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Abstract 

A new synthetic methodology was developed to synthesize two chosen lignans, 

galbulin and cagayanin, with the intent of applying this synthetic scheme for the synthesis 

of stnicturally similar lignans. The Stobbe condensation was ideally suited for generating 

the starting materials for consûucting the aryItetralin skeleton, Two successive Stobbe 

condensations were executed to generate the starting dibenzylidenesuccinates. It was 

discovered that triflic acid-catalyzed cyclization of these dibenzylidenesuccinates 

produced the desired aryltetralin lignan structures in good yields. From these aryltetralin 

skeletons, functional interconversions were performed ultimately to generate the two 

target natural lignans, galbulin and cagayanin. 

The dibenzylidenesuccinates, upon treatment with acid, demonstrated some 

intriguing chemistry. in an attempt to M e r  understand this cyclization step, several 

other dibenzylidenesuccinates with different substituent patterns were synthesized. These 

reactions were studied in detail to investigate the effect of the substituent patterns on the 

outcome of the teaction. Two plausible explanations and detailed mechanisrns were 

postulated to account for the formation of the aryltettalins with literature evidence to 

support these theones. 

It was also preferable that the new methodology could be utilized for the synthesis 

of enantiomerically pure naturaI lignans. This might be achieved by separating the 

dibenqlidenesuccinates into their correspondhg atropisomers. These conformational 

isomers, or rotamers, anse hom hindered rotation about the carbon-carbon single bond. 

Conventional separation proved to be diffïcuit, as the barrier to rotation about this single 

bond was too smaii. However, methods for coercing the dibenzylidenesuccinate to adopt 



one atropisomer over the other were studied and the preliminary results are presented. 

The intent was to force the molecule to adopt one conformation by introducing a chiral 

auxiliary. From this point the new synthetic methodology could be applied to the 

preparation of enantiomerically enriched dibenzylidenesuccinates and eventually 

enantiomerically e ~ c h e d  natural @ms. 



Chapter 1 

Introduction 

This thesis is focused on research into the development of a new synthetic 

methodology for generating lignans, natural products isolated fiom plants. This project 

was undertaken in an attempt to broaden the synthetic scope of laboratory methods 

leading to lignans of interest. Lignans have been challenging targets for synthetic organic 

chemists due to their varied structures. Their synthesis is aiso interesting since they are 

prime candidates for human therapeutics possessing antifungai, antibacterial, antiviral, 

1 -i& and anticancer activities. The introduction will give a brief review of lignans, lignan 

biological activity and lignan synthesis, followed by a discussion of the proposed new 

synthetic methodology pIanned for the two natural lignans, galbulin (1) and cagayanin 

(2). The previous syntheses of these compounds will also be reviewed. 

0, OMe 

Scheme 1 
1.1 Lignans 

Lignans have been used for medicinai purposes dating back to 1000 A.D. Natives 

of China, Japan and Amenca used lignan-rich pIants to treat cancer, arthritis, ulcers and 

pain. Haworth introduced the t m  'lignan' in 1936 to descriie a group of optically 

active extracts isolated fiom plant material? These extracts contained dîmenc 



compounds consisting of two phenylpropanoid units linked B-B' (8-8') through the 

central carbons of their propane sidechahs as represented in Scheme 2.' 

Scheme 2 

Gottlieb extended the lignan family to include 'ne~lignans"~~, cornpounds created 

from the coupling of phenylpropanoid units via oxidative formation of a carbon oxygen 

bond. Normal lignans are formed korn the P-B' (8-8') oxidative coupling of cinnarnyl 

phenols and their related compounds. The lignan family consists of 6 subclasses, 

compared to 15 subclasses in the neolignan family. The neolignan family is a diverse 

group that will not be discussed here. This thesis will instead concentrate on the lignan 

family. 

Different subclasses of Iignans were descnied to coincide with the discovery and 

characterization of new tignans that were isolated. The lignan subclasses that relate to 

this thesis are the aryketraiii 3, aryldihydronaphthalenes 4, and arylnaphthaienes 5. 

Other cornmon subcIasses include dibenzyIbutyroIactones 6, dibenzylbutanes 7 and 

dibenzocyclooctadienes 8 (Scheme 3). 



Dibenzylbutyrolactone 

6 

Aryldihydronaphthalene Arylnaphthalene 

Dibenzylbutane Dibenzocycluoctadiene 

7 8 

Scheme 3 

The distinguishing features of the fht three subdasses 3-5 above are the cyclic skeleton, 

varying degrees of saturation, and complex terminal groups with different oxidation 

levels. The substitution on the aromatic rings varies corn one lignan to the next, 

however, no naturaily occurring tignan has ever been found with an unsubstituted aryl 

gr ou^.^ 

1.1.1 Plant Lignans 

Lignans are found in a wide variety of pIaots worldwide. The bark, mot, ffower 

and seed components of plants have ali yieIded lignans. Biosyntheticaüy, lignans are 

synthesized in plants, in part, via the shikimate pathway. This is a major metaboIic 

pathway for the construction of many aromatic ~ o m ~ o u n d s . ~ ~  The biosynthesis of 
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dimerkation of phenylpropanoids~ A representative example of the oxidative couplings 

of two cinnarnic residues is shown below (Scheme 4).' 

X=CH20H, CO,H, CH,, H 
R=OCH,, H 

Scheme 4 

1.1.2 Mamrnaiian Lignans 

It is interesting to note that the Iiterature makes use of the term 'mammalian 

lignans'.60 Al1 iipans are plant compoundç. It is a misnomer to use the term 

'mammalian lignans' as there is no evidence to support a mammalian synthesis of these 

compounds. Enterodiol 11 and enterolactone 12 are two lignans that have been isoIated 

fiorn humans and other anima~s .~  However, it is believed that these lignans are the by- 

products of the intestinal microflora since the mammaiian body Iacks the molecular 

machinery to synthesize such compounds. The dietary precusors to enterodiol and 

enterolactone are believed to be seco-isolariciresiml 9 and matairesino1 10, respectiveIy 

/C1-L,- C\ a-,, L--- ------J- 
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found that people consuming a high vegetarian diet rich in soybean and flaxseed had 

lower incidences of hormone-dependent cancers such as breast and prostate ~ancer.~'  

OH 

OMe 

9 (Secoisolariciresinol diglucoside) 

I Intestinal Microflora 

OMe 
OH 

11 (Enterodiol) 

Scheme 5 

10 (Matairesinol) 

1 Intestinal Microflora 

12 (Enterolactone) 

1.2 Biological Activities of Lignans 

The discovery that Iignans possess a variety of bioIogical activities stimulateci 

pharrnaceutical and academic research in the field of lignan studies and syntheses. The 

diversity of Iignan biologicai activity has intrigued chemists for the past 60 years. 

Although the rnechanisms of action of many classes of lignans are not yet well 

understood, there is a consensus on the rnechauisms of action of the podophyllum Iignans 

and their derivatives. The effects that these Iiguans have on the human body will be 

discussed in detaiI, as it is iIIustrative of de  importance that lignans can have in treating 



human diseases. It aiso rnakes apparent the value of new synthetic methods for the 

synthesis of lignans, such as the proposed new methodology described in this thesis. 

Gaibului 1 and cagayanin 2, the synthetic targets for this thesis, have structures very 

similar to podophyllotoxin 13. 

1.2.1 Podophyllum Lignans as Antheoplastics 

Scheme 6 

The discovery that lignans possessed numemus biological activities urged several 

research groups to study Podophyllum lignans and their anticancer properties.2J The 

alcoholic extracts of the roots and rhizomes of Podophyllum were used in folk medicine 

by American indians to topicdly treat venornous snakebites. It is known today that the 

active ingredient in that extract was podophyllotoxin. Podophyllotoxin (13) was first 

isolated from the May apple or Amencan mandrake (Podophyllum peltatum), a member 

of the Berbendaceae family? Podophyiiin was the alcoho tic extract of the mots and 

rhizomes. It was used in America between 1820 and 1942 as a cathartic and cholagogue 

agent, a result of its severe gastrointestinal toxicity. 

The mechanism of action of podophyllotoxin has been well doc~mented?'*~ It 
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microstructure that forms the foundatiolz of the cellular cytoskeleton. Microtubules are 

tubular polymers, chahs constnicted h m  repeahg protomers. A single protomer is a 

heterodimer of a- and B-tubuIin. Podophyllotoxin binds to tubulin effectiveIy disrupting 

the equilibrium between microtubules and tubulin. The result is destruction of the 

cytoskeleton and the required spindle needed for ce11 division, or mitosis. Therefore, the 

ceii is arrested at the last stages of mitosis and is unable to divide its ce11 wall. 

Eventually the destruction of the cytoskeleton leads to ce11 death. 

Many other podophyllotoxin analogues were synthesized and structure-activity 

relationships studied on the binding to tubulin.' It was found that some analogues 

possessed comparable activities whereas others did not possess the activity of 

podophyllotoxin. 



Y Pm; 
Me0 OMe Me0 OMe Me0 

Q 
OMe 

OH OMe OMe 

P ~ ( O  O 

Me0 OMe 

16 (Picropodophyllotoxin) 

OH 
1 

OMe 

1 7 (a-Pehatin) 18 (B-Peltatin) 19 (Epipodophyllotoxin) 

Scheme 7 

AI1 the podophyllotoxin denvatives depicted in Scheme 7 above have 

demonstrated antitumour activity. The podophyilotoxin analogues have stmctural 

differences that either enhanced or reduced their activities compared to that of 

podophyllotoxin. A diastereomer of podophyllotoxin, epipodophyllotoxin 19 has the 

opposite stereochemistry at the C-4 hydroxyl group, and this feature reduces its potency 

as an antitumour agent by an order of magnitude. However, if this C-4 hydroxyl group is 

removed a s  in deoxypodophyilotoxin 15, the potency of this compound is restored to an 

activity comparable to podophyilotoxin. Further studies on positioning the hydroxyl 

group at C-5 as in B-peltatin 18 increased potency to four times more than that of 

podophyiiotoxin. It may be possible that the bînding site in tubulin is flexile enough to 



accommodate either a C-5 or C-4 hydroxyI group yet this Interaction is not required for 

binding. if the 4'methoxy group on the pendant ring of P-peltatin is replaced with a 

phenolic group as in a-peltatin then the activity is restored to podophyllotoxin levels. 

This result provided some insight on the effects of replacing substituents on the aryl 

rings. 

1.2.2 Etoposide and Teniposide 

Me0 OMe 

20 (Etoposide (VM-26)) 

Me0 OMe 

21 (Teniposide (VP- 16-2 13)) 

Scheme 8 

Etoposide 20 and Teniposide 21 are semi-synthetic denvatives of 

podophyllotoxin that were developed by Sandoz in an attempt to maintain the cytotoxic 

and anticancer activities of podophyiiotoxin and eliminate the unwanted gastrointestinai 

t o ~ i c i t y . ~  These two compounds are effective antineoplastics for the treatment of small- 

ce11 lung cancer, testicular cancer, lyrnphoma, and acute lymphocytic leukemia. Their 

mechanism of action differs dramaticaily fiom that of their podophyiiotoxin precursor. 

Instead of acting as an anti-mitotic agent, etoposide and teniposide induce single- and 

double-stranded DNA breaks through interaction with topoisornerase II, an essential 



enzyme needed for unravelling of the DNA double helix durhg DNA replication. These 

two compounds are selec tively toxic towards rapidly proiiferating cancer cells. 

1.3 Stereochemistry and Chiral Molecutes 

Stereochemistry is the concept of viewing and describing chernistry in three 

dimensions.'" The three-dimensional structure of a molecuie is imponant for 

understanding the pharrnaceutical action of a molecule and how it interacts with its 

intended biological binding site. One hee-dimensional fonn of a molecule may be 

bioIogically active whereas the other f o m  may be inactive against the target. Therefore 

stereochemistry is vital in the design and synthesis of biotogically active compounds. 

Organic chemists refer to the synthesis of organic compounds in specific three- 

dimensionai forms as asymmetnc syntheses. One of the objectives of this project was to 

determine if it was possible to accomplish an asymmetric synthesis of the two chosen 

natural products. A brief histoq of the origins of stereochemistry will be presented dong 

with definitions of sorne stereochemical terms. 

1.3.1 Stereochemistry 

The study of stereochemistry dates back to 1809 when plane-polarized Iight was 

k s t  discovered by the French physicist ~a1us.I' Biot used this observation to study 

quartz crystals and found that they could rotate plane-polarized light either to the lefi or 

to the r ight . 'O Lafer he examineci organic molecules and found similar resdts for liquid 

turpentine and dissoived solutions of sucrose, camphor, and tartaric acid. From these 

results Biot realized that the rotation of poIarized light was a property of the crystd in the 

solid state, dependent on the angle at which it was viewed. However, organic substances 



rotated Iight based on a property of individual molecules and therefore could be observed 

in al1 three physical states of the molecule. 

in 1848, Pasteur was able to separate the sodium salt of tartaric acid into its two 

enantiomers, (+)-tartaric acid and (-)-tartaric acid.1° He was able to crystallize the 

sodium salt of tartaric acid, separate the enantiomers, dissolve them in solution and study 

their effects on plane-polarized iight. (+)-Tartaric acid or dextro-tartaric acid was widely 

available at that tirne and known to rotate polarized light to the right. However, for (-)- 

tartaric acid, this was the f i ~ !  tirne that it had been isolated and it rotated polarized light 

in the opposite direction, to the lefi. From these observations Pasteur was able to make 

the correlation that crystals and motecules exhibit dissymmetry. The two forms of 

tartaric acid were enantiomcnc or non-superimposable minor images of each other. 

Enantiomers were related as a right hand is related to a left hand and were able to rotate 

the pIane of plane-polarized light in opposite directions. 

Van't Hoff extended the concept of enantiomerism to describe the three 

dimensional structure of a tetravaient carbon atom.1° Four different substituents bonded 

to carbon are spatiaily arranged to point towards the corners of a tetrahedron. Two 

possible arrangements are shown in Scheme 9. There are two non-supenmposible 

arrangements that produce two tetrahedrons. 



Scheme 9 

1.3.2 Chirality 

The term chirality, the property of being chiral, is defined as being not 

superposable with a mirror image. Sometimes chiraiity is equated to handedness, with 

the two mirror images being called the lefi and right hand foms. When applied to 

molecules, the two non-superimposable foms are referred to as enanti~mers.'~*" When a 

sample is referred to as being chiral or consisting of chiral moIecules it doeç not 

necessarily mean that al1 the molecuIes making up the sample have the same chirality, 

lefi-handedness or right-handedness. Homochiral, or enantiomerically pure, would be a 

better terni to use to descnie molecules in a sample that al1 have the same chirality. 

Racemic, is the term used to describe a sample made up of equal numbers of molecules 

of opposite sense of chiraIity.'* The term chiral wiii be used in this thesis only to 

descnbe moiecules and not to descnie chiral syntheses in which chiral molecules are 

produced. 



The determinhg characteristic of chiral molecules is the absence of elements of 

symmeiry (plane or centre) as seen in Iactic acid (Scheme 10).~' If a plane of symmetry 

is present, then the molecule is t e d  achiral, as exernplified in propanoic acid. The 

most common element that a molecule has, that causes chirality, is the presence of chiral 

centres or stereogenic centres. In lactic acid the central carbon is a stereogenic centre 

because it is bonded to four different substituents. 

no plane of symmetry 

Lactic acid 
I 
4 

plane of symmetry -.. I I 

(chiral) -. ! 

*. ' .. ' 
* Stereogenic centre Propano ic acid 

(achiral) 

Scheme 10 

1.4 Atropisomerhn: Chiral Molecules Devoid of Chiral Centres 

Atropisornerism is a central theme in this thesis as it is possible that it can be used 

to expand the proposed new methodology to the realm of aspmetric syntheses (the 

synthesis of the separate enantiomers) of tignan natural products. Therefore, it is 

important to Mly  discuss this propew exhibited by crowded molecules and the mie it 

can play in asymmetric synthesis. An example of a natural product synthesis that 

exploits atropisomerism will be presented to facilitate the later discussion of how such 

methods might be appiied to asyrnmetric syntheses of lignans. 



Atropisomerisrn is another type of enantiomerism, however it is chirality in 

molecules that are devoid of stereogenic centres. Atropisomerism was a tenn introduced 

by Kuhn to describe molecules with a chirai axis maintained by hindered rotation about 

single bonds." The stenc hindrance about this single bond was generated by b u w  

groups or substituents, generally on aromatic rings. Atropisomerism c m  be attn'buted to 

a type of conformational or rotational isomerism in which the atropisomers can be 

separated if the banier to rotation is large enough. The term was originally used for 

optical isomers of biphenyls many of which have been investigated (Scheme 1 1). IO.t3,69 

Scheme 11 

The biphenyl structure is joined by a carbon-carbon single bond (Cl-Cl') and it is the 

rotation about this bond that is affected by steric interactions. This is clearIy evident in 

the ortho-substituted biphenyls in Scheme 11 where the two nonpIanar rotamers are 

enantiomers (non-superimposable mirror images) of each 0 t h .  As the bulkifiess of the 

onho-groupr increases the barrier to interconversion also increa~es.~~ The transition 

between the two enantiomers will produce a state in which the aryl rings are coplanar. 

There is an energetic penalty associated with this interaction. Therefore the rnolecule 



avoids this by adopting a perpendicular arrangement yielding two atropisomeric 

populations. 

When the barrier to rotation between the interconverthg atropisomers becomes 

too high, the interconversion is hindered to the point where separation of the atropisorners 

is possible. The calculated energy barrier where atropisomers can be isolated at room 

temperature is approximately 22 kcaI/rno~.~~ NMR and other spectroscopic methods are 

the only means of monitoring molecules with baniers to rotation less than this value. 

Molecules with baniers to rotation grenter than this value can be separated by 

conventionai chromatographic techniques. 

1.4.1 Atropisomerism in Arylnaphthalene Lignans 

Closely related ta the biphenyls are the arylnaphthalenes, compounds with a more 

extended ring structure. Many arylnaphthalenes have the potential to display 

atr~~isomerism.'~*'~ The chiraiity displayed in these compounds, devoid of chiral 

centres, is brought on by hindered rotation about the aryl-naphthalene bond. Charlton et 

al. have studied this phenornenon by synthesizing the natural products justicidin A, 

justicidin B, retro-justicidin B and helioxanthin as well as four other arylnaphthalene 

lignan analogues (Scheme 1 2).13 
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These compounds were studied by dynamic NMR and HPLC to determine the barriers to 

rotation and the correspondhg ha-lives of the individual atropisomers. It was found 



that the lactate ester at C-2 (as in 23 and 29) presented a higher barrier to rotation than the 

2,3-lactones of either orientation (as in 24,26,27, or 28). The 7,8-methylenedioxy ring 

(as in 28 and 29) decreased the barrier to rotation relative to hydrogens at positions 7 and 

8. It was concluded Eom this study that the banier to rotation, while high enough to 

allow for detection of atropisomers by NMR spectroscopy, was too small for individuai 

atropisomers to be isolated at room temperature. However, this provided unequivocal 

evidence of the existence of atropisorneric populations in arylnaphthalenes. 

1.4.2 Atropisornerisd and the Synthesis of Korupensamines A and B 

Bringrnaun and CO-workers described a synthesis of the antimalarials, 

k o r ~ p e n s ~ n e s  A 31 and B 32 using atropisomerism as the key aspect of the synthesis 

(Scheme 13).15 

31 (Korupensamine A) 32 (Korupensamine B) 

Scheme 13 

These intriguing naphthylisoquinolone dkaloids, isolated h m  the Cameroon 

liana Ancistrocladurs korupensis (Ancistmcladaceae) exhibited good antirnalarial 

activities. Kompensamine A differed h m  korupensamine B only in the rotation about 

its chirai ais. The ythesis utiIized the "lactone methodolog$' developed by the same 



g r o ~ ~ . ' ~  This method had severai advantages nrch as high coupling yieldç, good 

asymrnekic induction and the recycling of undesired atropisomers of late precursors back 

to the lactones (33,34) (Scheme 14). 

L - 
very rapid 

OiPr 

OiPr Me 

steps steps 

31 (Korupensamine A) 32 (Korupensamine B) 

Scheme 14 

This method required a C-1 substituent ortho to the axis in order to generate the 

esternactone bridge (see IabelIed 37 and 38). Thiç C-1 functiondity was apparently 

l a c h g  in the naturai pmducts. However upon closer inspection this group was not really 



missing but existed in a hidden (cryptic) f o m  as part of the naphthalene ring in the 

natural products (31 and 32). Bringrnaun's group circumvented this problem by starting 

with the axidly chirai phenyiisoquinolines instead of the naphthylisoquinolines. The 

phenytisoquinolines were built with a C-l subunit next to the axis that served a dual 

purpose; it provided the required ortho-subunit and the scai3old for generation of the 

naphthy lisoquinohe. 

The p henytisoquinoline lactone (33 and 34) interconverts rapidl y between i ts two 

atropisomeric foms and consequentIy it Lacks a stable chird mis. The designation M- or 

P- was used in the paper as a meam of conferring a heIical label to the chiratity of the 

molecule, Le. left- or right-handedness. For this designation, only the ligands of highest 

priority in fiont and in the back of the h e w o r k  are considered. If one were to view 

these moIecules dong their chiral axis from h n t  to back the configuration is P if the two 

highest priority groups are arranged in a counterclockwise direction. The configuration is 

designatted M if the arrangement is in a clockwise direction.'' The axial chirality was 

fixed by the reductive ring cleavage, to afford either the P-configureci di01 (37) or the M- 

configured di01 (38) dependent on the chiral oxazaborolidine-borane used. The (R)- 

oxazaboroIidine (35) afforded the P-configured di01 whereas the (S)-oxazaboroIidine (36) 

gave the M-configured diol. These cornpounds were stable entities that were not 

observed to interconvert. EventudIy after several synthetic steps the P-di01 and the M- 

di01 were converted to konipensamhe A and B, respectively. The synthetic strategy was 

well rewarded with an overail yieId of 10% for korupensamine B and 7% for 

korupensamine A. 



