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This thesis.contains a brief review.of retent developments in the field of radical °

-

cyclization and an account of several br_‘;‘g.iﬁh'zi]acbhm_!)bti"oﬁ to this area. -

. The new work involved: .~
: : TRl
thesis of a-alkylidene butyrolactones as shown, -

(i) Examinatios of a method for-the syn

for example, in equation a. o
v . w :

~ . oL R .
_+PhSeBr + RC=CCOCs - —_— ‘ :
. . . ‘ * ‘ 'l"lo . o ’,
- R

13

Al

» r,i# ‘
gk

o«
Q113 d

T PhsSnH - \
— . o._

v

AIBN, reflux, benzene R

Qs =Cesium
DU |

(ii) Development of a method for making spirolactones (equation b).

R Rd S": 't‘f_ialf);yls'['a@,:,ﬁyl
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(ili) Development of a route t0 5,5 and 5,6 bicyélié-éoﬁnpounds (cquaiion c).

™

SePh

H COzMe

n=1or2
(iv) Discovery that the closure of a-keto radicals-unlike a-keto carbanions-is not
<ibject to a severe kinetic barrier of the type recognized by Baldwin in igrfic.chemistry.

\ : . , .
This fact led to the dévelopment of a route to’cyclopentanones.

-

» !

H
o - .-

a) oulyl chlondc benzene r.t.b) MeaCulLli, ethyl ether -78°C. C)ILDA THF -78°C ii
PhSeCl, d) Ph3SnH, AIBN, bengene reflux. LDA = lithium dusopropylamldc
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o 1INTRODUCTIONA

N

.«
e ’ . s - ) s
A very important aspect of organic chemistry is the formation of carbon-carbon

N -

- bonds. Most prbct:durcs used for this ;}urpos'c beiong 10 one of four caiegories:

FIS .
9 : ’
\

1. concerted processes., ': " o :
. 2
. o . * - N /' 4
2. carbanion reactions ¢ . ¢ oy
. - Iy
b :
3. ca{bomum ion reactioris X __ L 4

4. free radical reactions ¥ /Y R

4

Free radical chemis

—_—

T
: NS .
often works under mild dpd neutral conditions ant the reactions are usually not much

s number of @wactions to the synthetic chfnist. It

v

. . : .
influenced by the/mature of the solvent. One does not have to protect hydroxyl or
. V] .

” e 'e . ‘ .
carbonyl function§ as is the case with carbanion chemistry. Furthermore, free radical

reactions are not as se

50

3

sterically congested molecyles. \
' «

— .

Some of the important features concerning mechanistic in)\@stiga(ions and

-

synthetic applications of intramolecular radisat€yclizations are summarized below. A

a . - .
number of reviews are availablg- and these give a more extensive treatment of

]

. . \ -
intermolecular and intramolecular radical processes.} *

R s
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Mechanistic Investigations.

.‘ The fact ;hat the cyclo'hc;yl radicai 5 is more stable than the cyclopentylcarbinyl
radical 4 is well e‘stablished both theoretically2:3:4 and experimentally.56.7 Based upon
t}\nis evidence,-and 1h¢ 'knO\'vn .prezfercncc of imérmolecu]ar radical additions .to_occgr at
ti\é Ieas‘t' substituted. tcnm'pus of a monosubstitutéd ol§fin, 1t might be suppos.éd that
radical 2 (aeriixlég.from a suitable precursor 1).shou1d cyclize to produce 5 rather than 4

LU

" (Scheme 1).

 Schemel | i )
. 4 ’ ' x 6 - ‘ ) ‘
| ﬂ\ ) . . : I kH \ . ‘
' — s 2 N S
. v . 3 o . V
1 ' 2 3, ‘
| / .,
- Kk / ki6
> ”~ ' - . )
o0 O
/ | 4 5ex0 5 6endo

I . \
Understandably, some early workers8.9 assigned 6-mcmbergd/rhkg‘mcturcs to-, -

products obtained from such reacfions. in the early nineteen sixties the 5-hexeny!

>

Y .
radical was studied more thoreughly with some surprising results.



Ca

\,

&

Lamb4 undertook to investigate the reactions of 2 by generating it from 6-

heptenoyl peroxide in toluene at 77°C. Among other products, methyl cyclopentane -

and cyclohexane were noted in aratio of 36:1. Lamb tentatively suggested that a reason
for this unusual regjoselectivity in the cyclization of 2 was.that ,at low temperatures in
solution, the radical associated with the double bond to form a common intermediate 6

leading to both phducts. - - %.-C,.,

Y

Lamb suggeted that steric requirements for hydrogen abstraction from the

solvent determined the product ratio.

- Walling and Pearson!0 also studied the 5-hexenyl radical generated from the

o
addition of 6-mercapta-1-hexene to an excess of melhylphosphne contmmng an initiator

[azo- Mis- isobutyronitrile (AIBN) at 60°C or di-tert- butyl peroxxdc (DTBP) at 120°C]

(Scheme 2). , - .‘,, \
_ Scheme 2
e0oc T - o'% L 8% 1%

_10°Cc 3% 5% 13%

»
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Walling and Pearsor. ....ed "he qcc-ngruity in the regioselectivity of the cyclization with”

the thermodynamic stac. ~ f-heproducts. 5

oy ) A »
Brace!l came across this unusual preference in the free radical addition of 1-

iodoperﬂouropropane)o 1,6-heptadiene and subsequent cyclization. He suggested that

the result was a manifestation of steric effects in the termination of the radical chain, but
. . . ’ (’
it is not obvious how these operate.

.

At this time Julial2 was investigating the free radical addition reactions of some

unsaturated a-cyano esters (equationl). He observed that the major products were

' -

substituted cyclohexanes.13

»

e \
. . ) CN
7z CN : peroxides . CN
COEt _ vy . COzEt‘ —— CO,Et
hest ) ' -
Fe
. ~ eql

e

Noting that the radical 7 enjoyed considerable resomance stabilization, he went on to
[

(I :
study the effects of variously substituted 5-hexenes (Table 1).14
.

It is clear that there is a gradual change in regioselectivity as the amount of

N | ) .
resonance stability that the radical enjoys increases. It had already been noted? that, in
the case of radical 2, cyclization is not reveérsible.. Indirect evidence for reversibility of

a

the 5-exo cyclization of the resonance stabilized radicals 7 was obtained by repeating

thé experiments in solvents known to be bcnei hydrogen donors. Indeed it was found

e

A&

4
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that when cumene or toluene were used, there was an inérease in the amount of 9.
More direct evidence was obtained when the isomeric peresters 11 and 12 were heated
in refluxing cyclohexane to yield, in each case, the same product ratio as that obtained

from.8 X :'CN, Y= COzE_t) under iderMecal reaction conditions. ‘

/

Table 1
‘Cvclization of o-cvano esters /
: ¢ o o ,
N A~y a Y
; . ~Y
8 9 10
X Y A %
H H 1100 : 0
H CN 100 0
H COMe om .28
H CO2Et 56 44
CO2Et CO2Et 70 30
COMe CO2Et 50 ) 50
CN . CO2Et 16 - 84
" CN COED 0 100

a = benzoy! peroxide or DTPB in refluxing hexane. b e-methyl group (on
double bond)



CO3t-Bu . .
CN t-BuO;C CN

CO,Et Ucozm |
11.. , 12
This experiment clearly demonstrated that the cyclohexane products were
: >
formed as a result of cduilibratic’m of the cyclopentylmethy] radical with the -

‘ : 0 : : : :
thermodynamically more stable cyclohexane radicals prior to hydrogen abstraction from

the solvent, i.e. the reaction is under thermodymamic control.

Direct spectroscopic evidence for the cyclization of the 5-hé_;eny1 radical 210 4

was also put forward by Kochi and Krusic!3 in the form of EPR spectral data.

Walling!6 first undertook the study 6f generation of the 5-hexenyladical 2
from 1-bromo-5-hexene ahd tributylstanvnane.17 It sﬁould be noted that the use of
stannanes with halides, a contribution by Noltes, Van der Kerk, and Luijten, and
especially by Kuivila and Menapace has been of tremendous utility both in mechanistic
investigations and synthetic work due to the accessibility of the requisite halides and the
| hydrogen donating ability of tributylstannane (leading to little orno}dispropoﬁionation
or dimerization). Wallin.g aléo examined the amount of reduction vs. cyclization (3 vs.

4 and 5) that occurred at different h;dride concentrations. He found that the rate

«

constant of reduction (kp) to cyclization (k¢) was ¢a. 10:1 at 40°C. Thus, as expected,
considerably more reduction occurred with ipher hydride concentrations. In

agreement with Lamb? he found that the 5-gxo cyclization was irreversible.



’ a{ctivatiovn (AS*) associated with the formaticn of the smaller ring. In the late

+  factor at ordinary temperatures.

#
4

In the late sixties, Be’ckwith}’8 suggested that the radical attacked the olefin

LUMO at whichever terminus could be approached vertically in the planc‘\of the n
system. This, he suggested, explained the ready cyclizatién of 6-heptenyl systems!9

4 '\ ‘ .
and the inability of 4-pentenyl systems to undérgo intramolecular ring formation.10

A number of workers20 suggested that there was a more favorable entropy of

1sc:vc:ntjcs

“ Bischof21:22 calculated the AS$ for 5-gxo cyclization to be 3.3 cal/mol/K ‘more

_favorable than 6-gndo cyclization. This figure was also upheld experimenta]ly.. |

2
Beckwith23 determined that at 65°C the enthalpy of activation (AHi)-for 5-ex0 .

“cyclization was 1.7 kcal/mol more favorable than for 6-endo closure and the difference

in entropy betveen the two modes of cyclization was too small to be the dominant

[

4

»

R . . _ _
An explanation for the unusual regioselectivity in ring closure of the 5-hexenyl

&%

radical 2 was advanced by Julia2425 He suggested that there wasam unfavorable steric

4

interaction bétween the pseudoaxial C-2 proton and the syn C-6 proton will destabilize

the transition state for 6-¢ndo closure 13.



13a R1=Rp=R3=H, b R2=H, R1=R3=Me, c R1=H, R>=R3=Me

This hypothesis was supported by the experimental observation that radical 13b
gave exclusively the 5:ex0 product whereas radical 13¢ gave a mixture of both possible
products.25 The suggestion was that interaction in the 6-gndo transition structure

. : (\ . - ’ .
_between the syn-methy . croup and the C-2 pseudo axial proton is important, but the
magnitude of the steric -ateraction cannot be evaluated and it is not clear that the effect

~

in 13a'would be sufficient’to account for the observed regioselectivity.
v

¢ Beckwith and Lawrence26 studied a number of substituted _5-hexenyl radicals

including 14 and lSi.yfIhe inhibition of 6-gndgyclosure‘ in 15 can be attributed to a
: !

pseudoaxial interaction between the mcthy] group at C-2 and the syn-C-6 hydrogen.

Careful kinetic analysis suggested that the contribution of this interaction was

)

approximately 0.8 kcal/mol.~



is _ ‘ : 68:32

Since this effect would ceﬁainly be less pronounced in the 5-h2i€nyl radical 2
- A_it cannot account fbr the observed regioselectivity. Also, aryl radicals of type 16 close
exclusively in the 5-gxo mode.2‘7v28 In these molecules there can be no unfavdrablc’ «

]

steric interaction of the type proposed by Julia.

, 16 \ >99% :  <1%

~

Beckw'ilh13z29:30 proposed ag explanation bésed upon stereoclectronic effects,
He suggested that the transizion state for the intramolecular 6-¢ndo cyclization
? ’possessed considerh)k/strain, which outweighed the thermodynamic and steric fact_ors
expected to favor fo'rrn;ition'of the cyclohexane product. At the time, no direct evidence
{

was available for the transition state 17 that he proposed, in which the three atom

centers form an obtuse triangle orthogonal to the nodal plane of the &t system. s



8+,.\\| o
. _C‘
. "
\\
\\‘ 5-
P ke LMy »
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17

Since Beckwith put fc;rward this model for the transition state, a number o; :
theoretical trcatmcnts31 have supported the notion and suggested Ihat' the dominant
| interaction is that between the sir;gly occupied molcc\ularv orbital h(SOMO) of thé radical
pncf thg vacant ©* orbital of the double bpnd. Inspchion_of m'olecular model§ and
calculations indicate that this disposition of reactive centers is more easil®
accom.modated in the transition state for the 5-¢x0 cyclization tﬁan the 6-endo

\ ¢
cyclization. Baldwin32 also developed a more general set of guidelines governing ring

k)

. . i ) . . , < A . .
closure reactions for a variety of different systems based on approach vector analysis. -~

! Figure1 - !
Approach Vector Analysis
X o
o

' '\c—g—_v X --aC——Y
/ _ | & ‘ \

trigonal tetrogoénal
closw: : . closure

, 10



In determining the feasibility of an intramolecular cyclization, he cx.amin'cd the
angle o (Figure 1) of approach such that a is equal to the angle between respective

bonds in the final product and is maintained throughout the reaction coordinate. The

feasibility of the reaction is determined by the ability of the precursor to accommodate |

L
’

.. the approach vector. -

Any change in the structural features of the precursor to cyclization will affect

the ease with which the transition state ¢an adopt the required conformation. A clear

-

§ s

demonstration of such a change is the cyclization of the 3-oxa-S-hexenyl radical!8.33

‘18 which cyclizes far more rapidly than the 5:-hexenyl'radical and with a grc‘arxcr‘

~ preference towand the product of 5-gxo cyclization.

v -

o
s e 1 7
]
o
3
' L3

18

-4

The C-O bond length (1.41 A) is less than the-C-C bond length (1.54 A) and

the C-O-C angle is smaller than the C-C-C angle; thus the C-1-C-5 distance is shorter -

than in the 5-hc£ényl radical 2 and the C-1-C-6 distance longer. These changes permit
18 1o better accommodate the tr:snsition state for 5-exo cyclization. Radicals 19 and 20

also poéses less flexibility in_the chain, which greatly increases the difference in strain

11



%0

energy between the two transition states. Unlike the related carbon analogvi- 19 and \

A

"20 undergo regioselective ring closure.27-28

oS — Q

,.ol . o)
19- . A

QN]———»
o o

20 i “ : | ’

On thermochemical grounds one would predict that the rates of a set of

e
chemically similar reactions would depend on the relative thermodynamic stability of

the products and reactants. Thus, for the 5-hexepyl radjcal 2, substitution at C-1 -

would increase the stability of the reactant and shbsgitution at C-6 would increase the
.stability of the prc;duct. The rates of vn'ng closure should therefore reflect these
changes. This is not the case. Substitutioﬁ at either C-1 or C-6 has little effect.on kj s
or k; ¢34 Beckwith Suggcstc two -possible reasons: 1) the rea;tion has an early
transition state resulting in little change in hybridization at C-1 or C-6; there is also little
transfer of spin density in the transition state anj ii) due to the polarity of the transition
B - . ' .
state 17, any substitution at C-1 or C-6 would alffcct the stability of the transifion state
’ L 4

in the opposite sense to the effect of the substitutions on the stability of the product or

the reactant-thus the zffects of substitutions are cancelled out. Substitution at C-5 does

12
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increase the amount of cyclohexane product, but only by retarding the rate of 5-¢x0

( . ‘ _
closure. The effect is quite likely steric4in origin. B-strain increases AH? for the 5-gx0

- : - . -

cyclization process while the 6-gndo cycliﬁ;don process apparently remains unaffected.

An interesting featur_e oftQﬁSm cycliz:'nion of the 1-substituted 5-hexenyl

. st &%%x - N
radllcals is the prefcre‘nt.;%'f?;fé%@ of ¢is substituted cyclopentane products.332

~ TS - *
Beckwith suggested that the stereoselectivity is due to a favorable orbital interaction in

the transition state.

\R'adical 21 (leading to ¢is products) woﬁld appear to posscss. an unfavorable
sterick interaction. Beckwith suggests that hyperconjugativc mixing of the radical
SOMO with ncighbbring o and ¢ orbitals leads to a modified delocalized orbital of
similar symmetry to the vacant n* orbital of the double bond with wijch the SOMO is

thought to interact (22). This gives rise to a favorable interaction outweighing the

_tesic congestion inherent in 21. He also suggested an alternative explanation which -

invokes the favorable electrostatic interaction of the dipolar transition state 23.1a°

* Pradhan33 has challengag Beckwith's model, claiming that the SOMO interacts not only with the
LUMO of the n-system but also with the HOMO. "

13
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&

A_-p'y subs_titucnt'at C-3 will pfcfer’to occupy a pscudb-cquatorial position (28)
‘%_ R - .

whic leads t8fe formation of the ¢is product 27. Similarly, any substituent at C-2 or.
. Q N . v | £l

C-4 will also prefer a pseudo-equatorial dispositiori in the transition state (29) and thus

produce tﬁe trans isomer 26 preferentially. Presugably, a more bulky _subStitucm at

K

. d . .
any of these positions will augment the selectivity. / . oy
' ) - .

The study of cyclic rédicals in the\;f’o;rmation of blicyclic systcms is more
complex. Beck\;vith18 studied ;hc 4§(E}'clohcxeny1)buty1 ;adical 30. Bdtﬁ 31 and 32
were formed, with 32 predominatin g despite the higher theﬁnod)'namic stabilityv Qf the

-radical 31.!Ti]é value of k1 5 was considerably smaller thég with the 5-hcxcr;°y1 ;dd'xca1
2 but,'siﬁce radical 30 js regarded as a C-5 substituted 5-hexenyl radical,"ih:is.
A= : . :

observation-is not'surprising.- - -, - .. ‘ e ®
. L y

30 , 31 . 32

The stert;os'elcctivity of the 4-(cyclohcxy1)l;utcnyl radical 33 is a little more

involved.37a

®



’

"I Ho H
34 35 36 37
(56.3%) | (15.9%) CGI%) - 20%)
¢

Radical 33 can be viewed formally as a1 ,2-disubstituted-5-hexeny! radical and®

thus one would ee'xpect 36 to be the major product, and not 34. The ring must

°

therefore impose §'gnc constraints on the transition state that do not apply in the simple

- acyclic systems. Beckwith suggests that stereoelectronic factors determine that the

? . : . o . |
buteny! side chain occupies a pseudo axial position in the transition state thereby

1 . . ‘ . ) .- y . ‘
-+ allewing better interaction between the radical SOMO and the vacant n* orbital. The

- ‘cycl\opcmyl analogue of 33 behavesin a similar manncr.37ﬁ

- > - -t e
Y 3 o - . &

E



36 . | 34

-

~ This conformational preference leads to the formation of 34 as the major

‘ . . ) LA
product. Compound 36 arises from the transition state where the side chain 1s

2 4

disposed equatorially. Small amounts of ¢is- and trans-decalin 37 are also formed.

Pradhan35 suggests that Beckwith's explanation assumes the two lobes of the radical

SOMO have e'qua] dimensions on both sides ef the n'odal p]ane. Pradhan states thai the

SOMO of ra’dleal 33 is extended more in an axial direction (above the plane of the .

cyclohexyl ring); favorable interactions between tﬁe 56\10 and the appropriate T

orbital< « *n setin at a shorter distance #ith the buteryl side chain disposed in a pseudo
» : . ’ ' . .

. .. . . ) A_ K e ¢
equatorial position, thus ensuring a cis-fused product.

.
-t

B X WL .. »
Another interesting example is the allylic radical which gives the cyclic rydfical

,
- o ¢
-

38 as the major product of it's first cyclization. Radical 38 maybe view‘ed as a 2,3-
[

dlsubsmuted 5-hexenyl radical, the two substituents would be expected to offset each

“

other's effect upon the stereoselectjxty of the reaction. Thus 38 yields 40 and 41 with ~

a slight preference for the endo (isomer 40.

! ,

17



39

(1.6%)

38 (59.6%)

i

Neo Yoo

b b

40.

(35%)

A

41
)

(23%)

S

In the late sixties Crandall38 first investigated the properties of alkynyl radicals

42

RC=C(CH,),CH,Br ———>

nBu3Sn

f!:;f.

L

+ RC'C(CH;_),,CHz

nBu,;SnH

RC=C(CH,),CH;

( )n 2
\\ l
R
y +
)n-2
43

44

18
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results are outlined in Table 2.

. Table2-

s

- Ciclization of Alkynyl radicals

42 43 . 44
oy
‘ A . -

n R % %
1 ~ Ph 99 0
2 Ph 99 0
3 Ph 0 99
4. Ph 50 50
4 " CsHn 98 0

He concluded that lhe!rcgiosclcctivity was comparable toMat found for the

The acetylenic halide was refluxed with tributylstannéne in benzene. The

5-

19

hcxenyf radical 2. The line" ‘ty of the acetylenic carbons affects the flexibility of th

o ]

transition state and leads to regioselective 5-exo cyclization, of 42 but at a slower rate

than for the S-hexenyl radical 212 Values of AH and ASY become increasingly

unfavorable in going from 5-hexynyl to 6-heptynyl to 7-octynyl. The regioselectivity

’ L3

of hydrogen abstraction by the intermediate vinyl radical '(R =PhandR = OEQ has

’

been investigated by Simamura.39

In general the process of free radical additign is reversible-but at normal

temperatures the equilibrium lies heavily towards addition. The reverse process, B-



s

scission, occurs only when there is sufficient incentive, for cxamplck’-‘t}fit relief of ring
strain. Free radical addition is known to be under stereoelectronic control and thus one ’

would expect B-scission also to be susceptible to stereoelectronic effects. A good

demonstration of this is the study of two isomeric steroid radicals 45 and 46.40

47 | 48

Species 46 rearranges cleanly to give 48 and no cholest-5-ene (derived
r ) ’
(C"\ i
. from 47). In each case the cycloproffyl bond which undergoes scission is the one

which lies closest to the plane accommodatfhg the radical SOMO. Cyclopropyl and

. cyclobutyl carbinyl radicals undergo ring cleavage under mild thermal conditions, '
. A .

-

<
presumably because the radical center can rotate freely. Cyclopropyl radical scission to
_ give the allyl radical, even though highly exothermic, is a slow.process under similar
\ A Lo

conditions. Beckwith suggests the mandatory overlap of the radical SOMO with a

&tab]c o bond is more difficult to attain in the*cyclopropyl radical. Larger ring



1 - . ) . ~”
¢ycloalkyl radicals do possess the necessary conformational flexibility to allow orbital

overlap but lack the necessary driving force inherent in lowgr homologues. There are

L . . .
many examples of Teactions which follow the less exothermic pathway, a result which

can be rationalized by invoking stereoclectronic effects.

v

In 1980, Beckwith#! published a number of guidelines which, when used in

' conjunctipn with thermochemical cn'terax for radical processes, allow rationalization of

the ofitcome of certain radical processes. His suggestions are :

< B
i) Intrarholelcular addition under kinetic control in lower (n < 5) alkenyl and alkynyl
radicals and rQated species (X = C,N,0; AB = CO or CN) occurs preferentially in the

exo mode (49 to 50).

A=B ’ A.

’ A-B . ‘ ) IB

Y); X Y)—X , (Y)/X
49 B 50 A 51

J o
ii) Substituents on ap olefinic bond disfavor homolytic addition at the substituted

[}

position and retard the rate of conversion af:49 to0 50.

iii) Homolytic cleavage is favored when the cleaving bond lies close to the plane of an

U

adjacent radical SOMO or gf an adjacent ﬁll::d non-bonding orbital. -

~

4
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LN
N

This guideline indicates that in systems such as 52, 53 and 54 scission of bond a will
, ™ . .

occur. moré rapidly than scission of bond b g(nd so exo radicals 50 w:i11 undergo

'scrssiorr‘ more rapidly than the product of endo closure (radical 31).
: ¥ -

-

PR

iv) 5-Exo ring closure of substitued 5-hexenyl radicals 2 can be stereoselective.

Systems with substituénts at C-1 or C-3 afford mainly cis-disubstituted products,

whereas 2+ or 4-substituted systems afford mainly trans products.
!

Beck\x"ith42 has also compared the relationship between the rate of cyclization,

»
f : .

the regiochemistry and stereochemistry of closure, and the strain energy for the

.

respective transition states (calculated using Allinger’s MM2 method). The thé;oretical

and experimental results show good agreement.

The dpplication of radical cyclization to the synthesis of §-lactam antibiotics was

' *
first explored by Bachi.43 He realized that the mild reaction conditions for radical .

cyclization would be ideal for preparation of the sensitive B-lactam systen. "He

synthesized a number of substrates of type 55.

A

\-\,\ .

22
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7 P
1 R !

;( N Vi 55 a X=Cl, R]=R2=H -
o NYX - b X=Cl, Ry=11, R2=CO71Bu
A R2 ¢ X=Cl,R1=CO2Me, R2=C0O2tBu
' ) _ d X=Cl, R]=Ph, R2=CO2tBu
¢ X=SePh, R1=R2=H ,
‘ c f X=SPh, R1=R2=H"
.( .
gX= .
? -When eithcr compound 55a or 55b was dissolved in benzene and refluxed for
’ , A\ ~ -
\\ 44 h wity wibutylstannane the cyclized product 56a (34%) or 56b (47%) was isolated,
' ' ¢

along with the reduced B-lactam 57a (31%) or 57b 32%). *, .

@

a R=H;b R=CO2Bu

Y

\~
He observed the unusual occurrence of 7-endo cyclization: products from 6-¢x0
-~ |} °

éyclizalion were absent. This result is quite different from the behavior of the 6-

heptenyl radical where the 6-¢xo mode of cyclization is preferred.23 With 55¢ and
ﬂ@ _ ‘ o
55d the 6-gxo cyclization products 58c and 58d predominated.

8 . _ d#'*, . .

iy
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R4
e 58 ¢ R1=CO2tBu, R2=CH2CO2Me

d R1=C0O21Bu, R2=CH2Ph

It was obvious that substituents on the double bond affected the’pref,erfcﬁodc .

of cyclization and thus some selecnvny was pomble Bach1 also studied the E .

(phenylselencny])albl and N- (thlophenyl)alkyl B lactams 55c and 55f (prcparcd ﬁom -
lhe N- chloroalk)] B-lactams-under phase transfer conditions with bezeneselenol and

benzenethiol) as the N-chloroalkyl lacAtams were unstable and had to be used dirﬂcfg}yﬁ{ =

, NS

without purification. The two substrates gave product ratios ssimilar to the N-

chloroalkyl B-lactams, an observation which indicated the intermediacy of°a common

radical species 55g. Sy . N,
N A more thorough investigation by Bachi appeared later*® and the properties of%: o
the propargyl B-lactams 59 were discussed. C Vo e
ST
" 555 .
MR g e
R &&F P ;

CO.tBu

59a R=H,bR =Ph




With 59a, the endo mode of cyclization was prefarred, leading to 60. When .‘3‘_: fg
. 4 T eefan  }

the terminal .position was substituted, as in 59b, the ¢xo mode of cyclization ¢

dominated, yielding 61. . -

' 0 o o) v
):N(\) . ﬁ&:ph o
o ” M a o :
CO,tBu COztBU

60 61

. . . . . n
This regiochemistry wis dependent on the the substitution of the unsaturated

~ portion of the precursor and allowed selective entry into the 1-oxahomocephams (56)

~

. and the 1-oxacephams (58) and their didehydro derivatives (60 and 61 respectiyely).

) . .
Beckwith43 also investigated the synthesis of bicyclic B-lactams. As expected,

;6221 gave no cvy_clization -products; only the reduced material 63a was formed on

tfeatment with tributylstannane. Under similar conditions, compounds 62b and 62¢

4

gévc mixtares of cyclized products 64b and 64c, respectively, along with the

corresponding reduction products 63b and 63c. B &

.'-' R L
Y

.

2

@y, -
RN
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Sy |
(> )n

N
N - )
of  XCH,),CH=CH, 0 NCH,),CH=CH, o

Vs ! - _ v
637 ‘ 63 64

an=1,bn=2,cn=3

' [V

No products from 5-or 6-gx0 cyclization were observed. Beckwith suggested

that the selectivity reflected "the strain in the exo transitionstructyre engendered by the

four membered ring".

Recently, Knight*6 has reported on the use of a vinyl radical cyclization for the

¥

preparation of carbapenams and carbacephams. He first noted that 65 gave exclusive

[ 4
7-endo ring closure (equation 2).

: nBu;SnH :
77 % 2
;-N/\/ — N “
i )\ ° ;
Br

- 65

Therefore, he . ned his attention to the lower homologue 66 in the hope of
~'obmini-ng 6-endo closure to give the carbacepham skeleton. Under photolytic
conditions [p-Bu3SnH , AIBN (cat), hv ], 66 yielded the lo-methylcarbapenam 67

along with the B-lactam derived from simple reduction of the intermediate radical. In

contrast to this result, high dilution cyclization, again under photolytic conditions, gave

26
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the cabacepham 68 (30%) which was also the main product (58%) under thermal
' reaction conditions [n-Bu3SnH, AIBN (cat), reflux benzene]. The formation of 68 is
understandable in terms of the characteristic ring expansion often seen in the closure of

viny! radicals 47

nY
(1] ]

Thus, Knight's work shows 1hat(;he cyclization- of substrates such as 66 is

runable to afford either the la-methylcarbapenam 67 or the carbacepham 68.

I
Hart has used radical cyclization to synthesize a number of alkaloids, including

supinidine 69a,8 heliotridine 69b49 and isoretronecanol 70.50

4

69 a X=H, b X=OH | 70

27



In preliminary work,48 he studied the N-alkenyl butyroamides 71, easily

'preparcd (equation 3) by,.&litsunobu reaction betwgen the appropriéte homoallylic
alcohol and succinigide. Ri’d_u‘cﬁon of ‘the adduct with sodium borohydride and
treatment of the resulting’ %pjno]g&r{gdc (_g'ithout isolation) with thiophenol und®r acidic

[ gP <0
conditions ef ﬁ?cicm]y afforded the substrate required for cyclization.

]

o

, 1. NaBH, ’ ¥
AN - . e’
o 2. PhSH, TsOH

7

When 71 was treated. with tributylstannane, a number of products were

obtained (equation 4).

’ /\/\N; -\/ .
’ 0
Trh 12%  45% O
3y v _-: H \
" 0 T =
o8 T
i

v z 4%
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Unlike the %—lactam analogues;’pyrollidinyl radicals displhycd a preference for
the 5-exo mode of cyclization. Further study indicated that the products of,cyclization
were not the result.of thermodynamic control. Hart suggested that the wider C-N-C

7 VT ‘ . “. .
bond angle was responsible for the dvecrcascd exo/endo sclcct1V1t)' compared to that
found in the-case of the 5-hexenyl radical 2. The high diastereoselectivity of the
reaction was not surprising.3“7b Hart also demonstrated>0 that the positioning of an

appropriate electron withdrawing group at the terminus of the double bond increased

the rate of the 5-ex0 cyclization such that the reactions were of synthetic use.

R ,
. N
PhS X 3 H
R . N *
o 0
B a
R = CN° 85% B 9:1

R=COxBu . =~ 82%- - Ba 9:1

Tlustrative of the applicability of this approach is the synthesis of

isoreironecanol (Scheme 3 ) which was accomplished in an overall yield of 11% from

-

the tetrahydropyranyl ether of 2-propyn-1-ol. »

29
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Scheme 3

THPOCH,C=CH "
vy ®

5

: NBuzSnH
“OAc

¢ steps
71 %

, .
k4 . . .

JonesS! recently developed amild synthesis of 3-substituted 2-oxindoles. He
was particularly interested in the synthesis of the 3-spiro-2-oxindole system as part of
an effort towards the synthésis of the Gelsemium alkaloids. .For example, 72 could be

cyclized under thermal conditio&s [nBu3SnH, AIBN (cat), reflux benzene] to give 73

along with the product of 6-endo cyclization, 74.

o

N



Br X
!
N©
™
T 72
nBu,SnH
X
1
N (o)
+
73 80% _ 74 9%

o

Jones found that it was necessary to prblect the nitrogen prior to cyclization,

<

presumably because amines are known to react with trialkyl stannanes. He found that
~ the use of the bulky SEM (Me3SiCH2CH20CHz-) prolécti% group i‘ncrcased“lhc

regioselectivity in favor of the 2-oxindole products.

Padwa5? investigated a procedure for the synthesis of the pyrollidine ring-

system. His initial attempts were unsuccessful. Treatment of 75a under thermal

conditions [nBu3SnH, AIBN (cat), reflux benzene] resulted in complcte reduction and

. no cyclizatjon.

31
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75 a R = CH2Ph, bR = SO2Ph

Hf: attributed this .result to stabilization of the radical by thc;z;tijacent nitrogen.
In support of this interpret_ation, substrate 75b was found to unaergo competitive
reduction and cyclization (36%). If the radical center was remote f{om the nitrogen, as
~in 76, the problem w;a_é resolved and cyclization prbcéeded n a synthetically usc ful

yield to produce 77 (equation 5).

?

v ' Bu;SnH ' \’\‘
PhSOz\N/\/ .
\\/ . —_— PhSO,—N 87 %
Br : ' '
AIBN"reflux PhH o .
, eqs .
76 11

Padwa‘ th;n went on to study the effect of substitution on the double bond and
»found that such as 76 radicals displayed a higher reéiosele_ctivity for 5-exo cyclizatioﬁ
than_vthé corresponding substituted 5-hexenyl mdiéals. He attributed this to the fact that_
the C-N bond length is shOrtéf than the C-C bond length and the C-N-C angle is
smaller than the C-C-C bond angle. This 'tightening' of the transition structure

presumably increases the srrain in a 6-¢xo transitiorrstate.



Py

In 1982 Ueno33 rcporlcvd the synthesis of 2-a1koxyl~gtrahydr;ofurins and y-

L)

RS

E : AN}
lactones via radical cyclization. He found that bromoacetal 78 cyclized to the

corresponding acetal 79 in 59% yield when treated with tributylstannane in refluxing
benzene. The bromoacétals were derived from the allylic alcohol and butyl vinyt ether

in the presence of N-bromosticcinimide.

% 1% 5 80

. i '
7 . . S

The moderate yield in the cyclization was attributed to the difficulty in iselation

- B

of the acetals from the residual organotin species. In order to circumvent this problem, -
o . » * .

7 ’ ®

2

_.irrz;diation of a solution of 78, polymer cat-alyst (0.1 equiv.) and’sodium boroh;fdridc

’

the crude reaction product to remove the polymer catalyst

i

o;ganon'»n impurities in 89% yield.

[

- » Ueno found that the catalyst could be used five times without significant loss ‘of

gave tfhc acetal :79‘ free of

> jeno usec'l'a polymer suppofted tin catalydst. " Thus, cyclization was ._pffcctcd by

X

reactivity. Oxidation of the acetal ﬁsing Jones rcdgcm yiéldcd'th_c 7-‘lactonc 80in 79% v

yield: ‘Ueno>* has since made more contributions this atea.

.A.'.

(1.5 equiv.), in"degassed benzene-ethanol at room temperature for 30 min. Filtration of 'Ju.
s, B ¢ e . N . 5

33
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- Stork55 reported the use of bromoacetals as Substrates for cyclization. He

demonstrated the versatilijy of this methodology in the synthesis of 3-substituted furans

~

and butenolides. For example, the cyclic acetal 82, derived from 81, can be converted
p ’ ,
into the butenolide 83 (deprotection of 82 and oxidation with Jones reagent) or into the

furan 84 (action of acid on 82).

(oF O(CHZ)ZCI

O(CH,),Cl S__?:
” _ 2_7/ C9H19 CoH1o

CeHy7 CgHy7

8l 82 83 84

The combination of readily available starting materials (allylic alcohols and vinyl

ethers) and the directness contribute to the appeal of this approach.

Pattenden56 has applied the cyclization of these a-halo acetals to the synthesis

of B-alkoxy-y-lactones, a s'tiiz"(':_{_ural unit found in a number of interesting natural

. ~

products with varied biological activity. Bromoacetal 85 v‘vas}_ﬁgﬁycd from the
) el A w0

. Sl T ( .
P

.reduction of 2-(2-mcthylpropoxy)cyclbhcxenc-l-énc with dii§obu,tyialumjhum hydride

and subsequent reaction of the allylic alcohol with 1,2-dibromoethyl ether. Treatment

with tributylstannane yielded the cyclic acetal ether 86 in 91% yield.

34~
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OEt
(t[ A B | OFt
_ o) 0
) H
85 - | 86 ;

a2

" Oxidation of 86 with Jones reagent furnished the y-lactone in 70% yield. Inall
the cases investigated, only Qne'isomcr\.w'as forme. This was assigned a ¢is-ring- -

fusidn due the increased strain inherem in trans-fused y-lactones.
g

Ono57 has reported a method for thé synthesm of furans using the chemistry of
nitro oleﬁns For example, Michael addmon of dllyl alcohol m{;‘@?trocyclohcxcpe
~yields 87. a-Acetoxymethylation with iqqueo'i)us formaldehyde n ;He presence of acetic
" anhydride and payridinc yields 88. Trclaxi'mcm“of”SS‘ \x;ith Lribu'lylétannanc in refluxing

benzene gives a mixture of isomeric furans 89 in 74% yield. As with the cyclization of

similar substrates, the formation of a quaternary.center does not hinder the reaction.

cr”f CE“‘”

87 ’ g8 o - . 89

Smt:ckus-”8 has synthesized dxhydrobcnzofurans such as 91 using 2 1odo allyl

ethers 90 derived from orthometallation proccdurcs Thc combmanon of the two

Lt N ‘:\" N ) ‘
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synthetic methods—orthometallation and Yadical cyclization—provides a expedient .

route to, molecules which are difficult to obtain by more classical chemistry.

Cyclization was effected with tributylstannane in refluxing benzene to yield various

dihydrobenzofurans 91 in good yield.

OMe R ome N
0" 0
D » \
90 : 91

The synthesis of a-alkylidene-y-lactones has recently been reported by Bachi.59
Treatment of an epoxide with a lithium acetylide in the presence of boron trifluoride
etherate yields the 3-alkyn-1-ols 92. Reaction with phbsgene, and then benzeneselenol

in pyridine, yields the (phenylseleno)carbonates 93.

2

“

.“-OH .“0
; \ =—X =X
H ) § H
' 92 X = SiMe3, Ph . 93X =SiMe3, Ph, Y = SePh

94 X = SiMe3, Ph, Y =

>

36
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95 X = SiMe3, Ph -

Reaction of the carbonates with tributylstannane yields the a-alkylidene-y-
Jactones 95 in excellent yield. The radical 94 does not undergo reduction or B-
elimination to any significant extent.

.
~ . & . v . .
Two of the earliest examples of the use of radical cyclization for synthesis were

reported in the late seventies by Bakuzis6®and Biichi.!

Bakuzis reported the total synthesis of two terpenoid natural products, sativene

96a and copacamphene 96b.

@ - X
96X=CH2aR1=MczCH,R2=H;bR1=H,R2=M62CH

100X =0 aR1=Mez‘CH.R2=H;,bR1=H,R2=Mc2CH

The approach that Bakuzis adopted was certainly ahead of its time. Alkylation
p :

of the‘magncsium enolate of m-7-bromobicyclo(2.2.l)hcpitan-Z-onc 97 with 1-



\

\
bromo-2-propene yielded 98 and its C-3 epimer in a 4:1 ratio, along with some O-

I ¥

alkylated material.

Br ' - _Br

97 98

99

1

R”caction of 98 with thiophenol (AIB\f\I—inidated) gave the alkyl sulfide anising
from Aaddition of PhS to the terminus of the olefin. Treatment of the sulfide with N-
chlorosuccinimide followed by hydrolysis gave an aldehyde which was immediately
reacted with the Wittig reagent Ph3P=CH(Me)3 to yield 99. Irradiation (257 nm) of 99
in benzene at 36°C in the presence of tributylstannane (initiated with tert-
butylperbenzoate) gave a 3:2 mixtgfc of norsativone 100a and'copacamphcni]oﬁ‘c

v

100b in a 62% yiefd. These ketones were then transformed (by published procedures)

(2

to sativene 96a and copacamphene 96b

38



Buichi reported the synthesis of (i)-dihydroagarofuran iOla. a major odorous

constituent of galbanum.

