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Abstract

This thesis is concerned with the drug development study against the common cold based on

the (−)-thysanone scaffold. The common cold, majorly caused by the Human Rhinovirus,

still remains one of the major causes of work-loss in industrialised countries and currently

only symptomatic treatment is available to treat these viral infections. Thus, even though

this illness is not life threatening, a direct anti-viral drug would be of significant benefit.

(−)-Thysanone was isolated from the fungus Thysanophora penicilloides and was shown

to inhibit the viral enzyme HRV 3C protease with an IC50 of 13 µg/mL (47 µM). HRV 3C

protease is required for viral replication, thus inhibition of this enzyme will also inhibit the

reproduction of the virus.
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This study is divided into three parts. The first part gives a brief introduction to the

common cold, its major cause -the Human Rhinovirus- and attempts for drug development.

The second part describes the determination of structure activity relationships (SAR)

of a first generation library of inhibitors based on the (−)-thysanone scaffold and also

pharmacodynamic aspects, such as the molecular mechanism of action of (−)-thysanone

with HRV 3C protease, cross interactions with other important human proteases and

cytotoxicity assays of our library of compounds against a human lung epithelia cell line. The

third part then describes the syntheses of all analogues. Two literature known preparations of

the natural product and the 7,9-dideoxy analogue were followed as well as the development

of a new strategy for the synthesis of 2-carbathysanone using a Hauser-Kraus annulation

as key-step and the development of a new synthetic approach for 7-deoxy analogues using

an oxa-Pictet-Spengler reaction in the key step. This oxa-Pictet-Spengler approach was also

used for development of a new synthetic strategy for thysanone also involving C-H activation

chemistry.
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Focus on the journey, not the destination.

Joy is found not in finishing an activity but in doing it.

Greg Anderson

———————————

The cure for boredom is curiosity.

There is no cure for curiosity

Dorothy Parker
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Chapter 1

The Cause of the Common Cold

1.1 The common cold

The common cold, or non-influenza-related viral respiratory tract infection (VRTI), is

the most commonly occuring human illness. Due to the high infection rate, VRTIs are

associated with significant patient morbidity and related mortality.[ 1] Surprisingly, morbidity

due to VRTIs in developing countries is equal to industrialised countries[ 2] and is the leading

cause of death for children under five years worldwide.

VRTIs can be caused by a variety of viruses, the most common being the Human Rhinovirus

(HRV), however, Coronaviridae, Adenoviridae, Paramyxoviridae and Orthomyxoviridae

also cause VRTI.[ 2,3] Infections occur mainly in the upper respiratory tract. The temperature

of this system is mainly dependent on air inhaled from the surrounding environment. Due

to an optimal growth temperature of 33 ◦C for the Rhinovirus, VTRIs predominate in the

colder months, even though the virus is present all year-round.[ 4] General symptoms of a

Rhinovirus infection are cough, sore throat, running nose, nasal congestion and fever. Other

symptoms can include conjunctivitis (pink eye), muscle aches, fatigue, headaches, shivering

and loss of appetite. The common cold usually resolves spontaneously in 7 to 10 days, but

some symptoms can last for up to three weeks. Currently only symptomatic treatment is

available to medicate Rhinovirus infections.
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A nationwide telephone survey of US households conducted between November 3, 2000, and

February 12, 2001 showed that 500 million colds occur in the United States of America each

year.[ 1,5,6] It is reported that these infections cost US$40 billion each year (Figure 1.1). This

puts VRTI ahead of conditions such as high blood pressure, chronic obstructive pulmonary

disease (COPD), congestive heart failure (CHF), asthma and migraines in term of healthcare

costs (Figure 1.1).[ 5,6]

There were no circumstances in the Monte Carlo
simulation or the univariate sensitivity analysis in which
the estimated total economic burden of VRTI decreased
below $30 billion per year.

COMMENT

Non–influenza-related VRTI has typically been per-
ceived as a self-limiting condition with little or no eco-
nomic impact on society and the health care system.21,40

However, our findings suggest that the resultant clinical
and cost ramifications attributable to this common con-
dition impose a significant clinical and economic burden
on society, approaching or surpassing the costs of many
common diseases (Figure 4). Our $40 billion estimate
places VRTI at or above many significant chronic condi-
tions, including hypertension, chronic obstructive pul-
monary disease, congestive heart failure, asthma, and mi-
graine, for total annual cost in the United States (Figure
4). The total cost of VRTI is much greater compared with
other acute conditions, such as allergic rhinitis.

Given these findings and that antiviral therapies are
forthcoming, this common and expensive disease war-
rants increased attention from clinicians and policy mak-
ers. Based on our results, an innovation that can de-
crease the number of workdays lost, reduce inappropriate
antibiotic use, prevent costly complications, diminish phy-
sician visits, or reduce viral transmission will likely have
a profound effect on the economic burden.

The burden of non–influenza-related VRTI is highly
dependent, not surprisingly, on the incidence. Al-
though the published literature9,49 reports a wide vari-
ability in the range of VRTI incidence, VRTI due to pi-
cornavirus—unlike influenza—remains highly prevalent
from one year to the next. The National Institute of Al-
lergy and Infectious Disease estimates that the number
of colds exceeds 1 billion annually, while the NCHS es-
timated in 1996 that almost 62 million cases of non–

influenza-related VRTI (more specifically, the common
cold) required medical attention and resulted in re-
stricted activity.5,8,9 The National Institute of Allergy and
Infectious Disease estimate is based on research5,15,50 in-
dicating that adults experience 2 to 4 non–influenza-
related VRTI cases per year and children experience 6
to 8 cases per year. This estimate may not be represen-
tative of the US population because of study sample char-
acteristics. Likewise, the NCHS figure is not representa-
tive of the overall incidence because cases were only
reported if the respondent sought medical attention or
had normal activities restricted, indicating a more se-
vere episode. Our survey-based estimate is intermediate
among the published values.

If we were to apply the non–influenza-related VRTI
incidence estimate from the NCHS to our conceptual frame-
work and self-reported treatment patterns derived from
more than 4000 respondents, the total cost estimate would
decrease to roughly $5 billion. Likewise, if we were to as-
sume 1 billion episodes, as cited by the National Institute
of Allergy and Infectious Disease, the total annual cost of
VRTI would approach $80 billion. Our incidence esti-
mate (500 million annual episodes), derived from a rep-
resentative national sample, provides a reasonable basis for
an estimate of the economic burden of VRTI.

Non–influenza-related VRTI should no longer be
viewed as a benign self-limited condition treated exclu-
sively with OTC medications. Primary care office visits
(!116 million per year) result in a $7.7 billion cost to
the health care system. The survey results indicated that
17% of adults and 33% of children who experience a non–
influenza-related VRTI episode seek medical attention
through either a physician’s office or an emergency de-
partment. These figures are similar to those generated from
previously conducted epidemiological research.38

In addition to the cost of these visits, VRTIs often lead
to inappropriate treatment with antibiotics. Our respon-
dents reported that 39% of adults and 33% of children seek-
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Figure 1.1: Cost of illness for selected diseases in the United States of America.[ 7–14]

This annual healthcare cost of $40 billion can be separated into direct medical costs

(US$17.5 billion) such as doctor fees and treatment costs, and indirect medical costs

(US$22.5 billion, Figure 1.2). Indirect medical costs represent missed workdays per

year, which can be further separated into workdays that are missed because of illness

(US$8 billion) and workdays that are missed because of caregiving to young infected

children (US$14.5 billion).
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ure, the variables on which the precision of the total cost
of VRTI is most dependent include the hourly wage of the
caregiver and the number of workdays missed by care-
givers and those with a non–influenza-related VRTI. If the
hourly wage for lost productivity was reduced from $14.35
to $9.63 and all other inputs remained constant, the total

cost of illness estimate would decrease to $34.7 billion. Like-
wise, if the caregiver wage was assumed to be $19.07 (a
33% increase), the total cost would be $44.2 billion.
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Figure 2. Economic impact of non–influenza-related viral respiratory tract
infection, by type of medical cost and type of work loss.

Caregiver Wage, $/h
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Physician Office Visit Cost, $

Physician Office Visit, %

LRTI Cost, $

OTC Cost, $

LRTI, %

Physician ED Consultation, %

30 35 40 45 50
Total Cost of VRTI, Billion US $

 9.63

84 698 556

 9.63

46 984 718

 38.81

 154.95

 5.58

 2.68

 20.18

 0.70

 19.07

 167 745 144

 19.07

 93 053 042

 76.87

 306.87

 11.04

 4.20

 23.76

 1.62

Figure 3. Univariate sensitivity analysis: impact of individual variables on the
cost of viral respiratory tract infection (VRTI). The impact of changing the
value of selected variables on the total cost of VRTI is shown. Ranges
evaluated for individual variables are shown at the ends of the horizontal
bars. LRTI indicates lower respiratory tract infection; OTC, over-the-counter;
and ED, emergency department.

Table 2. Inputs Used to Estimate the Economic Burden of Non!Influenza-Related VRTI

Category

Weighted Average Estimate per Episode*

SourceUtilization Cost, US $

Epidemiological findings
US population 281 421 906 NA 2000 US Census
Incidence rate of VRTI 72.3% (71.1%-73.5%) NA Epidemiological survey
Episodes in people experiencing VRTI/y 2.48 (1.65-3.30) NA Epidemiological survey
Total episodes/y 503 528 989 (337 882 694-669 175 284) NA Data not available

Direct medical costs
OTC use 69.1% (67.7%-70.5%) 8.31 (5.58-11.04) Epidemiological survey
Physician encounter

Telephone consultation 4.61% (3.96%-5.24%) 0 Epidemiological survey
Office consultation 22.0% (20.2%-23.8%) 57.84 (38.81-76.87) Epidemiological survey, Mainous et al,35

and the 1997 MEPS38

ED consultation 1.2% (0.7%-1.6%) 211.92 (147.88-292.86) Mainous et al35 and the 1997 MEPS38

Antibiotic Rx 8.2% (7.4%-9.0%) 26.44 (18.44-36.54) Epidemiological survey and Cardinale36

Symptomatic Rx 3.1% (2.5%-3.6%) 25.13 (16.53-33.73) Epidemiological survey and Cardinale36

Complications
Sinusitis 0.5% (0.06%-0.32%) 56.78 (39.62-78.48) Dingle et al15 and the 1997 MEPS38

Otitis media 2.0% (1.3%-2.8%) 66.73 (46.57-92.23) Dingle et al15 and the 1997 MEPS38

LRTI 3.4% (2.7%-4.2%) 222.06 (154.95-306.87) Clinical trials and the 1997 MEPS38

Indirect costs
Caregiver

Missed school days 186 million (NA) NA 1996 NHIS report9

Missed workdays 126 (85-168) million 14.35 (9.63-19.07)† 1996 NHIS report9 and epidemiological
survey

Employee
Missed workdays 70 (47-93) million 14.35 (9.63-19.07)† 1996 NHIS report,9 epidemiological

survey, and McIsaac et al39

Abbreviations: VRTI, viral respiratory tract infection; OTC, over-the-counter; MEPS, Medical Expenditure Panel Survey; ED, emergency department; Rx, prescription;
LRTI, lower respiratory tract infection; NHIS, National Health Interview Survey; NA, data not applicable.

*Weighted across adults and children. Data in parentheses are 95% confidence intervals.
†Per hour.
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Figure 1.2: Economic impact of non-influenza-related viral respiratory tract infection (VRTI).[ 1]
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1.2 The Human Rhinovirus

As previously stated, the main cause of VRTIs in humans are Rhinoviruses. Rhinoviruses

consist of 105 serotypes and belong to the genus Enterovirus and the family of the

Picornaviridae.[ 15]

Rhinoviruses are non-enveloped, single-stranded positive sense RNA viruses with an

icosahedral capsid ∼30 nm across, containing an unusual RNA genome, which comprises a

protein at the 5’ end. This protein is called VPg (virus protein genome linked) and is used

as a primer for the RNA replication process by the viral RNA-dependent RNA polymerase

(RDRP).[ 16–19] The icosahedral capsid consists of 60 identical protomers, each composed of

four structural proteins, designated VP (viral protein)1, VP2, VP3 and VP4. Only VP1, VP2

and VP3 are present on the outer capsid of the virus whilst VP4 lies on the inner surface and

serves to anchor the capsid to the RNA genome (Figure 1.3).[ 20] Therefore, variations within

capsid proteinsVP1, VP2 and VP3 lead to different antigenic serotypes in the picornavirus

family.

- 6 -

Figure 2: Schematic of poliovirus virion, showing the names and locations of capsid

proteins and genomic RNA (From (126)).

5x

3x

2x

Figure 1.3: Arrangement of the viral capsid proteins in Rhinoviruses.
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1.2.1 The life cycle of HRV

Figure 1.4 demonstrates the life cycle of HRV, beginning with HRV infection of the host

cell, followed by HRV replication and ending with cell lysis in order to release new virus

particles.
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and various host-cell components during the viral life 
cycle. As shown in TABLE 1, five picornavirus genera 
have a polypeptide, termed ‘L’ or ‘leader’ protein, at 
the amino terminus of their polyprotein, immedi-
ately preceding the P1 (capsid) region; although not 
present in enteroviruses, rhinoviruses, hepatoviruses 
or parecho viruses, this protein is included in the 
summary diagram (FIG. 2).

The viral polyprotein is rapidly processed both dur-
ing and after translation, with exquisite specificity, at 
amino-acid sequences recognized by proteases encoded 
in the viral genome. This processing cascade is initi-
ated by one or more primary cleavage events carried 
out in cis, followed by a series of trans cleavages that 
generate the mature polypeptides, as well as several 
precursor molecules, that render the host cell a suitable 
environment for viral RNA replication and progeny-
virus production36. In most instances, the intermediate 
cleavage products have different functional specificities 
from their mature counterparts. The precise details of 
these cleavage events are complex, differ among the 
genera and will not be exhaustively described herein. 
Most of the cleavages along the viral polyprotein 
occur between Gln–Gly pairs37 and are mediated by 
the 3C polypeptide, a chymotrypsin-like protease. At 
least two other proteolytic activities are encoded by 
picornaviruses. For most picornaviruses, the 2A pro-
tein is a chymo trypsin-like protease that has a role in 

polyprotein cleavage, and it might also  be important in 
viral RNA replication. However, the 2A protein of aphtho- 
and cardioviruses might not be proteolytic; these viruses 
have a conserved Asn–Pro–Gly–Pro motif at the 2A–2B 
junction, and it has been suggested that the two proteins 
are separated not by 2A-mediated cleavage, but instead 
by ribosomal ‘skipping’ that prevents the formation of 
the Gly–Pro peptide bond, therefore uncoupling the 
P1–2A region from the rest of the viral polyprotein38. 
The third picornaviral protease is the aphthovirus 
L protein, a cysteine-type protease that releases itself 
from the P1 region of the polyprotein. The L proteins 
of cardioviruses and kobuviruses are not proteo lytically 
active and are released from the P1 region of the 
polyprotein by 3C.

Picornaviral genome replication takes place in a viral 
replication complex (FIG. 1) and depends on the RNA-
dependent RNA polymerase 3D, which is the most 
highly conserved polypeptide among members of the 
family Picornaviridae. Similar to other RNA-dependent 
polymerases, 3D is error prone and misincorporates 
~1–2 nucleotides per genome-copying event39. As a 
result, picornaviruses undergo rapid mutation and 
evolution in the host, as exemplified by live polio-
virus vaccine, in which reversion to neurovirulence 
occurs within days of administration40 and under-
pins the rare cases of vaccine-derived poliomyelitis 
described above41.

Figure 1 | Summary of the picornavirus life cycle. The life cycle of a typical picornavirus is illustrated, and the main events 
included are described in the text. © represents the m7G cap, present on most host mRNAs. Positive-sense viral RNA is shown 
in purple and negative-sense RNA in red. Figure modified with permission from REF. 151 © VCH Publishers (1996). dsRNA, 
double-stranded RNA; IRES, internal ribosome entry site. 
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Figure 1.4: The life cycle of HRV.[ 21]

A. HRV infection of the host cell

Infection begins by the viral particle binding to cognate receptors on the surface of the

host cell such as ICAM-1 (intercellular adhesion molecule-1). The presence or absence

of particular receptors on the cell surface determines the viral tropism for that particular cell

type.[ 22] Several cellular receptors recognised by viruses have been identified and most of

them belong to the immunoglobulin superfamily (IgSF). These molecules have a common

structural feature consisting of tandem repeats of two to five Ig-like domains.[ 23] The

carboxy-terminal sequence of the receptor proteins are anchored to the host cell membrane

while the amino-terminal domain contains the viral recognition site. The binding of the
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virus particle to these domains causes a conformational change in the viral capsid proteins,

particularly in VP4. These conformational changes allow both entry of the virus into the host

cell and subsequent uncoating to release the viral plus stranded RNA genome into the host

cell cytoplasm initiating the replication of the virus.

B. HRV replication

The whole replication cycle occurs within the host cell cytoplasm. The viral plus stranded

RNA genome, once released into the host cell cytoplasm, is replicated by viral RDRP

through a double-stranded RNA intermediate.[ 24]

The replication cycle of Picornaviridae is completed within approximately eight hours,

the exact duration being dependent on temperature, pH, cell type and number of virions

infecting one cell. An average replication cycle can be described as follows: After 30 min

of infection the synthesis of host-cell proteins is shut off and over the next 1-2 hours a

loss of margination of chromatin and homogeneity in the nucleus occurs, followed by viral

protein synthesis. After 3 hours the cell plasma membrane looses its structural integrity

and becomes permeable, after 4-6 hours the virus particles assemble and after 8 hours

post-infection the cell is effectively dead and lyses to release the newly formed viral particles.

B.1 The viral genome

Figure 1.5 shows the viral RNA genome in comparison to the resulting viral polyprotein.

The polyprotein is processed into functional viral proteins and enzymes by two virally

encoded proteases designated as 2A and 3C. This section will describe the function of the

encoded proteins and enzymes as well as the processing of the viral polyprotein.
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2C��� 3A��� 3B��� 3C��� 3D���2B���2A���VP1���VP3���VP0���

2C��� 3A��� 3B��� 3C��� 3D���2B���2A���VP1���VP3���VP0���

2C��� 3A��� 3B��� 3C��� 3D���2B���2A���VP1���VP3���VP0���

HRV 2A protease���

 HRV 3C protease���

VP0���

VP4��� VP2���

P1��� P2��� P3���
viral RNA genome���
viral poly-protein���

Figure 1.5: Protein self processing of the viral polyprotein by the viral HRV 2A and HRV 3C
proteases and self processing of VP0 to VP2 and VP4.

Proteins encoded in the viral genome of HRV

The P1 region:

The structural proteins of the viral capsid (VP1-VP4) are encoded by the P1 region of the

viral RNA genome, which were already described.

The P2 region:

The P2 region comprises three viral enzymes: 2A, 2B and 2C. The viral protease 2A

is responsible for the cleavage between the P1 and P2 region of the polyprotein. The

viral protein 2B affects host-membrane integrity and causes an increase in host-membrane

permeability. The viral ATPase (designated 2C) associates with the host cell membrane and

induces structural rearrangements and also displays RNA-binding activity.

The P3 region:

The P3 region of the viral RNA encodes four proteins: 3A, 3B, 3C and 3D. The viral protein

3A serves as a host-membrane anchor via its hydrophobic domain and is involved in the

initiation of plus strand RNA synthesis. The viral protein 3B is also known as VPg (viral

protein genome-linked) and as previously stated, VPg is attached to the 5’ end of the viral

RNA genome and acts as a primer for the replication governed by RDRP. RDRP is also

encoded in the P3 region and is designated as protein 3D. The viral protease 3C is responsible

for all remaining polyprotein cleavages.
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Processing of the viral polyprotein

Translation of the mRNA (messenger RNA) that is produced by RDRP is undertaken by host

cell ribosomes. However, translation is not initiated by a (5’)G-cap as usual, but rather by

a single IRES (internal ribosome entry site), and thus one single polyprotein precursor is

produced. This polyprotein precursor is self-processed by the encoded viral proteases 2A

and 3C to generate functional proteins and enzymes (Figure 1.5).[ 25–27] HRV 2A protease

catalyses the first cleavage between the structural and nonstructural proteins (P1 and P2

region) of the viral polyprotein, while the polyprotein still remains in translation process.

HRV 3C protease catalyses all but one of the subsequent internal cleavages to form the

remainder of the functional viral proteins. The structural proteins of P1 are also further

cleaved by HRV 3C protease to form VP0, VP3 and VP1. VP0 initiates its own cleavage

later during virus assembly to form VP4 and VP2.

B.2 Virus assembly

The structural proteins VP1-VP4 self-assemble with the RNA genome containing the VPg

protein on the 5’ end to form a complete virus particle.



Chapter 2

Discovery of Effective Drugs Against

HRV

A series of compounds have been developed over the past decades, aimed at treating HRV

infections by targeting specific viral proteins associated with the replication cycle. As

described, the HRV replication cycle starts upon binding of the virion to the host cell

and ends with the release of the new virus particles. Theoretically, every step in the viral

replication cycle is a potential target for antiviral drugs and indeed, antiviral drugs interfering

with most of the stages of HRV replication have been developed during the last three

decades.[ 28] These compounds target either structural or non-structural proteins of HRV and

will be discussed in this section. Immunomodulator compounds, compounds acting on the

cellular level and non-specific macromolecules are known but will not be discussed.[ 29]

2.1 Capsid binders - the canyon hypothesis

Rossmann et al. published the first atomic resolution structure of HRV in 1985[ 30,31] and

revealed the presence of a deep surface depression on each icosahedral face of the virion,

encircling each of the 5-fold vertices of the icosahedral capsid (Figure 2.1). This canyon

is inaccessible to the broad antigen binding region of antibodies, permitting conservation

of residues which were proposed to be required for host cell receptor recognition without

danger of attack by the host’s immune system.[ 24,31,32] Structural features of exposed areas

of the virion change rapidly under the pressure of the host’s immune system, however, the
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canyon remains structurally conserved.[ 31] It was therefore hypothesised that this depression

was the site of host cell receptor attachment (canyon hypothesis).
14588 Minireview: The Canyon Hypothesis 

picornaviruses. The thickly outlined VP2, VP3, VP1  unit corresponds to  the 
FIG. 2. Diagrammatic representation of an icosahedral capsid in 

6 S (VPO, VP3, VP1) protomer. The  thickly outlined 15-mer cap corresponds 
to  the 14 S pentamer observed in assembly experiments. Shown also is the 
position of the canyon around each &fold axis (modified from a diagram by 
Rossmann et al. (9)). 

THE CANYON HYPOTHESIS 

FIG. 3. The presence of depressions on the picornavirus  surface 
suggests a  strategy for the evasion of immune surveillance. The  dimen- 
sions of the  putative receptor binding  sites  (the canyon in HRV14, the  pit  in 
Mengo virus) sterically hinder an antibody’s (top right) recognition of residues 

cellular receptor (top left). This would allow for receptor specificity while at  the 
at  the base of the  site while still allowing recognition and binding by a smaller 

same time permitting evolution of new serotypes by mutating residues about 
the rim of the canyon or  pit  (reprinted with permission from Luo et al. (13); 
copyright by the American Association for the Advancement of Science). 

protein coat. The molecular weight of the particles varies from 6.5 to 
8.5 X IO6 with 20-33% RNA by weight. There  are 180 surface protein 
subunits or domains in the structure which either  are all covalently 
identical (as in many plant and insect viruses) or consist of three 
different types of polypeptide folded the same way (as, for instance, 
in picornaviruses). Their organization into the capsid (Fig. 2) is 
always essentially the same. The RNA, which is a single oligonucle- 
otide, in general lacks icosahedral symmetry, but sometimes the 
protein coat can impose some symmetry on the RNA secondary 
structure (26). The immunodominant VP1 clusters about the 5-fold 
axes in picornaviruses, while VP2 and VP3 cluster  around the pseudo 
&fold axes, corresponding to the icosahedral 3-fold axes. The canyon 
is formed roughly at  the junction of VP1 (in  the  north)  and VP3 (in 
the south). The “FMDV loop” of VP1  (PG-pH) forms much of the 
floor of the canyon and, together with the carboxyl termini of VP1 
and VP3, also forms the south rim of the canyon. 

In the studies of HRV14 (14, 15) and poliovirus (16), a series of 
neutralizing monoclonal antibodies was isolated and used to screen 

for mutants that were infectious in the presence of the antibodies. 
These  mutants were then sequenced and found to be mostly single 
site mutations.  Furthermore, both in HRV14 and poliovirus, the 
monoclonals could be organized into four groups related to different 
sites on the virus. The escape mutants did not all cluster on the same 
small peptide. They mapped onto protrusions on either side of the 
canyon. All the escape mutants corresponded to highly  exposed 
residues. The  mutants clustered into regions on the virus correspond- 
ing to  the four epitopes suggested by the monoclonal groupings. 
Furthermore, sequence comparisons with other rhinoviruses showed 
that these neutralizing immunogenic sites correspond to  the most 
variable parts of the virus surface. Thus,  the deep canyon, lined by 
conserved residues, is surrounded by hypervariable regions that can 
bind neutralizing antibodies. The surface residues within one icosa- 
hedral asymmetric unit, projected onto  a  plane perpendicular to  an 
icosahedral 2-fold axis, are shown in Fig. 4 for HRV14. The canyon 
is identified-by a thick contour that demarcates surface atoms at less 
than a 138-A radius. 

Alterations of the Canyon Shape That Inhibit  Attachment 
Colonno et al. (3) have selected a limited number of residues 

(K1103, P1155, H1220, S1223 in VP1) that line the canyon (Fig. 4) 
and specifically mutated these. They showed that in most cases there 
was a change in the ability of the virus to bind to cell membranes, 
the appearance of plaques, and  the virus yield. In one case (P1155 + 
G) there was an increased affinity of the virus to membranes, in two 
cases (K1103 + R, K1103 + I)  there was little change in  the binding 
affinity although plaque shape and virus yield  were affected, and in 
all other cases there was a decreased affinity of virus to membranes. 
Interestingly, changing HI220 had the greatest effect on the proper- 
ties of virus attachment. A control experiment was also performed in 
which it was shown that a  mutation at site 1273 had no marked effect. 
While these experiments do not map the complete receptor attach- 
ment site, they do show some of the viral residues that participate in 
the cell attachment process. 

A series of anti-rhinovirus drugs (“WIN compounds”) has been 
under development by the  Sterling Research Group (27). Similar 
compounds have also been under investigation elsewhere. They prob- 
ably all bind to  the same site on the virion as they are all affected to 
some extent by escape mutants selected against a specific drug. These 
compounds were  shown to inhibit viral uncoating after host cell 
membrane penetration (28, 29). They have been studied structurally 
(30,31) and shown to bind  into an interior hydrophobic pocket within 
VPl  underneath the canyon floor. in  HRV14 they also cause sizable 
conformational changes of up to 4 A in main chain and 7.5 A in side 
chain positions. These changes are triggered by a displacement of 
M1221 when the drug enters  the pocket and are mostly independent 
of which WIN compound is bound. The largest changes are in the 
“FMDV loop” where it crosses the canyon floor with H1220 experi- 
encing the biggest conformational change. The structural changes, 
induced by drug binding to HRVl4 into the  internal pocket, cause 
conformational changes to  the virus exterior that are largely confined 
to  the canyon. It was, therefore, speculated that drug binding would 
also inhibit  attachment. This was, indeed, demonstrated in a series 
of experiments measuring labeled virus attachment  to membranes 
(4). The inhibiting  concentrations to reduce viral attachment (meas- 
ured with labeled virus on isolated membranes) to one-half of  wild 
type were of the same order of magnitude as the minimal inhibitory 
concentrations to reduce plaque counts to one-half of wild type. Thus, 
in HRV14 these drugs neutralize infectivity both by inhibition of 
attachment as well as by inhibition of uncoating. Furthermore, at- 
tachment is presumably prevented by the conformational changes on 
the canyon floor induced by WIN drug binding. 

A study of HRVlA showed that  the wild type virus had  a confor- 
mation closely similar to  that of HRV14 when  complexed with WIN 
drugs. When WIN compounds are bound to HRVlA no further 
conformational changes occur.? HRV2, which, like HRVlA, belongs 
to  the minor rhinovirus receptor group, cannot be inhibited in binding 
to membranes by the presence of WIN drugs. Tentative results for 
HRVlA likewise  show  no inhibition of attachment by WIN com- 
p o u n d ~ . ~  These observations strongly correlate conformational 
changes in the canyon with inhibition of viral attachment (Table  I). 

Cardioviruses, unlike rhinoviruses, are moderately stable a t  low 
pH. On lowering the  pH of Mengo virus crystals from 7.3 to 4.6, large 

‘Kim, S., Smith,  T. J., Chapman, M. S., Rossmann, M. G., Pevear, D.  C., 
Dutko, F. J., Felock, P. J., Diana, G. D., and McKlnlay, M. A. (1989) J .  Mol. 
Biol., in press. 

D. C. Pevear,  private communication. 

Figure 2.1: Diagrammatic representation of an icosahedral capsid in picornaviruses including the
indication of the position of the canyon around each 5-fold axis.[ 31]

2.1.1 Capsid binders - mechanism of action

In order to prevent virus replication, capsid binding agents have to bind to the canyon.[ 33,34]

Rossmann et al. showed that these agents may integrate into mature viruses by diffusion as

well as into progeny viruses during assembly.[ 35] By binding to the canyon, the drug induces

conformational changes within the virion which may prevent uncoating as well as hindering

virus-receptor interactions by competing with the host cell receptors for binding space.[ 35–39]

However, for some serotypes of HRV, capsid binders did not prevent virus attachment to the

host cell but rather prevented uncoating of the RNA genome.

2.1.2 Examples of capsid binders

Till now, various potent compounds belonging to diverse chemical classes have been

described as capsid binding inhibitors of HRV (Figure 2.2). Pleconaril (WIN 63843) 1.1

was the first known capsid binder and was developed by Sterling-Winthrop.[ 34,39,40,40–51]

This compound is well researched and will be discussed in detail as an example for the

development of capsid binding molecules against HRV infections in the next section. Other

inhibitors known to bind to the HRV capsid are the benzooxazole BTA 798 1.2,[ 52,53]

compounds 1.3[ 54,55] and 1.4,[ 56–59] piperazin derivative SDZ 880-061 1.5,[ 60–66] chalcone
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Ro 09-0410 1.6,[ 67–70] 4′,6-dichloroflavan (BW 863C) 1.7,[ 60–66] 44 081 R.P. 1.8,[ 71,72]

dibenzofurancarboxylic acid 1.9,[ 73] phenoxybenzene MDL-860 1.10,[ 74,75] pirodavir

(R77975) 1.11[ 52,76–79] and isoflavan 1.12[ 80,81] (Figure 2.2).
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Figure 2.2: Structures of capsid binding inhibitors of HRV.
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2.1.3 Pleconaril

A review of pleconaril 1.1 drug development highlights the long road to the discovery of a

potentially clinically effective anti-HRV drug.[ 82]

The story of pleconaril 1.1 started with extensive lead optimisation of a serendipitously

discovered compound by Sterling-Winthrop. The first inhibitors originated from juvenile

hormone mimetics which demonstrated some activity against HRV-1A. This led to

the development of a series of WIN compounds concluding with the development of

pleconaril 1.1 (Figure 2.2).[ 33] Several structural studies of different WIN compounds

complexed with HRV showed that this compound binds into a hydrophobic interior

pocket formed by the β-barrel of VP1 underneath the floor of the canyon. This induces

conformational changes on the floor of the canyon which results in a decrease in the ability

of the virus to bind the host-cell receptor ICAM-1 as well as the inability to uncoat the

viral RNA (Figure 2.3).[ 34,38,39,43,44,83] This knowledge was used to design new compounds

such as pleconaril 1.1, which confirmed both that selectively targeting the canyon prevented

infection of host cells and also the canyon hypothesis.[ 45–48]

constricts or stiffens the pentamer channel sufficiently that the RNA and/or VP4 cannot exit, thus
preventing uncoating.

Studies with HRV-14 revealed that also shorter, more hydrophilic WIN fragments (WIN 52452
andWIN 58768), consisting of only the phenyl end of the longer activeWIN compounds, could bind
into the pocket beneath the canyonfloor. These compounds caused conformational changes similar to
the longer compounds, and provided some stability to the HRV-14 capsid. It was concluded that these
short compounds mimic the cellular cofactors observed in the hydrophobic pocket for some
picornaviruses, but are unlikely to inhibit viral attachment.97

Anothermajor receptor group rhinovirus serotype,HRV-16,was shown to posses a pocket factor,
similar to HRV-1A.98 Although receptor attachment was prevented upon binding ofWIN 56291, the
presence of the drug did not cause a deformation of the pocket. The authors postulate that the receptor
binding of HRV-16 can occur only when the pocket is temporarily empty, when it is possible for the
canyon floor to be forced downwards into the pocket.98 The interactions of some more WIN
compounds in complex with HRV-16 have been studied more in detail by Hadfield et al.99

Drug-resistant or -dependent variants have been generated for WIN compounds with human
rhinovirus 14, HRV-16, poliovirus type 3 and coxsackievirus B3.71,72,100–105 All these studies
confirm the involvement of residues in the VP1 cleft regarding the interaction between WIN
compounds and the viral capsid. The crucial role of amino acids L1191 and L1092 for pleconaril
resistance of species B rhinoviruses and ofCVB3was demonstrated bymutational analysis and use of
recombinant viruses, respectively.106,107

A systematic evaluation of several reported rhinovirus capsid binding-compounds against all
serotyped rhinoviruses was performed by Andries et al.108 This study revealed the existence of two
groups of rhinoviruses, which were designated antiviral group A and B. Group A rhinoviruses were
preferentially inhibited by compounds with a longer chain, whereas short-chained compounds

Figure 4. MechanismofactionofWINcompounds.Left:Schematicrepresentationofbindingbetween ICAM-1 (heresimplifiedasa
two-domain fragment) andmajorgroupHRV. ICAM-1binds to the floorof the canyon, surroundingeachfivefoldaxis, inducingcon-
formationalchanges thateventually lead touncoatingof the virusandreleaseof the viral RNA.Right:Bindingofa‘‘WINcompound’’
occurs in an interior hydrophobic pocket, located beneath the floor of the canyon. By occupying this pocket (i) conformational
changes occur in the floor of the pocket, hampering the ability of virions to interact with their receptor and (ii) virion rigidity is
increased, preventinguncoatingof the virusandsubsequent release of viral RNA (adapted from376).

PICORNAVIRUS REPLICATION * 831

Medicinal Research Reviews DOI 10.1002/med

Figure 2.3: Mechanism of action of WIN compounds. Left: simplified binding of ICAM-1 to VP1.
Right: simplified inhibition by WIN compound of binding of ICAM-1 to VP1.[ 28]

Pleconaril 1.1 was already the second generation of drugs from this series that entered

clinical trials and reached phase III clinical trials in 2000.[ 49] In a double-blind,

placebo-controlled clinical trial involving nearly 2100 picornavirus-infected patients,

pleconaril 1.1 was shown to reduce the duration and the severity of common cold symptoms
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when it was administered within 24 hours of symptom onset.[ 50] However, in 2002 the US

FDA did not approve pleconaril 1.1 for the treatment of the common cold because the panel

remained unconvinced about the drug’s safety profile.[ 51] ViroPharma licensed pleconaril

in 2003 to Schering-Plough who completed a phase II clinical trial 2007 by administering

pleconaril 1.1 as a nasal spray instead of oral distribution, however, results of this clinical

trial have not yet been reported.

In 2011, AstraZeneca R&D published further developments of pleconaril 1.1.[ 84] The main

concern of pleconaril 1.1 was identified as the induced CYP3A4 (cytochrome P450 3A4)

expression in human studies.[ 85] This side-effect was eliminated by increasing the polarity

of the molecular structure. The researchers at AstraZeneca were able to develop new

compounds such as 1.13 (Figure 2.4), which showed more promising in vitro and in vivo

preclinical results then pleconaril 1.1.[ 84] It was also reported that this study will be continued

in order to identify compounds which have a better chance of successfully progressing into

the market for HRV related viral diseases.[ 84]

N N
N

O
N O

N

1.13

Figure 2.4: Recently optimised structure of pleconaril 1.1.[ 84]
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2.2 Inhibition of viral RNA synthesis

It was shown that rhinoviral RNA can be targeted in a sequence-specific manner by

deoxyribozymes,[ 86] morpholino oligomers,[ 87] and small interfering ribonucleic acids.[ 88]

The efficacy of the latter two approaches was confirmed in cell culture. The next section will

describe inhibitors of the viral RNA synthesis and their mechanism of action if known.

2.2.1 Inhibitors of RDRP and their mechanisms of action

Low molecular weight inhibitors such as 2-furylmercury chloride 1.14,[ 89] pyrrolidine

dithiocarbamic acid 1.15[ 90,91] and quercetin 3-methylether 1.16[ 92–96] (Figure 2.5) interfere

with HRV RNA synthesis and inhibit HRV replication in cell culture-based assays.

Ribavirin 1.17 (Figure 2.5), a nucleoside analogue, does not inhibit only HRV, but also a

broad spectrum of both RNA and DNA viruses.[ 97,98] The principle target of ribavirin 1.17

was shown to be the cellular indosine monophosphate dehydrogenase which controls de novo

synthesis of purine nucleosides.[ 99] It was also shown that ribavirin 1.17 can be incorporated

into HRV RNA. Once incorporated, it pairs equally well with uracil and cytosine, inducing

mutations that can be lethal to RNA viruses.[ 100] Further identified mechanisms of action

of ribavirin 1.17 include inhibition of genomic RNA capping and enhancement of host

T-cell-mediated immunity against viral infections.[ 101]

The benzimidazole derivative enviroxime 1.18 (Figure 2.5) proved to be a highly

active inhibitor of the replication of plus stranded RNA by targeting the viral

3A-protein.[ 102–106,106]It was shown later that it interacts with a variety of host-proteins

and/or cellular factors.[ 107] Although enviroxime 1.18 showed a significant reduction in

infection with Rhinovirus-infected volunteers,[ 108,109] the clinical trials never succeeded due

to poor bioavailability and drug induced side effects.[ 108,110–113]

Pyrrolidine dithiocarbamate (PDTC, 1.19, Figure 2.5) also shows antiviral activity against

Rhinoviruses by interfering with viral RNA and protein synthesis, as well as with viral

polyprotein processing.[ 90,91,114,115]
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2.3 Protease inhibitors

As stated previously, translation of the plus stranded RNA of the Rhinovirus results in one

single polyprotein of about 2,000 amino acids with a total sise of approximately 250 kDa.

This polyprotein is rapidly processed into mature viral proteins by the two viral proteases 2A

and 3C.[ 116–119] Thus, inhibition of these proteases results in unprocessed and inactive viral

polyprotein.

2.3.1 HRV 2A protease

A gene encoding a 2A protease is present in all Picornaviridae and located in the P2

region of the RNA genome.[ 120] It is a member of the chymotrypsin-related protease

family with a cysteine nucleophile and is comprised of a four-stranded anti-parallel β-sheet

at the N-terminus and a larger C-terminal domain containing a six-stranded anti-parallel

β-barrell.[ 121] The catalytic triad is formed by Cys106, His18 and Asp35 which cleaves at the

recognition site (L,I)XTX↓G of its own N-terminus and the C-terminus of VP1 thus dividing

the polyprotein into two smaller polyproteins (Section B.).[ 121–123] HRV 2A protease is also

implicated in the cleavage of the host cell protein eIF4G , disabling translation of host-cell

mRNA.[ 124,125]
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2.3.2 Inhibitors of the 2A protease

König and Rosenwirth reported that iodoacetamide 1.20 and N-ethylmaleimide 1.21

(Figure 2.6) were inhibitors of HRV 2A protease.[ 126] Commercially available peptidic

compounds MCPK (methoxysuccinyl-Ala-Ala-Pro-Val-chloromethylketone) 1.22 (Figure

2.6) and elastatinal 1.23 (Figure 2.6) have also been reported to inhibit HRV 2A protease.[ 127]

Wang et al. described homophthalimides (e.g. compound 1.24, Figure 2.6) as HRV 2A

inhibitors.[ 128] The caspase inhibitor Z-VAD-FMK 1.25 (Figure 2.6) was also shown by

Skern et al. to be an HRV 2A inhibitor.[ 129,130] A recent study by Cortey et al. established

that peptidic inhibitors such as LVLQTM 1.26 (Figure 2.6) act as decoy substrates for HRV

2A protease. These compounds block enzyme activity upon binding and thus affecting

HRV-2 replication ex vivo and in vivo when administered to infected mice.[ 131]
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2.3.3 HRV 3C protease

HRV 2A protease cleaves only one bond of the polyprotein, resulting in two non-active

polyprotein fragments. On the other hand, HRV 3C protease processes eight bonds of

the polyprotein, generating ten active viral proteins and enzymes. This renders HRV 3C

protease a more interesting target in anti-HRV drug development.

HRV 3C protease is a relatively small enzyme with a molecular weight of approximately

20.1 kDa which contains approximately 183 amino acids and has a pI between 8-10.

After self cleavage from the polyprotein, no other post-translational modifications (except

deamidation) are seen. Before the X-ray structure of HRV 3C protease was solved in

1994,[ 132] sequence and structure analysis suggested a chymotrypsin-like overall folding

with a cysteine residue at the catalytic triad rather than a serine.[ 133,134] The X-ray structure

solved by Matthews et al. confirmed these predictions.[ 132]

The amino acid sequence of HRV 3C protease forms two anti-parallel six stranded β-barrel

chymotrypsin-like folds.[ 132] It has a long but shallow active site cleft which is located at

the junction of the two barrel domains. The active site contains a Cys146, a His40, and a

Glu71 residue.[ 132] The oxyanion hole is formed by a GQCGG motif which stabilises the

tetrahedral transition state complex during catalysis. This describes unique structural serine

protease-like features implying that it results from a simple substitution of the catalytically

active serine residue to a cysteine residue .[ 135,136] Another unique structural feature is the

presence of a flexible loop comprising Thr141 for P1 recognition of the substrate, Cys146

for nucleophilic attack on the scissile bond, and Gly144 for stabilisation of the catalytic

transition state complex.[ 132] These structural features, together with the observation

that anions activate the enzyme propose either a potential induced fit mechanismI or

conformational selection.[ 137]II

IThe potential induced fit mechanism model proposes a relatively weak initial interaction between enzyme
and substrate, however, these weak interactions rapidly induce conformational changes in the enzyme that
strengthen the interaction. Furthermore, this structural changes are further enhanced by changing of the
potential, e.g. adding anions.

IIThe conformational selection model requires that the protein adopts conformations that are similar to the
ligand-bound conformation (activated stage) in the absence of ligand. The ligand then selectively binds the
enzyme in the activated stage lowering the energy of this stage and shifting the equilibrium towards ligand
bound enzyme.
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HRV 3C protease is a member of the peptidase C1-family and has a highly conserved

recognition sequence of eight amino acids LEVLFQ↓GP which render HRV 3C protease

highly specific. Studies have shown that the minimal substrate recognised is a six amino acid

peptide P4/P2’ (P4P3P2P1↓P1’P2’) with P1↓P1’ scissile bond being a Q↓G. The catalytic

triad is formed by Cys146, His40 and Glu71 (Figure 2.7).[ 138]

catalytic triad���

S

Cys148

N
N

H

His40

O ON
H

proteinprotein

O
H

S

Cys148

HN
N

His40

HO O
O

N
H

protein protein

Glu71

Glu71

S

Cys148

HN
N

His40

HO O

Glu71

H2N
protein

O

protein

H2O

S

Cys148

N
N

H

His40

O OH

Glu71

H2N
protein

protein OH

O

protein OH

O

N
H

proteinprotein

O

Figure 2.7: Catalytic triad of HRV 3C protease.

The Cys146 residue of the active site attacks the amide bond at the QG-scissile bond of the

protein substrate nucleophilic. The His40 residue further activates the Cys146 residue by

deprotonation of the thiol. The His40 residue itself is activated by the deprotonated Glu71

residue. A tetrahedral intermediate of the cysteine side chain and the protein substrate is

formed which collapses to release the newly generated N-terminus of the protein substrate

as the first of two products. The covalent intermediate is hydrolysed by water which

concomitantly regenerates the catalytic triad with loss of the newly generated C-terminus

of the protein substrate as the second product.
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HRV 3C protease is a multifunctional protein that is involved in many different stages of

the HRV replication beside the polyprotein processing and maturation. It also interferes

with host cell function by catalysing proteolytic degradation of essential cellular proteins. It

was reported that in poliovirus infected cells the 3C protease degrades cellular histone H3

protein, TATA-binding protein, a subunit of transcription factor IIIC, the cAMP-responsible

element binding protein and transcription factor OCT-1.[ 139–145] Most of these proteins are

transcription factors, suggesting a role for HRV 3C protease as a regulator of host cell

expression. HRV 3C protease also has non-proteolytic functions: binding specifically to the

non-coding 5’ region of the viral RNA genome to form a ribonucleoprotein that is thought

to be essential to viral replication.[ 146] Interestingly, this binding site is on the opposite site

of the enzyme to the active proteolytic site. Therefore, the amino acid residues required for

the RNA binding and catalytic activity are different.[ 132,146]

2.3.4 HRV 3C protease inhibitors

HRV 3C protease is probably the most investigated target for anti-HRV drug development

due to its importance in viral protein processing. The different chemical classes of inhibitors

targeting the protease are shown schematically in Figure 2.8.

HRV 3C protease inhibitors���

A: peptidic inhibitors��� non-peptidic inhibitors���

B: peptidomimetics��� C: small molecule inhibitors���

Figure 2.8: Different types of HRV 3C protease inhibitors.

Since the substrates of HRV 3C protease are peptides, the first approach to target this

enzyme was the investigation of substrate-like peptidic inhibitors.[ 28] A wide range of

non-peptidic inhibitors such as small molecule inhibitors were also investigated. The

subclass peptidomimetics combines peptidic and non-peptidic inhibitors.
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A. Peptidic inhibitors

Peptidic inhibitors can be divided into three subclasses, which will be discussed separately:

I: Peptide aldehydes

II: Michael acceptor containing peptides

III: Further modified peptides

I: Peptide aldehydes:

The first class of HRV 3C protease inhibitors to be developed were the peptide aldehydes

(Figure 2.9). The idea for the design of these compounds came from the knowledge that the

protease cleaves a Q↓G scissile bond and that the minimum recognition sequence upstream

of the scissile bond contains at least four amino acids.[ 138]
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Figure 2.9: Peptide aldehydes as one of the first molecule classes studied as HRV 3C protease
inhibitors.

Peptide aldehyde based inhibitors mimic the native GQ-scissile bond motif. The

carboxyl-terminus of glutamine at the Q↓G scissile bond is replaced by an aldehyde, forming
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the C-terminus of the peptide aldehyde inhibitor. This aldehyde functionality was thought to

serve as an electrophilic anchoring group, which mimics the transition state of the peptide

cleavage reaction, disabling subsequent proteolytic cleavage (Scheme 2.1).[ 147]
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Scheme 2.1: Peptide aldehydes mimic the transition state of the peptide cleavage reaction.

Experimental translation of this hypothesis resulted in peptide aldehyde 1.27 (Figure 2.9,

p. 23) with the peptide sequence (BocNH)Val-Leu-Phe-Gln(CHO). However, compound

1.27 only demonstrated moderate antiviral activity due to its ability to cyclise

intramolecularly between the aldehyde and the amide of the glutamine to form a

thermodynamically more stable hemiaminal 1.28 (Figure 2.9), which can not undergo

the electrophilic reaction necessary for HRV 3C protease inhibition.[ 138,148] To prevent

cyclisation of the glutamine side chain with the C-terminal aldehyde, four different

approaches were taken. One of these approaches used a methionine sulfone to mimic the

side chain, which resulted in peptide aldehyde 1.29 (Figure 2.9).[ 149] 1.29 elicited low

to moderate antiviral properties with an inhibition constant of KI = 470 nM. A second

approach was to reverse the order of atoms in the amide side chain, resulting in compounds

such as 1.30 (Figure 2.9), which showed an excellent KI of 5 nM .[ 150]
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A third strategy to avoid the hemiaminal formation was followed by Dragovich et al., in

which the aldehyde moiety was replaced with a ketone, resulting in submicromolar antiviral

activity against a range of Rhinovirus serotypes without exhibiting significant cytotoxictiy

(compound 1.31, Figure 2.9).[ 151] The fourth strategy was the use of N,N-dimethylated

amide 1.32, which showed a KI value of 2.7 µM.[ 152]

II: Michael acceptor containing peptides:

After a number of peptide aldehyde inhibitors were synthesised which bound HRV 3C

protease reversibly, Hanzlik et al. introduced irreversible peptidic inhibitors in 1998 by

replacing the aldehyde functionality with a Michael acceptor group (Figure 2.10).[ 153]

For example compound 1.40 inhibits HRV 3C protease in submicromolar level with an

IC50 value of 0.25±0.02 µM.[ 153] Shortly after this success Agouron Pharmaceuticals

(today Pfizer) published a series of tripeptidyl Michael acceptor based peptides such

as 1.41 (Figure 2.10) which showed irreversible modification of HRV 3C protease.[ 154]

After further investigation of these compounds, no cytotoxicity could be detected

and the compounds showed no reaction towards dithiothreitolIII (DTT). Therefore,

an extensive structure activity relationship (SAR) study was set up to enhance the

activity of the Michael acceptor.[ 154] The substitution of the α,β-unsaturated ester

by an N-acyl lactam produced 1.42 (Figure 2.10) and showed an EC50 value of

0.71 µM.[ 154] Exchange of the carbamate to an thiocarbamate increased the inhibitory

effect of the compound further and resulted in compound 1.43 (Figure 2.10) which showed

an EC50 value of 0.27 µM.[ 155]

IIIDTT (dithiothreitol), also known as Cleland’s reagent, is used as a reducing agent in order to maintain
HRV 3C protease and prevent oxidation of the active site cysteine residue.
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Figure 2.10: Peptides containing a Michael acceptor moiety as HRV 3C protease inhibitors.

III: Further modified peptides

Murray et al. developed diazomethyl ketones (DMK), also based on the natural cleavage site

of HRV 3C protease. Inhibitor ZLFQ-CHN2 1.44 (Figure 2.11) showed strong anti-HRV 3C

protease activity with an IC50 of 1 µM.[ 156] In addition, the tripeptidyl α-ketoamides were

discovered by Chen et al.[ 157] The most potent inhibitor showed an IC50 of 0.85±0.15 µM

(compound 1.45, Figure 2.11).
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Ramponi et al. (1994) showed that cysteine proteases can be inactivated with NO or NO

donors.[ 158] With this knowledge in hand, Wang et al. introduced S-nitrosothiols into peptide

inhibitors (compound 1.46, EC50 = 20 nM, Figure 2.11).[ 159] Inactivation of the enzyme was

achieved by an S-transnitrosylation process leading to permanent modification of the active

site cysteine residue without direct binding of the inhibitor.

B. Peptidomimetics

The peptide inhibitors developed this far have insufficient oral bioavailability due to their

rapid biological clearance. This led to the development of more stable HRV 3C protease

inhibitors by mimicking the peptide structure.[ 160] So-called peptidomimetics show a greater

resistance to peptidic digestion than native peptides. Compound 1.47 (Figure 2.12) has a

modified N-terminus containing an isoxazole. The P1 position of the peptide is modified by

a (S)-γ-lactam moiety. Difluoro-substitution of the phenylalanine residue and the sterically

more hindered isopropyl ester as a Michael acceptor further increased resistance to digestion.

1.47 showed an EC50 value of 3 nM and good bioavailability in dogs but unfortunately

poor bioavailability in animal experiments using CM monkeys.[ 161] The introduction

of a stabilising bicyclic element in the peptide backbone did not improve the overall

antiviral activity (compound 1.48, Figure 2.12).[ 162] Replacement of the difluoro-substituted

phenylalanine residue from compound 1.47 by an ethyl residue made the compound highly

bioavailable in dogs and CM monkeys and showed an IC50 value of 47 nM (compound

1.49, Figure 2.12).[ 161,163] Further modification of this group to an acetylene residue gave

inhibitor 1.50 (Figure 2.12), which underwent in vitro and in vivo non-clinical safety studies

and was found to have no adverse effects at maximum achievable doses. Phase I clinical

studies showed a single oral dose of the compound taken by healthy subjects to be safe and

well tolerated.[ 163] However, it was halted from further clinical trials.[ 164] Compound 1.51

(Figure 2.12) contains a modified diazo backbone and was shown to alkylate the thiol-group

of the active site cysteine, suggesting potential as an HRV 3C protease inhibitor.[ 165]
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Figure 2.12: Peptidomimetics as inhibitors against HRV 3C protease.

AG7088 - Rupintrivir

Rupintrivir (AG7088) (compound 1.52, Figure 2.13) is currently the most investigated

inhibitor for HRV 3C protease. Rupintrivir 1.52 was synthesised by Pfizer (formerly

Agouron) during an extensive lead optimisation study and shows strong antiviral capacity

and low toxicity.[ 137,166–169] Rupintrivir 1.52 contains a five-membered lactam ring at P1 and

a methylene group in the peptide backbone instead of the scissile amide bond. It also contains

an isoxalone group at P4 and an α,β-unsaturated ester which can act as a Michael acceptor at

the C-terminus.[ 170] A clinical program which delivers rupintrivir 1.52 nasally was preferred

due to extensive hydrolysis in the liver by first pass metabolism.[ 171] Clinical studies showed

that rupintrivir 1.52 was safe and well tolerated by volunteers.[ 172] Nevertheless, the FDA

did not approve the drug due to an insignificant effect on viral load or disease severity.[ 163]



2.3. Protease inhibitors 29

N
H

O

O
N
H

O

O

OEtO N

NHO

1.52
AG7088
Rupintrivir

Figure 2.13: Rupintrivir (AG7088).

C. Small molecule inhibitors

With the knowledge of the peptide inhibitors in hand, Reich et al. developed non-peptidic

low molecular weight inhibitors based on a co-crystal structure of a peptide aldehyde and

HRV 3C protease.[ 173] A Michael acceptor moiety was combined with a benzamide core

mimicking the P1 recognition element of the recognition sequence of HRV 3C protease.

α,β-Unsaturated ketobenzamides show EC50 values > 20 µM (compound 1.53, Figure 2.14)

and further substitution at 5-position increases activity and EC50 values to 1 µM (compound

1.54, Figure 2.14).[ 173] With the information available from peptidic inhibitors, isatins were

developed as HRV 3C protease inhibitors (compound 1.55, Figure 2.14).[ 174] Unfortunately

these molecules were highly cytotoxic.[ 174] Maugeri et al. used docking studies on

the crystallised structure of HRV-2 3C protease to design a series of 3,5-disubstituted

benzamides (e.g. compound 1.56, Figure 2.14). These inhibitors showed IC50 values in

the µM range.[ 175]
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Figure 2.14: Small molecules inhibitors for HRV 3C protease containing an amide functionality.
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Pseudoxalones bind to thiols to form thioesters. This led to the proposal that this structural

element could be used for HRV 3C protease inhibitors. Compound 1.57 (Figure 2.15) is

one example (Figure 2.15), exhibiting an IC50 of 4 µM.[ 176] Arad et al. obtained a US

patent 6.888.033 B1 for antiviral benzene compounds (e.g. compound 1.58, Figure 2.15).

Interestingly, these compounds have greater in vivo activity than indicated by HRV 3C

protease assays, suggesting that they react with other viral proteins as well.[ 177] Im et al.

synthesised a library of heteroaromatic esters to target HRV 3C protease. The most potent

inhibitor contained a 2-furoyl and a 5-bromopyridinyl group and showed an IC50 value

of 80 nM (compound 1.59, Figure 2.15).[ 178] It was shown that the furanyl substituent

undergoes π-stacking with His40 in the active site rather than binding covalently to the

enzyme. Morley et al. recently reported a series of quinolones that were also shown to

inhibit HRV 3C protease non-covalently.[ 179] Compound 1.60 (Figure 2.15) is one example

of their series and showed a pIC50 value of 5 µM.
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Figure 2.15: Small molecules inhibitors for HRV 3C protease.

Homophthalimides were found to be HRV 3C protease inhibitors during a blind screening

study.[ 180] SAR studies resulted in homophthalimides with micromolar IC50 values, e.g.

compound 1.61 (Figure 2.16) showed an IC50 of 55.3 µM.

Chromenes were also shown to be effective inhibitors of HRV 3C protease. Johnson

et al.[ 181] introduced this class of inhibitors including a Michael acceptor moiety. For

example, chromene 1.62 (Figure 2.16) has an IC50 value of 0.18 µM. More complex natural

products from antimicrobial extracts such as the quinine-like citrinin 1.63 and radicinin 1.64

(Figure 2.16) are also reported, however, IC50 values were in the mM range.[ 182] Groutas et

al. developed macrocyclic inhibitors with the general structure of 1.65 (Figure 2.16).[ 183]

These inhibitors were found to have IC50 values in the low µM range. Further investigation

of these inhibitors has not been reported, yet.
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More complex structures that were shown to inhibit HRV 3C protease are shown in

Figure 2.17. Skiles and McNeil described spiro-indolinone β-lactams as potential HRV

3C protease inhibitors (compound 1.66, Figure 2.17), but unfortunately these compounds

were not selective as they also inhibited human leukocyte elastase and cathepsin G.[ 184] The

triterpene sulfate 1.67 ( Figure 2.17) shows an IC50 of 48 µM.[ 185]
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Figure 2.17: Small molecules inhibitors with higher complexity.

It was claimed recently that compounds containing a quinone moiety are useful

inhibitors of cysteine proteases, in particular caspases and HRV 3C protease.[ 186]

Compound 1.68 (Figure 2.18) shows moderate in vitro activity whereas fungal metabolite

(−)-thysanone 1.69a (Figure 2.18) shows good in vitro activity of 47 µM (13 µg/mL).[ 187]
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(−)-Thysanone 1.69a and Aims of the

Current Project

3.1 (−)-Thysanone 1.69a
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Figure 3.1: Structure of (−)-thysanone 1.69a.

(−)-Thysanone 1.69a was discovered by screening of the fungal fermentation products

derived from Thysanophora penicilloides aimed to identify lead compounds for development

of chemotherapeutic agents to eventually control/cure the common cold.[ 187] The structure

and relative configuration of (−)-thysanone 1.69a were solved by spectroscopic and

crystallographic data. Biological evaluation showed an IC50 value of 13 µg/ml (47 µM)

against HRV 3C protease.

Due to the low availability of (−)-thysanone 1.69a from the fungus a total synthesis was

vital for further biological studies.[ 187] To date, two total syntheses[ 188–191] of the natural

product (−)-thysanone 1.69a are known as well as one formal synthesis[ 192] and several

syntheses of thysanone analogues have been reported.[ 193–204] These will be discussed in

Part III. However, after Merck published the isolation of this fascinating natural product in
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1991 no further investigations into its biological activities have been published.[ 187]

Thysanone 1.69a is a member of the pyranonaphthoquinone family of antibiotics[ 205] which

have the characteristic of a basic naphtho[2,3-c]pyran-5,10-dione skeleton and a 1,3-trans

configuration of the 1-lactol group and the 3-methyl group. The relative configuration of

(−)-thysanone 1.69a is discussed in the next section.

3.1.1 Relative configuration of (−)-thysanone 1.69a - the anomeric

effect

(−)-Thysanone 1.69a has two chiral centers at C-1 and C-3, thus four stereoisomers are

theoretically possible ((1R,3S) 1.69a, (1S,3R) 1.69b, (1S,3S) 1.69c, (1R,3R) 1.69d), however,

due to the anomeric effect just the (1R,3S) 1.69a and (1S,3R)-1.69b isomers can be observed

(Figure 3.2).
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Figure 3.2: Four possible stereoisomers of thysanone 1.69.

The configuration of the anomeric center is dynamic (Figure 3.3). In solution the formation

of a planar oxonium ion (1.71), often triggered under acidic conditions, is possible.

Nucleophilic attack of the hydroxy-anion can occur from either Re- or Si-face which leads

to potential epimerisation of this center resulting in products 1.70a and 1.70b.

The Edwards effect, renamed as the anomeric effect by Lemieux and therefore also

called the Edwards-Lemieux effect, describes the stereo electronic effect for heteroatomic

substituents at the β-position to a heteroatom embedded in a cyclohexane ring that prefers
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Figure 3.3: Epimerisation of the anomreic center via an oxonium ion.

the axial position (1.72a) over the sterically less hindered equatorial position (1.72b,

Figure 3.4).[ 206–209]
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Figure 3.4: The anomeric effect.

This effect was first described by Edwards in 1955.[ 206] Edwards proposed a repulsive

interaction between the ring dipole, resulting from the endocyclic heteroatom, and the nearly

parallel polar bond in the equatorial conformer (Figure 3.4). A second effect influencing

the stereochemistry of the anomeric center is based on hyper-conjugation of the n-orbital

of the endocyclic heteroatom with the geminal σ*-orbital of the exocyclic C-1-heteroatom.

This interaction is only possible if the exocyclic C-1-heteroatome is in an axial position (see

structure 1.72a).[ 210]

This theory is in agreement with the observed thysanone anomers 1.69a and 1.69b

(Figure 3.5). The exocyclic C-1 alcohol group is orientated in pseudo-axial position. The

3-methyl group is located in pseudo-eqautorial position to avoid 1,3-diaxial interactions,

thus, both groups are trans to each other.
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3.2 Aims of the current project

As previously described, thysanone 1.69a was already identified as a potent inhibitor of

HRV 3C protease (IC50 = 47 µM) and still remains a promising lead for the development

of potential chemotherapeutic agents to control or even cure the common cold.[ 187]

However, no structural studies have been possible to answer the elusive question as to how

(−)-thysanone 1.69a binds to HRV 3C protease due to the limited amounts of the natural

product 1.69a being available from natural resources.

The overall objectives of this project were to synthesise and test a first generation library of

(−)-thysanone 1.69a analogues, which would establish structure-activity relationship (SAR)

information of the lead structure 1.69a. It was further envisaged that the mechanism by

which binding of thysanone 1.69a to HRV 3C protease takes place would be investigated.

The elucidation of this binding mode together with the SAR information would enable more

rational approaches for the design of HRV 3C protease inhibitors.

Another aim of the current project was to answer pharmacodynamic questions such as

potential cross interactions of (−)-thysanone 1.69a with important human proteases as

well carry out cytotoxicity studies with the first generation library of thysanone analogues.

This would help to identify of structural elements potentially harming human tissue, thus

predicting vital information for the development of a safe and highly efficient drug.
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Abstract for Part II

This part of this work will give a detailed insight into the SAR of (−)-thysanone 1.69a

in the inhibition of HRV 3C protease in Chapter 2. In order to obtain this information,

a suitable assay for HRV 3C protease activity detection had to be found, which led to

the development of a novel solid phase based fluorescent assay. Chapter 3 will then

reveal the molecular mechanism of action of (−)-thysanone 1.69a and HRV 3C protease.

Additional pharmacodynamic factors such as cross interactions of (−)-thysanone 1.69a with

other important human proteases and cytotoxicity studies on a human lung adenocarcinoma

epithelia cell line will also be described.

Part III will then describe the synthesis of all tested analogues of (−)-thysanone 1.69a.





Chapter 1

Materials and Methods

1.1 Materials

1.1.1 Bacterial strains

Escherichia coli:

AD494(DE3):pLysS Purchased from Novagen. AD494 contains both

chloramphenicol and kanamycin resistance genes.

DH5α was purchased from ATCC.

1.1.2 Common buffers and solutions

Ampicillin Sigma (A9518-25G), stock: 1.0 ml/6.0 mL

Chloramphenicol Sigma (C0378-25G), stock: 30 mg/mL

Cell lysis buffer 50 mM Tris-HCl pH 7.4, 300 mM NaCl, 1% Triton X-100

Coomassie blue stain 50% v/v ethanol, 7.5% v/v glacial acetic acid, 0.05% w/v

Coomassie Brilliant Blue R250

GSH I Buffer 25 mM Tris pH 7.4, 50 mM NaCl, 1 mM EDTA
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GSH Resuspension Buffer 1 mL Triton X100, 99 mL GSH I buffer

GSH II Buffer 25 mM Tris pH 7.4, 500 mM NaCl, 1 mM EDTA

GSH III Buffer 25 mM Tris pH 7.4, 1 mM EDTA, 0.15% w/v glutathione

reduced

Kanamycin Sigma (K4000-5G), stock: 30mg/mL

2x Loading buffer 100 mM Tris-HCl pH 6.8, 4.0% w/v SDS, 0.2% w/v

bromophenol blue, 20% w/v glycerol

NTA buffer I 50 mM NaH2PO4 pH 8.0, 300 mM NaCl, 10 mM imidazole,

10% v/v glycerol

NTA buffer II 50 mM NaH2PO4 pH 8.0, 300 mM NaCl, 100 mM

imidazole

NTA buffer III 50 mM NaH2PO4 pH 8.0, 300 mM NaCl

PBS 150 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8mM

KH2PO4 pH 6.8 or pH 7.4

Reducing Laemmli buffer 125 mM Tris·HCl pH 6.8, 4.1% v/w SDS, 20% glycerol,

bromophenol blue (add until desired darkness is reached)

SDS PAGE solution A 30% acrylamide

SDS PAGE solution B 1.5 M Tris pH 8.8, 0.4% w/v SDS

SDS PAGE solution C 0.5 M Tris pH 6.8, 0.4% w/v SDS

SDS-GAGE running buffer 30 g Tris, 144 g glycine, 10 g SDS for 10 L

Stripping buffer 100 mM β-mercaptoethanol, 2% w/v SDS, 62.5 mM

Tris-HCl pH 6.7

TBS 10 mM Tris-HCl pH 8.0, 120 mM NaCl
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1.1.3 Media

Luria Bertani broth (LB) 1% w/v Bacto tryptone (Oxoid), 0.5% w/v Bacto yeast

extract (Oxoid), 1% w/v NaCl

Agar Media broth containing 1.5% Bacto agar

1.1.4 Cell culture

RPMI 1640 Roswell Park Memorial Institute media 1640 pH 7.4

(Life Technologies) supplemented with 2 mg/mL sodium

bicarbonate

Fetal calf serum Heat inactivated for 30 min at 56 ◦C and filtered (Invitrogen,

USA)

Complete RPMI RPMI 1640 supplemented with 50 U/mL penicillin,

50 µg/mL streptomycin, 2 mM L-glutamine, 110 µg/mL

sodium pyruvate and 10% fetal calf serum (FCS)

Alamar blue solution Serotec Alamar Blue R© AbD Serotec

Thymidine solution [methyl-3H] Thymidine, 12.5 µCi/mL, GE Healthcare TRK

120

1.1.5 Cell line

NCI-H441 Human lung adenocarcinoma epithelial cell line
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1.2 Methods

1.2.1 Protein production

A. rHRV 3C protease

E. coli containing rHRV3C protease cloned into the expression vector (pGex2T) were

inoculated into 100 mL LB (Luria Bertani broth) containing antibiotics (50 µg/mL

ampicillin). These were left O/N at 37 ◦C whilst shaking. The following day, the

100 mL culture was added to 900 mL LB containing the same antibiotic and left shaking

at 37 ◦C until a 600 nm optical density of 0.6-0.8 was achieved. The culture was then cooled

to approximately 30 ◦C before inducing expression by adding 0.1 mM IPTG. This was left

shaking for 4 h at 28-30 ◦C. The bacteria were pelleted at 5000 g for 15 min at 4 ◦C and the

supernatant discarded. The pellet was resuspended in GSH lysis buffer. The suspension was

stored at −80 ◦C.[ 211]

B. rHRV 3C protease C148a

The method described for rHRV 3C protease was applied using E. coli containing rHRV3C

protease C148A cloned into the expression vector (pGex2T) (Section 6.2.1-A.).

C. SSL7-Trx

E. coli containing SSL7-Trx cloned into the expression vector (pET32a.3C) were inoculated

into 100 mL LB containing antibiotics (50 µg/mL ampicillin, 34 µg/mL chloramphenicol and

15 µg/mL kanamycin). These were left O/N at 37 ◦C whilst shaking. The following day, the

100 mL culture was added to 900 mL LB containing the same antibiotics and left shaking at

37 ◦C until a 600 nm optical density of 0.6-0.8 was achieved. The culture was then cooled

to approximately 30 ◦C before inducing expression by adding 0.1 mM IPTG. This was left

shaking for 4 h at 28-30 ◦C. The bacteria were pelleted at 5000 g for 15 min at 4 ◦C and the

supernatant discarded. The pellet was resuspended in NTA I and then supplemented with

0.1 mM PMSF and 1% v/v Triton X-100. The suspension was stored at −80 ◦C.
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D. GST

E. coli (DH5α) containing GST cloned into the expression vector (pGEX-2T) were

inoculated into 50 mL LB containing 50 µg/mL ampicillin. These were left O/N at

37 ◦C whilst shaking. The following day, the 50 mL culture was added to 450 mL LB

containing the same antibiotics and left shaking at 37 ◦C until a 600 nm optical density of

0.6-0.8 was achieved. The culture was then cooled to approximately 30 ◦C before inducing

expression by adding 0.1 mM IPTG. This was left shaking for 4 h at 28-30 ◦C. The bacteria

were pelleted at 5000 g for 15 min at 4 ◦C and the supernatant discarded. The pellet was

resuspended in GSH lysis buffer. The suspension was stored at −80 ◦C.

E. GSH affinity chromatography

The bacterial suspension from 1.2.1-A. or from 1.2.1-B. or from 1.2.1-D. was thawed and

lysed using a Misonix XL2015 sonicator set to full power with a 75% pulse. 3 x 1 min

bursts were sufficient to lyse the cells. Bacterial debris was removed by centrifugation

at 16,000 g for 15 min. The soluble protein containing lysate was dialysed against GSH

I buffer over night. It was then passed over a GSH Sepharose R© column that had been

equilibrated with 10 cv GSH I. After passing and collecting all the lysate run-off, the column

was washed with 5 cv GSH I followed by 5 cv GSH II (which was also collected). Finally

the protein was eluted and collected using 2 cv GSH III. All the collected fractions were run

on a SDS PAGE gel to determine the approximate purity. The approximate concentration

of rHRV 3C protease (C148A) was determined using a Thermo Scientific Nanodrop 2000

Spectrophotometer.[ 211]

F. Nickel affinity chromatography

The bacterial suspension from 1.2.1-C. was thawed and lysed using a Misonix XL2015

sonicator set to full power with a 75% pulse. 3 x 1 min bursts were sufficient to lyse the cells.

Bacterial debris was removed by centrifugation at 16,000 g for 15 min. The soluble protein

containing lysate was passed over an IDA Sepharose R© column that had been recharged with

100 mM NiSO4 and equilibrated with 10 cv NTA I. After passing and collecting all the

lysate run-off, the column was washed with 10 cv NTA I which was also collected. Finally

the protein was eluted off and collected using 5 cv NTA II. All the collected fractions were
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run on a SDS PAGE gel to determine the approximate purity. The approximate concentration

of SSL7-Trx was determined using a Thermo Scientific Nanodrop 2000 Spectrophotometer.

G. GST affinity chromatography

GST bead preparation:[ 212]

Cyanogen bromide (CNBr)-activated Sepharose R© (GE Healthcare, Sweden) was washed

several times with 1 mM HCl and finally resuspended in HCl (1:1 w/v). The aqueous HCl

from 1 mL of the Sepharose R© suspension was aspirated. GST was dialysed to PBS pH 8.0

and concentrated to 2 mg/mL. 2 mL of GST in PBS pH 8.0 were added to the Sepharose R©. A

control reaction was run using similar conditions without GST. The reactions were incubated

at r.t. for 1 h under rotation. The Sepharose R© was then pelleted by microcentrifugation

and the coupling efficiency was determined by measuring the absorption of the supernatant

using a Thermo Scientific Nanodrop 2000 Spectrophotometer. Nearly complete conversion

was observed. Therefore, the supernatant was removed and residual binding spaces of the

Sepharose R© were blocked using 100 mM Tris/500 mM NaCl pH 8.0 for 2 hours at r.t.

The GST-Sepharose R© was then washed extensively with several changes of PBS, pH 8.0

containing 0.025% NaN3 and then stored in 1:1 v/w PBS pH 8.0 containing 0.025% NaN3

at 4 ◦C.

GST affinity chromatography

Rabbit serum containing polyclonal anti-GST IgG was diluted using PBS pH 7.4 (1:1)

and passed over a GST Sepharose R© column which had been equilibrated with 10 cv PBS

pH 7.4. After passing and collecting all the lysate run-off, the column was washed with

10 cv PBS pH 7.4 and eluted with 3 cv 1010 mM glycine pH 3 elution buffer followed by

3 cv high pH elution buffer. The beads were washed with 3 cv PBS pH 7.4. All fractions

were collected and run on a SDS PAGE gel to determine the approximate purity. The

approximate concentration of GST was determined using a Thermo Scientific Nanodrop

2000 Spectrophotometer.[ 211]. This protocol was repeated twice.
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H. Protein A column chromatography

The isolated anti-GST IgG from Section 1.2.1-G. was dialysed against PBS pH 7.4 buffer

and filtered before being passed over a Protein A Sepharose R© column (GE Healthcare)

equilibrated with PBS pH 7.4 (1 mL/min) buffer using an ÄKTA FPLC system (Amercham).

Bound monoclonal antibody was eluted after 7 min with 100 mM glycine pH 3 buffer before

being dialysed and stored in PBS pH 7.4 buffer.

I. Size exclusion chromatography

To remove excess DTT from pre-activated rHRV 3C protease, a solution of 1 mg/mL rHRV

3C protease in PBS pH 6.8, 6 mM DTT buffer, which was incubated prior for 30 min, was

passed over a SephadexT M G-25 column. It was eluted with PBS pH 6.8 and fractions of

0.2 mL were taken. rHRV 3C protease was determined using a Thermo Scientific Nanodrop

2000 Spectrophotometer and directly used for the assay.

1.2.2 Protein analysis

A. Making acrylamide gels for SDS- PAGE

SDS PAGE gels were made to contain a desired percentage of acrylamide to allow for optimal

separation. Typically 12.5% was used with 17% being for smaller proteins and 10% for

larger proteins. The running gel solutions (Table 1.4) were applied to assembled plates,

followed by the application of a small volume of water-saturated butanol to level off the

interface. This was allowed to polymerise before draining off the butanol. Stacker solution

(Table 1.4) was then applied to the top of the running gel and a comb applied. This was

allowed to polymerise and the gel was then used immediately or stored in moist tissue at

4 ◦C.

B. Protein separation by SDS PAGE

Protein samples were mixed with an equal volume of 2x loading buffer for a non-reducing

gel. β-Mercaptoethanol at 300 mM was then added to the 2x loading buffer to obtain a

reducing gel. Samples were then denatured at 94 ◦C or 2 min followed by a brief centrifuge.

The samples were then added to an appropriate gel and electrophoresed at 200 V with
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Table 1.4: Recipes for acrylamide gels for SDS PAGE.

Running Gel Stacker Gel

10% 12.5% 17% all%

Solution A 3.3 mL 4.2 mL 5.7 mL 0.5 mL

Solution B 2.5 mL 2.5 mL 2.5 mL -

Solution C - - - 0.83 mL

Water 4.2 mL 3.2 mL 1.8 mL 2 mL

TMEDA 8 µL 8 µL 8 µL 3.3 µL

10% APS 60 µL 60 µL 60 µL 40 µL

a current of 20 mA per gel in SDS PAGE running buffer using Mighty Small II (GE

Healthcare). All gels used were 12.5% unless otherwise stated.

C. Staining of SDS PAGE separated proteins with Coomassie blue stain

Following the completion of SDS PAGE, the gels were left to stain in Coomassie blue for at

least 15 min with gentle shaking (∼50 rpm). The gel was then rinsed with deionised water

before being destained with 25% v/v ethanol and 8% v/v glacial acetic acid. Tissue was

applied to absorb excess dye.

D. Staining of SDS PAGE separated proteins with silver nitrate

Silver staining provides greater sensitivity for detecting proteins of Coomassie stained gels.

Following destain, the gels are washed in deionised water for several minutes before being

incubated in 0.02% Na2S2O3 for 5 min. The gel was then rinsed briefly with water

before being incubated with 0.1% w/v AgNO3 for 10 min. After another rinse, the stain

was developed with 3% Na2CO3, 0.05% formaldehyde and 0.0004% Na2S2O3 until bands

appeared and turned brown. Then 2.3 M acetic acid was added to stop the reaction.
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1.2.3 HRV 3C protease activity assays

A. Continuous colorimetric assay using para-nitroanailides as substrates

A.1 General section for manual Fmoc SPPS

i) Fmoc cleavage. A solution of 20% piperidine in DMF (3 mL) was added to the

peptidyl-resin and the suspension was shaken for the indicated time. The solvent was

removed under vacuum and the peptidyl-resin was washed thoroughly with DMF (3x10 mL)

followed by CH2Cl2 (3x10 mL).

ii) Amino acid coupling. Fmoc-Aa (0.3 mmol, 3 eq.) and HOBt (46 mg, 0.3 mmol)

were dissolved in DMF (3 mL) and subsequently added to the peptidyl-resin. DIC (46 µl,

0.3 mmol) was then added and the suspension was shaken for the indicated time. The

solvent was removed under suction and the peptidyl-resin was washed thoroughly with

DMF (3x10 mL) followed by CH2Cl2 (3x10 mL).

A.2 p-Nitroanilide (pNA) peptide synthesis (EALFQ-pNA 2.5)

In house prepared aminomethyl polystyrene resin (162 mg, 0.1 mmol) was swollen in DMF

(3 mL, 30 min) and the solvent was removed under vacuum. Fmoc-RINK amide linker

(162 mg, 0.3 mmol) and HOBt (46 mg, 0.3 mmol) were dissolved in DMF (3 mL) and

the mixture added to the aminomethyl polystyrene (PS) resin with subsequent addition of

DIC (46 µL, 0.3 mmol). The mixture was shaken for 1 h and the solvent was removed

under vacuum. The peptidyl-resin was washed thoroughly with DMF (3x10 mL) followed

by CH2Cl2 (3x10 mL). The Fmoc protecting group was removed according to general

procedure i) with a reaction time of 10 min. Fmoc-Aa coupling was performed according

to the general procedure with a reaction time of 30 min ii). The peptide was cleaved from

the resin with simultaneous protecting group removal by adding a mixture of TFA, H2O

and 3,6-dioxa-1,8-octanedithiol (94:3:3, v:v:v, 10 mL) to the peptidyl-resin and shaking the

mixture for 2 h. The filtrate was collected and the peptide was precipitated using diethyl

ether (25 mL). The solid peptide was collected by filtration and dried to afford EALFQ-pNA

(63.2 mg) as an amorphous colourless solid (ca. 92% purity as judged by the peak area in

the RP-HPLC recorded at 210 nm); Rt=14.46 min; m/z (ESI-MS) 727.34 ([M+H]+) 727.34

required).
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A.3 Continuous colorimetric assay for HRV 3C protease activity detection

The assay was performed at 37 ◦C for 1 h in a 96-well plate containing 200 µL of a solution

of 60 µg/mL rHRV 3C protease, 30 µM DTT, 200 µM of EALFQ↓pNA and serial dilutions

of inhibitor (80 µg/mL→1.25 µg/mL) in PBS pH 6.8. Absorbance was detected after 60 min

at 405 nm using a Perkin Elmer EnSpire Multimode Plate Reader.

A.4 Time course of pNA substrate digestion

The assay was performed at 37 ◦C for 1 h in a 96-well plate containing 200µL of a solution of

60 µg/mL rHRV 3C protease, 30 µM DTT and EALFQ↓pNA (250, 187.5, 125 or 62.5 µM)

in PBS pH 6.8. Absorbance was detected every min at 405 nm using a Perkin Elmer EnSpire

Multimode Plate Reader. Conversion of the detected absorbance to the concentration of

formed product was carried out using the Beer-Lambert law with an extinction coefficient of

ε405 = 9.96 mM−1cm−1 for free pNA.

A.5 Kinetic analysis of EALFQ-pNA 2.5 (pNA)

All kinetics assays for the pNA substrate were performed at 37 ◦C for 2 h in a 96-well plate

containing 200 µL of a solution of 60 µg/mL rHRV-14 3C protease, 5 µM TCEP and 0 →

250 µM of the pNA substrate in PBS pH 6.8. Absorbance was detected every five min at

405 nm using a Perkin Elmer EnSpire Multimode Plate Reader. Conversion of the detected

absorbance to the concentration of formed product was carried out using the Beer-Lamber.t.

law with an extinction coefficient of ε405 9.96 mM−1cm−1 for free pNA.

B. SDS PAGE based assay

B.1 SDS PAGE assay for HRV 3C protease activity detection

Serial dilutions of the inhibitors (300 µg/mL to 0 µg/mL) were incubated with 1.5 µg/mL

rHRV-14 3C protease and 50 µg/mL SSL7-Trx in PBS pH 7.4 for 1 h at r.t. The reaction was

stopped by addition of 10 µL reducing Laemmli buffer to 10 µL of the solution followed by

boiling for 5 min. (96 ◦C). 10 µL were then loaded to 12.5% SDS PAGE gel. Cleavage of

the HRV-14 3C protease recognition site resulted in the appearance of SSL7 (21 kDa) and

thioredoxin (Trx) (9 kDa) cleavage products. The IC50 value was determined by eye vision.



1.2. Methods 51

C. Solid phase based fluorescent assay

C.1 Peptide synthesis (CLEVLFQ↓GPSK(Fluoro)G)2.17

The CLEVLFQ↓GPSK(Fluoro)G peptide was synthesised starting from

Fmoc-Gly-WANG-PS resin (0.5 mmol, 0.740 mmol/g). The Fmoc protecting group

was removed using 20% piperidine/DMF with a reaction time of 5+15 min as outlined

in the general methods section above. Fmoc-K(Dde)-OH (0.533g, 1.0 mmol) and HATU

(0.342 g, 0.9 mmol) were dissolved in DMF (4 mL) and the mixture was added to the

peptidyl-resin. 2,4,6-Collidine (0.264 mL, 2.0 mmol) was added and the mixture shaken

for 2 h. The peptidyl-resin was filtered and washed with DMF (3 x 15 mL) to afford

Fmoc-K(Dde)G-WANG-PS (Figure S2). further synthesis was performed on a CEM

Liberty microwave peptide synthesiser using the conditions outlined in Table 1.5. Boc2O

(1.09 g, 5 mmol) in DMF (4 mL) was then added to the peptidyl-resin and the mixture was

shaken for 1 h. This procedure was repeated with the addition of fresh Boc2O to afford

Boc-C(Trt)LE(t-Bu)VLFQ(Trt)GPS(t-Bu)K(Dde)G-WANG-PS.

The peptidyl-resin was washed thoroughly with DMF (3x10 mL). 2% hydrazine

hydrate solution in DMF (10 mL) was added and the mixture was shaken for 3

min. This procedure was repeated 3x and the peptidyl-resin was washed with DMF

(3x10 mL). 5(6)-carboxyfluorescein coupling was performed on a CEM Liberty

microwave peptide synthesiser using conditions outlined in Table 1.5 to afford

Boc-C(Trt)LE(t-Bu)VLFQ(Trt)GPS(t-Bu)K(Fluoro)G-WANG-PS. The peptidyl-resin

was washed thoroughly with DMF (3x10 mL). The peptide was cleaved from the resin

with simultaneous protecting group removal by treatment of the peptidyl-resin with a

mixture of TFA, H2O, TIS and 3,6-dioxa-1,8-octanedithiol (93:2.5:2:2.5, v:v:v, 10 mL) with

shaking for 1 h. The solution was collected and the peptide was precipitated using diethyl

ether (75 mL). The peptide was collected and freeze-dried to afford 443.2 mg of crude

CLEVLFQ↓GPSK(Fluoro)G; Rt=16.07 min, m/z (ESI-MS) 818.35 ([M+2H]2+) required

818.91. The peptide (120.0 mg) was purified by RP-HPLC on a preparative WATERS

xTeura Prep C18 column at a flow rate of 10 mL/min using a linear gradient of 1% B to 21%

B over 20 min (ca. 1% B/min) followed by a linear gradient of 21% to 81% B over 400 min

(ca. 0.2% B/min). Subsequent freeze-drying afforded the title peptide as a bright yellow

amorphous solid (21.9 ◦C mp, ca. 98% purity as judged by the peak area of the RP-HPLC
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chromatogram recorded at 210 nm); Rt=15.35 min; m/z (ESI-MS) 818.40 ([M+2H]2+)

requires 818.91).

Table 1.5: Conditions used for the synthesis of CLEVLFQ↓GPSK(Fluoro)G 2.17 using a CEM
Liberty microwave peptide synthesiser.

Cycle Reagent Time [min] Temperature [◦C] Power [W]

Fmoc deprotection 20% piperidine in DMF i) 0.5
ii) 3

73 25

Fmoc-Aa coupling
(5 eq.)

HBTU/iPr2EtN/DMF
4.5 eq./10 eq./DMF 15 73 25

Fmoc-Cys(Trt)-OH
coupling (5 eq.)

HBTU/iPr2EtN/DMF
4.5 eq./10 eq./DMF 10+5 min 73 25

5(6)-carboxyfluorescein
coupling (5 eq.)

HBTU/iPr2EtN/DMF
4.5 eq./10 eq./DMF 30 73 25

Removal of additional
ester bound
5(6)-carboxyfluorescein

20% piperidine in DMF
six cycles of:
i) 0.5
ii) 3

73 25

C.2 Generation of the solid phase substrate

CL-4B Sepharose R© was activated using the method originally described by Sundberg and

Porath.[ 213] 48 CL-4B Sepharose R© (1 g) was washed with water and dried under suction.

Butanediol diglycidyl ether (0.58 mL, 60%) and sodium borohydride solution (0.4 mL, 0.2%

in 0.6 M NaOH) were added. The suspension was rotated at r.t. overnight then washed with

water. The peptide was dissolved in 0.1 M MOPS buffer at pH 7.5 to a concentration of

10 mg/mL. 100 µL of the peptide solution was added to 11 µL of 0.5 mM TCEP and 10 µL 1

M MOPS and the mixture was incubated for 30 min. 140 µL of 2 M sodium sulfate solution

was added and the fluorescence intensity (FI) was measured at a dilution of 1:1000 (PBS pH

6.8, excitation: 495 nm, emission: 516 nm). Dry epoxy-activated Sepharose R© was added

to the solution and the suspension was rotated overnight. The suspension was centrifuged

and the FI of the supernatant (diluted 1:1000) was compared to the fluorescence of the

peptide solution measured previously. The coupling efficiency (CE) was calculated using

CE = FI516overnight/FI516start·100. The beads were washed with water and 3 mL of 0.1 M

Tris buffer pH 8.5 was added with stirring for 1 h to remove any remaining active coupling

sites. The beads were washed thoroughly with water and dried under suction. 2 mL of PBS
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pH 6.8 buffer was added to 1 g of the final substrate. The solid phase substrate was stored at

4 ◦C in PBS buffer pH 6.8 (0.5 g/mL).

C.3 pH-dependence of the protease assay

To analyze the optimal pH, assays were performed at r.t. for 1 h in a 100 µL reaction

containing 50 µg/mL rHRV-14 3C protease (or as indicated), 52 µM of the substrate (or as

indicated) and 5 µM TCEP in PBS buffer using different pH values (2.83, 4.17, 5.05, 6.00,

7.04, 8.26, 8.90, 10.26 and 10.95). The reaction mixture was centrifuged and 10 µL of the

supernatant were added to 200 µL PBS buffer pH 6.8 in a 96-well opti plate. The fluorescence

was measured with an emission wavelength of 516 nm and an excitation wavelength of

495 nm (using 100 excitation flashes on a Perkin Elmer EnSpire Multimode Plate Reader).

A blank was measured containing just enzyme in PBS pH 6.8.

C.4 Solid phase based HRV 3C protease assay

A typical protease assay was performed at r.t. for 1 h in a 100 µL reaction containing

50 µg/mL rHRV-14 3C protease (or as indicated), 52 µM of substrate (or as indicated) and

5 µM TCEP (or as indicated) in PBS buffer pH 6.8 under continuous rotation. The reaction

mixture was centrifuged and 10 µL of the supernatant were added to 200 µL PBS buffer pH

6.8 in a 96-well opti plate. The fluorescence intensity (FI) was measured on a Perkin Elmer

EnSpire Multimode Plate Reader with an excitation wavelength of 495 nm and an emission

wavelength of 516 nm using 100 excitation flashes or on a Bio-Tek Synergy HT Multi-Mode

Microplate Reader with an excitation filter of 485/20 nm and an emission filter of 528/20 nm

(sensitivity set to 25). A blank was measured containing enzyme only in PBS at pH 6.8.

C.5 Standard curve for calculation

Fluorescence intensity (FI) was measured with an emission wavelength of 516 nm and an

excitation wavelength of 495 nm using 100 excitation flashes on a Perkin Elmer EnSpire

Multimode Plate Reader. The dependence of fluorescence intensity on the number of moles

of fluorophore molecules n in solution was determined by carrying out a serial dilution of

a known number of moles. The recorded curve was plotted and calculated using GraphPad

Prism 5 R© using a point-to-point spline (Figure 1.1).
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Figure 1.1: Detection of fluorescence (F516) against a known total amount of substrate [S].

C.6 Kinetic analysis of the fluorescent peptide substrate

All kinetics assays for the fluorescent peptide substrate were performed in a total volume of

1 mL containing 0-69.4 µM substrate and 50 µg/mL rHRV-14 3C protease over a time interval

of 20-120 min at r.t. For each time interval, 20 µL of the suspension was removed from the

reaction mixture, the beads of the sample were removed and 10 µL of the supernatant was

diluted in 200 mL PBS buffer pH 6.8. FI was measured with an excitation wavelength of

495 nm and an emission wavelength of 516 nm using 100 excitation flashes on a Perkin

Elmer EnSpire Multimode Plate Reader. A blank was measured containing enzyme only in

PBS pH 6.8. To conver.t. FI to a concentration of formed product, a standard curve of a

known concentration of fluorophore was calculated (Figure 1.1).

C.7 Inhibition assay

Serial dilutions of the inhibitor (from 80 µg/mL to 0.63 µg/mL) were incubated with

50 µg/mL rHRV 3C protease and 52 µM C(Sepharose R©)LEVLFQ↓GPSK(Fluoro)G in PBS

pH 6.8 containing 5 µM TCEP under vigorous shaking for 1 h at r.t. After centrifugation, an

aliquot of 2 µL of the supernatant was diluted in 200 µL PBS at pH 6.8, the fluorescence was

detected with an excitation wavelength of 495 nm and an emission wavelength of 516 nm.

1.2.4 Analysis of HRV 3C protease-(−)-thysanone 1.69a interaction

A. Preincubation assay

Serial dilutions of the inhibitor (each time by half from 80 µg/mL to 0.63 µg/mL) were

incubated with 50 µg/mL rHRV-14 3C protease in PBS pH 6.8 buffer containing 5 µM

TCEP under vigorous shaking for different time intervals at r.t. After completion of an
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individual time interval, 52 µM C(Sepharose R©)LEVLFQ↓GPSK(Fluoro)G was added and

it was incubated for further 60 min at r.t. After centrifugation, an aliquot of 10 µL of the

supernatant was diluted in 200 µL PBS at pH 6.8 in a 96-well opti plate. The fluorescence

intensity (FI) was measured on a Perkin Elmer EnSpire Multimode Plate Reader with an

excitation wavelength of 495 nm and an emission wavelength of 516 nm using 100 excitation

flashes or on a Bio-Tek Synergy HT Multi-Mode Microplate Reader with an excitation filter

of 485/20 nm and an emission filter of 528/20 nm using a sensitivity of 25. A blank was

measured containing just enzyme in PBS pH 6.8 buffer.

B. Dialysis experiment

Activity test. 70 µL of each solution was removed and incubated with 30 µL

C(Sepharose R©)LEVLFQ↓GPSK(Fluoro)G (173 µM stock suspension) for 1 h at r.t.

After centrifugation, an aliquot of 10 µL of the supernatant was diluted in 200 µL PBS at pH

6.8 in a 96-well opti plate. The fluorescence intensity (FI) was measured on a Perkin Elmer

EnSpire Multimode Plate Reader with an excitation wavelength of 495 nm and an emission

wavelength of 516 nm using 100 excitation flashes.

Experiment. rHRV protease was inhibited with different inhibitors to 50% activity

over one h using the in the preincubation assay determined concentrations for three

different inhibitors. For each inhibitor a total volume of 350 µL containing inhibitor

(2.8 µg/mL (−)-thysanone (1.69a), 0.28 µg/mL bromo quinone (2.63) and 11.6 µµg/mL

1-deoxythysanone (2.35a)), 50 µg/mL rHRV 14 3C protease in PBS pH 6.9, 5 µM TCEP

was setup. As a positive control a total volume of 350 µL containing 50 µg/mL rHRV-14 3C

protease in PBS pH 6.9, 5 µM TCEP was setup and incubated for 1 h at r.t. An activity test

was run as described above. Residual solution was dialysed for 4 h against each 1 L PBS

pH 6.9, 5 µM TCEP. An activity test was run as described above. For residual solutions the

dialysis buffer was changed to each 1 L freshly prepared PBS at pH 6.8, 5 µM TCEP and

it was dialysed for further 20 h. An activity test was run as described above. The relative

fluorescence was calculated depending on the average signal of the control.



56 Chapter 1. Materials and Methods

C. SPR experiments

SPR analysis of protein interactions were performed on a Biacore T200 (GE Healthcare).

anti-GST IgG was coupled to a CM5 sensor chip at 14,000 RU using carbodiimide

chemistry as per the manufacturer’s instructions (GE Healthcare). Isolated rHRV 3C protease

(C148A) was captured over the Biacore T200 (10 µg/mL in PBS buffer, 5 µM TCEP,

60 sec, 10 µL/min). PBS buffer 5 µM TCEP was used as the running buffer (GE

Healthcare). (−)-thysanone 1.69a (from 10 mg/mL stock in DMSO) was passed in different

concentrations over the chip. The chip was regenerated with 100 mM glycine pH 3.0 buffer.

Due to the inability of reaching a plateau, kinetic analysis using Biacore T100 evaluation

software was conduceted. This did not allow the application of a solvent correction,

however, curves before and after solvent correction were similar allowing semi-quantitative

calculations.

D. NMR experiments

D.1 General information NMR spectra were recorded at 21 ◦C in CDCl3 or C6D6 on

either a Bruker R© Avance 300 spectrometer operating at 300 MHz for 1H nuclei and 75 MHz

for 13C nuclei or on a Bruker R© DRX400 or Bruker R© 400 spectrometer operating at 400

MHz for 1H nuclei and 100 MHz for 13C nuclei. All chemical shifts are reported in parts

per million (ppm) from TMS* (tetramethylsilane, δ = 0). Spectra were calibrated to the

individual solvent peak according to table 6.1 unless otherwise noted.

Table 1.6: Calibration of NMR spectra.

