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Chidative couphg of phenolic compoimds is an important rmthod used by 

synthetic organic cherilists for the syntbesis of various lignans. It bas also been hpiicated 

in Lignan biosyiathesis. Recentiy, it was discovered that sinapic a d  m a basic buffer in the 

presence of oxygen was quantitativeiy converted to the lignan, tbomasidioic acid This 

interesthg reaction formed the basis for sateral studies desctl'bed in thk thesi-. 

The scope of the oltiâation reaction d e s c n i  above was studied by applying the 

same reaction conditions to other 4-hydroxycmnamic acids (fénilic, d e i c  and coirmaric 

acids). The efficient oxidative coupiinglcyclization appears to be liimted to ody sinapic 

acid Mdation of sinapic acid in more strongly basic solution (0.1 N KOH) mexpectedly 

produced 6-hydroxy-S,7-dunetboxy-2-naphthoic acid. The formation of this compound 

appeared to involve the secondary oxidation of thomasidioic acid. 

As weil as studying the synthetic scope of the oxidative couplhg ofpmu- . 
hydroxycmaamic acids, the details of the mechanism of this mteresting reaction were also 

studied. Various aspects of the reaction were studied, includ'mg the nature of the 

intermediates involved and stoichiomtry of the reactioa ûxidizing agents other than 

oxygen were also used m order to provide more insight into the mechanism of the 

oxidative coupliag. 

The oxidative coupling of esters of sinapic acid has also been studied. For the 

reaction of rnethyl skpate, some of the expected dimethyl thomasidioate was formed in a 

mixture with a diarybutadiene diester m a 1:2 ratio. For the reaction of (methyl (R)- 

mandelyl) sinspate in basic buffer, the products were a mixture of isomers of the d i 1  



butadiene product. These resuhs iradiate îhat the direct asymmetric synthesis of 

aryltetralins by oxidative couphg of chiral cirmamate esters is probabiy not feastcbie- 



Cbapter 1 

Introduction 

Li- are a class of naturally occurring products foumi m plants which bave 

intriguecl synthetic organic chemists because of th& biobgicaî activities. To ptepare 

various lignausy chemiçts bave mvestigated many different synthetic methods, includmg 

oxidative couplkg of phenoh' which is also implicated in the biosynthesis of ligaaos. 

This thesis will focus on the synthesis ofthornasidioic acid (1) and its methyl ester 2 via a 

phenoüc oxidative coupling. 'fhe introduction will giw a general overview of lignans and 

their various biological activities foliowed by a discussion of thoiaasidioic acid in 

particular. Subsequently, oxidative couplhg of phenols as it pertains to the synthesis of 

lignans will be reviewed. 

Lignaris are! a group of natural products known for their varied biological effects 

on humans and o k  species. Tbey are formed via the shiamate pathway, a major 

metabolic pathway leading to foimation of aromatic compounds in living systems. 



a 1,4 diïbenzyIbutane structure iIIustra?ed by structure 32 Lignans can be phced hto two 

ciasses, the acyciic lignans and cycloiignans. The acyclic ligiÿus have the g e n d  

structure of 3, M e  the cyclolignans have aa additional C-C bond which results in 

the formation of an additional ring. Also, in cornparhg different lilignans, one can observe 

variable patterns of oxygen substitution on both the carbon chain and the arornatic rings, 

which cm mclude heterocyclic rings. This is iUu~nated by the tignar~~ podophylloto>cin 



1.2.1 Biobgical Activities of Lignans 

The discovery of lignansy biobgicai acthity in the 1940's opaied a new area of 

research mto the basis and scope of this activay. C k C h e s  bave hvpstigated nrany 

différent ügnans and found th& bioiogîcal m i e s  to be quite diverse- The biowledge 

of the mecbaai3ms b e W  the biological activities is steadily mciPasmg a d  chemists bave 

begun to understand the reiationship between lignan structure and biologicai activity. The 

research in the area of ligaaas and their biological activities is coastantly progressmg and 

in t h ,  chemists may have a complete understanding of these processes. 

1.2.2 Lignans in Piaats 

Lignans isokted fiom plant matter have been extensively studied for their 

biological activities. These oaniral products are isolated h m  fifky-five families of vascular 

plants, most of which belong to the Gyxmospenn class. Lignaus have been found in 

almost aii components of plaats, such as wood, roots, fbwers and seeds. The vatious 

biological activÎties that Iigaaos cm exbhit include enzyme inhi'bition and cytotoxicity. As 

weii, they can demonstrate antitumor, antimitotic and antiviral acti~ities?'~ 

The reason for the initial interest m lignans was tbe discovery that some can act as 

antihmior agents. Thus nir, there are 30 different Dahrrany occiirring lignans and many 

other lignan analogues known to have antitumor pmperties. The majority of the natural 

antitumor lignaas, sucb as podophylltotoxin d other structurally similar lignans are 

isolated âom the plam class, Podophylhm. Udortunateiyy as weii as havmg antihnnor 



properties, some of these aaIinany occurring compounds, such as podophyilotoxh itse& 

are extremeiy toxic. Chmical mo~cations of the various fundonal groups of the 

lignans have aiiowed chmists to reduce theh toxicity while mamtamuig 
O - 0  theantitumor 

activities of the iigneis. Two semisyntbetc derivatives of podophyllotoxin, VP-16213 

(etopotide) and VM-26 (teniposide), are currentiy used clinicaUy to treat a variety of 

cancers." It is theit use m fjghting cancer that has made the extraction of podophyiiotoxin 

fiom PodopbIZum a major industry. 

Scientists have proposed numerous theories about the mechanism of li&nansY 

biological activity. In many of these studies, attempts have been made to correlate activity 

to stni~ture.'~~'~ For example, lignans, with the podophyilotoxin generai structure and 

able to cause chromosomal damage to a ceil, usually possess a 4'-hydroxyl group, whüe 

inactive lignans do not. Also, lignaus with an enhiuiced capability to damage DNA, such 

as epipodophyllotoxin (7) and 4'-denaetby1-epipodophyUotolan (8), differ as they ail have 

an S configuration at C-41 

7 8 

Even though scientists have been able to explain how the structure of the ügnan helps it to 

accomplish its activity in some cases, they do not yet understaad all modes of action as 

they pertain to the structure of the iigiiao and its biological actiVity. 



lm23 Lignans in Animais 

Recentiy, ii~ignans have been fou& in humans and other nramriah and this 

discovery bas promptad chemists to poader tbeir biologicai and physiological des. The 

primary lignans found m the urine of aninialsy such as rais and baboons, are enterolaetone 

(9) and entemdiol(l~)*'"'~ They differ in structure h m  the Lignans found in plants m 

that their aromatic rings are only meta-substinited- 

The precursors to these mammaliaD ligoaas have been traced to many conmion dietary 

foods, such as whole cereal and bracs. Evidence has shown tbat the lignans are f o m d  

via microbial action on the two plant lignans, secoisolaricitesinal diglucoside and . 
matairesiw~.'~ It was once beiieved that a vegetarian diet would d u c e  the rkk of 

chronic diseases, such as coronary heart diseases and cancer, due to the generai health 

beneMs of dietary fiber. It has now beea proposed that it is the lignaos found in these 

foods that are indirectly involved in modulatmg âisease. In particuiar, Î t  has k e n  

proposed that these ligaanç can suppress estrogen-dependent cancers. The majority of 

estrogen in the body is bound to sex hormone-binding globuiin (SHBG), because it is not 

d y  soluble due to its üpophüicity. It has been postulateci that the concentration of the 

unbound hormone may play a role in the occurrence of breast cancer and other hormone- 

related diseases. An increased concentration of meminalian lignans in the system due to 



greater intaice of dietary lignans has been shown to mcriease the concentration of SHBG 

and thereby decrease the m u n t  of 6ree estrogen in the bodi(y fhiids. This in tum 

decreases the incidence of estmgen dependent breast cancer. The ügnans, enterolactone 

and enterodioi, also demonstrate other biologicai e f f i  tbat are cwzentiy king 

investigated. 

1.3.1 Thomasidioic Acid 

Thomasidioic acid (1), a m e  lignan fïrst isoiated with thomasic acid (11) fiom 

the elm tree species, Unius thornadi Sarg. in 1969:~~' was recentiy discovered to be a 

biproduct formed when studying the conditions used during the processing of canola 

meal? Thomasidioic acid was aiso fomd in other v i e s  of elm, such as Ulnrus alata 

and üZrnusp~t7rifolia, and in the brown coloration of the outer rings of trees infècted with 

Dutch Elm disease." 

There are many structurai characteristics of thomasidioic %id (1) and its congener, 

thomasic acid (11) h t  make them unique in their ckss of lignans, the ary~tetralins.~ 

First of dl, thomasidioic and thomasic acid bave fke carboxylic acid groups and 

thomasidioic acid was the first diacid lignan reported. A b acid group is u n d  in 

lignans as the major@ bave a carboxyl group which has dergone lactonization. 



Thomasidioic and thomasic a d  were also the first ligiiaris d iscovd  with the 12- 

dihydro-1-pknyinepbtbalene skeieton. F i ,  the mst musual pro- of these lignans 

is that they are racemic despite h a .  two agymmetrr centers. Most lignans are found m 

an opticaily active fonn. AU of  these musuai amiies  of thoddioic and thomasic acid 

have aroused the mterest of chemists. 

1.3.2 Isoiation of T bomrsidioic Acid 

The identification of thomasidioic and thomasic acids began with their isolation 

from UZmw thon& Sarg. heartwood?' The aqueous extracts of the heartwood were 

aciûified with hydrochloric acid and then fiaftioaated on a polyamide columo using 

methanoVwater as solvent. The fint compound to be isolated was thomasic acid. It 

crystaliized out of the 40% methanol eluate and was isolated in 0.2% yield. 

To establish the structure of thomasic acid, the hctionai groups were identified 

and then assembled to fonn the molecule. Much of the determination of  structure relied 

on the coqmison of thomasic acid to sinapic acid (12), as they have many structurai 

similarities. It was concluded that the cornpouid was monobasic and haà a cbromophoric 

system like that of  sinapic acid. The W maxima m Mnous solvents also provideci 

mformation about conjugation in the molecule. For instance, the shift of the UV spectra in 

base revealed that the pheaoiic group ad uasaturated side chain were conjugated, while 

the hypsochromic shifi of the UV mairima m sodium acetate showed that the acid group 



was aiso conjugated The final stmctud coaclusions were d e  ushg the NMR spectra 

of both miapic a d  and the unlmown compoimd. The seven singiets seen in the spectm 

of the newly isolateci compotmd piaced great restriction on its structure and an 

aryltetrsrlài-type stnrcture was poshllated. Furtha proof of the structure of thomasic acid 

came fiom comparkons to other similar lignans and the pmparation and shdy of various 

derivatives of thomasic acid. The original stereocbemistry of the molecule was proposed 

to have a cis confbrmation at C-1 and C-2. Walüs later provideci evidence that these 

centers were not cis, but tram ami diaxial, as shown in structure 11? 

Thomasidioic acid was eluted as a mixture with 6-hydroq-5,7dmethoxy-2- 

naphthoic acid2' The OHO compounds were rehctionated on a Polycht coluriia Once 

eluted, the Znaphthoic acid crystallized eady out of solution, but thomasidioic acid 

remained amorphous. Thomasidioic ad's  structure was determmed usmg comparison of 

its spectral infionnation to that of thomasic acid. The shift of their W maxima were 

nearly identical, showhg the phenolic and acidic nature of the molecule. The IR spectrum 

of thomasidioic acid differed fiom that of thomasic acid because the band arising fiom the 

hydroxymethyi group was missing and the carbonyl band had bmadened into two bands at 

1690 and 1700 cm-'. These two peaks represented the conjugated and non-conjugated 

acid groups of the molecule. Fmalh/, on conpuison of the acids' NMR spectra, it was 

noted that the chernical shüts of the peaks okrved for the rnethoxy, aromatic, and vkyiic 

protons were nearly identical. The comparability of the various spectral data of 

thomasidioic and thomasic acid made it apparent that the lignaiis had many structural 

simkities. Tbe structure proposed for thomasidioic acid was ssnilar to tbat of thomasEc 



acid, but with replacement of the hydroxymahyl group by an ~conjugated a d  gmgroup, 

gn.np tbe diacid ügnan (1). 

For nuthei proof of the structure!, chernical modifications of thomasic aud 

thomasidioic acid were perfbrmed. Thomasic acid was oxkkî  with Jones reagent to the 

diacid and mthyiated with diazometbane giving the âimethyl etherdrmstiryl ester of 

thomadioic acid. This was the same c o q u n d  obtained h m  dirat methylation of 

thomasidioic acid. The chernisîs then codidentiy coocluded that they had isolated the fïrst 

aryitetraiin diaciâ, thomsidioic acid. 

1.3.3 Syathesis of Thomasidioic AcM 

In the past, there have been or@ two articles demimg the synthesis of 

thomasidioic acid. The nnt report was published by Ahmed, Lehrer and stevenson? 

They reacted sinapic acid wah femc chioride in aqueous rnethanol. ûxidative coupüag of 

the acid yielded dehydrodisinapic acid diiactone (16). Its structure was determined by 

cornparison to the specai of dehydrodiferuiic acid &one (19, which was synthesized 

previously by Caawright and Haworth in the same mariner?' The düactone 16 was then 

treated with hydrochloric acid m watedàioxane. This reaction produceci thomasidioic acid 

in 90% o v d  yieM (Scheme 1). The stnicture! of the product was connnned by synthesis 

of the dimethyl ether-dirnethy1 ester and comparison to the spectra reporteci by Hostettler 

and ~eikel?' It was also found that the r d o n  of düactone 16 in methanol saturatecl 

with hydmchloric a& at 20 O C  produced the -1 esta of thomasidioic acid (2). The 

discovery of a simple two-step procedure for the synthesis of an aryhetralin made other 

scientists consider the applicability of this oxidative couphg mthod to other para- 



hydroxycinndc acids. Feruüc acid (13), iodo- and bromo-férulc acid derivatives, 14 and 

15, were treated with femc chbride as d e s c r i i  above for sniepi acid? These acids 

a h  formed düactone-type compounds that underwent acid-catalyzed tearraogements to 

produce the respective aryitetrafins (Schem 1). 

Scheme 1 

Rubino, Amfield and Chartton also discovered a simple method for the synthesis 

of thomasidioic acid durhg a study of the &te of sinapic acid during processing of caaola 

medus It is kwwn that canola mal con* phewlic compoueds in the$ fke, 

esterifiecl and bound fonrs and that the most abundant phemlic acid is sinapic acid. On 

exposure of sinapic acid to alkaline conditions, a change in colour was observed and a new 

pe* appeared in the HPLC (high-pressure iiquid chromatograph) trace. The teaction was 

complete after 24 hours and the product was at first unidentifiable and difncult to purify. 



Treatment of the compound with diammethane poduced a derivative that was tentativeiy 

identifieci as the dmwuiyl etherdimetbyl ester of thoniasid'mic acid, based on its 'H NMR 

and mass spectra. A comparjsoa of the UIMiethyIated product's spectra to that of a pure 

sample of thomaskiioic acid, as preparrd usÏng the mtbod of A b d  et al., was d e ?  

The product of the oltidative couphg of sinapic acid was thus identifid as thomasidioic 

a d  (Scheme 2). On furtha study, it was shown b t  oxygen played a role m the 

Scheme 2 

oxidation of sinapic acid because when the level of oxygen in the reaction was increased, 

the rate constant (k) for the reaction also rose. Under basic conditions, oxygen is h o  wn 
a 

to be an effective one-electron oxidizhg agent for phemiic compounds and it was 

concluded that that the oxidative couphg of sinapic acid to fom thomasidioic acid was 

initiated by this reaction. 

1.3.4 Synthesis of Dimethyl Thomasidioate 

There have been two mibods reported to be effective for the oxidative coupling 

of methyI sinapate to fom the dimthyl ester of thomasidioic acid. The nrst method 

involved the use of f d c  chloride as the oxidizing agent?' The main product of the 

reaction was a tetralol24 in 61% yield as a nianue with its diastereomer and other 



Scheme 3 
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products, such as smaîi amounts of a lactoile and the methyl ester of thomasidioic acid 

(Scheme 3). The mechaniSm for the formation of the tetralol was proposeci to be: (1) 

Scheme 4 



15 

1-electron oxidation of 23 to the quinone methide radical 25, (2) dimràation of 25 to 

gïve 26, (3) an attack of water at the benzylic carbon of the bisquinone methide 26 giving 

27 and (4) cyclization of the remaeigg quinone methide in 27 onto the mmstc ~g as 

shown in Schem 4. The reaction of the tetrabl in perchioric acid-=tic acid at m m  

temperatwe Ied to the Ioss of water h m  24 to produce the dimethyl ester of thornasicüoic 

acid (2) as shown in Scheme 3. 

The most recent report of a synthesis of dMiethyl thomasidioate (2) fiom 

the oxidative couphg of methyl sinapate was pubüshed by S e m  et do The reaction of 

methyl sinapate in hydrogen peroxide at a pH of 4, using horseradish peroxidase as a 

catalyst, produced dimethyl thomasidioate in 41% yield. Tàis was the major product when 

the reaction solvent was aqueous acetone, but the outcome of the reaction changed when 

using aqueous methanoL In this case, the major product was a diastereomeric modure of 

Scheme 5 



spiro compounds, whüe the tho-dioate ester was the iriinor product. The stnictures of 

the aceîylated spiro compounds 28a and 28b were d e t e r n i d  by x-ray crystabgraphy 

(Scheme 5). The diffèrent result for the d o n  when pnforrned in aqwous methano1 

was eqlained by the ability of methsml to act as a auchphile on the intemediate 

quiwne methide. An exphnation for cycWon favoring the formation of a five- 

membered ring over tbat of a six-membered ring was not gBrw. 

1.4.1 Oxidative Coupliug of Phenois 

A üterature w e y  on oxidative couphg of phenols was made in order to obtain a 

better understanding of the oxidaas that can be used to initiate the reaction, the 

mechanism of the reaction, and the intennediates involved. 

1.4.2 Oridation Step 

The first step in the oladative coupliDg of  phenols is oxidation, or loss of electrons 

fkom the phenoiic compound. Chemists have studied this aspect of the reaction for its 

mechanism under different reaction conditions and the ease of remval of the electrons 

fiom dinerent phenols. Two of the mecham'snr9 postulated for oxidation of phenols are: 

the abstraction of a hydrogen atom nom the O-H bond, and the abstraction of an electron 

fiom a phenol or phemxide anion." Wah the lana mechriniSm, it bas been posnilated 

that the removal of an additional ektron fiom the phenoxy radical30 may be possiile 

producing a phenoxonium ion 33 (Scheme 6). According to the two mechanisms, there 

are three different intermediates that could possibly form during the oxidation step: the 



Scheme 6 

phenoxy radical 30, the protonated phenoxy radical 32, and the phenoxonium ion 33. 

Each of the mechanisms suggested involve the formation of a fke radical at some stage 

and this was supporteci by electron spin resonance spectroscopy, which indicated the 

presence of low concentrations of reactive radicais m solution. The exact oxidation 

mechanimi that any paaicuiar reaction follows depends on the structure of the pheml 

behg reacted, and othet conditions of the reaction, such as solvent and oxidizing agent. 

The reactions (1) to (4) in Scheme 6 show each of the steps of the possible mechanisms as 

simple mversible reactions. If the reaction is performed in water or another pmtic solvent, 

rapid protoaation and deprotonation of the oxygen niake t difficuit to detemine the exact 

form of the p b l  dm*ng oxidation The mchanism of odation is a b  dependent on the 



character of the oxidant. For example, a paxide, such as t-buty1 peroxide, is kmwn to 

dissociate into tadicals when heatd3' When ushg peroxides as ora'dizing agents for the 

oxidaüve coupling of phemls at highet temjxrannies, it is beiieved that these mdicais c m  

act as initiators and absûact a hydrogen atom k m  the phemL On the other hand, ifthe 

oxidizing agent is potassium femcyanide in an alkaline medium, the fdcyanide ion is 

believed to bebave as a single electron olùdant and the rnechanism of the reaction is 

assumed to involve electron ttansfer fiom a phenoxide anion to the femcyanide ion to 

produce the phenoxy radical." AIttiough the majority of orodaats oxidVr phenols by one 

of the m-O mechaxùsms aiready mentionad, there are exceptions where some oxidants are 

believed to bond to the substrate and this boncl is believed to inûuence the outcorne of the 

reactioa One example of this is lead tetraacetate? The attack of the phenoxy radical 

on the oxidant is believed to displace an acetate ion and this complex then reacts to 

produce dimers. Fmally, when considering the effèct of phemlic substituents on the 

oxidation step, it is foutid that the ease of abstraction of the electron h m  a phenol is 

dependent on the type of substituents on the ammatic ring. Ease of electron traDsfer can 

be estimated us& relative oxidation potentials as detefmined by polarhetric methods, 

and these measurements have shown tbat the removal of an electron fimm the phenol 

occurs more cas@ ifsterically buDry groups andlot electron donaimg groups are present 

at the o h o  andpmo positions. Conversely, electron withdrawing substituents decrease 

the ease of oxidation. 



Studies of the phenoxy tadical have shown that it has grrater stability than either 

&y1 or aryl radicals because its singie electron is debcalkd tbrougbut the molecule. 

The greater stabüity of p b x y  radicals k evident h m  the length of their lifetimes and 

decreased rate of teaction with soivent molecules, when wmpared to alkyl and aryl 

radicals. The delocaiization of the smgle electron can be iliustrated by the various 

resonance coatniutors whkh can be &am for the phenoxy radical 30, shown in Scheme 

7.36 To determine the distri'bution of the singie electmn over the molecule, electron spin 

resonance spectroscopy cm be used to measwe the spm density at different atoms of the 

radical. The size of the hyperfine couphg of the electron to the ring hydrogens (w) is 

proportional to the spm density on the carbon bearing the hydrogea From the iesooance 

Scheme 7 

30 9 

contriitoa to the phenoxy radical, it appears that the electron should be distributed 

mostly to the oxygen, aid pmo and ortho carbon atoms. Through study of the esr spectra 

of various phenoxy radicals, it is generally found that the spin density is mostly 

concentrated at the oxygen and para-carbon atoms, @ma) having a value of 

approximately 10 gauss.3' The ovrhosarbon atoms have spin densities about one half the 

value found at the para-cartbon and the remaining carbons, 1,3 anci 5, have spin densities 

which are quite small. Substituents on the aromatic ring wili e t  dative spin densities. 