- 101aRy=H,Ry=Me 102

bRy =Me,R2=H
T ey {

agarofuran 102 under a variety of conditions lead to a mixture of isomer§ (favoring

isodihydroagarofuran 101b). Also products resulting from the cleavage of the
tetrahydrofuran portion of the molecule were observed. The cyclization precursor

103a was synthesized in 5 steps from (-)-carvone 104. Treatment of 103a with

tributylstannane with a catalytic amount of AIBN in refluxing cyclohexane leadtoa 7:3

mixture of epimers at C-4, with isodihydroagarofuran, 101b, as the major component.
The isomer.ratio, as expectcd, did not vary with a change in the concentration of tin
hydride but the amount of reduced material produced was a function of the hydride

concentration.

39
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104 103aX=C,bX=H 105aR=H
bR = SiMe3

Buchi found that reaction of 105a under similar conditions lead to a complex

40

“mixture of high molecular weight products, presumably arising from intermolecular .

addition of e stannane to the acetylene. When 105b was subjected to the cyclization
conditions 1t gave a mixvture of vinyl silane¢ which, qfter%}cavagc of the silicon group,
afforded P-agarofuran 102 in .66%. It was thevnf' discovered that the stereoselective
reduction of 102 could be achieved using diimide. This reaction gavc
dihydroagarofuran 101a from 102 in 92%. The material/Contained <5% of the

epimer, 101b.

In the last few years a number of workers have used radical cyclization in the

course of organic synthesis. Both Hart62 and Bec(xh63 have developed methods for

the synthesis of functionaliscd'pcrhydroindans.

Han reduced m-methyl benzoic acid under Birch conditions and alkylated the
anion with 4-bromo-1-butene to yield 106. Iodolactonizgltion (to 107) and treatment

with tributylstannane (AIBN initiated) in refluxing benzene yielded 109 as the major

product in 47% yield. The minor product was the reduced material 108. g



"
t

CO.H | ' “
N o

. 106 - - 107 X =1

Y e,
Wl
-t T b

109

1

The stereochemistry of the majo} prod uct 109 lcvould be rationalized on the basis
of the known pré‘fercncc of _oxabicylco[3..3.0]‘octanes for cis-ring-fusion. The C-7
stereochemistry was consistent with thc‘b’n;,’ings of Beckwith372 and Wolff370 with
simpler systems. With the ioqro este'r 110, the perhydroindan .l 11 was igo]atcd ina
synthetically useful yield of 73% and as a single 1somer. Thi‘s‘is'thc result of the
enhanced rcactivi’ty shown in cyclizations occurring at the terminus of an enone. The

stereochemistry of 111 was proved by conversion to 112 by treatment with lithium "

hcxamcthy]disilaziac followed by trifluoracetic acid (82%). .

41



CO,1Bu

110 " 111
¢ " 0
o i o ¥
% |
Me
112

‘Beckwith was able to alkylate the anions derived ffom a number of aromatic

¥
substrates under Birch conditions. For example, the anion of methyl benzoate was
alkylated with 1,3-dibromopropane to yield 113. Cyclization of 113 with

tributylstannane (AIBN initiated) in refluxing benzene yielded the perhydroindan‘ 114

in 889 .63 .

S

CO;Me CO;Me

Br

§
O .
113 | 114



- In the early nineteen eighties, Stork®42 introduced the use.of the vinyl radical in

v

gyclizatidn. This technique allows the synthesis of molecules containing a double bond
(a site for further synthetic elébogatiohj in a predictable manner. The vinyl radicals can
be easily generated by treatment of the.appropriate vinyl halide with tributylstannane.

_ Early experiments demqnstrated the similarity of the reactive vinyl radicals with their
@ . _
well-investigated alkyl counterparts. A concern was the possibility of increased

-
L

hydrogen abstraction from the hydride due to-their relative instability with respect to

alkyl radicals (ca. 10 kcal/mol less stable than ethyl radicals). This, however, was not

found to be a problem; as in the cases examined cyclization appeared uninhibited. An.

example of the utility of vinyl radical cyclization can be found in the synthesis of

seychellene 115.65 Tt should be noted that the stereochemistry of the vinyl halide 117
(Z or E) is not important since vinyl radicals undergo facile inversion prior to

]

cyclization. Bicyclo[2.2.2]octane 116, derived from 2,3-dimcth:y‘. cyclohexgnone in 3

~ : . i .
steps (25%), could be alkylated regioselectively with (E)-1,3-dibromo-2-butene to yield

117in 80% yield, ~

115 - 116

43



yielded norseychellene 118 in 70%-yield. 'Hydroggnati‘bn of, 118 with 10% pa}}%ﬁium

on carbon in diethyl ether yielded norseychellanone 119 as the major p‘ro"/dgct‘. This

el

was converted into seychellene.

]
0

118 : 119 |

0
.

Snider6® undertook the synthesis of B-copaene 120a, its epimer B'—ylangene
120b, and the antitumor agent, lemalol 121. Reduction of the bicyclic ketone 122
with lithium aluminum };ydridc; ang esterification with thioczir_bonyldiirhidazole yielded

the imidazolide 123a.-



- HO

120a R1 = H, R2 =Me2CH 121

bR]=MeyCH, Ry =H

‘¥N—R

122 123 aR=0CSIm,bR=0H
¢ R = OCH2SH, d R = H.

Im = Imidazole

Reaction of 123a with tributylstantiane (AIBN inwated) yielded 123b(25%),
120a (8%), _120b (8%) and 123¢ (40%). No reduction to B-;’rans-bcrgam'oténc

123d was observed. Snider suggests that 123c and b arise from partial reduction of

the imidazolidc due to the relative instability of the cyclobutyl radical that would be -

formed upon complete reduction of the imidazolide. Lemalol 121 was sy'hthesiied by

rreatment of 120b with teri-butyl peroxide and selenium dioxide in 76% yield.

[o]

“Hanessian67 has employed radical cyclization for the synthesis of the
hexahydrobe’r;zofuran portion of the avermectins and milbemycins, poteng anthelmintic

agents. The precursor for cyclization, 124, was derived from 126 in 8 steps.
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127

2

46

CO,Me
¥
OAc
OAc '
125
- CO2H
HO
HO o
OAc

126

Treatment of 124 with triphenylstannane (AIBN—initiated) gave 125.°

Ozonolysis, followed by treatment.with lead tetraacetate, then producéd the desired a-

acetoxy oxahydrindasc 127 in good yield. This represents the first synthesis of an

oxahydrin‘dg‘n'é'wit}g}_th’c full compliment of functionality necessary for the total

5

" Curran has dcycloped a strategy for the syntﬁcsis of cond_ensed cyclopentanoids

synthesis of aver’rﬁcé‘tin B}]l éandnsc%;ng- o{,lh;: milbemycins. |
e . i ."n.* .QJ"'L:v‘ o )

o

which allows two intramolecular cyclizations to occur in tandem. (Scheme 4).




He has demonstrated this technique-in the synthesis of (£)-hirsutene (the parent -

_ ! . - .
member of the hirsutane family of linear triquinanes; 128,68 A 9,12 capnellene 129,69

and (i)-silphipcrfol—6-cnc‘130a and its C-9 cpi'm,er 130b.70 S

L
v

128 129 13o:a'RliMe“,R2r=ﬁ'

41 !

 bRy=H,R3=Me +;

. ;
R - . N
W

Hirsutene, 128, was 'synthesizéd using the lactone 131, derived from the .

cyclopentenylacetic acid via selenglacténization followed by selenoxide elimination.:

Treatment with the organo copper 'reiigcntv derived from the bromide 132 yielded 133,

._.or removal of the tetrahydropyranyl protcctig: g group? ‘
I

.mo i Br OTHP
.‘ T L4 A :'n-
131 132 133

4
;:\;)u N



" Reduction of the acid 133 with diisobutylaluminum hydride and treatment with

triﬂuoroacélic anhydride gave the ditriflate, which afforded the giiodide 134 on.

‘ N T
exposure to tetrabutylammonium‘iodide.

134 135a R = Me3Si,bR =H

Preferential displac‘cr'ﬁgm' of the primary iodide (versus the neofaentyl iodide)
with the lithium salt of trimethylsilyl acetylene gave 135a, and removal of the

mmeth)lsﬂyl groug mlh cesmm fluoride, gave l35b Treatment of the iodo acetylene

:6-.

: %é with mbutylstannanc in reﬂuxmg benzene gave hirsutene 128 in 53% y1§:1d (from

'135bf A similaf}éfrategy Was employed for the syhthesis of A 9v12-capnellcnc, 129.

» The pfccursor to Cyc'iization for the synthcsis of silphiperfol-6-ene was

%

ymhesxzed in¢a. 45% yxcld by sequential alky]anon of 3-ethoxy-2-cyclopenten-1-one

136 \Mlh methyl 1od1de and then with (E)-2-methyl-1,3-dibromo-2-butene to afford
!

137. Reaction vgith the Grignard reagent derived from 4-bromo-]-butenc yielded -

?
a

TS 13s,

e .
RS
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v X
OEt S
-1, | OEt
oY
Br
136 *137 138X =0

140 X = OCH2CH20

~ Direct éycfization of 138 led 1o formation of the desired silphiperfollinone

139a and its C-9 epimér 139b in a ratio of 1:3.
" 139aR;=MéR2=H.X=0
bRy=H,R3=Me, X=0

A

141a R} = Me, R2 = H, X = O(CH2)20

bR] = H, R2 = Me, X = O(CH2)20

J
7

Ketalization of 138 with ethyleﬁc.&lﬁl‘;gl gave 140. It was‘ ﬁopcd that this

)

would disfavor formation of the endo isomer (139b). Cy%zation of 140 was effected -

in 65% yield ‘ahd the two isomeric ketals (141a aﬁd 141b) were séparatcd and
&

S ’ ] ) ]
hydrolyzed individually to yield 139a and 139b in a ratio of 2.5:1. Wolff-Kishner
“ Py . ) :

" reduction completed the synthesis of siiphiperfol-6-ene, 130a and 9-episilphiperfol-6-

ene, 130b.



R Danishefsky?! has recently reported the total synthesis of (%)-3-

demethoxyerythratidinone 142 employing a novel type of intramolecular cyclization. '

MeO
MeO e NR
0
142 143 R = H, 144 R = (CH3)2SePh .

Spiro quinoline 143 was synthesized in a number of‘stcps from cyclohexa-1,4-

dione and dopamme dlmethyl cthe:r " The neducnve gmination of 143 v’ﬁth

B "‘ ‘& : &
i H 5 ‘ Bl
(phenylscleno)acetaldehyd&(usmg sogiwm c*yanoborohydnde) yxclded 144 Tmtmcnt
A -

of this ketone with lithio tribvtylstannane, followed by 1mmedlate acylanon (a@uc
anhydridé), gave 145 as a 1. ‘mixture of epimers. Cyclization of 145 mediatcd by

tributylstannane gave 146 as a single isomer. This enol acetate was then modified via

PO

its derived qa-phcnyls‘clcno ketone to 142. Yoo
) A ;;g ",
k’ '
MeO N/\ MeO N
SePh o
; ‘H
2.
OAc -
Bu,Sn OAc
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Radical cyclization can also be used in a manner that leads to predictable-

stereochemical results.

o

Stork,72 for exarnple, has contributed to this area. He exploited the fact that the

eyclization depicted below (equation 6) results in a product with a ¢is-ring-fusion. The

resulting radical 147 can now.abstract hydrogen from either the solvent or a trialkyl
stannane or it can react with a suitable radical trap to give, by virtue of the concave

shape of radical 147, the broducx l4é, with predictable stereochemistry.

o- Y ! o-Y o—Y
R,;Sn X
—_— —_— .\“x CQ6
R ‘"R R
&
147 . 148

X = for example H, tert-BuNC, pheny! vinyl sulphone, methyl écrylatc @
Y = CH(OE), CMe(OMe) or SiMe2 ' J |

<

&

To reduce the amount of reduction of radical 147, the reaction can be done

under photolytic conditions using hexaphenylstannane as a source of the necessary

#

trialkyl stannyl radical. This procedure has a number of drawbacks including the

¥

necessity to remove an insoluble and opaque film of a polymeric tin species from the

walls of the reaction vessel during the course of the cxpcrimént. Stork later developed

@

b
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52
conditions which allow-the efficient m}ﬁ;ing ?f r';ldical 147 in the prcséncc of a trialkyl
stannanc:’ The substrate and an cxces§ of the radical tra» are dissolved in degassed tent-
butyl alcohol along vmh sodium cyanoborohydride, tributyltin chlonde (0 1 equiv.)
and AIBN (O 1 equiv. ) The reaction mixture is then refluxed for a number of hours.

A A demonstration of the Jtility of this method is portrayed in S(_:hemc 5 for the synthesis

O

| of (+) prostaglandin Foo 149.73 .

Scheme 5.

ethyl vinyl ether - : nBu.SNH

- 3
@ | " 4—>
~NIS, CH,Cl,, -20 C |

'Pd(OAc),, CH,CN

-
2. heat 1402C

OE' ‘ . ‘ ‘.‘ s g » i "

ay

"X = Meyt-BuS|

149 -s



Stork?4 has also developed a similar method for the a-hydroxymethylation of

allylic alcohols. \\

Methods starting with sugars and other readily available optically pufc_ i;atural

o - \ ‘n,
. ' 'S
produ " for the synthesis of enatiomerically pure molecules have recently become
S : '

powcrfu] tools for the synthetic organic chemist. Fraser-Reid’> has employed radical

cyclization for the synthesis of optically-pure annulated sugars.” Such compounds have
/

been shown to be important in the symhesis of optically.pure carbocycles. He

observed that molecules such as 150 undergé facial selective epoxidation which is
controlled by whichever hydroxy group is left unpfOtecled. The implication of this is
that 150 1s reaéting with the pendant vinyl group orientated exclusively in the £x0-

position (as drawn). Models indicate that both rotamers of 150 should be reaétivc.

R' = H attack side b

R" = H attack side a

150

| &,
Thus, by fixing suitably disposed pendants on the sugar 'frame’, the synthesis

of annulated pentalenes 152 from 151 was achieved.
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K
nBu,SnH

-

151 X =CN,C=C" ( 152 Y =0, CH2
> - ’ . " . .
‘Wilcox76 has developed a method for the synthesis of optically agtive

' po]yhydroxy]ﬁgd cyclopema_ncs. He has applied the method76 to the synthesis of the.

R carbocycv]ic analogue of D-fructofuranose, a ;Soxcnt,inhibitor for phosphofructokinase

- commences from an inexpensive arabinose derivative:,

» , ’ ' /
Scheme 6
~ BnO OBn
. Wittig tBu0,C 3
—_— — OBn
N o}
& (©) o
S Q‘ , '
| o 3:2 Z:E
1. LDA
BnQ 0OBn 2. Br,CH, |
v : ~
separate CF,CO,H HO,C ’ 3. LDA
— —> = OBn  “JTCHN,
0 o

“and an inhibitor for l,6-d‘iphosphofructo—lep‘ﬁosphatasc (Scheme 6). The synthesis
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. Bno. Qép ' , HO ‘ OH
MeO.C \ A Bu,SnH |
_ - 7/ 0Bn : - > . OH
" BrCH; OH Benzene, 25 C :

OH ,

carba-D-fructofuranose

-

. fused ‘pentalenones (equation 7). Treatment of a cyclic enone 1355 with

(pﬁehylscleno)dimethylalancr 153, or lithium (phcnylseleho)letra(isopropoxy)tilanatc ‘

L3 ‘ ‘
154, gives an intermediate which can undergo an aldol reaction with a suitable

ﬁn‘séiurated_aldeh)'de to produce the B-hydroxy ketone 156 with an erthyro:threo ratio

,ﬁ‘of‘_z?_.»O‘:'l in 72% yicld.' Slow addit@)on of tributylstar;nanc over 16 h gavc‘ 157 in

b,éx‘Cc:llent yiéld'(9"5"7o-)“ asal:1mixture of epimers. (<'r>
: o ‘ D

“nBu,SnH
—_—

s . F 156, 157

1534 PhSeAlMe2 154 = LiPhSeTi(iOP)4 .

"Worl Clive's laboratory has also contribyted to the area of radical

cyclization? as. - relevant parts of thisyesearch are mentioned in the next section.
° " 5

~Recently Livinghouse?8 has reported a method for stereoselective synthesis of -
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. TRESULTS AND DISCUSSION
Partl M;thd.s_er_lh.c_SXMh_QSlS.QflLﬁﬁQﬂii .
Earlier ‘work in this laboratory was successful in devcloping a method for the

synthésis of y-lactones from alkenes (Scheme7).80

Scheme 7

| ' : . SePh
+PhSeCl +CHyCH=CF0,Ag ~ ——>
%

Ph,SnH

—

AIBN, reflux, benzene

" We wished to see if this method couid be applied also to the preparation of a-
alkylidene y-lactones 158 via the analogous acetylenic esters. a-Methylene lactones

(158, R = H) are important structural units of ¢a. 10% of all natural products.31
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A number of esters were prcphr&-f’l,h&é 3). The required acids were readily

available. 2-Butynoic acid82 and 3- phcnyl 2 -pfopynoic acxdgG§l were prepared by

 literature procedures. T
Table 3 (X refers to X in PhS. 3
Preparation of B-Phenvlseleno 2-propvnoates, . (
P v .. Me
\ 7
_sern || - seph ||
O./ U . ; -
o o | "0 o
"159 X = Br 75%, X = C1 49% 160 X = Br 67%, X = Cl 63%
CO,Et H
SePh SePh H
|, O ! 'l,o A
161X Br27% 162 X = Cl 80%
SePh/L SePh/L
l’ o ] " o ‘
163X=Br 80%, X = Cl 47% 164 X =Br67%

Ethyl 2-butyndioic acid (165) was made by deprotonation of ethyl 2-
. N
propynoate with p-butyllithium and reaction of the resultant lithium salt with carbon

dioxide. Distillation of the residue gave the pure acid in 69% yield. We found that the

cesium salts of the acetylenic acids were effective in the preparation of the esters (see
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Table 3), and that the use of phenylselénenyl bromide generally gave better results than

phenylselenenyl chloride.

.The (phenylseleno)cycloalkyl cstérs were prepared by addition Qof the
. . _ . ’
appropriaté cycloalkene to a 'solution of the phcnylselveneﬁyl halide in acetonitrile until
the solutionswas decolorized. Then the acid salt waé dqfi_.'and the mixture was
sonicated overnight at room tempgrature. Chromatography"ox;c_r siiica gel gave the p.ure _
B-pheny]scleno esters 159-164. The assignment of 1rans stereochemistry was based |
upon iiterature preccderil ‘(for the addition of selenium species to olefins) and earlier |

work done in these laboratories.80: 84

Uni’onhnate]y, only the 3-pﬂenyi--2-propyﬁoates 159 163 and 164 cychized

when tr;ated with triphenylstannanc.' In these ‘ca‘scs give the y—léctc;ncg,166, 167

and 168 were formed. Lactones 1A67 and 168 were inseparz.ible (Qhromatography over

si]ic.a- geb mixtures of cis- and .m-n'ng-f_usion isomers.” The 6ther 2-propynoétes

gave only con?plcx reaction mixtﬁrcs and i]igh molecular wcigl:t"prdducts,. possibly
& : | : '

arising from addition of ;hé stanfiane to the triple bond. In the successful reactions,

only cyclized'materials were recovered and no reduced materials were detected (TLC).

* The radical cyclizations reported in this thesis were carried.out by the slow addition of a benzene
solution of triphenylstannanc and a benzepe solution of inititiator (AIBN) to a refluxing solution of the
substratc, also in benzene. The two solutions were added simultancously using a double syringe pump.
Aftefthe addition was complete (¢a. 8 h) the solution was refluxed for an arbitrary period (ca. 8h). The
reactions were done overnight for convenience. It may be possible to dispense with the additional period
of refluxing. The stannanc and initiator can be'mixed in one solution allowing a single syringe pump
fo be employed. Also periodic addition of the reagents, in portions, using an addition funnel or syringe
. may be clfective. _ ' . : : *

\
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166_ 74% 100:0* 167 72% 95:5* . 168 69% 50:50‘
*ratio of Qi_s:mgs-ﬁng-fusion .. '

A
W

“The IR absorption freque-cies of the compounds 166-168 (1745-1760 cm'l)

were in agrecmeht with the presence of a“,_)'-lactone unit.* The OC-H proton chemical
 shifts for 166-168 are in accord with those for the analogous a-methylene lactones
169.86 The cis-ring-fusion stereochemistry for 167 and 168 was alsc confirmed by

" Nuclear Overhauser Difference spectrescopy. Each ring junciion proton gave

enhancements of ca. 10% upon irradiation of the other proton. In g_._s-ri:' g-fused 2- .

oxab1cyclo[4 3 O]nonan -3-ones the CH O signal occurs at 5 4. 3 4.65. In the

N

analogous trans isomers, thc correspondmg signal occurs at 5 3. 60 3. 78 87

NMR DQIQI ‘ ;
( - CDCl3 cDCly
E 168 n=15499 166 5 5.05
169 | MO
n=2064.53 167 6 4.50

n=38467 1685 4.70

- |
IR (C=0) 1742 cm™! (see ref 85).
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L Lt
. U
/ R
J

The’ resonance for the olcﬁmc proton of 166 168«13 obscured by the 51gnals
S8

for the phcnyl group bctwccn 6 7 3 And 574. Thls ’downﬁcld shlft suggests the (E)
H “
' stcrcochemlstry depxctcd whcre the olefinic prolon is dCSthldCd by the carbonyl group

n
M

@f t}fc 7 laCtone A dcﬁmte assignment of (__) stcrcochcmlstry for the double bond

b, .
‘-..oﬂao >
o

gcomem wou]d requ1rc a knowledgc of the chemical Shlfl for the vinyl proton of the

- B M » . g CE

g ;(_Z_) isomcr. Thc‘ 13C spcctra wcrc;cpns;vg,‘t,em w1th the presence of one isomer for the
" . alkene: stereochemistry 1n ca/cb)gﬁ‘,thc compounds 166-168. \
v, N :)’v . . ;i / ?,; .

" There are examples in the literature where radical mediated intramolecular’

sob T "/.oa,’

! 'cycl-iz_ationsJ yield sterically congested products.88 Due the exothermicity of

intramolecular radical addition the transition state resembles the reactant. This reduces
. C ey . i ) . ) y

S . :
the sisceptibility of the process to steric effects.

L

P

SR 'Thc 'gcncration of quatcmary centers by ionic processes has been imcnsively

A

R :

o : i
S splrocyclxc compounds. We Sndtially mvcsugated the synthcsxs of sp1rolactonc§\ R

"(Scheme 8).

/
|

We were (iuickly able to show tnat the method worked—at least in principle.
Compound 171 1- (phenylsclcno)cyclohcxanccarbaldehydc; was prcparcd in moderate '
yield (53%) by Tc reaction of N- (pheny]scleno)morpholmc 17090 (gcneratcd in sity
from morph0117 and phcnylsclcncnyl bromldc) with cyclohexanecarbaldehydc

- /
~ Reduction of the aldchydc with sodium borohydn'_dc and esterification of the alcohol

g studu:daz89 We hoped to dcvclop a method using radical reactions for the synthesis qgf 5
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Scheme 8

35“ ‘(-_\ RySNH

X = Cl, Br NO2, ScPh.

Scheme 9 , r

h ,
Se‘P/h | PhSe; gr( P Se;%
170 171 172 (65%)
.

174 30%) - | 173 (21%)

a) NaBH4(1 5 equiv.), EtOH, 30°C tor.t, 3h.b) trans-2- butcnléy'l chloride (1.05
equiv.), pyridine (1.05 equiv.), DMAP (10 mol%), CH3CN, 3 h, r.t. ¢) Ph3SnH

) (1.25 cqulv ), AIBN (14 mol%), slow addmon 8 h, rcﬂux benzene 18 h.
DMAP = 4-N,N- dnmcthy]ammopyndmc

&



 with ms-}bhtenoyl chloﬁdc gave the required ester 173 (Scheme 9). Slow addition
of benzene solutions of tn'phcnylslannanc and AIBN to a refluxing benzene solution of

the ejstcr.y‘ieldcd the 2-oxaspiro[5.4]decan-3-one 174 (30%).

It was clear that a better route to the ester 173 was needed and that the yield of

_ )

the cyclization had to be increased. - '
’ : >

We attempted to investigate the use of 175a, b, and ¢, as precursors for

' cyc]ization. Compound 175¢ was prepared directly from nitrocyclohexanc and we felt -

“that 175a and 175b should be accessrblc from the appropriate o-halo aldehydes.

A]deh)de 176a was made according to a hterature91 procedure by slow addition of .
'\ .

\

bromine to a chlorofo;rm sc;lution of .c_yclohexanecarbaldchyde in the presence of
Icalcium chrbonate.

-".S'evcrral aueinprs to prepare the alcohol 177a derived by the sodium
L borphydride reduction of '176a'\yerc' unsuccessful, leading to the formation of
poiymcric rrralerizlrl. Also, attempts to isolate the pr?ducr when 176a was redu.cc_ri and
esterified without .pu’ri'ﬁcation met with failure despite the fact that the 1H NMR

spectrum of the crude material indicated the presgnce of the desired ester.
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175 . % 176 S am
- aX=Br,bX=Clc,X=NO2
~ Our failure was surprising because of the reported preparation of the
bromoalcohol 177a by an alternative route.92 A closer inspection of the literature
revealed a report by Sisti,93 who prepared the isomer 178 and defermined that it was

identical to the compound claimed as having the structure 177a.

-3

N

OH : Br
CO,Et
Br
178 | 179

Sisti attempted to prepare the bromo alcohol 177a by‘rcdu‘ction of thc(k@omo
ester 179. He failed to obtain the pure alcehol but instead found that successive

attempts " at -isolation of the product resulted in an increase in the amount of
’ RC } . v ' d

® 7 decomposition. He concluded that the tertiary bromide was extremely labile.

A\ ) ’ ’ :

s ope
Vg
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The syntthis of the chloroester 175b was successful. ‘Reduction of the

aldehyde 176b%4 with sodium borohydndc and 1mmed1atc estenﬁcatlon with frans §-2-
buten01c anhydride under basic conditions, gave ester 175b in 53% ylcld Slrmlarly,
1-nitro-1-cyclohexanemethanol95 177¢ was acylatcd 10 give ester 175¢ in 76% yield.

. The required glc‘bhol, 177;: was prepared by hydroxymethylation of nitrocyclohéxanc

. with paraformaldehyde under basic conditions.

Chloroester 175b was cyclized using triphenylstannane to the spirolactone 174 -

i

in 53% yield. Attempts to do likewise with the nitro ester 175¢ were not as

successful. The reaction failed to go to completion and resulted in only partial

. 4 .

denitration and cyclization. Radical chain reactions are quite sensitive to impurities, but

the use of carefully purified ester did not result in any improvement in the radical

Fl
cyclization.

-We also investigated altcﬁjadvc‘routes 10 the a-phenylseleno aldehydes (such as .

171). One method involved reaction of the methyl vinyl ether 180 with
phenylselenenyl chloride. This gave 181 after hydrolysis.
v

OMe :
‘PhSe CHO :

+ -
é PhaPCH,OMe CI

180 . 181 182
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attemnpt to optimize this reaction in view “of the sclcnation result.

krict‘” reported the prcp;?ation of ald.chyde 183 by reaction of scl»cnqacctal
184 »\nh p-butyllithium to form the a- phcnylsc]cno anion 186. Reaction of this anion
with dlmethylfonnamxde gave the aldehyde 183 in 46% yield. We rcpcatcd this
reaction and obtained 183 in 66% yield. This reaction was later optimi'zed and the
yield ‘was raised to ga 80%: Duc to the avai]abi}ity of selenoacetals?8 from ‘thc

corresponding ketones we decided to adopt this approach.

PhSe CHO - PhSe SePh

t-Bu ! t-Bu

| 183 : 184
{ - | , SePh

: .PhSe CH,OH Li* | -

t
\4 - t.Bu ) ) ) t-Bu
185 _ 186
e

~
N

Reductlon of the a]dchydc 171 with sedium borohydnd&gavc the alcohol 172
. in 65-80% yields. The use of sodium borohydnde did not appear to be general for it

" did not work well with aldehyde 183.

.
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Sodium borohydridc, lithium aluminum borohydride and lithium tri(tert-

buty]oxy lummum hydride were ieffective for the reduction of 183, yielding largely

dipheny] dxselc ide, prcsumably via carbon selenium bond cleavage in the aldehyde.

Lithium bor ydride and sodxum cyanoborohydride gave the alcohol 185 in 53% and _

30% yield Wespectively. It appearcd that nucleophillic hydnde redudifig agents were

not suitable and we turned our attention to electrophillic reducing ré‘dgents such as
borane as.a complex with dimethy] sulfide. Stirﬁng 183 with borane-dimethyl sulfide
cdiﬁplex in dlichlovrorncxhanc for 3'h at ’rc')om tcmpérature g»ave‘ 185 in 75% vivsol’a_tcd
) 'yiela. :This'rcduction ‘tl.‘l].linéd out to be generally applicable to the substrates that we

subsequently investigated.

#

Acylation of the a-phcnylseleno alcohols also proved to be troublesome.
Reaction of alcohol. 172 Qith mmga‘-butcnpyl chloride and @L;-Q-butenoic
anhydride under a variety of mildly basic.condigior;s gave tﬁé ester 1'73'in yields of
only 40-60%. However, when:alcohol 185 was rc.;ctcd with acetic anhydride in

pyridine, the acetate was isolated in 81% yield. .

g
PhSe CH,O0H phse 0 . PhSe o -

172 173 187

R
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It was also interesting to observe that, when the alcohol 172 was allowed to

st

react with gan_s—2-buténoy1 chloride with triethyl amine as base, the B,y-unsaturated

ester 187 was isolated instead of the expected 173. This rearrangement has been

- previously, investigated by Ozeki.?9 He suggested that the B,y-unsaturated ester arises

.by formation in sity of viny]“.ketcne which then acylates the alcohol to give 187. In our

hands, this reaction was repro&uciblc and it gave 187 in 75% yield.”

Attempts ‘1o acylate the sodium alkoxide (prepared with sodium hydride) were
also unsuccessful. Deprotonation of 172 at -78°C with n-butyllithium in THF and
addition of an excess of trans-2-butenoyl chloride yielded the ester 173 in 75-80%

yields. We ran the reaction several times and the yields indicated are the best we could

e
Y

- %&,v

We had now established a rcasonablymfﬁcxem synthetic route to the®

obtain.

phenylseleno esters requ1rcd for cyclization to sp&plactoncs. This route involved

b b

preparation of the a-phenylseleno aldehydes frg%gﬁelcnoacctals, reduction to the

corresponding alcohols with borane- dimethyl suﬁ@épmplcx and cstenflcauon

) )
employmg the lithium alkoxxdc and trans-2-butenoyl chib_l A numbcr of examples

(Tables 4,5 and 6) were investigated.

Treatment of the selénoacetals wi;ﬁ n-butyllithium in THF at -78°C and
quenching of the a-phenylseleno anion with 'dimetﬂhyl'formamidc gave the a-

phenylseleno aldehydes in good yields (Table 4). Selenoacetals 190 and 193 gave
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Table 4

Preparation of selenoacetals and o-Phenylseleno aldehydes,

acetul (methe 2 a-phenylseleno aldeliydes
PnSn>(.Cc ~2h ' PhSe CHO
\
\__Jn . ( . . éﬂ ‘
188 n=1 (A) 54% 181 n=1'84%
189 n=2 (B) 62% 171" n22 90%
QHC

PhSe SePh ‘ PhSe CHO H
. ) l :s) _
n n n
;// .

190 n=1 (B) 48% 191 n=1 192 n=1 74%}

193 n=2 (B)_38% 194 n=2 195 n=2 52%°

k/:

PhSe SeP'h PhSe_ CHO
t-Bu | - t-Bu
184 (B) 62% ' -~ 1834.81%

a(A) PhSeH (2 equiv.), ZnCI2 (0.5 equiv.), CCl4; (B) PhSeH (2 equiv.), conc

H7S04 (1.5 equiv.), CCl4. b As a mixture 51:49. ¢ Ratio undetermined; converted

directly to alcohols. d One isomer, stereochemistry not assigned.
8 _
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mlxtures of formyl compounds .This was initially asce’rlaincd‘?'ifé‘t 190 by thc

Bt

» appcarancc of two aldchyde Srgnals in the TH NMR spccmam of what appcarcd (T LC)

r;q
l.

 tqbe,a homogencous product Purification usmg‘ ccnmfuga] chromatography gave thc

two individual ald;ﬁydcs and their structures, were casil'y assigncd.

191 v (C=0) = 1707 cml . 192 v (C=0) = 1693 cm-!

0 (CHO) =9.2 | | 7 3 (CHO) =104 |

'@fi}e two products presumably arise from electron transfer (via a proton shift) of

the initially formed anion 196 to 197

s

Wi

> g :%’ -

R _
. - H

196 | 197
Although we have no firm evidence for the ortho disposition of the formyl
group in 192, the literature suggests. that electron transfer occurs to the o-position of
the aromatic ring to yield the more thermodynamically stable aryl lithium.100 We found

that, in order to reduce thé; amount of 192 and 195 (see Table 4), it was advisable 10 '

-
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The aldehydes 181, I7l and 191, 194, 183 were then reduccd with borane- ~

dxmcthyl sulﬁdc comp]ex in dxchloromcthanc at room tcmperaturc The results are

YR

_'shown in Table 5, . R

( i
AL

The alcohols 198, 172 200, and 203 were estenﬁed by deprotonauon .w,nh

n- buq]luhmm in THF and qucnchmg the lithium alkoxide thus produccd wnh m 2-

B} .
(.

butenoyl chlonde (2 -3 cquw) However alcohol 185, when, rea)cted under sumlar; -

< . "

condmons gave ester 206 in only 30% yield. “This problem was overcogne by treating

the alcohol with potassium tert- buloxxdc (1.1 equiv.) in a-3: 2 mlxture of THF and

dlcthy] cther at -30°C, followcd by addition of trans-2- butcnoyl chlondc This .

f 'proc;e.durc gave 206 asa smgle isomer in 71% yield.

. 7
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Table 52
ion of 'drox n nd B-P
N - “
PhSe CH,OH PhSe._ _CH,OR
'\ 6)1\ ' Gn
198 n=1 88% . : 199 n=1 74%
172n=2 76% o . 173 n=2 75%
N
HOCHZ
PhSe _CH,0H Phse CH,0R
),, )
. ,200n=130% 20l n=133%Db ) 202 n=1 65%
203 and 204 n=253%¢ - 205n=2 72%
PhSe_ ,CH,OH B PhSe_ ,CH,OR
t-By
185 77% | - 206 71% ¢

aR = COCH=CHCH3. b-From mixture of formyl compounds 191 and 192. ¢ From
mixture of formyl compound 194 and 195. dSce discussion; one isomer,

. stereochemistry not assigned.
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’ ”‘“ CycTzations were effected by the slow addition of f\;/o solutions [i) AIBN (10-

15 mol%) in benzene and-ii) ‘triphenvistannane (1.3-1.5 equiv.) in-benzene] to a

 refluxing solution of the individual esters. The results are collected in (Table 6).

R ‘ T t-Bu 'A
L20867% - (20960% 7 21086%

. .4 :
‘v In no case, was any of the reduced ester detected (T LC). The products could be

: . : . ) . - \ ' ' . .
separated easily .from the organotin ycsiﬂues by flash chromatography. The

spiro]hctohes had characteristic infrared carbonyl ébsorption frequencies-at 1775 cm’

for t‘h'c szictoﬁé unit. Also the 1H NMR spectra displayed a"vpro'rrﬁnént:AB absorption

pattern for the lactone methylene pro{ons (Ha and Hb') in which JAB was.8-10 Hz.

-1‘
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Cyclization of the tert-butylc§clohexyl ester 206 yielded an inseparable mixture
- of lactones 210, isomeric at the splro carbon in a 60:40 ratio. The HC NMR spectra

of the aldehyde 183, alcohol 185 and ester. 206 mdlcated that only one isomer was

~

present, i.e. the phenylseleno group exists in only one orientation. T confirm this, we

studied the 77Se NMR spcctrum of the ester 206 The isotope 77Sc has favorable

NMR propcmes [=1/2, natural abundancc = 7 6% and thus the rcccpthty of thc

4

isotope is 2.98 times that of the 13C isotope. Duddeck!0? has published a report on the
'dynamic 77Se properties of ’phenylseleno substituted cyclohexane derivatives. The

-77Se nucleus is subject toan extremely large v-diamagnetic effect of 30-40 ppnv/ ¥-
gauche CH2.’ Thus axial and equatorial phenylseleno groups in cyclohexane cx@t

I

large differences, in 77Se chemical shifts (70-80 ppm). Ester 206 shows only one

‘ 4 ’ - ! . Lo
signal at 510 ppm * (signal to noise ratio 20:1) at 294°K. Itis not possible to assign an
axial or eqoatorial confonmation on .thé‘ basis of this cvideoce. The formation of two

isomers in the cyclization is attributable to.approach of the pendant side chain to both

lobes of the radical SOMO (due a the planer geometry of radicals). As ‘cxpcct'od unless

* Recorded at 38.‘1;2-11 chemical shift rclaUVc to diphenyl dlsclcmdc at 8 462.6 mCDCh at 293°K

. 77sc shifts are tcm ture depcndan
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“steric constraints determine otherwise there is no significant retention of

-

stereochemistry in the reaction.

2y :

Wkgalg& investigated the cyél_iéétion of ester 211

o

- | C .
Y \/\/ Et_[
M .’//
/
211 X = SePh, 213 X = H 212

)

Ester 211 was préﬁared by reaction of selenoacetal 189 with n-butyllithium

followed by quenching with trans-2-butenyl chloroformate.102 Cyclization under the

- standard conditions out]inea above gave a mixture of the spirolactone 212 (34%) and -

th’ev réduced éster 213. ( 16%), It.wa's' intgrcstin g t(; note the isolation of the ;cd_uced )
éro_dpct in this case. It is known that. O-ester groups tend to stabilize an,adjacent
—radical.103 Since part of this stabilization is presumably bd'eriv.ved from delécélizaﬁon
(isoe]ecgqnig wWwith a]ly%ﬁradica_l), this would blead-to an increased'barri_er for rotatis)n
' a@ur}}d the C-C;O bo‘né. I?Bor cy(;;‘"ij.‘;gtionvtg o@;gur, Dricding models indicate thm the
carbonyl m-system must be almost orthogonal to the radical SOMO. These effects

perhaps lead to an increased ‘AHi for the cyclization and allow the reduction to compete

more effectively.

Attempts to effect the 6-xo cyclization using ester 187 were also unsuccessful

(eq. 18).
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187

During the course of this work, Lu Set!04 (of our laboratories) chelopcd a -

& route to carbocyclic spiro compounds (Scheme 10).

Scheme 10

PﬁSe SePh

a) p-BuLi (1 equiv.), THF -78°C 5 min, 5-phenylpent-4-ynal
b) Ph3SnH, AIBN reflux benzene. '

Therefore, by employing the selenoacetals as a common starting point, the

synthesis of spirolactones and spirocarbocycles gan be achieved. These cyclizations
« ’ ; .

) Set) without the need for protection.
; : 8"

\
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In the mid seventies, Baldwin32 suggested 5 set of cmpih‘cal rules for ring
closure reactions which cnaole the synthctio cheoﬁst to predict thve feasibility of a ri.ng |
forming roaction (see p. 10). - As part of hio'researcb Baldwin studied the.
intramolecular alkylation. reactions of ketone onolatcs. He found that, due to the

| apprccmble double bond character of a ketone eno]atc 105 there was a strong kinetic

barrier agamst 5- (cnolg__dn) -£X0- tml% and 5- (enol;_rld,o_) €x0- tng107 closures For

" example, the enolates 214 and 2135, formcd from reaction of the corresponding bromo : E

_ ketones with lithium diisopropylamide or potasswm m—butomde, afford completely

-

different classes of compounds.109

215

“d
L'

Enolgnﬂo mcans that l.hc cnohc double bond is endocyclic in the ring being formed. Em tet and ex0-
trig refer to the intramolecular attack of the enolatcon a lclrahcdml carbon (sp3) ora mgonal carbon l
(spz) exocyclic to the ring being formed.

v

78 | e



Caii)qu;:lic ring closure of the ambident cn.olatcvnucleophile il_4 is equivalent ,
to the disfavored 5-endo-tet process. In compound 215 the corresponding reaction is-
equivalent to the favored 6-endo-tet closure.32 For 214, the altemat%)/c rfaction coﬁ;sc
is Q—allfylation, as s-ho-wn. lb The electrophillic carbén (CH2Br) can ﬁp;;roach

~'orthogonally to the enolate n-system (Q-alkylation) but not in the plane of the enolate n-
system (C-alkylation). . In 215 the increased carbén chain length allows é-alkylation to
occur.. The case of intramolecular aldol condens’ations is similar. The closure sﬁown_ in

\ ‘
216 is kinetically disfavored.