Solvent Calibration 1H Calibration 13C

CDCl3 δ = 0 ppm (TMS*) δ = 77.16 ppm

DMSO-d6 δ = 2.50 ppm δ = 39.52±0.06

acetone-d6 δ = 2.05 ppm δ = 29.84±0.01

Coupling constants (J) are reported in Hertz (Hz). 1H NMR data is reported as chemical

shift in ppm, followed by relative integral, multiplicity ("s" singlet, "d" doublet, "dd"

doublet of doublets, "ddd", douplet of douplets of douplets, "dt" doublet of triplets, "t"

triplet, "q" quartet, "sept." septet, "m" multiplet, "b" broad), coupling constant (where

applicable) and assignment. 13C NMR spectra are reported as chemical shift in ppm
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followed by the assignment. Assignments were made with the aid of COSY, HSQC and

NOESY, HMBC experiments or as individually stated. High remixture mass spectrometry

(MS) were recorded using a Bruker micrOTOF-QII mass spectrometer. Mass spectrometry

fragmentation data was recorded using GC-MS.
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O
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O
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S NH2

NH2

O

O

S

N
H

2.63 2.92 2.98 2.100

A 1H NMR of a solution of bromoquinone 2.63 (22.70 mg, 96 µmol) in DMSO-d6 (0.5 mL)

was recorded. Additionally, a 1H NMR of a solution of cysteamine 2.92 (14.71 mg, 190

µmol) in DMSO-d6 (0.5 mL) was recorded. The solutions were combined resulting in a

bright red solution and another 1H NMR was recorded. Complete conversion by NMR was

directly observed. A mass spectrum was recorded for further characterisation. The solvent

was removed in vacuo and purification by preparative TLC (SiO2, hexanes:EtOAc = 4:1)

afforded 2.100 as a purple oil.

O

O

S

S NH2

NH2

2.98

HRMS (ESI): Found [M+H]+:

309.0703, [C14H17N2O2S2]+ requires:

309.0726.

O

O
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2.100

1H NMR (400 MHz, acetone-d6): δ = 7.99-7.96 (2H, m, H-7, H-8),

7.78-7.66 (2H, m, H-6, H 9), 6.97 (1H, bs, H-4), 3.82-3.78 (2H, m,

H-3), 3.05-3.01 (2H, m, H-2). 13C NMR (100 MHz, CDCl3): δ = 177.9

(C-5 or C-10), 140.9 (C-10a), 134.2 and 132.3 (C-6, C-9), 133.1 (C),

130.3 (C), 126.3 and 126.2 (C-7, C-8), 41.7 (C-3), 23.9 (C-2). HRMS
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(ESI): Found [M+H]+: 232.0416, [C12H10NO2S]+ requires: 232.0427. νmax (film/cm−1):

3338, 2925, 2853, 1708, 1665, 1594, 1562, 1500, 1338, 1304, 1152, 721.
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2.63 2.103 2.102 2.104

A 1H NMR of a solution of bromoquinone 2.63 (20 mg, 84 µmol) in DMSO-d6 (0.5 mL)

was recorded. Additionally, a 1H NMR of a solution of acetyl cysteamine 2.102 (18 µL,

169 µmol) in DMSO-d6 (0.5 mL) was recorded. The solutions were combined, no colour

change was observed. 1H NMRs directly after addition and after 30 min were recorded. No

conversion was observed. A catalytic amount of imidazole was added and another 1H NMR

spectra were recorded directly after addition and after 20 and 80 min. Complete conversion

by NMR was observed after 80 min. A mass spectrum was recorded. The solvent was

removed in vacuo and purification by preparative TLC (SiO2, CH2Cl2:methanol = 3:1) let

to decomposition of the product. The 1H NMR data reported for 2.104 is according to the

crude NMR. Peaks were correlated by comparison of the crude NMR to the NMR of the

starting material.

1H NMR (400 MHz, CDCl3): δ = 8.06-8.04(2H, m, H-6, H-7), 7.73-7.02 (2H, m,

H-5, H-8), 7.14 (2H, bs, H-NH), 3.54-3.49 (4H, m, CH2N), 3.47-3.42 (4H, m, CH2S),

1.90 (6H, s, H-Ac). HRMS (ESI): Found [M+H]+: 393.0937, [C18H21N2O4S2]+ requires:

393.0937; found [M+Na]+: 415.0755, [C18H20N2O4S2Na]+ requires: 415.0757.
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2.47 2.102 2.103 2.105

A 1H NMR of a solution of 7,9-dideoxythysanone 2.47 (1.1 mg, 4.3 µmol) in DMSO-d6

(0.5 mL) was recorded. A solution of acetyl cysteamine 2.102 (0.1 M in DMSO-d6, 43 muL,

4.3 mumol) was added. 1H NMRs were recorded periodically ever 3 h for 45 h. Complete

conversion by 1H NMR was observed after 45 h. A mass spectrum was recorded. The

solvent was removed in vacuo and purification by preparative TLC (SiO2, toluene:ethyl

formate:formic acid = 50:49:1) let to complete decomposition of the product. The 1H

NMR data reported for 2.105 is according to the crude NMR. Peaks were correlated by

comparison of the crude NMR to the NMR of the starting material.

1H NMR (400 MHz, acetone-d6): δ = 8.07-7.99 (2H, m, H-7, H-8), 7.91-7.84 (2H,

m ,H-6, H-9), 5.80 (1H, s, H-1), 4.27-4.16 (1H, m, H-3), 3.34-3.28 (2H, m, H-CH2N), 2.77

(2H, t, J=6.8 Hz, H-CH2S), 2.68 (1H, dd, J=19.3, 3.4 Hz, H-4A), 2.15 (1H, ddd, J=19.3,

11.0, 1.0 Hz, H-4B), 1.81 (3H, s, H-Ac), 1.28 (3H, d, J=6.2 Hz, H-Me). HRMS (ESI):

Found [M+Na]+: 368.0926, [C18H19NNaO4S]+ requires: 368.0927.
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A 1H NMR of a solution of 7,9-diisopropylthysanone 2.40 (8.4 mg, 23 µmol) in DMSO-d6

(0.5 mL) was recorded. A solution of acetyl cysteamine 2.102 (2.4 muL, 23 mumol) in

DMSO-d6 (50 µL) was added. 1H NMRs were recorded after 20 min and 5 h. Complete

conversion by 1H NMR was observed after 5 h. A mass spectrum was recorded. The solvent

was removed in vacuo and purification by preparative TLC (SiO2, hexanes:EtOAc = 4:1)

afforded 2.107.

1H NMR (400 MHz, acetone-d6): δ = 7.15 (1H, d, J=2.3 Hz, H-6), 6.89 (1H, d,

J=2.3 Hz, H 8), 6.09 (1H, d, J=1.59 Hz, H-1), 4.89 (1H, sept., J=6.1 Hz, CH(Me)2),

4.80 (1H, sept., J=5.9 Hz, CH(Me)2), 4.44-4.37 (1H, m, H-3), 3.65-3.46 (2H, m, CH2N),

2.98-2.86 (2H, m, SCH2), 2.68 (1H, dd, J=19.16 Hz, 3.77 Hz, H-4A), 2.19 (1H, ddd,

J=19.17 Hz, 10.90 Hz, 1.87 Hz, H-4B.), 1.41-1.30 (15H, m, 2CHMe2, H-Me). 13C NMR

(100 MHz, acetone-d6): δ = 184.5 and 179.9 (C-5, C-10), 169.5 (C-C=ON), 163.8 (C-7),

161.7 (C-9), 143.9 (C-4a), 140.1 (C-10a), 136.9 (C-5a), 134.4 (C-9a), 108.4 (C-8), 106.3

(C-6), 79.28 (C-1), 72.7 (C-CMe2), 71.5 (C-CMe2), 64.0 (C-3), 40.2 (C-CH2-N), 40.1

(CH2-N), 33.4 (C-SC), 23.1 (C-4), 23.0 (C-MeC=O), 22.3 (C-CHMe2), 22.1 (C-CHMe2),

21.2 (C-Me). HRMS (ESI): Found [M+H]+: 262.1923, [C24H32NO6S]+ requires:

462.1945; found [M+Na]+: 484.1745, [C24H31NO6SNa]+ requires: 484.1764.
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1.69a 2.102 2.103 2.108

A 1H NMR of a solution of (−)-thysanone 1.69a (1.4 mg, 5.1 µmol) in DMSO-d6 (0.5

mL) was recorded. Acetyl cysteamine 2.102 (in DMSO-d6, 0.1 M, 50 µL, 5.1 µmol) was

added. 1H NMRs were recorded after 20 min and 2.5 h. Complete conversion by NMR

was observed after 2.5 hours. A mass spectrum was recorded. The solvent was removed

in vacuo and purification by flash chromatography (SiO2, DCM:methanol:formic acid =

94:5:1) afforded a complex mixture containing the desired product 2.108 as the major

compound. The 1H NMR data reported is according to the main product determined by

correlation of the integrals of the peaks and comparison of the observed spectra to the

spectra of (−)-thysanone 1.69a.

1H NMR (400 MHz, acetone-d6): δ = 13.16 (1H, s, H-OH), 7.01 (1H, d, J=2.5 Hz,

H-6), 6.59 (1H, d, J=2.5 Hz, H-8), 4.95-4.83 (1H, m, H-3), 3.58-3.48 (2H, m, H-CH2N),

3.24-3.14 (2H, m, H-CH2S), 2.70-2.39 (2H, m, H-4), 1.82 (3H, s, H-Ac), 1.52 (3H, d,

J=6.4 Hz, H-Me). HRMS (ESI): Found [M+Na]+: 400.0809, C18H19NNaO6S requires:

400.0825.
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A 1H NMR of a solution of 1-deoxy-7,9-diisopropylthysanone 2.36 (10.0 mg, 29 µmol) in

DMSO-d6 (0.5 mL) was recorded. A solution of acetyl cysteamine 2.102 (6 µL, 58 µmol)
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in DMSO-d6 (50 µL) was added. 1H NMRs were recorded after 45 min, 6 h and 5 days.

Complete conversion by NMR was not observed. A mass spectrum was recorded. The

solvent was removed in vacuo and purification by preparative TLC (SiO2, hexanes:EtOAc =

4:1) afforded 2.107.

The analytical data is in agreement with the product of experiment D.5.
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NHAc

N
H

N
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2.52 2.102 2.103

A 1H NMR of a solution of 1-allyl-1methyl-7,9-dideoxythysanone 2.52 (11.3 mg, 40.2 µmol)

in DMSO-d6 (0.5 mL) was recorded. A solution of acetyl cysteamine 2.102 (0.1 M, 0.4 µL,

40.2µmol) in DMSO-d6 (50 µL) was added. 1H NMRs were recorded periodically ever 3 h

for 45 h. No conversion of the starting material was observed during this time period. A

mass spectrum was recorded, which did not indicate any reaction product. The solvent was

removed in vacuo, and purification by preparative TLC (SiO2, hexanes:EtOAc = 4:1) led to

complete recovery of the starting material 2.52.
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1.2.5 Cross interations of (−)-thysanone 1.69a and bromoquinone 2.63

with important human proteases

A. Papain assay

Two times serial dilutions of inhibitor (80 µg/mL → 1.25 µg/mL) were incubated with

2 µg/mL papain (Sigma-Aldrich) and 200 µg/mL IgG (derived from human blood) in PBS

pH 7.4 for 1 h at 37 ◦C in a total volume of 50 µL. The reaction was stopped by addition

of 10 µL reducing LaemmLi buffer to 10 µL of the solution followed by boiling for 5 min

(96 ◦C). 10 µL of the mixture was loaded onto a 12.5% SDS PAGE gel. Digestion of IgG

resulted in the appearance of 40 kDa, 30 kDa and 25 kDa cleavage products

B. Trypsin assay

Different concentrations of inhibitor (80 µg/mL, 40 µg/mL, 10 µg/mL and 0 µg/mL)

were incubated with 0.8 µg/mL trypsin (Sigma-Aldrich) and 50 µg/mL BSA (BSA-stock

was freshly prepared as 10 mg/mL containing 10% SDS and boiled for 5 min at 96 ◦C) in

PBS pH 7.4 for 1 h at 37 ◦C in a total volume of 50 µL. The reaction was stopped by addition

of 10 µL reducing LaemmLi buffer to 10 µL of the solution followed by boiling for 5 min

(96 ◦C). 10 µL of the mixture was loaded onto a 12.5% SDS PAGE gel. Digestion of BSA

resulted in the appearance of a 50 kDa cleavage product.

C. Plasmin assay

Two times serial dilutions of the inhibitor (each time by half from 80 µg/mL to

0.63 µg/mL) were incubated with 0.63 CTA Units plasmin (Sigma-Aldrich) and 20 µM

ALK-7-amino-methylcoumarin in 0.5 M TRIS pH 7.5 for 30 min at 40 ◦C in a 96-well opti

plate. The fluorescence intensity (FI) was measured on a Perkin Elmer EnSpire R© Multimode

Plate Reader with an excitation wavelength of 365 nm and an emission wavelength of 440 nm

using 100 excitation flashes. A blank was measured containing just enzyme in 0.5 M TRIS

pH 7.5.
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D. Elastase assay

Serial dilutions of the inhibitor (each time by half from 80 µg/mL to 1.25 µg/mL) were

incubated with 1 U/mL Elastase (Sigma-Aldrich) and 0.2 mM Glp-Pro-Val-pNA in 0.1 M

TRIS pH 8.0 for 45 min at 25 ◦C in a 96-well plate in a total volume of 200 µL. The

absorbance (A) was measured on a Perkin Elmer EnSpire Multimode Plate Reader at a

wavelength of 405 nm. A blank was measured containing just enzyme in PBS pH 6.0.

E. Cathepsin B assay

Two times serial dilutions of the inhibitor (each time by half from 80 µg/mL to 10 µg/mL)

were incubated with 1 µg/mL Cathepsin B (Sigma-Aldrich) and 0.2 mM Z-RR-pNA (diluted

from a 10 mM stock in DMSO) in PBS pH 6.0 for 120 min at 37 ◦C in a 96-well

plate in a total volume of 200 µL. The absorbance (A) was measured on a Perkin Elmer

EnSpire R© Multimode Plate Reader at a wavelength of 405 nm. A blank was measured

containing just enzyme in PBS pH 6.0.

F. Cathepsin G assay

Serial dilutions of the inhibitor (each time by half from 80 µg/mL to 10 µg/mL) were

incubated with 2.5 µg/mL Cathepsin G (Sigma-Aldrich) and 0.2 mM AAPF-pNA (diluted

from a 10 mM stock in DMSO) in 0.1 M TRIS pH 7.4, 5 µM TCEP for 120 min at 37 ◦C in

a 96-well plate in a total volume of 200 µL. The absorbance (A) was measured on a Perkin

Elmer EnSpire R© Multimode Plate Reader at a wavelength of 405 nm. A blank was measured

containing just enzyme in PBS pH 6.0.

G. Thrombin assay

Preparation of serum. Blood was collected from healthy human volunteers in glass

Vacutainer tubes (Becton Dikinson, USA). For serum preparation, blood was clotted at r.t

for 20-30 min and spun at 1,250 rpm for 20 min at 4 ◦C . Serum was immediately transferred

to fresh tubes and used directly.

Assay. Plasma was diluted to 50% (v/v) in PBS pH 7.4 and incubated with serial

dilutions of the inhibitor (each time by half from 80 µg/mL to 1.25 µg/mL) for 5 min. The
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clotting process was initiated using 0.1 U activated thrombin (Sigma Aldrich, USA) diluted

in PBS pH 7.4 and the absorbance was measured at OD405 and OD620 over 40 min in 1 min

time intervalls on a spectrophotometer (Perkin Elmer EnSpire R© Multimode Plate Reader).

All assays were performed using fresh plasma to avoid precipitation of coagulation factors

induced during the freeze-thaw process.

1.2.6 Cytotoxicity assays

The NCI-H441 human lung adenocarcinoma epithelial cell line was used for cytotoxicity

assays. The cell line was maintained in complete RPMI 1640 supplemented with 1.5 mg/mL

NaHCO3, 50 U/mL penicillin, 50 µg/mL streptomycin, 2 mM L glutamine, 110 µg/mL

sodium pyruvate and 10% heat-inactivated FCS (cRPMI; all from Gibco, Invitrogen, USA).

Cells were harvested with 0.5% v/v Trypsin-EDTA, washed in cRPMI and incubated at

37 ◦C, 5% CO2 with serial two-fold dilutions of inhibitor (80 µg/mL→0.63 µg/mL) in

cRPMI. For measurement of cytotoxicity using alamarBlue (AbD Serotec), 12,000 cells/well

were added to flat-bottomed 96 well opti plates for 36 h and 20 µL/well alamarBlue incubated

with the cells for a further 5 h, followed by detection of fluorescence using a Perkin

Elmer EnSpire Multimode Plate Reader with an excitation wavelength of 515 nm and an

emission wavelength of 584 nm. Alternatively, 40,000 cells/well were added to flat-bottom

96 well plates for 36 h and cytotoxicity was quantified by adding 0.25 µCi/well methyl-[3H]

Thymidine (GE Healthcare, TRK 120) to the cells for an additional 6 h. Plates were

harvested onto glass filter mats using a Tomtec Harvester 96, dried, and Betaplate scint

added prior to measurement of radioactivity with a Microbeta TriLux counter (all materials

from Perkin Elmer). All assays were carried out twice (on different days) in triplicates or as

indicated.
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HRV 3C Protease Activity Assay

Drug development is a term that describes the intertwined relationship between the chemical

synthesis and biological evaluation of potential drug-like entities (Figure 2.1).

Early stage drug development includes the synthesis of potentially bioactive molecules based

on lead structures found in nature or by computational screening. A pool of compounds

(first generation compounds) is synthesised and undergoes biological evaluation. The first

step of biological evaluation usually involves a simple activity assay to determine whether the

compound displays the desired activity, which allows the researcher to construct a hypothesis

of the SAR.

Drug���

Synthesis of 
potentially 
bioactive 
molecules���

Biological 
evaluation of 
candidates���

���

i���

ii���

iii��� iv���

Clinical 
trials���

Figure 2.1: Drug development. i) after synthesis of potential candidates, in vitro and in vivo
biological evaluation is necessary; ii) if molecules do not show desired activity or have unfavourable
side effects, chemical modifications may be required to overcome these issues; iii) molecules with
desired properties enter clinical trials; iv) after positive clinical evaluation the drug is ready to join
the market.
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Chemical modification of the lead structure based on SAR leads to second generation

inhibitors. A molecule with adequate activity becomes a drug candidate and undergoes late

stage development including cytotoxicity assays and ADMEI determination to test the safety

and efficiency for treating a disease state in humans. The last stage of drug development

includes clinical trials in which the drug has to show its efficacy and safety in humans. If the

drug candidate passes these trials, it can enter the market.

This chapter describes the setup of the screening of our first generation HRV 3C protease

inhibitors based on the thysanone scaffold. A literature review of existing HRV 3C protease

assays is given, which was performed in order to find the optimal assay for evaluation of

our inhibitors towards HRV 3C protease activity. This was more challenging than initially

anticipated. We decided to apply the most promising assay, the continuous colorimetric

assay, which is described in detail.[ 214] However, this led to the next section, the development

of a novel solid phase based fluorescent assay.[ 215] The last section then describes the

successful application of our developed assay in order to conduct SAR of our first generation

inhibitors.

IADME is an acronym in pharmacokinetics, describing the absorption, distribution, metabolism and
excretion of a compound within an organism.
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2.1 Introduction to HRV 3C protease activity detection

HRV 3C protease cleaves host cell-expressed viral polyprotein at specific cleavage sites,

producing active viral proteins and enzymes vital for the HRV lifecycle (Part I). HRV

3C protease cleaves the Q↓G scissile bond embedded in the substrate’s recognition

sequence, producing n+1 fragments with n being the number of available cleavage

sites embedded in the sequence of the substrate (Figure 2.2). A number of different

detection methods of HRV 3C protease activity detection are currently utilised to measure

this proteolytic activity in vitro. Examples of these include assays based on direct

detection of cleavage products by HPLC (high pressure liquid chromatography)[ 138,216–219]

or SDS PAGEII[ 217,220] or assays based on detection of substrate embedded labels via

radioactivity,[ 221] fluorescence[ 178,179,222] or absorbance[ 214,223,224].

Figure 2.2: HRV 3C protease activity detection methods: A) HPLC separation;[ 138,216–219] B)
SDS-PAGE separation;[ 217,220] C) Radioisotope labelling;[ 221] D) Fluorescence labelling;[ 178,179,222]

E) Chromophore labelling.[ 214,223,224]

IISDS PAGE stands for sodium dodecylsulfate polyacrylamide gel electrophoresis and is used for qualitative
separation of proteins by size.
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Assays using unlabeled substrates

A. Assays based on HPLC detection

There are many reports on using HPLC techniques for HRV 3C protease activity detection

available in literature.[ 138,216–219] This technique separates a mixture of residual substrate

and cleavage products quantitatively by passing them through a column filled with sorbent

using a pressurised mobile phase. Separation occurs by different interactions of the different

compounds in the mixture with the sorbent. These interactions are physical on nature, such

as hydrophobic, dipole-dipol or ionic. HPLC allows highly quantitative detection of cleavage

products and thus, protease activity.

Libby et al. were the first utilising the HPLC method to demonstrate the in vitro

activity of their newly generated recombinant HRV 3C protease using a small synthetic

peptide (RAELQ↓GPYDE) as the substrate.[ 216] The study by Cordingley et al. used

a small synthetic peptide corresponding to the 2C/3A cleavage site with the sequence

DSLETLFQ↓GPVYKDLE to demonstrate the high efficiency of their HRV 3C protease and

to determine its kinetic parameters.[ 217] They also showed the ability of HRV 3C protease

to distinguish between authentic substrate peptides from control peptides containing the

Q↓G-scissile bond but with varied peptide sequences around the Q↓G-scissile bond. Orr et

al. synthesised a series of peptides containing the 1B/1C, 2A/2B, 2C/3A, 3A/3B, 3B/3C,

3C/3D, 2B/2C and 1C/1D cleavage sites.[ 218] It was shown by HPLC detection that all

substrates containing a Q↓G scissile bond were cleaved, however, cleavage of substrates

containing 2B/2C and 1C/1D sequences, not containing the Q↓G-scissile bond, were not

cleaved. Long et al. used HPLC to demonstrate the complete specificity of HRV 3C

protease to the Q↓G-scissile bond and that the presence of a proline residue in P2’ enhances

the substrate cleavage rate.[ 219] In 1990, Cordingley et al. observed via HPLC analysis of

digestion products of different peptides, containing the Q↓G scissile bond, that a minimum

substrate length of six amino acids (TLFQ↓GP or ETLFQ↓GP) was needed to be recognised

by HRV 3C protease.[ 138]

Although HPLC-based assays have been widely used to detect HRV 3C protease activity,

application for drug development and HTS (high throughput screening) is difficult due to the

high costs of HPLC analysis in price and time.[ 138,216–219] For this reason it was decided to

not employ this technique for the present study.
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B. Assays based on SDS PAGE

SDS PAGE is an easy and inexpensive method to detect the natural cleavage products of

HRV 3C protease. Cleavage products and the original substrate are separated according

to their electrophoretic mobility, which correlates with size. However, due to differences

of individually prepared gels and the time dependence of gel staining, results are hard

to quantify. Furthermore, low concentrations of protein and small differences of these

concentrations are often not detectable.

Cordingley et al. expressed a precursor of the HRV polyprotein lacking the proteases. This

was used as a substrate to show activity of their HRV 3C protease clone. Cleavage products

and the residual substrate were then visualised by SDS-PAGE. Heinz et al. developed an

in vitro translation method to analyse potential HRV 3C protease inhibitors.[ 217] Observed

cleavage fragments (visualised by SDS-PAGE) from an assay conducted in the presence of

different inhibitors were compared to fragments obtained from an assay using uninhibited

HRV 3C protease.

Both SDS PAGE based assays used by Cordingley et al. and Heinz et al. use polyprotein

fragments of the virus and are easy and inexpensive for detection of HRV 3C protease

activity.[ 217,220] Unfortunately this method is not highly quantitative and experiments are

time consuming, thus this technique was also not used in this study to screen our library of

compounds.
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Assays based on substrate labelling

C. Radioisotope labelling

Wu et al. developed an alternative HRV 3C protease assay with radiolabelled peptide

substrates conjugated to magnetic beads, where the reaction is quenched and the beads

removed with a magnet before detection of the radioisotope in the supernatant.[ 221] Although

this method provides a simpler alternative of sample preparation to HPLC- or SDS-based

assays, it is a discontinuous assayIII thus it is more time consuming. Also, radiolabeled

reagents are costly and a potential health risk and were therefore not explored in the present

study.

D. Fluorescence labelling

Fluorescence-based assays use the principal of FRET.IV The substrate has a fluorophore

attached to one terminus (e.g. to the P portion of the substrate) and a quencher attached to

the other (e.g. to the P′ portion of the substrate, Scheme 2.1). Cleavage of the Q↓G scissile

bond releases the quenching which is given by the close proximity of fluorophore to the

quencher, thus enabling detection of fluorescence.

P��� Pʹ′ ���

fluorophor��� quencher���

close given proximity���

HRV 3C protease���
P��� Pʹ′ ���

fluorophor��� quencher���

release of given proximity���

Scheme 2.1: Release of quenching of fluorescence by substrate cleavage.

Birch et al. developed a continuous fluorescence assay utilizing an intramolecularly

quenched nine-amino acid substrate Anc-TLFQ↓GPVF*K (Anc = anthranilic acid,

F* = para-nitrophenylalanine) mimicking the 2C/3A cleavage site in order to determine

IIIA discontinuous assay needs a separate evaluation step for detection of formed products, however a
continuous assay does not need an evaluation or isolation step and can therefore be detected in real-time.

IVFRET (Förster resonance energy transfer or fluorescence resonance energy transfer) is a mechanism
describing energy transfer between a fluorophore and a quencher.[ 225] A donor fluorophore, initially in its
electronic excited state, may transfer energy to a quenching molecule through nonradiative dipole-dipole
coupling.[ 226] The efficiency of this energy transfer is inversely proportional to the sixth power of the distance
between donor and acceptor making FRET extremely sensitive to small distances.[ 227]
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the kinetics of their generated recombinant HRV 3C protease.[ 222] Disappointingly, this

assay had a high signal to noise ratio which led to a high false-positive rate. Im et

al. used a similar approach using NMN-ACFQ↓GPPVK-DNP (NMN = nicotinamide

mononucleotide, DNP = 2,4-dinitrophenyl) as a substrate to conduct SAR of their

heteroaromatic esters as potential HRV 3C protease inhibitors.[ 178] Baxter et al. used

QSY R© 21-TAIFQ↓GPIDC-Alexa Fluor 647 (QSY R©21 is a nonfluorescent quencher for

Alexa Fluor 647) as a substrate for SAR on quinolone inhibitors, potential HRV 3C protease

inhibitors.[ 179]

Although detection of fluorescence usually offers a sensitive method for product

detection, the application of FRET for HRV 3C protease substrates results in incomplete

quenching of the fluorophore. This incomplete quenching is due to the long distance

between the fluorophore and quencher deriving from the long 6-8 amino acid substrate

recognition sequence which does not allow chemical modifications within this sequence.

Disappointingly, this leads to high background fluorescence of the substrate thus reducing

sensitivity, and increasing false-positive rates. For this reason the FRET technique of HRV

3C protease detection was not chosen for this project.

E. Chromophore labelling

Two assays have been reported using chromophores, a discontinuous assay using

2,4,6-trinitrobenzenesulfonic acid (TNBS) and a continuous assay using para-

nitroanilides[ 214,223,224]

E.1 Discontinuous assay using TNBS

Wang et al. developed a discontinuous colorimetric assay using TNBS 2.1, which reacts

with primary amines generated during HRV 3C protease substrate cleavage, which results in

a bright orange coloured peptidyl trinitrophenyl product 2.3 (Scheme 2.2).[ 223,224]

However, reducing agents such as DTT react with TNBS 2.1 which results in misleading

results. Thus, reducing agents cannot be used, which are required to maintain HRV 3C

protease activity throughout the assay. Additionally, TNBS 2.1 is rated as readily capable of

detonation or explosive decomposition at normal temperatures and pressures.

Although quantitative detection of HRV 3C protease activity is possible using this method,
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Scheme 2.2: Reaction of TNBS with primary amines.[ 228]

the use of TNBS is potentially dangerous and thus, this assay was not chosen for the current

study.

E.2 Continuous colorimetric assay using para-nitroanilides as substrates

Wang et al. also developed the continuous colorimetic assay using para-nitroanilides as

substrates. An altered substrate sequence was developed based on kinetic measurements,

which is now commercially available.[ 214] The substrate contains five amino acids

N-terminal to the Q↓G-scissile bond, the amino acids C-terminal to the scissile bond are

replaced by a para-nitroanilide leading to the substrate sequence EALFQ↓pNA 2.5.[ 214]

The para-nitroanilide of the substrate is fused to the peptide via an amide bond. The whole

substrate appears to be colourless. However, after cleavage of the alternate scissile-bond free

para-nitroaniline (pNA 2.7) is released to the solution containing a free amino residue. The

free amino residue increases the electron density of the aromatic system leading to a strong

yellow colour of free pNA 2.7 which can be detected at 405 nm (Scheme 2.3). This assay is

simple in preparation and promises easy and quantitative detection of HRV 3C protease as it

circumvents high background readings associated with the FRET assays described above.
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Scheme 2.3: Cleavage of EALFQ↓pNA 2.5 by HRV 3C protease to release yellow chromophore pNA
2.7 (para-nitroaniline) which can be detected at 405 nm.[ 214]
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2.1.1 Conclusion

There are many assays described in the literature for detection of HRV 3C protease

activity as outlined above.[ 138,178,179,214,216,217,217–224] Although there are assays available

that allow quantitative detection of HRV 3C protease activity such as the HPLC based

assays,[ 138,216–219] the assay using a radioisotope labeled substrate[ 221] and the colorimetric

assay using TNBS 2.1,[ 223,224] all of these suffer from drawbacks: the HPLC based assays

are time consuming and costly which is undesired for HTS[ 138,216–219] and the assays using

a radioisotope labelled substrate or TNBS 2.1 entail potential health risks.[ 221] Assays that

are easy in preparation such as the SDS PAGE based assay[ 217,220] and the FRET based

assays[ 178,179,222] suffer from tedious quantitative detection of HRV 3C protease activity.

As for the SDS PAGE based assay, differences in individually prepared gels and the time

dependence of gel staining result in tedious quantitative detection of HRV 3C protease

activity.[ 217,220] The FRET based assays suffer from high background reading of fluorescence

due to incomplete quenching.[ 178,179,222] However, the continuous colorimetric assay using a

pNA substrate[ 214] (EALFQ↓pNA 2.5) promises quantitative detection of HRV 3C protease

activity with no disadvantages that could be identified in literature. Thus, it was initially

chosen to evaluate HRV 3C protease activity in the presence of our quinone-inhibitors.
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2.2 Application of the continuous colorimetric assay to

detect HRV 3C protease activity in the presence of

quinone inhibitors

Based on the previously described literature review it was predicted that the continuous

colorimetric assay was the most promising assay for HRV 3C protease activity detection.

Investigation of the application of this assay to screen our quinone inhibitors is described

herein.

2.2.1 Synthesis of required components

The continuous colorimetric assay requires purified HRV 3C protease, which is easily

generated using recombinant E. coli.[ 229] The substrate EALFQ↓pNA 2.5 was either bought

(Sigma-Aldrich) or synthesised in house as described in this section. EALFQ↓pNA 2.5

A. HRV 3C protease

Scheme 2.4 shows schematically the preparation of rHRV 3C protease (recombinant

GST-HRV 3C protease fusion protein). LB (Lysogeny broth or Luria Bertani broth) growth

medium (A) was inoculated with E. coli containing a pGex2T vector, encoding HRV

3C protease N-terminally fused to glutathione S-transferase under the control of the lac

operon. This E. coli culture was incubated (B), followed by induction of rHRV 3C protease

expression using IPTG (C).V The cells were then lysed and rHRV 3C protease was isolated

via glutathione (GSH) affinity chromatography (D). The fusion protein was used without

further modification.

VIPTG (isopropyl β-D-1-thiogalactopyranoside) is used as a mimic of allolactose, a lactose metabolite,
which triggers transcription of the lac operon (promotor of the lac operon was used for regulation of rHRV
3CP expression).[ 230]
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Scheme 2.4: Simplified representation of HRV 3C protease synthesis via recombinant E. coli.
A) LB-media; B) LB media is inoculated with recombinant E. coli containing pGex2T plasmid; C)
induction of rHRV 3C protease expression with IPTG; D) cells are lysed and protein is isolated.
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B. EALFQ↓pNA 2.5 substrate

Retrosynthesis of the para-nitroanilide substrate is shown in Scheme 2.5. The solid

phase support is coupled through the glutamine side chain amide which allows the use of

commercially available Fmoc-Glu-pNA building block (2.7).
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Scheme 2.5: Retrosynthesis of EALFQ↓pNA 2.5, used as a substrate in the continuous colorimetric
assay.

Aminomethyl polystyrene (PS) resin prepared in-house[ 231] was coupled to an Fmoc

RINK amide linker using DIC and HOBt as coupling reagents (Scheme 2.6). Subsequent

Fmoc-deprotection of the linker was undertaken using 20% piperidine in DMF. The first

amino acid, Fmoc-Glu-pNA 2.9, was then coupled through the sidechain to the linker using

DIC and HOBt to give Fmoc-Gln(RINK-amide linker-PS)-pNA 2.12. All subsequent amino

acids were coupled manually by standard solid phase peptide synthesis (SPPS) using DIC

and HOBt. The peptide was then cleaved from the resin with concomitant deprotection of

the glutamate side chain using trifluoroacetic acid, which afforded EALFQ↓pNA 2.5 in a

crude 91% purity (detected by RP-HPLC-MS).
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Scheme 2.6: Manual SPPS of the para-nitroanilide substrate.
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2.2.2 Continuous colorimetric assay optimisation

In order to conduct the continuous colorimetric assay, the optimal assay conditions (rate

limiting concentration of rHRV 3C protease and pNA-substrate) had to be determined. The

rate limiting concentration of rHRV 3C protease is used for the assay to gain maximum

readings and enables accurate IC50-value detection.

The rate limiting concentration of rHRV 3C protease was determined as 60 µg/ml (1.3 µM)

using exponential dilutions ranging between 200 µg/ml and 3.125 µg/mL with 150 µM

substrate (Figure 2.3a). The optimal concentration of the pNA substrate was determined as

200 µM by an analogous method using exponential dilutions ranging between 500 µM and

7.81 µM with the optimised rHRV 3C protease concentration of 60 µg/ml (Figure 2.3b). This

is in agreement with literature.[ 214] Disappointingly, the maximum readings were detected to

be around A405 = 0.2, which is a relatively low reading for absorbance. Wang et al. reported

highest readings of A405 = 1.2 using even lower amounts of HRV 3C protease (0.4 µM).[ 214]
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Figure 2.3: Setup of the pNA based assay. The assay was incubated for 1 h and the change of
absorbance was detected at 405 nm indicated by A405. a) Determining the rate limiting concentration
of rHRV 3C protease; b) determining the optimal concentration of the pNA substrate.
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2.2.3 Inhibitor testing

As aforementioned, this assay develops a bright yellow colour due to release of free pNA.

The quinone inhibitors (e.g. (−)-thysanone 1.69a) also exhibit a strong yellow to red colour

in aqueous buffer solution. In order to test if this assay can still be applied to our library

of thysanone-like inhibitors, it was decided to perform the assay on the natural product

(−)-thysanone 1.69a first.[ 187]

Addition of (−)-thysanone 1.69a to PBS buffer resulted in a dark red mixture which

subsequently turned yellow upon addition of the reducing agent DTT. Due to the

yellow colour of the solution and the expected yellow colour of the pNA product, a

background reading of (−)-thysanone 1.69a was taken for every individual concentration

of (−)-thysanone 1.69a (Figure 2.4a).
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Figure 2.4: Inhibition of HRV 3C protease using (−)-thysanone 1.69a. The assay was incubated
for 1 h and the change of absorbance was detected at 405 nm indicated by A405. a) Detected
inhibition curve of HRV 3C protease using (−)-thysanone 1.69a (red) compared to blank readings
(black) and the raw data of the reading (blue); b) Expected inhibition curve of HRV 3C protease
using (−)-thysanone 1.69a (red) compared to expected blank readings of the assay (black) depending
on different concentrations of (−)-thysanone 1.69a.
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The highest absorbance reading of the assay after subtraction of the background is

A405 = 0.2 which is in agreement with the highest reading detected during assay

optimisation (Figure 2.3). Disappointingly, the published IC50 of (−)-thysanone 1.69a

(13 µg/ml) was not detected.[ 187]

It was expected that the background absorbance increases with increasing concentrations of

(−)-thysanone 1.69a due to the yellow colour of (−)-thysanone 1.69a (Figure 2.4b).

Additionally, a decreasing signal of pNA absorbance is expected with increasing

concentrations of (−)-thysanone 1.69a due to concentration dependent inhibition of

rHRV 3C protease. It was therefore proposed that relatively small detected values for free

pNA which are present at higher (−)-thysanone 1.69a concentrations cannot be effectively

separated from the co-detection of (−)-thysanone 1.69a. Thus, this assay is unusable in its

current state to quantitatively test (−)-thysanone-like inhibitors.

Additionally, it was proposed that the color-change of the (−)-thysanone 1.69a solution

observed after addition of DTT 2.15 may be due to modification and possible deactivation

of the inhibitor (−)-thysanone 1.69a by DTT 2.15 (Scheme 2.7). Consistent with this,

(−)-thysanone 1.69a contains a quinone moiety which is sensitive to nucleophiles and

reducing agents.

[E] + [I] [EI]

[E] + [I(DTT)]

[(DTT)]

Scheme 2.7: Deactivation of inhibitor by DTT.

However, the presence of a reducing agent is required in order to maintain rHRV 3C protease

activity. The cysteine residue of the active site of rHRV 3C protease is susceptible to air

oxidation to form an inactive sulfoxide 2.16 (Scheme 2.8). Addition of reducing agents

such as DTT 2.15 regenerates the cysteine residue by formation of an intramolecular cyclic

disulfide 2.14.
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Scheme 2.8: Deactivation of HRV 3C protease by oxidation. DTT 2.15 reduces the enzyme
regenerating active site function.

It was also discovered that rHRV 3C protease is inhibited by the EALFQ 2.6 cleavage

product. A time course of rHRV 3C protease activity using a range of substrate

concentrations in the absence of inhibitor was recorded (Figure 2.5b). The Michaelis-Menten

theory proposes a linear dependency of product formation over time if the substrate amount

does not change significantly and stays well above KM which is in agreement with the

conducted experiment. However, the product formation curve recorded exhibits saturation,

suggesting product inhibition of rHRV 3C protease.

This result suggests that the equilibrium of the hydrolysis of complex C to the peptide

product and the active cysteine residue (complex D) lies on the site of the thioester which is

in agreement with the higher nucleophilicity of a thiol compared to water (Scheme 2.9).[ 232]

It was additionally proposed that the formation of the thioester (complex C) is favoured over

complex B which could potentially release the substrate (complex A) and the catalytic active

cysteine. After 60 minutes enough product (EALFQ 2.6) is formed to shift the equilibrium

of the reaction completely to complex C, preventing the enzyme from further catalysis. This
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Figure 2.5: A time course of HRV 3C protease activity. a) Expected curve of product formation over
time (straight line); b) Observed rate of product formation over time (detected saturation: suggesting
product inhibition of rHRV 3C protease).

co-inhibition of rHRV 3C protease by EALFQ 2.6 increases false-positive rates of detected

inhibition with (−)-thysanone 1.69a.

It was disappointing to see that the initially most promising assay from the literature could

not be applied to our quinone inhibitors. For this reason we decided to investigate whether

our synthetic (−)-thysanone 1.69a exhibits the literature IC50 of 13 µg/mL using a different

assay.[ 187]
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Scheme 2.9: Proposed cleavage mechanism of EALFQ↓pNA 2.5 using rHRV 3C protease.

2.3 SDS PAGE-based assay

The above continuous colorimetric assay using EALFQ↓pNA 2.5 as a substrate showed a

high signal to noise ratio in the presence of inhibitor and it was also proposed that DTT 2.15,

used for rHRV 3C protease activation, interacts with (−)-thysanone 1.69a by formation of a

inactive (−)-thysanone-DTT complex. Furthermore, evidence of product inhibition was also

observed.

It was therefore decided to apply an SDS-PAGE based protein cleavage assay using a

native viral polyprotein substrate (SSL7/Trx fusion protein containing the HRV 3C protease

cleavage sequence). Titration of rHRV 3C protease determined an optimal concentration of

2 µg/ml for this assay (Figure 2.6(a)).

Exponential dilutions of (−)-thysanone 1.69a concentrations (300 µg/mL to 0.3 µg/mL)

were incubated with SSL7-Trx and rHRV 3C protease and substrate cleavage was analysed
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Figure 2.6: Test for activity of HRV 3C protease by a SDS PAGE assay.

by SDS PAGE (Figure 2.6(b)). Pleasingly, it was found that the IC50 for our synthetic

(−)-thysanone 1.69a in this assay was approximately 14.1 µg/mL (estimated between 9.4

and 18.8 µg/mL), which is consistent with the original published value using HPLC and the

synthetic peptides (IC50 13 µg/mL).[ 187] This confirms that the initially chosen continuous

colorimetric assay using EALFQ↓pNA 2.5 cannot be applied to our quinone inhibitors.
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2.4 Conclusion

The continuous colorimetric assay using EALFQ↓pNA 2.5 was initially chosen to screen

our quinone inhibitors against HRV 3C protease.[ 214] This assay promised the ability of fast

and quantitative experimental determination of IC50 values of our inhibitors.[ 214] However,

several problems with this assay were observed, the literature reported maximal absorbance

value of A405 = 1.2 could not be repeated.[ 214] Disappointingly, values of maximal A405 = 0.2

were observed. It was also observed that (−)-thysanone 1.69a combined with DTT 2.15

resulted in a yellow solution which also strongly absorbs light at A405 resulting e.g. in a

total absorbtion of A405 = 0.4 for 50 µg/mL of (−)-thysanone 1.69a after conducting the

assay. It was also proposed that (−)-thysanone 1.69a underwent reaction with DTT which

may have neutralised its activity against rHRV 3C protease. It was also disappointing to see

that product inhibition of rHRV 3C protease by EALFQ was detected in the duration time of

the assay. These combined factors, namely the low maximal A405 of 0.2, the co-detection of

inhibitor and pNA product, the proposed interaction of (−)-thysanone 1.69a and DTT 2.15

and the co-inhibiton of rHRV 3C protease by the substrate cleavage product (EALFQ 2.6)

render this assay incompatible for detection of rHRV 3C protease activity in the presence of

our test quinone inhibitors.
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2.5 Development of a novel solid phase based fluorescent

assay

Due to the problems associated with the continuous colorimetric assay using EALFQ↓pNA

2.5 as the substrate described in Section 2.2 and in the literature review that described

problems with the other known assays, a novel HRV 3C protease assay was required. The

newly developed assay had to overcome problems associated with:

a) lack of sensitivity,

b) absorbance overlap of the chromophore and the inhibitor,

c) product inhibition

d) artificial substrate sequence

e) unfavourable interaction of (−)-thysanone 1.69a and reducing agent

It was proposed that a lack of sensitivity (a) and the overlap of the absorbance of the

chromophore and inhibitor (b) can be minimised by use of a fluorescent based method instead

of an absorption based method. Fluorescence is the emission of light by a fluorophore which

has absorbed energy via electromagnetic radiation (Figure 2.7). The emitted light has a

longer wavelength (λ), and therefore lower energy, than the absorbed radiation. Emitted

light is highly selective for the fluorophore and thus the emission signal of the fluorophore is

measured above a low background level. On the contrary, absorbance compares the intensity

of light passing through an object compared to the intensity of irradiation. Due to the ability

of many compounds to absorb light but much fewer that emit light, detection of absorbance is

less selective and more error-prone than detection of fluorescence. It is generally recognised

that the sensitivity of fluorescence techniques is 1000 times more sensitive than absorption

spectroscopy. Additionally, inhibitor-molecules are commonly non-fluorescent preventing

co-detection of product and inhibitor. However, a disadvantage of fluorophores that has to

be considered is that fluorescence can be quenched by other components in the solution

including inhibitors.

It was proposed that the use of a fluorescent method also addresses the product inhibition

issue (c) detected for the continuous colorimetric assay (Section 2.2, p. 85). Fluorescence is
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Figure 2.7: Difference of fluorescence and absorbance. a) For fluorescence one electron of the
fluorophore is excited into the first electronic excited state by absorption of one photon. When the
electron goes back to the ground state a photon is emitted that is from lower energy than the one
absorbed. b) Absorbance measures the light that is absorbed by an object, therefore the intensity of
irradiation is compared to the intensity of light that passed through an object.

detected in the nM range, whereas a concentration of 20 µM is required to yield a minimum

absorbance reading for pNA of A405=0.2 (ε405 = 9.96 mM−1cm−1 for free pNA), which was

our highest detected signal for the pNA assay. At this concentration, product inhibition was

observed, however no product inhibition was observed for the EALFQ peptide byproduct of

the substrate cleavage at nM concentrations (Figure 2.5, p. 85). Thus, product inhibition is

less likely due to lower concentrations of product being present.

The proposed improvements of the substrate so far led to a substrate like 2.21 (Figure 2.8).

This substrate cannot be used for an assay due to the identical fluorescence wavelength

of the substrate and the product. The known fluorescence based assays (Section 2.1)

lead to substrates like 2.22, containing a quencher on the other end of the substrate. As

aforementioned, due to the long recognition sequence of the substrate for HRV 3C protease,

the proximity of quencher and fluorophore is relatively large leading to high background

readings.[ 178,179,222] Our approach was to use a solid phase support instead of a quencher

leading to a substrate such as 2.23. This approach does not suppress the emission of light

of the substrate, however, residual substrate can be easily removed by filtration allowing

selective detection of fluorescence of the formed product. This also enables the use of the

full recognition sequence required for HRV 3C protease due to no limitations in substrate

size for this assay (associated problem (d) for the continuous colorimetric assay).
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Figure 2.8: Substrate development for the novel fluorescent based assay. Known substrates 2.22 are
compared to the novel substrate 2.23

In order to overcome the proposed unfavoured interaction of (−)-thysanone 1.69a with

DTT 2.15 (e), alternative reducing agents and methods were also investigated.

Figure 2.9 depicts the schematic representation of the solid phase based fluorescent assay.

Both, the fluorophore and the solid support are not located within the recognition sequence of

HRV 3C protease, thereby mimicking a natural cleavage event. The substrate is recognised

and cleaved by rHRV 3C protease in the absence of inhibitor resulting in release of the

fluorophore to the aqueous phase. The assay is terminated by filtration leading to removal of

residual substrate. Therefore, residual substrate can not increase background readings due to

insufficient quenching. In the presence of an inhibitor, rHRV 3C protease does not recognise

and cleave the substrate, hence no fluorophore is released into the solution leading to no

detection of fluorescence. The development of this proposed assay will be described in this

section.

rHRV 3CP 

Sepharose-CLEVLFQ↓GPSK( )G ���

Quantitative fluorescence 
analysis of supernatant. 

Excitation – 495 nm 
  

Emission – 516 nm 

rHRV 3CP 

rHRV 3CP 
Substrate	  

rHRV	  3C	  protease	   Inhibitor	  

Figure 2.9: Schematic representation of the solid phase based fluorescent assay. The peptide is
N-terminally bound to Sepharose R© and contains the entire HRV 3C recognition sequence. The active
enzyme cleaves the peptide thus releasing the fluorophore (Fluoro) into the supernatant where it can
be quantitatively detected after filtration or centrifugation of the reaction.
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2.5.1 Substrate synthesis

In order to develop the proposed assay (Figure 2.9), the peptide substrate had to be

synthesised. We decided to completely incorporate the general recognised recognition

sequence of HRV 3C protease (LEVLFQ↓GP). We added a cysteine residue N-terminally to

the peptide in order to be able to couple Sepharose R© as the solid phase support for the assay

to the substrate. Furthermore, we added a serine, lysine and glycine residue to the C-terminus

of the sequence. The serine residue is used as a spacer to increase the distance of the bulky

fluorophore to the active site of rHRV 3C protease. The lysine residue allowed selective

coupling of the fluorophore (5(6)-carboxyfluorescein) to the peptide. The glycine was used

to connect the peptide to the linker (WANG) of the solid phase (polystyrene) used for the

peptide synthesis. This resulted in a peptide with the sequence CLEVLFQ↓GPSK(Fluoro)G.

In order to allow selective deprotection of the lysine residue for coupling of the fluorophor,

this residue had to incorporate a protecting group that could be cleaved orthogonally to the

remaining protecting groups. Dde (1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)-3-ethyl)

was chosen which can be selectively removed using hydrazine hydrate. The synthesis of

the peptide is shown in Scheme 2.10 and was conducted by Dr. Renata Kowalczyk in our

research group. After synthesis of solid phase bound peptide 2.26 the Dde protecting group

was selectively removed using 2% hydrazine hydrate solution allowing selective coupling of

5(6)-carboxyfluorescein using HBTU and DIPEA. Cleavage from the resin took place with

concomitant deprotection of the side chain protecting groups affording the desired peptide

2.27.

i-ii Fmoc-Lys(Dde)-Gly-WANG-PS

Boc-Cys(Trt)-Leu-Glu(t-Bu)-Val-Leu-Phe-Gln(Trt)-Gly-Pro-Ser(t-Bu)-Lys(Dde)-Gly-WANG-PS

Cys-Leu-Glu-Val-Leu-Phe-Gln-Gly-Pro-Ser-Lys(Fluoro)-Gly

iii-iv

v-viii

Fmoc-Gly-WANG-PS
2.24 2.25

2.26

2.27

Reagents and conditions: i) 20% piperidine/DMF, 5+15 min, r.t.; ii) Fmoc-Lys(Dde), HATU, collidine, r.t., 1 h;
iii) Fmoc removal: 20% piperidine/DMF, 0.5+3 min, 80 ◦C, MW; Aa coupling: HBTU, DIPEA, DMF, 80 ◦C,
5 min, MW; iv) Boc2O/DMF, 2x1 h, r.t.; v) 2% NH2-NH2·H2O in DMF, 3x3 min; vi) 5(6)-carboxyfluorescein,
HBTU, DIPEA, 50 min, 80 ◦C, MW; vii) 20% piperidine, DMF, 0.5+3 min, 80 ◦C, repeated 4 times;
TFA:H2O:TIS:DODT (94:2.5:1:2.5), r.t., 2.5 h.

Scheme 2.10: Synthesis of the peptide for the fluorescence based assay.
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With the CLEVLFQ↓GPSK(Fluoro)G peptide 2.27 in hand, we were able to couple

Sepharose R© 2.28 selectively to the cysteine residue at the N-terminus of the substrate.

Sepharose R© 2.28 was activated with butanediol diglycidyl ether 2.29 by a method described

by Sundberg and Porath with subsequent coupling of peptide 2.27 to the activated

Sepharose R© 2.30 which afforded substrate 2.31 (Scheme 2.11).[ 213]

OH O
O NaBH4, NaOH

O O
O

OH

O

O

O

HS

O O O

OH

OH
S

peptide

peptide

+

2.28
Sepharose®

2.29 2.30

2.27

2.31

Scheme 2.11: Epoxy-activation of Sepharose R© and subsequent coupling of the
CLEVLFQ↓GPSK(Fluoro)G peptide 2.28.

One of the concerns with any heterogeneous assay is the consistency obtained when

generating the substrate-conjugated solid phase support.[ 215] To address this problem, we

determined the optimal conditions for conjugation of the peptide to the solid phase support.

Both, time requirements for peptide coupling and concentration of the peptide to achieve

optimal coupling conditions had to be optimised. The coupling efficiency (CE) was

calculated using Equation 2.1 where ct is the total peptide concentration used in the coupling

and cr is the remaining peptide concentration in solution after coupling.

CE =
ct− cr

ct
·100 (2.1)

While the total peptide concentration used at the beginning is a known value, the remaining

peptide concentration in solution after coupling had to be determined and thus, a standard

curve was recorded. The recorded curve was plotted and calculated using GraphPad

Prism 5 R© using a point-to-point spline (Figure 2.10).
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Figure 2.10: Detection of fluorescence (F516) against a known total amount of substrate [S]. The
assay was incubated for 1 h and the change of fluorescence was detected at 516 nm indicated by F516.

Calculation of the remaining peptide concentration in the solution after coupling was thus

performed using Equation 2.2 with cr is remaining peptide concentration in solution, n is the

number of peptide molecules detected in nmol and V is the detection volume in liters.

cr = n/V (2.2)

To determine the most effective time for the peptide 2.27 to be coupled to epoxy-activated

Sepharose R© 2.30, a time course of residual peptide 2.27 present in the supernatant of the

reaction suspension was recorded (Figure 2.11a). Although it is evident that the coupling

occurs mainly in the first 40 min, an overnight reaction was routinely performed in order

to allow maximal coupling of peptide 2.27 to activated Sepharose R© 2.30. The optimal

peptide concentration for the coupling reaction was determined by using a range of peptide

concentrations (153 nmol/gSepharose−1.53 µmol/gSepharose) with a fixed quantity of reagents

(261 µL/gSepharose of 80 mM MOPS pH 7.4, 20 mM TCEP and 2 M sodium sulfate) with an

overnight coupling at room temperature under continuous rotation (Figure 2.11b, c).
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Figure 2.11: Determination of coupling conditions. The assay was incubated for 1 h and the change
of fluorescence was detected at 516 nm indicated by F516. a.) Time-dependent coupling of the
peptide 2.27 to epoxy-activated Sepharose R© 2.30 using standard conditions. b.) Total amount of
peptide 2.27 coupled to activated Sepharose R© 2.30 using different concentrations of peptide 2.27.
c.) Coupling efficiency using different concentrations of peptide 2.27. d.) Coupling of peptide
2.27 to activated Sepharose R© 2.30. Positive control represents coupling conditions without activated
Sepharose R© 2.30, negative control represents coupling conditions without fluorescent peptide 2.27,
experiments 1-3 represent three individual coupling experiments (611 nmol/g Sepharose R© substrate,
261 µL/g Sepharose R© of 80 mM MOPS pH 7.4, 20 µM TCEP and 2 M sodium sulfate).

The study has shown that the total amount of peptide coupled to Sepharose R© 2.28 is

most dependent on the peptide concentration used for the coupling (Figure 2.11b). A

saturating concentration of total peptide was not reached. However, we were happy to

see that the coupling efficiency plateaued at between 85% and 90% efficiency between

500 and 1500 nmol of peptide used (Figure 2.11c). Therefore a concentration of

611 nmolpeptide/gSepharose was chosen for future studies, which falls within the optimal range

for coupling without excessive use of the valuable peptide substrate.

To determine whether coupling of the peptide substrate to Sepharose R© 2.28 could be

consistently replicated, three separate but identical reactions, each carried out in triplicate

were conducted. The study revealed that a consistent 85% coupling efficiency could be

achieved representing a loading of 520 nmol peptide/g Sepharose R© 2.28 (Figure 2.11d).
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It was therefore confirmed that a highly reproducible and quantitative coupling of

CLEVLFQ↓GPSK(Fluoro)G 2.27 to activated Sepharose R© 2.30 can be achieved using the

described conditions. Although in this case the peptides were based upon the HRV 3C

recognition sequence for detection of HRV 3C protease inhibition by our quinone inhibitors,

we envisage the same consistency for alternate sequences such as other HRV subtypes or

mutated sequences.

2.5.2 Setup of the solid phase based fluorescent assay

In order to setup the solid phase based fluorescent assay, the initial rate

limiting concentration of rHRV 3C protease and the optimal concentration of

C(Sepharose R©)LEVLFQ↓GPSK(Fluoro)G substrate 2.31 had to be determined, similar to

the continuous colorimetric assay. Furthermore, the optimum pH was determined in order

to be able to adjust pH conditions for this assay and different reducing methods were tested

to overcome the likely side reaction of DTT 2.15 with quinone inhibitors (see Section 2.2.2,

p. 81).

To determine the optimal assay conditions, a rate-limiting concentration of rHRV 3C

protease was first identified to be 50 µg/mL and the optimal concentration of the substrate

was determined to be 52 µM. The optimum pH range for rHRV 3C protease was determined

using the optimised assay conditions in a pH range of 2.8-11.0. It was pleasing to observe

that the assay has a wide tolerance for pH conditions and an optimum range of pH 6.1 to

10.7 allowing adjustments of pH over a broad range of values (Figure 2.12).

6.1 10.7
0

20000

40000

60000

80000

pH

F 5
16

Figure 2.12: Determination of the pH optimum of the fluorescent solid phase assay. The assay was
incubated for 1 h and the change of fluorescence was detected at 516 nm indicated by F516.
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rHRV 3C protease is sensitive to oxidation and requires a reducing agent to function

correctly in the protease assay. Use of DTT 2.15 was not possible due to side-reactions

with the quinone inhibitors (Section 2.2). To eliminate possible side reactions, three different

reducing agent methods were compared to a control reaction in which rHRV 3C protease was

used with no reducing agent and the use of DTT 2.15 activated rHRV 3C protease in order

to find reducing conditions that show a similar effect as DTT 2.15 for rHRV 3C protease

induced substrate cleavage (Figure 2.13). All experiments were carried out at 37 ◦C for

1 hour.

no
 re

du
cin

g a
ge

nt

0.6
 m

M D
TT

DTT-pr
ea

cti
va

ted
 3C

P

5 µ
M TCEP

0

50

100

150

200

%
 a

ct
iv

ity
 re

l. 
to

 u
na

ct
iv

at
ed

 
rH

R
V 

3C
 p

ro
te

as
e

Figure 2.13: Comparison of reduction methods on rHRV 3C protease activity. The assay was
incubated for 1 h using different reduction methods and the change of fluorescence was detected
at 516 nm indicated by F516.

Figure 2.13 shows the activity of non-inhibited rHRV 3C protease using different methods.

The use of no reducing agent was set as a control to 100%. It was observed that the use of

DTT 2.15 resulted in an increase of activity of 68% compared to the control. This value was

hoped to be obtained by a different reducing method.

Preactivation of rHRV 3C protease using DTT 2.15 followed by removal of residual DTT

2.15 before addition to the assay was investigated. In order to achieve this, rHRV 3C protease

was pre-incubated with DTT 2.15 followed by size exclusion chromatography to remove

residual DTT 2.15 from the solution. The observed rHRV 3C protease was used directly

for the assay. However, no change in activity was recorded compared to the assay that uses

no reducing agent (control) suggesting rapid oxidation of rHRV 3C protease in air. It was

therefore shown that a reducing agent is required throughout the incubation period to keep

rHRV 3C protease active.
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TCEP (tris(2-carboxyethyl)phosphine) is a reducing agent with low nucleophilicity as

required for use with electrophilic quinones. Pleasingly, it was found that the use of 5 µM

TCEP resulted in an increase of activity of 49% compared to the reaction using no reducing

agent. This increase is comparable to the increase observed using DTT 2.15, hence 5 µM

TCEP was used for further studies.

2.5.3 Kinetics of the solid phase based fluorescent assay

Detection of the kinetics of a discontinuous assay is more complex than for a continuous

assay. While a continuous assay can be measured in real-time, a discontinuous assay requires

an evaluation or isolation step before the products can be detected, in this case a filtration

step to remove residual fluorescent substrate.

Kinetic assays for the fluorescent solid phase assay were scaled up from 50 µL volumes

used for the previously described activity assay to a total volume of 1 mL in order to

be able to remove aliquots at various time intervals (20-120 min). Different substrate

concentrations (0-81.6 µM) were used for detection of kinetic parameters. The increase

of product formation over time was plotted to evaluate the reaction velocity (v0) for each

substrate concentration. The velocity was then plotted against the substrate concentration

according to Michaelis-Menten (Figure 2.14). Kinetic parametersVI KM and Vmax were

calculated using GraphPad Prism5 R©(GraphPad Software, Inc. USA). Kinetic parametersVII

kcat and kcat/KM were calculated from the previous obtained parameters (KM and Vmax) using

the following equation with [E] = the enzyme concentration.

kcat =
Vmax

[E]
(2.3)

In order to be able to compare the obtained values for the solid phase based fluorescent assay,

kinetics were also determined for the soluble substrate EALFQ↓pNA 2.5 (Figure 2.14). A

kcat/KM of 3.74 M−1s−1 was determined for the solid based fluorescent assay which was

VIThe Michaelis Menten constant KM is defined as the substrate concentration at which the reaction rate is
at half-maximum (a small value indicates a high affinity). The maximum velocity Vmax is reached when all
enzyme is in an enzyme substrate complex, therefore all active sites are saturated.

VIIThe turnover number kcat represents the maximum number of substrate molecules that can be converted
to product per enzyme molecule per second. The enzyme efficiency is represented by the value kcat /KM . It
reflects both, the affinity of the substrate towards the enzyme and the catalytic ability of the enzyme, thus it is
also called the specificity constant.
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considerably lower than 20.8 M−1s−1 for the soluble EALFQ↓pNA 2.5 substrate. This

difference is likely due to the solid phase character of the bead-based assay with not all

substrate being accessible to HRV 3C protease on Sepharose R©. This problem can be

circumvented in part by using a surface-bound peptide in epoxy activated micro-plates

where the substrate is more readily available for enzymatic cleavage, although it is not

atypical for heterogeneous assays to exhibit lower kinetic parameters that their homogeneous

counterparts.[ 233]

It was also pleasing to see that no product inhibition for the newly developed solid phase

based fluorescent assay was observed (Figure 2.14a). This may be due to the increased

sensitivity of detection of fluorescence resulting in less cleaved substrate to be present

compared to absorbance (nM compared to µM).
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Figure 2.14: Kinetic analysis. a.) Solid phase based fluorescent substrate cleavage over time. A
first order reaction showing the increase of product over time. b.) pNA substrate cleavage over
time. A first order reaction showing the increase of product over time. c.) Michaelis Menten plot of
fluorescent assay. Change of velocity (v0) with the concentration of the fluoro substrate, v0 is plotted
as an average of calculated values. d.) Michaelis Menten plot of pNA assay. Change of velocity (v0)
with the concentration of the fluoro substrate, v0 is plotted as an average of calculated values.
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2.5.4 Summary of the solid phase based fluorescent assay

A novel, peptide-based solid phase fluorescence assay for the efficient screening of HRV

3C activity was developed. Unlike previously described assays, the solid phase substrate

was designed to include the whole recognition sequence of HRV 3C protease with no

chemical modifications or quenching reagents required for detection. Furthermore, the

assay was shown to be highly reliable with consistent coupling of the peptide substrate

to the epoxy-activated Sepharose R© 2.30, enabling highly quantitative detection of the

product formed. This assay represent an improvement on several reported assays, including

the commercially available spectroscopic assay. Unlike other published assays using

fluorescence as a detection method, this assay enables detection of rHRV 3C protease

with low background readings due to the ability to remove unreacted substrate from the

reaction prior to detection of the actual fluorescence signal. Furthermore, the whole substrate

recognition sequence of HRV 3C protease is utilised in the substrate unlike the continuous

colorimetric assay using EALFQ↓pNA 2.5 as a substrate, which relies on the ability of rHRV

3C protease to cleave a non-peptidic amide bond between glutamine and pNA 2.7. Also, the

sensitivity was drastically improved with detection of product in nM quantities compared

to µM quantities for the continuous colorimetric assay. This enables detection of product

formation before product inhibition starts to appear during the assay. In addition, detection

of fluorescence enables highly sensitive screening of compounds that absorb light at a variety

of wavelengths, another integral problem to existing colorimetric assays.
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2.6 Screening of first generation inhibitors based on

(−)-thysanone 1.69a

The solid phase based fluorescent assay was primarily developed in order to provide an

easy, sensitive and reliable method for the detection of HRV 3C protease activity in the

presence of potential naphthoquinone and pyranonaphthoquinones inhibitors. Due to the

successful method development of a new assay method, first generation inhibitors based

on (−)-thysanone 1.69a (which all absorb light at 405 nm) were screened under standard

assay conditions and SAR were constructed. Our library can be divided into three structural

classes, which will be discussed in this section:

1. pyranonaphthoquinones (2.32)

2. naphthoquionones (2.33)

3. analogues lacking the quinone moiety

(2.34)

O

O

O

O

O

OH

2.32 2.33 2.34
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2.6.1 Pyranonaphthoquinones based on the (−)-thysanone scaffold

An enzyme provides a chiral environment which allows highly stereoselective catalysis

and stereoselective recognition of substrates. Thus, one stereoisomer of a chiral inhibitor

often shows greater activity than another stereoisomer. In some cases one stereoisomer

can be inactive or even have contra-effects, which is probably best known and described

in the profound human tragedy of thalidomide.[ 234,235] Thalidomide was prescribed in the

late 1950s, mainly to pregnant women, as a sleeping pill with anti-nausea and sedative

properties. However, one enantiomer shows this activity whereas the other is responsible

for birth defects in pregnant women.[ 234,235] Knowing this, we decided to synthesise both

enantiomers and racemic thysanone 1.69 for our library. Thus these were the first series

of (−)-thysanone analogues to be explored. As described in Part I.3.1.1 the relative

configuration of thysanone 1.69 is always trans due to the anomeric effect. The detected

IC50-values for the first series of compounds are recorded in Table 2.1.

Table 2.1: Influence of the absolute sterechemistry of (−)-thysanone 1.69a and two analogues 2.35
and 2.36.
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R1

R2
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O
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R2

1
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O

R1
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R2

1
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7

9

(±)(1R,3S) (1S,3R)

Compound R1 R2 Conf. at C-1 Conf. at C-3 IC50 [µM]

(−)-thysanone 1.69a OH OH R S 53±0

(±)-thysanone 1.69 OH OH (±)-1,3-trans 39±0

(+)-thysanone 1.69b OH OH S R 47±0

2.35a OH H - S 103±0

2.35 OH H - rac 101±0

2.35b OH H - R 109±35I

2.36a OiPr H - S 114±22I

2.36 OiPr H - rac 77±30I

2.36b OiPr H - R 132±0

IThe error values do not reflect experimental errors.

The two included enantiomers and the racemate of thysanone, namely (−)-thysanone 1.69a,

(+)-thysanone 1.69b and (±)-thysanone 1.69, share a similar inhibitory profile
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and inhibit rHRV 3C protease with an IC50 of 39-53 µM. The same effect

was observed using 1-deoxythysanone 2.35 (IC50 about 101-109 µM), however for

1-deoxy-7,9-diisopropoxythysanone 2.36 the IC50 for the racemate 2.36 was less than

for 2.36a (114 µM) and 2.36b (132 µM). Importantly, removing the lactol functionality

decreased the inhibitory effect.

Attention next turned to variations in the functional groups of (−)-thysanone 1.69a

(Table 2.2). In vitro evaluation of compounds 1.69a, 2.37a-2.40 in which all

oxygen-functionalities were present, but were modified, revealed the importance of having

free alcohol groups at C-1, C-7 and C-9. The importance of the lactol functionality at C-1

is demonstrated with compound (±)-2.35a. Reduction of the C-1 lactol to an ether moiety

resulted in a 2-fold decrease of activity compared to the natural product (−)-thysanone 1.69a.

Additional removal of the hydrogen bonding capabilities at C-7 and C-9 by protection of the

alcohols resulted in no activity (2.36a, 2.41 and 2.42). Removal of the functionality at C-9

also resulted in complete loss of activity (compounds 2.43-2.46), however, removal of the

functionality at C-7 and C-9 (compound 2.47) resulted in a weak inhibitor suggesting that

substituents at C-9 result in unfavoured steric bulk or stereoelectronic effects. Furthermore,

compounds containing a free hydroxy-substituent at C-7 (compounds 1.69a and 2.36a)

showed activity, whereas protected alcohols at C-7 (compounds 2.35a, 2.36a and 2.37a-2.42)

showed little to no activity, suggesting a hydrogen-donor function of this group. Also, a

hydrogen-acceptor function of this group is possible due to the steric bulk introduced by

protection of the C-7 alcohol.
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Table 2.2: Influence of variation of the functional groups of (−)-thysanone 1.69a compared to
(−)-thysanone 1.69a (grey).

O

O

O

R2

R1

R3

1
3

7

9

Compound R1 R2 R3 Conf. IC50 [µM]

(−)-thysanone 1.69a OH OH OH (1R,3S) 53±0

Astropaquinone C 2.37a OMe OMe OH (1R,3S) n.i.

Astropaquinone B 2.38 OMe OMe OMe (1R,3S) n.i.

2.39 OMe OH OH (1R,3S) 220±75

2.40 OiPr OiPr OH (±)-trans n.i.

(3S)-2.35a OH OH H 3S 103±0

(3S)-2.36a OiPr OiPr H 3S 114±20

2.41 OTBS OMe H rac n.i.

2.42 OTBS OH H rac n.i.

2.43 H OH OH (±)-trans n.i.

2.44 H OH H (±)-trans n.i.

2.45 H OMe OH (±)-trans n.i.

2.46 H OMe H rac n.i.

2.47a H H OH (1R,3S) 172±89

2.47 H H OH rac 169±67

n.i. = no inhibition

Table 2.3 summarises the investigation of 2-carba analogues of (−)-thysanone 1.69a. The

2-oxa functionality of (−)-thysanone 1.69a is part of a lactol functionality. For analogues

2.48-2.51 (Table 2.3) it was observed that all four compounds lacking this functionality did

not show any activity towards rHRV 3C protease, suggesting that the C-1 lactol group reacts

with the key-residue in the active site of rHRV 3C protease.
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Table 2.3: In vitro evaluation of 2-carba analogues of (−)-thysanone 1.69a.

O

O

R1

R1

R2

21

3

compound R1 R2 conf. IC50 [µM]

2.48 OH OH (±)-cis n.i.

2.49 OiPr OH (±)-cis n.i.

2.50 OMOM OH (±)-cis n.i.

2.51 OiPr H rac n.i.

n.i. = no inhibition

Analogue 2.52 that incorporates a quatenary center at C-1 and emodine 2.53, the fully

aromatic analogue of (−)-thysanone 1.69a, exhibited no in vitro activity against rHRV 3C

protease (Table 2.4).

Table 2.4: The in vitro activity of 2.52 and emodine 2.53 compared to (−)-thysanone 1.69a (grey).

O

O

O

O

O

OH

HO

OH

2.52 2.53

compound IC50 [µM]

(−)-thysanone 1.69a 53±0

2.52 n.i.

emodine 2.53 n.i.

n.i. = no inhibition
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2.6.2 Naphthoquinones

A series of naphthoquinones was also tested for potential inhibitors of HRV 3C protease.

This series was developed due to the ability of (−)-thysanone 1.69a to coexist in an

open chain tautomer 1.691 but with predominantly existing in the trans-anomer 1.69a

(Scheme 2.12, see also anomeric effect, p. 34). This series of molecules helps to understand

the importance of the pyran ring system.

O

O

O

OH

HO

OH

O

O

O

OH

HO

OH

OH

O

O

OH

HO

O

(–)-thysanone (1.69a)
favoured anomer

(–)-thysanone 1.69a1
open chain tautomer

(–)-thysanone 1.69a2
unfavoured anomer

O

O

O

OH

HO

OH

(–)-thysanone 1.69a

R3

O

O

R2

naphthoquinones 2.54

R1

Scheme 2.12: The two anomeric structures of (−)-thysanone 1.69a and the open chain intermediate
1.69a1 led to the development of naphthoquinone inhibitors.

Simple juglone derivatives 2.55-2.59 with variations in the C-2/C-3 substitution pattern

and with or without an alkyl group at the C-5 alcohol function were first investigated.

However, all analogues 2.55-2.59 showed decreased inhibitory effect on rHRV 3C protease

(IC50 = 196-286 µM) against rHRV 3C protease compared to the natural product

(−)-thysanone 1.69a (53±0 µM, Table 2.5), suggesting that important functional groups

for recognition by rHRV 3C protease are lacking.
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Table 2.5: In vitro activity of juglone 2.55 and allylated analogues 2.55-2.59.

R1 O

O

R2

R32

35

compound R1 R2 R3 IC50 [µM]

2.55 OH H H 196±0

2.56 OH H allyl 204±0

2.57 OH allyl H 241±54

2.58 OH allyl allyl n.i.

2.59 OMe H allyl 286±83

n.i. = no inhibition

Attention next focused on substituted naphthoquinone inhibitors 2.60-2.62 (Table 2.6).

Disappointingly, in this series of compounds no inhibition of rHRV 3C protease was

observed under the tested conditions.

Table 2.6: In vitro activity of naphthoquinone analogues 2.60-2.62.

O

O

O

O

O

2.62

O

O

OH

2.60 2.61

compound IC50 [µM]

2.60 n.i.

2.61 n.i.

2.62 n.i.

n.i. = no inhibition

To increase the reactivity of the naphthoquinone inhibitors, a bromine substituent at

2-position was introduced, resulting in a significant increase in inhibition of rHRV 3C

protease (Table 2.7). The unsubstituted 2-bromonaphthoquinone 2.63 afforded an excellent

IC50 value of 4.2±0 µM. Introduction of substituents such as allyl (2.64), 2-hydroxypropyl

(2.65 and 2.66) or an oxirane (2.68) resulted in a decrease in inhibitory properties compared

to bromoquinone 2.63. Disappointingly, introduction of a ketone (2.67) decreased the

inhibitory properties by 12-fold compared to 2.63.



108 Chapter 2. HRV 3C Protease Activity Assay

Table 2.7: In vitro activity of naphthoquinones 2.63-2.68.

O

O

Br

R

2.63, R=H 

2.64, R=ally

2.65, R=           

2.66, R=           

2.67, R=           

2.68, R=

OH

OH

O

O

compound IC50 [µM]

2.63 4.2±0

2.64 8.8±0

2.65 17.5±3

2.66 26.1±9

2.67 49.4±13

2.68 14.5±4

Combining of structural features of juglone- with bromonaphthoquinone based inhibitors

led to the two synthesised analogues 2.69 and 2.70. Both established a significant increase

in inhibitory properties compared to their juglone derivatives 2.55 and 2.59 (Table 2.8).

However, compared to the naphthoquinone derivative 2.63, less inhibition was observed.

This suggests that the C-5 alcohol group results in either undesired steric bulk, or undesired

stereoelectronic effect.

Table 2.8: In vitro activity of naphthoquinones 2.69-2.70.

O

O
2.69

Br
OH O

O
2.70

Br

iPrO

compound IC50 [µM]

2.69 15.1±0

2.70 22.6±6
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2.6.3 Analogues that lack the quinone moiety

To determine whether the quinone functionality present in previously tested analogues is of

important to inhibition of rHRV 3C protease, a few key analogues 2.71a, 2.72-2.74 lacking

this function were tested (Figure 2.15). None of these molecules were active against HRV

3C protease, suggesting that the quinone functionality is a key feature for the molecular

mechanism of action to inhibit rHRV 3C protease.

iPrO

iPrO

OH

O

O

2.71a

OMe

OMe

Br
OMe

OMe

Br
OMe

OMe

Br
OH

O

2.72 2.73 2.74

Figure 2.15: Analogues lacking the quinone moiety.
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2.7 Summary

This chapter described the methods used to detect inhibition of rHRV 3C protease

activity using our quinone inhibitors. The initial literature review on existing activity

assays demonstrated the difficulties in establishing a quantitative method. Most assays

suffered from drawbacks. The HPLC[ 216–219] based assays are time consuming and costly.

Some assays use labels with a potential health risk such as TNBS[ 228] (explosive) or a

radioisotope (exposure to radiation). Assays described in the literature using quenched

fluorophores[ 179,222,225–227] all suffered from high background readings, and the SDS PAGE

based assays[ 217,220] are hard to quantify due to differences between individually prepared

gels and the time dependence of gel staining. Thus, it was decided to adopt the most

promising assay that used para-nitroanilides as substrates.[ 214] This continuous assay

enabled quantitative detection of rHRV 3C protease with the potential for HTS.

Disappointingly, during the setup of this assay, several unexpected problems were detected.

The main issues were the strong co-absorption of (−)-thysanone 1.69a and analogues, at

the product detection wavelength of 405 nm and the detected co-inhibition of rHRV 3C

protease by the byproduct (EALFQ 2.6) resulting from substrate digestion. Other minor

problems were the lack of sensitivity of this reaction, the artificial substrate sequence of the

pNA substrate (EALFQ↓pNA 2.5) compared to the natural HRV 3C protease recognition

sequence (LEVLFQ↓GP 2.27) and the unfavourable interaction of the quinone inhibitors

with the reducing agent DTT 2.15.

In order to overcome these problems, a new assay was developed. A fluorophore was

chosen as a detection label in order to circumvent co-detection of the inhibitor, to increase

the sensitivity for higher quantitative detection and also to circumvent product inhibition

by keeping the concentration of the byproduct that resulted in product inhibition low. In

order to overcome the known problems of fluorophore quenching the substrate sequence was

coupled to a solid phase support, enabling complete removal of unreacted substrate before

detection of the labelled peptide cleavage product (Figure 2.9, p. 91). Thus, no quencher

was used as undesired fluorescence of unreacted substrate was removed prior to detection of

fluorescence. To prevent undesired reactions of the reducing agent, we used TCEP instead

of DTT 2.15 which showed similar activation of rHRV 3C protease in an inhibitor-free assay

but no reaction with our quinone inhibitors.
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After successful application of this concept, we ensured the consistency of the

peptide-coupling conditions to the solid-phase support Sepharose R© 2.28.

With the developed assay in hand, the first generation inhibitors were evaluated. Figure 2.16

summarises the SAR results.
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(−)-thysanone 1.69a

naphthoquinones

Figure 2.16: Structure activity relationships of pyranonaphthoquinone and naphthoquinone
analogues of (−)-thysanone 1.69a.

In conclusion, it was observed that for both the pyranonaphthoquinones and

naphthoquinones, the quinone functionality is the key-element for rHRV 3C protease

inhibition. Also, the alcohol group at C-9 in the pyranonaphthoquinones and at C-5 in the

naphthoquinones conferred undesired steric bulk or electronic effects.

Furthermore, for the pyranonaphthoquinones, the C-7 alcohol provided a favourable

hydrogen donor or acceptor functionality. However, conversion of the alcohol to an ether

resulted in drastic loss of activity, suggesting that either the extra steric bulk was not

tolerated, or the hydrogen of the alcohol is indeed used for hydrogen bonding. It was also

observed that the lactol function at C-1 is a key-element of this inhibitor class. Conversion

of the lactol resulted in considerable loss of activity (Table 2.2). Furthermore, removal

of the lactol functionality by converting the pyran ring to a cyclohexane ring resulted in

complete loss of anti-rHRV 3C protease activity (Table 2.3). Interestingly, the absolute

stereochemistry at C-1 and C-3 did not effect rHRV 3C protease inhibition.

For the simple naphthoquinones, it was observed that the quinone needs additional activation

to establish activity against the rHRV 3C protease. This activation was gained by addition

of a bromine substituent to the 3-position of the naphthoquinone (Tables 2.5 and 2.7). The

addition of alkyl residues for both R1 and R2 resulted in loss of activity against rHRV 3C
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protease. The substitution pattern of the side chain for R2 did not have a major influence

on the IC50 value, however, a ketone in the sidechain was not as well tolerated as an allyl,

hydroxyalkyl or epoxide substituent.



Chapter 3

A Pharmacodynamic Study of the

Inhibition of HRV 3C Protease by

(−)-Thysanone 1.69a

Pharmacodynamics (PDs) examines the biochemical and physiological effects of drugs on

the human body and/or colonising microorganisms, in comparison to pharmacokinetics

(PKs), which describes the effect the body has on the drug.[ 236] The molecular structure

of the drug is crucial for its activity.

The main focus of PDs is based on the receptor site hypothesis of drug action. This

hypothesis describes the specific compelling interaction of a drug with its target, located

on either the cell surface or in the cell cytoplasm, to elicit its effect. Foundations for this

hypothesis were already made at the beginning of the 20th century by Ehrlich, Dale and

Clarke.[ 237–239]

The driving force behind Ehrlich’s research was determining the basis for selectivity of

drugs/agents. Ehrlich’s early studies included the distribution of lead and dyes in different

body tissues. He distilled all his knowledge in one single dictum: "Corpora non agunt nixi

fixate", which means that a drug can not work unless it binds first.[ 240,241] However, he never

used the term "receptor". Langley then introduced the term "receptive substance" (receptor)

based on his findings that two antagonists react with tissue based on different concentrations

of each added. He had the theory that drugs form complexes with a complexing agent
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(targetI) in the target cell.[ 242] This was based on the findings that a substance on the surface

of the skeletal muscle mediates action of a drug. He also observed that these substances are

different in different species, for example nicotine induces muscle paralysis in mammals but

not in crayfish.[ 243] However, it was not until 1948 when Ahlquist showed the differential

action of adrenaline on two distinct receptor populations that the receptor theory was finally

accepted.[ 244]

Receptors interact with ligands, which are classified into two groups: agonists (which

initiate a chain reaction leading to a response following binding to the target molecule)

and antagonists (which also bind to the target molecule but fail to initiate the transduction

pathway and therefore inhibit the target molecule).

As one of the major studies of PDs is to understand the molecular interaction of a drug with

its target (mode of action of a drug), it also studies the safety profile of the drug including the

pharmacological effects a drug has on the body. This includes for example cross interactions

with other similar enzymes and receptors which may have undesired consequences.

This chapter describes the study of the molecular mechanism of action of (−)-thysanone

1.69a and HRV 3C protease, in vitro cross interactions of (−)-thysanone 1.69a and

bromoquinone 2.63 with other important (human) proteases and also in vitro cytotoxicity

studies of the first generation inhibitors discussed in Chapter 2.

IComplexing agents or targets are today known to be receptors, enzymes, ion channels or transport proteins
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3.1 Mechanism of action

The term "mechanism of action" describes the molecular mechanism of how an inhibitor

interacts with its target. Therefore, knowledge about the mechanism of action can help to

modify the structure of the inhibitor by selectively introducing warheads which can lead

to compounds with more favourable activity and decreased potential side effects. To date

the mechanism of inhibition of HRV 3C protease by (−)-thysanone 1.69a is not known and

hence it was investigated in the current study.

3.1.1 (−)-Thysanone 1.69a - a covalent or non-covalent inhibitor for

HRV 3C protease?

It was first decided to investigate whether (−)-thysanone 1.69a is a reversible or irreversible

inhibitor of HRV 3C protease. A simple experiment was conducted by pre-incubating

the inhibitor with its target for different time intervals with subsequent measurement of

activity. A non-covalent, reversible inhibitor acts according to Equation 3.1 with k2=0 in

an equilibrium of free enzyme [E] and enzyme inhibitor complex [E·I], therefore there

would be no change in rHRV 3C protease activity over different pre-incubation times

(Figure 3.1(a)). A covalent, irreversible drug acts according to Equation 3.1with k2 > 0 and

k−2=0, therefore, the activity of HRV 3C protease should drop with longer pre-incubation

times of the compound with its target (Figure 3.1(b)).

[E]+ [I]
k1−−⇀↽−−

k−1

[E · I]
initial non-covalent complex

k2−−⇀↽−−
k−2

[E− I]
final covalent complex

(3.1)

rHRV 3C protease (50 µg/mL) was incubated with different concentrations of

(−)-thysanone 1.69a (exponential serial dilutions, 40 µg/mL→0 µg/mL). These individual

reactions were incubated at room temperature for 0, 5, 15 and 25 min. After each incubation

time interval, aliquots were taken and activity was detected using the previously established

solid phase based fluoroassay. The results suggest irreversible covalent modification of

rHRV 3C protease showing a constant drop of activity with increasing incubation time of

rHRV 3C protease and (−)-thysanone 1.69a (Figure 3.1(c)).

The same experiment was repeated using exponential serial dilutions of (−)-thysanone 1.69a

(80 µg/mL → 1.25 µg/mL) and an incubation temperature of 37 ◦C. The activity of rHRV
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(d) Results of the experiment of HRV 3C protease with
(−)-thysanone 1.69a at 37◦C.

Figure 3.1: Preincubation experiment: the enzyme was preincubated with (−)-thysanone 1.69a for
different time intervals and then tested for remaining activity at different inhibitor concentrations by
incubating the enzyme with substrate for 1 h and detecting the change of fluorescence at 521 nm
(F521).

3C protease was then recorded after 0, 20, 40 and 60 min (Figure 3.1(d)). Maximum

inhibition was already reached after 20 min. Higher incubation temperature of HRV

3C protease and (−)-thysanone 1.69a seems to favour formation of the HRV 3C

protease-(−)-thysanone 1.69a complex.

To investigate whether the naphthoquinone-inhibitors behave similar to the

pyranonaphthoquinone inhibitors, the experiment was repeated using exponential

serial dilutions around the concentration of the IC50 value of bromoquinone 2.63

(2.5 µg/mL→0 µg/mL). The experiment was conducted at room temperature and activity of

HRV 3C protease was detected after 0, 20, 40 and 60 min incubation time. The results are

illustrated in Figure 3.2 and show a similar dependence to the previous experiment using

(−)-thysanone 1.69a at room temperature.
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Figure 3.2: Results of the experiment of HRV 3C protease with the bromoquinone 2.63 at room
temperature. The assay was incubated for 1 h and the change of fluorescence was detected at 521 nm
indicated by F521.

To further investigate whether (−)-thysanone 1.69a and bromoquinone 2.63 are irreversible

inhibitors, a dialysis experiment was conducted. For this experiment a previously determined

concentration of (−)-thysanone 1.69a or bromoquinone 2.63 was incubated with rHRV

3C protease for a known time interval to reach 50% inhibition. Residual inhibitor was

then removed by dialysis. For an irreversible inhibitor the activity of rHRV 3C protease

does not change with decreasing inhibitor concentration during dialysis, however inhibition

with a reversible inhibitor is concentration dependent. Therefore, with decreasing inhibitor

concentration over the dialysis, the amount of enzyme-inhibitor complex [E·I] should

decrease and the amount of free, active enzyme [E] should increase, resulting in an increase

of rHRV 3C protease activity over the dialysis.

rHRV 3C protease was inhibited to 50% activity by incubation of 100 µg/mL rHRV

3C protease with 2.8 µg/mL (−)-thysanone 1.69a, 0.28 µg/mL bromoquinone 2.63 or

11.6 µg/mL 1-deoxythysanone 2.35a at 37 ◦C for 1 hour. Aliquots were taken and activity

was detected using the solid phase based fluoroassay. Residual solutions were dialysed each

for 4 hours and 24 hours (fresh dialysis buffer) against PBS pH 6.8 to remove residual

inhibitor. Activity of rHRV 3C protease was recorded after 4 hours and 24 hours using

the solid phase based fluoro assay. A positive control was used which contained rHRV 3C

protease but no inhibitor to eliminate loss of activity due to decomposition of rHRV 3C

protease over time. The results of this experiment are illustrated in Figure 3.3.

The activity of rHRV 3C protease remains at 50% suggesting irreversible covalent

modification of rHRV 3C protease by all three inhibitors, (−)-thysanone 1.69a,

1-deoxythysanone 2.35a and bromoquinone 2.63.
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Figure 3.3: Preincubation of HRV 3C protease with different inhibitors to reach half maximal activity.
The solution was then dialysed for 4 h to remove residual inhibitor and the activity was tested by
incubating the enzyme with substrate for 1 h and then detecting the change of fluorescence at 521 nm
(indicated by F521). The solution was again dialysed into fresh buffer over 20 more hours followed
by detection of activity (as above).

Due to the poor reputation of covalent enzyme inhibition in modern drug discovery,[ 245] a

short review about applications of irreversible inhibitors is produced below.
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3.1.2 Covalent modification of enzymes and its application in drug

development

Target covalent inhibitorsII (TCIs) are nowadays often not considered as drugs by the

pharma industry due to the anxiety concerning their potential for off-target reactivity.[ 245]

However, many TCIs have been approved in the past as treatments for a diverse range of

diseases including: antibiotic drugs, drugs for cancer therapy, gastrointestinal disorders,

treatment of the central nervous system and cardiovascular diseases (Table 3.1). Therefore,

TCIs have made a major positive impact on human health.[ 246,247]

Table 3.1: Examples of approved TCIs.

Drug Marketer Therapeutic area Molecular Target Approval Date

aspirin Bayer inflammation cyclooxygenase 26/05/1982

penicillin V generic anti-bacterial PBP prior
01/01/1982

bortezomib/
Velcade Millenium cancer protesome 13/05/2003

orlistat/Xenical/
Alli Roche/GSK gastro-intestinal lipase 23/04/1999

Selegiline
Elan/Somerset/
DAVA and others/
Valeant

CNS MAO-B 05/06/1989

phenoxy-benz-
amine
hydro-chloride

Wellspring Pharm cardio-vascular alpha adrenoceptor prior
01/01/1982

Three of the ten top-selling drugs in the United States in 2009 are covalent inhibitors

(clopidogrel used to inhibit blood clots in coronary artery disease, peripheral vascular

disease, and cerebrovascular disease; lansoprazole and esomerazole, which are both

proton-pump inhibitors (PPI) that inhibit production of gastric acids in the stomach). Also,

aspirin, the most widely used drug in the world, available over-the-counter, is a TCI.[ 248]

Additionally, one third of all enzyme targets, of which there is an FDA-approved inhibitor,

also have an example of an approved covalent drug.[ 246] However, most of these TCIs, such

as aspirin, were discovered by serendipity with the covalent mechanism of action becoming
IITarget covalent inhibitors (TCIs) contain a low reactivity functional group which can rapidly form a

covalent bond to the target, upon formation of the non-covalent target-inhibitor complex.
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apparent after they were well integrated into the market. Aspirin was first marketed over 100

years ago but the mechanism of action, an acetylation of a serine residue of cyclooxygenase

which is proximal to the active site, was only discovered in 1975.[ 249–251]

There are two types of TCIs; the drug can contain a pre-existing electrophilic functionality

in the structure (an example is penicillin containing an amide functionality which is used as a

acyl-donor) or the drug undergoes biotransformation in vivo to form the reactive electrophilic

metabolite (an example is acetaminophen, also called paracetamol, for the treatment of pain

which forms N-arachidonoylaminophenol (AM404), which is responsible for the analgesic

action of paracetamol).[ 252]

Unexpected or random binding of a drug to proteins can either lead to acute tissue injury or it

can activate the immune system, resulting in haptenisationIII of proteins which consequently

yields either antibodies targeting the drug, or in autoantibodies which recognise patient/host

protein epitopes which are now recognised as "foreign".[ 253]

However, recent research, including advances in analytical techniques, have provided

important insights into the structures of reactive drug metabolites.[ 245,254,255] Today,

databases are available for medicinal chemists which can be used as guides to minimise the

potential liability in drug candidates.[ 256] However, one problem remains: there are currently

no existing animal models for the complete and identical human immune system, therefore

haptenisation can not be predicted. Hence, the safety of TCI drugs has to be evaluated

case-by-case through conventional preclinical and clinical studies. However, these studies

are used for every new potential drug regardless of mechanism of action.[ 245]

Optimisation of TCIs is always a fine-tune of both, non-covalent interactions between the

drug and its target (fine-tune of k1 and k−1, Equation 3.1) and the reaction rate of the covalent

binding process (fine-tune of k2 with k−2=0).

[E]+ [I]
k1−−⇀↽−−

k−1

[E · I]
initial non-covalent complex

k2−−⇀↽−−
k−2

[E− I]
final covalent complex

(3.1)

However, even if a protein is irreversibly covalently inhibited, the activity will be restored

after the drug has been cleared from the body and the protein is resynthesied. Thus, inhibition

can be considered as mechanistically irreversible if the kinetic half-life of the drug-enzyme

IIIHaptenisation is a process where an an antigenic compound (a hapten) reacts with a carrier protein to
stimulate an immune response
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complex is long when compared to the resynthesis rate of the target protein.[ 245]

Despite all its possible disadvantageous consequences, TCIs also have advantages for

drug-pharmaco-dynamics in which the level and frequency of dosing relates to the extent and

duration of the resulting pharmacological effect.[ 245] If a drug inhibits a target irreversibly,

resynthesis of the target it required to gain back its activity. This irreversible inhibition is

termed by Schramm et al. as the "ultimate physiological goal" of inhibitor design.[ 257] This

enables lower drug doses and less frequent dosing of the drug. One example for a drug that

reached this ultimate physiological goal is omeprazole (used to treat dyspepsia, peptic ulcer

disease (PUD), gastroesophageal reflux disease (GORD/GERD), laryngopharyngeal reflux

(LPR) and Zollinger-Ellison syndrome), which inhibits a (H+K+)-ATPase irreversibly. Even

though the PK-half-life of the drug is 1-2 hours, it can be dosed daily due to the long 52 hour

resynthesis half-life of the (H+K+)-ATPase. It was shown that the half-life recovery of

gastric acid secretion is as long as 28 hours after treatment with omeprazole.[ 258]

Also, the non-covalent and covalent affinity of the TCIs towards its target contribute to the

TCIs selectivity in vivo. If the TCI is capable of binding non-covalently off-target, the

resulting complex will often be short-lived and inhibition will be relieved as free TCI is

cleared from the body. Thus, sustained inhibition will be only achieved for targets that have

non-covalent affinity to the drug (with a nucleophilic amino acid in the right proximity to the

drug) which then favours covalent modification.[ 245] Therefore, PKs such as ADME for the

TCI should be short-lived to reduce off-target non-covalent interactions.

Furthermore it was proposed that TCIs may maintain activity against drug-resistant mutants

that are acquired after treatment with reversible inhibitors. According to Equation 3.1,

formation of the target-inhibitor complex ([E · S]) is dependent of k1 and stability of

this complex on k−1. Mutations which lead to drug-resistance lower k1-values and raise

k−1-values. However, if a drug binds covalently, the equation continues to the final

covalent complex [E − I] with k−2 equal to zero. This means that even lower affinity of

the drug will lead to complete irreversible inhibition as the equilibrium shifts to [E − I] in

contrast to a non-covalent inhibitor where the equilibrium is at free target and free inhibitor

([E]+ [I]).[ 259–261]
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3.1.3 Possible covalent interactions of (−)-thysanone 1.69a with HRV

3C protease - a hypothesis

The majority of inhibitor classes known for HRV 3C protease (see Part I) are either

transition state inhibitors or suicide inhibitors/mechanism based inhibitors. Inhibitors of both

classes form covalent bonds with HRV 3C protease.[ 28,29,137,147–178,180–182,184–187] Peptide

aldehydes are transition state inhibitors and form thiohemiacetals with the active site cysteine

residue in a reversible process. Molecules including Michael-acceptor moieties are suicide

inhibitors and inhibit HRV 3C protease irreversibly by formation of β-substituted carbonyl

compounds. One example of non-covalent inhibitors are quinolones developed by Baxter et

al.[ 179]

(−)-Thysanone 1.69a shows a high degree of electrophilicity and is also an oxidant. Both

properties propose permanent modification of the active-site cysteine. Scheme 3.1 shows

different possible adducts of (−)-thysanone 1.69a and the active-site cysteine residue of

HRV 3C protease, which can be formed.

1,2-Addition to one of the carbonyl carbons of the quinone structure results in rather

unstable thiohemiacetals 2.75 or 2.76 similar to the peptide aldehydes.[ 148–152] Potential

Michael-additions at the quinone results in products 2.77 and 2.78. Reaction of the active

site cysteine thiol and the thysanone lactol functionality, possibly triggered by formation of

an oxonium ion, results in thioacetal 2.81. Furthermore, thysanone could oxidise the active

site cysteine-thiol to give sulfonyloxide 2.80 and dihydroquinone 2.79.

The following sections describe the investigation of the molecular mechanism of action

of HRV 3C protease and (−)-thysanone 1.69a and also bromoquinone 2.63 including

Biacore R© studies and NMR experiments.
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Scheme 3.1: Different possibilities for (−)-thysanone 1.69a to interact with the Cys148 residue of
HRV 3C protease.