Electron-donating groups will decrease the spin density on the ring and groups tbat are 

electron-withdrawing will increase the spia density. 
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1-43 Couptiag Step 

The f i r d  stcp in the oxidative couphg of pbemls involves radical or nonradcai 

coupling of the initiany f o d  mtermadiates, or possibly feaction of the aitermediates 

with other n o d c a i  specEes present m the feaction mixture- As already discussed, the 

oxidation step m the d o n  is conpiex and caa produce a ~miety of radical 

intermediates, dependhg on the conditions of the &a. As üiustrated m Scheme 8, 

there are various mechanisms that should be considered for the couphg step which could 

involve d combinations of coupüngs at any of the tbree sites on the phenol: the oxygen 

atom, the aromatic carbon anci the sidechain carbon. The most dïkely mechanism of 

these possiùiiies is represented by reaction 4, which is the ionic coupling of the 

phenoxonium ion with a phenolate anion. This reaction is unlikeiy for two reasons. First 

of ali, the second electron is more Wcul t  to abstmct fiom the phenoxy radical than the 

fkst one. Secondly, the phenoxonium ion is more likely to couple with other nucleophiles 

(iacluding the solvent) in the solution37J8 For example, Nishiyama et al. performed a 



study of the electrochemicai orcidation of various 4-aIly1-2-methoxyphe~~)ls m metham13' 

Through study of the phenob d e r  these conditions, they discovered tbat phewxooiinn 

ions were king f o d  fiom the respective phenols. The positive chatge of these species 

was delocaiized throughout the ion in a similar ma- to the p b x y  d c a i  such that 

the positive charge was concentrated at the pma and ortho carbons (Scheme 9). Attack 

of the metbanol at these sites produced various intemiediates which reacted m e r  in 

Diels-Aider reactiom with the starhg material. This provideci an indication that ifthe 

Scheme 9 

phenoxonium ion 33 were present, nucleophilic attack on it in solution would be likely. It 

has beea concludeci in many cases tbat coupling of phenoxy tadicals (reaction 1, Scheme 

8) is most probable. Hapiot et al. used both cyclic voltametry aad radiolysis to study the 

oxidative couphg of phenolic aldehydes, such as sinapaidehyde, at various The 

voltammogram of the oxidation step indicated that oniy one electron was lost to produce 

the phenoxy radical at acidic to neutrel pH's a d  resuits were consistent with the idea that 

the mechankm mvolved the coupling of phenoxy radicals. The cross-coupiing of Merent 

phenols bas also been attempted. Oxidative couphg of a mixture of 2,6-dimethoxyphenol 

and 2,6-dimethylpheml has been studied and the resuhs showed tbat only symmetrical 

dimers were foimd!O This result was amibuteci to the likeiihood that the two différent 

phenols o x i b  at different rates. The rates of oxidation wouM diî%èr such that ody one 

type of phenoxy radical would be present in solution at a tim and only sekoupling of 



radicals wodd occm- Alüiough the dimerization of phemxy tadicals may be the rmjor 

reaction pathway for most reactions, it is i s t  necessary that ail Lie8CtiOns fokw thk 

pathway. Reactions (2) and (3) cannot be totalîy exchdeci, especiaiiy ifthe concentration 

of racücals is quite low. Under these coaditions, the coupiing of the phenohte and 

phenoxy radical or couphg of ihe pheiiol a d  pheaoxy radical could compete with tadical 

coupling. In a j o d  article pubiished by Toda et al., the use of soiid fèrric chbride as an 

oxküzing agent was reported.'" In this case, the reacting species was believed to be the 

protonated pbeaoxy tadical. Therefore, it appears that the olédation conditions must be 

considered before conclusions can be drawn as to the mechanism of the coupling of 

p henolic p i e s .  

The coupling of phenols c m  be separateci mto four main categories, hsed on the 

types of bonds that are formed. These are (1) formation of a bond befween the pheaolic 

oxygens, (2) formation of a bond between an aromatic carbon and the pbewiic oxygen, 

(3) formation of a bond between two ammatic carbons and (4) the reaction at a 

substituent group. 

If the reacting phenol has substmients that are stable to the reaction conditions, 

then ody the first three categories are feasibk. h f o r e ,  bonds tbat form will involve 

oniy the aromatic carbons and the phewxy oxygen. The coupihg between the phenoxy 

ovgen atoms to fom a peroxide-type product bas mt been obserwd. The lack of this 

product is explained by th idea that it is thema& unstable with respect to the phenoxy 

radicals? The relative yield of the various other carbon-oxygen and carbon-carbon 

coupling products h m  oxidation of phenols is ofken quite difEcult to predict. Various 

theories have been postuiated. Formation of products bas been linked to the distriiution 



of the fiee electron on the p b l  steric hmdraace of the substituents, the type of 

oxidbhg agent useci, anà to polatity effécts. 

The effect of substituents on the outcome of oxidative coupling of phemls is most 

evident m 2,4,6-trisubstituted pheaols.'.' Ifthe phmol bears large, bulLy groups, its 

exposure to oxidative conditions yields phemxy tadicals which exhibit an iarrcased 

stability such that an e q u i l i i  ofien exists between the radEcals and dimers. For 

example, 2,4,6-tri-t-butylpbl is known to produce a stable phenoxy radical in solution. 

M e n  coupling of trisubstituted phenols does occur, there are three products which 

Scheme 10 

u s d y  fom, as shown in Scheme 10. These are the q u h l  ether 34, the para-para dimer 

35 and diphenop- 36, which is forxned by fiather oxidation of the para-para dnder. 

Most reactions of these phenols yield the quiml ether as the major product, ahhough 

exceptions are found. For exampie, E2,6-di-t-buty14hydroxybemic acid is oxidized by 

potassium femcyanide, the product is the diphenoqumOne in 97 percent yield. On the 

other hanci, esters of tbis phenol produce mainly the quiml etha?' 

Coupiing of phenols tbat have either the ortho or pm<r position fke of substituents 

shows a mix of both electron distriiion e&ts and steric effects. In most cases, the 



quinol e t k  is not usually produced in high yield for these wmpounds. For the reaction 

of phenols witb no substituent at the pmcl position, the dimetization typicaiiy occurs at 

this position. The oxidative coupliDg of 2,641nethy1pbenol using different oxi&g 

agents produced primarily the w u - p a  diphcm1 a d o r  diphen~~uinone.~*'* These 

products are consistent with both deaeased couplùlg et the ortho (2,6) positioas due to 

steric hindrance3 and incrPased coupihg at the pmcr position due to higha ektron spin 

density at that position. Similar resuhs have been anained in the majority of reactions, but 

exceptions have been foui.  When using copper-amine complexes to o x i k  various 2,6- 

disubstituted phenols, such as 2-methy l-6-propylpheaol or 2,6dimethylphenol, the major 

product was a polyether?'' Polyether formation has been attn'buted to a cationic 

oxidation mechaniSm_ For phenols substituted at the pmo position, or at the pma position 

and one ortho position, the major proàuct from oxidative couphg tends to arise fiom 

ortho-ortho coupling. This is explained by the steric hindrance to coupling at the para 

position This is ohserved with 4-allylphenol uskg f h c  chioride as the oxidizing agent, 

where the ortho-urtho product is formed in about 25 percent ~ie1d.i~ Exceptions have 

been found to this generaiization. The coupling ofpcresol usmg potassium femcyanide in 

base as the oxidizing conditions produces himmrer's ketone (38), which is formed 

Scbeme 11 



initidy by the couphg at the ortho and pmcr carbons? Because the methyi group is not 

considered a ster idy Endering group, the hxeased spm demity at the para carbon is 

beiieved to albw orthepara carbon bond f o d o n  to occur and the mechsnism proceeds 

as show m Scheme 1 1. 

The last types of  phenol to be dirusseci are those wiih both the ortho andpma 

carbons fiee of suôstituents. Armstrong et al. amieci out experiments with phenol and 

3 ,5-dimethylphenol.)' These p b ! s  were oxidiz;ed with both o r g e  peroxides and 

metal-ion oxidants. It was assumed that or@ w k n  ushg the peroxides as oxidants? the 

phenoxy radical was likely to be fôrmed. The d t s  of these reactions showed that whea 

using the peroxides as oxidants, coupling produced &mers mostly of  the ortho-ortho and 

ortho-puru variety, with relatively link of the para-pam dimer. There was some of the C- 

O dimer formed, and the pma carbon-oxygen dimer was formed in greater abundance than 

the o r t h  carbon-oxygen dimer in almost alI cases. Because the pma-para dimer was a 

minor product in these reactions, there must have been mther driving force other than 

spin density that determines the products of the teaction. It was proposed that the 

outcome of a reaction was dependent on how the phemxy radicais approached one 

another in the transition state. The reseatciiers believed that there were two rrialli modes 

by which the pheaoxy raâicais could approach each other. These two modes of approach 

are show below as A and B. Approach A would gke rise to tbe para-pa and ortho- 

ortho products, while approach B wouid give the orthosrrho and ortho-para dimers. 

Both of these approaches were stuâied theoretiw to determiw the variation in energy 

with distance between the appmachbg phenoxy fadicals. The results of tbis study 



showed that the radicals prefèmd to approach one another by mode B. One possible 

exphnation for this preféreaoe is related to the distri'bution ofthe single electron. Tkre 

tends to be a positive charge on carbons 1 and 3, whüe the ortho carbons have negative 

charges. In order to reduce electrostatic repulsion, the phenoxy radicak wouid prefer to 

approach each other by pathway B. Tbere must be another way that the phenoxy radicaIs 

can approach each other to account for the formation of quinol ethers. This is seen in 

approach C (see below). Even though this pathway of dimerization m u t  play a role in 

this reactioa, its contribution is generaüy quite small 

m c  

The oxidative process that le& to lignans involves coupüng in the side chain of 

the phenol rather tban in the aromatic nucleus. Although many phem h with reactive siée 

chains have been studied, the focus here wüi be on 4-hyàroxyphenyipropylene derivatives 

because the olodative couplhg of these phenois is more directly related to the formation of 

lignans. Due to the conjugation of the side chain, there is a o o k  resonance conm%utor 

which can be drawn for phenoxy radical 39 (Scheme 12).' The addaional delocalization 

of the singk electron to the f k u b n  wül krease the overall stabiiity of the radical and 

htroduce another site at which coupling c m  occur. 
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The formation of bonds is now possible between the two B-carbons, or the 8- 

carbon and the other sites of hi& spin d e m .  If the coupîing of 4 

hydroxyphenylpropylews involves Uiitial bond formation at the p-carboa, the mec- 

is more complicated than for simple phenols. The reason for this is that couphg at the P- 

carbon produces a quinone methide 40, as seen m Schem 13. This type of chemical 

species is known to act as a reactive intemediate in various organic processes." 

Scbeme 13 

In most cases, the quinone methide is quite reactive because of the driving force to 

fonn the more stable phenolic compound. This process can occur in two ways, as show 

in Scheme 14. If the reaction occurs in a pmtic solvent, then tautornerkation can easily 

occur and the wnjugated pheaol41 can be f o d  (1). The second reaction that c m  

occur is the attack of nucleophiles at the alpha carbon (2). The nature of the nucleophïiic 

attack can be intermolecuiar or intramolecuiar. Intermolecular addition of solvent 



Scheme 14 

molecules can lead to monomeric products wMe addition of another phenol caa lead to 

poiymers. Ahhough poiymerktion of  4-hydroxyphenylpropylene derivatives is an 

important pathway for the synthesis of iignin, it will not be discussed at this t h .  The 

intramolecular nucleophiiic attack on the quinone methide tbat leads to cyclization of the 

molecule has been mentioned as a ükely step in the mecbanism for the formation of 

various iigne0s.S"' 

Supportirig evidence that this reaction occurs is given by Angle et al., who studied 

reactions ofpmu-quinone methides m intramolecukt electtophiiic substitution reactions? 

55 In order for these cyclizations to be studied, the reacthg species had to M two criteria 

First of a& the quiuone methide haâ to k stable emugh to k characterized 

spectroscopidy. This stability was attaiaed by synthesizing quirîone methides that were 

substituted at both ortho positions. This substitution generated adequate steric hiadrance 

to prevent intemiolecular attack of  the quinone methide aird causeci the carbonyl oxygen 

to twist out of the plane of the molenile. This twisting reduced the cooinâution of the 



dipolar tesonance contrinitor and decreased the eIectrophilEcity of the alpha carbon. 

Secody, the nuchmphik that wiU attack the qugio~le metbide must be stable d e r  the 

conditions necessary to generate the quinone methide, but reactive enough ?O resct before 

tautomerization can occur. The nucleophiles that were tested were aiiyl silanes, p-keto 

esters, benzene rings aod various heterocycles. 

Once the required criteria were met, the particular phenois were synthesized and 

then oxidized to the quinone mthides ushg siiver oxide as the oxidant. Cyclizations of 

the quinone metbides were inducecl using zinc (iI) chloride, which was believed to 

Uicrease the electrophilicity of the quinone methide. Although not strictiy a reaction of a 

phenylpropylene, Scbeme 15 shows an example of a reaction m which an aryltetralin-type 

product 45 was fonned. These reactions demonstrate the ability of quiwne methides to 

react in intramolecuiar electrophüic substitution reactions. 

Scbeme 15 

Various studies of the oxidative couphg of 4-hydroxyphenylpropyleaes, 

compounâs more stailar to those studied in this thesis work, bave ken  reported. As 

previously stated, the results of these reactions vary depemlmg on the conditions of the 

reaction and the pbeaol beimg reacted. This is quite evident w h  considering the resuits 



of the numerous studies eerforrned on the oxidative coupiïag of p b l s  substitutai at one 

of their ortho positions, such as (E)- and (2)-isoeugem~ (46) and (47). 5156-59 For 

example, it was detedned thaî the d o n  of these phenols us@ hydrogen peroxide as 

the olridant, horseradish peroxidase as the cetalysZ a d  aqueous acetone as the solvent, 

yielded three main products, 48,49, and 50, as shown m Scheme 16." These products 

mise fiom bond formation between the f3- and ortho carbons, the $-carban and phenoxy 

oxygen, and the two P-carbons. It was found that cornpouid 48 was the main product for 

(E)-isoeugeoo~ whiie the main product for (2)-isoeugenol was compouud 49, 

demonstrating how Mixent isomers of a phewl CM yield distinctly ciiffietent redts. The 

Scbeme 16 



reason for the dBefe~:e is beüeved to be rekted to the approach of the radicais to each 

other ciutmg couplnig. Also, it has been f o d  tbat cbanging the soivent can alter the 

outcome of the d o n .  f f i w a y k  et al. ceactecl 46 and 47 ushg hydrogen 

peroxïde/horsradish peroxidase as the oxidizing system, but using aqueous metbanol as 

the solvent m pplace of aqueous acetone? Thqr found only compouuds 48 aad 49 as 

products with m> wnipoUllCl50. For oxidation of 2,6disubstituted4propenyIphe1~)is, 

the products f o d  were very dependent on the o>ridant d si*msos' For example, 

oxidation of 2,6dimethoxy4prnpenylplae1101 with hydtogen petoxide and horsetadish 

peroxidase yielded an Ûomric mixture of the tetrahydrofùmn-type product 54" As 

show in Scheme 17, this product was formed by the initial coupling of the phewxy 

Scheme 17 
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radicals 51 at the p-carbons to produce a bisquiooae methide 52, foiiowed by the attack 

of a water mlecule on one of the quinone methides. Fokdy, the Wdroxy group of 53 

htramolecularly attacked the rrniammg quinone methide, to yield du tettahydrofiwa 

product 54. On the other hand, tbe reaction of2, ~ X Y ~ P P Y I P ~ ~  u* 

femc chloride as the oxidmag agent gave products arising b m  bond formation between 

the p-carbon and phenoxy oxygm, fobwed by attack of the quinone methide by a water 

mokcde (smiilar to product 49):' 

1.4.4 Synthesis of Lignans using Oxidative Coupüag of Phenob 

Chidative couphg of phenolic compounds is sometimes used as a method for the 

çynthesk of various ligaaas. The labonitory rnethod paralleis the biosynthetic pathway, 

although ügnans synthesized in the laboratory are usualiy obtained as racemic mixtures. 

Scheme 18 



Many of the syntheses ofügnaris are lllulfi-step processes with the oxidative coupihg step 

coxning early m the SeQuence. In one of the syntbeses of the-dioic acid, o d t i v e  

couphg of h p i c  acid using f&c chioride was catried out fïrst, with subsequenî 

treatment of the dtlsietone 16 to fom the cyclipd product The ozcidative couphg of 

baiogen-substituted cinnaniate esters, such as rnethyl2,3-di~i0-4-hydroxy-5- 

m e t h o x y c ~ t e  (59, couid aiso be @ o d  using f& chioride as the oxîdant? 

The pmduct of tbis d o n  was the tetrahydrofunui 56, show m Scheme 18. F e r  

manipuiation of the btionai groups yielded (k)-veraguensin (S7), which is a lignau 

isolateci fiom the wood of Ocotea veraguemk. The all trm- &mer of this lignan also 

occurs aaturaiiy and it is known as gaibelgh It has been synthesized fiom the 

dehydmdifenilic acid dilactone (19, which is easily synthesized by the oxidative coupbg 

of f e d c  acid wah fer& chloride.12 As seen ai Schem 19, dilactom 17 was acetyhted, 

Scheme 19 



Tetrabydrofbm 59 was r e d d  in three steps to nnally yieid (2) gaibelbelgin 60. Peiter et 

al. aiso used the diiactone 17 to synthesize ügnans of the 2,ddiaryl-4y8-dïhydroxy-3,7- 

dioxabicycIo[3.3.0] type?' For enample, the treatment ofmnmethylated and 

rnethylated dehydn,difdc acid dilactom, 17 and 61, with hy&& 

yielded the respective tetraols 62 a d  63. Acid treatraent of the two tetraols gave (*)- 

pinoresinoi (64) aad (2)-eudesmin (65) respectively, as shown in Scheme 20. 

Scheme 20 

It has been found that oxidative couplhg of appropriete phenolic compounds cm 

produce certain iignaas in a siagle step. This is evident h m  the simple synthesis of 

dimethyl thomasidioate (2), produced by the enzyme-catalyzed orcidation of  mtbyl 

skpate (2 3). Other one-sep syntheses of lignaus can be founà in the literature. The 
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lignan caqmmw (67) was beiieved to be a difiicdt synthetic target since it has f ie  

asyrnmetric centers and no element of symmetry. Two diaèrent research groups camied 

out the syathesis of 6'1 by oltiôative couphg of trans-2-(l-propenyl)-4,5- 

methylenedioxyphenol(66) (Scheme 2 1). Matsumo to and Kuroda were successfiil in 

synthesipng this ligaan by using mlecular oxygen as the oxidin'ng agent with various 

transition metal complexes as catalysts." They attaineâ yields mging fiom 78 to 90 

Scheme 22 



percent. Chapman et ai. used palladnim (II) dichloride as the oxiâant for the coupling of 

the phewl66." 

In many reactions, the ligpan is formed as one of severai oxidation products. Thici 

is tme of the cross~coupiing of féniüc a d  (13) with coniferyl akohol(68), uskg f& 

chloride m aqueous acetone as the odant. Three Mèrent products were forme& as 

shown in Scheme 22. Compound 71 has spectrosmpic properties identical to a wvel 

Lignan isolated h m  Aegilops ovata L." Aitbough these mictions yielded nromires of 

products, they demonstrated that d e r  the right conditions, oxidative coupihg of 

phenolic compounds can produce nahually occurring ügnaos m a single step. 

1.4.5 Various Oxidizing Agents 

For the oxidative coupling of phewls, there are various types ofoxidants that can 

be used. The chernical nature of each reagent determines the mecbanism by which it 

oxidizes the phenol and how effective it is in producing the desirecl phenolic dimers. The 

oladiig agents which wiü be discussed fàil into the foilowing categories: oxygen with 

various cataiysts, organic compounds, morganic species, enzymes, and electrochemically 

or photochemidy initiated reactions. 

The moa common olgdizing agents used in the orridative couphg of phenols are 

inorganic compounds. For the iwrganic shgk-electron oxidants, there are two major 

mechanisms jmstulated to explain kir abiüty to abstract electrons fiom the phenols." 

The fkst mhanism is called the imKr sphere mechanirm The metal is believed to fom a 

bond to the phenol and the electron mves across the bond, The other mchanism is 

called the outer sphere mchaaism d it requins no actuai bond formation between the 



two micthg ~j~c ies .  Instead, a complex is f o d  between the two species d the 

electron mves direct& h m  one species to the other. 

The most pop& inorganic oxi-g agents for the oxidative couphg of phemls 

are femc chbride a d  potassium ferricyanide. e u g h  férric ion is the oxïdant h b t h  of 

these reagents, difkent mechanisms bave been postukted for each oxidant which can k 

used to explain the formation of diflémit products by these oxidizhg agents? Potassium 

femcyanide is believed to oxidize by the outer sphere mechaniSm_ In the study of the 

kmetics of these reactioas, it has been determined that the rate of oxidation is dependent 

on the pH and that the abstrate in the oxidation is the phenoxide anion. In the vast 

majonty of these reactions, the products fonired are the dimers of phenols. Ferric 

chloride, on the othet han& is believed to act via an b e r  sphere mechanism. Many other 

inorganic oxidants have a h  been used m the oxidative coupiing of phenols. Some 

examples are: lead (IV) oxide" lead tetraacetate,'"' süver oxide? cupric ch lori de^*" 

manganese dioxidensn and vanadium-containing ~ompouads?~ Aithough the majority of 

these agents are beiieved to act as single e1ectron oxidants yielding the phenoxy radiai, 

evidence has shown tbat the oxidation process of both lead tetraacetate ami the vanadiwn- 

containing compounds involves non-radical mechani~ms?~*" 

The use of organie orùdants for the couphg of phenols bas been teporteci, 

ahhough pheaolic k r s  are not always the major product. Various quinones bave been 

used as oxidants, m particular 2,3-dichbro-5,6-dicyamqUmOne or D D Q . ' ~ ~  DDQ lus 

traditionaIly been used for the dehydrogenstion of hydroaromatic conipounds, and its 

reaction with phenois is not as well documented. Accordhg to the féw articles published, 

DDQ is a strong o ~ ~ g  agent often yielding dimm, although there are still unanswered 



questions about its mode of ac t io~  It bas beeu postulatai that DDQ wül abnract a 

hyci..de ion h m  the phexml a d  an ionk coupimg reactbn will occur. On the other haad, 

Becker postulateci the formation of pbenoxy radicals through removal of hydmgen 

atoms? Both of the postulated mc- are possiiie, ,so fiirtha study anr>st be 

performed to provide additionai evidence as to the correct mechanism. Peroxides, such as 

benzoyl petoxide and t-butyl petorcide, can aiso be useà as o>ridizing agents for phenolic 

coupling. 32.78-8û It has been found that couphg of two phemxy cadicals does not aiways 

occur. Armstrong et al. perfonned a study using t-butyl peroxide as the oxidant at high 

temperatures mi under these conditions the ortho-ortho, ortho-para, and pma-para 

coupled daners were the prod~cts?~ Other studies showed that in addition to the phenolic 

dimers, other products &mg fiom coupling to the oxidants were also found. 18-80 

Oxidation of phenols with moleculat oxygen often requires the use of a catalyst. 

Various inorganic catalysts such as copper (II), cobalt @) and iridium 0 containing 

compounds have been The use of oxygen as an oxidizsig agent m alkaiine 

solution wïîhout an inorgaaic cataiyst is also cornmon for the olodative coupihg of 

phenols.'547 The pH-dependency of the reaction is reiated to the k t  that the phenolate 

anion is more prone to oxidation than is the pheml. S o m  of the studies on the 

autooxidation of phewls report the formation of quinones and peroxides, abag with 

phenolic dimers, as products. 

The use of various e a y m s  m ca-g the oxidathe couphg of phenols 

parallels theu participation m the biosynthesis of phenolic dimers. There are three 

different types of enzymes that c m  be used to catalyze the reaction and they are the 

peroltidase~,*" ~accases~ arsd tyr~sinases.~' Each type of enzyme has been isolated nom 



plants, bacteria, f h g i  and aamnals. AU of these enzymes are believed to promote a one- 

electmn oxidation and produce dimimd products to those produced by non- 

enzyaiatic one-eiectmn oxidants. Ln some instances, eriymaticaily cataiyzed reactions are 

more chemioselective than their nonazymatk coimierparts. 