216 5-(enolendo)-¢xo-trig

This closure is not observed when an alternative intramoleculag; pathway is

available which does not involve the barrier implicit in 216.107
{

" The C1-C2 bond of a-keto radicals 108.109 such as 217 is essentially a single
bond 217 is the major resonance hybrid (ca. 85%). This results in a lower C1-C2

rotational barrier (9 kcal/rfgiQ8 for 217 versus > 27 kcal/mol105 for 216). The steric

factors favouring Q_-alklyl 3

‘Q-alkylation for 214 should be absent _o__f greatly
reduced in 21;7._' e

wyo
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217

o .O
- . 1 0 | toe "6»

218

We wished to see if the radical 217 would cyclize to the cyclopentanone 218, a

process ana]dgous in its result to the disfavored 5-{enolendo)-exo closure of 216.

We chose the Carroll reaction as a possible route 1o the ketones required for our

) I N
. e )
study (Scheme 11). -

. . Scheme 11
N A

heat

& ‘,.“3 5 -}

: R,SnH A -
Co- = | CD-|
H

This rearran gemenf vaas discovered by Carroll in 1940,110 and more thoroughly

»

investigated by Copelll in 1943, The rearrangement involves thermolysis of allylic
¢siérs of 3-oxobutanoic acid to give unsaturated methyl ketones, as shown in equation

9.



L
Ph™ ©200240C1h

219 S 220

) The 3-oxobutanoates can be prepared by"rcacgion of the appropriatc alcohol with _
diketene. The reaction is catalyzed by a small amount of the sodium alkoxide of the

alcohol (equation 10).

o} ' O O

| °\1\_o o J i me
ROH +, - — RO ~N

\.\

Hill112 noted that the reaction shows some stereoselectivity and, like Cope,jhe

~ observed the formation of trans-unsaturated ketone 220 from the 3¥ox6buta'noalc.219. .

“The reaction resembles the Claisen rearrangement. Hill suggested thét.the transition
‘state for the process leading to the stereospecific formation of 'the trans-ketone was

chair-like (Figure 2).
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The ohly example that we could find of the Carroll rearrangement performed on.

a cyclic substrate was that done by Hill (equation 11).

He found that the rearrangement was similar to the Claisen rearrangement in that

there was a retention of stereochemistry at the reacting carbon center, C-3 (see equation

11).

We prepared the B -ketoester 222 in modcratc yxeld usmg a method-described

—

by Yonemitsu.l13 Reaction of acetyl chloride, pyndmc and Meldrum's acid!14 in

dichloromethane yielded 22,1'as an orange red solid.* On refluxing 221 with ég excess

of 2-cyclohexen-1-0l, the ester 222 was obtained in 53% yield. The cxpeﬁm%;was
¢ o £

also repeated with bromoacetyl bromide to yield 223 in 42% lyield. A%

* 1H NMR (80 MHz, CDCI3): 8 1.7 (5, 6H), 2.7 (5, 3H), 3.68 (s, 1H)




221 222 X=H; 223 X =Br 224

-

We then attempted the rcarran‘gemcm of 222 1o the ketone 224. Heating of -

222 in toluene at 190°C for 2 h (sealed tube) gave a small amount of 224. Hill had

not reported a yield for his rean'angemem‘(eq 1 1)‘and close examination of the literature
revealed an article by Burgstahler!15 in whicﬂ the attempted thermal rearrangement of
the ester 222 was déSCﬁbed as part of an ir{vesfi gation into the Claisen rearrangement
of cyclic subsnaiés. Burgstahler observed that héating ester 222 (10 g) at 176-180°C
~ for 2;1 yielded cari)on dioxide (1250 mL), acetone (23.3 g), 1,3-cyclohexadiene (1.5 g).

Ketone 224 (0,45g as the semicarbazone) was isolated from the residue. Obviouély

the major thermal reaction for cyclic substrates is not rearrangement, but-eLnination.

Thus, we explored the possibility of effecting the rearrangement under milder

. o . . _; ,'l' .
* conditions. Tsuji!16 has reported the palladium(0)-mediated rearrangement of allylic 3-

oxobutanoates (Scheme 12). We attempted to apply this reaction to 222, but wit};linlrj '

success. We were able to isolate only a small amount of the crudé ketone 224. The

-inte_rjﬁ\’!édiacy .of an unsymmetrical n-allyl palladium complex (arising from an

>

o
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unsymmetrically substituted olefin) would result in the formation of regioisomeric

products.

Another method for effecting the Carroll rearrangement under mild conditions
was described by Wilson.”Z The dianions of allylic 3-oxobutanoates, generated with
' ‘ g

lithium diisopropylamide, undergo clean rearrangement 1o B-keto acids which can be

decarboxylated by refluxing in carbon tetrachloride (Scheme 13).

Scheme 12
‘ o o o : F A
. ' R
co- O/U\)J\ A .o, T
- lpd ‘ Pd -
- —
# -Pd° .
' -Scheme 13

A

b
|

| o . y,.
R/\A*
2 ' ~

0

N L Y L Y
Y = .

O O oLl oLl
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Wilson suggested that the reaction of the diani:yturs under mild conditions
due to the increased electron density at the reactive ceriter (scc starred atom in Scheme -
13).. However, a number of attempts at deprotonation and subsequent rearrangement

wcre'unsﬁccessflﬂ. It seemed reasonable, therefore, 10 prepare the disilyloxy butadicnc

225, trapping the lithium dienolate that Wilson suggested as a possible intermediate.

4

Me;SI0  OSiMe, ' O ° 0OSIMe;
. o) NS ‘ 0 ,/ ,
S|M93 v
225 + 226

aﬂgﬁxv;‘). in THF at O°C A smglc product was obtained in 59% yield. Thc material was <
.thermally stabxc Heatmg for 20 h at 75°C in toluene did not changc the spectral |
characteristics, and we laier'i’assi gned the structure as 226 based upon literature valucs.
for 1heiknown analogue 227.118

(‘-\’ !
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O  OSiMe; ~ _
o OSiMej

0 2 Hz ‘ Ho

Hj . 2

MeO — Hj

Hy = SiMe; o ,,
Hy SlMes i
226 H;: 8 5.00, Hp: & 1.44 | 227 (E) H}:8 4.95 and Hy: 6 2.42,
2 S - (Z) Hy: § 1.67.

in the second approach to butadiene 225, we firstw 3-

trimc[hylsi]yloxy-Z-butenabte 228 according to a method described by Danishefsky.!19
'.Thc a]ly]gc g-oxobut'andate 222 (0.5 equiv.) was added to a suspension 'of z.m‘hydrous
_ zin_c chloride {3 mol%) in tricthyl;mine (1.0 equiv.) - and benzene.
Chlorptrimethylsilane was added and the nﬁﬁprcwﬁas Stinéd overnight. Distillation 0
vielded 228 as a mixture of.isomers (E:Z::Z:l’; in 82“70 yield. The lTHNMR propeﬁies

of 228 compared well with those of 229.*

(o) OSiMe; I
07 NA B
0. OSIMes Me;3SI0 OSiMe;
| Z
MeO o MeO X
228 229 230

Ester 228 was also thermally stable. Deprotonation of 228120 with lithium

diisopfopylamide in - the prescncc"wof,ﬁ; TMEDA (N,N,N'N'-

~ *228: 1H NMR (CDci3):5 (=CH) 5.06 arid 5.04 , (=CMec) 2.26 and 1.9C (integrate 2:1), 229:1H
NMR (CDCI3):8 (=CH) (Z) 5.10 and (E) 5.14, (=CMc) (Z) 190 and (E) 2.27.

s
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tertramethy]clhylenediémine), and qﬁenching of the resulting dienolate with
chloro‘ﬁmethylsilane, yielded 225. The NMR p'r.obcrtics of 225 compared favorably
with those of 230.118" D%stillaiio’n ot; the crude butadiene gave an-oil which, when
“hydrolyzed (BusNF, aqueous THF), gave 224 (¢i. 20%) and the B-keto ester 222
(ca. 40%). After complemon of this work, it came to our attention that the butadiene

225 will undergo a thermal 1,5 silicon shift from G to C (equation 12).118

\I/ |
o |
Ji?JL —

MeO A "~ 0SIMe; MeO”

‘Due to its thermal lability, it seemed unlikely that we would be able to effect

SiMey

eq12

OS]ME;

rearrangement of 225 in synthetically useful yields

We next turned our attention then to the use of 2-cycloalken-1-yl acetic acids,

fof:examp]c 231. Such acids_could be derived form the appropriate allylic alcohols via

“the well-studied Claisen rearrangement 121,122 The suprafacial nature of this

———

~rearrangement means that the stereochemistry of the ester -at C-3 is predictable with

o :
proper choice of stereochemistry at C-1 in-the starting allylic alcohol. e}

™

**225: JH NMR(CDCl3 ): & (—cnz) 3.94, 4.10 (=CH-C) 4.44, 230 (CDC&$ 8 (=CH2) 3.94,
4.13 (=CH- -C) 445. :

5

o
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Compounds such as 231 cold be subjected to aldol or Michael reaction in

order to build up a new five-membered ring (Scheme 14).

We decided to pursue the possibility of “an aldol reaction between
- » :

.86

(ph.enylseleno)acetaldchydc and the enolates of the esters of ;hcsZ-cyéloalkcn-l-yl acetic 3% :, o

acids. We were also interested in the Ting-fusion stereochemistry obtained upon radical - -

cyclization.

Scheme 14.

X MICV q
. I:l . \> \ ‘ » X_
Y .
S, : Aldol "vo

4 . +

1L A of

H'Y A

[For examplc'Y = éstcr, aldqhydé ; X = SePh, SPh, halide]

Compound 232 was prepared in 60% yield by cstcriﬁcation‘(McOH/ H,504)

“of the commercially available acid 231. Deprotonation of the ester with LDA gave the




ester enolate. “This was quenched with (phenylseleno)acetaldehyde123 to afford the B-

hydro‘xy esters 233 (as a mixture of isomers) in 40%» yield. Silyl ketene acetal 234"

was also bicparcd but reaction of this with (phcnylsclcno)accta]'dehyde in thc‘prcscn'coe..

of titanium(TV)chlon’del7f.1 at -78°C yielded 233in only 34% yield. It was found that,
| if the (pheny]seleno)acctaldchyde was chromatographcd distilled and used dxrectly, the
ylelds were much 1mproved in the aldol reaction. Addm&n of freshly punﬁed
(phcnylsclcno)acctaldehydc (1 25 equiv. ) to the 11th1um enolate of 232 in THF at -

(

78°C, followed by acetic acid (1.5 equiv. in THF) gave the B hydroxy esters 233ina

yieldof 1%.  *
SePh ' ; .
v 3 - OMe .
Clom L
: . : : : /’o'SIMe;,
H'COZME H
232 233 ’ 234

]

Although it was not our original intention, we examined the cyclization of 233

W : °
with triphenylstannane.#* The bicyclic product 235 was produced as a m_ixtflrc of

isomers (49:27:10:14) .in'90% yield. Two other examples of this cyclizat;on were

. invé_'stj gated and the results are portrayed in Table 7.

) 'Pr¢frar/<:d by addition of éhlorouim_éthylsilanc (3.0 equiv.) to the enolate of 232 [prepared by
_ deprotonation of the ester with kDA (1.1 equiv) at -78°C] and warming to room temp {4 h).
Distillation (85°C, 15-mm) yiclded234 (75 %): IR 1685 cm°1, a
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12 h 1o give imidazolides 243 in 96% yield. The imidazolides and AIBN (catalytic

"

Egter 236" was prepared in 80% yield in a similar manner to ester 232.
Dep\rotonanon and quenchmg of the enolate with (phcnylseleno)acctaldchydc gave the
B-hydroxy esters 237, agam as a mixture of four diastereoisomers (44:40: 10: 6) il'hc

3

B- hydroxy esters were thcn cychzed to the octahydromdcncs 238 in 91% yield. \Vc

were able to determine the ring junction stereochemistry by dcoxygcnanon of 238 to

]
~

the known esters 242126 via the imidazolides 243.127

7~

I

- Thus, 238 was refluxed with thiocarbonyldiimidazole in dichloromethane for

e

amount) were added slov . to a refluxing solution of tributylstannane in THF. The »

esters 242. were isolated in 81% yield. The 13C NMR spectrum of the epimeric esters _

correlated with that of an authentic mixture.

S H 2
H.co,Me CO,Me

242 ' | 243

* Prepared “rom 2-cyclohexen-1-yl acetic acid123 (reflux McOH, H2804: cat 80%).
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SePh

Q1= “

<::L\/C02Me <::L\é>v - ~<::I:;>von

. H
CO;Me . - COzMe

232 233 (%) 235 (90%)

Mo I Co:Me H'COQMg
- 236 237 84%) 238 (91%)
o
SePh ) H
| cogsfl' oH
"\pBuH _ o LauH CO2Et t-Bu" COE
239 R 240 94%) ’ 241 (71%)

89

&=



\_ PR R

Wc wzmt't:d also to examine an example whcrc thc pcndant side chain was hcid

<+ o5 ‘ v
in aipseudo equatorial conformatton at lcast in thc ground state. Ester 239 ﬁttcd our s frm
needs. In order to preparc 239' (via Claisen reémmgemcnt) it was necessary to objaél

tsomencally purc trans-4- tmbuty] -2- cyclohcx n-1 ol 244 Ketone 245 was made in
3 steps from 4-tent- butylcyclohexanor;e (Aldnc ) 128 Reducuon of 245 thh aluminum, =
tri(?,-propanolgtc) in 2-propanol gavc a mixture of 244 and the isomer 246 in a 78:22.

‘ I ‘ . -

r‘atio» and in 96% yield.” The isomer mixture was esterified with p-nitrobenzoy! chloride

in pyridine at roorh temperatire to afford a mixturé of the p-nirobenzoates.129 *

OH

|l-l|o
I

t-Bu
244 . % 245 v ' 246

Two recrystallizations from methanol, yielded tltc isomcrically pure mns

benzoate Hy drolysxs with potassium hydroxide in aqueous mcthanol then gave 244 in

\ -

93% yield (from the bcnzoatc) The isomeric purity of thc alcohol was chcckcd 1H
N»MRdt thin ]ayer chromatography and VPC éna]ysis. A sma]l amount of 244 was
-} hydrogenatcd using Adams catalyst in ethanol at room tempcrature to yield trans-4-tent-

butylcyclohcxanol The 13C NMR spectrum of this matcrtal comparcd favorably with

‘j;\‘}t NMR (200 Mhz, C15C13); & t-Bu signals 244 (trans) 0.87 and 246 (c\_ts) 0.91.

/EN
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Jiterature values130 and setved to differentiate it,; and henoe 244, from the ¢is isomer.

A pure sample of .ﬁgis—4j-:1;n-bu_tyilcyclohé){anol was also examined. by 13C NMR‘ It

was NOW necessary té prépérc the ;stcﬁ239 by Claisen redrrangement, J'_l"vhé method

used was one. oytlined by Petrzilka.12Z o e

d e ,° " Yo
'ésfprcpa_r‘cd by treatment of 248

~ Following his procedure, the acetal 247 :

v

- (generated in mu from ethyl vi'nylvcthcr and ‘phcnylsclcr‘ien‘ylubromidc) with d}rﬁxtmﬁé ;

w

of 244 and di‘isopropylnamine.- This reaction proceeded in %% yield.

t-Bu

247 | 248

Oxjdation of 247 with sodium metaperiodate in Basic aqueous methanol yielded.

: €
the selenoxide 249. This was then immediately dissolved in chlorobenzene with p-

hexylamine and the solution was refluxed,for 18 h to yield the crude ester 239. The

reaction proceeds via selenoxide elimination (Scheme 15) to give the viny‘l ether, which

- then rearranges under the thermal conditions to ester 239; the stereochemistry of the

L d

product is a result of the suprafacial nature of the rearrangement.!3!1

~* 1rans-4-ten-Butyleyclohexanol (100.6 MHz, CDC13) 8.25.7,27.7, 32.3, 36.2, 47.4, TL.1. cis4-tent-
butylcyclohexasol: § 20.9, 27.5, 32.6, 324, 48.1, 66.0 '

PO
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Chromatography and dlsullanon of the crude cstcr prov1dcd an analyncally pure

)‘I\“

sample of 239 in 56% ylcld‘?from the selenide. 247 ).

The : luhlum cnbljatc_ of cstér 239 reacted smoothly ,with v

(phenylseleno)acetaldchydc to ylcld lhc B- hydroxy esters 240, Cy clization of 240

y

wuh mphcnylstannanc produccd 1hc octahydrolndcnes 241 as a mixture of two major
= 5

2 ° -

usomers m 74% yleld Thc xsomers could be parually scparatcd by carcful

».\.' N o j., e .,1 «‘,,' R . |

TN chromatography Doubie*msonancc cxpcnmcnts allowcd the low field 51gnals of the

“ >~/J. r‘~

N lH NMR spcctra to be. assxgncd for each isomer. The cis-ring- fusxon stcrcochcmxstry'

was csmbhshc:d for cach 1somcr by Nuclear Overhauser dxffcrcncc experiments. Upon
. o \ D'\\f.’» * \ %

madlaucn of euhcr rmg junémm prowrf the other showed an enhancement of 6.5-8%.



o/
T

Ourjrcsults sh_c')'w that the method allows efficient formation of ﬁsiﬁng-fuscd
o , ) o

bic_vclo[3.3.0]octancs and bicyclo[4.l3.0]nonancs. ;lfhc mildness of thewradical step o

{

circumvents the need for functional group prozection,

We now returmned to our inigal aim of studying o-keto radicals. We investigated

a number of routes for the preparation of suitable precursors to a-keto radicals, as:

described below. We finally settled for the obvious method employing classical

chemistry. }
~ A . 1
W

In the lighi of the cxperirhents just described we were attracted to the possibility

of maki'ng the precursors to the a-keto radicals b.y,acylation of (2-cycloalken-1-

<

‘yl)acetates. Direct écy]adon of the ester enolates with an appropriatc a-substituted acid
chloride should give the desired radical precursor. -Several experiments revealed that

deprotonation of the esters (23‘2 and 236 ) with lithium diisopropylamide and addition
P ‘ .

——— ‘s

of chloroacetyl ¢hloride, bromoacetyl bromide, or (phcnylsclcno)écetyl chlonde was
N _

not successful. A problem in these particular acylation reactions was that the product

was a B-keto ester (pK, = 11), whith is far more acidic than the ester (pKa = 24.5).

“Therefore, deprotonation of the product occurs at a faster rate than acylation of the ester

~ enolate. We adbptcd'a procedure originally developed by Rathke 132 for acylation of

‘c:Slcrs. He circumvented the problem of prodyct deprotonation by using 2 equivalents

>

‘of the hindered base, lithium N;.N_'jdiiséprOpylcyclohcxylaminc - (L1ICA). -

" ;D(‘:prot"csnation of ester 236 with LiJCA in THF at -78°C, and addition of

‘(bbcnylthio)_acctyl chloﬁdc 250 failed to yield any of the desired B-kéto csten;QS 1. .

93
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Wtk po. aacoyl chioride the ester 236 was acylated under similar conditions to =
. give Rketo cater 252+ 54% yield. This moderate yield is expected from the values
given in Rathke's article. Another problem that might be encountered is deprotonation

of the acid chloride rather than acylation, due to the increased acidity of the e-protons in

[}
the a-substituted acid chlorides. We also examined the amide 253°; however, we

could not acylate its lithium enolate with (phény]thio)a_c;ty] chloride. ;

s

CsHyy iy Ty
L @\/CONE!;
2») : ,

H

H co,me

- 252 | 253

"Another possibility involved the use of the lithium enolate of trimethylsilyl

~

(phen)m?&tatc 2{4' (Scheme 16).

————

o

® Preparcd in 82% yicld from acid chloridc 255 by rcaction with dicthylaminc: bp 82-85°C (0.2 mm),

‘ S
vy

v 2y

- Sl

P
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Scheme 16
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The siI)Ifl,estcr 254 was prepared by stirring_tphenyllhio)acctic acid!33 with

h‘:xaglcthyldisildzanc (0.7% equiv.) and ch]ofot‘fimethyl silane (0.3 equiv.) in pyﬁdinc

for 12 h. The reaction yielded 254.as a colorlcss,}distiﬂable liquid ing4 % yield. This

was deprotonat~d with LiICA at -78°C in THF and acid chloride 255° wat then added.

.‘Af‘tcr 10 min the reaction was quenched (acetic acid). Thc residue ;Jéis dissolVéh in
droxane, made acidic wiih aql;cous hydrocﬂloric acid, and heated for 15 min to effect
d@carboxylalion 07 he i‘mcm')cdiate f-keto ester. The _rcsi‘ducﬁ orded crude 256 in
56% yield. Puﬁﬁcation proved difficult and only a 30% yield of pure 256 was

5 of the experiment with acid éhloride 257 was also inefficient,

,-l-

isolated. 'ch__:v'

$ ;?3.”.'59% yield. The material defied ‘purification - using

ﬁ‘;““ ‘.‘. .
ecfiniques.

- .

chromatog'l]_f;ihicﬁ

- / - *
* Compounds 255 and 287 were prepared from the acids 231 and 2-cyclohexen-1-yl acetic acid!25
respectively each in 84% yicld (oxalyl chloride, benzene, room temp, 2 h).

A 4
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v 255n=1 T 256n=1 259

¢ 25Tn=2 . 258n=2

o

5

A similar cxp‘crimem performed 9g’}\_-hcxanoyl chloride produced the a-

- I ) : .
“(phenylthip)methyl ketone 259 in or:}y 39-40% yiel(t _Sirni)lar experiments using
\\/ N . \ . ‘ ' .
: trimcthylsilyl (phenylseleno)acetate likewise were unsuccessful. We also used the
! ' ' '

dianion of (phcnylthio)_a?ctic a&q; however, reaction with acid chloride 255 gave .‘

&>

ketone 25£/in only 28.5% ﬁuriﬁc ' i[

w

‘The abéve Epproa-ch was clearly unpromising. Even if the yields could be
R ' >
L

-

the possibility of acylation employing silyl ketene acetals (equation 13).134-136

( ‘ . OM\e
K eq 13
- 7 OSiMej;

N\ N v

234n=1260n=2 _ B

optimized, the \reaction products were genérally dif; ﬁc;ﬂt to purify. We also investigated -

We based our study on\N@ literature reports involving (i) the reaction (equation '}

" 13) catalyzed by a zinc halide!35 and (ii) the usc of triethylamine for. the in sifu
generation (from&ihc acid chloride) of a ketene, which then reacted with théls‘ilﬁ;kctcnc

Ll
&

1
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’ W, )
- acetal.136 The results of our investigation are listed in Table:8. The silyl ketene acetals

¢
1 s .

234 imd 260 were prepared by i;ucnching the lithium enolate, prepared from tm

- M

appropriate ester (232 and 236) in THF -78°C, with chlorotrimethylsilane, in 88%

~ and 84% yiclds, réspeé:tively. The silyl ketene acetals Were stoted under dry comﬁns\

_ to prevent hydrolysis and pen'édically checked for dccohﬁosiﬂoh (1HANMR(‘). The acid

.-
. . : M L "l @
chlorides used in the experiments were distilled prior to use. R I |
E Iy - . L
3 e T
L v * ' ' . S

0{"——0 N

’



/\..
 Reactions of silyl ketege acetals with vid chlorides,  ©

Entry ‘QéKAC Methodd.e YW  cat -Prod. - yield%®

P . N ‘ gl | 2.'
T ' > . ® ~ LA

1 234 A Hozon 261 38 46
’ ) » I, . . .

2 234 | NA “a 263 41 53
3 260 . B+ H P 26 w 55
o N (Y ' e
4 160 B H ZnBry . 262 39 54

& a v 264 33 45

€ - N | é o :
I sph " 251 3 35
D SPh " 251 45 66

E H NA 262 54 59

E “Cl . NA 264 51 65

E « ° SPh NA 251 43 5

2\ )2

3Yield 1 refers o isolated yield, 2 refers to yield adjusted for recovery of esters. bYin YCH2COCl. ¢
Silyl Ketene Acetal. d All reactions were quenched with dilute aqueous HCL.

cMethody

A~\Add snlyl kclcnc acctal to surrqj sol-of ZnX2 (10 mol%) and acid chioride fn CH2C12

- V/’L
:

*

lroom lcmp

]

As A, exccpt 2 cquwalcnls of acnd chlqndc were used.

As A, except that CCly4 was used as solvent..

™,

\

As A, except inverse addition was uscd i.c. acnd chioride (1.25 equiv.) was added to
silylketene acclal% '

Acid chloride (1.1-1 2 cqunv) silyl keiene acetal THF, 0°C. Add\nclhylammc (l 05

equiy.), sur 1 h, then 2h at room temp.



Al the reactions were quenched with dilute acid prior to isolation of the

broducts. The yields of the produgts were determined taking into account the amount

-

<

of ester 232 and 236 recovered. This was necessary to avoid discrepancies in the -
yield due to.i) an incomplete reaction or ii) inadvertent side reactions involving cleavage

of the silyl ketene acetal (for examplé with traces of hydrochlon'c acid).

Unlike the acylation reactions, the success of these reactions is not sensitive to

the nature of the gcid chloride. The use of THF as a solvent was not successful and &

4 - '
simply heating the reactants together in dichloromethane was also ineffective. The use

‘of an excess of acid chloride .did not have‘any marked cff¢c£ (cntri‘es 1and 2 vs. 3 and
4); also zinc crhlori4de and zinc bromide were equally effective (entries 3 and 4). Th'c@-
use of dichloromethane was c]carl)v; befter}_han carbon te’trachloridc (entries S and 6)
The best yields were obtained when ‘thc ketene was generated jn situ and ‘allawed io
“react with the silyl keter:c acetal (entries 8, 9 and 10). Inverse gdditibﬁ (entxy“7) was
also effcc\tive.J The rcaction'resisted attempts at imprové;%nent and the yields were

[

.. :
consistently moderate.

- We also explored the possibility of an apprpach using silyl ketene acetals based

on a report by Wissner (Scheme 17).134

/ R
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W 1
C ' - . =
i Scheme 17 - " .
o - _PhS._,,CO,SiMe;
O, ™ X
> cocC! + o \—=, —_— ’ : | 2 o
H . OSiMey - H
265
\ i f H*/ H20
o : o o
L SPh
BN + . o ’

€ The silyl ketene acetal 265 was prepared from trimethylsilyl (phenylthio)acetate
254, | Treatment of 254 \:vivlh lithium hexamelhyldisilézidc and chloroUimethylsilar’ulev -
‘yielded a mixture .of 265 and 266 in a raiio of 76:24 {a small!‘amount ('d%j of thg

- starting ester 254 was also p_resent]. It was not possible to separate the two products

by distiilation and their identities and ratios were assigned on the basis of spectral data

. obtajngd on the mixture.

PhSCH,CO,SiMes . PhSCH(SiMe3)COzSiMe3. PhSCH=C(OSiMe3)

t

254 . 266, : 265
§ (CHp) 3.62 §(CH)348 - 5 (=CH) 4.33
1705 cm'! 1675 cm! 1605 cmy!
The occurrence of s;)mc C-silylation is in contrast tq Wissner's obscrvatidn .

. with ME:SCH2COZSiMe3, which gave 100% Q-silylation. It is quite probable that the

« phenylthio group stabilizes the negative charge on the adjacent carbon to a greater extent

[



than the = It*'  nit. The ketene acetal 265 (4.0 equiv. as a fni)gture with 266.)

was refluy wu?x ac.d chloride 255 for 16 h in chlorobenzene. -Hydroi};sis (heat,

L3

“—Ht/dioxane) and isolation gave 256 in only 44% yield (see Scherne 17).° . - -

We also atlcmblcd to oxidize the B-hyd}oxy esters prepared previously. The y-

bromo-B-hydroxy esters 267 were made in 68% yi€éld by reaction of the enolate of

-

ester 232 with anhydrous bromoacetaldehyde. This was available by ozonolysis of
0

e

(E)-1,4-dibromo-2-butene 268.°*137

Br
o
‘ H COzMB
267 \ 268 ' 269

<
Swern oxidation!39 of 267 yielded a single product with the' 1TH NMR *

characteristic « vpected for 269. An analytically pure sample could not be obtained
and the 13C NMR spectrum showed the presence of ifipurities..Oxidation with Collins

w

reagent (CrO3¢Py2) was not successful.140 I

The oxidation of the corresponding 'y-,(ph"cnylsgleno)-B-hydroxy esters such as

those listed in ‘table 7 faced two problems. Mild conditions are necessary for the

Q

: , ,
* Wissner reported that §-acylation whs a side reaction. ' ' .
.,. Prepared by reaction of bromine with 1,3-butadicne: mp 53-54°C (Iil.138 mp. 52.5 °C)

.4
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: \ .
oxidation of B-hydroxy selenides to prevent oxidation of the selenium and possible
eliminative pathways. Also B-hydroxy esters are sensitive to some oxidizing reagents

. ,
due to the occurrence of a number of side reactions, for example, fragmentation (retro-

\d

P - " . . ' . - ‘
aldol reaction), the elimination of water and further oxidation of the enol tautomer of the

5 ™
product f-keto ester.141

Q

A numbef of methods are available in the literature for oxidation of B-hydroxy
selenides.142-145 Swern cnidation (appropriate for the oxidation of B-hydroxy
esters141) was ineffective with these substrates. The use of dimesityl diselenide and

7/
 ert-butyl peroxide was reported to be successful.142 Therefore 233 was added to a
¢ .

ret uxing solution of dimesityl diselenide and tert-butyl peroxice in benzene. The B- -

' keto esters 270 were isolated in only 47% yield. Bar%&l““ reported the use of
P _

triphenylbismuth carbonate as a mild oxidant, but yields of only ca. 45% were

‘obtainable. A method described by Petrzilka,}43 based on the Cerey-Kim oxidant,

271, proved to be more useful. The B-hydroxy esters 233 were added to a cooled

solution of 271 [prepared from dimethyl sulfide and N-chlorosuccinimide] in

dichloromethane. After a suitable time, triethylamine was added and isolatior] gave -

270 in 75% yield. P-Hydroxy esters 237 were also oxidized in a similar manrter to

the B;kcto esters 272 in 77% yield.

102
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Me,S—-N | Cr

o | H co,Me -
271 » 270n=1,272n=2

v
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We were now in a position to attempt the proposed o-keto radical cyclizations. ~——

'Both 270 and 272 were smoothly cyclized with triphenylstannane (1.25-1.3 cduiv.) 10

o :
the bicyclic B-keto esters 273 and 274 in good yield. The cyclization of 272 resulted

in the formation of some of the reduced ester 262 (arising from hydrogen absttaction

_fron; the stannane by the o-keto radical) along with the desired product 274.

-

€

H. co,Me ‘/” CO,Me; - H Cco,Me
. -
273 (80%) 274 (70%) 262 (9%)

N
At this stage we continued our search for a good method for synthesis of a-

substituted methyl ketones. A report by Back!46 clearly merited our attention. He

described the synthesis of a-phenylseleno methyl ketones by the insertion reaction of

‘dlazomethane with selenoesters (Scheme 18).
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Scheme 18 - .
. N & .
| - = shPh
- o / o
R sePh  CHyN, /u¥+
g > R NN

O- . 0 S .
R/& + (PhSe), - R)]\/SePh + SePh

7

Methyl ketones are’ formed as a major 's‘idc'pro'd‘ilct due to the existence of an
equilibrium between the methyl ketone enolate and th;: a-phenylseleno ketone. .Thc '
cquilfbrium lies heavily toward the former compdund. Even_though this was not a
synthetically viab]c route, we were still able to obtain gufﬁcicnt af;iounts of the a-

~

phenylseleho ketone to ry the radical closure step. The seleno ester @ prepared
in 90% yield by fife reaction’ of the acid chloride 255 with benzeneselenol in the

presence of pyridine. Stirring 275 with an excess of diazomethane at room

temperature' yielded the ketone 276 in 42% yield.

. SePh
G\/cbx o 0
? | ; :
275 X = ScPh - 216,

255 X = Cl
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A solution of 276, triphenylstannane (l.i equiv.) and a catalytic amount of
A_A'IBN was 'rcﬂluxéd in bcnzcné for 1 h. Two products were isolated, 277 (63%) and

278 (4%).

- N

H

| . H "
1 )= - { l =0

~ | | : -
277 218

The identity of thc bicyclic. product was initially based upon its 1 H NMR

spectrum. However, slow addition of »triph’enylstannane and AIBN to a refluxing

-

solution of 276 in benzene resulted in a complete reversal of the prbduct ratio yielding

" 277 and 278 in 10% and 64% yields respectively. Positive identification of 278 was

[ ,

S kY : ) i
~ then based on 1 .omparison of its 13C NMR spectrum with literature values.!“7 Clearly

a-keto radicals do cyclize and we continued our effort at finding a good route to the

£

radical precursors, ‘ _ ‘ ¢

? + . - . p—
Based on a number of reports in the literature148-150 we were attracted by the

possibility of introduction of the required functionality via a-diazo ketones (equation
L) : ) . . .

14).
+ 4
N C
Y i
+N, €ql4

' i\‘
: o
1,<
x .
1'8(
b4
o



o

g o
, s

The diazoketone 279 was prcbafed by Additj n of the acid chloride 255 to an

excess of dry diazomethane. The reaction mixture w5§ kept overnight at 3°C with
N t \'4 ' ".':‘ - .
+ protection from light. The. excess of diazomethane was removed by stirring for a few

Jninutes with silica gel at room temperature and then the diazoketone was isolated by

‘evaporation of the solvent_.’ Unfortunately 279 did not react with a number of

o

elcctrophlles phcnylselcnenyl ch]ondc dlphcnyldlselcmdc (BF3-Et20 cat) or iodine.

Only complex rmxturcs resulted and the crudc products dlspla) ed no signals ('H NMR)

characteristic of the desired products. In or 'cr to evaluate this failure, we studied two

other diazoketones 280 and 281. ) - G
« o ] “ \ ) .
. : - +,.N
/\/\/U\/ﬁ'r.q AN lk/N’
280 . " o281

Compound 280 was prepared from.n-hexanoyl chlb,ridc and 281 from 4-
pe,mcnoyl chloride, in a similar manner to 279. In contrast to 279, diazoketone 280
' ~> ) - R '
reacted cleanly with iodine. The addition of iodine (1.0 equiv.) to 280 (in an NMR

tube) resulted in rapid decolorization and evolution of nitrogen. The 'H NMR

spectrum of the. product was clean and consistent with the expected structure 282.%*

1

* Diazokctone 279 had: IR 2095, 1640, 1370 cm-1; NMR (200 MHz, CDCI3) § (COHNp) 5.28
.ppm-

* Compound 282 had: Iy NMR (CDCI3) § 1.0 (t, 3.0H), 1.40 (m, 4H) 1.75 (m, 2H), 2.04 (t, 2H),
5.3 (bs, 1H); 13C NMR (CDCI3) § (COCHI) 13.9.

AY
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.

Diazoketone 280 also rcactcd cleanly with phenylselenenyl chloride (immediate
decolorization and nitrogen evolution) to give 283 in 85% yield. The diazoketone @81
.did not react cléanly with iodine, phenylselenenyl chloride or diphenyldiselenide,

giving only complex reaction mixtures (TLC and 1H NMR).

v | ‘
/\/\)k(l B ‘ /.\/\)j\%m
| 1 - SePh
282 283

The only significant difference between the diazoketones 280,279 and 281 is

the .presence of unsaturation in the latter two. Diazoketone 281 will insert

I

intramolecularly into the doublé bond (equation 15).131
. . .

eq 15
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> »Schcmc‘- 19

(1) o
w
m .
O
=2

"
Q
'a
(o]

‘

" 1 'a) oxalyl chloride, benzene r.t.b) Mey_CuLi, cthyl ether -78°C. ¢) i LDA, THF-78°C i
PhSeC} d) Ph3SnH, AIBN, benzene reflux. LDA = lithium diisopropylamide. -

Our original reluctance to employ this approach was due to the possible

formation of regioisomers from the kinetic deprotonation of the methyl ketones and
subsequent réac‘tidn with phenylselenenyl chloride. We expected a ratio of products to

. -
be at least better than 85:15 based upon deprotonation-studies with 2-pentanope

[ 4

(equation 16).152

,

2
0 \
/\)j\ - 'PW /\/‘\ /\/§ eq 16)

?

We decided to make use of dimethyl lithium cuprate (Me2CuLi) to form the

methyl ketone, rather than methyllithium, due to the mildness of the former reagent.

<



v

a3
Also the yields, compared with those obtajned_ by using-methylliv.um, are higher and

there are no problems due to formation of the dimethylcarbinol as a side product.
| .

3

" A number of methyl ketones were prcpared from the appropriatc acids via their

acid chlgrides (Table 9). Acids 285153, 287154 and 289153 were .cﬁiilvertcd into their*

acid chlorides which were then used directly to prepare the methyl ketones 286, 288

and 290, respectively. The acid 287 was obtained by Diels-Alder reaction between

e .

> : o
1,3-cyclohexadiene and 2-propenoic acid (sealed tube, 170°C, 24 h). Distillation of the |

product'yi{cld‘éd the ac\id‘287 as a mixture of gndo and gxo isor.ners. (76: 24) in 55%
yield. The literature dire'ctionsw“\spccify 'several’ ;ecrysmllizations from cold pentane
(:30°C) to obtain thcbpure ﬁdg‘isomcr. We were not able _to purify'the acid-by 'this
means beyond the stage at which it contained 93% of the gndo isomer ('H NMR)_,‘ and

. ) > 1 3 .
. . / . .
so we decided to separate the isomers at a latter stage. The acid chlorides were

prepared. by reaction of each of the acid; with oxalyl chloride in b_cnicnc at room
temperature. The acid chloride was then added to an ethereal solution of dimethyl
lithium cuprate at -78°C. The reaction was quenched with methanol after a short time

and the methyl ketones werc&solated in the yiclds shown (Tab\]c 9).

/

* 1 NMR of 287: & (CH-CO2H) cndo 2.98 (bs), £x0 2.8 (bs).

~
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CO,H . chq
287 gndo:ex0 93:7 - 288 89% endo:exo 93:7
z CO,H A /YY
289 - 290 429

* —_—

2 Yield of acid chloride from acid. b Low yield due to volatility.

5
)
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Fonddamc phenyselenation of the methyl ketoriq§ proceeded with good

- rcgio“se]éctivity (Table 10). The ketones were deprotonated by addition to a cold (-
3 - . N .

. _78°C) solution of lithium diisopropylamidein THF. Phenylselenenyl chloride was

thcn added to afford tl%gdcsued a-phenylseleno kctoncs Each of the compounds

S

cxhlblted alH N‘Ing sxgnal for the methylene proton adJaccnt to the ketonc atca. 83.6.
Based upon’'the NMR spectra we could not dismiss the possibility o{ cémamination by
<5% pf the rdgioisomeaf. 'I:hc yields in the reactions did not vafy when either reagent
R o @SCCI. oT recrysmii‘izcd (hexane) matcn'}l, or PhSeBr (sublimed) was used. A

small amount of the a,a-bis(phenylseleno) ketane 296 was formed in the reactions.
: . \

296'RCOCH(SePh);

w -~ o ‘ 6 N
In the case of methyl ketone 290 we observed approximately 10.5% of the

regioisomer 295.alung with the desired compound 294. The presence of 295 was
-y

based upon the 'H NMR spectrum. Since 295 is present as two diastereoisomers we

2

“

r R 0.y
would expect to see two singlets for H-1 and two methyl doublets (one.for ehch—

diastereoisomer) for H-7.*
/ SePh

295 oo

* Compound 295 (!H MNR, CDCI3) for H-7 & 1.06 and 1.25 (d); for H-1 § 2.24 and 2.20 (s)

111
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Table 10 -

' Prepatation of a-phenvlseleny k o

: Eseph : :SePh

276 69%

- f

oS

292 75% -

SePh

W

294

89.5:10.5 68% total.

