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Abstract

The work described in this thesis focuses on the generation and reaction of

ortho-quínodimethanes (o-QDMs). During the routine photochemical conversion of

certain substituted o-tolualdehydes to the corresponding o-QDMs, anomalous

photochemical behaviour was observed. Studies of the photolysis of 4- and

4,S-disubstituted o-tolualdehydes have shown that the presence of a 4-methoxy or both 4-

and 5-methoxy substituents prevented the formation of trappable o-QDMs. However

4-acetoxy and 4,5-diacetoxy-2-methylbenzaldehydes, the corresponding mesylates and

tosylates were successfully converted to o-QDMs. These o-QDMs were trapped with

sulfur dioxide and dimethyl fumarate to form the corresponding cycloadducts.
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Asymmetric cycloadditions of o-QDMs to chiral fumarates and acrylates have a-lso

been ca¡ried out. The cycloadditions of an ø-hydroxy-o-quinorrimethane with the

acrylates of (S)-methyl lactate, (R)-methyl mandelate and the fuma¡are of (R)-methyl

mandelate have been found to give adducts with diastereoselectivities (de) greater than

90Vo- An unusual I,2-trans stereochemistry has been established for the major products,

which is in contrast to previousiy reported results for similar o-QDM reactions where the

major products exhibit 1,2- cis stereochemistry.
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The major adduct from the cycloaddition of the o-eDM from

4,5-dimethoxybenzocyclobuten-1-ol to the acrylate of (S)-methyl lactate was successfully

converted to the dimethyl ether of the central nervous system active drug ADTN in l lZo

overall yield and >97Vo optical purity, starring from 2-amino-4,5-dimethoxybenzoic acid

and the acryIate of (S)-methyl lactate.
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Ar = 3,4,5-trimethoxyphenyl
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OH

ÌIÈoffi ' ru"".", 
rtefficozn

nneoAA,,,J Ërr.oAA/
(R)-ADTN (dimethyl ether)

An asymmeric synthesis of neopodophyllotoxin has been completed in ISVo

overall yield and >95Vo opticai purity, starting from 6-(3,4,5-trimethoxybenzyl)piperonal

and the fumarate of (S)-methyl mandelate.
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Chapter 1

Introduction

The Diels-Alder reaction occupies a prominent position in the arsenal of the

synthetic organic chemist. This versatile reaction allows the formation of rwo bonds

simultaneously and the creation of up to four contiguous chiral cenrers. Its widespread

application is a result of its mild reaction conditions, predictability, and high regio- and

stereoselectivity. As a sub group of this class of reactions, the Diels-Alder reactions of

o-quinodimethanes have been particulariy useful, and recently atrention has been focused

on the asymmetric cycloadditions of these interesting intermediates. This rhesis work will

deal with the reactions of o-quinodimethanes, primarily asymmetric cycloadditions of

o-quinodimethanes, and applications of these reactions to naturai product synthesis. The

introduction section of this thesis will consist of a literarure review of o-quinod,imethane

cycloadditions. This will include a secfion on the generation of o-quinodimethanes and a

brief discussion on the basic rules of the Diels-Alder reaction.

Section l-. 1 : Generation of ortho-quinodimethanes

The highly reactive ortho-quinodimethane (o-QDM) 1 was first directly observed

in 1973 by irradiating the dihydrodiazanaphthalene2 in a glassy matrix at -196'C1.

6[l o',
21

Despite the fact that o-QDMs had not been isolared, L and its derivatives had been used in

organic synthesis much earlier. Its participation in a reaction was first suggested by Cava
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in 19572. Later in 1959, the parent ortho-qùinodimethane 1 was generated and trapped

with typical dienophiles in Diels-Alder cycloaddition reactions3. Details on its discovery

and cha¡acterization have been recently reviewed a. Ortho-quinodimethane is aiso known

as o-quinodimethide and o-xylylene, however, to avoid confusion, only the name

o-quinodimethane (o-QDM) will be used in this thesis.

Many methods have been developed in the past to generate variously substituted

and unsubstin:ted o-quinodimethanes4. They include: (1) thermolysis of

benzocyclobutenes and benzocyclobutenols, (2) 1,4-eliminationprocesses, (3) thermal

elimination of sulfur dioxide from sultines and sulfones, (4) Diels-Alder cycloreversions,

(5) photochemical expulsion of carbon monoxide or nitrogen, and (6) photoenolizarion or

photorearrangement. Among these methods, photoenolization of aldehydes and ketones,

the thermolysis of benzocyciobutenes and the thermal elimination of suifur dioxide from

sulfones are the most commonly employed methods used to generate o-QDMs.

^

------l'

8H/

od,",
There are advantages as well as disadvantages with each process. Photochemical

generation of o-QDM has been used extensively in organic synthesis4. It has the

advantage of ease of accessibiliry of the required starting aldehydes or kerones. However,
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the method is sometimes limited by the possibility of photochemical side-reactions. For

example, cis-trans isomerization of dienophiles can occur, often caused by sensitization

from the excited state of the o-QDM precursor. This can increase the number of isomeric

adducts being formed5'6.

The most serious drawback in using benzocyclobutenes or benzocyclobutenols as

o-QDM precursor is the difficulty in their synthesis. For instance, Jung had difficulty in

preparing benzocyclobutenol3 even though many different approaches were attemptedT.

("

Ar = 3,4,5-trimethoxyphenyl

The main reason for the difficulty in preparation of 3 is its instability ar temperarures

above 0'C. It has only recently been prepared, but by rather lengthy proceduress'g.

Synthesis of other benzocyclobutenols have also been cited. in the literaturel0-l6. Despire

the difficulty in their preparation, it appears that o-QDMs prepared from

benzocyclobutenols trap dienophiles more efficientlys' I s.

Sulfones such as 4 have also been used frequently as o-QDM precursors in organic

synthesislT. They can be prepared. by trapping photochemically generated o-QDMs with

sulfur dioxide, as first demonstrated by Charlton and Durst18. The o-QDM can then be

regenerated thermally from the sulfone. Many articles on this subject have appeared in rhe

1¡¡"ru¡*"5,19-29.

^¿ 
Soz 

$,",I I --+\,,A.
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These sulfones are usually fairly stable and in the case of hydroxy sulfones such as 5

hydroxy $oup can easily be exchanged for an alkoxy group19,z:-24,27-28.

, the

oHoRc

oÓ'- RoH> Od*
5

In summary, there are several methods that can be used to produce

o-quinodimethanes. The method chosen for a particular synthesis will depend on the

o-QDM required, as well as on the sensitivity of the substrates to the reaction conditions.

Section 1.2: The basic rules of the Diets-Alder reactions

The reactions of o-QDMs with dienophiles are typical Diels-Alder reacrions, ir

wouid be appropriate to present a brief discussion of the basic rules of Diels-Alder

reactions. They will be discussed in the conrext of o-QDM cycloadditions.

The Diels-Alder reaction was first discovered in 1928 by two German chemisrs,

Otto Diels and Ku¡t Alder 3o-31, who were awarded the Nobei Prize in 1950 for the

discovery of this important and versatile reaction. The reaction consists of a 4 + 2

cycloaddition of a conjugated diene with an olefin (often referred to as the dienophile), to

generate a six-membered ring. The simplest Diels-Alder reacrion consists of the

cycloaddition of butadiene with ethylene to form a cyclohexene ring. A Diels-Alder

reaction of an o-QDM would generate a tetrahydronaphthalene ring.
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\

diene

e(
il

dienophile

il

The Diels-Alder reaction is considered to be concerted (pericyclic) with both new

bonds being formed simultaneousiy without intervention of free radical or ionic

intermediates. Although the reaction proceeds for the unsubstituted case as shown above,

it is most successful when electron-withdrawing substiruents are located on the dienophile

and electron-donating substituents are located on the diene.

Diels-Alder reactions can be considered from several points of view32:

(1) With respect to the dienophile, the reaction is stereoselectively syn. That is, rhe

addition to the dienophile takes place from one face. This means that substituents which

arc cis to each other in the olefi.n will also be c¿s in the six-membered ring that is

produced. If they are trans in the dienophile they will be tans in the six-membered ring

as-shown below.

/R,+ll---->
"/

R1

R2

(2) The reaction is also stereoselectively synfor 1,4-disubstitured dienes. For

example, rrans,tans-1,4-disubstituted diene gives only cis adduct while

trans,c is - I,4-disubstituted diene gives only trans adduct.
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(3) The diene must be able to adopt the cisoid conformation. If the diene is in the

transoid conformation, the reaction cannot take place.

(4) When both the diene and the dienophile are unsymmetricatly substituted, two

possible regio isomers can arise. o-QDM reactions are very regioselective and

disubstituted cycloadducts with 1,2-regiochemistry are favoured over 1,3- adducts.

ll--+

il

2
\

cisoid

conformation

-/.

\J

zI\
¿-

fransoid

conformation

Predominant isomer
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The regioselectivity shown above, and the propensity for electron-donating group

on the diene and electron-withdrawing group on the dienophile to enhance Diels-Alder

reactions can be rationalized by frontier molecular orbital theory FN4O)33. FMO theory

states that: reactíons are allowed only when all overlaps between the highest-occupied

molecular orbítal (HOMO) of one rea.ctant and the lowest-unoccupie'd molecular orbital

(LUMO) of the other are such that a positive lobe overlaps only wíth another positive

Iobe and a negatíve lobe only with another negative lobe3z. The predictions are based on

the most favourabie interaction of the HOMO of the diene and the LUMO of the

dienophile. An eiectron-donating group on the diene raises the energy of the diene

HOMO and an electron-withdrawing group on the dienophile lowers the energy of rhe

dienophile LUMO. The result is a strong and dominant HOMO-LUMO inreracrion.

Thus the rate of the reaction is enhanced when compared to the unsubstituted case33. The

explanation of regioselectiviry requires a knowledge of the effect of substituenrs on the

coefficients of the HOMO and LUMO orbitals. An electron-donating goup (EDG) on

the 1 position of the diene leads to differently sized HOMO orbital coefficients ar the I

and 4 position of the diene.

o
ilo

EDG

/.'\/EwG

t!--,,
head-to-head addition

The relative sizes of the circies represent the relative magnitudes of the orbital

coefficients. The transition state which leads to the predicted adduct possesses the larger

HOMO coefficient of carbon I or 4 of the diene interacring with the larger LUMO

coefficient of the dienophile. As a result, dienes with electron-donating substituents at

position 1 generally add "head-to-head" with dienophiles bearing electron-withdrawing

EDG

,)
l+'ìo

EWG

->
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goups (EWG)35. For the cases in which primary orbital interactions do not provide a

definite preference, secondary orbital effects may determine the resulting regiochemistry.

In the absence of any dominant orbital effects, dipolar effects may direct

re gio selectivity 1 9'r+.

(5) For dienes reacting with unsymmetrical dienophiles, two possible transition srares

for cycloaddition can arise. If the substituent on the dienophile is located over carbon2 of

the diene, the transition state is referred to as endo. However, when the substituent on the

dienophile is extended away from the diene, the transition state is referred to as exo. The

isomeric products from the two transition states are also sometimes referred to as the exo

or endo product.

endo - addition

exa - addition

When both diene and dienophile are substituted, isomeric products can be

obtained depending on the addition mode (endo or exo). The primary orbital interacrions

(between the atoms to which new bonds are forming) which usually control the

regioselectiviry [see above], do not control the diastereoselectivity (endo vs exo).

Normaily secondary orbital and steric interactions play that role. Hence, stabilizing

secondary orbital interactions between the substituenr on the dienophile and carbon 2 of

the diene leads to predominantly endo adducts34'36. This is often referred to as the Alde¡

endo ruIe. This stabiiizing interaction is absent in the exo addttton mode. Note that the

RzZ

'+y'Rrs<
endo - transition state

4 R2

1r
endo - adduct

ero - fransition state

il
¿¡o - adduct
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endo addtnon leads to adduct with cis-1,2-stereochemistry while the exo addition produces

adduct with tr ans - 1,2- stereochemistry.

Section 1.3: Enantioselectivity and diastereoselectivity in asymmetric Diels-Alder

reactions

The synthesis of enantiomerically pure compounds is becoming increasingly

important in research, development and production chemistry in industry. This is mainly

due to the fact that almost all biological systems interact differently with chiral molecules

and thefu optical antipodes. Thus for applications of chiral molecules, it is essentia-l to

have access to all stereoisomers ofnatural products, flavours, fragrances and

pharmaceuticals. As the demand for these optically pure compounds grows, chemists are

challenged to devise new routes to meet this demand. While there are many different

ways of obtaining optically pure compounds, one of the most efficient methods is via

asymmetric synthesis. Asymmetric synthesis has been defined as: "a reaction in which an

achiral unit in an ensemble of substrate molecules is converted by a reactant into a chirai

unit in such a manner that the stereoisomeric products (enantiomeric or diastereomeric)

are produced in unequal amounts. In other words, an asymmetric synthesis is a process

which converts a prochiral unit into a chiral unit so that unequal amounts of stereoisomeric

products results"4.

Let us consider a Diels-Alder reacúon where both the diene and dienophile bear

achiral substituents.
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R2v
!!l

-Li t
Endo

st re
R' Exo,L+,

s, s¿

"v
Note : si re , si si, re si and re re refer to the prochiral faces of the diene and dienophile

With respect to the above reaction, AÆ and C/D arc enantiomeric pairs while A/C,

A/D,BIC and B/D are diastereomeric pairs. If the above reaction gives predominantly the

endo adducts A and B, then the reaction is said to be diastereoselective towards the endo

adducts. If the ratio of (A+B):(C+D) were 99:1, then one would say that (A+B) had been

generated with a diastereomeric excess (de) of 98Vo.For the above reaction ro be

asymmetric, it would have to generate an adduct of predominantly one absolute

configuration. That is, the newiy created chiral center(s) would be of one absolute

configuration. For instance, if A were produced predominantly over the other isomers, the

above reaction would be asymmetric as well as enantioselective. Notice that the absolute

configuration of the adduct obtained is related to the faces at which the diene and

dienophile react. Thus to make a Diels-Alder reaction asymmetric, one must be abie to

direct the reaction in such a way that only the appropriare face of the diene and/or

dienophile reacts.
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Section 1.4: Non-asymmetric Diels-Alder reactions of o-Quinodimethanes

Non-asymmetric Diels-Alder reactions of o-quinodimethanes have been studied

extensively and as eariy as 1959, o-QDM 6 was reported to react with N-phenylmaleimide

to forrn addtct737.

the parent o-QDM 1, by thermal extrusion of sulfur

the o-QDM with maleic anhydride and N-phenyl

of the corresponding adducts 9 and 10.

o

'd"Y
o

+-''
o

a,-Hydroxy-o-quinodimethane was firstly generated

A

t0

by Sammes et a139. Photolysis

o

o

Br

6Br
+-Ph-->

Cava et al were the first to generate

dioxide from sulfone 838. Trapping

maleimide resulted in the formation

1r
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of 2-methylbenzaldehyde generated the intemlediate a-hydroxy-o-quinodimethane 12,

which was trapped with acetylenedicarboxylic esters to form adducr 14.

(z)-13

This simple trapping experiment did not reveal whether both isomeric o-QDMs 12 and 13

were formed and trapped. Later, it was shown that photolysis of 11 in the presence of

maleic anhydride gave one major adduct 15, which then isomerized to the lactone-acid 16

when heated39.

^

->

It was concluded that the adduct arose from the endo addtuon of maleic anhydride to the

(E)-o-QDM 12. Althou gh exo addition of maleic anhydride ro rhe (Z)-o-QDM 13 could

also lead to 15, this is a much less favoured mode of addition because of the lack of

secondary orbital interactions33-35. Recent studies have shown rhat both 12 and 13 are

formed when atdehyde 11 is photolysedaO. It has been proposed that excitation of the

carbonyl group generates an excited næ* singlet state I. This næ* state then undergoes

intersystem crossing to form the næ* triplet state II. It is this triplet state that abstracts a

hydrogen atom intramolecularly from the ortho-methyl group to form the triplet state

dienol trI. m decays to form the two ground state dienols 12 and 1339. The iifetime of

hv

11

-/\

\J

ír
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13 as measured by flash photolysis was much shorter than that of 12, probabiy because it

undergoes a rapid 1,5-sigmatropic hydrogen shift which converts it ro the srafüng

aldehydeao. This may explain the elusiveness of 13 in chemical trapping experiments.

Successfui trapping of 13 has yet to be reported.

CHO

cHg

Rapid reversion

H

l'.

oQ"'
I

intersystem

--.->

crossing

hv

11

I inFamolecular

I ororor.r, abstraction

t
H

.-

(z)-r3 (E)-12

The trapping of o-QDM 12 was substantiated when benzocyclobutenol L7 was

thermolized in the presence of maleic anhydrideal. The product isolated was idenrical to

that obtained from the photochemical reaction mentioned above.

CO2H

+

OH

o"rro". 
)

-*\r\ -il
ra"Y

o

ir

Other derivatives of o-QDM-f.2have also been generated and added to maLeic anhyd.ride
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and dimethyl fumarate. In all cases (19-25) the cycloaddition proceeded with good

endo-selectivity forming the expected endo-adduct with cis-1,2-stereochemistryls'4743

+
aco2Me*l' _

./ 22 R=Me

19 n=Me
20 R=Ac

21 R = alkyl

CO2Me

.,,rrrc}2ly'."CO2Me 23
24
25

R=Ac
R = OTBMS
R = alkyl

With mono-substituted dienophiles, o-QDMs 12,19 ar;,d26 gave single regioisomers bur

the endo-exo selectivity varied. Addition of 12 to acrylonitrile gave two adducts4l.

Treatrnent of the adducts with methyl iodide gave27 and 28 in the rario of l:3. 27 and 28

were also isolated in the same ratio when o-QDM 19 was added to acrylonitrile. Recently

Wallace et al reported the reaction of o-QDM 26 wíth acrylonitrile to give the endo adduct

29 as the sole isolated productl4. with methyl acrylate as dienophile, end.o and

exo-isomers 30 and 31 were isolated in the ratio of 5:314. Note that in each case the

e n do - addrtion produc t predominated.
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t', OMe

^¿
\-\
t9

OMe OH

)-¿$
OMe

26

OH

Iffi'.
\r^--l \ r.,

OMe \I'Jffi'
\,^.r/ ,-.

27 - 
(ratio 7:3)

OMe OH

More recently, o'qDM 33 generated photochemically from N-silylimine 32 was trapped

with a variety of dienophilesa. In all cases , the end.o adducts were isolated.

R1 = CO2Me, R2 = Ph

R1= CO2Me, R2 - H
Rl-CN,R2=H

('.
........_

('o'*"
Me

OMe

OMe 30

CO2Me

+

(ratio 5:3)

ír

1r ír

atCO2Me.ll :+
\.or*u
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It was found that products arising from cycloaddition to the o-QDM produced either

thermally from o-phenyl-c,-hydroxybenzocyclobutenola5 or photochemicalty from

o-methylbenzophenon e4648, could. be best interpreted. as arising ftom endo addition to

o-QDM 34. In cases where unsymmsû'ical dienophiles were used, addition proceeded

with high regioselectivity.

o-QDM Dienophile Adduct

OH

Ph

1^

34

34

34

34

34

--_>

("ot*"
\co2rr.

.f"'*"
CO2Me

l'""

--+

CO2Me

CO2Me

--+

-+

ír

-s\ Ph:' ^cHo

--+
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Pfau et a/ photolysed similar benzophenone systems and added rhe corresponding

o-QDMs to mono-substituted dienophiles4748. As expected, the cycloadditions were

found to proceed via the endo-addttion mode and with good regioselectivity.

.,¡;q)*.(*' hv

--+ Rl

Rl = H; R2 = Co2Me

R1 =Me;R2=CO2Me

R1=H;R2=CN

R1 =Me;R2=CN

Sammes et al found that both the @,E)- and the

(E,Z)-a-hydroxy-o'-phenyl-o-quinodimethanes were generated photochemically from

Z-benzylbenzaldehyde. The two isomeric o-QDMs were trapped with maleic anhydride ro

give a mixture of cycloadducts 35 and. 3639. Under thermal condition the adducrs

isomerised to the corresponding lactone-acids. It was proposed that oniy o-QDMs with

the oxy-substituent occupying the (E)-position were trapped.

OH

'ld
l^ 36 ¡o o

V

o** 
d.,'"

2

(ratio 4:1) Ph

OH

^y'"Ç,lo'"'
Ph

OH

¿ry)"
\.

G

OH

loffiw lo
,/ 

rr Ph^

1r
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To further demonstrate that o-oxy-substituents of o-QDMs are reluctant to occupy the

(Z)-position, Sammes et al thermolized benzocyclobutenes 37-40 in the presence of

maleic anhydrideas.

37 R = tvte

38 R=ec
OR 41 R = tr,te

42 R= Ac

44

G)fd".
39 R=Me
40 n=¿,c

Thermolysis of trans-benzocyclobutenes 37 and 38 produced endo-adducts 4L and 42,

while thermolysis of cis-benzocyclobutenes 39 and 40 under identical conditions did not

produce any adduct. At elevated temperatures (>140oC), decomposition of the

benzocyclobutenes was observed. These results further indicate that conrotatory ring

opening of benzocyclobutenes to o-QDM systems of the type 44 is prohibited. From all of

the literature examples shown above, one can conclude that o-QDMs bearing o-oxy or

a,-alkoxy substituents prefer to react with the substiruents in the @)-position.

Charlton et al have generated o-oxy-o'-phenyl-o-QDMs and studied their

reactivity with va¡ious dienophilesl9. Thermolysis of the appropriate sulfone could in

principle produce o-quinodimethanes 46,47,49 or 50, depending on the configuration of

the precursor used (cis or trans) and the mode of the pericyclic ring opening of the

sulfone.
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46

It was assumed that cis-sulfone 45 gave oniy the sterically less hindered (E,E)-o-QDM 46

rather than the sterically more hindered 47. On the basis of the arguments put forward by

Sammes et al4s, it was also assumed that rr¿ns-sulfone 48 gave only o-QDM 49. 46 and

other similar systems have been added to a variety of dienoph11"t2739,a8. The results are

shown below:

Ph

47
OAc

á-/

\Å2.,
49

Nloo"
\Å

s0 l,

4g Þ¡

OAc
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R

(

Ph

,tCO2Me

)l-
46 R=OAc
51 R=oIt
52 R=oMe
53 R=scHzPh
54 n = Morpholine

R

I1(,
\-\ .l

46 n=oA. 
Ph

52 R=oMe

Rq
Ph

46n=oec
51 R=oH

CO2Me

Ë

,tcoz}Ie 
Co2ilIe

\.or*.--> 
%co2'e

Ph

åo

-+æ:::þ
:o
Ph

The reaction of o-QDMs 46 and 5l-54 with dimethyl fumarate always produced the

expected endo-adduct as the major isomer. However endo-exo selectivity varied. wirh the

dienophile. In the case of the reaction with dimethyl maleate, o-QDM 46 gaveprimarily

exo-addttct whiie reaction with maleic anhydride gave endo-adduct exclusively.

The isomenc @,Z)-o-QDM sysrems 49 and55 have also been add.ed to

dienophilesl9'39.

ii
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atCO2Me-ll-
Ph 

-/
CO2Me

49

CO2Me

-+
CO2Me

OAc

CÖ
49

R

z--)
(-

o

,.*+->
49 n=oac
55 R=on

Reaction of o-QDM 49 with dimethyl fumarate gave an exo-addt¡on product while its

reaction with dimethyl maleate and maleic anhydride gave endo-adducrs. o-QDM 55 also

gave endo-adduct with maleic anhydride as dienophile. The presence of an c,'-phenyl

group in o-QDMs had a directing effect on the stereochemical outcome of the

cycloaddition process. For exampie, the reactions of o-QDMs 46, 49 and 51-54 with

dimethyl fumarate and/or dimethyl maleate aiways gave cycload.ducts with3,4-trans

stereochemistry. Steric repulsion may have forced the reaction to proceed in such a

manner that the resulting adducts have a trans disposition be¡veen the 4-phenyl and the

neighbouring gloup at the 3-position. However, with maleic anhydride as dienophile

(reactions with o-QDMs 46, 49,5I, and 55), secondary orbital interactions were the

principle controlling factor in the cycioadditon, overrode the steric repulsion factor, and

only endo-adducts were produced regardless of the stereochemistry at the 3 and 4 position.

