M+H]+, 165 (14), 135 (17); HRMS (CI+): m/z calc'd for C8H9N204

[M+H]+: 197.0562; found: 197.0568.

2
A literature method for preparing benzoic acid methyl esters was adapted as

follows:
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7.4.2. Preparation of methyl 4-nitro-2-(l-phenylpyrrolidin-2-

ylideneamino)benzoate (158)

2"fll
4"

Phosphorus oxychloride (0.62 g, 0.38 mL, 4.1 mmol, 1.0 equiv) was added

dropwise to a solution of l-phenyl-2-pyrrolidinone (28) (0.72 g, 4.5 mmol, 1.1 equiv) in

dry dichloromethane (10 mL) and the reaction mixture was stirred for 3 hours at room

temperature. A solution of 2-Amino-4-nitro-benzoic acid methyl ester (157) (0.80 g,

4.1 mmol, 1.0 equiv) in dry dichloromethane (20 mL) was then added and the mixture

refluxed for 72 hours, then cooled and concentrated in vacuo. The resulting solid was

dissolved in aqueous hydrochloric acid (0.30 M, 100 mL) and extracted with

dichloromethane (3 x 100 mL). The aqueous phase was then basified with aqueous

sodium hydroxide solution (2.0 M, pH adjusted to 8) and extracted with ethyl acetate

(3 x 100 mL). The first organic extracts were concentrated in vacuo and the resulting
solid was carried through the above procedure three more times. All ethyl acetate

extracts were combined, dried (MgSCL) and concentrated in vacuo to give the desired

compound 158 (0.30 g, 0.90 mmol, 22%) as a crystalline yellow solid; mp 111-112 °C;
'H NMR (300 MHz, CDC13): 5 =2.03-2.15 (m, 2 H; 4'-H), 2.52 (t, 37(H,H) = 7.8 Hz,

2 H; 3'-H), 3.86 (s, 3 H; OCH3), 3.91 (t, 3/(H,H) = 6.9 Hz, 2 H; 5'-H), 7.06-7.13 (m,

1 H; Ar-4"-H), 7.32-7.39 (m, 2 H; Ar-3"-H), 7.66 (d, V(H,H) = 2.3 Hz, 1 H; Ar-3-H),

7.71-7.81 (m, 3 H; Ar-2",5-H), 7.92 ppm (d, 3J(H,H) = 8.6 Hz, 1 H; Ar-6-H); 13C NMR

(75.5 MHz, CDCI3): 5 =19.6 (C4'), 29.5 (C3'), 50.9 (C5'), 52.2 (OCH3), 115.7 (C5),

118.0 (C3), 120.8 (C2"), 123.7 (C4"), 128.2 (CI), 128.5 (C3"), 131.5 (C6), 140.6 (CI'),

150.0 (C4), 153.9 (C2), 160.2 (C2'), 166.1 ppm (C=0); IR (Nujol): vmax=1726 (s)

(C=0), 1653 (s) (C=N), 1588 (m), 1306 (w), 1238 (w), 1198 (w), 762 cm"1 (w) (Ar-H);

LRMS (CI+): m/z (%): 368 (10), 340 (100) [M+H]+, 310 (9): HRMS (CI+): m/z calc'd
for Ci8H18N304 [M+H]+: 340.1297; found: 340.1294.
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7.4.3. Preparation of 7-nitro-l-phenyl-l,2,3,9-tetrahydro-4//-pyrrolo[2,3-

&]quinolin-4-one (159)

A solution of 158 (0.25 g, 0.74 mmol, 1.0 equiv) in anhydrous THF (15 mL)

was cooled to -78 °C and stirred for 15 minutes. Lithium bis(trimethylsilyl)amide

(1.0 M in THF, 0.74 mL, 0.74 mmol, 1.0 equiv) was added dropwise to the reaction

mixture, which was warmed to 0 °C and stirred for 16 hours. Additional base (0.39 mL,

0.5 equiv) was added every 24 hours. After 4 days the reaction was quenched by
addition of saturated aqueous ammonium chloride (5.0 mL) and the reaction allowed to

warm to room temperature. Further saturated aqueous ammonium chloride (150 mL)

was added, the aqueous phase was extracted with dichloromethane (3 x 100 mL) and

the combined organic extracts dried (MgSCL) and concentrated in vacuo. Purification

by flash column chromatography on silica gel (eluting with 100% ethyl acetate), gave
the desired compound 159 (0.099 g, 0.32 mmol, 44%) as an orange solid; mp

270-271 °C (decomp.); !H NMR (300 MHz, D4-MeOD): § =4.15 (t, V(H,H) = 8.3 Hz,
2 H; 3-H), 5.14 (t, 37(H,H) = 8.3 Hz, 2 H; 2-H), 8.21 (t, 3J(H,H) = 7.5 Hz, 1 H; Ar-4"-

H), 8.40-8.47 (m, 2 H; Ar-3"-H), 8.59-8.66 (m, 2 H; Ar-2"-H), 8.96 (dd, 3/(H,H) =

8.9 Hz, 4J(H,H) = 2.3 Hz, 1 H; Ar-6-H), 9.18 (d, V(H,H) = 8.9 Hz, 1 H; Ar-5-H), 9.33

ppm (d, 4J(H,H) = 2.3 Hz, 1 H; Ar-8-H): 13C NMR: (75.5 MHz, Dg-THF)*: 5 =22.5

(C3), 49.4 (C2), 110.4 (C3a), 115.7 (C6), 118.7 (C2')> 122.1 (C8), 122.4 (C4'), 123.2

(C5), 124.0 (C4a), 129.0 (C3'), 142.6 (CI'), 148.8 (C8a), 149.2 (C7), 154.6 (C9a),
162.1 (C4): IR (Nujol): vmax=1628 (m), 1575 (m), 1542 (m), 1335 (m), 1295 (m), 750

(w) (Ar-H), 727 cm"1 (m) (Ar-H); LRMS (ES+): m/z (%): 308 (100) [M+H]+; HRMS
(ES+): m/z calc'd for C17H14N3O3 [M+H]+: 308.1035; found: 308.1036.

*The assignment of 13C signals was made by using Pendant, HMBC and HSQC NMR

analysis.

O
4a il 3a 3

4'
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7.4.4. Preparation of S-3a-hydroxy-7-nitro-l-phenyl-l,2,3,3a-tetrahydro-4//-

pyrroIo[2,3-6]quinolin-4-one (160)

4'

A solution of 159 (0.032 g, 0.10 mmol, 1.0 equiv) in dry THF (6.0 mL) was

added dropwise to lithium bis(trimethylsilyl)amide (1.0 M in THF, 0.12 mL,
0.12 mmol, 1.2 equiv) in dry THF (2.0 mL) at -78 °C under argon. The reaction was

stirred for 30 minutes at -78 °C and a solution of dihalo oxaziridine 82 (0.093 g,

0.31 mmol, 3.1 equiv) in dry TFfF (6.0 mL) was added via a cannula. After 32 hours at

-10 °C saturated aqueous ammonium iodide (5.0 mL, 10 equiv) and diethyl ether

(5.0 inL) were added and the reaction mixture gradually warmed to room temperature.

Saturated aqueous sodium thiosulfate (15 mL) was then added and the reaction mixture

extracted with diethyl ether (2 x 10 mL). The combined organic extracts were dried

(MgS04) and concentrated in vacuo to give a orange solid. The solid was partitioned
between dichloromethane (100 mL) and aqueous hydrochloric acid solution (0.30 M,

100 mL). The aqueous phase was washed with dichloromethane (3 x 100 mL), basified

with aqueous sodium hydroxide solution (2.0 M, pH adjusted to 8) and extracted with

ethyl acetate (2 x 100 mL). The organic extracts were dried (MgS04) and concentrated

in vacuo to give a red solid. The solid was purified by flash column chromatography on

silica gel (eluting with 20% ethyl acetate/hexane), to give the desired product 160

(0.010 g, 0.032mmol, 31%) as a red solid. The enantiomeric excess of 160 prepared by
this route was 76% as determined by chiral-phase HPLC analysis; mp 187-188 °C.

[a]D25= -418 (c=0.05 in dichloromethane); *H NMR (300 MHz, D8-THF): 8 =2.29-2.42

(m, 2 H; 3-H), 3.98-4.07 (m, 1 H; 2-H), 4.17-4.27 (m, 1 H; 2-H), 7.10-7.18 (m, 1 H; Ar-

4'-H), 7.35-7.44 (m, 2 H; Ar-3'-H), 7.80 (dd, 3J(H,H) = 8.4 Hz, V(H,H) = 2.2 Hz, 1 H;

Ar-6-H), 7.94 (dd, 3/(H,H) = 8.4 Hz, 57(H,H) = 0.3 Hz, 1 H; Ar-5-H), 7.99 (dd, 4/(H,H)
= 2.2 Hz, V(H,H) = 0.3 Hz, 1 H; Ar-8-H), 8.09-8.14 ppm (m, 2 H; Ar-2'-H); 13C NMR

(75.5 MHz, Dg-THF): 5 =29.31 (C3), 49.0 (C2), 75.0 (C3a), 117.3 (C6), 121.1 (C2'),
121.3 (C8), 125.0 (C4'), 126.7 (C4a), 128.3 (C5), 129.3 (C3'), 141.4 (CI'), 153.0
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(C8a), 154.2 (CI), 167.8 (C9a), 193.0 ppm (C4); IR (Nujol): vmax= 1707 (s) (C=0),
1625 (m) (C=N), 1578 (m), 1256 (m), 739 (m) (Ar-H), 721 cm"1 (w) (Ar-H); LRMS

(ES+): m/z (%): 413 (10), 356 (95) [M+MeOH]+, 324 (100) [M+H]+; HRMS (ES+): m/z
calc'd for Ci7H14N304 [M+H]+: 324.0984; found: 324.0987. HPLC (Daicel Chiralpak

AD, acetonitrile/water 50:50, flow rate 0.5 mL min"1, L=254 nm): minor enantiomer:

tR= 9.73 min., and major enantiomer: tR= 11.22 min.

7.4.5. Preparation of methyl 2-amino-3-methyl-benzoate (151)3

O

■j
A literature method for preparing benzoic acid methyl esters was adapted as

follows:

A solution of commercially available 2-amino-3-methylbenzoic acid (147)

(2.4 g, 16 mmol, 1.0 equiv) in methanol (40 mL) and concentrated H2SO4 (2.5 mL) was
refluxed for 48 hours. The reaction mixture was cooled and concentrated in vacuo. The

resulting solid was dissolved in aqueous sodium bicarbonate (100 mL, pH adjusted to 8)

and extracted with ethyl acetate (3 x 100 mL). The combined organic extracts were

dried (MgSCL) and concentrated in vacuo. Purification by flash column

chromatography on silica gel (eluting with 10% ethyl acetate/hexane) gave the desired

compound 151 (1.8 g, 11 mmol, 69%) as a brown oil (lit.3 oil, no more data available);
'H NMR (300 MHz, CDCI3): 8=2.16 (s, 3 H; CH3), 3.87 (s, 3 H; OCH3), 6.58 (dd,

3J(H,H) = 8.1 Hz, 3/(H,H) = 7.2 Hz, 1 H; Ar-5-H), 7.19 (ddq, 37(H,H) = 7.2 Hz, V(H,H)
= 1.6 Hz, V(H,H) = 0.8 Hz, 1 H; Ar-4-H), 7.79 ppm (ddq, V(H,H) = 8.1 Hz, V(H,H) =
1.6 Hz, 4/(H,H) = 0.5 Hz, 1 H; Ar-6-H); 13C NMR (75.5 MHz, CDC13): 5 =17.2 (CH3),

51.2 (OCH3), 110.0 (CI), 115.4 (C6), 122.8 (C3), 129.0 (C5), 134.6 (C4), 148.8 (C2),

168.9 ppm (C=0); IR (Nujol): vmax=3505 (s) (N-H), 3366 (s) (N-H), 1697 (s) (C=0),
1614 (m), 1569 (m), 1248 (s), 750 cm"1 (m) (Ar-H); LRMS (EI+): m/z (%): 165 (100)

[M]+, 105 (98), 133 (50); HRMS (EI+): m/z calc'd for C9Hi,N02 [M]+: 165.0790; found:
165.0791.
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7.4.6. Preparation of methyl 3-methyl-2-(l-phenylpyrrolidin-2-

ylideneamino)benzoate (154)

Phosphorus oxychloride (0.63 g, 0.38 mL, 4.1 mmol, 1.0 equiv) was added

dropwise to a solution of l-phenyl-2-pyrrolidinone (28) (0.73 g, 4.5 mmol, 1.1 equiv) in

dry dichloromethane (5.0 mL) and the reaction mixture was stirred for 3 hours at room

temperature. A solution of methyl 3-methylanthranilate (151) (0.68 g, 4.1 mmol,

1.0 equiv) in dry dichloromethane (15 mL) was then added and the mixture refluxed for
72 hours, then cooled and concentrated in vacuo. The resulting solid was dissolved in

aqueous hydrochloric acid (0.30 M, 100 mL) and extracted with dichloromethane

(3 x 100 mL). The aqueous phase was then basified with aqueous sodium hydroxide

solution (2.0 M, pH adjusted to 8) and extracted with ethyl acetate (3 x 100 mL). The

first organic extracts were concentrated in vacuo and the resulting solid was carried

through the above procedure three more times. All ethyl acetate extracts were

combined, dried (MgSCL) and concentrated in vacuo to give the desired compound 154

(0.65 g, 2.1 mmol, 52%) as a white crystalline solid; mp 95-96 °C; 'H NMR (300 MHz,

CDC13): 8=1.98-2.10 (m, 2 H; 4'-H), 2.10-2.25 (m, 4 H; 3'-H, CH3), 2.52-2.67 (m, 1 H;

3'-H), 3.78 (s, 3 H; OCH3), 3.89 (t, V(H,H) = 6.8 Hz, 2 H; 5'-H), 6.91-6.97 (m (3 lines),

37(H,H) = 7.7 Hz, 1 H; Ar-5-H), 7.07 (tt, V(H,H) = 7.4 Hz, V(H,H) = 1.2 Hz, 1 H; Ar-

4"-H), 7.29-7.34 (m, 1 H; Ar-4-H), 7.34-7.41 (m, 2 H; Ar-3"-H), 7.70 (ddq, 3J(H,H) =
7.9 Hz, 47(H,H) = 1.6 Hz, V(H,H) = 0.5 Hz, 1 H; Ar-6-H), 7.83-7.90 ppm (m, 2 H; Ar-

2"-H); 13C NMR (75.5 MHz, CDCI3): 8 =18.2 (CH3), 19.3 (C4'), 29.4 (C3'), 50.2 (C5'),

51.3 (OCH3), 119.8 (C2"), 120.9 (C5), 121.2 (CI), 122.4 (C4"), 128.1 (C6), 128.2

(C3"), 130.0 (C3), 133.4 (C4), 141.3 (CI"), 151.3 (C2), 158.9 (C2'), 167.5 ppm (C=0);

IR (Nujol): vmax=1720 (s) (C=0), 1654 (s) (C=N), 1587 (m), 747 (m) (Ar-H), 722 cm1
(m); LRMS (ES+): m/z (%): 309 (100) [M+H]+; HRMS (ES+): m/z calc'd for

C19H21N2O2 [M+H]+: 309.1603; found: 309.1610.
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7.4.7. Preparation of 8-methyl-l-phenyl-2,3,4,9-tetrahydro-l//-pyrrolo[2,3-

6]quinolin-4-one (138)

O

4'

A solution of amidine 154 (0.50 g, 1.6 mmol, 1.0 equiv) in anhydrous THF

(50 mL) was cooled to -78 °C and stirred for 15 minutes. Lithium

bis(trimethylsilyl)amide (1.0 M in THF, 4.9 mL, 4.9 mmol, 3.0 equiv) was added

dropwise to the reaction mixture, which was warmed to room temperature over 12 hours
and quenched at room temperature with saturated aqueous ammonium chloride

(5.0 mL). Further saturated aqueous ammonium chloride (150 mL) was added. The

aqueous phase was extracted with dichloromethane (3 x 100 mL) and the combined

organic extracts dried (MgSCL) and concentrated in vacuo to give an orange solid.
Purification by flash column chromatography on silica gel (eluting with 50% ethyl

acetate/hexane), gave the desired compound 138 (0.42 g, 1.5 mmol, 95%) as an off-
white solid; mp 231-232 °C; 'H NMR (500 MHz, D8-THF): 8=2.65 (s, 3 H; CH3), 3.16

(t, 37(H,H) = 8.1 Hz, 2 H; 3-H), 4.07 (t, V(H,H) = 8.1 Hz, 2 H; 2-H), 6.89-6.96 (m, 1 H;

Ar-4'-H), 7.05 (dd, 3J(H,H) = 8.1 Hz, V(H,H) = 7.0 Hz, 1 H; Ar-6-H), 7.27-7.36 (m,

3 H; Ar-3',7-H), 7.84 (br dd, V(H,H) = 8.1 Hz, V(H,H) = 0.8 Hz, 1 H; Ar-5-H), 8.12-

8.19 ppm (m, 2 H; Ar-2'-H); 13C NMR (125.7 MHz, D8-THF)*: 5=18.8 (CH3), 22.4

(C3), 48.8 (C2), 106.1 (C3a), 117.7 (C2'), 119.2 (C4a), 119.6 (C5), 121.1 (C4'), 121.6

(C6), 128.8 (C3'), 129.4 (C7), 134.3 (C8), 143.5 (CI'), 148.7 (C8a), 155.2 (C9a), 160.0

ppm (C4); IR (Nujol): vmax=1566 (s), 1539 (m), 1307 (s), 1075 (w), 750 (m) (Ar-H),
722 (m), 693 cm"'(m); LRMS (ES+): m/z (%): 277 (100) [M+H]+; HRMS (ES+): m/z
calc'd for C18H17N20 [M+H]+: 277.1341; found: 277.1336.

