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b K‘\*anthgguinone) and Danlshefsky s dienes. The formation of
1

-~

( ) , N ABSTRACT N
' Several strategies outlining approa\:hes to the
synthesis of the heteroanthracyclinones 4—demethoxyxantho—
' daunomycinone arfd 4-demethoxy1.8oxanthodaunomycinone (7,8,9,10-
tetrahydrobenzo(b)-6,7,9, ll-tetrahydrexy-9-acetylxanthen-12
: and 5-one) are described. . ‘
' . 'I‘he condensation of tetralin 2-acety1 -5, B-dimé?:hoxy-
' 1,2,3,4-tetrahydro-2-naphthol with o—methoxybenzoic acid was
investigated and useful large-scale syntheses of important
1,4-dimethoxy~-substituted xanthone intermediates were °
; developed., ] g . . ¢
Diels-Alder cycloaddition reaction betwee}x"é\
. xanthone-derived o-quinodimethamne intermediate and an olefin
afforded a low yielg of adduct. On the other hand, excellent
yvields of isolable but labile adducts were obtaipied in ‘the

By
cycloaddition reaction between xanthoquinone (and also.thio-

1

«

inear vs internal adducts was rationalized on the grounds of
resonance and FMO theory. BEfforts to induce unactivated ’
digr;{es to cycloadd using catalysts as well as annulation
studies on model compounds using the novel reagent (E)-N-
vinylpyrrolidine-e— ,(2'-lithio—l,3-dithian-2—-yl) (as a synthon
- of the a,B8-dianion of acetaldehyde) are discussed.
‘ The synthesis @f daunomycin and xanthod;unomycin
= . - analogs cafrying a carbon substituent at position 7 were not-
accessible using the Diels-Alder cycldaddition reaction as
. d:}erfe'l—carbomethoxy-3-triethylsilyloky—l,3‘-butadiene failed
P to react with either quinizarinquinone or xanthoquinone .even

i®

- at elevated temperatures. >
The compound 4-hydroxy-1-[[2-[{2-hydroxyethyl)amino]
ethyl]amino]icanthone and the 4-methoxy derivative were prepargd
and found to be tnactive in the <in vivo P-388 mouse 'leukemia

(. : model system.
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p "Qﬁ déc:xit plusieurs stratégies pour la synth&se
des hét&;ganthra“‘cytzlinones déméthoky—&t-xar;,thodaunomycinone
et déinéthoxy- —zsaxanthodaunomyclnone (tftrahydrobenzo(h)-
7,8,9,10 té"trahydroxy-s 7,9,11 acétyl-9 xanthen-12.et -5-one) .
On a étudié la condensation de 1’ acétyl-2 dméthoxy-

'S,B-tétrahydro-l 2,3,4 naphthol-2 sur l'acide o-mét}}oxy-

benzoique et on a’ développé des synth&seés/qui nous ont permis
de préparer en grande quant ‘des diméthoxy-1,4 xanthones.
Une addition de Diels-Alder d'un o-quihodiméfzhané
(généré 3 partir de xanthone) sur une olé&ftne a conduit 3 '
un adduit avec ‘de faibles rendements. , Par contre, les
adduits de la™cycloaddition de xanthoquinone (et aussi de
thioxanthoquinone)" sur les_dines de Danishefsky ont &té
obtenus avec d'excellents rendements. La formation d'adduits
lin&aires en fonction d'adduits ;ntern%s'peut étre expliqué .
par la théorie de résonance et la th&orie d'orbitales
moléculaires frontidres. Plusieurs essais afin de faire
réagir les di2nes non-activés en présence de catalyseur dans/
les r8actions de cycloadd:.tlon sont rapportés. D'autres
essais ont porté sur la ré&action d'annulation de prodults'

modéles utilisant un nbt%veau réactif (E)-N-vinylpyrrolidine-

- B=(lithio-2 dithian-1,3 yl-2) comme synthon du dicarbanion

a,B8 du ac&taldehyde.
“ ’ La synthése d'analogues de daunomycmone e‘t xantho~

daunomycine avec un substituant carbon& 3 la position 7 n' a

Pu étfe réalisée pa'r la réaction Diels-Alder parce que le

diéne carbométhoxy-1l triéthylsilyloxy butadi&ne-1,3 ne réagit

ni avec le quinizarincp;inone ni avec le xanthogquinone meéme

i des températures &levées.

¥

Le compos& ‘[ [hydroxy-2 éthyl amino} -2 éthyl amino]—l
. hydroxy—4 xanthone et’ l'analogue méthoxy-4 ont &té préparés )

mais ceux-ci n'ont démontré aucune activité antitumorale
in vive vis-3-vis les céllules /leucémiques P-388.
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THE ‘ANTHRACYCLINES . . .
Daunomycin* (1) and adriamycin* (2) are naturally -

occurring antibiotic antitumor agents and are members of an
- '3 Y

important clags ol antibiotics known as the anﬁhracycliqes. .
4

s
- - - 2 ~ s
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The anthracyclines are produced: by vafious/séecigs of
: ) > .

s
Y i
o

8 1

Streptomyces ahd occur both as*aglycbngs‘ferméd anthracyclinonés[
and as glyc051des. y - !

The aglycones, characterized by a tetrahydronaphtha-

(

cene quinone moiety, show some. differences in ring-A Subétituénts

as well as in the degree ahd pattérn of hyﬁrox&lqtion (?i&ﬁreﬁl).-

a

Daﬁnomycin and. adriamycin are trivial names, the international’ non- J:W_ﬂt_ )
proprietary na.mes are daunorubicin and doxorubicin respectiVely We will o
adhere to common pract:.ce and use the trivial names Jthroughout the thesis. .
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R=aCH,= daunomycinone

. Isorhodomycinone
RwCH,OH = adriamycinone

1l

5 ¢t-Pyrromycinone Aklavinone Citromycinone

Pal

4
Figure 1: General Structures of the Major Naturally Occurring
Anthracycline Aglycones.

These differences can be reactl‘ily accounted for on the basis
of their biogenesis which starts from a common polyketide

precursor as both daunomycinone (_3_)l (adriamycinone (4)) and
2,3

sl

g-pyrromycinone (5) were found to be derived from the’
hypothetical product of the "head to tail" formal condensation
of nine acetate units and one propionate unit (Figure 2) .
A1:1 interesting feature of daunomycin (and adriamycin) is that,

unlike the other mycinones, the ethyl group is oxidized and

the OH group at the 4-position :LsY methylated.

i
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OH Oll
M‘W hydroxylltlon“’"/
msthylation
oxidation
CO Cll
O‘O‘ - @‘O‘ . ‘ .
o oH OA OH OH
n Daunosycinone ¢ ~Pycromycinone
2
4
Figure 2: Proposed Biosynthetic Pathway of the Anthracyclinones.
e Many anthracyclines, especially those with important

. antibacterial and antitumor activity, occur naturally as
glycosides. The glycos:l.dic linkage_ gener'al;y‘.invélves the_
7-0H group (and/or sometimes the 10-OH group) of \the anthra=-

_¢Cyclinone part and the ‘atanomer of é sugar with the- L-'config~
uration (Figuré 3) .~ Sometimes d@ 'and i:risaccharidé chains

- are found. When these latter sugars (sh@wn in Flgure 3) are

L4

linked to s-pyrromyc,z.none, they give riseg to musettamycin and

marcellomycin respectively.
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CH3
R
HO
A
Rl-nz-a L-daunosamine . R=0H 2-deoxy-L-fucose
Rl-Rz-CB3 L-rhodosamine R=H L-rhodinose
OH
OH
o}
CH4 -
CH, 5 ((2113)2 -
N(CH ) - ) N
o) 372 0
o CH3
OH
CH,
H
OH
) CHjy !
H |
RO
s [rhodosamine-2-dedxyfucose] {rhodosamine~2~deoxyfucose-2-deoxyfucose ]

’

Figure 3: Representative Sugars Found-with the Anthracyclines

B. USE AND TOXICITY OF DAUNOMYCIN AND ADRIAMYCIN P

"

The earliest known anthracycline was isolated in 1950%

by Brockmann and Bauer7 and showed potent antibacterial activity ~-v
in vitro. Unfortunately, B-rhodomycin I turned out to be

highly toxic and no use could be made of it®.  However, this
stimulated the search for new, different anthracyclines. The

isolation of two other anthracycline antibiotic‘s, cinerubins A

* .

The anthracyclines were discovered as early as 19396 but it was only later
(in the 1960's) that a mixture of rhodomycinones and isorhodomycinones
were isolated. But by then these were known because of Brockmann's work.

>




and B, in 1959 generated some excitement because they inhibited

various murine sarcomas and carcinomas but their high toxiéity
S

again prevented their further development as antitumor agents™.

It was not until 1963 that the first useful anthracycline,

daunomycin was simultaneously isoclated from cultures of

10,11 and from

Streptomyces coeruleorubidus by Rh8ne-Poulenc in Francelz"13.

Streptomyces peucetius by Farmitalia in Italy

Although weakly active against some microorganisms, it

-

exhibited sufficiently high cytotoxic activity against normal

14,15

and neoplastic cells to warrant clinical studies and was

4

quickly shown to be effective in the treatment of acute

leukemiasl®~1?

including childhood and adult acute lymphocytic
ledkemia, acute nonlymphocytic leukemia and acute myelogenous

leukemia.

The search for new biosynthetic analogs from cultures

of daunomycin-producing microorganisms* led to the isolation
of_‘adriamycin in 196920. Adriamycin has quickly established
itself as an outstanding antitumor agent showing a broad '
spectrum of antitumor activity. including soft tissue tumors
and bone sarcomas, —neoplasms that are known to be relatively
insensitive to other chemotherapeutic agents (Table 1)

Its use in combination with other ‘drugs has allowed both an,

incrpase in response rates and a lower incidence of toxie side

effects?’. o ' \,
L '

.

17,21-26

»* 7 ~
Adriamycin was obtained from S. peucetius var. cagsius, a mutant strain of

S. peucetius. - . '

» -
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Table 1: Tumor Activity Spectrum of Adriamycin/Tumor Responsiveness.

Established activity Possible activity Unresponsive
\ o
- Breast adenocarcinoma’ Stomach adenocarcinoma Lazge bowel
adenocarcinoma

@

Soft tissue and bone
sarcomas

Bladder é.denocarcinoma

Bronchogenic carcinoma-

Testicular ‘carcinoma

Thyroid carcinoma
Pediatric solid tumors
Malignant lymphomas

Acute leukemias

Ovarian adenocarcinoma Malignant melanocma

!
Prostate adenocarcinoma Renal cancer

Squamous cell carcinoma, Chronic leukemias

cervix
. -

Squamous cell carcinoma,
head and neck : R

Hepatoma

Multiple myelaoma '\L
Pancreatic adenocarcinoma
Endometrial adenocarcinoma

Brain tumors

»r

However, daunomycin and adriamycin display a number

of important side effects some of which are common to other

’ 24-26,28

. antitumor agents

. Myelosuppression, manifested

primarily as leukopenia, is a dose-limiting toxicity which

in some quarters29

reduction of myelosuppression as a priority over the development .

sufficiently important so as to justify

reduces the utility of anthracyclines and which is considered

of anthracyclines displaying reduced cardiotoxicity.

( '

Thrombocytepenia and anemia may also accompany leukoperiia but




. . el

_these effects tend to be less severe in contrast to.stomatitis
which occurs frequently in severe form. Gastrointestinal
toxicities, as reflected in nausea and vomiting, occur
frequently and are accompanied by anorexia and diarrhéa.
Alopecia (loss of scalp, axillary. and pubic hair) occurs in
v}rtuqlly all patients but growth resumes upon cessation of
chemotherapy. Hypersensitivity including fever, urticaria and

anaphylaxis as well as hyperpigmentation have also been

observedzs. The effects of radiation therapy are potentiated

by adriamycin30. Both daunomycin and adriamycin (and the

anthracyclines in general) are immunosupp;essive31 as well as

muta_genic32 and carcinogenic33-3s. Severe irritation of tissues

at the site of injection can be a very serious complicatiqh if

care is not taken to avoid extravasation>®. Although these

reactions may be severe, they are dose-related, reasonably

predictable and reversible. Thé most dangerous side effect

37-39

is cardiotoxicity™* characterized by: (i) transient

electrocardiographic changes returning to normal when therapy
is withheld and (ii) a delaye& progressive cardiomyopathy with

high risk of conjestive heart failure when a cumulative dose

24,39

of 500 mg m-2 is exceeded . Cardiotoxicity emerges as

the most limiting side effect because treatment must be stopped

while the tumor is still responding to the dfug. The

incidence of some of these toxic effects is summarized in

— \
Table 224,25,28,41.

w

A number of other drugs (cyclophosphamide, 5-fluorcuracil, actinomycin D,
mithramycin, cig-platinum among others) have been reported4° to induce
cardiomyopathy. However, cardiotoxicity occurs only rarely with these

" agents and is clearly not the dose-limiting toxicity..
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Table 2:; Incidence of Toxic Effects of Adriamycin in Patients.

Side effect . - {percent)
Alopecia : 100
‘Myelosuppression 60-80 -
Stomatitis 80 “
. Nausea and Vomiting 20-55
ECG abnormalities . . 2-30
\ : Cardiomyopathy 1-2

» s

The outstanding clinical effectiveness of adriamycin
as an anticancer drug and an awareness of its side-effects
proépted the search for new anthracyclines and stimulated
intense efforts aimed at developing synthetic analogs. As a
result, well over 500 new related compounds are noy'known and
this number may be expected to increase in the future. In
spite of these efforts, little improvement has been reported
as yet inithe separation of antitumor activity from cardio- '
toxicity (excepé ;n a fed'noteworthy cases). It is hopéd that
a more detailed knowledge of the biochemical propgrties of the
anthracyclines (which has been made possible by the numerous
.structgre-éctivity relationship’ studies) will lead to the:
design of drugs with markedly improwved therapeqtid/toxic
ratios. A review of the literature will make apparent the

enormous effort which has been expended in the search for‘some
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integrated understanding of how these drugs exert their
effect(s). .However, such an integration is as yet very

g Mdifficult and will require more time before a clearer and mc;rg
complete picture can emerge.

\

C. MECHANISM OF ACTION

Historically, DNA' has been considered as the primary
target in the cytotoxic action of the anthracyclines. There
is a large body of biophysical and biochemical data (some of
which are not‘as scientifically rigorous as ihitially thought)
.indicating that the antibiotics bind by an intercalation

mechanism so that the resulting distortion in the macromolecular

structure would alter the function of DNA and ultimately leads

R~
s

to cell death. However, intercalation alone may not account
for the antitumor effect of the anthracyclines. Two classical
intercalators, ethidium bromide (6) and 9-aminoacridine (7)

are not effective as anticancer drugs*. Moreover, in view of

!

(L)
J~

*To explain the exceptionally high antitumor activity of adriamycin in comparisen
to compounds 6 and 7, it has been proposed that an irreversible-template
binding (possibly because of the aminp sugar) at relatively low drug to DNA

- ratios (obtained at therapeutically administered drug levels) /’is involvedd2.




,DNA15'43. As a conéequence of these obéervations, the

10

their multifunctional chemistry, it is not surprising that

the ©n viyo mechanism of the anthracyclines'may be complex.

Indeed, considerable evidence has emerged over the years

indicating that in vivo the anthracyclines:can act by mechanisms

unrelated to intercalation.

'

" ] ! -
The main biochemical effects of adriamycin which

have been studied i‘\\n some detail can be dissected into different

broad classes. Thelse include:

(1) Interaction with DNA involving both intercalation

‘and non-covalent binding;

(2) 'Direct Membrane Binding. For instance, adriamycin .
is known to bind to cell membranes and to directly alter membrane
function;

(3) Generation of Reactive Intermediates. This
includes formation of (i) free radicals and (ii) alkylating - o
species. | .

L Interestingly, each of these biochemical effects‘can

account in varying degrees for the slight selectivity of the

anthraéyrclines toward cancer ceélls as well as their cardio-—-

toxicity.

c.1 Interaction with DNA -

When daunomycin and adriamycin are added to cell

cultures, they concentrate in th°e nuclei and bind avidly‘to

o

interaction of daunomycin and adriamycin with DNA was extensively

- N \ o



analyzed and strong evidence was produced indicating that
44,45

this binding playé a role in their antitumor activity Y

The formation of an anthracycline-DNA complex can be envisaged

.

// as resulting from either an intercalation process* where the

drug inserts itself between adjacent base pa?l.rs or binding to

48

the outside partf of the. helix =~ . These mechanisms can be

readily differentiated through the resulting changes in the
physico-chemical properties of both the antibiotics and

pnat3 49 .

c.l.1 Physical-chemistry of antibiotic binding onto DNA

(i) Physico-chemical changes in the anthracﬁrcline

J properties: A

Upon binding to DNA, both drugs do not suffer the

typical bat{lochromic+ shift associated with exposure to

basas43'49 (which favor the‘ formation of the better electron-

donor properties of the phenolic groups O ) and the character-

istic polarographic wave associated with quinone reduction is-

49

inhibited ™ as is the appearance of the semiquinone ESR

50

signal” . These effects show that the anthracycline chromophore

is extracted from the sélvent and transferred to a less polar
environment, 'thus making the hydroxyl and quinone functions of

rings B and C uhavailable for reaction.

! v -

* ' i -
This type of molecular association was originally postulated by Ler:man‘"6

for acridine, dyes and DNA, and then_widely accepted as the mode of inter-
action of different drugs with pNad7 .-
-1-

Bathochromic shift is sometu::{.mes referred to as the red shift.

i

ol

v




While these findings'are consistent with the inter-
calation binding mode, the'validity of two other widely'used
techniques, namely,; visible absorption and flﬁorescence quenching
Qpectrbscopy, has been quéstioned 3?cause they led to ambiguous
results concerning the nature of'the interaction between these
drugs and DNA. The’main objection here was thﬁt these methods
moﬁitor spectral changes tHat are not unique to the anthraj
cyline association with double stranded DNA and even if they
were so the changes cannot be unequivocally ascribed to
intercalation. (This criticism is of particulag concern in
light of the émerging evidence that other unrelated mechaﬁisms
of action might be primary ones). The decrease of absorption
(hypochromicity). and bathochromic shift in the visib{g»spectra.
of daunomycin and, adriamycin after complexation with DNA can

s

. B4
be associated with an intermolecular charge transfer between

purine~-pyrimidine bases and the quinone chromophore*49'51.

On the other hand, similar albeit not fully resolved chandes
\57 the absorption spectrum of the bound species may originate
from a completeiy different interaction mechanism. One such,
mechqﬂism is chelation of metal ions since both daunomycin

and adriamycin are known to form stable complexes49 with metals.

-

Recently, some evidence has appeared suggesting that Cu(II)

might be involved in adriamycin binding‘to DNA53—55. Another
interaction deserving consideration is self associatiohss.'

The reasonable assumption that the removal of the hydroxyl proton on the
chromophore is at the origin of the bserved-shift in the spectrum is not
supported by evidence from the model daunomy&in-DNA complex that indicates

no disruption of intramolecular bondings . )
#
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Althougt; adriamifcin does not dimerize very readily at the .
concentrations expected inside the cell after a therapeutic.
dose, in in vitro binding studies\ much higher ‘drug concentra-:
tions as well as high ionic strengths are usually employed
which facilitate ligand dimerization. 1In fact, the ionic
conditions used not only.can alter some r‘ellevant physicc;—
chemical properties of the "drugs but they can also minimize
non-intercalative forms of l;inding to DNA® ™29,
Spectrofiuorimetric analysis of binding which is
based on the observation that the typical fluorescence of

2

daupomycin or- adriamycin is dramatically quenched following

intércalation49, similarly cannot reflect specific interactions

- as it can "simply result from any process where the drug chromo-

phore engages in the formation of‘a charge transfer complex.

For the same réasoﬂ, the bathochromic shift observed upon
49,56

binding in the ultraviolet spectrﬁm’ of the drugs mast be~
interpreted with claution since multiplé interactions with a ’
variety of other components may account‘ fo\r' the observed effects.

(ii) Physico-chemical changes in DNA 'propertiéQ: )

The typical elongation and stiffer;ing"of the dou:ble
helix associated with the drug intercalation brocess is revealed
by the reduction of the sedimenta;iqn coefficient and the )
buoyant density in CsCl as ‘well as by the'inézjeased viscosity
of DNA solutions in the presence of anthraéy,clines43-'49’60’.
The stabilization of the helix due tooé lowe'ring of the

[

repulsions between the phosphate groups of thé backbone is

-

9‘.
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evidenced by the dryg-induced inc¢rease in the melting tempera- °

ture (Tm) of DNAQl. In addition, daunomycin and adriamycin

/ -

cause uncoiling of circular supercoiled DNA, a phenomenon

consistent with a local untwisting of the macromolecules due

to nligand insertion between base pair's*sl’ﬁz.

o~
&

c.1.2 ’Intercqlat'% on madels of anthracycline-DNA complex
& ~

Further evidence of intercalation has come from

4

X-ray diffraction measurements of a daunomycin-DNA complexﬁ‘1

The results suggest that the complex has a conformdtion
similar to that of B-DNA and indicate that ;he antibiotic has
its chromophore inserted between adjacent base pairs with
extensive reciprocal overlap (with the base pairs lying
immediately above and below in close Van der Wa;ls contact)
providing a weak driving force for intercalation. The amino
®
sugar sits ih the major groove ' of the‘ double helix with the
:::harged amino gsr‘o,ué interacting ionically with a phosphate
anion. one bgse pair away from the intercalation site. The

import nce of hydrogen bonding interactions between the

hydroxyls of the anthracycline and the phosphates of DNA
depends on the model adopted.

The fine details of the proposed three distinct

s

models depénd on the conformation assumed by the A ring of the »

' drug. Pigram et -al. 64 proposed a hydrogen bond between the

* = - v , » -
A word of caution is necessary because a stercitd, which clearly’does not

possess the geometrical requirements «for intercalation unwinds supercoiled

DNA™"~ .

-’
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"anthracycline-DNA interactions

15

R S

C-9 hydroxyl group and the first phosphate from the inter-
calation site. Henry65 proposed that upon lntercalatlon the
configuration changes so drastically. that; the amino’ group of
the sugar will bind to the first p_hoysp'hete a:way from the
intexrcalition site and that 82 turn thie will permit hydrogen
bond formation between the C-4' hydroxyl group and the second
phosphate from the site as well as between ‘the c-9 hydrféxy];
droup and the phosphate at: the‘intercaletion site. ¢ However,
the affinity of the 4'-epianalogs of at‘;h.;iamycj.n66 and th‘e .
observation that the 4'-deoxy anadlog\s of both daunomycin and

v ~ N /
adriamycin have binding constants of the same order of magnitude

as the parent com‘pounds 7,68 does not support the involvement

of the 4"ﬁ;hydroxy,‘g group in hydrogen bonding as visualized*.

4

Neidle and Taylor)wrf’p’f"oposed a hydrogen bond betweerol the C-7
oxygen and the C-9 hydroxyl group. This latter drug-DNA model

correctly predicted the.low unwinding angle induced by the

anthracyclines in DNA62’781 and this predominating angle is

preferred in’ solutlon as was shown. by PMR stud:.es \ It is

now the generally accepted workmg;model 73 (quure 4) for
‘W .

Recent/ﬁ.y, the "class:.cal"__g.nteractlorL of the amino
" a

sugar with the phosphate backbone in the major groove of DNA '

as deduced from the abm(e studies has been challenged by other

X-ray analyses and by NMR studies of the comple:& in solution. *

LY

Apparently, most integcalat‘ing drugs with bulky nonvintercalating

= s -
In a recent reporteg, the evidence provided indicatef that the 4'-hydroxyl

group is involved in hydrogen bonding thus lending support to the model
proposed by Henry65

@
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Figure 4 : A Saimplified Representation of the Daunomycin-DNA
s Binding Model. .

substituents favor a close contact of such substituents with

74,75

the minor groove Evidence regarding the minor groove .

I

location of the daunosamine part has also been obtained from

76,77 and from X-ray analysis52 of complexes

("
involving Short synthetic polynucleotide sequences. The -

PMR studies

classical and the minor groove models of interfalation differ |
mainly in the respective orientation of the ch ore relative

to the hydrogen bonds of the base pairs (almpst parallel in

52,75-77

the former, perpendicular in the latter) and in the

extent of the interaction between the charged amino sugar and
3

P




3

the phosphate backbone of DNA. Stabilization of the
chromophore-oligonucleotide complex is provided mainly by
hydrogen bonding.

However, these results are not suxrprisingly* in

.disagreement with those obtained from solution studies which

have convincinély shown that the amino group of daunosamine -

plays an essential part in the stabiiization of the anthra-
43,63,65,81

v
N

cycline-DNA, complex . This is evidenced by the

ocbservatipn that adriamycin binds to heat-denatured DNA,

" (presumably single stranded) with a large affinity constant

5

(Ka = 1.5 x.10° M 1)82

which the ring-ring stacking forces
cannqt accdunt for. .The importance of both the charge of the
suqaf m?iety and its position is ihaiqated by coﬁparing the
Behaviour of analogs such as N-acetyl-daunomycin and 2-amino-
2-deoxyfucosyldaunomycinone (amind® group in position 2';Qsee
Figure 3) whichﬂéhow substantially reduced affinity for DNA
relati;e to the parent compouﬁd.

The association of the anthracyqline amino sugar
to the major or the minor groove during intergalation can
play erole in the determination of'thé mode of bihding to
different configurations of DNA that ﬁéy be relevant to the
tn vivo effects. The A, B and Z—conﬁfgurations;of DNA have

different widths and deﬁths relative to the helical groove

ané@ﬂ?ese could restrain or fgcilitate intercalation. It is

>

Y

Short synthetic polynucleotides niight exhibit "fraying" at the end which
may affect the results obtained while the details of the binding 46 mot
consider other possible sequences present in the chromatin organization of
mammalian DNA, ndr do they take into account that not only B, but also A
and 2 configurations of DNA might occur in vive’8-80,

\ »
\

. | }J
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known for example, that daunomycin and adriamycin do not

intercalate with nucleic acids {% the A conformation (as in

83-85

double stranded RNA ) but bind externally to this form,

pdssibly ﬁhrough electrostatic association between the amino

sugar and the phosphate residues48'49’69.

c.1.3 Base pair specificity of the anthracyclines

l s

Selective affinity for specific segquences in DNA may
be qf particular importance in the biological effectiveness
of the anthracyclines (and drugs in éeneral), because, dependiqg
upon their sequence specificity in binding, they could affect
the activity of certain genes. Furthermore; specific sequences
are known to have a profouné inéluence on DNA gbnformation78’86'87
wﬁose stability depends on the different stacking interacéions
between neighbouring base pairs. These variable DNA conform-
ations can affect drug bindingaa, both of the intercalative
and non-intercalative types (at least in the case of the
anthracyclines). Wﬁile the gquestion of preference* cf the
anthracyclines for G-C over A-T base pairs has been the subject
of a number of studies, no definite conclusion can aé yet be
drawn (cf. ref. 43, 90-97). These studies have however raised (L
the guestion of whethef the overall DNA conformatioﬁ rather

than the base sequences per se can dictate the binding

specificity of the antibiotics in vive. For example, alternating

v

°

*
One simple view of why preference should exist is that the G-C base pair
is more polar than the A~T base pair, and should therefore interact more

favorably with an easily polarized ring systemsg.
1
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G-C polymers maintain the B conformation as do methylated G-C
pairs at physiological salt concentratioés as judged by PMR
Spectrosc09y98. However, methylated G-C_  pairs assume the
Z~conformation at concentrations of NaCl much lower than those
necessary for the B to Z t;ansition of nén—methylated G-C -
péirs. The é-z transition for methylated G-C pgirs is also
sensitive to MgCl2 aﬁd occurs at concentrat;ons of this salt
in the phys;ological rangegs. These effects may be relevant
in 1light of tﬁe fact that adriamycin appears to~intércalate
preferentially with the B-form presumably due to steric chtors
({the Z-form having a smaller radius)gg. ~ |

It is clear that a better understanding of the mode
of action of the anthracyclines at the“mq;ecular level maj be
' derived ffom the base pair specifieity studies but thié must
awai§ a better understanding of interaction'méchénigﬁs with

. the various conformations of DNA.

c.1.4 External bindigg to DNA

It has become appareﬁt‘from the variability in the
asspciation constant of adriamycin (or daunomycin) with DNA
that the early assumption of the existence of a single
homoéeneous class of binding sites is not valid. As a whole
the ;esults are moré cénsistent with a two site mode148';00.
Upon saturation of the intercalation sites (saturation

101

involving about 2 drug molecules per 5 base pairs ) additional

drug molecules can bind to the exterior of the helix, presumably

SO Y i '
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through electrostatic interaction with the phosphate groups*.
This effect of extérnal.binding hay in fact prove to be very
important’because a potentially reactive chromopﬁore re@ains
available for redox reactions of the quinéﬁe part104, for
metal ion binding or for bridging other DNA related strucggres

in  the chromatin organizationlos. This type of binding does

{
not occur only in case$ where intercalation is not permitted.
As will be seen later, this type of binding can also lead to
moderate inhibition of protein synthesis (the drug binding
weakl§ to RNA) And thus play a potentially cr%ﬁ%@al role in
the overall mechanism of action and eventual inhibition of
the polymerase.

~

C.1.5 Effects on cellular processes

Consistent with the DNA complexing properties of

these antibiotics are the findings that both drugs inhibit

106-112 9d,93,109-117

the synthesis of DNA and RNA in vitro

\ 14
(intact cells) and in vivo as well as in cell-free systems.

Studiés with various isolated polymerase systems (mammalianlll,

bacteriéllos, virallll'll3) have shown that the inhibitions
- are not due to drug-polymerase interactions but can be accounted
for by drug/template DNA complex formation. This results in the

impairment of DNA in its function as a template in the processes

*‘I'he fact that daunomycin and adriamycin have a total rrumber of potential
binding sites of one every three to six base pairs led to the hypothesis

that anthracyclines may bind through a neighbouring site exclusion process,
whereby the bound ligand altérs the conformation of adjacent binding o
sites102,103 This "negative cooperativity" mode can explain the reduced
total number of binding sites in respect' to the potential intercalation sites.

1
v .

-
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of nucleic acid expression and synthesis, -thus leading to a
diminution (or even complete cessation) of cell growth and
eventual cell death in some cases. Both daunomycin and

adriamycin inhibit the reverse transcriptase activity of RNA

tumor viruses43’92’113'llﬁ'lzo. Protein synthesis appears :
bre

to be much less sensitive than other metabolic processes to

5,121-123

action of anthracyclines and in general is not

-

inhibited* except at high drug concentration and aftgr long

exposure times121'124. "_

The precise mechanism sy Qﬁich the drug-DNA
interaééz;n inhibits template”actiﬁfty is not clear. The
prevention of separatiomr of the DNA strands or hindrance to
the atgggbment of the pélymerase due to distortion of the DNA
structure have been proposed as possible causes 3. Goodmhn |

et al.42

have suggested the preséhce of two modes of Eemplate—
mediated inhibition, one for low drug:DNA ratios and the other
for a ratio greatef than 1:15. The first mode (low drug
ratios) is thought to involve binding of the enzyme to template
DNA with dnitiation of DNA synthesis but at a reduced ratg
owing té an irreversible block of the enzyme (poséibly because
of binding to the amino sugar) at the drug intercalation sites.
(Similarly, DNAse II binds to DNA in the presence of drug but

is unable to functiqnflzs). The second mode suggests that the

*
In the cell-free system adriamycin is capable of binding to scme of the
RNA molecules involved in protein synthesis]-21'124. .-

+The inhibition of DNAse I is considered further evidence of direct template
binding because inhibition was observed with only those drugs which formed
a complex with DNAL26, However, no mention was made with regards to the -
drug concentration used providing no information on the specific mode of
the inhibition. h

b

i e < i mane
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polymerase is prebented from binding to the template because

of externally bound drug. The inhibition in this case can be

reversed by the addition of template DNA because the free

, -
enzyme retains the ability to initiate nucleic acid synthesis.

The observation that bindiﬂg to a DNA template
affects viral pol&merases‘more effectively than those of
normal cells, has been related to a special selectivity of
the drugs'?’. Theé preferential inhibition of DNA polymerase
a (the enzyme presumably catalyzing the DQA replicative process)

over DNA polymerase 8 (the presumed repair enzyme) is-at the

"origin of the classification of the antitumor anthracyclines *

as "cell specific" cytotoxic agents, 7Z.e., compounds acting

selectively on célls endowed with high levels of mitotic

activity*lza.

" The cardiotoxicity of the anthracycliﬁes has been

- related to the inhibition of myocardial DNA metabolisﬁ, in

particular DNA-replication and DNA~-repair mechanismslal-l33

as well as DNA-directed RNA synthesis (and therefore inhibition
of synthesis of the proteins fhecessary for myocardial function

134'135. Because of the special nature of the

and integrity)
heart tissue (the ventricular adult tissue is unable to

regenerate) these inhibitory effects are particularly
136 : .

‘damaging” " .

The possibility that daunomycin and adriamycin may

e t

*When cells enter the replicative cycle, their content: of o polymerase rises
substantially, while their content of 8 polymerase remains unchanged129'13°.
Under these conditions, cells involved in the mitotic cycle would be more
susceptible to an agent which preferentially inhibits the o polymerase.
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inhibit nucleic acid synthesis by a mechanism other than DNA

intercalation has been suggested recently. It would appear

that for some eukaryotic onal37 and RNA—polymerasesl38 binding

of anthracyclines to the enzymes could be an important .

determining factor of the inhibition. However, while these
resultg provide .yet another possibility regarding the mechanism
oflgction of daunomycin and adriamycin, it remgins to be ‘
determined which mechanisL’is priﬁarily responsible for their

antitumor activity.

c.2 Membrane Binding

There are reasons to question the importance of

intercalation into DNA as the primary or sole mode of action

résponsible fo} the cytotoxicity of the anthracyclines. The
most notable discrepancy i; supplied by synthetic analogs
generated during the course of structure-activity relationship
studies and, in general, the results tend to indicate that

there exists no ﬁbvious correlation between cytotoxicity and

DNA binding ability. A striking example is N-trifluoroacetyl-
adriamycin-l4-valerate (11\D--.:52)]'39-140 (8) which is an effective
antineoplastic agent .in §pite of its apparent inaﬁility to enter

141 or to bind onto isolated DNA142. Accordingly,

126,143,146

the cell nucleus
its cytotoxicity must rely on a different mechanism*

The anthracyclines_biqd with high affinity to cell

* -
Although. the cytotoxicity of AD-32 has been related to its effect on cell ‘
membqanesl43, the mechanism of action is far from having been
elucidatedl44,145, :

-
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membranes and there is an increasing amount of experimental
. . \

evidence that membrane properties as controlled by interactions

147, phospholipid strupture and organizationl48,

150

with lectins

., 148,149

fluidity and tfansport of small molecules and ions

among others may be involved in the cytotoxic action of these
drugs. ﬂ *
'This doeé‘not necessarily imply that the plasma
membrane is the primary target but regardles; of the nature
of‘the ultimate target, the drug must initially intefaét with .
the cell membrane and it is thus most reasonable to assume
that this first encounter‘may be an‘important‘determinant of
the final biolo&ieal effect.

Increased agglutination of cells by concanavalin A

‘uppn treatment with adriamycin is evidence that membrane

|

e PR,




dAntegrity is affectedl47. fE is suggested that this increased -

agglutination arises from an enhanced ciusteging of membrane
receptors occupied by concanavalin A, an effect condifioning.
the agglutination processﬁ The eﬁhanced clusterihg by
adriamycin requires that it interacts with some membrane
constituent and it 1s known to bind onto phOSphOllpldS in
vitrolSI. ) _

No complexation with neutral phospholiﬁids has been
observed152 but adriamycin binds to the negatively charged
phospholipids cardiblipin and phosphatidylserine quite J

152b that anthracyclines

strongly*. It has been proposed
beariné a daunosamine residue are capable of binding to the
,nhegatively charged phosphélipids’via-the'protonated sugar
amino group. There is little reason to expect any selective
intéractiqn with cell membrane components basé% solely on the

a
properties of daundsamine as there are many other constituents

x

(N-acetyl derivative of neuraminic acid, sulfated poly-
saécharides, sulfated mucopplySaccharideslS3, uronic acid

- polysaccharides and pioteins with an excess of acid over basic
groups) to which adriamycin can bind. Nevertheless, because

of the large affinity for adriamycin for cardiolipin and the

importance of the latter in membranes, interaction phenomena '’

*The binding of adriamycin to cardiolipin is much stronger than it is to
phosphatidylserine. The association constant K, is 1.6x 106 and 1.8 x 104
M1 respectively (cf. K, for adriamycin-DNA is 2.4x 106 M~l). It has
been suggested that the greater affinity for cardiolipin vs phosphatidyl-
serine arises because the two adriamycin molecules bound to cardiolipin

. interact vig ring stacking and this provides more free energy of associa-’

tionl52b, 1t is clear from the association constant that cardiolipin
gould be a competitive target for adriamycinlsza

Wit
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witﬁ this lipid has been given sbecial attention.
Cardiolipin .is a major component of the inner leaflet

of the mitochondrial membrane and its presence has béen shown

toobe important for ﬁitochondrial function154. As the ‘name

implies, this lipid can be isolated in gquantity from cardiac

. mitochondria. Binding of adriamycin to cardiolipin thus may

serve to localize the drug at the level of cardiac mitochondria
and the resulting alterations in mitochondrial membrane function
could result in altered ATP generation and calcium hand&{ng
by the mitochondria with devastating consequences for cardiac
function. This simple hypothesis~may provide g"molecular
basis for the cardiac toxicity of the anthracycline anti=-
bioticst48/152b ' ‘
However, no definite evi3§nce has appeared as yet-
which ailows a quantitative estimation of such binding in |
relation to the effects observed on mitochondrial function or
toufhe pathogénic effects leading to eventual cardiomyopathy.

152a,155

It has been suggested that the adriamycin-induced .

156

inhibition of the synthesis of the membrane énzymeé

cytochromes a and a, may be related to binding onto cardiolipin. |

Other important effect; on mitoc¢hondrial functicen such as
157-159

perturbation of electron transport and superoxide T
generationlso‘may be connected with lipid peroxidation and .
will be dealt with later.

It has been suggestedl48';52b’£hat the binding of

adriamycin to cardioliin may also play an impértang role in
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- fact prove to be quite advantageous as the drug may no‘longef

o et 3,
St

2

“determining the susceptibility of neoplastic cells to the

anthracycline antibiotics. Although cardiolipin is hormally
restricted to mitocﬁondrial membranes, it is actually found

in all cellular membranes upon malignant transfprmatlop 61

This could mean that’ a. tumor cell may present a modified
surface to an approachlng,drug molecule and behave dlfferently_
from one which lacks’cardiolipin on the.surface of its membrane.

>

The most provocative suggestion that the cell

’

membrane may act as a key target as opposed to DNA*dependent

162-164

systems is based on the observatlon that adrlamydln

covalently linked to polymer beads* retains~potent cytotoxic
properties.. Indeed, Trmtton162 163 and Tolkes164 prepared
microspheres to which adriamycin was covalently attached

through the sugar amine group té reactlve functions on the

polymer (Figure 5), thus making adriamyein effectively -
inaccessible to the cell iﬁterior; Since the drug ton}ugate

was cytotoxic and arug release by the spheres ruled out oh P
the basis of adequate control experiments, it was concluded

R . (4
that adriamycin must exert its effect at the céll membrane

level. This type of drug conjugation to,a support may in

be available to those compartments involved in its metabolic .

breakdown, thus permitting the continuous perturbatlon of the’

-

Tritton used 6% cross—linked agarose beads (40 to 210 um in diameter)
derivatized with 1,1'-carbonyldiimidazole, which can react with free amino
groups. Tolkes used polyglutaraldehyde microspheres (0.20 to 0.45 um in

" diameter). The aldehyde function at the syrface of the microsphezes forms
a Schiff bdse with free amino groups. . . .
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Figure 5: Structure of Adriamycin Linked to a Polymeric Matrix
‘ Used by Tritton.

-

cell. Since such preparations do not affect the chrohophore,
it remains free to bind metal ions arnd to undergo those redox

reactions whitch may be re;ponsible'for the observed cytotoxic

gffeét.

P o However, although interesting, these results ;aiée
a number of guestions.. First, in these studies the attachment
"of the drug to the pelymer beads i; through the amino group.

o This mea?s that the amine is unavailable for interaction with

the cell membrane and this is inconsigtené’with a~§fev;ous‘
conclusion that the amino sugar part is critical for drug
binding fo’thg membrane. I;‘femainé possible that the amiie !

- 4group maf not be“esgéntial for bihding-(althohgh in one case,
the NH, is in the form of a basic Schiff base) but this is not

. consistent with the numerous studies that have demoﬁétrated

"
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activity. Moreover, the,beads of fer adriamycin to the cell

g . 29

the apparent importance of the amino function for biological
5 -t

-

surface in a manner not encountered urnder normal physiological
. a . -

conditions, Z.e., the drug molecules are arranged in an
! ’ . .
ordered fashion "like a picket fence along the bead surface"

TFigure 6). Under these circumstances the interactions involved

—-—
-~

Covalently
bound
adnamycxn
Agarose /
Bead
0
H3 #
b HO
Matrix - JJ-T':—NH
o +

¢ © -

o Figure 6: Representation of Adriamycin Covalently Bound to
e Agarose Bead. . N

A
~

¥
may bear little or no relationship to those of the free drug

in solution.
r*’ . - .
Still, these experiments do not rule out the ¢

possibility that free adriamycin can affect q?ll viability

through DNA intercalation but they show nevertheless that under

-

special circumstances, cytotoxicity can be achieved withoutf

[y

interaction of the drug wﬁih DNA OJ other intracellular

organelles. These obserya\ions have stimulated much work, the -

results of which point to significant membrane effects induced

v ! -

by the anthracyclines.
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C.3 Generation of Reactive-§pecies

c.3.1 Free radical formation

The most rapidly evolving area in anthracycline
AN

research centers on the involvement of free radicals. /'

/
Adriamycin can undergo one electron reduction to the s%mi-

\
guinone or a two electron reduction to the dihydrogquinone
provided it is not intercalatedso’165.16)7 with DNA. Each of

these species has its own chemistry and an associated but
conjectural role in the action of anthracyclines.

The one electron reduction of adriamycin (and other
anthracyclines) has been shown to be catalyzed by various

i

flavin-centered oxido-reductases including cytochrome P-450

and xanthine oxidaselea“l70 at the mltochondrlallso,
mio"rosomall7l’172 and nucl;ealrl73 level. (Thi\s" reductiomny also
' 174

occurs spontaneously, to some extent, at neutral pH ). In
the presence of oxygen, this process leads to the regeneration
of the p:arent anthracycline and the formation of the sup‘ef—’
oxide'anion‘ followed by the appearance of the hydroxyl
160,168,171,175—177.

»

radical

» Superoxide, which by itself is not very reactivel78,
can underg<'3 a seri‘es of reactions leading to the generation
of such species as hydrogen peroxide and a highly féactive

hydroxyl radicall78 , 179 .

It can also yield hydro§en peroxide
directly via spontaneous disproportionation but the reaction is

markedly accelekated by the ubiquitous enzyme superoxide

¢

p
\
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180

dismutase (SOD) (Egqn. 1). .
- + SO0D .
.
The hydrogen peroxide formed by this reaction and by flavin« A,/}

linked oxidases is decomposed by the heme enzyme cat':alasel?l‘
to innocuous products (Egn. 2) thus insuring protection of -

the cells against peroxide.

0, —+ 2 H,0 + O 7N (2)

272 2 2

The hydroxyl radical may be formed through reductive lysis

$
of hydrogen peroxide by the superoxide radical (Egn. 3)]'82

and exert its damaging effects especially in those or’(géns

which are deficient in those enzymes.(e.g. superoxide dismutase,
8

+

0. + H o, — 0 OH™ + OH- _ (3)

3

t
‘and catalase) that ng)rmally inhibit its formation. However,"

this latter process, the so=-called Haber-Weiss reaction183,.

is kinetically too slow to be of significant* biological

importance unless it is catalyzed185 188.

179,189 ,hat chelated ,Ooxidized iron can exert . °§‘ff

The in vitro

observations

-

Th:.s has led to a bitter controversy where the significance and role of L
superoxide dismutase has been questlonedl 185
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such a cataa.ytic effect led to the proposal that cellular iron,‘
presumably chelated as in the ATP-Fe3+ complex could catalyse
the formation of hydroxyl radicals in vivolso'lgl. (A summary

of the proposed redox processes leading to hydroxyl radical

A\

formation is shown in Figure 7). .
NADPH 0O, Hy Oy
-Cytochrome
P4sO s.00 Y 2ux*
' Reductase
NADP o:

ATP. Fe(ilt) . ATP. Fe(ll) ATP.Fe(ll)+ .

’\J*o’ OH’ * OH™

Figure 7: Schematic representation of the proposed mechanism of
anthracycline interaction with microsomal cytochrame
P-450-mediated redox cycle leading to superoxide and,
through the interventicn of complexed. iron, .to the

* hydroxyl radical.

.

i
\

The in vivo intracellular concentration of iron 1s
low and 1t may be expected that upon addition of adriamycin

it is likely'tﬁat any available Fe(III) will suffer chelation

in view of the affinity of adriamycin for Fe(;{II)lgz. However,

this may be of little conseguence as there is evidence that
L]

-

the adriamycin-Fe(III) complex will mediate a Hzoz-dependent

?



hydroxyl radical fomation193. In addition, it was recently

observed that the hydroxyl radical (or a species with very
similar properties) was formed simply by mixing the adriamycin
semiquino;ue with hydrogen pei‘oxide in the absence of iron]~'94.
The toxicity of the hydroxyl radical derives (in
part) from its ability to cause peroxidation of-mémbrane lipids

dnd to degrade DNA*,

C.3.1.14 "Peroxidation of-membrane lipids

Although the precise mechanism of membrane damage is
not known, the reactive species* derived from the superoxide
radical (such as hydroxyl and peroxy radicals) can initiatg
free radical-mediated chain reactions that r:asult‘ in peroxi-
dation of unsaturated fa’tty acids (Figure 8).

The biochemical consequences of lipid peroxidation at
the membrane level are exceedingly complex and involwve not only
the unsaturated 1lipids but also the manS{ different pi‘oteins

and enzymes that form an integral part of membraneslgs'ZOI.

e sulfhydryl enzymes are particularly 'suscept::u:ﬂe201 and

easily inactivated as a result of membrane structure perturbation '

.

or by cross-1linking reactlons (which may occur between proteins

* \ . 7
Depending upon the proximity of the particular antibiotic to a cellular
macrcmolecule, this can give rise to membrane lipid peroxidation and/or
DNA damage

+mere are different opinions regarding the reactive species involved in the
-initiation of lipid peroxidation. Superoxide itself is not considered to
initiate peroxidation directly but several reacticns have been pxoposed in~
which O3 reacts with 8202 and/or ATP-Fe3"' producing 'Op, O or an ATP-
perferryl ion (I&'I'P—E‘e2 -0, ++ ATP<Fe 3t 0%) omplex. All three of these
products may initiate lipid peroxidation 9 .

t
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Figure 8: A schematic representation for the mechanism of adriamycin-induced
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Lipid Peroxide

. asH :
Peroxidese . %

LOH

lipid peroxidation. After enzymatic ‘reduction, the quinone
moiety of adriamycin is regenerated autocatalytically with the
production of superoxide anion (03). The reactive species derived
from it (R’), such as singlet oxygen, hydroxyl radicals, peroxy
radicals and ATP-perferxy ion complex can remove hxd;rogen from
unsaturated fatty acid (I) to yield the fatty acid free radical
(II), which reacts with oxygen to produce a fatty acid peroxy
radical (III). A cycle is set up in 'whichm(III) can abstract a
proton from anbther -molecule of (I) to yield an unsaturated fatty
acid hydroperoxide (lipid peroxide) and another molecule of . (II),
which can continue the autocatalytic chain reaction of lipid
peroxidation. The biological defense mechanisms, superoxide
dismutase (SOD), catalase and glutathione peroxidase are shown at
the sites at which these may act to prevent detrimental consequences.
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or lipids and proteins) initiated by lipid peroxidation.
The mitochondrial'membranes and the endoplasmic reticulum -

202

contain a high proportion of unsaturated fatty acids and

consequently, these membranes are also highly susceptible

to lipid peroxidative damage.

The possible link between anthracycline-mediated

. free radical generation and cardiac toxicity was first proposed

by Myers et al. 203 on the: basis.of the detection of malondi-
aldehyde* (a known product of unsaturated fatty acid peroxide
degradation) in cardiac muscle after trcating mice with
adriamycin. Coupled to this finding was the observation

that tocopherol reduced lipid peroxidatiOn and congomitantly
lessened the cardiac toxicity without compromising the anti-
tumor ractivity of adriamycin. \Subsequent;y,'a.number of

groupalso'aos'207 have shown' that both cardiac mitochondria

v

and cardiac sarcosomes generate the superoxide anion in. the

presence of adriamycin or daunomycin. Since these targets

_are prominent sites of injury, these observations are of

considerable interest. In addition, these intracellular sites
of action regulate the avallablllty of intracellular calcium’
to. the contractile prote&ns and abnormallties in calcium’
handling are characterlstlc of cardiomyopathy. Evidence has
been obtained2%8720% that a specific defect occurs in mito-
chondrial calcium transport after anthracycline administration.

L '
Alterations in the activity of NADH-oxidase.- and the succino-

*Interestingly, malondialdehyde is carcinogeniczo4 as well as mutageniczos.
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éxidase s'ysiem, which constitute the respiratory chain enzymes
requiring coenzyme Q]_‘O (Coblo) as cofac:toero, have been =~
associated witl_m lipid peroxidation damagé*z:l‘l. Thus, i:! is
suggested that the formation of free radicals in the h;art
may destrc;y the function of key cellular components thrm:!gh

oxldation and as a result, cardiotoxic effects are obserged.

The particular sensitivity o

the heart tcf the

T

effects of free-raglical’s may be a¥®ftounteq for by a deficiency

in the protective enzfrmes superoxide dismutase and cata- f

171,215,216

lase relative to an organ such as the liver which

normally gehératgé free radicals during the catabolism of

°

-drugs and 'endogenous compounds. Cardiac tissue possesses

less than 10% of the catalase activity and less than 25% of !
: - ‘|

the superoxide dismutase activyity found in the liver217. The

protective enzymé glutathione peroxidasef,* whose proposed

role is to detoxify lipid peroxides by reducing them to stable

1lipid alcohols 220,221

it to wa.te::zzz"'zz4 (Figure 9), has the same level of activity

and destroy hydrogen peroxide by reducing

in both organs. However, adriamycin depresses the activity
' 160,225,226

of glutathione peroxidase in cardiac tissue
Cardiaé glutathione peroxidase levels reached a nadir

at 24 hours followihg adriamycin treatment and remained

*,
Alternatively, .it has been proposed157'210’212 that adriamycin competes

with ubiquinone (CoQ;;) for several ubxquinone dependent oxidoreductases. )
It is pointed out that ubiquinone can act as a radical scavenger 210.21 3 and.
its use in "rescue" therapy for cardiotoxicity was suggested

~'.Glutat:.hione peroxidase, which requires selenium as a cofactorzls, is a

cytosolic enzyme with its fun¢tion directed towards the removal of hydrogen
peroxide in the cytosol as it may not have access to lipid peroxides formed
within cell membranes?l?,
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Giutathione . ’ Glutathions
Reductase Peroxidase

NADPH : G-8-8-G ROH + H,0

Fiqure 9: Reduced glutathione (G—-SH) converts peroxides (ROOH)

. "to alcohols (or water in the case of H07) in the

e presence of glutathione peroxidase and in the process
is itself oxidized (G-S~S~G). Oxidized glutathione
is reduced to G~SH in the presence of glutathione
reductase and NADPH.

depressed ;)yer ‘a period of between 4 and 5 days. During ‘ ¢
this period of enzyme depression, two major intracellular paths
for peroxide removal are unavailable to cardiac tissue. Thus’,‘
adriamycin is able t;o catalyze the formation of hydrogen
peroxide at the same time that it attenuates one of the key

¢

mechanisms for hydrogen peroxide removal.

c.3.1.2 DNA nicking

The ability of daunomycin and adriamycin to damage

DNA in mammalian cells is well documented. These drugs are-

known to cause single strand breaks227-229 which may be

\ ]

responsible for chromosomal réarrangement including the increased

A 33 S P oM 4 Bk 8§
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230,231

frequency of sister chromatid exchanges and mutational

event:s32. In addition, these compounds are very effective

carcinogens in rats33733,

176,177,232-236 0 shown that the

Lown ;et al.
cleavage* of DNA depex;ds on the induction of hydroxyl radical
formagtion by adriamycin as a result.of its redox properties
(summarized in Figure 7). This is consistent with a previous
study in which the ability of the hydroxyl radical to cause
DNA strand scission was demonstrated239. Coqpled with the
fact that the nucleus contains the enzyme NADPRcytochrome
P~450 reductase which can catalyze the reduct:i.on173 of adria-
mycin, and the fact that there exists a correlation between

DNA strand breakage and qytotoxicifyuo

, the drug-induced
free-~radical formation constitutes a plausible mechanism for
single strand breakage. (It may also provide a mechanis;n

for the mutagenicity and carcinogenicity of these drugs).

Unfortunately, there are no published studies which have .

addressed the question of the actual mechanism of single strand

breakage in a living cell.

