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* alcohols such as 20 and 37 has been developed. Thi's involved a [2 3]'

! /
-

" Absract

Various reactiuns directed tnward the total synthesis uf gascard\c .

. acid have bedn delmeated. Unfortunately tr1suhst1tuted cyclopenta-

dienes of type 31a and 31b would ot partake in the desired intra-

) mo] ecular Die)s-Mder reactmns. ln contrast, compounds 68 and 73 in". ' .

wmch ithe sidechain suhscituents differ, cyclized to the requ\s1te

tricyclic skeletons.. !

A genera] method for invertmg the stereochemistry of vinyl

sul fﬂxldE renrrangement andwill permit a brnader apphcatmn of the

oxy- 6opa rearrangement as illustrated by the cenversion uf 37-t0. 53
*y

-e

. to 54. | S " . 7 -~

Model studies of a su1tab1e cycluhéxane cyclc)\eptane ring expansion

in whh:h the keta-ester Functlonath is retained were commericed. ' * o &
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¥ Natural products “have long fascinated organic chemists. However,
in spite 'of the voluminous 1iterature ?ieahng -with terpene structure

. & e]ucidation and synthesls. the Cyg c} class of sesterterpenes have until .

recently received relatively li/ttle attention.
. The sesterterpene gasclrd(\: acxd(_)was first isolated from
e Gascardla madagascanensvs by Brnche and Pn1onsky in 1960'I "me .
C sesterterpene c]as; of. compounés mc]udes a large variety of ri;g sizes
and unique carbgn ske]etons. ‘The most cunlwn structural c'lass are, the

y ophmholanes 2 3, hnt ather types range from monocychc and-acyclic

B polyenes to more cnmplex systefns such as the pentacyclic skeleton_ fuund>
\ .

in rengeranic acid 345, “

Tne structure elu:idanan of gascardic cid wys nnna]]y under-

carbocyclic skeleton by extensive nhémi’za] and spectroscopic studies,
but their studies failed to una‘mbjguausly esta‘b\ish the relative
conﬁgurﬂ‘h:un of C-14 gnd"c-lq, Tﬁey assigned the relative stereo-
chemistry of these two center§ based on a pIausib}e bi.cgev;etic scheme,

.o The relative steréostructure of gascardic atid was determined by

Boeckman gt al, by x-ray d\’ffr‘lact‘lon studies on the dicyclohexylammonium

‘ sa]t

Boeckmann.also verified t&ua structure by develuping a tota]
syntnes1sa. The hydrindane s)J tem was constructed by a conjuqate

addition-annelation sequence us1ng -methyl 2-cyclopentene- 1 -one" and
| the mixed diorganocuprate reagt‘znt w from copper n-pentyne and

6-methy1-5-pentenyl1ithium, to|yield the hydindenone 4. The con-*

: struction of the quaternary :eﬁ‘ter at C-11 proved quite challenging.
t / l" |

& ¢ B Intradgtion - T S

taken by Arigoni and Scartazzlni They were able to assign the -
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They had |n1t|aHy planned to use an intermolecular conjugate addition
’

to construct this center, but after trying vérious nuc]eaphnes and

j |
.organometallic reagents without success, they abandoned this approach. -

They then thought that the driving force for an intramolecular
rearrangement would be sufficient to overeome any steric factors in, .

functmnahzlng c-1= The hydrmdenone 4 was, transfomed into the .

: vmy\‘ether 5 through a:series.bf :ransfomamns. ‘Rearrangement of

5 afforded the o]eﬁnic aldehyde 6 wh¥ch was converted to the keto
nﬁester 1. Methy]enat!au of 7 by standard mtﬂg reaction affnrded
onTy poor-\ylews. However, the methylehe diester 8 was obtained by

treatment of the diacid with N-methylphenylsul fonimidoylnethy11ithium,

.followed by in situ reaction of the crude adduct with aluminum amalgam,

and reesterification with diazomethane. . . rd

' Completion- of the ring system was achieved by 'a Dieckmann
cyclization to give Ifetoester 9 wh‘ich was, converted into d1-methyl
gascardate 16 by reduction of the ketone, fo]]owed"by mesy]at‘inn and'
eHﬁn‘nAtinn,‘ The mxture of epimers (1:1) was resolved by LC, and 'n
finally sapomf\canon gave gascardic acid(1}

The tricych‘c nucleus of gascardic acid is found ‘?" nodified form
in a variety ‘of nazura] prndfnc‘ts. including sesqui-, di- ‘and sester-
tev;ienes:.' We ‘are‘dnvg]‘opinq a general strategy for the construction
of these quaternary, splro-hf"seg tricyclic skeletons of varying ring
size. Our approachselies on an intramolecular Diels-Alder: uxj-Cope
rearrangement sequence, It provides stereochemical con\{ro\ and
depending upon the final target (gascardic acid, retigeranic acid,
pentalenic acid, Taurenene, etc.), the,length of the sidechain may be

" \ u
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i \ - 4. Cvaried and the resulting’cyclohexanone cnnlr}:ted or _exb@ as.
N G required; The genera) principle is outlined in Scheme 1

" THE original plap was to construty an intermediate keto-ester such
as 11 which after Diels-Alder cyeloaddition would aFford the tri-

:ychc addm:t lz‘contamlng a suven-mmﬁerzd ring » Unf;wrtunately

“these kéto-esters, wou1d not cyolize; the reaction yielded either =

- : startmg materials or deta&pus‘tmn pmducts.

szt s N '§yst¢mtl: studies? revealed-that entrupy tﬂsfavours.d‘rect

f

o Y $ funnatiun of a ' by thls intr sgquence and tHat

2 ’ the presence of keto-ester functionahty in the sidechain is deletermus

~ even for the preparetinn of - cy JnTernal tion
o pr"o.mdéd to'give six membered rings™in the absence of the e’ster.'
These résults 'uere consistent with a marked conformational bias caused
W A by through space interactions of .the _cyclopentadiene and sidechain
functionality. £ ~ ) L5
The effect of the ester group was deduced from the presence of an

. unusual infrared absorbtion band in the ketones.which cyclized. The

carbonyl band (1670 ca™') was not typical of a saturated ketone, but is

: \ gansi_stent with a psqudo-conjugated carbonyl interacting with the =
system of the diene. As illustrated in Scheme II, this creates the
corréct orientation of t‘he diene and dlenophllle and aids in cyclization.
When the ester is preseot, it apparentiy dominates the competition for
this pseudo-conjugnﬂnn and therefore holds the diene and diendphile in

a confonnatlunr that makes it difficult for cyclization to occur.

The validity of.this una]ysis was confirmed: by cunduct1_ng the

S 1 W0 = W

| , _ reagtion under condi'tions which favour the correct geometry for cyclo-

‘ ) - a'dd{tion; This was -accomplished by the use of tetramethylethylene-

G . -
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dlantne as a complexing agent!?. The Diels-Alder reaction failed in
the absence of tetramethylethylenedianine.

These results dictate that the approach to gascardic acid be
modified. Clearly the route must proceed via a tricyclo[6.2.1.0'"6]-
undecene which is suitably Functionalized for subseduent ring expansion
to a cycloheptane. In general terms, this requires the insertion of
a t%rbon into the cyclohexane system at the B-carbon. ' In principle
this’ might be achieved via a cyclopropyl-ketone, in which controlled
bond cleavage affords the requisite ring system as illustrated in
Scheme 111, . R e

F Ordinarn} carbene insertions, caniot be used to prepare such a
cyclopropane since carbenes react much faster with unconjugated double
bonds than with conjugated ones. Corey!! has developed a method of
adding dinethy] sulfoxonium methylide to electrophilic unsaturated,
linkages including C=0, C=N, C=5 and C<=C. This method was utilized by
Mokadyama'? for the asymetric synthesis of cyclopropanes and.y-butyr8l-
actones..« This procedure has béen modified by Johnson'?, using (dialkyl
amino) methyl sulfoxonium methylide which also adds to electrophilic
unsaturated ] inkages. A slightly different method was developed by
Anmen'?, Who used the anion of nitromethane to add to a,B-unsaturated
nitriles.

CoAnvennonﬂ methods of Cyclopropane cleavage, such as catalytic
hydrogenakinn‘s, sodium in ammonia'6?V7, etc., are likely to give a
mixture of c]eavage products w]th the desired ring expanded compound
13 as the minor isomer. Activated cyclopropanes may be cleaved ‘wm\
nucleophiles, both inter and intramolecularly'S, Deslongchamps has
shown that when the cyclopropyldiketone 14 is exposed to base it
undergoes .cyclopropane ring opening via a retro-Michael addition, to ~

maseatia

| B
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give the tricyclic enolate 15, which in turn gave the u,s—ur‘usatuv;ated
ketone 16 upon prntonationwA This sgudy provides a reasonable
analogy for gascardic acid and the route may now be adjusted to follow
the sequence from 17 via 18 to 19.

\ It is well estah”shed‘that nucleophilic addition to norbornanones
occurs preferentially from the exo-face. We/intend to add an allyl Grignard
reagent tu‘av novrbornene, therefcre. the s‘tereuchemistry must be corr‘ected.’
Thus, the next stage.of the synthesis requires a method for Eanversion of the

endo-vinyl alcohol of type 20 into its epimer 21. A [2.3] sulfoxide rearrange~

ment of the type described by Mis'{nwzo'm' and further studied by Eva“522,23,24
@ should accomplish the required inversiun‘. Evans apd collaborators have ’
applied this rearrangement to the Synthesis of ;rustag'landin inter-
nediateg?® and the total synthesis of (+J-bakkenolide A, The allylic
alcohol is transformed into the allylic sulfoxide followed by rearrange-
ment to the other alcohol isomer as shown in Scheme IV.
The base accelerated oxy-Cope rearrangement should now be feasible.
Evans increased the synthetic utility of the oxy-Cope rearrangement
kchh originally%quired high 'terv:perature, with the discovery that the
rate of this [3.3]-sigmatropic shift can’ be accelerated by a factor of

lﬂw to 10” when the oxygen atom bears a negative chargen’za. This

observation is a general one with widespread applications and‘@nab

3 N
ions; since all reactions which involve an a-bond cleavage should

accelerated by. increasing the electron density op an adjac‘ent ‘atom.
Thi's, anfon oxy-Cope rearrangement has been used in the total synthesis

of (+)-acoragermacrone, (x)-i:re1soca]amend|o'lzg' steroid ana’loguesao’a‘,

L
as well as the stereoselec‘\ive synthesis of (4)-juvabione®. For
gascardic acid the desired' cis-hydrindane nucleus will result from the ' ,' ]
oxy-Cope on 22 to give 23. . * ! \‘
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Results and Discussion
Part A: Preparation and ;\ttémpt:d tycWzation of Trisusti tuted
Cyclopengadienes. 5

Our original plans required the preparation of suitable tri-
substituted ¢jglopentadienes which could undergo Diels-Alder
cycl(zations@iem tricyclic adducts. It was anticipated that these
tricyclic addicts could then be further developed into the skeleton, of
gascardic acid. As outlined earlier in thewintraducmun, direct
cyclization of these keto-ésters was not possible, although remval of
the ester moiety afforded smooth cyclization. It was originally thought
that the enolization r:f the keto-ester system might be unfavourable and
hold the dienophile in a conformation fromwhich cyclization was dis-
favoured as shown in Scheme U.. N .

To check this, trisubstituted cyclopentadienes were prepared in which
this enolization was blocked, The thiophenyl group was selected to
block this enolization, because it could later be oxidatively eliminated
to provide the) required double bond in the tricyclic system, for
expansion of the six-membered ring. ..