Addition of o-QDMs 46 and 52 to methyl crotonate proceeded with poor regioselectivity

v\
\J
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while o-QDM 53 proceeded with good regioselectivitylg'z7. The cycloaddition once again

produced adducts w ith tr ans -3,4 stereochemis ury.

R

(.*Í'":

Ph
46 R=oac
52 R = otvlu

II2Ph

aCo2Me.ll'-
u"/

CO2Me

+

Me

R = OAc,

R = OMe,

ratio = 1:1

ratio = 1:5

SCq
CO2Me

53 Ph

Mann and Piper generated the phenyl substituted o-QDM 56 and studied its

stereoselectiviry in cycloadditions2o. With dimethyl maleate as dienophlle endo adduct 59

was reported as the sole product. Dimethyl fumarate gave exo adduct with the phenyl

$oup trans lo the neighbouring ester function. In the case of methyl acrylate, adduct 57

was isolated as the major adduct along wíth 25Vo of the 3, -cis isomer. It was claimed thar

the amount of cis-3,4 isomer was increased when addition was carried out at a slightly

lower temperature. The authors concluded that the trans-3,4-adduct was the result of a

retro Diels-Alder addition. In other words, at 200"C (the temperarure at which o-QDM 56

was generated) the initialiy formed adducts with cis-3,4-stereochemisrry subsequently

isomerised to the thermodynamically more stable trans-3,4-adducts.

1-l ír

1r
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UtCA2Me

)-+
CO2Me

-,tCO2Mell#
\orrø.

-+

o
R = R = -CH2- iAr = 3,4,5-trimethoxyphenyl
and R = Me ; Ar = 3,4-dimethoxyphenyl

Connadictory results were published iater by Charlton and Durst although the o-QDM

used was slightly different22. o-QDM 6L was generated at 80"C and added to dimethyl

fumarate, dimethyl maleate and methyl crotonate. V/ith dimethyl maieate the adduct

obtained (62) had trans-3,4-stereochemistry, opposite to what Mann and Piper observed

earlier. Since the addition was carried out at a much lower temperature, isomerization of

3, -cis adduct to the 3,4-trans adduct (as claimed by Mann and Piper) appeared to be

highly unlikely. Methyl crotonate also added regioselectively ro formed exo-ad.duct 64.

The adduct 63 formed with dimethyl fumarate was also exo,in agreement with resuhs

CO2Me

CO2Me

CO2Me

CO2Me

reported by Mann and Pipe/O.
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s, c,, c,' -Trisub stituted o-QDMs

predominan tJy e ndo adducts48.

R = Ph; R'= Ph

R=Ph;R'=Me
R-Me;R'=Me
R = Me; R'= Ph

-,.CO2Me.ll
CO2Me

-,tCO2Me' ll ---
M/

a'tCO2R'

ll 
-

..so"

....sCO2Me

.rrrr, 
corwe

CO2Me

......rCO2Rt

CO2R'

-,t 
CO2Me

ll 

-
\or*.

-'>

have been generated photochemicaily, and addition gave

CO2R'
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In summary, all of the literature examples on non-asymmetric Diels-Alder

reactions of o-QDMs indicate that the cycloadditions normaliy follow the Alder endo rule

giving predominantly endo adducts. The only exceptions appear to be those cases in

which the presence of an c,-phenyl or a,-aryl goup in the o-QDM leads to cycloadducts

with the phenyl or aryl group trans to the neighbouring substituent. Maleic anhydride

always reacts via an endo ransition state.

Section 1.5: ApplÍcation of non-asymmetric Diels-Alder reactions of

o-quinodimethanes in natural product(s) syntheses

Non-asymmetric Diels-Alder reaction of o-QDMs have been applied extensively in

organic synthesis. Both inter- and intramolecular processes have been employed. The

classes of compounds synthesized using o-quinodimethanes include alkaloidslT'a9,

steroids5O-52, terpenes49, anthracycliness3 and aryltetralin lignans4. An exhaustive survey

of the literature would be impractical since it is so exrensive, and this review will only

survey the a¡ea of aryitetralin lignans since this thesis research invoives the synthesis of

these compounds. Readers who are interested in other areas are encouraged to read the

review articles referenced.

Lignans are a class of natural products (isolated from plants) which contain rhe

basic 2,3-dibenzylbutane skeleton 65. They are probabiy formed from two propylphenyl

units linked together at the B-carbon of each side chain. Lignans with the side chain fused

with the aromatic ring can be classifîed into two main goups. One of the groups is called

the aryltetralin lignans, and they can be represented by the basic structure 6654.
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Among the aryltetralin iignans isolated from nature, podophyllotoxin is the most well

known because of its antimitotic and tumour damaging activity. Its semisynthetic

derivatives etoposide and teniposide are in clinical use as anticancer agents55.

Sikkimotoxin has also received considerable attention as a potentiai cancer

chemotherapeutic agent.

o5

podophyllotoxin

OH

OMe
sikkimotoxin

.\jfu"

R = Me, etoposide

-= 

Ê 
'teniPoside

o

(
o

OMe

1r

1i1r

1r

OH

OMe

ír
1i
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The synthesis of aryltetralin lignans using o-QDMs has been reviewed recenrly4. Block

and Stevenson first prepared lignan analogs by irradiating 2-methylbenzophenone in the

Ar

j*""

67 ¿lr=
68er=

o

(
o

o
1) NaBH¿ U#(
2)H+ \

o :iq."::
Ar

Tetradehydropodophyllotoxin (4r=3,4,5-trimethoxyphenyl)

f airvanin E (Ar=3,4-methylenedioxyphenyl) 
t^r,uvur " 

| ,,o,r*

ol(q".<"@.8(q;::
AroArAr

Tairvanin E (Ar=3,4-methylenedioxyphenyl)

Tairvanin C Justicidin E

Ar=3,4-methylenedioxyphenyl

Justicidin E and Taiwanin C were also prepared by Mann et alby generating o-QDM 70

from sulphon" 6920-21.

presence of various dienophiles46. Later Sammes et aI synthesized.

Tetradehydropodophyllotoxin, Justicidin E, Taiwanin C and E via o-QDMs 67 and 681s

CO2Me

(q"Ï-1" o

(
o

Årc
3,4,5-trime thoxyphenyl

3,4-methylenedioxyphenyl

l*
O2Me

1r

ír 1r



o

(ÐÇ"'-L(q.,4"
6e ar 70 

"l :

ï:Håê (q"
Å"o

70 was aiso the key intermediate in the synthesis of 3-methyl-1-deoxypodophyllotoxin56

+*("@:"þ
i MeO
Ar

2-methyl-4-deoxypodophyllotoxin

Ar - 3,4,5-trimethoxyphenyt

A simiiar sulfone was generated by Mann for the preparation of (+)-phylterralin and other

o

(
o

lignan analogs2l'sz.
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J3Ç"4'."q.{""*"ar t.l

"'rrrciH2owe Meo
,rrrrr, 

COZM"

ar Ar
1*¡pnyttetratin
Ar = 3,4-dimethoxyphenyl

Durst and Glinski generated o-QDM 67 andtrapped it with dimethyl fumarare to produce

the endo cycioadduct which was converted to (t)-epiisopodophyllotoxin5s.

(q--ç a,co2Me

ll-->
./

CO2Me

CH2OMe MeO - - -/a- _^- ¿CO2Me

<-+

+

o

(
o

BHEr3

:
Ar

lu
+
OH

:

Ar
CO2Me

67 fr = 3,4,5-trimethoxyphenyl

oXo
o

--(
CO2Me O

Ar

OH

o

(
o

o

(
o

(t)Epiisopoaophyllotoxin

DCC
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Generation of o-QDMs employing the benzo-Peterson reaction was expiored by Takano et

al. tJnder thermal conditions, o-QDMs 7059 and 7L60 wereformed by 1,4-eliminarion

from the corresponding o-hydroxymethylbenzylsilane. The resulting maleic anhydride

endo adducts were converted to (t)-deoxypodophyllotoxin and (t)-sikkimoroxin.

110"C
.......--..-.*

R2

o

'/"Y
oAr

Ar = 3,4,5-trimethoxyphenyl

o

(
o

Ar

70 Rr = R2 = -OCH2O-

71 Rf = R2 = MeO

MeO

MeO

€€

Sikkimotoxin

Das er aI also generated o-QDM TLby thermolysis of isochromanone 7261. The adducr

with N-phenyl maleimide was subsequently converted to (+)-deoxyisosikkimotoxin.

otn'o :reo\ay, 
"/_*"*'->*"|j,; 
V-"Ar=3,4,5-trimethoxyphenyl 

+ ;
Ileo#"""\

1*"4
!o
Ar

Deoxypodophyllotoxin Är
OH

1r

Ar = 3,4,5-trimethox¡phenyl

1*¡ -Oeoxyisosikklnotoxin
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A racemic synthesis of podophyllotoxin and analogues via intramolecular cycloaddition of

o-QDM was recently accomplished by McDonald and Dursts. Appropriately substituted

benzocyclobutenes were thermolised and adducts with the same relative stereochemistry

as podophyllotoxin were isolated.

ozH

(Ratio 5: 1)

o

oÅñ.-rco2H

o

(
o

o

-\ONH
j,..

o

(
o

:
R

I

I s""."rl
| ,,.o,L*

R = 3,4,5 - trimethoxyphenyl
and R -Phenyl

As shown by the literature review

intermediates in organic synthesis.

and the few examples above, o-QDMs are versatile
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Section 1.6: Asymmetric Diels-Alder reactions of o-Quinodimethanes

As mentioned in section 1.3, for a Diels-Alder reaction to be asymmetric, the adduct

generated must be of predominantly one absoiute configuration. The absolute

configuration of the adduct obtained is directly related'to the face at which the diene

and/or dienophile react. Hence to achieve asymmetric induction during the reaction, one

must be able to control the facial selectivity of the reaction. One way of achieving such a

goal is to place a control element on the diene. Such a control element is often referred to

as a chiral auxiliary and it is usually homochiral (of one absolute configuration). A chiral

auxiliary which can be removed easily from the cycloadduct and recovered is also

desirable.

Ito et al were the first to introduce a chiral auxiliary into an o-QDM system62. The

oxazolidinium system 73 was prepared, and treated with fluoride anion to generate

o-QDM 74. Reaction with methyl acrylate led to the endo adduct 75 with a predominance

of the (R,R) configuration (ratio of 2:I over (S,S)). These researchers concluded that the

asymmetric induction was due to rc-stacking of the phenyl $oup of the chiral substituenr

with one face of the o-QDM, thereby preventing the dienophile from adding ro rhar face.

Me

F-

75

o NMe.

,X,."
ír ír



5J

Later, Charlton studied a similar case and showed that n-stacking was not the controlling

mechanism24'28.

$.('"'*"' dco2Me
76 77

He generated o-QDM 76 andreacted it with methyl acrylate to give the major adduct 77,

which had the (S,S) stereochemistry. According to Ito et a\,76 should æ-stack to form

conformations 78 and79, with 79 having less non-bonded interactions relative to 78.

Endo addition of methyl acrylate to the less stericaily hindered face of 79 would have

given 77 with the (R,R) confîguration, opposite to what was observed experimentally.

Charlton proposed that the intermediate o-QDM 76hada preferred conformation as

shown above. The phenyl group in the chirai auxiliary would block the bottom face of the

diene system thereby leading to asymmetric induction and the absolute stereochemisrry

observed.
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In a following paper, Charlton et al exchanged the methyl goup in the chiral auxiliary for

an isopropyl or t-butyl group25. The exchange was found to improve the

diastereoselectivity of the cycloaddition. This would suggest that increasing the size of

the alkyl group increases the preference for conformationT6. This new found facial

control strategy was later applied to the asymmetric synthesis of (+)-isolariciresinol

dimethyl ethe#. Sulfone 80 bearing the (R)-l-phenylethyl chiral auxiliary was rhe

o-QDM precursor used in this synthesis.

CO2Me-/

)
CO2Me

Me

þ,i^
cH2oH

1) H2lPd<--
2) LiArH4

Ar
(+) -Isolariciresinol dimethyl ether

Generation of o-QDM 81 in the presence of dimethyl fumarate produced 82 as the major

endo adduct. Removal of the chiral auxiliary and reduction gave (+)-isolariciresinol with

an optical pudty of 83Vo.

ír
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An alternate way of controiling the facial selectivity would be to place rhe control

element on the dienophile. Such strategy was empioyed by Kametani and Nemoto in the

asymmetric synthesis of estradiol63. Thermolysis of benzocyclobutene 83 gave adduct 84

exclusively. In this case the reaction proceeded through the sterically favowed exo

transition state and the existing chiral centres near the dienophile controlled the face at

which the dienophile reacted. The adduct was converted to (+)-estradiol with an

enantiomeric excess of 97Vo.

Later Oppolzer et al aJso synthesized optically pure estradiol employing a similar

o-QDM system4. In this case sulfone 85 was the o-QDM precursor.

(+)-Estrone which could be converted to (+)-estradiol was prepared by Quinken

and starks1. The required. o-QDM was generated photochemicatly from the corresponding

ketone 86.

1r

1r1r
(+)-Estradiol
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85

l^

OSiMe2tBu

OSiMe2tBu

OSiMe2tBu

+

+

(+)-Estradiol

MeO

(+)-Estrone

Franck et al tnvesttgated the addition of o-QDM 87 to the chiral dienophile 8864. The

addition gave two endo adducts in the ratio of 4:1. They concluded that orbital inreraction

was dominant over steric factors in controlling the facial selectivity at the dienophile.

ir 1r

ír H 1r

1r



pSi(Me)2t-Bu

OSi(Me)2t-Bu

CO2Et

Parallel to this thesis work, a co-worker, Guy Plourde, studied the cycloaddition of rhe

fumarate of (S)-methyl lactate with o-QDML26. This reaction gave cycloadduct 89 with

high asymmetric induction (de >95Vo), via an unusual exo transition state with preferential

addition to the re face of the dienophile. The adduct possessed the !,2-trans

stereochemistry instead of the usual 1,2-cís stereochemistry observed from endo addition.

/**
ll_+

Rr

This highiy diastereoseletive reaction was sucessfully applied to the asymmetric synthesis

of a podophyllotoxin analog6s. Generation of o-QDM 90 in the presence of (S)-methyl

lactyl fumarate yielded adduct 91, which was eventually converted to rhe podophyllotoxin

analog92.

OH

t2

OSi(Me)2t-Bu
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OH

^¿q
90 Ph

1* 
110'c ,

Rr

9l
I
I

ToH
;

o*.Ao
CO2Me

An asymmetric synthesis of epüsopodophyllotoxin 97 was recently attempted by Choy66.

Treatment of benzocyclobutene acetate 93 with n-Bul-i generated o-QDM 94. Addition to

the chiral butenolide 95 proceeded regioselectivitely and diastereoselectively to give the

endo adduct 96 as the major product, which was subsequentiy converted to 97.

,+o2c,Bu
+

oHo

+-(ru:::L,.*"

o

(
o

2 n-Bul,i+

93

Ar = 3,4,5-trimethoxyphenyl

97 Ãr

Epiisopodophyllotoxin
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The literature survey above indicates that a limited amount of work has been done in the

area of asymmetric Diels-Alder reactions of o-QDMs. In the area of aryltetralin lignan

synthesis employing o-QDMs as a reaction intermediate, oniy the three asymmetric

syntheses cited above have appeared in the literature. The various stereochemistries (both

relative and absoiute) present in aryltetralin lignans might be accessible by asymmetric

Diels-Alder reactions of o-QDMs if appropriate chirai auxiiiaries were chosen to conÍol

the stereochemical outcome. Figure 1 below illustrates some of the stereochemisrries

present in aryltetralin lignans isolated from the plants Podophyllum peltatum (May apple),

p o do p hy t I um emo dí and p o d o p hy I I um s i kkim e ns i s55 .
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Figure 1:
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Among the aryltetralin lignans shown in t¿ble 1, podophyllotoxin has received the

most attention from organic and medicinal chemists. Its semisynthetic derivatives,

etoposide and teniposide, are cruïently in use as anticancer drugs55. Synthetic chemists

have been attracted to podophyllotoxin for the stereochemical challenge represented by its

four contiguous chiral centers. The difficulty in synthesizing podophyliotoxin and other

aryltetralin lignans having the same stereochemistry as podophyllotoxin resides in the

conuol of the relative and absolute stereochemisries. Although there are many syntheses

of racemic podophyllotoxin in the literatureó7, only one asymmetric synthesis has been

published. Meyers et al employed the chiral oxazoline system 98 to control the

introduction of the 3,4,5-trimethoxyphenyl group. Compound 98 was asymmetrically

alkylated with the 3,4,5-trimethoxyphenyl group to give the intermediate 99. Removal of

the chiral oxazoline followed by functional group conversion gave 100, which was

eventually converted to (-)-podophyllotoxin. The whole synthesis was achiev ed in 24

steps in an overall yield of 5Vo68.

:
99 Ar

I

100 Ar

(@:]î**{"
98 N{rzorvre

(-)-podophyllotoxin

Ar = 3,4,5-frimethoxyphenyl

OTBDMS
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An asymmetric synthesis of (-)-deoxypodophyilotoxin, which can be converted to

podophyltotoxin, has been accomplished by Achiwa et a169. The key step in this synthesis

was the asymmetric hydrogenation of alkene L01 with a rhodium caralysr to give the

intermediate L02, which lvas converted to (-)-deoxopodophyllotoxin in 6 steps in an

overall yieldof 107o.

H2

rhodium catalyst

10t L02
The asymmetric cycioaddition of o-QDMs to an appropriate dienophile may presenr a

more efficient route to optically active podophyilotoxin and will be presented in this thesis

work.

Another class of compounds which has received considerable attention from

medicinal and organic chemists in recent years is the 2-aminotetralins, compounds well

known to exhibit central nervous system drug activiry1Ù-13. Many 2-aminotetralins have

been shown to be potent dopamine agonists and are potential antipsychotic and.

anti-parkinsonian drugs. Figure 2 below shows several 2-aminotetralins which are

dopamine agonistsT4.

Figure 2:

N(Pr)2 N(pr)z

10s Pr = n-p¡e't¡
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The bioiogicai activity in these compound.s is directly related to the absolute configuration

at C-2. For compounds 103 and 104 it was found that the more active enanriomer had the

S configuration at C-2, whereas biological activity in 105 and 106 resided in the

enantiomer with the R configuration. Their optical antipodes showed little or no

dopaminergic activity. For proper biological testing of members of this class of

compounds, the preparation of pure enantiomers is essentiai. In most cases, optically pure

2-aminotetralins have been obtained by reductive amination of the 2-tetralones followed

by resolution of the resulting racemic amines74.

2-tetralone

An asymmetric reductive amination procedure utilizing (R)-1-phenylethylamine

for the preparation of nonracemic i-methyl-5-methoxy aminotetralins has appeared in the

literatureT5.
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cH3o

(-r-)_z_tetralone RatioA:B= 9:l

A chiral pool synthesis of (R)-2-amino-6,7-dihydroxytetrahydronaphthalene

(ADTN) employing (R)-N-(trifluoroacetyl)aspartic anhydride as a chiral synthon has also

been published. ADTN was prepared with an optical puriry of >9iVo76.

ltto<_+
cH3o

.-sNHCOCF3

Both of the syntheses shown above lack generality. Synthesis employing asymmerric

reductive amination depends on the availabiiity of the required 2-tetralones. The chirat

pooi synthesis is tied to a specifi.c chiral synthon. In this thesis work, a general

asymmetric synthesis of ADTN employing o-QDM as a key intermediare wiil be

presented.

ír ir
CH3O

1* ¡-2-tetralone

ADTN
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CHAPTER 2

RESULTS AND DISCUSSION

Studies of the cycloaddition reactions of o-QDMs and of the application of these

reactions to natural product synthesis have been carried out. This section will disclose the

details of these studies. At the outset of this thesis research, an asymmetric synthesis of

the biologically active 2-aminotera¡n 11970-22 udlizingan o-QDM as an intermediate was

proposed. The proposed strategy involved the photolysis of an appropriately substituted

2-methylbenzaldehyde in the presence of sulfur dioxide to give the sulfone 108, via

trapping of the intermediate o-QDM L07. Sulfone 108 would then be converred to alkoxy

sulfone 109 bearing a chiral auxiliary (R*), using a method previously developed by

Chariton and Durstl8. The presence of the chiral auxiliary R* in the o-QDM generated

thermally from 109 would hopefully control the facial selectivity of the subsequent

cycloaddition step. The adduct would then be converted to the optically active targer

moiecule 110.
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Proposed Synthesis of ADTN

hv

-> L07

oRi

, CO2Me

NHz

OH

:Ki;::d",

110
( R) - ADTN

4,5-Dimethoxy-2-methylbenzaidehyde 113 would have been an appropriate starting

aldehyde for such a synthetic expedition. However, it had been previously shown that

photolysis of this aldehyde with suifur dioxide under various conditions did not produce

any desirable sulfoneT6. As part of this thesis work, phoroiysis of

4-methoxy-2-methyibenzaldehyde 1L4 with sulfur dioxide and dimethyl fumarate was

investigated, and also failed to produce any of the expected trapping products from the

o-QDM. Only the starring materials were recovered.

SO2 or Dimethyl fumarate

113 n - oMe
114n=u

The failure of the above reactions may be due to the unsuccessful photoconversion of the

aldehydes to o-QDMs, or to the unreactive nature of the o-QDMs roward dienophiles, The

108

I **o"t oR*
IRo:âd

noA,A/'
109

no
reâction
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latter suggestion probably does not apply to 4,5-dimethoxy-2-methylbenzaidehyde since

the corresponding o-QDM 115 has been generated from

4,5-dimethoxybenzocyclobuten-1-ol, and has been shown to be reactive in Diels-Alder

reactionsl6.

A

->

.^l*T""¡ç""
113115

Although there is no direct evidence, the failure of the photochemical step may be due to

the presence of the methoxy group para to the aldehyde funcrion, which may change the

character of the lowest excited triplet state by lowering the næ* state below that of the

more reactive nfi* state. This wouid inhibit the intramolecular hydrogen abstraction and

hence the fomration of o-QDMs (see section 1.4 for the mechanism of o-QDM formation).

This rationalization has been used to explain the lack of intramolecular hydrogen

abstraction in methoxy substituted valerophenonesTT' 78. Since it was not possible to

synthesize 1 10 starring from 4,5-dimethoxy-2-methylbenzaldehyde, other

2-methylbenzaldehydes with less electron donating substituents at rhe 4 and 5 position

were assessed. The introduction of less electron donating substituents should less affect

the excited states of the aldehyde. Acetoxy and sulfonyloxy substituents were chosen as

they should reduce the electron donor characteristics of the oxy-substituents.

The acetate, mesylate and tosylate derivatives of 4-hydroxy- and

4,5-dihydroxy-2-methylbenzaidehyde were prepared as shown in the scheme below.
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111 n=n
112 n - Meo

**lï;'*ï.''
V

HO

TolSO2Cl =

12L

MeSO2Cl or TolSO2Cl

Rtro

tL7

*o.l*2o
lNzi

11.9

'?o

R' = SO2Tol 897o

R' = SO2Me 947o

122n" =so2M.egtvo
123 n,' -- so2Tot6svo

3-Methoxy and 3,4-dimethoxytoluene were brominated in carbon tetachloride to

give the corresponding bromides 111 and Il2 in 88 and 85Vo yieldrespecrively.

Treatment of 111 with magnesium, andll2 with r-butyllithium followed by N,N-dimethyl

formamide produced aldehydes 114 and 113. The demethylation of 113 and 114 to form

hydroxyaldehydes 116 and L17 was accomplished using pyridine hydrochlorideTe. The

aldehydes 116 and 117 were smoothly converted to the corresponding acetate, mesylate

and tosylate derivatives in good yields.