The observed atropisomenc properties of kompensarnine A and B are interesthg 

h m  the aspect that the precursors are also atropisomers that are converted to the natural 

products. Tt is known that the synthetic precursors, the dibenzylidenesuccinates, of 

lignans displays atropisomerism. It rnight be quite possible to exploit that property to 

make separate enantiomeric forms of the final target lignans (an asymmetnc synthesis). 

In fact, this reverse strategy of the example given above for the syntheses of 

Korupensamine A and B rnight be realized if one atropisomeric form of 

dibenzylidenesuccinates could be used as the precursor molecule to the chiral aryItetralin 

lignans, such as galbulin 1 and cagayanin 2 (see section 3.3). The 

dibenzylidenesuccinates will be discussed in depth separately in a later section d e r  a 

review of classical lignan syntheses. It would he difficult to review al1 the literature on 

the synthesis of lignans in this thesis. Therefore, only a select few methods, reiated to the 

synthesis of molecules similar to galbulin 1 and cagayanin 2, will be discussed. These 

examples will illustrate the syntheses of aryltetralins 3, aryidihydronaphthalenes 4, and 

arylnaphthalenes 5, compounds al1 related within the scope of this thesis. Furthemore al1 

the previous syntheses of gaibulin and cagayanin wiIl be reviewed. More information 

can be obtained from several excellent reviews that have been published over the years to 

cover al1 of the isolation and syntheses of ~i~nans.'"*~ 

1.5 Synthesis of Lignans 

Lignans have been prepared by many different general methods. Examples h m  

some of the major methods are reviewed in this section. 



1.5.1 Oxidative Coupling 

The biosynthesis of lignans in plants is believed to occur by a phenolic oxidative 

dimerization event. The phenylpropanoids are joined via fiee radicals at the P-carbons of 

their propane sidechains. In a synthesis of  thomasidioic acid 44, CharIton and ~ e e ~ ~  

proposecl a biomimetic synthesis by this fiee radical phenolic oxidation mechanism 

(Scheme 15). 

Thomasidioic acid 44 was prepared by air oxidation of sinapic acid 39 in an 

alkaline aqueous solution. The resuIts of the study did not provide conclusive evidence 

that the oxidative couphg occmed by a fiee radicaI mechanism although it seerns a 

reasonabIe conclusion given the pior literature in this m a l 6  

Scheme 15 



1.5.2 Diels Alder Cyclisations 

Charlton and Alauddin have synthesised (+)-isolariciresino1 dirnethyl ether 49a 

ushg a cycloaddition reactioiln." The key synthetic step was the pericyciic utnision of 

sulfur dioxide to yield the ortho-quinone-methide 46. This compound underwent a Diels- 

Alder cycloaddition with diethyl h a r a t e  47 to afford a 70% yield of the major adduct 

48. The major diastereomer was separated and carried forward to the product (Scheme 

16). 

Me0 At - "~~~~~ Me0 Ar 

49a ((+)-IsoIariciresinoI dimethyi ether) 48 

Scheme 16 

The orthoquinone dimethide Diels-Alder cycloaddition was also utiIised to 

synthesize (-)-isolariciresinol dimethyl ether 49b (Scheme 17a) and (-1- 

deoxysikkimotoxin 58 (Scheme 17b)."~' 
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Scheme 17a 

The key steps of this synthetic route were the attachrnent of the second aryl ring 

using a modified Strecker synthesis where an aromatic aldehyde is converted 10 an a- 

aminonitrile, followed by the generation of a benzocyclobutenol 50 Erom ortho-lithiation, 

and thirdly conversion of the benzocyclobutenol to the orrhoquinone-dimethide. The 

onho-quinone dimethide was subjected to Diels-Alder reaction conditions with the 

fumarate of rnethyl (S)-mandelate 52 to afZord the aryltetralin product 53. Subsequent 

bctional interconversions generated 49b. Functionai interconversion of the aryltetraIin 

56 af5orded (-)deoxysikkimotoxin 58 (Scheme 1%). 



Ar' '= 3,4,5-trimethoxyphenyl 
Scheme 17b 

1.5.3 The Use of Chiral Auxiliaries 

The use of chiral oxazolines was employed by Meyers to synthesise (+)- 

phyltetralin 64 and (-)-podophyiiotoxin 13.303' This involved an asymmetric tandem 

addition of aryllithium reagents to non-racemic naphthalene compounds (Scheme 18). 
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Scheme 18 



This synthetic sequence favoured the synthesis of (+)-phyltetralin 64 as it possessed the 

pans-stereochemistry at C-1 and C-2 of the tetralin ring. Howevw, for compounds with 

the cis-stereochemistry, as in (-)-podophyllotoxin 13 (synthesis not shown), the synthetic 

method was less attractive because of the nurnerous steps it took to set up the correct 

relative stereochemistry at C-2, C-3, and C-4. 

The diastereoselective alkylation of chiral butyrolactones has been used as 

another strategy for generating chiral lignans (shown in Scheme 22). Different 

approaches to synthesize the required precursor chiral butyrolactones 67 and 69 were 

taken by Koga, Kosugi, and Brown. Koga prepared the desired butyrolactone by 

aiicylating the benzyl or trityl ethers of Chydroxymethyl butyrolactone foIlowed by 

carbonyl transposition to afTord the butyrolactone (Scheme 19)!"' 
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Scheme 19 

Kosugi, on the other hand, generated the buplactones in high enantiomenc excess 

(94% and 96%) by stereoselective cyclization of alkenyl suIphoxides with dichIoroketene 

(Scheme 20).3'~' 
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The method developed by Brown required the hydrogenation of Stobbe condensation 

products followed by resolution to afford both enantiomers of the chiral butyrolactones 

(Scheme 21) :~~ '  

"2 C0,Me - - 
C02H Pd CO,H 1. resolve 
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Scheme 21 Ar*o 69 O 

Chiral butyrolactones have been used in the synthesis of many lignans. As an 

exarnple, the chiral butyrolactone 67A was functionally converted by alkylation to (+)- 

deoxypodorhizon 76. Subsequent intramolecular oxidative coupling afforded (-)- 

isostegane 77. Altematively compound 67A underwent a Stobbe condensation to afford 

(+)-epipodorhizol 79 and ensuing treatrnent with TFA generated (+)- 



Scheme 22 

1.54 The Stobbe Condensation 

The Stobbe condensation35J6 is ideally suited for construction of the aryltetralin 

lignan skeleton. The reaction betwe~n an arornatic ddehyde and a succinate ester 

generates an armatic succinic acid 86. This compound is formed From an aldol type 

reaction between the carbonyl group of the ketone and an a-methylene of the succinic 

ester. The high reactivity of the a-methylene groups of succinic esters is not the sole 

conûibutor to the success of this reaction. What drives this reaction is the formation of a 

five-membered ring 84 followed by the irreversible ring cleavage to generate the Stobbe 

mouoacid-ester 86 (Scheme 23):" 



Scheme 23 

1.5.4.1 Diarylfulgides and Dibenzyüdenesuccinates 

A second successive Stobbe condensation generates the dibenzylidenesuccinates 

87 or the diarylfulgides 89, compounds that demonstrate hindered rotation about the 

butadiene single bond (atropisomerim) (Scheme 24). These compounds have 

demonstrated both photochemicaI and thema1 electrocyclic reactions and sigmatropic 

rearrangements to give various dihydronaphthalene derivatives 90 that can be modified to 
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Scheme 24 

These types of compounds were first synthesized and studied in their succinic 

anhydride or hlgide form 89 by ~tobbe. '~ The compounds obtained by the Stobbe 

condensation almost aiways have a trans,trans (E,E)-arrangement of aryl and carbony~ 

groups (87 and Taiwanin A 88)?'** The diarylfulgides are typically isolated as highly 

crystalline compounds having both thennochromic and photochromic properties. If these 

compounds are subjected to either irradiation or strong heating, cyclization and 

dehydrogenation affords the l-arylnaphrhalene-2,3-dicarboxylic anhydrides 93 (Scheme 



Heller et al. have studied the dibenzylidenefidgide 91 3 ~ ~ 9 - 4 5  and the 

dibenzylidenefùlgimide 92 38'bJ9PI, systems extensively (Scheme 25). 

91 (Dibenzylidenefulgides) 92 (Dibenzylidenefulgimides) 

R=Alkyl, H 

Scheme 25 

They have proposed a photorearrangement of the E,E-diarylfulgides 93a and 93c 

or E,E-diaryfilgimides 93b and 936 by a conrotatory ring closure to give the E-1,8- 

dihydronaphthalene intermediates 95a-d, respectively (Scheme 26). This intemediate 

could undergo two competing thermal reactions: disrotatory ring opening to give the E,Z- 

isomer of the diarylfulgide 94a,c or diarylhigimide 94b,d, or a suprafacial 1,5- 

sigrnatropic hydrogen shift to give the 12-dihydronaphthalene 97a-d?" 



heat 1 heat 1 

Scheme 26 

However, under thermal conditions (180 OC) compounds 93a and 93b isomerize 

to the thermodynarnically more stable E,Z-isomers 94a and 94b. At this temperature 

these hvo compounds undergo disrotatory ring ciosure foiiowed by a 1,s-sigmatropic 

hydrogen shift to give predominantIy 97a and 97b. Therefore, photochemical ring 

cIosure goes by conrotation whereas thermal ring closure goes by disrotation. It was 

detemined h m  the temperature studies of other substituted diaryIfu1gides that the 



activation energy for the t ,5-hydrogen shift is lower than for the disrotatory ring opening 

~ r o c e s s . ~ ~  

Charlton and Hiebert have noted that the E,E isomer of bis-3,4- 

methylenedioxybenzylidene succinic acid 99 demonstrated atrapisomeric behaviour 

(Scheme 27)." The 'H NMR spectrum showed that the methylenedioxy protons were 

diastereotopic with splitting due to mutual coupling. Since the moIecule lacked 

tetrahedral carbon stereogenic centres the only possible explanation for this chirdity was 

hindered rotation about the butadiene single bond generating atropisomers. In subsequent 

expenments the carboxylic acid groups were converted to the chiral diamide 100 and 101 

and a dynamic NMR study was performed to determine the banier to rotation. The 

calculated banier to rotation was found to be 16.7 kcaVmoi, well below the 22 kcaVmo1 

required to ailow separation of atropisomers at room temperature. 

Scheme 27 



Recently, Yvon discovered that the E,E-bis-3,4,S-trimethoxybenzylidene 

succinate 102 also demonstrates atr~~isomerism." This compound undergoes 

photochemical electrocyclization folIowed by a 1,5-sigmatropic shift to give a 42- 

dihydronaphthalene that has the cis geometry at C-1 and C-2, similar to podophyllotoxin 

13 (in Scheme 6). This is a unique development as this cis geometry is difficult to 

accomplish in one step by classical synthetic routes (see Scheme 18). The 1,8- 

dihydronaphthalene 103 could either undergo the 1,5-sigmatropic shift to give 104 or it 

could ring open by disrotation to give 105. Fortunately, the reaction gave predominantly 

the 1,2-dihydronaphthalene 104. The above result demonstrated that the open diethyl 

ester form of dibenzylidenesuccinates undergoes photocyclization in good agreement 

with HeHersY studies of the more conformationally resûicted fulgides or fiilgimides. 
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Scheme 28 



The k t  part of this research is a continuation of work done (Scheme 27 and 28) 

by two previous students. The dibenzylidenesuccinates and their atropisomeric 

properties are of particular interest as they are the focus for a synthesis of galbulin and 

cagayanin. A review ofpast syntheses of these two cornpounds is given below. 

1.6 Galbulin 

Galbulin was first isolated fiom Himanrandra baccata by Hughes & ~itchie.~'  A 

full characterization can be f o n d  in two paper~.~~"' Several reported syntheses of 

galbulin involved the interconversion of other known lignans to galbulin. Conversions 

fiorn cr-conidend~in~~ 106, veraguensinS7 107, (-)-galcatid8 108, and the ditosyl- or 

dimesyl- (+)-isolariciresino1 dimethyl ethe~?' 109 to galbulin were successfui (Scheme 

29). 
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The most ment and more novel synthesis invotved the use of zirconium 

c h e m i s e  The key synthetic step was the use of zirconium to promote the cyclization 

of l,7-dienes 110 (Scheme 30). 
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Scheme 30 

Other novel syntheses include the cationic cyclization of 4,4-diveratryl-2,3- 

dimethylbutanoic acid6' 1 13 (Scheme 3 1) and the oxidative coupling of 1,4-diveratryl- 

2,3-dimethylbutane62 115 (Scheme 32). 
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1.7 Cagayanin 

Cagayanin was h t  isolated from the nutmegs of Myristica cagayanesis by Kuo's 

g r o ~ ~ . ~ ~  Cagayanin was converted to galbulin and compared to an authentic sample of 

galbulin. The results venfied that indeed cagayanin was isolated. A subsequent paper 

gave a full characterization of ~ a ~ a ~ a n i n . ~  Presently there are no reported syntheses of 

cagayanin. There is, however, a reported synthesis of a structuraily sirnilar compound 

called cagayanone 117.~'~~ Presumably this compound could be converted to cagayanin 

if the carbonyl function at C-4 could be selectively removed (Scheme 33). 
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Chapter 2 

Thesis Objectives and Outline 

The objective of this research project was to develop a new methodology for the 

synthesis of natural lignans with the expectation of applying this methodology to the 

synthesis of a wide-range of lignans. In addition it would be preferable if the methods 

were applicable to the synthesis of enantiomerically enriched lignans. The cyclization of 

dibenzyIidenesuccinates to aryltetraliis was proposed as part of the new synthetic 

methodology. Galbulin and cagayanin were chosen as ultimate synthetic targets. 

The research can be divided into three parts. The first part explored substituent 

effects on acid-catalyzed cyclization of dibenzylidenesuccinates. The purpose was to 

establish the feasibility of acid-catalyzed cyclization and the effects on rates of 

cyclization. in the second part, a new fûnctional interconversion strategy was establisned 

for the conversion of 1,2-dihydronaphthalenes to galbulin and cagayanin. The third part 

examined the possibility of syntheses of enantiomerically pure lignans (Galbulin and 

Cagayanin) and lignan analogues using atropisomerism exhibited in the 

dibenzylidenesuccinates to achieve this. 

1) Substituent Effects on the Rate of Cyclization and Product Formation 

Preliminary work on the acid-catalyzed ring closure demonstrated that certain 

symmetrical dibenzylidenesuccinates with methoxy groups in the 2 and 2' positions 

generated the desired 1,2-dihydronaphthalenes requiring less reaction tirne than 

dibenzylidenesuccinates lacking methoxy groups in these positions. Therefore, it was 

ptausible to assume that different substituent patterns on the aryl rings could affect the 

rate of cyclization. Syrnmetrical dibenzyiidenesuccinates (Scheme 34c) with similady 



substituted aryl rings as well as unsymmeûical dibenzylidenesuccinates (Scheme 34b) 

with differently substituted aryL groups were synthesized and studied. Some of the results 

were expected while others were not. Plausible explanations and mechanisms were 

postulated to rationalize these developments. 

2) Development of the New Methodology 

The Stobbe condensation was idedy suited for the construction of the framework 

leading to galbulin and cagayanin. in fact, two successive Stobbe condensations 

provided the starting dibenzylidenesuccinates needed for the study (Scheme 34b). The 

key step in this synthesis was the acid-catalyzed cyclization leading to the aryltetralin 

lignan structure. Previous work by Cow et al. on the synthesis of Taiwanin C, Chinensin, 

Justicindin B and E~~ as welt as the work by Yvon et al. on Magnoskiain and 

~ ~ c l o ~ a l g r a v i n ~ ~ "  demonstrated that the second aryl condensation could be achieved 

utilizing LDA (Scheme 34a), followed immediately, afler work up, by treatment with 

ûifluoroacetic acid (TFA) to afford the 1,2-dihydronaphthalenes. A discovery by a post- 

doctoral fellow, P. K. Datta provided some insight into acid-catalyzed ring closure of the 

dibenzylidenesuccinates. Although the use of either sulfunc acid or TFA as a catalyst for 

cyclizing dibenzylidenesuccinates did not yield a substantial arnount of the desired 

product, the research deserved continued investigation. The conventional synthetic mute 

required five steps for generating symmetricai dibenzylidenesuccinates whereas this new 

route could be done in two steps (Scheme 34c). This possibility of synthesizing the basic 

aryltetralin skeleton through a shorter route was very appealing. 
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3) Strategy for EnantiomericaIly Enriched Sylltheses of GaIbulln and Cagayanin 

The most challenging aspect of synthetic organic chemistry is the stereoselective 

synthesis of chiraf compounds. There are many techniques that can be used to achieve 

this, such as the use of chiral staaing materials and chiral reagents, or the use of chirai 

auxiliaries to influence the outcome of the stereochemistry in the final product. 

However, for this project chirality airedy existed in the f o m  of atropisomers found in 

the dibenzylidenesuccinates. Atropisomers are molecules that exist in two enantiomeric 

fonns brought on by hindered rotation about a single bond. If it were possibIe to coerce 

the dibenzyIidenesuccinate to adopt one atmpisorner in favour of the other by using a 

chiral auxiiiary, then the possiibiLity of generating enantiomerically pure, or at least 



enricheà, photoproducts would present itseIf. As demonstrated by Yvon, attaching a 

chiral auxiliary to the E,E-bis-(3,4,5-trimethoxydiienzylidene) succinate monoacid-ester 

125d did not force this dibenzylidenesuccinate to adopt one atropisomeric f~rm.'~ 

Furthemore, the barrier to rotation in this compound was not high enough to allow for 

separation by any conventional chromatographie technique. However, using a more ngid 

chiral auxiliary, such as the y-hydroxybutyrolactone shown in Scheme 35, rnight limit the 

conformational flexibility to the point where one atropisomer might be favoured ovw the 

other. if the y-hydroxybutyrolactone could be generated then the possibility of attaching 

a second chiral auxiliary ont0 the hydroxyl group would be available. 

The first few steps of the reaction sequence were attempted as tirne constraints 

prevented continuation of this project, These preliminary results were included and 

discussed. Further investigation was warranted before any results could be presented. 

Scheme 35 



Chapter 3 

Results and Discussion 

The research presented in this chapter on the synthesis of natural lignans is 

divided into three sections, The first section desmies experiments canied out to 

determine the effect of substituent5 on the photochemical and acid-catalyzed cyciization 

of dibenzylidenesuccinates. The rate of cyclization of dibenzylidenesuccinates with 

syrnrnetncally and unsymmeûically substituted aryl rings provided some insight on the 

mechanism of cyclization. This cyclization later provided the key step in the synthetic 

scheme used to prepare natural lignans. The intent of the studies on substituent effects 

was to determine if certain substitutions could enhance the reactivity of 

dibenzylidenesuccinates to generate aryldehydrotetraiins. If this were the case then the 

scope of the reaction could be expanded to produce a wide array of natural Lignans. 

The second section outlines a parallel synthetic route Ieading to galbulin 1 and 

cagayanin 2. The synthetic series began with two successive Stobbe condensations to 

generate the appropriate dibenzylidenesuccinates. The next synthetic reaction involved 

treatment of the dibenzytidenesuccinate with triflic acid to catalyze the ring cyclization to 

generate an ary ldehydrotetralin. The resulting aryldehydrotetralin structure was 

manipulated through functional interconversions to generate the desired natural lignans. 

FinalIy, in the third section, the possiiility of producing enantiomerically pure 

naturd lignans by exploithg the atropisomenc properties of dibenzylidenesuccinates was 

examined. The introduction of a rigid chiral auxiliary was attempted with the goal of 

preventing free rotation about the carbon-carbon single bond. This would presumably 

restrict the intaconversion between the atropisorners. It was also anticipated that the 



chiral influence would coerce the molecule to adopt one conformation. The 

enantiomericaily enriched dibenzylidenesuccinates might then be carried through the 

proposed synthetic methodology to generate enantiomencally enriched lignan naturd 

products. 

3.1 Aryl Substitution on Dibenzylidenesuccinates 

As stated in the introduction the dibenzylidenesuccinates are an interesting class 

of compounds that have phototropic and thermotropic properties. These compounds have 

been studied extensively in their succinic anhydride (fulgide) form 89 (Scheme 36)- 

89 102 Ar = 3,4,5-trimethoxyphenyl 

Scheme 36 

The hlgides have fewer degrees of freedom, as the anhydride restricts conformational 

flexibility. However, the dibenzylidenesuccinate diesters (102 for example) have more 

conformational fî-eedom, as there is no bond between the two ester groups. They rotate 

and interconvert between their rotamers more keely. The work described in the tint part 

of this section is continuation of the work by a previous student who was abIe to 

photocyclize the symmetrical E,E-bis-3,4,5-trimethoxybenzylidene succinate 102. It was 

assumed that this result could be extendeci to other symmetrical dibenzylidenesuccinates 

such as the E,E-bis-3,4-methylenedioxybenzyLidene succinate 118 the E, E-bis-3,4- 

dimethoxybenzylidene succinate 119, and the E,E-bis-2,4,5-trimethoxybenzylidene 

succinate 120. 
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Scheme 37 

in preparation for testing the above hypothesis, compounds 102, 118, 119, 120 

were synthesised by two successive Stobbe condensations (Scheme 38). The Stobbe 

condensation is a versatiIe reaction whose mechanism was discussed in Chapter 1. 

