
The Synthesis of Lipaas and Lipan Analogs 

by 

Brigitte L. Yvon 

a thesis 

submitted to the Faculty of Graduate Studies 

of the University of Manitoba in partial fulfillrnent 

of the requirements for the Degree of 

Master of Science 

University of Manitoba 

Winnipeg, Manitoba, Canada 

O June, 2000 



National Libmy 
of Canada 

Bibliothèque nationale 
du Canada 

Acquisitions and Acquisitions et 
Bibliographie Services services bibliographiques 

395 Wellington Street 395, rue Wellington 
ûttawaON KIAON4 Ottawa ON K I A  ON4 
Canada Canada 

Your iYe Votre refenmce 

Our fi& Noire rerérence 

The author has granted a non- L'auteur a accordé une licence non 
exclusive licence allowing the exclusive permettant a la 
National Library of Canada to Bibliothèque nationale du Canada de 
reproduce, loan, distniute or sel1 reproduire, prêter, distribuer ou 
copies of this thesis in microform, vendre des copies de cette thèse sous 
paper or electronic formats. la forme de microfiche/film, de 

reproduction sur papier ou sur format 
électronique. 

The author retains ownership of the L'auteur conserve la propriété du 
copyright in this thesis. Neither the droit d'auteur qui protège cette thèse. 
thesis nor substantial extracts fiom it Ni la thèse ni des extraits substantiels 
may be p ~ t e d  or otherwise de celle-ci ne doivent être imprimes 
reproduced without the author's ou autrement reproduits sans son 
permission. autorisation. 



THE UNIVERSITY OF MANITOBA 

FACULTY OF GRADUATE STUDLES 
***** 

COPYRIGHT f ERMISSION PAGE 

The Synthesis of Lignans and Lignan Analogs 

BY 

Brigitte L. Yvon 

A ThesislPracticum submitted tu the Faculty of Graduate Studies of The University 

of Manitoba in partial fulfillment of the requirements of the degree 

of 

Master of Science 

BRIGITTE L. YVON O 2000 

Permission has been granted to the Library of The University of Manitoba to lend or sel1 
copies of this thesis/practicum, to the National Library of Canada to microfilm this 
thesis/practicum and to lend or sel1 copies of the film, and to Dissertations Abstracts 
International to publish an abstract of this thesislpracticum. 

The author reserves other publication Rghts, and neither this thesis/practicum nor extensive 
extracts from it may be printed or otherwise reproduced without the author's written 
permission. 



Acknowledgements 

1 would like to extend my thanks to the many people who have helped me 

irnrnensely during my years as a student at the University of Manitoba. To Dr. J. 

Charlton, 1 owe a debt of gratitude for his infinite patience and guidance during the 

course of my graduate research. Thank you Dr. Charlton for sharing your wisdom and 

teaching me about chemistry; this thesis would not have been possible without your help. 

1 would also like to thank Dr. Amtfield and Dr. Hunter for their participation as 

my committee members; they both made many helpful suggestions. To Dr. Wasim 

Haque 1 am grateful for many helpful and interesting conversations pertaining to 

chemistry and life in general. 

I'd also like to thank my parents and extended farnily for their support and 

encouragement over the years. They have instilled in me the value of a good education 

and hard work. Thank you also to Kevin Richardson whose dedication and love of 

science has been an inspiration to me. Kevin, you have aiways been extremely 

supportive of me and your words of encouragement have helped me through many trying 

times. Thank you Renae and Codey; you have both been delightful distractions during 

the course of my studies. 

Finally, 1 would like to thank rny Grandmother, lrene Yvon, who was a very 

important and positive influence in my life. Thank you Grandma, your kindness and 

endless generosity never cease to amaze me. 1 only hope that 1 can accomplish a fraction 

of what you did in my lifetime. 



1 

Table of Contents 

Abbreviations 

Abstract 

Chapter 1 : Introduction 

1.1 Definition of Lignans 

1.2 Classification of Lignans 

1.3 Lignans in Nature 

1.3.1 Lignans in Plants 

1.3.2 Lignans in Animals 

1.4 Biological Activity of Lignans 

1.4.1 Antiturnor and Antimitotic Activity of Lignans 

1 A.2 Antiviral Activity of Lignans 

1.4.3 Miscellaneous Physiological Effects of Lignans 

1.5 Synthesis of Lignans 

Oxidative Coupling 

Tandem Conjugate Addition 

Alkylation of Benzylbutyrolactones 

Stobbe Condensation 

Pericyclic Reactions 

1 .5.5.1 Diels-Alder Reaction 



1.5.5.2 Electrocyclic Reactions and Sigmatropic 

Rearrangements 

1.6 Atropisomerism and Hindered Rotation in Lignans 

1.6.1 Atropisomerism in Arylnaphthalenes Lignans 

1.6.2 Atropisomerism in Dibenzocyclooctadiene Lignans 

1.6.3 Atropisomerism in Diarylbutadiene Lignans 

1.7 Photodynamic Therapy 

Chapter 2: Thesis Objectives 

Chapter 3: Resuits and Discussion 

3.1 A Study of the Hindered Rotation in Dibenylidenesuccinates 

3.2 A Study of the Photochernical and Thermal Reactions of 

Diarylbutadiene Lignans 

3.3 Chiral Dibenzyiidenesuccinates as Precursors to Optically 

Active 1,2-Dibydronapbthalene L ipans  

Chapter 4: Conclusions 

Chapter 5: Experimental 

Ethyl (methyl mandelyl) E,E-dibenzylidenesuccinate 144 

Dynamic 'H NMR Experiment 

3,4,5-Trimethoxybenzylidenesuccinate monoester 145 

3,4,5-Trimethoxybe~lzyiidenesuccinate diester 146 

Ethyl E,E-bis-(3,4,5-trimethoxybe1l~ylidene)succate 147 

Diethyl E. E-bis-(3,4,5-~ethoxybe1l~yiidene)succate 152 



Pho toreaction of the E, E-bis-(3,4,5-trimethoxybenzy1idene)succate 152 122 

E, E-bis-(3,4,5-trimethoxybenzylidene)succc acid 153 133 

Epirnerization of cis- l,2-dihydronaphthdene 154 124 

E.E-bis-(2,4,5-trimethoxybenzylidene)succate 159 125 

Photoreaction of Diethyl 

E, E-bis-(2,4,5-trimethoxybenzylidene)sucate 159 126 

2,4,5-Trimethoxybenzylidenesuccinic acid 162 126 

Benzylidenesuccinate monoester 163 127 

Ethyl E, E-bis-(2,4,5-trimethoxybenzylidene)succinate 164 128 

Benzy lidenesuccinate diester 168 139 

Dihydronaphthalene diester 170 and monoester-acid 171 130 

Dihydronaphthalene di01 1 73 133 

Dihydronaphthalene alco ho1 176 134 

3,5-Dimethoxybenzyl iodide 175a 136 

3,s-Dimethoxytoluene 175b 136 

Dihydronaphthalene bromide 180 

Ethyl (cyclohexyl) 3,4,5-trimethoxybe1lzy1idenesuccinate 186 137 

References 140 

Appendiu: 'H and I3c NMR Spectra 147 



iv 

Ab breviations 

Ac 
AcCl 
Ar 
t-BU 
caicd. 
d 
DCC 
DMAP 
D m  
DMSO 
Et 
EtOAc 
EtOW 
HMPA 
HOAc 
HPLC 
HRMS 
J 
k 
LDA 

CL 
MHz 
1Me 
MeOH 
mP 
mlz 
NMR 
O-QDM 
p-TsOH 
rt 
 SN^ 
TFA 
TFAA 
THF 
TLC 
w 
vis 

acetyl 
acetyl chloride 
ary 1 
tert-butyl 
calculated 
doublet (spectral) 
dicyclohexylcarbodiimide 
3-(dimethylaminolp yndine 
N,N-dimethyformamide 
dimethylsulfoxide 
ethy l 
ethyl acetate 
ethanol 
hexarnethylp hosphorotriamide 
acetic acid 
high performance liquid chromatography 
high resolution mass spectrornetry 
coupIhg constant (in NMR) 
kilo 
lithium diisopropylamide 
multiplet (spectral) 
micro 
megahertz 
meth y1 
methanol 
melting point 
mass to charge ratio (in mass spectrometry) 
nuclear magnetic resonance 
ortho-quinodimethane 
para-to luenesulfonic acid 
room temperature 
bimolecular nucleophilic substitution 
trifluoroacetic acid 
trifluoroacetic anhydride 
tetrahydro furan 
thin layer chromatography 
ultraviolet 
visible 



Abstract 

In this thesis E,E-dibenzylidenesuccinates were shown to exhibit atropisomerism, 

enantiomensm that originates £iom hindered rotation about the butadiene carbon - carbon 

single bond. It was found that the introduction of a bullcy chiral auxiliary h to  an E,E- 

dibenzylidenesuccinate did not lead to the prejudicial fornation of one atropisomer and 

did not raise the rotational bamier sufficiently to slow the interconversion between the 

two atropisomeric forms to the extent that they could be separated at room temperature. 

In addition, the E,E-dibenzylidenesuccinates were found to undergo 

photochemical electrocyclic reactions and thermal 13-sigmatropic hydrogen shifts to 

give cis- l,2-dihydronaphthalenes. 

hindered 
rotation 

One of the photochemical electrocyclic reactions of the E, E- 

dibenzylidenesuccinates was studied for its application to photodynamic therapy, a 

therapy in which a photoactive compound is used to photochemicdly produce a 

medically therapeutic benefit. Another one of these photocyclic reactions was explored 

as a general method for the synthesis of the mns-1,2-dihydronaphthalene lignan, 

magnoshinin. Although the photoc hemical step in this reaction was ineffective, 

magnoshinin was successfùlly prepared by a more classical route. 



The possibility of substantially increasing the bamer to rotation about the carbon- 

carbon butadiene single bond andor prejudicing the formation of one atropisomer of an 

E,E-dibenzylidenesuccinate by linking the two carboxyl groups with a rigid chiral 

auxiliary was investigated with the idea that the photochernical cyclization of a single 

atropisomer couid lead to the formation of an optically active cis-1,2-dihydronaphthalene. 

The strategy adopted, in order to obtain individual atropisomers, involved the 

introduction of a trans-13-cyclohexyl ring into the molecule to give an eight-membered 

dilactone. Several attempts were made to achieve this goal. but it was found that 

formation of dilactone was not possible using these methods. 



Chapter 1 

Introduction 

Lignans form a class of natural products that are widely dispersed throughout the 

plant kingdom. Several lignans have also been detected in mammals but evidence 

suggests that these compounds arise frorn the microbial action on plant lignans in the 

gyt.' The t e m  "lipnan" was introduced in 1936 by R. D. Haworth to denote structures 

that are comprised of two phenylpropanoid units linked by the central carbons of their 

side chain.' Lignans have long been of interest to organic chemists due to the challenges 

that accompany their synthesis and their diverse biological properties. Some members of 

this class of cornpounds possess a variety of intriguing photochemical properties. Some 

also exhibit a phenomenon referred to as atropisomerism, enantiomerism that originates 

from hindered rotation about carbon - carbon single bonds. 1t may be possible to exploit 

these chernical and physical properties in asymmetric lignan synthesis andor 

photodynamic therapy. The introduction will give a brief review of lignans, lignan 

synthesis and the various biological properties that lignans possess. The subject of 

photodynamic therapy will also be reviewed. Included are discussions of the previously 

mentioned photochemical and physical properties, since these attributes may have 

applications in the asymmetric synthesis of lignans and lignan analogs. 

1.1 Definition of Lignans 

Lignans are a group of naturally occurring products found in plant material that are 

characterized by the union of two phenylpropanoid (C&) units with P-P' or Cs-Cay 

linkages as s h o w  in Scheme 1. The t em "lignan" was introduced in 1936 by ~aworth '  



to encompass al1 phenylpropanoid dimers joined at the beta carbon. They are often found 

in woody plants and shrubs. 

phenylpropanoid 
unit 

R 
Iignan skeleton 

Scheme 1 

1.2 Classification of Lignans 

The phenylpropanoid dimer can be post-processed in the plant to varying degrees 

of oxidation. Further cyclization can also arise via the introduction of a C6-C7' OC Cs-Ch' 

linkage. Accordingly, lignans can be divided into several subgroups based on their 

general structure as shown in Scheme 2, where the P-B' linkages are indicated with 

dashed lines. The dibenzylbutanes (1) are phenylpropanoid dimers that are joined only 

by B-P' bonds, while al1 the other lignan subgroups (2-13) have additional linkages. The 

more common subclasses of Lignans are the dibeqlbutanes, diaryl or dibenzyl furans, 

butyrolac tones, aryltetralins, and dibenzocyc looctadienes. Close relatives of the 

aryltetralin lignans are the aryl dihydronaphthalenes and arylnaphthalenes, which differ 

fiom each other and the aryltetrdins in their degree of oxidation. There are many 

common variations in the substitution pattern on the aryl rings that occur in nature, 

including methylenedioxy, rnethoxy and hydroxy g . . ~ u ~ s . ~  The position of substitution 
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on the aromatic ring also varies, but no lignan has ever been isolated with an 

unsubstituted phenyl ring? 

1 
Dibenzylbutane 

Ar 

h/ 
O '  

*Ar 
O 

7 
Arylbenzyllactone 

12 
Dibenzocyclooctadiene 

O H  O Ar 

8 
Diaryldilactone 

10 
Aryldihydronaphthalene 

13 
Diarylcyclobutane 

Scheme 2 



Thus there is an incredible diversity in lignan structure that arises Erom the 

construction of the lignan skeleton, the substitutions on the aryl rings and the various 

states of oxidation of the terminal groups. More than 200 mernbee of this class of 

natural products have been identifiedJ and there are several reviews available that catalog 

many of the known c ~ r n ~ o u n d s . ~ ~ ' ~  Naturally occurring phenylpropanoid dimers with 

linkages other than P-P' are known and mernbers of this class of compounds are referred 

to as neolignans." These structural analogs are not as nurnerous or widely spread as 

lignans throughout the plant kingdom. A uniform system of nomenclature and 

numbenng for lignans and neolignans haç not yet been widely adopted. in fact, there is 

still controversy over the very definition of these two groups of compounds. Most 

authon prefer the definitions given here as they depict lignans and neolignans as having a 

lundarnental chemical difference. Trivial narnes of old and newly discovered lignans are 

in common use. Typically, lignans are assigned names based on the plant species from 

which they are isolated. This convention will be retained throughout the introduction. 

1.3 Lignans in Nature 

1.3.1 Lignnns in Plants 

Lignans have a widespread distribution within plants and have been isolated from 

al1 different parts of the plant including the wood, roots, leaves, flowen, f iu t  and seeds? 

As for the biosynthetic ongin of lignans, they are formed via the shikimate pathway.5 It 

is hypothesized that the union of the phenylpropanoid units is enzyme catalyzed and 

occurs through fkee radical prompted dimerization of various p-hydroxyphenols 



(cinnamyl alcohols, cinnamic acids, propenylphenols or allyl phenols), as shown in 

Scheme 3, although to date, there is Little expenmental evidence that supports this theory. 

X=CH,OH, CO,H, CH,, H 
R=CH,, H 

Scheme 3 

1.3.2 Lignans in Animals 

It is important to note that lignans have been found in man and primates. In 

particuiar, enterodiol (16) and enterolactone (17) have been detected in the urine of 

hurnans, baboons, vervet monkeys and rats. 12-14 These two lipans are not produced in 

plants and have been dubbed ''mammalian lignans". 

The presence of lignans in mamrnals does not necessarily indicate that they play 

an important role in mamrnalian biochemistry. In fact, there is evidence that suggests 

that rnarnmalia. lignans are simply the metabolic products f?om bacterial action in the 

gut of mammals that have consumed a diet rich in fiber. SecoisoI~ciresinol diglucoside 

(14) (SDG) and matairesinol (15), two lignans found in plant products, when consumed 



b y marnmals are converted to their mammalian Lignan counterparts by microbial 

processes in the gut' as shown in Scheme 4. 

t$ OMe 

14 (Secoisolariciresinol diglucoside) 

1 Intestinal Bacteria 

1 6 (Enterodiol) 

@ OMe 

15 (Matairesinol) 

1 Intestinal Bacteria 

17 (En terolactone) 

Scheme 4 

1.4 Biological Activity of Lignans 

Lignans have long been well known for their many and varied biological activities 

in living organisms and have thus been the subject of severai extensive reviews dealing 

with their bio logical properties. 3,416.17 Lignans have been found to exhibit antitumor, 

antiviral, antimitotic, antibacterial and antifungd properties as well as a host of 

physiological effects in man, insects and plants. Lignans have also been shown to exhibit 



enzyme inhibition and have interesting effects on nucleic acids. More recently, lignans 

have found use as preservatives in the agriculture, food, rubber and pharmaceutical 

industries and as stabilizing agents for lubncants and polymers such as adhesives and 

plastics. The biological activity of lignans is widespread and varied, thus only a few 

examples of the more important biological properties will be discussed in detail here as 

they pertain to the treatrnent of human disease. 

1.4.1 Antitumor and Antimitotic Activity of Lignans 

Lignans have gained importance since their discovery in 1936 because of the 

nurnerous biological properties that they possess. Amongst the most important of these 

properties is the ability of some lignans to arrest the rapid proliferation of cancer cells. 

About fitty years ago, researchers found that the alcoholic extracts of two closely related 

Podoplzyhrn plant species containhg lignans exhibited destructive effects towards 

cancerous ce11 growths in animais." The group of lignans denved fiom the two 

Podophyllum plant species that are responsible for the antitumor activity of the extracts 

have been identified and have the aryltetralin general structure. Some exarnples of 

aryltetralin lignans exhibithg antitumor activity are given in Scheme 5. In an attempt to 

determine the rnechanism of action against cancer cells and correlate activity with 

structure in podophyllotoxin type lignans, stmcture-activity relationship studies have 

been cond~cted. '~ Although certain features of aryltetralin lignans (and other lignan 

classes) have been implicated as being important or essential to the biological activity of 

the compound, few generalizations cm be made based on the available information to 

date. 



OH 

Me0 OMe Me0 OMe Me0 OMe 
OMe OH OMe 

18 (Podophyllotoxin) 19 (4'demethylpodo~hyIlotoxin) 20 (Deoxyoodophyllotoxin) 

OMe 

21 (Picropodophyllotoxin) 
6~ OMe 

22 (alpha-Peltatin): R=H 24 (Epipodophyllotoxin) 
23 (beta-Peitatin): R=CH, 

Scheme 5 

It is evident that the configuration of C-4 &ects antitumor activity in podophyllotoxin 

lignans. Epipodophyllotoxin and podophyllotoxin are diastereomers and differ only in 

the configuration at the C-4 position, yet epipodophyllotoxin is an order of magnitude 

less effective in its antitumor activity. The situation is complex, however, and not well 

understood. For example, positioning the hydroxyl substituent elsewhere on the 

molecule has surprishg results. P-peltatin, which has the hydroxyl group at the C-5 

position, has increased antitumor activity and deoxypodophyllotoxin is as potent an 

antitumor agent as podophyllotoxin itself. The configuration about the C-2 carbon also 

seems to be of importance in determining the antitumor activity of podophyllotoxins. 



Picropodophyllotoxin, which differs f?om podophyllotoxin only in configuration at this 

center, shows a much lower activity as a direct result. 

The marnmalian lignans, enterodiol (16) and enterolactone (17), have also been 

implicated as anticancer agents. 20, 21 It has long been h o w n  that there is a significantly 

lower incidence of hormone-dependent cancers, such as breast and prostate cancer, in 

persons consuming a vegetarian diet nch in soybean and flaxseed. Studies have been 

conducted to assess the relative amounts of lignans produced f?om various plant foods by 

in vitro fermentation with human fecal rnicrobiota.1° The results showed that oilseeds, 

such as flaxseed and soybean, were the highest producen of lignans. Furthermore, the 

urinary levels of marnmalian lignans were found to be significantly higher following 

penods of increased flaxseed consumption. It is hypothesized that the dietary plant 

lignans, secoisolariciresinol diglucoside (14) and matairesinol (l5), which are converted 

to marnmalian lignans enterodiol and enterolactone (Scheme 4), by the action of 

intestinal bactena act as cancer-protective agents by an antiestrogenic action in persons 

consuming them. 

Although the aryltetralins are the best represented class of lignans with antitumor 

activity, memben of other subgroups are also h o w n  to have antitumor activifl-" but 

they are not as effective as podophyllotoxin. Examples of other subclasses of lignans 

exhibiting antitumor properties are given in Scherne 6. These compounds and the 

podophylIotoxin derivatives have such structurai divenity that it is difficult to find 



O-/ OMe 

25 (Diphyllin): R=H 
26 (Justicidin A): R=CH, 

27 (Uehybroanbbroqicro- 
podophyllotoxin) 

OMe 

Me0 OMe 
OMe 

28 (Burseran) 

O 

Me0 OMe 

Scheme 6 

even a single unique underlying characteristic that may account for their antitumor 

activity. A common feature of antitumor lignans is the presence of a 

methylenedioxyphenyl group. Although this featue must have an important role in 

eliciting a response, it is clearly not an absolute requirement. The only conclusion that 

can be drawn from the large variation in structure amongst these lignans is that there are 

probably several different modes of action for different stnictures. 

Many lignans of the podophyllotoxin type also have demonstrated antimitotic 

activity in that they are able to arrest ce11 growth at the metaphase stage of the groowth 

cycle. Podophyllotoxin type Lignans have been shown to bind to purîfied tubulin 



preparations.'g These cornpounds have destructive behavior towards cells as they inhibit 

the assembly of microtubule subunits or tubulin monomers to form microtubules or 

tubulin polymers. Tubulin polymerization is an integral part of ceil division and 

microtubules in the cellular cytoskeleton have been implicated in vital cellular activities 

and processes such as ce11 wall synthesis. Interference with these processes is disastrous, 

as it not only interferes with ce11 division but also the structural inte@ty of the cell. This 

inevitably leads to ce11 death. Podophyllotoxin disrupts the dynamic equilibriurn between 

the tubule monomers and tubulin polymers, which results in the disassembly of 

microtubules. It has been suggested that podophyllotoxin (18) cornpetes for the same 

binding site on tubulin as colchicine (33). "*'* In fact, podophyllotoxin has been s h o w  

to have twice the aflinity for tubulin as colchicine. Colchicine is a known microtubule 

poison that prevents the assembly of microtubules and promotes microtubule disassembly 

thereby arresting mitosis in cells. 29. 30 Colchicine and podophyllotoxin both have two 

sites of contact, but only one site in common, that being the 3,4,5-trimethoxyphenyl 

moiety3 l 

QH 

cm0 O ' -  ' e l ,  

Me0 OMe 
OMe 

OMe 

18 (Podophyllotoxin) 33 (Colchicine) 



Although 

podophyllotoxin, 

it is of paramount importance to the antimitotic activity of 

the 3,4,5-trimethoxyphenyl group is not a prerequisite to antitumor 

activity of podophyllotoxin analogs and lignans in general. This is exemplified by the 

fact that 4'-demethylpodophyllotoxin, which lacks this feature, has an antihimor activity 

comparable to that of podophyllotoxin.'g 

Not surprisingly, podophyllotoxin and some podophyllotoxin analogs, like other 

chemotherapeutic agents, are extremely toxic, leading not only to the death of cancer 

cells, but healthy cells as well. This has lirnited the use of podophyllotoxin as a 

chemotherapeutic agent for the treatment of cancer. Two semisynthetic denvatives of 

podophyllotoxin, teniposide (34) and etoposide (35), were developed to overcome the 

problem of non-selectivity of podophyllotoxin towards healthy cells versus cancer cells. 

The endeavor was successful and the derivatives (Scheme 8) are currently used for the 

clinical treatment of several varieties of leukernia, lyrnphoma, small cell lung cancer and 

germinal testicular ~ancer.'~ Unlike podophyllotoxin, etoposide and teniposide funciion 

by inhibiting the enzyme topoisomerase II, an enzyme that is responsible for the 

uncoiling of double-stranded DNA during ce11 replication. Topoisornerase II clips super- 

coiled DNA and allows it to relax in order for replication to occur, then reseals it. 