The first model, the trisubstituted cyclopentadiene 31a was
prepared as outlined in.Scheme VI. The alkyl Tithium reagent 25 was
prepared from 2-bromo-6-methyl-5-heptene (24)by reaction with freshly
prepﬂre;ﬂ 2% sodium/lithium alloy in ether while irradiating with an

ultrasonic bath. This bromide was generated by treatment of 6-methy1-5-

heptene-2-01 with tripheny and bromine at 0°C (63%)1 The enol
ether 27, prepared from 2-methy1-1,3-cyclgpentanedione in 91%4ield, was

condensed with 25 to give the enone 28a (70%) after aqueous acid work-up.
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. The \‘Altrasunic bath was essential for the efficient preparation of the
alkylTithium reagent as standard Grignard reaction conditions failed to
give the desired product. As dimerization of the bromide was a )
competing s\‘de reaction, the use of two equivalents of the bromide -
resulted in a substannal mcrease in yield, from 37% to 70%.° "

Weiler and Huclin estabhshed that the optimum m"d,"'“"s for
generation of the dianion of methyl acetoacetate involved using sodium-
hydride to abstracz’ the first proton -folll;i«ed by n-bTy11ithium to
abstract the second. Under these conditions the enone 28a was added.

. rapidly to yield the desired ‘pyc'loyentadil:ne 29a in 81% yié]’d, after
* dehydragion wjth”3y HC1: e
The th'opﬁ!nyl group was introduced into the keto-ester 29a by

3 and sodium hydride was *

1 - e a\kyla.tii;n with !—thiopMnylp)Ltmli'mide
employed as the Base.to give the sulfide 30a in 95% yield. Unfortun-
ately the 211yl group could not ndw be introduced under a variety of

'__):ondiﬂons. This may be a result of steric Mndergm:e or alternatively
the lack of. nucleophilici ty. of the highly delocaljzéd anion. The
reverse order of alkyhtwn was investigated next, Alkylation of keto-
“ester 29a with.allyl bromide qave 33a in 63% yield. A second alkylatinv!
with w-tninpnenylpntnanmm 5 afforded the tar;et compound 31a in
1% yield. § % G o B

. lefor,‘tunl-te'ly this compound would not undergo the desired Diels-

> Alder cyclization. It'was heated in toluene.in a sen'led tube at 180°C

for three to five days but only decnmposition producf,s or starting
&

material were obtained. o

n somg. cnnformanons the trisubstituted double bond -appears to
block the desired cycioaddition.. To ascertain 4 this was 1, serious

-
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problem a simpler mode? (compound 31b) was investfgated. This cyclo-

pentadiene has a memyi group in place of the 2-methy]

-hepteny1
substituent. The synthetic route to conpound 31b outTined in Scheme VI
is analagaus to that for conpound 31a except that methy11ithiun

replaced 25 in the initial addition to the enol ether 27. =
‘As: above, the keto-ester 29b s alkylated with allyl bromide to

give 33b (88% yield), and further.alkylated with N-thiopheny1

* phthalimide® to.give the desired mélecule 3lb in‘70% yield. ‘Again

* the Diels-Alder cyclization did not occur. The reason Yor the failure

of the cyclization was not enolization. It was found by & co-worker”*!

‘that the keto-ester functionality in the side chain has a deleterfous

effect: Through space interactions betwegn the ester and the cyclo-

" pentadiene place the dienophile in 3 confon;unon which inhibits

cyclizatien as described above in the Introductmn

Part B: Epimerization of VinyT Tertiary Alcohols.

It is well established that nuc]eopmhc attack on norcamphur

" occurs preferentially from the'exo-face. Thus in order to etipToy the

"pruposed“ axy-cége rearran_g'ement for the gascardic acid synthesis |
a'method for controlling this addition or epimerizing the resulting
‘endo-alcohol after vinyl maghestun. bronide addition is required
{Scheme VII). Thds Dutenha'l difflculty was appreciated from the
vntset and there appeared to be a slmple sulucicn. This salutmn
would take advantage of the [2,3] su]foxide‘ reqrrangel;!ent in which the
oxygen should migrate predomingntly across the exo-surface to provide
(in the presence of a thiophile) the desired exo-alcohol (Scherie VI).
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In order to test this hypothesis vinyl magnesium bromide was added
to norcamphor to yield the endo-alcohol 20. It was found that by
conducting the reaction at 0°C the endo-isomer was obtained exclusively
in 99% yield. The next step invalved oxygen alkylation and spontaneous
rearrangement to the allylic sulfoxide. Initially it was intended to )
use vinyllithium in place of vinylmagnesium bromide, as Evans employed
for his synthesis of ()bakkenolid A%S. This allows alkylation of the
I4thium salt directly with pheny sulfenyl chioride3d without 1solatipg
the alcohol. Unfortunately we had no.Tuck fn generaing vinyl1ithiun
cleanly. Our attempts to alkylate the magnesium bromide salts of the
alcohols directly failed under Vav‘i?us conditions (Table 1). Also,
using Tithium salts at temperatures higher than -78°C or ot freshly
distilled pheny] sulfenyl chloride resulted in rapid addition across
the double bond to yield endo-2-hydroxy-2-(1-thiophenyl-2-chloroethanyl)
bicyclo[2.2.1] heptane(34) in 82% yield. :

The allylic su]fnxide_ 35 was obtained in 45% yield when the
temperature was Towered to -76°C and freshly distilled phenyl sulfenyl _
chloride was used. The allylic sulfoxide rearranged to give the
exa-alcohol 21 in refluxing methanol in the presence of trimethyl
phosphite in 56% yield. The ratio of exo to endo alcohols gas 8:1.

The: next model sequence (Scheme VIIT) contained an endocyclic
double bond so that after the stereochemistry was corrected an oxy-
Cope rearrangement could occur. Bicyclo[2.2.1]hept-5-ene-2-01 was
oxidized to bicyclo[2.2.1hept-5-en-2-one with pyridinium chloro
chromate®® in 72% yield. Grignard reaction with vinyl magnesium

bromide at -78°C gave onl'y the endo-alcohol 37 in 62% yield. However,
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TABLE 1

\

, Counter Solvent Temperature
Ton
. N Hg!r. .émer -40°C
G i -95°C
2 B " DME 22°c
'
Li® Ether = 0°c
» . -40°C
>n' " -78°C
’ . THE T s

2 NP refers to N-thiopheny] phthalimide.

Attempted Alkylations of Alcotpl 20

Alkylating
Agent

PhSCI
NTP?

PhSC1

wTe?

Result

(34) 60%
(34) 50%
I(‘R

(34) 40%

"(34) 82%

(35) 46%
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when the lithium anion was reacted with freshly distilled phenyl
sulfenyl chloride at -78° it did not give the desired O-alkylation.
Instead oxetane 38 was formed exclusively. The structure yas assigned
by analogy to a similar oxetane 39 prepared by Ikegami gt al®’ in
which epoxide 40 was opened with the,potassium anion of the alcohol.
In addition Saksena et 218 had shown that the alkoxide could not open
the epoxide from the other side to give the twisted oxetane due to
steric constraints. o .

Based on the stereochemistry of the product it appears that this
product arose from associatién of the positive chlorine with the
rea:t‘i ve norbornene double bond, followed by oxetane formation and
finally displacement of the chlorine by thiophenolate. The stereo-
chemistry was established from 'H nmr coupling constants by analogy
with results for 41 and 42 in which JAB = 4.8 Hz and - 0.5 Hz
respectively. N

A series of bases and reaction conditions were used to try and
enhance the desired O-alkylation (Table 2) but unfortunately all of
these attempts failed. B \

To establish the relative réactivity of the phenyl sulfenyl
chloride it was added to norbornene at -78°C. The red colour of the
el e e 43
resulting from addition across the double bond.

Although initially d1sa|))pointing differential functionalization of

rémote sites in the norbornene skeleton is often difficult and this

oxetane forming redction may be useful for thesynthesis of thromboxanes

such as thromboxane A, 44 or related analogues such as 45. Thromboxanes
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TABLE 2

Attempted Alkylations of Alcohol 37

Base Solvent Temperature Alkylating Result
Time Agent
nBuLi Ether -78°C/1 h PhSC1 _(38) 602
" o 0°¢/22 h byrs . NR
o DME 22°0/18 h MeSSe N.R.
KH DME 22°c/20 h TP N.R.
& OME 85°c/18 h ap N.R.
2 18-crown-6
J = DME/HMPA -78°C/1 h PhSC1 *(38) 40%
. M - 22°¢/16 h MeSsMe N.R.
L . "~ 22°c/16 n Messhe, N.R.
18-crown-6
. . 85°C/16 h MeSSMe b N.R.
. . 22°C/20 h Byrs NRS

2 NTP refers to N-thiopheny] phthalimide>®.

5 NTS refers to N-thiophenyl succinimide®®.
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have received considerable attention lately due to t?eir potent blood
platelet aggregatmg and vasoconstrictor properties. ‘It has also
been found that anamgues of thromboxanes have similar’ aftivity and
many habe been synthesized.37240:41,42.43 i
Another route to the allylic sulfoxide was requireq since the=~

phenyl sulfenyl chloride added across the double bond faster than
alkylation of the oxygen anion. Initially a mumber of Wittig | £~ ™
reagents were tried on ketone 36 with functionality on C-2, but fhese
all failed due to either formation of a di-Wittig reagent or elimin-
ation under the basic conditions necessacy for formation of the ylid.
Subsequently the simple unsubstituted ylid generated. from ethyl
triphenylphosphonium bromide was used to produce the olefin 46 in 83%
yield. It was kngwn that selenium dioxide would oxidize the secondary
centre preferentially, so N-bromosuccinimide was used to attempt to
functionalize the primary position but it only delivered the bromine

in the secondary position to give bromide 47. Singlgt oxygen whieh
could have given us the desired exo-alcohol was investigated next but
it unfortunately gave the secondary alcohol 4g. i

A3y alcohols frequently afford rearranged chlorides upon treat-

ment with thionyl chloride and the primary chloride 49 should be
expected in this case. Indeed thionyl chloride gave 49 in 40% yield.
This chloride was very unstable and impossible to purify completely.
Thus the crude chloride was transformed into the thioether 50 by

displacement with sodiun thiophenolate (413). The sulfide was oxidized
_ with m-chloroperbenzoic acid at -78°C to give the sulfoxide 51 in

86% yield; this was accompanied by some of the cnrrespondmg sn]fone

52 (7%) but none of the possible epoxides. In, theory. rearrangement of

T
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the-sulfone to the exo-alcohol 53, should be possible but when it was
refluxed in methaiiol in the presence of trinethyl phosphite for up to
six days only starting sulfone 52 was recovered. ' This may be explain-
ed by the fact that the sulfones. are obtained by heating subfinates, the
intermediate in the rearrangement to the exo-alcohol. It was shown by
Hiroi et al that the equilibrium between allylic sulfinates .and allylic
sulfones is shiftedttoard the sulfone.* This would Fesult. in the
sulfone being present almost excll{sive»’l\y and the rearranéement there- |
fore cannot occur readily. : .
. The aTlylic sulfoxide 51, was rearranged to the exo-alconé1 53
in 46% yield by refluxing in methandl in the preseice of sodium thio-
phenolate: § The ratio of fexo to endo-alcohol obtained was 8.5:1.
Refluxing the sulfoxide 51 in methanol in the presence of trimethyl
phosphi te gave some of the desired exo-alcohol 53 acc;mpanied by'éign-
Aficant decomposition. The cis-hydrindenone 54 was obtained cleanly

in 70% yield when the potassium anion of the alcohol was refluxed in

THF for 20 minutes. As expected, when the endo-alcohol Wwas tr.eated

under the same conditions no reaction occurred. : ”

Part C: Ring Expansion of Six to Seven-Membered Ripgs.

