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Abstract 

 
Stilbene phytoalexins such as resveratrol, 1, and the arachidins, including arachidin-1, 

2, are naturally synthesised by peanut (Arachis hypogaea) plants1, 2. The peanut 

phytoalexins are polyphenolic compounds consisting of a stilbene backbone, with a 

number of derivatives also possessing a prenyl moiety 3. 

 

 

 
These distinctive phytoalexins have gained attention, as they exhibit various 

biological activities, for instance arachidin-1, 2, has been reported to be more potent 

than resveratrol, 1, in the inhibition of lipopolysaccharide-induced expression of 

cyclooxygenase-2 (COX-2) and COX-2 mRNA, in vitro at doses that were low in 

cytotoxicity3-5. Additionally the various arachidins have recently been shown to 

exhibit their anti-inflammatory properties, through the inhibition of a number of 

inflammatory mediator pathways 3.   

In this work, various routes into the synthesis of arachidin-1, 2, are described, via use 

of the Horner-Wadsworth-Emmons (HWE) reaction. Three different methodologies 

were explored, the first approach involving silyl ether (TIPS or TBDMS) protected 

benzaldehydes, proved unsuccessful due to cleavage of the silyl ether protecting 

groups, in basic and/or acidic conditions. This led to an alternative approach, whereby 

formation of the stilbene backbone proceeded via the regioselective demethylation of 

an acetal in the presence of sodium metal, subsequent electrophilic substitution using 
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iodomethane and finally acetal hydrolysis of the acetal, gave the isolated aldehyde in 

moderate yield (52 %). Coupling of the aldehyde with the substituted 

benzylphosphonate, via the HWE reaction gave the desired trans-stilbene in good 

yield (86 %), however incorporation of the prenyl side chain proved to be challenging 

via the Wohl-Ziegler bromination.   

Further adaptation of the aforementioned route, whereby alkylation using diethyl 

iodomethylphosphonate, enabled the incorporation of the prenyl moiety and the 

subsequent construction of the trans-stilbene backbone, gave the 4-(3-methyl-but-1-

enyl)-3,5,3’,4’-tetramethoxystilbene, 3, albeit in poor yield (47 %). The final step 

involving demethylation using BBr3 gave arachidin-1, 2, also in poor yield (30 %), 

nevertheless this approach has been proved to be a successful route for the total 

synthesis of arachidin-1, 2, however optimised studies are required in order to obtain 

the desired compound in quantitative yields. 

 

 

 
Synthetic analogues of resveratrol, 1, are also known for their biological activities, 

including anti-inflammatory and chemopreventative properties. Recently, the                    

anti-proliferative activity of a number of stilbenesulfonamides, against the National 

Cancer Institute’s 60 (NCI-60) human tumour cell line has been reported 6.  

Furthermore, the anti-inflammatory effects of novel heterocyclic methylsulfone and 

sulfonamide analogues, via inhibition of the COX-2 protein have also been 

published7, however both synthetic routes described require a total of six or seven 
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steps, from the sulfanilamide and are limited to the synthesis of primary sulfonamides 

(SO2NH2).  

In this work, an efficient three step synthesis has been designed and successfully 

implemented, proceeding via chlorosulfonation of diethyl benzylphosphonate, to form 

the sulfonyl chloride intermediate. Aminolysis of the sulfonyl chloride intermediate 

was then performed, using a range of primary, secondary and cyclic alkyl amines, as 

well as aromatic amines; including ammonia, dimethylamine, morpholine and 

diphenylamine. Finally, formation of the stilbene backbone with various substituted 

aldehydes, via the HWE reaction offered a short, versatile and alternative route to the 

synthesis of novel primary, secondary and tertiary trans-stilbene benzenesulfonamides 

and heterocyclic analogues, in yields of 42 – 100 %.  

The activity of a selection of the synthesised stilbene benzenesulfonamides was 

evaluated against the human lung adenocarcinoma epithelial cell line (A549). 

Amongst the compounds tested, analysis of the data showed that the novel analogue, 

4, was found to be the most potent compound, with a GI50 of 0.1 µM. Comparison 

with the previously published data found analogue, 4, to be approximately 500-fold 

more potent than the lead compound resveratrol, 1, (GI50 = 51.64 µM) and 

approximately twice as potent than 5-fluorouracil (GI50 = 0.189µM), a chemotherapy 

drug used to treat various forms of cancer 8. 

 

 

 

Overall, these results demonstrate that the total synthesis of trans-arachidin-1, 2, can 

be achieved via a five step methodology. A versatile route to the synthesis of novel 
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stilbene benzenesulfonamides has also been successfully achieved, amongst the 

compounds synthesised one appears to show promising anticancer activity, and 

warrants further investigation (i.e. in vitro studies using other cancer cell lines, and the 

synthesis of additional compounds using analogue, 4, as a lead compound). 
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Abbreviations 

 

δ   Chemical shift 

Ac   Acetyl 

AIBN                          Azobisisobutyronitrile 

Ar   Aromatic 

ArH   Aromatic proton 

ArC   Aromatic carbon 

ATR   Attenuated total reflectance 

b.p.   Boiling point 

CDCl3   Deuterochloroform (chloroform-d) 

ClSO3H  Chlorosulfonic acid 

CD3CN  Acetonitrile-d3 

COX   Cyclooxygenase 

D2O   Water-d2 

DMG   Dimethylglyoxime 

d   Doublet 

dd   Doublet of doublets 

dq   Doublet of quartets 

dsep   Doublet of septets 

DCM   Dichloromethane 

DMF   Dimethylformamide 

DMSO-d6  Dimethyl sulfoxide-d6 

EtOAc   Ethyl acetate 
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EtOH   Ethanol 

EtN(i-Pr)2  Diisopropylethylamine 

Equiv.   Equivalent 

FGI   Functional group interconversion 

GI50 The concentration of a compound required to inhibit cell 
growth by 50 %. 

IC50 The concentration of a compound required to achieve half 
maximal inhibition. 

IC100  The lowest concentration of a compound required to achieve 
complete inhibition of cell growth 

IR   Infrared 

J   Coupling constant 

Km Michaelis Menten constant; substrate concentration that gives 
half maximal velocity of an enzymatic reaction.  

lit.   Literature 

m   Multiplet 

mRNA messenger RNA  

MgSO4  Magnesium sulfate 

m.p.    Melting point 

MS   Mass spectrometry 

m/z   Mass to charge ratio 

NAD+   Nicotinamide adenine dinucleotide 

N2   Nitrogen  

NF-κB   Nuclear factor kappa b 

NMR   Nuclear magnetic resonance 

OMe   Methoxy  

Pd   palladium 
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PGE2   Prostaglandin E2 

ppm   Parts per million (chemical shift δ) 

Rf   Retention factor 

RT   Room temperature 

s   Singlet  

sep   Septet 

SI Selectivity index  

Str   Stretch 

t   Triplet 

tBuOK/KOtBu Potassium-tert-butoxide 

tBuOH   tert-butanol 

THF   Tetrahydrofuran 

TLC   Thin layer chromatography 

UV   Ultra violet 

ZnBr2   Zinc bromide 
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Chapter One 

 

 Introduction 

 

1.1 Stilbenes 

 

The stilbene (1,2-diphenylethylene) structure, comprises two phenyl rings linked 

together by an ethylene linkage (Figure 1.1). Stilbenes exist in two geometric forms; 

the stable trans-stilbene, 5, (E-stilbene) and the less stable cis-stilbene, 6, (Z-stilbene). 

The cis-isomer is considered less stable, due to steric interactions which force the 

aromatic rings out-of-plane, and as a result conjugation is lost 9. 

 

 

Figure 1.1 Stilbenes 

 

A number of stilbene derivatives, also known as stilbenoids are present in nature and 

act as phytoalexins. Phytoalexins are low molecular weight antimicrobial compounds 

that are synthesised and accumulate in plants, following exposure to fungal attack, 

excessive ultraviolet light or plant stress 10, 11. Although the mechanism of action to 

exogenous invasion is unclear, it has been suggested that these phytoalexins may 

display antimicrobial activity, by means of disrupting the cellular metabolism of the 

microorganism 10, 11. 
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1.2 Peanut stilbenes 

A number of stilbene phytoalexins are known to be produced by the peanut plant, 

Arachis hypogaea a species of the legume family (Legumino Sae). These 

phytoalexins, which have been characterised and reported within the literature, are 

predominately produced by fungally-challenged peanuts (Figure 1.2) and are present 

as trans-isomers 1-3, 12-14, with the majority possessing a prenyl moiety on the stilbene 

backbone, which is suggested to increase the compound’s bioactivity 15.  

 

 
 
Figure 1.2  Structure of known stilbene phytoalexins from peanut seed; trans-resveratrol 
(1), trans-arachidin-1 (2), trans-piceatannol (7), trans-arachidin-2 (8), trans-arachidin-3 (9), trans-
mucilagin A (10), trans-IPD (11) and trans-SB-1 (12) 
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Additionally, other novel phytoalexins (Figure 1.3) have been characterised by 

Sobolev et al., 1, 16 and by Liu and co-workers 17.  

 

 

 

Figure 1.3 Structures of known stilbene phytoalexins from peanut seeds: chiricanine A (13), 
arahypin-5 (14) and arahypin-6 (15). 

 

These distinctive phytoalexins are currently attracting considerable attention, due to 

the various biological and therapeutic properties including; antifungal 18, antibacterial 

19, cardioprotective14, neuroprotective20, phytoestrogenic21, anti-inflammatory22, 

antioxidative 3, and anticancer activity 3, 4, 23, as well as the benefit of being available 

from a dietary source.  

 

Stilbene phytoalexins are inexpensively extracted from plants, however they are 

seldom pure. Within the literature, mixtures of stilbenoids are commonly identified 

via spectral analysis (MS, NMR, and HPLC-MS), nonetheless despite the various 
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extraction methods which have been reported in the literature 1-3, 12-14, stilbenes are 

usually isolated in minute quantities (µg) 
9, 24.  

Because of this, the synthesis of known prenylated peanut phytoalexins such as 

arachidin-1, 2, and SB-1, 12, are required, in order to obtain pure samples of these 

compounds, in sufficient yields to aid with their characterisation. Furthermore this 

will enable studies to be performed with regards to the biological and therapeutic 

properties displayed by these compounds. 

In this chapter, a brief overview into the biological properties displayed by 

peanut phytoalexins will be described, next coupling methods used in the formation of 

the carbon-carbon double bond (C=C), will be presented. Finally a background into 

benzenesulfonamides will be discussed later in this chapter, these compounds are 

analogues of resveratrol, 1, which have been reported to display promising biological 

activity. 

 

 

1.3 Biological activity of peanut stilbenoids 

1.3.1 Anti-inflammatory and cardioprotective activity 
 

Resveratrol, 1, exists in its two geometric isomers; cis- and trans-resveratrol, although 

the mechanism of action is still unclear, trans-resveratrol, 1, is suggested to be the 

isomer that exhibits the optimum bioactivity 13. 

The ability of both trans-resveratrol, 1, and trans-arachidin-1, 2, to exhibit 

anti-inflammatory activity, has been suggested to be linked to their capacity to supress 

cyclooxygenase-2 (COX-2) mRNA expression 4. This results in reduced levels of the 
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COX-2 enzyme, which are known to increase during an inflammatory process and 

consequently leads to an increase in pro-inflammatory prostaglandins (PG) 25, 26.  

The effect displayed by these peanut stilbenes on the synthesis of the COX 

isoenzymes (COX-1 and COX-2), have also been suggested to be linked with their 

cardioprotective effects27-29. In particular, both resveratrol, 1, 30 and piceatannol, 7, 31, 

32 appear to inihibit COX in the platelets, which leads to the blocking of thromboxane 

synthesis, and results in a reduced risk of thrombosis 33.  

In 1992, Siemann and Creasy 34 published their findings of resveratrol, 1, in 

wine (< 2.861 µmol/L), this discovery offered an explanation to the infamous “French 

Paradox”. The French Paradox was an observation made by the scientist Serge 

Renaud, his justification was that low rates of mortality caused by coronary heart 

disease in France, was due to the moderate consumption of red wine. Despite the 

relatively high levels of saturated fat and smoking, as part of the French lifestyle and 

so implying the consumption of wine may offer additional protection from 

cardiovascular disease35-37. 

 

1.3.2 Antioxidative activity 
 

 

Both resveratrol, 1, 38 and piceatannol, 7, 39, 40, are additionally known for their 

antioxidative activity, and it is suggested that the anti-inflammatory and antioxidative 

properties displayed by resveratrol, 1, may also assist in explaining the 

neuroprotective effects displayed by resveratrol, 1 41. Furthermore the prenyl 

stilbenes; arachidin-1, 2, arachidin-2, 8, and arachidin-3, 9, have been reported also 

exhibit potent antioxidative activity, and due to the presence of the 3’-OH moiety on 
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the stilbene backbone, arachidin-1, 2, was found to display greater activity compared 

to both arachidin-2, 8, and arachidin-3, 9 42.  

1.3.3 Anti-ageing activity 
 

 

Resveratrol has also been identified as one of the first small molecule activators of 

SIRT1, an enzyme reported to imitate the effects of calorie restriction in vivo, and an 

important factor in slowing down the rate of ageing, as well as preventing age-related 

diseases linked to causes of mortality; such as type 2 diabetes, heart disease, cancer 

and neurodegenerative diseases43-45. 

Howitz et al., 44 discovered resveratrol, 1, to be the most potent agent, in extending the 

lifespan of mammalian cells, when compared to other polyphenols including quercetin 

(3,5,7,3’,4’-pentahydroxyflavone), 16. This peanut phytoalexin was found to be 

effective in stimulating the activity of SIRT1 up to 10 fold, as a result of decreasing 

the Km of both nicotinamide adenine dinucleotide (NAD+) and peptide substrate                 

(Table 1.1).  

Moreover when the effects of resveratrol, 1, on the protein Sir2 was examined, in vivo 

using the single-celled baker’s yeast, S. cerevisiae, this stilbene was found to prolong 

the lifespan of the yeast by 70 % 44.  

The prolonging of lifespan following treatment with resveratrol, 1, has also been 

observed in a concentration dependent manner with Drosophila 46, in addition to 

multi-cellular organisms such as the short-lived vertebrate Nothobranchius furzeri, a 

fish which when in captivity is known to survive for a maximum period of 3 weeks. 

Nonetheless, despite the promising in vivo activity, the mechanism with regards to the 

longevity effect displayed by resveratrol, 1, in addition to its correlation with diet 

restriction is not known45, 47.  
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Table 1.1  Stimulation of SIRTI catalytic rate by plant polyphenols 44 

 
Compound 
(100 µM) 

Ratio to control 
(mean ± s.e) 

Structure 

 

Resveratrol 

  

 

13.4 ± 1.0 

 

 

 

 

Quercetin  

 

 

4.59 ± 0.47 

 

 
 

 
 

 

As a potent SIRT1 activator resveratrol, 1, has been coined to exhibit therapeutic 

potential in treating type 2 diabetes. An in vivo study on mouse models with type 2 

diabetes found resveratrol, 1, to increase mitochondrial activity and insulin sensitivity 

48, 49. However, due to some of the limitations displayed by resveratrol, 1, including; 

poor bioavailability and solubility, analogues of resveratrol which display efficacy in 

prolonging the lifespan eukaryotes are still required 50. 
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1.3.4 Antimicrobial activity 

 

Studies have also found resveratrol, 1, to display promising antifungal activity in 

spermatophytes 51, 52, however the fungicidal effects of this peanut phytoalexin in 

humans are still scarcely known 2, 3, 51, 53, 54. 

A recent report by Jung et al., compared the fungicidal effects of resveratrol, 1, 

against amphotericin B, an efficacious antifungal drug used in the treatment of 

systematic fungal infections, which is associated with severe adverse reactions, e.g. 

rupturing of red blood cells (haemolysis). When examined against known human 

infectious fungi; particularly Candida albicans, Saccharomyces cerevisiae and 

Trichosporon beigelii, resveratrol, 1, at doses of 10-20 µg/mL, was found to solely 

initiate antifungal activity. Additional in vitro studies found resveratrol, 1, to be as 

potent as amphotericin B, in inhibiting the growth of the fungus Candida albicans 

(Table 1.2).  

 

 
Table 1.2 Antifungal activities of resveratrol against various fungi 54 

 
 Minimum Inhibitory Concentration 

 (µg/mL) 
C. albicans S. cerevisiae T. beigelii 

Resveratrol 20 10-20 10 

Amphotericin B 5 10 5-10 

 

 

Furthermore, the study by Jung et al., 54 into the effects of resveratrol, 1, on human 

erythrocytes demonstrated the non-haemolytic activity displayed by resveratrol, 1, 

against red blood cells. This means that the treatment of systematic fungal infections 

with resveratrol, 1, could offer an advantage (over existing antifungal drugs, i.e. 
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amphotericin B) of reducing the chances of dangerous side effect, thus improving 

patient compliance.  

 

The administration of current antiviral drugs including; acyclovir, famciclovir and 

valaciclovir in the treatment of viral infections, are often administered with a 

corticosteroid 55, which acts as both an anti-inflammatory agent and analgesic to treat 

the symptoms of pain and inflammation 56, 57, however this may be unnecessary with 

the application of resveratrol, 1.  

A number of in vitro and in vivo studies 65 – 67 have detailed the antiviral properties 

displayed by resveratrol, 1, frequently reporting this natural stilbene, to be as potent as 

the various antiviral drugs currently on the market. Furthermore due to the anti-

inflammatory effects displayed by resveratrol, 1, the addition of corticosteroids would 

no longer be required. 

As an antiviral agent, resveratrol, 1, has been reported to display activity against the 

herpes simplex virus (Herpesviridae) family 58, 59, including the herpes simplex virus-

1 (HSV-1), herpes simplex virus 2 (HSV-2) 58, 59, varicella zoster virus (VZV) 57 and  

human cytomegalovirus (HCMV) 60.  

The herpes simplex virus is known to affect an estimated 95 million of the population 

worldwide 61, although a cure has not been found, medication can be applied in order 

to reduce the event of spreading. The anti-HSV activity of resveratrol, 1, by means of 

in vitro and in vivo models, have been extensively studied by Docherty et al.,59, 62. For 

instance resveratrol, 1, was found to reduce the cellular growth of mice cells at S-G2-

M phases and inhibit the production of the infected cell protein (ICP-47), an early 

protein of HSV. When compared to piceatannol, 7, this stilbenoid was ineffective, 
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which suggests that in stilbene derived compounds, a specific chemical structure is 

crucial in the inhibition of HSV replication 58. 

Other studies have demonstrated the effectiveness of resveratrol, 1, as an anti-HSV 

drug by means of an in vivo model. The comparison of the dose dependent resveratrol 

cream (12.5 % or 25 %) with 5 % acyclovir ointment (Zovirax™) and 10 % docosanol 

cream (Abreva™) on hairless SKH1 mice, infected with HSV-1 found this natural 

stilbene to significantly inhibit the development of HSV-1 induced skin lesions, 

particularly when compared to 5 % acyclovir ointment Zovirax™ (p = 0.0001), with 

no signs of dermal toxicity after the application of five times a day for 5 days 59. 

Furthermore, when evaluating the route of drug administration, the topical 

administration of resveratrol, 1, was found to be an effective route in inhibiting viral 

replication 63.  

Chicken pox (varicella) and shingles (herpes zoster) are signs of primary infection by 

the varicella-zoster virus (VZV). This virus is transmitted among humans via 

respiratory droplets and direct skin contact, with sufferers often showing signs of a 

fever and vesicular rash. Subsequent to an infection, the VZV is known to lay dormant 

within the dorsal root, cranial and autonomic ganglia, with recurring viral infections 

resulting in shingles. An in vitro study by Docherty and co-workers in 2006, 

examining the effects of non-toxic doses of resveratrol, 1, (219 µM) on human diploid 

lung cells    (MRC-5) infected with VZV cells, reported resveratrol, 1, to inhibit the 

replication of the varicella-zoster virus via a dose-dependent, time dependent and 

reversible approach, when applied 30 h after the viral infection. Resveratrol, 1, was 

also reported to operate by not averting the VZV attachment or causing inactivation of 

the virus, but in a reversible manner, when observed via western blot and real-time 

PCR analysis. The analysis found resveratrol, 1, to play a significant role in limiting 
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the synthesis of the IE62 protein, an essential immediate early gene transactivating 

protein, by reducing the levels of mRNA 57.  

Resveratrol, 1, has also been reported to display potent and selective antiviral 

activity against HCMV, by inhibiting viral replication when examined on human 

embryonic lung fibroblasts, limiting the appearance of the immediate-early and late 

HCMV proteins. With the suggested mode of action proceeding via inhibiting the 

virus-induced activation of the epidermal growth factor receptor (EGFR), and as a 

result preventing entry into the HCMV virus. As well as inhibiting 

phosphatidylinositol-3-kinase signal transduction, in addition to the NF-κB and Sp1 

transcription factor activation, following an infection 60.  

Several antiviral drugs have also been designed to treat the influenza virus, 

nonetheless many have been found to be ineffective. Resveratrol, 1, has been reported 

to effectively inhibit the reproduction of the influenza virus in vitro, this stilbene was 

found to effectively increase the survival of the influenza infected mice, by decreasing 

pulmonary viral titres 64.  

Furthermore resveratrol, 1, has been shown as non-toxic, in addition to displaying 

antiviral and anti-inflammatory activity, albeit dependent on the nature of the virus, 

time of administration, concentration and frequency of treatments per day, therefore 

this compound encompasses the pharmacological properties desired in a novel drug 

for the treatment of viral infections. Although the mechanism of action displayed by 

resveratrol, 1, is not fully understood, this stilbenoid is known to have an effect on a 

spectrum of viruses. Reports have also suggested resveratrol, 1, to selectively target 

the cell instead of acting directly on the virus, as part of its mechanism to prevent viral 

replication57, 64, 65, however this warrants further investigation. 
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Likewise, the search for an antimicrobial drug of which combines as an anti-

inflammatory agent, has attracted great interest. The antifungal and antiviral activity 

of resveratrol, 1, 18, 62 as well as the desirable anti-inflammatory property has led to the 

evaluation of this compound as a potential antibacterial agent, in the treatment of 

human skin conditions. Initial microbiology studies have identified resveratrol, 1, as 

an antimicrobial agent, albeit with selective activity towards Gram negative bacteria.  

In 2001, an in vitro model examining the antimicrobial activity of resveratrol, 1, 

against Neisseria meningitidis (meningitis) and Neisseria gonorrhoeae (gonorrhoea) 

was performed by Docherty et al., whereby the administration of resveratrol, 1, was 

found to selectively inhibit the activity of the Gram-negative bacteria (Table 1.3), 

however resveratrol, 1, did not show efficacy against the Gram-positive bacteria 

examined 66. The results from other in vitro studies, investigating the growth of Gram-

positive and -negative bacteria in the presence of resveratrol, 1, were found to also be 

consistent with the study performed by Docherty and co-workers 67. 

 
 
Table 1.3 ICs of resveratrol against various bacteria 66 
 

Microorganism IC50  

(mg/L) 

IC100 

 (mg/L) 

N. gonorrhoeae 25 75 

N. meningitidis 100 125 

E. coli > 200 > 200 

S. aureus > 200 > 200 

S. pyogenes > 200 > 200 

P. aeruginosa > 200 > 200 

C. albicans > 200 > 200 
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Conversely, the study by Chan et al., in 2002 68, reported the antibacterial effect of 

resveratrol, 1, on a number of Gram-positive bacteria, commonly known to cause 

various human skin conditions; including S. aureus and Streptococcus group D, 

known to cause pimples, folliculitis and boils (furuncles), as well as the examination 

of Gram-negative bacteria; Pseudomonas aeruginosa commonly found in water, skin 

flora and soil and common dermatophytes including tinea pedis (athlete's foot) and 

tinea corporis (ringworm). In the study by Chan and co-workers, the use of trypticase 

soy agar (TSA) plates was reported, a basic medium suitable for culturing various 

microorganisms. Resveratrol, 1, at a dose of 171 µg/mL in 1.7 % DMSO, was 

reported to display efficacy in inhibiting the growth of the Gram-positive bacterium, 

S. aureus, by up to 90 %. However, the application of resveratrol, 1, at higher doses 

342 µg/mL in 3.3 % DMSO was found to show similar results against the Gram-

negative bacterium P. aeruginosa, with inhibition of up to 50 % against 

dermatophytes in the presence of 5 % DMSO.  

With regards to the activity displayed by resveratrol, 1, compared to benzoyl peroxide 

and erythromycin, compounds both commonly used in the formulation of treatments 

for skin diseases, the performance of this stilbene remains promising 69. 

The antimicrobial activity of resveratrol, 1, is not solely seen with trans-

resveratrol, 1, both geometric isomers of resveratrol have been reported to exhibit 

antimicrobial activity against E. coli, Sarcina lutea, Bacillus subtilis and 

Staphylococcus sp. However, the trans-isomer was found to display greater 

antimicrobial activity in comparison to the cis isomer (Table 1.4).  
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Table 1.4 Diameters of inhibition zone for the resveratrol extracts 

Bacterium Ethanolic extract of  
trans-resveratrol  

 
(mm) 

Ethanolic extract of  
cis-resveratrol  

 
(mm) 

 
Escherichia coli 13.7 ± 1.86 11.6 ± 1.90 

Bacillus subtilis 15.0 ± 2.37 10.4 ± 1.77 

Staphylococcus sp. 15.8 ± 1.40 11.2 ± 0.9 

Sarcina lutea 16.2 ± 1.40 10.0 ± 1.22 

 

 

In this study trans-resveratrol, 1, was reported to demonstrate significant efficacy 

against Gram-positive bacteria and limited activity against Gram-negative bacteria. 

The observations reported may have been as a result of the variation in cell wall 

structure between the microorganisms examined, as the structure of the cell wall of a 

Gram-negative bacterium comprises of liposaccharide chains, therefore providing 

structure and protection from xenobiotics 70.  

Studies into the mode of action by which resveratrol, 1, displays its 

antibacterial activity against bacterial pathogens is not fully understood, although it 

has been suggested that the selectivity displayed by resveratrol, 1, is possibly due to 

the microorganisms possessing a binding site, which the stilbene compound can easily 

bind to. Furthermore it is also thought that the antimicrobial activity displayed by 

resveratrol, 1, is due to the compound’s solubility resveratrol, 1, being lipophilic is 

insoluble in water therefore when dissolved in DMSO, instead of ethanol has been 

shown to improve the compounds performance.  

The selection of agar in the study is also crucial in obtaining optimum results 

with the stilbene, therefore what may be required is an evaluation of the inhibitory 

activity displayed by resveratrol, 1, using a medium which is not selective towards the 
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growth of one colony of organisms. For instance, the use of the Luria-Bertani (LB) 

agar, although not suitable for organisms such as Neisseria, it is a common medium 

used in microbiology studies and does not favour the growth of one microorganism 

over another. 

 

1.3.5 Anti-cancer activity 

 

The anti-cancer properties of resveratrol, 1, including the inhibition of cell 

proliferation as well as the ability to induce apoptosis, has been demonstrated in vitro, 

against various human cancer cell lines such as; colon, breast, glioma and prostate 

cancers23, 71. Additionally, the arachidins have been reported to exhibit anti-cancer 

activity, by inducing apoptosis in human leukaemia (HL-60) cancer cells 72, although 

arachidin-1, 2, has been found to exhibit greater activity compared to its analogues (8 

and 9). 

Furthermore when examined using mouse macrophages arachidin-1, 2, was found to 

display similar or even lower levels of toxicity than resveratrol 1, which suggests that 

the reduced levels of toxicity displayed by arachidin-1, 2, could give it a greater 

advantage over resveratrol, 1, as a drug. As one of the clinical challenges with using 

resveratrol, 1, was its ability to reduce the growth of cycling normal human peripheral 

blood lymphocytes, at concentrations similar to that required to inhibit most 

leukaemia cells 4, 5. 
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1.4 Pharmacokinetics of resveratrol 

Although the therapeutic properties displayed by resveratrol, 1, are promising, the 

quantity required to exert these therapeutic effects can often be higher than the amount 

of resveratrol, 1, actually measured in human plasma, following oral administration. 

This is due to the rapid metabolism of resveratrol, 1, in the liver into its glucuronide 

and sulphate conjugates, which consequently reduces its bioavailability and as a drug, 

prevents this natural stilbene from being effective. However, the potential of 

increasing the bioavailability of resveratrol, 1, has been reported by De Santi and co-

workers, with the use of quercetin, 16, a flavonoid found in wine, fruits and 

vegetables, and a potent inhibitor of important drug-metabolising enzymes including 

Cytochrome P450 3A4 (CYP3A4) and Cytochrome P450 2C9 (CYP2C9)73. 

Previous studies have examined the bioavailability of trans-resveratrol, 1, and the 

determination of its levels in blood plasma, however very little is known about its 

distribution, mainly due to the limited availability of validated in vitro and in vivo 

methods, which are needed to correctly determine the concentrations of resveratrol, 1, 

and its conjugates distributed within the body 23.  

An in vivo study carried out by Emilia Juan et al., detailed the development of 

a selective extraction process, used for the determination and quantification of trans-

resveratrol, 1, and its conjugates in rat kidney, lung, liver, testis and brain tissues. 

When administered with 15 mg/kg of pure resveratrol, 1, the natural compound was 

detected in the kidneys, liver and lungs, generally organs of which large volumes of 

blood are applied to. However lower concentrations of resveratrol, 1, and its 

metabolites were found in organs with specific barriers naturally designed to prevent 

xenobiotics from entering. The kidneys were reported to contain considerable 
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concentrations of pure resveratrol, 1, and its glucuronide conjugate compared to the 

other organs. The hydrophilic nature of the sulphate conjugate, meant that it was 

easily removed from the kidneys, which suggest the possible elimination of trans-

resveratrol, 1, via renal excretion 74.  

As seen from a number of in vivo metabolic studies, both Phase I and Phase II 

reactions on resveratrol, 1, affect its ability to act as a potential drug, despite it being 

highly absorbed75, 76. It is therefore unclear whether the effects of resveratrol, 1, 

observed in cell culture and animal model studies will be replicated in clinical human 

studies. Despite this, cytotoxicity testing on animal models has shown                                   

trans-resveratrol, 1, as a drug to be safe 77, a study in which Sprague-Dawley rats were 

administered with 20 mg/kg of resveratrol, 1, for 28 days, a level 1000 times over the 

amount that may be consumed by a person, drinking one glass of red wine a day 

verified the compound’s non-toxicity 13.  

Resveratrol, 1, is now available within the commercial market as a dietary 

supplement, sold in capsule, pill and powder form. Although within the literature, the 

biological and therapeutic properties displayed by resveratrol, 1, are well known, very 

little is known about the remaining novel peanut phytoalexins, due to the quantities 

obtained (µg) when extracted from peanut plants. Therefore strategies towards the 

total synthesis of these novel compounds are still required, in order to determine if 

these natural compounds display similar or increased activity compared to resveratrol 

1.  
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1.5 Structure-Activity-Relationship 
 

 

The Structure-Activity Relationship (SAR) of a lead compound is examined, in order 

to determine the relationship between its molecular structure, and the biological 

activity it exhibits as drug. Knowledge based on the SAR can then be used to perform 

modifications on the lead compound, in order to improve the pharmacological 

activity.  

Characteristics that influence the SAR of a drug include; size, shape, the presence of 

functional groups, stereochemistry, reactivity, resonance, electronic effects and so on. 

Additionally Quantitative Structure Activity Relationship models (QSAR) are often 

applied, to mathematically characterise the correlation between a lead compound and 

its biological activity 78, 79.   

Resveratrol, 1, is known as an antioxidant, antimicrobial and cancer 

chemopreventative agent, however the relationship between its structure and 

biological activity has not been extensively explored. Although studies have 

highlighted characteristics, including the stereoisomerism, stilbene skeleton and the 

positioning of hydroxyl groups, to play an important role in pharmacological activity 

observed3, 9.  

 

Lipid peroxidation is a quintessential mechanism which leads to cell and tissue 

damage, and as a result causes a range of diseases. The potent antioxidative activity 

displayed by resveratrol, 1, has been reported to reduce lipid peroxidation, by the 

scavenging of free radicals in vitro. The 4’-OH group is believed to be crucial for the 

radical scavenging activities displayed by resveratrol, 1, furthermore the presence of 
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the 3-OH and 5-OH groups were also found to be equally important, as they offered 

additional resonance stability for the stilbene 80.  

With regards to the role of resveratrol, 1, in activating the protein SIRT1 and 

prolonging of lifespan, the hydroxyl moieties at the 3- and 5- positions of the aromatic 

ring, coupled with the trans-geometry have been reported to be necessary for its 

activity 50, with resveratrol, 1, displaying potent activity towards the SIRT1 protein up 

to 12 fold, compared to other substituted analogues 44. Additionally, both the stilbene 

backbone and the trans-configuration have been suggested to be essential for the 

antiproliferative and DNA polymerase activity displayed by resveratrol, 1 38.  

 

 

1.6 Synthesis of stilbenes  

1.6.1 Non-catalytic coupling reactions 

 

Various synthetic routes have been reported for the synthesis of peanut phytoalexins 

and stilbene derivatives, however the most common coupling methods used in the 

formation of the carbon-carbon double bond (C=C), include the Wittig-Horner 81, 82 

and Horner-Wadsworth-Emmons (HWE) reaction83, 84. In addition to palladium (Pd) 

catalysed coupling reactions such as the Heck 85 and Suzuki 86 reaction. However, 

other commonly known alkene forming reactions; such as the Julia olefination87, 88, 

Ramberg-Bäcklund89, 90, McMurry 91 and Negishi-Stille reaction 92, 93 have not been 

fully explored for the synthesis of natural stilbenes. Additionally some reactions 

including the Peterson reaction, to date have not been reported in the construction of 

stilbene systems, nevertheless with the majority of the aforementioned reactions, the 
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percentage yields obtained are often quite poor due to the number synthetic steps 

required.  

Another challenge with regards to the construction of the C=C bond, is 

controlling the regio- and stereoselectivity of the reaction, to give the desired trans-

isomer. The Wittig, also known as the Wittig-Horner type reaction 81, offers a solution 

to this matter, this traditional coupling approach has been reported in the synthesis of 

peanut stilbenes including trans-resveratrol, 1, and piceatannol, 7, in addition to other 

synthetic analogues 82, 95-102.  

This approach has many benefits, due to it being simple, efficient, whilst offering a 

stereoselective approach to the synthesis of alkenes103. Additionally the Wittig is an 

attractive route compared to other elimination reactions, such as the Julia or Peterson 

reaction, due to it proceeding in one step88, 104. The widespread use of this reaction in 

organic synthesis has also been attributed to the mild reaction conditions and the 

ability to proceed without the need of an inert atmosphere or expensive catalysts9, 81, 

103, 105.  

Although the Wittig reaction to date is still the primary approach for the formation of 

stilbenes, this reaction often results in low yields of the desired trans-alkene, due to 

the formation of both E/Z-alkenes106. Additionally, this reaction is limited to 

substrates possessing a carbonyl moiety and requires a stoichiometric ratio of the 

reactants used107.  

In 2009 Alonso and co-workers98, reported a one-pot type Wittig olefination of 

substituted benzyl alcohols, 19, and ylide, 18, in the presence of nickel(0) 

nanoparticles (NiNPs), in order to synthesise trans-resveratrol, 1, in good yield (70 %) 

(Scheme 1.1). This study proved that stilbenes could be formed, via the Wittig 

reaction, without the need of a carbonyl substrate.  
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Scheme 1.1 Synthesis of resveratrol via Wittig-type olefination in the presence of nickel 
nanoparticles 

 

Other variations of the Wittig reaction have been reported for the synthesis of both 

meta- and para-substituted stilbene derivatives (51 – 93 %), using crown ether, 18-

crown-6, potassium hydroxide and a solid-liquid biphasic system (K2CO3/PhMe) 

(Table 1.5). However the stereoselectivity observed in this approach, was found to be 

comparable with the traditional Wittig reaction, as the selectivity for the trans-isomer 

was believed to be highly dependent on both the substituent present on the 

phosphonium halide and the reaction condition used. Notably, the solid-liquid 
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biphasic system comprising of benzyldiphenylchlorophosphonium bromides displayed 

almost complete trans-stereospecificity (Z/E < 2:98)108.  

 

Table 1.5 Coupling via the Wittig reaction 

 

 

Compound R1 X R2 Temperature 

(°C) 

Z : Ea 

 
23 

 
p-OMe 

 
Cl 

 
H 

 
-70  

 
85 : 15 

24 H Br p-OMe -70 

 

70 : 30 

25 p-Me Cl H -70 

 

85 : 15 

26 p-CF3 Br p-CF3 -70 
 

82 : 18 

27 p-CN Br p-CN -70 
 

>98 : <2 

28 H Br p-CF3 25 4 : 96 
 

29 
 

H 
 

Br 
 

p-NO2 
 

25 
 

1 : 99 
 

a Determined by HPLC 
 

 

Following the discovery of the Wittig reaction in 1954 81, an alternative and attractive 

alkene-forming reaction, was first reported by Horner et al., in 1958 109 and further 

developed by Wadsworth and Emmons 110.  
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The HWE reaction is generally limited to the coupling between substituted aldehydes 

(or ketones) with stabilised phosphonate carbanions. This coupling reaction has 

proved to be a reliable and versatile route for the synthesis of stilbenes, including 

many peanut phytoalexins such as resveratrol, 1, (Scheme 1.2) with high selectivity 

for the trans-isomer 22, 106, 111, 112. The high selectivity is thought to be due to the 

phosphonate stabilised carbanions used in the reaction, which thermodynamically 

favours the construction of the trans-isomer over the cis-isomer and as a result, 

affords only the trans-alkene 105, 110, 113. 

 

 
Scheme 1.2 Synthesis of resveratrol and resveratrol analogues via the HWE reaction 
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This reaction has additional advantages, which include the use of mild reaction 

conditions, and the isolation of the desired trans-alkene can be performed by aqueous 

work up, which enables the easy removal of the product from the water-soluble 

phosphorus by-product. This gives the HWE reaction a great advantage over the 

Wittig reaction, as the triphenylphosphine by-product in the Wittig requires separation 

via chromatographic purification 9, 82, 99, 102, 103.  

Furthermore, although only limited to compounds possessing a carbonyl moiety, the 

HWE reaction has been reported to be a reasonable and adaptable method for the 

coupling of sensitive functional groups, such as furan-2-carboxaldehyde 114, 115.  

Within the literature, the reported synthesis of natural prenylated peanut 

phytoalexins is limited, however the HWE reaction is currently the only coupling 

reaction, reported in the synthesis of prenylated peanut stilbenes.  

Park and et al.,84 in 2011, reported the synthesis of trans-arachidin-2, 8, and trans-

arachidin-3, 9, in good yields, via the HWE reaction, whilst using a combination of 

triisopropylsilyl (TIPS) and methoxymethyl (MOM) protecting groups (Scheme 1.3).  
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Scheme 1.3 Synthesis of trans-arachidin-2 and trans-arachidin-3 
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Recently, Hartung and co-workers, in 2014 attempted to synthesise the natural 

prenylated stilbene Pawhuskins, isolated from purple prairie clovers (Dalea purpurea) 

and at the same time reported an alternative and efficient approach towards the total 

synthesis of trans-arachidin-2, 8, in quantitative yields, via the HWE condensation, 

with the use of MOM protecting groups (Scheme 1.4) 116. 

The HWE coupling has been proved to be an effective route to the synthesis of other 

peanut phytoalexins, however attempts towards the total synthesis of                                           

trans-arachidin-1, 2, to date has not been reported in the literature, therefore it would 

be of interest to attempt the synthesis of arachidin-1, 2, via this approach. 

 

 

 
Scheme 1.4 Synthesis of trans-arachidin-2, via HWE coupling 

 

 

Besides the Wittig and HWE coupling reactions, the Julia olefination 88, is an 

alternative non-catalysed coupling reaction, which has been frequently used for the 

regioselective synthesis of alkenes. This coupling reaction occurs between a phenyl 
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sulfone (PhSO2) with either an aldehyde or ketone, in the presence of a powerful 

reducing agent, such as sodium amalgam 88. Due to its chemoselectivity towards the 

sulfone moiety, the reducing agent samarium(II) iodide is suggested to be most 

favourable for this elimination reaction 117. This reaction also has its benefits, 

particularly with regards to the simple preparation of the starting materials, and as a 

result various substrates, of which poses a PhSO2 moiety, next to the leaving group 

(carboxylate) can be used.  

Although the Julia olefination offers good selectivity for the trans-isomer, this 

reaction is only stereoselective and not stereospecific, furthermore the selectivity has 

been reported successful, when minimal substitution is present on the coupling 

substrates 104. 

A variation of this coupling reaction by means of the one-pot Julia Olefination, also 

known as the Julia-Kocienski reaction 118, 119 has been reported, for the synthesis of 

resveratrol, 1, and resveratrol analogues (Figure 1.4), with good yields and excellent 

selectivity (Z/E = 1 : 99), when  unsubstituted aromatic substrates were used 87. 

 

 

 
Figure 1.4 Synthesis of resveratrol analogues, via Julia Olefination 

 



Chapter 1: General Introduction 
 

 

40 

The Ramberg-Bäcklund reaction, discovered by Ludwig Ramberg and Birger 

Bäcklund in 1940, involves the transformation of α-halosulfones into alkenes, in the 

presence of a strong base, which is known to favour the formation of trans-alkenes 89, 

120. Foot and co-workers, in 2007 121 reported the use of this coupling reaction, in the 

synthesis of stilbene analogues, with moderate yields (Scheme 1.5).  

 

 

 

Scheme 1.5 Synthesis of stilbene analogues via the Ramberg-Bäcklund reaction 

 

 

This approach has also been reported recently in the literature, as a strategy towards 

the synthesis of resveratrol, 1 90. An advantage of this approach is the use of various 

substituted α-halosulfones of which are commercially available, although the 

syntheses of the sulfones are known to be challenging. 
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A number of modified one-pot syntheses via the Ramberg-Bäcklund reaction have 

been reported, such as the work by Meyers and co-workers, whereby a sulfone is 

transformed into the trans-stilbene, 57, in quantitative yield, in the presence of carbon 

tetrachloride and potassium hydroxide  (Figure 1.5) 122. Additionally by Chan et al., 

whereby the use of potassium hydroxide absorbed unto an aluminium support and 

dibromodifluoromethane as the halogen source, was reported. This approach, has been 

shown to allow the transformation of sulfones directly into alkenes (54 – 96 %) 123. 

 

 

 
Figure 1.5 Modified one-pot syntheses via the Ramberg-Bäcklund reaction 

 

 

Furthermore, this one-pot Ramberg-Bäcklund approach has been applied towards the 

total synthesis of trans-resveratrol, 1 (Scheme 1.6) 124. 
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Scheme 1.6 Synthesis of trans-resveratrol via the Ramberg-Bäcklund coupling reaction 

 

 

The construction of the C=C double bond in stilbenes has also been reported via the 

condensation of an aromatic aldehyde, with a methylarene or phenylacetic acid, this 

approach is known as the aldol-type condensation 9.  

A novel approach to the synthesis of trans-resveratrol, 1, via an aldol-type coupling 

reaction was published studied by Poulnin (Scheme 1.7). The reaction involved the 

facilitated benzylic deprotonation of an η6-benzene-Cr(CO)3 analogue, followed by 

condensation with para-anisaldehyde, 65, in fair yields (56 %) 125. 
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Scheme 1.7 Synthesis of resveratrol via Aldol-type condensation  

 

 

The Perkin reaction 126 is commonly used to form α,β-unsaturated carboxylic acids, by 

the condensation of an aromatic aldehyde and acid anhydride, in the presence of an 

alkali salt of the acid, however modifications of the Perkin condensation have enabled 

the synthesis of stilbenes, via the coupling of benzaldehydes and phenylacetic acids, to 

afford stilbenoids, including resveratrol, 1, 102, 127-130, piceatannol, 7, 102, 131 and other 

stilbene analogues, with selectivity for the trans-isomer 132, 134. 
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In 2003 Solladié and co-workers 128 reported the synthesis of resveratrol, 1, via the 

condensation of 3,5-diisopropoxybenzaldehyde, 67, with 4-(tert-butoxyphenyl)acetic 

acid, 68, in the presence of acetic anhydride and triethylamine. The reaction 

proceeded via the subsequent decarboxylation of the acid intermediate, 69, in the 

presence of copper chromite, followed by isomerization of the product via reflux, 

using phenyl disulfide in THF, to afford the trans-isomer, 71, in excellent yield. 

Cleavage of the protecting group in the presence of BCl3 gave trans-resveratrol, 1, in 

good yield (85 %) (Scheme 1.8).  

 

 

 
Scheme 1.8 Synthesis of trans-resveratrol by the Perkin reaction 
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Other research groups have published similar work to this, including the coupling of                     

3,5-dimethoxyphenylacetic acid with the commercially available                                          

3,5-dihydroxyacetophenone, in the presence of acetic anhydride and triethylamine, to 

afford stilbenes in good yield 102. Additionally the work by Sinha et al., 127 offered 

both a benign and convenient route to the synthesis of resveratrol, 1, and various 

stilbenoids, in fair to good yields (41 – 71 %), using the modified Perkin reaction. 

This reaction involves a one-pot condensation of substituted hydroxybenzaldehydes, 

72, and phenylacetic acids, 73, in the presence of piperidine-methylimidazole and 

polyethylene glycol under microwave heating (Figure 1.6). Which in turn prevents the 

use of toxic quinoline-copper salt reagents in the decarboxylation step of the reaction. 

 

 

 
Figure 1.6 Coupling of substituted hydroxybenzaldehydes, using the modified Perkin 
reaction 127 
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1.6.2 Palladium catalysed coupling reactions 

 

The Heck reaction, also known as Mizoroki-Heck reaction is said to be an ineffective 

reaction, without the presence of a metal catalyst. This reaction mechanistically 

involves the coupling of a halide (R-X) via nucleophilic addition to an alkene, in the 

presence of mild bases, such as triethylamine, potassium carbonate or sodium acetate, 

in addition to a Pd catalyst to form an alkene.    

The use of the Heck cross-coupling reaction, in the synthesis of the natural stilbene 

resveratrol, 1, is well known. Guiso et al., have demonstrated an efficient synthetic 

route into the synthesis of resveratrol, 1, by the coupling of 3,5-diacetoxystyrene, 75, 

with the p-iodoarene derivative, 76. The reaction performed in the presence of 

palladium(II) acetate (Pd(OAc)2), 1 mol % and triphenylphosphine ligands gave solely 

the trans-isomer of resveratrol in excellent yields (99 %) (Scheme 1.9) 135. 

Additionally the syntheses of resveratrol, 1, and other stilbenoids have been reported 

by the coupling of an aryl halide with a styrene, in good yields 85, 136. 

 

 
 

Scheme 1.9 Synthesis of trans-resveratrol via the Heck coupling reaction in the presence of 
Pd(OAc)2 catalyst 
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Another study has reported the one-vessel synthesis of resveratrol, 1, (Scheme 1.10) 

via a two sequential Heck-type reaction 137. The synthesis of resveratrol, 1, in the 

presence of palladium(0) bis(dibenzylideneacetone) (Pd(dba)2) involved the coupling 

of the aryl halide (4-methoxyiodobenzene), 78, with vinyltrimethylsilane, 79, as the 

alkene equivalent, to give 4-methoxystyrene, under arylation-desilyation conditions. 

Subsequent removal of excess vinyl trimethylsilane and arylation of 4-methoxystyrene 

by 3,5-dimethoxyiodobenzene, 80, followed by demethylation of trans-3,5,4’-

trimethoxyresveratrol, 62, in the presence of boron tribromide / tetra-n-

butylammonium iodide gave resveratrol, 1, in good yield (85 %). This synthetic route 

performed in one-vessel, is efficient and extremely stereo-, regio- and chemo- 

selective yielding solely the trans-isomer. 

 

 
Scheme 1.10 Synthesis of trans-resveratrol, via the Heck cross coupling reaction, in the 
presence of Pd(dba)2 catalyst 
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Berthiol et al., 138 have also reported the highly chemo-, regio- and stereoselective 

synthesis of trans-stilbene analogues, via the coupling of simple linear alkenes to aryl 

halides in the presence of a newly developed Pd metal catalyst coordinated to the 

tedicyp ligand, 81, (Figure 1.7). This stable catalyst consisting of tetraphosphine 

ligands was believed to increase catalyst stability due to the ligands close proximity to 

the metal centre. An increased selectivity for the trans-alkenes has been reported to be 

influenced by a number of factors, first of all by chain length, the longer the alkyl 

chain, the greater the percentage of the E-isomer over the Z-isomer. In addition to the 

choice of halides, as reactions with aryl bromides were reported to be highly selective 

towards the trans-isomer, compared to other halides used 138. 

 

 

 

                                                               
 
Figure 1.7 Structure of cis, cis, cis-1,2,3,4-tetrakis(diphenylphospinomethyl) cyclopentane 
(tedicyp) 138 

 

Although some limitations of the Heck reaction include the oxidative degradation and 

side reactions that occur as a result of the phosphine. Furthermore the increased 

reactivity, selectivity of the reaction and percentage yield are known to be influenced 

by the type of electrophile used (ArI > ArBr >> ArCl). However studies have found 

the use of specific catalytic systems, such as palladium(II) acetate, 

tetraphenylphosphonium chloride (Ph4PCl/Pd), to increase the activity of these aryl 

halides (Table 1.6) 139, 140. 
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Table 1.6 Synthesis of resveratrol analogues via the Heck reaction 

 

 

Compound R1 Catalytic system 

(2 mol %) 

DMG 

(mol %) 

Conversion 

(%) 

Selectivity 

(trans:cis:1,1-
regioisomer) 

 
 

84 

 
 

H 

 
 

[Pd(MeCN)2Cl2] . 6 
Ph4PCl 

 

12 

 

96 

 

96 : 1 : 3 

 

85 

 

 

CHO 

 

Pd(MeCN)2Cl2] . 6 
Ph4PCla 

 

 

0.6  

 

96 

 

98 : < 1 : 3 

 
86 

 
H 

 
Pd(OAc)2 . 6 Ph4PCl 

 

 
12 

 
97 

 
97:  1 : 2 

87 H [Pd(MeCN)2Cl2].6 

Ph4PCl 

- 96 95:  1 : 4 

 
88 

 
H 

 
[Pd(MeCN)2Cl2] . 6 

Ph4PCl 

 
12 80 

 
97:  1 : 2 

a 0.1mol % 

 

 

The Heck reaction is considered to be an important reaction in chemistry, with the 

advantage of being versatile, very efficient and extremely stereoselective, whereby 

favouring the trans-geometric isomer. Palladium is the most popular and widely used 

metal in homogenous catalysis, as it enables the use of various functional groups in 
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the starting materials and results in high regio-and chemoselectivity, as a result of 

selecting the optimum reaction conditions. 

Palladium complexes such as Pd(0) and Pd(II), commonly coordinated to 

triphenylphosphine ligands are frequently used in Heck reactions, however these 

phosphine ligands in the Pd complexes have been suggested to affect the rate of 

catalysed reactions 104, 138.  