-~

R .
- .
¢ ‘
-

v

291 72%

PhSe

293 67%

{

295

SePh

112
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- _ We found that the a-phenylseleno ketone 293 could bev scparz;tcd from its €x0

stereoisomer by careful column chromamgrabhy.

Siow addition of Uipheny]‘stan-nane toa reﬂuxing solutic;n of the a-phen'ylsé]eno
ke‘toncs afforded the‘c,y‘clized cbmpounds (Table 11). In,all cases tiue cyclizgd proc ic:
coﬁld be separated from the methyl ketone. We always obtained some of the ﬁcthyl
ketone (excep£ with selenide 293) resulting from reduction of the q-phenylselend

" kctonc. Itis possible to reuse the yecé@efed methy! ketoné. In sgparate experiments for
a«phe_ny]selc»no ketones 276, 29 1 and 292, the reaction mixtures were analyzéd by

" VPC and the ratio of reduced product to cyclized product was determined (Table 12).-

) Table 12

Reaction products of cyclizations. N

Ketone Products_ ___ Cyclized:Reduced
276 278277 . 8416 R J
. 201 29728 sl
” 292" 298,299:286 921

The cyclized products 278147 and 297156 were identified by comparison with
the published 13C NMR spectral data. The bicyclic product 298 was a mixture of cis-

and {rans-ring-fused isomers. The 13 C NMR ﬁ)‘e?trum of the cyclized material

S ."g . . . ‘}}
showed a number of small peaks which were not consistent withthe structures of ¢is- (

el

or trans-298, or methyl ketone 286.
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Table 11
o Cyclization bf a-phenylseleno ketones,
N
K H .
| : | \
7 t L . :
. H -. . ' H
’ o .
278 65% 277 5% °
t{ N .
. . \ o >
' : . H
. H _ . '
297 71% : - 284 11%
H . / . o ’ ’
~2 | . \ : ,
-~ : o) H .4
| D
‘ 298 68%2 . 299 59%b - . 286 15% . 4
P . , 0 - ; - Sy—— ‘t‘ s -
| o O |
5 '
N . /YY
* ' : (0]
. ) (0] St 4,

300 86% 301 76%°¢" 290 10.5%4
A8
a A mixture of cis- and trans- isomers. ® Inseparable (chromatography over

silica gel) from cis- and trans- 298. Determined by VPC analysis. Determined
from DNP derivative of mixture 301 and 290. ’
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1 They were identified as belonging to bic'yc]o[4_.3.1fdccan-8-onc 299.157 The

13C NMR data quoted in the literature, along with our spurious signvals are presented

‘ \
below (Table 13 ‘ .

Table 13

NM}\Q data for bicyclo[4.3.1]decan-8-one.

i ok

13C (CDCl3)" 299 (CDCl3)
34 260 26.0
2,5 313 \-
10 347 347

1,6 352 35.2
7,9 485 . 484 '
8§ 2071 -

The structure of compound 300, obtained from the reaction of a-phénylseleno
ketone 293, was based upon the following evidence. The presence of a cyclic ketone

was indicated by the appearance of a strong (M-42)* peak in the mass spectrum of

- 300, indicating the elimination of ketene. Also the 1TH NMR spectrum of 300

contained an ABX sigrtl for the methylene protons adjacent to the ketone (Jop = 18
Hz). There was gpossibility that the product was 302, tricyclo[4.4.0.03.8]decan-4-
. A
¥

one (4-twistanone), arising from 6-¢ndo closure. There is a clear difference in the 13C

NMR data for the two compounds,” particularly for the chemical shift of the carbonyl

* 13C NMR data for ticyclo{4.4.0.03.8]dccan4-one (see ref. 158): $22.9,24.5,258,27.2,30.1,
31.8, 430, 46.7, 212.1. | | NRE
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carbon. For 4-twistanoné (302) the shift is § 212.1 and for 300 it is § 222.5. Both
s, ' '

spectra were recorded in deuterated chloroform. We conclide that our product is -
.

tricyclo[4.3.1.03.7)decan-5-one-(5-isotwistanone) 300.

302 ‘

Surprisingly, the major product from reaction of a-phenylseleno ketone 294

: ~
were not the expected cis- and‘ga_rls3,4-dimcthy]cyclopemanones but 3- =

| methylcyclohexanone 301. The yic]d,vdctefrnincci')gy VPC analysis using authcntic.3- )
methylcyclohexanone as a calibration standard, was found to be 76 + 2%. Isolat’ion of
ket;ne 301 proved difficult and so the 2,4-dinitrophenyl}$irazonc (DNP) ge%
' | 4

was isolated instead. 1he aulhcmic‘xDNP‘dcrivativc \'a;as,a]so prepared and the spectral
D J
and chromatographic characteristics of the two were very similar. The 'H NMR
: . .
spectrum of the DNP derivative indicated the presence of ¢a. 10.5% E)f the denivative of

ketone 290. Thus, since the o-phenylseleno ketone used in the reaction was a mixture
. ¢ ' )
of 294 and 295 (in a ratio of ca. 89.5:10.5) it appears that very little reduction of the

radical derived from 294 occurs, and the major pathway under our reaction conditions

1s 6-endo closure.



-
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We also attcmptcd 1o cyclize the a-phcnylscllcrio ketones using tributylstannane

’

.
_and tributylgermane to see if the amount of methyl ketones obtained ¢ould be

minimized. The results of these experiments aré illustrated below (Tabie 14). o-
Phenylseleno ketone 291 was used to test the hydrides, which were distilled prior to
the experiment.

Table 14

Effect of different metal hydrides on gyclization

stannane reduced:cyclized . yield

. Ph3SnH 14:86 85%
p-Bu3GeH . 3664 T 85% -
p-BusSnH o 120:80 84%

The ratios were determined by VPC analysis of the combined reaction products.

-

-

The 'H NMR spectra are in agreement with these values. It is intcrcstiﬁg that
. b
tributylgermane gave a higher yield of the reduced product, considering that this reagent

has been reported 1o be a poorér hydrogen donor than the stannanes. 159

In principle, a number of processes could be involved in the cyclization of the

a-keto radicals (Scheme 20).

<

It appcaréd that there was no serious barrier to ring closure via carbon for

radicals such as 217. We investigated the possibility of a rapid ring closure and
( \ '

opening via oxygen to give the radical 217. Oxygen centered radicals do undergo
: C,

[of

117
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Ie N
intramolecular addition reactions with a rate 2 to 3 orders of magnitude higher than that
of a similar carbon centered radical.” In order to investigate this possibility we wanted

to prepare the eyclic enol ether 305. This compound would allow us to assess the

’

reversibility of the process. We planned to synthesize 305 according to Scheme 21.
. ) '\

) d Scheme 20

_ |
m L, = (‘5

PhySnH | Kk
k1,5 H

/ o ‘ o
Ky .
Ph,SnH -
. :

The symbols ki 5 k1,6 and. kH refer to the processes of 5-¢x0 ring closure, 6-

endo closure and hydrogen abstracuon respccuvc]y

i
e

4 ’ '
\ \

. The pent-4-en-1-oxy radical unemgocs S-ex0 closure with ke > 108 571 (25°C): 160 the hex- S-cn 1.yl nndical
has a k¢ = 1'x 105 51 (25°C), 161



Scheme 21
‘OTBDMS OTBDMS
(o] o] Tebbe 0
-—_———>
303 L 304 ~ 305 :

)

The lactone 303 was prepared from L-glul;unic'acid162 and silylated with tert-
butyldimethylsilyl chloride (TBDMS) accor}‘ling to Corey's general proccdhré.163

LHowcver, several attempts 1o react 303‘wi'zh the Tebbe reagent,” failed to.produce 304

but gave instead 306 as the rﬁajor product (48%).** : 3 | \
I\
OH )
306 ‘
M

]
We turned our attention to 307 as a model substrate. Compound 307 was

I

prepared from the -ketoester 308°** using a procedure outlined by Ley.165 The

RS

addition of N-(phenylseleno)phthalimide!6© to a stirred solution of 308 and a catalytic

(

[Bls(cyclopcnmdncnyl)ummum](p-chloro)(p mclhyhdcnc)duf\clhyl aluminum., made according Lo
proccdurc omecd inref. 164, L

Compound 306: 1H (400 MHz, CDCl3) 5008 (s, 6H), 0.09 (s, 9H), 2.52, (m, 2H), 1.73 (s, 3H)
2.12 (AB, m, 2H) 2.52, (bs, 1H, CH-OH), 3.42, (m, 1H), 3.60 (m, 2H), 4.71 (d J =6.5Hz, 2H); IR
(OH) 3440 cm-1; exact mass m/c 229.1624, (Calculated for C12H2502Si, m/e 229. 1624).

Prcparui from allyl bromidc and ethyl-3-0xobutanoate accordmg 1o a procedure outlined by Wcllcr
(rcf. 167) in 79% yield.

M
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“amount of iodine in dichloromethane gave the tetrahydrofuran 307 in 55% yield.”
3 .

1
When 307 was treated with triphenylstannane under our slow addition conditions‘(l.c.,

the same conditions as usc’c/i’:n the cyclization reactions), the reduced tctrahydrofuran
309 was obtained in 80% yleld None of the B keto ester 308 was,dctcctcd by VPC
analysis. We were concerned thgt‘thg‘conjugated double bgnd present.in 307 might
, detract from its use as a valid model for 305. Efforts to modify the ester by reduction
of 307 (LiAlH4, LiHB,Etg)oor by reaction with an organometallic reagent (MeLi,
‘_ MeM’gB‘r) were unsucceésful, f)r;)ducin‘g‘ins‘tcad only polar products (presumably és a

\ ~ - —_ -

re sult of ring cleavage). :

L ] . :
'Seph , | z ‘
.0 ¢ ‘ . 0 .
7 co,Et Wcozst 7 CO,E
_ I | ’
307 ¢ . 308 , 309
© We also examined th}c enol ether 310, where the double bond is not conjugated

with the ester group. Compound 310 was prepared according Ley's procedure.169 In

our hands the separation of 310 frém its regioisomer 311°and from starting material,

B-keto ester 312, required extensive chromatography. ‘ °

L
14

' Compound 307 is a singlc isomer whose stercochemistry is as shown, see ref 168

ag
° e
i



PhSe CO,Me PhSe ' ,

310 | 311 ‘ 312

‘When 310 was treated with triphenylstannane under du*low addition
. SN

conditions, we obtained both 313 and 312 in 70% and 14% yields, respectively. We
wondered if, pérhaps, the ring opening was dug-to the prcschcglof tin species in;_%hc |

reaction mixture, but refluxing 310 with Ph3SnSePh for. 12 h did not cffcct_ring

opening. It appears, therefore that B-elimination of enol ether radlcals ((’,‘wﬁ-O Cq=C) '__;Lﬁ L

does occur but is not a facile process. .

. . . ) . . . . i

s
k4
Qo

radical gave rise to the possibility of the intervention of a reversible 5-exo closurc In "+ .

- —-— ‘G N S ’
order to assess. the reversibility of the 5-exo cyclization via carbon we prepared 314 {

b"

4

from gi_s-bicy'clo[3.1.0]héxan-2-ol according to the following scheme (Scheme 22).
‘ f

y



- Scheme 22 >
(0]
i !
~ H
» Y
315 3 316
(0] (0]
I d
[ - )
> SePh | SePh
7 314 317

a) Pyridinium dichromate, 3A molecular sieves, CH2Clp, room temp., 12 h. b) iodotrimethylsilane,
CCly, -20°C, 30 min.c) NaScPh; ethanol, 7 h, room temp. { Cw
‘ —

™.

The product 314 was impure even though it was homogeneous by TLC. The ‘

identity of the impurity was tentatively determined (IR, 13C, and 'H NMR) as the
L]
3
regioisomer 317 and not 4-(phenylseleno)cyclohexanone.” The amount of impurity
. \ |
was determined as ¢a, 6%. It was important to determine the identity of the impurity as

cyc]ohcxanéne is one of the products that would be formed from B-scission of the

radical produced from 314 followed by 6-gndo closure.

The reagtion of 314 with triphenylstannane was pefformcd under.our usual

slow addition conditions. The majority of the benzene was removed and the yield of 3-

—

‘mcthilq’g’cl‘opentanonc was calculated by VPC analysis using authentic 3-

Yy

* The authors suggcé%nal the ring opening of 316 is >95% regiospecific, forming 4-
iodocycldhcxanonc as the minor isomer, se¢ ref. 170.

7 .
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methylcyclopentanone as a calibration standard. The yield was 84%. Careful VPC *

analysis of the reaction mixture indicated the presence of cyclohexanone (4%) and not
" 2-methyl cyclopentanone. This observation is in accordance with the original authors
observation concerning the regiqsqi’cctivity of the.reaction of 316 with

iodotrimethysilane (see foot note on pg. 122@-
» NS
Therefore, the observed products of 6-endo closure do not arise from an initial

and reversible 5-exo ring closure. The radical 318 produ%:cd from the selenide 314
S o

should have a&&eatcr tendency to undergo [S-scission than the radicals 319 for two .

reasons: i) radical 318 is a pfimary radical and P-scission would theréfore be
energetically more favorable than with sécondary radicals=such bas 319 and ii) the
radical SOMO of 318 freely rcrates and can ado;;t thc‘optimum cont;onnation for f-
scission; the radicals 319 are, perhaps, more conforrﬁatio;ally restrained. Th_é
formation of the biEyclic compound 299, resulting from G-m closure, 1s presumably
a consequence of the greater conformational flcxibi]ity of the seven mcn.ibcrcd nng

versus the five or six membered rings.

/ . v
.

N
318 319n=1,20r3 ' &
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We also decided to examine the properties of the 2-oxo-6-hepten-1-yl radical

320 denived from the a-phcn?lselcno ketone 321.

N\AN\)\M

PhSe PhSe

320 . 321 322
Alcoho! 322 was prepared in-63% yield by reaction between pent-4-enyl
' g

magnesium bromide .d (phcnylseleno)acetaldchydc.accordjng to a procedure method

‘ 2
outlined by Petrzilka. Oxidation of 322 using the Corey-Kim oxidant 271 gave 321
in 62% yield.145 ‘an*’

When 321 was treated with triphenylstannane under our slow addition
!

conditions two major products were formed, cycloheptanone (arising from 7-gndo
»

closure) and 3-methylcyclohexanone (arising from 6-exo closure). The yields were .

determined by VPC analysis using authentic sa.mples for calibration. The yicla of
cycloheptanone was 41% and of 3-mclhy]cyclohcx?nonc 45%. A small amouﬁt (ca.
4%) of reduced material, 6-hepten-2-one * was found. Th? formation of ¢is- and ;mns:
5-hepten-2-one, arising form intramolecular 1,5 hydrogen abstraction, was not detected

4
W

(VPC) (equation 17).

-

\A

* Prepared by decarboxylation of f-ketoester 308 with 5% aqueous sodium hydroxide (67%).
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The results are quite different from those observed for the 6-hcptcnyl radical

itself. The rate constants for the intramolécular processes of the 6-heptenyl are listed in
P\

, | X

Table 15.23:42

Table 15
6-Hepten-1-yl radical rate constants, : //
k16 (€x0) 5.4 x 103 (25°C) s°1.
k1.7 (endo) 7.5 x 102 (25°C) s°1.

KHabs . 5x 102 (25°C) s

Hydrogen atom abstraction (kHabs) for the 6-heptenyl radical is competitive with

endo ring o}osnrg and exQ ring clo‘;surc is an order of rhagn‘tudc faster that ¢ndo ring

o

closure. For the 2-oxo-6-hepicn-l‘-y1 radical 323 the endo and gxo cyclizations are

w

equally compcxiti\}cv and, apparently, more favored than 1,5 hydrogen atom

L2

abstraction.”

It appears that a-keto radicals experience little, if any, kinetic barrier against

cyclization via carf»on Their reactivity is certainly dif ferent from the analogous carbon

radicals. The C< C2 bond of the a-keto radical 217 isca 15% Yefinic. This will

* 1ti€ not possible to say that 1,5 hydrogen atom abstraction is slower than ¢ xzatit; (ex0 oimdd) i
for 323 comparcd with the 6-heptenyl radical, or that cyclization f is faster thar)\l .5 hydrogen

atom abstraction for the 6-heptenyl radical.
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impart to thcv radical a certain émoum of rigidity not found in the all carbon analogues.

14

Also the sp? céﬁtc; at C-2 wﬂl affect the relative dispositi‘on of the reactive centers in the
' transition state for cyclization. ‘Appar;ﬁtly, where possible, 6-endo cyclization occurs
and this suggésts;tha{t approacﬁ _gf‘tic C-1 radical to C.‘-5 is disfavofed relative to the
approach of C-1 to C-g.‘ i’ossibly, tf\is is due to the presence of a. small barrier to 5-
exo closure of 217 similar to the kinetic b:%rricr against 5-¢x0 clo;urc of the enolate

. 216,

217

&

The fact that the bicyclic selenide 293 cyclizes completely in a 5-gxo fashion

. may well be a consequence of the rigidity of the structure making approach of the

radical SOMO 1o the n* or n orbital of C-6 relatively difi’icult. Also the 5-¢x0

A

cyclization of the norbornenyl radical is extremely fast compared with the 5-hexenyl.

»
»
“

radical (equation 18).17

Q9

L

* This type of explanation has been employed previously to explain the regioselectivity of ring closure

‘'of various systems for example sce ref. 48,
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eq 1'8

Another conclusion arising from this work is that in the construction of - .

bicyclo[4.3.0.]Jnonanes and bicyclo[3.3.0]octanes the stereochemical outcome of the

: S|
- ring-fusion is predictable (Table 16).

) Table 1
A ; \.ia.

3

Ring-fusion geometry,

. R O

trans-ring-fusion

n=1 5-;&—(;}1@()-5)/ o, & disfavored

n=2  S5exo-(endo6) disfavored
n=3 5-exo-(endoT) allowed

- ,
In summary, olir,study of a-keto radicals has shown that they can be used to

construct bicyclic cyclopentanones and the ring-fusion of the [4.3] and [3.3] systems is

¢

always ¢is.



CONCLUSION

‘ The preceding discussion has shown several examples of radical-based
synthetic methodolog‘y. In particular the follbwin g processes were examined:
(1) a route for converting olefins into d—(pheny]mclhylcnc)-y—lactoncs. ‘
{i1) a ‘nC.W- synthesis of s;;irolactoneé.
' (iii) a method fer converting 2~cyclohexen-l-ylaceﬁc énd
, ?‘-f_yclopenten-l-ylacetic acids, into bicyclib compounds with gj;-ﬁng-fusion.

(iv) a route to bicyclic pentanones.

The area of radical cyclization is presently uncer active development in several ~

laboratories and is likely to occupy an important place in chemical synthesis.

<

128



M. EXPERIMENTAL

Unless otherwise stated, the following particulars apply. Experimernts were
- _ \

- carried out under argon purified by passage through a column (35 x 42 cm) of R 311

catalyst (Chemical Dynamics Corp.) and then dried through a similar column of

-
o

Drierite.

e ]

- !
Glassware was dried in an oven for at least 2 h (155°C), cvoled in a desiccator,

assembléd quickly and sealed with rubber sépta (where applicgble). Inlet and exit
needles were passed through the septa on the apparatus and argon was purged through
the system. The exit needle was removed after a few minutes and the apparatus was
kept under a slight static pressure of argon (provided no gas was being generated
duﬁng the reaction). Stirring Qas effected by using a dry. L eflon coated magnetic

stirring bar.

'Materials were weighed quickly into dry flasks which were then sealed with

¥

rubber septa and purged with argon. Transfer of moisture- and/or air-sensitive reagents

was accomplisbed 'using dry, well greased syringes whenever possible, solids being

4=

dissolved in a suitable solvent prior to transfer. Solvents were distilled for.

3

chromatography. Where required, solvents and reagents were dried with suitable
- drying agents and distilled under argon. Dry ether, tetrahydrofuran and dioxane were
distilled from sodium-benzophenone ketyl; benzene and toluene were distilled_from

“sodium; dichloromethane, chloroform, carbon tetrachloride, hexane, pyridine,

>

129



triethylamirie, diisopropylamine, : acetonitrile, dimethylformamide, and
: t ) g e

isopropy]cyclohcxy-lii’nﬁne were distilled from calcium hydridé [the latter two were
. S
~ distilled under reduced pressure (water aspirator with protection from moisture)).

Methanol was distilled from magnesium methoxide; U.S.P. absolute ethanol was used

without further drying. Commercial solutions (Aldrich) of methyllithium in ether and p-

[

butyllithiurn' irl hcx,anes weré titrated by use cf the 2,2-diphenylacctic acid method. |

Suaf & .Y .. .
s .&( . N v Lt
Azobxs 1sobutyromtnle. (AIBN) was stored at 0°C and used thhout further

r . . v ) ' k.
: X . .

Y

* - ¥
H 4 ) t

Products were isolated from solution by corftentration under water aspirator

vacuum at ga. 30°C using a rotatory evaporator.. Melting points (uncorrected) were
2 . ¢ . N ‘ . ¢
measured using a Kofler block melting point apparatus.

i
1

Commercial silica (Merck 60F-254) thin layer chromatography (TLC) plates

130

were used. Silica gel for flash chromatography was Merck type 60 (230-409 mesh). -

)

" . "TLC plates were cxam{ned under uv: radiation (254 nm), treated with jodine vapor or :

Rl

" charred on a hot piatc after being sprayed with a solution of either i)‘phosphomolygl?dic

acfd (prepared from phosphomo]ybdic acid (3g. 'MoO3 2Q3PO4. 48H2(§);an‘d ceric .

<

.- sulphale [0.5 g, HaGe(S04)4] 1 m 100 mL of 3% aqucous HzSO4 or u) a soluuon of o-

: methoxy bénzaldehyde (15 drops) in a 94 6 solutlon of absolute ethanol:conc HzSO4

A . . - . o '

Elemental combustion analyses were performed in the microanalytical

LI

(,-_.llaborato‘n'es'of the University of Alberta. Where, indicated analyses were recorded’ on i

<y

S ) o ‘ k] ~



131

mixtures of isomers. Infrared spectra were recorded on a Perkin-Elmer 297

. e
spectrophotometer or a Nicolet 7000 FT-IR instrument. Proton NMR were recorded
1 -~

on Bruker WP-80 (at 80 MHz), Bruker WH-200 (at 200 MHz), Bruker WH-300 (ét
‘
300 MHz) and Bruker WH-400 (at 400 MHz) instruments. 13C NMR spectra were

recorded on the latter 3 machines at 50.3, 75.47 and 100.6 Mhz respectively. All

A

spectra were recorded in deuterated chloroform with tetramethylsilane (TMS) as an

internal standard. The following abbreviations are used in the text: s, singlet; d,

’ L]
doublet; t triplet; g, quartet; qu, quintet; se, sextet; h = heptet; m, multiplet; J, coupling

constant (0.25 Hz); 8: chemical shift.

v

Mass spectra were recorded on an A.EI. MS ‘5_0 mass spectrometer at an
" ionizing potential of 70 eV. All compounds with asymmetric centers are racemic unless

.otherwise stated.

In compounds containing the CgHsSe group all four resonances in the 13C
NMR spectrum were not always observed. The resonances for the carbon atoms of

diphenyldiselenide (le CDCl3, relative to TMS) are listed below along with the spin

) ‘:}' ’ e o . BN
lattice relaxation times (T1s).172 e

C-11309 (50): 0. 131.5(68); m. 129.1:(68); p. 127:6 (3.7).




Ethyl 2-butyndioic, acid 165: = .

n-Butyllithium (14.5 mL, 22.5'tamol) was added dropwise over a period of 20

rnin‘toa c&d (-78°C), stirred solutionﬂof ethyl 2-propynoate (2.120 g, 21.6 mmol) in a

132

mixture (20 mL) of THF, diethyl ether and n-pcntanc (4:4:1). Stirring was continued .

for a further 10 min and carbon dioxide (dried by passage through a column of Drierite)

was bubbled through the solutidn'fog 30 mip. The mixture was quenched with

saturated aqueous ammonium chloride solution (4 mL) and allowed to warm to room

”

temperature. Water (50 mL) and sagurated aqueous sodipm blcarbonatc (20 mL)) were

then added, the aqueous laycr was scparatcd and thc orgamq*laycr was cxtractcd with

Yol
.

“saturated aqueous sodium bxcarbonatc~(20 mL). The combined aqueous extracts ere
acidified go pH 1 with concentrated B“ydroéh]’bric acid . The aqueous solution was
extracted with THF (75 mL) and i;hcr; with ethyl acetate (2 x 50 mL). The combined

organic extracts-were dried (Na2S04) and cvapératcd. Kugclrohr distillation of the

residue (100-120 °C, 15 mm) gave aC1d 165 (2.217°g, 72.2%) as a pale yellow 11qu1d

IR (film) 2985 1710 (broad) cm'1 H NMR (CDCl3, 80 MHz) & 1.58 (t, J = 8:0 He,
3H), 4.81 (q, JM 0 Hz, ZH) 13.8 (s 1H) 13C NMR (CDCl3, 15.08 M{) 6 13.1,
63.1, 93,7, 94.4, 156 3 157 7, exact mass, m/z 98.0362 (ca]cd for CsHgO2 (M-

4 L gy
COg)-* m/z 98.0368), |
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Prcparétion‘ of Cesium Salts:

<

 stirred solution of the acid (approximately 1 g, 1.0 equiv.) in water‘(S-IO mL). Once

»
[

gas evolution had ceased the flask was carefully evacuated using an oil pump protected

by an 2-propanone dry-ice cold trap and the residual salt dried in vacuo. The salt was

used without further purification. Care was taken to exclude moisture while storing the

"
/

salts as they were moderately deliquescent.

L

’

; General Procedure for Preparation of ﬁ-(Phcnylsclcno)cstcrs:

The alkene was added dropwise over ¢a. 5 min to a stirred solution of

benzeneselenenyl chloride or benzeneselenenyl bromide in dry acetonitrile at room.

\

t;r‘n—pcraturc. After the color of the selenium reagent had been dischafgcd (ca. 1.1
equiv. of alkene, 5 min), the cesium salt, prepared as described above, was added in
one portion and the resulting slurry was sonicated ovcmiéht at room temperature with
protection‘ from light. The mixture was then filtered through a pad of Celite (ga 3 X 3

cm) using ether for washings and the filtrate was evaporated. Flash chromatography of

T

433

Cesium carbonate (anhydrous,. Aldrich; 0.5 equiv.) was added slowly to a_

the rcsidué over silica gel afforded t;h; pure phchylse]cno ester as described in

_ individual experiments.

. /
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[tran 5-2-(Phcny]sclcno)cyclohcxyl]-3-phcnyl-2-prop§noate 159:

LN
The general procedure was followed using benzeneselenenyl bromide (0.8133
g, 3.45 mmol), cyclohexene, acetonitrile (20 mL) and cesium 3-phenyl-2-propynoate

(1.067 g, 3.84 mmol). Aftcr"»{'-orkup and evaporation of the solvent, flash

chromatography of the residue Qv'cr silica gel (4 x 20 cm‘) with hexane and then 9:1
hexane-ethyl acetate gave ester 159 (0.9953 g, 75.3%) as a yellow oil: IR (film) 2940,

2222, 1701, 1286 cml; Iy NMR (CDCl3, 400 MHz) 0 1.26-1.82 (bm, 6H), 2.11-

2.26 (m, 2H), 3.27 (m, 1H), 5.01 (m, 1H), 7.25-7.32 (m, 2H), 7.25-7.32 (m, 4H),

7.34-7.48 (m, 4H); 13C NMR (CDCl3, 100.6 MHz) § 23.4, 25.5, 31.2, 32.2,/45.7,

77.2, 81.0, 86.3, 119.9, 127.7, 128.5, 128.5, 128.9, 130.5, 133.0, 135.4, 15‘3.3;

exact mass, m/z 384.0634 (caled for C21Hp03Se, myz 384.0628). Anal. Calcd for

/

Cy1H20038e: C, 65.80; H, 5.26; 0, 8.35. Found: C, 65.84; H, 5.31; O, 8.31.

[trans-2-(Phenylseleno)cyclohexyl]-2-butynoate 160:

J

T}%S gcncral procedure was followed using benzeneselenenyl bromide (0.5189
g, 2.20 mmol), cyclohexene, acetonitrile (15 mL) and’cesium 2-butynoate (0.5310 g,

2.46 mmol). After workup and evaporation of the solvent, flash chromatography of

the residue over silica gel (3 x 20 cm) with hexane and then 94:6 hexane-cthyl acetate

- gave ester 160 (0.4640 g, 65.7%) as a yt:,llo;w oil: IR (film) 2940, 2240, 1700, 1255

em-1; 'H NMR (CDCl3, 200 MHz) 8 1.20-1.80 (bm, 6H), 1.98 (s, 3H). 2.15 (bm, .

K
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2H), 3.20 (m, 1H), 4.86 (m, 1H), 7.20-7.40 (m, 3H), 7.55-7.70 (m, 2H); 13C NMR
’ . 4

(CDCl3, 100.6 MHz) b 13.8, 23.4, 25.5, 31.2, 32.2, 45.8/72.8,76.7, 85.5, 128.3,

127.8, 128.9, ¥35.6, 153.0; exact mass, m/z 322.0471 (calcd for C16H1802Se, m/z

322.0472).

Ethyl |;ran542-(phcnylseleno)cyclohexyl]-2-butyndioatc 161:

: “os
- ) . .o

The general procedure was followed using benzeneselenenyl bromide (1.124 g,

R}

4.76 mmol), C)'/clohcxcnc, acetonitrile (20 mL) and cesiumn I-ethyl-4-hydrogen-2-
butyndioate (1.435 g, 5.24 mmol). After workup and evaporation of the solvent, flash
chromatography of the residue over silica gel (3 x 20 cm) with 97:3 hexane-ethyl

acetate gave ester 161 (b.495 g, 27.4%) as a yellow oil: IR (film) 1720, 1250 cml;

H NMR (CDCl3, 200 MHz) 8 1.20-1.85 (m, 9H, including t at 1.3, J = 8.0 Hz,

3H), 2.05-2.-30 (m, 2H), 3.20 (m, 1H), 4.30 (q, J = 8.0 Hz,"2H), 5.00 (m, 1H),

7.215-7.35 (m, 3H), 7.55-7.65 (m, 2H); 13C NMR (CDCl3, 100.6 MHz) & 13.9,
\ t

\‘ ’
23.3, 25.3; 31.0, 32.0, 45.3, 62.9, 74.8, 74.9, 78.4, 128.0, 129.1, 135.5, 151.1,

-~

151.8, (1 peak absent from SeCgHs); exact mass, m/z 380.0532 (calcd for

C18H2004Se, m/z 380.0527). Anal."Calcd for C18H2004Se: C, 57.00; H, 5.31.

s

Found: C, 56.79; H, 5.26. i ' . ¢

\J
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N

[trans-2-(Phenylseleno)cyclohexyl]-2-propynoate 167:

i

The general prqccduféwas followed benzeneselenenyl chloride (0.4208 g, 2.20
mmol) cyclohc.xenc acctonimlc (10 mL) and cesium 2-pr6p‘ynoatc (0.667 g, 3.30
mmol). After workup and cvaporatlon of th¢ solvent, flash chromatography of /he<
. residue over silica gel (3 x 15 cm) wnh 19:1 hexane-ethyl acetate gave ester <I\§2

2

(0.5400 g, 80.0%) as a yellow oil: IR (film) 1711, 1332 em-; IH NMR (CDCl3, 200
| ‘MHZ)S 1.15- lBO(m 6H), =2.05230 (m 2H) 2.88 (s, 4H), 320 (m, 1H), 4.95 (m,

lH) 7. 20 7.40 (m 3H), 7.55-7. 70 (m, 2H): cxa’..mass m/z 3 80312 (calcd for

Cy5H,602Se, myz 308.0315). Anal. Ca.cc for(ls

10.41. Found: C, 58.66: H, 5.17; O, 10.33. "

] trans-2-(Phcnylsclcno)éyclopcntyl]-3-phcny1-2-propynoatc 163:

The general procedure was followed using benzeneselenenyl bromide (0.5734
g, 2.43.mmol), cyclopentene, acetonitrile (15 mL) and cesium 3-.phcny1-2-propynoa!c
(0.746 g, 2.68 mmol). After workup and evaporation of the solvcnf flash
chromatography of the rcs‘.iduc over silica gel (3 x 20 cm) with 96:4 hcx\anc-cthyl
acetate ga’\k\cstcrv163 (0.7163 g, 79.8%) as a yellow oil: I‘R (film) 2965, 2220, 1700,
1280, 1190, 1160 cm™}; 1H NMR (CDCl3, 200 MHz) & 1.64-1.94 (m, 4H), 2.'12-
2.40 (m, 2H), 3.74 (m, 1H), 5.30 (m, 1H), 7.16-7.52 (m 6H), 7.54-7.70 (m, 4H);

13C NMR (CDCl3, 50.32 MHz) § 22.7, 30.8, 31.0, 31.2, 45.7, 83.4, 86.3, 119.6,
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127, 1282, 1286, 129.1, 1306, 1329, 1343, '153.3: exact mass, m/z 370.0471

_ | (calcd for C20H1807_Sc m/z 370 0472) Anal. Caled for Cp_oH]gOzSc C, 65. % 1

4.91; 0, 8.66. Found: C, 65.31; H, 4.84; O, 8.82.

|grans—z-(Phcvniylsclcno)Cyclohcptyl]-3-\phcny1-2-propynoatc 164:

’ The gcncra] procedure was followed using phenylselenenyl bromicic (0.5847 g,

2.48 mmol), cycloheptene, aceion;tri]c (10 le and Ecsium 3-phényl-2-propynoate
K\O.7565 g, 272 mmol). After workup ‘am; :vaporation of the solvent, flash

‘chromatography of the residue over silica gel (3 x 20 cm) with 96:4 chaﬁe-cthyl

acetate gave ester 164 (0.6630 g, 67.3%) as a yellow oil: IR (ﬁlm) 2930, 1705, 1285,

1195, 1175.cml; TH NMR (CDCl3, 206 MHz) & 1.40-2.00 (bm, 9H), 2.12-2.32 (m,

1H), 3.52 (m, IHAS (m, 1H), 7.24-7.52 (m, 6H), 7.54-7.72 (m, 4H); 13C NMR

(CDCl3, 50.32 MHz) § 21.9, 26.4, 28.1, 31.4, 31.8, 48.2, 80.0, 86.0, 119.7, 127.7,

128.4, 1289, 1304, 1329, 135.0, 153.1, (1 p\g@(bscm from SeCgHs); exact mass,

3

m/z 398.0788 (caled for Cp2H722072Se, m/z 398.0785). Anal. Calcd for

Cp_gszOzSe: C, 66.50; H, 5.58; O, 8.05. Found: C, 66.60; H, 5.51; O, 8.03.

General Procedure for Radical Cyclization:

A flask containing the substrate and a Teflon-coated magnetic stirring bar was

equipped with a reflux condenser fitted -with a rubber septum. The apparatus was
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pufgcd with argon and anhyd;ous benzene w;'a's then added by syringe. The mixture
was thcn refluxed in an oil bath. Benzene solutions of the tin hyd;ide= and
azoisobutyronitrile (AIBN, Iéasunanj were added ovcr.a number of hours using a
double syringe pump. Iicﬂuxing was continued for a further specified period. The
solvemt was evaporated and flash .c}fr;)'matography of the residue bvcr silica gel yielded
the purc‘product as dc;Cﬁb;cb%n individual experiments. For a discussion of this

*

technique see the footpote on page 58.

I
gy
YR
’%‘w:f’
“r Ll

(E)-(3 aa,6aa)-ch‘ahydro-i3-‘(phcny1mcthylcnc)-ZH_-cyclopcnta[b]furan,-

2-one 166: °

The gencrm procedure was followed using 163 (0_.‘2078 g, 0.563 mmol) in
benzene (20 mL), triphenylstannzue (0.20 mL, 0.784 mmol) in benzene (10 mL),
AIBN (0.0150 g, 0.091 fnmol) in benzene (10 rﬁL) and an addition period of ca. 8 h.

After a further 8 h the benzene was evaporated apd flash chromatography of the residue

. . \ \_ ' ' .
over silica gel (2 x 15 cm) with 88:12 hexane-ethy! acelate’ yielded lactone 166 (0.0890

g, 73.8%) asa cc?lorIess oil: IR (film) 2961, 1752, 1187 cm 1, lH NMR (CDClg; 200
MHz) & 1.50-2.20 (bm, 6H), 3.85 (m, 1H), 5.05 (m,llH), 7.3‘5-7.65 (m 6H); 13C
NMR (CDCl3, 100.6 MHz) & 20.7, 32.0, 33.3, 422, 82;.5. 129.4, 130.4, 131.0,
134.9, 137.1, 173.8 (resonance for ol;:ﬁnic carbon abscm)i,é.’xacl:t mass, m/z 214.0994

(caled for Cy4H1407, m/z 214.0994). Anal. Caled for C14H1402: C, 78.48; H,

3 -
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6.59. Found: C, 78.57; H, 6.64.

* (E) Stereochemistry tentatively assigned. N

’ .

'T(E)-gl(3aa,7aa)-chahydro-3-(phcnylmcthylcnc)-2}_I¢$bcnzofuran-2-onc
(I_E_)-(3'9a.7aﬂ)-chahydro-3-(phcny]mcthylcnc)-'ZH_-bcn zofuran-2-one

167: *

e
Ve by

“"The general procedure was followed using 159 (0.1482 g, 0.387 mmol) in
" benzene (20 mL), triphenylstannane (0.14 mL, 0.549 mmol) i;'l benzene (10 mL),
‘AIBN (0.0140 g, 0.085 mmol) in benzene (10 mL) and an addition pcriod of ca. 8 h.
After a further 8 h the benzene was evaporated and flash chromatography of the residue
over silica gei (2 x 20vcm) with 9:1 hcxan'c-cthyl acetate yielded lactone 167 (0.0640 g,
72.4%) as a TLC pure colorless oil: IR {film) 2952, 1769, 1‘192, 1176 cm1; lH NMR
(CDCl3, 200 MHz) b(data for two isomers) § 1.2-1.8 (bm, 6H), 2.0-2.4 (m, 2H), 3.35
(m, 1H), 4.50 (m, 1H), 7.3-7.8 (m, 6H), with minor peaks at 2.70 (m) and 3.75 (m)
(cofr;.;pondi;mg to the trans isomer); 13C NMR (CDCl3, 50.32 MHz) 8 19.0, 22.8,
25.8, 26.8, 38.3, 75.5, 127.5, 128.0, 128.8, 132.5, 134.‘1, 134.4, 171.5; e;(act mass
(isomer mi&ure\()},_rp/z 228.1149 (calf:d for CisH1607, m/z 228.1150). Anal. ( Caled

for C15H1602: C, 78.92; H, 7.06. Found (isomer mixture): C, 78.99; H, 6.96. l

* (E) Stereochemistry tentatively assigned.
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. ¢
(E)-(3aa,8aa)-octahydro-3-(phenylmethylenc)-2H-cyclohepta[t]furan-2-
one, (E_)—(3aAB.8aB)-octahydro-B-(phcnylmcthylcnc)—zﬂ-
cyclohepta[blfuran-2-one 168 : *

I
£y

The general procedurc was followed using 164 (0.1600 g, 0.403 mmol) in
benzene (20 mL), tnphcnylstannanc 0.14 rnL 0.549 mmol) in benzene (10 mL),
AIBN (0.0150 g, 0.091 mmol) in- bénze;c (10 mL) and an addmon pcnod of ¢ca. 8 h.
After a further 8 h the benzene was evaporated and flash chromatography of the residue
over silica gcl (2 x 20 cm) wuh 89 11 hcxanc ethyl acetate yielded lactones 168
(0.0678 g, 69. 4%) asa TLC pure colorlcss oil: IR (film) 2920, 1746, 1189, 1177 cm”
1 lH NMR ’C)Cl3, 200 MHz) (data for both isomers) 6 1.10-1 90/%m 17H), 1,35

(m, 3H), 3.30 (m, 1H), 3.60 (;, THY, 4.20 (m, 1H), 470 (m, 1H), 73775 (m,

. o | s
12H); 13C NMR (CDCl3, 5032 MHz) (data for both isomers) 8 22.8, 249, 25.3,
26.9, 27.4, 27.6, 29.2, 307, 31.4, 32.9, 43.9, 44.6, 810, 83.3, 128.5, 129.0,

129.2, 129.6,129.7, 130.1, 131.3, 1315, 134.3, 134.4, 136.3, 137.4, 171.0, (only-

~ » 1 C=0 resonance obsérved); exact mass (isomer mixture), m/z 242.1303 (calcd for

C16H1802, m/z 242.1307). Anal. Calcd Tor Ci6H1807: C; 79.31; H, 7.49. Found

(isomer mixture): C, 79.06; H, 7.32.