The premisg that the cardiotoxicity of the anthra-

cyclines is related to the documented free-radical cascade is

.- supported by the observation that the analog S-iittinodaunbmycin

* .
Some strand breaks result from the action of topoiscmerase201 releasing

the torsion placed in the double helix by drug intercalation but this is
not the cause of cytotoxicity?37. However, recently it was found, in
contrast to a previous report235, that the binding of the drug to DNA must
cause considerably more single strand breakage than originally thought, as

. the anthracycline, 5-iminodaunomycin, which has a negligible capacity to,

form semiquinone radicals in viiro causes extensive single strand breakage239.
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241

(9) is less cardiotoxic than daunomycin This quinone-

modified analog Hisplays a»slower rate of weduction and a

slower rate of reoxidation of the reduced form relative to

235,242

daunomycin wlfxich in turn, makes it a less efficient

subs‘tl_:ate in the redox cycle shown in Figure 7. - As only a

small decrease in antitumor activity is observed with

S-iminodaunomycin {with 5-imincadriamycin, antitumor efficécy*

was significantly increased, although potency* was decreésed243) .

this result suggests for the first time that it may be

possible to separate cardiotoxicity from antitumor activit,y*zag.‘

]

* ; - .
Compounds have antitumor efficacy if 3T/C or survival time of treated mice
relative to controls is 2 120. Potency compares the dose of analog and
dose of parent drug required to give the same effect.

fHowave::, this may have to wait further im vivo evaluation because the
salective cytotoxicity displayed by the anthracyclines may due to the
same factor believed to be responsible for cardiotoxicity,™.e., the*
significantly deficient levels of the protective enzznes £ suge:oxide -
dis?:utase, catalase and glutathione peroxidase195'21 ¢216,244,245 -

'
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including DNA.
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c.3.2 Anthracyclines as alkylating agents

s

Reduction of daunomy;}h or adriamycin under anaerobic

conditions leads to glycosidic bond cleavage and isclation of

168,170,207,248-252

the 7-deoxyaglycone* and daunosamine . The

mechanism of glycosidic bond cleavage involving either one or

170,253
RE

two electron reduction (depending on the reducing agent
has been intensely investigated and debated because of the

potential role fhat the reactive intermediates might play in

‘the covalent binding of the drugs to biological macromolecules

-

c.3.2.1 One—~electron reduction ¥ 4

The one-electron reduction of the quinone part
provides a semiquinoneQOWhich is in all likelihood érotbnatgd

at physiological pH)zs4

that heterolytically eliminates the
glycosidé residue to yield a semiquinone‘methide which uﬁdergoes
a "rearrangeme?t" in which the unpaired. electron midrates to

the C-7 position (Figure 10). The radical thus formed can
abktract hydragen (and>initiate lipid peroxidation) or it can

reduce molecular éxygen (initiating an oxygen-dependent lipid

peroxidation and DNA degradation) but it is believed to be the

alkylating spécies responsible for covalent binding to

DNA170'172'255"260. The C-7 radical might also be expected to

react with itself toAyield an alygcone dimer.

*
Reductive deglycosidation to the inactive 7-deocxy aglycones is one of the
important clinical disadvantages associated with the anthracyclinesdd.246,247,

e vt e




a1

Hydreogen
Abstraction Dimerization

[DNA~DRUG]

Proposed mechanism for DNA alkylation and formation
of deoxyaglycone and deoxyaglycone dimer .from a
carbon~centered free-radical intermediate derived
from the anthracycline semiquinone intermediates.

>

While the formation of such a dimer has not been :

described for daunomycin (or adriamycin), it has been

identified in the case of the cne-electron reduction of

l-deoxypyrromycin (1Q0), aclacinomycin A (l1) and aklavinone

(_1_3.)261‘263. The isolation of these dimers was, in fact, - )

————
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\ .
R, R: ) R, R, R,
0 s
10 _l-deoxypyrromycin OH H3 C:HZCH3 Co,CH, H
. R TEN .
32
11 aclacinomycin A OH CH.CH co.,CH H
i \ 0 243 2773
. o D ) o
CH3 N(CH])Z
o
o= a0 OH
12 aklavinone OH B . CH:'_,CH3 COZCZ}:-I3 H

1

considered as constituting evidence for the proposed mechanism
. LN
underlying the one electron-induced reactivity of the

anthracyclines..

-

£.3.2.2 Two-eleckron reduction
1 .

The two-electron reduction of the quinone part leads
to the corresponding hyéroquinone which subsequently undergoes
heterolytic glycoside bond cleavage to yield a methide inter-
mediate. This quinone methide 13: is potentially electro-

264-267 A

philic as well as nucleophilic268 and thus provides™an

attractive intermediate for covalent binding onto macro-
(.




n ROH

Quinone Methide

moleculeslo4'}255:255 ' 264-268.

-

In the first path of reactivity, the quinone methide
serves as an electrophile (Mi}chaeli acceptor) capable of
reacting with tHe nucleopliilic sites of ma_fcromoleculeﬁ*.i This

mode of induced reactivity is an illustration of the ph_enoménon

of bioreductive activation Aexterrsively discussed by Moqre264'265.

While the trapping of electrophilic intermediates presumablir

generated by reductive cleavage of daunomycin has been

253-268a

unsuccess ful , such trapping of 7,ll-dideoxyanthra-

cyclinone quinone methide by thiolate nucleophiles was recently
reported267. The initial product, hydroquinone I4a, undergoes
disproportionation so that quinoné methide formation beeomes

autocatalytic.‘ The ‘iso‘lated adducts -are converted ‘anaefobically

* ) r
Some principal nucleophiiic sites in DNA are the N=7 position of guanine,
the N+43 po(sition of adenine and the exocyclic 0-6 position of guanir}9269 ..

©
t

\ ) 1
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in the absence of nucleophiles to 7-deoxyanthracyclines which

explains why it has been so difficult in the past to obtain'’

positive results in trapping experiment5253.' The failure to

observe nucleophilic addition to daunomycin suggests that
the quinene methide is either unreactive or is more ‘readily
protonated and susceptible to faster tautomerization because

of the C-11 hydroxyl group253_. Alternatively, the adduct may

be more poorly capturable by disproportiocnation.
In the second path of reactlvklty, the quinone methide

now serves as a nucleophile capable of reacting with the

electrophilic sites of macromolecules*. Reaction of gquinone

Covalent bond formatiop can be expected” with electrophilic sites in DNA such
as the 2- or 4-position-of a pyrimidine base or the 2- or é-position of a
purine base. In addition, guanine.js expected to be more reactive than
adenine and cytosine more reactive than thymlne27o'27l.

4

< 3.
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methide 13 with an electrophile regenerates the guinone but

subsequent reduction of the adduct.would not be expected to

promote cleavage.of the new Pond at the 7- poSitlon (because
electrophlles are usually poor leav1ng groups). The sxmplest ,

example of the reaction of. QUinone meth1de 13 with an

¢

electrophlle lS,'Of course, protbn capture to give 7-deoxy-
. \.

daunomyc1none An lnterestlnq illustratlon of the proposed

nucleophlllc reactlvity of the quinone methide towards a ‘
relevant substrate was obtained in trapplng experiments using /fd
benzaldehyde as the electrophlle268. : , '

Recently, hewever, it was\reportedl7u that there is
l;ttle evidenceithat‘the anthracyclines can underéo two ]
electron reductions <n vivo. Bachur et al. found that //

(

adriamycin underwent reduction w1th flav1n oxidoreductases, i
v
capable of single-electron transfer but 'was a pQor substrate

for the flavoproteins capable of two—electron transfers. On the
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other hand, Sinha and Gregory256 found that a-tocopherol

(a presumed free-radical scavenger) had no effect on the
covalent binding of adriamycin to DNA. 'However, glutathicne
interfered with binding, an indication that Fhe guinone methide
was formed. Some doubt has also been cast on the evidence
purporting to showkfhat adriam&cin binds covalently to DNA.
This evidence was based mainly on\tge finding that binding of
the drug to DNA persisted after repeated extractions and
washings under conditions known to liberate intercalated

5255’257'258. That covalent binding may indeed occur was

reported by Ghezzi et 32.272 14

drug
, who Qhowed that C-label&d
adriamycin binds covalently to microsomal proteins in NADPH-
dependent reactloné. It is clear‘that,more of this.type of
direct proof of covalent binding shouzé be adduced before
confidence in the alkylation mechanism (either as a result of
one-electron or two-electron ;eduction) can be sustained.

’ .fBoth the C-7 radical (resulting from a'semiquinone
réagrangeﬁent) and the guinone methide ggthways may be more
impoftant mechanisms in in vivo situa;ions for the induction
of DNA damage or breakage163’258x For exémple, while it is
observed that the binding of anthracyclines to 1solated DNA »
causes molecular distortions but never damage or breakagé of
the Dﬁk strands, intact liVLﬁg cells treated with the drdgs

15,228,229{273

rapidly show DNA damage This suggests that

cellular activation to one or the other of the alkylating

'species$ (or hydroxyl radical formation) prbbablf‘occurs, a

o
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process—facilitaiéd by the integrity of liwving cellsl72'258.

In addition, the ability of adriamcyin to kill tumor cells
under hypoxic* conditions supports the theory of its bio-
reductive activation275’276.

A summary of gﬂe hypothetical process undergone by
the anthracyclines in éhe cell (adapted and modified from~
Bachur et al.l73) is shown in Figure 11.

Once across the cell membrane, the drug may follow
two paths. It may go directly to the nucleus to suffer
reduction by flavo proteins located ingthe nuclear stroma.
This would result in the formation of the semiquinone free
radicél* intermediate which can react directly with DNA or
to the drug free-radical which can react with oxygen to form
superoxide free-radicalé and subsequently hydrogen peroxide
and hydroxyl radicals. The hydroxyl radicals would damage
DNA and other nuclear structures. Thegregenerated qguinone
group becomes available again for single-electron feduction
by a recycling process. The drug may also bind covalently
to DNA or other ;uclear structures and because the quinone
gréup would be free, it could participate in the single-electron

reduction process. However, an intercalated drug ¢an no

longer be available for free radical formation. In the

*Hypoxic cells are resistant tos chemotherapeutic agents directed against
proliferating cells. It is hypothesized that hypoxic cells remote from
the vascular supply of a tumor mass might have a greater capacity for
reductive re;?tlons than their normal well-oxygenated counterpart3274.

1.'I.'he 2-electrgn reduction process is not discussed here because it is not
considered likely by Bachur who proposed the reaction pathway in question.

' . . (7
Y I
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FPigure 1l: Possible reaction pathways of qu:.none-t;(pe drugs in
the cell. FP , reduced flavoprotein; FP , oxidized
* ox -
flavoprotein.

7

cytoplasm, the endoplasmic reticulum flavo proteins or the-.

mitochondrial enzymes also catalyzé the formation of drug

~
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free—-radicals which may react with cellular components such

as cell membranes or may generate hydroxyl radicals inflitting 7y

damage on various cellular components (via oxygen mediated

lipid peroxidation). It is fpssible that semiquinone free-

radicals produced at the endoplasmic retictlum level may travel

to and penetrate the nucleus where they can céuse damage as
discussed above. ' -

The scheme is greatly over-simplified  because the
rate of adriamycin segiquinOne reaction with 0, is so high
that the reduced form could onlY Survive to be éaptured by
DNA if the cell's internal‘o2 concentration were very low.

)
hid
Moreover, under such circumstances, formation of oxygen

radicals by reduced drug would not be possible eitherlss.

D. CONCLUSION

The,aﬂthracyclines are structurally\cogpleﬁ‘agents
which give rise to m%ltiple biochemical effects. How these
antibiotics elicit these effects is a question that can be -
divided into two main parts. Adriamycin can bg looked upon as
a passive moieculé that binds to DNA and, by distorting the
latter's geometry, alters its function. Alternatively, the
chemical reactivity (basicity of the amino group, the redox
potentiial-of the chromophoré) of the antibiotic can serve as
a basis to explain its biological effects. As we have seen,

r

there is no persuasive evidence favoring one view or the

‘other. Both rationales can "explain” the selective cytotoxicity

)

L A rene
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cells and both views also offer "accgptable" explanations

/ 50

of these antibiotics:towards cancer cells relative to normal

for their cardiotoxicity. However, besides the fact. that
these proposed mechanisms cannot explain why adriamycin is

cytotoxic at a concentration inferior to that required to
277

inhibit DNA synthesis or why the new analog of adriamycin,
N ‘ . ;
3'~(3-cyano-4-morpholinyl)-3'-deaminocadriamycin (15) is not ‘

only an intensely potent antitumor agent but also lacks

cardiotoxicity278'279

» these mechanisms, by themselves, do S
not tell a complete story. For‘éxample, these rationalizations
cannot account for the wider spectrum of activity of adriamycin

relative to daunomycin even though thé two drugs are virtually

T

" identical from the structural and reactivity point of views

as we have noted and emphasized in this presentation.
The superior activity of adriamycin over daunomycin
» -

» . .
is perhaps best explained by taking into account ;heir respective
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4

‘effects on the immune system. Daunomycin is apparently more

280-282

immunosuppressive than adriamycin . In addition,

although the chemistfy 6f the two antibiotiés may not be
significantly different (differing only at the c-14 position)

their transport and'rate of metabolism in vivo are certainli

‘3109,117,285,284

not the sam The complexities inherent to

‘intact livihg systems. can be appreciated further. A very
impo;tant point (which is very yé£en neglected by most
researchers in this field) is that cancers are not homogeneous.
They tend to preserve, in varying degrees, the metabolic

character%7tics of their tissuye ‘of origin. There is bio-

chemical %eterogeneity even within a tumor classzss. ‘They also

'differ ih their ability to repair DNA286, in their content
of superoxide dismutase, catalase and glutathione perox-

195,215,216,244 . 4ell as in their ability to take up

287,288

idase
certain trace metals . éince these parameters cannot
be easily identified, our chances of success are similarly
uncertain but“our-ﬁwareness of them will ultimately help uys
;ﬁnderstand the very qomplex nature of the interéctions'between

drugs and their target organisms.

-

_—E. . THE GOAL OF THE PROJECT .
The aim of our project was to develop useful
synthetic strategies of the synthesis of the chromophore unit
' 1.
of 4-demethoxyxanthodaunomycin (16) and its regioisomer 4-

demethoxyigoxanthodaunomycin (17). The reason for synthesizing

o ety e n
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;uch compounds carrying éhmogifigd chromophore was to evaluate
the hypothesisvthat daunomycin-mediated formation of free
radical species may be 'a cause of cardiotoxicity. Testing

og this hypothesis may be possible with compounds such as
égdénd 17 because the “xanthone" unit is not as efficient

an elect:ppeacceptor as the quinone unb£ of'daunomycin and

as a result these analogs would be expected to display a lower
rate of reduction relative to 1. (We have already seen that
S-iﬁinodaﬁnomycin, which was disclosed while our own work(

was 1in progréss, exhibits a lbwer rate of reduction tha? Py
and shows significantly less caréiotoxicity). Extensive
structure-activity relationship studies have(been usefﬁl in
ident;fying the chemical features which are ndt critical for

| activity. However, we were feluctant to introduce too many
modifications, séme of which'might‘ma;k the primary effect
that we are seeking whilg others might cause alterations in
transport, meéabolism‘and reéponse ofithe immune system.

~
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Consequently, the only additional feature which we decided to
alter involved remév;l of the substituent at the C74~po§ition.
This choice not only simplified the synthetic. strategy but

a potenti;lly more useful compound may beﬁobtaineé'because it
is known that a 10-fold increase in in vivec potency is

]

associated with the removal of the 4-methoxy substituent of

daunomycin and adriamycin.
In addition, we planned to synthesize the 4-deme£h6xy-
daunomycin analog 18 and 4-demethoxyxanthodaunomycin analogs

19 and 20. Since the anthracyclines suffer in vivo deactivation through

conversion to the corresponding 7-~deoxyaglycone, it would be
interesting to:-see what effect replacement by a "stabilized"
substituent might have. At the same time, the bioactivaﬁion
h&péthesis requiring a l-electron or 2-electron reduction of

anthracyclines prior to:the generation ofwalkylating species at

1

e
'
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C-7 would become verifiable because such analogs as 18, 19
and 20 cannot eliminate their C-7 carbon substituent.

In a parallel vein, some aminoanthraquinones have
generated a considerable amount of interest because while
the;kihcorporate only a few features of the anthracycline§,
they show significant antitumor activity. However, 1like the
anthracyclines they are cdrdiotoxic. As we felt that these
compounds might also be inyolved in the generation of free-
radical species, we decided to attempt the synthesis of
compound 21 because its redox potential is expected to be
altered relative to the parent anthraquiﬁones. The information
obtained should prove extremely)useful\reqardless of the
résults because research work on the aminoanthraquinones is®

not yet as extensive as on the, anthracyclines and relatively

little is known also about their mechanism and site of action.

NH(CH,) ,NH(CH,),OH

e et el
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CHAPTER 1

SYNTHESIS OF THE HETEROANTHRACYCLINES AND igo-

HETEROANTHRACYCLINES via C~RING FORMATION

1.1 DISCUSSION OF THE SYNTHETIC STRATEGY

§

A simple retrosynthetic analysis of the heteroanthra-
cycline ring system 22 and its isomer 23 would involve among
other possibilities the bond disconnections shown below, an
operation suggesting a strat;§y based on the creation of the

DC rings from an appropriate AB fragment. This strategy

22 e 23
S R.= dsunosaminyl , Ry=H 17 R,adaunouminyl.Rzaﬂ
24 Ry=Ry =M B Ry=Ry=H

requires in principle, the condensation of an appropriately
protecfed o-phenolic acid derivative of the D-ring part with
N either a fully functionalized AB-ring intermediate of a

suitéble AB-ring precursor which can be further functionalized
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after the formation of ring C.

The glycosidic bond between the aQ&ycone (24 and 25)
and the amino sugar 4-0O-p-nitrobenzoyl-3-N-trifluoroacetyl-
dauncsaminyl bromide (26) (readily prepared from N-trifluoro-
acetyldaunosamine (27) which was made available to us by

Bristol Laboratories, Syracuse) carried out under Koenigs-Knorr

conditions*289 completes the synthesis of heteroanthracyclines
16 and 17. )
r
' o}
CHJ oH '
e . :
9 coocr, o
O=C i,
NH
HO éoocr‘3
NOz 27
26
) 291 T 1
Goodman et al. were the first to agmons#ﬁ te
_—

the feasibility of such a strategy where position 7 was
functionalized after a C-ring formation reaction ulﬁimately
led to the simple anthracyclinone 28. This pattern was

exploited by Wong et al. who reported the successful synthesis

of 4-demethoxy-7-O-methyldaunomycinone (22)292 and later of

293

g
daunomycinone (3) (Scheme 1.1), using the appropriate

phthalic acid derivatives and the partially substituted tetralin,

*
Recently, trimethylsilyl trifluocromethanesulfonate has been regorted to be
an excellent glycosidation reagent for anthracycline synthesis 90,
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o

1
R (o} OH 0
H a,b,c @°®° H, a
CH OH
3
. R2 (o] OH

2

=QCH

Mixture of RI=H, R 3
and Rlcoca3, RZ=H

a) (CF4C0),0; b) NaOH; c) HF; d) (CHy),S0,, K,CO;; e) HOCH CH,OH, TSOH;

30H;l'h) HCl, aq THF; i) AJ.C13; 3) Pb(OAc)4; k) (CH3)ZSO4,
V!

£) NBS; g) CH

K,COy: L) CF4C0,H; m) NH,OH. ,
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" (¥)-2-acetyl-5,8~dimethoxy-1,2,3,4-tetrahydro-2-naphthol (30)
itself prepared in seven292 Oor nine stepszg3 from 2,5-dimethoxy-—
benzaldehyde. Although this work suggests that a fully

/

functionalized AB-rin'g is not initially required to achieve

success, there have been some reportszag'zg4

that only low

- yields of daunomycinone could be obtained when Wong's method-
. ' ology for the functio;la‘lizatisp of position 7 was followed.
";[‘hese observations have withgut doubt encouraged the application
of strategies where tetralins already incorporating an oxygén
functi%n at position 7 were used -key intermediates.

Since the tetralins 31-33lare readiiy accessible

from an intermediate; (tetralone 46) previously produced\in

the synthesis of tetralin 30 (vide infre), they were adopted

as prototypes in. attempted syntheses of the anthracyclines.

(Although the 2~position of these tetralins is not hydroxylated,
. W
this operation.is not considered as posing a problem). It

" was fozd, perhaps not surprisingly, that the conditions

-associated with the Friedel—Crafts acylation reaction were

-

not tolerated very well by the tetralin substrates 31
299 295,299 |

298

32a and 3=2b which led to low yields of condensation

product. In the ‘case of 'the masked quinone 33 the acylation .

condltlons proued Ancompatible with the substrate, deconxpositmn

products belng’ observedzgs.a -
L — e 10 D@ "

This unsuccessful attempt’ to use tetralins 31 33

P
, as intermediates discouraged further work along these lines.

¢

= 1
Tetralin 33 was prepared from the brominated analog of tetralone £295'297.
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33 34-0 & 4
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However, this information helped in the formulation of our
approaches to the synthesis of the heteroanthracyclines:

In our plan to construct ring C through a
Friedel-Crafts acylation, it was immediately apparent that
tetralins 31, 32 and 34 would ‘be unsuitable which left us
with tetralin 30 as the only alternative. It was anticipated
that formation of the ether linkage would not be easy. . We L
felt that one way to ac}'xie\;e this was by oxidizing ring B of
either tetralin 30 of’gzydroxybenzophenone }_S_‘to quinones 36
and 37 respectively followed by 1l,4-addition of t:_,he appropriate
phenol, the adduct subsequently suffering aromati‘;'ation
through tautomerization (Scheme 1.2). We were gncoﬁraged to

pursue this approach by the report300'301

that tetralin 30
undergoes oxidative—demethylation to quinone 36 in 98% yield,

thus showing that ring A is stable to these oxidizing conditions.

f
)

k]
Tetralin 34 can be easilg grepared from tetralone 46 using conditions used
to prepare tetralin 2_3_29 =297, '
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Scheme 1.2*
Route 1
) S 0 o o OOR
AO @ OH
cB
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CH.O o
3 30 36
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H] .
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L ]
OH
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Hov:rever, in parallel studies on xanthone synthesis*, it was
observed that phenolic-OH addition (of the Michael type, as
in Route 1) to rquinones is generally difficult. On the other
hand, addition to an activated quinone such as 37 can occur
readily even in the absence of the catalyst 4-dimethylamino-
pyridine (Dmap) 3027304, Alternatively, cyclization of an
o-hydroxybenzophenone such as 35 (Route 2) may be induced by
oxidation to 37 with DDQ (2,3-dichioro—5,6-dicyagg:«p~be{zo-
ql.lzi.none):m5 to yield 38 by way of a 1,4-addition and tautomer-
ization process.

On the basis of these considerations, it appear‘ed

that Route 2, where an irltermolecular Friedel-Crafts acylation
reaction is carried out in a first step, was more likely to -

succeed. Accordingly, we proceeded \w:vith the synthésis of

tetralin™ 30.
2

1.2 SYNTHESIS OF (%) -=2-ACETYL-5,8-DIMETHOXY-1,2,3,4-~

TETRAHYDRO—-2~NAPHTHOL

»

We modeled the synthesis of tetralin 30 (Sc;h|eme 1.3)

after wOng's293 but modified certain key steps according to

methods reported elsewl}erezgs-zg?'306_311.

r A crystalline Knoevenagel ‘product 42 was obtained in
excellent yield by "the'reactién of commercially available
.2,5- dlmethoxybenzaldehyde (40), and dimethyl malonate (41)

Reduction of t}t‘e/ unsaturated diester 42 with lithium tri-sec-

S \>
* a T
A more ex}:_ensive discussion is given in Chapter 2.

~
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Scheme 1.3

[~}

CHO
+ CHy(COOCH) , 2 b.e
(95%) (80%)
ocH,
40 a1
3 . ‘ .
R Y
co,cH, a
Co,CH 4 2
co,cH (40%) (80%)
OCH3 '3 ma] A .
2 44 e
9 -— ’,/
v i /
2
—L..
(9549 .
k J ‘ OCH3 fo)
i CH
—————
{80%) o™ 1
OCH,
’ 30

a) C,B, N, HOAc; b) Li(sec-Bu,BH); c) BrCH,COOCH;; d) KOH, H)0; e) Aé2o;

5711 3 )
£) TFA-TFAA; g) (CHBCH2)3SiH, TFA; h) CH3Li; i) t-Bu(:K, 02, P(OCH3)3.
\ : / . .\
butylborohydride followed by <n situ alkylation of the
carbanion311 with ethyl bromoacetate.gave triester 43. The ’

0o

reduction reaction, followed by pmr-, was complete within 30,4Kin

WA e et v
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~t-butoxide, oxygen and trimethyl phosphite in dimethylformamide
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’
as evidenced by the disappearance of the olefinic signal at
7.90 ppm.. The alkylation reaction, monitored by the appearance
of the methylene signal at 2.76 ppm, was complete only after

refluxing for 3 h. This preparation of the trigsﬁgr
- 30%,312

constitutes an improvement over another method which

we had initially used and which involved the alkylation of
digthyl 2-carbethoxysuccinate'with dimethoxybenzyl chloriée
(the ethyl analog of triester 43 being obtaﬁned). Triester

was - hydrolyzed under alkaline conditi@né to the triacid
which was obtained in only a 40% yield owing to diffieulties

in iéélatiqn; 'Decarboxylation with concomitant formation of

uahhydride 45 was accomplished in boiling acetic anhydride.

B

Cyclization of 45* to tetralone 46 wags convehiehtly and cleanly

performed using a mixture of trifluoroacetic anhydride (TFAA)

‘and triflyoroacetic acid (TFA) . Reduction of tetralone 46 %

to tetralin 47 was achieved in nearly quantitative yield usin§

triethylsilane in‘?FA313. This method constitutes an excellent

alternative to catalytic hydrogenation and other conventional
methods. for the reduction of aryl ketones in the presence of

other functional groups. Additiog/bf methyllithium to acid

309,310 gave ketone 48

which was, a-hydroxylated by the standard method”>2s3067308

47 followed by careful hydrolysis

involving treatment of the methyl ketone with ‘potassium

*
» —~

(DMF) . -

*

It is not necessary to use an anhydride for the cyclization reaction
In a separate exgpriment, the precursor (diacid) was cyclized without .
difficulty. ' .

307,308
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The overall isolated yield of hydroxyketone by this
long sequ?nce, was 16% but the approach is nevertheless
valdable /és it gives access to the potentially useful tetraloné
/

46 and tetralin 48*. However, the established importance
300,301,317

<

and versatility of tetralin 30 in the synthesis

J\ .
of nazzral anthracyclines and related analogs, has stimulated

numerous efforts to achieve its preparation more efficiently

289b,300,301,318-327

"and in a more direct fashion =7 . These

4

efforts have been generally successful although-discrepancies
>
between some of the claims concerning methodology have appeared

“{ef. refs. 289b with 300, 301 and 319), ich casts doubts on

the general usefulness of the published strategies. Literature

reports are also concerned with impgévements in the synthesis

136,318,327-329

of intermediates for the preparation of

tetralin 30 and a considerable effort has been made to
322—325,330-33§$%b

O_ .

generate easily optically active material

1.3 ATTACHMENT OF RING D TO RING AB

[

The condensation of tetralin 30 with o-me.i:hoxybenzoic
acid (49) was attempted us’ing a mixtare of TFAA-TFA as the
catalyst. Since tetralin 30 incorporates a potentially

reactive tert-OH g}'oup+, care was taken to use only a small

)

* , ~
Wong et al. have recently reported315 the use of tetralin 3__8_316 in the

synthegis of the heteroanthracyllnes

.[.

Dehydration of tetral.m 30 to 1 was an expectable possiblllty However,
the conditions required for this are quite drastic and involve the use of
96% sulfuric acid, F#or 10 min at room temperature336

oCH " .
oA, ‘

ocn
3o
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excess of acid reactant 43. After refluxing for a period

of about 16 h, a quantitative yield of a cfgg)@tal;:}ne product -
(transparent prisms) was obtained. The spectral and chemical o
properties of this xltuatierial established that the ester 52

had formed rather than the expected benzophenone 50 and 51.

-~ &

In its pmr spectrum, the compound showed no exchange—
able proton (D O) and there was also no change in elther ti\
chemical shift or the intensn:y of the signal at 6.63 (H-—G,

H-7 of tetralin 30). The absence of a hydroxyl group Qaé'. !
confirmed by infrared.spectroscopy which also revealed tll';e

absence Iof absorption for a diaryl carbonyl group. 1In its

mass sSpectrum, a metastable peak at 140.16 amu indicated

that ‘the' fragment ion with m/z 232 (base peak) potiginated from

the molecular ion of m/z 384, This 1s easily [accounted for by a \
fragmentation pattern involwving a McLafferty reagrrangement

of the ionized ester ,as’ shown in Figure 12. It is difficult .

9 3

to f£find a likely fragmentation pattern yleldlng an :Lon of
m/2z 232 using benzophenone 50 and 51 as' the structure ) Finally,

alkaline hydrolysis of ¢he crystalline product gave only

’
-
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CH50 . '
DR H,
OOH
¢ ——— c*
m/z 384
Figure 12: A McLafferty rearrangement of ester 52 with the
formation of an energetically stable conjugated
ion and neutral fragment.
- L4

~tetralin 30 and‘ o'!;ﬁ‘ethoxybénéoiC'acid in quantiati&e yield,
providing unequivocal proof that only ester 52 had been formed
in the condensation reaction.

The reaction was then repeated under different
c'onditi‘ons. Using a large excess of o-methoxybenzoic acid
arid more vigorous conditions, a mixture of ester 52 .plus another
compound conéeivably 'corres.ponding to diketo-ester 53 and 54
was obtained as judged on the basis of chromatographic behavior
(tlc) and spectral analysis. Alkaline hydrolysis of this
material and purification of the product by flash chromatography337
gave tetralin 30 and the desireé benzophenone compound in 25%
‘and 60% [yield, respectively. The benzophenone was obtained as
an oil consisting of a mixture of the expected regioisomers‘
50 and _Sl'bu't“these could not be differentiated by low field
(60 !‘le) pmr spectroscopy. E | B

. The spectral data for compoﬁnds _5_0\ and 51 were

2




consistent with the expected pattern: a downfield shift in

the H-6 or H-7 proton of about 0.23 ppm (relative to tetralin

30) was observed and the OH group absorbed at 3480 cm ' in the
infrared while the diaryl carbonyl absorbed at 1660 cm-l. A

sharp intense band, at 1705 cm-l: was assigned to the aliphatic
carbonyl group, a stretching mOt;e which was obscured in ester
§:g. The mass spectrum showed-an ion at m/z 135, which is the
base. peak éérresponding ;?to the highly stabilized fz;agment 55

(shown here in only one of its many possible resonance forms).

% ' &~

-

These spectral data for benzophenone 50 and 51 are
\ . £
in total agreement with those rg\c}eﬁf:ly repoi'ted by Lown et aZ.327

for the. same materi/al.

i

1.4 ATTEMPTS TO DEMETHYLATE BENZOPHENONE (50 and 51)

e

Selective oxidative-demethylation of ring B of the

benzophenone appeared impractical because demethylation:of ;he
D-ring would still have to be accomplished. Accordingly,

., complete demethylation was attempted using a mixtu;:é of hydro-

A

/’

-
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bromic acid—acetic acid-water heated to 50°C for 24 h338.

Thé pmr spectrum of the solution indicated that demethylation
was incomplete under these conditions. Longer reaction Eimes
led to extensive decomposition. Similarly, reaction with.

hydroiodic acid in acetic acid at room temperature or expoéure

339 at -78°C followed by warming to

to boron tribromide (BBr3)
room temperature also resulted in extensive decomposition.
Milder conditions, such as quenching of the BBr3-containing
mixture with methanol at -78°C gave rise to incomplete
dgmethylation and longer reaction times again favéred
decompgsition (as judged by tlc and pmr analysis). The claim340
that grimethylsilyl iodide (TMS-1I) is milder as a demethylating
reagent encouraged us to compare it with BBr3, but here again
extensive decpomposition occurred y¥ardless of whether the

341)

reagent was generated in situ (TMS-Cl, Nal, acetonitrile
or added as such. - Finally, we attempted to demethjylate with
aluminium trichloride in benzene at room temperature over a
period of 30 h. This led to a complex mixture of partially
demethylated products as well as décomposed material. The

crude mixture thus obtained was submitted to coupling conditions
for ring C formation by treatment with silver(I) oxide in the
presence of a catalytic amount of DMAP, or by treatment wiEh
DD0342.. However,'no evidence was obtained that'any 4:demethoxy—
7-deoxy2anthodaunomycinone 38 (or its isomer‘gg) had formed.

Discoufaged by these results; attempts to demethylate benzo-

phencne 50 and 51 were abandoned. .

o & b A AN e &
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1.5 CONCLUSION

k L
The above strateqy was set aside for the following

reasons: the difficg;ties encountered with the demethylation |
process as well as the overall inefficiency of the chemical
approach even at the exploratory level, let alone the
preparative aspects of tetralin 30, contributed to our
negative decision. It may be, however, that if more time

had been available these obstac¢les could be overcome. A

different but equally valid reason for abandoning this approach

lay in the disclosure by Wong.et al. 313a at a National

conference that they had been éxploring a very similar approach

to the synthesis of heterocanthracyclines. On that occasion,
Wong reported that work carried out in collaboration with the
It?lian pharmaceutical company Farmitalia allowed ready
access to large quantities of tetralin 48, an advantage which
afpparently allowed his group to be on the verge of a break-

h 1

through in the synt-hesis of th& heteroanthracyclines.
Subsequent to this corgﬂunication by Wong315a, Lown et a/Z/.327
““have published the synthesis of the same heteroanthracycl&nes
by applying the same convergent strategy but #liffering from
our own work and that of Wqong only in certain details. Very

.315b published a detailed account of

recently, Wong et al
their previo:Isly announced but as yet .incomplete work.

The synthesis based on ring C forma)tion from an AB
and D~ring precursor now appears t:.\o\have greater potential

" than when we .first began our study owing to subsequent

v

h

¢
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improvements in the synthesis of both racemic and optically

active tetralin 30. However, what has also become strikingly

clean from the published work of both Wong and Lown is that

a very important handicap remains, namely functionalization

of the benzylic position at 7, an operation which is so

inefficient that attainment of the final goal can be conéidered \\,
at best as oﬂly partially successful. This functionalization

problem has been hinted at before in connection with the

i
synthesis of anthracyclines and it is even more serious where

hetercanthracyclines are concerned*. The great difficulty at
functionalizing cleanly the 7-position emphasizes the need. for
a fully functionalized AB-ring fragment before attempting any

cdupling reaction. The problem nevertheless remains that the

generation of usable, fully functiocnalized tetralins is not :
. an easy task. It is only recently that some appropriately o

+fully functionalized tetralins such as 56-59 were described.
- >

These turned out to be viable intermediates in the synthesis

335,344-347

of aAthracyclines but ‘required maﬁjor efforts where

-
4 Le

ingenious'ayoidance of Friedel-Crafts acylation conditiorrs
was a key to success. Although one can only speculjte on the o

tolerance of these relevant tetralins to Fridel-Crafts ¢«
]
conditions, the reported enormous effoxrts to avoid Fridel-Crafts
« .

acylation conditions are understandable and casts doubt as to”™ -

- -~\ . ' .
m : - /
It is not known whether 'the use I:f 1,3~dibromo-5,5-@imethylhydantoin as a
brominating agent recently réported by Cava et al.343 will be helpful in
this regard. It is anticipated that in e 180-heteroanthracygline deriv-
ative (substituent Wt position 7 is para to the heterocatom) & very labile
bromo~derivative may result. Some indicati of this was given by Wong's - -
recent disclosure that only one isomer, <.4. 22 which places the heterocatom of
the same side as the 7-position, could be obtained using.his, own methodology.*

/ \ -

!
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their usefulness in the type of strategy initially adopted
by us and also‘by Wong and Lown.

Although no ’eaysy soiution is y‘ét in sight,. it would
appearg that a viable strategy patterned on that of Wong or
Lown should center on the discovery of coupling conditions
compatible with the properties of the relevant tetralin
intermediates. Perhaps, tetralins carrying different
functionalities but compatible with Friedel-Crafts acylation
conditions and stable to oxidizing media should be constructed
in order to re-establish the viability of the initial str:'ategy
for the generation of heteroanthracyclines. Presently,
however, it apgeared best to focus our efforts on alternative
strategies which had been concurrently conceived and explored

in brder to improve the prospects described above.

N
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- CHAPTER 2

\ ' .
SYNTHESIS OF 1,4-DIMETHOXYXANTHONE AS A KEY INTERMEDIATE

IN THE SYNTHESIS OF HETEROANTHRACYCLINES

2.1 ANALYSIS OF SOME POSSIBLE SYNTHETIC STRATEGIES FOR
THE SYNTHESIS OF HETEROANTHRACYCLINES N
o :'c\
2.1.1 Synthesis via B-Ring Formation from A and DC Ring

Intermediates

An alternative approach to the synthesis of hetero-
anthracyclines 22 and 23 would consist in forming the B-ring

part from appropriate precursors as shown below. In principle,

%

this might be achieved through "a Diels-Alder reaction between
the commercially available chromone, benzo-4H-pyran-4-one (60)

and & diene such as 61 as shown in Equation (1).

At the time that we first considered this approach, »
' the only related dienes available were 62-64 as they can be ) J

rd
-

o
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generated 7n situ by thermolysis if the precursor cyclobnteness“8 v
65, 66, acetate’?8 67 and diacetate34? 68. The- absence in )

these dienes of relevant functionalities as present in the
A-ring of 22 (or 23) made them inappropriate for ouyr immediate
purposes.' Although they can certainly be useful in the
synthesis of analogs l’écking substituents for the general ‘ ;
purpose of delineating structure-activity relatmionships, sucix |
studies were assigned a lower priority. Recently, there ,

350,351 Uhere this approach to the

appeared a number of reports
synthesis of anthracyclines was exploited. This was made
possible through the development of new and more highly -
substituted dienes of general formula 6l. For instance, ‘
Gesson et al. described the preparation and use of dienes

350a,b' 0350c and ]_l350d. As one might have expected,

/

7

—

69

considerable efforts were necessary in order to make these

' dienes accessible. The main drawback here is that these diene -

V4
intermediates do not provide for the concomitant introduction /
/

j
of a suitable functional group at position 7 of ring A. If N
. . AN

1 \

. /
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832 Ry =Ry ®*0OCH, ; R:lH

$3b R1'R2'0CH2CH: RysH

| \
R |
(o] R, O
882 R=CH,
. 88> R=CH,CH, 82 RymRy=OCH,;Ry=H

é

an extension of their earlier work“'s, Boeckman et al. managed.

*-
to incorporate an oxygen function at that ring A position by

351, Ehus avoiding at the later

using a cyclobutene such as 72

stages the problems associated with functionalization of the

¢

SiMe, .
go” X A o,
B0, . MeO~ >
iMe, s OSifhe,
9 . 70 Al
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‘benzylic carbon at position 7. In this manner, they were
" successful at synthesizing adriamycin, daunomycin and their
6-deoxy analogs. In light(of’thesé excellent results, 'due to

the accessibility of cyclobutene 72, we decided to evaluate

the potential of the approach outlined in Equation 1.

so = ‘
ot Et o
B — moT Y *
a P . .
2 ;

£

Unfortunately, after an extensive literature seargﬂf:>
we were unable to find any evidence that chromone 60 can
participaté as a dienophile in Diels-Alder reactions. gowever,
it displays the reactivity typical of a,B-unsaturated carbonyl

compounds, with the B-position (C-2) being susceptible to

nucleophilic addition?52§ A most revealing observation by

353a,b

Chan and Brownbridge is the behavior of chromone 60

towards diene 73, a reaction that led only to the product of
353b

-

Michael addition 74. On the other hand,ﬂdiene 73 was shown
_ to be sufficiently reactive to yield Diels-Alder adducts with
ethyl acrylate and dimethyl acetylenedicarboxylate. According=-
lly, failure of chromone 60 to react as a dienophile can be

3
ascribed to electronic deactiwvation and not because diene 73

is insufficiently electron rich.

e ﬁﬁ(ﬁigmg’\.
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This documented evidence left little doubt that the
approach based pn a Diels-Alder reaction of chrémone 60 with

dienes as a route to heterocanthracyclines 22 and 23 was not
14

viable.
‘ .2.1.2 Synthesis via A-Ring Formation from ’DCB-Trici'clic
Precursors v
) / A potentially more versatile approach to structures

™

1

such as 22 and 23 would involve formation of ring A as illustrated-

»
{ <

)the bond disconnections shown below. ’Obviously, this

1% °
PR

frategy implies the use of an appropriate DCB-tricylic inter-

ediate recognizable as a xanthone derivative. Such a scheme
— lends itself to’ many variations in the construction of ring A,
»as is known to be the case for the assemblage of the naturally

occurring anthracyclines, a fopic to be dealt with in some
. ‘ -

detail in the following sections. However, before implementing

[
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this strategy, it was necessary at firsté to develop a practical

synthesis of the requisite 1, 4~disubstituted xanthone 75 or

76. This problem will pre‘sently be dealt with.

k3]

[N

2.2 SYNTHESIS OF 1,4-DISUBSTITUTED XANTHONE

Xanthones, by themsel'ves, form an interesting class

of compounds. Many are naturally occurring in plants, funéi

354,355

dnd lichen and have been known and studied for a long

time. In fact, the synthesis of hydroxy-xanthones was reported
as early as 1883 and the methodology consisted basically of

heating a phenolic acid and a phenol with or without a dehy-

a

-

-
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drating agent-. Although this early method has been described

'as.not being easily reproducible', it, together with modified

356-358

versions, remained until recently the process most

b}

often used for the generation of xanthones. Because of ‘a

growing interest in them owing to their potehtialities as

antischistosomal agents356, central nervous system stimulants359,

360 357,358,361 and antitumor agents,356,

L

antiviral®" ", antiallergic

3622364

-a few alternative’ but less general synthetic methods

have been developed for this ring system.

2.2.1 ™ Attempted Xanthone Synthesis Using the Modified )

Nencki Reaction

We found in-the literature that the desired 1,4-

365,366

dihydroxyxanthone could be prepared by reacting salicylic

acid {o-hydroxybenzoic acid) (77) with resorcinol (78) in the

presence of fused zinc chloride (Nencki reaction) followed by
Elbs persulfate oxidation of the phenolic intermediate

(Scheme 2.1). However, the experimental conditions in the

 first step are wery harsh with the result that extensive

decomposition occurs and is accompanied by the formation of
resinous material. This, coupled with the fact that the Elbs
oxidation reaction leads to a mixture of at least f:hree
compounds, the desired one . being produced in a 10% yield at
best, discouraged the adoption of this methodology for large

scale operations. Attempts at improving the process as well -
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Scheme 2.& . N )
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r\»ﬁ \ - 5 )
as the approach were reported. Thus, Grover et aZ.367 observed

e

that the addition of phosphorus oxychloride to the fused zinc
chloride improved the yield of the Nencki reaction. AThey

also théd that the intermédiate 2,6-dihydroxy compound such
5; 79 cyclizes to the xanthone épontaneously. However, for'
éthef types of hydroxybenzophenone intermediates a sepéfate
°cYclizat}oﬁ'ste§ is required aq@,inVUlves dehydraéion by

heéting under pressure in an autoclave366’367. A number of

other methods* and reagents have also been described and

*'I'he methods are not generxal. The results are not always reproducible and
their success depends on the benzophenone derivative. Recently, the
oxidative coupling using DDQ:”27 and lead tetraacetate3l5P yas successfully
applied to the synthesis of -the heteroanthracyclines. A

\
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"7 include in'part the golldéing: (ikfoxidaﬁive coupliné either

pl'lotoch&micallyf"39 or chemically with (DDQ)327'339:368,369'

manganese dioxide339¢ manganese tris(acetylace%onate)339,

370,371 ' .n4 recently lead

; (ii) a base~catalyzed proce55338.. It was

‘alkaline potassium ferricyanate

tetréacetate315b

\

© .366

also mentioned that the use of partially hydrolyzed phosphorus

oxychloride is a more efficient reagent than the phospﬁbrus
oxychlorid;-zinc chloride mixture. However, in our hands_
these various modifications of reaction-conditions usiné the
reagents listed in Table 3 failed to give the desired xanthone
or benzophenone .prodwcts. Only intractable tars were obtained.
These disappointing results forced us to design a new approach

to thersynthesis of relevant xanthones.
4

2.2.2 Attempted Xanthone Synthesis via O-Alkylation of

2-Carbomethoxy-1,4-benzogquinone: y

4

As an alternative strategy, we speculated that 1,4-

w

benzoquinone may be coaxed into a Michael addition reaction
with phenol (Scheme 2.2) by analogy with its behavior toward

372. It is well—known373, however, that the reaction

thiophenol
of phenol with benzoquinone gives mainly polymers but unﬁer
controlled conditions it has been possible to isolate in low
yields the products of C-substitutidnlgg and 81 (qéﬁand
p—hydroxyphenylbenzoquinoneso-and O—substithﬁioﬁlgg (pﬁenoxy-

quinone). Indeed, there are very few known example5373'375
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' : Table 3: Reactan?’.svﬁsed in the Modified Nencki Reaction. i
e -
! . \ g
/ Entry Pheriolic Acid Phenol Reagent
g . o N A
q O-H !
1 e @:‘ <2nCl,, POCl
oH . 3
. - , o
. ) o X
2 " ol POGL.,, H.0
N 37072
Pl ,*’ » . -
- J R i - ": * ]

OgH .
v ZnCls, POCL,
OH

3

} - . " ) " ’ . - -
4 . POClB. 320
it Y V » ’ - .
’ » L3 AY O,H ' .
5 ( o ‘ 2nCl,, POC1,
» . ': .
s - 4 y )
, .
‘ " CH, e .
Y n
6 . @ . . ZnClz, POC].3
. ¢
T CHJ
¢ : ! "_' [
{
. _ . 5
* M \
(‘ ' The' reactant 2,5-dimethoxyphenol (98) was used instead of 1,2,4-trihydroxy-

benzene. While neither compound is sold commercially, compound 98 was
- available because it had been prepared for use in another reaction (vide

infra). . Py
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- of O-addition reactions with benzoquinones and most are not

synthetically useful and all involve the addition of simple

alcohols under acid-catalyzed conditions. 'Presumably, the:

n

weak nucleophilicity of ali:ohbls*and phenols does not favor

-

1,4—add~;ition across the double bonds of benzociuinone. For

instance, when zinc chloride was used as catalyst for the

additipn of ;alicylic acid to benzoquinone only polymeric

material was obtained. . R
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A co’mplicatiﬁ% feature of this kind of-chemistry
is the fogmation of the, hydroquinone product 83, an inter- {

\,
mediate strongly susceptible to air’ oxidation and to attack s

¢

by unreacted quinone, side reactions which promote further
/

-addition reactions and polymerlzatz.on as shown J.n Scheme - 2. 3

- b e G

It is probable side reactions of this kind Wthh are at the _

[}

origin of the phenoxyquinone- 82.

Scheme 2.3

- %

Nu -Lnuchom}llo

-

[y

These pfohibitive difficulties in causing benzo-

v

quinone to give O-substituted products can. be effectively‘

!
circumvented by using "activated" benzoqu:.nones303 376 For: . j
example, 2-acetyl-1,4~benzoquinoéne (84) undergoes Michael ’ ,f"(i

addition with alcohols under very mild conditions. However,’

as can be expected, oxidation by starting material of the
o ' g

A

gy o ey
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\ hydroguinone 85 initially produced occurs with the consequence
" that the yield of desired product 86 is reduced to a maximum
. I of 50% (Scheme 2.4). As a result, we were not encouraged to

304

, adopt this apprbach until Miller et al. introduced a

modification which allowed them to synthesize xanthones*. ;

. Scheme 2.4

H , OH O
H, ROH H, M o, H,
R R
H o] H

L 5 »®
e
R = alkyl
T In spite of their reported low overall yield-r (15%)

of xanthonhe product, we nevertheless attempted the same reaction
but with phenol instead of p-cresol as the substrate with

the hope of generating the desired 1, 4-dimethoxyxanthone (7_(_5.)‘.
The reiact‘/ion sequence is summarized in Scheme 2.5 and consists
of a Michael addition of phenol to the activateq quinone 87

(2—carbomethoxy—l,4—benzoq\iinone)5 as catalyzed by the nucleo-

*
The method was described as being applicable also to the synthesis of

thioxanthones and acridones. -
+':'L‘he yield is incorrectly reported in ref. 377.
( repared by oxidation with silver(II) oxide of methyl 2,5-dihydroxybenzoate )
o 88). Details are provided in the Experimental Section because the ‘}
- ublished method378 was modified.

-

h Y 4
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Scheme 2.5

CO,CH
=, DMAP Y.
(anhydrous)
A7 LU X

, 1. H,,Pd/C
O.CH: 5 (CH,), S04
ol
o

4 PPA or
TFAA-TFA

0 - B

philic bases DMAP or 2-methoxypyridine (MOP) . The expected .
- addition product 89 was not isolated but immediately oxidized
'wiéh silver(I) oxide to the quinone 90. Catalytic hyd;ogen-
ation of the latter followed by methylation, ester hydrolysis

and finally treatment with polyphosphoric acid was expected

to afford the desired key intermediate 76. -

However, this experimental protocol, which included
extreme precautions (inert atmosphere, absence of light,
temperature control, reaction time), led only to the formation
of black resinous material. Moreover, the omission of v
silver(I) oxide was of no avail although less polymeric
material was formed. We have no clear explanation for this
Fotal failure in achieving control of the reaction with 87.

i

Such a result simply reflects the typical behavior of reactive

quinones. “
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2.2.3 Attempted Xanthone Synthesis via C-Alkylation of

Benzoquinone Monoketal

Wé next considered a process where a benzophenone
intermediate would be generated through addition to benzo-
quinone of the carbanion of a salicylate equivalent followed
by ring closure with the o-phenolic group rather than vice
versa as above. However, it is well-documented that Michael
addition of organometallic reagents to benzoguinones is not
generally useful. Intractable tars are often obtained374’379:
Furthermore, quinones are susceptible to electron-transfer
reduction processes and thus cause Grignard reagents to undergo

oxidative dimerization375 and suppress the general ability of

organocuprates to enter into 1,4-addition reaction5380'381.

This, cougle@ with the ever present possibility of oxidation
of the initial alkylé&ion pro&uct by unreacted quinone,
suggests that a suitably protected but reactive benzoquinone
should be used in order to eliminate these‘aifficulties. .
The benzoguinone monoketal, 4,4-dimethoxycyclohexa-
2,5~dienone (91), described by Durckheimer and Cohen382
appeared to fulfill the necessary requirements for our purposes.
In fact, monoketal 91 undergoes Michael additions3837385 .,
give adducts stable to oxidation and is much less susceptible

to electron—-transfer reduction processes than benzoguinones.

In most cases*, the monoketal behaved predictably towards
’p"

e

*
Organocuprates and tert-butyl Grignard reagents gave reduction of the

monoketal, Z.e. p-methoxyphenol starting material.
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organometallic reagents380'381'386. It is easily prepared*

380

electrochemically in high yield (85%) by anodic oxidation

of p-methoxyphenol (92} in the presence of methanol.

Pt anode
* CH,OH
H; ° * CH3 ‘.mﬂa
2 ”n

Alternatively, it can be economically prepared by the anodic
oxidation of the commercially more readily available 1,4-
dimethoxybenzene to the benzoguinone bisketal (first described

£y

by Belleau and Weinberg387) followed by partial mono-

386:’ The product is of course acid labile but is

hydrolysis
sufficiently stable for use with a minimum of special
precautionsf.

The carbanién of the salicylate equivalent selected
for reaction with the monoketal 91 was the dithianide 93.
The starting material 1l-(o-methoxy)phenyl-1,3-dithiane (94)
was conveniently prepared in excellent yield (90%) from
o-methoxybenzaldehyde and 1,3—pr0panedithiol by the method of

Chan and 0ng388. The corresponding carbanion 93 generated by

- % } .
For less convenient preparations by standard oxidation methods see ref. 386.

fIt is best that the glassware be rinsed with methanolic sodium hydroxide
and oven-dried before use with the ketals. For chromatography, the silica
gel should be treated with aqueous ammonium hydroxide in order to minimize
catalyzed hydrolysis (see Experimental for details).

.
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treatment of 94 with n-Buli was added)at -78°C to a solution
of the monoketal 91 in THF.' An intense blue color immediately
appeared and the mixture was allowed to warm to room temperature
before quenching with water. Thin-layer chromatography

. .indicated the presence of several,p:oducts but no evidence

could be obtained that the desired adduct 95 had formed. Also

unsuccessful were variations in experimental conditions:

~

different temperatures or quenching of the reaction at low
ltemperature with methanol were of no ‘avail. Although no
p-methoxyphenol could be recovered from the reaction mixture,
the~possibility remains that electron-transfer may have
occurred to give a phenoxy radical (after elimination of
LiOMé) capable of coupling Eeactions. The intense color
observed upon mixing the reagents supports the suggestion that
. an anion-radical intermediate may bhe formed380’389. It has also
been observed that the course of the reaction of organometallics
with benzoguinone monoketals may be strongly dependent on the

nature of the reagent386’389b‘

L]
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" No attehpt was made to react phenol in a Michael
fashion with monoketal 91, although such additions do
occur with methanol, certain thiols, amines and some carban-

382-386,390,391

ions Interestingly, the strategy has been

extended to highly functionalized monoketals such as 96 and
has allowed the synthesis of gnthracyclinone5382”383'386’391

as shown in Scheme 2.6.

Scheme 2.6

——

In summary, the above tactical failures in achieving

the synthesis of a key xanthone can be‘'ascribed to some

inherent undesirable properties of!the gquinone subétrates.