3.2 Surface plasmon resonance studies

Biacore R© uses surface plasmon resonance (SPR) to detect protein-ligand interactions and

calculate binding affinities. Its was first designed to detect interactions between rather

big molecules such as protein-protein interactions. However, refinement of the detection

sensitivity over the past few years enables measurement of interactions between proteins and

small molecules.

SPR is an optical phenomenon that enables detection of unlabeled interactants in real time.

One of the reactants is immobilised to the Biacore R© sensor chip surface, the other reactant is

injected in different concentrations over the chip surface. Changes in the index of refraction

based on ligand binding are detected and recorded as response units (RU). The software is

able to fit the curves and determine a variety of thermodynamic constants, including the
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affinity of the binding interaction and kinetics. In this study, SPR was used to calculate

kinetic parameters ka,kd and affinity parameters KA and KD.

3.2.1 Chip setup

Binding studies of small molecules to proteins are studied by immobilising the protein to

the sensor chip surface and injecting solutions containing the small molecules. Therefore,

HRV 3C protease was immobilised on the Biacore chip surface. Three different possible

approaches for HRV 3C protease immobilisation are discussed in this section (Figure 3.4).

3CP 
GST 
IgG anti-GST 
chip surface 

c) 

3CP 
His-tag 
immobilised Nickel 
chip surface 

b) 

3CP 
chip surface 

a) 

Figure 3.4: Three potential setups for a Biacore R© sensor chip for HRV 3C protease binding studies.
a) Direct binding of HRV 3C protease to the Biacore R© sensor chip. b) Binding of His6−10-tagged
HRV 3C protease to immobilised nickel ions. c) Binding of HRV 3C protease-GST fusion protein to
immobilised anti-GST IgG.
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The most common setup for SPR experiments is covalent immobilisation of the protein

to the chip surface via amine coupling which utilises exposed lysine’s on the surface of

the protein (Figure 3.4(a)). This approach usually results in good signals, however the

chip can not be regenerated. Regeneration may be required for HRV 3C protease due to

possible covalent modification of the enzyme by (−)-thysanone 1.69a. In case of reversible

interactions the surface is regenerated by injecting a large volume of buffer which removes

(−)-thysanone 1.69a from the chip. As discussed in Section 3.1.1, the dialysis experiment

suggested covalent modification of HRV 3C protease by (−)-thysanone 1.69a and similar

inhibitors, therefore covalent immobilisation of HRV 3C protease to the sensor chip surface

is not favourable.

Figure 3.4(b) shows a second method of immobilisation. A Biacore R© chip surface is

chosen that has nickel ions immobilised. These can then form chelate complexes with

His6−10 tagged HRV 3C protease similar to IDA affinity chromatography. Nevertheless, this

method is known to show shifts of signal due to dissociation of the His6−10-Ni chelate. The

response units for small molecule-protein interactions are low and shifting signal contribute

enormously to increased false-positive rates. Therefore this experimental setup is also not

favourable for detection of HRV 3C protease interactions with (−)-thysanone 1.69a.

The third approach for binding of HRV 3C protease to the Biacore R© chip surface uses

an antibody-antigen interactions (Figure 3.4(c)). Antibody-antigen bonds are considerably

strong under neutral conditions, therefore no shift of signal was expected. However, the

antibody-antigen bond can be regenerated using an acidic glycine buffer, which allows

the binding of freshly prepared HRV 3C protease after each experiment or when required.

Details about this setup are discussed in the following section.

A. Binding of rHRV 3C protease to a CM5 sensor chip via immobilised anti-GST IgG

To use an antibody-antigen binding model for HRV 3C protease immobilisation on the sensor

chip surface, a specific antibody that recognises HRV 3C protease or a HRV 3C protease

construct was required. The previously expressed recombinant HRV 3C protease was

expressed as a HRV 3C protease-GST fusion protein containing a TPCK trypsin cleavage

site. An antibody targeting selectively the GST domain of this construct was prepared to

avoid interactions of the antibody close to the active site of HRV 3C protease, which may

have increased experimental false-positive rates.
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Polyclonal anti-GST IgG was isolated from rabbit serum via a GST affinity column

chromatography followed by FPCL (protein A column). anti-GST IgG was covalently

immobilised to a Biacore R© CM5 sensor chip. HRV 3C protease-GST fusion protein was

then injected which resulted in the desired chip setup shown in Figure 3.5.

FC 1 

FC 2 

FC 3 

FC 4 

Figure 3.5: anti-GST IgG is immobilised to the surface. This selectively binds GST in the HRV
3C protease fusion protein. The antibody-antigen binding is reversible under acidic conditions which
allows the immobilisation of fresh rHRV 3C protease when required. CM5 sensor chip setup: FC 1
(flow cell 1), blank; FC 2, anti-GST IgG-rHRV 3C protease; FC 3; blank; FC 4, anti-GST IgG-rHRV
3C protease C148A.

The design of the chip allowed the immobilisation of two different mutants of rHRV 3C

protease which both had separated blank flow cells allowing the run of separate experiments

for each mutant. Flow cells 1 and 3 on the chip represented the blanks. anti-GST IgG

was immobilised to flow cells 2 and 4 in a high density. The density of rHRV 3C protease

(C148A) could then be controlled by the amount and concentration of the enzyme injected

and therefore by the amount of anti-GST IgG-rHRV 3C protease complexes formed.
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3.2.2 Theory of the binding of small molecules to enzymes, enzyme

kinetics

Figure 3.6 shows a typical, simplified Biacore R© sensorgram of a whole experiment cycle.

(−)-Thysanone 1.69a interaction with the immobilised rHRV 3C protease (C148A) is

detected in response units (RU) based on changes in the index of refraction. Capture of

rHRV 3C protease (C148A) resulted in a strong increase in RU (B), which reached a steady

state after the binding sites on the sensor chip surface were saturated (C) shown by the

first steady state of the diagram. After the injection of rHRV 3C protease (C148A) stopped

a decrease of RU was detected due to the loss of non-specifically bound molecules. This

plateau demonstrates the actual level of rHRV 3C protease (C148A) immobilisation.
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Figure 3.6: Typical, simplified SPR-spectrum of one cycle cycle of the experiment. A) anti-GST
IgG covalently immobilised to the CM5 sensor chip surface. B) capture of rHRV 3C protease
(C148A); C) immobilisation level of rHRV 3C protease (C148A); D) inhibitor/rHRV 3C protease
(C148) interaction; E) equilibrium of inhibitor/rHRV 3C protease (C148) interaction; F) dissociation
of non-covalently bound inhibitor; G) regeneration of the CM5 sensor chip surface; H) regenerated
CM5 sensor chip surface.
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Injection of (−)-thysanone 1.69a increased the signal (D) and the curve progression is similar

to rHRV 3C protease (C148A), however, detected RU were lower. After the injection of

the ligand was complete, two types of curve progression are possible. Firstly, complete

dissociation of (−)-thysanone 1.69a from rHRV 3C protease (similar to C) which suggests a

reversible interaction or secondly the release of non-specifically bound (−)-thysanone 1.69a

and leveling of the signal to the new surface density (F), suggesting irreversible binding of

(−)-thysanone 1.69a to rHRV 3C protease (C148A). Regeneration of the sensor chip surface

removed thysanone-rHRV 3C protease complex to reproduce the beginning of the cycle (G).

For affinity calculations, reaching of a steady state (equilibrium) of rHRV 3C protease

(C148A) binding (−)-thysanone 1.69a during injection of the ligand is required. The

enzyme-substrate dissociation constant (KD) is a equilibrium constant that measures the

propensity of an enzyme-substrate complex to separate reversibly into smaller components

and is defined by:

[E]+ [S]
k1


k−1

[ES] (3.2)

KD =
[E] · [S]
[ES]

(3.3)

If we assume that the rate of the observed reaction is directly proportional to the

concentration of the enzyme-substrate complex [ES] at all values of the concentration of

the substrate [S] and the reaction is reversible, the numerical value of KD is then given

by the substrate concentration at half-maximum velocity when [E] equals [ES] and is just

proportional to [S] at low values of [S]. The Michaelis and Menten equation defines KD as

followed:

v =
Vmax · [S]
KD +[S]

(3.4)

⇒ KD =
Vmax · [S]

v
− [S] (3.5)
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The simplest Langmuir surface reaction defines the velocity proportional to the amount of

gas absorbed (q) at an equilibrium pressure p with

q =
a · p

b+ p
with b = KD (3.6)

⇒ b = a
p
q
− p = KD (3.7)

The saturation of the absorbing surface with the maximum amount of gas absorbable is

represented by a. The dissociation constant is given by b and corresponds to KD and

represents the ratio of velocity constants of evaporation and condensation of gas from and

onto the surface, providing the observed reaction velocity is negligible compared to the

velocity of evaporation. This situation is comparable to the Biacore R© studies due to the

small diameter of the flow cells. The enzyme is bound to a solid phase and liquid phase is

flown over this solid phase resulting in a heterogeneous reaction.

The following sections will describe the experimental setup and results of this series of

experiments.

3.2.3 Coupling of anti-GST IgG to the CM5-surface

The surface of a CM5 sensor chip contains carboxymethyl dextrans. An amide coupling

between the carboxylic side chains of the sensor chip surface molecule and the free amine of

the anti-GST IgG results in a chemically stable amide bond (Scheme 3.2).

O O

2.82

N • N
Et

NHMe2

EDC
2.83 O O

2.84

N NH

NMe2

Et
N

O

O

HO
NHS
2.85 O O

2.87

NO O
H2N

2.88

NO O

OH
2.85

O

HN NH

NMe2

2.86

HN O

2.89−

−

Scheme 3.2: Antibody coupling to the carboxymethyl dextran surface of the CM5 chip surface via
formation of an amide bond.

The carboxyanion 2.82 of the carboxymethyl dextran surface is activated by EDC 2.83.

The anion attacks the EDC 2.83 nucleophilic at the carbodiimide position which results
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in formation of the active ester 2.84. The labile intermediate is then attacked by the

N-hydroxygroup of NHS 2.85 to form an active ester 2.87 under loss of the carbodiamide

2.86. Active ester 2.87 then undergoes nucleophilic attack by the free amine on the

N-terminus of anti-GST IgG 2.88 to form the coupling product 2.89 of the CM5 sensor

chip surface 1 and the N-terminus of the anti-GST IgG antibody 2.88.

To cap residual activated carboxymethyl dextrans (2.87) on the CM5 sensor chip surface, the

surface was treated with ethanolamine hydrochloride 2.90 (Scheme 3.3). Active ester 2.87

reacts electrophilic with ethanolamine hydrochloride 2.90 to form the chemically inert amide

2.91.

O O

2.87

N O H2N OH ⋅ HCl
2.90

OH
N O

O

O

2.85

HN O

2.91

OH

−

Scheme 3.3: Mechanism of the capping of residual activated carboxymethyl dextranes 2.87 with
aminoethanol hydrochloride 2.90.

A. Results

The system was primed using 10 mM NaOAc pH 5.0 buffer to equilibrate the system.

Coupling of anti-GST IgG was performed on flow cells 2 and 4. The flow cells were

activated using 0.4 M EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) in water and

0.1 M NHS (N-hydroxylsuccinimide) in water for 7 min with a flow rate of 10 µL/min

followed by a treatment with 50 µg/mL anti-GST IgG in 10 mM NaOAc pH 5.0 buffer for

7 min with a flow rate of 10 µL/min. Residual coupling sites of the chip were capped using

1 M enthanolamine-HCl pH 8.5 solution (7 min, 10 µL/min).

Figure 3.7a shows the immobilisation level of anti-GST IgG to the CM5 sensor chip

surface. The actual level of immobilisation is calculated by subtracting the primary level of

immobilisation by the level of activation. The actual level of immobilisation for flow cell 2

was 14762.1 RU and for flow cell 4 the actual level of immobilisation was 14059.7 RU.

The chip was treated for 60 seconds with freshly prepared 0.1 mg/mL rHRV 3C protease

(C148A) in 0.1 mM HBS-EP buffer containing 5 % DMSO at a flow rate of 30 µL/s to reach
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Figure 3.7: Preparation of a reclaimable sensor chip surface. a) Coupling of anti-GST IgG to flow
cells 2 and 4. b) Caption of rHRV 3C protease C148A in 5 cycles. (cHRV 3Cprotease=0.1 mg/mL, 60 s,
30 µL/s)

an actual level of immobilisation of rHRV 3C protease of ∼500 RU (Figure 3.7(b)). The

immobilisation is shown on the example of rHRV 3C protease C148A. It was observed that

the level was higher during the first two cycles (Figure 3.7(b)). For more consistent results,

the freshly prepared surface had to be treated several times under these conditions. The

immobilisation level in cycles 3-5 was similar, suggesting that the surface had settled after

three cycles.

B. Regeneration scouting strategy

Due to the expected covalent binding of rHRV 3C protease to (−)-thysanone 1.69a, the

sensor chip surface had to be regenerated. Extensive studies for the regeneration conditions

of the sensor chip surface were necessary to enable similar immobilisation levels of rHRV

3C protease (C148A) to anti-GST IgG and therefore similar conditions for all experiments.

The antibody-antigen interaction was released using an acidic elution with 0.1 M glycine

pH 2.5. These conditions were adopted and different injection times were considerd. The

optimised conditions used a seven second injection of 0.1 M glycine pH 2.5 buffer with a

flow rate of 30 µL/s (Figure 3.8).
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Figure 3.8: Capture of rHRV 3C protease (0.1 mg/mL, 60 s, 30 µL/min) and regeneration of surface
(0.1 M glycine pH 2.5, 7 s, 30 µL/min).

C. Binding studies of rHRV 3C protease (C148A) and (−)-thysanone 1.69a

Having conditions established for rHRV 3C protease (C148A) capture and sensor chip

regeneration, binding studies of rHRV 3C protease (C148A) and (−)-thysanone 1.69a were

performed. Figure 3.9 shows the initial experiments of (−)-thysanone 1.69a binding to (a)

rHRV 3C protease, (b) rHRV 3C protease C148A and (c) an overlay of (a) and (b). It was

expected from previous experiments that (−)-thysanone 1.69a binds irreversibly to rHRV 3C

protease.

The rHRV 3C protease C148A contains a point mutation that replaces the active site cysteine

residue of the catalytic triad by an alanine. It was expected that (−)-thysanone 1.69a binds in

a high affinity similar to the wild type, but dissociates after injection is completed. However,

a similar dissociation of (−)-thysanone 1.69a to rHRV 3C protease was observed. This

suggests, that (−)-thysanone 1.69a forms strong, non-covalent bonds with rHRV 3C protease

and rHRV 3C protease C148A possibly by an induced-fit mechanism. Furthermore, an

equilibrium required for affinity calculations was not reached under these conditions for

the binding of (−)-thysanone 1.69a to rHRV 3C protease (C148A). The main focus of this

study was finding conditions that reach the equilibrium.

The first attempts included increasing the injection time for the inhibitor, decreasing the

flow rate of the inhibitor during injection allowing for a longer contact time to the surface,

increasing the temperature of the flow cell to 30◦C and 37 ◦C and decreasing the amount of

rHRV 3C protease immobilised. However, none of these conditions demonstrated different

profiles than depicted in Figure 3.9 (data not shown). A further decrease of rHRV 3C protease
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Figure 3.9: Initial binding studies of (−)-thysanone 1.69a and rHRV 3C protease (C148A).
a) Different concentrations of (−)-thysanone 1.69a binding rHRV 3C protease. b) Different
concentrations of (−)-thysanone 1.69a binding rHRV 3C protease C148A. c) Overlay of a) (dark
colour) and b) (transparent colour).

to 30 µg/mL (60 s, 30 µL/min) and 5 µg/mL (60 s, 30 mL/min) also resulted in steady state

not being reached (Figure 3.10).

Although the data shown in Figure 3.10b does not reach equilibrium, it allowed the

calculation of the affinity parameters KA and KD using a separate calculation of the kinetic

parameters ka and kd . Dependence of these parameters is shown in Equation 3.8.

KD =
kd

ka
= K−1

A (3.8)
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Figure 3.10: Caption of less rHRV 3C protease on the sensor chip surface. a) (−)-Thysanone
1.69a binding studies at different concentrations. b) (−)-Thysanone 1.69a binding studies at different
concentrations.

Determination of KD using the above method is not as accurate as steady-state affinity

analysis due to the dependence of the calculation on the chosen areas of collected data,

however, it provides a good indication of KD and KA values. Table 3.2 shows the calculated

data for the kinetic parameters kd (dissociation rate) and ka (association rate) and the affinity

parameters KD and KA for the three dilution of (−)-thysanone 1.69a used in this experiment.

Table 3.2: Calculated kinetic parameter kd and ka and affinity parameters KD and KA.

cthysanone [µM] kd [s−1] ka [M−1s−1] KD [nM] KA [µM−1]

0.0 0.158·10−3 1000 157.5 7.325

36.2 0.586·10−3 2933 270.0 4.763

144.8 0.995·10−3 2390 419.0 2.410

217.2 1.157·10−3 1597 725.7 1.377

The observed KD values for rHRV 3C protease and (−)-thysanone 1.69a were all in the

sub-µM range, suggesting a strong binding possibly covalent, which is in agreement with

previous observed data from the dialysis experiment.

Figure 3.10b also shows that there was a comparably large difference in RU between the

two highest concentrations of (−)-thysanone 1.69a (217.2 nmol/mL and 144.8 nmol/mL)

during the injection phase. The curves of both concentrations, however, overlay in the

dissociation phase. This suggested a contribution of non-specific binding, which may have

an impacted on reaching the equilibrium. Therefore, the possible unspecific binding of
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(−)-thysanone 1.69a to anti-GST IgG and/or GST was examined next. Further studies

concentrated on the non-specific interaction of (−)-thysanone 1.69a with the generated

sensor chip surface.

Flow cells (1 and 3) were used as blanks against the experiments and neither flow cell

had been activated for protein coupling. It was therefore possible to couple anti-GST IgG

to the sensor chip surface to allow detection and subtraction of non-specific binding of

(−)-thysanone 1.69a to anti-GST IgG. Coupling of anti-GST IgG to these flow cells was

performed as described earlier and resulted in similarly immobilised surfaces.

In order to demonstrate whether (−)-thysanone 1.69a interacts with IgG-anti-GST the newly

generated blank flow cell captured with anti-GST IgG (Figure 3.11b) was compared to

the previously used empty flow cell (Figure 3.11a). Although slight differences in RU

are detected for the individual concentrations, an interaction of (−)-thysanone 1.69a with

anti-GST IgG is unlikely due to the similar curve progression. Differences of RU can be

based on slight differences of the prepared solutions due to pipetting.
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Figure 3.11: Comparison of the Biacore R© sensorgrams of the previously used blank (a) and the blank
using anti-GST IgG (b).

Figure 3.12 shows the sensorgrams of the experiment using anti-GST IgG as a blank. In

the first 100 seconds of the injection, the triplicates overlay nicely, however, later during the

injection the curves of the triplicates drift apart, suggesting non-specific binding to a different

component of the experimental setup.
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Figure 3.12: Biacore R© sensogram of four different concentrations of (−)-thysanone 1.69a binding
to rHRV 3C protease using anti-GST IgG as a blank.

In order to demonstrate whether (−)-thysanone 1.69a binds to GST, the blank flow cell was

saturated with GST. Additionally, the buffer was changed to PBS containing 5 µM TCEP,

which was used in all previous work such as the dialysis experiment. Figure 3.13 shows

the results of the experiment (a) and compares the detection of the blank flow cell (b) to

the active flow cell containing rHRV 3C protease (c). Due to the steady increase of RU

detected for flow cell 1 which contains anti-GST IgG-GST for blank readings it was shown

that (−)-thysanone 1.69a binds non-specifically to GST. Subtraction of the signal detected

for the blank flow cell (b) from the active flow cell (c) resulted in spectra that could not

be interpreted due to the greater interaction of (−)-thysanone 1.69a with GST than with

captured rHRV 3C protease.
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Figure 3.13: Biacore R© sensogram of four different concentrations of (−)-thysanone 1.69a binding to
rHRV 3C protease using anti-GST IgG captures GST as a blank. a) FC2-FC1 (blank), b) FC1 (blank),
c) FC2

The detection of a greater signal for interaction of (−)-thysanone 1.69a with GST can be

due to the much higher density of GST present on the sensor chip surface of the blank flow

cell compared to the active flow cell. The active flow cell only contains the same amount

of GST as HRV 3C protease, however, the blank flow cell was saturated with GST. It was

therefore decided to first capture rHRV 3C protease on the active flow cell and then saturate

both flow with GST (Figure 3.14). However, a similar spectrum to the previous experiment

was observed.
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Figure 3.14: Saturation of both flow cells with GST after capture of rHRV 3C protease to FC2. a)
FC2-FC1 (blank), b) FC1 (blank), c) FC2

Due to the inability to generate a good blank for the experiment to minimise detected

non-specific binding of (−)-thysanone 1.69a to GST, further optimisations work was

abandoned.
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3.2.4 Conclusion

The dialysis and pre-incubation experiments suggested covalent modification of HRV 3C

protease by (−)-thysanone 1.69a. Based on this result, the Biacore R© sensor chip setup was

designed. The design had to incorporate a regeneration step to allow the use of fresh rHRV

3C protease (C148A). It was decided to use a antibody-antigen model which allowed a stable

anti-GST IgG-GST bond under neutral conditions and cleavage of this bond under acidic

conditions in oder to remove the captured rHRV 3C protease (C148A) from the sensor chip

surface and regeneration of the sensor chip surface (Figure 3.5, p. 126).

Disappointingly, a stable binding equilibrium was not achieved for all attempted

experiments, which is essential for affinity calculations. However, we were able to obtain

KD and KA values from one experiment by calculation of kinetic values kd and ka. These

values indicated that the dissociation constant for HRV 3C protease and (−)-thysanone 1.69a

lies within a sub-µM range suggesting a strong binding (Figure 3.15), possibly covalent,[ 262]

which was also shown by the previous dialysis experiments.

protein-‐protein	  interac,on	  

transient	  

weak	  transient	   strong	  transient	   permanent	  

µM nM Binding Affinity KD 

Figure 3.15: Different types of protein-protein interactions on the basis of their binding affinities.
Binding affinity is inversely related to the dissociation constant KD. While permanent interactions
feature strong binding affinities (KD in the nM range), proteins interacting in a weakly transient
manner show a fast bound-unbound equilibrium with KD values typically in the µM range. The
strong transient category of interactions illustrates the continuum that exists between the weak and
the more permanent interactions.[ 262]

Disappointingly, it was shown later that (−)-thysanone 1.69a also interacts non-specifically

with GST. A steady increase of RU for a GST-saturated surface treated with

(−)-thysanone 1.69a was observed. This steady increase was also observed for all

experiments using an empty flow cell as blank, however, the slope for this increase was

significantly lower when compared to a saturated GST surface. For these experiments, the
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concentration of GST captured to the surface of the active flow cell was equivalent to HRV

3C protease.

This shows that the unspecific binding of (−)-thysanone 1.69a to GST is comparably low

to the specific binding of (−)-thysanone 1.69a to HRV 3C protease suggesting that the

calculated values for KD can be hypothesised to be in the sub-µM range. Disappointingly,

this setup did not allow accurate binding studies of (−)-thysanone 1.69a to HRV 3C protease.

For accurate detection of KD, a different method for capturing HRV 3C protease is needed.

A selective anti-HRV 3C protease IgG antibody is a possibility, however this approach may

be difficult due to the shallow active site of HRV 3C protease. If the antibody binds close

to the active site it may prevent (−)-thysanone 1.69a from binding. A second possibility

is the use of a different HRV 3C protease fusion protein and an antibody selective for the

second protein of the fusion protein leading to a similar setup as used in this study. However,

intensive binding studies of (−)-thysanone 1.69a to the fusion protein are necessary to show

the selective detection of HRV 3C protease-(−)-thysanone 1.69a interaction.

The detected non-specific interaction also suggests a potential influence on the previously

developed solid phase based fluorescent assay for HRV 3C protease activity detection.

However, it was shown by a previous group member that there was no detectable difference

for the SDS PAGE based assay using fusion protein rHRV 3C protease or isolated HRV 3C

protease.IV The cleavage of GST from rHRV 3C protease and subsequent purification of

HRV 3C protease involves several more steps. Thus, it was decided to use the fusion protein

for this work.

IVUnpublished results from R. Petrova
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3.3 NMR studies

As described in the previous chapter, structure activity relationships of all the inhibitors

suggest the importance of all the functional groups present in (−)-thysanone 1.69a

(Section 2.6). Small variations in the structure led to decreased inhibition or even incomplete

loss of inhibition of rHRV 3C protease. A time course study of rHRV 3C protease with model

inhibitors (−)-thysanone 1.69a and bromoquinone 2.63 suggested a covalent modification

of rHRV 3C protease due to their stronger inhibition of rHRV 3C protease over time

(Section 3.1.1, p. 115). It was proposed that the active site cysteine of HRV 3C protease

is modified by either oxidation or covalent binding of the inhibitor. Biacore R© data also

enabled the hypothesis of a tight binding of (−)-thysanone 1.69a to rHRV 3C protease,

possibly by covalent modification. However, the data observed was highly error prone due

detected binding of (−)-thysanone 1.69a to GST (Section 3.2).

In 2011, Avonto et al. described a thiol-sensitive assay using NMR for detection of covalent

modification of substrates containing Michael acceptors by biologically relevant model

thiols, such as cysteamine, which acts as a cysteine surrogate.[ 263,264] Michael acceptor

containing compounds such as the known sink for biological thiols costunolid,[ 265–267] were

exposed to cysteamine. Scheme 3.4 shows the general mechanism of the reaction between

cysteamine 2.92 and acrolein 2.93.

SH
H2N

cysteamine
2.92

nucleophilic 
character of 

cysteine

alkaline 
character of 

histidine
O

+

O

S
H3N

O

S
H2N

olefin 
disappears

olefin

2.93
Michael acceptor

2.94 2.95

Scheme 3.4: NMR experiment described by Avonto et al.[ 263]

Cysteamine 2.92 provides both the nucleophilic character of the thiol and the basic character

of an amine, which is often required to trigger these reactions. In enzymes both basic

and nucleophilic sites are often present in catalytic diads in the form of cysteines in close

proximity to histidines. After addition of the Michael acceptor and cysteamine 2.92 in

DMSO-d6 the reaction was followed by NMR in real time. Avonto et al.[ 263] proposed

that Michael addition of cysteamine had taken place due to the disappearance of the olefin
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protons of the Michael acceptor functionality. This NMR study supported the postulate that

for covalent modification of free cysteine residues in enzymes by Michael acceptors could

take place. Avonto et al. also reported that isolation of these adducts was not successful,

therefore no further characterisation was possible.

3.3.1 Application and optimisation of the NMR experiment on the

bromoquinone 2.63

To apply this method to the present study, the chosen quinone was dissolved in DMSO-d6

and a 1H NMR spectrum was recorded. Cysteamine 2.92 was then added followed by

systematic recording of the 1H NMR spectra until complete consumption of starting material

was observed.

To establish optimal reaction conditions, the experiment was initially carried out using the

readily accessible bromoquinone 2.63. Complete consumption of bromoquinone 2.63 using

two equivalents of cysteamine was instantly achieved under the initial conditions, as shown

by the disappearance of the C-3 quinone proton of the starting material (Scheme 3.5). In

addition, a mass spectrum was recorded directly after the NMR experiment.

The crude NMR spectrum suggested the formation of multiple products and further

characterisation was difficult. However, mass spectrometry suggested the presence of two

major products, the double addition product 2.98 and a cyclisation product 2.100 resulting

from addition-elimination of the free amine of cysteamine 2.92. Isolation of the double

addition product 2.98 was not possible, however cyclisation product 2.100 was isolated and

fully characterised.

In the proposed mechanism, cysteamine 2.92 attacks bromoquinone 2.63 at the C-2 position

via a Michael addition to yield addition product 2.95 (Scheme 3.5). Subsequent elimination

of hydrogen bromide from 2.95 results in substituted quinone 2.96. A second molecule of

cysteamine can then react with quinone 2.92 in another Michael addition to give the tautomer

of dihydroquinone 2.97, which oxidises in air to form the doubly substituted quinone 2.98.

Intramolecular Michael addition of the amine with subsequent elimination of cysteamine

2.92 affords then cyclisation product 2.100.

This experiment clearly indicates the reactivity of the bromoquinone 2.63 towards primary

thiols. However, the main tricyclic product 2.100 does not represent a possible addition
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Scheme 3.5: Proposed mechanism for formation of 2.98 and 2.100. Boxed intermediate were
observed by MS and NMR.

product of the cysteine residue of HRV 3C protease with the bromoquinone 2.69 due to the

absence of free nucleophilic amines in the active site (Figure 3.16). Avonto et al. proposed

that the amine functionality of cysteamine 2.92 has an alkaline character that replaces

histidine residues of the enzyme, however, free primary amines also exhibit a nucleophilic

character. On the contrary, the amino group of the active site cysteine residue forms part of

the amide backbone of the enzyme and is not nucleophilic or basic (Figure 3.16). Therefore,

it was proposed that replacement of cysteamine 2.92 with acetylcysteamine 2.102 would

mimic the amide bond present in the enzyme and remove all nucleophilicity of the amine.

Avonto et al. reported that substitution of cysteamine 2.92 by acetylcysteamine 2.102 led

to no conversion of the starting material.[ 263] However, in the current work, the initial

experiment, using bromoquinone 2.63, was repeated using acetylcysteamine 2.102 acting

as a cysteine surrogate. No conversion of starting material was observed after 30 minutes

which was in agreement with observations by Avonto et al.[ 263] It was proposed that use

of acetylcysteamine 2.102 neutralised the reaction. As discussed earlier, cysteines in active

sites often exist in catalytic diads with a histidine residue in close proximity. The imidazole

residue of the histidine activates the thiol of the cysteine by coordination to the hydrogen

of the thiol, which leads to deprotonation during the catalytic cycle (Scheme 2.7, Part I).
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Figure 3.16: Comparison of cysteamine reagents 2.92 and 2.102 used in the NMR experiment with
cysteine incorporated into the active site of HRV 3C protease 2.101.

A catalytic amount of imidazole 2.103 was therefore added to the NMR tube, which led to

instantaneous conversion of bromoquinone 2.63 to the double addition product 2.104, which

was also confirmed by mass spectrometry (Scheme 3.6). However, isolation of the double

addition product was not possible due to decomposition of the product on silica.
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2.103
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2.1022.63

Scheme 3.6: Reaction of bromoquinone 2.63 with acetylcysteamine 2.102.

The mechanism of the double substitution of bromoquinone 2.69 with acetylcysteamine

2.102 was proposed to be similar to mechanism described above (Scheme 3.5).
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3.3.2 Application of the developed conditions on thysanone-like

molecules

With the established conditions in hand, the NMR experiment was next conducted using

7,9-dideoxythysanone 2.47 to ascertain the mode of addition of acetylcysteamine 2.102 to

this thysanone model compound.

Again, no reaction was observed by NMR after mixing one equivalent of

7,9-dideoxythysanone 2.47 and one equivalent of acetylcysteamine 2.102, however,

reaction did commence after addition of a catalytic quantity of imidazole 2.103, in

agreement with the previous experiment. The reaction was followed at three hourly intervals

by 1H NMR. Figure 3.17 shows the reaction progress at nine hourly intervals, which clearly

shows the disappearance of the hydroxy proton at C-1 and also the disappearance of the

coupling of this hydroxy group to H-1. Furthermore, the increased intensity of a triplet at

δH 2.77 ppm suggested the substitution of the hydroxy group by acetylcysteamine had taken

place. Disappearance of free acetylcysteamine was also observed. Mass spectrometry then

confirmed that substitution of the alcohol with acetylcysteamine had taken place. However,

attempts to isolate the product 2.105 lead to decomposition. The relative configuration of

the product 2.105 of the product could not be identified.
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2.47 2.102

NHN

2.103 O
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O

S

2.105

NHAc

+

Figure 3.17: NMR experiment with 7,9-dideoxythysanone 2.47.

The mechanism proposed for this conversion is shown in Scheme 3.7. Formation of an

oxonium ion, which is proposed to occur instantaneously due to the hydrogen bonding
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of the C-1 hydroxy group to the C-10 quinone oxygen, allows nucleophilic attack of

acetylcysteamine affording in the observed product 2.105.
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Scheme 3.7: Proposed mechanism of the reaction of 7,9-dideoxythysanone 2.47 with
acetylcysteamine 2.102.

To confirm that 7,9-dideoxythysanone 2.47 is a good model compound to demonstrate

the reactivity of (−)-thysanone 1.69a, the NMR study was also carried out using

7,9-diisopropylthysanone 2.40 and (−)-thysanone 1.69a itself, which both contain alkoxy

groups at C-7 and C-9. The results are shown in Scheme 3.8. Modification at C-1

was observed as in the previous experiment, thus suggesting an analogous mechanism

to modification of the hydroxy group at C-1 (Scheme 3.7). However, isolation of the

thioacetal 2.107 and 2.108 was not possible due to their instability. Additionally, the reaction

of thysanone (−)-1.69a with acetylcysteamine 2.102 was not as clean as other reactions

conducted suggesting acid/base reactions of the 7-alcohol group.
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Scheme 3.8: Modification of 7,9-diisopropylthysanone 2.40 and (−)-thysanone 1.69a by
acetylcysteamine 2.102 observed via NMR studies.[ 263]

Structure-activity relationship studies carried out earlier suggested that thysanone analogues

lacking the lactol functionality at C-1 also inhibit rHRV 3C protease, and that (−)-thysanone

1.69a itself is twice as potent. The dialysis experiment suggested covalent modification

of rHRV 3C protease by 1-deoxythysanone 2.35, however, the proposed mechanism in

Scheme 3.7 suggested modification via formation of an oxonium ion at C-1 and thus does

not explain the potency of this inhibitor. To investigate whether the 1-deoxythysanone



146 Chapter 3. Pharmacodynamics

analogue 2.35 is modified by acetylcysteamine 2.102 similar to the previous thysanone

analogues, the NMR experiment with acetylcysteamine 2.102 was repeated using

7,9-diisopropyl-1-deoxythysanone 2.36 (Scheme 3.9). The protected 1-deoxythysanone

analogue 2.36 was chosen due to the higher stability of the acetylcysteamine adduct

during the reaction. Surprisingly, the 1-deoxythysanone analogue 2.36 was also modified

at C-1 and yielded a similar substitution product as that observed from the reaction

of (−)-thysanone 1.69a with acetylcysteamine 2.102, however, complete conversion was

not observed after 5 days. Complete purification of the product was not possible

due to decomposition under the purification conditions, therefore determination of the

cis/trans-ratio of the product 2.107 was not possible.
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S
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Scheme 3.9: Modification of 1-deoxythysanone analogue 2.36 by acetylcysteamine 2.102 as
observed via NMR studies.[ 263]

This result led to the conclusion that an alternative mechanism of modification was operating

(Scheme 3.10). It was proposed that ortho-quinone methide 2.110 is formed which then

undergoes nucleophilic attack by acetylcysteamine 2.102 to form dihydroquinone 2.111

which then oxidises in air to form the observed quinone 2.112. To confirm that this is the only

possible covalent modification of a thysanone analogue by acetylcysteamine 2.102 under

the established conditions, the experiment was also conducted using the inactive thysanone

analogue 1-allyl-1-methyl-7,9-dideoxythysanone 2.52 which has a quaternary carbon at C-1

and is therefore unable to undergo modification at C-1.
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Scheme 3.10: Proposed mechanism for the product 2.112 formed by reaction of 1-deoxythysanone
analogue 2.36 with acetylcysteamine 2.102.

In Figure 3.18, all protons belonging to 1-allyl-1-methyl-7,9-dideoxythysanone 2.52 are

highlighted. No reaction with acetylcysteamine 2.102 was observed over 36 hours and

1-allyl-1-methyl-7,9-dideoxythysanone 2.52 was recovered from the solution. Furthermore,

the mass spectrum recorded of the crude solution showed no evidence of any reaction. It was

established that 1-allyl-1-methyl-7,9-dideoxythysanone 2.52 did not undergo reaction with

acetylcysteamine under the chosen conditions,which suggests that thysanone analogues bind

to the cysteine residue in HRV 3C protease at C-1.
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Figure 3.18: NMR experiment using 1-allyl-1-methyl-7,9-didieoxythysanone 2.52 and the
acetylcysteamine 2.102.

3.3.3 Conclusion

The NMR studies were initially carried out on the readily available inhibitor

bromoquinone 2.63 with cysteamine 2.92. It was demonstrated that the original reaction

published by Avonto et al. using a Michael acceptor with the cysteine surrogate cysteamine

2.92 resulted in our case in reactions involving the free amino group of cysteamine 2.92.

Therefore, cysteamine 2.92 was replaced by acetylcysteamine 2.102, in which the free

amino functionality is protected as a non-nucleophilic amide. In this case a catalytic amount

of imidazole had to be added to promote the reaction, which acts as a histidine surrogate,

present in the active site of HRV 3C protease.

It was shown that bromoquinone 2.63 reacted via a Michael-addition with

acetylcysteamine 2.102, leading to double substituted quinone (Scheme 3.6). It is

thus postulated that bromoquinone 2.63 reacts with HRV 3C protease in a mono-substitution

reaction to covalent adduct 2.114 due to the lack of available cysteine residues in the active

site (Scheme 3.11).
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Scheme 3.11: Proposed mechanism of inhibition of HRV 3C protease by bromoquinone 2.63.

It is proposed that (−)-thysanone 1.69a reacts with HRV 3C protease to form a covalent bond

between the sulfur on the cysteine-148 and C-1 of (−)-thysanone 1.69a. This mechanism

may proceed via two different pathways (Scheme 3.12).
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Scheme 3.12: Proposed mechanism of inhibition of HRV 3C protease by (−)-thysanone 1.69a and
1-deoxythysanone 2.35a.

Firstly, the mechanism may involve formation of oxonium ion 2.115 followed by

nucleophilic attack of cysteine at C-1 (pathway A). A second proposed mechanism involves

formation of ortho-quinone methide 2.118 followed by Michael-addition of the cysteine

residue, which forms dihydroquinone 2.119 (pathway B). Elimination of water then results
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in ortho-quinone methide 2.120, which after tautomerisation, affords the covalent adduct

2.117 of HRV 3C protease and (−)-thysanone 1.69a. Presumingly inhibitors lacking the C-1

lactol functionality inhibit HRV 3C protease using the quinone methide (pathway C), which

is similar to pathway B. However, elimination of water is not possible, with oxidation of the

quinone affected by oxygen or another quinone molecule.

This work suggests a detailed molecular mechanism of HRV 3C protease modification,

although the determination of the relative cis/trans configuration of the thioacetal 2.117

was not possible. Based on the proposed mechanisms, the relative cis/trans configuration

of the product 2.117 results from the nucleophilic attack of the thiol functionality of

the cysteine residue in the active site to a planar intermediate, (oxonium ion 2.115

or ortho-quinone methide 2.118 or 2.121, Scheme 3.12). Therefore, reaction of these

intermediates 2.115, 2.118 and 2.121 in solution with acetylcysteamine 2.102 may result

in different stereoisomers compared to a reaction in the active site of HRV 3C protease,

which is most dependent on the orientation of the cysteine residue towards the coordinated

inhibitor.

The current study demonstrated that naphthoquinone-like inhibitors react mechanistically

different with HRV 3C protease than pyranonaphthoquinone inhibitors (Schemes 3.11,

3.12). Furthermore, it is proposed that pyranonaphthoquinone inhibitors can follow two

different mechanistic pathways upon reaction with the active site cysteine involving either

formation of a reactive oxonium ion 2.115 or formation of a reactive ortho-quinone methide

intermediate 2.118 or 2.121.
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3.4 Cross interations of (−)-thysanone 1.69a and

bromoquinone 2.63 with important human proteases

A covalent mechanism of (−)-thysanone 1.69a (bromoquinone 2.63) interacting with

HRV 3C protease was proposed by dialysis experiments and supported by NMR studies.

Furthermore, a molecular mechanism of interaction was proposed based on NMR studies

rendering (−)-thysanone 1.69a a TCI. To gain information about the safety profile of

quinone-like inhibitors, studies were undertaken to determine any potential cross interactions

with other important human proteases or if there are any cytotoxic consequences. This

section will describe the cross-interaction of (−)-thysanone 1.69a and bromoquinone 2.63

with other proteases, followed by cytotoxicity studies.

3.4.1 Importance of the study of possible cross interactions

Proteases are vital for healthy cells and organisms. Many regulatory processes are controlled

by proteases, including components of the complement system and protein digestion in

lysosomes and the intestine. Therefore, non-specific inhibition of these proteases can be

fatal.

Based on the result that both (−)-thysanone 1.69a and bromoquinone 2.63 form a covalent

adduct with the active site cysteine residue of HRV 3C protease, it was important to

investigate if this interaction is specific for HRV 3C protease.

Most proteases contain a catalytic diad or triad with a similar mechanism (Scheme 3.13). The

catalytically active amino acids performing the nucleophilic attack on the protein-substrate

are most commonly serine or cysteine residues, and in some cases threonine or aspartate

residues. A histidine residue is part of every catalytic diad/triad. The third amino acid is

optional with some proteases containing an aspartate or glutamate, which further decreases

the pKa of the histidine to further activate the catalytically active amino acid.

The general mechanism of protease activity (Scheme 3.13) is similar to the mechanism

described in Part I (p. 21). After formation of the covalent tetrahedral intermediate B of

protein substrate and protease, the intermediate collapses under formation of an (thio)ester

C. The first fragment of the protein substrate is released. Upon hydrolysis of the (thio)ester
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Scheme 3.13: Catalytic mechanism for proteases containing a catalytic diad/triad. The third residue
of the catalytic triad (aspartate or glutamate, light blue) is optional.

C, the second fragment of the protein substrate is released and the catalytic diad/triad is

regenerated.

Due to the similarities in the catalytic mechanism of protein cleavage governed by proteases,

a series of important human proteases, were assayed against (−)-thysanone 1.69a and

bromoquinone 2.63 to eliminate possible cross-inhibition. The next sections will give a brief

introduction to the major functions of the chosen proteases. Furthermore, an explanation as

to how the activity of these proteases was determined in presence of (−)-thysanone 1.69a

and bromoquinone 2.63 will be provided together with the results.
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3.4.2 Papain

Function

Papain, also known as papaya proteinase I, is a highly active cysteine protease present

in papaya (Carica papaya) and mountain papaya (Vasconcellea cundinamarcensis). It is

homologous to a protein family important to humans (such as the CTS family) and is a

member of the peptidase C1 family. The active site contains a catalytic diad that utilises

Cys25 and His159 residues. It was first thought that Asp158 reacts with the catalytic diad

to form a catalytic triad but that has since been disproved.[ 268] Nevertheless, it helps the

histidine to orientate the imidazole ring in a position where it can deprotonate the active site

cysteine. Papain is one of the major proteins that helps the plant to defend itself against

rodents. Papain also cleaves the Fc domain of immunoglubulins (Ig) from the Fab domain,

which is used to measure the activity of papain.

Assay:

The Ig monomer is a Y-shaped molecule that consists of four polypeptide chains

(Figure 3.19). The two identical heavy chains, illustrated in dark blue, and two identical

light chains, illustrated in bright blue, are covalently linked by disulfide bonds. The arms

of the antibody are called the Fab (fragment, antigen binding) domain and are composed of

one light chain and part of one heavy chain. The Fab domain contains the antigen-binding

sites. The Fc (Fragments, crystallisable) region has a function in modulating immune cell

activity, thus it ensures that each antibody generates an appropriate immune response for a

given antigen. It is composed of parts of the two heavy chains, which are linked by disulfide

bonds.

For this assay, IgG was chosen. Papain, illustrated in yellow, cleaves the heavy chain of the

IgG molecule and separates the Fab domain from the Fc domain (Figure 3.19).

Cleavage of the IgG with papain results in two Fab portions and one Fc portion. The two

Fab portions have the same molecular weight, however, reducing conditions using reducing

Laemmli buffer result in the separation of the heavy and light chains which have different

molecular weights. The three resulting different protein fragments are visualised by SDS

PAGE.
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Figure 3.19: Papain cleaves IgG molecules releasing the Fc portion from the Fab portion resulting in
three smaller protein fragments, which can be visualised by SDS PAGE. The heavy chain of the IgG
is illustrated in dark blue, the light chain in bright blue and papain in yellow.

Results:

The results of the described assay using (−)-thysanone 1.69a and bromoquinone 2.63 as

inhibitors at different concentrations are shown in Figure 3.20.

The gels in Figure 3.20 show that there was no inhibition detected in the presence of

up to 80 µg/mL (−)-thysanone 1.69a. Bromoquinone 2.63 started to inhibit papain at a

concentration of 80 µg/mL, considerably higher than the IC50 for HRV 3C protease (1 µg/mL,

see Chapter 2).



3.4. Cross interactions with important human proteases 155

la
dd

er
 

80
 

40
 

20
 

10
 

5 2.
5 

1.
25

 

0.
62

5 

la
dd

er
 thysanone 1.69a [µg/ml] 

55 kDa, heavy chain 

27 kDa, light chain 

≈40 kDa, cleavage product 

la
dd

er
 

80
 

40
 

20
 

10
 

5 2.
5 

1.
25

 

0.
62

5 

la
dd

er
 bromoquinone 2.63 [µg/ml] 

Figure 3.20: Reduced coomassie blue stained SDS PAGE of the digestion of IgG with papain in
presence of (−)-thysanone 1.69a or bromoquinone 2.63.

3.4.3 Trypsin

Function:

Trypsin is a serine protease which belongs to the peptidase S1 family and is found in the

digestive system of many vertebrates in order to hydrolyse proteins. Trypsinogen, the

inactive precursor of trypsin, is produced in the pancreas and then activated in the small

intestine by enteropeptidase. Trypsin itself can autocatalyse the cleavage of trypsinogen to

trypsin.

Trypsin contains a catalytic triad formed of Ser195, His57 and Asp102 and is known to

cleave between proline and lysine with no further restrictions in the recognition sequence.

Therefore, small peptide fractions are observed, which can then be absorbed through the

lining of the small intestine.

Assay:

Trypsin cleaves almost every protein into smaller fractions. Bovine serum albumin (BSA)

is a low cost 66 kDa serum albumin protein derived from cows and so was chosen as a

substrate for this assay. The cleavage products were visualized by reducing SDS PAGE.

If BSA was used for this assay which was not heat activated, no cleavage was observed.

However, favourable conditions were achieved by treating high concentrations of BSA in

10 % SDS at 96 ◦C for 10 minutes to denature the protein. Doing this at high concentrations

of BSA allowed the dilution of residual SDS, maintaining trypsin activity during the assay.
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Results:

Figure 3.21 shows the digestion of denatured BSA with trypsin in the presence

of (−)-thysanone 1.69a or bromoquinone 2.63. No inhibition was observed with

(−)-thysanone 1.69a or bromoquinone 2.63.
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Figure 3.21: Reduced silver stained SDS PAGE of the digestion of heat denatured BSA with trypsin
in presence of (−)-thysanone 1.69a or bromoquinone 2.63.
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3.4.4 Plasmin

Function:

Plasmin is a serine protease which belongs to the member of the peptidase S1 family. It is

present in the blood where it digests many blood plasma proteins, most notably fibrin clots.

The active site contains a catalytic triad which is represented by Ser195, His57 and Asp102.

Plasmin is synthesised in the liver as the precursor plasminogen and can be activated by

several factors, such as tissue plasminogen activator (tPA), urokinase plasminogen activator

(uPA), streptokinase, fibrin (factor Ia) and coagulation factor XII (Hageman factor).

In addition to its fibrinolytic activity, it can cleave and activate several proteins and enzymes.

It activates collagenases and some mediators of the complement system. Furthermore, it

activates fibrin, fibrinogen, thrombospondin, laminin and the von-Willebrand-factor (vWF).

It also activates monocytes.

Assay:

Activity of plasmin was detected by digestion of D-Ala-Leu-Lys-7-aminomethyl coumarin

2.123. 7-Aminomethyl coumarin 2.125 becomes fluorescent when it is cleaved from the

peptide and can be excited at a wavelength of 365 nm and detected at an emission at 440 nm

(Scheme 3.14).
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Scheme 3.14: Digestion of the non-fluorescent substrate D-Ala-Leu-Lys-7-aminomethyl
coumarin 2.123 with plasmin leads to the release of the fluorescent dye 7-aminomethyl coumarin
2.125.
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Results:

It can be seen in Figure 3.22 that (−)-thysanone 1.69a had an inhibitory effect on plasmin

at higher concentrations. It produced an IC50 of 138.8 µM for plasmin. Bromoquinone 2.63

activated plasmin at concentrations over 40 µg/mL.
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Figure 3.22: Activity assay of plasmin in presence of (−)-thysanone 1.69a or bromoquinone 2.63.
The change of fluorescence was detected after 1 h incubation at 430 nm (indicated by F430).

Both effects on plasmin are not desirable because up-regulation can lead to bleeding and

conversely the down-regulation of plasmin can lead to clotting of the blood. However,

plasmin in the blood exists mainly as the precursor plasminogen. This assay does not assess

whether both (−)-thysanone 1.69a and bromoquinone 2.63 react with plasminogen, or what

the dissociation constants of inhibitor and plasmin are.
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3.4.5 Elastase

Function:

Elastase is a serine protease with a catalytic triad consisting of Ser195, His57 and Asp102.

Elastase is a member of the peptidase S1 family. It breaks down elastin, an elastic fiber

that, together with collagen, determines the mechanical properties of connective tissue.

Neutrophil elastase breaks down the outer membrane protein A of Gram-negative bacteria

such as E. coli.

Assay:

For detection of elastase activity, the commercially available substrate Glp-Pro-Val-pNA was

used. Cleavage of the substrate releases free para-nitroaniline which is yellow and can be

detected at 405 nm.

Results:

Figure 3.23 shows the results of the assay. (−)-Thysanone 1.69a inhibits elastase with an

IC50 of 32.7 µM (9.0 µg/ml). However, bromoquinone 2.63 activates elastase, preferably at

low concentrations.
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Figure 3.23: Activity assay of elastase using the commercially available substrate Glp-Pro-Val-pNA.
The change of absorbance was detected after 1 h incubation at 405 nm (indicated by A405).
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3.4.6 Cathepsin

Cathepsin is a family of endoproteases with approximately a dozen members which are

distinguished by their structure, catalytic mechanism, and which proteins they cleave. Most

members are found in lysosomes and are activated at low pH. They have a vital role in

mammalian cellular turnover, e. g. bone resorption. Cathepsins are also vital for degradation

of cell organelles and they are involved in neoangiogenesis of blood vessels during tissue

repair. They have also been implicated in metastasis and proliferation of cancer cells.[ 269]

A. Cathepsin B

Function:

Cathepsin B is a lysosomal cysteine protease with a catalytic triad consisting of Cys29, His199

and Asn219. It was suspected as a candidate protease participating in the conversion of

β-amyloid precursor protein into amyloid plaques found in Alzheimer’s disease patients.

However, recent studies found that this cleavage is governed by BACE1 protease. It is now

proposed, that Cathepsin B degrades β-amyloid precursor protein into harmless fragments,

suggesting a pivotal role in the natural defense against Alzheimer’s disease.[ 270]

Assay:

Cathepsin B activity was detected via a colorimetric assay using Z-Arg-Arg-pNA as a

substrate, releasing free para-nitroaniline. The assay was carried out under continuous

measurement of absorbance at 405 nm for two hours.

Results:

The results are shown in Figure 3.24. Bromoquinone 2.63 and (−)-thysanone 1.69a exhibited

an inhibitory effect on cathepsin B at low concentrations, however, activity was restored at

higher concentrations.



3.4. Cross interactions with important human proteases 161

0 20 40 60 80
0.00

0.05

0.10
(–)-thysanone 1.69a
bromoquinone 2.63

i [µg/ml]

A
40
5

Figure 3.24: Activity assay of cathepsin B using the commercially available substrate
Z-Arg-Arg-pNA. The change of absorbance was detected after 1 h incubation at 405 nm (indicated
by A405).

B. Cathepsin G

Function:

Cathepsin G is found in azurophilic granules of neutrophils. It is suggested that Cathepsin

G participates in the digestion of engulfed pathogens, and in connective tissue remodeling at

sites of inflammation.[ 271]

Assay:

Activity was tested using commercially available substrate Ala-Ala-Pro-Phe-pNA which

releases free colored para-nitroaniline into solution upon cleavage.

Results:

The results are shown in Figure 3.25. Bromoquinone 2.63 inhibited cathepsin G with an IC50

value of 177.7 µM. Conversely, (−)-thysanone 1.69a slightly activated cathepsin G.
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Figure 3.25: Activity assay of cathepsin G using the commercially available substrate
Ala-Ala-Pro-Phe-pNA. The change of absorbance was detected after 1 h incubation at 405 nm
(indicated by A405).

3.4.7 Thrombin

Function:

Thrombin is a serine protease with a catalytic triad consisting of Ser195, His57 and

Asp102. Thrombin exists mainly in the inactive form prothrombin (coagulation factor II).

Prothrombin is cleaved to its active form in the coagulation cascade. The main role of

thrombin is the conversion of soluble fibrinogen into insoluble strands of fibrin to create

blood clots necessary in wound healing.

Assay:

Clotting of blood serum could be visualised by detection of the increased absorbance due

to the increased insoluble fibrin (difference A405−A620) over time as a result of thrombin

activity. Serum of healthy volunteers was isolated and diluted to 50% with PBS at pH 7.4.

The clotting process was initiated by the addition of 0.1 U activated thrombin.

Results:

Results are shown in Figure 3.26. The detected differences in the activity levels are not

concentration-dependent and additionally, no difference in the rate of formation of the clot

was detected. This suggests that the clotting process is not affected by the presence of

(−)-thysanone 1.69a or bromoquinone 2.63.
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Figure 3.26: Results of the activity assay for thrombin in presence of (−)-thysanone 1.69a and
bromoquinone 2.63. The change of absorbance was detected after 1 h incubation at 405 and 620 nm
(indicated by A405 and A620).

3.4.8 Summary of the interaction of (−)-thysanone 1.69a and

bromoquinone 2.63 with other proteases

All results of the inhibition studies of (−)-thysanone 1.69a and bromoquinone 2.63 are

summarised in Table 3.3. The blue row represents HRV 3C protease as the initial target

of the inhibitors.

Table 3.3: Summary of the results of tested proteases against (−)-thysanone 1.69a and
bromoquinone 2.63.

Protease Type
Interaction

(−)-thysanone 1.69a bromoquinone 2.63

HRV 3C protease cysteine protease IC50 = 47 µM IC50 = 4.2 µM

papain cysteine protease no inhibition detected inhibition at 337 µM

trypsin serine protease no inhibition no inhibition

plasmin serine protease IC50 = 139±43 µM activation at c >169 µM

cathepsin B cysteine protease inhibition at low concentrations inhibition at low concentrations

cathepsin G serine protease slight activation IC50 = 178 µM

thrombin serine protease no inhibition no inhibition

elastase serine protease IC50 = 33 µM activation at low concentrations

It is of concern that (−)-thysanone 1.69a inhibits elastase in vitro with an IC50 slightly lower

than the IC50 for HRV 3C protease. However, these assays are all in vitro and may not reflect

activity in vivo.
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3.5 Cytotoxicity assays

In order to investigate the in vitro cytotoxicity of the library of compounds tested as HRV 3C

protease inhibitors. Cell proliferation of the human lung adenocarcinoma epithelia cell line

H441 was determined using a 3H-thymidine assay and cell survival was detected using the

fluorescent Alamar blue assay.

3.5.1 3H-Thymidine assay

In mammalian cells the majority of new DNA is synthesised during the cell division process,

thus detection of cell proliferation is proportional to DNA synthesis. The common procedure

uses the 3H-radiolabeled DNA building block thymidine 2.126 (Figure 3.27). Different

isomers of tritium-labelled thymidine are available, however, the position of the label has

no influence on the cytotoxicity assay. 3H-thymidine 2.126 is incorporated into newly

synthesised DNA in cell culture and can be detected using a liquid scintillation counter after

cell-harvest.
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available

2.126

Figure 3.27: The DNA building block 3H-thymine 2.126, used for detection of cell proliferation.

Cells are grown in the presence of different concentrations of inhibitor and compared to cells

grown in the absence of inhibitor in order to detect cell proliferation for cytotoxicity studies.
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3.5.2 Alamar blue assay

Cell survival is most commonly detected with the dye Alamar Blue. Alamar Blue is the trade

name for the blue non-fluorescent dye resazurin 2.127 which is irreversibly reduced in the

mitochondria by diaphorase to a pink, fluorescent resorufin 2.128 in presence of NADH/H+

(Scheme 3.15).[ 272,273] The reduction of resazurin 2.127 to reforufin 2.128 is proportional

to aerobic respiration.[ 274–276] Resofurin can be further reduced reversibly to colourless,

non-fluorescent dihydroresorufin 2.129
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Scheme 3.15: Reduction of Alamar Blue 2.127 to the pink, fluorescent resorufin 2.128.
Overreduction can lead to the colourless non-fluorescent dihydroresorufin 2.129.

Similar to the previously described 3H-thymidine assay, cells are grown in the presence of

different concentrations of inhibitor and compared to cells grown in the absence of inhibitor

in order to detect cell survival for cytotoxicity studies.
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3.5.3 Results of the cytotoxicity assays

Both, the 3H-thymidine and the Almar Blue assays were used to detect the cytotoxicity of

our first generation library of quinone inhibitors. The results are presented in comparison

to the previously detected IC50-values. Table 3.4 summarises the detected data for the

pyranonaphthoquinone-series of HRV 3C protease inhibitors.

Disappointingly, all inhibitors show a high degree of cytotoxicity. Five (2.35a, 2.35,

2.35b,2.39 and 2.47) of the eleven tested active inhibitors of HRV 3C protease (2.69a, 1.69,

1.69b, 2.35a, 2.35, 2.35b, 2.36a, 2.36, 2.36b, 2.39 and 2.47) exhibit an LD50 at even lower

concentrations than needed to reach the IC50.

Although (−)-thysanone 1.69a (IC50 = 53±0 µM, LD50 ∼89 µM) and (±)-thysanone 1.69

(IC50 = 39±0 µM, LD50 ∼73 µM), exhibit a higher LD50 than IC50 value, these inhibitors

still cannot be considered as drug candidates against HRV 3C protease due to the small

difference between the IC50 and the LD50.

Interestingly, for most inhibitors containing protected phenol groups, such as 2.36a, 2.36,

2.36b, 2.37 and 2.38, lower LD50 values were observed using the cell-proliferation assay

than using the cell survival assay, suggesting that these inhibitors are cytostatic at low

concentrations before leading to cell-death.

Compounds that did not inhibit HRV 3C protease were tested for cytotoxicity and all

exhibited LD50 values at concentrations comparable to the identified HRV 3C protease

inhibitors.
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Table 3.4: Cytotoxicity studies of the pyranonaphthoquinone-series of HRV 3C protease inhibitors.
LD50-values are compared to previously determined IC50-values.
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1.35a: R1 = OH, R2 = OH, R3 = H
1.36a: R1 = OiPr, R2 = OiPr, R3 = H
2.37: R1 = OMe, R2 = OMe, R3 = OH
2.38: R1 = OMe, R2 = OMe, R3 = OMe
2.39: R1 = OH, R2 = OMe, R3 = OH
2.47: R1 = H, R2 = H, R3 = OH

1.69: R1 = OH, R2 = OH, R3 = OH
2.35: R1 = OH, R2 = OH, R3 = H
2.36: R1 = OiPr, R2 = OiPr, R3 = H
2.40: R1 = OiPr, R2 = OiPr, R3 = OH
2.41: R1 = OMe, R2 = OTBS, R3 = H
2.42: R1 = OH, R2 = OTBS, R3 = H
2.43: R1 = OH, R2 = H, R3 = OH
2.44: R1 = OH, R2 = H, R3 = H
2.45: R1 = OMe, R2 = H, R3 = OH
2.46: R1 = OMe, R2 = H, R3 = H

1.69b: R1 = OH, R2 = OH, R3 = OH
2.35b: R1 = OH, R2 = OH, R3 = H
2.36b: R1 = OiPr, R2 = OiPr, R3 = H
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Compound IC50 [µM] LD50 [µM]
Alamar Blue 3H-thymidine

(−)-thysanone 1.69a 53±0 87±21 90±41
(±)-thysanone 1.69 39±0 75±22 70±11
(+)-thysanone1.69b 47±0 n.t. n.t.

2.35a 103±0 23±3 11±6
2.35 101±0 18±6 26±0

2.35b 109±35 43±12 n.t.
2.36a 114±22 214±0 40±0
2.36 77±30 137±0 32±18

2.36b 132±0 n.t. n.t.
2.39 220±75 37±0 166±50
2.47 172±89 32±2 10±0

Astropaquinone C 2.37 n.i. 120±0 50±16
Astropaquinone B 2.38 n.i. 128±0 46±0

2.40 n.i. 31±0 17±7
2.41 n.i. 5.1±0 7.7±2.6
2.42 n.i. 82.8±10.7 101.5±48.1
2.43 n.i. 13.1±0 33.8±0
2.44 n.i. 8.2±1.6 13.5±2.9
2.45 n.i. 137.8±0 73.6±0
2.46 n.i. 94.5±1.5 85.6±5.0
2.48 n.i. 92.2±0 93.3±36.0
2.49 n.i. n.t. 43.5±0
2.50 n.i. n.t. 27.1±10.5
2.51 n.i. n.t. 31.0±0
2.52 n.i. 9.4±1.1 7.8±0.7
2.53 n.i. 121.4±51.8 139.9±53.5

n.i. = no inhibition
n.t. = not tested
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The results of the cytotoxicity studies of the naphthoquinone series of HRV 3C protease

inhibitors are shown in Table 3.5. It was observed that inhibitors 2.55-2.70 were too cytotoxic

to be considered for further drug development against the Human Rhinovirus. The only

inhibitors exhibiting higher LD50 values then IC50 values were 2.63, 2.64 and 2.67. However,

the level of cytotoxicity was still unacceptable for further consideration of 2.63, 2.64 and 2.67

as potential drug candidates against the common cold.

Table 3.5: Cytotoxicity studies of the naphthoquinone-series of HRV 3C protease inhibitors.
LD50-values are compared to the previously determined IC50-values.

O

O

R1

R2

R3

2.55: R1 = OH, R2 = H, R3 = H
2.56: R1 = OH, R2 = H, R3 = allyl
2.57: R1 = OH, R2 = allyl, R3 = H
2.58: R1 = OH, R2 = allyl, R3 = allyl
2.59: R1 = OMe, R2 = H, R3 = allyl
2.60: R1 = H, R2 = H, R3 = CH2CH(OH)CH3
2.61: R1 = H, R2 = allyl, R3 = allyl
2.69: R1 = OH, R2 =Br, R3 = H
2.70: R1 = OiPr, R2 = Br, R3 = H

O

O

O

2.62

O

O

Br

R

2.63:  R = H 

2.64: R = allyl

2.65: R =           

2.66: R =           

2.67: R =           

2.68: R =

OH

OH

O

O

Compound IC50 [µM] LD50 [µM]
Alamar Blue 3H-thymidine

2.55 196±0 45.0±8.6 56.3±12.6
2.56 204±0 204.0±0 145.6±0
2.57 241±54 241.3±53.6 59.3±14.0
2.59 286±83 21.5±6.1 43.8±0
2.63 4.2±0 21.1±3.1 28.6±9.5
2.64 8.8±0 20.3±4.8 27.6±16.3
2.65 17.5±3 4.4±0 8.3±0.8
2.66 26.1±9 4.2±0 32.8±0
2.67 49.4±13 64.1±10.2 72.0±0
2.68 14.5±4 n.t. 10.9±1.6
2.69 15.1±0 78.6±0 15.8±0
2.70 19.9±6 34.6±0 19.4±0
2.58 n.i. 53.1±18.5 80.2±22.4
2.60 n.i. 12.5±0 19.9±2.8
2.61 n.i. 38.6±9.7 83.1±16.8
2.62 n.i. 30.8±9.3 42.9±0

n.i. = no inhibition
n.t. = not tested
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3.5.4 Conclusion

Our library of quinone HRV 3C protease inhibitors was tested for cytotoxicity against a

human lung adenocarcinoma epithelia cell-line NCI-H441 using the well-established Alamar

Blue assay for detection of cell survival and the 3H-thymidine assay for cell-proliferation. It

was shown that all quinone inhibitors exhibit a high degree of cytotoxicity.

It is evident in the literature that the cellular aspects of quinone metabolism are diverse.[ 277]

Quinone cytotoxicity is observed as oxidative damage and subsequent qualitative alterations

of related biochemical pathways, resulting in irreversible cell impairment and death.[ 278]

Two major molecular mechanisms of tissue damage have been identified, namely redox

cycling of quinones and electrophilic arylation of tissue components such as DNA, proteins

and lipids, both leading to a series of secondary mechanisms involved in the cause of

cell-death.[ 277,279]

A. Redox cycling

Redox cycling of quinones is a process in which quinones 2.130 are reduced to semiquinones

2.131 or dihydroquinones 2.132 and reoxidised to quinones 2.130. During this process

active oxygen species such as hydrogen peroxide are generated (Scheme 3.16).[ 280–282]

One-electron transfer reactions result in reactive and toxic semiquinones and are catalysed by

NADH:ubiquinonereductase, NADPH-cytochrome P450 reductase and NADH:cytochrome

b5 reductase. Two electron transfers are catalysed by NAD(P)H:quinone oxidoreductase.
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Scheme 3.16: Redox cycling of quinones.

B. Electrophilic arylation

Electrophilic arylation can take place using different mechanisms depending on the structure

of the quinone and the nucleophilic partner.[ 277,279] The simplest electrophilic arylation of

oxygen, nitrogen or sulfur nucleophiles involves a Michael-type addition of the nucleophile

to the quinone 2.130 (Scheme 3.17).[ 283–288]

O

O

HX-R

X = O, N, S

OH

O
X

R

OH

OH
X

R
+

2.130 2.133 2.134

Scheme 3.17: Michael-type addition of oxygen, nitrogen or sulfur nucleophiles to quinones.

Nucleophilic additions to quinones can also occure via a quinone epoxide intermediate

2.136 (Scheme 3.18).[ 289–292] The reaction to the quinone epoxide intermediate 2.136

is suggested to occur via nucleophilic addition of H2O2 at the β-carbon of the

unsaturated system to afford peroxide intermediate 2.135, which rearranges to quinone

epoxide 2.136 upon condensation.[ 293,294] The quinone epoxide intermediate 2.136 can

be reduced by NADPH-cytochrome P450 reductase and DT-diaphorase resulting in

α-hydroxyhydroquinone 2.137, respectively.[ 295] Autoxidation of α-hydroxyhydroquinone

2.137 then results in α-hydroxyquinone 2.138. Quinone epoxides can also be ring-opened
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by sulfur-nucleophiles affording substituted α-hydroxyhydroquinone 2.139 which upon loss

of water forms substituted naphthoquinone 2.140.[ 292]
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O
O
OH

O

O

O

−H2O

OH

OH
OH
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O
OH

SR

O

O

SR

H

−H2O

2.130 2.135 2.136

2.1372.138
2.139

2.140

Scheme 3.18: Generation of the quinone epoxide intermediate 2.136 and two possible consecutive
reactions of the quinone epoxide intermediate 2.136.

A further electrophilic arylation mechanism of quinones with nucleophiles is called

bioreductive alkylation. Formally, bioreductive alkylation is the addition of nucleophiles

to quinone methides (Scheme3.19).[ 296–298]

O

O

R1

H

OH

O

quinone methide

HXR2

X=N,S
OH

OH

R1R1

XR2

[O]

O

O

R1

XR2

2.141 2.142 2.143 2.144

Scheme 3.19: Bioreductive alkylation.

It is hypothesised that quinone methide formation is triggered by in vivo reduction

of the quinone to the corresponding dihydroquinone. Quinone methides are able to

alkylate DNA, proteins and lipids and thus interrupt their function. It is proposed that

specifically lactone-containing pyranonaphthoquinones such as kalafungin 2.145 preferably

form quinone methides via reductive lactone opening (Scheme 3.20).[ 299]
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Scheme 3.20: Proposed quinone methide formation for kalafungin 2.145.

C. Direct cellular consequences of redox cycling and electrophilic arylation

Redox cycling and electrophilic arylation both result in tissue damage which can cause

mutagenesis and/or cell death. It was previously shown that the intracellular thiol

balance can be altered by electrophilic arylation (including bioreductive alkylation) and

redox cycling. This is formally known as thiol loss or thiol depletion which induces

mitochondrial permeability and apoptosis.[ 300–303] Furthermore, alkylation of free amine

groups of DNA results in inhibition of the de novo synthesis of DNA.[ 304] The relationship of

covalent binding to toxicity has been viewed as having a cause-effect character.[ 305,306] The

Ca2+-sequestering capacity of both mitochondria and endoplasmic reticulum is impaired by

an oxidation of pyridine nucleotides and protein thiols, leading to an increase in cytosolic

Ca2+ levels.[ 307] These increased levels activate Ca2+-dependent proteases resulting in

digestion of cellular proteins and cell death.[ 278]

Quinones also have mutagenic capabilities, which may involve oxygen radical formation

and alkylation pathways.[ 308,309] These mechanisms are the best-reviewed mechanisms in

the literature and illustrate the complexity of quinone-toxicity. It is not one mechanism that

has to be circumvented when developing a non-toxic quinone-based drug, all mechanisms

are present for the majority of quinone-containing compounds.

We aimed to develop a safe drug against the Human Rhinovirus based on the (−)-thysanone

scaffold. However, cytotoxicity studies showed that the quinone moiety is highly cytotoxic

and a literature review confirmed that this may be hard to circumvent. Thus, development

of a safe drug against the Human Rhinovirus based on the thysanone scaffold may not be

possible.
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3.6 Summary of Chapter 3

This chapter described the evaluation of pharmacodynamic parameters of

(−)-thysanone 1.69a and analogues. The mechanism of inhibition was the first parameter

investigated. Early dialysis experiments showed that (−)-thysanone 1.69a is a TCI for HRV

3C protease (Scheme 3.21). Attempts to confirm this result using SPR were disappointing

as co-interaction of (−)-thysanone 1.69a with GST (used to couple HRV 3C protease via

anti-GST IgG to the sensor chip surface) was detected. This hampered the detection of

accurate KD-values. However, it was possible to confine the KD-value to the sub-µM range,

confirming that (−)-thysanone 1.69a is a TCI.

[E] + [I] [E⋅I]
non-covalent 
interaction

[E-I]
covalent 
adduct

Scheme 3.21: Formation of a covalent adduct of inhibitor (I, (−)-thysanone 1.69a) and HRV 3C
protease (E, enzyme).

With this information in hand, it was decided to investigate the molecular binding mechanism

using NMR experiments by application of a method developed by Avonto et al.

It was observed that the binding mechanism of (−)-thysanone 1.69a to HRV 3C protease

can follow two pathways, namely bioreductive alkylation or alkylation via oxonium ion

formation (Scheme 3.22). Thus, analogues lacking the lactol functionality can only proceed

via the bioreductive alkylation pathway due to their inability to form oxonium ions.

Interestingly, Kharel et al. isolated pyranonaphthoquinone metabolites, namely

frenolicin C 2.152 and frenolicin G 2.153 (Figure 3.28) suggesting metabolism of

pyranonaphthoquinones by electrophilic arylation following a Michael-type addition of

cysteine-derivatives to the pyranonaphthoquinone core.[ 310] The pyranonaphthoquinone

cores of 2.152 and 2.153 exhibit alkyl-substituents at C-1, increasing steric bulk which may

prevent alkylation at this position.
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Scheme 3.22: Molecular mechanism of the reaction between (−)-thysanone 1.69a and
1-deoxythysanone 2.35a with the cysteine residue of HRV 3C protease 2.116.

Having investigated the molecular binding mechanism we were interested in the selectivity

of our inhibitors towards different proteases. A study was undertaken to determine whether

(−)-thysanone 1.69a and bromoquinone 2.63 inhibit HRV 3C protease exclusively or

whether they cross react with other important human proteases. The proteases chosen

were papain (related to the human CTS family), trypsin, plasmin, cathepsin B, cathepsin

G, thrombin and elastase. Disappointingly, (−)-thysanone 1.69a inhibited elastase in vitro

with a similar IC50 (32.7 µM) to HRV 3C protease (47 µM).

To further investigate the drug-safety profiles of the identified HRV 3C protease inhibitor,

in vitro cytotoxicity studies were conducted. To detect cell-proliferation a 3H-thymidine

assay was used and for detection of cell-survival an Alamar-Blue R© assay was used.

Disappointingly, all inhibitors exhibited significant cytotoxicity. A literature review showed

that quinone metabolism is diverse. Quinones can be metabolised by several pathways,

forming toxic oxygen species via redox cycling or alkylating proteins, lipids and DNA. To
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Figure 3.28: Structure of frenolicin C and frenolicin G.

circumvent quinone toxicity, multiple metabolic pathways must be avoided to meet the high

safety standards for drug development against non-severe illnesses.

It was shown in this chapter that (−)-thysanone 1.69a is a TCI for HRV 3C protease.

Inhibition of elastase by (−)-thysanone 1.69a and the high degree of toxicity suggest that

(−)-thysanone 1.69a is not selective. TCI’s can only be considered for drug development if

they have high target selectivity and low toxicity. Thus, it is proposed that drug development

against the common cold based on the thysanone scaffold was not feasible and should not be

further investigated.





Chapter 4

Summary and Future Work

This chapter will provide a brief overview of Part II of this work and suggest possible work

for the future. It will not provide detailed summaries as these are already discussed at the

end of the individual sections and chapters (as referenced).

In summary, a novel solid phase based assay for HRV 3C protease activity was developed.

Unlike other available assays,[ 138,178,179,214,216,217,217–224] this assay overcomes problems

associated with the pNA-based assay, such as the overlapping absorbance spectra of the

pNA label and the quinone inhibitor, and lack of sensitivity (see also Chapter II.2.4, p. 88

and Chapter II.2.7, p. 110)

This novel assay enabled the screening of a first generation library of HRV 3C protease

inhibitors based on the (−)-thysanone 1.69a scaffold in order to establish SAR (Figure 4.1,

see also Chapter II.2.6, p. 101). In summary it can be said that the quinone-moiety is

essential for HRV 3C protease inhibition. Furthermore, for the pyranonaphthoquinone series

the presence of the lactol functionality increased the inhibitory properties. It was also

observed that the C-9 hydroxy functionality contributed undesired steric bulk, or may have

an undesired electronic effect. However, the C-7 hydroxy functionality was favoured and

important for HRV 3C protease inhibition.
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Figure 4.1: Structure activity relationships of pyranonaphthoquinone and naphthoquinone analogues
of (−)-thysanone 1.69a.

Thus it is proposed that pyranonaphthoquinones with the structures 2.154-2.157 may exhibit

greater activity against HRV 3C protease (Figure 4.2). These structures lack the C-9 hydroxyl

functionality and include a hydroxyl (2.154), amine (2.155) or thiol (2.156) functionality

at C-7, which exhibit hydrogen donor and acceptor capabilities. In order to investigate if

the C-7 is a hydrogen donor or acceptor, analogue 2.157 should also be synthesised as it

contains a fluorine at C-7 which acts only as a hydrogen acceptor. It was shown that absolute

stereochemical information is not required for HRV 3C protease inhibition, thus analogues

2.154-2.157 can be synthesised as racemates.

O

O

O
X

OH

2.154: X = OH
2.155: X = NH2
2.156: X = SH
2.157: X = F

7

9
Br

O

O
X R

2.158: X = OH
2.159: X = NH2
2.160: X = SH
2.161: X = F

5

7

Figure 4.2: Proposed structure of inhibitors that may show a greater activity against HRV 3C
protease.

Naphthoquinone inhibitors exhibited lower activity when they contained a C-5 hydroxyl

substituent or a substituent at C-2 (Figure 2.16). Conversely, a bromine substituent at C-3

resulted in significant increase in inhibition. Similar to the napthoquinones, structures

are proposed that include a C-7 substitution such as hydroxyl (2.158), amine (2.159),

thiol (2.160) or fluorine (2.161) in order to increase the inhibition of HRV 3C protease

(Figure 4.2).
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Attention next focused on the pharmacodynamic studies of (−)-thysanone 1.69a. The

mechanism of inhibition was initially studied. It was shown that both (−)-thysanone 1.69a

and bromoquinone 2.63 bound covalently to HRV 3C protease using pre-incubation and

dialysis experiments (Chapter II.3.1.1, p. 115) and these experimentts were further confirmed

by Biacore R© experiments (Chapter II.3.2.4, p. 138). NMR studies revealed that the free

thiol of Cys148 reacts with the C-1 of (−)-thysanone 1.69a. The key structures involved are

summarised in Scheme 4.1. It was proposed that mechanistically this can occur via either an

oxonium ion or formation of an ortho-quinone methide (see also Chapter II.3.3.3, p. 148).
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Scheme 4.1: Key-steps for the mechanism of inhibition of (−)-thysanone 1.69a.

It was also shown that bromoquinones react via a Michael-addition/1,4-elimination

mechanism to afford α-substituted naphthoquinones (Scheme 4.2).

O

O

Br HS Cys148

O

OH

Br

Michael-addition

S Cys148
O

O

S

1,4-elimination

Cys148

– HBr

2.63 2.162 2.114

Scheme 4.2: Key-steps for the mechanism of inhibition of bromoquinone 2.63.
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The safety profile of (−)-thysanone 1.69a and bromoquinone 2.63 was investigated by

examining cross-inhibition of important human proteases. Disappointingly, inhibition of

elastase by a similar concentration of (−)-thysanone 1.69a to the concentration required for

HRV 3C protease inhibition was determined in vitro (see also Chapter II.3.4.8, p. 163).

The library of quinone inhibitors was tested for cytotoxicity against the human lung

adenocarcinoma epithelial cell line H441. This study revealed a high degree of cytotoxicity

for all tested compounds (see also Chapter II.3.5.4, p. 169). A literature review showed that

mechanisms for toxicity of quinones are diverse. Quinones can undergo redox cycling by

formation of toxic oxygen species such as O−·2 , HO· and H2O2 (see Chapter II.3.5). They

can also undergo electrophilic arylation (including bioreductive alkylation).

Due to the high degree of detected cytotoxicity it was decided to discontinue inhibitor

development against HRV based on the thysanone scaffold.

However, the developed HRV 3C protease assay is compatible with all non-fluorescent

inhibitors. Thus, it provides a tool for inhibitor design based on a different scaffold. One

proposed scaffold is based on quinolones described by Baxter et al.[ 179] They reported that

introduction of substituents at C-6 of the quinolone could result in covalent modification of

HRV 3C protease. It would be interesting to investigate whether this strategy would provide

highly efficient and selective target covalent inhibitors.
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compounds resulted in loss of 
affinity

should allow exploration of SAR 
around the catalytic triad,
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6

Figure 4.3: SAR of quinolones developed by Baxter et al.[ 179]
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The proposed synthesis of these inhibitors is shown in Scheme 4.3. Iodination of

2′-aminoacetophenone 2.164 using ICl affords iodinated compound 2.165, which can then

react with methyl benzoate in presence of sodium hydride to form quinolone 2.163. This

quinolone enables coupling reactions to introduce a variety of substituents at C-6.[ 311–313] A

few examples are shown in Scheme 4.3 (2.166-2.168).
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Scheme 4.3: Proposed synthesis of quinolone inhibitors.

Another interesting compound which is proposed to inhibit HRV 3C protease is shown

in Scheme 4.4. The stereo electronic effects of quinolone 2.169 would allow covalent

modification of C-1 via both intermediates, oxonium ion 2.170 and ortho-quinone methide

2.171 similar to (−)-thysanone 1.69a. However, the reactivity of ortho-quinone methide

2.171 may be lowered due to the inability of a Michael-addition of the cysteine nucleophile.
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Scheme 4.4: Proposed inhibitor of HRV 3C protease.

The existing library of quinone compounds should be tested for anti-cancer activity as

suggested by the literature.[ 314,315] Quinones exhibit anti-cancer activity due to both their

ability of generating toxic oxygen species due to the redox-cycling process and their

ability of electrophilic arylation. These properties can kill cancer-cells, and thus eliminate

tumors.[ 315,316]



Part III

Syntheses of Quinone Inhibitors





Abstract for Part III

The main focus of this work was to synthesise a series of (−)-thysanone 1.69a analogues

for SARs, investigate the molecular mechanism of the interaction of (−)-thysanone 1.69a

with HRV 3C protease and determine the safety profile of these naphthoquinone inhibitors

as potential drug candidates. After discussing the observed biological results in Part II,

Part III will give the detailed discussion about the syntheses of the tested HRV 3C

protease inhibitors. A brief introduction to the chemistry of the pyranonaphthoquinone

family of antibiotics and literature syntheses of (−)-thysanone 1.69a and analogues will

be discussed in Chapter 1. Chapter 2 will then discuss the application of two synthetic

pathways previously established in our group to access analogues of (−)-thysanone 1.69a

and bromonaphthoquinone analogues of the bromonaphthoquinone family. Chapter 3

introduces a new synthetic pathway to access 2-carbathysanone 2.48 via a Hauser-Kraus

annulation. Chapter 4 discusses the synthesis of 7-deoxythysanone analogues utilising an

oxa-Pictet-Spengler reaction. This approach was also used to synthesise (±)-thysanone 1.69.





Chapter 1

Introduction to the

Pyranonaphthoquinone Family of

Antibiotics

As described in Part I, (−)-thysanone 1.69a is a member of the pyranonaphthoquinone family

of natural products. This chapter gives a brief introduction to the pyranonaphthoquinone

family of antibiotics followed by a short review of synthetic strategies to prepare the target

pyranonaphthoquinone (−)-thysanone 1.69a, and analogues thereof.

1.1 Core structure of pyranonaphthoquinones

The pyranonaphthoquinones are a large family of more than one hundred natural products,

which have been isolated from various bacteria and fungi.[ 317,318] The core structure

comprises a naphtho[2,3-c]pyran-5,10-dione ring system 3.1, which can be fused to a

γ-lactone resulting in structure 3.2 (Figure 1.1). The γ-fused lactone ring can also be

ring-opened to form a carboxylic acid side chain 3.3.
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Figure 1.1: Pyranonaphthoquinone core structure.
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Pyranonaphthoquinones exhibit a wide range of biological activities such as antimicrobial,

anticancer and antiviral properties.[ 317,318]

1.2 Selected examples of pyranonaphthoquinones and

their biological activities

Figure 1.2 classifies selected examples of the pyranonaphthoquinone family into three

subgroups, two based on the substitution pattern around the pyran ring (1,3-disubstituted

and 1,3,4-trisubstituted pyranonaphthoquinones) and the third being dimeric.
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1.2.1 1,3-Disubstituted pyranonaphthoquinones

1,3-Disubstituted pyranonaphthoquinones exhibit substitution at the C-1 and C-3 position of

the pyran-ring system, such as (−)-thysanone 1.69a (Figure 1.2), which has been discussed

in detail in Part I-3.

Eleutherin 3.4 and isoeleutherin 3.5

Eleutherin 3.4 (Figure 1.2) was first isolated in 1950 from the bulbs of Eleutherine bulbosa

by Schmidt et al.,[ 319] who proposed the structure based on degradation studies.[ 319,320]

Subsequently Cameron et al. confirmed the structure in 1964 by 1H NMR spectroscopy[ 321]

and De Camargo et al. by X-ray crystallography in 1978.[ 322]

Isoeleutherin 3.5 (Figure 1.2) was isolated in 1951 from the same bulbs as eluetherin 3.4

and was shown to be the 3-epimer of eleutherin 3.4.[ 323] Both exhibit strong antimicrobial

activity against Pycococcus aureus, Streptococcus haemolyticus A and weak activity against

Bacillus subtilis.[ 324] Extracts of Eleutherine americana containing both eleutherin 3.4 and

isoeleutherin 3.5 have been used to treat heart disease.[ 325,326] Eleutherin 3.4 also inhibits

topoisomerase II, an enzyme vital in DNA transcription and a target of some the most

commonly prescribed anticancer drugs such as Etopophos and Doxil.[ 327,327]

7-Methoxyeleutherin 3.6

7-Methoxyeleutherin 3.6 (Figure 1.2) was isolated in 1975 from Karwinskia humboldtiana

seeds and features an additional 7-methoxy substitution compared to eleutherin 3.4. It was

found to be a weak inhibitor of topoisomerase II.[ 328,329]

Astropaquinone B 2.38 and astropaquinone C 2.37a

Astropaquinone B 2.38 and astropaquinone C 2.37a (Figure 1.2) were isolated in 2009 from

the freshwater fungus Astrosphaeriella papuana.[ 330] Both natural products are structurally

similar to (−)-thysanone 1.69a. In astropaquinone B 2.38 all three hydroxy groups of

(−)-thysanone 1.69a are methylated and in astropaquinone C 2.37a both phenol groups

of (−)-thysanone 1.69a are methylated and a free lactol functionality is present. The

bioactivity of these molecules has not been reported, but due to their structural similarity
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to (−)-thysanone 1.69a they would be interesting to investigate as inhibitors of HRV 3C

protease.[ 197]

1.2.2 1,3,4-Trisubstituted pyranonaphthoquinones

1,3,4-Trisubstituted pyranonaphthoquinones exhibit a γ-fused lactone ring at C-3 and C-4.

Arizonin C1 3.7

Arizonin C1 3.7 (Figure 1.2) was isolated in 1987 from the fermentation broth of

Actirioplanes arizonensis by Hochlowski et al.[ 331,332] Like in the eleutherin family

it exhibits a methyl group at C-1 position which is trans to the γ-fused lactone ring.

Additionally it exhibits methoxy substituents at C-8 and C-9. Arizonin C1 was shown to

exhibit antimicrobial activity against pathogenic strains of Gram-positive bacteria.

Kalafungin 2.145

Kalafungin 2.145 (Figure 1.2) exhibits a simpler but related structure to arizonin C1 3.7. It

was isolated from Streptomyces tanashiensis and Nocardia dassonvillie.[ 333,334] It exhibits

antimicrobial activity against fungi, protozoa, yeast, Gram-positive bacteria and weak

activity against Gram-negative bacteria.[ 335] Kalafungin 2.145 also exhibits activity against

mouse leukaemia cells, anthelmintic activity and is an inhibitor of the serine-threonine

kinase AKT. AKT is involved in the regulation of cell proliferation, growth and apoptosis

and is therefore an important target for anticancer drug development.[ 334,336–338]

Griseusin A 3.8

In 1976, griseusin A 3.8 (Figure 1.2) was isolated from a soil sample collected in Peru which

contained Streptomyces griseus K-63.[ 339,340] Griseusin A 3.8 is a member of the griseusin

family, which are unique within the pyranonaphthoquinone family of antibiotics in that

they contain a 1,7- dioxaspiro[5.5]undecane ring system fused to a juglone moiety.[ 318] The

absolute configuration of griseusin A 3.8 was initially assigned by comparison of CD spectra

with fully characterised related compounds, however, this assignment was later shown to

be incorrect by X-ray crystallographic analysis of a 6,8-dibromoderivative.[ 341] Griseusin
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A 3.8 exhibits antimicrobial activity against Gram positive bacteria in vivo, including strains

resistant to sulfonamide based drugs.[ 299,339,340,342]

1.2.3 Dimeric pyranonaphthoquinones

Dimeric pyranonaphthoquinones represent homodimers of both 1,3-disubstituted

pyranonaphthoquinones and 1,3,4-trisubstituted pyranonaphthoquinones, which are

linked between C-8 and C-8’ positions of the pyranonaphthoquinone scaffold.

Crisamicin A 3.9

Crisamicin A 3.9 (Figure 1.2) was first isolated in 1986 from the micro-organism

Micromonospora purpureochromogenes, which was obtained from a mud sample in the

Philippines.[ 343] Crisamicin A 3.9 contains two pyran-fused lactones and the structure

exhibits a C2-symmetry. 3.9 exhibits activity against B16 murine melanoma cells, the herpes

simplex and vesicular stomatitis viruses.[ 344]

Actinorhodin 3.10

Actinorhodin 3.10 (Figure 1.2) was isolated in 1995 from the mycelia of an actinomyces

species Streptomyces coelicolor.[ 345,346] It shows litmus-like properties, becoming bright

blue in alkaline conditions and red in acidic solutions. It also exhibits antimicrobial activity

against Staphylococcus aureus.[ 347]

Cardinalin 3 3.11

Cardinalin 3 3.11 (Figure 1.2) was first isolated in 1997 from the deep-red ethanol

extract of the fresh fruit bodies of the New Zealand toadstool Dermocybe cardinals.[ 348]

Cardinalin 3 3.11 exhibits cytotoxic properties against leukemia cells. Its structure exhibits

an 8-8’ fused dimeric structure similar to the monomeric structure 7-methoxyeleutherine 3.6

with the C-9 methoxy group being a hydroxy group.



192 Chapter 1. Introduction to the Pyranonaphthoquinone Family of Antibiotics

1.3 Biosynthesis of pyranonaphthoquinones

The biosynthesis of pyranonaphthoquinones was studied by Floss et al. using

kalafungin 2.145 as an example.[ 349,350] Floss et al. isolated intermediates from several

knock-out mutants and proposed the biosynthetic pathway (Scheme 1.1).[ 349,350] Polyketide

intermediate 3.14 is an oligomer of acetyl-CoA 3.12 and malonate-CoA 3.13 units derived

from the polyketide pathway. Polyketide 3.14 is then cyclised to tricycle 3.15. The

α,β-unsaturated carboxylic acid is reduced to 3.16, which undergoes dehydration to afford

conjugated system 3.17. Subsequent oxidation of 3.17 affords quinone 3.18, which then

undergoes oxidative lactone formation to afford kalafungin 2.145.
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Scheme 1.1: Proposed biosynthesis of kalafungin 2.145 by Floss et al.[ 349,350]
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1.4 Synthetic strategies towards (−)-thysanone 1.69a and

its analogues

A large number of different synthetic routes are available for the synthesis of

pyranonaphthoquinones.[ 190,191,197,204,351–382] As the focus of this thesis is the synthesis

of (−)-thysanone 1.69a and its analogues, this section will discuss reported syntheses of

(−)-thysanone 1.69a and its analogues (Scheme 1.2).[ 188–204]
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Scheme 1.2: Key-steps involved in the synthesis of (−)-thysanone 1.69a and analogues.

Diels-Alder reactions of isochroman dienophiles 3.20 with dienes such as 3.19 have been

used for late stage introduction of the aromatic ring.[ 188,203]

Bromine-lithium exchange of bromonaphthalene 3.21 followed by intramolecular cyclisation

has also been used in synthetic approaches to (−)-thysanone 1.69a.[ 198,199,204] This method

introduces the pyran ring system at a late stage. A similar approach is the dihydroxylation

of olefin 3.22 which subsequently cyclises to the desired lactol.[ 194] A third method for late

stage introduction of the pyran ring system is the oxa-Pictet-Spengler reaction.[ 192,196]
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The tricyclic structure of (−)-thysanone 1.69a has also been generated using the

Hauser-Kraus annulation[ 201] and the related Staunton-Weinreb annulation.[ 190,191,195,197]

Due to its interesting bioactivity (−)-thysanone 1.69a and analogues have been an interesting

target for organic chemists during the last decades (Figure 1.3). Gill et al. published the

first total synthesis of (−)-thysanone 1.69a via a Diels-Alder reaction in 1991.[ 188,189] In

2002, Kraus et al. published the synthesis of the thysanone analogue 2.29 and Bulbule et

al. synthesised 7,9-dimethylthysanone 2.37a in 2007, which was isolated in 2009 from the

freshwater fungus Astrosphaeriella papuana and named astropaquinone C 2.37a.[ 194,195]

Waghamode et al. applied an oxa-Pictet-Spengler reaction to the synthesis of a previously

published intermediate and described the formal synthesis of (−)-thysanone 1.69a in 2009

and 2010.[ 192,196]

Our group also has a longstanding interest in the synthesis and biological evaluation of

(−)-thysanone 1.69a and its analogues.[ 190,191,198–204]

We have synthesised a series of analogues including

7,9-dideoxythysanone acetate 3.30,[ 203] 7,9-dideoxythysanone 2.47[ 198,204]

and the regioisomer of (−)-thysanone 3.31[ 201]. In 2009 an enantioselective synthesis of

(−)-thysanone 1.69a via a Staunton-Weinreb annulation strategy was achieved.[ 191] In 2010

the enantioselective syntheses of astropaquinone B 2.38 and C 2.37a, which are closely

related to (−)-thysanone 1.69a were published.[ 197]

This section will describe the different strategies used for the synthesis of

(−)-thysanone 1.69a and its analogues, categorised by their key reactions.
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Figure 1.3: (−)-Thysanone 1.69a and its synthetic analogues published in literature.

1.4.1 Syntheses of (−)-thysanone 1.69a and (±)-7,9-dideoxythysanone

acetate 3.30 using Diels-Alder reactions

A. Synthesis of (−)-thysanone 1.69a by Gill et al., 1999

In 1999 Gill et al. published the first stereoselective total synthesis of (−)-thysanone 1.69a

and established its absolute configuration (Scheme 1.3).[ 188] The synthesis started from

chiral pool material (S)-propylene oxide 3.32 and gave (−)-thysanone 1.69a in sixteen linear

steps (Figure 4.34). Mellein 3.36 was synthesised as an advanced intermediate, reported by

the same group in 1997.[ 193]

(S)-Propylene oxide 3.32 was opened with lithiated acetylene affording secondary alcohol

3.33, which was protected as the TBS ether. The primary acetylene 3.33 was then lithiated

followed by carbonylation with methyl chlorofomate to give methyl ester 3.34. Diels-Alder

reaction of 3.34 with 1-methoxy-1,3-cyclohexadiene afforded substituted methoxybenzene

3.35. Deprotection of the silyl ether followed by lactol formation gave mellein 3.36.

Bromination of 3.36 with N-bromosuccinimide followed by methylation of the phenol

resulted in dibromomellein 3.37, which was reduced in two steps to the corresponding cyclic

ether. Subsequent demethylation and oxidation afforded quinone 3.38. 3.38 underwent the

key Diels-Alder cycloaddition with 1-methoxy-1,3-bis(trimethylsilyloxy)-1,3-butadiene to

give 1-deoxythysanone 2.35a. Radical bromination of the anomeric center was achieved

with molecular bromine and subsequent hydrolysis gave (−)-thysanone 1.69a.

Comparison of the spectroscopic data with the data of the natural product confirmed the
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structure of (−)-thysanone 1.69a. The optical rotation of [α]D −29.7 (c 0.002, MeOH)

was opposite and approximately equal to the published value for the natural product (+29)

establishing that the synthetic product was the enantiomer of the natural product.