*The assignment of 13C signals was made by using Pendant, HMBC and HSQC NMR

analysis.
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7.4.8. Preparation of S-3a-hydroxy-8-methyl-l-phenyl-2,3,3a,4-tetrahydro-l//-

pyrrolo[2,3-£]quinolin-4-one (141)

a) Reagent: Dihalo oxaziridine 82

A solution of quinolone 138 (0.20 g, 0.72 mmol, 1.0 equiv) in dry THF (28 mL)
was added dropwise to lithium bis(trimethylsilyl)amide (1.0 M in THF, 0.87 mL,
0.87 mmol, 1.2 equiv) in dry THF (5.0 mL) at -78 °C under argon. The reaction was

stirred for 30 minutes at -78 °C and a solution of dihalo oxaziridine 82 (0.52 g,

1.7 mmol, 2.4 equiv) in dry TF1F (10 mL) was added via a cannula. After 16 hours at

-10 °C saturated aqueous ammonium iodide (5.0 mL, 10 equiv) and diethyl ether

(5.0 mL) were added and the reaction mixture gradually warmed to room temperature.

Saturated aqueous sodium thiosulfate (15 mL) was then added and the reaction mixture

extracted with diethyl ether (2 x 10 mL). The combined organic extracts were dried

(MgSCL) and concentrated in vacuo to give a yellow solid. The solid was partitioned
between dichloromethane (100 mL) and aqueous hydrochloric acid solution (0.30 M,

100 mL). The aqueous phase was washed with dichloromethane (3 x 100 mL), basified

with aqueous sodium hydroxide solution (2.0 M, pH adjusted to 8) and extracted with

ethyl acetate (2 x 100 mL). The organic extracts were dried (MgSCL) and concentrated

in vacuo to give 141 (0.13 g, 0.45 mmol, 63%) as a bright yellow solid. The
enantiomeric excess of 141 was 86% as determined by chiral-phase HPLC analysis; mp
214-215 °C; [a]D25= -420 (c=0.1 in dichloromethane); 'H NMR (500 MHz, D8-THF):

5 =2.21-2.35 (m, 2 H; 3-H), 2.45 (s, 3 H; CH3), 3.94-3.99 (m (3 lines), 1 H; 2-H), 4.13

(dt, 2J(H,H) = 9.6 Hz, V(H,H) = 6.0 Hz, 1 H; 2-H), 6.90-6.94 (m (3 lines), V(H,H) =

7.5 Hz, 1 H; Ar-6-H), 7.05-7.09 (m (3 lines), V(H,H) = 7.3 Hz, 1 H; Ar-4'-H), 7.33-

7.39 (m, 3 H; Ar-3',7-H), 7.62-7.65 (m, 1 H; Ar-5-H), 8.16-8.20 ppm (m, 2 H; Ar-2'-

H); 13C NMR (125.7 MHz, D8-THF): 8 =18.3 (CH3), 29.6 (C3), 48.1 (C2), 73.4 (C3a),

119.9 (C2'), 122.0 (C4a), 123.1 (C6), 123.8 (C4'), 124.9 (C5), 129.1 (C3'), 134.3 (C8),
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136.9 (C7), 142.0 (CI'), 150.5 (C8a), 165.6 (C9a), 195.2 ppm (C4); IR (Nujol):

vmax=3329 (s), 1670 (s), 1618 (s), 1590 (s), 1297 (m), 754 cm"1 (m) (Ar-H); LRMS

(ES+): m/z (%): 293 (100) [M+H]+; HRMS (ES+): m/z calc'd for Ci8H17N202 [M+H]+:
293.1290; found: 293.1300; An analytical sample of 141 was prepared by

recrystallisation from acetonitrile; Anal, calc'd for Ci8Hi6N202: C, 73.95; H, 5.52; N,

9.58; found: C, 73.62; H, 5.58; N, 9.60; HPLC (Daicel Chiralpak AD, acetonitrile/water

50:50, flow rate 0.8 mL min" , %=254 nm): major enantiomer: tR= 16.67 min., and minor

enantiomer: tR= 52.30 min. Chiral HPLC analysis showed that after a single

recrystallisation, 141 was prepared with an ee of >99%.

b) Reagent: Dihalo oxaziridine 78

A solution of quinolone 138 (0.085 g, 0.31 mmol, 1.0 equiv) in dry THF

(15 mL) was added dropwise to lithium bis(trimethylsilyl)amide (1.0 M in THF,

0.37 mL, 0.37 mmol, 1.2 equiv) in dry THF (5.0 mL) at -78 °C under argon. The
reaction was stirred for 30 minutes at -78 °C and a solution of dihalo oxaziridine 78

(0.21 g, 0.74 mmol, 2.4 equiv) in dry THF (10 mL) was added via a cannula. After 16
hours at -10 °C saturated aqueous ammonium iodide (5.0 mL, 10 equiv) and diethyl
ether (5.0 mL) were added and the reaction mixture gradually warmed to room

temperature. Saturated aqueous sodium thiosulfate (15 mL) was then added and the

reaction mixture extracted with diethyl ether (2 x 10 mL). The combined organic

extracts were dried (MgSCL) and concentrated in vacuo to give a yellow solid. The

solid was partitioned between dichloromethane (100 mL) and aqueous hydrochloric
acid solution (0.30 M, 100 mL). The aqueous phase was washed with dichloromethane

(3 x 100 mL), basified with aqueous sodium hydroxide solution (2.0 M, pH adjusted to

8) and extracted with ethyl acetate (2 x 100 mL). The organic extracts were dried

(MgS04) and concentrated in vacuo to give 141 (0.069 g, 0.24 mmol, 77%) as a bright

yellow solid. The enantiomeric excess of 141 was 88% as determined by chiral-phase
HPLC analysis; [a]n25= +400 (c=0.1 in dichloromethane). HPLC (Daicel Chiralpak AD,
acetonitrile/water 50:50, flow rate 0.8 mL min"1, X.A254 nm): minor enantiomer:

tR= 16.17 min., and major enantiomer: tR= 48.65 min.
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c) Reagent: Dihydro oxaziridine 81

A solution of quinolone 138 (0.054 g, 0.19 mmol, 1.0 equiv) in dry THF

(10 mL) was added dropwise to lithium bis(trimethylsilyl)amide (1.0 M in THF,
0.23 mL, 0.23 mmol, 1.2 equiv) in dry THF (2.0 mL) at -78 °C under argon. The
reaction was stirred for 30 minutes at -78 °C and a solution of dihydro oxaziridine 81

(0.10 g, 0.46 mmol, 2.4 equiv) in dry THF (5.0 mL) was added via a cannula. After 16
hours at -10 °C saturated aqueous ammonium iodide (5.0 mL, 10 equiv) and diethyl
ether (5.0 mL) were added and the reaction mixture gradually warmed to room

temperature. Saturated aqueous sodium thiosulfate (15 mL) was then added and the
reaction mixture extracted with diethyl ether (2 x 10 mL). The combined organic
extracts were dried (MgSCL) and concentrated in vacuo to give a yellow solid. The
solid was partitioned between dichloromethane (100 mL) and aqueous hydrochloric
acid solution (0.30 M, 100 mL). The aqueous phase was washed with dichloromethane

(3 x 100 mL), basified with aqueous sodium hydroxide solution (2.0 M, pH adjusted to

8) and extracted with ethyl acetate (2 x 100 mL). The organic extracts were dried

(MgSCL) and concentrated in vacuo to give 141 (0.018 g, 0.062 mmol, 33%) as a bright

yellow solid. The enantiomeric excess of 141 was 40% as determined by chiral-phase
HPLC analysis; HPLC* (Daicel Chiralpak AD, acetonitrile/water 50:50, flow rate 1.0
mL min"1, A,=254 nm): major enantiomer: tR= 13.85 min., and minor enantiomer:

tR= 40.00 min.

*HPLC analysis was developed in a different machine from a) and b) procedures.

7.4.9. Preparation of methyl 2-amino-4-methyl-benzoate (150)3

o

A literature method2 for preparing benzoic acid methyl esters was adapted as

follows:
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A solution of commercially available 2-amino-4-methylbenzoic acid (148)

(0.67 g, 4.4 mmol, 1.0 equiv) in methanol (50 mL) and concentrated H2S04 (2.0 mL)

was refluxed for 48 hours. The reaction mixture was cooled and concentrated in vacuo.

The resulting solid was dissolved in aqueous sodium bicarbonate (100 mL, pH adjusted
to 8) and extracted with ethyl acetate (3 x 100 mL). The combined organic extracts

were dried (MgS04) and concentrated in vacuo. Purification by flash column

chromatography on silica gel (eluting with 10% ethyl acetate/hexane) gave the desired

compound 150 (0.61 g, 3.7 mmol, 84%) as a brown solid; mp 35-36°C (lit.3 35 °C);
'H NMR (300 MHz, CDC13): 5=2.26 (s, 3 H; CH3), 3.85 (s, 3 H; OCH3), 6.43-6.49

(m, 2 H; Ar-3,5-H), 7.74 ppm (d, 3/(H,H) = 8.7 Hz, 1 H; Ar-6-H); ,3C NMR (75.5 MHz,

CDCI3): 5 =21.5 (CH3), 51.3 (OCH3), 108.2 (CI), 116.7 (C3), 117.7 (C5), 131.0 (C6),

144.8 (C4), 150.4 (C2), 168.5 ppm (C=0).

7.4.10. Preparation of methyl 4-methyl-2-(l-phenylpyrroIidin-2-

ylideneamino)benzoate (153)

Phosphorus oxychloride (1.4 g, 0.84 mL, 9.1 mmol, 1.0 equiv) was added

dropwise to a solution of l-phenyl-2-pyrrolidinone (28) (1.6 g, 10 mmol, 1.1 equiv) in

dry dichloromethane (10 mL) and the reaction mixture was stirred for 3 hours at room

temperature. A solution of methyl 4-methylanthranilate (150) (1.5 g, 9.1 mmol,
1.0 equiv) in dry dichloromethane (25 mL) was then added and the mixture refluxed for
16 hours, then cooled and concentrated in vacuo. The resulting solid was dissolved in

aqueous hydrochloric acid (0.30 M, 100 mL) and extracted with dichloromethane

(3 x 100 mL). The aqueous phase was then basified with aqueous sodium hydroxide
solution (2.0 M, pH adjusted to 8) and extracted with ethyl acetate (3 x 100 mL). The
first organic extracts were concentrated in vacuo and the resulting solid was carried

through the above procedure three more times. All ethyl acetate extracts were

208



Chapter 7. Experimental

combined, dried (MgS04) and concentrated in vacuo to give the desired compound 153

(0.66 g, 2.1 mmol, 24%) as an either a waxy solid or brown oil depending on ambient

temperature; 'H NMR (300 MHz, CDC13): 6 =1.97-2.08 [m (7 lines), 2 H; 4'-H], 2.32

(br s, 3 H; CH3), 2.47 (t, l/(H,H) = 7.8 Hz, 2 H; 3'-H), 3.80 (s, 3 H; OCH3), 3.86

(t, 3/(H,H) = 6.9 Hz, 2 H; 5'-H), 6.66 (br s, 1 H; Ar-3-H), 6.83 (ddq, V(H,H) =

8.0 Hz, 47(H,H) = 1.6 Hz, 4J(H,H) = 0.5 Hz, 1 H; Ar-5-H), 7.02-7.09 (m, 1 H; Ar-4"-H),

7.31-7.40 (m, 2 H; Ar-3"-H), 7.80 (d, V(H,H) = 8.0 Hz, 1 H; Ar-6-H), 7.82-7.87 ppm

(m, 2 H; Ar-2"-H); 13C NMR (75.5 MHz, CDC13): 5 =19.5 (C4'), 21.3 (CH3), 29.0

(C3'), 50.3 (C5'), 51.4 (OCH3), 118.9 (CI), 120.0 (C2"), 122.4 (C5), 122.7 (C4"), 123.5

(C3), 128.3 (C3"), 130.9 (C6), 141.2 (CI"), 143.2 (C4), 153.1 (C2), 159.2 (C2'), 167.2

ppm (C=0); IR (Nujol): vmax=1690 (s) (C=0), 1602 (s) (C=N), 1529 (m), 779 (m), 750

(m) (Ar-H), 693 cm"1 (m); LRMS (ES+): m/z (%): 309 (100) [M+H]+, 277 (24)

[M-MeOH]+; HRMS (ES+): m/z calc'd for Q9H21N2O2 [M+H]+: 309.1603; found:

309.1597.

7.4.11. Preparation of 7-methyl-l-phenyl-2,3,4,9-tetrahydro-l//-pyrrolo[2,3-

Z>]quinolin-4-one (137)

O

4'

A solution of amidine 153 (0.58 g, 1.9 mmol, 1.0 equiv) in anhydrous THF

(55 mL) was cooled to -78 °C and stirred for 15 minutes. Lithium

bis(trimethylsilyl)amide (1.0 M in THF, 5.7 mL, 5.7 mmol, 3.0 equiv) was added

dropwise to the reaction mixture, which was warmed to 0 °C over 3 hours and quenched
at 0 °C with saturated aqueous ammonium chloride (5.0 mL). Further saturated aqueous

ammonium chloride (150 mL) was added. The aqueous phase was extracted with

dichloromethane (3 x 100 mL) and the combined organic extracts dried (MgS04) and

concentrated in vacuo to give an orange solid. Purification by flash column

chromatography on silica gel (eluting with 100% ethyl acetate), gave the desired

compound 137 (0.51 g, 1.8 mmol, 95%) as an off-white solid; mp 186-187 °C;
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'H NMR (500 MHz, D8-THF): 5=2.41 (s, 3 H; CH3), 3.16 (t, V(H,H) = 8.2 Hz, 2 H;

3-H), 4.01 (t, 3/(H,H) = 8.2 Hz, 2 H; 2-H), 6.90-6.97 (m, 1 H; Ar-4'-H), 7.00 (ddq,

37(H,H) = 8.2 Hz, 47(H,H) = 1.3 Hz, V(H,H) = 0.3 Hz, 1 H; Ar-6-H), 7.25-7.34 (m, 2 H;

Ar-3'-H), 7.41 (br s, 1 H; Ar-8-H), 7.92 (d, 3/(H,H) = 8.2 Hz, 1 H; Ar-5-H), 7.96-8.05

ppm (m, 2 H; Ar-2'-H); 13C NMR (75.5 MHz, D8-THF)*: 5=21.5 (CH3), 22.8 (C3), 49.8

(C2), 105.5 (C3a), 117.7 (C4a), 118.8 (C2'), 121.8 (C4'), 122.2 (C5), 124.0 (C6), 128.0

(C8), 129.0 (C3'), 139.0 (C7), 143.3 (CI'), 144.0 (C8a), 149.2 (C9a), 160.6 ppm (C4);
IR (Nujol): vmax=1630 (m), 1578 (s), 1308 (w), 750 (m) (Ar-H), 722 (m), 688 cm"'(w);
LRMS (CI+): m/z (%): 305 (11), 277 (99) [M+H]+; HRMS (CI+): m/z calc'd for

Ci8H17N20 [M+H]+: 277.1341; found: 277.1342.