It should be no;ed though that previous successes with such
quinonesé}n tge natural produc; area turned gut not to guarantee
a similar outcgg§ in the heteroanthracicline*series. The

fact that our\benzoquinone substrates could not even be used

to achieve O—;lkylation of phenols éiscouraged further efforts

to involve benzoquinones as intermedia;es and justified a o

search for alternative approaches.
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2.2.4 Xanthone Synthesis via the Modified Ullmann Reaction

Ullmann and Panchaud355'360

reported the synthesis
of a xanthone using a strategy where the diaryl ether linkage*:
is formed in the first step Eprough an aromatic substitution
reactiqn. The xanthone ring syspem is subseqqgntly formed by

[ P
an intramolecular Friedel-Crafts acylatiof (Scheme 2.7).

Scheme 2.7

The ether forming step requires Qigorous reaction
conditions (T > 200°C) and although yields (> 70%) were
reported for many reactants, the yields for methoxy-substituted
phenols were much lower and even negligible when the reactants
carried substituents like alkoxy carbonyls. Nevertheless;
the process appeared general enough to dese;ve consideration
as a solution to our problem, provided milder reaction
conditions can be successfully applied. ~

Fortunately, this reaction of Ullmann became more

392,393

attractive when it was found that'dopper(I) oxide will

catalyze the reaction at lower temperatures in DMA as the : ‘

-

* - B
The Ullmann ether synthesis should not be confused with the Ullmann coupling
reaction which is used to form biaryls from arcmatic halides.-

o
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soivent and allow good yields (> 60%) of diaryl ether products.

(The fact that phenols as’ such can be used in place of

phenoxide anions also constitutes a notable departure from

El

the traditional Ullmann procedure). The important obserwvation
was made that iodoatyl compounds were more reactive in this

reaction than other halogen-substituted aromatics*. These

-~

precedents encouraged us to adopt thakdilmann process to the
synthesis of the requisite xanthones. One of the substrates

was the commercially available ¢-iodobenzoic acid which was

394

8
converted to its methyl ester 97 in order to suppress the

side reaction of decarboxylation during condensation.

Esterification on a modest scale was carried out

cleanly and quantitativeiy using diazomethane (prepared395

from Diazald). Large quantities of the ester were prepared

by other methods, the preferred one396 consisting in boiling

the iodoacid in methylene chloride in the presence of methanol

and sulfuric acid as the catalyst and dehydrating agent.

After 3 days, two'layers had formed and the top agqueous one .
simply siphoned off. One mole quantities of the ester could
be easily prepared in 90% yields by this ocedure.

Subsequently, an even more convenient method was adopted for

the preparation of the ester. It is based on the use of

chlorotrimethylsilane and methanol as reported397. The

advantage with this new procedure for large scale preparations

e
This imgortant feature was made use of in the synthesis of lucanthone
analogs 56, ’

-
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ié the short reaction times required and the improved yields
(> 95%)(obtaiﬁed. The by-product hexamethyldisiloxane is
easily separated by distillation. )

The other substrate for the modified Ullmann préceés
as applied to tﬁe generation of‘dimethoxYxantﬁone iso
2,5~dimethoxyphenol '(98), an intermediate not commercially
available., It was easily prepared* in two steps f;om 2,5~

dimethoxybenzaldehyde (40), the first one involving a

399,400

Baeyer-Villiger oxidation with m-chloroperoxybenzoic

acid (m-CPBA) in refluxing methylene chloride to give almost

" exclusively formate 89 in excellent yield4ol. Only a small

amount (< 5%) of 2,5-dimethoxybenzoic acid (100) was produced
(Scheme 2.8). The oxidation was carried out in the presence

of a small amount of tﬁe free radical inhibitor+ 3-tert-~

402

butyl-4-hydroxy-5-methylphenyl sulfide (101) in order to

399,403

prevent decomposition of the peroxy acid. The

resulting formaée (easily isolable) was easily hydrolyzed
© quﬁ?titatigg;y under alkaline conditions.

@ number of experimental tests were performed in
\

order to optimize the conditions for diaryl ether formation

o

by the modified Ullmann method. Although long reaction times

o .
(as long as 72 h) and high temperatures have been commonly

el

) *Compound'gg has been prepared by a number of other less expedient routes
including: (i) Baeyer-vVilliger oxidation of 2,5~dimethoxyacetophenone,
(1i) from diméthoxyphenylmagnesium bromide and (iii) by diazotization of
L - 2,5-dimethoxvaniline. '

+The free radical inhibitor 2,4,6-~tri-tert-butylphenol gave comparable
results.

398




94

Scheme 2.8 . .
CH
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. ‘ Y
used, we found that in the case of our substrates, a reflux

3

time exceeding 24 h was detrimental and inferio% yiélds were
oﬂ£ained owing touthe formation of tarry by-products. It

was best to shorten the reactioh)time whieh favored formation
of the diaryl ether 102 Tn a form sufficiehtly pure for use
in the subsequent étep without purif%cation. Hydrolysis of
the ester function was easily followed by pmr Mpectroscopy

and the corresponding acid 103 was produced in a quantitative

yield. Cyclization of the latter to the xanthone was

initially carxied out using ,polyphosphoric acid (PPA) with
sulfolane (tetramethylene sulfone) as solvent. ' These
conditions proved inconvenient however because of mechanical

parameters and work-up problemé associated with the solubility
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TFAA-TFA
N 16

of the solvent in water. The yield of xanthene was poor and

P NP

the product accompanied by relatively large quantities (ca.
é

20%) of a by—pro?uct. Efﬁorts-to improve the yield by using

a smaller amount* of PPA were/not significantly succesgfui.

It was gratifying however that the use of a mixture of TFAA
and TFA finally gave'excellent yields -of xanthone. The 200 MHz

¢ o

q.m.r. spectrum of 1,4-dimethoxyxanthone Azg), includihg the

‘expanded aromatic region, is shown in Figure 13. By-~product

formation could be minimized (leés than 5% of the total amodnt
of xahthone) by slowly adding the'ongaﬁic‘substrate as-a
dilute solution in methylene chloride\to a stirred mixture,of
TFAA-TFA. The by-product ‘is presu&ed to be the "dimeric"

compound 104 which would be the result of an efficient

es

*
It is reported404

to lower yields.

that a large excess of PPA is not necessary and may lead
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Figure 13: The 200 MHz 4.m.r. Spectrum of 1,4-Dimethoxyxanthone,
Including the Expanded Arcmatic Region, in CDClj.
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competition between the intramolecular and intermolecular
acylation pathways. The structure was assigned on 'the basis
of pmr, ir and mass spectral data. The pmr spectrum of this
product indicated the presence of two different kinds of
methoxy groups. The chemical shifts amounting to 4.0 and
‘ 3.7 ppm fof“these groups corréspond\to the chemical shifts
observed for the methoiy group of xahthone 76 and’%hat of
the diaryl ether lgg respectiverf.e The AB quartet arising
from coupling 'between prétons H-2 and H-3 of xanthone 76 was
noticeably absent from the spectrum of compound'lgg indicating
that intermolecular acylation involved position C-2 or C-3
(C-2 being more likely). The proton ratios were exactly as
9 .expected for the assigned structure, whereas the infrared
spectrum of the product confirmed the presence of the
xanthone carbonyl at 1670 cm-1 which probably dxerlapped the

1

_ ’-‘\\ diaryl carbonyl band (1665 cm ). Finally, convincing

evidence that 104 has indeed a dimeric structure such as’'shown

s provided by the mass spectrum which displayed a molecular

ion of m/z 512 corresponding to that expected for the assigned

o~

N formulal.



P

-+ 98

' CHAPTER 3

- A-RING FORMATION via CYCLOADDITION AND ANNULATION METHODS

A\l
1

st
P

Among the many diffifént approaches availaQie to
cqhstruct the A-ring the firsl that we considered had already
been applied tg the synﬁhesis gf anthracyclines405{406. Our
strategy centered on the Diels-Alder reaction of a°xanthone:
derived o-quinodimethane intermediate 105 with an. appropriately

7 Y, . S .
substituted dienophile, a process condacive in principle to,

formation of both regioisomers as shown in Equation 2*.

(2)

Functioﬂallzatlon of position 7 would be conducted as -previously described.‘
(Ch. 1) while the éxtent. of elaberation required at position 9 would depend
on the dienophile used. ' »

o~ A [
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Despite this apparent drawback regarding the lack of control
over the regiochemistry, the fact that both isomers were of
interest to us made this approach acceptable nonetheless.
Some possible precursors of diene 105 may be
identified as the dihalides 106 and 107, the sulfone 108,

3
or the benzocyclobutene 109405b’407.

Presuming that cyclo-
butene 109 can be obtained from sulfone 108 which in turn

may be derivable from dihalide 106 or 107 (Scheme 3.1), it

appeared lrthwhile to initiate that study by developing a
synthesis if the requisite dihalide intermediate. Since the
gemeration of o-quinodimethane from such dihalides 1s normally

achieved at room temperature or 'with low heating, this tactic

Scheme 3.1
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was preferred over the useOf a sulfone intermediate because

of the higher temperature (2 200°C) required for diene

e 3

formation by SO, extrusion407’408.

3.1 SYNTHESIS OF 2,3=-DISUBSTITUTED-1 , 4-DIMETHOXYXANTHONE
3.1.1 Attempted Synthesis of 2,3-b7ig(Chloromethyl)-1,4-
Dimethoxyxanthone .

Although benzylic dibromides have been generally
used “as o-quinodimethane precursors, a dichloride analog
appeared more converient because of its formal accessibilit’:y

by chloromethylation of 1,4-dimethoxyxanthone (76)*. Similar

dichloro derivatives react easily and cleanly with either o

/!
sodium iodicile409 or metals‘mg’410 (zinc being the most commonly

Jased) to generate o-quinodimethanes although their reactivity

is inferior to that of the dibromide analogs.

The chloromethylation reaction was initially attempted

using standard literature procedures4ll. Thus, hydrogen S

chloride was bubbled vigorously into a gently heated (35°C)
mixture of 1,4- ~dimethoxyxanthone i__), formalin (40% aqueous
formaldehyde) concentrated hydrochloric acid and acetig acid.

The reactiona was ,monitored by’ tlc and gquenched after eal 9 h.
L] & N L
* . -
Bromomethylation is problematical and when bromomethyl methyl ether is used
with a catalyt;ic amount of concentrated H,S04, bromination of 1,4~ ’
dimethoxyxanthone occurs. '

Jr'Jl’he use of paraformaldehyde, freshly fused zinc chloride as'catalyst4llf412

and hydrogen chloride was disappointing. Mechanical difficultles led to a
low yield (ca, 20%) of monochloromethylated xanthone llO along with -

unreacted xanthone 76. r
. , .



10l

Two major components were obtained after purification by .
flash chromatography. The less polar co;npound, (ca. 60% based
‘' on compound 76) was identified as the monochlorometh§lated
“compound 110 on the basis of its pmr and mass spectral ’
characteristics. At high field (200 MHz) its pmr spectrum
clearly indicated that substitution had occurred in the A-ring
as evidenced by the collapse of the AB-quartet (due to H2-H3
coupling) to a single peak s;hifted downfield by ca. 0.15 ppm.
There was no alteration of the C-ring splitting pattern (or

in the peak intensities) thus showing that no substitution
had occurred there. The signal at 4.81 ppm was assigned to
the benzylic protons whereas the methoxy groups appeared as

a broad singlet (in CD

2
downfield relative to the parent compound. The relative peak

Clz) and were not Significantly shifted

intensities were consistent with the assigned structure 110.
The substitution was agsumed* to have occurred at the C-2
position on the basis that the oxygen heterocatom should

preferentially activate that position towards aromatic

o

electrophilic substitution. The mass spectrum of the compound
displayed a molecular ion of m/z 304 in agreement with the
expected molecular weight. The isotope peék ratio (M+2) /M,
(31.9%) , was essentially identical to the value predicted4l3°

(32.6%) for molecules containing one chlorine atom, thus

confirming that only monochloromethylation had occurred.

*
The structure was proven to be correct by the unequivotal synthesis of

related compounds. This is discussed in Appendix 1.
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The more polar material (ca. 20% based on compound
76) was identified as 2-hydroxymethyl-1,4-dimethoxyxanthone

(11l). Its pmr spectrum was essentially identical to that of
i

EN

P

compound 110 except for the presence of an exchangeable
¢
proton (DZO) . The infrared spectrum of the product confirmel&
N \

the presence of the hydroxyl function whose stretching \

HCHO
HC1(conc.), HCi(g) ..

N~

1

‘frequency occurred at 3480 cm . The mass spectrum of the

product includéd the molecular ion of m/z 286 which is the
value corresponding to the expected molecular weight. o
A small amount of more polar material was also
, ;

eluted with methanol but it was not characterized.

The formation of benzyl alcohol 111 is not surprising.

¥ 4
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While some part undoubtedly arises from hydrolysis of the
chloromethylxanthone 110 (during work-up and chromatography)',
it may also act as an intermediate in the chloromethylation
reaction and is accounted for by way of the following

mechanism411 1414-416 :

®

CHO + H® =2 ‘cnzoﬁ - c32=°on

~

¢

Ari + °CH,OH - AICH,0H + B® e

(1) :

0

ArCH,OH + HC1 Z* ArCH,Cl1 + H
2 27" 2 o

[

The fact that no bis(chlorometh‘ylatec'l)xanthone 106
was formed suggested that its generation wcSuld reguire more
vigorous reaction conditions. It also appeared desirable
to apply conditions unfavorable to the formation of the
corresponding benzylic alcohols. To this end, we considered
the use of the commercially available chloromethyl methyl
ether, since its chloromethylatir;g properties are well

359,411,412,415-423

established . In the presencdé of protons

or a Lewis acid, the  'alkylating species are thought to have

structures II and III respectively415’416’419.

\
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) C]'CHZ?CH3 C!’?HZ?CHB ' M = metal
H \*ﬁx X = halide
3
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In principle it is possible to achieve methoxymethylation
(especially in the presence of Lewis acids), but in practice,
chloromethylation dominates to the extent that ether formation

has only been rarely observed4ll’422.‘ ' -

It was reported423 that a complgx of tin (IV) chloride-
chloron{ethyl methyl ether was effective in forming bis~
chloromethylated products from various aromatic compounds '
that even carry deactivating groups. Howevef, reaction of
1,4~-dimethoxyxanthone (76) with a large excess of ;:his tin .
complex resulted in 'only a 30% yield of monochloromethylated
compound 110 with no trace of any bis—chloromethylated compou‘ng
being detectable even after refluxing for 96 h in chloroform.

A similar result was obtained with a zinc chlofide—chloromethyl
methyl e\ther complex. Catalytic amounts of Lewis acids such

g

as SnC14, TiCl4, AlCl3 a's well as catalytic amounts of strong
acids like p-TsOH, TFA with chloromethyl°'xnethyl ether gave )
unrewarding results as only monochloxjomethylated compound 110
was obtained and in yields never exceeding ca. 30% ,evén after
lor'xg reaction times.

17 1ed to the

The use of 30% fuming sulfuric acid4
formatic;n of intractable tars as well as a small amount of.

what was later identified as the diarylmethane compound 112
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106

(vide Zinfra) . A catalytic amdum? of concentrated sulfuric

acid and gentle heating (< 35°)424 led, after 4 h, to a

" mixture of three components which-after separation by flash

chromatography were identified as unreacted starting material
(ca. 10%), a fraction of low polarity (ca. 70% based on

xanthone 76) which consist.ed of the monochloromethylated ' .
compound 110 and a more polar fraction obtained as an

uncrystallizable oil identified by pmr and mass spectrometry

as the diarylmethane compound 112. The pmr spectrum of is

P

CICH,0CH,

Hion(cat.)

latter material showed no significant differences in the C-ring
splitting pattern of the protons relative to the parent

compound. However, the singlet arising from the proton at
position 3 was shifted upfield by ca. 0.17 ppm Hz relative

to chloromethyl compound 110. An upfield shift of ca. 0.63 PPR

was also observed for the benzylic protons. This latter shift

n T

e

!
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106

is in the range expected for the replacement of a benzylic
chlorine by an aromatic substituent. The mass spectrum of
the product indicated that it contained no chlorine atom but

included a molecular ion of m/z 524 which corresponds to the

~molecular weight of the diarylmethane 112. The reaction was

repeated but at different temperatures over various time
periods but’ this led only to variations in the ratio of the
samé three components, no trace of bis-(chloromethylated)
compound 106 being detectable. V

It became apparent therefore‘that the carbonyl group
of 1,4-dimethoxyxanthone (76) is too strongly deactivating
to permit electrophilic attack by the reagent at position 3.
If this conclusion were correct, removal of the xanthone
carbonyl should allow introduction of the desired second

chloromethyl group.

3.1.2 Reduction of 1l,4-Dimethoxyxanthone to 1,4-Dimethoxy-

xanthene

The reduction of 1,4-dimethoxyxanthone (76) to the
corresponding xanthene 113 was carried out cleanly in one step

and in quantitative yield using the borane-THF complex as

LAY e e oh w1
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reagent. A reaction time of 4 h at room temperature using
dry THF or-methylene chloride as solvents served our purpose.
Interestingly,.<reduction of xanthone itself was much faster
under the same conditions425. This difference in reactivity
may be attributed to the steric hindrance providgd by the
methoxy group as well as to the lower solubility of our
substrate which required the use of more dilute solutions.
The xanthene 113 was stored ' under an ‘inert atmosphere as it.
is susceptible to air oxidation, slowly reverting to the
1, 4-dimethoxyxanthone at room temperature*. Its 60 MHz pmr
spectrum consisted of an AB-quartet (shifted upfield relative
to xanthone 76), the H-3 proton resonating at 6.66 ppm and
the H-2 proton at 6.35 ppm; the methylene group appeared at

. 3.90 ppm and the ring C protons gave a broad poorly resolved"

multiplet. Its infrared spectrum confirmed the absence of

a carbonyl group.

3.1.3 Attempted bis-Chloromethylation of 1, 4;Dimethoxy-

xanthene

Chloromethylation of the 1,4-dimethoxyxanthene (113)

- was attempted using chiorométh&zl methyl ether in ’CHC13 at 35°C
and concentrated sulfuric acid as the catalyst. After 2 h,
the reaction was complete and the mixture purified to yield

two fractions in about equal quantity (éa. 30%). The least

fa

* ©
—_ The coxidation of xanthene using ox%gen in aqueous NaOH in the presence ofj
phase~-transfer catalyst is known426_

~




i

w

polar compound was identified by pmr and mass spectroscopy

as 2-chloromethyl-1l, 4-dimethoxyxanthene (114)*. The latter’'s
pmr spectrum indicated that substitution occurred on the
A-ring on the basis that the AB—quartet of the starting
material now appeared as a singlet. No change in the peak
intensities of the ring-C protons occurred. The xﬁass spectrum
of the product included a molecular ion of m/z 290 corresp;)nd—
ing to the expected molecular weight of 114 and the intensity
of the isotope peak ratio (M+2)/M indicated that only one
chlorine atom was present in the molecule. The more polar
compound turned out to llmave an pmr spectrum similar to that

of compound 112, the upfield shifts <:;f ca. Q.25 ppm and

0.53 ppm in the resonance frequencies of the H3-proton and
the benz/ylic protoﬁs being accounted for by the diarylmethane
stx:ucture 115. _The mass spectrum of this-.material showed a
molecular ion of m/z 496 (base peak) which coincides with

the molecular weight <;f 115. Unfortunately, no indication

of the presence of any bis-chloromethylajcéd product in the
mixture w;as obtained.

The reaction ;vas repeated under similar conditions
except that af:etic acid was used as cosolvent and catalyst.
The reaction took much longer to reachA completion and after
12 h, analysis by tlclindicated that only monochlbromethylai:ed
compound 1l4 had formc’ad. No evidence that the bis-chloro-
methylated compound 116 or the diarylmethane 115 were generated

&

In order to obtain excellent quantities of pure 114, it is best to reduce
2-chloromethyl-1, 4-dimethoxyxanthone using BH3-THF. (Details are given in
the Experimental). '

v
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was obfained. The reaction was then allowed to continue for ~
an additioAaL 72 h. Analysis by tlc indicated the presence

of three compounds which included a small amount (ea. 10%) of
115. Purification by flash chromatography was difficult

(and only partially sucsessful) because the components had - -
similar R, values. The main fraction (ca. 50% based on 113) A
which contained two .components gave a mass spectrum élearly
indicative of the presence of the bis-chloromethylated
derivative. In fact, a molecular ion of m/z 338 corresponding
to the molecular weight of compound 116 was observed and the
r;tio for the isotoge.peaks (M+2) /M (65%) and (M+4)/M (10%)
corresponded exac;ly\to those expected for a molecule contain-
ing two chlor%ne atoms. The pmr spectrum of this material

showed two benzylic type of proton signals, an observaéion
cdnsistent with the presence of the bis—chlorométhylated 7
coﬁpound. However, the signal at ¢a. 6.73 ppm which was
previously attributea to the H-3 proton was still visible.
ngﬁhermore, the peak intensities of the ring-C protons showed
that theré were only 3 protons on the ring, an indication that
substigution of ring C had occurred. Accordingly, the bis-

chloromethylated compound can be represented most reasonably

by structures 1I7a and 117b. The mass speétrum of the crude

reaction products also reveale@ th;t some reaction with the
cosolvent ‘acetic acid had occurred. The yield of acetoxy-
pethylated compounds 118 and 119 was estimated by pmr
spectroscopy to be less than 10%, the result of a minor side

N\
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110

CICH,0CH, /33°C
He SQ(cat.)

i 117a R=Cl
119 R= OAc

.

-~

reaction which has been rarely mentioned in the literature4ll.

It is clear that in spite of the removal of the
deactivating calrbonyl group of the xanthone, it’ remained
impossible in our hands to prepare the 2,3-bis;chloromethyléted
xanthene 116 although a second substitution, but at the
C-ring level, occurred readily. While alternatiwe approaches
to the synthesis of 116 were being contemplated, an intfiguing ]
unique reagent potentiall‘y useful as a chloromethylating
agent (the.chloromethyl chlorosulfonate (-}.2_(‘))) was brought. to
our a;ttention427’428. We were thus encouJ;aged to makg one

more attempt at the preparation of the 2, 3-big~chloromethylated

xanthone derivaﬁive °through the use of the special reagént 120.

*.
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3.1.4 Attembted Chloromethylation with Chloromethyl

Chlorosulfonate

Although chloromethyl chlorosulfonate (120) was

i28a in the eé.rly 1930'5;, the only reference

428b

firswt prepared
to its use c’an be found in the old patent literature
Structurally, it resembles the powerful methylating agent
methyl fluorosulfonate (l21) (Mdgic methyl) and being the

homolog of 8-chloroeghyl chlorbsulfonate (122), a known

0 o
i i X
GCH;O%—-Q CH,08~F CICH,CH,O%—CI ¢
0 8 v 0
_110_ 121 122 -

chioroethylating agent4 il

’ 1we wer;e hopeful that analog 120
would behave as an alkylating agent powerful enough to achieve
bis-chloromethylation of cur substrate(s) in the desired
manner. SL

‘ Chloromethyl chlorosulfonate 120 was obtained

as a glear freée-flowing liquid aftér relatively long and Coe
tedious operatiohs consisting basicﬁally of the addition of

paraformaldehyde to neat chlorosulfonic acid followed by a

number of distillations. The reagent was characterized by’ A

its physical properties as well as by pmr spectroscopy and

sgc/ms- (in order to a-scertaﬁ its purity). All the data were

consistent ?ﬁ'ose expected for structure 120.

o

o b

e o
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. Unfortunately, its reaction with 1,4-dimethoxy-

xanthone (76) gave disaiapointing results. There was no sign

¢

of reaction after stirring for several d'élys at room

temperature even after catalytic ampunts of concentrated

sulfuric acid jad been added. The monochloromethylated
-
compound 110 was obtained in a small yield (< 10%) afteér

addition of catalytic amounts of concentrated sulfurié acid

L

and a reaction time of 12 h in boiling methylene chloride.
When a catalytic amount of aluminium’ chloride was

added4ll instead and the mixture refluxed for 75 h, the yield

K

of 110 reached about 20%. Changing the substrate to J

l,4-dimethoxyxlanthene (113) gave no better results than with
- /7 a .

xanthone 76- under similar conditions. Only a small yield

<

(< 20%) of monochi’&:omethylated xanthene ll4_waé obtained and

was accompanied by increased amounts of resinous mater;Lal.
B I~ _/
* These results brought to an end our effortg to
-

achieve the desired bis-chloromethylation of either the
xanthone or- xanthene substrates. The develoment of ano ,ier
approach involving the synthesis of a different xanthone

s

- 8
substrate became necessary. However, we thought it worthwhile

Q

at that stage to exploye the po’téntial of chloromethyl
4 - . o A ‘L\

chlorosulfdénate (120) as a chloromethylating agent but for

§

more.conventional substrates. ’ o

I

S
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CICH,0S0,C! 105 Ry Rp=0
H,SQ, (cat.) '
A,12h N8 Ry Rp=H -
18 Rq,R2=0
13 Ry Ry=H

110 Ry Rp=0
114 Ry Rp=H

s

Potential Usefulness of Chloromethyl Chlorosulfonate

<

s

Even though the chloromethyl chlorosulfonate (120)
failed to chloromethylate dbur xanthone or xanthene substraie/s

in a satisfactory manner, it was felt nevertheless that

a

better nucleophiles may be more likely to give valuable
results. At first then we considered reacting it with an .

enamine because one may expect the reagent to yie‘ld‘ a-chloro-
. 2

methylketones directly, a 'qlass of substances of consAderable
Z, -
synthetic utility by virtue of their ready convertibilN 0
/ PR ; ,'
a-methylene ketones (such as 123), an.arrangement found in
429-431

many naturally occurring sesquiterpenes and antibiotics

When this reaction was attempted with the pyrrolidine
[

¢
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enamine of cyclol’}exanone432 (124) under a ‘variety of

conditions, only black resinous material was obtained. The
use of low temperature and high dilution led to a complex
mixture of compounds which could not be identified by gc/ms

or pﬁr spectroscopy. .

-

N 1) CICH,080,C! Base
N : —_—
é 7) H,0"

In énothe£ attempt at discévering a uséful
applicatioﬁ for the reagent, guaiacol (125) was used as a
substrate. The deiirgd product guaiacyl—o—ﬁethyl chloride
(126) i; used as an}alcohol protecting group and appears more
convenient than B-methoxyethoxymethyl chloride (MEM-C1)

because it is less troublesome to remove433. However, there

exist only two methods available for the prgparétiéh of -
this reagenE 126 and only one of them is practical. Reaction
of chloromethyl chlorosulfonate 120 with gualacol mlght lead

to 126 in one step, which motivated us to explore thls

possibjlity
!gg‘ Accordingly, the sodium salt of guaiacol was

7

_generated with sodium hydride in THF and the mixture added

-in small portions over a long period of time under an inert

N

¢
1
¥
o
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atmosphere tq a vigorously stirred excess solution of very
dilute chloromethyl chlorosulfonate? The reaction was
vigorous and cqmplete afﬁer some minutes. Analysis by g¢/ms
indicated the presence of three components one of which was
dominant. k

The fifst compound (ca. 10%) to elute from the gc
column was assigned structure 127 primar%ly on the basis of
mass épectral evidence. 1Its formatioh is surprising because
cﬁloromethyl chlorosulfonate may not be expected to act as a
source of electrophilic chlorine atoms. The next component
(ca. 60%) was characterized as guaiacyl-O-methyl chloride

L

(126) on the basis of its mass and pmr spectra which agreed

433

with the literature values The last component fram the

column (ca. 30%) was assigned either structure 1l28a or 128b

[::I::" 1) NaH / THF [::I:°°"4= -{E:]:OH
—l +
cH; D GICH,080,C och, Rl ocn,

) ~
' ‘128 S 1 121
SO,L0CH,CI CH,080,C1
or
~ CHS OCH;
. 1288 128b

., as judged from its mass spectrum. Its pmr spéétrum was not
very informative since for both structfires, the methylene

protons may be expected to display similar chemical shifts.

~

1




However, regardless of the éxact identity of this third
7

L 4
component, it is clear that under our reaction conditions,

.chloromethyl ‘chlorosulfonate 120 is capable of reacting by

different modes (Scheme 3.2). -

<)

Scheme 3.2

116

- (') 0

| I
1. c1cn2176-s-c1 + ROCH,CL, + ®0S-Cl (+ S0, +.C1%)
i
o) o}
rO®
0 o
)

I ] :
' 2. ﬂthﬁ;bﬁ—c1 > RO-ﬁ-OCHZCl + Cl

‘ -l Il ’
3: éIlcaz-oL-c1 + ROCH,08-c1 + c1°

RO
“ . M ’ !

- Alth%ugh these results are far from being'exhaustive
it is obvious that more work would be required in order, to

ascertain the potential usefulness of chloromethyl chloro-

sulfonate 120 as a reagent in organic synthesis. S
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Unfortunately, time was not available to explore
further the chemistry of this unusual reagent and a return

to our main concern took precedence.

3.1.5 Synthesis gf 2,3-bis(Bromomethyl)-l,4—dimethoxyxanthong

§

Our failed attemét at the preparation of bis-
chloromethylxanthone led us to consider an alternative approach
involving 2,3-dimethyl-1, 4-dimethoxyxanthone (129) as an
intermediate susceptlble to benzylic halogenatlorf‘w5 406
No difficulty was encountered in the synthesis of the desired
xanthone 129 using our previously described method as applied
to the problem at hand. .

Access to dimethylxanthone 129 depended on the
availability of 3,4-dimethyl-2,5-dimethoxyphenocl (130) which
fortunately could be easily prepared in 6 step; in 72% overall
isolated yield (not optimized) from commercially available
2,3—dimeth¥l~4—methoxybenzaldehyde (131). .

Uqlike the Baeyer-Villiger oxidation of 2,5-dimethoxy-
benzaldehyde (Scheme 2.8) which required heating in a solvent
with m-CPBA, the aldehyde 131 underwent quantitative oxidation
,to‘%ormate 132 within 45 min at 0°C in éhe presence of the -
free-radical inhibitor 101l*. In this case, the lower reaction

temperature prevented subseguent oxidation of the aldehyde

to the acid. Careful alkaline hydrolysis of the formate

S~

The free~radical inhibitor underwent oxidation to the sulfone (mp 239-240°C)
which crystallized in the reaction solvent.




at 0°C gave a guantitative yield of phenol 133 as a white
crystalline solid. Methylation -of the latter with excess
dimethyl sulfate in refluxing acetone in the presence of

potaésium carbonate powder gave a 96% yield of dimethoxy

compound 134 which crystallized in the form of transparent /’\
plates434. The next step involved ring formylation of 134

using o,a'-dichloromethyl methyl ether and titanium(I$K

435’436. A reaction time of 1 h was sufficient

chloride at 0°C
to benerate an excellent yield (98%) of aldehyde 135 which
crystallized as off-white needles. The latter was then

submittéé?to Baeyer-Villiger oxidation which proceeded

vigorously at 0°C to give formate 136. The transformation

n x
HO H .
. H, CH
a b 3 c R
< CHJ HJ
H, H,
a3 132 13
’ . l'4 4
. HJ H: N
a CHs b CH; H
e ———————
‘ CH; CH;
: OCH, H, :
134 13 136 130

a) m-CPBA, free radical inhibitor 101, 0°C; b) Naoa/ﬂzo, 0°C; ¢) (CH3)2SO P

K,Co,, reflux; &) c12csoca3, TiCl , 0°C. ‘

2 4
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was complete within 1 h\but some oxidation (ca. 10%) to the
correspondiﬁé acid also occurred. Alkaline hydrolysis-

of the crude mixture gave a éood yield (83%) of the desired
phenol';gg, which crystallizeé as transparent needles. 1In
spite of the fact that this strategy lacks expeditiousness
and is perhaps tedious, it nevertheless represents an improve-

ment over other schemes437-439

for the preparation of 134,

the advantage lying in .the unnecessary purification of the

intermediates. and the excellent overall yield of product.
Reaction between phenol 130 and methyl-o-iodobenzoate

(97) in refluxing DMA for 24 h gave after alkaline hydrolysis,

followed by cyclization with TFA-TFAA and purification by

flash chromatography, a 52% yield of pure 2,3-dimethy1-l,4~

°

dimethoxyxanthone (129).

1) NeOH/H,0

2) TFA-TFAA
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The pmr spectrum had resonances at 2.33 and 2.26 ppﬁ
which were assigned to the ring methyl groups. The ring C
protons showed the typical splitting pattern of xanthone
itself..oThe mass spectrum showed thg”molecular ion of m/z 284
in agreement with the expected molecular weight. The infrared
spectrum of the product was not significantly different from
that of 1,4-dimethoxyxanthone (76). -

Benzylic bromination was easily and conveniently
carried out using N-bromosuccinimide (NBS) in the presence of
a4 small amount of the free-radical initiator angisisobutyrc-
nitrile (AIBN)?%%. Due to the low solubility of xanthone
129 in CCl4, a large volume of solvent was required and
consequently it was necessary to heat under reflux for a long
period of time (ca. 26 h). Purification of the product

by flash chromatography gave a small amount (ca. 5% based on

129) of a monobrominated'compound 137 which was characterized

L

by its pmr and mass spectra. Structure 137 was assigned on
the basis of the rationale that the benzylic position para
to the heteroatom should be more highly activated towards
free-radical bromination. Pure bis-brominated xanthone 138
(ca. 80% based on 129) was obtained as a white crystalline
compound. Its low field (60 MHz) pmr spectrum showed the
benzylic protons as a broad singlet at 4.83 ppm. Its mass
spectrum included the molecgi;r ion of m/z 440 correspogding
i

to the expected molecular weight and also showed (M+2)/M and

(M+4) /M isotope peak ratios as expected for a compound carrying
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NBS
(CH.).?N-N?(CN.).
CN CN
(ALBN)
a0 81 an

-

two bromine atoms. .
Having thus obtained 2,3-bis (bromomethyl)-1,4-
dimethoxyxanthone we were now reédy to proceed with our

strategy involving a Diels-Alder reaction between the relevant

o-quinodimethane intermediate and a dienophile as shown in

: &
Equation 2 (page 98).
3.2 DIELS-ALDER CYCLQADDITION WITH AN o-QUINODIMETHANE
INTERMEDIATE
3.2.1 Generation of o-Quinodimethane 105 viaq Dibromide 138

The use of 3-(trimethylsilyl)oxy-3-buten-2~one (lggi
as a dienophile capable of trapping an anthraquinone-derived
a—quinodimethéne intermediate was recently reported44l.
However, a low yield of adduct was obtained, a result which

N i
we believe .is a manifestation of the labile' nature of the

.
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442

olefin. 1In order to enhance its stability under the

reaction conditions, the triethylsilyl analog 140 was prepared

by .a modification of the literature procedure443 for the

' Cﬂfwrﬂ\c + B, SicY DMAP CH
’_" S e,

140

Ny

gener%tion of olefin 139. Reaction between excess olefin 140
. R R

and the dibromide 138 in the presence of activated zinc

441,444 4, dry DMA failed to produce any adduct. Repeated

445,446
r

(Zn*)
attempts involving the use of Zn* and ultrasound . or
sodium.iodide+ in DMA, yielded only unreactad ol2fin and an
insoluble bigﬁ molecular weight material. There was no trace

of any desired adduct 141 or 142. Analysis by tlc indicated

that a very small amount of compound with an Rg corresponding
to that of dimer 143 was produced.

This cyclooctadiene 143 was deliberately prepared
for comparison purpoées'by ultrasonic irradiation of dibromide
138 with 2Zn* in the absence of a dienophile trap. Under
these conditions, 138 was all consumed and polymeric material

was mostly produced. Nevertheless, a small amount (caq. 10%)

+Sodium iodide was used in place of zinc to alléviate some of the problems

usually associated with using metals. These problems include: poor
reproducibility due to the variation in activity from one batch to another
of the metal and to the heterogeneous reaction conditions; and, causing
reductions of susceptible functional groups. .

& At



N T e s ey C e L

24

.o 123

of dimer 143 (presumably obtained as a mixture of two isomers)

was formed which was characterized by its mass spectrum and

N

behpviour on tlc. , ~’)

Unfortunately, while we were able to improve the.

stability of 139 by adopting olefin 140 instead, the greater

steric bulk of the latter seemingly precluded reaction with -

the 'diene. Accordingly another type of olefinic trap was sought.

Although 3-acetoxy-3-buten-2-one (144) was repcrted441,447 to

{
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be- usefyl in Diels~-Alder reactions, difficulties in preparing

N it in ‘good yields have hindered its widespread use. However,

we found that a substantial improvement over existing

439,441b,447

procedures could be made by a simple modification

ihvolving the use of freshly distilled réagents'togetger witﬁ
the addition of a small'amount'of DMAP. We then ‘attempted the
reaction of dibromide 138 with e#céss olefin ;gi using sodium
iodide in anhydrous DMA and indeed, an excellegt yield

(ca. 80%), but of the unexpected diacetoxy compound 145, was
obtained. A simple and plausible explanation'for this result
might be that the olefin was initially égntamiha;eﬁ with
acetic acid or that the olefiq‘was undergoing some hydfolysis.
Only after rigorous purification procedures* the formatioh

of diacetoxy 145 was completely suppressed. ‘Suéh precautioné

were not productive because adduct 146 (or its isomer 147)

was not generated. Insoluble, high molecular weight materials

were again obtained as well as unreacted olefin and unidenti-

fied polar material. Analysis by tlc indicated that a small

amount of dimer 143 was again formed. , -

Initially, we selected olefins 140 ang 144 as reactants

primarily because their reaction as envisaged would create

-
s

an adduct with a highly functionalized A-ring.

Bicarbonate wash of the olefin,did not help as diacetbxy 145 was obtained
again in excellent yield when the reaction was repeated. Water was then
scrupulously removed from all the reactants. DMA was dried over 34
molecular sieves for 60 h and distilled from CaH, into the reaction vessel
which had been flame dried. The sodium iodide was dried under vacuum over
P50g for 60 h while the olefin was redistilled and only the middle fraction
boiling within a range of 1.‘5°c was collected.

+
-
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IS However; because of their low dienophilic activity they turned

out to be poor choices. It thus became apparent -that it would

-

be nécessary to use a more reactive dienophile in order to
trap effectively the reactive o-quinodimethane.intermediate
105. Accordingly, we explored the use of the more reactive

methyl vinyl ketone. :

When a mixture of dibromide 138 and excess methyl

vinyl ketone was treated with Zn* in THF+ while irradiating

with ultrasound or when treated with sodium iodide in DMA,
numerous compounds were formed (tlec) including insoluble :
polymeric material and a small amount of dimer 143.. After

extensive chromaﬁography, an impure adduct 148 (z4. 10%).was

+Reactions in dry DMA, DMF and dic:axane445 gave the same results. We adopted

THF because of its greater convenience.

.
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isolated. It probably consisted of a mixture of both possible

isomers but we were unable to clearly confirm ﬁhisjexpectation
from the appearance of its pmr spect}um.‘ Efforts éo improve
the yield of adduct 148 by lowering the tempgrature to 0°C,

©or by using more dilute éolgtions of dibromide 138 in the
éresénce of larger excesses of olefin werg_éf no avail. These
discouraging results raised some fundamental questions. The o
fact that dibromide 138 was completely conéumed (under all

reaction conditions) led us to question whether methyl vinyl:

b

% \ .
ketone 1§ indeed sufficiently reactive to effectively trap

the intermedate o-quinodimethane 105. Would an olefin of
195 an

still greater reéﬁtivity cycloadd efficiently? 1In order to

answer this question we decided to use N-phenylmaleimide (149)

448-451

a well-known highly reactive dienophile of unquestion-. ~

able ability to trap o—quinodimethane 105. When the reaction

between dibromide 138 and excess N-pheknylmaYeimide 149 was

carried out using either Nal in DMA or Zn* in THF under (

ultrasonic radiation, a surprisingly .low yield (eg. 20%) of

Y

¢
. - TN
"

TThe heterbatom and the carbonyl polarize the coefficients of the highest
occupied molecular orbital (HOMO) to a different degree. The ratio of one
regioisomer to the other will depend‘on how large this net polarization may
be. 1In principle, adduct 148a is expected to predominate. (This is
discussed ih greater detail later in the chapter).

-
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the expected adduct 150 was obtained. The reaction mixture

also included insoluble high molecular wéight material and

tlc analysis indicated that only a very small amount of dimer

5

1

143 was formed.

149

Theoretical calculations452 show that the HOMO-LUMO

4

separation of o-xylylene 151 (and derivatives) is small which

Y

accounts for their high reactivity and propensity to dimerize.

In -the case of xanthone-derived o-quinodimethane interm?diate

-
o

105, the reaétivity of the "diene" should be certainly
inéreaséd353 as a result of the electron-donating ability of
.the heteroatom (vide Znfra). On the other hand, in the ..
anthraquiﬁone-deiived o-qufhodimethane 152, the carbonyl moiety
by virtue of its electron-withdrawing ability, serves to

moderate the ;eactivity of the diene, thus 'increasing its

stability. Therefore, failure of N-phenylmaleimide to
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efficiently trap o-quinodimethane 105 may be the result, in
part, of the detrimental short life of the latter.

The formation of dimer 143, which was uniformly
isolated in small quantities, deserves comment. Its formation .
may be accounted for by tﬁe rear::angement44‘8 of a spiro dimer ._,‘)'
such aé 153 derived by a concerted, thermally allowed [2-+'-4/],
cycloaddition of intermediate 105 with the formation of i;omeric

structure 154 being equally probable. However, there may be

+ lsomers rearrangement

other mecha‘niSm‘é, such as a non-concerted [{+4] cycloaddition
of 105 that may be operative or possibly one where ionic . Co
intermediate* 155 or diradical intermediate 156 may be involved. |

Until we can show unequivocally that 105 is the intermediate

- -
The structure shown is of the more stable of the two isomerig intermedi'ates'
passible. T
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which is indeed generated, it is’'safer to conclude that under
the reaction conditions used, intermediates 155 and 156 are
equally plausible intermediates that can account for our
observations.

The difficulties that we experienced with the usl'e‘
of o-quinodimethane 105 are not unigque and differ only in
detall with those encountered by othersd'DS’406'441 in attgmpts

at generatlng o= qulnodlmethane 152 through the action of zinc

“or sodium lOdlde on anthraqulnone precursors. Low yields,.

, eXtensive side-reactions and generally poor control .of the

cénditidns suggest the operation of a complex relationship
between solvent, temperature, concentration and hature of
the substrate. It might be extremely useful if One‘ could
study the cﬁemistry of o-quinodimethane 105 as generated under
conditions not conduclve to such a c0mplex interplay of
variables. Attempts at developing a relevant strategy were
considered next.

Two other ‘meph’ods for generating intermediate 105
were envisaged.  The first attractive one involves the
fluoride ion-induced l,4—elim‘ination of an o-(a-trimethylsilyl-

alkyl) benzyltrimethylammonium halide as recommended by Saegusa

Frbgm e 2

-
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et a1.4%4 (Scheme 3.3). Although this method may not be ideal
b'ec'ause of the bolar nature of the reactant which dictates
the use of experimental conditions similar to those already
applied, wé were nonetheless attracted to it. As it turneci
out, the synthesis of precursor 157 proved to be too diffipult
in the xanthone series of ainalogs and we were forced to ;albandon

this api:roact} for practical reasons.

Scheme 3.3 ﬂ v

—

A more attractive alternative where reaction

Loy

conditions would intervene minimally in the generation of
o~quinodimethane 105 1involves thermolysis of appropriate '

precursors as will be discussed next.

3.2.2  Thermal Generation of o-guinodimethane;;gﬁ

The high temperature (2 '200°C) necessary to 'generate

o=-quinodimethane from either sulfone 108 or benzocyclebutene 109.

-~
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requires the use of special apparatus407, techniques that are

impractical for our purposes and for large scale preparations.
A more attractive precursor is B-sultine 158 as it is expected

to extrude sulfur dioxide at a lower temperature (ca. 80°C)455

456, in principle, by reaction with a readily

and is obtainable
available diol and the sulfur transfer reagent benzimidazole
159. However, previous experience with this reagent in our
laboratories using related diols as substrates was not

encouraging, which led us to seek an alternative source of

o~quinodimethane. .

457-459

The observations that the introduction of a

certain substituent sugp as hydroxyl on the cyclobutene ring

of benzocyclobutene reduces by as much as 120°C* the temperature

b
r

*The increase 1n ease of electrocyclic ring opening has been explained by
frontier molecular orbital (FMO) theory460,46l in a more adequate fashion
than a previous suggestion?37 which related the process with the 13C nmr
chemical shifts.

S—
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required for electrocyclic ring opening incited us to consider

) v .
the use of tlFe hydroxybenzocyclobutene derivative 160.

However, fqﬁ'ring opening of the-latter, either a higher
temﬁeraguze or a longer reaction time may be needed (compared

to unsubstituted benzocyclobutenol) because peri-sﬁbstituents
{
1

(OCH5, OH) would sterically interfere with the outward
conrotatory motion imposed by the hydroxyl group458'459’461-j464
upon diene generation. This disadvantage is offset by the’
fact that a benzocyclobutenol'defivative would yield an adduct
carrying a key hydroxyl function at position 7. On the other
.hand, a mixture of regigisomers may be expected although in
unequal amouﬁts because of the polafization of the diene.‘

The predominating isomer may be anticipated on the basis of
FMO calculations.' |
According to this theory, the éycloéddition reaction
+ is dominated by the interaction between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
" orbital (LUMO),pf the reactants. The carbonyl group and the
2 0xygen heteroatom willl certainly affect these orbitals because

they aﬁ/ v1nylogous tojthe diene. However, the overwhelming

\

dominatiﬁg effe@t should be exerted by. the hydroxyl group*.
: : _

. \ A

Thus the predicted behaviour of o-quinodimethane 161 should
Ay E . I3

simply mim%ék that of an electron rich diene. If we were to

//

L

*Functional qpéups attached to the inner carbons of 1,3-dienes affect the
FMO energy less than functional groups attached at the termlnals This is
due to the fact that the MO coefficients are smaller at the inner positions
and the perthrbation of the orbital energies is proportional to the square
of the orbital coefficient in the MO's465-467,

7 4

- - \
~. -
~




F e O » - 3T Vila ST Bl Tun 7ot TTERT S IS Ly b e

133

1428 : ! 142b

choge la dienophile where 2 is an electron-withdrawing group,
the more energetically favorable interaction will be that of
the HOMO(diene)-LUMO(dienopt‘x'ile) where an estimated énérgy—gap
of 8.5 eV would exist instead of a gap of 13.4 eV for a
HOMO (dienophile)-LUMO(diene) . iﬁteraction* .

To predict the re'gioisomer it is necessary to match
the largest coefficient of the terminal MO for the controlling

pair of FMO' 5468-470

. For a l-substituted diene, the hydroxyl
group increases the magnitude of the coefficient of the HOMO
on the opposite terminal (the opposite is true for the LUMO).
Similarly for the LUMO, ax; electron-withdrawing group will

increase the magnitude of the coefficient on the opposite

For illustrative purposes 1t was assumed that the energy of the HOMO and
LUMO of diene 161 would be similar to that of a typical diene (see
Appendix 2). Based on the arguments presented, we feel that this is
justifiable, however, the energy values quoted should not be given per ge
any significance,

PR
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terminal (the same is true for the HOMO). The result of
matching of the orbitals leads to the prediction that regio-

isoyiier 162a* shoulgl be formed preferentially. The difference

s

AE=8.5 oV o

(~8.5eV)

in AE's (4.9 eV) between the two possible interactions is
large enough+ to neglect the importance of the LUMO(diene)-
‘HOMO (dienophile) interaction which would otherwise lead to the

prediction that the desired isomer 162b would be generated.

AEa13. .40V

LUMO " HOMO
| (2.5 oV) (-10.9 eV) o

The stereochemistry of the adduct would normally be expected to place the
hydroxyl and Z-substituent 78 to each other as a result of an endo-approach

by the reactants. However, Kametani et al. 471 and more recently Wallace
et al.%62 round that for similar reactants (under thermal conditions) stereo-

isomers were formed which led them to speculate that the reaction proceeded
either by a stepwise meche_anism via diradical or ionic intermediates or
that steric requirements force an exo-approach by -the reactants .

+With a difference greater than 1.7 eV (Z.e. > 39 kcals) it is usually safe
to ignore the higher energy Pair472.

’ .
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'On the other hand, one can choose to use an
eléctron-rich dienophile as the reactant. In this case, both
combinations of interactions, [HOMO(diene)-LUMO (dienophile)
and HOMO (dienophile)-LUMO(diene)] have the same energy-gap
(estimated at 1ll1.5 eV) so that both possib_ie pairings must be
considered when the coefficients of the molecular orbitals

470

are matched. The molecular orbitals are polarized in the

fashion shown in Figure 14 and for both interactions the

prediction is that isomer 162c should be formed preferentially*.

HOMQ LUMO T
-8.5 o) 3.0eV)

AEx11.8¢V

LUMO HOMO .
(2.5 eV) (-9.0 V)

Figqure 14: Both combinations of orbitals favor formation of the' "meta" adduct.

releasing groups, interactions of the ron-frontier ™ orbitals of the diene
with the alkene MO's can occur in the unsymmetrical transition state, and
such interactions could conceivably alter regiochemical predictions.

7

According to Houk?’3 when a diene and alkene are both substituted by electron-
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Tﬂe higher energy gap of 11.5 eV resulting from the
;se of an electron-rich dienophile compared w;;g:the energy-—
gap ;f 8.5 eV when an electron-poor dienophilé is used, should
be reflected in a slower reaction rate and it is for this
reason that in general, dienophiles with elecfron-withdrawing
groups are better substrates than electron«rich dienophiles
in Diels-Alder reactions.

There is little doubt that the FMO theory is useful
for predicting the outcome of the reactions and in the case of
simple reactions of o-quinodimethane with electron pocor dieno-

462,464,471. But

‘philes, the theory led to correct predictions
because there is no precedent in the literature concernhing the
predictablevbehaviour of 161, it is imperative éhat the courée
of its reaction be tested experimentally. While our main goal‘

remained a practical ,one conceived to produce a usable regio-

isomer, the experimental outcome would serve at least to test

-

the validity of the theoretical treatments.

3.2.2.1 Attempted synthesis of a benzocyclobutenol derivative

Benzocyclobutenols are not readily accessible as

462,474,475

they involve multi-step syntheses Recently,

however, Durst et al.476 introduced a simple and efficient
synthesis of benzocyclobutenol (163) from epoxide 164 which
appeared suitable as a method for the generation of the desired

benzocyclobutenol derivative 160. ¥,
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2 g&/n-mtl O.

THF, ‘78-'25‘/6

184 183

On the basis of our previcus experience with the
chloromethylation of 1,4-dimethoxyxanthone, regioselective
bromination at Ehe 2-position should be easily achieved. As
expec;ed, reaction of 1,4-dimethoxyxanthone with molecular
bromine* in the presence of a catalytic amount of iron filings
" {(unactivated) gave. after 3’h at room temperature an excellent
isolated yield (> 90%) of 2-bromo—l,4—dimeth6xy§§nthone (165) <
The high field (200 MHz) pmr spectrum of the product indicated
that no ring C substitution had occurred and the 13C nmr
spectrum provided unequivoca?f evidence that substitution had.
occurred at the C-2 position. The mass spectrum-included a
molecular ion Of m/z 334 (base peak) corresponding to the
molgcular weight 8f the expected compound and also showed a
peak of (M+2)/M ig confirmation of the presence of one bromine
atom in the molecule.

It was anticipated that formylation of this 2-bromo-~
1;4—dimethox¥xanthone (165) might be difficult bécause the

'C-3 position is deactivated towards electrophilic aromatic

substitution. Furthermore, the small, but nevertheless

* * .
Large excesses of bromine or loriger reaction times should be avoided because

mass spectroscopy indicated that a small amount of bisé-brominated compound
also formed.

"
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»

deactivating effect of the o-bromo substituent as well as its
steric bulk may not favor the formylation reacticn. The

use of the Vilsmeier complex between phosphoryl chloride and
DMF or the excellent formylating agent a,a’'-dichloromethyl
.methyl ether - titanium(IV) chloride under a variety of
conditions including temperature effects (room temperature
or gently refluxed in methylene chloride) were totally

unsuccessful.

POCI,/ONF , ,

of 77
Q,CHOCH,/ TiCH,

0 OCH,
&,/
LD w5

OCH,

We then attempted to formylate 2-bromo-1l,4-

dimethogyxanthene (166) {obtainable in quantitative yield by

diborane reduction of xanthone 165), using the same reagents .
under similarly wvaried ‘conditions, but starting material

was again largely recovered along with a small amount (< 10%)
of material carrying a formyl g;:oup on ring C, as evidenced

by 200 MHz pmr spectroscopy with no indication that any

v s Said e e
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compound 167 was formed.

These results showed quite conclusively that
formylation, like chloromethylation, at the 3—-position of >
the r;Lng system was not feasible despite the greater inﬁerent
reactivity of the formylating agents relative to the conven-
t\ional chloromethylating agents*. Clearly, a different approach

was needed 1in order to synthesize the benzocyclobutenol

intermediate 160.