Electrochemically and photochemically initiated reactions can also lead to pheaolic 

couphg. PhotochemiCany, there are two pathways for the ora'dation (Scheme 23)? 

Excitation of either the pkmlate anion or the phenol can be folbwed by oxidation of the 

corresponding excited state to yield a radical. Ifthe solvent is water, the photoionized 

electron is believed to be sohrated by water molecules. The phenoxy radicals dimerize or 

form hydroxylated product by addition of water to tbe radical. For the ele~troche~cal 

Scheme 23 

anodic oxidation of phenols, the mechankm is believed to be a fiut, reversiie loss of a 

proton, foliowed by the nite-deteminbg sbw removal of an electron. This rnethod of 

oxidation is quite versatile as many di&rent features of the system cm k changed such as 

voltage, type of ce& pH a d  s~lvent.~"' VariabIe resuits bave been attatied. A study of 

the anodic oxidation of 2,o-di-t-butylphenol by Torii et al. provided evidence for the loss 

oftwo electrons in two single electron transfikd4 On the 0th band, simiiar m e s  by 

Hedenburg and Frieser using phenol and various tert--1 substituted phniols as 

substrates showed that oniy one electmn was R W V ~ ~  electrochemi~any? 



Thesis Objectives 

The research descrii m this thesis is based on the work of Rubim et al? 

They discovered that sinapic a d ,  in an alkaliae buBir and m the pmseire of oxygen, 

would quantitatively produce the naturaiiy occiùring ügnan thomasidioic acïd (Scheme 

24). The purposes of the cunent research are outaned below. 

Scheme 24 

(1) To determine of the seope of the maction 

Various studies have shown tbat olOdative couphg of phenolic cimiamic acids and 

esters can be used to prepare iignans. The discovery thaî sinapic acid c m  be converted to 

the lignan thomasidioic acid is sigaincant because it can be achieved under very d d  

conditions and in hi& yield Most of the previous work on odation of phenolic acids, 

similar to sinapic acid, have given mirdures of products in low yield. The questions which 

can be asked are: (a) would sinapic acid react as effktively if the d o n  were carried out 

on a preparative scak and (b) are the reaction conditions aiso suitable for the conversion 

of other phenolic cuiaamic acids to eryltetraün products? 



(2) To determine the mechanhm of the ondative coapling of sinapic acid 

As discussed in the introduction, the mechankm of the oxidative coupling of 

phenols can be a wmplicaîed process for W h  one m m  consider the substrate, oxidizing 

agent, and other conditions of the reactioa There bave been various mechanisms 

postulateci for the oxidative coupling of hydroxycinnsunic acids. niose mchanisms 

usually invoive the coupling of ciiinaniyl &cals, followed by either the tautomerization 

oc or the nucleophüic attack on, a quimne methide. A similar mechanism can be 

posnilated for the oxidative coupling of sinapic acid to form thoxnasidioic acid The 

questions which must be answered a: (a) what are the iatermediates involved in the 

coupüng step, (b) wbat role does the solvent play, (c) what is the mechaaism of the 

cyclization which follows coupling and (d) what is the effet of changing the oxidmng 

agent. 

(3) To determine if esters of sinapic acid will oxidatively coupk under the sanie mild 

conditions useü to oxidize siarpic acid, amd to determine if chiral esters wiii lead to 

asymmetric coupling/cycliPtion. 

It has been previously established that methyl sinapate cm be oxidized to form 

dimethy1 tbomasiâioate m low yield by using femc chloride in water, or by ushg hydrogen 

peroxide and a peroxidase enzyme. If the simple oxidatioo conditions used to oxidize 

sinapic acid cm be used to oxidize and c y c k  methyl sinapte, it could lead to a better 

overall method for the preparation of dimethyl thomasidioate. The past syntheses of 

thomasidioic acid bave involved the oxidatm couphg of sinapic acid produchg the 

lignan in its naturai form, as a racemic mixture. Use of a chiial ester of sinapic acid as a 

aibstrate could cause asymmetric mduction, meanhg that the new chiral centers m the 



product would be pmduced with a prefeceace for oru absolute contiguration. Speciticaliy, 

it ù proposeci tbat the ondative coupling of the mthyl (R)-manddyl ester of sinapic acid 

72 be studied to determine ifit wiU fonn the corresponding ester of thomasidioic acid in a 



Chapter 2 

The rrsults of the research on the odative coupihg of cinnamic acid derivatives 

and formation of lignaas are presented m three sections. The 6rst section concems the 

scope of the -ion found by R u b b  et QI. for conversion of sinapic acid to thoraasidioic 

acid? The ceaction was studied with a view to its use on a preparative seale, and its 

appiicabiüty to other substrates. The reaction of sinapic acid in oxygenated ammonium 

bicarbonate bu&t was repeated wÏth a greater concentration of substrate. The pmcr 

hydroxycinnamic acids fenilc, C O ~ C  and caffec aciâ, were also treated d e r  the same 

conditions to see ifthe reaction would produce aryitetralias m good yield. In the second 

section, the investigation of the rnechanism of the oxidative coupiing of sll>apic acid is 

discussed. The mechankm proposed for this reaction involves the formation of sinapyl 

radicals, their coupiing and M e r  reaction to finally yield thomasidioic acid. In o@er to 

substantiate the proposed mechani.cm, experiments mvolviag the memuement of oxygen 

uptake, use of other known one-electron oxidants, a d  reaction of possible intermediates 

were canied out. In the last section, the oxidative couphg of esters of sinapic acid using 

the previously mentioned conditions, is discussed. The effects of altering these conditions 

(temperature, pH, and concentration of the buffet) bave &O been studied. The oxidative 

coupling of (rnethyl (R)-mandelyl) sinapate was d e d  out in an attempt to achieve the 

asymmetric synthesii of thomasidioic a& 



2.1 Scope of the maction 

The prepanitive synthesis of thomasidioic a d  was studied by repeating the 

reaction discovend by R u b b  et al.'w with a gteater concentration of abstrate. A 

0.045 mohr solution of sinapic acid was prepad in 0.287 moiar ammonium carbonate 

b d e r  and stined open to the air at m m  temperature- As the teaction progresseci, the 

yellow solution darkened unal it became a dark brown opaque liquide Monitoring of the 

reaction by thin-layer chromatography W C )  showed tbat the sinapic acid had completely 

disappeared d e r  24 hours of sticriog. This was the same time of reaction as reporteci by 

Rubino et al? This observation showed that a change m concentration of the substrate, 

sinapic acid, bad littie or no effkct on the reaction time. 

lsohtion of the cnde product ftom the reaction solution was achieved by 

extracting the acidified reaction mixture (pH 2) with ethyl acetate. The cornparison of the 

proton NMR spectnun of the crude product to that of thomasidioic acid showed that the 

product was approxhately 95 percent thomasidioic acid. In the previous investigation, 

the researchers experienced some âifficulty in puriîjbg thomasidioic acid. Purification 

was found possible by flash chromatography if the silica gel was pretreated with a 5:20:75 

mixture of acetic acid, hexanes and ethyl acetate. The same s o b t  mOmue was used for 

elution of the product. The o v d  yield of pure thomasidioic acid after chromatography 

was 41 percent. This yield was considerabiy lower tban expected as the proton NMR 

spectnim of the crude product showed it to be relatively pure. Lou of the product is 

believed to occur during flash chromatography. There are sites on the silica gel where 

polar groups, such as carbolryüc acids, may Ki. Although treatment of the siiica gel with 

a solvent containmg 5% acetic acid before performing the chromatography was dom to 



block these sites with acetate groups, it is possii that not all sites were blocked. Thus, 

some of the miecules of thomasidioic acid dl b o a  to the silica gel diiring 

chromatography and were not eluted. 

Increasing the pH of the solution m order to form the dianion of the sinapic acid 

before oxidation may incrase its rate of oadatiou. It is betieved tbat phenohte anion is 

more susceptiile to oxidation than p b L  Srqk and Draôert studied the equüibrium 

amongst the various fonns of sinapic acià in solutions ofvaryhg pH, as seen in Scheme 

25 ." They determineci that the pKa of the second ionization step was 9.2 1. Therefore, a 

pH of greater tban 1 1.5 was chosen for the reaction in order to ma>rimize the 

concentration of 74 and thereby the rate of oxidatiooa 

Scbeme 25 
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Sinapic acid (0.02 M) was dissolvecl into 0.1 N potassium hybxide solution 

which had a pH of approlrimateiy 13. The remhing solution was stirred at room 

temperature with exposure to air. Initially, an opaque brown solution was formed, but 

eventually the solution tumed clear d deep d When followhg the teaction by TLC, a 

fluorescent spot appeared at the top of the plate. These observations showed that this 

reaction progresseà differently than the reaction of sinapic acid in emmonium bicarbonate 

buffer. Completion of the reaction was observed der  appmrUmately 20 hours. As before, 

the crude product was klated by acidifyirie tbe reaction solution to a pH of 2 and then 

extractmg the aqueous solution with ethyl acetate. This same reaction was aiso carried 



out at 60' C. At this temperature the &on reached completion m 6 bours. An 

examination of the products h m  the two e>qierimnts by TLC and 'H NMR indicated 

that there was no dinénace m product composition 

Examination of the NMR end inass spectnmi of the d e  product of the reaction 

of sinapic acid m strong base showed that it was not thod&ic acid. The proton NMR 

spectMn of the unknown compound Mered greatly h m  that of thomasidioic acid (see 

Appendix). For example, while the spectnim of thomasidioic acid had three peaks 

representing 12 protons at about 4 ppm, the imkwwn compoud had ody two peaks in 

this region, representing 6 protons. Conside~g the structure of the substrate, it was quite 

possible that these peaks represented two M i t  methoxy groups on the compound 

The remaining peaks for the unlmown mlecule appeared between 7 and 8.5 ppm implying 

that the other protons on the rnokcule were ali aromatic. There were two pieces of 

evidence which hdicated that a mokde d e r  than thomasidioic had been fonned. 

First of all, tbere were only thkteen different carbons seen in the ' 3 ~  Nn4R spectnim for 

the molecule. Also, the molecular mas of the cornpouad seen in the mass spectra (248.07 

g/mol) was less tban that of t h o d d i o i c  acid. A tentative molecular formula of C13H1205 

was calculateci fiom the exact mass. Considerkg the s k  of this mole& and the 'H 

NMR specmim, a naphthalene structure was proposed. The fluorescent spot seen on TLC 

was also consistent with this type of structure. Considering the nature of the stadng 

materiai and the 'H NMR spectrum, the presence of at lem two methoxyl groups and a 

hydroxyl group was expected. A caboxylic acid group would account for the remahhg 

oxygen atoms of the mokcule. The placement of the groups on the mphthalene ring can 

be deduced from the splitting of the arornatic peaks m the 'HNMR spectrum. There was 



a one proton singiet, a one proton doublet with neta wupl@, a one proton double- 

doublet with ortho aad nreta coup@ and f W l y  a one proton doublet with onty o ~ h o  

coupling. Given this pattern of coupling it is &ely that the protons are found at the 1,3,4 

and 8 positioos. Therefore, the shucture 6-trydroxy-S,74hethoxy-2-naphthoic acid ('15) 

was proposed, as i s w n  beiow. 

15 

A literature search for 2-naphthoic acids was performed to confinan the proposed 

structure for the product of the reaction of sbpic acid in strong base. Coincidentaiiy, 6- 

hydroxy-S,7-dMethoxy-2-naphtboic acid was found to have been iroiated fÏom CRrnus 

thomasii Sarg. by Chen and ~ostettler?' A cornparison of the spectrai &ta of the 

compound obtahed via reaction of sinapic acid in strong base to that of 6-hydroxy-5,7- 

dimethoxy-2-naphthoic acid showed that the compounds were identical. Tbe researchers 

isolated two Znaphthoic acid derivatives 75 and 76 plus various lignaiis h m  the aqueous 

extracts of the heartwood, as show below. The fke rnonoacid was first identitied 

through anaiysis of its IR, W, m a s  spectrai and NMR data. 

75 78 

Having determined the structure of the pro& formed on air oxidation of siuapic 

acid in strongly alkaline solution, attention was tumeci to the mechanism of 3s formation. 



At the outset, it appearrd tbat the naphthoic acid could have beni f o n d  either h m  

sinapic a d  dirrctly, h m  thomaPidioic a&, or by some altemate uaknown pathway. The 

second theory was tested by air o><idizùig thomasidioic acid m 0.1 N potassami hydroxide 

solution. The stined solution of thoniasidioic acid m stn,ng base turaed deep red and 

clear. The m d e  product was isolated as before and identïfïed by its proton NMR 

spectrum to be 6-bydtoxy-5,7-dimethoxy-2-~phthok acid. This result supported the 

theory that naphthoic acid 75 was f o d  by the fbther rdon of thomasidioic acid m 

stmng base. 

The necessity of oxygen for the conversion of thomasidioic acid to 6-hydroxy-5,7- 

dimethoxy-2-naphthoic acid bad wt yet been determineci. Rubino et al. studied the 

conditions for the conversion of sinapic acid into thomasidioic acid and they found that 

this reaction required oxygenU It was also possible that the conversion of thomasidioic 

acid to naphthoic acid 75 required oxygen. To test for this, two simultaneous reactions of 

thomasidioic acid were perftormed in O. 1 N potassium hydroxide solution. ûne reaction 

was carried out under air and the 0 t h  under nitrogen. The reaction under air proceeded 

as previously givmg a final solution that was clear and red ODLy 6-hydroxy-$7- 

Scheme 26 

0-1 N KOH - oz 7 
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dimethoxy-2-mphîhoic acid was isolated. On the other band, only the weacted 

thormsidioic acid was isolateci h m  the reaction which was performed under aitrogen.. 

These resuits c o u f h  tbat the Znaphthoic acid 75 is a seconàary oxidation product of 

A mechanism for the formation of 6-hydroxy-5,7dimetboxy-2-~phthoic acid 

h m  sinapic acid can now be postulated because it is h w n  to be formed via the 

oxidation of thomdioic acid. A possiile mectisnt'sm is shown in ScbemP 27. The nnal 

outcome of this mech- is the loss of the pendant aryl gioup as 2,6dimetboxy-p 

would also be a product of the reaction. The reaction of sinapic acid in 0.1 N KOH 

solution was repeated to determine if80 was acnially formed. Once the reaction was seen 

Scheme 27 



to be complete by TLC, the teaction solution was extracted with ethyl acetate before it 

was acidified. This mitial extmtion ofthe akabe soiution should remove any non-acidic 

products formed in the reaction A r e f m  sample of pure 2,6dkthoxy-p 

bemquinone (80) was synthesized by the oxidatbn of 2, 64methoxyphenolwith 

chromium trioxide. The proton N'Mi spectm of pure 2,6-dimethoxy-pbnaoquinone 

(80) was compand to that of the materiai iwlated h m  the nrst extraction of the d o a  

The two NMR sigaals of 80 were fouad m the spectnm of the crude product, dong with 

other peaks. Because the peaks were quite smaiI, it was difncuit to confûm the presence 

of the quinone by NMR spectroscopy alone. In order to co&m the formation of the 

quiwne, an HPLC anaiysis of the m d e  and pure quinone was d e d  out. PeaLs with 

very simiiar retention times were observed m both cbmmatogmns. To elimmate the 

possibii that two different compouads might be appearing with similar elution thes, the 

exiracted solution was spiked with some of the pure 2,6-dimethoxy-pbenmqUmone (80). 

A definite increase m the area of the peak believed to belong to the quinone was observed 

in the chromatograph of the extmcted material. The results of the NMR and HPLC 

aaaiysis confinned the presence of 2,6-dimethoxy-pbe1l~0q~sinone (80) and provided 

support for the proposed mechanism. 

The formation of both thoniasidioic =id and the Znaphthoic acid on reaction of 

sinapic acid in alkaüne solutions of varying pH's is quite coincidental wïth their isolation 

from Lnmw thomasii Sarg. In a series of journal articles, Hostettler and Seikel discuss 

the isolation of various fignans and Znaphthoic acids h m  this species of elm tree? 

Thomasidioic acid and 6-hydroxy-5,7-dimethoxy-2-~phthoic acid were two compouads 

that were found together m the aqueous extracts of the heartwood. ûne wonders i€ 



indeed these two compounds are tw naturai products. Cbse exambation of the isolation 

procedure used by Hostettler and Seikel revealed that the compounds were extracteci mto 

43.98-10 1 a basic mednim. Sinapic acid is h w n  to k fôund m various piant matter and 

there is a distmct possibihy thet, ifthe extracts h m  the tree were Ieft open to the air in 

an an<aliae solution, thomasidioic acid ami the 2-naphthoic acid 75 couid have been 

formed. Therefore, instead of &ese compounds being formed naturany, they m y  have 

been formed fiom sinapic acid d d g  the isolatio~~ This theory wouid explain the k t  that 

the thomasidioic acid isolated by Hostettkr and Seikel was optically inactive? It is one of 

only two 1.i- beüeved to occur nahnally in a racemic fonn. One would have expected 

an opticaiiy active naturai product ifit had been f o m d  biosyntbeticaüy. ûn the other 

hanci, the simple air oxidation of sinapic acid to thoddioic  acid must give ody racemic 

materiai. These resembers also isolated a srnaIl amount of 2,6-dimethoxy-p 

bernoquinone fiom the extracts of the e h  tree. The formation of this quinone could also 

be explaiwd by the secondary oxidation of thomasidioic acid in alkaline solution. 

Given that sinapic acid is converted clemiy to thomasidioic acid in aerated, hasic 

buffer, the applicability of thse maditions to the conversion of other para- 

hydroxycinnamic acids to aryltetralins was hvestigated. The puru-hydroxycinnamic acids 

feruiic acid (13), coumatic acid (81) and &eic acid (82) were studied. In the past, fenilic 



acid has been found to react simiiariy to siuapic acid under some odizhg conditions. For 

example, a study by Abmed, L e k r ,  and Stevenson sbwed tbat both fWc and sinapic 

acid formed th& respective dehydrodilactones 16 and 17 when reacted with femC 

chloride in aqueous acetone (Sc- 28).'= In the ament study, femlic acid was stIred 

for two days m aerated ammonium bicarbonate Mer  and no change was observed. 

Scheme 28 

Extraction of the acidified solution yielded oniy the starting materiai. Similar results were 

obtaiwd for the attempted oxidative couphg of coumaric acid. 

Considerhg the mechankm for the oxidation, there are two possible reasons for 

the lack of reaction of fenilic and couniirric acids, The fkt reason is that the solution 

may not have ken basic enough to form phenoiate anions, a condition that may be 

necessary in order for oxidation to occur. 'ïk other possible reason is that oxygen may 

not be a strong &ugh oxidant to oxiàize feruiic and coumaric acids (or their anions) 

The first theory was tested by oxidioag the acids in a more strongly basic solution, 

conditions that would eosure formation of the phenohte anions. Both fenilc and 

coumaric acids were reacted in a 0.1 N potassium hyhxide solution with exposure to air. 

There was di no reaction o b e d  under these conditions. Thus, it was concluded that 



the lack of  rractivicy was mt related to the pH of the soIution. The second theory 

concerning the oxidation step of the reactfon was then considemi more seriously. It was 

mentioned m the introduction tbat the ease of oxidation of phenois is depenûent on theH 

~ubstituents?~~~ Elecîmn-donating groups, such as the methoxy p u p s ,  make a phen01 

easier to olàdae. Comperiiig sinapic, f d c  and coumark &ci, the main structurai 

difference is the number of methoxy grou* Fenilic a d  coumaric acids shouid be more 

ciBicuit to oxidize as they bave kwer methoxy groups. 

From previous research prformed on caffeic acid, it was expected tbat it wouid 

react differently tban either fer& or coumaric acid discussed above. The autooxidation 

of caffeic acid was previously studied by CiUiers and Singleton. 103.104 They reacted d e i c  

acid in solutions of pH ranging fiom 4.0 to 8.0 with exposure to 100 percent oxygen. 

They obtained a vafiety of dimers and trimers. They were oaty able to characterize 

dimeric compouads, most of which did wt have lignan structures. Because the oxidation 

conditions used in the present research were smiüar to tbat of CilLiers and Singleton, it was 

expected that the reaction of caffeic acid would also yield a mixture of products. Weic  

acid was stirred m ammonium bicarbonate buBx with exposure to air, as with the other 

cinaamic acids. A darkening of the solution was observeci. TLC of the reaction mdicated 

that the reaction was complete after 3 days of -. The reaction was worked up as 

previously. The proton NMR spectnmi of the cnde meterial showed that a madure of 

many products had f o d .  Canéic acid differs h m  the other cimiamic acids in that it has 

two hydroxy groups and no mthoxy p u p s  on as aromatic ring. These hydroxy groups 

are not mert during an oxidaîive couplhg reaction, providing caffeic acid with two sites 

for oxidation. Perhaps baving two sites for oxidation increases the likeiihood that 



oxidation w i i i  occur. AhbOugh msny products during the oxkhtive coupling of 

phenols is a conmion outcome, it is wosidered an msatidktory one when a usenit 

synthetic method is king sought. Tkrefore the oxidative couphg of d e i c  acid m basic 

oxygenated solution was not firrther aivestigated. 

2.2 Mechanism of Oxidativc Coupîiag of Sinapic Acid 

The results of a study of the mchanism of the conversion of sinapic acid to 

thomasidioic acid will now be discussed. In the introduction, the meclxmhn for the 

oxidative couplkg of phewls was ieviewed m stages. These stages were: W 

oxidation, coupliag, and ikrther reaction ofcoupied intermediates. The mecbisru for the 

formation of thomasidioic acid by oladation of siuapic acid in aerated basic buffer will be 

dealt with in a s i m k  manner. 

The necessity of oxygen for the conversion of sinapic acid to thoddioic acid 

was previously established by Rubimo et al. and this remit Mücated that the initial step in 

this reaction was oxidation? Oxygen is known to act as a single-electron oxidant and is 

able to sequentially acquire two electrons, as shown in Scheme 29.1°* The product of the 

first oxidation is the oxygen radical anion, (a)*, and this charged radical can acquire 

Scbeme 29 

amther electmn. The possible reaction of the products of the nduction of oqgen must 

be considerrd when postuiatmg the mecbanism for the oxidation of sinapic acid by oxygen 



to yield thomasidioic a d .  For example, hydmgen peroxide is a biown oxidizing agent, 

as shown in Scheme 30.'06 Cf it formed by the reâuction of (OI)' , then both oxygen and 

Scheme 30 

Hz& + 2e- + 2HO- 

hydrogen peroxide could be acting as oradants fir h p i c  acid. It is also possible tbat 

(0~)'could couple wîth the sinapyl fadical or other species in solutio11 

The study of hydrogen peroxide's abiiity to oxidize sinapic acid m basic bu& was 

carried out by perfiomiing a reaction where hydrogen peroxide was the ody oxidaat 

available to sinapic acid. Obtainîng thomasidioic acid nom this reaction wodd indicate 

that both oxygen and hydrogen pemxide were acting as olodants for sinapic acid. Sinapic 

acid (0.02 M) was dissolved h deaerated auxnonitun bicarbonate buffer and this solution 

was s h e d  under nitrogen. An excess of hydrogen peroxide (1.2 equiv) was added and 

the reaction was allowed to stir undet nitrogen for 24 hours. At this tirne, the TLC 

showed that no reaction of the sinapic acid had occurred. Workup of the reaction solution 

was c d  out as previousiy, extractkg the acidified solution with ethyl acetate. Only 

umeacted sinapic acid was isoiated fiom the reaction solution, which hücated that 

hydrogen peroxide was not able to oltidize sinapic acid directly. 