 

The Heck-Matsuda reactions can be performed using arenediazonium salts, in place of 

phosphine ligands and a base, though a catalytic loading of the palladium catalyst              

(1-2 mol %) is required 107. Nonetheless, the synthetic benefits of using 

arenediazonium salts have resulted in an increased interest, due the reaction offering 

high stereo- and regioselectivity. An example of this can be seen with the synthesis of 

the resveratrol analogue, DMU-212 (3,4,5,4'-tetramethoxystilbene), 63, in the 

presence of arenediazonium salt and the catalyst Pd2(dba)2 141. Additionally the use of 

an arenediazonium salt, with a catalytic loading of 2 mol % Pd2(dba)2·dba, gave 

DMU-212, 63, in quantitative yield after 20 minutes (Scheme 1.11). However, a lower 

catalytic loading resulted in longer reaction times, although gave the stilbene in 

excellent yield (> 90 %).  

In contrast, the synthesis of resveratrol, 1, was found to afford moderate yields                   

(< 57 %), in addition to a number of by-products under the same reaction conditions, 

using 4-methoxystyrene, 89, and the palladium catalyst (Pd2(dba)2·dba). There are 

many advantages with the use of arenediazonium salts as electrophiles in the Heck 

reaction, these salts are fast, cost effective, benign, stereoselective and easier to use 

compared to other traditional protocols.  
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Scheme 1.11 Synthesis of DMU-212 via the Heck-Matsuda coupling reaction 

 

 

Furthermore, the decarbonylative Heck reactions are proven to be effective in the 

synthesis of natural stilbenes, although the success of the reaction is also believed to 

be dependent on the type of base added; where amines including n-ethylmorpholine 

(NEM) and N,N-dimethylbenzylamine (BnNMe2), have been reported to be the most 

effective 142. Moreover, the versatility of this reaction enables the use of various 

substituted cyclic alkenes, aryl halides in the formation of trans-stilbenes 138, 143. 

Alternatively, decarbonylative Heck reactions using chlorides are becoming 

increasingly popular for the synthesis of stilbenes, specifically resveratrol analogues. 

This approach has many advantages, such as the reaction being relatively fast, in 

addition to the various aromatic carboxylic acids which can be used as precursors       

(Table 1.7) 142. 

 

 

 

 

 

 

 

 

89

N2BF4MeO+

90

Pd(dba)2 . dba (2 mol %)

NaOAc (3 eq.), PhCN
80 - 90 oC, 5h

63

OMe
MeO

OMe

OMe

MeO

MeO

+
MeO



Chapter 1: General Introduction 
 

 

52 

Table 1.7 Decarbonylative Heck coupling 

 

 

Compound R Mol % Pd 

 

Ligand Base Time 

 (h) 
 

Yield  

(%) 

 
93 

 
Me 

 
5 

 
- 

 
NEM 

 
18 

 
75 
 

94  

 

95 

Me 

 

Me 

5 

 

5 

 

- 

 

-  

BnNMe2 

 

EtN(i-Pr)2 

18 

 

18 

52 

 

35 

 
96 

 
Ac 

 
1 

 

 
- Et3N 

 
3.5 

 
57 

97 Ac 1 - NEM 3.5 63 
 

98 
 

Ac 
 
1 

 
5 

 
Et3N 

 
3.5 

 
57 

 

 

Other reactions such as the Suzuki coupling reaction 86, 144 is an alternative Pd 

catalysed reaction, which also offers versatility, high selectivity and efficiency. This 

reaction involves the coupling of a halide with an organoboronic acid (aryl, alkyl, 

alkenyl or alkynyl) or alternatively with an organoborane or boronate ester or 
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potassium trifluoroborate substrate, in the presence of a palladium catalyst and a base, 

such as sodium ethoxide 145, 146. 

This reaction has its advantages such as giving both high regio- and stereospecificity, 

in addition to the easy synthesis of reagents and mild reaction conditions. The Suzuki 

coupling, as well as the modified Hunsdiecker-Suzuki approach have been reported in 

the synthesis of resveratrol derivatives147-149. However this strategy, to date, has not 

yet been applied to the synthesis of other peanut stilbenes.  

 

Conversely, the Stille reaction involves the palladium catalysed cross-coupling of 

organotin compounds (organostannanes) and aryl halide or alkenyl halide or triflate 

reagents. This approach has its benefits, besides being stereospecific and 

regioselective, as a variety of electrophiles can be used in this reaction. Furthermore 

this reaction is known to proceed without the need of a base, which gives the Stille a 

greater advantage over the Suzuki coupling. Additionally the organostannanes have 

been suggested to be suitable for use, in the presence of a wide range of functional 

groups, under mild conditions 92. However, to date the synthesis of natural peanut 

stilbenes via the Stille reaction has not been reported in the literature, possibly due to 

the toxicity of the organostannanes 150. Nonetheless with the hope of forming 

resveratrol analogues, Kang and co-workers, recently reported the synthesis of the 

stilbene, 2,3,6,2′,3′,6′-hexamethyl-4,4′-dihydroxy-trans-stilbene, 99, (Figure 1.8) via a 

one-pot Stille–Heck tandem reaction 151. 

 

 
Figure 1.8 2,3,6,2′,3′,6′-hexamethyl-4,4′-dihydroxy-trans-stilbene 
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Similarly only the synthesis of novel trans-stilbenes has been reported via the Negishi 

coupling reaction 152, 153. This reaction involves the cross-coupling of an organozinc 

reagent and an aryl halide or alkenyl halide or triflate, in the presence of a palladium 

catalyst. This route is considered stereoselective, versatile with regards to the 

functional groups present on the organohalide 152, 153, additionally this route is not 

limited to the formation of biaryls 93.  

Kabir et al., in 2007 154, reported the synthesis of stilbene derivatives, by the coupling 

of aryl or vinyl iodides with arylzinc reagents, 101, (Figure 1.9). This versatile 

approach was found to be advantageous, as various functional groups specifically 

heteroaromatic compounds could be used, with low catalytic loading, in the absence 

of a ligand. 

 

 

Figure 1.9 Synthesis of stilbene analogues in the presence of arylzinc reagents 

 

 

1.6.3 Non-palladium catalysed coupling reactions 

Other well-known alkene forming reactions such as the highly efficient olefin 

metathesis in the presence of a ruthenium catalyst, 103, 155 or molybdenum catalyst, 

104, (Figure 1.10) 156, to date have not been fully explored in the synthesis of natural 

stilbenes.  
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Figure 1.10 Structure of ruthenium and molybdenum catalyst 

 

 

This is primarily due to the complexity in controlling the selectivity and in particular 

the stereochemistry of the newly formed alkene bond, which often produces a mixture 

of geometric isomers, as a result of the direct cross coupling of two styrenes, and/or 

homo-dimerization 157. Nevertheless, studies reporting the synthesis of stilbenoids via 

olefin cross-metathesis are still somewhat limited 107, 158.  

In 2004, Grubbs and co-workers reported their study into the synthesis of 

stilbenoids, via cross metathesis, in the presence of a second generation Grubbs 

catalyst, 105, (Figure 1.11), with the use of a range of substituted styrenes 157. 

 

 

Figure 1.11 Structure of second generation Grubbs catalyst 
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Resveratrol, 1, was synthesised with high selectivity for the trans-isomer (95 %), via 

the cross-metathesis coupling of 3,5-dihydroxystyrene, 107, with excess                                        

4-hydroxystyrene, 106, in the presence of the ruthenium-carbene catalytic complex, 

105. Notably, the reaction also gave two other isomers; trans-3,3’,5,5’-

tetrahydroxystilbene, 110, and trans-4,4’,dihydroxystilbene, 109, (Scheme 1.12). 

 

 

 
Scheme 1.12 Synthesis of resveratrol via cross-metathesis 

 

 

Additionally Chang and co-workers in 2002, reported the solid-phase cross metathesis 

using supported styrenyl ethers with styrene derivatives in the presence of the 

ruthenium carbene catalytic complex (SIMes)(PCy3)Cl2Ru=CHPh, 111, (Figure 1.12). 

This approach efficiently produced resveratrol, 1, and other stilbenoid analogues, in 

good to excellent yields (77 – 98 %), whilst providing 100 % stereoselectivity for the                       

trans-isomer. The study demonstrated a benefit of using a solid-phase system for the 
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cross metathesis for the synthesis of alkenes, as when a solution-phase metathesis was 

used instead, stereoselectivity was not observed. 

 

 

 
 
Figure 1.12 Structure of ruthenium carbene catalytic complex 

 

 

Although scarcely reported for the synthesis of natural stilbenes, the solid phase cross 

metathesis offers a benefit, with regards to easy separation of the product, from the 

reaction mixture upon completion 159, though the presence of a solid-phase system has 

been reported to result in slightly slower reaction rates. 

According to Chang and co-workers, the Merrifield resin was found to be most 

suitable in supporting various styrenyl derivatives in a solution of benzene. The 

subsequent cleavage and filtration of the resin with trifluoroacetic acid (TFA) in 

dichloromethane, gave stilbene analogues with complete trans-selectivity (Scheme 

1.13) 158.  
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Scheme 1.13 Synthesis of stilbene analogues via solid phase cross metathesis 

 

Conversely, the McMurry coupling reaction offers an alternative approach to the 

synthesis of the C=C bond, via the reductive dimerization of two aldehydes or 

ketones, in the presence of a low-valent titanium catalyst (TiCl4) 91. This reaction has 

its disadvantages, as it known to produce geometric isomers, and is limited to the use 

of molecules possessing a carbonyl (C=O) moiety. Nonetheless the McMurry reaction 

has been shown to be successful in the synthesis of a number of stilbene derivatives 

160-162, in moderate yields (Table 1.8) 163. However, this approach has not yet been 

reported in the synthsis of peanut stilbenoids. 
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Table 1.8 Synthesis of synthetic polyalkoxy- and polysilyoxystilbenes  

 

 
 

Compound Benzaldehyde 
 

(R1) 

Stilbene 
 

(R1) 

Yield  
 

(%) 
 

119 
 

2-Methoxy 
 

2,2’-Dimethoxy 
 

71 
 

120 
 

3-Methoxy 
 

3,3’-Dimethoxy 
 

57 
 

121 
 

3,5-Dimethoxy 3,3’, 5,5’-Tetramethoxy 
 

42 
 

122 
 

4-t-Butyldimethylsilyloxy 
 

4,4’-di-t-Butyldimethylsilyloxy 52 
 

123 
 

3,5-di-t-
Butyldimethylsilyloxy 

 
3,3’,5,5’-Tetra-t-

butyldimethylsilyloxy 

 
79 

 

 

 

1.7 Resveratrol Analogues 

Recently within the literature, various resveratrol derivatives have been designed and 

developed (Pan et al., 2009), in the hope of identifying an efficacious anticancer 

agent. Compounds possessing methoxy moieties around the stilbene scaffold, such as 

the analogue MR-5, 124 (Figure 1.13), have been extensively researched and found to 

display increased chemopreventative and/or chemotherapeutic properties, in vitro. 

Moreover these stilbene analogues have been reported to display greater potency 

compared to resveratrol, 1164-167. 
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Figure 1.13 Structure of resveratrol analogue MR5 

 
 

Several novel sulfonamides have also been reported to exhibit antitumour activity via 

a number of mechanisms, including acting on polo-like kinase (PLK) enzymes; which 

are involved in mitotic events 168, mitotic cell cycle arrest, apoptosis in the M-phase of 

cell growth, inhibition of microtubule assembly 169, as well as targeting the G1 phase 

of the cell cycle in cancer cells 170.  

Recently, stilbene benzenesulfonamides, 125, possessing a primary sulfonamide 

moiety (SO2NH2), have been reported to display promising cancer chemopreventative 

164, 171, 172 and anti-inflammatory activity 173. As a number of studies have reported a 

link between compounds possessing a sulfonamide moiety and antitumour properties, 

it has led to the synthesis and study of other novel benzenesulfonamide analogues169, 

170, 174. 

 

 

1.7.1 Benzenesulfonamides 
 

In 2002, stilbene benzenesulfonamide analogues, 125, derived from trans-resveratrol, 

1, (Figure 1.14) were designed by Yang and co-workers in order to study their activity 

against the NCI-60 human tumour cell line 6.   
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Figure 1.14 trans-stilbene benzenesulfonamide analogues 

 

 

Albeit lengthy and requiring a total of 6-7 synthetic steps, the approach developed by 

Yang et al., enabled the synthesis of seven novel stilbene benzenesulfonamide 

analogues, 125a – 125g, (Figure 1.15), possessing a primary sulfonamide moiety 

(SO2NH2).  

 

 

 

Figure 1.15 Structure of novel stilbene sulphonamide analogues 

 

 

The initial step towards the synthesis of these compounds involved diazotization of 

the sulphanilamide, 126, to generate the diazonium salt, 127, followed by the 

Sandmeyer reaction in the presence of potassium cyanide/copper sulfate pentahydrate, 

to generate the benzonitrile, 128, (53 %). Subsequent Stephen reduction of the 

benzonitrile with Raney nickel in acid formed benzaldehyde, 129, (86 %), and 
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reduction of the aldehyde in the presence of sodium borohydride gave the alcohol, 

130, in good yield (92 %). Treatment with phosphorous tribromide followed by 

triethyl phosphite formed phosphonate 132, next Wittig-Horner coupling using the 

diethyl phosphonium salt with a range of benzaldehydes gave the desired trans-

stilbene benzenesulfonamides, 125a – 125g (Scheme 1.14).  

 

 
Scheme 1.14 Synthesis of stilbene benzenesulfonamides, via the Wittig-Horner coupling 
reaction 

 

The in vitro studies, from the work published by Yang and co-workers, noted that 

benzenesulfonamides possessing a 4-fluoro, 125a, or 3-methoxy, 125d, moiety were 

found to exhibit significant selective activity against breast; BT-549 (GI50 0.205 µM), 

and colon; HT-29 (GI50 0.554 µM) tumour cell lines, respectively 6. Although the 
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activity of these novel compounds were not compared to the control, the stilbene 

benzenesulfonamide analogues show promising activity, however their mechanism of 

action still needs to be understood.   

The synthesis of stilbene benzenesulfone and benzenesulfonamide derivatives 

in the form of styrylheterocycles has also been achieved. The synthetic method 

reported by Lim et al., details the Wittig reaction to couple the 4-

(methylthio)benzaldehyde, 133, with various phosphonium bromides, 134a – 134d. 

This approach proceeds via the oxidation of the 4-methylthio moiety with an aqueous 

Oxone® solution, to provide the methylsulfone analogues, 136a – 136d, which can 

then be converted to the corresponding sulfonamides, 138a – 138d, in two subsequent 

steps (Scheme 1.15) 7. 

 

 
 

Scheme 1.15 Synthesis of benzenesulfone and benzenesulfonamides analogues, via the Wittig 
reaction 
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When the benzenesulfone analogues were evaluated for their inhibitory activity 

against lipopolysaccharide (LPS) stimulated RAW 264.7 murine macrophage cells, 

these novel compounds were found to result in up to five times reduced potency, 

compared to the lead compounds, 139(a-d), possessing a para-OMe moiety (Figure 

1.16) 175. 

 

 

 

Figure 1.16 Structure of styrylheterocyclic analogues 

 

 

Alternatively the benzenesulfonamide analogues, possessing the thiophene 

functionality, 138c and 138d, were reported to be either as equipotent (138d), or 

found to exhibit a 40-fold greater potency (138c), compared to the furan derivatives, 

139c and 139d, with IC50 values of 0.013 µM and 0.44 µM, respectively. Furthermore, 

benzenesulfonamides possessing a furan moiety, 139a and 139b, were found to either 

display decreased potency (IC50  1.18 µM) or were ineffective (IC50  > 50 µM) 173. 

In relation to SAR, the presence of a sulfonamide (p-SO2NH2) or a 

methylsulfone (p-SO2Me) moiety and the aromatic ring in stilbene 

benzenesulfonamide analogues, were suggested to be essential in providing the 

highest efficacy, with regards to selectivity, potency towards COX-2 inhibition, as 

these pharmacophores have been said to interact with the COX-2 side pocket through 

tight-binding kinetics 173, 176. When molecular modelling studies were performed, in 

order to determine the interaction of the most potent benzenesulfonamide, 138c, with 
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the COX-2 protein. The docking study found that the spatial location of the p-SO2NH2 

moiety in compound, 138c, and the celecoxib analogue (SC-558), 140, partially 

overlapped (Figure 1.17). Additionally, the benzenesulfonamide moieties in both 

groups were superimposed, and were reported to interact with the amino acid residues 

lining the COX-2 binding site. Furthermore hydrogen bonding was observed between 

the two oxygen atoms within the SO2NH2 moiety and the backbone (N-H) of both 

His90 and Arg513 (distance = 2.87 Å). 

 

 

Figure 1.17 Structure of benzenesulfonamide analogue (138c) and SC-558 

 

Additional hydrogen bonding was also observed between the nitrogen atom in the 

SO2NH2 group and the backbone carbonyl in Gln192 (3.72 Å), Phe518 (3.84 Å) / 

Leu352 (4.12 Å) (Figure 1.18) 7. 
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Figure 1.18 Docking model of compound 138c, (shown in purple) and SC-558, 140, (shown in 
grey) overlaid within the active site of COX-2 (Protein Data Bank code 1CX2). Hydrogen bonds 
and possible hydrogen bonds indicated by red dashed and orange solid lines, respectively. The 
key amino acid residues are shown in green 7. 

 

 

1.7.2 Phenylazobenzenesulfonamides & derivatives 
 

 

Further studies have discovered a range of phenylazobenzenesulfonamide derivatives, 

141, to display increased potency and selectivity towards the COX-2 protein177-179. 

In order to increase the potency and selectivity, other novel analogues were designed 

based on the lead compound resveratrol, 1. These benzenesulfonamides, 141, 

comprised of a para-sulfonamide functionality, in-place of the para-hydroxyl moiety, 

and the bioisosteric substitution of the central ethylenic linkage with an azo N,N-

double (N=N) bond (Figure 1.19). 
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Figure 1.19 Structure of resveratrol and the general structure of 

phenylazobenzenesulfonamides 

 

The synthesis of these benzenesulfonamide analogues, via the coupling of an aryl 

diazonium salt and various substituted phenols has been reported 180. However Lin 

and co-workers, in 2008 successfully developed the synthesis of 

phenylazobenzenesulfonamides in accordance with the work by Yang et al., 6 via 

diazotization of the sulfanilamide and subsequent coupling of the aryl diazonium salt 

with various substituted aromatic substrates (Scheme 1.16). 

 

 
Scheme 1.16 Synthesis of phenylazobenzenesulfonamide analogues 

Catechol	
and

phenyl	isocyanate
or

4-isopropylphenyl	isocyanate
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Two years later, the synthesis of 4-benzylideneamino- , 146, and 4-

phenyliminomethyl-benzenesulfonamides, 147, (Figure 1.20), constructed by the 

bioisosteric replacement of the central ethylenic –C=C– bond with a –N=C– or –

C=N– double bond were reported 177. 

 

 

 

 
Figure 1.20 Generic structure of 4-benzylideneamino- and 4-phenyliminomethyl-
benzenesulfonamides 
 

 

The various trans-4-benzylideneamino benzenesulfonamide derivatives, 146,                  

(15 – 88 %) were formed by the coupling of a sulfanilamide, 126, with a substituted or 

protected benzaldehyde (Scheme 1.17). When these novel benzenesulfonamide 

analogues were evaluated for their selectivity and potency towards COX-2 inhibition, 

using a human whole blood (HWB) assay. The electron withdrawing groups (F, NO2 

and CO2Me), particularly when monosubstituted at the para-position to the 

sulfonamide moiety, were found to display both increased inhibitory activity and 

selectivity towards the COX-2 enzyme. For instance, benzenesulfonamides; 

possessing carboxylic (3-CO2H), 146d, and hydroxyl (4-OH), 146c, moieties were 

reported to exhibit a significant increase in both potency (IC50 = 0.74 µM) and 

increased selective COX-2 inhibitory activity (SI = 114.5), compared to resveratrol, 1, 

(SI = 0.1) as well as the nonsteroidal anti-inflammatory drug (NSAID) celecoxib (SI = 

78), furthermore compounds comprising of either 3,4,5-trimethoxy or 4-hydroxy-3,5-
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dimethoxy moieties were found display increased selective COX-2 inhibitory activity 

181.   

 

 

Scheme 1.17 Synthesis 4-benzylideneamino benzenesulfonamide derivatives 

 

Conversely, analogues possessing an electron donating groups; such as 4-methyl and 

4-methoxy moieties, as well as with the electron withdrawing 4-trifluoromethyl group 

displayed reduced COX-2 selectivity. Overall, the COX-2 selectivity displayed by 

these compounds proceeded in the following hierarchy, when the functional groups 

were position on ring ‘B’; 4-F > 4-CO2Me > 4-NMe2 > 4-NO2 > 4-OH > unselective 

3-NO2. 

Alternatively the design of 4-phenyliminomethyl-benzenesulfonamide analogues, 147, 

proceeded via the modified method reported by Yang et al., (Scheme 1.18) 6, in the 

presence of methanol 177 and the potency and selective inhibitory activities of this 

series of 4-phenyliminomethyl compounds, 147a – 147j, were evaluated against both 

COX-1 and COX-2 isozymes. A reduced selectivity was observed overall, especially 

with the benzenesulfonamide possessing a 4-N,N-dimethylamino, 147e, moiety (SI = 

33.0).  
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Scheme 1.18 Synthesis of 4-phenyliminomethyl-benzenesulfonamide analogues 

 

 

Additionally, the recently synthesised novel pyridine acyl sulfonamide analogues, 

have been found to display enhanced inhibitory activity (IC50 = 0.8 µM), when 

examined in vitro on murine macrophage RAW 264.8 cell lines, a number of the 

analogues exhibited good inhibitory activities against PGE2 production, with IC50 

values ranging between 0.15 – 2.8 µM. Furthermore, these benzenesulfonamides were 

reported to be more potent than celecoxib in inhibiting the growth of melanoma (B-

16-F10), liver (HepG2) and breast (MCF-7) cancer cell lines, with no toxicity as a 

drug compound 179. 

  Although, the current studies show promising activity, the mechanisms into 

how these novel benzenesulfonamides exhibit their activity, remains to be reported. 

However, potential lead parent compounds, of which display increased selectivity 

towards cancer cell lines, compared to current therapeutic medicines, have been 

highlighted as either potential drug candidates or lead compounds for further study 138. 
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Peanut phytoalexins are of great interest due peanuts being a dietary source, of which 

these bioactive compounds can be administered into the body 182. Apart from 

resveratrol, 1, these natural compounds are currently unavailable within the 

commercial market and because of this, the use of these natural polyphenols within 

the pharmaceutical industry remains limited.  

Although, the biological properties of trans-resveratrol, 1, has been predominately 

explored 192 – 194, the biological effects of other prenylated stilbenoids, specifically 

arachidin-1, 2, to date has not been extensively explored, especially with regards to 

the pharmacokinetic properties of this natural compound. Therefore the design and 

synthesis of natural peanut phytoalexins as well as their analogues are of interest and 

are essential for further in vitro and in vivo studies.  

The aim of this work was therefore to investigate routes towards the synthesis 

of arachidin-1, 2, in order to synthesise an authentic sample of arachidin-1, 2. An 

additional aim was to investigate and develop methods towards the synthesis of novel 

resveratrol analogues, possessing various substituents groups around the aryl rings.  

Palladium catalysed reactions have been shown to be efficient in the formation of the 

stilbene backbone, however with less regioselectivity. Although the literature has 

proved that the regioselectivity of these catalysed reactions can be controlled, other 

issues (as discussed in Section 1.6.2) still remain. The formation of the ethylene-

linkage via traditional methods such the HWE reaction has proved, within the 

literature to be a favoured and successful approach for the synthesis of natural 

stilbenes and their derivatives, therefore the use of the HWE reaction will be explored 

in this research. 
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1.8 Summary 

 

Stilbene phytoalexins isolated and characterised from the peanut, Arachis hypogaea, 

plant; in particular trans-resveratrol, 1, and trans-arachidin-1, 2, have been found to 

display an array of promising biological and therapeutic properties. The analogues of 

resveratrol, in particular stilbene benzenesulfonamides, possessing a primary 

sulfonamide moiety have been reported to exhibit promising cancer 

chemopreventative and anti-inflammatory activity compared to resveratrol, 1. 

Methodologies into the synthesis of various peanut stilbenoids, specifically  

resveratrol, 1, have been established and developed. However, the need for a reliable 

and stereoselective approach for the synthesis of trans-arachidin-1, 2, and other novel 

peanut phytoalexins still remains. 
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Chapter Two 

 Synthesis of Arachidin-1: Part I 

 

2.1 Strategy for the synthesis of arachidin-1 

 

The first stage of this study was to examine a suitable coupling reaction, which would 

allow the construction of the trans-stilbene backbone. The volume of literature detailing 

methods for the synthesis of stilbenes and the formation of the C=C double bond is vast 9, 

91, 98, 103, 105, 107, however the Horner-Wadsworth-Emmons (HWE) reaction has been 

shown to be an effective and reliable route for the synthesis of resveratrol, 1, and its 

derivatives 9, 22, 106, 111. As well as natural products, including palmerolide A; a cytotoxin 

isolated from the antarctic marine tunicate Synoicum adareanum 183, with high selectivity 

for the trans-isomer 184. 

Additionally, the recent reported synthesis of the naturally occurring peanut prenylated 

stilbenes, trans-arachidin-2, 8, and trans-arachidin-3, 9, by Park and co-workers 84 has 

further demonstrated the use of this ‘traditional’ approach, to be an adaptable method.   

Once the reaction conditions for the formation of the stilbene skeleton have been 

established, it would then enable the study of strategies towards the synthesis of                 

arachidin-1, 2, to be performed, and give scope to investigate other routes towards the 

synthesis of novel resveratrol analogues. 
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In this chapter the synthetic strategy towards the synthesis of arachidin-1, 2, is 

described, the first proposed approach which was adapted from the work reported by Park 

et al., 84 is outlined, whereby selected silyl ethers were used for the hydroxyl protection of 

3,4-dihydroxybenzaldehyde, 150. The silyl ether selected for this reaction was of 

importance, as it was necessary for the protecting group to be able to withstand the 

various basic and/or acidic reactions, the aldehyde would be involved in. Next coupling 

via the HWE reaction with the protected benzaldehyde, 151(a-b), and diethyl 3,5-

dimethoxybenzylphosphonate, 153, which was synthesised from the substituted benzyl 

bromide, 152, via the Michaelis Arbuzov reaction 185 would afford the stilbene backbone. 

Once the stilbene skeleton was formed, the next step would be demethylation using a 

strong acid such as boron tribromide, this would then allow for the introduction of the 

side chain and finally cleavage of the silyl ether protecting groups, to give the target 

compound, as shown in Scheme 2.1. 
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Scheme 2.1 Synthetic strategy into the synthesis of trans-arachidin-1 



Chapter 2: Synthesis of Arachidin-1: Part I  
 

 
 

76 

2.2 Synthesis of branched and un-branched trans-alkenes 

The majority of this work involved coupling to form the trans-stilbene backbone, 

therefore initial studies into the synthesis of trans-arachidin-1, 2, began by performing 

model reactions in order to examine, with regards to the boundaries of this research, if 

the HWE reaction, under the chosen reaction conditions would be effective in forming 

the trans-alkene. The study began by exploring the synthesis of branched, 157, and 

unbranched, 158, trans-alkenes (Figure 2.1).  

 

 

Figure 2.1 Structure of branched and unbranched trans-alkenes 

 

 

The first model reaction investigated was the coupling of the commercially available        

3,5-dimethoxybenzaldehyde, 159, with diethyl propylphosphonate, 160, in the 

presence of sodium methoxide (Scheme 2.2). It was anticipated that the use of this 

base, would be sufficient to drive the formation of the phosphonate carbanion and the 

subsequent nucleophilic addition of the carbanion to the aldehyde 103. Nevertheless, 

the reaction did not go to completion and failed to result in the desired product, 

despite the addition of extra sodium methoxide. 
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Scheme 2.2 Attempted coupling via the Horner-Wadsworth-Emmons reaction 

 

Analysis of the reaction mixture (1H NMR) indicated the presence of both starting 

materials, and it was likely that the lack of stability displayed by the aliphatic 

phosphonate carbanion, may have been the cause of this unsuccessful reaction 110, 113.  

The use of stabilised phosphonate carbanions are known to be essential for the HWE 

reaction, therefore coupling using diethyl benzylphosphonate, 162, was attempted 

(Scheme 2.3). The benzylphosphonate carbanion is known to be stabilised by 

delocalisation from the aromatic ring, therefore when coupled with 2-methylpropanal, 

163, in the presence of sodium methoxide, this reaction gave a mixture of compounds; 

the desired compound (E)-(3-methylbut-1-en-1-yl)benzene, 157, (25 %), phosphonate, 

162, (55 %) and aldehyde, 163, (20 %). Although the reaction did not go to 

completion, it is possible that longer reaction times may be required in order to obtain 

higher yields of the alkene. 

 

 

Scheme 2.3 Coupling via the Horner-Wadsworth-Emmons reaction using 2-methylpropanal 
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Nevertheless, formation of the desired C=C bond was evident by characterisation of 

the 1H NMR spectrum, whereby two doublets at δ 6.00 ppm and δ 6.18 ppm, were 

observed. Furthermore, the calculated J couplings of the two doublets (JAB = 16 Hz 

and JAB = 15.9 Hz), confirmed the formation of the desired trans-alkene, 157. This 

therefore proved the traditional HWE reaction, with the use of a stabilised 

phosphonate, to be a good approach not only for the synthesis of the trans-stilbene 

backbone, but also potentially for the incorporation of the prenyl side-chain.  

 

 

2.3 Preparation of starting materials 

 

2.3.1 Arbuzov reaction 

Several alternative methodologies for the synthesis of diethyl benzylphosphonate 

(Scheme 2.4), are detailed in the literature, however the traditional and most 

commonly used method is the Michaelis-Arbuzov reaction 185, 186.  

 

 

Scheme 2.4 Synthesis of benzylphosphonates 

 

 

The first method, reported by Michaelis and further developed by Arbuzov, involves 

nucleophilic attack of the phosphorus atom towards an halide, followed by 
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dealkylation of the intermediate, via a second SN2 nucleophilic attack to afford the 

phosphonate ester187, this substrate is commonly used for coupling reactions such as 

the HWE reaction 110, 112.  

Variations of this rearrangement, are also known; including the Lewis acid-mediated 

Michaelis-Arbuzov reaction 188, reductive coupling 189, palladium-(0)-catalysed cross-

coupling reaction 190, 191, and the conversion of benzyl alcohol to benzylphosphonate, 

via zinc mediated reactions 192. However the Michaelis-Arbuzov reaction is known to 

be the most favoured approach due to the excellent yields obtained and the use of 

inexpensive reagents 185, 186. 

In this study, the Arbuzov reaction between 3,5-dimethoxybenzyl bromide, 152, and 

triethyl phosphonate (1 equiv.), was performed and gave the desired compound, 153, 

in excellent yield (98 %) (Scheme 2.5). Based on optimised reaction conditions 

performed, this reaction proceeded smoothly when stirring at >130 °C for 24 h. The 

formation of the new CH2-P bond was confirmed by 1H NMR, whereby a doublet at δ 

3.06 ppm, integrating to two protons (CH2) was observed on the spectrum.  

 

 

 

Scheme 2.5 Michaelis-Arbuzov reaction with triethyl phosphite 

 

Additionally a large 2JPH value was calculated (J = 21.6 Hz), which was characteristic 

of the geminal coupling between 31P and 1H, therefore confirming the phosphonate, 

153, had been formed.  
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2.3.2 Hydroxyl group protection 

The next step of this methodology was to perform hydroxyl protection on the 

aldehyde, 150. Within the literature there were a number of strategies for the 

protection of the hydroxyl moieties, one approach considered was the conversion of 

the OH functional groups into their corresponding ethers; for example alkyl, allyl or 

benzyl ethers. However, allyl ethers and trityl ethers, although stable under basic 

conditions were very acid-labile, therefore were not an option.  

The use of alkyl and benzyl ethers at first were an attractive approach, however as 

both functional groups were known to be relatively unstable in basic, acidic, and harsh 

conditions 193, it was likely that cleavage of these protecting groups would occur 

during the demethylation stage of this methodology (as detailed in Scheme 2.1), in the 

presence of boron tribromide 194, 195, based on this the alkyl and benzyl ether 

protecting groups were no longer a viable option 

Another option, in relation to the protection of the hydroxyl groups, would be 

to convert the groups into acetals, such as methoxymethyl ether 194 or 

benzyloxymethyl ether derivatives. These groups are commonly known to be stable 

under basic conditions, moreover they are relatively stable under mild acidic 

conditions. Additionally, as shown by Park and co-workers 84, in the synthesis of 

peanut prenylated stilbenes, 8-9, these protecting groups were easy to cleave when 

incorporated as part of phenols. However, these protecting groups were not selected in 

this study as they are also known to be unstable during purification via column 

chromatography193. Furthermore some acetal reagents are recognized carcinogens, 

such as methoxymethyl chloride (MOMCl), although an alternative route to the 
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formation methoxymethyl esters, has been suggested via the use of dimethoxymethane 

195 and is suggested to be less harmful. 

Nevertheless, the conversion of the alcohol, 150, into silyl ethers, tert-

butyldimethylsilyl (TBDMS) or triisopropylsilyl (TIPS) group 84, 196, was both 

attractive and plausible protecting groups to use in this approach, due to the silyl 

ethers displaying stability in both basic and mild acid conditions, in addition to their 

selectivity towards primary (1°) alcohols and facile cleavage, in the presence of a 

fluoride ion or aqueous acid. Furthermore, these inexpensive protective groups have 

been frequently used as hydroxyl protecting group in the literature193, 197, 198.  

It was therefore decided that protection of 3,4-dihydroxybenzaldehyde, 150, would be 

explored using two different silyl ethers (TBDMSCl and TIPSCl) as both protecting 

groups offered different stabilities in acidic and basic media (Figure 2.2).  

 

 

 

 

Figure 2.2 Stability of common silyl ethers toward acidic/basic media 193 
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2.3.2.1 Hydroxyl protection using tert-butyldimethylsilyl chloride 
 

The first hydroxyl group protection was attempted using TBDMSCl (2.2 equiv.), 

under basic conditions (Scheme 2.6). In accordance with the literature 203, the 

optimised reaction conditions performed in this work identified the addition of the 

base DMAP, in excess to be essential in order to accelerate the reaction. Purification 

via flash chromatography, following aqueous work up of the reaction mixture gave the 

desired TBDMS protected aldehyde, 151a, in almost quantitative yield 97 %.  

 

 

Scheme 2.6 Hydroxyl protection of 3,4-dihydroxybenzaldehyde with TBDMSCl 

 

Characterisation of the silyl protected aldehyde, 151a, was performed by NMR and 

MS, from the 1H NMR spectrum singlets at δ 0.00 ppm, integrating to 12 protons (Si-

Me) and at δ 0.82 ppm, integrating to 18 protons (6 x Me) were observed, therefore 

confirming hydroxyl protection with TBDMSCl was successful. Furthermore from the 

13C NMR spectrum the carbon nuclei, present within the silyl ether moieties were 

observed at; δ -3.63 ppm (Si-Me), δ 17.9 ppm (C-t-butyl) and δ 25.6 ppm (Me), 

respectively. Additionally the mass spectral data additionally confirmed the success of 

the reaction, with a molecular ion peak of m/z = 369. 
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2.3.2.2 Hydroxyl protection using triisopropylsilyl chloride 
 

Following the same procedure used for the TBDMSCl reaction, protection of 3,4-

dihydroxybenzaldehyde, 150, was attempted using TIPSCl (Scheme 2.7). 

 

 

 

Scheme 2.7 Hydroxyl protection of 3,4-dihydroxybenzaldehyde with TIPSCl 

 

 

Characterisation of the product suggested that a mixture of compounds had been 

made, in this mixture the desired compound, 151b, with a purity of 86 % was 

identified, and compound, 168, which appeared to have only one protected silyl ether 

moiety (14 %) was also observed via 1H NMR analysis (Scheme 2.8). Additionally, 

formation of the two compounds were observed by mass spectral analysis, whereby 

molecular ion peaks at m/z = 293 (C16H26O3Si) and m/z = 450 (C25H46O3Si2), 

respectively were seen, therefore indicating the reaction did not to go to completion, 

and as a result purification proved to be challenging and was repeated a number of 

times.  
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Scheme 2.8 Attempted synthesis of 3,4-bis((triisopropylsilyl)oxy)benzaldehyde 
 

 

2.4 Horner-Wadsworth Emmons coupling reaction 

 
 
The construction of the stilbene was first attempted via the HWE reaction, using the 

TIPS protected aldehyde, 151b, and the phosphonate, 153, in the presence of NaOMe 

(5 equiv) (Scheme 2.9). However the reaction was not successful, this was evident 

when characterised by both 1H and 13C NMR, as the spectra did not show the presence 

of the ethylenic linkage. However what was observed were the two starting materials, 

with the presence of the phosphonate distinctly present in the 13C NMR spectrum. 

 

 

 

Scheme 2.9   Attempted synthesis of (E)-((4-(3,5-dimethoxystyryl)-1,2-
phenylene)bis(oxy))bis(triisopropylsilane) 

 

Next coupling via the HWE reaction was attempted again, however this time with the 

use of potassium tert-butoxide (3-4 equiv) and THF, as alternative reagents. Upon 

immediate addition of the aldehyde, 151a, to the phosphonate, 153, a colour change 
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from white to yellow was observed, along with the release of heat energy from the 

flask, which was indicative that nucleophilic addition as well as the subsequent 

elimination was occurring. The removal of the phosphate by-product, via solvent 

extraction, gave the trans-stilbene in a yield of 79 %, which was similar to the yields 

reported by Park et al., when MOM (82 %) and TIPS (80 %) protected stilbenes were 

synthesised in the literature 84. Although in this work, the results also showed the 

presence of another stilbene, 169, when characterised by 1H NMR, and the presence of 

the two compounds, were additionally confirmed by both mass spectral and TLC 

analyses, whereby multiple spots were observed. From the mass spectral data the 

molecular ion peak (m/z = 589) of the desired compound, 154b, was observed, 

additionally the molecular ion peak of                m/z = 427 was also identified, which 

suggests that a stilbene, 169, possessing the molecular formula of C25H35O4Si was also 

formed (Scheme 2.10). 

 

 

Scheme 2.10   Synthesis of (E)-((4-(3,5-dimethoxystyryl)-1,2-
phenylene)bis(oxy))bis(triisopropylsilane) 
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Based on the molecular ion peak value observed, it was possible that cleavage of one 

TIPS protecting group had occurred. A suggestion as to why one TIPS groups was 

observed, could be due to the protecting group being unstable in the acidic silica 

stationary phase, during purification via column chromatography. If the acidic 

stationary phase was the cause of the TIPS protecting group cleaving, an alternative 

option could be to use a non-silica based stationary phase, however these stationary 

phases are known to be more expensive.  

Next, it was decided upon to investigate and determine, if the TDBMS 

protected aldehyde would be stable under both basic reaction conditions (HWE 

coupling) and acidic conditions (purification via column chromatography). Following 

the same procedure as above, coupling of the aldehyde, 151a, with the diethyl 

benzylphosphonate, 153, was examined (Scheme 2.11), the reaction was found to be 

successful in producing solely the trans-alkene. The 1H NMR analysis indicated the 

presence of two doublets at δ 7.10 and δ 7.23 ppm, respectively, integrating to 2 

protons (HC=CH), with J-coupling values of 16.5 Hz and 16.8 Hz, respectively, 

thereby confirming the formation of the ethylene linkage. 

 

 

 

 
Scheme 2.11 Attempted synthesis of stilbene derivative 
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However, characterisation of the spectrum also suggested that the silyl protecting 

group had been cleaved, to afford compound, 170 (87 %), attempts were made to 

separate the mixtures, however due to similar Rf values, this proved to be challenging. 

Interestingly, cleavage of the TBDMS protecting groups have also been reported in 

the literature, via the Wittig reaction 135.  

The successful construction of the stilbene backbone, as suggested by Wadsworth and 

co-workers 110, involves the phosphoryl-stabilised carbanion attacking the carbonyl, 

via nucleophilic addition, to give the betaine intermediate, which is suggested to be 

the rate limiting step in the formation of the alkene (Figure 2.3). 

 

 

 
 

Figure 2.3 Mechanistic approach for the Horner-Wadsworth-Emmons reaction 
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The carbonyl is thought to approach the C-P bond at a 90° angle, this antiperiplanar 

approach in relation to steric effect is said to be most favoured (Figure 2.4) 104, 110. 

Both the cis- and trans-oxaphosphetane intermediates are said to lead to stereospecific 

syn-elimination, and result in the formation of both cis- and trans-alkenes, 

respectively. 

 

 

 

 

Figure 2.4 Steric approach between the phosphoryl stabilised carbanion and the carbonyl  
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Although this is not fully understood, it is suggested that under kinetic conditions, the 

product initially formed is the cis-oxaphosphetane diastereoisomer, 177, which 

consequently affords the cis-isomer, 178(a-b). However the reversibility of the 

intermediate affords predominately the trans-isomer, 154(a-b), under thermodynamic 

conditions, due to the trans-oxaphosphetane, 175, being more stable. This theory has 

been supported by both kinetic and spectroscopic studies, of which have shown that 

the stereochemistry in the HWE reaction can be explained by stereoselectivity in the 

initial C-C bond formation step, in addition to the reversibility of the two 

intermediates. It is also suggested that the thermodynamically stable isomer, which 

leads to the formation of the trans-alkene, is due to the bulky aromatic rings of which 

are positioned on either side of the carbon-carbon bond within the ring (Figure 2.5) 

103.  

 

 

 

 

 

 

 

 

 

Figure 2.5 3D configurations of trans- and cis-oxaphosphetane intermediates  

(Calculated from Cambridgesoft ChemBioDraw Ultra software v.14.0.0.117) 

 

trans-oxaphosphetane intermediate 

 

cis-oxaphosphetane intermediate 
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2.5 Summary 

The silyl ether protected benzaldehydes, 151a and 151b, were synthesized, using 

either TBDMS or TIPS groups, as hydroxyl-protecting moieties.                                                                 

The 3,4-dihydroxybenzaldehyde, 150, was most conveniently transformed into the 

TBDMS or TIPS ether in the presence of DMAP in excess. Furthermore formation of 

the stilbene skeleton was found to be successful via the HWE coupling reaction, 

however only by coupling of the TIPS protected aldehyde, 151b, with diethyl 

benzylphosphonate, 153, in the presence of t-BuOK and THF. According to the 

literature, the increased steric bulk of the TBDMS group is known to enhance the 

stability of the protecting group 199, furthermore the chemistry of the HWE reaction 

has been reported to be suited with this base resistant protecting group 200. In this 

study the base used in the HWE coupling reaction, appeared have had an effect on the 

reactivity of the silyl ether protecting group, TBDMS. Upon purification using silica, 

the TIPS moiety was found to be susceptible to decomposition during column 

chromatography and resulted in cleavage from the stilbene scaffold. However, there is 

a possibility the use of a non-silica based stationary phase, may overcome this issue. 

Characterization by 1H NMR and mass spectral analysis indicated the presence of the 

stilbene skeleton, 169, (21 %), which was found to have one TIPS protecting group. 
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Chapter Three 

 

 Synthesis of Arachidin-1: Part II  

 

3.1 Retrosynthetic strategy 

 

Having attempted the synthesis of arachidin-1, 2, via silyl ether protection, it was decided 

that an alternative approach, would be to construct the trans-stilbene backbone, by the 

synthesising the substrates; 3,5-dimethoxy-4-methylbenzaldehyde, 183, and diethyl (3,4-

dimethoxybenzyl)phosphonate, 185, 201, 202 and then coupling the two compounds via the 

Horner-Wadsworth-Emmons (HWE) reaction 103, 110. 

The retrosynthetic strategy of this approach is outlined in Scheme 3.1, the starting 

material 3,4,5-trimethoxybenzaldehyde dimethyl acetal, 184, was chosen as this 

compound has been reported to successfully undergo regioselective demethylation, in the 

presence of an alkali metal. Next subsequent electrophilic substitution of the acetal, 184, 

using iodomethane and finally acetal hydrolysis, would give the desired aldehyde, 183, 

201, 202. The acetal, 184, used in the study, would also enable the masking of the hydroxyl 

groups by means of methyl ethers, which are of interest in this approach as these 

protecting groups have the advantage of being extremely stable in various reaction 
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conditions, with the option of cleaving via a demethylation reaction, in the presence of a 

strong Lewis acid, at the penultimate stage of the synthetic route 203.  

Furthermore, by adapting the procedure described by Azzena and co-workers 201, 202, it 

would allow for the exploration of electrophilic substitution reactions, using selected 

alkyl halides, following regioselective demethylation.  

Once the stilbene backbone had been formed, it was envisaged that                                 

N-bromosuccinimide (NBS) could then be used as a brominating agent in the Wohl-

Ziegler reaction204, 205, and the subsequent Michaelis-Arbuzov rearrangement185, 186 on the 

brominated stilbene, would afford the phosphonate. Next HWE coupling with                                 

2-methylpropanal, 163, would allow us to incorporate the side-chain, and finally the 

demethylation reaction could then be performed, in order to afford arachidin-1, 2.
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Scheme 3.1   Retrosynthetic strategy for the synthesis of trans-arachidin-1 
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3.2 Regioselective demethoxylation 

The initial step of this approach involved the synthesis of the aldehyde, 183, (Scheme 

3.2), first the 4-methoxy moiety in 3,4,5-trimethoxybenzaldehyde dimethyl acetal, 184, 

was regioselectively removed, upon the addition of sodium metal (3 equiv.), this 

methodology was performed according to the procedure published by Azzena et al., 202. 

Following the addition of sodium metal, a colour change from yellow to purple was 

observed in the reaction mixture, therefore indicating the progress of the radical 

demethoxylation step.  

Next, decanting of the reaction mixture, to remove the excess sodium metal was 

performed, before the reductive alkylation step with iodomethane in excess (~ 1.5 equiv.), 

which proceeded smoothly. Finally acidic hydrolysis of the crude reaction material, gave 

the desired benzaldehyde, 183, with an excellent yield of 92 %. When compared to the 

literature, the yield obtained was similar to that reported in the literature (> 90 %) 202.  

 

 

Scheme 3.2 Regioselective demethoxylation of 3,4,5-trimethoxybenzaldehyde dimethyl acetal 
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The reaction was repeated, however in the second attempt sodium metal, 30-35 wt. % 

dispersion in wax, was used instead of the freshly cut sodium, it was envisioned that the 

increase in surface area of the metal would minimise the challenge of decanting the 

residual metal from the reaction mixture, prior to the addition of iodomethane. This 

approach was found to proceed smoothly, without the need of decanting the reaction 

mixture and gave a high yield of the aldehyde, 183 (82 %). Although the yield obtained 

with this approach was lower than that reported in the literature, it is possible that the loss 

of yield may have occurred during the filtration stage of the recrystallization process, as 

from the analysis (1H NMR) of the precipitate extracted from the mother liquor, the 

presence of the aldehyde, 183, along with the what was believed to be an acetal 

intermediate was observed in the spectrum. When the crude product from the mother 

liquor was purified again, an additional 6 % yield of the pure product, 183, was obtained. 

 

The substitution of the methoxy moiety with a hydrogen atom (reductive demethylation) 

is known to proceed via a two-electron-transfer (reductive) process, whereby cleavage of 

the aryl-oxygen (C-O) bond, present in aryl ethers takes place at the 4-OMe group 206. 

Mechanistically two reaction routes have been reported within the literature, and both 

mechanistic pathways (Equation 3.1), according to Azzena and co-workers 207 are 

suggested to begin with the formation a radical anion (Equation 3.1; (1)).  

The reaction is said to occur via cleavage of the radical anion, resulting in the aryl radical 

being formed (Equation 3.1; (2)), which consequently can be reduced into an aryl anion 

(Equation 3.1; (3)). Alternatively, a hydrogen atom could be abstracted from the reaction 

medium (Equation 3.1; (4)) leading to aryl radical decay. The hydrogen atom donors are 
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suggested to be least likely with the use of THF as the solvent, however, the source of the 

hydrogen atom is suggested to be from the methoxide ion formed during the reductive 

cleavage.  

The decay of the aryl radical (Equation 3.1; (4)) is thought to compete with the reduction 

into aryl anions (Equation 3.1; (3)), this is considered to be the stage needed to form the 

intermediate species, ready for the subsequent electrophilic attack. On the other hand, it is 

reported that the radical anion is additionally reduced to the dianion, via 

disproportionation (Equation 3.1; (5)), and subsequent cleavage of the aforementioned 

stage is said to afford the aryl anion (Equation 3.1; (6)). Furthermore studies into the 

mechanism of reductive demethylation have also found that the nature of the aldehyde 

protective group, provides a crucial role in the demethylation step of the synthesis 208.  

 

  

Equation 3.1   The reaction pathway proposed for the cleavage of aryl-O bonds of aryl ethers, via 
reductive electron transfer. 208 
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Furthermore, reduction in the presence of an alkali metal in low polarity solvents, such as 

THF, have been found to result in 100 % regioselective demethoxylation in almost 

quantitative yields. However, other solvents of lower polarity were found to reduce the 

reactivity of the substrates, additionally the presence of the dimethyl acetal moiety, para 

to the leaving methoxy group, has been reported to influence the mechanism(s) of the C-

O bond cleavage 208. Azzena et al., have suggested that the regioselective cleavage of the 

aryl-oxygen bond occurs due to the 4-methoxy group, twisting out of plane on the 

aromatic ring, this twisting is thought to be caused by the two adjacent ortho-methoxy 

groups. Moreover, the reaction is also believed to be influenced, electronically by the two 

ortho-substituents207, 209.  

Under similar conditions to that shown in Scheme 3.2, the regioselective demethoxylation 

has been previously reported in the literature, using potassium metal as the alkali metal, 

however for compounds such as 3,4,5-trimethoxybenzaldehye dimethyl acetal 184, the 

use of finely cut sodium metal (3 equiv.), was found to be highly successful, with THF 

being the most suited solvent for the reaction. Moreover the use of potassium metal (3 

equiv.) was found to give lower yields, due to the incomplete complete conversion of the 

acetal. Furthermore, at lower temperatures (-20 °C), the use of the potassium metal gave 

higher yields, in addition to by-products which according to Azzena et al., are believed to 

be from the Wittig rearrangement of the acetal group, which is induced by reductive 

electron transfer. The use of lithium metal was also found to result in slow conversion (50 

% over 7 days) 169, however the alkylation of the demethoxylated intermediate, with 

secondary alkyl halides, such as 2-iodopropane has been reported to be unsuccessful, 
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regardless of extended reaction times 207, based on these findings optimisation studies 

were not performed for this step of the methodology. 