* (E) Stereochemistry tentatively assigned.

——
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~
(B)-(1-chlorocyclohexyljmeihyl 2-butenoate 175b: o ‘
a . , _ . J;é;j‘u;
Sodlum borohydnde (0.400 g, 10.6 mmol) was added at room tcmperature toa L{ ‘

;X

stirred sdtution of 1’76b (1 044 g, "85% pure by GLC, 6.05 mmol) in absolute ethanol '

ether (3 X 25 mL). The combined organic extracts were dfied (M gSO4) and ¢y

to yield the crudc alcohol 177b (. 9356g) The crude matenal contamed ;<o aldehyde
‘[IH NMR (80 MHz)]. 4- E_,_I\_’-Dxmethylarmnopyndme (0.080 g, O 7 mmol) was added
toa surrcd solution of the crude alcohol and trans 2 butenoie anhydride (l 1mL, 7.0
mmo]) in pyridine (10 mL) at room temperature. The sold‘non wds stirred for 3 h and
then poured in“tQ a mixture of concentrated hydrdc‘hloric acid l(lO"g) and ice (15‘0 g).’
The solhtion' was extracted with diethyl ether (3 x 50 mL) and the’lcombincd organ\jrc
egtr,actd were washed with saturdlcd sodium bicarbondtc (25 I?L) and bx‘ine'(25 m{%
dried MgSO4) and c'vaporatcd.‘ Flash chromatograph.y.of‘thc"residue-over silica gel (4 ”
x 13.cm) with 96:4 hexane-ethyl acetate yicldcd ester 175b (0.681 g, 51 .9%5 asa clcax)
colorless liquid: IR (film) 2930, 1710,,1175 cml; 1H NMR (CDCI3, 400 MHz) o
'l 18-1.30 (m 1H), 158 L 86(bm 7H) 1.90-1.98 (m,-5H including dd at 19OJ— "
7,2 Hz),'4.24 (s, 2H), 592 (dq, J = 15.5, 2 Hz, 1H), 7.04 (dq, 1=15.5,7 Hz, 1H);
13c NMR (CDC13, 50.32 MHz) 8 17.9, 21.5, 25.2, 362 715,717, 1222, 1452,

165 8; exact mass, m/z 181.1224 [calcd for(M -Chy*+ C11H1702, m/z 181. 1228] Anal.
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Cald for Cy1H17Cl0x: C, 60.97; H, 791; Cl, 1636 Found, C, 60.29; H, 7.78; al,_

17.44.

~ (E)-(1-Nitrocyclohexyl)methyl 2-butenoate 175c: -

4-_1\1,N_-Dimethylamir}opyridine (0.040 g, 0.33 mmol) was added to a séirrcd‘
solution of 177¢ ('0.5896_g, 13.70 mmol) and trans-2-butenoic ahhydridc (0.60 mi,,
4.01 mmol) in pyﬁdinc (5 mL) at room temperature. The‘so_lution was stirred fo; a
further 2 h and then poured into a hixtme of conccqtralcd hyﬂrochloric acid (5.5 g) ah’d
“ice (150 g). The solution wésAéxtracted with diethyl ether (2 x“50’mL) and the
combined ofganic extra-ct's were washed with brinc (25 mL)' and drie:i (MgSO:i).
Evaporation of Iﬁc solvent and Ku gcmhr dxstlllatlon of the residue (bp 130°C, 3 mm)-
yielded the ester 175c (0.6385 g, 7;5.9%) as a c.oar liquid: IR (film). 2940, 1720,‘

1540, 1170 ern; 'H NMR (CDCl3, 400 MHz) 8 1.36-1.68 (bm, 6H), 1.70-1.82 (m,

J

2H), 1.90 (dd, J = 7.0, 1.5 Hz, 3H), 2.34-2.44 (m, 2H), 4.44 (s, 2H), 5.82 (dq, J =

15.5, 1.5 Hz, 1H), 6.98 (dq,]- 15.5, 7.0 Hz, 1H); 13C NMR (CDCI3,.50.32 MHz,

. ORD) (mulnpllcxty) 5 18.0 (g), 21.9 (m), 22.3 (m), 247 (®), 31.3 (1), 89.7 s), 121.6

L (d), 146.2 (d), 165.3 (s); exact mass, m/z 181.1226 (calcd for Cy1H 1702, m/z

181.1228, (M-NO2)*). Anal. Cald for C11H17NOg: C,’58.14; H, 7.54; N, 6.16

Found, C, 57.98; H, 7.52; N, 6.01.

¢
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[1-(Phenylseleno)cyclohexyllmethyl 3-butenoate 187: //4’

ot

m-i-ﬁutenoyl chloride (0.35 mL, 3.7 mmol) was added to a stirred solution
of alcohol 172 (0.9176 g, 3.41 n‘lmol)f triethylamine (0.50 mL, 3.6 mmol) and N.N-
dimctﬁyl-éi—am}inOpyridim (0.030 g, 0.25\mmol) in di(‘;hlorgmcthanc (20 mL)‘..,Thc
~ solution was refluxed for 22 h and then allowed to cool to foom temperature. The
solution was washed with saturated sodium hydrogen carbonate (10 mL),L‘-dilutc
hydroch_léric acid (10 mL, 1M) and brine (i_O mL) dried (MgSOg4) and cvapbratcd.

\ ; i .
- Flash fhfo;qatography of the residue over silica gel (3 x 20 cm) with 96:4 hexane-ethyl
acetate yiélded 187 (0.8624 g, 75.0%) as a yellow oil: IR (film) 2950, 1735, 1165; em

1. I NMR (CDCl3, 200 MHz) § 1.16-1.96 (bm, 10 H), 3.10 (dt, T = 7, 1.4 Hz,

2H), 4.14.(s, 24D, 5. 16 (m, 1H), 5.22 (m, 1H), 5.96 ddt, J = 17.5, 10, 7 Hz, 1H),

7.24- 7 44 (m, 3H} 7 50- 7°58 (m 2H); 13C NMR (CDC13, 50.3 MHz) 4 22.3, 25.7,

R ,
33 e, 39 1 51 8 713 1.18}5 1;25 126.4, 1288 130.3, 138.4, 1712 exact
3 W

mass, m/z 338 0778 (calcd for C17H220286, m/z 338.0785). Anal Calcd for

C17Hp2055e: C, 60.53; H, 6.57: 0, 9.49. Found: C, 60.73; H, 6.52; 0 9.29.

' ~Prcpar§tion of bis(Phcnylsc_lc'rizé)f.cyc‘.:ldal'kan'cs:'
1',1-bis‘(Phcnylsclcno)cyclopéhténc_ 188

- Cyclopentanone (2.10 mL,-24.0 mmol) iya.s, addcd' dropwise over ca. 20 min o



a stirred solution of benzeneselenol (7.46 g, 47.5 mmol) and mhy&bus zinc chlonde

(1.69 g, 12.4 mm#!) in carbon tctfaéhloridé (100 mL) at room temperature. After being

stirred for 3.5 h the reaction mi%ture was added to 5% aqueous hydrochloric acid (50

o

mL). The organic layer was scp‘arat‘c“d, washed with saturated sodium hydrogen .

4

&

carbonate (50 mi) and water (20 m[L), dried ‘V(’Mg‘SOg)' and cvappratcd. ‘The residue >, -

was dissolvgd in a solution of benzene (10‘mL,l) and methénol (10 mL) and thcn sodium

borohydride was added unti: ihe yellow coley. was discharged. The solf:tion was *

jmm;diamly”panitioncd be:w=en n—pcntané‘ (200",‘mL) and 5% a;quco;is sodium

a

hydrogen carbonate (60 mL. "he organic layer was scparated,iin"cd' (M‘gSO4) and

L]

evaporated. The residue w 1 dissolved in the minimum amount of hot hexane and

cooled to 0°C. The precipitate was rem'o.vcd by ﬁltratioh, washcd with cold (0°C) n |

pcntanc and dried under high vacuum (O 1 mm) for 5 h to yxeld 188 (4 97 g, 54. 5%)

as vxhnc platelets: mp 75°C (1ir173, mp 73 75°C) IR (hcxanc cast) 2950, 1474; 743

" 691 crl; exact mass, m/z 382, 9781 (calcd for c,7H185c2, m/z382 9817). e f

b

- . S 4
RSN

1,l-..bi?(Phcnylsclcno)cyp’lohcptapc.17)0::1 : o , ‘

<
f,
¥ ! -

The proccdurc employed fOr 188 was followed usmg cyclohcpxanonc (2.80

" mL, 23.7 mmol), bcnzcncsc]enol (7 53 g 48 @) mmol) and zmc ci'llo\ndc (1. 634g, 12 0

4

mmol) in carbon tetrachloride (75 mL) Workup and punﬁcatlon yxcldcd 190 (4.68

I3

g 48. 4%) as a white solid: mp 67- 67 5°C: IR (hcxanc cast) 2920 1430 690 cm‘l 1H‘

-
]
.



"NMR ’(CDC13, 200 MHz) & 1.5 (bs, 8H), 2.14 (m, 4H), 7.24-7.46 (m, 6H), 7.66--
.7.7% (m, 4H); exact mass, m/z 410.0049 (calcd for CjgHp7Se, m/z 410.0052).
Anal. Calcd for C19H22§§’2: C, 55.89; H, 5.43. Found: C, 55.62; H, 5.46.

P .

w

1,1-bis(Phenylselefio)cyclohcxane 189:

Concentrated sulphuric acid (3.75 mL, 70.4 mmol) was added dropwise to a

v ' _
stirred solution f cyclohexanione (5.00 mL, 48.2 mmol) and bezeneselenol (@5.79 g,
101 mmol) m Acarboh tetrachloride (50 mL) at -5°C. Argon was bubbled through this

solution throughout théckpcn’mcnt. After 15 min at -5°C the coeling bath was

rY
4

>
removed a_ndéﬁirrf'ﬁg was continued for a further 30 min. The reaction mixture was

. - v . ) s .
. then poured cautiously into a solution of potassium carbonate (8.0 g, 58 mmol) in
: % - .

4

water (150 mL). The resulting mixture was diluted with die{hyl ether (250 mL),

}washcd witﬁvﬁatu?atc@ sodiurh hydrogen carbonate (2 x 50 mL), dried (MgSOy) and'.

A

Evaporatcd. The residue was dissolved in a solution of benzene (20 mL) and methanol

F—— g

(20 mL)! and s&f’ium giarohydridc was added until the yellow color was discharged.
The ;olution 'wz{s"t'}fEn immediately partitioned between hexane (200 mL) and 5%
'sddium‘.E;fdrogcn:gﬁfbonatc (100 mL) and the organic layer was dried (MgSQy), and
| c;lapératcgj;The residue was washed with cold hexane and dried overnight under in
‘%acuo 0.1 rhm)v to yield 189 (11.9 g, 62.6%) as a white solid: mp 80-82°C; IR

(hexane casl)‘2'9"20, 743, 695 cm-1; 1H NMR (CDCl3, 200 MHz) $ 1.20-1.36 (m,

{
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2H), 1.52-1.70 (m, 4H), 1.80-1.90 (m, 4H), 7.24-7.42}(;1, :6135), 7.66-7.78 (m: 4H);,
exact muss, m/z 239.0337 [calcd for C1pH 5S¢ (M-ScC6H5)+,~' m/z 239.0339]. Anal.

A

Caled for_Clng_()Scz: C, 54.83; H, 5.11.. Found: C, 54.92:H;35.13.

8

1,1-bis(Phenylseleno)cyclooctane 193:

. The procedure emgloyed for 189 was followed using concentrated sulphuric
- acid (3.5mL, 65.7 mmol), c&clooctanone (6.23 g, 49.4 mmol) and benzeneselenol
(15.67 g, 99.8 mmol) in barbon tetrachloride (50 mL). After workup and removal df

the diphenyldiselenide thc.\re:sidue was washed with cold hexane to yield 193 (7.98 g

38.3%) as white platelets: mp 33-84°C; TH NMR (CDCl3, 200 MHz) § 1.4-1.76 (bm, -

i

10H), 1.95-2.05{m, 4H), 7.16-7.40 (m, 6H), 7.60-7.76 (m, 4H); exact mass, m/z

267.0643 [calcd for Cy4H19Se (m-SeCg¢Hs), m/z 267.0652]. Anal. Calcd for

CooH24Se2: C, 56.88; H, 5.73. Found: C, 56.75; H, 5.66.
’ : ‘ ’J. o
. 8 o

1,1 -bis(Phcnylscl;no)-4-1_g[§7butyl-cyclohcxa$ 184:

& Co&cmratcd sulphuric‘acid (1.7 mL, 31.9 mmol) was added dropwise 10 a
& . , .
stirred solution of é-mzbutylcyclohc_xanonc (2.742 g, 17.8 mmol) and benzeneselenol

(3.6 mL, 34 mmol)- in carbon tetrachloride (30 mL) at 0°C. Argon was bubbled

through the solution throughdut the experiment. After 45 min the cooling bath was

removed and stirﬁng was continued for a further 30 min. Sodium carbonate (6.8 g, 64
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mmol) was cautiously added to the reaction mixture followed by water (10 mL). The
organic layer was separated and the aqueous layer w_ais extracted with dichloromcﬂ]aﬁc

(20 mL). The organic layers were combined, washed with saturated sodium hydrogen

carbonate (15 mL), dried (NapSOy4) and evaporated. The residue was dissolved in a

solution of benzene (10 mL) and methanol (10 mL) and sodium borohydnde was added

A

‘until the yellow color was discharged. The solut_ioh was then immediately pa%i:t%ncd ¥
between p-pentane (200 mL) and 5% sodium hydrogen carbonate (100 mL) and the

organic layer was dried (NajSO@) and 6§faporated. ‘Flash chromatography of, the

residue over silica gel "(5 x 15 cm) with hexane (1.5 L) and 98:2 hexane-ethyl acetate

o

yielded 184 (4.9761 g, 62. 1%y, 25 2 white sohd mp 8‘%9”] °C et 73, mp@? 91°C) 4
ER

NMR (CDCl3, 200 MHZ) 5 0§g (bsﬂ 11H), 1 36 lw&8 (bm 6H) ’2 90@5416 gm lH)
7.24-7.26 (m, 6H) 7.60-7.68 (m, 2H), 7. 80-7. 88 (m, 2H) ‘exact mass, m/z@% 0951

[calcd for CygHp3Se (M-ScC6H5)+, m/z 295.0965].

b
O

£S5

R . : g
General procedure for the preparation of 1-(pﬂcnylsc15no) o T % )

cycloaikycarba]dchydcs: y ‘ ‘

n-Butyllithium (1.05 cqui_y.) was added dropwise over 5-10 min to a stirred

«‘.‘ ) -
solution of the bis(phenylselcnb)acctal in THF at’-78°C. After 5 min N ,N-
dimcthylfor_mamidc (DMF) (1.3-1.5 equiv.) was addéd rapidly and the mixture was

stirred for 5 min and then quenched at -78°C with éﬁcr saturated aqueous ammonijum



N

A

.
¢

chloride or brine. The organic layer was separated and the aqueous layer was extracted .

with diethyl ether. The organic layers were combined, dried (MgS04) and evaporated

The product was purified as déscn’bed for individual experiments.

1-(Phenylseleno)cyclohexanecarbaldehyde 171: 90

4

The general proccd‘ufc was followed using 189 (5.254 g, 13.3 mmol) in THF
© (150 mL), _rljbutyllithium (9.2 mL, 1.55 M in hexanes, 14.2 mmol), and DMF (1.60
mL, 20.7 mmol). After workup flash chromatography of the residue over silica gel (5

x 20 cm) with 99:1 and then 98:2 hexane-ethyl acetate yielded aldehyde 171 (3.187 g,

89.7%) as a yellow oil: IR (film) 2932, 1705, 742 cm; TH NMR (CDCl3, 200 MHz)
§ 1.24-2.00 (bm, 10H), 7.22-7.54 (m, SH), 9°48 (s, 1H); 13C NMR (CDCl3, 50.32

" MHz) § 24.0, 25.5, 30.8, 59.7, 125.1, 129.0, 129.4, 137.8, 192.6; exact mass, m/z

268.0361 (calcd for C13H]0Se, m/z 268.0366).

1-(Pgé’nylsclcno)cyclopcntanccarbaldéhydc 181:

The general proceduré was followed using 188 (4.965 g, 13.1 mmol), n-
butyllithium (9.2 mL, 1.5 M in hexanes, 13.8 mmol), and DMF (1.50 mL, 19.4 mmol)
in THF (100 mL). After workup flash chromatography of the residue over silica gel (5

x 20 cm) with 99:1 and then 96:4 hexane-ethyl acetate yielded the aldehyde 181 (2.794

148

e

g, 84.2%) as a yéllow oil: IR (film) 2960, 1700, 74'0 cm-}; 1H NMR (CDCl3, 200

a

- .
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MHz) § 1.52-2. 20 (bm, 8H) 7 22-7.58 (m, 5H), 9.34 (s, 1H); 13C NMR (CDC13,

100.6 MHz) 6 24.7, 32.3, 63.0, 127.1, 1291, 136.8, 193.4, (1 peak abscm from

SeCgHs); exact mass, m/z 254.0212 (caled for C1pH140Se, m/z 254.0210). Anal.

 Calcd for CIZH.14OSC~Z C, 56.92; H, 5.41; O, 6.32. *Found: C, 57.02; H, 5.58; O,
: \ o

6.49." T

2-(Cycloheptylseleno)benzaldehyde 192 and 1'-(ph'cnylsclcno) t

“cycloheptanecarbaldehyde 191:

The general procedure was followed using 190 (4.6750 g, 11.45 mmol), n-
N _

butyllithium (8.0mL, 1.45 M in hexanes, 11.6 mmol), and DMF (2.70 mL, 34.9

mmol) in THF (125 mL). After workup flash chromatography of the residue over

&

silica gel (5§m x 20 _crﬁ) with 97:3 hexané—cthyj acetate yielded 192 and 191 [2.389 g,
v » . ’? \ .
49:51 (1H NMR 200 MHz), 74.2%'(combincd yield)] as a yellow oil. ’Iﬁ})\rcvious

N

cxp'rxment 192 and 191 were St:paratcd by *nfugal chromatography

cae B
192 had IR (film) 2925, 1693, 742 cm-! HWR (CDCI3 200 MHz)S].
. o & g N “."”;
(bm, IOH) 2.02-2.22 (m, 2H) 3.40- 356 (m lH) 752754 (m, 2H), 7.58-7.66.- ¢ »‘

T (Chru’natotron 2mm plate? Merck sﬂxca gcl 60 PF254) wi&@? 1 hcxaﬁ:a el '

1

(m, 1H), 7.84-7.90 (m, 1H), 10.40 (s, 1H); 13C NMR (CDCl3, 50.32 MHz}-3 26.8,

Lot A
AN

28.1, 35.1, 44.2, 126.7,.131.9, 133.7, 133.8, 193.3; exact mass, 77 282.0528

(caled for C14H]gOSe, m/z 282.0523). 191 had: IR (film) 2925, 1707, 741 em-l;

~
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lH NMR (CDCl3, 200 MHz) § 1.26-2.12 (bm, 12H), 7.24-7.52 (m, SH), 9.22 (s,

1H); 13C NMR (CDCl3, 50.32 MHz) § 23.8, 24.5, 32.6, 63.3, 129.1, 129.5, 137.9, .

%

193.2, (1 peak absent from SeCgHs); exact mass, m/z ‘282.0522_'(ca1c'd for

C4H]gOSe, dvz 282.9523).

()

4-tert-Butyl-1 -(phcnylsclcno)cyﬂéhcxanccarbaldchydc 183: 97

The géncral procedure was followed using 184 (4.911 g, 10.9 mmol) in THF
(75 mL), n—butyllithiu;ﬁ (8.6 mL, 1.3 Min hexanes, 11.4 mmol), and DMF (1.05 mL,

13.6 mmol). After workup flash chromatography of the rcgiduc over silica gel (5 x 20

cm) with 99:1 then 96:4 hexane-ethyl acetate yielded aldehyde 183 (2.850 g, 80.9%)

as a yellow oil: IR (Nujol) 2920, 1705, 740 em L lH NMR (CDCl3, 400 MHz) 8

»

0.72-0.98 (m, 11H, including s at 0.77, 9H), 1.02-1.10 (m, 1H), 1.70-1.80 (m, 4P.I),
:2.08-2.11.(m, 2H), ,7.24-7.36 (m, 2H), 7.34-7.20 (m, 1H), 7.44’-7f50 (m, ZfD. 9.14
(s, 18; 13C NMR (CDCl3, 100.6 MHz) 8 26.1,27.4, 321, 32.3, 47.4, 58.6, 12511,
128.9‘,> 129.4, 137.8, 192.6; exact mass, m/z 324.0990 (calcd for C17H240Se, m/z

v

©324.0992).

&,

i

Gcncrall Procedure for thchrcparation of B-Hydroxy Phenylselenides.

Borathe-dimethyl sulfide complex {3 equiv., 2 M in toluene, (Aldrich)] was

added dropwise at room temperature over 30 to 50 min to a stirred solution of the

“ 3 : «
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aJdehydc in dichloromethane. After g;_a. 2 h (followed by TLC in each individual‘case) |
the reaction was qucnchcd by pounng thc solution mto a mixture of saturated
ammonium chlondc and water (2:1). When the ;:)lunon of hydrogen had sub51dcd
the organic layer was separated and the aqueous layer was extracted with diethyl ether.

The organic extracts were combined, dried (MgSO4) and evaporated. The crude

e P4 . ‘
alcohol was purified turther as described for individual experiments.
"[l—(Phc%lsclcpo)cyclohc’xyl]mcthanol 172:

"The general procedure was followed using aldehyde 171 (2.8694 g, 10.74
mmol) and borahc-dimclh yl sulfide complex (16.0 mL, 2 M in toluene, 32.0 mmol) in

dichloromethane (100 mL"). After workup, flash chroxhatography of the residue over -
1 .
! :

sillica‘ gel (5 x 20 cm) with 90:10 hexane-ethyl acetate nggjcd alcohol 173 (2.1851g, _-

75.6%) as a yellow oil: IR (film) 3440, 2930, 1020, 745 cm™; H NMR«CDCl3, 400
" .

MHz) 6 1.26-1.86 (bm, 10 H), 2.5 (1, ) = 6.5 Hz, 1H), 3.28 (d, J = 6.5 Hz, 2H),

7.26-7.42 (m, 3H), 7.56-7.62 (m, 2H); 13C NMR (CDCl3, 100.6 MHz) §22.5,

26.2, 33.3, 58.9, 68.2, 125.8, 128.9, 129.0, 138.1; exact mass, m/z 270.0518 (calcd *

N\

for Cy3H180Se, m/z 270.05.23). Anal. Calcd for C13Hg0Se: C, 57.99; H; 6.74; O,

5.94. Found: C, 58.21; H, 6.72; O, 6.00.
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" [1-(Phenylseleno)cyclopentyljmethanol 198:

* The general proced urc\wa,s followed using aldehyde 181 (1.7685 g, 6.984

'm:r'nol) and bora'nc-dimct’hyl sulﬁde complex (10.5 mL 2M in tohiénc 21 rnrriol) in

. qdlchloromcthane (100 mL). After workup, flash chromatography of the rcs1duc over

e sxhca gel (5 x 20 cm) wnh 90: 10 (l SL) and then 87 5:12.5 (2.0 L) hexane- cthyl

‘

lacctate yxclded alcohol 198 (1 5693 g, 88.0%) as a yellow 011 IR (film) 3420 2950,

| 102.0, 740 cm-1; ]H NMR (CDCl3, 200 MHz) 5 1.54-1.98 (bm, 8H); 1.52 (1, ] = 6.5

sz m) 334 C8 J—65 Hz, 2H) 7.27-7.46 (m, 3H), 7.58-7.68 (m 2H); 13¢ -~

NMR (CDC13 50.32 MHz)8245 63.0, 62.9, 61.6, 127.5, 128.7, 128.9, 137.4;

(gr)

cxact mass, m/z 256.0364 (caled for C12H¢0Se, myz 256. 0366) Anal. Calcd for

- :C12H16QSC: C, 56.48; H, 6.32; 0, 6.27. Fgund: C. 56.59; H, 6.33; 0, 6.12.

!

- (Phcnylsclcnjo)cycilohcptxl]mcthanol 200 and o-(cycloheptylseleno)
Y
‘bcgzyl alcgho‘l 201:

h . @ .
Thc gencral proccdure was followed usmg aldchydc 191 [1.207 g, as a mixture

with 192 ﬂ% 191 (!H NMR 200 MHz), 4.29 mmol] and borane- d1mcthy1 sulfide
comple, ~ nL, 2 M in toluene, 13.0 mmol) in dxchloromcthanc (75 mL). After
workup centrifugal chromatographn(Chromatotroh, 4 mm plate, Mekck silica gel 60

PF254) with 96:4 hexane-ethyl acetate yielded alcohol 200 (0.3579 g, 29.5%) and

201 (0.4054 g, 33.4%) as ycilow oils: 200 had IR (film) 3360, 2926, 1028, 751 cm"

&
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1, 1H NMK (CDCI3, 200 MHz) 5 1.38-1.82 (bm, 12H), 1.54 (1, ] = 6.5 Hz, 1H),
3.16 (d, J = 6.5 Hz, 2H), 7.26.7.44 (m, 3H), 7.52-7.64 (m, 2H); 130OMR (CDCl3,
50.3 MHz) § 23.4, 30.5, 35.6, 66.9, 76.1, 119.1, 129.0, 138.1, (1 peak absent from
S¢CeHs): exact mass, m/z 284.0687 (calcd for C4HgOSe, m/z 284.0679). Anal
Calcd for C14Hp0OSe: C, 59.36; H, 7.12; O, 5.65. Found: C, 59-533,H¥ 7.06; O, .

532, 201 had: 'H NMR (LDCl3, 200 MHz) § 1.2-1.8 (bm, 10H), 1.96-2.14 (bm,

. 2H), 2.42 (t,J = 6.5 Hz, 1H), 3.46 (hep, ] = 4 Hz, 1H), 4.76 (d, ] = 6.5 Hz, 2H),

7.16-7.34 (bm, 2H), 7.40 (m, 1H), 7.58 (m, 1F); " 3C NMR (CDCl3, 100.6 MHz) §
26.7, 28.1, 35.6, 45.7, 65.7, 127.9, 128.2, 128.5, 130.1, 135.6, 143.3; exact mass,

m/z 284.0676 (calcd for C14H>¢ OSe, m/z 284.0679). Anal. Caled for Cy4Hp0OSe:

C, 59.36; H, 7.12; O, 5.65. Found: C, 59.19; H, 7.13; O, 5.37.

[4-tert-Butyl-1-(phenylseleno)cyclohexyl]methanol 20.6:

- The general procedure was féllowc;i using aldehyde .183 (1.3695 g, 4.;_4
mmol) and borane-dimethyl sulfide corhplcx (}6.0AmL, 2 M in toluene, 12.0 n‘lmcol.‘) in
- dichloromethane (50 mL). ,Aftcr' workup flash chromatogrép% of the residue over
silica écl (5 x 20 cm) with 90:10 h;xanc;cthyl acetate yicldcd> alcohol 206 (1.0582 g,
76.7%) as a pale yellow solid: IR (film) 34§0, 2940, 1055, ;750 cm'.l; .1H NMR
(CDCl3, 200 MHz) § 0.84 (s, 9H), 1..00-1‘.'30 (bm, 3H), 1.50-2.06 (bm, 6H), 2.42

" (bs, 1H), 3.42 (bs, 2H), 7.26-7.46 (m, 3H), 7.56-7.66 (m, 2H); 13C NMR (CDClI3,



g

100.6 MHz) & 24.0, 27.5, 32.5, 34.,8, 47.6, 56.8, 62.6, 125.7, 128.8, 138.2, (1' peak

" absent‘from SeCgHs); exact mass, m/z 326.1158 (caled for C17H26OSc‘," m/z -

326.1149). " Anal. Caled for C17H760Se: C, 62.76; H, -~ , 0, 4.92. Foynd: C,

63.06; H, 8.13; 0O, 5.05.

‘J[1-(Phcnylsclcno)cyclooctanyl]garb‘aldchydc 194 and [1-

-»

(phcnylsclcnb)cyclooctyl]mcthanol 203.

\e . +

-The_g‘enéral procedure (see p. 147) was followed using 193 (1.5915 g, 3.78

mmol), n-butyllithium (2.6 mL, 1.55 M in hexanes, 4.0 mmol) znd DMF (0.9 mL, *

11.6 mr'ndl) in THF (75 mL) After workup ﬂash_’ chromatog: . shy of the residue over
~ silica gel (2 x 20 cm) with 97:3 hexane-ethyl acetate yielded 194 [0.5803 g, as a

- mixture with 195, 51.6% (combined yield)] as a yellow oil. The aldehydes were used

in the following experiment without further purification. f‘

L

The - general procedure was followed using aldehyde 194 (0.4845 g,“aé a
) », ' .

mixture with IQW?OI) and borzi_hc-dih]cxhyl sulfide coinplcx (1.6 mL, 2 Miin
toluene, 3.2 mmol) in dichlo}m{@c (25 mL). After workup flash chromatography
_E ”

of the residue over silica gel (5 x 20 cm) with 95:5 hexane-ethyl acetate followed by

centrifugal chromatography (Chromatotron,/ 2 mm plate, Merck silica gcl 60 PF254)

yielded 203 (0.2597 g, 53.2%) and 204 (0.1555 g, 31.9%) as yellow oils: 203 had

- IR (CH2Cl2 cast) 3656, 2920, 1052, 741 em-1; 1H NMR (CDCl3, 200 MHz) 5140-

Y



1.84 (bm, 14H) 2.56 (t, ] = 6Hz, lH) 3.22 (d, J = 6Hz, 2H), 724746(m 3H)

7.52-7.64 (m, 2H) 13(, NMR (CDC13, 50.3 MHz) & 234 25.4, 28.5, 304 63.5,
65.9, 126.5,‘128.9, 129.0, 138.1; exact mass, m/z 298.0840 (calcd for Cy5H208Se,.
m/z 298.0836). Anal. Calcd for C15H22086: G, 60.60; H, 7.46; O, 5.38. Found: C,

60.89: H,7.52; 0,5.15. -

&)

General Procedure for the preparation of Butenoates:

Q-Butyllithium‘ (1.5 equiv.) was added to a stirrcd solution of the B-

hydroxyselenide and 2,2"-dipyridyl (0.5 mg) in dry THF at -78°C, until the indicator

155

- turned red. Then a further portion was added édual to half of the volume already

injected. After 10 min Q@;._—Z-buter‘.o;ﬂ chleride (3 cqulv ) was added rapidly in one.
pbnion‘ The ;'éa'ction was quenched after 1 hat - 78°C wnh saturated avr,nmomum

chloride (2 mL). - The ice bath wis removed and the mixture was allowed to warm

rapidly tb room temperature. Brme (10 mL) was added, thc organic laycr was

scparated and the aqueous Iayer extracted thh dlethyl ether (25 mi) The combmed
m ©

organic extracts were dried (M gS04) a_n_d evaporqtc_d. The residue was purified further

as described for the individual experiments.

G_E)'-[l_-(Ph_cnyls‘clcno)cyclohcxyl]mcthyl 2-butenoate -173:

-

@ The general procedure was followed u'sin'g alcohol 172 (0.6’140-g, 2.28 mmdﬁ



" in THF(20 mL) n-butyllithium (2.3 mL, 1.5 M in hexanes, 3.45 mhlol) and Imns-Z-
butenoyl chloride (0.65 mL, 6.8 mmol). Aftcr workup f]ash chromatography of the

~ residue over silica gel (3 x 15 cm) with 96.5:3.5 hexane-ethyl acetate gave ester 173
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(0.576 g, 74.9%) as a yellow oil: IR (film) 2920, 1705, 1185 cm-1; IH NMR (CDCl3, ©

_200MHz)8114190(bm 13 H; 1nclud1ngddat1861 7.0, 2.0 Hz, 3H), 4.12 (s,

2H), 5.82 (dq,]—JSO 20 Hz, 1H), 6.96 (dq,J-lSO 7.0 Hz, 1H), 7.22-7.40

QD

(m, 3H),‘7.58-7.66 (m, 2H); 13C NMR (CDC13, 50.32 MHz) § 18.0, 22.5. 25.8,

332, 52.1, 708 1227 126.5, 128.8, 1288 138.4, 1447 1663 cxact mass, m/z

' 383 0786 (ca]cd for C17H7202$c m/z 338 0785) Anal Calcd for C17H22025c C,

6053, H, 6.57; 0, 9.49. Found: C, 60.46; H, 6.59; O, 9.75.

(Ij)-[l-(PhcnylsclcnO)cyc_lopentyl]inethyl 2-butenoate 199:

The general prociedure was followed using alcohol 198 (0.5352 g, 2.10 mmol)

in THF (20 mL), n- butylhthxum (l 8 mL, 1.6 M in hexanes, 2.88 mmo]) and trans- 2-
butenoyl chlondc (O 60 mL 6.3 mmol) After workup flash chromatography of the
| residue over r silica gel (3 x 20 cm) with 96:4 hcxanc ethyl acetate gavc cstcr 199

(0 5063 g, 73.7%) as a yellow oil: IR (film) 2950, 1715, 1170 cm-1; lH NMR

(CDC13, 200 MHz) 5 1. 66 2.02 (bm, 11H; including dd at 1 90,J =7.0, 1.5 Hz)
\K’ﬁs ,

422 (s, 2H), 5.86 (dg, J = 15.5, 1.5 Hz, 1H), 6.96 (dq,_J-: 155, 7.0 Hz, 1H), .

726744 (m, 3H), 7.627.70 (m, 2H); exact mass, m/z 324.0634 (calcd for

o
F
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C16H20023e . 324. 0628) Anal. Cach for CIGHwo;sC C, 5944 H, 624, 0,

9.90. Found: C, 59.63 H, 6.16; 0, 9.91. 5 é"*

i

. f 5@).‘;(1';-,‘(Phou§lsoléu'o)cyclohcptyl]méthyl 2-butenoate ', 202:

Thc general proccdurc was followcd using alcohol 200 (0.3579 g, 1.26 mmol)

’ m THF (10 mL) n- butylhthrum (1 2 mL 1.5 Min hexanes 1.8 mmol) and {rans-2-

Lse

butenoyl chlondc (0 36 mL.ﬁ? mmol). ‘After workup flash chromatography of\:nc
/d s

résrduc over srlrca -gel (3 R 20 cm) with 97:3 hexane -ethyl acetate gave ester 202
' "”f'(o 2869' g, 64‘8L%) as a ycllow oil: IR (film) 2880, 1722, 1176 cm-l; TH NMR

- (CDCL3, 200 MHz) § 1.46-1.82 (bm, 12H), 1.88 (dd, J = 65, 2 Hz, 3H), 4.08 (s

' Qr

| 21@ 5.84 (dq, 155 2Hz lH) 694 (dq, J = 15.5, 65 1H), 722742 (m

3H) 758 7.66.,(m, 2H): 13C NMR (CDCl3, 50. 32 MH2) 5 18.0,23.7, 30.4, 36.9,

" 544 715 122.8, 127.4, 128.8, 138.4, 144.8, 166.3, a peak absent from SeCeHs);
7 o & ) Y A

* cxaee mass, m/z 352.095T (caled forC18H24OZSc m/z 352.0941). Anal, Calcfffuw

- mg
"%

s C18H2402: C, 61.53; H, 6.89; O, 9,11. Found: C, 61.56; H, 6.91; 0, 9.22.

!
h

_(E)-[1-(Phenylseleno)cyclooctyllmethyl 2-butenoate 205:

The gcheral proccdurc was followed using alcohol 203 (0.2652 g, 0.892
) .
. mmol) in THF (10 mL), n-butylhthxum (0.90 mL 1 5 Min hcxane% 1.35 mmol) and

trans-2-butenoyl/chloride (0. 27 mL, 2.8 mmo]) After workup flash chromatography :

e
:



of the residue over silica gel (3cm x 20 cm) with 96 4 hexane: cLhyl acefate gave ester
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205 (0.2340 g, 71.8%) as a ycllow oil: IR (ﬁlm) 2921, 1722, 1177 cm’l 1H NMR |

- (CDCli3, 200 MHZ) 6 1.36-1.96 (bm, 17 H; mcludmg dd. at 1.90, 1 = 7.0, 1,5 Hz,

3H), 4.12 (s, 2H), 5.78 (dd, J = 15.5, 1.5 Hz, 1H), 6.98 (4, J = 15.5, 7 Hz, 1H),

| | e
7.22-7.44 (m, 3H), 7:56-7.68 (m, 2H); 13C NMR (CDCl3, 50.32 MHz) § 18.0,

237, 253, 28.5, 317, 557, 702, 122.8,.127.2, 1288, 138.5, 1447, 166.2, (1 -

- peak absent from SeC¢Hs); exact mass, m/z 366.1105 (calcd for C19H26(-),25c, ‘m/z |

366.1098). Anal. Calcd for CjgH2602Se: C, 62.46; H, 7,17; O, 8.762 Found: C,

62.42: H, 7.18: 0, 9.02.

- ' ¢

@-[4-@-butyl—1—(Phcnylsclcno)cyclohcxyl]mcthyl‘ 2:\-.butcnoatc‘ 206:

) - Potassium mﬁ butoxide.(O 070 g, 0.57 mmol)‘was addcd“v‘ovch rﬁin from a
side arm addmor{ funnel to a stirred solutlon of 185 (0. 1625 g 0. 50 mmol) in 3:2
THF: dlethyl ethcr (25 mL) at -30°C. After 20 mm frans-2- buteno%l ch]onde (045 mL,
1.6 mmol) was addcd in one portion. After al fufthcr 393’)1!1 saturated ammonium
chlori‘de (2 mL) w;is added. The cooling bath was removed and the mixturc was
allchZd \.‘va'rvm rapidly to room témperaturc. Brine (10 mL) was added and the organic
layer was separated. The Jaqucous Jayer was extracted with diethyl ether (20 mL) The

combined organic extracts were dried (MgSO4) and evaporated. Flash chromatography

of the residue over siliéé gel 2x _20 cm) with 99:1 hexane:ethyl acetate gave ester 206

s



(01388 g, 70.6%) as a yellow solid: IR (film) 2944, 1722, 1178 cm™; 'H NMR
(CDbl3. 2‘00 MHz) & 0.76-1.28 (bm, 12H; including s at 0.82, 9H), 1.40-2.10 (bm,
9H; including dd 1190, = 7.0, 1.5 Hz, 3H), 4.26 (s, 2H), 5.8 (0, J = 155, 1.5

Hz 1H), 700(dq,J—155 7.0 Hz, lH) 724742 (m, 3H), 7.58-7.68 (m, 2H)

13C NMR (CDCl3, 50.32 MHz) & 180 242 275 324 35.7, 47.1, 49.5, 660

122.7, 126.6, 128.7, 138.6, 143.0, 166.3, (1 peak absent from SeCgHs); exatt mass,

miz 394.1415 (caled for Cp1H3002Se, m/z 394.1411). Anal. Caled for

© CyyH300Se: C, 64.11; H, 7.69; O, 8.13. Found: C, 64.15; H, 7.71; 0, 817,

Cyclization .__'of‘E,stcrs .

'4-Ethyl—2-oxaspiro[5.4]decan-3-onc 174:

159

The general procedurc for radical cyclization (p.137) was followed uéing ester .