Deteminhg how much oxygen is weded for the conversion of sinapic acid to 

thomasidioic acid wodd help to estabiish whether (02)*was fonning hydrogen peroxide 

or couphg with other species. The consumption of oxygen wili depend on the 

mechaniSm of the oxidation. The various mechanismP for tbe coupling step of the 

oxidation of phenoüc cornpoumis are shown in Scheme 3 1. Each mechanimn requires two 

oxidation steps. If oxygen were teduced to hyhgen pemxide, then the overail ratio of 



Scheme 31 

oxygen consumed to phenol oxidized wodd be 1 :2. There is the possi'büity that oxygen is 

beiug reduced to water rather than hydrogen peroxide. In this case, the ratio of oxygen 

consumed to phenol oxidized wodd be 1:4. It is clear that the measurement of the ratio 

of moles of oxygen to sinapic acid b e i i  comumed during the conversion of sinapic acid 

to thomasidioic acid would be a worthwhile experiment in the determination of the 

mechanism for this reaction. 

To determine the ratio of moles of oxidant to substrate reacted dtuing the 

oxidative couphg of sinapic acid in basic bufïèr, the coasimiption of both oxygen and 

sinapic acid was m e a d .  For measurement of the uptake of oxygen, the reaction was 

perfomied at 1 atm under pure oxygen m a closed system attached to a gas burette. The 

disappeatatlce of sinapic acid was foilowed by HPLC using an intenial standard- Para- 

toluic acid was chosen as mtemal stanâard as it was unteactive under the conditions used 

and it had an easily masurable HPLC signal tbat did not interfi  with the signal fiom 

sinapic acid or its olridation pmducts. A cal i i ion  curve of a known ratio of sinapic acid 

to pu-toluic acid was plotted against the ratio of the area of their peal<s in the HPLC 

chromatogram nie concentration of sinapic acid remaining in the solution could be 



measiaed as a h t i o n  of tmie h m  the chromatograph of the teaction solution by use of 

this caiiition curve, 

For the measutement of oxygen uptake, sinapic acid (0.02 M) aad para-toluic acid 

(0.02 M) were dissohnd m ammonium bicarbonate M e r  which had been previously 

deaerated. In order to start the d o n ,  the d o n  solution was gemly bubbled with 

oxygen for 20 seconds a d  then the reaction Dask was attached to the gas burette. After a 

reaction time of 45 minutes, the v o l m  of oxygen c o d  was determined to be 9.0 

mL. At this point, the reaction was quenched by acidification of the reaction soIution with 

concentrateci hydrochloric acid. The ratio of the peaks for the sinapic and pora-toluic acid 

was measured fiom the chromatognun of the 6nal reaction solution. From the cornparison 

of the amount of oxygen and sinapic acid used in this reaction, it was detennined that the 

ratio of osdant to substrate reacted was 0.42. This vaiue is quite close to tbat ofow 

mole of oxygen coosumed for every two moles of sinapic acid oxidized. This result 

indicated that oxygen was mst likely king reduced to hydrogen peroxide during the 

oxidation of sinapic acid m basic buffer. 

It should be possible to titrate the hydrogen peroltide present &er the air oxidation 

of sinapic acid Unfortunately, the dark coior of the reaction solution made such a 

titration mipossible usiDg the colorimetric methoch available. However, the =action 

solution did give a positive starch iodide test whicti was consistent of the presence of 

hydrogen peroxide. Sinapic acid (0.03 M) was dissolveci in deaetated anmionnmi 

bicarbonaîe b u f k  aad the solution was st Ired d e r  pure! oxygen and a sample of the 

solution was taken every 15 minutes. The samples were acidiltied with 10% hydrochloric 

acid solution and tested with wet potassium iodide-starch indicator paper. The indicator 



paper graduaUy turned a purple-blue colour wah the fourth sample, which indicated that a 

d amount of hydrogen peroxiâe was present m solutioa. 

There are severaI different intermediates tbat wuid be mvolved in the formation of 

thomasidioic acid h m  sinapic acid. As discussed in the intn,duction, air oxidation of 

phenols or pheeolates involves the rernovai of a hydrogen atom or en elecîron and the 

85-87 formation of a phenoxy r a d i d  in the case of siaapic a d ,  this radical, the sinapyl 

radical 83, wül be quite stable due to the delocalinnion of the single electroa The various 

resonance contri'butors are seen in Scheme 32. 

Scheme 32 

A second oxidation of the sinapyl radical could also occur to yield the 

correspondkg phenoxonium ion 84. This ion is believed to be quite suscepti'ble to 

nucleophilic attack. I f  the phenoxonium ion were to form in basic bu@&, then attack by 

the hydroxide ion wodd be very likeiy. Distnion of the positive charge about the 

phemxonium ion would be similar to that of the sinapyl radical. Thetefore, the positive 

charge would be concentrateci at the f3, pma, aud o ~ h u  positions. The di0186 couid form 

Scheme 33 
OH 



by attack of the hydrowle ion at the fbposition and then at the tmql  position of the 

quinone methide, as shown m Scheme 33. Since thomasidioic acid is b w n  to be the only . 

product of the air oxidation of sinapic acid, it se- d e i y  that the phenoxonium ion is 

formd. Another rrason for the unîikeiy fotmation of the phenoxonium ion duriag this 

reaction is that once the radical is formeci, remval of a second electron becornes much 

more diEcult, 

Having tentatively excluded the phenoxonium ion h m  consideration, possible 

mechanisms hvolMng the sinapyl radical 83 were considered. It was previousiy state that 

in basic solution, there exDts an e q 3 W  between the various protomteci forms of 

sinapic acid, shown below in Scheme 34.% Thus the mechaoisms which must be 

Scheme 34 

considered for the couphg step should include reactioas involving sinapate ions 73 and 

74. These mech& include: the couphg of two sinapyl radicals, the coupling of a 

siaapyl radical and sinapate anion 73, and the couphg of a sinapyl radical and suiapte ion 

74. Certam cross-couphg reactions were carried out in order to narrow dowu the 

number of possibilities. 

The investigation of the possibility that sinapyl radicals could add to the double 

bond of sinapate ion 73 was carried out. The mechanism for the addition of a sinapyl 

radical to the double bond of 73 is shown in Scheme 35. The radical formed fkom the 



Scbeme 35 

addition could be subsequentiy oxidized to fonn a bisquinone methide 88. In order to 

test for the possiiüity that sbapyl radicals could add to the un-ionized phenol73, coupling 

of sinapyl radicals wàh a compound inca* of ionization to a phenolate anion was 

attempted. The compound that was used for this study was 3 , 4 , S - t r i m e t h o c c  acid 

(89). The loss of the carbxylic acid proton is stili possiile fbr 89, but the formation of a 

phenolate anion is not possible. The coupiing of the sinapyl radical 83 to 89 wodd 

eventually lead to coupling product 91 as show in Scheme 36. This result would 

Scbeme 36 

me 
90 91 

establish that the addition of the sinapyl radical to the un-ionized pheml was a possiie 

mechanism. 3,4,5-Tiimethoxycinnamic acid (89) was synthesized in two steps, as seen in 

Scheme 37. The sinapic acid was mthylated at both the phenolic and carboxylic acid 

positions and then the methyl ester was hydroiyzed with base. 



Scheme 37 
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A mixture of sinapic acid (0.14 M), and an excess of both anhydrous &CO3 and 

iodomtbane, was refluxed in acetone. îLC  of samples m v e d  perïodicaliy duriag the 

reaction showed that ali of the sinapic acid had disappeared after 23 hours of reflux 

Water was added to the reaction mixture and the r e d h g  solution was extracted with 

dichloromethane. The proton NMR spectnm of the crude product of the methylation 

reaction was compareci to that of sinapic acid. The spectrum was s i m k  to that of sinapic 

acid except for the presence of two additional signals for methoxyl groups near 4 ppm. 

Hydrolysis of the m e t h y 1 3 , 4 , 5 - c e  (92) was carried out in order to 

convert it to the desired 3,4,5-trimethoxycimiamic acid (89). Methyl3,4,5- 

trimethoxycinnalnic acid (0.13 M) was s h e d  at room temperature in a solution of 

potassium hydroxide in a solvent of methmol d water in a 1:9 ratio. By monitoring the 

reaction by TLC, ail of the methyl ester mis observeci to have completely reacted d e r  5 

hours. Isolation of the product was carried out by acidlfication of the reaction solution to 

a pH of 2 and extraction of the resulthg solution with dichioromethane. The 'H NMR 

spectrum of the cmde product was cornparrd to that of the starting material The loss of 

o w  of the NMR signais at 4 ppm representing 3 protons was observed which Wcated 

that the hydrolysis of the methyl ester had been suc ce^. The proton NMR specûum 

showed the product to be relativeiy pure. To remve any small iiis>urities, the compound 



was fütered tbrough silica gel pretreated with 5% acetk a d  in ethyl acetate. The yield of 

pure 3 , 4 , S - c c  acid was 61%. 

For the cross-couphg reaction, 3 , 4 , S - c c  acid (89) (3.1 mM) and 

sinapic acid (3.4 mM) were dissolveci m ammonium bicarbonate bu&r and stirred d e r  

air. As the reaction proceeded, the yeilow solution himed dark brown. An of the sinapic 

acid disappeared &er 24 burs  of stirring at room temgmatm. The reaction was worked 

up by acidification of the solution to pH 2 with hydrochioric acid and extraction with ethyl 

acetate. The proton NMR spectrum of the c& product showed that a mixture of 

principdy two compouads was present. The two compounds were idenaed as 

thomasidioic acid (1) and 3 , 4 , 5  acid (89) by cornparison of the aude 

spectrum to spectra of the pure compounds. It wss concluded tbat no cross-coupling had 

occurred between the two substrates ami pmvides evidence against the addition of the 

sinapyl radicai to the double bond of the shapate ion 73 as a lilcely mechanism for the 

reaction. 

The wxt mechaaism to be coasidered was bond formation between the shapyl 

radical and sinapate ion 74. The mechankm for this teaction is show11 m Scheme 38. In 

Scheme 38 



order to determine the î ikebod of this pathway, an experiment was carrieci out using a 

reactant tbat would nimiic the action of the sioapgte ion 74 coupling with the sUiapy1 

radical 83. The &&te pbemhte anion was the nmiPc chosen. The reason for cbosing 

the fenilate phenolate anion is that its overail structure is quite simiiar to that of the 

sinapate ion 74 and it is expected to react simiiariy. Ferulik acid wiil form the phenoiate 

anion in basic solution sllnilar to siimtpic acid and as previously shown, fenilic acid does 

not oxidatively couple with itself. This is mterpreted to mean that it is not oxidized to a 

radical by oxygen The! forrns of fénrüc acid that will exkt m ammonium carbonate b e e r  

are show in Scheme 39. Fenilic acid has one les methoxy substituent tban sinapic acid 

Scheme 39 
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and is expected to be more acidid9 It will exkt primarüy as the fédate dianion 95 at a 

pH of 8.5. Therefore, if cross-coupliag occurs between fenilic and sinapic acid in aerated 

basic buffet, then the most iikely mecliaoism for this couphg would be bond formation 

between the sinapyl radical and ferukte ion 95. This result would also imply that the 

coupling of the sinapyl radical and sinapate ion 74 is a lilcely mecùanism for the conversion 

of sinapic acid to thomasidioic acid. 

To test this hypothesis, f d c  acid (0.03 M) and sinapic acid (0.03 M) were 

dissolved in ammonium bicarbonate builier (0.28 M). The yeflow solution was stirred at 

room temperature. Mer 24 hours, aiI of the sinapic acid was seen to have disappeared. 

The workup of the d o n  was performed as before, with the extraction of the ac iaed  



solution with ethyi acetate. The proton NMR of the mde material showed tbat 

the product mixture contained unreacted féniüc acid and thomasidioic acide Therefore, no 

coupiing between fer& and sinapic acid had occiared during this reaction. Although 

this result does mt provide coaclusÏve evidence agahst the cross-coupiing of the Smapy1 

radical and Smapate dianion, it does suggest thet this pathway is iess likely* 

The tinal possibiiity for the mec- of the ofidative coupling of sinapic acid is 

the d i i t i o n  of sinapyl r a d i d ,  as shown in Scheme 40. This seems to be the most 

likely pathway for the couphg step as the redts of various experiments have provided 

evidence agamst the kelihood of the other possible mechanisms. 

Scheme 40 

88 

There are also many other studies of oxidative coupiing of p h l s  whâh show that t h  is 

the most Iikely mechaniSm for the couphg step. 

The bisquinone methide 88 would be the pmduct of the coupling step and various 

mechanisms for the formation of thomasidioic acid could be proposed based on the 

formation of this intermediate. As mentioned in the introduction, quinone methides tend 

to be quite feactive because of the driving force for formation of more stable phenolic 

compouilds?' As shown m Scherne 41, tautomerization is one mariner by which the 

conversion of a quinone methide to a phenoiic compounci cm occur. 



Scheme 41 
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There are two possiWe ways for the bis-quinone methide 88 to tautomerize. First of all, it 

could undergo full tautomerization (see reaction 1 of Schem 42). The product of this 

reaction would r the diaryibutadiene dicarboxylic acid 98. Secoedly, partial 

tautomerization of 88 could occur, such that only one of the quinone methides of 88 forms 

the respective p b L  In this case, the monoquinone methide 99 wodd be formeci, as 

shown in Scheme 42. 

Scheme 42 



For the oxidative coupling of sinapic acid, mechanlaas for formation of 

thomasidioic acid with butadiene 98 or m u n ~ n e  methide 99 as intermediates, were 

considemi. As show in Scheme 43, -ene 98 couid unâergo a pericyclic reaction. 

Mer cyclization, only a [ln sigmatropic shift of a hydride woukl be required to yield 

thoddioic acid. The neighbouring aromatic a d  carboxyLic acid groups of thonddioic 

Scheme 43 

acid are pans to one another. If the hydride shift occurs pericyc~cdy then the migrating 

hydrogen and the pendant aryl group must have been cis to one another m intermediate 

100. Similarly the cis geometry of 1ûû miplies tbat the butadiene intermediate 98 had the 

tram, traw geometry (98.). 

In order to test the possibility that butadiene diacid 98 is an inteniediate in the 

formation of thomasidioic a d ,  it was necessary to prepare it by an independent route. 

Fortunateiy, the conesponding dimethyl ester of this a d ,  101, was available fiom 

oxidative coupling of methyl shapate. Although the details of this reaction will be 

discussed at a later tirne, it wis determined that the products of the air oxidation of methyl 



Scheme 44 

siaapate were the diiIbutadiene dicarboxylate ester 101 and the dimetixyl ester of 

thomasidioic acid (2), as show in Scheme 44. Once 101 baà been isolateci fiom the 

product mixture, hydrolysis was canied out m order to prepare the &id 98. The 

hydrolysis of 101 was fouad to be a more diflicuit process than hitidy expected. No 

reaction of the ester was observed after heating the ester in strong alkaline solutions for 

long periods of time. A possible reason for the iack of reaction of 101 m basic solution is 

that the removal of the phenolic proton is likely to occur (Scheme 45). The fomiation of 

Scheme 45 

the enolate 102i wiJl prevent the aOraline hydrolysis of  101. M e r  several attempts, it was 

firmlly determllied tbat the diester 101 could oaty be hydrolysed under acidic conditions. 

The diester 101 (0.01 M) was reflmed in ailfuric acid (0.5 M). This reaction was 

foiiowed by TLC and aU of 101 was observeci to haw disappeared after 7 days of reflux. 

The reaction solution was made basic with 1 Ph sodium bicarbonaîe solution and 



extmcted wïth dichbrometbane to isoiate any n ~ n - ~ d i c  products. This was folbwed by 

acidincatioa of the aqueous solution to pK 2 wÏth 10./. hydrochloric acid and extraction 

with ethyl acetate. This nnal extraction was expected to provide tbe desErrd diacid 98. 

The proton NMR specmun of the c d e  product was comparecl to that of 101 and it was 

determmed that the signal belonging to the methyi ester group had disappeared. A very 

d amount of thoddio ic  acid had also f o d  during the reaction. 

To ver@ the theory that the diacid 98 was an intermediate in the formation of 

thomasidioic acid fiom sinapic acid, it was similaiIy reacted in aerated basic bunér. If 

diacid 98 acts an intermediate for the conversion of sinapic acid to thomasidioic aciâ, then 

it should cyclize under the same conditions. Initiany, a srnaii amount of the diacid 98 was 

reacted m aerated ammonium bicarbonate b&er for 24 hours. This reaction was worked 

up by extraction of the acidified solution with ethyl acetate. The proton NMR of the 

cmde product showed that di of 98 had disappeared. Because the starting material 

contained a smaii amount of thomasidioic acid, it was difl5cutt to confirm if the diacid also 

had been converted to thomasidioic acid using NMR spectrometry alone. To provide 

more quantitative redts, HPLC was used to determine the amount of the thomasidioic 

acid before and after the reaction. An increase in the ratio of thomasidioic acid to an 

interna1 standard after the reaction would mdrate that the diacid 98 was cyclizing in basic 

baer  to yield the aryltetralin. The intenial standard used for this study was paru-tohiic 

acid. 98 (0.03 M) and para-toluic acid (0.08 M) were dissolved in a 1: 1 solution of 

acetonitrile and water. This solution was dMded into two portions. The nrst portion was 

analysed by HPLC. The ratio of the areas for the peaks of t h o d i o i c  acid to pma- 

toiuic acid was detennined to be 0.28: 1 Ammonium bicarbonate butlier was added to the 



second portion of the soiution This Iight bmwn sohition was stirred at mom temperature 

for 24 hours and then was acidifieci with 10L! hydrocbric ad. Oa acidification of the 

solution, somp precipitate was f Ô d  Acetoiiitrüe was dded to dissolve any soiid 

material and HPLC of the remhg sohition showed that the peak for the diacid 98 bad 

completeiy diseppeared- The ratio of area of the thomasidioic acid and para-toluic acid 

peaks was 0.2211. T'his redt iadicated tbat aithough the diacid 98 did react m aerated 

basic buffer, it was not bemg converted to thomasidioic acid. it was concludeci that the 

diaryl butadiene dicarboxyiïc acid 98 was not an intermediate in the conversion of sinapic 

acid to thomasidioic acid. 

Mono-quinone methides, smular in structure to 99, have been show by Angle et 

al- to undergo cycbtion and yield aryItetralin-type products."" There are also various 

studies of aryitetralin lignans in which this mchanism is proposeci. For example, Ahmed 

et al. observed the formation of an aryltetralin fiom oxidation of the methyl ester of 5- 

bromoferulic acid with femc cMoride in aqueous acetone? The mechanism proposed for 

this conversion was the cyclization of the monoquiaone metbide 103 (Scheme 46). It 

Scheme 46 



might be reasonable to postdate a sirnilar mecÊbenism for the formation of thomasidEoic 

acid fiom htemvdlate 99 (see Scheme 47). Once the cycLization of 9) had occurred only 

the loss of a proton would be required to produce the aryhetralin, 

Scheme 47 

An isotope exchange study of the ceaction of sinapic acid in aerated basic bmer 

containing &O was undertaken to provide more Womiation on the mechanism of the 

conversion of sinapic acid to thomasidioic acid AU of the mechaniçms proposed thus far 

do not involve proton exchange on the carbon skeleton, and the exchange study was 

carrieci out to verify this fact. The presence of deuterium atoms in the product could be 

determined by observing eithet a decrease m the peaic area of a signal or the total 

disappearance of a signal in the 'H NMR spectnim, 

Sinapic acid (0.05 M) was dmolveà in ammonium bicarbonate buffer made with 

D20. This yeliow solution was s h e d  for 2 days with exposure to the air. On obse~uion 

of the disappearance of the substtate by TLC, the solution was dîiuted with water and 

acidifïed with 10% hydrochloric a d .  Isolation of the nnal product was camed out by 

extraction of the aciMed s o l ~ n  with ethyl acetate. The proton NMR spectrum of the 

crude pmduct was compared to that of pure thomasidioic acid. It was determined that 

each of the peaks h m  the speanmi of pure thomasidioic acid were also observeci in the 



spectrum of the cnde poduct (with mrmel integration br one hydrogen a h ) .  These 

results demonstrated tbat deuterium exchaiige betsveen the soivent anâ mtetmediate bad 

not occurred durhg the conversion of sinapic acid to thomasidioic a d  

It would bp beneficial to nnd another mute to the bisquinone d d e  in order to 

test the possibiiay that it acts as an intermediate for the olodative coupiing of sinapic acid. 

The dehydrodis'iic acid dilactone (16) (see Scheme 48) might be a possible source for 

this compouiad in basic solution It was believed that the treatment of the dilactone 16 

with base m î t  remove both of the phenoiic protons to yield the dianion 107. Ifthis were 

Scheme 48 
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true, then it is very iikely tbat tbis dianion would undergo tmg opening to yield the bis- 

quinone methide 88 (Scheme 48). If the bisquinone methide is an intermediate for the 

conversion of sinapic acid to thomasidioic acid in aerated basic buflér, then the treatment 

of the düsctone with these conditions shodd also yield the aryitetralin iignan. 

The a t o n e  was synthesized using the method of Abmed et al. by oxidizing 

sinapic acid with fCmc chioride in aqueous mthanol (Scheme 49).lo2 The diiactone 16 

(1.0 mhi) was then dissolveci in ammonium bicarbonate bu!ièr. This solution was stirred 



Scheme 49 

at room temperature with exposure to air. The yellow solution graddly nuned orange. 

Monitoring the Raftion by TU3 showed that ail of the dilactone had disappeared der 20 

hours of stinmg. The solution was acidified to pH 2 with 10% hydrochioric acid and then 

extracted with ethyl acetate. The isolateci product was detenniiied to be thomasidioic acid 

by cornparison of the proton NMR spectrum to the authentic acid To d e t e d e  the 

conditions necessary for the conversion of the dilactom 16 to thomasidioic acid, the 

reaction was repeated in basic butlier under nitrogea The reaction was observed to 

progress as it did previously as the solution turneci orange and all of the substrate had 

disappeared after 20 hours. The product of the this reaction was also determirsed to be 

thomasidioic acid. 

The intermediate for the conversion of dehydrodiliictone 16 to thoddioic acid 

(1) can now be considered knowing that only a h h e  conditions are necessary for this 

conversion. As indicated in Scheme 48, the dilactone if most likely converted to the 

phenolate dianion. This dianion cm tben open to the bisquinone methide. Fmm this 

point the mechsnism foiiows that show m Scheme 50 (and in Scheme 48) with eventuaî 

formation of thomasidioic acid. Therefore, the mst Eely mtemiediates hvolved in the 

conversion of the dilactom to thomasidioic acid are believed to be the bis-quinone 



Scbeme 50 

methide 88 aad mono-quinone methide 99. These results are coosistent with those 

obtained for the conversion of sinapic acid to thomasidioic acid. M e r  possible 

mechanismî for the conversion of the dehydrodilactone 16 to thomasidioic acid might be 

envisioned. Som of these meclumims couid mvolve hydrogen exchange at the carboas a 

to the carboxyl groups. In order to eliminate these mechanisms, the dilactone was reacted 

as before in a b s e r  made with D20. The occurrence of any isotopic exchange was 

detennined by examining the 'H NMR spectnim of the product. 

