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Abstract™

A highly stereoselective synthesis of (:{:)-podophyllotolxin is described. The
correct felative stereochemsitry of the four cheral centers in podophyllotoxin
is produced via.‘a.n- intramolecular Diels-Alder reaction involving an o-quino-
dimethane, generated by the thermal ring opening of a trans-2-arylbenzo- .
cyf:lobutenol derivative. o

The syntheses of two analogs of podophyllotoxin are described in which
simi.]a.r methods, to that used for podophyllotoxin, are utilized. Several
changes were practicable in the analog syntheses which resulted in shorter
and more efficient preparations.

The stereoselectivity as well as the rate of the intra.moletfiﬂ\ Diels-Alder
reactions was found to be solvent dependent. Polar solvents such as ni-

tromethane and DMF were found to favor the required products as well as -

giving the highest rea.cti?n rates.
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Part 1

Introduction



Chapter 1

Origin and Use of Podophyllotoxin and its
. Derivatives

\

‘1.1  Isolation, Structure and Background

Podophyllum peltatum, commonly named the May Apple, has long been
.known for its medicinal properties. It was known to the North American In-
dians several hundred years ago as a cathartic, anthelmintic and a pois;)n. It
was used by American settlers as a herbal medicine and was included in the
. US Pharmacopoeia from 1863 to 1942. In 1835 a resin was isolated, from the
roots of the may apple, which contained the componentu responsible for the
biological activity.[1] In 1880 t‘he active co d was isolated and named
podophyllotoxin.[2] The atrucg'ure and configuration of podophyllotcudn was
reported in 1958 by Hartwell and Schrecker as 1.[3] X-ray crystal analy-
sis of 2'—bromopodophyilothin confirmed Hartwell’s original assignment of
absolute configuration as (1R, ZR, 3R, 4R).[4] In the late 1960’s the use of O-
glycosides of podophyllotoxin in treatment of a variety of cancers, rekindled

an interest in podophyllotoxin.



. Podophyllotoxin 1

i . ) ‘
Natural products co‘nhining a 2,3-dibenzyl butane system have been
termed “hgna.ns .[5] Podophyllotoxin is thus one such compound, as can

be noted by breakmg the Cl-a.ryl(B—rmg) bond. Podophyllotooun ha.s as its

key structural feature a 5-membered lactone trans fused to carbons 2 and

'3 of a tetrahydronaphthalene containing a C1 aryl substituent with crs-1,2

.stereochemistry. This css-1,2 stereocheinintrjr places the aryl ring E perpen-

dicular to the average plane of the other rings. Finally, the hydi-oxyl group

at C4 gives podophtyllotoxin 4 contigudua chiral centres."

1.2 Characteristic Chemistry .

The strained trans C/D ring junction and axially locked C1 aryl substituent

make podophyllotoxin very susceptable to epimerization at C2 via it’s ester
TS :
enolate 2. Treatment with weak bases, such as sodium acetate in ethanol, (6]
produces almost complete conversion to the more stable css fused picropodo-
.-

phyllotoxin 3. Picropodophyllotoxin has little or no useful biological activity. ,
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2" Picropodophyllotoxin 3

Unless otherwise indicated, Ar equals 3,4,5-trimethoxypheny]l

in all formulae throughout this thesis,

L3

1.3 Biologically Active Podophyllotoxin Derivatives

Podophyllotoxin _itself has significant cytotaxic activity but is also quite
toxic, with the LDygg in mice being approximately 30 mg/kg of body weight.
Many derivatives have been 1;repa.red (by modiﬁca.tion of the natural com-
pound) with the goa.llof obtaining compounds which retain the cytotoxicity
of podophyllotoxin but have low enough toxicity to be used clinically. Work
by Kuhn a.nd\ von Wartburg of Sandoz (Basel, Switzerland) yielded two suc-
cessful examples, Etoposide 4 and Teniposide 5, which are O-glycosides of
the C4 epimer, C4’ O demethylated.[7] Etoposide is currently used clinically
against a variety of cancers including bladder cancer. It is considered one of
the moet effective chemical agentul a.gmnst small cell lung cancer.[8] Its use

against this type of cancer generally gives 6-9 months of remission, but no

Ve

long term cures.
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The exact biochemical basis for the biological activity of podophyllotoxin
.and its derivatives is yet uncertain but has been under investigation for
several years. Biochemical studies have indicated that podophyllotoxin has
a different mode of actioyp than does Etoposide.|9] Because Etoposide is of
greater interest than podophyllotoxin due to its increased biological activity,
the majority of biochemical studies in the past few years have been focused
on it. The most recent studies have indicated that the mechanism of action
of Etoposide involves O-demethylation ot}ihe C3' methoxy group to give
6 which may ;be oxidized to the quinone 7. \Quinone 7 could then act as a
Michael receptor capable of covalent binding to nucleophilic cell components,

resulting in cytotoxicity.[10]
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In order to further this study it is of interest to make derivatives with
various types of substit tion on rings B and E. To prepare such derivatives,
with the goal of producing better anticancer agents and understanding their
mechanism of action, a synthesis with sufficient genera.lity is required.

It should be noted that a synthesis yi:el-ding epipodophyllotoxin 8}15 equiv-
alent to one yielding podophyllotoxin because the O glycosides (e.g. Etopo-
side), which are of interest for biochemical studies, are C4 epimers of podo-

phyllotoxin. Glycosylation of podophyllotoxin takes place with inversion at

C4.



Ghapter 2
Previous Syntheses of Podophyllotoxin

-

Several syntheses of podophyllotoxin have been reported, the early ones
having the disadvantage that the conversion of the more stable picropodo-
‘)hyllotoxin to podo! was required. Two later syntheses were very cffiﬁietlt"
although modification of stereochemistr‘y was required in the course of thcl
synthesis. '

2.1 ZEarly Podophyllotoxin Synthesis

The first synthesis of p‘odophy-llotoxi‘n was reported by Gensler in 1966.[11]
Two more were reported by Kende in 1977 and Murpﬁy in 1980.[12] All

three syntheses produced the more stable picropodophyllatoxin which had

been previously converted to podophyllotoxin by kinetic protonation of the

enolate 9.[11] The kiretic protonation step is an unfortunate limitation be-
cause it produces 55% picropodophyilotoxin which must be recycled (Scheme
2.1). Separation of podo from picropodophyllotoxin requires fractional.crys-
tallization, a method which may fail in an analog preparation. Since these

syntheses have been carefully reviewed [19] they will not be disussed in detail.

lthe shorter versions podo and picro will be used in place of podophyllotoxin and picro-
podophyllotoxin when convenient. ’
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Scheme 2.1: Conversion of Picro to Podophyllotoxin by Kinetic Protonation

!
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2.2 Synthesis of 1 Not Proceeding Via Picropodo-
thllo‘toxin o

Recently three syntheses of podophyllotoxin have been reported \Gi\ith do not
require the unfavorable conversion of picro to podophyllotoxin in the final
stages of the synthesis. Each of these routes lead initially to other isomers
of podbphyllotoxin, namely neopodophyllotoxin 10 and epipodophyllotoxin
8, which have the same relative stereochemistry at C1 C2 and C3 as do(':s \
podo, and which had previously been converted to podo.[13] In addition, one.
(;f the three su&ers greatly from a highly non-stercoselective step involving

the formation of the C2-C3 bond.
2.2.1 The Rodrigo Synthesis

In 1981 Rodrigo repo}ted/, ery efficient synthesis of neopodophy]lotoxin

10.[14] Inversion of steregchﬁmmtp}( was required at two chiral centTes in the

synthesis; the inversions wegre thermodynamically favorable. &
{ -~

A Diels-Alder reaction of isobenzofuran 11 and dimethyla,t:\‘;ztyl\énedicar-

>

_boxylate produced the basic carbon skeleton. Stereospecific hydrogenation |
' e i
of 12 and base catalyzed epimerization of 13 at C3 using sodium methoxide -
-in methanol established the correct C2-C3 relative stereochemistry. Selec-

tive reduction of the C3 ester in 14 and C1-O ste?zz)speciﬁc,\hydrogenolysis

was followed by acetonide formation of the diol'to give 15. 'The acetonide
. r. :
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~neopodophyllotoxin 10

%

forced the ester moiety into the equatorial conformation which allowed ba-

sic hydrolysis of the ester without epimerization. Treatment of the resulting
carboxylic acid with dilute aqueous acid to remove the acetonide, was accom-
panied by epimerization at C4 and subseqguent lactonization which produced

neopodophyllotoxin.

10
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2.2.2 Vandewalle’s Synthesis
In 1985 Vandewalle reported .a synthesis of epipodophyllotoxin 8.[16] The

synthesis suffered the disadvantage of-having a non stereospecific step which

produced greater than a 50% proportion of an intermediate with incorrect

stereochemistry.
[ )SJ\ (0 l:l.CHO 1 . .
CO M
N S 0 Ar '~ 2"'® _
\ / ——re —_—— ——— -
— Z
17 .
~
VAN .
S CHO
* X e X
g Me0 OMe _ 0
’ OMe SN
Ar! . <O < .
Y Vit
CO,THS 0 ~ g MC0, THS
oH 16 ¢ isomer {4:5)

0
<0 -"”l

\(] epi,podophy]]otoiin 8

r 0 /

/

The key step was thce\zitereoselective ring closurg, via elgctrophilic substi-

=ty

tution, of mesylate 16. The preparation of 16 was, howevey, less rewarding.

Although the first aldol condensation yielding 17 was stercoselective, the

11
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second to give 16 was non-stercosclective yielding a 4:5 ratio of correct to

incorrect isomers.

2.2.3 The Vyas and Doyle Synthesis

In 1986 Vyas and Doyle reported a synthesis that produced epipodophyl-
lotoxin §.[16]'0ne step involving inversion of stereochemistry was requif'ed,

but this step proceeded with complete conversion.

kinetic 3+2
c028 proton- ’Wco Bn |

ation

=1

r .
18 19

';_->|lh

epipodophyllotoxin §

Kinetic protonation of trans ester 18 (prepared in 8 steps from piper-
onal) gave only cis ester 19. Regio and stereospecific (3+2)-cycl£addition of
bromonitrile oxide yielded o;l_ly adduct 20. Reduction to give amino acid 21

followed by diazotization with nitrous acid yielded epipodophyllotoxin.

]

12



Chapter 3

Direct Generation of all Four Chiral Centres in
Podophyllotoxin

Although some'of the syntheses mentioned in chapter 2 are very efficient and

may have great potential for preparation of derivatives required for biological

evaluation, it was noted that all required stereochemical modification during

the course\of the synthesis. These stereochemical modification steps are

not likely to’cpuse a loss in generality of these syntheses, however a direct

synthesis would certainly be advantageous.

3.1 Retrosynthetic Analysis

If the lactone is formed last then the C1-C2 and the C3-C4 bonds could
be formed by a Diels-Alder reaction which could, in principle, produce the
correct stereochemistry at all four chiral centres. In order for this to oc-
cur a correctly substituted o-quinodimethane 22 and crotonate 23 would be
required, and these must combine with the desired regio and st-ereoch:zrn-

istry. These possibilities were investigated earlier in simpler model systems

by Khan and others.

13
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3.2 . Model Experiments

The required .o-quinodimethanes may bé generated by methods such as ther-
mal ring opening of the appropriately substituted benzocyclobutenols, ther-
mal eitmsion of sulfur dioxide from a dihydrobenzothiophene sulfone, or by
photoenolization of an ortho substituted benzaldehyde. )
Experiments in which a 1-hydroxy substituted o-quinodimethane 24 was
generated both by thermolysis of benzocyclobutenol 25 and photolysis of o-
methyl benzaldehyde 26, and trapped by Diels-Alder reaction with acrylate,

yielded a product with both incorrect regio and stereochemistry, i.e., 27.[17]

14

OH

———— -
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T — .
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An experiment in which methoxy and phenyl substituted o-quinodimeth-
ane 28 was generated by thermal extrusion of sulfur dioxide from sulfone 29,
and trapped by Diels-Alder reactidn ‘with crotonate, yielded a product with

=
the correct regiochemistry but the incgrrect stereochemistry 30.[18]

-
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The regio- and stereochemical problems encountered in the model exper-

iments indicate the need for a system in which these variables are controlled.
e

3.3 Intramolecular Approach
¢
Due to the regio and stereochemical problems encountered in the model

systems which mf.de use of an intermolecular Diels-Alder reaction, an in-

tramolecular approach was examined.
3.3.1 Retrosynthetic Analysis

Using the same retrosynthetic approach as before except that the diene
and dienophile components a‘re connected by a bridge between the hydroxyl
groups 31,{19] it was rationalized that the Die]s—Alder reaction shqu]d\ﬁro-
duce the correct regio and stereochemistry, i.e., 32 {Scheme 3.1). Incorrect
regiochemistry is impé)ssible due to structural limitations. The stereochem-
istry should be correct since trans fused bicyclic 4.4.0 systems are less strained
than cis.[20] - Fa

The effect of various bridging systems on the sterepchemistry of ring
fusion is somewhat uncertain. Previous examples such as 33 and 34 have
shown the bridging moiety can have a large effect on the stereochemistry of

ring fusion [21}.
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33. Y =H 12 % 87 %

-- 34 Y=0 79 % - 20 %

a AN

The intramolecular Diels-Alder reaction of o-quinodimethanes has been
used in the synthesis of many natural producta. The enantioselective s;n-
thesis of (+)-estradiol 35 using sulfone 36 to produce the required o-quinodi-
methane 37 and subsequent cycloaddition, to give intermediate 38 containing

the correct stereochemistry at the ring fusion, is a representative example of

the reaction’s preparative utility.[22]

A

18



057'-{-— - 0H

38 35 (+)-estradiol

19



3.3.2 Model System

e

The model system 39, in which a monosmbstituted o-quinodimethane was

used, produced the correct regio and stereochemistry ﬁ_Q;IlQl

/\' - /\O

O 110°C '
<0 ‘ 0 ‘1Co,He

WO

%)
D
FEN

1

The fact that the intra.\molecula.r model system produced the correct re-
gio and stereochemistry at C4, C3 and C2 was encouraging, but the ques-
tion of what difference the 2-aryl substituent {required for podéphyllotoxin)
would make remaine; to be investigated. The Woodward-Hoffman Rules

predict that ring opening of the trans-1,2 substituted benzocyclobutene 41

should produce the required E,E-o-quinodimethane 31 (Scheme 3.1). If the

- dienophile in 31 added to diene iff the endo mode, as in the case of model sys-

tem 39, then the required relative stereochemistry for 1 should be produced. .
)
If however the dienophile were to add in the exo mode, to give a cis fused

isomer of 32, then the relative stereochemistry of epiisopodophyllotoxin 42
[19] would be produced.
In this thesis, a successful synthesis of (+)-podophyllotoxin 1, using the

synthetic methodology proposed in this section, is described.
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Chapter 4

N\

“Preparation of 2-Arylbenzocyclofbutenols

a )

-

In 3.3.1 a synthesis of podophyllotoxin was proposed in which an intramolec-
ular Diels-Alder reaction would produce the correct relative stereochemistry
at all four chiral centres. In order to accomplish this goal it was noted
that a precursor for o-quinodimethane 31 was required. One such precursor
is the trans-1,2 substituted benzocyclobﬁtene 41, which should produce 31
upon thermal conrotatory ring opening. In order to prepare 41, the tring—_?-

arylbenzocyclobutenol 44 was required.
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in Figﬁre 4.1,

i

4.1 Previous Attempts at Synthesis of tran's-2-Aryl-
benzocyclobutenols

Examin‘z;.tion of the literature revealed that no synthesis of benzocyclobuten-
ols bearing a 2-ary‘l substituent\}fq.‘d been d;zscribed. In 1985 Jung réportcd
a lengthy description of how all kn&gn methods had failed to produce 44 or
analogs thereqf.[20] Many of the methods attempted by Jung had also been

tried by previous workers in our laboratory, without success.|19] Several of

the previously attempted synthesis of 2-arylbenzocyclobutenols are shown

— / B
4-.2 Further Unsucce?gful Attempts

The method involviné butyllithiutn and magnesium bromide treatment of an
ortho-bromoaryl epoxide A showfz{f in example 2 of Figure 4.1, was applied to
the methylenedioxy substitutg&’_éo'nipound 45. This method is sucessful with
Eémpoundg not containing the i)henyl group attached to the epoxide ring

and is known to involve lithiation of the aryl bromide followed by Lewis acid

catalyzed rearangement of the epoxide moiety to aldehyde 47 (accompanied,

by lithium magnesium exchange) and subsequent ring closure to give.alkoxide

48.[23]

0 - —

0 0

4O

47 48

Br 2 0 MgBr

OMqBr
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Figure 4.1: Previous Attempts at Synthesis of 2-Arylbenzocyclobutenols
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Exposure of 45 to the typical conditions: halogen-metal exchange with
n-butyllithium at -78°C followed by addition of magnesium bromide etherate
and warming the reaction mixture to 0°C prior to quenching with aqueous
"'_7_ -~ ammonium chloride, resulted in the formation of the aldehyde 46 (pmrec‘i =

9.80 due to the aldehyde H) as the ohly characterizable product in 10% yield.

No evidence for the formation of 44 was obtained. The formation of 46 may

Ph

_ Ph '
. .
5 1. n-Buli 0 0 5 Ph
4 { [ JO
0 g. 2- MoBr, 0 (-) 0 o

a5 46a 4

| + Ph
J <OJ©*:T—-— ¢

a6b 18

result from proton transfer {intra or intermolecular) irf the intermediate 46a
to the more stable 46b.

. A method which had not been previously reported, in which dithiane 49
was treated with 3 equivalents of lithium tetramethylpiperidide in THF at
-78 to 25°, was attempted. It was p?oposed that the base would prodﬁcc

di-anion 50 which should eliminate bromide ion to give benzyne 51. Sub-

\
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sequent nucleophilic attack of the carbanion on the benzyne should yi\é?k%“«

benzocyclobutene 52 upon protonation of the resulting anion. The product
dithiane could then be hydrolysed to a ketone and, in principle, reduced to
yield the desired 2-arylbenzocyciobutenol. The attempt was unsuccessful,
_yielding only an uncharacterizable mixture of products. One possible rea-
son for the failure of this approach may be ﬁ]‘at benzyne formation from 49
preceeded formé.tion of the dithiane anion, thereby eliminating the potential

for the desired intramolecular benzyne trapping.