173 (0.1922 g, 0.570 mmol) in benzene (40 mL), triphenylstarinane (0.22 mL, 0.86
mmol) in benzene (10 mL) and AIBN (0.015 g, 0.09 mmol) in benzene (10 mL) with
an addition pcﬁod of 8 h. After a further 7 h the solvent was evaporatcd and flash

. chromatography of the residue over sxhca gcl (2 X 20 cm) with 96:4 hexane-ethyl

acetate yielded lactone 174 (. 0727 g, 70. 0%’7:‘;_' ¢olggless oil: IR (film) 2936, 1776,
1016 cm1; ]H NMR (CDCl3, 400 MHszl m(t,ﬁ 7.5 Hz, 3H), 1.20-1.70 (bm,

12H), 2.08 dd, J= 9, 5.5 Hz, lH), 3.86 and 4.24 (dd, AB, JoB = 8.75 Hz, 2H);

13C NMR (CDCl3, 50.32 MHz) 8 12.6, 182, 22.2, 22.8, 25.5, 28.2, 35.5, 43.2,
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515, 74.3, 179.1; exact mass, m/z 182.1306 (calcd for C11H1g02, m/z 182.1307).

Anal. Calcd for C11H1g02: C, 72.49; H, 9.95. Found: C, 71.88; H, 9.89.

-

4-Ethy1-2-oxaspiro[\4'.4]nonz{n-3—ox.1c 207:

s <7

The general procedure for radical cyclization (p.136) was followcd using ester

199 .(0;179(.) g, 0.674 mmol) in benzene (40 mL), triphénylstannanc (0.26 mL, 1.02

'mmo}) in benzene (10 mL) and AIBN (0.617 g, 0:10 mmot) @n benzene (10 mL) with
an addition period of 8 h. After a further 5 h the solvent W_as e\;aporatcd and flash
.chromatography of ihe residue over silica gel 2x20 cr;m) with 96:41,'and 95:5 hexane-
ethyl aceu:te yieldcd lactone 207 (0.0824 g, 72.7%) as a‘colorless oil: IR (film) 296{,
1775, 1020 em- 1 1y NMR (CDCl3, 200 Mﬁz) §1.10 (t, J.‘v= 1.5 };z 3H), 1.42-1.80

(bm IOi{), 2.28 (dd, I= 8; 6 Hz‘:;,}'ll'H), 3.84-4.06 (dd, AB, JAB = 8.75 Hz, 2H);
13c NMR (CDCl3, 50.32 MHz) § 12.3, 19.3, 23.8,'24.1, 30.3, 35.7, 48.9, 50.9,
77.2, 178.9; cxaét mass, m/z 168.1 154 (caled for C1gH 1602, m/z 168.1150). Anal.
Calcd for C1gH1602: C,‘71.39‘; H, 9.59. Found: C, 71.45; H, 9.44. |

[ Y} |

4-Ethyl-2-oxaspiro[6.4]undec-3-one 208:

The gcneral procedure lor radical cyclization (p.137) was followed using ester

202 (0 1916 g, 0. 545 mmol) in benzene (40 mL) triphenylstannane ©.18 mL 071

4

mmol) in benzene (10 mL) and AIBN (0. 010 g, O 06 mmo]) in bcnzcnc (10 mL) with



. et
an addition period of 8 h. After a further 6 h the solvenlt wias eiraporated and flash
' chromatographgl of the residde over silica gel 2 x 26 cm), with 95:5 hexane-ethyl
.acetatc yielded 208 (0.0712 g, 66. 6%) asa co]orless oil: IR (film) 2928 1775, 1012
.cm'l 14 NMR (CDCl3, 200 MHz)81 18, J= 75Hz 3H) 1.32-1. 88 (bm, 14H) |
2.10 (t J =7Hz, 1H), 3.82 and 4.12 (dd, AB JAB = 925 Hz, 2H); 13C NMR
(CDCl3, 5032 MHz) & 12.8, 18.6, 23.0, 232 29.1, 29.1, 31 5 383 46.3, 53.8,
75.7, 179.2; exact mass, m/z 1961467 (calcd for C12H7_002, m/z 196.1463). Anal.

Calcd for C19Hp03: C, 73.43; H, 10.27. Found: C, 73.52; H, 10.32.

" 4-Ethyl-2-oxaspire]|7.4]dodecan-3-one 209:

>

The general procedure for radical cyclization (p.137) was followed using ester
205 (0.1815 g, 0 497 mmol) in benzene (40 mL), tnphenylstannane (O 20 mL, 0.78
mmol) in benzene (10 mL) and AIBN (0.010 g, 0 06 mmol) in benzene (10 mL) with |
an addition penod of 8 h. After a further 6 h the solvent was evaporated and ﬂash’
‘ chromatography of the residue over silica gel (2 x 20 cm) with 96:4 hexane-cthyl
acetate yielded lactone 209 (0.0625 g, 59. 8%) as a co]orless 011 IR (film) 2924 1775 ,('
1012 em7l; TH NMR (CDCl3, 400 MHz) 5 1.14 (1, ) = 7.5 Hz, 3H) 1. 50 1. 80 Ebm :
16H) 2.10 (1,1 =7 Hz, lH)’ 3.82 and 4.00 (dd, AB, JAB=-9-5 Hz, 2H); 13C NMR

(CDC13, 5032MHz)5 12.7, 19.1, 22.5, 22.8, 24.4, 27.7, 28.8, 33.7, 45.9, 531

75. 7 179 3; exact mass, m/z 210.1617 (calcd for C13H2202, m/z 210 1620) Anal.




Calcd for C13Hp207: C, 74.24; H, 10.54. Found: C, 71.33; H, 10.29.

8-1_¢_r1—Butyl-4-cthyl-2-oxaspir’b[5.4]dccan-3-onc (a mixture of isomers)

210 :
Vs

The general procedure {or radical cyclization (p.137) was followed using ester

206 (0.1336 g, 0.340 mmol) in benzene (20 mL), triphenylstannane (0.11 mL, 0.43

162

mmol) in benzene (5 mL) and AIBN (0.010 g, 0.06 mmol) in benzene (5 mL) with an |

addition period of 8 h. After a further 5 h the solvent _wl'as evaporated and flash
chromatography ’Qf the residue over silica ggl— (2 x 20 cm; withv 95:5 hexane-ethyl
acetate y‘ig:lded lactones 210 (0.070 g, 86.4%; two isomers in a ;0:40 ratio), asa TLC
pure co]érléss oil: IR (ﬁ]m) 2936, 1770, 1017 cm-1; ]H NMR (CDCI3, 400 MHz)
major isomer 0.81- 1.88 (bm, 23H; including s at 0.86, 9H) 12.8 (dd J = 11 4.5 Hz,
lH) 3.81 and 3 93 (dd, AB Jap = 9 Hz, 2H) minor isomer 0.80-1. 88 (bm. 23H;
inéfuding s at 0.86, 9H), 1.04 (dd, J =9, 5.5 Hz, 1H), 3.82 and 4.22 (dd, AB JaB =
9 Hz, 2H); 13(,: NMR (CDCl3, 100.6 MHz) 5 117, 12.8, 1.1, 19.2, 23.0, 235,
: _24 1, 27.4 | 28.,5' 29.3 32.3, 35.7,?37.‘1, 42.1, 43.2,. 47.6, 51.7, 73.7, 78.1, 179.0

' '
(only onc resonance for C—O) cxaa mass (1somcr mixturc) m/z 238.1939 (caled for

:'C15H2602, m/z 238. 1933) Anal; Calcd for C15H2602 C, 75 58; H, 10.99. Found

- (isomer mixture): C, 75.40; H, ]0398.

A
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(E)-2-Butenyl l)-(phcnylsclcn‘o)cyclohcxanccarboxylatc 211: *

p-Butyllithium (1.3'mL, 1.7 M in hexanes, 2.2 mmol) was added dropwise

163

- over 10 min to a stirred solution of 189 (0.8245 g, 2.09 mmol) in THF (10 inL) at- '

| 78°C. After 10 rnin trans-2-butenyl chlorofonnatc 0.6 mL, 4.1 mmol) Was injcctcd
rapxd]y and the yellow solution turned clear. The mixture was stirred at 78°C for a
further 30 min and qucnchcd with saturated ammonium chlondc (10 mL) Thc>co>olmg
- bath was removed :and the mixture allqwed to warm rapidly to room temperatre. The
| "'orgar{ié layer was sép&ratefi_and the acjueous layer wa§ extracted with_diethyi ether (25
mL). The combined organic extracts were dried (MgSO4) and ‘cQaporated.' Flash
»chromygtography of the residue over silica gel{4 x 20 cm) with 95:3 hexane-ethy]

acetate yielded ester 211 (0.3242 g, 46.0%)’ as a clear yellow oil: IR (film) 2934;

1720, 1128 cm-1; 'H NMR (CDCI3, 200 MHz) § 1.22-1.84 (bm, 11H, including

1.72,4, 1 = 6 Hz, 3H) 208224(m 2H), 4.46 (@, J = 6 Hz, 2H), 540558(m

lH) 5.64-5.86 (m, lH) 7.24-7.44 (m 3H) 7.52:7.62 (m 2H) ; 13(: NMR (CDCl3,

5032 MH2)5 178 22.4, 254, @48 518 65.4, 125.3, 1286 1291 1309

138.0, 173.1, (1 pcak abscnt from ScC6H5)' exact mass, m/z 338.0788 (calcd for

C17H220236 m/z 338.0785). Anal. Calcd for C17H220256 C, 60 53 H 6.57, O

9.49. Found: C, 60.41; H, 6.58; O, 9.74 *The 1H NMR indicates contamination

with ¢a. 15% of the (Z)-isomer.



(E)-2-Butenyl cyclohcxanccarbbxylatc 213 and 4-cthyl-2—oxaspiroh

[5.4]decan-1-onec 212: *

The general procedure for radical cyb]iza;ion (p.137) was followed using ester
211 (0.2233 g, 0.662 mmol) in benzene 40 mL), triphenylstannane (0.320 g, 0.91
mmol) in benzene (10 mL) and AIBN (0.015 g, 0.09 mmol) in benzene (10 mL) with

an addition period of 8 h. After a further 8 h the solvent was cvapofatcd a‘ndeugclrohr

K3
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distillation of the residue (140°C, 0.1 mm) yielded a mixture oi 213 and 212. Flash |

chromatography over silica gel (2 x 20 cm) with 98:2 and 96:4 hexane-ethyl acetate
yielded crudé lactone 212 and ester 213 (0.0188' g, 15.6%) as a colorless oil:
Kugelrohr distillation of the crudc lactone (50°C, 0.1 mm) yielded 212 (0.0410 g,

34. O%) as a color]ess 011 213 had;, IR @lm) 2934, 1733, 1168 cm-1; 1H NMR

| (CDC13, 200 MHz) 5 1.16-2.02 (bm, 13H ?ncludlng datl 76) 2.34 (bm 1H), 4. 52

(d,J=7He, 2H) 5.50-5.90 (bm, 2H); 13C NéﬂR (CDC13, 50.3 MHz) & 17.7, 25.5,

25.8, 29.1, 43.3, 64.8, 125.4, 130.8, 175.8_;‘7% jvt_:_tj mass, m/z 182.1305 (calcd for
'nation by ca, 20% of the (Z)-
isomer peak, at 4.66 Qd J 7 Hz). 212 had: IR (ﬁﬁ’} 2933 1771, 1028 cm-1; 1H

C11H1802, m/z 182.1307) * TH NMR indicates &

NMR (CDCl3, 400.MHz) § 0.96 (1, J = 7.5 Hz, 3H), 124184 (bm, 11H), 1.96-2.22
(‘bm, 2H), 3.97 and 4.33',»(dd, AB of ABX, Jap = 9.25 Hz, 2H); 13C NMR (CDCl3,
50.3 MHz) § 12.0, 20.5, 21.7, 22.0, 23.5, 25.6, 2.6, 327, 46.3, 69.1, 181.2; exact
mass, m/z 182.1366 (caled for C11H1802, m/z 182.1307). Anal. Caled for

C11H1802: C, 72.49; H, 9.95. Found: C, 71.62; H, 9.41.
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General Procedure for the Preparation of the B-hydroxy Esters 233, 237

»

and 240:

Lithium d ~.opropylamide (LDA) was prepared by dropwise addition of o
butvll*h + 1.05-1.1 equiv., in hexanes (A]driclh)] to ; cold (- 78°é),- stir;cd solution
of di"sopropylamine (1.2-1.4 equiv.) in THF. The'solutionvwas warmcd to 0°C (iclc'- i
| bath)r. StixTiﬁg Qas éontinucd‘ for 20-30 min and the solu;ién ;;/ajggthcn. cooled to -

78°C. The ester (1 equiv.) in THF (1 -2 mL) was added dropwise over ¢a 10 min and, '

after a further 20 30 min, freshly punﬁcd (by flash chromatography and distillation)

: (phcnylsclcno)acctaldehyde (135-1.5 equiv.) in THF (1-2 mL) was injected rapidly.
Stirring at - '.78°C was ‘continuéd for 5-10 myn and then glacial acetic acid (ca. 1.5 ~
equiv.) in THF (1-2 mL) was injected. The cooling bath was removed and the go]ution

~was allowed to warm to #oom temperature.. Water was addcdj_thp ofgani¢ layer was
separated, and the aqueous layer extracted with diethyl ether. The combined organic

extracts were dried (M gSO4) and evaporaied. The residue was processed as described

in individual experiments.
Methyl 2-(2-cyclopcntcn-1_-yyl)—3-h'ydroxy-4'(phényls;lcno)bu;anoatc (a
mixture of isomers) 233:

- ‘ ] K \% ) . '
“The general procedure was followed using ester 232 (0.889 g, 6.43 mmol) in
_ ' : g
THF (5 mL), LDA [from diisopropylamine (1.1 mL, 7.8 mmol) and p-butyllithium -

€ ' )



&
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g

(44mL, 1. 6 Min }ép)lanes 7.0 mmol)] in THF (15 mL) (phcnylsclcno)acctaldchydc

o (1 533 g, 8 14 rnmol) in THF (5 mL), and glacxal acetic acid (O 50 g, 8.3 mmol) in

S

THF (5 mL) ‘Kftcr workup, flash chromatography of the residue over silica gel (5 x

&

" 15 cm) ﬁ'h 85:15 hexane- -eshy] acetate yielded 233 (1.5921 g, 71.1%; a mixture-of 4

dlasteremsomers 2 major isomers and 2 minor isomers) as a yellow 011 The mixture
3

could be separated by chromatography over silica gel with180:20 petroleum ether (bp

30-60°C):diethyl ether into three fractions (F1-F3 inclusive): F1 (major isomer) IR

(hexane cast) 3480, 1728, 1437, 736 cml; 1H NMR (CDCl3, 400 MHz) 51.64 (m,
3 .

}

1H), 1598 (m, 1H), 2.26 (m, 2H), 2.71 (1, J-7Hz 1H), 281 (bs, 1H), 2.99 (dd

AB of ABX Jap = 13 Hz, 1H), 3.16 (m, lH) 324 (dd, AB ofABX JAB = 13 Hz,

1H), 3.64 (s, 3H), 3.93 (m, 1H), 5.55 (m, IH)Z 5.74 (m,, lH), 7.27 (m, 3H), 7.52

" (m, 2H); 13C NMR (CDCl3, 75.47 MHz) 8 26.8, 31.6, 34.5, 45.2, 51.5, 55.1,

69.5, 127.4, 129.0, 129.3, 131.9, 132.3, 132.9, 173.6; exact mass, m/z 340.0575

(caled for C16H2603Sc, m/z 340.0578). F2 (rﬁa}or isomer) had IR (hexane cast)
3440, 1728, 1430, 735 cm-1; TH NMR (CDCl3, 400 MHa) §1.56 (m: 1H), 1.98 (m,
1H), 2.27 (m, 2H), 2.65 (t, ] = 7 Hz, 1H), 2.87 (s, 1H), 3.00 (dd, AB of ABX Jap =
13 Hz; iH), 3.14 (m, 1H), 3.25 (dd, AB of ABX Jap = 13 Hz, 1H), 3.66 (s, 3H),

3.96 (m, 1H), 5.59 (m 1H), 5.77 (m, 1H), 7.27 (m, 3H), 7.53 (m, 2H); 13C NMR

(CDC13, 7547 MHz) 5284 32.0, 34.0, 448 516 556 69.8, 1274, 1291

166

129.3, 131.8, 132.2, 1329, 173.7 ; exact mass, m/; 340.0581 (calcd for

'C16H2003Se, m/z 340.0578 ). F3 (a 1:1 mixture of the two minor isdmcrs) had IR



167,

(hcxane'}c'ast) 3480, 1731, 171 3, 1437, 1167, 738 cm'l; lH NMR (CDCl3, 400 MHz) -

: B - i
(data for 2 fsofers) § 1.52 ('m 1H), 1.64 (m, 1H), 1.98.(m; 1H), 2:12 (m, 1H), 2.34
* (bm, 4H) 2.66 (dd, J.-85 4.0 Hz, 1H), 2.72 (dd, J = 8.5, 4«5 Hz,AH) 2.96-3.12

vJ

(bm, 7H) 3.34 (bs, IH) 3.67 and 3.69 (s, 6H), 3.92 (bs 2H) 5. 521‘“(m lH) 5.70
: (m lH) 5.80 (m 2H) 726 (m 6H), 7.52 (m 4H) { I3(2 NMR (CDC]3,r’75.47
"MHz) (data for 2 isomers) 8. 27. 2, 28.4, 31.8, 34.1, 34. 3 45 2 45 6 51 6 51. 6
54.0, 540 703 70.7, 127 3, 129.2, 129.4, 131.6; 131 g, )132 5,,1326 1332
.]74.5,', 1'.']4.8 (1 methylene peak c01nc1dent) ; cxvac’:t mass (;sor"l)kr _rmxturc), m/z
3'346.0‘58'4‘ (caled for C16H2003Se; m/z 340.0578 ). Anal. ‘Calcc‘i f(-)r _C16H200\35°5
ol 6,64 H, 594; 0, 14.15. Fopnd (tozai reaction product): C, 56.41; H, 5.84; O,

13.89.

" Methyl 2-(2—c_yc]ohcxc,n-_1-yl)-3-hydroxy¥4-(pﬁfcnylsélcno)butan-'oatc (a

mixture of isomers) 237:

The general procedure was followed using ;;ier 236 (0.992'5 g, 6.44 mm_ol{), in
THF (3 mL), LDA.A [fnadé fror'n.diisopropylamine (1.2 ﬁ]L, 8.6 mmol) ar;d n-
.butyllnhxum (4.6 mLs- 1. 5 M in hexanes, 6. 9 mmol)] in THF (50 mL),
(phcnylscleno)acctaldchydc (1.62 g, 8. 14 mmol) in THF (3 mL), and glacial acetic acxd
(0.50 g, 8.3 mmol) in THF (5 mL). After \_norkpp, flash chromatography of the

residue over silica gel '(4 x 20 cm) with 90:10.hcxanc-élhyi acetate and chromatography
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again (3 x 15 cm) with 85:15 hexane-ethyl acetate yielded 237 (1.9132 g, 84.1%; a

&

mixture of four diastereoisomers, 2 major and 2 minor) as a light yellow oil: The

'mixturé could be separated by chrométography ovc'r siliga gel with 80:20 p&t;olcurri
ether (bp 30-60°C):dict’hy1 ether into three fra'ct‘i‘o'ns (FI;F3 incl.): F1 (major isomer) IR
(hexane cast) 3480, 1729,.1437, 738 cm'l;'lﬁ NMR (CDCl3, 400 MHz) & 1.36 (m,
1H), 1.50 (m, 1H), 1.71 (bm, 2H), l .93 (bm"2H) 2.69 (bm, 2H), 2.79 (bs, 1H),
3.00 and 3.24 (dd AB of ABX JAB 13 Hz, 2H), 3.64.(s, 3H), 400 (m, 1H), 544
k(dm, J =10 Hg, lH), 5.68 (m, 1H), 7.27 (m, 3H), 7.52 (m, 2H); 13C NMR (CDCl3,

75.47 MHz) § 21.2, 25.0, 25.7, 34.6, 34.9, 51.4, 55.4, 68.3, 127.4, 128.6, 129.0,

129.0, 129.3, 132.9, 173.3; exact mass, m/z 354.0735 (caled for C17Hp2035e, m/z

354.0735). F2 (major isomer) had IR (hexane cast) 3440, 1721 1435, 740 cm-1; 1H

NMR’* (CDCl3, 400 MHz) & 1.36 (m, 1H), 1.50 (m, 1H), 1.67 (m, 2H), 1.94 (m,

2H), 2.61 (1, J = 7 Hz, 1H), 2.69 (m, 1H), 2.38 (d, J = 3.5 Hz, 1H), 2.98 and 3.20

© (dd, AB of ABX Jap = 12.5 Hz, 2H), 3.65 (s, 3H), 4.05 (m, 1H), 5.55 (dm, J = 10

Hz, 1H), 5.71 (m, 1H), 7.26 (m; 3H), 7.52 (m, 2H); 13C NMR (CDCl3, 75.47

MHz) 6 21.7, 250 27.6, 34.3, 34.8, 51.5, 556 683 1273 1278 128.8, 129.1,

129.2, 132.9, 173.4; cxact mass, m/z 354. 0747 (ca]cd for C17H2203Sc. m/z

. 354.0735). F3 (a 1:1 mixture of the two mmor 1somcrs) had IR (hcxanc cast) 3480,

1729, 1437, 1167, 738 cm’1; I.H NMR (CDCl3, 400 MHz) (data for 2 isomers) § 1.34

(m, 2H), 1.52 (m, 2H), 1.68 (m, 3H), 1.81 (m, 1H), 1.97 (m, 4H), 2.65 (m, 4H),

2.94 (m, 2H), 3.07 (m, 2H), 3.26+(m, 2H), 3.68 (s, 3H), kIR L. 3H), 4.00 (bm,
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2H), 539(dm J=11Hz, lH) 563(dm J = 10 Hz, 1H), 5.74 (m, 2H), 7.26 (m,

6H) 1.55 (m 4H); 13C NMR (CDCl3, 75 47 MHz) (data for 2 1somers) 5 20 7,

3
21.3, 25.1\, '26‘.6, 26.7, 34.1, 34.3, 34.6, 35.3, 51.6, 51.6, 53.8, 54.0, 62.3, 127.3,

127.3, 127.8,' 128.2, 129.2, 129.2, 129.3; 129.5, 133.1; 13’3?2‘,"'174.8,‘1'74.9.(1
| peak comcxdent for. merhylene resonances and one 51gna1 for OCH3) ; exact mass
/(1somer mlxu{re) m/z 354 0746 (calcd for C17H2203Se, m/z 354.0735 ). Anal
Caled for C17H2203Se: C, 57.79; H, 6.28; O, 13.59. Found (total reacnon‘product): =

&

C.5759: H, 629 0,133. . | - :

Exhyl 3- hydroxy 4- (phenylseleno) -2-(1 S R -6'S” R -6-tert- butyl -2-

f‘t:yclohexen 1- vl)butanoate (a mlxturc of 1somers) 240

The general ‘proeedore was followedj uring ester 239 (0.1953 g, 0.87 mmol) in
THF @ mL), LDA from d‘i.isopropylamine (0.17 mL, 1.2 mmol) and g-butylli'\thium
) 0.7 mL 1. 6 M in hexanes 1.1 mmol)] in THF (10 mL), (phenylseleno)acetaIdehyde
(025 g, 1.26 mmol) in THI~; ('2 mL) and glac1a1 acenc acid (0 070 g, 1. 2 mmol) in
THF (1 mL).After workup, flash chromatography of the resrdue twice over sﬂwa gel

(3 x 20 crn) with 90:10 hexane ethyl acetzite ylelded 240 (0.345 g; 93. 6% a mixture of
. v . hE " s,
four dmstereorsomers ' 2 major 1somers and 2 mmor 1somers)-as- a hght yellow o11. IR

 (hexane cast) 3500 ,1725 1438 cm-l lH NMR (CDC13, 300 MHz) (data for total ]

L3

‘ product approxrmg;; mtergrals) b O 88 and: 0. 92 (s 36H) 1. 15 1 30 (bm 16H)

1

Ty

ll e
/
P
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1.45-2.05 (bm 16H), 2.50-3.38 (bm, 20H), 390425 (bm 12H) 5.45-5.50 (bm,

‘2H) 565 5.85 (bm, 2H) 5.78 (m, 4H) 7.25 (m, 12H) 7.52 (m, 8H); 13c NMR
(CDC13, 75.47 MHz) (data for total produc) 5 142,143, 144, 20.3, 20.3, 20.5,
215, 22.6, 22.7, 22.9, 28.8, 29.0, 29.0, 33.5, 33.6, 33.7. 33.8, .,34.1, 342, 343,
344, 35.2, 433, 43.4, 43.9, 4439 53.6, 55.1, 56.9, 57.6, 60.3, 60.5, 60.7, 60.8,

68.6, 68.9, 69.7, 127.2, 127.5, 127.6, 127.8, 128.0, 129.0, 129.1, 129.2, 129.4,

129.5, 129.7, 132.8, 132.2, 133.3, 133.5, 172.9, 173.2, 174.9; exact mass (isomer

mixture), m/z 424.1506' (calcd for C22H32'O3Se,-mllz 42-4’?1517). Anal. Calcd for

CyyH32038e: C, 62.40; H, 7.62;°0, 11.33. Found (for total reaction product): C,

62.54: H, 7.56; O, 11.20.

tran s-4-tert-Butyl-2-cyclohexen-1-0l 244:129

I

' A 250 mL flask c‘qp;aining a magnetic stirring bar was charged with aluminum

- ri¢2-propanolate) [11.5'g’,' 56.3 mmoll, (Aldrich Gold Label)], 4-tert-butyl-2-
’ ’ - ‘ : \x v .
cyclohexen-1-one 245128 (2.85 g, 18.7 mmol) and dry 2-propanol (125 mL). The

~

. flask was then fitted with a short condenser (30 cm) carrying a short path distillation ’

appfiratus ﬁtted with a thermometer and receiver. The apparatus was protccted from

'm01sturc with a drymg tube (Dnentc) The stirred solutlon was heated in an oil bath to
4

- ca. 105 108 °C at which pomt 2 propanol slowly dxsullcd into the receiver. Fracuons

were'col]ected e'vc’ry 0.5 h and tested with 2,4-dinitrophenythydrazone solution for the

,‘ N '



2

'l

prescncc of 2-propanone. After 5.5 h no more 2-propanone was present in the

distillate. The mixture was cooled and the remaining 2-propanol was C\"aporatcd. The

rcsiduc was cooled to 0 °C and quenched with ice-cold aqueous hydrochloric acid {130

Mt

V mL, 1. §~M); Thc resulting solution was saturatcd with salt and extracted with ethyl

acetate (2 X 100 mL) The combmed orgamc extracts were washed wnh saturated

aqucous sodium bicarbonate (2 x 50 mL); dried (MgSO4) and evaporated to yield a

471"

mixture of ¢is- and frans-4- mn butyl -2- cyclohexen l -ol 244 and 246 (2 /8 g, 96%,

22 78 by lH NMR) as a golden brown oil which sohdlﬁed upon standlng In NMR ‘

(CDCl3, 200 MHz) & 0.87 and 0.91 (s, 18H, ratio 78:22), 1_.10-2.00 (bm, IOH), 2.10 .

v

6.00 (m, 4H).

The mixture of cis- and mn_s-4-1gn-butyl-2-cyclohexcn-17015 (287 g, 18.00

' mmol) was dlssolved in pyridine (20 mL) and p—mtrobcnzoyl ch]onde (5. 00 g, 2 69

s m_mol) was added in pomons over 5 min. After being stirred for 2 h at room

temperature the mixture was quenched by pouring the solution, with rapid stirring, into

J{m, 2H), 4.08-4.24 f[bm, 2Hrincluding peaks at 420 (major) and 4.08 (minof)], 5.70-

a mixtare of conccnt@_tcg hydrochloric acid (25 g) and ice (200 g). _ The resulting .

aqueous solution was cxiractcda:733?flh‘dieﬁ1y}:~cthcr (2 x 100 mL) and the combined -

»

organic extracts were washed with saturated aqueous sodium bicarbonate (2 x 50 mL)
and brine (50 mL), dried (MgSOy) and evaporated. Flash chromatogr_aphy of the

residue over silica gel (5 x 10 cm) with 90:10 hexane-cthy] acetate yielded a mixture of

the p-nitrobenzoates of 244 and 246 (5.13 g, 94%).



Pad

The material was crystalized twice from methanol to yield the p-nitrobenzoate of -

=

244 (1.98 g) as a light yellow solid: mp 92-94°C (1it.129 mp 88-91°C).

Potassium hydroxide (1.50 g, 26.7 mmol) was added to a stirred somﬁén o'f the
o p-nitrobcnzpatc of 244 in ﬁle'manol 4_(15 mL) and water (3.mL).‘ After ;10 min at .'room
temperature no.startin g material rémained‘ (TLC). The m}xture was ;)ourcd into water
(iOO m), saturated .wi.th salt, _zind extracted with diethyl ether (2 x 75 ﬁlL). The -
~ organic extracts were combined, dried (NapSO4) and evaporated to yield 244 (093 g,
92%) The product was horﬁogenous by TLC (5 'ém-,plgge?_.dcvclopcd four times in .~
95;5 hexane-efhyl acetate) and >99% p-Lirc Eansi—isémer by VPC (OV-1, ’150'°C): IR
(CH2C1‘2 cast) 3320, 2959, 1566, I’OSQ cm-l; ' NMR (CDC]3, 400 MHz) 6 0.87 (s,

| 9H), 1.32 (bm, 3H), l.7v8'(m, lH),. 1.88 (m 1H), '2.14. (m, 1H), 4.18 (bs, 1H), 5.84

(m, 2H); exact mass, m/z 154.1360 (calcd for C1gH g0, m/z 154.1358). Lit.129 mp

31-32°C.

 1-Ethoxy, 1-[(trans-4-tert-butyl)-2-cyclohexen-1-yloxy]-2-

(phcny1$¢lcno) ethane 247 (a mixture of two isomcrs)f 2

Phenylselenenyl bromide (1.150 g, 4.87 mmol) in THF (20" mL) was
decolorised by the addition of ethyl vinyl ether (0.5 mL, 5.2 fomol). Trans-4-tert-
butyl-2-cyclohexen-1-ol 244 (0.494 g, 3.20 mmol) in THF (7 mL) was injected

dropwise followed by diisopropylamine (0.75 mL, 5.4 mmol). Stirring was continued




for 15 min at room temperature by which time a white percipitate had formed. The

173

reaction mixture was then. poured into water (50 mL) and saturated’. aqueous sodium‘

-~

bxcarbonate (50 mL). The rcsulnng rmxturc was- cxtractcd wnh dlcthyl ether (3 x 50

mL) and the combined organic laycrs were washcd with brine (50 mL) dried (MgSO4)

and cvaporatcd. Flash chromatography of the residue over silica gel (5 x 20 cm) with

98.5:1.5 hexane-ethyl acetate (0.5 L) followed by 982 hcxanc-éthy] acetate (1.5 L)

yieldcd a light yellow oil which was further purified by centrifugal chromatography

(ChrOmatotron 4mm p]ate, Merck silica gel 60 PF254) to yield 247 (1.10 g, 90%; a

1:1 mixtute of 1somcrs) as a TLC pure, pale yellow oil: IR (hexane cast) 2959, 1073,

734 cm-1; TH NMR (CDCl3, 300 MHz) 8 0.86 (s, 18H), 1.16 (bm, 8H; including d at

1.18,J = 4 Hz, 6H), 1.40-“1.60 (m, 2H), 1.84 (m, 2H), 1.90 (m, 2H), 2.10 (m, 2H),

3.10 (m, 4H), 350370(bm 4H), 4.16 (m, 2H), 484 (, J = 5 He, 2H), 5.68-5.82

(bm 4H), 7%@ 6H), 7.48 (m, 4H); 13C NMR (CDCl3, 75.47 MHz) 8 15.2,

£

22. 7,229, 21.1, v30."0 30.7, 31.6, 31.6 32.1, 32.8, 459, 61.0, 72.4, 72.7, 101.0,

- 101.6, 126.8, 1290 1298 130.3, 130.6, 130.6, 131.6, 1317 132.4, 132.5; exact

mass (isomer mxxturc) m/z 382. 1405 (calcd for CogH3002Se, m/z 382 1411). Anal.

Calcd for C20H3002$c: C, 62.98; H, 7.93; 0O, $.39. Found (isomer mixture): C,

62.81; H, 7.93; O, 8.50.

> ~



Ethyl (trans-6-tert-butyl-2-cyclohexen-1-yl)acetate 239: .

‘Sodium bicarbonate (0.269 g 3.15 mmol) ar{d sodiunt m;{t‘?pqﬁodaxc (0_92(5, )
4.32 mmol) Qere addcd‘to a s'oluti'on? pf 247 (i.0962 g, ;.87 mmol) in® 6:.1
méthzinol;watcr (90 mL) : _AfFer 1 h at room temperaturcb the rcéctign 'mixturcwas
poured into watz: (100 fnL) and the solutioﬁ was extracted with dicthrometﬁanc (4x

50 mL). The combined organic extracts were dried (K2CO3) and evaporated. The

result"}ng sc]enoxidc (249) was dissolved ixj anhydrous toluene (C;O glL), and p-
hexylamine (1.1 mL, 8.3 mmol) was-added. The solution was reﬁuxcd for 18 h under
argon. The toluene and most gf the p-hexylamine were removed und;:r rcducca
pressure. Flash chon;atogrdéphy ;'f the residue :ovcr silica gei (4 x 20 cm) with 98.5:1.5
hexane-ethyl acetate ahd rechromatography ovér silica gell (3 x 20 cm) with 98:2
hcxanc-ethyl acetate gave the crude product. Kugelrohr distillation (75°C, 0.1 mm)

1

)X{elded 239 as a clear liquid (0.361 g, 56.0%): IR (film) 2958, 1736, 1153 cm” 1 H

3

| NMR (CDCl3, 400 MHz) 0 0.92 (s, 9H), 1.28 (m, 4H; mcludlng tat l 28 J=7Hz,

174

3H), 1.54-1.76 (m, 2H), 1.82-2.06 (brh, 2H), 2.35 (m, 2H), 2.56 (bs, 1H), 4.12 (m,

2H) 5.64 (m, 1H), 5.72 (m lH) 13C NMR (CDC13, 100.6 MHz) § 14.4, 21.1,

230 28.9, 32.3, 339 423 455 60.3, 1280 130.7, 172.9; exact mass, m/z

| ;,"224 1777 (calc’d fo; i'_ m/z 324. 1776) Anal. Calcd for €14H2402: C,



4

/

Mecthyl (3aa,6aa)-octahydro-2-hydroxypentalenc- 1-carboxylate (a

o~

.

mixture of isomers) 235:

" The géncra] procedure for radical cyclization (p.137) was followed using 233

(0;208 g, 0.613 mmol) in benzene (30 mL), triphcn‘ylystannanp (0.21 rnL; 0.82 mmol)

in benzene (5 mL), AIBN (0.015 g, 0.09 mmé]) in/ benzene (5 mL) and an éddition.

period of 9 h. After a further 9 h the solvent was évapora_te'd and flash chromatography

| j,of the residuc over slica gel (2 20 cm) with 90:10, 85:15, '80:20,..75:-25 and -70:30

~ (bs, 1H); 13C NMR (CDCl3, 75.47 MHz) §27.8, 31.1, 35.0, 39.8, 42.5, 45.5, 51.5,

hexane cthyl acctaﬁgc (100 mL of each solvent systcm) yxelded three fractions: F1

p l

175

(00493 2 44.0%); F2 (0.0269 g, 24. 1%) and F3 (0. 0244 g, 21.8%; a 1:1 mixture of

{

1somcrs) which were s:ubscqucnply identified as stereoisomers of 235. F1 had: IR

(hexane cast) 3520, 17?6, 1437 em-l; 1H NMR (CDCls, 400 MHz) 0 1.34 (m, 1H),

"1.44-1.94 (m, TH), 2.54 (m, 1H), 2.78 (m; 2H), 2.64 (s, 1H), 2.72 (s, 3H), 4.42

51 8 75.2, 175.4; exact mass, m/z 184, 1102 (caled | for C10H16Oq, ni/z 184 1099)

F2had: IR (hcxane cast) 3440 1735, 1169 cml lH NMR (CDC13, 400 MHz) § 1.20

1.32 (m,'1H), 1.40-1.68 (m, 6H), 2.04 (dd, J = 15, 7 Hz, 1H), 2.28 (bs,

1H), 2.78 (bs 1H), 3.26 (s 1H), 3.70 (s 3H) 4.44 (bs, lH) 13C NMR (CDCl3,

75.47 MHz)5248 32.3, 331 414 414 454 518 55.5,75.8, 1759 exact

mass, m/z 184.1103 (calcd for C10H1603 m/z 184. 1099) F3 had: IR (hexane cast)

ﬁ\

"V"3’493, 3476, 1739, 1718, 143_7 cm1; ]H NMR (CDCl3, 400 MHz) (data for both

t

isomers) 8 1.08-1.88 (bm, 15H; including bs at 1.66, 6H), 1.96 (m, 1H), 2.22-2.64

*
3
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4

(bm, 6H), 374 (m, 2H), 3.76 and 3.78 (s, 6H, Tatio 1:1), 4.24 (m, 1H), 4.4 (m
1H); 3¢ NMR (CDC13, 100.6 MHz) (data for both 1somers) 5247, 211, 308, }

m;
329, 334 35.5,'38.4, 390 394 40.8, 431 443 §f4 51.7, 560 585 726

75.5,174. 4 175.4; exact mass (isomer rmxture) m/z 184. 1088 (calcd for C10H1603.
m/z 184.1099)_. Anal. Calcd for C1gH1403: C, 65.19; H,8.75. Found (total reaction
product): C, 64.87; H, 8.88.

<

M_‘cth'yl (3a-a,7a)-octahydro’-2-h_ydroxyindcnc-l-carboxylatc (a mixture

of iso‘mei’s:) 238:

. The vgcnera’l p“roced\:lre for rz;dical 'cyclizamion (p.137) w?as followed usin-g 237
(0.2073 g, O 587 mmol) in bcnzene (30 mL), trlphenylstannanc (0 20 mL 078 v
mmol) in benzenc (5 mL) AIBN (0 015 g, 0. 09 mmol) in benzene (5 mL) andan .
addition penod ;)f 9 h After a furthcr 10 h the solvcnt was evaporatcd and ﬂash
' chromatography of the rcmdue over silica gel (2 x 20 cm) with 95 5, 90 lO 80:20and
70:30 hexanc-cthyl acetate (100 mL of _each solvant system) yneldcd two, frac'tlons: F1 .
'(‘0.047 g 40.,‘.4%) and fZ (0.0597 g, 51.2%‘;)‘ which were subsequently idcntiﬁcd as
 tereoisomers of 238, F1 had: IR (hexane cast) 3480, 1711, 1171 — IH NMR
(CDC13,. 400 MHz) 6 1:08 (m, 1H), 1.34—-1.8'0 (bm, 8H), 2.02 (bs, 1H), 2.14 (m,
~ 2H), 2.68' ’('t, ] = 6.5 Hz, 1H), 3.70 (s, 3ﬁ), 4.14 (s, 1H), 4.48 (bs, 1H); 13C NMR

©(CDCl3, 100:6 MHz) § 20.3, 24.1, 25.3, 26.5, 36.7, 36.8, 41.4, 51.5, 53.1, 71.7,



174.5; exact mass,.m/z 198.1255 (calcd for C11H1803, m/z 198.1256). F2 (a mixture

of 3 isomers, 1 major and 2 rmnor) had: IR (hexane cast) 3440 1736 1436 cm-1; 1H
NMR (CDCI3, 400 MHz) (major iso‘m;r) 8 1.0 (m, 1H), 1.14-1.50 (m, 3H), 2.56 (bs,
' 4H), 1.80 '(m, 2H), 2.14 (m, 1H), 2.50 (sc, J = 6 Hz, l.H), 2.84 (dd, J =10, 6 Hz,
- 1H), 2.94 (d J=5 Hz lH) 3.72 (s 3H), 4.52 (m, lH) peaksifor the minor isomers
at 8 1.90 (bs), 1. 98 (m), 2.32 (bs), 2.44 (bs), 270 (dd, I =10, 6 Hz) 3568 (s), 3. 70
(s ) 4, 78 (m); 13C NMR (CDC13, 74.47 MHz) (major 1somer) 0 21.4, 24.3, 26. 2,
29.1, 366 399 41.6, 51. 0 51 7,729, 1798 peaks for minor isomers at & 18.8,
20.2,22.2, 24. 1 24.9, 26.6, 26.9, 28 9, 35.4, 37.0, 37.4 39.8, 41.9, 42.2, 515,

51.8, 59.1, 73.2, 76.3, 1738 175.9; exact mass, m/z 198 1253 (calcd for

C11H1803, m/z 198. 1256) Anal Ca]cd for C11H1803 C, 6664 H, 915 Found

!