Dilactone 16 (1 -2 mM) was dissolved in ammonium bicarbonate b a e r  made with 

40. Tbe yellow solution was stirred at room temperature for 24 hours. Acidification 

and extraction of the solution was c d e d  out as before. The proton NMR spectrum of 

the crude product showed that al1 of the protons of thomasidioic acid were present with 



no sipmficant change in the integration of the signais for thse protons. It was concluded 

that no exchange of the protons a to the carboxyl groups was occurriog. The most 

reasonab1e mech- for the conversion of dehydrodilactoae to thomasidioic acid is one 

that involves the bisqpinone methide as s b w n  m Scherne 48. This resuh a h  supports 

the contention tbat sinapic acid is converted to thomasidioic acid via the bisquinone 

methide 88. 

An anempt was also made to fonn the bis-quinone methide 88 fiom the 

dehydrodilactone 16 under non-aqueous conditions. These studies were primarily 

conducted m TH. and a variety of bases were used @DA, BuLi, NaHMDS). None of 

these reactions produced any thomasidioic acid on workup. A single product, however, 

was produced in high yield when the düactone was reacted with only one quismient of 

LDA in THF. Düsopropyl amine (0.12 M) was st imd in fiesMy distiüed THF at -78 OC 

under nitrogen. Butyl lithium was added cùopwise and the solution was stirred for 10 

minutes. Dehydrosinapic acid düactow (16) (0.03 M), dissolved in THF, was added 

dropwise to this solution. This brown solution was stirred at -78 O C  for 30 minutes and 

then allowed to warm up to room temperame. The d o n  was foiiowed by TLC and all 

of the staaing material was observed to have mmed &er 21 hours of sturiag. Water was 

added to the red solution and then it was acidified with 10% hydrochioric acid. The 

acidified solution was extractecl with ethyl acetate. 

The proton NMR spectnim of the c d e  product sbowed that a single product haci 

focmed which was aot thomasidioic acid. Cornparison of the proton NMR spectnim of 

the product to îhat of the düanone indicated that there were some simûarities. For 

example, both spectra contained singlets at 3.8,4.1 and 6.7 representkg 12, 1 and 2 



protons mspectively. Other peaks found in the unkmwn product's spectra were: 

doublets at 5.67 and 7.68 ppm anci a 2-proton shglet at 6.51. In order to determine the 

structure of the uukmm compounà, possible produds of the ternoval of one proton fiom 

the dilactone were considerrd Ifthe pbeaoiic proton wcrp temoved, the monoquinone 

methide 109 wouid be formai. This product couid thentautomerk to the lactone 110 

(see Scheme 51). Complete ckterization of iactone 110 was mt possiie due to the 

instabii of the cornpoumi, which did mt allow accurate measurement of its molecular 

Scheme 51 

mass using exact mas-xnass spectrometry. The 'H NMR speceimi was consistent with 

the proposeci structure 110, an assignment which was fhther substantiated by cornparison 

to other compounds with similar 

From d of the results of these experiments, it c a ~  be concluded that the most 

likeiy mechanism for the conversion of miepic acid to thomasidioic acid in aerated basic 

b d e r  involves the mono-quinone methide 99. The entire mechaaisn for this reaction is 

show in Scheme 52. 



Scbeme 52 

The reaction of sinapic acid with other single eiectron oxidants was carried out to 

determine wbat oltidants, other tban oxygen, could convert sinapic acid to thomasidioic 

acid. The ultimate goal was to find an oxidant tbat would give high yields in a shorfer 

the,  and possibly be able to mduce the same type of reaction in other phenolic c i d c  

acids (coumaric, fenilic, caffêic). The oxidants tbat were tried were potassium triiodide 

(KI3), potassium fdcyanide, (&Fe(CN)6), and 2,3aichloro-5,6-dicyaaobe11~)quinone 

(DDQ). 

The triiodide ion is formed on dissolution of iodine in an aqueous solution of 

potassium iodide. The reduction oftnaodide to iodide requires two electrons, but the two 

electrons are presumabiy acquired in two separate oxidation steps. The equation for the 

reaction is as showa Because this oxidant is able to a c q h  two eiectrons, ody 



3 -  + 2e- + 3 r 

one-halfof an equivalent of potassium truodide was used to oxidize sinapic acid Sinapic 

acid (0.02 M) was dissofved in the deaerated ammonium bicarbonate bufk  and then 

deaerated potassium triiodiàe sohnioa (0.06 M) was added. The dark reâ solution was 

stirred at mom temperature under nitmgen for 24 hours. Mer this tirne, a TLC of the 

mixture showed that d of the starting materiai had reacted. The workup of the reaction 

was p e r f o d  as before with the acidifïed solution king extracteci with ethyl acetate. 

The proton NMR spectrum of the crude product connrmd thst the product was 

thomasidioic acid witb a purity simüar to tbat obtained h m  the air oxidation. These 

redts show that the triodide ion is an efféctive oxidant for the conversion of sinapic acid 

to thomasidioic acid. Smiilar reactiom were attempted with two pma-hydroxycinnamic 

acids, feruiic and courmaric acid. No reaction of these acids was observed. This was true 

even when the reaction was carried out in strong base. Therefore it is beiieved that the 

triiodide ion is not a strong enough oxidant to form the respective phenoxy radicals and 

induce oxidative coupling of these acids, 

Femcyanide ion in alkaline solution was also used for the oxidative couplhg of 

sinapic acid. This is a conmion oxïdking agent tbat bas been used to oxidize a variety of 

phenols.33n40 For the oxidative coupling of sinapic acid, a moiar ratio of femcyanide ion to 

substrate of 1 : 1 was used as the ferricyanide ion c m  only acquire one electmn per 

molecuie. Sinapic acid (0.02 M) and potassium fhcyanide (0.02 M) were dissolved in 

deaerated ammonium bicarbonate buf&r, This solution was siimd under nitmgen at room 

temperature. Monitoring the reaction by TLC showed that d of the substrate had 



d i s a p p d  d e r  20 how of reactioii. The acidi6ed solution was extracted with ethyl 

acetate. The isoiated pmduct was detemimed to be thomasidioic acid by coqmison to 

an authentic 'H NMR spectnna Therefo~, the fefficyaDide ion is also a suitable oxïdizjng 

agent for the oxidative coupling ofsinapic acid. 

The tmal oxidant used for sinapic acid was 2,3-dichloro-5,6-dic~beti~)quinone 

(DDQ), which is know to be fàirly stmng oxidizing agent. The exact mechanism for 

oxidation of phenols by DDQ is ~ c l e a r  as DDQ has been proposed to be able to act as a 

one electron oxidant (accepting either an electron ot a hydrogen atom) or a two electron 

oxidant (acceptmg a hydride i ~ n ) , ' ~ ' ~  Whatever the first step m the oxidation, the fidi 

reduction of DDQ requires a total of two electrons. One-haif quivalent of DDQ was 

used for the olédative couphg of sinapic acid Sinapic acid (0.07 M) and DDQ (0.04 M) 

were dissolved in tetrahydrofuran and the solution was stirred at room temperature. The 

color of the solution chenged tiom brown to red-green during the reaction and all of the 

substrate had diippeared d e r  6 hours of stlring. The solution was diluted with water 

and extracted with ethyl acetate. The organic solution was washed with sodium bisulnte 

solution (O. 1 M) to d u c e  any remaining DDQ. The proton NMR spectrum of the crude 

product was quite simple, as there were oaly 4 singlets observed. A compaiison of this 

spectrum to that of dehydrodisinapic acid dilactone showed that the dilactone 16 was the 

ody product of the reaction. This results clearly dinered fiom the other reactions 

conducted in aqueous solution. Assuming that the bis-quinone methide is an intermediate 

in this oxidation, it appears that it de rgoes  exclusive lactonization in THF rather than 

cyclization to thomasidioic acid (Scheme 53). 



Scheme 53 

THF is non-protic and it is possible that the bisquinone mthide is more stable h this type 

of solvent. The oxidation of f d c  and d e i c  acids with DDQ in THF aiso produced the 

respective dehydroâilactones 17 and 112. The dehydrodilactones were identifid by 

cornparison of their spectra to those in the literat~re.'"'~' It was diflticult to drive these 

reactions to completion regardles of the time of reactioa This result again demonstrated 

the increased diicuhy of oxidation ofpm-hydroxycinnamic acids hahg fewer electron- 

donating groups on the aromatic ring. 

2.3 Reaction of Sioapyl Esters 

Several reactions were carried out to detennine if the conditions for oxidative 

conversion of sinapic acid to an aryitetralin lignan were also applicable to the esters of 

sinapic acid. A preliminary study was d e d  out usiiig methyl sinapate as a substrate. 

Methyi sinapate (23) was synthesized by refluxing a solution of siuapic acid iu metbanol 

containing 5% concentrated nilliiric acid. (Scheme 54) 



Scheme 54 
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For the oxidative coupling reaction, methyl shapate (0.0 MM) was dissolved m a 

1 : 1 solution of methano1 and ammonium bicarbonate buffer. The yeliow solution was 

stirred at room temperature. Monitoring of the reaction by TLC showed tbat d of the 

methyl sinapate had disappeared after 20 hours of stirring and two spots were found on 

the TLC plate. Most of the methanol was removed by evaporation of the solution under 

reduced pressure. The solution was then acidifiai with 10% hydrochioric acid to a pH of 

7 and extracteci with ethyl acetate. A reference sample of dimethyl thomasidioate (2) was 

synthesized by rnethylation of thomasidioic acid in acidic methanol as descriid above. 

Cornparison of the 'H NMR spectnim of the crude product of the oxidation of methyl 

sinapate to that of pure dimethyl thomasidioate showed that both dimethyl thomasidioate 

and another compomd were produced. la order to characterize the unknown product, 

separation of the two cornpomds was n e c e m .  Separation by flash chromatography 

was dficult as the two cornpouads had very simüar elution tirnes. Isolation of the 

unknown compound was c d  out by preparative HPLC. 

The identity of the unkuown compound was determineci by analysis of its NMR 

and mass spectra. The proton NMR spectrum of the cornpouad mis quite simple, as it 

ody had four singlets. Two of the singlets were observeci at about 4 ppm wah a ratio of 

3:6. The otkpeaks wereobservedat 6.5 and 8.0 ppmandrepte~etltedow andtwo 

protons respectiveIy. The rnolecular m a s  of the corq~~und was detennined to be 474.15 



g/mol by mass spectromefzy. This molecular nniss w;rs the same as that of dmwthyl 

thomasidioate, which indicated that a differemt d k r  ofmethyl &apte had probabiy 

formed. Because of the simplicity of the 'H NMR spectnun anà the iarger molecuhr 

mass, it was likely that the moiecule was a symrrietri-cal dimer. A cornparison of the 

proton NMR spectnim of the compound to that of mthyl sinapate showed some 

sinrilarites. For example, both spectra had two peaks at about 4 ppm with a ratio of 3:6 

and a singlet at 6.8 ppm, representhg 2 protons. There were only two ciifferences 

between the two spectra. Fust of ali, the doublet at 6.3 ppm in the spectnim of methyl 

sinapate (due to the proton bonded to the fkarbon of methyl sinapate (the proton a to the 

carboxyl group)) was not found in the other spectrum. Secondly, a singlet at about 7.6 

ppm representing one proton was observed m the spectrum of unknown compound. 

Methyl sinapate bas a doublet at about the same chernical shift (representing the vinyl 

proton a to the arornatic ring (f3 to the carbxyl group)). The loss of the proton a to the 

carboxyl group would cause the disappearance of the doublet at 6.3 ppm and conversion 

of the doublet at 7.6 ppm into a hglet, as observed in the spectnim of the unbiown 

compouml. A compound that can account for all of this spectral data is butadiene product 

101. The structure of this compound was confinned by comparison of the spectrai data to 

other compounds of siniilar s t ~ c t u r e . ~ * ' ~ ~  In order to determine the stemchemistry 

about the double bonds, the couplhg constant between the carbon of the caibonyl group 

and the vinylic proton was maJimd. The Avalue for this couphg was determined to be 

6.8 Hz  This value is consistent with the cis placement of the ester group and proton, 

which miplies that the acnial stereochemistry of both double bon& is tram, as s h o ~ ' 0 9  



DuriDg the reactions of methyl sinapate m ammonium bicarbonate buffer, a sbw 

decrease in the pH during the reaction was observed. This was probably due to a loss of 

arnmonia fiom the basic solution. Due to these probkm with pH contrai, other buffers 

were considered. Both the temperature a d  pH of the reaction solution had to be kept 

constant to determine accunitely how any cbange m the conditions wodd &ect the 

outcome of the reaction. The stabilities of the pH for sodium tetraborate, potassium 

hydrophosphate, and tris@yQoxymethyl)amin~methane (TRIS) buffiers were studied. A 

1 : 1 solution of methanol and the b e e r  (0.05 M) was stirred at room temperature while 

passing, through the solution, air that had been presatutated with methanol and water (by 

bubbling through metbanoVKOH and water/KOH solutions). The pH of the solutiak was 

constaut1y monitoted over a long period of time. Both borax and hydrophospbate buffers 

showed a graduai mcr~ase of pH with t h .  Only the pH of the TRIS b a e r  remained 

relatively stabie over the time period of 3 days. A trial odation of methyl sinapate was 

carried out ma 1:l solution ofmtbeaol and TRIS bdEer (0.1 M) at a pH of 8.5. Most of 

the methyl sinapate was found unreacted &er sthhg the solution for 24 hom. The 

temperature of reaction was raised to 43I2 O C  in an attempt to inmase the rate of 

reaction. Mer 17 hours of reaction, it was observed by TLC that aii of the methyl 

sinapate had disappeared. The ecidified solution was extractcd with dichlorornethane. 

The 'H NMR spectnun of the crude product showed thet dimthyl thomasidioate and the 



diarylbutadiene dicarboqhte ester IO1 were fonaed in a ratio of 1 :2. Most of the 

subsequeat acperimnts performed to dete- the m e c m  of the oxidative coupüag 

of methyl Niapoite were carried out ushg TRIS Mered soiutions. 

Cross-couphg of  m a i r y 1 3 , 4 , 5 -  with metbyl sinapte was 

attempted to determine the mecbanism for the oxidative coupling of methyI sinapate. As 

suggested for sinapic acid, the coupliiig step codd mvolve bond formation betweeu a 

sinapyl radical and sinapate ion 73. A simüar mechanism could be postdateci for oxidative 

coupling of methyl sinapate (Scheme 55). To test for this mechaniSm, a subdnite had to 

be chosen to rnimic the methyl sinapate molecuie m basic buffer. Methyl3,4,5- 

trirnethoxycianamate (92) was chosen as it could wt become ionizRd to the phenohte 

anion in basic solution. This substrate was synthesized by treatment of sinapic acid with 

iodomethaw and potassium carbonate in acetone. Methyl sinapate (0.01 M) and methyl 

Scheme 55 

3,4,5-trimethoxyc~te (0.0 1 M) were dissolved m methmol and an equal volume of 

TRIS buffer (0.1 M) was added. Ths solution was stirred at 43I2 OC and bubbled with 

air that was presaturated with methano1 and water. Mer 20 hours of stima& the acidified 

solution was extracteci with dichioromethane. The 'H NMR spectnun of the crude 



product was compared to that of 101, dimethyl thomasidioate, and methyl3,4,5- 

trimethoxycumanÿite and it was determined that the product mixture was comprised of 

these three coapoullds- Fmm this resuit, it was seen that &on between methyl 

sinapate and methyl3,4,5-~xycinuamate did not occur. Therefore, it is beüeved 

that the coupihg step for -1 sinapate does wt involve mss-coupliag between the 

methyl sinapyl radical and un-ionized methyl siaapate. 

Two other possible mecbanisms for the couplsrg step involve the dimerization of 

two metbyl sinapyl raâicais or the coupling of the methyl sinapyl radicai and methyl 

sinapate anion. The product of both of these mechanisms is the bis-quinone metbide 26 

(Scheme 56). As mentiomd previousiy, the bis-quinone methide could undergo 

tautomerization to yield either the butadiene 101 or the respective mono-quinone methide. 

The butadiene 101 was kolated as one of the products âorn the oxidative coupling of 

Scbeme 56 



methyl sinapate. It codd be possie that the butadiene was an intamediate in the 

reaction and the coaditiom of the reaction were too aiiM fOr complete conversion of the 

butadiene to dimethyl tho-dioate. Ifthis were hue, then chauges to the conditions of 

the miction, such temperature and pH, should drive the cyclization of the butadiene to 

yield oniy dmiethyl thoniasidioate. A reaction of -1 sinapate in a soiution of 1 : 1 

metbol:  ammonium bicarbonate M e r  was repeated at mom temperature. When di of 

the methyl sinapate was observeci by TIC to bave àisappeared, the reaction solution was 

heated to 60 OC. The reaction was foUowed by TLC which showed that no further 

reaction of the butadiene occurred d e r  20 hours. The product mixture was isolated by 

extraction of the acidified reaction solutio~~ 'H NMR confirmed that the butadiene diester 

101 was stiU present. Other tests were d e d  out by reacting the product mixture of 

dimethyl thomasidioate and butadiene diester 101 in solutions of various pHs and 

temperatwes. Both products were recovered fiom the reaction mixtures in every case. 

The lack of reaction of the butadiene 101 mdicated that it is not likeiy an intermediate in 

the oxidative coupling of methyi sinapate. 

Various studies were carrieci out to deterrnine what conditions of the reaction 

would fkvour the formation of the thomasidioate ester ovet that of butadiene 101. The 

effect of a change in pH was stuclieci fkt. The pHs chosen for the study were 8.3,8.8 and 

9.3 (TRIS buffered solutions). Methyl sinapate (23) (7.2 mM) was dissolved m methanol 

and an equal volume of the TRIS bu&x was added. This solution was heated at 4 3 s  OC 

and bubbled with air pnsaturated with water and mthanoL After 22 hours, the solution 

was dihited with water and acidified to a pH of 7 with 10% hydrochloric acid. The 



resuiting solution was extracteci with dichIoromethane. The isolated products were 

adyzed by HPLC and the results are shown m Tabt 1. It was observecl that the ratio of 

PH ratio of thomasidioiate (2) 
to butadiene (101) 

8.3 1.29: 1 
8.8 2-62 1 
9.3 3.34:l 

Table. 1 The ratio ofmethyl thomasidioate to butadiene as measured by 
HPLC at pH vaiues of 8.3,8.5, and 9.3 

dimethyl thomasidioate to the butadiene mcreased with the pH. This irnplied that the 

formation of the methyl ester of thomasidioic acid (2) was fàvored over thet of the 

butadiene in more alkaline solutions. It is possible that there are two competbg pathways 

for the reaction of the monoquiwne methide 116. It codd undergo tautomerization by 

removal of the a-proton to yie1d the butadiene 101 (reaction 1, Scheme 57). This 

Scheme 57 



deprotonation would be imversi'ble because the butadiene is more stable than the mono- 

q m e  mthide 116. The monoquinone &de couici also imdergo cyciization to fom 

the aryltetralin 2. The removai of the phemiic proton to yield the pbeaolate anion prior to 

this cyctization wodd make this cyclizatioa more likeiy (rraction 2, Scheme 57). Reaction 

1 of Scheme 57 is g e d  base c a m i y d  and will depend on the type(s) of base(s) (and 

their concentration) in the solutio~~ Reaction 2 is specific base cataiyzed as the 

equili'brium formation of phenolate anion is dependent only on the pH of the solution. In 

the experiment, the b a e r  concentration was held mughiy constant as the pH was varied. 

Therefore, the formation of dimethyl thomssidioate should be preferred over formation of 

the butadiene 101 at higher pH as observed. The increase m the ratio of dimethyl 

thornasidioate to butadiene was not substantial enough for this reaction to be syntheticdy 

useW. 

The effect of changing the concentration of the buffer used for the oxidative 

couphg of methyl sinapate was also investigated. The original concentration of TRIS 

buffer used for the olgdation of methyl sinapate was 0.05 rnolar. The pH of the reaction 

solution used for tbis study was held at 9.3 while the concentration of the TRIS buffer was 

adjusted to 0.1,0.2 and 0.5 moiar. The generai procedure was foliowed as for the 

previous study of pH. The product mixtures were analyzed by HPLC as before and the 

results are shown in Table 2. Ahhough t h e  is some scatter in the &ta the general trend 

is towards a higher yield of the butadiene 101 ai higher buffer coocentratio~~. It is lilcely 

that an increase of concentration of the bu& above 0.2 molar inc- the rate of 

removal of the a-proton thereby eqlaining the decrease in the ratio of dimethyl 

thonaasidioate to butadiene diester 101 as obse~ed. 



Concentration of TRIS Ratio of tho-àioate 2 to 
buffer butadiene estet 101 

0.05 M 3.34:l 
0.1 M 4.17:l 
0.2 M 3 -22: 1 
0.5 M 2.00:l 

Table 2 The ratio of dmiethyl thomasïdioate to butadiene with reaction in 0.05,O. 1, 
0.2 and 0.5 molar TRIS bufk solution 

The conversion of methyt sinapate to dimethyl thomasidioate was also attempted 

with other aerated buffers. 0 t h  bUaets with a buEerîng range of 8.5 to 10.0 are: sodium 

teiraborate, N ~ B I O ~ I  HCl, potassium carbonate, K2C03/ KHC03, glycine/ NaOH and 

etbanolamind HCL The b s e r  solutions were made up at a concentration of 0.1 

molar(first coniponent) and the pH was adjusteci to 9.5 (witb the second component). The 

reaction ofrnetbyl sinapate was carriecl out as discussed previously, with methyl sinapate 

dissolved m methaaol and an equal volume of the bu& added Each of the reactions was 

worked up d e r  strmng for 24 hours. It was W y  anticipated that the substrate should 

have disappeared completely &er th& tirne. Anaiysis of each of the reaction solutions by 

HLPC (Table 3) showed that this assqtion was incorrect (for cornparison purposa the 

Type of bser used (0.1 M) Ratio of thomasidioate 2: butadiene 10 1 : 
&y1 sinapate (23) 

Borate 18: 8: 74 
Carbonate 4: 32: 64 

Eholarnine 1: 14: 84 
giyck 5: 45: 50 

ammonium bicarbonate 1: 2: O 
TRIS 3: 1: 0 

Table 3 Ratio of thomasidioate: butadiene:xne&yl sinapate obtained fiom reactions 
of methyl sinapte in various b u S i  (borate, carbonate, ethanolamine, 
glycine, TRIS, ammonium bicarbonate) 



product ratios O- in ammonium biibonate and TRIS t&èr are aiso incMed in 

Table 3). The chromatograpbs for each of the reactiom showed h t  a large portion of 

methyl sinapate (50 to 84 percent), remained unreacted m each solution umeacted. A 

cornparison of the results Micates that only use of the borax d TRIS b h  fiivoured 

the formation ofthe dimethyl thomasidioate o v a  the butadiene diester. The other 

reactions produceci an exceu of the butadiene m cornparison to dimethyl thomasidioate 

(2). From these resuits, it is quite clear that oxidative coupling of methyl sinapate in basic 

b a e r  is quite dependent on the type of b u i k  used for the oxidation. It would be quite 

dficult to postdate a reason for the Merence in results because there seem to be no 

c o d e n t  pattem. For exatnple, there were four düfierent amine-based buffets used. 