1 ^
*The assignment of C signals was made by using Pendant, HMBC and HSQC NMR

analysis.

7.4.12. Preparation of S-3a-hydroxy-7-methyl-l-phenyl-2,3,3a,4-tetrahydro-l//-

pyrrolo[2,3-Z»]quinoIin-4-one (140)

a) Reagent: Dihalo oxaziridine 82

A solution of quinolone 137 (0.050 g, 0.18 mmol, 1.0 equiv) in dry THF

(10 mL) was added dropwise to lithium bis(trimethylsilyl)amide (1.0 M in THF,
0.22 mL, 0.22 mmol, 1.2 equiv) in dry THF (5.0 mL) at -78 °C under argon. The
reaction was stirred for 30 minutes at -78 °C and a solution of dihalo oxaziridine 82

(0.13 g, 0.44 mmol, 2.4 equiv) in dry THF (10 mL) was added via a cannula. After 16
hours at -10 °C saturated aqueous ammonium iodide (5.0 mL, 10 equiv) and diethyl
ether (5.0 mL) were added and the reaction mixture gradually warmed to room

temperature. Saturated aqueous sodium thiosulfate (10 mL) was then added and the
reaction mixture extracted with diethyl ether (2 x 10 mL). The combined organic

4'

210



Chapter 7. Experimental

extracts were dried (MgSCL) and concentrated in vacuo to give a yellow solid. The
solid was partitioned between dichloromethane (100 mL) and aqueous hydrochloric
acid solution (0.30 M, 100 mL). The aqueous phase was washed with dichloromethane

(3 x 100 mL), basified with aqueous sodium hydroxide solution (2.0 M, pH adjusted to

8) and extracted with ethyl acetate (2 x 100 mL). The organic extracts were dried

(MgS04) and concentrated in vacuo to give 140 (0.045 g, 0.15 mmol, 83%) as a bright

yellow solid. The enantiomeric excess of 140 was 90% as determined by chiral-phase
HPLC analysis; mp 223-224 °C; [a]o25= -354 (c=0.1 in dichloromethane); 'H NMR

(300 MHz, Dg-THF): 5 =2.16-2.32 (m, 2 H; 3-H), 2.33 (s, 3 H; CH3), 3.89-3.97 (m, 1 H;

2-H), 4.12 (dt, 2/(H,H) = 9.7 Hz, V(H,H) = 6.2 Hz, 1 H; 2-H), 6.84 (ddq, 37(H,H) =
7.8 Hz, 4/(H,H) = 1.6 Hz, V(H,H) = 0.6 Hz, 1 H; Ar-6-H), 7.05-7.10 (m, 2 H; Ar-4',8-

H), 7.30-7.38 (m, 2 H; Ar-3'-H), 7.66 (d, 3/(H,H) = 7.8 Hz, 1 H; Ar-5-H), 8.10-8.16

ppm (m, 2 H; Ar-2'-H); I3C NMR (75.5 MHz, D8-THF): 5 =21.6 (CH3), 29.6 (C3), 48.3

(C2), 74.0 (C3a), 120.2 (C2'), 120.5 (C4a), 123.9 (C4'), 124.5 (C6), 127.2 (C5), 127.4

(C8), 129.0 (C3'), 142.0 (CI'), 146.7 (C7), 152.7 (C8a), 167.0 (C9a), 194.3 ppm (C4);
IR (Nujol): vmax=1664 (m), 1593 (m), 1300 (w), 1264 (w), 752 (m) (Ar-H),
722 cm"'(w); LRMS (ES+): m/z (%): 293 (100) [M+H]+; HRMS (ES+): m/z calc'd for

C,8H17N202 [M+H]+: 293.1290; found: 293.1296; Anal, calc'd for C18H16N202:

C, 73.95; H, 5.52; N, 9.58; found: C, 73.90; H, 5.56; N, 9.69; HPLC (Daicel Chiralpak

AD, acetonitrile/water 50:50, flow rate 1.0 mL min" , X,=254 nm): major enantiomer:

tR= 9.39 min., and minor enantiomer: tR= 12.42 min.

An analytical sample of 140 was prepared by recrystallisation from acetonitrile;

[a]D25= -450 (c=0.1 in dichloromethane); Chiral HPLC analysis showed that after a

single recrystallisation 140 was prepared with an ee of >99%.

b) Reagent: Dihalo oxaziridine 78

A solution of quinolone 137 (0.050 g, 0.18 mmol, 1.0 equiv) in dry THF

(10 mL) was added dropwise to lithium bis(trimethylsilyl)amide (1.0 M in THF,

0.22 mL, 0.22 mmol, 1.2 equiv) in dry THF (5.0 mL) at -78 °C under argon. The
reaction was stirred for 30 minutes at -78 °C and a solution of dihalo oxaziridine 78

(0.13 g, 0.44 mmol, 2.4 equiv) in dry THF (10 mL) was added via a cannula. After 16
hours at -10 °C saturated aqueous ammonium iodide (5.0 mL, 10 equiv) and diethyl
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ether (5.0 mL) were added and the reaction mixture gradually warmed to room

temperature. Saturated aqueous sodium thiosulfate (10 mL) was then added and the
reaction mixture extracted with diethyl ether (2 x 10 mL). The combined organic

extracts were dried (MgSCL) and concentrated in vacuo to give a yellow solid. The
solid was partitioned between dichloromethane (100 mL) and aqueous hydrochloric
acid solution (0.30 M, 100 mL). The aqueous phase was washed with dichloromethane

(3 x 100 mL), basified with aqueous sodium hydroxide solution (2.0 M, pH adjusted to

8) and extracted with ethyl acetate (2 x 100 mL). The organic extracts were dried

(MgSCL) and concentrated in vacuo to give 140 (0.034 g, 0.12 mmol, 67%) as a bright

yellow solid. The enantiomeric excess of 140 was 90% as determined by chiral-phase
HPLC analysis; HPLC (Daicel Chiralpak AD, acetonitrile/water 50:50, flow rate

1.0 mL min"1, A,=254 nm): minor enantiomer: tR= 9.78 min., and major enantiomer:

tR= 12.65 min.

c) Reagent: Dihydro oxaziridine 81

A solution of quinolone 137 (0.050 g, 0.18 mmol, 1.0 equiv) in dry THF

(10 mL) was added dropwise to lithium bis(trimethylsilyl)amide (1.0 M in THF,
0.22 mL, 0.22 mmol, 1.2 equiv) in dry THF (5.0 mL) at -78 °C under argon. The
reaction was stirred for 30 minutes at -78 °C and a solution of dihydro oxaziridine 81

(0.13 g, 0.44 mmol, 2.4 equiv) in dry THF (10 mL) was added via a cannula. After 16
hours at -10 °C saturated aqueous ammonium iodide (5.0 mL, 10 equiv) and diethyl
ether (5.0 mL) were added and the reaction mixture gradually warmed to room

temperature. Saturated aqueous sodium thiosulfate (10 mL) was then added and the

reaction mixture extracted with diethyl ether (2 x 10 mL). The combined organic

extracts were dried (MgSCL) and concentrated in vacuo to give a yellow solid. The

solid was partitioned between dichloromethane (100 mL) and aqueous hydrochloric
acid solution (0.30 M, 100 mL). The aqueous phase was washed with dichloromethane

(3 x 100 mL), basified with aqueous sodium hydroxide solution (2.0 M, pH adjusted to

8) and extracted with ethyl acetate (2 x 100 mL). The organic extracts were dried

(MgSCL) and concentrated in vacuo to give 140 (0.037 g, 0.13 mmol, 72%) as a bright

yellow solid. The enantiomeric excess of 140 was 28% as determined by chiral-phase
HPLC analysis; [a]D25= -120 (c=0.1 in dichloromethane). HPLC (Daicel Chiralpak AD,
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acetonitrile/water 50:50, flow rate 0.9 mL min"1, A.=254 nm): major enantiomer:

tR= 11.53 min., and minor enantiomer: tR= 15.74 min.

7.4.13. Preparation of methyl 6-methyl-2-(l-phenylpyrrolidin-2-

ylideneaminojbenzoate (152)

Phosphorus oxychloride (0.55 g, 0.33 mL, 3.6 mmol, 1.0 equiv) was added

dropwise to a solution of l-phenyl-2-pyrrolidinone (28) (0.64 g, 3.9 mmol, 1.1 equiv) in

dry dichloromethane (8.0 mL) and the reaction mixture was stirred for 3 hours at room

temperature. A solution of methyl 6-methylanthranilate (149) (0.59 g, 3.6 mmol,
1.0 equiv) in dry dichloromethane (15 mL) was then added and the mixture refluxed for
16 hours, then cooled and concentrated in vacuo. The resulting solid was dissolved in

aqueous hydrochloric acid (0.30 M, 100 mL) and extracted with dichloromethane

(3 x 100 mL). The aqueous phase was then basified with aqueous sodium hydroxide

solution (2.0 M, pH adjusted to 8) and extracted with ethyl acetate (3 x 100 mL). The

first organic extracts were concentrated in vacuo and the resulting solid was carried

through the above procedure three more times. All ethyl acetate extracts were

combined, dried (MgSCfl) and concentrated in vacuo to give the desired compound 152

(0.32 g, 1.0 mmol, 28%) as a white solid; mp 97-98 °C; ]H NMR (300 MHz, CDC13):
5 =1.96-2.08 (m, 2 H; 4'-H), 2.34 (s, 3 H; CH3), 2.59 (t, V(H,H) = 7.8 Hz, 2 H; 3'-H),

3.79-3.86 (m, 5 H; 5'-H, OCH3), 6.62-6.68 (m, 1 H; Ar-5-H), 6.82-6.88 (m, 1 H; Ar-3-

H), 7.03-7.10 (m, 1 H; Ar-4"-H), 7.14-7.21 (m (3 lines), 3J(H,H) = 7.8 Hz, 1 H; Ar-4-

H), 7.31-7.39 (m, 2 H; Ar-3"-H), 7.76-7.83 ppm (m, 2 H; Ar-2"-H); ,3C NMR

(75.5 MHz, CDC13): 5 =19.4 (CH3), 19.8 (C4'), 29.3 (C3'), 50.5 (C5'), 51.8 (OCH3),

118.7 (C5), 120.0 (C2"), 123.0 (C4"), 123.7 (C3), 127.5 (CI), 128.5 (C3"), 129.7 (C4),
135.3 (C6), 141.2 (CI"), 149.4 (C2), 161.0 (C2'), 170.2 ppm (C=0); IR (Nujol):

Vmax=1718 (s) (C=0), 1647 (s) (C=N), 1587 (m), 761 (m) (Ar-H), 722 (m), 692 cm-1

4'
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(m); LRMS (ES+): m/z (%): 309 (100) [M+H]+; HRMS (ES+): m/z calc'd for

C,9H2iN202 [M+H]+: 309.1603; found: 309.1610.

7.4.14. Preparation of 5-methyl-l-phenyl-2,3?4,9-tetrahydro-l//-pyrrolo[2,3-

6]quinolin-4-one (136)

A solution of amidine 152 (0.060 g, 0.19 mmol, 1.0 equiv) in anhydrous THF

(10 mL) was cooled to -78 °C and stirred for 15 minutes. Lithium

bis(trimethylsilyl)amide (1.0 M in THF, 0.57 mL, 0.57 mmol, 3.0 equiv) was added

dropwise to the reaction mixture, which was warmed to 0 °C over 3 hours and quenched
at 0 °C with saturated aqueous ammonium chloride (5.0 mL). Further saturated aqueous

ammonium chloride (150 mL) was added. The aqueous phase was extracted with

dichloromethane (3 x 100 mL) and the combined organic extracts dried (MgSCU) and
concentrated in vacuo to give an orange solid. Purification by flash column

chromatography on silica gel (eluting with 80% ethyl acetate/hexane), gave the desired

compound 136 (0.044 g, 0.16 mmol, 84%) as an off-white solid; mp 240-241 °C

(decomp.); *H NMR (300 MHz, D8-THF): 8=2.85 (s, 3 H; CH3), 3.16 (t, V(H,H) =

8.3 Hz, 2 H; 3-H), 4.02 (t, 3/(H,H) = 8.3 Hz, 2 H; 2-H), 6.85-6.90 (m, 1 H; Ar-6-H),

6.91-6.97 (m,l H; Ar-4'-H), 7.21 (dd, V(H,H) = 8.2 Hz, V(H,H) = 7.2 Hz, 1 H; Ar-7-

H), 7.26-7.34 (m, 2 H; Ar-3'-H), 7.41-7.46 (m, 1 H; Ar-8-H), 7.93-8.00 ppm (m, 2 H;

Ar-2'-H); 13C NMR (75.5 MHz, D8-THF)*: 5=23.0 (C3), 24.4 (CH3), 49.9 (C2), 106.6

(C3a), 118.7 (C2'), 118.9 (C4a), 121.9 (C4'), 124.5 (C8), 125.6 (C6), 128.4 (C7), 129.0

(C3'), 135.7 (C5), 143.3 (CI'), 149.0 (C8a), 156.1 (C9a), 158.0 ppm (C4); IR (Nujol):

vmax=1614 (m), 1570 (s), 1310 (s), 754 (m) (Ar-H), 722 cm'(m); LRMS (ES+): m/z (%):

277 (100) [M+H]+; HRMS (ES+): m/z calc'd for Ci8H,7N20 [M+H]+: 277.1341; found:
277.1336.

1 T
*The assignment of C signals was made by using pendant, HMBC and HSQC NMR

analysis.

O

4'
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7.4.15. Preparation of 5-3a-hydroxy-5-methyl-l-phenyl-2,3,3a,4-tetrahydro-l//-

pyrrolo[2,3-£]quinolin-4-one (139)

a) Reagent: Dihalo oxaziridine 82

A solution of quinolone 136 (0.022 g, 0.080 mmol, 1.0 equiv) in dry THF

(10 mL) was added dropwise to lithium bis(trimethylsilyl)amide (1.0 M in THF,
0.095 mL, 0.095 mmol, 1.2 equiv) in dry THF (2.0 mL) at -78 °C under argon. The
reaction was stirred for 30 minutes at -78 °C and a solution of dihalo oxaziridine 82

(0.060 g, 0.19 mmol, 2.4 equiv) in dry THF (4.0 mL) was added via a cannula. After 16
hours at -10 °C saturated aqueous ammonium iodide (5.0 mL, 10 equiv) and diethyl
ether (5.0 mL) were added and the reaction mixture gradually warmed to room

temperature. Saturated aqueous sodium thiosulfate (5.0 mL) was then added and the

reaction mixture extracted with diethyl ether (2 x 10 mL). The combined organic

extracts were dried (MgS04) and concentrated in vacuo to give a yellow solid. The

solid was partitioned between dichloromethane (100 mL) and aqueous hydrochloric
acid solution (0.30 M, 100 mL). The aqueous phase was washed with dichloromethane

(3 x 100 mL), basified with aqueous sodium hydroxide solution (2.0 M, pH adjusted to

8) and extracted with ethyl acetate (2 x 100 mL). The organic extracts were dried

(MgS04) and concentrated in vacuo to give 139 (0.020 g, 0.070 mmol, 87%) as a bright

yellow solid. The enantiomeric excess of 139 was 64% as determined by chiral-phase
HPLC analysis; mp 227-228 °C; [a]o25=-310 (c=0.1 in dichloromethane); 'H NMR

(300 MHz, D8-THF): 8 =2.19-2.37 (m, 2 H; 3-H), 2.53 (s, 3 H; CH3), 3.90-3.98 (m (7

lines), 1 H; 2-H), 4.11 (dt, 2/(H,H) = 9.6 Hz, 3J(H,H) = 6.4 Hz, 1 H; 2-H), 6.82 (ddq,

V(H,H) = 7.5 Hz, V(H,H) = 1.2 Hz, 4J(H,H) = 0.6 Hz, 1 H; Ar-6-H), 7.02-7.11 (m, 2 H;

Ar-4',7-H), 7.25-7.29 (m (2 lines), V(H,H) = 7.6 Hz, 1 H; Ar-8-H), 7.30-7.38 (m, 2 H;

Ar-3'-H), 8.08-8.14 ppm (m, 2 H; Ar-2'-H); 13C NMR (75.5 MHz, Dg-THF): 5 =21.5

(CH3), 29.6 (C3), 48.4 (C2), 75.0 (C3a), 120.1 (C2'), 121.1 (C4a), 123.9 (C4'), 125.2
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(C7), 127.0 (C6), 129.04 (C3'), 134.3 (C8), 141.4 (C5), 142.0 (CI'), 153.3 (C8a), 166.0

(C9a), 197.0 ppm (C4); IR (Nujol): vmax=1686 (m), 1618 (m), 1590 (m), 1313 (w), 1262

(w), 723 cm"'(m) (Ar-H); LRMS (ES+): m/z (%): 293 (100) [M+H]+; HRMS (ES+): m/z
calc'd for C18H17N2O2 [M+H]+: 293.1290; found: 293.1288; Anal, calc'd for

CI8H16N202: C, 73.95; H, 5.52; N, 9.58; found: C, 73.75; H, 5.54; N, 9.67. HPLC

(Daicel Chiralpak AD, acetonitrile/water 50:50, flow rate 0.8 mL min"1, A,=254 nm):

major enantiomer: tR= 6.05 min., and minor enantiomer: tR= 8.02 min.