In 2002 Gill et al. published the total synthesis in a full paper discussing the observed

dependency of optical rotation against the concentration.[ 189] Comparison of the CD spectra

of the synthesised (−)-thysanone 1.69a and the isolated compound, which was obtained

from Merck, demonstrated that both CD spectra overlap confirming the configuration of

(−)-thysanone 1.69a to be (1R,3S), which is today called (−)-thysanone 1.69a.
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imidazole, DMF, r.t., 16 h, 89%; iii) n-BuLi,−78 ◦C, 30 min; iv) ClCO2Me,−78 ◦C→ r.t., 2 h, 81% over two
steps; v) 1-methoxy-1,3-cyclohexadiene, dichloromaleic anhydride, N-phenyl-β-naphthylamine, sealed tube,
185 ◦C, 26 h, 79%; vi) , CH2Cl2, r.t., 25 h, 84%; vii) HBr, AcOH, reflux, 4 h, 97%; viii) NBS, DMF, r.t.,
dark, 16 h, 91%; ix) Me2SO4, K2CO3, acetone, reflux, 1 h, 98%, x) DIBAL-H, PhMe, -70 ◦C; xi) NaBH4,
TFA, THF, 30 ◦C, 1 h, 90% over two steps; xii) (PhCH2Se)2, NaBH4, DMF, reflux, 1 h, 86 %; xiii) CAN,
MeCN, H2O, r.t., 30 min, 82%; xiv) 1-methoxy-1,3-bis(trimethylsilyloxy)-1,3-butadiene, PhMe, reflux, 3 h,
73%; xv) Br2, CCl4, hν, 30 min; xvi) THF, H2O, r.t., 1 h, 85% over two steps.

Scheme 1.3: First total synthesis of (−)-thysanone 1.69a by Gill et al.[ 188,189]
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B. Synthesis of (±)-7,9-dideoxythysanone acetate 3.30 by Brimble et al., 2000

In 2000 our group reported the synthesis of (±)-7,9-dideoxythysanone acetate 3.30 via

Diels-Alder reaction (Scheme 1.4).[ 203] It was postulated that Diels-Alder reaction of chiral

dienophile 3.39 with diene 3.40 may have proceeded with some stereoselectivity, but

fragmentation of the Diels-Alder adduct with tin chloride afforded naphthofurans 3.41a and

3.41b in 78% yield as a 1:1 mixture of C-2 epimers, which were inseparable by flash column

chromatography. Cleavage of the chiral auxiliary using lithium borohydride gave aldehydes

3.42a and 3.42b in 51% yield, which was then oxidised with concomitant cyclisation of the

resulting alcohol onto the aldehyde to afford (±)-7,9-dideoxythysanone acetate 3.30. This

cyclisation proceeded with complete diastereoselectivity for the trans-product due to the

anomeric effect (Chapter 3.1.1).
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Reagents and conditions: i) a) CH2Cl2, 0 ◦C, 1 h; b) SnCl4, 10 min, 78% (1:1 mixture of C-2 epimers);
ii) LiBH4, THF, 0 ◦C, 5 min, 51% (1:1 mixture of C-2 epimers); iii) CAN, MeCN-H2O, 5 min, 18%.

Scheme 1.4: Synthesis of (±)-dideoxythysanone acetate 3.30 via Diels-Alder addition of
naphthoquinone 3.39 and diene 3.40.[ 203]

The Diels-Alder reaction enabled a short synthesis of (±)-7,9-dideoxythysanone

acetate 3.30. Although the chiral auxiliary did not allow facile separation of diastereomers,

preparative HPLC may be a suitable method for diastereomeric separation. For the

synthesis of (−)-thysanone 1.69a via this synthetic pathway a further step was required,

decarboxylation of the C-3 group. However, due to the low yield of the final oxidation step
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this approach was not viable for a scalable enantioselective synthesis of (−)-thysanone 1.69a

and its analogues.



200 Chapter 1. Introduction to the Pyranonaphthoquinone Family of Antibiotics

1.4.2 Syntheses of 7,9-dideoxythysanone 2.47a and 2.47b and

highly oxygenated bromonaphthoquinones for the synthesis

of thysanone 1.69 using bromine-lithium exchange reactions

A. Synthesis of 7,9-dideoxythysanone 2.47a and 2.47b by Brimble et al., 2002 and 2008

In 2002 our group published the synthesis of both enantiomers of

7,9-dideoxythysanone 2.47a and 2.47b.[ 198] Scheme 1.5 depicts the synthesis of

(+)-(1R,3S)-7,9-dideoxythysanone 2.47a. Bromoquinone 2.63 was allylated using

allyltrimethylsilane and methylaluminium dichloride. Reductive methylation then afforded

2.72. Sharpless asymmetric dihydroxylation of olefin 2.72 using AD-mix-β afforded 3.43a

in 80% yield with a disappointing of 35%. Selective tosylation of the primary alcohol

followed by intramolecular cyclisation afforded epoxide 2.74a in 57% over two steps. The

epoxide was opened using lithium aluminium hydride which provided alcohol 2.73a in

81% yield. 2.73a then underwent bromine-lithium exchange followed by quenching with

dimethylformamide. Acidic workup afforded the corresponding aldehyde, which underwent

in situ cyclisation to the corresponding pyran. CAN oxidation of the pyran then afforded

(+)-(1R,3S)-7,9-dideoxythysanone 2.47a in 59% yield over two steps.
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Reagents and conditions: i) allyltrimethylsilane, MeAlCl2, CH2Cl2, −78 ◦C, 61%; ii) Na2S2O4, TBAI, THF,
aq. KOH, 93%; iii) AD-mix-β, t-BuOH, H2O, 0 ◦C, 14 d, 80%, iv) p-TsCl, py, CH2Cl2, 0 ◦C, 5 d, 63%;
v) NaH, THF, r.t., 24 h, 91%; vi) LiAlH4, Et2O, 0 ◦C, 81%; vii) n-BuLi, THF, −78 ◦C, 10 min, DMF, 3 h;
viii) CAN, MeCN, 0 ◦C, 59% over two steps.

Scheme 1.5: Synthesis of (+)-(1R,3S)-7,9-dideoxythysanone 2.47a.[ 198]
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The synthesis of the enantiomeric (−)-(1S,3R)-7,9-dideoxythysanone 2.47b started

from the common intermediate bromonaphthalene 2.72 (Scheme 1.6).[ 198] Olefin

2.72 underwent Wacker oxidation to give ketone 3.44. CBS-reduction using

(S)-(−)-2,2-diphenylhydroxymethylpyrrolidine and borane-dimethylsulfide complex gave

alcohol 2.73b in high yield with 72% ee. Formylation followed by spontaneous cyclisation

and CAN oxidation gave the desired (−)-(1S,3R)-7,9-dideoxythysanone 2.47b in 36% yield

over two steps.
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Reagents and conditions: i) PdCl2, CuCl, O2, DMF-H2O, r.t., 24 h, 0 ◦C, 74%; ii) a) B(OiPr)3,
(S)-(−)-2,2-diphenylhydroxymethylpyrrolidine, THF, r.t., 16 h, b) BH3·SMe2, THF, 5 h, 78% (72% ee);
iii) n-BuLi, THF, −78 ◦C, 10 min, DMF, 3 h, 59% (72% ee); iv) CAN, MeCN-H2O, 0 ◦C, 61%.

Scheme 1.6: Synthesis of (−)-(1S,3R)-7,9-dideoxythysanone 2.47b.[ 198]

Due to the low enantiomeric excess obtained for 7,9-dideoxythysanone 2.47a with the natural

(1R,3S) configuration, our group proceeded to investigate alternative strategies. The next

approach focused on using an enzymatic kinetic resolution to obtain enantioenriched alcohol

2.73a for the synthesis of (+)-(1R,3S)-7,9-dideoxythysanone 2.47a (Scheme 1.7).[ 204]

Bromoquinone 2.63 was allylated using ammonium peroxodisulfate, 3-butenoic acid, silver

nitrate and subsequent reductive methylation afforded 2.72 in 64% yield over two steps.

Ozonolysis of olefin 2.72 afforded aldehyde 3.45 in 72% yield, which underwent methyl

Grignard addition to afford racemic alcohol 2.73 in 60% yield. Alcohol 2.73 was the

subjected to kinetic resolution with the solid-phase bound enzyme Novozyme-435 to give

(S)-alcohol 2.73a in 40% yield with an excellent 93% ee and (R)-acetate 3.46 in 45%

yield with and excellent 99% ee. (S)-Alcohol 2.73a was treated with formic acid, DCC

and DMAP to give the corresponding formic ester 3.47a in 85% yield. Bromo-lithium

exchange with in situ intramolecular cyclisation and subsequent oxidation afforded desired

(+)-(1R,3S)-7,9-dideoxythysanone 2.47a in 56% yield over two steps.
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2.73a (40%, 93% ee), (R)-ester 3.46a(45%, 99% ee); vi) HCO2H, DCC, DMAP, CH2Cl2, 24 h, 0 ◦C → r.t.,
85%; vii) t-BuLi, THF, 1 h, −78 ◦C, 76%; viii) CAN, MeCN-H2O, 10 min, 0 ◦C, 74%.

Scheme 1.7: Synthesis of (+)-(1R,3S)-7,9-dideoxythysanone 2.47a.[ 204]

This synthesis provides a concise, simple, flexible and highly enantioselective route

to access to (+)-7,9-dideoxythysanone 2.47a and enables also the synthesis of

(−)-7,9-dideoxythysanone 2.47b from acetate 3.46 by ester cleavage and subsequent

application of the described synthesis to the (R)-alcohol.[ 204]
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B. Synthesis of highly oxygenated bromonaphthoquinones for the synthesis of

(−)-thysanone 1.69a by Brimble et al., 2003

In 2003, our group carried out a study on the preparation of highly oxygenated

bromonaphthoquinones, which were identified as potential intermediates for the synthesis of

(−)-thysanone 1.69a (Scheme 1.8).[ 198,199,204] The depicted retrosynthesis was based

on the previously described synthesis of the 7,9-dideoxythysanone 2.47a and 2.47b

using bromonaphthalenes as key-intermediates. The synthesis of highy functionalised

bromonaphthoquinones 3.49 was therefore critical for the success of this approach.
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Scheme 1.8: Retrosynthesis of (−)-thysanone 1.69a according to the previously established synthesis
pathways.[ 198,199,204]

The synthesis of bromoquinone intermediate 3.49 was achieved by Diels-Alder reaction of

dibromoquinone 3.51 with diene 3.50 in 32% yield (Scheme 1.9). Benzylation then afforded

desired quinone 3.53 in a moderate 30% yield.
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OSiMe3

Me3SiO
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O

Br Br
OH

HO
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O

Br
+ i ii

3.50 3.51 3.52 3.53

Reagents and conditions: i) benzene, r.t., 18 h, 32%; ii) Ag2O, CHCl3, BnBr, r.t., 3 d, 30%.
Scheme 1.9: Synthesis of bromoquinone core intermediate 3.53 via Diels-Alder reaction for the
synthesis of thysanone 1.69a.[ 199]

Orthogonally protected quinone 3.58 was synthesised by Diels-Alder reaction of

quinone 3.55 with diene 3.54 followed by subsequent benzylation (26% yield over

two steps). Regioselective bromination ortho to the naphthol using bromine in carbon

tetrachloride afforded 3.57 in 83% yield. A methylation-oxidation sequence of 3.57 then

afforded the desired quinone 3.58 in 66% over two steps.
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Reagents and conditions: i) a) benzene, r.t., 1 h; b) BnBr, K2CO3, DMF, 60 ◦C, 31%; ii) Br2, CCl4, 0 ◦C, 83%;
iii) NaH, MeI, DMF, 83%; iv) CAN, MeCN, 1 h, 0 ◦C, 79%.

Scheme 1.10: Synthesis of bromoquinone core intermediate 3.58 via Diels-Alder reaction for the
synthesis of thysanone 1.69.[ 199]

Both quinones 3.53 and 3.58 are valuable building blocks for the synthesis of thysanone

1.69 (Scheme 1.8). However, the low yield of the pericyclic reaction and the instability of

the intermediates rendered this approach undesirable for a scalable synthesis of thysanone

1.69.

1.4.3 Synthesis of thysanone analogue 3.29 using a dihydroxylation by

Kraus et al., 2002

In 2002, Kraus et al. developed a synthesis of thysanone analogue 3.29 using a

dihydroxylation-cyclisation approach as the key step (Scheme 1.11).[ 194] The synthesis

started from commercially available benzaldehyde 3.59. Horner-Wadsworth-Emmons

reaction of benzaldehyde 3.59 with known phosphonate 3.60 afforded the corresponding

E-olefin, followed by selective tert-butyl ester cleavage using TFA to afford acid 3.61.[ 383]

Reaction of acid 3.61 with potassium acetate and acetic acid under reflux afforded

the corresponding naphthol, which was subsequently allylated and subjected to an

aromatic Claisen rearrangement. TBS protection of the naphthol then afforded 3.62. A

reduction-oxidation sequence of 3.62 then afforded aldehyde 3.63. Dihydroxylation of olefin

3.63 using osmium tetroxide and N-morpholine-N-oxide afforded the corresponding lactol

which was converted into acetal 3.64 using sulfuric acid in methanol. The TBS ether was

also cleaved during this reaction. Salcomine oxidation of naphthol 3.64 followed by cleavage

of the 9-methyl ether using boron trichloride afforded the desired thysanone analogue 3.29.
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Reagents and conditions: (i) NaH, THF, 0 ◦C, 2 h, 75%; ii) TFA/H2O (9:1), r.t., quant.; iii) Ac2O, KOAc,
reflux, 2 h, 75%; iv) AcCl, MeOH, 0 ◦C→ r.t., 12 h, 95%; v) CH2=CHCH2Br, K2CO3, acetone, reflux, 18 h,
90%; vi) DMF, 210 ◦C; 6 h, 78%; vii) TBSCl, imidazole, DMAP, CH2Cl2, r.t, 18 h, 92%; viii) LiAlH4, THF,
5 ◦C, 1.5 h, 95%; ix) PCC, Celite R©, CH2Cl2, r.t., 18 h, 90%; x) NMO, OsO4, acetone/H2O (9:1), 42 h, 72%;
xi) H2SO4 (6 M), MeOH, reflux, 1 h, 75%; xii) salcomine, O2, MeCN, r.t., 60%; xiii) BCl3, CH2Cl2, 0 ◦C, 1
h, r.t., 2 h, 58%.

Scheme 1.11: Synthesis of (±)-thysanone analogue 3.29 by Kraus et al.[ 194]
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1.4.4 Formal synthesis of (−)-thysanone 1.69a using an

oxa-Pictet-Spengler reaction

A. The oxa-Pictet-Spengler reaction

In 1911, Pictet and Spengler reported the synthesis of 1,2,3,4-tetrahydroquinoline 3.67 from

the condensation of phenylethylamine 3.65 and dimethoxymethane 3.66 in concentrated

hydrochloric acid (Scheme 1.12).[ 384] They also observed a similar transformation when

they treated tyrosine 3.68 and phenylalanine 3.70 under the same conditions. This reaction

is known today as the Pictet-Spengler tetrahydroisoquinoline synthesis or Pictet-Spengler

reaction.
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Scheme 1.12: Synthesis of 1,2,3,4-tetrahydroquinolines by Pictet and Spengler in 1911.[ 384]

General features of this reaction are that homoaryl amides with electron donating substituents

on the aromatic ring afford high yields and the carbonyl compound can be an aldehyde,

ketone or any acid-labile surrogate. The mechanism of this reaction is shown in Scheme 1.13.



1.4. Synthetic strategies towards (−)-thysanone 1.69a and its analogues 207

NH2

R

O

R

N

R
R [A]

[A]+ N
[A]

R RH

N
[A]

R R

+

-H+
H2O NH

R R

3.763.75

3.743.733.723.65

Scheme 1.13: Proposed mechanism of the Pictet-Spengler reaction.

Under acidic conditions the Schiff base 3.73 is formed which is then subject to nucleophilic

attack by the electrons of the aromatic ring to give the charged intermediate 3.74. After

deprotonation and aqueous workup 1,2,3,4-tetrahydroquinoline 3.76 can be isolated.

The oxa-Pictet-Spengler reaction[ 385] describes the reaction of a homobenzylic alcohol

with an aldehyde, ketone, or an acid-labile surrogate under acidic conditions which forms

isochromans via similar mechanism (Scheme 1.14).

OH
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O

R
R
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+ -H+

3.803.793.783.723.77

Scheme 1.14: Proposed mechanism of the oxa-Pictet-Spengler reaction.

Homobenzylic alcohol 3.77 reacts with an aldehyde or ketone with the general structure of

3.72 in presence of acid to form a hemiacetal which then forms oxonium ion 3.78. This

undergoes nucleophilic attack by the aromatic ring electrons to form charged intermediate

3.79 which gives isochroman 3.80 upon deprotonation.

B. Formal synthesis of (−)-thysanone 1.69a and synthesis of

(+)-(1R,3S)-7,9-dideoxythysanone 2.47a by Waghmode et al., 2009 and 2010

In 2009, Waghmode et al. published a formal synthesis of (−)-thysanone 1.69a

(Scheme 1.15).[ 192] The synthesis of intermediate 3.38 includes an oxa-Pictet-Spengler

reaction and an organocatalytic enantioselective reduction of aldehyde 3.84. The

synthesis started with the known ester 3.81 which was regioselectivly brominated with
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N-bromosuccinimide to give 3.82. Complete reduction of ethyl ester 3.82 with lithium

aluminium hydride resulted in alcohol 3.83, which was then oxidised to aldehyde 3.84

using 2-iodoxybenzoic acid. L-Proline-catalysed asymmetric α-aminooxylation then gave

3.85. Reaction of 3.84 with nitrosobenzene as a source of oxygen in the presence

of L-proline followed by treatment with sodium borohydride gave the crude aminooxy

alcohol which was reduced with 30 mol% copper sulfate giving the chiral compound 3.85.

Barton-McCombie deoxygenation of the primary alcohol gave 3.86, which underwent the

key oxa-Pictet-Spengler reaction affording dihydropyran 3.87 in 80% yield. CAN mediated

demethylation-oxidation of the protected dihydroquinone 3.87 gave the intermediate 3.38,

completing the formal synthesis of (−)-thysanone 1.69a.[ 188,189]
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Reagents and conditions: i) NBS, MeCN, r.t., 12 h, 96%; ii) LiAlH4, THF, 0 ◦C → r.t., 8 h, 81%; iii) IBX,
DMSO, r.t., 4 h 87%; iv) a) PhNO, L-proline (25 mol%), MeCN, -20 ◦C, 24 h; b) MeOH, NaBH4, 30 min;
c) CuSO4·5H2O (30 mol%), 0 ◦C, MeOH, 12 h, 73% over two steps; v) a) Bu2SnO (2 mol%), p-TsCl, Et3N,
CH2Cl2, 0 ◦C → r.t., 1 h; b) LiAlH4, THF, 0 ◦C → r.t., 5 h, 90% over two steps; vi) MeOCH2Cl, ZnCl2
(30 mol%), Et2O, 0 ◦C→ r.t., 6 h, 80%; vii) CAN, MeCN/H2O (4:1), 0 ◦C→ r.t., 25 min, 77 %.

Scheme 1.15: Formal total synthesis of (−)-thysanone 1.69a by Waghmode et al.[ 188]
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After successful synthesis of the Diels-Alder coupling partner 3.38 in 2009, Waghmode et al.

targeted (+)-(1R,3S)-7,9-deoxythysanone 2.47a using a similar approach (Scheme 1.16).[ 196]

Homobenzylic alcohol 3.88 underwent oxa-Pictet-Spengler reaction using tin chloride and

MOM chloride to form isochromene 3.89 in 83% yield. 3.89 was oxidised with CAN to

quinone 3.90 in 81% yield. Diels-Alder reaction of 3.90 and 1-acetoxy-1,3-butadiene then

afforded 7,9-dideoxythysanone precursor 3.91 in 85% yield. Radical bromination at C-1

followed by hydrolysis afforded (+)-(1R,3S)-7,9-dideoxythysanone 2.47a in 77% yield.
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Reagents and conditions: i) MeOCH2Cl, ZnCl2, Et2O, 0 ◦C → r.t., 7 h, 83%; ii) CAN, MeCN/H2O (4:1),
0 ◦C→ r.t., 25 min 81%, iii) a) 1-acetoxy-1,3-butadiene, PhMe, r.t., 48 h; b) 1% aq. Na2CO3, EtOH, r.t., 5 h,
85%; iv) a) Br2, CCl4, hν, 30 min; b) THF/H2O (3:1), r.t., 1 h, 77%.

Scheme 1.16: Synthesis of (+)-(1R,3S)-7,9-dideoxythysanone 2.47a by Waghmode et al.[ 192,196]
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1.4.5 Synthesis of the (1R,3S)-6,8-dimethoxy regioisomer of

thysanone 3.31 using a Hauser-Kraus annulation

A. The Hauser-Kraus annulation

Annulations are transformations involving fusion of a new ring to a molecule via formation

of two new bonds.[ 386] The Hauser-Kraus annulation is the reaction of phthalides and

Michael-acceptors under basic conditions, resulting in formation of dihydroquinones

(Scheme 1.17).

O
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OH

base

3.27 3.92 3.93

Scheme 1.17: Hauser-Kraus annulation.

Even though it has been known since the 1960s that phthalides undergo deprotonation

and carbonation at C-3,[ 387] it was Hauser who showed in 1977 the synthetic potential of

these phthalides by substituting the C-3 position with a phenylsulfonyl group, thus resulting

an increase of acidity to enable C-alkylation at this position.[ 388] In 1978, Hauser and

Kraus simultaneously demonstrated the synthesis of dihydroquinones by using 3-substituted

phthalides and Michael acceptors.[ 389,390] Hauser was still focusing on 3-phenylsulfonyl-

substituted phthalides which he reacted with various Michael acceptors, while Kraus

demonstrated the application of 3-cyanophthalides in this type of reaction. Both methods

introduced a new method to prepare highly substituted dihydroquinones. The proposed

mechanism is shown in Scheme 1.18.

The reaction proceeds via deprotonation of phthalide 3.27 to form a stabilised phthalide

anion 3.94, which undergoes reaction with a Michael acceptor such as 3.92. This is followed

by a Dieckmann condensation to dihydroquinone 3.97, which undergoes tautomerisation to

3.98. However, Lebrasseur et al. showed that the isolated Michael addition products do not

undergo Dieckmann-type condensation, which suggests a concerted mechanism, indicated

by the red pathway in Scheme 1.18.[ 391]

The leaving group at C-3 of the phthalide mainly serves two functions: i) it increases the
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Scheme 1.18: Proposed mechanism of the Hauser-Kraus annulation.

acidity of the C-3 hydrogen thereby assisting carbanion-formation, and ii) it acts as a good

nucleofuge. It may also contribute to the Thorpe-Ingold effect which can facilitate the

Dieckmann-type condensation.[ 392]

This annulation can be used as a tool to construct a multitude of dihydroquinone systems.

Various phthalides with different leaving groups and various Michael acceptors have been

used for this type of reaction (Figure 1.4).[ 393] The Hauser-Kraus annulation has been the

subject of three reviews and as such will not be detailed further here.[ 394–396]
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Figure 1.4: Different phthalides and Michael acceptors used in the Hauser-Kraus annulation.[ 393]

B. Synthesis of the (1R,3S)-6,8-dimethylthysanone regioisomer 3.31 by Brimble et al.,

2007

In 2007 our group developed a synthesis of the (1R,3S)-6,8-dimethylthysanone

regioisomer 3.31 via a Hauser-Kraus annulation strategy.[ 201]

Cyanophthalide 3.100, required for the Hauser-Kraus annulation, was prepared from known

aldehyde 3.99 using acetic acid and hydrochloric acid, followed by the treatment with

hydrogen cyanide generated in situ by treatment of potassium cyanide with acetic acid.

Hauser-Kraus annulation of cyanophthalide 3.100 with ethyl acrylate gave dihydroquinone

3.101 in 99% yield. 3.101 was oxidised to the quinone using silver(I) oxide in

73% yield followed by allylation using vinyl acetic acid, silver nitrate and ammonium

peroxodisulfate in 56% yield. Reductive methylation using sodium dithionite followed by

dimethylsulfate afforded 3.102 in 55% yield. Wacker oxidation followd by CBS-reduction

using (R)-Me-CBS and borane-dimethylsulfie complex gave alcohol 3.103 in 70% yield

over two steps with 65% ee. Lactonisation under basic conditions followed by DIBAL-H

reduction to form the corresponding lactol. Finally, silver(II) oxide oxidation afforded the

desired (1R,3S)-6,8-dimethylthysanone regioisomer 3.31 in 91% yield over two steps.
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68%; iii) s-BuLi, THF, −78 ◦C, 10 min, ethyl acrylate, −78 ◦C, 2.5 h, 99%; iv) Ag2O, PhMe, r.t., 25 h, 73%;
v) vinylacetic acid, MeCN, AgNO3, (NH4)2S2O8, 56%; vi) a) TBAI, THF-H2O, Na2S2O4; b) KOH, Me2SO4,
55%; vii) CuCl, PdCl2, O2, DMF, H2O, 66 h, 72%; viii) (R)-Me-CBS, BH3·SMe2, THF, −40 ◦C, 2 h, 97%;
ix) NaH, THF, 1 h, 92%; x) DIBAL-H, PhMe, −78 ◦C, 1 h, 99%; xi) AgO, HNO3, 1,4-dioxane, 50%.

Scheme 1.19: Synthesis of the (1R,3S)-6,8-dimethylthysanone regioisomer 3.31.[ 198]
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1.4.6 Synthesis of (−)-thysanone 1.69a and astropaquinone B 3.38 and

C 3.37 using a Staunton-Weinreb annulation

A. The Staunton-Weinreb annulation

The Staunton-Weinreb annulation is a variation of the Hauser Kraus annulation. It uses an

ortho-toluene benzoate and enol ether lactone or enol ether ester as coupling partners. The

proposed mechanism is shown in Scheme 1.20.
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Scheme 1.20: Proposed mechanism of the Staunton-Weinreb annulation.

Ortho-toluene benzoate 3.104 is deprotonated to form toluate anion 3.105 which then

attacks enol ether lactone 3.106 in a Michael-addition. The Michael addition product

3.107 then attacks the benzoate ester functionality to form the initial Staunton-Weinreb

annulation product 3.108. Under basic conditions methanol is eliminated and subsequent

tautomerisation provides the final Staunton-Weinreb annulation product 3.109.
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B. Synthesis of racemic 7,9-dimethylthysanone 3.37 (astropaquinone C) by Bulbule et

al., 2007

In 2007, Bulbule et al. synthesised racemic 7,9-dimethylthysanone 3.37 using a

Staunton-Weinreb approach (Scheme 1.21).[ 195] As previously stated, 7,9-dimethyl-

thysanone 3.37 was later isolated from the freshwater fungus Astrosphaeriella papuana and

named astropaquinone C.[ 195,330]

Staunton-Weinreb annulation of the known methyl orsellinate derivative 3.110 with

dihydropyranone 3.111 in the presence of lithium diisopropylamide afforded semivioxanthin

methyl ether 3.112. A naphthol protection/lactol reduction/naphthol deprotection

sequence afforded then the required hydroxynaphthopyran 3.113 in four steps.

Hydroxynaphthopyran 3.113 was then oxidised to quinone 3.114 in two steps using

N-bromosuccinimide followed by CAN. Anomeric bromination of quinone 3.114 followed

by hydrolysis afforded racemic 7,9-dimethylthysanone 3.37 (astropaquinone C).
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Reagents and conditions: i) LDA, THF, −78 ◦C, 30 min, 69%; ii) BnBr, K2CO3, acetone, reflux, 90%;
iii) DIBAL-H, PhMe, −78 ◦C, 3 h, 74%; iv) NaBH4, TFA, THF, r.t., 30 min, 88%; v) cyclohexadiene, Pd/C,
dioaxane/EtOH, r.t., 1h, 80%; vi) NBS, DMF, r.t., 16 h, 82%; vii) CAN, MeCN/H2O, 15 min, 81%; viii) a) Br2,
CCl4, hν, 30 min; b) THF/H2O, r.t., 1 h, 82%.

Scheme 1.21: Synthesis of 7,9-dimethylthysanone 3.37 by Bulbule et al.[ 195]
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C. Synthesis of (−)-thysanone 1.69a by Brimble et al., 2009

Inspired by the synthesis from Bulbule et al., in 2009, Brimble et al. published

a total synthesis of (−)-thysanone 1.69a having a longest linear sequence of eight

steps (Scheme 1.22).[ 190,191,195] The aromatic ester 3.116 was synthesised from methyl

acetoacetate 3.115 according to Jouillé et al. with subsequent isopropyl protection of the

free phenol groups.[ 397] The chiral enol ether lactone 3.111a could be synthesised in three

steps from commercially available (S)-3-hydroxybutyrate 3.117a.[ 398] Stauton-Weinreb

annulation of the chiral enol ether lactone 3.111a with the annulation partner 3.116

gave 2.71a in a moderate 47% yield. Reduction of 2.71a with borane dimethylsulfide

complex resulted in dihydropyran derivative 3.118a. Oxidation with salcomine gave

quinone 2.36a which was then deprotected with aluminium(III) chloride to afford

1-deoxythysanone 2.35a. Regioselective radical bromination at C-1 using bromine in carbon

tetrachloride under irradiation with light and subsequent hydrolysis gave the desired product

(−)-thysanone 1.69a in 89% over two steps.
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acetone-DMF, 91%; iii) a) t-BuOAc, n-BuLi,−78 ◦C; b) 3.117a, r.t. ; iv); TFA, CH2Cl2, 0 ◦C, 78%; v) K2CO3,
Me2SO4, acetone, reflux, 70%; vi) LDA, THF, −78 ◦C→r.t., 30 min, 47%; vii) BH3·SMe2, THF, 0 ◦C→r.t.,
16 h, 61%, viii) salcomine (15 mol%), O2, r.t., 16 h, 91 %; ix) AlCl3, CH2Cl2, 0 ◦C→r.t., 1 h, 95%; x) a) Br2,
benzoyl peroxide, 60-W lamp, CCl4, reflux, 1 h; b) THF-H2O (2:1), 30 min, 89% over 2 steps.

Scheme 1.22: Total synthesis of (−)-thysanone 1.69a by Brimble et al.[ 190,191]

D. Synthesis of astropaquinone B 2.38 and astropaquinone C 2.37a by Brimble et al,

2010

In 2010, our group published a synthesis of the thysanone analogues, astropaquinone B 2.38

and astropaquinone C 2.37a, using the previously established Staunton-Weinreb approach

(Scheme 1.23).[ 197] The previously established synthetic pathway was used to synthesise

pyranonaphthoquinone 3.114, which then underwent anomeric bromination using bromine

in carbon tetrachloride followed by hydrolysis, to afford astropaquinone C 3.37a in 91%

yield over two steps. Astropaquinone C 3.37a was then treated with acidic methanol to

afford astropaquinone B 3.38 in 80% yield.
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Reagents and conditions: i) a) Br2, Bz2O2, CCl4, 60-W lamp, reflux, 1.5 h; b) THF-H2O (3:1), r.t., 1.5 h, 91%;
ii). p-TsOH, MeOH, r.t., 16 h, 80%.

Scheme 1.23: Synthesis of astropaquinone B 3.38 and astropaquinone C 3.37a by Brimble et al.[ 197]

1.5 Outlook

The following chapters will describe synthetic strategies towards thysanone 1.69 and its

analogues investigated in this project. Chapter 2 will describe the adoption of previously

reported synthesis of (−)-thysanone 1.69 utilising the Staunton-Weinreb annulation and the

synthesis of 7,9-dideoxythysanone 2.47a using a bromine-lithium exchange reaction with in

situ lactonisation.[ 190,191,198,204] Chapter 3 will describe the synthesis of 2-carbathysanone

2.48 which led to the development of a new synthesis using a Hauser-Kraus annulation.

Chapter 4 will then describe the synthesis of 7-deoxythysanone analogues involving an

oxa-Pictet-Spengler reaction and the application of this approach for the synthesis of

(±)-thysanone 1.69.



Chapter 2

Synthesis of (−)-Thysanone 1.69a and

Analogues

This chapter will discuss the application of the previously described synthesis of

(−)-thysanone 1.69a utilising a Staunton-Weinreb annulation (Scheme 2.1).[ 190,191]

1.69 = 1,3-trans
1.69a = (1R,3S)
1.69b = (1S,3R)

3.111 = rac
3.111a = (6S)
3.111b = (6R)
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OiPrO

iPrO
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O

O

OH

HO

OH
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MeO
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3.116

6
1
3

Scheme 2.1: Staunton-Weinreb annulation strategy for the synthesis of (−)-thysanone 1.69a.[ 190,191]

The application and optimisation of the synthesis of (+)-7,9-dideoxythysanone 2.47a via

bromonaphthalene 2.73a for the synthesis of bromonaphthoquinone analogues will also be

discussed (Scheme 2.2).[ 198,204]

2.47 = 1,3-trans
2.47a = (1R,3S)

OMe

OMe

O
Br

O

O

O

OH

H

O

1
3

2.73 = rac
2.73a = (S)

Scheme 2.2: Synthesis of 7,9-dideoxythysanone 2.47a (2.47) from bromonaphthalene 2.73a
(2.73).[ 198,204]
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2.1 Synthesis of (−)-thysanone 1.69a and analogues via a

Staunton-Weinreb annulation

The previously described enantioselective short synthesis of (−)-thysanone 1.69a utilising

a Staunon-Weinreb annulation of benzoic ester 3.116 with enol ether lactone 3.111a was

applied to the established synthesis of thysanone 1.69 and three analogues namely 2.35, 2.36

and 2.40 (Scheme 2.3).[ 190,191] The results of this synthesis are discussed in this section.
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+
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3.116 3.111 = rac
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1.69 = 1,3-trans
1.69a = (1R,3S)
1.69b = (1S,3R)
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2.35 = rac
2.35a = (3S)
2.35b = (3R)

3

2.36 = rac
2.36a = (3S)
2.36b = (3R)

3

2.40 = 1,3-trans

1
3

Scheme 2.3: Retrosynthesis of (−)-thysanone 1.69a utilising a Staunton-Weinreb annulation.
Analogues that were synthesised via this synthesis pathway are shown in grey.[ 190,191]
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2.1.1 Synthesis of benzoate 3.116

In order to synthesise thysanone 1.69 and its analogues 2.35, 2.36 and 2.40, benzoate

3.116 had to be prepared for the Staunton-Weinreb annulation. We reported the synthesis

of benzoate 3.116 from commercially available methyl acetoacetate 3.115 using a slight

modification of a route described by Jouillé (Scheme 2.4).[ 191,397]

iPrO

iPrO

OEt

O
O

CO2Me

3.1163.115

i

Reagents and conditions: i) a) NaH, THF, 0 ◦C; b) n-BuLi, −78 ◦C, 18 h, then: reflux, 24 h; c) HCl, r.t., 18 h,
61%.

Scheme 2.4: Synthesis of 2-methylbenzoate 3.116.[ 191,397]

The proposed mechanism of this conversion is shown in Scheme 2.5. Methyl acetoacetate

3.124 undergoes a Knoevenagel condensation to form olefin 3.121. Olefin 3.121 is then

deprotonated by n-butyllithium followed by an intramolecular nucleophilic attack to form

diketone 3.123, which tautomerises to 2-methylbenzoate 3.124.

O
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O O
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O
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O
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3.115 3.119
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3.120 3.121

3.122 3.123 3.124

Scheme 2.5: Proposed mechanism of formation of 2-methylbenzoate 3.124 from methyl acetoacetate.

This reaction enables the synthesis of the highly functionalised 2-methylbenzoate 3.124 from

commercially available methyl acetoacetate 3.115 in one step. However, it uses a large excess

of both sodium hydride and n-butyllithium. Furthermore, benzoate 3.124 is isolated in low

yields. Wilson et al. reported a three step synthesis starting from commercially available
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orcinol 3.125.[ 399] This synthetic route enables the synthesis of methyl benzoate 3.124 in

higher yield and on a larger scale (Scheme 2.6). Hence, this method was used for the current

synthesis.

Vilsmeier-Haack formylation of orcinol 3.125 provided benzylic aldehyde 3.126 in 58%

yield.[ 400] Pinnick oxidation of aldehyde 3.126 afforded benzoic acid 3.127 in quantitative

yield.[ 401] Esterification of 3.127 using potassium carbonate and methyl iodide afforded the

desired methyl benzoate 3.124 in 52% yield. This method provides the highly functionalised

methyl benzoate 3.124 in 30% yield over three steps from commercially available orcinol

3.125. The free hydroxy groups of 3.124 were protected as isopropyl ethers using isopropyl

bromide, TBAI and potassium carbonate to afford the desired annulation partner 3.116 in

quantitative yield.[ 401]

OR

RO

OMe

O

R = H: 3.124

OH

HO

3.125

OH

HO

3.126

H

O OH

HO

3.127

OH

O
i ii iii

R = iPr: 3.116
iv

Reagents and conditions: i) a) POCl3, DMF, 0 ◦C → r.t., 24 h, b) NaOH, reflux, 10 min, 58%;
ii) Na2HPO4·H2O, NaClO2, H2O, DMSO, 0 ◦C → r.t., 18 h, quant.; iii) K2CO3, MeI, acetone, r.t., 24 h,
52%, iv) i-PrBr, K2CO3, TBAI, acetone-DMF, 60 ◦C, 16 h, quant.

Scheme 2.6: Synthesis of benzoate 3.116 from orcinol 3.125.

2.1.2 Synthesis of enol ether lactone 3.111

With benzoic ester derivative 3.116 in hand, the second coupling partner for

the Staunton-Weinreb annulation was synthesised from commercially available ethyl

β-hydroxybutyrate 3.117 via a route reported by Müller et al. (Scheme 2.7).[ 402] Enol ether

lactone 3.111 was synthesised racemically first from racemic ethyl β-hydroxybutyrate 3.117.

Nucleophilic acyl substitution of ethyl β-hydroxybutyrate 3.117 with tert-butyl acetate 3.128

afforded β-keto ester 3.129 in 71% yield. Cyclisation with trifluoroacetic acid in

dichloromethane afforded lactone 3.130 in 32% yield. Enol ether lactone 3.111 was then

synthesised by treating diketone 3.130 with potassium carbonate and dimethylsulfate in

acetone in 92% yield.
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Reagents and conditions: i) LDA, THF, −50 ◦C, 2 h, 71%; ii) TFA, CH2Cl2, 18 h, 32%; iii) K2CO3, Me2SO4,
acetone, reflux, 18 h, 92%.

Scheme 2.7: Synthesis of racemic enol ether lactone 3.111.[ 402]

After successful synthesis of racemic enol ether lactone 3.111, both enantiomers 3.111a and

3.111b were also synthesised using similar conditions reported for racemic enol ether lactone

3.111 (Scheme 2.8).

OH
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O OH O

OtBu

O
O

O

O

O

O

MeO

+

3.128 3.130a = (6S)
3.130b = (6R)

3.111a = (6S)
3.111b = (6R)

i ii iii

3 5 6 6

3.117a = (3S)
3.117b = (3R)

3.129a = (5S)
3.129b = (5R)

Reagents and conditions: i) LDA, THF, −50 ◦C, 2 h, 3.129a: 40%, 3.129b: 78%; ii) TFA, CH2Cl2, 18 h,
3.130a: 41%, 3.130b: 50%; iii) K2CO3, Me2SO4, acetone, reflux, 18 h, 3.111a: 63%, 3.111b: 28%.

Scheme 2.8: Access to enantiopure enol ether lactone 3.111a from S-ethyl β-hydroxubutyrate
3.117a and enantiopure enol ether lactone 3.111b from R-ethyl β-hydroxubutyrate3.117b.[ 402] All
stereoisomers are drawn with black labels, grey labels have the opposite configuration to that drawn.
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2.1.3 Synthesis of thysanone 1.69 and analogues 2.35, 2.36 and 2.40

With both annulation partners 3.111 and 3.116 in hand, thysanone 1.69 and analogues 2.35,

2.36 and 2.40 were synthesised racemically first (Scheme 2.9). Every care was taken to

ensure identical reaction conditions for the Staunton Weinreb annulation. At times the

annulation yielded 59% of the desired lactone 2.71, while at other times the reaction did

not proceed at all.

Attempts were made to oxidise lactone 2.71 to the corresponding quinone, unfortunately,

oxidation using CAN led to decomposition of the starting material. Lactone 2.71 was

then reduced using borane-dimethylsulfide complex to afford naphthopyrane 3.118 in 72%

yield.[ 191] Naphthopyrane 3.118 was then oxidised to quinone 2.36 using salcomine in 78%

yield. It was observed that commercially available salcomine afforded low yields of the

corresponding quinone 2.36, however, salcomine freshly prepared via a route established

by Diehl and Hack et al. afforded much higher yields.[ 403] Cleavage of the isopropyl

protecting groups was achieved using aluminium(III) chloride affording diol 2.35 in 37%

yield. However, this process often led to decomposition of starting material.

The lactol functionality in 1.69 was then introduced by an anomeric bromination-hydrolysis

sequence using bromine in tetrachloromethane under irradiation with light affording 1.69 in

49% yield. The lactol functionality was also introduced to racemic protected quinone 2.36

affording 7,9-diisopropylthysanone 2.40 in 93% yield, suggesting that free hydroxy groups

may not be favourable for this reaction.
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Reagents and conditions: i) LDA, THF, −78 ◦C → r.t., 1 h, 59%; ii) BH3·SMe2, THF, 0 ◦C, 16 h, 72%;
iii) salcomine R©, O2, MeCN, r.t., 4 h, 78%; iv) AlCl3, CH2Cl2, 0 ◦C→ r.t., 3 h, 37%; v) a) Br2, (BzO)2, CCl4,
hν, reflux, 30 min, b) THF, H2O, r.t., 1 h, 44%; vi) a) Br2, (BzO)2, CCl4, hν, reflux, 30 min, b) THF, H2O, r.t.,
1 h, 93%.

Scheme 2.9: Racemic synthesis of thysanone 1.69 and analogues 2.35, 2.36 and 2.40 via a
Staunton-Weinreb annulation.[ 191]

After successful application of this synthetic pathway to the synthesis of racemic

thysanone 1.69, both enantiomers of thysanone 1.69a and 1.69b were also synthesised

using similar conditions (Scheme 2.10). Staunton-Weinreb annulation of benzoate 3.116

and enol ether lactone 3.111a or 3.111b followd by lactone reduction and CAN-oxidation

afforded 2.36a or 2.36b. Again, it was observed that the Staunton-Weinreb annulation

was not reliable, affording at times the desired annulation products and sometimes just

decomposition of starting material. Isopropyl protecting group cleavage afforded then

desired 2.35a in 53% yield or 2.35b in 44% yield. Similar to the racemic synthesis, this

step often led to complete decomposition of starting material. Anomeric bromination of

2.35a or 2.35b using bromine followed by hydrolysis afforded (−)-thysanone 1.69a in 71%

yield or (+)-thysanone 1.69b in 49% yield.
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16 h, 3.118a: 70%, 3.118b: 23%; iii) salcomine R©, O2, MeCN, r.t., 4 h, 2.36a: 79%, 2.36b: 29%; iv) AlCl3,
CH2Cl2, 0 ◦C→ r.t., 3 h, 2.35a: 53%, 2.35b: 44%; v) a) Br2, (BzO)2, CCl4, hν, reflux, 30 min, b) THF, H2O,
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Scheme 2.10: Preparation of enantiopure thysanone 1.69a and 1.69b and analogues 2.35a, 2.35b,
2.36a and 2.36b via the Staunton-Weinreb annulation.[ 191] All stereoisomers are shown for black
labels, grey labels have the opposite configuration as drawn.
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2.1.4 Summary of the synthesis of thysanone 1.69 and analogues 2.35,

2.36 and 2.40

In summary, all absolute stereoisomers of thysanone (1.69, 1.69a and 1.69b) were

synthesised via the Staunton-Weinreb approach. Furthermore, this synthetic pathway gave

access to analogues 2.35 and 2.36 in both absolute stereoisomeric and racemic forms.

Racemic 7,9-diisopropylthysanone 2.40 was also synthesised from 2.36 via an anomeric

bromination-hydrolysis sequence.
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Scheme 2.11: Thysanone 1.69 and analogues 2.35, 2.36 and 2.40 prepared in this study via
the Staunton-Weinreb approach.[ 191] The configuration of enol ether lactone 3.111 determined the
configuration of the products 1.69, 2.35, 2.36 and 2.40.
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This route to thysanone 1.69 was found to be unreliable, particularly for the

Staunton-Weinreb annulation and the protecting group cleavage step. Both steps often

resulted in decomposition or recovery of starting material. The relatively high cost of

the chiral starting material β-hydroxybutyrate 3.117a and 3.117b combined with these two

unreliable steps rendered this synthetic route difficult and not scalable.
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2.2 Synthesis of 7,9-dideoxythysanone 2.47 and

naphthoquinone analogues 2.60 and 2.62-2.68

Naphthoquinone analogues 2.60 and 2.62-2.68 and 7,9-dideoxythysanone 2.47 were

synthesised using bromonaphthalene 2.73 as a key intermediate using the previously

discussed synthesis reported by Brimble et al. (Scheme 2.12).[ 198,204] However, small

modifications were undertaken and these will be discussed in this section.
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Scheme 2.12: Retrosynthesis of 7,9-dideoxythysanone 2.47 utilising a bromine-lithium exchange of
bromonaphthalene 3.47. Bromoquinone analogues that were synthesised via this synthetic pathway
are indicated in grey.[ 198,204]



230 Chapter 2. Synthesis of (−)-Thysanone 1.69a and Analogues

2.2.1 Synthesis of 7,9-dideoxythysanone 2.47

A. Synthesis of racemic homobenzylic alcohol 2.73

For the key step of this synthesis, bromine-lithium exchange of the bromonaphthalene 3.47

with concomitant cyclisation to the corresponding lactol, the required homobenzylic alcohol

2.73 was synthesised from 1-naphthol 3.131. Bromoquinone 2.63 was synthesised from

commercially available 1-naphthol 3.131 using N-bromosuccinimide in acetic acid/water

in quantitative yield (Scheme 2.13). This reaction could easily be scaled to up to 10 g.

Allylation of bromoquinone 2.63 using conditions established by Bachu et al. using vinyl

acetic acid, silver nitrate and ammonium peroxodisulfate at 65 ◦C afforded quinone 2.64

in 50-70% yield.[ 204] However, unreacted starting material was difficult to separate from

the product by flash column chromatography. Complete conversion of bromoquinone 2.63

to quinone 2.64 could be achieved by heating the reaction to 80 ◦C and addition of water

directly before the addition of ammonium peroxodisulfate. This procedure afforded quinone

2.64 in 93% yield.[ 404] Quinone 2.64 then underwent reductive methylation using sodium

dithionate and TBAI followed by treatment with potassium hydroxide and dimethylsulfate

to afford naphthalene 2.72 in quantitative yield. Ozonolysis of olefin 2.72 afforded aldehyde

3.45 in 43% yield, however, purification of aldehyde 3.45 was difficult due to the similar

polarity of the desired product and the ozonolysis decomposition products.

OH O
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Br
O

O

Br Br
OMe

OMe
3.131 2.722.642.63

i ii iii
Br

OMe

OMe
3.45

iv O

H

Reagents and conditions: i) NBS, AcOH/H2O, 45 ◦C, 1 h, quant.; ii) vinylacetic acid, AgNO3, (NH4)2S2O8,
MeCN/H2O, 80 ◦C, 4 h, 93%; iii) a) Na2S2O4, TBAI, THF-H2O, r.t., 30 min, b) aq. KOH, Me2SO4, 1 h,
quant., iv) O3, SudanIII R©, CH2Cl2, 15 min, −60 ◦C, then: Me2S, −60 ◦C→ r.t., 1 h, 43%.

Scheme 2.13: Synthesis of aldehyde 3.45 from 1-naphthol 3.131.[ 204]

Due to difficulties in isolation of aldehyde 3.45 synthesised via ozonolysis, a one-pot

dihydroxylation-glycol cleavage sequence was used which gave the corresponding aldehyde

in 85% yield (Scheme 2.14). Addition of methyl magnesium bromide afforded then racemic

homoproparylic alcohol 3.73 in quantitative yield.
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Reagents and conditions: i) OsO4, NaIO4, 2,6-lutidine, dioxane-H2O, r.t., 18 h, 85%; ii) MeMgBr, THF,
0 ◦C→ r.t., 18 h, quant.

Scheme 2.14: Synthesis of racemic homobenzylic alcohol 2.73.

This new synthetic route towards racemic alcohol 2.73 includes a dihydroxylation-glycol

cleavage sequence using toxic osmium tetroxide. To circumvent this, olefin 2.74 underwent

Wacker oxidation using palladium(II) chloride, copper(I) chloride and oxygen in acetonitrile

to afford ketone 3.44 in 86% yield (Scheme 2.15). Ketone 3.44 was then reduced using

sodium brorohydride to afford desired racemic homobenzylic alcohol 2.73 in quantitative

yield.
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Reagents and conditions: i) PdCl2, CuCl, O2, DMF-H2O, r.t., 18 h, 86%; ii) NaBH4, MeOH, r.t., 1 h, quant.

Scheme 2.15: Synthesis of racemic alcohol 2.73 from ketone 3.44 avoiding the
dihydroxylation-glycol cleavage sequence using toxic osmium tetroxide.
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B. Synthesis of chiral homobenzylic alcohol 2.73a

In order to synthesise enantioenriched homobenzylic alcohol 2.73a from racemic

homobenzylic alcohol 2.73 the enzymatic kinetic resolution using Novozyme 435 was

trialled.[ 204] The rule of Kazlauskas was used to predict the stereochemical outcome of the

enzymatic kinetic resolution.[ 405] According to this rule, the enzyme catalyses the reaction

of an alcohol to the acetate if the substituents are orientated as shown in Figure 2.16. In our

example the desired (S)-configuration of the alcohol remains as the alcohol 2.73a.

ML

3.132

Br
O

OOMe

OMe
large-size

 substituent

medium-size 
substituent

Br
OH

OMe

OMe

+ML

3.133

O

O

OH

+

3.46b = (R) 2.73a = (S)

Scheme 2.16: The rule of Kazlauskas for prediction of the stereochemical outcome of a lipase
catalysed kinetic resolution. Formation of the ester is favoured if the substituents are orientated as
shown (M=medium size substituent, L=large size substitent).

Brimble et al. used p-chlorophenyl acetate as the acyl-donor and a solid phase bound enzyme

(Novozyme 435) as the catalyst. However, use of these conditions in the current synthesis

did not lead to formation of the acetate and most of the starting material was recovered

(Table 2.1). An increase in reaction time also did not lead to formation of the acetate.

Table 2.1: Kinetic resolution of racemic alcohol 2.73.

Br
OMe

OMe
2.73a

OH
Br

OMe

OMe
2.73

OH Novozyme 435
MW: 60 °C, 50 W

Entry Donor Conditions Yield ee
1 p-chlorophenylacetate toluene, 6 h 83% n. d.
2 p-chlorophenylacetate toluene, 14 h 86% n. d.
3 p-chlorophenylacetate toluene, 17 h 82% n. d.

n.d. = not dertermined
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It was therefore decided to investigate alternative syntheses of the chiral homobenzylic

alcohol 2.73a. Scheme 2.17 depicts possible synthetic pathways to chiral homobenzylic

alcohol 2.73a. Our group has reported the synthesis of 2.73b via Corey-Bakshi-Shibata

(CBS) reduction of ketone 3.44 (p. 202.[ 198] Furthermore, chiral homobenzylic alcohol 2.73a

could be synthesised by kinetic resolution of epoxide 2.74.

Br
OMe

OMe
2.73

Br
OMe

OMe
2.74

O

Br
OMe

OMe
3.44

O
Br

OMe

OMe
2.73a

OH

kinetic resolution

chiral reduction

1. kinetic resolution
2. epoxide opening

OH

Scheme 2.17: Proposed synthesis pathways for the investigation of the synthesis towards chiral
homobenzylic alcohol 2.73a.

The stereoselective CBS reduction of previously synthesised ketone 3.44 was the most

promising approach and was next investigated.[ 406] This method is a borane-mediated

reduction which stereoselectively reduces a ketone functionality in the presence of olefins

or alkynes. The borane is activated for ketone reduction by a chiral 2-alkylated

oxazaborolidine-ligand, which also inactivates the borane for potential hydroborations. To

predict the configuration of the product, the stereochemical model shown in Scheme 2.18 is

used.
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Ph

O
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H2
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HO

H
B

N
H2
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Me=
Me

MeO

OMe
Br

3.134

OMe

OMe

OH
Br

OMe

OMe

O
Br

3.44 2.73a

Scheme 2.18: Stereochemical model of the CBS-reduction which suggests that (R)-Me-CBS
preferably gives 2.73a.

The reaction proceeds via a six-membered ring transition state, with borane coordinating

to the nitrogen of the ligand. This coordination activates the borane for hydrogen-transfer.

The ketone coordinates with the carbonyl-oxygen to the boron of the chiral ligand. Steric

hindrance due to the chirality of the ligand allows the prochiral ketone to coordinate

preferably from one side, which is shown in model 3.134 in Scheme 2.18. The smaller

residue is preferably located in the pseudo-axial position on the six-membered ring transition

state with the larger residue preferably located in the pseudo-equatorial position. A decision

about the size of different residues can be made by comparing their A-values. Corey and

Feiner introduced the concept of A-values for prediction of relative-size of substituents

by comparing their energies which are needed to transfer an equatorial substituent in a

mono-substituted cyclohexane to the axial position.[ 407] A methyl group has an A-value of

1.7 kcal/mol, compared to a benzylic CH2 group which has a A-value of 1.9 kcal/mol. Both

values are quite similar which suggests that attaining high stereoselectivity for the current

reaction may be difficult.

According to the model, 2.73a was expected to be as the main product which was

later confirmed by comparison of HPLC spectra to the literature, however, achieving an

enantiomeric excess greater than 78% could not be achieved using commercially available

(R)-Me-CBS or (R)-(+)-O-tolyl-CBS catalysts (Table 2.2).
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Table 2.2: Chiral reduction methods to gain 2.73a.

O
Br

OMe

OMe

OH
Br

OMe

OMe

3.44 2.73a
Entry Catalyst Conditions Yield ee

1 (R)-Me-CBS BH3·SMe2, THF, 0 ◦C quant. 74%
2 (R)-Me-CBS BH3·SMe2, THF, −15 ◦C quant 78%
3 (R)-(+)-O-tolyl-CBS BH3·SMe2, THF, 0 ◦C quant. 57% 2.73b
4 3.139 BH3·SMe2, THF, 0 ◦C decomposition
5 − (−)-DIPCl, THF, −25 ◦C 33% 42%

Ortiz-Marciales et al. used catalyst 3.139 for the CBS reduction, which was synthesised

from L-proline (Scheme 2.19).[ 408] It was reported that this ligand affords excellent

stereoselectivities using 0.25 mol% of 3.139. It was therefore decided to synthesise this

ligand. Formation of carbamate 3.136 from L-proline 3.135 was achieved in quantitative

yield. Grignard addition afforded then 1,3-oxazolidin-2-on 3.137 in 87% yield. Carbamate

cleavage using potassium hydroxide afforded pyrrolidine 3.138 in 46% yield. CBS catalyst

3.139 was then obtained upon treatment of 3.138 with trimethylborate in ether in 47% yield.

However, use of CBS-catalyst 3.139 using standard CBS-conditions led to decomposition of

the starting material 3.44 (Entry 4, Table 2.2).

NH

O

OH N

O

OH

O

OEt N O

H PhPh

O
NH

OH

Ph Ph

N
H B

O

H PhPh

OMeMeO
3.135 3.1393.1383.1373.136

i ii iii iv

Reagents and conditions: i) ClCOOEt, K2CO3, MeOH, r.t., 18 h, quant.; ii) PhMgBr, THF, 0 ◦C→ r.t., 3 h,
87%; iii) KOH, MeOH, reflux, 2 h, 46%; iv) trimethylborate, Et2O, r.t., 24 h, 47%.

Scheme 2.19: Synthesis of CBS-catalyst 3.139 from L-prolin 3.135.

A second stereoselective reduction method was transfer hydrogenation using DIP-chloride.

DIP-chloride 3.141 is a disubstituded chiral chloroborane that is generated from a

hydroboration of α-pinene 3.140 and chloroborane (Scheme 2.20)

This boron reagent does not contain a hydride, therefore the formal hydride transfers

from the carbon α to the boron which is similar to a Meerwein-Pondorf-Verley reduction.
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ClBH2 B
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3.142

H O

Br

OMe

MeO

Me
OMe

OMe

Br
O

OMe

OMe

Br
OH

3.44 2.73a

Scheme 2.20: Stereochemical model of the transfer hydrogenation using DIP-chloride 3.141.

The accepted model predicts (Si)-face-attack on the prochiral ketone for (−)-DIP-chloride

3.141a and (Re)-face-attack on the prochiral ketone for (+)-DIP-chloride 3.141b. The

reaction proceeds via a six-membered ring-transition state, however, due to the hydrogen

and boron being cis-located, and since the bridged bicyclic compound does not have a lot

of conformational flexibility, the transition state is predicted to be a boat. However, a poor

yield of 33% and a low enantiomeric excess of 42% resulted from this reaction.

Due to relatively low selectivity for the desired (S)-configuration of alcohol 2.73a, kinetic

resolution of epoxide 2.74 was next investigated. Epoxide 2.74 was prepared from olefin 2.72

using in 89% yield, however, kinetic resolution did not proceed using (S,S)-salen-cobalt(II)

(Scheme 2.21).[ 409,410]

OMe

OMe

O

OMe

OMe

OMe

OMe

O

OMe

OMe

OH
OH

+i ii

2.72 2.74 2.74a = (R) 3.43a = (S)

Br Br Br Br

Reagents and conditions: i) m-CPBA, CH2Cl2, 0 ◦C → r. t., 18 h, 89%; ii) (S,S)-salen-Co(II), AcOH, H2O,
toluene, i-PrOH, 0 ◦C→ r.t., 1 d.

Scheme 2.21: Synthesis of chiral epoxide 2.74a.

It was next decided to investigate the initial kinetic resolution of homobenzylic alcohol 2.73

using Novozyme 435 using a different solvent and acyl-donor. Vinyl acetate 3.143 was used

as the acyl-donor and the reaction was carried out in hexane under microwave conditions

(Scheme 2.22). The starting material 2.73 did not dissolve initially, however, after the
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reaction had finished, all of the product and starting material 2.73 dissolved. Use of these

conditions afforded 2.73a in 42% yield with an excellent enantiomeric excess of 99.6%.

Br
OMe

OMe
2.73a

OH
Br

OMe

OMe
2.73

OH

O

O
+ i

3.143

Reagents and conditions: i) Novozyme 435, hexanes, MW (60 ◦C, 50 W), 16 h, 42%, 99.6% ee.

Scheme 2.22: Synthesis of chiral homobenzylic alcohol 2.73a.
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C. Synthesis of 7,9-dideoxythysanone 2.47 and 2.47a

With racemic homobenzylic alcohols 2.73 in hand, 7,9-dideoxythysanone 2.47 was next

synthesised. Racemic formate 3.47 was prepared using DIC, formic acid and DMAP in

dichloromethane in quantitative yield (Scheme 2.23). Bromo-lithium exchange followed by

intramolecular cyclisation to lactol 3.144 proceeded in 38% yield. Racemic lactol 3.144 was

then oxidised using silver(II) oxide to 7,9-dideoxythysanone 2.47 in 97% yield.

OH

OMe
Br

OMe

O

OMe
Br

OMe

O

H O

OMe

OMe

OH

O

O

O

OH

3.144 = (±)-1,3-trans 2.47 = (±)-1,3-trans

i ii iii

2.73 3.47

1
3

Reagents and conditions: i) formic acid, DIC, DMAP, CH2CH@, r.t., 1 h, quant.; ii) t-BuLi, THF, −78 ◦C, 4 h,
38%; iii) AgO, HNO3, THF-H2O, 97%.

Scheme 2.23: Synthesis of racemic 7,9-dideoxythysanone 2.47 .

Chiral homobenzylic alcohol 2.73a was converted to 7,9-dideoxythysanone 2.47a in three

steps similar to he above described racemic approach. Chiral alcohol 2.73a was converted to

formate 3.47a using DIC, formic acid and DMAP in dichloromethane in quantitative yield

(Scheme 2.24). Lactol 3.144a was synthesised by bromine-lithium exchange followed by

intramolecular cyclisation in 36% yield. Chiral lactol 3.144a was then oxidised using CAN

and afforded desired (1R,2S)-7,9-dideoxythysanone 2.47a in 44% yield.
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OH

OMe
Br

OMe

O

OMe
Br

OMe

O

H O

OMe

OMe

OH

O

O

O

OH

2.73a 3.47a 3.144a = (1R,3S)

2.47a = (1R,3S)

i ii

iii

+ OH

OMe

OMe
3.145

Reagents and conditions: i) formic acid, DIC, DMAP, CH2CH@, r.t., 1 h, quant.; ii) t-BuLi, THF, −78 ◦C, 4 h,
36%; iii) CAN, MeCN-H2O, r.t., 10 min, 44%.

Scheme 2.24: Synthesis of (1R,2S)-7,9-dideoxythysanone 2.47a.

2.2.2 Synthesis of naphthoquinone analogues

Scheme 2.25 shows the synthesis of bromoquinone analogues 2.65 and 2.66. Oxidation of

chiral homobenzylic alcohol 2.73a with CAN afforded naphthoquinone 2.66 in 55% yield

and CAN oxidation of racemic homobenzylic alcohol 2.73 afforded naphthoquinone 2.65 in

45% yield. However, oxidation of racemic homobenzylic alcohol 2.73 with silver(II) oxide

afforded furanonaphthoquinone 2.67 in 66% yield.

OH

OMe
Br

OMe
2.73 = rac
2.73a = (S)

i OH

O
Br

O

O

O
2.62

Oii

2.65 = rac
2.66 = (S)

Reagents and conditions: i) CAN, MeCN-H2O, r.t., 10 min, 2.65: 45%, 2.66: 55%; ii) AgO, HNO3, THF-H2O,
r.t., 20 min, 66%.

Scheme 2.25: Synthesis of bromoquinone analogues 2.62, 2.65 and 2.66.
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The formation of furanonaphthoquinone 2.62 suggested activation of the carbon-bromine

bond by silver in the reaction mixture (Scheme 2.26). In presence of a good nucleophile,

substitution of the bromine can take place possibly via an addition-elimination mechanism.

OH

OMe
Br

OMe
2.73

OH

O
Br

O
3.146

O

O
2.62

OAgO

AgX O

O
3.147

AgX

O
Br H

−AgBrX

Scheme 2.26: Proposed mechanism for the oxidative intramolecular cyclisation of alcohol 2.73 using
silver(II) oxide.

Ketone 3.44 and epoxide 2.74 were both oxidised using silver(II) oxide to afford

naphthoquinone 2.67 in 84% yield and naphthoquinone 2.68 in 95% yield (Scheme 2.27).

OMe
Br

OMe

iv

R

O
Br

O
R

O

O

R =             3.44

R =              2.74

O

O

R =             2.67

R =              2.68

Reagents and conditions: i) AgO, HNO3, THF-H2O, r.t., 20 min, 3.44: 84%, 2.68: 95%.

Scheme 2.27: Synthesis of bromoquinone analogues 2.67 and 2.68.

Naphthoquinone 2.73 was obtained from homobenzylic alcohol 2.66 using CAN in 53%

yield (Scheme 2.28).

O

O

OH

OMe

OMe

OH i

2.603.145

Reagents and conditions: i) CAN, MeCN-H2O, 53%.

Scheme 2.28: Synthesis of naphthoquinone 2.60.
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2.2.3 Summary of the syntheses of 7,9-dideoxythysanone 2.47 and

2.47a, furanonaphthoquinone 2.62 and naphthoquinones 2.60

and 2.63-2.68

In summary, the synthesis of racemic 7,9-dideoxythysanone 2.47 has been successful

(Scheme 2.29). Naphthalene 2.72 was synthesised in three steps from 1-naphthol 3.131

in an overall 93% yield. Wacker oxidation of naphthalene 2.72 followed by sodium

borohydride reduction afforded racemic homobenzylic alcohol 2.73 in 86% yield over two

steps. Homobenzylic alcohol 2.73 was then converted to the corresponding formic ester 3.47

followed by bromine-lithium exchange with concomitant cyclisation to afford racemic lactol

3.144 in 38% yield over two steps. Oxidation of lactol 3.144 with silver(II) oxide afforded

desired racemic 7,9-dideoxythysanone 2.47 in 97% yield.

OH OMe

OMe

Bri-iii

OMe

OMe

Br
OHiv,v

viii O

O

O

OH

3.131

2.47 = (±)-1,3-trans

2.732.72

O

OH

3.144 = (±)-1,3-trans

OMe

OMe

vi,vii

Reagents and conditions: i) NBS, AcOH-H2O, 45 ◦C, 1 h, quant.; ii) vinylacetic acid, AgNO3, (NH4)2S2O8,
MeCN-H2O, 80 ◦C, 4 h, 93%; iii) a) Na2S2O4, TBAI, THF-H2O, r.t., 30 min, b) aq. KOH, Me2SO4, 1 h,
quant.; iv) PdCl2, CuCl, O2, DMF-H2O, r.t., 18 h, 86%; v) NaBH4, MeOH, r.t., 1 h, quant.; vi) formic acid,
DIC, DMAP, CH2CH@, r.t., 1 h, quant.; vii) t-BuLi, THF, −78 ◦C, 4 h, 38%; viii) AgO, HNO3, THF-H2O,
97%

Scheme 2.29: Optimised synthesis of racemic 7,9-dideoxythysanone 2.47.

Enantioenriched (1R,3S)-7,9-dideoxythysanone 2.47a has also been successfully

synthesised with improved yields and enantiomeric excess from racemic homobenzylic

alcohol 2.73(Scheme 2.30). Installation of the chiral centre in alcohol 2.73a was investigated

by asymmetric synthesis, however, due to the minor difference of the methyl group and

the benzylic CH2 group according to their A-values, stereoselective reduction was

unsuccessful. The best enantiomeric excess obtained was 78% using (R)-Me-CBS-catalyst

and borane-DMS complex. Pleasingly, kinetic resolution using Novozyme 435 as a chiral
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catalyst and vinyl acetate as the acyl donor afforded the desired 2.73a in 42% yield and

99.6% enantiomeric excess. Conversion of chiral homobenzylic alcohol 2.73a to chiral

lactol 3.144a was carried out under similar conditions as for the racemic compound. The

final oxidation of lactol 3.144a using CAN afforded the desired quinone 2.47a in a moderate

44% yield.

OH

OMe
Br

OMe

OH

OMe
Br

OMe

O

OMe

OMe

OH

O

O

O

OH

2.73 2.73a 3.144a = (1R,3S) 2.47a = (1R,3S)

i ii,iii iv

Reagents and conditions: i) vinyl acetate, Novozyme 435, hexanes, MW: 60 ◦C,50 W, 17 h, 42%, ee = 99.6%;
ii) formic acid, DIC, DMAP, CH2CH@, r.t., 1 h, quant.; iii) t-BuLi, THF, −78 ◦C, 4 h, 36%; viii) CAN,
MeCN-H2O, r.t., 10 min, 44%.

Scheme 2.30: Optimised synthesis of racemic 7,9-dideoxythysanone 2.47a.

In addition to (±)-7,9-dideoxythysanone 2.47 and (1R,2S)-7,9-dideoxythysanone 2.47a,

eight naphthoquinone analogues, namely 2.60 and 2.62-2.68 have been synthesised by

oxidation of intermediates of the described synthesis pathway (Figure 2.1).
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OH
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Figure 2.1: Analogues prepared using the synthetic route to prepare 7,9-dideoxythysanone 2.47 and
2.47a.
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2.3 Synthesis of 1-allyl-1-methyl-7,9-dideoxythysanone

2.52

1-Allyl-1-methyl-7,9-dideoxythysanone 2.52 was synthesised in order to investigate whether

thysanone analogues with a quatenary centre at C-1 can react with acetyl cysteamine and

potentially inhibit HRV 3C protease by a different mechanism. Retrosynthetic analysis of

2.52 was based on the previous strategy used to prepare 7,9-dideoxythysanone 2.47 from

homobenzylic alcohol 2.73 (Scheme 2.31). It was envisaged that allylation of lactol 3.148

would be the key step. Lactole 3.148 was available from bromine-lithium exchange of

bromoacetate 3.46.
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O
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Br
OMe

OMe

O

O
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OMe

OMe
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2.52 = (±)-1,3-trans 3.46 2.73
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OH

3.148 = (±)-1,3-trans

Scheme 2.31: Retrosynthesis of 1-allyl-1-methyl-7,9-dideoxythysanone 2.52.

Previously synthesised homobenzylic alcohol 2.73 was acetylated using acetic anhydride

and pyridine in dichloromethane in 68% yield (Scheme 2.32). Bromine-lithium exchange

with subsequent intramolecular cyclisation afforded lactol 3.148 in 85% yield as a single

diastereoisomer dictated by the anomeric effect.

OMe

OMe

OH
Br

OMe

OMe

O
Br

O MeO

OMe

O
OH

2.73 3.46 3.148 = (±)-1,3-trans

i ii
H

Reagents and conditions: i) Ac2O, pyridine, CH2Cl2, r.t., 18 h, 68%; ii) t-BuLi, THF, −78 ◦C → r.t., 18 h,
85%.

Scheme 2.32: Synthesis of lactol 3.148.
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Both methyl-substituents adopt equatorial positions, however the lactol-OH adopts an axial

position as supported by nOe experiments (Figure 2.2).

Me

H

Me

OH
1 3

nOe

no nOe

O

O

OH

H

nOe

no nOe

3.148 = (±)-1,3-trans

Figure 2.2: Observed nOe of latol 3.148.

Substitution of the lactol hydroxy group with an allyl residue using allyltrimethylsilane and

boron trifluoride diethyl etherate afforded 3.149 in 76% yield as a single diastereoisomer

(Scheme 2.33).

MeO

OMe

O

O

O

O

3.149 2.52

i ii

MeO

OMe

O
OH

3.148

H

Reagents and conditions: i) allyl-TMS, BF3·OEt2, CH2Cl2, −78 ◦C → r.t., 3 h, 76%; ii) AgO, HNO3,
THF-H2O, r.t., 20 min, 91%.

Scheme 2.33: Synthesis of 1-allyl-1-methylthysanone 2.52.

An nOe was observed between the two methyl groups at C-1 and C-3 suggesting the methyl

groups adopted pseudo-axial positions and the allyl group adopted a pseudo-equatorial

position (Figure 2.3).
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3.149 = (±)-1,3-trans

Figure 2.3: Observed nOe of 3.149.

The observed cis relationship between the C-1 methyl group and the C-3 methyl group and

that the lactol is attached to a quaternary centre suggested a SN1-mechanism (Scheme 2.34).

The cation formed upon loss of hydroxide is a stabilised oxonium ion 3.150 (Scheme 2.34).

Prochiral oxonium ion 3.150 then undergoes nucleophilic attack from the least hindered side

that is trans to the C-3 methyl group to form intermediate 1.3151 stabilised by the β-silicon

effect. The desired product is formed after addition of a nucleophile to the silicon-atom

which leads to elimination to form dimethylallylnaphthalene 2.52.

O

MeO

OMe

OH
O

MeO

OMe

O

MeO

OMe

backside attack

Me3Si

SiMe3

Nu
−NuSiMe3
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Scheme 2.34: Proposed mechanism of the allylation of 3.148 with allyl trimethylsilane.

Finally, dimethylallylnaphthalene 3.149 underwent oxidative demethylation to quinone 2.52

using silver(II) oxide in 91% yield (Scheme 2.32).
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2.4 Summary

In summary, the reported synthesis of thysanone 1.69 via a Staunton-Weinreb annulation was

successfully adopted to synthesise both enantiomers of thysanone 1.69a and 1.69b as well

as racemic thysanone 1.69 (Scheme 2.35).[ 191] Furthermore three additional analogues 2.35,

2.36 and 2.40 were synthesised. For two of those analogues 2.35 and 2.36, both enantiomers

2.35a, 2.35b, 2.36a and 2.36b were synthesised.
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Scheme 2.35: Ten analogues of thysanone 1.69 were synthesised via the Staunton-Weinreb
approach.[ 191]
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The detailed synthesis is shown in Scheme 2.36. Orcinol 3.125 was converted to benzoate

3.116 in four steps and an overall yield of 30%. Enolether lactones 3.111, 3.111a and

3.111b were synthesised from the corresponding chiral or racemic ethyl β-hydroxybutyrate

3.117, 3.117a or 3.117b in three steps. Staunton-Weinreb annulation of benzoate 3.116

and enol ether lactone 3.111, 3.111a or 3.111b was observed to be unreliable affording

at times 34-60% yield and at other times leading to complete decomposition of both

starting materials. Lactone reduction followed by salcomine oxidation of the corresponding

Staunton-Weinreb annulation product 2.71, 2.71a or 2.71b gave quinones 2.36, 2.36a and

2.36b. Isopropyl protecting group cleavage was also observed to be unreliable leading

at times to decomposition of starting material whilst at other times affording the desired

unprotected 1-deoxythysanone stereoisomers 2.35, 2.35a or 2.35b. Bromination at the

anomeric center followed by hydrolysis then gave thysanone 1.69, 1.69a or 1.69b.

The absolute configuration of the products observed using this synthetic pathway was

established by the absolute configuration of the β-hydroxybutyrate 3.117, 3.117a or 3.117b

used.

However, given the relatively high cost of the chiral starting materials β-hydroxybutyrate

3.117a or 3.117b combined with two unreliable steps, the Staunton-Weinreb annulation and

the isopropyl protecting group cleavage, this synthetic pathway was rendered too difficult

and not scaleable.
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Scheme 2.36: Summary of the synthesis of thysanone 1.69, 1.69a and 1.69b and analogues 2.35,
2.35a, 2.35b, 2.36, 2.36a, 2.36b. [ 191]
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The synthetic pathway to 7,9-dideoxythysanone 2.47 was optimised to afford

(1R,3S)-7,9-dideoxythysanone 2.47a in 12% yield over 9 steps with an ee of 99.6%

using a kinetic resolution .[ 204] The synthesis of eight additional analogues was also

achieved using this strategy.
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Scheme 2.37: The synthesis of 7,9-dideoxythysanone 2.47 was optimised and enabled the synthesis
of eight analogues.[ 204]

The detailed synthesis is shown in Scheme 2.38. 1-Naphthol 3.131 was converted to allylated

bromoquinone 2.63 in two steps in 93% yield over two steps. Reductive methylation

followed by Wacker oxidation and sodium borohydride reduction of ketone 3.45 gave

racemic benzylic alcohol 2.73 in 86% yield over three steps. Kinetic resolution of 2.73 using

vinyl acetate 3.143 and Novozyme 435 afforded chiral homobenzylic alcohol 2.73a in 42%

with 99.6% ee. It was also investigated whether ketone 3.45 could be enantioselectively
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reduced to 2.73a, however, both CBS reduction and transfer hydrogenation using

DIPCl just afforded enantioselectivities up to 78%. Chiral homobenzylic alcohol 2.73a

underwent then esterification using formic acid, DIC and DMAP to afford ester 3.47

in quantitative yield. Bromine-lithium exchange with concomitant cyclisation to lactol

3.144a followed by oxidation with CAN afforded (+)-(1R,3S)-7,9-dideoxythysanone 2.47a

in 15% yield over two steps. Racemic homobenzylic alcohol 2.73 was also converted

to (±)-7,9-dideoxythysanone 2.47 using a similar procedure. 3.144 was oxidised using

silver(II) oxide affording (±)-7,9-dideoxythysanone 2.47 in 97% yield.
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Scheme 2.38: Summary of the synthesis of (±)-7,9-dideoxythysanone 2.47 and
(+)-7,9-dideoxythysanone 2.47a and bromoquinone 2.63 and 2.64.[ 204]

The synthesis of naphthoquinones 2.60, 2.62 and 2.65-2.68 is summarised in

Scheme 2.39. Oxidation of homobenzylic alcohol 2.73 using silver(II) oxide afforded

furanonaphthoquinone 2.62 in 66% yield. In order to access bromoquinones 2.65 and 2.66,

the corresponding bromonaphthalenes 2.73 an 2.73a were oxidised using CAN in 50%

yield for both stereoisomers. Naphthalenes 3.44 and 2.74 were oxidised using silver(II)

oxide affording quinones 2.67 and 2.68 in around 90% yield. Naphthoquinone 2.60 was

synthesised from homobenzylic alcohol 3.145 using CAN in 53% yield.
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Scheme 2.39: Summary of the synthesis of furanonaphthoquinone 2.62 and bromoquinones 2.60 and
265-2.68.[ 204]

The synthesis of 1-allyl-1methyl-7,9-dideoxythysanone 2.52 was conducted starting

from a common intermediate used for the synthesis of 7,9-dideoxythysanone 2.47

(Scheme 2.40).[ 204] Homobenzylic alcohol 2.73 was acetylated using acetic anhydride and

pyridine affording acetate 3.46 in 68% yield. Bromine-lithium exchange afforded then lactol

3.148 in 85% yield. Allylation of 3.148 using allyltrimethylsilane and boron trifluoride

diethyl etherate afforded desired pyranonaphthalene 3.149 in 76% yield. Oxidation of 3.149

using silver(II) oxide afforded desired 1-allyl-1-methyl-7,9-dideoxythysanone 2.52 in 91%

yield. In summary, racemic 1-allyl-1methyl-7,9-dideoxythysanone 2.52 was synthesised in

9 steps in an overall 32% yield.
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Scheme 2.40: Summary of the synthesis of 1-allyl-1-methyl-7,9-dideoxythysanone 2.52.[ 204]

In summary, this chapter described the synthesis of 13 pyranonaphthoquinone analogues

and 8 naphthoquinone analogues of thysanone 1.69 which have been synthesised using two

different synthetic pathways.[ 191,204]





Chapter 3

Synthesis of 2-Carbathysanone 2.48

In order to investigate whether the 2-oxa function of thysanone 1.69 has an influence on the

inhibition of HRV 3C protease, 2-carbathysanone 2.48 was planned to be synthesised.

Our first retrosynthetic analysis of 2-carbathysanone 2.48 was similar to that used by

our group to prepare thysanone 1.69 based on the use of a Staunton-Weinreb annulation

involving union of the toluate anion derived from benzoate 3.116 and enol ether 3.152

(Scheme 3.1).[ 191] Benzoate 3.116 was available from our earlier synthesis of thysanone

1.69. Racemic enol ether 3.152 was accessible from 5-methylcyclohexane-1,3-dione 3.153

in one step via a deprotonation-methylation strategy.

X = O: 1.69
X = CH2: 2.48
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O
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X

O
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O
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3.153 = rac3.125

3.116

known intermediate from 
synthesis of thysanone 1.69

Staunton-Weinreb 
annulation

X=CH2

OH

OEt

O

3.117

X=O

intermediate for 
synthesis 

of thysanone 1.69

X = O: 1.69
X = CH2: 3.152

Scheme 3.1: Retrosynthesis of 2-carbathysanone 2.48 compared to the retrosynthesis for the
synthesis of thysanone 1.69 (in grey) using a Staunton-Weinreb annulation.
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It was proposed that the previously troublesome Staunton-Weinreb annulation would be

more efficient due to the higher electrophilicity of the C-3 in enol ether 3.152, compared

to the C-4 in enol ether 3.111 (Scheme 3.2). The 1-oxa-position of lactone 3.111 donates

electrons towards the carbonyl-C, thus, the mesomeric structure of enolate 3.111 has a lower

contribution and the formal positive charge at C-4 is therefore lower than at C-3 in enone

3.152.
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MeO
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MeO
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MeO
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MeO
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3.111 = rac

3.152 = rac
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4 4 4
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MeO 3
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Scheme 3.2: Mesomeric structures that suggest a more electrophilic character for C-3 of enol
ether 3.152 compared to the corresponding carbon of enol ether 3.111.
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3.1 Synthesis of 2-carbathysanone 2.48 using a

Staunton-Weinreb annulation

Enol ether 3.152 was prepared in one step in quantitative yield from

5-methylcyclohexane-1,3-dione 3.153, using potassium carbonate and dimethylsulfate

in acetone (Scheme 3.3). However, an attempted Staunton-Weinreb annulation of benzoate

3.116 with enol ether 3.152 under the previously established conditions led only to recovery

of benzoate 3.116.

iPrO

iPrO

OMe

O

3.116
MeO

O

3.152 = rac

O

O
3.153 = rac

i

ii
OHiPrO

iPrO

O

3.154 = rac

+

Reagents and conditions: i) K2CO3, Me2SO4, acetone, reflux, quant.; ii) LDA, THF, −78 ◦C, aryl ester 3.116
recovered (84%).

Scheme 3.3: Staunton-Weinreb annulation of benzoate 3.116 and enol ether 3.152.

It was thought that the annulation did not proceed due to the ability of the formed toluate

anion 3.155 to deprotonate enol ether 3.153 alpha to the carbonyl group (Scheme 3.4).

Upon toluate anion formation of benzoate 3.116 using LDA at −78◦C, enol ether 3.153 was

added to the solution. A toluate anion has a pKa of∼41, compared to cyclohexanone, which

has a pKa of∼26, hence deprotonation is favoured over the desired Michael addition.
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Scheme 3.4: Proposed reason why the Staunton-Weinreb annulation did not proceed.
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3.2 New synthetic strategy for the synthesis of

2-carbathysanone 2.48.

Given that the previous strategy was unsuccessful, we next decided to replace the

Staunton-Weinreb annulation with a Hauser-Kraus annulation. The previously attempted

Staunton-Weinreb annulation was prevented by the ability of the toluate-anion to deprotonate

cyclohexenone 3.153, leading to recovery of the toluene-coupling partner and decomposition

of enol ether 3.153. The Hauser-Kraus annulation uses 3-substituted phthalides which are

initially deprotonated. These phthalides have a much more acidic proton at C-3 compared

to the proton on the 2-methylbenzoate derivatives (Figure 3.1). Therefore, phthalides can be

easily deprotonated by tert-butanolate, which has a pKa of ∼17. Thus, the corresponding

anion is unable to deprotonate a ketone such as 3.158 having a pKa of ∼26, thereby

eliminating side-reactions of the type seen in the previously attempted Staunton-Weinreb

annulation of 3.116 with 3.153 (Scheme 3.4).
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CNH
pKa ≈ 41
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H pKa ≈ 26

pKa < 17

O
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3.104 3.157 3.158 3.159

Figure 3.1: Approximate pKa-values of methyl benzoates, phthalides, cyclohexenones and
tert-butanol.

The new retrosynthetic analysis of 2-carbathysanone 2.48 is shown in Scheme 3.5. The

main intermediate 3.160 was proposed to be synthesised via Hauser-Kraus annulation from

phthalide 3.161 (or 3.162-3.164) and enone 3.165. Phthalides 3.161-3.164 was proposed to

be synthesised from commercially available 2,4-dihydroxybenzoic acid 3.166. The synthesis

of enone 3.165, from crotonaldehyde 3.92 and methyl acetoacetate 3.115, is a known one-pot

procedure.[ 411]
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Scheme 3.5: New retrosynthetic strategy for 2-carbathysanone 2.48.
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3.2.1 Synthesis of phthalides 3.161-3.164

In order to synthesise phthalide 3.162, a synthetic route was proposed based on the

synthesis of the diisopropyl-protected cyanophthalide by Choi et al. (Figure 3.6). This

synthetic approach included three core intermediates: aldehyde 3.167, amide 3.168, and

diisopropyl-protected benzoic acid derivative 3.169, all of which are accessible from

commercially available 2,4-dihydroxybenzoic acid 3.166.[ 412]

Cyanophthalide 3.161 can be synthesised from aldehyde 3.167 using either a stoichiometric

amount of potassium cyanide, or a catalytic amount of potassium cyanide in combination

with a stoichiometric amount of the acid labile surrogate, trimethylsilylcyanide. Aldehyde

3.167 is accessible via ortho-directed formylation of amide 3.168, which can be synthesised

from acid 3.169 in two steps. Acid 3.169 can be synthesised from 2,4-dihydroxybenzoic acid

3.166 by complete isopropyl-protection, followed by ester hydrolysis.
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Scheme 3.6: Proposed synthesis of phthalide 3.161 containing the 3 core intermediates 3.167-3.169.

Variations in the nature of the leaving group in the phthalide were also considered

for optimisation of the Hauser-Kraus annulation conditions (Scheme 3.7). Therefore,

phthalides containing cyanide (3.161), phenyl sulphonate (3.163), phenyl sulfide (3.162) and

phosphonyl (3.164) leaving groups, which were accessible from the common intermediate

3.167, were also prepared.
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A. Synthesis of amide 3.168

Phthalides 3.161-3.164 were proposed to be synthesised from 2,4-dihydroxybenzoic acid

3.166. Attempted full protection of 3.166 under conditions established by Choi et al. using

potassium carbonate, TBAI and 2-bromopropane in acetone-DMF (10:1) did not afford fully

protected ester 3.170. Instead, a low yielding mixture of isopropyl 2,4-dihydroxybenzoate

3.171 and isopropyl 2-hydroxy-4-isopropoxybenzoate 3.172 was observed (Scheme 3.8).

OH

HO

OH

O

3.166

iPrO

iPrO

OiPr

O

3.170i

OH

HO

OiPr

O

3.171

OH

iPrO

OiPr

O

3.172

+

Reagents and conditions: i) K2CO3, TBAI, 2-bromopropane, acetone-DMF (10:1), reflux, 17 h, 3.171: 25 %
and 3.172: 8 %.

Scheme 3.8: Isopropyl protection of 2,4-dihydroxybenzoic acid 3.166.

Due to the strong hydrogen bonding between the C-2 phenol and the ester functionality,

protection of this alcohol was expected to be difficult. To increase the basicity of

the carbonate ion, a different counter ion which coordinates the carbonate anion less

strongly was used. Use of caesium carbonate, therefore, allowed the triple protection of

2,4-dihydroxybenzoic acid 3.173 in one step in quantitative yield (Scheme 3.9).
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Reagents and conditions: i) Cs2CO3, TBAI, 2-bromopropane, acetone-DMF (10:1), reflux, 17 h, quant.

Scheme 3.9: Protection of 3.166 with 2-bromopropane.
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Ester 3.170 was then cleaved by hydrolysis using potassium hydroxide in THF, affording acid

3.169 in 91% yield (Scheme 3.10). Attempted amide formation using a two-step procedure,

by formation of acid chloride 3.173 from acid 3.169 with thionyl chloride, and subsequent

treatment with diethylamine, did not afford amide 3.168.
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Reagents and conditions: i) KOH, THF, 91 %; ii) SOCl2; iii) Et2NH, CH2Cl2.

Scheme 3.10: Formation of amide 3.168.

It could not be established whether this failure was due to unsuccessful formation of the

acid chloride or whether acid chloride 3.173 did not undergo reaction with diethylamine.

Thus, several different conditions were screened to effect formation of amide 3.168, as

summarised in Table 3.1.

Table 3.1: Conditions screened for the formation of amide 3.168 from isopropyl ester 3.170

iPrO

iPrO

OiPr

O iPrO

iPrO

NEt2

O

3.170 3.168

Entry Conditions Result
1 Et3Al, Et2NH, PhMe, reflux, 30 min SM
2 Et3Al, Et2NH, PhMe, reflux, 18 h SM
3 a) SM, Et2NH, THF, −20 ◦C→0 ◦C

b) i-PrMgCl
SM

4 i) Et2NH, i-PrMgCl, THF, −20 ◦C→0 ◦C
ii) SM in THF at −15 ◦C

SM

5 i) KOH, THF, reflux, 18 h
ii) DIC, DMAP, Et2NH

23% and SM

6 i) KOH, THF, reflux, 18 h
ii) oxalylchloride, reflux, 3 h
iii) CH2Cl2 Et2NH, O/N

71 %

Direct transformation of esters to amides is possible using Lewis acids. Popular Lewis

acids for this reaction are organoaluminium compounds or sterically hindered Grignard
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reagents.[ 413–415] Treatment of 3.170 with triethylaluminium in toluene with heating at reflux

for 30 min, or 18 h only led to recovery of starting material 3.170 (entries 1 and 2, Table 3.1).

In 1995, Merck published conditions in which a Grignard reagent was used to deprotonate

an amine, which then participates in nucleophilic attack on the carbonyl of the ester.[ 416]

Furthermore, the magnesium cation of the Grignard reagent can coordinate to the ester

and activate it for nucleophilic attack. However, these conditions just led to recovery of

starting material 3.170 (entries 3 and 4). It was suggested that isopropyl ester 3.170 is

sterically too hindered to undergo reaction under the tested conditions. More conventional

synthetic pathways were therefore examined. Ester 3.170 was first hydrolysed, and then

treated under amide coupling conditions with DIC, DMAP, and diethylamine. A poor yield

of 23% of amide 3.168 was observed (entry 5). These disappointing results can be explained

by the mesomeric structures of ester 3.174. The carbonyl carbon is deactivated because

all electron donating groups are pushing electrons towards this carbon thereby reducing the

electrophilicity of the carbonyl group (Scheme 3.11).
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Scheme 3.11: Mesomeric effect of the ether groups on the nucleophilic character of the carbonyl-C
atom.

Pleasingly, the use of oxalyl chloride to generate the acid chloride, followed by treatment

with diethylamine afforded the desired amide 3.168 in 71% yield (Entry 6, Table 3.1).

Though much improved over the previous conditions, further experimentation to optimise

the transformation was warranted.

The combination of the mesomeric effect and the steric hindrance of the isopropyl ester did

not allow direct transformation of ester 3.170 to amide 3.168. Not satisfied with the long
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synthesis pathway to amide 3.168, it was planned to synthesise methyl ester 3.175, in order

to synthesise amide 3.168 in one step from ester 3.176 (Scheme 3.12).

OH

HO

OH

O

3.166

OH

HO

OMe

O

3.175

i

iPrO

iPrO

OMe

O

3.176

ii iii

iPrO

iPrO

NEt2

O

3.168

Reagents and conditions: i) H2SO4, MeOH, reflux, 5 d, quant; ii) Cs2CO3, TBAI, 2-bromopropane,
acetone-DMF (10:1), reflux, 17 h, quant; iii) AlMe3, Et2NH, PhMe, reflux, quant.

Scheme 3.12: Formation of amide 3.168 via methyl ester 3.166.

Methyl ester 3.175 was synthesised in quantitative yield from 2,4-dihydroxybenzoic acid

3.166 using sulfuric acid in methanol. Isopropyl protection of ester 3.175 under the

previously established conditions afforded ester 3.176 in quantitative yield, which was then

converted to amide 3.168 using trimethylaluminium and diethylamine in quantitative yield.

These results suggest that rather than the electronic deactivation of the carbonyl, it was the

steric hindrance of the isopropyl ester 3.170 that prevented direct transformation to amide

3.168.
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B. Synthesis of intermediate aldehyde 3.167

With amide 2.168 in hand, formation of aldehyde 3.167 from amide 3.168 was proposed to

occur via ortho-lithiation, followed by quenching with DMF. Acidic workup then affords

aldehyde 3.167.

iPrO

iPrO

O

NEt2 i

iPrO

iPrO

O

NEt2

3.168

3.167
O

H

iPrO

iPrO

O

NEt2

3.167
O

H

iPrO

iPrO

O

NEt2

3.177
OH

ii

Reagents and conditions: i) 1.5 eq. t-BuLi, 1.5 eq. TMEDA, 25 eq. DMF, THF, −78 ◦C→r.t., 17 h; ii) 1 eq.
IBX, DMSO, 50 ◦C, 3 h, 86 % over 2 steps.

Scheme 3.13: Ortho-lithiation of amide 3.167 as reported by Choi et al.[ 412]

However, in earlier work, Ruby Choi had observed that aldehyde 3.167 underwent reduction

in situ to alcohol 3.177 (Scheme 3.13).[ 412] The proposed mechanism for this transformation

is shown on a simplified molecule in Scheme 3.14. After lithiation of the aromatic

system and reaction with DMF 3.179, intermediate 3.180 is formed. This can react with

another equivalent of DMF 3.179 to form 3.181. Hydrogen-amide transfer can then occur

either intra- or intermolecularly to form 3.182. Intermediate 3.182 then collapses, and

acidic workup affords benzylic alcohol 3.183 and tetramethylurea 3.184. This undesired

Cannizzaro-type reaction using DMF 3.179 as an aldehyde surrogate is unprecedented in the

literature to date.
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Scheme 3.14: Proposed mechanism for formation of benzylic alcohol 3.183 under formylation
conditions.

To circumvent this Cannizzaro-type reaction, a large excess of DMF was avoided.

Formylation was thus carried out with 1.5 equivalents of DMF, affording the desired

aldehyde product 3.167 in quantitative yield in one step from amide 3.168 (Scheme 3.15).
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iPrO

O

NEt2
i

iPrO

iPrO
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NEt2

3.168 3.167
O
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Reagents and conditions: 1.5 eq. t-BuLi, 1.5 eq. TMEDA, 2 eq. DMF, -78 ◦C→r.t., 17 h, quant.

Scheme 3.15: Direct conversion of 3.168 to aldehyde 3.167 via ortho-lithiation.
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C. Synthesis of phthalides 3.161-3.164

With aldehyde 3.167 in hand, synthesis of a number of different phthalides (3.161-3.165)

was possible, enabling the investigation of the influence of different leaving groups on

the outcome of the Hauser-Kraus annulation. (Figure 3.2). In the literature, a number of

different phthalides for the Hauser-Kraus annulation are described. As stated previously,

Kraus initially used cyanophthalides, while Hauser used phenylsulphonylphthalides.[ 388,389]

However, the use of thiophenylphthalides was also investigated by Hauser and applied by

Mal et al.[ 389,417–419] The use of phosphonylphthalides was first reported by Watanabe et al.

and will also be investigated in this work.[ 420]

O

OiPrO

iPrO
CN

O

OiPrO

iPrO
SPh

O

OiPrO

iPrO
SO2Ph

O

OiPrO

iPrO
PO(OMe)2

3.1643.1633.1623.161

Figure 3.2: Phthalides 3.161-3.164 containing different leaving groups for examination of the
Hauser-Kraus annulation.

Cyanophthalide 3.161 was synthesised according to a literature procedure by reaction of

aldehyde 3.167 with TMSCN in the presence of catalytic amounts of KCN and 18-crown-6,

followed by treatment of the α-trimethylsiloxybenzyl cyanide intermediate with glacial

acetic acid (Scheme 3.16).[ 421] Cyanophthalide 3.161 was obtained in a moderate 53 % yield

over two steps.

Phosphonylphthalide 3.164 was obtained following a procedure published by Van der Veken

et al.[ 422] Treatment of aldehyde 3.167 with trimethylphosphite in the presence of oxalic

acid gave 3.164 in 81% yield.
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Reagents and conditions: i) a) TMSCN, KCN, 18-crown-6, CH2Cl2, 3 h, 0 ◦C→r.t.; b) AcOH, 17 h, r.t., 53 %
over two steps; ii) oxalic acid, P(OEt)3, reflux, 16 h, 81%; iii) PhSO2Na, AcOH, 80 ◦C, 3 days, inseparable
mixture of 3.163 and 3.185 (1:1); iv) a) KOH, H2O, THF, r.t., 18 h; b) PhSH, PhMe, pTSA, 18 h, 36% over
two steps; v) mCPBA, CH2Cl2, 0 ◦C→r.t., 97%.

Scheme 3.16: Synthesis of phthalides 3.161-3.164.

