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ABSTRACT

In the first part of this thesis two approaches to the Synthgsis
of podophyllotoxin analogues were reported. One involves the'
intramolecular cycloaddition reaction of the ortho-quinodimethane

Iintermediate generated by thermal rind-opening of thé appropriate1y
substituted benzocyclobutenol derivative. The other involves the
pﬁotoeno]isation of ortho-q]ky] substituted. benzaldehydes and sub-
sequent trapping of the dienpl intermediate with dimethyl fumarate.
The diesters, obtained in this manner, were converted by a number of
different routés to the corresponding trans y-lactones. The
synthesis of (*)-epiisopodophyllotoxin by the latter route start-
ing with 6-(3',4',5'-trimethoxybenzyl )piperonal was feported.

The second part of this thesis deals with the synthesis of
nonenolisable podophyliotoxin derivatives. A ﬁethod for substitu-

] tion at C2 in podophyllotoxin with retention of the trans lactone
stereochemistry was reported along with the results of biological
testing against L1210 and P388 leukemias. It was_found that
substitution at C2 with a Chloriné atom produced derivatives
retaining the trans lactone stereochemistry that showed significént

antitumour activity in the L1210 test.



” But whene shall wisdom be found ?
and where is the place of understanding?
Man knoweth not the price -thcmaoﬁ;
neitnen L5 4t gound in the i;ug:nd 04 the Living.
JOB 28:12,13



INTRODUCTION

The term "lignan" was used by Haworth1 to describe the
c¢lass of optically active plant products which contain the

2,3-dibenzylbutane skeleton and are probably derived by-dimer—

£

'ization of two C6—C3 units at the B-carbon atoms of the two side

chains.

-

’ [0l
.(ope)n | —  » (OR

(OR); ( OR)(;

The naturally occurring skeletons can be represented by .

the structures of type 1, 2 and.3

(OR)-




i

A

The term "lignan" associates thié class of compounds with
wood tissue. The heartwood and resin of Coniferaceae are a good
source of these substances but their occurrence is not limited to
this family. They haﬁe been i§o1ated from the wood, ;hizomes,
seeds, oils and resins of a diversity of plant families including

'
Lauraceae, Magnoiiaceae, Piperaceae and Aralaceae. Very recently

two new lignans 4 and § were isolated from the urine of humans,

monkeys and rats.? Their possible biological role is not yet

known. "

7,
Y,
.
-..
’I,’

jon

HISTORICAL PERSPECTIVE

Podophyllum peltatum linnaeus ( family: Berberidaceae ;

common names : May Apple, American Mandrake, Indian Apple,

Wild Lemon, Duck's Foot ) is an indigenous North American,
herbaceous perennial flowering in May.3 The plant (Figure 1)
was familiar to the North American Indians several hundred years

ago who knew of its properties as a cathartic, anthelmintic and



FIGURE 1 Podophyllum peltatum (May Apple)



as a poison.4 The species of this plant growing in India,

Podophyllum emodi was also used by the natives for the cathartic

.

properties of it's root extract.

Most of the biological activity resides in the alcoho]
soluble portion of the roof which is a complex mixture known
as podophyllin or podophylum resin. Podophyllin was prepared
by Dr. Jdohn King in 1835.5 He was also the first to administer
it ¢linically with 311 effects in the initial trial described

in the fo11owing;excerpt of a Tetter to a co]‘ieague.6

"...Having no idea of the intense activity of the
article just discovered, I administered about twelve

to fifteen grains. Nothing further was thought of the
matter until about an hour afterward, when my attention
was called to her condition. She was in severe pain
and distress, cramps in the stomach and extremities,
pulse small and feeble, extremities cold, excessive
vomiting and hypercatharsis, and apparently sinking
rapidly. Her condition greatly resembied that of a
person suffering from a fatal attack of Asiatic cholera.
To say that I was greatly alarmed would but feebly
describe my mental condition. I ran to secure the aid
of two or three professional friends, but could find
none of them in their offices. Then I ran back again,
trembling over what might be the consequences, and
thinking out a course of treatment to pursue. A
princely fortune could not induce me to undergo a
repetition of such a condition....By perseverence

in this course {of treatment), the patient recovered

in six or seven days, but unfortunately, with some
_chronic gastroenteritic abnormal condition, that re-
mained for many years. From this experience I was so
influenced that I feared to use any of the remainder of
the resin until at least eighteen months had passed,
when I ventured a repetition of its use, but in much
smaller quantity, and with most excellent results.™

Podophyilin was included in the fourth edition of the
United States Pharmacopoeia in 1863 but wés dropped from the

twelfth edition in 19&2. The same year a report by Kap1aﬁ
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appeared that suggested podgg;;11in was very useful in clinical
treatment of a type of venereal wart {Condyloma acuminatum).7
Between the years 1940 to 1960 podophy11{n was studied in many
clinical conditions including diseases of the skin due to infect-
ious agents, non-specific dermatoses, gout, rhemmatoid arthritis,
benign and malignant growths.8

A great deal of effort by numerous investigators went into
the isolation and identification of the components of podophyllin.
In 1880 Podwyssotzki isolated a white crystalline substance
which he named podophyllotoxin and which was believed to be
the active component.9 By 1950’seventeen compounds had been.
isolated ahd characterized ; four were flavonol pigments and
the remainder were members of the 11'gnan-famﬂ_y.4 fﬁe structures
of the compounds isolated are shown in Table 1.

The structure and configuration of podophyllotoxin was
established by chemical methods by Hartwell and Schrecker in
1958.4 An x-ray crystal-structure analysis of 2'-bromohgdo—
phyllotoxin by Petcher in 197310 confirmed Hartwell's original
assignment of absolute configuration as. (1R,2R,3R,4R).

Hartwell and Shrecker postﬁ1ated thﬁt the unique antimitotic
and antitumour activity of the podophyllum Tignans was closely

related to their unique configuration at C,, C, and C3 and the

12 -2
highly strained trans-fused y-lactone moiety. Under mild base

catalysis podophyllotoxin epimerizes to picropodophyllotoxin’

which shows very Tittle cytotoxic,activity.ll’12
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TABLE 1 : COMPOUNDS ISOLATED FROM PODOPHYLLIN
)

Rz

MeO CMe

NAME - # R1 R, R3
podophyllotoxin 6 OH H CHy
a-peltatin 7 H OH H
B-peltatin 8 H OH CHy
4'-demethylpodophyllotoxin S OH H H
deoxypodophyllotoxin 10 H H CH3
podophylTotoxin glucoside 11 0O-glucosyl H CH3
a-peltatin glucoside ~ 12 H 0-glucosyl H
B-peltatin glucoside 13 H

4'-demethylpodophyilotoxin

OH

JOU

) Mep‘
_‘7' OMe

picropodophyllotoxin 15

:

C

OMe

NAME

glucoside 14

0-glucosyl

O-glucosyl CH3
H H™ -

OMe

tetradehydropodophyllotoxin 16  sikkimotoxin 17

1 4
quercetin 18 R OH
isorhamnetin 19 H OCH,
quercetin 3-galactoside 20 galactosyl OH

AR H

kaempferol



A scale Dreiding model of podophyllotoxin shows a strained,
inflexible molecule. On the other hand, models of picropodo-
phyllotoxin show considerably less strain and rigidity and may
exist in four interconvertible conformations.

The antimitotic activity of podophyllotoxin results from

8,13 which are essential components

interaction with microtubules,
of the cellular apparatus for mitosis (Appendix 1). They are
hollow tube-1ike.filaments formed by reversible polymerization
of alternating o and 8 tubulin dimers that associate in a helical
array. Assembly of microtubules from tubulin dimers can be
shown in vitro to have a specific requirement for magnesium

and guanosine triphosphate which are thought to be involved

in stabilization of the assembled subunits (Figure 2).

Figure 2 . Assembly of tubulin dimers into microtubules

It had been known since 1955 that colchicine, 22 disrupted

the assembly of microtubules, thus arresting the dividing cells

15

.in metaphase. This results from noncovalent binding of col-



- chicine to a high affinity (k=2x10°M"!) site on tubulin. It was
shown that the binding site of podophyllotoxin overlaps with
that of colchicine but is not identical since tropolone 23
inhibits the binding of colchicine but not podophyllotoxin.

The 6ver1apping site is thought to be where the trimethoxy-ring,

1o

common to both compounds binds. Ana1bgues with bulky sub-

stituents on the trimethoxy-ring do not bind.

CHW—\ NHCOCH3 / \

|
CHO N -
CH
OH
OCH, N
22 23

4'-Demethyl éna]ogues of podophyllotoxin inc]udiﬁé 4'-
demethylpodophyllotoxin, 4'-demethylepipodophyliotoxin, 4'-
demethyldeoxypodophyllotoxin and a-peltatin induce the intra-
" cellular degradation of DNA in Hela ceils as well as affecting
microtubule 'FormatiOn.l7

Kuhn and von Wartburg of Sandoz (Basel, Swit;erland) while

studying methods of preparing podophyllotoxin glycosides developed

a procedure for the preparation of epibodophy11otoxin glycosides
18,19

-

which are epimeric to podophyllotexin at C,. {Scheme 1).
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5

“) BF E+0 o)
< 0 .

@ MeOH /Zn(0Ac),

m'.%}"
Me

R = COOCH@
11 ¢] LTe)
uou,b‘ “Omb
on 1

m H./Pd RCHO/ H*
MeOQ\:MC MeOQOMo

OH -

SCHEME 1

PREPARATION OF EPIPODOPHYLLOTOXIN GLYCOSIDES

:l!'s
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TABLE 2 : EFFECT OF CYCLIC ACETAL DERIVATIVES ON L-1210 LEUKEMIA

R MOUSE LEUKEMIA L-1210
% SURVIVAL TIME INCREASE

CHy 24 167
CHZCH3 97
{/ \E X=S 25 121

X X=0 136
c6H§ 97
CGHSCHZ 46
1-naphthyl 95
CH,,CH=CH 121 ‘
(CHq )5C 57
p-FCsH4 64 .
p-CH,C_H 54

3764
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’

|
They ‘prepared a variety of cyclic acetals of 4'-demethylepipodo-
L

phyllotoxin B-glycoside and found that they exhibited not only
.2 high activity in vitro but were much less toxic in in vivo
tesfing against mouse Tymphocytic leukemia (L—1210').20 Two of
these derivatives were selected for clinical trials and proved
to be very useful fn treating-a variety of cancers. These were
4'-demethy1-1-0-(4,6-0-ethylidene -8-D-glucopyranosyl )-epipodo-
phyllotoxin, 24 (VP-16 or "Efoposide"*) and 4'-demethyl-1-0-{4,6-
0- (2-thenylidene }-8-D-glucopyranosyl )-epipodophyllotoxin ., 25
(VM-26 or "Teniposide“*), (Table 2). These agents are active
in the treatment of a wide sﬁectrum of cancers including bladder,
small cell lung, ovarian, thyroid, breast, brain, soft tissue
cancers, non-lymphocytic leukemia and Hodgkin's disease.27
Stdhelin showed that VM-26 and VP-16 prevent cells from
entering mitosis and thus unlike the previousl§ mentioned podo-
phyllotoxin analogues they do not arrest cells in metaphase but

22 These

in late S or G, phase of the cell cycle (Figure 3).
combounds surprisingly possess a different mechanism of action

other than inhibition of microtubule assembly. In fact, they

héye been shown not to bind to tubu1in.23 A great deal of effort

has gone into determining the exact mechanism of action of these
compounds but ko date there is no clear answer, although the

point of action appears to be the interuption of DNA transcription.z4
Very recent reports suggest that these agents interact with topo-
isomerase-II, an enzymé involved in the uncoiling of DNA super-

coils prior to transcription.25 .

* Etoposide and Teniposide are the trade names for these compounds.
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FIGURE 3: POINT OF INTERFERENCE OF PODOPHYLLOTOXIN
AND vP-16 IN THE CELL CYCLE.

podophyllotoxin

12hr
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PREVIOUS SYNTHESES OF PODOPHYLLOTQXIN

The first synthesis of podophyllotoxin 6 was reported by
Gensler and coworkers in 1954 and 1966 (Scheme 2).26 Stobbe
condensation of 1-(3',4',5'-trimethoxybenzoyl )-3,4-methylenedioxy-
benzene 26 with ethyl succinate followed by saponification and
hydrogenation gave the saturated dibasic acid 27. jtonversion
to the anhyaride followed by intramolecular Friedef?trafts
acylation and then esterifation gave the cyclic ketéeester 28.
Condensation with ethyl formate followed by sodium{ﬁorohydride
reduction and saponification afforded the dihydroxyjacid 29.
Treatment with 10% aquecus sulfuric acid gave c-apopicropodo-
phylletoxin 30 which was converted to picropodophyliotoxin 15
by treatment with dry HC1 in glacial acetic acid followed by
aqueous calcium carbonate.

Podophyllotoxin epimerizes readily under basic conditions
to picropodophyllotoxin. The reverse reaction has also been
demonstrated so that equilibration affards a mixture containing
a 97:3 ratio of picropodéphy1]otoxin to podoph_yHotoxin.z7
Gensler avoided this thermodynamic limitation by treatﬁent of
4-0-tetrahydropyranylpicropodophyllotoxin 31 with triphenylmethyl
sodium to form the extremely rigid enolate which undergoes kinetic
proton trapping with acetic acid to give a mixture of 55% picro—‘

podophyllotoxin and 45% podophyﬂotoxin28 {Scheme 3).

Inspection of a model of the rigid enolate shows that there

is more room for pro- nation above the enolate than below {Figure 4).
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1. ETHYL SUCCINATE 1. AcCl

h 2. 047 <o /c‘O_OH 2. AICIy
§:©\Tg 3. Hp 0 l Coou 3 EFCH = H*
Ar Ar g
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SCHEME 2 GENSLER'S SYNTHESIS OF PODOPHYLLOTOXIN (1954, 1966)
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Topside protonation would afford podophyllotoxin; however, the
results suggest thét bottomside protonation is faster. Gensler
suggested that these results may be explained if one looks at
the proton transition state with the enolate carbon beginning
to show Sp3 geometry. This state leads to appreciably more
room below the enolate in the picropodophyllotoxin transition
state. Also the change of the planar enolate transition state
toward podophyllotoxin geometry introduces an unfavourahle free
energy factor in the activation energy due to the strain in the

trans-lactone.

OTHP

Kende has synthesized (z)-podophyllotoxin in 12 steps with
an overall yield of 4.5% from piperonal 29’30(Scheme 4). The
methoxydibromide intermediate 32 was obtained by Wittig methyl-
enation of piperonal followed by methoxybromination. Lithiation

followed by coﬁdensation with the arylidene malonate derivative 33
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and subsequent heating gave the diastereomeric mixture of ary]
“tetralin diesters 34 in a high yield. Solvolysis followed by
oxidation gave the ksto diester 35 which was converted to-piéro—
podophyllotoxin 15 by the following manipulations: saponification
decarboxyTatﬁon, formylatibn, retroaldol thermolysis and finally
stereoselective reduction.

In an improvement of the Gensler epimerization, picropodo-
phyllotoxin was converted to the_E—buty]dimeEhy]siin ether .
Formation of the enolate with LDA, irreversihble quenching with
pyridine hydrochloride followed by desifylation afforded 36%
podophyllotoxin and 34% p%cropodophleotoxin.

Rodrigo's synthesis of podophyllotoxin.was the first scheme
devised to avoid the formidable thermodynamic hurdle present in
both the Gensler and Kende syntheses31 (Scheme 5). Lithiation
of 6-bromopiperonal dimethyl acetal followed by treatment with
3,4,5-trimethoxybenzaldehyde produced the hydroxy acetal 36 which
was converted to the {;pbenzofuran derivative 37 and trapped in

32. Catalytic hydrdgenation,

situ by dimethyl acetylene dicarboxylate
careful epimerization of C3 followed by_seﬁective reduction of
the C3 ester function afforded the bicyclic hydroxy ester inter-
mediate 39. Hydrogenation wftﬁ Raney nickel gave the tetralin 40
which wés converted to the acetonide 4. Sapénification afforded
the acid which upon treatment with di]uté acid for 48 hours

underwent rearrangement to (z)-neopodophyllotoxin 5;.33 This

compound can be converted to (z)-podophyllotoxin 6 in two steps
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baseq on the earlier work offvon Wartburg and co-workers.34
These steps consist of opening the lactone with) base to give
podophyl11ic acid and then DCC promoted lactonization.

Prior to the publication of Rodrigo's synthesis of podo-
phyllotoxin we undertook the investigation of new stereoselective
routes to the synthesis of podophyllotoxin analogues and like
Rodrigo we devised our .scheme in order to avoid the tﬁermodynamic

-

hurdle of the epimerization of Cz. This could be accomplished

by building in the correct stereochemical arrangement of the

substituents at Cl, C2 and C3 early in the synthesis by a stereo-

specific formation of ring B. -
Work in our laboratory had led to the development of a

short and efficient synthesis of benzocyclobutenol 43 from

ortho-bromostyrene oxide £§.35 This interconversion involved

a halogen-lithium exchange'be£ween 45 and n-butyllithium in
THF at -78 to generate the 1ithiated epoxidé, followed by either

a MgBr lmediated rearrangement to the metalated phenylacetaldehyde

2

46 or an opening to the bromoalkoxide 47 and subsequent cyclization

(Scheme 6).36 )

.- | W____,,[::I:;w:ﬁo.__....
Br
46 O

SCHEME 6 : ]
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Benzocyclobutenes have been shown to be extremely valuable
intermediates in the synthesis of natural products because of
their abi]ity to undergo reversible thermal ring opening td
the reactive o-quinodimethanes 44. The latter species readily

undergo both inter and intramolecular Diels-Alder reactions.37

It was our hope that the appropiately substituted benzo-
cyclobutenol Would serve as a convenient entry into the stereo-
selective synthesis of (+)-podophyllotoxin where the construction
of ring B would occur via an intra molecular Diels-Alder reaction

(Scheme 7).
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SCHEME 7 PROPOSED SYNTHESIS OF PODOPHYLLOTOXIN VIA AN

INTRAMOLECULAR DIELS-ALDER REACTION



But the wisdom that is from above is §insi pure,
then peaceable, gentle, and easy Lo be intreated,

full of mercy and good fauity without partiality
and without hypocrisy. And the §nuit of rightlousness
.48 sown An peace of them that make peace.