Etoposide and teniposide stabilize the topoisornerase-DNA cornplex, which promotes 

excessive breakage and inadequate reattachment of DNA fragments and the end result is 

cell death. Etoposide and teniposide are selective for cancer cells due to theu interaction 

with topoisomerase II, which is abundant in the rapidly proliferating cancer cells. 



Me0 OMe 
OH 

34 Teniposide (VM-26) 

Ho OH? 

OH 

35 Etoposide (VP-16-213) 

Scheme 8 

1.4.2 Antiviral Activity of Lignans 

In addition to their antihimor and antimitotic properties. the extracts of several 

PodophyZ1u.n species have been known for their antiviral effects for rnany yem. A crude 

extract of Podophyllum peltatum has been shown to have antiviral activity towards herpes 

symplex II, influenza A and vaccinia v i r ~ s e s . ~ ~  Podophyllotoxin (18), 

deoxypodophyllotoxin (20), picropodophyllotoxin (21) and a-peltatin (23) have been 

shown to be effective against herpes symplex I . '~ Podophyllotoxin is used for the clinical 

treatment of condyloma acuminata (venereal warts), a disease which is caused by the 

human papilloma virus. The herpes symplex II and human papilloma viruses are 

especially harmful towards humans, as they have been implicated in cervical cancer. 

Although the mechanisms leading to the antitumor activity of podophyllotoxin 

denvatives has been extensively stuâied and is fairly well understood, the mode of action 

of podophyllotoxins exhibithg antiviral properties is still subject to conjecture. One 

hypothesis is that these lignans elicit the observed response in the same way they function 

as anrimitotic agents." In other words, podophyllotoxin type lignans are thought to 



inhibit viral release owing to their interference with microtubule formation and as a result 

reduce the production of vinises by infected cells. 

Lignans fiom subclasses other than the aryltetralins have also show antiviral 

activity. Of particular importance are the benzylbutyrolactones (-)-arctigenin (36) and (- 

)-trachelogenin (37), isolated from the tropical climbing shmb Ipomoea cairica, which 

have been shown in vitro to strongly inhibit replication of the human immunodeficiency 

virus (HIV-I).l0 It is thought that these two compounds function by enzyme inhibition 

of topoisornerase II which is involved in viral replication after cellular infection by KIV- 

1. 

OMe c$ OMe 

Scheme 9 

1.4.3 Miscellaneous Physiological Effects of Lignans 

Lignans possess a myrîad of biological properties and amongst these are a host of 

interesting physiological effects that are exhibited in a wide variety of living organisrns. 

Lignans have been knom to have cathartic, antirnicrobial and antifmgal activity, in 

addition to their roles as allergens and insecticides. Lignans have also been found to 

possess stress-reducing activity and have profound effects on the cardiovascular and 

central nervous systems in mammals. Plants containing lignans have been used as 



therapeutic agents in Chinese herbal preparations for the treatrnent of various human 

ailments for more than 2000 years. 

The magnitude and diversity of biological properties that lignans exhibit in 

humas  and other living organisms is remarkable. Many of the members of this general 

class of compounds could prove to be excellent candidates for the treatment of human 

disease. Unfomuiately, in most cases the structural features that govem lignan behavior 

in living organisms is poorly understood. New methods to facilitate the expedient 

synthesis of lignans are required in order to facilitate more systematic investigations of 

their biological activities. Insight into the factors which modulate the many biological 

properties of lignans may lead to the development of new treatments for hurnan disease 

and will certainly further an understanding of their biological effects. 

1.5 Synthesis of Lignans 

.4s a result of their staggering nurnber of biological properties and incredible 

structural diversity, lignans have long been of interest to synthetic organic chemists. The 

potential of lignans as effective dmgs and their prospective value to the pharmaceutical 

industry have made them the target for innumerable synthetic endeavon. There has been 

a cornucopia of accounts of Iignan syntheses given in the literature 3, 5-10. 35-38 , a few of 

which will be given here. The various methods that have been used for the preparation of 

lignans discussed in this section will be classed by reaction type rather than lignan 

structure in order to provide a brief oveMew of lignan synthesis. 

Liman synthesis fundamentaliy relies on a limited nurnber of integral reactions 

that are required for the construction of the basic 18-carbon skeleton whose modification 



(e.g . c yclization, reduction, oxidation, hydration) generates the entire set of lignan 

compounds. 

1 S.1 Oxidative Cou pling 

Some lignans can be synthesized directly from cinnamic acid denvatives through 

the use of conventionai oxidizing agents. The phenolic oxidative coupling reactions of 

cinnarnic acids is an efficient route that has been used to obtain a number of the generai 

lignan structures as s h o w  in Scheme 10. This method has been used to prepare a variety 

of lignans such as the diarylfurans, diaryldilactones, aryldihydronaphthalenes and 

aryltetralins. Synthesis of the diaryldilactone structure provides a convenient means to a 

variety of lignans. The diaryldilactones c m  undergo a range of structural modifications 

and have been converted to diarylfùrofurans, dibenzylbutyrolactones, diarylhirans, 

dibenzy lbutanes and aryldihydronaphthalenes. 

Scheme 10 



The synthesis of the dibenzy lbutyro lactone matairesino 1 (1 5) was achieved via the 

phenolic oxidative coupling of ferulic acid 38 through a diaryldilactone precmor as 

s h o w  in Scheme 1 1.j9 The dilactone was converted to 41 by hydrogenation followed by 

dehydration. 41 was then M e r  reduced to afTord matairesinol. Dilactone 39 was also 

converted to the corresponding aryldihydronaphthalene by treatment with methanolic 

HCl. Arylnaphthalenes 42 and 43 were prepared from aryldihydronaphthalene 39 in 

several steps including oxidation, hydrolysis, reduction and lactonization. 

HCI - 
MeOH 

Scheme 11 

Two derivatives of dilactone 39 were used in the preparation of diarylfurofuran 

lignans pinoresinol and e ~ d e s m i n ~ ~  by selective reduction of the acetylated lactone 44 or 

methylated denvative 45. 



Ro 44; R=Ac 
45; R=Me 

'r 
OMe 

OR 48; R=H (Pinoresinol) 
49; R=Me (Eudesmin) 

Scheme 12 

Dilactones are useful for the preparation of diarylfuran lipans.40"1 In the usual 

manner, dilactone 50 was treated with methanolic HCI, but in this case, the presence of a 

halogen in the ortho position of the aromatic ring diverted the normal course of 

cyciization. Thus, diarylfuran 51 was obtained rather than the expected 

ary ldihydronap hthalene product. Reduction of the aromatic bromide and carboxy-ethyl 

groups afforded lignans galbelgin (52) and grandisin (53) (see Scheme 13). 



1. 

2. 

OMe 
Ac0 

Me0 Br Br OMe 
R R 

5 1 

OMe 

Me0 
I OMe 

52: R=H (galbelgin) 
53: R=OMe (grandisin) 

Scheme 13 

Phenolic oxidative coupling can aiso be used to prepare various aryltetralin 

lignans directly? For exarnple, methyl sinapate (541, upon treatment with ferric 

chloride, yielded 4-hydroxyaryltetralin 55 as the major product (6 1%). Acid catalyzed 

dehydration afforded the dhnethyl ester of thomasadioic acid (56). 

HO 

OMe 

Me0 OMe 

C0,Me 

C02Me 

Me0 OMe 

Scheme 14 

Phenolic oxidation of certain ferulate ester derivatives has led to the formation of 

the correspondhg diarylfiiran lignansa as illustrated in Scheme 15. Oxidative coupling 



of dibrornoferulate (57) afforded the diarylfùran derivative 58. Subsequent reduction of 

the ary lbromides and carboxy-ethy 1 groups gave verguensin (59). 

1. LAH 
2. TsCl 

Ar"'.i AtAr - 
O 3. LAH 

59 (Veraguensin) 

Scbeme 15 

Non-phenolic oxidative coupling to prepare lignans is also possible with the use 

of relatively new reagents such as thalium(II1) trifluoroacetate. Non-p henolic coupling 

cm be used to generate the useful diarylactone structures as shown in Scheme 16. The 

preparation of dilactone (60) was effected via oxidative coupling. Subsequent reduction 

Scheme 16 



1.5.2 Tandem Conjugate Addition 

The conjugate addition of a thioacetal carbanion to butenolide and subsequent 

trapping of the ensuing enolate carbanion with an appropriate electrophile has been used 

for the synthesis of many lignan compounds. Conjugate addition provides an efficient 

and convenient means for the asymmetric synthesis of optically active 

dibenzylbutyrolactone lignans as shown in Scheme 17."j Once the basic lignan skeleton 

has been constructed, it can then be modified to generate a variety of general lignan 

structures. 

OMe 

PhS SPh 
\ / 

Q" OMe 

Scheme 17 

Conjugate addition has been used in the synthesis of isostepane (63), a 

benz~c~clooctadiene.~ Treatment of the butyrolactone stnicture with vanadium 

oxyfluoride results in the formation of the required 8-membered ring. 

Me0 
OMe OMe Me0 

63 (Isostegnane) 

Scheme 18 



This reaction type is also useful for the preparation a variety of podophyllotoxin 

lignans. For example, deoxypodophyllotoxin (65) and isopodophyllotoxone (66) were 

prepared from a cornmon butyrolactone precursor."5 

Me0 
OMe 

OMe OMe 
OMe 66 (Isopodophyllotoxone) 

2. SnCI, or TFA 

OMe 
65 (Deoxyisopodophyîlotoxin) 

Scheme 19 

1.5.3 Alkylation of Benzylbutyrolactones 

This reaction type is closely related to the reactions described above. Tandem 

conjugate addition and the alkylation of butyrolactones both generate the 

dibenzylbutyrolactone skeleton by trapping an intermediate enolate carbanion with a 

suitable electrophile. As above, the dibenzylbutyrolactone cm then be cyclized to afford 

46.47 a range of aryltetralin lignans. Tomioka et al. have reported the asymmetric 

syntheses of several lignans including, (-)-isodeoxypodophyllotoxin (67), (+)-podorhizon 

(68) and (-)-podorhizol(69) by employing chiral butyrolactones (Scheme 20). 



O 

LHDS 
ArCH O 

OMe 

Me0 Q" OMe 
OMe 

67 ((-)-IsodeoxypodophyItotoxin) 

Me0 OMe 
OMe 

Scheme 20 

The sarne authon have devised a method for the synthesis of chiral 

benzylbutyrolactones as illustrated in Scheme 21. Optically active benzylbutyrolactones 

73 and 75 were prepared Crom a common precursor, lactone 71. Lactone 71 was in hun 

prepared boom L-glutamic acid in a multistep sequence. Asyrnrnetric reduction of alkene 

72 afXorded benzylbutyrolactone 73. In contrast, asymrnetric alkylation of enolate 74 

gave, afier additional reactions, chiral benzylbutyrolactone 75. 



- 
7 

OR 
72 

73 

L-glutamic - 
acid - 

Scheme 21 

Benzylbutyrolactones have also been used for the synthesis of lignans with the 

dibenzoc yclooctadiene general structure."bs' For exarnple, the intrarnolecular aldol 

reaction of biaryl derivative 76 afforded the basic lignan skeleton which after m e r  

modification gave picrostegane (77) and isopicrostegane (78) as shown in Scheme 22. 

OMe 

76 

1. LHDS 

77 (Picrostegane) 

Me0 

78 (Isopicrostegane) 

Scheme 22 



1 S.4 Stobbe Condensation 

This extremely versatile reaction is commody used for the construction of the 

basic 1igna.n skeleton. 52-56 The Stobbe condensation is the reaction of an aromatic 

aldehyde with a succinate ester to give truns-benzylidene succinate monoester 79. 5758a 

This reaction has also been used for the preparation of chiral dibenzylbutyrolactone 

lignans and a general example is given in Scheme 23. The mechanism illustrates why the 

monoester is the product of the reaction. The carboxyethyl group can be selectively 

reduced. Subsequent lactonization and hydrogenation affords the racemic saturated 

lactone 74a. Lactone 74a c m  be resolved and condensed with a second equivalent of 

aromatic aldehyde to give the general lignan skeleton. Asymmetric reduction of the 

double bond leads to optically active dibenzylbutyrolactone 80. 

The stereochemistry of the tram-benzylidene generated by the Stobbe 

condensation of an aromatic aldehyde and succinate ester has been assigned based on 

NMR st~dies.~'' The olefinic proton in the trans-arrangement gives a signal at a lower 

field than the corresponding cis-arrangement owing to the diamagnetic anisotropic 

deshielding effect of the adjacent carbonyi group. 



Base - 

R 
- 

reductic 

1 resolution 

R 
reduction - Optically Active 

Dibenzylbutyrolactones 

Scheme 23 

The successive Stobbe condensation of a truns-benzylidene succinate with 

another equivalent of aldehyde in refluxing alcohoVakoxide affords a dibenzylidene 

succinate or diarylbutadiene stnicture. The dibenzylidene structures generated by two 

successive Stobbe condensations have a pans. trans-arrangement about the two double 

bonds, as do the three naturally occuming diarylbutadiene Lignans, phebalarin (81),SBb 

jatrodien (82)58c and taiwanin A (83),58d as shown in Scheme 24. The stereochemistry of 

the E,E-isorners have been unequivocally established by numerous NMR and x-ray 

cry stallograp hic studies. 58a.c-i Thus, the Stobbe condensation is ideally suited to the 



synthesis of diarylbutadiene lignans and has been applied to the synthesis of jatrodien 

OMe ' 
81 (Phebalarin) 

OMe 

82 (Jatrodien) 83 (Taiwanin A): 
Ar=3,4-(rnethylene- 
dioxy)phenyl 

Jatrodien 

Scheme 24 

The Stobbe condensation has also been used for the preparation of aryltetralin 

~ i g n a n s ~ ~ ~ *  as illustrated in Scheme 25. The butymlactone skeleton was prepared in the 

usual manner and subsequent condensation with another equivalent of aldehyde gave the 

diarylbutadiene skeleton, which after intrarnolecular Friedel-Crafts alkylation and M e r  

modification, afforded nintetralin (84). 



- 
1. LDA 
2. ArCHO 
3. TFA 

84 (Nintetralin) 

Scheme 25 

Charlton et aL6' reported that the condensation of the Stobbe benzylidene diester 

with an equivalent of aromatic aldehyde could be prevented fiom eliminating to form the 

diarylbutadiene and instead be made to form alcohol 87. This could be accomplished by 

employing LDA as a base thereby making the second Stobbe reaction irreversible, and 

quenching the reaction at low temperatures. Immediate treatment of the alcohol 87 with 

TFA promoted cyclization and afEorded the dihydronaphthalene lignan 88. Subsequent 

oxidation of 88 with DDQ gave the fully ammatic products. The aromatic diesten were 

selectively hydrolyzed at the C-3 position owing to stenc hindrance by the phenyl ring 



adjacent to C-2. Selective reduction and lactonization gave a variety of lignan lactones 

and retro lactone structures as illustrated in Scheme 26. 

reduction 
DDQ - 

R = 3',4'-methylenedioxy (a) 89R1=Et KOH 
3',4'-dimethoxy (b) 90 Rl = H Q 
3',4',5'-trimethoxy (c) 

R2 = 6,7-methylenedioxy (a) 
6,7-dirnethoxy (b) 
6,7,8-trimethoxy (c) 

Scheme 26 

1.5.5 Pericyclic Reactions 

Pericyclic reactions have been used extensively for the preparation of a wide 

variety of aryhapthaiene, d&ydroarylnaphthalene and aryltetralin lignans. 



1 S.5.1 Diels-Aider Reactions 

The Diels-Alder cycloaddition of cis-(arylpropiolyl) derivatives such as 92 has been used 

for the preparation of arylnapthalene lignans62d4 as illustrated in Scheme 27.62"3 The 

c ycloaddition affords arylnaphthalene anhydride 93, which was subsequently reduced and 

oxidized with Fetizon's reagent to give a mixture of two products justicidin E (94) and 

odCo2H 
Ac,O - 

( 1 or DCC 
O 

92 
O 

O 

O - 

95 (Taiwanin C) 94 (Justicidin E) 93 

Scheme 27 

Doubly unsaturated esters have dso been successfully used for the preparation of 

a variety of arylteaalin lig~~ans,~'"~ aryldihydro- and aryinaphthalene Iignans 70.71. 

each of these syntheses, intramolecular Diels-Alder cycloaddition results in a 3,4- 

dihydronaphthalene cycloadduct, which can be then further modified to afford the desired 

lignan. As shown in Scheme 28, intrarnolecular Diels- Alder cycloaddition of 96 affords 

the 3,4-dihydronaphthalene 97. Dihydronaphthalene 97 can be subsequently reduced 



with Raney Nickel to afford the aryltetralin general structure 98. Reduction and 

epimerization of the C-2 position gives the di01 99 which can be M e r  reduced to yield 

attenuol ( I O O ) . ~ ~  

or DCC 

RaN i - 

1. NaOAc 
2. LAH 

OH OR 

(R=CH,Ph) 100 (Attenuol) 99 

Scheme 28 

The Diels-Alder reaction of an isobenzofuran diene with a suitable dienophile has 

proved to be a convenient method for the synthesis of phenolic and non-phenolic 

arylnapthalene ~ i ~ n a n s . ' ~  As illustrated in Scheme 29, the isobenzofuran needed for these 

reactions is normally prepared fiom a hydroxyacetal precursor:5 such as 101, and reacted 

in situ with a dienophile, nich as fimarate, maieate (102) or acetylene dicarboxylate 

(103). The syntheses of many arylnapthalene lignans have been based on this 

approach. 55.72-77 



Scheme 29 

The use of the Diels-Alder cycloaddition reaction of ortho-quinodimethanes 

QDM) for the asymmetric spthesis of optically active aryltetralin lignans has been 

extensively studied by Charlton et The synthesis of (+)-isolariciresinol dimethyl 

ether was accomplished by using this method. Thermolysis of sulfone 104 generated an 

O-QDM intermediate 105," which subsequently undenvent cycloaddition with methyl 

fumarate to give 106 as the major product. Removal of the chiral auxiliary by 

hydrogenolysis followed by reduction of the carboxy-methyi groups gave (+)- 

isolariciresinol dimethyl ether 107. 



Scheme 30 

The cycloaddition approach has also been used for the asymrnetric synthesis of 

lignans having a cis-1,Z stereochernistry similar to that found in podophyllotoxin 

(podophyllotoxin type lignan~).~'*~* The O-QDM intermediate 109 used the for the Diels- 

Alder asymmetric syntheses of (-)-isolariciresinol dimethyi ether (1 1 1) and (-)- 

deoxysikkimotoxin (112) was generated via the thennally induced ring opening of a 

berizocyclobutenol derivative 108. The O-QDM diene so generated was then trapped by 

the fumarate of methyl (R)-mandelate to afiord the aryltetralin cycloadduct 110 as 

illustrated in Scheme 3 1. Further modification of the cycloadduct 110 afforded 

aryltetralin ligans 11 1 and 112. 



1. NaOMe 

2. HCI, 
MeOH 

11 1 ((-)-Isolariciresinol dimethyl ether) 

Ph 
R*=+## 

C0,Me 
Ar* = 3,4-d irnethoxyp henyl 
Ar" = 3,4,5-trimethoxyphenyl 

Scheme 31 

1.5.5.2 ElectrocycIic Reactions and Sigmatropic Rearrangements 

The intramolecular thermal and photochernical reactions of the 

dibenzylidenesuccinic anhydrides, known as diarylfûlgides, dibenzylidenesuccinimides, 

hown as diarylhlgimides 114, and dibenzylidenebutyrolactones 115, have been studied 

extensively by Heller 58 f.83-86 et al. and others. 3557e.87 These compounds have been found 



to undergo photochemical and thermal electrocyclic reactions and thermal sigmatropic 

rearrangements to give various dihydronaphthalene derivatives which can be modified to 

give dihydronaphthalene arylnaphthalene or aryltetralin lignans. 

7 13 (Dibenzylidene i 14 (Dibenzylidene i 15 (Dibenzylidene- 
Fulgides) Fulgimides) butyrolactones) 

R=Aryl, Aikyl. H 

Scheme 32 

Heller et al. found that the reactions and product distribution of the diaryl fulgides and 

hilgimides under investigation were dependent on the nature of the substituents on the 

double bonds and their stereochemistry about the double bonds. For exarnple, as 

illustrated in Scheme 33, fùlgides 1 16a and 1 16b undenvent photochernical conrotatory 

ring closure to afford intermediate 1,8-dihydronaphthalenes l2Oa and 120b, respectively. 

In both cases, photochernical ring closure occurred exclusively on the phenyl of the more 

substituted double bond, the diphenylidene and a-ethylphenylidene phenyl groups, and 

not the benzylidene phenyl group. 1,8-dihydronaphthalenes l2Oa and 120b were subject 

to two competing themal processes, those being a 1,s-sigrnatropic hydrogen shift to 

aKord 1,2-dihydronaphthalenes 123a and 123b and thermal disrotatory ring opening to 

give hlgides 117a and 117b. Thus fulgides 116a and 116b were found to cis,trans- 

isomerize or cyclize to form a 1,2-dihydronaphthaiene via a 1,8-dihydronaphthalene 

intermediate. Similarly, hilgides 11 7a and 1 l7b were shown to undergo conrotatory 

photochemical cyclization to give 1,8-dihydronaphthalenes l2 la  and 121 b which in turn 



undement either thermal disrotatory ring opening to afford the initial fulgides 116a and 

116b or a thermal 1,5-hydrogen shift to give correspondhg 1,2-dihydronaphthaienes 

124a and 124b. 

I 1,s-H shift 1,s-H shift 

121 

1.5-H shift 

/ dis. 

Scheme 33 

The activation energy for the 1,5-hydrogen shift was found to be Iower than that for the 

competing thermal disrotatory ring opening, as evidenced by a variation in product 

distribution with temperature. Fuigide 1 l6e underwent a similar photo-induced process 

i.e. photochernical cyclization followed by either a 1,5-hydrogen shift or thermal ring 



opening to afTord the 1,2-dihydronaphthalene 123e. Interestingly, photochemicai 

cyclization ont0 the phenyl of the a-phenylethylidene of the E-fulgide 116e did occur to 

some extent to form 1,8-dihydronaphthalene 119e followed by a 1.5-hydrogen shift to 

afford 1,2-dihyclronaphthalene l22e. However, cyclization ont0 the phenyl of the 

diphenylidene phenyl was preferential as indicated by a 2575 product distribution of 1,2- 

dihydronaphthalenes l22e and 1 î3e  respectively. Although the 1,8-dihydronaphthalene 

l2Oe was formed as evidenced by the presence of the corresponding 1,2- 

dihydronaphthalene, 120e did not undergo thermal disrotatory ring opening to give Z- 

fulgide 1 17e. 

As expected, fulgide 117c did not undergo photochernical ring closure ont0 the 

phenyl of the benzylidene group and did not form the 1,8-dihydronaphthalene 

intermediate l 2 l c  as indicated by the absence of the corresponding 1,2- 

dihydronaphthalene. The occurrence of lI6b was a?tributed to 2-E photo-isomerization 

of the a-phenylethylidene bond and not to formation of the corresponding 1,8- 

dihydronaphthalene intermediate l2 lc  as in the previous cases. Furthemore, E,Z- 

succinic anhydride was observed to photoisomenze to afford the three other possible 

stereoisomen, E, E-, Z'E- and Z,Z-succinic anhydrides 1 16b, 1 l7b and 1 18b respectively. 

The photo-isomerization of 117c to 116b may be ascribed to stenc strain in 117c rather 

than to the reluctance of the benzylidene group to enter into the pericyclic ring closure. 

The E-fùlgide 116e also did not E-Z photo-isomerize, nor did the corresponding 1,8- 

dihydronaphthalene 120e undergo thermal disrotatory ring opening as indicated by the 

complete absence of 2-Mgide 117e. 