An analytical sample of 139 was prepared by recrystallisation from acetonitrile;

[a]D25= -450 (c=0.07 in dichloromethane); Chiral HPLC analysis showed that after a

single recrystallisation 139 was prepared with an ee of 98.9%.

b) Reagent: Dihalo oxaziridine 78

A solution of quinolone 136 (0.022 g, 0.080 mmol, 1.0 equiv) in dry THF

(10 mL) was added dropwise to lithium bis(trimethylsilyl)amide (1.0 M in THF,
0.095 mL, 0.095 mmol, 1.2 equiv) in dry THF (2.0 mL) at -78 °C under argon. The
reaction was stirred for 30 minutes at -78 °C and a solution of dihalo oxaziridine 78

(0.060 g, 0.19 mmol, 2.4 equiv) in dry THF (4.0 mL) was added via a cannula. After 16
hours at -10 °C saturated aqueous ammonium iodide (5.0 mL, 10 equiv) and diethyl
ether (5.0 mL) were added and the reaction mixture gradually warmed to room

temperature. Saturated aqueous sodium thiosulfate (5.0 mL) was then added and the

reaction mixture extracted with diethyl ether (2 x 10 mL). The combined organic
extracts were dried (MgSCL) and concentrated in vacuo to give a yellow solid. The
solid was partitioned between dichloromethane (100 mL) and aqueous hydrochloric
acid solution (0.30 M, 100 mL). The aqueous phase was washed with dichloromethane

(3 x 100 mL), basified with aqueous sodium hydroxide solution (2.0 M, pH adjusted to

8) and extracted with ethyl acetate (2 x 100 mL). The organic extracts were dried

(MgS04) and concentrated in vacuo to give 139 (0.020 g, 0.070 mmol, 87%) as a bright

yellow solid. The enantiomeric excess of 139 was 65% as determined by chiral-phase
HPLC analysis; [a]o25= +336 (c=0.1 in dichloromethane). HPLC (Daicel Chiralpak AD,
acetonitrile/water 50:50, flow rate 0.8 mL min"1, L=254 nm): minor enantiomer:

tR= 6.00 min., and major enantiomer: tR= 8.17 min.
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7.4.16. Preparation of methyl 2-(l-phenylpyrrolidin-2-ylideneamino)benzoate (32)

Phosphorus oxychloride (0.80 g, 0.50 mL, 5.3 mmol, 1.0 equiv) was added

dropwise to a solution of l-phenyl-2-pyrrolidinone (28) (0.94 g, 5.8 mmol, 1.1 equiv) in

dry dichloromethane (6.0 mL) and the reaction mixture was stirred for 3 hours at room

temperature. A solution of anthranilate 33 (0.80 g, 0.68 mL, 5.3 mmol, 1.0 equiv) in

dry dichloromethane (15 mL) was then added and the mixture refluxed for 16 hours,

then cooled and concentrated in vacuo. The resulting solid was dissolved in aqueous

hydrochloric acid (0.30 M, 100 mL) and extracted with dichloromethane (3 x 100 mL).

The aqueous phase was then basified with aqueous sodium hydroxide solution (2.0 M,

pH adjusted to 8) and extracted with ethyl acetate (3 x 100 mL). The first organic
extracts were concentrated in vacuo and the resulting solid was carried through the
above procedure three more times. All ethyl acetate extracts were combined, dried

(MgSCL) and concentrated in vacuo to give the desired compound 32 (0.40 g, 1.4 mmol,

26%) as a white crystalline solid; mp 127-128 °C; !H NMR (300 MHz, CDCI3):
5 =1.99-2.11 (m, 2 H; 4'-H), 2.48 (t, 3/(H,H) = 7.9 Hz, 2 H; 3'-H), 3.83 (s, 3 H; OCH3),

3.88 (t, V(H,H) = 6.9 Hz, 2 H; 5'-H), 6.82 (dd, 3/(H,H) = 8.0 Hz, 47(H,H) = 1.0 Hz,

1 H; Ar-3-H), 6.98-7.10 (m, 2 H; Ar-4",5-H), 7.31-7.41 (m, 3 H; Ar-3",4-H), 7.77-7.89

ppm (m, 3 H; Ar-2",6-H); 13C NMR (75.5 MHz, CDC13): 5 =19.6 (C4'), 29.1 (C3'),
50.5 (C5'), 51.6 (OCH3), 120.2 (C2"), 121.5 (C5), 122.1 (CI), 122.9 (C4"), 123.1 (C3),

128.4 (C3"), 130.7 (C6), 132.5 (C4), 141.2 (CI"), 153.0 (C2), 159.4 (C2'), 167.5 ppm

(C=0); IR (Nujol): vmax=1721 (s) (C=0), 1654 (s) (C=N), 1591 (m), 756 (m) (Ar-H),

692 cm"1 (m); LRMS (ES+): m/z (%): 295 (100) [M+H]+, 263 (22) [M-OMe]+; HRMS

(ES+): /n/zcalc'dforCigHipNzCb [M+H]+: 295.1447; found: 295.1449.

4"
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7.4.17. Preparation of l-phenyI-2,3,4,9-tetrahydro-l/f-pyrroIo[2,3-£]quinoIin-4-one
(31)

O

4'

A solution of amidine 32 (0.50 g, 1.7 mmol, 1.0 equiv) in anhydrous THF

(70 mL) was cooled to -78 °C and stirred for 15 minutes. Lithium

bis(trimethylsilyl)amide (1.0 M in THF, 4.2 mL, 4.2 mmol, 2.5 equiv) was added

dropwise to the reaction mixture, which was warmed to 0 °C over 3 hours and quenched
at 0 °C with saturated aqueous ammonium chloride (5.0 mL). Further saturated aqueous

ammonium chloride (150 mL) was added. The aqueous phase was extracted with

dichloromethane (3 x 100 mL) and the combined organic extracts dried (MgS04) and

concentrated in vacuo to give an orange solid. Purification by flash column

chromatography on silica gel (eluting with 100% ethyl acetate), gave the desired

compound 31 (0.42 g, 1.6 mmol, 95%) as an off-white solid; mp 189-190 °C; NMR

(300 MHz, D8-THF): 8=3.19 (t, V(H,H) = 8.2 Hz, 2 H; 3-H), 4.07 (t, V(H,H) = 8.2 Hz,

2 H; 2-H), 6.91-6.98 (m, 1 H; Ar-4'-H), 7.11-7.18 (m (7 lines), 37(H,H) = 6.9 Hz, 1 H;

Ar-6-H), 7.27-7.34 (m, 2 H; Ar-3'-H), 7.36-7.43 (m (7 lines), 3/(H,H) = 6.9 Hz, 1 H;

Ar-7-H), 7.58-7.64 (m, 1 H; Ar-8-H), 8.00 (dd, V(H,H) = 8.2 Hz, V(H,H) = 1.3 Hz,

1 H; Ar-5-H), 8.02-8.08 ppm (m, 2 H; Ar-2'-H); 13C NMR (75.5 MHz, DrTHF)*:

8=22.6 (C3), 49.5 (C2), 106.4 (C3a), 118.6 (C2'), 119.6 (C4a), 121.8 (C4'), 122.0

(C8,6), 126.6 (C5), 128.9 (C3',7), 143.3 (CI'), 148.4 (C8a), 157.7 (C9a), 159.5 ppm

(C4); 1R (Nujol): vmax=1630 (s), 1575 (s), 1297 (w), 756 (m) (Ar-H), 722 (m),
695 cm"1 (m); LRMS (ES+): m/z (%): 263 (100) [M+H]+; HRMS (ES+): m/z calc'd for

C17H15N2O [M+H]+: 263.1184; found: 263.1180.

*The assignment of 13C signals was made by using pendant, HMBC and HSQC NMR

analysis.
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7.4.18. Preparation of S-3a-hydroxy-l-phenyl-2,3,3a,4-tetrahydro-l//-pyrroIo[2,3-

ft]quinolin-4-one (67)

Method 1

a) Reagent: Dihalo oxaziridine 82

A solution of quinolone 31 (0.050 g, 0.19 mmol, 1.0 equiv) in dry THF (10 mL)
was added dropwise to lithium bis(trimethylsilyl)amide (1.0 M in THF, 0.23 mL,

0.23 mmol, 1.2 equiv) in dry THF (2.0 mL) at -78 °C under argon. The reaction was

stirred for 30 minutes at -78 °C and a solution of dihalo oxaziridine 82 (0.14 g,

0.46 mmol, 2.4 equiv) in dry THF (6.0 mL) was added via a cannula. After 16 hours at

-10 °C saturated aqueous ammonium iodide (5.0 mL, 10 equiv) and diethyl ether

(5.0 mL) were added and the reaction mixture gradually warmed to room temperature.

Saturated aqueous sodium thiosulfate (15 mL) was then added and the reaction mixture

extracted with diethyl ether (2 x 10 mL). The combined organic extracts were dried

(MgS04) and concentrated in vacuo to give a yellow solid. The solid was partitioned
between dichloromethane (100 mL) and aqueous hydrochloric acid solution (0.30 M,

100 mL). The aqueous phase was washed with dichloromethane (3 x 100 mL), basified
with aqueous sodium hydroxide solution (2.0 M, pH adjusted to 8) and extracted with

ethyl acetate (2 x 100 mL). The organic extracts were dried (MgS04) and concentrated
in vacuo to give 67 (0.040 g, 0.15 mmol, 78%) as a bright yellow solid. The
enantiomeric excess of 67 was 86% as determined by chiral-phase HPLC analysis; mp
203-204 °C; [a]D25= -414 (c=0.1 in dichloromethane); ]H NMR (300 MHz, CDC13):

5=2.21-2.34 (m, 1 H; 3-H), 2.41-2.50 (m, 1 H; 3-H), 3.83-3.92 (m, 1 H; 2 H), 4.03 (dt,

V(H,H) = 9.8 Hz, 3/(H,H) = 5.8 Hz, 1 H; 2-H), 7.05 (dt, 3J(H,H) = 7.5 Hz, 4J(H,H) =
1.1 Hz, 1 H; Ar-6-H), 7.16-7.23 (m, 2 H; Ar-4',8-H), 7.37-7.47 (m, 3 H; Ar-3',5-H),

7.83-7.87 (m, 1 H; Ar-7-H), 7.88-7.93 ppm (m, 2 H; Ar-2'-H); ,3C NMR (75.5 MHz,

Dfj-THF): 5=29.6 (C3), 48.3 (C2), 74.0 (C3a), 120.3 (C2'), 122.44 (C4a), 123.5 (C6),
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124.0 (C4'), 127.0 (C8), 127.1 (C7), 129.0 (C3'), 135.7 (C5), 141.9 (CI'), 152.6 (C8a),

166.7 (C9a), 194.8 ppm (C4); IR (Nujol): vmax=1698 (m), 1618 (m), 1593 (m), 1294

(w), 723 cm'V) (Ar-H); LRMS (ES+): m/z (%): 279 (100) [M+H]+; HRMS (ES+): m/z
calc'd for C17Hi5N202 [M+H]+: 279.1134; found: 279.1141; Anal, calc'd for

Ci7H,4N202: C, 73.37; H, 5.07; N, 10.07; found: C, 73.26; H, 4.84; N, 10.28; HPLC

(Daicel Chiralpak AD, acetonitrile/water 50:50, flow rate 0.9 mL min" , 7,=254 nm):

major enantiomer: tR= 7.72 min., and minor enantiomer: tR= 11.07 min.

An analytical sample of 67 was prepared by recrystallisation from acetonitrile;

Md = -460 (c=0.1 in dichloromethane); Chiral HPLC analysis showed that after a

single recrystallisation, 67 was prepared with an ee of >99%.

b) Reagent: Dihalo oxaziridine 78

A solution of quinolone 31 (0.10 g, 0.38 mmol, 1.0 equiv) in dry TE1F (10 mL)
was added dropwise to lithium bis(trimethylsilyl)amide (1.0 M in THF, 0.46 mL,
0.46 mmol, 1.2 equiv) in dry THF (4.0 mL) at -78 °C under argon. The reaction was

stirred for 30 minutes at -78 °C and a solution of dihalo oxaziridine 78 (0.27 g,

0.91 mmol, 2.4 equiv) in dry THF (7.0 mL) was added via a cannula. After 16 hours at

-10 °C saturated aqueous ammonium iodide (5.0 mL, 10 equiv) and diethyl ether

(5.0 mL) were added and the reaction mixture gradually warmed to room temperature.

Saturated aqueous sodium thiosulfate (15 mL) was then added and the reaction mixture

extracted with diethyl ether (2 x 10 mL). The combined organic extracts were dried

(MgS04) and concentrated in vacuo to give a yellow solid. The solid was partitioned
between dichloromethane (100 mL) and aqueous hydrochloric acid solution (0.30 M,

100 mL). The aqueous phase was washed with dichloromethane (3 x 100 mL), basified

with aqueous sodium hydroxide solution (2.0 M, pH adjusted to 8) and extracted with

ethyl acetate (2 x 100 mL). The organic extracts were dried (MgS04) and concentrated

in vacuo to give 67 (0.079 g, 0.28 mmol, 74%) as a bright yellow solid. The
enantiomeric excess of 67 was 85% as determined by chiral-phase HPLC analysis;

[a]D25= +410 (c=0.1 in dichloromethane). HPLC (Daicel Chiralpak AD,
acetonitrile/water 50:50, flow rate 0.9 mL min"1, X,=254 nm): minor enantiomer:

tR= 7.85 min., and major enantiomer: tR= 11.15 min.
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c) Reagent: Dihydro oxaziridine 81

A solution of quinolone 31 (0.075 g, 0.29 mmol, 1.0 equiv) in dry THF (10 mL)
was added dropwise to lithium bis(trimethylsilyl)amide (1.0 M in THF, 0.35 mL,
0.35 mmol, 1.2 equiv) in dry THF (3.0 mL) at -78 °C under argon. The reaction was

stirred for 30 minutes at -78 °C and a solution of dihydro oxaziridine 81 (0.16 g,

0.70 mmol, 2.4 equiv) in dry THF (5.0 mL) was added via a cannula. After 16 hours at

-10 °C saturated aqueous ammonium iodide (5.0 mL, 10 equiv) and diethyl ether

(5.0 mL) were added and the reaction mixture gradually warmed to room temperature.

Saturated aqueous sodium thiosulfate (15 mL) was then added and the reaction mixture

extracted with diethyl ether (2 x 10 mL). The combined organic extracts were dried

(MgSCL) and concentrated in vacuo to give a yellow solid. The solid was partitioned
between dichloromethane (100 mL) and aqueous hydrochloric acid solution (0.30 M,

100 mL). The aqueous phase was washed with dichloromethane (3 x 100 mL), basified
with aqueous sodium hydroxide solution (2.0 M, pH adjusted to 8) and extracted with

ethyl acetate (2 x 100 mL). The organic extracts were dried (MgSCL) and concentrated

in vacuo to give 67 (0.054 g, 0.19 mmol, 65%) as a bright yellow solid. The
enantiomeric excess of 67 was 55% as determined by chiral-phase HPLC analysis;

Md25= -153 (c=0.1 in dichloromethane). HPLC (Daicel Chiralpak AD,
acetonitrile/water 30:70, flow rate 0.8 mL min"1, A.=254 nm): major enantiomer:

tR= 17.78 min., and minor enantiomer: tR= 26.75 min.