JAMES 3:17,18
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RESULTS AND DISCUSSION

PART 1

A. Intramolecular Approach to Podophy]]ofoxin Analogues

i. Introduction

HOne of the most important types of reaction used in organic
synthesis is the (4+2) cycloaddition which was diﬁcovered by
Diels and Alder over fifty years ago.38 Alder recognized the
possibility of intramolecular (4+2) cycloadditions in 195339
but this reaction was not exploited until the last decade. 1
would Tike to focus on the :intramolecular (4+2) cycloadditions .
of a special class of dienes, the o-quinodimethanes 44.

Aithough it was only recently characterized by ultraviolet

41

spectroscopy at -1%0°C ] the very reactive g;quinodihethane

was recognized as early as 1957 by Cava et al. who trapped
dibromo-gfquinodimethane with a variety of dienophﬂes.40
Jensen also suggested the intermediacy of 44 in the thermal
cycloadditions of benzocyclobutenes 55 to dienophiies giving
the adducts 56.

Some of the various approaches used to produce o-quinodi-
methanes are shown in Scheme 8. . The latter species 44, formed
by reductive (1,4)-elimination préccessa541 (48+44), thermal
or photochemical extrusion of sulfur dioxide42 (Ef?ﬂi), as well
as Diels-Alder cycloreversions involving the removal of sulfur
dioxide from oxathiine43 (50+44), carbon dioxide from isochroman-

one”™* (51+44) or nitrogen from 1,4—dihydrophtha1azine45 (52+44).

-
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SCHEME 8
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E-Hydroxy-o-quinodimethane 44, R=0H has heen generated by photolysis
of gftoTualdéhyde.45' This proceﬁs involves a (1,5) hydrogen shift
and will be discussed in more detail later in this chapter.
More recently 44 has been generated by fluoride ion induced
1,4 elimination of gr(a-trimethylsi1y1a]ky1)benzyTtrimethy1—
ammonium halides §5.47

Beﬁzocyclobutenes* £5 are a convenient source of o=quino-
dimethanes §ince they are readily accessible with a wide variety
of substituents on either the aromatic or four-membered rings .
and they are stable under the conditions of 2 wide spectrum of
chemical manipu]atioqs. Benzoéychbutenes have been synthesized
by a number of cycligation procésses (Scheme 9) such as base-
induced cyclization of o-halodthydrocinnamonitriles 5748, (2+2)-
cyc]oadd1t10ns of benzynes 58 with o]ef1ns such as acrylonitrile

59 or ketepe acetals 5049 >0 and the base induced cyclization , 7

3

developed in our Iaboratory, of o-halostyrene oxide 45 ta give

benzocyc]obuteno] 43, R OH

al

_\OR’
eC . SCHEME 9

* Chemical Abstracts nomenclature is bicyclo(4°2 0)octa- 1,3,5- triene.

** This react1on was discussed in the Introductlon
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Thermal ring opening of benzocyclobutenes occurs in a -
rotatory manner51 as indicated by the stereospecific tzipping
of the o-quinodimethane intermediate with a dienophile via an
intermoTecular cycloaddition. For example, heating of the cis and
trans-1,2-diphenylbenzocyclobutenes Bl and 62 in the presence of

maleic anhydr%de afforded the tricyclic products 63 and B4 in

high yie1ds.52
Ph
Ph 0
- ,Ph o~ Y
Ph
6_-] -
h
Ph A A
/’”Ph NN
62 h

Ring opening of 1-substituted benzocyclobutenes occurs to
afford the E in preference to the Z-quinodimethanes. Intra-
molecular (4+2)-cycloadditions to Z-o-quinodimethanes may be
oriented in directions A, B or C . Furihermore, in cases where
the bridge length is three or %our atoms, orientation € is highly

strained and may be disregarded (Scheme-10).
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Hoonl?

C strained

SCHEME 10 : Transition states for intramolecuiar (4+2) cycloadditions
to Z-o-quinodimethanes where the bridge length is 3 or
4 atoms. {X=1,2 atoms}
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The direction of intramolecular cycloadditions towards either
endo or exo products is dependent on the conformation of the

bridge joining the diene and diencphile. Thus, as exeplified

=
by the intramolecular cycloadditions of 65 and 66 , an amide
moiety in the b;idge alters the stereochemistry of the reaction
in favour of the product resulting from an endo transition
state.53
Y M Y
|
kaH 180" Y O R,
CH ¢ — T
65 Y=H, . 67 (12%4) 69(37 7, )
66 Y=0 68 (797 ) 70(2076)

The preparative importance of the intramolecular Diels-
Alder reaction of o-quinodimethanes can be demonstrated by
studying the multitude of creative applications to the synthesis
of 2 wide variety of néturaT products.

The first application of this reaction in natural pfoduct
synthesis was the synthesis of (%)-chelidonine 71 by Oppolzer

in 1971 (Scheme 11).°*
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Perhaps the most popular target-molecules for this reaction,
for obvious reaéons, have been the aromatic A-ring sterofds.55
Kametani (1978) accomplished an énantioselective approach to
estradiol starting with optically pure indanone derivative

56 (Scheme 12}. The benzocyclohutene intermediate 74

72
underwent a thermal cycloaddition to afford the (+)-estradiol

derivative 76 in 77% yield.
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SCHEME 12

Me Ot-Bu . Me P¥Bu
Yo r A -
@ 9 STEPS ) = Me
74 (41%)
Me??'Bu
76 (77%)

Oppolzer {1980) has also published an enantioselective
synthesis of (+)-estradiol 77 starting from 1,3-dihydrobenzo-
thiophene-2,2~dioxide, the key step being thermal sulfur dioxide

extrusion of 78 and subsequent cycloaddition to give the tetra-
‘ 57

.cyclic intermediate 79 in 80% yield

78 N 79 (80%) 77 (64%)

»o
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Very'recently Kametani et al completed the asymmetrit
totai synthesis of (+)}-chenodeoxycholic acid 80, a compound
used clinically in the treatment of ga11stones.58 The key
step in this elegant synthesis was the intramolecular cyclo-
addition of the benzocyclobutenol intermediate 81, affording

the tetracyclic adduct 82 (Scheme 13).

-

| Me Me| >

‘Me ‘
R -~ : : !':;.\“ ~
o
\\\0‘_ iy, AC o i1y,
Ada. H )
81
 SCHEME 13

-
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P

Copyinéed of the utility of intramolecular,cycloadditions
of o-quinodimethanes we decided to appr&ach the synthesis of
podophylTotoxin by this route., We believed that the hydroxyl
group on the appropriately substituted Benzocyclobutenol 83
would serve as a handle for directing the addition of methy]
4-hydroxycrotonate 84 to give the desired regiochemistry and
stereochemistiry in the cycloadditions process. Intramolecular
cycloaddition of the thermally generated o-quinodimethane
86 should afford the correct relative stereochemistry of all
four chiral centres in a single step. The retrOSyﬁ%hetic ‘

analysis is given in Scheme 14,
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ii. 'Results and Discussion ~

Uéing a model System we investigated the use of various

bridging units such as -C0- , -SiMe,.- , and -CH

2 2
Although we were able to prepare the Bridged compounds 88, 85

- {Scheme 15)-

and 30 in fair yields and in a'straightforward manner,only

90 (X= -CHZ—) gave the desired tricyclic adduct 81 upon thermo-

lysis.
‘9‘ 1
X~ |
| X S
P :
)
A 1 A

88 X= CO ; R=H - 91

89 X= SiMe,;R=0Me

90 X= CHy: R=OMe |
o SCHEME 15

~

The carbonate, 88, was prépared in 85% yield by two consecutive
‘displacements on p-nitrophenylchloroformate >9 ; first by benzo-
cyciobutenol 43 and then the sod%hm alkoxide of allyl alcohol.
Compound 88 displayed a carbonyl ffequency af 1780 ém;; in the
infrared, characteristic of a carbonate .. The 'H nmr spectrum

consisted of the expected benzocyclobutenol and p-nitrophenol
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protons. The hydrogen geminal to the oxygen on the cyclobutenol
port1on was shifted downfield by approx1mate1y 0.8 .ppm, as
expected. When 88 was heated to 180" in o-dichlorobenzene

no cycloaddition product was obt;ined. Only starting material
was recovered. The jnertness of §§_may be the result of the
unfavourable electronic effect of the carbonate moiety on the
electrocyclic ring opening process. A ﬁomparison of the rates
of trapping of substitoted cyclobutenes indicates the trend
OMe‘> OH >> 0Ac and hence Epe presence of a powerful effect
exerted by the substituent. Sammes reported that O-acetyl- "~
benzocyclobuteno] r;acts very slowly with maleic anhydride
at.180" in contraét to benzocyclohutenol which reacts rapidly

at 110° 90

l
NE*s . ;OCOpNB

@j * —

Ck COPNB % _\—éﬁa

0 A
ﬁjﬁ --—ﬁié—f-h- li!lllliilr/J | L
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The unsymmetrical dialkoxysilane, 89, was preparéd by treating
4-methoxybenzocyclobutenol §3 {(Tsee Experiﬁental Section for the
preparation of 93) with gf(chlorodimethylsily1);prop-l-en—3-ol
gg,obtained from prop-l-en-3-01 (allyl alcohol) and dichloro-
dimethy15i1ane,61 in the presence of pyridine . The yield for
this reaction was 51%. The 1H nmr spectrum showed a singlet
at 0. 10 ppm, integrating for 6H, for the —S1Me2- hydrogens,
the characteristic ABX pattern for the cyclobutanol protons

L4

) ( HA 2.95, HB 3T48, HX 5.00 ppm; JAB=14.0, JAX=1’5’ JBX=4'O Hz)
and the expected pattern for the aromatic and olefinic hydrogens.
Heatung of 89 at 110 1n toluene, caused extensive decompos1t1on

~and resu]ted in the formation of none of the desired product.

Me & /Me
. PN
OH CI- 510 PYRIDINE ‘
|+ Me -
MeO O N\ E+t,O0 - MO |
93 24 - 89

Treatment of 4-methoxybenzocyclobutenol 93 with O-chloromethyl-
prop-l-en-3-01_§§, prepared from prop-l-en-3-ol1 by treatment

with paraformaldehyde and gaseous HCl, and triethylamine in
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a@gydrbus éther affordedjgg in 502 }ield as a eolof1¢ss 0il
after chromatography. The 'H.nmr spectrum of 30 showed,

in addition ;p the expected 4-methoxybenzocyc1obuteﬁo1

and allyl hydrogens, a characteristic singlet, integrating

for 2H , at 6=4.90, for the methy]enedioxy protons.

Ci
0
] ——
e X EH0  Med” X |
93 95 90

Heating of §g at 1107, in to]uéne coﬁtaining a trace of
‘KZCO3, for Zﬁh affordeq the desired tricyclic cycloaddition
product 96 ( colorless plates, mp 76-77° ) in 86% yield. The
stereochemical assfgnmeﬁt for the ring jﬁnction.as trans,
resU]tiqg from exo addition of the dienophile, was made on the
basis of the 'H nmr spectrum.. The coupling constant, JHl-Hz
was found to be equal to 9.0 Hz, consistent with a diaxial
reiationshig.between these‘hydrogeqs. The inclusion of K2CO3,
to*neutra1%ze traces of acid present in the solvent or generated

during the thermolysis was found to be absolutely essential.

In its absence none of the cycloaddition product was obtained.

O
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This scheme was applied to the synthesis of a podophylio- .
toxin analogué having all the reﬁuired stéreochemical features
but lacking a 3,4,5-trimethoxyphenyl substituent at Cl'
4,5-(Methylenedioxy)benzocyclobutenol $7 was prepared via the
sequence shown in Schieme 16 starting with piperonal 38 (3,4-_
(methylenedioxy)benzaldehyde). Piperonal was brominated accord-
ing to Orr et aT.(1917)62;usinQ bromiﬁé in glacial acetic acid
to give long colorless needles 0% 6-bromopiperonal 99 ( mp 1107, .
1it. mp 1117 ) in 70% yield. Treatment with trimethylsulfonium
chloride under phase transfer conditions afforded 6-bromo-4,5-
(methylenedioxy)styrene oxide 100 (colorless prisms, mp 31")
in 82% yield. Thg Jatter was converted to the henzocyclobutenol
derivative 97 using the procedure developed in our Taboratdry
and mentioned in the Introduction. Thus, 4,5-(methylenedioxy}- "
benzocyclobutenol , mp 118-126', was obtained in 75% yield..
Inspection of the 'H nmr spectrum of 97 revealed .the character- o

istic ABX pattern for the cyclobutenol protons (Figure 4).
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. . . 4 -
<Oji\/l(cm Brs <g = ‘ CHO ~ MezSCl _
| . |
0 HOAC X\ PTC
28 =)
n-BuLi / MgBr <o- o~ 0"
<§ THF 0~ |
-78° 97
SCHEME 16
. I '
0 3 N H .8 Hx= 5.10 ppm JAB= 14,0 Hz
<O ~ | H § Hy= 2.83 " | gp,=1.0. "
"HBA § Hg= 3.41 " | 3= 4.5

-
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4,5-(Methylenedioxy)benzocyclobutenol 37 was coupled with
methyl O-chloromethyl-4-hydroxybut-2-encate 101, pgepared from
fmethyl 4-hydroxycrotonate 102 63 by treatment with paraformalde- -
hyde and gaseous HC1 in CH2C12 at -20°, in the presence of

triethylamine (TEA) to afford the unsymmetrical methylene acetal

2

103 in 60% yield. The *H nmr spectrum of 103 showed, in addition
to- the expected benzocyclobutenol and crotonate hydrogens, a
characteristic singlet integrating for 2H at &§= 4.86 ppm represent-

ing the bridging methylene moiety.

OH
o
@@j + ONON o ACOMe
NE+
97 101 3
E+,0
-
agnl
MeO.C
103

Thermolysis of 103 in refluxing toluene containing sugpended
K2C03 for 48h gave the desired tetracyclic adduct 104 as colorless

“gneedles (mp 155 ) in 75% yield. The 'H nmr data and suggested
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mass spectral fragmentation pathway are shown in Tahle 3 -and

Scheme 17 , respectively. and are entirely consistent with the

assigned structure.

no” 4
103 —
ch 0 3 O "ﬁCO ZMG

104 (75%)

. The trans relationship between H3-H9 and H8-H9 is clearly

evident from the observed coupling constants; J = 10.0 and

Ha-Hg
JHB-ng 11.6 Hz. The values of these ;9up1ing constants are
consistent with pseudo-diaxial arrangements between both pairs
of protons.

Compound 104 was surprisingly resistant to hydrolysis under
standard aqueous acid conditions but with the proper choice of

- reagents should be transformable into the trans lactone der-

ivative 105 .

104 —————>

L 2o
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TABLE 3 : 'H nmr Data for Compound 104

o ~

H

Hig Hyp My, Hy Hy Hy Hp Hig Hg Hg Hy Hgo Hg
1 § (ppm) 6.94 6.55 5.92 5.26 4.90 4.35 4.19 3.73 3.56 3.09 2.92 2.59 2.18
Yoy 9122 Y4-57 959 Jgg 9705 Yaig J3i9 a9 Y7g J1oo1z
"Hz - 6.2 11.0 11.0 4.0 11.6 10.4 10.0 11.6 6.1 <0.5

7.0 6.0 5.0 4.0 3.0 2.0 1.0 0
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SCHEME 17  Proposed Mass Spéctra] Fragmentation Pathway of 104
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G
“coM
M 292 amu
, CT,\T) ‘.ﬁ-
0
&
232 amu

-OMe” {




o

P

44

Todate, we han Been unable to synthesize’ trans-2-aryl-1-bydroxy-
4,5-(metbylened%oxyjbenzocyc1obuténé 83, which should serve
as the s;arting material for a short, stereoselective synthesis
of (:)—podophyllotOXiﬁ 6. Methods of generating 83 other than
the o-bromostyrene oxide route.are currently being investigated

in our Taboratory.
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B. Intermolecular Approach to Podophyllotoxin Analogues: Synthesis

of (+)-epiisopodophyllotoxin.

Introduction

-

It is well known that photolysis of 2-methy1bénza1dehyde 53
and thermolysis of benzocyclobutenol 43 lead'to the same diénol
intermediate 105 which can be trapped with a variety of dienophiles
to afford products such as 106 and 107, depending on the nature of

the dienophile (Scheme 18).°5%

106 | 107

SCHEME 18




46,

Ulimdn first demonstrated the intermediacy of the dienol
species 105 in the photo]ysis‘o? 2—methy1benza1dehyde65 and
Yang and Rivas illustrated the cycloaddition reaction of 105
with dienophﬂes,66 but the bulk of information concerﬁing the
enolisation of ortho-aikyl-substituted aromatic carbonyl compounds
has come from the work of Sammes and his co-workers.57

A number of workers have recognized the synthetic potential
of the photoenolisation reaction, particularly as an entry into

68,69

the aryl lignan systems. Sammes used the adduct 108 resulting

from trapping of the dienol obtained by photolysis of aldehyde 109
with dimethylacetylene dicarboxylate as a common intermediate in

the synthesis of taiwanins E 110 and C 111 and justicidin E 112 %
(Scheme 18). In an analagous fashion aldehyde 109, prepared ’ﬁ\_”/J
in seven steps and an overall yield of less than 10% starting

with 6-bromopiperonal, was converted to tetradehy%;opodophy]]o-

toxin 113.