  

3.3 Formation of the benzylphosphonate 

 

The next step in the synthetic methodology was the nucleophilic substitution (SN2) 

reaction of 3,4-dimethoxybenzyl alcohol, using 1.2 equiv. of phosphorus tribromide, in 

the presence of diethyl ether (Scheme 3.3). The bromo-compound, 187, was prepared 

according to the procedure reported by Charlton and co-workers 210 and gave an excellent 

yield of 93 %, as determined by 1H NMR. Furthermore 1H NMR confirmed the success of 

the reaction, as a broad singlet which is characteristic of the hydroxyl (O-H) proton 

environment was no longer observed in the spectrum.  

 

 

Scheme 3.3 Synthesis of Diethyl (3,4-dimethoxybenzyl)phosphonate 

 

Additionally, the melting product of the crystalline product, 187, was determined                

(m.p. 48 ºC - 51 ºC), notably the narrow melting point range obtained was similar to that 

of the literature 47 - 50 °C 97, therefore indicating that the product was pure. According to 
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the literature 218, this bromo compound has been reported to be unstable, therefore triethyl 

phosphite was subsequently added to the crude benzyl bromide, 187, following full 

characterisation. The Arbuzov reaction in the presence of triethyl phosphite in excess 

gave inconsistent yields compared to other Arbuzov reactions performed in this work, 

with the formation of the desired benzylphosphonate, 185, obtained in moderate yield  

(53 %). A possible explanation of the low yield obtained, could be due to the large scale 

of the reaction (71 g scale), the reaction may have not been given enough time to reach 

completion, as the presence of the starting material was also observed by 1H NMR. 

Nevertheless, the formation of the desired phosphonate was confirmed by 1H NMR 

analysis, with a doublet observed at δ 2.94 ppm, integrating to 2 protons (CH2-P). 

 

 
3.4 Coupling via HWE 

Next the stilbene, 182, was constructed via the HWE reaction, yielding the trans-alkene 

in good yield (86 %), the use of the base (NaOMe) in excess (> 8 equiv) provided the best 

yields (Scheme 3.4). The synthesis of the stilbene skeleton was performed in a one-pot 

reaction to reduce the loss of yield, furthermore as suggested by Wadsworth et al., 110, 113, 

preparation of the phosphonate carbanion was carried out, by the addition of the base in 

DMF at room temperature, to ensure deprotonation of the acidic proton, on the α-carbon 

adjacent to the phosphorus atom proceeded smoothly.  
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Scheme 3.4 Synthesis of (E)-5-(3,4-dimethoxystyryl)-1,3-dimethoxy-2-methylbenzene 

 

Characterisation by 1H NMR confirmed the formation of the trans-isomer, whereby a 

doublet and a multiplet were observed at δ 6.93 and δ 7.02 ppm, respectively, each 

integrating to 1 H, with a J-coupling value of JAB = 16.2 Hz, which is characteristic of the 

trans-ethylenic linkage (HC=CH). Additionally, from the mass spectral data the 

molecular ion peak of m/z = 315, was observed which confirmed the formation of the 

stilbene, 182. The next stage was bromination of the 4-Me moiety, in order to incorporate 

the prenyl moiety. 

 

3.5 Wohl-Ziegler Bromination 

 

α-Bromination of alkyl, allylic and benzylic compounds, have been reported to proceed 

using a brominating agent, such as bromine 211, 212, N-bromosuccinimide (NBS) 213 or 

bromotrichloromethane (CBrCl3) 214, in the presence of halogenated solvents such as 

carbon tetrachloride (CCl4), dichloromethane (CH2Cl2), chloroform (CHCl3) or 1,2-

dichloroethane (CH2ClCH2Cl), with the reaction proceeding under the irradiation of light 

and/or with heat. 



 
Chapter 3: Synthesis of Arachidin-1: Part II 

  
 

101 
 

The Wohl-Ziegler bromination reaction 204, 205, is a benzylic or allylic bromination 

reaction, commonly performed in the presence a stoichiometric quantity of NBS, as a 

bromine (Br2) source, which is generated in situ, via a rapid reaction. A radical initiator, 

such as UV or AIBN in minute quantities, is required for the homolytic bond cleavage of 

Br2, in addition to a halogenated solvent. Carbon tetrachloride is commonly selected as 

the halogenated solvent of choice, for use at high temperatures as yields of 30 - 87 % 

have been reported in the presence of CCl4, due to the halogenated solvent being inert and 

having very little capability of undertaking free-radical reactions 213. 

Furthermore, though NBS is known to be poorly soluble in CCl4, the progress of the 

reaction can be visibly identified by the insoluble succinimide product (Figure 3.1) 

floating at the surface of the solvent 204. 

 

 

 

Figure 3.1  Wohl Ziegler Bromination 

 

 

Although this traditional approach is said to be obsolete 215, the successful preparation of 

stilbenes via the Wohl-Ziegler bromination 204, 205, 213 has been previously reported within 

the literature 216, 217.  

In this study, the radical-initiated bromination of compound, 182, was performed based 

on the reaction conditions detailed by Soomro et al., 217; the equivalents of reagents, 



 
Chapter 3: Synthesis of Arachidin-1: Part II 

  
 

102 
 

effects of irradiation with light, solvent, and temperature effects, were examined         

(Table 3.1).  

First, the Wohl-Ziegler reaction was performed on the stilbene, 182, in the presence of 

NBS (Table 3.1; Entry 1), carbon tetrachloride, with the addition of the radical initiators, 

AIBN and an incandescent light, these conditions gave a very low yield (8 %). However, 

characterisation by mass spectrometry indicated the presence of the molecular ion peak of 

m/z = 392, and characterisation by 1H NMR, showed the presence of the newly formed 

CH2-Br bond, with a peak at δ 4.60 ppm, integrating to 2 H, which is characteristic of the 

methylene protons, therefore confirming the successful bromination of the 4-Me moiety, 

within the stilbene skeleton. 

Next, the radical initiated reaction between the stilbene, 182, NBS, AIBN and carbon 

tetrachloride, was attempted and in this investigation AIBN was used as the only source 

of the radical initiator (Table 3.1; Entry 2). This reaction showed an improvement and 

gave the best yield, albeit still relatively low (19 %), analysis by 1H NMR, indicated the 

disappearance of the methyl protons at δ 2.10 ppm and the presence of a quartet at δ 4.53 

ppm (J = 3.2 Hz), which is characteristic of the protons present in a methylene group 

(CH2-Br). The presence of the 12 protons present in the four methoxy moieties positioned 

around the stilbene scaffold, were also observed in their two different proton 

environments at δ 3.75 ppm and 3.96 ppm, respectively. Although characterisation of the 

protons within the aromatic region of the spectrum proved exceptionally difficult to 

perform, due to the noisy baseline, the success of the reaction was confirmed by mass 

spectrometry, which indicated the presence of a molecular ion peak of m/z = 393. In 

contrast with the literature 229, this reaction indicates the use of an incandescent light is 
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not required, as the 1H NMR spectrum indicated that the methyl group (Me) had been 

successfully converted into CH2-Br, in the presence of the radical initiator (AIBN). 

However, it is possible that side reactions or decomposition may have occurred, which 

could offer an explanation to the low yields obtained in this study. 

The use of pure water, in the presence of NBS and an incandescent light bulb, has 

been found to be a benign approach to radical bromination of substituted toluene 

derivatives218 and aromatic compounds 219. The bromination of toluene and xylenes in the 

presence of bromine and water, under the irradiation of a mercury lamp as the source of 

light, was additionally reported successful, by Shaw and co-workers 220, furthermore 

water has been seen to be a suitable alternative solvent, for use radical reactions, 

compared to the carcinogenic CCl4 221. 

Unfortunately, the model NBS bromination model reaction, using pure water as an 

alternative solvent was found to be unsuccessful, with the presence of starting material, 

182, observed by 1H NMR (Table 3.1; Entry 3). It was thought that the temperature the 

reaction was conducted at 30 ° C, moreover the solubility of NBS in water may be the 

cause of this reaction been unsuccessful. Nevertheless, as the study had so far shown that 

the radical initiated NBS bromination, in the presence of CCl4 was successful, it was 

decided that the phosphonate could be synthesised via the Arbuzov reaction. 
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Table 3.1 Summary of N-Bromosuccinimide bromination reaction conditions 

 

 

Entry Compound Solvent Ratio  
[stilbene : NBS] 

Conditions % Puritya 

1 181a CCl4 1 : 6 78 °C, 24 h, incandescent light, AIBN 19 

2 181b CCl4 1 : 4 78 °C, reflux, 24 h, AIBN 8  

3 - H2O 1 : 1.05 30 °C, 72 h, incandescent light, AIBN - 

a Determined by HPLC
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3.6 Arbuzov Reaction 

Attempts incorporating the phosphonate moiety into the trans-stilbene backbone were 

not successful. The Arbuzov reaction was attempted with the stilbene, 181b, at a 

lower temperature (89 °C), in order to avoid decomposition of the product, due to the 

melting point of the stilbene (98 - 110 ºC) (Scheme 3.5), however characterisation by 

1H NMR confirmed the reaction did not go to completion as the presence of both 

starting materials were detected. 

 

 

Scheme 3.5 Attempted synthesis of diethyl (E)-(4-(3,4-dimethoxystyryl)-2,6-
dimethoxybenzyl)phosphonate 

 

 
Within the stilbene skeleton, the presence of the methylene (CH2-Br) protons (δ 4.59 

ppm) were observed, moreover the CH2-P bond usually observed at ~ δ 3.00 ppm and 

large J-coupling value (JP-H ~ 21 Hz) was not detected. Characterisation by mass 

spectrometry indicated the presence of molecular ion peaks of m/z = 393 (79Br) and           

m/z = 394 (80Br), respectively, which are characteristic of the brominated stilbene, 

181b. Therefore suggesting the temperature used in the reaction was not high enough 

to activate the reaction. 

Since the traditional Michaelis–Arbuzov rearrangement was unsuccessful, an adapted 

Arbuzov reaction reported by Rajeshwaran et al., 188, was attempted whereby the 

Lewis acid zinc bromide (ZnBr2), was used as a catalyst in order to lower the 
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temperature needed for the reaction (Scheme 3.6). Characterisation by 1H NMR 

indicated only the presence of the starting material, 181a, furthermore the molecular 

ion peak of the desired product was not observed following analysis by mass 

spectrometry. 

 
 

 
Scheme 3.6  Attempted synthesis of diethyl (E)-(4-(3,4-dimethoxystyryl)-2,6-
dimethoxybenzyl)phosphonate in the presence of the Lewis acid catalyst, zinc bromide 

 

 

It can be argued that an increased equivalent of the Lewis acid could have been used 

in the reaction, however the failure of the reaction could also be due to the approach 

of the large triethyl phosphite group, therefore contributing to steric effects and 

preventing the reaction from proceeding.  

 

 

3.7 Strategy for the synthesis of arachidin-1: Part III  

 

Having unsuccessfully attempted the synthesis of arachidin-1, 2, via the classical 

Wohl Ziegler bromination reaction 205, 213, it was thought that the scope of the 

regioselective demethoxylation of 3,4,5-trimethoxybenzaldehyde dimethyl acetal, 184, 

could be investigated further. Therefore with this assumption, an alternative strategy 

towards the total synthesis of arachidin-1, 2, was devised, as shown in Scheme 3.7 
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which additionally provided the advantage of avoiding the previously required NBS 

brominating step. 

 

 

 
Scheme 3.7 Synthetic strategy for the total synthesis of trans-arachidin-1  
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3.7.1 Regioselective reductive electrophilic substitution with 

diethyl(iodomethyl)phosphonate 

 

The studies by Azzena et al.,202, 222 have shown the approach, via the regioselective 

demethoxylation of 3,4,5-trimethoxybenzaldehyde dimethyl acetal, 184, to be an 

advantageous route to incorporate various alkyl moieties, including methyl, ethyl and 

butyl groups, into the 4-position of a substituted benzaldehyde using primary alkyl 

halides 202.  

Although it has not been previously reported in the literature, it was envisaged that 

alkylation with diethyl iodomethylphosphonate, as the electrophilic reagent could 

conveniently introduce a diethyl phosphonate moiety at the 4-position of the acetal, 

184, (Scheme 3.8). 

 

 

Scheme 3.8 Regioselective reductive alkylation of 3,4,5-trimethoxybenzaldehyde 
dimethylacetal using diethyl(iodomethyl)phosphonate 

 

 

This reaction was attempted in a small scale, with the aim of optimising the reaction 

once the methodology had been proven successful. Following the regioselective 

demethylation of the acetal, 184, in the presence of sodium metal, via a two-electron-

transfer step of the 4-OMe group, alkylation of the intermediate proceeded by the 
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addition of the primary alkyl halide diethyl, iodomethylphosphonate (1.5 equiv.) at a 

low temperature (0 °C), work up gave the alkylated crude acetal product, 190, in good 

yield (86 %). Characterisation by the mass spectral analysis, was found to be valuable, 

as the mass corresponding to the molecular ion (m/z = 361) of the desired compound, 

190, was observed. Furthermore, formation of the phosphonate, 190, was also 

confirmed by 1H NMR, although the presence of the acetal, 184, (14 %), was also 

detected, it is possible that longer reaction times may be required, or optimisation of 

the reagents may be needed, in order to obtain higher yields. 

 

 

3.7.2 Prenylation via HWE coupling 

 

Once the phosphonate, 190, was formed, two possible routes were considered for the 

next step in the methodology, the first option was deprotection of the acetal, 190, to 

afford the aldehyde, and subsequent HWE coupling to first form the 3-methylbut-1-

enyl side construct the stilbene backbone. 

Alternatively, the second option was to incorporate the side chain first, followed by 

the deprotection of the acetal, 191, to give the aldehyde, 192. However it was assumed 

that should the aldehyde be formed first, isomerisation would occur in the presence of 

the base during the HWE coupling reaction. Since acetals are known to be stable in 

the presence of nucleophiles and bases at room temperature 203, it was decided the 

next step of this methodology would be to incorporate the 3-methylbut-1-enyl moiety               

(Scheme 3.9).  
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Scheme 3.9 Coupling of diethyl (4-(dimethoxymethyl)-2,6-dimethoxybenzyl)phosphonate 
with 2-methylpropanal 

 

 

Treatment of the acetal, 190, with 2-methylpropanal, 163, in the presence of t-BuOK 

and THF as the solvent, proceed smoothly to give the desired prenylated acetal, 191, 

in good yield (71 %). Formation of the trans-alkene moiety was confirmed by 1H 

NMR, following the success of the reaction, acetal hydrolysis was immediately 

performed. 

 

 

3.7.3 Acetal hydrolysis 

There were various methods reported for the deprotection of acetals 223, 224, however 

cleavage of the acetal, 191, was performed according to the work published by 

Azzena and co-workers 202, via acid catalysed hydrolysis 203. The acetal hydrolysis 

proceed by stirring the acetal, 191, with a solvent system comprising of aqueous 

hydrochloric acid and tetrahydrofuran in a 1:1 ratio (Scheme 3.10). This approach 

gave the desired (E)-3,5-dimethoxy-4-(3-methylbut-1-en-1-yl)benzaldehyde, 192, in 

moderate yield (52 %). Characteristic bands arising from the aldehyde, carbonyl 

stretch (C=O) were observed from the IR spectrum, with the C=O bands located at 
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1706 cm-1, furthermore characterisation by mass spectrometry indicated the desired 

product, 192, (MW = 234 gmol-1), was successfully made as the presence of a 

molecular ion peak of m/z 233 was also observed. 

 

 

 
Scheme 3.10 Acid catalysed hydrolysis of the dimethyl acetal 

 

 

The acetal hydrolysis is known to proceed first by protonation of a methoxy (OMe) 

moiety, with the acid (HCl), leading to the subsequent loss of methanol, and affording 

the oxonium ion as the cationic intermediate. Next, the nucleophilic attack towards the 

electrophilic cation, via 1,2-addition results in the formation of the protonated 

hemiacetal, followed by proton transfer to the adjacent OMe group, leading to the loss 

of a second alcohol, via 1,2-elimination. Lastly deprotonation of the protonated 

aldehyde to affords the aldehyde (Figure 3.2) 225.  
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Figure 3.2  Acid catalysed hydrolysis mechanism of (E)-5-(dimethoxymethyl)-1,3-

dimethoxy-2-(3-methylbut-1-en-1-yl)benzene 
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3.7.4 Formation of the stilbene via HWE coupling 

 

Coupling using 1 equiv. of the previously synthesised 3,4-dimethoxy 

benzylphosphonate, 185, with the newly formed aldehyde, 192, (1 equiv.), in the 

presence of t-BuOK and THF, successfully formed the crude trans-alkene in moderate 

yield (30 %) (Scheme 3.11). Characterisation by mass spectrometry indicated the 

reaction did not go to entire completion, as the presence of benzylphosphonate, 185, 

was also observed on the spectrum (m/z = 287), in addition to the molecular ion peak 

of the desired product, 3, (m/z = 367), however optimised studies are still required in 

order to obtain higher yields. 

 

 
Scheme 3.11 Horner-Wadsworth-Emmons condensation of 3,4-dimethoxy benzylphosphonate 
and substituted benzaldehyde. 

 

 

3.7.5 Demethylation model reactions 

The use of ethers as protective groups for phenols, have the advantage of being 

extremely stable in various reaction conditions, with the option of facile cleavage via 

demethylation 203. This type of reaction is known to proceed using harsh reagents 

and/or reaction conditions, such as the use of the reagent boron tribromide (BBr3), in 

the presence of dichloromethane, at extremely low temperatures 226. Additionally the 
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use of pyridine hydrochloride (Py.HCl) at high temperatures 227, 228, is a well-known 

approach. Alternatively, milder reaction conditions using an aluminium halide-thiol 

system, have been reported in the literature for the demethylation of methyl ethers of 

alcohols and phenols 229. Furthermore methyl ethers are also known to be cleaved in 

the presence of iodotrimethylsilane (TMSI) 230-232, AlCl3 
233 and BeCl2 

234
. 

Additionally, sodium thioethoxide in the presence of N,N-dimethylformamide has also 

been reported by Feutrill and Mirrington as a powerful reagent, for the cleaving of 

aryl methyl ethers235.  

With a number of the possible demethylation reagents being expensive to purchase, it 

was decided to perform model demethylation studies, using the readily available and 

inexpensive Py.HCl, in addition to boron tribromide (BBr3), and TMSI. A pure sample 

of the stilbene, trans-3,4-dimethoxy-4'-methylstilbene, 199, as shown in Figure 3.3, 

was used, as this stilbene being similar in structure to our target product, 2, was simple 

to construct on a large scale. These studies were considered advantageous as it would 

enable us to determine the most suited reaction conditions and reagent(s), needed for 

the cleavage of the aryl ethers present around compound, 199, to be performed. 

 

 

Figure 3.3 Structure of trans-3,4-dimethoxy-4'-methylstilbene 

 

 

Demethylation reactions using the Lewis acid BBr3 is a reliable and commonly used 

method within the literature 226, for the cleavage of OMe moieties.  
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In this work, the established cleavage of methyl aryl ethers using the Lewis acid, 

boron tribromide was attempted first, this approach led to C-O bond cleavage, to give 

an alkyl bromide in addition to an alkoxyborane, which affords an alcohol following 

aqueous workup (Figure 3.4). As a result of this complexation, it is suggested that one 

mole of BBr3 should be used for each heteroatom present within the molecule. Within 

the stilbene backbone, 199, there were two ethereal oxygens, therefore the use of 4 

equiv. of BBr3 was decided upon.   

 

 

Figure 3.4   Demethylation mechanism using boron tribromide 
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Within the literature, demethylation reactions using BBr3 have been reported to 

proceed at temperatures at or below room temperature, with the use solid CO2             

(-70 °C) or liquid nitrogen (-196 °C), to achieve the temperatures required for the 

reaction 226. However, due to the resources available, examining the reaction at 

temperatures lower than -20 °C was not possible. Nevertheless, when stirring at a 

temperature of -20 °C, the crude product was obtained after 4 h, following solvent 

extraction and trituration the desired product, 202a, was isolated in low yield (44 %). 

 

Table 3.2 Summary of model demethylation reaction conditions 
 

 
Entry Compound reagent Ratio  

[stilbene : reagent] 
Conditions % Puritya 

1 202a BBr3 1 : 4 -20 °C / 4 h 44 

2 - Py.HCl 1 : (>10) > 180 °C / 3 h - 

3 202b Py.HCl 1 : (>10) 141 °C / 1 h 38 

4 - TMSI 1 : 2.5 30 °C / 72 h / DCM - 

a Determined by 1H NMR 

 

 

Characterisation by IR analysis indicated a broad peak at υ 3344 cm-1, which is 

characteristic of the hydroxyl moiety (OH). Furthermore, the protons from the 

methoxy moieties (OMe) were not observed on the 1H NMR spectrum, therefore 

signifying the success of the reaction. However, what was observed was a broad 
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singlet integrating to 2 protons at δ 5.32 ppm, which is characteristic of the OH proton 

environment. The disappearance of the broad singlet was also observed when a D2O 

exchange was performed on the NMR sample. The molecular ion peak of the desired 

product (m/z = 225) was also observed by mass spectrometry, therefore confirming 

OMe cleavage. 

 

Alternative demethylation methods were additionally explored (Table 3.2), next in 

the presence of molten pyridine hydrochloride at elevated temperatures of 141 – 200 

°C236. This reagent has also been reported in the literature, for the demethylation of 

methyl aryl ethers under solvent free conditions, via microwave heating 227. However, 

in this study the small scale model demethylation reactions with Py.HCl in excess  (> 

180 oC) were unsuccessful, as characterisation by 1H NMR showed that 

decomposition had occurred, therefore suggesting the high temperature required to 

keep the reagent molten could have disrupted the integrity of the structure. 

Furthermore due to the raised temperature, the reaction mixture turned into a dark tar-

like solid, therefore making it challenging to extract. As a result, the reaction was 

heated for no longer than 1 h at    141 °C, with intermittent monitoring by TLC 

(Table 3.2; Entry 3).  

Characterisation of the product, by 1H NMR data suggested cleavage of the methyl 

moieties had been successful, as the proton environments characteristic of the 

phenolic (OH) protons at δ 5.12 ppm (2 H) were observed. Furthermore 

characterisation by mass spectrometry also confirmed cleavage, as a molecular ion 

peak of m/z = 226 was observed. Although demethylation using pyridine 

hydrochloride was successful in the model reaction, the 1H NMR also confirmed the 

presence of a mixture of compounds; the desired product, 202c, (38 %), but also the 
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presence of the starting material, 199, (18 %), and residual solvent ethyl acetate 

(44%). Furthermore the issues with regards to using elevated temperatures, and 

maintaining the temperature within the reaction flask, in order to prevent the salt from 

returning back to its crystalline state, made this method an unattractive one to use. 

Next, the demethylation was explored using TMSI (2.5 equiv.), this specific 

molar equivalent was chosen as according to the work by Tamura and co-workers 

(245), the cleavage of aryl ethers was found to be successful when this ratio was used. 

This model study therefore proceeded with 1 equiv. of the stilbene, 199, and TMS-

iodide (2.5 equiv.), dissolved in DCM (Table 3.2; Entry 4). In accordance with the 

literature the demethylation reaction using TMSI was found to proceed slowly 232, 237, 

as monitoring by TLC over 72 h did show the slow progress of the reaction. 

Characterisation of the dark brown oil, by 1H NMR indicated the presence of a 

mixture of compounds comprising of both OH and OMe groups, around the stilbene 

backbone, as the proton environments at δ 3.89 ppm and 3.93 ppm, which are 

characteristic of the methoxy moieties were observed, therefore suggesting the 

compounds present were those shown in Figure 3.5. The mixture of products also 

resulted in difficulties in separating the desired product. 

 

 

 
 

Figure 3.5 Structure of (E)-2-methoxy-4-(4-methylstyryl)phenol and (E)-2-methoxy-5-(4-
methylstyryl)phenol 
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Although TMSI is known to be an effective reagent in the regioselective mono ortho-

demethylation of less accessible methoxy moieties, the failure of the reaction was 

likely due to TMSI being a less reactive reagent, compared to alternative 

demethylating reactions using reagents such as BBr3 232, it was therefore decided to 

explore the use of the reagent BBr3 in our next stage of study. 

 

 

3.7.6  Demethylation of 5-((E)-3,4-dimethoxystyryl)-1,3-dimethoxy-2-((E)-3-

methylbut-1-en-1-yl)benzene 

 

The demethylation reaction, in the presence of milder reagents such as BBr3 has been 

reported to react faster compared to alternative reagents such as TMSI 232, 237. Based 

on this model study the Lewis acid, BBr3 was the only reagent to successfully cleave 

the aryl methyl ethers with good yield, compared to the other two reagents examined. 

The choice of using BBr3 was also decided on, based on the rationale that the reaction 

conditions could be controlled easily, in comparison to demethylation reactions using 

Py.HCl.  

Using identical reaction conditions as the model study, whereby 5 equiv. of 

BBr3 and the stilbene, 3, (1 equiv.) were stirred at -20 °C, gave the crude in low yield 

(47 %) (Scheme 3.12). Analysis by mass spectrometry indicated the desired 

compound, 2, had been successfully synthesised, as a molecular ion peak of (m/z = 

312) was observed, however optimised studies are still required in order to obtain 

arachidin-1, 2, in quantitative yields. 
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Scheme 3.12 Demethylation using boron tribromide 

 

 

3.8 Summary 

The synthesis of arachidin-1, 2, was explored first via the Wohl Ziegler bromination 

of the synthesised stilbene (E)-5-(3,4-dimethoxystyryl)-1,3-dimethoxy-2-

methylbenzene, 182, using NBS as the brominating source. A range of conditions 

were attempted, including the use of the benign solvent, water which was found to be 

unsuccessful. In order to synthesise the target compound, an alternative route was 

envisaged, by means of the regioselective demethoxylation of 3,4,5-

trimethoxybenzaldehyde dimethyl acetal, 184, and subsequent alkylation with diethyl 

iodomethylphosphonate. This reaction proved successful, which enabled the 

incorporation of the side chain via the classic HWE reaction, in the presence of 2-

methylpropanal, 163. Following acetal hydrolysis of the dimethyl acetal, 191, the 

stilbene backbone was successfully constructed, once again using the HWE coupling 

reaction between the aldehyde, 192, and 3,4-dimethoxy benzylphosphonate, 185. The 

small scale model demethylation reactions found boron tribromide to be the most 

suited reagent for the cleavage of the methyl ethers, and when demethylation was 

performed on the stilbene, 3, analysis by mass spectrometry indicated that the reaction 

was successful, and confirmed the formation of the target compound, arachidin-1, 2.  
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Chapter Four 

 

 Synthesis of resveratrol analogues: Part I 

 

4.1 Strategies to the synthesis of resveratrol analogues – Part I 

An additional aim of this work, was to investigate and develop methods towards the 

synthesis of novel resveratrol analogues. Although various potential analogues could 

have been made, derivatives possessing methoxy or sulfonamide moieties were of 

interest, as according to the literature the presence of these functional groups have 

been found in vitro, to display comparable or increased chemopreventative and/or 

chemotherapeutic properties, compared to resveratrol, 1, 164-167.   

Notably, the polymethoxy analogues of resveratrol whereby the hydroxyl groups have 

been replaced with polymethoxy moieties around the stilbene scaffold, are of interest 

as these compounds have been reported to offer increased lipophilicity in addition to 

exhibiting anticancer activity. For instance, both natural and synthetic analogues of 

resveratrol; including MR-3, 205, MR-5, 124, DMU-212, 63, and Combretastatin A-4, 

206, (Figure 4.1) have been reported to prevent cancer growth in several cancer cell 

lines167, 238-243. 
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Figure 4.1 Chemical structure of methoxy analogues of resveratrol 

 

 

The stilbene, MR-5, 124, has been found to display increased anti-proliferative 

effects, compared to both resveratrol, 1, and its methoxy derivatives 166. Further 

studies have suggested that not only does the presence of additional methoxy moieties 

increase the compound’s activity towards apoptosis, but importantly the presence of 

the 3,4,5- trimethoxy substitutions, the trans-stilbene backbone, and the presence of a 

4’-OMe moiety on the stilbene backbone have been suggested to be essential for 

retaining the anticancer activity of these analogues 166, 244.  

The construction of synthetic polymethoxy stilbenes in the form of MR-5, 124, 245-247 

and related analogues 240 have been described in the literature, however the synthesis 

of polymethoxy analogues of resveratrol, possessing either an aliphatic side chain or a 

prenyl moiety, to our knowledge has not yet been explored. 

In this chapter, the aim of this phase of work was to synthesise resveratrol analogues, 

by incorporating a side chain into the polymethoxy-stilbene backbone, with the aim of 

improving the anti-cancer properties. The Horner-Wadsworth-Emmons (HWE) 



 
Chapter 4: Synthesis of resveratrol analogues: Part I 

  
 

123 
 

reaction has been proved to be a simple and versatile reaction in the formation of the 

stilbene backbone, therefore this coupling reaction was used to construct the trans-

stilbene backbone, using diethyl 3,4,5-trimethoxybenzylphosphonate, 209, and 3,5-

dimethoxybenzaldehyde 211. Next the regioselective formylation using the Lewis acid 

(TiCl4), as detailed by Garcia et al., 248, would allow the addition of a formyl moiety 

unto the stilbene skeleton and finally enable the incorporation of the side chain via a 

non-catalytic coupling reaction, would afford the target compound. 

 

 

4.2 Synthesis of diethyl 3,4,5-trimethoxybenzylphosphonate 

The first stage of the synthesis was the formation of 5-(bromomethyl)-1,2,3-

trimethoxybenzene, 208, the synthetic procedures available for the preparation of 

alkyl halides from alcohols are vast. However most methods detailed in the literature 

involve the conversion of an alcohol into the corresponding halide, in the presence of 

reagents; such as phosphorus halides 210, 249, triphenylphosphine 250, 251, 2,4,6-

trichloro[1,3,5]triazine in N,N-dimethyl formamide, 252, or thionyl chloride 253. Other 

examples within the literature report the use of thiols, as possible alternative 

precursors to alcohols 254, although these reagents facilitate the direct conversion of 

alcohols to alkyl halides, the reaction conditions employed for some of these methods 

can be quite extreme. It was therefore decided that the substituted benzyl bromide 

would be prepared using phosphorus tribromide, to convert the primary alcohol, 3,4,5-

trimethoxybenzyl alcohol, 205, into 5-(bromomethyl)-1,2,3-trimethoxybenzene, 208. 

Under the reaction conditions, shown in Scheme 4.1, the formation of the phosphorus 

ester and subsequent nucleophilic substitution (SN2) proceeded smoothly, to afford the 
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desired compound, 208, with an isolated yield of 97 %. Due to the lack of stability 

displayed by the benzyl bromide, 208, 210 the product was immediately used for the 

subsequent Michaelis-Arbuzov reaction, following full characterisation.  

 

 

Scheme 4.1 Synthesis of 5-(bromomethyl)-1,2,3-trimethoxybenzene  

 

 

Having formed the benzyl bromide, 208, the conversion into the phosphonate was 

attempted, using the traditional Michaelis-Arbuzov reaction (198, 201). The 

preparation of the benzylphosphonate, 209, from 5-(bromomethyl)-1,2,3-

trimethoxybenzene, 208, (Scheme 4.2) also proceeded smoothly with a high % purity 

obtained (90 %). However, it is thought that due to the large scale of the reaction (39 

g), had sufficient time been given to the reaction, quantitative yields would have been 

obtained from the reaction, as the presence of triethyl phosphite (10 %) was also 

detected by 1H NMR. 

 

 
Scheme 4.2 Synthesis of diethyl 3,4,5-trimethoxybenzylphosphonate 



 
Chapter 4: Synthesis of resveratrol analogues: Part I 

  
 

125 
 

The formation of the new CH2-P bond was confirmed by 1H NMR, whereby a doublet 

was observed at δ 2.70 ppm, integrating to two protons (CH2). Additionally a large 

2JPH value was calculated (J = 21.4 Hz), which was characteristic of the geminal 

coupling between 31P and 1H. Furthermore, based on the mass spectral data the 

molecular ion peak (m/z = 319) of the desired compound, 209, was also observed. As 

the results proved the formation of the phosphonate, 209, was successful, the next step 

of the methodology was to synthesise the aldehyde, 210, which would also be used for 

the HWE coupling.  

 

 

4.3  Synthesis of 3,5-dimethoxybenzaldehyde 

 

Next the benzaldehyde, 210, was synthesised from 3,4,5-trimethoxybenzaldehyde 

dimethyl acetal, 184. The previous work by Azzena and co-workers 202, offered a 

route to the highly regioselective demethoxylation of the acetal, 184, via cleavage of 

the aromatic C-O bond present in the methoxy group, by electron transfer in the 

presence of sodium metal 222. As detailed in Section 3.2, amendments to the procedure 

were made, these included the type of sodium used, for instance sodium metal pellets 

were replaced by sodium, 30-35 wt % dispersion in wax, in order to increase the 

surface area of the metal, therefore avoiding the problems of residual metal within the 

reaction mixture, due to the metal being used in excess and the need to decant the 

mixture into a clean vessel, before performing acetal hydrolysis (Scheme 4.3).  
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Scheme 4.3 Synthesis of 3,5-dimethoxybenzaldehyde 

 

 

Characterisation of the isolated product (100 %), were consistent with the literature 

202, and formation of the aldehyde, 210, was confirmed by 1H NMR, whereby a singlet 

at    δ 9.80 ppm, integrating to one proton was observed, which was characteristic of 

the aldehyde (CHO) moiety. Additionally, two identical singlets at δ 3.74 ppm and δ 

3.75 ppm, were observed each peak integrating to three protons, therefore confirming 

the presence of the two OMe moieties. More importantly multiplets at δ 6.60 ppm, 

integrating to one proton and at δ 6.91 ppm, of which integrated to two protons were 

also observed, indicating the presence of three protons around the aromatic ring, and 

confirming that the regioselective demethoxylation of the 4-OMe group had 

successfully taken place. 

 

 

4.4 Coupling of aldehyde with diethyl benzylphosphonate 

 

Next coupling of the aldehyde with the phosphonate to form the desired trans-

stilbene, 124, the HWE reaction conditions, previously employed in Chapter 2 were 

used in this methodology to give the crude product, 124, in a high yield (72 %), 

however following recrystallization and characterisation by 1H NMR the yield of the 
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trans-stilbene, 124, was reduced to 39 % (Scheme 4.4). When compared to the 

literature 149, the yield of the pure product obtained in this work was considerably 

lower than that reported in the literature (88 %), although the methodology described 

in the literature was different. However, the reduction in yield was possibly due to the 

less polar solvent (ethanol) used in the purification process, it can therefore be 

concluded that the use of a more polar solvent, namely methanol would have given a 

higher % yield. 

 

 
Scheme 4.4 Synthesis of 3’,5’,3,4,5-pentamethoxy stilbene 

 

Nonetheless, subsequent optimisation of reactions were performed, whereby the 

inexpensive 3,5-dimethoxybenzaldehyde, 210, was purchased and used for the HWE 

reaction, on a large scale. Recrystallization of the isolated product using methanol 

gave the trans-stilbene, 124, in excellent yield (89 %), the pure product was found to 

have a similar melting point value (132 – 136 °C) to that of the literature  (135 ºC) 249, 

301.   
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4.5 Formylation of substituted trans-stilbene 

In order to incorporate a side-chain into the stilbene scaffold, it was envisaged that a 

formylation reaction would allow us to introduce a formyl group (-CHO) into the 

pentamethoxy-stilbene backbone, 124, (Figure 4.2). The literature provides a number 

of ways to perform aromatic formylation reactions, via electrophilic aromatic 

substitution; these include Rieche formylation, in the presence of dichloromethyl 

methyl ether 255, Vilsmeier-Haack reaction using the electrophilic chloroiminium salt 

256, 257, the Reimer-Tiemann reaction 258, 259, using the electrophilic chloroiminium salt 

and the use of hexamethylenetetramine in the Duff reaction 260, 261. The formylation of 

aromatic compounds has also been reported via the Sommelet reaction 262 the 

Gattermann 263-265 and Gattermann-Koch approach 266, however, these methods are 

known to afford low yields, and often require harsh reaction conditions. On the other 

hand, the Rieche formylation presented itself as an attractive route, as within the 

literature it is commonly used with sterically hindered compounds 248, 267, and 

therefore was considered to be an plausible reaction to use with the sterically hindered 

polymethoxy-stilbene substrate, 212.  

 

 
Figure 4.2 Proposed formylation of 3’,5’,3,4,5-pentamethoxy stilbene 

 

 

Formylation 
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The reaction was performed using dichloromethyl methyl ether (1.4 equiv.), in the 

presence of 6 equiv. of the Lewis acid, titanium(IV) chloride (Scheme 4.5). The 

reaction temperature was kept as low as possible during the addition, as studies have 

indicated at higher temperatures (> 0 °C), the yield obtained can often be low, as a 

result of side reactions occurring simultaneously with the formylation reaction, 

whereby the dichloromethyl methyl ether is decomposed 268.  

 

 
Scheme 4.5 Attempted formylation of 3’,5’,3,4,5-pentamethoxy stilbene 
 

 

Characterisation by 1H NMR indicated the desired product was not obtained, 

surprisingly analysis of the 1H NMR spectrum suggested that whilst formylation at the 

ortho position (between the 3’, 5’-dimethoxy groups) did not occur, di-formylation 

however had taken place. Additionally, the mass spectral analysis indicated the 

presence of a molecular ion peak of m/z = 387, which suggests that the compound 

made was a 3,4,5,3’,5’-pentamethoxystilbene, 213, possessing two aldehyde moieties 

within its structure, and had a molecular weight of 386 gmol-1.  

On the 1H NMR spectrum two singlets; at δ 10.43 ppm and 10.52 ppm, were  also 

observed which were characteristic of aldehyde protons, thereby indicating the 

presence of two CHO groups on the aryl ring. The shielded peak (δ 10.43 ppm), due to 

the three OMe moieties, indicated that the aldehyde may be positioned on ring ‘A’ of 
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the stilbene skeleton (Figure 4.3). Once one formyl group had substituted in the 

aromatic ring, it was unlikely that further substitution would occur on the same ring as 

electronically, it would be deactivated, therefore not allowing further substitutions in 

that ring 267. 

 

 

Figure 4.3  Annotated structure of 3’,5’,3,4,5-pentamethoxy stilbene 

 

 

Looking at the OMe peaks on the 1H NMR spectrum, five singlets within the region of 

δ 3.89 ppm - δ 4.03 ppm, were observed therefore suggesting the five methoxy groups 

around the stilbene skeleton were in different environments. Similarly, this was also 

observed on the 13C NMR spectrum, whereby three peaks at δ ~ 55 ppm and two 

peaks at ~ 61 ppm, respectively were identified. If formylation had occurred at the 

desired position (position 4’), as electronically the meta-methoxy groups adjacent to 

the 4’-position is believed to activate the 4’-H (Figure 4.3), making it more reactive 

for electrophilic aromatic substitution to occur, we would therefore have seen the 

symmetry within the molecule remain, with the three peaks on the spectrum 

representing the methoxy groups.  

The two protons present in the alkene linkage between the two aromatic rings, are 

characteristically observed in the 1H NMR spectrum as two doublets, however what 
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was observed was one peak, integrated to two protons which appeared to be coupling, 

thereby suggesting the alkene protons were possibly in indistinguishable chemical 

environments. Following an expansion of the spectrum, doublet of doublets with a          

J-coupling of J = 16.0 Hz, were observed which are characteristic of coupling 

constant for trans-alkenes. This peak was observed downfield at δ 7.9 ppm, therefore 

suggesting that the product synthesised was likely to be 2,2’-diformyl-3,4,5,3’,5’-

pentamethoxystilbene, 213, (Figure 4.4). However, further structure determination 

techniques by 2D NMR (NOESY), in the future will be performed in order to 

determine the positions of the formyl groups within the stilbene backbone.  

 

 

 
Figure 4.4 Chemical structure of di-formyl stilbene 

 

 

Cresp and co-workers reported the formation of two products, when titanium(IV) 

chloride (TiCl4) and dichloromethyl methyl ether were reacted with phenols, resulting 

in a major and minor product, in the presence of both hydroxyl- and methoxy-rich 

aromatic compounds 269. Similarly, Yakubov and co-workers also reported the 

occurrence of di-formylation, via the Rieche formylation, when using Lewis acids 

including TiCl4 and AlCl3, respectively, with dichloromethyl methyl ether, in the 

presence of sterically hindered arenes, such as mesitylene and durene 267.  
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Further studies were performed in order to optimise the reaction conditions and the 

equivalent of TiCl4 used, in order to successfully incorporate an aldehyde moiety into 

the stilbene backbone (Table 4.1). Notably, the Lewis acid in excess (6 equiv.), in 

addition to the reaction proceeding at very a low temperatures (-10 to -15 °C) for a 

duration of 2 h, gave the desired formyl compound, 212a, in moderate yield                      

(50 %). The Lewis acid, TiCl4 was chosen in excess of 6 equivalents, so that the metal 

halide could coordinate with the neighbouring methoxy groups positioned at 3,4,5- of 

the stilbene, 124, and the reaction time was kept to a minimum to prevent other side 

reactions from occurring. This approach was found to be ideal, however further work 

towards optimising the formylation reaction is required, in order to improve the % 

yield.  

 

Table 4.1 The formylation reaction of trans-pentamethoxy stilbene with titanium 
tetrachloride 

 

 

Entry Compound Equivalents of 
TiCl4 

Temperature 
(ºC) 

Time 
(h) 

 
Yield a 

(%) 

1 212a 6 -15 to -10 2 50 

2 - 6 -10 to RT 8 -  

3 - 5 -10 to -5 3 -  
a Determined by 1H NMR 
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On the other hand when 6 equiv. of the Lewis acid was used at a temperature range of 

-10 to RT, the reaction was unsuccessful. It is possible that the length of the reaction 

time (8 h) and the temperature of the reaction mixture for that length of time, may 

have led to decomposition (Table 4.1), as the product obtained could not be identified 

by NMR, nor by mass spectral analysis. Additionally, when 5 equiv. of TiCl4 was 

used, only the presence of the starting material, 124, was detected by 1H NMR, 

therefore suggesting that more than 5 equiv. of the Lewis acid is required in the 

formylation reaction with the stilbene, 124. 

The findings from the optimisation studies, are in line with the work developed 

by Garcia et al., whereby it has been reported that the ortho-formylation of 

polysubstituted aromatic compounds, in the presence of dichloromethyl methyl ether 

and TiCl4 can regioselectively occur, affording high yields and most importantly 

without the event of di-formylation taking place 248. According to Garcia et al., the 

high regioselectively of this reaction is suggested to be due to the metal halide 

coordinating with each heteroatom present on the stilbene skeleton. A number of 

studies have also supported the rationale behind the use of the Lewis acid in excess, in 

order to ensure the coordination with the heteroatom. This would therefore hinder 

substitution at ring ‘A’ (Figure 4.5) and increase the electrophilicity of the 

dichloromethyl methyl ether, as well as allow electrophilic aromatic substitution to 

take place, resulting in the formation of the formyl moiety at the vacant ortho-position 

on ring ‘B’ 248.  
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Figure 4.5 Structure of 3’,5’,3,4,5-pentamethoxy stilbene 

 

This same theory could offer an explanation, to why addition of the formyl group did 

not occur, at position 4’- on the stilbene backbone. It is possible, that because of the 

excess TiCl4 (6 equiv) used, there was an increased chance of TiCl4 binding to more 

than one methoxy functional group, therefore hindering substitution. This is illustrated 

in Figure 4.6, which shows the structure of compound, 214, and the binding of TiCl4 

to more than one methoxy moiety, thereby hindering electrophilic aromatic 

substitution on position 4’ 270. 

 

 

Figure 4.6 Coordination of the Lewis acid, TiCl4, with methoxy moiety 
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4.6 Coupling reaction 

 

The formation of compound, 213, presented an opportunity to perform a coupling 

reaction, in order to determine if a side chain could be incorporated unto the stilbene 

backbone (Scheme 4.6).  

 

 
Scheme 4.6 Attempted synthesis of stilbene derivative via the Wittig reaction 

 

As detailed in Chapter 2, the HWE reaction with an aliphatic phosphonate was found 

to be unsuccessful, therefore the Wittig reaction was chosen as an alternative method 

for the formation of the carbon-carbon double (C=C) bond. The utilisation of a 

phosphonium ylide was considered to be favourable, although it has been reported that 

the use non-stabilised ylides, kinetically would result in the formation of the less 

stable cis-alkene, Maryanoff et al., additionally stated that the use of aromatic 

aldehydes in the presence of non-stabilised ylides, may result in the formation of 

trans-alkenes, in the presence of a strong base 103.  

The first step in the reaction was to form a phosphonium salt, which could then be 

deprotonated to form the ylide. Treatment of triphenylphosphine with the alkyl halide, 

1-bromopentane, under reflux in the presence of toluene, gave the desired 

alkyltriphenylphosphonium salt (Scheme 4.7), albeit in low yield (26 %). Nonetheless, 
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formation of the desired product, 215, was confirmed by mass spectral analysis, as the 

presence of a molecular ion peak of m/z = 332 was observed.  

 

 

Scheme 4.7 Synthesis of pentyltriphenylphosphonium salt 

 

Next, coupling with the diformylstilbene, 217, was attempted in the presence of 

sodium methoxide, in order to form the phosphonium ylide, via deprotonation of the 

α-carbon in the alkyltriphenylphosphonium salt. However, the desired product was not 

detected by 1H NMR, what was observed were the starting materials. It is possible the 

ylide may have been too bulky to couple with the aldehyde moieties, on the other hand 

the base used may have also played a crucial part in the unsuccessful deprotonation of 

the α-carbon positioned on the phosphonium salt.  

After searching the literature, the work by McNulty and Das 96, offers an alternative 

and benign approach to the synthesis of trans-alkenes, with high stereocontrol via the 

Wittig reaction. The use of these reported semi-stabilised ylides, derived from trialkyl 

benzylphosphonium salts and sodium hydroxide, in the presence of water, albeit with 

limited applicability as only small alkyl functionalities (trimethyl and 

triethylphosphosphine oxides) are highly soluble in water. This alternative route is an 

approach to explore, as the synthesis of trans-stilbenes, including DMU-212, 63, have 

already been successfully attempted via this approach. 
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4.7 Summary 

The polymethoxy stilbene backbone, 124, was synthesized using diethyl 3,4,5-

trimethoxybenzylphosphonate, 209, and the commercially available                                           

3,5-dimethoxybenzaldehyde, 211, via the HWE reaction, under mild reaction 

conditions. Formation of the substituted benzylphosphonate, 209, proceeded smoothly 

via the SN2 reaction between triethyl phosphite and 3,4,5-trimethoxybenzyl bromide, 

208. Coupling of the phosphonate, 209, with the benzaldehyde, 211, gave the desired 

stilbene in excellent yield (89%), when the commercially available aldehyde, 211, was 

used. Attempts of the formylation reaction with the substituted stilbene, using 

dichloromethyl methyl ether and various molar equivalents of titanium(IV) chloride 

and reaction temperatures were unsuccessful, as di-formylation on the stilbene 

skeleton was believed to have occurred, in accordance with the observations by 

Yakubov et al., 267 and Cresp et al., 269. 

Attempts to incorporate a side chain into the diformylstilbene, 213, via the HWE 

reaction, under mild conditions were made however the use of an unstabilized 

phosphonate appeared to be unsuccessful under these reaction conditions. The Wittig 

reaction was subsequently attempted using a triphenyl-derived phosphonium ylide, 

which was prepared by heating 1-bromopentane, 217, with triphenylphosphine, 218, 

under reflux, albeit in poor yield (26 %). Coupling of the alkyltriphenylphosphonium 

salt, 215, with the aldehyde, 213, via the Wittig reaction was also found to be 

unsuccessful.   
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Chapter Five 

 

 Synthesis of resveratrol analogues: Part II 

 

5.1 Strategies to the synthesis of resveratrol analogues – Part II 

Resveratrol, 1, has been reported to induce apoptosis in a number of cancer cell lines, 

including the human pancreatic 271, and lung cancer cell lines 165. Furthermore, as detailed 

in Chapter 1, various resveratrol analogues have been extensively studied within the 

literature, in order to find a potential cancer chemopreventative and/or cancer 

chemotherapeutic agent 166. In 2002, Yang and co-workers 6 reported the synthesis of 

novel stilbenesulfonamide analogues possessing a primary sulfonamide (SO2NH2) 

moiety, in place of the 4’-OH moiety in trans-resveratrol, 1, (Figure 5.1), even though the 

published methodology towards the synthesis of stilbene benzenesulfonamides was long 

(7-8 steps), and limited to the synthesis of primary sulfonamides, these compounds were 

found to display both increased activity against several cancer cell lines, when compared 

to resveratrol, 1. 
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Figure 5.1 Structure of resveratrol and trans-stilbene benzenesulfonamides 

 

 

The sulfonamide functional group (SO2NH2) has been widely reported in the literature, 

and suggested to be implicated in the potent antitumour activity of a number of anticancer 

drugs such as the compound E7010, which is currently in clinical trials as an anticancer 

drug 164, 169-171, 174. 

The discoveries from these studies indicates a need for further examination of novel 

stilbenesulfonamides, in order to enhance their selectivity and activity towards various 

cancer cell lines. In this chapter, the aim of this phase of work was to design and develop 

a versatile methodology, which would enable the synthesis of novel trans-resveratrol 

analogues, in the form of stilbene benzenesulfonamides, 125. 

A three step methodology towards the synthesis of stilbenesulfonamides, via the HWE 

reaction has been designed, it was believed that this approach would enable the synthesis 

of stilbene benzenesulfonamide analogues of which comprised of primary, secondary and 

tertiary sulfonamide moieties. 
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5.2 Strategy towards stilbenesulfonamide synthesis 

A number of routes into the synthesis stilbenesulfonamides were explored, within the 

literature, however the possibility of forming various sulfonamides, by reacting a sulfonyl 

chloride moiety with an amine 272 was of great interest. For this reason chlorosulfonic 

acid was identified as a suitable sulfonating species, which could be used to synthesise an 

arylsulfonyl chloride intermediate. 

According to the literature, the chlorosulfonation of trans-stilbene (1,2-diphenylethene), 

5, was considered unsuccessful, and would not afford identifiable products, due to the 

stability of the substrate 272. After searching the literature, it was discovered that 

Hoffmann and co-workers 273 reported that an aryl sulfonyl chloride intermediate could be 

formed prior to coupling, by reacting excess chlorosulfonic acid, 219, with diethyl 

benzylphosphonate, 162, (Scheme 5.1).  

 

 

 

Scheme 5.1 Chlorosulfonation of diethyl benzylphosphonate 

 

The preparation of the sulfonyl chloride intermediate, 220, would then allow for the 

subsequent aminolysis reaction to proceed, as it was expected that via this approach the 
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sulfonamide moiety, at the 4’-position of the stilbene skeleton could be varied using a 

wide range of amines. Finally, coupling via the HWE reaction would form the stilbene 

backbone (Figure 5.2), therefore providing an alternative and concise route for the 

synthesis of stilbene benzenesulfonamides, 222. 