Heller found that E-fulgide 116a and 2-Mgide 117a both undement thermal 

remangement on strong heating to afford high yields of cis- 1 2-dihydronaphthalene l23a 

via 1,8-dihydronaphthalene intemediate 120a. This indicated that 2-fulgide 117a 

undenvent thermal disrotatory electrocyclic ring closure followed by a 1,5-hydrogen shift 

to afford 1,2-dihydronaphthalene l23a, but that the overcrowded thermodynamicdly 

unstable E-fulgide 116a isomenzed to the 2-isomer at high temperatures. Thus, thermal 

disrotatory ring closure occurred predominantly through the 2-isomers. 

The fulgides were converted into the corresponding 1,2-dihydronaphthalenes by 

the sequence of reactions descnbes above by the careful exclusion of oxygen. In the 

presence of oxygen, the formation of the corresponding arylnapthalene products 

occurred. Heller found that 1,2-dihydronaphthalenes did not undergo similar oxidation 

on prolonged irradiation, and therefore proposed that the arylnaphthalene compounds 

were formed by oxidation of the corresponding 1,8-dihydronaphthalene intermediates by 

the action of oxygen. 

Scheme 34 
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By analogy to the fûlgides, dibenzylidenebutyrolactones have been found to 

undergo conrotatory photochernical ring closure to afford 1,8-dihydronaphthalene 

intermediates. The photoproducts of taiwanin A (125) hdicated that the photocyclization 

of this dibenzylidenebutyrolactone is regiospecific and ring closure occurs exclusively 

ont0 the aqi ring not in conjugation with the carbonyl group to afford 1,8- 

dihydronaphthalene intemediate 128 which subsequently could be oxidized to yield 

retrohelioxanthin as illustrated in Scheme 35. Moreover, in the absence of 

oxygen, dibenzylidenebutyrolactones l25a and l25b underwent conrotatory 

photocyclization to afford a 1,8-dihydronaphthalene intemediate followed by 

tautomerism and thus were converted to their corresponding 1,4-dihydronaphthalene 

~buctures'~ 130a and 130b. 

RI 

1 tautomensm 

Scheme 35 



1.6 Atropisomerism and Hindered Rotation in Lignans 

The term atropisomensm was introduced in 1933 by ~ u h n "  and refen to 

molecules that exhibit chirality solely on account of hindered rotation about a carbon- 

carbon single bond in the molecule. Such molecules can exist in two enantiomeric foms 

that are actually conformational isomers or rotamers. in order to distinguish between 

classical conformational isomers and atropisomers, the term atropisomensm was 

introduced to denote conformational isomers that c m  be isolated. However, the isolation 

temperature of the rotamers was not defined and the term atropisomensm is not 

conditional on a temperature range but is comrnonly used to designate conformational 

isomers that are isolable at technically achievable temperatures. 

Molecules exhibiting atropisomensm exist in enantiomeric forms only in the 

absence of stereogenic centers in the molecule. In the event that the molecule exhibiting 

atropisomensm contains classical stereogenic centres, the rotarnen will exist in 

diastereomeric forms. The t e m  atropisomerism in its current use is not restricted to 

enantiomers but also denotes chiral rotamers that are diastereomeric. 

A barriet to rotation may irise lrom any combination of steric, coulombic and 

stereoelectronic effects. in some cases, steric effects are the primary factors that 

detemine the magnitude of the rotational hindrance in a molecule, as is the case with 

atropisomeric biphenyl denvatives, the class of compounds for which the term 

atropisomerism was in t rodu~ed .~~ As illustrated in Scheme 36, these compounds exhibit 

atropisomerism due to hindered rotation about the carbon-carbon bond joining the aryl 

rings. hcreasing the bulk of the ortho-substituents on either ring does not increase the 

steric interactions of the molecule as the two aryl rings lie in nomal planes. As the 



bulkiness of the ortho-substituents increases, however, so does the barrier to rotation as 

the transition state for the interconversion of the two enantiomers has both aryl rings 

coplanar. 

Scheme 36 

In order for atropisomers to be isolable at room temperature, the barrier to 

rotation, which cm be measured by dynarnic NMR techniques, about the carbon-carbon 

single bond m u t  be at least 22 kca~mol." Compounds with barrien to rotation greater 

than 22 kcaVmo1 are normally separable by conventional methods such as 

chromatograp hy. 

Atropisomers that exist in enantiomeric or diasterornenc forms at roorn 

temperature are interesting £iom a synthetic standpoint as they may be used as chiral 

reagents or catalysts for asyrnmetnc synthesis as is the case with biaryl denvatives. 

Biaryl denvatives are employed as chiral ligands in asymmetric rnetal-catdyzed organic 

reactions. 

Given that atropisomers can be reiated by enantiomerism, a difference in the 

pharmacological properties of the two enantiomeric foms may be anticipated. One 

enantiomeric form may show activity while the other does not. This is in fact the case as 

is illustrated by the biphenyl derivative, ancistrocladine (131) where only the (-)- 

enantiomer is naturally o c c ~ g  and has biological activitys9 (Scheme 37). 



OMe OMe 

OMe 

Scheme 37 

1.6.1 Atropisomerism in Arylnaphthalenes 

Ary lnap hthalene lignans possess the biphenyl skeleton and thus exhibit 

atropisomerism as a result of hindered rotation about the C 1-C 1' bond. The banier to 

rotation about the bond that unites the naphthalene and phenyl moieties is prirnarily due 

to steric interactions between the substituents at positions 2 md 8 on the naphthalene 

system and the ortho-substituents (at positions 2' and 6') on the phenyl group (see 

Scheme 38). The naphthalene system lies in a plane normal to the phenyl ring and 

interconversion between the two isomenc forms occurs through a planar intermediate in 

which the s t e k  interactions are the highest. Obviously the magnitude of the bamier to 

rotation depends on the bulk of the substituents at the C-2', C-6', C-2 and C-8 positions. 

Substituents at the C-3, C-7, C-3' or C-5' positions also have an effect on rotational 

hindrance,-" as buiky substituents at these positions will render the entire the molecule 

more rigid. 

Even for those arylnaphthalenes with the highesr barrien to rotation, the 

interconversion is fast at room temperature.w Natural arylnaphthalene lignans appear to 

always be a mixture of the two rotamea. An example of an extremely stable synthetic 



atropisomenc arylnaphthalene is the diphenyphosphino-substituted arylnaphthalene 132, 

which does not undergo isomenzation even after reflux for 36 hours in toluene. It has 

been used effectively as a chiral ligand for the palladium catalyzed asymmetric 

hydrosilylation of styrene with trichlorosilane to afford (R)- l-phenylethanol?' 

int. 
steric 
int. 

4' 

ethanol) 

Scheme 38 

1.6.2 Atropisomerism in Dibenzocyclooctadieae Lignans 

The dibenzocyclooctadienes, like the arylnaphthalenes, exhibit atropisomerism as 

a result of the inclusion of a biaryl moiety in their lignan ~keleton.~" Atropisomerisrn in 

these compounds also arises due to the restriction of rotation in the biphenyl unit. The 

dibenzocyclooctadienes have relatively high barrien to rotation as evidenced by the fact 

that lignans schizandnn (133) and the anti-himor compound (-)-steganone (134) exist as 

isolable atropisomers in which the biaryls are in the R-configuration and the S- 

configuration, respectively. 



133 (Schizandrin) 

Scheme 39 

1.6.3 Atropisomerism in Diarylbutadiene Lignans 

The E,E-dibenzylidenesuccinic anhydrides (diarylfulgides) (135) and related 

compounds have fascinated chemists since their discovery by Stobbe in 191 19' because 

of their interesting photochernical and thermal properties. As a result, they have been the 

subject of numerous NMR and x-ray crystallographic studies. 58c.g-i.93 They have been 

shown to bend out of plane because of to the steric overcrowding brought about by the 

stereochemistry about the two double bonds. The E,E-diarylfulgides are not planar as 

expected, but rather the two aryl rings are stacked one on top of the other thereby giving 

the molecule helical chirality and leading to the formation of two enantiomenc structures. 



135 
E, E-Dibenzylidene 
Succinic Anhydride 

136 
(Taiwanin A): 
Ar,=3,4-methylene- 

Scheme 40 

Moreover, the aryl rings are not in a coplanar arrangement58egg as illustrated in Scheme 

40. These compounds are extremely labile owing to interference between the aryl rings 

and the fact that they are forced to lie above and below the plane of the anhydride ring. 

The E,E-dibenzylidenesuccinic anhydrides behave chemically as two isolated cinnarnic 

acid residues and not as a fully conjugated molecule. Taiwanin A (136), a 

dibenzylidenebutyrolactone has also been reported to have the distorted structure 

illustrated in Scheme 40. 

Closely related to the E,E-diaryl Fulgides are the E,E-dibenzylidenesuccinîc acid 

denvatives (1 39) and the naturdly occurring lignans phebalarin (1 3 7) and j atrodien 

(138). Some compounds having this general structure have also been reported to exhibit 



a t r ~ ~ i s o r n e r i s r n ~ ~ ~ ~ ~ ~ ~ ~  existing as helical enantiomers analogous to the E,E- 

OMe 

OMe OMe 
OMe 

139 
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Scheme 41 

The NMR spectra of E,E-dibenzylidenesuccinic acids that were prepared via the 

Stobbe condensation by Charlton et aL9' had anomalies that could only be explained by 

hindered rotation about the carbon-carbon single bond linking the two cinnarnic acid 

residues. For example, nominally identical hydrogens in E,E-dibenzylidenesuccinic acid 

140 were diastereotopic at room temperature and appeared as separate signais since 

rotation was slow. ui the case of E,E-dibenzylidenesuccinic acid derivatives bearing 

classical chiral groups such as (E,E)-2,3-dipiperonylidenesuccinarnide 141, the w ho le 

spectrum of the compound was doubled due to the presence of two diastereomeric forms. 

At higher temperatures, the rotation was faster and the anomalies disappeared. From the 

temperature dependence of the spectra, the bamer to rotation of succinimide 141 was 

calculated and found to be ca. 17 kcaI/rn01.~~ This value is not unambiguously indicative 



of the magnitude 

butadiene rnoiety, 

of the barrier to rotation about the 

since there is also hindered rotation 

carbon-carbon single bond of the 

about the N-C=O amide bond and 

this possibly contributed to the erron in determinhg the banier (Scheme 42). 

Presumably, the nature of the carboxyalkyl group would determine the magnitude 

of the barrier to rotation in E,E-dibenzylidenesuccinates and one would expect higher 

baniers for dibenzylidenesuccinates with bullcy acid derivatized groups. The barriers to 

rotation in E.E-diberuylidenesuccinates catalogued to date are not significant and are 

Iikely less than 22 kcaUmo1 as there is presently no report of' the isolation of 

diarylbutadiene atropisomers. 
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Scheme 42 



Although atropisomerism has been detected in E, E-dibenzylidenesuccinates they 

have not been subject to as much scnitiny as  the E,E-dibenzylidenesuccinic anhydrides 

and not much is known about the factors that influence rotational barriers. These 

compounds merit careful examination as the discovery of isolable atropisomeric E,E- 

benzylidenesuccinic acid denvatives may be of use in asymmetric organic synthesis. 

1.7 Photodynamic Therapy 

Photodynamic therapy (PDT) is a rnedical treatment that consists of the 

administration of a tissue selective photosensitizing agent, usually a tetrapyrro lic 

macrocycle such as porphyrin (see Scheme 43), followed by activation of the agent by 

light of a specific wavelength which then elicits a desired therapeutic effect. 96- 100 

R 

R 

R 

R=CH(OH)CH,; R=CO,Me; R= 
Haematoporphyrin Benzoporphyrin Derivative 
R=CH=CH,; Chlorop hyrin 
Protoporphyrin X 

Scheme 43 

The tissue selectivity of photosensitizhg agents for neoplastic and other abnormal 

tissues, has been ascribed to the increased rnetabolism, increased penneability and 

decreased lymphatic drainage that is characteristic of these tissues.96 The selectivity for 



tumor cells compared with normal cells can be as high as 3:1 for extracranial himon and 

50: 1 for tumors found in the braidg 

The photophysicai processes that govem PDT are well understood and it is known 

to depend on the presence of molecular oxygen. The photosensitizer is administered to a 

patient and allowed to equilibrate within the body (m. 3 - 96 hours). The photosensitizer 

is then promoted by light into its singlet excited state and can then r e t m  to its ground 

state via vibrational cascade and radiative decay, or can undergo the non-radiative 

process of intersystem crossing to the excited triplet state (Scheme 44). Effective 

photosensitizers undergo intersystem crossing to a triplet state with high efficiency and 

the triplet States have much longer lifethes than their singlet state counterparts as they 

can only relax unimolecularly by the spin forbidden, radiative process of 

phosphorescence, or non-radiatively by intersystem crossing to the singlet ground state. 

The long lifetime of the triplet state sensitizer allows it to undergo energy transfer with 

appropnate acceptor molecules. Molecular oxygen, which is abundant in cells, is a triplet 

state quencher and is an ideal candidate for energy transfer fiom the excited 

p hotosensitizer. Molecular oxygen is promoted to an excited singlet state (singlet 

oxygen) by the excited photosensitizer, which in tuni relaxes to its gromd state. 
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Scheme 44 

Singlet state oxygen is an extremely reactive species with a lifetime in aqueous 

solution of several microseconds. Biological substrates containing double bonds such as 

unsaturated lipids and proteins (the main constituents of ce11 membranes) are especially 

susceptible to attack and undergo several reactions with singlet state oxygen including, 

cycloaddition and oxidation, which are disruptive to normal biological processes (see 

Scheme 45).lW For exarnple, the imidazole- and indole-containhg arnino acids, histidine 

and tryptophan, react with singlet oxygen to produce endoperoxides, and sulfur 

containing arnino acids, including methionine, are Mcewise oxidized to sulfoxides. The 

endoperoxides subsequently release hydroxy radicals that can furiher react with cellular 

components, such as DNA. DNA is also subject to direct attack, as DNA bases, such as 

guanine, are degraded by singlet oxygen.98 Thus singlet oxygen is the photodynamic 

agent in PDT and is produced by the action of a photosensitizing agent. Given that the 

photosensitizer is returned to its ground state, one moleeule of the photosensitizing agent 



is capable of efficiently generating many singlet oxygen molecules before undergohg 

degradation. 
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The use of PDT has been proposed for the treatment of cancers, pre-cancers, non- 

cancerous dysplasias, inflarnmatory conditions, viral and bacterial infections such as gum 

disease, wound infections, and stomach ulcers, and arthritis. 96*'00 and is under active 

investigation. PDT is paaicularly promising for the treatment of hollow-organ and skin 

cancers and has been approved for the treatment of obstructive esophageal cancer:' that 

has extremely high mortality rates. The porphyrin drug  hoto oh', is currently in phase 

Ln clinical trials for the treatment of esophageal cancer and bas also been approved for 



the treatment of early- and advanced-stage cancers of the h g ,  and digestive and 

geni tourinary tracts. 

PDT is an attractive alternative to the traditionai treatments for cancer, such as 

tumor excision and chemotherapy, due to its superior efficacy and non-invasive nature. It 

also has Unmense potential as a hlfillment for the cntical need for new methods for 

combating bacterial infections. Thus the development of new drug candidates for use as 

sensitizers in PDT has become a subject of interest to many chemists. There are several 

limitations on the use of photosensitizers as drugs in PDT and there are requirements that 

must be met. 98*1" The light that is required to excite the photosensitizer for PDT must 

first p a s  through living tissue, which is laden with endogenous chromophores such as 

hemoglobin. Light at the red end of the spectmm (620-680 nM) is much less attenuated 

by tissue and is thus ideal for use in PDT. It is preferable that the photosensitizer be 

capable of absorbing tissue-penemting red light. 

The photosensitizer also must be non-toxic in the absence of light, must be orally 

bioavailable or be capable of being adrninistered by injection. The triplet excited state of 

the photosensitizer must be sufficiently long-lived in order to allow for the production of 

singlet oxygen. Furthemore, the photosensitizer must, not only have specificity for 

localization in the abnomai tissue, but must also be rapidly expelled from the body once 

it has completed its task so as to reduce undue photosensitivity. This final criterion is 

also a major challenge in PDT as a high degree and duration of general photosensitivity is 

a side e ffect of current treat~nents.~~ 
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Chapter 2 

Thesis Objectives 

The ultimate objective of the research described in this thesis was to develop new 

methods for the asymmetric synthesis of 1,2-aryldihydronaphthalene lignans (143) 

starting Erom dibenylidenesuccinates (142) (Scheme 46). If the dibenzylidenesuccinates 

(142) could be coerced to adopt one of the two helical atropisomeric fonns, or if the two 

forms could be separated, then the subsequent photochemical ring closure of the single 

atropisomer to dihydronaphthalene 143 would result in the formation of a single absolute 

stereochemistry for 143 (an asymmetric synthesis). The work towards achieving this 

goal was divided into three parts. In the first part the barrier to interconvenion of 

dibenzylidenesuccinate atropisomers was studied, as was the effect of a chiral auxiliary 

on the atropisomer populations. In the second part, the photochemical cyciization of 

dibenzylidenesuccinate diesten was studied. In the thud part, attempts were made to 

introduce more rigid chiral auxiliaries in order to prejudice the atropisomer populations 

of the dibenzylidenesuccinates. 

142 

hindered 
rotation 

- - 

Scheme 46 

1. A Study of the Hindered Rotation in Diarylbutadiene Lignans 

Diarylbutadienes 142 have been found to exhibit atropisornerism due to hindered 

rotation about the C2-C3 single bond of the butadiene. Cornpounds having this general 



structure exhibit helical chirality and exist in stereoisomeric forms. n i e  structure of the 

diarylbutadienes and related compounds has been established on the bais  of x-ray 

crystallographic and NMR studies. These studies have indicated that these compounds 

are not planar but have their aryl rings stacked (one on top of the other) in a non-parallel 

arrangement. 

Some prelirninary experiments hinted that the barrier to rotation in these 

compounds is not sufficiently high to sllow for their isolation and that their 

interconvenion is rapid at room temperature (c 22 kcal/mol). However, the results were 

ambiguous as the mode1 compound used in these studies contained an amide functional 

group, which is known to sufier hindered rotation in its own right owing to the partial 

double bond character of the N-C=O amide bond. 

It would be interesting to see if the barrier to rotation increases as the bulk of the 

R goup increases (142, Scheme 46) and the question of the possible existence of these 

compounds as stable atropisomers was raised. High barriers to rotation in 

diarylbutadienes would be beneficial from a synthetic standpoint as the stable 

atropisomers of these compounds could be used for asymrnetric induction in organic 

synthesis. Furthemore, if a chiral substituent were introduced hto the molecule it might 

prejudice the conformation and lead to the preponderance of one atropisomer. This 

single atropisomer could then also be used in asymmetric organic synthesis. 

The study of atropisomensm in diarylbutadiene and related compounds has been 

neglected and the factors that modulate the barrier to rotation in these compounds await 

e tucidation. 



II. A Study of the Photochernical and Thermal Reactions of Diarylbutadiene 

Lignans 

Heller et al. has shown that the diarylbutadienesuccinic anhydrides are 

photochemically and thermally labile. These compounds undergo photo-isomerization of 

the double bonds in addition to a variety of thermal and photochernical pencyclic 

reactions to afford rnainly 1,2-aryldihydronap hthalene anhydrides in the absence of 

molecula. oxygen. 

Different electrocyclic reactions (conrotatory versus disrotatory ring closure) 

result in the formation of diastereomenc 1,2-aryldihronaphthalenes as does different 

configurations about the double bonds. Furthemore, if the diarylbutadienesuccinic 

anhydride is unsymmetrical, different 1,2-dihydronaphthalenes are obtained if ring 

closure onto one of the double bond is not exclusive (see Scheme 47). 

or heat 

A ,  R i  0 

E, E-stereochemistry 
about the double bonds 

cis-1,2 relative 
stereochemistry 

E,E-arrangement leads to cis-1,2 relative stereochernistry but closure onto different rings 
leads to different dihydronaphthalenes. 

Z, E-stereochemistry 
about the double bonds 

frans-1,2 relative 
stereochernistry 

Z,E-arrangement leads to tram-1,2 relative stereochernistry but closure ont0 different rings 
leads to different dihydronap hthalenes. 

Scheme 47 



Heller found that the pencyclic reactions of the diarylbutadienesuccinic 

anhydrides that give 1,2-aryldihydronaphthalenes were very sensitive to factors such as 

the cis- or trans-mangement and the degree of substitution about the double bonds that 

was manifest in the product distribution. 

The diarylbutadienesuccinate acid denvatives 142 are stnicturally analogous to 

the diarylbutadienesuccinic anhydrides and some cunory investigations have s h o w  that 

they are subject to the sarne photochemical processes as the diarylbutadienesuccinic 

anhydrides. 

Although the diarylbutadienesuccinate acid derivatives are potential precursors to 

the 1,2-aryldihydronaphthdene lignans, their photochemical properties have not 

previously been examined. Detemination of the factors that govern the photochemical 

behavior of the diarylbutadienesuccinate acid denvatives could Iead to efficient methods 

for the preparation of a variety L,2-aryldihydronaphthalene Iignans. It is possible that the 

stereochemistry of the products could be controlled by judicious selection of the 

appropriate stereoisomenc reactants by anaiogy to the diarylbutadienesuccinic 

anhydrides. For example, the photochernical ring closure of E,E- 

diarylbutadienesuccinate acid derivatives should lead to the synthesis of lignans having a 

cis- l,2 stereochemistry similar to that found in the lignan podophyllotoxin, which is very 

difficult to achieve by other synthetic methods. 



III. Chiral Dibenyüdenesuccinates as Precursors to Op ticaily Active 1,2- 

Dihydronaphthalene Lipans 

The work in this part denves fiom the idea that the atropisomeric and 

photochemical properties of dibenzylidinesuccinic acid denvatives could be used as tools 

for the asymmetric synthesis of 1,2-aryldihydronaphthalene derivatives. Attempts were 

made to introduce a chiral dilactone functionality into the dibenzylidenesuccinate in order 

to lock the atropisomers into a particular conformation. The introduction of a ring system 

into the molecule would increase ngidity and better bias the conformational form. 

If the introduction of the more ngid chiral auciliaries were successful, the 

resulting products could be used in conjunction with the photochemical reactions of the 

syrnmetrical diarylbutadiene compounds, descnbed above, to lead to enantiomerically 

enriched 1,2-dihydronaphthalenes. 



Chapter 3 

Results and Discussion 

The research presented in this chapter is divided into three sections. The fint 

section addresses a study on hindered rotation in dibenzylidenesuccinic acid derivatives. 

The purpose of this project was to unambiguously detennine the magnitude of the barrier 

to rotation about the central single bond in these compounds. The possibility of 

prejudicing the confcrmational equilibrium by the introduction of a chiral group into the 

molecule resulting in the preferential formation of one atropisomer was dso  investigated. 

In the second section, an investigation of the photochemical and thermal 

properties of dibenzylidenesuccinic acid derivatives was conducted. The product 

distribution generated by the photochemical reactions of dibenzylidenesuccinate diesters 

under a variety of reaction conditions was carehilly inspected. 

Finally, the third section discloses the details of a study that is based on the idea 

of exploiting the hindered rotation and photochemical behavior of dibenzylidenesuccinic 

acid denvatives for the asyrnmetric synthesis of 1,2-dihydronaphthalene lignans. Several 

approaches were taken in an attempt to stabilize diarylbutadiene atropisomen by 

introducing hc t iona l  groups into the molecule that would prevent fiee rotation about the 

carbon-carbon single bond of the butadiene moiety or ideally lock them into one 

preferential conformation. 

3.1 A Shidy of the Hindered Rotation in Dibenylidenesuccinates 

As stated previously, the purpose of studying the hindered rotation in 

dibenzylidenesuccinates is to detemüne if the barriers to rotation are sufficiently high to 



give rise to stable atropisomers that are isolable at room temperature. If so, the individual 

atropisomers could be used for the asymmetric synthesis of 1,2-aryldihydronaphthalene 

lignans. The 1,2-dihydrooaphthalenes in turn could be tested for biological activity 

directly or could be used as intemediates to various aryltetralin lignans. The aryltetralin 

lignans are an extremely well represented subclass of lignans exhibiting biological effects 

as discussed in Chapter 1. Developing efficient methods for the synthesis of 1,2- 

dihydronaphthalene and aryltetralin lignans would facilitate systematic investigations of 

the factors that modulate biological activity in these compounds and would, ideally, lead 

to new treatments for human disease. 