Method 2: One pot reaction

A solution of amidine 32 (0.24 g, 0.82 mmol, 1.0 equiv) in anhydrous THF

(39 mL) was cooled to -78 °C and stirred for 15 minutes. Lithium

bis(trimethylsilyl)amide (1.0 M in THF, 2.4 mL, 2.4 mmol, 3.0 equiv) was added
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dropwise to the reaction mixture, which was warmed to 0 °C until no starting material
was detected by TLC. A solution of dihydro oxaziridine 81 (0.34 g, 1.6 mmol,
2.0 equiv) in dry THF (20 mL) was added via cannula at -78 °C. The reaction was then
warmed to room temperature and quenched with saturated aqueous ammonium chloride

(5.0 mL). Further saturated aqueous ammonium chloride (150 mL) was added. The

aqueous phase was extracted with dichloromethane (3 x 100 mL) and the combined

organic extracts dried (MgSCL) and concentrated in vacuo to give a crude yellow solid.
Purification by flash column chromatography on silica gel (eluting with 20% ethyl

acetate/hexane), gave the desired compound 67 (0.041 g, 0.15 mmol, 18%) as a bright
25

yellow solid; [a]o = -107 (c=0.1 in dichloromethane). An analytical sample of 67 was

prepared by recrystallisation from ethyl acetate/hexane to give crystals suitable for

X-ray analysis. Analytical data for 67 prepared by this method were identical to that for
67 carried out in method 1.

7.5. Preparation of (S)-(-)-Blebbistatin (7) analogues substituted at the R1 position

7.5.1. Preparation of 3a-fluoro-6-methyl-l-phenyI-2,3,3a,4-tetrahydro-l//-

pyrrolo[2,3-Z»]quinolin -4-one (161)

A solution of quinolone 24 (0.070 g, 0.25 mmol, 1.0 equiv) in dry THF (15 mL)
was added dropwise to lithium bis(trimethylsilyl)amide (1.0 M in THF, 0.30 mL,
0.30 mmol, 1.2 equiv) in dry THF (3.0 mL) at -78 °C under argon. The reaction was

stirred for 30 minutes at -78 °C and Selectfluor™ (l-chloromethyl-4-fluoro-l,4-

diazoniabicyclo[2.2.2]) (168) (0.18 g, 0.50 mmol, 2.0 equiv) was added. After 24 hours
at room temperature the reaction mixture was quenched by the addition of saturated

aqueous ammonium chloride (5.0 mL). The aqueous phase was extracted with
dichloromethane (3 x lOOmL) and the combined organic extracts dried (MgS04), and

O

4'
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concentrated in vacuo to give the desired compound 161 (0.072 g, 0.24 mmol, 96%) as

a red solid; mp 128-129 °C; 'H NMR (300 MHz, CDC13): 8 =2.28-2.53 (m, 4 H; 3-H,

CH3), 2.67-2.82 (m, 1 H; 3-H), 4.00-4.07 (m, 1 H; 2-H), 4.15-4.25 (m, 1 H; 2-H), 7.16-

7.23 (m, 1 H; Ar-4'-H), 7.25-7.27 (m, 1 H; Ar-8-H), 7.38 (ddq, 3/(H,H) = 8.1 Hz,

V(H,H) = 2.2 Hz, V(H,H) = 0.6 Hz, 1 H; Ar-7-H), 7.40-7.48 (m, 2 H; Ar-3'-H), 7.67-

7.70 (m, 1 H; Ar-5-H), 7.94-8.00 ppm (m, 2 H; Ar-2'-H); 19F NMR {'H, 19F}
(282.3 MHz, CDC13): 5f = -149.6 ppm (dd, 3J (H,F) = 41.9 Hz, 3J (H,F) = 20.9 Hz,

3-H); 19F NMR {]H} (282.3 MHz, CDC13): SF = -149.6 ppm; 13C NMR (75.5 MHz,

CDC13): 5 =20.6 (CH3), 26.7 (d, 2/(C,F) = 24.9 Hz, C3), 47.5 (C2), 88.3 (d, '/(C,F) =

174 Hz, C3a), 120.0 (C2'), 120.6 (C4a), 124.6 (C4'), 126.7 (C8), 127.4 (C5), 128.9

(C3'), 133.8 (C6), 137.9 (C7), 139.8 (CI'), 149.1 (C8a), 159.5 (d, V(C,F) = 17.1 Hz,

C9a), 189.7 ppm (d, 2/(C,F) = 19.9 Hz, C4); IR (Nujol): vmax=1702 (s) (C=0), 1623 (s)

(C=N), 1595 (s), 1298 (s), 1089 (m), 757 (m) (Ar-H), 722 (m), 690 cm"1 (m);

LRMS (ES+): m/z (%): 327 (94) [M+MeOH]+, 295 (100) [M+H]+; HRMS (ES+): m/z
calc'd for Ci8H16N2OF [M+H]+: 295.1247; found: 295.1244.

7.5.2. Preparation of 3a-chloro-6-methyl-l-phenyl-2,3,3a,4-tetrahydro-l//-

pyrro!o[2,3-&]quinolin-4-one (162)

To an optically enriched 7 (0.010 g, 0.034 mmol, 1.0 equiv) in dry
dichloromethane (5.0 mL) were added catalytic amount of DMAP, triethylamine

(2 drops) and oxalyl chloride (0.021 g, 0.17 mmol, 5.0 equiv). The reaction mixture
was stirred for 2 hours at room temperature and concentrated in vacuo. Purification by

flash column chromatography on silica gel (eluting with 10% ethyl acetate/hexane) gave
the desired compound 162 (0.0066 g, 0.021mmol, 62%) as a red crystalline solid. An

analytical sample of 162 was prepared by recrystallisation from ethyl acetate/hexane;

4'
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mp 180-181 °C; [a]D25= 0 (c=0.1 in dichloromethane); 5h (300 MHz, CDC13): 8 =2.36

(s, 3 H; CH3), 2.55-2.68 (m, 1 H; 3-H), 2.77 (dd, 2/(H,H) = 14.5 Hz, 3J(H,H) = 5.4 Hz,

1 H; 3-H), 4.02-4.11 (m, 1 H; 2-H), 4.27 (dt, 2J(H,H) = 10.0 Hz, V(H,H) = 5.4 Hz, 1 H;

2-H), 7.17-7.24 (m (3 lines), 37(H,H) = 7.3 Hz, 1 H; Ar-4'-H), 7.26-7.31 (m, 1 H; Ar-8-

H), 7.36-7.41 (m, 1 H; Ar-7-H), 7.41-7.49 (m, 2 H; Ar-3'-H), 7.72 (br d, V(H,H) =

1.6 Hz, 1 H; Ar-5-H), 7.91-7.98 ppm (m, 2 H; Ar-2'-H); 13C NMR (75.5 MHz, CDC13):
8 =20.7 (CH3), 29.7 (C3), 47.8 (C2), 61.5 (C3a), 120.0 (C4a), 120.3,(C2'), 124.9 (C4'),

126.4 (C8), 127.3 (C5), 129.1 (C3'), 134.2 (C6), 137.6 (C7), 139.9 (CI'), 148.0 (C8a),

161.7 (C9a), 191.0 ppm (C4); IR (Nujol): vmax=1694 (s) (C=0), 1618 (s), 1595 (s), 1295

(s), 831 (m), 757 (m) (Ar-H), 722 cm"1 (m); LRMS (ES+): m/z (%): 313 (35)

[(M+H)+(37C1)], 311 (100) [(M+H)+(35C1)]; HRMS (ES+): m/z calc'd for C18Hi6N2035C1
[M+H]+: 311.0951; found: 311.0951; Anal, calc'd for Ci8H15N2OC1: C, 69.57; H, 4.86;

N, 9.01; found: C, 69.89; H, 4.54; N, 9.01.

Method 2

To an optically enriched 7 (0.010 g, 0.034 mmol, 1.0 equiv) in dry
dichloromethane (5.0 mL) were added catalytic amount of DMAP, triethylamine

(0.086 g, 0.12 mL, 0.85 mmol, 25 equiv) and Mosher's acid chloride (R)-(-) (103)

(0.22 g, 0.85 mmol, 25 equiv). The reaction mixture was stirred for 2 hours at room

temperature and concentrated in vacuo. The crude solid was dissolved in saturated

aqueous sodium bicarbonate (pH adjusted to 8) and extracted with dichloromethane

(2 x 100 mL). The organic extracts were combined, dried (MgSCE) and concentrated in

vacuo to give a red solid. Purification by flash column chromatography on silica gel

(eluting with 10% ethyl acetate/hexane) afforded red crystals 162 (0.0050 g, 0.016

mmol, 47%) suitable for X-ray analysis (see Chapter 4, Section 4.4.1.1.).

Method 3

To a solution of quinolone 24 (0.20 g, 0.72 mmol, 1.0 equiv) in dry THE

(45 mL) was added dropwise a solution of NaOCl (1.3 g, 1.1 mL, 17 mmol, 24 equiv) in

dry THE (10 mL). The reaction mixture was stirred for 72 hours at room temperature

and quenched with saturated aqueous ammonium chloride (5.0 mL). Further saturated

aqueous ammonium chloride (150 mL) was added. The aqueous phase was extracted
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with dichloromethane (3 x 100 mL) and the combined organic extracts dried (MgSCL)
and concentrated in vacuo. Purification by flash column chromatography on silica gel

(eluting with 10% ethyl acetate/hexane) gave a red solid (0.13 g) which was

recrystallised two times from hexane/ethyl acetate to give the desired compound 162

(0.045 g, 0.15 mmol, 21%) as red crystals. 'H NMR analysis confirmed the presence of
162.

7.5.3. Preparation of S-3a-(4-bromobenzoyloxy)-l-phenyl-2,3,3a,4-tetrahydro-l//-

pyrrolo[2,3-£]quinolin-4-one (176)

An optically enriched sample of 7 (0.090 g, 0.31 mmol, 1.0 equiv) was dissolved
in dichloromethane (28 mL) and a catalytic amount of DMAP (0.020 g, 0.16 mmol,
0.50 equiv), dry pyridine (0.10 g, 1.2 mmol, 4.0 equiv) and 4-bromobenzoyl chloride

(179) (0.70 g, 3.1 mmol, 10 equiv) were added. The reaction mixture was stirred for 24
hours at room temperature, quenched with saturated aqueous ammonium chloride

(5.0 mL) and then poured into water (50 mL, pH adjusted to 8) and extracted with
dichloromethane (3 x 50 mL). The combined organic extracts were dried (MgS04) and
concentrated in vacuo. The solid was purified by flash column chromatography on

silica gel (eluting with 10% ethyl acetate/hexane), to give the title compound 176

(0.15 g, 0.31 mmol, 100%) as a red solid. An analytical sample of this compound was

prepared by recrystallisation from ethyl acetate/hexane; mp 161-162 °C; [a]o25= -607

(c=0.1 in dichloromethane)*; !H NMR (300 MHz, CDC13): 5 =2.30 (s, 3 H; CH3), 2.69-

2.89 (m, 2 H; 3-H), 4.01-4.09 (m (7 lines), 1 H; 2-H), 4.22 (dt, 2/(H,H) = 9.5 Hz,

V(H,H) = 6.5 Hz, 1 H; 2-H), 7.16-7.23 (m, 2 H; Ar-4',8-H), 7.30 (ddq, V(H,H) =

8.1 Hz, V(H,H) = 2.2 Hz, V(H,H) = 0.6 Hz, 1 H; Ar-7-H), 7.40-7.50 (m, included AA'

part of the AA'XX' system, 4 H; Ar-3",3'-H), 7.55-7.58 (m, 1 H; Ar-5-H), 7.67-7.73

(m, XX' part of the AA'XX' system, 2 H; Ar-2"-H), 7.94-8.00 ppm (m, 2 H; Ar-2'-H);
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13C NMR (75.5 MHz, CDC13): 5 =20.6 (CH3), 26.0 (C3), 48.1 (C2), 79.8 (C3a), 120.1

(C2'), 122.2 (C4"), 124.5 (C4'), 125.9 (C8), 127.1 (C5), 127.6 (CI"), 128.9 (C4a),
129.0 (C3'), 131.4 (C2"), 131.7(C3"), 133.6 (C6), 136.8 (CI), 140.0 (CI'), 148.3 (C8a),
160.3 (C9a), 164.1 (C=0), 192.3 ppm (C4); IR (Nujol): vmax=1734 (m) (C=0), 1591

(m), 1262 (m), 1089 (m), 1003 (m), 752 (m), 727 cm"1 (w) (Ar-H); LRMS (CI+): m/z
(%): 277 (66) [M-C7H40281Br]+, 275 (100) [M-C7H40279Br]+, 201 (40) [C7H40279Br]+,
203 (40) [C7H40281Br]+: HRMS (CI+): m/z : calc'd for C25H20N2O379Br [M+H]+:
475.0657: found: 475.0661; Anal, calc'd for C25H,9BrN203: C, 63.17; H, 4.03; N, 5.89;

found: C, 63.37; H, 3.96; N, 5.59.

*The optical rotation measurement was carried out using non crystallised material.

7.5.4. Preparation of S-3a-(3-bromobenzoyloxy)-l-phenyl-2,3,3a,4-tetrahydro-l//-

pyrrolo[2,3-ft]quinolin-4-one (177)

An optically enriched sample of 7 (0.090 g, 0.30 mmol, 1.0 equiv) was dissolved
in dichloromethane (28 mL) and a catalytic amount of DMAP (0.020 g, 0.20 mmol,
0.50 equiv), dry pyridine (0.10 g, 1.2 mmol, 4.0 equiv) and 3-bromobenzoyl chloride

(178) (0.70 g, 3.1 mmol, 10 equiv) were added. The reaction mixture was stirred for 24
hours at room temperature, quenched with saturated aqueous ammonium chloride

(5.0 mL) and then poured into water (50 mL, pH adjusted to 8) and extracted with
dichloromethane (3 x 50 mL). The combined organic extracts were dried (MgS04) and
concentrated in vacuo. The solid was purified by flash column chromatography on

silica gel (eluting with 10% ethyl acetate/hexane), to give the title compound 177

(0.14 g, 0.30 mmol, 97%) as a red solid; mp 128-129 °C; [a]D25= -568 (c=0.1 in

dichloromethane); *H NMR (300 MHz, CDC13): 8 =2.32 (s, 3 H; CH3), 2.70-2.91 (m,
2 H; 3-H), 4.01-4.11 (m (7 lines), 1 H; 2-H), 4.22 (dt, 2/(H,H) = 9.5 Hz, 3J(H,H) = 6.5

O

4'
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Hz, 1 H; 2-H), 7.17-7.24 (m, 3 H; Ar-8,4',5"-H), 7.32 (ddq, V(H,H) = 8.1 Hz, 47(H,H)
= 2.2 Hz, V(H,H) = 0.6 Hz, 1 H; Ar-7-H), 7.42-7.49 (m, 2 H; Ar-3'-H), 7.57-7.60 (m,

1 H; Ar-5-H), 7.64 (ddd, 3J(H,H) = 8.0 Hz, V(H,H) = 2.0 Hz, V(H,H) = 1.0 Hz, 1 H;

Ar-4"-H), 7.79 (ddd, V(H,H) = 8.0 Hz, V(H,H) = 2.0 Hz, V(H,H) = 1.0 Hz, 1 H; Ar-6"-

H), 7.96-8.01 ppm (m, 3 H; Ar-2',2"-H); 13C NMR (75.5 MHz, CDC13): 5 =20.6 (CH3),
26.2 (C3), 48.1 (C2), 79.9 (C3a), 120.2 (C2'), 122.2 (C-Br), 122.4 (CI"), 124.6 (C4'),

125.9 (C8), 127.1 (C5), 128.5 (C6"), 129.0 (C3'), 130.0 (C5"), 130.6 (C4a), 132.8

(C2"), 133.6 (C6), 136.5 (C4"), 136.8 (C7), 139.9 (CI'), 148.2 (C8a), 160.2 (C9a),

163.5 (C=0), 192.2 ppm (C4); IR (Nujol): vmax=1734 (m) (C=0), 1593 (m), 1253 (m),
1054 (m), 740 (m), 710 (m) (Ar-H), 681 cm"1 (w); LRMS (EI): in/z (%): 476 (30)

[M+ (81Br)], 474 (32) [M+ (79Br)], 274 (100) [M-C7H40279Br]+, 276 (58)

[M-C7H40281Br]+, 200 (64), 202 (63), 187 (63), 185 (64), 156 (40), 149 (48), 154 (38);

HRMS (EI): m/z : calc'd for C25H19N20379Br [M]+: 474.0579: found: 474.0580 and

calc'd for C25H19N20381Br [M]+: 476.0559: found: 476.0564.