In 2002, Tatsuta et al. published the synthesis of a similar sulfonylphthalide starting

from an ortho-formylbenzamide, which was treated with sodium phenylsulfinate in

glacial acetic acid.[ 423] These conditions were adopted; however, an inseparable 1:1

mixture of phenylsulfonylphthalide 3.163 and acetophthalide 3.185 was observed, thus an

alternative pathway was investigated.[ 424] Thiophenylphthalide 3.162 could be synthesised

in a two-step, one-pot procedure from aldehyde 3.167. Potassium hydroxide was used

to first generate an unstable hydroxyphthalide 3.186, which was then treated in situ

with thiophenol to form thiophenylphthalide 3.162 in a moderate 36% yield over two

steps.[ 424] The thiophenylphthalide 3.162 was then oxidised with mCPBA to afford

phenylsulphonylphthalide 3.163 in 97% yield.[ 424]
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D. Summary of the synthesis of phthalides 3.161-3.164

Aldehyde 3.167 is the common intermediate to access phthalides 3.161-3.164. The optimised

synthesis allows access to aldehyde 3.167 in four steps from commercially available

2,4-dihydroxybenzoic acid 3.166 in quantitative yield over four steps (Figure 3.17). The

synthesis of cyanophthalide 3.161 could be shortened from a 7-step synthesis to a 5-step

synthesis and additionally, the overall yield increased from 23% yield to 53% (Scheme 3.17).
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1 step, quant.

iPrO

iPrO
O

O

CN

1 step 57% yield
1 step, 53% yield

3.166 3.168

3.167 3.161

Scheme 3.17: Comparison of the optimised synthesis of cyanophthalide 3.161 compared to the
known pathway.[ 412] Blue indicates steps and yields of the known pathway, purple the optimised
steps and yields.

With aldehyde 3.167 in hand, four different phthalides 3.161-3.164 were synthesised, which

will be used for investigation of the Hauser-Kraus annulation with enone 3.165.
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Scheme 3.18: Synthesised phthalides for the Hauser-Kraus annulation.
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3.2.2 Synthesis of enone 3.165

With phthalides 3.161-3.164 in hand, the remaining annulation partner for the Hauser-Kraus

annulation, enone 3.165, was synthesised. Enone 3.165 was easily accessible following the

known procedure in one step.[ 411] Commercially available starting materials crotonaldehyde

3.92 and methyl acetoacetate 3.115 were treated with potassium tert-butoxide in tert-butanol

to give cyclohexenone 3.165 (Scheme 3.19).

OMe

O O

O
i

O

+

3.115 3.92 3.165 = rac

Reagents and conditions: i) KOt-Bu, t-BuOH, 0 ◦C→90 ◦C, 20 h, 27%.

Scheme 3.19: Synthesis enone 3.165.

Purification by column chromatography was found to be difficult and did not afford pure

enone 3.165. Distillation afforded pure enone 3.165, however the yield dropped to 27% due

to polymerisation. It was decided that the poor yield was acceptable in this case due to the

ability to perform the reaction on a large scale, allowing for the isolation of multiple gram

quantities of pure enone 3.165.
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3.2.3 Hauser-Kraus annulation of phthalides 3.161-3.164 with 3.165

Both starting materials, phthalides 3.161-3.164 and enone 3.165 for the Hauser-Kraus

annulation were successfully synthesised. The desired product of the Hauser-Kraus

annulation is a dihydroquinone, however, dihydroquinones often oxidise rapidly on exposure

to air and are therefore unstable. Excluding oxygen from the reaction mixture and trapping

the formed dihydroquinone directly with dimethylsulfate allows the generation of stable

methylated dihydroquinone. Thus, a one-pot Hauser-Kraus annulation-methylation strategy

was attempted using cyanophthalide 3.161 and enone 3.165 (Scheme 3.20).[ 425]
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iPrO

iPrO

3.187 = rac 3.188 = rac3.165 = rac

iPrO
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O

O

CN

O

+

3.161

Scheme 3.20: Proposed Hauser-Kraus annulation of cyanophthalide 3.161 with enone 3.165.

Cyanophthalide 3.161 was deprotonated using potassium tert-butoxide in DMSO at room

temperature for 15 minutes. The reaction was followed by TLC, which showed formation of

two spots. The ratio did not seem to change over time, and after 2 hours, caesium carbonate

and dimethylsulfate were added, and the suspension was heated at 110 ◦C. After workup,

the monomethylated product 3.189 could be isolated in 19% yield. Furthermore, 56% of the

Michael addition product 3.190 was also isolated (Scheme 3.21).
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Reagents and conditions: i) a) 3.161, KOt-Bu, DMSO, r.t., 15 min; b) 3.165, r.t., 20 min, c) Me2SO4, Cs2CO3,
17 h, 110 ◦C, 19 % 3.189, 56 % 3.190

Scheme 3.21: Hauser-Kraus annulation of cyanophthalide 3.161 with enone 3.165.

The Michael addition of cyanophthalide 3.161 to enone 3.165 is the first step of the

Hauser-Kraus-annulation. Therefore, the conversion of the Michael addition product

3.190 to the final product 3.189 was attempted under the same Hauser-Kraus annulation

conditions. Unfortunately, decomposition of the starting material was observed which is

similar to previous observations reported by Lebrasseur et al. (Scheme 3.22).[ 391]
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Reagents and conditions: i) 1. KOt-Bu, DMSO, r.t., 2. 3.190 in DMSO, r.t., 40 min, 3. Cs2CO3, Me2CO3,
110 ◦C, 6 h, decomposition.

Scheme 3.22: Attempted Dieckmann condensation of Michael addition product 3.190.

Reverse addition of the starting materials was then attempted to prevent possible

decomposition of the deprotonated cyanophthalide. The base was dissolved in tert-butanol

followed by the addition of a mixture of cyanophthalide 3.161 and enone 3.165. However,
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no annulation product was formed, and methylated cyanophthalide 3.192 was the only

compound isolated (Scheme 3.23).
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Reagents and conditions: i) 1. KOt-Bu, DMSO, r.t., b) 3.161 and 3.165 in DMSO, r.t., 40 min, c) Cs2CO3,
Me2CO3, 110 ◦C, 6 h, 56 % 3.190.

Scheme 3.23: Attempted Hauser-Kraus annulation of cyanophthalide 3.161 and enone 3.165.

Isolation of the Michael addition product is the result of protonation of the enolate

intermediate. Replacement of the protic solvent used for this reaction by the aprotic solvent,

THF, was thus proposed to improve the yield of the desired annulation product 3.188. These

conditions afforded monomethylated product 3.189 in 42% yield, and just traces of Michael

addition product 3.190 (Entry 1, Table 3.2).
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Table 3.2: Different conditions tested for the Hauser-Kraus annulation of cyanophthalide 3.161 with
enone 3.165.

iPrO

iPrO
O

O

CN

O

3.165 = rac

OOH

OMe

iPrO

iPrO

3.189 = rac

+

OOH

OH

iPrO

iPrO

3.192 = rac

iPrO

iPrO
O

O

NC

O

3.190 = rac

+ +

conditions see table

3.161

Entry Conditions Result
3.189 3.192 3.190

1
a) phthalide 3.162, enone 3.165, KOt-Bu,
THF
b) Me2SO4, KOH, H2O

42% − trace

2 a) phthalide 3.162, enone 3.165, DBU, THF
b) Me2SO4, KOH, H2O decomposition

3
a) phthalide 3.162, enone 3.165, KHMDS,
THF
b) Me2SO4, KOH, H2O

35% trace −

The influence of different bases was next investigated. Use of DBU resulted in

decomposition of both starting materials 3.161 and 3.165. However, 35% of the desired

product 3.189 was isolated when KHMDS was used as the base. Traces of dihydroquinone

3.192 were also formed, which decomposed rapidly after isolation.

The effect of the phthalide C-3 leaving group on the Hauser-Kraus annulation with

enone 3.165 was also investigated using phthalides 3.162-3.164. Unfortunately, under these

conditions decomposition of both starting materials was observed in each case (Table 3.3).
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Table 3.3: Effects of different leaving groups on phthalide on the Hauser-Kraus annulation with
enone 3.165.

iPrO

iPrO
O

O

R

O
OOH

OMe

iPrO

iPrO
+

3.189 = rac3.165 = racR = SPh: 3.162
R = SO2Ph: 3.163
R = PO(OEt)2:  3.164

Entry R Conditions Result

1 PO(OEt)2

a) phthalide 3.164, KOt-Bu, DMSO
b) enone 3.165
c) Me2SO4, Cs2CO3

decomposition

2 SO2Ph
a) phthalide 3.163, enone 3.165, KOt-Bu,
THF
b) Me2SO4, KOH, H2O

decomposition

3 SPh
a) phthalide 3.162, enone 3.165, KOt-Bu,
THF
b) Me2SO4, KOH, H2O

decomposition

It was therefore decided to use the previously established optimum conditions (Table 3.2,

entry 1) using potassium tert-butoxide in THF which afforded the desired product 3.189 in

42% yield.
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3.2.4 Attempted synthesis of 2-carbathysanone 2.48 from

Hauser-Kraus annulation methylation product 3.189

2-Carbathysanone 2.48 was proposed to be synthesised from diol 3.193 via an

oxidation-protecting group cleavage sequence (Scheme 3.24). Diol 3.193 was accessible

from previously synthesised Hauser-Kraus annulation product 3.189 via reduction.
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Scheme 3.24: Retrosynthetic plan for the synthesis of 2-carbathysanone 2.48 from Hauser-Kraus
annulation-methylation product 3.189.

A. Reduction of Hauser-Kraus annulation methylation product 3.189

To obtain diol 3.193 from the previously synthesised ketone 3.189, standard

reduction conditions using borane-dimethylsulfide complex in dichloromethane were first

investigated.[ 191] Diol 3.193 was obtained in 93% yield with a cis/trans ratio of 5:1

(Scheme 3.25).
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Reagents and conditions: BH3·SMe2, CH2Cl2, 2 h, 93% 3.193, =5:1 (cis:trans), 7% 3.194.

Scheme 3.25: Reduction of Hauser-Kraus annulation-methylation product 3.189.

Both isomers, 3.193a and 3.193b, could not be separated, however, both GCMS and ESI

mass spectrometry suggested the presence of just one molecule with the structural formula

C22H30O5 which is in agreement with both isomers 3.193a and 3.193b. NMR-spectroscopy

showed two products, suggesting the same constitutional structure but differing in the

relative stereochemistry at C-1 and C-3. The main product, 3.193a was later compared with

diastereomerically pure 3.193a. Selective nOe of the pure major product 3.1936a confirmed
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the cis configuration due to the presence of an nOe between H-1 and H-3 but the absence

of an nOe between the C-3 methyl group and the C-1 alcohol group, which suggested

pseudo-equatorial positions for both, the C-1 alcohol and the C-3 methyl group in 3.193a

(Figure 3.3).
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iPrO
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H

nOe

3.193a = (±)-cis

Figure 3.3: Establishment of the relative stereochemistry of 3.193a.

Surprisingly, the cyclohexane derivative 3.194 was also obtained in 7% yield (Scheme 3.25).

The proposed mechanism for the reduction is shown in Scheme 3.26. Borane deprotonates

the alcohol first and forms the stable adduct 3.196. Reduction of the prochiral ketone

3.195 then occurs via a 6-membered transition state (3.196a, favoured, blue; 3.196b,

disfavored, red). Diastereoselective hydride delivery then takes place predominantly from

the opposite face to the C-3 methyl group, leading to the 1,3-cis-alcoholate 3.197a. However,

a small amount of the 1,3-trans-alcoholate 3.197b is also obtained, as the borane used

is not sterically bulky enough to ensure complete selectivity. The primary mono-reduced

intermediates 3.197a and 3.197b can then be reduced further, by the same mechanism, to

afford 1-deoxygenated cyclohexane derivative 3.194. Aqueous workup then affords the three

products 3.193a, 3.193b and 3.194.
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Scheme 3.26: Proposed mechanism of the reduction of ketone 3.189 to form major cis-alcohol
(±)-cis-3.193a, minor trans-alcohol (±)-trans-3.193b and cyclohexane derivative 3.194.

In an attempt to increase the diastereoselectivity of this reaction, a selection of more

sterically hindered boranes were screened. For the reaction to occur, the borane must still

possess two hydrides. One is needed to deprotonate the alcohol, and the second hydride is

required in order to coordinate another equivalent of borane, which then attacks the carbonyl

group. No examples are available in the literature for reductions using mono-substituted

boranes; however, disubstituted boranes are common reagents. It was therefore decided

to generate cyclohexylborane via hydroboration of cyclohexene and isopropoxyborane by
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treating borane-dimethylsulfate complex with one equivalent of isopropanol. The results of

the reduction of ketone 3.189 are shown in Table 3.4.

Table 3.4: Conditions trialled for stereoselective reduction of ketone 3.189.

iPrO

iPrO

OH O

3.189 = rac
OMe

iPrO

iPrO

OH

3.193a = (±)-cis
OMe

OH iPrO

iPrO

OH

3.194 = rac
OMe

+

iPrO

iPrO

OH

3.193b = (±)-trans
OMe

OH

+

Entry Borane 3.193a: 3.193b 3.194
1 BH3·SMe2 93% (5:1) 7%
2 (C6H11)BH2 72% (1:0) 25%
3 i-PrOBH2 56% (1:0) 32%

The use of cyclohexylborane and isopropoxyborane resulted in an increase of the

cyclohexane-byproduct 3.194. However, the diastereoselectivity also increased, and only

cis-product 3.193a was observed. Cyclohexylborane was therefore selected for further

synthesis of 3.193a.
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B. Oxidation and protecting group cleavage of diol 3.193a

With diol 3.193a in hand, the next step was the oxidation of the diol to the corresponding

quinone 2.49.

Diol 3.193a a was oxidised using CAN in acetonitrile-water, and quinone 2.49 was isolated

in 74% yield (Scheme 3.27). To complete the synthesis of cis-2-carbathysanone 2.48, only

one step, cleavage of the isopropyl protecting groups, remained. However, cleavage of the

isopropyl protecting group was not possible using either AlCl3, BCl3 or Bi(OTf)3; only

decomposition of the starting material was observed using these conditions.[ 191,426,427]
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Reagents and conditions: i) CAN, MeCN-H2O, 74%; ii) AlCl3, CH2Cl2, decomposition; or: BCl3, CH2Cl2,
decomposition; or: Bi(OTf)3, THF-H2O, reflux, decomposition.

Scheme 3.27: Oxidation of diol 3.193a to quinone 2.49 and attempted protecting group cleavage.
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3.2.5 Summary of the attempted synthesis of 2-carbathysanone 2.48

The synthesis of aldehyde 3.167 was optimised to a four-step procedure, which afforded

aldehyde 3.167 in quantitative yield over the four steps (Scheme 3.28). Aldehyde 3.167 was

then converted to phthalides 3.161-3.164 containing different leaving groups. Optimisation

of the key-Hauser-Kraus annulation of phthalides 3.161-3.164 with enone 3.165 then

showed that cyanophthalide 3.161 gave the best yield of the desired annulation product

3.189 (42% yield, using potassium tert-butoxide, THF). Reduction of ketone 3.189 was

optimised to afford the cis-alcohol 3.193a in 72% yield using freshly prepared cyclohexyl

borane. Oxidation of 3.193a to quinone 2.49 using CAN proceeded in 74% yield; however,

subsequent cleavage of the isopropyl protecting groups was unsuccessful, resulting only in

decomposition of 2.49. Therefore it was decided to change the protecting group strategy.

OH

HO

OMe

O
4 steps
quant.

iPrO

iPrO

NEt2

O

H

O

O

iPrO

iPrO

O

R
R=CN 3.161 (53%)
R= PO(OEt2) 3.164 (81%)
R=SPH 3.162 (36%)
R=SO2Ph 3.163 (97%)

3.166 3.167

O

iPrO

iPrO

O

CN

O

+

OOH

OMe

iPrO

iPrO

BH2

OH

OMe

iPrO

iPrO

OH O

O

iPrO

iPrO

OH

O

O

OH

HO

OH

1. KOt-Bu, THF
2. Me2SO4, KOH

2.48 = (±)-cis

2.49 = (±)-cis3.193a = (±)-cis

3.189 = rac3.165 = rac3.161

42%

72%

CAN
74%

Scheme 3.28: Summary of the attempts to synthesise 2-carbathysanone 2.48.
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3.2.6 Change of protecting group strategy

It was decided that the synthesis of 2-carbathysanone 2.48 required a base-stable

protecting group which can be removed under relatively mild acidic conditions to prevent

decomposition during the protecting group cleavage step. MOM-ethers fulfil these

requirements, and it was thus decided to change the protecting groups on naphthoquinone

3.199 to MOM-ethers. The revised retrosynthetic scheme is shown in Scheme 3.29,

which is similar to the previously described synthesis and follows conditions previously

published.[ 423]
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Scheme 3.29: New retrosynthetic approach towards 2-carbathysanone 2.48.

Minor changes to the synthesis of phthalide 3.200 compared to the previous route

are shown in Scheme 3.30. The procedure to generate a cyanophthalide from an

ortho-formylbenzamide uses glacial acetic acid which will remove acid labile protecting

groups. It was therefore decided to use TBS-ethers for the synthesis of aldehyde 3.202

due to the low cost of TBSCl and the convenient and nontoxic conditions required for the

protection sequence. The TBS-ethers will be cleaved during the phthalide formation step to

afford cyanophthalide 3.201, which can then be MOM-protected.[ 423]
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Scheme 3.30: Retrosynthesis of MOM-protected cyanophthalide 3.200.[ 423]
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A. Synthesis of MOM-protected phthalide 3.200

The synthesis of MOM-protected phthalide 3.200 is shown in Scheme 3.31. Methyl ester

3.175 was obtained in the same manner as previously discussed (Section A., p. 268).

TBS-protection of 3.175 with TBSCl and sodium hydride afforded ester 3.203 in quantitative

yield. Amide formation using trimethylaluminum and diethylamine in toluene afforded

amide 3.204 in quantitative yield which then underwent ortho-formylation, affording

aldehyde 3.202 in 82% yield.
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Reagents and conditions: i) MeOH, H2SO4, reflux, quant.; ii) NaH, TBSCl, 0 ◦C→r.t., 2 h, quant.; iii) AlMe3,
Et2NH, PhMe, reflux, quant.; iv) t-BuLi, TMEDA, DMF, THF, −78 ◦C→r.t., 18 h, 82%; v) a) TMSCN, KCN,
18-crown-6, CH2Cl2, 0 ◦C→r.t. 3 h, b) AcOH, 18 h, 37%; vi) MOMCl, DIPEA, DMF, 0 ◦C, 1 h, 65% 3.205;
vii) P4O10, CH2(OMe)2, CH2Cl2, 0 ◦C→r.t., 3 h, 87%; viii) a) TMSCN, KCN, 18-crown-6, CH2Cl2, 0 ◦C→r.t.,
3 h; b) AcOH, 18 h, c) P4O10, CH2(OMe)2, CH2Cl2, 0 ◦C→r.t., 3 h, 37%.

Scheme 3.31: Synthesis of MOM-protected phthalide 3.200.

Treatment of aldehyde 3.202 with TMSCN, KCN, 18-crown-6 in dichloromethane and

subsequent heating at reflux in acetic acid afforded diol 3.201 in 37% yield. Due to high

water solubility of 3.201, it was difficult to isolate the product from the acetic acid using an

aqueous workup.
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Protection of cyanophthalide 3.201 under literature conditions using MOMCl and Hünigs

base was problematic and could not be repeated, instead adduct 3.205 was isolated in 65%

yield.[ 423] The proton at C-3 is highly acidic and can be easily deprotonated by weak bases

like DIPEA. Nucleophilic attack on MOMCl can then occur via an SN1 mechanism or an

SN2 mechanism which affords 3.205 (Scheme 3.32; blue, SN1; red, SN2).
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Scheme 3.32: Proposed mechanism of formation of 3.205.

MOM-acetals can also be generated under acidic conditions using dimethoxymethane

(DMM) and acid.[ 428] These conditions were therefore implemented. The desired

cyanophthalide 3.200 was afforded in 87% yield after treatment of cyanophthalide 3.201 with

phosphorous pentoxide and DMM in dichloromethane (Scheme 3.31). A one-pot phthalide

formation-TBS-protecting group cleavage-MOM-protection sequence was also attempted,

affording the desired phthalide 3.200 in an improved 37% yield.

The desired MOM-protected cyanophthalide 3.200 was successfully synthesised in 30%

overall yield from commercially available 2,4-dihydroxybenzoic acid over five steps

including a three-step, one-pot synthesis of phthalide 3.200 from aldehyde 3.202.
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B. Synthesis of 2-carbathysanone 2.48 from MOM-protected phthalide 3.200

With MOM-protected cyanophthalide 3.200 in hand, the previously established

Hauser-Kraus annulation conditions used to convert diisopropyl protected cyanophthalide

3.161 and enone 3.165 to annulation product 3.189 were applied to MOM-protected

phthalide 3.200 (Scheme 3.33). However, the desired product 3.208 could not be isolated

in the present investigation.
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+
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3.165 = rac
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OMe
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i

Reagents and conditions: i) a) KOt-Bu, THF, r.t., 1 h, b) Me2SO4, KOH, H2O, 3 h, reflux.

Scheme 3.33: Failed Hauser-Kraus annulation of MOM-protected phthalide 3.200 using previously
established conditions.

Potassium tert-butoxide is a relatively strong base with some nucleophilic character that can

undergo reaction with electrophiles. To eliminate possible nucleophilic side reactions, it

was decided to use a strong, non-nucleophilic base. It was therefore decided to use sodium

hydride, which generates hydrogen upon deprotonation (Scheme 3.34). Direct methylation

of the intermediate dihydroxyquinone was undertaken with dimethylsulfate and sodium

hydride to afford the dimethylated Hauser-Kraus annulation product 3.209 in 79% yield.
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Reagents and conditions: i) a) NaH, THF, 0 ◦C→r.t., 1 h, b) Me2SO4, NaH, 0 ◦C→r.t., 3 h, 79%.

Scheme 3.34: Hauser-Kraus annulation of MOM-protected phthalide 3.200.

Encouraged by this good yield, isopropyl protected pthalide 3.161 was subjected to

the same conditions to determine whether the difference in yield were due to the

nature of the protecting group or the use of a strong, non-nucleophilic base. The

dimethylated isopropyl-protected Hauser-Kraus annulation product was isolated in 72%

yield, demonstrating that sodium hydride is indeed an excellent choice as base for
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Hauser-Kraus annulations in this system.

Reduction of 3.209 was then attempted under the previously established conditions

(cyclohexyl borane, borane-dimethylsulfide, Table 3.5). However, neither using

cyclohexylborane, nor borane-dimethylsulfide afforded any of the desired product 3.210a.

Rather decomposition of the starting material was observed. Sodium borohydride afforded

the desired cis-alcohol 3.210a in 20% yield. Reduction of ketone 3.209 with DIBAL-H

afforded cis-alcohol 3.210a in 51% yield.

Table 3.5: Conditions tested for the stereoselective reduction of ketone 3.209.

OMe

OMe

OMOMO

MOMO

3.209 = rac

OMe

OMe

MOMO

MOMO

3.210a = (±)-cis

OH OMe

OMe

MOMO

MOMO

3.210b = (±)-trans

OH

Entry Borane Result (3.210a:3.210b)
1 BH3·SMe2 decomposition
2 (C6H11)BH2 decomposition
3 NaBH4 20% (1:0)
4 DIBAL-H 51% (1:0)

It was also found that workup of the reaction using mildly acidic conditions (0.1 M

aqueous hydrochloric acid) afforded elimination product 3.212 in 43% yield (Scheme 3.35).

Alcohol 3.210a is formed, and subsequently protonated, during acidic workup with 0.1 M

aqueous hydrochloric acid solution. Elimination to 3.212 is proposed to take place via an E1

mechanism due to the hydroxygroup being benzylic.
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Scheme 3.35: Proposed mechanism for formation of elimination product 3.212.
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Workup of the reaction mixture was therefore performed under neutral conditions to give

the desired alcohol 3.210a in 51% yield. Alcohol 3.210a was then oxidised to quinone

2.50 using CAN in acetonitrile-water in 33% yield (Scheme 3.36). Removal of the

MOM-protecting groups was first attempted using 1 M aqueous hydrochloric acid; however,

only decomposition products of the starting material 2.50 were observed. Milder conditions

for MOM-protecting group cleavage were thus trialled. Bismuth triflate has been shown to

cleave MOM-acetals in a THF-water mixture at room temperature.[ 429] However, under these

conditions, only starting material was observed after two hours. The reaction was then heated

at 60 ◦C and a new spot on TLC was observed, which suggested selective mono-cleavage of

the C-9 MOM-acetal due to a decrease in the polarity of the product being noted presumingly

due to intramolecular hydrogen bonding of the newly generated C-9 alcohol group to the

C-10 methoxy group. The reaction did not change after two hours as observed by TLC,

hence it was heated at 80 ◦C for a further three hours to afford a product with greater polarity

than the intermediate and the starting material. After workup and purification, the desired

product 2.48 was isolated in 87% yield.
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Reagents and conditions: i) CAN, MeCN-H2O, 0 ◦C, 10 min, then: r.t., 5 min, 33%; ii) Bi(OTf)3, THF-H2O,
80 ◦C, 87%.

Scheme 3.36: Synthesis of 2-carbathysanone 2.48.
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3.3 Synthesis of 2-carbathysanone analogues

In addition to 2-carbathysanone 2.48, a series of five analogues was planned to be synthesised

that differed in the oxidation state at C-1 (Figure 3.4). Analogues 2.49 and 2.50 are

intermediates obtained during the synthesis of 2-carbathysanone 2.48 and were described

in the previous section.

iPrO

iPrO

O

O

MOMO

MOMO

O

O

OH

2.51 = rac2.50 = (±)-cis

iPrO

iPrO

O

O

OH

2.49 = (±)-cis

MOMO

MOMO

O

O
3.214 = rac

iPrO

iPrO

O

O
3.215 = rac

O O MOMO

MOMO

O

O
3.216 = rac

Figure 3.4: Desired analogues of 2-carbathysanone 2.48.

Scheme 3.37 summarises the synthesis of 2.51, 3.214-3.217. The synthesis of each analogue

was initially attempted by oxidation of their precursors with silver(II) oxide to give the

corresponding quinones. However, oxidation of ketones 3.189 and 3.209 under these

conditions led to decomposition of the starting material. It was proposed that the high

oxidation state of C-10 and the carbons at positions peri to C-10 (C-9 and C-1) destabilise

the quinone-product which leads to decomposition. This is in agreement with previous

attempts to oxidise the lactone-analogue of thysanone, which also led to decomposition.

Disappointingly, decomposition was also observed for the oxidation of olefin 3.212 using

silver(II) oxide in order to synthesise quinone 3.216.
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Scheme 3.37: Attempted synthesis of analogues 2.51 and 3.214-3.216.
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3.4 Summary of the synthesis of 2-carbathysanone 2.48

The synthesis of 2-carbathysanone 2.48 proved to be more challenging than originally

anticipated. Initial attempts of using a Staunton-Weinreb annulation as the key-step in a

similar manner as used for the initial synthesis of thysanone 1.69 was unsuccessful, and no

product was isolated (Scheme 3.38).
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Scheme 3.38: Unsuccessful synthesis of 2-carbathysanone 2.48 using a Staunton-Weinreb annulation
as the key-step.

It was then decided to change the strategy and use a Hauser-Kraus annulation as the key-step.

Optimisation of the phthalide synthesis is shown in Scheme 3.39. Commercially available

benzoic acid 3.166 was converted to its methyl ester 3.175 in quantitative yield using sulfuric

acid in methanol. Complete isopropyl protection of methyl ester 3.175 to afford 3.176

was achieved using caesium carbonate, TBAI and isopropyl bromide in quantitative yield.

Protected methyl ester 3.176 was then converted in one step to amide 3.168 in quantitative

yield using trimethylaluminium and diethylamine. Formylation of amide 3.168 using

tert-butyllithium and DMF afforded benzaldehyde 3.167 in quantitative yield. Hauser-Kraus

annulation partner cyanophthalide 3.161 was then completed using a two step procedure.

Benzaldehyde 3.167 was first treated with TMSCN, KCN and 18-crown-6 followed by

addition of acetic acid to afford cyanophthalide 3.161 in 53% yield.
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Scheme 3.39: Synthesis of cyanophthalide 3.161 in anticipation of the key Hauser-Kraus annulation.

The Hauser-Kraus annulation of enone 3.165 was investigated using different phthalides,

solvents and bases. Enone 3.165 was synthesised from crotonaldehyde 3.92 and methyl

acetoacetate 3.115 according to a procedure reported by Yudin et al.[ 411] Best conditions for

the Hauser-Kraus annulation were achieved using a one-pot annulation-methylation strategy

using cyanophthalide 3.161 and tert-butanol in THF followed by addition of potassium

hydroxide and dimethylsulfate to afford mono-methylated phenol 3.189 in 42% yield. To

achieve cis-stereoselectivity for the reduction of the C-1 carbonyl, a mono substituted

borane was used. Cyclohexylborane showed the best result affording desired diol 3.193a

with cis-configuration between the C-1 hydroxy group and the C-3 methyl group in 72%

yield. Oxidation of diol 3.193a using CAN then afforded quinone 2.49. However, the final

deprotection step was unsuccessful, necessitating a change of the protecting group strategy.
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Scheme 3.40: Second approach for the synthesis of 2-carbathysanone 2.48 using a Hauser-Kraus
annulation as the key-step.

It was therefore decided to change the isopropyl protecting groups to MOM-groups

(Scheme 3.41), thus requiring the synthesis of phthalide 3.200. Previously synthesised

methyl ester 3.175 was TBS-protected using sodium hydride and TBSCl in quantitative

yield. Methyl ester 3.203 was then converted to amide 3.204 using similar conditions to

the previously synthesised isopropyl protected amide in quantitative yield. Formation of

aldehyde 3.205 from amide 3.204 using tert-BuLi and DMF was achieved in 82% yield.

A one-pot three-step procedure then gave MOM-protected cyanophthalide 3.200 in 37%

yield. Unfortunately, the previously optimised Hauser-Kraus annulation and reduction

conditions were unsuccessful for the new MOM-protected cyanophthalide 3.200. However,

the Hauser-Kraus annulation conditions were reoptimised for this specific substrate using

sodium hydride in THF and subsequent treatment with sodium hydride and dimethyl sulfate

affording the double methylated annulation product 3.209 in an excellent 79% yield. Due to

methylation of the C-10 alcohol under these conditions, the previously established reduction

conditions were not successful. However, reduction was successful using DIBAL-H which

afforded 3.210a in 51% yield. 2-Carbathysanone 2.48 was then synthesised in two further

steps namely oxidation using CAN (33% yield) and MOM-protecting group cleavage using

bismuth triflate (87% yield). Thus, 2-carbathysanone 2.48 was successfully synthesised in

nine steps in an overall 4% yield.
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Scheme 3.41: Third and final approach for the successful synthesis of 2-carbathysanone 2.48.

Additionally, analogue 2.51 could be synthesised in 81% yield from naphthol 3.194 using a

silver(II) oxide mediated oxidation reaction (Scheme 3.42).
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Scheme 3.42: Synthesis of carbathysanone analogue 2.51.

In conclusion, this newly established synthesis using a Hauser-Kraus annulation gave access

to 2-carbathysanone 2.48 and three analogues 2.49-2.51 (Figure 3.5).
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Figure 3.5: Synthetic analogues 2.49-2.51 of 2-carbathysanone 2.48.





Chapter 4

Synthesis of 7-Deoxythysanone 2.43

7-Deoxythysanone analogues were synthesised to investigate whether the 7-hydroxy-

functionality of thysanone 1.69 has any influence on the inhibition of HRV 3C protease.

The retrosynthetic analysis of 7-deoxythysanone 2.43 was based upon an

oxa-Pictet-Spengler reaction involving union of homobenzylic alcohol 3.218 with

formaldehyde to afford core-intermediate 3.217 (Scheme 4.1). It was also investigated

whether this strategy enables the synthesis of thysanone 1.69 via iridium catalysed C-H

activation of the core-intermediate 3.217 and thus offers a scalable and reliable synthesis of

the natural product.
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Scheme 4.1: Retrosynthesis of pyranonaphthoquinone core structure 3.217.
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4.1 Synthesis of core structure 3.217

In order to investigate the use of the oxa-Pictet-Spengler reaction to afford the core structure

3.217, it was planned to synthesise homobenzylic alcohol 3.218.

4.1.1 Investigation of the synthesis of homobenzylic alcohol 3.218

Homobenzylic alcohol 3.218 was initially planned to be synthesised from juglone 2.55 by a

modification of the previously established allylation for bromoquinone 2.63 using silver

nitrate, ammonium peroxodisulfate and vinylactetic acid (Scheme 4.3).

OH O

O

MeO OMe

OMe

OH

OH O

O

OH

3.218 3.220 juglone 2.55

2

3
5

2

3
5

2

3
5

Scheme 4.2: Retrosynthesis of homobenzylic alcohol 3.218.

In the case of juglone 2.55, alkylation can occur at C-2 or C-3. It was hoped that

the regioselectivity of the reaction was product controlled by the stabilising effect of the

5-hydroxy functionality on the intermediate radical that would favour addition of the radical

to C-2. Addition of the radical to C-3 would lead to a non-stabilised radical and was therefore

hoped to be the minor product.

OH O

O

OH

OH

O

OH

O

stabilising effect

e-

OH O

O

OH
e-

OH O

O

OH

OH O

O

OH

major

minor

2.55

3.222 3.220

3.223 3.224

2

3
5

2

3
5

2

3
5

2

5 3

2

5 3

3.221

Scheme 4.3: Proposed product of the radical alkylation of juglone 2.55.
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Juglone 2.55 was prepared from 1,5-naphthalenediol 3.225 using salcomine and oxygen in

a 92% yield (Scheme 4.4).[ 430] However, this method was only scalable to ∼1 g of juglone

2.55. A second method to synthesise juglone 2.55 used freshly prepared copper(I) chloride in

MeCN in air.[ 431] This reaction could be easily scaled up to access several grams of juglone

2.55 in a 91% yield.

OH

OH

OH

O

O

3.225 juglone 2.55

i

Reagents and conditions: i) salcomine, O2, MeCN, 92%; or: CuCl, air, MeCN, 91%.

Scheme 4.4: Synthesis of juglone 2.55.

Radical alkylation using 3-hydroxybutyric acid, silver nitrate and ammonium

peroxodisulfate afforded an inseperable mixture of alkylation-products 3.220 and 3.224 in

a ratio of 1:1.2 in an overall yield of 12% (Scheme 4.5). Due to the poor yield and lack of

regioselectivity, allylation using alternative conditions was investigated.

O

O

OH O

O

OH O

O

OH

+i

2.55 3.220 3.224

OH
OH

Reagents and conditions: i) 3-hydroxybutyric acid, AgNO3, (NH4)2S2O8, 12% (1:1.2 mixture of regioisomers).

Scheme 4.5: Radical alkylation of juglone 2.55.

Allylation of juglone 2.55 using 3-butenoic acid 3.230 using similar conditions to above

promised better yields and regioselectivitys due to stabilisation of the intermediate radical

3.226 generated from decarboxylation of 3-butenoic acid 3.230 (Scheme 4.6).



302 Chapter 4. Synthesis of 7-Deoxythysanone 2.43

O

O

OH O

O

OH O

O

OH

+i

2.55 2.56 2.57

O

O

OH

+

2.55 3.226

O

O

OH

2.58

+

OH

O
Ag2+

O

O
−CO2

3.227 3.228 2.336a 3.226b

Generation of radical 3.226:

3.226

Reagents and conditions: i) 3-butenoic acid, AgNO3, (NH4)2S2O8, 4% 2.56, 10% 2.47, 5% 2.58.

Scheme 4.6: Radical allylation of juglone 2.55.

However, reaction of juglone 2.55 with radical; 3.226 resulted in a poor yield of 4% of the

desired product 2.56 and the undesired regioisomer 2.57 (10%) and the disubstituted product

2.58 (5%). Increasing the amount of 3-butenoic acid 3.227 only increased the amount of

disubstituted product 2.68. The substitution patterns of the products were established using

HMBC experiments (Figure 4.1). A 4J-coupling of C-5 with H-3 was observed for the

desired analogue 2.56. This coupling was not observed for the major, undesired product

2.57. A 4J-coupling of C-5 and H-3 was observed for 2.57, but not for the desired product

2.56 suggesting the shown substitution pattern.
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Figure 4.1: HMBC spectra of regioisomers 2.56 and 2.57 to determine the substitution pattern.

Due to the lack of selectivity towards the desired product and the low yield of the reaction

it was decided to focus on the investigation of the oxa-Pictet-Spengler reaction with a more

accessible model compound that lacked the C5-hydroxy group as present in juglone 2.55.
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4.1.2 Investigation of the oxa-Pictet-Spengler reaction using model

systems

Due to the difficulty in synthesising homobenzylic alcohol 3.218 in sufficient yield, it was

decided to investigate the oxa-Pictet-Spengler reaction on a model study using a simple

homobenzylic alcohol 3.218 (Figure 4.2).

MeO OMe

OMe

OH

original planned substrate for the 
oxa-Pictet-Spengler reaction

OTBS

OH

model-substrate for the
oxa-Pictet-Spengler reaction

3.218 3.229

Figure 4.2: Model substrate for investigations into the optimisation of the oxa-Pictet-Spengler
reaction.

A. Synthesis of homobenzylic alcohol 3.229

In order to investigate the model oxa-Pictet-Spengler reaction, homobenzylic alcohol 3.229

was synthesised, which is accessible from 1-naphthol 3.131 using a Claisen rearrangement

(Scheme 4.7).

OTBS

OH

OH

Claisen 
rearrangement

3.229 3.131
OH
3.230

Scheme 4.7: Retrosynthesis of homobenzylic alcohol 3.229.

Allylation of 1-naphthol 3.131 using allyl bromide, potassium carbonate and a catalytic

amount of TBAI afforded allyl ether 3.231 in quantitative yield (Scheme 4.8). Claisen

rearrangement of 3.231 at 200 ◦C for three hours did not afford the desired naphthol 3.230,

however, the tricyclic product 3.232 was observed in 72% yield. It was proposed that desired

naphthol 3.230 was formed, however subsequent intramolecular addition led to formation of

tricyclic product 3.232. Reduction of the temperature to 180 ◦C and the time to 20 min
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then allowed isolation of the desired Claisen rearrangement product 3.230 in 96% yield

(Scheme 4.9).

OH
3.131

O

HO

O
3.232

3.230

3.231

i ii

Reagents and conditions: i) allyl bromide, TBAI, K3CO3, acetone, reflux, quant.; ii) neat, 200 ◦C, 3 h, 72%.

Scheme 4.8: Claisen rearrangement of allylic ether 3.231.

In order to synthesise homobenzylic alcohol 3.229 from olefin 3.230, a dihydroxylation with

subsequent glycol cleavage to the corresponding aldehyde followed by addition of methyl

magnesium bromide was planned. However, dihydroxylation of olefin 3.230 did not afford

glycol 3.233, rather bis-phenol 3.234 was isolated in 55% yield.

O

3.231

i

HO
3.230

HO
3.233

ii

OH
OH

HO

OH

3.234

OR

OH

3.229

Reagents and conditions: i) 180 ◦C, 30 min., 96%; or: DMF, 180 ◦C, sealed tube, 20 min, 86%; ii) OsO4,
K2Fe(CN)6, t-BuOH, 55% of dimer 3.234.

Scheme 4.9: Claisen rearrangement of allylic ether 3.230.
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In order to avoid dimerisation of olefin 3.230, the free alcohol functionality of naphthol

3.230 was protected as TBS-ether 3.235 using TBS-chloride and sodium hydride in 99%

yield (Scheme 4.10).

OH
3.230

i

TBSO
3.235

TBSO
3.236

ii O

TBSO
3.237

O
TBSO
3.229

OH

H

iv

iii

v

Reagents and conditions: i) NaH, TBSCl, THF, 99%; ii) conditions see table 4.1; iii) MeMgBr, THF, quant.;
iv) PdCl2, CuCl, O2, 71%; v) NaBH4, MeOH, quant.

Scheme 4.10: Synthesis of homobenzylic alcohol 3.229.

A one pot dihydroxylation-glycol cleavage was then compared to a stepwise procedure

(Table 4.1). Dihydroxylation of olefin 3.235 was undertaken using K3Fe(CN)6, potassium

carbonate and osmium tetroxide in tert-butanol and diol 3.238 was isolated. Glycol cleavage

of diol 3.238 using sodium metaperiodate then afforded aldehyde 3.236 in 56% yield over

both steps. This procedure was also carried out in a two-step, one-pot procedure affording

aldehyde 3.236 in 53% yield. A one pot procedure using osmium tetroxide, sodium

metaperiodate and 2,6-lutidine afforded the desired aldehyde 3.236 in 55% yield. It was

observed that all procedures afforded similar yields of aldehyde 3.236. Aldehyde 3.236 was

then converted to the desired homobenzylic alcohol 3.229 in quantitative yield by addition

of methyl magnesium bromide (Scheme 4.10).
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Table 4.1: Dihydroxylation-glycol cleavage conditions for olefin 3.235.

OTBS OTBS

OH

OTBS
H

O

3.235 3.2363.238

OH

Entry Conditions Yield of 3.236

1 a) K3Fe(CN)6, K2CO3, OsO4, t-BuOH;
b) NaIO4

56% (stepwise)

2 a) K3Fe(CN)6, K2CO3, OsO4, t-BuOH;
b) NaIO4

53% (one pot)

3 OsO4, NaIO4, 2,6-lutidine, dioxane-H2O 55%

In order to avoid toxic OsO4 Wacker oxidation of olefin 3.225 to ketone 3.237 followed

by reduction to alcohol 3.229 was also trialled (Scheme 4.10). Wacker oxidation of

aldehyde 3.229 gave ketone 3.237 in 71% yield which was then converted to desired

homobenzylic alcohol 3.229 using sodium borohydride in quantitative yield. The

dihydroxylation-glycol cleavage sequence of olefin 3.229 followed by methyl-Grignard

addition afforded homobenzylic alcohol in 48% over two steps. Wacker oxidation of olefin

3.235 followed by sodium borohydride reduction of methyl ketone 3.237 afforded the desired

homobenzylic alcohol 3.29 in 71% yield over two steps. Thus, due to the higher yield

and lower toxicity of the reagents used, it was decided to use the Wacker oxidation-sodium

borohydride reduction sequence for subsequent work.
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A.1 Oxa-Pictet-Spengler reaction of homobenzylic alcohol 3.229

With homobenzylic alcohol 3.229 in hand, the oxa-Pictet-Spengler reaction was trialled

using a number of different acids and conditions (Table 4.2). Use of Amberlyst-15 R©resulted

in the formation of acetal 3.239 in 73% yield, which is an intermediate formed during the

oxa-Pictet-Spengler reaction. Acids, such as para-toluenesulfonic acid, boron trifluride,

bismuth triflate and trimethylsilyl triflate resulted in complete decomposition of the starting

material. Dowex-H+ only resulted in recovered staring material.

Table 4.2: Oxa-Pictet-Spengler reaction of homobenzylic alcohol 3.229 using dimethoxymethane as
a formaldehyde equivalent.

OTBS

OH

OTBS

O

O

OTBS

O

3.229 3.2403.239
Entry Acid Solvent T Result

1 Amberlyst-15 R© CH2Cl2 rt acetal 3.239 (73%)
2 pTsOH MeOH rt decomposition
3 BF3·OEt2 CH2Cl2 0 ◦C decomposition
4 BF3·OEt2 THF 0 ◦C decomposition
5 Bi(OTf)3 CH2Cl2 rt decomposition
6 TBSTf MeCN rt decomposition
7 Dowex-H+ MeOH rt no reaction

A possible reason for the failure of the oxa-Pictet-Spengler reaction is shown in Scheme 4.11.

Stereoelectronic activation at C-3 is important for the nucleophilic attack of the aromatic

system onto the oxonium ion intermediate to effect formation of the pyran ring. However,

the C-3 position of substrate 3.241 is located meta to the TBS-ether functionality and is

therefore not electronically activated. Additionally, the TBS-protecting group is acid and

fluoride labile and side reactions might occur with stronger acids or fluoride-containing acids

such as boron trifluoride diethyl etherate.
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OTBS
OTBS

O

O

OTBS

O O

OTBS

O

OTBS

O

3.239

3.240

3.241

stereo-electronically 
not activated

acid labile group

3
3 3 3

3

Scheme 4.11: Possible reasons causing the oxa-Pictet-Spengler reaction to fail.

Two more starting materials for the oxa-Pictet-Spengler reaction were synthesised

(Figure 4.3). Substrate 2.242 contains a methoxy-group at C-1, which provides a greater

stability towards acids than a TBS-group and substrate 3.243 includes also a methoxy group

at C-4 for further electronic activation of C-3.

OMe

OH

3.242
OMe

OH

3.243

OMe

exchange of TBS-ether 
to a methyl ether

activation of C-3 by 
introducing a methoxy 
in ortho-position to C-3

1

3 3

1

4

Figure 4.3: Starting materials for the oxa-Pictet-Spengler reaction.
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B. Synthesis of homobenzylic alcohol 3.242

In order to perform the oxa-Pictet-Spengler reaction on a substrate containing an acid-stable

naphthol protecting group, homobenzylic alcohol 3.232 was synthesised. Homobenzylic

alcohol 3.242 was accessible from the previously synthesised olefin 3.230 (Scheme 4.12).

Methylation of the hydroxy functionality of naphthol 3.230 using dimethyl sulfate and

potassium carbonate in acetone afforded the methyl ether 3.243 in 97% yield. Wacker

oxidation of the olefin 3.243 using palladium chloride, freshly prepared copper(I) chloride

and oxygen afforded the corresponding ketone in 76% yield which was then reduced using

sodium borohydride in methanol to afford desired alcohol 3.242 in quantitative yield.

OH OMe OMe

OH

3.230 3.243 3.242

i ii,iii

Reagents and conditions: i) Me2SO4, K2CO3, acetone, reflux, 97%; ii) PdCl2, CuCl, O2, 76%; iii) NaBH4,
MeOH, quant.

Scheme 4.12: Synthesis of homobenzylic alcohol 3.242.
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B.1 Oxa-Pictet-Spengler reaction of homobenzylic alcohol 3.242

With homobenzylic alcohol 3.242 in hand, the oxa-Pictet-Spengler reaction was investigated.

Table 4.3 summarises the attempts of the oxa-Pictet-Spengler reaction using homobenzylic

alcohol 3.242 and dimethoxymethane 3.245 as substrates. Mild para-toluenesulfonic acid

led to no reaction, whilst decomposition of homobenzylic alcoholwas observed using boron

trifluoride diethyl etherate both, in ether and in dichloromethane.

Table 4.3: Oxa-Pictet-Spengler reaction of homobenzylic alcohol 3.242 using dimethoxymethane as
a formaldehyde equivalent.

OMe

OH

3.242

+
O O

OMe

O

3.2463.245
Entry Acid Solvent T Result

1 pTsOH MeOH −78 ◦C→rt no reaction
2 BF3·OEt2 Et2O −78 ◦C→rt decomposition
3 BF3·OEt2 CH2Cl2 −78 ◦C→rt decomposition

The desired 3,6-dihdro-2H-pyran 3.246 was not formed using homobenzylic alcohol 3.242,

dimethoxymethane 3.245 and acid. In order to form the desired pyranonaphthalene 3.246,

formation of an oxonium ion is crucial. However, formation of two different oxonium ions

from acetal-intermediate 3.247 is possible (Scheme 4.13). Formation of oxonium ion 3.248

can undergo cyclisation to the desired pyran 3.248 whilst formation of oxonium ion 3.249

regenerates homobenzylic alcohol 3.242.
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OMe

O

3.247

O
OMe

O

3.248
relevant oxonium ion

OMe

O

3.249

O

regeneration of starting material

OMe

O

3.246

MeO

Scheme 4.13: Two possible oxonium ions can be formed from acetal-intermediate 3.247.

Oxonium ion 3.248 has two mesomeric resonance structures (Scheme 4.14). Positive charge

on the carbon cation is not favoured due to minimal electronic stabilisation. Generation of a

more stable oxonium ion is potentially possible by using dimethoxypropane which enables

additional stabilisation via hyperconjugation (3.250).

OMe

O

OMe

O

3.246

OMe

O

3.248

OMe

O

3.251

OMe

O

3.250

OMe

O

additional stabilisation 
via hyperconjugation

MeO MeO

MeO
MeO

Scheme 4.14: Additional stabilisation of oxonium ion 3.250 compared to simple oxonium ion 3.248
via hyperconjugation.
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A few key conditions were tested to see whether further stabilisation by hyperconjugation

of the oxonium ion 3.250 has an influence on the oxa-Pictet-Spengler reaction (Table 4.4).

However, no desired product 3.251 was formed.

Table 4.4: Oxa-Pictet-Spengler reaction of homobenzylic alcohol 3.242 using dimethoxypropane as
a acetone equivalent.

OMe

OH

3.242

+
OMeMeO

OMe

O

3.2513.252
Entry Acid Solvent T Result

1 Amberlyst-15 R© CH2Cl2 −78 ◦C→rt no reaction
2 pTsOH MeOH −78 ◦C→rt no reaction
3 BF3·OEt2 Et2O −78 ◦C→rt decomposition

C. Synthesis of homobenzylic alcohol 2.43

In order to gain greater activation of C-3, homobenzylic alcohol 3.243 was planned to be

synthesised from naphthoquinone 3.253 in four steps via radical allylation (Scheme 4.15).

Due to the symmetry of naphthoquinone 3.253 no regioisomers can be formed using a

mono-allylation.

OMe

OMe
3.243

OH

O

O
3.253

radical 
allylation

Scheme 4.15: Retrosynthesis of homobenzylic alcohol 3.243 via radical allylation of naphthoquinone
3.253.

In order to synthesise 2-allylnaphthoquinone 3.254 naphthoquinone 3.253 was reacted with

3-butenoic acid 3.227, silver(I) nitrate and ammonium peroxodisulfate. The highest yield

obtained for mono-allylated product 3.253 was 40% using one equivalent of vinyl acetic acid

(Scheme 4.16). Separation of the remaining starting material 3.253, disubstituted product

2.61 and desired monosubstituted product 3.253 was difficult due to the similar polarity of all

three compounds. Allylated compound 3.253 then underwent reductive methylation to afford

substrate 3.255 in quantitative yield. The previously established dihydroxylation-glycol
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cleavage sequence afforded benzylaldehyde 3.257 in 68% yield which lacks one methylene

group compared to the desired product 3.256.

O

O

HO

O
+

O

O

O

O

+

3.253 3.227 3.254 2.61

OMe

OMe

OMe

OMe
O

OMe

OMe

O

3.256

3.257

3.255

i

ii

iii

Reagents and conditions: i) (NH4)2S2O8, AgNO3, MeCN-H2O, 40% 3.254, 9% 2.61; ii) a) Na2S2O3, TBAI,
THF, b) KOH, H2O, c) Me2SO4, quant.; iii) OsO4, NaIO4, 2,6-lutidine, dioxane-H2O, 68% of 3.257.

Scheme 4.16: Radical allylation of naphthoquinone 3.253 and dihydroxylation-glycol cleavage of
3.255.

Formation of benzylaldehyde 3.257 was proposed to take place by formation of the

desired aldehyde 3.256 which then tautomerises to the conjugated enol 3.258. Enol 3.258

then undergoes a second dihydroxylation to form intermediate 3.259 which exists in an

equilibrium with aldehyde 3.260. Sodium meta-periodate then cleaves substrate 3.259 to

the benzylaldehyde 3.257.
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OMe

OMe

OMe

OMe
O

OMe

OMe

O

3.256

3.257

3.254

OsO4
NaIO4

OMe

OMe
OH

3.258

OsO4

OMe

MeO
OH

3.259

OH

OH

OMe

MeO

O

OH
H

H2O

NaIO4

3.260

Scheme 4.17: Proposed mechanism of the generation of aldehyde 3.257 from olefin 3.254.

To overcome the low yield and the separation problems in this allylation strategy,

homobenzylic alcohol 3.243 was next prepared from the previously synthesised naphthol

3.230 using salcomine oxidation to afford quinone 3.261 followed by reductive methylation

to afford the dimethylated dihydroquinone 3.254. Wacker oxidation using palladium(II)

chloride, copper(I) chloride and oxygen followed by sodium borohydride reduction then

converted dimethoxyallylnaphthalene 3.254 to the desired homobenzylic alcohol 3.243 in

76% yield over two steps (Scheme 4.18). Homobenzylic alcohol 3.243 was thus synthesised

in six steps in an 30% overall yield.

OH OH
O

O

OMe

OMe

O

O

OMe

OMe

OH

3.131 3.230 3.261

3.253 3.254 3.243

i,ii iii

iv

v vi,vii

Reagents and conditions: i) allyl bromide, K2CO3, acetone, quant; ii) 180 ◦C, 30 min., 96%; iii) salcomine R©,
O2, MeCN, 50%; iv) a) Na2S2O4, TBAI, b) KOH, c) Me2SO4, THF-H2O, quant.; v) a) In, allyl bromide, NaI,
THF, b) Me2SO4, KOH, THF-H2O, 80%; vi) PdCl2, CuCl, O2, 76%; vii) NaBH4, MeOH, quant.

Scheme 4.18: Synthesis of homobenzylic alcohol 3.243.
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However, in 2002, Ray et al. published a method to afford 2-allylated dihydroquinones

from the corresponding quinone using an in situ generated organo-indium reagent

(Scheme 4.19).[ 432] Naphthoquinone 3.253 reacts with in situ generated allylindium iodide

3.263 in a 1,2-addition to alcoholate 3.264. Ray et al. have isolated the corresponding

alcohol after quenching of the reaction at low temperatures. A rearrangement of 3.264 to

alcoholate 3.265 at room temperature was proposed, which affords dihydroquinone 3.266

after aqueous workup and tautomeriation.

OH

OH

O

O

3.253 3.266

Br In, NaI InI

O
3.264

O

O

O

3.265

H2O

3.262 3.263

Scheme 4.19: Mechanism of the indium-mediated allylation of naphthoquinone 3.253.[ 432]

In our example, subsequent one-pot methylation of the generated dihydroquinone enabled a

yield of 80% of 3.254 (Scheme 4.18). This method enabled the synthesis of homobenzylic

alcohol 3.243 in 3 steps with an overall yield of 61%.

C.1 Oxa-Pictet-Spengler reaction of homobenzylic alcohol 3.243

With the desired homobenzylic alcohol 3.243 in hand, the oxa-Pictet-Spengler reaction was

trialled. Table 4.5 shows the results of the reaction between homobenzylic alcohol 3.243 and

dimethoxymethane 3.245 in the presence of an acid. boron trifluoride diethyl etherate led to

decomposition of homobenzylic alcohol 3.243. Using para-toluenesulfonic acid as a milder

acid led again to full recovery of the starting material 3.243.



4.1. Synthesis of core structure 3.217 317

Table 4.5: Oxa-Pictet-Spengler reaction of homobenzylic alcohol 3.243 using dimethoxymethane
3.245.

OMe

OH

3.243

+
O O

OMe

O

3.2673.245

OMe OMe

Entry Acid Solvent T Result
1 BF3·OEt2 CH2Cl2 rt decomposition
2 BF3·OEt2 Et2O rt decomposition
3 pTsOH MeOH, MS 4 Å rt no reaction

It was also attempted to use dimethoxypropane for the oxa-Pictet-Spengler reaction using

homobenzylic alcohol 3.243 (Table 4.6) However, none of the conditions evaluated gave the

desired 3,6-dihdro-2H-pyran 3.268.

Table 4.6: Oxa-Pictet-Spengler reaction of homobenzylic alcohol 3.243 using dimethoxypropane or
acetone.

OMe

OH

3.243
OMe

O

3.268

OMe MeO

Entry Acid Reagent Solvent T Result
1 Amberlyst-15 R© dimethoxypropane CH2Cl2 rt no reaction
2 Amberlyst-15 R© dimethoxypropene toluene 80 ◦C decomposition
3 BF3·OEt2 dimethoxypropane CH2Cl2 rt decompositionn
4 pTsOH acetone MeOH, MS 4 Å rt no reaction
5 pTsOH dimethoxypropane MeOH, MS 4 Å rt no reaction
6 Amberlyst-15 R© acetone rt no reaction
7 BF3·OEt2 acetone rt no reaction
8 Amberlyst-15 R© dimethoxypropane rt decomposition
9 BF3·OEt2 dimethoxypropane rt decomopsition
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4.1.3 Synthesis of homobenzylic alcohol 3.218 and its reactivity towards

the oxa-Pictet-Spengler reaction

Model work on the oxa-Pictet-Spengler reaction using substrates lacking the

5-methoxy-group or 4- and 5-methoxy groups was not successful due to lack of electronic

activation of the naphthalene system. To further activate the aromatic system for nucleophilic

attack on the in situ generated oxonium ion, the original substrate incorporating a C-5

methoxy functionality was synthesised (Scheme 4.20).

OMe

OMe
3.218

OH

MeO OMe

OMe

OH

MeO

Scheme 4.20: Further activation of the homobenzylic alcohol system for oxa-Pictet-Spengler
reaction.

Scheme 4.21 shows the revised retrosynthetic analysis of the homobenzylic alcohol 3.218.

The key intermediate is the juglone derivative 2.59. It has been previously shown that the

radical allylation of juglone 2.55 is not regioselective, therefore it was planned to synthesise

3.218 from naphthalene-1,5-diol 3.223 via a monomethylated intermediate which can be

O-allylated and then undergo Claisen rearrangement to naphthol 3.269.

OMeMeO

OMe

OH

O

O

MeO O

O

HO

MeO

OH

OH

OH

3.2223.269

2.552.593.218

radical 
allylation

salcomine oxidation

Claisen
 rearrangement

1

5 4

Scheme 4.21: Retrosynthesis of homobenzylic alcohol 3.218.
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5-Methoxynaphthol 3.270 was synthesised in a one-step procedure from

naphthalene-1,5-diol 3.225 using sodium methoxide and dimethyl sulfate in 32% yield

(Scheme 4.22).[ 433] However, a two step-procedure offers access to 5-methoxynaphthol

3.270 in an overall yield of 72%. Naphthalene-1,5-diol 3.225 is first dimethylated to

1,5-dimethoxynaphthalene 3.271 using potassium carbonate and dimethyl sulfate in

acetone in quantitative yield. 3.271 was then selectively mono-demethylated using sodium

ethanethiolate in DMF to give 5-methoxynaphthalen-1-ol 3.270 in 72% yield.[ 434]

OH

OH

3.225

OMe

OH

3.270

OMe

OMe

3.271

i

ii iii

Reagents and conditions: i) Na, Me2SO4, MeOH, 32%; ii) K2CO3, Me2SO4, acetone, reflux, quant.; iii) NaSEt,
DMF, reflux, 72%.

Scheme 4.22: Synthesis of 5-methoxynaphthalen-1-ol 3.270.

5-Methoxynaphthalen-1-ol 3.270 was O-allylated using allyl bromide, potassium carbonate

and TBAI in acetone in 99% yield (Scheme 4.23). Subsequent Claisen rearangement

at 180 ◦C for 3 hours afforded naphthol 3.272 in 90% yield which could then

be oxidised to quinone 2.59 using oxygen and freshly prepared salcomine in

55% yield. Reductive methylation of quinone 2.59 afforded the desired product

2-allyl-1,4,5-trimethoxynaphthalene 3.273 in 67% yield, however, the homo-coupling

product 3.274 was also observed in a moderate yield of 30%.
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OMe

OH

3.270

OMe

OH

3.272

MeO

O

2.59

O

MeO

OMe

3.273

MeO

OMe

3.274

OMe

OMe

OMe
+

i,ii iii

iv

Reagents and conditions: i) allyl bromide, TBAI, K2CO3, acetone, reflux, 99%; ii) 180 ◦C, 3 h, 90%; iii)
salcomine, O2, MeCN, 55%; iv) a) Na2S2O4, TBAI, THF, H2O, 1 h; b) KOH, Me2SO4, 3.273 67%, 3.274
30%.

Scheme 4.23: Synthesis of 2-allyl-1,4,5-trimethoxynaphthalene 3.273.

The proposed mechanism for the formation of 3.274 is shown in Scheme 4.24. Quinone

2.59 is reduced to the corresponding dihydroquinone. The alcohol on C-1 can be

monomethylated, however, direct methylation of the alcohol on C-4 is unlikely due to strong

hydrogen-bonding to the oxygen of the C-5 methoxy group. An excess of reducing agent

can form radical 3.275 (3.276) which then reacts with a second radical to homodimer 3.274.

The addition of stoichiometric amounts of reducing agent did not prevent or lower the ratio

of formation of the dimer 3.274 to the desired product 3.273, however, the yields dropped

and starting material was recovered. It was therefore decided to use the initial conditions.

MeO O

O

OR O

OR

e-

RO

OR

-OH-2 2 2

RO

OMe

H

2.59 3.274R = H: 3.275
R = Me: 3.276

2 e-

2

R = H: 3.277
R = Me: 3.278

Scheme 4.24: Proposed mechanism of the reductive phenolic coupling of 2.59 form 3.274.
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Homobenzylic alcohol 3.218 was then synthesised by Wacker oxidation of 3.273 using

palladium(II) chloride, copper(I) chloride and oxygen in 96% yield (Scheme 4.25). Sodium

borohydride reduction then afforded the desired homobenzylic alcohol 3.218 in 90% yield.

MeO

OMe

3.273

OMe MeO

OMe

3.218

OMe

OHi,ii

Reagents and conditions: i) PdCl2, CuCl, O2, DMF-H2O, 96%; ii) NaBH4, MeOH, 90%.

Scheme 4.25: Synthesis of homobenzylic alcohol 3.218.

With the homobenzylic alcohol 3.218 in hand, the oxa-Pictet-Spengler reaction was

investigated using dimethoxymethane and dimethoxypropane as reagents (Scheme 4.26).

The oxa-Pictet-Spengler reaction using dimethoxymethane and boron trifluoride diethyl

etherate afforded the desired product 3,6-dihydro-2H-pyran 3.217 in 89% yield. However,

applying the same conditions to homobenzylic alcohol 3.218 using dimethoxypropane as a

reagent lead to decomposition of the starting material 3.218.

MeO

OMe

3.218

OMe

OH

MeO

OMe

3.217

OMe

O

MeO

OMe

3.279

MeO

O

i

ii

Reagents and conditions: i) dimethoxymethane, BF3·OEt2, CH2Cl2, 89%; ii) dimethoxypropane, BF3·OEt2,
CH2Cl2, decomposition.

Scheme 4.26: Oxa-Pictet-Spengler reaction with homobenzylic alcohol 3.218.
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4.1.4 Summary of the synthesis of core structure 3.217

After the initially planned synthesis of homobenzylic alcohol 3.218 via radical alkylation

or allylation did not afford the mono-substitution products 3.220 or 2.56 in good yield with

good regioselectivity, it was decided to use the readily accessible model compounds 3,229,

3.242 and 3.243 to investigate the oxa-Pictet-Spengler reaction (Scheme 4.27). However,

sufficient activation of the aromatic system was not achieved to effect formation of the

pyranonaphthalene ring system.

OOH

O

OOH

O

OH

OOH

O

2.55

2.56

3.220

Initially planned synthesis of homobenzylic alcohol 3.216

OMe

OMe

OH

MeO

3.218

R1

OR2

OH

R1=H, R2=TBS 3.229
R1=H, R2=Me 3.242
R1=OMe R2=OMe 3.243

Model work on oxa-Pictet-Spengler reaction

OH

O

O

3.131

3.253

R1

OR2

O

R1=H, R2=TBS, R3 =H 3.240
R1=H, R2=Me, R3=H 3.246
R1=H, R2=Me, R3=Me 3.251
R1=OMe R2=OMe, R3=H 3.267
R1=OMe R2=OMe, R3=Me 3.268

low yield, no regioselectivity

R3R3

Scheme 4.27: Summary of the initially failed synthesis of homobenzylic alcohol 3.218 and model
work on the oxa-Pictet-Spengler reaction.

To further increase the electronic activation of the naphthalene homobenzylic alcohol 3.218

bearing an additional methoxy group at C-5 was synthesised in 8 steps with an overall yield

of 20% (Scheme 4.28).
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OH

3.222

OMe

OMe

OH

MeO

3.218
OH

OMe

OMe

O

MeO

3.217
8 steps

20%

89%

MeO

OMe

O

MeO

3.279

5

Scheme 4.28: Summary of the synthesis of homobenzylioc alcohol 3.218 and oxa-Pictet-Spengler
reaction.

The oxa-Pictet-Spengler product 3.217 was observed in 89% yield using boron trifluoride

diethyl etherate in dichloromethane. However, applying the same conditions to

homobenzylic alcohol 3.218 with acetone or dimethoxypropane as a reagent resulted in

decomposition of the starting material 3.218.

The core-structure 3.217 was synthesised in 9 steps and an overall yield of 13%. The

next sections will describe the use of the core structure 2.317 for the synthesis of 7-deoxy

analogues of thysanone 1.69 and the synthesis of (±)-thysanone 1.69.
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4.2 Synthesis of 7-deoxy analogues of thysanone 1.69

3,4-Dihydro-1H-benzo[g]isochromene 3.217 offered a direct synthesis of four 7-dideoxy

analogues of thysanone 1.69 (Scheme 4.29). Oxidation of 3.217 using freshly prepared

silver(II) oxide afforded quinone 2.46 in 97% yield. A bromination-hydrolysis sequence

of the quinone 2.46 using bromine in tetrachloromethane followed by hydrolysis afforded

lactol 2.45 in 56% yield. Cleavage of the methyl ether of quinone 2.46 using boron

trichloride afforded the 1,7-dideoxy analogue of thysanone 2.44 in 98% yield. A

bromination-hydrolysis sequence of quinone 2.44 under similar conditions as described for

analogue 2.43 afforded then (±)-7-deoxy thysanone in 84% yield.

MeO

OMe

3.217

OMe

O

MeO

O

2.46

O

O

MeO

O

2.45 = (±)-trans

O

O

OH

OH

O

2.44

O

O

OH

O

2.43 = (±)-trans

O

O

OH

i ii

iii

iv

1

7

1

7

1

7

1

7

1

7

Reagents and conditions: i) AgO, HNO3, THF-H2O, 97%; ii) a) Br2, (BzO)2, CCl4; b) H2O, THF, 56%; iii)
BCl3, CH2Cl2, 98%; iv) a) Br2, (BzO)2, CCl4; b) H2O, THF, 84%.

Scheme 4.29: Synthesis of 7-deoxy analogues of thysanone 1.69.
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4.3 Synthesis of (±)-thysanone using core structure 3.217

Introduction of the 7-hydroxy functionality to the core-structure 3.217 can be established

by using a borylation-oxidation sequence (Scheme 4.30). Quinone oxidation, cleavage of

the methyl ether and introduction of the lactol functionality by a bromination-hydrolysis

sequence affords (±)-thysanone 1.69.

MeO

OMe

3.217

OMe

O

OH

O

(±)-thysanone 1.69

O

O

HO

OH MeO

OMe

3.280

OMe

O

HO

borylation-oxidation sequence

Scheme 4.30: Retrosynthesis of (±)-thysanone 1.69 from core structure 3.217.

4.3.1 Iridium catalysed borylation via C-H activation

Borylation of aromatic compounds offers a wide spectrum of functionalities that can be

introduced including alkenes, arenes, halogens and alcohols (Scheme 4.31).

Ar BR2

Ar X

Ar OH

Ar Ar
Ar OR

Ar

O

Ar CO2R
CO2R

OR
Ar X

[O]

[X]

H+

Suzuki
Heck

Heck

Scheme 4.31: Examples of reactivity of borylated arenes.



326 Chapter 4. Synthesis of 7-Deoxythysanone 2.43

Traditional methodology such as lithiation-transmetallation offers the introduction of

pinacol-borate or similar groups to aromatic compounds.[ 435] This methodology requires

rather harsh conditions and is often not suitable for late stage derivatisation of already

functionalised molecules.

However, two milder coupling methods have been published recently using either

tetra(alkyloxy)diboron[ 436,437] or di(alkoxy)borane[ 438] It has been demonstrated that arenes

and heteroarenes react with bis(pinacolato)diboron (B2pin2) or pinacolborane (BHpin)

in the presence of various transition metal complexes to form arylboronates.[ 439–448]

Limitations of this method are the necessity to use the substrate in excess and the use of

expensive B2pin2 instead of the more affordable BHpin. However, in 2003, T. Ishiyama

et al. published a method which allows the borylation of arenes and heteroarenes

using stoichiometric amounts of pinacolborane catalysed by iridium complexes in an inert

solvent.[ 449] A series of Ir(I) precursors and ligands were screened as catalysts for the

borylation of arenes using BHpin. It was demonstrated that use of an in situ combination of

(1,5-cyclooctadiene)(methoxy)iridium(I) dimer ([Ir(COD)OMe]2) and dtbpyI was the most

efficient catalyst-ligand system.[ 449]

The mechanism proposed by Ishiyama et al. is shown in Scheme 4.32.[ 450] The

catalytic active dtbpy-ligated tris(boryl)Ir(III) complex 3.283 is generated in situ from

[Ir(COD)OMe]2 3.281 and di-tert-butylbipyridine 3.282 (dtbpy). It participates in oxidative

insertion into the aryl-H bond of the substrate to form 3.284. Borylated aryl-compound

3.285 is reductively eliminated generating the bipyramidal complex 3.286 which accepts

another BHpin to generate intermediate 3.287. Upon loss of hydrogen the catalytic active

species 3.283 is regenerated.

Idtbpy: 4,4’-di-tert-butylbipyridine
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Scheme 4.32: Proposed mechanism for iridium catalysed C-H activation of aryl-compounds.[ 450]

Our group recently extended this facile method to effect selective borylation to the use

of polyoxygenated naphthalene systems which are key precursors to dimeric or higher

functionalised pyranonaphthoquinone natural products.[ 451] It was observed that borylation

occurs regioselectively at the least hindered position (Scheme 4.33).
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Scheme 4.33: Selected examples for the regioselective borylation of naphthalenes.[ 451]
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4.3.2 Synthesis of (±)-thysanone 1.69 from core structure 3.217 using

C-H activation chemistry

Borylation of the core structure 3.217 using [Ir(COD)OMe]2, dtbpy and BHpin afforded

the borylated compound 3.219, which was not separated from the starting material due

to its instability on silica, however, it was characterised by crude NMR and HRMS

(Scheme 4.34).[ 451] It was observed that freshly prepared and distilled BHpin affords higher

yields and faster reaction rates than using commercially available BHpin.[ 452]

Oxidation of 3.219 to naphthol 3.280 using the standard method of hydrogen peroxide and

sodium hydroxide in water led to decomposition of the starting material 3.219. A milder

method using NMO resulted in formation of the desired product 3.280. Initial conditions

used were NMO in CH2Cl2 at room temperature, resulting in traces of product 3.280.

Increasing the temperature to reflux resulted in a minor improvement in yield. Exchange of

the solvent to DCE and heating at 100 ◦C in a sealed tube then afforded the desired alcohol

3.280 in a moderate 72% yield over two steps.[ 453]

MeO

OMe

3.217

OMe

O

MeO

OMe

3.219

OMe

O

BO

O

MeO

OMe

3.280

OMe

O

HO

i ii

Reagents and conditions: i) [Ir(COD)OMe]2, BHpin, dtbpy, THF, 80 ◦C; ii) NMO, DCE, 100 ◦C, sealed tube,
30 min., 72% over two steps.

Scheme 4.34: Introduction of the 7-hydroxy functionality using C-H activation chemistry.

Direct oxidation of alcohol 3.280 using silver(II) oxide led to decomposition of the starting

material (Scheme 4.35). It was next thought to protect alcohol 3.280 using an acid-labile

group that could be simultaneously cleaved when the methyl ether group at C-9 was removed.

However, attempted protection of naphthol 3.280 with EmCl using Hünig’s base in THF led

to decomposition of the starting material 3.280.
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MeO
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HO
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O
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Reagents and conditions: i) AgO, HNO3, THF-H2O, decomposition; ii) EmCl, DIPEA, THF, decomposition.

Scheme 4.35: Oxidation or Em-protection of alcohol 3.280.

It was next decided to protect alcohol 3.280 with an acid labile TBS-group (Scheme 4.36).

Surprisingly, protection using relatively harsh conditions of sodium hydride and TBSCl gave

the desired TBS-ether 3.296 in 73% yield. Oxidation of 3.296 using silver(II) oxide afforded

the desired quinone 2.41 in 75% yield.

MeO

OMe

3.280

OMe

O

HO

MeO

OMe

3.296

OMe

O

TBSO

MeO

O

2.41

O

O

TBSO

i ii

Reagents and conditions: i) NaH, TBSCl, THF, 73%; ii) AgO, HNO3, THF-H2O, 75%.

Scheme 4.36: Synthesis of quinone 2.41.

It was hoped that use of the previously established conditions to effect cleavage of the methyl

ether could also cleave the TBS-ether in substrate 2.41. However, treatment of 2.41 with

boron trichloride resulted in the selective cleavage of methoxy ether was observed in 80%

yield. TBS-ether was then cleaved using TBAF in THF affording the desired diol 2.35 in

80% yield. A bromination-hydrolysis sequence of 2.35 then afforded (±)-thysanone 1.69 in

71% yield.
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Reagents and conditions: i) BCl3, CH2Cl2, 0 ◦C→r.t.; ii) BCl3, CH2Cl2, 0 ◦C→r.t., 80%; iii) TBAF, THF,
quant.; iv) a) Br2, (BzO)2, CCl4; b) H2O, THF, 71%.

Scheme 4.37: Synthesis of (±)-thysanone 1.69.

4.4 Synthesis of bromojuglone 2.69 and analogue 2.70

In addition to the previously described synthesis of 7-deoxyanalogues of thysanone 1.69

and (±)-thysanone 1.69 we also synthesised bromojuglone 2.69 and analogue 2.70 from

the intermediate juglone 2.55 used in the investigation of the synthesis of homobenzylic

alcohol 3.220. The synthesis of bromojuglone 2.69 and analogue 2.70 is depicted in

Scheme 4.38. Bromination of juglone 2.55 using bromine in acetic acid followed by

elimination in ethanol under reflux afforded exclusively 3-bromojuglone 2.69 in 72% over

two steps. O-Alkylation using Ag(I) oxide, isopropyl bromide and TBAI then afforded

desired 3-bromo-5-isopropyljuglone 2.70 in a moderate 57% yield.[ 454]

O

O

OH O

O

OH
Br

O

O

iPrO
Bri ii

2.55 2.702.69

3 35

Reagents and conditions: i) a) Br2, AcOH; b) EtOH, reflux, 72% over 2 steps; ii) Ag2O, i-PrBr, TBAI, CHCl3,
57%.

Scheme 4.38: Synthesis of bromojuglone analogues 2.69 and 2.70.
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4.5 Summary

In conclusion, model work on the oxa-Pictet-Spengler reaction was not successful due

to insufficient electronic activation of the C-3 position in naphthalenes 3.229, 3.242 and

3.243, which is required for the successful formation of the pyranonaphthalene structure

(Scheme 4.39).

OR

OH

OMe

OH

OMe

OR

O

OR

O
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OMe
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3.229  R = TBS
3.242  R = Me

3.240  R = TBS
3.246  R = Me

3.251  R = Me

Scheme 4.39: Failure of the model work on the oxa-Pictet-Spengler reaction due to insufficient
electronic activation of C-3 in compounds 3.229, 3.242 and 3.243.

However, core structure 3.217 was synthesised in nine steps starting from commercially

available naphthalene-1,5-diol 3.222 (Scheme 4.40). It was observed that a two step

procedure using dimethyl sulfate and potassium carbonate for complete methylation

followed by selective monodemethylation using sodium ethanethiolate to synthesise

monomethylated naphthol 3.270 was more efficient than a selective monomethylation

protocol of 3.222 using sodium methanolate and dimethyl sulfate. The two step procedure

afforded naphthol 3.270 in an overall 72% yield, which was then O-allylated using

allyl bromide and potassium carbonate to afford 3.297 in 99% yield. Aromatic Claisen

rearrangement at 180 ◦C then afforded naphthol 3.272 in 90% yield. For introduction of the

4-oxa group present in desired homobenzylic alcohol 3.218, naphthol 3.272 was oxidised

to quinone 2.59 using salcomine and oxygen in 55% yield. Reductive methylation then

afforded naphthalene 3.273 in 67% yield. Wacker oxidation of 3.273 using palladium(II)

chloride, copper(I) chloride and oxygen afforded methyl ketone 3.298 in 90% yield, which

was subsequently reduced using sodium borohydride to afford homobenzylic alcohol 3.218
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in 90% yield. The key oxa-Pictet-Spengler reaction using boron trifluoride diethyl etherate

then afforded core-structure 3.217 in 89% yield.
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Scheme 4.40: Summary of the synthesis of the core structure 3.217.

The core-structure 3.217 was then further converted to four 7-deoxyanalogues 2.43-2.46

of thysanone 1.69 (Scheme 4.41). Oxidation of pyranonaphthalene 3.217 using silver(II)

oxide afforded the first analogue, pyranonaphthoquinone 2.46 in 97% yield. Anomeric

bromination of pyranonaphthoquinone 2.46 followed by hydrolysis afforded the second

analogue, pyranonaphthoquinone 2.45 ,in 56% yield over two steps. Cleavage of the methyl

ether of 2.46 using borontrichloride afforded the third analogue, pyranonaphthoquinone 2.44,

in 98% yield and anomeric bromination followed by hydrolysis afforded the fourth analogue,

pyranonaphthoquinone 2.43, in 84% yield over two steps.
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Scheme 4.41: Summary of the synthesis of 7-deoxyanalogues 2.43-2.46 from core structure 3.217.

The core-structure 3.217 was also used for the synthesis of (±)-thysanone 1.69. The

7-hydroxygroup of thysanone 1.69 was introduced using iridium-catalysed C-H activation

chemistry followed by oxidative cleavage.[ 451] Regio- and chemoselective borylation of C-7

was achieved using [Ir(COD)OMe]2, dtbpy and BHpin. This reaction was not purified

due to the instability of the boronic ester on silica. Oxidation using NMO on the crude

material then afforded desired pyranonaphthol 3.280 in 72% yield over two steps. The free

naphthol was then protected using TBSCl and sodium hydride in 73% yield followed by

oxidation using silver(II) oxide to afford pyranonaphthoquinone 3.296 in 75% yield. One-pot

protecting group cleavage of the TBS ether and the methyl ether using boron trichloride

was unsuccessful. However, selective cleavage of the methyl ether was observed in 80%

yield. TBS-ether cleavage was then successfully effected in quantitative yield using TBAF,

affording 1-deoxythysanone 2.35, which was also synthesised using the aforementioned

Staunton-Weinreb approach. Finally, anomeric bromination of 2.35 followed by hydrolysis

afforded (±)-thysanone 1.69 in 71% yield.
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Scheme 4.42: Summary of the synthesis of (±)-thysanone 1.69 from core structure 3.217.

Scheme 4.43 summarises the synthesis of thysanone 1.69 and all analogues derived from the

oxa-Pictet-Spengler approach. The core structure 3.217 of thysanone 1.69 was synthesised

in nine steps with an overall yield of 18% (Scheme 4.43). Four 7-deoxy analogues of

thysanone 1.69 were synthesised via the newly established synthetic pathway using an

oxa-Pictet-Spengler reaction as the key step. It was also demonstrated that the core

structure 3.217 could be further converted into the natural product thysanone 1.69. The

synthesis of thysanone 1.69 via this synthetic pathway is longer than the previously

used Staunton-Weinreb approach. However this approach is more flexible, scaleable and

moreover allows access to a wider variety of thysanone analogues.
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Scheme 4.43: Summary of the synthesis of (±)-thysanone 1.69 and 7-deoxyanalogues 2.43-2.46.

An additional five analogues 2.55-2.58 and 2.61 were synthesised during the optimisation of

the oxa-Pictet-Spengler reaction (Figure 4.4).

OH O

O

O

O

OH O

O

OH O

O

2.61 2.56 2.57 2.58

OH O

O

2.55

Figure 4.4: Additional naphthoquinone analogues obtained during the optimisation of the
oxa-Pictet-Spengler reaction.

Additionally, 3-bromojuglone 2.69 and 3-bromo-5-isopropyljuglone 2.70 could be

synthesised from juglone 2.55, one of the naphthoquinone analogues obtained from the

optimisation of the oxa-Pictet-Spengler reaction (Scheme 4.44). Bromination of juglone

2.55 using bromine in acetic acid followed by elimination in ethanol under reflux selectively

afforded 2-bromojuglone 2.69 in 72% yield. Isopropyl protection using silver(I) oxide and

isopropyl bromide then afforded desired 3-bromo-5-isopropyljuglone 2.70.
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Scheme 4.44: Summary of the synthesis of bromojuglone 2.69 and analogue 2.70.

In summary, this chapter described the synthesis of seven pyranonaphthoquinone analogues

as well as eight naphthoquinone analogues.





Chapter 5

Summary and Future Work

In summary, the synthesis of 23 pyranonaphthoquinone inhibitors and 16 naphthoquinone

inhibitors was described in Part III of this thesis. This chapter will give an overview of

the synthesis used for the individual analogues and also a short summary of advantages and

disadvantages of the individual syntheses. This chapter also suggests future work based

on the developed synthetic strategies towards other natural products as well as a variety of

thysanone analogues. Even though it was proposed that drug development against HRV

infections based on the thysanone scaffold should not be continued, this interesting natural

product may exhibit activity against other important biological targets such as cancer cells.

Thus it may be interesting to have access to a wider range of analogues.

This chapter will not provide detailed summaries of the synthetic strategies used as

these were already discussed in detail at the end of the individual discussion chapter (as

referenced).

Synthesis of thysanone analogues using a Staunton-Weinreb

annulation

The previous synthesis of (−)-thysanone 1.69a developed by our group using a

Staunton-Weinreb annulation[ 190,191] as the key-step was successfully applied in the

synthesis of three stereoisomers 1.69, 1.69a and 1.69b as well as the three stereoisomers

of 1-deoxythysanone 2.35, 2.35a and 2.35b, 1-deoxy-7,9-diisopropylthysanone 2.36, 2.36a

and 2.36b and 7,9-diisopropylthysanone 2.40 (Scheme 5.1).
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Scheme 5.1: Summary of the synthesis of (−)-thysanone 1.69a and analogues 2.35, 2.35a, 2.35b,
2.36, 2.36a, 2.36b, 2.40, 1.69, 1.69b using the Staunton-Weinreb approach.[ 190,191]

Methyl benzoate 3.116 was synthesised in four steps from orcinol 3.125. Enol ether

lactone 3.111 3.111a or 3.111b) was available from ethyl β-hydroxybutyrate 3.117

(3.117a or 3.117b) in three steps. The key-Staunton-Weinreb annulation then afforded

pyranonaphthol 2.71 (2.71a or 2.71b) which was converted in two further steps to
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1-deoxy-7,9-diisopropylthysanone analogues 2.36 (2.36a or 2.36b). Isopropyl deprotection

of the alcohol groups then afforded anaogues 2.35 (2.35a or 2.35b). (±)-2.36 was

also converted to diisopropylthysanone 2.40. Oxidation at C-1 of the 1-deoxythysanone

analogues then afforded thysanone 1.69 (1.69a and 1.69b). A detailed summary of this

synthesis can be found in Section III.2.4 (p. 248).

Although this approach offered the synthesis of (−)-thysanone 1.69a and nine analogues

in only 7-9 steps (calculated for the longest linear sequence), this synthetic approach was

found to be unreliable. Additionally, the chiral starting materials ethyl (S)-β-hydroxybutyrate

3.117a and ethyl (R)-β-hydroxybutyrate 3.117b are expensive. These factors rendered this

synthesis unreliable and not scaleable.

Synthesis of 7,9-dideoxythysanone 2.47 and

bromonaphthoquinone analogues using a bromine-lithium

exchange

The 7,9-dideoxythysanone analogues 2.47 and 2.47a were synthesised by application

of synthetic work previously carried out in our group starting from 1-naphthol 3.131

(Scheme 5.2).

1-Naphthol 3.131 was converted to homobenzylic alcohol 2.73 in five steps. An

additional three steps were required for the synthesis of (±)-7,9-dideoxythysanone 2.47

and four steps to obtain (+)-7,9-dideoxythysanone 2.47a. Furthermore, the synthesis of

1-allyl-1-methyl-7,9-dideoxythysanone 2.40 was achieved in four steps from the common

homobenzylic alcohol 2.73. Naphthoquinones 2.60 and 2.62-2.68 were also prepared from

intermediates obtained using this synthetic strategy. A detailed summary of this synthesis

can be found in Section III.2.4 (p. 251).

This approach offered a short and reliable synthesis of 7,9-dideoxythysanone analogues as

well as naphthoquinone analogues. However, introduction of the 7- and 9-oxa-functionalities

of thysanone 1.69 proved to be difficult,[ 199] thus limiting this approach to the synthesis of

7,9-deoxyanalogues of thysanone 1.69.
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Scheme 5.2: Summary of the synthesis of (+)-7,9-dideoxythysanone 2.47a, (±)-dideoxythysanone
2.47, 1-allyl-1-methyl-7,9-dideoxythysanone 2.52 and naphthoquinone analogues 2.60 and
2.62-2.68.[ 198,204]
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Synthesis of 2-carbathysanone analogues using a

Hauser-Kraus annulation

A synthesis of 2-carbathysanone analogues was developed using a Hauser-Kraus annulation

as the key-step (Scheme 5.3).
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Scheme 5.3: Summary of the synthesis of 2-carbathysanone 2.48 and analogues 2.49-2.51.

Cyanophthalide 3.200 was synthesised in five steps from 2,4-dihydroxybenzoic acid 3.166

and enone 3.165 was available in a one-step synthesis from crotonaldehyde 3.92 and methyl

acetoacetate 3.115.[ 455] Hauser-Kraus annulation using cyanophthalide 3.200 and enone

3.165 then afforded naphthalene 3.208 which could be converted into 2-carbathysanone

analogue 2.50 in two steps. MOM-deprotection then afforded 2-carbathysanone 2.48.

The isopropyl analogues 2.49 and 2.51 were available from a similar synthetic pathway
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using isopropyl-protecting groups. A detailed summary of the synthesis can be found in

Section III.3.4 (p. 295).

This synthesis afforded 2-carbathysanone 2.48 in only nine steps. Although it had been

reported that use of the Hauser-Kraus annulation strategy to prepare thysanone 1.69 was

unsuccessful,[ 191,201] it is proposed that further investigation of the optimised conditions for

this reaction may enable the synthesis of (−)-thysanone 1.69a (Scheme 5.4).

It was reported that electron-donating ether groups at C-4 and C-6 of the phthalide deactivate

the carbonyl carbon, making it unavailable for nucleophilic attack.[ 191,201] However, a

similar cyanophthalide was used for our synthesis of 2-carbathysanone. It was shown

that a reaction under standard conditions using potassium tert-butoxide in tert-butanol did

not afford the desired annulation product, however, using the aprotic solvent THF and a

strong base (NaH) afforded the desired annulation product in good yield. Thus, it should

be investigated whether this synthetic modification may provide an alternative synthesis of

(−)-thysanone 1.69a. This method could then be extended to the use of different phthalides

and enones to access a variety of thysanone analogues.
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Scheme 5.4: Proposed synthesis of (−)-thysanone 1.69a using the developed Hauser-Kraus
annulation conditions.

Unsaturated intermediate 3.212 was synthesised in one step from the Hauser-Kraus

annulation product 3.208 using DIBAL-H followed by acidic workup. Direct oxidation of

this intermediate to the quinone resulted in decomposition of the starting material, however,

this intermediate can be used to effect fusion of another ring to the naphthoquinone structure

using Diels-Alder chemistry. Further functionalisation is also possible via dihydroxylation

to enable the synthesis of a wider variety of thysanone analogues (Scheme 5.5).
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Scheme 5.5: Proposed conversion of unsaturated naphthalene intermediate 3.212 to intermediates
which can be used for the synthesis of higher functionalised thysanone analogues.

Synthesis of 7-deoxythysanone analogues using an

oxa-Pictet-Spengler reaction

7-Deoxythysanone analogues were successfully synthesised using an oxa-Pictet-Spengler

approach (Scheme 5.6). Homobenzylic alcohol 3.218 was prepared from 1,5-naphthalene-

diol 3.225 in eight steps. Oxa-Pictet-Spengler reaction of 3.218 using dimethoxymethane

then afforded key pyranonaphthalene 3.217 which was successfully converted to

7-deoxyanalogues 2.43-2.46. Additionally, 3.217 was used for the synthesis of

(±)-thysanone 1.69a using an iridium catalyzed C-H activation at C-7 in order to introduce

a pinacole borane functionality. A detailed summary of the synthesis can be found in

Section III.4.5 (p. 334).
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Scheme 5.6: Summary of the synthesis of (±)-thysanone 1.69 and 7-deoxyanalogues 2.43-2.46 using
a key-oxa-Pictet-Spengler reaction and analogues 2.35, 2.41, 2.42, 2.55-2.59, 2.61, 2.69 and 2.70
obtained using this synthetic pathway.

This synthetic pathway enabled a scaleable method to prepare thysanone 1.69 as well as

7-deoxyanalogues 2.43-2.46. It is also a promising synthetic strategy to prepare a variety of

thysanone analogues. Oxa-Pictet-Spengler reactions with homobenzylic alcohols possessing

7-oxa-functionalities (3.307) rather than 5-oxa functionalities exhibit similar stereoelectronic

properties as the investigated 5-oxa-substituted homobenzylic alcohol 3.218 and are thus

promising starting materials for the synthesis of 9-deoxythysanone analogues (Scheme 5.7).
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Scheme 5.7: Proposed synthesis of 9-deoxyanalogues of thysanone 1.69 using the developed
oxa-Pictet-Spengler approach.

The proposed synthesis would start from 1,7-naphthalenediol 3.303 which could be

converted to quinone 3.304 by an oxidation-protection sequence. Allylation using

organoindium chemistry is proposed to favour the desired 2-substituted naphthalene product

3.306 due to the stereoelectronic effects of the 7-hydroxyl-substituent. Wacker oxidation of

3.306 followed by sodium borohydride reduction would afford homobenzylic alcohol 3.307

which could be used for the oxa-Pictet-Spengler reaction affording pyranonaphthalene

3.308. Oxidation to the quinone, deprotection of the alcohol at C-7 functionality followed

by a bromination-hydrolysis sequence to introduce the lactol functionality should then

afford 9-deoxythysanone 3.309.

The previously developed syntheses of 7-deoxythysanone analogues 2.43-2.46 and

thysanone 1.69 are racemic syntheses, however, kinetic resolution of homobenzylic

alcohol 3.218 using Novozyme 435 should afford chiral alcohol 3.218a in good yield

and enantioselectivity (Scheme 5.8). Chiral alcohol 3.218a could then be used for the

enantioselective synthesis of thysanone analogues. Furthermore, chiral ester 3.310 could also

be hydrolysed and the resulting alcohol could be used for the synthesis of the enantiomeric

series of thysanone analogues.
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Scheme 5.8: Proposed kinetic resolution of homobenzylic alcohols 3.218 and 3.307 for the
enantioselective synthesis of core structures 3.217a, 3.307a, 3.217b and 3.307b to access chiral
thysanone analogues.

Borate intermediate 3.219 from the synthesis of thysanone 1.69 also offers a variety of

possibilities to effect functionalisation at C-7. However, SAR of our quinone library

suggested that introduced steric bulk at this position leads to loss of activity against HRV

3C protease (Section 2.6). However, it was shown that the presence of an hydroxyl group

resulted in a better inhibition of HRV 3C protease. Thus, introduction of a sulfide or an

amine functionality at C-7 could afford possible active analogues of (−)-thysanone 1.69a

(Scheme 5.9).[ 456,457]
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Scheme 5.9: Proposed synthesis of thysanone analogues 3.313 and 3.315 from borate 3.219.
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This synthetic approach could be also used for the synthesis of a variety of natural products

of the pyranonaphthoquinone family of antibiotics. Syntheses for 7-methoxyeleutherin

3.6 (Scheme 5.10), kalafungin 2.145 and griseusin A 3.8 are proposed as examples

(Scheme 5.11). Scheme 5.10 shows the literature synthesis of eleutherin 3.4[ 458] and the

proposed synthesis of 7-methoxyeleutherin 3.6 from intermediate homobenzylic alcohol

3.218.

It is known that the relative stereochemistry of the C-1 and C-3 group of the

oxa-Pictet-Spengler reaction using aldehydes can be controlled by the choice of acid.[ 458,459]

Thorson et al. were able to get diastereoselectivities of up to 82% using copper triflate in

dichloromethane in their synthesis of (+)-Frenolicin B.[ 459]

Eleutherin 3.4 was synthesised by Fernandes et al. using this approach.[ 458]

Pyranonaphthalene intermediate 3.316 could undergo C-H activation using the described

iridium chemistry (Section 4.3.1, p. 327) similar to substrate 3.217 used for the synthesis

of thysanone 1.69 (p. 331). Thus, 7-methoxyeleutherin 3.6 should be easily available from

intermediate 3.316.
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Scheme 5.10: Synthesis of eleutherin 3.4[ 458] and proposed synthesis of 7-methoxyeleutherin 3.6
from intermediate homobenzylic alcohol 3.218.

The synthesis of kalafungin 2.145 and higher substituted pyranonaphthoquinones such as

griseusin A 3.8 using this approach would be interesting. Intermediate 3.373 could be

converted to aldehyde 3.318 followed by an aldol-type reaction to afford homobenzylic

alcohol 3.319. oxa-Pictet-Spengler reaction of alcohol 3.319 and acetaldehyde 3.322

provides the key intermediate 3.319 for the synthesis of kalafungin 2.145 whereas use
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of the more complex aldehyde 3.320 provides the key intermediate for the synthesis of

griseusin A 3.8. Possible side reactions are retro-aldol reactions or self-condensation of

the starting material 3.319. However, this is a promising strategy to obtain members of the

pyranonaphthoquinone family of antibiotics.
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Scheme 5.11: Proposed synthesis of kalafungin 2.145 and griseusin A 3.8 from intermediate 3.273.

In conclusion, the two synthetic strategies developed herein using either a Hauser-Kraus

annulation strategy or an oxa-Pictet-Spengler strategy both offer powerful methods

for the synthesis of thysanone analogues and a variety members of the important

pyranonaphthoquinone family of antibiotics.





Chapter 6

Experimental

Unless otherwise stated, all reactions and distillations were performed in an open flask.

Reactions under a nitrogen atmosphere were performed in oven- or flame-dried glassware.

THF and diethylether were freshly distilled from sodium/benzophenone. Carbon

tetrachloride (CCl4) was freshly distilled from CaCl2 and dichloromethane (CH2Cl2) was

freshly distilled from CaH2. Acetone was freshly distilled from anhydrous K2CO3.

Diisopropylamine, Et3N, TMEDA, Et2NH and PhMe were distilled from CaH2 and stored

under nitrogen atmosphere over MgSO4. Reactions performed at low temperature were

either cooled in an acetone-dry ice bath for temperatures below 0 ◦C or using a H2O-ice

bath for 0 ◦C. Flash chromatography was carried out using 0.063-0.1 mm silica gel

(Davisil R© LC60A 40-63 Micron) with the indicated solvent. Thin layer chromatography

(TLC) was carried out using 0.2 mm Kieselgel F254 (Merck) silica plates and compounds

visualized using UV irradiation at 365 nm. The plates were stained using a KMnO4 (in aq.