109
a. hv, THF, MeOZC-EE-COZMe
b. MnO2
c. NaBH,, MeOH, H™

4,



oH
- HO h'v OMe = CO,Me
{
MaO.C—“CQMe CO,Me CO.Me
Ar
i [H]
CH
P <O @ CO .Me = ]
e >~
Ar o
110
” @ )
Ar e
1 112 ]
s e A

ERes -
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This section of the thesis will describe the Qork completed
in the investigation of the use of the photoenolisation and
subsequent cycloaddition reactions of o-alkylbenzaldehydes és
key steps in the synthesis of podophy]Totoxin analogues.

The total.synthesis of (+)-epiisopodophyllotoxin 114 will be

described.

»

B3]
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~

ii. Results and Discussion

-

The feas bility of the project was studied using two simple
model systems chosen for the availability of starting materials
and their basic resemblance to the "real" system under investiga-

tion. Thus, o-methylbenzaldehyde 53 and p-benzylbenzaldehyde

' 115, prepared from commercially available o-benzylbenzyl alcohol

"via PCC oxidation, were chosen as starting magzrials.

Irradiation of 53 and llﬁ in the presence of dimethyl fumarate
with acetone as the solvent using a medium-pressure mercury
arc gave after purification by column chromatography 116 and 117,

respectively, as the only isolable photoadducts.

3
' . OH
0 R [
. O L. CO,Me
co
Y. e CO,Me
o MeO,C - ' R
53 R=H 116 R=H (78X%)
115 R=g 17 R=g (512)

The relative stereochemistry of these adducts (116 and 117),

where the substituents at'C1 » G, and C, arecis to each other

and the substituent at C3 is trans to the others , was assigned

on the basis of the 'H nmr spectra. The measured value of JH3 i
Ty
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Ligt

was 3.0 Hz, consistent with a pseudo-axial, pseudo-equatorial

relationship between H3 and H4. Both JHl_Hzand JHZ_H3 are

equal to 11.0 Hz , confi;ming‘fﬁe pseudo-diaxial relationships

between Hl'HZ and H2—H3.

H
—H
- Jy, = 3-0Hz
H - -
JHZ"H3H JH1-H2_
Co,M " 11.0 Hz
AN
ENDC ADDITION 116 =

-
These photoadducts must arise from endo addition (with respect to
the hydroxyl group) of dimethyl fumarate to the (E,E)- dienol
%ntermediate (Scheme 20)}. This is the expected result as predicted
by the "endo rule". Woocdward and Hoffmann,fgss, showed that

endo addition is energetically more favorable, on the hasis of

MO considerations, in the reaction of dienes with dienophi]es.76
\\\\\\\‘/-This ts-gspecially the case for those dienophiles containing l .

‘conjugated w-systems such as dimethyl fumarate.



CO,Me
”ffco Me..

116 R=H
117 R=g

51

OH OH

LAH ' ZnC12
d/THF ”/,,/O

B} 118 R=H
NS R=g
BTEAC,CHLI
2. HY/H0 “f
R

122 R=H

123 R=g

"\\-
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-

" Scheme 21 outlines our‘first approach for the conversion
of the photoadducts 116 and 117 to the corré%bondjng trans-
y-lactones 122 and 123, respectively. The diesters 116 and 117
were reduced with lithium aluminum hydride (LAH) in dry THF
to the corresponding triols 118 ( mp 96-98° , methanol/ether)

and 119 ( mp 134-135", ether/hexanes) in yields of 79 and 8Q %

respectively. Both 118 and 119 showed strong hydroxyl absorp-

tions in the IR at 3350 to 3550 cm'l.

The triols were treated
with anhydrous zinc chloride in acetone for 24h to afford after
purification the jsopropylidene derivatives 120 ( mp 111—113‘,.
ether/petroleum ether; 79%) and 121 (mp 155.5-156.5", ether/
héxanes; 77%). A10ng with 120 a small amount (16%) of another
isopéopy]idene derivative was obfa{ned. The structure of this
derivative 124°was tentatively assigned as the seven membered

~ R
cyclic ketal shown “below.

Compound 124 had'gn Rf on tlc greater than that of 120. This

. is consistent with the fact that a secondary alcohol is less

polar and therefore more mobile on tlc than a comparable primary
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alcohol. The majorgaiffe:encé in the 'H nmr spectra of these

two ketals was in the chémica1 shift of H4, the benzylic hydrogen
on the carbon bearing the oxygen moiety (C4). A downfield shift

of this peak in 120 (§=4.98 ppm) when comﬁared to 124 {8=4.65 ppm) -
and the triol-118 (8=4.78 ppm) was observed.

. The a1cohoi 120 was oxidized by the method of Scholz71 using
BnEt3N+Mn04' in CH2C12 to the Forrespoqd{ng acid, which was not
isolated but under the acidic workupféquitions.deprotection
and lactonization occured to afford, after purification by
PTLC {ethyl acetate), the 1ac£one 122 ( mp 168", ether/hexanes)
in 62% yield. Similarly, 121 was converted to the corresponding
1aétone'lg§ ( mp 1937, methylene chloride/hexanes) in 65% yield.

Bo£h 122 and igg_showed strong absorptions in the IR at

1775 cm_l representing the strained y-lactone carbonyl and the

sppropriate molecular ion peaks in the mass spectra at m/e 204

0

+, - +, - '
(C12H1203 ) and m/e 280 (C18H1603 ), respectively. ‘The H nmr

spectrum of 123 showed a muitip1et at 2.75 ppm for H,, a doublet

3,
2 ( JHz-H§14'0 Hz, JH;—Hzll'z Hz ),

and a doublet at 4.86 ppm for H

of doublets at 3.33 ppm for H

'a doublet at 4.16 ppm for H1 4

(JH H:2'8 Hz). These coupiing constants are consistent with
37y .

the assigned stereochemistry where Hl,'H2 and H, are in a

pseudo-axial position and H4 is pseudo-equatorial.

We were able to improve the overall conversion of 117 to 123

——

by effecting a selective reduction of the C3 ester group with

LiHBEt3 ( Super-Hydridé®)72 in THF at -78°, furnishing the
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crystalline diol 125, mp 95", in 75% yield. The key *nmr peaks

-

for 125 were : §'4.24 (m, CH,O0H), 3.50 (s, CO,CH,), 2.53 (dd, J=11, 4

Hz, H3), 3.08 (t, J=11 Hz, HZ)’ 3.76 (d, J=11 Hz, H,) and 5.13

1
(d,d=4 Hz, H4). The IR spectrum showed a strong ester carbény1
absorption at 1730 en ! and a hydroxyl absorptién at 3300 to
3500 cm'l. None of the isomeric diol was obtained. This selectiv-
ity for reduction of the less hindered ester group by LiHBEt,

has been reported in the 1iterature.73 Lactonization of 125 to

123 was accomplished in 70% yield by treatment with.methane

‘\-.\'

sulfonic acid { CH3SO3H) in acetone.74

OH OH OH . H
COMe 'Li HBEH, CH, SO,H
”"u _-—-[—-EF ‘0 ,””
‘COMe 78" ‘ “COMe - 8
o ‘ )
17 125 123

Synthesis of (*)-Epiisopodophyllotoxin

-

In application of the methodology above we have completed
the synthesis of epiisopodophyllotoxin 114 (Scheme 24). This
compound still contains the highly strained trans-fused lactone

which is considered essential for biological activity, but the
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aryi'substftuent at'C1 and the Tactone carbonyl group.are in a
trans relationship compared to a cis arrangement in podophylio-
toxin. Epiisopodophyllotoxin has been mentioned BPiefly in the
chemical 1iterature75 but a description of its synthesis has

not been published.

e

A synthesis of the requ}red aldehyde; 6-(3',4',5'-trimethoxy-
benzyl )piperonat, 109, had_previous?y been reported by Sammes
and co-worker567 v{a a six step sequence with an overall yield
of 27% utilizing 6-bromopiperonal ethylene ketal and 3,4,5-
trimethoxybenzaldehyde as starting materials. We have found
it possible to prepare 139 in 84% yield from 6-bromopiperonal
dimethyl acetal 126’ by treatment with n-BuLi at -78° in dry
THF followed by ngu3PCuI and ‘then 3,4,5—trimethoxybenzy1 bnomide,
warming to room temperature and stirring for 18h. The crude
coupling product obtained after normal workup and co1uﬁn

chromatography was deprotected using aqueous HC1 in methanol



56

affording the desired aldehyde ;ﬁg as colorless needles. This
coupiing reaction is believed to occur via an aryl cuprate
intermediate. Indeed, the use of g_—BusPCuI77 was cfucial for
this reaction; no coup]iqg was observed in.its .absence or when it

was replaced by MgBr,, FeC13 or Pd(¢3P)4 .

126

SCHEME 22

Our first synthesis of 109 invoiving a four step sequence
starting with 1-iodo-3,4,5-trimethoxybenzene 128 and 6-bromo-
piperonal 99 and an overall yield of %, although inferior
to the aforementicned “one-pot" scheme, Qi11 be discussed

very briefly (Scheme 23)}. Halogen-1lithium exchange of 1-iodo-
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@\ gBuLi/THF/—78' <o
MO OMe -0

Oe <oj©1¢H0
.‘2 G Br

128
128 99
O~ B In/Hg - n-Bul | :
< O HCl/TOLUENE i
MEO/ OM@ ‘ ' ~
== 131
_CHO
oA | 7
109
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79 with n-Buli in THF at -78" followed

.3,4,5-tri g}ﬁoxybenzéne lég
by condensation with 6-bromopiperonal afforded the crude benzhydrol

129 whicﬁ‘was oxidized with pec? in CH,C1, furnishing 1-bromo-
4,5-(methylenedioxy)-Z-(3‘,4',5'-trimethoxybgnzoy1)benzene 130, mp 1507,
in an overall yield of 85%. The IR spectrum showed a:carbonyi
absorption at 1670 cm'l, indicafive of a conjugated ketone.

. Clemmensen reduction81 furnished 1-bromo-4,5-{methylenadioxy)-2-
(3',4',5'-trimethoxybenzyl )benzene 131 (mp 121-121.5") in 77% yield.
The.benzylic methylene group is visible in the 'H nmr spectrum as a
singlet at 3.94 ppm. Conversion of-131 to the aldehyde 108 was

brought about by halogen-lithium exchange and trapping of aryl

anion with dimethj]formamide (DMF}, followed by hydrolysis to

furnish 109 in- 80% yield. \

. Irradiation of 109 in THF in the presence of dimethyl fumarate
afforded the diester 132 ( mp 198°) as the only isolable adduct -

in 47% yield. THF was found to be a better solvent for this

particular reaction than acetone , acetonitrile or benzene. The

low yield was believed to result from the instability of 132 which

undergoes facile dehydration.
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LiHBEY, -
-
THF/78"

Me .Me
1/ KOH 17 HCI
' DIOXANE>
ANE o, -
DIOX C_OZH
Ar
135,
DCC
THF
?36- 11 Y
Me
SCHEME 24 e .

Me



The ester group atJC3 in 132 was selectfvely reduced upon

reaction with three equivalents of LiHBEt, in dry THF at -78° ~

3
followed by warming to 25" and acid hydrolysis of the borate
ester. The cristalline diol 133 ( mp 1557, ether/hexanes)
was obtained 1if 70% yield. We were unéble to convert methyl
epiisopodophyllate 133 directly to epiisbpodoﬁhy110toxin ;15;
by acid catalyzed lactonization or to saponify the‘ﬁster moiety.
to produce epiisopodophyllic acid l§§~in.satisfactory yields.
The instability of l§§_ahd_l§§.are prqbab1y major factors jnp
the failure of our efforts to perform.fhéée seemingly trivial
transformations. Under a variety of condftions, extensive
decomposition and / or ;rbmatisatioﬁ were the consequences.

This problem was circumvented by prbteéfing_the diol 133
as the isopropylidene derivative igi (mp 181-182°, ether/hexanes)
by treatment with 2,2-dimethoxypropane and TsOH, prior to |,
carrying out a mild basic ester hydrolysis { _% aq. KOH/ dioxane),
_tq‘furnish the acid 135 ( mp 181-183"). Careful hydrolysis of
the ketal moiety using a 1:1 mixture of 1% aqueous HCl and
dioxane afforded epiisopodophyllic acid 136, mp 230-234°, dec.,

)82 in 65 % overall yieid

acetone/ether ( Tit.mp 228-230".dec.
from 133. .
Lactonization of ;ggtlo epiisopodophyllotoxin 114 , mp 258;260"
( lit, mp 272° dec.)75 was accomplished using DCC as the aquvating
agent following the method of Renz, Kuhn and von Nértburg (1965}

for the conversion of podophyllic acid to podophy11otoxin.83

-
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The mass spectrum of 114 showed a §trbng,mo1etu1ar ion peak at

m/e 414 and peaks of relatively lower intensity at m/e 399 -

(M¥-CH., " T_OH"), 351 (MT-0H" 168 (CoHqy(OCH, ), ). -
~CH;"), 397 (M'-0H"), 351 (M -OH™-CO,) and (Cehy(0CH )37 ).~

Selected 'H nmr data for compounds 132 to 136 and 114 are summarized

in Table 4 focusing on the-nonaromatic protons.

The nmr spectra of compounds 132, 133, 134, 135 and 136 are

very similar especially with respect to the hydrogens on the.

B ring { His Hy, H§~and Hq). The consistency obéerved in the

values of the coupling constants J J and J

Hi-Hs* "Hz-Hs Hi-H,’
the deviation of these values is less than 1 Hz, shows that &he
tained

where

stereochemistry of the original photoadduct 132 has been-re
throughout all-the cHemical manihylations. The coupling.constants,'.
JHI_HZ-and in-H; range frop™&g, 5 to 12.0 Hz and ?re consqétent
‘with pseudo-diaxial arrangments of these hydrogens. The protons

H, and H4 are in a pseudo-axial, pseudo—equétovia} arrangement

3

and the value of 3, (3.0 Hz ) confirms this relationship.
377

The 4 nmr data for epiisopodophyliotoxin was compared to

_ that published for a series of known podophyliotoxin deriVatives.84
. . - ’ . i [al oot
The relative stereochemistry at,CZ, C3 and C4 is the same as
in ep{pddophyllotOxin 137 and the coupling caﬁstanfs JH -H and
T — -~ ‘ 2~ha
JH-B_Hh compare very well ( for 114 : JHz-H3= 14.0, JHE_H“-B.O; | .

for 137 ST 13.8, JH HC 3.0 ). The viliztfor JHI-Hz (10.0 Hz)
is consistent with the pseudo-diaxial arrangémenwt of these.
v A - .

~ _hydrogens.
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TABLE 4 : SELECTED NMR DATA FOR COMPOUNDS 132»136 and 114

COMPOUND  STRUCTURE .. "5 (ppm} | . J (Hz)
JH T Ry Hy My Ry 9y 3 950 e i Ysar
132 _Ai}3=R'5COZMe 1.02 3,423.195.07 - - 10.512.03.0 - - -
133 |A; R=CH.QH,R' {a - §\99:2.45 5.01 a a 11.011.03.0 a .a a

. :C[] Mf’ . N
134 |B; R'—CagMe .06 3.40 2.03 4.83 4.18 3.85 11,611.6 3.0 12.0 3.5 -2f0

135 i B R'=COH 4-01 3.48 2.01 -4.81 4.09 3.69 il.ﬁ 11.6.3.0 12.0 3.5, .2.0

2

136 | A; R=CH.OH,R' |.a ,3.08 2.47 5.07 a a 11.011.03.0 a a a
” :

114 4.03 3.29 2.68 4.94 4.11 4.46 10.014.03.0 = & a

Ar = 3,4,5-trimethoxybenzene

a) These values were not accurately measureable.
T < .

-

‘&g'
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(+)-Epiisopodophyliic acid 136 has been converted té {#)-picro-
podophyilotoxin 15 in a‘ total of three steps invoiv_ing d:ehydratit-nn,
lTactonization and rehydration82 (Scheme 25.)_._ Tftus, our syhthesis of
epiisopodophyllic acid constitutes a formal synthesis of (%)-picro-
podophyllotoxin and (z)-podophyllotoxin since Gen§1er has converted

the former into the latter.

| OH
H*/ /x 1. HCl/AcOH :
136 —=—=%—> ' e j))
. 2. C&CO3/H20 ""’fil
Ar 0

g F' o
SCHEME 25 Ar= 345-TRIMETHOXY-
' | * BENZENE

¢

- . . ..—-———-\

>



RESULTS AND DISCUSSION
~ ' — '

PART 2 - . ’ NS

SYNTHESIS OF NON-ENOLISABLE PODOPHYLLOTOQXIN DERiVATIVES

i. Intrcduction

_The epimerization of podophyliotoxin to picropodophyT]oto%in .

is thought to occur under physiological conditions.85

The biological
activity of picropodophyllotoxin as well as other cis analogues
is either much lower than that of the trans isomers or is.
//’neg1igible.86 It appears that epimerization may be the primary
method of detoxification by the cell, ]

The reversibility of this reaction was discussed in the
Introduction. Gensler suggested that the LQQ Tevel activity
observed far picropodophy1lotoxiﬁ might be aue to the Sﬁall
amounts oflpodophyllotoxin generated by equﬂibration.28 _It.