For individual rotamers of dibenzylidenesuccinates to exist at room temperature, 

that is, in order to have stable atropisomers, the barrier to rotation must be at least 22 

kcaYmo1. To assess the stability of atropisomers, the barrier to the rotation that 

interconverts the two rotamers must be determined. A discussion of hindered rotation 

and atropisomerisrn in diarylbutadiene, dibenzocyclooctadiene and aryinaphthalene 

lignans was presented in Chapter 1. 

Dibenzylidenesuccinic acid denvatives purportedly exhibit a t r ~ ~ i s o m e n s r n ~ ~ ~ ~  

arising fiom hindered rotation about the C2-C3 butadiene double bond (see Scheme 48). 

The relatively high barrier to rotation in dibenzylidenesuccinates likely &ses fiom a 

combination of factors. The hindered rotation may be ascnbed to stenc interactions 

between the carboxyl groups and aryl Nigs as they brush past one another. This would 

be especially true for very bu@ R groups and as the bulk of the R group increases, the 

barrier to rotation would be expected to increase in response. 
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Scheme 48 

In addition, as the butadiene derivative rotates about the carbon-carbon single bond, the 

conjugation throughout the entire molecule is gradually lost as it approaches 90' and this 

would be a high-energy conformation as a result. The magnitude of the rotational 

hindrance about the carbon-carbon butadiene single bond is likely a result of 

stereoelectronic effect and steric effects a d  both factors are important. In order to 

interconvert between the two rotamers, the butadiene molecule must rotate through one 

of the two high energy, planar butadiene forms likely the s-trans conformer. As the 

banier to rotation Uicreases, so does the stability of the individual atropisomers. A 

preliminary hvestigationg5 of the hindered rotation of dibenzylidenesuccinates has 



indicated that the barrier to rotation in these compounds is small, thereby making the 

isolation of atropisomen at room temperature impossible as they are rapidly 

equilibrating. The measured barrier obtained in the previous study9' was ambiguous as a 

diarylbutadiene containing amide hctionalities was used in that study. Amides exhibit 

hindered rotation about the N-C=O single bond owing to partial double bond character, 

thus the numben generated in the previous study might be ascribed to the barrier to 

rotation in the amide groups. The rotational barrier found was in fact typical of the 

barrier expected for hindered rotation of an amide group. 

The study of the banier to rotation in dibenzylidenesuccinates was revisited and 

an attempt was made to prepare a dibenzylidenesuccinic acid derivative with a relatively 

high barrier to rotation with the expectation that the ensuing atropisomers would be stable 

at room temperature. it was also believed that the introduction of a bulky chiral group 

into a diarylbutadiene would increase the prospects of preferentially obtaining one 

diastereomeric form of the atropisomen by prejudicing the conformation of the molecule. 

Furthemore, by introducing a functionai group into the rnolecule that did not 

exhibit hindered rotation itself, a more reliable representation of the barrier to rotation in 

these dibenzylidenesuccinates could be obtained. 

In this project, dynamic NMR spectroscopy was used as a means to rneasure the 

barrier to rotation. Dynamic NMR spectroscopy is the study of signal variations in NMR 

spectra that are associated with exchange processes. 37,101 Dynamic NMR techniques can 

be used for the investigation of intramolecular exchange processes such as 

conformational interconversions including rotational isomenzation. NMR spectroscopy 

is amenable to the study of rotational isornerization, as the NMR time scale is long 



enough to detect the slow interna1 rotation in atropisomers. The changes in the NMR 

spectra caused by rotational isomerization (and other exchange processes) arise because 

the nuclei being observed by NMR spectroscopy are rapidly altemating between 

chemical environments and the chemical shifts or coupling constants of the exchanging 

nuclei are different. Rotational isomerization can be studied as a function of temperature 

using dynamic NMR spectroscopy in order to obtain information about the rate constants 

asscciated with the barrier to rotation. 

A decision was made to study the temperature dependent NMR spectnim of the 

racemic ethyl (methyl mandelyl) E.E-dibenzylidenesuccinate 144 (scheme 49). 

Scheme 49 

Rotamen of this compound would exist as diastereomers since the molecule contains a 

classical stereogenic center in the mandelyl group. The dibenzylidenesuccinate 

monoester-acid 147 was required as a precursor to this compound. The 

dibenzylidenesuccinate monoester-acid 147 was prepared via No successive Stobbe 

condensation reactions as follows (Scheme 50). The Stobbe condensation of 3,4,5- 

trimethoxybenzaldehye with diethyl succinate in the presence of sodium ethoxide 

afforded the pans-benzylidenesuccinate monoester-acid 145. Isolation of monoester-acid 

145 from the basic reaction mixture was attempted in severd ways. In a first attempt at 
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isolation of the acid, the reaction mixture was acidified with aqueous HCl, evaporated to 

remove ethanol, and the monoester-acid 145 extracted with ethyl acetate. 

C02Et NaOEt Meo \ \ C0,Et 

Me0 
C02Et Me0 C02H OMe OMe 

&CO,, Et1 
or H+, EtOH 

HOEt OMe 
147 

Ar = 3,4,5-Trimethoxyphenyl 

Scheme 50 

However, the final product was contaminated with aldehyde starting matenal an( 

would have required m e r  purification. In a second attempt at the reaction, the basic 

reaction mixture was added to bnne and extracted with ethyl acetate to remove any 

unreacted aldehyde. The aqueous solution was then acidified and the monoester-acid 145 

was extracted with ethyl acetate. The crude yield of acid was very low possibly due to 

the presencr of ethanol in the first extraction solvent used to remove neutral aldehyde. 

This may have made the organic layer sufficiently polar such that the sodium salt of the 

monoester-acid 145 was appreciably soluble in the organic layer. Subsequent removal 

and disposal of the organic layer at this point may have resulted in product loss. The 

most successful procedure involved the addition of water to the crude reaction mixture 

followed by evaporation to remove ethanol and extraction with ethyl acetate to remove 

unwanted neutral aldehyde starting material. The aqueous solution was then acidified 

and the monoacid-ester 145 was extracted with ethyl acetate. By using this approach, the 



desired product was obtained in higher yield and purity and the only other contâminants 

were a small amount of the cis-benzylidenesuccinate monoester-acid and monoethyl 

succinate acid, which could not be avoided. 

The stereochemistry of the acid 145, having the tram arrangement of the carbonyl 

and ary: ring, was confinned by proton NMR spectroscopy on the basis of the 

deshielding effect of the carbonyl on the adjacent vinyl proton. 

The tram-benzylidenesuccinate monoester-acid 145 was subsequently esterified 

to give the corresponding diethylester 146. The esterification of acid 145 was 

accomplished initially by treating the benzylidenesuccinate monoester with a 3% solution 

of ethanolic HCI. However, later work revealed that better yields of the 

benzylidenesuccinate diester 146 could be obtained by employing the $42 displacernent 

reaction between the potassium salt of the benzylidenesuccinate monoester 145 and ethyl 

iodide. The diethyl ester 146 was purified by high vacuum, short path distillation and 

was obtained in hi& purity as confirmed by proton NMR spectroscopy. 

The mns-benzylidenesuccinate diester 146 was condensed with another 

equivalent of 3,4,5-trimethoxybenzyaldehyde and afforded the E,E- 

dibenzylidenesuccinate monoester-acid 147. The proton NMR spectnun of this 

compound gave rise to anomalies that could only be explained by hindered rotation about 

the butadiene carbon-carbon single bond. The methylene hydrogens on the carboxyethyl 

group were diastereotopic and appeared as a complex pattern of overlapping multiplets 

due to second order AB coupling. 

The E,E-dibenylidenesuccinate monoester-acid 147 was used as a precmor to 

the ethyl (methyl mandelyl) E,E-dibenzylidenesuccinate diester 144 needed for the 



dynamic proton NMR shidy for determination of the barrier to rotation. Severai attempts 

were made to couple methyl mandelate to the E,E-dibenzylidenesuccinate monoester-acid 

147 (see Scheme 51). In a h t  approach, the acid chlonde of monoester-acid 147 was 

prepared several tirnes and reacted immediately with methyl mandelate (148) in the 

presence of a catalytic arnount of Hunig's base (ethyldiisopropylarnine). These attempts 

al1 met with failure. NMR spectral analysis of the intermediate acid chloride revealed 

that the formation of the acid chloride (oxalyl chloride, dichloromethane, DMF) had been 

unsuccessfiii. The reason for this failure is unIaiown. 

\DCC,,Cl, 
DMAP (cat). oOc (iPr)zNEt unsuccessfu~ 

Scheme 51 



With the expectation that a condensing reagent might give better results, DCC 

was employed in an attempt to prepare the desired diester 144. DCC in the presence of 

catdytic amounts of DMAP converts carboxyl groups into powerfil acylating agents that 

couple readily with a l c o h ~ l s . ' ~ ~  Nevertheless, the reaction of ester-acid 147, methyl 

mandelate and DCC led to a mixture of products that did not contain the desired E,E- 

dibenzylidenesuccinate diester 144. 

The failed attempts at the formation of the desired diester by activation of the 

carboxyl groups were conjectured to be a result of the insufficient reactivity of methyl 

mandelate. The bulky methyl mandelate may have been prevented from approaching the 

reactive carbonyl due to steric hindrance. 

The SN2 reaction of monoacid-ester 147 with racemic methyl a- 

bromophenylacetate 149 proved to be a highly successfùl rnethod for the prepai-ation of 

diester 144. Treatment of the ester-acid 147 with potassium carbonate in acetone, in the 

presence of methyl a-bromophenylacetate afforded the desired E,E- 

dibenzylidenesuccinate diester 144 in 77% yield. The diester 144 was identified on the 

basis of its proton NMR spectrum. 

The possibility that there was hindered rotation in the E.E-dibenzylidenesuccinate 

methylmandelylethyl ester 144 was £kt investigated by examining its proton NMR 

spectrum obtained at room temperature. A doubling of signals in the NMR spectra of this 

compound was observed, which indicated that there was slow rotation about the 

butadiene carbon-carbon single bond on the NMR time scale. The presence of the 

stereogenic center of the chiral rnethyl mandelyl ester group and the stereogenic center 

due to the hindered rotation about the centrai bond of the butadiene gives nse to two 



diastereomers. Had there been rapid rotation about the central bond of the butadiene, 

only a single tirne averaged spectnim would have been observed. 

The rotational isomenzation of E.E-dibenzylidenesuccinate diester 144 was 

m e r  studied by analyzing itq temperature dependent proton NMR spectra at various 

temperatures above 303 K in the high boiling solvent, DMSO-6. The rate constant for 

the rotation about the butadiene carbon-carbon single bond increases with an increase in 

temperature, which increases the rate of interconvenion of the diastereomers. The rapid 

interconvenion of atropisomers was manifested in the variable temperature NMR spectra 

of the E.E-dibenzylidenesuccinate methyl mandelyl ethyl ester. As rotation became more 

rapid, the signals began to broaden and eventually coalesced. 

The proton NMR signals of the rnethyl mandelyl ester that showed peak 

broadening and coalescence were simulated using the computer program ~sirn.'" 

Required input parameters for this program included the chemical shifts (6) of the nuclei 

being monitored for exchange, the coupling constants among the nuclei (0, the 

populations of the exchanging species and the rate constant for the exchange (k). The 

process was iterative and the input parameters were manually adjusted until the simulated 

spectra closely matched the experimental spectra. In this way, the rate constants for 

atropisomer interconversion at various temperatures were obtained. 

The observed and simuiated spectra are given in Figures 1 and 2. Six nuclei were 

used in the simulation experiment. The rate constants associated with the barriers to 

rotation as well the chemical shifis for the exchanging protons that were monitored are 

aven as a function of temperature in Table 1. 
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Figure 1. Sirnulated and Experimental Temperature Dependent Spectra of Diester 
144 



Experimental Simulated 

Figure 2. Simulated and Experimental Temperature Dependent Spectra of Diester 
144 



Table 1. Exchange Rate Constants (k) and Chernical Shifts of Exchanging Signals 
(6) as a Functioo of Temperature for Diester 144. 

Temp, "K Exchanging signals - isomer 1, isomer 2 (6 ppm) k, s‘' 
7.88,7.90 Wiyl protons 0.3 
7.86, 7.83 vinyl protons 
6.93,6.90 aromatic protons 
6.88,6.86 aromatic protons 
6.08,6.03 methyne protons 
1.00, 1.10 methyl (on the ethyl ester) 
7.87, 7.89 vinyl protons 
7.85, 7.82 vinyl protons 
6.92,6.89 aromatic protons 
6.87,6.85 aromatic protons 
6.08,6.03 methyne protons 
1 .O 1, 1.1 1 methyl (on the ethyl ester) 
7.86, 7.88 vinyl protons 
7.84, 7.8 1 vinyl protons 
6.9 1,6.89 aromatic protons 
6.86, 6.84 aromatic protons 
6.08, 6.04 methyne protons 
1.02, 1.12 methyl (on the ethyl ester) 
7.86, 7.87 vinyl protons 
7.83, 7.81 vinyl protons 
6.90, 6.88 aromatic protons 
6.85, 6.82 aromatic protons 
6.08, 6.04 methyne protons 
1.03, 1.1 3 methyl (on the &y1 ester) 
7.85, 7.87 vinyl protons 
7.82, 7.80 vinyl protons 
6.88, 6.87 aromatic protons 
6.84, 6.8 1 aromatic protons 
6.08, 6.05 methyne protons 
1.04, 1.14 methyt (on the ethyl ester) 

At low temperature, the proton NMR spectnun of diester 144 exhibits four 

separate singlets for the olefinic protons and four separate singlets for the aryl protons. 

The methyl rnandelyl methyne protons on each diastereomenc form of the molecule have 

different chernicai shifts and thus give rise to two separate singlets. Similarly, the methyl 

protons on the carboxyethyl group give rise to two separate triplets, one for each 



diastereorner. As the temperature increased, the four separate singlets arising fiom the 

Wiyl protons and those arising nom the aryl protons, collapse to two sets of two singlets. 

Likewise, the two singlets for the methyne protons on the methyl mandelyl groups and 

the methyl protons on the carboxyethyl group coalesce to form one singlet and one 

triplet, respectively. 

Having determined the rate constants for the barrier to rotation at several different 

temperatures, b y the iterative procedure described above, an Eyring plot of -In(Wir) 

venus temperature (117) was constmcted (Figure 3). 

Figure 3. Eyring Plot of Rate Constants Obtained from the Dynamic NMR Analysis 
of Diester 144 as a Function of Temperatore 



The enthalpy (AH:) and entropy (AS:) of activation for the rotationai process were 

then obtained from the logarithmic f o m  of the Eyring equation (1): 

(where k is the rate constant (S.'), ks is the Boltzmann constant (3.29986 x 10*~' kcal Kt), 

h is Planck's constant (1.58369 x 105' kcal s), R is the universal gas constant (1.98719 x 

1 0 ' ~  kcal mol-' K I ) .  nie enthalpy and entropy of activation (LW: and AS:) are derived 

from the slope and intercept, respectively, of the best-fit straight line obtained from a plot 

of -ln (Wt) versus f /T  as follows: 

AH: = dope x R (3) 

AS: = R[-intercept - Ln(k$h)] (4) 

The fiee energy of activation (AG:), the energy barrier to rotation, cm be 

calculated fiom equation (5): 

AG: = m: - TAS: (5) 

The half-life for a dynarnic interconversion process is defined as the reciprocal of 

the rate constant k (6): 

t = l/k (6) 

The energy of activation (barrier to rotation) and the haif-life for isomer 

interconversion were calculated for diester 144 fiom equations (5) and (6), respectively 

(see Table 2). 



Table 2. Thermodynamic Parameters for Hindered Rotation in Diester 144 

AH: AS: AG$ T 

(kcaVmol) (caVmol R I )  (kcaVmo1) (sec) 
23.8(1.3) 15.7(4.1) 19.1 20.8 

In conclusion, the barrier to rotation measured for diester 144 was found to be too 

smail for this compound to exist as stable atropisomers at room temperature. The factors 

that determine the magnitude of the barrier to rotation in dibenzylidenesuccinates could 

not be elucidated based on this study. A more systematic approach involving the 

dynamic NMR study of a variety of substituted dibenzylidenesuccinates is required in 

order to gain insight as to what factors affect the barrier to rotation. Such a study would 

estabIish if the rotational hindrance could be increased and how this could be 

accomplished so that the atropisomers of these compounds would be isolable at room 

temperature. The fact that the introduction of methyl mandelate into the diarylbutadiene 

system did not sufficiently raise the barrier to rotation to afford stable atropisomers is 

surprising, given the b u k  of this substituent. The atropisomers were also present in 

nearly equal amounts as estimated fkom the integration of the rnethyne NMR signals 

arising from the individual rotamers. It is unlikely that a bulkier substituent could be 

found that would significantly increase the rotational hindrance in this systern. A 

different approach for the isolation of individual atropisomers is required. 



3.2 A Study of the Photochemical and Thermal Reactions of Diarylbutadiene 

Lignans 

The research described in this section is based on the results of Heller et al. 53.8~-86 

who found that the dibenzylidenesuccinic anhydrides (diarylfulgides) undergo 

photochernical and thermal electrocyclic ring closure followed by 1,s-sigmatropic shifts 

of hydrogen to afford 1 &dihydroaryInaphthalene compounds via 1,8- 

dihydronaphthalene intermediates. The product distributions generated by the 

electrocyclic reactions of the diarylfùlgides were found to be extremely sensitive to the 

substitution and stereochemistry of the double bonds in the butadiene system. 
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Scheme 52 

The relative 1,2-stereochemistry of the 1,2-dihydronaphthaienes was determined 

by the direction of ring closure, conrotatory for photo-induced reactions and disrotatory 



for themal reactions, and by the configuration about the double bonds. In the presence 

of oxygen, fully aromatic compounds were obtained and this was attributed to oxidation 

of the 1,8-dihydronaphthalene intermediate since irradiation of the 1,2- 

dihydronaphthalenes did not lead to the formation of the conesponding arylnaphthalene 

compounds. A detailed description of photochemical and thermal properties of 

diarylbutadiene Mgides and related compounds is presented in Chapter 1. 

Although the photochemical and thermal reactions of the diarylfulgides have been 

thoroughly investigated, their structural relatives have been largely neglected. There has 

been one study reported in the literature on the irradiation of an acyclic diarylbutadiene 

denvative that reports results similar to those obtained with the fulgide~.~' Irradiation of 

the alcohoUester 150 in this case also led to the formation of a 1,2-dihydronaphthalene 

151 via a 1 ,S-dihydronaphthalene intermediate and ring closure was exclusive onto the 

aryl group not in conjugation with the carbonyl group. 

Scheme 53 

It would be interesting to see if the diarylfulgides undergo electrocyclic ring 

closure and isornerization only because of the steric crowding of the pi system. The 

fulgides are not capable of freely rotating about the butadiene carbon-carbon single bond 

due to the anhydride ring system and one would expect them to be particularly strained 

and reactive as a result. In addition, the anhydride ring forces the system to be perfectly 



poised for an electrocyclic reaction to occur. An investigation of the photochemical and 

thermal properties of open diarylbutadiene systems would provide insight as to whether 

they too would undergo the same reactions despite the lack of steric crowding. More 

importantly, if the open form dibenzylidenesuccinates are prone to the same photo- 

induced and thermal reactions as the fulgides, this could prove to be a facile and 

convenient new method for the synthesis of 1,2-dihydronaphthalene lignans. The 

diary lbutadiene precunors could be custornized to afford 1 ,2-dihydronaphthalenes with a 

particular 1,2-configuration, such as the cis-l,2 configuration in podophyllotoxin which 

is very difficult and cumbersome to achieve by other synthetic methods. This is highly 

desirable since new efficient methods for the synthesis of lignans are required for more 

systematic investigations of factors that modulate their biological activity. This is 

especially true of the aryltetralin lignans, the class of lignans most often associated with 

biological activity, which are closely related to the dihydronaphthalene lignans. 

Moreover, if the dibenzylidenesuccinates could be constmcted so as to afford stable 

atropisomers, the photochemical and thermal electrocyclization of these individual 

atropisomers could be exploited to asymmetrically prepare 1,2-dihydronaphthalene 

lignans. Thus it is highly desirable to ascertain whether or not the open 

dibenzylidenesuccinates are subject to the same photochernicd and thermal reactions as 

the hilgides. 

There are many examples of aryltetralin lignans exhibithg biological activity. 

Although the mechanism of action is unknown in most cases, a common feahire arnongst 

the aryltetraiin lignans that possess the strongest biological activity is that they have the 

same cis-1,2 configuration as podophyllotoxin. PodophyiIotoxin is a potent antimitotic, 



antiWal and antitumor agent. Unfortunately, podophyllotoxin is non-selective and is as 

cytotoxic towards healthy cells as it is to infected or abnormal cells and therefore cannot 
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be used as a therapeutic agent for the treaûnent of cancen and viral infections in most 

cases. A discussion of the biological properties and different modes of action of 

podophyllotoxin type lignans was presented in Chapter 1. The cis-1.2- 

dihydronaphthalenes that are structurally similar to podophyllotoxin type liçnans may 

also exhibit similar biological activity. These same cis- 1,2-dihydronaphthalenes were 

prepared by Heller et al. by photocyclization of E,E-diar-ylfullgides. The possibility that 

the E,E-dibenzylidenesuccinates may also undergo photochernical cyclization to give cis- 

1,2-dihydronaphthalenes is being explored in this section. If the E,E- 

dibenzylidenesuccinates can be photochemically converted to cis-l,2- 

dihydronaphthdenes then it might be possible to exploit these photoreactions for the 

treatment of cancen or viral infections in a manner analogous to photodynamic therapy. 

The idea is that the E.E-dibenzylidene compounds could be administered to a patient, 

analogous to a photosensitizer, and allowed to equilibrate within the body. Irradiation of 

the infected area would convert the E,E-dibenzylidenesuccinate to the corresponding 

cytotoxic cis-1,2dihydronaphthdene compound which would then eradicate the cells in 



the diseased area . The classic definition of photodynamic therapy (discussed at length in 

Chapter 1) is that the absorption of Light by a tissue selective photosensitizer 

subsequently leads to the production of singlet oxygen, which then elicits the cytotoxic 

effect. The absorption of light by a prodnig, which leads to the production of a 

photodynarnic agent is very similar in principle. A critenon that must be met for the use 

of lignans and lignans analogs in photodynarnic therapy is that the E,E- 

dibenzylidenesuccinate must exhibit less cytotoxicity than the cis- l,2-dihydronaphthalene 

photodynamic agent. in this way, the use of photodynamic therapy to photochemically 

convert E,E-dibenzylidenesuccinates to podophyllotoxin type lignans could be used to 

circumvent the problem of non-selectivity of the cis-1,2-aryltetralin lignans by exclusive 

irradiation of the infected site. One conceivable problem with using lignans in this 

capacity would be that near ultraviolet-visible light is required for the photochemical 

conversion of the prodrug to the photodynamic agent. However, light in this region of 

the electromagnetic spectnun is highly attenuated by chromophores in normal tissue. in 

addition, the non-selectivity of the E,E-diberuylidenesuccinates compared to traditional 

photosensitizen would likely result in effects to large areas of tissue which would be a 

major side-effect of this treatment. 

To determine whether or not dibenzylidenesuccinates would undergo 

photochemical and thermally induced ring closure and isomerization analogous to the 

fulgides, it was necessary to prepare a mode1 compound for the study. A compound that 

was symmetrical was chosen so as to limit the number of different products formed and 

to avoid a complex reaction mixture arising fiom nonexclusive ring closure. Such a 

compound would enable us to easily assess the feasibility of using the photochemical or 



thermal ring closure of dibenzyiidenesuccinates as a synthetic route to 1,2- 

dihydronaphthalene lignans. 

With these considerations in mind, E,E-bis(3,4,5-trimethoxy)benzylidenesuccinic 

acid diethyl ester (152) was chosen as the subject of the photochernical and thermal 

study. Two methods were used to prepare the dibenzylidenesuccinate diester 152. 