NaOH) or an ethanolic mixture of vanillin. Preparatory TLC was carried out on 500 µm

UniplateTM (Analtech) silica gel (20 × 20 cm) thin layer chromatography plates. Melting

points were measured on an electrothermal apparatus and are uncorrected. IR spectra

were recorded film using a Perkin Elmer R© Spectrum 1000 Fourier Transform Infrared

spectrometer. Values are expressed in wavenumbers (cm−1) and recorded in a range of

4000 to 450 cm−1. NMR spectra were recorded at 21 ◦C in CDCl3 or C6D6 on either a

Bruker R© Avance 300 spectrometer operating at 300 MHz for 1H nuclei and 75 MHz for 13C

nuclei or on a Bruker R© DRX400 or Bruker R© 400 spectrometer operating at 400 MHz for 1H

nuclei and 100 MHz for 13C nuclei. All chemical shifts are reported in parts per million
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(ppm) from TMS* (tetramethylsilane, δ = 0). Spectra were calibrated to the individual

solvent peak according to table 6.1 unless otherwise noted.

Table 6.1: Calibration of NMR spectra.

Solvent Calibration 1H Calibration 13C
CDCl3 δ = 0 ppm (TMS*) δ = 77.16 ppm

DMSO-d6 δ = 2.50 ppm δ = 39.52±0.06
acetone-d6 δ = 2.05 ppm δ = 29.84±0.01

Coupling constants (J) are reported in Hertz (Hz). 1H NMR data is reported as chemical

shift in ppm, followed by relative integral, multiplicity ("s" singlet, "d" doublet, "dd"

doublet of doublets, "ddd", douplet of douplets of douplets, "dt" doublet of triplets, "t"

triplet, "q" quartet, "sept." septet, "m" multiplet, "b" broad), coupling constant (where

applicable) and assignment. 13C NMR spectra are reported as chemical shift in ppm

followed by the assignment. Assignments were made with the aid of COSY, HSQC and

NOESY, HMBC experiments or as individually stated. High remixture mass spectrometry

(MS) were recorded using a Bruker micrOTOF-QII mass spectrometer. Mass spectrometry

fragmentation data was recorded using.
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6.1 Experimental for Part III - General Reagents

G:III.1 Salcomine

H

O

OH

NH2H2N OH

N N

HO O

N N

O
Co+

OH

N N

HO

1
2

34

5

6 7

8

A mixture of salicylaldehyde (5 mL, 47 mmol) in EtOH (95%,

47 mL) was heated at reflux and then ethylenediamine (1.6 mL,

23.5 mmol) was added. The mixture solidified in seconds and was

immediately cooled to r.t. and filtered. The bright yellow solid was

washed with cold EtOH (100 mL) and dried under vacuum, which afforded the salen ligand

(5 g, 18.6 mmol, 79%) as a bright yellow solid.

1H NMR (400 MHz, acetone-d6): δ = 13.22 (2H, bs, H-OH), 8.53 (2H, s, H-2), 7.37-7.29

(4H, m, H-4, H-6), 6.88-6.85 (4H, m, H-5, H-7), 3.97 (4H, s, H-1). 13C NMR (100 MHz,

acetone-d6): δ =167.9 (C-2), 162.0 (C-8), 133.0 and 132.5 (C-4, C-6), 119.7 (C-3), 119.3

(C-5), 117.4 (C-7), 60.3 (C-1).

The spectroscopic data was in agreement with that reported in the literature.[ 403]

O

N N

O
Co

The salen ligand (1 g, 3.73 mmol) was added to a mixture of

NaOH (0.3 g, 7.45 mmol) and NaOAc (19 mg) in H2O (10 mL)

and was heated at reflux until all salen ligand was dissolved. An

aq. solution of CoCl2·6H2O (0.9 g, 3.73 mmol, 1.9 mL) was added and the reaction mixture

immediately solidified. It was cooled to r.t. and H2O (10 mL) was added. The mixture was

filtered and the solid was washed with H2O and then dried at 100 ◦C for 2 h in vacuo to

afford the title compound (1 g, 3.07 mmol, 82%) as a dark brown solid.

HRMS (ESI): Found [M]+: 325.0384, [C16H14CoN2O2]+ requires: 325.0382; found

[M+Na]+: 348.0280, [C16H14CoN2NaO2]+ requires: 348.0279.

The spectroscopic data was in agreement with that reported in the literature.[ 403]
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G:III.2 Copper(I) chloride

CuCl2 (5 g) was dissolved in H2O (5 mL). An aq. solution of Na2SO3 (3.5 g, 25 mL) was

added to the CuCl2 mixture. A solution of Na2SO3 (1 g) and conc. HCl (20 mL) in H2O

(500 mL) was prepared and added to the CuCl2 mixture. After a colourless precipitate started

to form, conc. HCl (5 mL) was added and the mixture was left for 1 h without stirring. The

precipitate was filtered under nitrogen and washed with H2O (20 mL), EtOH (20 mL) and

Et2O (10 mL) and dried in vacuo, which afforded CuCl (4.2 g) as colourless solid. The solid

was stored under an atmosphere of nitrogen.[ 460]

G:III.3 Silver(II) oxide

A mixture of AgNO3 (1.36 g), K2S2O8 (2.00 g) and KOH (1.92 g) in H2O (27 mL) was

heated at reflux for 15 min. The precipitate was collected and washed with diluted aq. KOH

mixture (50 mL) and dried in vacuo which afforded silver(II) oxide (0.9 g) as a black solid.

G:III.4 Pinacol borane

Pinacol was dried under heating at 50 ◦C in vacuo for 10 h prior to the reaction. The dried

pinacol (1.5 g, 12.5 mmol) was dissolved in dry Et2O (5 mL) and BH3·SMe2 (1.2 mL,

12.5 mmol) was added at 0 ◦C. It was stirred for 2 h under an atmosphere of nitrogen. Pinacol

borane was then isolated by destillation (60 ◦C, 630 mbar) which afforded pinacolborane as

clear liquid which was stored under an atmosphere of nitrogen.

G:III.5 Cyclohexylborane

A one molar cyclohexylborane mixture in THF was prepared by adding cyclohexene (107 µL,

1.0 mmol) to a mixture of borane DMS (100 µL, 1.0 mmol) in THF (1 mL) at 0 ◦C. The

reaction was allowed to warm to r.t. over 1 hour and directly used without further purification

and analysis.
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6.2 Experimental for Part III.2

E:III.2.1 2,4-Dihydroxy-6-methylbenzaldehyde 3.126

H

OOH

HO
3.126

DMF (30 mL) was cooled to 0 ◦C and phosphoryl chloride (15.1 mL,

162 mmol) was added. Orcinol 3.125 (10 g, 80 mmol) in DMF (30 mL)

was added and the mixture was subsequently warmed to r.t. and stirred

for 24 h. It was then cooled to 0 ◦C and ice H2O (50 mL) was added. 1

M aq. NaOH solution was added until a pH of 10 was reached. The reaction mixture was

heated at reflux for 10 min and then acidified to pH 3 using conc. HCl. The precipitate

was collected and dissolved in diethyl ether. The organic layer was washed with H2O and

dried over MgSO4. The solvent was removed in vacuo to afford the title compound (7.0 g,

46 mmol, 58%) as a light brown solid.

1H NMR (400 MHz, DMSO-d6): δ = 11.99 (1H, s, H-OH), 10.07 (1H, bs, H-OH),

9.67 (1H, s, H-CHO), 5.87 (1H, d, J=1.7 Hz, H-5), 5.80 (1H, d, J=1.7 Hz, H-3), 2.14 (3H,

s, H-Me). R f (hexanes:EtOAc = 4:1): 0.19.

The spectroscopic data was in agreement with that reported in the literature.[ 400]

E:III.2.2 2,4-Dihydroxy-6-methylbenzoic acid 3.127

OH

OOH

HO

3.127

2,4-dihydroxy-6-methylbenzaldehyde 3.126 (3.7 g, 24.4 mmol) was

dissolved in DMSO (90 mL) and cooled to 0 ◦C. Disodium hydrogen

phosphate (9.8 g, 61.0 mmol) in H2O (30 mL) was added, followed by

the addition of NaClO2 (5.3 g, 58.6 mmol) in H2O (30 mL). The reaction

mixture was warmed to r.t. overnight. Satd. aq. Na2CO3 solution (50 mL) and H2O

(100 mL) were added. The aq. layer was extracted with EtOAc. The organic layer was

discarded. The aq. layer was acidified to pH 1 using conc. HCl and then extracted with

EtOAc (3 × 100 mL). The combined organic extracts were washed with 1 M aq. HCl

(100 mL) and dried over MgSO4. The solvent was removed in vacuo to afford the crude

title compound (4.1 g, 24.4 mmol, quant.) which was directly converted to the methyl ester.
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E:III.2.3 Methyl 2,4-dihydroxy-6-methylbenzoate 3.124

OMe

OOH

HO
3.124

To a mixture of crude 2,4-dihydroxy-6-methylbenzoic acid 3.127 (5.5 g,

33 mmol) in acetone (150 mL) was added K2CO3 (2.6 g, 19 mmol). The

mixture was stirred for 2 h at r.t. Methyl iodide (25 mL, 329 mmol) was

added and the mixture was stirred at r.t. for 24 h. The salt was filtered and

the filtrate was washed with acetone. The solvent was removed in vacuo and purification

by flash chromatography (SiO2, hexanes:EtOAc = 4:1) afforded the title compound (3.1 g,

17 mmol, 52%) as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 11.73 (1H, s H-OH), 6.28 (1H, d, J=2.5 Hz, H-5),

6.23 (1H, d, J=2.5 Hz, H-3), 5.87 (1H, bs, H-OH), 3.92 (3H, s, H-OMe), 2.49 (3H, s,

H-Me). R f (hexanes:EtOAc = 4:1): 0.21

The spectroscopic data was in agreement with that reported in the literature.[ 401]

E:III.2.4 Methyl 2,4-diisopropoxy-6-methylbenzoate 3.116

OMe

OiPrO

iPrO

3.116

To a mixture of 2,4-dihydroxy-6-methylbenzoate 3.124 (500 mg,

2.7 mmol) in acetone/DMF (10:1, 3 mL) were added K2CO3 (1.5 g,

11 mmol), TBAI (35 mg, 0.11 mmol) and 2-bromopropane (2.8 mL,

30 mmol). The reaction mixture was heated at reflux overnight

followed by the addition of 1 M aq. HCl (5 mL). The aq. layer was extracted with

CH2Cl2 (3 × 10 mL). The combined organic extracts were washed with brine and dried

over MgSO4. The solvent was removed in vacuo and purification by flash chromatography

(SiO2, hexanes:EtOAc = 4:1) afforded the title compound (730 mg, 2.7 mmol, quant.) as a

colourless solid.

1H NMR (400 MHz, CDCl3): δ = 6.30 (2H, s, H-3, H-5), 4.53 (1H, sept., J=6.0 Hz,

H-CHMe2), 4.46 (1H, sept., J=6.0 Hz, H-CHMe2), 3.86 (3H, s, H-OMe), 2.25 (3H,

s, H-Me), 1.32 (6H, d, J=6.0 Hz, H-CHMe2), 1.30 (6H, d, J=6.0 Hz, H-CHMe2). R f

(hexanes:EtOAc = 4:1): 0.76

The spectroscopic data was in agreement with that reported in the literature.[ 191]
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E:III.2.5 General procedure for tert-butyl 5-hydroxy-3-oxohexanoate

3.129

To a mixture of diisopropylamine (1.5 eq.) in THF (1.5 mL/mmolSM) was added n-BuLi

(1.6 M in n-hexane, 1.5 eq.) at −78 ◦C under an atmosphere of nitrogen. The mixture

was stirred for 20 min and then warmed to 0 ◦C and stirred for further 10 min. After

cooling to −78 ◦C tert-butyl acetate 3.128 (1.5 eq.) was added drop wise. The mixture

was stirred for 20 min at −78 ◦C. This mixture was then added to a mixture of ethyl

3-hydroxybutanoate 3.117 (1 eq.) in THF (0.5 mL/mmolSM) at−50 ◦C under an atmosphere

of nitrogen. The reaction mixture was stirred for 2 h at −50 ◦C, then warmed to −30 ◦C and

hydrolysed with aq. acetic acid (25%, 1.5 mL/mmolSM). The aq. layer was extracted with

diethyl ether (3 × 1.5 mL/mmolSM) and the combined organic extracts were washed with

satd. aq. NaHCO3 solution (2 × 1.5 mL/mmolSM) and brine (1.5 mL/mmolSM) and dried

over MgSO4. The solvent was removed in vacuo and the residue was purified by flash

chromatography (SiO2, hexanes:EtOAc = 1:1).

(±)-tert-Butyl 5-hydroxy-3-oxohexanoate 3.129

OtBu

OOOH

3.129

According to the general procedure, LDA was prepared using

diisopropylamine (3.22 mL, 22.9 mmol) in THF (23 mL) and n-BuLi

(1.6 M in n-hexane, 14 mL, 22.9 mmol). The reaction was then carried

out using tert-butyl acetate 3.129 (3.10 mL, 22.9 mmol) and (±)-ethyl 3-hydroxybutanoate

3.117 (2 mL, 15.1 mmol) in THF (8 mL), which afforded after purification the title

compound (2.16 mg, 10.7 µmol, 71%) as a colourless oil.

1H NMR (400 MHz, CDCl3): δ = 4.30-4.21 (1H, m, H-5), 3.37 (2H, s, H-2), 2.77-2.60 (2H,

m, H-4), 1.47 (9H, s, H-t-Bu), 1.21 (3H, d, J=6.4 Hz, H-6). R f (hexanes:EtOAc = 1:1): 0.65

The spectroscopic data was in agreement with that reported in the literature.[ 461]
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(S)-tert-Butyl 5-hydroxy-3-oxohexanoate 3.129a

OtBu

OOOH

3.129a

According to the general procedure, LDA was prepared using

diisopropylamine (8.4 mL, 60 mmol) in THF (50 mL) and n-BuLi

(1.6 M in n-hexane, 38 mL, 60 mmol). The reaction was then carried out

using tert-butyl acetate 3.128 (8.1 mL, 60 mmol) and (S)-ethyl 3-hydroxybutanoate 3.117a

(2.5 mL, 19 mmol) in THF (10 mL), which afforded after purification the title compound

(1.5 g, 7.7 mmol, 40%) as a colourless oil.

[α]24
D +36.8 (c 2.0, CH2Cl2)

The spectroscopic data was in agreement with that reported in the literature and

tert-butyl-5-hydroxy-3-oxohexanoate 3.129.[ 461]

(R)-tert-Butyl 5-hydroxy-3-oxohexanoate 3.129b

OtBu

OOOH

3.129b

According to the general procedure, LDA was prepared using

diisopropylamine (3.22 mL, 22.9 mmol) in THF (30 mL) and n-BuLi

(1.6 M in n-hexane, 12.7 mL, 20.3 mmol). The reaction was then carried

out using tert-butyl acetate 3.128 (3.1 mL, 22.9 mmol) and (R)-ethyl 3-hydroxybutanoate

3.117b (3.1 mL, 22.9 mmol) in THF (10 mL), which afforded after purification the title

compound (1.2 g, 6.0 mmol, 78%) as a colourless oil.

[α]24
D −40.1 (c 2.1, CH2Cl2)

The spectroscopic data was in agreement with that reported in the literature and tert-butyl

5-hydroxy-3-oxohexanoate 3.129.[ 461]



6.2. Experimental for Part III.2 361

E:III.2.6 General procedure for 6-methyldihydro-2H-pyran-2,4(3H)-

dione 3.130

To a mixture of tert-butyl 5-hydroxy-3-oxohexanoate 3.129 (1 eq.) in CH2Cl2

(10 mL/mmolSM) was added TFA (1 eq.) at 0 ◦C under an atmosphere of nitrogen. The

mixture was warmed to r.t. and stirred overnight. The solvent was removed in vacuo and the

residue was purified by flash chromatography (SiO2, hexanes:EtOAc = 4:1).

(±)-6-Methyldihydro-2H-pyran-2,4(3H)-dione 3.130

O

O

O

3.130

The reaction was carried out according to the general procedure using

(±)-tert-butyl 5-hydroxy-3-oxohexanoate 3.129 (1.0 g, 5.0 mmol) in CH2Cl2

(50 mL) and TFA (0.4 mL, 5.0 mmol) and afforded after purification the title

compound (201 mg, 1.6 mmol, 32%) as a colourless oil.

1H NMR (300 MHz, CDCl3): δ = 4.86-4.73 (1H, m, H-6), 3.60-3.40 (2H, m, H-3), 2.72

(1H, dd, J=18.3 Hz, 2.9 Hz, H-5A), 2.47 (1H, dd, J=18.3 Hz, 10.0 Hz, H-5B), 1.53 (3H, d,

J=6.3 Hz, H-Me). R f (hexanes:EtOAc = 1:1): 0.92

The spectroscopic data was in agreement with that reported in the literature.[ 398]

(S)-6-Methyldihydro-2H-pyran-2,4(3H)-dione 3.130a

O

O

O

3.130a

The reaction was carried out according to the general procedure using

(S)-tert-butyl 5-hydroxy-3-oxohexanoate 3.129a (1.0 g, 5.0 mmol) in CH2Cl2

(50 mL) and TFA (0.4 mL, 5.0 mmol) and afforded after purification the title

compound (252 mg, 2.0 mmol, 41%) as a colourless oil.

[α]24
D +152.4 (c 2.0, EtOH)

The spectroscopic data was in agreement with that reported in the literature and

6-methyldihydro-2H-pyran-2,4(3H)-dione 3.130.[ 398]
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(R)-6-Methyldihydro-2H-pyran-2,4(3H)-dione 3.130b

O

O

O

3.130b

The reaction was carried out according to the general procedure using

(R)-tert-butyl 5-hydroxy-3-oxohexanoate 3.129b (0.6 g, 3.0 mmol) in

CH2Cl2 (50 mL) and TFA (0.22 mL, 3.0 mmol) and afforded after purification

the title compound (190 mg, 1.5 mmol, 50%) as a colourless oil.

[α]24
D −148.9 (c 2.1, EtOH)

The spectroscopic data was in agreement with that reported in the literature and

6-methyldihydro-2H-pyran-2,4(3H)-dione 3.130.[ 398]
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E:III.2.7 General procedure for 4-methoxy-6-methyl-5,6-dihydro-2H-

pyran-2-one 3.111

To a mixture of K2CO3 (4.5 eq.) in dry acetone (6 mL/mmolSM) were added

6-methyldihydro-2H-pyran-2,4(3H)-dione 3.130 (1 eq.) and Me2SO4 (3.5 eq.). The reaction

mixture was stirred overnight at 56 ◦C and then quenched with H2O (15 mL/mmolSM). The

aq. layer was extracted with CH2Cl2 (3 × 15 mL/mmolSM). The combined organic extracts

were dried over sodium sulfate. The solvent was removed in vacuo and the residue was

purified by flash chromatography (SiO2, hexanes:EtOAc = 1:1).

(±)-4-Methoxy-6-methyl-5,6-dihydro-2H-pyran-2-one 3.111

O

O

MeO
3.111

The reaction was carried out according to the general procedure

using K2CO3 (129 mg, 2.7 mmol) in dry acetone (3.5 mL),

(±)-6-methyldihydro-2H-pyran-2,4(3H)-dione 3.130 (80 mg, 0.62 mmol)

and Me2SO4 (70 µL, 2.2 mmol) and afforded after purification the title

compound (73 mg, 0.57 mmol, 92%) as a colourless solid.

1H NMR (400 MHz, CDCl3): δ = 5.14 (1H, d, J=1.6 Hz, H-3), 4.57-4.48 (1H, m, H-6), 3.74

(3H, s, H-OMe), 2.47 (1H, ddd, J=17.1 Hz, 11.6 Hz, 1.6 Hz, H-5A), 2.34 (1H, dd, J=17.1

Hz, 4.1 Hz, H-5B), 1.44 (3H, d, J=6.4 Hz, H-Me). R f (hexanes:EtOAc = 1:1): 0.19.

The spectroscopic data was in agreement with that reported in the literature.[ 398]
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(S)-4-Methoxy-6-methyl-5,6-dihydro-2H-pyran-2-one 3.111a

O

O

MeO
3.111a

The reaction was carried out according to the general procedure

using K2CO3 (212 mg, 1.53 mmol) in dry acetone (7 mL),

(S)-6-methyldihydro-2H-pyran-2,4(3H)-dione 3.130a (131 mg, 1.02 mmol)

and Me2SO4 (116 µL, 1.22 mmol) and afforded after purification the title

compound (91 mg, 0.64 mmol, 63%) as a colourless solid.

[α]24
D +170.3 (c 1.2, CH2Cl2)

The spectroscopic data was in agreement with that reported in the literature and

4-methoxy-6-methyl-5,6-dihydro-2H-pyran-2-one 3.111.[ 398]

(R)-4-Methoxy-6-methyl-5,6-dihydro-2H-pyran-2-one 3.111b

O

O

MeO
3.111b

The reaction was carried out according to the general procedure

using K2CO3 (616 mg, 4.5 mmol) in dry acetone (15 mL),

(R)-6-methyldihydro-2H-pyran-2,4(3H)-dione 3.130b (380 mg, 3.0 mmol)

and Me2SO4 (340 µL, 3.6 mmol) and afforded after purification the title

compound (120 mg, 0.84 mmol, 28%) as a colourless solid.

[α]24
D −154.2 (c 1.1, CH2Cl2)

The spectroscopic data was in agreement with that reported in the literature and

4-methoxy-6-methyl-5,6-dihydro-2H-pyran-2-one 3.111.[ 398]
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E:III.2.8 General procedure for 10-hydroxy-7,9-diisopropoxy-3-methyl-

3,4-dihydro-1H-benzo[4][g]isochromen-1-one 2.71

To a mixture of diisopropylamine (2.5 eq.) in THF (2.5 mL/mmolSM) was added n-BuLi

(1.6 M in n-hexane, 2.5 eq.) at −78 ◦C. The mixture was warmed to 0 ◦C for 10 min

and cooled back to −78◦C. 2,4-diisopropoxy-6-methylbenzoate 3.116 (1 eq) dissolved in

THF (0.5 mL/mmolSM) was added. The mixture turned from bright red to dark red within

5 min. 4-methoxy-6-methyl-5,6-dihydro-2H-pyran-2-one 3.111 (1 eq.) was dissolved in

THF (0.5 mL/mmolSM) and added to the reaction mixture. It was warmed to r.t. within

1 h. satd. aq. NH4Cl solution (10 mL/mmolSM) was added. The aq. layer was extracted

with CH2Cl2 (3 × 30 mL/mmolSM). The combined organic extracts were washed with brine

(30 mL/mmolSM) and dried over MgSO4. The solvent was removed in vacuo and the residue

was purified by flash chromatography (SiO2, hexanes:EtOAc = 4:1).

(±)-10-Hydroxy-7,9-diisopropoxy-3-methyl-3,4-dihydro-1H-benzo[4][g]isochromen-1-

one 2.71

iPrO

iPrO

O

OH O

2.71

According to the general procedure, LDA was prepared

using diisopropylamine (0.13 mL, 0.88 mmol) in THF

(0.9 mL) and n-BuLi (1.6 M in n-hexane, 0.55 mL,

0.88 mmol). The reaction was then carried out using

2,4-diisopropoxy-6-methylbenzoate 3.116 (94 mg, 0.35 mmol) dissolved in THF (0.2 mL)

and (±)-4-methoxy-6-methyl-5,6-dihydro-2H-pyran-2-one 3.111 (50 mg, 0.35 mmol)

dissolved in THF (0.2 mL), which afforded after purification the title compound (71 mg,

0.21 mmol, 59%) as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 12.78 (1H, s, H-OH), 6.79-6.78 (1H, m, H-5), 6.56 (1H,

d, J=2.3 Hz, H-6), 6.46 (1H, d, J=2.3 Hz, H-8), 4.71-4.61 (3H, m, 2xH-CHMe2, H-3),

2.95-2.91 (2H, m, H-4), 1.51 (3H, d, J=6.4 Hz, H-Me), 1.46 (6H, d, J=6.0 Hz, H-CHMe2),

1.40 (6H, d, J=6.0 Hz, H-CHMe2). R f (hexanes:EtOAc = 1:1): 0.77.

The spectroscopic data was in agreement with that reported in the literature.[ 191]
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(S)-10-Hydroxy-7,9-diisopropoxy-3-methyl-3,4-dihydro-1H-benzo[g]isochromen-1-one

2.71a

iPrO

iPrO

O

OH O

2.71a

According to the general procedure, LDA was prepared using

diisopropylamine (249 µL, 1.75 mmol) in THF (2 mL) and n-BuLi (1.6

M in n-hexane, 1.09 mL, 1.75 mmol). The reaction was then carried out

using 2,4-diisopropoxy-6-methylbenzoate 3.116 (187 mg, 0.70 mmol)

dissolved in THF (0.4 mL) and (S)-4-methoxy-6-methyl-5,6-dihydro-2H-pyran-2-one

3.111a (100 mg, 0.70 mmol) was dissolved in THF (0.4 mL), which afforded after

purification the title compound (81 mg, 0.24 mmol, 34%) as a yellow oil.

[α]24
D +32.4 (c 2.4, CH2Cl2)

The spectroscopic data was in agreement with that reported in the literature and

10-hydroxy-7,9-diisopropoxy-3-methyl-3,4-dihydro-1H-benzo[g]isochromen-1-one

2.71.[ 191]

(R)-10-Hydroxy-7,9-diisopropoxy-3-methyl-3,4-dihydro-1H-benzo[g]isochromen-1-one

2.71b

iPrO

iPrO

O

OH O

2.71b

According to the general procedure, LDA was prepared

using diisopropylamine (390 µL, 2.70 mmol) in THF

(2.2 mL) and n-BuLi (1.6 M in n-hexane, 1.44 mL,

2.31 mmol). The reaction was then carried out using

2,4-diisopropoxy-6-methylbenzoate 3.116 (258 mg, 0.97 mmol) dissolved in THF

(0.54 mL) and (R)-4-methoxy-6-methyl-5,6-dihydro-2H-pyran-2-one 3.111b (110 mg,

0.77 mmol) was dissolved in THF (0.5 mL), which afforded after purification the title

compound (160 mg, 0.46 mmol, 60%) as a yellow oil.

[α]24
D −34.2 (c 2.3, CH2Cl2)

The spectroscopic data was in agreement with that reported in the literature and

10-hydroxy-7,9-diisopropoxy-3-methyl-3,4-dihydro- 1H-benzo[g]isochromen-1-one

2.71.[ 191]
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E:III.2.9 General procedure for 7,9-diisopropoxy-3-methyl-3,4-dihydro-

1H-benzo[g]isochromen-10-ol 3.118

To a mixture of 10-hydroxy-7,9-diisopropoxy-3-methyl-3,4-dihydro-1H-benzo[g]iso-

chromen-1-one 2.71 (1 eq.) in THF (16 mL/mmolSM) was added borane-DMS complex

(3 eq.) at 0 ◦C under an atmosphere of nitrogen. The reaction mixture was warmed to r.t.

and stirred for 3 h. satd. aq. NH4Cl solution (20 mL/mmolSM) was added slowly. The aq.

layer was extracted with EtOAc (3 × 20 mL/mmolSM). The combined organic extracts were

washed with brine (20 mL/mmolSML) and dried over MgSO4. The solvent was removed in

vacuo and the residue was purified by flash chromatography (SiO2, hexanes:EtOAc = 4:1).

(±)-7,9-Diisopropoxy-3-methyl-3,4-dihydro-1H-benzo[g]isochromen-10-ol 3.118

iPrO

iPrO

O

OH

3.118

The reaction was carried out according to the general procedure using

(±)-10-hydroxy-7,9-diisopropoxy-3-methyl-3,4-dihydro-1H-benzo-

[g]isochromen-1-one 2.71 (157 mg, 0.46 mmol) in THF (8 mL)

and borane-DMS complex (134 µL, 1.4 mmol) and afforded after

purification the title compound (109 mg, 0.33 mmol, 72%) as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 9.64 (1H, s, H-OH), 6.90 (1H, s, H-5), 6.60 (1H, d,

J=2.1 Hz, H-6), 6.37 (1H, d, J=2.1 Hz, H-8), 5.11 (1H, d, J=15.5 Hz, H-1A), 4.84-4.73

(2H, m, H CHMe2, H-1B), 4.63 (1H, sept., J=6.0 Hz, H-CHMe2), 3.84-3.76 (1H, m, C-3),

2.80-2.76 (2H, m, C-4), 1.48 (6H, dd, J=6.0 Hz, 1.9 Hz, H-CHMe2), 1.38 (6H, d, J=6.0 Hz,

H-CHMe2), 1.37 (3H, d, J=6.4 Hz, H-Me). R f (hexanes:EtOAc = 4:1): 0.45.

The spectroscopic data was in agreement with that reported in the literature.[ 191]
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A. (S)-7,9-Diisopropoxy-3-methyl-3,4-dihydro-1H-benzo[g]- isochromen-10-ol 3.118a

iPrO

iPrO

O

OH

3.118a

The reaction was carried out according to the general procedure using

(S)-10-hydroxy-7,9-diisopropoxy-3-methyl-3,4-dihydro-1H-benzo-

[g]isochromen-1-one 2.71a (100 mg, 0.29 mmol) in THF (6 mL)

and borane-DMS complex (83 µL, 0.87 mmol) and afforded after

purification the title compound (67 mg, 0.20 mmol, 70%) as a yellow oil.

[α]24
D −33.2 (c 0.63, CH2Cl2)

The spectroscopic data was in agreement with that reported in the literature and

7,9-dihydroxy-3-methyl-3,4-dihydro-1H-benzo[g]- isochromene-5,10-dione 3.118.[ 191]

(R)-7,9-Diisopropoxy-3-methyl-3,4-dihydro-1H-benzo[g]isochromen-10-ol 3.118b

iPrO

iPrO

O

OH

3.118b

The reaction was carried out according to the general procedure using

(R)-10-hydroxy-7,9-diisopropoxy-3-methyl-3,4-dihydro-1H-benzo-

[g]isochromen-1-one 2.71b (46 mg, 0.13 mmol) in THF (3 mL)

and borane-DMS complex (38 µL, 0.40 mmol) and afforded after

purification the title compound (10 mg, 30 µmol, 23%) as a yellow oil.

[α]24
D +38.8 (c 0.67, CH2Cl2)

The spectroscopic data was in agreement with that reported in the literature and

7,9-diisopropoxy-3-methyl-3,4-dihydro-1H-benzo[g]- isochromen-10-ol 3.118.[ 191]
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E:III.2.10 General procedure for 7,9-diisopropyl-1-deoxythysanone

2.36

To a mixture of 7,9-diisopropoxy-3-methyl-3,4-dihydro-1H-benzo[g]isochromen-10-ol

3.118 (1 eq.) in acetonitrile (10 mL/mmolSM) was added Salcomine R© (1.5 eq.). Oxygen

was bubbled through the mixture for 4 h. The solvent was removed in vacuo and the residue

was purified by flash chromatography (SiO2, hexanes:EtOAc = 4:1).

(±)-7,9-Diisopropyl-1-deoxythysanone 2.36

iPrO

iPrO

O

O

O

1

3

4

5
6

7

8
9

10

4a5a

9a 10a

2.36

The reaction was carried out according to the general procedure using

(±)-7,9-diisopropoxy-3-methyl-3,4-dihydro-1H-benzo[g]isochromen-

10-ol 3.118 (100 mg, 0.30 mmol) in acetonitrile (3.5 mL) and

Salcomine R© (15 mg, 45 µmol) and afforded after purification the title

compound (81 mg, 0.24 mmol, 78%) as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 7.22 (1H, d, J=2.4 Hz, H-6), 6.67 (1H, d, J=2.4 Hz, H-8),

4.85 (1H, dd, J=18.9 Hz, 2.1 Hz, H-1A), 4.74 (1H, sept., J=6.0 Hz, H-CHMe2), 4.62 (1H,

sept., J=6.0 Hz, H-CHMe2), 4.48 (1H, dd, J=18.9 Hz, 3.6 Hz, H-1B), 3.68-3.60 (1H, m,

H-3), 2.67 (1H, dt, J=18.6 Hz, 2.8 Hz, H-4A), 2.29-2.19 (1H, m, H-4B), 1.44 (6H, d, J=6.0

Hz, H CHMe2), 1.39 (6H, d, J=6.0 Hz, H-CHMe2), 1.36 (3H, d, J=6.1 Hz, H-Me).

The spectroscopic data was in agreement with that reported in the literature.[ 191]
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(S)-7,9-Diisopropyl-1-deoxythysanone 236a

iPrO

iPrO

O

O

O
2.36a

The reaction was carried out according to the general procedure using

(S)-7,9-diisopropoxy-3-methyl-3,4-dihydro-1H-benzo[g]isochromen-

10-ol 3.118a (30 mg, 91 µmol) in acetonitrile (1.5 mL) and

Salcomine R© (4.5 mg, 14 µmol) and afforded after purification

the title compound (25 mg, 72 µmol, 79%) as a yellow oil.

[α]24
D −102.1 (c 0.10, CH2Cl2)

The spectroscopic data was in agreement with that reported in the literature and

7,9-diisopropyl-1-deoxythysanone 2.36.[ 191]

(R)-7,9-Diisopropyl-1-deoxythysanone 2.36b

iPrO

iPrO

O

O

O
2.36b

The reaction was carried out according to the general procedure using

(R)-7,9-diisopropoxy-3-methyl-3,4-dihydro-1H-benzo[g]isochromen-

10-ol 3.118b (10 mg, 30 µmol) in acetonitrile (0.5 mL) and

Salcomine R© (1.5 mg, 5 µmol) and afforded after purification the title

compound (3 mg, 8.7 µmol, 29%) as a yellow oil.

[α]24
D −100.0 (c 0.09, CH2Cl2)

The spectroscopic data was in agreement with that reported in the literature and

7,9-diisopropyl-1-deoxythysanone 2.36.[ 191]
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E:III.2.11 General procedure for 1-deoxythysanone 2.35

To a mixture of 7,9-diisopropyl-1-deoxythysanone 2.36 (1 eq.) in CH2Cl2 (20 mL/mmolSM)

was added aluminium(III) chloride (3 eq.) at 0 ◦C under an atmosphere of nitrogen. It

was slowly warmed to r.t. and stirred for 3 h, then 1 h at 40 ◦C. The mixture was diluted

with CH2Cl2. satd. aq. NH4Cl solution (50 mL/mmolSM) was added and the aq. layer

was extracted with CH2Cl2 (3 × 50 mL/mmolSML) and EtOAc (3 × 50 mL/mmolSM). The

combined organic extracts were dried over MgSO4. The solvent was removed in vacuo and

the residue was purified by preparative TLC (SiO2, hexanes:EtOAc = 2:1).

(±)-1-Deoxythysanone 2.35

HO

O

O

O

OH
1

3

4

5
6

7

8
9

10

4a5a

9a 10a

2.35

The reaction was carried out according to the general procedure using

(±)-7,9-diisopropyl-1-deoxythysanone 2.36 (81 mg, 0.23 mmol) in

CH2Cl2 (4 mL) and aluminium(III) chloride (94 mg, 0.71 mmol) and

afforded after purification the title compound (22 mg, 85 µmol, 37%)

as a yellow solid.

1H NMR (400 MHz, acetone-d6): δ = 9.88 (1H, s, H-OH), 6.99 (1H, d, J=1.9 Hz, H-6), 6.50

(1H, d, J=1.9 Hz, H-8), 4.64 (1H, dd, J=18.6 Hz, 2.3 Hz, H-1A), 4.37 (1H, dt, J=18.6 Hz,

3.6 Hz, H-1B), 3.65-3.57 (1H, m, H-3), 2.59 (1H, dt, J=18.9 Hz, 3.6 Hz, H-4A), 2.12-2.07

(1H, m, H-4B), 1.22 (3H, d, J=6.2 Hz, H-Me). R f (hexanes:EtOAc = 4:1): 0.31.

The spectroscopic data was in agreement with that reported in the literature.[ 191]
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(S)-1-Deoxythysanone 2.35a

HO

O

O

O

OH

2.35a

The reaction was carried out according to the general procedure using

(S)-7,9-diisopropyl-1-deoxythysanone 2.36a (12.5 mg, 36 µmol) in

CH2Cl2 (4 mL) and aluminium(III) chloride (14.4 mg, 108 µmol) and

afforded after purification the title compound (5 mg, 19 µmol, 53%) as

a yellow oil.

[α]24
D +110.2 (c 1.3, CH2Cl2)

The spectroscopic data was in agreement with that reported in the literature and

(±)-1-deoxythysanone 2.35.[ 191]

(R)-1-Deoxythysanone 2.35b

HO

O

O

O

OH

2.35b

The reaction was carried out according to the general procedure

using (R)-7,9-diisopropyl-1-deoxythysanone 2.36b (3 mg, 8.7 µmol)

in CH2Cl2 (4 mL) and aluminium(III) chloride (4 mg, 26 µmol) and

afforded after purification the title compound (1 mg, 3.8 µmol, 44%) as

a yellow oil.

[α]24
D −111.5 (c 1.3, CH2Cl2)

The spectroscopic data was in agreement with that reported in the literature and

(±)-1-deoxythysanone 2.35.[ 191]



6.2. Experimental for Part III.2 373

E:III.2.12 General procedure for an anomeric bromination-hydrolysis

sequence

To a mixture of starting material (1 eq.) in tetrachloromethane (150 mL/mmolSM) was added

bromine (1 M in tetrachloromethane, 1 eq.). The mixture was heated at reflux under irritation

with a desk lamp for 30 min. The mixture was conc. in vacuo and THF (20 mL/mmolSM)

and H2O (10 mL/mmolSM) were added. The resulting mixture was stirred for 1 h at r.t.

CH2Cl2 (100 mL/mmolSM) and H2O (100 mL/mmolSML) were added. The aq. layer was

extracted with CH2Cl2 (3 × 100 mL/mmolSM). The combined organic extracts were washed

with brine (100 mL/mmolSM) and dried with MgSO4. The solvent was removed in vacuo

and the residue was purified by preparative TLC (SiO2, toluene:ethyl formate:formic acid =

50:49:1).

E:III.2.13 (±)-Thysanone 1.69

HO

O

O

O

OH OH
1

3

4
5

6
7

8
9

10

4a5a

9a 10a

1.69: (±)-trans

The reaction was carried out according to the general procedure using

(±)-1-deoxythysanone 2.35 (13 mg, 50 µmol) in tetrachloromethane

(8 mL) and bromine (50 µL, 1 M in tetrachloromethane, 50 µmol) and

afforded after purification the title compound (6.09 mg, 22 µmol, 44%)

as a yellow solid.

1H NMR (400 MHz, acetone-d6): δ = 12.26 (1H, s, H-OH), 9.93 (1H, s, H-OH), 7.08 (1H,

d, J=2.4 Hz, H-6), 6.62 (1H, d, J=2.4 Hz, H-6), 6.62 (1H, d, J=2.4 Hz, H-8), 5.91 (1H, dd,

J=18.2 Hz, 5.8 Hz, H-1), 4.39-4.29 (1H, m, H-3), 2.70 (1H, dd, J=19.2 Hz, 3.4 Hz, H-4A),

2.18-2.08 (1H, m, H-4B), 1.31 (3H, d, J=6.3 Hz, H-Me). R f (hexanes:EtOAc = 1:2): 0.74.

The spectroscopic data was in agreement with that reported in the literature.[ 191]
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(−)-Thysanone 1.69a

HO

O

O

O

OH OH

1.69a

The reaction was carried out according to the general procedure using

(S)-1-deoxythysanone 2.35a (4.5 mg, 17 µmol) in tetrachloromethane

(3.5 mL) and bromine (0.21 mL, 0.1 M in tetrachloromethane, 21 µmol)

and afforded after purification the title compound (3.3 mg, 12 µmol,

71%) as a yellow solid.

[α]24
D −55 (c 0.005, MeOH)

The spectroscopic data was in agreement with that reported in the literature and

(±)-thysanone 1.69.[ 191]

(+)-Thysanone 1.69b

HO

O

O

O

OH OH

1.69b

The reaction was carried out according to the general procedure using

(R)-1-deoxythysanone 2.35b (6 mg, 23 µmol) in tetrachloromethane

(4 mL) and bromine (0.23 mL, 0.1 M in tetrachloromethane, 23 µmol)

and afforded after purification the title compound (3.1 mg, 11 µmol,

49%) as a yellow solid.

[α]24
D +56 (c 0.005, MeOH)

The spectroscopic data was in agreement with that reported in the literature and (ś)-thysanone

1.69.[ 191]
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(±)-7,9-Diisopropylthysanone 2.40

O

O

O
iPrO

iPrO OH

2.40: (±)-trans

1

3

4
5

6
7

8
9
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4a5a

9a 10a

The reaction was carried out according to the general procedure using

(±)-7,9-diisopropyl-1-deoxythysanone 2.36 (10 mg, 30 µmol)

in tetrachloromethane (7 mL) and bromine (30 µL, 1 M in

tetrachloromethane, 30 µmol) and afforded after purification

(±)-7,9-diisopropylthysanone 2.40 (10.03 mg, 28 µmol, 93%) as a

yellow solid.

1H NMR (300 MHz, DMSO-d6) δ = 7.05 (1H, d, J =2.3 Hz, H-6), 6.90 (1H, d, J=2.3 Hz,

H-8), 6.78 (1H, d, J=6.3 Hz, H-1), 5.75 (1H, d, J=6.3 Hz, H-OH), 4.86 (1H, sept., J=6.0

Hz, H CHMe2), 4.78 (1H, sept., J=6.0 Hz, H-CHMe2), 4.20-4.13 (1H, m, H-3), 2.54 (1H,

dd, J=19.2 Hz, 8.1 Hz, H-4A), 2.06 (1H, dd, J=19.2 Hz, 11.3 Hz, H-4B), 1.32 (6H, d,

J=6.0 Hz, H CHMe2), 1.30 (6H, d, J=6.0 Hz, H-CHMe2), 1.25 (3H, d, J = 6.2 Hz, H-Me).
13C NMR (75 MHz, DMSO-d6) δ = 184.4 and 179.7 (C-5, C-10), 162.2 and 160.0 (C-7,

C-9), 142.5 and 139.0 (C-4a, C-10a),135.2 (C-5a), 135.1 (C-9a), 107.5 (C-8), 104.8 (C-6),

85.3 (C-1), 71.2 (C-CHMe2), 70.4 (C-CHMe2), 60.7 (C-3), 28.6 (C-4), 21.7 (C-CHMe2),

21,7 (C-CHMe2), 21.6 (C-CHtextitMe2), 20.9 (C-Me). HRMS (APCI): Found [M+H]+:

361.1650, [C20H25O6]
+ requires: 361.1646. νmax (film/cm−1): 3404, 2978, 2927, 1696,

1656, 1590, 1344, 1309, 1105, 1027, 913. m.p.: 158 ◦C. R f (hexanes:EtOAc = 4:1): 0.14.
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E:III.2.14 2-Bromonaphthalene-1,4-dione 2.63

O

O

Br

2.63

To a mixture of NBS (14.3 g, 80 mmol) in acetic acid/H2O (1:2,

600 mL) was added 1-naphthol 3.131 (2.9 g, 20 mmol) in acetic acid

(200 mL). It was heated at 45 ◦C for 1 h and then cooled to r.t. H2O

(200 mL) was added and the aq. layer was extracted with chloroform

(4 × 150 mL). The combined organic extracts were washed with satd. aq. NaHCO3 solution

(150 mL), H2O (2 × 150 mL) and dried over MgSO4. The solvent was removed in vacuo

and purification by flash chromatography (SiO2, hexanes:EtOAc = 4:1) to afford the title

compound (4.74 g, 20 mmol, quant.) as a yellow solid.

1H NMR (300 MHz, CDCl3): δ = 8.22-8.07 (2H, m, H-5, H-8), 7.83-7.73 (2H, m,

H-6, H-7), 7.53 (1H, s, H-3). R f (hexanes:EtOAc = 9:1): 0.21.

The spectroscopic data was in agreement with that reported in the literature.[ 366]

E:III.2.15 2-Allyl-3-bromonaphthalene-1,4-dione 2.64

O

O

Br

2.64

A mixture of 2-bromonaphthalene-1,4-dione 2.63 (2.4 g, 10.1 mmol),

silver nitrate (1.0 g, 5.7 mmol) and vinyl acetic acid (1.5 mL,

17.1 mmol) in acetonitrile (25 mL) was heated at 80 ◦C and H2O

(11 mL) was added. It was stirred at 80 ◦C for 10 min and a solution of ammonium persulfate

(4.9 g, 21.6 mmol) in H2O (22 mL) was added dropwise over 30 min. After 4 h it was

cooled to r.t. The aq. layer was extracted with EtOAc (3 × 50 mL). The combined organic

extracts were dried over MgSO4 and the solvent was removed in vacuo and purification

by flash chromatography (SiO2, hexanes:EtOAc = 1:0→19:1) afforded the title compound

(2.6 g, 9.4 mmol, 93%) as a yellow solid.

1H NMR (300 MHz, CDCl3): δ = 8.17-8.02 (2H, m, H-5, H-8), 7.78-7.66 (2H, m, H-6,

H-7), 5.89-5.74 (1H, m, H-2′), 5.26-5.02 (2H, m, H-3′), 3.61-3.55 (2H, m, H-1′). R f

(hexanes:EtOAc = 9:1): 0.23.

The spectroscopic data was in agreement with that reported in the literature.[ 366]
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E:III.2.16 2-Allyl-3-bromo-1,4-dimethoxynaphthalene 2.72

Br
OMe

OMe
2.72

To a mixture of 2-allyl-3-bromonaphthalene-1,4-dione 2.64 (2.0 g,

7.22 mmol) and TBAI (cat.) in THF (100 mL) was added sodium

dithionate (7.5 g, 43.3 mmol) in H2O (43 mL). The mixture was stirred

for 30 min. KOH (9.3 g, 166 mmol) in H2O (43 mL) was added and

the mixture was stirred for 1 h. Me2SO4 (15.7 mL, 166 mmol) was

added and the mixture was stirred until completion (TLC). It was quenched with 40 M aq.

ammonia solution (20 mL) and it was stirred for 1 h. The aq. layer was extracted with

EtOAc (3 × 100 mL). The combined organic extracts were washed with 2 M HCl (100 mL),

H2O (3 × 100 mL), brine (100 mL) and dried over MgSO4. The solvent was removed in

vacuo and purification by flash chromatography (SiO2, hexanes:EtOAc = 9:1) afforded the

title compound (2.3 g, 7.5 mmol, quant.) as a colourless solid.

1H NMR (300 MHz, CDCl3): δ = 8.13-8.03 (2H, m, H-5, H-8), 7.58-7.48 (2H, m, H-6,

H-7), 6.15-5.98 (1H, m, H-2′), 5.14-4.98 (2H, m, H-3′), 3.97 (3H, s, H-OMe), 3.92 (3H, s,

H-OMe), 3.79 (1H, dt, J=5.9 Hz, 1.6 Hz, H-1′). R f (hexanes:EtOAc = 9:1): 0.68

The spectroscopic data was in agreement with that reported in the literature.[ 366]
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E:III.2.17 2-(3′-Bromo-1′,4′-dimethoxynaphthalen-2′-yl)acetaldehyde

3.45

Br

H

O

OMe

OMe

Method A:

A mixture of 2-allyl-3-bromo-1,4-dimethoxynaphthalene 2.72 (100 mg, 0.33 mmol) and

Sudan III (1 drop) in CH2Cl2 (10 mL) was cooled under an atmosphere of nitrogen to

−60 ◦C. Ozone was bubbled through the mixture until a colourchange of the mixture from

pink to yellow was observed. The flask was flushed three times with argon and left for

further 15 min. DMS (0.3 mL, 4.23 mmol) was added and it was slowly warmed to r.t. over

1 h. The solvent was removed in vacuo and purification by flash chromatography (SiO2,

hexanes:EtOAc = 4:1) afforded the title compound (44 mg, 0.14 mmol, 43%) as a colourless

solid.

Method B:

A mixture of 2-allyl-3-bromo-1,4-dimethoxynaphthalene 2.72 (0.5 g, 1.63 mmol),

2,6-lutidine (0.38 mL, 3.26 mmol), OsO4 (2.5 wt%, 0.3 mL, 30 µmol) and NaIO4 in

dioxane-H2O (3:1, 16 mL) was stirred for 3 h. H2O (15 mL) was added and the aq. layer

was extracted with EtOAc (3 × 15 mL). The combined organic extracts were washed with

brine (20 mL) and dried over MgSO4. The solvent was removed in vacuo and purification

by flash chromatography (SiO2, hexanes:EtOAc = 4:1) afforded the title compound (430 mg,

1.39 mmol, 85%) as a colourless solid.

1H NMR (400 MHz, acetone-d6): δ = 9.87 (1H, t, J=1.5 Hz, H-CHO), 8.17-8.04 (2H, m,

H-5′, H-8′), 7.61-7.54 (2H, m, H-6′, H-7′), 4.13 (2H, d, J=1.5 Hz, H-1), 3.99 (3H, s, H-OMe),

3.87 (3H, s, H-OMe). R f (hexanes:EtOAc = 4:1): 0.48.

The spectroscopic data was in agreement with that reported in the literature.[ 366]
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E:III.2.18 1-(3′-Bromo-1′,4′-dimethoxynaphthalen-2′-yl)propan-2-one

3.44

Br
OMe

OMe

O

3.44

A mixture of copper(I) chloride (193 mg, 1.95 mmol) and palladium(II)

chloride (55 mg, 0.31 mmol) in DMF-H2O (6:1, 30 mL) was stirred

under oxygen for 2 h. 2-allyl-3-bromo-1,4-dimethoxynaphthalene

2.72 (0.5 g, 1.63 mmol) in DMF (20 mL) was added and the reaction

mixture was stirred overnight under an atmosphere of oxygen. H2O (30 mL) was added. 2

M HCl was added until the cloudy mixture became clear. The aq. layer was extracted with

EtOAc (3 × 100 mL). The combined organic extracts were washed with H2O (5 × 100 mL)

and dried over MgSO4. The solvent was removed in vacuo and purification by flash

chromatography (SiO2, hexanes:EtOAc = 9:1→4:1) afforded the title compound (452 mg,

1.40 mmol, 86%) as a colourless solid.

1H NMR (400 MHz, CDCl3): δ =8.14-8.02 (2H, m, H-5′, H-8′), 7.59-7.51 (2H, m, H-6′,

H-7′), 4.15 (2H, s, H-1), 3.98 (3H, s, H-OMe), 3.87 (3H, s, H-OMe), 2.32 (3H, s, H-3). R f

(hexanes:EtOAc = 9:1): 0.21

The spectroscopic data was in agreement with that reported in the literature.[ 198]
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E:III.2.19 (±)-1-(3′-Bromo-1′,4′-dimethoxynaphthalen-2′-yl)propan-2-ol

2.73

Br

OMe

OMe

OH

2.13

Method A:

To a mixture of 2-(3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)acetaldehyde 3.45 (44 mg,

0.14 mmol) in THF (1.5 mL) was added MeMgBr (3 M in diethyl ether, 53 µL, 0.16 mmol)

at −78 ◦C under an atmosphere of nitrogen. The mixture was warmed to r.t., stirred

overnight and then quenched with H2O (5 mL). The aq. layer was extracted with EtOAc

(3 × 10 mL) and the combined organic extracts were dried over MgSO4. The solvent was

removed in vacuo and purification by flash chromatography (SiO2, hexanes:EtOAc = 4:1)

afforded the title compound (48 mg, 0.14 mmol, quant.) as a colourless solid.

Method B:

1-(3′-Bromo-1′,4′-dimethoxynaphthalen-2′-yl)propan-2-one 3.44 (1.4 g, 4.3 mmol) was

dissolved in methanol (100 mL) and NaBH4 (200 mg, 5.2 mmol) was added. It was stirred

for 1 h and then hydrolysed with H2O (100 mL). The aq. layer was extracted with EtOAc

(3 × 100 mL) and the combined organic extracts were dried over MgSO4. The solvent was

removed in vacuo and purification by flash chromatography (SiO2, hexanes:EtOAc = 4:1)

afforded the title compound (1.4 g, 4.3 mmol, quant.) as a colourless solid.

1H NMR (400 MHz, acetone-d6): δ = 8.14-8.02 (2H, m, H-5′, H-8′), 7.60-7.49 (2H, m, H-6′,

H 7′), 4.25-4.10 (1H, m, H-2), 3.98 (3H, s, H-OMe), 3.94 (3H, s, H-OMe), 3.20-3.17 (2H,

m, H-1), 1.33 (3H, d, J=6.2 Hz, H-3). R f (hexanes:EtOAc = 4:1): 0.24.

The spectroscopic data was in agreement with that reported in the literature.[ 198]
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E:III.2.20 (±)-2-((3′′-Bromo-1′′,4′′-dimethoxynaphthalen-2′′-yl)methyl)-

oxirane 2.74

Br
OMe

OMe

O

2.74

To a mixture of m-CPBA (422 mg, 2.26 mmol) in CH2Cl2 (3 mL)

was added 2-allyl-3-bromo-1,4-dimethoxynaphthalene 2.72 (0.5 g,

1.63 mmol) dropwise at 0 ◦C under an atmosphere of nitrogen. The

reaction mixture was warmed to r.t. overnight. satd. aq. sodium

sulfite mixture (5 mL) was added and the mixture was stirred until it

became clear. The aq. layer was extracted with CH2Cl2 (3 × 15 mL) and the combined

organic layers were washed with 5% aq. NaOH (15 mL), and brine (15 mL) and then dried

over MgSO4. The solvent was removed in vacuo and purification by flash chromatography

(SiO2, hexanes:EtOAc = 4:1) afforded the title compound (468 mg, 1.45 mmol, 89%) as a

colourless solid.

1H NMR (400 MHz, CDCl3): δ = 8.14-8.02 (2H, m, H-5′′, H-8′′), 7.59-7.49 (2H, m, H-6′′,

H-7′′), 3.98 (3H, s, H-OMe), 3.95 (3H, s, H-OMe), 3.43 (1H, dd, J=13.3 Hz, 4.6 Hz, H-1′A),

3.37-3.31 (1H, m, H-2), 3.21 (1H, dd, J=13.3 Hz, 5.3 Hz, H-1′B), 2.78 (1H, dd, J=5.2 Hz,

3.9 Hz, H-3A), 2.70 (1H, dd, J=5.2 Hz, 2.6 Hz, H-3B). R f (hexanes:EtOAc = 4:1): 0.84.

The spectroscopic data was in agreement with that reported in the literature.[ 198]

E:III.2.21 Kinetic resolution to afford (S)-1-(3′-Bromo-1′,4′-dimethoxy-

naphthalen-2′-yl)propan-2-ol 2.73a

OMe

OMe
Br
OH

OMe

OMe
Br
OH

OMe

OMe
Br
O+

O

2.73 2.73a 3.46a

Method A:

A mixture of 1-(3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)propan-2-ol 2.73 (44 mg,

0.14 mmol), Novozyme 435 (Sigma-Aldrich, 7 mg) and p-chlorophenyl acetate was

irridated in the microwave for 6, 14 or 17 h at 60 ◦C and 50 W. The mixture was filtered
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through cotton wool and washed with CH2Cl2. The solvent was removed in vacuo and

purification by flash chromatography (SiO2, hexanes:EtOAc = 4:1) afforded the title

compound (38 mg, 0.12 mmol, 86%) as a colourless solid. The ee was left undetermined.

Method B:

A mixture of 1-(3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)propan-2-ol 2.73 (50 mg,

0.15 mmol), Novozyme 435 (Sigma-Aldrich, 40 mg) and vinyl acetate (40 µL, 0.43 mmol)

in-hexane (4 mL) was stirred at 60 ◦C in a microwave reactor (single mode CEM

Discover R© Focused Microwave Synthesis System) at 60 W for 16 h. The mixture was

filtered and the filtrate was washed with CH2Cl2 (10 mL). The solvent was removed in

vacuo and purification by flash chromatography (SiO2, hexanes:EtOAc = 4:1) afforded

the title compound (21 mg, 70 µmol, 42%, ee = 99.6%) as a colourless solid and

(R)-1-(3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)propan-2-yl acetate 3.46a (28 mg,

86 µmol, 57%) as a colourless oil.

(S)-1-(3′-Bromo-1′,4′-dimethoxynaphthalen-2′-yl)propan-2-ol 2.73a:

OMe

OMe
Br
OH

2.73a

The enantiomeric excess (ee) of 2.73a was determined by HPLC

(H2Os 600) using a chiral column (chiracel OD-H, 0.43×1 cm, Daicel

Chemical Ind. Ltd.) and 2-propanol-heptanes (1:99) as eluent with a

flow rate of 0.5 mL/min. The retention time for the major peak 2.73a

was 20.43 min and the retention time for the minor peak 2.73b was 30.23 min.

The spectroscopic data was in agreement with that reported in the literature and

1-(3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)propan- 2-ol 2.73.[ 198]
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(R)-1-(3′-Bromo-1′,4′-dimethoxynaphthalen-2′-yl)propan-2-yl acetate 3.46a:

OMe

OMe
Br
O

O

3.46a

1H NMR (400 MHz, CDCl3): δ = 8.12-8.01 (2H, m, H-5′, H-8′),

7.58-7.50 (2H, m, H-6′, H-7′), 5.43-5.35 (1H, m, H-2), 3.97 (3H,

s, H-OMe), 3.93 (3H, s, H-OMe), 3.35 (1H, dd, J=13.4 Hz, 7.4

Hz, H-1A), 3.19 (1H, dd, J=13.4 Hz, 6.4 Hz, H-1B), 1.95 (3H, s,

H-OCOMe), 1.30 (3H, d, J=6.4 Hz, H-3). R f (hexanes:EtOAc = 9:1):

0.51.

The spectroscopic data was in agreement with that reported in the literature.[ 204]

E:III.2.22 (Ethoxycarbonyl)-L-proline 3.136

N

O OEt

CO2H

3.136

2

34

5

L-Proline 3.135 (10 g, 87 mmol) was dissolved in methanol (175 mL)

and K2CO3 (12 g, 87 mmol) was added at r.t. It was cooled to 0 ◦C,

ethyl chloroformiate (18.3 mL, 191 mmol) was added and it was

warmed to r.t. The mixture was stirred 18 h. The solvent was removed

, H2O (200 mL) was added and the aq. layer was extracted with chloroform (3 × 100 mL).

The combined organic extracts were washed with brine (100 mL) and dried over MgSO4.

The solvent was removed in vacuo which afforded the title compound (17.5 g, 87 mmol,

quant.) as a colourless oil.

1H NMR (300 MHz, DCCl3): δ = 4.34 (1H, ddd, J=3.1, 8.4, 12.2 Hz, H-2), 4.21-4.02 (2H,

m, H-CH2Me), 3.71-3.43 (2H, m, H-5), 2.39-2.11 (1H, m, H-3a), 2.09-1.89 (3H, m, H-3b,

H-4), 1.39-1.08 (3H, dt, J=7.1, 21.0 Hz, H-Me). R f (hexanes:EtOAc = 9:1): 0.18.

The spectroscopic data was in agreement with that reported in the literature.[ 462]
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E:III.2.23 (S)-1,1-Diphenyltetrahydro-1H,3H-pyrrolo[1,2-c]oxazol-3-

one 3.137

N
O

H Ph
Ph

3.137
O

Magnesium (2 g, 84 mmol) was added to THF (100 mL) under an

atmosphere of nitrogen. The mixture was cooled to 0 ◦C and phenyl

bromide (1.74 mL, 17 mmol) in THF (10 mL) added and it was

stirred until the reaction started. Phenyl bromide (7 mL, 67 mmol)

in THF (40 mL) was added dropwise. After completing of addition it was stirred for 1 h.

(Ethoxycarbonyl)-L-proline was added in THF (20 mL) and it was warmed to r.t. followed

by heating at reflux for 3 h. After cooling to r.t., satd. aq. NH4Cl solution (100 mL) was

added and the phases were separated. The aq. layer was extracted with EtOAc (3× 100 mL).

The combined organic extracts were dried over MgSO4, the solvent was removed in vacuo

and purification by flash chromatography (SiO2, hexanes:EtOAc = 4:1) afforded the title

compound (9.7 g, 35 mmol, 87%) as a colourless solid.

1H NMR (300 MHz, DCCl3): δ = 7.53-7.21 (10H, m, H-Ar), 4.62-4.45 (1H, m, H-2′),

3.81-3.77 (1H, m, H-N5′A), 3.34-3.21 (1H, m, H-5′B), 2.06-1.82 (2H, m, H-CH2), 1.81-1.76

(1H, m, H-CH2), 1.25-1.10 (1H, m, H-CH2). m. p. 148.8-149.0 ◦C. R f (hexanes:EtOAc =

4:1): 0.80.

The spectroscopic data was in agreement with that reported in the literature.[ 462]

E:III.2.24 (S)-Diphenyl(pyrrolidin-2-yl)methanol 3.138

NH
3.138

OH

PhPh
KOH (10.5 g, 188 mmol) was suspended in methanol (40 mL) and

(S)-1,1-diphenyltetrahydro- 1H,3H-pyrrolo[1,2-c]oxazol-3-one 3.137

(5 g, 19.7 mmol) was added. The mixture was heated at reflux for 2 h.

The solvent was removed in vacuo and H2O (100 mL) was added. The

aq. layer was extracted with CH2Cl2 (3 × 100 mL). The solvent was removed in vacuo

and the residue was recrystallised from hexanes which afforded the title compound (2.3 g,

9.1 mmol, 46%) as a colourless solid.
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1H NMR (300 MHz, DCCl3): δ = 7.61-7.21 (10H, m, H-Ar), 4.21-4.32 (1H, m, H-2′),

3.21-2.91 (2H, m, H-CH2), 3.11-2.84 (2H, m, H-CH2), 1.82-1.51 (2H, m, H-CH2). m. p.

79.7-79.9 ◦C. R f (hexanes:EtOAc = 4:1): 0.10.

The spectroscopic data was in agreement with that reported in the literature.[ 462]

E:III.2.25 CBS-catalyst 3.139

N
H B

O

H Ph
Ph

3.139
OMeMeO

(S)-diphenyl(pyrrolidin-2-yl)methanol 3.138 (440 mg, 1.74 mmol)

was dissolved in diethyl ether (5 mL). Trimethylborate (0.57 mL,

5.05 mmol) was added slowly and it was crystallised over 24 h.

Crystals were filtered under an atmosphere of nitrogen, washed with

diethyl ether (10 mL) and dried in vacuo which afforded the title compound (267 mg,

0.82 mmol, 47%) as a colourless solid.

1H NMR (400 MHz, DCCl3): δ = 7.11-7.52(m, 10H, H-Ar), 6.37 (1H, br d, J=6.0 Hz,

H-NH), 4.27-4.30 (1H, m, H-NCH), 2.03-3.21 (8H, m, H-B(OMe)2, H-NCH2), 1.43-1.65

(4H, m, 2xH-CH2).

The spectroscopic data was in agreement with that reported in the literature.[ 408]

E:III.2.26 CBS-reductions to afford (S)-1-(3′-Bromo-1′,4′-dimethoxy-

naphthalen-2′-yl)propan-2-ol 2.73a

OMe

OMe

Br
OH

2.73a

General procedure:

CBS-catalyst (0.2 eq.) was dissolved in THF (4 mL/mmolSM), the temperature was

adjusted and the addition cycle started: Borane-DMS complex (0.2 eq) in THF

(1 mL/10 µLBH3·SMe2) was added and it was stirred for 5 min followed by the addition

of 1-(3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)propan-2-one 3.44 (0.2 eq.) and it was
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stirred until all starting material was consumed by TLC. The cycle was repeated four

times followed by the addition of methanol (5 mL) and H2O (10 mL). The layers were

separated and the aq. layer was extracted with EtOAc (3 × 15 mL). The combined

organic extracts were washed with brine, dried over MgSO4 and the solvent was removed

in vacuo and the residue was purified by flash chromatography (SiO2, hexanes:EtOAc = 4:1).

Method A: (R)-Me-CBS at 0 ◦C

The reaction was performed according to the general procedure using

1-(3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)propan-2-one 3.44 (53 mg, 0.16 mmol),

(R)-Me-CBS (9 mg, 32 µmol) and BH3·SMe2 (15 µL, 0.16 mmol) at 0 ◦C. This afforded the

title compound (55 mg, 0.16 mmol, quant., ee=74%) as a colourless solid.

Method B: (R)-Me-CBS at −15 ◦C

The reaction was performed according to the general procedure using

1-(3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)propan-2′-one 3.44 (10 mg, 31 µmol),

(R)-Me-CBS (1.8 mg, 6 µmol) and BH3·SMe2 (3 µL, 31 µmol) at −15 ◦C. This afforded the

title compound (11 mg, 31 µmol, quant., ee=78%) as a colourless solid.

Method C: (S)-(+)-(O)-tolyl-CBS at 0 ◦C

The reaction was performed according to the general procedure using

1-(3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)propan-2-one 3.44 (20 mg, 62 µmol),

(S)-(+)-(O)-tolyl-CBS (25 µL, 0.5 M, 12.4 µmol) and BH3·SMe2 (6 µL, 62 µmol) at 0 ◦C.

This afforded the title compound (226 mg, 62 µmol, quant., ee=57%) as a colourless solid.

Method D: CBS-catalyst 3.139 at 0 ◦C

The reaction was performed according to the general procedure using

1-(3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)propan-2-one 3.44 (10 mg, 31 µmol),

CBS-catalyst (2 mg, 6 µmol) and BH3·SMe2 (3 µL, 31 µmol) at 0 ◦C. The starting material

decomposed under this conditions.
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The enantiomeric excess (ee) of 3.73a was determined by HPLC (H2Os 600) using a chiral

column (chiracel OD-H, 0.431 cm, Daicel Chemical Ind. Ltd.) and 2-propanol-heptanes

(1:99) as eluent with a flow rate of 0.5 mL/min. The retention time for the (S)-enantiomer

3.73a was 20.43 min and the retention time for the (R)-enantiomer 3.73b was 30.23 min.

The spectroscopic data was in agreement with that reported in the literature and

1-(3′-Bromo-1′,4′-dimethoxynaphthalen-2′-yl)- propan-2-ol 2.73.[ 204]

E:III.2.27 DIPCl reduction to afford (S)-1-(3′-Bromo-1′,4′-dimethoxy-

naphthalen-2′-yl)propan-2-ol 2.73a

OMe

OMe

Br
OH

2.73a

DIPCl (56 mg, 0.17 mmol) was placed in a dry flask and

THF (0.5 mL) was added. It was cooled to −25 ◦C and

1-(3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)propan-2-one 3.44

(45 mg, 0.14 mmol) was added. The reaction was quenched

with satd. aq. NH4Cl solution (5 mL) after completion (TLC

monitoring) and the aq. layer was extracted with CH2Cl2 (3 × 10 mL). The combined

organic extracts were dried over MgSO4 and the solvent was removed in vacuo. Purification

by flash chromatography (SiO2, hexanes:EtOAc = 4:1) afforded the title compound (16 mg,

49 µmol, 33%, ee=42%) as a colourless solid.

The enantiomeric excess (ee) of 3.73a was determined by HPLC (H2Os 600) using a chiral

column (chiracel OD-H, 0.431 cm, Daicel Chemical Ind. Ltd.) and 2-propanol-heptanes

(1:99) as eluent with a flow rate of 0.5 mL/min. The retention time for the (S)-enantiomer

3.73a was 20.43 min and the retention time for the (R)-enantiomer 3.73b was 30.23 min.

The spectroscopic data was in agreement with that reported in the literature and

1-(3′-Bromo-1′,4′-dimethoxynaphthalen-2′-yl)- propan-2-ol 2.73.[ 204]
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E:III.2.28 (±)1-(3′-Bromo-1′,4′-dimethoxynaphthalen-2′-yl)propan-

2-yl-formate 3.47

Br
O

O

H

OMe

OMe

3.47

To a mixture of (±)-1-(3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)-

propan-2-ol 3.73 (200 mg, 0.62 mmol) in CH2Cl2 (5 mL) were

added formic acid (46 µL, 1.23 mmol), DIC (124 µL, 0.80 mmol)

and DMAP (1 crystal, catalytic) at 0 ◦C under an atmosphere

of nitrogen. The reaction mixture was stirred for 15 min then

warmed to r.t. and stirred overnight. The solvent was removed in vacuo and purification by

flash chromatography (SiO2, hexanes:EtOAc = 4:1) afforded the title compound (217 mg,

0.62 mmol, quant) as a colourless oil.

1H NMR (400 MHz, CDCl3): δ = 8.12-8.03 (2H, m, H-5′, H-8′), 7.96 (1H, s, H-OCHO),

7.59 7.50 (2H, m, H-6′, H-7′), 5.58-5.47 (1H, m, H-2), 3.97 (3H, s, H-OMe), 3.94 (3H, s, H

OMe), 3.41 (1H, dd, J=13.5 Hz, 7.6 Hz, H-1A), 3.21 (1H, dd, J=13.5 Hz, 6.1 Hz, H-1B),

1.36 (3H, d, J=6.3 Hz, H-3). R f (hexanes:EtOAc = 4:1): 0.69.

The spectroscopic data was in agreement with that reported in the literature and

1-(3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)- propan-2-ylformate.[ 204]
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E:III.2.29 (S)-1-(3′-Bromo-1′,4′-dimethoxynaphthalen-2′-yl)propan-

2-yl formate 3.47a

Br
O

O

H

OMe

OMe

To a mixture of (S)-1-(3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)-

propan-2-ol 3.73a (100 mg, 0.31 mmol) in CH2Cl2 (2.5 mL) were

added formic acid (25 µL, 0.65 mmol), DIC (62 µL, 0.40 mmol)

and DMAP (1 crystal, catalytic) at 0 ◦C under an atmosphere of

nitrogen. The reaction mixture was stirred for 15 min then warmed

to r.t. and stirred overnight. The solvent was removed in vacuo and purification by

flash chromatography (SiO2, hexanes:EtOAc = 4:1) afforded the title compound (109 mg,

0.31 mmol, quant) as a colourless oil.

[α]24
D −25.3 (c 0.20, CHCl3)

The spectroscopic data was in agreement with that reported in the literature.[ 204]

E:III.2.30 (1R,3S)-5,10-Dimethoxy-3-methyl-3,4-dihydro-1H-benzo[g]-

iso-chromen-1-ol 3.144a

Br
O

O

H

OMe

OMe

O

OMe

OMe

OH

OMe

OMe

+

OH

3.47a 3.144a 3.145

To a mixture of (S)-1-(3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)propan-2-yl formate

3.73a (85 mg, 0.25 mmol) in THF (1 mL) was added t-BuLi (1.6 M in hexanes, 0.29 mL,

0.50 mmol) at −78 ◦C under an atmosphere of nitrogen. The mixture was stirred for 1 h at

−78 ◦C and then warmed to r.t. After 1 h the mixture was quenched with satd. aq. NH4Cl

solution (5 mL). The aq. layer was extracted with EtOAc (3 × 5 mL) and the combined

organic extracts were dried over MgSO4. The solvent was removed in vacuo and purification

by flash chromatography (SiO2, hexanes:EtOAc = 4:1) afforded the title compound (25 mg,

91 µmol, 36%) as a colourless solid and (S)-1-(1′,4′-dimethoxynaphthalen-2-yl)propan-2-ol

3.145 (37 mg, 150 µmol, 60%) as yellow oil.
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(1R,3S)-5,10-Dimethoxy-3-methyl-3,4-dihydro-1H-benzo[g]isochromen-1-ol 3.144a:

O

OMe

OMe OH

3.144a

1H NMR (400 MHz, CDCl3): δ = 8.11-8.05 (2H, m, H-6, H-9),

7.58-7.40 (2H, m, H-7, H 8), 6.42 (dH, d, J=3.2 Hz, H-1), 4.59-4.46

(1H, m, H-3), 4.03 (3H, s, H-OMe), 3.89 (3H, s, H-OMe), 3.15-3.07

(1H, m, H-4A), 2.60 (1H, dd, J=19.4 Hz, 11.2 Hz, H-4B), 1.45 (3H, d,

J=6.2 Hz, H-Me). R f (hexanes:EtOAc = 4:1): 0.57

The spectroscopic data was in agreement with that reported in the literature.[ 198]

(S)-1-(1′,4′-Dimethoxynaphthalen-2-yl)propan-2-ol 3.145:

OH

OMe

OMe

3.145

1H NMR (400 MHz, CDCl3): δ = 8.23-8.20 (1H, m, H-5′), 8.03-8.00

(1H, m, H-8′), 7.55-7.50 (1H, m, H-7′), 7.47-7.42 (1H, m, H-6′), 6.61

(1H, s, H-3′), 4.20-4.13 (1H, m, H-2), 3.96 (3H, s, H-OMe), 3.89 (3H,

s, H OMe), 2.93 (2H, d, J=6.2 Hz, H-1), 1.29 (3H, d, J=6.1 Hz, H-3).
13C NMR (100 MHz, CDCl3): δ = 152.0 (C-4′), 147.6 (C-1′), 128.6

(C-8a′), 126.8 (C-7′), 126.6 (C-4a′), 125.9 (C-6′), 125.2 (C-5′), 122.5 (C-8′), 121.9 (C-2′),

106.3 (C 3′), 68.8 (C-2), 62.8 (C-OMe), 55.8 (C-OMe), 40.5 (C-1), 23.4 (C-3). HRMS

(ESI): Found [M+Na]+: 269.1159, [C15H18O3Na]+ requires: 269.1148; found [M+K]+:

285.0897, [C15H18O3Na]+ requires: 285.0888. νmax (film/cm−1): 3305, 3221, 2983, 2964,

2841, 1596, 1460, 1367, 1228, 1083, 833, 763. R f (hexanes:EtOAc = 1:1): 0.57. [α]20
D +8.1

(c 1.5, CHCl3).
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E:III.2.31 5,10-Dimethoxy-3-methyl-3,4-dihydro-1H-benzo[g]-iso-

chromen-1-ol 3.144

O

OMe

OMe OH

3.144: (±)-trans

To a mixture of 1-(3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)propan-2-yl formate 3.73

(85 mg, 0.25 mmol) in THF (1 mL) was added t-BuLi (1.6 M in hexanes, 0.29 mL,

0.50 mmol) at −78 ◦C under an atmosphere of nitrogen. The mixture was stirred for 1 h at

−78 ◦C and then warmed to r.t. After 1 h the mixture was quenched with satd. aq. NH4Cl

solution (5 mL). The aq. layer was extracted with EtOAc (3 × 5 mL) and the combined

organic extracts were dried over MgSO4. The solvent was removed in vacuo and purification

by flash chromatography (SiO2, hexanes:EtOAc = 4:1) afforded the title compound (26 mg,

93 µmol, 38%) as a colourless solid.

The spectroscopic data was in agreement with that reported in the literature and

(1R,3S)-5,10-Dimethoxy-3-methyl-3,4-dihydro-1H- benzo[g]isochromen-1-ol 3.144a.[ 198]
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E:III.2.32 (±)-7,9-Dideoxythysanone 2.47

O

O

O OH

1
3

4
4a5

5a
6

7

8
9 9a

10
10a

2.47: (±)-trans

To a mixture of (±)-5,10-dimethoxy-3-methyl-3,4-dihydro-1H-benzo[g]-

isochromen-1-ol 3.144 (16 mg, 58 µmol) and AgO (79 mg, 0.64 mmol)

in THF (3 mL) was added aq. HNO3 (6 N, 0.20 mL, 1.16 mmol).

The reaction mixture was stirred for 10 min and subsequently filtered

through a pad of Celite R©. It was then diluted with H2O (5 mL) and extracted with CH2Cl2

(3 × 5 mL). The combined organic extracts were dried over MgSO4 and the solvent was

removed in vacuo. Purification by flash chromatography (SiO2, hexanes:EtOAc = 4:1)

afforded the title compound (13.7 mg, 56 µmol, 97%) as a light yellow solid.

1H NMR (400 MHz, acetone-d6): δ = 8.18-8.02 (2H, m, H-6, H-9), 7.78-7.71 (2H, m, H-7,

H 8), 6.08 (1H, d, J=3.2 Hz, H-1), 4.42-4.32 (1H, m, H-3), 3.45 (1H, bd, J=3.2 Hz, H-OH),

2.79 (1H, dd, J=19.4 Hz, 3.1 Hz, H-4A), 2.29 (1H, dd, J=19.4 Hz, 11.2 Hz, H-4B), 1.41

(3H, d, J=6.2 Hz, H-Me). R f (hexanes:EtOAc = 4:1): 0.41.

The spectroscopic data was in agreement with that reported in the literature.[ 198]

E:III.2.33 (+)-7,9-Dideoxythysanone 2.47a

O

O

O OH

1
3

4
4a5

5a
6

7

8
9 9a

10
10a

2.47a

To a mixture of (1R,3S)-5,10-dimethoxy-3-methyl-3,4-dihydro-1H-

benzo[g]isochromen-1-ol 3.144a (25 mg, 90 µmol) in acetonitrile

(1 mL) was added CAN (100 mg, 0.18 mmol) in H2O (1 mL) at

0 ◦C. The reaction was stirred for 10 min at 0 ◦C, then 15 min at r.t.

and subsequently poured into ice H2O (10 mL). The aq. layer was extracted with EtOAc

(3 × 10 mL) and the combined organic extracts were washed with brine (15 mL) and dried

over MgSO4. The solvent was removed in vacuo and purification by flash chromatography

(SiO2, hexanes:EtOAc = 4:1) afforded the title compound (10 mg, 40 µmol, 44%) as a bright

yellow solid.

[α]24
D +142.4 (c 0.77, CHCl3) (lit.[ 204] [α]24

D +139.3 (c 0.76, CH2Cl2))

The spectroscopic data was in agreement with that reported in the literature and

(±)-7,9-dideoxythysanone 2.47.[ 198]
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E:III.2.34 (±)-2-Bromo-3-(2′-hydroxypropyl)naphthalene-1,4-dione

2.65

O

OH
Br

O

2.65

To a mixture of (±)-1-(3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)

propan-2-ol 2.73 (20 mg, 60 µmol) in acetonitrile (1 mL) was added

CAN (67 mg, 120 µmol) in H2O (1 mL) at 0 ◦C. The mixture was

stirred for 10 min at 0 ◦C and then warmed to r.t. and stirred for

further 10 min. It was subsequently poured into ice H2O (10 mL) and the aq. layer was

extracted with EtOAc (3 × 5 mL). The combined organic extracts were dried over MgSO4.

The solvent was removed in vacuo and purification by flash chromatography (SiO2,

hexanes:EtOAc = 4:1) afforded the title compound (8 mg, 27 µmol, 45%) as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 8.18-8.10 (2H, H-6, H-7), 7.78-7.71 (2H, m, H-5,

H-8), 4.23 4.15 (1H, m, H-2′), 3.12 (1H, dd, J=12.7 Hz, 8.4 Hz, H-1′A), 3.01 (1H, dd,

J=12.7 Hz, 4.3 Hz, H-1′B), 1.36 (3H, d, J=6.1 Hz, H-3′). 13C NMR (100 MHz, CDCl3):

δ = 182.4 (C-4), 177.7 (C-1), 149.1 (C-3), 140.5 (C-2), 134.4 and 134.2 (C-6, C-7), 131.5

and 131.3 (C-4a, C-8a), 127.7 and 127.4 (C-5, C-8), 67.5 (C-2′), 41.0 (C-1′), 24.6 (C-3′).

HRMS (ESI): Found [M+Na]+: 316.9779, [C13H11BrO3Na]+ requires: 316.9784. νmax

(film/cm−1): 3367, 2971, 2926, 1666, 1593, 1276, 714. R f (hexanes:EtOAc = 3:1): 0.24.

E:III.2.35 (±)-2-Methyl-2,3-dihydronaphtho[2,3-b]furan-4,9-dione

2.62

O

O
O

2.62

To a stirred mixture of (±)-1-(3′-bromo-1′,4′-dimethoxynaphthalen-

2′-yl)-propan-2-ol 2.73 (23 mg, 71 µmol) and silver(I) oxide (96 mg,

0.78 mmol) in THF (2 mL) was added aq. HNO3 (6 N, 0.24 mL,

1.42 mmol) dropwise. The mixture was stirred for 20 min and then

filtered through a pad of Celite R©. The aq. layer was extracted with EtOAc (3 × 5 mL)

and the combined organic extracts were dried over MgSO4. The solvent was removed in

vacuo and purification by flash chromatography (SiO2, hexanes:EtOAc = 7:3) afforded the

title compound (10 mg, 47 µmol, 66%) as a bright orange oil.
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1H NMR (300 MHz, CDCl3): δ = 8.11-8.06 (1H, m, H-Ar), 7.67-7.63 (2H, m, H-Ar),

7.61-7.55 (1H, m, H-Ar), 5.33-5.20 (1H, m, H-2), 3.29 (1H, dd, J=15.3 Hz, 9.7 Hz, H-3A),

2.75 (1H, dd, J=15.3 Hz, 7.2 Hz, H-3B), 1.58 (3H, d, J=6.4 Hz, H-Me). 13C NMR (100

MHz, CDCl3): δ = 181.4 (C-4), 175.7 (C-9), 169.9 (C-8a), 134.6, 132.1, 129.6 and 124.7

(C 5, C-6, C-7, C-8), 131.0 and 127.9 (C-3a, C-4a), 115.4 (C-9a), 84.8 (C-2), 33.7 (C-3),

22.2 (C-Me). HRMS (ESI): Found [M+H]+: 215.0696, [C13H11O3]
+ requires: 215.0703;

found [M+Na]+: 237.0523, [C13H10O3Na]+ requires: 237.0522; found [M+K]+: 253.0267,

[C13H10O3K]+ requires: 253.0262. νmax (film/cm−1): 2976, 2926, 2858, 1723, 1698,

1648, 1611, 1589, 1568, 1452, 1409, 1277, 1244, 1216, 1155, 1026, 872, 776, 689. R f

(hexanes:EtOAc = 7:3): 0.19.

E:III.2.36 (S)-2-Bromo-3-(2′-hydroxypropyl)naphthalene-1,4-dione

2.66

O

O
Br
OH

2.66

To a mixture of (S)-1-(3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)-

propan-2-ol 2.73a (20 mg, 62 µmol) in acetonitrile (1 mL) was

added CAN (67 mg, 123 µmol) in H2O (1 mL) at 0 ◦C. The

mixture was stirred for 10 min at 0 ◦C and then warmed to r.t. and

stirred for further 10 min. It was subsequently poured into ice H2O

(10 mL) and the aq. layer was extracted with EtOAc (3 × 5 mL). The combined organic

extracts were dried over MgSO4. The solvent was removed in vacuo and purification by

flash chromatography (SiO2, hexanes:EtOAc = 4:1) afforded the title compound (10 mg,

34 µmol, 55%) as a yellow oil.

[α]20
D +10.2 (c 1, CHCl3)

The spectroscopic data was in agreement with that reported for (±)-2-bromo-3-(2′-hydroxy-

propyl)naphthalene-1,4-dione 2.65.
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E:III.2.37 2-Bromo-3-(2′-oxopropyl)naphthalene-1,4-dione 2.67

Br
O

O

O

2.67

To a mixture of 1-(3-bromo-1,4-dimethoxynaphthalen-2-yl)propan-

2-one 3.44 (56 mg, 0.17 mmol) in THF (5 mL) was added AgO

(256 mg, 1.9 mmol). Aq. HNO3 (6 N, 0.57 mL, 3.4 mmol) was added

and it was stirred for 20 min. H2O (5 mL) was added and the aq.

layer was extracted with CH2Cl2 (3 × 5 mL). The combined organic

extracts were dried over MgSO4. The solvent was removed in vacuo and purification by

flash chromatography (SiO2, hexanes:EtOAc = 4:1) afforded the title compound (42 mg,

0.14 mmol, 84%) as a yellow oil.

1H NMR (400 MHz, acetone-d6): δ = 8.20-8.08 (2H, m, H-6, H-7), 7.79-7.74 (2H,

m, H-5, H 8), 4.13 (2H, s, H-1′), 2.34 (3H, s, H-3′). 13C NMR (100 MHz, CDCl3): δ =

201.8 (C-2′), 181.3 (C-4), 177.4 (C-1), 145.8 (C-3), 141.3 (C-2), 134.4 and 134.3 (C-6,

C-7), 131.3 (C-4a, C-8a), 127.8 and 127.4 (C-5, C-8), 46.1 (C-1′), 30,5 (C-3′). HRMS

(ESI): Found [M+H]+: 292.9827, [C13H10BrO3]
+ requires: 292.9808; found [M+Na]+:

314.9638, [C13H9BrO3Na]+ requires: 314.9627. νmax (film/cm−1): 1714, 1671, 1660, 1590,

1579, 1397, 1314, 1272, 1156, 990, 708. R f (hexanes:EtOAc = 7:3): 0.43.

E:III.2.38 (±)-2-Bromo-3-(oxiran-2′-ylmethyl)naphthalene-1,4-dione

2.68

Br
O

O

O

2.68

To a mixture of (±)-2-((3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)-

methyl)oxirane 2.74 (14 mg, 43 µmol) in THF (1 mL) was added AgO

(59 mg, 0.48 mmol). Aq. HNO3 (6 N, 0.14 mL, 0.86 mmol) was

added and it was stirred for 20 min. H2O (5 mL) was added and the aq.

layer was extracted with CH2Cl2 (3 × 5 mL). The combined organic

extracts were dried over MgSO4. The solvent was removed in vacuo and purification by

flash chromatography (SiO2, hexanes:EtOAc = 4:1) afforded the title compound (12 mg,

41 µmol, 95%) as a bright yellow oil.
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1H NMR (400 MHz, acetone-d6): δ = 8.20-8.12 (2H, m, H-6, H-7), 7.80-7.74 (2H, m, H-5,

H-8), 3.31-3.24 (2H, m, H-2′, H-3′A), 3.12 (1H, q, J=7.2 Hz, H-3′B), 2.80-2.77 (1H, m,

H-1′A), 2.71 (1H, dd, J=5.0 Hz, 2.2 Hz, H-1′B). 13C NMR (100 MHz, CDCl3): δ= 181.7

(C-4), 177.6 (C-1), 147.1 (C-3), 140.9 (C 2), 134.5 and 134.3 (C-6, C-7), 131.5 and 131.2

(C-4a, C-8a), 127.8 and 127.4 (C-5, C-8), 49.8 and 47.2 (C-2′, C-3′), 34.4 (C-1′). HRMS

(ESI): Found [M+H]+: 292.9820, [C13H10BrO3]
+ requires: 292.9808; found: [M+Na]+:

314.9634, [C13H9BrO3Na]+ requires: 314.9627. νmax (film/cm−1): 3364, 2922, 2851, 1673,

1660, 1591, 1577, 1275, 710. R f (hexanes:EtOAc = 2:1): 0.71.

E:III.2.39 (S)-2-(2′-Hydroxypropyl)naphthalene-1,4-dione 2.60

OH

O

O

2.60

To a mixture of (S)-1-(1′,4′-dimethoxynaphthalen-2′-yl)propan-2-ol

3.145 (17 mg, 70 µmol) in acetonitrile (1 mL) was added CAN (68 mg,

120 µmol) in H2O (1 mL) at 0 ◦C. The mixture was stirred for 10 min

at 0 ◦C and then warmed to r.t. and stirred for further 10 min. It

was subsequently poured in ice H2O (10 mL) and the aq. layer was extracted with EtOAc

(3 × 5 mL). The combined organic extracts were dried over MgSO4. The solvent was

removed in vacuo and purification by flash chromatography (SiO2, hexanes:EtOAc = 4:1)

afforded the title compound (8 mg, 37 µmol, 53%) as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 8.12-8.03 (2H, m, H-6, H-7), 7.76-7.71 (2H, m,

H-5, H-8), 6.91 (1H, t, J=1.0 Hz, H-3), 4.15-4.07 (1H, m, H-2′), 2.81 (1H, ddd, J=13.9

Hz, 4.0 Hz, 1.0 Hz, H-1′A), 2.63 (1H, ddd, J=13.9 Hz, 8.0 Hz, 1.0 Hz, H-1′B), 1.31 (3H,

d, J=6.3 Hz, H 3′). 13C NMR (100 MHz, CDCl3): δ = 186.0 and 185.1 (C-1, C-4), 148.4

(C-2), 137.7 and 137.1 (C-6, C-7), 134.0 and 133.8 (C-4a, C-8a), 132.2 (C-3), 126.8 and

124.2 (C-5, C-8), 67.0 (C-2′), 39.6 (C-1′), 24.0 (C-3′). HRMS (ESI): Found [M+Na]+:

239.0685, [C13H12O3]
+ requires: 239.0679. νmax (film/cm−1): 3405, 2974, 2923, 1662,

1594, 1302, 1266, 1081, 706. R f (hexanes:EtOAc = 1:1): 0.63. [α]20
D +12.1 (c 1.2, CHCl3).
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E:III.2.40 (±)-1-(3′-Bromo-1′,4′-dimethoxynaphthalen-2′-yl)propan-

2-ylacetate 3.46

OMe

OMe

Br O

O

2.52

To a mixture of (±)-1-(3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)-

propan-2-ol 2.73 (500 mg, 1.54 mmol) in CH2Cl2 (3 mL) was added

acetic anhydride (0.22 mL, 2.31 mmol) and pyridine (0.27 mL,

3.39 mmol) and it was stirred overnight at r.t. It was quenched

with satd. aq. NH4Cl solution (5 mL) and the phases were separated. The aq. layer

was extracted with CH2Cl2 (3 × 10 mL) and the combined organic extracts were dried

over MgSO4. The solvent was removed in vacuo and purification by flash chromatography

(SiO2, hexanes:EtOAc = 7:13) afforded the title compound (382 mg, 1.04 mmol, 68%) as a

colourless solid.

The spectroscopic data was in agreement with that reported in the literature and

(R)-1-(3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)- propan-2-yl acetate 3.46a.[ 204]

E:III.2.41 (±)-trans-5,10-Dimethoxy-1,3-dimethyl-3,4-dihydro-1H-

benzo[g]isochromen-1-ol 3.148

MeO

OMe

O
OH

3.148

To a mixture of (±)-1-(3′-bromo-1′,4′-dimethoxynaphthalen-2′-yl)-

propan-2-yl acetate 3.46 (125 mg, 0.34 mmol) in THF (2 mL) was

added at −78 ◦C under an atmosphere of nitrogen t-BuLi (1.6 M

in-hexanes, 0.47 mL, 0.75 mmol). The reaction mixture was warmed

to r.t. overnight then quenched with satd. aq. NH4Cl solution (5 mL)

and the phases were separated. The aq. layer was extracted with CH2Cl2 (3 × 10 mL) and

the combined organic extracts were dried over MgSO4. The solvent was removed in vacuo

and purification by flash chromatography (SiO2, hexanes:EtOAc = 7:3) afforded the title

compound (83 mg, 0.29 mmol, 85%) as a colourless solid. Due to instability of the product,

it was directly used for the next step.
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E:III.2.42 (±)-trans-1-(Allyloxy)-5,10-dimethoxy-1,3-dimethyl-3,4-

dihydro-1Hbenzo[g]isochromene 3.149

MeO

OMe

O

3.149

(±)-trans-5,10-dimethoxy-1,3-dimethyl-3,4-dihydro-1H-benzo[g]iso-

chromen-1-ol 3.148 (30 mg, 0.10 mmol) was dissolved in CH2Cl2

(3 mL) and cooled to −78 ◦Cunder an atmosphere of nitrogen.

BF3-etherate (13 µL, 0.10 mmol) was added, it was stirred for 5 min

followed by the addition of allyltrimethylsilane (32 µL, 0.20 mmol)

and it was warmed to r.t. in within 1 h and stirred at r.t. for further two h. satd. aq. Na2CO3

solution (5 mL) was added and the phases were separated. The aq. layer was extracted

with CH2Cl2 (3 × 10 mL) and the combined organic extracts were dried over MgSO4.

The solvent was removed in vacuo and purification by flash chromatography (SiO2,

hexanes:EtOAc = 7:3) afforded the title compound (24 mg, 76 µmol, 76%) as a colourless

solid.

1H NMR (400 MHz, CDCl3): δ = 9.10-7.99 (2H, m, H-7, H-8), 7.51-7.44 (2H, m,

H-6, H-9), 6.07-5.94 (1H, m, H-2′), 5.19-5.11 (2H, m, H-3′), 3.97 (3H, s, H-OMe),

3.97-3.92 (1H, m, H-3), 3.89 (3H, s, H-OMe), 3.11 (1H, dd, J=16.3, 2.6 Hz, H-4A),

2.87-2.83 (2H, m, H-1′), 2.59 (1H, dd, J=16.3, 11.3 Hz, H-4B), 1,71 (3H, s, H-C1-Me),

1.38 (3H, d, J=6.1 Hz, H-C3-Me). 13C NMR (100 MHz, CDCl3): δ= 149.0 and 149.0 (C-5,

C-10), 134.6 (C-2′), 132.7 and 125.1 (C-4a, C-10a), 127.8 and 127.4 (C5a, C-9a), 125.8 and

125.3 (C-7, C-8), 123.1 and 122.2 (C-6, C-9), 117.3 (C-3′), 77.0 (C-1), 63.9 (C-3), 63.2

(C-OMe), 61.1 (C-OMe), 42.2 (C-1′), 31.7 (C-4), 27.1 (C-C1Me), 22.0 (C-C3Me). HRMS

(ESI): Found [M+Na]+: 335.1628, [C20H24NaO3]
+ requires: 335.1618. νmax (film/cm−1):

2928, 2748, 1664, 1639, 1584, 1446, 1342, 1331, 1284, 1254, 1134, 1054, 924, 748, 721.

R f (hexanes:EtOAc = 7:3): 0.55.
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E:III.2.43 (±)-1-Allyl-1-methyl-7,9-dideoxythysanone 2.52

O

O

O1
3

4
4a

55a
6

8

7

9 9a
10

10a

2.52

(±)-trans-1-(Allyloxy)-5,10-dimethoxy-1,3-dimethyl-3,4-dihydro-1H-

benzo[g]isochromene 3.149 (140 mg, 0.45 mmol) was dissolved in

THF (13.5 mL) and freshly prepared AgO (613 mg, 4.95 mmol) was

added. HNO3 (6 Naq., 1.5 mL, 9 mmol) was added drop wise and it

was stirred for 10 min. The mixture was filtered over Celite R© after

20 min, diluted with H2O (10 mL) and the aq. layer was extracted with EtOAc (3 × 15 mL).

The combined organic extracts were washed with brine (30 mL) and dried over MgSO4.

The solvent was removed in vacuo and purification by flash chromatography (SiO2,

hexanes:EtOAc = 7:3) afforded the title compound (115 mg, 0.41 mmol, 91%) as a yellow

solid.

