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ABSTRACT

Modifications to the previous synthesis of phthalide 30, an intermediate used in the

synthesis of aldehyde 24, via halogen-metal (bromine-lithium) exchange of

6-bromopiperonylic acid and 6-bromopiperonal ethylene acetal afforded 30 in30Vo and.

42Vo overall yield respectiveiy. The use of 6-bromopiperonal ethylene acetal as srarring

material was found to be a more satisfactory as it avoided probiems of autometallation.

Since improvements in the synthesis of 30 were modest a totaliy new route to aicÌehycle 24

was developed which resulted in a three step synthesis of 24 in an overall yield of 46Vo.

OMe OMe

As a variation on the general strategy of using o-quinodimerhanes (o-QDMs) tor

the synthesis of aryltetralin lignans, the application of an anionic o-oxy-o-QDtvl generateci

by benzylic hydrogen absnacdon from methyl o-benzylbenzoare was investigated. The

generated o-oxy-o-QDM underwent a cycloaddition reacrion with dimethyl fumarate and

the fttmarate of (S)-methyl lactate. The reaction with dimethyl fumarare gave 56 ancl 57 in

42Vo and l07a yield respectively, whereas the cycloaddítion with the fumarare (S)-nrethyl

lactate gave 58 in I4Vo. The relative stereochemistry of products was assigned by

30 24

ír
OMe

ir
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comparison with similar compounds in the literature.

zMe O2Me CO,R-

O2Me zMe

An analogue of the anionic cr-oxy-o-QDM, namely the i-oxido diene generated by

base treatment of anthrone underwent an asymmetric cycloaddition with the funrarate of

(S)-methyl lactate with high diastereoselectivity. The cycloadducr, which was assignerl

structure 45, was obtained as the only isomer inlTVo yield. In a similar manner

9,10-anthracenediol reacted with the fuma¡ate of (S)-methyl lactate to give the

cycloadduct 67 in 6lVo yield.

5850

45

ír
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Chapter 1

INTRODUCTION

1.1 Application of benzylic anions in cycloaddition reactions

Lignans and neolignans have atuacted much interest over the years on account of

their widespread occurrence in nature, and on account of their broad range of bioiogical

activity. Thus, several lignans and neolignans are known to exhibit anti-tumour activiry,

while others function as growth inhibito¡s and anti-fungal agents. Traditionally the terr-n

lignan is reserved for compounds in which two phenylpropyl units are linked by a bond

connecting the central B-carbon atoms of each side chain such that the end resr.rlt is the

fbmration of the Z,3-dibenzylbutane skeleton 11.

The term neolignan was introduced to designate compounds in which the trvo

phenylpropyl units ¿ue linked by other than a B-B bond2. Lignans having a side chain

fusecl rvith the tromatic ring can be classified into two groLrps according ro their stmcture.

One of these groups is the class of compounds known as the arylten'aìin lignans. Their

ir
ír



basic skeleton is shown in srructure 2.

The many varied types of structure that lignans and neolignans can possess have

presented a considerabie challenge to organic chemists over the years. Most syntheses

that have been ca¡ried out depend in fact upon a limited number of key reactions, which

have been used to consÍuct the basic 18-carbon skeleton.

One srrategy in the synthesis of aryltetralin lignans is to synthesize the basic

skeleton via a Diels-Alder reaction of an ortho-quinodimethane (o-QDM) as shown

schematically below.

N ./llll
\.\ ( 

--+
-t\

o-QDM

The discovery, characterization and reactivity of o-QDMs will not be discussed here ancl

the reader is referred to a recent ¡eview article for further reading material on this sutrject3

1r
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Many ways have been developed in the past to generate va¡ious substituted and

unsubstituted o-quinodimethanes. They include: (1) thermolysis of benzocyclobutenes

and benzocyclobutenols; (2) 1,4-elimination processes; (3) thermal elimination of sr-rlfur

dioxide from sultines and sulfones; (4) Diels-Alder cycloreversion; (5) photochernical

expulsion of carbon monoxide or nitrogen; and (6) photoenolization and

photorearrangement. These methods have been reviewed by Charlton and Alauddin and

will not be discussed here.

In the Dieis-Alder reaction a double bond adds 1,4 to a conjugated ciiene (4+2

cycloaddition), so that the product is always a six-membered ring. The double bonci

compound is called a dienophile.

(
\

ll--+

The stereochemistry of the Diels-Alder reaction can be considered from several aspecrsa:

(1) With respect to the dienophile, the addition is stereospecifically syn. This nleturs

that groups that are cis in the olefin will be cis in the cyclohexene ring.

(
\

(2) With respect to 1,4-disubstituted dienes, the reaction is stereospecific and s,r,r¿.

Thus, trans,trans- 1,4-diphenylbutane gives cis- 1,4-diphenylcyclohexene derivatives.
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(3) The diene must be in the cisoid conformation. If it is frozen into rhe transcticl

conformation, the reaction does not take place. The diene either must be frozen inro the

cisoid conformation or must be able to achieve it durine the reaction.

Ph

Å

I
Ph

¿
I

\
cisoid

conformation

tl

frozen into transoid
conformation

Ph

)

\
I

Ph

tl
,/
tl

transoid
conformation

(4) When a 1-substituted diene, such as a cyclic diene, is reacting wirh an

tlnsymmetrical dienophile, there are two possible ways in which addition can occur. If rhe

substituent on the dienophiie is located under carbon 2 of the diene, the addition is referltcj

to as endo. However, when the substituent on the dienophile is ex¡ending aw¿ry fronr rhe

diene it is referred to as an exo addition. Most of the time, the addition is predominanriv

endo.
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HO2C--VA
co2H

Endo addition

/A,c02H

Exo addition

(5) When an usymmetrical diene adds to an unsymmetrical dienophile, rhere are rrvo

possible regioisomeric products. Normally the reactions are quite regioselective ancl one

product predominates over rhe other.

mostly

Since the reaction was first discovered in 1928 by Diels and AIdeÊ'6, severll

explanations have been given to account for: (a) the formation of crowded enclo aclclLrcrs

such as I instead of the less hindered exo alternatives II and (b) the formation of ortlto

products such as IrI in preference to the corresponding meta adducts IV.
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H

il

It is generally believed that under conditions of kinetic control, Diels-Alder regio- and

stereochemistry is not directed (entirely) by steric factors but rather influenced prinralily

by interactions between valence orbitals on the diene and dienophile fragmentsT.

Furthermore, it has come to be accepted that only frontier interactions, i.e., those

involving the highest occupied and lowest unoccupied orbitals (HOVtO and LUNIO) on

the diene and the dienophile, are important in dictating kinetic prodLrct disrriburiorrs. Frorl

the synthetic point of view, usually Diels-Alder reactions are considered to proceed b), rhe

interaction of the highest occupied molecular orbital (HOMO) of electron-rich dienes

with the lowest unoccupied molecular orbital (LUMO) of elecr¡on deficient dienophiles.

For combinations involving both asymmetrically substituted dienes and dienophiles, the

extent of overiap will depend on orbital coefficients and the regiochemistry of approach of

diene and dienophile. The favoured cycloaddLrct will result from a transition state in

which HOMO/LUMO overlao is a maximum.

When both diene and dienophile are substituted , the endo principle applies. Frontier

orbitai theory also explains the endo pnnciple. This time secondary interactions are
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important. These are interactions between atoms not directly involved in the formation of

new o bonds.

The synthesis of (!-epiisopodophyllotoxin, 3 (Durst & Glinski) shown below,

illustrates the use of a Diels-Aider reaction of an o-QDM in an aryltetralin synthesiss.

OH

o
(
o

hv, THF+ iq dimethyl fumarate

Ar

CO2Me

+-Þ--&'-+.
CO2Me

In this synthesis, and others in the literature9'l0, the 18-carbon skeleton is createci fronr an

u-alkoxy or c,-hydroxy-c,'-aryl-o-QDM and a four carbon dienophile. Unfortunatelv the

above method is not always successful. When Plourde generated an

a,-hydroxy-a'-phenyl-o-quinodimethane via photolysis of o-benzylbenzalclehyde in orcler

to react it with the chiral dienophile dilactyl fumarate, he obtained only a very small

amount of cycloadductl 1.

o
(
o

OMe

OH

ir
OH

ir
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As a va¡iation on the general strategy of using o-QDMs in synthesis, Choy and

Yang investigated the formation and cycloaddition reactions of anionic a-oxy-o-QDlvf s12..