=+ seems unlikely that under the neutral .conditions of the tubulin
binding assay that epimerization could ocdur since thére have
been no report§ of an interconversion other than that by base.
”'Gensler modified this suggestion based on the results of
) 60 MHz and 360'MHz'fH nmr studies of both Ayres and Brewer.84’87
‘ Picropodephyllotoxin can exist with the trimethoxybenzene
ring {E- ring) in an equatorial or quasi-axial conformation.
Géns]er proposed that the residual activity may be due to the

minor, quasi-axial conformation which places the E-ring in

approximately the same orientation found in nodophyllotoxin.
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3
From the chemotherapeutic point of view, the epimerization

is undesirable , since limiting the physigl&;ica1 Tifetime of the
drug would set an upper limit to their biplggical effectiveness.

Gensler decided to approach this profilem by synthesizing deriva-
tives in which epimerization was precluded7, Unfortunaté]y he

o

was unable to replace the hydrogen at the C, position withla |

- )
sujtable substituent and retain the trans-fused y-lactone.
Treatment of 4-deoxypodophyllotoxin 10 with t%ipheny]methy]
Tithium produced the enolate 138 which was carboxylated with

carbon diox{de to give 2-carboxydeoxypicropodophyllotoxin 1 9.88

At
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ey

Discouraged by these preliminary results Gensler turnéd

»

his attention towards hlocking the enolization @echanjsm_by‘
elimrinating the Tactone group altogether. He prepared a series
of "delactonized" derivatives 140 in which the carbonyl group

has been reduced to methylene and the lactone oxygen was replaced

89

by a variety of functions: §, 502, co and.CHz. None of these

coﬁpounds proved to be more effective than podophyllotoxin

‘or deoxypodophy11otoxin.90

o<

X=H,O0H. ~

O~z
<O | )

CH,OH

OCH,

Y = 0,5,50,,C0,CH;.

b}

Vv

140.

(5]
L)

- . t

ii. Results and Discussion

JoS
Dissatisfied with the results of Gensler's study we decided

to reinvestigate the probiem of §}nthesizing Ce-shbstikuted

podophyllotoxin derivatives via the-.englate anion. The dianion 141

/s

LTS
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B

of podophyllotoxin was prepared by treatmént of podophy]]otoxinaé. '
;ith two e;uivalents of LbA at -78" in dry THF. The enolate -
~was reacted with excess methyl iodide-at =787, warmngﬁa*foom
temperature and stirred for an additional 18 h. Normal wOrkuﬁ qi;
and HPLC (hexanes/ethy1 qcetate, 1:1) furnished a 3:1 mixture of
Z-Qethylpicropodophy]]otoxin *lﬁg and 2-methylpodophyilotoxin 143,
~ respectively, in an overall yield of 71%. Thus, ynder these con-

ditions the desired product 143 ( the one’retaining the trans-lattone)

was obtained as the minor component.

2 EQUiv. LDA

~78/THF

* Nomenclature The following nomenclature has been adopted for
the substituted derivatives of podophyllotoxin. Derivatives
having the same stereochemistry at carbons 2 and 3 as
podophyllotoxin-are named as being derived from the same.
Similarly, derivatives having the same stereochemistry at

carbons 2 and 3 as pickopodophyilotoxin are named

derived from picropodophyllotoxin. . P

‘ - -
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Since Gensler had obtained better results with proton
trapping of the 4-0-tetrahydropyranylpodophyllotoxin enolate
anion than with the dianion we turned our attention to this
route (Scheme 26). Treatment with dihydropyran in the presence
of TsOH converted podophyllotoxin to 4-0-tetrahydropyranyl-
podophyllotoxin 144 in good yield. '

The enolate 145 was formed by treatment of 144 with 1.1
equivalents LDA at -78" in dry THF. Trapping of the enolate
with methyl iodide (f78‘ to rt, 18 h ) gavevaftér workup a
mixture of tetrahydropyranyl derivatives. The crude product
was exposed directly to the acfion of aqueous acid to remove
the protecting group. Normally thé C2 substituted tetrahydro-
pyranyl derivatives.were not isolated because of the added
complication due to the presence of additional diastereomers
caused by the tetrahydropyranyl rin%. HPLC (hexanes/ethyl
acetate, 1:1 ) effected a clean separation and afforded
2-methylpodophyllotoxin 143 and 2-methylpicropodophyllotoxin 142
in yields of 43 and 19%, respectively.

Similarly, treatment of the enolate 145 with dry oxygen for
30, minutes at -78° folTowed.by reduction of the intermediate
hydroperoxides with aqueous sodium sulfite gave after removal
of the tetrahydropyranyl group a 1:1 inseparable mixture of
. 2-hydroxypodophyllotoxin 146 and 2-hydroxyﬁ{cropodophy1lotoxin 147
in 84% yield. This di?ference_in stereochemical outcome can bel

oL

explained on the basis of me;hanistic_differenceé in the reaction
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SCHEME 26

Ar- =

OMe

‘OMe
Me.
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of carbanions with alkyl halides and with oiyggn. The latter
reaction is an electron transfer prbceﬁs involving a ra&ica]
interrpediate.92

The best stereochemical result was obtained with chlorin-
ation of the enolate 145 by reaction with excess hexacﬁ]oro-

ethane (-78" to rt , 18h ) where only one product was obtained

after removal of the protecting group. Chromatography (hexanes/

af

ethyl acetate, 1:1) afforded 2-chloropodophyllotoxin 148 in
74% yield. 1In this case the tetrahydropyrany] derivative was
also isolated and characterized. Z-hh1o%0-4-gftetrahydropyrany1-

Lt

podophyllotoxin 149 was‘obtaineq:as d 3:2mixture of diastereomersg3
(due to the presence of a chira{ center in the THP portion)

after precipitation from ether/hexanes. The mass spectrum and

360 MHz 'H nmr spectrum of 149 are shown in Figures 5 and 6 ,
respecg}ggly. The results of the enolate trapping experiments -~

are supmarized in Table 5.

\

149 (3?2 MIXTURE OF
DIASTERIOMERS

‘-.\ | OMe
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- TABLE S
N
N
1. LDA
2. X
144 - >
3. H+
1] \
- \‘
X E PRODUCTS AND YIELDS RATIO PODG/PICRO
: : 5 == -
CH, I CH3"‘ 143 (43%) 142 (18%) 2.4/1
"0, OH . 146 + 147 (84%) 1/1
C1 cceT /'5-1- . 148 (74%) -
4~
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FIGURE 5 MASS SPECTRUM.OF COMPOUND 149




73
PROPOSED M.S. FRAGMENTATION PATHWAY FOR 149

:*

&

-HC1 M 532 amu

@ parent on w&
= ! . o
¢ 0» o <o

!IO

‘]>u||

496-amu 448 amu
\ OH
. . S
G
om A
Ar O Ar d
395 amu B M
as
-C0.,,. A
2




6¥T ANNOAHOD 40 WNYLI3dS SUu Hy 9 um.:oE

i

SEFTE S B




(4]

75

The structures of the Cz-substituted podophyliotoxin
derivatives were assigned on the basis of fheir 360 M Hz *H nmr
spectra.' The nmr data for these compounds are summarized in
Tables 6 and 7. Subsiitution_at C, was clearf} evident b} the
preséﬁce of 2 sharp singlet for H1 at 4.26 ppm, 4.23 pbm and
4.79 ﬁpm, in 143, 142 and 148, respectively.

The stereochemistry at C2 was assigned on the basis of the

values of the coupling constants J and d The

Hs=Hi; H3-Hiy'®
numerical values for the constants are lower in picropodopbyT]o-

"=1,5Hz and J

toxin (" J = 6,0 Hz ) than in podophylio-
H3~-H1

84

Ha=Hiy’

toxin { J = 9.0 Hz and JH = 8.0 Hz.
i 1

H3=Hi: Hy
" The aromatic_protons show a characteristic three signal pattern

in the nmr which is dependent on the Stereochemistry‘of the Tactone

ring. It was observed that in the trans (podo) series the two . ~

<

singlets for the methylenedioxybenzene protons-(H5 and H7) were

consistently downfield from the two proton singlet representing

8 ).

Hé, H7‘and Hg were 7.11, 6.51, 6.37 ( podophyllotoxin };

7.10, 6.48, 6.36 ( 2-methy1podophy11otoxin'); +7.09, 6.49, 6.44

the trimethoxybenzene protons { 2xH The chemical shifts for

( 2-chloropodophyllotoxin) and 7.10, 6.49, 6.38 { 2-hydroxypodo-
phyllotoxin. 1In the cis (picro) series the two proton singlet
for the trimethoxybenzene protons was slightly downfield from the

H7 signal. The observed chemical shifts for H5’ H, and H7 were

8
7.05, 6.45, 6.38 ( picropodophyliotoxin); 6.76, 6.78,76.65

.(2-6ethy1picropodophy]lotoxin) and 7.04, 6.45, 6.38 (2-hydroxy-

-
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‘H 'NMR DATA FOR THE 2-SUBSTITUTED PODOPHYLLOTOXIN DERIVATIVES

6
&
8 8
M Me
9 9
OMe
10
J
TABLE 6 CHEMICAL SHIFTS
COMPGUND H Hy. H, Hg Hg Ho Hy Hg  Fg Hjo Hoo Hp
3 4.59 2.77 4.77 7.11 5.98 5.98 6.51 6.37 3.75 3.81 4.09 4.60
143 4.26 2.89 4.70 7.10 5.7 5.98 6.48 6.36 3.75 3.81 4.17 4.51
148 4.793.07 4.98 7.09 5.97 5.99 6.49-6.44 3.77 3.84 a a
146 a a a 7.10 a a2 6.496.383.743.83 a a
147 a a a 7.04 a a 6.346.463.793.87 a a
15 4.11 2.79 4.51 7.05 5.94 5.94 6.38 6.45 3.78 3.85 4.44 4.53
142 4.23 2.79 4.57 6.76 5.94 5.96 6.65 6.78 3.793.80 a  a

a wnot measurable with accuracy

TABLE 7 COUPLING CONSTANTS

COMPOUND J

Hy-Hy Hs-Hi: YHa-Hy1'Hig-Hys' JHe-He'
6 5.1 9.0 8.0 8.8 0.5
143 1.0 10.5° 7.5 9.0 0.5
148 5.5 5.0 7.0 a 0.5
15 83 1.5 6.0  10.2 ¢.5
142 7.8 1.4 6.0 a 0.5



picropodophy1Jotoxin);'

A1l other data qpl]e;ted‘for compounds 142, 143, 146, 147 and

148 were in agreement with the assigned structures ( see Experimental

Section). The nmr spectra of 2-metﬁy1podoﬁﬁ}11otoxjn 143 and Zlch10ro-

podophyllotoxin are.given in figures 7 and.8 as.representative examples.

'ﬁioTogica1 testing against either Leukemia L1210 or P388 -

was performed on the C2 substituted derivaéives ( 142, 143, 146
147 and 148) at the antitumour division of Bristol Laboratories,
Syracuse, New York. The générg] testing protocol was as f011ows;g4
Ascitic fluid Eontaiﬁing 10° cells was iéb]anted intraperitonealy
in female CDF1 mice .(5ix mice per test groupj. Treatment began
24 hours after impiant and the parameter waslmediah survival
time. Results are giveh as percept.increased survivai time of
test group over control group { % T/C ). An initial T/C 3_125
is consideredisignifigant antitumour activ%ty.

The resuits are shown in Tables 8 and 9. The methyl derivatives
142 and 143 were inactive both in the L1210 and P388 tests. The
mixturé of hydroxyl dérivati;es 146 and 147 was éoxic, having a
T/C of Tess than 85 , as was podophyllotoxin itself under these
testinjtgqnditions. Interestingly, 2-chloropodophyllotoxin 148
had a level of antitumour activify agéin§t P388 substantially
above the accepted ‘significant level” ( T/C = 156 ).

Encouraged by the promising result with the chloro-derivative
and Epowing that thé glycoside moiety , as found in VP-16 ,.is

required for lower toxicity and high activity , we decided to

-
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TABLE 8 : EFFECT OF PODOPHYLLOTOXIN DERIVATIVES ON P388 LEUKEMIA

MATERIAL  TREATMENT DOSE IP MST EFFECT ~ AWC SURVIVORS

SCHEDULE  mg/kg/inj DAYS MST gm DAY 5
' 21/C d.6 . '
NSC 38270 d.1+5 0.8 ©13.0 144 -0.5 6/6
: 0.4 12.5 139 -0.6 6/B
VP-16 (gi) d.1&5 40 >30.0 >333 -1.8 6/6
20 >30.0  >333 -1.7 /6
VM-26 (gé) d.1&5 40 >30.0 >333 -1.4 6/6
20 26.0 289 -0.6  6/6
143 d.185 120 9.0 100 s1.8  6/6
' 60 8.0 89 +2.7 6/6
40 8.5 94 +2.2 6/6
20 8.0 89 +2.4 8/6
10 8.0 89 +3.5 6/6
5 9.0 100 +3.3 6/6
1468147 d.185 80 TOX TOX ToX 2/6
40 TOX TOX TOX 3/6
20 10.0 111 -0.9 6/6
. 10 9.0 100 -0.1 6/6
148 d.1&5 40 4.0 156 -2.8 5/6
20 i1.0 122 -1.0 -~ 5/6
) _ 10 9.0 100 . +0.6 - 6/6
- 5 9.0 100 0 6/6
PODOPHYLLO- d.185 60 - TOX . TOX TOX 0/6
TOXIN 6 30 ' TOX TOX - TOX 1/6
15 10.0 111 ' -0.1 6/6
7.5 10.0 111 +0.7 6/6
CQNTROL SALINE 9.0 - 100 -0.5 10/10
Tumor inocu'lum:"lO6 ascites'ceTIs implanted ip. $
Host : CDF, female mice. -
TOX : <4/% mice alive on Day 5. )
Evaluation : . MST = median survival time.
Effect : %T/C = { MST treated / MST control)} x 100

Criteria : ®T/C > or = 125 considered significant antitumor activity.
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EFFECT OF PODOPHYLLOTOXIN DERIVATIVES 'ON LEUKEMIA L1210

TABLE S
MATERIAL TREATMENT  _DOSE IP MST EFFECT AWC SURVIVORS
"SCHEDULE mg/kg/inj DAYS MST gm DAY 5
s1/C d.6
VB-16 d.145 45 20.0 286 -2.8 " 6/6
30 18.0 257 -3.1 6/6
142 d.14&5 45 7.0 2100 +0.7 6/6
30 7.0 100 +0.2 &6
15 7.0 100 +0.9 -6/6.
7.5 7.0 100 +0.5 6/6
1428143 d.185 60 7.0 10{ -1.0 6/6 et
45 7.0 100 +0.2 6/6 ’
30 .0 100 +1.0 6/6
15 6.0 86 +1.0 6/6
CONTROL saline 7.0 - +0.6 10/10
" TABLE 10 EFFECT OF VP-16'DERiVATIVES ON LEUKEMIA P388
MATERIAL TREATMENT DOSE 1IP MST EFFECT AWC SURVIVORS
SCHEDULE mg/kg/inj DAYS MST gm DAY 5(45) &
' %T/C « d.6 '
VP-16 d.1&5 40 - >45.0 >500 oh-2.2 6/6. (8)
- >45.0 >500 -1.4 6/6 (4)
150 d.185 60 585.0  >500 1.8 6/6 (5)
30 29.0 322 -1.2 6/6 (2)
15 21.4 239 -1.0 6/6
7.5 16.0 178 -0.3 6/ 6.
CONTROL saline 8.0 - -0.5 10/10
Tumor inoculum : 106 ascites cells impianted ip. N
Host . CDF, female mice.
Evaluation &J MST"= median survival time.
Effect “T/C = { MST treated / MST control ) x 100.
Criteria %T/C > or = 125 considered significant antitumor activity.
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prepare the 2-chloro derivative of VP-16 (Scheme 27). Treat-
ment of 4'-demethyl-1-0-(4,6-0-ethylidene-B-D-glucopyranosyl)-
epipodophylictoxin 24 (VP-16) with four.equiya1ents of LDA
at -78" in dry THF produced a pale yefidﬁ suspension. Excess
hexachloroethane was added and the mixture warmed very ;1ow1y
to room temperaturé and stirred for an additional 18h. Normal

_workup and PTLC (hexanes/ethyl acetate, 1:3) afforded 2-chioro-
4¥-0-demethyl-1-0-(4,6-0-ethylidene-g-glucopyranosyl Jepipodo-
phyllotoxin 150, albeit in only 10% yield. The remaining
product was starting material.. The Tow yield is believed to.be
due to the insolubility of the polyanion under the reaction
conditions of -78° with THF as the solvent. The yield may be
improved by the use of polar co-solvents such as HMPT. The
360 M Hz 'H nmr spectrum and mass spectrum of 150 are shown
in Figures 9 and 10,

Biological testing of derivative 150 against P388 Leukemia
showed it to be as active as the current c1inicai agent , VP-16,
having a T/C of greater than 500%. The results of further testing
being cﬁnducted to determine whether it is in fact a more effective
antitumour agent were not available at the time this thesis was

%
written. The test results for compaund 150 are in table 10.

" In summary, we have found a very simple -method for preparing
nonenolisable podophyllotoxin derivatives which sEﬁ]] <ontain the
vitally important trans y-lactone moiety. This route has led to

the preparation of 2-chloro derivatives which have a high activity
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4 EQUIV.
LDA
THF
- —78"
MeO” Me
H
24

SCHEME 27
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FIGURE 10  MASS SPECTRUM OF. COMPQUND 150
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PROPOSED M.S. FRAGMENTATION PATHWAY

- ! . -
) - COZ =-HC1
~/ 510 amu
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Me _ ’ Ar
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in the Leqkemia P388 tests. -The‘ﬁost exciting results weré
obtained with the Z-Cﬁloro VP-lﬁ*derivative whicﬂ may prove

to be a betxer.agént than VP-16 , the currently used clinical
agent , when further stué?es into its effegtiveness have been
completed. This scheme- could be used to introduce ;.Qide variety
of substituents at C2 in both the pgdophy]lotoxin and pogpphyllo—

toxin glycoside series..