.*"X4=,."K(:
R-H,OMe

MeO

l'l4

ZS øol 
PJ.idioe hydrochtoride

1180-190 
-C 

, N2

t

MeO

MeO

Lt6

MeSO2Cl or TolSO2Cl

N(EÐs

113

I Prrid¡o. hvdrochloride\av"lão-so'c, Nz

""re(:tr"rL"

"'/t¡MgÆHF

118
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Irradiation of aldehydes 118, l2l or I23 inbenzene in the presence of excess

sulfur dioxide using a 450 watt medium pressure mercury lamp and a pyrex filter led to

slow disappearance of the starling aldehyde. The formation of a new compound

(presumably sulfone adduct) was evident on TLC. However, artempted isolation of the

sulfone product by evaporation of the benzene and base extraction led only to isolarion of

the starting aldehyde. The suifones l24a-c appeil to be unstable at room remperarure,

slowly reverting to the starting aldehydes during the isolation procedure. The above

isolation procedure had been successfully used to isolate other suifones22.

118 n=H,R'=oAc
121 n=R'=oac
123 n-R'-oso2Tol

l24aR=H,R'=oAc
I24bR=R'=oAc
L24cR=R'=oSo2Tol

The mono-tosylate 119, on the other hand, was cleanly converted to hydroxysulfone 124ct

which could be isolated in good yíeld (67Vo). It could be characterized despite being

somewhat thermally unstable, decomposing back to aldehyde 119 over a few days ar room

temperature. Its lH nmr showed. the presence of H-1 as a singlet at 5.59 ppm, and the two

H-2 protons appeared as an AB quarrer at 4.25 ppm with Ju,r= 16.06 Hz. The specrroscopic

data (including infrared) are consistent with those previously reported for similar types of

sulfones22.

ír
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d*€d",
119 I24 d

The mono-mesylate 120 could also be converted to hydroxysulfone l24e (70Vo).

Unfornrnately it was insoluble in most organic solvents. For characterization purposes,

124e was converted to the more soluble methoxy derivative L25 inrefluxing

dichloromethane / methanol containing a trace ofp-toluenesulfonic acid.. In addition to

the singlet for the mesylate group at 3.18 ppm, the lH nmr or l2S aiso showed the

presence of a methoxy singlet at3.84 ppm. The dimesylate atdehyde L22 was converted

to hydroxy sulfone L24f n 67Vo yield. It was also insolubie in mosr organic solvents and

was converted to the more soluble acetoxy derivative 126.Tlne conversion was effected in

acetic anhydride / sodium acetate at room temperature. However, L26 could oniy be

isolated in32Vo yield presumably due to the decomposition of the starring sulfone during

the course of the reaction. A substantial amount of aldehyde L22 was isolared from the

reaction mixture. The nmr of 126 showed the presence of t'wo mesylate methyl groups

(3.30 and 3.31 ppm) and one aceroxy methyl group atZ.Z5 ppm.

OMe

_., 
" 
re(h_ "_cd, ", ffi L13d, 

",
I20 l24e LZs

OH OAc

I24f Lz6
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In view of the thermal instability of sulfones L24d and I24f , it seemed likely that

aldehydes llg,lzL andL23 did form o-QDMs upon i:radiation but that the sulfone

adducts were too unstable to be isolated. To show conclusively that these aldehydes did

form o-QDMs upon i¡radiation,ll9,l2l and 123 along wíth L22 were photolysed in the

presence of dimethyl fumarate, which is known to trap o-QDMs ùreversibiy22. Fumarate

adducts 127-130 were isolated in good yields (50-90Vo). The adducts consisted of a

mixture of two diastereomers in the ratio of approximately 2:1 (evident from proton nmr),

but they were not separated and individually characterized. The diastereomeric mixture of

adducts from 118 (L27) was dehydrated (methanoi /p-toluenesulfonic acid at room

temperature) with simultaneous deacetylation to give rhe dihydronaphthalene 131 in

quantitative yield. Similariy the diastereomeric mixture 128 gave L32. I29 and 130 were

dehydrated in refluxing toluene /p-toluenesulfonic acid to give the elimination product

L33 (90Vo) and 134 (74Vo). Proton nmr spectra of 131-134 were consistent with those

previously reported for compounds of similar structure2s. The characteristic H-1 alkene

protons of the elimination products were present as singlets between 7.50-7.60 ppm.

hv+
Dimethyl-

p-TsOH

->
¡4s fumarate

118 n=H,R'=oAc
121 n=R'=oAc
122 n= R'= oso2Me
123 n-R'-oso2Tol

127 n= H, R' = oAc
128 n=R'=oAc
129n=R'=oso2Tol
130 n-R'=oso2Me

131n=H,R'=oH
132n=R'=oH
133 n -R'= oSo2Tor
134n-R'-oSo2Me

From the above experimental results, one can conclude that 4- and 4,5-diacetoxy,

dimesyloxy and ditosyloxy-2-methylbenzaldehydes can be photochemically converted ro

o-QDMs and trapped with sulfur dioxide. However, in view of their thermal instability,

the outlook for introducing a chiral auxiliary into the 4,5-diacetoxy-, dimesyloxy- and

ditosyloxy- suHones does not appeff promising. The facial control strategy for the

ír ir



52

asymmetric synthesis of 2-aminotetralin 110 was therefore revised. Attenrion was

directed towards the possibility of controlling the asymmetric Diels-Alder reacrion of an

o-QDM, such as 107, with acrylate, by placing the facial control element on rhe acrylate.

The resulting adduct could then be converted to 2-aminotetralin 110.

CO2R* H

several steps

---.>t07 110
(R)-ADTN

While the above research was being carried out, co-worker Guy Plourde was investigating

the ¡eaction of o-QDM 12 with the fumarate of (S)-methyl lactate6. He found that this

cycloadditon proceeded with very high asymmetric induction (de >95Vo), giving a single

exo adduct 89 possessing |,Z-tans stereochemistry. The addition took place on the re

face of o-QDM 12 andthe re face of the dienophile.

M'o2hr"/'
CO2R*

,",,,,CO,R*

89

R*= O2Me

An asymmetric synthesis of 110 should be possible if the cycloaddirion of the acrylate of

(S)-methyl lactate (135) (as opposed ro rhe fumarare used by Plourde) with an

a-hydroxy-o-QDM such as 107 also proceeded with high asymmetric induction. To

assess the diastereoselectivity of such a reaction, acrylate 135 was prepared in 87 7o yíeld,

by refluxing an excess of acryloyl chloride with (S)-methyl lactate in carbon

tetrachloride8o.

OH
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acryloyl chloride

Me

1...*t cct4
= Ho4Co2Me ;n*.d->

(S) - methyl lactate

OMe

fiJt"Alo,'"
135

A model reaction was then carried out. Iradiation of a benzene solution of

2-methylbenzaldehyde with excess (1.3 molff equivalents) acrylate 135 and rraces of

hydroquinone (to prevent the polymerisation of the acrylate) gave predominantly a single

adduct, which was isolatedin 55Vo yield after chromatography. The nmr of the crude

reaction mixture before chromatography showed that in addition to the signals due to the

excess acrylate and the major adduct, signals due to traces of other diastereomeric adducts

were also present. From integration of the signals, the major adduct was estimated to have

been formed with a diastereomeric excess (de) of at least 95Vo. The major adduct

exhibited a doublet at 5.00 ppm for H- 1 with a J r,2 of 9.30 Hz, similar to thar reported for

89 (J r,29.80 Hz). This result suggested a trans disposition of the substituents on carbon i

and2. Similar compounds having a cis disposition of the 1 and 2 substituents show a,Ir,,

of less than 5 Hzr4. Based on the magnitude of J¡2and the structural similarity to 89, the

major adduct was tentatively assigned the structure 136.
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OH

C][:'*,d

136

CO2H

136 was hydrogenolysed with hydrogen (1 atm) over 5Vo Pd/C in acetic acid at 70'C for 3

days to give a single product which was tentatively assigned structure L37. The infrared

spectrum of L37 showed the absence of a hydroxyl function signaliing the successful

removal of the hydroxyl group from 136. Hydrolysis of L37 furnished the known

(S)-1,2,3,4-tetrahydronaphthalene-2-carboxylic acid 138 ([s]o20 -53' (lil81 []D20 +55.5"

for (R)), confirming the absoiute configuration for center 2. Since the configuration of the

lactate center is known to be (S), then the absolute configurations of 136 must be

(1R,2S,S). The absolute stereochemistry of centers i and 2 of cycloadduct 136 can only

arise from the addition of the re face of o-QDM 12 to the re façe of acrylate 135 via an

unexpected ¿xo transition state. It is noteworthy that the acrylate of (S)-methyl lactate,

like the fumarate of (S)-methyl lactate, gives the exo cycloadduct with o-QDM12, rather

than the endo adduct predicted by the Alder endo rule.

KzC03



55

qH

exo

---.->O2R* re re

Me
l.s

R* = 'Aco2Me

CO2R*

re re refers to the prochiral faces of the diene and dienophile

Since the reaction of acrylate 135 with an c,-hydroxy-o-QDM proceeded with excellenr

diastereoselectivity, an attempted synthesis of 110 was carried out with aidehyde 121 as

the o-QDM precursor. Photolysis of a benzene solution of L2l with excess acrylare 135

(1.5 molar equivalents) produced predominantly a single adduct (85Vo) with a J¡2of 9.54

Hz. Although the stereochemistry of the adduct was not directly determined, it was

assigned structure 139 since the reaction of the o-QDM from aidehyde l21- with acrylate

135 was expected to proceed with the same stereoselectivity as was observed for o-QDM

12. Hydrogenolysis of 139 over 5Vo Pd/C in acetic acid at 70'C for four days resuired in a

less than 20Vo yield of the desired compound 140 (evident from nmr). Most of 139

remained unreacted. The reaction lvas then carried out at a higher temperature (90'C for 4

days) in hopes of forcing the reaction to completion. However, the nmr of the high

temperatue reaction product showed the presence of at least th¡eè compounds, two of

which were 139 and 140. The other compounds presumably arose from competing

dehydratior/reduction reactions. Compound 140 couid nor be obtained in high yield.

Hydrogenolysis of L39 in other solvent systems (5Vo Pd/C in refluxing methanol or ethyl

acetate) only resulted in recovered starting material.
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Ac\ZY,,cHo 
-rt +

.rcoz\,Jj-ty" 
4*z\,4 (o'".

140 139

Comparing the hydrogenolysis of 136 and 139 under identical conditions (H2,5Vo Pd/C,

70oC, acetic acid), it appeared that the acetoxy substituents in 139 had an adverse effect on

the hydrogenolysis process. In contrast, cycloadductS2, having the more electron

donating methoxy substituents, has been shown to undergo hydrogenolysis readiiy23.

"iry'"'þ.*mco2R*

H2lPdlc

-.>

MeOH

Ar = J, 4-dimethoxyphenyl

In view of the difficulties encountered with the hydrogenolysis of 139, a synthesis via the

4,5-dimethoxy-o-QDM 115 was reconsidered. As shown above, 115 could be generated

from 4,5-dimethoxybenzocyciobuten-1-ol at 110"C. However, the stereoselectivity of the

reaction of an o-QDM such as 115 with acrylate 135 at the higher remperarure required

(110'C) remains to be assessed. For a model study, benzocyclobutenol 17 was

synthesized by using a modified literature procedurelz. Diazotízarion of anthranilic acid

(2-aminobenzoie acid) with isoamyl nitrite in boiling vinyi acetate produced 1-acetoxy

benzocyclobutene 141 in 47Vo yield.141 was deacetylated in methanol in the presence of

L21
135

QH

Rx=
CO2Me

Me

.Þ;,

ir
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a cation exchange resin (acid. form)lO to give benzocyclobutenol 17 n 68Vo yield.

Thermoiysis of 17 with excess acrylate 135 (3 molar equivalents) at 110'C for 6 hours

gave 136 aiong with other diasteromers (9:1 by nmr integration) in a total yield of 73Vo.

The minor diastereomers could not be separated and hence were not individualty

characteized. One of these isomers exhibited a doubiet for H-1 at 5.11 ppm with a J¡2of

9 .42 Hz. It was assigned the structure 142 based on its large trans- 1,2 coupiing consrant.

/,.CO2R'.
I I rlo"cIl --+

135

OH

R{':
CO2Me

5

To assess the reactivity of an o-QDM prepared from a hydroxysulfone, the cycloaddition

was also performed with hydroxysulfone 5 as the o-QDM precursor, but failed to generare

any cycloadduct. The only products isolated from the reaction were umeacted acryiate

and 2-methylbenzaldehyde. The presence of sulfur dioxide (from sulfone 5) might have

shortened the lifetime of the o-QDM by combining with traces of water in the reacrion

mixture to formed sulfurous acid, which subsequently catalysed the tautomerization of the

o-QDM to 2-methylbenzaldehyde. The use of zinc oxide in the reaction, which had been

successfully employed previously to scavenge acid in simila¡ reactions2s, did not change

the outcome of the reaction.

Since a higher remperarue reacrion (110oC) of acryiate 135 with

a-hydroxy-o-QDM proceeded with good stereoselectivity, the stage was set for the

synthesis of ADTN. The required 4,5-dimethoxybenzocyclobuten-1-ol 144 has been

*

írír 1r
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prepared. by Kamsl¿ni et al, but by a rather lengthy procedure (8 steps), and in an overall

yield of only 8%o16'82. A more efficient route to this compound was needed. More

recently, Akgun et al rcported the synthesis of various benzocyclobutenols starting from

o-bromosryrene oxides in 5O-80Vo yieldl3. Thus the synthesis of L44 employing Dursr's

method was attempted. Treatment of 2-bromo-4,5-dimethoxybenzaidehyde with

trimethylsuHonium,iodide and potassium hydroxide in acetonitrile furnished the styrene

oxide 143 in 78Vo yieird93. Reaction of 143 with n-butyliithium and. magnesium bromide

etherate at -78"C followed by mild acid quenching at room temperature gave the desired

benzocyclobutenol 144 initially in 47Vo yield, but in subsequent reactions, under

nominally identical conditions, in lower and variable yields (20-30Vo).

(Me)3SI

--+
KOTI

MeO
1) n-Buli

--+

2) MgBr2
3) NH4CI MeOCH3CN

143 t44

In view of the unpredictability of the above procedure, a more reiiable procedure

was sought. Although Jung et al had little success preparing

1-acetoxy-4,5-methylenedioxybenzocyclobutene employing a benzyne route (87o yield

from diazotization of 2-amino-4,5-methyienedioxybenzoic acid with isoamyl nitrite in

vinyi acetate), this route was nevertheless examined.T. The 2-amino-4,5-dimethoxybenzoic

acid was drazodzed with isoamyl nitrite in refluxing vinyl acetate to generate the

intermediate benzyne, which was then trapped by vinyl acetate to give

1-acetoxy-4,5-dimethoxybenzocyclobutene 145 in a reproducible yietd of 45Vo after

purificationl2. The benzocyclobutene 145 was deacetylate d, in 30Vo ammonium hydroxide

/ methanol to give I44 ín 857o yield after chromatography. The spectroscopic properries

of L44 were identical to those previously reportedl6.

ír
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OAc
307ø NH4OH/ÌVIeOH

room temperature
6 hours MeO

Heating benzocyclobutenol I44 in a toluene solution of acryiate 135 (3

equivalents) gave one major and three minor cycloadducts (evident by nmr) in a total yield

of 93Vo after chromatography to remove the excess acrylate. From nmr integration, the

total amount of minor isomers was estimated to be I}Vo. Fortunately, the major isomer

couid be separated from its diastereomers by a more carefui column chromatography on

silica gel empioyíng25Vo ethyl acetate / hexanes as the mobile phase. The yield of the

majo¡ isomer after isomer separation was 80Vo. It was assigned structure L46 based on

previous experience (see above). The nmr of 146 exhibited a doublet for H-1 at 4.92 ppm

with a Jt,2oî9.12H2. A small amount of one of the minor isomer was also isolated. This

minor isomer exhibited a doublet for H-1 at 5.08 ppm with a large J¡2 of 9.11 Hz and

hence was assigned the structure 147. T\e remaining minor isomers could not be isolared

in pure form and hence were not characterized.

59

isoamylnitrite

l'
R*: AJo,*.

144

+

145

146
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Hydrogenolysis of 146 with 5Vo Pd/C in acetic acid /methanol (50:50) at room

temperatnre for 15 hours gave the ester L48 cleanly, and in 80Vo yieId. The reaction rime

for the hydrogenolysis reaction appeared to be crucial. Products from longer reaction time

(24 hours) showed appreciabie epimerization of the C-2 center, presumably due to

dehydrogenation / rehydrogenation of 148. The runr of the epimerized product in C6D6

clearly showed the presence of 148 and its epimer. The same two diastereomers were

obtained (in the ratio of approximateiy 50:50) when 149 was hydrogenated under identical

condition (15 hours). Alkene 149 was obtained from the dehydration of cycloadduct 146

in refluxing toluene containing traces ofp-toluenesulfonic acid.

R{' H/Pd Meo CO2R*

MeOIVAcOH (50:50)
15 hours ì7

HztPd
MeOH/AcOH (50:50)

24 hours O2Me

CO2R*
H2lPd c02R*

MeOIVAcOH (50:50)
15 hours

The ester 148 could be hydrolysed to the corresponding opticaily active carboxylic acid

150 ([o]o20 -41.8', mp 145.5-147"C,1it.8a mp 14I.5-I42.5'C (racemic)) with potassium

carbonare in methanol I water without epimerization of the C-Z chirat cenrer. Carboxylic

acid 150 was converted to (S)-ADTN dimethyl ether following a literature proceduresa. A

modified Currius reaction of 150 with diphenylphosphoryl azíde (DPPA) and rriethyl

amine in dry benzene produced the intermediate isocyanate, which was then reacted with

benzyl alcohol to furnish the benzyloxycarbamate 151 n 80Vo yield ([a,]¡20 -23.3", mp

t46

l,-r,o"
I 
rro"c

V
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130-131.5"C, lit.8a mp I22-I23'C (racemic))8s. It was reasonable to assume in this case,

that the modified Curtius reaction would proceed with retention of configuration.

co2H

MeO

MeO

H2.HCl NHz

152 153 (sl-aorN dimethyl ether

Hydrogenolysis of 151 in methanol / anhydrous hydrogen chloride furnished the

hydrochloride salt of (s)-ADTN dimethyl ether r52 in97vo yterd ([s]¡20 -65.1', lit.7s ¡1120

+73.2'for (R), mp 213-2I4C,lit.75 mp 2L2-214'C). Dissolution of the hydrochloride salt

152 in sodium hydroxide solution (0.1 M) followed by extraction with methylene chloride,

gave, after concentration, the free amine L53 as a colourless solid in 60Vo yield ([o]p20

-85.7", lit.7s ¡o1o20 +86.5" for (R), mp 85-86"C). 153 was previously reported as a yellow

oi175. The infrared spectrum of 153 showed the expected primary amine N-H bands at

3378 and 3299 cm-r. The proton nrff was consistent with the structure 153 although it

was slightly different from that reported by Norlander et aF5. The two aromaric prorons

appeared as two singlets at 6.55 and 6.58 ppm, and had previously been reported as a

Y.
o{orMu K2co3 

M'o

t"o"^'o*"o

1s0

lRlTô,, "-,,.
{Uenzene 

2 hours

"îry.""""I' ï;ii:' l-*"t'-='=l
15L 

' þto' 
isocyanare

lnræo
Irrruonnrcr

+



62

singlet at 6.50 ppm: To assess the configurational purity of 153, its amide, derived from

(-)-s-methoxy-ø-(trifluoromethyl)phenylacetic acid (Mosher's Acid) was prepar.¿75'86.

The Mosher's acid chloride was prepared from the corresponding acid by a literature

proceduresT. The free amine 153 (crude) was reacted with Mosher's acid chloride in CClo

/ pyridine to give the amide 154. For comparison purposes, a mixture of diastereomeric

amides was also prepared from (t)-4,5-dimethoxy-2-aminotetralin. The racemic

4,5-dimethoxy-2-aminotetralin was prepared via hydrogenation of the alkene 149 followed

by the same procedures used for the preparation of 153.

NHz

pyridine/CCl4

pyridindCC14

The proton nmr of 154 and the corresponding diastereomeric mixture were acquired. in

benzene-D6. The best region of the spectra for analysis of the enantiomeric purity of 153

was that of the aromatic protons. The diastereomeric amide exhibited four well resolved

singlets at 6.24, 6.29, 6.32 and 6.35 ppm, while 154 showed the two inner singlets with

barely perceptible outer signais. From the integration, it wâs estimated that rhe rwo outer

signals of 154 were less than ZVo of the totai integation. Assuming rhat the purity of

Mosher's acid was >99Vo, then the optical purity of 153 would be >977o. The

didemethylatiort of 153 to give (S)-ADTN 110 has been described elsewhere and has been

shown to proceed without epimerization of the chirat centefs. The above procedure

ír

racemtc

íì
diastereomeric mixture
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constitutes an asymmetric synthesis of 6,7-dimethyl-(S)-ADTN in eight steps in 11%

overall yield and >977o optical purity, starting from 2-amino-4,5-dimethoxybenzoic acid

and acrylate 135. The above methodology could be applied to the asymmetric synthesis of

a variety of 2-aminoteüalin systems.

Although (S)-methyl lactate has been shown to be an excellent chiral auxiliary in

the reactions of o-hydroxy-o-QDMs and acrylate 135, there are certain drawbacks to rhe

use of the lactyl chiral auxiiiary. In parricular, (R)-methyl lactate is not readily available,

which limits the method to the preparation of only one enantiomer of target molecules. In

addition, removai of the lactyl chiral auxiiiary by hydrolysis requires fairly harsh basic

conditions (potassium carbonate / methanol) which may be unsuitable in certain cases. In

searching for a better chiral auxiliary, mandelic acid appeared to be an appropriate

candidate. Whiie both enantiomers of mandelic acid are readily available, their methyl

ester is structurally similar to methyl lactate. The methyl ester aiso offers the advantage

that it can be removed by mild hydrogenolysis although this procedure precludes recovery

of the chiral auxiliary. The stereoselectivity of the reactions of the fumarate and acrylate

of (R)-methyl mandelate with ø-hydroxy-o-QDMs were therefore investigated.

(R)-methyl mandeiate was prepared by esterification of (R)-mandelic acid (methanol /

sulfuric acid) in 92Vo yield ([o]n20 -140.5'). The acrylate of (R)-methyl mandelate 155

was preparedin 69Vo yield using the procedure for preparing acrylate 135. Photolysis of a

benzene soiution of 2-methylbenzaldehyde with excess acrylate 155 (1.5 molar

equivalents) at room temperature for 20 hours produced essentially a single adduct. The

nmr of the crude reaction product (before chromatography) showed signais due ro traces of

minor diastereomers and the major adduct was estimated to be formed with a

diastereomeric excess (de) of >95Vo. The major adduct exhibited a large J ¡2 of 9.25 Hz

suggesting a trans-I,2 stereochemistry, and therefore was tentatively assigned the

structure 156 based on the large Jy2 and by comparison to adduct 136 produced from the

acrylate 135.



64

æ
157

["þ'T,*î
155

. CO"H
..úrr o 

H2/pdtc

AcOH

Hydrogenolysis of 156 over H2/Pí/C in acetic acid furnished the known

(R)-1,2,3,4-tetrahydronaphthalene-2-carboxylic acid 157 in 7\vo yterd ([o]o20 +53.3",

tit.81 ¡oio20 +55"), thus confirming the absolute configuration of 156. The major adduct in

this case arose from the addition of the si face of o-QDM 12 to the si face of the acrylate

155. Thermolysis of a toluene solution of benzocyclobuten- 1 -oI 17 with an excess of

acrylate 155 also generated 156 along with th¡ee minor isomers (in the raiio of 9:1 by nmr)

in a combined yield of 56Vo. The minor isomers could not be separated and hence were

not individually chara ctenzed,. As in the case of the acrylate of (S)-methyl lactate,

cycloaddition of acryIate 155 with sulfone 5 as o-QDM precursor produced no expected

cycloadduct. Only 2-methylbenzaldehyde and unreacted acrylate were isolated.. From the

above results, one could conclude that the reaction of acryiate 155 with an

a,-hydroxy-o-QDM proceeds with the same stereoselectivity as that of acrylate 135.