 

  

 
Figure 5.2 Approach to the synthesis of stilbene sulfonamides 

 

 

The use of this methodology, as detailed in Figure 5.2, would first of all allow the use of 

various substituted benzaldehydes; possessing electron-withdrawing or electron-donating 

groups. Second of all, it would enable the use of various amines, to produce a range of 

sulfonamide moieties. Additionally in developing this work, the methodology would 

enable an inexpensive, direct and versatile route towards the synthesis trans-stilbene 

benzenesulfonamide analogues, in addition to other novel analogues, reported in the 

literature 164, 173.  
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The choice of analogues synthesised in this study were primarily limited to aldehydes 

possessing the most attractive functionalities, based on previous literature 164, 173, as it was 

envisioned that additional analogues would be made, following the biological studies 

which would be performed on these compounds. 

 

 

5.2.1 Synthesis of diethyl benzylphosphonate 

The first step, was the synthesis of the diethyl benzylphosphonate, 162, via the Michaelis 

Arbuzov reaction 187, with the use of benzyl bromide, 223, and triethyl phosphite, 166, 

(Scheme 5.2). This SN2 reaction proceeded smoothly for 48 h, to give the diethyl 

benzylphosphonate, 162, in moderate yield (48 %). No further purification was 

performed, as a high % purity (96 %), was calculated via 1H NMR analysis.  

 

 

Scheme 5.2 Synthesis of diethyl benzylphosphonate via the Michaelis-Arbuzov reaction 

 

IR characterisation indicated the important P=O peak at approximately υ 1250 cm-1, 

furthermore characterisation  by 1H NMR displayed a doublet with a large two-bond 

coupling constant at δ 3.09 ppm (2JP-H = 21.9 Hz), which was indicative of the 

phosphorus coupling with a proton nuclei positioned on the α-carbon. The protons present 



Chapter 5: Synthesis of resveratrol analogues: Part II 
 

 

143 
 

in the P-CH2 bond, on a 1H NMR spectrum should show as a doublet in a ratio of 1:1 274, 

however a roofing effect was observed in the spectrum obtained. An explanation may be 

due to the presence of low level impurities underneath the peaks located at δ 3.09 ppm, 

because of this a deuterium oxide (D2O) shake was performed on the sample, to see if the 

effect of a different solvent would alter the nature of the peak, nevertheless the data 

showed minimal changes at this particular chemical shift. Additionally, doublet of 

quartets 275, which appear to overlap on the 1H NMR spectrum were observed, and were 

believed to be attributed to the protons present in the O-CH2 moiety of compound, 162, 

being diastereotopic. As a result, the protons were observed in inequivalent chemical 

environments on the proton NMR spectrum 274.  

Although the phosphonate, 162, was synthesised in moderate yields, it was decided that 

the synthesis of the phosphonate, 162, was not necessary as the substrate could be 

inexpensively purchased. Furthermore, by starting the synthetic methodology from the 

commercially available diethyl benzylphosphonate, 162, it would enable the total reaction 

sequence to be reduced to three steps. 

 

 

5.2.2 Synthesis of diethyl 4-(chlorosulfonyl)benzylphosphonate  

 

The next step was to prepare the aryl sulfonyl chloride, the formation of this synthetic 

intermediate has been reported, via various methodologies including chlorosulfonation 

using chlorosulfonic acid, 219 276, alternatively by direct oxidation of thiol analogues, in 

the presence of hydrogen peroxide (H2O2) and the Lewis acid titanium tetrachloride 277, 

278, or with sulfonic acids in the presence of the chlorinating agent; 2,4,6-trichloro-1,3,5-
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triazine 279. Within the literature, chlorosulfonic acid, 219, has been shown to be a 

versatile reagent in the chlorosulfonation of various organic compounds 273, therefore this 

acid was chosen as the sulfonating species. Furthermore, the formation of the sulfonyl 

chloride, when involving aromatic and hetero-aromatic substrates, was suggested to be 

successful with chlorosulfonic acid, 219, in excess 280, which was of great advantage, as a 

substituted aromatic substrate would be used in this methodology. 

According to the literature, it has been suggested that the presence of the 

chlorosulfonic acid, 219, in excess drives the reaction to completion, thereby converting 

the sulfonic acid reaction intermediate into the sulfonyl chloride, 220 276. Chlorosulfonic 

acid reactions, between the substrate and acid, have also been reported to be successful in 

the presence of a solvent, such as dichloromethane and thionyl chloride 273.  

Therefore, the first attempt in forming the sulfonyl chloride intermediate, 220, proceeded 

by reacting diethyl benzylphosphonate, 162, with chlorosulfonic acid, 219, in excess 281, 

this approach was found to be successful and gave the sulfonyl chloride, 220, in good 

yield (82 %) (Scheme 5.3).  

 

P(OEt)2
P(OEt)2

O

ClSO3H

162 220

O

SO2Cl

 

Scheme 5.3 Chlorosulfonation of diethyl benzylphosphonate 
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The structural assignment by IR spectral analysis featured two distinguishable peaks, 

characteristic of the sulfonyl chloride (S=O) bond present at υ = 1173 cm-1 and            

1369 cm-1, respectively. Additionally, the presence of the phosphonate moiety was also 

observed at υ = 1246 cm-1 (P=O str). Formation of the sulfonyl chloride intermediate was 

also confirmed by 1H NMR, whereby of the presence of two doublets, with chemical 

shifts at δ 7.49 ppm and δ 7.90 ppm, were observed indicating the presence of a 1,4-

disubstituted aromatic system. 

As the chlorination step in the chlorosulfonation reaction was a reversible step          

(Equation 5.1) 276, the optimised reaction conditions, with chlorosulfonic acid : substrate 

in a ratio of (10 : 1) was used in order to ensure the completion of the reaction in high 

yields. Furthermore, the initial slow addition of the substrate, 162, to the excess 

chlorosulfonic acid, 219, at temperatures of less than 0 °C was found to be successful in 

order to minimise unwanted side reactions, such as di-sulfonation as well as the 

production of arylsulfonic acid. 

 

 

 

Equation 5.1   Two-step process of chlorosulfonation with an aromatic substrate   
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5.2.3 Synthesis of diethyl 4-sulfamoylbenzylphosphonate 

Having successfully formed the sulfonyl chloride intermediate, 220, the aminolysis 

reaction using various amines was explored. One of the most important aspects to 

demonstrate, was that the primary sulfonamide moiety (SO2NH2) could be formed with 

this approach. Therefore the aminolysis reaction was initially attempted using excess 

ammonia solution (in 2 M ethanol), as the source of ammonia, with diethyl 4-

(chlorosulfonyl)benzylphosphonate, 220, (Scheme 5.4). This reaction was found to 

proceed smoothly, affording the desired primary sulfonamide, 221a, in excellent yield (90 

%).  

 

 

Scheme 5.4 Synthesis of sulfonamide via, aminolysis using ammonia 

 

 

Formation of the desired sulfonamide was confirmed by IR analysis, whereby the 

characteristic bands arising from the primary sulfonamide stretch were observed, with the 

S=O bands located at υ 1156 cm-1 and 1337 cm-1, respectively. More importantly                  

N-H bands were identified in the form of two broad peaks (υ 3200 cm-1 and 3298 cm-1), 
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which are characteristic of primary amines. Furthermore, the presence of the phosphonate 

ester was also observed, with peaks characteristic of the P=O bond at approximately                     

υ 1234 cm-1 identified, thereby confirming the phosphonate moiety was still present.  

Additionally, following characterisation by 1H NMR, the presence of the sulfonamide 

moiety was confirmed at δ 4.99 ppm, and to identify the exchangeable protons present in 

the sulfonamide moiety, a D2O exchange was performed whereby the disappearance of 

the N-H signal, with the appearance of a DOH peak was observed as expected. As the 

rapid proton exchange seen with the sulfonamide, meant that coupling could not be 

observed with the protons bonded to the nitrogen atom and neighbouring nuclei 282. 

Furthermore, the JH-H coupling values (J = 8.2 Hz) calculated, were indicative of the 

interaction between the protons present in the aromatic ring, that were ortho to one 

another.  

The mechanistically the amine acts as a nucleophile, and aminolysis is believed to 

proceed via rapid nucleophilic attack of the amine, on the electrophilic sulfonyl centre to 

produce the sulfonamide 283 via a bimolecular SN2-type mechanism, with a linear 

bipyramidal transition state being formed (Figure 5.3) 273. 

 

 

Figure 5.3 SN2 mechanism for the aminolysis reaction with aryl-sulfonyl chlorides and amines 
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5.2.3.1 Examining the scope of the reaction: amine screening 

Following the success of forming the primary sulfonamide with ammonia, it was of 

interest to explore the scope of this methodology by screening various amines with the 

diethyl 4-(chlorosulfonyl)benzylphosphonate, 220, intermediate, in order to determine if 

the aminolysis reaction would be successful.  

In order to examine the versatility and flexibility of this methodology, the amines used in 

the screening were selected to ensure they represented a range of primary, secondary and 

cyclic alkyl amines, as well as aromatic amines. Therefore the amines studied included; 

methylamine, ethylamine, amylamine, dimethylamine, dipropylamine, piperidine, 

morpholine and diphenylamine (Table 5.1).  

The use of primary, secondary and cyclic alkyl amines gave the desired products 

in moderate to high yields and as expected, the nucleophilicity of the amine was found to 

influence the rate of reaction. For instance reactions with primary amines (Table 5.1; 

Entries 1 - 4), and cyclic aliphatic amines (Table 5.1; Entries 7 and 8), although gave 

moderate to high yields, the reaction time was found to be between 12 – 48 h. 

On the other hand, the reaction with diphenylamine (Table 5.1; Entry 9), a relatively 

weak and large nucleophile, was also effective however a longer reaction time of five 

days was required. Nonetheless, the promising results observed with the sulfonyl chloride 

intermediate, 220, and possible use of diverse amines, suggests that this novel approach 

offers an alternative approach towards the synthesis of a wide range of sulfonamide 

analogues. 
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Table 5.1 Summary for the addition-elimination reaction of amines 

 

Entry Compound Amine Condition % Puritya 

(% Yield) 

1 221a ammonia RT / 12 h 90 

2 221b methylamine RT / 24 h 100 (57) 

3 221c ethylamine RT / 48 h 96 (61) 

4 221d amylamine RT / 48 h 60 

5 221e dimethylamine RT / 48 h 98 (68) 

6 221f dipropylamine RT / 48 h 81 

7 221g piperidine RT / 48 h 88 

8 221h morpholine RT / 48 h 82 

9 221i diphenylamine RT / 5 d 83 
a Determined by 1H NMR  
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5.2.4 Synthesis of (E)-4-(3,4-dimethoxystyryl)benzenesulfonamide 

 

The work presented in Chapters 2 to 4, demonstrates the versatility of using the HWE 

condensation reaction in forming the stilbene skeleton, with high selectivity for the 

trans-alkene. In this chapter the same coupling reaction was examined for the 

synthesis of novel stilbenesulfonamides, as the versatile nature of this approach would 

additionally allow the exploration of various heterocyclic aldehydes, in the synthesis 

of the stilbenesulfonamide analogues 9. Furthermore, the mild reaction conditions 

employed would be ideal for the synthesis of stilbenesulfonamides on a larger scale.  

The general reaction involved the coupling of the substituted phosphonate (1 equiv), 

with a benzaldehyde (1 equiv), in the presence of a base (NaOMe or t-BuOK) and a 

solvent (DMF or THF) at room temperature. The aldehydes selected for this study 

(Figure 5.4), were not chosen based on the Hansch method or the                                               

Topliss scheme 79, 284, as examining the versatility of this three step methodology was 

of primary interest. Therefore a variety of aldehydes, possessing the most attractive 

substitutions on the ring were selected based on the literature, specifically the work by 

Yang and co-workers (6), whereby substituents possessing the electron-withdrawing 

group, namely fluorine (F), in addition to substituents comprising of electron-donating 

groups such as dimethylamino (NMe2) and methoxy (OMe) moieties, were reported to 

display significant anti-cancer activity against a number of cancer cell lines, when 

examined in vitro against the NCI-60 human tumour cell line.  
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Figure 5.4 Benzaldehydes selected for HWE coupling 

 

 

The stilbenesulfonamide comprising of the 4-fluoro moiety, was of great interest as 

this analogue was found to display efficacious growth inhibitory activity (GI50 8.93), 

towards the non-small cell lung cancer cell line (A549). A cell line which would be 

used in this study to examine the biological activity of the novel stilbene 

benzenesulfonamides synthesised, therefore it was of interest to synthesise a range of 

analogues, using the various secondary and tertiary benzenesulfonamides available 

from the library. 

The first coupling reaction was explored using the primary sulfonamide, 221a, 

with various aldehydes, in a 1:1 ratio (Table 5.2), the reaction proceeded smoothly 

with over 5 equiv. of the base (NaOMe) and DMF as the solvent. Compared to the six 

step methodology described by Yang et al., 6, this three step methodology proved to 

be successful, when it came to constructing the same analogues (125a, 125b, 125c and 

125g), reported by Yang and co-workers 6. Unfortunately, direct comparisons of the % 
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yields could not be made, as the yields of the stilbenesulfonamide analogues were not 

stated in the literature.  

Nevertheless characterisation by 1H NMR spectra, confirmed that these stilbene 

analogues, all featured an important pair of doublets, corresponding to the alkene 

protons in a trans-configuration at δ ~7.1 ppm and δ ~7.0 ppm. Furthermore the 

calculated J-coupling values (J = 16 - 17 Hz), were distinctly characteristic of the 

proton coupling interactions occurring in a trans-alkene bond. Based on the 1H NMR 

data, the addition of sodium methoxide in excess (> 5 equiv) resulted in a percentage 

purity between 77 – 98 %, although the reaction involving 4-

dimethylaminobenzaldehyde, 231, was found to give the lowest % yield, with the 

stilbene, 231, obtained in a moderate yield of 77 % (Table 5.2; Entry 4). The low yield 

was thought to be due to the phosphonate being added to the reaction mixture in 

excess, which explains why the presence of the starting material, 221a, (23 %) was 

also observed by 1H NMR.  
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Table 5.2 Stilbenesulfonamides via HWE condensation reactions using diethyl 4-
sulfamoylbenzylphosphonate 

 

 
 

Entry Compound R1 R2 Conditions % Puritya 

(%Yield) 
 
 
1 

 
 

232a 

 
 

OMe 

 
 

OMe 

 

NaOMe, DMF 

 

96 (15) 

 

2 

 

232b 

 

H 

 

OMe 

 

NaOMe, DMF 

 

 

88 

 
3 232c OMe H 

 
NaOMe, DMF 98 (7) 

 

4 

 
 

232d 

 

NMe2 

 

H 

 

NaOMe, DMF 

 

77 

a Determined by 1H NMR  

 

Coupling with 4-fluorobenzaldehyde, 230, in the presence of sodium methoxide                         

(> 5 equiv.), gave a mixture of two compounds (Scheme 5.5), characterisation by                   

1H NMR displayed a distinguishable peak at δ 3.83 ppm, indicating the presence of a 

methoxy group, additionally the spectrum featured the important pair of doublets 

corresponding to the alkene (HC=CH) protons at δ 6.97 ppm and δ 7.17 ppm, 

respectively. Furthermore the calculated J-coupling (J = 16.4 Hz), distinctly 

characteristic of the hydrogen coupling interactions occurring in a trans-alkene bond 
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was calculated, therefore confirming the trans-stilbene skeleton had been formed. 

Additionally, the nuclear spin from 19F was observed, due to the strong coupling of the 

fluorine nuclei with the protons, leading to extra splitting in the 1H NMR spectrum 282. 

 

 

Scheme 5.5 Coupling via the Horner-Wadsworth-Emmons reaction using sodium methoxide 

 

 

Based on this characterisation it was likely that the product synthesised, comprised of 

a mixture of compounds possessing a 4-MeO or a 4-fluoro moiety, within the stilbene 

structure. To confirm this, characterisation by LCMS was performed on the mixture, 

the molecular ion peaks of m/z = 275 (C14H12FNO2S requires 277) and m/z = 288 

(C15H15NO3S requires 289), were observed. Additionally calculation of the % purity, 

by 1H NMR identified the presence of compounds 232e and 232c in a 4:1 ratio, which 

suggests that displacement of the para-fluoro moiety on the benzaldehyde, 230, had 

occurred with the nucleophile (MeO) from the base (NaOMe), via nucleophilic 

aromatic substitution (SNAr) (Figure 5.5) 285.  
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Figure 5.5 Nucleophilic aromatic substitution (SNAr) reaction 

 

 

To rule out any postulation of the incorrect aldehyde, 230, being used the experiment 

was repeated, nonetheless the presence of the methoxy moiety was observed again on 

the spectrum. Furthermore comparison of the 1H NMR spectrum of the starting 

material, 230, with the stilbene, 232e, was performed as it was thought that the 

starting material might have some impurities, however the spectral data only 

confirmed the presence of  4-fluorobenzaldehyde 230.  

Based on this discovery, further studies were carried out to investigate the 

influence of NaOMe, in the coupling between 4-fluorobenzaldehyde, 230, and diethyl 

4-sulfamoylbenzylphosphonate, 221a, in order to determine first of all, if the HWE 

reaction was occurring prior to the SNAr, on the fluorine atom. Secondly, to determine 

the influence of the para-sulfonamide moiety, as an electron withdrawing group, and 

the effect it had on the addition-elimination mechanism. 

To examine this, coupling reactions were performed with diethyl benzylphosphonate, 

162, and 4-fluorobenzaldehyde, 230, in the presence of sodium methoxide at 1, 5 and 

10 equivalents, respectively (Table 5.3). The various molar equivalents of the base 

were used in order to determine at which molar equivalent, nucleophilic aromatic 

substitution would occur. The first study, using NaOMe (1 equiv.), was found to 
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produce the 4-fluorostilbenesulfonamide, 236a, in quantitative yield (Entry 1). 

However, characterisation by 1H NMR of the subsequent reactions (5 and 10  equiv of 

NaOMe), indicated the presence of the methoxy moiety, with a distinguishable singlet 

peak at δ ~ 3.8 ppm observed in the spectra, in addition to strong coupling of the 

fluorine nuclei, with the protons. 

 

 
Table 5.3 Synthesis of (E)-1-fluoro-4-styrylbenzene via the Horner-Wadsworth-Emmons 
reaction 

 

Entry Compound Equiv of NaOMe % Puritya  

[Fluoro : OMe] 
 

1 236a 1 
 

> 99 : <1 

2  

3  

236b 

236c 

5 

10 

80  : 20 

53  : 47  
 

a Determined by 1H NMR  

 

The addition of NaOMe (5 equiv.), gave the desired compound, 236a, (80 %) and 

analogue, 236b, (20 %) (Table 5.4; Entry 2), whereas the addition of NaOMe (10 

equiv), considerably increased the yield of the 4-methoxy-stilbenebenzenesulfonamide 

analogue, 236b, up to 47 % (Table 5.4; Entry 3). 
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Next, a reaction using a pure sample of the synthetic stilbene; (E)-1-fluoro-4-

styrylbenzene, 236a, and NaOMe (5 equiv), was carried out in order to determine if 

SNAr would occur in the absence of the electron withdrawing group (SO2NH2). 

Aromatic substitution was believed to occur, with up to 8 times as much of the 4-

fluoro analogue, 236a, identified on the NMR spectrum, compared to the methoxy 

equivalent, 236b, (Table 5.4; Entry 1). This result confirmed that the presence of the 

sulfonamide moiety on the stilbene backbone was not important, and did not have an 

influence on the SNAr reaction observed.  

 

 
Table 5.4 Attempted synthesis of (E)-1-methoxy-4-styrylbenzene 

 

 

Entry Equiv of NaOMe % Puritya  

[Fluoro : OMe] 
 

1 5 82 : 18  
 

a Determined by 1H NMR  

 

 

Next coupling with the primary sulfonamide, 221a, with 4-fluorobenzaldehyde, 230, 

was performed, in order to determine at what equivalent of the base SNAr began to 

occur. As expected substitution did not occur when 1 equiv. of NaOMe was used, and 
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under this reaction condition the condensation reaction proceeded smoothly, to afford 

the desired stilbene, 232e, in excellent yield 98 % (Table 5.5; Entry 1). Notably, in 

contrast with the previous reactions, when > 5 equiv. of NaOMe was used the stilbene, 

232e, was identified as the major product (95 %) on the 1H NMR spectrum, 

additionally a minimal amount of compound, 232c (5 %), was detected. 

 

 

Table 5.5 Synthesis of (E)-4-(4-fluorostyryl)benzenesulfonamide via the Horner-
Wadsworth-Emmons reaction 

 

Entry Equiv of NaOMe % Puritya  (% Yield) 

1 

2 

1 

5 

 
98 (77) 

 
95 (83) 

 

a Determined by 1H NMR  

 

 

Finally, to examine the effect of the presence of sulfonamide moiety on the stilbene 

backbone, NaOMe (1 and 5 equiv, respectively) was added to a pure sample of the 

stilbene sulfonamide, 232e, and stirred in the presence of DMF at room temperature, 

however substitution did not occur, with both equivalents of the base (Table 5.6). 

. 
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These results suggest that substitution of the fluorine atom with the methoxy moiety 

only occurs during the HWE reaction when the NaOMe is present in excess (> 5 

equiv.).  

 
Table 5.6 Coupling via the Horner-Wadsworth-Emmons reaction using sodium methoxide 
 

 

Entry Equiv of NaOMe % Puritya (% Yield) 

1 1 
 

100 (57) 

2 5 98 (64) 
 

a Determined by 1H NMR  

 

 

This assumption was proved by the subsequent reactions performed on the remaining 

sulfonamide analogues (221b – 221i), whereby SNAr was believed to occur prior to 

the formation of the stilbene backbone, thereby giving a mixture of products (Figure 

5.6). However, it would be advantageous to perform in-depth NMR studies, and 

observe the kinetics of the reaction, in order to prove this hypothesis and consequently 

determine the rate at which the simultaneous reactions (SNAr and HWE coupling) are 

occurring. 

As an alternative approach the reaction between 4-fluorobenzaldehyde, 230, and the 

primary sulfonamide benzenesulfonamide, 221a, was performed in the presence of           

232e

H2NO2S
F

232e

H2NO2S
F

NaOMe, DMF
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t-BuOK (~ 2 equiv) and THF, this approach was found to proceed smoothly                        

(Figure 5.6), affording the desired stilbenesulfonamide, 232e, in quantitative yield. 

 

Figure 5.6 SNAr Mechanistic in the formation of stilbene sulfonamide analogues 

 

 

Next the coupling with various heterocyclic aldehydes were explored (Figure 5.7), 

these compounds were of interest as the synthesis of novel COX-2 inhibitors, in the 

form of stilbene benzenesulfone and benzenesulfonamide derived styrylheterocycles 

have also been achieved in 4 - 6 steps, by Lim and co-workers 7 .  

 

 

Figure 5.7 Heterocyclic aldehydes selected  
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These analogues, specifically possessing the thiophene functionality (compound 

138c), were reported to show up to 40-fold potency, compared to the lead compound, 

244, (Figure 5.8) 173. It was therefore of interest to examine if the six step 

methodology, described in the literature, could be improved using the three step 

approach developed in this study, in order to synthesise both the compounds reported 

by Lim et al., in addition to other novel benzenesulfonamide derived 

styrylheterocycles for biological screening. 

 

 

Figure 5.8 Benzenesulfone analogue  

 

Following the procedure described in Section 5.2.4, the HWE reaction proceeded in 

the presence of NaOMe (~5 equiv) and DMF, upon occasion when issues with 

solubility were observed, THF was used as an alternative solvent and was found to 

display increased solubility with the heterocyclic aldehydes, compared to DMF (Table 

5.7). Notably, the stilbenesulfonamide analogues 245, 246 and 247 synthesised from 

this three step approach were isolated in higher yields (96 – 100 %), compared to the 

literature (48 – 60 %) 173.  
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Table 5.7 Benzenesulfonamide derived styrylheterocycles formed via the HWE reaction 
using diethyl 4-sulfamoylbenzylphosphonate  

 

Entry Compound Structure Base/Solvent % Puritya        

(% Yield) 

1 245 

 
 

 
NaOMe, DMF  

 
 

100 (30) 

2 246 

 

 

 
NaOMe, THF 

 

98 (94) 

3 247 

 

 

 
NaOMe, DMF 96 (49) 

a Determined by 1H NMR  

 

 

Following the success of the HWE coupling reaction with the various heterocyclic 

aldehydes, the synthesis of other novel benzenesulfonamides were explored, using the 

sulfonamide analogues 221e and 221h. The novel compounds synthesised with diethyl 

4-(N,N-dimethylsulfamoyl)benzylphosphonate, 221e, gave excellent yields with 100 

% purity (Table 5.8). However, the % yields were not comparable when the cyclic 

sulfonamide analogue, 221h, was used, as a moderate yield of 49 % was obtained  

(Table 5.9). 

 

 



Chapter 5: Synthesis of resveratrol analogues: Part II 
 

 

163 
 

Table 5.8 Benzenesulfonamide derived styrylheterocycles formed via the HWE reaction 
using diethyl 4-(N, N-dimethylsulfamoyl)benzylphosphonate 

 

Entry Compound Structure Base/Solvent % Puritya 
(%Yield) 

1 248 

 
 

 
NaOMe, THF 

 
 

100 (59) 

2 249 

 
 

 
NaOMe, THF 

 

98 (100) 

3 250 

 

 
NaOMe, DMF 93 

 
a Determined by 1H NMR  

 
 
 
Table 5.9 Benzenesulfonamide derived styrylheterocycles formed via the HWE reaction 
using diethyl 4-(morpholinosulfonyl)benzylphosphonate 
 

Entry Compound Structure Base/Solvent % Puritya  

1 251 

 
 

 

NaOMe, DMF 

 

 
 

50 

2 

 

252 

 
 

 

NaOMe, DMF 

 

86 

3 253 

 
 

 
NaOMe, DMF 

 
49 

a Determined by 1H NMR  
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Next the versatility of this methodology was explored using the remaining novel 

benzenesulfonamide analogues synthesised in this chapter (Figure 5.9). The secondary 

sulfonamide analogues, 221b - 221h, were additionally coupled with the selected 

benzaldehydes (Figure 5.4), under the same reaction conditions described earlier in 

this chapter (Section 5.2.4).  

 

 
 

Figure 5.9 Structure of benzenesulfonamide analogues used in HWE coupling reactions 

 

 

Compared to the primary sulfonamide, coupling with sulfonamide analogues 221b, 

221c and 221d, gave moderate to excellent yields (61 – 100 %), with the minimal 

yield obtained from the coupling between the secondary sulfonamide, 221b, and                                                         

3-methoxybenzaldehyde 228. Notably, the isolated yields from the coupling between 
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the tertiary sulfonamide, 221f, and the various aldehydes were high (92 – 100 %). On 

the other hand coupling with tertiary cyclic sulfonamides, 221g and 221h, overall 

gave the stilbene benzenesulfonamides in moderate % yields (59 – 77 %), this was 

especially the case when a stoichiometric ratio of the sulfonamide and aldehyde (1:1) 

was used, in the presence of NaOMe (> 6 equiv.). However when the stoichiometric 

ratio was increased, with the addition of the sulfonamide in excess (> 1.2 equiv.), the 

% yields also increased. Additionally, when t-BuOK (~2 equiv.) was used as an 

alternative base, overall excellent % yields (92 – 98 %) were obtained (Table 5.10). 

 

Finally, the HWE coupling of 1°, 2° and 3° benzenesulfonamide analogues with                

4-fluorobenzaldehyde, 230b, was examined, and as expected when NaOMe was used 

a mixture of compounds were observed, due to SNAr taking place in the reaction. 

However, when t-BuOK (~ 2 equiv) was used as an alternative base, in the presence of 

THF the desired product was obtained. The yields obtained from the latter reaction 

gave almost quantitative yields (> 92 %), the high yields were observed with the 

majority of stilbenesulfonamides, apart from compound, 225, which gave an isolated 

yield of 66 % (Table 5.10). The lower yield obtained was likely due to the low equiv. 

of base used in the reaction compared to the other analogues, as the presence of the 

starting materials were also observed on the 1H NMR. It can therefore be postulated 

that if the same equivalent of base was used, complete conversion of the starting 

materials would have been observed. 
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Table 5.10 Synthesis of stilbenesulfonamides via HWE condensation reactions with 4-
fluorobenzaldehyde 

 

Entry Compound Structure % Puritya 

(% Yield) 

1 
 

232e 
 

100 (65) 

2 255 

 
 

66 

3 256 

 
 

98 (39) 

4 257 

 

100 (34) 

5 258 

 
 

98 (40) 

6 259 

 
 

92 

7 260 

 

98 (54) 

a Determined by 1H NMR  
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5.3 Biological testing of analogues  

Lung cancer is said to be the second leading cause of tumour-related deaths, with a 5 

% survival rate, despite only accounting for approximately 20 % of cancer diagnosis. 

In the UK, the non-small cell lung cancer has been reported to account for 87 % of 

lung cancers, with the adenocarcinoma being the most common type of primary lung 

cancer diagnosed 170. For this reason, the non-small cell lung carcinoma cell line, 

A549 was selected for this study, to assess the antitumour activity of the test 

compounds selected as per Section 5.3.1.  

 

5.3.1 Stilbenesulfonamide analogue selection 

 
The present study involved the selection of six compounds from the library of 

analogues synthesised (Table 5.11). These compounds were investigated in vitro for 

their potential activity, with the objective of examining with regards to the SAR, the 

efficacy of the various sulfonamide moieties, compared to the lead compound 

resveratrol, 1, as well as other compounds within the literature. 
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Table 5.11 Stilbenesulfonamide analogues selected for cytotoxicity studies. 

Compound Structure CLogP a 

 
232e 

 

 

 
3.14 

 
255 

 

 

 
 

3.75 

 
257 

 

 

 
 

5.87 

 

258 

 

 
 

259 

 

 

 

 

4.17 

 

5.37 

 
260 

 

 

4.12 

a Calculated LogP (CLogP) obtained from Cambridgesoft ChemBioDraw Ultra software 

v.14.0.0.117.
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The study by Yang et al., 6 identified the stilbene benzenesulfonamide analogue 

comprising of a fluorine moiety, 125a, to be the most selective towards the A459 cell 

line. To ensure consistency with our study, compounds of which possessed a 4-fluoro 

moiety on the aromatic ring were also chosen, as it would allow for the effects of the 

various sulfonamide moieties to be examined, with regards to the inhibition of cell 

proliferation and also allow for comparisons with the stilbene benzenesulfonamide 

analogue, 125a to be made. Furthermore, the bioisosteric replacement of a hydrogen 

atom with a fluorine atom was also considered advantageous, as this would aid in 

improving the pharmacokinetic properties of resveratrol, 1, specifically with regards 

increasing the bioavailability of the lead compound.  

Within the literature, studies have reported the presence of the sulfonamide (p-

SO2NH2) moiety and aromatic ring, to be essential in providing the highest efficacy 

with regards to its anticancer properties. Moreover, the sulfonamide moiety, para-

substituted on the aromatic ring is believed to be preferred 173, 176, as additional 

substitution on the aromatic ring is thought to sterically reduce the activity of the 

compound, due to the presence of a bulky side chain which may hinder the protein 

interaction 286. Based on these assumptions, analogue 255 and 257 (Table 5.11), were 

selected in order to determine the steric effects displayed by these secondary (2°) 

sulfonamide analogues.  

The stilbenesulfonamide, 257, in particular was selected based on the work by Huang 

and co-workers, as the amylamine functional group was reported to be involved in a 

number of anticancer mechanisms, including DNA alkylation 287, and was therefore of 

interest particularly with regards to SAR, and determining if an increase in 

lipophilicity (CLogP 5.87), would lead to an increase in activity. Although it was also 

likely that this compound may be too lipophilic, and as a drug, may result in decreased 
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permeability and in low oral absorption 288. 

The rationale behind the selection of the tertiary (3°) sulfonamide analogue, 

possessing the N,N-dimethylsulfamoyl moiety, 258, was not only to determine the 

steric effects displayed by this analogue, but also to explore the influence of protein 

interactions. As this derivative lacks the hydrogen atoms on the sulfonamide nitrogen, 

it was thought the absence of hydrogen would signify a reduced number of hydrogen 

bond donors (HBD) for protein interactions, and as a result reduce its efficacy. 

Finally, the cyclic sulfonamides, 259 and 260, were selected to examine the steric 

influences displayed by the presence of the morpholine and piperidine functional 

groups, respectively. Additionally, examining the effects of an aromatic sulfonamide, 

such as the N-phenylsulfamoyl, 261, or N,N-diphenylsulfamoyl, 263, derivative          

(Figure 5.10) would have been of great interest in this study, as the presence of an 

additional aromatic group would have given an insight into the electronic effects 

arising from electron rich groups, in relation to their efficacy towards the cancer cell 

line. However, it was also possible that the presence of an additional aromatic group, 

would have decreased the compound’s efficacy, as a result of the electron localisation 

effects 289. Nevertheless neither analogues were available from the library of 

compounds synthesised at the time the study took place, so were not examined in this 

preliminary study.  

 
 

 

Figure 5.10  Structure of N-phenyl stilbenesulfonamide analogues 
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The biological testing of the analogues were performed at the University of 

Hertfordshire, compounds which did not have a % purity of > 98 % when synthesised, 

were recrystallised to ensure that the purity of the compounds used in this study were 

over 98 %. Furthermore the use of a reference anticancer drug and a pure sample of 

resveratrol, 1, were omitted from this study, although it would have been of advantage 

to use either compounds as a reference, this was not considered a major issue at this 

stage of the preliminary study, as direct comparisons of cytotoxicity data could still 

made by referring to the literature, albeit the experimental conditions are known to 

vary. 

 

 

5.3.2 Growth inhibition of A549 cell line 
 

The anti-cancer activity of the six novel stilbenesulfonamides were examined with 

regards to their antiproliferative activity against the A549 cancer cell line, via the use 

of two common cell proliferation assays; trypan blue dye-exclusion and 

Sulforhodamine B protein (SRB) assay, the methods used are described in Appendix 

II. Trypan blue is a stain commonly used in dye exclusion methods in order to assess 

cell viability, this procedure was based on the staining of non-viable (dead) cells with 

compromised membrane integrity, whilst viable (living) cells were unaffected and 

therefore were not stained by the dye 290. The SRB assay was also performed in order 

to determine both growth inhibition as well as cytotoxicity, this assay was based on 

the quantification of cellular protein content in order to determine cell density 291.  
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5.3.2.1 Trypan Blue dye exclusion growth assay 

To determine the effect of the selected compounds (Table 5.11) on cell population 

growth, the A549 cancer cells were treated with two doses of each stilbene 

benzenesulfonamide analogue at concentrations of 50 µM and 5 µM, as presented in 

Figure 5.11 and Figure 5.12, respectively. The number of non-viable cells, which were 

stained with the trypan blue dye, were then counted under the light-microscope at 24, 

48, 72 and 96 h. Analysis of the data from the trypan blue assays clearly indicated that 

analogue, 232e, at a concentration of 50 µM significantly reduced A549 cell growth            

(p < 0.05) compared to the control (1 % DMSO), in a time and dose dependent 

manner. Additionally compound, 255, at the same concentration (50 µM) was found 

to significantly decrease A549 cell growth at 24, 48 and 72 h (p < 0.05) (Figure 5.11). 

 
 
Figure 5.11    Dose and Time dependent responses of A549 of stilbenesulfonamide analogues 
(50µM) 

Relative number of A549 cells counted at 24, 48, 72, and 96 h, after treatment with compounds 232e, 
255, 257, 258, 259 and 260, relative to the control 1 % DMSO. Blue bars indicate 24 h incubation, red 
bars indicate 48 h incubation, green bars indicate 72 h incubation, and purple bars indicate 96 h 
incubation.  * = p <0.05. Bars display number of cells relative to vehicle control. Data shown as mean + 
s.d. n = 6 wells 
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Figure 5.12    Dose and Time dependent responses of A549 of stilbenesulfonamide analogues (5 
µM) 

Relative number of A549 cells counted at 24, 48, 72, and 96 h, after treatment with compounds 232e, 
255, 257, 258, 259 and 260, relative to the control 1 % DMSO. Blue bars indicate 24 h incubation, red 
bars indicate 48 h incubation, green bars indicate 72 h incubation, and purple bars indicate 96 h 
incubation.  * = p <0.05. Bars display number of cells relative to vehicle control. Data shown as mean + 
s.d. n = 6 wells 
 

 

Compounds 257 and 258, at 50 µM also appeared to be effective at reducing A549 

cell growth, however the effect displayed by these compounds were only observed at 

specific times, for instance compound, 257, was found to only significantly reduce 

cell growth (p < 0.05) at 48 and 96 h (compared to the control), but not at 72 h. The 

reasons behind these findings are not clear; it is possible that the variations observed 

here were a result of different opinions as to what was considered viable and non-

viable. Though attempts were made to standardise the cell counting technique, 

ensuring that only viable cells were counted when the distinct colour of the blue dye 

was not observed, it should be considered that the trypan blue assay is a subjective 

procedure, which relies on the subtle colour changes between the cells displayed 
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under a light microscope 292. 

 

Furthermore, no significant effects were observed following the treatments with 259 

and 260, at concentration of both 50 and 5 µM. When considering the effect of the 

other compounds (232e, 255, 257, and 258) at a concentration of 5 µM, it appeared 

that as a general trend, that the stilbenesulfonamide analogues did not have a 

significant effect on cell growth (Figure 5.12). 

 

5.3.2.2 SRB Assay 

 
Next, the cytotoxicity of the selected stilbenesulfonamide analogues (232e, 255, 257, 

258, 259 and 260) against the A549 cancer cell line was determined using the SRB 

assay, according to the National Cancer Institute’s methodology 8. The cells were 

treated at a range of concentrations of the test compounds from 0 to 500µM, for 48 h 

and examined for cellular protein content, in order to calculate the molar 

concentration of each compound resulting in 50 % cell growth inhibition (GI50). Table 

5.12 summarised the GI50 values for each compound tested, and has been ranked from 

the most to the least potent as follows: 255 > 232e > 257 > 260, with compound 258 

and 259 displaying no cytotoxic activity. Notably, compound, 255 (GI50 0.1 µM), was 

found to be the most effective in reducing the cell protein content, when compared to 

the other analogues examined in this study. The second most potent compound was 

232e (GI50 10.4 µM), whereby the GI50 measured, was found to be similar to that 

reported in the study by Yang et al., (GI50 8.9 µM) 6 (Table 5.12). 
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Table 5.12 Cytotoxicity of trans-stilbenesulfonamide analogues from Sulforhodamine B 
assay 

Compound Structure Cytotoxicity 
(GI50 µM)a 

232e 

 

8.9b 

10.4 

255 

  

 

0.1 

257 

 

 

220 

258 

  

- 

259 

 
 

- 

260 

 
 

>500 

a

The GI50 values are the concentrations relating to 50 % growth inhibition. 

b

Data reported by Yang and co-workers (6). 

 

The results from the SRB assay seem to be in accordance with the trypan blue assay 

data (Section 5.3.2.1), as both assays showed that the compounds with the best 

antitumour activity were 232e and 255. However, based on the high potency (GI50) 

calculated for compound 255 (GI50 0.1 µM) from the SRB assay, an even greater 

inhibition of cell population growth would have been expected, during the study 
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performed using the trypan blue assay (Section 5.3.2.1), when compared to the other 

compounds tested. The reasons for these differences are unclear and require further 

investigation. 

Nevertheless, both analogues, 232e and 255, were found to exhibit increased 

antiproliferative effects when compared to the lead compound, resveratrol 1. Although 

for comparative purposes care must be taken when results come from different in vitro 

studies, the results from the SRB assay performed using resveratrol, 1, as detailed 

from the NCI Developmental Therapeutics Programme database8, reported                 

resveratrol, 1, to have a GI50 of 51.64 µM. By comparison, this means that resveratrol 

is ca. 500-fold less potent than the analogue, 255, (GI50 0.1 µM). Furthermore, 

compound, 255, (GI50 0.1 µM) was also found to be more potent, compared to                        

5-fluorouracil (GI50  0.189µM) 8, a synthetic compound used to treat various forms of 

cancer. 

 

5.3.3 Structure-Activity-Relationship 

 
The SAR of benzenesulfonamide analogues, possessing various functional groups on 

the sulfonamide nitrogen have been explored extensively 293, 294, based on the cell 

viability data in this study, it is not surprising that compound, 232e, displayed 

increased activity against the A549 cancer cell line, as the presence of the sulfonamide                             

(SO2NH2) moiety is known within the literature, to be essential in providing the 

highest efficacy, in relation to anticancer properties 169, 170, 174. Furthermore, the 

promising results observed with compound, 255, indicates that the presence of a HBD 

atom on the sulfonamide moiety and minimal steric effects on the sulfonamide 

nitrogen, may be important for activity. 
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On the other hand, both the increased hydrophobic (π) and steric effects displayed by 

compounds 257, 258, 259 and 260, were found to decrease their activity, which 

suggest that the presence of steric and hydrophobic interactions are not important for 

activity.  

Remarkably, compound 257, which also possesses a HBD atom in the 

sulfonamide moiety was found to display decreased activity, based on this finding it is 

possible that the longer alkyl chain may have moved the hydrogen bonding ability 

within the sulfonamide moiety in compound, 257, further away from the target 

binding pocket it was interacting with. It is also possible that the chain extension, 

resulting from the long alkyl chain may have changed the distances of the 

pharmacophore points in compound, 257 and led to a decrease in activity, however 

this warrants further investigation. 

Based on the growth inhibition studies, it possible that the presence of a HBD 

and minimal steric hindrance are essential for activity, it would be of interest to 

explore the steric and hydrophobic influences displayed by the stilbenesulfonamide 

made from ethylamine, 256, (Figure 5.13) whereby an additional carbon chain is 

added to the sulfonamide nitrogen, in order to determine at what alkyl chain length 

efficacy and potency decreases. 

 

S
O

O
N

H3C

H F

255

S
O

O
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H3CH2C

H F

256

 
Figure 5.13 Structure of stilbenesulfonamide analogues to be considered for further study 
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Additionally, it would also be of interest to determine the importance of the presence 

of the methyl group on the sulfonamide nitrogen in compound, 255, as the growth 

inhibition studies found compound, 258, of which comprised of two methyl groups, 

each positioned on the sulfonamide nitrogen, to have minimal effect on decreasing 

A549 cell growth. Therefore, by constructing the stilbenesulfonamide, 264, shown in 

Figure 5.14, the presence of the isopropyl moiety on the sulfonamide nitrogen would 

allow us to explore the steric effects of this group, whilst the hydrogen bonding ability 

of the sulfonamide is maintained, and to see if an increase or decrease in activity is 

observed with compound 264. 
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Figure 5.14 Structure of stilbenesulfonamide analogues to be considered for further study 

 

 

The presence of the fluorine atom on the aromatic ring, meant that a good level of 

solubility was obtained with the compounds examined. However as the main focus of 

the preliminary study was to solely examine the influence of the groups on the 

sulfonamide moiety, conclusions with regards to the SAR of the functional group 

positioned on the other aromatic ring cannot be fully drawn, but does warrant further 

investigation. 
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5.4 Summary 

 

An alternative approach to the synthesis of trans-stilbenesulfonamides is presented, 

via the coupling of 1,4-disubstituted benzylphosphonate analogue, by means of the 

HWE reaction. The 1,4-disubstituted benzylphosphonate, 220, was prepared via 

chlorosulfonation of the inexpensive and commercially available diethyl 

benzylphosphonate, 162, using chlorosulfonic acid, 219. Subsequent aminolysis of the 

sulfonyl chloride intermediate, 220, with various amines successfully afforded the 

desired primary, secondary, tertiary heterocyclic stilbenesulfonamide analogues, 

221a-221i. Various aldehydes, including heterocyclic aldehydes were found to couple 

with substituted 1,4-disubstituted benzylphosphonate analogues, 221a-221i, via the 

HWE reaction, affording the desired products in moderate to high yields. 

Alternatively, the condensation of 4-fluorobenzaldehyde, 230, with the 1,4-

disubstituted benzylphosphonate, 221a, was found to be successful in the presence of 

potassium-tert-butoxide, as the base. In developing the work, this approach has also 

enabled an inexpensive, short and versatile synthetic route for the synthesis of a 

number of trans-stilbenesulfonamide analogues, previously reported in the literature. 

The growth inhibition studies performed found compound, 255, (GI50 0.1 µM) to be 

increasingly more potent, compared to resveratrol, 1, (GI50 51.64 µM) and other 

current chemotherapeutic drugs in the market, such as 5-fluorouracil (GI50 = 

0.189µM), however further studies are required in order to understand the mechanism 

of action. 

 



Conclusions and Future Work 
 

 

180 
 

 Conclusions and Future Work 

 

6.1 Conclusions  
 

The aim of this thesis was to investigate various routes towards the synthesis of                                     

trans-arachidin-1, 2, in addition to resveratrol analogues. We have demonstrated for 

the first time a new methodology for the synthesis of arachidin-1, 2, and resveratrol 

analogues, in the form of stilbene benzenesulfonamides, via the HWE reaction. This 

alkene forming reaction was found to be a favourable approach in the construction of 

the trans-stilbene, whilst affording 100 % E-selectivity. 

 

In the approach designed for the synthesis of arachidin-1, 2, incorporation of the 

prenyl side chain was addressed by examining the regioselective demethoxylation 

reaction with the acetal, 184, whereby the use of iodomethylphosphonate at the 

alkylation step of the reaction, enabled the formation of the desired phosphonate, 190, 

in good yield (86 %). This approach was found to be successful and enabled the 

construction of the 3-methylbut-1-enyl moiety in good yield (71 %), followed by the 

synthesis of the stilbene backbone, 3, via the HWE reaction. The final step involving 

demethylation using BBr3 gave arachidin-1, 2, albeit in poor yield (30 %), however 

optimised studies are required in order to obtain the desired compound in quantitative 

yields. 

Other methodologies designed for the synthesis of arachisin-1,2, were not 

successful, for instance the approach based on the methodology reported by Park and 

co-workers 84, involving the coupling of a silyl ether protected benzaldehyde, 151b, 

with the phosphonate, 153, via the HWE reaction highlighted problems, for instance 
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early cleavage of the silyl ether protecting groups was observed, which meant that this 

approach could not be explored further. However, this might have been prevented by 

the use of a non-silica based stationary phase, during purification via column 

chromatography. 

To overcome this drawback an alternative methodology was designed, this approach 

proceeded by the regioselective demethoxylation of the 3,4,5-trimethoxybenzaldehyde 

dimethyl acetal, 184, followed by alkylation with methyl iodide, and acetal hydrolysis 

to give the desired benzaldehyde, 183. The subsequent HWE coupling of the 

aldehyde, 183, with 3,4-dimethoxy benzylphosphonate, 185, gave the trans-stilbene in 

good yield (86 %). Next the Wohl Ziegler bromination of the stilbene, 182, although 

bromination, using NBS was found to be successful, an interesting observation was 

that the presence of both the radical initiator (AIBN) and incandescent light was not 

required for the required to proceed successfully. Nevertheless the main disadvantage 

of this reaction was the need of a toxic solvent, carbon tetrachloride, in large 

quantities, additionally this approach could not be taken further as a result of steric 

issues, which meant that the formation of the phosphonate was unsuccessful. 

 

Next a study into the synthesis of resveratrol analogues was performed, the formation 

of trans-5-(3,5-dimethoxystyryl)-1,2,3-trimethoxybenzene, 124, was successfully 

achieved via the HWE reaction, albeit in poor yield (39 %), furthermore formylation 

of the substituted stilbene, using dichloromethyl methyl ether and titanium(IV) 

chloride, was found to be unsuccessful. After studies were carried out to optimise 

these conditions, the experimental data suggested that at an elevated temperature of 

above -10 °C, di-formylation on the stilbene skeleton occurs, specifically when the 

Lewis acid is used in excess (> 6 equiv.). 
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Nonetheless studies into the synthesis of resveratrol analogues in the form of trans-

stilbene benzenesulfonamides was successfully demonstrated in Chapter 5, this novel 

and versatile methodology enabled the conversion of various primary, secondary and 

cyclic alkyl amines, as well as aromatic amines into a range of benzenesulfonamide 

analogues, in good to excellent yields (60 – 100%), the design of this methodology 

also enabled a scale up of at least a 15 g scale. Construction of the stilbene backbone 

via the HWE coupling reaction, enabled the formation of a library of stilbene 

benzenesulfonamide analogues, using various substituted aldehydes in addition 

heterocyclic aldehydes, in moderate to high yields (42 – 100 %), with excellent                           

E-selectivity. Although this approach offers the scope of structural variety, the 

compounds synthesised in this phase of work, did not represent this extensively. 

The A459 growth inhibition studies performed on the selected six stilbene 

benzenesulfonamide compounds, demonstrates that with regards to SAR the alkyl 

substitutions on the sulfonamide nitrogen, has an effect of the cytotoxic activity of 

these novel compounds. With the stilbene benzenesulfonamide, 255, made from 

methylamine, exhibiting increased antiproliferative activity compared to the parent 

compound resveratrol, 1, (approximately 500-fold) and other cancer chemotherapeutic 

drugs currently on the market. This analogue will be used as a lead compound, along 

with the ammonia derivative, 232e, in subsequent antiproliferative studies. 
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6.2 Future Work 

 

Synthesis of arachidin-1 

 
The results from this work, offers a promising approach to the total synthesis of the 

natural stilbene phytoalexin arachidin-1, 2, by means of coupling the synthesised            

(E)-3,5-dimethoxy-4-(3-methylbut-1-en-1-yl)benzaldehyde, 192, and diethyl (3,4-                                                                                                                                                                                      

dimethoxybenzyl)phosphonate, 185, via the HWE reaction. Although the present work 

has shown the success of this methodology on a small scale, the next step of this work 

is to synthesise arachidin-1, 2, using the methodology described in Chapter 3; part II, 

on a larger scale. In order to fully characterise the reaction intermediates, as well as 

constructing this peanut phytoalexin in quantitative yield and with increased purity. It 

would also be desirable to extend this methodology to the synthesis of other peanut 

phytoalexins, therefore a second aspect of the future work would be to synthesise 

stilbenes including arachidin-2, 8, and arachidin-3, 9, (Figure 6.1) which belong to the 

arachidin family. 

 

 

Figure 6.1  Structure of known stilbene phytoalexins trans-arachidin-2 (8) and trans-
arachidin-3 (9)  
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Synthesis of resveratrol analogues 

 
 
A successful methodology has been developed for the synthesis of stilbene 

benzenesulfonamides, by the coupling of diethyl 4-sulfamoylbenzylphosphonate, 

221a, with various benzaldehydes, via the HWE condensation reaction. The reaction 

conditions developed have been found to be applicable to a diverse range of primary, 

secondary and cyclic alkyl amines, as well as aromatic amines and as a result, this 

approach has enabled the synthesis of a library of novel stilbene benzenesulfonamides, 

however one aspect of the future work will be to fully characterize these novel 

compounds using other analytical techniques including elemental analysis, in order to 

determine the elemental composition of each analogue and x-ray crystallography, in 

order to identify the arrangement of atoms in three dimensional space.  