\

* o -
We have evidence demonstrating that formylation of 1,4~dimethoxyxanthene
occurs within one-half hour while under similar conditions chloromet._hylation’ﬁ

requires several ‘hours. Co

“

oy



o
140
B
3.2.2.2 Attempted synthesis of 2-fokmyl-3- W,‘i/
f v
dimethoxyxanthene

\ The observation that o-methylbenzaldehyde (168)
undergces photoenolization477’478 to yield’either Hydroxy-
quinodimethane 169 or benzocyclobutenol)lﬂ led us to briefly
consider the ’synthesis of Z;formyl—B—methyl-l,4-dimethoxy-

xanthene (171)* as a precursor of the corresponding

quinodimethane or cyclobutenol.

hv
S —————

/ 169
H' L]
‘ \ H
168 1
3 B,
g . 170

Y N
' While 1, 4-dimethoxyxanthene (113) underwent TiCl4-

catalyzed formylatiSn at the C-2 positionf wit;h %,a'-dichloro-

" methyl methyl ether tp afford 172 followed by ready acetal

formation in the presence of methanol and 58 molecular sieves

. . ) - P
or p-TsOH479, lithiation of 173 at the C-3 position did not

< -
The C~-9 carbonyl was removed to avoid interference with either the photo-.
chemistry or the organcmetallic reactions. -

-f-This was proven by comparing  the 13¢ nmr and ‘Bmr spectra of unequivocally
synthesized 2-methyl-1,4-dimethoxyxanthene yith that of compound 172 after
reduction of the aldehyde functidnal group to a methyl group us:mg
Et331H—TFA313 * (see Appendix 1).

s e
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prove possible in spite of the ortho-directing effect of the

E . £
}. . gy
|

methoxy groups. Instead, n-BulLi caused deprotonation of the

480,481

. more acidic C-9 xanthene protons (pKa " 30) since

Neverftheless, the fact that 1,4-dimethoxyxanthene undergoes

regioselective formylation may prove to be very useful in

ther respects (see Appendix 3).

Scleme 3.4

si molecular
sioves

" 172

ation of the anion afforded only compound 174 (Scheme 3.4).
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3.2.2.3 Attempted synthesis of benzocyclobutenol ;igﬁvia‘é

benzyne intermediate through a [2+2] cycloaddition

From a preparative point of view, the synthesis of

benzocyclobutenes via the [2+2] cycloaddition of olefins to

benzynes has not been used extensively. This can be att?ibu;ed

in part to the fact that only modest yields (< 50%) are usually

obtained482. The growing interest in benzocyclobutenes

¥

(because of their emergence as useful synthetic intermed-

458 ,463,464,471,475,483-485 "

. . \
iates ) has done much to simulate

486,487 directed at improving the method-

487

interest in studies
ology. Recent ab initio calculations by Houk ¢t al.

revealed that the inherent electrophilicity of benzyne is the

A -

result of a lowering in the energy of the LUMO orbital thus

demonstrating that the rate of reaction between benzyne and

T

an olefin™ncreases as the latter becomes more electgon—rich

(Lncreasingly nucleophilic). At least one succesaful

4

illustration of this hypothesis was given 1in the area of

synthesis486. Various methods to generate benzyne have been

improved which minimize the $ide reactions488~490 associated

with the use of organometallic reagents or with reaction

conditions favoring 'metal-halogen exchange as well as direct

nucleophilic substitution. Reports491'492 that beﬁzyne~can'

be readily generated from 2-bromo-1,4-dimethoxybenzene when

492

treated at low temperature with LDA were very éncouragiqg

and led us to consider the possibility of using Z?bromo-1,4-

L]

‘14»’9‘ ’.



( 143

dimethoxyxanthone {165) as a potential source of benzyne.
‘Because electronic effects on arynes are largely inductive in

485'490’493, the methoxy. groups should increase their

origin
electrophilicity and thus promote the reactioﬂ'iﬁ a. productive
manner. Furthermore, the methoxy grqup should help direct
the organometallic reagent toward the arﬁhc-bosition through
formation of a complex such as 175, a possibility that should
facilitate metalation of the substrate.

For our initial studies we decided to use the readily
available ethyl wvinyl ether (176) as the reactant because it

was shown to act as a good trapping agent for benzyne487:494.

Obviously, the silylated olefin 1777°°747

would be more
useful eventually because subsequent dep?étection to alcohol
160 would pose no difficulty.

The reaction was carried out by adding a small
- eXCeés of LDA at -78°C to a large excess of ethyl vinyl ether
to which was adéed a THF solution of 2-bromo-1,4-dimethoxy-
xadthoéé (165) followed by stirring for 3 h. After allowing
the reaction mixture to warm up to room temperature over a
period of 2 h, the mixture (comprising of ;everal components
~as juﬁged bv tlc) was purified by flash chromatography. The
main fraction (cz2. 60%) was 1dentified as l,4-dimethoxy~-
Xanthone (Zﬁ); product resulting from the reduction of aryl
halide 165. A plaUSLSle mechanism for this reduction involves
the transfer of a Z-hydrogen of LDA as)a hydrlde‘equ1vgf

1 490,497-499

lent (Scheme 3.5). No'prQQuct of carbonyl reduction

(4}
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as a result of a hYdridé; transfer was isolated.
The mass spectrum of the more polar fraction (ca. 5%)
included a molecular ion of m/z 355, value consistent with the

molecular weight corresponding to compound 178 and whose

.

formation would be the result of the addition of LDA to

benzyne 179 (this in spiterof the low nucleophilicity of LDA).

’

* -
Recent evidenée499 rejects the i1dea that carbonyl reduction occurs as a
result of single electron transfer>90. .

) | ' ) ! (>
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Scheme 3.5

. 7y

Although some polar material could not be identified clearly,

\
its spectroscopic properties did not correspond to those

expected for the adduct l76a.

- -

3

)

2

In order to suppress the reduction process498 a
leading to 76 we substituted LDA by lithium 2,2,6,6-tetramethyl-
piperidide (LiTMP) which does not carry R-hydrogens while

497,501

being effective in the generation of benzyne Moreover,

}

Ve
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thié base (LiTMP) is non-nu¢tleophilic and being more hindered
than LDA, addition to benzyne should be prevented. Under the
conditions for aryne generation from 165 by LDA; the base

LiTMP in an excess of ethyl vinyl ether at -78°C again led

to a complex mixture which after arduous purigication

procedures was found to contain none of the desired benzo-
cyclocbutene 176a. However, a small amount (< 10%) of a compound

identified by pmr and infrared spectroscopy as 1l,4-dimethoxy-

xanthhydrol (180) was isolated. Its formation is not easily

502

accounted for although electron transfer followed by

hydrogen transfer from the solvent is a possibility. The )

other components of the mixture cbuld nop be identified.
These difficulties in the generation of the desired

benzocyclobutenol intermediate led us to abandon this strategy.

This was a major setback because it eliminatéd the possibility

)

r
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of producing the o-quinodimethane intermediate under tk“xermal
conditions and so prevented us from verifying EOnCOMtantly
the predictions of the FMO theory regarding the preferentiai
formation of regioisomers. Moreover, the possibility of
generatixilg a useful key intermediate functionalized at
position 7 was also denied. t a

We then turned our attention to the synthesis of the
desired tetracyclic ring system using an approach based on
the bis—alkylating properties of dibromide 138.

3.3 ANNULATION REACTION INVOLVING b7ig—-ALKYLATION IN A

SINGLE OPERATION

3.3.1 " Discussion of Strategy

In order to exploit the dialkylai:ing ability of
dibromide 138, it appeared possible to develop a dianion ’
equivalent (synthon) such that an annulation reaction of the

type shown in Equation 3 could be carried out. One concern

&Y

[P
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with such an approach is the possibility of a halogen-metal
exchange process coné&cive to the collapse of the dibromide
‘to the o~quinodimethane 105. However, a report by Ewing and
Paquette503 indicating that a,a'—dibromo;o~xylene (181) could

'be used as a bis—alkylating species at low temperature

encouraged us to test this approach (Eguation 3).°

¢

wt

ce

et polymers

o

q

181
e .
\ CCH, -
~ —
CH,"

N
L

ﬁe‘required a reagent that fulfills the following
cr#teria: a) ft,shoulﬁ possess two vicinal nucleophilic ‘
sites capable of being activated independently of each otherf
b) the masked carbonyl group should be easily regeneratable
and cf¢function X (Equation 3) should be easily removable or
transformable/ after annulation. A structure which fulfills
these requi emgnts is the dithio-silyl enol ether. The P

-
N

dithio-groflp serves to activate the allylic proton making it

generation

CH,Br - LICH,COOt- Bu H,CH,COOt-Bu
- ° }
C :cn,nr THF, -78°C C :ccu,cu,com-au

-~

-}

e
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with' an alkyllithium bése should proéeed readily and allow
smooth substitution of the dibromide. Subsequently, intra-

molecular alkylation of the silyl enol ether B-carbon should
504-511 : 510-516

be induced by fluoride ion or Lewis acids . As a
an, s, Ef* N,
/ . FU . / ﬂ‘x * ’ '—‘
=" u ‘ _ a g===>
* o "
[
\&‘\ -

consequence of this ring closure, the carbonyl group would
7

P —

be automatically regenerated while the dithio;group would

8

Vsubsequently be eliminated by hydrogenolysis* to yield the

desired compound.

Nad

3.3.2 Preparation of Dithio-Silyl Enol Ether 182

Evans et aZ.518 showed that reaction between

a,B-unsaturated ketones and thiosilanes, in the presence of
an initiator, results exclusively in 1l,4-addition. We foresaw
no difficulty in promoting a similar addition of an appropriate

thiosilane to a 4-thio—substituted-a,B-enone to give the

* 1
To prevent reduction of the carbonyl group during hydrogenolysis, it could
be protected as the dimethyl ketal (acetal)Sl7,

PR
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desired reagent 182. We chose to prepare 4-phenylthio-3-buten=-

519

2-one (183) through the base-catalyzed addition of thiophenol

(in“ll!ﬂ)

192

to E-4-methoxy-3~buten-2-one (184) and as expected, the process
gave excellent resultsszo. However, the base-catalyzed
elimination of methanol did not work well, probably%és a
consequence of competing aldol condenfation. Accordinély,

a more efficient method was sought.

0

PhSH ) Base Me
e ————————— —————
Q‘M"J H Ph -
SPh )
N /
14 ' 183

-.As the Michael addition of thiols to alkynes is
well-knownszl’szz, we proceeded with the addition of thio-
pherrol to 3-butyn-~2-one (185)* at low temperature using a

catalytic amount of N-benzyltrimethylammonium hydroxide

14

Ccmnerc:.ally available 3-butyn-2-one is very expensive and very difficult
to obtain.

T S R 3

i
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(Priton B). An optimized yield of 93% (based on 185) of
thio-enone 183 was thus obtained as well as a small amount
(< 7%) of bis-addition product 186. Thio-enone 183 consisted

of a mixture of geometrical isomers [E-(J = 15 Hz) and

Z-(J(% 10 Hz)] in a ratio of 7:2. The next step called for

PhSH
CH,COCCH —_———————— . Me
Triton B {cat) + - Me
~78°C—RT Ph H SPh Ph
Ph
E- z-
L : 188

the use of thiotrimethylsilane according to Evans et aZ.SlB

but we were apprehensive about its sensitivity to hydrolysis
and its ability to participate in rearrangements.

We therefore developed a modification of a
literature procedure523 which allowed instead a practical
preparation of phenylthiotriethylsilane (187). This reagent
was obtained simply by heating thiophenol and triethylsilane
in the presence of Wilkinson's catalyst [tris{triphenyl-
phosphine)rhodium(I) chloride] for 6 h. Distillation gave an

excellent yield (ca. 95%) of thiosilane 187 as a high boiling

viscous o0il. The reaction at room temperature between thio-

PhS - SiEt,

PASH + £,S8iH -
{ PhyP),RhCi(cat.)

50°C, 8h 187
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enone 183 and thiosilane 187 in the presence of a catalytic
amount of initiator, KCN-18-crown-6 complex518 was stopped
after 22 h. The pmr spectrum of the crude reaction mixture

indicated that the desired addition compound 188, presumably

Sift,
+ M‘ma. ¢ —
KCN-18-crown-§
PhS Phs SPh
m hL 1 AL

the more stable* E-isomer, was formed in excellent yield
(ca. 95% based on 183). The infrared spectrum confirmed that
there was no unreacted thio-enone 183 and showed a double-

bond silyl enol ether stretth at 1660 cm_l.

Attempted Model Alkylation of Dithio-Silyl Enol

Ether 182

Metalation of 188 was attempted using n-BulLi in the
presence of 1 eg of tetramethylethylenediamaine (TMEDA)524.
Despite the expected increase in acidity of the allylic
hydrogen, no deprotonation occurred even after 2' h at -78°C

because attempted trapping of the anion with fhethyl iodide

Although stable enough to work without special precautions in air at roam
temperature for short periods of time, silyl enol ether 188 was remarkably
unstable toward silica gel. Quantitative conversion to the ketone was
-obtained during purification by flash chromatography. Because of this, we
never used an excess of thiosilane 187 but allowed the reaction to progress
for a longer period of time instead.
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gave only starélng material. The use of n-BuLi at a higher
temperature (-40°C) led to the rapid formation of a dark

brown solution which quickly deteriorated. Reaetion of 188
with sec—BuL1525 in the pfesence of 0.5 eq of hexamethyl-

phosphoramide (HMPA)* or in its absence ;t -78°C for 0.5 h
followed by addition of methyl 1odide at -78°C gave rise to
a complex mixture of products. One may expect that!|deproton-
ation of 188 might lead to an equilibrium mixture cinsisting

of the lithiated species 189 and 190 which will react with

methyl iodide to give a mixture of Y-alkylated compound 191

and the 2x-alkylated 1isomer 192529’530. Furthermore, anion
+
189 may also suffer a {1,4] sigmatropic rearrangement530 to

give enolate 193 although we felt that the use of the bulky
triethylsilyl protecting group would discourage this
rearrangement529’53l. Efforts to identify any one of the
resulting compounds were not successful, the difficulties being
compounded by the tendency of some consistuents to depompose
during chromatographic processing. Attempted'purificatio?/éy

low pressure distillation was not feasible. This disapp &nting

AN
result may be a reflection of the anion instability-under the

—

*
Extreme caution should be used when handling HMPA which has come under

close scrutiny because of its carcinogenic act1v1ty526'527. The use of a
cyclic urea, 1,3-dimethyl-2-oxo-hexahydropyrimidine, has been proposed as
a possible alternative to EMPA>28,

TIt 1s known that trialkylsilyl groups (especially trimethylsilyl) have a
propensity to participate in sigmatropic rearrangementss31. Recent work

by Evans et al.229 has shown that these rearrangements appear to be subject
to steric constraints at silicon and that the.use of sterically hindered
silyl groups might be helpful in slowing down, but not necessarily
eliminating these rearrangements.
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H,
u
0.4] Ph
PhS My PhS X H, OSiEt,
PhS” o - PhS* ’ Ph
Siet, OU U OSiEt,
193 189 190
CH,y
CH,I a1
CH,
) CH
PhS H, P :
1."'8,‘/ SIE'.
CH, OSiEt, PhS'
191 19

—— ——

v

the Eeaction conditions and may account for the complex mixture
of products that is §enerated. Coupled with the fact tha€’
arduous purification procedﬁres of the mixture could not be
avoided and were unlikely to succeed in an; event, we were
forced to conceive and develop a more reliable (it was hoped)
reagent for the annulation strategy as discussed above.

o

3.3.3 Use of Dithiane-~-Enamine as a Potential Reagent

An interesting variation on the theme represented
N -~

>

v
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*
by 188 would consist in replacing the silyl enol ether part
- by an enamine function which should be endowed with excellent
[

nucleophilic properties as is well-known. Being stable

. towards strong alkyllithium base5532, the acidic allylic

«

proton of the dithiane ring part should be easy to abstract

A\

' with an appropriate base as shown in the following equation.

/ -
. . G
R R
N ! . Ry W .
» 7 e AL 7 “Me

- —— Lie
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jlﬁ

3.3.3.1 Synthesis of dithiane-enamine 194

.
D“

Reaction between (E)~-4-methoxy-3-buten-2-one (1849

- 1

and l,3—prz%anedithiol in the presence of a catalytic amount

yield of pure, crystalline keto-dithiane 195. §

for 3 h at 0°C gave essentially a quantitative |

Although enamines derived from acyclic ketones are

- -7, generally regarded as béing‘unstable and prone to self- v

" » ' >
] condenéation53§’534

: . , “the use of titanium(IV) chloride bot?
L4 .
as a water scavepger and a catalyst has facilitated their

- LN
" preparation. However, it appears that:'with unsymmetrical
‘ K4 . N ’ .
. ketones such as 195 which can yield in principle two regio-
Yoy ‘ "
4 * \\J ' . 2 ’
. * .
- o . Enamine prepared using Dean-Stark water separator and p-TsOH (cat.) gave
Lo o condensation preducts. ’

' s ¢ . )
\ . . g 1
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”

isoméric enaminessqr-.s.n, the prédominant \fn'oduct isbthe one
‘where‘ the double bond 1s least substituted 'presumably as a
consequence of a kl‘netic control of the processS33'5?5'536.
Since we required the other isomer 194 where the double bond ~

oy

is more haighly substituted, the recommended method for

-
enamine preparation made us apprehenskxve. /Neverthele‘ss,

the reactaon between keto dithiane 195, pyrrol/idme and
titanium(IV) chloride at 0°C was attempted and fgund to g}ve

a substantial amount of the more substituted enamine Qﬁ.’
Howevers, it was not possible to determine from ‘Zhe pmr spectrum
of the products the relative amount of the less substitutéd
enamine 197 because the resonance signal in the region around
4.0 ppm where the vinyl protons should appear539 was ill-

defined. The pmr data also indicated the presence of

unreacted ketone, occluded pyrrolidine as well as unidentified

AT Qas s

material. Although the product(s) were very labile, it was.
nevertheless possi'ble to efficiently remove the titanium
salts by filtratiop through Celite under an inert atmosphere
with negligible hydr\Qlysis. Attempted purification by low
pressure distillation resulted in extensive decomposition
while chromatography (SiO2 or A1203) led| to hydrolysis tos
the starting ketone. Since the use of a mixture of enamines
(196 and.ﬁz) in our projected reaction with the bis-
alkylating model substrate \_1_£g would further compound the

problem of purificati and access to workable quantities

of properly annuladted material, we decided to attempt the

e
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preparation of enamine 198 instead because it can exist in

only one regicisomeric form possessing the desired stereo-

electronic features. )

3.3.3.2

Fo ]

Synthesis of enamine 198

N .

ju’

. A literature search showed that aldehyde 199 had been

Me H .
“a‘ @‘ TN
O°§:—-RT
88
\
H
H .
\ f i
197
:
1
E:
.‘f"* -
(
N
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540,541 by reacting bromoacetaldehyde diethyl acetal

prepared
(200) and 2-1ithio—l,37dithiane (201) . In attempting to
reproduce this work, considerable difficulties were
encountered. Several precautions were taken such as
rec}ysta11121ng and storing the very hydroscopic 1l,3=dithiane
over PZOS and cafefully distilling the diethyl acetai 200.
Our meticulousness was of no avail, the réported yield of ‘
‘product- being unreproducible under the prescribed conditions

or non—-exlstent. Although this negative result was previously
noted by others542 no effective solution to the problem was
offered. We also observed that the. use of thg more reactive
iodoacetaldehyde diethyl acetal, (202)* failed, to improve the
yield. Finally, attention was paid to the well-documented

fact that HMPA can promote alkylation reactions even at low
temperature544-548. We were pleasantly surprised to observe
that by adding 0.5 éq of HMPA to the reaction medium, alkylation
of the lithio-dithiane by the bromoacetal proceeded in almost
quantitative yield even at -78°C+. We subsequently modified '

rthe experimental conditions for the generation of lithio-

dithiane 201 in such a manner that the whole process couldlyé‘

*Reacting NaI with BrCHZCH(OEt)‘Z in refluxing acetone did not result in any
exchange to give the igdoacetal. Apparently, heating in a sealed tube at -
high temperature is necessary for this Finkelstein-like®43 reaction to
otcur. The iodoacetal was best grepared by treating vinyl acetate in
ethanol with iodine monochloride®43.

The effect of -HMPA is truly dramatic. Seeback and Corey54oc report that the
#ame reaction (without HMPA) requires 46 h at 0°C. We found that reaction
with HMPA was complete when stirred at -78°C for 5 h followed by a slow
warming up to room temperature over a period of 8 h. However, in our hands,
if the alkylating agent is added at -78°C without HMPA and kept there for

5 h (or less) before warming the solution, the yields are diasterously low.

: - »
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O n-Bull BrCH,CH(OEY), /
TMEDA HMPA
n -78°C (0.8 eq)
21
0
HIOE),
NeI/TMS—CYRT
O rHE/TFA[HLO[A
22 ' S ]
P i

A -~

conveniently carried out at 718°CL thus insuring that
decoﬁposition of the alkylating agent throﬁgh elimination
reactions wag negfﬁglble. The next step involved hydrolysis
of acetal 202 a simple process which proved to be quite

" § ) a
‘“%\troublesome*. Unsatisfactory results were obtained with

- 'Qerchloric ac1d54l}'acetic aéid542 and concentrated HCl-
ioxane550 as catalyst§. However, at 45°C, .a mixture of 16%
o5 TFA in THF-H,0 (1:1) gave satisfactory results after 3 h
fﬁut TMS-1551—553, generafed in situ34l, was found to give high
//%’ yields of aldehyde consistently within 30 min at RT+.) We

!

. then reacted aldehyde 199 with pyrrolidine angd titanium(IV)

Qploride to obtain an excellent yield of enamine 198, presumably

i 4 [

* .
. The ethylene glycol acetal (1,3-dioxoclane) is apparently more easily
hydrolyzed>49.

+Stirring for longer periods than 30 min resulted in decomposition and there
was no evidence that trimethylsilyl iodide added to the aldehyde,
reversibly, as has been suggested by Jung et al.554,

4
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as the more stable E-isomer. Its pmr spectrum showed no
evidence that any starting material was left unreacted. After
careful filtration through a pad of Celite under an inert
atmosphere, a relatively pure (by pmr) crystalline enamine,
free of titanium salts was obtained with no evidence that
extraneous products were present. Reaction of enamine 198
with n-BuLi in the presence,of 1 eq TMEDA gave a complex

stable at -22°C which after 1.5 h was decomposed with D,0

2
to give hydrolyzed material in which the allyL%gzacidic proton
was completely exchanged. We were accordingly ready to attempt
alkylation of 198 with o-xylene dibromide (181) as a modgl
substrate.” After generating the lithium complex 203 at -22°C,

it was transferred under an inert atmosphere to a dilute THF

* \\"
I»! "
N
H ¢ n-Bull -
ﬂ
TG, TMEDA
E' -22"0
L] m
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solution of o-xylene dibromide (lﬁ;} containing 0.5 eq of
HMPA at -78°C and the mixture stirred for 2 h. The mixture
was allowed to warm slowly to room temperature but the pmr
spectrum of an aliquot géve evidence that ring closure had
not yet occurred. - The mixture was then heated under reflux
for 2 h and although mostly resinous material had formed,
extensive purification of the residual mass by flash chroma-
tograph? yieldéd.a small amount (ca. 15% of the total) of

adduct 204. 1Its pmr spectrum showed a doublet (J = 1.5 Hz)

—————
HMPA
-78°C

t

t

originating from the aldehyde function and its‘mass spectrum

included a molecular ion of m/z 264 correspondihg to the

molecular weight.&f 204.

!
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3.3.4 Conclusion

-

- - »~ "

i

Although the latter strategy proved to be workable,
extensive development work would be needed in order to improve
the yielda As it stands, the scheme is‘not'practical for our
purposes. We were not encouraded to develop this approach -
ﬁot'only becauqe of the problems that besgt the pxeparé¥ion
of reagents 188, 196 and 198, but because a growing number
og.reports.(viz. Refs. 315 and 316) clearly suggest tha£ early -
functionalization of position 7 appears to determine the
practigal success of anthracycline syntheses. 1In faqt,'bpe of
the.main reasons for not using‘synthon.ggé as previouély
developed in our laboratoriesSzl, centers oﬂ the fact that in

the xanthone series of~analogs it would lead to intermediate 206

!

CH, , L &,

e N VR P

(only one isocmer is shown)
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which calls for the late introduction of a functionality at

¢

position 7, a problem of considerable magnitude

315,316. This

value judgement is of course of a retrospective nature.:

"
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CHAPTER 4 ) ,

A~RING FORMATION USING XANTHOQUINONE AND QUINIZARINQUINONE

AS DIENOPHILES IN THE DIELS-ALDER CYCLOADDITION REACTION

4.1 STRATEGY

Of the strategigs attempted so far for the construction
of ring A, none were more éppealing thgn the Diels-Alder cyclo-
addition involving xanthoguinone 207 (Equation 4). In principle,
. this str;tegy readily gives access.to both linear regioisomsrs

208 and 209 with the likelihood that one isomer will predominate.

N\ /

@)

s = L

Alpossible drawback of this strategy is the poséibility that

isomers 210 and 211 might also be formed as a result of a

competing diene addition to the internal double bond (A—4a,9a)555

e
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N

{Equation 5).

+

In order to answer this question we initially sought
theoretical reasons for chosing between these two different

-~

‘modes,of cycloaddition.

()

atd

4.2 PREDICTION OF THE REACTIVITY OF XANTHOQUINONE USING

RESONANCE AND FMO THEORIES

556-559°

\ _There is ample evidence indicating that

/
electron~donating substituents deactivate quinone substrates g
while electron-withdrawing substituents activate the gouble

bond towards Diels-Alder cycloaddition reactions. For simple

»
i

'quinones, this effect can be easily rationalized using
resonance theory arguments. If we apply the same simple
rationale to xanthoquinone 207 one may predict that the external

double bond (A2, 3) should be the more reactive one because
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the m-electrons are not as delocalized as those of the
internal double bond. By the same token, the C-4 carbonyl
should be more electron-withdrawing than the C-1 carbonyl and

hence should act as the principal regiochemical director.

X = electron -donating
group .

ﬁhfortunately, resonance theory does not make provisions for ‘
the influence of the agcceptor substituent at C-9a on the’
external double bond. Nor does it adequately take into account
the influence of donors at the’substituted double bond, thus
pro?iding no explanation for éhe failure of the most nucleo-
philic terminus of a diene to react with the C—tla"position.I

On the other hand, treatment of gquinones by FMO

. k../
theory has the advantage that all the carbons of the quinone

560

- -
are taken into account simultaneously . As the necessary

calculations for xanthoquinone were not available, an extension

R

PRS-
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of FMO treatments of substitutéd quinones was used*.
The actlvating or deactivating effect towards
cycloaddition caused by electron-withdrawing or electron-
donating substituents respectively can be explained on the
basis of the HOMO (diene)-LUMO(dienophile) interaction:
Electron-withdrawing substituents lower the energy of the
LUMO making the HOMO-LUMO energy gap smaller, while electron-
donating substituents raise the energy of theaLUMb resulting
in a greater energy gap. Calculations on 2-substituted
benzoqulnonessso indicate that with electron—-donating groups
an increase in the sizé”of tﬁ%‘coeﬁficxent of the LUMO occurs
at the unsubstituted double bond with the largest increase
occurring at the para-carbon; with electron-withdrawing groups
the size of the coefficient of the LUMO 1increases at the
subsyltuked double bond witq the laréest coefficient on the .
f-carbon. As xanthoquincne combines both these effects
simultaneously, the net effect will be determined by the
relati&e electron—aénating or elgctron;withdrawing ability

Va

of the functional group#. Recently, Burnier and Jorgensen465
’ t
déveloped a system whereby the relative electron-donating

or —withdrawing ability of functional groups ig'a531gned a
numerical value based on quantum calculations and other

empirical data. This approach has thus far proven very

Y

\

*ValentaSGl, among other5562'563, found that the regioselectivity of methyi/
substituted benzogquinone in Diels-Alder reaciions could not be understood
on the basis of FMO theory. However, this "anomalous" behaviour is a.
specific case, which was recently dealt with and explained by Houk564, and
in no way negates the validity of FMO treatment of benzoquinone.

yd

]
FE
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successful and encouraged us to extend it to our system. Not
surprisingly, the heteroatom can be predicted to exert a
greaterJeffect than the carbonyl group and consequently it
should influence both the reactivity and the regiochemistry
of the reaction. .

On the basis of these arguments, we can expect that
the internal double bond will be deactivated (since it has a \
.LUMO of higher energy)'relative to the external double bond o
and that the coefficients of the LUMO will be larger at the
external dougle bénd where the largest coefficient appears
at C-2. The result of this polarization is.that the most
nucleophilic terminus (the terminal with the largest HOMO
coefficient) of the diene, will become attached to C-2 and

A}

thus will determine the regiochemistry.

L
X =electron-donating
group

"

While a number of simplifications have been madglin“

\ )
the application of the FMO theory, they are all well within

465,560

the limits set by similar analyses that were substan-

~

tiated"by experimental evidénce. In this respect, our prediction

that the desired linear adduct should\Pe formed with the

regiochemistry showm, appeared meaningful and encouraging, -
//“\

¢
a
3
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4.3 " PREPARATION OF XANTHOQUINONE

»

The first step towards achieving our goal consisted

of preparing xanthoquinone 207. It was prepared easily and

565 of

in excellent yield (91%) by oxidative-demethylation
1,4-dimethoxyxanthone (76). The reaction was conducted in
acetone at room temperature using a four-fold excess of

freshly prepared silver (II) oxide*. After add;.tion of the

substrate, the mixtiire was briefly sonicated (to disperse

—L
6N HNO,
(cat.)
L 201

the oxidant) before the reaction was initiated by the addition

of a catalytic amount of 6N 'nitric acid. A short reaction time

. 4
of 6 min was optimum after which decomposition became an

important side fea&tion. The crude product proved to be
su.fficier;tly pure and simple filtration through a pad of dry
Celite afforded the xanthoquinone in a state of purity
exceeding 98%~. The use of cerium(IV) ammonium nitrate (CAN)567

(an oxidizing agent much less expensive thqe AgO) was found

to be inadequate because it gave a much lower yield of product
© \_,/ét

S

*
Comercial AgO can be used but it is important to activate it by sonication
for 1 h before using 1t966,

SRR § st
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and in an inferior dtate of purity.

The 200 MHz pmr spectrum of the desired quinone 207
éhoved a rough AB quartetg for tge protons on ring & with
chemical shifts centered at 7.08 and 6.90 ppm with a coupling
constant J = 10 Hz. The infrared spectrum showed a single
strong carbonyl stretch at 1693 cm-]’. The mass spectrum
included the molecular ic;n of m/z 226 fbase peak) as well as a
prominent [M+7%% peak due to the MHZT ion originating from
the reduction of the xanthoquinone by residual moisture in |
the inlet system and in the ioné‘.zation chamber of the mass

“t
spectrometer568 1369 .

4.4 ' CYCLOADDITION REACTIONS BETWEEN XANTHOQUINONE AND

- 2-SUBSTITUTED- AND 2,4-DISUBSTITUTED-1l, 3-DIENES

4.4.1 Reaction Between Xanthogquinone and Z-Methy‘l:l“,'—.'{: T
butadiene
An easy way to verify the prediction that the linear

<

adduct should be formed in preference to the internal adduct
involves testing the behaviour of~the quinone towards
commercially available 2-methyl-1,3-butadiene (isoprene) (212).
While the latter is not representative of dienes in general
and affords an adduct of little value for our specific

+ “purposes, it can nevertheless be very useful as it provided
an example of a diene that adds to the internal double bond

of the diquinone quinizarinquinone (213)570. P
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The xanthoquinone ‘substrate proved to’be a ‘,easo;ably
good dienophile as reaction with a small excess* of /izsbprene
at room temperature in the dark affo.rded a guantitative-
yield of a reddish-brown compound identified by the usual
spectfoscopic methods .as the linear adduct Qﬁ_ . The pmr
spectrum clearly showed the absence of the AB—qua;tet origin-
ating from the vinyl quinone protons of 207, \signals which
would obviously be present in addugt 215. A baad singlet at

5.4 ppm ‘was the only vinylic resonance observed. The'fact

/ ¢

,*A large excess of isoprene was avoided in order to prevent the formation
of diadduct i. However, if such an adduct is formed, the terminal double
bond mist react first as the internal Diels-Alder adduct will most likely
not undergo further addition because its bent structure wi;.l cause severe
steric hindrance to the approach of a second diene moleculed

e NTTARD 1;‘33
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" %that the orB;tals of isoprene are only slightly polarized
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z

466, 572

means that the primary iq}a!actiohs of the cycloaddition process

can hardly favor the formation of a single regioiepmer564'573.

Nevertheless secondary orbital interactions466'564'573-577
may be expected to have some influence on the regioselectivity
of such cylcoadditions. However, it was not possible to
determine unequivocally* by pmr spectroscopy whether regio-
isomers were formed in equal amounts or if one regioisomerl
was indeed formed preferentially, (albeit not necessarily
exclusively). The results of proton decoupling experiments
were also ambiguous. The infrared spectrum showed the olefin
stretch at 1678 cm"l
stretehing bend. The mass spectrum showed the molecular ion of
m/z 294 (base peak) corresponding to the expected.molecuigr
weight of 214, as well as a distinctive [MT - CH3] fragment.
\Ne retro-Diels-Alder process was obserted, thus confirming
that the linear adduct was formed>ol, Adduct gig was very 7
sensitive to light and «underwent aromatization to form thej
highly insoluble compound 216 whose pmr spectrum showed the
methyi group had shifted downfield to 2.2 ppm.

As an alternative precess, adduct 214 could be

obtained by oxidizing 1,4-dihydroxyxanthone (7_5)4 with silver(I)

~oxide and trapping in situ the generated xanthoquinone with

»

The interpretation of the spectrum was made difficult because long range
coupling resgéting in a broadening of the methyl signal has been
observed>

+Prepared in quantitative yield by the demethylation of 1,4-dimethoxyxanthone
with BBr3582

but it overlapped with the carbonyl v

for similar molecules but where regioisomers are not possible.




583

isoprene. This technique specially developed for gquinones

too unstable to isolate, gave results identicai-in,every
respect to those already obtained as described aboye. Even

584, 585

though Ag “can behave as a Lewis acid catalyst it

‘exerted no catalytic effect under our conditions. This method

of in situ trapping appeared convenient primarily from a

technical point'of view but it eventually became an importan

factor in a succéssful cycloaddifioﬁ reactidn i;volving'a

439

" quinone substrate which was reported as unutilizable in a

Diels-Alder reaction.

Encouraged by these results on the reactivity of

xanthoquinone, .we then directed our effort§ towards the use of”/

dienes potentially useful in the attainment of our synthetic goal.

8

TN -
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4 .

4.4.2 | Reaction Between Xanthoquinone and 2-(2-Methyl-1,3 i

dithian-2-yl)-l,3-butadiene (222)

Initially, we envisaged a cycloaddition reaction
. between xanthoquinone and the diene 2-acetyl-l,3-butadiene 8

(217) with the hope of generating adduct 218 which could then

- —— ¢

be elaborated into the desired aglycones 24 and 25. Although
the synthesis of diene 217 can in principle be achieuved in a

’ ¥ straightfon:vard manner through the addition 14 vinylmagnesium

li
.

oy




R

Iy

& ~ , . \\ A

. l a Vs ) ' | ‘
bromide to biacetyl (219)* followed by dehydration of the
agdduct, such an épproach .1s unproductive’ bgcause of the N

* propensity df 2-substitut,eci dienes carryindg® electron-

withdrawing groups to polymerizeﬁsae’sag.

Recentlly, Brion et
at, 83,590 found that diene 217 could be ?reparaé/:s a stable
oz:ganometallic complex 220, but unfortunately, attempés at

- decomplexation (with CAN in ethanol) and Zn m:i:u~ Erappi;g of
'the generated diene with various d‘a.e;xophiles resulted miiﬁy

‘in the formation of dimer 221 through self-condensation.

L

BrCH,CECCH, Fey(CO)g CH,Coe! m%}‘ rtON
) A AlCT, . )

220
) (N#,),Co(NOY ¢

< » : _ m

o

bonseqmtly, we chose to prepare the protected diene 222

v . instead.

Addition of 1,3-propanedithiol to biacetyl?®® gave

‘an almost quantitative yield of dithiane 223. Reaction with ‘

. -

* - .
Monoaddition of- Grignard reagents to biacetyl is known>56,387 .
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( }
excess vinylmagnesium bromide gave, after wbrk-up ith ethyl-

’ 591,59
~ ‘ enq@imminetetrga?et}c acid tetrasodium salt

R

, alcohgp

o
224 in ca. 80% yfeld. Even under the very mild conditions

593

- provided by 58 m lecular sleves ' it was not possible to

effect direct ‘dehydration of 224, but this was readily
accomplished by reacting it'with mesyl chloride and excess

triethylamine594. Low pressure fractional distilldtion led-

. ' Mg
, Qo =~
—— c". T”-G ‘ c“.' oY THE . ° )

. | . - NI g V¥
X : ‘ S - - =®,N,0°C P

L

.o the isolation of diene 222} a yellowish viscous oil, in

' " ea. 60% yield. 1Its pmr spectrum exhibited a complex splitting
N L]

J \

in the region between 5-6 ppm where the dienrc protons are

| expected " to resonate. The infrared spectrum cé\ﬁirmed fhé‘

1
presence of a diene which gave rise to an intense band at

1610 cm-l overlapping with another band at 1650 cmTl.

The reaction between diene 222 and xanthoguinone did

o

- M h-4 b . _ 3 » - i o R R I e kg - b
) . ” 4 T - —
- P - - - e
! . - . o) -
) , I \ " ,
/! v ¢
M
1
.
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not j;eld any adduct 225~even after long reaction tines, l

4
starting material b?ing recovered. This result was puzzling

until we noted that 222 also failed to(react with 1,4- .
benzoquinone and 1, A-naphthoqninone as recently reporteds95 .

There is, however, no obvious reason for the apparent lack of

207 223 “w
f 3 p—

reactivity of diene 212. This disappointing result led us

to consider the use of some simple dienes which have been used

Xﬂsuccessfglly in the synthesis of anthracyclines and depending " ~

_.b‘,
on the results, some other suitable diene would then be

tailored: to our rneeds. » \ o ‘ N
= v s /\‘ ‘ r ‘ﬂ, _ . ,.‘ S
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4.4.3 Reantiou'aetwéén §§nthoquinone‘and,uore Simple
2—Substi£uted Dienes -

¢ ¢

4

555

~, Lee et al.581

In an extension of Inhoffé%'s work

-

used the Qidls~Alder cycloaddition reaction between quinizarin-

i

quinone (213)--and l,3~butadiene (226) to ge‘erate compound 227
which possesses the basig skeleton of the /anthracyclines

{Scheme 4.1). Using the same approach. byt slightly different .

596

substratesl(izs,‘R=OCH3; 229, R'=0OAc) Kende et al. arrived

it » , v

Scheme 4.1 .

1. Be/hY
2. $i0y ,H,0
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at an analogous ketonic 'intermediate which was transformed
into daunomycinone ('_2}_) in 4 steps. .The int'ro‘duction* of the
side—chaip on ketone 230 involves a‘ two-carbon homologation
through reaztioﬁ stﬂvitlh ethynylmgnésium bromide followed b;\
treatment of the resultant ethynyl carbiﬂol with yéllow
mercuric oxide in dilute sulfuric acid. T.he C-7 position :was'
then functionalized seléctively via free-radical bromination
to give a ve’:ry labile compound which after solvoﬁl[ysis on .
moist 's/izz_c\a gel afforded daunomycinone (3) and its 7-epimer
(3a) . The latter could be subsequently epimerized to the
relevant isomer by.treatment. with trifluoroacetic acid

followed by hydrolysis. 3
On- that basis/) we felt that if the use af simple

~ dienes could lead to an analogous ketone such as 231, it might

become possible to apply Kende's methodology and achieve the

" synthesis of xanthodaunomycinone. '.Aclcord_ingly, the reactidh

between xanthoquinone and butadiene.226 was attempted. Tf}e‘é‘
. \ /
results were dis:?rfginting as the reaction was' sluggish #t
- L\
room temperature™and unproductive as regards adduct formation.

At a higher temperature (110°C), reaction with butadiene

sulfone 232 (a convenient source of butadiene)57 »598 in a

sealed bomb, gave products of dispropor'tionationsa]''599'600 |

601

(233 and- 75) as well as the fully aromatized compound 234

7

as evidenced by the pmr épe;[trum of the ms.xture ' T;'xere was ,

no inqication that these conditions led to any of the desired ,

e,
4

*Many different ways to manipulate the C-9 position #re now ‘available mainly
due to the efforts made to synthesize tetralin 30 (Chapter 1). !

-
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The use of 2-chloro-l,3-butadiene (chloroprei}e)
(_2_3_‘_7_) , a potential precursor of intermediate 231, was also . - '0

_unsuccessul, no reaction being observed at room temperature

564,602

in spite of its higher reactivity relétive to 226.

Hea'ting in a sealed tube again_ led to disproportionation

éroducts 238 and 75. The presence of 239 was detectable only

Pl

by mass spec trome try. . . -

o

We also attempted the cycloaddltlon of 2-acetoxy"-
1,3-butadiene (229) with the xanthoquindne; Our efforts were
initially hampered by difficglties in the pijepa}ation of this
diene. starting fr;)m methyl vinyl ketone, isopropenyl acetate.
and an ac;xd catalyst accordmg to a lltei:ature proceduresog
Eventually,,excellent results were obtained when the enoil'ate ’

of metl'{yl vinyl ketone (obtaimed by tre@atment with LDA at

-78°C) was acetylated with acetic anhydride on a",smal‘l scale.

-~ ',‘
%

@
_LDA_ \ °u (cn.cm.o Ac
T78% / -78°c X AT

The cycloaddition reaction was attempted under a variety" of
596

conditions including those desfribed by Kende . In spite of *

1
-

- Yy .
these efforts, only mass spectral evidence was produced, that

adduct 240 (or the tautomer 241) may have formed. as part of a

Fl

S RS

{

mixture consisting of at least several compounds’ (according to

-

¢ »

»
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tlc) including the fully anomatized product 242 as deE?cted

by mass spectroscopy.

These results did little to encourage further work

with 2-substituted dienes as a general strategy. However,

604-606

A .
considerable success has been reported using 2-trimethyl-

silyloxy-1, 3-butadiene (243) as a reactant in certain gyclo—

addition reactions and the fact that silyloxy dienes are at

604,607 was encouraging to us.

605,608

le;st as reactive as alkoxydienes
Diene (243) was easily prepared by treating
methyl vinyl ketone with LDA and trapping the enolate with
chlorotrimethylsilane. Fractional distillation of the product
readily afforded the desired pure dfene as a light colorléss
0il. Its attempted reaction with xanthoquinone did not yield
any adduct, a result which may be attributed to the suscept-
ibility of the diene to hydrolysis in spite of aill the
necessary precautions that were taken (dry solvents and
inert, dry atmosphere) in order to prevent such decomposition.
In an effort to increase the hydrolytic stability of the
silyloxy function we prepared the triethyl;ilyloxy analog 244.
Trapping of the enolate of methyl vinyl ketone with triethyl-
chlorosilane was a slow, inefficient process but which was
accelerated by a catalytic amount of DMAP. Howeverj: the '
best results (yield essentially gquantitative) were obtained
by using triethylsilyl trifluéromethanesulfonate (245) as
the silylating agent, itself prepared in 80% yield by reacting

triethylchlorosilane and trifluoromethanesulfonic acidsog.

’
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After four days at room temperature, the xanthoquinone

reacted with diene 244 to give adduct 246 in about 50% yield
which was accompanied by unreacted starting material.
Purification by flash chromatography was only partially

K}

successful as the adduct was sensitive to the technique of

While the pmr spectrum of the product showed un-

separation.

eqguivocally that the linear isomer was formed, it was not

sufficiently informative to decide whether regioisomers were

formed and in what ratio. 1Its mass spectrum showed a molecular

ion of m/z 410 corresponding to that of adduct 246 and included
a prominent [MT - C2H5] peak. Desilylation of 246 with tetra-

’

*

-
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butylammonium fluoride or cesium fluoride in THF resulted

in the formation of a:highly insoluble compound which was
identified as‘thé fully aromatized compound 247. Presumably,
enolate 248 is an ingermediate in this tran;formation which

is probably encouraged by fluoride ion (which can act as a
baseslo) in a catalytic sequen?e involving tautomerization and

aromatization.

' n-au.:-? fo°c [H+]

9 csFf0°C

248 248

No other attempts to desilyiate 246 by differené

methods were made because our attention shifted to the use of
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(E) -1-methoxy-3- (trimethylsi}yloxy) -1, 3-butadiene ?12493 *
(which had become commercially available), a reactant offering
the possibility of forming an adduct carrying a functionality
at position 7. Because diene 249 is more activated than

analog 244, it was expected to provide better yields of

cycloaddition product. . ~
-
4.4.4 Cycloaddition with Danishefsky's Diene 249

-~

The potential of éiene 249 for the burp@§e of
introducing functional groups at the 7- and 9-;o;itions
simultaneously was recognized by Kelly et aZ who in their
study on the synthesis of adriamycin, reacted it with gquini~-
zarinquinone (213). Unfortunately, as only the useless
internal adduct was obtained, no further elaboration was carrieo
out thereby providing no information on the stabi}ity of the
adduct to chemical transformations. {(This interesting
phenomenon regarding reaction of‘the internal double bond with
electron-rich dienes has beeﬁ rationalized using FMO
theory560’57l)+; Later, it was reported612

thaté;eaction of
é’ 1
249 with 1,4-naphthoquinone monobenzenesulfonimifie (250) ‘

followed by hydrolysis gave excellent yields of ketone 251.
o

*
Commonly referred to as Danishefsky's dienebll,

+Accord1ng to calculations564 the LUMO of quinizarinquinone is heavily
concentrated on the internal double bond. Coupled with the fact that' the

internal bond is more positive than the external one, electron-rich dienes .

will be directed to the internal bond. For less electron-rich dienes the
difference between the interaction, of the diene with the external double

bond, and the diene with the internal double bond is small, so that little ‘

selectivity can be expected.
g

s
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We were nonetheless alerted to the 'labile nature of adducts

formed witl\;__h 249 by a numb/er of reportssoo’613 in which

B-eliminat‘ion of methanol with subsequent tautomerization
leading to aromatization was revea;ed as the predominating
reaction. This was ‘the case with quinizgrin boroacetate 3_5_2_613
which upon hydrolysis did not give the expected ketone 253

but only the fully aromatized compound 254. Because of

conflicting results when diene 249 was used, no reliable

- prediction regarding the outcome of its reaction with xantho~-

qui‘none could be made and accordingly, the appropriate oo
experiments had to be carried out. | )

The reaction betweer'i“ xanthoqqinone and a large excess
of diene 249 was gfcnducj:ed at room temperature in the absence

of light. Depending on the concentration, the reaction was

sometimes complete within 18 h but because the solutions were |
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249
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- usually very dilute, the reaction was routinely stirred for

at least 72 h and no attempt to optimize the reaction time
was made. Removal of the solvent left an amorphous material.
which after triqturation with pentane gave a paie orange

‘ crysfallix;e compound in ca. 80% yield. This compound was

identified ‘as adduct 255 on the basis of its pmr spectrum

»t

—————

./ 




which showed a one-proton doublet at 5.20 ppm originating

from the vinyl proton on C-8, coupled to H-7 itself appearing
as a quartet a% 4.26 ppm. A complex three-proton multiplet

at 3.43 ppm could be assigned to the bridgehead H's At the

C-6a and C-10a positions and to one of the H's on C-10*. The
other H on C-10 appeared as a complex multiplet and was
‘centered at 2.36 ppm. The D-ring H's exhibited the fplitting :
-pattern characteristic oflthe parent xanthone while the me thoxy
and trimethylsilyloxy singrets were positioned as expected.
Although isomer 255a might be expected to be the predominating
regioisomer, there was insufficient evideﬁce to conclude that
this was the case. The infrared spectrum showed a carbonyl
band at 1710 and a double bond stretching ﬁode at 1655 cm-1.~ .
In the mass spectrum of the compound no molecular io as ‘
observed but there was a prominent [M' - CH3OH] peakﬁijxviding
good evidence that_adduct‘ggé was indeed formed. ]

S This adduct was extremely labile, sof;ering

decomposition when heated slightly on& requiring special
precgutioqs in order to avoid exposuréfto moisture as other-
‘wise a highly insolubl%.tar:y material, idontified (by its N
pmr an; mass spectra) as the fully aromatized compound 256, |
was formed. The pmr spectrum of the latter showed onlf signals

in the aromatic region and its mass spectrum iycluded a molec-

ular ion of m/z 294 as expected for 256. In spite of our

*These assignements were made by analogy with the assignments made for the
triethylsilyloxy adduct for which high field (400 MHz) spectra were
measured.
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‘Not surprisingly, however, treatment with mildly acidic
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apprehensioné, we attempted the coht;olléd hydrolysis of ggé

to tﬁe corresponding methoxy ketone, 257 (or tautomer ggg):\\ ¢

(THF *‘O.lN aq HCl) or more strongly acidic (fHF - 2N ag BHC1l)

soluticns*, led consistently to thé fuiiy aromatic compound 256.
We attributed this marked lability of the adduct

to the pronounced sensitivity of the silyl enol functionality.

It was reasoned that if the’stability of the enol ether

could be increased, the adduct mighg then become usable.

Since triethylsilyl enol ethers are substantially more stable

towa}db hydrélysis}étgz modified Danishe%sky diene l-metﬁoxy-'

3-(triethylsiiyloxy)-l,3-butadiene (259) was prepared.

(] ' X 5

4.4.5. quloéﬂdition Reactions with the Modified \\\,/

Danishefgky's Diene 259 ‘. '

Vs Preparation of Diene 259

1

© \J = ’ » )
Diene 259 was easily .prepared in ca. 73% yield by

trapping the lithium enolate of 4-methoxy-3-buten—2-one (184)
at low temperature with chlorotxiethyléfiane in the presence
of HMPTsljZ However, an almost quantitative yield was

obtained when the enone was reacted with triethylsilyl tri-

fluoroméﬁ?anésulfonaté 245. The diene so obtained was a .

o~

*'I‘he more Jtrongly acidic conditions were used because Danishefskysoo cbserved
that the hydrolysis of the silyl enol ether and the elimination of methanol
+#bacame indepeéndent processes under more strongly acidic conditions. Clearly,
it may not be valid to extrapolate this observation to include our substrate
where the methoxy group is likely to (and probably dces) become benzylic (as

' the B-ring tautomerizes) increasing the likelihood of elimination.

o
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colorless, distillable oil and exhibited a simpl; pmr spectrum
including abone;proton doubiet (J = 12 Hz) centered at 6.9 ppm
for the H-1 vinyl proton coupled to the H-2 vinyl oné-proton
doublet centered at 5.36 ppm. The broad two-proton singlet

at 4.0 ppm was assigned to the C-4 protons. A sharp methoxy

peak and a complex triethylsilyloxy signal appeared as expected.

The infrared spéctrum showed conjugate double bond bands at

1653 and 1586 cm *. The mass spectrum included a molecular

ion ecorresponding to the eipected mass of the diene but the

base peak corresponded to the fragment [Mf,- CZHS]‘
’ L

[+

4.4.5.1 Reaction with xanthogquinone

Reaction between the xanthoquinone and excess dieng
259 (conducted under reaction conditions similar to those .
for diene 249) gave after evaporation énd tritu;ation with
penﬁane an excellenf yield (90%) of a pure light-orange
crygtalline material having a sharp melting point. It was .
stable enough to allow manipulation withouﬁithe use of ;pecial

precautions. Structure 260 for this product was confirmed

-, ‘

e e R
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by routine pmr spectroscopy but high field (400 MHE) pmr
measuieﬁehts and decoupiing expeiiments were performed in
order to identify the protonms.

Unfortunately, despite the use of high field nmr

H

we were unable to determine (from either the 'H.m.r. or
lBC.m.r. spectra shown in Figures 15 and 16 respectively)>
whether one or both regioisomers of 260 were formed. An
attempt in which 260 was titrated with the shift reagent
Eu(thd)3 (tris{2,2,6,6-tetramethyl-3,5~-heptanedionato]
europium(IIX)), with the hope of measuring induced downfield.
chemical shifts in the resonance frquchy of certain protons
(e.g.;H-Ga, H-7), also failed as it gave ambiguous resulés.
While the C-C connectivity experiment was considered as
probably offering)a good p0351b111ty of prOV1d1né the answer
the technical problems {lLarge sample size and high
concentratioﬁ) associated with conducting such an experiment
at this time ‘did not permit‘it. -

In spite of the more attractive properties of
260, we were no more sucqessful with its controlled hydrolysis
than with the trimethylsilyl analog 255. Under the same
acidic condiéions it gave, like analog g%é, 5nly the fully
aromatig compound 256. Similarly, treatment with fluoridg
salts' {KF, CsF, n—Bu4NF) under a variety of mild aqueous
buffered conditions gave only 256.° Despite ;epéated attempts

——

where the temperature, reaction time and acid concentration

were varied, we were unable to obtain ketone 257 (or its

£y

. 8
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tautomer 258). Adduct 260 was -quantitatively converted to
its tautomer 261 by exposure to 0.1N agqueous sodium bicarbonate
but upon subsequent treatment with acid or fluoride ion it

again afforded only 256.

4.4.5.2 'Reaction with thioxanthoquinone

’

.The preparation of pure thioxanthoquinone (262) from

1,4-dihydroxythioxanthone (263) was reported as difficult and

the quinone as refractory towards Diels-Alder reactions439.

A

"However, we found that oxidation of 263 with silver(I) oxide

followed by in situ trapping of the quinone (a technique
previously described but using, isoprene) afforded a good yield
(ca. 60%) of adduct 264 after only 24 h at room temperature. °
After this period, the reaction was stopped because oxidation
of sulfur was €esared. However, high field (200 MHz) pmr
spéctroscopy clearly indicated that no such oxidation had

occurred as there was no significant downfield shift of the

proton ortho to the carbonyl (at C-12 or C-5). It should '

thus be possible to optimize the reaction time. As expected

o

the pmr spectrum of adduct 264 resembled that of 260,
R
differing in minor details with no obvmus indication as to

whether only one or both regioisomers were formed.

. This _study of the thioxanthoquinone substrate was

not pursued much beyond the formation of the Dlels-A,lder ,

adduct 264 but preliminary studies aimed at transforming it
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indicated that the same problem of ring A aromatization
already encountered with the oxygen analog was also present.
The difficulties experienced with the use of

Danishefsky's diene were certainly disappointing but we were

not altogether discouraged because the possibility of designing
other potentially useful dienes still remained.