These were ethanolamine, glycine, TRIS and ammonium bicarbonate buBiers. When 

comparing the resuhs for these buffers, it was observed that the formation of dimethyl 

thomasidioate (2) was fâvoured over tbat of the butadiene diester 10 1 only when the TRIS 

bufEer was used. The formation of the butadiene diester 101 was fâvoured when using the 

other three buttiers. The reaction wouM also only go to completion when ushg TRIS and 

ammonium bicarbonate buffers for the oxidati011. The reason for these d i f f e ~ g  resuhs is 

unknown. 

Even though C O ~ O I I S  could not be f o d  that would result in the exclusive 

conversion of methyl sinapate (23) to dimethyl thomasidioate (2), a simûar reaction was 

attempted on a chiral ester of sinqic acid. The aim of this study was to determine ifthe 

chiral ester group couid direct the coupiing to give the thomsidioate diester 

diastereoselectiveiy. (Methyl (R)-mandeiyl) shpate was chosen for this study. The 



starting material 72 was synthesized by the esterification of the aiiyl-pmtected sinapic acid 

119 wîth methyl (R)-mandelate, foilowed by deprotection of 120 (Scheme 58). 

Scheme 58 
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Sinapic acid (0.03 M), with an excess of both d y l  bromide and potassium 

carbonate, was refluxed in acetone for 24 hours. The reaction was worked up by dilution 

with water and extraction wah dichloromethane. The ailyl ester 118 was codkmed as the 

product by comparison of the 'H NMR spectnim with that of the starhg material. The 

hydrolysk of the allyl ester 118 was camed out in basic solution. The starting material 

disappeared der only 5 hours of stiniag at m m  temperature. The acXied solution was 

extracted with ethyl acetate. Tbe 'H NMR spectrum of the product showed only one set 

of peaks representing an allyl group, mdnating that 119 had been produced. 

The next step in the synthesis was the esterification of acid 119. The acid chloride 

was prepared by refluxiag a soiution o f  119 (0.05 M) in carbon tetrachioride with an 

excess of thionyl chloride (3 .O equiv) under nitrogen for 18 burs. The product was 

isolated by evaporation of the solventS. The yeiîow solid residue was redissolved m 



carbon tetrachioride and a süght excess of mthyl (R)-mandelate (1.3 equiv) was added. 

This solution was ~fluxed d e r  nitrogen. TLC mdicated that aii of the acid chionde had 

disappeared d e r  25 hours of reflux&. The solvent was removed by evaporation under 

vacuum to yield a iight yeliow soiid. The proton NMR of the product showed that it was 

the ester 120. 

The final step in the synthesis was the deprotection of the phenolic group. This 

was carried out ushg chbmtris(tripheny1phosphine) rhodium and DABCO. Compound 

120, the rhodium catalyst, and DABCO were refluxed in a mixture of ethyl alcohol 

benzene and water in a ratio of 7: 3: 1, under nitrogea TLC indicated that al1 of the 

substrate had disappeared after 7 h o m  of reaction. Water and 10% hyhchioric acid 

were added and the solution was extracted with dichioromethane. The 'H NMR spectrum 

of the crude product showed the absence of any allyl signals. A large number of mtense 

signais m the aromatic region also hdicated that triphenyl phosphme was present. Flash 

chromatography of the mixture was carried out to obtain pure (rnethyl (R)-mandelyl) 

sinapate 72 in 36% yield. 

(Methyl (R)-mandelyl) sinapate (72) (0.0 1 M) was dissolved in methanol and an 

equal volume of ammonium bicarbonate b&r (pH 8.5) was added The yellow solution 

was stirred at room temperature for 46 hours at which t h e  TLC iodicated that ail of the 

starting material had disappeared. The reaction solution was diluted with water, acidifiai 

with 10% hydrocbioric acid and extractecl with dichloromethane. A cornparison of the 

proton NMR spectrum of the crude pmduct was made to that of dimethyl thomesidioate 

(2). If the aryltettalin ügnan had been produced, then these spectra should have been 

similar. None of the sipals of the spectnim for the tbomasidioate ester were obse~ed in 



the spectnmi of the product. It was beiieved that this reaction did not produce aoy of the 

desired aryitetraiin product. The spectrum was then compared to tbat of the 

ciiaryIbutadiene didmxylate ester 101. At the chemicai shift of the peal<s representing 

the VinyIic aad ammatic protons, two sets of peaks were observed in the NMR spectnim 

of the unkaon product in the sam region. Attempted separation of these compounds by 

Dash chromatography was unsuccessfuL Ahhough the product was mt fu4. 

characterimi, it was quite possibie tbat the products of the reaction were two isomers of a 

butadiene diester similar to 101. If the stereochemistry about both double bonds was 

trms, then the two isomers that formed could have been the atropisomers 1 2 1 ~  and 121b 

(Scheme 59). These isorners could be present due to hiadered rotation about the central 

bond of the butadiene. The two isomers are diastereomers of each other and wiii each 

have a 'H NMR spectrutu The i ~ b Ü a y  to separate these two compounds by flash 

chromatography codd be explained ifthey are in slow equiiibrium. The oxidative 

couphg of the chiral ester 72 in aerated basic buBer did not produce any of the desired 

aryltetralin lignan. In view of these results no fLrther research m this area was carried out. 

Scheme 59 

The fiaal stdy catried out was the search for another oxidizing agent that would 

olcidize methyl sinapate and improve the yield of the thomasidioate ester. Other single- 



electron oxîdants tbat were tried hluded trwdide ion, f e y m ï d e  ion, DDQ, and 

benzoyl peroxide. 

The first oxidation reaction was decl out ushg the triiodide ion. Methyl 

sinapte (0.04 M) was dissolved m metheno1 and deaerated ammonium bicarbonate buffer 

and K i 3  solution (0.02 M) was added. nie red solution was stimd under nitrogen at 

room temperature for 48 hours. The acidified soiution was exttacted with 

dichioromethane. The proton NMR spectnim of the iroiated products showed that a 1 :2 

mixture of the dimethyl ester ofthomasidioic acid and the butadiene 101 had been 

produced. The formation of the mixture of the two products for this reaction showed that 

the triiodide ion was no more selective than oxygen in oxidhhg methyl sinapate to 

dimethyl thomasidioate. The reaction of methyl sinapate with the ferricyanide ion was 

carried out using a procedure similar to that used for triiodide ion. This reaction also 

produced the two compomds with a simüar ratio. 

The oxidative coupling of methyl sinapate was aiso carried out ushg the oxidant 

bemyl peroxide with DMF as the solvent. Methyl sinapate (0.06 M) was dissolved in 

dimethyKorrnamide under nitrogen at m m  temperature. Sodium hydride (0.09 M) 

àissolved in DMF ( I d )  was added dropwise. nie solution was cooled and stirred for 

one hour. Benmyl peroxide (0.06 MJ was dissolved in DMF and added dropwise to this 

solution. The solution was then dowed to warm up to room temperature and stirred 

ovemight. The product was isoiated by extraction of the acidified solutioa A cornparison 

of the proton NMR spectrum of the crude product to that of the butadiene 101 showed 

that this was the product. 



The fÏnai oxiâative coupling teaction of methyt sbpate was eanwd out using 

DDQ as the oxidant and methsml as the solvent. Two teactions were perforrned 

simultaneously. One -on was camed out ushg one mlat equivsilent of DDQ and the 

other using one-balfmolat equivalent of DDQ. The proton NMR spectra of the products 

of these reactions did not resemble tbat o f  either 101 or 2, Previous studies of the 

oxidative coupimg of methyl sinapate in mthanol showed that methaml can aEt as a 

nudeophile and attack the aenZylic carbon o f  the bis-quinone methide 26:' If this 

happeas, absequent cyckt ion  of 122 can lead to a 4-methoxyarylteaalin product which, 

in the case of methyl sbpate, would give 123 (as a mixture of diastereomers) (see 

Scheme 60). Heating this mixture of diastereomers wÎth a catalytic amount of acid shouki 

Scheme 60 
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lead to elimination of the methoxyl group and formation of dimethyl thomasidioate. To 

test whether the methoxylated product 123 had formed during DDQ oitidation of methyl 

sinapate in methaaoi, the products fiom both of  the reactions d e s c r i  above were each 

dissolveci in benzene with a catalytic amount ofpar'u-tolueIieSUlfonic acid. Each solution 

was refluxed for 20 hours a d  then the solvent was removecl to yield the final product. 

Only the dimethyl ester of thomasidioic acid was isoked h m  the teaction canied out 



using one-Man equivaent of DDQ. The identity of intermediate 123 could w t  be 

connnned because its isolation was cüfikuit, although others have observed the formation 

of a similar intermediate. For example, Set- et al. studied the oxidative coupling of 

methyl sinapate by hydrogen peroltide ushg horseradish peroxidase as a catalyst?' They 

mentioned that m e h l  can act as an nucleophile, even m aqueous solutions. As 

discussed m the introduction (see page 15), they isolated spiro-compounds, 28a and 28b, 

formed by the nucleophilic attack of methmol at the benzylic carbon of one of the quinone 

methides. 

The proton NMR spectrum for the reaction carried out using one mlar equivalent 

of DDQ, foliowed by acid cataiyzed elhination, showed that amther product was 

obtained in addition to dimethyl thomasidioate. The uaknom product was separated 

Erom the product mixture by flash cbromatography with an o v d  yield of 44%. The 

proton NMR spectnmi of the compound showed four 3-proton singlets at about 4 ppm 

which likeiy represented mthoxy or mthyl ester groups on the molecule. There were 

aiso four one-proton smglets between 6 and 8.5 ppm. The iack of a dproton singlet at 

about 4 ppm and a 2-proton singlet at about 7 ppm showed that the molecule k k e d  a k e  

aromatic ring simüar to that ofthomasidioic acid. Considering the structure of the starting 

materid, it seemed likely tbat the product would have a simiiar placement of two mthoxyl 

groups and one pbenolic gmup on an aromatic ring. The phenolic proton could account 

for the smglet at about 6 ppm The remabhg protons f d  between 7 and 8.5 ppm, which 

indicated tbat these protons were probably al1 aromatic. One possible structure for the 

product which would take into account dl of this information is compound 12 4, as shown. 



The molecular mas of the reaction product was 320 which corresponds to the elementai 

composiiion for compound 124. Although the exact mechanism for the formation of 124 

is unknown, it is probable that the use of one fdi ~quivaimt of DDQ led to oxKlation of 

the fim formed pmduct 123, and eventuai formation of the naphtbalene 124. 



Chapter 3 

Conclusion 

AU of the objectives outlined at the begEaDiag of this thesis bave k e n  achieved 

A detailed d y  of the oxidative coupling ofparc-hydroxycinnamic acids in 

aerated basic bufEer was carried out. It was determineci that the preparative synthesis of 

thomasidioic acid by oxidative coup& of sinapic acid under these conditions was 

possible. The yield of purified thomasidioc acid was 41%. Another product other than 

thomasidioic acid was obtamed on the treatment of sinapic acid with aerated strong base. 

This product was detemiiaed to be 6-hydroxy-5,7-dimethoxy-2-naphthoic acid 75. The 

rnechanism for the conversion of sinapic acid to the 2-naphthoic acid 75 was shown to 

involve the secondary oxidation of the fïrst formed thomasidioic acid. It was proposed 

that both thomasidioic and 2-naphthoic acid 75 may not be naturd pmducts since they 

could have been forrned during an<aline extraction of the wood of the e h  tree bus 

thornasii sargtl This would explain why thomasidioic acid was obtaiwd as a racemic 

mixture. Other para-hydroxycinnamic acids were reacted in aerated basic butlier in 

attempts to form the respective aryltetraiins. These reactions did not cleanly produce 

aryltetralins, giving instead a mixture of products or no reaction at ail. Other siagk- 

eiectron oxidants, such as the ûiiodide and femcyanide ions, were also f o d  to be good 

reagents for the conversion of sinapic acid to thomasidioic acid. 

The mecbanism for the conversion of sinapic acid to thomasidioic acid on 

oxidation in aerated basic b a e r  was also studied. It was determmed that oxygen was 

bemg reduced to hydrogen peroxide during this reaction and that hydmgen peroxide was 



not actmg as an oxidïzing agent towards sinapic acid in this pmcess. The lack of cross- 

coupling b e m n  sinapic acid and other specb, such as 3 , 4 , 5  a d  

and ferulic acid, in aerated basic butlier helped to establish that the dimerkation of siaapyl 

tadicals was the most Iikely @way for oltidation of sinapic a d .  The product of this 

dimerktion wouid be the bisquinone methide ûû. h was detennined to be a Eeiy 

intermediate on the pathway to thomasidioic acid by showing that another substrate 

(diiactone 16) which can produce the bisquinone methide also produces thoddioic 

acid. The intermediacy of a diaryIbutadiene diacid derivative was eliminated by 

specincally prepariog the compound and showing that it was not transformed into 

thomasidioic acid d e r  the reaction conditions. The mst iikely mechanism for the 

oxidative coupliDg of sinapic acid was deteimmed to mvolve the partial tautornerkation of 

bis-quinone methide 88 to form a mono-quinone methide 99, and the cycLization of 99 to 

yield thomasidioic acid. 

A study of the olodative coupling of esters of sinapic acid was also c d  out. It 

was determined that the feaction of methyl sinapate in amted basic bunér produced two 

products. One of these products was the expected dimethyl thomasidioate and the other 

product was the diaryIbutadiene diester 101. The conditions for the oxidative coupling of 

methyl sinapate were altered in an attempt to niid conditions that would favour the 

formation of dmiethyl thomasidioate over the formation of the diaryIbutadiene diester 101. 

From the HPLC analysis of the products for the various reactions, it was detennined that 

an increase hi pH and a decrrase in the concentration of buffer favoured the formation of 

dimethyl thomasidioate. However, aU of the reactions still produced a sipnincatlt amount 

of tbe butadiene 101. An attempt to couple (methyl (R)-mandeiyi) shpate (72) was not 



successfiil as the teaction did mt yield any of the thomaskiioate ester. It was believed îbat 

two atmpiSomers of tbe diarylbutadiene diester 121 were fi,rxned. 



Experimeat.1 

'H-NMR and ' 3 ~ - ~ ~ ~  spectra were recorded on a Bruker AM-300 or AMX-500 

mtrment ushg tetramethytsilane as internal siandard. IR spectra were recordcd on a P e r h  

Elmer 88 1 spectrometer. Akûkh siiîca gel (28,8594) was used for aU chroaiatography. HRMS/ 

mass spectra were obtained on an VG Aaatytical7070E-HF bstmmmt. Melting pomts were 

measured on a hot stage inslrument and are unconected. High pressure Muid chromatography 

was performed on a V a r a  9010 Solvent Deüveiy hstmment on a C-18 reverse phase column 

with detection by a Varian 9050 Variable WaveIlength UV-Vis Detector. Tesahydrofunui (THF) 

was distiiled under nitrogen h m  sodium and bemophenone. "Room temperature" during these 

experiments was the temperature range of 23OC to 26OC. 

Scope of Reaction 

Thornasidioie acid (1) 

An ammonium bicarbonate buffér (0.287 M, pH 8.5) was made up by dissolving ammonium 

bicarbonate (2.27 g, 28.7 m l )  in distilled water (100 d). Concenmited ammonium hydroxide 

was added to this solution to raise the pH to 8.5. Sinapic acid (500 mg, 2.23 m l )  was 

dissolved in the b&er (60 mL) and stined at rt in presence of air for 24 h. The dark brown 

solution was acidified to pH 2 with HCl(10 %) and saturated with NaCl. It was extracted with 

ethyl acetate (3 x 25 mL). The organic layers were combïmed together, dried with MgS04, and 

evaporated under reduced pressure to give a dark brown soiid. Chromatography of the soüd on 

silica gel with 5:75:20 acetic acidkthyl acetate/hexanes gave a colourless soiid, 1 (205 mg, 0.46 

mi, 41% yield): mp 209-21 2 O C  (dec); IR (Nujol) 1710 (CO), 1686 (CO) c ~ ' ;  'H NMR 

(DMSO-a) 8 3.50 (s, 3H), 3.61 (s, 6H), 3.75 (d, . H A ,  lH), 3.84 (s, 3H), 4.82 (s, IH), 6.21 (s, 

IH), 6.98 (s, IH), 7.55 (s, IH), 8.17 (s, IK), 9.13 (s, 1H); I3c NMR@MSO+) 8 38.8 (CH), 

46.2 (CH), 55.9 (3CH3), 59.6 (CH3), 104.9 (2CH), 108.3 (CH), 122.5 (C), 123.2 (C), 123.4 (C), 

133.1 (C), 134.2 (C), 136.2 (CH), 141.3 (C), 145.3 (C), 147.5 (3C), 167.7 (CO), 172.9 (CO); 'H 



NMR, 13c N M R  a d  meiting point data were identicai to that found for thomasidioic acid in the 

literature. '' 

6-Hyd roxy-S,7~imeth0~-2-napbtboic acid (75) 

Reaction of siiapic acid in 0.1 N KOH at room temperatum 

Sinapic acid (52.8 mg, 0.240 m l )  was dissolved in aqumus KOH (0.1 N, 10 mL) and stined at 

rt for 20 h. The deep red solution was diluted with distilkd water (40 mL) and extnicted with 

ethyl acetate (3 x 10 mL). The organic layers were combïned, dried with MgSOI and evaporated 

under reduced pressure, giving a colourless solid The aqueous solution was acidified with HCl 

(10%) to pH 2 and extracted with ethyl acetate (3 x 10 mL). The organic layers were combiied, 

dned with MgSO4 and evaporated to give a iight brown solid. Chromatography of the solid on 

süica gel with 5:75:20 -tic acid:ethylwetate:hexaws gave light pink crystais (23.6 mg, 0.095 1 

m o l  72% yield): mp 224227°C; IR (CH2C12) 3507 (OH), 1681 (CO) cm-'; 'H NMR (acetone- 

&) O 4.00 (s, 3H), 4.02 (s, 3H), 7.31 (s,lH), 7.93 (dd,&1.5, 8.7, lH), 8.01 (4B3.7, lH), 8.49 

(d, J4.5); 13c NMR (acetone-4) 6 56.4 (CH3), 60.9 (CH9, 104.1 (CH), 121.5 (CH), 124.2 

(CH), 126.6 (C), 127.8 (C), 128.2 (C), 130.5 (CH), 141.0 (C), 141.2 (C), 150.8 (C), 168.0 (CO); 

M S  m/z (rel. %) 248 (M+, 1 Oû), 233 (86), 201 (47); HRMS calcd. for CI~HI~OS 248.0685, found 
1 248.0657. H NMR spectral data were consistent with those found in the literature." 

Reaetion of sinapic acid in 0.1 N KOH at 60° C 

Sinapic acid (59.0 mg, 0.263 ml) was dissolveci m queous KOH (0.1 N, 20 mL) and stirred at 

60' C with exposure to air for 6 h. The deep red solution was acidifiecl with 10% aqueous HCI to 

pH 2 and then extracted with ethyl acetate (3 x 10 mL). The organic layers were combinecl, dried 

with MgSQ and evaporated to give a üght brown soüd This soüd was chromatographed on 

silica gel with 5:20:75 acetic acid/he@ethyl acetate to yield a tan solid (23.6 mg, 0.100 mm04 

72% yield). Spectral &ta of this product was identical to that of 2-naphthoic acid 75. 



Reaction of thomasidioic acid ia 0.1 N KOH at 60eC 

Thomasidioic acid (53.0 mg, O. 1 19 m l )  was dissolveci in aqueous KOH (O. 1 N, 10 mL) and 

siareci at 60 O C ,  with exposure to air, for 6 h. The deep red sohition was diluted with distilleci 

water (40 mL) and exttacted with ethyl acetate (3 x 10 mL). The aqueous solution was acidified 

with HCl(100h) and extracted with ethy1 acetate (3 x 10 mL). The washings were w m b i i  

dried with MgSO4 and evaporated under reduced pressure, givÏng a light brown solid- Tàîs solid 

was chromatogmphed on süica gel (5:20:75 acetic acid/hexanes/ethyl acetate) to yield tan cryst* 

(23.6 mg, 0.100 mmol80% yield). Spectrai data were consistent with dhydroxy-S,7-dimethoxy- 

2-naphthoic acid ('15). 

Reaction of thomasidioic acid in 0.1 N KOH under oitmgen 

Thomasidioic acid (20.4 mg, 0.0460 nimol) was dissolved in KOH solution (O. 1 N, 5 mL) that 

was previously deaerated by bubbling with nitrogen for 15 minutes. The solm*on was stimed 

under nitrogen at 60 O C  for six hours. The clear yeliow solution was diluted wah distüled water 

(40 rnL) and acidified with HC1(10%). This soldon was extracted with EtOAc (3 x 10 mL). 

nie washings were combinecl, dried wah M@OI and evaporated mder reduced pressure, gMng 

a colourless solid. The aqueous solution was acidified with HCl (10%) to pH 2 and then extracted 

with ethyl acetate (3 x 10 mL). The organic layers were combiid, dried wifh MgSOd and 

evaporated to give an off-white soiid (8.2 mg). The 'H NMR specaa was identical to that of 

thomasidioic acid (l), which showed that mne of startiag material had reacted. 

2,6-Dimethoqrgbcnzoquiiooe (80) 

Chromium trioxide (3 17 mg, 3.17 mmoI) was dissolved m water (1 mL) and acetic acid (9 mL) 

was added. 2,6-Dimethoxyphet101(103 mg, 0.668 nmiol) was added and the solution stirred at 

room temperature for 90 min. Water (15 mL) was added and then the solution exeacted with 

CH2C12 (3 x 10 r d ) .  The organic layers were combioed and washed with sodium b i i e  



solution (5%, 2 x 10 mL) aad water (2 x 10 mL). The solution was âried with MgSO4 and 

evaporated under pressure to yield 80 as a bcight yellow solid The solid was nItered through 

silica gel with ethyl acetate to gke a yebw solid (60.7 mg, 0.361 rnmoi, 55% yield): mp 255- 

257% IR (NUJOL) 1698 (CO) cm-'; 'H NMR (CDCI~) b 3.82 (s, 6H), 5.85 (s, 2H); "C NMR 

(CDCG) 6 56.4 (2C&), 107.3 (2CH), 157.6 (2C), 186.6 (2CO); MS m/t (mi.%): 168 (M+), 138 

(1 9), 80 (40), 69 (1 00); HRMS calai. for C a o 4  168.0423, found 168.0425. 

Reaction of sinapic acid in 0.1 N KOH, deteetion of 2,6aimethoxy-pbenwquinoac (80) 

Sinapic acid (52.5 mg, 0.234 m m 9  was dissolveci in aqueous KOH (0.1 N, 15 mL) and stimd 

under air at 60°C for 6 hours. The deep red solution was extracted with ethyl acetate (3 x 5 mL). 