The present work has also shown the versatility of this reaction, furthermore based on 

the biological studies performed some interesting findings have emerged. Both 

stilbenesulfonamides made from ammonia and methylamine have displayed potent 

anti-proliferative activity, by decreasing protein density in the SRB study. However, 

these results were obtained from preliminary studies, therefore there is much work to 

be done in examining the activity of these compounds.   

 

As a result the first aspect of the future work would be to investigate and extend the 

work further by examining structural modifications of the stilbene 

benzenesulfonamide analogues, by considering a non-mathematical utilization of the 

Hansch approach to drug design, as recommended by Topliss 79, 284, as they represent 

a range of hydrophobic (π) properties, steric properties and electronic (σ) properties.  

By using the Topliss scheme, it would provide a further understanding of the structure 



Conclusions and Future Work 
 

 

185 
 

activity relationship of these novel compounds, via an optimization process in order to 

determine which substituents on the aromatic ring will lead to increased potency with 

regards to anti-cancer activity. 

In terms of the study performed by Yang et al., 6, it is not clear if the 

benzenesulfonamide analogues were selected based on a quantitative structure-

activity relationship approach, nevertheless Yang and co-workers reported compound, 

125a, to be the most efficacious against the A549 cell line. Interestingly, the results 

from the growth inhibition studies discussed in Section 5.3.2, indicated an overall 

increase in activity, as the hydrophobicity of the functional group on the sulfonamide 

nitrogen increased, specifically from a hydrogen to a methyl group, with the novel 

analogue compound, 255, found to be increasingly potent. It would therefore be of 

interest to use compound, 255, as a lead compound and optimise the substituents on 

the non-sulfonamide aromatic ring, using the Topliss scheme in order to enhance the 

potency. 

Therefore synthesising and investigating the activity of the unsubstituted 

stilbenesulfonamide, 265, in addition to an analogue possessing a hydrophobic and 

electron withdrawing 4-chloro moiety, 266, (Figure 6.2), would enable the potencies 

of these analogues to be compared, with both analogue, 255, and resveratrol, 1. In 

order to determine if the compound possessing the 4-chloro moiety will display equal, 

less or increased activity compared to the unsubstituted stilbenesulfonamide analogue, 

266. Furthermore, this would help to determine which substituted aldehyde to select 

next, based on the Topliss scheme 295 when synthesising new stilbenesulfonamide 

analogues. 
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Figure 6.2 Structures of stilbenesulfonamide analogues to be examined for biological 
activity 

 

 

Once the optimum substituent on the non sulfonamide aromatic ring, has been 

identified enhancing the groups on the sulfonamide nitrogen would be of interest, as 

previously mentioned in Section 5.3.3, it would give us an understanding of the steric, 

and hydrophobic influences displayed by compounds, 264 and 256, (Figure 6.3), 

compared to compound 255.  

 

 

Figure 6.3 Structure of stilbenesulfonamides to be considered for future work  

 

 

In terms of examining the biological activity of the novel stilbene 

benzenesulfonamides, although the assays performed in this preliminary study show 
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interesting results, in order to understand the activity of these compounds, the next 

aspect of the future work, would be to perform additional studies, using MTS, LDH 

assays in order to determine the mechanism of cell death displayed by these novel 

compounds. Additionally performing studies including flow cytometry to measure 

annexin V and PI in order to determine early-phase apoptosis and/or cell necrosis.  

  One main limitation of this preliminary in vitro study, was that the activity of 

these novel analogues were only examined using one cancer cell line (A549). In order 

to determine the potential anticancer activity and gain a better understanding into the 

efficacy displayed by these novel stilbene benzenesulfonamides, the activity of these 

compounds against the breast cancer carcinoma (IGROV-1) would be of interest to 

investigate next, as a number of the stilbenesulfonamide analogues synthesised by 

Yang et al., have also been reported to be highly selective against this cancer cell 

line6. Furthermore, toxicity studies will need to be performed in vitro, in order to 

determine if these novel stilbene benzenesulfonamide analogues are only selective 

towards cancer cells and not normal mammalian cells. 

 

Within the literature resveratrol, 1, has been reported to exhibit fungicidal effects 

against known human infectious fungi, particularly Saccharomyces cerevisiae whilst 

displaying similar potency to amphotericin B 54. It would therefore be of interest as 

future work to examine the antifungal activity of the stilbene benzenesulfonamides 

against the single-celled eukaryote, Saccharomyces cerevisiae.  

 

Finally, the synthesis of stilbene benzenesulfone derivatives in the form of 

styrylheterocycles, 136(a-d), via the Wittig coupling reaction, has been published by 

Lim et al., 173 with moderate to high yields (70 – 100 %). These analogues are of 
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biological interest, as they have been shown to display high selectivity and potency 

towards the COX-2 protein, therefore another direction would be to explore the scope 

of the three step methodology designed in Chapter 5, and determine whether, this 

approach could be adapted and extended to the synthesis of a methylsulfone (p-

SO2Me) moiety, in order to form stilbene benzenesulfone analogues, with various 

functional groups, in order to explore their selectivity towards COX-2 inhibition 

further (Figure 6.4).  

 

 

 
Figure 6.4 Structure of stilbenebenzenesulfone analogues to be considered for future work  
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Chapter Seven: Experimental 

 

 General Experimental Details 

 

Reaction Conditions 

All moisture or oxygen sensitive reactions were performed under an atmosphere of 

nitrogen, using oven dried glassware, syringes and needles. All transfers were carried 

out using glass or plastic syringes. Stirring was by internal magnetic stirrer unless 

otherwise stated. The organic phases were dried with anhydrous magnesium sulfate or 

sodium sulfate. All reactions were monitored by TLC. 

 

Solvents 

Tetrahydrofuran, dichloromethane and chloroform were dried over molecular sieves 

(4Å). All other solvents were used as supplied from commercial sources. 

 

Reagents and Materials 

The materials and commercial available reagents were used as supplied unless stated 

otherwise.  
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Chromatography 

Thin layer chromatography analysis was carried out using POLYGRAM® SIL 

G/UV254 silica gel with fluorescent plates (Macherey-Nagel); thickness of layer 0.20 

mm. Visualisation by exposure to ultraviolet light (λ =  254 nm / 365 nm) and/or  by 

staining with iodine vapour. Flash column chromatography was carried out using 

Merck silica gel 60 (230- 400 mesh). Samples were applied in a concentrated form; 

using an appropriate solvent.  

 

Physical and analytical measurements 

Melting points were determined using a Griffin melting point apparatus and are 

uncorrected. Infrared spectra were recorded using either a Perkin Elmer FT-IR/FIR 

Spectrometer Frontier, with samples prepared as thin films on the universal ATR 

sampling accessory, or on a Varian FT-IR 800 Scimter series, with samples prepared 

as thin films between either NaCl plates or ATR sampling accessory, or on KBr discs.    

1H NMR and 13C NMR spectra were recorded on one of the following spectrometers: 

a Bruker AM360, operating at 150 MHz, 300 MHz, 500 MHz and 600 MHz and 

JEOL ECA, operating at 400 MHz and 600 MHz for proton (1H) and at 100 MHz and 

150 MHz for carbon (13C). NMR measurements were recorded in either chloroform-d 

(CDCl3) or dimethyl sulfoxide-d6 (DMSO-d6) as solvent, unless otherwise stated. For 

the identification of exchangeable protons, deuterium oxide (D2O) was used. The 

chemical shift values (δH and δC) are quoted as parts per million (ppm) relative to the 

internal standard tetramethylsilane (TMS) and/or the residual proton solvent peak for 

1H NMR spectra, and from the solvent peaks for 13C NMR, using values obtained 

from literature 296. The multiplicity of a 1H NMR signal is designated by the following 
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abbreviation: s = singlet, d = doublet, t = triplet, q = quartet, sep = septet, dd = doublet 

of doublets, dq = doublet of quartets, dsep = doublet of septets, m = multiplet and br = 

broad signal. Multiplets are reported as the mean chemical shift at which they appear. 

The coupling constants (J values) are reported to one decimal place with values in 

hertz (Hz). 1H NMR spectra are reported in the form δH (integration, multiplicity, 

coupling constants, assignment). 13C NMR data are recorded in the form δC 

(assignment). Low-resolution mass spectra, with electrospray ionisation (ESI) were 

recorded on a Varian system with 2 x 210 LC pumps, a 400 auto sampler and a 1200L 

mass spectrometer. 

 

Characterisation 

The structures of compounds synthesised within this experimental chapter were 

analysed and characterised on the basis of, but are not limited to, the following 

spectral data; IR, 1H NMR, 13C NMR and low-resolution mass spectra (ESI). In many 

instances assignment of 13C NMR signals were supported by DEPT experiments. The 

purity of the compounds was determined by NMR analysis, this technique was used to 

confirm the compounds synthesised were ≥ 95 % pure. General structural annotations 

for compounds characterised by 1H and 13C NMR analysis, can be seen in Appendix I. 

Wherever it was not possible to fully characterise a compound, by obtaining all 

required data, reasons for this have been specified in the main section of the thesis. 
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7.1 Experimental for Chapter 2 

 

(E)-(3-methylbut-1-en-1-yl)benzene (157) 

 

 

Triethyl phosphite (7.2 g, 44 mmol) and benzyl bromide (5.04 g, 29 mmol) were 

heated at 150 ºC, whilst stirring under a N2 atmosphere. Once the reaction was 

complete, 20 h, as indicated by TLC [3:1 DCM/cyclohexane], the mixture was cooled 

to room temperature; anhydrous DMF (150 mL). Sodium methoxide (20.99 g, 389 

mmol) was added and the resulting mixture was stirred for 30 min, followed by the 

addition of 2-methylpropanal. (1.98 g, 27 mmol). Upon completion of the reaction (24 

h), the mixture was poured into ice-cold water; the precipitate was filtered off and 

dried, to give the title product as an orange solid 3.23 g. Rf 0.90 [3:1 

DCM/cyclohexane]; υmax (neat)/cm-1 1466, 1620 (C=C), 2977, 3263 (C-H and =CH-); 

δH (400 MHz; CDCl3) 1.04 (6H, d, J = 6 Hz, CH3), 6.18 (1H, d, JAB = 16 Hz, trans-

HC=CH), 6.33 (1H, d, JAB = 15.9 Hz,  trans-HC=CH), 2.45 (1H, sep, J = 6 Hz, CH), 

7.37-7.20 (5H, m, ArH); δC (100 MHz; CDCl3) 22.5, 23.3 (2 x C1), 36.6 (C2), 126.6 

(C4’), 126.8 (C4), 127.7 (C3’ & C5’), 128.5 (C3’ & C6’), 137.4 (C1’), 138.1 (C3). % 

purity determined by 1H NMR (compound, 157, (25 %), compound, 162, (55 %), 

compound, 163, (20 %)). 
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Diethyl 3,5-dimethoxybenzylphosphonate (153) 

 

 

 

Triethyl phosphite (1.55 g, 9.3 mmol) was added to 3,5-dimethoxybenzyl bromide 

(1.43 g, 6.2 mmol). Following the addition, the resulting mixture was heated at 130 

°C, whilst stirring for 24 h under N2. Once the reaction was complete, as indicated by 

TLC  [3:1 DCM/cyclohexane], the reaction mixture was left to cool to room 

temperature, to give the desired product (1.98 g, 100 %) as an orange oil; Rf 0.22 [3:1 

DCM/cyclohexane]; υmax (film)/cm-1 1020 (C-O), 1248 (P=O), 1600 (C=C), 2842, 

2905, 2941, 2987 (C-H and =CH-), 3443 (H2O); δH (400 MHz; CDCl3) 1.22 (6H, dt, J 

= 7.2 Hz, C-CH3), 3.06 (2H, d, J = 21.6 Hz, CH2-P), 3.73 (6H, s, OMe), 3.98 (4H, m, 

O-CH2-C), 6.30 (1H, br, J = 6.1 Hz, ArH4), 6.41 (2H, br, J = 2.4 Hz, ArH 3 & 5); δC 

(100 MHz; CDCl3) 16.2, 16.4 (CH2-CH3), 33.3, 34.7 (CH2-P), 55.3 (OMe), 62.1, 62.2 

(O-CH2-C), 99.1 (C1), 107.8, 107.9 (C2 & C6), 133.6, 133.7 (C1), 160.7 (C3 & C5);  

LCMS (ESI) found m/z [M+H]+: 289, C13H21O5P requires 288.11.  
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3,4-bis((tert-butyldimethylsilyl)oxy)benzaldehyde (151a) 

 

 

 

To a stirred solution of 3,4-dihydroxybenzaldehyde (6.16 g, 44 mmol) in anhydrous 

DCM (120 mL), cooled to the required temperature (0 °C), triethylamine (9.43 g, 93 

mmol) was added, followed by DMAP (1.08 g, 8.8 mmol), in anhydrous DCM (80 

mL). Following the addition, the resulting mixture was stirred at 0 °C for 10 min. tert-

Butyldimethylsilyl chloride (14.1 g, 94 mmol) was added, and the resulting mixture 

warmed to room temperature and stirred for 18 h. Water (100 mL) was added to the 

reaction mixture, the mixture was extracted with dichloromethane (3 x 100 mL); the 

organic phases were combined, dried (Na2SO4), filtered and concentrated in vacuo. 

The crude product was purified by flash chromatography using DCM, to afford the 

title product, 151a, (16.06 g, 98 %), as a pale yellow oil; Rf 0.59 [DCM]; υmax 

(film)/cm-1 1590 (C=C), 1682 (C=O), 2856, 2936, 2959 (C-H and =CH-); δH (600 

MHz; CDCl3) 0.00 (12H, s, Si-CH3), 0.82 (18H, s, C-CH3), 6.90 (1H, d, J = 8.2 Hz, 

ArH5), 7.33 (1H, s, ArH2), 7.37 (1H, d, J = 7.8 Hz, ArH6), 9.75 (1H, s, CHO); δC (150 

MHz; CDCl3) -3.63 (Si-CH3), 17.9 (C-(CH3)3), 25.6 (C-(CH3)3), 108.9 (C2), 110.3 

(C5), 126.8 (C6), 130.0 (C1), 149.5 (C3) 154.4 (C4), 190.9 (CHO); LCMS (ESI) found 

m/z [M+3]+: 369, C19H34O3Si2 requires 366.20. 
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 3,4-bis((triisopropylsilyl)oxy)benzaldehyde (151b) 

 

 

 

To a stirred solution of 3,4-dihydroxybenzaldehyde (5.00 g, 36 mmol) in anhydrous 

DCM (120 mL), cooled to the required temperature (0 °C), triethylamine (7.69 g, 79 

mmol) was added, followed by DMAP (0.88 g, 7.2 mmol), in anhydrous DCM (100 

mL). Following the addition, the resulting mixture was stirred at 0 °C for 10 min. 

Triisopropylsilyl chloride (14.6 g, 76 mmol) was added drop wise, and the resulting 

mixture warmed to room temperature and stirred for 18 h. Water (100 mL) was added 

to the reaction mixture, the mixture was extracted with dichloromethane (3 x 100 mL); 

the organic phases were combined, dried (Na2SO4), filtered and concentrated in vacuo, 

to give the crude compound (15.67 g, 96 %). Purification by flash column 

chromatography [DCM], gave the title compound, 151b, (14.72 g, 90 %), as a yellow 

oil; Rf 0.62 [1:2 DCM/cyclohexane]; υmax (film)/cm-1 1593 (C=C), 1702 (C=O), 2729, 

2865, 2892, 2942 (C-H and =CH-); δH (400 MHz; CDCl3) 1.11 (36H, m, C-CH3), 1.32 

(6H, sep, J = 2.5 Hz, Si-CH), 6.92 (1H, d, J = 8.1 Hz, ArH5’), 7.30 (1H, dd, 4J  = 2.1 

Hz, J = 6.1 Hz, ArH2), 7.35 (1H, d, J = 2.0 Hz, ArH6), 9.77 (1H, s, CHO); δC (100 

MHz; CDCl3) 17.9 (CH-CH3), 26.9 (Si-CH), 118.9 (C2), 119.6 (C5), 125.2 (C6), 130.3 

(C1), 147.8 (C3) 153.4 (C4), 190.7 (CHO); LCMS (ESI) found m/z [M-H]- : 293, 

C16H25O3Si requires 293.16; 450, C25H46O3Si2 requires 450.30. % purity determined 

by 1H NMR (compound, 151b, (86 %), compound, 150, (14 %)). 
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(E)-((4-(3,5-dimethoxystyryl)-1,2-phenylene)bis(oxy))bis(triisopropylsilane) 

(154b) 

 

 

 

To a solution of diethyl 3,5-dimethoxybenzylphosphonate (7.40 g, 25 mmol) and          

3,4-bis((triisopropylsilyl)oxy)benzaldehyde (11 g, 24 mmol) in dry THF (100 mL) at 

0 ºC, under N2 atmosphere. Potassium-tert-butoxide (8.29 g, 113 mmol) was added, 

then the reaction was stirred for 18 h at room temperature, under N2 atmosphere. The 

reaction was monitored by TLC [DCM]. Once the reaction was complete, as indicated 

by TLC, the reaction was quenched by the addition of water (50 mL) and the reaction 

mixture was extracted with ethyl acetate (3 x 100 mL), the organic phases were 

combined, washed with saturated NH4Cl solution (50 mL), followed by water (50 

mL), then brine (50 mL), dried (Na2SO4), filtered and concentrated in vacuo to give 

the impure product (8.04 g, 56 %) as an orange oil. Purification by column 

chromatography on silica gel [1:10 cyclohexane/EtOAc], gave the product as a pale 

yellow oil (3.84 g, 27 %); Rf  0.10, 0.65, 0.73, 0.81, 0.93 [DCM]; υmax (film)/cm-1 1593 

(C=C), 2869, 2892, 2947 (C-H and =CH-); δH (400 MHz; CDCl3) 1.13 (36H, m, C-

CH3), 1.31 (6H, sep, J = 8.0 Hz, Si-CH), 3.82 (6H, s, OMe), 6.36 (1H, d, J = 2.0 Hz, 

ArH4), 6.63 (2H, d, J = 1.0 Hz, ArH2’ & 5’), 6.80 (1H, m, ArH2), 6.79 (1H, m, trans-

HC=CH), 6.94 (1H, d, JAB = 16.3 Hz, trans-HC=CH), 6.96 (1H, dd, 4J = 1.8 Hz, J = 

5.2 Hz, ArH6’), 6.98 (1H, s, ArH6 - overlapping); δC (100 MHz; CDCl3) 12.0, 12.3, 

(CH3), 17.7, 18.0 (Si-CH), 55.3 (OMe), 99.6 (C4), 104.4 (C2 & C6), 117.5 (C2’), 117.7 

(C5’), 124.0 (C6’), 127.1, 127.3 (C7’ & C7), 129.8 (C1’), 142.8 (C1), 147.1 (C4’) 147.2 
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(C3’), 160.9, 161.0 (C3 & C5); LCMS (ESI) found m/z [M+H]+: 427, C25H35O4Si 

requires 427.23, 589, C34H58O4Si2 requires 584.37. 

% purity determined by 1H NMR (compound, 154b, (79 %), compound, 169, (21 %)). 
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7.2 Experimental for Chapter 3 

 

3,5-dimethoxy-4-methylbenzaldehyde (183) 

 

 

 

A solution of 3,4,5-trimethoxybenzaldehyde dimethyl acetal (12.07 g, 50 mmol) in 

anhydrous THF (180 mL), was added dropwise, to a stirring mixture of sodium, 30-35 

wt % dispersion in paraffin, (9.88 g, 429 mmol) in anhydrous THF (60 mL) cooled to  

1 ºC, under an atmosphere of N2. The resulting mixture was stirred for 26 h under an 

atmosphere of N2, at room temperature. Once the reaction was complete, as indicated, 

by TLC [3:1 DCM/cyclohexane], the mixture was cooled to 0 ºC, followed by the 

dropwise addition of iodomethane (7 mL). The resulting mixture was stirred at room 

temperature, under an atmosphere of N2 for 24 h. Once the reaction complete, the 

mixture was added dropwise to water (120 mL) and extracted with ether (2 x 200 mL), 

the organic phases were collected and washed with water (120 mL), and the organic 

phase was separated and dried (MgSO4), filtered and concentrated in vacuo to afford 

the crude acetal. The crude solid was dissolved in a solution of 1M hydrochloric acid 

(200 mL) in THF (200 mL); (1:1) and stirred at room temperature for three days, after 

which the mixture was extracted with diethyl ether (3 x 120 mL), The organic phases 

were then combined and washed with water (2 x 120 mL), the organic phase was 

separated and dried with MgSO4, filtered and concentrated in vacuo. Recrystallization 

(propan-1-ol) gave the title compound, 183 (yield: 8.24 g, 92 %) as a yellow solid; Rf  
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0.59 [3:1 DCM/cyclohexane]; m.p. 86 ºC - 88 ºC (lit m.p. 89 - 90 °C 297); υmax 

(neat)/cm-1 1126, 1239 (C-O), 1391 (CH3), 1462, 1588 (C=C), 1684 (C=O), 2751, 

2797, 2847, 2931, 2973, 3015, 3066, 3112 (C-H and =CH-); δH (100 MHz; CDCl3) 

2.10 (3H, s, C-CH3), 3.88 (6H, s, OMe), 6.98 (2H, s, ArH2 & 6), 9.84 (1H, s, CHO); δC 

(100 MHz; CDCl3) 8.9 (CH3), 55.8 (OMe), 104.6 (C3 & C5), 122.4 (C1), 135.1 (C4), 

158.6 (C2 & C6), 191.9 (CHO); LCMS (ESI) found m/z [M-H]-  : 180, C10H12O3 

requires 180. The data was consistent with literature values 201, 202. 

 

 

4-(Bromomethyl)-1,2-dimethoxybenzene (187) 

 

 

 

Phosphorus tribromide (90 g, 335 mmol), dissolved in anhydrous diethyl ether (160 

mL) was slowly added to a stirred solution of 3,4-dimethoxybenzyl alcohol (47 g, 280 

mmol) in anhydrous diethyl ether (410 mL), at room temperature, under an 

atmosphere of N2, then the reaction was stirred for 22 h. Following the completion of 

the reaction, as indicated by TLC [DCM], the reaction mixture was poured into ice 

cold water (500 mL) and the mixture was neutralised by the addition of sodium 

hydrogen carbonate. The reaction mixture was extracted with dichloromethane (3 x 

200 mL), The organic phases were then combined and dried (MgSO4), filtered and 

concentrated in vacuo to give 4-(bromomethyl)-1,2-dimethoxybenzene, (yield: 65 g, 

101 %), as white crystals; Rf  0.22 [DCM]; m.p. 48 ºC - 51 ºC (lit m.p. 47 - 50 °C 97); 

υmax (KBr)/cm-1 1035 (C-O), 1420 (CH3), 1607, 1523 (C=C), 2839, 2910, 2952, 3005, 
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3014 (C-H and =CH-); δH (75 MHz; CDCl3) 3.73 (3H, s, OMe), 3.75 (3H, s, OMe), 

4.49 (2H, s, CH2), 6.78 (1H, d, J = 9 Hz, ArH3), 6.93 (2H, m, J = 9 Hz, ArH2 & 6); δC 

(100 MHz; CDCl3) 34.5 (CH2-Br), 55.7, 55.8 (2 x OMe), 111.1 (C3), 112.1 (C6), 120 

(C2), 130.8 (C1), 148.6 (C5), 149.2 (C4); LCMS (ESI) found m/z [M + H]+: 230 (79Br), 

C9H11BrO2 requires 229. The data was consistent with literature values 218. % purity 

determined by 1H NMR (compound, 187, (93 %), compound, 186, (7 %)). 

 

 

Diethyl (3,4-dimethoxybenzyl)phosphonate (185) 

 

 

 

Triethyl phosphite (77 g, 0.46 mol) was added to 3,4-dimethoxybenzyl bromide (71 g, 

0.31 mol), then the resulting solution was heated at 151 °C, under an atmosphere of 

N2, for 24 h. The desired product was obtained upon cooling to room temperature 

(yield: 50.60 g, 57 %) as colourless oil. No further work up or additional purification 

was performed. Rf 0.08 [2:1 DCM/cyclohexane]; υmax (neat)/cm-1 1249 (P=O), 2832, 

2907, 2937, 2978 (C-H and =CH-); δH (400 MHz; CDCl3) 1.16 (6H, t, J = 4.1 Hz, C-

CH3), 2.94 (2H, d, J = 21.1 Hz, CH2-P), 3.73 (3H, s, OMe), 3.75 (3H, s, OMe), 3.92 

(4H, m, J = 5.4 Hz, O-CH2-C), 6.78 (1H, d, J = 9 Hz, ArH3), 6.94 (2H, m, J = 9 Hz, 

ArH2 & 6); δC (100 MHz; CDCl3) 16.4 (2 x CH3), 32.4, 33.8 (CH2-P), 55.8 (2 x OMe), 

62.7, 62.0 (2 x OCH2), 111.1 (C3), 112.8 (C6), 121.8 (C2), 123.7 (C4) 147.9 (C5), 148.8 

(C4); LCMS (ESI) found m/z [M + H]+: 289, C13H21O5P requires 288. % purity 
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determined by 1H NMR (compound, 185, (48 %), triethyl phosphite (52 %)). The data 

was consistent with literature values 201, 202. 

 

 (E)-5-(3,4-dimethoxystyryl)-1,3-dimethoxy-2-methylbenzene (182) 

 

 
 

To a stirred mixture of the diethyl (3,4-dimethoxybenzyl)phosphonate (50.60 g, 0.17 

mmol) in anhydrous DMF (210 mL) at room temperature, under an atmosphere of N2, 

sodium methoxide (9.1 g, 0.16 mol) was added. The reaction was stirred for 30 min, 

then 3,5-dimethoxy-4-methylbenzaldehyde (20.24 g, 0.11 mmol) in anhydrous DMF 

(50 mL) was added to the stirred mixture and the reaction mixture was left to stir at 

room temperature. The reaction was monitored by TLC [3:1 DCM/cyclohexane]. 

Once the reaction was complete, as indicated by TLC, the reaction was quenched by 

the addition of ice and stirred. The precipitate was filtered off, washed with cold water 

and air dried to give the crude product; (E)-5-(3,4-dimethoxystyryl)-1,3-dimethoxy-2-

methylbenzene (yield: 12.29 g, 35 %), as a pale yellow solid. Rf 0.48 [3:1 

DCM/cyclohexane]; m.p. 147 ºC - 159 ºC; υmax (KBr)/cm-1 1143 (C-O), 1420 (CH3), 

1462, 1511, 1584 (C=C), 2849, 2917, 2956, 2994, 3002 (C-H and =CH-); δH (400 

MHz; CDCl3) 2.10 (3H, s, CH3), 3.87 (6H, s, OMe), 3.89 (3H, s, OMe), 3.94 (3H, s, 

OMe), 6.68 (2H, s, ArH2 & 6), 6.86 (1H, d, J = 12 Hz, ArH5’), 6.93 (1H, d, JAB = 16.2 

Hz, trans-HC=CH), 7.02 (1H, m, trans-HC=CH), 6.97 (1H, m, ArH2’), 7.27 (1H, d, J 

= 6 Hz, ArH6’); δC (100 MHz; CDCl3) 8.93 (CH3), 55.8, 55.9 (OMe), 101.8 (C2 & C6), 

108.7 (C2’), 111.3 (C5’), 114.2 (C4), 119.8 (C6’), 127.4, 127.7 (C7 & C7’), 130.5 (C1’), 
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136.0 (C1), 148.9 (C4’), 149.2 (C3’), 158.5 (C3 & C5); LCMS (ESI) found m/z [M + 

H]+: 315, C19H22O4 requires 314. % purity determined by 1H NMR (compound, 182, 

(86 %), compound, 183, (14 %)). 

 

 

Attempted Synthesis of (E)-2-(bromomethyl)-5-(3,4-dimethoxystyryl)-1,3-

dimethoxybenzene (181b) 

 

 

To the crude (E)-5-(3,4-dimethoxystyryl)-1,3-dimethoxy-2-methylbenzene (0.92 g, 

2.9 mmol) dissolved in carbon tetrachloride (70 mL), N-bromosuccinimide (2.08 g, 12 

mmol) followed by 2,2′-azobis(2-methylpropionitrile) (0.032 mg, 1.9 x 10-5 mmol) 

was added, then the mixture was heated under reflux at 78 °C, whilst stirring for 24 h. 

The reaction was monitored by TLC [3:1 DCM/cyclohexane], once the reaction was 

complete, the mixture was cooled and filtered using a sintered funnel, to collect the 

succinimide solid. The organic solvent was washed with water (3 x 100 mL) dried 

(Na2SO4), filtered and concentrated in vacuo. Petroleum ether, 40 – 60 % (50 mL) was 

added and the precipitate was filtered under vacuum, to afford a beige solid. Yield:    

0.22 g, 19 %;  Rf 0.55 [2:1 EtOAc/cyclohexane]; m.p. 98 - 110 ºC; υmax (neat)/cm-1 

1167 (C-O), 1514, 1589 (C=C), 2843, 2948, 3014 (C-H and =CH-); δH (400 MHz; 

CDCl3) 3.88 (6H, s, OMe), 3.90 (3H, s, OMe), 3.93 (3H, s, OMe), 4.58 (2H, q, J = 

3.12 Hz, CH2-Br), 6.85 (2H, s, ArH2 & 6), 6.89 (1H, m, trans-HC=CH), 6.92 (1H, m, 

ArH5’), 6.99 (1H, d, JAB = 16.0 Hz, trans-HC=CH), 7.32 (1H, m, ArH2’), 7.53 (1H, m, 

ArH6’); LCMS (ESI) found m/z [M+H]+: 393, C19H21BrO4 requires 392. 
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Diethyl (4-(dimethoxymethyl)-2,6-dimethoxybenzyl)phosphonate (190) 

 

 

 

A solution of 3,4,5-trimethoxybenzaldehyde dimethyl acetal (3.23 g, 13 mmol) in 

anhydrous THF (30 mL), was added dropwise, to a stirring mixture of sodium, 30-35 

wt % dispersion in paraffin (2.8 g, 121 mmol) in anhydrous THF (110 mL) cooled to 0 

ºC, under an atmosphere of N2. The resulting mixture was stirred for 24 h under an 

atmosphere of N2, at room temperature. Once the reaction complete, as indicated by 

TLC [3:1 DCM/cyclohexane], the mixture was cooled to 0 ºC and diethyl  

iodomethylphosphonate (5.0 g, 18 mmol) was added drop wise. The resulting mixture 

was stirred at room temperature, under N2 for 24 h. The reaction was quenched by the 

addition of water (20 mL) and extracted with ether (3 x 30 mL), the organic phases 

were collected and washed with water (20 mL), and then brine (20 mL), and the 

organic phases were collected, dried (MgSO4), filtered and concentrated in vacuo to 

afford the crude acetal, as a fluffy orange solid. The crude acetal was immediately 

used for the next reaction. Yield: 6.92 g. Rf 0.06 [3:1 DCM/cyclohexane]; υmax 

(neat)/cm-1 1118, 1204 (C-O), 1462, 1595 (C=C), 2847, 2915, 2953 (C-H and =CH-); 

δH (400 MHz; CDCl3) 1.24 (6H, t - broad,  C-CH3), 3.32 (2H, d - broad, CH2-P), 3.47 

(6H, m - broad, OMe), 3.84 (6H, m - broad, OMe), 3.95 (4H, m, O-CH2-C), 6.38 (1H, 

s, CH), 6.50 (2H, s - broad, ArH2 & 6); LCMS (ESI) found m/z = 361, C16H27O7P 

requires 362. Broad peak signals were observed in the NMR spectrum, therefore the 
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product could not be fully characterised by NMR analysis. % purity determined by 1H 

NMR (compound, 190, (86 %), compound, 184, (14 %)). 

 

 

(E)-5-(dimethoxymethyl)-1,3-dimethoxy-2-(3-methylbut-1-en-1-yl)benzene (191) 

 

 

 

Crude diethyl (4-(dimethoxymethyl)-2,6-dimethoxybenzyl)phosphonate (6.70 g, 18 

mmol) was stirred in anhydrous THF (30 mL) at room temperature, under an 

atmosphere of N2. t-BuOK (8.61 g, 77 mmol) was added and the resulting mixture 

was stirred for 15 min; 2-methylpropanal (1.58 g, 22 mmol) was added to the stirred 

mixture and left to stir at room temperature. The reaction was monitored by TLC [3:1 

DCM/cyclohexane], once the reaction was complete, the reaction was quenched by 

the addition of ice and the resulting mixture was extracted with ether (3 x 150 mL), 

the organic phases were collected and washed with water (50 mL), then brine (50 

mL). The organic phases were collected, dried (MgSO4), filtered and concentrated in 

vacuo to afford an orange solid. The crude product, was immediately used for the next 

reaction. Yield: 8.14 g, 157 %. Rf  0.16  [3:1 DCM/cyclohexane]; υmax (neat)/cm-1 

1119, 1204   (C-O), 1462, 1596 (C=C), 2848, 2915, 2956 (C-H and =CH-); δH (400 

MHz; CDCl3) 0.94 (6H, d, J = 6.7 Hz, C-(CH3)2), 1.92 (1H, dsep, CH-(CH3)2), 3.46 

(6H, s, OMe), 3.78 (6H, s, OMe), 6.35 (1H, dd, J = 16.0 Hz, J = 2.3 Hz, trans-

CH=CH), 6.52 (1H, d, JAB = 15.9 Hz, trans-CH=CH), 6.67 (2H, d, J = 2.2 Hz, ArH2 & 
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6), 6.75 (1H, s, CH); LCMS (ESI) found m/z [M-H]- : 279, C16H24O4 requires 280. % 

purity determined by 1H NMR (compound, 190, (71 %), compound, 191, (29 %)). 

 

 

(E)-3,5-dimethoxy-4-(3-methylbut-1-en-1-yl)benzaldehyde (192) 

 

 

 

The crude acetal (8.04 g, 29 mmol) was dissolved in a solution of 1M HCl : THF (75 

mL : 75 mL) and stirred at room temperature for 48 h, after which the mixture was 

extracted with diethyl ether (3 x 150 mL), the organic phases were then combined and 

washed with water (50 mL), the organic phase were collected, dried (MgSO4), filtered 

and concentrated in vacuo, to give the crude yellow fluffy solid. The crude product, 

was immediately used for the next reaction. Yield: 6.56 g, 98 %. Rf 0.36 [3:1 

DCM/cyclohexane]; υmax (neat)/cm-1 1072 (C-O), 1472 (C=C), 1706 (C=O), 2848, 

2915, 2956 (C-H and =CH-); δH (400 MHz; CDCl3) 0.96 (6H, d, J = 6.9 Hz, C-

(CH3)2), 1.91 (1H, dsep,  J = 4.0 Hz, CH-(CH3)2), 3.77 (6H, s, OMe), 6.47 (1H, dd, 

JAB = 16.0 Hz, JAB = 2.4 Hz, trans-CH=CH), 6.54 (1H, d, JAB =15.9 Hz, trans-

CH=CH), 6.66 (2H, d, J = 2.2 Hz, ArH2 & 6), 9.82 (1H, s, CHO); LCMS (ESI) found 

m/z [M-H]- : 233, C14H18O3 requires 234. % purity determined by 1H NMR 

(compound, 192, (52 %), compound, 191, (48 %)). 
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5-((E)-3,4-dimethoxystyryl)-1,3-dimethoxy-2-((E)-3-methylbut-1-en-1-yl)benzene 

(3) 

 

 

 

To a stirred mixture of the benzylphosphonate (5.23 g, 18 mmol) in THF (40 mL) at 

room temperature, t-BuOK (6.02 g, 54 mmol) was added and the resulting mixture 

was stirred. (E)-3,5-Dimethoxy-4-(3-methylbut-1-en-1-yl)benzaldehyde (6.53 g, 18 

mmol) was added and the reaction mixture was left to stir at room temperature. The 

reaction was monitored by TLC [3:1 dichloromethane/cyclohexane]. Once the 

reaction was complete (24 h), the reaction was quenched by the addition of water (50 

mL) and extracted with ether (3 x 100 mL); the organic phases were collected and 

washed with water (50 mL), and the organic phase was separated, dried (MgSO4), 

filtered and concentrated in vacuo to afford the product, as a golden yellow oil (yield: 

3.09 g, 30 %). Trituration of the crude product [diethyl ether/cyclohexane], gave the 

titled product, 3, as an orange solid. Yield 30 %; Rf 0.67 [3:1 DCM/cyclohexane]; 

m.p. 78 - 89 ºC; υmax (neat)/cm-1 1205 (C-O), 1377, 1515 (CH3), 1462, 1597 (C=C), 

2848, 2915, 2955 (C-H and =CH-); δH (400 MHz; CDCl3) 0.95 (6H, d, J = 6.8 Hz, C-

(CH3)2), 1.92 (1H, dsep, CH-(CH3)2), 3.77 (3H, s, OMe), 3.79 (3H, s, OMe), 3.87 (6H, 

s, OMe), 6.47 (1H, d, JAB = 16.0 Hz, trans-CH=CH), 6.55 (1H, d, JAB = 16.0 Hz, 

trans-CH=CH), 6.67 (2H, d, J = 2.4 Hz, ArH2 & 6), 6.79 (1H, d, JAB = 16.0 Hz, trans-

HC=CH stilbene), 6.85 (1H, m, trans-HC=CH stilbene), 6.82 (1H, m, ArH6’ - overlapping), 

6.89 (1H, d, J = 2.5 Hz, ArH2’), 6.98 (1H, m, ArH6’); LCMS (ESI) found m/z [M-H]- : 

367, C23H28O4 requires 368. 
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 Model reaction: Demethylation with boron tribromide (202a) 

 

 

To a solution of (E)-1,2-dimethoxy-4-(4-methylstyryl)benzene (0.5 g, 1.9 mmol) 

dissolved in dry DCM (45 mL), cooled to -20 ºC, whilst stirring under an atmosphere 

of N2, boron tribromide (1.97 g, 7.9 mmol) was added dropwise. Following the 

addition, the round bottom flask was allowed to warm up to room temperature, whilst 

stirring. Once the reaction was complete (4 h), as indicated by TLC [1:2 

EtOAc/DCM], the reaction mixture was added dropwise into a saturated solution of 

NaHCO3 (40 mL), whilst stirring, then the DCM solvent was removed. The resulting 

aqueous solution was extracted with ethyl acetate (3 x 100 mL), the organic phases 

were collected, dried (Na2SO4), filtered and concentrated in vacuo. Yield of crude 

product: 0.34 g, 76 %, as a yellow oily solid. Trituration of the crude product [diethyl 

ether / cyclohexane], gave the pure product (0.20 g, 44 %), as a pale yellow solid. Rf  

0.75 [1:5 EtOAc/DCM]; m.p. 140 °C – 143 °C; υmax (neat)/cm-1 1439, 1516, 1597 

(C=C), 2855, 2913, 3023 (C-H and =CH-), 3344 (OH); δH (400 MHz; CDCl3) 2.34 

(3H, s, CH3), 4.82 (2H, s - broad, OH), 6.83 (1H, d, J 8.0 Hz, ArH5’), 6.89 (1H, d, JAB 

= 16.0 Hz, trans-HC=CH), 6.94 (1H, d, JAB = 16.0 Hz, trans- HC=CH), 6.94 (1H, dd, 

J = 2.3 Hz, J  = 8.0 Hz, ArH6’), 7.05 (1H, d, J = 2.0 Hz, ArH2’), 7.14 (2H, d, J = 8.0 

Hz, ArH3 & 5), 7.36 (2H, d, J = 8.0 Hz, ArH2 & 6); δC (100 MHz; CDCl3) 21.0 (CH3), 

116.1 (C2’), 119.5 (C5’), 125.0 (C6’), 132.8 (C7 & C7’), 133.8, 133.9 (C2 & C6), 136.7 

(C3 & C5), 139.2 (C1), 143.4 (C1), 146.5 (C4), 154.10 (C3’), 154.63 (C4’); LCMS (ESI) 

found m/z [M-H]- : 225, C15H14O2 requires 226. 
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Model reaction: Attempted demethylation with pyridine hydrochloride (202b) 

 

 

(E)-1,2-Dimethoxy-4-(4-methylstyryl)benzene (0.74 g, 2.9 mmol) and excess molten 

pyridine hydrochloride (5.42 g, 47 mmol) were mixed and heated (141 ºC), whilst 

stirring for 1 h. Once the reaction was complete, as indicated by TLC [2:1 

DCM/cyclohexane], the reaction mixture was poured into 2N HCl (50 mL) and the 

resulting mixture was extracted with ethyl acetate (3 x 100 mL), dried over Na2SO4, 

filtered and concentrated in vacuo to yield the impure product. Purification by 

trituration with ether : cyclohexane (3:1), gave the pure product (0.17 g, 26 %), as a 

deep orange solid. Rf  0.08 [3:1 DCM/cyclohexane]; υmax (neat)/cm-1 1515, 1601 

(C=C), 2856, 2911, 3025 (C-H and =CH-), 3405 (OH); δH (600 MHz; CDCl3) 2.33 

(3H, s, CH3), 5.12 (2H, s, OH), 6.82 (1H, d, J = 8.2 Hz, ArH5’), 6.90 (1H, m, trans-

HC=CH), 6.94 (1H, m, trans-HC=CH), 9.40 (1H, dd, J = 2.4 Hz, J = 7.8 Hz, ArH6’), 

7.04 (1H, d, J = 2.0 Hz, ArH2’), 7.12 (2H, d, J = 7.8 Hz, ArH3 & 5), 7.35 (2H, d, J = 

7.8 Hz, ArH2 & 6); δC (100 MHz; CDCl3) 21.2 (CH3), 112.8 (C2’), 115.5 (C5’), 120.0 

(C6’), 126.2 (C7 & C7’), 127.0 (C2 & C6), 129.3 (C3 & C5), 131.3 (C1’), 134.6 (C1), 

137.1 (C4) 143.1 (C3’), 143.5 (C4’); LCMS (ESI) found m/z [M-H]- : 225, C15H14O2 

requires 226. % purity determined by 1H NMR (compound, 202b, (38 %), ethyl 

acetate (44 %), compound, 199, (18 %)). 
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7.3 Experimental for Chapter 4 

 

5-(Bromomethyl)-1,2,3-trimethoxybenzene (208) 

 

 

To a solution of 3,4,5-trimethoxybenzyl alcohol (37 g, 187 mmol) in anhydrous 

dichloromethane (535 mL), cooled to -5 °C, whilst stirring, phosphorus tribromide (35 

g, 144 mmol) was added dropwise and the resulting mixture was stirred for 4 h at -5 

°C. Once the reaction was complete, as indicated by TLC [3:1 DCM/cyclohexane], the 

reaction mixture was added slowly to ice whilst stirring and neutralised with sodium 

hydrogen carbonate. The mixture was extracted with dichloromethane (3 x 120 mL); 

the organic phases were combined and dried (Na2SO4) filtered and concentrated in 

vacuo to afford the crude title compound, 208, (yield: 38.60 g), as a pale pink solid; Rf 

0.24 [3:1 DCM/cyclohexane]; υmax (neat)/cm-1 668 (C-Br), 1125 (C-O), 1469, 1592 

(C=C), 22836, 2940, 2969, 2994, 3077 (C-H and =CH-); δH (400 MHz; CDCl3) 3.79 

(3H, s, OMe), 3.81 (6H, s, OMe), 4.41 (2H, s, CH2), 6.57 (2H, s, ArH2 & 6); δC (100 

MHz; CDCl3) 34.5 (CH2), 56.1 (2 x OMe - meta), 60.9 (OMe), 106.1 (C2 & C6), 133.2 

(C1), 138.0 (C4), 153.3 (C3 & C5). LCMS (ESI) found m/z [M-H]-  : 259, C10H13BrO3 

requires 260.00. 
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Diethyl 3,4,5-trimethoxybenzylphosphonate (209) 

 

 

 

The diethyl benzylphosphonate derivative was prepared according to the procedure 

reported by Azzena et al., 222. Triethyl phosphite (37.46 g, 225 mmol) and 5-

(bromomethyl)-1,2,3-trimethoxybenzene (38.60 g, 148 mmol), were heated under 

reflux at 151 °C under an atmosphere of N2, for 24 h. Following completion, as 

indicated by TLC [3:1 DCM/cyclohexane], the reaction mixture was left to cool to 

room temperature, yielding the desired product (yield: 61.16 g, 130 %), as a pale 

yellow viscous oil; Rf 0.09 [3:1 DCM/cyclohexane]; υmax (neat)/cm-1 1247 (P=O), 

1462, 1590 (C=C),  2839, 2913, 2940, 2986 (C-H and =CH-); δH (400 MHz; CDCl3) 

0.89 (6H, t,           J = 7.0 Hz, C-CH3), 2.70 (2H, d, J = 21.4 Hz, CH2-P), 3.42 (3H, s, 

OMe), 3.46 (6H, s, OMe), 3.66 (4H, dq, J = 7.0 Hz, O-CH2), 6.18 (2H, d, J = 2.5 Hz, 

ArH2 & 6); δC (100 MHz; CDCl3) 16.0, 16.1 (2 x CH3), 32.7, 34.1 (CH2-P), 55.7 (2 x 

OMe - meta), 60.3 (OMe), 61.7, 61.8 (2 x O-CH2), 106.6, 106.7 (C2 & C6), 126.8 (C1), 

136.7 (C4), 152.8 (C3 & C5); LCMS (ESI) found m/z [M + H]+: 319, C14H23O6P 

requires 318. % purity determined by 1H NMR (compound, 208, (90 %), triethyl 

phosphite (10 %)). 
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3,5-dimethoxybenzaldehyde (211) 

 

 

 

To a solution of anhydrous tetrahydrofuran (360 mL) and sodium metal, 30-35 wt. % 

dispersion in wax (5.79 g, 84 mmol), cooled to -5 °C,  3,4,5-

trimethoxybenzylaldehyde dimethyl acetal (26.17 g, 108 mmol) dissolved in 

anhydrous tetrahydrofuran (144 mL) was added drop wise, under an atmosphere of 

N2, and the resulting mixture was stirred for 3 days at room temperature. Once the 

reaction was complete, as indicated by TLC, the reaction mixture was quenched by 

the dropwise addition of water (480 mL). The mixture was extracted with diethyl ether 

(3 x 360 mL); the organic phases were combined and washed with brine, then dried 

(Na2SO4), filtered and concentrated in vacuo to afford the crude acetal. The crude 

acetal (29.2 g) was dissolved in THF (395 mL): 1M HCl (395 mL), the reaction 

mixture was stirred for 48 h at room temperature. Once the reaction was complete, as 

indicated by TLC, the reaction mixture was extracted with diethyl ether (4 x 360 mL); 

the organic phases were combined and washed with water (4 x 360 mL), then brine 

(20 mL), then dried (MgSO4), filtered and concentrated in vacuo to afford the afford 

the title compound, 211, (yield: 18.02 g, 100 %), as a yellow solid; m.p. 45 - 48 ºC 

(Lit. m.p. 46 – 48 ºC 202); Rf 0.74 [3:1 DCM/cyclohexane]; υmax (KBr)/cm-1 1129, 

1234 (C-O), 1463, 1592 (C=C), 1695 (C=O), 2755, 2850 (CHO), 2921, 3010, 3092 

(C-H and =CH-); δH (400 MHz; CDCl3) 3.74 (3H, s, OMe), 3.75 (3H, s, OMe), 6.60 

(1H, m, ArH4), 6.91 (2H, m, ArH2 & 6), 9.80 (1H, s, CHO); δC (100 MHz; CDCl3) 55.5 
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(OMe), 107.0 (C2 & C6), 138.4 (C1 & C4), 139.4 (C3 & C5), 191.8 (CHO); LCMS 

(ESI) found m/z [M-H]- : 165, C9H10O3 requires 166. The data was consistent with 

literature values 202. 

 

 

(E)-5-(3,5-dimethoxystyryl)-1,2,3-trimethoxybenzene (124) 

 

 

To a stirred mixture of 3,5-dimethoxybenzaldehyde (18.02 g, 108 mmol) in DMF (270 

mL) at room temperature, under N2, diethyl (3,4,5-trimethoxybenzyl)phosphonate 

(33.06 g, 104 mmol), followed by sodium methoxide (28.5 g, 528 mmol) was added. 

The reaction was stirred at room temperature, under an atmosphere of N2. Once the 

reaction was complete, as indicated by TLC [3:1 DCM/cyclohexane], the reaction was 

quenched by the addition of ice and stirred. The precipitate formed was filtered off, 

washed with cold water and air dried to give the impure product as a pale brown solid 

(72 %). Purification by recrystallization (ethanol) afforded the desired product, 124, as 

a white crystals. Yield: 13.39 g, 39 %; m.p. 128 - 132 ºC (Lit. m.p. 135 ºC 298; Rf 0.27 

[3:1 DCM/cyclohexane]; υmax (KBr)/cm-1 1511, 1589 (C=C), 2835, 2849, 2918, 2976, 

3005, 3034 (C-H and =CH-); δH (400 MHz; CDCl3) 3.85 (6H, s, OMe), 3.89 (3H, s, 

OMe), 3.93 (6H, s, OMe), 6.41 (1H, t, J = 2.2 Hz, ArH4), 6.68 (2H, d, J = 2.2 Hz, 

ArH2& 6), 6.75 (2H, s, ArH2’ & 6’), 6.95 (1H, d, JAB = 16.1 Hz, trans-HC=CH), 7.03 

(1H, d, JAB = 16.5 Hz, trans-HC=CH); δC (75 MHz; CDCl3) 55.4, 56.2, 61.0 (OMe), 

100.0 (C4), 103.7 (C2’ & C6’), 104.5 (C2 & C6), 128.2, 129.2 (C7 & C7’), 132.9 (C1’), 
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138.1 (C4’), 139.3 (C6’'), 153.4 (C3’ & C6’), 161.0 (C3 & C5); LCMS (ESI) found m/z 

[M + H]+: 331, C19H22O5 requires 330. 

 

Pentyltriphenylphosphonium bromide (215)  

 

 
To a stirred solution of 1-bromopentane (9.99 g, 66 mmol) in toluene (50 mL),  

triphenylphosphine (4.32 g, 16 mmol), was added, the mixture was refluxed 18 h. 

Following completion, as indicated by TLC [3:1 cyclohexane/DCM], the reaction 

mixture was left to cool to room temperature and the mixture was poured into ice, 

filtered and washed with cold diethyl ether, to afford the crude product as a white 

solid. Yield: 1.42 g, 21 %;  Rf 0.08 [3:1 cyclohexane/DCM]; m.p. 150 - 153 °C (Lit 

m.p. 167 – 168 °C 299); υmax (KBr)/cm-1 1436, 1585 (C=C), 2793, 2859, 2956, 3055 

(C-H and =CH-); δH (400 MHz; CDCl3) 0.69 (3H, t, J = 7.3 Hz, C-CH3), 1.18 (2H, q, 

J = 7.2 Hz, CH2), 1.51 (4H, m, CH2), 3.57 (2H, t, J = 3.3 Hz, CH2-P), 7.61 (6H, m, 

ArH2), 7.71 (9H, m, ArH4 & 3); δC (100 MHz; CDCl3) 13.6 (CH3), 22.1, 22.5, 23.0 

(CH2), 32.3, 32.4 (CH2-P), 130.5, 130.6 (C1), 133.5, 133.6 (C3 & C2), 135.1 (C1); 

LCMS (ESI) found m/z [M-H ]: 332 C23H26P+ requires 333. 