NaOEt Etl C0,Et 
Ar 

C02H C0,Et 

a Ar = 3-4-methylenedioxyphenyl NaOEt 
b Ar = 3,4dimethoxyphenyI 1 ArCkiO 

c Ar = 2,4,5-trimethoxyptienyl 
d Ar = 3-4,s-trimethoxyphenyl 

Scheme 38 



in the Stobbe condensations piperonal 121a (3,4-methylenedioxybenzaldehyde), 

veratrddehyde (3,4-dimethoxybenzaldehyde) 121b, 2,4,5-trimethoxybenzaldehyde 121c, 

or 3,4,5-trimethoxybenzaldehyde 121d were condensed with diethyl succinate 122 using 

sodium ethoxide as the base. M e r  work up, the Stobbe half-esters 123a-d were 

esterified using Et1 and &CO3 in acetone at reflux temperature. The Stobbe diesters 

124a-d were purified by distillation to give yelIow oils (CL 50-60%)- A second Stobbe 

condensation was employed to condense 124a-d with another equivalent of the 

appropriate benzaldehyde. Sodium ethoxide was used again as the base. This reaction 

aff'orded the diaryl half-esters 12%-d. For the synthesis of compound 118 and 102 the 

reaction was worked up and compounds 125a and 125d were isolated by column- 

chromatography (EtOAc-hexanedAcOH) followed by esterification in acetone using Eti 

and &Co3 to give 118 and 102 respectively. This procedure was not used for the 

synthesis of compounds 119 and 120. Since the diaryl half-esters 125b and 125c already 

existed as their sodium salts in solution f ier  tefluxing overnight, a direct conversion to 

their diesters without workup was attempted by adding Et1 directly to the reaction 

mixture. This proved to be successfid and the diesters 119 and 120 were isolated afler 

coiumn chromatography (EtOAc-hexanes) as yellow oils (37% and 87%, respectively). 

This simplified procedure couId not be used for preparation of diester 118 as 

purification problems were encountered. M e r  in si& esterification of 125a, the diester 

was very difficult to isolate by column chromatography as some unreacted piperonal 

wouId remain and contaminate the product. Piperonal and diester 118 had similar elution 

tirnes and therefore separation by column chromatography was dif'fïcult, producing many 

mixed fractions. The only way to circumvent this problem was to purify 125a before 



esterification. After esterification, no further purification was necessary, and the diester 

was isoiated in quantitative yield. 

A second method was also used to synthesize symmetrical 

dibenzylidenesuccinates such as the E,E-bis-2,4-dimethoxybenqlidene succinate 126 

and the E,E-bis-4-methoxybenzylidene succinate 127 (Scheme 39). 

Scheme 39 

Diester 126 was synthesised with the help of a c~worker.'~ The experimental 

procedure (developed by the coworker) was repeated and the characterization data for 

126 are included in the experimental section of this thesis, This second method used a 

modified Stobbe conden~ation'~~~, where NaH was used as the base, to successively 

condense two equivalents of either 2,4-dimethoxybenzaldehyde or 4- 

rnethoxybenzaidehyde with diethyl succinate in a one-pot reaction (Scheme 40). This 

reaction was canied out in DMF to afford the diaryl diacids 129a + 129b fier work up. 

Compound 129a was isolated and esterified by refluxing with excess EtI in DMSO to 

give 126 (59%). Diacid 129b was esterified in situ by adding excess Eti to the initial 

reaction mixture. After purification diester 127 was isolated (54%). 



K H +  Co', ,-Jcoh"& 3 C0,Et 

Ar C02Et Ar ' C0,H Ar ' C02Et 

a Ar = 2,4-dimethoxyphenyl 126 Ar = 2,4-dimethoxyphenyl(59%) 
b Ar = Cmethoxyphenyl 127 Ar = 4-methoxyphenyl(54%) 

Scheme 40 

The only method suitable for the syntheses of unsymmetricai 

dibenzylidenesuccinates was to perform two successive Stobbe condensations. Al1 of the 

desired unsymmetrical dibenzylidenesuccinates were synthesized by condensing the 

Stobbe diesters 124a-d (Scheme 38) with the appropriate benzaldehyde following the 

procedure described above. Esterification, after the second aryl condensation, was done 

by adding EtI directly to the reaction mixture. In dl, four unsymmetrical 

diarylbutadienes, shown in Scheme 41, were prepared (130 (23%), 131 (46%), 132 

(36%), 133 (29%)). 
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Irradiation experiments were carried out to detemine if the monoacid-ester 125a 

and diester 119 would photocyclize to the 1,2-dibydronaphthalenes. The compounds 

were dissolved in EtOAc and irradiated with a medium pressure mercury lamp through 

Pyrex glass (3 mm) for 2 h. The progress of the reaction was monitored by HPLC. The 

teactions were halted after 2 h. The solvent was evaporated and a 'H NMR spectnun was 

taken of the crude mixture. The conclusion drawn h m  the NMR spectra of the cmde 

mixtures was that cidtrans isomerization of the dibenqlidenesuccinates was probably 

occurring (Scheme 42). This was evident in the 'H NMR spectntm for irradiated 119, as 

there was no appearance of peaks typicd of the cyclized aryIdehydrotetraiin, however the 

appearance of extra vinyl proton and ester group proton peaks would be reasonable to 

deduce the occurrence of cidtrans isomerization. This meant that at l e s t  three 

compounds were present in the crude mixture. The HPLC trace confirmed the presence 

of three compounds, 50% d i  trans starting materid, 40% of a compound tentatively 

assigned the cidtrans structure, and 10% of what is probably the a11 cis compound 

(Scheme 42). 
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Scheme 42 

For h d i a t e d  125a, the 'H NMR spectrum showed the presence of oniy two 

compounds, 65% al1 tram starting material and 35% of a compound thought to be the 

cisftrans isomer of the starting material. The photochemical cyclization of 

dibenzylidenesuccinates was abandoned, as there was no evidence to c o n f i  the easy 

formation of the 1,2dihydronaphtfidenes similar to that Yvon had successfully 

synthesized fiom diester 102 via this method.% Apparently the efficiency of the 

photocyciization reactions is highly dependent on the exact substituents present. 

The photochemical cycikation of dibenzylidenesuccinates could not be app lied to 

other symrnetricd dibenzylidenesuccinates. Therefore a search for another general 

method for cyclinng dibenzylidenesuccinates was undertaken. A coworker eventually 

discovered that acid could cataIyze the cycIization of dibenzylidenesuccinates to 

ary ldehydrotetralins. The preliminary reactions invoIved treating diester 102 with either 

dilute sulfiiric acid or trifluornacetic acid V A ) .  M e r  work up and isoiation, rnostly 

starting material was recovered but a minor fluorescent compound could be detected by 

TLC in the TFA-catalyzed reaction. It was presumed that b i s  compound was quite 

CI *? -4- 8- CC possi'niy &e r,r-runy3runapiitIisticnc: LY r pciiernc 43). L WU ubscrvaii~us wt.re: uia& 



fiom this reaction. Either the dibenzyIidenesuccinate was not reactive enough or the acid 

chosen was not strong enough to catalyze this reaction. Therefore, the more reactive 

trifluoromethane sulfonic acid (TKIH) was chosen to further probe this possibility. The 

reaction was done, using the same substrate 102, in neat TEûH and analysis of the 

reaction by TLC showed many compounds were produced. It seemed that the right acid 

had been chosen but that the concentration of TfûH relative to the substrate was too high. 

in a subsequent reaction, a lower concentration of TfûH (1 eq.) was used, with substrate 

(1 eq.) dissolved in methylene chioride. The starting materid disappeared slowly with 

Little of the fluorescent product being formed. It was postulated that this substrate was 

not reactive enough for this chosen concentration. Therefore a different substrate was 

chosen to test its reactivity. Compound 120 was treated with TfOH (1 eq.) and 

gratifjringly generated the 1,2-dihydronaphthaIene 136. This compound was indeed 

much more reactive than 102 and Iater trials using even catalytic arnounts of TfOH 

afforded the corresponding 1,2dihydronaphthalene in quantitative yields. With this 

discovery in hand it was decided that a fui1 exploration of acid-catalyzed cyclizations of 

different dibenzyiidenesuccinates shouid be undertaken to test the generality of this 

reaction. As part of this thesis work the preliminary work of the coworker was repeated 

and investigations of other symmerricai diienzyhdenesuccinates were pursued. The 

results are summarized in Scheme 43. 
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Scheme 43 

The acid-catdyzed reactions were first done on the symmetrical 

dibenzylidenesuccinates shown in scheme 43. Although it was observed that the bis- 

2,4,5-trimethoxybenzylidene succinate 120 reacted readily with one equivalent of TfOH 

it was decided to determine the optirnum concentration needed to catalyze the 

cyclization. As mentioned, the coworker was successful in converting 120 to 136 using a 

catalytic amount of TEOH. The experiment was repeated to confirm this result and 

indeed only a catalytic amount of TîDH was necessary for fiil1 conversion to the 1,2- 

dihydronaphthalene 136. This was the first indication that substrates with a methoxy 

group in the 2 and 2' (ortho) positions of the aryl rings were more reactive than 

compounds such as 102 bearing 3- and 3' (meta) -methoxy groups, It was assumed that 

the bis-3,4dimethoxybenzylidenesuccinate 119 and bis-3,4- 

methylenedioxybenzylidenesuccinate 118 wouId not be as reactive as 120 since they 

lacked the 2- and 2'-methoxy groups. Therefore one equivaIent of TK)H was used 

initially with these two compounds. Diester 119 produced dihydronaphthalene 135 after 



a 5 h reaction time, however the cyclization of 118 to dihydronaphthalene 134 did aot go 

to completion in that time. The yield for the latter reaction was low and the amount of 

recovered starting materiai 118 was substantial. As expected, the reactivities for 

compounds 119 and 118 were lower than that of compound 120. The acid-catalyzed 

cyclization was attempted again for 118 using 1.5 equivalents of TfOH and st-g for 

8.5 h. The reaction was monitored by TLC and af€er an 8.5 h reaction time, TLC showed 

approximately 90% compIetion (90% product, 10% starhg materiai). The purpose of 

stopping the reaction at 90% completion was to elirninate unwanted side reactions that 

occurred over prolonged periods of stirring. These side reactions will be discussed later 

in the section on cyclization of unsymmetrical dibenzylidenesuccinates. The cyclization 

of diester 102 was also attempted using 3 equivalents of TOH and maintaining the 

reaction temperature at 45 O C  for 18 h. The reaction produced a mixture of compounds 

that were not characterized. One possible compound might have been the fully 

aromatized aryinaphthaiene 102a. tt was known fiom the coworker's results that some of 

this compound would form in the presence of oxygen (Scheme 43a). Even though this 

reaction was performed in a seaied tube, some oxygen might have leaked in during 

mixing of the reagents. This might have accounted for one the products fonned. 

102 R = 3,4,S-trimethoxy 102a 

Scheme 43a 



The results of the first four reactions depicted an emerging pattern for the effects 

of aryl substitution, and the position of those substituents, on the rate of cyclization. 

Further investigation involved the cyclization of bis-2,PdimethoxybenzyIidenesuccinate 

126 and the bis4methoxybenzylidenesuccinate 127. The result for the cyckation of 

126 reinforced the notion that a 2- and 2'methoxy substituent aided in cyclization. 

Diester 126 required 1 equivaient of TfOH and stirring for 4 h to achieve substantiai 

reaction. Compound 127 required 5 equivaients of TfOH and a reaction t h e  of 72 h, by 

far the longest reaction time for ail of the compounds tested. From these resuits an order 

of reactivity could be established (Scheme 44). It must be noted that the order of 

reactivity depicted in Scheme 44 is a rough estimate of the reaction rate as the substrates 

tested were not done under identical reaction conditions. 
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The results indicated that methoxy groups in the ortho (2 and 2') and paru (4 and 

4') positions accelerated the reaction, presumably by lowering the energy barrier to 

cyclization. Two proposed mechanisms (Aq-5 and Arz-6) are outIined in Scheme 45. 

Substituents in the meta (3 and 3') positions did not appear to acceIerate the reaction. A 

direct electrophilic substitution at the C-2 position to produce intermediate 144 (Scheme 

45) would presumably be enhanced by methoxy groups at the meta positions. On the 

contrary, as pointed out above, this type of substitution did not enhance the rate of 

reaction. Therefore a different mechanism for formation of the product was sought. 

Winstein and Heck, in a study of éaryl-n-buvl-p-bromobenzenesulfonates made sirnilar 

observations of substituent effects on cyclization rates." They proposed an alternate 

cyclization mechanism to explain the substituent effects (see below). Applying their 

mode1 Ieads to the proposition that cationic intermediate 143 precedes the formation of 

intermediate 144 (Scheme 45). 
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A protonated ester carbonyl group codd be generated by transfer from TfOH. 

The resulting cation can be drawn in two resonance forms, 141 and 142. Intermediate 

142 codd follow two possible cyclization routes. The first route would involve a direct 

one-step cyclization to produce the cationic intermediate 144. Intermediate 144 would 

presumably be a high-energy species since the aromaticity of the aryl ring is lost in this 

intermediate. Altematively compound 142 could undergo a two step cyclization forrning 

the spiro-carbocation 143 first, followed by a 1,2-alkyl migration to then a o r d  the 

intermediate 144. The result from both pathways would be the eventual formation of the 

hi&-energy intermediate 144. 

In the rate lirniting step between intermediates 142 and 144 the direct &6 

mechanism presumably has a higher activation energy banier compared to the indirect 

p.yegq h - 5  m_=h~=* Y  th;^ wprrr thos z p t h n q  pq~ crfhn & r-- nnrn - ?fi the 



ipso centre (C-1 of aryl ring) in 143, which codd stabilize the positive charge at C-2 

adjacent to the ipso centre, wouId presumabIy increase its rate of formation. This in tum 

would accelerate the overall reaction, as observed. The resonance contributors to 

intermediate 143 can better illustrate how the substituents stabilize 143 (Scheme 45a). 
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Scheme 4Sa 

It is evident that the resonance conmiutors 143a and 143b are both positively 

charged at the methoxy group carbon centres. The eIectron donating effects of methoxy 

groups would stabilize the positive charge in both resonance structures. The result would 

be an overall lowering in energy of species 143 and subsequently the barrier leading to it. 

In the case of the Ar2-6 mechanism the resonance contriutors 144a and 144b, with 

methoxy groups in the meta positions, could aIso contribute to stabiliPng species 144. 



Since it was observed that ortho and para substituted substrates cyclized more readily, 

one is led to believe that the Arl-5 pathway is more important in this reaction. 

The proposa1 of the two possible intemediates (143 and 144) leading to the 

aryltetralin structure is supported by the studies of Winstein and Heck on the Cphenyl-l- 

butyl  stems.'^^^ Their experiments delved into the participation of aryl groups on the 

solvolysis of 4-ql-1-butyl p-bromobenzenesulfonates 148. Furthermore the substituent 

effects of methoxy groups on the aryl ring were also studied in detail. 

The general notation Pcr,-n was used to denote the possible mechanisms, wliere a 

represented the position of the participating aryl group involved in creating the ring in the 

intermediate and n indicated the size of the ring being f~rmed. '~ Depending on the 

substitution on the aryl rings the reaction went either via the Ari-5 149 or the AQ-~ 150 

mechanism (Scherne 46). It was proposed that the 4-methoxybenzenesulfonate 148a and 

the 2,4-dimethoxybenzenesulfonate 148b cyclized through only the Ari-5 mechanism and 

the cyclization of 3-methoxybenzenesuIfonate 148c tuid 3,5-dimethoxybenzenesulfonate 

148d went exclusively through the Ar2-6 transition state. The reasons postulated for the 

enhanced reactivity through the Ari-5 mechanisrn are similar to the argument made for 

cyclization of dibenzylidenesuccinates in Scheme 45. Methoxy groups in the ortho and 

para positions to the C-1 ipso centre wiil have a p a t e r  rate accelerating effect if the 

reaction is proceeding through an Arl-5 that an Ar2-6 mechanism. Similarly methoxy 

groups in the meta positions would be more rate accelerating if the reaction were 

proceeding through an Ar2-6 mechanism. The fact that 2,4-dimethoxybenzenesulfonate 

reacts faster than 3,s-dimethoxybenzenesuLfcnate illustrates the importance of the Ar,-5 

route?' 



d R = 3,5-dimethoxy 
e R = 3,Cdimethoxy Scheme 46 

Further expenmental evidence was gathered to support the formation of the spiro- 

carbocation 149. This experiment involved eliminating the plane of syrnrnetry of the 

proposed intermediate 149 by adding a reporter p u p  ont0 the alkyl chah in 4- 

methoxybenzenesulfonate 152. The purpose of this expenrnent was to test the migratory 

preference of the 1,2-alkyI shift (Scheme 47), if this intermediate formed at all. If the 

1,2-alkyl shifi were to occur, as in pathway 'a' then the reporter group would end up on 

C-10 as in 156. On the other hand if pathway 'b' were to occur then the reporter group 

would remain on C-7 as in 157. In general, the predicted migratory aptitude descends the 

order fiom most substituted akyl group (tertiary) to the least substituted alkyi group 

(prirnar-y)?' Since pathway 'a' has the tertiary carbon centre, migration of this group 

would be preferred over migration of the primary carbon centre in pathway 'b'. This was 

observed as solvolysis produced entirely tetralin 156. This provided unequivocal 

evidence for the formation of the spiro-carbocation 153. The only mechanism for 

formation of tetralin 156 wouid have to involve reamgement of the spiro-carbocation 

r r 81-83 153 via pathway a . 
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As mentioned before, substituents on the aryl ring played an important role in 

achvating and deactivating the reaction through the proposed mechanisms during 

cyclization. For orrho andior para methoxy substituted cornpounds, the ArI-5 

mechanism predominated whereas meta methoxy substitution enhanced the Ab-6 

mechanism. Benzenesulfonate 148e was prepared by Wistein and Heck to test the 

effects of having simultaneous substitution at the meta and para positions. If the Arl-5 

and &-6 mechanisms were independent of one another then it was assumed that t h e  



would be cornpetition between the two. Furthemore the rate of the reaction for the 

disubstituted molecule shodd be approxirnately equal to the sum of the rates of the 

reaction for the meta and para monosubstituted benzenesulfonates (148c and 148a). In 

fact, the rate of cyclization of benzenesulfonate 148e exceeded the sum of the rates of 

148c and 148a. This seemed to implicate the rate-enhancing effects of the meta methoxy 

group. However, the authors did not believe that the Ari-5 and AQ-6 participation 

reactions were so electron-dernanding to eIicit this increased rate. They believed that this 

methoxy group actually retarded this cyclization since the more electron-demanding Ar,- 

3 participation studies, done previously, had a mera methoxy group that hindered the 

reaction. It is plausible that the ArI-5 and k z - 6  mechanism are not completely distinct or 

independent of one another in this case. An explanation was provided to rationalize al1 

the observations described above (Scheme 48)?5 

Ar, -5 At-6 
transition state transition state 

Scheme 48 

For both Arl-5 and Ar2-6 the approach of Ca towards the aryl C-1 or C-2, 

respectively would be 180°, the nomal hybridization of an interna1 substitution reaction. 

This approach would also be perpendicdar to the plane of the benzene ring. For the Arl- 

C mwhmicm tk~ annmd t h  f ~ ! & ~ ~ l y  S&&!~SS five-mg&gled chg. - -rra- 



Expanclhg to the relatively strain-free six-membered ring c m  also occur, as in the An-6 

mechanisrn. FurtIiermore formation of he five-membered ring is inherently faster than 

formation of the six-membered ring. 

Weinstein and Heck's work is in good agreement with the dibenzylidenesuccinate 

results. 

Jaclanan and Hadon have extended Winsteh and Heck's work and demonstrated 

through deutenun labelling of Caryl-1-butyl p-bromobenzenesulfonates that cyciization 

does not go exclusively through the An-5 or AQ-6 mechanisms." tn fact they were able 

to calcuIate a percentage for each mechanism that contributes to the overall product 

formation. They used the hydrogen-deutenum kinetic isotope effects to study the p- 

rnethoxy substituted systems and found that it cyclized 74.2% Ari-5 and 25.8% Art-6. 

This situation was reversed when the methoxy group was replaced with a methyl group. 

The cyclization was 69.4% Ar2-6 and 30.6% Arl-5. This was also the case for 

positioning the rnethoxy group at the nteta position. It was predicted that the mechanisrn 

for this cyclization proceeded exclusively through the Ar2-6 mode. 

The high reactivity of dibenzytidenesucchates with aryl rings bearing the 2 and 

2'- (ortho) methoxy substituent proved to be a disadvantage for acid-catalyzed 

cyciization of unsymmetrical dibenzylidenesuccinates. The more reactive aryl ring 

would cyclize ont0 the less reactive aryl h g .  This would seem to be an excellent 

outcome since that would constitute a stereoselective reaction. However, due to the high 

reactivity of the aryl ring bearing the ortho-methoxy it undergoes dearylation (Scheme 

49). 



Scheme 49 

The mechanisrn for this dearylation probably involved protonation of the pendant 

aryl ring (160) followed by aromatization of the tetralin ring (161) with the pendant ring 

159 acting as a leaving group (Scheme 50). 