4.3 First Successful Synthesis of a 2-Arylbenzocyclo-
butenol

In view of the difficulties encountered in the previous attempts to synthesize
2-arylbenzocyclobutenols, we decided to try a longer but safer route to these

compounds. It has been known for some time that the intramolecular attack

26



of a carbanion, such as an enolate, on a benzyne is a synthetically useful
method for the construction of the benzocyclobutane ring.{24] The benzyne-
enolate intermediates have been generated most commonly by deprotonation
and dehydro_ha.logenation of a bromoarylester, using a strong base such as

sodium amide in liquid ammonia. The method had been used before but

Ar

—%< '——<O

Br

only when Ar=H. There was however no reason to expect that a simple Ar
»

group would have an adverse effect on the cyclization. It was anticipated

that the carboalkoxy group could be converted to the required -hydroxyl via

oxidative decarboxylation.

The successful synthesis of 2-arylbenzocyclobutenol 44 using the above
methodology is illustrated in Scheme 4.1.[25] The route has been published in
preliminary form [25] using a slightly different method (than that of Scheme
:1.1) to prepare the ester §7. The reason for presenting a different method
for the preparation of 57 in Scheme 4.1 is due to reproducibility problems
with our previously published method.

Shortly after our publication, Jung and coworkers published a variation

;fjur approach with the major differences being the method of constructing

equivalent of ester 57 (they used the respective nitrile) and L}%c use of LDA

L 27 <

Ar
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Scheme 4.1: Synthesis of 2-Arylbenzocyclobutenol 44.{25]



in THF to generate the key benzyne intermediate.[26] The overall yield. of
44 via the two procedures was not substantially different.

Ketone 53, previously prepared in three steps from piperonal in 60%
overall yield [19], was reacted with lithioacetonitrile in THF at -78°C to give
alcohol 54, mp 171-172°C in 97% yield. The alcohol was characterized by
infrared bands at 3300-3600 and 2257 cm™! due to the alcoho! and nitrile
groups. The proton nmr contains two doublets(J=16Hz) at 3.33 and 3.40
ppm due to the two hydrogens a to the nitrile, in addition to the expected
aromatic and methylenedioxy peaks. The two «a protons are diastereotopic
due to the adjacent chiral centre.

Acid catalyzed dehydration of 54 y‘ielded a 1:1 mixture of E dnd 7 alkenes
55a aqd 55b in 99% yield. The alkenes were characterized by an infrared
band at 2248 cm™!, due to the nitrile group. The p;oton nmr spectra of
the two isomers are as follows: 55a §(ppm) 3.79(;,(;}{,), 3.86(s, 3H), 5.89(s,
lH)3 6.06(s, 2H), 6.47(s, 2H), 6.76(s, 1H}, 7.10ts, 1H). 55h 3.81(s, 6),
3.88(s, 3H), 5.44(s, 1H), 6.04(s, 2H), 6.70(s, 1H), 6.71(s, 2H), 7.04(s, 1H).

.The stereochemistry of the isomers was assigned on the basis of the proton
chemical shift differences in the bromoaryl rings. The E isomer should hav-c
greater deshie]d'mg in the bromoaryl ring than the Z isomer due to .thc fact
that tra.nsla.tio’:of electron withdrawing effects are greater through E sub-
stituents than Z substituents on alkenes. The chemical shift differences of
the trimethoxyaryl ring protons obey the same reasoning. |

Dissolving metal reduction of the alkene mixture $5a and 55b, using
magnesium in methanol/THF, yielded the saturated nitrile 56, mp 157°C in

7

91% yicld. Nitrile 56 was characterized by an infrared band at 2248 cm™!
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'57 was characterized by an infrared band at 1734 cin”

due to the nitrile.grc-uup, and its..proton nmr spectrum which contained (in
addition to the expected aromatic and methylenedioxy peaks) a doublet at
2.95 ppm (J=7.4Hz, 2H) and a triplet at 4.75 ppm (J=7.4 Hz, 1H) due to
the nitrile a hydrogens a.na-the benzylic hydrogen.

The conditions for the magnesium in met-l;;nol reduction were critical.
Reduction of the aryl bromide resulted when the reaction temperature was
above -36°C. The cosolvent THF was required to increase the solubility of

the compounds in the reaction mixture.

Acid catalyzed ethanolysis of the nitrile moiety followed by hydrolysis
~

‘of the resulting imino ester yielded ester 57 mp 113°, in 93% yield. Ester

' and its proton nmr

which is similar to that of nitrile 56 except for the addition of a triplet at
1.13 ppm {J=7.2 Hz, 3H) and,a quartet at 4.05 ppm (J=7.2 Hz, 2H) due to
the ethoxy group. : .

Reaction of bromoarylester 57 with sodium amide (4 equivalents) in lig-
uid ammonia, at -78°C for 10 minutes, yielded a 1:1 mixture of trans and efs
benzocyclobutene esters 58a and 58b in 42% yield. The benzocyclobutene
esters were characterized by infrared bands at 1730 cm™! for 58a and 1725
cm™! for 58b. The two isomers were distinguished on the basis of their pro-

ton ninr spectra. In addition to the expected aryl, methylenedioxy and ester

signals, isomer 58a has two doublets at 3.88 and 4.65 ppm (J=2.1 Hz, 1H

each), due to the ester a and dibenzylic protons. The 2.1 Hz coupling indi-
cated 58a has trans stereochemistry. Isomer 58b has a similar proton nmr
spectrum except that the two protons on the benzocyclobutene ring at 4.46

and 4.83 ppm have a coupling of 5.7 Hz, which indicates eis stereochemistry.

30



The reaction also gave a cfysta.lline byproduct whith was determined to

have structure 58¢, mp 212:213°C, in 11% yield. The bfproduct 58¢ was

58¢c
characterized by infrared bands at 3420 and 1680 cm™' due to the amide
group,‘a.s well as proton nmr signals at § 2.80(dd, J=16.0, 8.8 Hz, 1H),
2.87(dd, J=16.0, 6.6 Hz, 1H) and 4.09(dd, J=8.8, 6.6 Hz, 1H) due to the
secondary and tertiary hydrogens respectively. '
Formation of 58¢ was presumably via nucléo_i)hi]lic addition of amide ion

to the benzyne followed by ring closure to form an amide.

The cyclization reaction was very fast, even at -78°C, aad it was im-

portant to quench'the reaction very shortly after completion in order to
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maximize the yield. Optimum yields were obtained with four equivalents
of sodium amide. The use of three equivalents or less, t:wo are required
stoichiometrically, resulted in recovery of some starting material. The ben-
zocycloButene esters were found to be very labile; extensive decomposition.
occurred by leaving them open on the bench for a few days.

Saponification of the mix.ture of esters 58a and 58b at 25°C using KOH
in DMSO-water was accompanied by isomerization and afforded the trans
acid 59 mp 145°, in 85% yield. The infra.i;ed spectrum of 59 contains bands
at 2500-3500, 1700 and 1730 ‘cm™! characteristic of a carboxylic acid. The
proton nmr spectrum of 59 was similar to the trans ester 58a without the
ethoxy signals. The two benzocyclobute-ne ring protons produce two doublets
at 3.93 and 4.67 ppm having a coupling of 1.9 Hz, characteristic of the trans
stereochemistry., '

Oxidative decarboxylation of 59 using lead tetraacetate in THF-acetic
acid at 17-20°C afforded the benzocyclobuty! acetate 60 mp 134-135°C, in
76% yield. This compound was characterized by an infrared band at 1735
cm™! and a 3H singlet at 2.12 ppm (3H) due to the acetate group as well as
two doublets at 4.38 and 5.45 pPpm fJ =1.8 Hz, 1H each) due to the diben-
zylic hydrogen and the hydrogen a to the acetoxy group in its proton nmr
spectrum. The 1.8 Hz c¢oupling between the two hydrogens indicates a trans
relationship about the cyclobutane ring. The proton nmr spectrum of 6Q is
shown m‘Fxgure 4.2. _
Careful control of the temperature was required and it was important

to use only one equivalent of lead tetraacetate. Large amounts of a com-

pow\nd containing an acetate group on the methylenedioxy bridge §1 were

|
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produced, if the temperature was too high or excess lead tetraacetate was

used. Compound 61 was characterized by its proton nmr which showed a

OAc

. ‘
10
0 - ”“

61

sccond acetate peak at 2.1 ppm as well as a singlet at 7.7 ppm (1 H), due to
the remaining m.e_t.hylenedioxy proton, in place of the usual methylenedioxy
signals at 5.93 and 5.96 ppm. - N

Deprotection of the acetate 60 to give the alcohol 44 was accomplished by
acid catalyied methanolysis, using HCI generated by the rea.cti.on of acetyl
chloride with methanol as catalyst. Conversion of 60 to 44 required 5h at
-10°C and was performed in a mixture of methanol-methylene chloride, in
which 60 was sufficiently soluble.

The alcohol 44 was characterized by an infrared band at’3200-3510 ¢cm™!
due to the hydroxyl grc')up. The proton nmr showed, singlets at 4.77(1H),
4.17(1H), 6.71(1H), 6.84(1H), 6.40(2H), 3.80(6H), 3.82(3H) and two dou-
blets at 5.93(J=2.0, 1H) and 5.96(J=2.0, 1H) due to H1, H2, H3, H4, the
aryl ring, the methoxy groups on the aryl ring and the two methylenedioxy

-

protons, respectively (see structure for numbering).  The fact that the
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two benzocyclobutene ring protons H1 and H2 are singlets, or doublets with
.couplings too small to be detected, indicatcs; that the trans stereochemistry
was retained in the acetate methanolysis.. A shift of the a aceloxy hydrogen'
signal from 5.45 ppm in acetate 60 to 4.77 ppm in alcohol 44, as well as the
absence of the acetate peak at 2.12 ppm, verified the removal of the acet -ﬁe
group. A broad proton nmr sig.nal with variable chemical shift (1H), w ‘ich
overlapped the 4.77 ppm signal in the spectrﬁ'lm reported, was due to the
hydroxy! group in 44. Other proton nmr spectra of 44 .havc the OH signal
at a different location.

The alcohol 44 was fouﬁd to be extremely labile. If the methanolysis
reaction was performed at temperatures above 0° or if basic conditions were
used for the methanolysis (e.g. potassium carbonate in me.thanol], parti\al or

complete conversion to aldehyde 62' resulted. Even short periods of standing

in a neutral solution at 25°C or concentration of solutions of 44 resulted in

1Aldehyde 62 has been previously reported.|19]
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the formation of considerable a.mount;s of aldehyd;a 62.

The ready conversion of 44 to 62 was easily monitored by nmr {(probe
temperature = 30°C). Over a 5. minute period the amount of alcohol to
aldehyde conversion was noted to be about 10%.

.Due to the extremely labile character of benzocyclobutenol 44, the workup
of the methanolysis reaction was carried out at 0°C and the solvent was
not corﬁpletely removed. Residual methanol was removed by several partial
evapora.t';ons of a carbon ‘tetra.chloride 'solution, via rotary evaporator, at
temperatures between 0 and 25°C. Due to its instabilify, the alcohol 44 was
stored in the form of the more stable acetate 60. This compound can be
stored for long periods of time in the freezer.

The extreme lability of the 2-arylbenzocyclobutenol 44 relative to benzo-
cyclobutenol itself was unexpected and may explain why other workers had

such difficulty in their attempts to prepare it.[19,20]

a

The mechanism of conversion of alcohol 44 to aldehyde 62 was assumed
to be via thermal elect-rocyclic ring opening of the benzocyclobutene ring

to yield o-quinodimethane 63, followed by 1,5-sigmatropic rearangement to
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give aldehyde 62. The reason for the alcohol’s instability is somewhat ‘un-
certain but can be explained as being due to a number of factors. Benzocy-

- clobutenol 64 produces the respective aldehyde 65 when heated or subjected

' ' OH Aﬁ CHO

or base

rd

to strong base.[17] Thus compound 64 undergoes the same process but under
much more severe conditions. The 2-aryl group is therefore responsible for
lowering the activation energy of the process described above. If the rate‘
determining step is assumed to be the ring opening, then the effect of the

2-aryl group might be explained as follows:

1. An increased strzy'n in the benzocyclobutene ring, due to the position~_

~

d 37



L

e
. | »

of the 2-aryl group, thus raising the energy of starting material.

2. Againin co\njugation of the.;[ system and the 2-aryl group upon ring
opening of the benzocyclobutene ring to form o-quinodimethane 63,

thus lowering the energy of 63. ;

The two factors would be expected. to‘lower the activation energy of the
ring opening and therefore make the conversion of alcohol 44 to aldehyde 62
more facile. The mechanism by which basic conditions increase the rate of
aldehyde formation is assumed to be via ‘formation of the.alkoxide, which
undergoes the ring opening reaction to give the o-quinodimethane more eas-
ily t1ha.n the alcohol. This rate enhancement upon formation of an alkoxide
is.‘ kﬁpwn with other electrocyclic processes as well, the anionic oxy-Cope
rea.ra.nge:;lént being a well known example.[27] The alkaxide efféct has been
explained as being due to a stabilizati:)n of the alkoxide in the transition
state, by delocalization which is not present in the starting alkoxide, thus*
lowering thf activation energy due to a greater increase in the eﬁergy ofvthe

starting material than the transition state.[28] S
o
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Chapter 5

Synthesis of (£)-Podophyllotoxin Via
2-Arylbenzocyclobutenol 44 -

[t was noted in Chapter 4 that the 2-arylbenzocyclobutenol 44 was needed
in order to prepare the o-quinodimethane precursor 41, required for the
proposed Diels-Alder based podophyllotoxin synthesis. In Chapter 4 the

first synthesis of 44 was presented and its extreme lability was noted.

5.1 Coupling of Benzocyclobuteno! 44 With a Crotyl
Moiety '

T

w.-Lhe very labile character of 44, esi)ecially toward mildly basic conditions, A

dictated that the connection between 44 and a crotonic ester to prepare
41 be made under essentially neutral conditions. It removed the possibility
of using a carbonate (X-Y = COO, as proposed by jung [20]) or a mixed
acetal (X-Y = CH,O, used by Glinski and Durst [19]) since the preparation
of mixed acetals or mixed carbonates generally requires basic catalysis.

An attempt was made to couplé the benzocyclobutengl A to a chloromethyl
ether, using silver ion as catalyst, in order to prepare (L]'le mixed acetal B,

but the yield was low and the results uncertain.
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‘ Is%nates are kn.own to couplé with alcohols under neutral conditions
émd the reaction may be catalyzed by use of catalysts such as triphenyltin
acetﬁte.[ZQ] Thus it was deéided to connect 44 to the required trens-crotyl
ester moiety using a urethane function (X-Y = CONH). A second advantage

of the urethane connecting group was the expected cyclic urcthane 32 (the
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product of the anticipated Diels-Alder reaction) should be hydrolyzable to
amino acid 66, which upon ciiazotization would be expected produce the
required lactone. The diazotization of a similar amino acid had been pre-
viously used to generate the lactone ring in epipodophyllotoxin 17 by Vyas
and Doyle of Bristol-Myers (16].

Thus methyl trans-aminocrotonate hydrochloride 67' was reacted with
phosgene in refluxing chlorobenzene to yield isocyanate 68 bp 65°C (0.075

mm) in 57% yield. Isocyanate 68 showed the characteristic isocyanate and

+ - . ~
. NI O NEO
| - .
[L coct, IL
Co.Me  PhCI A ~Co Me
7 2
67 66, 57

ester bands at 2257 and 1725 c¢m™!; its proton nmr displayed absorptions at
§{ppm} 3.74 (s, 3H), 4.13 (dd, J=4.3, 2.1 Hz, 21), 6.10(dt, J=15.4, 2.1 Hz,
1H), 6.88(dt, J=15.4, 4.3 Hz, 1K)} o

Coupling of 68 and benzocyclobutenol 44, using triphenyltin acetate as
catalyst in methylene chloride at 0-25°C, yielded urethane 69 as white nee-

dles, mp 141-142°C in 47% yield.

167 was prepared in 5;1% yield by reaction of 4-bromocrotonic acid with excess ammonia
followed by esterification with HCl in methanol, according to the methods of Pinza and
Brehm.{30]
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Due to the labile character of benzocyclobutenol 44, it was necessary

‘to ensure the coupling reaction be very fast and at a temperature below

25°C. To fulfill this requirement it was necessary to evaporate the reaction
mixture to a viscous oil in order to increase the concentration of the reactants
and thus obtain a reasonable reaction raté. Under these conditions of high
concentration the reaction was complete almost ii:;sta,nta.neously. At lower
concentrﬁtions the reaction was very slow, thus allowing extensive conversion

of 44 to the aldehyde 62.

Urethane 69 was characterized by infrared}aﬁds at 3340 and 1720 cm™!
due to the NH, urethane and ester carbonyls respectively. The proton nmr
spectrum of 69 showed, in addition to the usual aromatic and methylene-
dioxy signals, two doublets at 4.36 and 5.47 ppm (J=0.6 Hz, 1H each) due to
the two benzocyclobutene ring protons, a singlet at 3.72 ppm (3H, OCH;), 2
multiplet at 4.00 ppm (2H, NHCH;), a broad signal at 4.90 ppm (1H, NH},
a double triplet at 5.96 ppm (J==15.9, 1.9 Hz, 1H, =CHCO,CHj;), and a sec-
ond double triplet at 6.92 ppm (J=15.9, 4i6Hz, 1H, -CH=CHCO,CHaj). The

observed signals characteristic of the crotylimoiety verify that the coupling
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reaction took place, while the 15.9 Hz coupling between the vinyl protons
indicated the double bond had retained the required E stercochemistry.”The
e "3

very small 0.6 Hz coupling between the benzocyclobutene ring protons de-

fines their trans stereochemical relationship.
5.2 Thermolysis of Benzocyclobutene 69

Thermolysis of benzocyclobutene 69 in nitromethane at 90°C for 5h, yielded
a 3:1 ratio of trans and cts fused intramolecular Diels-Alder products 70
and 71 as detgrmined by proton nmr of the crude mixture. Separation of
the two isomers was achieved via fracti;mal recrystallization from methanol
followed by PTLC of the mother liquor to yield 70 as colorless cubes m[;

‘__272"0 and 71 as white needles mp 234°C in 82% total yield. The trans

0
Q/U\NH
ot
69
TSCoaMe
Rr‘. l‘:\-l
iy /]

3:1 (82% total) !
. Diels-Alder product 70 was characterized by infrared bands at 3385, 1735
and 1712 cm™! due to the NH, ester and urethane groups. The c¢is Diels-
Alder product 71 was characterized by iﬁfrared bands at 3300, 3400 and
1700-1740 cm™! due to the NH, ester and urethane groups. The proton

nmr of 70 and 71 are shown, in Figures 5.1 and 5.2, and the signals assigned,

43



0L jo wnijdadg YN U001 :1'¢ aindig

| - _

s
I

:

44




TZ jo wn1yddg YN U00ld T'g adn3 g

2 > ¢ b S (mdd)g 9 !
1 _ I _
R O ¥ e o I S S
T L %\(9,_ ! a ! * _,
. ! - |
M \\.\\lﬁ _ -

45



Chemical Shifts

(ppm)

Compound | H1 H2 H3 H4 H11  HIl!