1H NMR (400 MHz, CDCl3): δ = 8.10-8.04 (2H, m, H-7, H-8), 7.77-7.67 (2H, m,

H-6, H-9), 6.00-5.87 (1H, m, H-2′), 5.19-5.10 (2H, m, H-3′), 3.96-3.85 (1H, m, H-3),

2.92-2.72 (2H, m, H-1′), 2.82 (1H, dd, J=18.9, 2.9 Hz, H-4A), 2.25 (1H, dd, J=18.9,

10.4 Hz, H-4B), 1.54 (3H, s, H-C1-Me), 1.34 (3H, d J=6.1 Hz, H-C3-Me). 13C NMR

(100 MHz, CDCl3): δ= 184.4 and 183.5 (C-5, C-10), 149.1 (C-10a), 143.0 (C-4a), 133.9

and 133.6 (C-7, C-8), 133.3 (C-2′), 132.8 and 131.7 (C-5a, C-9a), 126.7 and 126.2 (C-6,

C-9), 118.2 (C-3′), 75.8 (C-1), 63.3 (C-3), 41.7 (C-1′), 30.9 (C-4), 25.6 (C-C1-Me), 21.5

(C-C3-Me). HRMS (ESI): Found: [M+H]+: 283.1340, [C18H19O3]
+ requires: 283.1329;

found: [M+Na]+: 305.1140, [C18H18NaO3]
+ requires: 305.1148. νmax (film/cm−1): 2971,

2931, 2876, 1659, 1639, 1610, 1591, 1449, 1382, 1364, 1348, 1308, 1284, 1260, 1246,

1169, 1145, 1064, 1004, 994, 982, 923, 912, 871, 788, 721, 690. R f (hexanes:EtOAc =

1:1): 0.90.
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6.3 Experimental for Part III.3

E:III.3.1 (±)-3-Methoxy-5-methylcyclohexanes-2-en-1-one 3.125

MeO

O

3.125 = rac

To a mixture of (±)-5-methylcyclohexane-1,3-dione 3.125 (0.5 g,

4.0 mmol) in acetone (10 mL) were added K2CO3 (0.8 g, 6.0 mmol)

and Me2SO4 (0.45 mL, 4.8 mmol). The reaction mixture was heated at

reflux for 18 h. It was allowed to cool down to r.t. The reaction mixture

was filtered and the solvent was carefully removed in vacuo using an isolated rotovap under

a fume hood. Purification of the residue by flash chromatography (SiO2, hexanes:EtOAc =

9:1) afforded the title compound (0.56 g, 4 mmol, quant.) as a colourless solid.

1H NMR (400 MHz, CDCl3): δ = 5.31 (1H, s, H-2), 3.64 (3H, s, H-OMe), 2.39

(1H, d, J=3.5 Hz, H-6A), 2.35 (1H, d, J=3.6 Hz, H-6B), 2.25-2.10 (1H, m, H-5), 2.14-2.05

(1H, m, H-4A), 2.03-1.94 (1H, m, H-4B). R f (hexanes:EtOAc = 4:1): 0.83.

The spectroscopic data was in agreement with that reported in the literature.[ 463]

E:III.3.2 Isopropyl 2,4-diisopropoxybenzoate 3.170

OH

HO

OH

O

iPrO

iPrO

OiPr

O

OH

HO

OiPr

O OH

iPrO

OiPr

O

+

3.171 3.172

3.170

3.166

To a mixture of 2,4-dihydroxybenzoic acid 3.166 (5 g, 32 mmol) in acetone/DMF

(10:1, 100 mL) were added K2CO3 (26.9 g, 195 mmol), TBAI (0.5 g, 1.3 mmol) and

2-bromopropane (34 mL, 356 mmol). The reaction mixture was heated at 60 ◦C and stirred

overnight. The reaction mixture was then diluted with EtOAc (100 mL). H2O was added

(100 mL) and the aq. layer was extracted with EtOAc (3 × 100 mL). The aq. layer was

neutralised using 1 M aq. HCl and extracted with EtOAc (3 × 100 mL). The combined
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organic layers were washed with brine and dried over MgSO4. The solvent was removed

in vacuo and purification by flash chromatography (SiO2, hexanes:EtOAc = 9:1) afforded

isopropyl 2,4-dihydroxybenzoate 3.171 (1.60 g, 8.2 mmol, 25 %) as a light yellow oil and

isopropyl 2-hydroxy-4-isopropoxybenzoate 3.172 (0.59 g, 2.5 mmol, 8 %) as a light yellow

oil.

Isopropyl 2-hydroxy-4-isopropoxybenzoate 3.172

OH

iPrO

OiPr

O

3.172

1H NMR (400 MHz, CDCl3): δ = 11.11 (1H, s, H-OH), 7.72 (1H, d,

J=8.8 Hz, H-2), 6.42-6.37 (2H, m, H-3, H-4), 5.25 (1H, sept., J=6.4 Hz,

H-CH(CH3)2), 4.58 (1H, sept., J=6.4 Hz, H-CH(CH3)2), 1.36 (6H,

d, J=6.4 Hz, H-CH(CH3)2), 1.34 (6H, d, J=6.4 Hz, H-CH(CH3)2).
13C NMR (100 MHz, CDCl3): δ = 179.5, 169.8 (C-4), 164.0 (C-2), 131.4 (C-6), 108.7 (C-5),

105.8 (C-1), 102.1 (C-3), 70.3 (C-CH(CH3)2), 68.7 (C-CH(CH3)2), 22.1 (C-CH(CH3)2),

22.0 (C-CH(CH3)2). HRMS (ESI): Found [MH]+: 239.1281, [C13H19O4]+ requires:

239.1278, found [MNa]+:261.1104, [C13H18NaO4]+ requires: 261.1103. νmax (film/cm−1):

3117, 2980, 2937, 1659, 1622, 1252, 1103, 778. R f (hexanes:EtOAc = 4:1): 0.65.

Isopropyl 2,4-dihydroxybenzoate 3.171

OH

HO

OiPr

O

3.171

1H NMR (400 MHz, CDCl3): δ = 11.13 (1H, s, H-2-OH), 7.73 (1H, d,

J=8.8 Hz, H-6), 6.40-6.35 (2H, m, H-5, H-3), 5.25 (1H, sept., J=6.2 Hz,

H-CH(CH3)2), 1.37 (6H, d, J=6.2 Hz, H-CH(CH3)2). 13C NMR

(100 MHz, CDCl3): δ = 169.7, 163.9 (C-4), 162.1 (C-2), 132.0 (C-6),

107.8 (C-5), 106.6 (C-1), 103.2 (C-3), 68.9 (C-CH(CH3)2), 22.0 (C-CH(CH3)2). HRMS

(ESI): Found [MH]+: 197.0815, [C10H13O4]+ requires: 197.0814, found [MNa]+:219.0632,

[C10H12NaO4]+ requires: 219.0633. νmax (film/cm−1): 3374, 2984, 2938, 1658, 1622, 1371,

1265, 1148, 1094, 777. R f (hexanes:EtOAc = 4:1): 0.45.
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E:III.3.3 Isopropyl 2,4-diisopropoxybenzoate 3.170

iPrO

iPrO

OiPr

O

3.170

To a mixture of 2,4-dihydroxy benzoic acid 3.166 (1 g, 6.4 mmol) in

acetone/DMF (10:1, 20 mL) were added caesium carbonate (12.7 g,

39 mmol), TBAI (0.1 g, 0.3 mmol) and 2-bromopropane (6.7 mL,

71 mmol). The reaction mixture was heated overnight at 60 ◦C and

then diluted with EtOAc (20 mL). H2O was added (20 mL) and the aq. layer was extracted

with EtOAc (3 × 20 mL). The aq. layer was neutralised using 1 M aq. HCl and extracted

with EtOAc (3 × 20 mL). The combined organic layers were washed with brine and dried

over MgSO4. The solvent was removed in vacuo and purification by flash chromatography

(SiO2, hexanes:EtOAc = 9:1) afforded the title compound (1.8 g, 6.4 mmol, quant.) as a

light yellow oil.

1H NMR (400 MHz, CDCl3): δ = 7.75 (1H, dd, J=7.7 Hz, 1.2 Hz, H-6), 6.45 (1H, d,

J=7.7 Hz, H-5), 6.44 (1H, d, J=1.2 Hz, H-3), 5.21 (1H, sept., J=6.0 Hz, H-CH(CH3)2), 4.48

(1H, sept., J=6.0 Hz, H-CH(CH3)2), 4.54 (1H, sept., J=6.0 Hz, H-CH(CH3)2), 1.37 (6H,

d, J=6.0 Hz, H-CH(CH3)2), 1.35 (6H, d, J=6.0 Hz, H-CH(CH3)2), 1.33 (6H, d, J=6.0 Hz,

H-CH(CH3)2). 13C NMR (100 MHz, CDCl3): δ = 166.0(C=O), 162.2 (C-4), 159.6 (C-2),

133.5 (C-6), 106.7 (C-5), 103.6 (C-3), 71.65 (C-CH(CH3)2), 70.2 (C-CH(CH3)2), 22.2

(C-CH(CH3)2), 22.2 (C-CH(CH3)2). HRMS (ESI): Found [MH]+: 281.1752, [C16H25O4]+

requires: 281,1753, [MNa]+: 303.1576, [C16H24NaO4]+ requires: 303.1572, [MK]+:

319.1308, [C16H24KO4]+ requires: 319.1312. νmax (film/cm−1): 2978, 2934, 1717, 1694,

1604, 1271, 1106, 949. R f (hexanes:EtOAc = 4:1): 0.61.



6.3. Experimental for Part III.3 403

E:III.3.4 2,4-Diisopropoxybenzoic acid 3.169

iPrO

iPrO

OH

O

3.169

To a mixture of isopropyl 2,4-diisopropoxybenzoate 3.169 (2 g,

7.2 mmol) in THF (30 mL) was added KOH (2 g, 35.6 mmol). The

mixture was stirred for 20 h at 65 ◦C. H2O (60 mL) was added and the

aq. layer was extracted with EtOAc (3 × 50 mL). The organic layer

was discarded and the aq. layer was acidified to pH 2 using 2 M aq. HCl. The aq. layer was

then extracted with EtOAc (3 × 80 mL). The combined organic layers were washed with

brine (50 mL) and dried over MgSO4. The solvent was removed in vacuo and purification

by flash chromatography (SiO2, hexanes:EtOAc = 4:1) afforded the title compound (1.56 g,

6.6 mmol, 91 %) as a colourless solid.

1H NMR (400 MHz, CDCl3): δ = 10.50 (1H, s, H-CO2H), 8.12 (1H, d, J=8.9 Hz, H-6),

6.61 (1H, dd, J=8.9 Hz, 2.3 Hz, H-5), 6.49 (1H, d, J=2.3 Hz, H-3), 4.79 (1H, sept.,

J=6.1 Hz, CH(CH3)2), 4.63 (1H, sept., J=6.0 Hz, CH(CH3)2), 1.48 (6H, d, J=6.1 Hz,

CH(CH3)2), 1.37 (6H, d, J=6.1 Hz, CH(CH3)2). 13C NMR (100 MHz, CDCl3): δ = 165.7

(COOH), 163.4 (C-4), 158.0 (C-2), 135.4 (C-6), 111.0 (C-1), 107.9 (C-5), 102.1 (C-3),

73.8(CH(CH3)2), 70.6 (CH(CH3)2), 21.9 (CH(CH3)2). HRMS (ESI): Found [MH]+:

261.1097, [C13H19KO4]+ requires: 261.1098.νmax (film/cm−1): 2964, 1697, 1486, 1277,

1189. m. p.: 112 ◦C. R f (hexanes:EtOAc = 4:1): 0.11.
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E:III.3.5 N,N-Diethyl-2,4-diisopropoxybenzamide 3.168

iPrO

iPrO

NEt2

O

3.168

Method A:

To a mixture of 2,4-diisopropoxybenzoic acid 3.168 (1 g, 4.2 mmol) in CH2Cl2 (8 mL)

was added oxalyl chloride (0.7 mL, 8.4 mmol) under nitrogen. A drop of DMF was added

each 30 min. After no bubbling occurred directly after addition of DMF the solvent was

removed under reduced pressure. CH2Cl2 (3 mL) was added to the crude reaction mixture

followed by the addition of diethylamine (1.3 mL, 12.5 mmol). The mixture was stirred

overnight and then quenched with satd. aq. NH4Cl solution (3 mL). The aq. layer was

extracted with EtOAc (3 × 30 mL). The combined organic layers were washed with brine

(30 mL) and dried over MgSO4. The solvent was removed in vacuo and purification by

flash chromatography (SiO2, hexanes:EtOAc = 1:1) afforded the title compound (875 mg,

2.98 mmol, 71 %) as a yellow oil.

Method B:

To a mixture of 2,4-diisopropoxybenzoic acid 3.169 (0.3 g, 1.3 mmol) in CH2Cl2 (10 mL)

were added DIC (0.3 mL, 2 mmol), DMAP (10 mg, cat.) and diethylamine (0.34 mL,

3.3 mmol) at 0 ◦C. The mixture was was warmed to r.t. overnight. The reaction was

quenched after 24 h with sats. aq. NH4Cl solution (10 mL). The aq. layer was extracted

with EtOAc (3 × 10 mL) and the combined organic layers were washed with brine

(10 mL) and dried over MgSO4. The solvent was removed in vacuo and purification by

flash chromatography (SiO2, hexanes:EtOAc = 1:1) afforded the title compound (88 mg,

0.3 mmol, 23 %) as a yellow oil.
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Method C:

To a mixture of methyl 2,4-diisopropoxybenzoate 3.176 (3 g, 11.9 mmol) in toluene

(15 mL) were added trimethylaluminium (2 M in n-hexane, 5.9 mL, 11.9 mmol) and

diethylamine (1.9 mL, 17.8 mmol). The reaction mixture was stirred overnight at r.t. then

quenched with satd. aq. NH4Cl solution (10 mL). The aq. layer was extracted with EtOAc

(3 × 30 mL) and the combined organic layers were washed with brine (30 mL) and dried

over MgSO4. The solvent was removed in vacuo and purification by flash chromatography

(SiO2, hexanes:EtOAc = 1:1) afforded the title compound (3.48 g, 11.9 mmol, quant.) as a

yellow oil.

1H NMR (400 MHz, CDCl3): δ = 7.11 (1H, d, J=8.4 Hz, H-6), 6.47 (1H, dd,

J=8.4 Hz, 2.1 Hz, H-5), 6.41 (1H, d, J=2.1 Hz, H-3), 4.54 (1H, sept., J=6.0 Hz,

H-CH(CH3)2), 4.47 (1H, sept., J=6.0 Hz, H-CH(CH3)2), 3.83 (1H, bs, H-NCH2), 3.25

(1H, bs, H-NCH2), 3.20 (2H, bs, H-NCH2), 1.33 (6H, d, J=6.0 Hz, H-CH(CH3)2), 1.29

(6H, d, J=6.0 Hz, H-CH(CH3)2), 1.21 (3H, t, J=7.1 Hz, H-NCH2CH3), 1.02 (3H, t,

J=7.1 Hz, H-NCH2CH3). 13C NMR (75 MHz, CDCl3): δ = 169.2, 159.4 (C-4), 154.9 (C-2),

128.6 (C-6), 121.1 (C-1), 107.0 (C-5), 102.9 (C-3), 70.9 (C-CHMe2), 70.2 (C-CHMe2),

42.7 (C-NCH2), 38.7 (C-NCH2), 22.2 (C-CHMe2), 14.2 (C-NCH2Me), 12.8 (C-NCH2Me).

HRMS (ESI): Found [MH]+: 294.2070, [C17H28NO3]+ requires: 294.2069, found [MNa]+:

316.1896, [C17H27NaNO3]+ requires: 316.1889, found [MK]+: 332.1629, [C17H27KNO3]+

requires: 332.1628. νmax (film/cm−1): 2976, 2934, 1627, 1606, 1277, 1127, 1109. R f

(hexanes:EtOAc = 1:1): 0.52.
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E:III.3.6 Methyl 2,4-dihydroxybenzoate 3.175

OH

HO

OMe

O

3.175

To a mixture of 2,4-dihydroxybenzoic acid 3.166 (5 g, 32.4 mmol) in

methanol (100 mL) was added conc. H2SO4 (5 mL) and the mixture was

stirred at reflux for 5 days then quenched with H2O (50 mL) and the aq.

layer was extracted with EtOAc (5x30 mL). The combined organic layers

were washed with brine (50 mL) and dried over MgSO4. The solvent was removed in vacuo

and purification by flash chromatography (SiO2, hexanes:EtOAc = 7:3) afforded the title

compound (5.45 g, 32.4 mmol, quant.) as a colourless solid.

1H NMR (300 MHz, CDCl3): δ = 10.95 (1H, s, H-OH), 7.73 (1H, d, J=8.9 Hz, H-6),

6.40-6.35 (2H, m, H-3, H-5), 3.19 (3H, s, H-Me). 13C NMR (75 MHz, CDCl3): δ = 169.7,

163.8 (C-4), 161.9 (C-2), 132.0 (C-6), 107.9 (C-5), 105.2 (C-1), 103.3 (C-3), 52.2 (C-OMe).

R f (hexanes:EtOAc = 4:1): 0.10.

The spectroscopic data was in agreement with that reported in the literature.[ 464]

E:III.3.7 Methyl 2,4-diisopropoxybenzoate 3.176

iPrO

iPrO

OMe

O

3.176

To a mixture of methyl 2,4-dihydroxybenzoate 3.175 (200 mg,

1.19 mmol) in acetone/DMF (10:1, 4 mL) were added cesium carbonate

(500 mg, 5.57 mmol), TBAI (spatular tip) and 2-bromo propane

(1.2 mL, 13 mmol). The mixture was heated at refluxed for 16 h

then 1 M aq. HCl was added to reach pH 7. The aq. layer was extracted with CH2Cl2

(3 × 10 mL), the combined organic layers were washed with brine (10 mL) and dried

over MgSO4. The solvent was removed in vacuo and purification by flash chromatography

(SiO2, hexanes:EtOAc = 9:1) afforded the title compound (297 mg, 1.19 mmol, quant.) as a

yellow oil.

1H NMR (400 MHz, CDCl3): δ = 7.79 (1H, d, J=9.4 Hz, H-6), 6.46 (1H, dd,

J=6.8 Hz, 2.4 Hz, H-5), 6.46 (1H, s, H-3), 4,59, (1H, sept., J=5.9 Hz, H-CH(CH3)2),

4.53 (1H, sept., J=5.9 Hz, H-CH(CH3)2), 3.84 (3H, s, H-OMe), 1.37 (6H, d, J=5.9 Hz,

H-CH(CH3)2), 1.35 (6H, d, J=5.9 Hz, H-CH(CH3)2). 13C NMR (100 MHz, CDCl3):

δ = 166.2, 162.5 (C-4), 153.4 (C-2), 133.8 (C-6), 117.4 (C-1), 106.8 (C-5), 103.9
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(C-3), 72.1 (C-CH(CH3)2), 70.2 (C-CH(CH3)2), 51.6 (C-OMe), 22.2 (C-CH(CH3)2), 22.1

(C-CH(CH3)2). R f (hexanes:EtOAc = 9:1): 0.31.

The spectroscopic data was in agreement with that reported in the literature.[ 464]

E:III.3.8 N,N-Diethyl-2-formyl-4,6-diisopropoxybenzamide 3.167

iPrO

iPrO

NEt2

O

O

H

3.167

To a mixture of N,N-diethyl-2,4-diisopropoxybenzamide 3.168 (2.9 g,

9.9 mmol) in THF (15 mL) was added TMEDA (1.6 mL, 10.9 mmol).

The mixture was cooled under an atmosphere of nitrogen to −78 ◦C.

t-BuLi (1.6 M in n-hexane, 9.3 mL, 14.8 mmol) was added slowly. The

mixture was stirred 15 min until a dark red color was reached. DMF (1.5 mL, 19.8 mmol)

was added at −78 ◦C and the mixture was warmed up to r.t. overnight. The reaction mixture

was quenched with 4 M aq. HCl (15 mL) and stirred for further 30 min. The aq. layer

was extracted with EtOAc (3 × 30 mL). The combined organic extracts were washed with

brine (30 mL) and dried over MgSO4. The solvent was removed in vacuo and purification

by flash chromatography (SiO2, hexanes:EtOAc = 7:3) afforded the title compound (3.17 g,

9.9 mmol, quant.) as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 9.95 (1H, s, H-CHO), 6.70 (1H, d, J=2.4 Hz,

H-5), 6.64 (1H, 6, J=2.3 Hz), 4.63 (1H, sept, J=6.1 Hz, H-CH(CH3)2), 4.52 (1H, sept.

J=6.1 Hz, H-CH(CH3)2) 3.80 (1H, sext., J=5.9 Hz, H-NCH2), 3.42 (1H, sext., J=7.0 Hz,

H-NCH2), 3.19-3.11 (2H, m, J=5.9 Hz, H-NCH2), 1.37-1.32 (12H, m, H-CH(CH3)2),

1.29 (3H, t, J=0.8 Hz, H-NCH2CH3), 1.26 (3H, t, J=0.8 Hz, H-NCH2CH3). 13C NMR

(100 MHz, CDCl3): δ = 198.5 (CHO), 190.7 (CON), 166.1 (C-4), 159.3 (C-2), 155.5

(C-6), 134.7 (C-1), 108.4 (C-3), 104.2(C-5), 71.3 (C-CH(CH3)2), 70.5 (C-CH(CH3)2), 42.8

(C-NCH2), 39.0 (C-NCH2), 22.2 (C-CH(CH3)2), 22.0 (C-CH(CH3)2), 14.3 (C-NCH2CH3),

12.7 (C-NCH2CH3). HRMS (ESI): Found [MH]+: 322.2017, [C18H28NO4]+ requires:

244.1838, [MNa]+: 344.1840, [C18H27NaNO4]+ requires: 344.1838, [MK]+: 360.1573,

[C18H27KNO4]+ requires: 360.1577. νmax (film/cm−1): 2979, 2935, 2252, 1698, 1624,

1598, 1312, 1155, 1111, 907, 726. R f (hexanes:EtOAc = 1:1): 0.57.
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E:III.3.9 (pm)-4,6-Diisopropoxy-3-oxo-1,3-dihydroisobenzofuran-

1-carbonitrile 3.161

iPrO

iPrO
O

O

CN
3.161

To a mixture of N,N-diethyl-2-formyl-4,6-diisopropoxybenzamide

3.167 (0.93 g, 3.4 mmol) in CH2Cl2 (10 mL) were added TMSCN

(0.84 mL, 6.7 mmol), 18-crown-6 (0.1 g, 0.34 mmol), and potassium

cyanide (22 mg, 0.34 mmol) at 0 ◦C under an atmosphere of nitrogen.

The mixture was stirred for 3 h at 0 ◦C and then warmed to r.t. and stirred for further 30 min.

The solvent was removed. Glacial acetic acid (10 mL) was added and the mixture was stirred

overnight at r.t. The mixture was quenched with 4 M aq. NaOH solution and the pH was

adjusted to pH 10. The aq. layer was extracted with EtOAc (3 × 20 mL) and the combined

organic layers were washed with brine (20 mL) and dried over MgSO4. The solvent was

removed in vacuo and purification by flash chromatography (SiO2, hexanes:EtOAc = 7:3)

afforded the title compound (0.49 g, 1.8 mmol, 53 %) as a colourless solid.

1H NMR (400 MHz, CDCl3): δ = 6.59 (1H, t, J=1.4 Hz, H-7), 6.48 (1H, d, J=1.4 Hz,

H-5), 5.86 (1H, s, H-1), 4.68 (1H, sept., J=6.1 Hz, H-CH(CH3)2), 4.66(1H, sept.,

J=6.1 Hz, H-CH(CH3)2)1.43 (3H, d, J=6.1 Hz, H-CH(CH3)2), 1.43 (3H, d, J=6.1 Hz,

H-CH(CH3)2), 1.41 (3H, d, J=6.1 Hz, H-CH(CH3)2), 1.40 (3H, d, J=6.1 Hz, H-CH(CH3)2).
13C NMR (100 MHz, CDCl3): δ = 166.3 (C-3), 165.1 (C-6), 159.2 (C-4), 146.7

(C-7a), 114.5 (C-CN), 105.2 (C-3a), 104.0 (C-7), 99.5 (C-5), 72.4 (C-CH(CH3)2), 71.6

(C-CH(CH3)2), 21.9 (C-CH(CH3)2), 21.9 (C-CH(CH3)2). HRMS (ESI): Found [MH]+:

276.1235, [C15H18NO4]+ requires: 276.1236, found [MNa]+: 298.1058, [C15H17NaNO4]+

requires: 298.1055, found [MK]+: 314.0794, [C15H17KNO4]+requires: 314.0795. νmax

(film/cm−1): 2981, 2937, 1772, 1614, 1596, 1480, 1319, 1186, 1107, 1014, 992. R f

(hexanes:EtOAc = 1:1): 0.80.
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E:III.3.10 (±)-5,7-Diisopropoxy-3-(phenylthio)isobenzofuran-1(3H)-one

3.162

iPrO

iPrO
O

O

SPh
3.162

To a mixture of N,N-diethyl-2-formyl-4,6-diisopropoxybenzamide

3.167 (500 mg, 1.56 mmol) in THF (2 mL) was added 2 M

aq. KOH (5 mL). The mixture was stirred overnight at r.t. then

acidified with conc. HCl to pH 1. The aq. layer was extracted

with EtOAc (3x10 mL). The combined organic layers were dried

with MgSO4 and the solvent was removed under reduced pressure. Toluene (5 mL) was

added followed by thiophenol (190 µL, 1.87 mmol) and 20 mg para-toluene sulfuric acid

(catalytic). The reaction mixture was stirred for 3 days at r.t. The solvent was removed and

the residue was purified by flash chromatography (SiO2, hexanes:EtOAc = 1:1) to afford the

title compound (200 mg, 0.56 mmol, 36 %) as yellow oil.

1H NMR (300 MHz, CDCl3): δ = 7.54-7.53 (2H, m, H-Ph), 7.31-7.27 (3H, m, H-Ph,

6.59 (1H, d, J=1.6 Hz, H-6), 6.51 (1H, s, H-3), 6.37 (1H, d, J=1.6 Hz, H-4), 4.65 (1H,

sept., J=6.0 Hz, H-CHMe2), 4.60 (1H, sept., J=6.2 Hz, H-CHMe2), 1.41-1.36 (12H, m,

H-CHMe2). 13C NMR (75 MHz, CDCl3): δ = 165.1 (C-1), 158.4 (C-5), 151.0 (C-7), 133.4

(C-Ph), 131.4 (C-7a), 129.2 (C-Ph), 128.7 (C-Ph), 103.9 (C-3a), 103.8 (C-4), 100.5 (C-6),

85.0 (C-3), 72.3 (C-CHMe2), 71.1 (C-CHMe2), 22.1 (C-CHMe2), 22.0 (C-CHMe2), 21.9

(C-CHMe2). HRMS (ESI): Found [MH]+: 359.1310, [C20H23O4S]+ requires: 359.1312;

found [MNa]+: 381.1128, [C20H22NaO4S]+ requires: 381.1131. νmax (film/cm−1): 2978,

1764, 1611, 1476, 1366, 1318, 1037, 841. R f (hexanes:EtOAc =1:1): 0.79.
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E:III.3.11 (±)-5,7-Diisopropoxy-3-(phenylsulfonyl)isobenzo-furan-1-

(3H)one 3.163

iPrO

iPrO
O

O

SO2Ph
3.163

To a mixture of 5,7-diisopropoxy-3-(phenylthio)isobenzofuran-1-

(3H)-one 3.167 (80 mg, 0.22 mmol) in CH2Cl2 (2 mL) was added

m-CPBA (92 mg, 0.54 mmol) at 0 ◦C. The mixture was stirred

for 20 min then warmed to r.t. and stirred for further 30 min.

m-CPBA (16 mg, 0.09 mmol) was added and the mixture was stirred for 1 h. It was then

quenched with satd. aq. NaHCO3 solution. The layers were separated and the organic

layer was dried over MgSO4. The solvent was removed and the residue was purified by

flash chromatography (SiO2, hexanes:EtOAc = 4:1) to afford the title compound (83 mg,

0.21 mmol, 97 %) as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 7.87-7.85 (2H, m, H-Ph), 7.68-7.64 (1H, m, H-Ph),

7.54-7.50 (2H, m, H-Ph), 6.92 (1H, d, J=1.7 Hz, H-6), 6.45 (1H, d, J=1.7 Hz, H-4), 5.96

(1H, s, H-3), 4.72 (1H, sept., J=6.5 Hz, H-CHMe2), 4.58 (1H, sept., J=6.0 Hz, H-CHMe2),

1.42 (6H, dd, J=12.6 Hz, 6.5 Hz, H-CHMe2), 1.36 (6H, d, J=6.0 Hz, H-CHMe2). 13C NMR

(100 MHz, CDCl3): δ = 153.0 and 151.8 (C-5, C-7), 134.9 (C-Ph), 134.6 (C-Ph), 130.4

(C-Ph), 129.9 (C-Ph), 129.3 (C-Ph), 127.5 (C-3), 104.9 (C-7a), 101.7 (C-4), 89.7 (C-6), 72.3

and 71.4 (C-CHMe2), 22.1 and 22.0 and 21.9 (C-CHMe2). HRMS (ESI): Found [MH]+:

391.1209, [C20H23O6S]+ requires: 391.1210; found [MNa]+: 413.1024, [C20H22NaO6S]+

requires: 413.1035. νmax (film/cm−1): 2978, 1764, 1611, 1476, 1366, 1318, 1037, 841. R f

(hexanes:EtOAc =4:1): 0.49.

E:III.3.12 (±)-Diethyl (4,6-diisopropoxy-3-oxo-1,3-dihydroisobenzo-

furan-1-yl)-phosphonate 3.164

iPrO

iPrO
O

O

PO(OEt)2
3.164

Triethylphosphonate (54 µL, 0.31 mmol) and

oxalic acid (3 mg, 31 µmol) were added to

5,7-diisopropoxy-3-(phenylthio)isobenzofuran-1- (3H)-one

3.167 (100 mg, 0.31 mmol). The mixture was heated overnight at

50 ◦C then 7 h at 100 ◦C. After the reaction mixture was cooled
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down to r.t., H2O (1 mL) was added and it was extracted with CH2Cl2 (3x3 mL). The

combined organic layers were washed with brine (2 mL) and dried over MgSO4. The solvent

was removed in vacuo and purification by flash chromatography (SiO2, hexanes:EtOAc =

1:1) afforded the title compound (97 mg, 0.25 mmol, 81 %) as a yellow oil.

1H NMR (300 MHz, CDCl3): δ = 6.73 (1H, m, H-5′), 6.42 (1H, m, H-7′), 5.49 (1H, d,

J=5.5 Hz, H-1′), 4.42-3.82 (4H, m, H-POCH2), 4.29 (1H, sept., J=6.4 Hz, H-CHMe2), 4.29

(1H, sept., J=6.0 Hz, H-CHMe2), 1.40 (6H, dd, J=16.0 Hz, 6.0 Hz, H-CHMe2), 1.39 (6H, dd,

J=16 Hz, 6.4 Hz, H-CHMe2), 1.35 (3H, t, J=6.1 Hz, H-POCH2Me). 13C NMR (75 MHz,

CDCl3): δ = 165.2 (C-3′), 165.1 (C-6′), 158.7 (C-4′), 148.7 (C-3a′), 103.5 (C-7a′), 103.5

(C-7′), 100.2 (C-5′), 77.4 (C-1′), 72.1 (C-CHMe2), 71.1 (C-CHMe2), 64.5 (C-PCH2), 64.0

(C-PCH2), 22.0 (C-CHMe2), 21.9 (C-CHMe2), 16.6 (C-PCH2CH3), 16.4 (C-PCH2CH3).

HRMS (ESI): Found [MH]+: 387.1559, [C18H28O7P]+ requires: 387.1567, found [MNa]+:

409.1383, [C18H27NaO7P]+ requires: 409.1387. νmax (film/cm−1): 2979, 2935, 2874, 1767,

1608, 1475, 1317, 1109, 1018, 984. R f (hexanes:EtOAc =1:1): 0.20.

E:III.3.13 (±)-5-Methylcyclohexanes-2-enone 3.165

O

3.165 = rac

A mixture of methylacetoacetate 3.115 (6 mL, 57 mmol) and crotonaldehyde

3.92 (4.7 mL, 57 mmol) in tert-butanol (180 mL) was cooled to 0 ◦C. Potassium

tert-butoxide (0.5 g, 4.5 mmol) was added and the reaction mixture was stirred

for 30 min. Potassium tert-butoxide (1.9 g, 17 mmol) was added and the reaction

was heated at 90 ◦C for 20 h. The reaction was cooled to r.t. then quenched with 10 %

HCl (100 mL) then a 1:1 reaction mixture of toluene/diethyl ether was added (100 mL)

and the organic layer was collected. The organic layer was washed with 10 % NaOH

solution (3 × 100 mL) and brine (1 × 100 mL) and then dried over MgSO4. The solvent

was removed in vacuo and purification by destillation afforded title compound (1.70 g,

15.4 mmol, 27%) as a colourless oil.
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1H NMR (400 MHz, CDCl3): δ = 6.96 (1H, ddd, J=10.1 Hz, 5.5 Hz, 2.6 Hz, H-3), 6.02 (1H,

dm, J=10.0 Hz, H-2), 2.55-2.45 (1H, m, H-6A), 2.41-2.36 (1H, m, H-4A), 2.28-2.15 (1H,

m, H-5), 2.20-2.10 (1H, m, H-6B), 2.06-1.94 (1H, m, H-4B), 1.08 (3H, d, J=6.3 Hz, H-Me).
13C NMR (100 MHz, CDCl3): δ = 200.1(C-1), 149.9 (C-3), 129.7 (C-2), 46.4 (C-4), 34.1

(C-6), 30.4 (C-5), 21.3 (C-Me). R f (hexanes:EtOAc = 4:1): 0.57.

The spectroscopic data was in agreement with that reported in the literature.[ 411]

E:III.3.14 (±)-9-Hydroxy-6,8-diisopropoxy-10-methoxy-3-methyl-3,4-

dihydroanthracen-1(2H)-one 3.188

iPrO

iPrO

3.161

O

O

CN

O

3.165

OOMe

OMe

iPrO

iPrO

OOH

OMe

iPrO

iPrO

iPrO

iPrO
O

O

NC

O

3.188

3.1903.189

+

+

O

O

OMeMeO

iPrO

iPrO

+

To a mixture of potassium tert-butoxide (45 mg, 0.40 mmol) in DMSO (1 mL) was

added (±)-4,6-diisopropoxy-3-oxo-1,3-dihydroisobenzofuran-1-carbonitrile 3.161 (100 mg,

0.36 mmol) in DMSO (1 mL) at r.t. The reaction mixture was stirred 15 min followed by the

addition of 5-methylcyclohexanes-2-enone 3.165 (44 mg, 0.40 mmol) in DMSO (1 mL). The

reaction mixture was monitored for 20 min by TLC. Caesium carbonate (300 mg, 2.16 mmol)

and Me2SO4 (0.34 mL, 3.6 mmol) were added. The reaction mixture was stirred for 17 h

at 110 ◦C. H2O was added and the aq. layer was extracted with EtOAc. The combined

organic layers were washed with brine and dried with MgSO4. The solvent was removed

in vacuo and purification by flash chromatography (SiO2, hexanes:EtOAc = 8:2) afforded

(±)-9-hydroxy-6,8-diisopropoxy-10-methoxy-3-methyl-3,4-dihydroanthracen-1(2H)-one

3.189 (25 mg, 67 µmol, 19 %) as a yellow fluorescent oil and

(±)-4,6-diisopropoxy-1-(3-methyl- 5-oxocyclohexyl)-3-oxo-1,3-dihydroisobenzofuran-1-

carbonitrile 3.190 (83 mg, 0.20 mmol, 56 %) as a yellow oil and and traces of
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5,7-diisopropoxy-3,3-dimethoxyisobenzofuran-1(3H)- one.

(±)-9-Hydroxy-6,8-diisopropoxy-10-methoxy-3-methyl-3,4-dihydroanthracen-1(2H)-

one 3.189

OOH

OMe

iPrO

iPrO

3.189

1H NMR (400 MHz, CDCl3): δ = 13.25 (1H, s, H-OH), 6.91 (1H,

d, J=2.3 Hz, H-5), 6.47 (1H, d, J=2.3 Hz, H-7), 4.76 (1H, sept.,

J=6.0 Hz, H-CHMe2), 4.64 (1H, sept., J=6.0 Hz, H-CHMe2), 3.77

(3H, s, H-OMe), 3.26 (1H, dq, J=2.2 Hz, 0.3 Hz, H-4a), 2.73 (1H,

dq, J=2.2 Hz, 0.3 Hz, H-4b), 2.52-2.34 (2H, m, H-2), 2.29-2.17

(1H, m, H-3), 1.46 (6H, d, J=6.0 Hz, H-CH(CH3)2), 1.42 (6H, d, J=6.0 Hz, H-CH(CH3)2),

1.95 (3H, d, J=6.4 Hz, H-Me). 13C NMR (100 MHz, CDCl3): δ = 203.6 (C-1), 163.4 (C-6),

160.8 (C-8), 160.5 (C-9), 142.5 (C-10), 137.0 (C-5), 128.5 (C-8a, C-10a), 112.0 (C-9b),

109.1 (C-9a), 102.8 (C-7), 95.8 (C-5), 72.5 (C-CHMe2), 70.1 (C-CHMe2), 60.6 (C-OMe),

46.6 (C-2), 31.8 (C-4), 29.3 (C-3), 22.2 (C-CHMe2), 21.4 (C-CHMe2), 14.3 (C-Me). HRMS

(ESI): Found [MNa]+: 395.1815, [C22H28NaO5]+ requires: 395.1834, found [MK]+:

411.1557, [C22H28KO5]+ requires: 411.1574. νmax (film/cm−1): 2977, 2934, 2873, 1612,

1599, 1410, 1382, 1057, 899. R f (hexanes:EtOAc =7:3): 0.83.

(±)-4,6-Diisopropoxy-1-(3-methyl-5-oxocyclohexyl)-3-oxo-1,3-dihydroisobenzofuran-1-

carbonitrile 3.190

iPrO

iPrO
O

O

NC

3.190

O

1H NMR (300 MHz, CDCl3): δ = 6.52-6.41 (2H, m, H-5, H-7),

4.75-4.51 (4H, m, 2xH-CHMe2, H-5′, H-3’), 2.61-1.64 (6H,

m, H-2′, H-4′, H-6′), 1.50-1.45 (6H, m, H-CHMe2), 1.25-1.10

(3H, m, H-Me). HRMS (ESI): Found [MNa]+: 408.1780,

[C22H27NNaO5]+ requires: 408.1787. R f (hexanes:EtOAc =7:3):

0.50.
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5,7-Diisopropoxy-3,3-dimethoxyisobenzofuran-1(3H)-one

iPrO

iPrO
O

O

OMeMeO

1H NMR (300 MHz, CDCl3): δ = 7.06 (1H, d, J=2.2 Hz, H-6),

6.64 (1H, d, J=2.2 Hz, H-4), 4.60 (1H, sept., J=6.0 Hz, H-CHMe2),

4.49 (1H, sept., J=6.0 Hz, H-CHMe2), 3.90 (3H, s, H-OMe), 3.86

(3H, s, H-OMe), 1.34 (6H, d, J=6.0 Hz, CHMe2), 1.32 (6H, d,

J=6.0 Hz, CHMe2). 13C NMR (75 MHz, CDCl3): δ = 168.3 (C-1), 166.1 (C-5), 159.4 (C-7),

156.6 (C-3), 129.8 (C-7a), 119.8 (C-3a), 108.0 (C-4), 107.6 (C-6), 72.3 (C-CHMe2), 70.6

(C-CHMe2), 52.7 (C-OMe), 52.5 (C-OMe), 22.1 (C-CHMe2), 22.0 (C-CHMe2). HRMS

(ESI): Found [MNa]+: 333.1309, [C16H22NaO6]+ requires: 333.1309. νmax (film/cm−1):

2978, 2949, 2849, 1729, 1560, 1431, 1320, 1110, 1016, 789. R f (hexanes:EtOAc =7:3):

0.94.

E:III.3.15 (±)-9-Hydroxy-6,8-diisopropoxy-10-methoxy-3-methyl-3,4-

dihydroanthracen-1(2H)-one 3.188

iPrO

iPrO

3.161

O

O

CN

O

3.165

OOMe

OMe

iPrO

iPrO

3.188

3.191

+

O

O

Me

iPrO

iPrO
NC

To a mixture of potassium tert-butoxide (45 mg, 0.40 mmol) in DMSO (1 mL) was

added (±)-4,6-diisopropoxy-3-oxo-1,3-dihydroisobenzofuran-1-carbonitrile 3.161 (100 mg,

0.36 mmol) and 5-methylcyclohexanes-2-enone 3.165 (44 mg, 0.40 mmol) in DMSO

(5 mL) simultaneously. The reaction was monitored for 20 min by TLC. Caesium

carbonate (300 mg, 2.16 mmol) and Me2SO4 (0.34 mL, 3.6 mmol) were added.

The reaction mixture was heated at 110 ◦C and stirred for further 6 h. H2O was

added and the aq. layer was extracted with EtOAc. The combined organic layers

were washed with brine and dried with MgSO4. The solvent was removed in vacuo



6.3. Experimental for Part III.3 415

and purification by flash chromatography (SiO2, hexanes:EtOAc = 4:1) afforded

(±)-4,6-diisopropoxy-1-methyl-3-oxo-1,3-dihydroisobenzofuran-1-carbonitrile 3.191

(60 mg, 0.2 mmol, 56 %) as a yellow oil.

(±)-4,6-Diisopropoxy-1-methyl-3-oxo-1,3-dihydroisobenzofuran-1-carbonitrile 3.191

3.191

O

O

Me

iPrO

iPrO
NC

1H NMR (300 MHz, CDCl3): δ = 6.53 (1H, d, J=1.7 Hz, H-7),

6.45 (1H, d, J=1.7 Hz, H-5), 4.66 (1H, sept., J=6.0 Hz, H-CHMe2),

4.66 (1H, sept., J=6.0 Hz, H-CHMe2), 1.93 (3H, s, H-Me), 1.42

(6 H, dd, J=6.0 Hz, 1.7 Hz, H-CHMe2), 1.38 (6H, d, J=6.0 Hz,

H-CHMe2). 13C NMR (75 MHz, CDCl3): δ = 166.2 (C-3), 164.6 (C-6), 159.0 (C-4),

151.8 (C-7a), 117.21 (CN), 104.7 (C-3a), 103.5 (C-7), 103.5 (C-5), 73.3 (C-1), 72.3

(C-CHMe2), 71.5 (C-CHMe2), 26.8 (C-Me), 21.9 (C-CHMe2), 21.8 (C-CHMe2). HRMS

(ESI): Found [MH]+: 290.1402, [C16H20NO4]+ requires: 290.1387, found [MNa]+:

312.1217, [C16H19NaNO4]+ requires: 312.1206. νmax (film/cm−1): 2983, 2934, 2874, 1785,

1615, 1320, 1192, 1108, 1039, 1009. R f (hexanes:EtOAc =7:3): 0.5.

E:III.3.16 (±)-9-Hydroxy-6,8-diisopropoxy-10-methoxy-3-methyl-3,4-

dihydroanthracen-1(2H)-one 3.188

iPrO

iPrO

3.161

O

O

CN

O

3.165

OOMe

OMe

iPrO

iPrO

OOH

OMe

iPrO

iPrO

3.188

3.189

+

OOH

OH

iPrO

iPrO

3.192

+

To a mixture of (±)-4,6-diisopropoxy-3-oxo-1,3-dihydroisobenzofuran-1-carbonitrile 3.161

(100 mg, 0.36 mmol) and 5-methylcyclohexanes-2-enone 3.165 (79 mg, 0.72 mmol) in THF
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(1 mL) was added KHMDS (1.1 mL, 0.5 M in THF, 0.54 mmol) at r.t. The reaction mixture

was stirred for 60 min. Me2SO4 (0.17 mL, 1.8 mmol), 1 pellet KOH and 3 drops of H2O

were added. The reaction mixture was heated at 60 ◦C and stirred for further 17 h. H2O

(5 mL) was added and the aq. layer was extracted with EtOAc (3 × 10 mL). The combined

organic layers were washed with brine (10 mL) and dried with MgSO4. The solvent was

removed in vacuo and purification by flash chromatography (SiO2, hexanes:EtOAc

= 7:3) afforded (±)-9-hydroxy-6,8-diisopropoxy-10-methoxy-3-methyl-3,4-di-

hydroanthracen-1(2H)-one 3.189 (47 mg, 0.14 mmol, 35 %) as a yellow fluorescent

oil and (±)-9,10-dihydroxy-6,8-diisopropoxy-3-methyl-3,4-dihydroanthracen-1(2H)-one

3.192 (2 mg, 5.6 µmol, 2 %) as a yellow fluorescent oil.

The spectroscopic data for 3.189 was in agreement with that reported in experiment

E:III.3.14.

(±)-9,10-Dihydroxy-6,8-diisopropoxy-3-methyl-3,4-dihydroanthracen-1(2H)-one

3.192

iPrO

iPrO
OH

OH O

3.192

1H NMR (400 MHz, CDCl3): δ = 14.85 (1H, s, H-OH), 6.86 (1H,

d, J=2.3 Hz, H-5), 6.45 (1H, d, J=2.3 Hz, H-7), 4.70 (1H, sept.,

J=5.7 Hz, H-CHMe2), 4.64 (1H, sept., J=5.7 Hz, H-CHMe2), 3.17

(1H, q, J=2.1 Hz, H-2A), 3.13 (1H, q, J=1.9 Hz, H-4A), 2.73 (1H,

q, J=2.1 Hz, H-2B), 2.69 (1H, q, J=1.9 Hz, H-4B), 2.24-2.13 (1H,

m, H-3), 1.46 (6H, dd, J=5.7 Hz, 2.5 Hz, H-CHMe2), 1.42-1.41 (9H, m, H-CHMe2, H-Me).
13C NMR (100 MHz, CDCl3): δ = 203.6 (C-1), 162.0 (C-6), 160.4 (C-9), 160.3 (C-8),

137.4 (C-10), 124.7 (C-9b), 109.3 (C-9a), 104.1 (C-10a), 102.6 (C-7), 96.3 (C-5), 72.3

(C-CHMe2), 70.0 (C-CHMe2), 46.6 (C-2), 33.5 (C-4), 29.3 (C-3), 22.2 (C-CHMe2), 22.1

(C-Me). HRMS (ESI): Found [MH]+: 359.1846, [C21H27O5]+ requires: 359.1853; found

[MNa]+: 381.1659, [C21H26NaO5]+ requires: 381.1672. νmax (film/cm−1): 2924, 2854,

1732, 1600, 1456, 1384, 1114, 760. R f (hexanes:EtOAc =7:3): 0.91.
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E:III.3.17 (±)-6,8-Diisopropoxy-10-methoxy-3-methyl-1,2,3,4-tetra-

hydroanthracene-1,9-diol 3.193

3.189

OH

OMe

iPrO

iPrO

3.193 = rac
cis:trans=1:5

OH

OMe

OiPrO

iPrO

OH

OMe

iPrO

iPrO

3.194

OH

To a mixture of 9-hydroxy-6,8-diisopropoxy-10-methoxy-3-methyl-3,4-dihydroanthracen-

1(2H)-one 3.189 (30 mg, 0.08 mmol) in THF (1 mL) was added borane DMS (95 µL, 10%

mixture in THF, 0.1 mmol) at 0 ◦C. The mixture was warmed to r.t. and stirred for 1 h

until all starting material disappeared (TLC). The mixture was poured into satd. aq. NH4Cl

solution (5 mL) and extracted with EtOAc (3 × 5 mL). The combined organic layers were

washed with brine (5 mL) and dried with MgSO4. The solvent was removed in vacuo

and purification by flash chromatography (SiO2, hexanes:EtOAc = 4:1) afforded the title

compound (28 mg, 75 µmol, 93 %) as a yellow oil and 3.194 (2 mg, 5.6 µmol, 7 %) as a

yellow oil.

(±)-6,8-Diisopropoxy-10-methoxy-3-methyl-1,2,3,4-tetrahydroanthracene-1,9-diol

3.193

iPrO

iPrO
OMe

OH OH

3.193b: (±)-trans

iPrO

iPrO
OMe

OH OH

3.193a: (±)-cis

+

1H NMR (300 MHz, CDCl3): δ = 10.02 (1H, s, H-OH), 9.82

(0.2H, s, H-OH*), 6.91 (1H, d, J=2.1 Hz, H-5), 6.66 (0.2H, s,

H-5*), 6.42 (1H, d, J=2.1 Hz, H-7), 6.04 (0.2H, s, H-7*), 5.99-5.85

(0.2H, m, H-1*), 5.23 (1H, dd, J=9.6 Hz, 7.4 Hz, H-1), 4.93 (0.2H,

s, H-1OH*), 4.81 (1.2H, sept., J=6.0 Hz, H-CHMe2, H-CHMe2*),

4.72 (1.2 Hz, sept., J=6.0 Hz, H-CHMe2, H-CHMe2*), 4.51 (1H,

s, H-1OH), 3.78 (0.6H, s, H-OMe*), 3.77 (3H, s, H-OMe), 3.43

(0.2H, dt, J=6.5 Hz, 1.5 Hz, H-4A*), 3.10 (1H, dq, J=16.5 Hz,

2.1 Hz, H-4A), 2.36-2.26 (2.4H, m, H-2A, H-2A*, H-4B, H-4B*),

1.87-1.70 (1.2H, m, H-1, H1*), 1.5 (7.2H, d, J=6.0 Hz, H-CHMe2,
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H-CHMe2*), 1.40 (7.2H, dd, J=6.0 Hz, 2.1 Hz, H-CHMe2, H-CHMe2*), 1.15 (3.6H, d,

J=6.5 Hz, H-Me, H-Me*). 13C NMR (750 MHz, CDCl3): δ = 156.0 (C-6, C-6*), 155.5

(C-8, C-8*), 150.8 (C-10*), 149.21 (C-10), 145.0 (C-9*), 144.2 (C-9), 130.2 (C-9b*), 129.6

(C-9b), 128.9 (C-8a), 128.1 (C-8a*), 119.3 (C-9a), 115.1 (C-9a*), 111.9 (C-10a*), 110.2

(C-10a), 100.8 (C-7, C-7*), 95.5 (C-5, C-5*), 73.1 (C-CHMe2*), 69.9 (C-CHMe2), 68.1

(C-CHMe2*), 67.3 (C-CHMe2), 63.7 (C-1*), 60.5 (C-1), 56.1 (C-OMe, C-OMe*), 40.0

(C-2, C-2*), 33.2 (C-4, C-4*), 27.9 (C-3), 27.7 (C-3*), 22.2 (C-Me, C-Me*, C-CHMe2,

C-CHMe2*), 22.1 (C-Me, C-Me*, C-CHMe2, C-CHMe2*). HRMS (ESI): Found [MH]+:

359.2206, [C22H31O5]+ requires: 359.2217; found [MNa]+: 381.2019, [C22H30NaO5]+

requires: 381.2036. νmax (film/cm−1): 3394, 2974, 2927, 2874, 1627, 1612, 1449, 1365,

1227, 1034. R f (hexanes:EtOAc =4:1): 0.45. The analytical data for the minor diastereomer

(trans-3.193b) is labled with *.

(±)-6,8-Diisopropoxy-10-methoxy-3-methyl-1,2,3,4-tetrahydroanthracen-9-ol 3.194

iPrO

iPrO
OMe

OH

3.194

1H NMR (300 MHz, CDCl3): δ = 9.62 (1H, s, H-OH), 6.90 (1H,

d, J=2.2 Hz, H-5), 6.39 (1H, d, J=2.2 Hz, H-7), 4.79 (1H, sept.,

J=6.0 Hz, H-CHMe2), 4.71 (1H, sept., J=6.0 Hz, H-CHMe2), 3.78

(3H, s, H-OMe), 3.12 (1H, ddd, J=17.3 Hz, 4.6 Hz, 1.8 Hz, H-4A),

2.99 (1H, ddd, J=17.3 Hz, 5.8 Hz, 3.1 Hz, H-4B), 2.69-2.57 (1H, m, H-1A), 2.31 (1H, dd,

J=16.9 Hz, 10.7 Hz, H-1B), 2.02-1.90 (1H, m, H-2A)1.86-1.74 (1H, m, H-3), 1.49 (6H, d,

J=6.0 Hz, H-CHMe2), 1.40 (6H, d, J=6.0 Hz, H-CHMe2), 1.38-1.30 (1H, m, H-2B), 1.11

(3H, d, J=6.5 Hz, H-Me). 13C NMR (75 MHz, CDCl3): δ = 155.4 (C-6), 155.2 (C-8),

147.6 (C-10), 138.2 (C-9b), 129.6 (C-8a), 128.9 (C-9a), 116.8 (C-10a), 100.3 (C-5), 95.5

(C-7), 77.4 (C-9), 72.7 (C-CHMe2), 69.9 (C-CHMe2), 60.5 (C-OMe), 32.8 (C-4), 31.2 (C-2),

28.7 (C-3), 23.3 (C-1), 22.2 (C-CHMe2), 22.2 (C-CHMe2), 22.1 (C-Me). HRMS (ESI):

Found [MNa]+: 397.1971, [C22H30NaO4]+ requires: 397.1985. νmax (film/cm−1): 3566,

3338, 2977, 2930, 2877, 2834, 1656, 1626, 1611, 1450, 1364, 1225, 1108, 874, 613. R f

(hexanes:EtOAc =4:1): 0.60.
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E:III.3.18 (±)-cis-6,8-Diisopropoxy-10-methoxy-3-methyl-1,2,3,4-tetra-

hydro-anthracene-1,9-diol 3.193a

OH

OMe

iPrO

iPrO

OH

3.193a: (±)-cis

To a mixture of (±)-9-hydroxy-6,8-diisopropoxy-10-methoxy-3-

methyl-3,4-dihydroanthracen-1(2H)-one 3.189 (40 mg, 0.10 mmol)

in THF (1 mL) was added cyclohexylborane (1 M, 0.1 mL,

0.1 mmol) at 0 ◦C. The reaction mixture was warmed to

r.t. and stirred for 1 h then quenched with satd. aq. NH4Cl solution (3 mL).

The aq. layer was extracted with EtOAc (3 × 10 mL). The combined organic

extracts were washed with brine (10 mL) and dried over MgSO4. The solvent was

removed in vacuo and purification by flash chromatography (SiO2, hexanes:EtOAc

= 4:1) afforded the title compound (28 mg, 75 µmol, 72 %) as a yellow oil and

(±)-6,8-diisopropoxy-10-methoxy-3-methyl-1,2,3,4-tetrahydroanthracen-9-ol 3.194

(10 mg, 28 µmol, 25%) as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 10.02 (1H, s, H-OH), 6.91 (1H, d, J=2.1 Hz, H-9),

6.42 (1H, d, J=2.1 Hz, H-7), 5.23 (1H, dd, J=9.6 Hz, 7.4 Hz, H-1), 4.81 (1H, sept.,

J=6.0 Hz, H-CHMe2), 4.72 (1H, sept., J=6.0 Hz, H-CHMe2), 4.51 (1H, s, H-1OH), 3.77

(3H, s, H-OMe), 3.10 (1H, dq, J=16.5 Hz, 2.1 Hz, H-4A), 2.36-2.26 (2H, m, H-2A,H-4B),

1.87-1.70 (1H, m, H-1), 1.5 (6H, d, J=6.0 Hz, H-CHMe2), 1.40 (6H, dd, J=6.0 Hz, 2.1 Hz,

H-CHMe2), 1.15 (3H, d, J=6.5 Hz, H-Me). 13C NMR (100 MHz, CDCl3): δ = 156.0

(C-8), 155.5 (C-6), 149.21 (C-10), 144.2 (C-5), 129.6 (C-10a), 128.9 (C-5a), 119.3 (C-10b),

110.2 (C-9a), 100.8 (C-7), 95.5 (C-9), 69.9 (C-CHMe2), 67.3 (C-CHMe2), 60.5 (C-1),

56.1 (C-OMe), 40.0 (C-2), 33.2 (C-4), 27.9 (C-3), 22.2 (C-Me, C-CHMe2), 22.1 (C-Me,

C-CHMe2). HRMS (ESI): Found [MH]+: 359.2206, [C22H31O5]+ requires: 359.2217;

found [MNa]+: 381.2019, [C22H30NaO5]+ requires: 381.2036. νmax (film/cm−1): 3394,

2974, 2927, 2874, 1627, 1612, 1449, 1365, 1227, 1034. R f (hexanes:EtOAc =4:1): 0.45.

The spectroscopic data for 3.194 was in agreement with that reported in experiment

E:III.3.17.
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E:III.3.19 (±)-cis-7,9-Diisopropyl-2-carbathysanone 2.49

iPrO

iPrO

O

O

OH

2.49 = rac

1 2

344a55a
6

7

8
9 9a

10
10a

To a mixture of cis-6,8-diisopropoxy-10-methoxy-3-methyl-

1,2,3,4-tetra- hydro-anthracene-1,9-diol 3.193a (10 mg, 27 µmol)

in acetonitrile (1 mL) was slowly added a solution of CAN (29 mg,

53 µmol) in H2O (1 mL) at 0 ◦C. The mixture was stirred at 0 ◦C for

5 min and then warmed to r.t. and stirred for further 5 min then poured into ice cold H2O

(10 mL). The aq. layer was extracted with EtOAc (3 × 10 mL) and the combined organic

extracts were dried over MgSO4. The solvent was removed in vacuo and purification by

preparative TLC (SiO2, hexanes:EtOAc = 7:3) afforded the title compound (7 mg, 20 µmol,

74 %) as a yellow oil.

1H NMR (300 MHz, acetone-d6): δ = 7.14 (1H, d, J=2.5 Hz, H-6), 6.87 (1H, d, J=2.5 Hz,

H-8), 4.93-4.86 (1H, m, H-1), 4.87 (1H, sept., J=6.0 Hz, H-CHMe2), 4.79 (1H, sept.,

J=6.0 Hz, H-CHMe2), 4.23 (1H, d, J=2.4 Hz, H-OH), 2.79-2.75 (1H, m, H-4a), 2.16-2.09

(1H, m, H-2a), 1.95 (1H, ddd, J=18.8 Hz, 10.6 Hz, 3.1 Hz, H-4b), 1.81-1.71 (1H, m, H-3),

1.38 (6H, d, J=6.0 Hz, H-CHMe2), 1.37 (6H, d, J=6.0 Hz, H-CHMe2), 1.21-1.31 (1H, m,

H-2b), 1.09 (3H, d, J=6.6 Hz, H-Me). 13C NMR (75 MHz, acetone-d6): δ = 185.8 (C-5),

184.9 (C-10), 163.9 (C-7), 161.7 (C-9), 146.7 (C-5a), 142.6 (C-9a, C-10a), 136.9 (C-4a),

108.3 (C-8), 106.1 (C-6), 72.7 (C-CHMe2), 71.4 (C-CHMe2), 61.2 (C-1), 39.6 (C-2),

32.2 (C-4), 27.2 (C-1), 22.3 (C-CHMe2), 22.1 (C-CHMe2), 21.9 (C-Me). HRMS (ESI):

Found [MH]+: 359.1858, [C21H27O5]+ requires: 359.1853; found [MNa]+: 381.1677,

[C21H26NaO5]+ requires: 381.1672. νmax (film/cm−1): 3499, 2980, 2940, 2928, 2863,

1647, 1557, 1592, 1370, 1312, 1110. R f (hexanes:EtOAc =7:3): 0.52.
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E:III.3.20 Methyl 2,4-bis((tert-butyldimethylsilyl)oxy)-benzoate 3.203

TBSO

TBSO

OMe

O

3.203

To a mixture of methyl 2,4-dihydroxybenzoate 3.175 (1.5 g,

8.9 mmol) in THF (45 mL) was added sodium hydride (0.9 g,

22.3 mmol) at 0 ◦C. The mixture was stirred for 30 min and TBSCl

(2.8 g, 22.3 mmol) was added. The reaction mixture was stirred

for 2 h and satd. aq. NH4Cl solution (20 mL) was added. The aq. layer was extracted

with EtOAc (3 × 30 mL) and the combined organic layers were washed with brine (30 mL)

and dried over MgSO4. The solvent was removed in vacuo and purification by flash

chromatography (SiO2, hexanes:EtOAc = 9:1) afforded the title compound (3.5 g, 8.8 mmol,

quant.) as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 7.72 (1H, d, J=8.8 Hz, H-6), 6.40 (1H, dd, J=8.8 Hz,

2.4 Hz, H-5), 4.46 (1H, d, J=2.4 Hz, H-3), 3.83 (3H, s, H-OMe), 1.01 (9H, s, H-SitBu),

0.97 (9H, s, H-SitBu), 0.21 (6H, s, H-SiMe2), 0.21 (6H, s, H-SiMe2). 13C NMR (100 MHz,

CDCl3): δ = 167.0 (C-COO), 160.3 (C-4), 157.1 (C-2), 133.4 (C-6), 116.0 (C-1), 113.6

(C-5), 112.8 (C-3), 51.7 (C-OMe), 25.8 (C-SiMe), 25.8 (C-SiMe), 18.5 (C-SitBu), 18.4

(C-SitBu). R f (hexanes:EtOAc =9:1): 0.81.

The spectroscopic data was in agreement with that reported in the literature.[ 465]

E:III.3.21 2,4-Bis((tert-butyldimethylsilyl)oxy)-N,N-diethylbenzamide

3.204

TBSO

TBSO

NEt2

O

3.204

A mixture of trimethyl aluminum (2 M in toluene, 7 mL,

14 mmol) in toluene (10 mL) was added diethylamine (1.5 mL,

14 mmol) at −6 ◦C. After 10 min it was warmed to r.t. and

methyl 2,4-bis((tert-butyldimethylsilyl)oxy)-benzoate 3.203

(1.4 g, 4.2 mmol) was added. It was then stirred at refluxed overnight. The mixture was

cooled to 0 ◦C and 10 % aq. HCl (10 mL) was added. The layers were separated and the

organic layer was washed with 10 % aq. HCl (20 mL). The combined aq. layers were

extracted with EtOAc (3 × 20 mL). The combined organic layers were washed with brine

(20 mL) and dried over MgSO4. The solvent was removed in vacuo and purification by
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flash chromatography (SiO2, hexanes:EtOAc = 7:3) afforded the title compound (1.54 g,

4.2 mmol, quant.) as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 7.04 (1H, d, J=8.3 Hz, H-6), 6.47 (1H, dd,

J=8.3 Hz, 2.2 Hz, H-5), 6.31 (1H, d, J=2.2 Hz, H-3), 3.69-3.02 (4H, bm, 2xH-NCH2),

1.22 (3H, t, J=7.1 Hz, H-NCH2CH3), 0.99 (3H, t, J=7.1 Hz, NCH2CH3), 0.98 (9H,

s, H-SitBu), 0.98 (9H, s, H-SitBu), 0.21 (6H, s, H-SiMe2), 0.19 (6H, s, H-SiMe2).
13C NMR (100 MHz, CDCl3): δ = 169.3, 156.9 (C-4), 152.3 (C-2), 128.6 (C-6), 123.4

(C-1), 113.6 (C-5), 111.4 (C-3), 43.0 (C-NCH2), 39.4 (C-NCH2), 25.8 (C-SiCMe3), 25.8

(C-SiCMe3), 18.4 (Si-CMe3), 18.3 (Si-CMe3), 14.2 (C-NCH2Me), 13.4 (C-NCH2Me). R f

(hexanes:EtOAc =4:1): 0.42.

The spectroscopic data was in agreement with that reported in the literature.[ 465]

E:III.3.22 2,4-Bis((tert-butyldimethylsilyl)oxy)-N,N-diethyl-6-formyl-

benzamide 3.202

TBSO

TBSO

NEt2

O

H

O
3.202

A mixture of 2,4-bis((tert-butyldimethylsilyl)oxy)-N,N-diethyl-

benzamide 3.204 (2.5 g, 6.8 mmol) and TMEDA (1.1 mL,

7.5 mmol) in THF (10 mL) was cooled to −78 ◦C and tert-butyl

lithium (6.4 mL, 10.2 mmol) was added slowly. The mixture turned

yellow and was stirred for 10 min. DMF (1.1 mL, 13.6 mmol) was added and the mixture

was warmed to r.t. overnight. It was hydrolysed with satd. aq. NH4Cl solution (20 mL) and

stirred for 30 min. The aq. layer was extracted with EtOAc (3 × 20 mL). The combined

organic layers were washed with brine (20 mL) and dried over MgSO4. The solvent was

removed in vacuo and purification by flash chromatography (SiO2, hexanes:EtOAc = 4:1)

afforded the title compound (2.2 g, 5.5 mmol, 82 %) as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 9.86 (1H, s, H-CHO), 6.97 (1H, d, J=2.3 Hz, H-5),

6.53 (1H, d, J=2.3 Hz, H-3), 3.70 (1H, dq. J=7.0 Hz, 14.2 Hz, H-NCH2), 3.93 (1H, dq,

J=7.0 Hz, 14.2 Hz, H-NCH2), 3.14 (1H, dq, J=7.3 Hz, 14.4 Hz, H-NCH2), 3.07 (1H, dq,

J=7.3 Hz, 14.4 Hz, H-NCH2), 1.24 (3H, t, J=7.3 Hz, NCH2Me), 0.98 (3H, t, J=7.0 Hz,

NCH2Me), 0.95 (9H, s, H-SitBu), 0.94 (9H, s, H-SitBu), 0.22-0.19 (12H, m, H-SiMe2).
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13C NMR (100 MHz, CDCl3): δ = 190.4 (CHO), 166.2 (CON), 156.7 (C-4), 153.1 (C-2),

134.8 (C-6), 125.8 (C-1), 116.9 (C-3), 113.0 (C-5), 43.2 (C-NCH2), 39.6 (NCH2), 25.7

(C-SiCMe3), 25.6 (C-SiCMe3), 18.3 (C-SiCMe3), 18.2 (C-SiCMe3), 14.0 (C-NCH2Me3),

13.0 (C-NCH2Me3). HRMS (ESI): Found [MH]+: 466.2817, [C24H44NO4Si2]+ requires:

466.2803; found [MNa]+: 488.2625, [C24H43NaNO4Si2]+ requires: 488.2623. νmax

(film/cm−1): 2956, 2934, 2894, 2861, 1699, 1633, 1594, 1570, 1332, 1162, 783, 733. R f

(hexanes:EtOAc =4:1): 0.42.

E:III.3.23 (±)-4,6-Dihydroxy-3-oxo-1,3-dihydroisobenzofuran-1-

carbonitrile 3.201

O

OH

HO

O

CN
3.201

To a mixture of 2,4-bis((tert-butyldimethylsilyl)oxy)-N,N-diethyl-

6-formylbenzamide 3.202 (4.0 g, 10 mmol) in CH2Cl2 (20 mL)

was added a 20 mM mixture of KCN-18-crown-6 in CH2Cl2

(10 mL). The resulting mixture was cooled to 0 ◦C and TMSCN

(1.9 mL, 15 mmol) was added drop wise. The solvent was removed under reduced pressure

after 15 min. The residue was taken up in acetic acid (20 mL) and stirred at 80 ◦Covernight.

A 1 M mixture of aq. NaOH (100 mL) was added and the aq. layer was extracted with

EtOAc (3 × 50 mL). The combined organic layers were washed with brine (2 × 50 mL)

and dried over MgSO4. The solvent was removed in vacuo and chloroform (10 mL) was

added to crystallise the product. The product was isolated by filtration which afforded the

title compound (1.03 g, 3.7 mmol, 37%) as a yellow solid.

1H NMR (400 MHz, aceton-d6): δ = 9.81 (1H, bs, H-OH), 9.30 (1H, bs, H-OH), 6.78 (1H,

d, J=0.8 Hz, H-7), 6.55 (1H, d, J=0.8 Hz, H-5), 6.40 (1H, s, H-1). 13C NMR (100 MHz,

acetone-d6): δ = 167.0 (C-3), 166.8 (C-4), 159.4 (C-6), 147.3 (C-3a), 116.0 (C-CN), 105.2

(C-5), 102.9 (C-7a), 102.8 (C-7), 66.1 (C-1). HRMS (ESI): Found [MH]+: 192.0296,

[C9H6NO4]+ requires: 192.0291; found [MNa]+: 214.0113, [C9H5NaNO4]+ requires:

214.0111. νmax (film/cm−1): 3419, 3323, 2949, 2855, 1742, 1603, 1573, 1476, 1442, 1366,

1163, 1018, 852. R f (hexanes:EtOAc = 1:1): 0.38.
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E:III.3.24 (±)-4,6-Bis(methoxymethoxy)-3-oxo-1,3-dihydroisobenzo-

furan1-carbonitrile 3.200

O

OH

HO

O

CN

O

MOMO

MOMO

O

CN

O

MOMO

MOMO

O

NC
OMe

3.201

3.200

3.205

To a mixture of (±)-4,6-dihydroxy-3-oxo-1,3-dihydroisobenzofuran-1-carbonitrile

3.201 (100 mg, 0.52 mmol) in DMF-diisopropylethyl amine (1:1, 1 mL) was added

methoxymethyl chloride (0.1 mL, 1.31 mmol) at 0 ◦C. The mixture was stirred

1 h and hydrolysed with satd. aq. NH4Cl solution (2 mL). The aq. layer was

extracted with EtOAc (3 × 5 mL). The combined organic layers were washed

with brine (5 mL) and dried over MgSO4. The solvent was removed in vacuo

and purification by flash chromatography (SiO2, hexanes:EtOAc = 9:1) afforded

(±)-4,6-bis(methoxymethoxy)-1-(methoxymethyl)-3-oxo-1,3-dihydroisobenzofuran-1-carbo-

nitrile 3.205 (0.11 g, 0.34 mmol, 65 %) as a yellow oil.
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(±)-4,6-Bis(methoxymethoxy)-1-(methoxymethyl)-3-oxo-1,3-dihydroisobenzofuran-1-

carbonitrile 3.205

O

MOMO

MOMO

O

NC
OMe

3.205

1H NMR (400 MHz, aceton-d6): δ = 6.96 (1H, d, J=1.7 Hz, H-7),

6.93 (1H, d, J=1.7 Hz, H-5), 5.35 (2H, s, H-OCH2OMe), 5.29-5.24

(2H, m, H-OCH2OMe), 3.92 (2H, d, J=10.4 Hz, H-CCH2), 3.80

(2H, d, J=10.4 Hz, H-CCH2), 3.54 (3H, s, H-OMe), 3.51(3H, s,

H-OMe), 3.50 (3H, s, H-OMe). 13C NMR (100 MHz, acetone-d6):

δ = 165.2 (C-3), 157.8 (C-4), 148.1 (C-6), 115.3 (C-3a), 106.6 (C-CN), 105.7 (C-7), 102.9

(C-5), 95.1 (C-OCH2O), 94.9 (C-OCH2O), 76.0 (C-1), 75.4 (C-CCH2), 60.6 (C-3OMe),

57.0 (C-OMe), 56.9 (C-OMe). HRMS (ESI): Found [MH]+: 324.1069, [C15H18NO7]+

requires: 324.1078; found [MNa]+: 346.0889, [C15H17NaNO7]+ requires: 346.0897. νmax

(film/cm−1): 2933, 2830, 1783, 1672, 1615, 1486, 1323, 1147, 1019, 857, 694. R f

(hexanes:EtOAc =1:1): 0.67.

E:III.3.25 (±)-4,6-Bis(methoxymethoxy)-3-oxo-1,3-dihydroisobenzo-

furan-1-carbonitrile 3.200

O

MOMO

MOMO

O

CN
3.200

Method A:

To a mixture of (±)-4,6-dihydroxy-3-oxo-1,3-dihydroisobenzo- furan-1-carbonitrile 3.201

(150 mg, 0.78 mmol) in CH2Cl2-dimethoxymethane (1:1, 24 mL) was added phosphorus

pentoxide (1.33 g, 9.4 mmol) at 0 ◦C. The mixture was warmed to r.t. then stirred for

3 h then poured into ice cold satd. aq. Na2CO3 solution (30 mL). The aq. layer was

extracted with EtOAc (3 × 20 mL). The combined organic layers were washed with brine

(20 mL) and dried over MgSO4. The solvent was removed in vacuo and purification by

flash chromatography (SiO2, hexanes:EtOAc = 9:1) afforded the title compound (0.19 g,

0.67 mmol, 87 %) as a clear colorless oil.
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Method B:

To a mixture of 2,4-bis((tert-butyldimethylsilyl)oxy)-N,N-diethyl-6-formylbenzamide 3.202

(4.0 g, 10 mmol) in CH2Cl2 (20 mL) was added KCN (13 mg, 0.2 mmol) and 18-crown-6

(53 mg, 0.2 mmol) under an atmosphere of nitrogen. The reaction mixture was cooled to

0 ◦C then TMSCN (1.9 mL, 15 mmol) was added dropwise. After 15 min the solvent was

removed under reduced pressure and the residue taken up in acetic acid (20 mL) and the

mixture was stirred overnight at 80 ◦C. The solvent was removed under reduced pressure

and the residue taken up in CH2Cl2/dimethoxymethane (1:1, 80 mL) and phosphorus

pentoxide (10 g, 70 mmol) was added at 0 ◦C. The mixture was warmed to r.t., stirred for

3 h then poured into ice cold satd. aq. Na2CO3 solution (100 mL). The aq. layer was

extracted with EtOAc (3 x 50 mL). The combined organic layers were washed with brine

(50 mL) and dried over MgSO4. The solvent was removed in vacuo and the residue purified

by flash chromatography (SiO2, hexanes:EtOAc = 9:1) to afford the title compound (1.03 g,

3.7 mmol, 37%) as a colourless oil.

1H NMR (400 MHz, CDCl3): δ = 6.95 (1H, d, J=1.6 Hz, H-7), 6.92 (1H, d, J=1.6 Hz, H-5),

5.92 (1H, s, H-1), 5.36 (2H, s, H-OCH2O), 5.30 (1H, d, J=7.2 Hz, H-OCH2OMe), 5.23

(1H, d, J=7.2 Hz, H-OCH2OMe), 3.54 (3H, s, H-OMe), 3.51 (3H, s, H-OMe). 13C NMR

(100 MHz, CDCl3): δ = 165.3 (C-3), 157.9 (C-4, C-6), 146.0 (C-3a), 114.2 (C-CN),

103.7 (C-7a), 105.8 (C-7), 102.5 (C-5), 95.1 (C-OCH2O), 94.8 (C-OCH2O), 64.8 (C-1),

57.0 (C-OMe), 56.8 (C-OMe). HRMS (ESI): Found [MH]+: 280.0823, [C13H14NO6]+

requires: 280.0816; found [MNa]+: 302.0631, [C13H13NaNO6]+ requires: 302.0635.

νmax (film/cm−1): 2980, 2938, 1785, 1697, 1614, 1598, 1319, 1150, 972, 920, 686. R f

(hexanes:EtOAc =1:1): 0.70.
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E:III.3.26 (±)-9,10-Dimethoxy-6,8-bis(methoxymethoxy)-3-methyl-

3,4-dihydro-anthracen-1(2H)-one 3.209

OMe

OMe

MOMO

MOMO

O

3.209

To a mixture of (±)-4,6-Bis(methoxymethoxy)-3-oxo-1,3-dihydro

-isobenzofuran-1-carbonitrile 3.200 (120 mg, 0.43 mmol) and

5-methylcyclohexanes-2-enone 3.165 (95 mg, 0.86 mmol) in THF

(1 mL) was added NaH (19 mg, 60% in mineral oil, 0.47 mmol)

in THF (0.5 mL). The reaction mixture was stirred for 1 h then

Me2SO4 (0.41 mL, 4.3 mmol) and NaH (38 mg, 60% in mineral oil, 0.95 mmol) were

added. The mixture was stirred at r.t. 3 h then hydrolysed with satd. aq. NH4Cl solution

(5 mL). The aq. layer was extracted with EtOAc (3 × 10 mL). The combined organic

extracts were washed with brine (10 mL) and dried over MgSO4. The solvent was removed

in vacuo and purification by flash chromatography (SiO2, hexanes:EtOAc = 7:3) afforded

the title compound (132 mg, 0.34 mmol, 79%) as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 7.27 (1H, d, J=2.4 Hz, H-5), 6.87 (1H, d, J=2.4 Hz,

H-7), 5.31 (2H, d, J=0.9 Hz, H-OCH2O), 5.30 (2H, s, H-OCH2O), 3.90 (3H, s, H-OMe),

3.84 (3H, s, H-OMe), 3.58 (3H, s, H-OCH2OMe), 3.52 (3H, s, H-OCH2OMe), 3.32 (1H,

dq, J=16.2 Hz, 2.0 Hz, H-4A), 2.75 (1H, dq, J=16.2 Hz, 2.0 Hz, H-4B), 2.52 (1H, dd,

J=16.2 Hz, 10.6 Hz, H-2A), 2.34 (1H, dd, J=16.2 Hz, 11.5 Hz, H-2B), 2.28-2.19 (1H, m,

H-3), 1.16 (3H, d, J=6.4 Hz, H-Me). 13C NMR (100 MHz, CDCl3): δ = 197.8 (C-1), 158.1

(C-6), 157.4 (C-8), 147.7 (C-10), 144.3 (C-9), 134.9 (C-9b), 131.5 (C-10a), 121.6 (C-9a),

105.2 (C-7), 98.3 (C-5), 96.3 (C-OCH2O), 94.5 (C-OCH2O), 63.1 (C-OMe), 60.8 (C-OMe),

56.7 (C-CH2OMe), 56.5 (C-CH2OMe), 49.4 (C-2), 32.4 (C-4), 29.3 (C-3), 21.5 (C-Me).

HRMS (ESI): Found [MH]+: 391.1738, [C21H27O7]+ requires: 391.1751; found [MNa]+:

413.1557, [C21H26NaO7]+ requires: 413.1571; found [MK]+: 429.1295, [C21H26KO7]+

requires: 429.1310. νmax (film/cm−1): 3071, 2954, 2933, 2859, 1715, 1613, 1529, 1335,

1150, 930, 765. R f (hexanes:EtOAc =7:3): 0.54.
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E:III.3.27 (±)-cis-9,10-Dimethoxy-6,8-bis(methoxymethoxy)-3-methyl-

1,2,3,4-tetrahydroanthracen-1-ol 3.210a

MOMO

MOMO

OMe

OMe

OH

3.210a = (±)-cis

To a mixture of (±)-9,10-dimethoxy-6,8-bis(methoxymethoxy)-3-

methyl-3,4-dihydro-anthracen-1(2H)-one 3.209 (59 mg,

0.15 mmol) in CH2Cl2 (1 mL) was added DIBAL-H (1 M in

cyclohexane, 0.17 mL, 0.17 mmol) at −78 ◦C. The reaction

mixture was stirred for 30 min at −78 ◦C and then warmed to −20 ◦C for 1.5 h. MeOH

(0.5 mL) was added followed by Rochelle salt (1/2 conc., 2 mL) and it was stirred until

the reaction became clear. The aq. layer was extracted with EtOAc (3 × 5 mL) and the

combined organic extracts were dried over MgSO4. The solvent was removed in vacuo and

purification by flash column chromatography (SiO2, hexanes:EtOAc = 7:3) afforded the title

compound (30 mg, 76 µmol, 51 %) as a bright yellow oil.

1H NMR (400 MHz, CDCl3): δ = 7.27 (1H, d, J=2.3 Hz, H-5), 6.88 (1H, d, J=2.3 Hz,

H-7), 5.32 (2H, s, H-CH2(MOM)), 5.29 (2H, s, H-CH2(MOM)), 5.33-5.24 (1H, m, H-1),

4.68 (1H, bs, H-OH), 3.90 (3H, s, H-OMe), 3.81 (3H, s, H-OMe), 3.59 (3H, s, H-OMe),

3.53 (3H, s, H-OMe), 3.13 (1H, dq, J=16.6 Hz, 2.2 Hz, H-4A), 2.36-2.29 (2H, m, H-4B,

H-2A), 1.86-1.76 (1H, m, H-3), 1.52-1.44 (1H, m, H-2B), 1.17 (3H, d, J=6.5 Hz, H-Me).
13C NMR (100 MHz, CDCl3): δ = 155.6 (C-6), 154.5 (C-8), 151.4 (C-10), 148.5 (C-9),

131.2 (C-9b), 129.2 (C-9a), 128.9 (C-8a), 115.9 (C-10a), 104.7 (C-7), 98.6 (C-CH2(MOM)),

96.3 (C-CH2(MOM)), 94.7 (C-5), 67.5 (C-1), 61.9 (C-OMe), 60.6 (C-OMe), 56.7

(C-OMe(MOM)), 56.4 (C-OMe(MOM)), 40.0 (C-2), 33.2 (C-4), 27.7 (C-3), 22.3 (C-Me).

HRMS (ESI): Found [MNa]+: 415.1729, [C21H28NaO7]+ requires: 415.1727; found

[MK]+: 431.1474, [C21H28KO7]+ requires: 431.1467. νmax (film/cm−1): 3505, 2934, 2833,

1751, 1619, 1595, 1452, 1335, 1227, 1147, 1024, 928. R f (hexanes:EtOAc =7:3): 0.39.
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E:III.3.28 (±)-cis-7,9-Dimethoxymethyl-2-carbathysanone 2.50

MOMO

MOMO

O

O

OH

2.50 = (±)-cis

1 2

3
45

4a5a
6

7

8
9 9a
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10a

To a mixture of (±)-cis-9,10-dimethoxy-6,8-bis(methoxymethoxy)-3-

methyl-1,2,3,4-tetrahydroanthracen-1-ol 3.210a (10 mg, 25 µmol)

in acetonitrile (0.5 mL) was slowly added a solution of CAN

(28 mg, 51 µmol) in H2O (0.5 mL) at 0 ◦C. The mixture was

stirred at 0 ◦C for 5 min and then warmed to r.t. and stirred for further 5 min then poured

into ice cold H2O (10 mL). The aq. layer was extracted with EtOAc (3 × 10 mL) and the

combined organic extracts were dried over MgSO4. The solvent was removed in vacuo and

purification by preparative TLC (SiO2, hexanes:EtOAc = 7:3) afforded the title compound

(3 mg, 8 µmol, 33 %) as a yellow oil.

1H NMR (300 MHz, acetone-d6): δ = 7.37 (1H, d, J=2.4 Hz, H-6), 7.12 (1H, d, J=2.4 Hz,

H-8), 5.37 (2H, s, H-CH2-OMe), 5.34 (2H, d, J=0.9 Hz, H-CH2-OMe), 4.97-4.88 (1H, m,

H-1), 3.51 (3H, s, H-OMe), 3.48 (3H, s, H-OMe), 2.76-2.71 (1H, m, H-4a), 2.18-2.08 (1H,

m, H-2a), 2.02-1.19 (1H, m, H-4b), 1.85-1.71 (1H, m, H-3), 1.41-1.31 (1H, m, H-2b), 1.10

(3H, d, J=6.6 Hz, H-Me). 13C NMR (75 MHz, acetone-d6): δ = 185.4 and 183.1 (C-5,

C-10), 162.9 (C-7), 160.1 (C-9), 146.8 (C-11, C-14), 143.1 and 136.6 (C-12, C-13), 110.3

(C-8), 107.7 (C-6), 96.2 (C-CH2OMe), 95.2 (C-CH2OMe), 66.9 (C-1), 56.8 (C-OMe), 56.7

(C-OMe), 39.6 (C-2), 32.2 (C-4), 27.3 (C-3), 21.9 (C-Me). HRMS (ESI): Found [MNa]+:

385.1253, [C19H22NaO7]+ requires: 385.1263; found [MK]+: 431.1474, [C19H22KO7]+

requires: 431.1467. νmax (film/cm−1): 3521, 2954, 2922, 2877, 2855, 1740, 1711, 1648,

1595, 1569, 1458, 1295, 1149, 1026, 927. R f (hexanes:EtOAc =7:3): 0.27.
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E:III.3.29 (±)-cis-2-Carbathysanone 2.48

OH

HO

O

O

OH

2.48 = (±)-cis

1 2

3
45

4a5a
6

7

8
9 9a

10
10a

To a mixture of (±)-cis-7,9-Dimethoxymethyl2-carbathysanone

2.50 (4.5 mg, 12.3 µmol) in THF/H2O (1:1, 1 mL) was added

Bi(OTf)3 (1.6 mg, 2.5 µmol). The reaction mixture was heated

at 80 ◦C for 3 h. Satd. aq. NH4Cl solution (5 mL) was added

and the aq. layer was extracted with EtOAc (3 × 10 mL). The combined organic extracts

were dried over MgSO4 and the solvent was removed in vacuo. Purification by preparative

TLC (SiO2, hexanes:EtOAc = 19:1) aftorded the title compound (2.9 mg, 10.7 µmol,

87%) as a yellow oil. The compound was very unstable and acquisition of the 13C NMR

spectrum over long periods of time resulted in the detection of decomposition products.

The 13C NMR spectrum was assigned by comparison with the 13C NMR spectrum of the

MOM-protected intermediate 2.50. A 13C NMR spectrum using a short measurement time

allowed elimination of decomposition product peaks.

1H NMR (400 MHz, CDCl3): δ = 12.08 (1H, s, H-OH), 7.09 (1H, d, J=2.4 Hz, H-6),

6.60 (1H, d, J=2.4 Hz, H-8), 6.43 (1H, bs, H-OH), 5.03-4.96 (1H, m, H-1), 4.06 (1H, bd,

J=1.3 Hz, H-OH), 2.85 2.76 (1H, m, H-4A), 2.78-1.97 (2H, m, H-4B, H-2A), 1.81-1.70 (1H,

m, H-3), 1.45-1.34 (1H, m, H-2B), 1.13 (3H, d, J=6.7 Hz, H-Me). 13C NMR (150 MHz,

CDCl3): δ = 190.1 and 184.4 (C-5, C-10), 164.7 and 163.4 (C-7, C-9), 146.3 and 143.9

(C-9a, C-10a), 134.1 (C-4a), 109.7 (C-5a), 108.9 and 108.5 (C-6, C-8), 66.7 (C-1), 38.3

(C-2), 32.2 (C-4), 26.6 (C-3), 21.7 (C-Me). HRMS (ESI): Found [MNa]+: 297.0743,

[C15H14NaO5]+ requires: 297.0733. νmax (film/cm−1): 3352, 2976, 1924, 1854, 1650, 1623,

1596, 1579, 1447, 1393, 1359, 1311, 1276, 1231, 1208, 1179, 1167, 1142, 1081, 1071, 1051,

1021, 1008, 984, 875, 857, 788, 744. R f (hexanes:EtOAc =1:1): 0.51.
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E:III.3.30 (±)-5,7-Diisopropoxy-2-methyl-1,2,3,4-tetrahydro-

anthracene-9,10-dione 2.51

iPrO

iPrO

O

O
2.51

To a mixture of (±)-6,8-diisopropoxy-10-methoxy-3-methyl-

1,2,3,4-tetrahydroanthracen-9-ol 3.194 (13 mg, 36 µmol) in

acetonitrile (0.5 mL) was slowly added a solution of CAN (40 mg,

72 µmol) in H2O (0.5 mL) at 0 ◦C. The mixture was stirred at

0 ◦C for 5 min and then warmed to r.t. and stirred for further 5 min then poured into ice

cold H2O (10 mL). The aq. layer was extracted with EtOAc (3 × 10 mL) and the combined

organic extracts were dried over MgSO4. The solvent was removed in vacuo and purification

by preparative TLC (SiO2, hexanes:EtOAc = 7:1) afforded the title compound (10 mg,

29 µmol, 81 %) as a yellow oil.

1H NMR (300 MHz, acetone-d6): δ = 7.15 (1H, d, J=2.5 Hz, H-8), 6.83 (1H, d, J=2.5 Hz,

H-6), 4.85 (1H, sept., J=6.0 Hz, H-CHMe2), 4.74 (1H, sept., J=6.0 Hz, H-CHMe2),

2.73-2.67 (2H, m, H-1A, H-4A), 2.45-2.29 (1H, m, H-4B), 2.01-1.91 (1H, m, H-1B),

1.91-1.81 (1H, m, H-3A), 1.78-1.64 (1H, m, H-2), 1.64-1.55 (1H, m, H-3B), 1.37 (6H, d,

J=6.0 Hz, H-CHMe2), 1.36 (6H, d, J=6.0 Hz, H-CHMe2), 1.07 (3H, d, J=6.6 Hz, H-Me).
13C NMR (75 MHz, acetone-d6): δ = 184.4 (C-10), 181.7 (C-9), 162.4 (C-7), 160.3 (C-5),

146.0 (C), 140.6 (C), 136.2 (C-8a, C-9a), 107.5 (C-6), 105.0 (C-8), 71.6 (C-CHMe2),

70.3 (C-CHMe2), 30.7 (C-1), 28.8 (C-3), 27.4 (C-2), 23.4 (C-4 ), 21.4 (C-CHMe2), 21.2

(C-CHMe2), 20.8 (C-Me). HRMS (ESI): Found [MH]+: 343.1878, [C21H27O4]+ requires:

343.1904; found [MNa]+: 365.1712, [C21H26NaO4]+ requires: 365.1723; found [MK]+:

381.1466, [C21H26KO4]+ requires: 381.1463. νmax (film/cm−1): 2980, 2932, 2859, 1727,

1652, 1591, 1457, 1310, 1266, 1156, 1109. R f (hexanes:EtOAc =7:3): 0.83.
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6.4 Experimental for Part III.4

E:III.4.1 Juglone 2.55

OH O

O
2.55

1 2

34
5

6

7
8

8a

4a

Method A:

To a mixture of Salcomine R© (0.2 g, 0.61 mmol) in MeCN (100 mL) was added

1,5-dihydroxynaphthalene 3.225 (1 g, 6.24 mmol). Oxygen was bubbled through the

mixture for 2 h. The solvent was removed in vacuo and the residue was filtered through

silica. The silica was washed with hexanes:EtOAc (9:1). The solvent was removed in vacuo

to afford the title compound (1 g, 5.74 mmol, 92%) as a yellow solid.

Method B:

To a mixture of 1,5-dihydroxynaphthalene 3.225 (7.8 g, 48.5 mmol) in MeCN (100 mL) was

added freshly prepared CuCl (3.12 g, 48.5 mmol). The reaction mixture was stirred with

a mechanical stirrer for 8 h while air was bubbled through the mixture. The solvent was

reduced in vacuo to a volume of 10 mL and the residue was then filtered through silica. The

silica was washed with hexanes:EtOAc (9:1). The solvent was removed in vacuo to afford

the title compound (7.67 g, 44.1 mmol, 91%) as a yellow solid.

1H NMR (400 MHz, CDCl3): δ = 11.89 (1H, s, H-OH), 7.67-7-58 (2H, m, H-6, H-8),

7.29-7.27 (1H, m, H-7), 6.95 (2H, s, H-2, H-3). 13C NMR (100 MHz, CDCl3): δ = 190.4

(C-4), 184.3 (C-1), 161.6 (C-5), 139.7 and 138.8 (C-2, C-3), 136.7 (C-7), 131.9 (C-8a), 124.6

(C-6), 119.3 (C-8), 115.1 (C-4a). R f (hexanes:EtOAc = 19:1): 0.59.

The spectroscopic data was in agreement with that reported in the literature.[ 430]
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E:III.4.2 5-Hydroxy-2(3)-(2′-hydroxypropyl)naphthalene-1,4-dione

3.220 (3.224)

O

O

OH O

O

OH O

O

OH

OH
OH

+

2.55 3.220 3.224

A mixture of juglone 2.55 (200 mg, 1.15 mmol), 3-hydroxybutyric acid (0.11 mL,

1.15 mmol) and AgNO3 (98 mg, 0.58 mmol) in MeCN (6 mL) was heated at 80 ◦C.

H2O (2 mL) was added followed by the addition of (NH4)2S2O8 (525 mg, 2.30 mmol) in

H2O (4 mL). The mixture was stirred for 3 h at 80 ◦C. H2O (10 mL) was added and the

aq. layer was extracted with EtOAc (3 × 20 mL). The combined organic extracts were

dried over MgSO4 and the solvent was removed in vacuo. The residue was purified by

flash chromatography (SiO2, hexanes:EtOAc = 9:1) to afford the title compound (32 mg,

0.14 mmol, 12%) as yellow oil in a regioisomeric ratio of 1:1.4 (3-substituted:2-substituted).

1H NMR (400 MHz, CDCl3): δ = 12.18 (1H, s, H-OH*), 11.94 (1.4H, s, H-OH), 7.63-7.55

(4.8H, H-7, H-7*, H-8, H-8*), 7.28-7.23 (2.4H, m, H-6, H-6*), 6.88-6.86 (2.4H, m, H-3,

H-2*), 4.17-4.05 (2.4H, m, H-2′, H2′*), 2.82-2.76 (2.4H, m, H-1′A, H-1′A*), 2.65-2.57

(2.4H, m, H-1′B, H-1′B*), 2.08 (1.4H, bs, H-OH), 1.77 (1H, bs, H-OH*), 1.34-1.30 (7.2H,

m, H-3′, H-3′*). 13C NMR (100 MHz, CDCl3): δ = 190.9, 190.2, 185.2 and 184.3 (C-1,

C-1*, C-4, C-4*), 161.7 (C-5*), 161.3 (C-5), 149.8 (C-2), 148.4 (C-3*), 137.9 and 136.7

(C-2*, C-7*), 136.9 and 136.3 (C-3, C-7), 132.2 (C-8a*), 132.1 (C-8a), 124.5 (C-6),

124.4 (C-6*), 119.6 (C-8), 119.0 (C-8*), 115.1 (C-4a*), 115.1 (C-4a), 66.9 (C-2′, C-2′*),

39.6 (C-1′), 38.9 (C-1′*), 24.0 (C-3, C-3*). HRMS (ESI): Found [M+Na]+: 255.0627,

[C13H12NaO4]+ requires: 255.0628. R f (hexanes:EtOAc = 9:1): 0.19.

Analytical data for 5-hydroxy-3-(2′-hydroxypropyl)naphthalene-1,4-dione 3.224 in

indicated with a star (*).
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E:III.4.3 2-Allyl-5-hydroxynaphthalene-1,4-dione 2.56

O

O

OH O

O

OH O

O

OH

+

2.55 2.56 2.57

O

O

OH

2.58

+

A mixture of juglone 2.55 (200 mg, 1.15 mmol), vinylacetic acid (0.10 mL, 1.15 mmol)

and AgNO3 (98 mg, 0.58 mmol) in MeCN (6 mL) was heated at 80 ◦C. H2O (2 mL) was

added followed by the addition of (NH4)2S2O8 (525 mg, 2.30 mmol) in H2O (4 mL). The

mixture was stirred for 3 h at 80 ◦C. H2O (10 mL) was added and the aq. layer was extracted

with EtOAc (3 × 20 mL). The combined organic extracts were dried over MgSO4 and the

solvent was removed in vacuo. The residue was purified by flash chromatography (SiO2,

hexanes:EtOAc = 9:1) to afford the title compound (10 mg, 47 µmol, 4%) as a yellow oil,

3-allyl-5-hydroxynaphthalene-1,4-dione 2.57 (25 mg, 117 µmol, 10%) as a yellow oil and

2,3-diallyl-5-hydroxynaphthalene-1,4-dione 2.58 (16 mg, 63 µmol, 5%) as a yellow oil.