Scheme 55 

The quickest and most convenient route was thought be the Stobbe condensation 

of two equivalents of 3,4,5-ûimethoxybenzaldehyde with diethyl succinate to afford the 

bis(3,4.5-trimethoxy)benzylidenesuccinic diacid 153. 
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Diacids, such as 153 is often present as a contaminant in the Stobbe condensation 

of one equivalent of aldehyde with a succinate ester. The arnount of diacid produced 

during a classic Stobbe condensation reaction is reported to be dependent on the 

temperature at which the reaction takes place. Low temperatures are reported to increase 

production of the diacid? It is believed that the intermediate lactone 154 has a longer 

existence at lower temperatures and condenses with another equivalent of aldehyde to 

fom an extremely unstable dilactone 156, which then undergoes elimination to af5ord the 



diacid." At higher reaction temperatures, the intermediate lactone eliminates to form the 

benzylidenesuccinate monoester-acid 155, which does not undergo M e r  condensation 

as it has a less reactive rnethylene group being adjacent to a carboxylate anion.'' Thus 

the condensation of two equivalents of aromatic aldehyde and diethyl succinate at zero 

degrees was executed with the expectation that the diacid would ensue. The aroton NMR 
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spectnim showed that only the typicd Stobbe benzylidenesuccinate monoester-acid 155 

was produced during the reaction. In another approach, the dianion of diethyl succinate 

was condensed with two equivalents of 3,4,5-trimethoxybenzaldehyde. Tandem addition 

to two equivalents of aromatic aldehyde should form the dilactone intemediate directly, 



which would then undergo elimination to a o r d  the diacid. The use of LDA to form 

dienolate structures has been reportediw and therefore LDA was used in an attempt to 

form the diethyl succinate dianion. Unfortunately, condensation of this dianion with the 

aldehyde did not produce the desired diacid. The synthesis of the diacid fiom diethyl 

succinate and 3,4,5-trimethoxybenzaldehyde was also attempted by employing sodium 

hydride as a base in refluing toluene. This method had reportedly been successhl for 

the preparation of similar diacids.lo5 Application of the method to the present case was 

aiso successfbl and led to formation of the desired diacid 153. 
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The diacid, which was found to crystallize out of aqueous and alcoholic solutions, was 

used to prepare the diethyl diester. Reaction of the potassium dicarboxylate salt of the 

acid with ethyl iodide in acetone was attempted. This procedure was unsuccesshl. This 

may be due to the poor solubility of the dipotassium salt of the acid, as it appeared to be 

very insoluble in acetone. Dimethylformamide, a polar solvent was added, in mal1 

amounts, to the reaction in order to solubilize the diacid salt. This improved the situation 

and the diester was obtained in 30% yield after heating the reaction mixture at reflux 

temperatures for 24 hours. The diethyl ester was also prepared fiom the monoethyl ester 

of the diacid by refluxing the monoethyl ester in acetone with potassium carbonate and 

ethyl iodide. Unlike the diacid, this reaction produced the diester in good yields. The 

diethyl diester could be recrystallized fiom a solvent mixture of methylene chloride and 

hexanes. 



The thermal properties of the diarylbutadiene diester 152 were investigated. A 

solution of the compound in hexachlorobutadiene, was heated to reflux (215°C) over a 

flame for ca. 10 minutes. The proton NMR spectnim of the mixture showed only the 

presence of starting matenal. Refluxing a M e r  10 minutes also did not result in any 

change. It appean that the diester is thennodynamically stable. The photochemical 

properties of diester 152 were investigated by irradiation in a variety of solvents, with 

and without added acid and base. The goal of these studies was to detemine if these 

differences in the reaction medium would have an effect on the product distribution. 

Irradiation of the diester in ethyl acetate led to a complex reaction mixture. The 

formation of at least four distinct products was discerned on the basis of proton NMR 

spectroscopy and thin layer chromatography (TLC) analyses of the reaction mixture. The 

structures of the compounds compnsing the reaction mixture were not elucidated. The 

interesting observation was made that diester 152 exhibited photochromism, formation of 

a transient orange color on irradiation, both in solution and on TLC plates. This was 

interpreted to indicate that the 1,8-dihydronaphthalene intermediate was being fomed 

upon irradiation but that its lifetime was relatively short. The 1,8-dihydronaphthalene 

would arise fiom the photoelectrocyclic ring closure. The photochernical electrocyclic 

reaction would only be an allowed process if the ring closure occurred in a conrotatory 

fashion. Conrotatory electrocyclic ring closure would f io rd  a ci~-l,8- 

dihydronaphthalene intermediate that would then be expected to undergo thermal 

suprafacial a 1,5-sigmatropic shift of hydrogen to give a cis- 1,2-dihydronaphthalene 154. 

Alternatively it could revert to the E,Z- isomer of the starting material 155 by a 

disrotatory ring opening. 
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The diester was irradiated in a methanol solution and was, by inspection of the 

proton NMR spectnim, found to give rise to a mixture of compounds. The mixture was 

also analyzed by TLC and three distinct spots were detected when a solution of 30% 

ethyl acetate in hexanes was used as the mobile phase. Based on the proton NMR 

spectnim and TLC of the cmde reaction mixture, the compounds were thought to be a 

mixture of the cis-and pans-1,2-dihydronaphthalene compounds 154 and 156, 

respectively, in addition to the corresponding hlly oxidized arylnaphthalene 157. The 

cis-1,2-dihydronaphthalene 154 appeared to be the major product of the reaction and this 

assessment was based on integration of the peaks in the proton NMR spectnim attributed 

to this compound in cornparison to those arising f?om the other &or compounds. An 



indication that photocyclization had occurred was an apparent Ioss of symmetry in the 

molecule. Where there were formerly two methoxy peaks in the proton NMR spectrum 

of the symmetric starting matenal, there were now more than five methoxy signals in the 

proton NMR spectnim of the product mixture. Furthemore, there were two sets of 

doublets, one at 7.4 ppm and the other at 4.8 ppm which were strongly suggestive of cis- 

1,2-dihydronaphthalene o leh ic  and benzylic protons, respectively. 

The product mixture was analyzed by high performance liquid chromatopphy 

(HPLC) and, after optimization of the solvent system, was found to contain three 

ultraviolet (UV) active compounds. The HPLC was fairly deceptive in that al1 three 

compounds appeared to be present in significant amounts, whereas the proton NMR 

indicated the presence of rnainly one compound and very small amounts of two others. 

The discrepancy between the HPLC and NMR results is probably due to differences in 

the absorption coefficients of the three compounds, which skews the relative responses to 

detection in the HPLC. Optimization of the HPLC solvent system led to resolution of the 

peaks, which had fairly close retention tirnes. This enabled the progress of the 

photochernical reaction to be monitored by HPLC (Figure 4). A solution of diester 152 in 

ethanol was prepared, purged with nitrogen and irradiated until the reaction had gone to 

completion (disappearance of starting matenal) as  assessed by HPLC (ca. 30 minutes). A 

sample of the reaction mixture was removed every minute and kept in the dark until it 

was analyzed by HPLC. 
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Figure 4. HPLC Chromatogram of the Photoreactioa Progress of Diester 152 

The fact that the solution tumed vibrant yellow upon irradiation and then became 

colorless again was taken as an indication of the transient formation of the 1,8- 

dihydronaphthalene intermediate. The three product peaks in the HPLC chromatogram 

were thought to arise fiom the cis- and trans-1,2-dihydronaphthalenes and the 

arylnaphthalene. NMR spectral analysis of the products, described below, allowed the 

assignment of structures to the HPLC peaks. The trans-dihydronaphthalene 156 eluted 

first followed by the cis-compound 154 and then the arylnaphthaiene 157, which had the 

longest retention time. 

The diester 152 was irradiated on a preparative scale and the product mixture was 

chrornatographed on silica gel using 30% ethyl acetate in hexanes as the solvent system. 

Two compounds could be purified in this way. A mal1 amount (ca. 2% yield) of the 

pans-dihydronaphthalene 156 was isolated and was identified by cornparison to a sample 



previously prepared by an alternate method by a colleague previously published.6' The 

proton NMR spectra were identical. The second compound, isolated in CU. 34% yield, 

was assigned the cis-1,2-dihydronaphthalene structure (154) on the basis of its proton 

NMR spectm.  In addition, when a small amount of this compound was treated with 

dimethylaminopyridine @ M M )  in ethanol at reflux, it was quantitatively converted to 

the trans-dihydronap hthalene 156. The cis and trans-dihydronaphthaienes iso lated b y 

silica gel chrornatogaphy were correlated to the first two peaks eluted on HPLC. No 

compound corresponding the third peak observed by HPLC could be isolated by silica gel 

chrornatography. However, it was noted that continued irradiation of the reaction beyond 

that needed to cornpletely convert the starting matenal to products resulted in a steady 

increase of this third HPLC peak at the expense of the other products. The conversion 

was accelerated by the presence of oxygen. This suggested that the dihydronaphthaiene 

compounds were being oxidized to the corresponding fùlly aromatic arylnaphthalene 157. 

There were some interesting differences between the proton NMR spectra of the 

cir- and trans-dihydronaphthalenes. The cis-compound showed a doublet at ca. 4.8 ppm 

for the benzylic proton whereas the corresponding signal in the trans-compound appeared 

as a broadened singlet. The protons giving nse to these signals are spin coupied to the 

neighboring allylic protons and the difference in the coupling constants for the cis and 

mns-compound can be explained by the difference in the dihedral angles between the 

coupled protons. The coupling constants can be predicted using the Karplus equation.lo6 

Mode1 studies indicate that the trans-compound has the adjacent protons in question at an 

angle close to go0, resulting in a very small coupling constant. On the other hand, in the 

cis-compound the dihedral angle between the two protons is smaller resulting in a larger 



coupling constant. The observed long range coupling between the allylic and Wiylic 

protons in the cis-compound gives rise to a doublet at 7.4 ppm and a doublet of doublets 

at 4.0 ppm. The cis-compound exhibits long range allylic coupling, as the saturated C-H 

bond is parallel to the pi orbital of the double bond, which allows the coupling to be 

transmitted more effectively. In contrat, the trans-compound has the saturated C-H 

bond and the pi orbitals of the double bond more nearly orthogonal to one another and no 

apparent allylic coup ling results. 

Irradiation of diester 152 was aiso carried out in ethanol in the presence of 

trifluoroacetic acid and then potassium carbonate in order to see what effects, if any, acid 

and base would have on the product distribution. It was thought that acid or base might 

act as catalysts (by protonatiorddeprotonation or vice versa) for the conversion of the 1,8- 

dihydronaphthalene intermediate to the corresponding trans- l,2-dihydronaphthalene. 

However, the same product distribution was obtained from the irradiation of diester 152 

in neutral, acidic and basic media. Presumably, only a 1,s-hydrogen shift 

intramo lecularly converts the I ,8-dihydronap hthalene to the cis- l,2-dihydronap hthalene. 

in view of the fact that the E.E-bis-(3,4,5-trimethoxybenzylidene)succinate 

diethyl ester 152 could be photochemically converted to a cis- 1,2-dihydronap hthalene 

structure in high yield, the possibility of using these cornpounds as agents for 

photodynamic therapy was explored. Ideally the starting material should be non-toxic 

and the product very cytotoxic. Both the starting matenal and product were tested for 

cytotoxicity at Boehringer Ingelheim (Canada) Ltd. (Montreal Canada). The 

cytotoxicities were measured using a tetrazolium salt MTT."~ The results from these 

tests indicaied that the prodmg, E,E-bis(3,4,5-trimethoxybenzylidene)succinate diethyl 



ester (152), exhibited a 40% cytotoxicity towards human Hep-2 cells at 45 PM. On the 

other hand, the potential photodynarnic product, cis-1,2-dihydronapthalene 154, only 

exhibited a 30% cytotoxicity at 70 FM concentration. Thus neither the starting matenal 

nor the photoproduct exhibited very significant cytotoxicity. The cytotoxicity of the 

starting matenal was in an appropriate range for its use as a photodynamic agent. 

Disappointingly and surpnsingly, the photoproduct was insufficiently toxic for it to be 

effective. Thus, the idea that these cornpounds could be used in photodynarnic therapy 

did not rnatenalize. 

The E, E-bis(3,4,5-trirnethoxybenzylidene)succinate diethyl ester sented as a test 

compound for the photochemical behavior of diarylbutadiene lignans. The study of the 

photochemical properties of this cornpound, as described above, indicated that the photo- 

induced sequence of events descnbed by Heller et al. for fulgides also occurred with 

acyclic dibenzylidenesuccinate diesters. Thus it was decided to apply the above 

pnnciples to the synthesis of magnoshinin 161, a naturally occurring tram- 1,2- 

dihydronaphthalene lignan denved from the dry buds of Magnolia salieifoh. 

Magnoshinin is reported to have anti-inflammatory e f f e c t ~ . ' ~ ~  The synthesis of this 

compound has been reported in the literature t ~ i c e . ' ~ ~ * ' ~ ~  One of the synthetic routes was 

based on an inefficient photochemical dimerization with nurnerous by-products'09 and the 

other was an eight-step ~ ~ n t h e s i s . ' ~ ~  We proposed a seven-step synthesis for the 

synthesis of magnoshinin. The fint step en route to magnoshinin would involve 

preparation of the diacid 158 via the Stobbe condensation of two equivalents of 2,4,5- 

trimethoxybenzddehyde with diethyl succinate in the presence of sodium hydride. 

Estenfication of the diacid to its diethyl diester 159 and subsequent photochemical ring 



closure should conveniently a o r d  the basic cis-1,2-dihydronaphthalene lignan skeleton 

160. Epimerization of the C-2 position followed by reduction of the carboxyethyl groups 

to methyl groups should give magnoshinin. 
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An attempt was made to prepare the diacid 158 by condensing diethyl succinate 

with two equivalents of 2,4,5-trimethoxybenzaldehyde using sodium hydride as base, 

followed by base hydrolysis. Udortmately, the major product of this reaction was the 

mono-benzylidenesuccinate diacid 162 and not the desïred E,E-bis(2,4,5- 

trimethoxybenzylidene)succinic acid (1 61). 
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The desired E, E-bis(2,4,5-trimethoxybenzylidene)succinic acid diethyl ester (159) 

was prepared via two successive Stobbe condensations as shown in Scheme 62. The f k t  

Stobbe condensation of 2,4,5-trimethoxybenzaldehye with diethyl succinate, which 

required long reaction tirnes in cornparison with 3,4,5-trimethoxybenzaldehyde, afforded 

the dibenzylidenesuccinate monoester-acid 163. The monoester-acid was estenfied using 

potassium carbonate and ethyl iodide in acetone and then condensed with another 

equivalent of 2,4,5-trîmethoxybenzaldehyde to give the corresponding 

dibenzy [idenesuccinate monoester-acid 164. This was converted to the diethyl ester 159 

as shown in Scheme 62. 
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The resulting diester 164 was irradiated in a solution of in ethanol under nitrogen. After 

relatively long irradiation tirries a cornplex mixture of products was obtained. Whereas 

the photochernical conversion of diethyl E,E-bis(3,4,5-trimethoxybe~lzyLidene)succinate 

(152) went to completion in ca. two hours (Scheme 64), irradiation of the E,E-diethyl 

bis(2,4,5-trimethoxybenzy1idene)succinate (164) under the same conditions gave little or 

no reaction even after five h o m .  The proton NMR spectnim of the cmde reaction 

mixture, obtained f i e r  much longer irradiation times, suggested that the product mixture 

was comprised of mainly starting materiai and possibly a small amount of E.2-isomer 

167 of the starting matenal. The conclusion that a small amount of E,Z-isomer 167 might 

be present was based on the observation of a new vinylic peaks at 8.0 pprn and 7.3 ppm. 

More importantly, there were no peaks in the 4.5 - 5.5 pprn range, characteristic of the 

1,2-dihydronaphthalene compounds. Irradiation of the diester in ethyl acetate also led to 

the same complex mixture of products, again with no signal in the proton NMR spectrum 

of the crude reaction mixture in the 4.5 - 5.5 pprn range. When the solution was 

irradiated for Ca. 5 houn in a solution of 3% TFA in ethanol, a peak at 8.9 pprn appeared 

that suggested the arylnaphthalene 166 had been produced and was the main component 

of the reaction mixture. The TLC indicated there were three components in the reaction 

mixture. The reaction mixture was chromatographed to give two major fractions. The 

second, major component was obtained in Ca.  17% yield in at least 90% purity, as there 

were no contaminant peaks in its proton NMR spectrum. The proton NMR spectnim of 

this fiaction had four signals in the 6.5-8.9 pprn range that were of equal intensity. This 

implied that the major fraction was the arylnaphthalene compound 166 and that the signal 

at ca. 8.9 pprn was the highly deshielded naphthalene proton adjacent to the ester group. 



The other ihree signals in this range were attrîbuted to the rernaining three aryl protons. 

Furthemore, there were six peaks in the 3 - 4 ppm range ascnbed to the six methoxy 

groups on the aryl two rings and two triplets at Ca. 1.4 ppm and ca. 1.1 pprn thought to 

arise fkom the two carboxyethyl groups on the arylnaphthalene. 

The current information suggested that the bis-(2,4,5- 

trimethoxybenzylidene)succinate diethyl ester was cis-pans isomerizing, either through a 

1,8-dihydronaphthalene intemediate or via direct photo-isomenzation. A 1,8- 

dihydronaphthalene intermediate is capable of undergoing one of two competing 

reactions, a 1,s-sigmatropic shift of hydrogen to produce a dihydronaphthalene or 

disrotatory ring opening to afford the cis-pans isomer of the starting material. Since no 

signals corresponding to dihydronaphthalenes could be detected then the activation 

barrier for the thermal 1,s-sigmatropic shift must have been higher than the thermal 

disrotatoiy ring opening for this compound. The fact that the arylnaphthalene appeared 

to be the major product of the photoreaction in the presence of acid is suggestive of the 

transient formation of a 1,8-dihydronaphthalene intermediate. The intemediate could be 

oxidized to the fully aromatic product in cornpetition with electrocyclic opening to the 

isomenzed starting material. 
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In parallel with the work above a non-photochernical synthesis of magnoshinin 

was undertaken. An altemate synthesis passing through cornmon intermediates would 

allow for easy confirmation of the structures expected fkom the photochernical 

cyclization-epimerization sequence proposed above. The alternate synthesis would also 

provide material for developing the functional group transformations needed to complete 

the synthesis of magnoshinin. 

The procedure employed for the dtemate synthesis was a modified version of the 

Stobbe condensation rnethod, described in Chapter 1, that had been used by Charlton et 

aL6' for the synthesis of a wide variety of tram-1,2-dihydronaphthalene lignans. One 

equivalent of 2,4,5-trimethoxybenzaldehyde was condensed with diethyl 2,4,5- 

trimethoxybenzylidenesuccinate 168 (see above) in the presence of lithium 

diisopropylamide to a o r d  the correspondhg aicohol 169. The crude alcohol was 

immediately treated with TFA to afford a 5050 mixture of the trans-l,2- 



dihydronaphthalene diester 170 and monoester-acid 171. Both components in the 

product mixture were fully characterized and the monoester-acid was converted to the 

diester by treatment with potassium carbonate and ethyl iodide in acetone. 
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Only the diethyl diester was expected under these conditions, however, each time 

the procedure was repeated, a 5050 mixture of the diethyl ester 170 and the monoethyl 

ester-acid 171 was obtained. The likely explanation for the presence of the monoester- 

acid is that lactonization of the alcohol 169 occurs when the reaction was quenched with 

glacial acetic acid. When a mixture of the lactone 172 and aicohol 169 was treated with 

V A ,  Ioss of water from the aicohol and acid induced opening of the lactone resulting in 

formation of the monoester-acid and diester carbocations, which then both underwent 
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Friedel-Crafts cyclization to af5ord the observed mixture of  ans-1,2- 

dihydronap hthalenes 170 and 171. 
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The proton NMR s p e c t m  of the tram- l,2-dihydronaphthalene diester 170 

indicates that the signal fiom the benzylic proton occun as a sînglet at 5.5 ppm, slightly 

more downfield than usual. Cornparison of this spectnim to that obtained kom the 

product of the irradiation of the corresponding diethyl E,E-dibenzylidenesuccùiate 152 

(see above) clearly confirmed that the irradiation had not produced any of this pans- 

dihydronaphthalene 170. Furthemore, since the benzylic proton in the corresponding 



cis-compound usudly occurs slightly upfield from the tram-compound (ca. 0.25 ppm), it 

is unlikely that the cis- 1,2-dihydronaphthalene was a product of the photoreactions either, 

as no peaks were obsented in the 4.5 - 5.5 ppm range. As expected, the tram-beiuylic 

and olefinic protons are singlets, analogous to the tram-l,2-dihydronapthalene compound 

prepared fiom diethyl E. E-bis-(3,4,5-ûimethoxybenzy1idene)succiate 152. 

In order to prepare magnoshinui fiom the diester 170 it was necessas, to establish 

a protocol for the reduction of the carboxyethyl groups on the tram-1,2- 

dihydronaphthalene compound to methyl groups. This conversion had been reported in 

the literature for aryltetralin lignans, but not dihydronaphthalene lignans. Typically, the 

carboxyethyl groups were first reduced with lithium aluminum hydride (LAW and then 

converted to the mesylates or tosylates, which were in tum reduced with LAH. One 

concem in using this approach was that furan formation could occur upon reduction of 

the carboxyethyl groups. This has reportedly been a problem with certain aryltetralin 

lignans. Another legitimate concem was that the intexmediate allylic tosylate or mesylate 

would be extremely susceptible to hydrolysis. 

The carboxyethyl groups were easily reduced with LAH in tetrahydrofùran under 

nitrogen. Fieser workup gave the resulting di01 173 but it proved to be rather unstable 

and slowly decomposed at room temperature (12 hours) to give several compounds. It 

also decomposed when column chromatography on silica gel was attempted. For this 

reason the di01 173 had to be used immediately in following reaction without purification. 

Numerous attempts were made to convert the di01 173 to the correspondhg ditosylates or 

dimesylates. These attempts Ied to complex mixtures of products and it was not certain if 



this was due to the thermal instability of the di01 starting material or the instability of the 

products. 
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A search of the literature for methods for deoxygenating benzylic and allylic 

alcohols led to an article in which the authon boa~ted"~  of the ease with which the 

preparation of benzylic and allylic iodides could be accomplished. Subsequent treatment 

of the iodides with LAH gave the deoxygenated compounds. It was possible that this 

procedure would be more successful since aikyl iodides are slightly more stable than the 

corresponding mesylates or tosylates. The hypothesis was tested on a mode1 compound, 

3,5-dimethoxybenzylalcohol (174). This compound was suitable since benzylic alcohols 

and allylic alcohols are comparable in reactivity, the resulting hydrocarbon would not be 

unduly volatile and the reaction progress could be monitored via TLC. Treahnent of the 

3,5-dimethoxybenzyl alcohol with imidazole, triphenylphosphine and iodine easily 

provided the corresponding iodide 175a, which could be readily reduced with LAH. 

Deoxygenation of the trans-1,2-dihydronaphthalene di01 173 was attempted using this 

procedure but no trace of magnoshuiin codd be detected in the complex mixture of 

products. 
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Simultaneous bromination of both hydroxyls of di01 173 with PBr3 was attempted 

on a srnall amount of material (ca. 8 mg). TLC was used to monitor the reaction 

progress. There was no indication of the formation of a less polar compound, which 

would have been expected if the dibromide had formed. Only products more polar than 

starting matenal appeared on TLC. Another experiment was carried out on a similar 

scale (CU. 9 mg) in which the di01 was treated with PBr3 in methylene chlonde at room 

temperature for CU. two houn and then quickly passed through a plug of silica gel. The 

methylene chionde was evaporated and a THF solution of the crude product was 

irnrnediately added to a LAH/THF sluny. Workup of this reaction also gave a complex 

mixture of products and NMR analysis showed no trace of magnoshinin. 