70 4.44 3.03 2.64 5.05 3.03 3,74

71 4.14 3.21 2.58 5.28 3.12 3.64

Coupling Constants (Hz)

Compound 4 Jy > Jp 3 J3.4 93011 YJ3.110 d11-110 di1-wd d11v-nd
70 6.0 12(?) 9.9 12(?) - 12(?) 0 -
71 11.5 11.8 2.7 4.0 5.0 12.5 0 0

Figure 5.3: Assignment of Signals in Proton NMR of 70 and 71
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in Figure 5.3. ‘The stereochemical assignment of 70 and 71 was made on the
ba.s;ls of the vicinal coupling constants between H1 and H2, and between
\and ‘H4. The spectrum of 7Q showed cbuplings of 6.0 and 9.9 Hz for
and H3-H4 respectively, consistent with ¢18-1,2 and trans-3,4 stereochdémical
rela.tio-nships. In contrast, 71 showed couplings of 11.5 and 2.7 Hz for H1-
H2 and H3-H4 respectively, indicating trans-1,2 and c¢is-3,4 stereochemical
relationships.

Thus the benzocyclobutene derivative 69 u @nt the expected ring
opening followed by an intramolecula.r'DieIs—Aldj reaction to give the two
possible products 70 and 71. The trans fused product 7Q contained the same
relative stereochemistry as podophyllotoxin 1, namely ¢is-1,2, trans-2,3 and
trans-3,4. The cis fused product 7] contained the relative stereochemistry of
epiisopodophyllotaxin 42 [19], namely trans-1,2 and trans-2,3, and cis-3,4. It
was encouraging to find that 70 (which was the desired isomer) was also the
major prodyct, however greater stereoselectivity would definitely have been
an asset. Further studies (to be discussed later) indicated that the stereo-
selectivity could be influenced by external factors such as the solvent. In
particular, polar solvents increased the amount of the desired trans product

and also the reaction rate, hence the use of nitromethane in this case, Thus

the moderate selectivity in this initial trial was not a great disadvantage.

5.3 Conversion of Diels-Alder Product 70 to Podo-
phyllotoxin

With Diels-Alder product 70 in hand, which has the correct relative stereo-

chemistry o}f,the—four chiral centres in podophyllotoxin, all that was required
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to complete the synthesis was hydrolysis of the ester and urethane func-

tions followed by diazotization of the resultant ~-amino acid to produce the

~-lactone. - /\

5.3.1 Basic Hydrolysis of Ester and Urethane in One Pot

Hydrolysis of both the ester and urethane functions was accomplished by
refluxing 70 in aqueous lithium hydroxide. The resulting solution was treated

with acetic acid and sodium nitrite. Extraction of the reaction mixture with

‘ethyl acetate and chromatography of the crude product yielded a white solid

with the same TLC R; (0.5, hexane-ethyl acetate = 1:3) as podophyllotoxin.

Proton nmr revealed however th_i}t the white solid com&nte‘d of a 1:1 mixture

. of picro and podophyllotoxin. Both the proton nmr and infrared spectra

of the mixture were identical to those of the authent{\'coﬁlpounds. More
careful examination by TLC using a different solvent system also revealed
that two compounds with the same Rys as picro and podophyllotaxin were
present (methylene chloride—aceton;a = T:1, podo Ry == 0.40, picro R; =
0.45).

It was therefore concluded that epimerization of thg stereochemistry at
C2, which had been so carefully established by the Diels Alder, competed
with the hydrolysis of the methyl est;'."‘ This could only have occurred by
deprotonation at \C2 to -give the ester enolate, followed by protonation to
yield the C2 epimer 72. Subsequent hydrolysis then converted 70 ;.nd 72 to
i;heir respective carboxylates 70a And 10b. Further hydrolysis of the urethane
functions in 10; and ]_O_h to yield their respective amino acids followed by

diazotization, yielded a mixture of podo and picropodophyllotoxin. The

48

y

——



1:1 mixture appeared to be kinetic rather than thermodynamic due to the
fact that milder conditions, such as aqueous lithium hydroxide in THF at
25°C prior to refluxing, produced almost exclusively picropodophyllotoxin.

Thus the previous 1:1 mixture represented a kinetic competition between .

<

0 0 0
A, A, A
0 OH~ 0 0
< 2 CTOUY, ¢
0 “‘COZME 0 ~=C 0 COZNQ
= z l =
H Y] OMe T I
20 - M 72
\OH' ’ o’
0 ' 0
g/lKuu J 97 T
0 _ “‘COZ- » 0 - 02
708 A / 722 Ar
Ok OH
0 ~ ‘ 0 ~
<0 41,2 .<O
= l\ ¢ - \
- 0 = 0
l Ar _3- f\r .
v - \
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the ester epimerization and hydrolysis, not simply an cquilibrium. between
70 and 72. This unwant;d behavior was totally unexpected, particularly
because the carbocuthoxy group in 70 is in an equatorial position whi;:h would
normally be more stable than the axial position. Thus it seemed unlikely
| that the observed epimerization of 70 to 72 should occuT. The most likely
expla.na.tioﬁ for the observed result was that the axially locked aryl group
in 70 has significant steric interaction with the cis-carbomethoxy group,

epimerization at C2 to give 72 relieves this interaction.

5.3.2 Avoiding the C2 Epimerization Problem

The epimerization problem encountered with basic hydrolysis of the ester
function in 70 could in principle be avoided by one of several methods. Three

such methods are as follows:
1. Hydrolysis of the ester prior to the Diels-Alder reaction.
2. “Hydrolysis” of the ester in 70 by a non basic method.

3. Use of an ester other t methyl whichﬁqld be easily removed by a

—

50 | r/
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The use of an ester other than methyl would require either preparation of
isocyanate 68 with another ester group or conversion of the methyl ester in
69 to. another ester. The former method would not‘ be pra.ct_ical because the
method used to prepare the isocyanate would likely be incompatible with any
special ester (particularly those which are acid sensitive). The conversion of

the methyl estTi\"ﬁ_Q—tp“&nother ester would likely require two more steps

and was therefdre undesirable. _

Il
t

The mo? attractive method found in the literature for'no-n-ba.sic removal
of methyl esters was halogenolysis using lithium iodide in refluxing DMF,[31]
the mechanism Being nucleophilic attack by iodide ion on the methyl group
with the assistance of lithium ion- acting as an electrophile to activate the
ester. Although the yields were reported to be good, the conditions seemed
rather severe (DMF, Lil, 153°C), and thus this method was not carefully
considered as our first method of choice. The method was however used
‘later with great success, in the preparation of an analog of podophyllotoxin,

will be discussed in detail in Chapter 7.

ft was found that the methyl ester in 69 could be hydrolyzed aelectivelx
without hydrolysis of the urethane using aqueous lithium hydroxide in THF
. at 25°C. Thus acid €93 mp 106-108°C was obtained in 86% yield from 69.
Acid 69a was characterized by infrared bands at 2900-3400 and 1690-1720

,
“ar
25°¢C 69a,

it —

86%



P

S

cm™? due to the carboxylic acid and urethane groups. The proton nmr of
69a was almost identical to the parent ester 69 except for very small chemical
shift variations and the absence of a methyl ester signal.

_« Thus it was found that the methyl ester in §_Q clould be easily hydrolyzed
prior to the Diels-Alder reaction. Aésuming that the presence of the car-
boxylic aci;l would have no adverse effect on the thermolysis reaction, the
expected “tric}c!ic” acid 70a should unde;go basic hydrolysis of the urethane
function to yield 66 without epimerization at C2.

Thermolysis of 69a in nitromethane at 90°C for 5h yielded the trans

and cts fuse_d acids 70a and 7la in a 5:1 ratio, as determined by 300 Mliz

- ‘proton nmr examination of the crude reaction mixture after treatment with

diazomethane. The ratia was based on the integr:’ztion of the carbomethoxy
signals. The acids were characterized by conversion to their methyl esters
using diazomethane. The methy! esters thus obtained were identical to those
obtained upon thermolysis of 69 (ie. 70 and 71). The total yield of methyl

esters 70 and 71 from 69a was 60%:

0 0
Q)KNH Q/LKNH
CH,NO, .0 0 o
63 ~{ + (
90°C, 5h 0 “1C0 Me 0 CO,Me
. Ar Ar
» 70a - 5:1 (60% total) 1a
. Thus the thermolysis reaction.of acid ﬂ)_a; produced a total yield of *tri- .

cyclic” pegduct slightly less than thermolysis of the respective. methyl ester
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69 but with higher stereoselectivity!

Hydrolysis of the crude mixture .of acids 70a and 71a in refluxing aqueous
lithium hydroxide followed by tl;eatment with sodium nitrite, while bufler-
ing the solution to pH4 using KH,POy, yielded (z)-podophyllotoxin 1 mp
236-237°C in 23% yield from the methyl.ester 69. The proton nmr and in-
frared spectra of the product obtained are identical to those of authentic

podophyllotoxin. The mp of {3)-podophyllotoxin has not been reported. -

o 0
LiOHlaq) ~ ;” HNO, 0 ~
702 —— - \ 3 ..< )
100°¢C 0 Uren- 0 “al
= *% z %
Ar
66
’ MeD OMe
OMe

—

The proton nmr of t;he crude product showed no signals due to picro-
podophyilotoxin. | -

The mixture of acids 70a and 71a was u‘sed without purification or sep-
aration due to the low solubility of the acids in common%i’ga.nic sol_vent.g.
The product expected from the c'ia fused acid 7 ;i., epiisopodophyllotoxin
42 previously prepared by Glinski and Durst [19], was not observed in the _

proton nmr of the crude product. This observation was somewhat difficult
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42 epiisopodophyllotoxin

to explain, other than some unexpected sid¢ reaction had occurred, such as

one resulting from trappiné the diazoniurh salt by the cn’H-hydro:Eyllgroup
to give an oxetane carboxylic acid.

Thus (+)-podophyllotoxin has been synthesized in six steps from trans-
2-(3,4,5-trimethoxyphenyl)-4,5-(methylenedioxy)benzocyclobutyl acetate 60
in 11%, nonoptimized, yield. The route has been published in preliminary

form.[32]



Chapter 6

Preparation of Podophyllot;oxin Analogs

A

~

In Chapter 1 attention was drawn to the need for. a method capable of
producing podophyllotoxin'analogs with various types of substitution on
rings B and E In Chapters 4 and 5, a synthesis of (+)-podophyllotoxin was
described in which the four chiral centres were eata.blishe& directly by use of
a highly stereospecific Diels-Alder reaction.

In order to demonstrate the generality of the synthesis, with respect to
the preparation of podophyllotoxin analogs with various substitution on the
aryl rings, two analogs were prepared. The first analog 73 contained the same

substitution as podophyllotoxin on the B ring, but the E ring was replaced

OH - OH
; = Z
<0 = ’”’{ = ":,\X
 Ph pp O
73 74

55



‘by a phenyl group. The second derivative 74 contaired no functionality on

cither of rings B and E.
.6.1 Preparation of Benzocyclobutenols

In order to prepare the two podophyllotoxin derivatives 73 and 74, we re-

quired access to the benzocyclobutenols 75 and 76. . R

ot o

’ %

“p , P

I~
jn

76

6.1.1 Synthesis of trans-2-Phenyl Benzocyclobutenol 756

The benzocyclobutenol 75 was prepared following the methodology used for
the preparation of 44. The synthesis has been published in preliminary form
[25] and is illustrated in Scheme 6.1.

The actual method used to prepare the o-bromoarylester 82, shown in
Scheme 6.1, was slightly shorter than the route presented in Scheme 4.1
for the preparation of the analogous compound.57. A similar route to that
shown in Scheme 6.1 was used for the preparation of 57 and has also been
reportéd in the same preliminary publication.[25] The 1,4-conjugate adfiition
step introducing the 3,4,5-trimethoxyaryl group was however, not found to

be consistently reproduc ible, thus\.}< method is not reported in this thesis.
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._CHO C02Et ' - PhMgB v
- —Lﬁ
< 3
Bk’”/_/“—\—
Et0,C CO,Et Co,H
e OH™ ' cton, n'
<° Ph ‘ <0 Ph ’
0 Br C O AN 0 Br
79 81, 611 (from 78)
' Co,Et
NaNH,, Ni, Ll KOH{aq),
< < O 1, NMSO
Co, Lt
82, 9gv (trans), 36 ;
_8_3dt37(c1s)
Ph Pb(DAC) phr‘CU/MC'UH‘ Ph
<0 O THF/Ac0H< O e <0 O
———pa
O - s ',/ 0 ’I
COZH OAc ‘OH
85, 80% 86, 807 75

Scheme 6.1: Synthesis of 2-Phenylbenzocyclobutenol 75.(25]
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Condensation of 6-bromopiperonal 77 and diethyl malonate in refluxing
toluene using piperjmium benzoate as catalyst, yielded the a, f-unsaturated

diester 78 mp 50-52°C in 74% yield. The infrared spectrum contains bands

at 1724, 1629, 1617 and 1599 cm ™}, characteristic of the unsaturated diester.

The proton nmr contains the usual aromatic and methylenedioxy signals as
well as a éing]et at 7.90 ppm due to the vinyl proton and signals character-
istic of the two carboethoxy groups (two 3H triplets é.t 1.26 and 1.35 ppm
(J=7.4 Hz) and two quartets at 4.28 and 4.29 ppm (J=7.4 Hz)).

Addition of phenylmagnesi_u.f-n bromide to the unsaturated diester 78 in
cther-benzene at -78 ;(.0 0°C, afforded the Michael adduct 79 as a yellow oil
in_quantitative yield. The crude product was used without purification in
the preparation of 81. The Michael adduct 79 was characterized by infrared
bands at 1753 and 1734 cm~! due to the ester groups and its proton nmr,
which contained a 5H multiplet found at 6 =7.1to 7.3 pprﬁ due to the phenyl
group and two 1H doublets at 4.21 and 5.26 ppm (J=13.2 Hz) assigned to
the two adjacent methine hydrogens.'

The cru:i.e diester was saponified to the diacid 80, which was not purified
or characterized. Thermal decarboxylation of 80 in refluxing toluene for 1
day, gave the monoacid 81 mp 190-192°C in 61% yield from 79. The acid
81 was characterized by infrared bands at 2500-3600 and 1709 cm™! due to
the carboxylic acid group. The proton nmr spectrum included (in addition
to the usual aromatic and methylenedioxy signals) two doublets at 3.00 and
3.01 ppm (J=8.6 Hz, 1H each) and a tri;)]et at 4.98 ppm (J=8.6 Hz, 1H}, due
to the two hydrogens a to the carboxylic acid and the_benzylic hydrogen,

respectively.
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Acid catalyzed esterification of the acid 81 with ethanol provided the
ethyl ester 82 in 98% yield as a pale yellow oil. .The ester showed the char-
acteristic ester band at 1732 cm™! in the infrared and its proton nmr was
similar to the acid 81 except for the addition of a triplet at 1.12 ppm (J=7
Hz, 3H) and a quartet at 4.04 ppm (J==7 Hz, 2H), due to the ethoxy group.

Thus the required o-bromoester 82 was prepared in 4 isolation steps (5
chemical steps), without chromatography, in 44% overall yield from bro-
mopiperonal. This is in contrast to the method used in Scheme 4.1.for the
preparation of 57 (6 steps, 73% overall yield). The method used for the
preparation of 82 had a lower yield but poséesses the adva.nll.age of two fewer
isolation steps and is better suited for large scale preparations.

The conversion of 82 to the required benzocyclobutenol 75 was performed
using the same method, with almost identical conditions, as that used in the
preparation of 44 in Scheme 4.1. The yields obtained in the conversion of
82 t'o 75 were also similar to those obtained in the preparation of 44.

Thus treatment of the bromoarylester 82 with sodium amide (four equiv-
alents) in liquid ammonia gave 36% of a 1:1 mixture of trans and eis ben-
zocyclobutene esters 83a and 83b. IR: 1729 cm™!. Proton NMR: & trans
3.89(d, J=2.3 Hz, 1H), 4.73(d, J=2.3 Hz, 1H). cis 4.49(d, J=5.8 Hz, 111,
4.91(d, J=5.8 Hz, 1H).

A similar byproduct to that obtained in. the cyclization of 57 was also
obtained. The é lactam 84 mp 204-205°C was formed in 20% yieid. IR:
3340, 1673 cm~!. Proton NMR: § 2.63(dd, J=16.0, 5.7 Hz, 1H), 2.80(dd,
J=16.0, 6.5 Hz, 1H), 4.19(t, J=6.1 Hz, 1H).
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Saponification ‘of the mixture of esters 83a and 83b (KOH, DMSO-water)
was accompanicd, as before, by isomerization to produce the trans acid 85
mp 140°C {dec) as white crystals in 80% yield. IR: 2500-3600, 1709 cm™".
Proton NMR: é 3.93(d, J=2.6 Hz, 1H), 4.75(d, J=2.6 Hz, 1H).

Oxidative decarboxylation of 85 with lead tetraacetate in THF-acetic
acid yielded 54% of the acetate 86 mp 83-84°C as colorless cubes. Due fo
incomplete crystallization from the mother liquor, the actual yield was likely
about 80%. IR: 1740 cm™!. Proton NMR: 6 2.12(s, 3H), 4.46(s, 1H), 5.45(s,
1H). The proton nmr spectrum of 86 is shown in figure 6.1.