They reported that the treatment of benzocyclobutenols or their acetates with

n-butyllithium at OoC or less could generate the corresponding anionic o-oxy-o-QDM,

which readily underwent Diels-Alder reactions.

-Þ

o
I1(

\,\
I

I

R

II

I
I

+

Li

R1=H, R2=H
R1=Ac, Rr=H
Rr=Ac, R2=Ph

2

clieno¡rhilc

Diels-Alder adclucts

dienophile: dimethyl maleate, dimethyl fumarate

The addition of the anionic o-oxy-o-QDM to dimethyi fumarare gave the enclo

cycloadduct 4.



1r
CO2Me

O2Me

Ph

4

Choy later reported an asymmetric Diels-Alder reaction between a chiral

butenolide and an c,-oxy-o-QDM. The ratio of endo to exo was found to be 6.2, with

greater thang5Vo d.e. in each adductl2b.

__-+

.rrrrr( 
iìI oc-t-Bu

o
(

o

^ ^))t' frff.Y + ra"o,o\ô 
Y..!.,0,

.\r = 3,4,5-trimethoxyphenyl

--+

OH o
i ll

,O-ffi..."\ O

( l- ll I Po+ \b\rÄ.,/"'"'/ ll ov 
I Loö-''tu
Ar

endo

The author claimed that the combination of the lower temperarure and Li carion

significantly increased the endo selectivity. The Li cation can acr as a Lewis acid

complexing the carbonyl oxygen of the enone thereby lowering the energy of the LUMO

ir
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of dienophile and increasing the rate of reaction.

It is of interest to investigate other starting points for the formation of

o-oxy-o-QDMs as reactive intermediates for the synthesis of lignans. For instance, one

could consider the possibility of formation of c,-oxy-o-QDMs from o-benzylbenzaldehyde,

via abstraction of a benzylic hydrogen.

O(CHO q*O

öö

<-+. \'/\

One could also consider the generation of the o-oxy-o-QDMs from the

corresponding ester of the o-benzylbenzoic acid, via the generation of a benzylic

carbanion.

Previous workers have shown that anions generated by benzylic hyclrogen

abstraction from toluic acid esters can be used in the synthesis of linear polycyclic

aromatic systems. These anions provide a synthon with reactivity as shown in 7. This

synthon is effectively present in toluate anions such as 8 or 9.
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CO2Me

8 X-H
9 X=OMe

However, Hauser and Rhee have reported that the anion I dimerizes very rapidly and

cannot be used syntheticallyl3. The same result has been observed for the substiturecl

o-toluate 9. The anion derived was unstable and underwent rapid coupling to furnish

isocoumarinla.

X

I

O(
X=OMe

As a result many modifications have been adopted. The dianions 1115 and 1216 are

reasonably stable and the substituted dianions 1317 and 14i8 have been used svntheticallv.

cHs

CO2Me

--+

109
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11 12 X=Y=H
13 X=H, Y=OMe
14 X-Y=OMe

Another method that has been used to stabilize o-toiuate anions employs an

electron-withdrawing substituent on the methyl group. Thus suphidesl9, sulphoxiclesl3,

and sulphones20 have all been used, as well as methoxycarbonyl2l and cyano2O groLrps.

Hauser and Rhee made use of sulphoxides to stabilize o-toluate anions to devise a roure

for the preparation of 1 - hydroxy-2,3-disubstituted naphthaienes 2 I 13.

SOAr

1) LDA

2) RlcH=cHCoR2

SOAr

- ¡\rSOH

¡¡1

C0R2

o

2018

CO2Et L9 COR2

OH

2l

Ethyl 2-carboxybenzyl phenyl sulphoxide 18 was converted to an anion using lirhiunr
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diisopropyiamide GDA) in tetrahydrofuran at -78oC, then allowed to react with various

Michael acceptors 19. The initially formed conjugate addition product underwenr

intramolecular condensation to yield a tetralone. In this scheme, rhe sulfoxrde groLrp r.ror

only serves as a good leaving group allowing aromatization but also it provides essential

stabilization for the carbanion generated on the benzylic carbon. As previously mentioned

the generation of the anion of the parent ethyl o-toluate (without rhe benzyiic sulfoxide)

and reaction with ethyl crotonate resulted in only the formation of the ethyl o-toluate

dimer.

The unsubstituted and substituted phthalide anions, such as 15, generared by

benzylic hydrogen abstraction, have also received considerable attention for the

preparation of polycyclic system such as quinones, naphthols and anthraquinones22'23.

Sammes et al. reported that the carbanion reacted at position 3 with arynes to form

adducts, which, upon air oxidation, produced anthraquinones in moclerate to good yielcls2a:

15



L4

R1

J

It has been found that the methoxy substituted o-toluate anions 16 and 17 are

sufficiently stable at low temperatures to be synthetically useful without stabilizing gloups

and furthermore it has been concluded that an oxygen substituent orrho ß the ester group

is necessary to decrease the carbonyl electrophilicity (by both steric and electronic effects)

enough to prevent rapid coupling, thus allowing time for reacrion with electrophiles.

Li

X

ïco2R

X_H
X=OlVIe

Based on these results a synthesis was developed for the preparation of

8 - methoxy- 1 -tetraiones25.

16
L7

ír ír
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o' 
/-'fo"n'

(i-c3H7)2NL¡/THF

CO2CH3 - 78oc

ocH3

+
Li

ooc,5h

ocH3

Rl=H
pt=CHr R1-CH3

p1

HCI/CH1OH, reflux

CO2CH3 4o'52 vo

H3CO O

R2-H
R2-cH3

H3CO o

The synthesis was based on the work by Staunton who observed that anion 23a derived

fuom22a, was sufficiently stable in solution to be used in further reactions26. The course

of reaction is explained as involving tandem Michael addition-Dieckmann condensarion

between anion 23a and the acrylate Michael acceDtor.

22a
b

H3CO

23a
b

o'
R1=H
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Synthesis of ortho-substituted benzaldehyde

Sammes and co-workers have shown that in general, ortho-sLtbstituted

benzaldehydes in solvents such as benzene, acetone, or Tl{F undergo isomerization to

o-quinodimethanes when ir¡adiated. The idea of generation of this type of dienoi has lecl

to syntheses of many ortho-substituted aromatic aldehydes especially in the area of lignan

synthesis.

The o-hydroxy-o-quinodimethane required as an intermediate for the synthesis of

@)-epiisopodophyllotoxin 3 was generated photochemically from

6-(3 ,4,5-trimethoxybenzyl)piperonal24. Durst et al. synthesized the required

ortho-substituted benzaldehyde from 6-bromopiperonal dimethyl aceral and the synrhesis

is shown in the scheme belowS.

f ñcH(ocH\o\Ar. irerícH(ocH3)2

ùz
n-BuLi/THF, -78oC

n-Bu3P.CuI

o
(
o

o
(
o

cH(ocH3)2

3,4,5-trimethoxybenzyl bromide H+/fI20

OMe

OMe
21

oÌ\,le
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The authors have reported that it is possible to synthesize 24 in 847o yield from

6-bromopiperonal dimethyl acetal, by treatment with ¿-Bul-i, iz-Bu3P.CuI, and

3,4,5-trimethoxybenzyl bromide. They also concluded that the presence of n-Bu3P.CLrI

was crucial for the coupling reaction.

Alauddin used a similar procedure for the preparation of ortho-substituted

benzaldehyde 25 which was required for the synthesis of isolariciresinol dimethvl erherl0

MeO

MeO

CHO
ßr2

-Þ

AcOH

MeO

MeO

1 TMEDA, t-BuLi/THF, n-Bu1P. CuI

2 3,4-dimethoxybenzylbromide

3 H'/H2O

(;

".ìvteoylr)=O
ttl

MeoAÄBr

OVte

In 1978 Sammes et al. devised a route for the synthesis of ortho-subsrituted

benzaldehyde24 which is shown in the following scheme27.

MeO
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o
(

o

o
(
o

o
(
o

o
(
o

o
(

o

CHO

4
Br

2726

+

-Þ
,t ,.

31 R=COrH ^'
24 R=CHó

Ar=
MeO

6-Bromopiperonal was obtained by bromination of piperonal in acetic acid. The aldehvcle

group was then protected by formation of its ethylene acetal in orde¡ to allow prepararion

of the aromatic Grignard. This Grignard reagent was rhen added to

3,4,5-trimethoxybenzaldehyde to give the alcohol28. Hydrolysis of the acetal gave rhe

hemiacetal29, which was oxidised to the phthalide 30 with chromic acid in acerone.