7.5.5. Basic hydrolysis of 5'-3a-(4-bromobenzoyIoxy)-l-phenyl-2,3,3a,4-tetrahydro-

l//-pyrrolo[2,3-^]quino!in-4-one (176)

O

Lithium hydroxide (0.0033 g, 0.040 mL, 0.080 mmol, 1.0 equiv) was added

dropwise to a solution of 176 (0.038 g, 0.080 mmol, 1.0 equiv) in THF (5.0 mL). The
reaction mixture was stirred for 3 hours at room temperature and quenched with
saturated aqueous ammonium chloride (5.0 mL). Further saturated aqueous ammonium
chloride (150 mL) was added. The aqueous phase was extracted with ethyl acetate

(3 x 100 mL) and the combined organic extracts dried (MgS04) and concentrated in

vacuo. Purification by flash column chromatography on silica gel (eluting with 15%

ethyl acetate/hexane) gave (S)-(-)-Blebbistatin (7) (0.013 g, 0.044 mmol, 55%) as a
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bright yellow solid 7, identical 'H NMR with a sample prepared as in Section 7.2.3.

HPLC; acetonitrile/water 50:50, flow rate 0.8 mL min"1, A,=254 nm.

7.5.6. Preparation of S-3a-methoxy-6-methyl-l-phenyl-2,3,3a,4-tetrahydro-l//-

pyrrolo[2,3-Z>]quinolin-4-one (180)

A solution of optically enriched 7 (0.020 g, 0.068 mmol, 1.0 equiv) in anhydrous

THF (6.0 mL) was cooled to -78 °C and stirred for 15 minutes. Sodium

bis(trimethylsilyl)amide (1.0 M in THF, 0.10 mL, 0.10 mmol, 1.5 equiv) was added

dropwise to the reaction mixture which was warmed to 0 °C. A solution of
iodomethane (0.048 g, 0.021 mL, 0.34 mmol, 5.0 equiv) was then added and the
reaction mixture was stirred for 1 hour at 0 °C. After 16 hours at room temperature the
reaction was quenched with saturated aqueous ammonium chloride (7.0 mL). Further
saturated aqueous ammonium chloride (150 mL) was added. The aqueous phase was

extracted with dichloromethane (3 x 50 mL) and the combined organic extracts dried

(MgSCL) and concentrated in vacuo to afford 180 (0.019 g, 0.062 mmol, 91%) as a

bright yellow solid; mp 220-221 °C; [a]o25= -462 (c=0.05 in dichloromethane);
'H NMR (300 MHz, CDC13): 5 =2.09-2.23 (m, 1 H; 3-H), 2.34 (br s, 3 H; CH3), 2.62

(dd, 2J(H,H) = 14.3 Hz, V(H,H) = 5.3 Hz, 1 H; 3-H), 3.27 (s, 3 H; OCH3), 3.89-3.99

(m, 1 H; 2-H), 4.09 (dt, 2/(H,H) = 9.8 Hz, 3/(H,H) = 5.7 Hz, 1 H; 2-H), 7.12-7.19

(m, 1 H; Ar-4'-H), 7.24 (d, 3J(H,H) = 8.1 Hz, 1 H; Ar-8-H), 7.35 (ddq, l/(H,H) =

8.1 Hz, 4/(H,H) = 2.2 Hz, V(H,H) = 0.6 Hz, 1 H; Ar-7-H), 7.38-7.46 (m, 2 H; Ar-3'-H),
7.64-7.66 (m, 1 H; Ar-5-H), 7.95-8.01 ppm (m, 2 H; Ar-2'-H); 13C NMR (75.5 MHz,

D8-THF): 6 =20.6 (CH3), 30.5 (C3), 48.2 (C2), 52.7 (OCH3), 79.1 (C3a), 120.3 (C2'),
122.5 (C4a), 124.0 (C4'), 126.7 (C8), 127.0 (C5), 129.1 (C3')> 133.5 (C6), 137.0 (C7),

141.85 (CI'), 150.5 (C8a), 163.7 (C9a), 193.7 ppm (C4); IR (Nujol): vmax=1690 (m),
1618 (m), 1592 (m), 1295 (w), 1038 (w), 832 (m), 760 (m) (Ar-H), 722 cm"1 (m);

4'
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LRMS (ES+): m/z (%): 307 (100) [M+H]+; HRMS (ES+): m/z calc'd for C19H19N2O2

[M+H]+: 307.1447; found: 307.1444.

7.5.7, Attempted preparation of methyl 4-oxo-l-phenyl-2,3,3a,4-tetrahydro-llT-

pyrrolo[2,3-Z>]-quinoline-3a-carboxylate (195)

A solution of quinolone 31 (0.050 g, 0.20 mmol, 1.0 equiv) in dry THF (7.0 mL)

was added dropwise to lithium bis(trimethylsilyl)amide (1.0 M in THF, 0.24 mL,
0.24 mmol, 1.2 equiv) in dry THF (3.0 mL) at -78 °C under argon. The reaction was

stirred for 30 minutes at -78 °C and a solution of methyl cyanoformate (191) (0.032 g,

0.030 mL, 0.40 mmol, 2.0 equiv) was added via a cannula. After 48 hours at -10 °C the
reaction was quenched with saturated aqueous ammonium chloride (5.0 mL). Further
saturated aqueous ammonium chloride (150 mL) was added. The aqueous phase was

extracted with dichloromethane (3 x 100 mL) and the combined organic extracts dried

(MgSCL) and concentrated in vacuo. 'H NMR of the crude mixture confirmed that only
unreacted starting material was present.

7.6. Preparation of (S)-(-)-BIebbistatin (7) analogues substituted at the R4 position

7.6.1. Preparation of (3aS) 4R, 9a5)-6-methyl-l-phenyl-2,3,3a,4,9,9a-hexahydro-

l/7-pyrrolo[2,3-Z>]quinoline-3a,4-dioI (198) and (3aS, 4/?)-6-methyl-l-phenyl-
2,3,3a,4-tetrahydro-l//-pyrrolo[2,3-&]quinoIine-3a,4-diol (199)
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Method 1

Sodium borohydride (0.011 g, 0.30 mmol, 1.0 equiv) was added dropwise to a

solution of 7 (0.090 g, 0.30 mmol, 1.0 equiv) in dry methanol (35 mL). The reaction

was stirred for 30 minutes at room temperature and quenched with saturated aqueous

ammonium chloride (5.0 mL). Further saturated aqueous ammonium chloride (150 mL)

was added. The aqueous phase was extracted with dichloromethane (3 x 100 mL) and

the combined organic extracts dried (MgSCL) and concentrated in vacuo to give a light

yellow crude solid. Purification by flash column chromatography on silica gel (eluting
with 15% ethyl acetate/hexane and 20% ethyl acetate), gave the desired product 198

(0.032 g, 0.11 mmol, 37%) as a yellow deliquescent solid and the diol 199 (0.043 g,

0.15 mmol, 50%) as a white solid.

a) Compound 198: [a]D25= -407 (c=0.5 in dichloromethane); !H NMR (300 MHz,

CDC13): 8=1.82-2.08 (m, 2 H; 3-H), 2.24 (s, 3 H; CH3), 3.26-3.37 (m, 1 H; 2-H), 3.45-

3.60 (m, 1 H; 2-H), 4.55 (s, 1 H; 4-H), 5.07 (s, 1 H; 9a-H), 6.36 (d, 3/(H,H) = 8.1 Hz,

1 H; Ar-8-H), 6.66-6.74 (m, 2 H; Ar~2'-H), 6.75-6.84 (m, 1 H; Ar-4'-H), 6.93 (dd,

V(H,H) = 8.1 Hz, 4/(H,H) = 1.5 Hz, 1 H; Ar-7-H), 7.01 (br s, 1 H; Ar-5-H), 7.26-7.33

ppm (m, 2 H; Ar-3'-H); 13C NMR (75.5 MHz, CDC13): 5 =20.3 (CH3), 32.7 (C3), 44.9

(C2), 71.6 (C4), 72.9 (C9a), 79.7 (C3a), 112.3 (C2'), 113.9 (C4'), 117.4 (C8), 119.6

(C4a), 126.9 (C6), 129.7 (C5), 130.4 (C7), 131.1 (C3'), 138.4 (C8a), 146.2 ppm (CI');
IR (Nujol): vmax= 3400 (s), 1599 (s), 1263 (w), 1154 (w), 813 (w), 745 cm"1 (s) (Ar-H);
LRMS (ES+): m/z (%): 615 (16), 597 (29), 575 (20), 319 (100) [M+Na], 158 (12);

HRMS (ES+): m/z calc'd for Ci8H2oN202 [M+Na]: 319.1422; found: 319.1418.

b) Compound 199: mp 212-213 °C; [a]o25= -75 (c=0.1 in dichloromethane); 'H NMR

(300 MHz, D8-THF): 8=2.08-2.21 (m, 1 H; 3-H), 2.28 (s, 3 H; CH3), 2.33-2.41 (m, 1 H;

3-H), 3.81-3.92 (m, 1 H; 2-H), 3.96-4.07 (m, 1 H; 2-H), 4.25 (d, V(H,H) = 9.2 Hz, 1 H;

4-H), 4.50 (s, 1 H; 3a-OH), 4.62 (d, 2/(H,H) = 9.2 Hz, 1 H; 4-OH), 6.88-7.02 (m, 3 H;

Ar-4',7,8-H), 7.26-7.36 (m, 3 H; Ar-3',5-H), 8.08-8.14 ppm (m, 2 H; Ar-2'-H);
13C NMR (75.5 MHz, D8-THF): 8 =21.0 (CH3), 34.5 (C3), 48.2 (C2), 74.9 (C4), 75.0

(C3a), 119.6 (C2'), 122.8 (C4'), 124.7 (C8), 126.0 (C5), 128.4 (C7), 128.7 (C3'), 129.5

(C4a), 132.8 (C6), 142.5 (CI'), 143.7 (C8a), 163.4 ppm (C9a); IR (Nujol): vmax=3379

(s), 1628 (m), 1593 (m), 1304 (w), 1155 (w), 758 cm"1 (w) (Ar-H); LRMS (ES+):
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m/z (%): 295 (100) [M+H]+; HRMS (ES+): m/z calc'd for C18H19N202 [M+H]+:
295.1447; found: 295.1451; An analytical sample of the diol 199 was prepared by

recrystallisation from acetonitrile; Anal, calc'd for Ci8Hi8N202: C, 73.45; H, 6.16; N,

9.52; found: C, 73.58; H, 6.19; N, 9.88.

To a solution of optically enriched 7 (0.020 g, 0.070 mmol, 1.0 equiv) in a 1:1
mixture of methanol and DMF (8.0 mL) were added triethylamine (0.020 g) and 10%
Pd/C (0.022 g, 0.21 mmol, 3.0 equiv) under argon. This suspension was degassed under
vacuum. Hydrogen was then introduced and the reaction was stirred at room

temperature under hydrogen for 48 hours. The solid material was filtered off and
washed with methanol. The filtrate was concentrated and the residue was purified by
flash column chromatography on silica gel (eluting with 20% ethyl acetate/hexane), to

give the desired compound 199 (0.011 g, 0.038 mmol, 55%) as a white solid. An

analytical sample of 199 was prepared by recrystallisation from acetonitrile. 'H NMR
and 13C NMR were consistent with data from Method 1.

7.6.2. Preparation of 4-methoxy-l-phenyI-2,3-dihydro-l//-pyrrolo[2,3-6]quinoline

(185)

A solution of quinolone 31 (0.050 g, 0.20 mmol, 1.0 equiv) in dry THF (8.0 mL)
was added dropwise to lithium bis(trimethylsilyl)amide (1.0 M in THF, 0.24 mL,
0.24 mmol, 1.2 equiv) in dry THF (2.0 mL) at -78 °C under argon. The reaction was

stirred for 30 minutes at -78 °C and a solution of methyl triflate (183) (0.062 g,

0.040 mL, 0.40 mmol, 2.0 equiv) was added via a cannula. After 16 hours at -20 °C the

reaction was quenched with saturated aqueous ammonium chloride (5.0 mL). Further

saturated aqueous ammonium chloride (150 mL) was added. The aqueous phase was

Method 2

OMe

4'
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extracted with dichloromethane (3 x 100 mL) and the combined organic extracts dried

(MgS04) and concentrated in vacuo. Purification by flash column chromatography on

silica gel (eluting with 30% ethyl acetate/hexane) gave the desired compound 185

(0.024 g, 0.087 mmol, 44%) as a light yellow solid; mp 144-145 °C; 'H NMR

(300 MHz, CDC13): 8=3.45 (t, V(H,H) = 8.0 Hz, 2 H; 3-H), 4.07 (t, V(H,H) = 8.0 Hz,

2 H; 2-H), 4.15 (s, 3 H; OCH3), 7.02-7.10 (m, 1 H; Ar-4'-H), 7.19-7.27 (m (7 lines),

V(H,H) = 6.9 Hz, 1 H; Ar-6-H), 7.37-7.45 (m, 2 H; Ar-3'-H), 7.46-7.55 (m (7 lines),

V(H,H) = 6.9 Hz, 1 H; Ar-7-H), 7.75 (dd, 3J(H,H) = 8.3 Hz, 4J(H,H) = 0.6 Hz, 1 H; Ar-

8-H), 7.92-8.04 ppm (m, 3 H; Ar-2',5-H); 13C NMR (75.5 MHz, CDCI3): 5=24.1 (C3),

48.6 (C2), 58.9 (OCH3), 108.1 (C3a), 118.3 (C2'), 119.8 (C4a), 121.5 (C4'), 121.9 (C6),

122.4 (C8), 126.6 (C7), 128.7 (C3'), 129.1 (C5), 141.8 (CI'), 148.4 (C8a), 157.0 (C4),

160.2 ppm (C9a); IR (Nujol): vmax= 1624 (m), 1595 (m), 1307 (m), 1112 (w), 753 cm"1
(m) (Ar-H); LRMS (ES+): m/z (%): 299 (20), 277 (100) [M+H]+; HRMS (ES+): m/z

calc'd for C18Hi7N20 [M+H]+: 277.1341; found: 277.1335.