The washhgs were combined, dried with MgSOI and evaporated under reduced pressure, gïving 

a colourless solid (0.5 mg). The aqueous solution was acidifieci with HCl (10%) to pH 2 anci then 

extnicted with ethyl acetate (3 x 5 m.). The organic layers were combmed, dried with M ~ S O I  

and evaporated to give a light brown solid (29.1 mg). The first solid was chromatographed on 

HPLC (80:20 water:methanol). A peak with an elution time (7.3 min) identical to that of  pure 

2,6-dimethoxy-pbemquiaone (80) was observed 

Studv of the mechanism of oxidative cou~iinp of sina~ic acid 

Olvygen uptake measurement 

Nitrogen was p d  through -CO3 b u f k  (0.287 M, pH 8.7) for 15 minutes. Sinapic acid 

(406 mg, 0.1 8 1 mm09 a d  pmrr-toluic acid (25 1 mg, O. 184 mmol) were ~ l v e à  in the 

deaerated NHsN.COi butlier (0.287 M, 9 mL, pH 8.7) under nitrogen d the h k  sealed with a 

rubber septum. A barorneter and syringe were iaserted mto the septum. Oxygen was gently 

passed h u g h  solution fbr appmxbateiy 20 seconds and then the syringe fiiled with oxygen. As 

the reaction proceeded, the syringe phmger was kwered to keep the pressure of the system at 

atmospheric pressure. Mer 45 minutes of reaction, the total amount of ovgen coosumed 

(volume displaced fiom the syringe) was measured and the solution acidifiecl with coac. HCl(0.3 



The solution was enalysed by HPLC (78:22 0.6% TFA m watedacetonitrile). In order to 

caiculate the ratio of sinapic acid to tohiic acid in the d o n  solution, a caliition c w e  was 

constructeci based on HPLC aaalysis of solutions of b w n  ratios of sinapic a d  and pmo-toluic 

acid. A caliibration constant of 1.376 was calculateci fiam the siope of this plot. The ratio of 

oxygen to sinapic acid reacted w s  detemnned to be 0.42: 1. The temperatme during the reaction 

was 2999(aadtbepress~ was 1.003 bars. 

Detection of hydmgen peroxide: 

Nitrogen was passeci through -CO3 bufièr (0.287 M, pH 8.7) for 1 5 minutes in order to 

deaerate the solution. Sinapic acid (48.7 mg, 0.217 mmol) was dissolved m the baer (7 mL, 

0.287 M, pH 8.7). Oxygen was gently passed through the solution for 20 seconds. The yelIow 

solution was stirred at room temperature. Samples of the reaction solution were taken every 15 

minutes. The samp1es were acidified with HCl (IV%) and tested with potassium iodide-starch 

paper. The fourth sample (de r  1 hour of reaction) turneci the indicator paper purphh-blue. 

Methyl3,4,5-trimethoxyeionamate (92) 

Sinapic acid (3 1 O mg, 1.3 8 rinml) and anhydrous &CO3 (303 mg, 5.39 m l )  were taken up in 

acetone (10 mL). Iodomethaae (0.22 mL, 3.5 mi) was added to the mixtine and it was 

refluxed for 23 hours. Water (15 mL) was added to the redon cnkture and it was extracted 

with CH2Cb (3 x 5 mL). The organic layers were cornbked, dried with MgSO4 and evaporated 

under reduced pressure, giving a yeUow solid, 92 (176 mg, 0.698 5 1% yield): mp 1 12- 

1 1 SOC; Et (CHKl2) 172 1 (CO) cnil; 'H NMR (CDCI~) 6 3.8 1 (s, 3H), 3.88 (s, 9H), 6.35 (d, 

h16.0, lH), 6.75 (s, 2H), 7.61 (4 &16.0, 1H); 13c NMR(CDC13) 6 51.6 (CH3), 56.1 (2CH3), 

60.9 (CH,), 105.2 (2CH). 117.0 (CH), 129.8 (C), 140.1 (C), 144.8 (CH), 153.4 (2C), 167.3 

(CO); MS nt/" (rel.%): 252 (M+¶ lm), 237 (59), 57 (5 l), 55 (37); HRMS calcd for Ci~HisOs 

252.0998, found 252.1002. 



3,4,5-Trimetboryciniimic acid (89) 

M e t h y l 3 , 4 , 5  (85 1 mg, 3.37 ml) and KOH (2.92 g, 0.0521 mol) was 

dissoived in a water1MeOH (1:9,2S mL) solution and sarred at room temperature for 5 hours. 

The solution was acidified with HCL (1W) and dilutecl with water (25 mL). It was extracteci with 

CHKh (3 x 10 mL) and the organEc layers were comb'med, dried with MgS04, and evaporated 

under reduced pressun to give a Eght b w n  soiid. The product was fihered through silica gel 

tbat had been treated with 595  acetic acidlethyl acetate to give 89 as a iight yeliow soiid (490 mg, 

2.06 ml, 6 1% yield): mp 126-128°C; IR (CHfi): 1690 (CO) cd1; 'H NMR (CDCl3) 6 

3.90 (s, 9H), 6.36 (d, &15.9, lH), 6.78 (s, 2H), 7.71 ( d  J45.9, 1H); "C NMR (CDCl3) 6 56.1 

(2C&), 60.9 (CH3), 105.5 (2CH), 116.4(CH), 129.4 (C), 140.5 (C), 146.9 (CH), 153.4 (2C), 

172.3 (CO); MS Mz (rel. %) 238 (M+, 100), 223 (65); HRMS calcd for Ci&Os 238.0841, 

found 238.0837. 

Attem pted cross coupling of 3,4,5-trimethoryrinnamic acid (89) with sina pic acid 

Sinapic acid (26.5 mg, 0.118 mmo9 and 3,4,5-trimethoxycinnamic acid (25.7 mg, 0.108 mmol) 

were dissolved m NHJ3CO3 b d e r  (0.27 M, pH 8.5,35 mL) and stared open to the air for 20 h 

The light brown solution was acidified with HC1(1O0!) and exüacted with ethyl acetate (3 x 10 

mL). The organic layers were combmeà, dried with MgS04 and evaporated under reduced 

pressure to yield a brown solid (50.5 mg). The 'H NMR spectrum was consistent with that for a 

mixture of thomasidioic acid and 3,4,5-trixnethoxycinnamic acid. 

Attempted cross coupling of ferulic acid with sinapic acid 

Feniüc acid (502 mg, 0.260 m l )  and sinapic acid (50.2 mg, 0.224 m l )  were dissolved in 

N&HC03 buffet (0.287 M, pH 8.7,7 mL). The solution was stimd open to the air at room 

temperature for 2 da.. Acidincatioa of the solution by HCl solution (lm) and extraction with 

ethyl acetate (3 x 10 mL) was carried out. The orgaaic layes were combineci aud dried with 



MgS04. The solvent was evsporated to yield a bmwn soüd (84.1 mg). 'H NMR spectnim of the 

product was consistent with that for a mixture of fèruüc and thomasidioic acid 

1,4-(3,5-dimetho~bydmxyphenyi)-lJ-b~trdiene-2~di~ilrborylic acid (98) 

The methyl ester of titie butadiene diacid (see below for pceparation) (67.2 mg, 0.142 m l )  was 

refluxed m dilute sulfuric acid (0.5 M, 10 mL) fbr sven days. The dark solution was made basic 

with NaHC03 solution (10%) d washed with CH2C& (3 x 5 mL). The aqueous solution was 

acidiied to pH 2 with HCl(1 Wh) and extracted with ethyl acetate (3 x 5 mL). The organic layers 

were combined, dried with MgS04, and evaporated to diywss d e r  vacuum, to give a dark 

soiid, 98 (48.3 mg): 'H NMR (acetone-4) 6 3.76 (s, IZH), 7.02 (s, 4H), 7.87 (s, 2H); ' 3 ~  NMR 

(acetone-&) 6 56.5 ( 4CH9, 108.6 (4CH), 126.1 (2C), 126.5 (4C), 138.6 (2C), 142.7 ( ZCH), 

148.4 (4C), 168.3 (2CO). 

Reaction of diacid 98 in NHJIC03 buffet 

Butadiene diacid 98 (4 mg, 0.01 m l )  and para-toluic acid (5 mg, 0.03 mmol) were dissolved in 

acetonitde (0.2 mL) and water (0.2 mL). This solution was d ~ d e d  bto hvo parts. Tb part 

was analysed by HPLC (80:20 0.06% trifluoroacetic acid in watedacetonitrile). The ratio of 

thomasidioic acidhutadiene diacid 98/'oluic acid was 0.28: 14.67: 1. Ammonium bicarbonate 

b d e r  (8.0 mL) was added to the second part. This solution was stirred open to the air for 24 

hours. It was acidifieci with hydrochbnc acid (10%) and acetonitrile (1 mL) added. HPLC 

analysis of the mixture (80:20 0.06% TFA m waterlaeetonitrile) gave a ratio of thomasidioic 

acid/toluic acid of 0.22: 1. 

Reactioa of sinapic acid in NHJHCO3 boffer in D20 

In a small vial, ammonium bicarbonate (45 mg, 0.57 mmol) was dissolveci m D20 (2 mL) and 2 

rnicrodmps of concentrateci ammonium hydroxide was added to provide a pH of 8.5. Sinapic acid 

(1 9.5 mg, 0.0870 m l )  was dissolved m the b&r and allowed to stir open to the air for 2 days. 



The solution was diluted to 5 rnL with distilled water and aci- wah HCl(1 Ph). It was 

extracted with ethyI acetate (3 x 10 mL) and the organic iayers were combinai, dried with MgSOI 

and evaporated under reduced pressure to give a reddisb-bwn soüd (13.7 mg). 'H NMR 

spectrum of the produft was ideiihical in ail respects to that of thomasidioic acid. 

Deh yd rodisinapic acid dihctone (16) 

S inapic acid (48 1 mg, 2.1 5 m l )  was dssolved in MeûH (9 d). Femc chloride (1 -075 g, 

6.600 -1) dissolveci in distiiled water (40 mL) was added to this solution over 10 minutes, 

while oxygen was bemg passed through k m e n  was passed through the piirple solution for 5 

hours and then it was left to stand overnight. The mixture was filterd and the paste was 

suspended in water (120 mL). This suspension was heated on the stream bath for 15 min. The 

mixture was acidifieci with -ter/ H2S04 (1 : 1,12 mL) and the resulting solution was shaken for 

10 min. The mixture was cooled on ice and filtered. The solid was washed with water, methanol 

and ether to yield a light pi& soüd (1 5 1 mg, 0.33 8 mmoL32% field): mp 227-23 5°C; 

IR(CH2Cl2) 3520 (OH), 178 1 (CO) cm-'; 'H NhlR (Acetone-d6) 6 3.84 ( s  12H), 4.1 1 (s, 2H), 

5.76 (s, 2IF),6.74 (s, 4H), 7.45 (s, 2H); 13c NMR (Acetone&) S 49.0 ( 2 0 ,  56.8 (4CH,) 83.3 

(2CH), 104.3 (4CH), 129.8 (ZC), 137.5 (2C), 149.0 (4C), 179.2 (CO) ; MS d z  (reL %): 446 

(M+y l), 149 (52), 7 1 (S9), 57 (100); HRMS calcd. for CuH2201~ 446.12 13, found 446.1226. 

Reaction of diiactoae 16 in -CO, buffer 

The dilactone (51.2 mg, O. 1 1 mmol) was dissoIved in m c O 3 h J & o H  bder (0.287 M, pH 

9.0,25 mL) and stined at room temperature for 20 h. The reaction solution was acidifiecl to pH 2 

with HCl (10%) a d  extracted with ethyl acetate (3 x 10 mL). The organic extracts were 

combiid, dried with MgSQ, and evaporated to clryness to give a brown solid (29.6 mg). The 'H 

NMR speceum of this material was identical to that of thomasidioic acid. 



Reactioa of dihctone 16 in N&BC03 bvffer rnder nitmgen 

Nl&HCOs b u f k  (0.287 M, pH 9.0) was deaerated by stirriag the soiution undei vacuum ( CU- 

150 mm) for one h. Dehydrodiskpii acid diIactone (12.4 mg, 0.0278 mmo9 was dissolved in 

the but%& (50 mL). The orange soiution was stined d e r  nitrogen et rt for 20 h. The solution 

was acidifieci with hydrochbtic acid (lm) and extracteci with ethyi acetate (3 x 10 mL). The 

organic layers were combmed, dried with MgS04, and evaporated under reduced pressure to give 

a iight brown soiid (6.2 mg). The 'H NMR specmun was identical to that found for thomasidioic 

acid (see above). 

Reactioa of diiactone 16 in NHJSCOl buffer in D20 

Dehydrodisinapic acid dilactow (13.5 mg, 0.0302 nnnoI) was dissolved in -COi buffer in 

90 (0.287 M, pH 8.7,25 mL). The yeiiow solution was bubbled with air while bemg stirred at 

rt. After 24 4 TLC màicated tbat the reaction was complete. The solution was acidüïed with 

HCl (10%) and extracted with ethyl acetate (3 x 10 mL). The organic layers were combinecl, 

dried with MgS04 and evaporated under reduced pressure to give a light brown solid (9.2 mg). 
1 H NMR spectral data was identical m ail respects to tbat found for thomasidioic acid. 

Reactioa of dihctone 16 with 1 equivalent of LDA 

LDA (0.016 mL, 0.12 mmol) was stirred in fieshly distilled THF (1 mL) at -78 OC under nitrogen. 

BuLi (2.5 M m hexanes, 0.05 mL, 0.12 mmol) was added dropwise and the solution was nined 

for 10 min. Dehydrodisinapic acid dilactom (5 1.5 mg, 0.120 mmol) was dissolved in dry THF (3 

mL) and added dropwise to the solution followed by stirring at -78 OC for 30 min. The solution 

was dowed to warm up to rt and s t k h g  was conthued for 21 h. It was acidifieci with HC1 

(10%) and aduted with water (5 mL). The solution was extracted with ethyl acetate (3 x 10 mL) 

and the organic iayers were combined, dried with MgSO,, and evaporated uoder reduced pressure 

to leave a reddish brown solid: mp 133-135OC; IR (CH2Clt) 3519 (OH), 1714 (CO) cm-'; 'H 

NMR(CDCl3) G 3.84 (sy 12H). 4.13 (xn, lH), 5.67 (d, .F2.8, 1H), 6.51 (s, ZH), 6.78 (s, 2H), 



7.68 (d, Jz1.9, 1H); "C NMR (CDCI3) 6 53 -5 (CH), 56.4 (2a3), 56.5 @CH3), 80.4 (CH), 

101 -9 (2CH), 107.7 (ZCH), 1 18.2 (C), 124.5 (C), 130.3 (C), 135.2(C), 137.7 (C), Ml.8(CH), 

147.2 (2CH3), 147.4 (2CH3). 171 2 (CO), 173.5 (CO); MS mlz (rel%): 182 (52), 149 (26), 73 

( 1 00) 

Reactioa of siaapic acid with potassium Mlodide 

Nitrogen was passed thugh M&HCO3/NEt,OH b u &  (0.287 M, pH 8.7) for 20 minutes m 

order to deaerate the solution. A K I 3  solution (0.058 M) wes treated similarly. Sùiapic acid (50.4 

mg, 0.225 ~rnml) was dissolved in the -Co3 buffer (5 mL), then the K I 3  solution (4 mL, 

0.058 M) was added. The dark red solution was stimd at rt d e r  nitrogen for 19 h. The 

solution was acidioed 6 t h  HCI (1 0%) and extracted with ethyl acetate (3 x 10 mL). The organic 

layea were combïned, dried with MgSOd, and evaporated under reduced pressure to leave a 

reddish-bmwn soiid Chromatography of the solid on sîiica gel with 5: 20: 75 acetic acid: 

hexanes: ethyl acetate gave a light tan solid (1 6.6 mg, 0.0372 ml, 3 3% yield). 'H NMR 

spectrai data of this product was identical to that found for thomasidioic acid. 

Reaction of sinapic acid with K$e(CN)c 

Sinapic acid (25.7 mg, 0.1 1 5 m l )  and K3Fe(CN)6 (35.5 mg, 0.1 1 0 m l )  were dissolved in 

deaerated NHsIC03/NLC(OH buffer (0.287 M, 7 mL, pH 9.0). The red solution was stirted 

under nitrogen for 20 h. The dark brown solution was acidilied with HCI (10%) and extracted 

with ethyl acetate (3 x 10 mL). The organic layers were combined, dried with MgS04 and 

evaporated to dryaeu under reduced pressure, giving a light brown solid. This product was 

chromatographed on silica gel wah 52575 soaic acidkxanes/ethyl acetate to give an offdite 

solid (8.8 mg, 0.020 ml, 36% yield). The 'H NMR spectmm was identicai to that of 

thomasidioic acid. 



Reaction of sinapic acid with DDQ ia TBF 

Sinapic acid (27.1 mg, O. 121 -1) and DDQ (16.4 mg, 0.0722 mm00 were dissol. in dry 

THF (7 mL) ami stirred undet nitrogai at rt. After 4 h of naction, distüied water (15 mL) was 

added to the dark red-green solution and it was extracted with ethyi acetate (3 x 5 mL). The 

organic layers were combmed, washed withNaHSO3 solution (0.1 M), and dned with MgSQ. 

The solvent was evaporated under ceduced pressure to gRe a reddish-purp1e solid. 

Cbromatography on siüca gel treated with acetic acid (1%) in &y1 acetate, with helvent 50:SO 

ethyl acetatd hexanes gave dark-pink crystals (172 mg. 0.0385 mi, 32% yieid). The spectral 

data was identical to that fouad in the liteniture for dehydrodisinapic acid dilactow (see above) 

Reactioa of ferulic acid with DDQ in 'ïHF 

Feruiic acid (25.3 mg, 0.131 m l )  and DDQ (30.8 mg, 0.136 mmol) was dissolved in k s h l y  

distiled THF (10 mL) and stined at rt for 4 h. DistilIed water (10 mL) was added to the dark red 

solution and it was extractcd with ethyl acetate (3 x 10 mL). The orgaoic layers were combined, 

washed with NaHSO3 solution (0.1 M), and dtied with MgSOd. The solvent was remved under 

reduced pressure to give an orange solid. Cbromatography on dica gel wÏth the solvent 5:45:50 

acetic acid/ethyl acetatehexanes gave dark-pink crystals (5.8 g, 0.015 mmol23% yield): mp 

208-20g°C; 'H NMR (acetone*) 6 3.84 (s, 61r), 4.07 (s, 2H), 5.75 (s, 2H), 6.87 (d, fi8.2, lH), 

6.92 (dd, J-8.2, 1 9 ,  lH), ,7.05 (4 H.9,ZH); I3c NMR (acetoned) 6 48.8 (2CH),56.3 

(2c&), 82.9 ( 2 0 ,  109.9 (2CH), 11 5.8 (2CH), 1 19.1 (2CH), 130.5 (2C), 147.8 (2C), 148.4 

(2C), 175.7 (2CO); MS d z  (reL %) 386 (M+, 49), 298 (70), 190 (46), 151 (IO), 82 (69). 'H 

NMR and I3c NMR spectral data d mlting point data of this compound were identical to that 

found for f d c  acid dehy&~dilactom.102 

Reaction olcaffeic acid with DDQ in TEE' 

CaBeic acid (25.1 mg, 0.141 m l )  and DDQ (30.2 mg, 0.133 m l )  were dissolved m dry THF 

(15 mL) and stirred at room temperature. Mer 18 hours, water (15 mL) was added to the dark 



red solution a d  it was extracted with ethyl acetate (3 x 10 mL). The organic layers were 

combmed, dried with MgSO4, and evaporated uader reduced pressure to give a dark brown soiid. 

Chromatography on silica gel with 5050 ethyI acetatekxanes gave a tan soi3 (16.1 mg, 0.0490 

ml, 70% yield): mp 76-80°C; IR (NUJOL) 1746 (CO) mi'; 'H NMR (CDCIJ) 6 3.98 (s, 2N), 

5.72 (s, 2H), 6.81 (dd,&8.2,2.1), 6.87 (4.k8.2, lH), 691 (d,.M.l); '3~NMR(CDC13) 6 

49.2 (CH), 83.0 (CH), 113.7 (CH), 116.3 (CH), 118.2 (CH), 146.3 (C), 146.6 (C), 175.9 (CO); 

MS m/r (reL %) 3 14 (99,270 (98), 204 (76), 123 (100), 57 (57). The spectral data for this 

product were identical to that found for cafféic acid dehydr~dilectone.'~' 

Oxidative cou püng of methyl sinapate 

Methyl sinapate (23) 

Sinapic acid (1.030 g, 4.59 ml) was dissolveci m MeûH (50 mL). Concentrateci H2S04 (0.5 

rnL) was added and the solution was refluxed for 5 hours. Once the solution was cool distilled 

water (10 mL) was added and the methanol was evaporated d e r  reduced pressure. The 

solution was extracted with CH2Cl2 three times and the organic iayers were combiaed, dried wah 

MgS04 and evaporated under reduced pressure to give a dark brown soiid. The product was 

crystallized fiom methanol to give 23 as a colourless solid (86 1 mg, 3.6 1 ml., 79 % yield) : mp 

161 - l62OC (dec) IR (CH2ClZ) 17 13 (CO) cmI; 'H-NMR (cm&) 6 3.80 (s, 3H), 3.92 (s, 6H), 

6.30 (ci, J45.8, lH), 6.77( S, 2H), 7.60 (d, h15.8, 1H); I3c NMR(CTXl3) 8 51.6 (CH,), 56.3 

(2CH9, 105.1 (2CH), 115.5 (CH), 125.9 (C), 137.1 (C), 145.1 (CH), 147.2 (C), 167.5 (CO); 

MS m/r (reL %) 238 (Mt, 2 1 ), 228 (3 1), 200 (2 1), 83 (43); HRMS calcd. for Ci2H,dOs 

238.0841, found 238.0847. 

Dimethyl thomasidioate (2) 

Thomasidioic acid (98.9 mg, 0.222 mml) was dissohred in methano1 containmg 3% HCI and 

refluxed for 16 boum. The soivent was evaporated to leave a dark brown solid. Chromatography 

on silica gel with 40:60 hexandethyl acetate gave tan c o l o d  crystals 2 (35.6 mg, 0.0750 



m o l  34% yield): mp 20 l-203°C; IR (CH2Clt): 1719 (CO), 1709 (CO) mil; 'H NMR 

(CDCl3) 8 3.65 (s, 6H), 3.76 (s, 9H), 3.93 (s, 3H), 4.03 (4 I 4 . 2  lH), 5-00 (bs, lH), 5.78 (s, 

1 H), 6-28 (s, 2H), 6.7 1 (s IH), 764 (s 1H); I3c NMR (CDC13) )G 39.5 (CH), 46.5 (CH), 5 1.9 

(CHs), 52.5 (CH3), 56.3 (3CH3), 60.6 (CH3), 104.4 (2CH), 107.3 (CH), 1229 (C), 123.4 (C), 

123.8 (C), 133.5 (X), 137.5 (CH), 1409 (C), 144.9 (C), 146.8 (3C), 167.0 (CO), 172.4 (CO); 

MS nUz (reL %): 474 (M+, 65), 41 3 (56), 414 (100), 383 (7 l), 57 (45); HRMS caicd for 

C24&6010 474.1526, found 474.1 m. 'H NMR spectral and mbg pomt data ofthe product 

were identical to that found in the literat~re?~ 

Dimethyl thomasidioate (2) / butadiene diester 101 

Reaction of metbyl sinapate in NHfiCO3 buffet 

Methyl sinapate (53 .O g, 0.222 mmol) was dissolveci in methauol(8 mL) and NH$Ico3/ =OH 

buffer (8 mL, 0.287 M, pH 8.5) was added. The yellow solution was stirred open to air for 24 

hours. Once the reaction was complete, most of the methano1 was evaporated under vacuum. 