Selective hydrogenolysis of the diphenylcarbinol group was possible in the case of

phthalide 30 giving the acid, itself readily converted into the required aldehycle.

It was of interest to determine if one could modify the above synthesis, nameil,

replacing the difficult Grignard preparation by a metal-halogen exchange reacrion. in his

pioneering work in organometallic chemistry, Gilman and his co-workers established thlr

halogen-metal interchange could be achieved with substituted halobenzene derivatives,

and that the derived anions could be used as intermediates in syntheses2S.

--+iq.

il

1r
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COOH
2C4HgLi

ether
Br

Br
2C4HsLi

-.ùÞ
cH2oH ether

coo
coz

---+
Li

COOH

(38Vo "vield)

COOH

coz

-Þ

COOH

cH2oH

(67 Vo yield)

C4H9Li CAZ__--+ __-_+
THF
-1oooc

COOH (80Vo yietrì)

H¡C CH;

It has been shown that the fate of the anions derived from aromatic halogen meral

exchange is dependent upon the solvent and the temperature. The eft-ecr of solvenr cluring

halogen-metal exchanges was illustrated recently by Bridges et al. dunns the prepararion

of 32 and 33 from 34 as shown in the followine Scheme2e.
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COOH

1. BuLi Et2O

2. COz 2. CO2

COOFI

1. 0.9 equ. BuLi Et2O
2. THF
3. CA2

COOH

35+(32 & 33)

It was observed that bromide 34 was metalated by LDA at the more acidic tnetct

position, and that carboxylation gave acid 33. Acid 32 could be prepared from 34 by,

halogen-metal exchange in ether using BuLi. In TF{F, reaction with BuLi and COr g¿Ì\,e ir

mixture of 32,33 and 35, which illustrates the effect of solvents on this type of reacrion.

It was argued that the mechanism of formation of 33 and 35, involved autontetalation, t¡

process which was first described by Gilman. In autometalation the initially formed

organolithium 36 can serye as a base toward unlithiated subsrrare.

1. LDA THF

a) 34

COOH COOH
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38 Li

t
I 

nnuri

33 cooH
A

| .o,
I
I

\lìí"+ Yy*
0 . r ,,\.\,

szH Li

ï,",u' 
ou'', \ô¿t'f. Þ +

34 H 36H

l r,ro,ro,
V

COOH

F
32

The product 37 can also function as a relay compound, converting 36 to 38.

COOH
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The effect of temperature on lithiation can be seen in the work of Dickenson ancl

Iddon, shown below3o.

Br

oó

Li

38

H

39

I

I r. nuI-i
| 2.CO.,

+CO,H Br

-.>,).|il\\_
I tt f

\/J

42

G,a-co2H + c()2t-l

40 41
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In ether at -70oC lithiation-carboxylation gave only one acid, the expected 40. However

upon holding the initial anion at 20oC prior to carboxyiation, or by running the ¡eacrlon ar

-70oC in THF, compounds 41 and 42 were formed along with compound 40.
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Anthrones as reactive dienes in Diels-Alder reactions:

' The anion of anthrone ((9-(10H)-anthracenone, 43) is an analogue of the anionic

o-oxy-o-QDM and is also known to undergo Diels-Alder cycloaddition reactions3l.

In the presence of an amine, anthrone functions as a reactive diene in (4+2)

cycloadditions. Weak base treatment of anthrones gives " 1-oxido dienes" as reactive

intermediates, leading to base-catalyzed Diels-Alder reactions. Variarion of base, solverrr,

dienophile, and subsrrate can result in the exclusive formation or either cycloaddLrcr or

Michael adduct. The example given below shows the products which Rickborn and

Koerner obtained using dimethyl fumarate as dienophile in both Tl{F solvenr ancl

alcoholic solvent32.

o

tl@
43
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o
ilr#@

Cycloadduct
MeO2C

H CHCO,N,IC

I
Michael adduct I

CFI,CO,ÌVIC

The phenolic tautomer 9-anthracenol 44 is known to be in equilibrium with anthrone 43.

The equilbrium position is known to be very much solvent dependent, with the keto fbrnr

heavily favoured in relatively nonpolar soivents, and the enol form 44 siightly favoured in

hydrogen bond acceptor solvents.

Koerner and Rickborn assumed, that hydrogen bonded species such as those sho',vn

below are formed, and proposed that an "oryanion" complex of this kind was involved in

cvcloaddition reactions.

OH

Iw
44

o

tlmw
43

COrìVfe

THF

iPrNH2

1r í=
.- .Z-
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At this stage, it is usefui to divide oxyanion processes into two categories, base inducetl

and base catalyzed. For base-i¡zduced reactions, the relevant starting and product states

are the oxyanions themselves. For base-catalyzed reactions, it is the neutral species,

typically the conjugate acid of the oxyanion or a keto tautomer, which is hydrogen bonded

to the base that enters into the reaction. The outcome of a reaction can be conrrolled by

this difference. Thus for a cycloaddition the anionic starting material may be rnore st¿tble

than the anionic adduct, while the opposite may be rue for the correspondin_9 neutrals.

Regardless of mechanistic details, cycloadducts of anthrone and related species are

more stable than the educts (starting materials) under the mild base conditions. Knapp er

a/. showed that strong base can cause a cycloadduct to cieave to fbrm anionic startins

material33. Furthermore, there is the question of whether the cycloadducts of an anthrone

system are formed by stepwise (Michael+Aldol) reactions, or by oxyanion accelerarecl

concerted Diels-Aider reactions. Arguments favoring the latter mechanism will he uiven

in the results and discussion section of this thesis.

It is also of interest to investigate whether anthrone, when treated by weak base,

can undergo a reaction with a chiral dienophile such as the fumarate of (S)-methyl lactare

analogous to the reactions of o,-oxy-o-QDM.

1r
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Such a reaction might provide an opticaily pure cycloadduct (of one absolure

configuration) which could be converted to a chiral C2 symmetric molecule 46 as shown

below.

46

C2 symmetric molecules are very popular as chiral auxiliaries since the presence of the Cr

symmerry axis within the chiral auxiliary can serve the very important function of

d¡amatically reducing the number of possible competing diastereomeric rransirion srares

(stereochemical control).

The reader is referred to a recent review by Whitesell for further infbrmation on this

subject3a. While synthesis of the C2 symmetric molecuie shown above has already been

reported by Helmch en et al35 (via a Diels-Alder reaction between anthracene and the

fumarate of (S)-ethyl lactate), the anthrone approach might provide a nlore efficient roure

to this interesting compound.

R"O2C
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Chapter 2

RESULTS AND DISCUSSION

This chapter consists of three sections and covers the results accomplished during

the course of the thesis work. The first section explains the modified and new synthetic

route to the synthesis of 6-(3,4,5-trimethoxybenzyl)piperonal via halogen-metal exchanse.

The second and third sections describe the cycloaddition reactions of anionic

o,-oxy-o-QDMs generated from methyi o-benzylbenzoate and from anthrone, with the

fumarate of (S)-methyl lactate.

2.L Synthesis of 6-(3,4,5-Trimethoxybenzyl) piperonal

In the introduction section of this thesis the use and synthesis of the titled aldehyde

was described. Furthennore, it was mentioned that Sammes et al. had devised a roure ro

its synthesis via formation of the Grignard reagent from the ethylene acetal of

o-bromopiperonal. The aim of this work was to investigate whether one could avoid the

difficult preparation of the Grignard reagent and replace it by a halogen-metal (Br-Li)

exchange. Br-Li exchange is a very useful technique for the regiospecific generation of

aronatic anions. Because aromatic bromine-lithium exchange is very rapid, it allorvs f or

lithiation to be carried out at positions in the molecuie not normally accessible by simple

deprotonation due to the presence of kinetically or thermodynamically more acidic sites.

In the present work on improving Sammes synthesis of

6-(3,4,5-tnmethoxybenzyl)piperonal the key intermediate phrhatide 30, was obrained via

two different halogen-metal exchange roures (Path A & Path B).
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ref:27
1. H2, Pd/C, ACOH

2. LiAtH4, THF
..'-....--*
3. Jones reagent

1) n-Ilul.i

CHO

I

.^
Meo^öoMe

OMe

2'¡H+,H2o
OMe

30

¿YYCOOHb.üu,.