Deprotection of the acetate 86 using acetyl chloride in methanol at*0°C
for 3h, using a similar workup to that of 44 produced a carbon tetrachloride
solution of 75. IR: 3100-3600 cm™". Proton NMR: 6 2.30(d, J=7.7 Hz, OH),
4.25(s, 1H), 4.80(d,. I=17.7 Hz, 1H), 5.93(s, 2H), 6.70(s, 1H), 6.83(s, 1H),

7.1-7.3{aromatics, 5H).
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The benzocyclobutenol 75 was found to be similar to 44 in that it was
: ' 8
also very labile, yielding the aldehyde 87 upon heating or%eatment with

0 CHo

S

Ph
87

bage. Thus, as in the case of 44, the alcohol 75 was stored in the form of its

more stable acetate.
6.1.2 Preparation of Benzocyclobutenol 76

Charlton and Alauddin {33] recently reported that thermolysis of the sulfone
88 in refluxing toluene, in the presence of zinc oxide, produced trans2-
phenylbenzocyclobuty! acetate 89 in 76% yield. Upon repeating the reaction,

we found the zinc oxide was not necessary.

!Proton NMR of 87: § 4.34(s, 2H), 6.02(s, 2H), 6.64(s, 1H), 7.1-7.3{aromatics, 5H),
7.33(s, 1H), 10.13(s, 1H).

OAc
DAc

PhCH3, Znt
o = (O

rJ
A ”,

Ph
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The sulfone 88 had been prcviouély prepared by Charlton? in our laboratory.|34]
Photoenolization of o-benzylbenzaldehyde 90 produced the intermediate o-
quinodimethane 91, which was trapped by sulfur dioxide to yield the hydroxy

sulfone 92 as a 1:1 mixture of ¢is and trans isomers in 67% yield:

. B oM |
L
CHO hy ~ 50,
e
. X
Ph ~ Ph
a0 91 -
OH
Ac20
50, -— 88, 49

Acetylation of the alcohol mixture 92 with acetic anhydride produced
a 3:2 mixtfire of ¢is and trans acetates, from which the cis isomer 88 was
isolated by Yractional crystallization in 49% yield. It was found that the
trans isomer could be isomﬁerized to reestablish the 3:2 mixture of cis to
trans. by treatment with a%base such as triethylamine. Recrystallization in
the presence of triethyl amine produced complete conversion of the trans to
¢18 isomers.

Removal of the acetate group in 89 to yield trans-2-phenylbenzocyclobutenol

2¥Visiting professor from University of Manitoba.
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76 was performed as before, using acetyl chloride in methanol at -5°C for
sh. IR: 3300-3500 cm™!. Proton NMR: § 4.10(s, 1H), 4.96(s, br,2H), 7.0-
7.6{aromatics, 9H).

This benzocyclobutenol too was found to be very labile, producing the
aldchyde 90 upon heating or treatment with base. It was therefore stored in

the form of its more stable acetate.

6.2 Preparation of Podophyllotoxin Analogs from Ben-

zocyclobutenols 75 and 76

The podophyllotoxin analogs 73 and 74 were prepared from the respective
benzocyclobutenols 75 and 76 following the methods described for the con-
version of 44 to (+)-podophyliotoxin in Chapter 5. The synthesis@'}_& and
74 are outlined in Scheme 6.2. )

. The alcohol 75 and isocyanate 68 were coupled using triphenyltin acetate

as catalyst, under similar conditions to those described in Chapter 5 (0-

25°C, slow evaporation), yielding 50% of urethane 93 mp 110-111°C as white

needles from the acetate 86. IR: 3300-3460, 1723 cm™!. Proton NMR: §
3.72(53 3H), 4.01(m, 211), 4.44(s, 1H), 4.9(br, NH), 5.46(s, 1H}, 5.96(dt.
J=16, 1.9 Hz, 1H), 6.92(dt, J=16, 5 Hz, 1H).

Coupling of the alcohol 76 to isocyanate 68 using the same conditions,
afforded the urethane 94 mp 93-94°C, as white needles in 43% yield. IR:
3340, 1700-1730 cm~'. Proton NMR: § 3.73(s, 3H), 4.03(m, 2H), 4.64(s,
1H), 4.93(m, NH), 5.67(d, 1.4 Hz, 1H), 5.97(dt, J=16.0, 2.0 Hz, 1H), 6.93(dt,
J=16.0, 4.9 Hz, 1H).

The proton nmr spectra of 93 and 94 are shown in Figures 6.2 and 6.3.



[+
R = H 93a, 94a, 95a, 96a, 97a, 98a
’ 0
-0 ' o)'k
X toes X ' N Clt NO
O Ph.SnOA O \,\’Cé?R T
¢ . 1, SN0 A . —
' Th 3 o “py
PV = 0@}[2(}; 15 : 93(50%) ' Lion{aq) 93a(96.) | B5-90Y1, 4h
-1 .. ————— - S (P
X o= H: 76 94(431) THF, 25°C | 94a(99%) | 101°C, 24n
0
- >
X]@Ov\‘ LinH(aq)
+ . - . ey e -
X ~Co,p 100}"(:
' ‘ﬂ}: :
"\-‘%fl’h ?
95 (2:1. 787 total) 96
95a {(4:1, 607 total) 96a
97 (2:2, 76% total) 98
97a (2:1, 40% total) 98a
© QH OH
= ! X - o~ M)
NH, \ NH, 2
-+ —_———
"f - x -
- co, p o,
Ph Ph
g9 100 73 {15% from 93}
101 102 74 (87 from 94)

Scheme 6.2: Preparation of Podophyllotoxin Analogs 73 and 74.
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Selective hydrolysis of the methyl esters in 93 and 94 using aqueous
lithium hydroxide in THF at 25°C, afforded the acids 93a and 94a in 96%
and >99% crude yield. Recrystallization from methylene chloride-héxane
produced white needles, mp 156-157°C and 130-131°C. Both acids showed a
broad absorption in the 2400-3600 region due to the carboxylic acid groups.
Their‘ nmr spectra were very similar to those of the correspolnding methyl
esters with the ester peak near § = 3.7 being a‘bsent.

Thermol%(sis of the acid 93a in nitrorﬁethane for 4h at 85-90°C yi:alded a
4:1 mixtureof the trans and cis fused acids’95a and 96a, as characterized by
proton nmr a;lalysis of the crude methyl esters obtained froh diazomethane
treatment of the crude acid mixture. The trans and cis methyl esters; 95
white needles mﬁ 300-302°C and 96 white needles mp 230-231°C were ob-
tained in 50 and 10% yief_lds_ respectively. IR: 95 3300-3500, 1715 cm™1.
96 3300-3600, 1700-1750 cm~". Proton NMR:'95 6 4.51(d, J=5.9 Hz, 1H),
5.07(d, J=10.2-Hz, 1H). 96 4.22(d-,\.]=11.5 Hz, 1H), 5.29(d, J=2.2 Hz, 1H).

- The acid 94a was heated in refluxing nitromethane (101°C) for 1 day.
Treatment with diitzomethane aflorded a 2:1 mixture of the trans andieis
ljused tricyclic methyl esters. The trans ester 87 mp 260°C wa,sl,i}:'so]a.ted%.in
27% yield as white needles. IR: 342.0, 1728, 1706 cm™!. Proton NMR: é
4.65(d, J=5.8 H, 1H), 5.18(d, J=10.2 Hz, 1H). The cis ester 98 mp 169-
170°C was produced in 13% yield as white needles‘. iR: 3260, 1714 cm™!.
Proton NMR: § 4.34(d, J=11.2 Hz, 1H), 5.40"‘(d, J=2.5 Hz, 1H).

The proton nmr of 95, 96, 97 and 98 are reprbduced in Figurjs 6.:1, 6.5;

6.6 and 67 The signals are assigned in Figure 6.8.

. b
The crude mixture of acids 95a and 96a, prepared by thermolysis of crude
' +

«
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XX = 06H,0: 95 96

>
n
X
O
-t
[E=)
el

Chemical Shifts {ppm)

Compound | H1 H2 H3 H4 1l HI11'®
95 4.51 3.05 2.63 5.07 3.02 3.7{
96 §.22 3.23 2.61 5.29 3.12 J.68

l

.65 3.10 2.70 5.18 3.06 3.75

\No)
~d
LY

(Vo]
oo
Y

.34 3.29 2.66 5.40 3.15 3.70

Coupling Constants (Hz)

Compound 1Jy _,  Jdp 3 J3q daiyy o oo aroen i
95 5.9 12.1 10.2 11.0 5.4  11.0 0 5.4
96 11,5 11.5 2.8 4.3 4.8  12.6 1.4 0
97 5.9 10.9 10.2 10.9 5.2  10.9 0 5.2
98 11.7  11.7 2.5 4 4.9 12.7 2 0

Figure 6.8: Assignment of Signals in Proton NMR of 95, 96, 97 and 98.
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93a, was refluxed in aqueous lithium hydroxide for 0.5h to hydrolyze the ure-
thane function. The amino acids 99 and ]00 thus produced were diazotized
using sodium nitrite at pH4. The yield podophyliotoxin analog 73, obtained
as white plates mp 247-248°C, frofn 93 was 15% after chromatography and
recryst.allization. from methylene chloride-hexane. The hydroxy-lactone 73
was characterized by infrared bands at 3400 and 1760 cm™! due to the al-
cohol and '7-lact<;ne respectively. Podophyllotoxin has similar alcohol and
lactone bands in the infrared. The proton nmr spectrum of 73 is similar to
that of podophyllotoxin except for small chemical shift differences as well as
the absence of the signals due to the trimethoxy aryl ring in exchange for
the phenyl group signals.

Similar hydrolysis conditions converted the crude mixture of acids 97a
and 98a, prepared by refluxing crude 93a in nitromethane, to the amino
acids 101 and 102. Diazotization, as before, produced 74 mp 226-227°C as
white plates, in 8% yield from 94. IR: 3420, 1756 cm~!. The proton nmr
was once again similar to podophyllotoxin except for the expected changes
due to the absence of the functionality in the aryl rings.

The proton nmr spectra of 73 and 74 and podophyllotoxin are reproduced
in Figures 6.9, 6.10 and 6.11, the signals a.re. assigned in Figure 6.12.

The most noticable trend in the chemical shift diﬂ‘erencés between 73 and
podophyllotoxin was a small downfield trend of the signals due to the pro-
tons nearest the pendant aryl ring. Specifically H1(4.63 ppm) and H2(2.86)
in 73 were downshifted by 0.05 and 0.04 ppm relative to the respective podo-~
phyllotoxin proltons. This downfield trend was expected because the electron

donating effect of the trimethoxyaryl ring (in podophyllotoxin) would not
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XX=0CH20,

Chemical Shifts (ppm)

XX=OCH20, Ar=Ph: 7

XgH, Ar=Pﬁ: 7

(#%)

I

=

!\r=§,4.,5—1.r‘imethoxypheny]: 1 podophyllotoxin

L

!

Compound | Hl H2 M3 H4 H11 H11'
1 4.58~"2.82 2.77 4.76 4.08 -4.60
73 463 2.86 2.76 4.76  4.08  4.57
74 4.77  2.89 2.85 4.88 4.11  4.60
Coupling Constants {Hz) ,
~
Compound | d; » 5 3 334 J3.11 Y331 dniaan
1 4.9 14 9.0 9.5 6.8 9.4
73 4.8 14.3 9.2 9.4 7.1 9.2
74 4.3 14.2 8.8 10.0 6.5 9.7

Figure 6.12: Assignment

phyllotoxin.

¥
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of Signals in the Proton NMR of 73, 74 and Podo-
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o
be present in the compound where the E ring is a phenyl group. A similar

1+ nd was noted by comparison of the synthetic intermediates involved in

e preparation of the two compot;nds.
\[‘he proton NMR of analog 74 obeys similar reasoning to that of 71:‘)
the absence of tile methylenedioxy group producing the expected downficld
shilts of the protons nearest the aromatic rings. In particular, H 1(4.77- ppm},
112(2.89), H3(2.85) and H4{4.88) were downfifld relative to timir r_espcétive
) podo protons by‘O.lig., 6.07, 0.08,' and 0.19 ppm. )

In the synthesis .ab podophyllotoxin analog 73 the overall yield ’.from
as (15%) wasl not signiﬁcant?y different from that obtained in the (4)-
podophyllotoxin synthesis of Chapter 5-(23%). The yi.cld reported in Chap- _ _
ter 5 was based on a very small scale synthesis, yieldiné only 2 mg, and may -
have considerable uncertainty. A similar small scale synthesis of 73 had a
yield of 26%. ' /

The yield of 8%% in the synthesis of 74 was, hO\:’CVCI', significantly lower
than that obtained with 1 and 73. The factor responsible for this low yield
was the thermolysis reacti-on.'of% in which the yicld of the required Lx:icycllic'.
acid, isolated as its methy] ester, was only 27%. The yields of lhc analogous ’
rcactions, producing 70 anc‘l..9_5_, were 62 and 50%_respcctisvely. v

Thermolysis of 94a required a higher temperature (101°C) and a much
longer reaction time (:1 day) than the same ‘rea,cticpﬂ‘or 693 and 93a ('90".0,
5h). The more severe conditions, in the presence of the c'arboxylic'acid group,
were thought to be responsible for unwanted side reactions such hydrolysis of

_the urethane f'unct.ion. Similar conditions using the methyl ester 84 produced.

L3
ia,

97 in a more acceptable 56% yield.
|

|
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An alterpative higher yield method for the preparation of 74, involving

thermolysis of the methyl ester 94, is described in Chapter 7.

6.3 Conversion of Podophyllotoxin Analogs to Picro-
| podophyllotoxin Analogs

e
e

It "was noted in Chapter 1 tha?tl; mild base treatment of podophyllotoxifn_
converts the strained trans fused lactone ring to the more stable cis fuged .
picropodophyllotoxin. In order to establish that the podephyllotoxin analogs |
described here h;:sfre similar characteristics, they were converted to their re-
spective picro forms under the same conditions. \;.

Thus the podo analogs 73 and 74 were treated with aqueous sodium

acetate in refluxing ethanol, to yicld their rcspec:tive picro analogs 103 mp

\ i A
185-186°C and 104 mp 148-‘149"0 both as white cotton-like crystals. \{~R:

(Y3
_QH QH'
- 0 p
$,
. = = 0
2" Ph frh
) 103 iaa

+ —_—

103 3430, 1763 cm™}. 104 34?50, 1760 cm™!. The proton nmr spectra were
similar to picropodophyliotoxin apart from t};e expected changes due to the
variation in aryl rifig substitution. Simjlar reasoning to that used in the case
of the podo analogs also applies in the comparison of the respective picro

analog’s proton nmr spectra to picro.

80



The spectra of 103, 104 and picropodo;ﬁlyllotoxin are shown in Figures
: }

6.13, 6,14, and 6.15, their proton assignments are given Figure 6.16.

A
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XX=)CH20, Ar=243,4-trimethoxyphenyl: 1 picropodophyllotoxin

—
<
Lot

XX=0CH, @, fr=ph:

X¥=H, Ar=Ph: 1

f=
Py

Chemical Shifts (ppm) -

. e @
;cOmﬁound Eul 112 13 14 11 il
3 4.10  3.22 273 4.48  4.50 4.41
103 g 4.20  3.25 2.74  4.50 47 3.40

? 04 421 328 2.73 4.60% 4.5 4.43 .

~

Coupling Constants {Hz)

- : ! ) ,
compound | 9y Jpo3 3.4 31 Y3oane Yd1ioan
3 5.1 9.7 7 2.1 6.1 9.6
103 [5.0 9.3 7.8 2.4 6.1 9.6
104 |6.2 9.5 7.4 2.0 6.4 9.6

Figure 6.16: Proton NMR Assignments for 103, 104 and Picropodophyllo—
toxin.
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.Chg'pter 7 -

C A

Variatiens in Methodology of Analog Synthesis

| A viable synthesis of (:t)-podophyllotoxin was presented in Chapteré 4 and
5..In Chapter 6, mmx\r mcthodology was emp]oyed for pr(-pdmtmn of the
two podophyllotm in dﬂdIO{,b 73 and 74 The synthmls produfod analog 73 in
acceptable yield, but 74 was obtained with only half the yield of the others.
The yield of the thermolysis reaction of the acid 94a was reduced, possibly

because the reaction conditions were more severe than those necessary for

]

thermolysis of the analogous compounds containing substituted aryl rings.:

Thermolysis of the methyl ester 94 was found to produce the required tri-

cyclic methyl ester 97 with a much more acccptab]c yield. Thus if conversion

of thc methyl ester to its acid could be CE].I'I']Ld’ out under nonbasic condi-
- %

tions, which would not cause eplmenzahon al !32 (Chapter 5), thermolysis

of the methyl ester 94 could be uléed in the place of the acid 9_4;_1

7.1 TUse of Lithium Jodide in DMF for Non-basic
Cleavage of the Methyl Ester

In Chapter 5a metl'tod was discussed b;icﬁy in whi;h methy! esters could be

cleaved by the use of lithium iodide innrcfluxirlg DMPF. The high temperature
l .

(153°C) required-was thought to be undesirable and the method was not

/ .
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attempted. In view of the possible yield a.dva.ntage to be gained by using
such a method in the sy'nthcsi:s of 74, this route was carefully examined for
cunverblon of the mcthyl’ ester 97 to its acid 97a Reﬂuxin.g the solution,
using mmilar condltlons to those descrlbed in the literature, was foiind to
require long reaction times and resulted i in extensive thermal decomposition.

| Because the conditions given in the literature for_this reaction were con-
sidered to be rather severe (reﬂuxmg DMF, 153°C), an attempt was made to
carry out the demethylation at a lower temperature. It was noted in Cl;ap-

ter 5 that the mechanism of the halogenolysis reaction involves nucleophilic

¢
displacement of the methyl group by"iodide to produce methy! iodide and
the lithium .carboxyla.t.e.[Bl] The re\;erse Teaction can also occur and thus
the reactants and proddcts are in equilibrium. In order to shift the equilib-
rium to the product carboxyla.fe, methods have been reported in which' the
methyl iodide is removed by addition of a nucleophile such as cyanide, or by
simply refluxing the solution to evaporate it. Cyanide ion being somewhat
basic hﬁwever, was fc;und to produce partial epime;ization at C2.

A variation, which had not been previously reported, was found to be

successful:

1. The methyl iodide was evaporated by passing nitrogen over the reac-

tion mixture to shift the equilibrium%ﬁvard the products.

2. Large amounts of lithim iodide were used -in high concentrations to

enhance both the equilibrium positon and the reaction rate.