As discussed earlier direct Diels-Alder cyclization to give the
seven-membered ring was not. y;ussible due to entropy disfavouring
formation of the cyc1oheptan‘e'.9' Tr’ui; a'ring expansfon method was
required which would Jeave the keto-ester functionality intact and add
the new carbon adjacent to the ester,(Scheme IX). We chose to prepare

a cyclopropane and cleave it by a retro-Michael addition type reaction.
. o -~

'
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The first model chosen was consistent with our earlier models.
Methyl keto-ester 54 was prepared, a double bond was inserted by
selenide formation and oxidative elimination to give the unsaturated
keto-ester 55 in 94% yield. This was then reacted with the sulfur
y1id prepared from trimethy] sul foxo;|imn iodide, which was expected to

give the bicyclo[4.1,0] heptane system 56. However, as found by Corey
et a1%6:97

the sulfur ylid adds competetively to the a,B-unsaturated
methyl and ethyl es_ters to give B-ketosulfoxonium ylides such as 57
(Scheme' 1X). Since this failed we tried the addition of the anion of
nitromethane to the unsaturated keto-ester as shown by Annen'®. This
method géve none of the desired product; apparently this method
requires the presence of at least one nitrile fo activate the double
bond.

The tertiary butyl ester Was next synthesized. This proved
challenging. Trans-esterification from methy] or ethyl ester to
“tertiary butyl estéF failed, not even traces of the desired ester were
found under various conditions. Direct acylatéon ‘of cyclohexanone
under. similar conditions to these employed for the preparation of the
methyl»es.ter using di-t-butyl carbonate, t-butyl methyl carbonate etc.
was studied u‘r:dev: various conditions shown jn Table 3, but these all

© failed. Tﬁu;. the methy) éster was reduced with LA to the diol then
. "oxidized to the k‘eto-acm which was transformed into the acid chloride
“ then to the £:hiltyl ester but this w;s very lengthy and yields were
terrible. Alkylation of the'&!aniun of t-butyl Jacetoacetate with
* 1,3-diiodopropane also failed to give the desired s-keﬁ-g-buty’lzster.
Finally a compound used tos protect amines, di-t-butyldicarbonate

was used to alkylate the sodium anion of cyclohexanone to give the
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TABLE 3

Attempts to Prepare Tertiary Butyl Ester 58 from

Solvent
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Cyclohexanone

Tenperature
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Acylating Result
Agent
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desired ‘keto-ester 58 in 73% yield. This was then transformed into the
a,B-unsaturated keto-ester by preparation of the selenide and oxidative
&limination to give 59 in 97% yield (Scheme X). The cyclopropane 60
was prepared by the addition of the ylid prepargq from trimethyl
sulfoxoniun iodide to 59in 65% yield. v ¢

It remained to activate the 4-position so that a proton could be
renoved and retro-Michael addition could take place. The a,B-unsat-
urated keto-ester 59 was reacted with N-bromosuccinimide to give bromide
61 quantitatively. But wheA the bromide was reacted with sodium cyanide
to give nitrile Q\U,in zation occurred. .

A better model is a compound where the position a to the cyclo-
propane would already be activated (Scheme XI). We chose to start with
2,2-dimethy1-1,3-cyclohexanedione and alkylate it with di-t-butyl-
dicarbonate to give keto-ester 63 in 56% yield. The double bond was put
in via the selenide as in the prev\":)us example to give 64 in 85% yield.

N This was then reacted with the sulfur ylid under a variety of conditions

but'ghe desired cyclopropane was not obtained. Unfortunately the model " 4

study could not be completed as anticipated but the principle seems

valid and ultimately it should be possible to employ a related sequence

in the total synthesis. . ) )
>
s

Part D: Modification of Trisubstituted Cyclopentadienes. .

The preparation of a cyclopropane in the presence of the methyl
ester was not feasible and thus the scheme toward gascardic acid was

changed to include a tertiary butyl ester. We first reacted enone 28b
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with the dianion of tertiary butyl acetoacetate to give keto-ester 67
in 50% yield. This was then alkylated with 1,3-dibromo-1-cyanopropene
which was prepared by-allylic bromination of the product of the Wittig
reaction of acetaldehyde with bromocyanotripheny] phosphine methylide’®
to give 6._§ in 61% yield (Scheme XII).

’ This was then heated in a sealed tube in toluene at 1'84]"(2 for

24 h'to give the Diels-Alder adduct 69 in 19% yield. Unfortunately
Wi the bromo-nitrile wes hydrolyzed to the ketone it appeared that the
keto-ester was also hydrolyzed and decarboxylated, although this
structural assignment is tentative. .

Alkylation of keto-ester 67 with the dimethyl acetal: of propenal
in the presence of nickel acetoacetonate resulted in trans-esterific-
ation to methyl ester 29b. )

We now chose to switch to the methyl ketone as opposed to the
tertiary butyl ester. Unfortunately the dianibn reaction with 2,4
pentanedione would not occur under the same conditions as the keto-
esters. Finally two equivalents of lithium di-isopropyl amide in DME
generated the dianion which was reatted with enone gﬁy:o give diketone
71, but the yield was not very good (13%) (Scheme XIII). This method
was pursued in hopes that the yield could later be improved. }n keeping
with earlier studies by Weiler and Huckin®® it may be that benzyl-
oxyacetone would be a better choice. Several attempts were made to
alkylate this diketone (Table 4); the only reagent that would alkylate
the diketone u‘nde‘r normal conditions was allyl bromide which gave 72 in
95% yield. . b

This was not of much use since e required functionality on the %

double bond which could be transformed into a ketone. We thep tried
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TABLE 4

Alkylating
Agent

BrCH,CH=C(C1)CN
CICH,CH(OMe)

"
CH. Z-CHCHZBr
BrCHZCHZDH
0,
. CICHZCN—CHZ
0-
c1 CHZO‘—:CHZ

i

Attempted Alkylations of 71 |

Temperature/
Time

e2°c/2 h
22°c/7 h
85°C/20 h
27°C/20 h
22°C/20 h
22°C/20 h
22°¢/20 h
56°C/20 h

-
Yield

e
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to cleave the double bond to give the aldehyde which could be reacted
with a Hittig reagent to give the required functionality. But
unfortunately when this cleavage was attempted with osmium tetroxide
and sodium periodate only total decomposition resu]ted..‘

It was _found that compound 71 could be alkylated with the dimethyl
acetal of propenal, neat, at 200°C in the presence of nickel aceto-
acegnate to give 73 and also some of the cyclized product 74 (Scheme *
XIV). This route was no longerv pursued because the yield of the
dianion reaction could not be improved, although as suggested above
benzyloxyacetone should be more reactive.

Direct cyclopropane formation from the keto-ester using the ,
alkylation method developed by Weiler® for the. irst bond formation
was, examined next. - Initially methy] acetOacetate was reacted with
epichloroydrin in the presence of boron trifluoride etfierate to give
chlorohydrin 75. This was then exposed to two equivalents of sodium
ny‘d'rge to give cyclopropane 76 (Scheme XV).

Application of this method to compound 29a, which contained a
double bond in the s\';ie chain, appfared to result in an 'ene reaction
between the side chain double bond and the cyclopentadiene. When this
was tried on compound 67'Which does not contajn a sidechain double bond,
it appeared that the cyclopentadiene portion reacted also. Clearly
further experimentatiun‘ is requi r&i’ in order to introduce the cyclo-

propane unit pgssibly via a diazoketone addition.

i
i
|
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Part E: Vinyl Alcohol Epmer\zatmn Extension.,

Jung3 has used the oxy-Eune rearrangement to prepare the
hydrindane portion of steroids. To accomplish s a lengthy sequence
wis required in order to ensure the correct stereochemistry of the
norbornene-altohol intermediate. It should be possible to prepare his

intermediate more directly employing the [2,3] sulfoxide rearrangement

sequence developed above. A brief start was made in‘this direction with

the intention of preparing the steraid intermediate 80 synthesized by
Jung and HatField3! (Scheme XVI). The initial step required the Diels-
Alder reaction of methyl cyclopentadiené with a §£_tah1y functionalized
dienophile. . .
We could not chose a dienophile activated on one side, such as a

ketene equivalent because’ the Diels-Alder adduct would hx;v_e the
functionality andy the methyl group both on the same side which was
unacceptab]e Metr;oxy acetylene ‘was not sufficiently reactive and gven
-smg a Lewis acld catalyst gave only dimer. Methy1;3q|‘ethuxy»,

propionate, was also not active enough and thus maleic anhydride was
employed which gave a mixture of regioisomers 81 and 82 (2:1).. The two
isomers were not easily separated chromatographically so the mixture
was hydrolyzed to give diacids83 and 84. The diacids were reacted

with lead tetraacetate to give dienes 85 and 86. This part wa‘s then

stopped due to lack of time, but the desired diene.which is now

symmetrical should be separa‘zle. Reaction with 9-BBN should give .
mainly the desired v.alcoho'l 87 which could after oxidation to ketone 88

be used to synthesize hybrindenone 80.
> ~
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Experimental

Infrared spectra were recorded on a Perkin-Elmer 2378 or 451
grating spectrophotometer, and were calibrated with the 2850 and 1601
en’T bands of polystyrene Film. Ultraviolet spectra were recorded on
a Perkin-Elmer 202 uv-visible spectrophotometer and were calibrated
with the 279.4 nm band of a Holmium oxide filter. Proton magnetic
resonance spectra were measured at 80 MHz with a Bruker WPBO spectro-
meter employing a chloroform lock or at 60 MHz with a Varian EM 360
spectrometer or at 400 MHz with a Bruker WH 400 spectrometer at the
University of Alberta. Signal positions are reported in ppm downfield
from tetranethyisildne (delta scale) as an internal standard, the
number of protons, multiplicity, coupling constants, and the proton
assignfnents are indicated in parentheses. Mass spectra‘were determined
on a V.G. Micromass 7070 HS instrument ysing an jonization energy ofe 70
electron volts. /

. Gas liquid chromatographic analyses were conducted on a Hewlett
Packard 4028 gas chromatograph equipped with a column (3m x 6 mm i.d.)
containing 1.5% OV-17 supported on Gas Chrome Q‘using helium as the
carrier gas. Thin layer chromatographic ana]y;%s were carried out on
commercial precoated silica gel plates with flyorescent indicator
(Eastman Kodak silica gel 13181). Preparative thin layer chromato-
graphy was conducted on 20 x 20 cm glass plates coated with silica gel
"354 + 366 type 60 (E. Merck). Flash chmmatography‘usingﬁi silica
gel Kieselgel 60, 230-400 mesh was employed for,all column chromato-
graphy. ’

\_ Petroleum ether refers to a fraction of boiling range 30-60°C.

Anhydrous diethyl ether (ether), tetrahydrofuran (THF), dimethoxy-
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ethane (DME), and dioxane were obtained by distillation from'1ithium
aluminiun hydride or potassium/benzophenone. Absolute ethanol and
methanol were dried by distillation from magnesium. Dry hexamethyl-
phosphoramide (HWPA), dimethylformamide (DMF), dimethylagulfoxide
(0MS0), and diisopropylamine were prepared by dfstillation from calcium
hydride. Solutions in organic solvents were dried over anhydrous
magnesium sulphate and stripped of solvent with-a Buchi rotary evapor-
ator connected to a water aspirator. Unless otherwise indicated atl
reactions were conducted under an atmosphere of dry nitrogen.
& &

2-Brom

eth)

eptene (24

Bromirie (43.60 g, 272.80 mmol) in acetonitrile (200 mL) was added
dropuise to a stirred suspensiop of triphenylphosphine (71.20 g, 271.45
mo1) in acetonitrile (400 mL) at 0°C. The reaction mixture was allowed
to warm to 22°C; and 6-methyl-5-heptene-2-01 (34.00 g, 265.16 mmol,
Aldrich) in acetonitrile (100 L) was added dropwise, stirring was
continued for 1 h after addition was complete. The solution was con-
c;ntrated, the residue was treated with petroleum ether (500 mL), b
shaken vigorously and cooled to precipitate the phosphine salt. T'!E
salt was removed by filtration, the filtrate was concentrated _and t);e
clear ofl obtained, purifidd by distillation, b.p. 69-70°C/10 mm Hg, to
give 24, 31.60 g (63); ir (film): 2900 (H-C=), 1445 (C=C) em™ 3
*Hoamr (COCT,): 6: 1.60 (d, 6H), 1.70 (d, 3H), 2.00 (m, 4H), 4.09
(sextet, H, R,CHBr), 5.00 (t, W, RyC=CHR); M.S. (mz): 191 (),  °,

193. (M+2). (
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3-Ethoxy-2-methyl-2-cyc -1-one (27)

2-Methyl-1,3-cyclopentanedione (25.00 g, 222.96 mmol, Aldrich) and

p-toluene sulfonic acid (1.5 g) in absolute ethanol (300 mL) were
suspended in benzene (400 mL) and refluxed for 2 days, a pressure
equalizing dropping funnel (250 mL) containing molecular sieves was

2 placed between the reaction flask and the condenser: to remove water.
The solution was concentrated to afford a yellow oil which was purified
by distillation, b.p. 90-93°C/0.4 mn Hg, to give enol ether 27,
m.p. 36-38°C, 27.86 g (91%); ir (film): 2920 (C-H), 1685, 1628
(RO-C=C-C=0) en™'; ' nor (COCT4) 6: 1.46 (t, 3H, OCH,CHy), 1.62 (t,
), 2.42 (m, 2H), 2.67 (m, 2H), 4.28 (q, 2H, OCH,); M.S. (m/z): =
140 (M), 112 (H-C,H,), 83 (M-C,H30); Exact mass calculated for
Cgy0p: 140.0837, found: 140.0834.