Oi\,le

Previously the phthalide 30 was synthesized in six steps and ir involved the

formation of the Grignard reagent. The proposed design for the synthesis of 30 not only

eliminated the use of the Grignard reagent but also it reduced the number of steps ro rhree.

The idea was to metalaie the bromopiperonylic acid and couple the dianion formed wirh

3,4,5-trimethoxybenzaldehyde to yield the phthaiide 30. Bromopiperonylic acid 47 was

prepared by oxidation of bromopiperonal with potassium permanganare because direct

bromination of piperonylic acid was not successful. The bromo acid was then metalntecl

with two equivalents of ¡z-Bul-i at -78oC in TIIF and 3,4,5-rrimethoxybenzalclehyde aclclecl

to yield 30. However, workup and chromatography showed that the phthalide (46 7o) rvlrs

contaminated with both 48 and piperonylic acid, 49 , along with in soüle cases rraces of

the starting 6-bromopiperonylic acid.

1l

ir
1i

1l
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One could expiain the results in the context of autometalation. The likety mechanism of

formation of all these products is shown in the followine Scheme.

48

1r
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3,4,5-r.i..rhoxybenzaldehyde
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The "proton source" could be the acid group on the starting material, the ortho

hydrogen of the bromopiperonylic acid or traces of moisture. Regardlesi of its source rhe

formation of lithium piperonylate 50, provides a relay catalyst for the conversion of the

lithium 6-lithiopiperonylate to lithium 2-lithiopiperonylate 51. Although the experimenral

procedure was varied, including inverse addition of the iz-Bul-i, little progress was macle

in decreasing the amount of product arising from the lithium 2-lithiopiperonylate.

o
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o

1r
OMe



32

A much more satisfactory route path B to phthalide 30 was afforded by addition of

1 equivalent of rz-butyllithium to the ethylene acetal of 6-bromopiperonal.

Path B:

.CHO

lofi B,z
\ | tltoA,/ 

^*'o

CHO
ethylene glycol_-__+

Bf 
benzene

Ar

o-
(
o'

CrO3/H zsoo 
I

Y

30

+

31

+

+
24

o
(
o

oì
\

¿ot',Y"to\Ao.

n-Bul.i. THF H2S04

-----+
ether

In a one pot synthesis, 3,4,5-rrimethoxybenzaldehyde was added to the lithiated aceral ro

give the alcohol, followed directly by hydrolysis and oxidation to yield the phthaiide 30

(51Vo). ln this pathway the formation of 2-lithiopiperonal acetal, which leacis to the

formation of the undesired lactone 48, was not obsewed. The reason for this is unknorvn

but it may be due to a lower pKa for the potential relay catalyst piperonal acetal. The

tollowing tabie shows the comparison between the three methods: Sammes, path A and

CHO

OMe

ír
1r

OMe
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parh B.

METHOD

Sammes

Path A

Path B

NUMBER OF STEPS TO 30 VoYIELD

6

a

5

46.8

1t I

A1

As mentioned previously, phthalide 30 prepared by any of the three methocls

explained above is the key intermediate in the synthesis of

6- (3,4,5 -trimethoxybenzyl)pipero nal 24.

ref:.27

1. H2, Pd/C, AcOH

o 2. LiAlH4, THF

3. Jones reâgent

OMe
OMe

30

Although paths A and B are preferred to Sammes' original procedure, as rhey

reduce the number of steps required, there was no improvemenr in yield for phthalide 30.

In a search for a more efficient route to aldehyde 24 a new aryl carbanion scheme was

developed which is summarized below.
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It-BuLi

78oc H3CO ocH3
H¡C ocH3

ocH3

<)

ocH3

Lithiated 52

iYY*'ol\o\Au. 
I26t

f -(i-*zs'\o\A/un
Is3 Å.

NaBH4/CIT3COOH

Iì-BuLi

(CH3)2NCHo

Alcohol 53 was prepared by the reaction of 6-bromopiperonal 26 with lithiatec-l 52 ar

-78oC tn73Vo yield. Reduction of the alcohol 53 by the use of sodium

borohydride/trifluoroacetic acid yielded the bromo compound 54 in Bgvo yield.

iqcHo ("rer"
ArAr

5424
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Haiogen-metal exchange (Li-Br exchange) of 54 followed by coupling with

N,N-dimethylformamide gave the desired aldehyde 24 tnllVa yield. The yields for e¿ich

step are those obtained after chromatography.

This new procedure was far superior to the routes previously investigated as it

involved only three steps and yielded the aldehyde24 in an overall yield of 46Va. ln

addition, the halogen-metal exchange of 52 and 54 was uncomplicated by isomeriza¡ion ro

alternate aryl anions, a problem which occurred in path A discussed above. Each step of

the synthesis proceeded in high yield with only routine chromatogaphy needed for

purification of the products.
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Synthesis of Aryltetralin Lignan Analogs

As previously explained, one strategy for the synthesis of aryltetralin lignans is vili

a Diels-Alder reaction oi an o-QDM. Photoenolization of ortho-substituted

benzaidehydes as a tool for generation of a-hydroxy-o-QDMs followed by trapping of the

reactive intermediate with various dienophiles has been a very atracdve concepr ro

organic chemists. A complication that can arise in these photochemical reactions is the

possibility that the dienophile itself is photoreactive as seen in photoisomerization ol

fumarate to maleate. As a result, as mentioned in the introduction, it was of interesr to

investigate if one could generate dienolates such as 6 (on page 10) having a reactiviry in

addition reactions similar to o-QDMs, by base abstraction of the benzylic hydrogen fronr

o-alkyl benzaldehyde or the corresponding ester of the o-alkyl toluic acid. Furthemrore, it

this new strategy were indeed successful, one might apply it to the corresponding ester (31

E) of the acid 31 whose synthesis was described in the previous chapter.'

MeOH

H2S04

OMe

31E

o
(

o

o
(

o

31

The ester 31 E (8lTa) was prepared by refuxing the acid

concenffated sulfuric acid .

ir

OMe

ir
ir

OMe

31 in methanol and traces of
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As a starting point for the study of anionic o-oxy-o-QDMs, the deprotonation of

o-benzylbenzaldehyde was considered. Attempts to abstract the benzyhc proton Lrsing

lithium tetramethylpiperidide followed by reaction with methyl iodide or dimethyl

fumarate were unsuccessful, yielding only recovered starting materials. This lack of

success in forming the benzylic anion directed attention towards the ester of the

o-benzylbenzoic acid. Fortunately it was possible to abstract a hydrogen from the

benzyiic position by use of I equivaient of lithium diisopropylamide in THF ar -78oC.

Thus dimethyl fumarate was added to a tetrahydrofuran solution of anion 55 (obtainecl

from the reaction of lithium diisopropylamide (LDA) wirh methyl o-benzylbenzoare) ancl

the resulting solution left to stir overnight. Following the usual ammonium chloride wolk

up, the residue was chromatographed to afford a solid, 56 (42Vo) and an oil, tentatively

assigned sfructure 57 (107o).
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1eq LDA/THF ocH3
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The same reaction was ca¡ried out using dilactyl fumarate as the Michael acceptor and on

the basis of lH-nmr analysis it was identified as compound 58 (I Vo).

CO2Me COrRr'

leq LDA/THF

"'ocorR*

=

56

R*ONC'\- -a
tcor**

R*= -CH(CH3)CO2CH3 58

ir

-/\

-\i



39

Compound 56 and 58 exhibit a J3,a of 1.86 and L95 Hz respectively. These data

are in agreement with Pfau who found a\,a of 4IH:zfor the similar compound 59 tra¡rs

andT Hz for the corresponding cis isomer 59 cis36. Other examples of trans coupling

constants are given in the work of Cha¡lton et al. who found a J3,a of 2.9 Hz for conrpouncl

6037 and in the work of Plourde who found a l3,aof 2.2Hzfor compound 6111.