 The data was consistent with literature values 105.
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7.4 Experimental for Chapter 5 

 

Diethyl benzylphosphonate (162)  

 

 

 

Triethyl phosphite (210 g, 1.26 mol) and benzyl bromide (179 g, 1.05 mol), were 

heated at 160 °C, under an atmosphere of N2, for 48 h. The reaction was monitored by 

TLC [2:1 EtOAc/cyclohexane]. Following completion, as indicated by TLC, the 

reaction mixture was left to cool to room temperature affording the desired product 

(yield: 116.5 g, 48 %) as pale yellow oil; Rf  0.45 [2:1 EtOAc/cyclohexane]; υmax 

(NaCl)/cm-1 1250 (P=O), 2908, 2933, 2982, 3034, 3063, 3090 (C-H and =CH-); δH 

(600 MHz; CDCl3) 1.16 (6H, t, J = 7.3 Hz, C-CH3), 3.09 (2H, d, J = 21.9  Hz, CH2-

P), 3.95 (4H, m, O-CH2-C), 7.18 - 7.24 (5H, m, ArH); δC (100 MHz; CDCl3) 16.74 (2 

x CH3), 33.1, 34.5 (CH2-P), 62.1, 62.2 (2 x O-CH2), 126.9 (C1), 128.5 (C3 & C5), 

129.8 (C2 & C6), 131.6, 131.7 (C4); LCMS (ESI) found m/z [M + H]+: 229, C11H17O3P 

requires 228. 
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Diethyl 4-(chlorosulfonyl)benzylphosphonate (220)  

 

 

Diethyl 4-(chlorosulfonyl)benzylphosphonate was prepared according to the 

procedure reported by Herweh 275.  Chlorosulfonic acid (152 g, 1.31 mol) was cooled 

to 0 °C. Diethyl benzylphosphonate (30 g, 131 mmol) was added dropwise and the 

resulting mixture was stirred for 24 h at room temperature. Once the reaction was 

complete, as indicated by TLC [4:1 EtOAc/cyclohexane], the reaction mixture was 

added slowly to ice whilst stirring. The mixture was extracted with dichloromethane 

(4 x 150 mL); the organic phases were combined and washed with 10 % aqueous 

sodium hydrogen carbonate solution (3 x 50 mL). The organic phases were then 

combined and washed with brine (50 mL), the organic phase was separated and dried 

(Na2SO4), filtered and concentrated in vacuo (yield: 38.83 g, 90 %),  to give the 

product as a viscous pale yellow oil; Rf 0.22 [4:1 EtOAc/cyclohexane]; υmax 

(NaCl)/cm-1 1246 (P=O), 1173, 1369 (S=O), 1592 (C=C), 2911, 2932, 2984, 3051, 

3091 (C-H and =CH-); δH (600 MHz; CDCl3) 1.21 (6H, t, J = 7.3 Hz, C-CH3), 3.20 

(2H, d, J = 22.0 Hz, CH2-P), 4.01 (4H, m, OCH2-C), 7.49 (2H, dd, J = 8.2 Hz, J = 2.0 

Hz, ArH3 & 5), 7.90 (2H, d, J = 8.2 Hz, ArH2 & 6); δC (150 MHz; CDCl3) 16.2 (2 x 

CH3), 33.2, 34.1 (CH2-P), 62.3 (2 x O-CH2), 126.9 (C2 & C6), 130.8 (C3 & C5), 140.5 

(C4), 142.6 (C1); LCMS (ESI) found m/z [M + H]+: 327 (35Cl), 329 (37Cl), 328 (35Cl 

and 13C), C11H16ClO5PS requires 326. % purity determined by 1H NMR (compound, 

220, (82 %), compound, 162, (18%)).
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Diethyl 4-sulfamoylbenzylphosphonate (221a) 

 

 

 

Method A: A solution of ammonia solution in 2M EtOH (16 mL) in ethanol (20 mL), 

was added slowly to a stirred solution of diethyl 4-(chlorosulfonyl)benzylphosphonate 

(18.28 g, 56 mmol), cooled to the required temperature (< 10 ºC). Following the 

addition, the resulting mixture was stirred at room temperature. Once the reaction was 

complete, as indicated by TLC [1:4 cyclohexane/EtOAc], the mixture was poured into 

a minimal amount of ice and filtered to afford a solid product (yield: 13.41 g, 78 %) as 

a white solid. Rf 0.16 [EtOAc]; m.p. 145-149 °C; υmax (NaCl)/cm-1 1234 (P=O), 1156, 

1337 (S=O), 1604 (C=C), 2921, 2995, 3058, 3141 (C-H and =CH-), 3200, 3298 (N-

H); δH (600 MHz; CDCl3) 1.25 (6H, t, J = 7.8 Hz, C-CH3), 3.19 (2H, d, J = 22.0 Hz, 

CH2-P), 4.03 (4H, m, OCH2), 4.99 (2H, s, NH2), 7.42 (2H, dd, J = 8.2 Hz,  J = 1.9 

Hz, ArH 3 & 5), 7.85 (2H, d, J = 8.2 Hz, ArH 2 & 6); δC (150 MHz; CDCl3) 16.3  (2 x 

CH3), 33.2, 34.1 (CH2-P), 62.4 (2 x O-CH2), 126.6 (C2 & C6), 129.2 (C3 & C5), 130.4 

(C4), 137.0 (C1); LCMS (ESI) found m/z [M-H]- : 305,  [M+H]+: 308, C11H18NO5PS 

requires 307. % purity determined by 1H NMR (compound, 221a, (90 %), compound, 

220,(10%)).
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Diethyl 4-(N-methylsulfamoyl)benzylphosphonate (221b) 

 

 

 

According to method A; the reaction with diethyl 4-

(chlorosulfonyl)benzylphosphonate (4.04 g,  12 mmol) and methylamine solution 40 

wt % in H2O (2.4 mL) gave the desired product, 221b (yield: 2.25 g, 57 %) as a white 

solid; Rf  0.11 [1:4 cyclohexane/EtOAc]; m.p. 112-115 °C; υmax (NaCl)/cm-1  1242 

(P=O), 1159, 1311 (S=O), 2866, 2910, 2989, 3097 (C-H and =CH-), 3313 (N-H); δH 

(600 MHz; CDCl3) 1.23 (6H, t, J = 7.8 Hz, C-CH3), 2.62 (3H, d, J = 5.5 Hz, N-CH3), 

3.19 (2H, d, J = 22.4 Hz, CH2-P), 4.02 (4H, m, O-CH2), 4.68 (1H, q, J = 5.0 Hz, N-

H), 7.43 (2H, dd, J = 8.2 Hz, J = 1.9 Hz, ArH 3 & 5), 7.78 (2H, d, J = 8.2 Hz, ArH 2 & 

6); δC (150 MHz; CDCl3) 16.3 (2 x CH3), 29.1 (N-CH3), 33.4, 34.3 (CH2-P), 62.4 (2 x 

O-CH2), 127.4 (C2 & C6), 130.5 (C3 & C5), 137.2 (C4), 137.6 (C1); LCMS (ESI) found 

m/z [M-H]- : 320, [M+H]+: 322, C12H20NO5PS requires 321.  
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Diethyl 4-(N-ethylsulfamoyl)benzylphosphonate (221c) 

 

 

 

According to method A; the reaction with diethyl 4-

(chlorosulfonyl)benzylphosphonate (4.27 g, 13 mmol) and ethylamine solution 40 wt 

% in H2O (1.5 mL) gave the desired product, 221c (yield: 2.69 g, 61 %) as a white 

solid; Rf  0.13 [1:4 cyclohexane/EtOAc]; m.p. 129-132 °C; υmax (film)/cm-1 1233 

(P=O), 1159, 1311 (S=O), 2885, 2984, 3097 (C-H and =CH-); δH (600 MHz; CDCl3) 

1.07 (3H, t, J = 7.2 Hz, N-C-CH3), 1.23 (6H, t, J = 7.2 Hz, O-C-CH3), 2.96 (2H, m, 

N-CH2), 3.18 (2H, d, J = 22.0 Hz, CH2-P), 4.00- 4.03 (4H, m, O-CH2), 4.59 (1H, t, N-

H), 7.42 (2H, dd, J = 8.2 Hz, J = 2.8 Hz, ArH3 & 5), 7.80 (2H, d, J = 8.2  Hz, ArH2 & 

6); δC (150 MHz; CDCl3) 15.2 (N-C-CH3), 16.3 (2 x CH3), 33.3, 34.2 (CH2-P), 38.2 

(N-CH2), 62.3 (2 x O-CH2), 127.2 (C2 & C6), 130.4 (C3 & C5), 137.1 (C4), 138.6 (C1); 

LCMS (ESI) found m/z [M-H]- : 334, C13H22NO5PS requires 335.  
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Diethyl 4-(N-pentylsulfamoyl)benzylphosphonate (221d) 

 

 

 

Method B: A solution of amylamine (19 mL) in ethanol (20 mL), was added slowly 

to a stirred solution of diethyl 4-(chlorosulfonyl)benzylphosphonate (24.3 g, 75 

mmol), cooled to the required temperature (< 10 ºC). Following the addition, the 

resulting mixture was stirred at room temperature. Once the reaction was complete, as 

indicated by TLC [1:4 cyclohexane/EtOAc], the mixture was poured into a minimal 

amount of ice and stirred. When a solid precipitate was not formed, during aqueous 

work up, the mixture was extracted with dichloromethane (3 x 50 - 100 mL); the 

organic phases were combined, dried (Na2SO4), filtered and concentrated in vacuo, to 

afford the product (yield: 27.62 g) as a golden yellow oil; Rf 0.71[EtOAc]; υmax 

(NaCl)/cm-1 1230 (P=O), 1160, 1330 (S=O), 2859, 2929, 2963, 3154 (C-H and =CH-), 

3276 (N-H); δH (600 MHz; CDCl3) 0.76 (3H, t, J = 7.2 Hz, C-CH3), 1.16 - 1.20 (6H, 

m, O-C-CH3),  1.26 - 1.39 (6H, m, C-CH2), 2.83 (2H, t, J = 7.2 Hz, N-CH2-C),  3.17 

(2H, d, J = 22.2 Hz, CH2-P), 3.96-4.06 (4H, m, O-CH2), 5.38 (1H, s, NH), 7.38 (2H, 

dd, J = 8.4 Hz, J = 2.4 Hz, ArH3 & 5), 7.75 (2H, d, J = 9 Hz, ArH2 & 6); δC (150 MHz; 

CDCl3) 13.8 (CH3 sulfonamide), 16.3 (CH3 phosphonate), 22.0 (CH2-CH3), 28.6, 29.1 (2 x 

CH2), 32.7, 34.0 (CH2-P), 43.1 (N-CH2), 62.4 (2 x O-CH2), 127.1 (C2 & C6), 130.2 (C3 

& C5), 136.4 (C4), 138.9 (C1); LCMS (ESI) found m/z [M + H]+: 378, C16H28NO5PS 

requires 377. % purity determined by 1H NMR (compound, 221d, (60 %), compound, 

220,(40%)).
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Diethyl 4-(N,N-dimethylsulfamoyl)benzylphosphonate (221e) 

 

 

 

According to method A; the reaction with diethyl 4-

(chlorosulfonyl)benzylphosphonate (6.1 g, 19 mmol) and dimethylamine (5 mL) gave 

the titled product, 221e (yield:                     4.18 g, 68 %) as a white solid; Rf 0.17 [1:3 

cyclohexane/EtOAc]; m.p. 129 – 133 °C; υmax (NaCl)/cm-1 1257 (P=O), 1163, 1338 

(S=O), 2915, 2982, 3028, 3090 (C-H and =CH-); δH (400 MHz; CDCl3) 1.20 (6H, t, J 

= 7.0 Hz, C-CH3), 2.65 (6H, s, N-CH3), 3.17 (2H, d,  J = 22.1 Hz, CH2-P), 4.00 (4H, 

m, O-CH2), 7.44 (2H, dd, J = 8.5 Hz, J = 2.5 Hz, ArH 3 & 5), 7.67 (2H, d, J = 7.7 Hz, 

ArH 2 & 6); δC (100 MHz; CDCl3) 16.4 (CH3 phosphonate), 33.1, 34.5 (CH2-P), 33.1, 34.5 

(N-CH3), 62.3, 62.4 (CH2-CH3), 128.0 (C2 & C6), 130.4 (C3 & C5), 134.0 (C4), 137.4 

(C1); LCMS (ESI) found m/z [M + H]+: 336, C13H22NO5PS requires 335. 
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Diethyl 4-(N,N-dipropylsulfamoyl)benzylphosphonate (221f) 

 

 

 

According to method B; the reaction with diethyl 4-

(chlorosulfonyl)benzylphosphonate (3.14 g, 9.6 mmol) and dipropylamine (15 mL) 

gave the product (yield: 1.79 g, 48 %) as an orange oil; Rf 0.5 [3:1 

cyclohexane/EtOAc]; υmax (film)/cm-1 1253 (P=O), 1160, 1336 (S=O), 1600 (C=C), 

2884, 2930, 2977 (C-H and =CH-); δH (400 MHz; CDCl3) 0.80 (6H, t, J = 7.4 Hz, 

CH3 sulfonamide), 1.18 (6H, t, J = 6.9 Hz, CH3 phosphonate), 1.49 (4H, q, J = 7.6 Hz, CH2- 

CH3), 3.01 (4H, t, J = 7.5 Hz, N-CH2), 3.14 (2H, d,  J = 22.0 Hz, P-CH2), 3.99 - 3.95 

(4H, m, O-CH2), 7.41 (2H, dd, J = 8.1 Hz, J = 1.8 Hz, ArH 3& 5), 7.69 (2H, d, J = 8.2 

Hz, ArH 2 & 6); δC (100 MHz; CDCl3) 11.2 (CH3 sulfonamide), 16.1, 16.4 (CH3 phosphonate), 

22.0 (CH2-CH3), 33.1, 34.5 (CH2-P), 50.0 (N-CH2), 62.4 (O-CH2), 127.2 (C2 & C6), 

130.4 (C3 & C5), 136.6 (C4), 138.8 (C1); LCMS (ESI) found m/z [M + H]+:  392, 

C17H30NO5PS requires 391. % purity determined by 1H NMR (compound, 221f, (81 

%), compound, 220, (19 %)). 
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Diethyl 4-(piperidine-1-ylsulfonyl)benzylphosphonate (221g) 

 

 

 

According to method B; the reaction with diethyl 4-

(chlorosulfonyl)benzylphosphonate (6 g, 18 mmol) and piperidine (3.8 mL) gave the 

product (yield: 5.57 g, 81 %) as pale yellow/colourless needles; Rf 0.25 [DCM]; υmax 

(film)/cm-1 1257 (P=O), 1163, 1338 (S=O), 2915, 2982, 3028, 3090 (C- and =CH-); δH 

(600 MHz; CDCl3) 1.22 (6H, dt, J = 3 Hz, C-CH3), 2.67 (6H, s, N-CH2), 3.19 (2H, d, 

J = 22.2 Hz, P-CH2), 4.00 (4H, m, OCH2), 7.45 (2H, dd, J = 8.4 Hz, J = 2.4 Hz, ArH 

3 & 5), 7.67 (2H, d, J = 8.2, ArH2 & 6); δC (100 MHz; DMSO-d6) 16.7 (2 x CH3), 23.4, 

25.1 (2 x CH2 sulfonamide), 32.1 (CH2-P), 47.1 (N-CH2), 62.1 (2 x O-CH2), 127.9 (C2 & 

C6), 131.2 (C3 & C5), 134.2 (C4), 138.6 (C1); LCMS (ESI) found m/z [M + H]+: 376, 

C16H26NO5PS requires 375. % purity determined by 1H NMR (compound, 221g, (88 

%), compound, 220, (12 %). 



Chapter 7: Experimental 
 

 

223 
 

Diethyl 4-(morpholinosulfonyl)benzylphosphonate (221h) 

 

 

 

According to method B; the reaction with diethyl 4-

(chlorosulfonyl)benzylphosphonate (24 g, 74 mmol) and morpholine (14 mL) gave the 

product (yield: 21.41 g, 88 %) as opaque/colourless oil; Rf 0.40 [EtOAc]; υmax 

(film)/cm-1 1243 (P=O), 1160, 1347 (S=O), 2868, 2907, 2929, 2989, 3094 (C-H and 

=CH-); δH (600 MHz; CDCl3) 1.20 (6H, t, J = 7.0 Hz, C-CH3), 2.86 - 2.96 (4H, m, N-

CH2), 3.16 (2H, d, J = 22.2 Hz, P-CH2), 4.00-4.01 (4H, m, OCH2), 7.45 (2H, dd, J = 

8.4 Hz, J = 2.5 Hz, ArH 3 &5), 7.66 (2H, d, J = 8.4 Hz, ArH 2 & 6); δC (100 MHz; 

CDCl3) 16.4 (2 x CH3), 33.2, 34.6 (CH2-P), 46.0 (N-CH2), 62.4 (O-CH2- phosphonate), 

66.1 (O-CH2- morpholine), 128.1 (C2 & C6), 130.6 (C3 & C5), 133.7 (C4), 137.9 (C1); 

LCMS (ESI) found m/z [M + H]+: 378, C15H24NO6PS requires 377. % purity 

determined by 1H NMR (compound, 221h, (82 %), compound, 220, (18 %)). 
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Diethyl 4-(N,N-diphenylsulfamoyl)benzylphosphonate (221i) 

  

 

 

According to method B; the reaction with diethyl 4-

(chlorosulfonyl)benzylphosphonate (6.04 g, 19 mmol) and diphenylamine (5 mL) 

gave the product (yield: 7.79 g, 92 %) as a green oil; Rf 0.87 [3:1 

cyclohexane/EtOAc]; υmax (film)/cm-1 1244 (P=O), 1175, 1312 (S=O), 2911, 2941, 

2980, 3044, 3132, 3205, 3308 3386, (C-H and =CH-); δH (400 MHz; CDCl3) 1.16 

(6H, t, J = 7.5 Hz, C-CH3), 3.43 (2H, d, J = 22.2 Hz, P-CH2), 3.95-3.97 (4H, m, 

OCH2), 6.83 (6H, t, J = 7.3 Hz, ArH), 7.08 (2H, d, ArH 10), 7.22 (4H, t, ArH 7,9, 11 & 

12), 7.58 (2H, dd, J = 8.4 Hz,  J = 2.4 Hz, ArH 2 & 6), 7.86 (2H, d, J = 7.8 Hz, ArH 3 & 

5); δC (100 MHz; DMSO-d6) 16.7 (2 x CH3), 31.0, 31.9 (CH2-P), 62.1 (2 x O-CH), 

117.2 (C8 & C12), 120.1 (C10), 128.0 (C3 & C5), 129.7 (C10), 131.6 (C2 & C6, C9 & C11), 

132.4 (C1), 140.0 (C4), 140.9 (C7); LCMS (ESI) found m/z [M+H]+: 460, 

C23H26NO5PS requires 459.  

% purity determined by 1H NMR (compound, 221i, (83 %), compound, 220, (17 %)). 
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(E)-4-(3,4-dimethoxystyryl)benzenesulfonamide (232a) 

 

 

Method C:  

To a stirred mixture of diethyl 4-sulfamoylbenzylphosphonate (2.00 g, 6.5 mmol) in 

DMF (10 mL) at room temperature, under N2 atmosphere, sodium methoxide (5.27 g, 

97 mmol) was added. The reaction was stirred for 30 min and 3,4-

dimethoxybenzaldeyde (1.06 g, 6.4 mmol) dissolved in DMF (10 mL) was added to 

the stirred mixture and the reaction mixture was left to stir at room temperature. The 

reaction was monitored by TLC [1:4 cyclohexane/EtOAc]. Once the reaction was 

complete, as indicated by TLC, the reaction was quenched by the addition of ice, 

filtered, washed with cold water and air dried to give the impure product as a golden 

yellow solid. Purification by recrystallization (absolute ethanol 99%) gave the titled 

product, 232a, as a pale yellow solid (yield: 0.31 g, 15 %); Rf 0.86 [EtOAc]; m.p. 221 

- 227 °C; υmax (film)/cm-1 1156, 1329 (S=O), 1516, 1591 (C=C), 2839, 2945, 2972, 

3004 (C-H and =CH), 3250, 3340 (N-H); δH (400 MHz; DMSO-d6) 3.80 (6H, s, 

OMe), 6.98 (1H, d, J = 8.4 Hz, ArH 5), 7.14 (1H, dd, J = 8.4 Hz, J = 1.9 Hz, ArH 6), 

7.22 (1H, d, JAB = 16.4 Hz, trans-HC=CH), 7.29 (1H, d, J = 1.8 Hz, ArH 2), 7.34 (1H, 

d, JAB = 16.0 Hz, trans-HC=CH), 7.32 (2H, s, NH2), 7.59 (2H, d, J = 8.6 Hz, ArH 3’ & 

2’), 7.79 (2H, d, J = 8.5 Hz, ArH 5’ & 6’); δC (150 MHz; DMSO-d6) 56.0, 56.6 (OMe), 

109.9 (C2), 112.3 (C5), 121.1 (C6), 125.3 (C2’ & C6’), 126.6 (C3’ & C5’), 126.8 (C7 & 
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C7’), 131.7 (C1), 141.5 (C1’), 142.8 (C4’), 149.5 (C4), 149.7 (C3); LCMS (ESI) found 

m/z [M-H]- : 318, C18H17NO4S requires 319. 

 

 

(E)-4-(4-methoxystyryl)benzenesulfonamide (232b) 

 

 

 

According to method C; the reaction with diethyl 4-sulfamoylbenzylphosphonate 

(0.99 g, 3.2 mmol) and 4-methoxybenzaldeyde (0.44 g, 3.2 mmol) provided the 

impure product as a beige solid (yield: 0.34 g, 36 %). Purification by recrystallization 

(diethyl ether) gave the desired product as a beige solid (yield: 0.31 g, 33 %); Rf 0.78 

[1:3 cyclohexane/EtOAc]; m.p. 259 - 262 °C; υmax (film)/cm-1 1164, 1308 (S=O), 

1513, 1592 (C=C), 2946, 2983, 3020, 3062 (C-H and =CH-), 3262, 3351 (N-H); δH 

(400 MHz; DMSO-d6) 3.37 (2H, s, NH2), 3.78 (3H, s, OMe), 6.97 (2H, d, J 8.8 Hz, 

ArH 11 & 13), 7.17 (1H, d, JAB = 16.4 Hz, trans-HC=CH), 7.36 (1H, d, JAB = 16.4 Hz, 

trans-HC=CH), 7.58 (2H, d, J = 8.8 Hz, ArH 10 & 14), 7.73 (2H, d, J = 8.5 Hz, ArH 2 & 

3), 7.79 (2H, d, J = 8.5 Hz, ArH 5 & 6); δC (150 MHz; DMSO-d6) 55.7 (OMe), 114.8 

(C11 & C13), 125.1 (C3 & C5), 126.6 (C2 & C6), 126.8 (C7 & C8), 128.7 (C9), 131.3 (C10 

& C14), 141.4 (C4), 142.3 (C1), 159.9 (C12); LCMS (ESI) found m/z [M-H]- : 288 

C15H15NO3S requires 289. % purity determined by 1H NMR (compound, 232b, (88 

%), compound, 228, (12 %)). 
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(E)-4-(3-methoxystyryl)benzenesulfonamide (232c) 

 

 

According to method C; the reaction with diethyl 4-sulfamoylbenzylphosphonate 

(2.00 g, 6.5 mmol) and 3-methoxybenzaldeyde (0.89 g, 6.6 mmol) provided the 

impure product as a brown solid. Purification by recrystallization (absolute ethanol 99 

%) gave the titled product, 232c, as a beige solid (yield: 0.14 g, 7 %); Rf 0.88 

[EtOAc]; m.p. 149 - 151 °C; υmax (film)/cm-1 1156, 1321 (S=O), 1577, 1608 (C=C), 

2842, 2950, 2976, 3020, 3072 (C-H and =CH-), 3237, 3320 (N-H); δH (600 MHz; 

CDCl3) 3.84 (3H, s, OMe), 4.74 (2H, s, NH2), 6.86 (1H, dd, J = 8.2 Hz, J = 1.2 Hz, 

ArH 4), 7.04 (1H, broad, ArH 6), 7.05 (1H, d, JAB = 16.5 Hz, HC=CH), 7.11 (2H, d, J 

= 7.8 Hz, ArH 2), 7.18 (1H, d, JAB = 16.5 Hz, HC=CH), 7.28 (1H, t, J = 7.8 Hz, ArH 

5), 7.61 (2H, d, J = 8.7 Hz, ArH 3’ & 2’), 7.88 (2H, d, J = 8.2 Hz, ArH 5’ & 6’); δC (100 

MHz; CDCl3) 55.3 (OMe), 112.1 (C2), 114.1 (C4), 119.5 (C6), 126.7 (C3’, C5’, C2’, & 

C6’), 126.9 (C7 & C7’), 129.8 (C5), 132.0 (C1), 138.0 (C1’), 141.8 (C4’), 159.9 (C3); 

LCMS (ESI) found m/z [M-H]-  : 287, C15H15NO3S requires 289. 
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 (E)-4-(4-fluorostyryl)benzenesulfonamide (232e) 

 

 

 

Method F: 

To a stirred mixture of diethyl 4-sulfamoylbenzylphosphonate (1.00 g, 3.3 mmol) in 

THF (18 mL) at room temperature, under N2, potassium tert-butoxide (0.73 g, 6.5 

mmol) was added. The reaction was stirred for 5 minutes and 4-fluorobenzaldehyde 

(0.43 g, 3.5 mmol) was added to the stirred mixture and the reaction mixture was left 

to stir at room temperature for 4 h. Once the reaction was complete, as indicated by 

TLC [3:1 EtOAc/cyclohexane], the reaction was quenched by the addition of ice, 

filtered, washed with cold water and air dried. When a solid precipitate was not 

formed, the reaction mixture was extracted with DCM (3 x 50 mL), the organic phases 

were combined, dried (Na2SO4), filtered and concentrated in vacuo to give the product 

as a white solid (yield: 0.59 g, 65 %). Purification by washing (diethyl ether and 

cyclohexane) afforded the titled product, 232e, as a white solid (yield: 0.46 g, 51 %); 

Rf 0.84 [1:3 cyclohexane/EtOAc]; m.p. 189 - 194 °C; υmax (film)/cm-1 1163, 1324 

(S=O), 1512, 1590 (C=C), 3018, 3049, 3067 (C-H and =CH-), 3268, 3367 (N-H); δH 

(600 MHz; CDCl3) 4.78 (2H, s, NH2), 7.07 (2H, t, J = 8.5 Hz, ArH 3 & 5), 7.02 (1H, d, 

JAB= 16.1 Hz, trans-HC=CH), 7.17 (1H, d, JAB = 16.4 Hz, trans-HC=CH), 7.50 (2H, 

q, J = 8.8 Hz, ArH 2 & 6), 7.61 (2H, d, J = 8.3 Hz, ArH 3’ & 2’), 7.89 (2H, d, J = 8.4 Hz, 

ArH 5’ & 6’); δC (150 MHz; DMSO-d6) 116.1, 116.3 (C3 & C5), 126.7 (C2’ & C6’), 127.2 

(C3' & C5’), 129.2, 129.3 (C7 & C7’), 130.4 (C2 & C6), 133.7 (C1), 140.9 (C1’), 143.2 
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(C4’), 161.3, 163.7 (C4); LCMS (ESI) found m/z [M-H]-  : 276, C14H12FO2S requires 

277. 

 

 

(E)-4-(4-(dimethylamino)styryl)benzenesulfonamide (232d) 

 

 

 

According to method C; the reaction with diethyl 4-sulfamoylbenzylphosphonate 

(0.76 g, 2.5 mmol) and 4-(dimethylamino)benzaldehyde (0.35 g, 2.3 mmol) provided 

the impure product as a bright yellow solid (yield: 0.61 g, 86 %). Purification by 

recrystallization  (diethyl ether) afforded the desired product as an orange solid (yield: 

0.2 g, 28 %); Rf 0.83 [1:3 cyclohexane/EtOAc]; m.p. 254 °C - decomposed; υmax 

(film)/cm-1 1154, 1303 (S=O), 1592 (C=C), 2811, 2909, 2992, 3076 (C-H and =CH-), 

3253, 3351 (N-H); δH (400 MHz; DMSO-d6) 2.94 (6H, s, N-CH3), 6.73 (2H, d, J = 8.7 

Hz, ArH 11 & 13), 7.03 (1H, d, JAB = 16.4 Hz, trans-HC=CH), 7.29 (1H, m, trans-

HC=CH), 7.31 (1H, s, NH2), 7.47 (2H, d, J = 8.6 Hz, ArH 2 & 6), 7.68 (2H, d, J = 8.4 

Hz, ArH 3’&2’), 7.75 (2H, d, J = 8.4 Hz, ArH 6’& 5’); δC (100 MHz; DMSO-d6) 40.2 (N-

CH3), 112.7 (C3 & C5), 122.4 (C1), 126.4 (C2 & C6), 126.6 (C2’ & C6’), 128.5 (C3’ & 

C5’) 132.0 (C7 & C7’), 143.1 (C1’), 142.1 (C4’), 150.9 (C4); LCMS (ESI) found m/z [M-

H]-  : 301, C16H18N2O2S requires 302. % purity determined by 1H NMR (compound, 

232d, (77 %), compound, 231, (23 %)). 
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 (E)-4-(2-(furan-2-yl)vinyl)benzenesulfonamide (245) 

 

 

 

To a stirred mixture of diethyl 4-sulfamoylbenzylphosphonate (1.02 g, 3.3 mmol.) in 

DMF (16 mL) at room temperature, under an atmosphere of N2, sodium methoxide 

(7.55 g, 139 mmol) was added. The reaction was stirred for 30 min then furan-2-

carboxaldehyde (0.31 g, 3.2 mmol) was added to the stirred mixture and the reaction 

mixture was left to stir at room temperature. The reaction was monitored by TLC [1:3 

cyclohexane/EtOAc]. Once the reaction was complete, as indicated by TLC, the 

reaction was quenched by the addition of ice, filtered, washed with cold water and air 

dried to give the impure product as a pale yellow solid (yield: 0.24 g, 30 %). 

Purification by recrystallization (diethyl ether) gave the titled product, 245, as a pale 

yellow solid (yield: 0.17 g, 21 %); Rf  0.75 [3:1 EtOAc/cyclohexane]; m.p. 234 - 236 

°C; υmax (film)/cm-1 1159, 1294 (S=O), 1536 (C=C), 2871, 3067, 3155 (C-H and 

=CH), 3253, 3346 (N-H); δH (400 MHz; DMSO-d6) 6.58 (1H, dd, J = 3.0 Hz, =CH 3), 

6.64 (1H, d, J = 3.2 Hz, =CH 2), 7.04 (1H, d, JAB = 16.4 Hz, trans-HC=CH), 7.28 

(1H, d, JAB = 16.3 Hz, trans-HC=CH), 7.34 (2H, s, NH2), 7.73 (1H, m, =CH 4), 7.76 

(4H, q, J = 9.0 Hz, ArH 3’& 2’, ArH 5 & 6); δC (100 MHz; DMSO-d6) 111.4 (C2), 112.8 

(C3), 119 (C5), 125.1 (C7), 126.7 (C2’ & C6’), 127.0 (C3’ & C5’), 140.6 (C1’), 142.7 

(C4’), 144.1 (C4), 152.7 (C1); LCMS (ESI) found m/z [M-H]-  : 248, C12H12NO3S 

requires 249. 
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 (E)-4-(2-(thiophen-2-yl)vinyl)benzenesulfonamide (247) 

 

 

To a stirred mixture of diethyl 4-sulfamoylbenzylphosphonate (1.04 g, 3.4 mmol.) in 

DMF (16 mL) at room temperature, under an atmosphere of N2, sodium methoxide 

(6.25 g, 116 mmol) was added. The reaction was stirred for 30 min, 2-

thiophenecarboxaldehyde (0.33 g, 2.9 mmol) was added to the stirred mixture and the 

reaction mixture was left to stir at room temperature under an atmosphere of N2. The 

reaction was monitored by TLC [1:3 cyclohexane/EtOAc]. Once the reaction was 

complete, as indicated by TLC, the reaction was quenched by the addition of ice, 

filtered, washed with cold water and air dried to give the titled product, 247, as a 

golden yellow solid (yield: 0.38 g, 49 %). Purification not performed, as the 

compound was considered to be of adequate purity, following analysis by 1H NMR. Rf 

0.87 [3:1 EtOAc/cyclohexane]; m.p. 254 – 259 °C; υmax (film)/cm-1 1160, 1289 (S=O), 

1596 (C=C), 3013, 3069, 3102 (C-H and =CH), 3263, 3348 (N-H); δH (400 MHz; 

DMSO-d6) 7.01 (1H, d, JAB = 16.3 Hz, trans-HC=CH), 7.09 (1H, t, J = 3.5 Hz, =CH 

3), 7.28 (1H, d, =CH 2 overlapping), 7.32 (2H, s, NH2 - overlapping), 7.53 (1H, d, J = 

4.6 Hz,          =CH 4), 7.61 (1H, d, JAB = 16.1 Hz, trans-HC=CH), 7.76 (4H, d, J =  9.9 

Hz, ArH3’ & 2’, ArH 6’ & 5’); δC (100 MHz; DMSO-d6) 125.0 (C2’& C6’), 126.6 (C3’ & 

C5’), 126.8 (C3), 127.0 (C2), 128.3 (C7 & C4), 128.6 (C7), 140.6 (C1’), 142.3 (C1), 

143.1 (C4’); LCMS (ESI) found m/z [M-H]-  : 265, C12H11NO2S2 requires 265. 
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(E)-4-(3,4-dimethoxystyryl)-N-methylbenzenesulfonamide (260) 

 

 

 

According to method C; the reaction with diethyl 4-(N-

methylsulfamoyl)benzylphosphonate (1.43 g, 4.5 mmol) and 3,4-

dimethoxybenzaldeyde (0.76 g, 4.6 mmol) provided the product as a cream solid 

(yield: 0.95 g, 64 %); Purification by recrystallization (absolute ethanol) gave the 

desired product as a fluffy cream solid (yield: 0.53 g, 36 %); Rf 0.52 [2:1 

EtOAc/cyclohexane]; m.p. 164 - 169 °C; υmax (film)/cm-1 1138, 1318 (S=O), 1517, 

1591 (C=C), 2845, 2942, 2965, 3007, 3081 (C-H and =CH-), 3271 (N-H); δH (400 

MHz; CDCl3) 2.65 (3H, d, J = 5.2 Hz, N-CH3), 3.86 (3H, s, OMe), 3.92 (3H, s, OMe), 

4.71 (1H, q, J = 5.2 Hz,          N-H), 6.85 (1H, d, J = 8.8 Hz, ArH 5), 6.96 (1H, d, JAB 

= 16.2 Hz, trans-HC=CH), 7.05 (1H, d, J = 6.4 Hz, ArH 6), 7.06 (1H, d, J = 6.6 Hz, 

ArH 2), 7.14 (1H, d, JAB = 16.2 Hz, trans-HC=CH), 7.58 (2H, d, J = 8.5 Hz, ArH 3’ & 

2’), 7.80 (2H, d, J = 8.4 Hz, ArH 5’& 6’); δC (100 MHz; CDCl3) 29.3 (N-CH3), 56.0 (2 x 

OMe), 108.9 (C2), 111.2 (C5), 120.7 (C6), 126.6 (C2’ & C6’), 127.8 (C3’ & C5’), 129.5 

(C7 & C7’), 131.9 (C1), 136.6 (C1’), 142.1 (C4’), 149.2 (C4), 149.6 (C3); LCMS (ESI) 

found m/z [M-H]-  : 332, C17H19NO4S requires 333. % purity determined by 1H NMR 

(compound, 260, (90 %), ethyl acetate (10 %)). 
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(E)-4-(4-methoxystyryl)-N-methylbenzenesulfonamide (261) 

 

 

 

According to method C; the reaction with diethyl 4-(N-

methylsulfamoyl)benzylphosphonate (1.45 g, 4.5 mmol) and p-anisaldehyde (0.61 g, 

4.5 mmol) provided the product as an orange solid (yield: 1.21 g, 88 %). Purification 

by recrystallization (absolute ethanol) gave the desired product as a fluffy pale orange 

solid (yield: 0.57 g, 42 %); Rf 0.59 [3:1 EtOAc/cyclohexane]; m.p. 203 - 208 °C; υmax 

(film)/cm-1 1154, 1317 (S=O), 1517, 1592 (C=C), 2843, 2909, 2955, 2983, 3020 (C-H 

and =CH-), 3281 (N-H); δH (400 MHz; CDCl3) 2.67 (3H, d, N-CH3), 3.83 (3H, s, 

OMe), 4.32 (1H, q, J = 5.4 Hz, N-H), 6.91 (2H, d, J = 8.8 Hz, ArH 3 & 5), 6.97 (1H, d, 

JAB = 16.3 Hz, trans-HC=CH), 7.17 (1H, d, JAB= 16.3 Hz, trans-HC=CH), 7.47 (2H, 

d, J = 8.7 Hz, ArH 2 & 6), 7.59 (2H, d, J = 8.5 Hz, ArH 3’ & 2’), 7.80 (2H, d, J = 8.5 Hz, 

ArH 6’ & 5’); δC (100 MHz; CDCl3) 31.8 (N-CH3), 57.9 (OMe), 116.8 (C3 & C5), 129.1 

(C2’ & C6’), 130.2 (C3’ & C5’), 130.2 (C7 & C7’), 130.7 (C1), 134.2 (C2 & C6), 139.0 

(C1’), 144.8 (C4’), 162.5 (C4); LCMS (ESI) found m/z [M-H]-  : 302, C16H17NO3S 

requires 303. % purity determined by 1H NMR (compound, 261, (61 %), ethanol            

(39 %)). 
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 (E)-4-(3-methoxystyryl)-N-methylbenzenesulfonamide (262) 

 

 

 

According to method C; the reaction with diethyl 4-(N-

methylsulfamoyl)benzylphosphonate (1.80 g, 5.6 mmol) and 3-methoxybenzaldehyde 

(0.76 g, 5.9 mmol) provided the product as a yellow solid. Purification by 

recrystallization (absolute ethanol  99 %) gave the titled product, 262, as a pale yellow 

solid (yield: 0.09 g, 5 %); Rf 0.82 [EtOAc]; m.p. 85 - 89 °C; υmax (film)/cm-1 1160, 

1312 (S=O), 1582 (C=C), 2937, 2963, 3011, 3024, (C-H and =CH-), 3263 (N-H); δH 

(600 MHz; CDCl3) 2.67 (3H, d, J = 5.4 Hz, N-CH3), 3.84 (3H, s, OMe), 4.28 (1H, q, J 

= 5.2, N-H), 6.86 (1H, m, ArH 4), 7.05 (1H, d, J = 7.3 Hz, ArH 6), 7.08 (1H, d, JAB = 

16.5 Hz, trans-HC=CH), 7.12 (1H, d, J = 7.3 Hz, ArH 2), 7.17 (1H, d, JAB = 16.0 Hz, 

trans-HC=CH), 7.29 (1H, t, J = 8.2 Hz, ArH 5), 7.61 (2H, d, J = 8.7 Hz, ArH 3’ & 2’) 

7.82 (2H, d, J = 9 Hz, ArH 5’ & 6’); δC (150 MHz; CDCl3  and DMSO-d6) 27.9 (N-CH3), 

54.4 (OMe), 111.1 (C2), 113.2 (C4), 118.6 (C6), 125.9 (C3’, C5’), 126.3 (C2’, & C6’), 

126.6 (C7 & C7’), 128.9 (C5), 130.6 (C1), 137.0 (C1’), 140.2 (C4’), 158.9 (C3); LCMS 

(ESI) found m/z [M-H]-  : 301, C16H17NO3S requires 303. 
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 (E)-4-(4-fluorostyryl)-N-methylbenzenesulfonamide (255) 

 

 

 

According to method F; the reaction with diethyl 4-(N-

methylsulfamoyl)benzylphosphonate (1.00 g, 3.1 mmol) and 4-fluorobenzaldehyde 

(0.39 g, 3.1 mmol) provided the product as a pale cream solid (yield: 0.90 g, 99 %). 

Purification by washing  (diethyl ether and cyclohexane) afforded the desired product 

as a white crystalline solid (yield: 0.62 g, 68 %); Rf 0.75 [3:1 EtOAc/cyclohexane]; 

m.p. 163 - 167 °C; υmax (film)/cm-1 1152, 1314 (S=O), 1512, 1590 (C=C), 2830, 3023, 

3049, 3075 (C-H and =CH-), 3273 (N-H); δH (400 MHz; CDCl3) 2.68 (3H, d, J = 5.4 

Hz, CH3), 4.42 (1H, q, J = 5.4 Hz, N-H), 7.02 (1H, m, trans-HC=CH), 7.07 (2H, t, J 

= 8.6 Hz, ArH 3 & 5), 7.17 (1H, d, JAB = 16.4 Hz, trans-HC=CH), 7.50 (2H, q, J = 8.7 

Hz, ArH 2 & 6), 7.61 (2H, d, J = 8.6 Hz, ArH 3’ & 2’), 7.83 (2H, d, J = 8.5 Hz, ArH 6’ & 

5’); δC (100 MHz; CDCl3) 29.4 (N-CH3), 115.8, 116.0 (C3 & C5), 126.5, 126.9 (C2’ & 

C6’), 127.8 (C3’ & C5’) 128.5 (C7 & C7’), 130.9 (C2 & C6), 132.7 (C1), 137.2 (C1’), 

141.7 (C4’), 161.4, 164.1 (C4); LCMS (ESI) found m/z [M-H]-  : 290, C15H14FNO2S 

requires 291. % purity determined by 1H NMR (compound, 255, (66 %), diethyl ether 

(34 %)). 
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(E)-4-(4-(dimethylamino)styryl)-N-methylbenzenesulfonamide (263) 

 

 

 

According to method C; the reaction with diethyl 4-(N-

methylsulfamoyl)benzylphosphonate (1.03 g, 3.2 mmol) and 4-

(dimethylamino)benzaldehyde (0.50 g, 3.4 mmol) provided the product as a 

fluorescent yellow solid (yield: 0.6 g, 59 %). Purification by recrystallization (diethyl 

ether) afforded the desired product as a fluorescent yellow solid (yield: 0.49 g, 48 %); 

Rf 0.90 [3:1 EtOAc/cyclohexane]; m.p. 131 - 134 °C; υmax (film)/cm-11145, 1294 

(S=O), 2815, 2862, 2895, 2950, 2983, 3025 (C-H and =CH-), 3262 (N-H); δH (400 

MHz; DMSO-d6) 2.41 (3H, s, N-CH3), 2.95 (6H, s, N-CH3), 6.73 (2H, d, J = 8.8 Hz, 

ArH 3 & 5), 7.04 (1H, d, JAB = 16.3 Hz, trans-HC=CH), 7.30 (2H, d, JAB = 16.3 Hz, J = 

16.3 Hz, trans-HC=CH), 7.47 (2H, d, J = 8.8 Hz, ArH 2 & 6), 7.69 (4H, d, ArH 3’ & 2’ & 

ArH 6’ & 5’), 7.71 (1H, s, NH2 - overlap); δC (100 MHz; DMSO-d6) 29.2 (NH-CH3), 

40.3, 40.4 (N-CH3), 112.5, 112.6 (C3 & C5), 122.2 (C1), 126.6 (C2 & C6), 126.8 (C2’ & 

C6’), 127.6 (C3’ & C5’) 128.6 (C7 & C7’), 132.4 (C1’), 141.0 (C4’), 150.5 (C4); LCMS 

(ESI) found m/z [M + H]+: 317, C17H20N2O2S requires 316. % purity determined by 1H 

NMR (compound, 263, (90 %), compound, 221b, (10 %)). 
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(E)-N-Ethyl-4-(3-methoxystyryl)benzenesulfonamide (264) 
 

 

 

According to method C; the reaction with diethyl 4-(N-

ethylsulfamoyl)benzylphosphonate (0.54 g, 1.6 mmol) and m-anisaldehyde (0.22 g, 

1.6 mmol) gave the product as a golden yellow solid (yield: 0.059 g, 12 %). 

Purification by recrystallization (diethyl ether) afforded the titled product as a pale 

yellow solid (yield: 0.05 g, 10 %). Rf 0.92 [3:1 EtOAc/cyclohexane]; m.p. 92 - 96 °C; 

υmax (film)/cm-1 1156, 1316 (S=O), 1582 (C=C), 2842, 2948, 2989 (C-H and =CH-), 

3269 (N-H); δH (400 MHz; CDCl3) 1.10 (3H, t, J = 5.2 Hz, N-CH3), 3.03 (3H, q, J = 

6.0 Hz, CH2-CH3), 3.84 (3H, s, OMe), 4.55 (1H, t, N-H), 6.86 (1H, dd, J = 8.2 Hz, J 

= 2.3  Hz, ArH 4), 7.05 (1H, d, J = 1.2 Hz, ArH 6), 7.09 (1H, d, JAB = 16.4 Hz, trans-

HC=CH), 7.18 (1H, d,  JAB = 16.3 Hz, trans-HC=CH), 7.13 (1H, s, ArH 2), 7.29 (1H, 

t, J = 7.8 Hz, ArH 5), 7.60 (2H, d, J = 8.6 Hz, ArH 3’ & 2’), 7.83 (2H, d, J = 8.5 Hz, 

ArH 5’& 6’); δC (100 MHz; CDCl3) 15.2 (CH3), 38.3 (NH-CH2), 55.3 (OMe), 112.2 

(C2), 114.2 (C4), 119.6 (C6), 126.9 (C3’, C5’), 127.1 (C2’, & C6’), 127.6 (C7 & C7’), 

129.9 (C5), 132.0 (C1), 137.9 (C1’), 138.4 (C4’), 160.0 (C3); LCMS (ESI) found m/z 

[M-H]-  : 316, C17H19NO3S requires 317. % purity determined by 1H NMR 

(compound, 264, (83 %), diethyl ether (17 %)).  
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(E)-N-Ethyl-4-(4-fluorostyryl)benzenesulfonamide (256) 
 

 

 

According to method F; the reaction with diethyl 4-(N-

ethylsulfamoyl)benzylphosphonate (0.85 g, 2.5 mmol) and 4-fluorobenzaldehyde            

(0.31 g, 2.5 mmol) gave the product as a white solid (yield: 0.60 g, 78 %). Purification 

by washing (diethyl ether and cyclohexane) afforded the desired product as a white 

crystalline solid (yield: 0.30 g, 39 %); Rf 0.84 [3:1 EtOAc/cyclohexane]; m.p. 149 - 

153 °C; υmax (film)/cm-1 1158, 1319 (S=O), 1507, 1595 (C=C), 2882, 2945, 2997, 

3059        (C-H and =CH-), 3299 (N-H); δH (400 MHz; CDCl3) 1.10 (3H, t, J = 7.2 

Hz, CH3), 3.02 (2H, q, J = 6.1 Hz, CH2), 4.67 (1H, t, J = 5.9 Hz, N-H), 7.01 (1H, d, 

JAB = 16.5 Hz, trans-HC=CH), 7.06 (2H, t, J = 8.6 Hz, ArH 3 & 5), 7.16 (1H, d, JAB = 

16.2 Hz, trans-HC=CH), 7.49 (2H, d, J = 8.8 Hz, ArH 2 & 6), 7.60 (2H, d, J = 8.6 Hz, 

ArH 3’ & 2’), 7.84 (2H, d, J = 8.3 Hz, ArH 6’ & 5’); δC (100 MHz; CDCl3) 15.1 (CH2-

CH3), 38.3 (CH2), 115.8, 116.0 (C3 & C5), 126.6, 126.9 (C2’ & C6’), 127.6 (C3’ & C5’), 

128.5 (C7 & C7’), 130.8 (C2 & C6), 132.7 (C1), 138.4 (C1’), 141.6 (C4’), 161.6 (C4); 

LCMS (ESI) found m/z [M-H]-  : 304, C16H16FNO2S requires 305. 
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(E)-4-(4-(Dimethylamino)styryl)-N-ethylbenzenesulfonamide (265) 

 

 

 

According to method C; the reaction with diethyl 4-(N-

ethylsulfamoyl)benzylphosphonate (0.60 g, 1.8 mmol) and 4-

(dimethylamino)benzaldehyde (0.30 g, 2.0 mmol) gave the product as a brown solid 

(yield: 0.15 g, 25 %). Purification by recrystallization (ethanol) afforded the desired 

product as a light brown solid (yield: 0.09 g, 15 %); Rf 0.91 [3:1 EtOAc/cyclohexane]; 

m.p. 207 - 210 °C; υmax (film)/cm-1 1155, 1312 (S=O), 1602 (C=C), 2816, 2885, 2945, 

2987, 3028 (C-H and =CH-), 3291 (N-H); δH (400 MHz; CDCl3) 1.10 (3H, t,                        

J = 7.2 Hz, CH3 sulfonamide), 3.01 (6H, s, N-CH3), 4.51 (2H, t, J = 6.0 Hz, N-CH2), 6.70 

(2H, d, J = 8.8 Hz, ArH 3 & 5), 6.89 (1H, d, JAB = 16.2 Hz, trans-HC=CH), 7.14 (1H, d, 

JAB = 16.2 Hz, trans-HC=CH), 7.41 (2H, d, J = 8.6 Hz, ArH 2 & 6), 7.55 (2H, d, J = 

8.4 Hz, ArH 3’ & 2’), 7.84 (2H, d, J = 8.3 Hz, ArH 5’ & 6’); δC (100 MHz; CDCl3) 15.1 

(CH2-CH3), 38.3 (N-CH2), 40.2 (N-CH3), 112.3 (C3 & C5), 122.1 (C1), 124.6 (C2 & 

C6), 126.2 (C2’ & C6’), 127.5 (C3’ & C5’), 128.2 (C7 & C7’), 137.0 (C1’), 142.8 (C4’), 

150.7 (C4); LCMS (ESI) found m/z [M-H]-  : 331, C18H22N2O2S requires 330. 
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 (E)-4-(3,4-Dimethoxystyryl)-N-pentylbenzenesulfonamide (266) 
 

 

 

According to method C;  the reaction with diethyl 4-(N-

pentylsulfamoyl)benzylphosphonate (1.10 g, 2.9 mmol) and 3,4-

dimethoxybenzaldehyde (0.47 g, 2.8  mmol)  gave the product as an orange oil (yield: 

0.87 g, 77 %); Rf 0.90 [2:1 EtOAc/cyclohexane]; υmax (film)/cm-1 1160, 1330 (S=O), 

1519, 1529 (C=C), 2847, 2863, 2932, 2952, 3069 (C-H and =CH-), 3255 (N-H); δH 

(400 MHz; DMSO-d6) 0.79 (3H, t, J = 6.7 Hz, C-CH3), 1.18 (4H, m, C-CH2), 1.35 

(2H, m, C-CH2), 2.72 (2H, q, J = 6.6 Hz,  N-CH2), 3.78 (3H, s, OMe), 3.82 (3H, s, 

OMe), 4.32 (1H, t, J = 5.6 Hz, NH2), 6.87 (2H, d, J = 8.5 Hz, ArH 5 & 6), 6.97 (1H, d, 

JAB = 16.2 Hz, trans-HC=CH), 7.07 (1H, m, ArH 2), 7.15 (1H, d, JAB = 16.4 Hz, 

trans-HC=CH), 7.75 (2H, d, J = 8.4 Hz ArH 3’ & 2’); 7.59 (2H, d, J = 8.6 Hz, ArH 5’ & 

6’), δC (100 MHz; CDCl3) 13.9 (CH3), 22.2 (CH2-CH3), 28.7, 29.4 (2 x CH2), 43.3 

(NH-CH2), 56.0 (OMe), 109.0 (C2), 111.3 (C5), 120.6 (C6), 126.6 (C2’ & C6’), 127.6 

(C3’ & C5’), 132.2 (C7 & C7’), 131.9 (C1), 136.6 (C1’), 142.1 (C4’), 149.2 (C4), 149.6 

(C3); LCMS (ESI) found m/z [M-H]-  : 388, C21H27NO4S requires 389. 
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 (E)-4-(3-Mmethoxystyryl)-N-pentylbenzenesulfonamide (267) 

 

 

According to method C; the reaction with diethyl 4-(N-

pentylsulfamoyl)benzylphosphonate (1.10 g, 2.9 mmol) and m-anisaldehyde (0.45 g, 

3.3  mmol) afforded the product as an orange oil, purification not performed (yield: 

0.87 g, 83 %); Rf 0.89 [3:1 EtOAc/cyclohexane]; υmax (film)/cm-1 1152, 1320 (S=O), 

1516 (C=C), 2866, 2938, 2966 (C-H and =CH-), 3270 (N-H); δH (400 MHz; CDCl3) 

0.79 (3H, t, J = 6.8 Hz, CH3), 1.15 (4H, m, C-CH2), 1.40 (2H, m, C-CH2), 2.86 (2H, q, 

J = 6.6 Hz,  N-CH2), 3.78 (3H, s, OMe), 5.76 (2H, t, J = 6.0 Hz, N-H), 6.79 (1H, dd, J 

= 5.7 Hz, J = 1.8 Hz, ArH 6), 7.00 (1H, d, JAB = 16.3 Hz, trans-HC=CH ), 7.07 (1H, 

m, trans-HC=CH), 7.05 (2H, m, J = 7.9 Hz ArH 2), 7.23 (1H, t, J = 7.9 Hz, ArH 13), 

7.54 (2H, d, J = 8.3 Hz, ArH 3’& 2’), 7.82 (2H, d, J = 8.4 Hz, ArH 5’ & 6’); δC (100 MHz; 

DMSO-d6) 14.3 (CH3), 22.1 (CH2-CH3), 28.7, 29.2 (CH2-CH2), 43.3 (N-CH2), 55.6 

(OMe), 112.3 (C2), 114.6 (C4), 120.0 (C6), 127.4 (C3’, C5’), 127.5 (C2’, & C6’), 130.3 

(C7 & C7’), 131.8 (C5), 138.5 (C1), 139.6 (C1’), 141.4 (C4’), 160.1 (C3); LCMS (ESI) 

found m/z [M-H]-  : 358, C20H25NO3S requires 359. % purity determined by 1H NMR 

(compound, 267, (86 %), compound, 221d, (8 %), compound, 228, (6 %)). 
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(E)-4-(4-Methoxystyryl)-N-pentylbenzenesulfonamide (268) 

 

 

 

According to method C; the reaction with diethyl 4-(N-

pentylsulfamoyl)benzylphosphonate (2.08 g, 5.5 mmol) and p-anisaldehyde (yield: 

0.78 g, 5.7 mmol) afforded the product as an orange solid. Purification by 

recrystallization (diethyl ether) gave the desired product as an orange solid (yield: 

0.28 g, 14 %); Rf 0.93 [3:1 EtOAc/cyclohexane]; m.p. 154 - 155 °C; υmax (film)/cm-1 

1148, 1325 (S=O), 1592 (C=C), 2858, 2940, 2966, 3017 (C-H and =CH-), 3272 (N-

H); δH (400 MHz; DMSO-d6) 0.79 (3H, m, C-CH3), 1.18 (4H, m, C-CH2), 1.35 (2H, q, 

J = 6.0 Hz, C-CH2), 2.72 (2H, q, J = 6.5 Hz, N-CH2), 3.78 (3H, s, OMe), 6.97 (2H, d, 

J = 8.5 Hz, ArH3 & 5), 7.17 (1H, d, JAB = 16.4 Hz, trans-HC=CH), 7.36 (1H, d, JAB = 

16.4 Hz, trans-HC=CH), 7.53 (1H, s, NH), 7.58 (2H, d, J = 8.3 Hz, ArH2 & 6), 7.74 

(4H, s, ArH 3’ & 2’ & ArH 6’ & 5’); δC (100 MHz; CDCl3)  13.9 (CH3), 22.2 (CH2-CH3), 

28.7, 29.3 (CH2-CH2), 43.3 (N-CH2), 55.4 (OMe), 114.3 (C3 & C5), 124.6 (C2’ & C6’), 

126.6 (C3’ & C5’), 128.2 (C7 & C7’), 129.3 (C1), 129.3 (C2 & C6), 137.9 (C1’), 142.1 

(C4’), 160.0 (C4); LCMS (ESI) found m/z [M-H]-  : 358, C20H25NO3S requires 359. % 

purity determined by 1H NMR (compound, 268, (92 %), compound, 221d, (8 %), 

compound, 229, (6 %)). 
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(E)-4-(4-Fluorostyryl)-N-pentylbenzenesulfonamide (257) 

 

 

 

According to method F; the reaction with diethyl 4-(N-

pentylsulfamoyl)benzylphosphonate (1.6 g, 4.2 mmol) and 4-fluorobenzaldehyde 

(0.53 g, 4.3 mmol) gave the product as an orange crystalline solid. Purification by 

washing (diethyl ether and cyclohexane) afforded the desired product as a white 

crystalline solid (yield: 0.5 g, 34 %); Rf 0.95 [3:1 EtOAc/cyclohexane]; m.p.            