161 

Scheme 50 



The driving force for this reaction is most Iikely the aromatization of the tetralin M g  to 

give the naphthaiene ring 158a,b. For unsymmetricai diester 130, that bore the less 

reactive 3,4-methylenedioxyaryl group and the 3,4-dimethoxyaryl group, dearylation did 

not occur in this case. instead cyclization afforded a mixture of the two possible 1,2- 

dihydronaphthalenes 162 and 163. 
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Scheme 51 

Unfortunately it was dificuit to drive this reaction to completion as evidenced by the 'H 

NMR spectnim of the isolated matenai. integration of the vinyl peaks showed a ratio of 

2: 1 unreacted dibenzylidenesuccinate 130 and a mixture of the 1,2-dihydronaphthalenes 

162 and 163. The mixture of products consisted of 75% of dihydronaphthalene 162 and 

25% of dihydronaphthalene 163. Separation of the two isomers by column 

chromatography was difficult as they had virtuaüy identical elution times. It was 

unfortunate that the product selectivity was not closer to 100% as that wodd have 

generated one pure isomer. Either isomer couid presumably have been converted to the 

respective natural lignans, Isogalcatin 164 and Galcatin 165 (Scheme 52). 
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Scheme 52 

This would have been most beneficial towards expanding the scope of this thesis for the 

preparation of other natural lignans using the proposed new synthetic methodology. 

3.2 Synthesis of Galbulin and Cagayanin: The New Synthetic Methodology 

The acid-catalyzed cyclization of dibenzylidenesuccinates was studied in depth in 

the 1s t  section with two plausibIe mechanisms proposed to explain the results. These 

results were consistent with those reported in the literature for Caryl-1-butyl- 

bromobenzenesulfonates (Scheme 46 and 47). The successful synthesis of the 1,2- 

dihydronaphthalenes paved the way for the use of this reaction in lignan synthesis. 

Galbulin and cagayanin were chosen as synthetic targets as they both have 

sirnilady substituted aryl groups and it couId be itnagined that they could be derived from 

symrnetricaiiy substituted dibenzylidenesuccinates. Gaibulin bears the bis 3,4-dimethoxy 

substituents and cagayanin bears the bis 3,4-methylenedioxy substituents. The core 

structures of the lignans correspond exactiy to two of the 1,2-dihydronaphthaienes 

produced in the earlier work (135 and 134). To obtain these naturai lignans, al1 that was 

required was functional group conversion of the ethyl ester groups to methyl groups and 

the reduction of the vinyiic functional group. The synthetic protocol is outlined in 

Scheme 53. 



Scheme 53 

Starting fiom the 1,2-dihydronaphthalene 135, the first synthetic step involved 

reducing the double bond. This was achieved by hydrogenation using Hz over a 

palladium on activated carbon catalyst, in ethanol. The palladium catalyst was removed 

and the saturated diester 166a was isolated in nearly quantitative yield. The 'H NMR 

verified the structure as evident fiom the disappearance of the WiyI proton at 7.6 ppm 

and the appearance of a multiplet at 3.9 ppm correspondhg to the new C-4 methylene 

group. 

The ester groups were reduced to produce the di01 f67a. This was achieved using 

LAH in THF, stirririg at room temperature under N2. After 30 minutes the reaction was 

complete as determined by TLC. Fieser workup gave the resulting di01 160a that was 



stable enough at room temperature to obtain a 'H NMR spectm. The 'H M b R  

spectnrm validated the authenticity of this compound through the disappearance of proton 

peaks corresponding to the two ester functionaiities. A pair of triplets at 0.96 and 1.24 

pprn and a pair of multiplets at ca. 4.1 ppm were replaced by a pair of broad multiplets at 

1.8 and 2.0 pprn. The pair of triplets and multiplets corresponded to the hivo diethyl 

esters and the two broad multiplets confirmed the generation of two methylene groups. 

DiWculties arose in deoxygenating the di01 167a to produce the dirnethyl 

f'ctionality as found in galbulin and cagayanin. It was at first thought that the di01 

could be deoxygenated in a two step process by conversion to the dibromide followed by 

reduction to the hydrocarbon. However, attempts at conversion of the di01 to the 

dibromide using PBr3 proved to be unsuccessful. This was surprising as this was the 

methad emphyed by Yvon in her synthesis of Magnoshinin 173 (Scheme ~ 4 ) . ~  The 

onIy structurai difference, other than tbe aryl rings, between magnoshinin 173 and 

galbulin 1, was the unsaturated double bond. 
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Scheme 54 

An example of deoxygenating alcohols to aikyl groups was given in srnith'' with 

reference to a paper by Voikmann et al on the synthesis of l0ngifolene.8~ in one synthetic 

step, zinc brornide and sodium cyanoborohydride were used to reduce a bridgehead 

alcohol to an a lb l  group (Scheme 55). 

Scheme 55 



This one step reaction was attempted for di01 167a, however it did not give the 

desired product. In hindsight the chances for success of this reaction was probably low 

because the reaction mechanism presumably goes through a carbocation. The tertiary 

carbocation formed at the bridgehead, although strained, would be more stable than the 

primary carbocation formed in di01 167a. 

The two step procedure for reduction of the di01 167a via conversion to a bis 

sulfonate, followed by reduction was next considered. Sulfonation was attempted using 

p-toluenesulfonyl (tosyl) chloride (TsC1) and diisopropylethylamine (DIPEA). The 

reaction was stirred for 4 h at room temperature and after workup the ditosylate 109a 

(Scheme 56) could not be detected in the 'H NMR spectnun of the crude product. A 

second attempt was carried out, bypassing the charactenzation of the ditosylate. Instead 

the presumed ditosylate, was immediately reduced using LAH. Again, this proved to be 

unsuccessful as the 'H NMR spectnim did not show proton peaks of gaibulin. 

While writing this thesis it was discovered in a literature paper that the conversion 

to the ditosylate and its subsequent reduction to galbuiii had already been achieved. This 

was accomplished with tosyl chloride and pyridine under cold conditions (Scheme 56).59 
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Furthemore the authors reported that performing this reaction at room 

temperature severely reduced the yield of galbulin and increased the yield of a side 

reaction, the formation of the corresponding teûahydrofiuan 174. This would account for 

the unsuccessfùl attempt at conversion of 167a to galbulin using tosyl chloride and 

DIPEA. Since the reaction was done at room temperature the possibility of 

teûahydrofiuan formation was conceivabIe. Subsequent reduction of the teûahydrofuran 

using LAH wouid have been difficult. A thkd attempt following the literature procedure 

might be successfbi in generating galbulin, Unfortunateiy at the tirne of the study this 

literature procedure had not been discovered and therefore a different synthetic 

conversion was attempted. 

A coworker suggested that conversion of the di01 to the ditriflate 168a foliowed 
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species that ofien features in studies of substitution reactions since they are such excellent 

leaving groups. Preparation of the diûiflate was attempted using triflic anhydride and 

DPEA in methylene chloride at -10 OC. Triflic anhydride was added dropwise to the 

cooled di01 solution and after 15 minutes, the reaction quenched with water. To prevent 

the formation of the tetrahydrofuran 174, no attempt was made to isolate or characterize 

the ditriflate 168a. M e r  work up, the solvent was removed and the residual compound 

immediately reduced using LAH in THF that had been cooled to -10 OC. M e r  20 

minutes had elapsed the reaction was subjected to Fieser workup and the resulting residue 

was chromatographed (EtOAc-hexanes). The major product isolated after 

chromatography was galbulin 1 (43%). The synthesis of cagayanin 2 (77%) was 

achieved by perforrning a paraiiel synthesis using the same synthetic protocol, as shown 

in Scheme 53. The evidence to support the synthesis of galbulin is in the cornparison of 

the 'H NMR spectra of the isolated product with data found in the literature on 

galbulin."8"9 Although a synthesis of cagayanin has never been published previously, a 

fÙII characterization was made when it was first isolated. The 'H NMR spectnun of the 

synthetic cagayanin, fiom above, and that reported of natural cagayanin were identical. 

The most characteristic peaks that verify the structures of both galbulin and cagayanin are 

two doublets at ca. 1.0 ppm. These are assigned to the two methyl groups at C-2 and C- 

3. 

3.3 Atropisomerism and Asymmeîric Syntheses of Lignans 

The intent of the third part of this thesis work was to extend the project started by 

the two previous coiieagues mentioned in section 1.5.4.1 of the introduction. Hirbert 

studied the E,E-bis-3,4-rnethylenedioxybenzylidene succinic acid (99 in Scheme 27) and 



found that attaching chiral a-methylbenzylamide groups led to the formation of 

atropisomeric diasteromers (100 and 101) as detected by NMR spectroscopy. 

Unfortunately, the diastereomers were not stable enough to allow for separation. Yvon 

discovered that the E, E-bis-3,4,5-trimethoxybenzyiidenesuccinate 102 Aso demonstrated 

atropisomeric diastereomerism d e r  the addition of a singIe methyl mandelyl group (see 

Scheme 59)? Unfortunately this also did not provide the required steric buk  for 

slowing of interconversion to ailow for separation of the rotamers. As with the amides 

prepared by Hiebert, only detection of the atropisomeric populations by NMR 

spectroscopy was possible. 

Further attempts by Yvon at introducing a chira1 auxiliary that would more 

successhlly hinder interconversion of the diastereomers proved to be unsuccesshl 

although she did manage to make some partial progress towards this end (Scheme 57). 

The objective was to condense pans-1,2-cyclohexanediol to the dibenzylidenesuccinate 

to form the rigid cyclic ester 176. Using dicyclohexylcarbodiimide @CC) and DMAP 

she was able to condense the monoacid 125d to one ofthe alcohol groups. The 'H NMR 

of the isolated cyclohexyl ester 175 provided the evidence for the formation of this 

cornpound. Several of the proton peaks were doubled indicating the existence of two 

diastereomers. These two diasteromers were confimed by analysis of the 13c NMR that 

also showed evidence of the two atropisomeric diastereomers of 175. Several attempts at 

irans-esterification of the ethyl ester with the other alcohoI group of cyclohexanedio1 in 

175 to 176, aii  failed. The treatrnent of cyclohexyl ester 175 with either TsOH or TFA 

did not produce the desired dilactone 176. A subsequent attempt at tandem coupling of 

the E,E-bis-(3,4,5-trhethoxybenzylidene) succinic acid 177 to trans-1,2-cyclohexanediol 



also did not produce the dilactone. The faiIure of these teactions was attributed to the 

difficulty of forming eight-membered rings. The torsionai strain produced in medium 

sized rings could not be tolerated in this system. 
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A further attempt to prepare isoIable atropisomeric diastereomers of 

dibenzylidenesuccinates was made in this thesis. Instead of using a ring system, such as 

cyclohexanediol, as the chiral auxiliary, a more flexible chiral auxiliary, ephedrine 178 

was chosen. Ephedrine contains a secondary amine and an alcohol group in a 1,2 

relationship and couid conceivably be used to form a cyclic ester-amide as s h o w  in 

scheme 58. The flexibiIity of ephedriae wodd presumably allow the system to reiieve 

the torsional strain generated in the eight-membered ring. 



The coupling was attempted between E,E-bis-(3,4,5-trimethoxybenzylidene) 

succinic acid 177 and ephedrine 178 using benzotriazol-1-y-1, l,3,3-tetramethyl uronium 

tetrafluoroborate as the coupihg reagent (Scherne 58). The colour of the 

reaction changed fiom yellow to green as the reaction progressed and formation of the 

succinic anhydride (fùlgide) was suspected. Several atternpts produced the same result. 

It was speculated that formation of the filgide was much faster and energetically and 

entropicaily more favourabIe than coupihg to ephedrine, Yvon dso encountered this 

problem in her attempt to couple the diacid 177 to cyclohexanediol using DCC.'~ At 

first, it appeared that the eight-membered ring of the dilactone had formed so therefore 

she irradiated the compound but the product formed was consistent with the aryltetralin 

anhydride formed fiom the fulgide. It was determined that the peaks in the 'H NMR 

correspondhg to the cycIohexyl group arose from the cycIohexyI urea byproduct of DCC 

and not fiom the expected dilactone cyclohexyl group. 
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Yvon was abIe to successfully synthesise the E,E-dibenzylidenesuccinate 

methyimandelylethyl ester 182 by coupling of the monoacid-ester 125d with methyl a- 

bromophenylacetate 181 (Scheme 59).54 

Scheme 59 

The methylmandelyl ester 182 was used in the dynamic NMR studies to probe the 

atropisomerism demonstrated in this stencally congested molecule. The use of a 

brominated akylating agent to ester@ the carboxylic acid group was successful therefore 

the use of a brornine species to form the dilactone eight-rnembered ring was 

contemplated. 
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Scheme 60 

ln a first attempt at a dialkylation reaction E,E-bis-(3,4,5-trimethoxybenzylidene) 

succinic acid 177 was reacted with tram 1,2-dibromocycIohexane 183 (Scheme 60). 



This reaction was unsuccessful, as the 'H NMR spectrurn showed no cyciohexyl 

proton peaks in the aiiphatic region. M y  the recovered diacid 177 was detected. It was 

surrnised that dibromocyclohexane 183 was not reactive enough for the substitution 

reaction. An activated dibromide species would be more susceph%ie to SN2 substitution. 

N-phenylrnaleimide 185 was chosen as a starting reagent as it contained an unsaturated 

double bond that could be halogenated. Furthemore it contained two electron- 

withdrawing carbonyl groups that could promote the substitution to the diacid 177. N- 

phenyimaleimide 185 was commercially available and the phenyl protection of the imide 

group was necessary to prevent unwanted side reactions at this centre. Bromination of 

the double bond was achieved using brornine in chlorofonn following a literature 

procedure (Scheme 61).~' 

Br2 - 
CHCI, 

Scheme 61 

The vicinai dibromide 186 precipitated out of chloroform as a white solid. A 'H NMR of 

186 was compared to the 'H NMR of the starting N-phenylmaieimide. The dibromide 

structure was confkmed by the disappearance of the succinimide peaks at 6.8 ppm 

corresponding to the two vhyl protons and the appearance of a two proton singiet at 4.9 

ppm corresponding to the two vicinal protons attached to the bromine centres. Several 

art~mntc at  c&ch.hitkg t& 177 y:th  th^ mz re&ve fimmns~c&mide 1-6 --=- - -- ----- 



proved to be difficult, as it produced only a mixture of unidentifiable products (Scheme 

62). 

177 186 

R = 3,4,5-trirnethoxy 

Scheme 62 

An idea for acbieving enantioselective photocyclization of 

dibenzyiidenesuccinates emerged h m  Scheffer's research on photochemistry of 

molecules in the solid  tat te.'^‘^^ Scheffer's graup studied the effects of ionic chiral 

amiliaries on the cyclization of many cornpounds that contained a carboxylic acid 

hctionality. The principle behind the chemistry was to crystailize the cornpounds as 

chiral amine saits. Upon crystallisation, molecuIes can pack into a crystai lattice of one 

enantiomeric form. An example of a chiral crystaihe salt is shown for an a- 

mesitylacetophenone derivative 188 in scheme 63 below. 

Scheme 63 



The photochemistry of the carboxylic acid forms of these compounds had 

previously been studied?' (=") M a t i o n  of these keto-acids in solution generated a 

racemate of the indanols 189. if these cornpoumis could be induced to undergo the same 

photochemical reaction in a nonracemic chiral environment, like that found in a chiral 

crystalline phase, it might be possible to prepare enantiomerically e ~ c h e d  

photoproducts. The chiral salts 188a and I88b were easily prepared by dissolving the 

carboxylic acid in an appropriate solvent followed by the addition of the enantiomerically 

pure amine, (S)-(-)-a-methylbenzylamine or [1S,2R)-(+)-norephedrine. The chiral salt 

precipitated out of solution and was colIected by suction filtration. The crystals were 

subjected to irradiation under N2 by squeezing a thin layer of the crystals between two 

Pyrex plates. Chiral salt 188a and l88b were irradiated to give products 189a and 189b, 

respectively, and upon workup with diazomethane they generated the indanol methyl 

ester 190, enriched in one enantiomeric form (Scheme 64). 

Scheme 64 

The ionic chiral auxiliary method was proven to be synthetically viable, giving high 

enantiomeric excesses and moderate to good yields. For chiral salt 188a, irradiation at 

room temperature resulted in onIy 16% conversion but achieved 94% enantiomeric 

excess (enantiomeric excess (ee) = (% major enantiomer - % minor enantiomer)). in a 



second attempt using a longer irradiation time the yietd was increased to 69% but there 

was also a decrease of the enantiomeric excess to 69%. This decrease of stereoselectivity 

with percent conversion increase has been observed previously by the authors and they 

postulated that it results h m  the loss of topochemicai control that occurs as the ordered 

crystal lattice breaks down during conversion of the starting chiral sait to the 

photoproduct.'8 For the norephedrine salt 188b, 12% conversion at mom temperature 

produced an enantiomenc excess of 90% on the first attempt. A second attempt, with 

longer irradiation tirnes, increased the yieId to 80% but reduced the ee to 80% as well. 

As can be seen this method doeç have its limitations when it comes to yieId and 

enantiomeric excess. 

The previous synthetic method was exptored as a possible solution for 

synthesizing enantiomencalty enriched lignans. The strategy was to test if the 

diienzylidene succinic acids couId be precipitated as chiral saits in one atropisomeric 

form. If this could be achieved, ihen irradiation of these crystais should afEord 

enantimerically enriched aryldehydrotetraiins. However, a mode1 compound was first 

chosen to establish the technique for the formation of amine salts. 

Scheme 65 

Cinnamic acid 191 was dissolved in ether and pure a-methylbenzylamine (1 eq.) 

was added neat to the solution. Upon addition of the amine, a white precipitate was 



immediately formed and after 1 h of stimng, collected by suction filtration. M e r  drying 

overnight a 'H NMR spectnun was taken of the white solid. The spectrum verified the 

formation of the chiral salt 192 as evident from the appearance of a doublet at 1.5 ppm 

corresponding to the protons on the a-methyl group and a quartet at 4.3 ppm 

corresponding to the a-proton. 

Using the E,E-bis-(3,4,5-himethoxyberzzylidene) succinic acid 177, several 

attempts at precipitating the chirai amine salts were made (Scheme 66). 

Scheme 66 

The first attempt used a-methylbenzylamine to form tùe chiral salt. Unfortunately a solid 

did not form upon addition of neat a-methylbenzyIamine. The solution turned cloudy 

after stirring for several hous, however, evaporation of the solvent gave only an oily 

product. In a second attempt, norephedrine was used as the amine. A similar resuit 

ensued after the addition of the amine. No precipitate was produced and only an oily 

substance was obtained. It was concluded that either the atropisomers were reluctant to 

crystdiize, or the steric congestion of the aryl rings made Iattice packing unfavourable. 



Although it was evident ftom the result using cinnamic acid that salt formation was 

feasible and practical this method was not successful for the dibenzylidenesuccinic acid 

tested. A new approach was conceived. 

It has been well documented that the diarylfulgides photocyclize to 

aryldehydrotetrdin compounds (see Introduction). The succinic anhydride form 

presumably restricts the conformationai fieedom of this molecule. As it contains a plane 

of symmetry, cyclization of the fiilgide atropisomers would produce racernic 

aryIdehydrotetralin. A y-hydroxybutyrolactone structure such as 197 also has a five- 

membered ring system sirnilar to the fulgide 180 but lacks the plane of symmetry, and 

contains a chiral centre. 

Scheme 67 

Furthemore the fiee hydroxyl group could be used to attach chiral auxiliaries. 

This would introduce an additional chiral infiuence closer to the atropisomeric centre that 

would presumably exert a better effect in coercing the molecule to adopt one 

atropisomeric form. If the molecule were to adopt one atropisomeric form then it could 

be subjected to irradiation or acid treatment to afford enantiomerically enriched 

ary1dehydrotetraIins. The removal of the chirai auxiliary and functional interconversions 

to the desired functionalities could generate enantiomencdly pure natural lignans. The 

synthetic scheme is outlined in Scheme 68 shown below. 
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The first three steps of the sequence have been successfully accomplished. 

Starting fiom the monoacid-ester 125d, the carboxylic acid group was reduced to the 

monoalcohol 194 using borane-dimethylsuEde in tetrahydrofuran following a Iiterature 

procedure!* The monoacid-ester 125d was treated with 10 equivalents of BH3'SMer 

complex at room temperature for 5 h. The crude monoaicohol 194 was washed severaI 

tirnes with ethano1 and isolated as a yeIlow oiI. The structure of the monoaicohol 194 

was confïrmed by its 'H NMR spectrum. me proton peaks correçponding to the 



methoxy groups on the aryl rings were doubled indicating the different chemical nature 

ofthe two arylrings. Several attempts at oxidation of the monoalcohol 194 to the 

monoaldehyde 195 were made. The first attempt used the Jones Reagent, a 5% Cr03 in 

5% H2S04 solution, to oxidize the aicohol to the aidehyde. The monoaicohol 194 was 

treated with 10 equivaients of the Jones reagent at O O C  for 3 h. The first attempt 

produced a brown substance that was, according to TLC analysis, a mixture of severai 

compounds. It was presumed that the oxidation was allowed to occur for too long. In a 

second attempt, a shortened reaction tirne of 2 h was used. Analysis by TLC determined 

that the aldehyde and another compound were present. The appearance of an aidehyde 

proton peak at 9.6 ppm in the 'H NMR s p e c t m  was a good indication of product 

formation. This other compound aiso had a signal in the aldehyde proton region and was 

presumed to be the carboxylic acid. It is known that the Jones reagent can oxidize 

primary alcohols to the carboxylic acid. 

in another attempt, a less reactive oxidizing agent was used in order to stop the 

oxidation at the aldehyde stage. Pyridiniumfluorochromate (PFC) was chosen as the 

oxidizing agent. One equivaient of PFC was used to react with one equivalent of the 

monoalcohoI. The first attempt using this reagent produced the desired aldehyde but only 

with 50% conversion in a !4 h. A longer reaction time was necessary for full conversion 

into the aldehyde. A second attempt involved treating one equivaient of monoalcohol 

with one equivalent of PFC for 2% h. After the first 1 !4 h a second equivaient of PFC 

was added. Mer workup, a 'H NMR spectnun was taken of the product isolated. It 

showed aimost complete conversion to the aldehyde 195, however the presence of the 

carboxylic acid was again detected as a contaminant. The problem encountered was that 



PFC was oxidizing the monoalcohol to the monoaidehyde but it was also slowly 

oxidiUng the moaoaidehyde to the carboxylic acid. 