The fumarate of (R)-methyl mandelate 158 was prepared in 83Vo yield by heating

fumaryl chloride with (R)-methyl mandelate (2 molar equivalents) at 110oC for 15 hours

([a]o20 -99.8', mp 141-143oC). A longer reaction time resulted in a lower yield. of the

fumarate. The o-QDM L2, generated from 2-methylbenzaidehyde, benzocycloburenol 17

or sulfone 5, was reacted with 158 to give a single adduct in ali three cases ([o,]p20 -43.4",

mp 124-l26oC). The nmr of the crude product from ail three reactions showed no signals

consisteni with other possible diastereomers indicating a de > 95Vo. The isolated adduct

exhibited aJy2of 9.56H2 suggesting a trans-I,2 disposition of the substituents on carbon

ír
156
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1 and 2, as was observed for the adduct of o-QDM L2 with the fumarate of (S)-methyl

lactate (JL,z9.8Hò6. The adduct was tentatively assigned structue 159. The yields of

the reactions varied and highest yield was obtained when benzocyclobutenol 17 was used

as the o-QDM precursor. It appears that o-QDM prepared from benzocyclobutenol rraps

the dienophile more efficiently.

(

dr***
158

o2R**

--..->

Precursor of 12 Dienophile Reaction conditions Yield of 159 (Vo)

158 Toluene , 110oC ,6 hours 96

158 Toluene,ll0oc,2hours 55

158 Benzene , hv , room temperature

6 hours

52

Refluxing L59 in methylene chloride containing traces of p-toluenesulfonic acid (for 15

hours) caused the elimination of one molecule of methyl mandelate giving lactone 160 in

TIVo yield afte¡ chromatography ([s]o20 -60.9", mp 86-88oC, IR 1788 cm-l). Lactone

formation between the 1-hydroxyl and the 3-carboxyl is not uffeasonable and has been

reported previously in similar systemsl4'41'65. Th" methyl mand.elate eliminated during
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the iactone formation was isolated from the reaction mixture by chromatography.

Hydrolysis of lactone 160 in methanolic potassium hydroxide (0.2M potassium hydroxide

in methanol / water (1:1)) furnished the diacid 161 (not characterized), which was

methylated with diazomethane to give the known

(S)-dimethyl-3,4-dthydronaphthalene-2,3-dicarboxylate 162 (lale2O -128', lit.2s ¡a,1o20

+I28 for (R)). This confirmed the absoiute configuraúon of (S) at center 3 and the

absolute configuration of 159 and 160 (by inference).

co2H

co2HCO2Me

L62

Further information on the absolute stereochemistry of the lactone 160 was obtained when

crystals of L60 (from methylene chloride) were obtained and the strucrue determined by

X-ray analysisSg. It was therefore possible to determine the relative stereochemistry of the

chiral centers in L60 as shown in the ORTEP diagram beiow.

160

lo.r* *ot in MeoH/H2o (r:r)

+co2Me 
cH2N2



ORTEP diagram of lactone 160

stereo view of 160

ct7
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Since the absolute stereochemistry of the mandelate center in 160 was known to be (R),

then the absolute configurations of the other centers must be (15,2R,3S). From the above

results, one can conclude that the cycloaddiúon of the fumarate of (R)-methyl mandelate

proceeded with very high asymmetric ind.uction (de >957o). Cycloadduct 159 formed

from the expected addition of the si face of o-QDM 12 to the si face of 158 via an exo

transition state.

Since the addition of fumarate 158 with an c,-hydroxy-o-QDM 12 proceeded with

excellent stereoseiectivity, giving an adduct with the same relative stereochemistry as

neopodophyllotoxin (1,2-trans,Z,3-trans), an asymmetric synthesis of neopodophyllotoxin

was considered possible. It would be necessary to generate o-QDM 67 and add it ro rhe

fumarate of (S)-methyl mandelate. Hopefully the cycloaddition would proceed with good

stereoselectivity giving an adduct with the required relative stereochemistries (1,2-trans,

2,3-trans and3,4-cis). The adduct could then be converted to neopodophyllotoxin.

Proposed Synthesis of Neopodophyllotoxin

CO2R*

CO2R*
Ar

o-QDM 67

Ar = 3,4,5-trimethoxyphenyl

HzOH CO2R*

++-

o

(
o

:
Ar

+

+
o

(
o

o

(
o

Ar
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In principle, o-QDM 67 could be generated thermally from benzocyclobutenoi 3 or the

sulfone 163, or photochemically from aidehyde 17L. The benzocyclobutenol 3 has been

prepared by lengthy proced.uress'9 and has been shown to be thermaily unstables. The

sulfone 163 has been prepared in poor yieid from 171 and has also been shown to be

thermally unstable29. The more easily accessible aldehyde 171 was therefore chosen as

the precursor to o-QDM 67.

3

+^

Ar = 3,4,5-trimethoxyphenyl

Aldehyde 171 has been prepared by Glinski and Durst58, Jung et al1 and Arnold et a?j.

While according to Durst's procedure, aldehyde I7L can be preparedín 847o yield in two

steps from o-bromopiperonal, difficulty with the procedure has been reported29. Jung's

procedure gives a poor yield of 171. To avoid complication, the simpier but longer

procedure (modified) of Sammes was chosen for the preparation of l7L. Treatment of

bromoacetal 164 with a slight excess of n-butyilithium (1.1 molar equivalents) at -78oC

(dryice / acetone) generated the intermediate anion 165, which was subsequently reacted

with 3,4,5-trimethoxybenzaldehyde to furnish the alcohol 166 in 95Vo yield after

chromatography (IR 3499 cm-r). Hydrotysis of 166 with sulfuric acid / water (1:99)

furnished the lactol 167 (not isolated) which was oxidized with chromium trioxide to give

lactone 168 in 707o yieId, (IR 1759 cm-1, H¡90. 1760 cm-l, mp 220-222oC, lireO. mp

217-223oC). The lactone 168 was selêctively hydrogenotysed overIJT|PI/C in acetic acid

Ar

OH

o

(
o

hv

o

(
o

o

(
o

ír
to,lou

t

ír
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at 100oC to give 6-(3,4,5-timethoxybenzyl)piperonylic acid 169 in 94Vo yíeLd (mp

164-l66oc, 1ite0. mp 165-168oC). Reduction of 169 with lithium aluminium hydride in

TIIF furnished the conesponding alcohol 170 in 87Vo yield (IR 3606 cm-1, mp 90-92oC,

liteO. mp 89-90"C). Oxidation of 170 with chromium trioxide (0.5M in I\Vo suifuric acid I

water) at OoC furnished aldehyde l71-in 85Vo yield (mp 112-Il4oc,lite0. mp 724-l25oc).

The lH nmr of 171 was identical to those previously reported7,58.

(:rer' [.'reF]
164

168 ar

z-BuliiTHF/-78oC

H2SO 4tH2O (1 :99) /EtOAc

H2tPdlC

AcOH toooc

r 165

l 
r,o,r-r.r-.,hoxybenzatdehyde

V

Ed 166 Ar

I c.o3 ( osM in tovo H2so4)
Yo

("q""
L69 Ar

I liauro nun
Y

CrO3 ( 05M in lÙVo H2SOQ

L7l Ar Ar = 3,4rs-trimerhoxyphenyl 170 Ar

("q.'" (q.H2oHooc
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Esterification of (S)-mandelic acid with sulfuric acid / methanol gave (S)-methyl

mandelate in96Vo yield ([o]¡20 +740.4'). The fumarate of (S)-methyl mandelate I72 was

prepared n90%o yield by heating fumaryl chloride with (S)-methyl mandelate (2 molar

equivalents) at 110oC for 15 hours ([o]o20 +115.5'). With the aldehyde l71_ and,fumarare

I72 in hand, the photogeneration and cycloaddition of the o-QDM was next attempted.

The aldehyde l1L was inadiated with one equivalent of fumarate (172) atroom

temperature under nitrogen in dry benzene. A further two molar equivalents of fumarate

(in benzene solution) was added dropwise to the irradiated solution over a period of 5

hours. The 1H nmr (300 MHz) of the crude product showed. that signals due to two

isomeric adducts were present (ratio of major : minor = 8 :2 by nmr integation).

Chromatography of the crude reaction mixture gave the two adducts in a total yield of

45Vo. Unfortunately the major isomer could not be fully separated from the minor isomer

and hence the minor isomer was not characterized. For charactertzation purposes, a small

sample of the pure major adduct was isolated by careful rechromatography of the isomeric

mixture ([q]o20 -23.70). It exhibited a doublet for H-4 at 4.50 ppm with af a3 of 5.80 Hz,

and a doublet of doublets for H-1 at 4.95 ppm with a Jr,2 of 9.32 Hz. These coupling

constants suggested a 1,2-trans and3, -cis stereochemistry. A simiiar adduct with a

I,Z-trans and3,4-cís stereochemistries, obtained from the exo-addttton of the fumarate of

(S)-methyl lactate with an a-hydroxy-c,'-phenyi-o-QDM, also exhibited a large J¡2of 9.5

Hz and aft,aof 5.70H265. A similar ad.d.uct with a 1,2-cis and,3, -trar¿s stereochemisry

exhibited a small Jy,2of 3 Hz and a large Q,aof 10 H258. Based on previous experience

with the cycloaddition of the fumarate of (R)-methyl mandelate with a-hydroxy-o-QDM

12 (exo-addition) and analogy to similar compounds, the above major adduct was

tentaúvely assigned structure 173.
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OH

-CO2R* 
O

II./ 'o
CO2R*

L7t
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Treatment of the above isomeric mixture with r-butyllithium ar -78oC followed by mild

acid quenching furnished essentiaily a single product in 54Vo yield after chromatography

([o]o20 +5.27). The nmr of the product showed the elimination of one molecule of

mand.elate from 173 and infrared showed. the presence of a lactone carbonyl at 1787 cm'l.

The lactone was assigned structtrre 174. Lactone forrnation between l-hydroxyl and

3-carboxyl group under similar reaction conditions has been previously described6s.

Hydrogenolysis of L74 over SVo Pd/C in ethyl acetate at room temperature occurred

selectively to give the corresponding lactone-ca¡boxyiic acid 175 n 87Vo yield ([o,]¡20

-26.7 , mp 209-21i, IR 3400-2800(broad), 1787 cm-l). The seiective hydrogenolysis of a

similar lactone without cleavage of the lactone function has been reported.67d.

Ph
IL72 *. =/q"tcotR*
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COcR*' r) r-BuLi/THF/-78oc

2) NH4Cr
CO2R*

(cocÐ2

L74 ar
H2tPdlC
ethyl acetate
room temperature

o

(
o

o

(
o

co2H

Í76 Àr 175

Ph

o,.= {,lor*.
Ar = 3,45-trimethoxyphenyl

The lactone-acid was then treated with oxalyl chloride ((Cocl)t to form the

corresponding acid chloride 176 which was isolated but not characterized. The acid

chloride L76 was subsequently reduced with sodium borohydride in "Diglyme" /TIIF to

furnish the target compound neopodophyllotoxin I77 ín88vo yíeld ([o]¡20 -50.77o,rit

e1[o]D20 -52.40,mp232-234oC,lit67ump230-231 (racemic), IR 1781 cm-l). Theproton

nmr of 177 was identical to those previously reported67a91. A comparison of the observed

optical activity of 177 with that reported by Wartbur g et aPl , indicated an optical purity of

>95Vo. Therefore an asymmetric synthesis of neopodophyllotoxin was accomplished in 4

steps in an overall yield of 787o and>95Vo optical purity, starring from aldehyde 171 and

fumarate 172. As neopodophyllotoxin has been converted to podophyllotoxin in 54Vo

yieid without configurational alteration6Td, th" above synthetic route also constitutes an

asymmetric synthesis of podophyllotoxin. The above synthetic route may also be

applicable to the synthesis of other aryltetralin lignan systems.

ír

1r

ir
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Chapter 3

CONCLUSIONS

The research work presented in this thesis couid be summarized as follow:

(1) In contrast to the 4- and4,5-dimethoxy-2-methylbenzaldehydes, the corresponding 4-

and 4,5-disubstituted acetoxy, mesyloxy and tosyloxy-2-methylbenzaldehydes could be

converted to o-QDMs photochemically. The o-QDMs were trapped with sulfur dioxide to

form the corresponding sulfones, but most of the sulfones were too unstable to be isolated.

The o-QDMs were tapped i:reversibly with dimethyi fumarate to form the expected

cycloadducts.

(2) The acrylate of (S)-methyl lactate has been found ro reacr with an

o,-hydroxy-o-quinodimethane (generated photochemically from 2-methylbenzaldehyde) to

form cycloadduct with high asymmetric induction (de>957o). The adduct arose from the

addition of the re face of the o-QDM to the re face of the acrylate via the unexpected exo

transition state. The same addition was carried out with the a-hydroxy-o-quinodimethane

generated thermally (11OoC) from benzocyclobuten-1-ol. The reaction was found to

proceed with slightly lower diastereoselectivity grving one major adduct along with three

minor adducts in the ratio of 9 : 1 (major : rotal minor). Cycloaddition with

o-hydroxy-suHone as an o-QDM precursor did not generate any expected adduct.

(3) The major adduct from the cycloaddition of the acrylate of (S)-methyl lactate with the

o-QDM generated from 4,5-dimethoxybenzocyclobuten- 1 -ol was successfully converred

to (S)-ADTN dimethyl ether with an optical purity of >97Vo. The method developed could

be applied to the asymmetric synthesis of other aminotetralin systems.
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(4) Cyctoaddition of the acrylate of (R)-methyl mandelate with an

o-hydroxy-o-quinodimethane was found to proceed with the same diastereoselectivity as

that of the acryiate of (S)-methyl lactate. The major adduct formed from the cycloaddition

of the si face of the a-hydroxy-o-quinodimethane to the si face of the acrylate giving an

adduct wíth 1,2- tral?s stereochemisnry.

(5) Cycloaddition of the fuma¡ate of (R)-methyl mandelate with an

c,-hydroxy-o-quinodimethane was found to be highly diastereoselective, giving a singie

adduct with de >95Vo. The cycloaddition proceeded via an exo rransition srate with the

reaction taking place on the si of the o-QDM and on the si of the fumarate.

(6) A short asymmetric synthesis of neopodophyllotoxin was accomplished, with the

cycloaddition of the fumarate of (S)-methyl mandelate to an c,'-phenyi-o-hydroxy-o-QDM

as the key synthetic step. Neopodophyllotoxin was synthesized with an optical purity of

>95Vo.
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CHAPTER 4

EXPERIMENTAL

The lH nmr spectra were recorded on a Bruker AM-300 instrument in deuterated

chlorofomr (CDC13, unless otherwise specified) using tetramethylsilane as intemal

standard. The infrared spectra (IR) were recorded in dichloromethane solution on a Perkin

Elmer 881 spectrometer. Aldrich 28,859-4 or Terochem 339385 silica gel was used for all

chromatography. All thin layer chromatography (TLC) was carried out on precoated

Whatrnan PE SIL GruV (CAT NO 4410 222) plates. Elemental analyses were performed

by Guelph Chemical Laboratories Ltd., Guelph, Ontario, Canada. Exact Mass / spectra

were obtained on an Analytical VG 7070E-HF instrument. Melting points (mp) were

measured on a hot stage instrument and are uncorrected. Optical rotations were recorded

on a Rudolf Research Corporation Autopol Itr instrument. All organic solutions were

dried with magnesium sulfate (MgSO) unless otherwise specified. Tetrahydrofuran

(TTIF) was distilled from sodium / benzophenone under ninogen.

2 - B r omo - 5 -me thorytoluene lll
This compound was prepared by a modified literature procedureg2. A solution of

bromine (13.0 g, 81.25 mmol) in carbon tetrachloride (30 mL) was added dropwise to a

solution of 3-methoxytoluene (10.0 g, 81 mmol), in carbon tetrachloride (100 mL) with

stirring at room temperature until the colour of bromine persisted. The mixture was

washed with water, dried and evaporated to give a red oil (15 g). The red oil was purified

by simple distillation (at 1 atm) to give a pale yellow oil (14.5 g,88vo). Bp 23r-235"C.

IR (CH2C12) cm-l: 3051, 3009, 2962,1242. 1H nmr (CDC13) õ:2.36 (s, 3H), 3.76 (s, 3H),

6.65 (dd, 1H, J= 3.0, 8.75), 6.78 (d, 1H, J= 3.0 ),7.39 (d, lH, J= 8.80). Mass spectrum mte
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(reI.Vo):202(97),200 (100), 187 (13), 185 (13), 159 (15) 157 (15); exactmasscalculated

for CsIIeO r"B, 799.9846, found 199.9836; exacr mass calculated for C3FIgOrslBr

201.9831, found 20I.9816. The lH nrìr was identical to that reported in the literature92.

2 - B r omo -4 ) - dimet horyt o lue ne ll2
A solution of bromine (1.15 g, 7.20 mmol) in carbon tetrachloride (20 mL) was

added dropwise to a solution of 3,4-dimethoxytoluene (1.04 g, 6.85 mmol) in carbon

tetrachloride (15 mL) with stirring at room temperature until the colour of bromine

persisted. The mixture was washed with water (2 x30 mL), dried (MgSO/ and

evaporated to give a red oil. The red oil was purified by chromatography on silica gel

(ethyl acetate / hexanes, 5/95) to give a colourless oil (1.34 g,85Vo). IR (CH2CI2) cm-1:

3060, 2980,1505, 1465, 1420, 1225, 1220, i 150, i030. lH nmr (CDCI3) E: 2.32 (s, 3H),

2.82 (s,3H), 2.83 (s, 3H), 6.72 (s, 1H), 6.99 (s, 1H). Mass spectrum mle (rel. Vo): Z3Z

(97),230 (100), 217 (28),215 (23),189 (11), 187 (12); exact mass catculated for

cËt rozTeBr 229.99 42, found 22g.gg 5 5.

2 - M e t hy I 4,5 -díme thoryb e nz al dehy de LL3

2-Bromo-4,5-dimethoxytoluene (0.221 g,0.96 mmol) in TIIF (2mI-) was added to

a solution of r-butyllithium (1.53 mL, I.25Mr in pentane,I.92 mmol) in TIIF (3 mL) at

-78oC under nitrogen. After 45 seconds, N,N-dimethylformamide (0.140 g, 1.92 mmol,

anhydrous) in TIIF (1 mL) was added. The solution was stfured for 5 minures ar -78oC and

then at room temperature for 2 hours. The reaction was quenched with aqueous 107o HCt

(10 mL), saturated with sodium chloride, extracted with dichloromerhane, dried (MgSOa)

and evaporated to give an oil (0.IM g). Chromatography of the oil (ethyt acetate /
hexanes) gave a colourless solid (100 mg, 58vo). Mp 7I-72oC. IR (CH2Clt cm'r: r'133

(CO). lH nmr (CDCI3) E:2.63 (s, 3H), 3.92 (s,3H), 3.95 (s, 3H), 6.69 (s, 1H), 7.35 (s,

1I{), 10.22 (s, 1H). Mass specrrum mle (rel. 7o): l8l (11), 180 (100), r7g (45),165 (r9),
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151 (15), 109 (17); exactmass calculatedforCrollrzO: 180.0783, found 180.0786. The

lH nmr was identical to that reported in the literature93.

2 - M et hyl4 -methory benzalde hy de ll4
This comFound was prepared by a modified literature proced.ureg2. A round

bottom flask with magnesium turnings (1.66 g, .0682 mol) was flamed for 20 seconds with

a streâm of nitrogen flushing the flask, and then cooled under the stream of nitrogen.

2-Bromo-5-methoxytoluene (12.47 g,0.0620 mol) in dry TTIF (70 mL) was introduced. A

small crystal of iodine was added to initiate the formation of the Grignard reagent and the

mixture was refluxed for one hour (until all of the magnesium had reacted ).

N,N-dimethyiformamide (9.10 g,0.724 mol) was added and the solution was stired for

th¡ee hours. Aqueous 10Vo }JCI (40 rnI-) was added and the mixture was stired for an

hour. The mixture was extracted with ethyl acetate (3 x 40 mL), washed with with water

(40 mL), dried (MgSO/ and concentrated in vacuo to give a pale red oil (8.68 g, 93Vo)

which was>95Vo pure by nmr (300 MHz). IR (CH2CI2) cm-l: 3058, 2971,2844,2730,

1687(CO),7249. lHnmr(CDClt õ:2.65 (s,3H),3.86(s,3H),6.74(d, 1H,J=2.10),6.83

(dd, 1H, J= 2.40,8.70), 7 .7 5 (d, 1H, J= 8.70), 10.13 (s, 1H). Mass spectrum mle (rel. Vo)

150 (84), 149 (100), l2I (15),91 (13), 78 (10) 77 (15); exact mass calculated for CçI{roOz

150.0674, found 150.0681. The lH nÍ¡r was identical to that reported in the literaturee2.

2 - M e t hy 14,5 -dihy drorybenzaldehyde LI6

2-Methyl-4,5-dimethoxybenzaldehyde (0:47 g, 2.61 mmot) was mixed with

pyridine hydrochloride (i.21 g,10.44 mmol) and heated to 180 to 190oC under nitrogen

for 4 hours. The mixture was cooled and digested in aqueous 70Vo HCI (50 mL). Some

residual tar was removed by filtration and the filtrate extracted with ethyl acetate. Drying

(MgSOa) and evaporation gave a pale green solid (0.33 6 g,84Vo) which could be purified

by chromatography on silica (ethyi acerare / hexanes, 60140). Mp r7r-l73oc. IR
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(CH2C12) cm-l: 3538 (OH),1684 (CO), 1138, 1104. 1H nmr (CDC13/CD3CN) õ: 2.54 (s,

3H),6.70 (s, 1H), 7.27 (s,1H), 10.07 (s, 1H). Mass spectrum mle (rel. Vo): 153 (8), 152

(90), 151 (100), 124 (5),123 (45),77 (I7): exact mass calculated for CsH8O3 152.0474,

found 152.0472.

2 - M e t hy I 4 - hy dr ory b e nz alde hy de ll7
Z-}vf:ethyl- 4- methoxyb en zaldehyd e (l . 42 g, 9 . 43 mmol) with pyridine

hydrochloride (4.31 g, 38 mmol) were fused at 170-180oC under nitrogen for four hours.

TLC showed that the starting aldehyde had reacted completely. The hot reaction mixture

was poured into aqueow 10Vo HCI (100 mL) and sti:red for haif an hour. The mixture was

filtered to removed residual tar. The filtrate was extracted with dichloromethane (3 x 40

mL), dried (MgSO) and concentrated in vacuo to give a pale green solid (0.96 g,75Vo).

The sample was pure enough for further reaction. A small sample was recrystallized

(dichloromethane / hexanes) to give a colourless solid. Mp 107-1080C. IR (CH2C12) cm-1:

3560, 3060. 2980,1695 (CO), 1505, 1270,1120. lH nmr (CDCI3) ô: 2.63 (s, 3H), 6.13 (d,

1H, J= 2.13),6.83 (dd, lH, J= 2.43,8.35),7 .73 (d, lH, J= 8.43), 10.08 (s,1H). Mass

spectrum mle (rel. Vo): 1.36 (76),135 (100), 107 (42),77 (30); exact mass calculated for

C8H8O2 136.0524, found 136.052I.

4 - Ac etoxy -2 -mer hy lb e nzalde hy de ll8
2-Methyl-4-hydroxybenzaldehyde (0.579 g,4.25 mmol), aceric anhydride (25 mL)

and sodium acetate (30 mg) were stirred at room temperature under nitrogen for 15 hours.