133 - 135 °C; υmax (film)/cm-1 1158, 1324 (S=O), 1512, 1590 (C=C), 2866, 2934, 

2960, 3023, 3059 (C-H and =CH-), 3278 (N-H); δH (400 MHz; CDCl3) 0.83 (3H, t, J 

= 6.2 Hz, CH3), 1.23 (2H, q, J = 7.2 Hz, CH2-CH3), 1.47 (2H, q, J = 7.0 Hz, N-CH2-

CH2),  2.96 (2H, q, J = 6.8 Hz, N-CH2-CH2), 4.59 (1H, t, J = 6.0 Hz, N-H), 7.01 (1H, 

d, JAB = 16.4 Hz, HC=CH), 7.06 (2H, m, ArH 3 & 5), 7.16 (1H, m, HC=CH), 7.49 (2H, 

q, J = 5.4 Hz, ArH 2 & 6), 7.59 (2H, d, J = 8.6 Hz, ArH 3’ & 6’), 7.83 (2H, d, J = 8.3 Hz, 

ArH 5’ & 6’); δC (100 MHz; CDCl3) 13.9 (CH3), 22.2 (CH2-CH3), 28.7, 29.3 (CH2-CH2), 

43.3 (N-CH2), 115.8, 116.0 (C3 & C5), 126.5, 126.8 (C2’ & C6'), 127.6 (C3’ & C5’), 

128.4, 128.5 (C7 & C7’), 130.8 (C2 & C6), 132.7 (C1), 138.4 (C1’), 141.5 (C4’), 161.6 

(C4); LCMS (ESI) found m/z [M-H]-  : 346, C19H22FNO2S requires 347. 
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 (E)-4-(4-(Dimethylamino)styryl)-N-pentylbenzenesulfonamide (269) 

 

 

 

According to method C; the reaction with diethyl 4-(N-

pentylsulfamoyl)benzylphosphonate (2.02 g, 5.4 mmol) and 4-

(dimethylamino)benzaldehyde (0.88 g, 5.9  mmol) gave the product as a waxy orange 

solid (yield: 0.43 g, 20 %). Purification by recrystallization (diethyl ether) afforded the 

desired product as a dark orange solid (yield: 0.22 g, 11 %); Rf 0.93 [3:1 

EtOAc/cyclohexane]; m.p. 165 - 240 °C; υmax (film)/cm-1 1153, 1317 (S=O), 1593 

(C=C), 2802, 2862, 2931, 2961, 3030 (C-H and =CH-), 3268 (N-H); δH (400 MHz; 

DMSO-d6) 0.79 (3H, t, J = 6.6 Hz, C-CH3), 1.86 (4H, m, C-CH2), 1.35 (2H, q, J = 6.7 

Hz, C-CH2), 2.72 (2H, q, J = 7.0 Hz, N-CH2), 2.94 (6H, s, N-CH3), 3.36 (1H, s, NH – 

overlapping with H2O peak), 6.72 (2H, d, J = 8.8 Hz, ArH 3 & 5), 7.03 (1H, d, JAB = 

16.4 Hz, trans-HC=CH), 7.29 (1H, d, JAB = 16.4 Hz, trans-HC=CH), 7.46 (2H, d, J = 

8.7 Hz, ArH 2 & 6), 7.71 (4H, s, ArH 3’ & 2’ & ArH 5’& 6’); δC (100 MHz; DMSO-d6) 14.3                     

(CH3), 22.2 (CH2 ), 28.7, 29.1 (CH2 ), 40.02 (N-CH3), 43.0 (NH-CH2), 112.6 (C3 & 

C5), 122.3 (C1), 127.4 (C2 & C6), 127.4 (C2’ & C6’) 128.6 (C3’ & C5’), 132.3 (C7 & C7’), 

138.4 (C1’), 142.4 (C4’), 150.9 (C4); LCMS (ESI) found m/z [M-H]-  : 371, 

C21H28N2O2S requires 372. 
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 (E)-4-(3,5-Dimethoxystyryl)-N,N-dimethylbenzenesulfonamide (270) 

 

 

According to method C; the reaction with diethyl 4-(N,N-

dimethylsulfamoyl)benzylphosphonate (2.02 g, 6.0 mmol) and 3,4-

dimethoxybenzaldehyde (1.00 g, 6.0 mmol) afforded the titled product, 270, as a 

golden solid (yield: 1.95 g, 93 %). Purification by recrystallization (diethyl ether) 

afforded the product as a pale golden solid (yield: 1.69 g, 81 %); Rf 0.78 [2:1 

EtOAc/cyclohexane]; m.p. 154 - 158 °C; υmax (film)/cm-1 1155, 1335 (S=O), 1589 

(C=C), 2848, 2881, 2913, 2936 (C-H and =CH-); δH (400 MHz; CDCl3) 2.71 (6H, d, J 

5.7 Hz, N-CH3), 3.90 (3H, s, OMe), 3.94 (3H, s, OMe), 6.86 (1H, d, J = 7.8 Hz, ArH 

5), 6.97 (1H, d, JAB= 16.2 Hz, trans-HC=CH), 7.07 (2H, m, ArH 2 & 6), 7.16 (1H, d, 

JAB = 16.2 Hz, trans-HC=CH), 7.61 (2H, d, J = 8.2 Hz, ArH 3’ & 2’), 7.73 (2H, d, J = 

8.4 Hz, ArH 5’ & 6’); δC (100 MHz; CDCl3) 38.0 (N-CH3), 56.0 (OMe), 109.0 (C2), 

111.3 (C5), 120.7 (C6), 124.8 (C2’ & C6’), 126.5 (C3’& C5’), 128.3 (C7 & C7’), 132.0 

(C1), 133.4 (C1’), 142.1 (C4’), 149.3 (C4), 149.7 (C3); LCMS (ESI) found m/z [M+H]+: 

348, C18H21NO4S requires 347. 
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(E)-4-(4-Methoxystyryl)-N,N-dimethylbenzenesulfonamide (271) 
 

 

According to method C; the reaction with diethyl 4-(N,N-

dimethylsulfamoyl)benzylphosphonate (2.0 g, 6.0 mmol) and p-anisaldehyde (0.81 g, 

6.0 mmol) gave the crude product as a pale yellow solid (yield: 2.77 g, 146 %). 

Purification by recrystallization (diethyl ether) afforded the titled product, 271, as a 

pale yellow solid (yield: 1.64 g, 87 %); Rf 0.89 [3:1 EtOAc/cyclohexane]; m.p.                                   

210 - 216 °C;  υmax (film)/cm-1 1155, 1335 (S=O), 1515, 1593 (C=C), 2839, 2945, 

2973, 3028 (C-H and =CH-); δH (400 MHz; CDCl3) 2.71 (6H, s, N-CH3), 3.83 (3H, s, 

OMe), 6.91 (2H, d, J = 8.8 Hz, ArH 5), 6.97 (1H, d, JAB = 16.3 Hz, trans-HC=CH), 

7.17 (1H, d, JAB = 16.4 Hz, trans-HC=CH), 7.47 (2H, d, J = 8.5 Hz, ArH 2 & 6), 7.60 

(2H, d, J = 8.2 Hz, ArH 3’ & 2’), 7.72 (2H, d, J = 8.4 Hz, ArH5’ & 6’); δC (100 MHz; 

CDCl3) 38.0 (N-CH3), 55.4 (OMe), 112.6 (C3 & C5), 124.6 (C1), 126.5 (C2 & C6), 

128.2 (C2’ & C6’), 129.3 (C3’ & C5’), 131.7 (C7 & C7’), 133.4 (C1’), 142.2 (C4’), 160.8 

(C4); LCMS (ESI) found m/z [M+H]+: 317, C17H19NO3S requires 317. % purity 

determined by 1H NMR (compound, 271, (92 %), compound, 221e, (8 %)).  
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(E)-4-(3-Methoxystyryl)-N,N-dimethylbenzenesulfonamide (272) 

 

 

According to method C; the reaction with diethyl 4-(N,N-

dimethylsulfamoyl)benzylphosphonate (2.08 g, 6.2 mmol) and 3-

methoxybenzaldehyde (0.82 g, 6.0 mmol) gave the impure product as beige solid 

(yield: 1.65 g, 84 %). Purification by recrystallization (absolute ethanol) afforded the 

titled product, 272, as a pale beige solid (yield: 1.26 g, 64 %); Rf 0.78 [EtOAc]; m.p. 

131 - 135 °C; υmax (KBr)/cm-1 1047, 1256 (C-O), 1582 (C=C), 1156.2, 1330 (S=O), 

2807, 2837, 2889, 2933, 2959, 3007, 3059 cm-1 (C-H and =CH-); δH (600 MHz; 

CDCl3) 2.70 (6H, s, N-CH3), 3.84 (3H, s, OMe), 6.85 (1H, dd, J = 8.2 Hz, J = 1.5 Hz, 

ArH4), 7.05 (1H, m, ArH6), 7.10 (1H, d, JAB = 16.5 Hz, trans-HC=CH), 7.12 (1H, d, J 

= 9.1 Hz, ArH2), 7.18 (1H, m, trans-HC=CH), 7.28 (1H, t, J = 8.2, ArH5), 7.63 (2H, 

d, J = 8.2 Hz, ArH3’& 2’), 7.74 (2H, d, J = 8.2 Hz, ArH5’ & 6’); δC (100 MHz; CDCl3) 

38.0 (N-CH3), 55.3 (OMe), 112.2 (C2), 114.2 (C4), 119.6 (C6), 126.9, 127.1, (C3’, C5’), 

127.2 (C2’, & C6’), 128.2 (C7 & C7’), 132.9 (C5), 133.9 (C1), 137.9 (C1’), 141.7 (C4’), 

160.0 (C3); LCMS (ESI) found m/z [M+H]+: 318, C17H19NO3S requires 317. 
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 (E)-4-(4-Fluorostyryl)-N,N-dimethylbenzenesulfonamide (258) 
 

 

According to the method F; the reaction with diethyl 4-(N,N-

dimethylsulfamoyl)benzylphosphonate (1.06 g, 3.1 mmol) and 4-fluorobenzaldehyde 

(0.39 g, 3.1 mmol) afforded the product as beige solid (yield: 0.58 g, 60 %). 

Purification by washing (diethyl ether and cyclohexane) afforded the desired product 

as a pale cream solid (yield: 0.39 g, 40 %); Rf 0.84 [2:1 EtOAc/cyclohexane]; m.p. 

193 - 197 °C; υmax (film)/cm-1 1158, 1329 (S=O), 1512, 1595 (C=C), 2814, 2872, 

2976, 3085 (C-H and =CH-); δH (400 MHz; CDCl3) 2.72 (6H, t, J = 5.1 Hz, CH3), 

7.02 (1H, d, JAB = 16.2 Hz, trans-HC=CH),7.06 (2H, m, ArH3 & 5), 7.17 (1H, m, 

trans-HC=CH), 7.49 (2H, dd, J = 5.4 Hz, ArH 2 & 6), 7.62 (2H, d, J = 8.3 Hz, ArH3’ & 

6’), 7.74 (2H, d, J = 8.2 Hz, ArH5’ & 6); δC (100 MHz; CDCl3) 38.0 (N-CH3), 115.8, 

116.0 (C3 & C5), 126.6, 126.7 (C2’ & C6'), 127.2 (C3’ & C5’), 128.3, 128.5 (C7 & C7’), 

130.9 (C2 & C6), 132.7 (C1), 134.0 (C1’), 141.7 (C4’), 161.6 (C4); LCMS (ESI) found 

m/z [M+H]+: 306, C16H16FNO2S requires 305. 
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(E)-4-(4-(Dimethylamino)styryl)-N,N-dimethylbenzenesulfonamide (273) 
 

 

According to method C; the reaction with diethyl 4-(N,N-

dimethylsulfamoyl)benzylphosphonate (2.01 g, 6.0 mmol) and 4-

(dimethylamino)benzaldehyde (0.89 g, 6.0 mmol) afforded the impure product as a 

golden yellow solid (yield: 1.56 g, 79 %). Purification by recrystallization (diethyl 

ether) afforded the titled product, 273, as a golden yellow solid (yield: 1.19 g, 60 %); 

Rf 0.97 [EtOAc]; m.p. 210 - 215 °C; υmax (film)/cm-1 1157, 1331 (S=O), 1588 (C=C), 

2809, 2914, 3024 (C-H and =CH-); δH (400 MHz; CDCl3) 2.71 (6H, s, CH3), 2.99 

(6H, s, CH3), 6.50 (2H, d, J = 8.4 Hz, ArH 3 & 5), 6.90 (1H, d, JAB = 16.3 Hz, trans-

HC=CH), 7.15 (1H, d, JAB = 16.2 Hz, trans-HC=CH), 7.42 (2H, d, J = 8.4 Hz, ArH 2 & 

6), 7.57 (2H, d, J = 8.2 Hz, ArH 3’ & 2’), 7.79 (2H, d, J = 7.9 Hz, ArH 5’& 6’); δC (100 

MHz; CDCl3) 38.0 (N-CH3), 40.4 (N-CH3), 112.3 (C3 & C5), 122.1 (C1), 124.6 (C2 & 

C6), 126.1 (C2’ & C6’), 128.2 (C3’ & C5’), 128.3 (C7 & C7’), 132.5 (C1’), 142.9 (C4’), 

150.7 (C4); LCMS (ESI) found m/z [M+H]+: 331, C18H22N2O2S requires 330. 
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 (E)-1-((4-(3-Methoxystyryl)phenyl)sulfonyl)piperidine (274) 
 

 

 

According to method C; the reaction with diethyl 4-(piperidine-1-

ylsulfonyl)benzylphosphonate (1.54 g, 4.1 mmol) and m-anisaldehyde (0.55 g, 4.1 

mmol) gave the product as a brown solid (yield: 0.87 g, 59 %). Purification by 

recrystallization (diethyl ether) afforded the desired product as a pale orange solid 

(yield: 0.47 g, 32 %); Rf 0.86 [3:1 EtOAc/cyclohexane]; m.p. 144 - 146 °C, υmax 

(film)/cm-1 1157, 1325 (S=O), 1580 (C=C), 2862, 2948, 3005 (C-H and =CH-); δH 

(400 MHz; DMSO-d6) 1.35 (2H, m, C-CH2), 1.52 (4H, m, C-CH2), 2.89 (4H, t, J = 

5.3 Hz, N-CH2), 3.80 (3H, s, OMe), 6.90 (1H, dd, J = 8.3 Hz, J = 2.4  Hz, ArH 4), 

7.22 (2H, d, J = 7.8 Hz, ArH 6), 7.23 (1H, s, ArH 2), 7.32 (1H, t, J = 8.2 Hz, ArH 5), 

7.38 (1H, d, JAB = 16.5 Hz, trans-HC=CH, 7.43 (1H, d, JAB = 16.5 Hz, trans-

HC=CH), 7.70 (2H, d, J = 8.4 Hz, ArH 3’ & 2’), 7.83 (2H, d, J = 8.4 Hz, ArH 5’ & 6’); δC 

(100 MHz; DMSO-d6) 23.4, 25.2 (3 x CH2), 47.1 (N-CH2), 55.6 (OMe), 112.5 (C2), 

114.71 (C4), 120.1 (C6), 127.5 (C3’, C5’), 128.4 (C2’, & C6’), 130.3 (C7 & C7’), 132.3 

(C5), 134.5 (C1), 138.4 (C1’), 142.1 (C4’), 160.1 (C3); LCMS (ESI) found m/z [M + 

H]+: 358, C20H23NO3S requires 357. % purity determined by 1H NMR (compound, 

274, (94 %), diethyl ether (6 %)). 
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(E)-1-((4-(4-Fluorostyryl)phenyl)sulfonyl)piperidine (259) 
 

 

 

According to method F; the reaction with diethyl 4-(piperidine-1-

ylsulfonyl)benzylphosphonate (1.51 g, 4.0 mmol) and 4-fluorobenzaldehyde (0.46 g, 

3.7 mmol) gave the product as a beige solid (yield: 0.95 g, 68 %). Purification by 

recrystallization (diethyl ether and cyclohexane) afforded the product as a light brown 

solid (yield: 0.71 g, 51 %); Rf 0.86 [3:1 EtOAc/cyclohexane]; m.p. 208 - 213 °C; υmax 

(film)/cm-1 1158, 1340 (S=O), 1512, 1590 (C=C), 2846, 2934, 2960, 2991, 3023, 3080 

(C-H and =CH-); δH (400 MHz; DMSO-d6) 1.35 (2H, m, C-CH2), 1.53 (4H, m, C-

CH2), 2.88 (4H, t, J = 5.8 Hz, N-CH2), 6.97 (2H, d, J = 8.4 Hz, ArH 3 & 5), 7.20 (1H, d, 

JAB = 16.5 Hz, trans-HC=CH), 7.60 (1H, d, JAB = 16.5 Hz, trans-HC=CH), 7.60 (2H, 

d, J = 8.5 Hz, ArH 2 & 6), 7.68 (2H, d, J = 8.1 Hz, ArH 3’ & 2’), 7.79 (2H, d, J = 8.1 Hz, 

ArH 5’ & 6’); δC (100 MHz; DMSO-d6) 23.4, 25.2 (3 x CH2), 47.1 (N-CH2), 114.8, 

115.2 (C3 & C5), 127.1 (C2’ & C6’), 128.4 (C3’ & C5’), 128.9 (C7 & C7’), 129.6 (C2 & 

C6), 132.1 (C1), 142.5 (C1’ & C4’), 160.1 (C4); LCMS (ESI) found m/z [M + H]+: 346, 

C19H20FNO2S requires 345. % purity determined by 1H NMR (compound, 259, (92 

%), compound, 221g, (8 %)). 
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 (E)-4-((4-(3-Methoxystyryl)phenyl)sulfonyl)morpholine (275) 
 

 

 

According to method C; the reaction with diethyl 4-

(morpholinosulfonyl)benzylphosphonate (1.0 g, 2.6 mmol) and m-anisaldehyde (0.36 

g, 2.6 mmol) gave  the impure product as white solid (yield: 0.67 g, 70 %). 

Purification by recrystallization (ethanol) afforded the desired product as a fine white 

solid (yield: 0.33 g, 35 %); Rf 0.64 [DCM]; m.p. 163 - 165 ˚C; υmax (film)/cm-1 1164, 

1327 (S=O), 1592 (C=C), 2857, 2932, 3002 (C-H and =CH-); δH (600 MHz; CDCl3) 

3.01 (4H, t, J = 4.8 Hz, , N-CH2), 3.73 (4H, t, J = 3.6 Hz, O-CH2), 3.84 (3H, s, OMe), 

6.85 (1H, dd, J = 8.4 Hz, J = 2.4 Hz, ArH 4), 7.05 (1H, m, ArH 6), 7.09 (1H, d, JAB = 

15.6 Hz, trans-HC=CH), 7.12 (1H, d, J = 8.4 Hz, ArH2), 7.19 (1H, d, JAB = 16.2 Hz, 

trans-HC=CH), 7.29 (1H, t, J = 7.8 Hz, ArH 5), 7.63 (2H, d, J = 8.4 Hz, ArH 3’ & 2’), 

7.71 (2H, d, J = 8.4 Hz, ArH 5’ & 6’); δC (150 MHz; CDCl3) 46.0 (N-CH2), 55.3 (OMe), 

66.1 (O-CH2), 112.1 (C2), 114.1 (C4), 119.5 (C6), 126.7 (C3’, C5’), 126.8 (C2’ & C6’), 

128.3 (C7 & C7’), 130.0 (C5), 132.3 (C1), 139.8 (C1’), 141.3 (C4’), 159.8 (C3); LCMS 

(ESI) found m/z [M + H]+: 360, C19H21NO4S requires 359. % purity determined by 1H 

NMR (compound, 275, (77 %), compound, 221h, (23 %)). 
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 (E)-4-((4-(4-Fluorostyryl)phenyl)sulfonyl)morpholine (260) 
 

 

 

According to method F; the reaction with diethyl 4-

(morpholinosulfonyl)benzylphosphonate (1.58 g, 4.2 mmol) and 4-

fluorobenzaldehyde (0.52 g, 4.2 mmol) afforded the impure product as white solid 

(yield: 1.39 g, 96 %). Purification by washing (diethyl ether and cyclohexane) 

afforded the desired product as a pale cream solid (yield: 0.79 g, 54 %); Rf 0.92 [3:1 

EtOAc/cyclohexane]; m.p. 210 - 215 °C; υmax (film)/cm-1 1163, 1350 (S=O), 1507, 

1595 (C=C), 2866, 2898, 2934, 2971, 3070 (C-H and =CH-); δH (400 MHz; CDCl3) 

3.00 (4H, t, J = 4.5 Hz, N-CH2), 3.73 (4H, t, J = 4.7 Hz, O-CH2), 7.02 (1H, m, trans-

HC=CH), 7.06 (2H, t, J = 8.7 Hz, ArH 3 & 5), 7.18 (1H, d, JAB = 16.3 Hz, trans-

HC=CH), 7.50 (2H, d, J = 5.4 Hz, ArH 2 & 6), 7.62 (2H, d, J = 8.6 Hz, ArH 3’ & 2’), 7.71 

(2H, d, J = 8.4 Hz, ArH 6’& 5’); δC (100 MHz; CDCl3) 46.0 (N-CH2), 66.1 (O-CH2), 

115.8, 116.0 (C3 & C5), 126.4, 126.8 (C2’ & C6’), 128.4 (C3’ & C5’), 128.5, 128.6 (C7 & 

C7’), 131.2 (C2 & C6), 132.6 (C1), 133.5 (C1’), 142.1 (C4’), 161.7 (C4); LCMS (ESI) 

found m/z [M+H]+: 348, C18H18FNO3S requires 347



References 
 

 

254  
 

 References 

 

1. Sobolev VS, Neff SA, Gloer JB. New stilbenoids from peanut (Arachis 
hypogaea) seeds challenged by an Aspergillus caelatus strain. Journal of Agricultural 
and Food Chemistry. 2009;57(1):62-8. 

2. Sobolev VS, Potter TL, Horn BW. Prenylated stilbenes from peanut root 
mucilage. Phytochemical Analysis. 2006;17(5):312-22. 

3. Sobolev VS, Khan SI, Tabanca N, Wedge DE, Manly SP, Cutler SJ, et al. 
Biological Activity of Peanut (Arachis hypogaea) Phytoalexins and Selected Natural 
and Synthetic Stilbenoids. Journal of Agricultural and Food Chemistry. 
2011;59(5):1673-82. 

4. Patel B, Patel S, Hoffman R. Inhibition of cyclo-oxygenase-2 expression in 
mouse macrophages by 4-(3-methyl-but-1-enyl)-3, 5, 3 , 4 -tetrahydroxystilbene, a 
resveratrol derivative from peanuts. Phytotherapy Research. 2005;19(6):552-5. 

5. Djoko B, Robin YYC, Shee JJ, Liu YW. Characterization of immunological 
activities of peanut stilbenoids, arachidin-1, piceatannol, and resveratrol on 
lipopolysaccharide-induced inflammation of RAW 264.7 macrophages. Journal of 
Agricultural and Food Chemistry. 2007;55(6):2376-83. 

6. Yang L-M, Lin S-J, Hsu F-L, Yang T-H. Antitumor agents. Part 3: synthesis 
and cytotoxicity of new trans-Stilbene benzenesulfonamide derivatives. Bioorganic 
and Medicinal Chemistry Letters. 2002;12(7):1013-5. 

7. Lim C, Lee M, Park E-J, Cho R, Park H-J, Lee SJ, et al. Sulfonamide 
derivatives of styrylheterocycles as a potent inhibitor of COX-2-mediated 
prostaglandin E2 production. Bioorganic and Medicinal Chemistry Letters. 
2010;20(23):6938-41. 

8. Institute NC. Developmental Therapeutics Program NCI/NIH. 2012; Available 
from: http://www.dtp.nci.nih.gov/. 

9. Likhtenshtein G. Stilbenes. Weinheim: WILEY-VCH Verlag GmbH & Co; 
2010. 337 p. 

10. VanEtten HD, Mansfield JW, Bailey JA, Farmer EE. Two Classes of Plant 
Antibiotics: Phytoalexins versus" Phytoanticipins". The Plant Cell Online. 
1994;6(9):1191. 

11. Osbourn AE. Antimicrobial phytoprotectants and fungal pathogens: a 
commentary. Fungal Genetics and Biology. 1999;26(3):163-8. 



References 
 

 

255  
 

12. Aguamah GE, Langcake P, Leworthy DP, Page JA, Pryce RJ, Strange RN. 
Two novel stilbene phytoalexins from Arachis hypogaea. Phytochemistry. 
1981;20(6):1381-3. 

13. Medina-Bolivar F, Condori J, Rimando AM, Hubstenberger J, Shelton K, 
O'Keefe SF, et al. Production and secretion of resveratrol in hairy root cultures of 
peanut. Phytochemistry. 2007;68(14):1992-2003. 

14. Sobolev VS, Cole RJ. trans-Resveratrol content in commercial peanuts and 
peanut products. Journal of Agricultural and Food Chemistry. 1999;47(4):1435-9. 

15. Condori J, Sivakumar G, Hubstenberger J, Dolan MC, Sobolev VS, Medina-
Bolivar F. Induced biosynthesis of resveratrol and the prenylated stilbenoids 
arachidin-1 and arachidin-3 in hairy root cultures of peanut: Effects of culture medium 
and growth stage. Plant Physiology and Biochemistry. 2010;48(5):310-8. 

16. Sobolev VS, Neff SA, Gloer JB. New Dimeric Stilbenoids from Fungal-
Challenged Peanut (Arachis hypogaea) Seeds. Journal of Agricultural and Food 
Chemistry. 2010;58(2):875-81. 

17. Liu Z, Wu J, Huang D. New arahypins isolated from fungal-challenged peanut 
seeds and their glucose uptake-stimulatory activity in 3T3-L1 adipocytes. 
Phytochemistry Letters. 2013;6(1):123-7. 

18. Schultz TP, Hubbard Jr TF, Jin LH, Fisher TH, Nicholas DD. Role of stilbenes 
in the natural durability of wood: fungicidal structure-activity relationships. 
Phytochemistry. 1990;29(5):1501-7. 

19. Kukri  ZZ, Topali -Trivunovi  LN. Antibacterial activity of cis-and trans-
resveratrol isolated from Polygonum cuspidatum rhizome. Acta Periodica 
Technologica. 2006(37):131-6. 

20. Lu KT, Chiou RY, Chen LG, Chen MH, Tseng WT, Hsieh HT, et al. 
Neuroprotective effects of resveratrol on cerebral ischemia-induced neuron loss 
mediated by free radical scavenging and cerebral blood flow elevation. Journal of 
Agricultural and Food Chemistry. 2006;54(8):3126-31. 

21. Henry LA, Witt DM. Resveratrol: phytoestrogen effects on reproductive 
physiology and behavior in female rats. Hormones and Behavior. 2002;41(2):220-8. 

22. Murias M, Handler N, Erker T, Pleban K, Ecker G, Saiko P, et al. Resveratrol 
analogues as selective cyclooxygenase-2 inhibitors: synthesis and structure–activity 
relationship. Bioorganic and Medicinal Chemistry. 2004;12(21):5571-8. 

23. Baur JA, Sinclair DA. Therapeutic potential of resveratrol: the in vivo 
evidence. Nature Reviews Drug Discovery. 2006;5(6):493-506. 

24. Patel B, Patel S, Hoffman R. Inhibition of cyclo-oxygenase-2 expression in 
mouse macrophages by 4-(3-methyl-but-1-enyl)-3,5,3′,4′-tetrahydroxystilbene, a 
resveratrol derivative from peanuts. Phytotherapy Research. 2005;19(6):552-5. 



References 
 

 

256  
 

25. Dannenberg AJ, Altorki NK, Boyle JO, Dang C, Howe LR, Weksler BB, et al. 
Cyclo-oxygenase 2: a pharmacological target for the prevention of cancer. The Lancet 
Oncology. 2001;2(9):544-51. 

26. Rathke MW, Nowak M. The Horner-Wadsworth-Emmons modification of the 
Wittig reaction using triethylamine and lithium or magnesium salts. The Journal of 
Organic Chemistry. 1985;50(15):2624-6. 

27. Zykova TA, Zhu F, Zhai X, Ma W, Ermakova SP, Lee KW, et al. Resveratrol 
directly targets COX-2 to inhibit carcinogenesis. Molecular Carcinogenesis. 
2008;47(10):797. 

28. Guha M, Mackman N. LPS induction of gene expression in human monocytes. 
Cellular Signalling. 2001;13(2):85-94. 

29. Baeuerle PA, Baichwal VR. NF-[kappa]B as a Frequent Target for 
Immunosuppressive and. In: Frank JD, editor. Advances in Immunology: Academic 
Press; 1997. p. 111-37. 

30. Hung LM, Chen JK, Huang SS, Lee RS, Su MJ. Cardioprotective effect of 
resveratrol, a natural antioxidant derived from grapes. Cardiovascular Research. 
2000;47(3):549. 

31. Chen WP, Hung LM, Hsueh CH, Lai LP, Su MJ. Piceatannol, a derivative of 
resveratrol, moderately slows INa inactivation and exerts antiarrhythmic action in 
ischaemia-reperfused rat hearts. British Journal of Pharmacology. 2009;157(3):381-
91. 

32. Chou C-C, Chang P-C, Wen M-S, Lee H-L, Wo H-T, Yeh S-J, et al. 
Piceatannol facilitates conduction block and ventricular fibrillation induction in 
ischemia-reperfused rabbit hearts with pacing-induced heart failure. International 
Journal of Cardiology. 2014;171(2):250-8. 

33. Fremont L. Biological effects of resveratrol. Life Sciences. 2000;66(8):663-73. 

34. Siemann EH, Creasy LL. Concentration of the phytoalexin resveratrol in wine. 
American Journal of Enology and Viticulture. 1992;43(1):49. 

35. Ferrières J. The French paradox: lessons for other countries. Heart. 
2004;90(1):107. 

36. Simini B. Serge Renaud: from French paradox to Cretan miracle. Lancet. 
2000;355(9197):48. 

37. Soleas GJ, Diamandis EP, Goldberg DM. Resveratrol: A molecule whose time 
has come and gone? Clinical Biochemistry. 1997;30(2):91-113. 

38. Stivala LA, Savio M, Carafoli F, Perucca P, Bianchi L, Maga G, et al. Specific 
structural determinants are responsible for the antioxidant activity and the cell cycle 
effects of resveratrol. Journal of Biological Chemistry. 2001;276(25):22586. 



References 
 

 

257  
 

39. Ovesná Z, Kozics K, Bader Y, Saiko P, Handler N, Erker T, et al. Antioxidant 
activity of resveratrol, piceatannol and 3, 3', 4, 4', 5, 5'-hexahydroxy-trans-stilbene in 
three leukemia cell lines. Oncology reports. 2006;16(3):617-24. 

40. Bernini R, Barontini M, Spatafora C. New lipophilic piceatannol derivatives 
exhibiting antioxidant activity prepared by aromatic hydroxylation with 2-
iodoxybenzoic acid (IBX). Molecules. 2009;14(11):4669-81. 

41. Prabhu BM, Medina-Bolivar F, Condori J, Sivakumar G, Srivatsan M. 
Neuroprotective Effect of Peanut Hairy Root Extract Against Oxidative Stress in 
PC12 Derived Neurons. Journal of Medicinally Active Plants. 2013;1(4):3. 

42. Chang JC, Lai YH, Djoko B, Wu PL, Liu CD, Liu YW, et al. Biosynthesis 
enhancement and antioxidant and anti-inflammatory activities of peanut (Arachis 
hypogaea L.) arachidin-1, arachidin-3, and isopentadienylresveratrol. Journal of 
Agricultural and Food Chemistry. 2006;54(26):10281-7. 

43. Milne JC, Denu JM. The Sirtuin family: therapeutic targets to treat diseases of 
aging. Current Opinion in Chemical Biology. 2008;12(1):11-7. 

44. Howitz KT, Bitterman KJ, Cohen HY, Lamming DW, Lavu S, Wood JG, et al. 
Small molecule activators of sirtuins extend Saccharomyces cerevisiae lifespan. 
Nature. 2003;425(6954):191-6. 

45. Valenzano DR, Terzibasi E, Genade T, Cattaneo A, Domenici L, Cellerino A. 
Resveratrol prolongs lifespan and retards the onset of age-related markers in a short-
lived vertebrate. Current Biology. 2006;16(3):296-300. 

46. Kang HL, Benzer S, Min KT. Life extension in Drosophila by feeding a drug. 
Proceedings of the National Academy of Sciences of the United States of America. 
2002;99(2):838. 

47. Adamson J, Lawlor DA, Ebrahim S. Chronic diseases, locomotor activity 
limitation and social participation in older women: cross sectional survey of British 
Women’s Heart and Health Study. Age and Ageing. 2004;33(3):293. 

48. Milne JC, Lambert PD, Schenk S, Carney DP, Smith JJ, Gagne DJ, et al. 
Small molecule activators of SIRT1 as therapeutics for the treatment of type 2 
diabetes. Nature. 2007;450(7170):712-6. 

49. Kang L, Heng W, Yuan A, Baolin L, Fang H. Resveratrol modulates adipokine 
expression and improves insulin sensitivity in adipocytes: Relative to inhibition of 
inflammatory responses. Biochimie. 2010;92(7):789-96. 

50. Yang H, Baur JA, Chen A, Miller C, Sinclair DA. Design and synthesis of 
compounds that extend yeast replicative lifespan. Aging Cell. 2007;6(1):35-43. 

51. Langcake P, Pryce RJ. The production of resveratrol by Vitis vinifera and 
other members of the Vitaceae as a response to infection or injury. Physiological Plant 
Pathology. 1976;9(1):77-86. 



References 
 

 

258  
 

52. Sobolev VS, Horn BW, Potter TL, Deyrup ST, Gloer JB. Production of 
Stilbenoids and Phenolic Acids by the Peanut Plant at Early Stages of Growth. Journal 
of Agricultural and Food Chemistry. 2006;54(10):3505-11. 

53. Ragab AS, Van Fleet J, Jankowski B, Park JH, Bobzin SC. Detection and 
quantitation of resveratrol in tomato fruit (Lycopersicon esculentum Mill.). Journal of 
Agricultural and Food Chemistry. 2006;54(19):7175-9. 

54. Jung HJ, Hwang IA, Sung WS, Kang H, Kang BS, Seu YB, et al. Fungicidal 
effect of resveratrol on human infectious fungi. Archives of Pharmacal Research. 
2005;28(5):557-60. 

55. Herpes available from: 
http://nhs.medguides.medicines.org.uk/nhs/medicine.aspx?name=Aciclovir&use=Gen
ital herpes. 

56. Stankus SJ, Dlugopolski M, Packer D. Management of herpes zoster (shingles) 
and postherpetic neuralgia. American Family Physician. 2000;61(8):2437-44. 

57. Docherty JJ, Sweet TJ, Bailey E, Faith SA, Booth T. Resveratrol inhibition of 
varicella-zoster virus replication in vitro. Antiviral Research. 2006;72(3):171-7. 

58. Docherty JJ, Fu MMH, Stiffler BS, Limperos RJ, Pokabla CM, DeLucia AL. 
Resveratrol inhibition of herpes simplex virus replication. Antiviral Research. 
1999;43(3):135-45. 

59. Docherty JJ, Smith JS, Fu MM, Stoner T, Booth T. Effect of topically applied 
resveratrol on cutaneous herpes simplex virus infections in hairless mice. Antiviral 
Research. 2004;61(1):19-26. 

60. Evers DL, Wang X, Huong SM, Huang DY, Huang ES. 3, 4', 5-Trihydroxy-
trans-stilbene (resveratrol) inhibits human cytomegalovirus replication and virus-
induced cellular signaling. Antiviral Research. 2004;63(2):85-95. 

61. Fatahzadeh M, Schwartz RA. Human herpes simplex virus infections: 
epidemiology, pathogenesis, symptomatology, diagnosis, and management. Journal of 
the American Academy of Dermatology. 2007;57(5):737-63. 

62. Bruggeman CA, H.J Marjorie, Nelissen-Vrancken G. Cytomegalovirus and 
atherogenesis. Antiviral Research. 1999;43(3):135–44. 

63. Docherty JJ, Fu MM, Hah JM, Sweet TJ, Faith SA, Booth T. Effect of 
resveratrol on herpes simplex virus vaginal infection in the mouse. Antiviral Research. 
2005;67(3):155-62. 

64. Palamara AT, Nencioni L, Aquilano K, De Chiara G, Hernandez L, Cozzolino 
F, et al. Inhibition of influenza A virus replication by resveratrol. The Journal of 
Infectious Diseases. 2005;191(10):1719-29. 

65. Zhang HS, Zhou Y, Wu MR, Zhou HS, Xu F. Resveratrol inhibited Tat-
induced HIV-1 LTR transactivation via NAD+-dependent SIRT1 activity. Life 
Sciences. 2009;85(13-14):484-9. 



References 
 

 

259  
 

66. Docherty JJ, Fu MM, Tsai M. Resveratrol selectively inhibits Neisseria 
gonorrhoeae and Neisseria meningitidis. Journal of Antimicrobial Chemotherapy. 
2001;47(2):243. 

67. Ogungbamila F, Onawunmi G, Ibewuike J, Funmilayo K. Antibacterial 
constituents of Ficus barteri fruits. Pharmaceutical Biology. 1997;35(3):185-9. 

68. Chan MMY. Antimicrobial effect of resveratrol on dermatophytes and 
bacterial pathogens of the skin. Biochemical pharmacology. 2002;63(2):99-104. 

69. Docherty JJ, McEwen HA, Sweet TJ, Bailey E, Booth TD. Resveratrol 
inhibition of Propionibacterium acnes. Journal of Antimicrobial Chemotherapy. 
2007;59(6):1182. 

70. Kukrić ZZ, Topalić-Trivunović LN. Antibacterial activity of cis-and trans-
resveratrol isolated from Polygonum cuspidatum rhizome. Acta Periodica 
Technologica. 2006;37:131-6. 

71. Hope C, Planutis K, Planutiene M, Moyer MP, Johal KS, Woo J, et al. Low 
concentrations of resveratrol inhibit Wnt signal throughput in colon derived cells: 
Implications for colon cancer prevention. Molecular Nutrition and Food Research. 
2008;52(S1):S52-S61. 

72. Huang C-P, Au L-C, Chiou RYY, Chung P-C, Chen S-Y, Tang W-C, et al. 
Arachidin-1, a Peanut Stilbenoid, Induces Programmed Cell Death in Human 
Leukemia HL-60 Cells. Journal of Agricultural and Food Chemistry. 
2010;58(23):12123-9. 

73. De Santi C, Pietrabissa A, Spisni R, Mosca F, Pacifici GM. Sulphation of 
resveratrol, a natural product present in grapes and wine, in the human liver and 
duodenum. Xenobiotica. 2000;30(6):609-17. 

74. Juan ME, Maijó M, Planas JM. Quantification of trans-resveratrol and its 
metabolites in rat plasma and tissues by HPLC. Journal of Pharmaceutical and 
Biomedical Analysis. 2010;51(2):391-8. 

75. Boocock DJ, Patel KR, Faust GES, Normolle DP, Marczylo TH, Crowell JA, 
et al. Quantitation of trans-resveratrol and detection of its metabolites in human 
plasma and urine by high performance liquid chromatography. Journal of 
Chromatography B. 2007;848(2):182-7. 

76. Walle T, Hsieh F, DeLegge MH, Oatis JE, Walle UK. High absorption but 
very low bioavailability of oral resveratrol in humans. Drug Metabolism and 
Disposition. 2004;32(12):1377. 

77. Kevin A. Cockell MRLAB. The Concentrations and Ratio of Dietary Calcium 
and Phosphorus Influence Development of Nephrocalcinosis in Female Rats. The 
Journal of Nutrition. 2002;132:252-6. 

78. Patrick GL, Spencer J. An introduction to medicinal chemistry: Oxford 
University Press; 2009. 752 p. 



References 
 

 

260  
 

79. Topliss JG. A manual method for applying the Hansch approach to drug 
design. Journal of Medicinal Chemistry. 1977;20(4):463-9. 

80. Wang M, Li, J, Rangarajan M, Shao Y, LaVoie EJ, Huang TC, Ho CT. 
Antioxidative phenolic compounds from sage (Salvia officinalis). Journal of 
Agricultural and Food Chemistry. 1998;46(12):4869-73. 

81. Wittig G, Schöllkopf U. Über Triphenyl-phosphin-methylene als 
olefinbildende Reagenzien (I. Mitteil. Chemische Berichte. 1954;87(9):1318-30. 

82. Young Han S, Suck Lee H, Hye Choi D, Woon Hwang J, Mo Yang D, Jun J-
G. Efficient Total Synthesis of Piceatannol via (E)-Selective Wittig–Horner Reaction. 
Synthetic Communications. 2009;39(8):1425-32. 

83. Blanchette MA, Choy W, Davis JT, Essenfeld AP, Masamune S, Roush WR, 
et al. Horner-Wadsworth-Emmons reaction: Use of lithium chloride and an amine for 
base-sensitive compounds. Tetrahedron Letters. 1984;25(21):2183-6. 

84. Park BH, Lee HJ, Lee YR. Total Synthesis of Chiricanine A, Arahypin-1, 
trans-Arachidin-2, trans-Arachidin-3, and Arahypin-5 from Peanut Seeds. Journal of 
Natural Products. 2011. 

85. Heck RF. Acylation, methylation, and carboxyalkylation of olefins by Group 
VIII metal derivatives. Journal of the American Chemical Society. 1968;90(20):5518-
26. 

86. Miyaura N, Suzuki A. Stereoselective synthesis of arylated (E)-alkenes by the 
reaction of alk-1-enylboranes with aryl halides in the presence of palladium catalyst. 
Journal of the Chemical Society, Chemical Communications. 1979(19):866-7. 

87. Alonso DA, Nájera C, Varea M. 3,5-Bis(trifluoromethyl)phenyl sulfones in the 
modified Julia olefination: application to the synthesis of resveratrol. Tetrahedron 
Letters. 2004;45(3):573-7. 

88. Julia M, Paris J-M. Syntheses a l'aide de sulfones v(+)- methode de synthese 
generale de doubles liaisons. Tetrahedron Letters. 1973;14(49):4833-6. 

89. Ramberg LB, B. Ark Kemi Mineral Geol. 1940;24:1-50. 

90. Wang H, Zhou HZ, Wang SY, Li CR Zhang YH. Synthesis of Resveratrol 
Based on Ramberg-Backlund Reaction [J]. Fine Chemicals. 2011;5:016. 

91. McMurry JE. Carbonyl-coupling reactions using low-valent titanium. 
Chemical Reviews. 1989;89(7):1513-24. 

92. Stille JK. The Palladium-Catalyzed Cross-Coupling Reactions of Organotin 
Reagents with Organic Electrophiles [New Synthetic Methods (58)]. Angewandte 
Chemie International Edition in English. 1986;25(6):508-24. 

93. Negishi E. Palladium- or nickel-catalyzed cross coupling. A new selective 
method for carbon-carbon bond formation. Accounts of Chemical Research. 
1982;15(11):340-8. 



References 
 

 

261  
 

94. Snyder LR, Kirkland JJ, Dolan JW. Introduction to modern liquid 
chromatography: Wiley; 2011. 

95. Chen G, Shan W, Wu Y, Ren L, Dong J, Ji Z. Synthesis and anti-inflammatory 
activity of resveratrol analogs. Chemical and Pharmaceutical Bulletin. 
2005;53(12):1587-90. 

96. McNulty J, Das P. Highly Stereoselective and General Synthesis of (E) 
Stilbenes and Alkenes by Means of an Aqueous Wittig Reaction. European Journal of 
Organic Chemistry. 2009;2009(24):4031-5. 

97. Alonso F, Riente P, Yus M. Wittig Type Olefination of Alcohols Promoted by 
Nickel Nanoparticles: Synthesis of Polymethoxylated and Polyhydroxylated Stilbenes. 
European Journal of Organic Chemistry. 2009;2009(34):6034-42. 

98. Alonso F, Riente P, Yus M. Synthesis of resveratrol, DMU-212 and analogues 
through a novel Wittig-type olefination promoted by nickel nanoparticles. Tetrahedron 
Letters. 2009;50(25):3070-3. 

99. Farina A, Ferranti C, Marra C. An improved synthesis of resveratrol. Natural 
Product Research. 2006;20(3):247-52. 

100. Chalal M, Vervandier-Fasseur D, Meunier P, Cattey H, Hierso J-C. Syntheses 
of polyfunctionalized resveratrol derivatives using Wittig and Heck protocols. 
Tetrahedron. 2012;68(20):3899-907. 

101. Roberti M, Pizzirani D, Simoni D, Rondanin R, Baruchello R, Bonora C, et al. 
Synthesis and Biological Evaluation of Resveratrol and Analogues as Apoptosis-
Inducing Agents. Journal of Medicinal Chemistry. 2003;46(16):3546-54. 