Bromide 24 (21.51 g, 112.62 mmol) in anhydrous ether (200 mL)

iwas added dropwise to a mixture of the enol ether 27 (7.90 g, 56.43

P oY "and 24 N L3 a¥ioy (6.8 o In-ankgdrous ether (150 wL)
suspended in an ultrasonic bath. The mixture was irradiated during
addition and continued for a further 3 h. " Any unreacted alloy was
removed by filtration, and the filtrate quenched by the_d;:;pwi se addition
of 3N HC) at 0°C. The resulting ethereal solution was washed with a
second portion of acid, the combined aqueous extracts were extracted
with ether and the combined ethereal extracts washed with brine, dried,
concentrated and the product purified by distillation, b.p. 89-91°C/
0.05 mm Hg, to afford the enone 28a, 8.03 g, (70%); ir (film): 1700 :
and 1640 (a,B-unsaturated ketone) cm"; ‘H nmr (CDC'(;) &: 1.15 (d, 3H),
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1.50 (m, 2H), 1.60 (s, 9H), 1.85 (m, 2H), 2.40 (m, 4H), 2.89 (sextet,

TH, RyCHMe), 5.09 (t, TH, Me,C=CHR); Exact mass calculated for

C gty 0 206.1671, found: 206.1673.

Methy) -3-0x0-4-[ 2-methy-3-(6-(2-methy1-2-hepteny] )

cyclopentadienyl]-butyrate (29a

Methyl acetoacetate (0.78 g, 6.72 mmol, Aldrich) in THF (10 mL)

mwas added -dropwise to a mixture of sodium hydride (0.38'g, 9.50 mmol,
60% suspension in 0il, Aldrich) (washed with hexane) in THF (10 mL)

at 0°C. After stirring for 10 min, a solution of n-butyllithiun (4.06
mL, 9.66 lvln‘o], 2.1 M, Aldrich) was added dropwise. Ten min later the
enone 28a (1.38 g, 6.72 mmol) was added in one'alliquot. stirred for

20 min and quenched with 3N HC1. The mixture was extracted twice with
ether and the combined ether extracts stirred for 1 h with 3N HC1. The
ether fraction was separated, the aqueous fraction extracted with ether,
the combined ether extracts were washed with water, brine, dried, con-
centrated and the product purified by flash chromatography (30% ether/
‘hexanests ko yield 29a, 1.66 g (81%); ir (fFilm): 1745, 1635, 4600

and 1570 (keto-ester and cyclopentadiene) cmj1: ‘H nmr (CDC]S) 8 1.10
(m, 8H, 1.60 (m,ﬁ{_), 2.45 (m, 2H), 3.00 (m, 2H, E=CCH2C=C), 3.55 (s,
2H, CDCHZCOOR)‘ 3.75 (s, 3, DCHC!)’ 5.11 (t, H, HC=('I(CH3)2). 6.10 (t,
H, C=CﬁCH2C=C): Exact mass calculated for CygH)g05: 304.2038,

found: 304.2051.

cyclopentadienyl Jbutyrate (30a)

Keto-ester 29a (0.20 g, 0.69 mol) in DHE (5 mL) was added drop-

|
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wise to a mixture of sodium hydride (0.04 g, 1.00 mmol, 60% suspension
in 0il, Aldrich) (washed with hexane) in DME (5 mL) at 0°C. After
the addition was complete, the reaction mixture was warmed to 22%C and
a solution of N-thiophenylphthalimide3? (0.21 g, 0.82 mmol) in DME
(15 mL) was added dropwise. After stirring for 24 h the reaction
mixture was quenched by the addition of w&er, extracted with ether,
the combined ether extracts were washed with water, brine, dried,
concentrated, and the product purified by flash chromatography (30%
ethyl acetate/petroleun ether) to yield 30a, 0.27 g (953); ir (film):
1740, 1650, 1600 and 1560 (keto-ester and cyclopentadiene) cm_1;

'H nmr (CDC]B) '6: 1.10 (m, 84), 1.60 (m, 9H), 2.45 (m, 2H), 3.00 .(m.
2H), 3.70 (s, 3, OCHy), 5.05 (t, IH, CH=C(CH,),), 6.68 and 6.18 (each
t, both isomers of cyclopentadiene), '7\\5 (m, SH, Ar-H), 14.14 (br.s.,
TH, OH from enol). A

Attemptéd Preparation of Methyl i 1-2-allyl-3-ox0-4-

[6-(2-methy1-2-heptenyl)cyc ienyl]butyrate (3la)

Piperidine (0.05 g, 0.60 mmol) was added jigopwise toa .solutinn of
keto-ester 30a (0.20 g, 0.50 mmol) in DME (5 mL) at 0°C. The solution
was allowed to warm to 22°C and allyl iadide (0.08 g, 0.50 mmol, Aldrich)
in DME (5 mL) was added dropwise and allowed to stir for 2 h; no
reaction had occurred. s
Metny]-Z-a]1yl-3-oxo-4[6—(2-methyl-Z-heptényl\c clo) entaﬁieny]]-
butyrate (33a

Keto-ester. 29a (0.70 g, 2.40 mmol) Tn OME (10 mL) was added

dropwise to-a mixture of potassium hydride (0.33 g, 2.98 mmol, 35%
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suspension in oil, Aldrich) (washed with hexane) in DME (10 mL) at 0°C.
The reaction mixture was allowed to warm to 22°C and allyl bromide
(0.29 g, 2.40 muol, Aldrich) was added in one aliquot. After stirring
for 3 h the reaction mixture was quenched with water and extracted with
ether, the combined ether extracts were washed with water, brine, dried,
concentrated and the product purified by flash chromatography (20%
ethyl acetate/petroleun ether), yield of 33a 0.50 g (63%); ir (film):
1790, 1670, 1640 and 1575 (keto-ester and cyclopentadiene) cm™';
‘M nmr (CDC1g) 6: 1.10 (m, 84), 1.55 (m, %H), 2.50 (m, 4H), 2.97 (m,
H, c=c-cu2-c=c); 3.50 (i, 1H, COCHRCOOR), 3.68 (s, 3H, OCHy), 5.90
(m, 4, CH=CH, and CH=C(Me),), 5.98 (t, TH, C=CHOH,C=C); Exact phss

calculated for szl13203: 344.2351, found: 344,2364.

Methy-2-thiophenyl-2-al1y1-3-0x0-4-[6-(2-methy]-2-heptenyl) -
cyclopentadienyl Jbutyrate (31a)
Keto-ester 33a (0.50 g, 1.74 mmol) in DME (10 mL) was added

dropwise to a mixture of sodium hydride (0.08 g, 1.89 mol, 60%
suspension in oi1, Aldrich) (washed with hexane) in DME (5 mL) at 0°C.
After the addition was complete, the reaction mixture was warmed to
22°C and a solution of N-thiophenylphthalimide3® (0.44 g, 1.80 mmd?y"
in DME (15 mL) was added dropwise. After stirring for 3 days the

reaction mixture was quenched w|th water and extracted with ether, the

combined ether extracts were washed With water, brine, dried, concen-

trated and the product purified by flash chromatography (15% ethyl
acetate/petroleun ether), to yield 31a 0.41 g (61%); ir (film):
1730, 1665, 1640 and 1570 (keto-ester and cyclopentadiene) en™'s
W fmr (CCT,) 6: 1.10 (m, 8H), 1.60(m, 9H), 2.50 (m, 4H), 3.00
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(m, 2H, C=CCH,C=C), 3.68 (s, M, OCH3), 5.05 (m, 4H, CHeCH, and CH=
(C{Me),)s 6.05 (t, TH, C=CHCH,C=C), 7.19 (br.s., 5H, Ar-H).

Attempted Diels-Alder Cyclization of Methyl-2-thiophenyl-2-allyl-3-

0x0-4-[6-(2-methy1-2-heptenyl)cyclopentadienyl Jbutyrate (31a)

A solution of triene 31a (0.08 g, 0.20 mmol) in degassed toluene
(15 L) was placed in a sealed tube and heated at 180°C for 5 days,

vecovered mainly starting material and some decomposi tif>
1

2,3-Dimethy1-cyclopent-2-ene-1-one (28b.

Methyllithium (73.76 mL, 114.33 mmol, 1.55 M, Aldrich), was added
to a solution of enol ether 27 (16.00 g, 114.28 mmol) in THF (50 mL)
at 0°C, after the addition was complete the solution was warmed to
22°C. After stirring for 3 h the reaction mixture was quenched with
3N HC1 and wnrke;i up as in 13. The oil was purified by distillation,
b.p. 78-84°C/10 mm Hg to give 28b, 5.41 g (54%); ir (film): 2905
(C-H), 1700, 1655 (a,B-unsaturated ketone) ey W omr (ccry) 60 1.58
(5, 3,7CH;-C=C-C=0) , 2.02.(s, 3, C=C(CH;)C=0), 2.25 (m, 2H), 2.52
{m, 2H); M.S. (m/z): 110 (M*);_Vact Mass calculated for C7HwD):
110.0732, found: 110.0730. ?

Methy1-3-0x0-4[2,3-dimethyl cyclopentadienylJbutyrate (29b)

Methyl acetoacetate (3.03 g, 26.10 mmol, Aldrich) in THF (20 mL)
was added dropwise to a mixture of sodium hydride (1.48 g, 37.00 mmol,
60 suspension in oil, Aldrich) (washed with hexane) in THE (20 mL) at
0°C. After stirring for 10 min, a solution of n-butylHithiun (15,77 nL,

. .

~
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33.12 mmol, 2.1 M, Aldrich) was added dropwise. Ten min later the
enone 28b (2.87 g, 26.10 mmol) was added in one aliquot, stirred

for 30 min and quenched with 3N HCl and worked-up as in 292. The

0il was purified by flash chromatography to yield 29b, 2.57 g (48%),
m.p. 47-48°C; ir (Film): 3027 (C-H), 1735, 1720 and 1578 (keto-ester
and cyclopentadiene) cn™'s H nmr (CC1,) 6 1.70 (s, 3), 1.92 (s, -
M), 2.45 (m, ), 2:92 (m, 2, C=CCHEC), 3.40 (s, 24, co:uzcoon).'
3.70 (s, M, OCHy), 5.98 (t, 1M, C=CHOH,C=C); M.S. (w/2):, 208 ('),
135 (M-73) (McLafferty rearrangement); Exact mass :nlcu]ated’ for
Cygtgy: 208.1099, found: 208.1069.