Another test reaction was attempted using 3,5-dimethoxybenzyl alcohol as a 

mode1 compound. In this reaction, an attempt was made to prepare the benzylic bromide 

using PBr3 in THF followed by immediate reduction by LAH in the same solution. The 

purpose of this test procedure was to avoid the possible decomposition of the 

intermediate bromide that might have occurred had its isolation been attempted. 
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The success of the test reaction suggested that conversion of the allylic aicohol to 

the corresponding bromide and direct reduction should work. One major disadvantage of 

this procedure was the formation of phosphine as a bi-product of the reaction. Phosphine 

is soluble in organic solvents, spontaneously combustible in air and has a putrid stench. 

Bromination of the allylic alcohol at zero degrees with PBr3 in THF followed by 

imrnediate treatment with LAH afforded a single major product in 78% yield. Proton 

NMR and mass spectral analysis clearly indicated that this product was the mono-alcohol 

176 resulting fiom bromination and reduction at the allylic position only. The reaction 

was repeated three times and TLC indicated that a second faster m i n g  compound was 

also present in arnounts that varied with the expenment. Proton NMR spectra of a 

product mixture rich in the minor component indicated that the second component was 

arising from double bond isomerization to give exocyclic ailcene 177. 
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Explanations include the possibility that both allylic and benzylic bromides form 

from the di01 173, that the initially formed allylic bromide 178 isomerizes to the benzylic 

bromide 179, or that the initially formed brornide is reduced by hydrïde ion to give the 

mixture of alcohols 176 and 177. 
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The two alcohols 176 and 177 could be separated by HPLC. When a mixture of 

the two alcohols was dissolved in a solution of potassium t-butoxide in t-butyl alcohol 

and stirred at room temperature an isomenzation of the minor product 177 to the major 

product 176 was observed by HPLC. 

Scheme 71 



This conversion served to confirm the structure of the uncharacterized minor 

The deoxygenation of the mono-alcohol 176 was achieved by conversion to the 

corresponding bromide 180 with PBr3 in a separate reaction followed by reduction. The 

isolated yield obtained fkom the brornination step was poor (22%) although no other 

major products could be observed on TLC. 
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The problem rnay have been attributable to the work up procedure. Aqueous 5% 

NaHC03 was used to destroy the remaining PBr3 and this may have led to the hydrolysis 

of the brornide product. in addition, emulsions that formed during extraction of the 

bromide may have resulted in product loss into the emulsion layer. Another workup 

method was attempted in which the crude reaction mixture was rapidly filtered through a 

short plug of silica gel. This was slightly more effective in terms of yield, but the silica 

gel was not dried in an oven pnor to its use, thus there was the distinct possibility of 

hydrolysis during filtration. 

Aithough there have been reports in the literature stating that it is possible to 

reduce a saturated bromide with LAH to produce the corresponding hydrocarbon in 

excellent fields,"' our use of this method for the reduction of the trizns-1,î- 



dihydronaphthalene bromide met with oniy limited success. Reduction of the bromide 

using LAH in THF at reflux gave a complicated mixture of products. Proton NMR 

analysis indicated the presence of signals corresponding to those given in the Iiterature 

for magnoshinin (161). The amounts were too small to ellow isolation of the product. 

Despite the low yield, the observation of NMR signals consistent with 

magnoshinin validates the method and venfies the intermediate structures leading to 

magnoshinin. However, to establish the method as a practical synthesis of magnoshinin a 

better method for the reduction of the bromide must be developed. Other possible 

rnethods for reduction of the bromide include zinc in acetic acid, magnesium in methanol 

or tributyl tin hydride. 

While the chemical route to magnoshinin was successful, the photochemical route 

invo lving photoconversion of the diethyl E, E-bis-(2,4,5-trimethoxybenzylidene) 

succinate to the cis-dihydronaphthalene intemediate 160 failed. The fidure of this 

reaction was surpnsing in view of the success for the very similar 3,4,5-trimethoxy 

derivative. [t appears that photocyclization reactions of dibenzylidenesuccinate 

substrates are not a generd method for the preparation of 1,2-dihydronaphthalenes. At 

ihis point, no fimi predictions cm be made regarding potential or likely product 

distributions fiom the photochemical reactions of different dibenzylidenesuccinate 

substrates. A more controlled and systematic investigation is required, using a wide 

variety of dibenzylidenesuccinates, for the determination of the structural parameten that 

govem the photochemical behavior of these compounds. 



3.3 Chiral Dibenzyüdenesuccinates as Precurson to Optically Active 1,Z- 

Dihydronaphthalene Lignans 

The goal of the third phase of this endeavor was to exploit the photochernicd 

behavior and rotational hindrance of dibenzylidenesuccinates for the asymmetric 

synthesis of 1,2-dihydronaphthalene lignans. 

Lipnans with the cis-1,2-tetrahydronaphthalene structure, such as 

podop hy llotoxin, exist as enantiomers and the hvo enantiomers have di fferent biological 

activities. It is preferable that synthetic methods leading to such structures be specific for 

one of the two possible enantiomen. The irradiation of E,E-diarylfblgides has been 

shown by Heller et al. to induce conrotatory electrocyclization to afford cis-1,8- 

dihydronaphthalenes that further isomerize to cis-1,2-dihydronaphthalenes, but this 

process yieids a racernic product that is an equal mixture of both enantiomen. The 

method will be very usefül for the synthesis of aryltetralin or aryl dihydronaphthalene 

lignans as it provides a route to the cis-1.2-dihydronaphthalenes that are difficult to 

prepare by other methods. However, the method would be much more usefùl if it could 

be controlled to produce a single enantiomer of the cyclized product. A discussion of 

other methods for the asymmerric synthesis of lignans was reviewed in Chapter 1. 

When E, E- 1 ,Cdiaryl- l,3-butadiene-2,3-dicarboxylates (E, E-dibenzylidene- 

succinates) undergo photochemical cyclization, the terminai carbons of the butadiene pi 

system are required to rotate in concert in the same direction (conrotatory closure). Al1 

other considerations aside, this would conceivably give rise to two possible modes for 

ring closure, one in which both terminal carbons mtate in a clockwise fashion and one in 

which both terminal carbons rotate in a counterclockwise fashion. One mode of ring 



closure would lead to the formation of a cis- 1,8-dihydronaphthalene having one absolute 

configuration and the opposite mode of ring closure would lead to the mirror image cis- 

1,8-dihydronaphthalene. The dibenzylidenesuccinates have been shown to exhibit 

atropisomerism and exist as rotamee owing to hindered rotation about the butadiene 

carbon-carbon single bond. Inspection of models shows that each atropisomer is capable 

of only one mode of ring closure. In other words, one individual atropisomer will give 

rise to a specific enantiomeric cis-1,8-dihydronaphthalene since the photochemical ~g 

closure of dibenzylidenesuccinates would be 100% stereoselective. If the individual 

enantiomeric E, E-dibenzylidenesuccinates atropisomers could be isolated, then it would 

be possible to use their conrotatory electrocyclic ring closure to prepare optically active 

czs-1,2-dihydronaphthalenes. As described before, photochemical electrocyclic ring 

closure leads to the formation of a cis- 1 ,8-dihydronap hthalene intermediate which 

undergoes a 1,5-hydrogen shift to fom a cis- 1 &dihydronaphthalene structure. The 

hydrogen shift is suprafacial, that is, the hydrogen atom slides across one face of the 

molecule and therefore, the configurational integrity of the molecule is maintained. 

One major obstacle to the exploitation of dibenzylidenesuccinates in asymmetric 

synthesis is the small barrier to rotation observed in these compounds. This prevents 

their isolation as stable enantiomeric atropisorners. Earlier work showed that the 

introduction of bulky chiral substituents into these molecules did not increase the barrier 

to rotation sufficiently to allow for the separation of atropisomers at roorn temperature 

(see section 2.1). The presence of a chiral mandelyl ester group also did not prejudice the 

molecule into adopting one preferential atropisomer. 



Other structural modifications were considered that would lead to higher barriers 

to atropsiomer interconversion and/or prejudice the molecule into one atropisomenc 

form. It was proposed that linking the two ester groups of the dibenzylidenesuccinate 

would substantially raise the barrier to interconversion of atropisomen. Ln addition, 

making this linkage chiral rnight bias the molecule into adopting one atropisomeric form. 

A synthetic strategy was adopted that involved the introduction of a trans-1,2- 

cyclohexanediol into an E.E-dibenzylidenesuccinate in order to form the eight-membered 

dilactone 181. In addition to preventing free rotation about the butadiene carbon-carbon 

single bond and forcing atropisomeric stability, it was conjectured that the chirality and 

rigidity of the tram-cyclohexyl ring system might influence the molecule to adopt one 

preferential conformation. 

O 
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The first effort to introduce the tram-cyclohexyl ring into E,E-bis-(3,4,5- 

trimethoxybenzy1idene)succinate 181 involved first preparing the fulgide and reacting it 

with irans- l,2-cyclohexanediol to form the fint ester bond. 
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This would result in the formation of the alcohol-acid bifùnctional molecule 182 

that would conceivably cyclize upon treatment with acid to form the second ester bond in 

the eight-membered lactone 181. 

The preparation of E.E-diarylbutadiene fulgides has previously been 

accomplished by treating the corresponding succinic acids with acetyl chlonde. It was 

thought that treatment of the E,E-bis(3,4,5-trimethoxy)benzylidenesuccin monoester- 

acid (147) with trifluoroacetic anhydride (TFAA) would be equally as effective. Thus the 

acid was dissolved in TFAA and heated to reflux temperature for one hour to afford a 

mixture of products, as evidenced by proton NMR spectroscopy and TLC. The product 

mixture, which was chromatographed using 30% ethyl acetate in hexanes as the mobile 

phase, resolved into many colored bands. The main &action, a yellow band, was partially 

characterized by proton NMR spectroscopy and was found to exhibit some peculiarities 

that indicated it could not be the expected fulgide. Close inspection of the proton NMR 

specinim led to the conclusion that the starting material had been converted to the 

compound 183. 
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There were five methoxy peaks apparent in the spectrum of this compound as 

well as two olefinic peaks at 7.9 ppm and 7.1 ppm. Two aromatic proton signais 

occurred in a 2: 1 ratio and there was also a signal far downfield at 9.8 ppm. 

It was surmised that an acid promoted cyclization product resulted from Friedel- 

Crafts acylation of one of the aromatic rings. The acid catalyst for the reaction could 

have been TFA, generated by hydrolysis of TFAA. Compounds similar to 184 had been 

previously reported in the literature as arising fiom acid catalyzed ring closure of 

dibenzylidenesuccuiate monoester-acid compounds. 

The mass spectnim of compound 183 was obtained and had a parent ion at 456 

atomic mass units. This provided further evidence as to the identity of the isolated 

hction and suggested that it was indeed the suspected cyclized product. The compound 

was not fully characterized owing to the mal1 amount of materid available (ca. 5 mg). 



Another attempt was made to prepare the E,E-diarylfulgide 185 which involved 

treatment O f the E, E-bis(3,4,5-trimethoxybenzy1idene)succc diacid (1 53) with acetyl 

chloride, 

Ar* 'OzH Acetyl Chloride 
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The crude reaction mixture was analyzed by TLC and proton NMR spectroscopy 

and was shown to be a complex mixture of products, the components of which were not 

identified. The TLC of the reaction mixture indicated that there were three yellow 

colored components in addition to several UV active components comprising the mixture. 

The diacid was next treated with TFAA and found to give rise to a mixture of products 

that had features in the proton NMR spectrum and TLC sirnilar to the product mixture 

from acetyl chlonde treatment. The hlgides are reported to be highly colored, and the 

fact that there were yellow compounds in both of the reaction mixtures was encouraging. 

The crude product mixture from the reaction fiom treating the diacid with acetyl chloride 

was therefore chromatographed. Based on the TLC analysis, the yellow compounds in 

the product mixture should have been easily resolvable by column chromatography. 

Unfominately, repeated chromatography was unsuccessfil and it appeared that the 

reactions products were slowly interconverting or decomposing. The thermal and 

photochernical cis-tram isomerization of fblgides is well known, and it was suxmised that 

the E,E-diarylfulgide fulgide 185 had been successfully prepared but that it was 

undergoing isomerization to a o r d  a mixture of the E,E-, E.2-, and Z,Z- diaryfulgides. 
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Tne Fact that the EE-fulgide 185 was unsrabie meant thar a new approach had to 

be used for the synthesis of the cyclohexyl dilactone 181. An attempt was made to 

cyclize the cyclohexyl ethyl E, E-bis(3,4,5-trimethoxy)benzy1idenesuccinae 186 via a 

transesterification reaction between the hydroxy group on the cylcohexyl moiety and the 

carboxylethyl group to give dilactone 181. The cyclohexyl ethyl E,E-bis(3,4,5- 

trimethoxy)benzylidenesuccinate 186 monoester-acid was prepared by treating 

monoester-acid 147 with DCC and racemic tram- l,2-cyclohexanediol. 
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The proton NMR spectnim of the cyclohexyl ester 186 was similar to the methyl 

mandelyl ester fiom the hindered rotation study. The presence of two diastereomeric 

forms of the atropisomers could be detected in equal amounts as the spectnim of the 



cyclohexyl ethyl diester was doubled. One of the major disadvantages of using DCC as a 

condensing agent was the persistence of the dicyclohexyl urea by-product in the reaction 

mixture, even after purification by column chromatography. Dicyclohexyl urea was very 

difficult to remove fiom product mixtures and it was especially troublesome as it 

obscured the signals Erom the cyclohexyl moiety of the diester in the proton NMIZ 

The purified diester 186 was treated with para-toluenesulfonic acid @-TsOH) and 

heated in toluene at reflux temperatures in order to promote pans-estenfication between 

the hydroxyl on the cyclohexyl group and the ethyl group to yield the desired dilactone 

181. 

O 

Scheme 79 

The proton NMR spectrum of the reaction mixture indicated that the starting 

material had reacted to give a compiex mixture of products that were not identifiable. 

The diester was next dissolved in TFA and stirred at room temperature. Analysis by TLC 

indicated the presence of mainly one compound, but the proton NMR spectnim of the 

reaction mixture was not consistent with that expected for the dilactone. It was clear 

that the attempted tram-estenfication reaction of the cyclohexylethyl diester with TFA 

and p-TsOH had failed, as the presence of the dilactone could not be detected in the 

proton NMR spectra of the products of either reaction. The reason for the failure in both 



cases may be due to the fact that the tram-estenfication 

reactants. 

reaction equilibrium favors the 

Since DCC had been used with success for the preparation of the cyclohexylethyl 

diester, it was employed once more in an attempt to generate the dilactone by tandem 

coupling of racemic r>.ans- I ,Zcyclohexanediol and the E, E-dibenzylidenesuccinic diacid. 
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The proton NMR s p e c t m  of the crude reaction mixture indicated that one 

product had been formed in CU. 90% purity, which appeared to be the desired lactone 181. 

Furthemore, the spectnun suggested that only one enantiomenc pair of atropisomers 

(one diastereomer) was present. The proton NMR spectnun showed a signal at 7.8 ppm, 

attributed to the olefinic protons, a signal with twice the intensity at 6.3 ppm, attributed to 

the aryl protons, and two peaks between 3.8 and 3.6 ppm in a 3:9 ratio, ascribed to the 

methoxy protons. The only discrepancy arose fiom integration of the peaks ascribed to 

the cyclohexyl ester group, which appeared to be in a 1 :36 ratio with the olefinic protons. 

This discrepancy was thought to arise due to the presence of dicyclohexyl urea in the 

crude product. The crude product was chromatographed but purification was difficult 

and repeated chromatography seemed to produce a mixture of compounds. It was 

conjectured that the dilactone 181 compound was unstable and was possibly undergoing 

photochernical reaction from exposure to dayiight. Thus, instead of attempting to puri& 

the product, the cmde reaction mixture was irradiated in ethanol. The irradiation 



appeared to produce a single compound as evidenced by proton NMR spectroscopy. The 

spectnim was very similar to that of the ch-1,2-dihydronaphthalene diester pmduced 

from irradiation of the correspondhg diethyl E, E-bis-(3,4,5- 

trimethoxybenzylidene)succinate. A doublet was observed at 7.6 ppm that was ascnbed 

to the olefinic protons of the suspected dilactone dihydronaphthalene, and two peaks at 

6.8 and 6.3 ppm, in a 1:2 ratio, were ascribed to the aryl protons. A signal for a single 

proton at 5 ppm was also attributed to the expected benzylic proton. Regrettably, a close 

inspection of the aliphatic region of the spectnim showed it to be inconsistent with the 

expected dilactone structure. A lack of suffïcient signal intensity in the aliphatic region 

finally led to the conclusion that the photoproduct was more likely that produced from 

irradiation of the E, E-bis-(3,4,5-trimethoxybenzylidene) fulgide. 
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This would mean that the attempted synthesis of the dilactone had actually given the E,E- 

diaryfilgide 185 and that it had been mistaken for the lactone due to the presence of 

dicyclo hexyl urea. 

Cornparison of the product of the purported dilactone synthesis, now believed to 

be fulgide, with fulgide produced in earlier reactions (see above), showed that there were 

similarities. Indeed, closer inspection by TLC and proton NMR showed that the product 



mixtures were identical. Thus the E,E-diarylfulgide 185 had been formed upon carboxyl 

group activation and the desired diarylbutadiene dilactone had not been formed. The 

reason for the failure may be due to the difficulty of fomiing an eight-membered 

dilactone. Only one report of the synthesis of an eight-membered dilactone was found in 

the literature. Medium shed rings are difficult to form owing to torsional strain in the 

molecule. The formation of this eight-membered dilactone may be especially difficult 

owing to ring strain 60m the presence of four sp2 hybridized centers and fiorn a tram- 

fùsed cyclohexyl ring since eight-membered rings prefer to adopt cis-conformations as 

they are inherently less strained. 



Chapter 4 

Conclusions 

The research described in this thesis can be divided into three parts. 

(i) The first part of the thesis involved a study of the rotational hindrance about the 

butadiene carbon-carbon single bond in racemic ethyl (methyl mandelyl) E,E-bis-(3,4,5- 

hindered 

w C 0 2 E 1  - rotation 

The synthesis of racemic ethyl (methyl mandelyl) E,E-diberizylidenesuccinate was 

successfully executed and this compound was shown to exhibit atropisomerism. The 

rotational isomerism of the ethyl (methyl mandelyl) E,E-dibenzylidenesuccinate was 

studied by analyzing its temperature dependent proton NMR spectra at various 

temperatures above 303 K. The barrier to rotation was successfûlly measured and found 

to be ca. 19 kcalmol. The conclusion was reached that the introduction of a chiral 

methyl mandelyl ester group into ethyl E,E-bis-(3,4,5-trimethoxybenzy1idene)succinate 

was insufficient to stop the interconversion of the atropisomers at room temperature. In 

addition, it was found that the chirality of the methyl mandelyl substituent group was not 

able to coerce the molecule into a single conformation. It is doubtfbl that a bukier 

substituent would be more effective at producing isolable atropisomers, however, the 

introduction of a different chiral auxiliary may succeed in dnving the equilibriurn 

between atropisomers to favor one isomer. 



(ii) The second part of this thesis was a study of the photochemicai behavior of two E,E- 

dibenzylidenesuccinates. Diethyl E, E-bis-(3,4,5-trimethoxybenzylidene)succine was 

successfully prepared and was shown to undergo conrotatory photochemical 

electrocyclization followed by a 1,5-hydrogen shift to afTord the corresponding cis-1,2- 

dihydronaphthalene as the major product. This reaction has not been reported previously 

in the literature. 

OMe 
1 

OMe 

The possibility of using the photochemical conversion of diethyl E.E-bis-(3,4,5- 

trimethoxybenzy1idene)succinate to the cis-1,2-dihydronaphthalene for photodynamic 

therapy was explored and both of the compounds were tested for cytotoxicity. It was 

found that the photoproduct was insufficiently toxic for it to be effective as a 

p hotodynamic agent. 

The preparation of diethyl E.E-bis-(2,4,5-trimethoxybenzylidene)succinate was 

successfully carried out so that its photochemical electrocyclization could be applied to 

the synthesis of the naturally occurring 1,2-dihydronaphthaiene lignan, magnoshinin. 

The photochernical behavior of the diethyl E. E-bis-(2,4,5- 

trimethoxybenzylidene)succinate was studied and this compound was shown to give nse 

to a different photochernical product distribution than its couterpart, the diethyl E,E-bis- 

(3,4,5-trimethoxybenzyl-idene)succinate. It was found that irradiation of diethyl E,E-bis- 

(2,4,5-trimethoxybenzy1idene)succinate did not lead to the formation of the 

corresponding 1,2-dihydronaphthalene. The synthesis of the pans-1,2- 



dihydronaphthalene precwsor for magnoshinin was successfully carried out using a 

modified version of a classical method, the Stobbe condensation. Magnoshinin was 

prepared in a small amount fiom the trans-1,2-dihydronaphthalene intermediate. The 

development of a better method for the reduction of the bromide in the last step would 

enable this method to be established as a practical synthesis of magnoshinin. 

(iii) The last part of this thesis work was an aggressive attempt to link the hvo 

ester groups of an E,E-bis(3,4,5-trimethoxybenzy1idene)succinate in order to stabilize 

individual E. E-dibenzylidenesuccinate atropisorners. 

The synthesis of ethyl (2-hydroxyc yclohexyl) E, E-bis-(3,3,5 -trimethox ybenzyl- 

idene)succinate was successfully carried out and this compound was shown to exhibit 

atropisomensm. It was found that introduction of the tram-l,2-cyclohexanediol chiral 

auxiliary into ethyl E,E-bis-(3,4,5-trirnethoxybenzy1idene)succinate did not coerce the 

molecule into a preferential conformation. It was shown that the formation of an eight- 

rnembered dilactone to bind the ester groups together could not be accomplished by a 

trans-esterification reaction. Additionally, the E,E-bis-(3,4,5-trimethoxybenzyl- 

idene)succinic anhydride was found to be too labile to serve as a precursor to the bis- 

cyclohexyl E.E-bis-(3,4,5-trimethoxybenzy1idene)succate. The failure of this endeavor 

may be due to the difficulty of preparing medium sized rings, which are inherently 

strained. Further attempts to introduce a diflerent ngid cyclic system into an E,E- 

dibenzylidenesuccinate to stabilize atropisornea may yet prove Mtful. 



Chapter 5 

Experimental 

'H and 13c-NMR spectra were recorded on a Bruker AM-300 FT instrument using 

chlorofonn as intemal standard, unless otherwise specified. Silicycle silica gel was used 

for d l  chromatography. HRMS/mass spectra were obtained on a VG Analytical 7070E- 

HF instrument. Optical rotations were recorded on a Rudolf Research Corporation 

Autopol Ki instrument. Meiting points were measured on a hot stage instrument and are 

uncorrected. High pressure liquid chromatography was performed on a C-18 reverse 

phase column with a Varian 90 10 Solvent Delivery instrument with detection by a Varian 

9050 Variable Wavelength UV-Vis Detector. The mobile phase employed for the 

separation of al1 components was 50% water in methanol for 10 minutes, then increasing 

to 20% water in methanol over a 5 minute period, and finally holding at 20% water in 

methanol for 5 minutes. THF was distilled fkom sodium and benzophenone under 

nitrogen. A 450 watt Hanovia medium pressure mercury lamp (1 mm Pyrex filter) 

equipped with a cooling jacket was used in irradiation expenments. "Room temperature" 

indicates a temperature range of Z ° C  to 26OC. 

n i e  NMR spectrorneter used to perform the dynarnic NMR studies was the same 

as described above. Simulation of the expenmental dynamic NMR spectra were 

performed using a computer program (Marat, K. XSIM, copyright 1995). 