102. Sun HY, Xiao CF, Cai YC, Chen Y, Wei W, Liu XK, et al. Efficient Synthesis 
of Natural Polyphenolic Stilbenes: Resveratrol, Piceatannol and Oxyresveratrol. 
Chemical and Pharmaceutical Bulletin. 2010;58(11):1492-6. 

103. Maryanoff BE, Reitz AB. The Wittig olefination reaction and modifications 
involving phosphoryl-stabilized carbanions. Stereochemistry, mechanism, and 
selected synthetic aspects. Chemical Reviews. 1989;89(4):863-927. 

104. Wothers P, Greeves N, Warren S, Clayden J. Organic Chemistry. New York: 
Oxford University Press; 2001. 

105. Buss AD, Warren S. The stereocontrolled Horner-Wittig reaction: synthesis of 
disubstituted alkenes. Journal of the Chemical Society, Perkin Transactions 1. 
1985(0):2307-25. 

106. Lion CJ, Matthews CS, Stevens MFG, Westwell AD. Synthesis, Antitumor 
Evaluation, and Apoptosis-Inducing Activity of Hydroxylated (E)-Stilbenes. Journal 
of Medicinal Chemistry. 2005;48(4):1292-5. 

107. Ferré-Filmon K, Delaude L, Demonceau A, Noels AF. Catalytic methods for 
the synthesis of stilbenes with an emphasis on their phytoalexins. Coordination 
Chemistry reviews. 2004;248(21):2323-36. 



References 
 

 

262  
 

108. Giuseppe Bellucci CC, Giacomo Lo Moro. Crown ether catalyzed 
stereospecific synthesis of Z- and E-stilbenes by Wittig reaction in a solid-liquid two-
phases system. Tetrahedron Letters. 1996;37(24):4225–8. 

109. Horner L, Hoffmann H, Wippel HG. Phosphororganische verbindungen, XII. 
Phosphinoxyde als olefinierungsreagenzien. Chemische Berichte. 1958;91(1):61-3. 

110. Wadsworth WS, Emmons WD. The Utility of Phosphonate Carbanions in 
Olefin Synthesis. Journal of the American Chemical Society. 1961;83(7):1733-8. 

111. Chabert P, Fougerousse A, Brouillard R. Anti-mitotic properties of resveratrol 
analog (Z)-3,5,4′-trimethoxystilbene. BioFactors. 2006;27(1-4):37-46. 

112. Bisceglia J, Orelli L. Recent Applications of the Horner-Wadsworth-Emmons 
Reaction to the Synthesis of Natural Products. Current Organic Chemistry. 
2012;16(25):2206-30. Epub 19, October 2012. 

113. Wadsworth WS. Synthetic Applications of Phosphoryl-Stabilized Anions.  
Organic Reactions: John Wiley & Sons, Inc.; 2004. 

114. Belluti F, Fontana G, Bo LD, Carenini N, Giommarelli C, Zunino F. Design, 
synthesis and anticancer activities of stilbene-coumarin hybrid compounds: 
Identification of novel proapoptotic agents. Bioorganic and Medicinal Chemistry. 
2010;18(10):3543-50. 

115. Ianni A, Waldvogel SR. Reliable and Versatile Synthesis of 2-Aryl-Substituted 
Cinnamic Acid Esters. Synthesis. 2006;13:2103-12. 

116. Hartung AM, Beutler JA, Navarro HA, Wiemer DF, Neighbors JD. Stilbenes 
as κ-Selective, Non-nitrogenous Opioid Receptor Antagonists. Journal of Natural 
Products. 2014;77(2):311-9. 

117. Kende AS, Mendoza JS. An improved variant of the Julia olefin synthesis: 
reductive elimination of β-hydroxy imidazolyl sulfones by samarium diiodide. 
Tetrahedron Letters. 1990;31(49):7105-8. 

118. Baudin JB, Hareau G, Julia SA, Ruel O. A direct synthesis of olefins by 
reaction of carbonyl compounds with lithio derivatives of 2-[alkyl- or (2′-alkenyl)- or 
benzyl-sulfonyl]-benzothiazoles. Tetrahedron Letters. 1991;32(9):1175-8. 

119. Blakemore PR. The modified Julia olefination: alkene synthesis via the 
condensation of metallated heteroarylalkylsulfones with carbonyl compounds. Journal 
of the Chemical Society, Perkin Transactions 1. 2002(23):2563-85. 

120. Taylor RJ, Casy G. The Ramberg-Bäcklund Reaction. Organic Reactions. 
2003. 

121. Foot JS, Giblin GMP, Whitwood AC, Taylor RJK. Unexpected Z-
stereoselectivity in the Ramberg-Backlund reaction of diarylsulfones leading to cis-
stilbenes: the effect of aryl substituents and application in the synthesis of the 
integrastatin nucleus. Organic and Biomolecular Chemistry. 2005;3(5):756-63. 



References 
 

 

263  
 

122. Meyers CY, Malte AM, Matthews WS. Ionic reactions of carbon tetrachloride. 
Survey of reactions with ketones, alcohols, and sulfones. Journal of the American 
Chemical Society. 1969;91(26):7510-2. 

123. Chan T-L, Fong S, Li Y, Man T-O, Poon C-D. A new one-flask Ramberg–
Bäcklund reaction. Journal of the Chemical Society, Chemical Communications. 
1994(15):1771-2. 

124. Söderman SC, Schwan AL. 1, 2-Dibromotetrachloroethane: An Ozone-
Friendly Reagent for the in Situ Ramberg–Bäcklund Rearrangement and Its Use in the 
Formal Synthesis of E-Resveratrol. The Journal of Organic Chemistry. 
2012;77(23):10978-84. 

125. Polunin KE, Polunina IA, Schmalz HG. [small eta]6-Arene-
tricarbonylchromium complexes in the syntheses of trans-resveratrol and pinostilbene. 
Mendeleev Communications. 2002;12(5):178-80. 

126. Perkin WH. XXIII.-On the hydride of aceto-salicyl. Journal of the Chemical 
Society. 1868;21(0):181-6. 

127. Sinha AK, Kumar V, Sharma A, Sharma A, Kumar R. An unusual, mild and 
convenient one-pot two-step access to (E)-stilbenes from hydroxy-substituted 
benzaldehydes and phenylacetic acids under microwave activation: a new facet of the 
classical Perkin reaction. Tetrahedron. 2007;63(45):11070-7. 

128. Solladié G, Pasturel-Jacopé Y, Maignan J. A re-investigation of resveratrol 
synthesis by Perkins reaction. Application to the synthesis of aryl cinnamic acids. 
Tetrahedron. 2003;59(18):3315-21. 

129. Xiao C-F, Zou Y, Du J-L, Sun H-Y, Liu X-K. Hydroxyl Substitutional Effect 
on Selective Synthesis of cis, trans Stilbenes and 3-Arylcoumarins Through Perkin 
Condensation. Synthetic Communications. 2011;42(9):1243-58. 

130. Guoxing Li Yong Z, Zhang X. An efficient synthesis of resveratrol and a 
hydroxyl derivative via the Perkin reaction: cis to trans isomerisation in a 
demethylation process. Journal of Chemical Research. 2007;2007(11):657-9. 

131. Cunningham J, Haslam E, Haworth RD. 535. The constitution of piceatannol. 
Journal of the Chemical Society (Resumed). 1963:2875-83. 

132. de Lima DP, Rotta R, Beatriz A, Marques MR, Montenegro RC, Vasconcellos 
MC, et al. Synthesis and biological evaluation of cytotoxic properties of stilbene-
based resveratrol analogs. European Journal of Medicinal Chemistry. 2009;44(2):701-
7. 

133. Elias PM, Cooper ER, Korc A, Brown BE. Percutaneous transport in relation 
to stratum corneum structure and lipid composition. Journal of Investigative 
Dermatology. 1981;76(4). 

134. Fais A, Corda M, Era B, Fadda MB, Matos MJ, Quezada QE, et al. Tyrosinase 
Inhibitor Activity of Coumarin-Resveratrol Hybrids. Molecules. 2009;14(7):2514-20. 



References 
 

 

264  
 

135. Guiso M, Marra C, Farina A. A new efficient resveratrol synthesis. 
Tetrahedron Letters. 2002;43(4):597-8. 

136. Heck RF, Nolley JP. Palladium-catalyzed vinylic hydrogen substitution 
reactions with aryl, benzyl, and styryl halides. The Journal of Organic Chemistry. 
1972;37(14):2320-2. 

137. Jeffery T, Ferber B. One-pot palladium-catalyzed highly chemo-, regio-, and 
stereoselective synthesis of trans-stilbene derivatives. A concise and convenient 
synthesis of resveratrol. Tetrahedron Letters. 2003;44(1):193-7. 

138. Berthiol F, Doucet H, Santelli M. Heck reaction of aryl halides with linear or 
cyclic alkenes catalysed by a tetraphosphine/palladium catalyst. Tetrahedron Letters. 
2003;44(6):1221-5. 

139. Beller M, Zapf A. Phosphites as ligands for efficient catalysis of Heck 
reactions. Synlett. 1998;7:792-3. 

140. Reetz MT, Lohmer G, Schwickardi R. A New catalyst system for the Heck 
reaction of unreactive aryl halides. Angewandte Chemie International Edition. 
1998;37(4):481-3. 

141. Moro AV, Cardoso FSP, Correia CRD. Heck arylation of styrenes with 
arenediazonium salts: short, efficient, and stereoselective synthesis of resveratrol, 
DMU-212, and analogues. Tetrahedron Letters. 2008;49(39):5668-71. 

142. Andrus MB, Liu J, Meredith EL, Nartey E. Synthesis of resveratrol using a 
direct decarbonylative Heck approach from resorcylic acid. Tetrahedron Letters. 
2003;44(26):4819-22. 

143. Botella L, Nájera C. Synthesis of methylated resveratrol and analogues by 
Heck reactions in organic and aqueous solvents. Tetrahedron. 2004;60(26):5563-70. 

144. Miyaura N, Yamada K, Suzuki A. A new stereospecific cross-coupling by the 
palladium-catalyzed reaction of 1-alkenylboranes with 1-alkenyl or 1-alkynyl halides. 
Tetrahedron Letters. 1979;20(36):3437-40. 

145. Miyaura N, Suzuki A. Palladium-Catalyzed Cross-Coupling Reactions of 
Organoboron Compounds. Chemical Reviews. 1995;95(7):2457-83. 

146. Molander GA, Brown AR. Suzuki-Miyaura cross-coupling reactions of 
potassium vinyltrifluoroborate with aryl and heteroaryl electrophiles. The Journal of 
Organic Chemistry. 2006;71(26):9681-6. 

147. Eddarir S, Abdelhadi Z, Rolando C. Fluorinated resveratrol and pterostilbene. 
Tetrahedron Letters. 2001;42(52):9127-30. 

148. Minutolo F, Sala G, Bagnacani A, Bertini S, Carboni I, Placanica G, et al. 
Synthesis of a Resveratrol Analogue with High Ceramide-Mediated Proapoptotic 
Activity on Human Breast Cancer Cells. Journal of Medicinal Chemistry. 
2005;48(22):6783-6. 



References 
 

 

265  
 

149. Bazin MA, Kihel LE, Lancelot JC, Rault S. Original one-pot microwave-
promoted Hunsdiecker–Suzuki strategy: straightforward access to trans-1,2-
diarylethenes from cinnamic acids. Tetrahedron Letters. 2007;48(25):4347-51. 

150. Kerk GJM. Organotin Chemistry: Past, Present, and Future.  Organotin 
Compounds: New Chemistry and Applications: American Chemical Society; 1976. p. 
1-25. 

151. Kang YF, Yan WJ, Zhou TW, Dai F, Li XZ, Bao XZ, et al. Tailoring 3, 3′-
Dihydroxyisorenieratene to Hydroxystilbene: Finding a Resveratrol Analogue with 
Increased Antiproliferation Activity and Cell Selectivity. Chemistry-A European 
Journal. 2014;20(29):8904-8. 

152. Krasovskiy A, Duplais C, Lipshutz BH. Stereoselective Negishi-like 
Couplings Between Alkenyl and Alkyl Halides in Water at Room Temperature. 
Organic Letters. 2010;12(21):4742-4. 

153. Wang C, Tobrman T, Xu Z, Negishi EI. Highly Regio- and Stereoselective 
Synthesis of (Z)-Trisubstituted Alkenes via Propyne Bromoboration and Tandem Pd-
Catalyzed Cross-Coupling. Organic Letters. 2009;11(18):4092-5. 

154. Kabir MS, Monte A, Cook JM. An efficient palladium-catalyzed Negishi 
cross-coupling reaction with arylvinyl iodides: facile regioselective synthesis of E-
stilbenes and their analogues. Tetrahedron Letters. 2007;48(41):7269-73. 

155. Grubbs RH, Burk PL, Carr DD. Mechanism of the olefin metathesis reaction. 
Journal of the American Chemical Society. 1975;97(11):3265-7. 

156. Schrock RR. High-oxidation-state molybdenum and tungsten alkylidyne 
complexes. Accounts of Chemical Research. 1986;19(11):342-8. 

157. Grubbs RH. Olefin metathesis. Tetrahedron. 2004;60(34):7117-40. 

158. Chang S, Na Y, Shin HJ, Choi E, Jeong LS. A short and efficient synthetic 
approach to hydroxy (E)-stilbenoids via solid-phase cross metathesis. Tetrahedron 
Letters. 2002;43(41):7445-8. 

159. Mizutani T, Ikegami M, Nagahata R, Arai T. The first synthesis of stilbene 
dendrimers and their photochemical trans-cis isomerization. Chemistry Letters. 
2001;30(10):1014-5. 

160. Zhang W, Go ML. Quinone reductase induction activity of methoxylated 
analogues of resveratrol. European Journal of Medicinal Chemistry. 2007;42(6):841-
50. 

161. Cheng J-C, Fang J-G, Chen W-F, Zhou B, Yang L, Liu Z-L. Structure–activity 
relationship studies of resveratrol and its analogues by the reaction kinetics of low 
density lipoprotein peroxidation. Bioorganic Chemistry. 2006;34(3):142-57. 



References 
 

 

266  
 

162. Sukwattanasinitt M, Rojanathanes R, Tuntulani T, Sritana-Anant Y, 
Ruangpornvisuti V. Synthesis of stilbene crown ether p-tert-butylcalix[4]arenes. 
Tetrahedron Letters. 2001;42(31):5291-3. 

163. Alima KH, Tsudn Y. Synthesis and nematocidal activity of hydroxystilbene. 
Chemical and Pharmaceutical Bulletin II. 1992;40(5):1130-6. 

164. Yang LM, Lin SJ, Hsu FL, Yang TH. Antitumor agents. Part 3: synthesis and 
cytotoxicity of new trans-Stilbene benzenesulfonamide derivatives. Bioorganic and 
Medicinal Chemistry Letters. 2002;12(7):1013-5. 

165. Weng C-, Yang YT, Ho CT, Yen GC. Mechanisms of apoptotic effects 
induced by resveratrol, dibenzoylmethane, and their analogues on human lung 
carcinoma cells. Journal of Agricultural and Food Chemistry. 2009;57(12):5235-43. 

166. Pan MH, Lin CL, Tsai JH, Ho CT, Chen WJ. 3,5,3′,4′,5′-Pentamethoxystilbene 
(MR-5), a Synthetically Methoxylated Analogue of Resveratrol, Inhibits Growth and 
Induces G1 Cell Cycle Arrest of Human Breast Carcinoma MCF-7 Cells. Journal of 
Agricultural and Food Chemistry. 2009;58(1):226-34. 

167. Pan MH, Gao JH, Lai CS, Wang YJ, Chen W-M, Lo C-Y, et al. Antitumor 
activity of 3,5,4′-trimethoxystilbene in COLO 205 cells and xenografts in SCID mice. 
Molecular Carcinogenesis. 2008;47(3):184-96. 

168. Garland LL, Taylor C, Pilkington DL, Cohen JL, Von Hoff DD. A Phase I 
Pharmacokinetic Study of HMN-214, a Novel Oral Stilbene Derivative with Polo-
Like Kinase-1–Interacting Properties, in Patients with Advanced Solid Tumors. 
Clinical Cancer Research. 2006;12:5162. 

169. Yoshino H, Ueda N, Niijima J, Sugumi H, Kotake Y, Koyanagi N, et al. Novel 
sulfonamides as potential, systemically active antitumor agents. Journal of Medicinal 
Chemistry. 1992;35(13):2496-7. 

170. Owa T, Yoshino H, Okauchi T, Yoshimatsu K, Ozawa Y, Sugi NH, et al. 
Discovery of Novel Antitumor Sulfonamides Targeting G1 Phase of the Cell Cycle. 
Journal of Medicinal Chemistry. 1999;42(19):3789-99. 

171. Ozawa Y, Sugi N, Nagasu T, Owa T, Watanabe T, Koyanagi N, et al. E7070, a 
novel sulphonamide agent with potent antitumour activity in vitro and in vivo. 
European Journal of Cancer. 2001;37(17):2275-82. 

172. Yamamoto K, Noda K, Yoshimura A, Fukuoka M, Furuse K, Niitani H. Phase 
I study of E7010. Cancer Chemotherapy and Pharmacology. 1998;42(2):127-34. 

173. Lim C, Lee M, Park E-J, Cho R, Park H-J, Lee SJ, et al. Sulfonamide 
derivatives of styrylheterocycles as a potent inhibitor of COX-2-mediated 
prostaglandin E2 production. Bioorganic and Medicinal Chemistry Letters. 
2010;20(23):6938-41. 

174. Al-Said MS, Ghorab MM, Al-Qasoumi SI, El-Hossary EM, Noaman E. 
Synthesis and in vitro anticancer screening of some novel 4-[2-amino-3-cyano-4-



References 
 

 

267  
 

substituted-5, 6, 7, 8-tetrahydroquinolin-1-(4H)-yl] benzenesulfonamides. European 
Journal of Medicinal Chemistry. 2010;45(7):3011-8. 

175. Lee SK, Park E-J, Lee E, Min H-Y, Kim E-Y, Lee T, et al. Styrylheterocycles 
as a novel class inhibitor of cyclooxygenase-2-mediated prostaglandin E2 production. 
Bioorganic and Medicinal Chemistry Letters. 2004;14(9):2105-8. 

176. Flower RJ. The development of COX-2 inhibitors. Nature Reviews Drug 
Discovery. 2003;2:179-91. 

177. Lin SJ, Tsai WJ, Chiou WF, Yang TH, Yang LM. Selective COX-2 inhibitors. 
Part 2: Synthesis and biological evaluation of 4-benzylideneamino- and 4-
phenyliminomethyl-benzenesulfonamides. Bioorganic and Medicinal Chemistry. 
2008;16(5):2697-706. 

178. Tsai WJ, Shiao YJ, Lin SJ, Chiou WF, Lin LC, Yang TH, et al. Selective 
COX-2 inhibitors. Part 1: Synthesis and biological evaluation of 
phenylazobenzenesulfonamides. Bioorganic and Medicinal Chemistry Letters. 
2006;16(17):4440-3. 

179. Lu X, Zhang H, Li X, Chen G, Li QS, Luo Y, et al. Design, synthesis and 
biological evaluation of pyridine acyl sulfonamide derivatives as novel COX-2 
inhibitors. Bioorganic and Medicinal Chemistry. 2011;19(22):6827-32. 

180. Haghbeen K, Tan EW. Facile Synthesis of Catechol Azo Dyes. The Journal of 
Organic Chemistry. 1998;63(13):4503-5. 

181. Rao PN, Knaus EE. Evolution of Nonsteroidal Anti-Inflammatory Drugs 
(NSAIDs): Cyclooxygenase (COX) Inhibition and Beyond. Journal of Pharmacy & 
Pharmaceutical Sciences. 2008;11(2):81-110. 

182. Ros E. Health benefits of nut consumption. Nutrients. 2010;2(7):652-82. 

183. Jiang X, Liu B, Lebreton S, De Brabander JK. Total synthesis and structure 
revision of the marine metabolite palmerolide A. Journal of the American Chemical 
Society. 2007;129(20):6386-7. 

184. Kang OH, Jang HJ, Chae HS, Oh YC, Choi JG, Lee YS, et al. Anti-
inflammatory mechanisms of resveratrol in activated HMC-1 cells: Pivotal roles of 
NF-[kappa]B and MAPK. Pharmacological Research. 2009;59(5):330-7. 

185. Michaelis A, Kaehne R. Ueber das Verhalten der Jodalkyle gegen die sogen. 
Phosphorigsäureester oder O-Phosphine. Berichte der deutschen chemischen 
Gesellschaft. 1898;31(1):1048-55. 

186. Arbuzov A. On the structure of phosphonic acid and its derivates: 
Isometization and transition of bonds from trivalent to pentavalent phosphorus. 
Russian Journal of Physical Chemistry. 1906;38:687. 

187. Garner AY, Chapin EC, Scanlon PM. Mechanism of the Michaelis-Arbuzov 
Reaction: Olefin Formation. The Journal of Organic Chemistry. 1959;24(4):532-6. 



References 
 

 

268  
 

188. Rajeshwaran GG, Nandakumar M, Sureshbabu R, Mohanakrishnan AK. Lewis 
Acid-Mediated Michaelis−Arbuzov Reaction at Room Temperature: A Facile 
Preparation of Arylmethyl/Heteroarylmethyl Phosphonates. Organic Letters. 
2011;13(6):1270-3. 

189. Chen ZS, Zhou ZZ, Hua HL, Duan XH, Luo JY, Wang J, et al. Reductive 
coupling reactions: a new strategy for C(sp3)–P bond formation. Tetrahedron. 
2013;69(3):1065-8. 

190. Lavén G, Kalek M, Jezowska M, Stawinski J. Preparation of 
benzylphosphonates via a palladium (0)-catalyzed cross-coupling of H-phosphonate 
diesters with benzyl halides. Synthetic and mechanistic studies. New Journal of 
Chemistry. 2010;34(5):967-75. 

191. Lavén G, Stawinski J. Palladium(0)-Catalyzed Benzylation of H-Phosphonate 
Diesters: An Efficient Entry to Benzylphosphonates. Synlett. 2009;2009(02):225-8. 

192. Barney RJ, Richardson RM, Wiemer DF. Direct Conversion of Benzylic and 
Allylic Alcohols to Phosphonates. The Journal of Organic Chemistry. 
2011;76(8):2875-9. 

193. Wuts PG, Greene TW. Greene's protective groups in organic synthesis: John 
Wiley & Sons; 2006. 

194. Jansen ABA, Russell TJ. 379. Some novel penicillin derivatives. Journal of the 
Chemical Society (Resumed). 1965(0):2127-32. 

195. Dardoize F, Gaudemar M, Goasdoue N. A New Method of 
Methoxymethylation. Synthesis. 1977;1977(08):567-8. 

196. Khalafi-Nezhad A, Fareghi Alamdari R, Zekri N. Efficient and Selective 
Protection of Alcohols and Phenols with Triisopropylsilyl Chloride/Imidazole Using 
Microwave Irradiation. Tetrahedron. 2000;56(38):7503-6. 

197. Corey EJ, Venkateswarlu A. Protection of hydroxyl groups as tert-
butyldimethylsilyl derivatives. Journal of the American Chemical Society. 
1972;94(17):6190-1. 

198. Cunico RF, Bedell L. The triisopropylsilyl group as a hydroxyl-protecting 
function. The Journal of Organic Chemistry. 1980;45(23):4797-8. 

199. Carey F, Sundberg R. J. Advanced Organic Chemistry, Part B: Reactions and 
Synthesis. Kluwer Academic/Plenum Publishers: New York; 2001. 

200. Bisceglia A, R Orelli L. Recent Applications of the Horner-Wadsworth-
Emmons Reaction to the Synthesis of Natural Products. Current Organic Chemistry. 
2012;16(19):2206-30. 

201. Thakkar K, Geahlen RL, Cushman M. Synthesis and protein-tyrosine kinase 
inhibitory activity of polyhydroxylated stilbene analogs of piceatannol. Journal of 
Medicinal Chemistry. 1993;36(20):2950-5. 



References 
 

 

269  
 

202. Azzena U, Cossu S, Denurra T, Melloni G, Piroddi AM. Regioselective 
Reductive Alkylation of 3, 4, 5-Trimethoxybenzaldehyde Dimethylacetal: A New 
Synthesis of 4-Alkyl-3, 5-dimethoxybenzaldehydes and 2, 5-Dialkyl-1, 3-
dimethoxybenzenes. Synthesis. 1990;1990(4):313-4. 

203. Greene TW, Wuts PG. Protective groups in organic synthesis: Wiley New 
York; 1991. 

204. Ziegler K, Schenck G, Krockow EW, Siebert A, Wenz A, Weber H. Die 
Synthese des Cantharidins. Justus Liebigs Annalen der Chemie. 1942;551(1):1-79. 

205. Wohl A. Bromierung ungesättigter Verbindungen mit N-Brom-acetamid, ein 
Beitrag zur Lehre vom Verlauf chemischer Vorgänge. Berichte der deutschen 
chemischen Gesellschaft (A and B Series). 1919;52(1):51-63. 

206. Maercker A. Ether Cleavage with Organo-Alkali-Metal Compounds and 
Alkali Metals. Angewandte Chemie International Edition in English. 
1987;26(10):972-89. 

207. Azzena U, Denurra T, Melloni G, Piroddi AM. Regioselective reductive 
electrophilic substitution of 1,2,3-trimethoxybenzene and its 5-alkyl-substituted 
homologs. The Journal of Organic Chemistry. 1990;55(19):5386-90. 

208. Azzena U, Melloni G, Piroddi AM, Azara E, Contini S, Fenude E. 
Regioselective reductive electrophilic substitution of derivatives of 3,4,5-
trimethoxybenzaldehyde. The Journal of Organic Chemistry. 1992;57(11):3101-6. 

209. Azzena U, Denurra T, Fenude E, Melloni G, Rassu G. A new synthesis of 1-n-
alkyl-3, 5-dimethoxybenzenes (olivetol dimethyl ether and homologs). Synthesis. 
1989(1):28-30. 

210. Charlton JL, Alauddin MM. Asymmetric lignan synthesis. Isolariciresinol 
dimethyl ether. The Journal of Organic Chemistry. 1986;51(18):3490-3. 

211. McKillop A, Bromley D, Taylor EC. Thallium in organic synthesis. XXV. 
Electrophilic aromatic bromination using bromine and thallium (III) acetate. The 
Journal of Organic Chemistry. 1972;37(1):88-92. 

212. Rozen S, Brand M, Lidor R. Aromatic bromination using bromine fluoride 
with no Friedel-Crafts catalyst. The Journal of Organic Chemistry. 1988;53(23):5545-
7. 

213. Djerassi C. Brominations with N-Bromosuccinimide and Related Compounds. 
The Wohl-Ziegler Reaction. Chemical Reviews. 1948;43(2):271-317. 

214. Hori Y, Nagano Y, Uchiyama H, Yamada Y, Taniguchi H. Bromination of 
Active Hydrogen Compounds by Bromotrichloromethane and 1, 8-Diazabicyclo [5.4. 
0] Undecene-7. A Convenient Synthesis for Bromides and Olefins. Chemistry Letters. 
1978;7(1):73-6. 



References 
 

 

270  
 

215. Decker A, Iskra J. Halogenated Heterocycles: Synthesis, Application and 
Environment: Springer; 2012. 

216. Misumi S, Kuwana M, Nakagawa M. Alternant Conjugate Systems. III. 
Syntheses of Stereoisomeric p, p -Distyrylstilbenes and Related Compounds. Bulletin 
of the Chemical Society of Japan. 1962;35(1):135-42. 

217. Soomro SA, Schulz A, Meier H. Dendrimers with peripheral stilbene 
chromophores. Tetrahedron. 2006;62(34):8089-94. 

218. Podgoršek A, Stavber S, Zupan M, Iskra J. Visible light induced ‘on water’ 
benzylic bromination with N-bromosuccinimide. Tetrahedron Letters. 
2006;47(7):1097-9. 

219. Podgoršek A, Stavber S, Zupan M, Iskra J. Environmentally benign 
electrophilic and radical bromination ‘on water’: H2O2–HBr system versus N-
bromosuccinimide. Tetrahedron. 2009;65(22):4429-39. 

220. Shaw H, Perlmutter HD, Gu C, Arco SD, Quibuyen TO. Free-Radical 
Bromination of Selected Organic Compounds in Water. The Journal of Organic 
Chemistry. 1997;62(2):236-7. 

221. Yorimitsu H, Shinokubo H, Oshima K. Synthetic radical reactions in aqueous 
media. Synlett. 2002;2002(05):0674-86. 

222. Azzena U, Dettori G, Idini MV, Pisano L, Sechi G. Regioselective reductive 
demethoxylation of 3, 4, 5-trimethoxystilbenes. Tetrahedron. 2003;59(40):7961-6. 

223. Gregg BT, Golden KC, Quinn JF. Indium(III) Trifluoromethanesulfonate as an 
Efficient Catalyst for the Deprotection of Acetals and Ketals. The Journal of Organic 
Chemistry. 2007;72(15):5890-3. 

224. Sun J, Dong Y, Cao L, Wang X, Wang S, Hu Y. Highly Efficient 
Chemoselective Deprotection of O,O-Acetals and O,O-Ketals Catalyzed by Molecular 
Iodine in Acetone. The Journal of Organic Chemistry. 2004;69(25):8932-4. 

225. Cordes EH, Bull HG. Mechanism and catalysis for hydrolysis of acetals, 
ketals, and ortho esters. Chemical Reviews. 1974;74(5):581-603. 

226. McOmie JFW, Watts ML, West DE. Demethylation of aryl methyl ethers by 
boron tribromide. Tetrahedron. 1968;24(5):2289-92. 

227. P. Kulkarni P, J. Kadam A, B. Mane R, V. Desai U, P. Wadgaonkar P. 
Demethylation of Methyl Aryl Ethers using Pyridine Hydrochloride in Solvent-free 
Conditions under Microwave Irradiation. Journal of Chemical Research, Synopses. 
1999(6):394-5. 

228. Hoffmann FW, Kagan B, Canfield JH. Organic Phosphorus Compounds. V.1 
The Preparation of O-Alkyl Alkylphosphonothioic Acids. Journal of the American 
Chemical Society. 1959;81(1):148-51. 



References 
 

 

271  
 

229. Node M, Nishide K, Fuji K, Fujita E. Hard acid and soft nucleophile system. 2. 
Demethylation of methyl ethers of alcohol and phenol with an aluminum halide-thiol 
system. The Journal of Organic Chemistry. 1980;45(22):4275-7. 

230. Tamura K, Kato Y, Ishikawa A, Kato Y, Himori M, Yoshida M, et al. Design 
and Synthesis of 4,6-Di-tert-butyl-2,3-dihydro-5-benzofuranols as a Novel Series of 
Antiatherogenic Antioxidants. Journal of Medicinal Chemistry. 2003;46(14):3083-93. 

231. Jones K, Roset X, Rossiter S, Whitfield P. Demethylation of 2,4-
dimethoxyquinolines: the synthesis of atanine. Organic and Biomolecular Chemistry. 
2003;1(24):4380-3. 

232. Vickery EH, Pahler LF, Eisenbraun EJ. Selective O-demethylation of catechol 
ethers. Comparison of boron tribromide and iodotrimethylsilane. The Journal of 
Organic Chemistry. 1979;44(24):4444-6. 

233. Burwell RL. The Cleavage of Ethers. Chemical Reviews. 1954;54(4):615-85. 

234. Sharghi H, Tamaddon F. BeCl2 as a new highly selective reagent for 
dealkylation of aryl-methyl ethers. Tetrahedron. 1996;52(43):13623-40. 

235. Feutrill G, Mirrington R. Reactions with thioethoxide ion in 
dimethylformamide. I. Selective demethylation of aryl methyl ethers. Australian 
Journal of Chemistry. 1972;25(8):1719-29. 

236. Sugasawa S, Kodama K. Studien zur Synthese von Dibenzo-indolizin-
Derivaten (I). Synthese von 4′.5′.4″.5″-Tetramethoxy-3.8.4.7.tetrahydro-[1′.2′:1.2; 
1″.2″:5.6-dibenzoindolizin]. Berichte der Deutschen Chemischen Gesellschaft (A and 
B Series). 1941;74(7):1237-41. 

237. Jung ME, Lyster MA. Quantitative dealkylation of alkyl ethers via treatment 
with trimethylsilyl iodide. A new method for ether hydrolysis. The Journal of Organic 
Chemistry. 1977;42(23):3761-4. 

238. Sale S, Tunstall RG, Ruparelia KC, Potter GA, Steward WP, Gescher AJ. 
Comparison of the effects of the chemopreventive agent resveratrol and its synthetic 
analog trans 3, 4, 5, 4′-tetramethoxystilbene (DMU-212) on adenoma development in 
the ApcMin+ mouse and cyclooxygenase-2 in human-derived colon cancer cells. 
International Journal of Cancer. 2005;115(2):194-201. 

239. Ma Z, Molavi O, Haddadi A, Lai R, Gossage RA, Lavasanifar A. Resveratrol 
analog trans 3, 4, 5, 4′-tetramethoxystilbene (DMU-212) mediates anti-tumor effects 
via mechanism different from that of resveratrol. Cancer Chemotherapy and 
Pharmacology. 2008;63(1):27-35. 

240. Lawrence NJ, Hepworth LA, Rennison D, McGown AT, Hadfield JA. 
Synthesis and anticancer activity of fluorinated analogues of combretastatin A-4. 
Journal of Fluorine Chemistry. 2003;123(1):101-8. 



References 
 

 

272  
 

241. Horsman M, Murata R, Breidahl T, Nielsen F, Maxwell R, Stødkiled-
Jørgensen H, et al. Combretastatins Novel Vascular targeting Drugs for Improving 
Anticancer therapy.  Angiogenesis: Springer; 2000. p. 311-23. 

242. Weng CJ, Wu CF, Huang HW, Wu CH, Ho CT, Yen GC. Evaluation of Anti-
invasion Effect of Resveratrol and Related Methoxy Analogues on Human 
Hepatocarcinoma Cells. Journal of Agricultural and Food Chemistry. 
2010;58(5):2886-94. 

243. Gosslau A, Chen M, Ho CT, Chen K. A methoxy derivative of resveratrol 
analogue selectively induced activation of the mitochondrial apoptotic pathway in 
transformed fibroblasts. British Journal of Cancer. 2005;92(3):513-21. 

244. Androutsopoulos VP, Ruparelia KC, Papakyriakou A, Filippakis H, Tsatsakis 
AM, Spandidos DA. Anticancer effects of the metabolic products of the resveratrol 
analogue, DMU-212: structural requirements for potency. European Journal of 
Medicinal Chemistry. 2011;46(6):2586-95. 

245. Dakdouki SC, Villemin D, Bar N. Solid-Phase Reactive Chromatography 
(SPRC): A New Methodology for Wittig and Horner–Emmons Reactions on a 
Column under Microwave Irradiation. European Journal of Organic Chemistry. 
2010;2010(2):333-7. 

246. Cushman M, Nagarathnam D, Gopal D, Chakraborti AK, Lin CM, Hamel E. 
Synthesis and evaluation of stilbene and dihydrostilbene derivatives as potential 
anticancer agents that inhibit tubulin polymerization. Journal of Medicinal Chemistry. 
1991;34(8):2579-88. 

247. Drewes SE, Fletcher IP. Polyhydroxystilbenes from the heartwood of Schotia 
brachypetala. Journal of the Chemical Society, Perkin Transactions 1. 1974(0):961-2. 

248. Garcia O, Nicolás E, Albericio F. o-Formylation of electron-rich phenols with 
dichloromethyl methyl ether and TiCl4. Tetrahedron Letters. 2003;44(27):4961-3. 

249. Li-Ming Y, Shwu-Jiuan L, Tsang-Hsiung Y, Kuo-Hsiung L. Synthesis and 
anti-HIV activity of dibenzylbutyrolactone lignans. Bioorganic and Medicinal 
Chemistry Letters. 1996;6(8):941-4. 

250. Firouzabadi H, Iranpoor N, Ebrahimzadeh F. Facile conversion of alcohols 
into their bromides and iodides by N-bromo and N-iodosaccharins/triphenylphosphine 
under neutral conditions. Tetrahedron Letters. 2006;47(11):1771-5. 

251. Bialecki J, Ruzicka J, Attygalle AB. An unprecedented rearrangement in 
collision-induced mass spectrometric fragmentation of protonated benzylamines. 
Journal of Mass Spectrometry. 2006;41(9):1195-204. 

252. De Luca L, Giacomelli G, Porcheddu A. An Efficient Route to Alkyl 
Chlorides from Alcohols Using the Complex TCT/DMF. Organic Letters. 
2002;4(4):553-5. 



References 
 

 

273  
 

253. Bandgar BP, Bettigeri SV. Efficient and Selective Halogenation of Allylic and 
Benzylic Alcohols under Mild Conditions. Monatshefte für Chemie / Chemical 
Monthly. 2004;135(10):1251-5. 

254. Iranpoor N, Firouzabadi H, Jamalian A, Kazemi F. Silicaphosphine (Silphos): 
a filterable reagent for the conversion of alcohols and thiols to alkyl bromides and 
iodides. Tetrahedron. 2005;61(23):5699-704. 

255. Rieche A, Gross H, Höft E. Über α-Halogenäther, IV. Synthesen aromatischer 
Aldehyde mit Dichlormethyl-alkyläthern. Chemische Berichte. 1960;93(1):88-94. 

256. Vilsmeier A, Haack A. Über die Einwirkung von Halogenphosphor auf Alkyl-
formanilide. Eine neue Methode zur Darstellung sekundärer und tertiärer p-
Alkylamino-benzaldehyde. Berichte der Deutschen Chemischen Gesellschaft (A and 
B Series). 1927;60(1):119-22. 

257. Li J. Vilsmeier—Haack reaction.  Name Reactions: Springer Berlin 
Heidelberg; 2003. p. 419-20. 

258. Wynberg H, Meijer EW. The Reimer–Tiemann Reaction. Organic Reactions. 
1982. 

259. Reimer K, Tiemann F. Ueber die Einwirkung von Chloroform auf Phenole und 
besonders aromatische Oxysäuren in alkalischer Lösung. Berichte der Deutschen 
Chemischen Gesellschaft. 1876;9(2):1268-78. 

260. Duff JC, Bills EJ. 273. Reactions between hexamethylenetetramine and 
phenolic compounds. Part I. A new method for the preparation of 3- and 5-
aldehydosalicylic acids. Journal of the Chemical Society (Resumed). 1932(0):1987-8. 

261. Duff JC. 96. A new general method for the preparation of o-hydroxyaldehydes 
from phenols and hexamethylenetetramine. Journal of the Chemical Society 
(Resumed). 1941:547-50. 

262. Wood JH, Tung CC, Perry MA, Gibson RE. The Sommelet Reaction in the 
Synthesis of Aromatic Dialdehydes1. Journal of the American Chemical Society. 
1950;72(7):2992-3. 

263. Olah GA, Ohannesian L, Arvanaghi M. Formylating agents. Chemical 
Reviews. 1987;87(4):671-86. 

264. Gattermann L, Berchelmann W. Synthese aromatischer Oxyaldehyde. Berichte 
der deutschen chemischen Gesellschaft. 1898;31(2):1765-9. 

265. Niedzielski EL, Nord FF. On the mechanism of the Gattermann reaction .II.1, 
2. The Journal of Organic Chemistry. 1943;08(2):147-52. 

266. Gattermann L, Koch JA. Eine Synthese aromatischer Aldehyde. Berichte der 
Deutschen Chemischen Gesellschaft. 1897;30(2):1622-4. 



References 
 

 

274  
 

267. Yakubov AP, Tsyganov DV, Belen'kii LI, Krayushkin MM. Synthesis of 
sterically hindered aromatic dialdehydes. Bulletin of the Academy of Sciences of the 
USSR, Division of Chemical Science. 1991;40(7):1509-12. 

268. DeHaan FP, Delker GL, Covey WD, Bellomo AF, Brown JA, Ferrara DM, et 
al. Electrophilic aromatic substitution. 6. A kinetic study of the formylation of 
aromatics with 1, 1-dichloromethyl methyl ether in nitromethane. The Journal of 
Organic Chemistry. 1984;49(21):3963-6. 

269. Cresp T, Sargent M, Elix J, Murphy D. Formylation and bromination ortho to 
the hydroxy-group of 2-carbonylsubstituted phenols in the presence of titanium (VI) 
chloride. Journal of the Chemical Society, Perkin Transactions 1. 1973:340-5. 

270. Marcantoni E, Alessandrini S, Malavolta M, Bartoli G, Bellucci MC, Sambri 
L, et al. Reversed Stereochemical Control in the Presence of CeCl3 and TiCl4 in the 
Lewis Acid Mediated Reduction of α-Alkyl-β-keto Esters by Metal Hydrides. A 
General Methodology for the Diastereoselective Synthesis of s yn-and a nti-α-Alkyl-
β-hydroxy Esters. The Journal of Organic Chemistry. 1999;64(6):1986-92. 

271. Sun W, Wang W, Kim J, Keng P, Yang S, Zhang H, et al. Anti-cancer effect 
of resveratrol is associated with induction of apoptosis via a mitochondrial pathway 
alignment.: In Oxygen Transport to Tissue XXIX; 2008. p. 179-86. 

272. Cremlyn R. Chlorosulfonic acid: a versatile reagent: Springer US/RSC; 2002. 

273. Hoffmann FW, Moore TR, Kagan B. The reaction between triethyl phosphite 
and alkyl and aryl-sulfonyl chlorides Journal of the American Chemical Society. 
1956;78(24):6413-4. 

274. Kühl O. Phosphorus-31 NMR Spectroscopy: A Concise Introduction for the 
Synthetic Organic and Organometallic Chemist: Springer London, Limited; 2008. 

275. Herweh J. Hydrazinolysis of Some Chlorosulfonated Pentavalent Phosphorus 
Esters. The Journal of Organic Chemistry. 1966;31(12):4308-12. 

276. Bassin JP, Cremlyn RJ, Swinbourne FJ. Review. Chlorosulfonation of 
Aromatic and Hetero-Aromatic Systems. Phosphorus, Sulfur, and Silicon and the 
Related Elements. 1991;56(1):245-75. 

277. Bahrami K, Khodaei M, Khaledian D. Synthesis of Sulfonyl Chlorides and 
Thiosulfonates from H2O2 -TiCl4. ChemInform. 2012;43(17):354-8. 

278. Bahrami K, Khodaei MM, Soheilizad M. Direct Conversion of Thiols to 
Sulfonyl Chlorides and Sulfonamides. The Journal of Organic Chemistry. 
2009;74(24):9287-91. 

279. Blotny G. A new, mild preparation of sulfonyl chlorides. Tetrahedron Letters. 
2003;44(7):1499-501. 

280. Huntress EH, Carten FH. Identification of organic compounds. I. 
Chlorosulfonic acid as a reagent for the identification of aryl halides. Journal of the 
American Chemical Society. 1940;62(3):511-4. 



References 
 

 

275  
 

281. Coburn RA, Long L. Gynocardin. The Journal of Organic Chemistry. 
1966;31(12):4312-5. 

282. Kemp W. Organic Spectroscopy. Third edition ed. Edingburgh: Palgrave; 
1991. 

283. Knipe AC, Watts WE. Organic Reaction Mechanisms, 2005: John Wiley & 
Sons; 2009. 

284. Topliss JG. Utilization of operational schemes for analog synthesis in drug 
design. Journal of Medicinal Chemistry. 1972;15(10):1006-11. 

285. Milos H. Fluorine Chemistry for Organic Chemists : Problems and Solutions: 
Oxford University Press, USA; 2000. 

286. Tsai WJ, Shiao YJ, Lin SJ, Chiou WF, Lin LC, Yang TH, et al. Selective 
COX-2 inhibitors. Part 1: Synthesis and biological evaluation of 
phenylazobenzenesulfonamides. Bioorganic and Medicinal Chemistry Letters. 
2006;16(17):4440-3. 

287. Huang Q, Stoner G, Resau J, Nickols J, Mirvish SS. Metabolism of N-
nitrosomethyl-n-amylamine by microsomes from human and rat esophagus. Cancer 
Research. 1992;52(13):3547-51. 

288. Wils P, Warnery A, Phung-Ba V, Legrain S, & Scherman D. High lipophilicity 
decreases drug transport across intestinal epithelial cells. Journal of Pharmacology and 
Experimental Therapeutics. 1994;269(2):654-8. 

289. Dörwald FZ. Lead optimization for medicinal chemists: pharmacokinetic 
properties of functional groups and organic compounds: John Wiley & Sons.; 2012. 

290. Louis KS, Siegel AC. Cell viability analysis using trypan blue: manual and 
automated methods. In Mammalian Cell Viability. 2011:7-12. 

291. Vichai V, Kirtikara K. Sulforhodamine B colorimetric assay for cytotoxicity 
screening. Nature Protocols. 2006;3(1):1112-6. 

292. Katsares V, Petsa A, Felesakis A, Paparidis Z, Nikolaidou E, Gargani S, et al. 
A Rapid and Accurate Method for the Stem Cell Viability Evaluation: The Case of the 
Thawed Umbilical Cord Blood. Lab Medicine. 2009;40(9):557-60. 

293. Shoaib Ahmad Shah S, Rivera G, Ashfaq M. Recent Advances in Medicinal 
Chemistry of Sulfonamides. Rational Design as Anti-Tumoral, Anti-Bacterial and 
Anti-Inflammatory Agents. Mini Reviews in Medicinal Chemistry. 2013;13(1):70-86. 

294. Pochetti G, Gavuzzo E, Campestre C, Agamennone M, Tortorella P, Consalvi 
V, et al. Structural insight into the stereoselective inhibition of mmp-8 by 
enantiomeric sulfonamide phosphonates. Journal of Medicinal Chemistry. 
2006;49(3):923-31. 

295. Topliss JG. Utilization of operational schemes for analog synthesis in drug 
design. Journal of Medicinal Chemistry. 1972;15(10):106-1011. 



References 
 

 

276  
 

296. Gottlieb HE, Kotlyar V, Nudelman A. NMR Chemical Shifts of Common 
Laboratory Solvents as Trace Impurities. The Journal of Organic Chemistry. 
1997;62(21):7512-5. 

297. Tyman JH. Long-chain phenols. Part III. Identification of the components of a 
novel phenolic fraction in anacardium occidentale (cashew nut-shell liquid) and 
synthesis of the saturated member. Journal of the Chemical Society, Perkin 
Transactions 1. 1973:1639-47. 

298. Drewes SE, Fletcher IP. Polyhydroxystilbenes from the heartwood of Schotia 
brachypetala. Journal of the Chemical Society, Perkin Transactions 1. 1974:961-2. 

299. Jaenicke L, Akintobi T, Marner FJ. Ein Beitrag zur Darstellung von Alkyl-
cycloheptadienen: Synthese von Ectocarpen und seinen Homologen. Justus Liebigs 
Annalen der Chemie. 1973;1973(8):1252-62. 



Appendix 
 

 

277  
 

Appendix 

 

 

 



Appendix 
 

 

278  
 

Appendix I 

 

    

         

   

  

 

    

 

Appendix A1 The annotated reference for general compounds characterised by 1H and 13C 
NMR analysis 



Appendix 
 

 

279  
 

Appendix II 

 

Appendix A2 List of reagents, assay kits used for biological testing 

 
 

Reagent 
 

Company Serial 
Number 

Concentration 

A549 cell line University of 
Nottingham 

- - 

Dulbecco’s Modified Eagle 
Medium (DMEM) 

Gibco® Life 
Technologies 

31885-023 1x (w/v) 

Penicillin/Streptomycin Sigma PO781 10,000 units/mL 
(w/v)/10 mg/mL 

(w/v) 
L-glutamine Gibco® Life 

Technologies 
25030-024 200 mM 

Dulbecco’s phosphate 
buffered saline (DPBS/PBS) 
 
Diluted to X1 in deionized 
water to make PBS 

Gibco® Life 
Technologies 

14200-067 10x (w/v) 

Trypsin/EDTA Sigma T4174 0.5 % (w/v) /             
0.5 % (w/v) 

Trypan Blue Sigma (Life 
Science) 

T8154 0.4 % (w/v) 

Cell Titer 96 Aqueous One 
Solution Cell Proliferation 
Assay 

ProMega G3580 - 

Dimethyl sulfoxide Sigma D2650  Neat 

Foetal Bovine Serum (FBS) Gibco 10500-064 - 

Trichloroacetic acid European 
Pharmacopeia 

1092501 Neat 

Sulforhodamine B Sigma 230162-5G - 
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Cell culture 

The non-small cell lung carcinoma cancer cell line, A549 was grown in the 

Dulbecco's Modified Eagle medium, supplemented with 10% heat-inactivated fetal 

bovine serum, 100 u/mL penicillin, 100 µg/ml streptomycin and 2 mM (w/v) L-

glutamine solution.  

Trypan blue dye exclusion growth assay 

 

The A549 cells were plated out into 96-well plates and incubated at 37 °C overnight to 

allow for cell attachment. Each stilbene benzenesulfonamide analogue was then 

dissolved in dimethyl sulfoxide (DMSO), mixed with fresh medium and added to each 

plate at the desired concentration (5.0 and 50 µM). The final DMSO concentration in 

all cultures was 1.0 % v/v. This concentration of DMSO did not alter cell-growth 

when compared with the vehicle free medium (no drug).  

Following each of the selected treatment period (24, 48, 72 and 96 h), the cells were 

harvested by trypsinization and centrifuged. The cell pellet was resuspended in 2 mL 

of fresh media and the cells were stained with trypan blue dye. The number of non-

viable (dead) and viable cells was counted using a haemocytometer. Growth inhibition 

by the stilbene benzenesulfonamide analogues was expressed as a percentage of the 

control (cells treated with the vehicle). 

 

Sulforhodamine B assay (SRB) 

 
Cells (A549) were plated out in 96-well plates on day 0 and then treated on day 1 with 

concentrations of each tested compound at 0 to 500 µM (dissolved in DMSO and 

fresh media as described above) for 48 h.  
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At completion of the experiment, the cells were fixed by adding trichloroacetic acid to 

a final concentration of 5 % (v/v). After 1 h at 4 °C, plates were washed four times 

with deionised water, dried, and stained for 30 min with 50 µL sulforhodamine B in 

PBS (0.4 %, w/v). Following three wash steps with 1 % acetic acid, 150 µL Tris (10 

mM/L) was added to dissolve the staining. The plates were then read at 492 nm using 

a spectrophotometer. After correction for medium-only and no-drug controls, the GI50 

values were calculated from the growth inhibition curves generated by fitting 

sigmoidal curves to the data using nonlinear least square regression analysis. 

 

Statistical analysis 

 
Descriptive statistics were performed using Microsoft Excel 2010, including Q-tests 

for outliers. Tests for normality were performed using Shapiro-Wilks test, and tests for 

significance were carried out using One-Way ANOVA and Tukey or Games-Howell 

post-hoc tests, using IBM SPSS Statistics 22. The chosen level of significance was            

p < 0.05. 