Methyl-2-allyl-3-oxo0-4 2,3-d1.methzl»cxclogenndienzl butyrate (33b)
Keto-ester 20b (2.57 g, 12.40 mmol) in DME (25 mL) was added
dropwise to a mixture of potassium hydride (1.71 g, 14.90 mmol, 352 ~

suspension in oil, Aldrich) (washed with hexane) in DME (25 mL) at
0°C. The reaction mixture was allowed to warm ta 22°C and allyl
bromide (1.50 g, 12.40 mol, Aldrich) was added in one aliquot. After

stirring for 3 h the reaction mixture was quenched with water and
=

v\mrk’ed-up as in 33a. The oil was purified by flash chromatography

(30% eti-lyl acetate/petroleum ether) to yield 33b, 2.70 g (88%);

ir (film): 1770, 1700, 1600 and 1460 (keto-ester and cyclope.ntadiene)
cm_l; 'H nmr (5914) 8: 1.68 (s, 3H), 1.90 (s, 3H), 2.48 (m, 4H), 2.90
(m, 2H, C=C-CHZ-C=C). 3.35 (m, TH, COCHRCOOR), 3.64 (s, 3, OCNJ).
5.50-4.85 (br.m, M, CHaCHp), 5.95 (t, TH, C=CHCH,C=C)i M.S. (m/2):
248 (M'). 135 (M-113) (McLafferty rearranqemenl);' Exact mass calculated
for CISHZOOJ: 248.1412, found: 248.1421.
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Methyl-2-thiopheny1-2-allyl-3-oxo-4[2,3-dimethy cyclopentadienyl]- .

butyrate (31b) e
Keto-ester 33b (2.65 g, 10.70 mol) in DME (25 mL) was added
dropwise to a mixture of Sodium hydride (0.51 g, 12.80 mmol, 60%
suspension in oil, Aldrich) (washed with hexane) in DME (25 mL) at 0°C.
After the addition was complete, the reaction mixture was warmed to
22°C and a solution of N-thiophenylphthalinide™® (2.81 g, 11.00 mo1)
in DME (30 nl) was added dropwise. After stirring for 24 h the
reaction mixture was quenc‘ﬁﬁ« th water and worked-up as in 3la. W

The oil was purified by flash chromatography (20% ether/hexanes) to i

yield.31b, 2.61 g (70%); ir (film): 1725, 1660, 1630 and 1520

(keto-ester and cyclopentadiene) cm”

THnmr (c1:14) §: 1.66°(s, 3H),
1.85 (s, 3H), 2.43 (m, 8H), 2.95 (m, 2H, C=CCH,C=C), 3.60 (s, 3H, OCH5),
'5.48-4.85 (br.n., 3, CH=CH,), 6.62 and 5.73 (each t, both isomers of %
cyclopentadiene), 7.20 (m, 5H, Ar-H); M.S. (m/z): 356 (M'), 135 (M-221)

(McLafferty ‘rearrangement); Exact-mass calculated for Co1aa803:

356.1446, found: 356.1437. -

|
|

Attempted Diels-Alder Cyclization of Methyl-2-thiophenyl-2-ally1-3-

0x0-4-[2,3-dimethy] cyclopentadienyl Jbutyrate (31b)

A solution of triene 31b (1.00 g, 2.81 mmol) in degassed toluene

(50 mL) was placed \(n a sealed tube and heated at 180°C for 24 h.

After the solvent was removed it appeared that only decomposition had

|

occurred.
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endo-2-Hydroxy-2-viny! bicyclo[2.2.1]heptane (20)

Norcamphor (5.00 g, 45.40 mmol, Aldrich) in THF (100 mL) was added
dropwise to a solution of vinyl magnesium bromide (45.40 aL, 45.40 mol,
1.0M, Aldrich) at 0°C. After stirring for 1 h the reaction mixture was \
quenched by the addition of 3 HCl and extracted with ether, the con-
bined ether extracts were washed with water, brine, dried, concentrated .
and the product purified by flash chromatography (50% ether/petroleum
ether), to yi;]d 20, 6.22 g (99%) (only endo-isomer obtained);

ir (film): 3348 (0-H), 1645 (ch=cnzr~cm‘1; 'Honmr (CCTy) 6: 0.90- &

2.65 (m, 10H), 3.40 (br.s., TH, OH), 4.80-4.98 (dd, J = 2 Hz, H),
5.00-5.30 (dd, J =72 Hz, 18.4 Hz, H), 5.88-6.30 (dd, J = 11 Hz,
18.4 Hz, TH, RCH=CH,); M.S. (m/z): 138 (")

'

Reaction of the Lithium anion of Alcohol (20) with Phenyl Sulfenyl
" Chloride at -40°C ’ : Tt o
n-Butyllithium (0.49 mL, 4.96 mmol, 10.2M, Aldrich), was added
__dropwise to a solution of alcohol 20 (0.57 g, 4.13 mmol) in THF o
-(lD mL) at 0°C. After stirring for 10 min the reaction temperature was-
lowered to -40°C and a solution of phenyl sulfenyl cnln\'ide35 [prepared
fron thiopheno (0.55 g, 5.00 mmol, Aldrich) and sulfuryl chloride |
(0.67 g, 5.00 mmol, Aldrich)] in ether (?0 mL}, was added dmpvd’se.
After the addition was :omp'let; the reaction mixture was warmed to
22°C. After stirring for 2 h.the reaction mh'(ture was quench‘ed 'ulth.
water and extracted with ether, thg combined ether extracts were washed
with water, brine, dried, concentrated and the product purified by
flash chromatography (50% ether/petroleum ether). The phe‘v\yl sulfenyl
hydrogy-2(l-
P

chloride added across the double bond to givé endo-

o
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thiophenyl-2-chloroethanyl) hicycloiz/.z.l]mptanevﬁ. 0.95 g, (lei;
ir (film): 3430 (0-H), 3050 (Ar-H), 2930 (C-H) c-n"; "H nar(CC1,) 8
1.00-2.50 (br.m., 104), 3.70 (m, 3H), 4.55 (t, WH, PhS—QlCHZCl). 7.28
(m, SH, Ar-!l); M.S. (m/z): 282 (H’). 283 (M+1) (18%), 284 (M+2) (38%);
Exact mass calculated for C“HWSOCIJ 282.0845, found: 282.0854

S "

Reaction of the Lithium anion of Alcohol®(20) with Phenyl Sulfenyl

Chloride at -78°C N ¥

o 8-BityTYithiun (2.78 oL, 6.95 mal, 2.5, Aldrich), vas added
dropwise to a snlutioijf alcohol 22 (0.80 g,5. BO mmol) in THF ¢° c
(25 mL) at 0°C. After stirring for 10 min the react(on temperature
was Towered to -78°C and a folutlon of phenyl sylfenyl chlnr\de g
(distilled) (0.83 g, 5.80 mmol) in ether (25 nL) was added dropwise
over 45 min, stirrifg at -78°C was sontinued for 1.5 h, the reacfion
temperature was then allowed to u’arm m.\zz’c. After stirring for i2h
the reaction-mixture -as\que.nched with navter 'and worked-up -as above. |

The product was purified by flash cnmnmg;inhy (s0% ether/petroleun

" ether) to yield g-(l—oxn-l-pl\eny|—l~rthlaphenyl)Mcyclo[z.z.l]hevtane

- (35 0.66 g usz); ir (fiIm): 3045 (C-H), 2930 (C-H), 1675 (c=C),

1040 (S—ﬂ)’n ‘H nmr (CC'I‘) 8: l 30 (br.m., 7H), 2.10 (m, 2H),
258(brs,lN),332(dZI!J-BHI.hCﬂz)518(t H,J=
.8 Hz, =CH-CH,), 7.42 (m, 5t Hy, Ar-H); M.S. (m/z): 244 [CH Exact mass

F) caTcuhted.for: c;gulssn; 24‘4.})922.Ifound: 244.‘0934.

Reaction of Sulfoxide (35) with Trimethyl Phosphite ' B
The vinyl-sulfoxide 35 (1.00 g, 4.07 mnol) and trimethylphosphite

" (4.78 nL, 40.65 mmol, Aldrich)in dry methanol (60 mL) were refluxed
Y ¢ .

2

|
!
3
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for 24 h. The solution was concentrﬁted,{he residue dissolved in
“ether, washed with water, brine, dried, concentrated o yield a yellow
0il. The oil was purified by flash chronatography (10% ethanol/
hexanes) yielding exo-2-hydroxy-2-vinyl bicyclo[2.2.1]heptane (21,
0.32 g (56%) and some endo-isomer 20, 0.04 g'(7%); 'H mr (CC1,) 6
0.90 (m, 10H), 3.40 (br. s., H, 0H), 8.75-8.96 (dd; J = 2 Hz, J =

1 Hz, W), 4.95-5.25 (dd, J = 2 i 3= 18 1z, 1H), 5.80-6.25 (dd,
J = 11 Hz, J = 18.4 Hz, TH, RCH=CH). )

Bicycio[2.2.1]hept-5-ene-2-one (36) N

]
Bicyclo[2.2.1]hept-5-ene-2-01 (mixture of exo and endo).(10.00,g,

90.90 mpol, Aldrich) in dichloromethane (150 mL) was added in one
aliquot to a slubry of pyridiniun hlorochronafe (29.30 g, 136.40
o) in dichloronethane (150 mL), and a black slurrysforned fnmediately,
After stirring for 2 h, anhydrous ether (300 L) was added and the
supernatant decanted from the black gun. The black gum wis washed

with ether, t(he. combingi?rganic phases were filtered through fluorosil
and concentrated to give a yellow oil. The oil was purified by
distillation, b,p. 60-62°C/12 mm Hg to yield 36, 7.10 g (722);

“H), 2960 (C-H): 1740 (¢=0), 1640 (C=C) cn s
*Honme(CC1,) 8¢ 1.75 (m, 24), 2.05 (m, 2H), 2.90 (m, TH), 3.18 (m,

ir (Film): 3055

H), 6.05 (dd, J = 6 Hz, J = 3.6 Hz, 1H); 6.52 (dd, J = 6 Hz, J'= 3 Hz, .
* . : '
TH); H;s. (m/z): 108—{—M+); Exact mass calculated for CjHg0: 108.0575, .
. > .
found: 108.0559, R ’
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endo-2-Hydroxy-2-vinyl bicyclo[2.2.)]hept-5-ene (37)

Ketone 36 (2.00 g, 18.52 mmol) in THF (50 mL) was added dropwise
to a stirred solution of vinyl magnesium bromide (18.52 mL, 18.52 mmol,
1.0M, Aldrich) in THF (80 mL) at -78°C. After stirring at -78.“8 for \
1 h and warming to 22°C the reaction mixture was quenched with 3N HC1
and extracted with ether, the combined ether extracts were washed with .o
water, brine, dried, concer;trated, the product purified by flash
chromatography (50% ether/pétroleum ether) to yield 37, 1.57 g (62%)
(only endo-isomer obta’ined); ir (Film): 3355 (0-H), 3050 (=C-H), 2910 .
(C-H), 1630 (c=C) cm_l‘. 'H nmr (CC'I4) &: 1.10 (dt, 1H), 1.48 (d, 2H),
1.75-2.10 (dd, 1H), 2.49 (br.s., TH), 2.70 (m, 1H), 2.85 (br.s., TH,
0-H), 4.88-5.05 (dd, J = 2 Hz, J = 'H. Hz, TH), 5.10-5.45"(dd, J =

2 Hz, 18 Hz, TH), 5.87-6.50 (m, 3H); M.S.\(n/2): 136 (M").

Reaction of the Lithium anion of Alcohol (37) with Phenyl Sulfenyl

Chloride
n-Butyllithium (3.52 mL, 8.82 mmol, 2.5M, Aldrich) was added

slowly to assolution of alcohol 37 (1.00 g, 7.35 lllm\\) in THF (gl) nL)

at 0°C. After stirring for 10 min the reaction temperature was lowered i3

to -78°C and a solution of pheny] sulfenyl chloride (distilled)