7.7. Preparation of (S')-(-)-Blebbistatin (7) analogues substituted at the R2 position

7.7.1. Preparation of methyl 5-methyl-2-[l-(4-methoxyphenyl)pyrrolidin-2-

ylideneaminojbenzoate (211)

OMe

Phosphorus oxychloride (1.3 g, 0.77 mL, 8.2 mmol, 1.0 equiv) was added

dropwise to a solution of l-(4-methoxy-phenyl)-2-pyrrolidinone (210) (1.7 g, 9.0 mmol,
1.1 equiv) in dry dichloromethane (10 mL) and the reaction was stirred for 3 hours at

room temperature. A solution of anthranilate 27 (1.4 g, 8.2 mmol, 1.0 equiv) in dry
dichloromethane (60 mL) was then added and the reaction refluxed for 35 hours. The
reaction mixture was cooled and concentrated in vacuo. The resulting solid was

dissolved in aqueous hydrochloric acid (0.30 M, 100 mL) and extracted with
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dichloromethane (3 x 100 mL). The aqueous phase was then basified with aqueous

sodium hydroxide solution (2.0 M, pH adjusted to 8) and extracted with ethyl acetate

(3 x 100 mL). The first organic extracts were concentrated in vacuo and the resulting
solid was carried through the above procedure three more times. All ethyl acetate

extracts were combined, dried (MgSCL) and concentrated in vacuo to give the desired

compound 211 (0.50 g, 1.5 mmol, 18%) as a yellow thick oil; 'H NMR (300 MHz,

CDC13): 5 =1.91-2.03 (m, 2 H; 4'-H), 2.28 (s, 3 H; CH3), 2.40 (t, 37(H,H) = 7.8 Hz, 2 H;

3'-H), 3.73 (s, 3 H; 4"-OCH3), 3.76 (t, l/(H,H) = 6.9 Hz, 2 H; 5'-H), 3.80 (s, 3 H;

OCH3), 6.69 (d, 3J(H,H) =8.1 Hz, 1 H; Ar-3-H), 6.84-6.91 (m, AA' part of the AA'XX'

system, 2 H; Ar-3"-H), 7.14 (ddq, 3J(H,H) = 8.1 Hz, V(H,H) = 2.2 Hz, V(H,H) =

0.6 Hz, 1 H; Ar-4-H), 7.62-7.65 (m, 1 H; Ar-6-H), 7.65-7.71 ppm (m, XX' part of the
AA'XX' system, 2 H; Ar-2"-H); 13C NMR (75.5 MHz, CDC13): 5 =19.4 (C4'), 20.2

(CH3), 28.6 (C3'), 50.7 (C5'), 51.3 (4"-OCH3), 55.0 (OCH3), 113.5 (C3"), 121.8 (CI),

122.0 (C2"), 123.0 (C3), 130.4 (C5), 130.6 (C6), 133.1 (C4), 134.5 (CI"), 150.6 (C2),

155.2 (C4"), 159.5 (C2'), 167.4 ppm (C=0); IR (Nujol): vmax=1680 (s), 1668 (s), 1600

(m), 1239 (m), 1094 (m), 833 (m), 725 cm"1 (m) (Ar-H); LRMS (ES+): m/z (%):

339 (100) [M+Hf; HRMS (ES+): m/z calc'd for C20H23N2O3 [M+H]+: 339.1709; found:
339.1702.

7.7.2. Preparation of l-(4-methoxyphenyl)-6-methyl-2,3,4,9-tetrahydro-l//-

pyrroIo[2,3-Z>]quino!in-4-one (212)

O

OMe

A solution of amidine 211 (0.39 g, 1.2 mmol, 1.0 equiv) in anhydrous THF

(40 mL) was cooled to -78 °C and stirred for 15 minutes. Lithium

bis(trimethylsilyl)amide (1.0 M in THF, 3.5 mL, 3.5 mmol, 3.0 equiv) was added

dropwise to the reaction mixture, which was warmed to 0 °C over 3 hours and quenched
at 0 °C with saturated aqueous ammonium chloride (5.0 mL). Further saturated aqueous
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ammonium chloride (150 mL) was added. The aqueous phase was extracted with

dichloromethane (3 x 100 mL) and the combined organic extracts dried (MgSCL) and

concentrated in vacuo to give a brown solid. Purification by flash column

chromatography on silica gel (eluting with 100% ethyl acetate), gave the desired

compound 212 (0.31 g, 1.0 mmol, 85%) as a yellow solid; mp 252-253 °C; 'H NMR

(300 MHz, D8-THF): 5=2.40 (s, 3 H; CH3), 3.16 (t, V(H,H) = 8.2 Hz, 2 H; 3-H), 3.74

(s, 3 H; 4'-OCH3), 4.00 (t, V(H,H) = 8.2 Hz, 2 H; 2-H), 6.84-6.92 (m, AA' part of the
AA'XX' system, 2 H; Ar-3'-H), 7.21 (dd, 3/(H,H) = 8.4 Hz, V(H,H) = 1.9 Hz, 1 H;

Ar-7-H), 7.46 (d, 3/(H,H) = 8.4 Hz, 1 H; Ar-8-H), 7.79 (br s, 1 H; Ar-5-H), 7.85-7.94

ppm (m, XX' part of the AA'XX' system, 2 H; Ar-2'-H); 13C NMR (75.5 MHz,

Dg-THF)*: 5 =21.3 (CH3), 22.5 (C3), 49.9 (C2), 55.0 (4'-OCH3), 105.6 (C3a), 113.9

(C3')> 120.0 (C2\ C4a), 121.4 (C5), 125.4 (C8), 130.3 (C7), 130.8 (C6), 136.4 (CI'),

146.9 (C8a), 155.0 (C4'), 157.9 (C9a), 159.3 ppm (C4); IR (Nujol): vmax=1629 (m),
1577 (m), 1241 (w), 1169 (w), 828 (m), 722 cm"1 (w) (Ar-H); LRMS (CI+): m/z (%):

335 (10), 307 (100) [M+H]+, 292 (19); HRMS (CI+): m/z calc'd for Ci9H19N202

[M+H]+: 307.1447; found: 307.1442.

*The assignment of 13C signals was made by using Pendant, HMBC and HSQC NMR

analysis.

7.7.3. Preparation of S-3a-hydroxy-l-(4-methoxyphenyl)-6-methyI-2,3,3a,4-

tetrahydro-l//-pyrrolo[2,3-6]quinolin-4-one (206)

A solution of quinolone 212 (0.25 g, 0.82 mmol, 1.0 equiv) in dry THF (60 mL)
was added dropwise to lithium bis(trimethylsilyl)amide (1.0 M in THF, 0.98 mL,
0.98 mmol, 1.2 equiv) in dry THF (5.0 mL) at -78 °C under argon. The reaction
mixture was stirred for 30 minutes at -78 °C and a solution of dihalo oxaziridine 82

(0.59 g, 1.9 mmol, 2.4 equiv) in dry THF (10 mL) was added via a cannula. After 16

OMe
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hours at -10 °C saturated aqueous ammonium iodide (5.0 mL, 10 equiv) and diethyl
ether (5.0 mL) were added and the reaction gradually warmed to room temperature.

Saturated aqueous sodium thiosulfate (15 mL) was then added and the reaction
extracted with diethyl ether (2 x 10 mL). The combined organic extracts were dried

(MgSCL) and concentrated in vacuo to give a yellow solid. The solid was partitioned
between dichloromethane (100 mL) and aqueous hydrochloric acid solution (0.30 M,

100 mL). The aqueous phase was washed with dichloromethane (3 x 100 mL), basified
with aqueous sodium hydroxide solution (2.0 M, pH adjusted to 8) and extracted with

ethyl acetate (2 x 100 mL). The organic extracts were dried (MgSCL) and concentrated
in vacuo to give 206 (0.24 g, 0.74 mmol, 90%) as a bright yellow solid. The
enantiomeric excess of 206 was 82% as determined by chiral-phase HPLC analysis; mp
217-218 °C; [a]D25= -460 (c=0.08 in chloroform); :H NMR (300 MHz, D8-THF):

5 =2.16-2.30 (m, 5 H; 3-H, CH3), 3.76 (s, 3 H; 4'-OCH3), 3.81-3.92 (m, 1 H; 2-H), 4.01-

4.15 (m, 1 H; 2-H), 5.82 (s, 1 H; OH), 6.86-6.94 (m, AA' part of the AA'XX' system,
2 H; Ar-3'-H), 7.08 (d, 3/(H,H) = 8.1 Hz, 1 H; Ar-8-H), 7.25 (dd, 3/(H,H) = 8.1 Hz,

4/(H,H) = 2.2 Hz, 1 H; Ar-7-H), 7.56 (br s, 1 H; Ar-5-H), 7.97-8.04 ppm (m, XX' part
of the AA'XX' system, 2 H; Ar-2'-H); ,3C NMR (75.5 MHz, D8-THF): 5 =20.5 (CH3),
29.8 (C3), 48.5 (C2), 55.3 (C4'-OCH3), 73.9 (C3a), 114.1 (C3'), 121.6 (C2'), 122.1

(C4a), 126.6 (C8), 127.1 (C5), 132.6 (C6), 135.2 (CI'), 136.5 (C7), 150.7 (C8a), 156.8

(C4'), 165.9 (C9a), 195.0 ppm (C4); IR (Nujol): vmax=1690 (m), 1623 (m), 1596 (m),

1293 (w), 831 (w), 735 cm"1 (w) (Ar-H); LRMS (CI+): m/z (%): 323 (94) [M+H]\
322 (100) [M+], 305 (52), 266 (18); HRMS (CI+): m/z calc'd for C19H19N203 [M+H]+:
323.1396; found: 323.1396; Anal, calc'd for C,9H,8N203: C, 70.79; H, 5.63;

N, 8.69; found: C, 70.62; H, 5.92; N, 8.77; HPLC (Daicel Chiralpak AD,
acetonitrile/water 50:50, flow rate 0.8 mL min" , A,=254 nm): major enantiomer:

tR= 6.13 min., and minor enantiomer: tR= 8.43 min.

An analytical sample of 206 was prepared by recrystallisation from acetonitrile;

Md25= -513 (c=0.1 in chloroform); Chiral HPLC analysis showed that after a single

recrystallisation, 206 was prepared with an ee of >99%.
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7.7.4. Preparation of methyl 5-methyl-2-(l-methylpyrrolidin-2-

ylideneamino)benzoate (54)

c 1 C02Me
6

J 9' M . ,

5'
2' N 1

Phosphorus oxychloride (0.74 g, 0.45 mL, 4.8 mmol, 1.0 equiv) was added

dropwise to a solution of l-methyl-2-pyrrolidinone (39) (0.53 g, 5.3 mmol, 1.1 equiv) in

dry dichloromethane (5.0 mL) and the reaction was stirred for 3 hours at room

temperature. A solution of anthranilate 27 (0.80 g, 4.8 mmol, 1.0 equiv) in dry
dichloromethane (17 mL) was then added and the reaction refluxed for 16 hours. The

reaction mixture was cooled and concentrated in vacuo. The resulting solid was

dissolved in aqueous hydrochloric acid (0.30 M, 100 mL) and extracted with

dichloromethane (3 x 100 mL). The aqueous phase was then basified with aqueous

sodium hydroxide solution (2.0 M, pH adjusted to 8) and extracted with ethyl acetate

(3 x 100 mL). The first organic extracts were concentrated in vacuo and the resulting
solid was carried through the above procedure one more time. All ethyl acetate extracts

were combined, dried (MgSCL) and concentrated in vacuo to give the desired compound
54 (0.94 g, 3.8 mmol, 79%) as a brown thick oil; 'H NMR (300 MHz, CDC13): 5 = 1.64-
1.76 (m, 2 H; 4'-H), 2.02 (t, V(H,H) = 7.8 Hz, 2 H; 3'-H), 2.09 (s, 3 H; CH3), 2.78

(s, 3 H; N-CH3), 3.17 (t, V(H,H) = 6.9 Hz, 2 H; 5'-H), 3.59 (s, 3 H; OCH3), 6.54

(d, 3/(H,H) = 8.1 Hz, 1 H; Ar-3-H), 6.96 (ddq, 3/(H,H) = 8.1 Hz, 4J(H,H) = 2.2 Hz,

4/(H,H) = 0.6 Hz, 1 H; Ar-4-H), 7.40-7.42 ppm (m, 1 H; Ar-6-H); ,3C NMR

(75.5 MHz, CDC13): 5 =19.1 (C4'), 20.0 (CH3), 27.1 (C3'), 30.8 (N-CH3), 50.8 (C5'),
50.9 (OCH3), 122.0 (CI), 123.8 (C3), 129.9 (C5), 130.2 (C6), 132.7 (C4), 150.9 (C2),
161.8 (C2'), 167.1 ppm (C=0); IR (Nujol): vmax=1728 (s) (C=0), 1667 (s) (C=N), 1289

(s), 1200 (s), 1080 (m), 834 (m), 722 cm"1 (m); LRMS (ES+): m/z (%): 247 (100)

[M+H]+, 215 (20) [M-OMe]+; HRMS (ES+): m/z calc'd for ChH^CL [M+H]+:
247.1447; found: 247.1447.
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7.7.5. Attempted preparation of l,6-dimethyl-2,3,4,9-tetrahydro-l/Z-pyrrolo[2,3-

Z?]quinolin-4-one (62)

A solution of amidine 54 (0.25 g, 1.0 mmol, 1.0 equiv) in anhydrous THF

(30 mL) was cooled to -78 °C and stirred for 15 minutes. Lithium

bis(trimethylsilyl)amide (1.0 M in THF, 2.0 mL, 2.0 mmol, 2.0 equiv) was added

dropwise to the reaction mixture which was warmed to -40 °C for 16 hours and

quenched at -40 °C with saturated aqueous ammonium chloride (5.0 mL). Further
saturated aqueous ammonium chloride (150 mL) was added. The aqueous phase was

extracted with dichloromethane (3 x 100 mL) and the combined organic extracts dried

(MgSCL) and concentrated in vacuo to give a brown oil. Purification by flash column

chromatography on silica gel (eluting with 100% ethyl acetate) yielded three fractions:

• fraction 1 (0.037 g) was a yellow oil, m/z (%) (ES+): 475 (100) [M+H]+, HRMS
(ES+): m/z calc'd for [M+H]+: 475.2345; found: 475.2332.

• fraction 2 (0.045 g) was a brown oil, m/z (%)'■ 475 (100) [M+H]+, 497 (24),
473 (14).

• fraction 3 was a brown oil, 'H NMR and mass spectrum consistent with

unreacted starting material 54.

O
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7.7.6. Preparation of methyl 5-methyl-2-(l-ethylpyrrolidin-2-

ylideneamino)benzoate (55)

2"

Phosphorus oxychloride (0.74 g, 0.45 mL, 4.8 mmol, 1.0 equiv) was added

dropwise to a solution of l-ethyl-2-pyrrolidinone (53) (0.60 g, 5.3 mmol, 1.1 equiv) in

dry dichloromethane (5.0 mL) and the reaction was stirred for 3 hours at room

temperature. A solution of anthranilate 27 (0.80 g, 4.8 mmol, 1.0 equiv) in dry
dichloromethane (17 mL) was then added and the reaction refluxed for 16 hours. The

reaction mixture was cooled concentrated in vacuo. The resulting solid was dissolved

in aqueous hydrochloric acid (0.30 M, 100 mL) and extracted with dichloromethane

(3 x 100 mL). The aqueous phase was then basified with aqueous sodium hydroxide

solution (2.0 M, pH adjusted to 8) and extracted with ethyl acetate (3 x 100 mL). The
first organic extracts were concentrated in vacuo and the resulting solid was carried

through the above procedure one more time. All ethyl acetate extracts were combined,
dried (MgSCL) and concentrated in vacuo to give the desired compound 55 (0.40 g,

1.5 mmol, 31%) as a brown thick oil; 'H NMR (300 MHz, CDC13): 5 =1.07 (t, 3J(H,H)
= 7.2 Hz, 3 H; 2"-H), 1.69-1.82 (m, 2 H; 4'-H), 2.08 (t, V(H,H) = 7.8 Hz, 2 H; 3'-H),

2.15 (s, 3 H; CH3), 3.24 (t, V(H,H) = 6.9 Hz, 2 H; 5'-H), 3.33 (q, 3J(H,H) = 7.2 Hz, 2 H;

l'-H), 3.65 (s, 3 H; OCTi), 6.58 (d, 3/(H,H) = 8.0 Hz, 1 H; Ar-3-H), 7.01 (dd, 3/(H,H)
= 8.0 Hz, 4/(H,H) = 1.8 Hz, 1 H; Ar-4-H), 7.45 ppm (br d, V(H,H) = 1.8 Hz, 1 H; Ar-6-

H); 13C NMR (75.5 MHz, CDC13): 8 =11.5 (C2"), 19.4 (C4'), 20.1 (CH3), 27.5 (C3'),

38.1 (CI"), 48.0 (C5'), 51.1 (OCH3), 122.3 (CI), 123.9 (C3), 130.0 (C5), 130.4 (C6),

132.8 (C4), 151.1 (C2), 160.9 (C2'), 167.5 ppm (C=0); IR (Nujol): vmax=1727 (s)

(C=0), 1663 (s) (C=N), 1286 (s), 1198 (s), 1080 (m), 834 (m), 788 (m), 738 cm"1 (m);
LRMS (ES+): m/z (%): 261 (100) [M+H]+, 229 (10) [M-OMe]+; HRMS (ES+): m/z

calc'dforC,5H2iN202 [M+H]+: 261.1603; found: 261.1594.
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7.7.7. Attempted synthesis of l-ethyl-6-methyl-2,3,4,9-tetrahydro-l//-pyrrolo[2,3-

&]quinolin-4-one (63)

A solution of amidine 55 (0.15 g, 0.58 mmol, 1.0 equiv) in anhydrous THF

(20 mL) was cooled to -78 °C and stirred for 15 minutes. Lithium

bis(trimethylsilyl)amide (1.0 M in THF, 1.2 mL, 1.2 mmol, 2.0 equiv) was added

dropwise to the reaction mixture which was warmed to -40 °C forl6 hours and

quenched at -40 °C with saturated aqueous ammonium chloride (5.0 mL). Further
saturated aqueous ammonium chloride (150 mL) was added. The aqueous phase was

extracted with dichloromethane (3 x 100 mL) and the combined organic extracts dried

(MgSCL) and concentrated in vacuo to afford a mixture of compounds from which it

proved difficult to obtain a pure sample of a single compound.