Subsequent to our work, there appeared other conflict-

(
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ing reports regarding the use of Danishefsky's diene. Most

prominent among. the reports®137617 (yhich made no mention of

any significant problem of ring-A aromatization) was the one

involving the synthesis of 4-demethoxy-7-O-methyldaunomycinone

616

(29) from the protected quinizarinquinone 265 . On the
[ OTMS
+ ——————
-~
H' -
288 249
oTMS M
steps
2 :
.
618-621 ; 3icated that insurmountable

other hand, other reports

difficulties arising from ring-A aromatization leé to the

adoption of different strategie5618'620

619-621

or to the development

of different or mgdified dienes But not all of these

new efforts have been successful either. Presumably the
modified diene 1,3-bis(trimethylsilyloxy)-1,3-butadiene

620-623 was prepared with the expectation that after

(266)
hydrolysis the adduct would be less labile and thus less

likely to aromatize because the hydroxyl group at the 7-position
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is not as good a leaving group as a methoxy. However, though
620,621

some success has been claimed , adducts 267 and 268 i

T™MS -

Ny |

= %

i

u |
£} 2w m

621

do have a pronounced tendency to suffer ring-A aromatization

* and this result constituted the principal reason for the use

of a trimethylsilyl group as a latent hydroxyl function®1?,

v e ey e

The less than satisfactory results obtained with diene 266 - e

621,624 as imab].e, after

as well as the fact that Kelly
extensive investigation, to achieve a productive elaborafion. 3

of the adduct resulting from a Diels-Alder reaction with

diene 269, formed the basis of our abando;xing further effor'ts' h -
alc;ng‘ this line including 6ur efforts directed at the.synthes;i.s

of diene 270. (Wox"k relating to the attempted synthesis of 270, "
based on the sugar 2-deoxyribose,’' is discussed in Apbendix 1) . |

? .

»

N N\
< ~
i
CH, -]
. _ .
249 27¢
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4.4.5.3 Reaction with quinizaringquinone

The use of an oxirane function as a protecting group
for quinizarinquinone 265 is' an example of a useful concept

which has made it possible to employ the electron-rich diene

-249 previously known to react with the internal deuble

bond560’570. However, as it adds extra steps to the synthesis

" it would be advantageous to use the unprotected quifxizarin-

quinone. The tendency of electron-rich dienes t% add to the
internal double bond of quinizarinquinone may be ecked by
steric hindrance®®’. Sincé diene 259 offers greatey steric
bulk than 249 we attempted the reaction with quiniZarinquinone
(213) as such in order to evaluate the steric hindrance effect.
The progress of the reaction at roolm temperature was
not monitored but the reactants had completely reacted within
24 h. The pmr spectrum of the crystalline adduct obtained in
quantitatlve yield, revealed that only the internal adduct
had formed as evidenced by the olefinic guinone protons
appearing ‘as quartets. A mixture of the two stereoisomers
271a and 271b was formed.in a ratio of 3:1. The structural
assignment was based on the expectatﬁion that the methoxy

group-is more deshielded in isomer 27la and less so in isomer

-3 ‘
271b. The mass spectrum of the adduct showed a molecular ion

corresponding to the expected mass of the adduct, as well as

a small but significant fragmént corresponding to a retro

Dieis—Alder process. ‘While the results are interesting by

v
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themselves, the ratio of the stereoisomers beinc; different

570

from that reported for diene 249 (stereoisomers are formed

in equal amounts) ,' they indicate that the use of diene 259

i'"would still require an oxirane derivative of quinizarinquinone.

Al

4.5 USE OF 4-SILYL-SUBSTITUTED DIENES AS LATENT PRECURSORS

OF ADDdCTS WITH A FUNCTIONALIZED 7-POSITION

1
4

Garland et al. 619

made the important observation that

benzyltrimethylsilane undergoes conversion into benzyl tri-

fluor.oagetate when treated with lead tetrékiatrifluoroacetate625

-~

.
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or lead tetraacetate, and TFA, thus allowing the transformation of

-

a carbon-silicon bend into an alcohol function. This process

'wag a key in the successful use of diene 4-(trimethylsilyl)- . /

2-acetoxy-1, 3-butadiene (272) and constituted the only
important difference in an otherwise familiar strategy for

the synthesis of anthracyclines| (see Scheme 4.1)*, ;
‘\ |
' . !
| .

4.5.1 Attempted Synthesis of 4-(Trimethylsilyl)-2-ethoxy-

carbonyl-l,3-butadiene (274)

Since silylated .dienes- suitably substituted for
our purposes are not readily available, we considered the use
of/;he sulfone 3-ethoxycarbonyl 2, 5—d1hydroth10phene-l 1-
dioxide (273) as a potential precursor of the diene 4—(trimethyl-
silyl) -Z-ethoxycarbOnyl—l,3-butadiene (274). However,
successful silylation at C-5 wés‘a requirement. A strategy
involving direct silylation of the parent sulfone was not
atter'npted because ring opening under basic conditions was
previously observed626’627. As the carboethoxy group is

expected to provide some stabilization of the negative

-~

*It should be noted however that Garland et al. found it necessary to convert
ketone i to the corresponding dihydro derivative il in order to carry out
* the addition of ethynylmagnesium bromide. Compound ii is not described
as being exceptionally prone to aromatization as is the similar compound
268 investigated by Kelly et al.621. .




i~

charge*, it appeaJ;'er péssible to achieve' the desired silylation.
The preparation of carboethoxy sulfone 273. was

carried out according to. the .1iterature procedure63° 631

’ starting from the commercially avallable triethyl phosphono-
acetate (275) which was boiled in the presence of in sztu
generatgd formaldehyde (through base ”treétment of parafolrm-—
aldehyde) followed by condensation of the resulting phosphonate

" 276 with mercaptoacetaldéhyde (added in the form of its
dimer p-dithiane-2,5-diol) to give dihydrothiopixene 277.

Oxidation of the latter with m—CPBA gave sulfone 3_7_3 .

Ne)

o H
(20),PCH,COEt  + [HCHE ———=  (RO)PCHCO.E

CH,
.oom . 5 o
H SH| - N - X
H ' ”/Q
, N m-CPBA =
" a." . s N
, - 0,
-~ 2 ‘ B v

° p)

*
It appears that this extra stabilization does not favor C-alkylation. as

( . the negative charge is extensively d@localized, localization of the
) electron pair¥at the target carbon results in the loss of a significant
amount of resonance energysza. On the other hand, C-silylated esters arxe

thermodynamically more stable than o-silylated estersf?29 so that a(bavlancir‘xg

effect may exist.
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Treatment of this sulfone with LDA in the presence
of HMI;A at -78°C, (conditions known®32763% o promote
C-silylation-over O-silylation), followed by quenching with
TMS-C1 unfortunately did not yield the desired silylated
sulfone 278. A dark oil was consistently obtained regérdless )
of the conditions used (v<z. lower temperature .[-100°C] ot
sherter reaction time) and the products could not be ident;.fied

by pmr or mass spectroscopy. There was no evidence that

sulfinate 279 was formed.

635 recently

It is noteworthy that Bloch reported
the use of sulf\Ones as precursors of subst:.tuted dienes.
However, in ‘order to exploit this strategy successfully,
the double bond had to be protected. For instance, compound
280 (prepared in 4 step5635c) ;'eadlly underwent deprotonation
at -78°C and subsequent alkylatlon without decompositlon The
fact that such a low temperature had to be used suggested
‘ that the temperature appfied by us may have been too high for
the more ecidic substrate 273 and that this may account for
the observed deqomﬁosition re:action. |

- Lee636 has also made use of the silyl group as a
latent hydroxyl function in'his synthgetic study of modified
an"thracyclines. However, he used an‘ally.lsilane as a key
intermediate for the purpose of introducing additional
funct;ional groups. In principle this methodology may be
valuable for the purpose of generating heterocanthracyclines

because it implies the use of a simple silylated diene.
N\
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4.5.2 Preparation.  of (E)-1-(Trimethylsilyl)-1, 3-bytadiene
- 77 .
¥ N
(281) ‘ , !

e

-

The synthesis of 281 has been described in varying
degrees of detail by a number of group—s637—639. However,
there are no precise directives for its succeéssful preparation.
Our own efforts led to important modifications worth describing
to the existing methods. ’

. The dianion of propargyl alcohol generated by an
excess of n-BulLi, wa1s quenched with 2 eq of TMS-Cl. Mild acid
hydi:olysis of the silyl enol function gave, after distillation,
a 75% yield of 3-7(trimethylsilyl)-Z-pfopyn-l—ol (282) as a
Clear, colorless oil. Reduction of 282 to trans-2-(trimethyl-
silyl)-2-propen-l-ol (283) was initially carfied out using
lithium aluminium hydride (LAH) in THF640, but some (ca. 5%)
cig isomer was invariably obtained along with the product of
overreductior;. The use of sodium bis- (2-methoxyethoxy) -

641,642 on the other

aluminium hydride (Red-Al or Vitride)
hand, gave only t_hé trang reduction product as was clearly
shown by pmr spectroscopy which revealed signals for the

olefinic protons having a coupling constant J = 18 Hz.° There

o




‘ ' 209

]

was no evidence that any proAd"uct*ot: overreduct@ionr was formed,
Oxidation of 283 with pyridiniup chlorochromate (PCC)G"'3 %
gave a 58% yield of the very volatile aldehyde 284 as a clear,

colorless oil which darkened when storeé} over. 0°C. Addition

1

of 284 to” the Wittig reagent mgthylenetriphenylphosphorane

(prepared from methyltriphenylphosphonium bromide and n-BuLi)G‘44
. : ¢

gave the desired diene 281 in ca. 50% yield. The pmr spectrum

of 281 consisted of the expécted complex pattern of inultiplets’

while the ir spectrum showed a stretching mode at 1565 cmm:L '

v

“for the conjugated olefin. ’

Lid '

TMS-C1 (2eq)

= n-Buli (2eq). . .
I{ C=C ‘CHZ.OH THE - LJ.C_CCHZOLl
H+/H20 NaAlH, (OCH,CH,OCH;) ,
™S-C=CCH 2OTMS W ™S—~C :C-CEIZOH ' Etzo - >
H boc - H Phy P=CH, : \ oo
(== w((=C=C- —————— -C=C~=-C= ’
TMS C': C CHZOH Eﬁ;é—l—z—f TMS (': CS H Et20 Tgs (': C’? CH2
H H 0] ' H H
283 / . 284 ‘ _4 281 -
. —_— — Tl

>

(L00% trans) '

Reaction.of diene 28] with xanthoquinoné

] !

637-639,645

Diene 281 has been used in Diels-Alder

reactions despite its apparently low reactivitiy. It has bgen

‘ .
VAR 7,
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639,645 that its reactivity is from 10 to 1000 times

estimated
poorer than that of butadiene, a conclusien contradicting
estimates based on calculations639 suggesting that the energy

of the HOMO 281 is elevated relative to that of butadiene.

Not surprisingly then, diene 281 proved insufficiently |

reactive for Z:ondensatlon with xanthoquinone after 8 days at
room temperature. The use of Lewis acid catalysts (BF3-Et20,
SnClq, anhydrous ZnClz) resulted only in decom‘ﬁQsition: On
the other hand, refluxing thé reactants in 1l,2-dichloroethane
led to the rapid (ca. 5 h) disappearance of starting material.
Analysis by tlc indicated the presence 6f no less than five
products of which only two were present in large enough
guantities to warrant investigation. The pmr, ir and mass
spectral evidence obtained for the structures of these
compounds were suffjiciently n{formative to 1indicate that adduct
285 was not fo;‘med*. However, we could ter’ltativély identify
. the compounds as the fully aromatized adducts, one carrying
the expected silyl group intact as in 286 and the‘ other lacking
that group as in 287 (Scheme 4.2). The mass spectrum of each
-
compé)und included a molecular ion corresponding to their
respeéctive holecula? weights while their pmr spectra confirmed
the presence 1n one c¢ase and abse«ncé in the other of a silyl

group. As can be seen, the poor dienophilic character of

this diene unfortunately preclud’ed its use and the results

~

*
Because the HOMO of diene 281 1s only very slightly polarized, equal \
amounts of regioisomers might be expected whether the regloselectivity\\/

controlled by primary ar by secondary overla9639.

S
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made £t necessary to ‘search for a more reactive silylated
diene. -

Accordingly, attention was turned to diene (E)-1-
trimethylsilyl-3-trimethylsilyloxybutaéiene 288 which, as
.expected, shows greater reactivity than diene 28l. However,
harsh reaction conditions were still required in order to
obtain adducts even with substratgs fecognized as being

639

excellent ddenophiles In our\hands, diene/288 reacted

with the wvery powerful dienophile tetracyanoethylene (TCNE)

'(289) at room temperature within one hour to give a quantitative

yield of adduct 290 but with p-benzoguinone as the substrate
under a variety of reaction conditions, none of the expected

adduct.291 was vobtained. (This latter result has recently

g (CN); ™S
’ C"I:" (CN);
CN N MS
289
2900
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~
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been observed by other5636). In spite &f this ne&%five result,

gggqrépresents a poténtially useful diene which, in principle,
could lead under special conditions to silylated adduct 292

. -
(Scheme 4.2), an intermediate possessing attractive features=*.
We accordingly favored diene 288 over 272 because the silyloxy
group shoﬁld be more aetivating than an :ZEony group.

i

4.5.3 Synthesis of (E)=-1-(Trimethylsilyl)-3-trimethylsilyl-

oxybutadiene (288)

639 have prepared diene 288 via the

Fleming et al.
addition of methylmagnesium iodide to aldehyde 284 followed
by oxidation of the resulting alcohol. For tactical reasons
we found it more convenient.to‘use the ﬁrocess.already appiied
to the preparation of diene 281 but starting withéﬁ-butyn-Z—ol
(293) instead of propargyl alcohol.

Treatment of 293 with 2 eq of n-butyllithium in
ether followed by gquenching with 2 eq of TMS-Cl followed by-
treatment of the product with dilute acid gave, after
distillation, a 90% yield of 4-(trimethylsilyl)-3-butyn-2-ol

(294) as a clear, colorless o0il. Reduction of the latter with

il

*

Interestingly, Lee found that ethynylmagnesium bromide would not add to 1
because of the acidity of the benzylic 8rotons. The problem was similar
to that encountered by Garland et al.613,

]
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Scheme 4.2%*

PG = p'rotocilnq group

a) BZHG'

f) CH MgI; g) CeHgT (OCOCF3)2.

THF; b) Et;NO/MeOH; c) PCC; d) Et, AICN; e) Dihydropyran, H+

-

.
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The sequéence shown for one isomer only.
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Red—-Al in ether gave in high yield pure trans-4-(trimethyl-
silyl)-3-buten-2-0l (295) as evidenced by the coupling constant . * i

J = 18 Hz for the olefinic protons in the pmr spectrum. On

the other hand, reduction with LAH in THF }equired*iefluxing
temperatures ?nd led to a mixture of 94:4 (%) trans to cie-
alcohol 295 (Jcis = 14 Hz) along with ¢a. 2% of the saturated
alcohol, h-trimethylsiiyl-z—butanol. Oxidation of 295 with

PCC gave after about 1.5 h at room temperature B-silylenone 296
in 80% yield. Treatment of the latter at -78°C with LDA and
gquenching of the olate with excess TMS-Cl afforded after

distillation the pure diene 288 in ca. 85% yield (Scheme 4.3).

Scheme 4.3

H H
= l. n-BulLi (2eq) . P Red-Al
HoC=Cm(-CHy 20 mWs-cI (2eq) ~ ™S7CC°C7CH3 Ty 0

OH 3. H*/H,0 OH

93 294
HH : HO H
L PCC o 1. LDA A
TMS-C=C-C-CH, cH,CI, TMS-C=C-C-CH; 3 —gue—e— TMS-C=C-C=C
H OH H H OTMS
295 - 96 288

The pmr and ir spectra* of this product were consistent with

the published data639. It was indefinitgly stable when stored

Flemlng mcorrnctly assigned the frequency of the C-H bend of the trans
CH=CH as 847 d¢m~l. The correct value is 990 em~1.
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under an inert atmosphere-at 4°C and was stable for at least

one week when stored in a stoppered flask at room temperature.‘
Although this process workeé well, large guantities

of n-BuLi were required in order to generate relatively small

amounts of the desired diene which meant that the preparation

had to be repeated several times because large scéle operatioA:/\\u

with n-Buli appeared unsafe in the absence of adequate equip-

ment. Consequently, anotger process not requiring n-BuLi was

'adopted which allowed us to prepare alcohql 295 safely on a

646-650

large scale. A Friedel-Crafts alkynylation of acetyl

chloride with bis-trimethylsilyl acetylene (297) in the presence
of aluminium chloride gave f-silylynone 298 in 82% yield
without ..meed” for further purification. Reductiqp of the latter
with Red-Al in ether afforded in high yield (85%) the pure

trans alcohol 299 while ré&ﬁction with LAH in THF gave a 9:1
mixture of trans to cis isomers. Oxidation of alcokol 295

with pyridinium dichromate (PDC)651 was consideragiy slower
than with PCC and gave a product of inferior purity. The.

final step was the same as that shown above in Scheme 4.3,

-

0

AlCl, . Red-Al

TMS~CZC~-TMS + CH3COC1 —’—-' THS-CEC"C°CH3 W
297 298
H OR
[ N adhad
ms"f'c"f-ch According to Z
B H Scheme 4.3 us -

295 288
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In connection with another study we required a method
for the preparation of cis-4~trimethylsilyl-3-buten-2-ol
without having to resqrt to a hydrogenation step. The results
of'this study are summarized in a published paperssz, a copy

of which can be found in Appendix 5.

4.5.3.1 Reaction with xanthoquinone

-~

The .reactants were left at room temperature and
after 6 days the reaction mixture consisted mainly of unreaéted
material. After this time it was nevertheless worked-up
and purified by flash chromatography which led to tﬁe isolatioﬂa
of a small amount of impure matérial'whose mass spectrum
indicated the presence of a compound witg a molecular weight
corresponding to that of the expected adduct 300. However,
high field-phr spectroscopy did not prowide any supporting
evidence for adduct formation.

Reluctantly, we next attempted the same reaction but
in the presence of Lewis acidvcata%ysts such as BF3-Et20 or

/

anhydrous %nClz* and as expected, decomposition of the diene

was the only obvious result+. Attempted condensation with

in gitu generated xanthoguinone (from 1,4-dihydroxyxanthone

.and Ag,0) and 288 did not produce any positive results either.
4

*While it is true that Danishefsky has used anhydrous 2nCl; as a catalyst
with diene 249 he streéssed that the term cycloaddition has no mechanistic
implication as no intermediate ;Ldentifiable as products of cycloaddition
have been detected633— . )

The use of the "non-destructive" Lewis acid catalgstg B(OAc)3, has been
used successfully with two non-gilylated dienegd73,656,657
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© We aléé attemptéd the use of an aminium cation-radical
Vsalt as the catalyst in view of recent reports on the powerful
catalytic properties of such compounds in Diels-Alder cyclo-
addition reactions including those where Lewis acids are not
effectivesse'ssg. Indeed, tris-(4-bromophenyl)aminium he;a-
chloroantimonate (301l) apparently enhances the dienophilicity
of neutral or electron-rich dienophiles by converting them,

~

via electron transfer, to highly reactive electron-deficient

cation radica15658-663. Accordingly, we hoped that such a

. compound might promote the formation of a reactive electron-
deficient double bond (at A 2,3) in the xanthoquinone.

However, after long reaction times in the presence of such a
c'atal.yst (24 h) at room temperature, tlc analysis indicated
that the reaction mixture cbnsisted mainly of starting material
ahd two other compounds but in quantities too small to warrant
isolation and purification. sPéctr9§copic analysis of the
crude mixture gave no evidence that adduct 300 was formed.

It may Be that silicon plays a significant role in
tl}e stabilization of the cation-radical thereby facilitating
the ionization of the more .electron-rich diene 288 instead
of the do’&}‘ale bond of the xanthoquinone. As cycloaddition
reactions are symmetry forbidden for the case of neutral diepo-

philes and ionized dienesssg'“o

, it may not be "too" surprising
‘that our experience with 288 and the xanthoguinone turned out

to be negative. However, ionization of the diene might be

3

-
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expected to lead to the formation of dimeric or bolymeric
materials but this was not observed. Couplﬁd with the .

664 that cycloadditions under

observation by Kishi et al.
cation-radical catalysis could be achieved betweén a diene
and 1,4-naphthoquinone, we speculate that it is most likely
the heterocatom of the xanthoquinone substrate which suffers
ready ionization, thus effectively preventing the catal&st
from playing its assigned role.

Heating fhe same reactants over a period of 6 days
at 50°C produced some interesting results althéugh no aéduct
300 was obtained. Analysis by tlc indicated that the starting
material was completély consumed and that numerous éompounds
had formed. Isolation of pure fracti;ns‘by flash chromato-
'graphy proved difficult but spectral data (pmr and mass
spectroscopy) of the main fractiogy unequivocally indicated
it to be 1,4-dihydroxyxanthone (75). Mainly on the basis of
mass spectral evidenée, a component from an impure ‘polar
fraction was identified as the fully aromatized compound 256.
These findings suggest that the Diels-Alder adduct 300 may
actually form* but immediately undergoes disproportionatio;
to give 75 and 256. (Diséroportionation was already seen as
an important reaction when the xanthoquinone was reacted with™

butadiene sulfone; see p. 180). We believe that the formation

of 256 involves a mechanism in which the xanthoquinone would

* N . -
Regioisomer 300a may be expected to dominate; the polarization of the
diene being governed entirely by the silyloxy éroup6°8'639'655.

* <
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behave as a dehydrogehating agent ¢o give rise to the phenolate
ion 302 which would then remove preferentially a silyl group

639 . Y \a ~
as shown in Scheme 4.4. Intermediate

rather than a proton
303 is expected to readily tautomerize to the more stable

aromatic system of 304 which like intermediate 305 would

-suffer loss of the labile 0-silyl group during chromatography.

Because we had been unable to make use of Lewis
acid catalysts with our dienes and also unable to promote
their reactivity under mild reaction conditions, we then turned
our attention to the modulation of the dienopﬁile reactivity.
A common way of increasing the diehophilicity (hence reac%iv-
it&) of quinones involves the introduction of a halogen onto

666-673

the olefin bond . As an electronegative species, the

haloge;ﬁ&auses a lowering of both the HOMO and LUMO energieé




Scheme 4.4*
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and being also a lone-pair donor, the HOMO energy is rdised

without affectiﬁg significantly the LUMO energysoz. In |

465 ,666-672

addition the halogen-: can be expected to orient the

reactants and thus offer an excellent opportunity to exercise

-

‘control over regioisomer formation. (The coefficients of

the LUMO of the olefin will be polari;ed as though ;he
560,564,602,664,666-672

.o ’/
see Appendix 2). As bromoxanthoquinones 306 and 307 are easily

substituent is electron-withdrawing

accessible, this strategy for adduct formation appeared ,

attractive. -Unfortunately, the labilée nature of the silyl

dienes accessible to us was not expected636 to be compatible

668 normally .

with the reaction conditions (e.g. Et,N, rt, 2 h)
required to remave the halogen atom after adduct formation.
It comes as no éurﬁrise that this stratdgy (as described in

the literature) was applied in fact to the synthesis of

4.5.3.2 Reaction with guinizaringuinone

°

As a result of the surprisingly poor results obtained
with diene 288 we finally decided to' compare its reactivity
to that of 4—(trimethylsilyl)-2-acetoxyrl,3—butadiene'(gzz)*
under the same reaction conditions ‘already used by GarLanq I

et al_slg‘in their studies with quinizaringquinone (213) . Thus,

2 : )
According to Houk's analysis560 relating the site of reactivity of
quinone 213 with the electronic character of the diene, 4-(trimethylsilyl)-
. 2~-acetoxy-1,3-butadiene (272) is not considered an electron-rich diene.




diene 288 and gquinone 213 were stirred, for four days at 50°C
ugler an inert atmosphere but analysis of the reaction mixture °
showeg‘that most of the starting material was stiii intact.
Only mass spectral evidence could be QbEhined that any addgct
had formed. It would appear from these results that the

siloxy group is nbt as gfficient an electron donor as wqu}d

be expected and in fact it appears less efficient in this

respect than an acetoxylgroup.,

"

4.6 ;  ATTEMPTS AT THE SYNTHESIS OF AN INTERMEDIATE CARRYING

A
A CARBON SUBSTITUEN& AT POSITION 7 OF RING A

We have already seen the imporxrtance of having a

-

R I U
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substituent at the C-7 position of an anthracycline analog
>which will not undergo elimination and thus generate a
reactive alkylating intermediate in biological systems or
favor aromatization reactions during )attempted syntheses.

One-of the most xexpedient ways of synthesizing the

analogs 18-20 would invplve a Diels—Alder reaction between the

guinone-substrate and a diene such as l—carpbomethoxy—3-trimethyL-
silyloxy-1,3-butadiene (308). However, the latter may not be

expected to display good reactivity. 1In fact, the carbomethoxy

465,674

group is known to deactivate such syétems whereas the

ability of the siloxy group to activate significantly by electron-
donation is qﬁestioﬁable in light of our previous experienmnce with

570

2-siloxy dienes.y Nevertheless, Kelly '~ reported that the diene methyl

.
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4-methyl-2,4-pentadienocate (309) afforded a small amount (10%)
of the desired adduct when reacted with quinizaringquinone
at room temperature over an unreported period of time. 1In

675 , cycloaddition between

Woodward's reserpine synthesis
benzoquinone and methyl vinylacrylate (Lmethyl 2,4-pentadiencate)
(}LQ) was achieved (albeit in only 163 yield) by refluxing

in benzene for 10 h., Thus, /fegardless of the possible
activating or deactivating ability of the siloxy group, we

were hopeful that pr@vided 308 was thermally stable we might 6
be able to apply.higher reaction temperatures in order to

compensate for the low reactivity of the diene.

-~ ~ ~
7 5 ~
0,CH, O,CHy OICH!
n 39 310
- -
4.6.1 Preparation of l-Carbomethoxy-3-trimethylsilyloxy-

1,3-butadiene (308)

This intermediate was prepared starting from the
B-keto acid 311 itself obtained by condensing glyoxylic acid
(312) with acetone in the presence of orthophosphoric acid.
Although not very efficient (ca. 45%) th;.fs method as

report'ed676-678 appeared to be the most convenieng one for

the preparation of f-acetylacrylic acid (trans—4-oxo-pentenoic
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acid (31_1)676” It was obtained in a sufficiently pure form
so that only one recrystallization was necessary to insure
high purity. Its pmr spectrum showed olefinic protons with
a coupling constant J = 16 Hz, whereas its infrared spectrum
displayed\ a band at 1000 cm'-l as expected for the trans isomer.
A single methyl resonance at 2.4 ppm clearly indicated that
the lactone was not fermed. ‘

The corresponding methyl ester of acid 311 was
easily prepared in excellent yield (93%) by treatment with
methyl iodide in the presence of silver(I) oxide in £he
dark679-681. Satisfactory results were also obtained when
sodium bicarbonate powder in DMF and mef;hyl 1odide were used
although a longer reaction time was required. The usual
methods of esteri fication (TMS-CI, CH,OH; CH,OH, H ‘C1COOCH 4,
Et3N'682) were clearly inferior, giving very low yields or ‘

none of tlhye desired éster. This methyl ester 313 possesses

the useful property of being readily sublimable (30°C at 20 {nm

Hg) to give a very pure, white crystalline mass.
609,683,684

o

Trignethylsilyl trifluoromethanesulfonate
(314) reacted in the presence of triethylamine with ester 313

to give essentially a guantitative yield o'fy;,diene 308 which

‘was freed of trigthylamnonium triflate (which precipitated as

an 0il) and used without further purification.
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Reaction with Xanthogquinone

Reaction between diene 308 and xanthogquinone did‘
not give any adduct under any of the comditions used. Pmr
evidence clearly and consistently indicated the presence of
xanthoquinone and keto-ester 313 in the reaction z;lixture.

The presence of the latter led us to gquestion the stability of
diene 308. While indefinitely stable when stored at -20°C,
it decomposed at .room temperature over several hdurs, a

phenomenon which escaped our attention betause once generated,

. the diene was characterized by pmr spectroscopy immediately

after isolation. Since reactions with the xanthoquinone were

~
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carried out either at room temperature over a‘period of days

_benzene for 24 h. Some decomposition (ca. 10%) was observed

. ingly gave no product even after 10 days regardless of

e b A . a1 g [
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or at elevated temperatures for hours, it is certain that

the diene did not survive long enough for reaction with the

substrate to occur. The cause of this instability was not

t.horoughliy investigated but a likely possibility involves the

fact that the diene was not rigorously purified so that some
triethylammonium triflate may have remained as a contaminant

and thus catalyze hydrolytic decomposition. Faced with this
difficult problem of purification we decided to prepare

instead the triethylsilyl ar;alog of 308 since much improved ‘ x

stability is expectable on the basis of prev%ous experience.

»

4.6.2 Preparation and Cycloaddition Reactions of Diene 315°
C Diene 315 was accordingly prepared in 94%‘ vield from

keto-ester 313 and triethylsilyl trifluoromethanesulfonate
(245) and carefully freed of the generated triethylammonium
.Salt. It is indefinitely stable at room temperature as well

as to more vigorous thermal conditions such as boiling in

however but only after refluxing in toluene for at least 48 h.

Reaction with xanthoquinone at room temperature, not surpris-

whether the cation radical salt 301 was added or not. When
the reactants were mixed .in refluxing toluene .for 40 h only

niass spectral evidence could be obtained that adduct 316 had
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formed. .Thel pmr spectrym of the mixture showed that a small
. amount (< 19%) of dihydroxyxanthone 75 was formed indicating
that disproportionation had agai‘n‘occurred - a result which
is nof, surprising«in light of the vigorous thermal conditions
used. We made no attempt to iéolate the fully aromatic -
adduct 317 (wh:i.ch would be expected to form readily from :
318) and we have only mass spectral evidence that it was formed.
Apart from reacting readily with TCNE to give adduct
319, dlene 315 showed very little reactivity. With benzo-
quinone for 23 h in refluxing benzene only a very low ‘yield
(< 5%) of an ‘add’uct was observed. Reaction with the more
reactive naphth;:quinone as the substrate in refluxing toluené
for 21 h afforded some adduct but the use of anhydrous zZnCl,
at room temperature sexved only to catalyze slow decomposition
" of the diene to the kelto-aester. Similarly, attempted reaction
‘with qqinizarinquinone (213) afforded no adduct after refluxing
for 24.h in t"oluene.
Recer;tly, electron-poor 'dienes such as methyl 2,4- .
pentadiencate (310) and r{xethyl 3-ethyl-2,4-pentadienocate have

685-687

been induced to give good yields of adducts by attempting

the reaction under high 1;>ressv.n:c.=3688'689 . From the evidence
in the literature there is no reason to believe that we could
not achieve our goal, with any of our diene substrates (e.g.

281, 288, 315) by adopting this technique. While the pressures

recommended * are technically difficult to achieve without

* .
Between 10-20 kbars (1l kbar = 986.9 atm) .

—_—
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specialized apparatus,, it wopld be worthwhile investing in
&-) thié. approach as it would probably (so]:ve at least some of

the problems encountered. Unfortunately, suc;h a study was

considered bey;nd present resoufces due to post of equipment

necessary.

4.7 CONCLUSION -

. R
( ]
\

The applicability of various Diela-Alder approaches
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to the synthesis of heteroanthracyclines has been vigorously
tested. Problems such as disproportionation, ring A
aromatization restricting the use of certain potentially
useful dienes and the lability of r:élevant dienes to Lewis
acid cata]:yst?s have left the impression that the general
strategy adopted cannot be used successfully. While the
synthesis of adriamycin has been reported using a similar
strategy, we must recognize that others have failed to
reproduce the claimed exploits. We must also allow for the
likelihood that the hetercanthracyclines possess a different
intrinsic c¢hemical reactivity manifested at important but

. sensitive positions (e.g. C-7). The use of high pressure
technigques suggests very strongly that certain "unreactive"

dienes may be induced to form valuable adducts and such

anticipated success should serve to establish the Diels-Alder

strategy as perhaps the most useful one for the purpose of

synthesizing hetercanthracyclines. \
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CHAPTER 5 - '

*+

SYNTHESIS AND BIOLOGICAL EVALUATION OF AMINOXANTHONE

5.1 INTRODUCTION

There are numerous compounds with simpler structures
than adriamycin thdt have antitumor propertiesss. Among some
of these are the big-(substituted aminoalkylamino) anthra-
quinones. They were designed690 using as a basis the hypothesis
that drug-DNA intercalation is the prime mode of action of

the anthracyclines. In fact, these synthetic drugs incorporate

-~

. those structural features (the anthraquinone chromophore and

" an aminosubstituted side chain) thought to be essential for

binding to DNA. The idea that the amino sugar portion is

responsible for the cardiotoxicity of the anthracyc],inessgl

692

led Zee-Cheng and Cheng to synthesize compounds 320 and 321,

where the amino sugar is replaced by an amino-containing side

chain with the nitrogen atom at the proper spatial distance

from the oxygen ato;ns of the aglycone portion of the molecule

as required by the N-0-O triang'ﬁlation theory*. |
The biological activity profile of these c:c:mpc:mnds.692"695

especially 321, resembled that of adriamycin and daunomycin.

" Like adriamycin, 321 kills cells in all phases of their cycle

.'x‘his empirical and simple el suggests that there is a structural .
feature among some anticaMcer drugs consisting of a triangle composed,
of one nitrogen and two oxygen atoms with rather definite inter-atomic
distances693. : - *

’

£
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(a property important for the inhibition of slow growing

tumdrs) and was somewhat less cardiotoxic. These remarkable

696

results stimulated a broader study in which hydroxyamino-

anthraquinone 322 was included.

320 X =H or OH; R= aminoalkyl chains 322
321 X=OH; Ra (CH,),NH(CH,),OH

[N

Althcugh' considerably simpler, analog 322 showed
activity compa;:able to 321 thus indicating that only one amino )
substituted side chain®is sufficient for activity. However,
there was no x;:eport dealing with its potential cardiotoxicity.

" Since the absence of an amino s;zgar such as daunos-
amine resulted in only a slight reduction in cardiotoxicitir,
it remains to be seen whether the redox properties of the
anthraquincne regarding its tendency to form a semiquinone
is still an important factor in this regard*. Thus, on the
basis of this argument and the structure-aétivity data provided
above, it appeared reasonable to synthes;.ze the xanthone

analog .(21) of 322 in order to alter the redox potential of

the anthraquinone models.

»

Recently, it was suggested that the cytotoxicity of the aminoanthraquinones
may depend more on their ability to form free radicals than their ability
to intercalate with DNA697.
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5.2 SYNTHESIS OF 4-HYDROXY-1-[ { 2-[(2—HYDROXYETHYL ) AMINO]

ETHYL] AMINO]XANTHONE (21)

Xanthone 21 was prepared in nine steps in 30%
overall yield from commercially available p-fluoroanisole (323)
using the now familiar strategy applied to the preparation
of xanthones. Formylation of 323 using a,a'~dichloromethyl
methyl ether and the catalyst titanium(IV) chioride, gave an
excellent yield (92%) of 2-formyl-4-fluorcanisole -(324) . The
ab:‘_Llity of fluorine to coug)le (as judgeq by pmr spectroscopy)
over a large number of bonds was evidenced with compound 3_2_4_
in which couplini; with the aldehydicl proton was observed
(°F = 3 Hz). (The 200 MHz H.m.r. spectrum of the compound °
clear!.y showed two large couplings between the ortho H's
and the F atom, thus unequivocally indicating the compound to
be isomer 324 and not 3-formyl-4-fluoroanisole). Baeyer-
Viiliger oxidation with m-CPBA acid in the presence of the
free-radical inhibitor 101 gave after refluxing in methylené
chloride for 5 h an excellent yield of essentially pure
formate 325 which was not isclated (characterized by pmx

spectroscopy) but immediately hydrolyzed uhder basic conditions.
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'
Phenol 326 and iodoester 97 in refluxing DMA in the presence
of copper(I)-oxide afforded an oil after 18 h which was
immediately hydrolyzed to acid 327 and the latter cyélized
without prior purification using a mixture of TFA-TFAA _to

give fluoroxanthone ggg in about 40% isolated .yield as a

white crystalline mass. This xanthone 3_2_8_ was then combined
with 2- (2-aminoethylamino) ethanol (329) and heated in refluxing
pyr‘idine for 5 days to afford a 6.5% vield of a bright orange
amorphous material 330. The long reaction time was not only

a reflec‘;:ion of the intrinsic sluggishness of the reaction -~
(since it involves nucleophilic ar‘omatic‘substitution) but
also because high dilution of the reactants was a necessary
condition. Demethylation of 330 using BBr4.led only to
degradation of the side chain as tr;e *maiin course of reaction.
on’ the othér hand, demethylation pf xanthone Qg_ proceeded
easily and in quantitative yield to hydroxyxanthone 331.
Protection of the phenolic function as a methoxymethyl ‘ether
was readily accomplished by treatment with chloromethyl methyl
ether and sodium hydride in THF which led to a quantitative
yield of— 332. 'Using a minimal amount of solvent, reaction
between xanthone 332 and _3__2_9' was complete after 3 days of
heai:ing in refluxing pyridine, thereby affording 333. Hydrogen
chloride removed easily‘and quantitatively the methoxymethyl
protecting group within minutes at 0°C in the absence of side
reactions. The dichloride salt of 21 was neutralized upon

alkaline work—up and an excellent overall yield of 86% (frgin

A
.
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0 HN(CH,,NH(CH,),0H o F

LT

330, OCH,

fad

]

O HN(CH,)eNH(CH, ), OH

a) L, 47 b) m-CPBA, 101; c) OH /H,0/MeCH; d) 97/Cu,O/DMA;

e) TFA-TFAA; f£) 'NH2 (CHZ)ZNH(CHZ)ZOH, pyridine; g) BBr3!

CHOCH3 /TicCl
-78°€; h) c1CH2

NaH; i) HCl; j) —'OH/Hzo. - ’ - .

xanthone 328) of hyd;oxyarhinoxanthone 21 was obtained as a

The infrared séectrumfof the product

-

red crystalline mass.

.
T o

OCH3/

Al n
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confirmed the presence of a carbonyl é.roup (H—%cr(ded) while
the mass spectrum included a molecular ion corresponding to
the expected molecular weight of 21. The pmr spectrum of’b
substance where evidence o:f H to F coupling was absent,

y

appeared simplified and clea{rly showed an AB-quartet for

protons H-2 and H-3.

5.3 BIOLOGICAL RESULTS

Analogs 21, 328 and 330 {of whlc.;h 21 was tested as .
the dihydrochloride salt) were tested at Bristal Laboratoraies
(Syracuse, N.Y.)} against the P388 mouse leukemia model* and
were found to be inactive, a'disappointing result in view of

the RMown high effectiveness of anthraguinone 322 On the

basis of the findings of Archer et 2. 698 with x;anthone

analogs of lucanthone (334) (and related compounds), one would

—

certainly expect xanthone 21 to intercalate with DNA. However,

.

4 N
while intercalation may be a necessary condition for activity,

it is obviously not sufficient for ant 1 tumor aétlvity. Any
explanation of the inactivity of compound 21 is complicated

further by other recent results699 indicating ‘that the related

v

'cycllc analog 335 (patterned after the 1min0 derivative

700

described b\’/ Tong et al. but expected to display an altered

redox potential), shows activity comparable to that of

N\

*Tl'_le P388 leukemia system 1s used routinely for initialsscreening of crude
natural products. It 1s genérally considered toc be a 551tive system

capable of detecting low orders of activity and is more sensitive than the
L1210 leukemia model to materials that show activity against both systems.

Aear

—tomnne ol

T —

.
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334 X=S{RsH i
X=0O;RaH

grototype‘ 321.

As more such structure-activity relationship studies
emerge ph}ls increasing in principle our changes of achieving
a better understanding of mechanisx;ls of action, theimore one
realizes that there 1s as yet nothing simple gbout their
interactions with biological systems. 'I'E becomes more and
more apparent that an effort no less extensive than that
which is currently expended 'in the field of ’the anthracycl.fnes
’ "

is SOrely* needed before usigriificant progress in cancer

w ) . g .
chemotherapy can be made.. We clearly do not know enough

p'resently about their interaction mechanisms to make safe

predictions.

. W

& /\

1
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CONTRIBUTIONS TO KNOWLEDGE

\

This work comprises a study of the novel compounds, the
hetercanthracyclines. Strategies to achieve the synthesis
of the aglycone portion of these compounds were devised

and investigated.

Useful syntheses of 1, 4-dimethoxy substituted xanthones

-~

were developed.

Chloromethylation angd bromination reactions of 1,4-dimethoxy-
i

xanthone as well as the formylation of 1,4-dimethoxyxanthene “

were shown to praeeed reélosel_ectively in high yield.

Th/chemistry of a hypothetical xanthone-—-derived ¢-guino-

dimethane was studied.

The potentially useful: synthon of the a, B dianion of

]
acetaldehyde, (E) =N~ vxnylpyrrolldlne 5- (2 lithio-1, 3-—
dithian-2~yl) was synthesized and studied as an annulatlng

reagent. t\

The synthesis and study of xanthoguinone and thio-
xanthoquinone as 'well as their chemistry, in oartlcu,lar,

as dienophiles 1n Diels-3Alder cycloaddxtlon ‘reactions

.
Pt o VS R PR A et

is novel. Also, the potential usefulness of these
compounds as dienophiles was demonstrated.

M

= Al
W [
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The novel synthesis of two dienes is reported.

Novel methodoldgy to obtain cis-reduction of silylated-

alkynes is reported as well as a useful modification of

the trans-reduction of alkynes.

The study leading to the synthesis of analogs with carbon
substituents at position 7'of the natural product or

of the heterocyclic substrates, is novel.

The gglethodclogy to prepare l-alkylaminoxanthones was

developed and their biological significance reported.
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GENERAL EXPERIMENTAL

Azobisisocbutyronitrile (AIBN) was recrystallized

701 702

from 95% ethanol to'mp 103-104°C {Lit. mp 102-103°C) and

stored at 4°C in the dark. Activated zinc (Zn*) was prepared
from commercial grade zinc dust (99.99% pure, supplieﬁ by

Fisher Scientific Ltd., Montreal) by the method described by

Cava e: aZ.44la. Silver(II) oxide (AgQ) was prepared

immediately before use according to the procedure of Hammer

and Klelnberg703. Commercially available Ag0 (Aldrich

<

Chemical Co., Milwaukee, Wisconsin) was activated by sonication

for 1 h prior to use566'704. Potassium cyanide-18-crown-6

complex was- prepared as described by Evans et 32.518.

N-Bromosuccinimide (NBS) was purified by recrystalli zation

from w.aterms. tris(Triphenylphosphine) rhodium(I) chloride

“CSHS) 3P] 3Rl‘xCl was purchased from Alfa-Ventron Corp.,

Danvers, Massachusetts.

~-Ultrasound-promoted reactions were conducted using

-2 laboratory ultrasound cleaner (150W, 50-55 kHz) manufactured
,,\ /)
by the Branson Co.

Analytical thin-layer chrerr,raﬁ;ography (tlc) was
carried ocut on aluminium-backed sheets pre-coated with siljca

gel 60F 0.2mm thick (Merck Co. Ltd., Darmstadt) and visual-

254°
ization was made by means of an ultraviolet light, iodine

“

chamber, or by charring with sulfuric acid 1in ethanol (10%

v

s,

I

B T )
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v/v), or phosphomolybdic acid in isopropanol (3% w/v), or a
solution consisting of apunonium molﬁdaté(VI) (120 ymol),
cerium(IV) sulfate (30 mmol) in 1% aqueous sulfuric acid

(10% v/v). Column chromatography (analytical and preparati\{e'
scale) was pegfomed by the "flash chromatography" technique

337a 32 to 63u (400 to 230

as described by Still et al.
mesh) silica gel (British Drug Houses, Toronto) or Woelm
silica gel (32 to 63u, ICN Nutritional Biochemicals, Cleveland,
Ohio) using purified solvents. Analytical gas chromatography
wa; conducted on a HP5750 Model instrument using a 3% OV-101
(3m x2mm) column with dry helium as carrier gas.

Solutions were concentrated on a rotary gbaporator
at pressures of 15-20 mmHg and a}: temperatures of 20-30°C
unless otherwisel specified.

Melting points (mp) were determined in closed
capillary tubes on a Bichi SMP-20 melting point apparatus and
are uyncorrected. Infrared (IR) spectra were measured on a.
Perkin-Elmer 297 spectrophotometer and absorptions are reported

l) . Mass spectra (ms) were recorded on

in wavenumbers E(cm-
either an LKB Model 9000 or HP Model 5984 mass spectrometgrs
at 70 or 15 eV. Gas chromatography-mass spectrum (gc/ms)
analyses were performed on the HP Model 5984 instrument only.
All mass peak intensities are reported as % rel. int. Proton

magnetic resonance (‘'H.m.r.) spectra were measured on Varian

™60, T-60A, XL-200 or’Bruker WH-400 spectrometers and carbon

Y
Y
-



/ | ’ 244

magnetic resonance (].‘3

C.m.r,) spectra were measured on Bruker
WH~-90 or Bruker WH-400 spectrometers. Chemical shifts are
reported in 6 units (parts per million, ppm) relative to
tetramethylsilane (&8 = 0.0 ppm) using deuterated solvents,
99.5 atom % D. Coupling constants are reported ix:: ‘hertz (Hz‘) .
All singple"z s;.gnals are dgcriged as singlets (s), doublets

(d) , tri'plets (t), or quartets (g) and assigned chemical
shift values determined by the center of their resonance
frequency signal while undefined multiplets (m) are described
by the range of their resonance frequency signal.

Reactions requiring heating were carried out in
paraffin oil baths for T < 125°C. For reactions requiring
higher temperatures either a silicone oil bath, or a heating
mantle connected to a variable transformer, were used.
Reactions requiring low temperatures v;rere perfformea in C02-
diethyl ether (-100°C), -acetone (-78°C), -acetonitrile (-42°C),
. or —carbon tetrachloride (-22°C) baths and those requiring
0°C utilized ice baths. '

The apparatus for anhydrous reactions was flame-dried
in_a stream of nitrogen. An argon atmosphere was used with

organoli thium reagents 706

while all other anhydrous reactions
were carried \out under an atmosphere c\af nitrogen. All
additions wherever possible were made via syringe through a
septum using technigues described by Brown707 and Shriver708. |

Solutions of n-butyllithium (rf-BuLi) in hexané,

Ly
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gee-butyllithium (sec-Buli) in cyclohexane ard methyllithium
(MeLi) in.diethyl ether were titrated in tetrahydrofuran (THF)

709 prior to use. Solutions of

with diphenylacetic acid
lithium tri-gsecbutylborohydride (L-Selectride) in THF, sodium
bis (2-methoxyethoxy) aluminium hydride (Red-Al or Vitride)

in toluene aﬁd borane~THF complex in tetrahydrofuran were
used without titration. Clear solutions of LAH in tetrahydro-
furan were prepared as described by Krishnamurthy and

710 except that the suspension was stirred for 20 h at

Brown
room temperature (rt) in dry solvent prior to filtering
througﬁ a 6-cm bed of tightly packed dry Celite under positive
nitrogen pressure. The clear solutions were stored in a
septum sealed flask under nitrogen at rt. The molarity of
the solutions was determined by measuring the hydrogen evolved
when the solution is znjected into a glycerine-water-THF
mixture (1:1:1).. Lithium amide bases were genera:ted in 8itu
immediately before use from:distilled amine bases and n~Buli
at =-78°C. . _

| . Diisépropylamine, N,N,N' ,N'-tetramethylp;i.peridine
(TMP) , piperidine, pyrrolidine and 2,2,6,6~tetramethylethyl-
~enediamine (TMEDA) were allowed to stand over 20% w/v 3%
molecular sieves, decanted, ‘stirred ’cvernight with Caﬂz,

distilled and stored over 20% w;}v 3 molecular sievesnl.

A
Pyridine and triethylamine wére stood over KOH for 24 h,

decanted, fractionated and stored as above. Methyle-ne chloride

]
o~
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was distilled from calcium chloride and stored over anhydrous

12 713

sodium smlfate7 . (Distillation from P205 requires

filtering through neutral alumina, activity I to remove traces

714) .  Anhydrous diethyl ether was

of .polypﬁosphcric acid
cbtained by distillation from lithium aluminiun hydride (LAH)
or purchased from Mallinckrodt Chemicals, ‘Montreal. Absolute
ethanol was obtained from Consolidated Alcohols, Toronto.

Methanol was distilled from magnesium turnings immediately

before use. Toluene, 1,2-dimethoxyethane (DME), dioxane

and tetrahydrofuran (THF) -were distilled from a purple solution .

389c,701,715

of disodium benzophenone dianion ( sodium/

'

benzophenone) and hexane was distilled from a light blue
solption of benzophenone ketyl (sodium/benzophenone) 716, under
inert atmosphere immediately before use. Benzene was distilled
from Cal, and stored over 42 molecular sieves7l7. N,N-
Dimethylformamide {DMF) and N,N-dimethylacetamide (DMA) were
stood over 44 ‘molecular sieves overnight and distilled from
ons at reduced pressure, allowed to stand over anhydrous
potassium carbonate (12h) and subsequently stored over 4%
molecular sieve’s718. Hexamethylphosphoramide (HMPA) was
stirred over barium oxidp overnight, filtered, . distilled

from calcium hydride at reduced pressure and stored over 20%
w/v 44 molecular sieves 18, _ Other solvents were at least

reagent grade and used as received.’

e et b s SR — Ty o b Arbe e §
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EXPERIMENTAL (

Chapter 1

b

SYNTHESIS OF (%) -2-ACETYL-5, 8~DIMETHOXY-1,2, 3, 4-TETRAHYDRO-

~

2-NAPHTHOL

Knoevenagel Product 42

A solution of 2,5-dimethoxybenzaldehyde (83.1 g, 0.5 mol),
dimethyl malonate (72.7 g, 0.55 mol), piperidine (1.23 g)

and acetic acid (3.7 g) was refluxed with 350 mL of benzene
in an apparatus equipped with a Dean-Stark water separator
(containing 4% molecular sieves) for 22 h. The product
mixture was diluted with ether (300 mL) and washed successively
with 100 mL portions of 5% HCl, 5% NaHCO3, and ‘satmrated brine.
Thé aqueous washes, which were not combined, were extracted
once with ether. Evaporation of the solvent in vacuo gave
133 g (95%) of 42 as . a yellow oil. An ai'xalytically puré
- sample of 42 as yellow plates, mp 65-66°C was obtained by
recrystallization (CHZClz/hexanes)' after flash chromatography
(CH2C12) . *

' IR (KBr) v__.: 2840 (CH,, ArOCHy, 1710 (carbonyl,
conjugated ester), 1615 (conjugated alkene), 1585 (ring C==),
1303, 1250, 1175 (=C-0-C, Vas)' 1065 (=C-0-C, v.).

'H.m.r. (60 MHz, CDCl;) &: 7.90 (s, lH, vinyl), 6.76 (m,
34, aryl-H), 3.86 (s, 9H, 2>COOCH 4 , OCH;) , 3.76 (s, 3H, OCH3).

?
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Triester 43

To a solution of :1__2_ (28 g, 0.1 mol) in 200 mL THF at
-78°C was added, under inert atmosphere, L-Selectride (lithium
tri-secbutylborohydride, 110 mL of a 1 M solution in THF,

0.11 mol). After cofnplete addition, the flgsk was emersed

in an 1ice-water (0°C) bath and stirred for 30 min. Followimng
spectroscopic analysis of an ‘aliquot that indicated hydride
addition was complete, methyl bromoacetate (16.1 g, 0.105 mol)
was added at once. The solution was refluxed for 3 h before
the solvent was evaporated. The residue was neutralized

with 5% HCl, extracted with CHZCl2 {150 mL), washed with
water (3 x 50 mL) and dried over anhydrous Na2504. After
evaporation of the solvent, crude 43 was obtained which was
purified /by flash chromatography (CHZCIZ-EtOAc, 2:3) to afford
28.3 g (80%) of 43 as a yellow oil that although pure (by tlc)
did not crystallize.

IR (film) Voax® 2840 (CHj, ArOCH3) P 1745. (carbonyl -
saturated ester), 1600 (ring C=C), 1249, 1180 (=C-0-C, Vas)'
1058 (=C-0-C, vs). |

'H.m.r. (60 MHz, CDCl,) 3: 6.64 (s, 2H, aryl-H), 6.45
(s, 1H, aryl-H), 3.70-3.63 (m, 15H, 3XCOOCH3, 2><OCH3), 3.36

(s, 2H, benzylic), 2.76 (s, 2H, -CH,~COOCH) .
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Triacid 44

A mixture of triester 43 (7.1 g, 0.02 mol), 50 mL of
ethancl, 80 mL of water and 16 g KOH was stirred at 75°C

for 5 h and then overnight at room temperature. The solution

- »

was washed once with CHCl. (25 mL) and poured onto concentrated

3
HC1 (30 mL) and 30 g ice. The clear, acidic solution was

cooled at 4°C for several days and 2.5 g (40%) of 44 was
" obtained as white needles, mp 189-190°C.

'H.m.r. (60 MHz, CF.,COOH) §: 7.0 (bs, 3H, aryl-H), 4.0

3

(s, 3H, OCH.,), 3.8 (s, 3H, OCH3), 3.60 (s, 2H, benzylic),

3
3.43 (s, 2H, methylene).