(total reaction product): C, 66.69; H, 9.23.

“

Ethyl (1B,2B,3aa,7B, 7aa)—octahydro-7-"Lc__;-butyl-Z-hydroxy-"ZH-
indene-1- carboxylatc 241a and Ethyl (IB 2a 3aa 73 Taa)- octahydro -

tert-butyl-2-hydroxy-2H- indene-1- carboxylatc 24lb

177 .

Thc gcnc’ral proccdure for radical cychzanon (p.137) was-followed ugmg 240

"&
(0.1460 g, 0.345 mmol) in bcnzcnc (30 mL) mphcnylstannanc (0 11 mL, 0 4%0])

in benzene (5 mL), AIBN (0.015"g, 0.09 mmol) in bcnzenc (5 mL) and an agd'inon

period of 9 h. After a further 5.5 h the solvcnt was cvaporated and flash
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chromatography of the rcsiduc over silica gel ‘(2 X 20 cm) with 80:20 hexane-ethyl

A

acctate ylclded 241 (0. 0661 g, 711.4%; 2 major isomers and 2 minor isomers). The le

NMR spectrum of the total reaction product 1nd1catcs (on the basxs of the tent- butyli‘

resqnances) four isomers in a ratio 60:30:5:5. Partial separation of the two major
fractionst[241a (60%) and 24v1b (30%)} was .possiblc by careful ‘¢hromz;tography.
241a had: IR (hexane cast)‘3440, 1730 (shoulder 1715), 1175 cm- l‘; lH NMR
: A((.?D'Cl.j,‘ 400 MHz) & 0.84-1.04 [bm, 10H; including s at 0.94, C(CH3)3], 1.28 (m,

4H including t at 1.28, J = 7Hz, OCHyCH3), 1.35-1.58, (bm, 4H), 1.70 (m, 1H),

1.76 (m, 1H,), 1.8 (m, 1H C3-H), 2.18 (m, 1H C3z-H), 2.60 (ddd, J = 10, 6.5, 2.5

Hz, 1H, Cr,-H), 2.72 (d, J = 6 Hz, 1H, -0-H), 2.90 (dd, J = 10, 7 Hz, 1H, C-H),

4.18 (ddd, J = 14, 7, 1.5 Hz, 2H, O-CH,CH3), 4.46 (q, J = 6.5 Hz, 1H, Cp-H);13C

' NMR (CDCl3, 75.47 MHz) § 14.4 (CH3), 21.8 (C-5%), 23.1 (C-6%), 29.3 (C-7*), .

297 [C(CH3)3], 34.2 (C-4%), 35.3 (C-3%), 40.8 (C-32), 42. (C-7p), 43.8
" [C(CH3)3), 53.6 (C-1), 60.6{OCH2CH3), 72.0 C-2), 174.5 (C=0); Nuclear

Overhauser enhancements (+0.5%) between Ci-H and C2-H = 11.0%, C7a3H and C_3a-

H=7.0%, C3zHand Cro-H = 7.0 %. 241b had: IR (CCLy) 3480, 2880, 1730, 1180

em-1; 'H NMR (CDCI3, 400 MHz) & 0.92 [s, 9H, C(CH3)3], 1.26 (1, 3H,

OCH2CH3) 1.30-1.68 (bm, 8H), 2.98 (bs, 1H, OH) 2.08 (bs, 1H, C3a-H), 2.16

(s 1H, Cy-H), 238 (ddd, 1= 10,625 4 Hz, 1H, C7-H), 2.82 (dd, I = 10, 65Hz,

v

1H, C;-H), 4.14 (m oH, OCH2CH3) 4.40 (bs, 1H, C;-H); 13C NMR (CDC13, |

100.6 MHz) (by subtraction of spectrum for 241a from spectrum of combincd;.f24la
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and 241b) & 21.9 (C-5°), 23.6 (C-6%), 29.6 (C-7%), 29.6 [C(CH3)3), 34.1 (C-4%),

179

36.5 (C-3%), 41.1 (C-3,), 42.4 (C-Tp), 43.7 [C(CH3)3], 58.6 (C-1), 60.5

| (OCH2CH3),.75.6 (C-2),75.6 (C=0); Nuclear Overhauser cnhanCcmcnts' (0.5%).
between C7,-H and Co-H = 3.0%,» C7a-H and C33-H = 5.5%, C33-H and C2-H =

| 6.5%, C3,-H and C7,-H = 7.0%; exact mass (isomer mixture), rh/i 268.2033 (calcd

?

~ for C1H72803, m/z 268.2038). Anal. Calcd for C16H2803: C, 71.60; H, 10.52.
Found (isomer mixture): C, 71.32; H, 10.36. Note, * and ¥ assignments may be

‘interc_hang_cd.

!

'lﬂ-Imidazolc-l-carbothioic acid Q-[methyl 2-([3aa,7aa]}-octabydro-2H-

indene-1-carboxylate)] (a mixtire of isomers) %43:-

¢

Thiocarbonyldiimidazole (0.130 g, 0.73 mmol) was added 1o a stirred solution,7?

~ of 238 (0.049 g, 0.25 mmol) in dichlorometh’énc (3 mL), and the solution was

rcﬂuxcdm T}‘ie.$olvcnt was evaporated and flash chromatography of the residue :

over silicav) gel (2 x 20 cm) with 70:30 héxane-cthyl acetate yielded 243 (0.073 g,

96%): IR (hexane cast) 2926, 1740, 1389, 1332, .12-87; 1231 cm'l.;.lH NMR (CDCI3,

400 MHz) & 1.00-1.40 (bm, 3H), 1.42-2.34 (bm, 8H; including bs at 1.68), 2.46 (m,
0.5H), 2.72 (m, 0.5H), 3.02 (m, 0.2H), 3.10 (, 0.3H), 3.20 (dd, 0.5H), 3.60-3.70
(m, 3H; including s at 3.60, 3.62 and 3.70, 3H), 6.00 (m, 1H), 7.00 (d, 1H), 7.54-

7.62 (m, 1H), 8.28 (m, 1H); Mass (EI) 308, 241, 180, 149, 121, exact mass
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calculated for C15H20N203S, m/z 308.1194.

Méthyl (1a,3aa,7aa)-octahydro-2H-indene-1-carboxylate and methyl

(1B,3aa,7aa)-octahydro-2H-indene-1-carboxylate 242:

A solution of 243 (0.0675 g, 0.22 mmol) and AIBN (0.002 g, 0.01 mmol) in
THF (5mL) was added 'dropwise over 40 min to a reﬂ'u‘x,ing solution of m’butyltir;"
hydride (0.089 g, 0.31 mmol) in THF (4 mL). After a further 1 h no starting material

remained (TLC), however the product could nét be visualised (TLC) by our methods of

- i "; bv -‘ ’ | ) .
devq};_op@&cﬁfz;: The solvent was evaporated and flash chromatography of the residue

A ":ﬂ;gel (Z-P‘ x 20 cm) with 97. :3 hexane-ethyl acetate gave fracuons which were
'l_yzcd by VPC (OV 1 225-°C). The appropnate fractions were combined and
¥ ":;ﬁ"%\(aporatqd to yield A242 (0.032_3 g, 80.6%) as a clear colorless oil: IR (hexane cast)
2927, 1736, 1160 cm™1; llH NMR (CDCl3, 400 MHz) (data for both isdmcfé) d 1.00-
2.20 (bm, 28H; includiﬁ;"bs at 1.54), 2.70 and 2.88 (m, 2H; ratio 65:35), 3.66 and
367 (s, 6H); 13¢ NMR (CDC13, 100.6 MH FA'(data for both isomers) 6 20.>6, 22_\.5,‘ o
23.3, 24.1, 25.3, 25 6, 26.8, 26.9, ?27 2, 279, 30.Al, 39.5, 39.6, 42.7, 43.8(,’\;35.0,
49. 0 51 2, 51.5, 174. 8 177.4 (1 p;%k abs::i)\cxact mass (isomacr mixture), m/z

182 1305 (ca]cd for Cl 1H1802, m/%182 1307) 13 C NMR data for the authentic

sample of csler5126 (CDCl3, 100.6 MHz) 5 20.6, 23 3,24.1, 252,256, 26.8,27.1,

T
N
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27.9. 30.0, 39.6, 42.7, 43.8, 48.9, 51.1, 174.8.

Methyl 2'-(2-cyclohcx‘cn-1-y1)-3-oxooctano_atc (a mixture of isomers)

252:

Lithium isopropylcyclohexylar.ninc" (LiICA) was freshly prepared by the

" dropwise addition of n-butyllithium [1.62 mL, 1.6M in hexanes (Aldrich), 2.59 mmol]

¥

to a stirred solution of E-isopropyléyclohcx);:{;'inﬁnc (6.43 mL, 2.61 mmol) in THF (10
mL) at -78°C. The solution was warmed to 0°C and ét‘ir_rinngas continued for 20-30
min, Tﬁe solution was thén éooléd to -78°C. Ester 236.‘ (0.200 g, 1.30 mmol) was
added drppwisc over ¢a. 5 min and,v aftf;r a fgrjher 15 min, fréshlly d.i_stjlle'd. hé);anoyl
chloride (0.175 g, 1.30 mmol) in THF ( 1 mL)was\xmcctcd rapidly. Stirring at-78°C
was continued for 10 min and then cpnccntratcd’h);d;bchloric acid (0.170 g, 1.7 mmol)
iln THF (2 mL) was added in one portion. Thé cooling bath was removed and 'vthc »
solution was allowed to warm to room tcmp;:raturc. Brine (10 mL) was addcd, the

organic layer was separated 'andgthc aqueous layer extracted with diethyl éther (25 mL).

The -co'mbincd organic extracts were dricd"(_MgSO,;) and evaporated. Flash

vy

chromato'graphy of the residue over silica gel wiih 97:3 hexané-cthyl acetate yielded

252 (0.175 g, 53.3%; a 1:1 mixture of 2 isomers) as a clear liquid: IR (hexane cast)

« 1750, 1710, 1160 cm'l; ]H NMR (CDCl3, 300 MHz) (ddta foiboth isomers)  0.88

o . o

PR Rr T ST RNt S
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(t, J = 7 Hz, 6H), 1.28 (m, 10H), 1.50-1.72 (bm, 10H), 1.98 (bs, 4H), 2.52 (m, 4

4H), 2.98 (m, 2H), 3.41 (d, J= 5.5 Hz, 1H), 3.44 (d,] = 5.5 Hz, 1H), 3.72 (s,

6H), 5.38 (d, J = 10 Hz, 1H), 5.48 (d, J = 10 Hz, 1H), 5.75 (m, 2H); 13C NMR

‘ (CDCl3, 75.47 MHz) (data for both isomers) 6 13.9, 20.7, 20.9, 22.4, 23.0, 25.0,

1250, 26.7, 312, 35.2, 35.2, 43.0, 43.1, 52.2, 64.3, 64.4, 127.4, l~.27.8. 12935,

129.7, 169.2, 169.3, 204.7, 204.8; exact mass (isomer mixture), ,m/zm25'2.l727 (calcd

for C15H403, m/z 252.1725).

‘Trimethylsilyl (phenylthio)acetate 254:

Chlorotrimethylsilane (2.20 mL, 17.3 rﬁmol) was added dropwise over.5 min

~ to a stirred solyfion of (phenylthio)acetic acid!33 (10.0 g, 59.4 mmol) and

After being stirred for 12 h, the reaction-mixture was dilused wi‘th@;)ctrélcpm ether (50
ﬁL, bp. 30-60°C, reagent éradcj and the white prccipitgte was removed by ﬁl;;tion
through a Celite pad (10 x 1 cm). Aft.cr c.vapor.ation. (30°C, 15 mm) 6f the solvent
dist.ill‘axiolvn of the residue yielded 254 [10.6 g, >99% pure (VPC OV-1, 180°C),

74.2%] as a clear colorless liquid: bp 125°C, 0.2 mm; IR (hcxf‘c cast) 1704, 1439,

‘hexamethylaisi]azanc (9.2 mL, 43.6 mmol) in pyrid_inc_ (10 mL) at room temperature.

1267, 890, 742 cin°1; TH NMR (CDCl3, 400 MHz) § 0.26 (s, 9H), 3.64°(s, 2H), -

& .

azv
Ha

7.22 (m, 1H), 7.30 (m, 2H), 7:42 (m, 2H); 13C NMR (CDCl3, 100.6 MHz) § - 0.4,,
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'_38.3,‘ 9.0, 130.1, 135.5, 169.6; exact mass, m/z 240.0640 (c;alcd for

C11H|O9SSi, m/z 240.0640).

3-(2-Cyclopcntén-l-y1)-1-(phcnylthio)’propan-2-onc 256 by reaction

between trimethylsilyl 2-lithio-(phenylthio)acetate 254 and 255.

Ester 254 (0.3126 g, 1.30 mmol) was added dfopwise in THF (2 mL) c;vcr ca.
5 minYo a stirred solution. of LiICA [made from E-isopmp-ylcyclohexy]aminc (0.47

mL, 2.9 mmol!) and n-butyllithium (1.7 mL, 1,6 M in hexanes, 2.7 mmol)] in THF (10 _

4
mlL) at - 78°C. After 10 min the acid chloride 255 (0.205 g, 1.42-mmol) in THF_’(z'
mL) was injccied ,fapidly. Strring at - 78°C was conti;ucd for a further 5 min zgjd then
cfencent;atcd hydrochloric a‘cid (0.35 g, 3.6 mmol) in THF (2 mL) was injected. The

: éogliﬁ g bath was Temo{/ed and the solution was allowed to warm 1o rqoﬁu temperature '
over v15 mitn. The solvent was evaporated, ;iiOXanc (10 mL) »}vas added followed by

" dilute hydrbch]oric' acid (1 N)'-un_lil'the dioxane solution was 2cidic @H 1-2). Th‘c_ N

| mixture was heated at 50°C f0£ 10 min. Ether (50 mL) was added and the solution was :C/

washed wi:h dilutf; ‘hydrochloric acid (1 N, 10 mL), saturated sodium hydrogcri

carbonate (10 mL) and brine (10 .mL), dried (MgSO4) and cvaporatcd.<F1asf1

chromatography of the residue over silica gc‘l (f x 20 cm) with 97:3 héxanc-cthyl

acetate yielded crude 256 (0.1856 g, 56.3%). Only partial separation was possiblc b);
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ccnm’fﬁga] chromatog%zipﬁy (_C}fqrijgtotron, 4mm plate, -M.érck silica 60 PF954) to
yiel* 756 (0.100 g, 30.4%) as a homogeneous (TLC) yellow oil: IR (film) 1708,
1439, 739, 690 cn{-l TH NMR (CDC13, 400 MH2) 5132 @ 1H), 2.08 (m, 1H),/
2.28 (m, 2H), 2.64 (m, 21, 308 (bs, TH), 3.64 (s, 2H), 5.58 (m, 1H), 5.62 (m,
1H), 7.18-7. 26 (m, SH) 13¢ NMR (CDCl3, 1006 MHZ) 0 29.9, 31 8, 41 l 443,

46.9, 1269,7129.1, 129.8, 131.4, 133.8, 135.1, 204.7; exact mass, m/z 232.0921
(calcd for C14i{_1603, m)z 232.0922). |
_
4
3-(2-éyc16pcntcn-l-))l)-1-(phcﬁylthio)'proparlx-2-onc 256 by reaction

between lithium 2-lithio-2-(phenylthio)acet... and 255;

(Phenylthio)acetic acid133 (0.150 g, 0.892 mmol) }in THE (2 mL) was added
dropwise over ¢a. S min to a stirred solution c‘>f' LDA [made from diisopropylamine
(0. 78 mL, 2.00 mmol) aan n-butylli.thiu\m (1.1 mL, 1.8 mmol)] in THF (10 mL) at -
78°C. After 10 min the mixture was warmed to 0°C (ice bath) and stirred for a furthe,r
60 min. It was then cooled to -78°C and acid chloride 255 (0.140 g, 0.986 mmol) in

3
. THF (2 mL) was injected rapidly. Surnng was continued at -78°C for a further 20 min
and then ti]c solution was poured imo a mixture of conccntfmcd hydrochloric acid (0.35
g, 4.0 mmol) and ice. (5 g) and pamoncd between dlethyl ether (IO mL) and brine (10

mL‘): The orgamc laycr was washed with brine (10 mL); dried (MgSO4) and

evaporated. The residue was dissolved in dry benzene (10 mL) and the solunon was
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refluxed for 7 h. After cva.poraiion of the solvent flash chromatography of the residue
over siliéa gel (2 x 20 cm) with-96:10.hcxanc-cthyl agcfafc yiclded 256 (0.064 g\,
28..5%‘) as é yellow.oil. It had spc;tral (lH a'nd13C NMR) and chromatographic (thi.n

‘layer) properties identical to t_hc’ authentic material prepared.

\

1- Mcthoxy 1 mmcthylsﬂoxy -2-(2- cyclohcxcn 1- yl)cthcnc 260

| Ester 236 (0.970 g, 6.29 mmol) in THF (2 mL) was addcd dropwxsc over ga
15 min to LDA [made from dusopropylammc (1.2 mL, 8.6 mmol) and n-butylhthlum
(4.6 mL, 1.5 M in hcxanes 6 .9 mmol)] in THF (20 rlnl) at -78°C. After 20 min
chlorommcthylsﬂane (0 96 mL 7 .56 mmc. Y was injected rapldly After 5 min the

coolin 8 bath was removed and 1hc mixture was allowed to warm to room tcmperaturc

over 30 min. The solution was cvaporatcd and kugelrohr distillation of the rcsnduc

(105-110°C, 15 mm) yielded 260 (1.20 g, 84.3%) as a clear colorless liquid: IH

NMR (400 MHz, CDCl3) 60.20 (s, 9H), 1.24 (m, 1H), 1.50 (m, 1H), 1.62 (m, 1H),
1.74 (m, 1H), 1.90 (bs, 2H‘), 2.94 (m, 1H), 3.46 (s, 3H), 3.56 (d, 1H), 5.46 (m,
1H), 5.58 (m, 1H). The silyl ketene acetal was used in subsequent experiments -

.withbut further purification. The purity was checked: (JH NMR, 400 MHz) ‘)

peripdically; however, no significant decomposition was appércnt during prolbnged
. ) s : .
storage under dry conditions.
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“ . Methyl’ 2-(2-cyclohcxu.n-l-;l)-3-oxobutanoatc4 (2 mixture of isomers)
262:° - o o S 2
A . : .
i o C .
S1Iy] ketene acetal 260 (0.1624 g, 0. 717 mmo]) in dxch]oromethane (5 mL) was
' added dropwxsc over1 h toa stm'cd solunon of fresllly dlsnlled acetyl chloride (0 10
mL, 1.4 mmol),_and anhydr_ous zinc chloride (0;020 g'-, 0.15 mmol) in chchloromct.hane '
_ (5 mL) at room temperature. Stirring was comir'i‘ued for a further 1 h and the mixture
was then poured inL;Lsafuratcd sodium-hydrogen carbonate (1 5 L) and é,xtractcd with
diethyl ether (2 x 25 mL). The combined organic extracts wer-‘cvw'ashed with brine (20
mL), dried (MgSO4) and evaporated. Flash chromatograpﬁy ovf- t—he'fresiduc over silica
gel 2x25 cm) with 88:12 hcxaﬁc-ethyl acctatcyiélded two fractions F1 (0.022g) and

262.(F2) (0.0615 g, 43. 7% a 1:1 mixture of two 1somcrs) as a. TLC pure clear

-

co]orless liquids: Thc 14 NMR spectrum of the first'fraction was identical to that of
236: Compound 262 had: IR (hexane cast) 1744, 1718, 1162 cm'l; 1H NMR'

- (CDCly, 400 MHz) (data zor both isomers) 6 1.30 (rp, 2H), 1.58 (m, 2H), 1.76 (m, o

/ v
4H), 2.00 (bs,.4H), 2.24.(5, 3H), 2.25 (s, 3H), 2.96 (bs, 2H), 3.38 (d, J = 7.5 Hz,
1H), 3.;12 (d, J = 7.5 Hz, 1H), 3.73 (s, '3H),37"}4 (s‘, 3H), 5.42 (dd, J = 10, 2 Hg,
1H), 5.50 (dd, J = 10, 2 Hz, 1H). 3’.78 (m, 2H5; 13C NMR (CDCl3," 100.6 MHz)
(data er both 1somers) 0 2',0.9, 24.9, 25.0, 26.7, 29.4, 29.6, 3§.2, 35.3, 52 1, 65.2,

65.2, 127.3, 127.6, 129.5, 129.8, 169.2, 169.3, 202.1, 202.3; exact mass, m/z

1961095 (caled for,C; 1H} 603, miz 196.1099).

e ¢ \
3



Mcthyl 4lohloto-z—,(Zscyciohcxén-1-yl)-3-o;obiﬁtanoat'c (a mixfdro‘ of

iSomérs) 26')4:.-,

V

187"

~

Frcshly dlstllled chloroacctyl chlondc (0 05 mL 0 63 mmol) was addcd toa

© stirred soluuon of 511y1 kctcnc acetal 260 (. 141 g, 0.623 mmol) in THF (5 mL) at

0°C. Tnethylammc (0 09 mL 0:65 mmol) was added with s mng and a ‘white

precipitate immediately formed Thc ice bath was rcmovcd d the mixture was
aJlowed to vxarm to room temperaturc Afltr a funhcr 2ha mlxturc of conccntratcd
hydrochlonc acid (O 090 g, 0. 9 mmol) THF (2 mL) and wa!cr (3 mL) »\as addcd

‘After being sun'ed for 30 min the mixture was ponred into saturatcd sodlum hydrogcn

carbonate soluuon (15 mL) and cxtractcd wnh dlcthyl cthcr 2'x 25 mL) Thc, J

combined orgamc cxtracts were washed wth brme (20 mL) dned (MgSO4) and

ev aporated Flash chromatography of thc rcsxdue over sﬂfba gc] (2 % 20 cm) wuh 90 10

hcxanc cthyl acetate ylelded two fractions Fl (0. 0201g) as’ ‘ooldrlcss 11 u1d and 264

g

(F2) (0 0734 g, S1. 1%; a 1:1 rmxturc of 2 1somcrs) as a clear paic ycHow hquxd Thc . '

IH NMR spectrum of the first fraction was ‘identical 0 that of 236 264 had IR

(CH,Cly cast) 1759, 1727, 1435 1155 cm-l 4 NMR (coc13 400 MHz) (datafor

both xsomers) 8 1.32 (m. 2H) l 50 1.84 (m 6H) 2. OO (bs, 4H), 300 (bs 2H) ~

* 3.64-3.78 (m, 8H mcludmg Wwo's at 3. 76, 6H) 4.26 (s, 2H 4. 28 (s 2H), 5 38 (d

J'= 10 Hz, 110, 548, J = 10 He 1H), 5.80 (m, 2H); 13¢ NMR (CDCl3, 100.6

MHz) (data for both 1somcrs) 0 20 8, 21. 0 25 O 25.0, 26.8, 26. 8 35. 5 35.6, 48. 3

484 52.5, 611 614 126.9, 127.2, 130.2, 130.4, 168.4, 1963 1964(onc
Y
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\-: . [ ‘
- resonance § for OCH3 and C-O) cxact mass (1somcr rmxturc) m/z 230 0711 (calcd for )

, 'C11H15C103, rn/z2300710)

o 2- (Phcnyllhxo) 1,1-bis- mmclhylsﬂyloxy ctbcnc 265

n- Buty]lnhlum (2 15 mL 1.6 M in hexanes, 3.44 mmol) was added dropwxsc

oy

R t0a surrcd solution of hcxamethyidrsﬂazanc (0. 79 mL, 3.74 mmol) in THF (60 mL) at.

- -78°C. Sumng was continued for 20-30 min at Q°C and then the solution was cooled
&

10 -78°C. Estcr 254 (O 747 g, 3.11 mmo]) in THF (5 mL) was added dropw1sc over 5 »

o \rmn and dfter 1 further 20 min, chlorommcthylsilane (0 51 mL, 4.0 mmol) ‘was chctcd

- rapidly. The \cooiing bath w%remov’ed and the mixture allowed to warm to room B

tcmpcr’ature over ¢a. 30 min. .Th.c solvent was cvapo;atcd and petroleum cthcdr_ (30 mL, -
bp. 30 60°C) was added to the residue. Tnsoluble materials were rcmovcd by ﬁltranon :
' Evaporauon of the filtrate kugclrohr dlsullauon (90°C G 1'mm) of the residue yu:ldcd a
mixture of 265 along with 266 and 254 (total wcxght 0. 7160 g, a ratio of
| 265: 266 254 of 73:23: 4 see discussion p 100) Thc mixture was uscd in subscqucnt

4
cxpcrimcnt_s withqut funhch purification. IR (ﬁlm) 1605, 1245, 1200, 4848 cm_-l.

¥
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3-(2-cyclppcn(cn-l-yl)-1-(phcny‘hh&'o)propan—l-onc 256 by the reaction
of 265 and 255: 1 R

i

A solunon of sxlylkctcne acctal 265 LO 856 g‘ asa rmxtugc of 265 and 266

18_9}

e

\ !

76; 24 (IH WR) 2.74 mmol] and acxd cthnde 255 (00765 g, 0.529 “nmol) in dry

chlorobcnzcnc (5 mL) was, reﬂuxcd for ﬁ’rh lﬁ’ic solvcnt was cvaporatcd and then

(:.4/

dloxane (10 mL): and dxlute hydrochlonc,acxd;(o 25 mL 0 25 mmol) were added. The

A (_.,

solution was surred at 50°C for iﬁ mm The majomy of the dioxane was thcn

‘. L.
n'vm n

cvaporated and aqueous saturatcd Sodiur’n hydrogen car.bonate (10 mL) was added.

The soluuon was cxtractcd mth dlcthyl ether (2 X 20 mL) and the combined orgamc '

o ~ .

' "cxtracts were washcd wnh brmc (10 mL) incd (MgSO4) and evaporated. Flash |

chromatography of thc resxdue p.vcr 51hca gcl (2 x 20 cm) with 90:10 hexane- cthyl :

acctatc ylelded 256 (0. 0543 g, 44. 2%) asa ye]]ow oil: It had spcctral (1H NMR) and
chromatographlc (thin layer) properties xdcnuta] to: thc authcnuc material.

J

[

’Mct,hyl‘4‘—bromo-2-(2-cyclbpcn,tc;:n‘;‘i‘-’yl)%-hydmxybutanoat; (a mixture
Y, ".’3’-'&: . '

~of isomcrs) 267:
) L

Yo

Estcr232 (0 200 g. l 43 ‘mmol) m THF (1 5 mL) was added dropwise over 3A

min to a surred soluuon of LDA [frbiﬁ dzfsnbropy]ammc ©, 22mL 1.6 mmol) and n-

butylluhlum ©: 93‘ mL J 6 M m hcxancs‘ 1 5 mmol)] m THF (5 mL) at - 78°C.
) Y oy
Stirring was contmucd for 30 mm and thcn‘*a soiuuon of bromoacetaldchyde in

L '
: .
. e .
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dichloromethane (1.4 mL, 1.4 mmol of bromoacctaldcﬁ(y‘dfﬁ) was added rapidly. After

e

5 min the rcaction was quenched by addition of glacial acetic acid (0.30 g, 5.0 mmol) in
_ r ; .

THF (2mL). The cold bath was removed and the miﬁmre was allowed to warm to

room temperature. Water (10 mL) was added and the' solution was extracted with

diethyl ether (2 x 20 mL). The combined drgan.ic extracts were dried (MgSO};) and’

. 190

évéporafcd. Flash chromatography of the residue over silica gel (2 x 20 cm) with 85:15 -

~

hexane:'ethyl acetate j:"clded 267 (0.256 g, 68%; as a mixture cf 4 diasteréoisomers, 2

major 1somers and imer isomers) as é'ye]ldw oil: IR (CHCI3 cast) 0,' 1729,
1437 et 1; 'H NMR (CDCl3, 400 MH2) (a_mmmm intergrals only) § 1.62-1.78
(bm, 4H), 1.98-2.20 (bm; 4H), 2.26-2.46 (b, 8H), '_2.48-2.62 (m, 2H), 2.76 (m,
' 6H) 3.20 (bs, 4H), 5.56-3.80 [bm, 20H; including s at 3.68 (;lﬁéjor isomcr),<3.—70
o . , . ,
v(major isomer), 3.74 (minor isomer) and 3.76 (rninor isomcf)], 4.‘0(]"‘-‘4.1..6 (bm, 4H),
5.54-5.90 (bm, 8H); 13C NMR (CDCl3, 100.6 MHz) 8 26.6, 27.3, 28.4 and 28.6
(CsY; 31.7,31.8 and 32.0 (Ca: 36.1, 36.4, 37.9 and 38.4 (C1); 44.8, 45.2, 45.3 dnd
* 45.7 (Ca); 515, 51.6, 5"1.;57 and 51.7 (O‘CH‘3); 527, 52.9, 54.0 and 54.6 (c;);“70.9,
710, 71.1 and 71.3 (C3); 131.4, 131.5, 132.0, 132.4, 1325, 132.8 and 132.8 (Cy

~and Cy); 173.2, ‘17343', 174.2 and 174.5 (C=0) (2 peaks absent, one.methylene and

one olcﬁnic); mass (14 eV, 100°C), 264, 231, 19%,,180, 165, 139, 67. Anal. Calcci

for CjoH 5O3Br:_C, 45.65; H, 5.75; O, 18.24. Found (for total reaction product): C,

v

45.42; H, 5.70;.0, 18.52.
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Methyl ‘;-(2-cyclopcmcu- 1-y!} 3-oxo0-4-(phenylseleno)butanoate (a .

mixture of iscmers) 27( ) . . -

~ Asolutien 73377 ¢ 7 547 mol) . 1 dichloggmethane (2 mL) was added
dropwise tc a o Jled -20." C) _asprnsion, prepared by stii'ring dimethyl sulfide

(0.085 mL, 1.16 ram I, and N--alercseec'nimide (0.110 g, 0.824 mmol) in

dichloromethae 3L att°C wt Ih Tne solution was stirred at -20 °C for 3 h

and then triethylamir > (C.71 @, 0.76 1~ o0l) was added in one portion. After 5 min
the mixture was warmed rapidly to ¢a. 5 °C and partitioned between water (10 L) and
diethyl ether (25 mL). The organic layer was separated and the aqueous layer extracted

with diethyl ether (10 mL). The organic’layers were combined, dried (MgS04)-and

evaporated. Flash chromatography of the residue over silica gel (2 x 15 cm) with 90:10

hexane-ethyl acetate yielded 270 (0.137 g, 75.1%; a 1:1 mixture of twp

d}astercoisémers) as a TLC 'purq yellow oil: IR (hexane cast) 1743, 1706, 1438, 738
em; 1H N/MR (;CDC]::,, 400 MHz) (data for both isomers) 0 1.48 (m, 2H), 2.06 (m,
2H), 2.32 (.m', l4H), 3.40 (m, 2H), 3.62-3.80 (m, 12H, including two s centered at
3.69), 5.46 (m, 1H), 5.62 (m, TH), 5.80 (m, 2H), 7.28 (m, 6H), 7.50 (m; 4H); 13C
NMR (CDCl3, 100.6 MHZ) (df;ta for both isomers) & 27.8; 28.0, 31.6, 31.7, 35.7,
i5.9, 45.1, 45.5, 52.m 62.2, 127.9, 128.8, 129.2, ~~ ' 5, 132.8, 132.9,
133.2_, 133.4, 169.1, 169.2, 198.6, 198.7 (only one resonance fo OCH3); exact mass

(isomer mixture), m/z 338.0424 (calcd for C16H1803Sc, /z 338.0421). Anal. {Calcd

for C1gH1g03Se: C, 56.98; H, 5.38; O, 14.23. Found (isomer mixture): C, 57.27,



H, 5.44; O, 14.02. , | / |

‘Mcthyl 2—(2-cyclohcxcn-l-yl)-3‘-'oxo-4-(phcnylsclédg) butanoate (a“-
' 3 . , a . \
mixture of isomers) 272: 2

.4

192

The procedure for the preparation of 270 was followed using 237 (0.1913 g, .

0.541 mmol) in dichloromethane (2 mL), dimethy! sulfide ©.09mL, 1.23 mmol) and _

N- chlorésﬁccinimidc (0.110 g, 0.824 mmolj in dichloromethane (3 mL). After 3 h
mcthylammc (0.11mL, 0.79 mmo]) was added. Aftcr workup, flash chromatography

of the rc51duc over silica gel (3 x 20 cm) with. 90 10 hefane- ethyl acetate yielded 272

‘ 3 )

(0. 146 g, 76.8%; a 1:1 gnixture of 2 diastereoisomers) as a TLC pure ycllow oil: IR

- (hexane cast) 1743 1707 1438, ]163 739 cm-}; lH NMR (CDC]J 400 MHz) (data

for both isomers) o 1."?. (m, 2H), 1.48-1.76 (bm, 6H), 1.98 (bs, 4H), 2.94 (bs, 2H),

3.62-3.68 (m, IZH' including two s at 3.68 and 3.70), 5.36 (m, 1H), 5.44 (m, lH) o

5.74 (m, 2H), 7.28 (m 6H) 7.50 (m, 4H); 13¢ NMR (CDC13, 100.6 MHZ) (data for

both 1somers) 5 20.8, 20. 8 25.0, 26 6, 26.7, 35.2,.35.5, 35.9, 36.2, 52 2, 6%)

62.2, 127.5, 127.9,,128.8, 129.2, 129.5. 129.7, 133.2, 133.4, 168.9, 169_.0, 198.3,

198.5 (one resonance for OC " . thylcnc resonance comcxdcm) cxact mass

(1somcr mixture), m/z 352. 057 5

Yf $ ;&
for C17H2003Se: C, 58.12; H, §. 74 O; 13.66. Found (isomer mlxturc): C, 58.15;

H, 5.74: O, 13.:64.

& mt17nzoo35c m/z 352.0578). Anal. Calcd
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‘The general procegure for ra 1\ca~] _cyclimti@?)ﬁas_ followed using 270
. Jr - - 9

~

(0.0882 J 0.26 mmol) in benzene (10 mL):uiphénylstannanc (2 mL, 0.32 mmol from’
v - ‘ -

i

a solution of triphenylstannane 0.16 mL in benzene (4 th)], A:I,BN (0.005 g, 0.03
mmol) in benzene (2 mL) and an addition period of 4 h, Aftera flithér 13 h the solvent

was evaporated and flash chromatography df the residue over silica gel (2 x 20 cm)

w1th 90 10 hexane- emyl tat yle]dcd 273 (0.038 g, 8(3 2%): IR (CHCg cast) 1728

1659 1244 c:m‘1 1y NMR (CDCI3,} 200 MHZ) 0 l 80-2. 40 (bm, 7H) 2.60-2,96
*’G

\
(bm 2H), 3.08 (m, m)jo (m 0.5H), 3.80 and 3.82 (s, 3H), 11.42 G, 0.5H)";

T

13C NMR (CBCl3, 75.47 MHz) §25.3, 254, 326 329, 313, 35.1, 36.4, 382,

.
~ . >

/,
399, 44.6, 44 6,545.2, 51 .0, 52.5, 61. O 1700 175.3 (rcsonancc for C=0 absent,

only one rqsonance for C] observed); exact mass, myz 182.0940 (calcq for C10H14O3.
| 7&2 182.0943). "Anal- Calcd for CjgH1403: C, 65.92; H, 7.74. Found: C, 66.06; H,

. 7.81." NMR indicates ¢a. 50% of the enol tautomer is present.
I's

Ay

”

]

Mcthyl (3aa,7aa)-octahyd‘ro-Z-oxo-'2H_-in‘dcnc-1-carboxylatc 274: .
. ( . ) - " g
“The gcncral'procédurc'for'radica],;yclization (p-137) was followed using 272
(0.1266 g, 0.36 mmol) in benzene (10 n?L),'mWnyls‘tannanc (0.12 mL, 0.47 mmol)_

in benzene '(5 th), AIBN (0.010 g, 0.06 mmol) in benzene (S mL) and an addition
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period of 8.5 h. After a.further 8.5 h the solvent was evaporated and. flash
o Voo, ' . . '
chromatography of the Tesidue over silica gel (2 x 2Q cm) with 90:10 hexane-ethyl

acciatc yielded two fractions 262. (0.0065 g, 9.2%) and 274 (0.049'I<g‘, 69.?5%) as

colorlcss oils: The 1H NMR spcctmm of the first fractw‘n was identical to that of 262
1 )

274 had IR’ (hcxanc cast) 1756, 1727, 1436, 1020 cm'l; 'H NMR(CDCl3, 400
MHz) & 1.08 (m, 1H), 1.32 (m, lH), 1.46-1.70 (m,“6H), 2.14 (dd, AB B>ABX +JAB
=18 Hz, 1H), 2.34 (bs, 1H), 2.46 (dd, AB of ABX Jap'= 18 Hz 1H),2.74 (§e J i){

5 Hz, lH) 3.22 (g =10.5 Hz 1H), 3.74 (s 3H) 13LC WR (CDC13\OO .6 MHz)
& 21.0, 23.9, 264 28.4, 340 400 454 52.2, 565 169.9, 21fnnorpeaks at
19.8, 24.2, 24 6, 33. 8 38.8, 39.9, 61. 3; exact ‘mass; m/z 196 1096 (calcd for

clfmg;; m/z 196.1099). Anal. Ca}cd for C11H16O3: C.67.32; H, 822, Found:

) C ¥738 H, 813 , ) n

(Phpnylsclcng)-Z-cyclopcmcn-I&yl acctate 275:

Pyridine (0.4 mI9shmol) was added to a stirred solution of 255 (04940 g,

. ' ¥ ' : : '

3.42 mmolj in T_HF (12 mL) at O°C. After stirring for 10 min a solution of_
benzenéselenol (0.660 g, 4.20 mmol) in benzenc (12 mL)"was injected over ca. 5 min. *

Thc ice bath was rcmovcd and the mixture was a]lowcd 10 rcach room tcmpcraturc

After a further 75 min, diethyl cthcr (25 mL) and Cchtc (1g) were added. The mixture

was filtered and the filtrate was washed with brine {20 mL), dried (MgSO4)€nd,

=~ -
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evaporatcd Flash chromatography of the residue. ovcnsﬂlca gcl (4 x-15 cm) with U

99.5:0. 5 hexane cthy] acetate yleldcd 275 (0. 8{5 £,89.5%) as a ycllow oil: IR {film)

1725, 1439, 738, 689 cml ln NMR (CDCl3, 400 MHz,) 5 1.54 (m, 1H), 2.14 (m,

1H), 2.36-(m, 2H) 274 (m, 2H), 318,05 1H), $.68 (leH) 5.78 (m, 1H), 7.36

" (m, 3H), 7.50 (m 2H) 13c NMR (CDCl3, lOO6MHz) 5 29.5, 31. 8 42.4,'53.3,

1268 128.7, 1290 131.3, 1331 1357 199.1; exact mass m/?2660210 (calcd‘
\‘ - .2/

for C13H14OSc m/z 266.0210). Ana] CalcchQr C13H14OSc C, 58.87, H, 532 O,

bt

6:03. Found: C, 5897, H, 5.28; 0, 6.33. -

N N o S .