Ethyl (methyl rnandelyl) E,E-dibenzylidenesuccinate 144 

OMe 

Me0 

Methyl alpha-bromophenylacetate (0.29 mL, 1.84 mmol) was added to a stirred 

solution of bis(3,4,5-himethoxybenzy1idene)succinate monoacid-ester 147 (see below) 

(0.841 g, 1.67 mrnol) and K2C03 (1.17 g, 8.46 mmol) in acetone (10 mL) and the solution 

was stirred at reflux for 14 houn. The reaction mixture was filtered, the precipitate 

washed with acetone and the filtrate evaporated. The residue was dissolved in CHzC12, 

dned over anhydrous magnesium sulfate and stripped of solvent under reduced pressure 

to give an orange oil as crude product (0.986 g, 91%). The diester was purified by flash 

column chromatography on silica gel (50 rnL) using 30% EtOAc/Hexanes as the eluent to 

afford a crearn colored arnorphous solid (0.367 g, 34%) which was used in the 

temperature dependent dynamic NMR experiment: 'H NMR (CDC13) (a mixture of 

diasteromers) 6 1.00 (t, 3H, J =  7.1), 1.1 1 (t, 3H, J =  7.1), 3.59 (s, 3H), 3.63 (S. 3H), 3.69 

(s, 6H), 3.71 (s, 6H), 3 .74(~ ,  12H), 3.81 (s, 12H), 4.07 (m, 2H),4.17 (m, 2H), 5.91 (s, 

lH), 5-98 (s, 1H), 6-68 (s, 2H), 6.73 (s, 2H), 6.76 (s, 2H), 6.79 (s, 2H), 7.32 (m, lOH), 

7.83 (s, IH), 7.87 (s, lH), 7.88 (s, l m ,  7.89 (s, 1H); 13c NMR (CDC13) (a mixture of two 

diastereomers) 6 14.0 (CH3), 14.1 (CH3), 52.5 (CH3), 55.9 (CH,), 56.0 (CH3), 56.1 (CH3), 

60.8 (CH,), 60.9 (CH3) , 6 1.2 (CH2), 61.3 (CHt), 75.0 (2 x CH), 107.0 (CH), 107.3 (CH), 

125.8 (C), 126.2 (2 x C), 127.4 (2 x CH), 128.7 (2 x CH), 129.1 (2 x CH), 129.9 (C), 

130.0 (C), 130.1 (C), 133.8 (C), 139.4 (C), 139.5 (C), 139.7 (C), 139.8 (C), 142.8 (CH), 



143.2 (CH), 143-5 (CH), 153.1 (2 x CH), 166.1 (C), 166.2 (C), 166.7 (C), 168.9 (C); 

s p e c t m  4 2  (relative intensity) 650 (MC, 1 l), 501 (2 l), 41 1 (37), 195 (100), 181 

(72),9 1 (52), 77 (18); HRMS calcd. for C3&8012 650.2363, found 650.2356. 

Dynamic 'H NMR Experiment 

3,J,S-Trimethoxybenzylidenesuccinate methyl mandelyl ethyl ester 144 (0.042 g, 

0.065 rnrnol) was dissolved in DMSO-d6 (ca. 1 mL) and nine variable temperature 

spectra were collected. The first spectnim was obtained at 303 K and successive spectra 

were acquired at increasing 10-degree intervals, with the fmal spectrum at 383 K. 

Spectra are reproduced in the discussion section. 

3,4,5-Trimethouybenzylidenesuccinate monoester 145 

C0,Et 

Me0 C0,H 
OMe 

A modified literature procedure was used." Sodium metal (0.587 g, 25.6 rnmol) 

was added to anhydrous ethanol(25 mL) under Nt and stirred at reflux until the sodium 

had completely reacted (ca. 30 minutes). The solution was cooled to room temperature 

and a solution of 3,4,S-trimethoxybenzaidehyde (5.03 g, 25.6 rnrnol) and diethyl 

succinate (4.3 mL, 25.8 rnmol) in anhydrous ethanol (25 mL) was added dropwise over 

the course of an hour via a dropping funnel. The dropping funne1 was rinsed with ethanol 

(10 mL) and the solution was refluxed for 5 hours. 

The solution was acidified with 20% aqueous HCI, concentrated under reduced 

pressure and extracted with EtOAc (3 x 30 mL). The combined organic layen were 



washed with 20% aqueous HCI (2 x 20 mL) and water (10 mL), dried over anhydrous 

magnesium sulfate and evaporated to yield a brown symp (7.98 g, 96%) as the cmde 

product which was reacted in the next step without further purification. 'H NMR 

(CDC13)G 1.30(t,3H, J=7.1),3.58 (s,2H),3.81 (s,6H),3.83 (s, 3H),4.26 (q, 2H, J =  

7.1), 6.6 (s, 2H), 7.81 (s, 1H); I3c NMR (CDC13) G 14.2 (CH3), 33.9 (CH2), 56.1 (2 X 

CH3), 60.9 (CHI), 61.5 (CH2), 106.5 (CH), 124.9 (C), 130.2 (C), 138.9 (C), 142.5 (CH), 

153.3 (2 x C), 167.6 (C), 176.7 (C); mass specûum m/z (relative intensity) 240 (9), 129 

(241, 128 ( 19), 10 1 (100). Spectral data were consistent with those previously rePortede6' 

3,4,5-Trirnethoxybenylidenesuccinate diester 146 

C0,Et 

Me0 " = O F  C0,Et 
OMe 

&CO3 (16.6 g, 120 mmol) was added to a solution of benylidenesuccinate 

monoacid-ester 2 (7.64 g, 23.6 mmol) in acetone (50 mL). The solution was s h e d  at 

room temperature for several minutes and ethyl iodide (2.1 rnL, 26.3 rnrnol) was added. 

The reaction mixture was refluxed for 6 hours. 

The reaction mixture was filtered, the precipitate rinsed several times with 

acetone and the filtrate evaporated. The brown residue was taken up in CH2C12, drïed 

over anhydrous rnagnesium sulfate, filtered and evaporated to give a brown oil (6.48 g, 

78%) as the crude product. The benzylidenesuccinate diester was purified by short path, 

high vacuum (0.01 mm Hg) distillation to yield a pale yellow oil(3.36 g, 41%). 'H NMR 

(CDC1') 6 1.15 (t, 3H,J=7.2), 1.22 (t, 3H, J = 7 . 2 ) ,  3.46 (s, 2H), 3.73 (s, 6H), 3.75 (s, 

3H), 4.07 (q, 2H, J = 7.2), 4.16 (q, 2H, J = 7.21, 6.53 (s, 2H), 7.71 (s, 1H); 13c NMR 



(CDCL) 6 14.0 (2 x CH,), 33.8 (CH*), 55.9 (2 x CHI), 60.6 (CH2), 60.8 (CH,), 60.9 

(CH?), 106.2 (CH), 125.6 (C), 130.3 (CH), 138.5 (C), 141.6 (CH), 153.0 (C), 167.1 (C), 

171.1 (C); mass s p e c t m  m/z (relative intensity) 352 @PI+, 4), 196 (13), 129 (SO), 101 

(100), 73 (1 7), 55 (19); HRMS calcd. for C18H2107 352.1522. fomd 352.1503. Spectral 

data were consistent with those previously reported? 

E,E-bis-(3,4,5-trimethoxyben y1idene)succinate monoacid-ester 147 

Sodium metal (0.334 g, 14.5 mmol) was added to anhydrous ethanol (15 mL) 

under Nt and refluxed until the sodium had completely reacted. The solution was cooled 

to room temperature and a solution of 3,4,5-trimethoxybenzaldehyde (2.83 g, 14.4 rnrnol) 

and benzylidenesuccinate diester 2 (5.09 g, 14.4 mrnol) in ethanol (20 mL) was added 

dropwise via a dropping funne1 over the coune of an hour. The solution was refluxed for 

Water (20 mL) was added and the reaction mixture stripped of ethanol under 

reduced pressure. The solution was poured into water (20 mL) in a separatory funne1 and 

extracted with EtOAc (3 x 25 mL). The combined organic layen were washed with 20% 

aqueous HCl (2 x 25 rnL) and water (10 mL), dried over anhydrous magnesium sulfate 

and evaporated under reduced pressure to f io rd  a brown çynip (7.26 g, 95%) which was 

reacted in the next step without m e r  purification: 'H NMR (CDCI,) 6 1.12 (t, 3H, J = 



7-01, 3.74(~,6H), 3.75 (s, 6H), 3.82 (s,6H), 4.17(rn92H) 6.77 (s,2H),6.78 (s,2H), 7.85 

(s, 1H), 7.90 (s, 1H); 13c NMR (CDCI,) S 14.2 (CH3), 56.1 (4 x CH3), 61 .O (2 x CH3), 

61.4 (CH?), 107.4 (2 x CH), 107.5 (2 x CH), 125.7 (C), 126.0 (C), 129.8 (C), 129.9 (C), 

139.7 (C), 140.1 (C), 142.6 (CH), 144.3 (CH), 153.2 (4 x C), 166.7 (C), 172.1 (C); m a s  

spectnun m/z (relative intensity) 502 (M', 1), 458 (16), 2 12 (46), 197 (3 l), 168 (62), 62 

(1 00); HRMS calcd. for C2&0010 502.1 838, found 502.184 1. 

Diethyl E,E-bis-(3,4,5-trimethoxybenzylidene)succinate 152 

Me0 

OMe 

Method A: K2COi (3.68 g, 26.6 mrnol) was added to a solution of bis(3,4,5- 

trimethoxybenzylidene)succinate monoacid-ester (2.60 g, 5.1 8 mmol) followed by ethyl 

iodide (0.85 rnL, 10.6 mrnol) and the reaction mixture was stirred at reflux for 2.5 hours. 

The solution was filtered, the precipitate rinsed several times with acetone and the 

filtrate was evaporated. The residue was taken up in CH2C12, dned over anhydrous 

magnesiurn sulfate and evaporated under reduced pressure to afford a pale green solid 

(1.56 g, 57%). The solid was recrystallized ftom CHzC12-Hexanes to yield the bis(3,4,5- 

trimethoxybenzy1idene)succinate diethyl ester as fie, colorless crystals (0.933 g, 34%). 

Method B : To a solution of bis(3,4,5-trimethoxybenzylidene)succinic acid (0.403 

g, 0.849 mmol) in acetone (8 mL) was added K2C03 (0.369 g, 2.67 m o l )  and the 

solution was refluxed for 30 minutes to form the dianion. A white gelatinous material 



formed and the solution was cooled to room temperature. Ethyl iodide (0.8 mL, 1 : 10 

acetone) was added to the reaction mixture followed by DMF (2 mL) in order to 

solubilize the solid. The reaction mixture, which becarne much more fluid upon the 

addition of DMF, was refluxed for 33 houn. The reaction mixture was filtered and the 

precipitate was washed with acetone. The filtrate was evaporated to afford a brown 

residue that was taken up in EtOAc (10 mL) and poured into water (10 rnL) in a 

separatory h e l .  The reaction mixture was extracted into EtOAc (3 x 10 mL) and the 

combined organic layen were washed with 5% aqueous NaHC03 (2 x 10 mL), dried over 

anhydrous magnesium sulfate and evaporated to afford the diester (0.13 1 g, 29%). 

Both procedures gave material that was essentially identical: mp 144-146OC; 'H 

NMR (CDC13) 6 1.08 (t, 3H, J = 7.2), 3.74 (s, 6H), 3.81 (s, 3H), 4.12 (m, 2H), 6.75 (s, 

2H), 7.80 (s, 1H); "C NMR (CDC13) G 14.1 (2 x CH3), 56.0 (4 x CH3), 60.9 (2 x CH3), 

61.2 (2 x CH2), 107.2 (4 x CH), 126.9 (2 x C), 130.3 (2 x C), 139.5 (2 x C), 142.2 (2 x 

CH), 153.1 (4 x C), 166.9 (2 x C); mass spectrum d z  (relative intensity) 530 (w, 6), 

3 17 (1 7), 289 (13), 181 (100); HIZMS calcd. for CzsHwOio 530.215 1, found 530.2146. 

Photoreaction of the bis-(3,4,5-trimethoxybenylidene)succinate 152 

A solution of the diethyl ester (0.202 g, 0.38 1 mmol) in a 0.01 M solution of TFA 

in anhydrous ethanol(60 mL) was purged vigorously with N2 for 5 minutes (the nitrogen 

atmosphere was maintained for the duration of the reaction), stoppered and irradiated for 

3 hours. Aliquots of the reaction solution were obtained periodically and anaiyzed by 

HPLC in order to monitor the reaction progress. The solution was evaporated and the 

residue was redissolved in CH2C12, dried over anhydrous magnesium sulfate and 



concentrated under vacuum to afEord a pale yellow oil (0.213 g). The reaction mixhire 

was punfied by flash column chromatography on silica gel (100 mL) using 30% 

EtOAcEIexanes as the solvent system to afford two fractions. The first chromatography 

£?action (0.004 g, 2%): 'H NMR (CDC13) G 1.19 (t, 3H, J =  7.1), 1.31 (t, 3H, J =  7.1), 

3.67 (s, 3H), 3.73 (s, 6H), 3.77 (s, 3H), 3.88 (s, 3H), 3.89 (s, 3H), 4.05 (d, 1H, J =  1.0), 

4.11 (m, 2H), 4.23 (m, 2H), 4.98 (s, l m ,  6.28 (s, 2H), 6.72 (s, lH), 7.62 (s, 1H). This 

was identified as the tram-dihydronaphthalene by cornparison of its 'H NMR spectmrn to 

that in the literat~re.~' 

The second eluted fraction (0.070 g, 34%) was a colorless and cloudy wax: 'H 

NMR (CDC13) G 0.89 (t, 3H, J = 7.2), 1.24 (t, 3H, J = 7.2). 3.46 (s, 3H), 3.71 (S. 3H), 

3.72 (s, 6H), 3.82 (s, 3H), 3.86 (s, 3H), 4.08 (dd, lH, J =  2.8, 9.1), 4.17 (m, 2H), 4.76 (d, 

lH, J =  9.1), 6.32 (s, ZH), 6.63 (s, lH), 7.36 (d, 1H, J =  2.8); I3c NEVlR (CDCla) G 13.8 

(CH3), 14.3 (CH3), 40.5 (CH), 48.1 (CH), 56.2 (4 x CH3), 60.5 (CH2), 60.6 (CH2), 60.7 

(CH3), 60.8 (CH,), 106.4 (CH), 108.0 (CH), 123.7 (C), 126.2 (C), 127.1 (C), 135.4 (CH), 

136.4 (C), 137.2 (C), 144.2 (C), 151.1 (C), 152.6 (C), 152.9 (C), 167.3 (C), 171.5 (C); 

mass s p e c m  m/z (relative intensity) 530 (M', 1 OO), 484 (49, 456 (62), 4 1 1 (65), 384 

(33), 358 (69); HRMS calcd. for C18H3 JOIO 530.2 15 1, f o u d  

E,E-bis(3,4,5-trimethoxyben ylidene)succinic acid 153 

OMe 



A solution of diethyl succinate (3.4 rnL, 20.4 mmol) and 3,4,5- 

trhnethoxybenzaldehyde (8.63 g, 44.0 mmol) in dry toluene (50 mL) was added dropwise 

to a slurry of sodium hydride (57% in oil) (1.89 g, 44.9 mmol) in toluene via a dropping 

h e l  over a period of an hour. The dropping funne1 was rinsed with toluene (10 mL) 

and the reaction mixture was refluxed for 3.5 hours. 

Water (50 mL) was added and the solution then evaporated under reduced 

pressure. The dark brown residue was dissolved in 0.1 M aqueous KOH solution (20 

mL), heated at reflux for 2 hours and acidified with 0.5 N aqueous HCI solution (to ca. 

pH 2). A deep yellow precipitate formed on standing at room temperature afier several 

days. The solid was recrystallized fkom the minimum amount of iso-propyl alcohol to 

afford srna11 pale yellow crystals (2.91 g, 30%): mp 189-19I0C; 'H NMR (CD30D) 6 

3.73 (s, 6H), 3.74 (s, 3H), 4.94 (s, 2H), 6.83 (s, 2H), 7.85 (s, 1 H); I3c NMR (CD30D) 8 

56.5 (4 x CH,), 61.1 (2 x CH3), 108.4 (4 x CH), 129.0 (2 x C), 131.9 (2 x C), 140.4 (2 x 

C), 143.2 (2 x CH), 154.3 (4 x C), 170.2 (2 x C); mass spectnim m/z (relative intensity) 

454 (MC, 100), 439 (27), 392 (28), 168 (34), 156 (23); HRMS calcd. for (M+-18) 

c2.&Iz~09 456.1420, fomd 456.1539. 

Epimerization of cis-transdihydronaphthalene 154 

DMAP (0.225 g, 1.84 m o l )  was added to a solution of the cis- 

dihydronaphthaiene (0.0 10 g, 0.01 9 mmol) in anhydrous ethanol (1 1 mL) and the 

solution was refluxed for 12 hours. The reaction mixture was evaporated, dissolved in 

EtOAc and washed with 10% HCI (3 x 10 mL). The cornbined aqueous layen were 

extracted with EtOAc (2 x 10 mL) and the combined organic layers were dned over 



anhydrous magnesium sulfate and concentrated under vacuum to afford the tram- 

dihydronaphthalene as the major product (0.007 g, 68%). Spectral data are identical with 

those previously reported above. 

Method A: &CO3 (4.04 g, 29.2 rnrnol) was added to a solution of bis(2,4,5- 

trimethoxybenzy1idene)succinate monoacid-ester 164 (see below) (2.93 g, 5.83 mmol) in 

acetone (50 mL) and the solution was stirred at room temperature for several minutes 

before ethyl iodide (1 rnL, 12.5 mmol) was added. The solution was s h e d  at reflux for 

7 hours. The reaction mixture was filtered and the precipitate was washed with acetone. 

The filtrate was evaporated to dryness, taken up in CH2C12, dried over anhydrous 

magnesium sulfate and stripped of solvent under reduced pressure to give a brown oil as 

cnide product (2.39 g, 77%). The diethyl ester was recrystallized from CH2C12-Hexanes 

to afford yellow crystals (1.105 g, 36%): mp 159-161°C; 'H NMR (CDC13) 6 1.14 (t, 3H, 

J =  7 4 ,  3.64 (s, 3H), 3.74 (s, 3H), 3.83 (s, 3H), 4.16 (q, 2H, J =  7 . Q  6.35 (s, lH), 7.08 

(s, lH), 8.12 (s, 1H); I3c NMR (CDCL) G 14.3 (2 x CH3), 56.0 (4 x CH3), 56.3 (2 x CH3), 

60.8 (2 x CH2), 96.5 (2 x CH), 111.7 (2 x CH), 115.7 (2 x C), 125.3 (2 x C), 136.0 (2 x 

CH), 142.7 (2  x C), 151.1 (2 x C), 153.4 (2 x C), 167.7 (2 x C); mass specûum m/L 



(relative intensity) 530 (MC, 100), 456 (30), 425 (43), 41 1 (43, 362 (47), 347 (51), 225 

(26), 195 (38); HRMS caicd. for C&3@I0 530.215 1, found 530.2169. 

Photoreaction of bis(2,4,5-trimethoxybenylidene)succinate diethyl ester 159 

A solution of bis(2,4,5-trimethoxybenzy1idene)succinate diethyl ester (0.10 1 g, 

0.191 mmol) in 3% mA in anhydrous ethanol (60 mL) was purged vigorously with N2 

for 10 minutes and irradiated for 6 hours to afford a gold colored solution. The solution 

was evaporated, dissolved in EtOAc, dned over anhydrous magnesium sulfate and 

evaporated to afford crude product (0.098 g). The reaction mixture was purified by flash 

column chromatography on silica gel using 30% EtOAc/Hexanes as eluent to give a clear 

colorless oil, as the major product: 'H NMR (CDC13) 6 1 .O4 (t, 3H, J =7.2), 1.38 (t, 3H, J 

= 7.2), 3.18 (s, 3H), 3.64 (S. 3H), 3.80 (s, 3H), 3.93 (s, 3H), 3.96 (s, 3H), 4.04(s, 3H), 

4.37 (q, 2H, J =  7.1), 6.55 (s, lH), 5.73 (s, 1H), 6.82 (s, lH), 8.98 (s, IH). 

2,4,5Trirnethoxybeozy lidenesuccinic acid 162 

OMe 

A solution 2,4,5-trimethoxybeqaldehyde (3.19 g, 16.3 mmol) and diethyl 

succinate (1.35 mL, 8.13 mmol) in dry toluene (25 mL) was added dropwise over a 

period of 15 minutes to a slurry of sodium hydride (0.686 g, 16.3 rnmol) in toluene (10 

mL) and refluxed for 3 hours. The reaction mixture was evaporated and the brown 

residue was taken up in aqueous KOH (45 mL, 0.1 M) and refluxed for 2 houn. The 



solution was acidified with 20% aqueous HCI and extracted into diethyl ether (3 x 25 

mL). The combined organic Iayers were dried over anhydrous magnesium sulfate and the 

solvent was removed under reduced pressure to afford a yellow amorphous solid as the 

crude product (0.264 g, 6.84%). This was recrystallized £iom CH2C12 to give bright 

yellow flakes (0.095g, 2.5%): mp 154-156OC; 'H N M R  (CD30D) 8 3.45 (s, 2H), 3.76 (s, 

3H), 3.84 (s, 3H), 3.89 (s, 3H), 4.89 (s, 2H), 6.69 (s, IH), 6.97 (s, IH), 7.96 (s, 1H); 13c 

NMR (CD30D) 8 34.9 (CH*), 56.6 (CH,), 56.8 (CH3), 57.1 (CE,), 98.6 (CH), 114.9 

(CH), 116.5 (C), 125.6 (C), 138.9 (CH), 144.1 (C), 152.7 (C), 154.6 (C), 171.2 (C), 175.5 

(C); mass spectnim m/z (relative intensity) 278 (M'-1 8, 100), 263 (23), 235 (25), 191 

(45); H R M S  calcd. for w-18) C i f i i 4 0 6  278.0790, found 278.0801. 

Benzylidenesuccinate monoester 

heated 

OMe 

Sodium metal (0.432 g, 18.8 rnmol) was added to anhydrous ethanol(20 mL) and 

at reflux under nitrogen until the sodium had completely reacted (ca. 30 minutes). 

The mixture was cooled to room temperature and a solution of diethyl succinate (3.1 rnL, 

18.6 rnmol) and 2,4,5-ûimethoxybenzaldehyde (3.23 g, 16.5 mmol) in anhydrous ethanol 

(15 mL) was added quickly, with stirring. The reaction mixture was stirred at reflux for 

21 hours. 

Distilled water (20 mL) was added to the reaction mixtlile, which was 

subsequently smpped of ethanol under reduced pressure. The mixture was poured into 



water (20 mL) in a separatory h e l  and then extracted with EtOAc (3 x 20 mL). The 

organic layes were combined and washed with 5% aqueous NaHC03 (3 x 20 mL). The 

basic extracts were combined and acidified with 10% HCl and extracted with eesh 

EtOAc (3 x 20 mL). This second organic extract was washed with water (10 mL), dried 

over anhydrous magnesium sulfate, filtered, and evaporated under reduced pressure to 

give cnide product, a brown symp (5.08 g, 95%), which was reacted in the next step 

1 without M e r  purification. H NMR (CDC13) 6 1.3 1 (t, 3H, J = 7. l), 3.5 1 (s, ZH), 3.78 

(s, 3H), 3.79 (s, 3H), 3.89 (s, 3H), 4.26 (q, 2H, J =  7.1), 6.50 (s, lH), 6.91 (s, lH), 7.95 

(s, 1H); NMR (CDCI3) 6 14.2 (CH,), 34.4 (CH*), 56.1 (CH3), 56.3 (CH3), 56.5 (CH3), 

61.3 (CHZ), 97.0 (CH), 113.2 (CH), 115.0 (C), 123.7 (C), 138.4 (CH), 142.9 (C), 151.1 

(C), 152.7 (C), 167.9 (C), 177.3 (C); mass spectnim d z  (relative intensity) 278 (3 l), 128 

(16), 101 (100), 73 (26); HRMS calcd. for C1a2007 324.1209, found 324.1210. 