(1.05 g, 7.35 mmo1) in ether (40 mL) was added over 1 h, the reaction

temperature was then allowed to warm to 22°C. After stirring for 16 h

the reaction mixture was quenched-with water and extracted with etner‘,

the combined ether extracts were washed with water, brine, dried;

concentrited and product purified by flash chromatography (50% ether/
* petroleum ether). l_t appeared that the phenyl sulfenyl chloride-had *

u =

B
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added across the cyclic double bond followed by displacement of the
chlogide by the oxygen anion to yield endo-2-thiophenyl-5-vinyl-2-
oxatricyclo[3.2.1.0%°6Joctane 38, 1.08 g (60%); ir (film): 3050
(=C=H, Ar-H), 2940 (C-H), 1645 (C=C);. 1090 (C-0-C), 960 (oxetane):
Woamr (CC1,) 6: 1.20-2.10 (m, 4H), 2.85 (m, 1H), 3.32 (dd, J = § hz,

J = 2 Hz, TH, RZCﬂSPh). 3.60 (d, J = 2 Hz, TH), 4.25 (dd, H), 5.00 ~

(dd, 9 =10 Hz, J = 2.5 Hz, ]H, RHC=CﬁH,:_i_§_),5.]§ (dd,\J =16 Hz, J =
16 Hz, J = 2.5 Hz, TH, RHC=CHH, trans, TH), 5.80 (dd, J = 10 Hz, J =

16 Hz, W, RCH=CH,), 7.20 (md SH, Ar-H); M.S. (n/z): 244 (H'); Exact
mass calculated for C'ISH'IGSO: 244.0922, found: 244.0934,

Reaction of Bicyclo[2.2.1]heptene with Phenyl Sulfenyl Chloride

Phenyl sulfenyl chioride®® (distilled)-(1.53 g, 10.64 mol) in . —~
ether (20 mL) was added dropwise to a solution of bicyclo[2.2.1] E
heptene (1.00 g, 10.64 mmo1) in ether (20 mL) at -78°C, the reaction
was immediate, the red colour disappeared. After 10 min the reaction
mixture was quenched and worked-up as above. Purification by flash
chromatography (50% ether/petroleum ether) yielded 2-chloro-3-
thiup’henﬂ bicyclo[2.2.1]heptane 43, 2.04 g (90%); ir (film): 3050

(Ar-H) cm']

5 'H omr (c614) 5 1.15-2.19 (br.m., 6H), 2.30 (m, 2H),
3.05 (t, TH, CHS 3,95 (t, W, CHC1), 7.25 (m, SH, Ar-H).

' 1
2-Vinyl bicyclo[2.2.1]hept-5-ene (46) i

n-Buty1lithium (12.36 mL, 33.36 mol, 2.7M, Aldrich) was added

slowly "to a mixture of ethyltriphenylphosphonium  bromide (12.36 g,
33.36 mol) n THF (100 nL) at 0°C. After 15 min a solution of ketone
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36 (3.00 g, 27.78 mmol) in THF (50 mL) was added dropwise, the o~
reaction temperature was raised to 22°C. After stirring f‘ 19 h the
reaction mixture was diluted with pentane and filtered through a short
column of silica. The solvent was concentrated and product purified

by flash chromatography (30% ether/petroleun ether) to yield 46,

2.77 g (83%); ir (film): 1675 (C=C) cm™'; 'H nmr (cCl,) & 1.15-1.85
(br.m., 7H), 3.00 (m, 1H), 3.45 (br.s., 1H), 5.20 (m, 1H, RR'C=CHR), .

6.10 (m, 2H, RCH=CHR). «
’

2-(1-Chloro Propenyl) bicyclo[2.2.1]hept-5-ene (49)

Alcohol 37 (0.44 g, 3.24 mmol) and'thinnyl chloride (0.46 g,
3.88 mmol, Aldrich) in hexanes (25 nL) were stirred at 0°C. After 16 h
the reaction mixture was quenched wmy:nw water and extracted with
hexanes, the combined organic extracts were washed with water, brife,
dried, concentrated and product purified by flash chromatography (30%
ether/petroleun ether), (compound decomposes s1ightly on the colum),

to,yield 49 0.20 g (40%); ir (film): 3020 (=C-H) Cll": 'H e (CC1

8
8 1.45 (brim., 24), 2.00 (brom., 24), 3.05 (m, 1), 3.52 (br.s., ),
3.92 and 4.08 (both d, together 2H, both cis and trans-isomers,
=CHC!ZC|). 5.50 (m, 1H, RR'C=CHR), 6.00 (m, Z‘K. RCH=CHR) .
2-(1-Pheny1-1-thiapropeny1)bicyclo X 1Jhept-5-ene (50)

. Thinphemi (4.19 g, 37.22 mmol) in DME (25 mL) was added drcwise
to a mixture of sodium hydride (1.63.g, 40.93 mmol, 60% s;spension in
0i1, Aldrich) (washed with hexane) in DME (50 mL) at 0°C. This was
followed b): the dropwise addition of chloride 49 (5.21 g, 33.83
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mmol) ::DM[ (50 mL), after the addition was complete the reaction
mixture was ;HDWQd to t;rarm to 22°C. After stirring for 18 h the
reaction mixture was quenched by the addition of water and extracted
with ether, the combined ether extracts were washed with water, brine,
dried, concentrated and product purified by distillation, b.p. 105-
110/0.05 nm Hg, to yield 50, 3.13 g (41%); ir (film): 3048 (=C-H),
2910 (C-H), 1675 (R,C=CRH) ] nmr ACCT,) 6: 1.50 (br. s., 4HJ,
2.75 (br.s., 1H), 3.00 (br.s., TH), 3.30 and 3.48 (both d, together 2H,
both cis and trans-isomers, =CHCﬂ25Ph). 5.20 (br, m., 1H, RR'C=CHR),
5.90 (m, 2H, RCH=CHR), 7.10 (M%"5H, Ar-H); M.S. (n/2z): 228 (M');
2(3% mass calculated for C'ISH'IGS: 228.0973, found: 228.0985.

Oxidation of 2-(1-Phenyl-1-thiapropenyf)bicyclo[2.2.1]hépt-5-ene (50

Sulfide 49 (3.13 g, 13.87 mol) and m-chloroperbenzoic acid
(3.00 g, 13.87 mmol, 80%, Aldrich) in dichloromethane (50 mL) were
stirred at -78°C. After stirring for 5 h the reaction mixture was

filtered to remove m-thYorsbenzoic acid, the filtrate was washed with

* water, 10% sodium sulfitd, satura’ted\sodwm bicarbonate, brine, dried,

concentrated and products purified by flash chromatography (60% ether/
pentane) to yield 2-(1-oxo-1-phenyl-1-thispropenyd Jbicyclo[2.2.11-
hept-6-ene 51, 2.88 g (86%) and 2-(1,1-diaxo-1-pheny1-1-thiapropenyl)
bicyclo[2.2.1]hept-5-ene(52) 0.25 g (7%); for sulfoxide 50 -

ir (Film): 3045 (=GkH, Ar-H), 2950 (C-H), 1675 (R,C=CHR), 1040 (S=0)

anl; H e (cC1,) 8: 1.30 (br. m., 4H), 2.75 (br. m., 1H), 3.30

(br. m., 3H, = CHCH,SOPh; =CHCRHCH), 5.10 (br. m., TH, RR'C=CHR), 5.90
(m, 2H, RCH:CHR), 7.45 (br.s., SH, Ar-H); M.S. (n/z): no molecular
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fon, 119 (N-125, M-SOPh), 97 (M-147, CcHs"); for sulfone 513
ir (film): 3040 (=C-H, Ar-H), 2950 (C-H), 1676 (C=C), 1320, 1140
(50,) cm™'s ' nmr (CC1,) &1 1.40 (br. m., 4H), 2.85 (m, 1H), 3.10

2 4 i
(br.s., TH), 3.65 (two doublets, both, iSomers, 2H, =CHCH,S0,Ph), 5.20
(br. m., TH, RR'C=CHR), 5.85 (br. s., 2, RCH=CHR), 7.55 (br. m., SH,
: ;
Ar-H)i M.S. (m/2): 260 (M'); Exact mass calculated for Cygiy(S0,:

260.0871, found: 260.0830.

Reaction of Sulfoxide (50) with Trimethyl Phosphite
Sulfoxide 50 (0:82 9, 3.40 mmo1)., and trinethyl phosphite
(4.21 g, 34.00 mmol, Aldrich),” in methanol (100 mL), were refluxed.
After 24 h the. solution was concentrated, the residue was dissolved in
* ether, washed with water, brine, dried and concentrated to yield only
traces of the desired alcohol 53. Longer refluxes resulted only in

decomposition. 1

Reaction of Sulfoxide (50) with Sodium Thiophenolate

Thiophenol (6.06 g, 54.94 pmol, Aldrich) in methanol (30 mL) was
added slowly to sodium hydride (2.20 g, 54.94 mmol, 60% suspen‘siun in
0i1, Aldrich) (washed with hexanes). Thiswas followed by the addition
of the sulfoxide.50 (1.34 g, 5.49 mmol) in methanol (30 mL). After
refluxing for 24 h, the reacti’on mixture was quenched with water and
extracted with ether, the combined ether extracts were washed with
water, brine, ‘dried, concentrated and product purified by flash \'
chromatography (30% ether/petroleum ether) yielding exo-2-hydroxy-2-
vinyl bicyclo[2.2.1]hept-5-ene (53} 0.34 g (46%), and some endo-

fsomer 37, 0.04 g (53); fr (Film): 3360 (0-H), 1630 (€=C) o™ 3
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'H nar (Ccl‘) 6: 1.80-2.20 (m, 2H), 2.60 (m, 1H), 2.85 (br.s., TH,

0-H), 4.65-4.70 (dd, J = 2 Hz, J = 11 Hz, 1H), 4.95-5.35 (dd, J = 2 Hz,
o T~

J = 18 Hz, H), 5.50-6.20 (m, 3H).

Reaction of Sulfone (52) with Trimethyl Phosphite

Sulfone 52 (0.25 g, 0.98 mmol) and trimethyl phosphite (1.21 g,
9.77 mmol, Aldrich) in methanol (30 mL) were refluxed. After 6 days :
the reflux was stopged, the solution was concentrated, the residue
' dissolved in ether, washed with water, brine, dried, concentrated to
yield only starting sulfone 52. . !

Base Accelerated Oxy-Cope Reaction of Alcohol .(53)

Alcohol 53 (0.10 g, 0.74 mmol) in THF (5 mL) was added to a
mixture of potassium hydride (0.09 g, 0.81 mmol, 35% suspension in oil,
Aldrich) (washed with hexane) in THF (10 mL) at 0°C. After refluxing
for 20 min the reaction mixture nd;s quenched with water and extracted
with ether, the combined ether extracts were washed with water, brine,
dried, concentrated l:lﬂ product purified by flash chromatography (20%
ether/petroleum ether) which yielded cis-3-oxo bicyclo[4.3.0]non-7-ene

(54) 0.07 (70%); ir (film): 3025 (C-H), 2875 (C-H), 1715 (C=0) a}'1-.
‘H nmr (CC]‘) 6: 1.50-2.30 (m.%ﬁ%ﬁZ.ﬂO-LZO (m, 4H), 5.30-5.80 (m,

2H); M.S. (m/z): 136 (M'); Exact mass calculated for Coly 20
136.0888, found: 136.0889.

S
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2-Carbone thoxycyelohexanone (54

Cyclohexanone (30.00 g, 300.00 mnol, Aldrich) Tn benzene (60 L)
was added slowly to a refluxing mixture of sodium hydride (12.00 g,
301.18 mmol, 60% suspension in 0il, Aldrich) (washed with hexane) and

dimethyl cgrbonate (54.00 g, 600.00 mmol, Aldrich) in benzene (500 mL).