2-Allyl-5-hydroxynaphthalene-1,4-dione 2.56

O

O

OH

2.56

1H NMR (400 MHz, CDCl3): δ = 11.95 (1H, s, H-OH), 7.66-7.57

(2H, m, H-7, H-8), 7.28-7.23 (1H, m, H-6), 6.77 (1H, t, J=1.6 Hz,

H-3), 5.94-5.81 (1H, m, H-2′), 5.27-5.19 (2H, m, H-1′), 3.35-3.30

(2H, m, H-3′). 13C NMR (100 MHz, CDCl3): δ = 190.5 (C-4),

184.3 (C-1), 161.4 (C-5), 151.4 (C-2), 136.3 (C-7), 135.1 (C-3),

132.8 (C-2′), 132.2 (C-8a), 124.4 (C-6), 119.5 and 119.4 (C-8, C-1′), 117.3 (C-4a), 33.7

(C-3′). HRMS (ESI): Found [M+H]+: 215.0708, [C13H11O3]+ requires: 215.0703. m/z

(EI): 214 (100), 197 (40), 185 (25), 171 (23), 157 (25), 139 (10), 129 (12), 121 (20), 92

(20), 72 (10), 63 (20). νmax (film/ cm−1): 3073,2975,1658, 1633, 1609, 1575, 1456, 1361,

1289, 1258, 1217, 1176, 1010, 991, 916, 902, 835, 757, 740, 710, 692. R f (hexanes:EtOAc

= 19:1): 0.42.
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3-Allyl-5-hydroxynaphthalene-1,4-dione 2.57

O

O

OH

2.57

1H NMR (400 MHz, CDCl3): δ = 12.03 (1H, s, H-OH), 7.65-7.57

(2H, m, H-7, H-8), 7.28-7.23 (1H, m, H-6), 6.78 (1H, t, J=1.5 Hz,

H-2), 5.96-5.82 (1H, m, H-2′), 5.28-5.23 (2H, m, H-1′), 3.34-3.31

(2H, m, H-3′). 13C NMR (100 MHz, CDCl3): δ = 190.3 (C-1),

184.4 (C-4), 161.8 (C-5), 149.9 (C-3), 136.6 (C-7), 136.3 (C-8a),

136.3 (C-2), 132.8 (C-2′), 124.4 (C-6), 119.5 (C-4a) 119.4 and 119.0 (C-8, C-1′), 33.1

(C-3′). HRMS (ESI): Found [M+H]+: 215.0713, [C13H11O3]+ requires: 215.0703; found

[M+Na]+: 237.0526, [C13H10NaO3]+ requires: 237.0522. m/z (EI, %): 214 (100), 197 (40),

185 (25), 171 (23), 157 (25), 139 (10), 129 (12), 121 (20), 92 (20), 72 (10), 63 (20). νmax

(film/ cm−1): 3064, 2984, 2910, 1660, 1637, 1610, 1571, 1488, 1456, 1426, 1407, 1362,

1316, 1294, 1262, 1218, 1175, 1141, 1053, 1013, 991, 935, 924, 882, 833, 739, 720, 692,

680, 637. R f (hexanes:EtOAc = 19:1): 0.32.

2,3-Diallyl-5-hydroxynaphthalene-1,4-dione 2.58

O

O

OH

2.58

1H NMR (400 MHz, CDCl3): δ = 12.12 (1H, s, H-OH), 7.65-7.55

(2H, m, H7, H-8), 7.24 (1H, dd, J=8.0, 1.5 Hz, H-6), 5.94-5.79

(2H, m, H-2′, H-2′′), 5.16-5.06 (4H, m, H-1′, H-1′′), 3.43-3.40 (4H,

m, H-3′, H-3′′). 13C NMR (100 MHz, CDCl3): δ = 190.0 (C-1,

C-4), 161.4 (C-5), 146.5 and 145.0 (C-2, C-3), 136.2 (C-7), 133.7

(C-2′, C-2′′), 132.3 (C-8a), 124.1 (C-8), 119.2 (C-6) 117.3 (C-1′, C-1′′), 115.2 (C-4a), 33.1

and 31.3 (C-3′, C-3′′). HRMS (ESI): Found [M+H]+: 255.1025, [C16H15O3]+ requires:

255.1016; found [M+Na]+: 277.0830, [C16H14NaO3]+ requires: 277.0835. m/z (EI, %):

254 (100), 239 (50), 225 (55), 213 (75), 197 (25), 181 (20), 165 (25), 152 (25), 139 (20),

128 (20), 121 (50), 92 (15), 77 (10), 63 (10). νmax (film/ cm−1): 3080, 2925, 2854, 1659,

1631, 1607, 1578, 1456, 1364, 1282, 1263, 1221, 1186, 1011, 922, 915, 836, 763, 712, 692.

R f (hexanes:EtOAc = 19:1): 0.51.
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E:III.4.4 1-(Allyloxy)naphthalene 3.231

O

3.231

To a mixture of 1-naphthol 3.131 (1 g, 7 mmol) in acetone

(100 mL) were added K2CO3 (4.8 g, 35 mmol), allyl bromide

(1.2 mL, 14 mmol) and TBAI (cat. amount). The mixture was

heated at reflux for 1 h and then filtered through a pad of silica

and Celite R©. The filtrate was washed with hexanes:EtOAc (9:1, 200 mL). The solvent was

removed in vacuo to afford the title compound (1.3 g, 7 mmol, quant.) as a brown oil.

1H NMR (400 MHz, CDCl3): δ = 8.34-8.29 (1H, m, H-8), 7.80-7.76 (1H, m, H-5), 7.49-7.44

(2H, m, H-6, H-7), 7.43-7.39 (1H, m, H-4), 7.34 (1H, t, J=7.8 Hz, H-3), 6.78 (1H, d, J=7.8

Hz, H-2), 6.21-6.10 (1H, m, H-2′), 5.50 (1H, d, J=17.3 Hz, H-3′a), 5.32 (1H, d, J=10.5 Hz,

H-3′b), 4.69 (2H, d, J=4.9 Hz, H-1′). 13C NMR (100 MHz, CDCl3): δ = 154.5 (C-1), 134.7

(C-4a, C-8a), 133.5 (C-2′), 127.6 and 126.5 and 125.9 and 125.3 (C-3, C-5, C-6, C-7), 122.2

(C-8), 120.5 (C-4), 117.5 (C-3′), 105.2 (C-2), 69.1 (C-1′). R f (hexanes:EtOAc = 9:1): 0.52.

The spectroscopic data was in agreement with that reported in the literature.[ 466]

E:III.4.5 2-Allylnaphthalen-1-ol 3.230

OH

3.230

Method A:

1-(allyloxy)naphthalene 3.231 (1 g, 5.42 mmol) was heated neat at 180 ◦C for 30 min. The

resulting product was purified by flash chromatography (SiO2, hexanes:EtOAc = 9:1) to

afford hexanes:EtOAc (0.96 g, 5.21 mmol, 96%) as brown oil.

Method B:

1-(allyloxy)naphthalene (2.5 g, 13.55 mmol) in DMF (10 mL) were heated in a sealed tube

to 180 ◦C for 20 min. It was diluted with EtOAc (50 mL) and the organic layer was washed

with H2O (5 × 20 mL) and brine (20 mL). The organic layer was dried with MgSO4 and the

solvent was removed in vacuo. The resulting product was purified by flash chromatography
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(SiO2, hexanes:EtOAc = 9:1) to afford the title compound (2.14 g, 11.61 mmol, 86%) as a

brown oil.

1H NMR (400 MHz, CDCl3): δ = 8.18-8.14 (1H, m, H-8), 7.79-7.75 (1H, m, H-5), 7.49-7.43

(2H, m, H-6, H-7), 7.40 (1H, d, J=8.3 Hz, H-4), 7.21 (1H, d, J=8.3 Hz, H-3), 6.13-6.02 (1H,

m, H-2′), 5.51 (1H, s, H-OH), 5.29-5.51 (2H, m, H-1′), 3.57 (2H, dt, J=6.2, 1.6 Hz, H-3′).
13C NMR (100 MHz, CDCl3): δ = 149.7 (C-1), 136.3 (C-2′), 133.9 (C-4a), 128.6 (C-5),

127.7 (C-3), 125.9 and 125.4 (C-6, C-7), 125.0 (C-8a), 121.5 (C-8), 120.5 (C-4), 117.9

(C-2), 117.1 (C-1′), 35.9 (C-3′). R f (hexanes:EtOAc = 9:1): 0.31

The spectroscopic data was in agreement with that reported in the literature.[ 467]

E:III.4.6 (±)-2-Methyl-2,3-dihydronaphtho[1′,2′-b]furan 3.232

O

3.232

1-(allyloxy)naphthalene 3.231 (2.5 g, 13.55 mmol) were heated

neat at 200 ◦C for 2 h. The resulting product was purified by flash

chromatography (SiO2, hexanes:EtOAc = 9:1) to afford the title

compound (1.8 g, 9.77 mmol, 72%) as a clear colourless oil.

1H NMR (400 MHz, CDCl3): δ = 7.99-7.89 (1H, m, H-8′), 7.79-7.71 (1H, m, H-5′),

7.43-7.33 (2H, m, H-6′, H-7′), 7.31 (1H, d, J=8.5 Hz, H-4′), 7.25 (1H, d, J=8.5 Hz, H-3′),

5.14-5.02 (1H, m, H-2), 3.41 (1H, dd, J=15.3, 9.0 Hz, H-3A), 2.91 (1H, dd, J=15.3, 7.5

Hz, H-3B), 1.50 (3H, d, J=6.5 Hz, H-Me). 13C NMR (100 MHz, CDCl3): δ = 154.9

(C-1′), 134.1 (C-4a′), 127.9 (C-5′), 125.7 (C-8a′), 125.6 and 125.2 (C-6′, C-7′), 125.4 (C-2′),

123.1 (C-3′), 121.6 (C-8′), 119.9 (C-4′), 80.3 (C-2), 38.0 (C-3) 22.1 (C-Me). HRMS (ESI):

Found [M+H]+: 185.0962, [C13H13O]+ requires: 185.0961; found [M+Na]+: 207.0788,

[C13H12NaO]+ requires: 207.0780. R f (hexanes:EtOAc = 9:1): 0.51

The spectroscopic data was in agreement with that reported in the literature.[ 468]
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E:III.4.7 3-(1′-Hydroxynaphthalen-2′-yl)propan-1,2-diol 3.233

HO
3.230

HO
3.233

OH
OH

HO

OH

3.234

To a mixture of 2-allylnaphthalen-1-ol 3.230 (200 mg, 1.09 mmol), K3Fe(CN)6 (1.1 g,

3.27 mmol) and K2CO3 (452 mg, 3.27 mmol) in tert-butanol (8 mL) and H2O (8 mL)

was added OsO4 (184 µL, 2.5 wt% in t-BuOH, 14 µmol). It was stirred for 24 h. Sodium

sulfite (1 g) was added and it was stirred for 2 h. EtOAc was added (20 mL), the phases

were separated and the aq. layer was extracted with EtOAc (3 × 20 mL). The combined

organic extracts were dried with MgSO4 and the solvent was removed in vacuo. The

residue was purified by flash chromatography (SiO2, hexanes:EtOAc = 9:1) to afford

3,3′-diallyl-[1,1′-binaphthalene]-4,4′-diol 3.234 (110 mg, 0.30 mmol, 55%) as a yellow oil.

3,3’−Diallyl-[1,1′-binaphthalene]-4,4′-diol 3.234

HO

OH

3.234

1H NMR (400 MHz, CDCl3): δ = 8.30-8.24 (2H, m, H-8, H-8′),

7.48-1.43 (2H, m, H-7, H-7′), 7.37-7.33 (2H, m, H-5, H-5′),

7.28-7.24 (2H, m, H-6, H-6′), 7.23 (2H, s, H-2, H-2′), 6.19-6.08

(2H, m, H-2allyl, H2′allyl), 5.64 (2H, s, H-OH, H-OH′), 5.36-5.25

(4H, m, H-1allyl, H-1′allyl), 3.64-3.60 (4H, m, H-3allyl, H-3′allyl).
13C NMR (100 MHz, CDCl3): δ = 149.5 (C-4, C-4′), 136.3

(C-2allyl, C-2′allyl), 133.4 (C-8a, C-8a′), 131.0 (C-1, C-1′), 130.7 (C-2, C-2′), 126.6 (C-5,

C-5′), 125.9 (C-6, C-6′), 125.3 (C-7, C-7′), 125.0 (C-4a, C-4a′), 121.6 (C-8, C-8′), 117.4

(C-3, C-3′), 117.3 (C-1allyl, C-1′allyl), 36.0 (C-3allyl, C-3′allyl). HRMS (ESI): Found

[M+H]+: 365.1555, [C26H21O2]+ requires: 365.1547. R f (hexanes:EtOAc = 9:1): 0.26.
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E:III.4.8 ((2′-Allylnaphthalen-1′-yl)oxy)(tert-butyl)dimethylsilane

3.235

OTBS

3.235

To a mixture of 2-allylnaphthalen-1-ol 3.230 (1.8 g, 9.8 mmol) in

THF (30 mL) was added sodium hydride (0.8 g, 60% in mineral oil,

19.6 mmol) and the mixture was stirred for 30 min. TBSCl (1.8 g,

11.8 mmol) was added and the mixture was left overnight stirring.

H2O (30 mL) was added slowly and the phases were separated. The aq. layer was extracted

with EtOAc (3 × 20 mL) and the combined organic extracts were dried over MgSO4 and

the solvent was removed in vacuo. The residue was purified by flash chromatography (SiO2,

hexanes:EtOAc = 9:1) to afford the title compound (2.91 g, 9.75 mmol, 99%) as a yellow

oil.

1H NMR (400 MHz, CDCl3): δ = 8.11-8.04 (1H, m, H-8′), 7.78-7.73 (1H, m, H-5′), 7.45

(1H, d, J=8.5 Hz, H-4′), 7.44-7.37 (2H, m, H-6′, H-7′), 7.29 (1H, d, J=8.5 Hz, H-3′),

6.01-5.90 (1H, m, H-2′′), 5.15-5.06 (2H, m, H-1′′), 3.58-3.53 (2H, m, H-3′′), 1.13 (9H,

s, H-SitBu), 0.18 (6H, s, H-SiMe2). 13C NMR (100 MHz, CDCl3): δ = 148.2 (C-1′),

137.3 (C-2′′), 133.9 (C-4a′), 128.4 (C-4′), 128.3 (C-2′), 127.7 (C-5′), 125.4 and 124.9

(C-6′, C-7′), 125.0 (C-9′), 123.2 (C-3′), 121.7 (C-8), 116.1 (C-1′′), 34.6 (C-3′′, C-Si-CMe3),

26.3 (C-SiCMe3), -3.0 (C-SiMe2). HRMS (ESI): Found [M+H]+: 365.1555, [C26H21O2]+

requires: 365.1547. R f (hexanes:EtOAc = 9:1): 0.65

The spectroscopic data was in agreement with that reported in the literature.[ 469]
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E:III.4.9 2-(1′-((tert-Butyldimethylsilyl)oxy)naphthalen-2′-yl)acet-

aldehyde 3.236

OTBS

3.236

O

H

Method A:

To a mixture of ((2′-allylnaphthalen-1′-yl)oxy)(tert-butyl)dimethylsilane 3.235 (200 mg,

0.67 mmol) were added 2,6-lutidine (0.15 mL, 1.34 mmol), OsO4 (0.18 mL, 2.5 wt% in

t-BuOH, 13.4 µmol) and NaIO4 (573 mg, 2.68 mmol). The reaction mixture was stirred for

2 h then H2O was added and the aq. layer was extracted with CH2Cl2 (3 × 20 mL). The

combined organic extracts were washed with satd. aq. sodium sulfite mixture (20 mL) and

brine (20 mL). The organic layer was dried over MgSO4 and the solvent was removed in

vacuo. The residue was purified by flash chromatography (SiO2, hexanes:EtOAc = 9:1) to

afford the title compound (110 mg, 0.37 mmol, 55%) as a yellow oil.

Method B:

To a mixture of ((2′-allylnaphthalen-1′-yl)oxy)(tert-butyl)dimethylsilane 3.235 (200 mg,

0.67 mmol) in t-BuOH-H2O (1:1, 15 mL) were added K2CO3 (278 mg, 2.01 mmol),

potassium hexacyanoferrat(III) (0.66 g, 2.01 mmol) and OsO4 (0.11 mL, 2.5 wt% in

t-BuOH, 8.38 µmol). It was stirred at r.t. overnight. NaIO4 (0.57 g, 2.68 mmol) was added

and the reaction mixture was monitored by TLC for 3 h. H2O was added and the aq. layer

was extracted with CH2Cl2 (3 × 20 mL). The combined organic extracts were washed

with satd. aq. sodium sulfite mixture (20 mL) and brine (20 mL). The organic layer was

dried over MgSO4 and the solvent was removed in vacuo. The residue was purified by

flash chromatography (SiO2, hexanes:EtOAc = 9:1) to afford the title compound (106 mg,

0.36 mmol, 53%) as a yellow oil.



6.4. Experimental for Part III.4 441

Method C:

To a mixture of ((2′-allylnaphthalen-1′-yl)oxy)(tert-butyl)dimethylsilane 3.235 (200 mg,

0.67 mmol) in t-BuOH-H2O (1:1, 15 mL) were added K2CO3 (278 mg, 2.01 mmol),

potassium hexacyanoferrat(III) (0.66 g, 2.01 mmol) and OsO4 (0.11 mL, 2.5 wt% in t-BuOH,

8.38 µmol). It was stirred at r.t. overnight. H2O was added and the aq. layer was extracted

with CH2Cl2 (3 × 20 mL). The combined organic extracts were washed with satd. aq.

sodium sulfite mixture (20 mL) and brine (20 mL). The organic layer was dried over MgSO4

and the solvent was removed in vacuo. t-BuOH-H2O (1:1, 15 mL) and NaIO4 (0.57 g,

2.68 mmol) were added and the reaction was monitored by TLC for 3 h. H2O was added and

the aq. layer was extracted with CH2Cl2 (3 × 20 mL). The combined organic extracts was

washed with brine (20 mL). The organic layer was dried over MgSO4 and the solvent was

removed in vacuo. The residue was purified by flash chromatography (SiO2, hexanes:EtOAc

= 9:1) to afford the title compound (112 mg, 0.33 mmol, 56%) as a yellow oil.
1H NMR (400 MHz, CDCl3): δ = 9.73 (1H, t, J=2.1 Hz, H-1), 8.10-8.05 (1H, m, H-8′),

7.82 7.77 (1H, m, H-5′), 7.51 (1H, d, J=8.4 Hz, H-4′), 7.48-7.44 (2H, m, H-6′, H-7′), 7.22

(1H, d, J=8.4 Hz, H-3′), 3.83 (2H, d, J=2.1 Hz, H-2), 1.12 (9H, s, H-SitBu), 0.17 (6H, s,

H-SiMe2). 13C NMR (100 MHz, CDCl3): δ = 200.3 (C-1), 147.8 C-1′), 133.5 (C-4a′),

128.6 (C-4′), 127.9 (C-3′), 126.2 (C-5′), 126.1 (C-8a′), 125.4 (C-7′), 123.2 (C-6′), 122.4

(C-8′), 117.8 (C-2′), 45.7 (C-2), 26.2 (C-SiCMe3), 26.0 (C-SiCMe3), -3.0 (C-SiMe2). R f

(hexanes:EtOAc = 9:1): 0.48.

The spectroscopic data was in agreement with that reported in the literature.[ 469]

E:III.4.10 3-(1′-((tert-Butyldimethylsilyl)oxy)naphthalen-2′-yl)propan-

2-one 3.237

OTBS

3.237

O
Copper(I) chloride (80 mg, 0.80 mmol) and palladium(II)

chloride (23 mg, 0.13 mmol) were added to

DMF-H2O (6:1, 12 mL). Oxygen was bubbled through

the mixture for 2 h followed by the addition of

((2′-allylnaphthalen-1′-yl)oxy)(tert-butyl)dimethylsilane 3.235 (200 mg, 0.67 mmol)

in DMF (10 mL). Oxygen was bubbled through the mixture for further 2 h and the reaction

mixture was stirred overnight under an atmosphere of oxygen. 1 M aq. HCl (30 mL) was
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added and the aq. layer was extracted with EtOAc (3 × 50 mL). The combined organic

extracts were washed with H2O (3 × 50 mL) and brine (50 mL) and dried over MgSO4. The

solvent was removed in vacuo. The residue was purified by flash chromatography (SiO2,

hexanes:EtOAc = 9:1) to afford the title compound (149 mg, 0.47 mmol, 71%) as a yellow

oil.

1H NMR (400 MHz, CDCl3): δ = 8.10-8.03 (1H, m, H-8′), 7.81-7.34 (1H, m, H-5′), 7.48

(1H, d, J=8.5 Hz, H-4′), 7.46-7.41 (2H, m, H-6′, H-7′), 7.21 (1H, d, J=8.5 Hz, H-3′), 3.85

(2H, s, H-1), 2.08 (3H, s, H-3), 1.13 (9H, s, H-SitBu), 0.16 (6H, s, H-SiMe2). 13C NMR

(100 MHz, CDCl3): δ = 207.0 (C-2), 149.1 (C-1′), 134.5 (C-4a′), 128.5 (C-4′), 128.3

(C-8a′), 127.8 (C-3′), 126.0 (C-5′), 125.2 (C-7′), 123.3 (C-6′), 122.2 (C-8′), 120.1 (C-2′),

46.2 (C-3), 29.2 (C-1), 26.2 (C-SiCMe3), 18.8 (C-SiCMe3), -3.1 (C-SiMe2). HRMS (ESI):

Found [M+H]+: 215.1061, [C14H15O2]+ requires: 215.1067; found [M+Na]+: 237.0890,

[C14H14NaO2]+ requires: 237.0886. m/z (EI, %): 214 (60), 171 (100), 156 (50) 141 (50),

128 (50), 115 (30). R f (hexanes:EtOAc = 9:1): 0.29.
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E:III.4.11 (±)-3-(1′-((tert-Butyldimethylsilyl)oxy)naphthalen-2′-yl)-

propan-2-ol 3.229

OTBS

3.229

OH

Method A:

To a mixture of 2-(1′-((tert-butyldimethylsilyl)oxy)naphthalen-2′-yl)acetaldehyde 3.236

(100 mg, 0.33 mmol) in THF (10 mL) was added MeMgBr (3 M in THF, 0.22 mL,

0.67 mmol) at −78 ◦C. The reaction mixture was immediately warmed to r.t. and left

stirring for 18 h. It was then quenched with H2O (10 mL) and the aq. layer was extracted

with EtOAc (3 × 10 mL). The combined organic extracts were dried over MgSO4. The

solvent was removed in vacuo and the residue was purified by flash chromatography (SiO2,

hexanes:EtOAc = 9:1) to afford the title compound (104 mg, 0.33mmol, quant.) as a

colourless oil.

Method B:

To a mixture of 3-(1′-((tert-butyldimethylsilyl)oxy)naphthalen-2′-yl)propan-2-one 3.237

(0.50 g, 1.6 mmol) in methanol (10 mL) was added sodium borohydride (72 mg, 1.9 mmol).

The mixture was stirred for 1 h and then quenched with H2O (10 mL). The aq. layer was

extracted with EtOAc (3 × 10 mL) and the combined organic extracts were washed with

brine (10 mL) and dried with MgSO4. The solvent was removed in vacuo and the residue

was purified by flash chromatography (SiO2, hexanes:EtOAc = 9:1) to afford the title

compound (0.51 g, 1.6 mmol, quant.) as a colourless oil.

1H NMR (400 MHz, CDCl3): δ = 8.10-8.04 (1H, m, H-8′), 7.80-7.34 (1H, m, H-5′),

7.49-7.40 (3H, m, H-4′, H-6′, H-7′), 7.30 (1H, d, J=8.5 Hz, H-3′), 4.15-4.05 (1H, m,

H-2), 3.00-2.86 (2H, m, H-3), 1.22 (3H, d, J=6.0 Hz, H-1), 1.14-1.10 (9H, m, H-SitBu),

0.21-0.18 (6H, m, H SiMe2). 13C NMR (100 MHz, CDCl3): δ = 149.2 (C-1′), 134.2 (C-4a′),

129.2 (C-3′), 128.3 (C-8a′), 127.7 (C-5′), 125.6 (C-7′), 125.0 (C-6′), 123.5 (C-2′), 123.3
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(C-8′), 122.0 (C-4′), 68.7 (C-2), 40.8 (C-3), 26.3 (C-SiCMe3), 26.2 (C-SiCMe3), 23.1 (C-1),

−2.9 (C-SiMe2). HRMS (ESI): Found [M+Na]+: 339.1750, [C19H28NaO2Si]+ requires:

339.1751; found [M+K]+: 355.1493, [C19H28KO2Si]+ requires: 355.1490. νmax (film,

cm−1): 3412 (OH), 2966 (Ar), 2929 (Ar), 2839 (Ar), 1598, 1572, 1446, 1368, 1258, 1245,

1085, 989, 807, 748. R f (hexanes:EtOAc = 9:1): 0.09.

E:III.4.12 (±)-tert-Butyl((2′-(2′′-(methoxymethoxy)propyl)naphthalen-

1-yl)-oxy)dimethylsilane 3.239

OTBS

O O

3.239

To a mixture of (±)-3-(1′-((tert-Butyldimethylsilyl)oxy)naphtha-

len-2′-yl)propan- 2-ol 3.229 (50 mg, 0.16 mmol) in CH2Cl2

(1 mL) were added dimethoxymethane (39 µL, 0.32 mmol) and

Amberlyst-15 R© (10 mg). The mixture was stirred for 1 h and then

filtered through cotton wool. The solvent was removed in vacuo and the residue was purified

by flash chromatography (SiO2, hexanes:EtOAc = 9:1) to afford the title compound (42 mg,

0.12 mmol, 73%.) as a colourless oil.

1H NMR (400 MHz, CDCl3): δ = 8.10-8.01 (1H, m, H-8′), 7.78-7.73 (1H, m, H-5′),

7.45-7.38 (3H, m, H-4′, H-6′, H-7′), 7.32 (1H, d, J=8.5 Hz, H-3′), 4.62 (1H, d, J=7.0 Hz,

H=OCH2O), 4.52 (1H, d, J=7.0 Hz, H=OCH2O), 4.06-3.95 (1H, m, H-2′), 3.02 (3H, s,

H-OMe), 3.03-2.92 (2H, m, H-3′′), 1.13 (3H, d, J=6.3 Hz, H-1′′), 1.12 (9H, s, H-SitBu),

0.18 (3H, s, H-SiMe), 0.17 (3H, s, H-SiMe). 13C NMR (100 MHz, CDCl3): δ = 148.8

(C-1′), 133.8 (C-4a′), 129.3 (C-3′), 128.1 (C-8a′), 127.5 (C-5′), 125.3 (C-7′), 124.6 (C-6′),

124.2 (C-2′), 123.2 (C-8′), 121.3 (C-4′), 73.7 (C-2′′), 55.1 (C-OMe), 38.2 (C-1′′), 26.2

(C-SitBu), 20.2 (C-3′), 18.7 (C-SiCquart), −2.9 (C-SiMe), −3.2 (C-SiMe). HRMS (ESI):

Found [M+Na]+: 383.2016, [C21H32NaO3Si]+ requires: 383.2013. m/z (EI, %): 360 (20),

271 (100), 259 (15), 241 (20), 227 (30), 215 (35), 73 (65), 45 (50). νmax (film/cm−1: 2955,

2929, 2886, 2858, 1570, 1507, 1463, 14380, 1259, 1190, 1148, 1093, 1033, 910, 829, 815,

778, 748, 697. R f (hexanes:EtOAc = 9:1): 0.54.
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E:III.4.13 2-Allyl-1-methoxynaphthalene 3.243

OMe
3.243

To a mixture of 2-allylnaphthalen-1-ol 3.230 (0.5 g, 2.7 mmol)

in acetone (50 mL) were added potassium carbonate (1.1 g,

8.1 mmol) and Me2SO4 (0.8 mL, 8.1 mmol). The reaction mixture

was heated at reflux for 18 h and then allowed to cool to r.t. It was

quenched with aq. NH3 solution (10 M, 50 mL) for 30 min. The aq. layer was extracted

with EtOAc (3 × 50 mL) and the combined organic extracts were dried over MgSO4. The

solvent was removed in vacuo and the residue was purified by flash chromatography (SiO2,

hexanes:EtOAc = 9:1) to afford the title compound (0.52 g, 2.6 mmol, 97%) as a colourless

solid.

1H NMR (400 MHz, CDCl3): δ = 8.12-8.08 (1H, m, H-8), 7.83-7.80 (1H, m, H-5), 7.58

(1H, d, J=8.4 Hz, H-4), 7.52-7.41 (2H, m, H6, 7), 7.31 (1H, d, J=8.4 Hz, H-3) 6.10-5.60

(1H, m, H-2′), 5.14-5.07 (2H, m, H-3′), 3.93 (3H, s, H-OMe), 3.60 (2H, dt, J=6.4, 1.5 Hz,

H-1′). 13C NMR (100 MHz, CDCl3): δ = 153.5 (C-1), 137.4 (C-2′), 134.1 (C-4a), 128.5 and

128.1 (C-3, C-4), 128.3 (C-2), 128.2 (C-8a), 126.0 and 125.7 (C-6, C-7), 124.2 (C-5), 122.2

(C-8), 116.0 (C-3′), 62.3 (C-OMe), 34.0 (C-1′). R f (hexanes:EtOAc = 9:1): 0.50.

The spectroscopic data was in agreement with that reported in the literature.[ 470]
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E:III.4.14 1-(1′-Methoxynaphthalen-2′-yl)propan-2-one

OMe

O
Copper(I) chloride (0.87 g, 8.8 mmol) and palladium(II) chloride

(0.25 g, 1.4 mmol) were added to DMF-H2O (6:1, 130 mL).

Oxygen was bubbled through the mixture for 2 h followed by

the addition of 2-allyl-1-methoxynaphthalene 3.243 (1.45 g, 7.3 mmol) in DMF (40 mL).

Oxygen was bubbled through the mixture for further 2 h and the reaction mixture was

stirred overnight under an atmosphere of oxygen. 1 M aq. HCl (100 mL) was added and

the aq. layer was extracted with EtOAc (3 × 100 mL). The combined organic extracts

were washed with H2O (3 × 100 mL) and brine (100 mL) and dried over MgSO4. The

solvent was removed in vacuo and the residue was purified by flash chromatography (SiO2,

hexanes:EtOAc = 9:1) to afford the title compound (1.19 g, 5.6 mmol, 76%) as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 8.11-8.07 (1H, m, H-8′), 7.85-7.82 (1H, m, H-5′), 7.61

(1H, d, J=8.4 Hz, H-4′), 7.54-7.45 (2H, m, H-6′, H-7′), 7.26 (1H, d, J=8.4 Hz, H-3′),

3.90 (5H, s, H-OMe, 1), 2.20 (3H, s, H-3). 13C NMR (100 MHz, CDCl3): δ = 206.7

(C-2), 154.2 (C-1′), 134.7 (C-4a′), 128.5 and 128.3 (C-3′, C-4′), 128.1 (C-8a′), 126.3 and

126.2 (C6′, C-7′), 124.5 (C-5′), 123.4 (C-2′), 122.2 (C-8′), 62.1 (C-OMe), 45.5 (C-1), 29.5

(C-3). HRMS (ESI): Found [M+H]+: 215.1061, [C14H15O2]+ requires: 215.1067; found

[M+Na]+: 237.0890, [C14H14NaO2]+ requires: 237.0886. m/z (EI, %): 214 (60), 171 (100),

156 (50) 141 (50), 128 (50), 115 (30). R f (hexanes:EtOAc = 4:1): 0.38.
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E:III.4.15 (±)-1-(1′-Methoxynaphthalen-2′-yl)propan-2-ol 3.242

OMe
3.242

OH
To a mixture of 1-(1-methoxynaphthalen-2-yl)propan-2-one (0.85

g, 4.0 mmol) in methanol (40 mL) was added sodium borohydride

(185 mg, 4.9 mmol). The mixture was stirred for 1 h and then

quenched with H2O (40 mL). The aq. layer was extracted with

EtOAc (3 × 40 mL) and the combined organic extracts were washed with brine (40 mL)

and dried with MgSO4. The solvent was removed in vacuo and the residue was purified by

flash chromatography (SiO2, hexanes:EtOAc = 9:1) to afford the title compound (0.87 g,

4.0 mmol, quant.) as a colourless oil.

1H NMR (400 MHz, CDCl3): δ = 8.08 (1H, d, J=8.6 Hz, H-8′), 7.82 (1H, d J=7.7 Hz,

H-5′), 7.58 (1H, d, J=8.4 Hz, H-4′), 7.53-7.42 (2H, m, H-6′, 7′), 7.32 (1H, d, J=8.4 Hz,

H-3′), 4.21-4.08 (1H, m, H-2), 3.94 (3H, s, H-OMe), 2.97-2.95 (2H, m, H-1), 2.26 (1H, bs,

H-OH), 1.27 (3H, d, J=6.1 Hz, H-3). 13C NMR (100 MHz, CDCl3): δ = 154.1 (C-1′), 134.3

(C-4a′), 129.0 (C-3′), 128.1 (C-5′), 128.1 (C-8a′), 127.1 (C-2′), 126.2 and 125.8 (C-6′, C-7′),

124.4 (C-8′), 122.2 (C-4′), 68.8 (C-2), 62.0 (C-OMe), 40.1 (C-1), 23.4 (C-3). HRMS (ESI):

Found [M+H]+: 239.1046, [C14H16O2]+ requires: 239.1043. m/z (EI, %): 216 (65), 172

(100), 157 (80), 141 (65), 128 (65), 115 (20). νmax (film, cm−1): 3213, 3053, 2967, 2931,

2841, 1598, 1572, 1507, 1446, 1368, 1341, 1258, 1245, 1195, 1114, 1085, 989, 949, 931,

808, 750, 707. R f (hexanes:EtOAc = 4:1): 0.12.
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E:III.4.16 2-Allylnaphthalene-1,4-dione 3.252

O

O
3.254

O

O
2.61

+

O

O
3.253

To a mixture of 1,4-naphthoquinone 3.253 (1 g, 6.3 mmol) in acetonitrile (13 mL) were

added vinyl acetic acid (0.54 mL, 6.3 mmol) and AgNO3 (0.54 g, 3.2 mmol). The mixture

was heated at 80 ◦C and H2O (6 mL) was added. A mixture of (NH4)2S2O8 (2.9 g,

12.6 mmol) in H2O (12 mL) was added and the mixture was stirred for 3 h at 80 ◦C. H2O

(20 mL) was added and the aq. layer was extracted with EtOAc (3 × 30 mL). The combined

organic extracts were dried over MgSO4 and the solvent was removed in vacuo. The residue

was purified by flash chromatography (SiO2, hexanes:EtOAc = 19:1) to afford the title

compound (0.5 g, 2.5 mmol, 40%) as a yellow oil and 2,3-diallylnaphthalene-1,4-dione 2.61

(140 mg, 0.59 mmol, 9%) as a yellow oil.

2-Allylnaphthalene-1,4-dione 3.254

O

O
3.254

1H NMR (400 MHz, CDCl3): δ = 8.13-8.04 (2H, m, H-6, H-7),

7.76-7.70 (2H, m, H-5, H-8), 6.81 (1H, t, J=1.5 Hz, H-3), 5.95-5.84

(1H, m, H-2′), 5.24 (1H, t, J=1.1 Hz, H-1′), 3.34 (2H, dq, J=7.0,

1.3 Hz, H-3′). 13C NMR (100 MHz, CDCl3): δ = 185.2 and

185.0 (C-1, C-4), 150.0 (C-2), 135.3 (C-2′), 133.9 and 133.8 (C-6, C-7), 133.1 (C-3),

132.3 and 132.3 (C-4a, C-8a), 126.7 and 126.2 (C-5, C-8), 119.1 (C-1′), 33.7 (C-3′). R f

(hexanes:EtOAc = 19:1): 0.2.

The spectroscopic data was in agreement with that reported in the literature.[ 337,471]
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2,3-Diallylnaphthalene-1,4-dione 2.61

O

O
2.61

1H NMR (400 MHz, CDCl3): δ =8.12-8.07 (2H, m, H-6, H-7),

7.73-7.68 (2H, m, H-5, H-8), 5.93-5.82 (2H, m, H-2′, H-2′′),

5.16-5.06 (4H, m, H-1′, H-1′′), 3.45-3.42 (4H, m, H-3′, H-3′′).
13C NMR (100 MHz, CDCl3): δ = 184.8 (C-1, C-4), 145.2 (C-2,

C-3), 133.9 (C-2′, C-2′′), 133.7 (C-6, C-7), 132.2 (C-4a, C-8a), 126.5 (C-5, C-8), 117.1

(C-1′, C-1′′), 31.0 (C-3′, C-3′′). R f (hexanes:EtOAc = 19:1): 0.3.

The spectroscopic data was in agreement with that reported in the literature.[ 337,471]

E:III.4.17 2-Allyl-1,4-dimethoxynaphthalene 3.255

OMe
3.255

OMe

Method A:

To a mixture of 2-allylnaphthalene-1,4-dione 3.254 (200 mg, 1 mmol) and TBAI (26 mg,

0.1 mmol) in THF (14 mL) was added sodium dithionate (1.04 g, 6 mmol) in H2O (1 mL).

The mixture was stirred for 30 min at r.t. KOH (1.3 g, 23 mmol) in H2O (6 mL) and

Me2SO4 (2.2 mL, 23 mmol) were added and the reaction mixture was stirred until it became

colourless. It was quenched with 1.5 M aq. ammonia solution (20 mL) and stirred for

further 30 min. The layers were separated and the aq. layer was extracted with EtOAc

(3× 20 mL), the combined organic extracts were washed with 2 N aq. HCl (2× 20 mL) and

H2O (20 mL) and dried over MgSO4. The solvent was removed in vacuo and purification by

flash chromatography (SiO2, hexanes:EtOAc = 19:1) afforded the title compound (234 mg,

1 mmol, quant.) as a colourless oil.

Method B:

To a mixture of indium (1 g, 8.7 mmol) in DMF (20 mL) were added NaI (1.96 g,

13.0 mmol) and allylbromide (1.13 mL, 13.0 mmol). The mixture was stirred until all
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indium was dissolved. Naphthoquinone (1.37 g, 8.7 mmol) was added in DMF (12 mL)

and the mixture was stirred for 3 h. It was quenched with 1 M HCl and the aq. layer

was extracted with EtOAc (3 × 20 mL). The combined organic extracts were washed with

H2O (5 × 30 mL) and brine (30 mL) and dried over MgSO4. The solvent was removed in

vacuo. The residue was taken up in THF (20 mL) and H2O (20 mL). KOH (8 g, 144 mmol),

Me2SO4 (13.6 mL, 144 mmol) and TBAI (cat.) were added and it was stirred overnight. aq.

ammonium hydroxide (20 mL, 40 M) was added and it was stirred for 1 h. The aq. layer

was extracted with EtOAc (3 × 30 mL) and the combined organic layers were washed with

1 M aq. HCl (30 mL), H2O (30 mL) and brine (30 mL) and dried with MgSO4. The solvent

was removed in vacuo and purification by flash chromatography (SiO2, hexanes:EtOAc =

19:1) afforded the title compound (1.15 g, 5.04 mmol, 80%) as a colourless oil.

1H NMR (400 MHz, CDCl3): δ = 8.22-8.01 (2H, m, H-5, H-8), 7.54-7.41 (2H, m, H-6, H-7),

6.60 (1H, s, H-3), 6.01-5.99 (1H, m, H-2′), 5.17-5.09 (2H, m, H-1′), 3.96 (3H, s, H-OMe),

3.87 (3H, s, H-OMe), 3.59 (2H, dt, J=6.4, 1.6 Hz, H-3′). 13C NMR (100 MHz, CDCl3): δ =

152.0 (C-1), 147.0 (C-4), 137.4 (C-2′), 128.8 and 127.7 (C-2, C-8a), 126.6 and 125.0 (C-6,

C-7), 125.7 (C-4a), 122.4 and 121.9 (C-5, C-8), 116.1 (C-1′), 105.8 (C-3), 62.3 (C-OMe),

55.8 (C-OMe), 34.4 (C-3′). R f (hexanes:EtOAc = 19:1): 0.66.

The spectroscopic data was in agreement with that reported in the literature.[ 204,472]

E:III.4.18 2-(1′,4′-Dimethoxynaphthalen-2′-yl)acetaldehyde 3.256

OMe

OMe

OMe

OMe
O

OMe

OMe

O

3.256

3.257

3.255

To a mixture of 2-allyl-1,4-dimethoxynaphthalene 3.253 (200 mg, 0.88 mmol) in

dioxane-H2O (3:1, 8 mL) were added 2,6-lutidine (0.20 mL, 1.75 mmol), osmium tetroxide
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(0.26 mL, 2.5 wt% in t-BuOH, 20 µmol) and sodium periodate (753 mg, 3.52 mmol). The

reaction mixture was stirred at r.t. for 16 h. H2O (10 mL) was added and the aq. layer was

extracted with CH2Cl2 (3 × 30 mL), the combined organic extracts were washed with brine

(20 mL) and dried over MgSO4. The solvent was removed in vacuo and purification by flash

chromatography (SiO2, hexanes:EtOAc = 19:1) afforded 1,4-dimethoxy-2-naphthaldehyde

3.257 (130 mg, 0.60 mmol, 68%) as a colourless solid.

1,4-Dimethoxy-2-naphthaldehyde 3.257

OMe

OMe

O

3.257

1H NMR (400 MHz, CDCl3): δ = 10.57 (1H, s, H-1′), 8.31-8.17

(2H, m, H-5, H-8), 7.67-7.58 (2H, m, H-6, H-7), 7.12 (1H, s, H-3),

4.09 (3H, s, H-OMe), 4.01 (3H, s, H-OMe). 13C NMR (100 MHz,

CDCl3): δ = 189.7 (C-1′), 157.2 (C-4), 152.4 (C-1), 130.5 (C-8a),

129.0 (C-6), 128.7 (C-4a), 127.5 (C-7), 124.8 (C-2), 123.1 and

123.1 (C-5, C-8), 98.5 (C-3), 65.9 (C-OMe), 55.9 (C-OMe). R f (hexanes:EtOAc = 19:1):

0.11.

The spectroscopic data was in agreement with that reported in the literature.[ 473]
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E:III.4.19 1-(1′,4′-Dimethoxynaphthalen-2′-yl)propan-2-one

OMe

OMe

O

Copper(I) chloride (525 mg, 5.3 mmol) and palladium(II) chloride

(148 mg, 0.8 mmol) were added to DMF-H2O (6:1, 70 mL).

Oxygen was bubbled through the mixture for 2 h followed by the

addition of 2-allyl-1-methoxynaphthalene (1.0 g, 4.4 mmol) in

DMF (40 mL). Oxygen was bubbled through the mixture for further 2 h and the reaction

was stirred overnight under an atmosphere of oxygen. 1 M aq. HCl (100 mL) was added

and the aq. layer was extracted with EtOAc (3 × 100 mL). The combined organic extracts

were washed with H2O (3 × 100 mL) and brine (100 mL) and dried over MgSO4. The

solvent was removed in vacuo and the residue was purified by flash chromatography (SiO2,

hexanes:EtOAc = 9:1) to afford the title compound (0.82 g, 3.4 mmol, 76%) as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 8.25-8.21 (1H, m, H-5′), 8.05-8.00 (1H, m, H-8′),

7.56-7.51 (1H, m, H-7′), 7.49-7.44 (1H, m, H-6′), 6.54 (1H, s, H-3′), 3.95 (3H, s, H-OMe),

3.87 (2H, s, H-1), 3.85 (3H, s, H-OMe), 2.20 (3H, s, H-3). 13C NMR (100 MHz, CDCl3):

δ = 206.9 (C-2), 152.2 (C-1′), 147.6 (C-4′), 128.6 (C-8a′), 126.9 (C-7′), 126.3 (C-4a′),

125.5 (C-6′), 122.7 (C-2a′), 122.6 and 121.9 (C-5′, C-8′), 105.6 (C-3′), 67.1 (C-OMe), 55.8

(C-OMe), 45.8 (C-1), 29.4 (C-3). HRMS (ESI): Found [M+H]+: 245.1170, [C15H17O3]+

requires: 245.1172; found [M+Na]+: 267.0998, [C15H16NaO3]+ requires: 267.0992; found

[M+K]+: 283.0745, [C15H16KO3]+ requires: 283.0731. m/z (EI, %): 244 (100), 229 (20),

201 (25), 169 (25), 141 (20), 128 (19), 115 (18), 55 (19). νmax (film, cm−1): 2929, 2832,

1672, 1589, 1584, 1461, 1438, 1398, 1263, 1125, 1069, 1002. R f (hexanes:EtOAc = 4:1):

0.16.
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E:III.4.20 (±)-1-(1′,4′-Dimethoxynaphthalen-2′-yl)propan-2-ol 3.243

OMe

OMe
3.243

OH

To a mixture of 1-(1′,4′-dimethoxynaphthalen-2′-yl)propan-2-one

(0.80 g, 3.3 mmol) in methanol (50 mL) was added sodium

borohydride (149 mg, 3.9 mmol). The mixture was stirred for 1 h

and then quenched with H2O (50 mL). The aq. layer was extracted

with EtOAc (3 × 50 mL) and the combined organic extracts were

washed with brine (50 mL) and dried with MgSO4. The solvent was removed in vacuo and

the residue was purified by flash chromatography (SiO2, hexanes:EtOAc = 9:1) to afford the

title compound (0.81 g, 3.3 mmol, quant.) as a colourless oil.

1H NMR (400 MHz, CDCl3): δ = 8.24-8.19 (1H,m, H-5′), 8.03-7.99 (1H, m, H-8′),

7.57-7.40 (2H, m, H6′, H-7′), 6.62 (1H, s, H-3′), 4.23-4.10 (1H, m, H-2), 3.97 (3H, s,

H-OMe), 3.89 (3H, s, H-OMe), 2.94 (2H, d, J=6.2 Hz, H-1), 2.29 (1H, bs, H-OH), 1.28

(3H, d, J=6.2 Hz, H-3). 13C NMR (100 MHz, CDCl3): δ = 162.5 (C-4′), 152.1 (C-1′), 128.7

(C-8a′), 126.8 (C-6′), 126.6 (C-4a′), 125.9 (C-2′), 125.2 (C-7′), 122.5 and 121.9 (C-5′, C-8′),

106.3 (C-3′), 68.9 (C-2), 62.0 (C-OMe), 55.8 (C-OMe), 40.6 (C 1), 23.4 (C-3). HRMS

(ESI): Found [M+Na]+: 269.1146, [C15H18NaO3]+ requires: 269.1148; found [M+K]+:

285.0892, [C15H18KO3]+ requires: 285.0888. m/z (EI, %): 246 (60), 201 (25), 187 (100),

170 (10), 150 (10) 128 (15), 115 (13). ). νmax (film, cm−1): 3403, 2963, 2932, 2838, 1627,

1595, 1508, 1460, 1417, 1394, 1345, 1263, 1225, 1161, 1119, 1093, 1030, 1000, 978, 829,

767, 712. R f (hexanes:EtOAc = 4:1): 0.02.

E:III.4.21 1,5-Dimethoxynaphthalene 3.271

OMe

OMe

3.271

To a mixture of naphthalene-1,5-diol 3.225 (10 g, 62.4 mmol)

in THF (200 mL) were added KOH (35 g, 624 mmol) in H2O

(200 mL) and Me2SO4 (50 mL, 530 mmol). The reaction mixture

was stirred overnight and then quenched with aq. ammonia

(40 M, 100 mL) for 2 h. The aq. layer was extracted with EtOAc

(3 × 300 mL) and the combined organic extracts were washed with H2O (2 × 300 mL) and

brine (300 mL) and then dried over MgSO4. The solvent was removed in vacuo and the

residue was purified by flash chromatography (SiO2, hexanes:EtOAc = 9:1) to afford the
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title compound (11.75 g, 62.4 mmol, quant.) as a colourless solid.

1H NMR (300 MHz, DMSO-d6): δ = 7.71 (2H, d, J= 8.1 Hz, H-4, H-8), 7.40 (2H, t

J=8.1 Hz, H-3, H-7), 6.99 (2H, d, J=8.1 Hz H-2, H-6), 3.95 (6H, s, H-OMe). 13C NMR

(75 MHz, DMSO-d6): δ = 152.7 (C-1, C-5), 125.8 (C-4a, C-8a), 125.5 (C-3, C-7), 113.5

(C-4, C-8), 105.0 (C-2, C-6), 55.5 (C-OMe). R f (hexanes:EtOAc = 7:3): 0.56.

The spectroscopic data was in agreement with that reported in the literature.[ 433]

E:III.4.22 5-Methoxynaphthalen-1-ol 3.270

OMe

OH
3.270

Method A:

To a mixture of 1,5-naphthylenediol 3.225 (4 g, 25 mmol) in MeOH (100 mL) was added

sodium (0.6 g, 26 mmol) under an atmosphere of nitrogen. The mixture was stirred for

30 min followed by the addition of Me2SO4 (4.7 mL, 50 mmol). It was stirred for three

hours at r.t. then overnight at reflux. Ammonium hydroxide was added and the mixture

was stirred for further 30 min. Methanol was removed under reduced pressure and the

formed precipitate was collected, dried and purified by flash column chromatography (SiO2,

hexanes-EtOAc = 9:1) to afford the title compound (1.4 g, 8.04 mmol, 32%) as a colourless

solid.

Method B:

NaH (60% in mineral oil, 960 mg, 24.4 mmol) was washed twice with hexanes. The hexanes

was removed by decantation under an atmosphere of nitrogen. Dry DMF (20 mL) and

ethanethiol (1.92 mL, 23.4 mmol) were added. After 10 min, 1,5-dimethoxynaphthalene

3.271 (4 g, 21.3 mmol) was added in dry DMF (20 mL). The reaction mixture was heated

at reflux overnight and then allowed to cool to r.t. It was acidified with aq. HCl (2 M) and

diluted with H2O (500 mL). The aq. layer was extracted with CHCl3 (3 × 200 mL) and
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the combined organic extracts were washed with H2O (3 × 500 mL) and brine (500 mL)

and dried over MgSO4. The solvent was removed in vacuo and the residue was purified

by flash chromatography (SiO2, hexanes:EtOAc = 9:1) to afford the title compound (2.8 g,

16.1 mmol, 72%) as a colourless solid.

1H NMR (400 MHz, CDCl3): δ = 10.01 (1H, s, H-OH), 7.72-7.68 (1H, m, H-4), 7.60-7.56

(1H, m, H-8), 7.37-7.31 (1H, m, H-3), 7.30-7.24 (1H, m, H-7), 6.96-6.92 (1H, m, H-6),

6.91-6.87 (1H, m, H-2), 3.94 (3H, s, H-OMe). 13C NMR (100 MHz, CDCl3): δ = 154.6

(C-5), 153.0 (C-1), 126.2 (C-4a), 125.6 (C-7), 125.5 (C-8a), 124.6 (C-3), 114.1 (C-4), 112.0

(C-8), 108.7 (C-2), 104.5 (C-6), 55.4 (C-OMe). R f (hexanes:EtOAc = 7:3): 0.48.

The spectroscopic data was in agreement with that reported in the literature.[ 433]

E:III.4.23 1-(Allyloxy)-5-methoxynaphthalene

OMe

O

To a mixture of 5-methoxynaphthalen-1-ol 3.270 (1.4 g,

8.04 mmol) in acetone (100 mL) was added potassium carbonate

(5.6 g, 40.18 mmol), allylbromide (1.4 mL, 16.08 mmol) and

TBAI (cat.). The mixture was stirred at reflux overnight, cooled

to r.t. and filtered. The solvent was removed and the residue was purified by flash column

chromatography (SiO2, hexanes-EtOAc = 19:1) to afford the title compound (1.7 g,

7.93 mmol, 99%) as a colourless solid.

1H NMR (400 MHz, CDCl3): δ = 7.91-7.81 (2H, m, H-4, H-8), 7.40-7.33 (2H, m, H-3, H-7),

6.85 (2H, d, J=7.5 Hz, H-2, H-5), 6.23-6.12 (1H, m, H-2′), 5.52 (1H, dq, J=17.0, 1.5 Hz,

H-3′A), 5.33 (1H, dq, J= 10.5, 1.5 Hz, H-3′B), 4.71 (2H, dt, J=5.1, 1.6 Hz, H-1′), 3.99 (3H,

s, H-OMe). 13C NMR (100 MHz, CDCl3): δ = 155.4 and 154.3 (C-1, C-5), 133.5 (C-2′),

126.9 and 126.9 (C-4a and C-8a), 125.3 and 125.2 (C-3, C-7), 117.4 (C-3′), 114.5 and 114.5

(C-4, C-8), 106.0 (C-2), 104.7 (C-6), 69.2 (C-1′), 55.7 (C-OMe). R f (hexanes:EtOAc = 9:1):

0.50.

The spectroscopic data was in agreement with that reported in the literature.[ 474]
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E:III.4.24 2-Allyl-5-methoxynaphthalen-1-ol 3.272

OMe

OH

3.272

1-(allyloxy)-5-methoxynaphthalene (400 mg, 1.87 mmol) was

heated neat at 180 ◦C for 3 hours. The reaction mixture was

cooled to r.t. and purified by flash column chromatography (SiO2,

hexanes-EtOAc = 9:1) to afford the title compound (360 mg,

1.68 mmol, 90%) as a yellow solid.

1H NMR (400 MHz, CDCl3): δ = 7.79 (1H, d, J=8.5 Hz, H-4), 7.72 (1H, dt, J=8.4, 0.9 Hz,

H-8), 7.34 (1H, dd, J=8.4, 7.7 Hz, H-7), 7.18 (1H, d, J=8.5 Hz, H-3), 6.76 (1H, d, J=7.7

Hz, H-6), 6.01-5.98 (1H, m, H-2′), 5.55 (1H, s, H-OH), 5.24-5.15 (2H, m, H-3′), 3.95 (3H,

s, H-OMe), 3.53 (2H, dt, J=6.2, 1.6 Hz, H-1′). 13C NMR (100 MHz, CDCl3): δ = 155.5

(C-5), 149.5 (C-1), 136.3 (C-2′), 127.8 (C-3), 126.0 (C-8a), 126.0 (C-4a), 125.5 (C-7), 118.9

(C-2), 116.9 (C-4), 114.6 (C-3′), 113.6 (C-8), 103.9 (C-6), 55.6 (C-OMe), 35.7 (C-1′). R f

(hexanes:EtOAc = 7:3): 0.17.

The spectroscopic data was in agreement with that reported in the literature.[ 475]

E:III.4.25 2-Allyl-5-methoxynaphthalene-1,4-dione 2.59

OMe

O

2.59

O
To a mixture of 2-allyl-5-methoxynaphthalen-1-ol 3.272 (250 mg,

1.17 mmol) in acetonitrile (5 mL) was added Salcomine R© (50 mg,

0.15 mmol). Oxygen was bubbled through the mixture for 4 h. The

solvent was removed in vacuo and the residue was purified by flash

column chromatography (SiO2, hexanes-EtOAc = 9:1) to afford

the title compound (145 mg, 0.64 mmol, 55%) as a yellow oil.

1H NMR (300 MHz, CDCl3): δ = 7.79-7.74 (1H, m, H-6), 7.70-7.63 (1H, m, H-7), 7.32-7.27

(1H, m, H-8), 6.70 (1H, t, J=1.5 Hz, H-3), 5.97-5.81 (1H, m, H-2′), 5.25-5.15 (2H, m,

H-1′), 4.00 (3H, s, H-OMe), 3.32-3.26 (2H, m, H-3′). 13C NMR (100 MHz, CDCl3):

δ = 185.3 (C-4), 184.7 (C-1), 159.6 (C-5), 147.3 (C-2), 137.6 (C-7), 134.9 (C-3), 134.6

(C-9), 133.2 (C-2′), 120.1 (C-10), 119.6 (C-8), 118.9 (C-7), 117.9 (C-6), 56.6 (C-OMe),

33.2 (C-3′). HRMS (ESI): Found [M+H]+: 229.0848, [C14H13O3]+ requires: 229.0859;

found [M+Na]+: 251.0678, [C14H12NaO3]+ requires: 251.0679, found [M+K]+: 267.0425,
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[C14H12KO3]+ requires: 267.0418. m/z (EI, %): 228 (100), 213 (85), 199 (20), 181 (50),

157 (30), 141 (50), 121 (55), 104 (30), 76 (60), 63 (20). νmax (film, cm−1): 3073, 3010,

2980, 2848, 1663, 1649, 1629, 1584, 1478, 1449, 1438, 1402, 1370, 1280, 1256, 1171,

1063, 1051, 977, 921, 882, 775. R f (hexanes:EtOAc = 7:3): 0.52.

E:III.4.26 2-Allyl-1,4,5-trimethoxynaphthalene 3.273

O

O

MeO OMe

OMe

MeO

OMe

MeO

OMe

OMe
+

2.59 3.273 3.274

To a mixture of 2-allyl-5-methoxynaphthalene-1,4-dione 2.59 (450 mg, 2.0 mmol) in THF

(20 mL) were added TBAI (cat.) and sodium dithionate (2.0 g, 11.8 mmol) in H2O (10 mL).

The mixture was stirred for 30 min. Then, KOH (2.5 g, 45.3 mmol) in H2O (10 mL)

and Me2SO4 (4.3 mL, 45.3 mmol) were added and it was stirred for 2 h. Aq. ammonia

(10 mL) was added and it was stirred for further 30 min. The phases were separated and

the aq. layer was extracted with EtOAc (3 × 30 mL). The combined organic extracts

were washed with aq. HCl (1 M, 50 mL), H2O (50 mL) and brine (50 mL). The solvent

was removed in vacuo and the residue was purified by flash flash chromatography (SiO2,

hexanes-EtOAc = 19:1) to afford the title compound (346 mg, 1.34 mmol, 67%) as a yellow

oil and 3,3′-Diallyl-4,4′,8,8′-tetramethoxy-1,1′-binaphthalene 3.274 (136 mg, 0.3 mmol,

30%) as a colourless oil.

2-Allyl-1,4,5-trimethoxynaphthalene 3.273

OMe

3.273

OMe

OMe

1H NMR (400 MHz, CDCl3): δ = 7.69-7.65 (1H, m, H-6), 7.40

(1H, t, J=8.0 Hz, H-7), 6.86-6.83 (1H, m, H-8), 6.66 (1H, s, H-3),

6.09-5.97 (1H, m, H2′), 5.16-5.07 (2H, m, H-3′), 3.97 (3H, s,

H-OMe), 3.93 (3H, s, H-OMe), 3.84 (3H, s, H-OMe), 3.57 (2H,

dt, J=6.5, 1.5 Hz, H-1′). 13C NMR (100 MHz, CDCl3): δ = 157.5
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(C-5), 153.5 (C-1), 147.2 (C-4), 137.2 (C-2′), 131.7 (C-9), 128.5 (C-10), 126.7 (C-2 and

C-2), 116.2 (C-3′), 114.9 (C-8), 108.5 (C-6), 106.3 (C-3), 62.0 (C-OMe), 57.1 (C-OMe),

56.6 (C-OMe), 34.2 (C-1′). HRMS (ESI): Found [M+H]+: 259.1330, [C16H19O3]+

requires: 259.1329; found [M+Na]+: 281.1147, [C16H18NaO3]+ requires: 281.1148. m/z

(EI, %): 258 ([100), 243 (60), 228 (20), 212 (40). νmax (film, cm−1): 3076, 2933, 2838,

1724, 1618, 1599, 1583, 1508, 1461, 1448, 1379, 1346, 1262, 1237, 1127, 1069, 1006, 913,

847, 810, 754. R f (hexanes:EtOAc = 7:3): 0.72.

3,3′-Diallyl-4,4′,8,8′-tetramethoxy-1,1′-binaphthalene 3.274

MeO

3.274

OMe

OMe

OMe
1H NMR (400 MHz, CDCl3): δ = 7.66 (1H, dd J=8.0, 0.9 Hz,

H-8′), 7.43 (1H, t, J=8.0 Hz, H-7′), 6.88 (1H, dd, J=8.0, 0.9 Hz,

H-6′), 6.59 (1H, s, H-3′), 3.93 (3H, s, H-OMe), 3.93 (3H, s,

H-OMe), 3.85 (2H, s, H-1), 3.82 (3H, s, H-OMe), 2.19 (3H, s,

H-3). 13C NMR (100 MHz, CDCl3): δ = 157.7 (C-4), 151.8 (C-8),

128.0 (C-1), 127.5 (C-2′), 129.4 and 127.0 (C-4a, C-8a), 129.1

(C-2), 125.9 (C-3), 125.6 (C-6), 115.7 (C-5), 114.8 (C-3′), 105.8 (C-7), 62.2 (C-OMe), 55.5

(C-OMe), 34.0 (C-1′). HRMS (ESI): Found [M+H]+: 275.1268, [C16H19NaO4]+ requires:

275.1278; found [M+Na]+: 297.1099, [C16H18NaO4]+ requires: 297.1097; found [M+K]+:

313.0837, [C16H18KO4]∗+ requires: 313.0837. m/z (EI, %): 274 (70), 217 (100), 200 (20).

νmax (film/cm−1: 3075, 2935, 2836, 1596, 1578, 1503, 1461, 1448, 1374, 1260, 1068, 999,

758. R f (hexanes:EtOAc = 7:3): 0.74.
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E:III.4.27 1-(1′,4′,5′-Trimethoxynaphthalen-2′-yl)propan-2-one

OMe OMe

OMe

O

A mixture of freshly prepared copper(I) chloride (46 mg,

0.47 mmol) and palladium(II) chloride (13 mg, 74 µmol) in

DMF-H2O (6:1,7 mL) was stirred for 1 hour while oxygen was

bubbled through the mixture. 1,4,5-Trimethoxynaphthalene 3.273

(100 mg, 0.39 mmol) was added in DMF (3 mL). Oxygen was bubbled through the mixture

for 4 hours and the reaction was then stirred overnight under an atmosphere of oxygen. The

mixture was hydrolysed with 1 M aq. HCl (20 mL) and the aq. layer was extracted with

EtOAc (3 × 20 mL), the combined organic extracts were washed with H2O (3 × 20 mL)

and brine. The organic layer was dried with MgSO4. The solvent was removed in vacuo and

the residue was purified by flash chromatography (SiO2, hexanes-EtOAc = 7:3) to afford the

title compound (103 mg, 0.38 mmol, 96%) as a colourless oil.

1H NMR (400 MHz, CDCl3): δ = 7.66 91h, dd, J=8.0, 0.9 Hz, H-8′), 7.43 (1H, t, J=8.0

Hz, H-7′), 6.88 (1H, dd, J=8.0, 0.9 Hz, H-6′), 6.59 (1H, s, H-3′), 3.97 (3H, s, H-OMe), 3.93

(3H, s, H-OMe), 3.85 (2H, s, H-1), 3.82 (3H, s, H-OMe), 2.19 (3H, s, H-3). HRMS (ESI):

Found [M+H]+:275.1268, [C16H19O4]+ requires: 275.1278; found [M+Na]+: 297.1099,

[C16H18NaO4]+ requires: 297.1097, found [M+K]+: 313.0837, [C16H18KO4]+ requires:

313.0837. m/z (EI, %): 274 (60), 259 (13), 231 (15), 217 (100), 200 (20), 185 (15), 115 (20).

νmax (film/cm−1: 3455, 2934, 2842, 1715, 1664, 1599, 1584, 1461, 1438, 1321, 1263, 1125,

1069, 757. R f (hexanes:EtOAc = 7:3): 0.22.

E:III.4.28 (±)-1-(1′,4′,5′-Trimethoxynaphthalen-2′-yl)-propan-2-ol

3.218

OMe

3.218

OMe

OMe

OH

To a mixture of 1-(1′,4′,5′-trimethoxynaphthalen-2′-yl)propan-2-

one (0.50 g, 1.8 mmol) in methanol (20 mL) was added sodium

borohydride (100 mg, 2.6 mmol). The mixture was stirred for 1 h

and then quenched with H2O (20 mL). The aq. layer was extracted

with EtOAc (3 × 20 mL) and the combined organic extracts were washed with brine

(20 mL) and dried with MgSO4. The solvent was removed in vacuo and the residue was
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purified by flash chromatography (SiO2, hexanes:EtOAc = 9:1) to afford the title compound

(0.45 g, 1.63 mmol, 90%) as a colourless oil.

1H NMR (400 MHz, CDCl3): δ = 7.63 (1H, dd, J=8.0, 0.8 Hz, H-8′), 7.40 (1H, t, J=8.0 Hz,

H-7′), 6.84 (1H, dd, J=8.0, 0.8 Hz, H-6′), 6.66 (1H, s, H-3′), 4.19-4.11 (1H, m, H-2′), 3.95

(3H, s, H-OMe), 3.92 (3H, s, H-OMe), 3.84 (3H, s, H-OMe), 2.92-2.88 (2H, m, H-1), 2.47

(1H, bs, H-OH), 1.27 (3H, d, J=6.3 Hz, H-3). 13C NMR (100 MHz, CDCl3): δ = 157.6

(C-5′), 153.7 (C-4′), 147.8 (C-1′), 131.5 (C-4a′), 127.4 (C-8a′), 126.9 (C-7′), 117.8 (C-2′),

114.8 (C-8′), 109.0 (C-3′), 106.4 (C-6′), 68.8 (C-2), 61.7 (C-OMe), 57.1 (C-OMe), 56.6

(C-OMe), 40.5 (C-1), 23.4 (C-3). R f (hexanes:EtOAc = 7:3): 0.21.

The spectroscopic data was in agreement with that reported in the literature.[ 476]

E:III.4.29 (±)-5,9,10-Trimethoxy-3-methyl-3,4-dihydro-1H-benzo[g]iso-

chromene 3.217

OMe

3.217

OMe

OMe

O

To a mixture of (±)-1-(1′,4′,5′-trimethoxynaphthalen-2′-yl)propan-

2-ol 3.218 (180 mg, 0.64 mmol) and dimethoxymethane (170

µL, 1.96 mmol) in dry Et2O (5 mL) was added BF3·OEt2 at

−78 ◦C under an atmosphere of nitrogen. The reaction mixture

was allowed to warm to r.t. over 18 h and then quenched with satd. aq. NH4Cl solution

(10 mL). The aq. layer was extracted with EtOAc (3 × 20 mL) and the combined organic

extracts were washed with brine (20 mL) and dried over MgSO4. The solvent was removed

in vacuo and the residue was purified by flash chromatography (SiO2, hexanes:EtOAc =

9:1) to afford the title compound (167 mg, 0.58 mmol, 89%) as a colourless oil.

1H NMR (400 MHz, CDCl3): δ = 7.66 (1H, dd, J=8.0, 0.7 Hz, H-6), 7.36 (1H, t, J=8.0 Hz,

H-7), 6.83 (1H, d, J=8.0 Hz, H-8), 5.25 (1H, d, J=15.8 Hz, H-1a), 4.87 (1H, d, J=15.8 Hz,

H-1b), 4.00 (3H, s, H-OMe), 3.86 (3H, s, H-OMe), 3.79 (3H, s, H-OMe), 3.79-3.73 (1H,

m, H-3), 3.06 (1H, dd, J=16.6, 2.9 Hz, H-4a), 2.65 (1H, dd, J=16.6, 10.9 Hz, H-4b), 1.43

(3H, d, J=6.1 Hz, H-Me). 13C NMR (100 MHz, CDCl3): δ = 156.2 (C-9), 149.2 (C-5),

147.9 (C-10), 130.0 (C-10a), 125.8 (C-5a), 125.8 (C-7), 124.9 (C-9a), 119.2 (C-4a), 114.7

(C-6), 105.6 (C-8), 70.6 (C-3), 65.2 (C-1), 61.8 (C-OMe), 61.0 (C-OMe), 56.2 (C-OMe),
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30.9 (C-4), 21.9 (C-Me). HRMS (ESI): Found [M+H]+: 289.1434, C17H21O4 requires:

289.1434; found [M+Na]+: 311.1262, C17H20NaO4 requires: 311.1254; found [M+K]+:

327.1014, C17H20KO4 requires: 327.0993. m/z (EI, %): 288 (100), 273 (10), 257 (14), 244

(15), 229 (82), 214 (12), 199 (10), 128 (10), 115 (12). νmax (film, cm−1): 2930, 2837, 1654,

1619, 1597, 1573, 1502, 1460, 1446, 1362, 1337, 1281, 1262, 1222, 1179, 1127, 1115, 1094,

1065, 1044. 1005, 991, 970, 838, 811, 761.5. R f (hexanes:EtOAc = 7:3): 0.31.

E:III.4.30 (±)-1,7-Dideoxy-9-methylthysanone 2.46

OMe

2.46

O

O

O1

3
4

4a
5

6
5a7

8
9 9a

10
10a

To a mixture of (±)-5,9,10-trimethoxy-3-methyl-3,4-dihydro-1H-

benzo[g]iso-chromene 3.217 (30 mg, 0.10 mmol) in THF (3 mL)

were added freshly prepared AgO (124 mg, 1.14 mmol) and aq.

HNO3 (6N, 0.35 mL, 2.10 mmol). The reaction mixture was stirred

for 5 min and then filtered over Celite R©. The filtrate was diluted

with H2O (10 mL) and the aq. layer was extracted with CH2Cl2 (3× 10 mL). The combined

organic extracts were washed with brine and dried over MgSO4. The solvent was removed

in vacuo and the residue was purified by flash chromatography (SiO2, hexanes:EtOAc =

7:3→1:1) to afford the title compound (25 mg, 97 µmol, 97%) as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 7.76 (1H, dd, J=7.8, 1.0 Hz, H-8), 7.66 (1H, t, J=7.8 Hz,

H-7), 7.28 (1H, dd, J=7.8, 1.0 Hz, H-6), 4.84 (1H, dd, J=18.7, 2.2 Hz, H-1A), 4.50 (1H,ddd,

J=18.7, 4.0, 3.2 Hz, H-1B), 4.00 (3H, s, H-OMe), 3.71-3.62 (1H, m, H-3), 2.74-2.67 (1H,

m, H-4A), 2.32-2.22 (1H, m, H-4B), 1.37 (3H, d, J=6.2 Hz, H-Me). 13C NMR (100 MHz,

CDCl3): δ = 184.1 (C-10), 183.2 (C-5), 159.8 (C-9), 144.3 (C-10a), 139.8 (C-4a), 135.0

(C-7), 134.4 (C-5a), 119.7 (C-9a), 119.4 (C-6), 117.9 (C-8), 69.7 (C-3), 63.8 (C-1), 56.6

(C-OMe), 29.3 (C-4), 21.4 (C-Me). HRMS (ESI): Found [M+H]+: 259.0967, [C15H15O4]+

requires: 259.0965; found [M+Na]+: 281.0787, [C15H14NaO4]+ requires: 281.0784. m/z

(EI, %): 258 (100), 243 (30), 225 (30), 187 (20), 128 (35). νmax (film, cm−1): 2922, 2851,

1654, 1644, 1584, 1574, 1474, 1445, 1332, 1291, 1276, 1261, 1209, 1200, 1187, 1137, 1124,

1091, 1034, 954, 917, 780. R f (hexanes:EtOAc = 7:3): 0.24.



462 Chapter 6. Experimental

E:III.4.31 (±)-7-Deoxy-9-methylthysanone 2.45

OMe

2.45 = (±)-trans

O

O

O

OH

1

3
4

4a
5

6
5a7

8
9 9a

10
10a

To a mixture of (±)-1,7-dideoxy-9-methylthysanone 2.46 (10 mg,

39 µmol) in CCl4 (8 mL) were added bromine (1 M in CCl4,

39 µL, 39 µmol) and Bz2O2 (cat.). It was irradiated with a desk

lamp and heated at reflux for 20 min. The solvent was removed in

vacuo and THF (2 mL) and H2O (1 mL) were added. The reaction

mixture was stirred for 1 h. It was diluted H2O (10 mL) and the aq. layer was extracted

with with CH2Cl2 (3 × 10 mL). The combined organic extracts were dried over MgSO4.

The solvent was removed in vacuo and the residue was purified by preparative TLC (SiO2,

hexanes:EtOAc = 1:1) to afford the title compound (6 mg, 22 µmol, 56%) as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 7.76 (1H, dd, J=8.0, 1.0 Hz, H-8), 7.68 (1H, t, J=8.0 Hz,

H-7), 7.31 (1H, dd, J=8.0, 1.0 Hz, H-6), 6.05 (1H, s, H-1), 4.38-4.28 (1H, m, H-3), 4.01

(3H, s, H-OMe), 3.40 (1H, bs, H-OH), 2.72 (1H, dd, J=19.2, 3.3 Hz, H-4A), 2.25 (1H, ddd,

J=19.2, 11.2, 0.9 Hz, H-4B), 1.40 (3H, d, J=6.3 Hz, H-Me). 13C NMR (100 MHz, CDCl3):

δ = 184.7 (C-10), 183.2 (C-5), 160.0 (C-9), 142.1 and 141.2 (C10a, C-4a), 135.2 (C-7), 134.2

(C-5a), 128.6 (C-9a), 119.4 (C-8), 118.3 (C-6), 87.2 (C-1), 63.0 (C-3), 56.6 (C-OMe), 29.1

(C-4), 21.1 (C-Me). HRMS (ESI): Found [M+Na]+: 297.0745, [C15H14NaO5]+ requires:

297.0733. νmax (film, cm−1): 3468, 2974, 2844, 1656, 1645, 1585, 1472, 1448, 1435, 1413,

1331, 1289, 1263, 1194, 1122, 1084, 1069, 1054, 1029, 1012, 955, 922, 856, 849, 795, 749,

735, 674, 554. R f (hexanes:EtOAc = 1:1): 0.21.
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E:III.4.32 (±)-1,7-Dideoxythysanone 2.44

OH

2.44

O

O

O1

3
4

4a
5

6
5a7

8
9 9a

10
10a

To a mixture of (±)-1,7-dideoxy-9-methylthysanone 2.46 (12 mg,

46 µmol) in CH2Cl2 (0.2 mL) was added BCl3 (1 M in CH2Cl2,

0.14 µL, 0.14 mmol) at −78 ◦C. The cooling bath was removed

and the reaction mixture was stirred for 30 min. aq. NaHCO3

solution (5 mL) was slowly added and the aq. layer was extracted

with CH2Cl2 (3 × 5 mL). The combined organic extracts were dried over MgSO4. The

solvent was removed in vacuo and the residue was purified by preparative TLC (SiO2,

hexanes:EtOAc = 1:1) to afford the title compound (11 mg, 45 µmol, 98%) as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 11.90 (1H, s, H-OH), 7.66-7.57 (2H, m, H-7, H-8),

7.24 (1H, dd, J=7.6, 1.8 Hz, H-6), 4.90-4.82 (1H, m, H-1A), 4.52 (1H, ddd, J=18.8, 4.1,

3.2 Hz, H-1B), 3.75-3.62 (1H, m, H-3), 2.81-2.70 (1H, m, H-4A), 2.37-2.34 (1H, m, H-4B),

1.39 (3H, d, J=6.2 Hz H-Me). 13C NMR (100 MHz, CDCl3): δ = 188.7 (C-10), 183.1

(C-5), 161.6 (C-9), 143.4 (C-10a), 142.6 (C-4a), 136.5 (C-7), 132.1 (C-5a), 124.5 (C-8),

119.4 (C-6), 114.8 (C-9a), 69.8 (C-3), 63.0 (C-1), 29.8 (C-4), 21.3 (C-Me). HRMS (ESI):

Found [M+H]+: 245.0806, [C14H13O4]+ requires: 245.0808; found [M+Na]+: 267.0641,

[C14H12NaO4]+ requires: 267.0628, [M−H]−: 243.0677, [C14H11O4]+ requires: 243.0663.

m/z (EI, %): 244 (100), 229 (10), 214 (20), 200 (95), 172 (55), 144 (20), 115 (30), 92 (27),

63 (13). νmax (film, cm−1): 2975, 7919, 2850, 1663, 1647,1623, 1580, 1466, 1386, 1366,

1346, 1278, 1249, 1088, 743. R f (hexanes:EtOAc = 1:1): 0.65.
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E:III.4.33 (±)-7-Deoxythysanone 2.43

OH

2.43 = (±)-trans

O

O

O

OH

1

3
4

4a
5

6
5a7

8
9 9a

10
10a

To a mixture of (±)-1,7-dideoxythysanone 2.44 (11 mg, 45 µmol)

in CCl4 (9 mL) were added bromine (1 M in CCl4, 50 µL, 50 µmol)

and Bz2O2 (cat.). It was irradiated with a desk lamp and heated

at reflux for 20 min. The solvent was removed in vacuo and THF

(3 mL) and H2O (1.5 mL) were added. The reaction mixture was stirred for 1 h. It was

diluted H2O (10 mL) and the aq. layer was extracted with with CH2Cl2 (3 × 10 mL). The

combined organic extracts were dried over MgSO4. The solvent was removed in vacuo and

the residue was purified by preparative TLC (SiO2, hexanes:EtOAc = 1:1) to afford the title

compound (9 mg, 38 µmol, 84%) as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 11.94 (1H, s, H-OH), 7.66-7.59 (2H, m, H7, H-8), 7.27

(1H, dd, J=7.8, 2.0 Hz, H-6), 6.07 (1H, d, J=3.8 Hz, H-1), 4.41-4.31 (1H, m, H-3), 3.27

(1H, d, J=2.8 Hz, H-OH), 2.79 (1H, dd, J=19.6, 3.4 Hz, H-4A), 2.31-2.23 (1H, m, H-4B),

1.41 (3H, d, J=6.3 Hz, H-Me). 13C NMR (100 MHz, CDCl3): δ = 188.5 (C-10, 183.7

(C-5), 161.8 (C-9), 145.1 (C-4a), 140.4 (C-10a), 136.6 (C-7), 131.9 (C-8), 119.5 (C-6), 114.8

(C-9a), 86.7 (C-1), 62.7 (C-3), 29.6 (C-4), 21.1 (C-Me). HRMS (ESI): Found [M+Na]+:

283.0584, [C14H12NaO5]+ requires: 283.0577. νmax (film, cm−1): 3350, 2976, 2923, 2853,

1650, 1623, 1596, 1579, 1447, 1405, 1393, 1360, 1311, 1276, 1231, 1207, 1179, 1167, 1142,

1120, 1081, 1071, 1050, 1021, 1008, 984, 875, 857, 836, 722. R f (hexanes:EtOAc = 1:1):

0.55.
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E:III.4.34 (±)-5,9,10-Trimethoxy-3-methyl-3,4-dihydro-1H-benzo[g]-

isochromen-7-ol 3.280

OMe

3.219

O

BO

O

OMe

OMe

OMe

3.217

OMe

OMe

O

OMe

3.280

O

HO

OMe

OMe

OMe

3.219

O

BO

O

OMe

OMe

1

3
4

4a56
5a7

8
9 9a

10
10a

To a mixture of [Ir(COD)OMe]2 (2.4 mg, 3.6 µmol) and

dtbpy (1.5 mg, 5.8 µmol) in dry THF (0.2 mL) was added

BHpin (87 µL, 0.6 mmol) under an atmosphere of nitrogen.

The mixture turned bright red. (±)-5,9,10-trimethoxy-

3-methyl-3,4-dihydro-H-benzo[g]isochromene 3.217 (70 mg,

0.24 mmol) in THF (0.2 mL) was added and the mixture was heated at 80 ◦C for 18 h then

filtered over a small pad of silica and Celite R©. The solvent was removed in vacuo which

afforded crude 3.219 as a colourless oil.

1H NMR (400 MHz, CDCl3): δ = 8.18 (1H, s, H-6), 7.16 (1H, s, H-8), 5.24 (1H, d,

J=16.0 Hz, H-1A), 4.87 (1H, s, J=16.0 Hz, H-1B), 4.37-4.29 (1H, m, H-3), 4.04 (3H,

s, HOMe), 3.90 (3H, s, HOMe), 3.78 (3H, s, HOMe), 3.06 (1H, dd, J=16.6, 2.8 Hz,

H-4A), 2.65 (1H, dd, J=16.6, 10.9 Hz, H-4B), 1.27 (12H, s, H-pin), 1.20 (3H, d, J=6.0 Hz,

H-Me). HRMS (ESI): Found [M+H]+: 415.2290, [C23H32BO6]+ requires: 415.2291;

found [M+Na]+: 437.2107, [C23H31BNaO6 ]+requires: 437.2110; found [M+K]+:

453.1867, [C23H31BKO6]+ requires: 453.1849; found [M+MeOH+Na]+: 469.2361,

[C24H35BNaO7]+ requires: 469.2372; found [M+MeOH+K]+: 485.2103, [C24H35BKO7]+

requires: 485.2112. m/z (EI, %): 414 (100), 399 (20), 283 (18), 370 (10), 355 (65). R f

(hexanes:EtOAc = 4:1): 0.29.
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OMe

3.280

O

HO

OMe

OMe

The crude 3.219 was directly transferred to the next step. The

crude was dissolved in DCE (3 mL) in a sealed tube and NMO

(225 mg, 1.92 mmol) was added. The tube was sealed and heated

at 100 ◦C for 30 min. The reaction mixture was cooled to r.t., the

solvent was removed in vacuo and the residue was purified by flash chromatography (SiO2,

hexanes:EtOAc = 9:1) to afford the title compound (53 mg, 0.17 mmol, 72% over two steps)

as a colourless oil.

1H NMR (400 MHz, CDCl3): δ = 6.96 (1H, d, J=2.2 Hz, H-6), 6.48 (1H, d, J=2.2 Hz,

H-8), 5.87 (1H, bs, H-OH), 5.21 (1H, d, J=15.6 Hz, H-1A), 4.84 (1H, d, J=15.6 Hz, H-1B),

3.93 (3H, s, H-OMe), 3.79 (3H, s, H-OMe), 3.79-3.70 (1H, m, H-3), 3.77 (3H, s, H-OMe),

3.02 (1H, dd, J=16.8, 2.9 Hz, H-4A), 2.62 (1H, dd, J= 16.8, 10.9 Hz H-4B), 1.42 (3H, d,

J=6.1 Hz H-Me). 13C NMR (100 MHz, CDCl3): δ = 158.0 (C-9), 154.2 (C-7), 148.2 and

147.9 (C-5, C-10), 130.6 (C-10a), 125.5 (C-5a), 123.0 (C-4a), 114.9 (C-9a), 98.3 (C-8), 96.4

(C-6), 70.7 (C-3), 65.0 (C-OMe), 61.8 (C-OMe), 60.5 (C-1), 56.2 (C-OMe), 31.0 (C-4), 21.9

(C-Me). HRMS (ESI): Found [M+H]+: 305.1378, [C17H21O5]+ requires: 305.1384; found

[M+Na]+: 327.1204, [C17H20NaO5]+ requires: 327.1203. m/z (EI, %): 304 (95), 289 (15),

273 (20), 245 (100), 231 (10). νmax (film/cm−1): 3383, 2967, 2933, 2840, 1773, 1622, 1605,

1582, 1449, 1431, 1384, 1359, 1335, 1260, 1232, 1192, 1156, 1127, 1112, 1083, 1063, 1043,

1025, 1003, 973, 935, 840, 764, 748. R f (hexanes:EtOAc = 1:1): 0.17.
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E:III.4.35 (±)-tert-Butyldimethyl((5′,9′,10′-trimethoxy-3′-methyl-3′,4′-

di-hydro-1H-benzo[g]isochromen-7′-yl)oxy)silane 3.296

OMe

3.296

O

TBSO

OMe

OMe

To a mixture of (±)-5,9,10-trimethoxy-3-methyl-3,4-dihydro-H-

benzo[g]isochromen-7-ol 3.280 (10 mg, 33 µmol) in THF (1 mL)

was added NaH (2 mg, 60% in mineral oil, 36 µmol) followed by

TBSCl (6 mg, 40 µmol). The reaction mixture was stirred for 30

min and then quenched with satd. aq. NH4Cl solution (2 mL).

The aq. layer was extracted with EtOAc (3 × 3 mL) and the combined organic extracts

were dried over MgSO4. The solvent was removed in vacuo and the residue was purified by

flash chromatography (SiO2, hexanes:EtOAc = 9:1) to afford the title compound (10 mg, 24

µmol, 73%) as a colourless oil.

1H NMR (400 MHz, CDCl3): δ = 6.90 (1H, d, J=2.2 Hz, H-6′), 6.33 (1H, d, J=2.2 Hz, H-8′),

5.10 (1H, d, J=15.7 Hz, H-1A′), 4.73 (1H, d, J=15.7 Hz, H-1B′), 3.86 (3H, s, H-OMe), 3.72

(3H, s, H OMe), 3.69 3.60 (1H, m, H-3′), 3.67 (3H, s, H-OMe), 2.92 (1H, dd, J=16.8, 2.8

Hz, H-4A′), 2.51 (1H, dd, J=16.8, 10.8 Hz, H-4B′), 1.31 (3H, d, J=6.2 Hz, H-Me), 0.93 (9H,

s, H-SitBu), 0.19 (6H, s, H-SiMe2). 13C NMR (100 MHz, CDCl3): δ = 157.5 (C-9′), 153.9

(C-7′), 148.2 and 148.1 (C-5′, C 10′), 130.4 (C 5a′), 125.2 (C-10a′), 123.3 (C-4a′), 115.3

(C-9a′), 102.4 (C-8′), 101.7 (C-6′), 70.6 (C-3′), 65.1 (C-1′), 61.7 (C-OMe), 60.6 (C-OMe),

56.2 (C-OMe), 31.0 (C-4), 25.9 (C-SitBu), 21.9 (C Me), −4.1 (C SiMe2). HRMS (ESI):

Found [M+H]+: 419.2229, [C23H35O5Si]+ requires: 419.2248; found [M+Na]+: 441.2058,

[C23H34NaO5]+ requires: 441.2068; found [M+K]+: 475.1816, [C23H34KO5]+ requires:

457.1807. m/z (EI, %): 418 (100), 403 (15), 359 (80). νmax (film/cm−1): 2929, 2837, 1737,

1597, 1502, 1446, 1339, 1280, 1260, 1217, 1125, 1094, 1065, 1011, 988, 955, 838, 163. R f

(hexanes:EtOAc = 1:1): 0.64.
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E:III.4.36 (±)-7-((tert-Butyldimethylsilyl)oxy)-9-methoxy-3-methyl-3,4-

di-hydro-H-benzo[g]isochromene-5,10-dione 2.41

OMe

2.41

O

TBSO
O

O
To a mixture of (±)-tert-butyldimethyl((5′,9′,10′-trimethoxy-3′-

methyl-3′,4′-dihydro-H-benzo[g]iso-chromen-7′-yl)oxy)silane

3.296 (10 mg, 24 µmol) in THF (1 mL) was added freshly prepared

silver(II) oxide (33 mg, 0.26 mol) and aq. HNO3 (6 N, 80 µL,

0.48 mmol) dropwise. The reaction was diluted with H2O (5 mL)

after 10 min and the aq. layer was extracted with EtOAc (3 × 5 mL) and the combined

organic extracts were dried over MgSO4. The solvent was removed in vacuo and the residue

was purified by flash chromatography (SiO2, hexanes:EtOAc = 9:1) to afford the title

compound (7 mg, 18 µmol, 75%) as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 7.18 (1H, d, J=2.3 Hz, H-6), 6.65 (1H, d, J=2.3 Hz H-8),

4.83 (1H, dd, J=19.0, 2.1 Hz, H-1A), 4.48 (1H, ddd, J=19.0, 3.9, 3.3 Hz, H-1B), 3.94 (3H,

s, H-OMe), 3.70-3.59 (1H, m, H-3), 2.72-2.62 (1H, m, H-4A), 2.32-2.16 (1H, m, H-4B),

1.36 (3H, d J=6.2 Hz, H-Me), 1.00 (9H, s, H-tBu), 0.29 (6H, s, H-SiMe2). 13C NMR

(100 MHz, CDCl3): δ = 184.0 (C-10), 182.1 (C-5), 162.2 and 161.8 (C-7, C-9), 144.5

(C-10a), 139.2 (C-4a), 135.9 (C-5a), 114.4 (C-9a), 110.9 and 109.0 (C-6, C-8), 69.7 (C-3),

63.9 (C-1), 56.5 (C-OMe), 29.9 (C-SiC), 29.3 (C-4), 25.7 (C-SiCMe3), 21.4 (C-Me), −4.12

(C-SiMe2). HRMS (ESI): Found [M+H]+: 389.1786, [C21H29O5Si]+ requires: 389.1779;

found [M+Na]+: 411.1598, [C21H28NaO5]+ requires: 411.1598. m/z (EI, %): 388 (100),

356 (15), 245 (15), 331 (20), 312 (15), 287 (20), 191 (30). νmax (film/cm−1): 2957, 2932,

2904, 2867, 1653, 1589, 1337, 1271, 1166, 846. R f (hexanes:EtOAc = 1:1): 0.75.
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E:III.4.37 (±)-7-((tert-Butyldimethylsilyl)oxy)-9-hydroxy-3-methyl-3,4-

dihydro-H-benzo[g]isochromene-5,10-dione 2.42

OH

2.42

O

TBSO
O

O
To a mixture of (±)-7-((tert-butyldimethylsilyl)oxy)-9-methoxy-3-

methyl-3,4-dihydro-H-benzo[g]iso-chromene-5,10-dione 2.41

(4 mg, 10 µmol) in CH2Cl2 (1 mL) was added under an atmosphere

of nitrogen BCl3 (1 M in CH2Cl2, 30 µL, 30 µmol) at −78 ◦C. The

reaction mixture was allowed to warm to r.t. over 30 min and satd.

aq. NaHCO3 solution (3 mL) was added. The aq. layer was extracted with CH2Cl2 and

combined organic extracts were dried with MgSO4. The solvent was removed in vacuo and

the residue was purified by preparative TLC (SiO2, hexanes:EtOAc = 1:1) to afford the title

compound (3 mg, 8 µmol, 80%) as a colourless oil.

1H NMR (400 MHz, CDCl3): δ = 12.02 (1H, s, H-OH), 7.09 (1H, d, J=2.3 Hz, H-6),

6.59 (1H, d, J=2.3 Hz, H-8), 4.84 (1H, dd, J=18.7, 2.2 Hz, H-1A), 4.50 (1H, ddd, J=18.7,

4.1, 3.3 Hz, H-1B), 3.72-3.62 (1H, m, H-3), 2.76-2.67 (1H, m, H-4A), 2.32-2.22 (1H, m,

H-4B), 1.38 (3H, 3H, d, J=6.1 Hz, H-Me), 0.99 (9H, s, H-SitBu), 0.28 (6H, s, H-SiMe2).
13C NMR (100 MHz, CDCl3): δ = 187.1 (C-10), 183.1 (C-5), 164.2 and 163.2 (C-7, C-9),

142.9 and 142.5 (C-4a, C-10a), 133.6 (C-5a), 113.1 and 113.1 (C-6, C-8), 109.9 (C-9a),

69.8 (C-3), 63.1 (C-1), 130.4 (C-SiC), 29.9 (C-SiCMe3), 29.7 (C-4), 21.2 (C-Me), −4.2

(C-SiMe2). HRMS (ESI): Found [M+H]+: 375.1642, [C20H27O5Si]+ requires: 375.1622;

found [M+Na]+: 397.1445, [C20H26NaO5]+ requires: 397.1442. νmax (film/cm−1): 2957,

2922, 2852, 1647, 1614, 1379, 1304, 848. R f (hexanes:EtOAc = 1:1): 0.85.
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E:III.4.38 (±)-1-Deoxythysanone 2.35

OH

2.35

O

HO
O

O
To a mixture of (±)-7-((tert-butyldimethylsilyl)oxy)-9-hydroxy-3-

methyl-3,4-dihydro-H-benzo[g]iso-chromene-5,10-dione 2.42

(6 mg, 15 µmol) in THF (1 mL) was added at −78 ◦C and an

atmosphere of nitrogen TBAF (1 M in THF, 18 µL, 18 µmol).

The reaction mixture was allowed to warm to r.t. over 10 min and

diluted with H2O (3 mL). The aq. layer was extracted with CH2Cl2 (3 × 5 mL) and the

combined organic extracts were dried over MgSO4. The solvent was removed in vacuo and

the residue was purified by preparative TLC (SiO2, hexanes:EtOAc = 1:1) to afford the title

compound as a colourless oil.

1H NMR (400 MHz, acetone-d6): δ = 9.88 (1H, s, H-OH), 6.99 (1H, d, J=1.9 Hz, H-6), 6.50

(1H, d, J=1.9 Hz, H-8), 4.64 (1H, dd, J=18.6 Hz, 2.3 Hz, H-1A), 4.37 (1H, dt, J=18.6 Hz,

3.6 Hz, H-1B), 3.65 3.57 (1H, m, H-3), 2.59 (1H, dt, J=18.9 Hz, 3.6 Hz, H-4A), 2.12-2.07

(1H, m, H-4B), 1.22 (3H, d, J=6.2 Hz, H-Me).

The spectroscopic data was in agreement with that reported in the literature and

experiment E:III.2.11 (p. 373).[ 191]

E:III.4.39 3-Bromojuglone 2.69

O

O

Br
OH

2.69

To a mixture of juglone 2.55 (2 g, 11.5 mmol) in acetic acid

(36 mL) was added bromine (0.6 mL, 11.5 mmol) in the dark. The

reaction mixture was stirred for 15 min and subsequently poured

on ice/H2O (50 mL) and stirred for another 10 min. The precipitate

was filtered and washed with cold H2O (20 mL) and then dissolved

in EtOH (50 mL). The EtOH mixture was heated at reflux in an pre-heated heating mantle

for 30 min. The reaction mixture was then allowed to cool to r.t. over 2 h. The formed

precipitate was collected by filtration and washed with cold EtOH. The filtrate was dried in

vacuo to afford the title compound (2.1 g, 8.3 mmol, 72%) as an orange solid.

1H NMR (400 MHz, CDCl3): δ = 11.73 (1H, s, OH), 7.68 (1H, t, J=7.4 Hz, H-7), 7.64 (1H,

dd, J=7.4, 2.0 Hz, H-8), 7.50 (1H, s, H-2), 7.31 (1H, dd,J=7.5, 2.0 Hz, H-6). 13C NMR (100
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MHz, CDCl3): δ = 182.8 and 181.6 (C-1, C-4), 162.0 (C-5), 141.2 (C-2), 139.3 (C-3), 137.2

(C-7), 131.6 (C-8a),124.7 (C-6), 119.9 (C-8), 113.9 (C-4a).R f (hexanes:EtOAc = 9:1): 0.47.

The spectroscopic data was in agreement with that reported in the literature.[ 454,477]

E:III.4.40 3-Bromo-5-isopropyljuglone 2.70

O

O

Br
iPrO

2.70

A mixture of 3-bromojuglone 2.69 (0.50 g, 2 mmol), Ag2O (0.93 g,

4 mmol), isopropyl bromide (0.56 mL, 6 mmol) and TBAI (2 mg,

cat.) in CHCl3 (20 mL) was stirred overnight at r.t. The reaction

mixture was then filtered over a pad af Celite R©. The solvent was

removed in vacuo and the residue was purified by preparative TLC

(SiO2, hexanes:EtOAc = 9:1) to afford the title compound (0.38 g, 1.13 mmol, 57%) as a

yellow solid.

1H NMR (400 MHz, CDCl3): δ = 7.72-7.62 (2H, m, H-7, H-8), 7.44 (1H, s, H-2), 7.31

(1H, dd, J=7.4, 2.3 Hz, H-6), 4.74 (1H, sept., J=6.0 Hz, H-CHMe2), 1.47 (6H, d, J=6.0 Hz,

H-CHMe2). 13C NMR (100 MHz, CDCl3): δ = 182.6 (C-1), 175.9 (C-4), 159.1 (C-5), 142.8

(C-2), 138.2 (C-3), 135.2 (C-7), 134.0 (C-8a), 120.8 and 119.3 (C-4a, C-6, C-8), 72.27

(C-CHMe2), 21.93 (C-CHMe2). R f (hexanes:EtOAc = 4:1): 0.38.

The spectroscopic data was in agreement with that reported in the literature.[ 454]
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