The resulting solution was acidsed to pH 7 with HC1 (10%). It was then extracteci with ethyl 

acetate (3 x 10 mL). The organic layers were combineci, dried with MgSO4 and evaporated under . 
reduced pressure to yield a light brown solid This solid was chromatographed on silica gel with a 

gradient of solvents: 5:55:40 CHCl3/hexanes/ethyl acetate to 53570 CHCl&exaneslethyl 

acetate to give an off-white solid (1 9.6 g, 0.04 13 ml, 1 3% yiekl). The 'H NMR spectrum was 

identical to that of dimthyl thomasidioate. The second compound to be eluted was a iight brown 

solid (38.6 g, 0.08 1 ml, 22% yield): mp 74-7S°C; IR (CH2ClZ) 3528 (OH) , 17 10 (CO) cm*'; 

'H-NMR (CDC~J): 6 3.69 (s, 3H), 3.80 (s, 6H), 6.8 1 (s, 2H), 7.82 (s, lH); I3c NhdR (CDC13) 6 

52.4 (2c&), 56.2 (4CH3), 107.1 (4CH), 124.8 (2C), 126.0 (2C), 136.7 (2C), 142.5 (ZCH), 146.9 

(4C), 167.6 (2CO); proton coupled NMR (CDCl3) S 167.6 (d, M.8); MS d z  (reL %): 474 

(M+, 46), 289 (92), 276 (lOO), 167 (94), 117 (84); HRMS calcd for C2&O!o 474.1526, fouid 

474.1522. 



Attempted cross coipüng of methyl3,4,S-trimethorydanamate with methyl sinapate 

M e t h y l 3 , 4 , 5 -  (3 1.5 mg, 0.125 mml) a d  IIiethyI sïnapate (35.1 mg, O. 147 

m o i )  were dissolveci in mthsnol(l2 mL) and TRIS buner solution (0.1 M, pH 8.7,12 mL) was 

added. The solution was heated to 4 3 s  OC for 24 h d e r  a reflux condenser and bubbled with 

air presaturated by passing through solutions of KOWwater and KOWmetbaaoL The soiution 

was diluted with diswled water a d  extracteci with ethyl acetate (3 x 10 mL). The organic hyers 

were c o m b i  dried wïth MgSa and evaporated unQI nduced piessure to give a tan soüd 

(54.6 mg). The 'H NMR spect~m was consistent with a mixture of dimethyl thomasidioate, 

butadiene diester 101, and mthy13,4,5-trimethoxycin~mate. 

Oxidative couphg of methyl sinapate, pH stidy 

pH of 8.3,8.8,93 

To make up each TRIS b s e r  solution of pH 8.5,g.O and 9.5, a TRIS solution (0.1 M, 12.5 mL) 

was titrated with HCl solution (O. 1 M) to the respective pH and then the solution was diluted to 

25 mL with doubly distilleci water. For each reaction, methyl sinapate (0.0 158 g, 0.07 mm00 was 

dissolved in methami (3 mL) and the TRIS bu&t (3 mL) was added. The pH of the reaction 

solution was 0.2 less than the pH of original TRIS bufEx solution. The solutions were heated to 

43EZ OC under a reflux condenser and bubbled with air presaturated by passing through 

KOWMeOH and KOH/HiO solutions. Mer 22 hm, the reaction was obsewed to be complete 

by TLC. ûnce the sohitioos were cool they w m  neutralized with HCI (IWh), dihited wah 

doubly distüled water (7 mL), and extracted with CH2C12 (3 x 5 d). The o r g e  layers were 

dried with MgSQ and evaporated under reduced pressure to give an orange-bmwn solid. The 

ratio of dimethyl ester of thomasidioic a d  and mthyl ester of butadiene for each reaction was 

measured using HPLC (58:42 methaisol: water). The ratio of the products for teactions at pH 

8.3, 8.8 and 9.3 were detefmined to be: 1 .î9: 1,2.67:1, and 3.34: 1 dimethyl thomasidioate 

(2): butadiene 10 1, respectiveiy 



Osidative couplhg of methyl riupate, effet of bdfiir eoaecitratioa 

0.1,0.2 and O S  mok  

The TRIS bunér solution of concentrations 030.4 and 1.0 moka were each made up by titrating 

a TRIS solution of chosen concentration to pH 9.5 with HCi solution of same concentration. For 

each reaction, methyl sinapate (17.4 g, 0.0730 nnmi) was dissohred in methano1 (3 d) and the 

TUS b&r solution (0.2 Y 0.4 M, or 1.0 molar, 3 mL) was added. The soiution was heated to 

43 f  2 OC under a condenser and bubbled with air that was presaturated by passing tbrough 

soIutions of KOWmetbanol anâ KOWwater. Mer 24 hours TLC indicated that the reaction was 

complete. The solution was neutraüzed with HCl (lû??), diluted with doubly distilIed water (7 

mL), and extracted with CHfi  (3 x 5 mL). The otganic layers were &ied with MgSO4 and 

evaporated uader reduced pressure gMng a orange-brown solid. The ratio of dimethyl ester of 

thomasidioic acid and methyI ester of butadiene were measured for each reaction using HPLC 

(58 :42 methano1:water). The d t s  for 0.1,0.2, and 0.5 mokr solutiom of TRIS b&er were: 

4.1 7 : 1,3.22: 1 and 2: 1 (dimethyl thomasidioate (2): butadiene 101), respective&. 

Reaction of methyl sinapate in b o r u  buffer 

Methyl sinepate (15.4 mg, 0.0646 mmol) was dissolved in methsui01 (3 mL) and NazBdO, solution 

(0.1 M, 3 mL) was added. The solution was heated to 43f2 OC under a reflux condenser and 

bubbled with air presaturateâ with solutions of KOHIwater and KOWrnethaaoL Mer 21 hours 

of reaction, the solution was diluted with doubly distillecl water (15mL) and aeuttalized with HCl 

solution (10%). It was extractecl with CHzCh three timcs and the organic hyers were combined, 

dried with MgSû4 and evaporated under reduced ptespure to give a Iight brown solid. Analysis 

by HPLC (58:42 methanoVwater) showed compounds dimethyI thomasidioate, butadiene diester 

10 1, and methyl sbpate m a ratio of 181 8/74. 



Reaction of methyl sinapate in &CO3 buffer 

A baered solution of KzCO~KHCO~ was made up by titraîing a &CO3 solution (0.1 M, 10 mL) 

with KHCO, solution (O. 1 M) to pH 10. Methyl Jinapaîe (15.4 mg, 0.0646 m l )  was dissolveci 

in methaml (3 mL) and the KzC& b u t k  was added (3 mL). The solution was heated to 4 3 s  OC 

under a reflux condenser and bubbled with air that bad been passed h u g h  solutions of 

KOWwater and KOWmethari6L After 21 hours of d o n ,  the soMon was dihiteci with doubly 

distiued water (15mL) and aeuaaüzod with HC1(100/o). It was extracteci with WC12 (3 x 5 mL) 

and the organic layers were c o m b ' i  dried with MgSQ and evaporated d e r  reduced pressue 

to give a light brown soiid Anaiysis by HPLC (58:42 methand: water) showed the ratio of 

dimethyl thomasidioatehutadiene lOl/me&yl sinapate to be 4/32/64. 

Reactioa of methyl sinapate in etbanohmine buffer 

Ethanoiamme/ HCi bUger (0.1 M, pH 9.5) was made up by dissolving ethanolamine (6 1 1 mg, 

0.0 100 moi) in distiiled water (1 00 mL) and titrating solution with HCI (0.1 M). Methyl sinapate 

( 1 5.4 mg, 0.0646 mmol) was dissolved in methanol(3 mL) and ethanohmine buBer was added (3 

mL). The solution was heated to 43f 2 O C  under a reflux condenser and bubbled with air tbat had 

been presaturated by passing through solutions of KOWwater and KOWmetbaaoL Mer 21 

hours of reaction, the solution was diluted with doubly distilleci water (1 5mL) and neutralized 

with HCl solution (1O0h). It was extracteci with CH2C12 (3 x 5 mL) and the organic layers were 

combined, dried with MgSQ and ewpomted under reduced pressure to give a light brown solid. 

Analysis by HPLC Ehowed dimethyl thomasidioate/butadiene ester 10 llmethyl shapat e as 1 /14/8S 

Reaction of methyl sinapate in glycine buffer 

A glycine solution (0.1 M, 10 mL) was tittated with NaOH solution (0.1 M) to pH 9.5. Methyl 

sinapate ( 15.4 mg, 0.0646 nmal) was dissolved in MeOH (3 mL) and the glycine buffer was 

added (3 IL). The sohition was heated to 43f 2 OC d e r  a refhut condenser and bubbled with air 

presaturated by passing through solutions o f  KOWwater and KOHIMeûH. M e r  21 hours of 



reaction, the solution was diluted with doubly didilled water (15 mL) and neutralized witb HCl 

solution (10%). It was extracted with CbC12 thre!e times and the organic Iayers were mmbmed, 

dried with MgSQ and evaporated under reduced pressure to give a üght brown SOM. Analysis 

by HPLC gaw a ratio ofdimthyl thoniasidioate/butadiene lblfmethyl sinapate of 5/45/50. 

Reactioo of methyl sinapate b TRIS buffet: 

A TRIS solution (0.1 M, 12.5 mL) was mirced with HCI (O. 1 M, 1 A mL) and this solution was 

düuted to 25 mL wah doubly distüled water. Methyl Smapate (15.0 g, 0.0629 omiol) was 

diçsolved in methmol (3 mL) and buffet (3 mL) was added. The solution was heated to 4 3 s  OC 

under a reflux condenser and bubbted with air presaturaîed by passing through solutions of KOH 

in water and KOH in methimol. Mer 21 hours of teaction, the solution was diluted with doubly 

distiiled water (ISmL) and neutralized with HCl solution (10%). It was extnicted with CH2C12 

three times and the organic kyers were combineci, dried with MgSO4 and evaporatai under 

reduced pressure to leave a light brown solid Analysis by HPLC showed that ail of starhg 

material had reacted and that the ratio of dimethyl thomasidioate/butadiew 101 was 2.67: 1. 

Allyl4-O-allyl-3,Wimethorycinnamate (118) 

Sinapic acid (48.0 mg, 0.21 mm00 and &CO3 (53 -9 g, 0.960 1nmo9 were dissolved in aliyl 

bromide (2.5 mL) and acetone (5ml). The iilixnne was refhrxed for 23 hours. Distilled water 

(IOmL) was added to the mixture and it was exinrted with CHzCl2 (3 x 5 mL). The organic 

layers were combgmed, dnied with MgSO4, and evaporated d e r  reduced pressure to give a dark 

orange oiL The oil was fltered tbmugh silïca gel to give an orange oü (46.6 g, 0.153 anml 72% 

yield): IR (CH2Cl2): 1 72 1 (CO) cm-'; 'H NMR (cDc~~) 6 3 -87 (s, 6H), 4.56 (dt, H. 1, 1.3, 

2H). 4.71 (d, P5.7, 1.3,2H), 5.14 -5.42 (q 4H), 6.5.92-6.16 (a 2H), 6.37 (4 b15.9, 1H), 

6.75 (s, ZH), 7.62 (d, J115.9, 1H); "C NMR ( m h )  S 55.1 (ZCH,), 64.1 (CH2), 73.2 (C'Hz), 

104.2 (2CH), 116.0 (CH), 116.9 (CHz), 117.2 (CHI), 128.8 (C), 131.2 (CH), 133.1 (CH), 137.8 



(c), M4.0 (CH), 152.6 (ZC), 165.5 (CO); MS nv'z ( rd  %): 304 (M+, 14), 264 (18), 263 (100); 

HRMS caicd. for Ci~H200s 304.131 1, found 304.1307. 

4-0-AWI-3~imethoqcinnamic acid (119) 

The d y l  ester of 4-O-dly1-3,5~xycinnamic a d  (58 1 mg, 1.9 1 mml) and potassium 

hydroxide (1.5 1 g, 26.7 rnmol) was dissolveci m a soiution of waterfmethauol(2.5 mL:22.5 mL) 

and stirred for 5 h. The methanol was evaporated under vacuum and distilled water (15 mL) was 

added. The solution was washed with EtOAc (3 x 10 mL) and the organic layers were combinecl, 

dried with MgSO4, ami evaporated der pressure, to give a light yellow solid. The solid was 

dissolved in CHKh (5 mL) and passed through süica gel with ethyl acetate. The so1vents were 

evaporated under vacuum to yield a colourless solid (457 mg, 1.73 rnmoI, 90% yield): mp 91- 

94OC; IR (CH2C12) 1689 (CO) cm"; 'H NMR (CDCl,) 6 3.88 (s, 6H), 4.57 (cl, H.l, 2H), 5.17 

(bd, J=10.4, lH), 5.30 (dm, H7.2, lH), 6.07 (ddt, fil0.4, 17.2,6.1, lH), 6.33 (cl, JL15.9, lH), 

6.75 (s, 2H), 7.67 (cl, fi15.9, 1H); 13c NMR (CDCI3) 8 56.2 (2CH3), 74.2 (CH2), 105.4 (2CH), 

1 16.3 (CH), 1 18.1 (CH2), 129.5 (C), 133.8 (C), 134.0 (CH), 147.1 (CH), 153.7 (2C), 176.4 

(CO); MS d z  (reL %) 226 (M+, S), 223 (34), 180 (100), 1 65 (39); HRMS calcd. for CiJ1160r 

264.0998, found 264. 10 14. 

(Methyl-(R)-mandelyl) 4-O-aliyf-3,s-dimethoryfinnamate (120) 

4-O-Allyl protected sinapic acid (67.5 g, 0.414 m m l )  was dissolvecf in CC& (8 n&) and thiooyl 

chloride (0.08 mL, 1.2 -1) was added. The yellow solution was t e h e d  for 18 hom under 

nitrogen and then the solvent was evaporated under vacuum The yeiiow solid was redissolved in 

CCi, (10 mL), methyl (R)-mandelate (50.9 mg, 0.523 nmu>l) added and the solution refluxed for 

25 hours under nitrogen. The solvent was evaporated d e r  vacuum to give an amorphous 

yeiiow solid. Chmmatography of the solid on silica gel with toluene/ethyi acetate (10/90) gave a 

Light yeilow oü (93 mg, 0.23 mmol89?? yield): IR (CH2C12) 1753 (CO), 1722 (CO) crxi1; 'H 

NMR(CDC13) 6 3.75 (s, 3H). 3.87 (s, 6H), 4.56 (dt,--1, 1.2, lH), 5.19 (bd, J40.3, lH), 5.31 



(dq, H 7 . 2  1.5, lH), 6.09 (s, lH), 6.08 (ddt, H 0 . 3 ,  17.2,6.1, lH), 6.48 (d, &16.0, lH,), 6.76 

(s, 2H), 7.42 (a 3H), 7.53 (III, 2H), 7-70 (d, J =  16.0, 1H); 13c NMR (CDCl3) 6 52.6 (CH3), 

56.1 (2C&), 74.1 (CHI), 74.4 (CH), 105.4 (2CH), 116.0 (CH), 118.0 (CHz), 127.5 (2CH), 128.7 

(2CH), 129.2 (CH), 129.6 (C), 134.0 (C), 134.1 (CH), 139.0 (C), 146.3 (CH), 153.6 (2C), 166.0 

(CO), 169.3 (CO); MS nr/r (EL %) 412 (M+, 7), 252 (37), 237 (4 l), 149 (1 O), 121 (5 1); 

HRMS cakd. for CUH2,07 412-1522, f o d  412.î523. 

(Methyl (R)-maideiyl) siaapate (72) 

Altyl protected (methyl (RI -de ly l )  sinapate (109 mg, 0.27 mmol), cbiorotris- 

(Uiphenylphosphme) rhodiufnCO.0 162 g, 0.00 1 8 annol) and DABCO (0.0 170 g, O. 1 5 m l )  were 

dissolved in ethyl alcoho1:benzene:water (7 mL:3 mL:l mL) and refhnced for 7 hours. Distilled 

water (12 rnL) and hydrocbioric acid solution (Io%, 7 mL) were added to the solution and it was 

then extracted with CHKh (3 x 10 mL). The organic iayers were combii dried with MgS04 

and evaporated under vacuum to give 72 as a yeliow oil. Chromatography of the oil on siiica gel 

using 5050 ethyl acetate/ hexanes as solvent gave a light yeUow oil(35.4 mg, 0.0950 mmol36% 

field): IR (CH2C12) 1756 (CO), 1720 (CO) cm-'; 'H NMR (CDC13) 6 3.75 (s, 3H), 3.W (s, 6H), 

6.08 (s, lH), 6.43 (d, h15.8, lH), 6.77 (s, 2H), 7.41 (m, 3H), 7.54 (m, 2H), 7.69 (4 &15.8, 

1H); I3c NMR (cm13) S 52.6 (CH,), 56.3 (2c&), 74.3 (CH), 105.2 (ZCH), 114.6 (CH), 125.6 

(C), 127.5 (CH), 128.8 (2CH), 129.4 (2CH), 134.0 (C), 137.4 (C), 146.4 (CH), 147.2 (ZC), 

166.2 (CO), 169.4 (CO); MS m/r (rd. %): 3 72 (M+, 2), 238 (27). 86 (68), 84 (1 00); HRMS 

cakd. for C20&& 3 72.1 209, found 3 72.1 192 

Reaction of (nethyl (R)-mandelyl) sinapate in N&BC& buffer 

(Methyl (R)-manâelyl) sinapate (40.8 mg, 0.1 10 nimol) was dissolveci m MeOH (5 mL) and 

N&HC03 bufEer (0.287 M, pH 8.7,s mL) was added. The yellow solution was stirred at rt open 

to the atmosphere for 46 h. The dark solution was neuealVrd with HC1(lOO/o) and diluteci with 

distilled water (15 mL). Tàe solution was extracted with CHIC12 (3 x 10 mL). The organic layers 



were dried with MgSQ and evaporated d e r  vacuum leavnig a tan-coloured solid. nie solid 

was chrornatographed on süica gel to gM a mixture of compounds (12.9 mg). The proton NMR 

spectra of the mde and chromatogmphed materials were simiiar, and iadicated the presence of at 

least two compomds. No frather efforts were made to characterk these two compouuds: 'H 

NMR (CDC13) G 3.540 (multiple sbglets), 5.85 (s), 5.98 (s), 6.74 (s), 6.81 (s), 7.2-7.5 (m), 7.90 

(s), 7.91 (s). 

Reaction of methyl siiapate with pobsdrm triiodide 

Methyl sinapate (49.3 mg, 0.207 -1) was dissolveci in metbanol(l8 mL) and deaerated 

m H C 0 3 N O H  bufEer (0.287 M, 6 mL, pH 9.0). Dwerated K I 3  solution (0.02 M , 12 d) 

was added. The red solution was stirred under niaogen at mom temperature for 48 hours. It was 

neutralized with HC1(10%) and extracteci with CHzCb t h  times. The organic iayers wete 

combineci, dried with MgSQ and evaporated under reduced pressure leaving a light brown solid 

(3 0.7 mg). 'H NMR spectral data were consistent with that found for a mixture of dimethyl 

thornasidioate and butadiene diester 101. 

Reaction of metbyl sinapate with K s e ( C Q  

Methyl sinapate (25.9 mg, 0.109 mmol) and &.Fe(CN)s Q 12.4 mg, 0.130 ml) were dissolved 

methano1 (5 mL) and deaerated ammonium bicarbonate buffér (0.287 M, 5 mL, pH 9.0) was 

added. The solution was stirred at room temperature under aitrogen for 18 hours. The dark 

orange solution was acidified with HCl(100/o) a d  diîuted with water (1 5 mL). The solution was 

extnicted with CHG12 three times. The organic layers were combked, dried with MgSQ and 

evaporated under vacuum leaving a brown solid (18.7 mg). 'H NMR specttal data was consistent 

with that f o d  for a mixture of dimethyl thomasidioate and butadiene diester 101. 



Reaction of methyl sinapate with benzoyl perotide 

Methyl sinapate (30.8 mg, 0.129 mm00 was dissoh2d m Dh@ (2 mL) under m g e n  at room 

temperature and NaH (55% m O& 4.0 mg, 0.09 nmiol) diaohmi m DMF ( I d )  was added 

dropwise. The solution was cooled to O O C  and the yeilow solution was stirred for 1 hour. 

Benzoyl peroxide (30.h water, 22 mg, 0.064 mi) thai was dissoM in DMF (1 mL) was added 

dropwise. The solution was warmed up to room temperature and thw stirred ovemia. Water 

(5 mL) was added and the resuhin$ solution was extractecl with CH2C12 (3 x 7 d). The organic 

layers were combined, dried with MgS04, and evapotated undet vacuum, to leave a dark brown 

oil. Chromatography of liquid on silica gel with 80120 ethyl acetatd hexanes gave the product as 

iight brown crystais (25.9 mg, 0.0580 nimol 89?! yield,). The 'H NMR spectnmi was identical 

to that for the butadiene diester 101. 

Reactioa of  methyl sinapate with 1 equivaient DDQ in methanol 

Methyl sinapate (102 mg, 0.428 m l )  and DDQ (1 13 mg, 0.498 m l )  were dissoived in 

methawl(20 mL). Mer king stirred at room temperature for 2 hours, the solvent was 

evaporated under reduced pressure to form a dark brown solid. This product and pmo- 

toluenesulfonic acid (0.020 g, 0.1 1 -1) were dissolved in benzene (12 mL) and reflwed for 17 

hours. The solvent was removed under reduced pressure to leave a brownish-rd product. The 

'H NMR spectrum of the crude product was identical to that for a mixture of dimethyl 

thoniasidioate aad an unknown product. The madure of products was chromatograpkd on silica 

gel with 5050 ethyl acetatel hexanes. The mkmwn compound was obtaiDed as a colourless solid 

(25.5 mg, 0.10 mmoi, 44% yield): mp 243-24S°C (dec); IR (CH2C12) 1719 (CO), 1709 (CO) cd; 

'HNMR(CDCL) S 3.93 (s,3H), 3.95 (s,3H), 4-04 (s, 3H), 4.06 (s, 3H), 6.03 (bs, lH), 7.00 

(s, lH), 8.08 (s, lH), 8.39 (s, 1H); "C NMR (CD(%) 8 52.6 (a), 56.3 (CH3), 61.3 (CH& 

102.2 (CH), 123.3 (CH), 124.8 (C), 126.8 (C), 127.0 (C), 128.4 (C), 128.8 (CH), 139.1 (C). 

140.6 (C), 150.1 (C), 168.4 (CO), 168.6 (CO); MS n/r ( r d  %): 320 (M+, 16), 230 (a), 228 

(100). 200 (56), 110 (23); HRMS calcd. for CI&& 320.0896, found 320.0918. 



Reaction of methyl siaapate with î/2 cpuhralent of DDQ in methamol 

Methyl sinapate (30.9 mg, 0.130 mrnol) and DDQ (1 SA mg, 0.0678 mmoI) were dissolved in 

metban01 (7 mL). Mer being sticreci at mom temperature for 2 hous, the solvent was 

evaporated under reduced prrssure to leave a dark brown SOM This product audpata- 

totuenesulfonic acid (0.010 g, 0.05 mm09 were dissolved m bmuene (10 mL) and refluxed for 20 

hours. The solvent was removed under reduced pressure and leaving a brownish-red product 

(35.1 mg). Tbe solid was chromatographed on silica gel with 5050 ethyl acetatdhexanes to yield 

a colourieu solid (5.4 mg, 0.01 ml, 15% yield). The 'H NMR specrnim was identical to that 

for dimethyl thomasidioate. 
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