Manganese dioxide ( M d 2 )  was used in another attempt to foxm aidehyde 195. 

This reagent is known to work welI for oxidizing allyiic alcohols. AAer a reaction time 

of 72 h, the aidehyde w u  isolated in quantitative yield and required no M e r  

purification. Furthemore, no evidence of carboxyiic acid formation was detected. Steric 

congestion of the aryl rings and the ester group may have caused the reaction to progress 

slowly. The rnechanism of this reaction is believed to occur through a fiee radical 

(Scheme 69):' 

194 Ar = 3,4,5-himethoxyphenyl (adsorption) (coordination) 

I 

(desorption) 

Scheme 69 

The monoalcohol adsortis onto the Mn surface and coordinates to forrn a 

cornplex. This cornpIex promotes eIectron transfer to the ailylic position of the alcohol 
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stabilized at the allylic position by conjugative effects. A second electron transfer 

generates the aldehyde adsorbed on Mn(OQ2. Finally the aldehyde is desorbed, with 

Ioss of water, to complete the oxidation. 

After obtaining the aidehyde it was assumed that this compound could be cyciized 

directly to generate the y-hydroxybutyrolactone 197. Unfortunately this was not the case, 

as several repeated attempts using potassium carbonate to hydrolyze the ester followed by 

acidification to fonn the lactol did not lead to the desired product. It was presumed that 

the base would hydrolyze the ester and in sihr the carboxylic acid would attack the 

carbonyl of the aldehyde. The equilibrium for formation of the lactol presumably lies 

well on the side of the reactant, or uncycriied form. If the equilibrium could be shified 

towards formation of the product then lactol formation would be enhanced. It was 

conceived that trapping the y-hydroxy group on the butyrolactone via an alkyl group 

might prevent the reversible reaction fiom occurruig. Furthemore the equilibriurn would 

shifi towards the right as more product was formed. To maintain the equilibrium, more 

starting material would be converted to product eventually converting al1 of the starting 

matenai to product. 

The key step in the whole synthetic scheme was formation of the aryl y- 

hydroxybutyrolactone. The first attempt at cyclizing the monoacid-aldehyde 196 to the 

lactol ether was performed in a NMR tube so that the reaction could be monitored by 

NMR spectroscopy. Deuterated methanol was used as the solvent and p-toluenesulfonic 

acid (TsOH) was used to catdyze the reaction. The reagents were added to a NMR tube 

and a 'H NMR spectrum was taken immediately. The spectm could not be interpreted 

as TsOH masked the peaks corresponding to the product. The reaction was worked up 



and the compound passed through silica gel to remove the TsOH. The spectrum of the 

purified product could not be correctly assigned due to the interference h m  other 

unidentifiable signals. 

The next attempt used normal methanol with TsOH catalyzing the reaction. Once 

again this generated extra proton signals that could not be assigned. It was postulated 

that TsOH might be too strong an acid. A weaker acid was chosen for the next attempt. 

The acid-aldehyde was dissolved in methanol and a cataiytic amount of acetic acid was 

dispensed into the reaction mixture. The product was isolated &er 3 h and a 'H NMR 

spectrum taken. There was no spectral evidence to support the formation of the 

butyrolactol ether as the spectnun lacked the y-proton signal geminal to the aikoxyl 

P U P .  

In a 1 s t  attempt to form the lactol 197 the monoacid-aldehyde 196 was treated 

with 0.7 equivdents of TsOH in benzene for 21 h at room temperature. Afier workup 

and purification a pure compound was obtained. The 'H NMR s p e c m  appeared very 

promising and at first, it was thought that butyrolactone 197 had been formed. There 

were two vinyl proton peaks at 7.98 and 8.35 ppm and a peak at 6.5 ppm that could have 

been the y-proton. However, upon closer inspection it was determined îhat the monoacid- 

ddehyde had cyched to the aryldehydrotetralin 201 in scheme 70 below. 
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Scheme 70 

The proton peaks of the aryI rings proved that it was this compound. Instead of 

two two-proton singlets that would be expected of the aryl protons, 2:l proton singlets 

were observed. That would be more consistent with the one-proton signal fiom the 

aryltetralin aryl proton and the two-proton signa1 frorn the pendant aryl protons. 

Furthemore the two vinyl peaks could be explained by the formation of compound 202. 

The formation of the compound 202 would be reasonable since under acidic conditions 

the hydroxyl group would be lost to generate the unsaturated double bond. The 

formation of compound 202 proved that the butyrolactone does form but one question 

that remains unanswered is in what order does the formation and cyclization occur? 

Unfortunately time had run out for continued investigation of this question. 

Completion of the third part of this thesis was haited after this reaction. Further probing 

with the use of different acids wouid be the next logical expIoration. Weaker acids might 

prevent the elimination of the hydroxyl group. As mentioned above trapping experiments 

should be attempted if y-hydroxybutyrolactone 197 formation precedes the cyclization. 



Chapter 4 

Conclusions 

The research described in this thesis can be divided into three parts. 

1) The k t  part of the thesis involved the study of using acid to cataiyze the ring 

cyclizations of symmetrical and unsymmetrical dibenzylidenesuccinates. Acid treatment 

of syrnrnetrical dibenzylidenesuccinates afforded the correspondhg aryldehydrotetralins 

in fair to excellent yields. Several different types of syrnrnetricd dibenzylidenesuccinates 

were synthesized. It was interesthg to note that the substitution on the aryI groups had a 

ciramatic effect on the rate of cyciization. It wûs found that methoxy p u p s  in the ortho 

(2 and 2') and para (4 and 4') positions of the aryl rings enhanced the cyclization 

whereas methoxy groups in the meta (3 and 3') positions hindered ring formation. Two 

mechanisms were proposed to account for aryl group participation during ring 

cyclization. It was proposed that dibenzylidenesuccinates with 2 and 2'-alkoxy 

substituted aryl rings undergoes ring cyclization with formation of the intermediate 

spirocarbocation, hown as an Arl-5 mechanism whereas for dibenzylidenesuccinates 

with 3 and 3'-substitution the cycIization goes through a six-membered ring carbocation 

or AR-6 mechanism. Methoxy groups in the 2 and 2' positions stabilize the intermediate 

spirocarbocation whereas methoxy groups in the 3 and 3' positions stabilize the six- 

membered carbocation intermediate. Furthemore it was postulated that reactions 

proceeding by the Ari-5 mechanism were faster than those proceeding by the Ar2-6 

mechanism. From these results a cmde order of reactivity was deduced. 
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Attempts at cyclization of unsyrnmetrical dibenzylidenesuccinates proved to be 

Iess useful. The aryldehydrotetralins were formed but under acidic conditions they wouId 

undergo dearylation of the more reactive pendant ring. A mechanism was proposai to 

rationalize this result. 

2) The second part of this thesis carried forward two results obtained from the k t  part. 

The E, E-bis3,4-dimethoxybenzylidene succinate and the E, E-bis-3,4- 

methylenedioxybenzylidene succinate were successfully converted by triflic acid to theù 

corresponding 1,2-dihydronaphthaienes. A search of the literature revealed that two 

natural lignans contained the same aryl ring substitution. Gaibulin had the 3,4-dimethoxy 

substituted aryl rings and Cagayanin had the 3,4-methylenedioxy substituted aryl groups. 

Therefore it was presumed that these two natural products could be derived h m  their 

respective dihydronaphthalenes. This was successfully executed in four steps from the 

dihydronaphthaienes. This new synthetic methodology was developed with the intent of 

eqanding the scspe of lignan synthesis, This was demonstrated for the unqmmetrical 



dibenzylidenesuccinate that contained a 3,4dimethoxy aryl ring and a 3,4- 

methylenedioxy aryl ring. This compound did not undergo dearylation owing to the fact 

that it contained a less reactive substituted aryl group. It was treated with trifiic acid and 

found to form a 3:l mixture of isomeric dihydronaphthalenes with the major isomer 

having a 3,4-rnethylenedioxy pendant aryl ring. If the major and minor isomer could be 

successfully resolved then both could be canied through to their respective lignan natural 

products, Isogaicatin and Galcatin. 

3) The third part of this thesis explored several possible routes to achieving asymrnetric 

syntheses of natural Iignans starting fiom dibenzylidenesuccinates. 

Dibenzylidenesuccinates are interesting from an asymmetric synthesis standpoint because 

they demonstrate atropisomensm, chirdity in a rnolecule that arises fiom hindered 

rotation about a single bond. 

The intent of this part of the research was to coerce the rnolecule to adopt one 

atropisomenc fom. This was attempted using several approaches. The first approach 

involved introducing a rigid chiral auxiiiary in the fom of an eight-membered ring 

linking the ester groups. This proved to be very dinicult, as the eight-membered ring was 

reluctant to form, possibly due to ring strain. In a second approach attempts were made 

to crystallize the dibenzyiidene succinic acids as c W  mine saits. The idea was that 

q p ~ n  cqrgdl&at;_~n t_h- ~Q!wJ!- mi& & ~ p r  ~nIy 'ne cnnf~nnaji~nally favaured 



atropisorneric fom. If this was the case then the crystals could be subjected to solid state 

photochemistry to induce cyclizatiun in the severely restricted chiral space group. 

Unfortunately the compounds were difficult to crystallize into solids with the chiral 

amines chosen. This reluctance to crystdlize ETom solution may be a result of the 

inherent nature of dibenzylidenesuccinate diacids. The final approach that was attempted 

was to form the five-membered y-hydroxybutyrolactone ring Eom the 

dibenzylidenesuccinate monoacid-ester. It was previously shown that the anhydrides 

cyclized readily to form the dihydronaphthalenes. It was presumed that formation of a 

butyrolactone would also [end itsetf to cycüzation, Furthennore with the presence of a 

Eee hydroxyl group, attaching a chiral auxiliary was possible. This chiral influence 

would aid in prejudicing which atropisomeric form would predominate. The 

enantiomerically enriched dibenzylidenesuccinate could then be subjected to the 

proposed synthetic methodology to generate enantiomerically pure lignans. The first 

three steps of this synthetic scheme were successfXIy completed, however, preliminary 

experiments in forming the butyrolactone have not yielded this compound. This step is 

probably the most difficult as it rnay be stencdly too demandimg for the aryl groups to 

adopt the crowded conformation expected in the butyrolactone. Further experiments to 

form the butyrolactones are necessary before the synthetic scheme can progress. 



Chapter 5 

Expenmental 

'H and I3~-bJMR spectra were recorded in CDC13 on a Bniker Avance 300 FT 

instrument using Xwinnmr software. Residual CHC13 in the CDCl] was used as the 

chernical shift standard for 'H spectra (726 ppm) and the carbon resonance of the solvent 

was used as the standard for the I3c spectra (77.2 ppm). Flash co1umn chmmatography 

(FCC) was performed using Silicycle 230400 mesh siiica gel. High resolution and 

electron impact mass spectra were obtained on a VG Analytical 7070E-HF instrument, 

High-pressure Iiquid chromatography was perfonned on a C-18 reverse phase coIurnn 

using a Varian 9010 Solvent Deiivery instrument and a Varian 9050 Variable 

Wavelength W-Vis detector. HPLC sarnples were eluted with either an increasing (O- 

100%) acetouitrile in water gradient over 25 minutes or an increasing (65-70%) methano1 

in water gradient over 15 minutes then increaskg (0-100%) acetonitrile in water gradient 

for 5 minutes. THF was fieshly distilled h m  sodium and benzophenone under nitrogen 

and CHzC12 was fiesh1y distilled h m  CaH2 under niirogen. Al1 other solvents used were 

commercial grade purchased fiom Fisher. A 450 watt Hanovia medium pressure mercury 

larnp (3 mm Pyrex filter) equipped with a cooling jacket was used in irradiation 

experiments. Room temperature (rt) indicates ambient temperature between 21-25 O C .  



3,4-Methylenedioxybenzylidenesnccinate monoacid-ester 

Potassium metal (4.7 g, 120 mmol) was added to tert-butyl alcohol(130 mL) in a 

flame dried 300-mL three-neck flask. The mixture was heated to 70 OC with stining unti1 

the potassium had dissolved (ca. 1% h). A solution of diethyl succinate (33 mL, 200 

mrnol) and piperonal (3,4-methylenedioxybenzaldehyde, 15 g, 100 mmol) in t-butyl 

alcohol (100 mL) was prepared by heating to dissolve the benzaldehyde. This solution 

was added to the potassium t-butoxide solution via a dropping funnel over 20 min, with 

stirring. The dropping funne1 was rinsed with t-butyl alcohol (20 mL) and the reaction 

was left to stir for 3 h at reflux temperature, during which time a yellow precipitate 

formed. The t-butyl alcohol was evaporated and saturated aqueous NaHC03 (100 mL) 

and EtOAc (75 mL) were added. The mixture was poured into a separatory funnel, the 

organic Iayer was removed and the aqueous fayer was extracted with EtOAc (2 x 75 mL). 

The residual aqueous fraction was acidified with 10% HC1 solution, and extracted with 

kesh EtOAc (3 x 75 mi,). This second organic extract was washed with water (100 mL), 

dried (MgS04), filtered, and evaporated to give c a d e  product that was reacted in the next 

step without furthet purification. This compound had 'H NMR, I3c NMR, and mass 

spectral properties identical to those previously reported.68 



3,&Dimethoxybenylidenesuccinate monoacid-ester 

Anhydrous ethanol(50 mL) and sodium metal (0.51 g, 22.1 mmol) were added to 

a flame dried 100-mL three-neck flask, heated to 70 O C  with stimng until al1 the sodium 

had dissolved (ca L/? h). A solution of diethyl succinate (3.2 mL, 18.9 mmol), 

veratraldehyde (3,4dimethoxybenzaldehyde, 2.62 g, 15.8 mmoI), and ethanol (20 mL) 

was prepared with gentle heating to dissolve the benzaldehyde. This solution was added 

to the sodium ethoxide solution via a dropping h e l  over 20 min. The dropping h e l  

was rinsed with ethanol (10 rnL) and the reaction was left to stir for 20 h at reflux 

temperature, during which time a yellow precipitate formed. The ethanol was evaporated 

and saturated aqueous NaHC03 (50 mL) and EtOAc (25 mi+) were added. The mixture 

was transferred to a separatory h e 1 ,  the organic fiaction was removed and the aqueous 

hction was extracted with EtOAc (2 x 25 mi,). The basic aqueous solution was 

acidified with 10% HC1 solution, and extracted with fresh EtOAc (3 x 25 mL). This 

second organic extract was washed with water (50 mi,), dried (MgS04), filtered, and 

evaporated to give cmde product that was reacted in the next step without M e r  

purification. This compound had 'H NMR, ' 3 ~  NMR, and mass spectral properties 

identical to those previously q ~ r t e d . ~ ~  



3,4,5-Trimethoxybenzylidenesuccinate monoacid-ester 

Anhydrous ethanol(100 rnL) and sodium metal (1.65 g, 72.0 mmol) were charged 

to a flame dried 250-mL three-neck flask, heated to 70 O C  with stining d l  al1 the 

sodium had reacted (ca. '/z h). A solution of diethyl succinate (12.0 mL, 18.9 mmol), 

3,4,5-trirnethoxybenzaldehyde (1 1.77 g, 60.0 mmol), and ethanol(80 mL) was prepared 

with gentle heating to dissolve the benzaldehyde. This solution was poured into a 

dropping b e l  and added slowly over 20 min to the sodium ethoxide solution. The 

dropping funnel was rinsed with ethanol (20 mL) and after stimng for 20 h at reflux 

temperature a yellow precipitate formed, The ethanol was evaporated and saturated 

aqueous NaHC03 (75 mL) and EtOAc (75 mL) were added. The mixture was transferred 

to a separatory b e l ,  the organic fraction was drained and the aqueous tiaction was 

extracted with EtOAc (2 x 75 mL). The basic aqueous solution was acidified with 10% 

HC1 solution, and extracted with fiesh EtOAc (3 x 75 mL). This second organic extract 

was washed with water (75 mL), dried (MgS04), filtered, and evaporated to give crude 

product that was reacted in the next step without M e r  purification. This compound had 

'H NMR, "C NMR, and mass spectral pmperties identical to those previously reponed." 



2,4,5-T~methoxybenyliden~uccinate monoaeid-ester 

Anhydrous ethanol(60 mL) and sodium metal (0.64 g, 20.0 rnmol) were added to 

an oven dried 100-mL three-neck flask and heated to dissolve the sodium (ca. !h h). A 

solution composed of diethyl succinate (4.0 mL, 24.0 mmol), 2,4,5- 

trimethoxybenzaldehyde (3.92 g, 20.0 rnmoi), and ethanol (30 rnL) was prepared with 

gentle heating to dissolve the benzaldehyde. A dropping h e l  was used to slowly 

dispense this solution over 20 minutes. A mal1 amount of ethanoi (10 mL) was used to 

rime the h e l .  The reaction was Ieft to stir for 20 h at reflux temperature, during which 

time the formation of a yellow precipitate was observed. The ethanol was evaporated and 

saturated aqueous NaHC03 (50 mL) and EtOAc (25 mL) were added. The mixture was 

poured into a separatory h e l ,  the organic hct ion was removed and the aqueous 

fraction was extracted with EtOAc (2 x 25 a}. 10% HC1 solution was used to acidify 

the residual aqueous solution followed by extraction with fiesh EtOAc (3 x 25 mL). 

These organic extracts were pooled, washed with water (50 mL), dried (MgS04), filtered, 

and evaporated to give cnide product that was reacted in the next step without M e r  

purification. This compound had 'H NMR, ' 3 ~  NMR, and mass spectral properties 

identicai to those previously rqorted." 



Diethyl3,4-MethylenedioxybenzyIidene succinate 

The crude 3,4-methylenedioxybezlzyIidenesuccinate monoacid-ester 123a (2.78 g, 

10.0 mrnol) was dissolved in acetone (100 mL, ca. 0.1-0.2 M). K2C03 (6.92 g, 50.0 

rnmol) and Et1 (1.6 mL, 20.0 mmol) were added and the mixture was heated at reflux for 

20 h. The excess K2C03 was removed by filtration and the acetone was evaporated. The 

residue was taken up in EtOAc (100 mL), dried (MgS04), filtered, and evaporated to give 

yellow-brown oil. The crude product was purifiai by short-path, high vacuum (0.01 mm 

Hg, 150-180 O C )  distillation to give a yellow oil(1.62 g, 53%). This compound had 'H 

NMEt, I3c NMR, and mass spectral properties identical to those previously reported."' 

Diethyl3,4-Dimethoxybenzylidene succinate 

Meom C0,Et 

Me0 C0,Et 

The crude 3,4-dimethoxybenzyIidenesuccinate rnonoacid-ester 123b (4.27 g, 14.5 

rnmol) was dissolved in acetone (LOO mL, Ca. 0.1-0.2 M). K2C03 (10.0 g, 72.5 mmol) 

and Eti (2.3 mi,, 29.0 mmol) were added and the mixture was heated at reflux for 20 h. 

The excess K2C03 was atered and the acetone was evaporated. The residue was diIuted 

with EtOAc (100 mL), dried (hdgS04), filtered, and stripped of solvent to give a yellow- 

brown oil. The crude product was purifiai by short-path, high vacuum (0.01 mm Hg, 



150-180 OC) distiIlation to give a yellow oil (2.67 g, 57%). This compound had 'H 

NMR, "C NMR, and mass spectral properties identical to those previously reported." 

Diethyl3,4,5-TrimethoxybenzyLidene succinate 

The crude 3,4,5-trimethoxybeflz~lidenesuccinate monoacid-ester l23d (4.82 g, 

14.9 m o l )  was dissolved in acetone (100 mL, ca 0.1-0.2 M) and transferred to a dry 

flask. &Co3 (10.3 g, 74.3 m o l )  and Eti (3.0 mL, 37.1 m o l )  were added and the 

mixture w a  heated at reflux for 20 h. The undissohed K2C03 waç removed by filtration 

and the acetone was evaporated. The remaining material was taken up in EtOAc (100 

mi.), dried @@O4), filtered, and evaporated to give yellow-brom oil. The crude 

product was subjected to short-path, high vacuum (0.01 mm Hg, 150.180 O C )  distillation 

to give a pure yeiiow oil(2.67 g, 57%). This compound had 'H I3c NMR, and 

mass specirai properties identical to those previously reported? 

DiethyI 2,4,5-Trimethoxybenzylidene succinate 

OMe 

The crude 2,4,5-trimethoxybenzylidenesuccinate monoacid-ester 123c (5.19 g, 

IC - CI - . - -CI ,. 4 n- nn n i6.V mmoij was aissoiveQ in d o n e  iiûû d, ca u.1-ut MI. CLZLU~ (1 1.~0, OV.U 



mrnol) and Eff (2.6 mL, 32.0 mrnol) were added and the mixture was heated at reflux for 

20 h. The remaining &CO3 was removed by filtration and the acetone was eliminated on 

the rotatory evaporator. The resulting ta.-like substance was taken up in EtOAc (100 

rnL), dried with anhydrous MgS04, filtered, and evaporated to give a yellow-brown oil. 

The crude product was purified by short-path, high vacuum (0.01 mm Hg, 150-180 OC) 

distillation. A yellow oil(3.80 g, 67%) was obtained in high purity. This compound had 

'H NMR, l3c NMR, and mass spectral properties identical to those previously r e p ~ r t e d . ~  

E,E-bis-(3,4-methylenedioxybenylidene) monoacid-monoester 

Absolute ethanol (30 mi.) was added to a 100-mL, flame dried three-neck flask. 