Thus the tricyclic methyl ester 97 (80mg, 0.25mmol) and "Lil (1.2g,

9.0mmol) in 2 mL DMF was heated to 115°C for 3h while the solution was

87



: H
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. stirred vigorously with nitrogen passing ow.!r the suface. Aqueous workup
afforded crude acid 97a which was converted to the podophyllotoxin d‘crivn—
tive 74, by t;-he usual methods 6f urethane .11ydmlysi:3t and diazotization, in
55% yield. ;l‘he crude product was examigcd by proton nmr and found to
contain none of the picro analog 104.

In order to simplify the overall conversion of the bcnzocyclobt;t.enc 94 to-
the podophyllotoxin analog 74, it was postulated that the thermolysis reac-
tion could be performed in DMF instead of nitromethane, thus eliminating
the need for isé;ation of the tricyc!i_c es‘ter. Thermolysis of 94 in DMF at
110°C~for 1 day produced a 4:1 mixture of the .trans and ets fused tricyclic
esters 97 and 98, from which 97 could be isolated in 56% yield. Conversion
of the resulting mixture ‘of esters to the lactone 74, using the method de-
scribed above, afforded 74 in 35% overall yield. The method described above
is outlined’ in Scheme 7.1.

- Comparison of the overall yiéld in the method just described, for the
conv’ersioxi of 94 to 74 (35%), to that of the method described Chapter 6 (8%)
shows that a remarkable improvement was made. It was also noteworthy
that the thérmolysis reaction in DMV produced a 4:1 ratio of the trans to
cis fused isomers, whereas the same reaction of both the acid 94a and the

ester 34 in nitromethane afforded a ratio of only about 2:1.
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- 0
0L |
"\  DMF
O \’\,,cozma R
(//Ph IIOUC, 1 dﬂy
I'}'fl
) ) 0
0" NH 1. Lil, DMF
S ‘\‘I . . ].ISGC, 3h
! -
~ - +
COZHE 2 H
h Ph |
97 7 {4:1, 707 total) 98 —-
L -3
0 ]
_/lkrm B OH
~ 1. Li0H -
ico 2. HNO, _ \/
= = A
Ph Ph
273 74 (35% from 94)

Scheme 7.1: Conversion of Benzocyclobutene 94 to Lactone 74 Via
Cleavage of the Mcthyl Ester with Lil in DMF.
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7.2 Use of Sulfones as g-quinddimethane precursors

+

In Chapter 3 it was noted that the required E,E-o-quinodimethanes may also

be generated by thermal extrusion of sulfur dioxide from a ers substituted -

sulfone. Thus the sulfone 105 should, in principle, produce the same o-

quinodimé%hane as the benzocyclobutene 94.

105 L

e e

"The sulfone 105 could, in principle, be prepared from the known hydroxy-

sulfone 32 [34] by coupling it to the 1socya§nate 68 under the same conditions

as the benzocyclobutenols. If both the coupling zmd the thermolysis reac-
tions were sucessful, the lactone 74 could be prepared in 2 f;wfcr steps thay
the method previously described! That is, the need for acetylation of 92 and
the thermolysis of 88 would be eliminated. '

Thus a solution of the hydroxy-sulfone 92, isocyanate ﬁ_& and triphenyltin
acetate in methylene chloride was evaporated to a viscous oil at 25°C. Ex-

amination of the reaction mixture with IR and proton nmr revealed only

starting materials, The solution was diluted with methylene chloride and
— . 1{}

reevaporated several times over a 2 day period, after which IR indicated the



p—

’

absence of an isocyan& band at I2257 cm™!, Purification on silica (hexane-
ethyl a.c’etaté = 2:1) afforded 105 in 52% yield as a pale yellow foam. The IR
of 105 shows bands at 3300-3550, 1745 and 1723 cm™! due to the urethane
and ester hro_ﬁps. Proton nmr spectroscopy produced signals at § 3.72(s,
3H), 4.07(m, 2H), 5.17(m, NH), 6.00(dt, J=15.8, 1.7 Hz, 1H) and 6.92(dt,
J=15.8, 4.9 Hz,1H) due tc: i‘.he‘ methylcrotyl inoiety; and two 1H singlets at
5.55 and 6.67 ppm due to the two benzylic hydrogens. The fact that only

two benzylic proton signals were produced indicated that the produc(was

_ likely one isomer. The relatwe stereochemistry of the two substituents on

the cyclic sulfone ring could not be assigned on the basis of.the spectroscopic
dats.

OH NCO
PhasnOAc
S0, — - 105, 52%
Ph . 25°C, 2 days
92 68

|
l

The coupling reaction was much slower with the hydroxy-sulfone (2 days),
tha.n i.n the case of the respective benzocyclobutenol (minutes). This marked

dnﬂ'erence was attributed to a reduced nucleopluhty of thﬂ']ydroocyl group
i

- due to the electron withdrawing effect of the sulfone

The assignment of relative atereochemiati'y about the cyclic sulfone was

\ - N .
made on the basis of the geometry of the product_ob;ai/ned up:)n thermoly-

5
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sis. The thermolysis was carried out in DMF at 110 to 120°C for 3d. Nitro-

- gen-was continuously passed through the reaction mixture to purge sulfur -

‘dioxide and prevent it from retrapping the intcrmedintcto-quinodinwtlmncf .

Evaporation of the DMF f{ollowed by chromatography and recrystallization

afforded in 29% yield a solif@wwhich was identical in every respect to the

. tricyclic urethane 97.

OMF

— 1

110-120° ¢,
3 days

The fact that only the required tricyclic product was produced indicated
that the E,E—q—quinodimethane intermediate ﬁad resulted upon thermal sul-
fur dioxide éxti‘us’i:)*n- from the sulfone 105. Since the cheleotropic elimination
of sulfur dioxide is suprafacial,[35] the two substituents on the sulfone ring
in 105 must be e¢1s. -

The above two step conversion of the sulfone 92 to the tricyclic intermedi-
ate used in the synthesis of the podo‘p)k_lxllotoxin analog 74 thus represents a
shorter approach than via the benzocyclobutenes. The entire synthesis from
the: commercially available o-benzylbenzaldehyde only involves 3 isolation or
6 chemical steps with 6% overall yield. If the respective aldehydes required

for synthesis of other podophyllotoxin derivatives were easily oﬁaincd, this

92



method would be much shorter than the previously discussed synthe:e;r via
the benzocyclobutenols. |
Attempts to perform the thermolysis of sulfone 105 larger scale were less
rewarding. Yields \dropped tt) less than 10% when gram ammounts of 105
were thermolysed. The cause of this difficulty was most likely the inabil-
ity, with the a.vaila_a.l)‘lﬂe_ apparatus, to erffectively remove the sulfur dioxide.
Retrapping of the intermediate o-quinodimethane with sulfur dioxide thus
competed with the Diels-Alder rea;:tion, thereby effectivly lowering the re-
action rate and producing extensive thermal decomposion of thé reactants

due to the longer reaction time required.

—

The simple appartaus used for passing mtrogen through thewsfution,

a small tube below the surface, could in princi replaced by a more

effective system, thus poesib]x eliminating the froblem associated with use

of a larger acale.

7.3 An Attempt at Asymmetric Induction usmg a
Chiral Bridging Moiety

!
+
!

Charlton and co-workers have reported that o-quinodimethanes, contain-(\
' \

ing a chiral alkoxy group at Cl, showed significant diastereoseiecivity upon

intermolecular Diels-Alder reaction with dienophiles.[36] For e;ca‘.s@le, %

g
sulfone 106, when heated in the presence of dimethylfumarate, afforded the
two diastereomers 107a and 107b in a 83:17 ratio. Removal of the chiral
auxialiary and reduction produced the lignan (4)-isolariciresinol dimethyl

ether in 83% optical purity.[37] N
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107b 30% dimethyl ether

This methodoelogy could, in principle, be extended to our intramolecular
system g; use of a chiral bridging group. One\:su‘c‘h system was considered,
the sulfone 108,4n which a mandeloyl 'm—t'ﬂ:aty was used as the bridging group.
Thermolysis of 108 should produce the o-quinodimethane 109, which ‘is ex-
pgcted to undergo an intramolecular Diels-Alder reaction, to yield theXour

. possible products due to exo and endo addition of the dienophile to either

face of the diene: 110a, 110b, 110c and 110d. If both the stereoselectivity

-

of endo over exo addition (the case of the system previously used for the
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poxdophyllot.oxin synthesis) as well as the 7 face selectivity {observed in the
systems of Charltonr) were to occur, the isomer with both correct relative
and ébso]ute st%rem:hemjstry could be produced stereoselectively.

Reaction of an alcohol with the hydroxy-sulfone 92 in the presence of
an acid catalyst has been found, by Charlton and Durst {34], to yield the

ethers 112 predominantly as the ¢is isomers. Thus the same sulfone should,



ROH { (” N <

/ H N \

in principle, react with the alcohol 113 to produce the required ether 108
(Scheme 7.2). )

Hydrolysis of the isomer 110a should yield the diacid 114, Oxidative

decarboxylation of acids with lead tetraacetate is known to be accelerated
by cation stabilizing groups.! Treatment of the diacid-}14 with lead tetraac-
etate should selectively decarboxylate the mandelic acid group and afford
the acetate 115. Finally, hydrosysis of the acetate and lactonization would
yield the podophyllotoxin derivative 74 as a single enantiomer,

Methyl trans-4-bromocrotonate 116 and ( #:)-maridelic acid 117 were cou-

pled under phase transfer conditions to yield the hydroxy ester 113 mp 64-

65°C, as fine white needles in 32% yield. The infrared spectrum showed the

expected alcohol band at 3450 cm™?, and two ester bands at 1743 and 1716
cm~!. Proton NMR: § 3.38(br, OH), 3.71(s, 3H, CHj), 4.80(m, 2H, CH,),
5.23(s, 1H, CH), 5.77(dt, J=15.8, 2.0 Hz, 1H, =CHCO-), 6.84(dt, J=15.8,
4.6 Hz, 1H, CH,CH=), 7.3-7.5(aromatics, 5H).

!The mechanism involves formation of a carbocation, on the carbon from which the
carboxy! was removed, as the rate determining step.
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Scheme 7.2: Proposed Asymmetric Induction.
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The hydroxy-sulfone 92 and alcohol 113 were coupled using borontrifiluo-
ride etherate as catalyst to yield the ether 108 as a mixture of diastereomers
in 43% yield. The infrared spectrum showed two ester bands as 1753 and

1725 cm™! as well as bands at 1318 and 1176 cm~! due to the sulfone.' The

proton nmr indicated the presence of at least 3 diastczreomers in about equal

amounts: 3 sets of signals siix:}ilar to the alcohol 113, but with slightly differ-
ent chemi‘cal shifts; a 3H multiplet at 5.66-5.98 ppm due to the two benzylic
and one vinyl proton, a 14H multiplet at 7.1-7.6 ppm characteristic of the 3
aryl groups.

The reaction could in principle produce four diastereomers of 108, two
¢ss and two trans. The fact that 3 isomers of 108 were produced indicates
that at least one cis isqmer was produced. If two cis isomers were present
then both would yiéld the same o-quinodimethane:

The mixture of diastereomers 108 was heated in refluxing, toluene for 5h
while nitrogen was bubbled through the aotution. Chromatography produced
no characterizable products. ,

The failure of the reaction to produce the éxpected prodt;cts was at-
tributed to the fact that formation of a seven membered ring, as in the
expected product 110a, is not as entropically favorablevas is the formation of
a six membered ring, which was successful in the other systems such as 105,
The intramolecular Diels-Alder reaction desired may ha.vl‘f encountered com-
petion from other reactions, such as dimerization of the o-quinodimethane
and other intermolecular Diels-Alder reactions.

In the previous chapters is was noted that polar solvents such as DMF

produced more efficient thermolysis reactions than less polar solvents such

-

98
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as toluene.  Further efforts to thermolyse 108 in more polar solvents may

prove fruitful. | |
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Cha\pter 8

Factors Effecting the Ratio of Exo to Endo Products
and Rate in Intramolecular Diels-Alder Reactions

8.1 Influences on Product Ratio

It was noted in the previous chapters that the ratio of endo to exo addition
of the crotyl moiety to the o-quinodimthane in the intramolecular Diels-
Alder reactions was influenced by several factors.: In Table 8.1, results of the
various systems examined are combiled. Endo addition, in which the ester
moiety is over the diene, is usually prefered in intermolecular systems. ,Exo

addition is usually not prefered in the absence of steric effects.[39).

2
. O |
ROOC 1 ~N
&
endo

| exo products was

From Table 8.1 it is seen that the ratio of-endo
directly rélated,mh

vent polarity and the polarity of the crotyl

100



101

¢ (:): TH
X X ~ \\\‘
O " X
Ar \ = i
-. g:-*_
Ar Ar
4 )
endo exo .
Compound | R XX Ar Solvent {Temp{ C) |[Time {Endo:Exo [Yield
{endo,t)
69 ‘Me OCHZO 3,4,5-tri- CH3N02 101 1.5h 3:1 62
‘methoxyphenyl . ,
69a H " ! " 90 - 5h 5:1 50
69a H " " H,0/ 100 “1h |210:1 36
dioxane
= 95§:1]
(=) " " H,0 aQ gh |>»10:1 35
—_— —_— Ar-w--
93 Me |0CH,0 pheny? cyclo-| &l 2d 1:4 -
hexane |
" " . " PhCH3 110 10h 1:1 -
" " " " CH3N02€ 86 ! 4h 2:1 47
|
" " " " MeOH i 65 } 1d 2.5:1 -
93a W " CHyNO, 85-90  4n | 4:1 50
94 Me H pheny]l PhQH3 90-100 5d 1:1 -
" " " " CH3N02 101 1d 1.5:1 151 o,
" " . " DMF 110 1d 4:1 56
4a H " " CH3N02 101 &d 2:1 27
' A
Table 8.1: E,DA) RM&MOUS Systems
i '
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derivative. Thus solvents such as nitromethane, DMF, methanol'ar_rd'water
produced the highest ratios of endo to exo/i)roducts. Use of the cart;oxylic
acid in place of the respective methyl ester also plri;duced a higher endo
to exo ratio. The effect of using the respective carboxyla.te was even more
p\ronounced, affording complete sterecapecificity. The yield of the required -
pfoduct was often reduced, however, by use of solvents such as water, pos-
sibly because of the very limited solubility of the compounds in water, and
thus solvents such as nitromethane and DMF were found most useful.

. In general [ Folvent effects are not found to be important in Diels-Alder
reactions, with the exception of a few isolated examples. A similar solvent
effect, to that observed in our systems, has been reported by Berson in
intermolecular Diels-Alder systems.[39]. For example, méthyl crotonate in
decalin at 30°C reacted with cyclopentadiene to afford a 52:48 ratio of endo
to exo products, while the same reaction in nitromethane produced 3-5 41
ratio, Other solvents such as acetic acid ﬁorded a 70:30 ratio. DMF was
intermediate between decalin and nitromethane (56:44).

Berson suggested that the transition state for endo-a;dditionha.s a greater
dipole moment than that of the exo. Thus polar sovents would stabilize the
endo transition state more than the exo.

The solvent effects observed in our systems were somewhat larger than
thoese observed by Berson but may arisé for fimjla.r reasons.

The carboxylic acids displayed a greater preference for the endo products

than their esters. The reason for this difference is not easily explained.
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8.2 Factors Effecting the'Thermolysis Reaction Rate

It is obvious from the data in Table 8.1 that the rate of formation of i:he
“tricyclic” products was gpnsidera.bly faster in the more polar solvénts. The
rate determining step is ;;resumably thermai ring opéning‘ of the benzocy-
clobutene ring. Thus the polar solvents must be lowering the activation
energy of ring opening by raising the énérgy of the starting material or sta-
billizing the transition state. The reason for this solvent effect on the stability
of the benzocyclobutene or the o-quinodimethane is not well understood.
Attention should be drawn to the fact that the methylenedioxy group in
ring B also produced a large rate enhancement in the reaction, 69 and 93

required 5h at 90°C in nitromethane while 94 required 1 day at 101°C. The

reason for the large effect of the methylenedioxy group on the reaction rate-

can be atiributed to its electron donating ability. This electron donating ef-
fect decpeases the energy of the product (o—quinodiz.neiha.ne) more than that
of the/starting material. Delocalization of the oxygen lone pairs into the
o-quil?ddimetha.ne would result in a net stabilization, whereas delocalization
into the aryl ring of the benzocyclobutene would result in little stabilization
as it would destroy the aromaticity. Because the o-quinodimethane is ex-
pected to be similar in energy to the transition state, the activation energy

of the reaction would thus be reduced by the presence of the methylenedioxy

group. .
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In Chapters 1 and 2 theﬂmed for a general synthesis of podophyllotoxin
was‘éstablished, by wh‘ich analogs could be prepared. A éirect synthesis of
poddphyllotoxin was propomad,l in Chapter 3, where the four chiral centres
would be generated by an intra.molecul;r Diels-Alder reaction.

A highly stereoselective synthesis of (+)-podophyllotoxin was developed
and is described in Chapters 4 and 5. The correct relative stereochemistry of
.th«_a four chiral centres in podophyllotaxin was produced via an intramolec-
ular Diels-Alder reaction involvfng an o-quinodimethane, generated by the
ring opening of a trans-2-arylbenzocyclobutenol derivative. The sylltfhesis
of the previoﬁaly unknown rans-2-arylbenzocyclobutenol intermediate was

also described.

Using similar methodology, to that used for the preparation of (£)-

podophyllotoxin, two analogs were prepared. It was found that several
changes were possible, in the analog synthesis, which resulted in fewer steps
as well as increasediyields. The changes involved in the analog synthesis
include use of a ﬁﬁone in place of the benzocyclobutenol for generation of
the o-quinodimethane and cleavage of a methyl ester using lithium iodide in
DMF, in place of saponification prior to the Diels-Alder reaction.

The stereoselectivity, of the Diels-Alder reaction, was found to be depen-
l%ent on factors such as the solvent and die.ﬁophile ca.rboxyl’ic‘ acid derivative.
Use of polar solvents such as DMF and nitromethane was found to afford the
highest yields of the required products. The polar solvents slso gave higher
' reaction rates, in the thermolysis reactions), than less polar solvents such as

toluene,

Appr tely 300 mg of each podophyllotoxin analog was eventually
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produced. These will be forwarded to Bristol-Myers for conversion into their =7

Fioposide analogs and biological screening! - .