The mixture was poured into water (150 mL) and stired for an hour. The mixture was

extracted with dichloromethane (4 x 30 mL), washed with sodium bicarbonate solution

(5Vo, 50 mT .), dried (MgSO) and concentrated in vacuo to give a pale yellow oil (0.73 g,

967o). IR (CH2C1) cm-1: 3063, 2867 ,2743, 1764 (CO), 1694 (CO), 7602,1580, I371,

1208,1018. 1H nmr (CDC13) E: 2.31(s, 3H, OAc), 2.66 (s,3H, Me), 7.00 (d, lH, J= 2.30),
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7.09 (dd, 1H, J= 2.33,8.40),7.8I (d, 1H, I=8.37),10.26 (s, 1H). Mass spectrum mle (rel.

Vo): 178 (10), 152 (100), 136 (35), 135 (83), 107 (16), 77 (17), a3QÐ; exact mass

calculated for C16H1sq 178.0630, found 178.0618.

2 - M e t hy I 4 - to sy loryb e nzalde hy de ll9
2-Merhyl- 4- hydroxybenzaldehyde (0. 2 8 1 g, 2.07 mmol), p - toluenesulfonyl

chioride (0.395 g,2.07 mmol) and triethylamine (0.27 g,2.07 mmol) in acetone (25 mL)

were stired for half an hour (reaction was followed by TLC). The mixture was poured in

aqueous 707oHCl, (50 mL) and stired for an hour. The mixture was then extracted with

dichloromethane (4 x25 mL), dried (MgSO/ and concentrated in vacuo to give a yellow

solid. Recrystallization from dichloromethane / hexanes gave a colourless solid (0.537 g,

89Vo). Mp 110-113oC. IR (CH2Clr) cm-l: 3040,1710 (CO) ,1502,1382,1199,1175,965.

lH nmr (CDCI3) 8:2.46 (s, 3H), 2.62 (s,3H),6.93-6.98 (m, 2H),7.32-7.35 (m, 2H),

7.7I-7.75 (m, 3H), 10.20 (s, 1H). Mass spectrum mle (rel. Vo):290 (18), 155 (48), 135 (4),

91 (100), 77 (8 ),65 (15); exact mass calculated for Cr5H14O4S r290.0613, found

290.0622.

2 - M ethy 14 -mesy loxybenzalde hy de L20

The compound was prepared using the procedure for synthesizing

2- methyl- 4- to syloxyben z aldehyde, s rafün g with the followin g rea gen ts i

2-methyl-4-hydroxybenzaldehyde (0.727 9,5.34 mmol), methanesulfonyl chloride (0.612

9,5.34 mmol), riethylamine (0.648 9,6.4I mmol). Chromatography of the crude product

(silica geI,30vo ethyl acetate / hexanes) gave a pale yellow oil (1.074 g,94vo). A sample

was recrystallized from dichloromethane / hexanes to give a coiouriess solid. Mp

68-70oC. IR (CH2Clz) cm-l: 3060, 2989,2742,1702 (CO),1603,1577,I374,1227,1180,

1143,950. lH nmr (CDC\) õ:2.70 (s, 3H, Me), 3.21 (s, 3H, OMs), I .21 (d, lH, J= 2.1),

7.21 (dd,1H, J= 2.40,8.40),7.86 (d, lH, J= 8.40) 10.25 (s, 1H). Mass specrrum mle (rel.
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Vo):215 (8),214 (77),213 (19), 136 (89), 135 (100), 107 (25),77 Ø0); exacr mass

calculated for CeHlsOaSt 214.0300, found 214.0304.

2 - M ethyl4,5 -diac etorybenzaldehy de l2l
Z-Nf:ethyl- 4.5 - dihydroxybenzaldehyde (0.20 6 g, I .3 5 mmol), ace tic anh ydride

(0.291 g,0.27 mr .,2.84 mmol) and pyridine (0.32 g, 4.05 mmoi) were dissoived in

dichloromethane (15 mL) and stired for 1.5 hours. The mixture was poured inro water

(100 mL), stired for an hour, then extracted with dichloromethane, washed with aqueous

I}Vo}JCl, dried (MgSO/ and evaporated to give a pale yellow solid (0.31 g,97Vo) which

could be recrystallized from dichloromethane. Mp 93-96oC. IR (CH2C12) cm'L: r775

(CO), 1705 (CO),1694 (CO), 1501, 1372,1280, 1209,1180, 1088 cm-l. lH nmr (CDCI3)

õ: 2.30 (s, 3H, OAc), 2.31 (s, 3H, OAc), 2.66 (s,3H, Me), 7.I2 (s, IH),7.64 (s, 1H), 70.I2

(s, 1H). Mass spectrum mle (rel. Vo):236 (3),I94 (25),152 (100), tst (29), na QÐ;

exact mass calculated for CnHnOs236.0685, found 236.0670.

2 - M et hyl4,5 -dime syloxybe nzaldehy de 122

The experimental procedure used was identicai to that for

2-methyi-4-mesyioxybenzaldehyde, starting with the following reagenrs:

2- methyl- 4, 5 -dihydroxybenzaldehyde (0. 6 8 g, 4. 47 mmol), me thanesulfonyl c h loride

(1.024 g,8.94 mmol), triethylamine (0.905 g,8.94 mmol). Chromatography of the crude

product (silica gel,30Vo ethyl acetate / hexanes) gave a colourless solid (0.893 g, 65Vo).

Mp 114-116oC. IR (CH2CI2) cm-l:3060, 2980,2875, i70S (CO),t379,L257,1164,1184,

1086,968. 1H nmr (CDCI3) ô: 2.70 (s, 3H, Me),3.29 (s, 3H, OMs), 3.3i (s, 3H, OMs),

7.41 (s,lH),7.87 (s, iH), 10.25 (s, 1H). Mass spectrummte (rer. vo):309 (4),308 (27),

230 (1r),229 (16),152 (10), 151 (100), 123 (15),79 (22); exacr mass calcutated for

C10FI12OiS 2 308.0024, found 308.00 1 6.
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2 - M ethy 14,5 -díto sylorybenzalde hy de L23

The compound was synthesized using the procedure for making

2- methyl- 4- to syloxyb enzaidehyde, s tafün g with the followin g rea gen rs :

2-methyl-4,5-dihydroxybenzaldehyde (0.063 g,0.415 mmol), p-toluenesufonyl chloride

(0.i584 g, 0.83 mmol), triethylamine (0.085 g, 0.83 mmol). The resulting crude product

was purified by chromatography on silica gel (50Vo ethyl acetate / hexanes) to give a

colourless solid (0.175 g,9IVo). Mp I24-l26oC. IR (CH2CI2) cm-l: 3060,2988,2758,

1707 (CO),1599,1494,1383, 1295,II95,1179,1063. lHnmr(CDCtt 6:2.46 (s,6H),

2.63 (s,3H),7.20-7.35 (m, 5H), 7.58-7.70 (m, 5H), 10.14 (s, 1H). Mass spectrumm/e (rel.

Vo): 461 (4),460 (15), 156 (9), 155 (100), 9I (72),65 (13); exacr mass calculated for

C2H22O 1,S? 460.0650, found 460. 063 8.

I - Hy dr ory - 5 - t o sy I ory - 1,3 - dí hy dr ob e nzo I c ] thiop hene -2,2 - di o xi de L24 d

2-Methyl-4-tosyloxybenzaldehyde (0.241g, 8.30 mmol) in benzene (40 mL) was

deoxygenated by flushing with nitrogen. Sulfur dioxide (2.0 Ð was added and the solution

was iradiated (Ilanovia 450-W, medium pressure mercury lamp, through 1 mm Pyrex

tube) for 14 hours. The solvent was evaporated (at room temperature) and the residue was

dissolved in ethyl acetate (40 mL) followed by extraction with aqueous 57o sodium

bicarbonate (3 x 15 mL). The combined bicarbonate extracts were acidified with aqueous

l)Vo HCl, extracted with ethyl acetate (4 x 15 mL), dried (MgSO/ and evaporated to give

a colourless solid (0.198 g,67vo). Mp 113-115oC. IR (CH2CI2) cm-l: 3530 (oH),3070,

2990,1380, 1323,1195, 1180, 955. lH nmr (CDC\) õ: 2.46 (s, 3H, Me), 4.20, 4.iZ (ABq,

2H, J= 16.04), 5.59 (s, IH), 6.97 (dd, 1H, I= 2.36,8.45), 7 .04 (d, lH, J= 2.73),7 .32 (d, IlF,.,

J= 8.37), 7 .47 (d, lH, J= 8.46), 7 .71 (d, 1H, J= 8.31). Mass spectrum mle (rel. Vo): 290

(45, M+ - SOr), 280 (15), 166 (16), g4 (27),64 (100), 4g (40).
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t - Hy dr o xy - 5 -me sy I ory - 1, 3 - d,i hy dr ory b e nz o I c ] t hi o p he n e -2,2 - dí oxi de I24 e

This compound was prepared according to the procedure for sulfone I24d., starting

with the following reagents: 2-methyl-4-mesyloxybenzaldehyde (0.222 g,1.04 mmol) and

sulfur dioxide (1.88 g). Total irradiation time was 7 hours. The product was a yellow oil

(0.196 g,70Vo). The oii was insoluble in deuterated chloroform and dichloromerhane, and

was converted to the more soluble methoxy derivative 125 for characterisation.

I -Methory-S -mesylory - 1,3 -dihydrobenzo I c] thiop hene-2,2 -dioxide I25

The sulfone I24e (0.196 9,7.06 mmol) withp-toiuenesulfonic acid (10 mg) in

dichloromethane / methanol (1:1, 50 mL) was warmed to 40-50oC for 24 hours. The

solvent was evaporated and the crude product was filtered through a short column of silica

gel (ethyl acetate). Evaporation of solvent gave the product as a colourless oil (0.146 g,

7I%o).IR(CH2CI2)cm-l:3061,2939,1611, 1486,1357,1375,L321,1214,1782,1126,

969,945. lH nmr (CDCI3) õ: 3.18 (s, 3H, OMs), 3.84 (s, 3H, OMe), 4.26,4.40 (ABq, 2H,

J= 16.03), 5.28 (s, IH),7.26 (d, 1H, J=2.22),7.33 (d,1H, J= 2.36,8.48),7.55 (d, 1H, J=

8.46). Mass spectrum mle (rer.7o):229 (38),228 (100, M+ - So2), 213 (50), 149 (45), r35

(92),I2I (62).91 (27),77 (35),64 (71),48 (35); exact mass calculared for C12H12O4S1

228.0456, found 228.0418.

I - Hy dr ory - 5,6 - díme sy lory - 1,3 - dí hy drob e nz o I c ] t hio p he ne -2,2 - di oxi de LZ4f

The experimental procedure used to prepare this sulfone was identical ro that for

sulfone I24d, starting with the following reagents: 2-methyl-4,5-dimesyloxybenzaldehyde

(0.193 g,0.625 mmol), sulfur dioxide (4.0 g). The product ( 0.155 g, 67Vo) was insoiuble

in deuterated chloroform and dichioromethane and was converted to the more soluble

acetoxy derivative 126 îor characterisation.
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I - Ac etory - 5,6 - díme sy I ory - 1,3 - di hy dro b e nzo I c ] t hi op he ne -2,2 - di oxide L26

The sulfone l24f (0.1995 g,0.417 mmol), sodium acerare ( 85 mg) and acetic

anhydride (20 mL) were stired at room temperafue for 10 hours. Water (150 mL) was

cautiously added and the mixture was stirred for 2 hours. The mixtue was extracted with

dichloromethanê (3 x20 mL), dried (MgSO/ and the solvent was removed at reduced

pressure. Chromatography of the crude product (silica gel, ethyi acetate / hexanes) gave a

colourless solid (54.9 mg,32vo). Mp70-72oC. IR (CH2CLù cm-1: 3056,2988,1770 (Co),

1422,1381, 1342,1277,1787,1165, 1136,1123,7107, 968. 1H nmr (CDCI3) õ: 2.25 (s,

3H, OAc), 3.30 (s, 3H, OMs), 3.31 (s, 3H, OMs), 4.39,4.42 (ABq, 2}J, J= 76.26),6.54 (s,

lIJ),7.52 (s, 1H),7.64 (s,1H). Mass spectrum mle (rel.Vo):350 (0.4, M+ - SOt,308

(14),229 (10), i51 (50), 117 (r2),84(t2),64(100).

Dímethyl- I -hydrory-l ,2,3 ,4-tetrahydronaphthalene-2 ,3 -dicarboxylate 127 -L30

These compounds were prepared as follow: Aldehyde (L19,121-123) with 5

molar equivalents of dimethyl fumarate in acetone (50 mL) were deoxygenated by

flushing with nitrogen. The solution was i:radiated (Hanovia 450-W, medium pressure

mercury lamp, through a 1 mm Pyrex tube) for 15 hours. The solvent was evaporated and

most of the excess dimethyl fumarate was removed by sublimation at 90oC at reduced

pressure (0.2 mm Hg). The resulting crude product was purified by chromatography on

silica geI (40Vo ethyl acetate / hexanes). The cycloadducts (colourless oil) consisted of a

mixture of diastereomers and were not separated and individually characterized. The lH

nmr and infrared specEa of the mixtures were acquired.

127 (85Vo). IR (CH2CI) cm-l: 3596 (OH), 3058, 1763 (CO) ,1742 (CO), 1439,1272,

1209. 1H nmr (CDCI3) õ:2.26 (s, OAc),2.85 (dd, J= 11.85, 16.86 ),2.94 (dd, J= 9.30,

10.35), 3.00-3.20 (m), 3.34 (ddd, J= 5.58, 1I.79),3.70 (s, -CO2Me), 3.74 (s, -CO2Me),

3.75 (s, -CO2Me), 4.90 (bd, 1H), 5.10 (bd, 1H), 6.80 (m, aromarics) ,6.95 (m, aromarics),
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7.35 (d,1H, J= 8.40), 7.55 (d, lH, J= 8.50).

128 (90Vo). IR (CH2CI) cm-l: 3588 (OH),3064,2956,1772 (CO),1740 (CO), 1504,

1439,1.372,7211,1097,910. lH nmr (CDC\) õ:2.27 (s, OAc), 2.85(dd, J= 12.30,16.95),

2.950 (dd, J= 9.45, 10.56),3.00-3.20 (m), 3.35 (ddd, J= 5.58, 11.6i), 3.71 (s,-CO2Me ),

3.75 (s, -CO2Me) 3.76 (s, -CO2Me), 3.77(s, -CO2Me),4.90 (bd, 1H), 5.05 (bd, 1H), 6.92

(s, aromatic), 6.96 (s, aromafic),7 .I9 (s, aromatic),7 .39 (s, aromatic)

L29 (65Vo). IR (CH2CI/ cm-l: 3591 (OH),3064,2957,1739 (CO). 1598, I4gg, t4?¡g,

1380, 1196, rr77, 1094,872,814. lH nmr (cDCl3) E:2.M (s, Me), 2.83 (dd, I= rr.z5,

16.95), 2.97 (dd,J=9.48,10.44),3.01-3.20 (m), 3.36 (ddd, J= 5.73,II.43),3.7I

(s,-CO2Me ),3.74 (s, -CO2Me)3.76 (s, -CO2Me),3.77 (s, -CO2Me),4.89 (bd, 1H),5.00

(bd, 1H), 7.20-7.90 (m, aromatics).

130 (54Eo). IR (CHzC1) cm-l: 3579 (OH), 3058, 1740 (CO) ,1502,1439,1378,1184,

1171,968. 1H nmr (CDC13) ô: 2.91 (dd, J= i0.98, 17.34),2.99 (dd,,J=9.39,10.05),

3.04-3.20 (m),3.23 (s, OMs), 3.24(s, OMs), 3.36 (ddd, I= 5.67,11.01), 3.72 (s,-COzMe ),

3.75 (s, -CO2Me) 3.77 (s, -CO2Me), 3.77 (s, -CO2Me), 4.92 (bd,1H), 5.08 (bd, 1H), 7.20

(s, aromatic),7 .25 (s, aromatic),7 .47 (s, aromatic),7 .65 (s, aromatic)

D imet hy I - 3,4 - di hy dr o nap ht hale ne -2,3 - di c arb ory I at e 13 1 and 132

The cycioadduct(LT7 or 128, -100 mg) withp-toluenesuHonic acid (10 mg) in

methanol (i0 mL) was stirred at room temperatue for 12 hours. Most of the methanol

was evaporated and the residue was dissolved in dichloromethane (50 mL). The solution

was washed with aqueous 57o sodium bicarbonate (20 mL), dried (MgSo/ and

concentrated in vacuo.

131(977o). a colourless solid with mp 168-170oC. IR (CH2C12) cm-1: 3575 (oH) ,3405



85

(OH), 3058, 1734 (CO),1707 (CO), 1206;1H nmr (CD3CN) ð: 3.06 (dd, 1H, J= 8.00,

16.31, H-4),3.2I (dd,1H, J= 3.51,16.33,H-4),3.58 (s,3H, -CO2Me),3.78 (s,3H,

-CO2Me), 3.79 (dd,1H, J= 3.72,7 .74, H-3), 6.67 (d,lH, J= 8.50), 7.I2 (d,1H, J= 8.88),

7.20 (s,1H), 7.56 (s, lH, H-1). Mass spectrumm/e (rel. Vo) 263 (5),262 (32),204 (I3),

203 (100), I72 (7), I72 (5I),159 (19), 145 (10), 144 (83),115 (43), 59 QÐ: exacr mass

calc ulated for C raHl a O s 262.08 41, found 262.08 49

132 (98vo). a colourless solid with mp 2a2-205oc. IR (nujol) cm-l: 3348 (oH), 3058,

1724 (CO),169I (CO), 1582,1255:lH nmr (CD3CN) ô: 3.00 (dd, lH, I=7.92,16.24,

H-4), 3.10 (dd, lH, J= 3.63,16.24, H-4), 3.55 (s, 3H, -CO2Me),3.73 (dd, 1H, I= 3.67,

7.83, H-3), 3.75 (s, 3H, -CO2Me), 6.68 (s, 1H, aromatic), 6.81 (s, 1H, aromatic), 6.86

(broad s, 2H, OH), 7.51 (s, 1H, H-1). Mass specrrum mle (rel. Vo) 279 (6),ZjB (41),220

(t3),219 (98),218 (71), 1gg (13), 197 (100), 161 (13), i60 (gg), r29 (t7), tt4 (22),77

(I4),59 (34); exact mass calculated for CI4H14O6 278.0790, found 278.0799.

D ímet hy l- 3,4 - di hy dr o nap hthalene -2,3 - dí c arb o ry I ate 133 and 134

The cycloadduct (L29 or 130, -50 mg) withp-toluenesulfonic acid (10 mg) in

toluene (20 mL) were refluxed (110"C) for approximately one hour (followed reacrion by

TLC). The solvent was evaporated and the residue was dissolved in dichloromerhane (50

mL) and filtered through a short column of silica gel. Evaporation of solvent gave the

corresponding product.

r33 (90vo). a colouriess oil. IR (CH2C12) cm-l: 3064,2960,1740 (Co), 1720 (Co), r5gg,

1497 , 1438, 1376, 1245, 1179,1046. lH nmr (CDCI3) õ: 2.45 (s, 6H, Me), 3.10 (dd, lH,

I= 8.2I, 16.46, H-4), 3.31 (dd, 1H, J= 3.39, 16.57, H-4), 3.64 (s, 3H, -CO2Me ), 3.84 (s,

3H, -CO2Me), 3.89 (dd, lH, J= 3.35, 8.18, H-3), 7.I2 (s,lH, aromaric),7.I4 (s, lH,

aromatic), 7.22-7.30 (m, 4H, aromatics), 7.50 (s, lH, H-1), 7.sg-7.66 (m, 4H, aromatics).

Mass spectrum mle (rer. Eo) 586 (1), 306 (43),155 (100), 151 (38), 139 (13), 123 (rj),9r
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(100), 65 (26); exact mass calculated for QsHzsoßS2 586.0967, found 586.0952.

134 (74vo). a colourless oil. IR (CH2C1) cm-l: 3064,2975, i736 (Co) , 1716 (Co), 1505,

7450, 1379, 1243, 1182, 1079,975, 890. lH nmr (CDCI3) ô: 3.14 (dd, 1H, J= 8.28,16.56,

H-4), 3.25 (s, 3H, OMs), 3.26 (s,3H, OMs), 3.41 (dd, lH, J= 2.99,16.64,H-4),3.64 (s,

3H, -CO2Me ), 3.85 (s, 3H, -CO2Me), 3.92 (dd,1H, J= 2.94,8.25,H-3), 7.33 (s, lH,

aromatic), 7.36 (s, lH, a¡omatic),7.57 (s, lH, H-1). Mass spectrummle (rel. vo) 434 (r5),

376(10),375(95),343(25),295(46),237 (35),2r7 (t00),189(25), r59(44),702(22),

59 (51); exact mass calculated for C16H1sO1s52434.0342, found 434.0335.

Acrylate of (S)-methyl lactate L35,

A mixture of (s)-methyl lactate (4.42 g, 42.2 mmol), acryloyl chloride (r r.53 g,

10.4 mL, 127 mmol) and 3 Å molecular sieves (9 g, flamed dried) in carbon terrachloride

(80 mL) were refluxed under nitrogen for 4 days. The mixture was filtered, evaporation of

solvent and chromatography of the crude oil (20Vo ethyl acetate / hexanes) gave a

colourless oil (5.83 g,87vo) which was>97vo pure by nmr (300 MHz). [o]o20 -43.5o (c

0.433, CHC13). IR (CH2CI2) cm-l: 2969,1768 (CO),t740 (CO), 1415, !I97,1i05,987.
lH nmr (CDC13) ô: 1.55 (d, 3H, I=7.1,Me), 3.76 (s, 3H, -CO2Me), 5.16 (q, lH, J= 7.1),

5.88 (dd, 1H, J= i.3, 10.4), 6.20 (dd, 1H, J= 10.4, J = 17.2),6.46 (dd, 1H, J= 1.3,lj.Z).

Mass spectrum mle (rel. Vo) neohexane chemical ionization: 159 (12, M+1), I27 (20),71

(55), 55 (100); ammonia chemical ionizarion: 176 (I0, M.NHd, I5g (25, M+1), IZ7 (20),

72 (I7),55 (100); electron impact: 114 (18), 99 (25),55 (100).

( IR,2S)-(-)-I -Hydroxy-I ,2,3 ,4-tetrahydronaphthalene-2-carborylate of (S)-methyl lactate

136

A solution of 2-methyibenzaldehyde (133 mg, 1.1 mmol), acrylate tr35 (0.228 g,

1'44 mmol) and hydroquinone (1 mg) in benzene (30 mL) was purged with nitrogen and
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inadiated with a Hanovia 450 watt medium pressure mercury lamp through a pyrex frlter

from a distance of 10 cm for I7 h. The soivent was evaporated and the residue

chromatographed (40vo erhyr acerare / hexanes) to give an oil (107 mg, 55vo). [o]o20

-36.30 (c 1.35 , CHCI3). IR (CH2CI) cm-l: 3499 (OH), 3065, 2958,1739 (CO) , t457,

1220,1160, 1103. lH nmr (CDCb) ô: 1.55 (d, 3H, I =7.1, Me), 2.00 (m, I]Ff),2.20 (m,

1}J),2.84 (m, 3H), 3.79 (s,3H, -CO2Me), 5.00 (d, lH, J= 9.30, H-1), 5.23 (q,1H, J= 7.1),

7.20 (m, aromatics). Mass specrrum mle (rer. vo) 278 (3), r73 (2r), 156 (28), 146 (86),

129 (r00),118 (33), 91 (65); exact mass calculated for c15H18o5 278.1154, found

278.1153.