RN



Taust in the LORD with alf thine hearts
and Lean not unto thine oun understanding.
In all thy ways acknowledge him,
and he shall direct thy paths.
PROVERBS 3:5, 6
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EXPERIMENTAL

GENERAL
-/

Meiting points were determined on a Gallenkamp melting point
apparatus and are uncor;ected. Optical rotations are for chloroform
so]utioﬁs using a Perkin-Elmer 141 polarimeter. Infrared spectéa
were recorded on the Unicam SP1100 and the BeckmathR—ZOA'spectroé
photometers. ABsorption;’are reparted in cm_1 and are noteé as
strong (s), medium (m), weak (w) or broadened (br). !H nmr spectra
were obtained on Varian HA-100 and T-60 spectrometers. !3C nmr
spectra-were obtained on a Varian FT-80 spectrometer. 'AIT spectra
were taken using deuterochlor&foﬁm (CDCT3) as solvent ( un1gs§ other-

wise indicated) and tetramethylsilane (TMS) as the internal standard.

The chemical shifts are relative to the internal standard, TMS.

" The coupling patterns are noted as singlet (s), doublet (d), triplet

(t), quartet (q), doublet of doublet (dd), doublet of triplets (dt),

doublet of quartets (dq), broadened (br) or multiplet (m). Mass
spectra were obtained on a AEIMS 9025 instrument . '

Thin Tayer chromatograpﬁy (TLC) was performed on.Merck B0F 254
precoated silica p]ate§ of 0.25 mm thickness. Preparative thin Tayer
chromatography (PTLC) was carried out on plates coated with a 0.5 mm
layer of Kieselgel. Column chromatography'was performed using silica
gel (Baker 60-200 mesh) -as the adsorbant. High perfo}mance 1iquid

chromatography (HPLC) was carried out using PrepPaktmTSOO/ silica
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o’
cartrﬁdges on a Waters 500 instrument. Microanalyses were carried
out by Canadian Microanalytical Service Ltd, Vancouver, B.C.

Tetrahydrofuran (THF) was always distilled over sodium/
benzophengpe’ﬂnger a nitrogen atmosphere immediately prior to use.
All othertsolvehts wegerdis%i11ed or of reagent grade quality.

Normal workup involved pouring the }eaction mixture into
water or saturated ammonium-chloride solution, extracting three
times with methy1éne chloride, drying the organic extracts with
magnesium su]phafé'and evaporating the solvents on a rotary

evaporator.
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PART I (A)

Preparation of 92

NEt, (222 mg, 2.2 hmo1 ) was added t6 a stirred solution of
benzocyclobutenol 43 ( 252 mg, 2.0 mmol ) and p-nitrophenylchloro™
formate (242 mg, 2.2 mmol ) in anhydrous ether ( 10 mi) at room
temperature. The mixfure was stirred for 30 min. and then filtered
to remove the precipitated NEt,“HCI. Evaporation of the solvent.
followed by column chromatography ( hexanes/ethyl acetate, 2:1 )

afforded 92 ( 500 mg, 85% ) as a clear_yellow oil.
' 0

) i
Cy5Hy1N0, = T
. S

285.25 =

IR (CHCI,) Uoax (cm™) 1780 (s), isoo_(s), 1530 (s), 1310 (s).

H nmr 5 (ppm) 3.38 (dd, J=14.0, 1.5 Hi,_lu), 3.75 (dd,

' J=14.0, 4.0 Hz, 1H), 6.00 (dd, J=4.0, 1.5 Hz, 1H),
7.36 (m, 18), 7.43 (d, J=10.0 Hz, 24), 8.30 (d, J=

10.0 Hz, 2H).

L

Preparation of 88

Al1yl alcohol { 58 mg, 1.0 mmol) was dissolved in 0.5 ml dry
THF and added slowly to a stirred solution of NaH ( 48 mg, 1.0 mmol)
in THF ( 2.5 ml.) at 0" C. Compound 92 ( 85.mg, 1.0 mmol ) v;as_‘added
and the reactiow mixture stirred for an additional 30 min. Normal

workup followed by column chromatography ( CH2612) afforded the

A -
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carbonate, 88 { 100 mg, 50% ) as a colorless oil.

O

CyoH1005 | N

204.22

. 1 -
IR (CHC13) Vnax {em ") 1780 {s), 1605 (s).

'H nmr 3 (ppm) 3.31 (dd, J=14.0, 1.5 Hz, 1H.-3.74 (dd,

O

J=14.0, 4.0 Hz, 1H), 4.72 (m, 2H), 5.30 (m, 2H),
7.31 (m, 4H). .

Attempted thermolysis of 88

The carbonate, 88 { 100 mg, 0.5 mmol ) was dissolved in 3 ml
o-dichlorobenzene, sealed in a thick walled glass tube and heated
in an oven at 180° fo; 5h. The solution was cooled to rt. and the
solvent évaporated. An nmr spectrum of the crude oil revealed it

to be mainly unreacted starting material.

Pre?aration of 4-mefhoxybenzgcyc]obutéuo] 93

i. Preparation of 2-bromo-5-methoxybenza1dehyde':
m-Anisaldehyde { 50.0g, 0.37 mol ) and broming { 58 g, 0.37

mol ) were dissolvedin 250 ml glacial acetic acid and left for

.24 h. Water was added to precipitate the crude product which was

i

collected by suction filtration and air dried. Recrystallization



from ether/hexanes yielded 2-bromo-5-methoxybenzaldehyde ( 64.0 g,

81% ) as colorless plates.

' Me CHO
C8H7028r P
Br

215.05 -

mp 73°C

id. Preparat{on of Z-bromo-s-methoxystyrene oxide:
2-Bromo-~5-methoxybenzaldehyde ( 15.0 g, 70 mmol ) ,

trimethyIsu]fopium chloride [ 10.5 g } and benzyltriethylammonium

~ chloride ( 500 mg ) were suspended in CH,Cl, (100 m1). The solution

was stirred and cooled in an ice-bath and 100 m1 of 50% NaOH was added

dropwise. After the addition was completed the reaction mixture

was warmed to rt , stirred for a further 1 h , diluted with 50 ml

of .water and extracted three times with 25 ml of CH,CT,.

organic extracts were dried over MgSO4, the solvent evaporated and -

The combined

the crude Tiquid was distilled under vacuum. The yield of 2-bromo-

S-methoxystyrene oxide was 14.0 g { 86%) of a colorless liquid.

MO 0 -
C.H, 0.8 [:: :]
of'1 2087 3

~
232.11
Bp 109" ( 1.5 mm )
H mmr ¢ (ppm) 2.83 {(dd, J= 2.0, 6.0 Hz, 1H), 3.38 { dd,
J=6.0, 4.0 Hz, 1H), 3.97 (s, 3H), 4.33 ( dd,-.J=4.0,
2.0 Hz, 1H, 6.80-6.95 (m, 2H)}, 7.55 { dd, J=8.0 Hz, 1H). =
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iii. Preparation of 4-metﬁoxyben20cyc1ohutenol

2-Br;mo-5-methoxystyrene oxide (8.0 g, 35 mmol) and

MgBr2 ( 28ml, 2.5 M in ether ) were dissolved in 150 ml of
“dry THF. The solution was stirred and cooled to -78°C during
which time the MgBr2 precipitated. The reactiqb mixture was

then t;eated with lf/mT of n-BuLi (hexane solution)}, kept a£

-78° for 30 minute§.and then warmed slowly to rt. Addition of
saturated NH4CI solution, followed by extraction once with ether
and three times with CH2C12, drying of the comhined orgaﬁic extracts
over MgSO4 and evaporation of the so]yents yielded a yellow oil.
Chromatography on 5111ca gel | HPLC )}, hexanes/ethyl acetate (4: 1)
afforded after recrysta111zat1on 3.76g{ 72%) 4-methoxybenzocyclo-

butenol as colorless needles.

OH

<

e
LMy 07 Me
150.17
Mp 39-42°C ( ether/hexanes )

-1 ,

IR (CHC13) Voax (em ™) 3300-3600 (br).
'H nmr § (ppm) 2.75 (1H, OH), 2.94 (dd, J=14.0, 1.0 Hz, 1H),

3.50 (dd, J=14.0, 4.5 Kz, 1H), 3.76 (s, 3H), 5.15 (dd,
J=4.5, 1.0 Hz, 1H), 6.60-7.20 (m, 3H).

13C nmr § (ppm) 41.7, 55.4, 70.0, 108.9, 114.1, 123.6, 139.8,
143.4, 161.1.
Analysis Calculated for. gngooz : C, 71.38; H, 6.71.

Found C, 71.71; H, 6.58.
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Preparation of 94

Al1y1 alcohol ( 2.90 g, 50 mmol") and pyridine (3.95 g, 50
mmol ) were added slowly to a{solution of freshly distilled di-
chlorodimethylsilane ( 12.91 g, 0.1 mol) in 50 ml of anhydrous
ether at 0°C. Immediate precipitation of pyridinium hydrochlor-
. ide occured and the mixture was stirred at 0° for approximately

1 h. The suspension was fi]tereq and the ether evaporated.

.Y

Distillation of the crude product afforded gg(ch1orodimethy1-
silyl)allyl alcohol { 3.60 g, 80% ) as a coloriess liquid.

g . h |

. - r\lde
CsHy 1 0S1C] | f\O%i—CI
150. 67 : Me
Bp 122-124°C
4 nmr 5 (ppm) 0.1 (s, 6H), 3.84 (m, 2H), 4.86 (m, 2H),

| 5.43 (m, 1H).

Preparation of- 89

4;Methoxybenzocyc1obuteno1 93 ( 300 mg, 2.0 mmol) and pyridine
£ 158 mg, 20 fmol ) were added to a solution of 94 { 150 mg, 2.0
mmol) in 10 m1 of anhydrous ether at 0°C. The solution was stirred.'
for 1 h and fiiteréd to remove the pyridinium hydrochloride. The
501ﬁtion was dried and the solvent evaporated to éfford a yéflow
0il. Purification by HPLC { hexanes/ethyl acetate, 20:1) furnished

89 ( 266 mg, 51% ) as a colorless oil.

[N
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"Me Me
N 7

o

~ :
S
C, sH,a0. 51 Me )

1472073
264.37

I8 nmr § (ppm) 0.10 (s, 6H), 2.95 (dd, J=14.0, 1.5 Hz, 1H),
3.48 (dd, J=14.0, 4.0 Hz, 1H), 3.78 (s, 3H), 4.13 (m,
2H), 4.90—5.40A(c0mp1ex m, 3H), 5.84 (m} 1H, 6.70 (d,
J=2.0 Hz, 1H), 6.75 (dd, J=8.0, 2.0 Hz, 1H), 7.11 (d,
J=8.0 Hz, 1H). )

Attempted thermolysis of 89

The dialkoxysilane derivative 89 { 106 mg, 0.4 mmo15 was
refluxed in 2.0 ml of toluene fd; 24 h. Evaporation-of the
solvent afforded a yellow o0il. TLC showed the presence of at
least five products and the nmr spectrum of the crude product
revealed theP]oss o; the silicon moiety by the absence of the
BH singlet upf%e1d at approximateIQ 0.1 ppm. No attempt was

» made to isolate or identify the products.

Preparation of 90

\ .
4-Methoxybenzocyclobutenol ( 300 mg, 2.0 mmol ) and 1-chloro-

methoxyprop-zﬁene 85 ( 212 mg, 2.0 mmol) were dissolved in 10.ml
of anhydrous ether. Triethylamine ( 202 mg) was added and the
contents were stirred overnigﬁt.f The solution was washed with
wate} and then 5% HCI1, driéd'and the solvent evaporated. A

yellow oil was obtained which was subjected to column chromato-
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graphy (hexanes/ethyl acetate, 3:1) furnishing 90 (220 mg, 50%)

-

as a colorless oil.

=T |
c : : i

13M16%
220.26
_1\ -

IR (CKCI,) oy (em™') 1610 (s).

'H nmr § (ppm) 3.10 (dd, J=14.0, 1.5 Hz, 1H), 3.48 (dd,

J=14.0, 4.0 Hz, 1H), 3.78 (s, 3H), 4.15 (dd, J=6.0,
" i

. 1.0 Hz, 1H), 4.90 (s, 2H), 5.07-5.41 (m, 3H), 5.95

{m, 1H), 6.70 (d, J=2.0 Hz, 1H), 6.75 <(dd, J=8.0,
2.0 Hz, 1H); 7.11 { d, J=8.0 Hz, IH). ~

Thermolysis of 90

Compound 90 ( 116 mg) was refluxed in 10 ml of toluene
containing K2C03 (50 mg) for 24 h. The solution was filtered and
the solvent evaporated affording a white solid. Recrystallization
from ether/hexanes furnished 102 mg (86%) of the tricyclic adduct

»

896 as colorless plates.

c 0

13M16%
220.26

Mp 76-77°C
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H nmr § (ppm) 1.36-1.88(m, 2H), 2.04 (m, 1H), 2.82 (m, 1H),
3.51 (t, J=11.0 Hz, 1H), 3,80 (s, 3H), 4.13 (dd, J=11.0, .
4.0 Hz, 1H), 4.34 (d, J=9.0 Hz, 1K), 4.93.(d, 3=6.0
Hz, 1H), 5.38 (d, J=6.0 Hz, 1H), 6.62( d, J=2.0 Hz,
1H), 6.76 (dd, J=6.0, 2.0 Hz, 1H), 7.16 (d, J=8.0 Hz,

1H). L ‘
Analysis Calcd. for CI3H1603: c, 70.88;_H, 7.32.

; Found : C, 70.94; .H, 7.30. ®
\ .

Preparation of 2-bromo-4,5-(methylenedioxy)benzaldehyde 99
- ]
62

Piperonal, 98 was brominated according to Orr et al.
Treatment of 15.0 g { 0.1 mol) of piperonal with 15.8 g of
bromine in glacial acetic acid affordgg?g}ter 24 h a crude solid
éfier precipitation with water and filtration. Recrystallization

from CHZC12/hexanes yielded 16.0g ( 70% ) of 99 as long colorless

needles.
L,
4B - Br
Cgig0yBr :
229.04
. . ., b2
Mp 110°C ( Tit.mp. 111°)
H nmr 6 (ppm) 6.15 (s, 2H), 7.12 (s, 1H), 7.21 (s, 1H),

-~

10.54 (s, 1H).



PRI - e, e o

Preparation of 2-Gromo-3,5-(methylenedioxy)styrene oxide 100

Treatment of 360 mg (1.5 mmol1) of 2-bromo-4,5-(methylenedioxy)-
benzaldehyde with 125 mg (1.6 mmol) of trimetﬁyJSnlfonfum chloride
under the usual phase transfer condftions gave 317 mg [82%) of
"2-bromo-4,5-(mefhyienedioxy)styrene oxfde as colorless brfsms

after récrysta11ization from ether/hexanes.

Cgf;0,8r _ 0 @ a,

243.06 , S

Mp 91°C

Homr 5 (ppm) 2.52(dd, J=6.0, 2.0 Hz, 1H), 3.05 (ad,

J=6.0, 4.0 Hz, 1H), 4.05 (dd, J=4.0, 2.0 Hz, 1H),
5.90 (s, 2H), 6.60 (s, 1H], 6.85 (s, 1H).
M.S. m/e 243 (M7), 245 (M+2).

-

Preparation of 4,5-(methylenedioxy)benzocyclobutenol 9?

2-Bromo-4,5-(methylenedioxy)styrene oxi&e (200 mg, 0.8 mmol)
in 10 m! of anhydrous ether at -78°C was treated first with 0.9
mmol of n-Buli and'thed‘l.ﬁ mmol of MgBr2 (ether so]utiﬁn). The
reaction mixture was warmed to rt and worked up in the usual manner.
The crude product was purified by column -chromatography ( hexanes/
ethyl acetate, 4:1). The yield of 97 (colorless needles) after

recrystallization from ether/héxanes was 101 mg (75%).

L
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oH

e I’
ch803 ~
164.15 %
Mp 118-120°C

-1

IR (cHC1g) - umax_(cm ) 3200-3550 (br).
IH pmy § (ppm) 2.23 (br, OH), 2.83 (dd, 3=14.0, 1.0 Hz, 1H),

3.41 (dd, J=14.0, 4.5 Hz, 1H), 5.10 (dd, J=4.5, 1.0 Hz,
1H), 5.87 (s,,2H), 6.61 (s, 1H), 6.71 (s, 1H).

M.S. m/e 164 (M*)
Analysis Calcd. for CoHgO: C, 65.85; H, 4.91.

Found: C, 65;49;'H, 4.89.

Preparation of methyl -O-chloromethyl-4-hydroxybut-2-encate 101

i. Preparation of methyl crotonate

Crotonic acid (43.0 g) and pTsOH (500 mg) were dissolved in
200 ml of absolute methanol and refluxed overnight. Most of the
methanol was removed under vacuum and the remaining liquid was
dituted with CH2C12 and washed several times with sat. NaHC03=
solutipn. The drganic phase was dried?and the solvent removed.

The crude ester was distilled at atmospheric pressure to yield

40 g { 80%) of the pure ester as a colorless liquid.
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100

J

&
Bp 106°C
IH nmr § (ppm) 2.00 (dd, J=7.0, 1.0 Hz, 1H), 3.83 (s, 3H),
5.98 (dgt, J=16.0, 1.0 Hz, 1H), 7.00 (dgt, J=16.0,
. 7.0 Hz, 1H). .

ii. Preparation of methyl 4-bromocrotonate

Methyl crotonate (18.8 g) and NBS (33.4 g) were dissolved in
200 m1 of CCI4 and heated overnight. Filtration to remove the
succinamide and evaporation of the solvent yielded a yellow
1iquid which was distilled under vacuum. Methyl 4-bromocrotonate

(31.0 g) was obtained as a colorless liquid.