Anhydride 45

A mixture of triacid 44 (2.27 g, 7.0 mmol) and 25 mL
of acetic anhydride were refluxed for 20 min. Removal of

the excess aéetic anhydride éin vacuo gave a 1.45 g (80%)

j
. . '
IR (film) v _ : 2842 (CH,, ArOCH,;), 1860, 1780 (carbonyl -

anhydride 45 was a brown oil.

cyclic anhydride), 1248 (=C-0-C), 1222, 944 (C-O anhydride).
' 'H.m.r. (60 MHz, cDCl,) 6: 7.26 (s, 1H, aryl-H), 6.73

(s, 2H, aryl-H), 3.3-2.3 (m, 5H).
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3—=Carboxy-5,8—dimethoxy-l-tetralone ( gﬁ)

A solution of anhydride 45 (2 g, 8.0 mmol) in 15 mL TFA
and 23 mL TFAA was stirred at room temperature for 12 h.
Evaporation of the TFA-TFAA tn vacuo left a residue which was

dissolved in CH Clz, washed with water (5 x 10 mL) and dried

2
over anhydrous NaZSO4. Removal of the solvent,gave 1.8 g
(90%) of tetralone 46 as a viscous o1il.

IR (film) Vmax: 3500-2700 (OH, carboxylic acid), 1690
(carbonyl, carboxylic acid), 1665 (carbonyl), 1600 (ring C—<C),
1247 (=C-0-C, Vas)’ 1025 (=C-0-C, vs) .

'H.m.r. (60 MHz, CDC1,) §: 10.2 (bs, 1H, exchangeable
COOH), 6.73 (bs, 2H, aryl-H), 3.73 (s, 6H, 2><OCH3), 3.2-2.4

(m, 5H).

5,8-Dimethoxy—2-carboxylic acid (47)

To a solution of tetralin _4_§ (1.8 g, 7.0 mmol) in 20 mL
TFA was added triethylsilax‘f}e (2.0 g, 17 _nimol) and s‘tirred
at room temperature for 1 h. '5 e TFA was.removed by
evaporation and the white gumpy residue treated waith excess
20% aqueous KOH, washéd witlyether (2 x 10 mL) to remove
silicon by-products, and acidified with concentrated HCL.
Acid 47 precipitated as an oil which was diluted with CH2C12,
washed with water (3 x 10 mL)‘ and dried over anhydrous Na2504.

Evaporation in vacuo of the solvent gave 1.6 g (95%) of 47

as an oil.
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-
IR (£ilm) vmax: 3500-2700 (OH, carboxylic acid), 1690
& -
(carbonyl, cafboxylic acid), 1600 (ring C—<C), 1248 (=C-0-C,

¢

v__), 1020 (=C-0-C, V_).
as S

'H.m.r. (60 MHz, CDCl.,) é: 11.00 (bs, 1lH, exchangeable

3
COOH), 6.70 (s, 2H, aryl-H), 3.7 (s, 6H, 2xOCH3), 3.2-1.9
{m, 7H).

&

2-Acetyl-5,8-dimethoxytetralin (48)

To a solution of acid 47 (1.2 g, 5.0 mmol) in 20 mL (1l:1)
THF -ether was added methyllithium (11 mL of a 1.4 M solution
in ether, 15 mmol) dropwise under 1inert atmosphere at -20°C.
The mixture was stirred for 8 h and then carefully hydrolyzed
by adding the mixture siowly, dropwise, with vigorous stirring
to a large solution of water-THF-HCl. The product was

(3 x 10 mL),

extracted with CH Clz, washed with 5% agqueous NaHCO

2 3
water (3 x 10 mL) and dried over anhydrous Na2C03. Evaporation

S
. . ®
tn vacuo of the solvent gave an amorphous mass which was

recrystallized (CH,OH) to afford 1.1 g (95%) of pure 48:
3 22

mp 82-83°C (Lit.%%? gl-82°C). "

IR (fi1lm) Vmax: 2840 (CH3, AxOCH 1715 (carbonyl,

3)
acetyl), 1600 (ring C—=), 1249 (=C-0-C, Vas)' 1020 (=C-0-C,

vs).

'H.m.r. (60 MHz, CDCl §: 6.7 (s, 2H,. aryl-H), 3.75 (s,

3)

6H, 2XOCH3), 2.28 (s, 3H, CoOCH 2.78-1.62 (m, 7H).

P

—_
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M.s. (EI, 70ev, 45°C) m/z (%): 250 (55.7, mD)%d2s1

(15.8, [M+1]7 1sotope peak), 232 (56.2, M’ - K,0), 207 (100,
' N
M¥ - CH,CO or Mt - CH,-cO) , 189 (75.9, 207, H,d), 43 (83.1,

+
CHBCO ) .

2

» Synthesis of 6- and 7-(2-methoxybenzoyl)-2-acetyl-2~hydroxy-

—

7

5,8-dimethoxytetralin (50) and (51) ‘g

A mixture of tetralin 30 (0.18 g, 0.72 mmol) andcB
L ;
o-methoxybenzoic acid (0.55 g, 3.6 mmol) in 35 mL of (4:3)

TFAA-TFA was refluxed for 24 h. Evaporation of the TFAA and
TFA 1n vucuo gave a rgsidue of a dark brown o1l tﬁat consisted
of a mixture (by tlc and é;& spectroscopy) of esters 52, 53
and 54. Hydrolysis with 30 mL 5% aqueous methanol (l:2)
solution of KOH at 80°C for 3 h followed by purification by
flash chromatography (CH,C1,-EtOAc, 5:2) gave 100 mg (60%):

tetralin 30 and 69 mg (25%) of desired compounds ég_aﬁa 51

A,

a

as an oil.

IR (nujol) Vmax: 3480 (br, OH), 2830 (CH3, ArOCH 1705

3),
(carbonyl, acetyl), 1660 (carbonyl, diaryl), 1600 (ring C~=<C),

1250, (=C=0-C) .
'H.m,r. (60 MHz, CDCl,) 6: +7.56-6.93 (m, 4H, aryl-H),

6.86 (bs, lH, aryl-H (7 or 6)), 3.8 (s, 3H, OCHj), 3.73 (s,
) g

3H, OCH 3.5 (bs, 1H, exchangeable OH), 3.43 (s, 3H,‘OCH

3)’ 3)[1
3.1—218 (m, 4H, benzylic), 2.3 (s, 3H, COCH3), 2.0-1.8 (m,

2H, methylene) ..

~
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Q L4
c
2-Acetyl—-5,8-methoxy-2-hydroxytetralin (30) -

]

»

Oxygen was bubbled into a cooled mixture (-20°C) of
t-BuOK (0.51 g, 4.5 mmol) in 15 mL t-butanol, excess tri-
methylphosphlte‘ (4 mL) and DMP (10 mL). Tetralin 48 (I g,

4.3 mmol) was dissolved in 5 mL t-butanol and added to the
oxygen-satu/{;/ted solution. After  complete addition, the
cooling bath wa/s removed and oxygen was bubbled into the
mixture for an additional 5 min at room temperature. A stream
of nitrogen was passed viggarously through the solution to

expel the oxygen and the solution was acidified with acetic
acid. After removal of as much of the solvent as possible' by
evaporation in vacuo (a favorable low boiling azeotrope is
obtained between DMF and l-pfopanol) , the residue was dissolved
in CHZClZ, washed with water (3 x 10 mL), and dried over

-

anhydrous Na2C03. Evapgration in vacuo of the solvent gave

crude tetralin 30 which was.purified by recrystallization

(CH3OH/ether) to give 0.85 g (80%) of pure 30: mp f104\-106°C

(Lit.292 100-102°C). ’

IR (nujol) vmax: 3490 (CH, weak intramolecular H-bonding) ,
2840 (CH3, ArOCHB), 1700 (carbonyl), 1600 (ring C—C), 1250
(=C-0-C, \)as), 1030 (=C-0~C, \)s).

)

-

'Hom.r. (60 MHz, cpcl,) §: 6.63 (s, 2H, aryl-H), 3.78
(s, 3H, OCH3), 3.75 (s, 3H, OCH3) , 3.6 (bs, 1H, exchangeable
OH), 3.0-2.7 (m, 4H, benzylic), 2.26 (s, 3H, COCH3)“, 2.0-1.66

o d

(m, 2H, methylene).

s ' ’ ,
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.s. (EI, 70eV, 80°C) m/z (%): 384 (50, M-}, 385 (13,

M
+ + +
[M+1]- 1sotope peak), 366 (5, M- - HZO)’ 135 (100, M- -
+ & N
C14Hl704), 43 (10, CHBCO ). e ~
Ester 52 )

A mixture of tetralin 30 (0.18 g, 0.72 mmol) and
o-methoxybenzoic acid (0.12 g, 0.79 mmol) in 35 mL of (4:3)
TFAA-TFA was ?gluxed for 16 h, After evaporation of TFAA

and TFA in vaduc, the residue was dissolved in CH Cl2 (30 mL),

2
1 Y
v;ashed with dilute NaOH (3 x 10 mL), water (3 x 10 mL) and

dried over anhydrous Na2804. Evap‘ération in vacuo of the
solvent gave a crystalline material which was purified by

recrystallization (CH.,OH/petroleum ether) as transparent

3
prisms: mp 139-141°C.

IR (nujol) Vmax: 2840 (CH ArOCH3), 1720 (carbonyl,

31
acetyl and conjugated ester), 1600, 1580 (ring C—C), 1260

(=C-0-C, \)as), 1020 (=C-0-C, Vs).

'H.m.r. (60 MHz, CDCly) 6: 8.1-6.6 (m, 4H, aryl-H),

6.58 (s, 2H, H-7), H-8), 3.76 (s, 3H, OCH3), 3.73 (s, 3H, n -

OCHB), 3.7 (s, 3H, OCH3), 3.1-2.8 (m, 4H, benzylic), 2.13

(s, 3H, COCH3), 2.0-1.8 (m, 2H, methyléne).

M.s. (EI, 70eV, 82°C) m/z (%): 384 (3.9, MY), 385 (1.1,

+ + , +
[M+1]1-), 232 (100, M- - c8H803s, 135 (76 .2, [C8H702] ), 43

(34, cH.coh).

3

i

[
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EXPERIMENTAL

Chapter 2

L]

SYNTHESIS OF 2-CARBOMETHOXY-1,4-BENZOQUINONE (87)

Preparation of methyl 2,5-dihydroxybenzoate (88)

“

To a stirred solution_ of 2,5-dihydroxybenzoic acid

(6.2 g, 0.04 mol) ix; 50 mL spectrograde methanol was added

a solution of boron trifluoride etherate (9.0 mL) under an
inert atmosphere. The solution was refluxed overnight.

The reaction was cooled (0°C) and 5% aqueous NaI-ICO3 was added
with vigorous stirring. The solution was concentrated in
vacuo and ethyl ‘acetaté (80 mL) was added. The organic layer

%
was separated, washed successively with 5% agqueous NaI-ICO3

v

(3 x 40 nL), water (3 x 40 mL), saturated brine (3 x 40 mL) ,

and dried over anhydrous Na2504. Evaporation of the solvent \w -

in vacuo gave a solid which was recrystallized (water) “to

-~

yield 6.3 g (94%) of the pure ester 88 as lon?White needles:
. 4 ) ".' ‘ , =

mp 79-80.5°C.

* IR (KBr) Vmax: 3200 (OH, intramolecular H-bonded), 1680

(C=0, H-bonded), 1610, 1500 (ring C*=C), 1270_(=C-0-C, v_.),

*

1090 (=C-0-C, \)s)_, 800 (1,3,4 trisubstituted phenyl).

A

'H.m.r. (60 MHz, CD,COCD,) §: 10.2 (bs, 2H, exchangeable

phenolic OH), 7.36-6.7 (m, 3H, aryl-H), 3.9 (s, 3H, COOCHB).
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Oxidation of methyl 2,5-dihydroxybenzoate (88)

To a solution of pure methyl 2,5-dihydroxybenzoate (0.72 g,
4.3 mmol) 1in 10 mL dry benzene was added silver(II) oxide
(1.13 g, 9.0 mmol). The mixture, protected from light*, was
heated for about 5 min at 60°C and stirred at room temperature
for another 5 min before being filtered through a thin pad
of Celite. Anhydrogs,K2CO3 was added to the filtrgte7§nd
the mixture was vigorously stirred for 1 h. Thgﬂﬁixture was
filteredvand evaporafed tn vacuo to give an amor;hous material
which was triturated with ho;/hexahes. Evaporation of the
solvent in vacuo gave'the dﬁinone which was purified further
by recrystallizaéion (pentane). Pure quinone 87, 0.5 g (64%)
was obtained as long light-orange needles: mp 53-53.5°C

378

(Lit. 53.5-54°C).

IR (melt) Vmax: 2980 (~CH3), 1728 (C=0, conju?afed
COOCH3), 1660 (C=O,‘quinone), 1600 (C=C), 1270 (C-0-C, “as)’
1110 (C~0~-C, vs).

'H.m.r. (60 MHz, CDC1,) §: 7.1 (m, 1lH, H-3), 6.8 (m,

2H, H—%, H-6), 3.9 (s, 3H, COOCH3).

S

L)

T

* -

The "flask was conveniently wrapped in aluminium foil. Quinone 87 was
protected from light throughout its manipulation as well as during its
subsequent storage. Ly
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Synthesis of 4,4-dimethoxycyclohexa~2,5-~dienone (91)

To an open 100-mL beaker was added 50 mL methanol,
p-methoxyphenol (2 g, 16.1 mmol) and the inert electrolyte'
anhydrous lithium perchlorate (20 g, 188 mmol). The mixture
was magnetically stirred .and cooled (0°C) in an ice—water‘
bath. The reaction, easily monitored by Pmr, was codmplete
after about 2.0 h when subjected to a current of about 1.0 A
(Electrical Efficiency = 42%, Lit.380 EE = 54%), The
reaction mi;cture was concentrated in vacu: (< 25%), CHZCI2
(50 mL) added, washed quickly with cold water (1 x 25 mL) ’
and dried over anhydrous sodium sulfate. Evaporation of the
solvent in vaend gave a dark yellow oil-which was purified
by flash .chromatography (CH2C12) affording 2.1 g (85%) of
moncketal 91 as a light yellow ,oil: bp 109-111°/12mm -(Lit.380
bp 70-73°C/0.7mm). The s~sitdlica gel used was washed with 5%
aqueous ammonium hydroxide, aisntilled water and dried at 110°C
overnight. -

IR (film) Vhax® 2825 (CHg4, ArOCH3), 169:‘{ (conjugated
carbonyl), 1650 (C=C), 1145 (-C-0-C, V,g)s 1080, 1045
(-C-0-C, \)s) . N

'H.m.r. (60 MHz, CDCl;) &: 6.78 (4, J = 11 Hz, 2H, H-3,

H-5 ), 6.15 (4, J = 11 Hz, 2H, H-2, H-6), 3.36 (s, 6H, OCH3).



/)

The undivided cell consisted of a platinum gauze and wire

(anode) and a tungsten wire (cathode). The source of direct

current was a 6-12 volt battery %:harger (Canadian Tire

Corporation, Model T1225), equipped with an internal ammeter.

The battery recharger was connected to a variable voltage
regulator (Variac), which in turn was connected to an

o

alternating current supply.

" VARIABLE AC SUPPLY
VOLTAGE REGULATOR

& il 1 ' |||| l 'r Battery recharger
(with ammeter)

§ -
o
Q\“ 14 .
CQ\ . -——— Tungsten wire
Platinum ]
" wire
Platinum )
' gauze .
~— Beaker with L1ClO

electrolyte

Figure 17: The schematic of the electrochemical apparatus.

e -‘-——-9—-—--“:“
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synthesis of 1-(o-methoxy)phenyl-1,3-dithiane (94)

To a stirred solution of 2-methoxybenzaldehyde (5 g,
0.037 mol) and l';53-p:opanedithiol (4 g, 0.037 mol) in 50 mL
CH2C12 wa§ added chlorotrimethylsilane (6 g, 0.055 mol), over
a period of 20 min with cooling at 0°¢, under an inert
atmosphere. After comple%e addition, the cooling bath was
removed and the‘ solution stirred at room temperature for 2 h.
The solution was ;Jashed successively with 5?; agueqQus sodium
carbonate. (3 x 25 mL), water (3 x 25 mL), saturated brine
(3 x 25 mL). and dried over dénhydroﬁs sodium sulfate.
Evaporation of the.solvent in vacuo gave a residue which was
recrystallized (methylene chloride-hexane) to give 7.6 g
(92%) of the white crystalline dithiane 94: mp 80-82°C.

IR (nujol) vmax: 2830 (CH3, ArOCHB), 1610, 1500 (ring
c—=<), 1420 (s-CH,), 1250 (=C-0-C, Vag) o 2020 (=C-0-C, vs).

'H.m.r. (60 MHz, CDCl,) 6: 7.66-6.8 (m, 4H, aryl-H), ‘
5.7 (s, lH,‘methine), 3.83 (s, 3H, OCH3), 3.16-~2.8 (m, 4H,
CH "

-SCH,CH,CH,S=), 2:23-1.9 (m, 2H, —SCH,CH,CH,S-).

272

)

e B
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Preparation of l-(o-methoxy)phenyl-l,3-dithianide (93)

To a solution og dithiane 94 (1 g, 4.42 mmol) in 20 mL
THF-ether (l:1) was added n-butyllithium (1.8 mL of a 2.6 M

solution in hexane, 4 .68 mmol) at -22°C under inert atmosphere.

1
After stirring 5 h, the reaction was quenched with an excess:

of deuterated methanol (CHBOD). Evaporation of the solvent

in vacuo gave a crude crystalline material which was purif‘ied
by recrystallization (as for 94) to give essentially a
quantitative yield of the deuteratedl compound. This established
the conditions required for dithianide formation.

'H.m.r. (60 MHz‘, cnc13') §: 7.66~6.8 (m, 4H, aryl-H),

3.83 (s, 3H, OCH,), 3.16-2.8 (m, 4H, —SCEZCH2C§25—), 2.23-1.9

(m, 2H, —SCH,CH,CH,S-).

27 =272

—
7
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Esterificdtiaon of o-iqdobenzoic acid

Method A
To a solution of o-iodobenzoic acid (5 g, 20.3 mmol) in

SO(\mL anhydrous ether was added an ethereal solution of
5

——

diazomethane (prepared from D:i.azald)39 at room temperature
until a yellow color persisted. The reaction mixture was
stirred ovérnigh{: at room temperature. Unreacted diazomethane
was ‘ldestroyed by the addition of 3 mL acetic ac/id. The
redction mixture was washed successively with 5% aqueous
NaHCO, (3 x 25 mL), water (3,x 25 mL), saturated brine

(3 x '25 mL)' and dried over anhydrous Na,SO0,. Evapora,t?ion in
vacuo gave 5.25 g (quantitative yield) of the pure methyl

" ester 97 as a yellow free-flowing oil.

Pl
Method B

s

To a solution of o-iodobenzoic acid (248 g, 1.0 mol) in

500, pL| CH,C1, was added methanol (96 g, 3 mmol) ‘and 15 mL
concentrated sulfuric écid. The reaction mixture was refluxed
for 75 h, To the resulting cloudy solution was added water
and the top layer was siphoned. The organic layer was treated

as described in Method A. Evaporation of the solvent in vacuo

gave 244 g (93%) of the pure ester 97.

/

s

//‘
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E\ Method C

397

To a solution of o-iodobenzoic acid (20 g, 0.08 mol)
in 150 mL dry methanol was added chlorotrimethylsilané /(19.3 g,
0.18 mol) at room temperature under inert atmosphere. The
mixture was refluxed for 18 h. Evaporation of the solvent
and distillation of the crude o0il gave 20 g (95%) of the pure
ester 97: bp 80-82°/0.2mm (Lit.>’% bp 272-274°/760mm) .

IR (neat) Voax’ 1730 (C=0), 1590, 1565 (ring C—<C),
1280 (=C-0-C, vas)' 1110 (=C-0-C, vs)i

'H.m.r. (60 MHz, CDCl,) .6: 8.0-7.0 (m, 4H, aryl-H),

3.8 (s, 3H, OCH3).
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Synthesis of 2,5-Dimethoxyphenol (98)

Preparation of the formaté 99.
A solution of 2,5~dimethoxybenzaldehyde (113.5 g, 0.683
mol) and 3-tert-butyl-4-hydroxy-5-methylphenyl sulfidt::
(2 g, 5.5 mmol) in 450 mL dry CH,Cl, under inert atmosphere
was cooled to 0°C. m-Chloroperoxybenzoic acid (183 g, 1.05 mol)
was added in. small portiops (highly exothermic reaction) over
a périoé of 0.5 h, with wvigorous stirring. After complete
addition, the mixture (a suspension) was stirred for ca. 20 min
at 0°C. The mixture (which beca’f:ng homogeneous when heated)
was refluxed for 1 h. The solution was cooled to 0°C and
10% aqueous Na,SO, was added and vigorously stirred for 0 min.
The organic layer was tested for acti\;e peroxide with starch-.
iodide paper indicator and more, -aqueous Na2503 was added until
a negative test resulted. The organic iayer was washed
successively with water (100 mI} , 5% agqueous NaHCO3 (3 x 100
mL), water ’(3 X 100 mL), saturated brine (3 x 100 mL) and
dried over anhydrous Na2504. Evaporation Zn vacwuc gave 122 g
~ (98%) of a crude clear light-yellow oil. An analyticalfy
pure sample of formate 99 as c‘lear transparent plates, mp 61-62°C,
was obtained by reérystallization'(C%Clz/hexane) after flash
\_chromatography (CH2C12) . ‘
IR (film) vmax: 2840 (GH_:;, ;&rOCH:,)), 1735 (C=0, format?),
1610, 1590, 1500 (ring C—<), 1215 (=C-0-C, vas) , 1185
(-C-0-C, formate), 1040, 1020 (=C-0-C, V).

-
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0

'H.m.r. (60 MHz, CDCl.,) ¢: 8.15 (s, 1H, OC-H), 6.80-6.60

3)

(m, 3H, aryl-H), 3.66 (s, 3H, OCH,), 3.63 (s, 3H, OCH,) .

3 3

'4.m.r. (200 MHz, CDC1.,) &: 6.93 (d, J = 8.6 Hz, 1H,

3
H-6), 6.79 (4, J = 2.9 Hz, 1lH, H-3), 6.72 (dd, J = 2.9 and

8.6 Hz, 1H, H-5), 3.66 (s, 3H, OCH,3), 3.63 (s, 3H, OCH3).

Hydrolysis of the formate 33

3

The crude formate 99 (120 g, 0.659 mol) was dissolved
in 100 mL methanol under inert atmosphere and an excess of

10% aqueous solutipn "of NaOH (82 _g, 2.05 mol) was added with

cooling at 0°C. After a few minutes the cooling bath was
removed and the reaction mixture was stirred at room temperature
for 3.5 h. The solution was acidified with concentrated HCl

which precipitated a red c1l. The ¢1l was }separated and
g

/
combined with the CH,Cl, extracts (3 x 100/mL) of the agueous
. 0
layer. The organic solution was washed successively with water

(lOé‘ mL) , saturated brlr‘xe (3 x 50 mL), dried over anhydrous
Pad
Na2504 and evaporated in vacuo. The resultant oil (100 g)

' {
was purified by bulb to bulb distillation to give 97 g (94%

overall) of the pl‘fénol 98 as a red viscous oil: bp 106-110°C/

398

Smm (Lit. 124-126°C/7mm) .

IR (£ilm) Vv . : 3460 (OH), 2840 (CH,, ArOGH;), 1620,

1600, 1510 (ring QfLLC), 1340 (OH bend), 1240 (=C-0-C, v__),

-

1200 .(=C-0O-H), 1045, 1020 (=C-0-C, \)s) .

. ,
'H.m\r. (60 MHz, CDCl,) 68: 6.83-6.33 (m, 3H, aryl-H),

N

d
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6.06 (bs, 1lH, exchangeable OH), 3.73 (s, 3H, OCH3), J.66 (s,
3H, OCH3).

H.m.r. (200 MHz, CDCl,) 6: 6.79 (4, T = 8.8 Hz, 1H,
H-6), 6.5 (d, J = 2.9 Hz, 1H, H-3), 6.37 (d4d, J = 2.9, 8.8 Hz,
1H, H-5), 6.0 (bs, lH, exchangeable OH), 3.73 (s, 3H, OCH3),

3.66 (s, 3H, OCH3).

1
Synthesis of l,4—Dimethoxyxanthone\4l§)

A mixture of 2,5-dimethoxyphenol 98 (30.8 g, 0.2 mol),
methyl o-iodobenzoate 97 (52.4 g, 0.2 mol) and copper(I)
oxide (14.3 g, 0.1 mol) in 150 mL of dry DMA was refluxed.with
efficient stirring under a nitrogen atmosphere for 24 h.
The reaction was cooled 20°C) and filtered. Most of the
solvent was removed by distillation in‘uacuo. To the oily
residue was added 6N HCl (300 mL) and extraced with ether
43 x 200 mL). The organic layer was washed successively with
water (3 x 100 mL), 2N NaOH (2 x 100 mL) and again with waté;
(2 x" 100 mL). Evaporation in vacuo gave ca. 40 g (69%) of

diaryl ether 102 as a crude red viscous oil.

To the crude compound 102 (40 g, cea. 0.14 mol) ?issolved

‘L f i

in 200 mL methanol, was added 3N NaOH (200 mL) and the mixture

refluxdd for 1 h. Aftér\gggii;?, the solution was acidified
with 6N HCl and concentrated ia vacuo. Methylene ehloride
(400 mL) w;als added to the oily residue’, and the resulting solution

)

washed 3yccessively with water (3 x 100 mL), saturated brine (3 x 100 mL)

~

-
-
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and dried over anhydrous Na,SO,. The solution was concentrated’
in vdcuo to about 300 mL and added over a period of 30 min
to a vigorously stirred solution of 150 mL TFAA-TFA (2::1 v/v)

at 0°C. The deep red solution was allowed to warm up to room
té;nperature overnight. Evaporatic;n of the solvent and most

of the TFAA-TFA in vacuo gave a solid mass which was redissolved
in CH2C12 (150 mL), washed successively with 5% aqueous NaHCO4

(3 x 75 mL) , water (3 x 75 mL) and dried over anhydrous N:;12504.
The crude mixture was purified by flash chromatography

(EtOAc~CH,C1l,, 3:2) to give the main fraction, compound 76

2!
“and a more polar fraction, compofund 104. Recrystallization,
of the main fraction, from methanol gave 20 g (56% based on
phenol) of pure 1,4-dimethoxyxanthone (76) as an of f-white
crystalline material: mp 164-165°C (Lit.:‘x66 168-169°C).

IR (KBr) Vmax® 2840 (CH3, ArOCH3), 1670 ¢C=0, xanthone

(Y-pyrone)) , 1600, 1580, 1500 (ring C——C), 1260 (=C-0-C, Vv__),

as
1030 (=C-0-C, v_) . .
S ~
'H.m.r. (60 MHz, CDCl;) &: 8.32 (a4, J = 2 and 8 Hz, 1f, -
H-8), 7.85-7.2 (m, 3{, H-5, H-6, H-7), 7.15 (d, J.= 9 Hz, 1H,
H-3), 6.66 (d, J = 9 Hz, 1H, H-2), 3.95 (s, 6H, 2xOCH,).

1 ‘ . =
H.m.r. (200 MHz, CDC13) §: 8.31 (44, JH8-H7 8.0 Hz,

Jug-ge = 1-8 Hz, 1H, H-8), 7.68 (m, Jyp_pc = 8.5 Hz, Jye o =
+6.9 Hz, Jp_p0 = 1.8 Hz, ﬂlH, H-6), 7.53 (dd, Jgg_.. = 8.5 Hz, =,
Jys—gy = 1-2 Hz, 1H, H-5), 7.35 (m, Jy;_ o = 8.0 Hz, Jyq po =
6.9 Hz, Jy,_po = 1.2°Hz, 1H, B2}y 7.18 (4, J = 8.9 Hz, lH,

H-3), 6.70 (4, J = 8.9 Hz, lH, H-2), 3.98 (s, 6H, 2XOCH,).

3.
I
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13 m.r.* (22.63 MHz, cpCl,) 6: 176.4 (C=0), 154.9

(C-10a), 153.9 (C-1), 148.0 (C-4a), 142.3 (C-4), 134.2 (C-6),
126.7. (C-8), 124-(C-7), 122.9 (C-8a), 117.6 (C-5), 116.6 (C-3),
113.5 (C-%a), 104.5 (C-2), 56.9 (OCH;), 56.5 (OCH,).

M.s. (EI, 70eV, 23°C) m/z (%): 256 (100, M?), 257 (17.0,
[M+117 isotope peak), 241 (56.5, M® - CHj), 227 (63.6, M! -

CHO), 213 (36.5, M? - CH4=CO) . .
v

#

¢
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Chapter 3 = s

Synthggis of 2-Chloromethyl-1,4-Dimethoxyxanthone (110)

4

Me thod A

To a heated (35°C) mixture of 1,4-dimethoxyxanthope (4 g,
1.56 mmol), 50 mL acetic acid, 25 mL concentrated hydrochloric \\ '
acid (v~ 38%) and 25 TL formalin (~ 37%) was bubbled hydrogep_
chlorlde at a vigorous rate for 1 h. The reaction was stirred
for an additional 5 hl poured onto ice and the precipitated
material was collected, dissolved in CH,Cl, (100 mL), washed
successi‘\\rely with cold 5% aquéous NaHCO'3 (3 x 40 mL), cold

water (3\/x 40 mL) and dried over anhydrous NaZSO Evaporation

e

4°
of the solvent in vacuo gave a residue which was purifn.ed by

flash chromatograph.y (EtOAc—CH2c12, 2:5) affordz.ng 280 mg
(60%) of 110 as a light yellow crystalline compound. (Further
elution gave 95 mg (20% o.f the more polar compound 111 which
did not crystallize.). ;
Method B '
To a solution of 1,4-dimethoxyxanthone (0.66 g, 2.57 mmc;l)

in 30 mL spectrograde CHCl3 was added a four-fold excess of

chloromethyl methyl ether and 1 drop of concentrated H2504. ,

After heating gently (< 35°C) for 4 h the solvent was evaporated

in vacuo and the residue dissolved in CH2C12 (30 mL), washed
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o,

&
rwiih water (3 x 10 mL)- and dried over anhydrous Na,S0,.
Purification by flash chromatography (CHZQ}é4/gave 570 ﬁé
(73%) of crystalline compound 110: mp 178-179°C. JFﬁrther .
elution éég? 67 mg (10%) of the diaryl compound 112.).
IR (KBr)\%max:, 2840 (CHB' ArOCHa), 1668 (C=0, xanthone P

(y-pyrone)), 1600, 1580, 1500 (}ing Cc~=), 1270 (=C=-0-C, Vas),

'

1020 (=C=0-C, vs),'77s (CH,=Cl) .
1 - = ¢
H.m.r., (200 MHz, CD,Cl,) &: 8.31 (dd, Jyg ., = 8.0 Hz,

Jygye = 1-8 Hz, 1H, H=8), 7.77 (m, Jge .. = 8.5 Hz, Jyo .. =
7.0 Hz'.JHG‘HB = 1.8 Hz, 1H, HfG), 7.57 (44, JHS-HG = 8.5 Hz,
JHS—H7 = 1,2 Hz, 1lH, H-5), 7.43 (m, JH?—HB = 8.0 Hz, JH?-HG =
7-0 Hz, .JH7'.HS = 1.2 Hz, lH’ H‘7) ’ 7-33 (s' lH'°H—3) ’ 4-81 (S’

2H, CH,-Cl), 4.03 (s, 3H, OCH,), 3.97 (s, 3H, OCH,).
M.s. (EI, 70eV, 81°C) m/z (%): 304 (35.4, MT), 306 (12.2,
iM+2]1? isotope peak), 289 (62.2, MY - CH,), 269 (38.5, MT -

Cl), 240 (100, M? - C1-CHO). ' ,

N

-
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Preparation of 1,4-Dimethox¥xanthene (113)

79 a.solution of l,4—dim;i:hoxyxanthone (1.5 g, 5.86 mr;xol)
. o
in 40 mL THF (or dry CH,Cl,) was slowly added a five-fold

\excess of borane-THF complex (30 mL of alM solution) at 0°C

.under inert atmosphere. After complete addition, the céoling

bath was removed and the reaction was allowed to proceed at
room temperature over a period of eca. 4 h. The reaction was
quenched . by the ca“reful addition of metflanol. Evaporation’
in vacuo of the solvent left an amorphous materidl which was
purified iay recrystalliéatif)n from methanol—etber affording
1.4 g (quantitative yield) of off-white ecrystalline xanthene
113:. mp 94-95.5°C. g

IR (CH,Cl,) V : 2840 (CH4, ArOCH,), 1580, 1500 (ring

max

c===:C), 1230 (=C-0-C, Vv__), 1040 (=C-0-C, vs).'

as

'H.m.r. (60 MHz, CDCl,) §: 7.03 (bs, 4H, aryl-H), 6.66 "

(d, 1H, H-3), 6.35 (d, 1H, H-2), 3.9 (s, 2H, xanthene-H), 3.83 .

(s, 3H, OCH,), 3.76 (s, 3H, OCH3).

Preparation/ of 2-Chloromethyl-l,4-dimethoxyxanthene (114)

To a solution of 2-chloromethy1—l,44din1ethoxyxanth6ne

(110) (1 g, 3.29 mmol) in 10 mL dry CH,Cl, was added a three-

fold excéss of borane-THF complex (10 mL of a 1 M solution) at
0°C, allowed to reach room temperature slowly, stirred for an
additional '8 h and finally quenched with water. (Methanol'
cannot be used beTuse some methoxymethyl compound is also

A
’

LTY
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obtained.). The organic layer was extracted and evaporation
in vacuo gave a cr{xde amorphous material which was purified
by flash chromatographf (EtOAc-CH‘ZCI-Z, 1:50) to’give 0.86 g
(90%) of the pure wt{ite crystalline‘ chloromethylxanthene

compound: - mp 70-71°C.

<

IR (CHC13) v 2860 (CH3, ArOCH3), 1580, 1500 (ring

max"®

Cc—<C), 1250 (=C-0-C, Vas) . K ) )

"Hom.r. (60 MHz, CDCl,) §: 7.30 (bs, 4H, aryl-H), 6.73

(s, lfl’; H~-4), 4.63 (s, 2H, CHZ-Cl), 4.0 (s, Z‘H, xanthene—-H) ,

3.§7 (s, 3H, OCH;), 3.83 (s, 3H, OCH,). . ' - p
"M.s. (EI, 70eV, 42°) m/z (%): 290 (59.2, M¥), 292 (20.4, -

k)

M+217 isotope peak), 255 (100, MY - 35), 240° (24, M? - Cl-CHy),

225 (59, MY - cH,0-C1).

2 . 0
Methoxymethyl compéund

'

IR (CHC13) v 1580, 1500 (ring C—<C), 1250 (=C-0-C,

o max:
vas) r 1125 (zc-o.c, vs) [ ] - )

'Hm.r. (60 MHz, CDCl,) 6: 7.16 (bs, 4H, aryl=H), 6.86
(s, IH,,\H-4), 4.48 (s, 2H, —CHZO-), 4,03 (s, 2H, xanthene~-H),
3.93 (s, 3H, OCH,), 3.8 (s, 3H, OCH;), 3.4 (s, 3H, aliphatic
OCHj) .

M.s. (EI, 70eV, 38°C) m/z (%): 286 (100, M¥), 287 (19,

tM+11? isotope peak), 255 (88.1, MT - OCH,), 240 (21.8, Mt -

<+
OCH,~CH,) , 225 (59, M- - OCH,-CH,O).

w
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P-reparation of Chloromethyl Chlorosulfodaté (129)

_ To neat chlorosulfomc acid (300 mL) at 70°C was vegry

carefuZZy added paraformaldehyde\ (100 g) in small portions

o:rer'a period of 1 h, The resulting viscous solutghon was
stirred for an a&ditipnal hour and then é.l‘stilled affording
ca. 24 mlL of CH2C12.‘ The remaining solution was distilled

in vacuo to afford ca. 150 mL of a yellow Yis,,cous oil which
wés adder? to aciueous sodium bicarbonate ‘to ilestroy any( chloro-
sulfonic acid, which had co-distilled. .The oil was dried over
anhydrous Na,50, .and’ diluted with carbon tetra‘czh;oride which
was used to wash down the sides ff the flask. Distillation .
of the yellow residue afforded 120 g (7%) of a clear colorless
oil which proved to be pure chloromethyl chlorosulfonate by

Gc/Ms: bp 55-57°c/lemm (Lit. 4%’ 46-48°c/9mm) .

Y

‘H.n.r. (60 MHz, CDCI%) &: 5.96 kg, ~CHy-) .

GC/MS (6% OV10l, 2m x6mm, 80°C + 16°C/min) retention tine:
1.65 min/(EI, 70eV) m/z (8): 49 (100, c1c1@t2 ), 129 (W, n- -
cl), 99 (31, u' - cH,cl), 65 (27, clcu,0h).

-
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Preparation of Guaiacyl-o-Methyl Chloride (126)

”
- .To a solution of o—methoxyﬁ;henol (guaiacol) (.24 g,

10 mmol) in 25 mL THF was added. sod:.um hydride (0.26 q,
10.5 mmol, prewashed with pent e) at O°C.. After a few
minutes, the reaction mixture was warmed to room temperature
and was transferred slowly dropwaiée’via cannula to a dilute,
vigorously stirred solution of a large ,excess of chloromethyl
. chlor'oswlfonat‘e in :CH2C12. "~ A vigorous reaétior; occurred and
, the reaction was complete within a few minutes. The reaction
was quénched with water and a.fter extraction the .organic
= \-\/phase ’was evaporated in vacuo to afford a crude oil which \
.was su(bmitted for gc/ms analysis without further purification.

The pmr spectrum of the crude indicated that it consisted of:

several compounds but most prominent were those signals

S ’ attributable to the desired compound 126.r}g was estimatgci
: . : . i

. T, (byfboth pmr and gc) that the mixture consisted of about 60%
L. e .
ES . . compound 126.

B 'Hm.r. (60 MHz, ccl,) 8: 7.3-6.6 (m, 4H, aryl-H),
. . 5.8 (s, 2H, 0~CH,=C1), 3.65 (s, 3H, OCHg).
GC/MS (1% 0V10i, 2m x6mm, 100°C +46 °C/min) retem';iori time:
0.9 min/(EI, 70eV) m/z (8): 172 (62.4, M%), 174 (19.3, [m+2)P
isotope peak), 123 (100, M¥ - CH,Cl), 137 (25, ut - c1), 95

ey +
(50, CgH,07), 77 (69.8, CgHZ™).
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SYNTHESIS OF'GA—DmETHYL—Z,S—DIMETBOXYPﬁENOL { 130)
) : \ hE C
e - * N .

-

Preparation of Formate 132 -

{
To a solution of '2,3-dimethyl—4—methoxyben‘za1(dehyde
(10 g, 60 mmol) and 3-ter::-butyl—«ifhydrbxy—s,-methylphenyi\*
sulfide (0.2 g, 0.55 mmol) in 150 mL CH,Cl, at 0°C was added
' méchl’oxjope,;.'oxybénzoic acid (16.0 g, 93 mmol) over .a perioci of
'S min. .After 45 min the reaction was essentiglly complete
("a"ﬁb‘) although it ?ras stig:red for an additional 30 &mi?n at
' ..xoom temperature. Excess peracid was d%StIOY?da by the ‘
‘additidn of 5% aqueous-Na2803 at 0°C foilo;ved by vigo;'ous
stirring for ag;lleiast 10 min. The orgariif;:/ ayer was tested
for active® peroxide and treated accord‘im‘;"l?. The organic
iayer was washed,successively, with water (3 x 50 mL), 5%
agueou NaHCO3 (3 ‘x 50_.‘m1n.), water- (2 x EO nl); saturated
brine (3 x 50 mi) ,and dried over anhydrous Na28042 Evaporation
- in vacuo gave a cr&ié/{ormate which was distilled (bp 48-50°C/ -
2mm) to afford 10.8 g (98%) of a clear colorless oil. . ‘
IR (film) 'V __: 2940 (C;H3, =C-C-CH;) , 2830 (CH;, ArOCH,),
1730 (C=0, formate), 1580, 1490 (ripg C:3C), 1220 (=C-0-C,
v ), 1040 (=C-0-C, V). . - a '
. " 'Hax. (60 MHz, cDC1,) 6: 8.23 (s, 18, OC-H), 6.85 (d,’
J =9 Hz, 1H, H-6), 6.66 (4, J =9 Hz, l1H, H-5), 3.8 (s, 3H,

OCHy), 2.15 (s, 3H, CHy), 210 (s, 3H, CHy). {

( 7 :

-




jlydrolysis of Formate 132
[ 4 "‘

* v N

Formate 132 (9 g, 50 mmol) was treated in a fashion
)
similar o formate 99 except that the reaction was stirred at
v & PY
room temperature for only 1 h. Evaporation of the solvent
A . ;

‘

in vdcuo gave, 7.5 9“(98%) of white crystalline ﬁ:henol }33

mp 121-122°C. ‘ )

IR (melt) v__.: 3400 (OH), 2940 (CH5, -C=C-CH,), 2830

(CH,, ¢ ATOCH;), 1600, 1500 (ring C**=C), 1240 (=Cr0-C, v_)5
~o

1040, 71020 (=C-0-C, V_) - -~

1l-!\,\m.r:. (60 MHz, CDC13) 8: 6.60 (s, !}ryl-ﬂ‘k,‘y/(bs,

1H, exchangeable OH), 3.76 (s, 3H, OCHj), 2.16 (s, 6H, 2xCH,).

~~ -
4
-

Methylation of Phenol 133

¢
ch> a solutioﬁ of 2,3—dimetf1y1—4-meth0xyphenol (4.56 g,

29.9 mmol) in 50 mL acetone was added a large excess of
J

dimethylsul fate (20 mL), 10 g anhydrous K—2C03 and refluxed
/

overnight. The solvent was evaporated in vgeuo ang the residue

w

was filtered, washed and recrystallized from pentane to afford

)

4.8 g (96%) of dimethoxy compound 134 as transparent plates:

mp 78-79°c (Lit.?37 mp 78-79°C).
'H.m.r.. (60 MHz, cnc13)’ §: 6.56 (s, 2H, aryl-H), 3.73

(s, 6H, 2x'ocn3), 2.13 (s, 6H, 2%CH3).

-
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"cooled to 0°C was added dropwisé‘fa,a—dichlor;methyl methyl,
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Formylationiof IDimethoxy Derivative 134 -

To a solukion of compound 134 (4.70 g, 28.3 mmol). in
25 mL CH,Cl, and titganimn(IV) chloride (5.2 mL, 51 mmol) ..

ether (2.6 'mL, 28.7 mmol) under ipeft atmosphere. The reaction

mixture was allowed to warm up to room temperature over a

e
- e A A LN R M Ko i e

period of ca. 2 h, poured onto, an ice-water mixture and ;
agqueous NaHCO3 was caﬁtiously addc&ed;\ , The organic layer waé .
extracted and washed sﬁqpe sively with 5% aqueous NaHCO,

(3 x 10 mL), water (3 x 10 mL), saturated brine (3 x 10 mL)

-

and dried over Na,SO,. Evaporation of the solvent in vacuo

afforded 5.4 g (98%) of the aldehyde 135 as off-white needles: ;

mp 62-63°C. . ' Y & .
*La/m.r. (60 MHz, CDC1,) &: 10.3 (s, 1H, CHO), 7.0 (s, 1H,

x4

aryl-H), 3.76 (s, 6H, 2x0CH4)," 2.16 (s, 3§, CHg, 2.13 (s, 3H, ,

CH3) « i . ] -6 »

}

Baeyer-Villiger Oxidation of #ldehyde 135

<)

To a r;ixture of 2,3-dj,méthyl-2,S—dimethoxybenzalaehyde

(5.4 g, 28 mmol), 10 mg of 3-te;-t’-butyl-tl-hyd‘roxy—S-methyl(

bheﬁyl sulfide (10 mg, 0.027 mmol) in 50 mL CHZCl2 was added

m-chloroperoxybenzoic acid (8 g, 46.5 mmol). at 0°C under inert

atmosphere. After ca. 1 h the reaction was ‘c;ﬁé’nched and the

- £ N
reaction was worked-up as-for formate 132. The crude fomgtef

136 was distilled affording 4.7 g (80%) of a light-yellow.oil:



 bp 63-65°C/2.1lmm. .

t 4y
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IR (film) Vhax® 2940 (CH3, —C-C-CH3) » 2830 (CH3, AraCH:’),

1740 (C=0, formate), 1600, 1490 (rihg C=*=>y, 1230 (=C-0-C, V_

AH.m.r. (60 MHz, cnc13)

‘v Q ‘/r /
8: 8.16 (s, 1lH, OCH), 6.4%s, N
i ~ R
1H, aryl-H)p, 3.73 (s, 3H, OCH3), 3.63 (s, 3H, OCH

3), 2.2 (s,

»

3H, CH,), '2.1 {s, 3H, CH,). |

Phenol J._}_Q‘ . ‘

©

Formate 136 (4.5 g, 21.4 mmol) was h“ydrolyzed using the/)’

-~

same procedure used for formate 99.. Evaporation o{ the

solvent in vacuo gave a crude amorpHous material which was

[ -~

recrystallized (CH,C1,-pentane) to afford 3.23 g (83%) of

. phenol 130 as transparent needles: mp 72-73.5°C.

IR (melt) Vmax® 3420 (OH), 2935 (CH3, =C—C—CH3) , 2820

(CH3, ArOQH3) , 1600, 1500 (ring C—C), 1240 (=C-0-C, V__),

as
;

.1030 (=cC-~0-C, vs).’ \
TH.:m.r. (60 MHZ, CDC13) 6: ‘6.4 (s, 1H, aryl-H), 6.0r(bs,
1H, exchangeable OH), 3.73 (s, 3H, OCH;J, 3.70 (s, 3H, 6CH3) ,

2.2 (s, 3H, CH3), 2c.06 (s, 3H, ,CH3) -
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Synthesis of 2, 3-Dimethyl-l,4-’D‘imethoxyxanthone' ((1.29)

. A mixture of phenol ‘130 (3.0 g, ‘16 5 mmol), methyl

o-iodobenzoate (4. 32 g, 16.5 mmol) and copper(I) oxide (1.17 g,

8.3 mmol) in 40 mL of dry DMA was treated using the same
procedure used for the preparation of l,4-dimethoxyx§nthone. .
The hydrolysis of the ester was carrriefd out using 2 g Na.\OH
and the cyclization achieved using 37 mL of ’I"FAA-QTFA (2:1 v/v)
at 0°C. Recrystallization (methanol) 6f the “crudé material.
afforded 3.0 g (65%) of the xanthone as transpéref'ltoneecllles;‘

-

mp 157-158°C. .t

-

-

IR (ﬁujol) Voax® 1670 (Cc=0, xanthone (Y-pyrone)), 1600,
1580, '1500 (ring C:33C), 1250 (=C-0-C, V)~ 1024 (=g-0-C,’ V).
R 'H.m.r. (60 MHz, cDCl,) é: 8.26 (44, .J =.2 and 8 Hz, 11{,‘
H-8), 7.76-7.1 (n, 31, H-5, H-6, H-7), 3.33 (s, 3H, OCH;),
'3.86 (s, 3H, OCH;), 2.33 ‘(s,‘m, CHy) , 2.26 (s,sz’, CH,) .

M.s. (EI, 70eV, 149°C) n/z (%): 284 (61.4, m¥), 285
(16.8, [M+1]- isotope peak), 269 (100A M~ - CH ), 255 (89 M- -

CHO), 241 (62 3, Mt - CH3—CO) "
) g
d 4 *

h
b

(<}



" and N-bromosuccinimide (2.32 g, 13.0 mmol) in 100 mL CCl
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Preparation of 2,3-bis(bromomethyl)-1,4-dimethoxyxanthone (138)

A solution consisting of 2,3—dimethyl-l,47dimethoxy;

xanthone (1.85 g, 6.5 mmol), azobisisobutyronitrile (10 mg)

4

4

was refluxed for 26 h. The cooled'reaction mixtute was
filtered and the filtrate was evaporated in vacuo. Recrystal-
lization from CC].4 afforded 2.3 g (80%) of w~hite\‘crystalline
bisbromomethylated compound: — mp 198-199°C.

IR (nujol) Vm : 2840 (CH

ax 37 ArOCH3).r, 1670 (C=0, xanthone

(Y-pyrone)), 1600, 1580, 1500 (ring C—<), 1240 (=C-0O-C, vas)’

1024 (=C-0-C, V).

'H.m.r. (60 MHz, CDCl,) 6: 8.26 (dd, J = 2 and 8 Hz, lH,
H-8), 7.76-7.1 (m, 3H, H-5, H-6, H-7), 4.83 (s, 4H, beni}{ic
CH,), 4.11 (s, 3H, OCH;), 4.06 (s, 3H, OCH,).

" M.s. (EI, 70eV, 102°C) m/z (%): 440 (3.15, M%), 442

(10.35, [M+2]7 isotope peak), 444 (5.41, [M+4]% isotope peak),

i

363 (100, M+2]1T - Br), 361 (90, Mt - Br), 282 (14, Mt - Br,),

267 (90, MY - Slarz

Compound 137. !H.m.r. (60 MHz, cpcl,) §:  8.26 (dd,

.J =2 and 8 Hz, 1H, H-8), 7.76-7.1 (m, 3H, H-5, H-6, H-7),

4.7 (s, 2H, benzylic cnéd, 4.0 (s, 3H, OCH,;), 3.95 (s, 3H,

OCH,4), 2.5 (s, 3H, CHj). ‘ .

- CH3)- ®
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Preparation of 3-(Triethylsilyl)oxy:3-buten-2-one (140) ~

To a solution of biacetyl (8.6 g, 0.1 mol), 4-dimethyl-
aminopyridine (1.2 g, 0.01 mol) in 90 mL dry pentane was
added triethylsilyl chloride (15 g, 0.1 mol) as a solution , !
in pentane (10 mL). The flask was cooled (0°) and xrieghyl-
amine (10.12 g, 0.1 mol) was added dropwise. The reaction
mixture was allowed to reach room temperature slowly and -
stirred overnight. The solution was cooled, filtered and
distilled (bp 73-75°C415mm) to afford 15 g (75%) of olefin
140 as a colorless oil (turns yellow on standing at room
temperature). £

IR (£film) Vmax ® 2940, 2880 (CH3), 1690 (C=0,
¢,B-~unsaturated), 1610 (C=C, a,B-unsaturated), 1240 TSi-CH3),
}000 (si-0), 860 (terminal =CH2). n

'H.m.r. (60 MHz, cbcl,) é: 5.26 (4, J = 1.5 Hz, 1H,

U VR

vinyl), 4.72 (4, J = 1.5 Hz, 1H, vinyl), 2.27 (s, 3H, COCH3),

,1'23-0'43 (m, 15H, Sl(CHZCH3)3).

Pxeparation of ngloociadiene 143

In a 10-mL round bottom flask was added dibromide 138

I
(100 mg, 0.23 mmol), activated zinc (300 mg) ‘and 5 mL THF 7/

under an argon atmosphere. An aluminium foil seal was placed
over the mouth of the flask and covered with a septumn,

(to prevent the.solvent from coming into contact with the
seétum). The mixture was sonicaf@d for 9 h in a water bath

e h { »

-
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kept at room temperature. An insoluble amorphous mass was
obtained which was triturated with acetone. Evaporation of
the solvent in vacuo gave a small amount of (10 mg) of grey-
white cyclooctadiene 143.

M.s. (EI, 70ev, 308°C) m/z (%): 564 (5.5, M’), 565
(2,0, [M+1]7 isotope peak), 549 (64, M! - CHy), 536 (41, M! -

co), 508 (50, M¥ - 2co0).

Preparation of 3-Acetoxy-3-buten-2-one (144)

To a solution of biacetyl (17.22 g, 0.2 mol) triethylamine
(20.2 g, 0.2 mol), 4-dimethylaminopyridine (0.5 g) in 200 mL

dry CH Cl2 at 0°C was added freshly distilled acetic anhydride

2
(20.4 g, 0.2(;51) dropwise over a period of 15 min. The
reaction mixture was allowed to warm up to room temperature
and stif;;a évernightf The sélvéht was evaporated in vacuo,
hexane was added and t@gjprecipita;;g’salts filtered. The
filtrate was concentrated Yand distilled (bp 44-46°C/l.9mm)
to afford 16.6 g (65%) of olefin 144 as a clear colorless vil.
IR (film) Vmax: 1765 (C=0, vinyl ester), 1715 (C=0,
a,B-unsaturated), 1665 (C=C, o,B-unsaturated), 1240 (=C-0-C,

»

).
'H.m.r. (60 MMz, CDC1lj) 6: 5.93 (d, J = 2 Hz, 1H, vinyl),

Vasf7 1020 (=C-0-C, vs
5.6 (4, 3 = 2 Hz, 1H, Viny;), 2.30 (s, 3H, COCH3), 2.2 (s, 3H,
oac) .

M.s. (EI, 70ev, 35°C) m/z (%): 128 (30, Mf), 129 (2.1,
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’

[M+1]7 isotope peak), 111 (80, MY - CHy), 85 (70, M- - COCH,),

43 (100, cocn3+).

Compound 145

Diacetoxy 145 was obtained as the unexpected major
product when dibromide 138 was reacted with olefin 140 in the
presence oflsodium iodide in dry DMA: mp 176.5-178.5°C.