( 2 s ) - ( - ) - 1,2,3,4 - terrahy dr o nap ht hal e ne -2 - c arb ory lat e of ( s ) - me t hy r r ac tate 137,

Cycloadduct 136 (146 mg, 0.525 mmol) and5Vo palladium on charcoal (30 mg) in

acetic acid (10 mL) was stirred under hydrogen (1 atm) at 70oC for 3 days. The mixture

was filtered, diluted with dichloromethane (40 mL), washed with warer and,5Vo aqueous

sodium bicarbonate, dried (MgSOÐ and. evaporated to give a colourless oil (118 mg,

87Vo). [o]o20 -38.4o (c 0.55, CHCI3). IR (CH2CI) cm-l: 305g, 2993,1740 (CO), 116g,

1137,1102. 1H nmr (CDCÐ ô: 1.50 (d, 3H, J=7.05,Me), 1.85-1.95 (m, lH),Z.lg-2.31

(m, 1H), 2.77-2.91(m, 3H), 2.97-3.I4 (m, 2H), 3.75 (s, 3H, -CO2Me), 5.15 (q, iH, J=

7.05), 7.10 (m, aromatics). Mass specrrum mle (rel. vo) 262 (2), r59 (8), 131 (37), t3o

(100), I29 (26),115 (1a); exact mass calculated for C13H18O4 262.1205, found 262.1201

( S ) - ( - ) - 1,2, 3,4 - tetahy dro nap ht ha I e ne -2 - c arb ory lí c aci d L3B

A solution of the methyl lactyl ester of 137 (I18 mg, 0.45 mmol) and potassium

carbonate (200 mg) in methanol (15 mL) and water (2 mL) were refluxed for 4 hours.

Most of the methanol was evaporated, the solution diluted with water and washed with

dichloromethane. The aqueous portion was then acidified with I\Vo HCI and extracted

with dichloromethane, dried (MgSof and evaporared ro give crystals (69 mg, g6vo).
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Recrystallization from dichloromethane / hexanes gave colouriess needles. Mp 98-1000.

lslo2O -53o (c 0.788, CHCI3),1it8i ¡a1o20 +55.50 for (R). IR (CH2CI2) cm-l: 3400-3000

(broad, -CO2H), 1707 (CO),1495,1455,7438,142I,1136,1111. 1H nmr (CDCI3) ô:

i.83-1.96 (m, 1H), 2.20-2.3I (m, 1H), 2.77-2.90 (m, 3H), 3.02-3.05 (m, 2H), 7.08-7.14 (m,

aromatics). Mass spectrum mle (rel. Vo) 177 (4), 176 (35), 131 (32), 130 (100), 115 (17),

I04 (20),9I (27); ezact mass calculated for Ci1H12O2176.0837, found 176.0843.

(1R,25)-(-)-I-Hydrory-í,7-diacetory-1,2,3,4-tetahydronaphthalene-2-carboxylate of

(S)-methyl lactate I39

2-Methyl-4,5-diacetoxybenzaldehyde (0.093 g, 0.39 4 mmol), the acrylate of

(S)-methyl lactate (0.094 g, 0.591 mmol) and hydroquinone (2 mg) were dissolved in

benzene and deoxygenated by flushing with nitrogen. The solution was iradiated

(Hanovia 450 watt, medium pressirre mercury lamp, through 1 mm pyrex) for 24 h, the

solvent was evaporated and the residue was chromatographed on silica gel (35-75Vo ethyl

acerare / hexanes) to give a colourless oil (0.132 s,85vo). ¡a1o20-24o (c I.43, CHCI3). iR

(CH2Clt cm-l: 3575 (OH), 3492 (OH), 3061, 2959,1771 (CO),1504,1372,1213,1176,

1099. lH nmr (CDCI3) ô: 1.54 (d, 3H, I=7.09,Me), 1.90-2.07 (m,1H),2.10-2.24 (m, 1H),

2.26 (s,3H, OAc), 2.27 (s,3H, OAc), 2.72-2.88 (m, 3H), 3.78 (s, 3H, -CO2Me), 4.90 (d,

H-1, J= 9.54),5.25 (q,lH, J= 7.09),6.91 (s, lH, aromaríc),7.47 (s, lH, aromaric). Mass

spectrum mle (rel. Vo):394 (7),352 (20), 310 (48),292 (36),249 (35),223 (42),205 (5j),

188 (44), I79 (22),178 (100), 166 (55), 161 (60), t49 (36); exact mass calculated for

C 19JJ22O s 39 4.t264, found 39 4.1266.

(25)-(-)-6,7-díacetory-l ,2,3,4-tetrahydronaphthalene-2-carboxylate of (S)-methyl lactate

L40

Cycloadduct 139 (227 .5 mg, 0.58 mmoi) with 5Vo Pd/C (50 mg) in acetic acid (10

mL) were stirred under hydrogen (1 atm) at 70 oC for four days. The mixture was filte¡ed
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and the solvent was evaporated to give a yeilow oil. Chromatography of the crude oi1

(silica gel, ethyl acetate / hexanes) gave L40 as a colourless oil (37 mg, lTVo). ¡cr1o20-25o

(c 0.89, CHCI3). IR (CH2CI) cm-l: 3064,2958,1766 (CO),l74I (CO), 1506, 1372,

1216,1178, 1097. lH nmr (CDC13) ô: 1.51 (d, 3H, J= 7.05, Me), 1.80-1.95 (m, 1H),

2.I7-2.35 (m, 1H, overlapped by OAc singiets), 2.26 (s,3H, OAc), 2.27 (s,3H, OAc),

2.75-2.88 (m, 3H), 2.94-3.11 (m, 2H), 3.74 (s,3H, -COzMe), 5.13 (q, lH,J= 7.08), 6.90 (s,

1H, aromadc),6.92 (s, lH, aromatic). Mass spectrum mle (rel. Vo):378 (3),336 (17),295

(I2),294 (72),275 (7),205 (14), 163 (26),162 (100), 1a9 (18); exact mass calculated for

C1eH22O8 37 8.1375, found 37 8.1306.

1 - Ac etory b e nz o cy c lo but e ne l4l
This compound was prepared by a modified literature procedurel2. To a refluxing

solution of vinyl acetate (100 mL) and isoamyl nitrite ( 10 mL, 74.4 mmol), anthranilic

acid ( 9.00 g, 65.6 mmol) was added in small porrions over a period of half an hour and

refluxed for an additional half an hour. The excess vinyl acetate was evaporated and the

resulting dark oil was distilled under reduced pressure (0.3 mm Hg, 80-90oC) to give a

yellow oil (5.455 g,477o). lH nmr (CDCI3) õ: 2.11 (s, 3H, OAc), 3.22 (dd,,1H, J= 1.91,

14.55), 3.66 (dd, lH, J= 4.55, L4.53), 5.91 (dd, 1H, J= 1.91, 4.56), 7.01-7.45 (m, 4H,

aromatics), identical to that previousiy reportedl2.

B enzocyc lobuten- I -ol 17

l-Acetoxybenzocyclobutene 141 (5.00 g,28.0 mmol) and cation exchange resin

(Dowex 50W-X8, acid form, 5 g) in methanol (20 mL) was sti:red at 70oC for 77 hours.

The mixture was filtered and the solvent was evaporated. The resulting crude oil was

chromatographed to glve a pale yellow oil (2.296 s,68vo). lH nmr (CDClt ô: 2.09 (s,

1H, OH), 3.05 (dd, lH, J= 2.00,14.44),3.63 (dd, lH, J= 4.50, 14.4I),5.30 (dd, 1H, J=

2.02,4.50),7.72-7.27 (m, 4H, aromatics), identical to that previousiy reportedl2.
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( IR,2S)-(-)-I -Hydrory-I ,2,3 ,4-tetrahydronaphthalene-2-carborylate of (S)-methyl lactare

136

Benzocyclobuten-l-o I l7 (32mg, 0.268 mmol), acrylate I35 (0.1272 g, A.804

mmol) and hydroquinone (2 mg) in toluene (7.0 mL) were refluxed for 6 hours. The

solvent was evaporated and the residue was chromatographed (40Vo ethyl acetate /

hexanes) to give an oii (54.4 mg,73vo). The major isomer had an 1H nmr specrrum

identical to the product obtained from the photochemical reaction.

2 -Bromo -4,5 -dimethoxy styrene oxide L43

2-Bromo-4,5-dimethoxybenzaldehyde (0.804 g,3.30 mmol), trimethyl sulfonium

iodide (I.346 g, 6.58 mmol)and potassium hydroxide (0.35 g, 6.26 mmot) in acetonitriie

(50 mL) with two drops of water were stired at 60oC for five hours. Water (40 mL) was

added and the mixtue was extracted with dichloromethane (3 x 40 mL). The combined

exuact was dried (MgSOd and evaporation of soivent followed by chromatography of the

crude oil (silica gel, l\Vo ethyl acetate / hexanes) gave colourless crystals (0.6642 g, 7 8Vo) .

Mp 87-89oC. IR (CH2CI, cm-l: 3061 ,2969, i606, L507, 1464, 1394, 1247 , t2!1, 1164,

1031, 942,863,792. rH nmr (CDC13) ô: 2.83 (dd, 1H, I =2.64,5.67),3.16 (dd, lH, J=

4.14,5.70), 3.85 (s, lH, -OCH3), 3.87 (s, 3H, -OCH3), 4.10 (dd, 1H, J = 2.58, 4.02),6.72

(s, 1H),7.00 (s, 1H). Mass spectrum mle (rel.Vo):260 (26),259 (5),258 (26),23I (93),

229 (r00), r49 (25),107 (14); exacr mass calculated for crol{rro¡7eBr 257.9992, found

251.9897.

4 ,5 -Dimethorybenzocyclobuten- I -ol 144

A solution of 2-bromo-4,5-dimethoxystyrene oxide 143 (0.359 g,1.39 mmol) in

anhydrous ether (30 mL) was cooled to -78oC under nitrogen. n-Butyllithium (2.44 M in

pentane, 1.60 mmol,0.66 mL) was introduced, foilowed by MgBr2 ethemre (2.78 mmol).
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The mixture was sti¡red at -78oC for haif an hour and then ailowed to warm siowly to

room temperature. The mixture was quenched with 10Vo ammonium chloride solution (30

mL), extracted with ether (2 x 30 mL) and dried (MgSO). Evaporation of solvenr

followed by chromatography of the crude oil (silica gel,35Vo ethyl acetate / hexanes) gave

a colouriess solid (117 mg, 477o). Mp 107-109oC, lit.16 mp 104-105oC. IR (CH2CIy)

cm-1: 3593 (OH), 3061, 2961,1593,1482,1304,1209,1099,1073,1046,973, 898. 1H

nmr (CDClf ô: 2.30 (s, 1H),2.95 (dd, lH, J = 1.4,13.72) 3.50 (dd, 1H, J = 4.20 13.72),

3.84 (s, 3H), 3.85 (s, 3H), 5.20 (dd, 1H, J = 1.4,4.2),6.70 (s, 1H), 6.80 (s, 1H). Mass

spectrum mle (rel. Vo): l8l (12), 180 (100), 179 (58), 165 (24),151 (53), I09 (23),77 (21),

65 (19); exact mass calculated. for CroIIizO¡ 180.0787, found 180.0781. The physicai

properties were identical to those previously reportedl6.

I - Ac et ory -4,5 - dimet horyb e nzo cy c I ob ute ne 14 5

A solution of 2-amino-4,5-dimethoxybenzoic acid (1.40 g, 7.08 mmol) in

tetrahydrofuran (20 mL) was added to a refluxing solution of vinyl acetate (70 mL) and

iso-amyl nitrite (I.67 g,1.9 mL, I4.l6mmol) over a period of 30 min. After refluxing for

15 hours, the vinyl acetate was evaporated on a rotary evaporator and the resulting

brown-red oil was distilled in a short path distillation appilatus (0.05 mm Hg, 130oC) to

give a red oil (I.za g). This oil was chromato$aphed on silica gel (ethyl acetate /

hexanes) to give a pale yellow oil (0.71 g,45vo, solidified on cooling) which nmr

indicated was essentially free of impurities. Mp 33-35oC. IR (CH'CI2) cm-l: 3057 ,2966,

1737 (CO), 1484, 1466, 1383, 1304, I24I, 12II, 1073,1036. lH nmr (CDCI3) ô: 2.10 (s,

3H, OAc), 3.14 (dd, 1H, J = 1.52, 73.9),3.53 (dd, lH, I = 4.30, 13.9), 3.85 (s, 3H, -OCH3),

3.86 (s, 3H, -OCH: ), 5.80 (dd, lH, J = 1.63, 4.30),6.71 (s, 1H, aromatic),6.82 (s, 1H,

aromatic). Mass spectrum mle (rel.7o):222 (20), 181 (11), 180 (100), r79 (41),165 (16),

163 (i5), 162 (2r): exact mass calculated for C12H14o4 222.0892, found 222.089r.
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4 ,5 -Dimethorybenzocyclobuten- I -ol 144

Dimethoxybenzocyciobutenyl acetate 145 (0.458 g,2.06 mmol) was stirred in a

mixture of methanol /30Vo aqueous ammonia (7:3,70 mL) at room temperature for 6

hours . The mixture was acidified with aqueous 707oHCl and extracted with

dichloromethane. The resulting crude product (yellow solid) was chromatographed on

silica gel (ethyl acetate / hexanes) to give colourless crystais (0.317 g,857o), which had

physical properties identicat to those previously reportedl6.

(IR,2S)-(-)-l-Hydrory-6,7-dimethory-1,2,3,4-tetrahydronaphthalene-2-carborylate of

(S)-methyl lactate 146

Dimethoxybenzocyclobutenol 144 (88 mg, 0.49 mmol), the acrylate of (S)-methyl

iactate (232 mg, 1.47 mmol) and hydroquinone (2 mg) were dissolved in toluene (7 mL)

and refluxed for 6 hours. The solvent was concentrated in vacuo and the resulting oil was

chromatographed on silica gel (eluant ethyi acetate / hexanes) to give a pale yellow oil

(153 mg, 93Vo) which appeared by nmr to be a mixtue of one major and three minor

(<9Vo) isomers). Careful rechromatography on silica gel (25Vo ethyl acetate / hexanes)

gave the major cycloadduct as a colourless oil which solidified on cooling (I32 mg,80Vo).

Mp 76-78oC. [o]o20-31.60 (c 1.33, CHCI3). IR (CH2Ct)cm-l:34g2 (OH), 3062,2960,

1739(CO), 1512,146I,IzM,1209,1159, 1118. lHnmr (CDCI3) õ: 1.55 (d,3H, J =7.12,

Me), 1.91-2.05 (m, lH),2.12-2.20 (m, 1H),2.71-2.92 (m,3H),3.7g (s, lH, -CO2Me), 3.84

(s, 3H, -OCH3), 3.87 (s, 3H, -OCH3),4.92 (d, lH, I=9.I2,H-1), 5.25 (q,1H, J= 7.lZ),

6.55 (s, 1H, aromanc),7.I7 (s, 1H, aromatic). 13C nmr (75.5lvlLlz CDCL3) õ: 16.75

(cH:), 23.73 (CHz), 27.79 (CHz), 48.84 (CH), 52.95 (CHE), 55.81 (CH:), 55.86 (CH¡),

68.68 (CH), 70.59 (CH), 109.43 (CH), 110.55 (CH), r27 .51(C), 129.30 (C), 147.56 (C),

148.12(c),172.19 (c),174.54 (C). Mass specrrum mte (rer.vo):339 (10),338 (52),32r

(10),320 (34),25r (20),233 (42),217 (28),207 (21),206 (63), 199 (100), 177 (68); 151

(35), 1i5 (16), 91 (16), 77 (16),55 (30); exact mass calculated for Cr7H2zO7 338.1367 ,
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found 338.1372.

( I S ,2R)-I -hydrory- I ,2,3 ,4-tetrahydronaphthalene-2-carborylate of (S)-methyl lactate L47

Only 2 mg of the pure minor adduct was isolated by chromatography and it was

charactenzed by 1H nmr only. lH nmr (CDCI3) ô: 1.55 (d, 3H, I =7.09, Me), 1.91-2.05

(m, 1H),2.27-2.34 (m, 1H),2.72-2.94 (m,3H),3.78 (s, lH, -CO2Me),3.85 (s,3H,

-OCH3), 3.88 (s, 3H, -OCH3), 5.08 (d, 1H, J= 9.11, H-1), 5.25 (q, lH, J= 7.08), 6.56 (s,

1H, aromatic),7.13 (s, 1H, aromatic)

(25)-(-)-6,7-Dimethory-1,2,3 ,4-tetrahydronaphthalene-2-carbox ylate of (S)-methyl lactate

148

Cycloadductl4í (I23 mg,0.36 mmol) and 5Vo Pd/C (120 mg) were sti:red in

acetic acid /methanol (50:50, 15 mL) under Hz (1 atm) at room temperature for 15 hours.

The mixture was then filtered, evaporated to near dryness, dissolved in dichloromethane

(50 mL), washed with 5Vo aqueous sodium bicarbonate, dried (MgSO, and evaporated to

a colourless oil which crystallized on standing (95.5 mg, 82Vo). Mp 67-68oC.

¡u1o20-37.3o (c 0.88, CHCI3). IR (CIi2C12) cm-r: 3064,2959,1740 (CO), 1516, t462,

1242,1168, 1115. lH nmr (CDCI3) õ: 1.51 (d, 3H, I =7.05, Me), 1.82-1.91 (m, 1H),

2.18-2.27 (m, 1H), 2.76-2.84 (m,3H),2.86-3.08 (m,2H),3.75 (s,3H, -CO2Me),3.85 (s,

6H, -OCH3),5.I4 (q, lH, J = 7.05), 6.57 (s, lH, aromatic), 6.60 (s, 1H, aromatic). lH nmr

(CoDo) ô: 1.29 (d,3H, J =7.07, Me), 1.80-1.95 (m, lH),2.07-2.16 (m, lH),2.44-2.73 (m,

3H),2.93-3.13 (m, 2H),3.31(s, 3H, -CO2Me), 3.44 (s,3H, -OCH3),3.46 (s, 3H, -OCH3),

5.14 (q, 1H, J = 7.07),6.39 (s, 2H, aromatics¡. 13C nmr (75.5 MHz, CDCL3), õ: 16.85

(cH¡), 25.6r (CHz), 27.94 (CHz), 31.09 (CHz), 39.72 (CH), 52.25 (CHs), 55.76 (CH:),

66.28 (CHs), 68.32 (CH), 111.33 (CH), ttl.52 (CH), 126.35 (C),t27.19 (C),147.02(C),

I47.09 (C), 171.19 (C),174.72 (C). Mass spectrum mle (rel. Vo):322 (96),I92 (7),I9I

(58), 190 (100), 189 (21), 175 (24), t76 (I1), 159 (13), 96 (16); exact mass calculated for
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C nHzzO 6 322. I 41 6, found 322.1 425 .

(25)-(-)-6,7-Dimethory-l ,2,3 ,4-tetrahydronaphthalene-2-carborylíc acid 150

The ester 148 (113 mg, 0.35 mmol) and potassium ca¡bonate (200 mg) was stirred

in a methanol / water (20:1,20 mL) mixture at room temperattlre for 15 hours. Most of

the solvent was then evaporated and the residue dissolved in 5Vo aqueous sodium

bicarbonate, washed with dichloromethane, acidified with t}Vo aqueous HCI and finally

extracted with ethyl acetate. Drying (MgSOf and evaporation gave a colourless solid

which could be recrystallized from dichloromethane / hexanes (79.5 mg, 95vo). Mp

r45.5-r47oc, lile mp 141.5-142.5 (racenic). [s]n20-41.80 (c 0.67, cHCl3). IR (cH2ct2)

cm-1: 3400-2800 (broad, -CO2H), 1708 (CO) , I5I7 , 1243, 1224,1116, 909. lH nmr

(CDCI3) ô: 1.81-1.94 (m, lH),2.19-2.27 (m,lH),2.72-2.83 (m, 3H),2.95 (d,2H',J=7.j0),

3.840 (s, 3H, -OCH3), 3.843 (s, 3H, -OCH3), 6.58 (s, LH, aromatic), 6.59 (s, 1H,

aromatic), II.72 (bs, lH, -CO2H). Mass spectrum mle (reI. Vo): 237 (13),236 (100), 191

(9), 190 (22),175 (21),164 (26),159 (15); exact mass calculated for C13H16O4 236.1049,'

found 236.1046.

Benzylorycarbamate of (25)-(-)-I -Amíno-6,7-dímethory-I ,2,3 ,4-tetrahydronaphthalene

151

Dimethoxytetralincarboxylic acid 150 (76.5 mg,0.33 mmol), diphenylphosphoryl

azide (I07 mg, 0.39 mmol) and triethylamine (39.4 mg,O.39 mmol) were refluxed in dry

benzene for 2 hours. Benzyl alcohol (105 mg, 0.97 mmot) was added and the mixrure was

refluxed a further 24 hours. The solvent was then evaporated and the residual yellow oil

chromatographed on silica gel (20Vo ethyl acetate / hexanes) to give a colourless solid

(88.5 mg, 80Vo). Mp 130-131.5oC,1it.84 mp 122-lZ3oC (racemic). ¡a1o20-23.3o (c 0.56,

CHCI3). IR (CH2C12) cm-l: 3437 (NH), 3060, 2940,1720 (CO),I5t2,1249,1214,1136,

1174. iH nmr (CDCI3) ð: 1.73-1.84 (m, 1H), 2.01-2.10 (m, 1H),2.60 (dd, 1H, J = 16.0,
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7.0),2.68-2.90 (m,1H), 3.05 (dd, lH, J = i6.0, 4.80), 3.82 (s, 3H, -OCH3), 3.83 (s, 3H,

-OCH3), 3.92-4.10 (bm, 1H),4.80 (bd, 1H, J = 6.0), 5.10 (s, 2H), 6.52 (s, lH, aromatic),

6.57 (s, 1H, aromatic),7.32-7.36 (m, 5H, aromatics). Mass spectrum mle (rel. Vo):34I (7),

233 (r1), 191 (14), 190 (100), 175 (r7), 164 (22), 108 (i3), 107 (1 1), 91 (37),79 (r7),77

(15); exact mass calculated for CasHnO4N 341.1627 , found34l.1589.

Hydrochloríde of (25-(-)-I -Amino-6,7-dimethory-I ,2,3 ,4-tetrahydronaphthalene 152

A mixnre of carbamate 151 (69.5 mg, 0.20 mmol), 5Vo Pd/C (a0 mg) ín I}Vo

anhydrous HCI in methanol (30 mL) was stired under hydrogen (1 atm) ar room

temperature for 8 hours. The solution was filtered, and evaporated, giving a beige solid

(48 mg, 97Vo) which could be recrystallized from methanol / erher. Mp 2I3-214oC, lit.75

2r2-2l4oc. [o]o20 -65.10 (c 0.215, CH3OH), lit.7s ¡aio20 +73.2 for (R). lH nmr (CDCI3)

õ:1.97-2.I1 (m, 1H), 2.32-2.44 (m, 1H), 2.76-2.92 (m, 2H), 2.06 (dd, lH, J = 15.4,10.7),

3.25 (dd,lH, J = I5.4,4.38),3.54-3.68 (m, 1H), 3.78 (s, 3H, -OCH3),3.82 (s, 3H, OCH3),

6.54 (s, 1H, aromatic), 6.56 (s, lH, aromaric), 8.6 (bs, 3H, -NH2.HCI). Mass spectrummle

(rel. Vo):208 (7) 207 (52),192 (8), 191 (1 1), 190 (88), 175 (25), 165 (19), 164 (100), 159

(15), 149 (25),121 (22), t05 (13), 91 (t2),77 (t9).