After refluxing for 4 h and cooling, the reaction mixture was quenched

wit® 3N HC1, washed with brine, dried and concentrated, the resulting
yellow oil was purified by :isu’l]ation, b.p. 104-106/12 mm Hg to give
keto-ester 54 19.58 g (428); ir (film): 2920 (C-H), 1750, 1720, 1660
L e (CC1y) 83 1,65 (m, 4H), 2.0 (m, 4H), h-57]
(54 3H, CO,CHy), 11.98 (s, TH, C=C-OH); M.S. (n/2): 156 (M').

(keto-ester) cm”

2-Cat x-2-en-1-one_(55)

Keto-ester 54 (17.86 g, 114.49 mmol) in THF (100 mL) was added over
v
30 min to a suspension’ of sodium hydride (7.21 g, 171.73 mmol, 60%

suspension in oil, Aldrich) (washed with pentane) in THF (300 mL) at
.

0°C. After the addition was complete phenylselenenyl chloride (24.16 g,
125.94 mol, Aldrich) in T}iF (60 l!\L) was added rapidly. After the
addition was comp]ete_ the reaction mixture was slowly added to a
mixture of 50% ether:pentane (300 mL),-saturated sodium bicarbonate
(200 mL) and some ice. The aqueous fraction was extracted with 50%
ether:pentane (100 mL), the combined organic extracts were washed with
saturated sodium bicarbonate, dried and concentrated yielding the crude
selenide.

Hydrogen peroxide’ (32.40 mL, 286.23 mmol, 30% water, ‘Anachemia.)
in watgr (30 mL) was added to the crude selenide in dichloromethane
(300 mL) over a 30 min period, maintaining the temperature between 20°C



obtained.
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and 30°C. After stirring.an additional 10 min at 22°C the reaction
mixture was poured into dichloromethane (250 mL) and 10% sodium
carbonate (100 mL) with stirring. The aqueous fraction was extracted
with dichloromethane, the combined organic extracts were washed with
brine, dried and concentrated to yield 55 as a yellow oil, 16.48 g
(98%); ir (F1Im): 2950 (C-H) 1650, 1775 (a,B-unsaturated keto-ester)
oy H e (§C14) 6: 2.00 (m, 2H), 2.50 (m, 4H), 3.65 (s, 3H, CO,Me),
7.52 (t, W, RCH=CR); M.S. (m/z): 154 (M'). :

Reaction of 55 with Dimethyl Sulfoxoium Methylide '*12

n-Buty11ithium (1.43 nL, 3.00 mol, 2.1 M, Aldrich) was added to
trinethylsul foxonium fodide'' (0.66 g, 2.9 mo1) in THF (40 mL) at
,0°C. The reaction mixture was heated to reflux to generate the ylid,
then cooled to -78°C. The olefin 55 (0.50 g, 2.90 rinol) was added at -
once. After stirring for 2 h the reaction mixture was quenched by
pouring into ice water, extracted with ether, the conbined ether
extracts were washed with brine, dried and concentrated. The desired

product-was not obtained.

Reaction of 55 with Nitronethane - .
Sodium (0.18 g, 7.82 mmol) was added to dry methanol (50 mL), this
was followed by the addition of nitromethane (16.91 g, 277.13 mmol).
After st‘;rr\'ng for 10 min the olefin 55 (0.50 g, 3.25 mmd1) in dry
methanol (10 mL) was added. After refluxing fn_r 3 h the reaction

\
mixture was poured onto fce water-dichloromethane. The aqueous fraction

was extracted with dichloromethane, the combined organic extracts were

washed with brine, dried and concentrated, the desired product was not

A J

am
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2-Carbo-t-butoxy Cyclohexanone (58)

CycTohexanone (1.00 g, 10.20 mmol, Aldrich) in toluene (50 mL) was
added slowly to a refluxing solution of sodium hydride (0.49 g, 12.24 o
mmol, 60% suspensio;\ in 011, Aldrich) (washed with hexane) and
di-t-butyl dicarbonate (2.22 g, 10.20 mmol) in toluene (60 mL). After
refluxing for 20 h and cooling, the reaction mixture was quenched with
3N HC1, and worked-up as in 54. Purification by flash, chromatography
(50% ether/petroleun ether) to give 58 as a yellow 0il, 1.47 g (73%);
ir (film): 2925 (C-H, 1750, 1'720. 1660 (keto-ester) cm'1; 1.25 (m,
134), 1.80 (m, 4H), 12.00 (s, 1H, C=C-OH); M.S. (m/z): 198 (M'),

57 (C(CHy) 5. !

2-Carbo-t-butoxy Cyclohex-2-en-1-one (59)

Keto-ester 57 (1.47 g, 7.44 mmol) in THF (30 mL) was added cver 30
min to a suspension of sodium hydride (0.47 g, 11.17 mmol, 60%
suspension in 01, Aldrich) (washed with pentame) in THF (30 mL) at 0°C.
After-the addition was complete phenylselenenyl chloride (1.57 g, 8.18
mmol, Aldrich) in THF (30 mL) was added rapidly. After the addition was
campi*éte the regctinn mixture was slowly added to a mixture of 50%
ether:pentane (100 nl), saturated sodium bicarbonate (100 mL) and some
ice. The reaction was worked-up as in 55.

Hydrogen peroxide (2.11 mL, 18.60 mmol, 30% in water, Anachemia) in
water (25'mL) was addedfto the crude selenide in dichioromethane (100 mL)
overa a 30 min period, maintaining the temperature between 20°C and 30°C.
After stirring an addmanal\m min at 22°C the reaction'was worked-up as
in 55 to'yield 59 a yellow of1, 1.41 @ (974); 1r (Film): 2020 (C-H),
1750, 1650 (a,B-unsaturated keto-ester) cm™'; *H mr (CC1) 8: 1.40
(m, TIH), 2.20 (ms &), 7.25 (¢, M, CH=C(COR) ).’ ’

i
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1-Carbo-t-butoxybicyclo[4. 1.0Jheptan-2-one (50) =

Trinethy sul foxonium iodide' ' (0.58 g, 2.68 m0]) was added to

sodium hdyride (0.11 g, 2.68 mol, 60 suspension in 011, Aldrich) in

SO (20mL). This was followed by the addition of olefin 58 (0.509, -

2.55 mol) in SO (15aL). After stirring for 2 hat 22°C the reaction
temperature was raised to 50°C for Jomin. The reaction ws then
quenched with water, extracted with ethers, the combined ether extracts
were washed with water, brine, dried, concentrated and purified b;
flash chromatography (50% ether/petroleum ether) to yield 60, 0.35 g
(65%)5 ir (Fi1m)! 2950 (C-H), 1740 (ester), 1680 (ketone) cn™ s
H umr_(EClA) & 1.00 (m, 3H, cycTopropyl H's), 1.38 (s, HH), i.ﬁO
(n, 4H), 2.10 (n, 2H); M.S. (w2): 210 (M), 57 [C(tH3)"].
: -

4-Bromo—2-carbo-t-butoxy cyclohex-2-en-1-oge (61

Keto-ester 57 (0.30 g, 1.53 mmol) and recrystallized N-bromo .

succinimide (0.33 g, 1.8 mmol) in CCl, (50 ul) with AIBN s free
radical initiator were refTuxed. After 3 h the reaction was cooled\ind
filtered. The remaining 0il was purified by 'lash,tl;rwmtnqraphy (20%
ether/hexane) to give 61 as a yellow oil 0.42 (100%); ir (film): 2980
(c-H). 1680, 1770 (a,B-usaturated keto-ester) cm™'; *H mar (CC1,)
§: 1.50 (s, 9H), 1.80 (n, 2H), 2.15 (m, 2H), 4.50 (m, 1H), 7.20 (m,
H). . B .
O-Carba-t—h‘utox -2,2-dinethyl cyclohexan-1,3-dione~(63

2,2-Dimethy] cyclohéxan-1,3-dione®® (5.00 g, 35,71 mmo) in

toluene, (100 mL) was added slowly to a refluxing mixture of sodium
hydride (1.71 g, 42.85 mol, 602 susl;ension in 011, Aldrich) (washed with®

R
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hexane) and di-tert-butyl dicarbonate (7.79 gs<45.11 mmol, Aldrich) in
toluene (25 ni)

- “After refluxing for 20 i and cooling, the reaction
mixture was fuenchet'wi th 3 HCT, washed with brine, dried and concen-
Lratad; Ehe resti] Eingyrelion 041 was puritied by flash thromatography
(501 ether/pentane)  give 63, 4.50 g (6%): ir (Film): 2900 (C-H),
3 'H o (CClp)6: 100 (m, 4{1.30
(br.s, 154}, 2.50 (m, TH); HsS. ‘(m/z): 184 (M-isobutene), 57
(c(ony)™) (100m). S

1750, 1655 (keto-ester) cm

CENE N Uy g

o7 }
- + & X A

2-en =1, 5-dione (68)

: T 7 ,
Keto-ester 63(2.35 g, .79 mo1)._in THE (30'nL) was added over

2-Carbo- t-butoxy-6,6:dimethylcyclohéy:
' 30
min tova suspension of sodiun’ h_yd‘rine (0.59 g5 1975 mmol, 60% suspension
in oil, Aldrich) (washed with pentane) in THF (30 mL) at 0°C. After the
addition was complete phenylselenenyl chloride (2.07 g, 10.78 mol, |
Aldrich) in THF (30 L) was added rapidiy. After the addition was
complete the reaction mixture was added slowly toa mixture of 59{
ether:pentane (100 m, saturated sodium bicarbonate (100 L) and some
ice. The reaction was worked up as in 55. )

Hydrogen peroxide (2.77 ml,, 24.44 mmol, 30% in water, Anachenia) in
water (25 mL) was added to the crude se]en%de»invdichlom‘mtnane (100 mL)
over a 30 min period, maintaini n§ the tempe!‘acure I;Etween 20°C and 30°C.
After stirring an additional 10 min at 22°C‘the reactsion was worked-up
as in g5, toyleld 64as ayelTow pil, 1.989 (85%); ir (film): 2926
(C-H), 1755, 1650 (aiB-ungaturated kgtuestler:) cm"; Honar (CC]‘) 82

1,50 (br.s, 15H), 2.5 (m, 2), 5.48 (t, W); M.S. (w2): 137
‘ . ecoB) L8 (C(ah)) . .

~
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t-Butyl-3-0x0-4[2,3-dinethy] cyclopeitadienyl] fityrate (67) °  «
tert-Buty] acetoacetate (11.66 g, 73.77 mmol, Aldrich) in’THF

(50 mL) was -added dropwise to a mixture of sodium-hydride (2.95 g,

73577 mol, 60% suspensmn"fon Aldrich) (ashed with hefane) in THF

(100 mL) at 0°C. After stirring for 10 min, a solution of n-| butyl-

lithium '(30:98 mL, 77.46 mmol, 2.5°M, A'Idrich) was added dropwise.’

Ten- min Tater the enone 28b (5.41 g, 49.18 mmol) was added in one .

aliquot, stirred for 30 min and quenched wi t;n 3N HC1.and worked-up as

in 29a. The resultfng oil was-purified by flash.chromatography (20%
ather/hexane) to yield 67 as a yellow sol1d, 6.13 g (snx), m.p. 73-74°C;
ir (Fip): 3025 (C-H), 173, 1720,and 1575 (keto- loster and cyc]openta-

-, diene)&n™' W nmr (c01,) 6 1.40 (s, SH, C(CH3))) 1.70 (s, )

1.95 (s, 3H), 230 (m, 24), 2.95 (m, 2H), 3.20 (s, 24), 5.95 (t, W,
C=GHCH,C=C)3 M.S. (m/2)s 250 ('), 135 (M=115) (Mclafferty rearrange-

ment), 57 [c(cuz)a’]. . p !