IR (nujol) Vmax: 1735 (C=0, acetate), 1665 (C=0,
xanthone (y-pyrone)), 1600, 1580 (ring C—C), 1260 (=C-0-C,
Vog) s 1030 (=C-0-C, v ).

as
'H.m.r. (60 MHz, CDCl,) é: 8.31 (dd, J = 2 and 8 Hz,

l1H, H-8), 7.85-7.2 (m, 3H, H-5, H-6, H-7), 5.5 (s, 2H, benzylic),

5.46 (s, 2H, benzylic), 4.06 (s, 3H, OCH,), 3.96 (s, 3H, OCH,) ,
2.1 (s, 6H, OAc) . . '

M.s. (EI, 70ev, 180°C) m/z (%): 400 (19.7, MY), 401
(5.5, (M+11? isotope peak), 297 (56, [C,.H,,0:1%), 283 (100,

+, +

Formation of 9-Acetyl-6,ll-dimetho¥yxantho[2,3-q]- and [3,2-g]

Tetralins (148a) and) (148b) .

Method A
bie (Bromomethylxanthone) 138 (270 mg, 0.61 mmol) was
added to a suspension of activated zinc (500 mg), hydrogquinone

\ ]

(10 mg), and freshly distilled methyl vinyl ketone (0.21 g,

e ety L
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3.0 mmol) in 20 mL THF under an argon atmosphere. The mixture
was sonicated for 6 h in a watex bath maintained at room
temperature. The mixture was filtered and the filtrate

. N N\
evaporated in vacuo. The residue was dissolved in CH2C12

(25 mL), acidified with acetic acid and stirred for 10 min.

The solution was washed succes:»sively yith water (3 x 15 mlL),

5% aqueous NaHCO, (3 x 15 mL), water (2 x 10 mL'), saturated
brine (2 x q1()~mL) and dried over anhydrous Na2504. Evaporation
‘in vacuo afforded a gummy residue which was filtered through
silica gel and finally processed by flash chromatography
(CH,C1,~EtOAc, l§T¥?§§§&slightly impure material (21 mg, 10%)
was obtained which v&ﬁs identified as consisting of a mixture

of compounds 148a and 148b.

IR (nujol) Vnax’ 1715 (C=0, acetyl), 1665 .(C=0, xanthone

" (y-pyrone)), 1600, 1580 (fing C2C), 1240 (=C-0-C, v_.),
1020 (=C-0-C, v.).

'H.m.r. (60 MHz, CDCl,) 6: 8.31 (dd, J = 2 and 8 Hz, 1lH,
H-ortho CO), 7.85-7.2 (m, 3H, aryl-H), 3.86 (s, 3H, OCHB),
3.82 (s, 3H, OCH3), 2.6-3.3 (m, 5H, benzylic and methine),
1.8-2.3 (m, 5H, methylene arid COCH3).

M.s. (EI, 70ev, 150—°C)jm/z (3): 352 (11, M¥), 353 (2.4,
'[M+l]? isotope peak), 337 (50, M'-F - CH3) ., 309 (90, MT - COCH3) ’

254 (36.7, M - [CH,=CHCOCH,]), 43 (78, cn3co+).

Method B .
bis (Bromomethylxanthone) 138 (100 mg, 0.226 mmol), sodium ’

iodide (1 g), freshly distilled methyl vinyl ketone (1l g,

.
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o B

14.2 mmol) in 5 mL anhydrous DMA was heated to 65°C for a
period of 1 h. The solutlon was flltered and . the precip:.tata i
washed with water, redissolved in CH2C12 (10 mL), washed

+

successively with aqueous 5% sodium thiosulfate (2 x 5 an) ’

~

water (2 x 5 mL) and,dried over anhydrous Na,8Q,. Evaporation
in vacuo gave an amorphous material which was purified as \\

in Metpod A affording ca. 8 mg of a compound whose ir, nmr, ~
and mass spectral properties were identical to those reported

for the compounds l48a and 148b obtained by reaction with

activated zinc. -

Formation of Adduct 150

To a solution of dibromide 138 (61 mg, 0.138 mmol) in

5 mL anhydrous DMA was added N-phenylmaleimide (47 mg,

0.180 mmpl) and sodium iodide (0.2 g). The mixture was

heated to 70°C. After 5 h, the reaction was guenched with

water and.the precipitate filtered, washe:d, redissolved in .
CH2C12 (10 mL), washed with 5% aquec;us sodium thiosulfate

(2 x 5 mL), and~ dried over anhydrous Na,S0,. Evaporation /

&
of the solvent in vacuo gave about 13 mg (20%) of an amorphous

4

material which was not purified. S - J

IR (nujol) Vnax' 1700 (CO, imide),; 1670 (CO, xanthone),

1600, 1580, 1500 (ring C~~C), 1260 (=C-0-C, \Jas).

“~

lH.m.r. (60 MHz, CDCl 5) 6: 8.32(ad, J= 2 and 8 Hz, 1§, ’
,H-ortha o), 7.85-7.18 (m, BH, aryl-H), 4.03 (s, 3H, OCH;), 3.93




285
‘ | N
(s, 3H, OCH;), 3.3-3.4 - (m, 2H, CHCON), 3.2-3.9 (m, 4H,
benzylic). {a .
M.s. (EI, 70eV, 300°C) m/z (%) : 455 (7.6, M!), 456
(2.0, (M+117 isotope peak), 440 (42.7, ¥ - cHj), 416 (51.2,
M¥ - cHO), 368 (19.1, MY - CgHg), 308 (48, ut - PhN(CO) ), |

£

77 (68, CeHg'). < .

Synthesis of-2-Bromo-1l, 4-dime thoxyxanthone (165)

~To a solution of 1,4-dimethoxyxanthone (200 mg, 0.78 mmol)
in 15 m_L methylene chloride was added bromine (0.80 mL,
. 0.80 mmo/Jj./,/;as a l M acetic acid solution), and a small amount
(10 mg) ,of unactivatec} iron filings. Tl}\e mixture was stirred
at room temperature for (3\ h. and quenché& with 5% aqueous )
sodium bisulfii:e, washed with water (3 x 10 ;nL) and dried
over anhydrous Na,50,. Evaporation of the "solwvent in vacuo
gave a érude amdrphous material which was purified by flash

chromatography (CHClE/petroleum ether/EtOAc, 4:1:0.25) and
recrystallized (CH,OH) to afford 0.24 g (90%) of 2-bromo-

(J'
xanthone 165 as white crystalline needles: ' mp 182.5-183.5°C.

IR (ch1’3) v 1670 (CO, xanthone (Y-pyrone)), 1610,

max:
1600, 1580 (ring C—=), 1260 (=C-O0-C, Vas), 1060, 1020
(=C-0-C, Vs) .
'H.m.r. (60 MHz, CDC13) §: 8.30 (dd, J= 2 and 8 Hz, 1H,
H‘B)' 7-83"702 (m, 4H’ H"s, H—G, H-7 and H-3), 4.0 (S, 3H'

OCH3) ’ 3«96 (s' 33' mH3) -

£
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(‘H.m.r. $200 MHz, CDC1,) §: 8.32 (44, J = 2 and 8 Hz,
1H, H-8), 7.73 (m, J = 8.5, 6.9 and 1.8 Hz, 1H, H-6), 7.57
(44, J = 8.5 and 1.2 Hz, 1H, H-5), 7.39 (s, 1H, H-3), 7.37
(m, J = 8.0, 6.9 and 1.2 Hz, 1H, E-7), 4.0 .(s, 3H, OCH4) ,
3.96 (s, 3H, OCH,). ‘ -

Yc.m.r.% (22.63 maz, CDCl,) §: 175.30 (C=0), 155.03
(C-10a), 149.54 (C-1), 146.87 (C-4a), 145.65 (C-4), 134.72
(C~6), 126.80 (C-8), 124.46 (C-7), 122.47 (C-8a), 119.22 (C-2),
117.86 (C-5), 111.83 (C-9a), 98.27 (C-3), 61.72 (OCH,), ’
56 [81 (OCH,). ' 0

M.s. (EI, 70eVv, 93°C) m/z (%): 334 (100, M¥), 336 (99.3,
[M+217 isotope peak), 319 (57.1, M' - cHj), 321 (53.9, [M+2]7 -
CH,), 305 (88.4, M - ChO), 307 (86.4, M* = CHO), 306 (21,

Mt - coy, 308 (14.4, +211 - coy, 255 (5, MT - Br).

Preparation of 2-OBromo-1,4—dimethoxyxanthene (166)

A large excess of BH3—THF complex (5 mL of a 1 M solution)
was added to a solution of 2-bromo-1, 4-d1methoxyxanthone
(1 g, 2.99 mmol) in 10 mL CH2C12 at 0°C under inert atmosphere
and allowed to warm-up to "room temperature. \\g;e reaction. was
guenched after 18 h with methanol. Evaporation of the solvent
in vacuo afforded a yellowish crystalline material which
was purified by recrystallization (CH3OH) to afford 930 mg

(97%) of the xanthone 166 as white needles: mp 121-122°C.

* b
Tentative assignment.
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IR (nujol) v . : 1580, 1500 (ring C-*C), 1240 (=C-0-C,
vas),pll)do (=c-:o—c, vs).

'H.m.r. (60 MHz, CDCl,) 6: 7.2-6.9 (m, 5H, aryl-H and
B-3), 4.0 (s, 2H, xanthene-H), 3.83 (s, 3H, OCH,) ,- 3.8 (s,
38, OCH,). _ )

M.s. (EI, 704V, 41°C) m/z (%): 320 (100, MY), 322
(99.5, [M+2]% isotope peak), 306 (45.6, MY - CH,) , 308 (43.5,

[+2]7 -.CH,), 305 (24.6, M® - CHy, 307 (21.5, [M+2]% - cH,),

291 (11.3, MY - cHO), 241 (2.0, MI - 79).

Formylation of 1l,4-Dimethoxyxanthene

Xanthene 113 (2.25 g, 9.26 mmol) was dissolved in 40 mL

dry CH,Cl, and titanium(IV) chloride (1.7 mL, 14.8 mmol)

2
was édded at 0°C under inert atmosphére. Neat a,a-;dic‘:hloro-Q '
methyl n\ethyl eﬁxer (1.1 g, 9.6 nmol) was added dr;bpwiée over
a perio;i of 3 min. The reaction was allov‘{edto’reach Xxoom

o temperature" :.zlowly and was stirred overnight. ‘ The" reaction
mixture was cautiously poured oﬁto“ ice and dilgted with more

CH2C12 (50 mLY. The org:;nic layer was separ"atéd and washed

successively with aguecus 5% 'NaHCO, (3 x 40 mL) and. saturated

- brine’\ (3 x 40 mL). A crystal of hydroquinone was' added to

t@ CI-12C12 solution and dried over anhydrous Na280 4
Evaporatlon of the solvent in vacuo gave a solid material
which was purified by flash chromatography (CHZCIZ) to afford
2.3 g (92%) of aldeﬂyde 172 as a white cryf:talline compound:

LT
LN
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mp 177-178°C.
IR (nujol) Vnax® 1700 (C=0, ArCHO), 1600, 1580 (ring
c+=¢), 1260 (=C-0-C, vas)' 1040, 1020 (=C-0-C, vg) . ) \

'H.m.r. (200 MHz, CDCl;) §: 10.23 (s, 1H, CHO), 7.26

(s, 14, H-3), 7..13 (br, 4H, C-ring aryl-H), -4.02 (s, 2H,

xanthene-H), 3.92 (s, 3H, OCH;), 3.89 (s, 3H, oca3).'

13 m.r. (22.63 MHz, cDcl,) : 188.27 (C=0), 156.55,

'150.78, 145.49, 129.15, 128.18, 124.24, 123.38, 118.95,

e e ram ek b s et e

117.06, 115.82, 107.78, 84.58, 64.03, 56.37, 22.71. .

% 4 . i
Preparation of Dimethyl Acetal 173 f
- N L

Method A - WJ o ' 7 ,

To a_golution of aldehyde 172 (1 g, 3.70 mmol) in, 10 mL
éHzclz was added 15 mL methanol , a. catalytic amoulng: of }J—TSOH- \‘%}
."Hzo and the mixture sti:rred fa‘t 25°C for 2 h. Removal of the ‘
' solvent gave an p‘,ii whbi.;:h was diluted in CH,Cl, (15 mL),
‘ washed with évate'r (3 x5 mL\l and dried over anhydrous Na,S0,."
Evaporation of the sonlvent\in vacuo afforded the corresponding
dimethyl acetal 173 as a yellow amorphous material which was
’purified by recrystalliza?lon (CH,Cl,~hexanes) : /‘mp %56-157%: )
(dec.). | '

Method B

Alternatively, an excellent yield of dimethyl acetal 173
_can also be obtainkd by dissolvirig aldehyde 172 in methanol,

adding a trace of p-Ts;OH-HZD, adding 4 & molecular sieves and
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stirring at 25°C for 15 h. The pasty solution is filtered,

- evaporated to dryness, redissolved in CH2C12, washed several

L G times with water and dried to afford an almost quantitative
. ' yield of product.
’ »
Method C ) :

Dimethyl acetal 173 can be prepared directly from 1, 4-

[}

dimethoxyxanthone without the isolation of intermediate .
aldehyde provided ffh&eaction is quenched with CH3QH. (The

- 2! pfeseqce of ‘excess TiCl4 is beneficial.). ' “ |
- (Vim.r. (60 MHz, CDCl;) &: 7.16 (bs, 4H, C-ring aryl-H),

7.0 (%, 1H, H-3), 5.6 (s, 1H, CH(OCH;),), 4.06 (s, 2H, )
xanthene-H), 3.96 (s, 3H, OCH;), 3483 (s, 3H, OCH3), 3.41
(s, 6H, 2xOCH, (acetal)). N
M.s. (EI, 70ev, 150°C) m/z (%): 285 (6.1, M’ - odH,),
284 (5.4, MY - CH40H) , 269 (24.8, Mt - CH,0H-CH,), 241 (10.3,
M¥ - CH(OCH,),) . ' ! :

> 3

(4

Formation of Compound 174 N

' - Dimethyl acetal l_:l@_ (0.51 g, 1.6 mmol) was dissglved in
. ﬂ 10 mL THF and tréétedf;itr: n-Buli (0.95 mL of a 1.7 M solution
in hexane, 1.61 mmol) at -78°C. After 15 min excess methyl
iodide was added and the reaction allowed to warm up to room*
temperature. E_vap.drat;,ion of thé solvent in vacuo gave a dark (\
o

red material which was not purified.

o 'H.m.r. (60 MHz; CDCl,) 6: 7.16 (bs, 4H, C-ring

[P
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7.0 (s, 1H, H-3), 5.6 (s, 1H, CH(OCH 3.94 (bs, 7H,

3 5)

ZXOCH3 and xanthene-H), 3.41 Ss, 6H, 2’<.OCI-I3

-
,M.s. (EI, 70eV, 62°C) m/z (%): 330 (13.5, M?), 331 (2.8,

(acetal)) .

iM+1¥), 329 (29.1, MY - HY, 315 (70.5, M¥ - CHy), 229 (47.8,

-C0) . ?

Mt - OCH,), 269 (100, Mt - ocH,

Preparation of 4-Methoxy-4—pher§gli:hio—2-butanone

To a mixture of sodium ethoxidé (35 mg, 0.5 mmol)l in
15'mL THF under inert atmosphere was added 4-methoxy-3-buten-
2-one "(2.5 g, 25 mmol) and thiophenol (2.75 g, 25 mmol) at
room témperature. After 19 h, the solvent was removed and .
the r;sulting viscous oil diluted with CH2C12 (25 mL) , washed
with water and dried over anhydrous yazso4. Evaporation of
the solvent afforded 5.0 g (96%) of the compound as a yellow

520 1 125-127°C/0 . 6mm) . “

oil: bp 131-134°C/1.0mm (Lit.
'H.m.r. (60 MHz, CDCly) §: 7.6-7.16 (m, SH, aryl-H),
5.03 (t, J = 6 Hz, 1H, methine), 3.43 (s, 3H, OCHy), 2.75

(d, J = 6 Hz, 2H, methylene), 2.07 (s, 3H, COCH,) .

Synthesis of 4-Phenylthio-3-butén-2—one (183)

Po 5 mL absolute ethanol cooled to -15°C was added
thiophenol (1.62 g, 14°.7'm,mo'l) , 3-butyn-2-ome (1 g, 14.68 mmol)
and a catalytic amount of N-benzyltrimethylammonium hydroxide
(Priton B). The reaction mixture was allowed to warm up to

room temperature overnight. Ether (30 mL) wds added and the

\, / ) S o R
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solution was washed successively with water (3 x 10 mL),
saturated brine (3 x 10 mL) and dried over anhydrous Na2804.
Evap‘oraf:ion of the solvent in vacuc gave a crude product
mixture which was purified by flash chrematography- (CH,C1,) .
Three fractions were collected: 280 mg (7%) of the bis- "
addition produtt 186, 0.54 g (21%) of an oil which proved to
:be the Z-isomer and 1.89 g%(72%) cf a white cryétalline
material (mp 39-40°C) whiéh was the E-isomer of corhpo,und 183.

Product 186.

IR (nujol) vmax: 1715 (C=0, ketone), 1602, 1586 (riri)q
c—=).

'H.m.r. (60 MHz, CDCl,;) é: 7.5-7.1 (m, 10 H, aryl-H),
4.9 (t, 3= 7Hz, 1, H-C'(SPh) ,), 2.85 (4, J = 7 Hz, 2H,

\

2
Compound 183 (Z-isomer.).

&

-CH.,-C=0), 2.0 (s, 3H, CH,CO) ,
i ' LY
IR (film) v __: 1665’ (C=0, conjugated), 1600, 1580 (ring
c==:c), 1550 (C=C, thiovinyl).
'H.m.r. (60 MHz, CDCl,k §: 7.5-7.25 (m, SH, aryl-H),

?

7.21 (&, J = 9 Hz, 1lH, =CH(SpPh)), 6.30 (4, J = 9 Hz, 1lH,

=CH(COCH,)), 2.27 (s, 3H, COCH,). _
Compound 183 (E-isomer). ’ \,

ax
"C—=C), 1553 (C=C, thiovinyl), 970 (CH bend, trans olefin).

IR (film) v___: 1663 (C=0, conjugated), 1600, 1580 (ring

'H.m.r. (60 MHz, CDC1,) §: 7.7 (d, 3 = 15 Hz, 1H,

»

=CH(SPh), 7.43 (bs, 5H, aryl-H), 6.03 (4, J = 15 Hz, 1H, _

=CIi:(COCH3), 2.2 (s, 3H, COCH3). -

J



- and 25 mg potassium cyanide~l&-crown-6-complex. The Feaction

- (S1i-CH4), 1050 (Si-0) .
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Phenylthiotriethylsilane (187)

s e

To a mixture of thiophencf]z (5.50 g, °SQ‘ mmol) , triethyl-
- {

silane (5.8 g, 50 mmol) was aﬁc}ed Wilkinson's catalyst

P

[trig (triphenylphosphine) rhodium chloride] (250 mg, 0.5 .mol%)

under an inert atmosphere. The reaction mixture was heated ‘

. to 50°ﬁ for about 1 h, cooled to room temperature, poured

~

into hexanes and filtrered through Celite. The clear red 5
solutign was distilled to afford 10.6 g (95%) of 187 as a
clear/c‘blorless oil: bp 105-106°C/l.4mm (L.i_t.523 77°C/0.25mm) .

'H.m.r. (60 MHz, CDBCl,) §: {7.5-7.0 (m, 5H, arylsf),

N e

1.2-0.4 (m, 15H, (CH,CH,) ,Si-).

2! 3

a

Ethylthiosilylation of Thio—enpne 183 Y

t

To thio-enone 183 (1.02 g, 5.74 mmol) was added, under

4

inert atmosphere, phenyléhiotriethylsilane (1.35 g, 6.0 mmol)

mixture was stirred at room temperature for 22 h and filtered
through a pad of Celitg affording 2.19 g (95%) of compound
188 as a cledar yellow oil which provéd to'be sufficiently pure

i b

as not to require any purification for the next s*l':'ep.

IR (£ilm) v : 1660 (C=C), 1600, 1580 (ring c**:C), 1250,

'‘H.m.r. (60 MHz, CDClj) 6: 7.6-7.2 (m, 10 H, aryl-H),
5.51 (d, J = 10 Hz, l1H, H-C=C-0Si), 4.5 (d, J = 10 Hz, 1lH,

CEI_(SPh)z), 1.73 (s, 3H, COCH3), 1.16-0.5 (m, lSH,d—gi(CH20H3)3,).

”
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4 ‘

Keto-dithiane 195

To a cooled (0°C)§:§3};)g}:ion of 4-methoxy-3-buten—-2-one
(4.4 g, 44.1 mmol) and l,b3—rpropanedithiol {(4.78 g, 44.1 mmol)
in 10 mL anhydrous ether was added a catalytic amount of boron
trifluoridé etherate. After stirring 30 min the reaction was
guenched by the addition of 5% aqueous NaHCO3. More ether

was added (20 mL) and the organic layer was separated, washed)

successively with 'more 5% .aqueous Na\HCO3 (3 x 10 mL), wat

Y

(3 x 10 mL), saturadted brine (3 x 10 mL) and dried over

anhydrous Na2504. Evaporation of the solvent in vacuo afforded
)
a yellow oil which slowly crystallized. Recrystallization

(ether/pentane) afforded 7.0 g (96%) of transparent prisms:

mp 69-70°C.
IR (nujol) Vonax! 2910 (CH3), 1720 (C=0, ketone), 1420

(S-CH,) .

'H.m.r. (60 MHz, CDC1,) §: 4.45 (¢, J = 7 Hz, 1lH,

methine), 3.03-2.8 (m, 4H, -SCH,CH,CH,S-), 2.85 (d,’J = 7 Hz,

2H, methylene), 2.2 (s, 3H, CH3CO), 2.16-1.8 (m, 2H,

-SCH,CH,CH, S~)

2
M.s. (EI, 70eV, 74°C) m/z (%): 176 (5.4, M¥), 177 (0.6, -

2

[M+1]7 isotope peak), 57 (17, CH3COCH2+), 43 (100, CH3C0+).

;V,:./




SYNTHES IS OF ALDEHYDE 199

\
Alkylation of \1,3—Dithiane

Freshly recrystallized 1, 3-dithiane (12.02 g, 0.10 mmol)
was dissolved in 110 mL THF under an inert atmosphere.
Tetramethylethylé“nediamine (TMEDA) (12.2 g, 0.105 mol) was
added, the reaction mi:gg;re cooled to -78°C and n-BuLi
(61.8 mL of 1.7 M solution in hexane, 0.105 mol) was “added
over a period of 25 min. After stirring 3.5 h, freshly
distilied hexamethylphosphoramide (HMPA) (9.0 g 0.05 mol) -
was added, stirred for 0.5 h and bromoacetaldehyde diethyl
| acetal (19.7 g, 0.10 mmol) was added. The ;:eaction mixture
was stirred for 4 h, brought to room temperature and guenched
with water. The solvent was evaporated and the r‘esidue
redissolved 131 pentane (150 mL) and washed with water
(3 x 30 mL), - 7% aqueous KOH (3 x 30 mL), water (3 x 30 mL),
s.;tuia;.ted brine (3 x 30 mL), dried over anhydrous Na,SO, and
evaporated to afford 23.0 g (97%) (bp 53-55°C/6mm) pf acetal
202 as a yellow oil which was used without purification in
the h);drolysis step.

'H.om.r. (60 My, cDCl,) 6: 4.8 (t, I =6 Hz, lH,
Hc—(ocfzﬂs) ), 4.1 (t, J =7 Hz, 1H, H-C-SR,), 3.9-3.36 (m,’

2 p.)

(m, 4H, CH, and -SCH,CH,CHy8-), 1.23 (t, J = 98z, 6H, —OCH,CH,).
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Acetal Hydrolysis

*®
Method A

To a solution of acetal 202 (5 g, 21.1 mmol) in 15 mL
dry acetonitrile was added sodium iodide (6.64 g, 44.3 mmol)
and chlorotrimethylsilane (4.8 g, 44.3 mmol) at room
temperature. After 30 min the reaction was quenched with
water. The solvent was evaporated and the residue redissolved
in CH,Cl, (20 Mhed with water (2 x 10 mL), 2% aqueous
thiosulfate (2 x 10 mL), water (2 x 10 ml:) , brine (2 x 10 mL)
and dried over anhydrous Na?_S'O4. Evaporation in vacuo of
the solvent afforded 3.1 g (90%) of aldehyde 199 as a light
yellow oil- which was stored at '-22°C und-er inert atmosphere.

Method B

9

To a solution of acetal 202 (2.5 g, 10.55 mmol) in 20 mL

THF-HZO (3:1) was added 20 mL of 10% aqueous trifluorocacetic acid
and the solution heated to 45°C for 3 h. The solution was
concentrated in vacuo, CHZCI.2 (40 mL) added, and the extracted
organic layer was washed with water (3 x 10 mL) , 5% agueous
NaHCO3 (2 x 10 mL), saturated brine (3 x 10 mL), dried over
anhydrous Nazso4 and evaporated to afford 1.5 g (88%) of
.aldehyde 199.

IR (film) Vnax® 2820, 2720 (CH, aldehyde), 1720 (C=0,
aldehyde), 1420 (S=CH,). '
'H.m.r. (60 MHz, cDCl,) 6: 9.76 (t, J = 1.5 Hz, %H, —CL‘HO),
4.56 (£, J = 7 Hz, 1H, HC-SR,)), 3.16-2.73 (m, 6H, CH,~C- and
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Enamine 198
r

~  Aldehyde 199 (1 g, 5.95 mmol) was dissolved in 10 mL dry
benzene and pyrz:olidine (0.465 g, 6.55 mmol) was added to
the cooled (O;C) mixture, Titanium(IV) chl;;ide (1.68 g,
2.98 mmol) was added dropwise under an inert"atmosphere. The
reaction was allowed to warm up to room temperature and then
filtered through a dry pad of Celite. A clear solution was

obtained which upon evaporation of the solvent afforded an

orange amorphous material which was carefuily recry_st.ali‘ized
(CH,Cl,/hexane) to afford 1.2 g (86%) of enamine 198 as light-
orange crystals: mp 50-51°C (dec.).

'H.m.r. (200 MHz, CDC1,)" §: 6.62 (4, J = 13.2 Hz, 1H,
=CH (NR,), 4.66 (d, J = 9.3 Hz, 1H, HC-(SR),), 4.02 (44, |
J = 13.2 and 9.3 Hz, =C§_(CH(SR2))), 3.09-2.72 (m, 8H,

-y CH2-CH2 p
and N‘CHz‘ggz) -

—SCEI_ZCHZCQZS- and. -N (CH

¢
.
Tt ta . RN st o i S
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Adduct 204

To a solution of enamine 198 (1.31 g, 5.95 mmol) in 20 mL

»

dry benzene and TMEDA (1 mL), cooled to =22°C was added

n-Buli (3.5 mL of 1.7 M sSolution in hexane) and stirred for 1.5 h.

The lithium complex was transferred with a cannula to a dilute
solution (-78°C) of o—xy;Lene diPromide (1.56 g, 5.95 mmol)

and HMPA (0.5 mL). The reaction mixture was allowed to warm

up to room temperature slowly, refluxed for 1 h, cooled and
evapora-ted in vacuo. A dark oil was obtained to which was -~
added CH,C1l, (40 mL) and washed with water (5 x 20 mL),
saturated brine (3 x 20 mL), dried over anhydrous Na,s0, and
evaporated ' in vacuo. The residue was pm.;ified by flash
chromatography to afford 250 mg (15%) addl.\lct 204 as an amorphous
{(impure) material. ) \\

IR (nujol) Vnax 1720 (C=0, aldehyde), 1602, 1586 (ring
C+:=C), 1424 (S-CH,). “

'H.m.r. (60 MHz, CD<;13) §: 9.8l (s, J = 1.5 Hz, CHO),
7.2‘-'7.0 (bs, 4H, aryl-H), 3.4-2.6 (m, 7H, 2 _x benzylic,
methine, —SCEZCHZCEZS—), 2.2-1.95 (m, 2H, -SCHZCEZCHZS-).

M.s. (EI, 70eV, 75°C) m/z (%): 264 (3.7, M%), 265 (0.72,
m+13%), 263 .1, u¥ - 1), 250 (59, M¥ - CH,), 104 (41.4,

+°
CqHg ) -
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- 1 EXPERIMENTAL

Chapter 4

Preparation of Xanthoquinone (207)

To a solution of 1,4-diméthoxyxanthone (0.490 g, 1.91 mmol)
in 30 mL acetone was added freshly prepare;d silver(II) oxide
(0.95 g, 7.65 mmol). The suspension was sonicated briefly
and a catalytic amount (1.9 mL) of 6N HNO, was added at room
temperature. After stirring for 6 min the reaction was’
guenched with 60 mL CH2C12-H20 (5:1) and the mixture filtered
through a pad of Celite. The solvent was evaporated, the
resi;iue redissolved in CI-12C12 (50 mL), washed with water
(3 x 15 mL) and dried over anhydrous Na2504. Evaporation to
dryness gave a reddish-orange compound which was purified by
recrystallization (CHzclz/pentane) to afford 0.42 g (98%) of
xanthoquinone as, needles: mp 183.5-184.5°C (dec.;.

max
1613 (C=C), 1570 (ring C==).

IR (CHCl,) v : 1693 (C=0, .quindone and y=-pyrone),

L *H.m.r. (200 MHz, CDCl;) &: 8.28 (dd, J = 2 and 8 Hz,
\ 1H, H-8), 7.78 (m, 3 = 8.5, 6.9, 1.8.Hz, 1H, H-6), 7.66 (ad,

Y
\

J-= 8.5, 1.2 Hz, 1H, H-5), 7.50 (m, J =8.0, 6.9, 1.2-Hz, 1H,

H-7), 7.08 (4, J = 10 Hz, 1H, H-3), 6.90 (4, J = 10 HZ, 1H,

H-2).
l1H.m.r. (60 MHz, cpCl,) &: 8.30 (dd, J = 2 and 8 Hz, 1H,

-

!
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L4

H-8), 7.8-7.4 (m, 3H, H-5, H-6, H-7), 6.9 (bs, 2H, H-2, H-3).
L3c.m.r.* (22.63 Mz, cDCl,) §: 182.90 (C=0), 180.20 -
'(C=0), 174.03 (C-9), 155.77 (C-10a), 154.42 (C-4a), 138.50
(C-2 or C-3), 135.38 (C-3 or C-2), 134.09 (C-6), 126.98 (C-8),
126.67  (C-7), 126.36 (C-8a), 119.15 (C-5), 115.26 (c-9a).
M.s. (EI, l5eV, 57;C) n/z (%): 226 (100, M%), 227 (14.9,

[M+1]T isotope peak), 228 (36.7, Mazf), 104 (67, c7n4o+).

Diels Alder Adduct 214

Method A

i .
To a solution of xanthoquinone (100 mg, 0.442 mmol) in

10 mL CH2C12 was added isoprene (33 mg, 0.486 mmol) in a foil
wrapped flask under an inert atmosphere and the mixture was
stirred at room temperature for 72 h. Evaporation of the
solvent afforded 128 mg (98%) of the adduct,as a red
crystalline compound: mp 255-259°C (dec.).

max

A, B—\unsaturated), 1250 (=C-0-C, \’as) . =,

l4.m.r. (60 MHz, cnc13) S§:- 8.20 (dd, J = 2 and B Hz, 1H,

IR (KBr) v___: 1695 (C=0), 1680 (o;efin)7\164d (c=c,

3}

H ortho-C0O), 7.83-7.2 (m, 3H, D-ring aryl-H), 5.4 (bs, 1H,
H-8), 3.6-3.18 (m, 2B, H-6a, H-10a), 2.5-2.16 (m, 4H, H-7,
H-10), 1.7 (bs, 3H, CH,).

'H.m.r. (200 MHz, CDCl,) &: 8.20 (dd, J = 2 and 8 Hz,

q
1H, H ortho-CO), 7.7 (m, J = 8.5, 6.9, 1,8 Hz, H-3 (or H-2

*
Tentative assignment.

™ LY
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iso~-isomer)), 7.67 (dd, J =8.5, 1.2 Hz, 1H, H~4 (or H~1
isomer)), 7.48 (m, J = 8.0, 6.9, 1.2 Hz, 1H, H-2 (or H-3
isomer)), 5.4% (bs, 1H, H-8), 3.5-3.3"(m, 2H, ii-Ga, H-10a),

2.54-2.2 (m, 4H, 2xH-7, 2xH-10), 1.70 (bs, 3H, CH,).’ .

M.s. (EI, 70eV, 69°C) m/z (%): 294 (100, M%), 295 (26,

(M+1]¥ isotope p —239 (62.7, MT - CHj), 265 (23.7, Mt -
CHO), 251 (26, MT - ¢C 4€0) . .

* Method B L N )
To, a solution of 1,4—dihyd§fégqgc_a;th‘one (0.133 g, 0.583
mmol) in 15 mL dry acetone, in a foil-wrapped flask cooled
to 0°C, was added isoprene (43.7 mg, 0.641 mmol) and silver(I)
oxide (0.27 g, 1.16 mmol). The. mixture was :s.oni.;:ated briefly,
stirred at 0°C, allowed to reach room temperature slowly ané
stirred for an additional 50 h. The reaction mixture was
filtered Ehrough Celite, and evaporated to afford 160 mg (94%)
of almost pure adduct 214 which had spectral lprpperties

. identical to those described above. - _

5T

.
R R R
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1, 4-Dihydroxyxanthone (75)

A solution of 1,4-dimethoxyxanthone (0.5 g, 1.95 mmol)-
in 50 mL dry 6H2C12 was cooled to -78°C and a large excess of
boron tribromide (4 mL) was added. The reaction mixture was
allowed to warm up/ to room temperature overni ht', quer;ched
with CI:I30H and evaporated tp give a quantitat/ ve yield of
crystalline material which was recrystallized (CHBOH/hexane)
to afford 0.40 g (91%) of dihydrox&xan‘h&na as bright yellow
needles: mp 239-240°C (dec.) (Lit.3®3 mp 236-237°C).

\ IR (nujol) Vnax 3350 (oH), 1640 (C=0, hydrogen-bonded),
' 1610, 1585 (ring c==C), 1230 (C-O phenol).

‘H.m.r. (60 MHz, DMSO-d() 5: 13.0 (bs, lH, exchangeable
OH(C-1)), 11.86 (bs, lH, exchangeable OH (C-4)), 8.26 (dd,

J = 2 and 8 Hz, -1H, H-8), 7.83-7.5 (m, 3H, H-5, H-6, H~-7), 7.33
(d, J = 9 Hz, 1H, H-3), 6.65 (d, J = 9 Hz, 1H, H-2).

M.s. (EI, 70ev, 61°C) m/z (%): 228 (100, Mt), 229 (15.8,

M+11%), 227 (12.8, M¥ - 1), 200 (3.3, M¥ - co), 199 (3.0,

MY - co-n).

)

'
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SYNTHESIS OF 2-(2-METHYL~l,3-DITHIAN~-2-YL)-1,3-BUTADIENE (222)

Formation of Thioketal 223

s

To a cooled (0°C) solution of biacetyl (9.8 g, 0.11 mol)
in 25 mL dry CH,Cl, and 1,3-propanedithiol (13.09 g, 0.121 mol)
was added chlorotrimethylsilane (17 g, 0.16 mol) dropwise
. over a period of 39 nin. After complete addition,& the ice-—wa~ter
bath was removed and the mixture stirr;d at room temperature
for 2 h. The mixture was poured ix;to watér, separated and
the organic layer was washed successively with .5% aqueous

Na CO3 (3 x 15 mL), water (3 x 15 mL), saturated brine (3 x 15

2
mL) and drieqd over anhydrous Na2504. Evaporation in vacuo
followed by distillation afforded 16.6'g (86%) of ‘thicketal
_2:_2§ as a light-yellow oil: bp 105-107°C/6mm.
N IR (£ilm) Vmax' 2930,' 2870 .(CH3)' 1700 (C=0), 1440
(-s—=CH,), 1200 (CH bend).

4.m.r. ‘(6'0 MHz, CDCl )*8: 3.1-2.7 (m, 4H, -SC_§2CH2C§_ZS-_),
. 2.45 (s, 3H, CH3CO), 2.25-1.90 (m, 2H, -SCHZCHZCH S—), l -80

(s, 3H, ca3-c's)

Alcohol 224

Vinylmagnesium bromide (19.1 mL of a 1.5 M solution,
29 mmol) was added dropwise, under an inert atmosphere, to a
- cooled (0°C) solution of thioketal 223 (4.9 g, 27.6 mmol) in .

20 mL THF. The reaction was allowed to warm up to room
-}

s s A iAWt 18 i i
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temperature over a period of 1 h then stirred for an additional

2 h at room te:mpera-ture. The reaction was quenched with 20 mL

of 1-M aqueous ethylenediamine tetracetic acid tetrasodium

salt. Methylené chloride (75 nL) was added, the organic layer

sepa'rated,ﬁ washed with wat?r until neutral and dried over~

’anhydrous Na2804'. Evaporation of the solvent Zn vacuo afforded
\ 4.5 g (80%) of a yellow oil which decomposed when disti.lled.

~ IR (film) \’nrtax’ 3480 (OH), 2940, 2860 (CH;), 1635
(C=C, terminal vinyl), 1440 (-S-CH,), 1400, 995, 920 (CH,
terminal viny}) . ]
lH.m.xr. (200 MHz,“\CDCl3) §: 6.2 (dd, J = 11 and 17 Hz,

1H, =C-(C)H), 5.48 (dd, J = 2 and 17 Hz, 1H, HHC=C(C)H), 5.26

(dd, J = 2 and 11: Hz, 1H, HHC=CH(C)), 3.0 (bs, 1H, exchangeable—

OH), 3.1-2.5 (m, 4H, -SCH,CH,CH,S-), 2.2-1.8 (m, 2H,

-SCH,CH,CH,S-), 1.6 (s, 3H, CHy), 1.4 (s, 3H, CH,). 2

Diene ¢ - -

L4

‘To a ;olutién of alcohol 224 (5.1 g, 25 mmol) in 50 mL
dry CHZC:].2 was added gro.pwise triethylamine (5 g, 49 mmol)
under an inert atmosphere at 0°C. Mesyl chloride (3.15 g,
27.5 mmol) was added dropwise over a period of 10 min. After
30 min, the reaction mixture was added to ice~water, the organic -
layer separated, washed with water (3 x 20 mL) and dried over
anhydrous Na,50,. Evaporation of the solvent followed by
distillation afforded 2.8 g (60%) of diene 222 as aﬁyellow




304

1]

viscous oil: bp 65-68°C/2mm. ,
IR (£film) \)max:- 2940, 2865 (CHB), 1650, 1610 (C=C, diene),
1440 (SCH,), 980 (CH, terminal vinyl, conjugated) .
'H.m.r. (60 MHz, CDCly) §: 6.16-5.1 (m, SH, diene-H) ,
}

1.63 (s, 3H, CH3).

&
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2-Acetoxy-1,3-butadiene (229)

n-Bul,i (70 mL of a 1.5 'M solution in hexane, 0.105 mmol)
was added to a cooled (—~78°C) solution of freshly distilled
diisopropylamine (10.6 ‘g, 0.105 mmol) "in 25 mL THF under an
inert atmoéphere. Freshly distilled methyl vinyl ketone (7 g,
0.1 mol) was added dropwise over a period of 15 m;n followed
by the addition of'fresh}}y distil]red acetic anhydride (10.2 g,
0.1 mol). The reaction mixturé was stirred for 5 h then allowed
\to"v.reach room temperature slowly. The réaction was quenched
with water, the solvent evaporated, the resull'tant oil diluted
with pentane (50 mlL), washed with water (3 x 20 mL)s 5% aqueous
NaHCO3

to afford 8.5 g (72%) of diene 229 as a colorless oil:
603

(5 x 20 mL), dried over anhydrous Nazso4, and distdilled
’

-

bp 40-41°C/30mm (Lit. bp 54°C/40mm) .
IR (film) v___: 2928 (CH;), 1748 (C=0, vinyl ester),
1600 (C=C, diene), 1220 (=€C-0-C, v__), 1020 (=C-0-C, v ),

878 (=_CHZ) .

i
i
N

3 H.m.r. (60 MHz, CDC13) §: 6.26 (dd, J = 8 and 15 Hz,

]

1H, H,C=C(C)H), 5.5-4.8 (m, 4H, dienic-H), 2.16 (s,-3H, OCOCH,).

GC/MS (6%, OV10l, 2mx é6mm, 50° +10°C/min) retention time:

" ‘ 1.0 min/(EL, 70eV) m/z (%): 112 (30.8, M%), 113 (1.\:—“4/11}
isotope peak), 70 (100, M’ - CH,=C=0), 43 (98, CH,CO'T-

2

™

iy
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0S1i (CHq) 5) . —

2=Trimethylsidyloxy—1,3~-butadiene (243)

To a solution of lithium diisopropylamsne, f;:eshiy
prepared from n-BuLi (15.8 nmL of a 1.6 M solution Mmr.hexane,
25.25 mmol) and freshly distilled diisopropylamine (é.SS g,
25.25 mmol) in 2% ml, THF at -78°C, wasgadded under an inert
atmosphere a solution of methyl vinyl ketone (1,75 g, 25 mmol)
in 10 mL THF over a perioa of 10 min. HMPT (2.2 mL) was
added, thé reaction mixture stirred for an add;i.tional 10 ;nin
and quenched with chlorotrimethylsilane (2.7 g, AZS mmbl) at »
~78°C gnd allov;ed to warm up to room temperature. The solvent
wastééporat\e/d/, ‘the residue ‘dissolved in pentane (50 mL), |

washed with water (5 x 20 mL), conc. aqueous Nﬂqcl (2, x 15 mL),.

water (3 x 15 mL) and dried over anhydrous Na2804. Distillation

a

afforded 1.95 g (55% of diene 243 as a clear colorless oil:

A
bp 30-33°C/30mm (Lit.?047605:608 55 5300/50m) .

~

'H.m.r. (60 MHz, CDCly) é: -6.35 (dd, J = 10 and 16 Hz,
1H, H,G=C(C)H), 5.5 (dd, J =2 and 16 Hz, 1H, HHC=C(C)H),

5.1 (m, 1H, HHC=C(C)H), 4.4 (bs, 2H, CH,=C(C)(0}), 0.33 (s:(94,

-

M.s. (EI, 70eV, 45°C) m/z (%): 142 (82, M%), 143 (10.3,
[M+l‘]f isotope peak), 127 (75, M7
! T\

y by

)
~—

o . +
- CH4), 75_(l00, [(CH&)ZS:{SH] ).

e T L
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2-Triethylsilyloxy-1,3-butadiene (244)

Method A

To a solution of lithium diisopropylamide (prepared

as described for diene 243) (50.5 mmol)

in 50 mL THF at -78°C,
was added under inert atmosphere a scolution of methyl vinyl

ketone (3.50 g, 50 mmol) in 20 mL THF over a period of 10 min.

HMPT (4.4 mL) was added, the reaction was stirred for an

additional 20 min and the reaction guenched with triethyl-

chlorosilane (7.54 g, 25 mmol). The reaction mixture was

stirred for 5 h at -78°C followed by stirring 1% h at room

temperature. The reaction was worked-up in the same fashion

as described for diene 243. Distillation afforded 7.7 g (83%)

of diene 244 as a colorless oil: bp 87-89°C/20mm.

IR (film) » 2950 (CH,), 1622 {C=C, diene), 1250
max . 3

(S1-C,H 1060 (Si-0), 860 (=CH,) .

S

lH.m.r. (60 MHz, cnc13) §: 6.21 (dd, J = 10 and 16 Hz,

1H, H2C=C(C)§), 5.56 (dd, J = 2 and 16 Hz, 1lH, HHC=C(C)H), 5.13

(dd, J = 2 and 10 Hz, 1H, HHC=C(C)H), 4.35 (bd, J = 2Hz, 2H,

H,C=C(C)(O)), 1.2-0.5 (m, 15H, Si(CHZCH

33
M.s. (EI, 70eVv, 55°C) m/z (%): 184 (75, MT), 185 (14.8,

2

[M+l]f isotope péak), 155 (62.3, Mf

Method B )
To a solution of methyl vinyl ketone (1.75 g, 25 mmol)
and triethylamine (2.52 g, 27.5 mmol) in 1,2-dichloroethane

cooled to 0°C was added slowly triethylsilyl trifluoromethane-

-

- C2H5), 103 (89, (C2H5)2SlOH).

S

~

1

i
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.sulfonate (6.93 g, 26.25 mmol). After.sevetal minutes £he

" cooling bath was removed and_ the reaction stirred at room

temperature for 2 h. The precipitated oil was removed, the:
solvent evaporated <in vacud with strict exclusion of moisture,

diluted with ether (which.precipitated more o0il which was

removed) and finally distillation afforded 4.4 g (95%) of

colorless diene 244 which had spectral properties identical

L4

to those reported above.
~ :

VRN

LY

Preparation of Triethylsilyl Trifluoromethanesulfonate (245)

@

Chlorotriethylsilane (55.2 g, 0.37 mol) was added slowly
to neat tr;fluqromethanesulfonic acid (50 é, 0.33 mol) under
an inert atmosphere. The mixture was heated for 6 h at 80°C
-and 70.4 g (80%) of pure product 245 was obtained as a clear

colorless oil: bp 45-47°C/2mm (Lit.59% 72°c/10mm).

-~
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Adduct 246 0

To a solution of xanﬁhoquinone (100 mg, 0.}4 mmol) in
20 mL CH2C12 was added (89 mg, ,0.48 mmol) of 2-triethylsilyloxy-
1,3-butadiene under an inert atmosphere in the dark. After
stirfing 4 days at room tempera£ure, the solvent was evaég;gted
and the residue triturated with pentane to afford a mixture
consisting in roughly equal portlons of adduct 246 and
xanthoquinone. Purification by flash chromatography (CH2C12)
was only partially successful because the adduqt underwent
decomposition on the c¢column. As a result, ca. 63 mg (35%)

-

of adduct 246 was obtained as a tan colored material which was

" not purified any further.

IR (nujol) v__ : 1695 (C=0), 1670 (c=C), 1640 (C=C,
a, B-unsaturated), 1250 (Si-C,Hg), 1060 (Si-O). ' e
H.m.r. (60 MHz, CDC1,) 3:' 8.20 (dd, J = 2 and 8 Hz, 1H,
H ortho-C0O), 7.83-7.2 (m, 3H, D-ring aryl-H), 5.06 (bs, 1lH,
H-§), 4.1-3.5 (n, 6H, H-6a, H-10a, 2xH-7, 2xH-10), 1.4-0.6
(m, 15H, (SiC,H)) . | *

M.s. (EI, 70ev, 73°C) m/z (%): 410 (100, Mf), 411 (31.2,
\//’ +

" (M+1]? isotope peak), 381 (20.7, Mt - C,Hg), 363 (49.6, M? -

«
1
C,H

. +
2 S-CO), 103 (4j7' Sl(CZHS)zOH ).
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Adduct 255 :

Method A
To a stirred solution of xanthoquinone (121 mg, 0.535¢mmol)
in 40 mL dry CH2012 was added a three-fold excess of l—-methoxy-
. 3-(trimet5§{silyloxy):l,B—butadiene (277 mg, 1.61 mmol) under

inert atmosphere in the dark. After stirring 72 h at room

~ temperature the solvent was evaporated <n vacuo at low S

temperature and the residue triturated with pentane. A pale
orange crystalline adduct 255 (0.17 g, 80%) was obtained which
was extremely labile to moisture and heat.

IR (CHCly) v . : .1710 (C=0), 1655 (C=C, a,B-unsaturated

max
4nd C=C-0), 1610, 1570 (ring C==C), 1250 (Si-CHB); 1070 (Si-0).
P l1H.m.r. (60 MHz, CDClB) §: 8.23 (dd, J = 2 ;nd 8 Hz, }
14, H ortho-CO), 7.8-7.3 (m, 3H, D-ring aryl-H), 5.21 (4,
J = 6 Hz, lH,\H—B), 4.28 (dd, J = 4 and 6 Hg,an, H—%);
3.6-3.26 (m, 3H, H-6a, H-10a, H-10B), 3.08 (s, 3H, OCH,),
2.36 (m, 1H, H-10A), 0.33 (s, 9H, Si(ca3)3).“ |
M.s. (EI, 20eV, 106°C) m/z (%): 366 (6.1, MY - cH,OH),
294 (100, M? - Si(CH,)3-CH;0).
Method B |
‘To a cooled (0°C) foil-wrapped flask containing a solution
of 1,4-dihydroxyxanthone (114 mg, 0.5 mmol) in 30 mL dry
acetone was added (232 mg, 1.0 mmol) silver(I) oxide and

l-methoxy-3-(trimethylsilyloxy}-1,3-butadiene (260 mg, 1.5 mmol)

under inert atmosphere.' The reaction was allowed to warm up

R
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to room temperature slowly aqd stirred for an additional 50 h.
The reaction was worked-up in the same fashion as that
described for Method A affording 149 mg (75%) of—a pure adauct
which had spectral properties identical to those reborted

above for adduct 255.

Adduct 256

The insoluble by-product obtained due to lability of
adduct 255 was identified as the ar¢matized compound -256.

IR (nujol) Vax’ 3340 (OH), 1645 (C=0, H-bonding), 1610,
1590, 1570 (ring C—C).

H.m.r. (60 MHz, DMSO-d.) 6: 13.5 (bs, 1H, exchangeable
OH (ortho-CO)), 11.9 (bs, 2H, exchangeable OH), 8.27 (44, \
J =2 and 8 Hz, 1H, H ortho-CO), 7.9-7.38 (m, 6H, D-rifg and
A-ring aryl-H). _ ‘

M.s. (EI, 70eV, 150°C) m/z (%): 294 (100, M%), 295 (19.3,

(M+1]7 isotope peak), 293 (18, M¥ - 1), 278 (10, MT - co).
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Preparation of 1-Methoxy-3—(triethflsilyloxy)-l,3-butadiene (259)

Method A

To a cooled (-78°C) solution of freshly distilled
diisop;opylamine (11.1 g, 0.11 mol) in 60 mL THF was added
n-BuLi (65.6 mL,of a 1.6 M solution in hexane, 0.105 mol) under
an inert atmosphere. A solution of 4-methoxy-3-buten-2-one -
(10 g, 0.10 mol) in 10 mL THF was added Flowly over a period
of 10 min. The mixture was stirred for 30 min at -78°C and dry
HMPT (10 mL) was added followed, after a few minutes, by the
addition of a solution of triethylchlorosilane (15.1 g, 0.10
mmol) in 10 mL THF over a period of 15 min. The mixture was

Y
stirred for 3 h at -78°C, allowed to warm up to room temperature

R
A
slowly and finally stirred at room temperature.overnigft.
Evapofation of the solvent in vacuc gave a dark brown oil which

was diluted in pentane (100 mL), washed with water (5 x 40 mL),

cold 1% agqueous HC1l (3 x 20 mL), water (3 x 20 mL), saturated '

brine (3 x 20 mL) and dried over anhydrous Na2504. Distillation
afforded 12 g (80%) of pure diene 259 as a colorless oil:
bp 68-70°C/0.8mm. “ ) ¢

IR (film) Voax® 2960 (CHB)' 1653, 1588 (C=F, conjugated),
1220 (Si-C,Hc), 1030 (Si-0), 960 (CH, trans diene) .

H.m.r. (60 MHz, cDCl,), §: 5;9 (d, J = 12 Hz, 1H, wvinyl"
H(C-1)), 5.36 (4, J = 12 Hz, 1H, vinyl H(C-2)), 4.0 (s, 2H,
vinyl H(C-4)), 3.53 (s, 3H, OCH,), 1.2-0.33 (m, 15H, Si(C,Hg),).

M.s. (EI, 15ev, 100°C) m/z (%): 214 (24.0, M¥), 215

s

]
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(3.7, (M+1]17 isotope peak), 199 (60.4, M¥ - cH;), 185 (100,
MT - C,H.), 103 (27, Si(C,Hg) ,0H"). ‘
Method B
Excellent yields (> 95%) of diéne 259 were obtained when
4-metho:$y-3—buten—i-one was reacted with triethylsilyl
fﬁrifluoromethanesulfonate under conditions similar to those
used for the preparat"ion of diene 244. After zfemoval of the

precipitated triethylammonium triflate, distillation afforded

pure diene 259.
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" material: mp 192.5-194.5°C (dec.).

314
Adduct 260 ~ , : ) ' //
Method A ﬂ //

To a foil-wrapped flask containing a solution of xantho-
quinone (178 mg, 0.787 mmol) in 50 mL CH,Cl, was added
1-methoxy-3- (triethylsilyloxy)-1,3-butadiene (491 mg, 2.29 mmol)
under an inert atmosphere. After stirring foxv' 72 h at room .
temperature, the solvént was evaporated ":v’: vacuo Wwithout heat
and the regidue triturated with pentane to afford 311 mg (908%)

of pure adduct 260 as a stable light—orangé crystalline

IR (nujol) Vnax’ 1710 ¢c=0), 1645 (C=C, a,B-unsaturated

and C=C-0), 1610, 1570 (ring C+=C), 1240"(51-0535), 1080

o e o sk 4o g b At

. (8i-0).
1H.m.r. (60 MHZ, CDC13) §: 8.18 (d, J =2 and 8 Hz, ;H,
H ortho=-CO), 7.73-7.16 (m, 3§, D-ring aryl-H), 5.13 (d,
'3 =6 Hz, 1, H-8), 4.23 (ad, J = 4 and 6 Hz, 1H, H-7), 3.66-
3.26 (m, 3H, H-6a, H-10a, H-10 eq), 3.03 (s, 3H, OCH;), 2.16
(dd, J = 6 and 18 Hz, 1H, H-10_ ), 1.2-0.6 (m, 15H, §1(CH,CH4);).
H.m.r. (200 MHz, CDCl,) 6: 8.21 (dd, J = 2 and 8 Hz, 1H,
H ortho-CO), 7.71 (m, J = 8.5, 6.9, 2 Hz, 1H, H-3 (or H-2
isomer)), 7.61 (dd, I =8.5 and 1.2 Hz, 1lH, H-4 (or H-1 'i’sémer)),
7.44 (m, J = 8.0, 6.9, 1.2 Hz, 1H, H~2 (or H-3-isomer)),
5.17 (d, J=5.4 Hz, 1H, H-8), 4.23 (dd, J = 4.2, 5.4 Hz, 1H,
H-7), 3.5 (m, 1lH, H-10a), 3.36 (m, 1H, H-6a), 3.12 (d, J = 18 Hz,
1H, H-10 eq), 3.02 (s, 3H, OCHy), 2.2 (dd, J = 8 and 18 Hz, 1H,
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H-lo,ax)’ 1509"0099 (t, J = 8 HZ, 9H' Si(CH2C§3)3)' Q.82-0.70
(g, J = 8 and 6 Hz,~Si(C§2CH§)3).