( 2 S ) - ( - ) - I -Amino - 6,7 - dimet hory - 1,2,3,4 - t etr ahy dro nap ht hale ne I53

The hydrochloride salt of 152 (see above) (32 mg,O.13 mmol) was dissolved in

dilute aqueous sodium hydroxide (0.1 M, 20 mL) and saturated aqueous sodium chloride

(5 mL) was added. Extraction with dichloromethane, drying (MgSOa) and evaporation

gave a colourless oii (16.1 mg,60Vo) which solidifred on cooling. Mp 85-86oC. [a,]p20

-85.70 (c 0.105, CH3OH), lit.7s +86.5 for (R). IR (CH2CI2) cm-l:3373 ûrH),3299 (weak,

NH), 3050 ,2929, 161 1, 1517 , 1467 , 1250, 1216, 1i 16, 853. lH nmr (CDCI3) ô: 1.58 (m,

1H), 1.66 (s, 2H, -NH2), 1.94-2.03 (m, 1H), 2.50 (dd, lH, J = 9.23,15.75),2.70-2.85 (m,

2H),2.92 (dd, 1H, J =4.68,15.75),3.12-3.21(m, 1H),3.84 (s,6H, -OCH¡),6.55 (s, 1H,
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aromatic), 6.58 (s, 1H, aromatic). Mass spectrum mle (rel. Vo):208 (6) 207 (51), 192 (8),

191 (10), 190 (85), r75 (34),165 (18), 164 (100), 159 (14), r49 (20),9t (12),77 QÐ;

exact mass calculated for C12H17O2N 207.1259, found 207.1259.

Mosher's actd chloride

This compound was prepard according to the literature procedure8T.

(S)-(-)-o-methoxy-o-trifluoromethylphenylacetic acid (Aldrich, 0.471 g, 2.01mmol) with

sodium chioride (100 mg) in thionyl chloride ( 30 mL) was refluxed for 50 hours. The

excess thionyl chloride was removed at reduced pressure. The reacúon mixture was

dissolved in carbon tetrachloride (50 mL) and the sodium chloride lvas removed by

filtration. The organic solution was concentrated in vacuo to give a colourless oit (0.5020

g,99Vo). lH nmr (CDCI3) ô: 3.75 (q, 3H, J= 1.91, -OCH3), 7.43-7.55 (m, 5H, aromatics).

Mosher' s acid amide of (25)-(-)-I -Amino-6,7-dimethory-I ,2,3 ,4-tetrahydronaphthalene

t54

The S-(-)-amide was prepared from the crude amine 153 using the literature

methodTs: Crude (S)-(-)-2-amino-6,7-dimethoxy-1,2 ,3, -tetahydronaphthalene (14 mg,

0.068 mmol) in carbon tetrachloride (2 mL) was stired continously ar room remperature

under nitrogen. Dry pyndine (0.30 mL) and Mosher's acid chloride (23.9 mg, 0.095

mmol, in carbon tetrachloride (1.0 mL)) were introduced sucessively. The mixture was

stired for 15 hours and dichloromethane (20 mL) was added. The mixture was washed

sucessively with 10Vo HCI ( 2 x l0 mI-), 5Vo sodium bicarbonate (10 mL) and saturated

sodium chloride solution (10 mL). The organic phase was dried (MgSO/ and evaporation

of solvent gave the amide as a colourless oil (21.5 mg, 75vo). lH nmr (CoHo) õ: r.30-1.42

(m, 1H), 1.62-I.74 (m, 1H), 2.29 (dd,lH, J = 15.8, 8.49),2.37-2.56 (m, 2H), 2.8i (dd, lH,

J = 15.8, 5.05), 3.13 (m, 3H), 3.41 (s, 3H), 3.44 (s,3H), 4.24-4.34 (m, IH), 6.29 (s, 1H),

6.32(s,l}l),6.42 (d, 1H, I =7.72),7.02-7.12 (m, 3H),7.74 (d,2H,J =7.75). The amide
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from the racemic amine exhibited the signals above as well as rhe signals for the other

diastereomer. The two sets of signals were well resolved only in the aromatic region

where the other diastereomer showed signals at õ 6-24 and 6.35.

Mosher' s acíd amíde of (x)-2-amino-6,7-dímethory-1,2,3,4-tetahydronaphthalene

This compound was prepared using the procedure for optically pure amide 154 and

has the following nmr. lH nmr (C6H6) ô: 1.10-1.50 (m, 2H), 1.55-1.80 (m, 1H), z.rg (dd,,

lH, J= 8.50, 15.70),2.29 (dd, lH, J = 15.8, 8.49),2.32-2.58 (m, 2H), 2.12 (dd,, 1H, J=

4.75,15.92),2.8I (dd, lH, J = 4.99,15.78),3.1i-3.13 (m,6H),3.405 (s,3H),3.411(s,

3H),3.42I (s,3H),3.438 (s,3H,),4.22-4.38 (m, 1H), 6.24(s,lH),6.29 (s, 1H), 6.32(s,

1H), 6.35 (s, 1H,), 6.42 (d,1 H, J =7.72),6.45 (d,1H, J= 8.10), 7.02-7.2 (m, 3H), 7.74 (t,

zIJ,J =7.25).

6,7-Dimethory-3,4-dthydronaphthalene-2-carborylate of 6)-methyl lactate 149

Cycloaddu ct 146 (92.5 mg, 0.27 4 mmol) with p-toluenesulfonic acid ( 1 mg) in

benzene (20 mL) was refluxed for 30 minutes. Most of the solvent was evaporated and the

residue was filtered through a short silica gel column (50Vo ethyl acerate / hexanes). The

solvent was evaporated to give a colourless oil (82 mg,94vo). [*]o20 +33.5o (c 0.65,

CHCI3). IR (CH2CI) cm-l: 3022,2958,1754 (CO),1703 (CO), t570,1519, IZI7,ItZ7,

i103. lH nmr (CDCI3) ô: 1.57 (d, 3H, J = 7.05, Me), 2.56-2.64 (m,ZH),2.7g-2.86 (m,

2H),3.77 (s,3H, -CO2Me),3.87 (s,3H, -OCH3),3.91 (s,3H, -OCH3), 5.2I (q,lH, J =

7.05), 6.71 (s, lH, aromaric),6.77 (s, 1H, aromaric), 7.56 (s, H1). Mass specrrum mle (rel.

Vo):321(5), 320 (32),218 (3),217 (27),189 (19), 188 (21),149 (23), 88 (22),86 (88), 84

(100); exact mass calculated for Cr7H20O6 320.1260, found 320.1275.
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The (S)-methyl lactate of (!)-6,7-Dímethoxy-l ,2,3,4-tetra.hydronaphthalene-2-carboryltc

acid

Aikene I49 (145 mg, 0.453 mmol) with SVo Pd/C (50 mg) in methanol (30 mL)

was stired under hydrogen (1 atm) at room ternperatue for 15 hours. The mixture was

filtered and evaporation of solvent gave a colourless oil. The lH nmr of the oil in

benzene-D6 showed that it is a mixture of rwo diastereomers (approximately 50:50). lH

nmr (C6D6) õ:1.27 (d, J= 7.08), 1.29 (d,I =7.05, Me), i.78-2.00 (m), 2.06-2.15 (m),

2.16-2.26 (m),2.24-2.74 (m),2.80-3.11 (m, 2H), 3.29 (s, -CO2Me), 3.31 (s, -CO2Me), 3.43

(s, -OCH3) ,3.44 (s, -OCH3) ,3.45 (s, -OCH3) ,3.46 (s, -OCH3), 5.13 (q, J = 7.05), 6.358 (s,

aromatic), 6.369 (s, aromatic),6.374 (s, aromatic),6.394 (s, aromatic).

Rac emic 6,7 - D imet hory - 1,2,3,4 - t e tr ahy dro nap hthal e ne -2 - c ar b ory li c ac i d

The compound was prepared in a manner identical to that used for the preparation

of 150, starting from the corresponding diastereomeric mixture. The resulting racemic

acid. had a lH nmr identical to 150.

( R) - ( - ) -methyl mandelate

(R)-mandelic acid (Aldrich, 2.376 g, i5.6 mmol) and concentrated sulfuric acid

(1.0 mL) in methanol (50 mL) were refluxed for 3 hours. Most of the methanol was

evaporated and the residue was dissolved in dichloromethane (50 mL). The mixrure was

washed with SVo sodium bicarbonate (3 x 30 mL) and then water unril neutral. The

organic phase was dried (MgSO/ and concentrated in vacuo to give a colourless oil which

solidified to a colouriess solid on cooling (2.3845 g,927o). Mp 54-55oC. [o]o20 -140.50

(c 0.39, CH3OH). IR (CH2CI2) cm-l: 3540 (OH), 3050, 2929,1725 (CO), 1480, i360,

1i90, 1290,1140. iH nmr (CDCI3) ô: 3.53 (d, lH, J = 5.58), 3.76 (s,3H, -CO2Me), 5.18

(d, lH, J= 5.25),7.34-7.41(m, 5H, aromatics). Mass specrrum mle (rel. vo): 167 (1) 166

(7),107 (100), 79 (47),77 (29).
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AcryIate of ß)-methyl mandelate L55

This compound was synthesised using the procedure for preparing the acrylate of

(S)-methyl lactate, starting with the following reagents: (R)-methyl mandelate (2.01 g,

12.1 mmot), acryloyl chloride (3.0 mL, 36.3 mmot) and. molecular sieves (3Å, 8 g). The

product was a colourless oil (1.841 g,69Vo). [o]o20 -140.00 (c 0.60, CHC13). IR (CH2CI2)

cm-l: 3067 ,2958,1758 (CO),1732 (CO), 1407,II73. lH nmr (CDC13) E:3.73 (s, 3H,

-CO2Me), 5.92 (dd, 1H, J= 1.38, 10.41), 6.01 (s, 1H), 6.24 (dd,lH, J= 10.41, 17.23),6.53

(dd, lH, I= I.34,1 = l7 .34),7 .37-7 .49 (m, 5H, aromatics). Mass spectrum mle (reI. Vo):

22t (2),220(r4),189 (8), 188 (68), 166(4),165 (34), 162(11), 161 (100), 106(12) 105

(85), 90 (17),77 (55); exact mass calculated for CDH12O4220.0736, found 220.0724.

(1S, 2R)-(-)-l -Hydrory-I ,2,3,4-tetrahydronaphthalene-2-carboxy late of (R)-methyl

mandelate 156

2-Methyibenzaldehyde (159 mg, 1.33 mmol), the acrylate of (R)-methyl mandelate

155 (437 mg, 1.99 mmol) and hydroquinone (2 mg) were iradiated in benzene solution

(30 mL) for 20 hours using a450 watt Hanovia medium pressure mercury lamp (1 mm

Pyrex filter). Evaporation and chromatography (silica gel, ethyl acetate / hexanes) gave

the adduct as a pale yellow oil (234 mg, 57Vo). [s]o20-5t.9o (c 0.45, CHCI3). IR

(CH2CI2) cm-l: 3598 (OH), 3498 (OH), 3065, 2957,174i (CO) , 1495, 1456, 1438, I2l7 ,

1152,1038,789. rH nmr (CDCI3) ð: 1.96-2.22 (m,2H),2.76-3.00 (m, 3H),3.75 (s, 3H,

-CO2Me),3.84 (d, lH, J = 4.0),5.20 (d, H-1, I =3.2I,9.25),6.07 (s, 7H),7.07 (d, lH, J =

7.2),7.15-7.28 (m, 2H), 7.3-7.52 (m, 5H), 7.67 (d,lH, J = 7.32). Mass spectrum mle (rel.

Vo):340 (0.1), 191 (38), 174(12),173(68),158 (7), 157 (60), 151 (8), i50(85), 146(20)

I45 (27),130 (23),129 (100), 104 (58), 91 (56), 77 (40). Analysis calcuiated for

C26II29O5: C 70.58, H 5.92, found C70.24, H 5.93.
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( R ) - ( + ) - 1,2,3,4 - te trahy dr o nap hthale ne -2 - c ar b ory lt c acid L57

The cycloadduct 156 (11.3 mg, 0.33 mmol) with 5Vo Pd/C (100 mg) in acetic acid

(15 mL) were sti¡red under 1 atm of hydrogen at room tempemture for 6 hours. The

mixture was filtered and most of the acetic acid was removed at reduced pressure. The

residue was dissolved in dichloromethane (40 mL) and extracted with 57o sodium

bicarbonate (2x20 mL). The bicarbonate extract was acidified with aqueous l}VoHCI

and then extracted with dichloromethane (3 x 20 mL). The dichloromethane layer was

dried (MgSO/ and concentrated in vacuo to give a colourless oil which crystallized on

cooling (40.9 mg, 70Vo). Mp 97-99oC. [c,]¡20+53.3o (c 0.0975, CHClt, lit.81 ¡c,1p20

+55.5. IR , lH nmr and mass spectrum of this compound were idenrical to that of its

optical antipode 138. Exact mass calculated for C11H12O2176.0837, found 176.0830.

(-)-I-Hydrory-I ,2,3,4-tetrahydronaphthalene-2-carborylate of (R)-methyl mandelate

Benzocyclobuten- 1-ol L7 (19 .5 mg, 0. 1 63 mmol), acrylare of (R)-methyl

mandelate (71.5 mg, 0.325 mmol) and hydroquinone (2 mg) in toluene (5.0 mL) were

refluxed for 5 hours. The solvent was evaporated and the residual oil was

ch-romatographed (silica gel, ethyl acetate / hexanes) to give a pale yellow oil (31 mg,

567o). ¡u1o20-+6.70 (c 2.37 , cHCl3). The major isomer has a lH nmr identicar to

compound 156.

Fumarate of (R)-methyl mandelate L58

Fumaryl chloride (0.674 g,4.47 mmol) with (R)-methyl mandelate (r.464 g,8.82

mmol) in a 25-mL round bottom flask were stired at 110oC for 15 hours. The crude oil

was chromatographed (silica gel, l57o ethyi acetate / hexanes) to give a colourless oil

(1.5155 g,83Vo). Mp 82-84oC. [a]o20 -gg.go (c 1.10, CHCI3). IR (CH2CI) cm-1: 3059,

2988,1759(CO),1734(CO), L272,1138. lHnmr(CDCI3) õ:3.74(s,6H,-CO2Me),6.04

(s,2H), 7.06 (s, 2H),1.39-7.48 (m, 10H, aromatics). Mass spectrummle (rel. vo):380 (1),
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255 (6),248 (9), 150 (24), 149 (100), r2r (32), t07 (24),105 (17), 82 (16) 79 (t2),77

(16). Analysis calculated for C22H2sOs: C 64.39,H 5.29, found C 64.08, H 4.89.

(-)- I -Hydroxy- I ,2 ,3 ,4-tetrahydronaphthalene-2 ,3 -dicarborylate of (R)-methyl mandelate

159

2-Methylbenzaldehyde (13.5 m9,0.113 mmol) and the fumarate of (R)-methyl

mandelate 158 (46.5 mg, 0.113 mmol) were iradiated in benzene solution (20 mL) for 6

hours using a450 watt Hanovia medium pressure mercury lamp (1 mm Pyrex filter).

Evaporation of soivent and chromatography (silica gel, ethyl acetate / hexanes) gave rhe

adduct as a colourless oil (31 mg, 527o). The adduct could be recrystallized from ethyl

acetate / Hexanes to give colourless needles. Mp 124-I26oC. [c,]p20-43.4o (c 0.2I,

CHCI3). IR (CH2CI/ cm-l:3493 (OH),3056,2959,1744 (CO),7227,II75,1156, 1119.

1H nrnr (CDCI3) õ:3.I2 (dd, 1H, J = 17.80, 13.40), 3.22 (dd,lH, J = 9.60, 10.96),

3.30-3.43 (m, 2H), 3.68 (s, 3H, -CO2Me),3.75 (s, 3H, -CO2Me), 5.03 (d, 1H, J = 9.56,

H-1),5.91 (s, 1H),6.11 (s, 1H),7.14 (d, lH, J= 7.13),7.12-7.50 (m, 12H),7.74 (d,lH, J=

7.38). Mass spectrum mle (rel. Vo): 166 (8), 159 (28),129(17),I28 (12),107 (100), 79

(57),77 (42). Analysis Caiculated for C36IIzOe: C 67.66, H 5.30, found C 68.07, H 5.18.

(-)-I -Hydrory-1,2,3,4-tetrahydronaphthalene-2,3-dicarborylate of (R)-methyl mandelate

159

Benzocyclobuten-l-olt7 (134 mg,1.72 mmol) and the fumarate of (R)-methyl

mandelate 158 (461 mg,1.I2 mmol) in toluene (5 mL) were refluxed for 6 hours.

Evaporaúon of solvent and chromatography of the crude oil (silica gel, ethyl acetate /
hexanes) gave the adduct as a colourless oil (573.5 mg,967o). Spectral properries were

identical to those given earlier.
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(-)-I-Hydrory-I ,2,3,4-tetrahydronaphthalene-2,3-dicarboxylate of (R)-methyl mandelate

159

The hydroxy sulfone 5 (29.6 mg, 0.161 mmol) in dichloromethane (2.0 mL) was

added dropwise (over a period of half hour) to a refluxing toluene solution (5.0 mL) of the

fumarate of (R)-methyl mandelate (73 mg, 0.177 mmol). The solution was refluxed for

another 2 hours. Evaporation of solvent and chromatography of the crude oil (silica gel,

ethyl acetate / hexanes) gave the adduct as a coiourless oil (47.5 mg,55Vo). Spectrai

properties were identical to those given earlier.

Lactone 160

The cycloadduct 159 (115 mg) andp-toluenesulfonic acid (10 mg) in

dichloromethane (15 mL) were refluxed for 15 hours. Evaporation of the solvent and

chromatography of the crude oil (silica gel, ethyl acetate / hexanes) gave a colourless oil

(56 mg, Tl%o). The oil solidified and could be recrystallized from ethyl acetate / hexanes.

Mp 86-88oC. [s]n20-60.go (c 0.35 CHCI3). tr{ (CH2CI2) cm-l: 3066, 3031, 2959, tTgg

(lactone co), 1750 (co), 7438, t2t8,1142. LHNMR (CDCI3) õ: 3.05 (d, lH, J = 16.g3),

3.37 (m,7H),3.42 (dd, lH, I = 17.13,5.18), 3.51 (s, 3H, -CO2Me), 3.90 (r, lH, J = 5.0),

5.50 (d, lH, J = 5.11, H-1), 5.74 (s,1H), 7.10-7.50 (m, 9H, a_romarics). Mass specrrum

mle (re|.Vo):2OI (5),173 (10), 155(5), 15i (10), 150 (100), 145 (16), 130 (8), I2g (68),

l2I (24),9I (L2),77 (I3). Analysis caculated for C2'H16O6: C 68.85, IH4.95, found C

68.62, H 5.19.

( S ) - (-)- D imet hyl-3,4 -D thy dro nap hthalene -2,3 -dic arboxy late 162

Lactone 160 (87.0 mg, 0.238 mmol) in porassium hydroxide (10 ml, 0.2 M in 1:1

water / methanol) was refluxed for 2 hours. The methanol was evaporated and the residue

was dissolved in eihyl acetate (50 mL). The solution was extracted with 5Vo sodium

bicarbonate (3 x 20 mL). The bicarbonate extract was acidified (I\Vo HCI), extracred. wirh
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ethyl acetate (4x 20 mL), dried (MgSO/ and evaporated to give the diacid 161 as white

solid (72 mg). Diazomethane in ether was added dropwise to the diacid until the yellow

colour persisted. Evaporation of soivent follow by chromatography of the crude oil gave

the product as a colourless oil (31.0 mg, 53vo). [o]o20 -128.3o (c 0.385, CHCI3), lit.ã

[o]o20 -128.30. IR (CH2CI) cm-1: 3058, 2957 ,1735 (CO) , r77I (CO), 1637 , t455, 1439,

1255,127I,1117. 1H nmr (CDCI3) õ: 3.13 (dd, lH, J = 8.02,I6.23,H-3), 3.35 (dd, 1H, J=

3.44,I6.26,H-4), 3.60 (s, 3H, -CO2MI),3.84 (s, 3H, -CO2Me), 3.87 (dd, LH.,I =3.43,

8.03, H-4), 7.17-7.32 (m, 4H, aromatics),7.65 (s, 1H1). Mass specrrum mle (rel. Vo):247

(1.3), 246 (7.6),215(2),2r4 (7),188 (9), r87 (79),163 (15), 156 (5), 155 (44),144 (5),

I43 (4I),I29 (I0),128 (100), 77 (10): exact mass calculated for C14Hi4O4 246.0892,

found 246.0883.

Compounds 166-171 were prepared by a mod.ified literature proceduregO

Alcohol L66

Dry TIIF (15 mL) in a flame dried 100-mL flask was cooled to -78oC under

nitrogen. n-Butyllithium (5.0 mL,2.03 M in hexane) was added. BromoacetalL64 (2.517

g,9.22 mmol) in dry TItr (5 mL) was added over a period of two minutes.

3,4,5-Trimethoxybenzaidehyde (1.90 g, 9.68 mmol) in dry TItr (5 mL) was added over a

period of two minutes and the mixture was stired at -78oC for an hour. The reaction flask

was then removed from the cold bath and allowed to warm slowly to room temperature.

Aqueous ammonium chloride solution (70Vo,50 mL) was added and the mixture was

stired 10 minutes. The organic phase was separated and the aqueous phase was extracted

with dichloromethane (4 x 15 mL). The combined organic phases were dried (MgSOa)

and concentrated in vacuo to give a yellow oil (4.5515 g). Chromatography of the crude

oll (40Vo ethyl acetate / hexanes) gave a pale yellow oil (3.41 1 g,95Vo). IR (CH2CI2)

cm-l: 3594 (OH), 3499 (OH) ,3062,2897,1594,1506, 1486,1465,1419,1249,1129,
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1098, 1041. 1H nmr (CDCÐ õ:3.32 (d, 1H, J= 3.51, OH), 3.82 (s, 6H, -OCH3), 3.84 (s,

3H, -OCH3),4.0A-4.20 (m, 4H), 5.93 (s, 2H),5.99 (s, 1H), 6.09 (d, 1H, J= 3.41),6.64 (s,

2H,aromatic), 6.65 (s, 1H, aromatic), 7.07 (s, 1H, aromatic). Mass spectrum mle (rel. vo):

39 1 (6), 390 (29), 372 (6),345 ( i0), 344 (r2), 329 (34),328 ( 100), 3r4 (t3), 3r3 (47) 291

(18), 178 (I1),I77 (95),I49 (21); exact mass calculated for gflnOs 390.i315, found

390.1326. The spectral properries were identical to those reported in the iiterature90.

5,6 - M et hy I e n e dio ry - 3 - ( 3,4, 5 - t ime t ho ry p he ny I ) p ht halí de 168

The alcohol 166 (3.380 g, 8.658 mmol) in ethyl aceiate (40 mL) and concenrrated

sulfuric acid /water (1:99 by volume, 20 mL) were sti:red vigorously for 2 hours. TLC

showed complete disappearance of the starting material and formation of white precipitate

was observed. Additional ethyl acetate was added to dissolved the precipitate. The

solution was cooled in an ice-water bath and chromium trioxide (0.5M ín I\Vo sulfuric

acid, L7.32 mmol, 34 nL) was added dropwise and vigorous stirring continued until rhe

reaction was completed (followed by TLC, 6 hours). The organic layer was separated and

the aqueous phase was extracted with dichloromethane( 6 x 30 mL). The combined

organics was washed with 57o sodium bicarbonate (50 mL), dried (MgSof and

evaporated to give a pale yellow solid ( 2.10 g,70Vo) which was >95Vo pure by lH nmr

(300 MHz). A smail sample was recrystallized (dichloromethane / hexanes) to give

crystals with mp 220-222oc, lit.e0 mp 217-223oc. IR (CH2cl, cm-l: 3063 ,2945, r15g

(CO), 1597, i506, 1476,1466,13i5, 1132. rH nmr (CDC13) ô: 3.83 (s, 6H, -OCH3), 3.g4

(s,3H, -OCH3),6.11 (s, lH),6.12 (S, 1H),6.16 (s, 1H),6.45 (s,2H, aromarics),6.68 (s,

1H, aromattc),7.25 (s, lH,aromatic). Mass spectrum mle (rer. vo):344 (4), 168 (5), 107

(16), 91 (16), 84 (100), 70 (16), 69 (18); exact mass calculated for CtsHl6O7 344.08961,

found 344.08963. The spectrai properties were identical to those reported in the

literature9o.
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6 - ( 3,4,5 - tr ime t ho ry b e nzy I )p ip er o ny lí c a ci d 169

The phthalide 168 (2.2050 g,6.4043 mmol) and 5Vo Pd/C (800 mg) in acetic acid

(100 mL) were sti:red under hydrogen (1 atm) at 100oC for 48 hours. TLC showed that

some lactone remain unreacted. Fresh 5VoPd/C ( a00 mg) was added and the mixrure was

stirred for an additional43 hours. The mixture was filtered and evaporation of solvent

gave the a colourless solid (2.074 g,94Vo). The sotd could be recrystallized from

dichloromethane / hexanes to give colouriess crystals. Mp 164-166oc, lit.90 mp

165-168oC. IR (CH2cl2) cm-l: 3400-2800 (broad, -Co2H), 3063,1690 (Co) , r5gz, t50t ,

i488, 1465, 1423, 1242, 1128,1041. lH nmr (cDCl3) õ: 3.80 (s, 6H, -ocH3), 3.82 (s, 3H,

-OCH3),4.33 (s,2H),6.02 (s,2H),6.41 (S, 2H),6.45 (s, 1H),7.53 (s, 1H), 11.85 (bs,

1H,-CO2H). Mass spectrum mle (rel. Vo):347 (20),346 (100), 328 (10), 3I3 (20),297

(27),270 (14), 178 (10), 177 (59), 163 (26), 149 (22), 84 (35), 69 (33); exact mass

caiculated for CtsHlsOT 346.1053, found 346.1047. The spectral properties were identical

to those.reported in the literature9O.