E,E-bis-(2,4,5-trimethoxybenylldene)succinate rnonoacid-ester 164 

OMe 

Sodium metal (0.434 g, 18.9 m o l )  was added to anhydrous ethanol(15 mL) and 

refluxed until the sodium had completely reacted. The solution was cooled to room 

temperature and a solution of benzylidenesuccinate diester 4 (5.70 g, 16.2 mmol) and 

2,4,5-trimethoxybenzaldehyde (3.18 g, 16.2 rnrnol) in ethanol (40 rnL) was added. The 

reaction mixture was stirred at reflux for 4 hours. The solution was acidified with 20?6 



aqueous HCl and partidly evaporated under reduced pressure to afford a dark green 

solution. The reaction mixture was poured into water (40 mL) in a separatory funne1 and 

extracted with EtOAc (3 x 25 mL). The combined organic layers were washed with 20% 

aqueous (2 x 20 mL), dried over anhydrous magnesium sulfate and evaporated under 

reduced pressure to give a brown tar (8.02 g, 99%) which was reacted in the next step 

without M e r  purification; 'H NMR (CDC13) S 1.17 (t, 3H, J =  7 4 ,  3.62 (s, 3H), 3.64 

(s, 3H), 3.74(s, 3H), 3.75 (s, 3H), 3.83 (s, 3H), 3.84 (s, 3H), 4.19 (m,2H), 7.07(s, lH), 

7.13 (s, lH), 8.17 (s, 1H), 8.26 (s, 1H); "C NMR 6 (CDC13) 6 14.3 (CH3), 56.0 (4 x 

CH3), 56.4 (2 x CH3), 61.0 (CH*), 96.3 (CH), 96.5 (CH), 111.6 (CH), 115.2 (C), 115.4 

(C), 123.8 (C), 124.6 (C), 136.4 (C), 137.8 (C), 142.7 (C), 151.3 (C), 151.7 (C), 153.5 

(C), 153.9 (C), 167.6 (C), 173.2 (C); mass spectrum m l .  (relative intensity) 502 (M', 6), 

456 (46), 454 (42), 424 (SI), 278 (43), 191 (SO), 168 (100); KRMS caicd. for Cr&1300io 

502.1838, found 502. f 8 10. 

Beozylidenesuccinate diester 168 

OMe 

To a solution of the crude benzylidenesuccinate acid-ester (4.9 1 g, 1 5.1 mmol) in 

acetone (30 mL) was added &CO3 (10.5 g, 75.7 mmol) The solution turned bright 

orange. After stirring the solution at room temperature for several minutes, ethyl iodide 

(2.4 mL, 30 mmol) was added and the solution was refluxed for 20 hours. 



The solution was filtered and the precipitate was rinsed several times with 

acetone. The filtrate was evaporated to yield an orange oil, which was taken up in 

CH2C12 and dried over magnesiun sulfate. The solvent was removed under reduced 

pressure to yield an orange oil (4.80 g, 90%) as the crude product. The diester was 

pwified by short path, high vacuum (0.1 mm Hg) distillation to give a viscous yellow oil 

(3.16 g, 59%): 'H NMR (CDC13) S 1.23 (t, 3H, J = 7.1), 1.30 (t, 3H, J = 7.1), 3.47 (s, 

ZH), 3.77 (s, 3H), 3.80 (S. 3H), 3.89 (s, 3H), 4.15 (q, 2H, J =  7.1), 4.24 (q, 2H, J =  7.1), 

6-50 (s, l m ,  6.91 (s, lH), 7.94 (s, 1H); I3c NMR (CDCl,) G 14.3 (2 x CH3), 34.4 (CH2), 

56.1 (CH3), 56.4 (2 x CH,), 60.9 (CHI), 61.0 (CH?), 97.0 (CH), 113.2 (CH), 115.4 (C), 

124.7 (C), 137.8 (CH), 142.8 (C), 150.9 (C), 152.7 (C), 167.6 (C), 171.8 (C); mass 

spectrum m/z (relative intensity) 352 (M', 100), 279 (23), 205 (70), 19 1 (28). 175 (21); 

HRMS calcd. for C18H2407 352.1522, found 352.1529. 

Dihydronaphthalene diester 170 and monoester-acid 171 

[n a dry, round bottom flask that had been flushed with Nz (the nitrogen 

aûnosphere was maintained throughout the reaction), diisopropylamine (0.49 rnL, 3.5 

mmol) was dissolved in fieshly distilled THF (4 mL) and cooled to -70°C. n-BuLi (1.1 

mL, 2.5 M in hexanes) was added with stirring and the solution was w m e d  to O°C 

bnefly and then recooled to -70°C. The benzylidenesuccinate diester (0.947 g, 2.69 



mmol) was dissolved in dry THF (5 mL), and added to the lithium diisopropylamide 

solution through a plug of activated alumina (1 .O 1 g) rinsing with THF (2.5 r d ) .  Upon 

addition of the diester, the solution m e d  dark orange in color. This color persisted until 

the reaction was quenched. The solution was stirred for 10 minutes. 2,4,5- 

trirnethoxybenzaldehyde (1.04 g, 5.28 mmol) was dissolved in dry THF (10 mL) with 

heating and added quickly, through a plug of activated alumina (1 .O7 g), to the reaction 

mixture. The alumina was rinsed with THF (5 mL) and the solution was stined at -70°C 

for 1 hour. The reaction was quenched at -70°C with glacial acetic acid (1 mL) at which 

point the solution tumed pale yellow. The solution was allowed to w m  slowly to room 

temperature. 

Distilled water (20 mL) was added to the reaction mixture, which was then 

extracted with EtOAc (3 x 25 mL). The combined organic layers were extracted with 

20% aqueous HC1 (2 x 25 mL), 5% aqueous NaHCO, (2 x 25 mL) and finally washed 

with water (10 rnL). The organic layers were then dried over anhydrous magnesium 

sulfate and the solvent was removed under reduced pressure to give an orange oil (2.66 

g), which was immediately dissolved in TFA (4 mL) and stirred at room temperature for 

1 hour. The reaction mixture was poured into 5% aqueous NaHC03 and extracted with 

EtOAc (3 x 20 mL). The combined organic layers were washed with 5% aqueous 

NaHC03 (3x 10 rnL) and water (10 mL), dned over anhydrous magnesium sulfate, 

filtered and evaporated. The product was subjected to high vacuum overnight to leave 

2.12 g, which contained some solvent. NMR spectroscopy indicated the presence of at 

least three compounds. A portion (0.258 g) was purified by flash column 

chrornatography on silica gel (100 mL) using 30% EtOAcIHexanes as the eluent (300 



mL), then 40% EtOAdHexanes (600 mL) to afford first 2,4,5-trimethoxyberizaldehyde, 

followed by the dihydronaphthalene diester. The dihydronaphthalene diester was 

obtained as a yellow amorphous solid (0.039 g, 22%): 'H NMR (CDC13) 6 1.17 (t, 333, J 

= 7.11, 1.27 (t, 3H, J =  7.1), 3.50 (s, 3H), 3.51 (s, 3H), 3.82 (s, 3H), 3.87 (s, 3H), 3.89 (s, 

3H), 3.93 (s, 3H), 3.97 (d, 1H, J =  1.2), 4.06 (m, 2H), 4.17 (m, 2H), 5.45 (d, l H , J =  1.0), 

6-02 (s, 1H). 6.40 (s, IH), 6.51 (s, l m ,  8.05 (s, 1H); 13c NMR (CDCL) G 14.2 (CH3), 

14.4 (CH,), 33.0 (CH), 44.5 (CH), 55.9 (CH,), 56.1 (CH3), 56.2 (CH3), 56.8 (CH3), 57.2 

(CH,), 60.5 (CH?), 60.6 (CH3), 60.8 (CHz), 95.4 (CH), 98.1 (CH), 1 14.2 (CH), 1 14.6 (C), 

121.9 (c), 122.1 (c), 131.5 (CH), 132.3 (C), 140.6 (C), 142.6 (C), 148.7 (C), 151.3 (C), 

154.0 (C), 155.6 (C), 167.2 (C), 172.3 (C); mass spectnim m/z (relative intensity) 530 

(M', 64), 456 (83), 412 (25), 410 (32), 381 (48); HRMS calcd. for C2sH340io 530.2151, 

found 530.2133. 

The dihydronaphthalene monoester-acid was eluted in the last fiaction as a yellow 

wax (0.028 g, 17%) with 100% EtOAc: 'H NMR (CDC13) G 1.17 (t, 3H, J =  7.0), 3.50 (s, 

3H),3.51 (s, 3H),3.82 (s, 3H), 3.88 (s, 3H), 3.89(s, 3H),3.92(s73H), 3.95 (s, 1H),4.07 

(m, 2H), 5.45 (s, IH), 5.99 (s, lH), 6.40 (s, lH), 6.50 (s, lH), 8.16 (s, 1H); ')c NMR 

(CDC13) 6 14.2 (CHI), 33.2 (CH), 44.1 (CH), 55.9 (CH3), 56.1 (CH3), 56.2 (CH3), 56.8 

(CH3), 57.3 (CH3), 60.7 (CH,), 6 1 .O (CH,), 95.4 (CH), 98.1 (CH), 1 14.3 (CH), 1 14.5 (C), 

120.9 (C), 121.6 (C), 132.5 (CH), 134.0 (C), 140.6 (C), 142.7 (C), 148.9 (C), 151.3 (C), 

154.4 (C), 156.1 (C), 171.8 (C), 172.2 (C); m a s  spectnim mk (relative intensity) 502 

(M', 26), 456 (59, 454 (100), 411 (33), 408 (64), 393 (34), 168 (78); HRMS calcd. for 

C ~ & ~ ~ 0 1 ~  502.1838, f o ~ d  502.1806. 



The crude product remaining (1.86 g), after a portion had been removed for 

chromatography, was dissolved in acetone (1 7 mL), and &CO3 (2.15 g) and ethyl iodide 

(0.5 mL) added to the solution. The mixture was stirred at reflux for 3.5 hours then 

cooled to room temperature and filtered. The precipitate was rinsed several times with 

acetone. The filtrate was evaporated to give a yellow residue, which was dissolved in 

CH2C12, dried over anhydrous magnesium sulfate and evaporated under reduced pressure 

to yield a brown amorphous solid (1.59 g). The crude mixture was pwified by flash 

column chromatography over silica gel (100 mL) using 30% EtOAclHexanes (ca. 1250 

mL) as the eluent. Once the aidehyde had been eluted, the solvent system was changed to 

40% EtOAdHexanes (ca. 1000 mL) and finally 50% EtOAckIexanes (ca. 400 mL) to 

afford the dihydronaphthalene diester (0.798 g, 56%). 

Dihydronaphthalene di01 173 

OMe 

OMe 

Dihydronaphthalene diester 5 (0.128 g, 0.241 mmol) was dissolved in neshly 

distilled THF (4 mL) and added to a slurry of lithium aluminum hydride (0.5879, 1.55 

mmol) in THF (1 mL). The reaction mixture was stirred at room temperature under 

nitrogen for 30 minutes and worked up by Fieser's method. In succession, water (0.06 

mL), 15% aqueous NaOH (0.06 mL) and water (0.18 mL) were added to the reaction 

mixture followed by EtOAc. The solution was dried over anhydrous magnesium sulfate 



and the solvent was removed under reduced pressure to afford a cloudy colorless oil 

(0.103 g, 96%). This compound was unstable and had to be reacted quickly in the next 

step. 'H NMR (CDC13) 6 2.55 (dd, lH, J =  6.0, 7.3), 3.30 (s, 3H), 3.47 (dd, lH, J =  7.3, 

12.6), 3.50 (s, 3H), 3.56 (dd, lH, J =  6.0, 10.2), 3.78 (s, 3H), 3.79 (s, 3H), 3.83 (s, 3H), 

3.85 (d, lH, J= 10.2), 4.01 (d, 1H, J =  12.6), 4.76 (s, lH), 6.10 (s, lH), 6.36 (s, lH), 6.46 

(s, lH), 6.78 (s, 1H); I3c NMR (CDCl3) 6 32.3 (CH), 45.2 (CH), 55.8 (CH3), 56.0 (2 x 

CH3), 56.6 (CH3), 56.9 (CH3), 60.4 (CH3), 65.6 (CH*), 66.8 (CH2), 95.8 (CH), 97.8 (CH), 

114.0 (CH), 115.8 (CH), 118.7 (C), 123.1 (C), 130.6 (C), 136.1 (C), 140.7 (C), 142.4 (C), 

148.0 (C), 150.7 (C), 151.8 (C), 152.8 (C); mass spectnim m/z (relative intensity) 144 (8), 

128 ( MO), 398 (63), 397 (38), 383 (49), 352 (71), 337 (47); HRMS calcd. for (M+-18) 

C2$1300y 146.1940, found 446.1940. 

Dihydronaphthalene alcohol 176 

OMe 
l 

OMe 

Dihydronaphthalene di01 6 (0.103 g, 0.231 mmol) was dissolved in freshly 

distilled THF (6 mL) in a flask flushed with N2 (nitrogen atmosphere was maintained 

throughout the reaction) and cooled to -lO°C. Phosphorus tribromide (0.23 mL, 2.4 

mmol) was added to the solution, which was stirred at -lO°C for 20 minutes. The 

reaction mixture was diluted with THF (10 mL) and added to a slurry of lithium 

aluminum hydride (0.321 g, 8.46 mmol) in THF (30 mL). The reaction mixture was 



stirred at reflux for 2 hours and worked up by Fieser's method. In succession, water (0.35 

mL), 15% aqueous NaOH (0.35 mL) and water (0.9 mL) were added to the reaction 

mixture followed by EtOAc. The solution was dried over anhydrous magnesium sulfate 

and stripped of solvent under reduced pressure to give an oil (0.094 g). The NMR 

spectrum and HPLC analysis indicated the presence of Mo compounds in the ratio of 

1 O:7. 

The mixture (0.094 g, 0.218 rnmol) was dissolved in a 0.23 M solution of 

potassium t-butoxide in t-butanol (15 rnL), stirred at room temperature for 18 hours and 

then refluxed for 1 hour. HPLC analysis during the reaction indicated that the rninor 

component was slowly equilibrated to the major component. 

The reaction was quenched with 20% aqueous HCI and extracted into EtOAc (3x 

10 mL). The combined organic layers were washed with water (2 x 5 mL), dried over 

anhydrous magnesium sulfate and solvent was removed under reduced pressure. The 

reaction mixture was purified by column chromatography on silica gel (20 mL) using a 

concentration gradient of 30%-50% EtOAc in Hexanes as the eluent. The conjugated 

alcohol (0.030 g, 30%) was obtained as a pale yellow oil: 'H NMR (CDC13) G 1.77 (d, 

3H, J =  1.4), 2.37 (dd, lH, J=4.5, 8.6), 3.39 (s, 3H), 3.42 (dd, lH, J =  8.6, 10.5), 3.56 (s, 

3H), 3.64 (dd, lH, J =  4.5, 10.5), 3.84 (s, 6H), 3.85 (s, 3H), 3.92 (s, 3H), 4.98 (s, lH), 

6.25 (s, lH), 6.41 (s, lH), 6.53 (s, lH), 6.63 (d, lH, J =  1.4); 13c NMR (CDC13) S 23.4 

(CH3), 3 1.7 (CH), 49.3 (CH), 56.1 (CH3), 56.2 (CH3), 56.3 (CH3), 57.0 (CH3), 57.1 

(CH3), 60.5 (CH3), 64.1 (CH2), 96.3 (CH), 98.2 (CH), 1 14.0 (CH), 1 1 7.0 (C), 1 17.3 (CH), 

124.6 (C), 129.6 (C), 132.6 (C), 141.3 (C), 142.8 (C), 148.0 (C), 150.5 (C), 151.0 (C), 



152.1 (C); mass spectnim m/z (relative intensity) 430 (MC, 41), 412 (100), 399 (76), 397 

(50), 384 (37), 352 (35); HRMS calcd. for C24H3& 430.199 1, found 430.1949. 

3,s-Dimethoxybenzyl iodide 175a 

In order, triphenylphosphine (0.234 g, 0.892 m o l ) ,  imidazole (0.061 g, 0.896 

mmol) and iodine (0.227 g, 0.894 mmol) were added to dry dichloromethane. A solution 

of 3,5-dimethoxybenzyl alcohol (0.100 g, 0.595 mmol) was added and the reaction 

mixture was stirred at room temperature under Nz for 30 minutes. The solution was 

concentrated under vacuum and the product was purified by column chromatography on 

silica gel using 30% EtOAckIexanes as the eluent to afford large, colorless crystals 

(0.064 g, 40%): 'H NMR (CDCla) 6 3.78 (s, 6H), 4.38 (s, 2H), 6.34 (t, lH, J = 2.2), 6.52 

(d, 2H, J = 2.2). 

" ' O 7  

OMe 

Method A: A solution of 3,s-dimethoxybenzyl iodide (0.064 g, 0.230 rnrnol) in 

dry THF (2.5 mL) was added to a slurry of Lithium aluminum hydride (0.060 g, 1 S8  

mmol) in THF (2.5 mL). The reaction mixture was stirred at room temperature under N2 

for 1 hour then worked up by Fieser's method. In succession, water (0.06 mL), 15% 



aqueous NaOH (0.06 mL) and water (0.18 mL) were added to the reaction followed by 

EtOAc. The ensuing solution was dried over anhydrous rnagnesium sulfate and 

concentrated under vacuum to afford a clear colorless liquid (0.0 19 g, 53%). 

Method B: To a solution of 3,5-dimethoxybenzyl alcohol (0.049 g, 0.293 mmol) 

in fieshly distilled THF (3 mL) was added phosphorus tribromide (0.03 mi,, 0.316 

rnrnol). The mixture was stirred at room temperature for 1 hour, diluted with THF (5 

mL) and added to a slurry of lithium alurninurn hydride (0.067 g, 1.76 mmol) in THF (5 

mL). The reaction mixture was refluxed for 2 hours and worked up by Fieser's method. 

In order, water (0.07 r d ) ,  15% aqueous NaOH (0.07 m L )  and water (0.21 mL) were 

added to the reaction mixture followed by EtOAc. The solution was dried over 

anhydrous magnesiurn sulfate and evaporated under reduced pressure to yield a clear and 

colorless liquid (0.027 g, 59%). 

Both procedures gave essentially a single product, as indicated by NMR: 'H 

NMR (CDC13) 6 2.3 1 (s, 3H), 3.78 (s, 6H), 6.29 (s, 1H), 6.34 (s, 2H). 

Dihydronaphthalene brornide 180 

OMe 
I 

Me0 

Me0 "Po"' OMe 

Phosphorus tribromide (0.03 rnL, 0.316 mrnol) was added to a solution of 

dihydronaphthaiene dcohol176 (0.030 g, 0.069 mrnol) in dry CH2C12 (4 mL), which was 

then stirred at reflux for 3 hours. The reaction mixture was concentrated in vacuo and 



punfied by passing it through a column of silica gel (7 x 1 cm) using 30% 

EtOAdHexanes as the eluent. The fiactions containing product were combined, dried 

over anhydrous magnesium sulfate and sîripped of solvent under reduced pressure to give 

a clear, colorless oil(0.009 g, 26%): 'H NMR (CDC13) 6 1.76 (d, 3H, J = 1 S), 2.57 (ddd, 

1H, J =  1.0, 3.9, 10.6), 3.09 (dd, lH, J =  10.2, 10.6), 3.47 (dd, 1H, J =  3.9, 1 0 3 , 3 5 3  (s, 

3H), 3+54(~ ,3H) ,3 .84 (~ ,  3H), 3.86(s, 3H), 3.93 (s,3H), 5.20(d, lH, J =  1.0), 6.18 (s, 

IH), 6.42 (s, lH), 6.52 (s, 1H), 6.62 (d, lH, J =  1.5); 13c NMR (CDC13) S 23.0 (CH3), 

33.1 (CH), 35.3 (CH2), 47.6 (CH), 56.1 (CH3), 56.2 (CH3), 56.3 (CH,), 57.0 (CH3), 57.2 

(CH3), 60.9 (CH3), 96.3 (CH), 98.6 (CH), 1 14.1 (CH), 1 16.6 (C), 1 17.9 (CH), 123.2 (C), 

129.1 (C), 133.2 (C), 141.7 (C), 142.8 (C), 148.3 (C), 151.2 (C), 151.3 (C), 152.6 (C); 

mass spectmm m/' (relative intensity) 494 @l?, 33), 412 (100), 397 (52), 245 (92), 181 

(69); m S  cald. for c ~ & ~ & ' B ~  494.1 127, found 494.1 1 1 7. 

3,4,5-Trimethoxybenylidenesuccinate cyclohexyl ethyl ester 186 

OMe 

To a solution of bis(3,4,5-trimethoxybenzylidene)succinate monoacid-ester 

(0.653g, 1-30 m o l )  in dry CHzClz were added DMAP (0.032 g, 0.260 mmol) and trans- 

1,2-cyclohexanediol (0.302 g, 2.6 rnrnol) and the mixture was cooled to O°C. DCC ( 1-32 

g, 6.40 mmol) was added, and the solution shed at O°C for 5 minutes, and at room 

temperature for 3 hours. The reaction mixture was filtered, concentrated under vacuum 



and the residue was dissolved in CHzClz and filtered again. The filtrate was washed with 

0.5 N aqueous HCI (2 x 20 mL) and 5% NaHC03 (2 x 20 mL). The organic layer was 

dried over anhydrous magnesium sulfate and evaporated under reduced pressure to afford 

a yellow oil (2.33 g) as the cmde product. Purification by flash column chromatography 

on silica gel (100 mL) using 30% EtOAclHexanes as the solvent system to gave a cream 

colored morphous solid (0.230 g, 12%): 'H NMR (CDC13) (a mixture of two 

diastereomen) 6 1.08 - 1.41 (m, 8H) 1.12 (t, 3H, J = 7.1), 1.18 (t, 3H, J = 7.1), 1.55 - 

2.05 (m, 8H), 3.47 (m, ZH), 3.78 (s, 24H), 3.64 (s, 12H), 4.18 (m, 4H), 4.61 (m, ZH), 6.47 

(s, 2H), 6.76 (s, 2H), 6.78 (s, 2H), 6.79 (s, ZH), 7.77 (s, lH), 7.83 (s, IH), 7.84 (s, lH), 

7.86 (s, 1H); ' 3 ~  NMR (CDC13) (a mixture of two diastereomen) 6 14.2 (CH,), 23.7 

(CH?), 23.9 (CH2), 29.5 (CH2), 29.8 (CH?), 32.4 (2 x CH2), 56.1 (CHi), 56.2 (CH,), 61.0 

(CH3), 6 1 -3 (CH3), 6 1.6 (CH3), 72.3 (CH), 72.6 (CH), 79.2 (CH), 79.3 (CH), 107.0 (CH), 

107.1 (CH), 107.3 (CH), 126.4 (C), 126.5 (C), 126.8 (C), 127.0 (C), 129.9 (C), 130.0 (C), 

130.1 (C), 130.2 (C), 139.6 (C), 141.9 (CH), 142.2 (CH), 142.7 (CH), 142.9 (CH), 153.1 

(C), 153.2 (C), 153.4 (C), 166.8 (C), 166.9 (C), 167.0 (C), 167.4 (C); mass spectrum m k  

(relative intensity) 600 (M', 6), 456 (20), 289 (20), 18 1 (1 OO), 168 (58), 98 (29); HRMS 

calcd. ~ O L C ~ ~ & ~ O ~  600.2570, found 600.2587. 
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Appendix: 

'A and 13c NMR Spectra 
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13C NMR AT 300 MHz IN CDCL3 3,4,5-Trimethoxybenzylidenesuccinate Monoester 
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1 H NMR AT 300 MHZ IN CDC13 Bis(3.4.5-Trimethoxy)benzylidenesuccinate Diester 
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Spinworks NMR: G:\BY-IVJ3\2\fid 
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1 H NMR AT 300 MHZ IN CDCL3 2,4,5-Trimethoxybenzylidenest~ccinate Monoesterlacid 
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Spinworks NMR: GAY-lV.O3\l\fid 1 H NMR AT 300 MHz IN CDCl3 Bis(2.4.5-trimethoxybenzylidene)succinate ester-acid 
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Spinworks NMR: G:\BY-V-29BH\1 \fid 1 H NMR AT 300 MHZ IN CDC13 2,4,5-Trimethoxy Trans Dihydronaph thalene Dies ter 
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Spinworks NMR: G:\BY-lV-886\l\fid 1 H NMR AT 300 MHZ IN CDCL3 2.4.5-Trimelhoxy Dihydronaphthalene Alcohol 
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