(3-bromo-3-cyano-2-butenyl)-3-0xo0-4[2, 3-dimehgyl cyclo) eﬂta-

t-Butyl-2
dienylJbutyrate (68 . . -
Keto-estgr 67 (1.22 g, 4.89.mmol) in DME (26 nL) was added dropwise

to potassium hydride (0.78 g, 5.87 o], 35% suspension nioil, Aldrith)
(washed. with, hexane) 5" DME (Zl) mL) at D’C After the add‘tiuu[ was

compene th; reaction mixturé was allowed to warm to 22°C and l 3-

dihrumo l-cyanopropene (1.10 g, 4.89 nmo1) was added in_one quunt‘ i

Aft.er stirring for 2 h the reaction was quenched with water; extructed‘
with ether, the combined ether’extracts. were Yashed with vater,” hr‘ne.

concentrdted and product purified by ﬂash chromatography - (30% ether/ *

_ hexane), to yield 68, 1.18 g (61%); ir (filml\ L2950 (C-H), 2250 ,

g . s i

g
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" (c=N), 1725, 1715 and 1580 (keto-ester and cyclopentadiene) cn™';
'Honme (CCT,) 82 7.45 (s, 9H),. 1.78 (s, 3H), 1.90 (br.s, 3H), 2.45
(m,” 4H), 2.98 (n, 2H)Y 3.2 (m, 1), 6.00 (m, TH), 6.60 (m, TH).

- :

Diels-Alder reagtion nf 68
Triene 68 (0.527g, 3% mnol) and tetraméthyl ethy'lenediamine

(0 159, 1.32 muol, Mdrlch) in. toluene (20 ml) were reﬂuxed. After

20 h the solvent. was .renaved and product puriﬂed by ﬂash chrwato— »

grapl\y (20% ether/hexane)-to yield the D1els-Alder adduct 69, 0.10 g

(19%); ir (film): 2920 (C-| H) 2220 (C=| N). 1720, 1575 (ketn ester);

'H nmr (CCi4) 6: 1.30 (m, 3H), 1.60 (s, 9H),-1.75 (br S, JH), 1. 50

(brls, ), 2. 50 (m, M), 2. 98 (m, 2H), 3.75 (s, ).
.

-

> y ; , e
Reaction of Keto-ester 67 with Acrolein dimethyl acetal .

Keto-ester 67 (0.70.g, 2.80 mmol), acrolein dimethyl acetal (0.54 g,

- 5,32 mmol) and nickel’ acetoacetonate (5 mg) werd heated in a séaled

tube -at ZOD"? After: 1 n the hea’ﬁn&t‘as stopped, produgt ‘purified by
flash’ chrnmatoyaphy (30‘[ ezher/petrlﬂeum ether) to yie'ld methyl ester
2, 0,28 9 (643)., P " B .

2,3-Dinethyl cyciope tad|en 1

4 zntaned!one 71
Butyﬂ!th(um (47.17 lrl.. nz. 91 pocdy 2 ‘ Mdrich). was added :
slowly to,diisopropylaming (16:48 mL, 117.91 mnol', Aldrich) !n DME .

.

(50 mL) at™0°C.. ‘Amr’z'n pin Z,d-p_entan!dh'ne (5.60 g, 56.16 mmo1,
Aldrich) in DME (50 mL) was added dropwise. After 10 min-enol 28b

* {412 g,-37.45 mol) was added in one lliquo;.,Mﬁr stirring for ™h

at 0%C the reactibn mi«tufe was guenched by the addition of 3N HC1,

|

{
H

S
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TJ)s 3.5 (4 TH), 4:70-5.95 (br.m, 4H).

L3
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extr‘acted withsether, the combined ether extracts:were washed with water,
brine, dried, concentrated and purified by flash chromatography (50%
ether/p;trnleum ether) to give 71 asa yellow solid 0.93, (13%); ir
(film): 2950 (C-H), 1720, 1630 (diketone); 'H nmr (CDC1,) 6: 1.75
(br.s, 3), 1.90 (br.s, 3Hf 2,05 (s, 3H, RCDCHS), 2.50 (m, 2H), 3.05
(m._ZH). 5.50 (s,' 1H,_RCﬁ=CR9H). 5.55 (t, TH, C=CHCHC=C); M.S. (m/z):
~192 (M*), 135 (M-57) (MéLafferty rearrangement); Exact mass calculated - .
e b-,iz"\a‘)z’ 1921150, found:  192.1156. b 5 7 : =

/

»3-Dimeth /1 cyclopentadienyl) 3-allyl-2,d-Pentanedione (72)

9

Diki (0 46 g, 2.40 mmol) 1in DME (20 mL) was added dropwise to
potassium hydrl‘ide (0.30 g, 2.64 mmol, 25% suspension in oil, Aldrich) i
(washed with hexane) in DME (20 mL) at 0°C. After 10 min the reaction
was allowed to, warm to 22°%and 311y1 bromide (0.29 g,-2.40 mol,
Aldrich) was added in one alfuot. After 20 h the reaction wa§ que‘nched

1 with water, extracted with ether, the.combined ‘ether extracts were

washed with kﬁh;.. brine, dried, cnncentratved\and product purified by
flash chrnmacogr;phy (30% ether/petroleum ether) to #eld 72, 0.53 g '
. (95%)5 ir (film) 2980’ (C-H), 1730, 1630 (diketoqe‘); 'H nmr (CC14) 3 o~
8 1370 (br.s, ), 1.85 (m, 3H), 2.05 (s, ), 2.4 (m, 20), 2.95 (m,
, ~—
i 8
Reaction of Diketone 71 with Acrolein dimethy] acetal
Diketone 71 (0.37 g, 1.92 mol).’acrolein'dimem/ylracem (0.22 g,
2,16 mmol) ‘and nickel acetoacetonate (5 ng) were hnted _at 200°C in b

sailnd tube. After 15 h the. products were purified by fhsh chromato-
\gnnh.v (501 atMr/petmhun ether) to yleld compounds 73, 13, 0.1 g/(—?)
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and 74 0.09 g (18%). For compound 73 'H nmr (Ccld) &: 1.60 (br.s, 3H),
1.90 (br.s, 3), 2.00 (s, M), 2.50 (m, ‘H)", 2.95 (m, 24), 3.40 (s, 34),
4.30 (two t, TH, both isomers), 5.80 (m, 1H), 6.20 (m, 2H); M.S. (w/z):
262 ('), 230 (M-MeOH), 220 (M-CHCO), 135 (McLafferty rearrangement).

for compound 74 'H nar (CC1,) &: 0.80-1.30.(m, 7H), 1.40-2.10 (m, 84),
250 (m, 3H), 3.25 (s, Ii), 3.40 '(5. TH); M.§. (m/z): 244 (H-HZO), <«

230 (M-MeOH). * = 2 ‘
I e
{ ¢
1-Chloro-2-hydroxy-4-c; hexan-5-one_(75) !

M_et“wl acetoacetate (1.00 g, 8.62 mmol, Aldrich), eplc‘ombydrin |
(0.96 g, 10.32 mmol, Aldrich) and boron trifluoride etherate (5 drops)

in dichloromethane (28 mL) were stirred at 22°C...After 2 h the reaction

. was quenched with water, extracted with dichloromethane, the combined ¥

orga’nic extracts were wa§ned with water, brine, concentrated and prnduct"
purified by fifh (50% ether/petroleum ether) to yield 75,
0.3 g (m), ir (fim): 3500 (0-H), 2840 (C-H){ 1730, 1660 (keto-
ester) cm ; H nmr (CCI‘) 8: 1.20 (t, 24), 190 and 230 (both s, 3H,

keto-enol forms of CHyC- -), 3.50 (m, 4H), 340 (s, 3H), 4.95 and 11.95
(both m, 1H, keto-enol); MA&. (m/z): 208 (M'), zlo‘«z)

thylcycloproy

y 7 i
. Chlorohydrin 75 (0.30 g, 1.56 mmo1) in THF (10 mL) was added drop-

wise to sodium hydride (0.14 g, 3.49 mml'.' 60% suspension in oil,
Aldri;h).ln THE (15 mL). ‘Mte}- s.ﬂrrfnq for 2 h th‘relctinn s
quenched with saturated ammonium chloride, extracted with ethkr, the
combined ether eulucts were washed with nnr. hrinc, drieﬂ. cgncen-
trated and product pur"hd by flash chmmrlp'v (s0% eth-rlpeml\m-

- -
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ether) to yield 76, 0.15 g (60%); ir (ﬁ']m): 34{0 (0-H), 2960 (C-H),

1740 (ester), 0 (ketone)' cm-]‘; 'H namr (CC1,) 6: 1.00-1.60 (br.m, 3H,
& 4

cyclopropyl), 2.20 (s, 3), 3.50 (m, 2H), 3.75 (s, 34), 8.20 (m, 1H,
0-H); M.S. (m/z): 163 (MeH), 145 (HHH-H,0).

S
endo-1-Methyl bicyclo[2.2.1]hept-2-en-5,6-dicarboxylic acid anhydride
(81) e

Malejc anhydride (0.85 g, 8.62 mmol, Aldrich), methyl cyclopenta-

diene (0.90 g, 11.21 mmol, Aldrich) and iron (5 mg) in dichloromethane
(15 mL) were stirred at 0°C. After 1 h the iron was removed by
filtration, solvent was removed un'd product purified by'flash chrcmatbi
graphy (30% ether/petroleun ether) to yield 81 and its' 2-methyl isomer
82.(2:1), 0.90 9 (59%)3 !)u (fﬂm) 2975 (C-H), 1860, 1780, 1230
(anhydride) ! 3 'H amr (CCIQ) é: 1.70 and 1.90 (both s, 3H, two
isomers), 1.80 (m, 2H), 3.30 (m, 2H), 3.70 (m, 2H), 5.70-6.40 (m, 2H);
M.S. (m/z): 178 (M), ’ \

endo-1-Methyl bicyclo[2.2.1]hept-2-en-5,6-dicarboxylic acid (83)
\

Anhydrides 81 and 82 (0.90°g, 5.06 mmol) were placed in 10% ‘sodium

hydroxide and stirred. After 10 h thé mixture was acidified, extracted

wl;h ether, the combined ether extracts were washed with saturated
sodium bicnﬂ:onate. the aqueous phase was neutral!xed}; yleld 83 and
its' 2-methy] isomer 84, 0.70 g (78%); 'H .nm; (cc1y) 6: 1.20 (m, 2H),
1.70 (i' 3H), 2.80 (m, 2H), 3.20 (m, 1H), 5.80 (m, 2H), 11.70 (s, 2H). '
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P

Diacids 84 and 85 (0.70 g, 3.93 mmol) and lead tetraacetate (2.00 g,
’ 4,52 mmol, BOH) in py;idine (20 mL) were stirred at 22°C for 10 min, then
. .
% heated to 80°C for 1 h. The reaction mixture was poured into 0.3N HC1
pheed vi s ined ¢ £
and ﬂted with petroleum ether, the comb ned organic:xtrac S were

washed with 103 sodium bicarbonate, water,,dried,and ‘concentrated to *
give 85 and some g;,m g (243); 'Hnmr (COC14) 6: 1.55 (m,. 2H),
1.80 (s, M), 4.10 (n; ), 5.20-5.90 (m )3 M.S. (m{z): 06 (M),
80 (M-acetylene). = 7"
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Conclusion

These studies have increased our knowledge of the reactions

required for an intramolecular Diél s-Alder:oxy-Cope approach to

diverse ring systems such as-gascardic acid. It is now clear tlgt a
subtle blend of reactivities is required in order to introduce a

suitably functionalized sidechaim which is amenah_]e to intramolecular
cyéloaddition. The vinyl alcohol }ﬁversiun’procedum as widespread

application both far the gascardic acid synthesis and related fused.

v N
ring.systems. Altpough incomplete, it appears likely that the cyclo-

propane based. ring expansion will follow the desired course and

provide a generalmethod for ring expansions of this type.
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