'H.m.r. (400 MHz, CbCla) §: 8.27 (dd, J = 1.7}and 7.9 Hz,
1H, H ortho-CO), 7.76 (m, J = B.5, 7.0, 1.7 Hz, 1lH, H-3

(or H~2 isomer)), 7.65 (dd, J = 8.5 and 1.4 Hz, 1lH, H-4 (ar

H-l isomer)), 7.47 (dt, J 7.9, 7.0, 1.4 Hz, 1H, H-2 (or
H-3 isomer)), 5.17 (dd, J = 5.6 and 1.5 Hz, 1H, H-8), 4.23
(a4, J = 5.6 and 4.2 Hz, 1H, H-7), 3.46 (ddd, J = 7.5, 6,0,
0.9 Hz, 1H, H-10a), 3.35 (dd, J = 6.0 and 4.2 Hz, 1lH, H-6a),
3.13 (4d, J = 18.4 and 0.9 Hz, 1H, H-10 eq), 3.02 (s, 3H, OCH,),
2.19 (ddd, J = 18.4, 7.5, 1.5 Hz, 1H, B-10_ ), 1.02 (&,
J = 7.6 Hz, 9H, Si(CH,CHj)3), 0.77 (q, J = 7.6 Hz, 6H,
Si(CH,CH,) 4) . \ ‘
3¢.m.r. (100.62 Hz, cDCly) §: 193.53 (c=0), 190.15 (C=0),
I74.98 (C=0), 158.11, 154.66, 154.39, 134.95, 126.55, 126.26,
125.75, 121.71, 118.95, 100.19, 74.94, 54?98, 50.30, 44.37,
26.00, 6.59, 5.00.
| M.s. (EI, 70ev, 105°C) m/z (%): 440 (1.1, MT),-44i
(0.4, [M+1]7 isotope peak), 411 (28, M' - C,H.), 408 (100,
MY - CH,OH), 294 (1412, M - Si(C,H) ;-0CH,) .
Method B
A slightly inferior yield (80%) was obtained when the
reaction was performga by traﬁping xanthoquinoﬁe in 8situ by
the)oxidation of 1,4-dihydroxyxanthone with silver (I) oxide.

Nevertheless, a pure adduct was obtained which had spectral

_properties identical to those of adduct 260.

O
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Compound 261 e

To a solution of adduct 260 (400 mg, 0.91 mmol) in 10 mL
acetone was added sodium bicarbonate (168 mg, 2.0 mmol) in
2 mL water. The mixture was stirLed at room temperature for
10 min and the solvent evaporated. CHZCI2 (20 mL) was added,
washed with water (3 x 5 mL), dried over anhydrous ﬁazso4 and
evaporated to afford. 360 mg (90%) of the tautomer 261 as a )
pasty material. '

IR (nujol) vy, : 3350 (OH), 1645 (C=O (H-bonding), C=C-0),
1240 (si-C,Hg), 1080 (Si;o).

l4.m.r. (60 MHz, CD,COCD;) §: 13.2 (bs, 1H, exchangeable,
OH ortho-CO), 11.4 (bs, 1lH, exchapgeable OH), 7.98 (4, J = 2
and 8 Hz, 1H, H ortho-CO), 7.70-7.10 (m, 3H, D-ring aryl-H),
5.18 (4, J = 6 Hz, 1H, B-B), 4.45 (4, J = 6 Hz, 1H, H-7), 3.40
(bs, 2H, 2xH-10), 3.20 (s, 3H, OCHy), 1.2-0.6 (m, 158,

x

Si(CHZCH3Q3}~

Thio-Adduct 264 *

To a solution of 1,4-dihydroxythioxanthone (186 mg,
0.762 mmol) in 20 mL dry acetone was added silver(I) oxide
(0.36 g, 1.55 mmol) and l-methoxy-3-triethylsilyloxy-1,3-
butadiene (0.25 g, 1.17 mmol) and the mixture was stirred
in the dark at roéh temperature\for 24 h: The reaction mixture

was filtered through a pad of Celite, the filtrate evaporated

to dryness and tﬁ}turated with pentane to afford 220 mg (63%)
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of pure adduct 264 as a light-orange crystalline material:
mp 201-203°C (dec.).

H.m.r. (60 MHz, CDC1,) §: 8.47 (dd, J = 1.5 and 8 Hz, .
18, H ortho-CO), 7.63-7.43 (m, 3H, D-ring aryl-H), 5.13 (d,
J = 6 Hz, 1H, H-8), 4.21 (dd, J = 4 and 6 Hz, 1H, H-7), 3.73-
3.26 (m, 3H, H-6a, H-10a, H-10B), 3.0 (s, 3H, OCH;), 2.21 (d4,
J = 6 and 18 Hz, 1H, H-10A), 1.3-0.6 (m,'15H, Si(C,Hg) ) -
d 'H.m.r. (200 MHz, CDCl,) §: 8.47 (dd, J = 1.2 and 7.9 Hz,
1H, H ortho-C0), 7.65 (4, J = 3.5 Hz, 1H, H-4 (or H-1l isomer)),
7.60-7.51 (m, 2H, H-2, H-3), 5.14 (d, J = 5.3 Hz, 1H, H-8),
4.23 (d4d, J = 4.4 and 5.3 Hz, 1H, H-7), 3.52 (m, lH, H-10a),
3,37 (m, 1H, H-62), 3.09 (4, J = 18 Hz, 1H, h-lo eq), 2.17
(déd, J = 7.2 and 18 Hz, 1lH, H-loax), 1.03 (t, _J = 8 Hz, 9H,
S1(CH,CH,) 5), 0.78 (q:’) = 8 Hz, 6H, Si(CH,CH,),).

Preparation of Quinizarinquinone (213)

Quinizarin (10 g; 41.6 mmol) and lead tetraacetate (20 g,
45.1 mmolf were stirred in 100 mL glacial acetic acid at room
temperature for 1 h. Glycerol (10 mL) was added to deséroy
excess PkaAcY4, the reaction mixture was poured into water
and extracted with CH2C12 (3 x' 250 mL). The solution was
concentrated, washéd with 5% aqueous NaHCO3 {3 x 25 mL), yatéf
(3 x 25 mL), saturated brine (3 x 25 mL), dried and evaporated
in vacuo. Purification by flash chromatography (CH,C1,)

followed by recrystallization (CHCl,/petroleum ether) afforded




7.9 (80%) of quionone (213) as yellow needles with a metallic

294

luster:” mp 210-211°C (Lit. 212-213°C).

IR (nujol) v . : 1675 (C=0, guinone), 1610, 1590 (ring
c=C) . ‘
H.m.r. (60 MHz, CDCl,) .6: 8.2-7.67 im, 4H, aryl+H),

6.90 (s, 2H, olefinic-H).

Adduct 271 ,

To a solution of quinizarinquinone (104 mg, 0.437 mmol)
in 10 mL CH,Cl, was added l-methoxy-3-triethylsilyloxy-1,3-
butadiene (130 mg, 0.611 mmol) under an inert atmosphere.
and the solution stirred in the 'dark for 24 h. Evaporation of
the solvent in bacuo, at low temperature, gave a tan* colored
amorphous material. Trituration with pehtane afforded 193 mg
(98%) of crystalline material which consisted of a 3:1 mixture
“of_the tWO.iAternal adducts 27l1a and 271b.

IR (nujol) v 1710 (C=0), 1647 (C=C, conjugated and

max:
c=Cc-0), 1610, 1580 (ring C——=C), 1240 (Si-C,Hg), 1050 (5i-0).
L4

. Major isomer 27la s

H.m.xr. (200 MHz, CDCl,4) 6: 8.1-8.0 (m, 2H, aryl-H),
7.8-7.7 (m, 2H, aryl-H), 7.06 (d, J = 10.3 Hz, 1lH, olefinic-H),:
6.65 (d, J = 10.3 Hz, 1H, olefinic-H), 5.29 (d, J = 5.7 Hz,
1H, HC=C-0Si), 4.77 (d, J = 5.7 Hz, 1§, (CH,0)CH), 3.22 (4,

J = 18.5 Hz, 1H,>CH,H,), 3.15 (s, 3H, OCH;), 2.06:(d, J = |

18.5 Hz, lH, >CH,H,), 1.04-0.91 (t, J = 9 Hz, 9H, Si(CH,CHj),),

W
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0.78-0.61 (g, J = 9 Hz, 6H, Si(CH,CH,);).

Minor isomer 271D

'H.m.r.’ (200 MHz, CDCly) §: 8.1-8.0 (m, 2H, aryl-H),
7.8-7.7 (m, 2H, aryl-H), 6.88 (d, J = 10.4 Hz, 1lH, olefinic-H),
6.57 (a4, J =-10.4 Hz, 1H, olefinic-HJ, 5.28 (d, J = 5.7 He, 1H,
HC=C-0S1), 4.65 (d, J = 5.7 Hz, 1H, (CH;O)CH), 3.32 (4, J =
16 Hz, 1H,>CH;H,), 2.94 (s, 3H, OCH3), 2.14-(d, J = 16 Hz,

~ - - . .' *
1H,>CH,H,), 1.04-0.91 (t, J = 9 Hz, 9H, Si(CH,CH,),J, P

2)'
0.78-0.61 (q, J = 9 Hz, 6H, Si(CH,CHz),).

‘.

M.s. (EI, 70eV, 240°C) m/z (%): 452 (28.6, MT), 453

(10.1, (M+1]1? isotope peak), 424 (38.9, MT - co), 423 (10.7,

L]

+ + + _ : _
M. - CZHS), 370 (100, M- - C4H202), 238 (15.1, M- - CHZ—C(081Et3)

CH=C(0CH3)H).
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SYNTHESIS OF 3-CARBOETHOXY SULFONE '23

Phosphonate 276 .
a > ¥

‘Paraformaldehyde (6 g, 0.06 mol) was dissolved in 300 mL'
absolute ethanol conFaining 10 drops‘éiperidine and fefluxed
for 0.5 h. Triethyl'phosphonoacetate (19.95 gq, 0.085 moi)
was addeg all at once and the solution was refluxed for 36 h. «
Evaporation of the solvent in vacuo gave a yellow oil. The
0il was dissolved in benzene (100 mL),'a catalytic amount of s
p~t;luenesulfonic acid was added and the mixture refluxed
quer a Dean-Stark water séparator containing AK molecular
siéves: After 29 h, removal 5f the solvent gave an oil which
was distilled, bp 128-132°C/1lmm to afford lz‘g (90%) of
phosphonate 276 as a clear colorless oil wﬁiéh turned yellow
on standing.. ) * °

IR (£ilm) v . : 2975 (CH);, 1720 (C=0, a,B-unsaturated ,

estérT?“iGlO 4C=CH2, conjugated), 1250, 1030 (C~O-C).
A

~ \
H.m.r. (60 MRz, CDCl,) 8: 6.98 (dd, J = 26 and 2 Hz,

4 and 2 Hz, 1H, vinylic-H),

vinylic-H), 6.48 (dd, J

(m, "6H, CH,), 1.33 tt, J = 8 Hz, 9H, CHj). )

e Al o et e



— | 321

3-Carboethoxy-2, 5-dihydrothiophene (277)

A suspension of 2,5-dihydroxy-1l,4-dithiane (dimer Qf
mercaptoacetaldehyde, 900 mg, 5.9 mmol) in 75 mL CH2C12 was
heated with triethylamine (1.3 g, 13 mmol) \Snder inert
atmosphere. Phosphonate 276 (2.62 g, ll}mmol) was added as
a solution in CH2C12 (10 mL) and the mlxt&re refluxed for 4 h.
The cooled solution was diluted with CH2C.l2 (100 mL), washed
with 5% agueous HC1l (3 x 100 mL), water (3 x 100 mL), saturated
brine (3 x 100 mL) and dried over anhydrous Na2504. Evaporation
of the solvent in vacuo gave an oil which was purified by
flash chromatography (CH2C12) to afford 1.6 g (86%) of
thiophene 277.as a clear, colorless oil. .- .

IR (£ilm) vmax: 2975 (CH), 1720 (C=0, a,B-unsaturated
ester), 1640 (C=C, conjugated), 1260, 1030 (C-O-—C)'. -

. H.m.r. (.so MHz, CDCly), é: 7.0 (bs, 1H, vinylic-H),

4.3 (q, J = 7 Hz, 2H, COOCHZ-), 4.0 (s, 4H, ring CH2), 1.33

tt, 3 = 7 Hz, 3H, CH3).

[
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Sulfone 273

To a cooled (0°C) solution of thiophene 277 (451 mg,
2.85 mmol) in 20 mL CH2C12 v;as added m-chloroperoxybenzoic
acid (1.2 g, 6.9 mmol). The mixture was stirred for 3Lh and
then allowed to warm up to room temperature slowly ;vernight.
The reaction mixture was filtered, washed wif:ﬁ saturate§
agueous Na2C03, dried over anhydrous Nazso4 and evaporated
tn vacuo to afford an oil. Purification by flash chromatography
(CH2C12-EtOAc, 4:1) afforded 0.50 g (92%) of sulfone 273 as
a white crystalline compound: mp 59-60°C.

IR (nujol) Vax' 1720 (C=0, a,B-unsaturated ester),
1630 (C=C, conjugated), 1310, 1280 (S0,), 1240 (C-0-C), 1140
(SOZ' \)s), 1010 (C-0-C, \)s).

H.m.r. (200 MHz, CDpCl;) &: 7.03 '(bs, lH, vinylic-H),

4.27 (g, J = 7 Hz, 2H, COOCHZ—), 4.0 (s, 4H, ring CHz), 1.32
kY

(t, 3 = 7 Hz, 3H, CH3).

o
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SYNTHES IS OF (E)—l—(TRIMETHYLSILYL)-1,3-BU'TADIENE (281)

Prep_a'ration of 3-(Trimethylsilyl)-2-propyn—-l-ol (282)

To a solution of n-Buli (146.9 mL of a 1.7 M solution in
he;ane, 0.250 mol) in anhydrous ether cooled to —78°é was
added freshly distilled propargyl alcohol (7 g, 0.125 mol).
After about half of the propargyl alcohol was added, a g'el
formed and stirring became i1nefficient requiring that the
flask be shaken manually., One hour after complete addition of
the alcohol, chlorotrimethylsilane (27.4 g, 0.252 mol) was
added at -78°C over a period of 20 min. The mixture was
allowed to warm u}y siowly (the solid mass slowly disintegrated)
and stirred forlz h. The solvent was evaporated anc} the
r_éSultant 0il dissolved in methanol\ (110 mL) to whigh was.
agdded 2N aqueous HCl, the mixture stirred overnight at room
temperature and distilled' to remove as much of the methanol
as pobsible. Extraction with ether, followed by washing
successively with wéter (3 x 20 mL}), 5% agueous NaHC(‘)3 (3 x 20
mJ’.;),\ saturateé brine §(2 x 20 mL), dried over anhydrous Nazsoa-
ana evaporation in vaduo of the solvent gave a light-yellow
oil which was distilled to afford 11.7 g (73%) of alcohol ¥

641 s6oc/0.7m) .

282: bp 50-51°C/0.,5mm (Lit.
IR (film) “max: 3340 (broad, OH), 2960 (CHZ)' 2160 (C=C),
1250 (Si-CH,) . ’
‘H.m.r. (60 MHZ, CDC1, ‘no internal standard) §: 4.0 (4,

J = 6 Hz, 2H, CHZ)’ 2.8 (bt, J = 6 Hz, lH, exchangeable OH),
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OiO'(s, 9H, C-S%(CH3)3). \

Reduction of Alkyne 282

To a solution of sodium bis-—(2-methoxyethoxy)aluminium
hydride (92.4 AL of a 3.4 M.solution in toluene, 0.314 mol)
in 100 mL dry ether under inert atmosphere was added dropwise,
with cooling at 0°C, alkyne 282 (l1l1.5 g, 0.090 mol) in 20 mL
ether over a period of 20 min. After stirring 10 min at 0°é,
the cooling bath was removed and the reaction stirred at
room temperature for 1 h. The reaction was quenched by the
dropwise addition of 2N agueous H,50,. The organic layer was
separated, washed with water (3 x 50 mL) and saturaged brine
(2 x 50 mL). The agqueous layer was extracted with ether (2 x
50 mL), combined with the other ether phase, dried over
anhydrous MgSO, and tﬁe ether evaporated in vacuo. The residual
oil was distilled affording 7:8 g (64%) of trangs—alkene ggg\

as a clear colorless oil: bp 48-50°C/2.6mm (Lit.641

80-81°c/
40rm) . .

IR (film) v __ : 3340 (broad, OH), 2945 (CH,), 1615° (C=C),
1240 (Sl—CH3), 99Q {C=C-H <t¢rans) .

" lH.m.r. (60 MHz, CDCl,) 6: 6.0-5.8 (m, 2H, olefinic-H),
4.0 (bs, 2H, CH,), 2.6 (bs, 1H, exchanéeable OH), 0.03 (s, 9H,
Si(CHy)4) -
| iH.m.r. (200 MHZ, CDC13) §: 6.01 (dt, J =19 and 3 Hz,

1H, CH=CHSiMe,), 5.85 (d, J = 19 Hz, 1H, =CHSiMe,), 4.04 (4,

~

-



ded

/ 325 .

J = 3 Hz, 2H, CH,), 2.8 (bs, 1H, exchangeable OH), 0.03 (s,

Oxidation of 283

To a solution of alcohol 283 (7 g, 53.8 mmol) in 40 mL
CHZC12 was added, with cooling at 0°C, pyridinium chloro-
chromate (17.4 g, 80.7 mmol) in small portions over a period
of 5 min. After complete addition, the reaction mixture was
allowed to reach room temperature slowly and stirred for an
additional 3 h at room temperature. The flask was cooled
and the mixture filtered through a pad of dry Celite. The
filtrate was concentrated <n vacuo, anhydrous ether added and
thg mixture was again‘filtered through a fresh pad of Celite.
Concentratign\in vacuo gave an oil which was then filteréd
through a small column of silica gel (ether) and finally
distilled to afford 4.0 g (58%) of aldehyde 284 as a clear,
colorless volatile oil: bp 50-52°C/26mm.

IR (£film) Vhax® 2960 (CH3), 2780 (CH aldehyde), 1685
(C=0), a,B-unsaturated aldehyde), 1580 (C=C, conjugated), 1250
(Si-CH3), 990 (C=C-H crrans).

'H.m.r. (60 MHz, CDCl,) &: 9.4 (4, J = 7 Hz, 1H, CHO),
7.15 (d, J = 18 Hz, 1H, (CH4);SiCH=C), 6.4 (dd, J = 7 and 18

>
Hz, 1H, §C=CHSi(CHB)3), 6.13 (s, 9H, Si(CH3) ).

n
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Diene

To a solution of methyltriphenylphosphonium bromide
(25~.2 g, 70.5 mmol) in 300 mL dry ether, under inert atmosphere,

was added n-BulLi (41.5 mL of a 1.7 M solution in hexane,

'70.5 mmol) at room temperature. After stirring for 3 h,

aldehyde 284 (9.02 g, 70.5 mmol) was added and the mixture
refluxed overnight. The cooled ~n}ixture "was filtered, the
filtrate washed with water (5 x 100 mL}, saturated brine

(3 x 100 mL) and dried over a'nhydrous MgSO4. Removal of the
solvent and distillation afforded 4.4 g (50%) of diene 281 as
a clear, colorless oil: bp 45-46°C/35mm (Lit.%3% 70-74°C/210mm) .

IR (£ilm) vy : 2960 (CHy), 1565 (diene), 1240 (Si-CH,),

990 (C=CH trans).

" lH.m.r. (200 MHz, CDCl3) §: " 6.4 (m, 2H, H2c=cg-c§£casme3),
5.88 (4, J = 20 Hz, 1H, C=CHSiMe,), 5.22 (dd, J = 2 and 16 Hz,
18, HHC=CH-), 5.12 (dd, J = 2 and 10 Hz, 1H, HHC=CH-), 0.1
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Preparation of 3-Tfimethylsilll_-l-trimethylsilyloxy-—4,4,5,5-

~

tetracyano Cyclohexene (290)

~

To a solution of tetracyanocethylene (0.113 g, 0.882 mmol)
in 5 mL anhydrous benzend was added (E)-1-trimethylsilyl-3-
trimethylsilyloxy—-1,3-butadiene (0.195 g, 0.910 mmol) and
tl?e react‘jo.on mixture stirx:ed for 1 h at room temperature.
Evaporation in vacuo of the solvent gave 0.3 g (quantitative
yvield) of a white crystalline adduct which was not purified.

: IR (nujol) Vmax’ 2240 (C=N), 1660 (C=C), 1250 (Si-CH;),
1080 (5i-0).

'H.m.r. (60 MHz, CDCly) &: :4.80 (bs, 1H, =C-H), 2.66

(d, J = 12 Hz, 1lH, Cglﬂz), 2.46 (4, J = 12 Hz, 1H, CH1§_2),

r
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SYNTHESIS OF (E)-1-TRIMETHYLSILYL-3-TRIMETHYLSILOXY-1l, 3~

BUTADIENE (288)

Pz:efgaration of 4-Trimethvlsilyl~3-butyn=-2-0l (294)

To a solution of n-BuLi (117.7 mL of a 1.7 M solution
in hexane, 0.2 mol) in 200 mL THF cooled to -78°C was added
3-butyn-2-0l1 (7.0 g, 0.1 mol) as a solution in 10 nL THF over
a period of 15 min. Towards the end of the addition, the.
solution became a gel and stirring stopped. The mixture wasp
kept at ~78°C for 2 h and during this time the flask was
shaken manually several times. Chlorotrimethylsilane (23.9' g,
0.22 mL) was added slowly over a périod of 30 min and the gel
s&owlyldisintegratedl The reaction mixture was allowed to
warm up tﬁ'room temperature slowly overnight. ‘The flask was
cooled to 0°C and 2N agqueous HC1l (so[nm) was added slowly. |
The mixture was stirred vigorously for 1 h. The THF layer
was separated from the agqueous phase, the aqueous phase
extracted with ether (5 x 50 mL) and the combined organic phase
dried over anhydrous Mgso,. Distillation (after the bulk of
the solvent wés removed by evaporation in vacuo) afforded
25.6 g (90%) of alcohol 294 as a colorless oil: bp 53-54°C/

619a

2mm (Lit. 49-50°C/0.2mm).

IR (film) v : 3340 (broad, OH), 2960 (CH4), 2170 (C3C),
. max .

1250 (Si-CH,) - . |
H.m.r. (60 MHz, CDClj) 6: 4.33 (q, J # 7 Hz, methine),
3.6 (bs, lH, exchangeable OH), 1.28 (4, J = 7 Hz, 3H, CH3),

e e s i
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0.0 (s, 9H, Si(CHy)3).
M.s. (EI, 70ev, 55°C) m/z (8): 142 (0.2, M%), 127
(136, M’ - CH;), 99 (100, MY - CH,CO), 75 (15.3, [(CH,4),Si0HI'),

. .+
73 (16.1, Si(CHy3"). f

trang-4-(trimethylsilyl-3-buten-2-0l (295)

.Using LAH .
To & slurry of lithium aluminium hydride (1.07 g,

0.282 mmol) in 10 mL THF under inert atmosphere was added
slowly a solqtion of 294 (1 g, 7.04 mmol) in 5 mL THF. The
mixture was refluxed gently for 2.5 g, cooled and quenched
witi'l Na,S0,-10H,0. The precipitate was filtered, the filtrate
.concent’rated and distilled to afford 0.91 g (90%) of a

94:4 trans to cis n'fixtu're -of 4—trimethylsilyl-3-buten-2-01'.

~

trans-Isomer of 295

IR (£ilm) Vmax 3340 (broad,.oOH), 1620 (C=C), 1250
(Si—CH3), 980 (=CH trans).

'H.m.r. (200 MHz, CDCl;) &8: 6.0 (dd, J = 4.9 and 19 Hz,
1H, SiCH=CH), 5.73 (4, J = 19 Hz, lH, SiCH=CH), 4.14 (dq,
J = 4 and 7 Hz, lH, methine), 2.52 (bs, lH, exchangeable OH) ,’
1.15 (4, J = 7 Hz, 3H, CH3), 0.0 (s, 9H, Si(CHy) ;).

GC/MS (1% 0OV10l, 2m x 6mm, 70° +4°C/mi‘n) retention time:
4.5 min/ (EI, 70ev) m/z (¥): 144 (Lo, u'), 129 (11.8, m' -
CH3), 75 (100, [(CH3),Si0m]™), 73 (65.5, S1(CHy) ).

cis-Isomexr of 295 h

IR (film) v _: 3340 (broad, OH), 1615 (C=C), 1250
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(Si-CH5), 760, 690 (=CH cia).

" lg.m.r. (200 MHz, CDCl,) 6: 6.17 (44, J = 14 and 8 Hz,
1H, SiCH=CH), 5.43 (4, J = 14 Hz, IH, SiCH=CH), 4.33 (dq,
J =8 and 6 Hz, lH, methine), 2.8 (bs, 1H, exchangeable OH)},
l1.12 (4, J = 6 Hz, 3H, CH3)r 0.0 (s, 9H, Si(‘CH3.)3). (The
60 MHz 'H.m.r. spectrum is equally well resolved).

GC/MS (same conditions as for the trans isomer) retention

time: 4.1 min/(EI, 70eV) m/z (%): 144 (5, M%), 129 (6.6,
MY - cH,), 75 (100, [(CH3),Si0H]Y), 73 (45.9, Si(CHy ;™).

“~

Using RED-AL

To a solution of sodium bZs-(2-methoxyethoxy)aluminium
hydride (18.5 mL of a 3.4 M solution in toluene, 62.2 mmol)
in 50 mL dry ether under inert atmosphere was added, with
cooling at 0°C, alkyne 294 (2.56 g, 18 mmol) as a solution in
5 nL ether over a perjod of 30 min. After complete addition,
the reaction mixture was allowed to warm up to room temperature
and stirred for an additional hour. The reaction was quenched o
by the dropwise addition of 2N aqueocus sto 4- The‘ organic
layer was separated, washed with water (3 x 20 mL) and
saturated brine (2 x 20 mL). The agqueous layger was e:étracted ) *
with ether (2 x 30 mL), and the combined ether phases dried
over anhydrous MgSQy, . Concentration of the solution and

distillation afforded 2.54 g (98%) of pure trans—4-trimethyl-

gilyl-3-buten—2-01 (295).

.
X :
i
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'Sifylenone'2§§

To a solutio;)of alcohol 295 (7.2 g, 50 ﬁmol) in 20 mL
CH2C12 cooled to 0°C was added portionwise pyridihium chloro-
chromate (16.1 g, 75 mmol) over a period of 10 min. After
complete addition, the reaction mixture was stirred for 0:5 h
at 0°C, followed by 1.5 h at room temperature. The mixture
was cooled (0°C) and filtered through Celite. The filtrate
was evaporated iz vacuo, dry ether added and filtered through
a fresh pad of Celite. Purification by flash chromatography
(CH2C12) afforded 5.7 g (80%) of enone 296 as a clear, colorless
oil. ‘ ‘

IR (film) v . ¢ 2960 (CH4), 1700, 1686 (C=0, o,B-
unsaturated), 1590 (C=C, conjugated), 1250 CSi~CH3), 995 (=CH
trans).

.1H.m.r.~(60 MHZ, CDC13) §: 6.%1 (4, J = 19 Hz, 1H,

CH=CHCO), 6.27 (4, J = 19 Hz, lH, CH=CHCO), 2.13 (s, 3H, CH,CO),
e :

0.03 (s, 94, Si(CH3)3).

{

~

b
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Diene ZQ? .

Lithium diisopropylamine (22 mmol) was grepared from
freshly distilled diisopropylamine (2.24 g, 22 m;.)l) and
n-BuLi (14.4 mL of a 1.5 M solution in hexane, 22 mmol) as a
solution in 10 mL THF at -78°C under inert atmosphere.
B—Silylex;one 296 (2.98 g, 21 mmol) was added\slowly as a
solution in 5 mL THF to LDA at -78°C and after stirring for
1 h the reaction was quenched with chlorotrimethylsilane
(2.6 g, 24 mmol), stirred for 4 h and then allowed to warm up
to room temperature slowly. The mixture was diluted with
pentane (30 mL) and washed with cold 5% aqueous Na2C03 (3 x 10
mL) , dried over anhydrous Na2504, gencentrated in vacuo and
distilled to afford 3.6 g (80%) of diene 288 as a colorless
0il: bp 47-50°C/l.2mm (Lit.®3? 82-84°C/19mm) -

IR (£ilm) Voax! 2960 (CH3),”1620 (C=C), 1580 (C=C),
1250 (Si-CHy), 1020 (Si-0), 980 (=CH trans). ’

© H.m.r. (60 MEz, CDCly) &: 6.28 (A, J = 18 Hz, 1, _
SiCH=CH), 5.93 (4, J = 18 Hz, lH, SiCH=CH}, 4.26 (s, 2H, =CH,),
0.13 (s, 9H, 0Si(CHy)4), 0.0 (s, 9H, Si(CH,),) .
M.s. (Ei, 70ev, 65°C) m/z (8): 214 (21, M}, 199 (43,
+

¥ . +
M* - CH,), 141 (100, M* - Si(CH;)3), 75 (80, (CH;),SiOH"),

73 (75, Si(CH3)3).
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SYNTHESIS OF trar"ls-4— (TRIMETHYLSILYL)-3-BUTEN-2-0L (295)

Preparation of 8-Silylynocpe 298

\ : .
To a stirred solution of bis-trimethylsilylacetylene

(2 g, 11.7 mmol) and acetyl chloride (0.912 g, 11.6 mmol) in

25 mL CH2C12 cooled at 0°C waé added aluminium chlo:;'ide )

(1.5/6/9, 11.7 mmol). After stirring a few minuates, the cooling

bath was removed. The reaction mixture stirred at room
temperﬂature for 2 h, and quenched by pouring on'-to ice. The
organic layer was separated, the aqueous layer ‘was extracted
with CI-12C12 (3 x 10 mL) and the combined 'CH2C12 phases were
washed with water (3 x 20 mL), 5% agueous NaHCO3 (3 x 20 mLJ,
saturated brine (3 x 10 mL), ‘a.hd\dried .over anhydrous Nazsb4.
Evaporation of the solvent in vacuo afforded 1.54 g (95%)
o_f ynone 298 as a} reé 0oil which was sufficiently pure to be
used without purification.

IR (film) Vnax' 2960 (CHj), 2160 (C=C), 1680 (C=0,.
acetylenic ketone) , 1250 (Si—CH3) .

'H.m.r. (60 MHz, CDCl;) &: 2.1 (s, 3H, CH,CO), 0.03

?s, 9H, Si(CH3)3) -

!.
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Alcohol 295 N
i ;o

To a solution of sodium bzs-(2-methoxyethoxy)aluminium
hydride (9.25 of a 3.4 M solution in toluene, 31.1 mmol)
in 50 mL dry eier under inert atmosphere was added ynone 298
(1.08 g, 7.77 mmol) drj:pwise with cooling at 0°C. After
addition‘ of 298 was complete, the cooling bath was removed
and the reaction mixture stirred at room temperature for 1 h.
The ft?:action was quenched and worked-up as previously described.
Distillation afforded 0.94 g (95%) of trams-alcohol 295 with

spectral characteristics exactly as those previously described.

.

A
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SYNTHESIS OF 1-CARBOMETHOXY-3-TRIMETHYLSILYL-1,6 3-BUTADIENE (308)

p-
Preparation of trans-4-Oxo—pentenoic Acid (311)

solution of glyoxylic acid *(20 g, 0.22 niol) in 40 mL
acetone and 30 mL 85% phosphoric acid was refluxed (80°C)
for 5 h then stirred at room temperature overnight. The
splution was concentrated 7n vaecuo and extracted with CH2C12
(100 mL). The organic layer was washed with water (5 x 50 mL),
.satgrated brine (3 x 30 mL) and dried over énhyé?ous Na2504:
Evaporation in vacuo gave a light-brown crystalline materlai L
which was purified by recrystallization (CHZClz/pentane)
affording 11.3 g (JS%) of acid gll‘as a white crystalline
compound: mp 116.5-117.5°C (L;‘H;.Eﬂ6 121-122°C). °

IR (nujol) v . : 3100-2500 (broad, COOH), 1690 (C=0,
a,B~unsaturated acid), 1675 (C;O, a2,8-unsaturated ketone),

-~

162p (C=¢, conjugated), 1000 (=CH trans).
H.m.r. (60 MHz, cpCl,) §: 9.7 (bs, 1H, exchangeable
cooH), 7.1 (4, J L 16 Hz, 1H, CHyCOCH=CH), 6.56 (4, J = 16 Hz,

1H, "CH,COCH=CHCOOH), 2.4 (s, 3H, CH,;CO). -

3

-~

Esterification of 31

-

Method A -

To a foil-wrapped flask was added a solution of acid 311

(3.65 g, 32.0 mmol) in 90 mL dry ether, silver (I) oxide

»

i
(8.16 g, 35.2 mmol) and methyl iodide (9.1.g, 64 mmol). The

Are
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reaction mixture was stirred for 18 h at room temperature

ghen filtered. Evaporation of the solvent in vacuo, at low
temperature, gave a solid which sublimed readily at 30°C/20mm

affording ester 313 as a white c%ystalline material: mp

59.6-60.5°C. ' .
~ _ i

i

IR (nujol) Vnax” 1720 (C=0, a,B-dunsaturated ester),

1675 (C=0, a,B-unsaturated ketone), 1640 (C=C, conjugated),
1250 (C-0-C), 1020 (C-0-C, vs), 990 (=CH trans).
'H.m.r. (200 mHz, cpcly) f: 7.0 (4, J = 16 Hz, 1H,

CH,COCH=CH), 6.61 (4, J = 16 Hz, lH,\CH=C§COOCH3), 3.8 (s,

3
3H, COOCH,), 2.3 (s, 3H, COCH;). The 60 MHz 'H.p.r. equally

o
3

well resolved.

Method B: ’ ) .

Acid 311 17.}7 g; €4 mmol) was '‘dissolved in 50 mL dry DMF

2

and'sodlum tiicarbonate (10.7 g,1128 @mq}; and methyl iodide
(13.75 g, 96 mmol) were'addgd.lﬁtgg m;xtﬁre was stirrgé for

3 days at goom temperature, filtered and excess‘CHjI evaporated.
Cold water was added to‘the solution. Thie precipitate waé
filtered, redissoi;ed in CH,Cl, (50 mL), washed with water
(3 x 20 mL), dried over anhydrogs Na,50, and evéporatgq in ;acuo
to afford 6.8 g (83%) of a pure white crystalline compound

which had spectral properties as those describgd for .ester 313.

1
\ ’
! )

kd
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Diene }Qﬁ

To a solution of ester. 313 (4 g, 31.2 mmol) in 30 mL
dry 1,2-dichloroethane under iﬁert atmosphere was added
triethylamine (4.5 g, 44.5 mmol) and trimethy1511yl.triflate
(7.08 g, 31.8 mmol) at 0°C. The reaction mixture was allowed
to reach room temperature over c¢a. 1.5 h aﬁd dry ether was
added. Removal of the precipitated triethylammonium triflate
was achieved by using a pipet and the procedure of adding
dry ether and removing the precipitate oxf'was repeated until
no more cil was formed. The solvent was’eyaporated i1 vasuo, =
to affor@ 6.1 g (98%) of diene 308 as a llght—red.oil which
was pure enough to be used 1n the nexz reaction.

IR (f1lm) :max: 2960 (CH3), 1720 (C=0, a,3-unsaturated
ester), 1640, 1590 (C=C, diene), 1250 (SlCHB), 1020 (s1-0),
-970 (=CH ctrans). |

H.m.r. (200 MHz, CDCl,) $: 7.1 (d, J = 16 Hz, lH,
COCH=CHC), 6.1 (4, J = 16 Hz, lH, COCH=CHC), 4.67 (s, 2H,

=CH,), 3.73 (s, 3H, COOCH;J, 0.27 (s, 9H, S1(CH3),).

asre

e el
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§

' Diene 315

E To a solution of ester 313 (2.43 g, 19.0 mmol) in 5 mL
édry 1, 2-dichloroethane was added triethylamine (1.90 g,

18.8 mmol) and triethylsilyl triflate (4.98 g, 18.85 mmol)

at 0°C under an inert atmosphere. The ice—~bath was removed
after a few minutes and the reaction was stirred at room
temperature for 5 h. Evaporation of the solvent in vacuo
followed by the addition of dry ether resulted in the
precipitation of an oil wﬁich was removed by means of a pipet.
Removal of ether afforded 4.3 g (94%) of diene 315 as a
pale-yellow 01l which was pure enough to be used without

further purification.

IR (f1lm) Voax’ 2960 (CH4), 1720 (C=0, a,B-unsaturated
ester), 1640, 1592 (C=C, diene), 1250 (Si-C,Hg), 1020 (Si-0),
970 (=CH trans).

lH.m.r. (60 MHz, CDCl,) 3: 7.06 (d, J = 15 Hz, 1H,
COCH=CHC), 6.13 (4, J = 15 Hz, 1H, COCH=CHC), 4.67 (s, 2H,
=CH,), 3.77 (s, 3H, COOCH;), 1.2-0.4 (m, 15H, Si(CH,CH,);}.

M.s. (EI, 70eV, 65°C) m/z (%): 242 (1.9, MY), 243 (0.4,
(M+1]7 1sotope peak), 213 (100, M' - C,H.), 211 (5.64, M' -

OCH3).



ey
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Adduct 3-Carbomethoxy-l-triethylsilvloxy-4,4,5,5-tetracyano-

cyclohexene (319)

To a solution of tetracyanocethylene (316 mg, 2.47 mmol)
in 5 mL dry benzene was added diene.iié (529 mg, é.47 mmol)
at room temperature under inert atmosphere. After 4 h, the
solvent was evaporated in vacuo affording 0.84 g (quantitative
yield) of a crystalline compound which had spectral properties
attributable to the Diels-Alder adduct 319.

IR (nujol) Vmax® 2240 (C=N), 1735 (C=0, ester), 1670
(C=C-0), 1240 (Si-C,H¢), 1010 (Si-0).

'H.m.r. (60 MHz, CDCl;) &§: 4.96 (bs, 1H, =C-H), 3.36
(s, 3H, COOCH3), 2.70 (bs, 1H, methine), 2.5 (4, 1H, J = 12 Hz,
CH,H,), 2.24 (d, lH, J = 12 Hz, CHH,), 1.3-0.4 (m, 15H,

Si(C2H5)3).
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EXPERIMENTAL

Chapter 5

L3

SYNTHESIS OF 3-FLUORO-6~-METHOXYPHENOL

Preparation of 3-Fluoro-6—-methoxybenzaldehyde (324)

To a solution of p-fluorocanisole (3.34 g, 26.5 mmol) in
ZQ mL CH2C12 was added titanium(IV) chloride (8.37 g, 44.2
mmol) and a,a-dicgloromethyl methyl ether (3.03 g, 26.4 mmol)
at @°C under ,jnert atmosphere. The reaction was allowed to

reach room temperature slowly and after stirring 8 h was
cautiously poured onto an ice-water mixture and extracted with
CHZCl2 (50 mL). The organic layer was separated, washed with
water (3 x 29 mL), saturated brine (3 x 20 mL) and dried over

anﬁydrous Na2504. Evaporation in vacuo gave a solid which

was recrystallized (CHQCIZ) to afford 3.78 g (92%) of white
'3
fluffy crystals of aldehyde 324: mp 46-47°C. .

IR (nujol) vmax: .2950 (aromatic, aliphatic C-H), 2820,

2730 (C-H, CHO), 1690 (C=0, Ar-CHO), 1610, 1580, 1430 (ring

c===:(¢), 1260 (=C-0-C, v__), 1030 (=C-0-C, vg) -

as
H.m.r. (60 MHz, CDC13) §: 10.28 (d, J = 3 Hz, lH, -CHO),

7.5-6.8 (m, 3H, aryl-H), 3.86 (s, 3H, OCH,).
H.m.r. (200 MHz, CDCls) §: 10.39 (4, J =3 Hz, 1H, -CHO),

=8, J = 3 Hz, '1H, H-2), 7.24 (m, JH4-F = 10,

7.48 (ad, J,_ H2-H4

= 3 Hz, 1H, B-4), 6.94 (dd, Jy, . = 3.8,

F

9.1, J

Jaq-us5 = H2-H4

- y
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J = 9.1 Hz, 1lH, H-5), 3.8 (s, 3H, OCH3).

H4-HS

Formate

To a cooled (0°C) solution of aldehyde 324 (3 g, 19.2
mmol) and 3-tert—buty1-4-deroxy~5-methy1phenyl sulfide (100 mg)
in 40 mL CH2C12 was added )m--CPVBA (4.63 g," 26.8 mmol) portion-
wise over a period of 5 min under an inert atmosphere. The
mixture was refluxed for 5 h. The solution was cooled to 0°6,
10% aqueous Na,S0, was added and the solution stirred
vigorously for 10 migj After neutralizing the excess peroxide,
the solution was washed with water (3 x 10 mL), 5% agqueous
NaﬂCO3 (3 x 10 mL), water (3 x 10 mL), saturated brine
(3 x 10 mL) and dried over anhydrous Na,SO,. Evaporation of the
solvent in vacuo afforded 3.15 g (96%) of formate 325 as-a
yellow oil (95% pure) which was used without purifica;ioﬁ
in the next step.

'H.m.r. (60 MHz, CDCly) &: 8.2 (s, 1H, OCHO), 6.93 (s,

IH’ H-Z)' 6-83 (bS, 2H' H-S, H-G), 3.76 (S, 3H' 0CH3).
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3-Fluoro-6-methoxyphenol (326)

Formate 325 (3.0 g, 17.6 mmol) was dissolved in 50 mL
ethanol-water (1:1) and sodium hydroxide (2.11 g, 52.9 mmol)
was added at 0°C under an inert atﬁosphere. After 30 min the
ice bath was removed and the'reaction mixture stirred at
room temperature for .3 h. Evaporation of the solvent in vacuo
followed By neutraliz;tion with conc. HCl1l precipitated an oil
which was extracted with CH2C12 (75 mL). The organic layer
was washed with water (3 x 30 mL), saturated brine (3 x 30 mL)
and ﬂried‘over anhydrous Na,SO,. Evaporation ?f the solvent
afforded 2.37 g (95%) of phenol 326 as a red oil which was at
least 95% pure.

IR (film) v ¢ 3440 (OH), 2840 (CH;, ArOCH4), 1610,
1600, "1510 (ring C=C), 1240 (=C-0-C, vogle 1200 (=C~0O-H),
1040 (=C-0-C, vs).

lH.m.r. (60 MHz, CDCl;) S: 6.8-6.32 (m, 3H; aryi-H),

5.8 (bs, lH, exchangeable OH), 3.83‘(8, 3H, 0%83);

s
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Synthesis of l-Fluoro-4-methoxyxanthone (328)

A mixture of phenol 326 (2.7 g, 19 mmol), methyl o-iodo-
benzoate (5 g, 19 mmol) and copper (I) oxide (1.4 g, 9.5 mmol)

in 40 mL dry DMA was refluxed for 18 h under an inert y

‘atmosphere. The reaction was cooled (0°C) and filtered. After

removal of most of the solvent by distillation, 6N HCl (50 mL)
was added to the oily residue and extracted with ether (3 x
S0 mL). The organic layer was washed successively with water
(3 x 25 mL), 2N NaOH (2 x 25 mL) and water (2 x 25 mL).
Evaporation of the solven£ in vacuo affordgd ca. 5 g (958%)

of crude diaryl 327 as a red oil.

A

To a solution of crude 327 (5 g, ca. 0.18 mmol) in 50 mL

L)

methanol.was added 3 N NaOH (50 mL) and the mixture refluxed
for 1 h. The cooled (0°C) solution was acidified with 6N HCI],
evaporated in vacuo and extracted with CHZCl2 (iso mL). The
organic layer wés‘washed with water (3 x 50 mL), saturated
brine (3 x 50 mL) and dried over anhydrous Nézso4. The
so}ution was concentrated in vacuo to about 50 mL and added

~+

over a period of 15 min to a vigorously stirred solution of

90 mL TFAA-TFA (2:1 v/v) at 0°C. The red solution was allowed

to warm up to room temperatue overnight. Evaporation of the
solvent and of TFAA-TFA in vacuo gave an amorphous material
which was redissolved in CH,C1, (50 mL), washed successively

with 5% aqueous NaHCO3 {3 x 25 mL), water_(3 Xx 25 mL),

saturated brine (3 x 25 mL) and dried over anhydrous Na,S0, .
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Evaporation in vacuo gave a solid which was"_recrystallized
(CH,C1,/pentane) to afford 3.3 g (75%) of xanthone 328 as an
off—white crystalline compound: mp 184-185°C.

IR (nujol) v . .: 1670 (C=0, xanthone (y-pyrone)), 1610,
1600, 1580 (ring C——C), 1260 (=C-0-C, “as)’ 1040 (=C-0-C, vs).

‘H.m.r. (60 MHz, CDCl;) 6: 8.26 (dd, J = 2.0 and.8 Hz,
14, H-8), 7.8-6.65 (m, 5H, H~5, H-6, H-7 and H-2, H-3).

'H.m.r. (200 MHz, CDCl,) 6: 8.26 (dd, J = 2.0 and 8 Hz,
1H, H-8), 7.67 (m, J = 8.5, 6.9, 1.8 Hz, 1H, H-6), 7.53 (44,
J =8.5, 1.2 Hz, 1H, B-5), 7.4 (m, J = 8.0, 6.9, 1.2 Hz, lH,
H-7), 7.12 (44, J = S5 and 9 Hz, lH, H-3), 6.91 (dd;, J = 9 and

-

11 Hz, 1lH, H-2), 3.96 (s, 3H, OCH3).
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1-[2-(2-Amincethylamino)ethanol]-4-methoxyxanthone

345

(330)

To a solution of xanthone 328 (0.60 g, 2.46 mmol) in

3 mL pyridine was added a large excess of 2-(2-aminoeth§lamino)

ethanol (3 mL, 29.7 mmol). The solution was refluxed under

an inert atmosphere for 5 days. The reaction mixture was

poured onto 3n ice-water mixture, filtered, collected and

redissolved in CH‘Cl2 {10 mL). The organic solution was washed

2
with water (2" x 4 mL), dried over anhydrous Na,

SO4 and

evaporated in vacuo to afford 0.52 g {(65%) of aminoxanthone

30 as a bright orange amorphous compound (95% pure).

IR (nujol) Vmax’ 3280 (broad, NH, OH), 1630

(

c=0,

H'bondiﬁg), 1600, 1580 (ring C—C), 1260 (=C-0-C, v__).

as

'H.m.r. (60 MHZ, CDCl;) &: 9.16 (bs, 1H, exchangeable

N-H), 8.13 (dd, J = 2 and 8 Hz, 1lH, H-8), 7.6-7.2

(

m, 3H, H-5,

H-6, H-7), 7.1 (d, J = 9 Hz, 1lH, H-3), 6.21 (d, J = 9 Hz, 1H,

H-2), 3.86 (s, 3H, OCH3), 3.8-2.6 (m, 10 H, NCH

2

CH

2

NHCH2CH20H).
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1-Fluoro—-4-hydroxyxanthone (331)

To a solution of xanthone 328 (1 g, 4.09 mmol) in 20 mL
C82C12 was added a large excess of BBr3 (20 mL of a 1.07 M
solution in CH2C12, 21.4 mmol) at -78°C. The reaction mixture
was allowed to warm up to room temperature slowly overnight
and quenched with methanol. Evaporation of the solvent with
repeated addition and evaporation of methanol 7n vacuo gave
an amorphous material which was recrystallized (CHaoH) to
afford 0.93 g (99%) of hydroxyxanthone 331 as a white
crystalline compound: mp 253-255°C.

IR (nujol) v 3280 (broad, OH), 1660 (C=0), 1600,

max

1580 (ring C——C), 1245 (=C=-0-C, vas)’ 1040 (=C-0O-C, vs).
'H.m.r. (60 MHz, CDCl, + CD,COCD,) 6: 8.6 (bs, 1H,

exchangeahle OH), 8.21 (dd, J = 2 and 8 Hz, 1lH, H-8), 7.8-6.6

(m, 5H, aryl-H).
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1-Fluoro-4-methoxymethylxanthone (332)

To a solution of hydroxyxanthone 331 (120 mg, 0.52 mmol)
in 10 mL THF was added sodium hydride (prewashed with pentane,
27.5 mg, 0.57 mmol) and chloromethyl methyl ether (100 mg,
1.24 mmol) at 0°C under an i1nert atmosphere. The reaction
. mixture was allowed to warm up to réom temperature overnight, T
quenched with water and the solvent evaporated zn vacuﬁ. The
residue was dissclved in CH2C12 (10 mL), washed with water
(3 x 5 mL), saturated brine (3 x S mL) and dried over anhydrous

Evapcoration of the solvent gave a solid material

Na2594.

which was recrystallized (CHZClz/pentane) to afford 135 mg

(95%) of white, crystalline methoxymethylxanthone (332):

mp 118-120°C.

IR (nujol) Vmax’ 1665 (C=0), 1600, 1580 (ring C——<C),
1230 (=C-0-C, v, /), 1020 (=C-0-C, v ).

lH.m.r. (60 MHz, CDCl,) §: 8.20 (dd, J = 2 and 8 Hz,
1H, H-8), 7.66-6.6 (m, 5H, aryl-H), 5.26 (s, 2H, OCH,), 3.56

(s, 3H, OCH3). T

Ve
e oo
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1-{2-{(2-Aminoethylamino) ethanol]-4-methoxymethylxanthone (333)

To xanthone 332 (100 mg, 6.3% mmol) , dissolved in a
minimal amount of eghanol (0)5 ml.) , was added excess
é—(2—aminoethylamino)ethanol (4 g, 38 mmol) and 1.0 mL
anhydrous pyridine. The reaction mixture was refluied for
3 days. The solution was cooled (0°C) and added to ice-water.
The suspeng}on was filtered, collected, redissolved in CH2C12
(106 mL), washed with water (3 x 4 mL), and dried over
anhydrous Na2804.’ The solvent was evaporated in vacuo then
dried under high wvacuum to afford 120 mg (93%) of xaﬁthone
333 (95% pure) as a bright yellow amorphous material.

IR (CHCly) v__.: 3480 (NH, Ar-NH-R), 3300 (OH), 1630
(C=0, H-bonding), 1580 (ring C444?), 1240 (=C-0-C, Vas)'

H.m.xr. (60 MHz, CDCl,y) 6: 9.3 (bs, 1H, exchangeable
NH), 8.2 (44, J = 2 and 8 Hz, 1lH, H-8), 7.6-7.4 (m, 3H, H-5,
H-6, B-7), 7.13 (4, J = 9 Hz, 1lH, H-3), 6.26.(d, J = 9 Hz, 1lH,
B-2), ,5.15 (s, 2H, OCHZO), 3.6 (s, 3H, OCH3), 3.8~2.73 (m,

®

8H, -N(CH N{CHZ)ZO—), 2.33 (bs, 2H, exchangeable C-NH, OH).

2) 2
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1-[2-{2-Aminocethylamino)ethanocl]~4-hydroxyxanthone (21)

Xanthone 333 (100 mg,/).279 mmol) was dissolved in

meti’lanol (10 mL) and hydrogen chloride was bubbled into the

solution f'or 5 min at 0°C. The resultant suspension was

fllterued, collected and washed with ether. It was dissolved

in e; minimal amount of water, made alkaline with NaOH and . €

then care~fully neut?alized with aceticuacid affording 106 mg

(94%) of aminohydroxyxanthone 21 as a red crystalline

compound which was dried under high vacuum: mp 183-185°C. .
IR (nujol) Vmax: 3340 (broéd, NH, OH), 1620, C=0,

H-bonding) , 1600, 1580 (ring C-=:C), 1260 [=C-0-C, v__).

as
& §:

H.m.r. (200 MHz, CH,0D) 9.4 (bs, lH, exchangeable

At-OH), 8.23 (dd, J = 1.5 and 8 #z, 1lH, H-8), 7.8 (m, J = 8.5,

.0, 1.5 Hz, 1H, H-6), 7.6 (d4d, J = 8.5, 1 Hz, 1lH, H-5),

7.46 (m, J =8.0, 7.0, 1 Hz, 1H, H-7), 7.26 (4, J = 8.8 Hz, o

1H, H-3)", 6.75 (d; J = 8.8 Hz, 1H, H-2), 4.96 (bs, 3H,

exchangeable 2x-~NH and OH), 3.74-3.69 (m, 4H, Ar-NCEZ- and

CH,OH), 3.8-3.42 (m, 2H, Ar-NC-CH,-N), 3.34-3.23 (m, 2H,

2 2

~N-CH,-C-QH) . .
M.s. (EI, 70eV, 86°C) m/z (%): 314 (10.2, M¥), 315 (2.5

m+117 isotope peak), 240 (100, MY - CoHgGNO)¢ 241 (64.1, M? -
N > :

C,H,NO), 212 (0.2, M¥*- c.u_NO-cO).
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