Sodium metal (0.14 g, 6.1 rnrnol) was added and the flask was imrnersed in a 90 O C  oil 

bath. The sodium metal completely reacted after stirring for !h h. Diethyi 3,4- 

methylenedioxy succinate (124a) (1.56 g, 5.1 mrnol) and piperonal (0.92 g, 6.1 mmol) 

were separately dissolved in ethanol (10 mL each). These two solutions were added 

successively, via dropping fiunel, to the reaction flask. The dropping funne1 was rinsed 

with ethanol(10 mi,) and the reaction mixture was stirred at reflux for 20 h, during which 

time a yellow-orange precipitate formed. The mixture was poured into a separatory 

h e l  and saturated aqueous NaHC03 (50 ml) added. This solution was extracted with 

EtOAc (2 x 50 mL). The residual aqueous hction was acidified with 10% HCI. This 

solution was extracted with k h  aliquots of EtOAc (2 x 50 mL). The organic extracts 



were pooled and washed with water (25 mL), dried (M~SOJ), filtered and concentrated to 

give cmde product (1.60 g, 78%). The product was isolated by FCC using 30% EtOAc- 

hexanes and 2% AcOH to give a yellow oil(0.82 g, 39%). 'H NMR (CDC13) 6 1.17 (t, 

3H, J =  7.1), 4.19 (m, 2H), 5.89 (m (AB), 2H), 5.91 (m (AB), 2H), 6.70 (d, lH, J = 4.7), 

6.73 (d, IH, J = 4.7), 6.99 (m, 2H), 7.04 (m, 2H), 7.83 (s, IH), 7.88 (s, 1H); "C NMR 

(CDC13) 8 14.1 (CH3), 61.2 (CH2), 101.4 (CHz), 101.5 (CHz), 108.5 (2 x CH), 108.8 

(CH), 108.9 (CH), 123.9 (C), 124.2 (C), 126.2 (CH), 126.6 (CH), 128.7 (C), 128.8 (C), 

142.6 (CH), 144.2 (CH), 147.9 (C), 148.0 (C), 149.0 (C), 149.4 (C), 166.8 (C), 172.3 (C); 

mass spectnun m/z (relative intensity) 410 (Mt, 26), 364 (57), 292 (30), 243 (30), 176 

(48), 149 (28), 135 (68), 122 (54), 86 (IOO), 63 (22); HRMS calcd. for CzHisOa 

410.1001, found 410.0992. 

Diethyl E,E-bis-(3,4-methylenedioxyben y lidene) succinate 

E,E-bis-(3,4-methylenedioxybenzylidene) monoacid-ester 125a (0.77 g, 1.9 

mmol) was dissolved with acetone (25 mL). K2C03 (0.78 g, 5.6 mmol) and EtI (0.30 

mi,, 3.7 mmol) were added and the mixture was stirred at reflux for 20 h. Excess K2C03 

was removed by filtration and the acetone was evaporated. The residue was taken up in 

EtOAc (50 mi.), wzshed with saturated aqueous NaHC03 (50 mL), washed with water 

(50 mL), dried (MgS04), filtered, and concentrated to give product (0.75 g, 88%) that 

required no M e r  purification. 'H NMR (CDC13) 6 1 .l4 (t, 6H, J = 7.1), 4.15 (m, 4H), 



5.91 (s, ZH), 6.71 (d, 2H, J =  8.01, 6.97 (d, IH. J =  1.7), 7.00 (s, 2H), 7.78 (s, 2H); I3c 

(CDCl3) 8 14.1 (2 x CH3), 61.0 (2 x C'Hz), 101.4 (2 x CH2). 108.4 (2 x CH), 108.8 

(2 x CH), 125.0 (2 x C), 125.9 (2 x CH), 129.0 (2 x C), 142.1 (2 x CH), 147.9 (2 x C), 

148.8 (2 x C), 167.0 (2 x C); mass spectrum d z  (relative intensity) HRMS calcd. for 

C ~ d h O g  438.13 14 found 438.1339. 

Diethyl ES-bis-(3,4-dimethoxybenzyüdene) succinate 

M ' O ~ M .  

/' \ \ 
"O Et0,C OMe 

Anhydrous ethano1 (30 rnL) and sodium metal (0.10 g, 4.6 mmol) were added to a 

flame dried 100-mL three-neck flask. The flask was b e r s e d  in a 90 O C  oil bath and the 

solution was stirred for % h to dissolve the sodium. Diethyl 3,4dirnethoxybenzylidene 

succinate (124b) (1.05 g, 3.3 mmol) and veratraldehyde (0.65 g, 3.9 mmol) were 

separately dissolved in ethanol (IO mL each). The first solution was transferred slowly in 

a dropping funne[ to the sodium ethoxide soiution. After K h of stirring the 

veratraldehyde was added to the reaction flask. The dropping h e l  was rinsed with 

ethanol(10 mL) and the reaction mixture was s h e d  at reflux for 20 h, during which time 

a yellow-orange precipitate formed. Eti (0.62 mL, 7.8 mmol) was added directly to the 

reaction mixture and s h e d  for an additiond 20 h. The mixture was poured into a 

separatory funnel and EtOAc (75 mL) and saturated aqueous NaHC03 (50 mL) were 

added. Saturated s d t  solution (25 mL) was added to separate the aqueous layer h m  the 

organic layer, The organic fiaction was removed and the aqueous fiaction was extracted 

with EtOAc (75 mL). The organic extracts were combined, washed with water (75 mL), 



dried (MgS04), tiltered and evaporated to give cmde product (1.1 O g, 72%). The product 

was isolated by FCC using 30% EtOAc-hexanes as the eluant to give a yellow oil(0.41 g, 

6.79 (d,2H, J=  8.4), 7.10 (dd, W, J=2.0, 8.4), 7.14(d,2H, J =  2.0), 7.86 (s, 2H); 13c 

NMR (CDC13) S 14.1 (2 x CH3), 55.7 (2 x CH3), 55.8 (2 x CH,), 61.0 (2 x CH2), 110.8 (2 

x CH), 11 1.8 (2 x CH), 124.4 (2 x CH), 125.1 (2 x C), 127.8 (2 x CH), 142.0 (2 x CH), 

148.7 (2 x C), 150.4 (2 x C), 167.2 (2 x C); mass spectnim d z  (relative intensity) 470 

(M', 261,396 (17), 351 (39), 324 (24), 287 (14), 259 (19), 195 (IO), 165 (29), 151 (lOO), 

139 (15); HRMS calcd. for C2&I3oOs 470.1940 found 470.1935. 

E,E-bis-(3,4,5-trimethoxybemylidene) succinate monoacid-ester 

OMe 
M~O-OM~ 

HO& \ \ OMe 
OMe 

Absolute ethanol (30 mL) was added to a 100-mL, flarne dried three-neck flask. 

Sodium metal (0.083 g, 3.6 mmol) was added and the flask was imrnersed in a 90 OC oil 

bath. The sodium metai completely reacted after stirring for K h. Diethyl 3,4,5- 

trimethoxybenzylidene succinate (124d) (1.06 g, 3.0 mmol) and 3,4,5- 

trimethoxybenzaldehyde (0.59 g, 3.0 mmol) were separately dissolved in ethanol(l0 mi, 

each). The fïrst solution was added slowly through a dropping b e l .  The reaction was 

stirred for 1/2 h followed by the addition of the b d d e h y d e  solution. The dropping 

funne1 was cleansed with ethano1 (10 mL) and the reaction mixture stirred at reflux for 20 

h, Over this oeriod of time a yeflow-orange orecipitate fonned. The mixture was 



transferred to a separatory fume1 and made basic with saturated aqueous NaHC03 (50 

ml). This solution was extracted with EtOAc (2 x 50 mi,) and the resulting aqueous 

fraction was acidified with 10% HCl. This acidified solution was extracted with fiesh 

aliquots of EtOAc (2 x 50 mL), The EtOAc extracts were pooled, washed with water (25 

mL), dried using MgSOd, filtered and concentrated to give crude product (1.29 g, 85%). 

The product was isolated by FCC using 40% EtOAc-hexanes and 2% AcOH to give a 

yellow oil (0.27 g, 18%). This compound had 'H I3c NMR, and mass spectral 

properties identical to those previously reported." 

Diethyl E,E-bis-(3,4,5-tritnethoxybenzylidene) succinate 

E,E-bis-(3,4,5-ûimethoxybenzylidene) monoacid-ester 125d (0.92 g, 1.8 rnmol) 

and K2C03 (0.76 g, 5.5 mmol) were dissolved in acetone (25 mL). Et1 (0.29 mL, 3.7 

rnmol) was added and the mixture was stirred at reflux for 20 h. The crystalline KzC03 

was removed by filtration and the acetone was evaporated. The residue was taken up in 

EtOAc (25 mL), washed with saturated aqueous NaHC03 (50 mL), washed with water 

(50 mL), dried with MgS04, filtered, and concentrated to give product (0.84 g, 88%) that 

required no furthet purification. This cornpouad had 'H NMR, I3c NMR, and m a s  

spectrai properties identicai to those previously r e p ~ r t e d . ~ ~  



Diethyl E,E-bis-(2,4,S-trimethoxybenzylidene) succinate 

Absolute etfimol (5 d) and sodiwn metal (0.0066 g, 0.3 mmol) were added to a 

flarne dned 50-mL flask. The flask was imrnerscd in a 90 O C  oil bath and the solution 

was stirred for L/z h to dissoLve the sodium. Diethyl 2,4,5-trimethoxybenzylidene 

succinate (124c) (0.066 g, 0.2 mmol) and 2,4,5-trimethoxybenzaldehyde (0.044 g, 0.2 

mmol) were separately dissolved in e h o l  (5 mL each). These two solutions were 

added successively to the reaction flask. A yellow-orange precipitate formed over 20 

hours stining at reflux- EtI (0.02 mL, 0.2 mmol) was added directly to the reaction 

mixture and stirred for an additional 20 h. The mixture was poured into a separatory 

funnel. EtOAc (25 mL) and s a m t e d  aqueous N&c03 (25 mL) were added. Saturated 

salt soIution (10 mL) was added to separate the organic layer fiom the aqueous layer. 

The o r g a ~ c  hction was drained and the aqueous fiaction was extracted again with 

EtOAc (25 mL). The two organic extracts were combined, washed with water (50 mL), 

dned (MgS04), filtered and evaporated to give m d e  product (0.087 g, 87%). The 

compound was purified by FCC using 30% EtOAc-hexanes as the mobile phase to give a 

yeilow oil (0.045 g, 45%). This compound had 'H NMR, I3c NMR, and m a s  spectral 

properties identical to those previously q ~ r t e d . ' ~  



Diethyl E,E-2(3,4-dimethoxybenzy1idene)-3(3,- succinate 

Sodium metal (0.13 g, 5.8 m o l )  and absolute ethanol (30 mL) were added to a 

flarne dried 100-mL three-neck flask. The flask was immersed in a 90 O C  oil bath and the 

solution stined for !4 h to dissolve the sodium. DiethyI 3,4-dimethoxybenzylidene 

succinate (124b) (1.33 g, 4.1 m o l )  and piperonal (0.74 g, 4.9 mmol) were separately 

dissolved in ethanol(10 rnL each). The first solution was dispensed in a dropping h e l  

to the reaction flask. M e r  a !4 h interval, piperonai was slowly added. The dropping 

b e l  was rinsed with ethanol(l0 mL) and the reaction mixture refluxed for 20 h, during 

wtiich tirne a yellow-orange precipitate formed. Et1 (0.66 mL, 8.2 mrnol) was added 

directly to the reaction mixture and stirred for an additional 20 h, The mixture was 

poured into a separatory funne1 and EtOAc (50 mL) and saturated aqueous NaHC03 (50 

mL) were added. Saturated salt solution (25 mL) was added to separate the organic layer 

from the aqueous layer. The organic fraction was removed and the aqueous Fraction was 

extracted with EtOAc (50 mL). The organic extracts were combined, washed with water 

(75 mL), dried over anhÿdrous MgS04, filtered and evaporated to give crude product 

(1.62 g, 87%), which was purified by FCC using 30% EtOAc-hexanes as the eluant to 

give a yellow oiI (0.42 g, 23%). 'H NMR (CDC13) 6 1.12 (t, 3H, J = 7.1), 1.15 (t, 3H, J 

= 7.1), 3.76 (s, 3H), 3.86 (s, 3H), 4.16 (2 x m, 4H), 5.93 (m (AB), 2H), 6.73 (d, IH, J = 

8.2), 6.78 (d, lH, J = 8.3), 7.00 (dd, lH, J =  1.8,8.3), 7.04 (d, lH, J =  1.8), 7.10 (dd, lH, 

J =  1.9, 8.3), 7.12 (d, lH, J = 1.9), 7.82 (s, lH), 7.83 (s, 1H); "C NMR (CDC13) 6 14.1 



(2 x CH]), 55.7 (CH3), 55.8 (CH3), 61.0 (CH*), 61.0 (CHS, 101.3 (CH?), 108.4 (CH), 

108.8 (CH), 110.8 (CH), 111.9 (CH), 124.4 (CH), 124.6 (C), 125.5 (C), 125.9 (CH), 

127.8 (Cl, 129.1 (C), 141.8 (CH), 142.3 (CH), 147.9 (Cl, 148.7 (C), 148.9 (C), 150.3 (C), 

167.0 (C), 167.2 (C); HRMS calcd. for C2&O8 454.1628 found 454.1619. 

Diethyl E~-2(3,4dimethoxybenzyIidene)-3(2,4,itrimethoxybenzy1idene) succinate 

Anhydrous ethanol(30 mi,) and sodium metal (0.08 g, 3.7 mmol) were added to a 

flarne dried 100-mL three-neck flask. The Bask was imrnersed in a 90 "C oil bath and the 

solution s h e d  for 5'2 h ta dissolve the sodium. Diethyl 2,4,5-trimethoxybenzylidene 

succinate (124c) (0.92 g, 2.6 rnmol) and veratraldehyde (0.52 g, 3.1 mmol) were 

separateIy dissolved in ethanol (10 mL each). A dropping funne1 was used to slowiy 

dispense the fust solution. After a !4 h interval veraûaidehyde was added similariy. The 

dropping funne1 was rinsed with ethano1 (10 mi,) and the mixture stirred at reflux for 20 

h, during which tirne a yellow-orange precipitate formed. Eti (2.09 mL, 26.2 mmol) was 

added directly to the reaction mixture and stitirred for an additional 20 h. The mixture was 

transferred to a separatory funne1 and combined with EtOAc (50 mL) and saturated 

aqueous NaHCQ (50 mL). The addition of saturated salt solution (25 mL) aided in the 

separation of the organic layer h m  the aqueous layer. The organic fraction was drained 

and the aqueous hction was extracted again with EtOAc (50 mL). The organic extracts 

were combined, washed with water (75 mL), dried using MgS04, fiItered and evaporated 



to give a crude oil (1.20 g, 92%). The crude product was purifid by FCC using 30% 

EtOAc-hexanes as the eluant to jjive a yelIow oil(0.60 g, 46%). 'H NMR (CDCI,) 6 1.13 

( 4 3 H , J = 7 - 1 ) ,  1.15 (t,3H, J=7.1), 3.63 (s,3H),3.76(s,3H), 3.81 (~,3@,3.85(s, 3H), 

3.86 (s, 3H),4.16 (m, 2H), 4.17 (m, ZH), 6.41 (s, IH), 6.76 (d, IH, J =  8.3), 7.03 (dd, 1H, 

J = 2.0, 8.3), 7.11 (s, lH), 7.40 (d, lH, J = 2.0), 7.78 (s, lH), 8.24 (s, 1H); "C NMR 

(CDCl3) 6 14.2 (2 x CH3), 55.6 (CH3), 55.8 (CH,), 55.9 (CH3), 56.0 (CH3), 56.4 (CH3), 

60.8 (CHI), 60.9 (CH3, 96.5 (CH), 110.7 (CH), 111.6 (CH), 111.7 (CH), 115.5 (C), 

124.5 (CH), 124.6 (C), 125.7 (C), 127.9 (C), 136,6 (CH), 241.4 (CH), 142.7 (C), 148.6 

(C), 150.2 (C), 151.3 (C), 153.5 (C), 167.4 (C), 167.4 (C); m a s  spectrum d z  (relative 

intensity) 500 (M?, 54), 426 (52), 38 1 (49), 366 (22), 35 1 (20), 195 (SS), 18 1 (52), 168 

(IOO), 15 1 (23); HRMS calcd. for CI7&o9 500.2046 found 500.206 1. 

Diethyi E,E-2(3,4-dimethox@enzylidene)-3(2,- succinate 

OMe 

Absolute ethanol (30 mL) and sodium meiai (0.13 g, 5.8 mmol) were added to a 

flame dried 100-mL three-neck flask. The flask was heated to 90 OC in a hot oil bath and 

the solution shrred for % h to dissolve the sodium, Diethyl 3,4-dimethoxybenqlidene 

succinate (124b) (1.32 g, 4.1 mmol) and 2,4dirnethoxybenzddehyde (0.82 g, 4.9 m o l )  

were separately dissohed in ethanol(10 mL each). The f h t  solution was added to the 

sodium ethoxide solution in a dropping h e I .  After a '/? h the benzddehyde solution 

was dispensed via the dropping bel. The dropping funne1 was rinsed with ethanol(l0 



mL) and the reaction mixture stirred at reff ux for 20 h. During the reflux period a yellow- 

orange precipitate formed. Et1 (3.28 mL, 41.1 mmol) was added directly to the reaction 

mixture and stirred for an additional 20 h. The mixture was combined with EtOAc (50 

mL) and saturated aqueous NaHCO3 (50 mL) in a separatory h e l .  Saturated salt 

solution (25 mL) was added to separate the homogeneous solution into the organic and 

aqueous layers. The organic fiaction was removed and the aqueous fraction was 

extracted a second t h e  with EtOAc (50 mL). The organic extracts were pooled, washed 

with water (75 mL), dried with MgS04, filtered and evaporated to give crude product, 

which was purified by FCC using 30% EtOAc-hexanes as the eluant to give a yellow oil 

1 (0.70 g, 36%). H NMR (CDC13) 6 1.13 (t, 3H, J =  7.1), 1.14 (t, 3H, J=7.1), 3.75 (s, 

lH),3.76(s, lH),3.78 (s, 3H), 3.85(sY3H),4.14(m,2H),4.15 (mY2H),6.32 (dd,2H,J 

= 2.1, 8.2), 6.75 (d, lH, 3 = 8.3), 7.01 (dd, lH, J = 2.0, 8.3), 7.12 (d, lH, J = 2.0), 7.39 

(d, IH, J =  8.2), 7.73 (s, IH), 8.18 (s, IH); 13c NMR (CDC13) S 14.1 (CH3), 14.2 (CH3), 

55.3 (CH3), 55.4 (CH3), 55.5 (CH3), 55.8 (CH3), 60.8 (CH*), 60.8 (CH*), 98.0 (CH), 

104.7 (CH), 110.7 (CH), 11 1.5 (CH), 117-1 (C), 124.4 (CH), 125.0 (C), 125.5 (C), 128.0 

(C), 129.9 (CH), 137.1 (CH), 141.6 (CH), 148.6 (C), 150.0 (C), 159.3 (C), 162.1 (C), 

167.4 (C), 167.5 (C); mass spectrum d z  (relative intensity) 470 (Mt, 18), 424 (20), 396 

(86), 351 (lOO), 332 (68), 287 (16), 259 (30), 195 (15), 165 (42), 151 (49), 138 (25); 

HRMS calcd- for C2&300s 470.1 940 found 470.1978. 



Diethyl E,E-2(3,4,5-trimethoxybenylidene)-3(2,4,imethobenlidene) succinate 

OMe 

/ \ \ 
ElO& 

OMe OMe 

A fiame-dried 100-mL three-neck flask containhg absolute ethanol (30 mL) and 

sodium metal (029 g, 12.8 m o l )  was imrnersed in a 90 OC oil bath. The solution was 

stined for '/2 h to dissolve the sodium. Diethyl 3,4,5-ûimethoxybenzylidene succinate 

(124d) (2.26 g, 2.0 m o l )  and 2,4,5-trimethoxybenzaldehyde (1.51 g, 7.7 mmol) were 

separately dissolved in ethanol (20 rnL each). The first solution was dispensed from a 

dropping h e l  to the sodium ethoxide solution. M e r  30 min the dissolved 

benzddehyde was similarly dispensed. The dropping funnel was rinsed with ethanol(10 

mL) and the reaction mixture refluxed for 20 h, during which tirne a yellow-orange 

precipitate formed. The reaction mixture was stirred for another 20 h after the addition of 

Eti (1.0 mL, 2.0 mmol). The mixture was îransferred to a separatory tùnnel and EtOAc 

(75 mL) and saturated aqueous NaHC03 (100 mL) were added. Saturated salt solution 

(50 rnL) was added to separate the organic Iayer from the aqueous layer. The organic 

fraction was drained and the aqueous hction was extracted with a second aliquot of 

EtOAc (75 mL). The organic extracts were combined, washed with water (100 mL), 

dried with MgS04, filtered and evaporated to give crude product (2.07 g, 61%). The 

compound was isolated by FCC using 30%-50% EtOAc-hexanes as the eluant to give a 

yellow-orange oiI (0.98 g, 29%). 'H NMR (CDC13) 6 1.13 (t, 3H, J = 7.1), 1-15 (t, 3H, J 

= 7.1). 365 (3 3H); 3:7S (i, fX), 3'79 c i ,  3y; 3.81 [s, 3H): 3.86 (s, 3Hl, 4-15 [m, 2i-n: 



4-17 (m, 2H), 6.39 (s, lH), 6.71 (s, 2H), 7.06 (s, lH), 7.72 (s, lH), 8.19 (s, 1H); I3c NMR 

(CDCb) 6 14-1 (CH3), 14.2 (CHI), 55.9 (CH3), 55.9 (CH3), 56.1 (CH3), 56.3 (CH3), 60.8 

(CH3), 60.9 (CH2)y 61.0 (CH*), 96.4 (CH), 107.0 (2 x CH), 11 1.7 (CH), 115.4 (C), 124.7 

(C), 127.4 (C), 130.3 (C), 136.9 (CH), 139.1 (C), 141.4 (CH), 142.7 (C), 151.4 (C), 152.9 

(2 x C), 153.5 (C), 167.2 (C), 167.3 (C); mass spectrum m/' (relative intensity) 530 (MC, 

16), 484(13), 456 (26), 41 1 (20), 362 (18), 3 17 (12), 289 (15), 195 (14), 181 (51), 168 

(100), 149 (30), 57 (18); HRMS calcd for C2sHM0ra 5302151 found 530.2147. 