[
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General

The usual workup involved extraction with the specified solventy washing

.

the organic extracts with water then saturated sodium chloride, dry¥hg the

organic solution with magnesium sulfate and evaporating the solvents on a

i

rotary evaporator. !

Tetr;xhydrqfuran was distilled over sodium-benzophenone under a nitro-
gen atrnosphefe immediately prior t3 use. Diisopropyl amine and DMF were
distilled from calcium hydrxde under nitrogen. Acetonitrile was distilled over
phosphorous pentoxide under a nitrogen atmosphere. All ot.her solvents or
reagents were distilled or of reagent grade quality.

‘Colu chror".rla.tography was accomplished' using Baker 60-200 mesh sil-
"Tc‘; as the adsorbant. Thin layer chromatography was performed on Mercl:&
60F 254 and Kie;;elgel 60 F-254 precoated silica plates of 0.25 mm thickness.

Melting points were determined usingMnkamp digital melting point
apparatus and are uncorrected. Infrared spectra were obtained using a
Perkin Elmer 783 spectrophotometer. Absorptions are noted as strong (s),
medium (m), weak (w) or broadened (br). Mass Sp(?étl’i!. were recorded on
an AEIMS 9025 instrument. The peak intensities are given as a % of the
base peak intensity. Proton NMR spectra were taken in deuterochloroform,
unless otherﬁisé‘noted; using a Varian XL-300 300 MHz spectrometer. The
chemical shifts are relative to the internal ?%.ndard tetramethylsilane. The
coupling patterns are noted as singlet (s){ doublet. (d), triplet (t}, quartet
(q), doublet of doublets {dd), doublet of triplets (dt), broadened (br} or

multiplet {m).
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Chapter 9

(£)-Podophyllotoxin

9.1 Benzocyclobutenol 44 | .-

9.1.1 Preparation of 54

n-BuLi (14.5 mL, 41.0 mmol) was added to diisopropyl amine (6.8 mL, 48.2
mmol) in 170 mL THF at -78°C. After 20 minutes acetonitrile (2.20 mL, 42.1
mmol) was added. After an additional 10 minutes, ketone 40 [19] (13.5g, 34.2
mmol} in 125 mL THF was added over a 10 minute period. The reaction
mixture was stirred for a further 10 minutes then quenched with saturated
ammonium chloride. The usual extractive wofkup followed‘ by recrystalliza-

tion from ether-methylene chloride yielded 54 (14.5g, 97%) as white crystals.
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C1oH,;sBrNOg 436.26

MP 171-172°C.

IR (neat) vm,.(cm™') 3300-3600(m), 2257(w).
MS m/e(%) 437(15), 435(14), 229(96), 227(100).

'H NMR. 6(ppm) 3.33(d, J=16.0 Hz, 1H), 3.40(d, J=16.0 Hz, 1H), 3.44(s,
1H, br, OH), 3.77(s, 6H), 3.83(s, 3H), 6.05(d, J=1.5 Hz, 1H), 6.06(d,
J=1.5 Hz, 1H), 6.48(s, 2H), 7.01(s, 1H), 7.33(s, 1H).

Analysis Calcd. for C1oH;sBrNOg: C, 52.31; H, 4.16. Found: C, 52.35; H,
4.31. |

9.1.2 Preparation of 55a and 55b

A solution of 54 (14.0g, 33.5 mmol) and toluenesulfonic acid monohydrate -
(1.0g) in 250 mL benzene was refluxed for 40 minutes. The solution was
cooled, washed with saturated NaHCOy solution, H;0, saturz;.ted NaCl solt;-
tion, dried over MgSO, and evap—ora.ted to )‘ri:éld a mixture of 55a and 55b
(13.3g, 99%) as a cream colored solid.

Recrystallization from ether yielded 553 (9.2g, 68%) as colourless needles.
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CN

OMe

Br OMe

OMe

CioH,BriNOg 418.24

5a

(]

‘"MP 159-161°C.
IR (neat) vmec(cm™') 2219 (w).
MS m/e(%) 419(18), 417(18), 307(100).

'H NMR. §(ppm) 3.79(s, GH), 3.86(s, 3H), 5.89(s, 111}, 6.06(s, 2H), 6.47(s,

2H), 6.76(s, 1H), 7.10(s, LH).

Analysis Calcd. for C,oH;sBrNOg: C, 54.56; H, 3.86. Found: C, 54.94; H,

4.13.
55b
IR (neat) vy, (cm™') 2219 (w).

MS m/e(%) 419(18), 417(18), 307(100).
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'H NMR §(ppm) 3.81(s, 611), 3.88(s, 3H}, 5.44(s, 11}, 6.04(s, 211).&0@,
. 1H), 6.71(s, 21), 7.04(s, 111}). .

9.1.3 Preparation of 59

Magnesium turnings (8.0g, 329 mmol) ir; 100 mL of methanol were activated
with a few crystals of iodine at 25°C until H; was rapidly evolved. The
mixture was then cooled to -36°C and a solution of 55a and 55b (13.2g,' 31.4
mmol) in 150 mL THF was added.

The reaction mixture was stirred for 2 hours at -36°C, then pourcd 'into
200 mL 10% HCL Extrac:ive workup (ether) followed by recrystallization

from cther-methylene chloride afforded 56 {12.0g, 91%) as colourless prisms.

\

N
CN
s~
OMe
0
OMe

.
C19H13 bl'N05 420.26
MP 157°C.
IR (neat) vmg(cm™) 2248(w). [\\
%

MS m/e(%) 421(47), 419(47), 381(19), 379(19), 300(100).
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'H NMR 6 (ppm) 2.95(d, J=7.4 Hz, 2H), 3.82(s, 3H), 3.83(s, GH), 4.75(t,

J:==7.4 Hz, 1H), 5.96(s, 2H), 6.45(s, 2H}, G.Gl(s,?lli), 7.03(s, 1H).

- ;
Analysis Caled. for CoH13BrNOj,: C, 54.30; H, 4.32. Found: C, 5&.08; H,

4.32.
9.1.4 Preparation of 57

A suspension of 56 (11.6g, 24.8 mmol) in 150 mL of ethanol Was saturated
with HCly,) at 25°C. Methylene chloride (50 mL) was added, the solution
refluxed 1 hour and allowed to stand 15hrs at 25°C. The solution was evapo-
rated to 100 mL and diluted with 100 mL ethanol. Water (20 mL) was Etc}dcd
and the solution refluxed for 4hrs to hydrolyze the '1mi1*‘10 ester. The solution
was cooled, poured into water (500 mL) and the solid isolated by filtration.

Recrystallization from ethanol yielded 57 (12.0g, 93%) as colourless needles.

OMe

OMe

OMe

CnHzaBI‘O'] 467.31
MP 113°C.

IR(neat) vmaz(cm™!) 1734 (s).
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MS m/e(%) 468(42), 466(12), 300(62), 299(100).

'"H NMR §(ppm) 1.13(t, J= 7.2 Hz, 3H), 2.92(d, J= 8.3 Hy, 21i), 3.79(s,
| 3H), 3.80(s, 6H), 4.05(q, J=7.2 lz, 211), 4.92(t, J= 8.3 11z, 111}, 5.92(d,
J= 1.35 Hz, 1H), 5.93(d, J=1.35 Hz, 1H), 6.45(s, 21), 6.64(s, 1H),
6.99(s, 1H).

Analysis Caled. for C; Hz3BrO4: C, 53.98; I, 4.96. Found: C, 53.59; H,
4.93.

9.1.5 Preparation of 58a and 58b

-¥ )
Sodium (1.19g, 51.8mmol}), cut in small pieces was added to 200 ml of liquid

ammonia at -78°C (distilled from sodium under nitrogen). Stirring was
continued for five minutes and anhydrous ferric chloride {0.2g, 1.2mmol) was
added. The tempera.;ure was slowly raised to almost reflux and in 10 minutes
the deep blue color had disappeared, leaving a grey suspension. The solut,ior.l
was cooled to -78°C and 57 (6.00g, 12.8m l) in 40 mL THF was added,
upon which a deep wine coloured <lutxon as produced. After a further 10
minutes, ammonium chloride {20g) Was added portionwise and the ammonia
allowed to boil off. Water (200 mL) was added and the mixiure acidified with
concentrated hydrochloric acid. Extractive workup with methylene chloride
followed by chromatographic purificaton on silica (50g, hexane-ethy] acetate
= 3:1) yielded a 1:1 mixture of benzocyclobutene esters 58a and 58b (2.09g,

42%) asa pale yellow foam.
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- ' <§ sz OMe

OMe

Cg]Hng',r 386.40
58a
4
IR (neat) vpq.(cm™?) 1730(s).
MS m/e(%)¥386(22), 313(100).

'H NMR é(ppm) 1.30(t, 7.0 Hz, 3H), 3.80(s, 6H), 3.81(s, 3H), 3.88(d, 2.1
Hz, 1H), 4.22(q, 7.0 Hz, 2H), 4.65(d, 2.1 Hz, 1H), 5.90(d, 1.3 Hz, 1H),
5.94(d, 1.3 Hz, 1H), 6.49(s, 2H), 6.72(s, 1), 6.78(s, 1H).

58b

IR(neat) Vmaz(cm™!) 1725(s).

MS m/e(%) 386(22), 313(100)

'H NMR 6(ppm). 0.79(t, 7.2 Hz, 3H), 3.73(q, 7.2H, 2H), 3.77(s, 6H),
3.78(s, 3H), 4.46(d, 5.7 Hz, 1H), 4.83(d, 5.7 Hz, 1H), 5.92(d, 1.3 Hz,
1H), 5.96(d, 1.3 Hz, 1H), 6.39(s, 2H), 6.68(s, 111), 6.77(s, 1H).
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9.1.6 Preparation of 59

To a solution of 58a and 58b (1.96g, 5.47 mmol) in 3.0 mL DMSO (coeled in
a bath at 17°C), was added 3.0 ml: 50% KOH. The mixture was stirred for 1
hour, then mixed with 30 mL water and acidified at 0°C with conc HCL. The
usual extractive workup followed by recrystallization from ether/methylene

chloride yielded 59 (1.54g, 85%) as white crystals.

<0 COZH
0\ 2, OMe
OMe
OMe

CioH,30, 358.34 _ .
MP 145°C.

IR(neat) vpq(cm™!) 1700(s}, 1730{m), 2500-3500{m).

MS m/e(%) 358(93), 283(100). . —

'H NMR 6(ppm) 3.81(s, 6H), 3.82(s, 3H), 3.93(d, J= 1.9 Hz, 1H), 4.67(d,
J= 1.9 Hz, 1H), 5.91(d, J= 1.5 Hz, 1H), 5.96(d, J= 1.5 Hz, 1H), 6.48(s,
2H), 6.72(s, 1H), 6.79(s, 1H).
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9.1.7 Preparation of 60

To a solution of 59 (1.53; 4.13(@101) in 45 mL THF and 10 mL acetic acid
(cooled in a bath at 18°C), was added Pb(OAc)y (90%) {2.10g, 4.26 mmol).
The solution was stirred 1 hr, during which time a heavy \:\rhite precipitate
formed. The usual extractive workup (ether, including sat. NaHCOjg wash),
followed by purification on a silica column (20g, hexane-ethyl acetate = 3:1)

and recrystallization from ether yielded 60 (1.15g, 76%) as white crystals.

OAc

.e

0Me

")
\\

OMe
OMe

C‘_‘onOO"' 372.37

MP 134-135°C.

f
IR (neat) vpg.{cm™) 1735(s).

MS (C.L ether) m/e(%) 373(1), 313(100).

'H NMR §(ppm) 2.12(s, 3H), 3.81(s, 6H), 3.82(s, 3H), 4.38(d, J=1.8 Hz,
1H), 5.45(d, J= 1.8 Hz, 1H), 5.93(d, J= 2.0 Hz, 1H), 5.96(d, J= 2.0
Hz, 1H}, 6.45(s, 2H), 6.70(s, 1H), 6.83(s, 1H).

Analysis Caled. for CaoH205: C, 64.51; H 5.41. Found: C, 64.81; H, 5.55.
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9.3 Conversion of 60 to (:i:);Pod(;pllyllotox-:l\ll

9.2.1 Preparation of 68

A suspension of methyl trans-{4-aminocrotonate hydrochloride (2.90g; 19.2

mmol) in 100 mL chlorobenzene was refluxed for 5h with phosgene bubbling
] * . .

through. Evaporation of the chlorobenzene and distillation yielded 68 (1.59g,

57%) as a colourless liquid. -

\
\

COZMe
CeH,NO; 141.13
BP 65°C at 0.075 torr.
IR (neat) U (cm™') 2257(vs), 1725(s). /

r 2

MS m/e(%) 141(15), 100(81), 98(38), 86(100), 82(75).

—

'H NMR §(ppm) 3.74(s, 3H),4.13(dalJ\=i.3, 2.1 Hz, 2H), 6.10(dt, J=15.4,
2.1 Hz, 1H), 6.88(dt, J=15.4, 4.3 Hz, 1H).

9.2.2 Preparation of 44 and 69

A solution of 60 {168.1mg , 0.451 mmeol) in 2 mL methylene chloride was

added to 4.0 mL methanol, to which had been added 1.0 ml of acety! chlo-
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ride, at -10°(j. The reaction mixture was stirred 5 hrs at --IOQC{, thep dilut,c;i
with. 10 ml, methylene chloride, washed with water until the pl'i*-w'as neutral,
washed with saturated NaCl and dried 6vur magnesiym Su]filtﬂ..Th(! organic
extract was then diIutcdmh\carbon tetrachloride (10 mL) and evaporated
to 5 mL. The evaporation proc;cdure was then r%peatcd. The resultant solu-
tion of 44 was used for the next reaction without further manipulation. The
entire workup procedure was performed at 0°C.

To the above golution of 44 (diluted with 5 mL methylene chloride), was
added isocyanate 68 (72.1 mg, 0.511 mmol) and.triph_cnyltiq acotate (25.2
mg, 0.062 mmoi) at 0°C. The solvent was evaporated at 0°C to yield a viscous
oil which was allowed to warm to 25°C. Purification on a silica column (5gu-
methylene chloride then methylene chloride-ethyl acetate = 10:1), followed
by recrystallization from methylene chloride-hexane yielded_@ (103.'f..mg,

47%) as white needles.

0 H

SO

OMe

OMe -

— (Me
44

CsH 304 330.34
IR (neat) vy,gz(em™') 3200-3510 (m).
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'"H NMR 6(ppm) 3.80(s, 611), 3.82(s, 3H), 4.17(s, 111}, 4.77(bs, 211), 5.93(d,

J=2.0 Hz, 11), 5.96(d, J=2.0 Hz, 111}, 6:40(s, 2H), 6.71(s, 111), G.84(s,

). o
. \
. o
P S !
: 0 NH . .
0 4
< O N0, Me
0 %, OMe
7 )
/ OMe

: OMe
.\
4 /
/
CaH2sINOg 471.46

MP 141-142°C.

T e

IR (neat) vmaz(cm™!) 1720(s), 3340(m, br)
MS m/e(%) 471(58), 312(100)

'H NMR §(ppm) 3.72(s, 3H), 3.80(s, 6H), 3.81(s, 3H), 4.00(m, 2H), 4.36(d,
J= 0.6 Hz, 1H), 4.90(m, NH), 5.47(d, J= 0.6 Hz, 1H}, 5.93(d, J= 1.3
Hz, 1H), 5.95(d, J= 1.3 Hz, 1H), 5.96(dt, J= 15.9, 1.9 Hz, 1H}, 6.45(s,
2H), 6.70(s, 1H), 6.85(s, 1H), 6.92(dt, J= 1/5:9, 4.6 Hz, 1H).

9.2.3 Preparagon of 69a }

[}
»

Aqueous LiOH (2M, 0.2 ml) was added to a solution of 69 (62.2 mg, 0.132

tnmol) in 10 ml THF and-2 ml water at 25°C. A small seccond phase was

~

S
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produced. Stirring was contlnucd for 3 \tgy The TIHF was evaporated at

reduced pressure and the solution acidifi i 10% 1HCL The usual ex-

tractive workup with methylene chloride followed by recrystallization from
methy]cnc‘.chloridé-hcxane yielded 69a (52.1 mg, 86%) as a white crystalline

ey
-4

solid.
| i
0 NE
0 4
o S
0 ’//' OMG
OMe
= - _ OMe
CpaHasNOg 457,54 /

MP 106-108°C.
IR (necat) Vpgs(cm™!) 1690-1720(s}), 3310{m), 2900-3400(m).
MS m/e(%) 457(40), 312(100).

'H NMR é(ppm) 3.80(s, 6H), 3.81(s, 3H), 4.04(m, 2H)}, 4.37(s, 1H), 4.96(m,
NH), 5.48(s, 1H), 5.94(d, J= 1.3 Hz, 1H), 5.96(d, J=1.3 Hz, 1H),
5.97(dt, J=15.6, 1.7 Hz, 1H), 6.46(s, 2H), 6.71(s, 1H), 6.86(s, 1H),

7.02(dt, J=15.6, 4.8 Hz, 1H).
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9.2.4 Preparation of 70 and 71 from 69

A solution of 69 (51.2 mg, 0.109 mmol) in 5 mL nitromethane was refluxed
for 1.5h. Evaporation of the solvent and recrystallization from methanol
followed by PTLC (ethyl acetate) of the mother l&i‘quor yielded 79 (3 1..9 mg,
62%) as colourless cubes and 71 (10.1 mg, 20%) as white ﬁeedles. The PMR

of the crude reaction mixturé indicated a 3:1 ratio of 70 to T1.

0 0
0 <o w
<0 ‘1O Ne 0 7 C0,Me
\ _
MeO OMe . ‘Me0
C“HHNO‘ 471.46 ONe OMe
’ ~
70 71
m e —
MP 272°C.

IR(KBr pellet) vpg,(cm™"} 1712(va), 1735(s), 3385(m), 3200-3600(m).
MS m/e(%) 471(100%). exact mass: 471.1527, calc. for C3HasNO, 471.1527

'H NMR 5(ppm) 2.64(m, 1H), 3.03(m, 2H), 3.56(s, 35), 3.72(s, 6H), 3.78{s,
3H), 3.74(m, 1H), 4.44(d, J= 6.0 Hz, 1H), 5.05(d, J=9.9 Hz, 1H),
5.14(m, 1H), 5.92(d, J= 1.3 Hz, 1H), 5.94(d, J=1.3 Hz, 1H), 6.12(s,
2H), 6.37(s, 1H), 7.15(s, 1H). A~

ve

122 ‘



‘,}:\

Analysis Calc&'ly. for C3yH2sNOy: C, 61.14; H, 5.34. Found: C, 61.18; H,

5.58.
: 71
"MP 234°C.
IR (KBr pellet) vp,.(cm™) 1700-1740(vf), 3300(m), 3400(m).
MS m/e(%) 471(48), 398(49), 339(100).