Compound 57 exhibits a J23 of 12.9 Hz establishin g the tra.ns diequatorial stereochemistry

of the two ester groups. A J¡,¿ of 7 Hz would be most consistent with a cis

stereochemistry for the phenyl and the neighboring ester group.
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CO2Me CO2Me

CO,MC
.,rrrüOrwg

:
=Ph

59 trans
l/
l^ ¡ - t--4

" il-J! a-+

59 cis
Ju4,o-4=7

CO2Me co2LAc

",qrCOz|y',ë ,rrrrrc}"L^C

The relative stereochemistry of the products 56 and 58 can be accounted for by

either a concerted Diels-Alder reaction or a conjugate addition (tandem Michael

addition-Dieckmann condensation) between anion 55 and the fumarate Michael accepror

via the endo mode rransition state in which the oxygens of the diene and dienophile mly

be coordinated to the metal cation. As was mentioned in chapter 1, Li* may acr as a

Lewis acid, and by coordinating to the dienophile it lowers the energy of the LUlvlO. As a

consequence the value of E¡ulvfg1¿ienophile)-EHoMo(ciiene) decreases, resulting in an increase

in the rate of reaction. Furthermore, the LUMO coefficent on the carbonyl carbon

increases compared to the non-catalyzed case and this in turn makes the seconcl¿rry orbital
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interaction greater which would result in greater endo selectivityT

2.3 Base-Catalyzed Reactions of Anthrones with Dienophiles

Anthrone in the presence of an amine forms an anion which is an analogue of the

anionic cr-oxy-o-QDM. The generated "1-oxido diene" 62 undergoes Diels-Alder reactions

with various dienophiles. In the present study the asymmetric reaction of anthrone wirh

the fumarate of (S)-methyl lactate was investigated. Dilactyl fumarate was added to a

solution of anthrone and rriethylamine in TIIF and the mixture stirred for 3 hours ar roonl

temperature. Upon evaporation a yeilow viscous oil was obtained. Column

chromatography afforded a single cycloadductinTTVo yield. The nmr (300 MHz) of rhe

crude product exhibited no signals consistent with the presence of the other diastereonleric

cycloadducts. The only other product was anthraquinone, which probably arises from air

oxidation of the anthrone or the oxyanion.

Anthrone

62

Anthrone anion Anthraquin<lne

According to Helmchen et al. the most stable conformation of the tìrmarate of

S-methyl lactate is that shown in sÍucture 63, and addition of dienes ro this dienophile

occurs to the less hindered top (re) face35.

L) ír
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The absolute configuration of the cycloadduct was assigned stmcture 45, assuming that

addition to the fumarate occurred to the re face as has been found in other asymmetric

additions to this compound3S.
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63
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The retention of dienophile geometry was consistent with the work of Koerner and

Rickborn who found that the formation of cycloadducts from anthrone and disubstituted

dienophiles is stereospecific as is shown in the following example32.

The stereospecificity of cycloaddition requires either a concerted Diels-Alder mechanisnl,

or a stepwise process in which the second (ring closure) step is much faster than rotarioll

about the single bond (former double bond) generated by Michael acldition ro rhe

dienophile. This outcome would seem to require that the Michaei addition occur to give

the syn intermediate rather than the anti interrrlediate.

C

\
CN

o

tl@
THF/E13N
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44

co2R

syn Anti

In order for the anti intermediate to undergo ring closure, 180o rotation about the

C(1O)-dienophile bond must occur. Previous workers have often discussed the sequential

Michael reaction in those cases where a metal cation such as lithium is present to which

the oxygens of the diene and the dienophile are chelated. In the present study

triethylammonium ion does not fall under the same interpretation and shows thar a

stereospecific reaction is also possible in the absence of an oxygen chelator. Although this

stereospecific reaction could be regarded as an anion-accelerated Diels-Alder reacrion, rhe

stepwise (Michael+aldol) could not be ruled our.

The reaction of anthrone and dilactyl fumarate was also performed at 85oC. The

crude product was a brown viscous oil and upon purification it afforded a colorless oil in

68Vo yield. The product was assigned the structure 64. The lH-nmr showed the presence

of two sets of double doublets which would correspond to the two diastereoropic prorons

in the Michael adduct 64.
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cHCO2R-
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64

The Michael adduct 64 probably arises from a retro Claisen reaction of the cycloadcluct

45. It was subsequently shown that 45 converts to 64 upon heating.

Previously Helmchen et al. reported high diastereoselectiviry in the Diels-Alcler

reaction of anthracene and the fumarate of (S)-ethyl lactate35. In the present work the

same procedure was applied and anthracene and the fumarate of (S)-methyi lactate were

refluxed in xylene for 6 days. Upon evaporation of solvent, followed by a combination of

chromatography and recrystallization a yellow solid was obtained (58Vo) which w¿rs

assigned structure 65.

dilactyl fumarate

The high asymmetric induction which was seen in the cycloaddition reaction of

anthrone and the fumarate of (S)-methyl lactate stimulated an interesr in the possibility of

CO"R*
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generating the anthracene cycloadduct 65 by hydrogenolysis of 45. Anthracenes as

compared to anthrones have modest activity as dienes, and they would normally require

higher temperatures for Diels-Alder reactions. These higher tempetatures are undesirable

in asymmetric reactions since diastereoselectivity decreases with increasing temperature.

Optically pure molecules such as the cycloadduct 65 which possess a C2 symmetry

axis might have a potential as chiral auxiliaries in other asymmetric reactions. In general,

the presence of a symmeÍy element such as a C2 axis in a chiral auxiliary increases

asymmetric induction by reducing the number of competing diastereomeric transition

siates.

Hydrogenolysis of 45 with palladised charcoal as catalyst in 50Va acetic

acid/methanol at room temperature was not successful and only starting material rvas

recovered. Repeating the experiment in glacial acetic acid and at higher temperarures w¿ts

also unsuccessful. Attempts to remove the hydroxy goup by use of NaBHa/CF3CooH

did not change the outcome of the reaction, and again the starting material was recovered.

Recently, it has been found that anthraquinone is readlly ¡educed ro rhe

hydroquinone (9,1O-anthracenediol) 66, which under basic conditions serves as ¿l reacrive

diene for cycloaddition purposes39.



/11
-t

OH

66

The catalytic reduction of anthraquinone in pyridine was assumed by Koerner and

Rickbom to be analogous to the base-catalyzed reactions of anthrone and that hydrogen

bonded species such as below are formed.

+
TINR"-o" r

{-

-o".Hñn,

The lack of success in the preparation of. a C2 symmerric chiral molecule via the

anthrone cycloaddition reaction directed attention towards the anthraquinone route.

Hence, anthraquinone was hydrogenated at room temperature with patladised charcoal as

catalyst and triethylamine in ethyl acetate. The quinone was srir¡ed under H2 fbr 0.5 h,

after which the atmosphere was replaced by Nz, and then the fumarate of (S)-methyl

lactate was inrroduced. The separation of the reduction and cycloaddition steps avoicleci

the possibility of competitive reduction of the dienophile. The reaction was followed by

tic, at the end of which the mixture was suction filtered and the filn'ate was evaporated

1r
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under vaccum to obtain a yellowish oil. Column chromatography afforded a single

cycloadduct in 6l%o yield. The nmr of the crude product exhibited no signals consisrenr

with the presence of the other diastereomeric cycloadducts. The absolute configuration of

the cycloadduct was assigned structure 67, assuming as before that addition of the

fumarate occurred to the re face.

r) /.co2F.-+ll
R"OrC/

E13N

H2,PdlC

EtOAc

Molecule 67 should be an interesting candidate as a sra.rring material for C2-symmerric

catalysts and/or reagents. The OH goups may have to be converred to OMe to avoid rhe

possibility of retro-aldol reactions before further functional group modification of the ester

groups is attempted.
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Chapter 3

EXPERIMENTAL

Melting points were determined on a hot stage instrument and a¡e uncorrected.

Infrared (IR) spectra were recorded on a Perkin Elmer 881 spectrometer. lH-nmr spectra

were recorded on a Bruker AM-300 instrument using tetramethylsilane as internal

standa¡d. When peak multiplicities are reported, the following abbreviations are used: s,

singlet; d, doublet; t, triplet; m, multiplet; br, broadened. Exact mass/mass spec¡ra were

obtained on an Analytical v670708-FIF insrrumenr. Analytical thin layer

chromatography (tlc) were carried out on precoated silica gel sheers, 60 F2s4 GM

reagents) of 0.2 mm thickness. Merck Kieselgel 60 or Ald¡i ch (230-400 mesh, 60Å) sllica

gel was used for all column chromatography.

o -B enzy lbenzalde hyde 5 :

This compound was prepared according to the literature procedure43.