Diethyl E,E-bis-(2,4-dimethoxybenzyIidene) succinate 

OMe 

OMe 

A slurry of NaH (57% suspension in oil, 1-00 g, 23.8 rnrnol) and DMF (20 mL) 

was prepared in a flame dried 100-mL the-neck flask. The flask was irnmersed in a 100 

OC oil bath. A solution of 2,4-dimethoxybenzaldehyde (2.08 g, 12.5 mmol), diethyl 

succinate (0.9 mL, 5.5 mmol) and DMF (20 mL) was prepared with gentle heating. This 

solution was transferred to a dropping funne1 and slowly added to the NaH-DMF slurry. 

The addition was completed in 30 min while siimng. The dropping b e l  was rinsed 

with DMF (5 mL) and the reaction mixture stirred at reflux for 8 h. An aqueous 1.0 M 

KOH solution (25 mL) was added and refluxed for an additional 4 h. The solution was 

cooled to a, combined with water (100 mi,) and transferred to a separatory h e l .  The 

mixture was extracted with EtOAc (2 x 50 mL). The basic aqueous layer was acidified 

-24. r nw TT-* -A-J ,AL CI..-L r~n &, 13 ~n -r \ ---I.-A -<+L 13 t nn 
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mL), dried (MgS04), and concentrated to give crude product (2.27 g, 99%). The crude 

product was taken up in DMSO (20 mL). K2C03 (7.64 g, 55 m o l )  and Et1 (17.6 mi., 

220 m o l )  were added and the mixture heated at 80 O C  for 5 h then cooled to rt. The 

reaction mixture was transferred to a separatory b e l  and water (100 mL) added. This 

solution was extracted with EtOAc (3 x 50 mL). The aqueous fiaction was drained and 

discarded. The three organic extracts were combined, washed with water (2 x 100 mL), 

dried with MgS04, filtered, and concentrated. The compound was isolated by FCC using 

25% EtOAc-hexanes as the eluant to give a yellow oil(1.53 g, 59%). This compound was 

prepared with the aid of a fellow c~llaborator.~~ 'NMR (CDCI]) S 1.13 (t, 6H, J = 7.1), 

3.73 (s, 6H), 3.76 (s, 6H), 4.13 (q, 4H, J = 7.1), 6.32 (dd, 4H, J = 2.4, 7.7), 7.36 (d, 2H, J 

= 8.8), 8.01 (s, 2H); I3c NMR (CDC13) 6 14.1 (2 x CH3), 55.3 (4 x CH3), 60.7 (2 x CH*), 

97.9 (2 x CH), 104.5 (2 x CH), 117.5 (2 x C), 125.6 (2 x C), 130.0 (2 x CH), 137.0 (2 x 

CH), 159.1 (2 x C), 161.8 (2 x C), 167.7 (2 x C); mass spec tm m h  (relative intensity) 

470 (M', 17), 395 (43), 351 (45), 332 (23), 259 (IO), 165 (IOO), 151 (24); HRMS calcd. 

for C2d-i3008 470.1940 found 470.1968. 

Diethyl Ea-bis-(4-methoxybenzylidene) succinate 

A slurry of NaH (57% suspension in oil, 2.53 g, 60.0 m o l )  and DMF (75 mL) 

was charged to a flame dried 300-mL three-neck flask and imrnersed in a 100 OC oil bath. 

A solution of p-anisaldehyde (4-methoqbenzddehyde. 6.81 g. 50.0 mmol). diethyl 



succinate (3.0 mL, 18.0 rnrnol) and DMF (50 mL) was prepared with gentle heating. A 

dropping funne1 was used to slowly dispense this solution to the NaH-DMF slurry. The 

addition was completed in 30 min while shing. The dropping funne1 was rinsed with 

DMF (25 mt) and the soiution stirred at reflux for 6 h. Eff (16.0 mL, 200.0 mmol) was 

added directly to the reaction mixture and stirred for an additiond 18 h. The reaction was 

quenched with water (1 50 mL) and extracted with EtOAc (3 x 150 mL). The organic 

fractions were pooled, washed with NaHC03 (200 mi,) and water (200 mL), dried with 

MgS04, filtered, and concentrated to give a brown oil (9.0 g, 88%). A portion of the 

crude product (0,20 g) was purified by FCC uing 30% EtOAc-hexanes to give a yellow- 

orange oil(0.11 g, 54%). 'H NMR (CDC13) 6 1.1 1 (t, 6H, J = 7.1), 3.75 (s, 6H), 4.14 (q, 

4H, J = 7.1), 6.77 (d, 2H, J = 1.9), 6.79 (d, 2H, J = 1.9), 7.44 (d, W ,  J = 1.9), 7.47 (d, 

2H, J =  I.9), 7.85 (s, 2Ei); ' 3 ~  NMR (CDC13) S 14.1 (2 x CH3), 55.2 (2 x CH3), 60.9 (2 x 

CH& 114.0 (4 x CH), 124.7 (2 x C), 127.7 (2 x C), 131.6 (4 x CH), 142.1 (2 x CH), 

160.6 (2 x C), 167.3 (2 x C); mass spectnim d z  (reIative intensity) 410 (M', 341, 337 

(52), 291 (45), 264 (60), 249 (20), 229 (13), 165 (28), 135 (100), 121 (60); HRMS calcd. 

for C2*H26O6 410.1729 found 41 0.1740. 

3,4&TrimethoxynaphthaIene diester 

succinate (133) (0.078 g, 0.15 m o l )  was dissolved in C&C12 (5 mL) and purged wiîh 



N2 for 10 min. TfUH (100 PL) was diluted with CH2Cl2 (1 rnL) and an aliquot (130 pL, 

0.15 mmol) was added to the reaction. The reaction was quenched with water (15 mi.) 

aiter stirring at rt for 2h. The solution was poured into a separatory b e l  and CHzClz 

(10 mL) added. The aqueous layer was removcd and the organic layer was washed with 

water (15 mL), dried (MgSOd), filtered, and concentrated to give a blue-green oil (0.076 

g, 98%). This crude product was purified by FCC using 30% EtOAc-hexanes as the 

eluant to give a yellow oil(0.036 g, 46%). 'H NMR (CDC13) 6 1.39 (t, 3H, J = 7.1), 1.39 

(t, 3H, J = 7.1), 3.98 (s, 6H), 4.06 (s, 3H), 4.38 (q, 2H, J = 7.1), 4.40 (q, 2H, J = 7.1), 

6.99 (s, lH), 8.04 (s, lH), 8.44 (s, 1H); '.'c NMR (CDC13) S 14.1 (CH3), 14.2 (CH3), 56.0 

(CH3), 61.2 (CH3), 6 1.4 (CHi), 61.5 (CH& 61.6 (CH2), 102.8 (CH), 124.2 (CH), 124.5 

(C), 126.6 (C), 128.2 (C), 129.0 (CH), 131.0 (C), 142.5 (C), 148,4 (C), 155.2 (C), 167.9 

(C), 168.0 (C); mass spectrurn dz (relative intensity) 362 (M', 100), 347 (32), 3 19 (16), 

289 (37), 245 (9), 231 (12), 202 (9); HRMS calcd. for C19Hzz07 362-1365 found 

362.1347. 

3,4-Dimethoxynaphthalene diester 

Diethyl E, E-2(3,4-dimethoxybenzylidene)-3(2,4-dimethoxybenzyIidene) 

succinate (132) (0.043 g, 0.091 mmol) was dissolved in CH2C12 (3 mL) and purged with 

Nz for 10 min. TtDH (30 @, 0.34 mmol) was added and the reaction stirred for 18 h at 

rt. The reaction was quenched with water (10 mL) and diluted with CHzC12 (10 mL). 

The organic layer was separated and the aqueous Iayer was extracted with another portion 



of CHzClz (10 mL). The CH2C12 fractions were combined, dried with MgSOd, filtered 

and evaporated to give a dark yellow-brown oil (0.031 g, 71%). The compound was 

isolated by FCC using 30% EtOAc-hexanes as the solvent system to give a yellow oil 

(0.023, 54%). 'H NMR (CDC13) G 1.38 (t, 6H, J = 7.1), 3.99 (s, 6H), 4.39 (q, 4H, J = 

7-11, 7.15 (s, 2H). 8.07 (s, 2H); I3c NMR (CDCl3) 6 14.2 (2 x CHd, 56.0 (2 x CH,), 61.5 

(2 x C h ) ,  106.7 (2 x CH), 127.3 (2 x C), 128.2 (2 x CH), 129.5 (2 x C), 151.4 (2 x C), 

168.0 (2 x C); mass spectrum m/z (relative intensity) 332 (w, 431,287 (17), 259 (100), 

214 (17), 186 (22), 1 15 (9); HRMS calcd. for ClsHzoOa 332.1259 found 332.1261. 

Dihydronaphthalene diesters 
1 

MeOToP Me0 0' *"co,E~ + -c[~~~~~ "Co2~t 

f I 

'. ' OMe 
0J OMe 

DiethyI E,E-2(3,4dimethoxybenzylidene)-3(3,4methylenedioxybenzylidene) 

succinate (130) (0.88 g, 1.9 mmol) was dissolved in dry CH2C12 (5 mL) and added to a 

flarne-dried pyrex tube, 17 cm long and 1cm in diametre. TfûH (1 70 rnL, 1.9 mmol) was 

diluted with CH2C12 (1 mi,) and added to the reaction tube. The sample wwas degassed by 

several fieeze-pump-thaw cycles and sealed under vacuum. The reaction tube was 

submerged in a 40 OC water bath for 4 h. The sealed tube was broken and the contents 

poured into a separatory -el. The reaction was quenched with water (5 d), diIuted 

with C W l z  (5 mL), and the aqueous layer discarded. The organic layer was washed 



with water (2 x 10 mi.), dned with MgS04, filtered, and soivent removed to give a dark 

brown oil. The compound was isolated by FCC (30% EtOAc-hexanes) to give a mixture 

of two products (0.58 g, 66%). It was determined that the major product (75%) was 162 

and the rninor product (25%) was 163 by comparison with previous characterisation ('K 

NMEt, "C NMR and mass spectroscopy) data" 

Bis 2,4,5-trimethoxydihydronaphthalene diester 

OMe 

Diethyl E,E-bis-(2,4,5-trimethoxybenzylidene) succinate (120) (0.045 g, 0.09 

mmol) was dissolved in dry CH2C12 (2 ml) and added to pyrex tube, 10 cm long and 0.5 

cm in diameter, that was flame-dned under high vacuum. TfOH (1 0 PL, 0.1 m o l )  was 

diluted with CH2C12 (1 mL) and an aliquot (100 fi) was added to the reaction tube. The 

sample was degassed by several fieeze-pump-thaw cycles and sealed under vacuum. The 

reaction tube was submerged in a 35 OC water bath for 4 h. The sealed tube was cracked 

and the solution poured into a separatory h e I .  The mixture was quenched with water 

(5 mi.), diluted with CH2C12 (5 ml), and the aqueous layer discarded. The organic Iayer 

was washed with NaS203 (2 x IO mL), dned (MgS04), filtered, and concentrated to give 

a brown oil that required no M e r  purification (0.044 g, 97 %). This compound had 'B 

N_?-i, "C NMR, mc! mss 9eim1 pmper!ies idwtici! to those jreviouly qorted. 



Bis 2,4-dimethoxydihyronaphthalene diester 

OMe 

OMe 

138 

Diethyl E,E-bis-(2,4dimethoxybenzylidene) succinate (126) (0.12 g, 0.3 m o l )  

was dissolved in dry CH2C12 (5 mi,) and placed in a small flame dried flask The fiask 

was purged with N2 and TfüH (22 pL) was added dropwise. The reaction was stirred at 

rt for 4 h and quenched with water (5 mi,). The solution was dihted with CHtCl2 and the 

water layer was removed. The organic fiaction was washed with water (2 x 15 ml), dried 

(MgSOa), filtered and evaporated. The crude product was purified by FCC using 30% 

EtOAc-hexanes as the eluant to give a yellow oil (0.031 g, 26%). 'H NMR (CDC13) 6 

lH, J=2.7), 4.06 (m,2H, J=7,1), 4.18 (m, W ,  J=7.1), 5.00 (d, lH, J=2.7),  6.20 (dd, 

IH, 3 = 2.4, 8.4), 6.25 (d, lH, J = 2.3), 6.32 (d, lH, J = 2.3), 6.40 (d, lH, J = 8.4), 6.45 

(d, lH, J =  2.4), 8.03 (s, 1H); 'k NMR (CDC13) 6 14.0 (CH3), 14.3 (CH3), 39.7 (CH.), 

44.6 (CH), 55.2 (CHj), 55.3 (CH3), 55.5 (2 x CHI), 60.3 (CH2), 60.7 (CH2), 97.0 (CH), 

98.5 (CH), 103.8 (CH), 105.5 (CH), 115.1 (C), 121.7 (C), 122.2 (C), 129.3 (CH), 131.3 

(CH), 140.6 (C), 157.4 (C), 157.9 (C), 159.6 (C), 162.5 (C), 167.1 (C), 172.7 (C); mass 



236 (33, 177 (61), 165 (74), 151 (69), 135 (18), 121 (35), 84 (58), 71 (48), 57 (50); 

HRMS calcd for Ct&i3008 470.1940 found 470.1926. 

Bis 4-methoxydihydronaphthalene diester 

Bis-4-methoxybenzylidenesuccinate diester (127) (0.1 1 g, 0.3 mmol) was 

dissolved in CHtClt (9 mi,) and charged to a flame-dried flask. The solution was purged 

with Nz for I O  min, TfOH (0.12 mL, 1.3 rnmol) added and the reaction stirred at rt for 72 

h. The reaction was quenched with water (15 mi,) and CH2Clz (20 rnL) added. The 

aqueous fiaction was removed and the organic Iayer was washed with water (2 x 25rnL), 

dried with MgS04, filtered and evaporated to give a crude yellow-brown oil (0.080 g, 

74%). The compound was isolated by FCC using 30% EtOAc-hexanes as the eluant to 

give a yellow oil(0.040 g, 36%). 'H NMR (CDCI,) S 1 . l3  (t, 3H, J = 7.1), 1.29 (t, 3H, J 

= 7.1), 3.74 (s, 3H), 3.76 (s, 3H), 3.98 (d, lH, J = 3.4), 4.07 (m, 2H,), 4.20 (m, 2H), 4.61 

(d, IH, J = 3.4), 6.64 (d, lH, J = 2.5), 6.74 (d, IH, J = 2.0), 6.77 (d, lH, J = 2.0), 6.79 

(dd, lH, J = 2.5,8.3), 6.96 (d, lH, J = 2.0), 6.99 (ci, lH, 3 = 2.0), 7.28 (d, l a ,  J = 8.4), 

7.67 (s, IH); 13c NMR 6 14.0 (CH3), 14.2 (O&), 46.0 (CH), 47.3 (CH), 55.2 

(CH3), 55.3 (m3), 60.6 (CH2). 61.0 (CH2), 112.8 (CH), 113.9 (2 x CH), 114.8 (CH), 

122.8 (C), 124.7 (C), 128.7 (2 x CH), 130.6 (CH), 134.4 (C), 137.1 (CH), 139.3 (C), 

158.4 (C), 161.4 (c), 166.7 (q, iT2.j [cl; mass spectnrm ireiative intensityj 4iü 



@f, 91, 336 (loo), 308 (IO), 291 (49), 264 (63). 250 (14), 227 (19), 189 (Il), 149 (19), 

135 (26), 121 (22); HRMS calcd. for 410.1729 C2ataOa found 410.1741. 

Bis 3,4-dirnethoxydihydronaphthalene diester 

c& OMe 

Diethyl E,E-bis-(3,4-dimethoxybenzylidene) succinate (119) (0.49 g, 1.0 m o l )  

was dissolved in dry CHzClz (5 mL) and added to a pyrex tube, 17 cm long and 1 cm in 

diameter, that was flame-dried under hi& vacuum. TfûH (82 PL, 0.9 mmol) in CH2Cl2 

(1 mL) was dispensed into the reaction tube. The sample was degassed by several fieeze- 

pump-thaw cycles and sealed undet vacuum. The reaction tube was submerged in a 40 

OC water bath for 5 h then cooled to rt. The sealed tube was cracked, water (10 mL) and 

CHzClz (10 mL) were added. The aqueous tayer was discarded and the organic layer was 

washed with NaS203 (2 x 10 mL), washed with water (10 mL), dried with MgS04, 

filtered, and evaporated to give a brown oil (0.40 g, 81%). The crude product was 

purified by FCC using 40% EtOAc-hexanes as the eluant to give a yellow oil (0.20 g, 

1 42%). H NMR (CDC13) G 1.09 (6 3H, J = 7.1), 1.22 (t, 3H, J = 7.1), 3.73 (s, 3Q, 3.74 

(s,3H), 3.75 (s,3H),3.84(~,3H), 3.94(d, lHy J=3.1),4.04(m,2H),4.14(m,2H),4.56 

(d, lH, J = 3.1), 6.42 (dd, lH, J =  2.0, 8.3), 6.60 (4 2H, J = 2.1), 6.63 (d, lH, J = 8.3), 

7-60 (si 1H); I3c NMR (CDC13) 6 14-0 (CH3)y 14-2 (CH3), 45.7 (CH), 47.4 (CH), 55.8 

(as), 55.8 (CH3), 55.9 (CH& 55.9 (CH3), 60.5 (CHt), 61.0 (CH2), 111.0 (CH), 111.1 



(CH), 111.7 (CH), 112.0 (CH), 119.8 (CH), 123.2 (C), 124.3 (C), 130.3 (C), 135.0 (C), 

137.0 (CH), 147.9 (C), 148.1 (C), 148.8 (C), 150 .7 (C), 166.5 (C), 172.4 (C); mass 

spectrum d z  (relative htensity) 470 (M+, 14), 396 (100), 35 1 (57), 324 (34), 3 10 (8), 

151 (10); HRMS caicd for C&3008 470,1940 found 470.1930. This compound had 'H 

NMR, "C NMR, and rnass spectral properties identical to those previously reported? 

Bis 3,4-dimethoxyaryltetralin diester 

0 OMe 

Bis 3,4-dimethoxydihydronaphthatene diester 135 (0.15 g, 0.3 rnmol) was 

dissolved in anhydrous EtOH (10 mL) and Pd/C (0.023 g, 0.2 mmol) was added. The 

flask was flushed with N2 to evacuate the O*. The flask was flushed and evacuated with 

Hz several tirnes followed by stirring at rt for 18 h under Hz at 1 atmosphere of pressure. 

The reaction mixture was fiItered through celite and concentrated to give a clear, 

colourIess oil (0.14 g, 92 %). The product required no further purification for the next 

step. 'H NMR (CDCb) 6 0.96 (t, 3H, J = 7.1), 1.24 (t, 3H, J = 7.1), 3.00 (t, 1H of C2, J 

= 10.8), 3.06-3.24 (m, 3H(H of C,3,4), 3-57 (s, 3H), 3.79 (s, 3H), 3.84 (s, 3H), 3.86 (s, 

3H), 3.92 (m, 2H), 4.12 (m, 2H), 4.14 (d, 1H of Cl, J = 10.7), 6.22 (s, lH), 6.59 (d, 2H, J 

= 2.2). 6.68 (dd, lH, J =  2.1, 8.2), 6.78 (d, lH, J = 8.2); 13c NMR (CDC13) 6 13.9 (CH3), 

14.1 (CH3), 3 1.9 (CH2), 43.4 (CH), 49.0 (CH), 51.5 (CH), 55.8 (2 x CH3), 55.9 (2x CH3), 

60.3 (CH3), 60.9 (CH3), 110.7 (CH), 210.9 (CH), 111.9 (0, 112.1 (CH), 121.7 (CH), 



126.2 (C), 129.9 (C), 135.4 (C), 147.5 (C), 147.7 (C), 148.0 (C), 149.0 (C), 173.7 (C), 

174.1 (C); mass spectnun rn/z (relative intensity) 472 (M?, 50), 398 (42), 325 (100), 269 

(22), 236 (20), 151 (29); HRMS calcd. for Cl&IlzOs 472.2097 found 472.2086. 