'H NMR 6(ppm) 2.58(m, 1H), 3.12(dd, J= 12.5, 4.0 Hz, 1H), 3.21(t, 12.0
Hz, 1H), 3.51(s, 3H), 3.64(dd, J= 12.5, 5.0 Hz, 1H), 3.77(s, 6H), 3.83(s,
3H), 4.14(d, J= 11.5 Hz, 1H), 5.28(d, J= 2.7 Hz, 1H), 5.91(d, J= 1.3
Hz, 1H), 5.92(d, J= 1.3 Hz, 1H), 6.28(s, 1H), 6:30(s, 2H), 6.82(s, 1H).

9.2.5 Thermolysis of 69a

A solution of @ (10.0 mg, 21.9 mmol} in 10 mL nitromethane was heated to
90°C for 5h. The nitromethane was evaporated and the residue suspended
in 10 mL methylene chlorige, Excess diazomethane in ether was added, the
solvents were evaporated and the residue recrystallized from methanol to
yield 70 (5.0 mg, 50%). PMR of the crude esters indicated a 5:1 mixture of y

70 to 71.
9.2.6 Preparation of (+)-Podophyllotoxin from 89

The crude 69a prepared as before from 69 (14.1 mg, 0.030 mmol) was dis-
solved in 15 mL nitromethane and heated to 90°C for 5h. The nitromethane
was then evaporated and the residue was refluxed in aqueous LiOH (0.2M,

10 mL) for 0.5h. After cooling, the solution was acidified with 10% HC],
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| buffered to pH 4 with 0.2 KH,;PO, and cooled to 0°C. Sodium nitrite (0.3g,
3.5 mmol) was added followed by 10% HCIl (0.5 mL)to give pH 4. The
solution was stirred 18h during which nitrogen evolved and a tan coloured
precipitate was produced. The usual extractive workup with ethyl acetate
solvent followed by PTLC (methylene chlorid-acetone = 10:1) yielded (:)-

podophyllotoxin (2.8 mg = 23%) as white crystals.
MP 336-337°C.

IR, MS and 'H NMR identical to authentic podophyllotoxin.

-
\-\—v -
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Chapter 10

Podophyllotoxin Analog 73

10.1 Benzocyclobutyl Acetate 86

10.1.1 Preparation of 78

A solution of bromopiperon;ﬂ (60.0g, 0.262 niol), diethyl malonate (42.0g,
0.262 mol) and piperidine (2.6g, 0.031 mol) in 100 mL toluene was refluxed in
a flask equiped with a-Dean-Stark apparatus. Refluxing was continued 48h
followed by the usual extractive workup with ether as a solvent (including a
wash with 10 % HCI). A silica filtration {200g, hexane-ethyl aceta.t(; = T:1)
followed by recrystallization from ethanol-water yielded 78 (71.5g, 74%) as

pale yellow prisms,

Br
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C15H1sBl‘OG 371.18

MP 50-52°C.

\

IR (neat) vpa.(cm™?') 1724(s), 1629(m), 1617(m), 1599(w).
MS m/e(%) 372(9), 370(9), 327(97), 325(100). -

'H NMR §(ppm) 1.26(t, J=7.4 Hz, 3H), 1.35(t, J=7.4 Hz, 3H), 4.28(q,
J=17.4 Hz, 2H), 4.29(q, J=7.4 Hz, 2H), 5.99(s, 2H), 6.93(s, 1H), 7.04(s,
1H), 7.9(s, 1H).

10.1.2 Preparation of 79

A solution of bromobenzene {33.2 mL, 0.315 mol)}, in 160 ml diethyl ether
was prepared. A few crystals of iodine and 10 mL of the bromobenzene
solution was added to magnesium turnings (8.84g, 0.364 mol). After the re-
action had started, the remainder of the bromobenzene solution was addedo
dropwise at a rate that produced a vigorous reﬂﬁx. After the adldition was
compléil'.e, the solution was refluxed for an additional 30 minutes. The above
solution‘wa.s cooled to 25°C and added over a 15 minute period to a solution
of 78 (90.0g, 0.242 mol) in 450 mL ether and 180 mL benzene at -78°C. After
the addition was complete, the solution was warmed to 0°C. A heavy yel-
low precipitate which formed over the addition dissolved upon warming the
solution to 0°C, resulting in a deep yellow solution. The reaction mixture
was stirred for an additional 25 minutes, then quenched with saturated am-
monium chloride. Tile usual extractive workup with ether solvent, yielded
79 (108.9g, 100%, crude) as a pale yellow oil. Crude 79 was used in the

prepagation of 80 without purificaton.
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Et02C Co,Et

Br

CnHHBI‘Oe 449.30
IR (neat) vmqs(cm™') 1735(m), 1734(s).
MS m/e(%') 450(25), 448(25), 369(100).

‘H NMR §(ppm) 1.00(t, J=7.5 Hz, 3H), 1.09(t, J=7.5 Hz, 3H), 3.98(dq,
J=1.5, 1.1 Hz, 2H), 4.05(q, J=7.5 Hz, 2H), 4.21(d, J=13.2 Hz, 1H),
5.26(d, J=13.2 Hz, 1H), 5.80(d, J=2 Hz, 1H), 5.93(d, J=2 Hz, 1H),
6.86(s, 1H), 6.96(s, 1H), 7.1-7.3(aromatics, 5H).

10.1.3 Preparation of 80 and 81

A solution of 79 (108.9g, 0.242 mol, crude) and 100 mL 50% aqueous KOH in
400 mL ethanol was refluxed for 2h. After cooling, the mixture was acidified
with concentrated HCl and diluted with 200 mL water. The usual extractive
workup with ethyl acetate solvent yielded crude di-acid 80 as a yellow solid.
Crude di-acid 80 was decarboxylated without purification or characterization
by refluxing in 500 mL toluene for one day. Acid 81 (61.7g, 61%) was
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q})tzair}ed as coIou_x_jless cubes by recrystallization from toluene followed by a

‘second recrystallization from 1,2-dichloroethane.

CoOH

Br

CisH;BrO, 349.18

MP 190-192°C.

IR(neat) vg,..(cm™!) 3300-3600(m), 2500-3600(w), 1709(s).
MS m/e(%) 350(46), -348(56), 269(85), 210{100).

'H NMR 6(ppm) 3.00(d, J=8.6 Hz, 1H), 3.01(d, J=8.6 Hz, 1H}), 4.98(t,
J=8.6 Hz, 1H), 5.90(d, J=2 Hz, 1H), 5.93(d, J=2 Hz, 1H), 6.65(s, 111).

N

6.99(s, 1H), 7.1-7.3(ﬁromatfcs, 5H). \

A.nal}';;sis caled. for C,gH;3BrO4: C, 55.04; H, 3.75. Found: C, 54.62; H,

4.03.
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10.1.4 Preparation of 82

A solution of 81 (44.2g, 0.127 mol) and }.0g p-toluenesulfonic acid in 800 ml,
ethanol was refluxed for one day. The ethanol was evaporated under vacuum,
and the usual extractive workup with ether solvent yielded 82 (46.7g, 98%)

as a pale yéllow oil.

< "’
0

Br

ClgH17Br04 377.23
IR (neat) vma-(cm™1) 1732(s).
‘MS m/e(%) 378(18), 376(17), 297(100).

'H NMR 6({ppm) 1.12(t, J=7 Hz, 3H), 2.94(d, J=8.5 Hz, 2H), 4.04(q, J=7
Hz, 2H), 4.98(t, J=8.5 Hz, 1H), 5.90(d, J=2 Hz, 1H}, 5.93(d, J=2 Hz,
1H), 6.68(s, 1H), 6.98(s, 1H), 7.1-7.3(aromatics, 5H).

10.1.5 Preparation of 83a and 83b

—
e
Sodium (8.10g, 0.265 mol) cut in small pieces was added portionwise to 700

mL of liquid ammonia {distilled directly from the cylinder) while stirring
at -78°C. Anhydrous ferric chloride (0.6g, 3.7 mmol) was added in two por-

tions, one after half of the sodium was added and the s;econd after all the
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sodium was added. :I‘he temperature was slowly raised to near reflux and
in 20 minutes the deep blué& colour had disappeared leaving a dark grey sus-
pension. The solution was cooled to -78°C and 82 (25.0g, 66.3 mmol) in 90
mL THF was added over one minute. The res:lting deep wine solution was
stirred for an additional 8 minutes and quenched by portionwise addition of
ammonium chloride (50g). A similar workup to that of 58a and 58b followed
by chromatographic purification on silica (10g, hexane-ethyl acetate = 3:1)
yielded a 1:I'mixture of benzocyclobutene esters 83a and 83b (7.13g, 36%)

as a yellow oil.

Ph

GO

co,tt

CisH, 604 296.32
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83a
IR (neat) vp,.(cm™!) 1729(s).-
MS m/e(%) 296(11), 223(100). _,

'H NMR §(ppm) 1.29(t, J=7.1 Hz, 3H), 3.89(d, J=2.3 Hz, 1H), 4.22(q,
J§=7.1 Hz, 2H), 4.73(d, J=2.3 Hz, 1H), 5.90(d, J=1.4 Hz, 1H), 5.92(d,
J=1.4 Hz, 1H), 6.72(s, 1H), 6.77(s, 1H), 7.2-7.3(aromatics, 5H).

83bh

IR(neat) vpq.(cm™') 1729(s). —

MS m/e(%) 296(9), 223{100). -

. \\.——

'H NMR §(ppm) 0.75(t, J=7.1 Hz, 3H), 3.61(dq, J=10.7, 7.1 Hz, 1H),
3.66(dqy J=10.7, 7.1 Hz, 1H}, 4.49(d, J=5.8 Hz, 1H), 4.91(d, J=5.8
Hz, 1H), 5.92(d, J=1.4 Hz, 1H), 5.94(d, J=1.4 Hz, 1H), 6.68(s, IH}Y

e

6.78(s, 1H), 7.1-7.3(aromatics, 5H). /

To a solution of 83a and 83b (11.2g, 37.8 mmol) in 30 mL DMSO (cooled in

10.1.6 Preparation of 85

a bath at 17°C) was added 30 mL 50% KOH. The mixture was stirred for
4h, mixed with 300 mL water, washed with methylene chloride and acidified
at 0°C with coﬁc HCl.. The usunal extractive workup with methylene chlo-
ride, followed by recrystallization from methylene chloride- hexane yielded

85 (8.14g, 80%) as white crystals.
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I'h

N
W

CO,H

CicH 1.0, 268.27
MP 140°C (dec).

MS m/e(%) 268(41), 233(100).'

-

'H NMR. §(ppm) 3.93(d, J=2.6 Hz, 1H), 4.75(d, J=2.6 Hz, 1H), 5.90(d,
J=1.6 Hz, 1H), 5.93(d, J=1.6 Hz, 1H), 6.73(s, 1H), 6.78(s, 1H}, 7.1-

7.4(aromatics, 5H).
Analysis Calcd. for C;gH1204: C, 71.64; 11, 4.51. Found: C, 71.69; H. 1.95.
10.1.7 Preparation of 86

To a solution of 85 (7.20g, 26.8 mmol} in 250 ml THF‘ and 10 mLacetic acid
(cooled in a bath at 18°C), was added Pb(OAc), {90%) (12.9¢, 26.6 mmol).
The solution was stirred for 1h and a heavy white precipitate formed. The
usual extractive workup with ether, followed by purification on a silica col-
umn (50g, hexane-ethyl acetate = 5:1), and recrystallization from methylene

chloride-hexane yielded 86 (4.09g, 54%)./'1‘}1(3 mother liquor contained 80%
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of 86, thus giving a corrected yield of about 90%. Preparation of 75 may be

performed on crude §6.

T

Ph

O

\\

DAc

C17H,,O, 282.30

MP 83-84°C.

IR (neat) vp,.(cm™') 1740(s).

MS (C.L ether) m/e(%) 283(2), 262(9), 281(40), 239(22), 223(100).

'H NMR. §(ppm) 2.12(s, 3H), 4.46(¢, 1H),5.45(s, 1H), 5.94(s, 2H), 6.69(s,

1H), 6.83(s, 1H), 7.2-7.3(&01::&(:5, 5H}.

Analysis Calcd. for C;;H,,04: C, 72.33; H, 5.00. Found: C, 72.06; H, 4.91.

——

10.2 Podo Analog 73 (
10.2.1 Preparation of 75 and 93 |

A solution of 86 (3.03g, 10.7 mmol) in 30 mL methylene chloride was added
to 60 mL of methanol at 0°C to which had been added 15 mL acetyl chlo-
ride. The reaction mixture was stirred 3h at 0°C, then diluted with 60 mL
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methylene chloride. Workup was similar to 44 to yield a solution of 115 in 20
mL carbon tetrachioride. / :

To the above solution of 75 (dilt{ted w't’h/ 100 mL methylene chloride),
was added isocyanate 68 (1.52#, 10.8 mmq() and triphenyltin a_cefaté (0.40g,
0.98 mmol) at 0°C. The solvent was evaporated at 0°C to yield a viscous oil
which was allowed to warm to 2/5“0./Puriﬁca.?%’pn a silica column (100g,
methylene chloride then methylene chloride-eithyl acetate = 10:1), followed
‘by recrystallization from me;hylene chloride-hexane yielded 93 (2.063., 50%)

as white needles.

Ph

DH
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ien

I

C]EI'I”O;; 240.26
-~
IR (neat) vpqz{cm™") 3100-3600(m).

‘H NMR §(ppm) 2.30(d, J="7.7 Hz, OH), 4.25(s, 1H), 4.80(d, J=7.7 Hz,
1H), 5.93(s, 2H), 6.70(s, 1H), 6.83(s, 1H), 7.1-7.3(aromatics, 5H).

0
’ / \/\/
(10
0 oy
/,Pn 1
54
93

MP 110-111°C.

IR (neat) vpm,.{cm™') 3300-3460(m), 1723(s).

1

MS m/e(%) 381(15), 240(86), 222(100}).

'H NMR' §(ppm) 3.72(s, 3H), 4.01(m, 2H), 4.44(s, 1H), 4.9(br, NH)}, 5.46(s,
1H), 5.93(s, 2H), 5.96(dt, J=16} 1.9 Hz, 1H), 6.70(s, 1H), 6.85(s, 1H),
%
6.92(dt, J=16, 5 Hz, 1H), 7.1-7.3(aromatics, 511). 7
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10;2.2 Preparation of 93a :

Aqueous LiOH (2M, 5-mL) was a.dded portionwise to a solution of 93 (1.65g,
4.33 mmol) in 100 mL THF and 20 mL water at 23°C. Two phases were pro-
duced. Stirring was continued for ';’h, after which the 'FEF was evaporated
at reduced pressure and the solut;ion acidified with 10% HCl. The usual
extractive workup with methylene éhloride solvent yielded crude 93a (1.52g,
96%) as a light yellow-brown solid’? A small sample was recrystallized from

methylene chloride-hexane for characterization.

.
N .
< NL\,
—CO,H
aenf "
Ph

CyoH17NOg 367.36 1

MP 156-157°C.

IR (neat) vy, (cm™) 2400-3660(w), 3300(m),-3410{m});-1690(s)—— -
MS m/e(%) 367(7), 240(51), 239(38), 223(31), 222(62), 44(100).

'H NMR 6(ppm) 4.04(m, 2H); 4.44(s, 1H), 4.94(br, NH), 5.47(s, 1H),
5.93(s, 2H), 5.97(dt, J=15(9, 1.8 Hz, 1H), 6.70(s, 1H), 6.85(s, 1H),
7.01(dt, J=15.9, 5 Hz, 1H), 7.2-7.3(avomatics, 5H).

-
[4+)
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10.2.3 Preparation of 95 and 96 from 93

A solution of 93 (64 mg, 0.17 mmol) in 5 mL nitromethane was licated to
86°C for 4h. Evaporation of the solvent and recrystallization {rom methy-
lene chloride-hexane followed by PTLC (ethyl acetate) of the mother liquor
yielded 95 (30 mg, 47%) as white needles and 96 (20 mg, 31%) as white
e needles. The PMR of the crude reaction mixture indicated approximate]): a

2:1 ratio of 95 to 96.

. ' 0

N

NH
{, @‘
O JJ,COZHE

h

|

Tl

Cu1H;gNO; 381.38 ¢
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MmMr 300-3@. -
IR (KBr pdflet) vpa:(cm™!) 3300-3500(m), 1715(s).

MS m/e(%) 381(86), 308(63), 249(100).

'H NMR §(ppm) 2.63(m, 1H), 3.02(t, J=11.0 Hz, 1H), 3.05(dd, J=12.1,
5.9 Hz, 1H), 3.53(s, 3H), 3.72{ddd, J=11.0, 5.4, 4.4 Hz, 11}, 4.51(d,
J=5.9 Hz, 1H), 5.07(d, J=10.2 Hz, 1H), 5.15(m, NH), 5.90(d, J=1.3
Hz, 1H), 5.91(d, J=1.3 Hz, 1H), 6.33(s, 1H), 6.9-7.0(aromatics, 211).

.

7.16(s, 1H), 7.2-7.3(aromatics, 3H).

Analysis Calcd. for C;HgNOg: C, 66.14; H, 5.02. Found: C, 66.00; H,
5.37. .

06

MP 230-231°C

- IR(KBr pellet) v,..(cm™!) 3300-3600(s), 1700-1750(s).
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MS m/e(%) 381(17), 308(39), 249(87), 28(100).