Bp 110°C (0.2 mm) |
»
'H nmr ¢ (ppm) 3.70 (s, 3H), 3.98 (ss, J=7.0, 1.0 Hz, 1H),
6.02 { dt, J=16.0, 1.0 Hz, 1H), 7.00 (- dt, J=16.0,

70?;23) 1H). _
iii. Preparation methyl 4-hydroxycrotonate

Methyl 4sbromocrotonate (17.9 g, 0.1 mol) and freshly prepared

(11.6 g) were suspended in 150 ml of distilled water

and stirred at rt for 24 h. The contents of the flask were refluxed
for 5 h and-then filtered by suction. The water was evaporated and _
the crude yellow liquid distilled under vacuum. The product was

A}

obtained as a colorless Tiquid (5.35 g, 54%).

—

Bp 70°C (0.1 mm)

H nor 5 (ppm) 2.97 (br, OH), 3.77 (s, 3H), 4.30 (dd, J=4.0,
1.0 Hz, 2H), 6.07 (dt, J=16.0, 1.0 Hz, 1H), 7.03 (dt,
J=16.0, 4.0 Hz, 1H).
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iv. Preparation of 101

Methyl 4-hydroxycrotonate ( 1.0 g, .0l mol) and paraformalde-
e
hyde ( 0.475 g ) were placed in a f]agR)containing 10 ml of
1

dry CH,Cl,. The flask was cooled to -20°C and HC1(g) was

2
bubbled through the solution. until all the paraformaldehyde was
hydrolyzed. The reqctién was stirred for 30 minutes and warmed -
to rt. Nitrogeﬁ gggiwas bubbled through the solution to remove
any excess HCl (g) and then Mg304 was added to dry the solution.
The solution was filtered and the solvents evaporated to afford

a colorless oil which was used without further purification.

This material was stored in the freezer and was normaliy used

shortly after preparation since decomposition occurs readily

to give the chloride derivative.

t

HgCT0y _

¢

6 ¢ CO,Me
164.59 ' S | {
14 nmr, 8 (ppm) 3.72 (s, 3H), 4.32 (dd, J=0.0, 1.0 Hz, 2H),
L \) 5.45 (s, 2H), 6.00 (dt, J=16.0, 1.0 Hz, 1H), 6.90

(dt, J=16.0, 4.0 Hz, 1H).

Preparation of compound 103

'4,5-(Methylenedioxy)benzocyclobutenol ( 410 mg, 2.5 mmol) and

101 ("375 mg, 2.5 mmo1) were dissolved in anhydrous ether (20 m1).
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4

Triethylamine ( 252 mg, 2.5 mmol) was added and the contents were
stirred for 18 h. The reaction mixture was washed with water |
and then 5% HC1, dried and the solvent evaporated. The crudé oil
was purified by PTLC using hexanes/ethylacetate, 1:1 as the

" developer. The acetal 103 was obtained as a.clear, colorless

oil in 60% yield (438 mg).

‘ > l
‘ ] ~ |
C, H, 0
151676 e
: MeOZC
292.18
i ‘
IR (CHC13) U {em ™) 1739 (s}, 1610 (s).
4 nmr & (ppm) 2.92 (dd, J=14.0, 1.0 Hz, 1H), 3.38 {dd,
J=14.0, 4.5 Hz, 1H), 3.74 (s. 3H), 4.25 (dd, J=7.0,
. 2.0 Hz, 2H), 4.86 (s, 2H), 4.98 (dd,. J=4.5, 1.0 Hz,
1H), 5.87 (s. 2H), 6.06 (dt, J=16.0, 2.0 Hz, 1H),
6.62 (s, 1H), 6.70 (s, 1H), 7.00 (dt, J=16.0, 7.0
Hz, 1H). |

Thermolysis of 103 _ r

The benzocyclobutenol derivative 103 ( 100 mg, 0.34 mmol) was
refluxed in 10 ml of toluene containing 50 mg K2C03 or a period of -
48 h. The solution was filtered and the solvent evaporated yielding

a solid product that -was purified by PTLC ( hexanes/ethyl acetate,

-

0



1C3

2:1). RecrystalliZzation from CHZC‘I o/hexanes afforded the tetra-

cyclic adduct 104 { 75 mg, 75%) as small colorless needles.

| NeiNe

C14M"16% . Q 0@ .

292.18 - OoMe

Mp 155°C | '

IR (CHC15) " v (;:m'l) 1730 (s}, 1610 (s). .

1H amr § (ppm) 2.18 (qd, 9=11.6, 4.0 Hz, 1), 2.59 (td,
J=11.6, 6.1 Hz, 1H), 2.92 (dd, J=11.6, 6.1 Hz, 1H),
3.09 (dd, J=10.4, 11.6 Hz, 1H), 3.56 (t, J=10.8 Hz,
1H), 3.73 (s, 3H), 4.18 (dd, J=4.0, 11.0 Hz, 1H),

° 4.35 (d, J=10.0 Hz, 1H), 4.90 (d, J=6.2 Hz, 1H)
5.26 (d, J=6.2 Hz, 1H), 5.92 (s, 2H), 6.55 (s, 1H),
6.94 (s, 1H).

-
. M.S. m/e 292 (M")
Analysis. Caled. for & M, 0 C, 61.64; H, 5.52. \

Found : (€, 61_._77; H, 5.55.
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PART I (B)

Photolysis of b-tolualdehyde in the presence of dimethyl -fumarate

A solution of o-tolualdehyde 53 ( 12.0 g, 0.1 moT) and dimethyl
fumarate ( 14.2 g, 0.1 ;01) in dry.acetone { 300 m1) was irradiated
for 12 h in a quartz apparatus with a medium pressure mercury arc
(450 W, Hanovia Reading Reactor) at room temperature while oxygen-
free nitrogen was bubbled through the solution. The acetone was
evaporated and the crude oil was purified by HPLC ( hexanes/ethyl
acetate; 3:1) affording the photoadduct 116 { 21.0 g, 78%) as a

pale yellow viscous oil.

OH
CO, Me

C, ,H

22% “CO Me

264.32

14

IR (CHC1y) v {em™') 3300-3850 (br), 1720. (s)
H amr 8 {ppm) 2.80-3,40 (m, 4H), 2.55 (b, OH), 3.94

(s, 6H), 5.06 (d, J=3.0 Hz, 1H ), 7.02-7.20

{m, AH).
13 nmr § (ppm) 32.06, 36.87, 48.08, 52.15, 68.04, 126.92,

128.67, 129.71, 133.79,‘135.92, 172.95, 175.45.

Photolysis of o-benzylbenzaldehyde in the presence of dimethyl fumarate

o-Benzylbenzaldehyde, 115, was obtained by PCC oxidation of
o-benzylbenzyl alcohol in 98 % yield. A solution of 115 ( 8.0 g,
41 mmol} and dimethyl fumarate (5.88g, 41 mmol) in dry acetone

(200 m1) was irradiated for 8 h in a quartz apparatus as detailed

L)
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in the preceding procedure. The acetone was evaporated and the
_crude_oﬂ was pur'ified by HPLC ( hexanes/ethyl acetate; 5:1).
Compound 117 was obtained after recrystallization from ether/

petroleum ether as colorless prisms in 51 % yield (7.13 g).

H
COZMB
C,H,A0 N
2072075 "’COZMB
340.36
Mp 148-150°C % *

IR (CHCY) v (cn™) 3300- 3550 (br), 1730 (s), 1600 (w). -
JH nmr & {ppm) 2.70 (d, J=3.0 Hz, 1H}, 3.26 {dd, J=3.0,

11.0 Hz, 1H), 3.61 (d, 3=11.0 Hz, 1H), 4.20 (d,J=11.0

Hz, 1H), 5.20 (t, J=3.0 Hz, lH), 6.76 (n, 1H), 7.20 (m, 8H).
13¢ nmr § (ppm) 45.63, 48.58, 49.69, 51.64, 52.37, 68.10,

126.93, 127.12, 128.56, 128.81, 129.19,129.57, 135.92,

138.16, 142.81, 172.73, 175.08.

M.S. _ m/e 340 (MT).
Analysis Caled. for C20H2005: C, 70.57; H, 5.92.

Found: C, 70.34; H, 6.13.

Reduction of 116 to the triol 118

The dieéter 116 (13.50 g, 50 mmol) was dissolved in dry THF
'( 25 ml) énd added dropwise to a suspension of LAH (5.34 g} in

225 m1 of TRF. The solution was refluxed overnight and worked up
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in the usual manner affording a solid crude product. Chromatography
»

(hexanes/ethyl acetate; 1:4) furnished a polar compound which was

recrystallized from methanol/ether and was identified to be the

triol 118. The yield of 118 as colorless needles was 8.50 g

(79%).

Cy M1 603
208.25

Mp 96-98°C
IR (CHCI,)
H nmr

3¢ nmr

- M.S.

———

Analisis

OH OH

l!iln|II"*’ff/}3H

'y (em™t) 3350- 3550 (br)

max
§ (ppm) 1.76 (m, 1H), 2.16( m, 1H), 2.50-2.97 (m,

2H), 3.63 (d, J=5.0 Hz, 1H), 4.30-4.80 (m, 3H; -«
exchanged with D,0). 4.78 (d, J=3.0 Hz, 1H), 6.95-
7.15 (m, 4H). '

5 (ppm) 32.04, 33.76, 43.30, 62.93, 64.16, 69.89,
125.57, 127.19, 128.31, 128.66, 136.52, 138.91.
m/e 208 (M+)

Calcd. for C),H 0q: C, 69.205 H, 7.75.

1673
Found: C, 68.72; H, 7.86.

Reduction of 117 to the triol 119

The diester 117 (6.80'g, 20 mmol) was reduced with LAH (840 mg)
in dry THF {150 m1)}. The solution was refluxed overnight. Normal
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‘workup, followed by recrystallization of the crude solid from

ether/hexanes gave colorless prisms of the triol 118 , 4.08 g

(80%).
OoH OH
OH
Cigt20% . g
284.34
Mp 134-135°C

IR (CHC1,) . (em™t) 3350-3550 (br), 1600 (w).

4 nmr & (ppm} 1.92-2.56 (m, 2H), 3.26-3.84 (m, 2H),
3.88-4.22 (m, 5H), 4.52 {t, J=5.0 Hz, 1H), 4.91 ~
(d, J=3.0 Hz, 1H), 4.88 (s, 1H), 6.68 (m, 1H),
6.96-7.36 ( m, 8H).

13¢ nmr § (ppm) 40.57, 42.53, 47.50, 60.25, 64.02, 71.14

| 125762,126.12,127.53{&28.21,123.91,129.75,
129.92, 138.51, 140.53, 145.69.

Analysis | Caled. for C18H2003: C, 76.03; H, 7.09.

Found: C, 75.76; H, 7.51.

Preparation of the ketal derivative 120

The triol, 118 (5.60 g, 27 mmol) and ZnCl

5 (5.60 g) were added

to 50 m1 of acetone and stirred at rt for 24 h. The solution was
diluted with water and CH2C12 and the phases were separated.. The
aqueous phase was extracted three times with CH2612 and the combined

organic extracts were dried and the solventg evéporated leaving a
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white solid. Chroﬁatography { ethyl acetate/hexanes; 2:1) furnished

.5.31 g (79%) of the ketal 120 after recrystallization from ether/

petroleum ether as colorless needles. A small amount of a faster

moving product on tic was obtained in 16i yield . This product

"was tentatively assigned the structure of the seven-membered

cyclic ketal 124 , based on the nmr spectrum.

120
C1 572003
248.31
Mp 111-113°C
. . -1
IR (CHCI,) & vy~ (em™ ) 3350-3550 (br).
*H nmr § (ppm) 1.37 (s, 6H), 2.30-3.05 (m, 4H), 3.37-4.30
(m, 5H), 4.98 (d, J=3.0 Hz, 1K), 7.15 (m, 4H).
Analysis Calcd. for C15H2003: Cc, 72.55, H, 8.12.
Found : €, 72.09, H, 8.49.
OH )
124 Me
ey
C15H2003‘ | . . y, Me
248.31 |
Mp 145-146°C
IR (CHCI3) ey (em™) 3350-3550 (br).
1

H nmr - 6 (ppm) 1.35 (s, 6H), 1.53-2.90 {m, 5H), 3.55-4.30
| (m, 4H), 4.65 (d, J=3.0 Hz, 1H), 7.20 (m, 4H).
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Preparation of the kéta] derivative 121

The triol 119 ( 3.0 g, 10.6 mmo1) and ZnCl l.iQ g) were added

5 (
to 25 ml of dry acetone and the mixture was stirred for 24 h.

Workup in the usual manner afforded a white solid which was recrystal-
lized from ether/hexanes to give 2.30 g (77%) of the isopropy]idene

derivative 121, colorless needles.

C 0

2152493

324.40

Mp 155.5-156.5°C

R(CHO) v gcm'l) 3300-3500 (br), 1600 {w).

IH e ¢ {ppm) 1.34 (s, 6H), 1.90 (m, 2H), 2.41 (qd, J=10.0,
4.0 Hz, 1H), 3.30-4.24 (m, 4H), 4.70 (d, J=2.0 Hz, 1H),
6.70 (m, 1H), 7.02-7.36 (m, 8H). >

13¢ nmr " & (ppm) 24.8l, 41.17, 46.30, 49.10, 63.98, 64.52,
69.89, 101.09, 126.58, 126,71, 128.61, 129.35, 130.35,
138.20, 140.09, 144.19.

Analysis Calcd. for C,,H,,0

21724"3
Found : C, 76.74; H, 7.32.

: C, 77.45; H, 7.46.

Oxidation bf 120 to form the lactone derivative 122

The isopropylidene derivative 120 (156, mg, 0.6 mmol) was

dissolved in dry CHZCT2 and added to a stirring mixture of KMnO4
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(97 mg, 0,6 mmol) and ¢cnznst3é1 (137 mg, 0.6 mmol) in 5 ml of
dry CH,Cl,. "The solution was stirred for 18 h at wh{ph time the
reaétion mixture was filtered to remove the predip{tated MnOZ.
The solution was acidified with 5% HCl and then extracted three
times with CH,Cl,. The combined organic extracts were dried and
the solvent evaporated. The crude product was purified by PTLC
(ethyl acetate) affording the lactone derivative 122 ( 75 mg,

‘62%) as colorless prisms a%ter recrystallization from ether/

hexanes.
v
Cy oM 203 {
204.22
Mp 168°C
IR (ehel,) v (em™') 3300-3550 (br), 1775 (s):
*H nmr 5 (PE?)' 2.48-3.40 {m, 4H), 3.50 (complex m, 2H),
4.9 (d, 3.0 Hz, 1H), 4.50 (br, OH), 7.24-7.70
(m,'dH). 1
CM:S. m/e 204 (M*).
" Analysis Caled. for.C, H,,0, : C, 69.57; H, 5.9.

1271273
Found : C, 69.51; H, 5.94.

Reduction of the diester 117 with LiEt,BH g

The diester 117 { 170 mg, 0.5 mmol) was dissolved in 5 ml of

dry THF and cooled to -78°C under 2 N, atmosphere. LiEtyBH (1.5
' N

ml, 1M in THF) was added slowly by a syringe and the solution was
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stirred.fdr 2 hat -78" and at rt for an additional 18 h. Addftion
~of 5 ml of 5% aquéous HC1, followed by extraction once with ether
and three times with CH2012 yielded a crude solid product. Purifica-
tion by PTLC (CH2C12/ether; 1:1) afforded the diol ester, 125

(120 mg, 75%) as colorless needles.

OH OH
312.35 - o
Mp 95°C
IR (CHCI,) Vi (em™') 3300- 3550 (br), 1730 (s), 1600 (w)
H nmr 5 (ppm) 1.00 {br, 2 OH), 2.53 (dd, J= 11.0, 4.0 Hz,
©qH), 3.08 (t, J= 11.0 Hz, 1H), 3.50 (s, 3H), 3.76
(d, J=11.0 Hz, 1H), 4.28 (m, 2H), 5.13 (d, J=4.0 Hz,
1H)}, 6174 (d, J=8.0 Hz, 1H), 7.02-7.48 (m, 8H).
Analysis Caled. for CpgHpg0, © C. 73.06; H, 6.45.

Found : C, 73.19; H, 6.43.°

Preparation of the lactone 123 from 125

The diol ester { 72 mg, 0.23 mmol) , CH3SO3H (0.1 m1) and
water { 0.5 ml) were refluxed overnight in 2.5 ml of acetone.
The solvents were removed on the rotary evaporator and the residﬁe
was dissolved in CH2C12, washed with 10% aqueous NaHCO3, dried

and the solvent evaporated. Recrystallization of the crude product

from CH,CI,/hexanes afforded the lactone 123 ( 45 mg, 70 %) as
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colorless plates.

Cy8t1603
280.31

Mp 193°G
IR (CHCI,)
M nmr

M.S.

Analysis

A

Y (cm™') 3300- 3550 (br), 1775 (s), 1600 (w).

§( ppm) 2.44 (br, OH), 2.49-2.87 (m, 1H), 3.33 (dd,
J=11.2, 14.0 Hz, 1H), 4.16 (d, J=11.2 Hz, 1H), 4.45
(dd, J=14.0, 8.4 Hz, 1H), 4.86'(d,.J=2.8 Hz, 1H),
6.80 (m, 1H), 6.97- 7.39 (m, 7H), 7.68 (dd, J=7.5,
3.0 Hz, 1H).

m/e 280 (M%), 262 (M-H,0), 217 ( 262-C0,), 202 (M-CgH).

Ca]cd: for C18H1603 : C, 77.12; H, 5.75.