To a suspension of LiAlH4 (1.8 g, 47 mmol) in diethyl ether (50 mL) was slowly added at

OoC a solution of o-phenyl-o-toluic acid (10 g,47 mmol). The solution was then refluxed

for one hour, cooled, and water (1.8 mL) was added followed by I5Vo aqueous sodium

hydroxide (1.8 mL) and water (5.4 mL). The white precipitate was filtered, washed, wirh

ethyl acetate and the combined filtrates evaporated to afford a colorless oil (8.7 g). The

oil was dissolved in diethyl ether (65 mL) and a solution of chromium trioxide (5Vo) in

107o H2SO4 was slowly added at OoC. The mixture was vigourously stirred for 30

minutes. Organic and aqueous layers were separated and the aqueous layer was extracrecl
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with diethyl ether. The organic fractions were combined, washed with aqueous sodium

bicarbonate (5Vo), dried (MgSOa) and evaporated to afford a yellow oil (7.6 g,82o/o)

IR (CH2Clz) cm-l: 1698 (CO). 1H-nm¡ (CDCI3) õ:10.24 (s,lH, CHO), 1.1-1.8 (m, 9H,

aromatics), 4.44 (s,2lF^, ClH). The lH-nmr spectrum is shown in Appendix 1.

M et hy I o - b e nzy lb e nz o ate :

u,-Phenyl-o-toluic acid (0.369 g,1.73 mmol) was refluxed in methanol (50 mL)

with concenuated sulfuric acid (few drops) for 2 days. The bulk of the methanol was

evaporated to afford a brownish oil. The product was dissolved in methyiene chloride and

was washed with aqueous sodium bicarbonate (57o). The organic layer was dried

(MgSO, and solvent was evaporated to afford a colourless oil (0.287 g,737o).

IR (CH2CI2) cm-1: 1726 (CO). lH-nmr (CDCI3) ô: 7.1-7.8 (m, 9H, aromatics), 4.37 (s,2H,

CHr), 3.81 (s, 3H, OCH3). The lH-nmr spectrum is shown in Appendix 1.

6-Bromopiperonal 26:

This compound was prepared according to the literature procedure4O.

To a soiution of piperonal (5 .23 g, 34.8 mmol) in acetic acid (40 mL) was added Br2 ( 1 1 . 1

9,69.4 mmol). The solution was sti¡red overnight at room temperature. An eclual volunre

of water was added to the reaction mixture and the solution was cooled for four hours.

The solution was filtered, the precipitate washed wtth 607o water/acetic acid and rhen

recrystallized from ethyl acetate/hexane to give colourless needles (6.34 g,807o, mp:

t21 -r29.C).

1H-nmr (CDCI3) ð: 10.18 (s, 1H, CHO), 7 .36 (s,1H, aromartc),7 .06 (s, 1H, aromaric),

6.08 (s, zlF,, O-CH2-O). The lH-nm¡ spectrum is shown in Appendix 1.

6 -B romopipero nal Ethy lene Acetal 27 :
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This compound was prepared according to the literature procedurezT.

6-Bromopiperonal (7.68 g,33.5 mmot) and ethylene glycot (4.60 9,74.0 mmoi) were

heated in refluxing benzene (80 mL) containing a trace of p-toluenesuiphonic acid, under a

Dean-Sta¡k trap. After 24h the mixture was cooled, and filtered through a shorr silica gel

column using 75Vo ethyl acetate/hexane as eluant. The solvent was evaporated to afford

crystals of the acetal (8.43 g, 92Vo, mp:68-69oC).

lH-nm¡ (CDC13) ô: 7.1 (s, lH, aromatic),7.03 (s, lH, aromaric), 5.96 (s, 2H, O-CH?-O),

5.86 (s, 1H, acetal),4.1 (s, 4H, O-CH2-CH2-O).

5 ,6-M erhylenedioxy-3 -(3 ,4 ,5 -trimethoxyphenyl)phthalide 30:

METHOD A:

To a solution of retramerhylethylenediamine (0.I25 mL, 0.828 mmoi) in

tetrahydrofuran (2 mL) was added n-butyllithium in hexanes (2.4M,0.43 mL, 1.03 mmol)

at -78oC under Nz(g). 6-Bromopiperonylic acid (0. I02 g,0.416mmol) in tetrahydrofuran

(4 mL) was added followed by addition of 3,4,5-trimethoxybenzaldehyde (0.032 g, 0.419

mmol) in tetrahydrofuran (3 mL). The solution was stirred at -78oC for 112 hour then ar

room temperature for 3 hours. 5Vo aQueous ammonium chloride (10 mL) was added

followed by enough l07o}{Cl to lower the pH to 2. The solution was srined overnighr,

extracted with methylene chloride, dried (MgSO), and evaporated to afford a yellowish

solid. Trituration with 507o ethyl acetate/hexane afforded colourless crystals of rhe pure

Iactone (0.066 g, 46Vo, mp: 217 -223oC).

IR (Nujol) cm-I: rl64 (co). lH-nmr (CDCI3) õ:7.24 (s, lH, aromaric), 6.68 (s, 1H,

aromatic), 6.45 (s, 2H, aromatics), 6.16 (s, 1H, benzylic H), 6.1 1 (s, 2H, O-CH?-O), 3.83

(s, 3H, ocH3), 3.82 (s, 6H, ocH3). The lH-nmr spectrum is shown in Appendix r. Mass

Spectrum, mle (rel vo): exau mass calculated for C1sHr6O7: 344.0896, found: 344.0895.

Spectral details are identical to those reported in the literature2T.
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METHOD B:

To a solution of 6-bromopiperonal ethylene acetal (0.133 g, 0.487 mmol) and

teframethylethylenediamine (0.15 mL, 0.994 mmol) in tetrahydrofuran was added

n-butyllithium in hexanes (2.4M,0.243 mL, 0.583 mmol), ar -78oC under nirrogen, over

a period of 2 min. After a further 2 min, a solution of 3,4,5-trimethoxybenzaldeyde (0. 1 15

g, 0.584 mmol) in tetrahydrofuran was added dropwise at -78oC and the reaction mixrure

stirred for 30 min at that temperature. The reaction mixture was then alìowed to waml ro

room temperature while stirring overnight. Ether (15 mL) and I07o H2SO4 (15 mL) was

added and the solution was stirred for an additional 15 minutes. A soiution of chromrunr

trioxide (5Vo) in I)Vo aQueous H2SOa was slowly added at OoC and the reaction mixrure

stirred for an additional Il2hour. The layers were separated and the aqueous phase was

exfracted with ether. The organic fractions were combined, dried (MgSO/ and

evaporated to give a red oil. Recrystallization from ethyl acetate/hexane afforded a

colorless solid (0.095 E, 5JVo, mp:217-223oC).

6 - ( 3,4,5 -T rime t ho xy b e nzy I )p ip e r o ny Ii c aci d 3l:

This compound was prepared according to the literature procedure2T.

The phthalide (2.90 g, 8.41 mmol) in acetic acid (100 mL) was hydrogenolysed over 57o

paliadium-cha¡coal (1 g) at atmospheric pressure at 110oC for 2 days. The solution was

filtered and the solvent evaporated to give a yellowish oil. The product was dissolved in

methylene chloride and washed with aqueous sodium bicarbonare (57o). The aqueous

iayer was acidified with l07o HCI and was extracted with methylene chloride. The

organic layer was dried (MgSO) and the sovent evaporated to afford a colourless solid

(2.19 g, 7 5Vo, mp: 98-99"C).

IR (CH2CI2) cm-l: 1695 (CO). 1H-nmr (CDCI3) ô: 11.9 (br, 1H,CO 1H),7.53 (s, lH,
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aromatic), 6.65 (s, 1H, aromatic), 6.39(s, 2H, aromatic), 6.02 (s, 2H, O-CH2-O), 4.32 (s,

2H,benzylic H), 3.82 (s, 3H, OCH3), 3.80 (s, 6H, OCH3). The lH-nmr spectrum is shown

in Appendix 1. Mass Spectmm, mle (rel Vo): exact mass calculated for CisH13O7:

346.1052. found: 346.1046.

M ethyl 6-( 3,4,5 -trimethorybenzyl)piperonylate 31 E:

This compound was prepared according to the literature procedure2T.

6-(3,4,5-Tnmethoxybenzyl)piperonylic acid (2.01 g, 5.81 mmoi) was refluxed in methanol

(100 mL) with concentrated sulfuric acid (0.5 mL) for 3 days. The bulk of the merhanol

was evaporated to afford a yellowish solid. The product was dissolved in methylene

chloride and was washed with aqueous sodium bicarbonate (5Va). The organic layer was

dried (MgSOa) and solvent was evaporated to afford a yellowish solid (1 .77 g,857a).