(+/-)-Isolariciresino1 dimethyI ether 

Q OMe 

Bis 3,4-dimethoxyaryltetralin diester 166a (0.14 g, 0.3 mmol) was dissolved in 

dry THF (8 mL) and added to a slurry of L X &  (0.066 g, 1.7 mrnol) and dry THF (2 

mi,) at rt. The reaction was stirred under N2 for !4 h at rt and worked gp using Fieseis 

method, in succession 0.09 mL water, 0.09 mi, 15% aqueous NaOH, and 0.27 mL water 

were added to quench the reaction. The solution was diluted with EtOAc (15 mi.), dried 

with MgS04, filtered through Celite, and evaporated to give a white amorphous solid 

(0.10 g, 92%); mp 146-149 OC. 'H NMR (CDC13) 6 1.75-1.85 (m, lH, Hz), 1.97-2.08 (m, 

lH, H3), 2.70 (dd, lH, Hq cis to HI, J = 5.3, 16.0), 2.72 (dd, lH, Hq trans to Hi, J = 11.6, 

16.0), 2.94 (br s, 2H of OH), 3.47 (dd, lH, J = 5.3, 1 l.3), 3.56 (s, 3H), 3.70 (m, 2H), 3.78 

(s, 3H), 3.83 (s, 3H), 3.86 (s, 3H), 3.80-3.85 (m, 2H), 6.19 (s, lH), 6.58 (d, lH, J = 3.0), 

6.72 (dd, lH, J = 2.0, 8.2), 6.79 (d, lH, J = 8.2); I3c NMR (CDC13) 8 33.2 (CH2), 39.9 

(CH), 48.0 (m, 48.3 (CH), 55.8 (2 x CH3), 55.9 (2 x CH3), 62.7 (CH2), 66.4 (CH2), 

110.9 (CH), 111.0 (CH), 112.1 (CH), 112.9 (CH), 121.9 (CH), 128.2 (C), 131.9 (C), 

137.8 (C), 147.1 (C), 147.2 (C), 147.6 (C), 149.1 (C); HRMS calcd. for CuHza06 



388.1885 found 388.1896. This compound had 'H NMR, I3c NMR, and mass spectral 

properties identical to those previously reported. i i ~ g s 9  

(+/-)-Galbulin 

(+/-)-Isolariciresino1 dimethyl ether 167a (0.027 g, 0.07 mmol) was dissolved in 

dry CHzClz (3 mL) and diisopropylethylamine (0.027 g, 0.2 mmol) was added. The flask 

was purged with NI and cooled to -10 OC in a sait-ice water bath. Triflic anhydride 

(0.059 g, 0.2 mmol) in CH2C12 (0.5 rnL) was added dropwise to the cooled reaction 

mixture. The reaction was stirred for 15 min then quenched with water (3 mL) and 

diluted with CHzC12 (5 mL). The organic layer was washed with saturated aqueous 

NaHC03 (6 mL), dried with Maso4, filtered, and stripped of solvent. This crude product 

was immediately taken up in THF (2 mL) and added to a sturry of LiALH,i (0.016 g, 0.4 

mmol) and THF (1 mL) at -10 OC. M e r  20 min of stimng, the reaction was worked up 

by Fieser's method (20 pL water, 20 p.L 15% aq. NaOH, 60 pL water) followed by the 

addition of EtOAc (5 mL). The solution was dried with MgSO4, filtered through Celite 

and concentrated to give a tight brown crude oil. This crude pmduct was purified by 

FCC using 30% EtOAc-hexanes as the eluant to give a Eght yellow oil (0.01 1 g, 43%). 

I NMR (CDC13) 6 0.87 (d, 3H, J =  6.3), 1.08 (d, 3H, J = 6.3), 1.59 (m, 2H), 2.62 (dd, IH, 



J =  11.2, 16.2), 2.77 (dd, IH, J=4.6, 16.2), 3.42 (d, lH, J =  10.2), 3.56 (s, 3H), 3.81 (s, 

3H), 3.84 (s, 3H), 3.88 (s, 3H), 6.16 (s, IH), 6.57 (dd, 2H, J = 2.2,4.3), 6.70 (dd, lH, J =  

1.7, W, 6-80 (4 lH, J = 8.0); ')c NMR (CDC13) 6 17.2 (CH3), 20.0 (CH,), 35.6 (CH), 

39.0 (CH2), 43.8 (CH), 54.3 (CH), 55.3 (CH3), 55.8 (2 x CH3), 55.9 (CH3), 1 10.7 (CH), 

110.7 (CH), 112.1 (CH), 112.9 (CH), 121.9 (CIE), 129.1 (C), 132.5 (C), 139.0 (C), 146.9 

(C), 147.1 (C), 147.3 (C), 148.9 (C); HRMS caIcd. for CuH2*04 356.1987 found 

356.1991. This compound had 'H NMR, I3c Nh4R, and mass spectral properties 

identical to those previously reported. ~5.66.67 

Bis 3,4-metkylenedioxydihydronapthslene diester 

Diethyl E,E-bis-(3,4-methyIenedioxybenzyLidene) succinate (118) (0.32 g, 0.7 

mmol) was dissolved in dry CH2C& (15 mL) and added to a flame dried flask. TfOH 

(0.096 mL, 1.1 mmol) in CHzCl2 (1 mL) was added. The reaction was stirred under N2 

for 8% h and quenched with N E 0 3  (5 mL). The mixture was diluted with CH2C12 (15 

mL), the organic fraction separateci, washed with water (15 mL), dried with MgS04, 

filtered and concentrated to give a dark yellow oil (0.24 g, 77%). The product was 

isolated by FCC using 30% EtOAc-hexanes as the eluting solvent system to give a yellow 

oii (0.12 g, 36%). 'H NMR (CDC13) S 1.16 (t, 3H. J = 7.1), 1.30 (t, 3H, J = 7.1), 3.93 (d, 

1H, J =  3.1), 4.08 (m, 2H), 4.21 (m. 2 H), 4.55 (d, IH, J =3.l), 5.88 (ru (AB), 2H), 5.96 



6, 2H), 6.52 (m, 2H), 6.59 (s, lm, 6.66 (d, lH, J = 7.8), 6.81 (s, lH), 7.58 (s, 1H); I3c 

NMR (CDCl3) 6 14.0 (CH3)y 14.2 (CX3), 46- 1 (CH), 47.3 (CH), 60.7 (CH$, 61 -1 (CH2), 

100 9 (CH2), 101.4 (CH& 108.1 (CH), 108.2 (CH), 108.8 (CH), 109.7 (CH), 120.8 (CH), 

123.2 (C), 125.5 (C), 132.0 (C), 136.3 (C), 137.0 (CH), 146.4 (C), 147.0 (C), 147.7 (C), 

149.3 (C), 166.5 (C), 172.1 CC); mass spectrum mk (relative intensity) 438 (M', 1 l), 364 

(100), 3 19 (48), 263 (17), 233 (13), 176 (19); H R M S  calcd. for Cz&Os 438.13 14 found 

438.1324. This compound had 'H NMR, 'k and mas spectrai propertics 

identical to those previously reported.68 

Bis 3,4-methylenedioxyaryltetralin diester 

Bis 34-methylenedioxydihydronaphthaIene diester 134 (0.032 g, 0.07 mrnol) was 

dissolved in anhydrous EtOH (15 mL) and PdK (0.015 g, 0.1 mmol) added. The flask 

was flushed with N2 to evacuate the Oz. The reaction flask was flushed and evacuated 

with Hz several times and stirred at a for 27 h under Hz at 1 atmosphere of pressure. The 

reaction mixture was filtered through Celite and concenûated to give a light yellow oil 

(0.020 g, 64%). The product required no M e r  purification for the next step. 'H NMR 

(CDCW 6 1.01 (t, 3H, J = 7.1), 1.25 (t, 3H, J =  7.1), 2.97 (t, lH, Hz J = 10.8), 3.06 (m, 

2H, a), 3.13 (m, lH, H3), 3.96 (m, 2H), 4.08 (m, lH, HI, J = 11.0), 4.14 (m, 2H), 5.85 

(m (AB), 2H), 5.92 (s, 2H), 6.22 (s, III), 6.54 (ci, 1H, J =  1.6), 6.56 (s, lH), 6.60 (dd, IH, 



J = 1.7, 7.8). 6.71 (d, lH, J =  7.8); 13c NMR (CDCI,) 6 13.9 (CH3), 14.1 (CH,), 32.4 

(CE!), 43.4 (CH), 49.2 (CH), 51.5 (CH), 60.4 (CHz), 60.9 (CHz), 100.8 (CH2), 100.9 

(CH2), 107.7 (CH), 107.9 (CH), 109.0 (CH), 109.1 (CH), 122.6 (CH), 127.2 (C), 13 1.0 

(C), 136.8 (C), 146.2 (C), 146.3 (C), 146.6 (C), 147.9 (C), 173.5 (C), 173.9 (C); mass 

spectnim d z  (relative intensity) 440 (M?, 32), 366 (47), 263 (26), 235 (21), 220 (12), 

135 (22); HRMS calcd. for C14&4O8 440.1471 found 440.1473. 

Bis 3,4-methytenedioxyaryltetralin di01 

Bis 3,4-methylenedioxyaryltetraIin diester 166b (0.020 g, 0.05 mmol) was 

dissolved in THF (3 rnL) and added to a slurry of L m  (0.024 g, 0.6 mmol) and dry 

THF (2 mL) at rt. The reaction was stirred under N2 for % h at rt followed by work up 

using Fieser's method. In succession 0.06 mL water, 0.06 mi, 15% aqueous NaOH, and 

0.18 mL water were added to quench the reaction. The solution was diluted with EtOAc 

(15 d), dried with MgS04, filtered through Celite, and evaporated to give a white miky 

oil(0.016 g, 100%). 'H NMR (CDCh) 6 1.71-1.83 (m, lH, H2), 1.93-2.03 (m, lH, H3), 

2.55 (brs, 2H, OH) 2.68 (m, 2H, &), 3.48 (dd, lH, Hi, J =  5.2, 11.3), 3.72 (m, 2H,), 

3.78 (in, 2H), 5.83 (m (AB), 2H), 5.92 (s, 2H), 6.20 (s, lH), 6.54 (d, IH, J = 1.8), 6.55 (s, 

1 H), 6.64 (dd, lH, J = 1.7, 7.8), 6.74 (d, lH, J = 7.8); I3c NMR (CDCI,) 6 33.6 (CHz), 



39-8 (CH), 48.2 (CH), 48.3 (CH), 62-7 (CH33 66-3 (CHt), 100.6 (CH2), 100.9 (CH2), 

107.8 (CH), 108.0 (CH), 109.1 (CH), 109.6 (CH), 122.8 (CH), 129.2 (C), 132.8 (C), 

139.1 (C), 145.7 (C), 145.8 (C), 146.2 (C), 148.0 (C); mass spectrum d z  (relative 

intençity) 356 100), 338 (32), 307 (73), 280 (54), 267 (50), 238 (52), 210 (27), 185 

(26), 173 (50), 152 (41), 135 (89), 115 (29), 76 (19); HRMS calcd. for CzoHzoO6 

356.1259 found 356.1262. 

(+/-)-Cagayanin 

Bis 3,4-methylenedioxyarylteMin di01 167b (0.016 g, 0.05 rnrnol) was taken up 

in dry CH2C12 (4 mi,) and diisopropylethylamine (0.01 8 g, 0.1 mmol) was added. The 

flask was purged with N2 and cooled to -10 OC in a salt-ice water bath. Triflic anhydride 

(0.039 g, 0.1 mmol) in CH2Clz (0.5 mL) was added dropwise to the cooled reaction 

mixture. The reaction was stirred under Nz for 1 h 30 min after which water (3 mL) was 

added to quench the reaction. The soiution was diluted with CH2C12 (5 mL) and washed 

with saturated aqueous NaHC03 (2 x 10 mL). The organic hction was recovered, dried 

with MgS04, filtered, and stripped of sokent. The crude product was dissolved in THF 

(2 mL) and added to a slurry of L m  (0.018 g, 0.5 mmol) and THF (2 rnL) at -10 OC. 

ï h e  reaction was s h e d  under N2 at a for 45 min and worked up by Fieser's method (60 



pL water, 60 pL 15% aq. NaOH, 180 PL water) followed by the addition of EtOAc (20 

mL). The solution was dried with MgS04, filtered through Celite and concentrated to 

give a white oil. This crude product was purified by FCC using 20% EtOAc-hexanes as 

the eluant to give a clear, colourtess oil(0.011 g, 77%). 'NMR (CDC13) 6 0.87 (d, 3H, J 

= 6,3), 1.05 (d, 3H, J = 6.3), 1.48 (in, lH, H2), 1.60 (m, 1H, H3), 2.56 (dd, lH, Hq, J = 

11.2, 16.1), 2.71 (dd, lH, &, J =  4.5, 16.1), 3.38 (d, lH, Hi, J = 10.4), 5.81 (s, 2H), 5.92 

(s, 2H), 6.17 (s, lH, Hg), 6.52 (s, 2H), 6.62 (dd, lH, J = 1.6, 8.0), 6.74 (d, lH, J = 7.9); 

"C NMR (CDCli) 6 17.1 (CH3), 19,9 (CH,), 35.4 (CH), 39.4 (CHI), 43.8 (CH), 54.6 

(CH), 100.5 (CH2), 100.8 (CHz), 107.6 (CH), 107.7 (CH), 109.1 (CH), 109.6 (CH), 122.8 

(CH), 130.1 (C), 133.4 (C), 140.5 (C), 145.4 (C), 145.6 (C), 145.9 (C), 147.8 (C); mass 

s p e c t m  m/z (relative intensity) 324 (M', IOO), 267 (57), 238 (77), 210 (25), 187 (13), 

152 (26), 135 (17), 76 (23), 57 (16); HRMS calcd. for C 2 ~ 2 0 0 4  324.1361 found 

324.1355. This compound had 'H NMR, I3c NMR, and mass spectral properties 

identicai to those previously r e p ~ r t e d ! ~ ~  

E,E-bis-(3,4,ltrimethoxybenylidene) succinate monoalcohol-ester 

M e 0 W M e  Y 

CH,OH ' ' OMe 
OMe 

E,E-bis-(3,4,5-trimethoxybenzylidene) succinate rnonoacid-ester 125d (0.56 g, 

1.1 mmol) was dissolved in THF (20 mL) and added to a dry 50-mi. flask. A 2.0 M 

solution of BHiSMe2 in THF (5.6 mL, 11.1 mmol) was added to the reaction flask. The 

reaction was stirred at rt under Nz for 4% h and quenched with EtUH (25 mL). The 



solvent was evaporated and a second aliquot of EtOH (25 mL) was added and 

evaporated. This procedure was repeated twice more. The residue was taken up in CHCl3 

(40 mL), washed with NaHC03 (2 x 25 mL), dried with MgS04, filtered and stripped of 

solvent to give a light yellow oil that required no M e r  purification (0.47 g, 86%). 'H 

NMR (CDCt) 6 1.19 (t, 3H, J = 7.1), 3.74 (s, 6H), 3,76 (s, 6H), 3.80 (s, 3H), 3.85 (s, 

3H), 4.20 (m, 2H,), 4.27 (m, 2H), 6.64 (s, 2H), 6.79 (d, lH, J = 3.7), 6.90 (s, 2H), 7.68 (s, 

IH); "C NMR (CDCI,) 6 14.2 (CH3). 55.9 (2 x CH3), 56.1 (2 x CH3), 60.8 (CH3), 60.9 

(CHJ), 6 1.4 (CH2), 66.7 (CH$, 105.4 (2 x CH), 107.1 (2 x CH), 129.2 (CH), 129.7 (C), 

129.8 (C), 131.9 (C), 135.7 (C), 137.6 (C), 139.5 (C), 140.6 (CH), 153.0 (2 x C), 153.1 (2 

x C), 167.5 (C); mass spectnim m/z (relative intensity) 488 (hl?, 14), 470 (14), 442 (a), 

397 (18), 366 (9), 274 (IO), 181 (100), 168 (27), 153 (9), 84 (75); HRMS caIcd. for 

CZ6H32o9 488.2046 found 488.2022. 

E,E-bis-(3,4,5-trirnethoxybenzylidene) succinate rnonoaldehyde-ester 

E,E-bis-(3,4,5-trimethoxybenzylidene) succinate monoalcohol-ester 194 (0.47 g, 

1 .O rnrnol) was dissolved in toluene (20 mi,) and Mn02 (0.84 g, 9.6 mmol) added. The 

reaction was stirred at rt under N2 for 24 h after which Mn02 was removed by filtration. 

Fresh Mn02 (0.84 g, 9.6 rnmol) was added and the solution was stirred for an additional 

48 h under Nt. The mixture was filtered through Celite to give a yeilow oil that required 

1 no further purification (0.47 g, 72%). H NMR (CDCG) 6 1.12 (t, 3H, J = 7.2), 3.72 (s, 



6H), 3.78 (s,6H), 3.82 (s, 3H), 3.86 (s, 3H),4.l4(m, 2H, J=7.2), 6.68 (s,2H), 6.88 (s, 

2H), 7.50 (s, lH), 7.96 (s, lH), 9.60 (s, 1H); I3c NMR (CDC13) 6 14.1 (CH3), 56.0 (2 x 

CH3), 56.1 (2 x CH3), 60.9 (CH3), 61.0 (CH3), 61.3 (CH& 107.5 (2 x CH), 107.6 (2 x 

CH), 124.7 (C), 129.6 (C), 129.7 (C), 136.3 (C), 139.7 (C), 140.6 (C), 143.2 (CH), 150.4 

(CH), 153.1 (2 x C), 153.3 (2 x C), 166.2 (C), 191.9 (CH); mass spectruin m/r (relative 

intensity) 486 (M', 12), 412 (12), 318 (8), 273 (13), 181 (100), 168 (16); HRMS calcd. 

for C2&009 486.1889 found 486.1882. 

E,E-bis-(3,4,5-trimethoxybenzylidene) succinate monoaldehyde-acid 

OMe 

E,E-bis-(3,4,5-trimethoxybenzylidene) succinate rnonoaldehyde-ester 195 (0.34 g, 

0.7 mrnol) in anhydrous EtOH (20 rnL) was charged to a dry flask. A solution of KzC03 

(1.91 g, 13.8 m o l )  in water (15 mL) was prepared, added to the reaction flask and 

stirred at rt under N2 for 19% h. The solution was acidified with 10% HCT (50 mL) and 

extracted with CHCl3 (2 x 25 mi,). The CHCl3 layers were cornbined, dried with MgS04, 

filtered and evaporated to give a yellow oil(0.29 g, 91%). The product was carried on to 

the next step without m e r  purification. 'H NMR (CDC13) 6 3.71 (s, 6H), 3.77 (s, 6H), 

3.82 (s, 3H), 3.87 (s, 3H), 6.70 (s, 2H), 6.89 (s, 2H), 7.52 (s, lH), 8.05 (s, lH), 9.62 (s, 

IH); "C NMR (CDC13) 6 56.0 (2 x CH3), 56.1 (2 x CH3), 60.9 (CH3), 61.0 (CH3), 107.4 

(2 x CH), 107.7 (2 x CH), 123.4 (C), 129.2 (C), 129.3 (CH), 135.7 (CH), 1402 (C), 140.8 

(C), 145.3 (C), 151.2 (C), 153.1 (2 x C), 153.3 (2 x C), 170.8 (C), 192.0 (CH); mass 



çpectnim d.. (relative intensity) 458 (Mt, 251, 440 (37), 412 (12), 273 (16), 195 (14), 

181 (100), 168 (38), 153 (17), 84 (101, 77 (10); HRMS calcd. for C~&609 458.1576 

found 458.1569. 

4-(3,4,5-Trimethùrcyp henyl)-4H-3,4~trhethoxynaptho[2J,c]furan-l-one 

E.E-bis-(3,4,5-trirnethoxybenzyIidene) succinate monoaidehyde-acid (0.026 g, 

0.06 rnmol) was dissolved in benzene (5 mL). Para-toluenesulfonic acid (0.008 g, 0.03 

m o l )  was added to the reaction mixture and the solutioa was stined for 20 h at rt. The 

solvent was removed and the compound was isolated by FCC using 40% EtOAc-hexanes 

as the eluting solvent. The compound was obtained as a white oil (0.007 g, 26%). 'H 

NMR (CDCll) S 3.82 (s, 6H), 3.85 (s, 3H), 4.00 (s, 3H), 4.03 (s, 6H), 6.46 (s, 1H), 6.54 

(s, 2H), 7.12 (s, lH), 7.98 (s, tH), 8.35 (s, 1H). 

N-phenyC3,4dibromosuccinimide 



N-phenylmaleimide (1 -00 g, 5.8 mmol) was dissolved in chloroform (7 mL) with 

gentle heating. Brornine (1.02 g, 6.4 m o l )  was added dropwise to give a da& brow 

solution. As the brown colour faded formation of a white precipitate was observed. The 

reaction was stirred at rt for 4 h and the white precipitate (1.52 g, 79%) was collected by 

1 suction filtration. H NMR (CDCl3) 8 4.87 (s, 2H), 7.35 (m, 2H), 7.50 (rn, 3H); L 3 ~  

NMR (CDCL) 8 41.9 (2 x CH), 126.0 (CH), 129.4 (2 x CH), 129.5 (2 x CH), 169.5 (2 x 

C); mass spectrum m/z (relative intensity) 333 (M+,13), 251 (49), 173 (100), 133 (25), 

119 (26), 103, (Io), 91 (23), 82 (53), 64 (23); HRMS calcd. for c & o ~ N ~ ' B ~ ~  334.8802 

found 334.8817. 

a-(S)-Methylbenzylammonium salt of cinnamic acid 

Cinnarnic acid (0.016 g, 0.1 mmol) was dissolved in ether (1 mL) with gentle 

heating. Neat a<S)-methylbenzylamine (0.014 mL, 0.1 m o l )  was added dropwise to 

this stirred solution and a white precipitate was immediately fonned. The precipitate was 

collected by filtration and washed with ether (0.021 g, 74%). 'H NMR (CDC13) 6 1.55 

(d,2H,J=6.7),4.27(q,lH,J=6.7),6.29(d,2H,J=15.9),7.30(m,5H). 
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