Found: C, 77.47; H, 5.67.
A
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Preparation of 6-(3',4',5'-trimethq;ybenzy1)piperona] 109

Proﬁedure A

‘¢ O-Bromopiperonal dimethylgacetal 126 ( 278 mg, 1 mmol) was
dfssolved in 1 ml of dry THF and cooled to -78" under a N,
atmosphere. n-Buli ( 0.42 m1, 1.1 mmol, 2.4 M in hexanes) was
' ad%ed by syringe andithe solution was stirred for 10 mfﬁutes.
g;éﬁ3PCuI ( 196 mg, 0.5 mmol) was added in a small volume of
THF followed by 1-bromomethyl-3,4,5-trimethoxybenzene (\130 mg,
.0.5 mmol) and the reaction mixture was.stifred for 1 h at -78'
and‘then warmed to rt. The reaction was worked up after a
total reaction time of 18 h inc?Le u;ua1 manner.  Column chroma-

tography { hexanes/ethyl acetate; 3:1) afforded 178 mg of the

desired aldehyde dimethyl acetal , 127, as a colorless oil.

Caghanly

374.38

O

H nmr (ppm) 3.27 (s, 3H}, 3.80 (s, 9H), 3.93 (s, 2H),
5.88 (s, 2H), 5.90 (s, 1H), 6.35 (s, 2H), 6.45 (s, 1H),

7.07 (s, 1H). ~

The coupling product, 127 was dissolved in 10 ml of methanol
and 1 m1 of 5% aqueous HC1 was added. Almost immediately the
desired aldehyde crystallized out of solution. Filtration and re-

crystallization from ether/hexanes afforded 6-bromo-(3',4',5'-tri-
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methoxybenzyl )piperonal, 109 (140 mg; 84% overall) as fine color-

less needles.

C18M18%

330.32
Mp 123°C (Lit.mp. 124-125)

IR '(ch13) Yoy (cm'l) 1690 (s), 1600 (s).
}H ommr & (ppm) 3.84.(s, 6H), 3.86 (4, 3H), 4.34 (s, 2H),
' 6.08 (s, 2H), §.38 (s, 2H), 6.72 (s, 1H), 7.36 (s,

1H), 9.93 (s, 1H). .

13¢ nmr 5 (ppm) 37.74, §6.12, 60.84, 102.07, 105.73, 109.01,
111.04, 128.57, 135.89, 136.67, 140.35, 147.07, 152.56,
153.44, 189.62. -

M.S.

m/e 329 (M*-1).

Procedure B

i. Preparation of l-bromo-4,5-(methylenedioxy)-2-(3'.4',5'-tri-

methoxybenzoyl Jbenzene 130 :

1-Todo-3,4,5-trimethoxybenzene, 128 ( 5g, 17 mmol) was dissolved
in 20 m1 of dry THF and cooled to -78°C , under a N2 atmosphere. The
_addition of n-BuLi { 7.79 ml1, 1.1 equiv.) resulted in the.formétion of
a deep red solution. After 10 minutes, 6—bromopipetépaj, 99 was

added and the solution was stirred for 30 minutes at -78° and then
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warmed to rt. The solution was’stirrgd overnight and worked up in
the normal maﬁner. The crude product, a orange oil (6.0 g) was
-oxidized without further purification.

The benzhydrol 129 ( 6.0g, 15.2 mmol) was dissolved in dry
CHéClz and added slowly to a cooled (0°C) suspension of PCC (4.9 q,
22.8 mmo1) in 100 ml of dry CH,C1,. The reaction mixtﬁre was
sti:red for approximately 4 h and then filtered through a short
fluorisil column to remove chromium salts. The solvent was evapor-
ated and the crude solid was recrysta11%zed from ether ( hot/cold)
affording 5.1 g (85§)hof 1-bromo-4,5-(methylenedibxy)-27(3',43; L

trimethoxybenzoyl )benzene as co]orTessﬁsfates.

e

Cy7H150gBr
395. 21 MeQ OMe
) OMe
Mp 150°C
. -1
IR (CHC1;) v, (ém") 1670 (s), 1590 (s).
H nmr § {ppm) 3.87 (s, 6H), 3.94 (s, 3H), 6.06 (s, 2H),

6.82 (s, 1H), 7.07 (s, 1H).

13C nmr ¢ {ppm} 56.34, 60.97, 102.37, 107.79, 109.10,
111.3$: 113.31, 131.32, 133l59, 143.23, 147.27,
49.71, 153.09. ' '

M.S. m/e 394 (M7), 396 (M+2). _
Analysis Calcd. for Ly H 0Br : C, 51.66; H, 3.83.

‘Found : C, 51.44; H, 3.79.

<f
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\1 ’ ) /
e _ ‘ : :
ii. _Preparation of l-bromo-4,5-(methylenedioxy)-2-(3"',4",5'-

trimethoxybenzyl )benzene 131

The ketone (5g)was treated with activated zinc (10.0 g) in a
mixture of concentrated HC1 (28 ﬁi), water {28 ml) and toluene (28
mi}. HCl gas was bubbled through the reaction mixture for approx-
imately 8 h. Workup consisted of dilution with water and ether
and washing of the qrganic phase with a saturated NaHCO3 solution.
The organic phase was drie& and the solvents evaporated leaving a
yellow foam which was chrométographed ( hexanes/ethyl acetate; 4:1)
furnishing 131 (3.70 g, 77%) as colorless needles after recrystaliiz-
ation from ether / hexanes. i |

An alternate procedure involved the use of LAH / AlC]é as the
reducing agent. The ketone 130 ( 5.0 g) was dissolved in a small
volume of dry THF and aéded dropwise to a stirred shspension of
LAH ( 963 mg, 25.4 mmol) and A1C]3 ( 3.46 g, 25.4 mmol) in 100 ml
of dry THF. wﬁen addition was complete the mixture was refluxed
for 24 h. The excess reducing agent was destroyed with water aﬁd
the layers separated. The organic phase was dried and the solvents
evaporated affording 131 ( 4.46°g, 86%) as colorless needles

after recrystallization from ether/hexanes. -

Cy7H17058r

381.23
Mp 121-121.5°C

IR (CHCI (en™) 1600 (s), 1130 (s), 1230 (s).

3) Ymax
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4 nmr & (ppm) 3.83 (s, SH), 3.94 (s, 2H), 5.92 (s, 2H),
6.40 (s, 2H), 6.60 (s, 1H), 7.00 (s, 1H).

13¢C nmr § (ppm) 41.79, 56.10, 60.87, 101.66, 105.95, 110.39,
- 112.64, 114.64, 133.39, 135.34, 146.91, 147.46, 153.31.

M.S. m/e 380 (MF), 382 (M+2).

ifi. .Préparatioﬁ of 6-(3'.4’;5'-trimethoxybehzy1)piperona] 109
" The ary! bromide , 131 (2.0 g, 5.26 mmo1) was dissolved in

20 m1 of dry THF and codled to -78°C under a N dtmospherep n-BulLi

2
(2.19 m1, 5.26 mmol) was addéd'via syriﬁge and the solutiom turned

a deep orange color. ' The solution was stirred at -iéf for 10 min.
and then dry DMF { 2.0 ml ) was added . The so]dtion turned a light
shade of yellow and was warmed s]owiy to rt. and stirred for an
additional 18 h. Normal workup afforded a crude solid produ;t;‘
that was recry;ta11ized from CHZCT2 / hexanes , affording the
desired aldehyde 109 { 1.39 g, 80%) -. This product was identical

in all respects to the product obtained by procedure A.



N

" with a long uv. Tamp ( A

118

Preparation of epiisopodophyllotoxin

Photolysis of aldéhyde 1b9 in the presence of dimethyl . fumarate

A solution of 6-(3!,4',5'-trimethoxybenzy1)piperonal » 109 .
(660 mg, 2.0 mmol) and dimethyl fumarate (288 mg,. 2.0 mmoT) in
d;y THF {100 m1} was irradiated for 18 hin a quartz. apparatus
nax 280 nm) at rt whilé‘onyEn-free
nitrogen was bubbled through the solutjon. The THF was_evaporated
and the crude solid was recrystallized from CHC13/ether furnishing

the photoadduct 132 (450 mg) in 47 % yield as colorless plates.

8

Caatlog010
474.45

Mp 198°C = = .

IR (CHCl,) v (en™') 3300~ 3500 (br}, 1720 {s), 1590 (s).

max

4 nor & (ppm) 2.87 (s, OH), 3.19 (dd, J=12.0, 3.0 Hz, 1H),
3.42 (dd, J=12.0, 10.5 Hz, 1H), 3.50 (s, 3H), 3.75
(s, 3H), 3.79 (s, 6H), 3.85 (s, 3H), 4.02 (d, J=10.0
Hz, 1H), 5.07 (d, J= 3.0 Hz, 1H), 5.89 (s, 28), 6.47
(s, 1H), 6.54 (s, 2H), 6.77 (s, 1H).

13C nmr & {ppm) 50.09, 51.79, 52.33, 56.19, 60.88,~68.00,

. 101.22, 106.04, 108.64, 108.93, 131.74, 138.29, 146.62,

_148.19, 152.96, 153.28, 172.75, 174.92.
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M.S. - m/e 478 (M), 456 (M-H,0), 425 ( 456-H,C0"),
. 396 ( 425-HCO'), 337 (396 - CO).
Analysis Caled. for C24H25010: 9, 60.75; H, 5.53.
Found: C, 61.13; H, 5.71. -

Reduction of the diester 132 with LiEt3BH

The diester 132 { 474 mg, 1.0 mmol) was dissolved in 10 ml
of dry THF.and’éoéled to -78°C under a N, atmosphere. LiEt ;BH
( 3.0m1, 3 mmol) was added slowly by syringe and the solution
was stirred at -78° for 2h. and then at rt for an additional 18 h.
Addition of 1% HQ1 { 10 ml) followed by extractiqn'oﬁce with
ether and three timés with CH2C12 afforded a yellowish"colored:

solid. Recrystallization from ether/hexanes furnished the diol

ester 133 ( 312 mg, 70% ) as small colorless needles.

Ca3t 2609

446.44

Mp 155°C

IR (CHCT;) v (em™') 3350-3550 (br), 1725 (s), 1600 (s).
'H nmr & (ppm) 2.45 (m, 1H), 3.00 (t, J=11.0 Hz, 1H},

3.52 (s, 3H), 3.79 (s, 6H), 3.84 (s, 3H), 3.80
(br, 2x0H), 4.02-4.28 (m, 3H), 5.00 (d, J23.0 Hz,
14), 5.89 (s, 2H), 6.26 (s, 1H), 6.30 (s, 2H),
6.83 (s, 1H).
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M.S. /e 446 (M'), 428 (H-H,0).
Analysis Caled. for CZBHZGOB: c, 61.87; H, 5.87.

{
Found: C, 61.63, H, 5.55.

. -
‘ﬁ'd.
-

Preparation of the isopropylidene derivétive 134

The diol 133 ( 340 mg, 0.76 mmo]l), pTsOH { 10 mg) and 2,2-dimethoxy-
propane { 5ml) were stirred at rt for 3 h. The solution was diluted
with CH,Cl, and washed with 10 % NaHCO,, dried and the solvent evapor-
ated. Recrystallization from ether/hexanes afforded 330 mg { 90%) .

of 134 as colorless needles.

-~

Cag300g

486.50

Mp 181-182°C

IR (CHCl,) vy (en™l) 1720 (s), 1590 (s).

'H_nmr - s (ppm) 1.47 (s, 3H), 1.63 (s, 3H), 2.03 (m, 1H),
3.40 (t, J=11.6 Hz, 1H), 3.43 (s, 3H), 3.65 (dd,
J=12.0, 2.0 Hz, IH), 3.75 (s, 64), 3.80 (s, 3H),
4.06 (d, J= 11.6 Hz, 1H ), 4.18 (dd, J=12.0, 3.5 Hz,

. - 1H), 4.83 (d, J=3.0 Hz, 1H), 5.87 (d, J=1.4 Hz, 1H),
5.91 (d, J=1.4 Hz, 1H), 6.23 (s, 1H), 6.30 (s, 2H),
L 6.67.(s, 1H), |
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Analysis
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m/e 486 (M").
Caled. for Cygha0g @ C, 64.18; H, 6.22.
Found: C, 64.12; H, 5.96.

Saponification of the ester 134

-The ester 134 ( 50 mg) was saponified in a 1:1 mixture of 1%

KOH and dioxane ( total volume of 10 ml} by heating the solution to

reflux for 4 h. Ether was added to the cooled solution and the

!

aqueous phase was separated and acidified. /jﬁe acid was extracted

from the aqueous phase with three times 10 m1 of CH,CI

oLl,. The

combined organic extracts were dried and tKe solvent evaporated

affording the acid derivative 135 ( 48 mg, 83%) as a colorless

B

powder.

Cogtaglg

472.47
Mp 181-183°C
IR (CHCT,)

H nmr

v {em™') 2500-3500 (br), 1700 (s), 1590 (s).

max )
§ (ppm) 1.46 (s, 3H), 1.63 (s, 3H), 2.0 {(m, 1H),
3.48 (t, J=11.6 Hz, 1H), 3.69 (dd, J=12.0, 2.0 Hz,
1H), 3.80 (s, 6H), 3.85 (s, 3H), 4.0l {4, J=11.6

Hz, 1H), 4.C9 (dd, J=12.0, 3.5 Hz, 1H), 4.81 (d,
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J=3.0 Hz, 1H), 5.86 (d, J=1.4 Hz, 1H), 5.88 (s, J=1.4
 Hz, 1H), 6.24 (s, 1H), 6.35 (s, 2H), 6.71 (s, 1H).

M.S. Cm/e 472 (V). AN
Analysis . . Calcd. for Cp,00g : C, 63.55; H, 5.97.

Found: C, 63.20; H, 6.17.

Conversion of 135 to epiisopodophyilic acid 136

| The isopropylidene protecting group of 135 was hydrolysed
in a 1:1 mixture of 1% HC1 (aqueous) and dioxane by stirring
at rt for 24-h. Normal workup afforded after recrystallization

from acetone/ether epiisopodophylTic acid, 136 ( 100 mg, 85%)

- as small colorless needles.

C222409

432.41

Mp 230-234°C (dec.)
: -1
IR (CHC13) Voax {em ™)

'H nmr & (ppm) 2.47 (m, 1H), 3.08 (t, J=11.0 Hz, 1H),

2500-3500 (br), 1710 (s), 1590 (s).

3.79 (s, 6H), 3.84 (s, 3H}, 3.95 (br, 3x0H), 4.00-
4.27 (m, 3H), 5.07 (d, J= 3.0 Hz, 1H), 5.85 (s, 2H),
6.26 (s, 1H), 6.30 (s, 2H), 6.82 (s, 1H).

M.S.  m/e 432 (7).
Analysis Ca1cd.lfor CopHog0g = C, 61.105 H, 5.60.

Found: C, 61.28; H, 5.69.

e v —r S



Conversion of epiisopodophyllic acid to epiisopodophyllotoxin 114

Epiisopodophyllic acid , 136 ( 50 mg, 0.12 mmol) and DCC { 30
mg, 0.12 mmol) were dissolved in 4 m} of THF and the resulting
solution was stirred for 3-h at rt. Water (0.2 m1) énd glacial
qcetic acid (0.1 m1) were added and the solution was stirred for
an”additiona1 30 minutes. The solvent was evaporated and thHe
residue was taken up in 5 ml of CHZC12 and the dicyclohexylurea
was filtered for removal. The filtrate was dried and the solvent

evaporated. Purification by PTLC (ether) afforded the lactone,

114 { 37 mg, 75%) as a colorless powder.

Co2ta20

414.40 |

Mp 258-260°C (dec.) , (1it. mp.272°, dec.) >

IR (cHClg) v (ew’') 3350-3550 (br), 1775 (s), 1590 (s).

*H nmr '_Q (ppm) 2.03 (br, OH), 2.68 (m, 1H), 3.2% {dd, J=14.0,
11.2 Hz, 1H), 3.82 (s, 6H), 3.85 (s, 3H), 4.03 (d, J
10.0 Hz, 1H), 4.11 (m, 1H), 4.46 (m, 1H), 4.94 (d,-d
3.0 Hz, 1H), 5.93 (s, 2H), 6.39 (s, 1H), 6.44 (s, 2H),
6.78 (s, 1H).

M.S. m/e 414 (M),

Anaizsis Calcd. for C22H2208 : £, 63.76; H, 5.35.

, Found: C, 63.89; H, 5.41,
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PART 2

Preparation_of the dianion of podophyldotoxin and subsequent reaction

with methyl iodide b

Podophyllotoxin ,6 (207 mg, 0.5 mmol) was dissolved in.a small
volume of dry THF and added sliowly to a cooled {-78°C) solution of
LDA ( 2 equiva]ents),'prepared from diisopropylamine {0.29 ml1) and
n-Buli (0.83 ml, 2.4 M in hexanes ) in 5 ml of dry THF. The yellow
solution was stirred for 15 minutes at -78" and then.excess CH3I
(0.25 m1) was added. The solution was warmed to rt and stirred for
an additional 18 h. The usual workup followed by column chromato;t
_graphy oﬁ silica ge]'( hexanes/ethyl acetate; 1:1) afforded two
components which were obtained as beige powders after precipitation
from ether/ hexanes. The major component ( 112-mg, 53%) was ident-

ified as 2-methylpicropodophyliotoxin , ;gg; and the minor component

was identified as 2-methylpodophyllotoxin { 40 mg, 18% ), 143.

142
. Me
Co3Ha40g Me
428.42

Mp 92- 95°C

-

-1y 3300-3550 (br), 1770 (s), 1590 (s).