6 - ( 3,4 
"5 

- trime t horyb enzy l)p ip er o no I L7 0

carboxylic acid 169 (2.074 g,5.99 mmot) in dry TIIF (50 mL) was added

dropwise to a cooled (ice-water bath) suspension of lithium aluminium hydride (12 mmol,

0.a6 g) in dry THF (30 mL). The mixture was stired at room temperarure for 18 hours.

Water (0.46 mL), aqueous 157o sodium hydroxide (0.46 mL) and warer (1.29 mL) were

added successively and the mixture was stirred for hatf an hour. The mixture was filtered

and the solution was d¡ied (MgSO). Evaporation of solvenr gave a colourless oil which

solidified (I.72 g,87Vo). The solid could be recrystallized from dichloromerhane / hexanes

to give colourless crystals. Mp 90-92oc, lit.eO mp 89-90oc. IR (cH2cl, cm-l: 3606

(OH), 3056, 2942,159i, 1505, 1487, 1465, 1422, 1237 ,1130, 1042. 1H nmr (CDCI3) õ:

1.60 (bs, 1H, OH), 3.79 (s,6H, -OCH¡), 3.81 (s, 3H, -OCH3), 392 (s,ZH),4.5g (s, 2H),

5.94 (s, 2H),6.35 (s, 2H), 6.64 (s, 1H), 6.90 (s, 1H). Mass specrrum m/e (rer. vo):333 (g),
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332 (39),316 (i I),284 (rt),283 (50), 253 (6),252 (13), 170 (10), 169 (100), 164 (34)"

163 (28),152 (I4),139 (16), 129 (18), 69 (40),57 (52); exacr mass calculated for

C18H20O6 332.1260, found 332.1258.

6-(3 ,4 5 -trimethorybenzyl)píperonal L7I

The alcohol 170 (99.5 mg, 0.30 mmol) in ether (15 mL) was cooled in an ice-water

bath with stirring. Chromium trioxide (0.5M in l)Vo sulfuric acid, 0.60 mmol, i.25 mL)

was added dropwise and the mixture was sti¡red vigorously for half an hour. The organic

layer was separated and the aqueous phase was extracted with diethyl ether (2 x 20 mL).

The combined ether extracts were washed with 57o sodium bicarbonate (3 x 20 mL), dried

(MgSO) and concentrated in vacuo to give a yellow solid. Chromatography (silica geI,

25Vo erhyl acetate / hexanes) gave a white solid (84 mg,85Vo).Mp Il2-ll4oc,lit.90 mp

724-125oC. IR (CH2CI2) cm-l: 3067,2955,1691 (CO), 1665, 1601, 1568, I5I4,1492,

1380, 1134, t044. 1H nmr (CDCI3) õ:3.79 (s, 6H, -OCH3), 3.82 (s, 3H, -OCH3),4.29 (s,

2H), 6.05 (s, 2H), 6.34 (s, 2H),6.69 (S, 1H), 7.35 (s, 1H), 10.i6 (s, 1H). Mass specrrum

mle (rel.7o):331(19), 330 (100), 329 (59),313 (38), 312 (54),300 (10), 299 (38),298

(13),282 (19),269 (I3),268 (14); exact mass calculated for Cl8HtsO6 330.1103, found

330.1090. The lH nrff was identical to that reported in the literature7,29,s8,90.

( S )-( + )-methyl mandelate

(S)-mandelic acid (Aldrich, 7.34 g,48.2 mmol) and concentrated sulfuric acid (1.0

mL) in methanol (50 mL) were refluxed for 4 hours. Most of the methanol was

evaporated and the residue was dissolved in dichloromethane (60 mL). The mixture was

washed with 5Vo sodium bicarbonate (3 x 30 mL) and then water until neutrai. The

organic phase was dried (MgSO/ and concentrated in vacuo to give a colourless oil which

solidified to a colourless soiid on cooling (7.69 g,967o). Mp 53-54oC. [a]n20 +140.40 (c

0.39, CH3OH). The lH nmr and IR were identical to those of (R)-methyl mandelate (see
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above).

Fumarate of (S)-methyl mandelate 172

Fumaryl chloride (1.353 g, 8.85 mmol) with (S)-methyl mandelate (2.937g,77.7

mmol) in a 25-mL round bottom flask were sti:red at 110oC for 15 hours. The crude oil

was chromatographed (silica gel, I5Vo ethyl acetate / hexanes) to give a colourless oii

which solidified (3.599 g,98Vo). Mp 85-87oC. [o]¡20 +115.50 (c 1.10, CHCI3). The lH

nrnr and IR were identical to those of the fumarate of (R)-methyl mandelate (see above).

Cycloadduct L73

Aldehyde 17f (0.438 g,1.33 mmol) in dry benzene (100 mL) was purged with

nitrogen continuously. One third of a solution of fumarate I72 (I.64 9,2.65 mmol, in

benzene (90 mL), purged with nitrogen) was added and the mixture was i¡radiated at room

temperature (450 Watt Hanovia medium pressure mercury lamp, 1 mm pyrex filter). The

remaining fumarate solution was added dropwise over a period of 5 hours. The total

iradiation time was 6 hours and 30 minutes. The solvent was evaporated and the crude

product was chromatographed (30Vo erhyl acetate / hexanes) to the product as a colourless

foam (399 mg,457o based on reacted aldehyde) and unreacted atdehyde (46 mg). The lH

nmr of the foam indicated the presence of two isomeric compound.s. Ca¡efui

rechromato$aphy (20Vo ethyl acetate / hexanes) of the isomeric mixture gave a small

sample of the pure major isomer as a colourless foam. Mp 97-99oC. [q]p20-23.7o (c

0.228, CHC13). IR (CH2C12) cm-1: 3488 (OH), 3056, 2960,1746 (CO),1593,1504,1484,

1333, t235, !t29,1040. tH NMR (CDCI3) ô: 3.40 (dd, lH, J =g.3g, 12.6r),3.56 (s, 3H),

3.60 (dd, lH, J= 12.56,6.10), 3.61 (s, 6H), 3.65 (s, 3H), 3.72 (d, 1H, J= 3. i4, OH), 3.78 (s,

3H), 4.50 (d, lH, J= 5.80, H-4), 4.94 (dd,lH, J = 2.70,9.32, H-1), 5.49 (s, 1H), 5.91 (s,

2H),6.17 (s, 2H), 6.22 (s,1H), 6.37 (s, 1H), 6.93-7.02 (m, 4H), 7.10-7.50 (m, 7H). Mass

spectrum mle (rel. Vo):742 (3),724 (2), 577 (10), 576 (26), 548 (7), 530 (10) 471 (4), 427
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(4),4r0 (30),408 (32),393 (16),383 (19),365 (43),339 (32),324 (17),308 (20), 169

(18), 149 (42),12I (39),107 (100), 79 (97),77 (76); exact mass calculated for C40H38O'4

742.2262, found 742.2214. Analysis calculated for Ca¡H3sOr¿ C 64.69, H 5.16, found C

65.04,}l5.29.

Lactone 174

The cycioadduct 173 (isomeric mixfure, 64 mg,0.086 mmol) in dry THF (5 mL)

was cooled to -78oC under nitrogen. Then r-butyllithium (0.068 m|1.26 M in pentane)

was added dropwise and the mixture stirred for 5 minutes. The reaction flask was

removed from the coid bath and stirred at room temperature for 15 minutes. Aqueous

ammonium chloride solution (107o,15 mL) was added and the mixture was stirred for 5

minutes. The organic layer was separated and the aqueous phase was extracted with

dichloromethane (3 x 15 mL). The combined organic extracts were d¡ied (MgSOf and

concentrated in vacuo to give a yellow oii. Chromatogaphy of the crude oil (silica gel,

40Vo ethyl acetate / hexanes) gave a colourless foan (27 mg,547o). Mp 89-91oC.

lalp20+5.27o (c 1.10, CHClt. IR (CH2C1) cm-l: 3063,2988, i787 (lactone CO), 1750,

1592, t507 , 1486, 1250,1129. lH NMR (CDCI3) õ:3.32 (dt, 1H, J = 0.g7, 4.92,H-3),

3.60 (s, 3H), 3.75 (s, 6H), 3.61 (s, 6H), 3.84 (s, 3H), 3.95 (t, lH, J= 5.08, H-2), 4.62 (d,

lH, J= 4.69,H-4),5.43 (d, lH, J= 4.90, H-1), 5.86 (s, 1H), 5.97 (s, 2H), 6.2i (s, ZH),6.43

(s, 1H), 6.83 (s, IH),7.32-7.42 (m,5H, aromatics). 13C nmr (75.5 lvIfIz, CDCk) õ: 44.45

(cH), 46.5r (CH), 49.72 (CH), 52.67 (CH:), 56.20 (CHs), 60.83 (CHt, 75.04 (CH), 77.55

(cH), 101.38 (CHz), t06.70 (CH), t08.22 (CH), 110.30 (CH), 127.56 (CH), 128.06 (C),

128.90 (CH), t29.61(CH), r29.77 (C), 133.05 (C), 136.41 (C), r37.47 (C), 146.55 (C),

148.55 (C), 153.03 (C), 166.53 (C), 167.90 (C),173.36 (C). Mass spectrum mle (rel. Vo):

577 (12),576(33),4r0 (23),409 (t1),408 (41),393 (16),383 (21),365 (33),339 (36),

324 (r7),308 (23), 168 (14), 149 (22), rzl (20),111 (20), 107 (100), 79 (55),77 (aÐ;

exact mass calculated for C31H28OI1 576.1632, found 576.1633.
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Lactone-acid L75

The lactone L74 (27 mg,0.047 mmol) wírh 5% Pd/C (i5 mg) in ethyl acetate (10

mL) were stired under hydrogen (1 atm) at room temperature for 2 hours. The mixture

was filtered and the solvent was evaporated. The residue was dissolved in

dichloromethane (20 mL) and extracted with 57o sodium bica¡bonate (3 x 10 mL). The

combined bicarbonate exûacts were acidified (IÙVo HCI), saturated with sodium chloride

and extracted with ethyl acetate (3 x 10 mL). The organic extracts were dried (MgSOa)

and concentrated in vacuo to give a coiourless soüd (i7.5 mg, 87Vo). The solid could be

recrystallized from dichloromethane / hexanes to give colourless crysrals. Mp 209-21loC.

lolo20 -26.740 (c0.43, CHC13). IR (CH2CI) cm-l: 3400-2g00 (broad, -coz[),1797

(lactone CO),1734 (CO), 1592,1505, 1485, 1464,1423,1250,1130. lH nmr (CDCI3) ô:

3.30 (t, 1H, J = 4.75,H-3),3.78 (s, 6H, -OCH3), 3.85 (s, 3H), 3.89 (t, lH, J= 5.05, H-2),

4.7,6(d,lH,J= 4.77,H-4),5.38 (d, lH,J=5.12,H-1),5.95,5.97 (ABq,2H,J=1.2'7,

OCH2O), 6.27 (s,2H, aromatics), 6.46 (s, 1H, aromatic), 6.79 (s, 1H, aromatic). Mass

spectrum mle (rel.7o): 428 (5), 408 (2),384 (13), 383 (5),382 (15),367 (8), 339 (24),338

(47),324(t2),323 (30),308 (8), 169 (11), 149 (t3),737 (1r),t29 (10), 109 (11),97 (16),

83 (23),81 (51), 73 (29),69 (100), 57 (47),55 (a8); exact mass calculated for CzzIj.2'Os

428.1107, found 428.1090.

( - ) -N e op o dop hy llo to xi n L7 7

The lactone-acid L75 (23.5 mg, 0.055 mmol) in dry dichloromethane (3 mL, dried

with 3Å molecular sieves) and oxalyl chloride (5 mL) were sti:red at room temperature for

4 days. The excess oxalyl chioride was evaporated. Sodium borohydride (20 mg), dry

TIIF (3 mL) and diglyme (1 mL) were added and the mixture was stirred for 2 hours.

Water (20 mL) was added and stired for half hour (until all the excess sodium

borohydride was destroyed). The solution was saturated with sodium chloride and the
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organic phase was separated. The aqueous phase was extracted with ethyl acetate (2 x 10

mL) and the combined organic extracts were dried (MgSO/. Evaporation of solvent and

recrystallisation of the crude product (ethyl acetate / hexanes) gave white soiid (20 mg,

887o). Mp 232-234oC. [o]p20 -50.77o (c 0.26, CHCI3), lit.el ¡a,1o20 -52.4o. IR (CH2CI2)

cm-l: 3617 (OH) ,3330 (OH), 3059,2990,1781 (lactone CO); 1592,1507, t485,1463,

1425, 1337, 1247,1130, 1041. tg ¡ttr,tR (CDCI3) õ:3.02 (t, 1H, J = 4.3g, H-3), 3.16 (m,

lH, H-2), 3.66 (dd, lH, J= 7.69,10.82),3.75 (1H, overlapped by -OMe singlet), 3.78 (s,

6H, -OMe),3.85 (s,3H, -OMe), 4.25 (d,1H, J= 4.54,H-4),5.19 (d, lH, J= 4.75,H-l),

5.95, 5.97 (ABq, 2H,I= 1.30, OCH2O), 6.28 (s, 2H, aromatics) , 6.49 (s, lH, aromatic),

6.74 (s,lH, aromatic). Mass spectrum mle (rel. Vo):475 (11),414 (54),396 (19), 395 (9),

394 (36),379 (r7),352 (10), 351 (13), 339 (19),339 (13), 324 (r0),309 (1 t), t68 (24),

153 (16), 129 (t5),98 (32),97 (25),95 (26),83 (37),81 (49),73 (36),69 (100), 57 (70),

55 (77); exact mass calculated for QzHzzOt 414.1315, found 414.1304. The lH nrff was

identical to that reported in the literature6Tu'91.
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KoHI 162. 00 1
AU PROG:

AUTOH 1

OATE 10-5-88

sF 300. 133
sY 112.3500000
01 5500.000
sI 32768
TD 32768
sli 5000.000
HZ/PÎ .305

II

Pt{ 6.0
RD 4.000
AA 3.2-77
RG 10
NS 32
TE 3OO

Fli 6300
o¿ 3205.000
DP 6OL DO

LB .100
GB .600
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cY 18.50
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HZ/CM 74.991
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sR 3365.30
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PH 6.0
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NS 3?
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GB .600
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HZ/C\4 74.991
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KOHIII11.OO1
AU PROG:

AUTOH 1

DATE 7-9-89

sF 300. 133
sY 100.0
0 1 5500 .000
sI 32768
TD 3?768
st{ 5494.505
HZ/PI .335

Rx
o
À

Pl^l 8.0
FD 4.000
A0 2.982
HG 80
NS 32
TE 3OO

Fir 6900
02 20000.000
DP 63L DO

LB .300
GB .500
cx 38.00
cY 18.50
Fl t2.322P
F2 -.343P
HZ/Ct'l, 100 .034
PPM/CM ,333
sR 3373. 83

SAMPLE K0H-Iü-11 l-H AT 3C0 MHZ CDîL3
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DATE 1 1- 10-89

sF 300. 133
sY 100.0
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sI 32768
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NZ/Pr .33s
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FW
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DP

8.0
4.000
2 .982
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6900
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LB _ 300
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cx 38.00
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HZ/CM 75.032
FPM/CM , E5O
sq 3360 . /5
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sF 300. 133
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NS 32
TE 3OO

Fl,l 6300
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DF 6OL DO
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cx 37.00
cY 18.50
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F? -.2460
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KOHIII50.OOl
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AUTOH 1
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sF 300. 133
sY 100 .0
01 5500.000
sI 32764
TD 32768
sll 5494.50s
NZ/PT .335

Jxl
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\

Pt{ 8.0
RD 4 .000
A0 2.982
RG4
NS 32
TE 3OO

Fr^l 6900
02 20000.000
DP 63L DO

LB .300
GB .500
cx 38.00
cY 18.50
F1 8.965P
F2 -.535P
HZ/Ctr, 75.032
PPM/L4 , ¿50
sÊ 3379.53
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AUTOH 1

DATE 21-2-90

sF 300. r33
sY 100.0
01 5500.000
sI 3276A
TD 32768
syt 5494.505
HZ/PI .33s

Pl{ 8.0
RD 4.000
A0 2.98?
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NS 32
TE 3OO

Fvl 6900
02 20000.000
DP 63L DO

nlrl
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ï

LB .300
GB .500
cx 38.00
cY 18.50
Fl S.005P
F2 -.495P
HZ/Çt4 75.03e
PPM/CM . ¿50
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KOHI382.001
AU PHOG:

AUTOH 1

oATE 20-3-90

sF 300, 133
sY 100 . c)

0 1 5500 .000
sI 32768
ïD 32768
sl,l 5494.505
HZ/PÍ ,335

fl

Pl.] 8.0
RD 4.000
A0 2.982
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NS 32
TE 3OO
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Fr,r 690002 20000.000
DP 63L DO
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F1 9.009P
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PPM/C|'1 . ¿50
s8 3366 . .t 2
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OAïE 26-3-90

sF 300. 133
sY 100.0
01 5500.000
sI 32768
TD 32768
sr.l 5494.505
HL/PÍ .33s

,lJ rH#I

Pll 8.0
RD 4.000
AQ 2.982
Hb ¿U
NS 32
TE 3OO

trw 6900
02 20000.000
DP 63L DO

LB .300
GB .500
cx 38. 00
cY 18.50
Fl 8.953P
F2 -.54ôP
HZ/CM 75.032
PPt'l/ct4 .250
sR 3382. BA

(OH-II]_84 1-H AT 30O MHZ IN O6D6
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KOH-III.73-1 1-H AT 390 MHZ IN CôDõ

=ffiflrui
i[flr

KoHI3781.00 1

AU PFOG:
AUTOH 1

DATE 2 1-3-90

sF 300. i33
sY 100.0
01 5500.000
sr 32768
TD 32768
sl,l 5494.505
Ê7/P1 .335

MeO

MeO
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NS 3?
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DATE 1-9-89

sF 300. 133
sY 100. 0
0 1 5s00 .000
sï 32768
TD 32764
s9r 5494.505
HZ/P'I .335
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Pll 8.0
RD 4.000
AQ 2.982
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NS J!2
TE 3OO
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{|lï#jfl

LB . i00
GB .500
LX ;8. 00
LY 19.50
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HZ/Ct/| 7É.0.;'¿
PPM/Ct! . ¿50
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F2 -.499P
HZ/CM 75.032
PP\4/CM .250
sR 3368. B0

5.05.56.06.57.07.58.5 8.0
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t..)\o

KOH-III-53-1 l-H AT ?Où MHZ IN CD1]L3

äw

l
I

I

0.0

,lW

CO2Me

"&8"

L62

KOHI3531.001
AU PHOG:

AUIOH 1

DATE 17-1-90

sF 300. 133
sY 100.0
01 5500.000
sI 32768
TD 32768
sr,l 5494.505
HZ/pT . r35

8.0
4.000
?.s82

?)
32

300

4.0

690C
20000.000
631 DO

. J00

.500
38. 00
16.50
9. 001P
-.49BP

/Lt4 75. C.t¿
t4/tu . ¿50

J366. 46

Pl,l
HD
AQ
RG
NS
TE

Fl,l
02
DP

LB
6B
CX
CY
F1
F2
HZ
PP
SB

5.05.56.08.5



UJ

KOH-III_13-P 1-H AT 3OO MHZ ÏN CDCL3

Ph

OAå,,"

Hq

I

o
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Nlólvlololblñ ñ
olólolntildln rl

t 6l6l6HlÕlolnl ml-'\llÐl

o

L72

"Ç)Ç"(><)
K0HI313P.001
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AUTOH 1

DATE 14-9-89

MeO2C
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sY 100.0
0 1 55C0 .000
sï 32768
TD 3?76A
sl,l 5494.505
tsz/Pf .33s

Pl4 8.0
FD 4 .000
AA 2.982
RG BO
NS 32
TE 3OO

Fr,l 6900
a? 20000.000
DP 631 DO

L8 .300
GB .50C
0x 38.00
cY 18.50
F1 8.997P
F? -.503P
HZ/CM 75.032
PPM/CM .250
sR 3369.81



Ël

UJ

KOH-I-s 1-H AÏ 3CÙ MHZ IN CDCL3

I ,W 
ll,H

t_

Rr

o

(
o

K0HI5. 00 1

AU PROG:
AuT0l-i1

DATE 20-7-90

sF 300. 133
sY 100.0
01 5500.000
sI 32768
TD 32768
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HL/PÍ .335

r,L- -\i
I'i

I

I

8.0
4.000
2.982
4

3e
300

6900
2!000.000
63L D0

t

Pl,{
HD
AQ
FG
NS
TE

Fli
02
DP

LB .300
GB .500
cx 36.00
cY 16.50
F1 e701.31H
F? -r48.56H
HZ/Ctrl 7 4.997
PPM/Ct4 . ¿50
sR :Jri8.60
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KOH-IV-23 1-H AT 3OO MHZ IN CDCL3

3hlËl 3l*[fl1
xl

lï1l,frF
Fl-

d
c

o

(
o

KoHIV23.001
AU PROG:

AUTOH 1

DATE 12-2-9r

sF 300. 133
sY 100.0
01 5500.000
sI 32768
TD 32768
st{ 5494.505
HZ/PT ,33s

Pvl 8.0
RD 4.000
A0 2.982
BG 1OO
NS 32
ïE 300

Frl 6900
02 20000 000
DP 63L DO

LB . rì00
GB ,5OOcx 38.00cY 18.50Fl 9.005P
F2 -.495P
HZ/CM 75.03?
PPM/CM . ¿50
sR 3367 ,42



H

u)À

KOH-TV-43 I-H AT 3iO MHZ IN CD"L.

rf 
'ffi1p!,Wffi¡

I

l

1 lïltlf,

0.0

CH2OH

2.0

o

(
o

2.5

KoHrv43.00 1

AU PFOG:
AUTOH 1

DATE 15-3-91

OMe

L77

.133

.000

.505

SF 3OO
sY 100.0
01 5500
sI 32768
TD 32768
s|i 5494
HZ/P'r

I

3.5

8.0
4.000
?.982

40
3?

300

5 4.0
PPM

690 0
20000.000
63L DO

Pll
RD
AQ
BG
NS
ÏE

Fvl
o?
DP

LB .300
GB .500
cx 38.00
cY 18.50
Fl 9.005P
F2 -.495P
HZ/CM 7s.032
PPt't/ct| . ¿50
sF 3367 .42

5.07.08.0 7 .5
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