7.7.8. Isolation of l,l-diphenyl-[2,3]bipyrrolidinyliden-2-one (52)45

Phosphorus oxychloride (2.6 mL, 4.2 g, 27 mmol, 11 equiv) was added dropwise
to a solution of l-phenyl-2-pyrrolidinone (28) (0.40 g, 2.5 mmol, 1.0 equiv) in dry
dichloromethane (10 mL) and the reaction was stirred for 48 hours at room temperature.

A solution of anthranilate 27 (0.25 g, 1.5 mmol, 0.60 equiv) in dry dichloromethane

(1.0 mL) and a solution of diisopropylethylamine (4.3 mL, 3.2 g, 25 mmol, 10 equiv)
were then added and the reaction refluxed for 16 hours. The reaction mixture was

cooled, diluted with aqueous hydrochloric acid (0.30 M, 100 mL) and extracted with

dichloromethane (3 x 100 mL). The aqueous phase was then basified with aqueous

O

2'
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sodium hydroxide solution (2.0 M, pH adjusted to 8) and extracted with ethyl acetate

(3 x 100 mL). The combined organic extracts were then dried (MgSCU) and

concentrated in vacuo to afford a crude brown solid. Purification by flash column

chromatography on silica gel (eluting with 20% ethyl acetate/hexane) gave 52 (0.076 g,

0.25 mmol, 10%) as a white crystalline solid; mp 129-130 °C (lit.4'5 129 °C); 'H NMR

(300 MHz, CDC13): 5 =2.01-2.15 (m, 4 H; 2 x CH2), 3.37 (t, V(H,H) = 7.6 Hz, 2 H;

CH2), 3.59 (t, V(H,H) = 7.0 Hz, 2 H; CH2), 3.76 (t, V(H,H) = 7.0 Hz, 2 H; CH2), 7.00-

7.18 (m, 4 H; Ar-H), 7.28-7.38 (m, 4 H; Ar-H), 7.59-7.65 ppm (m, 2 H; Ar-H); LRMS

(CI+): m/z (%): 305 (100) [M+H]+.
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1. CRYSTALLOGRAPHIC DATA

1.1. X-Ray data of

ylideneamino)benzoate (29)

methyl 5-methyl-2-(l-phenylpyrroIidin-2-

Crystal data and structure refinement for clnw!5.

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size
Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 25.35°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]

R indices (all data)

Absolute structure parameter

clnwl5

C19H20N2O2

308.37

93(2) K

0.71073 A

Orthorhombic

P2(1)2(1)2(1)

a = 10.4659(16) A o= 90°.

b= 11.374(2) A P= 90°.

c = 13.026(3) A y = 90°.

1550.6(5) A3
4

1.321 Mg/m3
0.086 mm-1

656

0.3000 x 0.3000 x 0.1000 mm3

2.50 to 25.35°.

-10<=h<=12, -13<=k<=8, -14<=1<=15

9513

2769 [R(int) = 0.0183]

97.4 %

MULTISCAN

1.0000 and 0.6025

Full-matrix least-squares on F2
2769/0/211

1.033

R1 =0.0252, wR2 = 0.0646

R1 = 0.0259, wR2 = 0.0649

1-2(8)
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Extinction coefficient

Largest diff. peak and hole

0.017(4)

0.132 and -0.146 e.A"3

1.2. X-Ray data of S-3a-hydroxy-6-methyl-l-phenyl-2,3,3a,4-tetrahydro-l//-

pyrrolo[2,3-6]quinolin-4-one (7) ((S')-(-)-blebbistatin)

Crystal data and structure refinement for clnw!4.

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group
Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 70.46°

Absorption correction

Max. and min transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

clnwl4

C18H16N2 02

292.33

93(2) K

1.54178 A

Monoclinic

P2(l)

a = 5.8412(5) A o= 90°.

b = 19.9242(16) A (3= 94.228(6)°.
c = 6.1298(5) A y = 90°.

711.45(10) A3
2

1.365 Mg/m3
0.726 mm"1

308

0.15 x 0.15 x 0.15 mm3

7.24 to 70.46°.

-6<=h<=7, -24<=k<=23, -7<=1<=7

6343

2046 [R(int) = 0.0254]

85.0 %

MULTISCAN

1.0000 and 0.505259

Full-matrix least-squares on F2
2046 / 2 / 204

1.063

R1 =0.0577, wR2 = 0.1437

R1 =0.0578, wR2 = 0.1438

0.1(3)

0.302 and -0.397 e.A"3
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1.3. X-Ray data of S-l-(4-bromophenyl)-3a-hydroxy-6-methyl-2,3,3a,4-tetrahydro-

l//-pyrroIo[2,3-Z>]quinoiin-4-one (135)

Crystal data and structure refinement for clnw!3.

Identification code clnwl3

Empirical formula C18H15 Br N2 02

Formula weight 371.23

Temperature 93(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P2(1)2(1)2(1)

Unit cell dimensions a = 5.6627(11) A cc= 90°.

b= 11.588(2) A |3= 90°.
c = 23.364(5) A y = 90°

Volume 1533.1(5) A3
Z 4

Density (calculated) 1.608 Mg/m3

Absorption coefficient 2.693 mm-1

F(000) 752

Crystal size 0.2000 x 0.0100 x 0.0100 mm3

Theta range for data collection 2.48 to 26.37°.

Index ranges -5<=h<=6, -14<=k<=14, -29<=1<=29

Reflections collected 17140

Independent reflections 2899 [R(int) = 0.1326]

Completeness to theta = 26.37° 92.9 %

Absorption correction MULTISCAN

Max. and min. transmission 1.0000 and 0.2554

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 2899/ 1 /213

Goodness-of-fil on F2 1.059

Final R indices [I>2sigma(I)] R1 =0.0766, wR2 = 0.1552

R indices (all data) R1 =0.1095, wR2 = 0.1725

Absolute structure parameter -0.01(2)

Fargest diff. peak and hole 0.848 and -0.752 e.A"3
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1.4. X-Ray data of S-3a-hydroxy-l-phenyl-2,3,3a,4-tetrahydro-l//-pyrrolo[2,3-

£]quinolin-4-onc (67)

Crystal data and structure refinement for clnwl (yellow crystal).

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size
Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.25°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]

R indices (all data)

Absolute structure parameter

Extinction coefficient

Largest diff. peak and hole

clnwl

C17H14N2 02

278.30

125(2) K

0.71073 A

Orthorhombic

P2(1)2(1)2(1)

a = 4.9441(10) A a=90°.

b= 12.336(3) A (3=90°.
c = 21.448(4) A y=90°.

1308.1(5) A3
4

1.413 Mg/m3
0.094 mm1

584

.18 x .08 x .05 mm3

1.90 to 23.25°.

-5<=h<=5, -13<=k<=12, -23<=1<=23

6931

1832 [R(int) = 0.1223]

98.7 %

Sadabs

1.00000 and 0.610493

Full-matrix least-squares on F2
1832/ 1 / 195

0.610

R1 = 0.0429, wR2 = 0.1044

R1 =0.0684, wR2 = 0.1234

2(3)

0.033(5)

0.195 and -0.184 e.A"3
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Crystal data and structure refinement for clnw3 (green crystal).

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.80°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]

R indices (all data)

Absolute structure parameter

Extinction coefficient

Largest diff. peak and hole

clnw3

C17H14N2 02

278.30

125(2) K

0.71073 A

Triclinic

PI

a = 5.86(4) A a= 94.68(5)°.

b = 6.01(4) A (3=91.72(6)°.
c = 9.52(6) A y = 96.95(4)°.

331(4) A3
1

1.395 Mg/m3
0.093 mm-1

146

.2 x .1 x .1 mm3

2.15 to 23.80°.

-6<=h<=6, -6<=k<=6, -8<=1<=10

1552

1296 [R(int) = 0.0826]

92.4 %

MULTISCAN

1.00000 and 0.450656

Full-matrix least-squares on F2
1296/4 / 195

1.008

R1 = 0.0387, wR2 = 0.0789

R1 = 0.0476, wR2 = 0.0829

0.1(19)

0.20(2)

0.218 and -0.203 e.A"3
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1.5. X-Ray data of 3a-chloro-6-methyI-l-phenyI-2,3,3a,4-tetrahydro-l//-

pyrrolo[2,3-ft]quinolin-4-one (162)

Crystal data and structure refinement for clnw5.

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 25.39°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

clnw5

C18H15C1N2 0

310.77

125(2) K

0.71073 A

Orthorhombic

Pbca

a = 12.444(3) A
b = 10.136(2) A
c = 22.962(5) A
2896.2(11) A3

a= 90°.

(3= 90°.

y = 90°.

1.425 Mg/m3
0.267 mm"1

1296

.1 x .1 x .02 mm3

2.41 to 25.39°.

-13<=h<=14, -12<=k<=12, -27<=1<=25

15873

2613 [R(int) = 0.0954]

97.9 %

Multiscan

1.00000 and 0.661650

Full-matrix least-squares on F2
2613/0/201

0.892

R1 = 0.0406, wR2 = 0.0755

R1 =0.0791, wR2 = 0.0839

0.00051(12)

0.248 and -0.212 e.A"3
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1.6. X-Ray data of S-3a-(4-bromobenzoyloxy)-l-phenyI-2,3,3a,4-tetrahydro-lH-

pyrrolo[2,3-£>]quinoIin-4-one (176)

Crystal data and structure refinement for CLNW17.

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 25.34°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Absolute structure parameter

Fargest diff. peak and hole

clnwl7

C25 H19 Br N2 03

475.33

93(2) K

0.71073 A

Monoclinic

P2(l)

a = 10.784(3) A a= 90°.

b = 6.7081(18) A P= 103.914(7)°.

c= 14.814(4) A y=90°.

1040.2(5) A3
2

1.518 Mg/m3
2.007 mm"1

484

0.2000 x 0.0500 x 0.0500 mm3

3.03 to 25.34°.

-12<=h<=12, -8<=k<=6, -14<=1<= 17

6300

3178 [R(int) = 0.0207]

97.3 %

Multiscan

1.0000 and 0.6601

Full-matrix least-squares on F2
3178/ 1 /282

1.027

R1 =0.0251, wR2 = 0.0581

R1 =0.0272, wR2 = 0.0592

0.000(6)

0.406 and -0.289 e.A"3
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1.7. X-Ray data of (3aS, 4/f)-6-methyl-l-phenyl-2,3,3a,4-tetrahydro-l/7-

pyrrolo[2,3-Z>]quinolinc-3a,4-diol (199)

a) Crystal data and structure refinement for clnw!9 (reduction with NaBUt).

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 25.32°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]

R indices (all data)

Absolute structure parameter

Extinction coefficient

Largest diff. peak and hole

clnwl9

C18H18N2 02

294.34

93(2) K

0.71073 A

Orthorhombic

P2(1)2(1)2(1)

a = 5.1364(9) A a= 90°.

b= 13.782(3) A (3=90°.
c = 20.038(5) A y = 90°.

1418.5(5) A3
4

1.378 Mg/m3
0.091 mm1

624

0.2000 x 0.0200 x 0.0200 mm3

1.79 to 25.32°.

-6<=h<=4, -16<=k<= 16, -16<=1<=23

8761

2528 [R(int) = 0.0262]

98.4 %

Multiscan

1.0000 and 0.4523

Full-matrix least-squares on F2
2528/2/210

1.071

R1 = 0.0340, wR2 = 0.0798

R1 =0.0377, wR2 = 0.0821

-0.7(12)

0.0062(15)

0.166 and -0.184 e.A"3
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b) Crystal data and structure refinement for CLNW20 (reduction with TU/Pd/C).

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 67.60°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

clnw20

C18H18N2 02

294.34

173(2) K

1.54178 A

Orthorhombic

P2( 1)2(1)2(1)

a = 5.14430(10) A a= 90°.

b= 13.8150(3) A P= 90°.

c = 20.1361(5) A y= 90°.

1431.04(5) A3
4

1.366 Mg/m3
0.722 mm"1

624

0.200 x 0.030 x 0.030 mm3

3.88 to 67.60°.

-5<=h<=5, -16<=k<=16, -24<=1<=23

18158

2417 [R(int) = 0.0733]

94.7 %

Multiscan

1.0000 and 0.2882

Full-matrix least-squares on F2
2417/2/209

1.029

R1 = 0.0377, wR2 = 0.0880

R1 =0.0413, wR2 = 0.0900

0.0(3)

0.141 and -0.161 e.A 3



2. LC-MASS ANALYSIS

2.1. LC-MASS for (±)-3a-hydroxy-6-methyl-l-phenyl-2,3,3a,4-tetrahydro-l/I-

pyrrolo[2,3-Z>]quinoIin-4-one (18) ((±)-bIebbistatin)

ci0853aina

100n

\ i

■

3: Diode Array
Tic

5.64e7

Figure 1. Chiral HPLC analysis. Conditions: Daicel Chiralpak AD-RH, AcetonitrileAVater 50:50, flow
rate 0.8 mL min'1, 1=254 nm. A) Chromatogram of the purified product 18: first enantiomer

tR=5.87 min., A,max=249 nm and second enantiomer tR=8.12 min., Xmax=249 nm.
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Figure 2. A) UV chromatogram of racemic blebbistatin (18). B) ESMS (+ve) of peak tR=5.87 min.

[M+H]+=293. C) ESMS (+ve) of peak tR=8.12 min. [M+H]+=293. D) UV-vis spectra of peak

tR=5.87 min. max=249 nm. E) UV-vis spectra of peak tR=8.12 min. max=249 nm.



2.2. LC-MASS for S-3a-hydroxy-6-methyl-l-phenyl-2,3,3a,4-tetrahydro-l//-

pyrrolo[2,3-Z>]quinoIin-4-one (7) ((S)-(-)-blebbistatin)

Figure 3. Chiral HPLC analysis. Conditions: Daicel Chiralpak AD-RH, AcetonitrileAVater 50:50, flow
rate 0.8 mL min"1, k=254 nm. A) Chromatogram of the crude mixture of 7: major enantiomer

tR=6.33 min., kmax=249 nm. and minor enantiomer tR=8.60 min., A.max=249nm., B) Chromatogram of

crystallised 7: major enantiomer tR=6.22 min., kmax=249 nm.
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Figure 4. C) ESMS (+ve) of peak tR—6.33 min. [M+H]+=293. D) ESMS (+ve) of peak tR=8.60 min.

[M+H]+=293. E) UV-vis spectra of peak tR=6.33 min. max=249 nm. F) UV-vis spectra of peak

tR-8.60 min. max-249 nm.
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2.3. LC-MASS for S'-l-(4-bromophenyl)-3a-hydroxy-6-methyl-2,3,3a,4-tetrahydro-

l//-pyrrolo[2,3-£]quinoIin-4-one (135)
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Figure 5. Chiral HPLC analysis. Conditions: Daicel Chiralpak AD-RH, AcetonitrileAVater 50:50, flow
rate 0.8 mL min"1, h=254 nm. A) chromatogram of the crude mixture of 135: major enantiomer

tR=29.12 min., >,max=244 nm and minor enantiomer tR=59.25 min., Xmax=244 nm. B) chromatogram of
the crystallised bromo-blebbistatin analogue (135): major enantiomer tR=29.18 min., tanax=244 nm. *
Minor impurity at tR=13.95 min.
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Figure 6. C) ESMS (+ve) of peak tR=29.12 min. [M+H]+=371, [M+H]+=373. D) ESMS (+ve) of peak
tR=59.25 min. [M+E[]+=371, [M+H]+=373. E), UV-vis spectra of peak tR=29.12 min. max=244 nm.

F) UV-vis spectra of peak tR=59.25 min. max=244 nm.
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