'H NMR §(ppm) 2.61(m, 1H), 3.12(ddd, J=12.6, 4.3, 1.4 Hz, 1H), 3.23(t,
J=11.8 Hz, 1H), 3.47(s, 3H), 3.68(dd, J=12.5, 4.8 Hz, 1H), 4.22(d,
J=11.2 Hz, 1H), 5.29(d, J=2.8 Hz, 1H), 5.14(m, NH), 5.88(d, J=1.3 Hz,
1H), 5.90(d, J=1.3 Hz, 1H), 6.20(s, 1H), 6.82(s, 1H), 7.1-7.3(aromatics,
5H). ‘ ' \

10.2.4 Thermolysis of 93a

A solution of 93a (3.8 mg, 0.010 mmol) in 2'mL nitromethane was heated to
85-90°C for 4h. The nitromethane was evaporated and the residue suspended
in 5 mL methylene chloride and treated with excess diazomethane in ether.
Evaporation of the solvents yielded a 5:1 mixture of 95 and 96 as indicated

by PMR. Compound 96 was isolated in 51% yield.
10.2.5 Preparation of 73 from 93

Crude 93a (1.65 mg, 4.33 mmol) prepared as before was heated in 120 mL
nitromethane at 86°C for 5.5 h. The nitromethane was then evaporated
and the residue was refluxed in aqueous LiOH (0.2M, 200 mL) for ({.511..
After cooling to 23°C, KH;PO, (8g) and NaNO; (.4g) were added followed
by 10% HCI (about 60 mL) to give pH 4. The solution was stirred 20h
followed by the usual extractive workup with ethy! acetate. Purification on
silica (30 g, methylene chloride then methylene chloride - ethyl acetate =
10:1) followed by recrystallization from methylene chloride-hexane yielded
13 (0.207 g, 15%) as white/platea.

\

139

-—



[ RN
=

$ -
\ \
0

TN
=l

C1oH;605 324.33

MP 247-248°C

IR (KBr pellet) vp..(cm™!) 3400(s), 1760(s).
MS m/e(%) 324(100).

'H NMR. §(ppm) 2.76(m, 1H), 2.86(dd, J=14.3, 4.8 Hz, 1H), 4.08(t, J=9.4
Hz, 1H), 4.57(dd, J=8.9, 7.1 Hz, 1H), 4.63(d, J=4.8 Hz,1H), 4.76(d,
J=9.2 Hz, IH), 5.94(s, 2H), 6.44(s, 1H), 7.1-7.3 (aromatics, 6H).

Analysis Caled. for C1oH,05: C, 70.36; H, 4.97. Found: C, 70.65; H, 5.36.
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Chapter 11

Podophyllotoxin Analog 74

11.1 Benzocyclobutyl Acetate 89

trans-2-Phenyl Benzocyclobutyl Acetate 83 was prepared according to the

method previously reported by Charlton and Alauddin.[33]

11.2 Podo Analog 74

1¥.2.1 ©Preparation of 76 and 94

A solution of 89 (0,405g, 1.70 mmol) in 10 mL methylene chloride was added
to 8 mL methanol at -5°C, to which 2 mL acetyl chloride had been added.
The reaction mixture was stirred 5h at -5°C. Workup was as before (44 and
86) to yield a carbon tetrachloride solution of 76.

To the above solution of 76 at 0°C (dilpted with 10 mL methylene chlo-
ride), was added isocyanate 68 (0.237g, 1.68 mmol) and triphenyltin acetate
(8l4.0 mg, 0.205 mmol). The solvent was evaporated at 0°C to produce a
visco;ls oil which was allowed to warm to 25°C. Purificaton on a silica col-
umn (15g, methylene chloride, followed by methylene chloride-ethyl acetate
= 20:1), followed by recrystallization from ether-hexane yielded 94 {0.245g,

43%) as white. needles.
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A

Ph

76
C.H1 0 198.26 \>
R
IR (neat) vmgc(ecm™) 3300-3500(m).

TH NMR §(ppm) 4.10(s, 1H), 4.96(s, br, 2H), 7.0-7.6(aromatics, 9H).

94

C20H19N04 337.37

MP 93-94°C.
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IR (neat) pmes(cm™) 3340(m), 3400(w), 1722(s), 1700-1730().
MS m/e(%) 337(0.8), 196(81), 198(100).

'H NMR. §(ppm) 3.73(s, 3H), 4.03(m, 2H), 4.64(s, 1H), 4.93(m, NH), 5.67(d,
1.4 Hz, 1H), 5.97(dt, J=16.0, 2.0 Hz, 1H), 6.93(dt, J=16.0, 4.9 Hz, 1H),
7.2-7.6(aromatics, 9H). '

11.2.2 Preparation of 94a

'Aqueous LiOH (2M, 1 mL) was added portionwise to a solution of 94 (130 ‘
mg, 0.341 mmol) in 25 mL THF and 5 ml, water at 23°C. Stirring was contin-
ued for 3h, after which the THF was evaporated at reduced pressure and the
solution acidified with 10% HCI. The usual extractive workup with methy-
lene chloride solvent yi;alded crude 9_43, (125 mg, 100%) as a light yellow-
brown solid. A small s.a.mple was recrystallized from methylene chloride-

hexane for characterization.

O “\con

CpH,;;NO, 323.34

MP 130-131°C.
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IR (ncat) vmes(cm™) 3320(m), 2800-3460(m), 1700(br).
MS m/e(%) 323(2), 196(100).

'"H NMR. §(ppm) 4.06(m, 2H), 4.65(s, 1H), 4.96(m, NH), 5.67(s, 111), 5.98(dt, .
J=15.8, 1.8 Hz, 1H), 7.03(dt, J=15.8, 4.8 Hz, 1H), 7.2-T.4(aromatics,
QH)- .’-'.’

11.2.3 Preparation of 97 and 98

o

A solution of 94 (26.8 mg, 0.079 mmol) in 4 mL DMF was heated to 1£0°C
for 1 day. Evaporation of the DMF and recrystallization from ethyl acetate
followed l?y PTLC (ethy! acetate) of the mother liquor yielded 97 (15 mg,
56%) as white needles and 98 (3 mg, 11%) as white needles. PMR of the

crude reaction mixture indicated approximately a 4:1 ratio of 97 to 98.

0 0
(%)KNH Q/LKNH
- q A
QL
"0 Me ~ . (OhoMe
o o
Cy0H;)NO, 337.37 97 98
97
MP 260°C. )

IR(KBr pellet) vpma.(cm ') 3420(s), 1728(m), 1706(s).
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MS m/c(%) 337(53), 196(84).

L)

'"H NMR §(ppm) 2.70(m, 1H), 3.06{t, J=10.9 Hz, 11i), 3.10(dd, J=10.9,
6.0 iz, 1H), 3.54(s, 3H), 3.75(quintet, J=5.2 Hz, 11}, 4.65(d, J=5.8
Hz, 1H), 5.11(d, J=3.9 Hz, NH}), 5.18(d, J=10.2 Hz, 11}, 6.9-7.8(aromatics,
oH).

Analysis Caled. for C;H;sNO,: C, 71.20; H, 5.68. Found: C, 71.25; H,

5.65.

98

MP 169-170°C.
IR (neat) vpq.(cm™') 3260(m), 1714(11{]?
MS m/e(%) 337(5), 263(65), 205(69), 30(100).

'H NMR. §{ppm) 2.66(m, 1H), 3.15(ddd, J=2, 4, 12 Hz, 1H), 3.29(t, 12.2

Hz, 1H), 3.48(@)&0@& J=12.7, 4.9 Hz, 1H), 4.34(d, J=11.2 Hz,
1H), 5.27(m, NH), 5.40(d, J=2.5, 1H}, 6.7-7.4(arématics, 9H).

11.2.4 Thermoly{m of 94a !

A solution of 94a (14.5 mg, 0.039 mmol) in 10 mL nltrometha.r/was refluxed
A

1 day. The nitromethane was evaporated and the residue mixed with 5 mL

" methylene chloride and treated with excess diazomethane in ether. Evap-

-oration of the solvents yielded a 2:1 mixture of 97 and 98 as indicated by

PMR. PTLC yielded 27% of 97.
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11.2.5 Preparation of 74 via 94a

Crude 94p was prepared as before from 94 (70 mg, 0.21 mmol). The crude
94a in 120 mL nitromethane was heated to reflux for‘ 1 day and the ni-
tromethane was then evaporated. The residue was refluxed in aqueous LiOH
(0.2M, 20 mL) for 0.5h. After cooling to 23°C, KH,PO, (.5g) and NaNO,
(.4g) were addé‘cirfol!owed by 10% HCI (about 4 mL) to give pH 4. The solu-
tion was stirred 20h followed by the usqal extractive workup with methylene
chloride. Purification by PTLC (hexane-ethyl acetate = 1:1) followed by
recrystallization from fnethylene chloride-hexane yielded 74 (4.7 mg, 8%) as

white plates.

.

S /. -

C1sH 1605 280.32 ,
\ MP 226-227°C.
| IR (KBr pellet) Uma:(cm™') 3420(s), 1756(s).
MS m/e(%) 280(100). ¢

'H NMR §(ppm) 2.06(br, OH), 2.85(m, 1H), 2.89(dd, J=14.2, 5 Hz, 11},
4.11(t, J=10.0 Hz, 1H), 4.60(dd, J=9.3, 6.5 11z, 1), 4.77(d, J=4.3 Uz,
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“1H), 4.88(d, J=8.8 Hz, 1H), 7.0-7.7(aromatics, 91I).

Analysis Caled. for Cyll50s: C, 77.12; 11, 575, Found: C, 76.95; 11, 5.85.

.L/
N\
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Chapter 12

f\?riations in Analog synthesis - Podo to Picro
/’ Analog Conversion }

12.1 Modifications in the Synthesis of 74

12.1.1 . Preparation of 74 via Lil Demethylation

A solution of 94 (125 rﬁg, 0.371 mmol) in 15 mL DMF was heated to 110°C .
for 1 day: The DMF was evaporated to 2 mL, Lil (1.2g, 9.0 mmol) was added
a.nd the solution was heated to 115°C for 3h with nitrogen passing over. The
solution was cooled and mixed with 1% HCI (15 mL). The usual workup
| with ethyl acetate (except not filtered or dried) yielded a brown white solid.
The residue was refluxed in aqueous LiOi—I (0.2M. 75 mL) for 0.5h. After
' cooling to 23°C, KH,PO, (6g) and NaNOQ; (3g) were added followed by 10%
HCI (15 mL) to give pﬁ 4. The solution was stirred 20h followed by th¢——"
usual workup with methylene chloride solvent. Purification on silica (1.5g,
methylene ‘chloride-ethyl acetate = 10:1) followed by recrystallization from

methylene chloride-hexane yielded 74 (36 mg, 35%) as white plates.

v

12.1.2 Preparation of 105 -

A solution of 92 (2.60g, 10.0 mmol), isocyanate 68 (1.41g, 10.0 mmol) and

triphenyltin acetate (0.56g, 1.2 mmol) in 50 mL methylene chloride was

\
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evaporated to a viscous oil. The solution was diluted and re-evaporated
several times over a 2 day period. Purification on silica (50g, hexane-ethyl

acetate = 2:1) yielded 105 {2.08g, 52%) as a pale yellow foam.

0

N

NH

\’\,cozne

Ci0H13NOgS 401.43
V] . . “l
IR (neat) vm,.(cm™) 3460(m), 3300-3550(w), 1723(s), 1745(m).
'H NMR. §(ppm) 3.73(s, 3H), 4.07(m, 2H), 5.17(m, NH), 5.55(s,1H), 6.00(dt,
J=15.8, 1.7 Hz, 1H), 6.67(s, 1H), 6.92(dt, J=15.8, 4.9 Hz, 1H), 7.0
2
7.6(aromatics, 9H).
12.1.3 Thermolysis of 105
Nitrogen was continuously passed through a solution of 105 (126.2 mg,
0.569 mmol) in 25 mL DMF (dried/calcium hydnde) while heating at 110-
120°C for 3 days. Evaporatlon of the DMF, recrysta.]hza.tmn from methylene

chloride-hexane, purification of the mother liquor by PTLC (hexane-ethyl
acetate = 1:3) and recrystallization yielded 97 (30.3 mg, 29%).
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12.2 Attempted Assymetric Induction

13

12.2.1 Preparation of

A solution of methyl trans-4-bromocrotonate 116 (0.484g, 2.70 mmol) -in 1
mL methylene chloride was added to a solution of (+)-mandelic acid 109
(0.565g, 3.71 mmo!) and 0.5g benzyltrimethylammonium chiori.de in 1 mL
10% sodium bicarbonate at 25°C. The mixture was stirred vigorously for
4 days. The usual extractive workup with methylene chloride so!‘vent, fol-
iowed by recrystallization from ether-hexane yielded 113 (0.256g, 32%) as

fine white needles.

\
0
Ph
H %)k
HO
(.'O2ML'

C1H,,05 250.25 )
MP 64-65°C | ~
IR (neat) vmar(cm™') 3450(m), 174%5_), 1716(s). 4

MS m/e(%) 107(100), 100(63).

'H NMR §(ppm) 3.38(br}0H), 3.71(s, 3H), 4.80(m, 2H), 5.23(s, 1H), 5.77(dt,
J=15.8, 2.0 Hz, 1H), 6.84(dt, J=15.8, 4.6 Hz, 1H), 7.3-7.5(aromatics,
z |
5H). s

!

-
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A \
12.2.2 Preparation of 108 . , —

Boron trifluoride etherate (0.6 mlL, 5 mmol), was added to a solution of
- 92 (0.379g, 1.46 mmol) and 113 (0.247g, 0.988 mmol) in 5 mL methylene
chloride at 0°C. After stirring for 10 minutes the tempei‘atUre was raised to
25°C and stirring was continued for 4h. The solution was washed with 10%
sodium-bica.rbonate followed by the usual extractive workup and puriﬁzc?a.tion
| on silica (hexane-ethy! acetate = 3:1) to yield 108 (0.208g, 43%) as a pale

yellow foam.

Ci:7H;,S0O; 492.54
IR (neat) vmes(cm™!) 1753(m), 1725(S), 1318(s), 1176(s).

'H NMR 6(ppm) 3.66, 3.80,4.00(3s, 3H), 4.68, 4.76, 4.86(3m, 2H), 5.27,
5.32(2m, 1H), 5.66-5.98(m, 3H), 6.72-6.92(3dt, 1H), 7.1-7.6(aromatics,

14H).
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12.3 Picro Analogs
12.3.1 Preparation of 104

A solution of 74 (3.0 mg, 0.011 mmol) in 1 mL ethanol containing 0.5 mL 10%
aqueous sodium acetaie was refluxed for 2h. The solution was evaporated
to 1 mL upon which fine whité cotton-like crystals formed. The crystals
were washed with water and ‘recrystallized from methylene chloride-hexane

to yield 104 (2.0 mg, 6%%%) as white cottor-like crystals.

~

% -O-H
= 0
Ph
C1sH1603 280.32
MP 148-149°C. (
IR(KBr pellet) vm,,(cm™?) 3430(m), 1760(s).

MS m/e(%) 280(100).

'H NMR §(ppm) 2.10(d, J=7.4 Hs, OH), 2.73(m, 1H), 3.28(dd, J=9.5, 6.1
Hz, 1H), 4.21(d, J=6.2 Hz, 1H), 4.43(dd, J=9.6, 6.4 Hz, 1H), 4.57(dd,
J=9.6, 2.0 Hz, 1H), 4.60(t, J=7.4 Hz, 1H), 6.7-7.6(aromatics, 9H).
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12.3.2 Preparation of 103

Compound 73 (5.0 mg, 0.015 mmol) was treated under identical conditions

to 74 in the preparaion of 104, to yicld 103 (3.0 mg, 60%) as white cotton-like

crystals.

111o
-

=2

ClgHmOE 324.33

J
\

IR(KBr pellet vp,.(cm™') 3430(m), 1763(s).

MP 185-186°C.

MS m/e(%) 324(100).

'H NMR. 6(ppm) 1.98(d, J=7.8 Hz, OH), 2.74(m, 1H), 3.25(dd, J=9.3, 5.1
Hz, 1H), 4.20(d, J=4.9 Hz, 1H), 4.40(dd, J=9.6, 6.1 Hz, 1H), 4.47(dd,
J=9.6, 2.4 Hz, 1H), 4.5p(t, J=7.8 Hz, 1H), 5.90(d, J=1.4 Hz, 1H),
5.91(d, J=1.4 Hz, 1H), 6.52(3, 1H), 7.02(s, 1H), 7.2-7.4(aromatics, 5H).

N o
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Claims to Origina}; Research

1. The two trana-2-arbeenzocylobutenolls 44 and 75 were prepared via
intramolecular attack of an enolate on a benzyne to form the benzo-
cyclobutene ring. Oxidative decarboxylation of the benzocyclobutene
carboxylic acids 59 and 8§ resulted in formation of the trans-2-aryl-
benzocyclobutyl acetates 60 and §6. Deprotection of the acet;stes re-
quired careful acid catalized methanolysis at -10 to 0°C to prevent
‘conversion of the sensitive alcohols 44 and 75 to the aldehydes 62 and
87. The previously prepared trans-2-phenylbenzocyclobutyl acetate
89 was deprotected by the same method and the resulting alcohol 76

found to be also very labile.

2. Isocyanate 68 was prepared and coupled with each of the three ben-
zocyclobutenols 44, 75 and 76 using triphenyltin acetate as catalyst to
afford the urethanes 69, 93 and 94.

3. The benzocyclobutene urethane derivatives 69, 93 and 94 were ther-
molysed to each yield the trans and cis fused Diels-Alder products 10,
11, 95, 98, 97 and 98. The ratio of trans to cis products was solvent de-
pendent as was the reaction rate. Polar solvents such as nitromethane
and DMF were found to increase the reaction rate as well as the ratio
of trans to cis fused products. The trans fused products, which had
the same relative stereochemistry as podophyllotoxin, were formed in

ratios of about 5:1 when the polar solvents were used.

4. The trans fused Diels-Alder product 70 was converted to (£)-podo-

phyllotoxin by ester and urethane hydrolysis and diazotization of the
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resulting amino acid. Epimerization at C2 was circumvented by se-
lective hydrolysis of the methyl ester in 69 prior to the Diels-Alder
reaction. Similar treatment of 93 produced the podophyllotoxin ana-

log 73.

. The podophyllotoxin analog 74 was prepared by a similar route from
93 but a more efficient route was found to be via the Lil halogenolysis

of the methyl ester after the Diels-Alder reaction.

. The sulfone 105 was prepared and thermolysed to afford the tricyclic
urethane 97 by a signiﬁcant;ly shorter route than via the benzocy-

clobutene derivative 94.

. Conversion of the podophyllotoxin analogs 73-and 74 to the picropodo-
phyllotoxin analogs 103 and 104 occurred under similar conditions to
those reported for the conversion of podophyllotoxin to picropodophyl-

lotoxin.
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