IR (CHC13) YUmax {em

4 nmr § {ppm) 1.12 (s, 3H), 2.79 (ddd, J= 7.8, 6.0, 1.4
Hz, 1H), 3.79 (s, 6H), 3.80 (s, 3H), 4.23 (s, 1H),
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4.57 (d, J=7.8 Hz, 1H), 4.42 {m, 2H), 6.94 (d, J=0.5
Hz, 1H), 6.96 (d, J=0.5 Hz, 1H), 6.65 (s, 1H), 6.76
(s, 1H), 6.78 (s, 2H).

). .
[o]p = -107°  (cHCl,) c=0.41

M.S. m/e 428 (M

AnaPysis Caled. for C23H2£08 3

Found: C, 64.08, H, 6.22.

C, 64.48; H, 5.65.

Preparation of 4-0O-tetrahydropyranylpodophyllotoxin 144

The THP derivative of podophyllotoxin was prepared in

85% yield according to Gensler 2° using freshly distilled dihydro-

pyran with p-TsOH as the acid catalyst and CH2C12 as the solvent,

-

Preparation of the enolate anion of 144 and subsequent reaction witﬁ

methyl iodide

The THP derivative 144 { 400 mg, 0.8 mmol) vas dissolved in a
small volume of dry THF and added slowly to a cooled solution (-78°)
of LDA ({ one equivalent) ,.prepared from diisopropylamine { 0.23 ml)
. and n-Buli ( 0.48 m1) in 10 ml 'of dry THF. The yellow solution was
stirred for 15 minutes at -78" and then CH,I was added (0.5m1) .
The solution was warmed to rt and stirred for an additional “18 h.
Normal workup afforded a viscous.oil which wa; passed .through a

short silica gel column to remove any salts prior to hydrolysis

of the THP group. -
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The crude methylation pro&uct was hydrolysed by ref1ux%ng in
10 m1 of a solution of 5% aqueous HCl and THF (1:9) for 4 h.
Workup afforded a yellow foam that was separated into three
' components by HPLC ( hexanes/ethyl acetate, 1:1). Eachcomponent
was precipitated from ether/ hexanes affording beige powders
identified as the fol1bwing in order of elution from the column:
picropodophyilotoxin { 20 mg, 6%), 2-methylpicropodophyllotoxin lﬁi
(60 mg, 18%) and 2-methylpodophyllotoxin 143 ( 145 mg, 43 %).
2;Methy1p1cropodophy1Iotoxin, 142 was identical in all respects to

that product obtained via the dianion route.

143

Ca3tlaa0g

Me. .
428.42 Me

Me
Mp 101-103°C

IR (CHCl,) v (em™') 3350-3550 (br), 1780 (s), 1590 (s).

IH nmr § (ppm) 400 MHz , 1.32 (s, 3H), 2.89 (ddd, J=7.5,
10.5, 11.0 Hz, 1H), 3.75 (s, 6H), 3.81 (s, 3H), 4.17
(dd, J=9.0, 10.5 Hz, 1H), 4.26 (s, 1H), 4.50 (dd, J=

7.5, 9.0 Hz, 1H), 4.70 (d, J=11.0 Hz, 1H), 5.98 (d,

R “
- 3=0.5 Hz, 1H), 5.97 (d, J=0.5 Hz, 1H), 6.36 (s, 1H),
6.36 (s, 2H), 6.48 (s, 14), 7.10 (s, 1H).
13¢ nmr §(ppm) 22.50, 46.72, 48.74, 50.74, 56.24, 60.85, 72.02,

73.18, 101.29, 107.23, 107.93, 109.64, 129.27, 131.81,
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“

135.87, 136.84, 147.37, 148.13, 152.42, 153.13, 180.83.
M.S. n/e 428 (M%)
[s], (cHCl,) = -118°, c=0.43

23H2408 : C, 64.48, H, 5.65;

Found : C, 64.39, H, 5.61.

Traﬁp%gg of the enolate anion prepared from 144 with oxygen

Treatment of 144 - (498 mg, 1.0 mmol) with 1 equivalent of LDA
in dry THF at -78°C produced a clear yellow solution of the
enolate anion that was trapped with oxygen by bubbling dry oxygen

through the solution for 30 minutes. The sofution was warmed to

rt and stirred for an additional hour. The reaction mixture

was treated with a saturated solution of sodium sulfite to reduce

the intermediary hydroperoxides. Normal workup followed by hydrolysis
of the crude product afforded a yellow foam which was purified by
column_chromatography on silica gel ( hexanes/ethyl acetate; 1:1).
Precipitation from ether/hexanes furnished 350 mg (80%) of a

coloriess powder which was shod% by nmr to be a 1:1 mixture of
Z-hydroxypodophyITOtoxin 146 and 2-hydroxypicropodophyllotoxin 147.

These isomers were not separable.

s

6 + 147

Cootoo0g

430.40
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max

IR (CHC1,) v, -(cm'l) 3300-3550 {br), 1775 (s), 1590 (s).
MMoamr 6 (ppm) 2.60-3.33 (m, 2H), 3.7943.74 (s, 6H),
3.87+3.83 (s, 3H), 4}25.(m, 3H), 4.90 (m, 1H),
5.96 (br, 2H), 6.38+6.46{s, 2H), 6.49+6.34 (s, 1H),

7.04+7.10 (s, 1H).

M.S. m/e 430 (M'). . .
Analysis Calcd. for C,nHon0q ¢ C, 61.53; H, 4.93.

Found : C, 61.59; H, 5.08.

Trapping of the enolate anion prepared from 144 with hexachloroethane
Treatment of 144 -(. 249 mg, 0.5 mmﬁl) with 1 eguivalent of.LDA .

in dry THF at -78° followed by trapping with excess hexachloroethane

(178 mg) and warming of the solution to rt, stirring for an additional

18 h and normal workup afforded a viscous o0il . The crude product was

hydrolyzed in a mixture of 5% HC1 and THF (01:9 ). The crude deprotected

product was purified by column chromatdgraphy ( hexanes/éthy1 acetate,

1:1 )} affording only one product (164 mg, 74%) identified as

2-chloropodophyllotoxin , 148.

148

CZZHZIOBC]

448.85 M Me
Mp 106-110°C : Me
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IR (CHCl;) v, (en™') 3300-3550 (br), 1785 (s), 1550 (s)
M omr 8 (ppm) 2.79 (d, 7.0 Hz, 1H), 3.07 (ddd, J=7.0,
9.0, 9.5 , 1H), 3.77 (s, 6H), 3.84 (s, 3H), 4.26-
4.65 (m, 2H), 4.79 (s, 1H), 4.98 (dd, J=7.0, 9.5
» Hz, 1H), 5.97 (d, J=0.5 Hz, 1H), 5.99 (s, J= 0.5 Hz,

1H), 6.44 {s, 2H), 6.49 (s, 1H), 7.09 (s, 1H)f
~ . + N ‘
M.S. m/e 448 (M ), 450 (M+2). ‘ b////
‘DJJD (CHCI3) = -133.46 ¢=0.74.
Analysis Caled. for C22H2108C1: _C, 58.86; H, 4.72.
Found : C, 59.03; H, 4.98. .

r'd
P

-~

Isolation of.2-chloro-4—O-fetrahydropyranylpodophy]lotoxin 149

Upon repeating the chlorination reaction the tetrahydropyranyl
derivative, 149 was isolated by column chromatography. { hexanes/

ethyl acetate; 2:1) in 80 ¥ yiéld.

Co7t 2g0CT

532.96

-1 |
IR (CHCly) v, fem ) 1785 (s), 159 (s).

4 nmr see Figure 6

“M.S. m/e 532 (M), 534 (M+2).
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Prepafation of 4‘-0—demethy1-2-chToro-1-O—(4;6;ethy11dene-B-D-

glucopyranosyl )-epipodophyllotoxin 150 |

4'-QgDemethy1-1-£}(4,6-ethy1idene-B-D-g]uéopyranosy])-epipodo-
phyliotoxin ( VP16, 1.17g, 2.0 mmol) was treated with 4 equivalents
of LDA at -78°C followed by hexachloroethane (2.37 g). The solution
was warmed to rt and stirred for an additional 18 h. The tetfa-anﬁon
was not very soluble under these reaction conditions. Workup

consisted of washing with saturated sodium sulfite solution and

extraction of the aqueous phase three times with CHZC12, drying and

evaporation of the solvent. The crude product was purified by PTLC
(hexanes/ethyl acetate; 1:3, 3 runs) affording starting material

{ 800 mg, 70%) and a slightly more mobile compound { 125 ﬁg, 10%)"
identified as 4'-0-demethyl-2-chloro-1-0-(4,6-ethylidene-8-D-gluco-

pyranosyl }-epipodophyllotoxin, 150.

Cogfl310p5C
623.00

" Mp 155-160°C
IR (CHCl,) v (en™ ) 3300~ 3550 (br¥, 1780 (s), 1620 (s)
*H amr & {ppm) 1.37 (d, J=5.0 Hz, 1H), 2.60 (s, 2xOH),"
. 3.20 (m, 1H), 3.28-3.77 (m, 6H), 3.54 (s, 6H),



=
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[e], (cHCI,) =

Analysis
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4.12 {dd, 1=8.0, 5.0 Hz, 1H), 4.57 (dd, J=8.0,7.0

Hz, 1H)}, 4.65 (dd, J=8.7, 8.0 Hz, iH), 4.72 (s, 1H)
4.73 (q, J=5.0 Hz, 1H), 5.17 (d, J=3.0 Hz, 1H), 5.52
(s, phenolic OH), 5.98 (d, J=D.5 Hz, 1H), 6.00 (d, J=
0.5 Hz, 1K), 6.58 (s, 24), 6.75 (s, 1H), 7.04 (s, LH).
m/e 623 (M'), 625 (M+2).

-59.35, c=1.30 |

Caled. for CogHy10,5C1 1 C, 55.91; i, 5.02.

Found : C, 56.02; H, 5.05.

-
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ADDENDUM

Attempted Synthesis of 1l-Oxaestrone

The first synthesis of a heterocyclic analogue of a naturally

occuring steroidal estrogen was 4-azaestradiol-17-acetate, first

3 Since that time, a

prepared by Uskolovi€ and Gut in 1959,
_tremendous number of syntheses of hetero-estrogen analogues have
been reported because of the interest in these comﬁounds as potential

drugs.96 The first oxaestrone analogue whose synthesis was reported

was b-oxaestrone, in 1964.97 ‘ _
In the proéestérone sterd{dg substitution of the 1ll-position ‘
by a hetero-atom, such as the preparation of 1l1-oxaprogesterone,
151, by Engel et al, in 1§72,98 p%oduqéd compounds- having increased
éctivity. 11-Oxaprogesterone, lél;was sﬁown to possess a 2 to 2.5
fold increase in ovulation inhibiting activity when compared with

progesterone itself.
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1\ We initiated a brogram to §ynthesize.11-oxaestrone based

on our interest in the intramolecular cycloaddition reactions of

-

o-quinodimethanes. As was mentioned earlier in this thesis, -

A-ring aromatic steroids have been one of the most popular taréets
for the intramolecuiar cycloaddition reaction of o-quinod{methanesQ
Thg two major contributors to this area have been Khmetani'ahd
Oppolzer, both of whom have published syntheses of optically
active estradiol ( See results and Discussion, Part 1 ).

It was our hope that 4-methoxybenzocyc]obuteno],‘2§
would serve as a canveﬁient entry into the synthesis of ll-oxa-
estrone 152. Qur synthetic ggproach was modeled after the work
of 0ppo1zer.99 The source of the D-ring was to be 2-methyicyc1o-

100 It is_well known that o,B-unsaturated

pent-2-ene-l-one 1353.
ketones such as 153 undergo conjugate addition with alkyl cuprates
such as vinyl cuprate and that the resulting enolate can be trap-

ped with chlorotrimethylsilane to form the corresponding silyl
101

- enol etherh, in this case, 154. "The enolate can then be regener- .

ated by-trea%ment of the silyl enol ether with two equivalents of

methyllithium at -78°C in THF.lOZ

The enolate could then be trapped with the very electrophilic

E}ch]oromethyT-4-methoxybenzocyc1obutenb1, 155, which might be

ﬁrep§red from 4-methoxybenzocyc1Qbuténo] 93 by treatment with para-
formaldehyde and gasqﬁﬁs HC1 at low temperature, affordiﬁg the
desired ethe; > 156. With both pieﬁes joiﬁed all that would remain
to be done would be to\héat compound 156 to approximaté1y 110°C

causing thermal,rinb opening of the cyclobutenol in the manner
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discussed earlier. This would produce the o-quinodimethane inter-
mediate, 157 which should undergo intramolecular trapping by the
vinyl group to give the desired ll-oxaestrone methyl ether .in"only
fﬁreeistepsnfrom-4—meihox}benzocyc1obuteno].

What appeared to be a straightforward, brief éynthesis furned
out to be plagued with a number of serious difficuities which‘weré
nevér completely resolved. I wish to report what has been completed
in this synthesis and whatrexact1y the major stumbling block is.

2-Methylcyclopent-2-ene-1-one 93 was converted to l-OQtrimethy1—
sily]-3—viny1-2-methy1cjclopent—l—ene-l-o] 154 by gge (1,4) addition”

. of vinyl magnesium bromide in the presence of CuI103

and trapping
of the intermediate enolate with chlorotrimethylsilane. |
O-chloromethyl-4-methoxybenzocyclobutenol 155 was prepared by
treatment of 4-methoxybenzocyciobutenol with paraformaldehyde and
gaseous HC1 at -20°C in methylene ch]oride: The crude product,
a coloriess o0il , was used without purification due to its instability.
The 'H nmr spectra of lgs indicated.the.presence of the -O0CH,Cl
moiety by a singlet at 6= 4.89 ppm integrafing for 2H..
Treatment of*the silyl enol ether, 154 with two equivalents
of mefhy]1ithium and- then the chloromethyl ether 155 at -78°C
in dry THF failed to produce any of the desired coupled product.
The only isolated products were 2-méthy1-3-viny1cyélopent-2-ene—
1-one and l-chlorobenzocyclobutene . The latter product
‘ mdy arise from the decomp6§3tion of the chioromethyl ether.

The enol acetate, 159 was also prepared , by treatment of

2—methy1-3-viny1cyc]opentan—l-one with acetic anhydride and TsOH

~
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in methylene chloride. Treatment of 159 with 2 equivalents of
methyllithium produced the enolate but al?l attempts to trap this
enolate with the chloromethyl ether, 155 were unsuccessful.
Thus, the stumbling block in this synthesis was the coupliing
of the two fragments (154 + 155) and the failure to accomplish
fQis steh appeared. to reside in the instabi{;ty of the chloromethyl
ether fragment, 155. Any attempts at purification of this material
or prolonged storage at even low temperéture { freezer) resulted-
in conversion to the chloride, 158, presumably via a carbonium fonic
" process. This project was abandoned by this worker due to the lack
of time althouogh i do believe that under the appropriate conditions
the coupling reaction could be.successfu1, pé#haps, through the

enthusiastic pursuits of another student.

J
0 0 re
M Y M .
"\@ "“mger Ao .M 2 MeLi
THF I TSOH/CHC, O -78°/THF
153 '

X
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APPENDIX

The Stages of Cell Division
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_ ~CLAIMS TO ORIGINAL RESEARCH

Two new routes fo the synthesis of podophyﬁ]otoxin analogues

were developed. One involved the intraﬁolecu]ar cyc]oaadition
reaction of thermally generated o-quinodimethane intermediates
derivegefrom the appropriately substituted benzocyclobutenols.

The secdnd‘route involved phﬁtoeno]isation of g;a]ky1-substituted
benzaldehydes and subseduent trapping of the dienol intermediatel
Total syntheses of (*)-epiisopodophyllotoxin and (é)-epiisopodo-
phyllic acid were reported.'_The synthesis of the latter constitutes

a formal synthesis of podophyllotoxin.

.. Two new short syntheses of 6-(3',4',5'-trimethoxybenzyl )piperonal.

were reported: -

A method was devised for the synthesis of C2 substituted podo-
phyllotoxin derivatives where the trans lactonelproduct was the
major one , starting with the tetrahydropyranyl derivative of

podophyllotoxin. In this manner methyl, chloro and hydroxyl

substituents were introduced. The biological test results

against L1210 and P388 leukemias were reported.

o

The C2 chloro derlvat1ve of VP-16 was prepared and found to

have ant1tumour act1v1ty in the L1210 test comparab]e to

-
.

YP-16, the currently used clinical agent, -
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The following is a 1ist of the new compounds that were prepared
and compietely characterized including elemental anaIysis:-

1. 2-bromo-5-me£hoxystyréne oxide

2. 4-methoxybenzocyclobutenol 93

3. compound S0

4. 2-bromo-4,5-(methylenedioxy)styrene oxide ;gg'

5. 4,5-(ﬁethy]enedioxy)benzocyclobuteno] 97

6. compound 104 |

7. compound 116 -

8. compound 117

9. compound 118

10. compound 119

11. compound 120

12. ﬁompound 121

13._compound 122 ’
14. compound 123 _

o

15. compound 125

16, lfbromo-4,552methy1enedioxy)-Z-(3',4‘,5'5trimethoxybenzoy1)benzene 130

17._1-bromo—4,5-(methjfenedioxy)-Z-(B',4‘,5'-trimethoxybenzy1)benzene 131

(]

18. compound 13

l-

L)

19. compound 133

—
o
>

20. compound

fa—r
W
(&) ]

2l. compoﬁﬁg

22. 2-methylpicropodophyliotoxin ‘;gg
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© 23. 2-methylpodophyllotoxin 143 '
24. Z-hydroxyﬁicropodophyl1otoxin 147
25, 2-hydroxyp6dophy110toxiﬁ 146 .

25.‘2-ch1oropodophy]1otoxin 148

27. 4'-0-demethy1-2-chloro-1-0~(4,6-ethy1idene-B-QrglucopyranosyI)-

epipodophyllotoxin 150



10.

11.
12.
13.

e —

-
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