Recrystallization from methylene chloride gave colourless crystals (mp: 97-99oC).

IR (Nujol) cm-1: 1714 (CO). 1H-nmr (CDC13) ô: 7.40 (s, 1H, aromaric), 6.62 (s, 1H,

aromatic), 6.39 (s, 2H, aromatic), 5.99 (s, 2H, O-CH2-O), 4.27 (s,2H,benzylic H), 3.83 (s,

3H, OCH3), 3.81 (s, 3H, OCH3), 3.80 (s, 6H, OCH3). The lH-nm¡ specrrum is sho,.vn in

Appendix 1. Mass Spectmm, mle (reLVo):360(100),345(1),328(25),313(42),2g1(g0),

285(14),270(19),254(10),242(ll),227(Il), 199(6), 177(15), exacr mass calculated tbr

C1eH2sO7: 360.1209,found: 360. 1 1 85.

A nthro ne Cy c Io adduc t 45 :

To a solution of anthrone (0.509 g,2.62 mmol) in dry tetrahydrofuran (30 mL) rvas

added at room temperature, dilactyl fumarate (0.830 g, 2.88 mmol) in tetrahydrofuran ancl

triethylamine (1.2 mL, 8.6 mmol) under Nz(g). The solution was srirred fbr 5 hrs. The

solvent was evaporated and the crude product was purified by chromatography on silica

gel using 20Vo ethyl acetate/hexane as eluant to afford a colouriess solid (0.913 g,77o/a).
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Recrystallization from ethyl acetate/hexane gave colourless needles (mp: 114-117oC).

lulo=-41.4o (c: 1.13, CHC13). IR (Nujol) cm-t: 3459 (OH),1730 (CO). 1H-nmr (CDCI3)

õ:7.I-1.7 (m, 8H, aromatic), 5.71 (s, 1H; OH), 5.18 (q, lH, J=7.i, CH), 5.01 (q, 1H, J=7.1,

CH),4.71 (br s, 1H, benzylic H),3.82 (s, 3H, OCH3), 3.71 (s, 3H, OCH3),3.44 (br s, 2H),

1.51 (d, 3Il, J=7.1, CH3), 1.43 (d, 3IF.,I=7.1, CH3). The lH-nmr specrum is shown in

Appendix 1. Mass Spectrum, mle (rel Vo):482(I), 194(100), 185(50), 165(43), t49(4),

140(1),129(8), 113(15), 99(16), 87(89), 69(16), 55(32), exacr mass calcutared for

C26H26O¡: 482.1 57 6, found: 482.1563.

6 - Br omopip ero ny lic acid 47 :

This compound was prepared according to the literature procedureaO.

To a solution of 6-bromopiperonal (0.06 g, 0.28 mmol) in acetone (2 mL) and water (7

mL) was added potassium perrnanganate (0.06 g). The solution was refluxed for three

hours, and then decolorized by addition of saturated aqueous sodium bisulfite. The

acetone was evaporated on a rotary evaporator, the solution made basic by addition of

concenfrated sodium hydroxide (aq) and then extracted with methylene chloride. The

aqueous layer was acidified with I)Va HCI and again extracted with merhylene chloricle.

The organic layer was dried (MgSO/ and solvent evaporated to afford a white solid

(0.055 g,8lVo, m.p: 199-200oC).

1H-nmr (CDCI3) õ:1.37 (s, 1H, aromatic),7.18 (s, 1H, aromatic), 6.16 (s, 2H, O-CH?-O)

u- ( 3,4,5 -T rime thoxyp he ny I ) - 6 - b r o mo b e nz o - I, 3 - di o xo I e - 5 - me t ha no I 53 :

A solution of aryibromide (0.608 g,2.46 mmol) in dried tetrahydrofuran (20 nrl-)

was cooled to -78oC under nitrogen and n-butyllithium (L.135 M, 1.43 mL) was added

dropwise. The solution was allowed to stir for another 5 minutes at -78oC and a solution

of 6-bromopiperonal (0.834 g,3.64 mmol) in dried tetrahydrofuran (20 mL) was addecl ar
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a fast mte. After stirring at -78oC for one hour, the solution was allowed to warm ro room

temperature while stirring. The solution was quenched with saturated ammonium chloride

solution. The mixture was saturated with sodium chloride and the organic phase was

separated. The aqueous phase was extracted with methylene chloride. The combined

organic phase were dried (MgSOf and evaporated to afford a yellow oil. The crude oil

was chromatographed on silica gel using 207o ethyl acetate/hexane as eluant to afford t
yellow oil (0.712 g,73Vo).

lH-nm¡ (CDCI3) õ: 6.95 (s, 1H, aromatic), 6.93 (s, 1H, aromaric), 6.61 (s, 2H, aromaric),

6.02 (s, lH, benzylic), 5.91-5.93 (ABq, 2H,I=I.2, O-CH2-O), 3.80 (s, 9H, OCH3), 3.05

(brs, lH, OH). lH-nmr spectrum is shown in Appendix 1 and is identical to those reponed

in the literaturea2.

Compound 54:

A mixture of alcohol 53 (0.584 g, I.46 mg) in dry methylene chlciride (15 mL) and

powdered sodium borohydride (18 eq) was added in portions to trifluoroacetic acid (20

mL) at OoC under a stream of nitrogen with vigorous stirring. After stirring for i5 minures

at OoC, saturated sodium bicarbonate solution was added and the organic phase was

separated. The aqueous phase was saturated (NaCl) and extracted with methylene

chloride. The combined organics were dried (MgSOa) and solvent evaporated to yield a

pale yellow solid. The crude solid was purified by chromatography on silica gel using

20Vo ethyl acetate/hexane as eiuant to afford white crystals (0.496 g, 89Vo, mp:

124-r28oC).

lH-nmr (CDCI3) ô: 7.03 (s, 1H, aromatic), 6.60 (s, lH, aromaric), 6.40 (s, 2H, aromaric),

5.94 (s,2H,O-CHI-O),3.94 (s,2H, benzylic),3.83 (s,3H, OCH3),3.82 (s,6H, OCH3).

The iH-nmr spectrum is shown in Appendix 1. Mass specrrum, mle (rer vo):382(12)

380(14), 270(29),208(48), 185(54), 152(31),135(21),87(100), exact mass calculated for
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C.TIJ.TO s7eBr: 380.0259, found: 380.0234.

6 - ( 3,4,5 -T rime t hoxyb e nzy l)p ip er o nal 24:

Bromide 54 (0.206 g, 0.541 mmol) in dry terrahydrofuran (20 mL) was cooled to

-78oC under nirrogen. n-Butyllithium in hexanes (1.73 M, 0.35 mL) was added dropwise

over a period of five minutes followed by addition of N,N-dimethylformamide (0.13 mL)

and the mixture was stirred at -78oC for half hour. The mixture was removed from the colcl

bath and stilred at room temperature for five minutes, at the end of which sarurared

ammonium chioride solution was added. The organic phase was separated and the

aqueous phase was exÍacted with methylene chloride. The combined organics were driecl

(MgSO) and solvent evaporated to afford a yellow oil. The crude oil was

chromatographed on silica gel using 357o ethyL acetate/hexane as eluant to afford a

colorless oil (0.126 g,7IVo).

rH-nmr (CDCI3) ð: 10.15 (s, 1H, CHO), 7.34 (s,1H, aromaric), 6.69 (s, 1H, aromatic),

6.33 (s,2H, aromatic),6.04 (s,2H, O-CH2-O), 4.29 (s,2H,benzylic),3.80 (s,3H, OCH3),

3.79 (s, 6H, OCH3). lH-nmr spectrum is shown in Appendix 1 and is identical ro rhose

reported in the literature2T.

M et hy I o -b e nzy lb e nzo ate Cy cloadduct :

Methyl o-benzylbenzoare (0.248 g, 1.10 mmol), in terrahydrofuran was addecl

under nitrogen to a stined soiution of lithium di-isopropylamide in tetrahydroft¡ran coolecì

to -78oC, the latter being prepared by addition of n-butyllithium in hexanes (2.03 M, 0.54

mL, 1.09 mmol) to an equivalent amount of dry, redistilled di-isopropylamine in

tetrahydrofuran at -78oC. The black anion solurion was stirred for 10 minures. Dimethyl

fumarate (0.231 g,1.64 mmol) was then added at -78oC and the reacrion mixture stined

overnight, while gradually being warmed to room temperature. Saturated aqueous
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ammonium chloride (20 mL) solution was added and the mixture exrracred with

methylene chloride. The organic phase was successively washed wtrh I\Vo HCl, and.5o/a

aqueous sodium bicarbonate, then dried (MgSOa), and evaporated to afford a brownish oil.

The residue was chromatographed on silica using i57o ethyl acetate/hexane as eluant to

afford a white solid (corresponding to the enol form, 0.156 g,42vo), and traces of a

colorless oil (corresponding to rhe kero form, 0.047 g, LIVo).

Enol 56:

1H-nm¡ (cDCl3) õ: 12.62 (br, lH, oH), 7.00 -7 .99 (m,9H, a¡omatics), 4.6'l (d, 1H, J=r.46,

H-4),3.96 (d, lH, J=1.86, H-3),3.72 (s,3H, OCH3),3.63 (s,3H, OCH3). The lH-nmr

spectrum is shown in Appendix 1. Mass Specmrm, mle (rd, Va): 338(6),279(37),

247(100),219(13),191(14),165(15), 149(40),129(9),57(23), exacr mass calculated for

C26HisO5: 338.1 154, found, 338.1149.

Keto 57:

lH-nmr (CDCI3) õ:6.43-8.27 (m, 9H, aromarics), 4.78 (d,, J=6.26,H-4), 4.05-4.12 (dd, iH,

J3,4=J , J3,2= 12.9,H-3),3.87 (d, 1H, J=12.9,H-2),3.36 (s, 3H, OCH3), 2.97 (s,3H,

OCH3). The lH-nmr specffum is shown in Appendix 1.

M et hy I o -be nzy lb e nz o ate C y c I o adduct :

A solution of methyl o-benzylbenzoate (0.154 g, 0.680 mmol) in tetrahydlotìrran

was inrroduced into a solution of lithium diisopropylamide (1 eq) in tetrahydrofuran ar

-78oC over a period of 10 min. Dilacthyl fumarate (0.246 g, 0.851 mmol) was rhen added

and the reaction gradually warmed to room temperature and stirred overnight. Satuaratecl

ammonium chloride (20 mL) was added followed by extraction of the organic layer wirh

dichloromethane, drying (MgSOa) and evaporation to dryness ro leave a brownish oil.

The oil was chromatographed on silica using 157o ethyl acetare/hexane as eluant ro aflbrcl

a coiourless oil (0.046 g,I4Vo).
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Enol 58:

lH-nmr (cDCl3, obtained from crude reaction mixture) õ: 12.37 (s, 1H, oH), 7. r2-7.gg

(m,9H, aromatics), 5.23 (q,lH, J=7.1, CH),5.03 (q, 1H, J=7.1, CH), 4.61 (br s, lH, H-4),

4.27 (d,lH, J=1.95, H-3), 3.64 (s, 3H, OCH3), 3.56 (s, 3H, OCH3), 1.50 (d, 3H, J=7.1,

CH3), 1.40 (d, 3IrJ,J=7.1, CH3). (Mass Spectn:m, mle (re|Vo):482(2),351(12),24j(IO0),

2r9(r2),191(11), i65(9), 149(5), 91(6),84(13), 69(13), 5j(r4), exacr mass calcuiated for

C26H26O¡: 482.157 6, found: 482.1 567 .

Fumarate of (S)-methyl lactate 63:

This compound was prepared according ro the literature procedure3s.

To (S)-methyl lactate (3.26 g,31.4 mmol) was added fumaryl chloride (2.43 g,15.9

mmol) and the resulting mixture heated at ll0oc for 17 hrs. The mixrure was rhen diluted

with ethyl acetate and washed with aqueous sodium bicarbonare (57a), dried (MgSOa) ancl

evaporated to give a yellowish oil (3.91 g,85Vo).

IR (cH2c12) cm-l: 1733 (co). lH-nmr (cDC13) E:6.97 (s, lH, alkene cH), 5.21 (q, 1H,

J=7 -1, cH),3.11 (s, 3H, ocH3), 1.56 (d, 3IH',l=J.i, cH3). The 1H-nmr specrum is shorvn

in Appendix 1.

Anthrone Michael Adduct 64:

To a solution of anthrone (0.150 g,0.77 mmol) in dry terrahydrofuran (10 mL) was

added dilactyl fuma¡ate (0.242 g, 0.84 mmol) in tetrahydrofuran and rriethylamine (0.35

mL,2.5 mmoi). The solution was refluxed overnight, cooled and the solvent evaporatecl.

The crude product was purified by chromatography on silica gel using 30Va erhyl

acetate/hexane as eluanr to afford a yellowish oil (0.253 g,68Vo).

IR (cH2cl2) cm-l: rl44 (co). lH-nmr (cDCl3) ô: 7.5-8.2 (m, 8H, aromarics), 5.22 (q,

lH, J=7.1, CH), 5.03 (d, LH, J=2.61, benzylic H), 4.90 (q, 1H, J=J.I, CH), 3.81 (s, 3H,
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OCH3), 3.63 (s, 3H, OCH3),3.51-3.57 (m, 1H), 2.05 (dd, 1H, J=11.24),1.88 (dd, 1H,

J=3.89), 1.53 (d, 3lH,J=J.1, CH3), 1.34 (d,!H,J=7.1, CH3). The lH-nmr specu-um is

shown in Appendix 1. Mass Spectrum, mle (rel 7o): 482(7),257 (6),246(1),208(7),

193(59), 165(7), 111(7), 84(100), 7I(41),55(1i), exacr mass calculated for C26H26Oe:

482.157 6, found: 482.151 I.

Anthracene Cy cloadduct 65

A solution of anthracene (0.473 g,2.65 mmol) and dilactyl fumarare (0.370 g, 1.28

mmol) in xylene (30 mL) was refluxed for 6 days at 139oC. The soiution was

concenffated by evaporation to afford a pale orange solid. The crude solid was purified by

chromatography on silica gel using20Vo ethyl acetate\hexane as eluant to afford a

colourless solid (0.347 g,58Vo). Recrystallization from ethyl acetate/hexane gave

colourless crystals (mp: 109-1i loc).

IR (Nujot) cm-r: 1742 (co). lH-nm¡ (cDCl3) ô:7.i0-7.35 (m,4H, aromarics), 5.04 (q,

lH, J=7.I, CH), 4.8i (br s, 1H), 3.73 (s, 3H, OCH3) ,3.40 (br s, 1H), 1.46 (d, 3IH, J=7.1,

CHr). The 1H-nmr spectrum is shown in Appendix 1.

A nt hr aqui no ne Cy c I o adduc t 67 :

A suspension of anthraquinone (0.2 1 8 g, I .04 mmol) and 57o Pd/C (30 mg) in eth1,l

acetate (30 mL) was vigorously stirred while H2 gas was inrroduced at room temperarLlre.

After 0.5 h, rriethylamine (1 mL) was added and the mixture stirred for additional 5

minutes. The H2 atmosphere was replaced by N2, followed by addition of dilactyi

fumarate (0.287 g, 0.998 mmol) in ethylacetate (15 mL). The mixture was srired for o¡e

hour, filtered and the filtrate was evaporated unde¡ vaccum to afford a yellowish oil. The

crude oil was purifred by chromatography on silica gel using 20Vo ethyl acerare\hexane as

eluant to afford a colouriess solid (0.304 g,6lVa). Recrystallization from isopropanol
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gave colourless crystals (mp: 118-120oC).

[cr]o=-33.5o (c: 1.01, CHC13). IR (CH2CI) cm-l: 3439 (OH),1136 (CO). lH-nmr

(CDC13) õ:7.1-1.7 (m, 4H, aromatics), 5.71 (s, lH, OH), 5.17 (q,lH, J=7.1, CH), 3.80 (s,

3H, OCH3), 3.50 (s, 1H, bridgehead),I.47-I.50 (d, 3H, J=7.1, CHr). Mass specrum, mle

(re|7o):257(I),208(20.4),185(53), 165(3.9), 1,52(13.6),140(5.5), 126(2.6),113(16),

99(19.2),87( 100), 76(8.6), 69(2.7),59(3 i.3). Found: C, 62.21; H, 5.63. C26H26Oß

requires C, 62.63; H, 5.26Vo.
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APPENDX 1

rH-nmr Spectra
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