-

‘\

¢

275 (0.4027 g, 1.52 ol) and copper(I)iodide (O.QSO”g, 0.08 mmol) at room

temperature. More diazemethane (total of 17.5 mL of the solution) was added at 30
" min intervals until no starting material could be detected (TLC). The addition took 3.5~ *

h. Silica gel (0.5g) was added and the m&&:rc was stirred for 5 min, filtered and

evaporated. Flash chromatbgfaphy of the residuie over silica gel (2 x 20 crﬂfwith 96:4

y hexanc cthyl acetate yielded 276 (0 1790 g, 422 o) as 4 pale ycllow oil: IR (CHCI3
cast) 1710, 1439 738 690 cm'1 ]H'NMR (CDC13, 400 MHz) o 1 35 (m IH) 2.10 ,

(m, 1H), 2.38 (m, 2H), 2.72 (m,.2H), 3.08 (m, 1H), 3.58 (.s, 2H), 5.6_0 (m, 1H),

5.75 (m, 1H), 7.38 (m, 3H), 7.54 (m, 2H); 13G\NMR (CDCI3,.100.6 MHz' 5 29.9,
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31.8, 36.4, 413, 47.1, 1279, 129.3, 1313, 133.4, 133.9, 204.9, (1 peak absent
from SeCgHs); exact mass, m/z 280.0370 (calcd for C14H160Se, m/z 280.0366).

Anal. Calcd for C14H10Se:C, 60.22; H, 5.78; O, 5.73. Found: C, 60.29; H, 5.84;

0, 6.00.

.

1-Chloro-1-(phenylseleno)-2-heptanone 283:

n;Hexanoy! chloride (0.23 mL, 1.5 mmol) was injected dropwise with

\

intermittent agitation into an ethereal solution of diazomethane (20 mL, 4.4 mmol) in a
50 mL round bottomed flask sealed with & rubber septum. The mixture was kept at

3°C for 17 h with protection from light. The solution was then warmed to room

temperature (to Témove excess diazomethane), dried (CaSOy4) and evaporated to yield
' 3

the crude diazoketone 280 (0.220 g) as a homogeneous (TLC) yellow oil: 1H NMR

(CDCl3, 200 MHz) § 1.10 (1, 3H), 1.50 (m, 4H), 1.82 (m, 2H), 2.50 (m, 2H), 5.40°

I )
¢

(bs, 1H). S - v

Phenylsc]cncnyl chloride (0.287 g 1,50 mmol) in dlchloromcthanc 1 mL) was

~~

added er‘f)WJSC to a snrrcd solution of the crude diazoketone 280 (0. 205g) in

dichloromethane (5 mL). Rapid decolorization’ took placc thh the evolution of

o

nitrogen/ The mixture was partioned between brine (10 mL) and diTyl ether (50 mL)

and the organi.c layer was dried (MgSOy4) and evaporated. Fla " chromatography.o'f

the residue over silica gel 3x20 cm)vwith 97:3 and then 94:6 hcxang;cthyl acetate
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yielded 283 (0.36 g, 85%) as a clear yellow oil: IR (hcxanc cast) 1720, 1439, 739,
690 cm'l;'lH NMR (CDCl3, 300 MHz) 6 0.88 (t,J = 7 Hz, 3;H), 1.28 (m, 41&), 1.58
(m, 2H), 2.56 (ddd, J = 17,7, 1 Hz, lH) 2.78 (ddd, ] ='l"7‘, 7,1 Hz, iH), 5.54 (s,
1H), 7:36 (m, 3H), 7.62 (m, 2H); 13C NMR (CDCl3, 7547 MHz) 8 13.9, 23.4,
23.8, 31.2, 37.9, 60.8l, 129.5, 129.7,.135.9, 199.7, (1 peak absent from SeCgHs);
| exact mass, m/z 304.0137 (calcd-for C13H17CIOSe, m/z 304.01_33). Anal. Calcd f6r

C13H17ClO0Se: C, 5141; H, 5.64, O, 5.27./¥o‘ur;d: C, 51.71; H, 5.57; O, 5.63.

¢

2

1/

General Procedure for the Preparation of (2-Cycloalken-1-yl)propan-2-

ones.. N

Oxalyl éhlon'dc (1.25 equiv.) was added dropwise to a stirred solutio;x of the 2-
¢ycloalkenen-1-yl acetic acid (1 equiv.) in benzene at 0°C. The mixt'urc was stirred for
10-15 min before the iccpbath was removed and the reaction alllowcd to warm to room
temperatﬁrc. After a further 2-3 h the benzene was evaporated. Distillation of the

. .

residue under reduced pressure (vvater aspirator; protection from.moisture) yielded the

acid chloride which was either used directly or stored (at ca. 0°C).

Methyllithium (MeLi) {6 equiv., in diethyl ether (Aldrich)] was added dropwiss
a stirred suspension of copper(l)iodide (2 equiv.)in diethyl ether at ga - 35°C.
lnitially' a yellow suspension formed (MeCu) ~hich, upen addition of the second

equivalent of methyllithium, disappeared, sesulting in a clear colorless solution of
, ‘ {

4
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lithium dimethyl cuprate . dr:-ice 2-propanone bath was allowed to warm to -15"C -

over ¢a. 25 min and ..a7 thn - do-ed to’-,78°C. 'Frc;hly distillc& acid chloride (,1
equiv.) in diethyl ether . ir jected rapidly, into the Vigorously- stin'ca‘sol”utior.l.
Stining was éohn"n-ucd at - 78°C for a further 20 min Th.cn anhydrous methanol (ca. 10
equiv.) was injected iD one portion. ;l\ftcr 5-1(—)vmin the coolin'g batH was removed ;md

the solution allowed to warm to room temperature. The precipitate was filtered off [the

addition of Celite (1-2g) prior to filtration was helpful] and washed with diethy! ether (5

"x 10 mL portions). The filtrate was shaken with brine (10 mL) and the organic layer

was dried (M¢SOy4) and evaporated. Kugelrohr distillation of the residue.under

reduced pressure (water aspirator; protection from inoisture) yielded the methyl ketone.
\ B

1-(2-cyclopenten-1-yl)propan-2-one 277:

The general procedure was followed using acid chloride 255 (1.1794 g, 8.16

mmol) in diethyl ether (§ 1), lithium dimethyl cuprate [made-from MeLi (35.0 mL,

1.17 M in diethyl ethcri,>41 mmol) and copper(l)iodide (4.70 g, 24.7 mmol)‘]\ in diethyl

ether (15 mL) and methanol (3 mL, 74 mmal). After workup, the solvent was |

evaporated at atmospheric pressure and Kugelrohr distillation of the residue yielded

277 {0.890 g, 96% pure (VPC OV-], 150°C), 84.3%)] as a éolorlgss l‘i:quid: bpﬂ 40°C,

15 mm: IR (film) 2937, 1712, 1361, 1160 cm; 'H NMR (CDCl3, 400 MHz) 8 1.36

(m, 1H), 2.04-2.16 (m, 4H; including s a1 2.12), 2:20-2.52 (m, 4H), 3.10 (bs, 1H),

'

ta
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5.58 (m, 1H), 5.70 (m, 1H); 13¢ NMR (CDCl3, 100.6 MHz) & 29.8, 30.2, 31.8,
41.1, 50.0, 131.3, 1340 208.3; exact mass, m/z 124.0889 (calcd for CgH 120, m/z

124.0888).

1
'7 1-(2-cyclohexen-1-yl)propan-2-one 284:.

The general procedure was followed using acid cﬁlori(;lc 257 (1.1533 g, 7.27
' ‘mmol) .‘in‘ diethyl ether (.5 ij, lithium dimethyl-cuprate fmade from MeLi (31.5 mL,
1.17 M in diethyl ether, 37 mmol) and copper(l)iodide (3.75 g, 19.7 mmol)] in diethyl
ether (15 mL) and methanol (2.9 mL, 72 mmol): Afte( workup the solvent was
e\;aéorated and kugelrohr distillation of the residue yielded 284 [0.840 g, 94% ;purc
(VPC OV-], 150°C), 78.6%] as a colorless liquid: bp 83-85°C, 22 mm;‘IR (hexang
cast) 2924, 1717, 1360, 1160 cm™1; 4 NMR (CDCl3, 400 MHz) & l~.20 (m, 1H),
1.56 (m, 1H), 1.66 .(m, 1H), 1.78 (m, 1H), 1.96 (bs, 2H), 2.12.(s, 3H), .2.40,(m,
2H), 2.62 (bs, 1H), 5:50 (m, 1H), 5.66 (m, 1H); 13C NMR (CDCl3, 100.6 MHz)
21.2, 25.1, 29.0, 30.4, 31.3, 50.1, 127.9, 130.5, 207.8; exact mass', m/z 138.1040

(calcd for C9HI4O, m/z 138.1045). : \
“\
1—(2-cychloh(cptcn-"I-yl)propan-2-oné 286:

The general procedure was followed using oxalyl chloride (0.40 mL, 4.6

mmol) and acid 285153 (0.5279 g, 3.42 mmoi) in benzene (10 mL). Evaporation of



the benzene uhde;}::_duccd pressure and kugelrohr distillation of the residue yielded the

acid chloride which was used directly: bp.¢110°C, 15 mm).

The acid chloride in diéxhyl ether (5 mL) was added to lithium dimethyl cuprate

200

®

[made from MeLi (15. 0 mL, 1.17 Min d1ethy1 ether, 18 mmol) and copper(liodide

e

(1.65 g, 8.7 mmo])] in diethyl ether (15 mL) The reacnon was quenghcd with

pressure and kugclroohr distillati.on of the residue yielded 286 [0.3992 g, >99% pure
(VPCOV-] 170°C), 76.7%] as a clear liquid: bp 95°C, 15 mm; IR (hexane cast) 2919,
1718, 1360 cm’1; 4 NMR (CDCl3, 400 MHz) 3 1.24 (m, 2H), 1.50-1.70 (brh, 3H),
1.86 (m, 1H), 2.404 (m, 5H; includihg s at 2.10), 2.46 (m, 2H), 2.74>(bs, 1H), 5.40
(m, 1H), 5.74 (m, 1H); 13C NMR (CD€l3, 100.6 MHz) 5 26.9, 28.8, 30.0, 30.2',
33.5, 35.8’,. 50.8, 131.9, 136.1, 207.-9; exact xgliass, .m/z 152.1201 (calfd for

C1oH160, m/z 152.1201).

Endo- and Exo-6-bic_yc]o(2.2.2.)octcg-2-yl methyl ketone 288 (a

mixture of isomers):

The general prc;ccdurc was followed using oxalyl chloride (0.25 mL, 2.9

mmo!) and acid 287154 [O.32Q g, 93:7 endo:exo (1H NMR 400 MHz), 2.10 mmol] in

LY

mcthanol (1.2 mL, 30‘mm01). After workup the solvent was cvaporatcd under reduced |

benzene (10 mL). Evaporatién of'the benzene and kugelrohr distillation of the residue '

yielded the acid chloride which was used directly: by 110°C, 15 mm.

¥ iy



v . s 8y t - - B
NS . AT AL . ' 3
- R - s 201
Ta . . T Y

x - The aeia chiéridc in dicthﬁ ether (5 mL) wasféddcd to lithium dimethyl cupraté
[made from MeLi (9 O mL 1.17M in dxcthvl ether, 15 mmol) and coppcr(I)lodldc
(1.00 g, 5.3 mmol)] in dlethyl cthcr (10 mL). The reaction was. qucnchcd with’
methanol (0.75 mL, 18 mmol) After »\('orkup the solvent was cvaporatcd and
| kugelrohr distillation of the residue yielded 288 [0.282 g, 89.4%: VPC analysis gives
exo:endo 7.3:92.7; exo isomcr cluu};d,(l .82 mxp) mdQ at (1.97 .mm) (OV-1 180°C)] as
a rpodcratcly viscous yellow o’il: b,p 80°C, 15 mm; IR (hexane cast) 2942, 1‘710'. 1360, |
’f170 705 cm‘l" Iy NMR (CDCl3, 400 MHz) endo-isomer 8 1.10-1.34 (m, 2H), -

1.40-1.80 (m, 4H), 2.10 (s, 3H) 2.40-2.70 (m, 2H), 2.86 (s, 1H), 508 (ddd, I =17,

7 1 Hz, 1H), 526 (ddd, J =7, 7, 1 Hz, 1H), peaks formlsomcrat216(s) 280

. (bs); 13C NMR (CDCl3, 100.6 MHz) endo-isomer § 24.6, 26.0, 28.1, 28.9, 238,

32.2, 51.7, 131.2, 135.2, 209.3, peaks for exo isomer at 20.9, 25.1, 27.7, 32.1,

51.3, 133.9, 135.5; exact mass (isomer mixture), m/z 150.1047 (caled for CioH140,

m/z 150.1045). .

(%

4-Methyl-5-hexen-2-one 290:

Th= general procedure was followed using oxalyl chloride (0.9 mL, 10.-mmol)

‘ s ' .
and .acid 289155 (0.946 g, 8.25 mmol) in benzene (15 mL). Evaporation of the "
benzene at atmospheric pressure and kugelrohr distillation of the residue gave the acid |

chloride [0.684 g, 72.5% pure (TH'NMR 400 MHz) contaminated with benzene]

~N
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which was used as such: bp 60°C, 40 mm.

Thc acid chloride in dlcthyl ether (5 mL) was added toJithium dlmcthyl cuprate
[madc from McL1 (25.0 mL, 1.17 M in diethyl ether, 29 rnmo]) and copper(l)lodldc‘ .
(2 95 g, 15.5 mmol)] in. diethyl ether (10 mL). The rcacuon was qucnchcd with -
methanol (2.0 mL, 49 mmol). After workup the solvent was evaporated at atmosphcnc_
pressure and kugelrohr distil]ati‘cj Qf the residue yicld;d 290 [0.430 g, 90% pure (I

NMR 400 MHz), contaminated with benzene, 42%] as a clear colorl;ss liquid: bp

'125°C. 700 mm; IR (CDCl3 cast) 2920, 1720, 1460 em™1; 1} NMR (CDCl3, 400

, MHz)SlOO(dJ 7 Hz, 3H) 212(5 3H), 236and246(ABofABX Jap=16

- Hz, 2H), 270(m 1H), 494 (dt 1-105 15Hz lH) 5.00 (dt, J = 16.75, 1.5 Hz,

, 1H), 5.76 (ddd 1=1675,105, 7.0 Hz, 1H), 2.48; 13C NMR (CDCl3, 100.6 MH2)

3 19:8, 30.4, 33.5, 50.5, 1 13.1. 128.4, 143.0, 207 5.

_ : £ ’
General proccdgrc for Preparation of a-(‘Phcvnylsclcno)mcthyl Ketones
& + ' ' °
; -

T

~ The ketone (1 ~<:quiv.) in THF was added dropwise.over ¢a. 5 min to a stirred
solution of LDA (1.05-1.1equiv.) [made from disopropflaminc (i.1-1.2 equiv.) and p-
butyllithium (1.05-1.1 cqmv )] in THF at -8 °C. After a further 10 min
phenylselenenyl chloride (1. 25 equiv.) in THF was 1njectcd rapxdly Thc solunon was
stirrcd n+ -78°C for a funhcr 5-10 min at which point saturated aqueous ammonium -

( .

chloride (2 mL) was added. The mixture was allowed to warm 1o room temperature



. $(ca. 20 min) v&n‘d brine was added. The organic layc{ was separated and the aqueous

REE 0 N ’ @-@ ;
Jayer-was extracted once with diethyl ether. The combined org

: (MgSU4) and evaporated. Flash chromatography of the rcsidué%vcr silica gel as

<

*

escribed for the individual experiments yielded the pure a—(phgn);’isclcno)mcthyl

ketones.

3-(2-cyclopenten-1-y1)-1- (phénylsclcno)bropan-2-onc 276: ¢

The gener:;l procedure was followed using 277 10.100 g, 96% purity (VPC),

0.77 mmol] in THF (2 mL), LDA [made from diisopropylamine (0.125 mL, 0.89 '

rnmol‘) and n-butyllithium (0.55 mL, 1.6 M in hexanes, 0.88 mmol)] in THE (5§ mL)
and phenylselenenyl chloride (0.180 g, 0.94 mmol) in THF (0.5 mL). After workun

flash chromatography of the residue over silica gel (2 x 20 cm) with 96:4 he xa e-ethyl

%chtmcts were dried.

203

acetate yielded 276 (0.149 g, 69.3%) as a yellow oil: It had spectral (JH NMR and -

13C NMR} and chromatographic (TLC) properties identical to an authentic sample.

3-(2-cyclohexen-1-yl)-1-(ph enylseleno)propan-2-one 291:

The general procedure was followed using 284 [0.205 g, 94% purity (VPC),
1.39 mmol] in THF (2 mL), LDA [made f_rom diisapropylamine (0.24 mL, 1.7 mmol)

and p-butyllithium (1.1 ml . 1.5 M in hexanes, 1.65 mmol)} in THF (10 mL) and

) ‘

L

phenylselenenyl chloridé (0.350 g, 1.83 mmol) in THF (1 mL). After workup flash

-~
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chromatography of the residue over silica gel (2 x 20 cmi with 96:4 hexane-ethyl

acetate ‘yielded 291 (0.295 g, 72.4%) as a yellow oil: IR (hexane cast) 1710, 1440,

738, 690 cm-1; 'H NMR (CDCl3, 300 MHz) 8 1.18 (m, 1H), 1.44-1.80 (bm, 3H),

1.98 (bs, 2H), 2.56-2.70 (bm, 3H), 3.58 (s, 2H), 5.44 (m, 1H), 5.66 (m, 1H), 7.26

| (m 3H), 7.52 (m, 2H); 13C NMR (CDCI3, 75.47 MHz)82lO 25.1, 28.8, 31.2,

204

36.4, 47.0, 127.9, 128.8, 128.9, 129.3, 130.4, 1333 204.8; exact mass, m/z_

294.0527 (calcd for Cy5H1g0Se, m/z 294.0523). Anal. Calcd for C15H,808Se: C,

61.43: H, 6.19; O, 5.46. Found: C, 61.48; H, 6.19; O, 5.61.

3-(2-Cyclohepten-1 -yl)-1-(phenylseleno)propan-2-one 292:

The general proccdurc was followed using 286 (O 125¢,0. 871 mmol) in THF

(2 mL), LDA [made from dnsopropylammc (14mL, 1.0 mrnol) and n- butyllxthlum

<

(0.65 mL, 1.5 M in hexanes, 098 mmol)] in THF (10 mL) and phcnylsclcncnyl

chioride (0.200 g, 1.04 mmol) in THF (1 mL). After workup flash chromatography of
s - Y~ -

*

the residue over silica gel (3 x 20 cm) with 94:6 hexanc—cthyl acct.;ite yielded 292
(0.190 g, 75.3%) as a ycllow oil: IR (hexane cast) 1703 1438, 737, 650 cmDl 1H

NMR (CDCl3, 300 MHz) 6 1.38 (m, 2H), 1.48-1.70 (bm, 3H), 1.86 (m, 1H), 2.10

(m, 2H), 2.56-2.84 (bm, 3H; including bs at 2.74, 1H), 3.68 (s, 2H), 5.40 (m, 1H),

574 (m, 1H), 7.28 (m, 3H), 7.58 (m, 2H); 13C NMR (CDCl3, 75.47 MHz) § 26.8,

28.7, 30.1, 33.4, 35.5, 3v.3, 47.7, 1279, 129.3, 132.0, 133.3, 136.1, 204.8, (1

/



peak absent from SeCgHs); exact mass, m/z 308.0684 (caled for CygH,0OSe, m/z

308.0679). Anal. Calcd for C1gH200Se: C, 62.54; H, 6.56; C 5.21. Found: C,

62.77; H, 6.56; O, 5.50;

End0_2-Bicycl0(2.2.i)OCtCﬂ°5-y1 (pl}cnylsclcno)mcthyl ketone 293:

The g,;:ne.ral procedure was followed using 288 -[0.230 g 92.7% endo, l48
mmol] in THF (2 mL), LDA [made from diitopropylamine (0.26 mL, 1.9 mmol) and
n-butyllithium (1.05 mL, 1.5 M;in hexanes, il.e mmol)] in THF (10 mL) and
phcnylsclencny] chloride (0. 365 g, 1.91 mmol) in THF (0.5 mL) Afte} workup ﬂash
chromatography of the resujue over silicr gel (3 x 20.cm) wnh 96:4 hexane-ethyl
acetatc,\yieldcd 293 '(0.293 g, 64.7%) as a yellow 01,]: IR (film) 1701, 1438, 738, 691

'
em-1: TH NMR {CDCI3, 400 MHz) § 1.18 (m, 2H), 1.36-1.62 (m, 4H), 2.54 (bs,
%

~
A

llg)'gﬂé'(bs, 1H), 2.92 tddd, J = 10, 7.5, 2 Hz, 1H), 3.62 (dd, AB Jap = 12.5 Hz,

2H), 6.04 (ddd, J'= 7,7, 1 Hz, 1H), 6.24 (ddd, J = 7,7, 1 Hz, 1H), 7.26 (m, 3H),
. A

*7.48 (m, 2H); 13C NMR (CDCl3, 100.6 MHz) 8 24.3, 259, 29.3, 29.6, 32.4, 34.8,

48.8. 127.8, 129.2, 131.0, 133.3,135.1, 206.6, (1 peak absent from SeCe}ls); exact
mass, m/z 306.0530 (calcd for C16H180Se, m/z 306.0523). Anal. Calcd for

Ci6H180Se: C, 62.95; H, 5.94, O, 5.24. Found: C, 63.23; H, 5.89; O, 5.56.

>
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4°Mecthyl-1-(phenylseleno)-5-hexen-2-one 294: .

The g'cncral procedure was followed using 290-[0.200 g, 90% purity (:H
NMR), 1.60 mmol] in THF (2 mL), LDA [made from diisopropylamine (0.23 mL, 1.6
mmol) and p-butyllithiym (1.0 mL, 1.5, M in hexanes, 1.5 mmol)] in THF (7 mL) and

phenylselenényl chloride (07330 g, 1.72 mmol) in THF (1 mL). After workup flash

| c};romatography of the residue over silica gel (3 x 20 cm) with 95:5 hexane-ethyl

C\ acetate yielded 294 (0.29 g, 68%) as a yellow oil: IR (hexane cast) 1704, '143é, 738,

690 cm-1; TH NMR {DCi3, 400 MHz) § 0:96 (d, J = 6.5 Hz, 3H), 2.50-2.75 (bm,
3H), B.60 (s, 2H), 4.92 (dt. J = 10, 1.5 Hz, 1H), 5.00 (1, J = 17.5, 15, 1H), 570
b '

(ddd, J = 17.5, 6.5, 10 Hz), 7.26 (m; 3H), ?p (m, 2H), peaks for 295 at 1.06(d),

1.25 (d), 2.24 (s) and'2.20 (s); 13C NMR (CDCl3, 100.6 MHz) & 19.7, 334, 36.5,

£ 47.5, 113.1, 127.8, 129.1, 129.3, 133.3, 142.7, 204.1; exact mass, m/z 268.0362

N
(calcd for C13H40Se, m/z 268.0366). Anal. Calcd fof C13H740Se: C, 58.43; H,

6.03: O, 5.99. Found; C, 58.45: H, 5.91: O, 6.06. N

Cyclization of a-(Phenyiseleno)methyl ketones.
(Sad.6aa)-Octah'ydro-2_H-pcnta1cn-2-onc 278:

® The general procedure for radical cycliza);on (p.137) was followed using 276
(0.1279 g, 0.458 mmol) in benzene (20 mL), in'phcnylstannanc (0.195 g, 0.556 mmol) .

in benzene (10 mL) and AIBN (0.012 g, 0.07 mmol) in benzene (10 mL) and an
: : o

\

k
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add,itjo'n period of 13.5h. Aftera further 1.5 h the solvent was evaporated. Analysis

b

by VPC (OV-1.150°C) owed a ratio of the presence. of 278 and-288 in a ratio of
=, . ' ¢

78.8:21.2. Flash-'chromatography,o'f the residue over silica gel 2x 20 cm) wnh 95:5

hexane-ethyl acetate yielded two fr?cttons 277 (0. 003 g, 5.3%) and 278 (0. 0369 g,

64.9%) as colorless hqu1ds Tfn;s'ggJ Vﬁ’LR spectrum (400 MHz) of the ﬁrst fraction

&‘ I@
was 13cntxcal to that of 27'7 273 had IR (film) 2951, ¥741, 1400, 1170 cm'1 1H

h 2H), 1.98-2.50 (AB of ABX cemcrcd at 2.25 JAB = 20 Hz, 4H), 2.68 (bs 2H); 13C

NMR (CDCl3, 100.6 MHz) 5 25.6, 33.5, 39.7, 44.7, 220.8; exact.mass, m/z

e

124.0890 (calcd for CgH20, myvz 134.0888). TN

<

*

(5aa,7aa)-octahydro-2ﬂ-indcn-2-onc 297:

The general procedure for radical cyclizatibn (p.1\37) was followed using 291
(0.116 g, 0.400 mmol) in benzene (20 mL), tfiphcnylstannane (0.12 mL, 0.47 mmol)

in ben;ene (10 mL) and AIBN (0.015 g, 0.09 mmol) in benzene (10 mL) and an

NMR (CDC13', 400 MHz) 8 1.40 (m, 2H), 1.64 (m, IH), 1.72 (m, 1H), 1.98 (m, |

addition period of 17 h. After a further 2 h the solvent was evapgrated. Flash

chromatography of the residue over silica gel (2 x 20 cm) with 95:5 hexane-ethyl
scetate yielded two fractions 284 (0.0064 g, 11.6%) and 297 (0:0395 g, 71.4%) s
colorless liquids: The 1H NMR spectrum (400 MHz) of the first fraction was identical

to that of 284: 297 had IR (hexane cast) 2925, 1744, 1160 eml; 1H NMR (CDCl3,
B hd ‘ .
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400 MHz) 8 1.30-].64 (bm,’SH), 2.26 (m, 4H), 2.30 (bs, 2H); 13C NMR (CDCl3, \
100.6'MP-12)“5 22.5, 2'}._5:' 35.6, 43.3, 219.7; exact mass, m/z 138.1047 (calcd for

CgH40, miz 138.1045).  +

v

(3aa,8aa) and ,(3aa,8;75)-dccahydrb-Zﬂ-Azulcn-Z-onc (2 mixture of

s

isqmcrs) 298:

Thc general procedurc for rad1ca1 cychzauon (p.137) was followed using 292

©(0.148 g, 0.482-me6l) ini benzene (20 mL) mphenylszannaﬁe (0.15 mL, 0.59 mmol)

<

in benzene (10 mL) and AIBN (0.0140° g 0.09 mmol) in benzene (10 mL) and an
addition period of 13.5h. 'Afxcr a further 155“%% solvc;n was evaporated and VPC

‘ ang]ysis (OVK-I 180‘;C) of the crude reaction mixture showcd{hle‘presence of 286 and
298 in a ratio of 89:21. Flash chromatography of the residue ovérvs;ilAica gel 2x20

cm) with 95:5 ahd thcn 90:10 hexane-ethyl acetate yic]dcd two fractions 286 (0.0116

g

g, 15.8%) and 298 (0.053 g, 73.0%) as colorless hqu1ds The 1H NMR spcctrum

(400 MHz) of the first fraction was ic=ntical to that of 286: g_s and trans-298 and

299 had IR (hexane cast) 2923, 1744, 1160 cm‘l lH NMR {CDCl3, 400 MHz)

(approx1matc 1nclgrals only) 5 1.20-2.04 (bm, 13H), 2.42 (m, 3H); 13¢ NMR© Y

(CDClj3, 1006 MHz) 5 ¢cis-and 1rgns-298 267 272,279, 31.4, 324, 34 5, 358‘

S
435, 46.4, 48.0, 218.5, 219.6, pcaks for 299 at 26.0, 34.7, 35.2, 48.4; exact mass
Bt T ” :

ro e R
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(isomerqmi‘iiu;g , m/z 152.1204 (calcd for C1gH160, R{/z 152.1201).

Iy
AR

&

]
Tricyclo(4’.3.1.03'7)dé'can—5-onc (5~Isotwistz}nonc) 300:

- - 6 . vy S
The general procedure for radical gyclization (p.137) was -fbllowcd using €93

((:‘.130 g, 0.426 mmol) in benzene (22) rﬁL), n‘iphf:nylstz;nnanc (0.182 g, 0.518 mmot)

:n bénzene‘ (10 mL) and AIBN (0.0130'g, 008 mmol) in benzene (10 mL) and van

| addition_pen'od of 13.5 h. After 2 further 1.5 h the soivcm was evaporated and ﬂ?S};
chromatograph); of the residue over silica gel (2 x 30 c@ with 96:4 hcxaﬁé-é?hy’l =
acetate yielded 300 (0.05574fg, 86.6%) as a whilte solid. Compound'300 coﬁld not be .
wvisualized (TL.C) with our methods of dcydopmemt and —t‘hc fractions were anéllyz_?d by %
VPC (OV-] 200°C): mp 108-113°C (lit.”‘i mp 115-118°C); IR (hcxanc‘ cast) 2932, J

: 1740 el I

-

H NMR (CDCl3, 400 MHz) § 1.30 (dm, J = 14 Hz, 1H), 150 (m, 3H),

~— 1.64 (bs, 1H), 1.68-2.00 (bm, SH), 2.02-2.30 (m, 3H inclhing AB of ABX JAB=

18 Hz, 2H), 2.36 (m, 1H); 13¢ NMR (CDCl3, IIOO,G-MHZ) 519.2, 24.i.'f'26.5, 382,

- 32.6, 33.8; 35.1, 46.5, 48.4, 222.5; cx:aét mass, m/z 150.1045 (calcd for C1gH140, -
"mz 150.1045). | | | <.
A | N

_ 3-Mcthyicyclohcxanonc 301:
( .

The general procedure for radical cyclization (p.137) was followed using 294

’ (0.1387 g, 07519 mmol) in bcnzclc (20 mL), triphenylstannane (0.15 mL, 0.59'mrnol)

PR
7
ra
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1n benzene (IO mL) and AIBN (0.013 & 0.08 mmol) in benzene (10 mL) and an

addmon period of 13.5 h. Aftcr a further 2 5 h the majomy of the benzene was

cvaporated at atmosphenc pressure. Thc residue was placed in a volumetric flask (5

N

mL) and made up with benzene. The yicid of 3-methylcyclohex’an‘on“c 301 was

determined by VPC analysis (OV-1, 140°C). A Calibration graph was determined witk

. 6 standard solutions of 3-methylcyclohexanone (Aldrich) in benzene (5 mL each) and

the. yield was calculated as 0.044 + 0.001g (75.6 = 1.7%). The benzene was

IS

evaporated and the residue added to a 2,4-dinitro phenylhy&razonc solution in

phosphoﬁcgcid 5 mL 1.25 mmol). The solution was stirrcd for 15 min, watcy (5

~ mL) was addcd and the mixture extracted with dlchloromcthane (2 x 10 mL). The

~,

‘combined organic extracts wete dried (MgSOy) and cvaporated Flash chromatography

of thc residue over 5111ca gcl (3 x20 c¢m) with 85 15 hexane-ethyl acetate yielded the
2,4-DNP derivative of 3- mcthylcyclohcxanone (O 1263g 83%) The matcnal was
)

contammated with ca. 10.5% of the derivative of 290.- An authentic sample of the

" at room, tcmpcrature was added dropwxsc over 45.min to a stirred 'solution of B keto

- s , .
derivative of commercial 3-methylcyclohexanone was prepared in a.similar fashion. )
L
Elﬂy‘l (E_)'-S-[(phcnylsclcno)methyl]tctrahydrofuran-2-y1idcncacctatc
. i . [ . :
. 307:165 | , . .
N N (phenylsclcno)pthalxmlde (0.555 g, 1.84 m?’nﬁ) in dichloromethane (5 mL)



ester 308 (0.290 g, 1.70 mmol) and iodin (0.022 g, 0.087 mol) in dichloromethane
(3 mL). After a further 45 min the mixfure was filtered. The filtrate was diluted with

diethyl ether (50 mL), washed with “rine (10 mL), dried (MgSOy4) and cvapdratcd.

\
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~Flash chromatography of the'residue over silicagel (3 20 cm) with 88:12 hexane-.

ethyl acetate yxelded 307 (0.305 g, 55.0%) assa-Hght yellow oil: IR (CszClz cast)
1702, 1644, 1372, 1115, 1048 em-l; f H NMR (CDC1.3, 400 MHz)$ 1.28 (1,J = 7
Ha, 3H), 1.82 (m, 1H), 224 (m, 1H), 2.96 (m, 2H), 3.20 (m, 1), 3.24 (m, 1H)
4.08 (q, J = 7 Hz, 2H), 4.54 (qu, J = 6 Hz; 1H), 5.22 (s, 1H), 7.24 (m, 3H), 7.50
(m, 2H); 13C NMR (CDCl3, 100.6 MHz) 0 14.5, 29. 3 30.3, 31.7, 59.2, 83.0, 90.1,

127.5, 129.2, 133.2, 168.4, 175.6, (1 peak absent from SeC6H5) exact mass, m/z

326.0432 (calcd for C1sH1g03Se, m/z 326.0421):

~ Ethyl (E)—5-mcthyltctrahydrofuran-2-y1idc;ca%r«tatc 309:

Solutions of triphcnylstanngmc (0.135_. g, 0.38 mmol) in benzene (10 mL) and
- ,
;\IBN (0.014 g, 0.08 mmol) in benzene (10 mL) were added simul\tancouslylovcr a
period of 13.5 h 10 a refluxing solution of 307 (0.105 g, 0.323 mmol) in benzene (20
mL). Afterafurther2.5h thé mi;(turc was allowed to cool to room temperature and the
benzene wa; then evaporated. sFlash chromatography of the residue over silica gel (2 x

20 cm) thh 90:10 hexane- cthyl acetate yiclded 309 (0.442 g, 80.4%) as a clear

colorless liquid: IR (CHzCly_ cast) 1706, 1643, 1113, 1050 cm'l TH NMR (CDCl3,
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400 MHz) & 1.28 (t; 5 7 Hz, 3H), 138 (&, ] = 6 Hz, 3H), 1.6 (m, 1H), 222 (m,
1H), 2.96 and 332 (dd, AB of ABX, Jap = 12.5 Hz, 2H), 414 &q, ] = 7 Hz, 2H),
452 (dqu,J = 8 6 Hz, 1H), 5.28 (5, TH); 13C NMR (CDCl3, 100.6 MHz) 8 14.5,
20'.4, 30.8, 31.2, 59.1, 80.3, 89.5, 168.'7,,176.3; exact mass, m/z 170.0944 (calcd

for CgH 140, m/z 170.0943).

®

Methyl (E)-6-(phcnylsclcno)-S,6-dihydro-4H-pyran-2-y1acctatc 310:

The literature procedure was followed 169 with the cxccption:that the reaction .
time was extended from 2 h to 12 h. When the reaction was done using the
recommended time (2 h) the product contained largely starting material.
Chromatography several timc; over silica gel with 6:1 light petro..um ether (bp 35-60)
diethyl cthcyryieldcd 310 as a pale yellow oil. The IH NMR spectrum shox;'cd that the
prcscﬁcé of 312 (<5%) and this was removed under vacuum (10'? mm) over a period
| of 24 h. The product was SUb_]CCICd again to flash c@atography before use in thc\

followmg experiment. This purified material had: IR (film) 1742, 1152 1022, 738
]

m-1: TH NMR (CDCl3, 400 MHz) 8 1.60-1.70 (m, 1H), 1.90-2.10 (m, 3H), 3.00
(m, 3H; inc' ding dd, AB of ABX Jap = 12.5 Hz, 1H and 5 at 3.02), 3.20 (dd, AB

of ABX#AB = 12.5 Hz, 1H), 3.70 (s, 3H), 4.04 (m, 1H), 4.64 (1, J = 4.0 Hz, 1H),

7.22 (m, 3H), 7.50 (m, 2H); 13C NMR (CDGi3, 100.6 MHz) § 19.8, 264, 31.8,

40.1, 51.9, 752, 989, 127.0,129.1, 130.1, 1328, 1474, 170.7; exact mass, m/z
R
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326.0421 (caled for C;5H1g03Se, miz 326.0421).

~
Methyl (E)-6-methyl-5,6-dihydro-4H-pyran-2-ylacetate 313: -

- The general propcdure for radical cyclization (p.137) was followed using 310
. (0.13'91 g, 0.428 mmol) in benzene (20 ;nI;)Ttriphcnylstannanc (0.13 mL, Q.51 mmol)
‘} : i';:f*benzene (10 mL), AIBN (0.0150 g, 0.09 mmol) in bcnzcné (10 mL) and an addition
" period of 13.5 >h. After a further 1'.5"h the benzene Was{ evaporated and flash
chromatography of the residue over silica gel (2 x 20 cm) with 95:5 hcxanc-cxhyl

acetate yielded two fractions 313 (F1) (0.0506 g, 69.5%)and F2 (0.0100 g, 13.7%):

313 had IR (film) 2920, 1747, 1260, 1150, 1070 cm™L; TH NMR (CDC13, 200 MHz)
s

$ 1.26 (d, J = 6.5 Hz, 3H), 1.50-1.68 (m, l'H), 1.86-1.92 (m, 1H), 2.00-2.30 (m,

2H), 3.63 (s 2H), 3.70 (s, 3H), 4.02 (m, 1H), 4.68 (m, 1H); exact mass, m/z

170.0944 (caicd for CgH1403, m/z 170.0943). The TH NMR spect@®m (200 MHz) of

* \
second fraction was identical t-- hatof 312

A

Bicyclo(3.1.0.)hexan-2-onc 316: ' B

4

Alcohol 315 (1.1530 g, 11.75 mmol) in&dichlqrofucthanc (5 mL) was added

dropwise over ¢3. 5 min at room temperature to a stirred suspension of pyridinium
' * . .

’ ~

dichromate (17.7 g, 47.0 mmol) and crushed 3 A 'molecular sieves (3.1 g, Aldrich) in

dichloromethane (5 mL). After 13 h no staning remained (TLC). The mixt\urc was

N

AN

213



diluted with /d(icthyl ether (50 mL) and filtered<hrough a silica gel pad (2 x 7 cqr‘n) which
1 : r’-r'\.\

was washed with diethyl ether (4 x 50 mL). The filtrate was then waskhivéd’ with dilute

214

hydrochloric acid (100 mL, 0.2 M), dried (MgSO4) and evaporated at atmosphc_n'c _ ‘

' -prcssurc. Kugelrohr distillation of the residue yielded 316 (0.741 g, 65.6%) as a

colorless liquid: bp 105°C, 15 mm; IR (film) 1727,928 ém‘l; ]H NMR (CDCl3, 200

MHz) § 0.94 (m, 1H), 1.22 (m, 1H), 1.78 (m, 1H), 2.00-2.24 (bm, 5H); 13C NMR

(CDCl3, 50.32 MHz) & 13.3,21.4,22.5, 27.3, 1.2, 214.9; exact mass, m/z 96.0577

(caled for CgHgO, m/z 96.0575). | o .

(2]

3-[(Phenylseleno)methyl]cyclopentanbne 314:

-

Jodotrimethylsilane (0.36 mL, 2.53 mmol) was added dropwise to a stirred

solution of 316 (0.200 g, 2.08 mmol) in carbon tetrachloride (6 mL) at -20°C. After -

30 min the solution was diluted with diethyl ether (50 mL), washed with saturated

sodium sulfite solution (25 mL), dried (MgSO4) and evaporated.
o

Sodium borohydride (0.055 g, 1.45 mmol) was added in portfons to a stirred
solution of diphenyl diselenide (0.490 g, 1.57 mmol) in punctilious ethynol (10 mL) at

room temperature. After being stirred for 30 min the solution was cooled to 0°Cinan
<

ice bath.

The crude iodidc, in ethanol (2 mL), was added dropwise to the stirred solution

<

of sodium phenylselenate. The ice bath was rcmovcﬁi after ca. 10 min and the mixure

\
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allowed to wanh'té room temperature. After a further 4 h the mixture was partitioned
between diethyl ether (50 mL) aﬁd brine (20 mL). The organic layer was dried
_ _ 4 -
(MgSOy) and evaporated. Flash chromatography of the rcsjdué over silica gel'(3 x 20
cm) with 85:15 hcxa’ne-ctihyll acetate yielded crude 317 (0.325 g, 61.5%) as &
ho‘mogenc_ous (TLC) yellow oil. | [Further purification by centrifu galzchromato;raphy
(Chromaté(tron, 4mm plate Merck silica gel 60 PF254) wit; 85:15 hexane-ethyl acélaté

‘proved u uéccssful]: IR (film) 1742, 1159, 738, 692 cm-1; 1H NMR (CDCl3, 400

NHz) § 1.62 (m, 1H), 1.94 (m, 1H), 2.10-2.52 (m, 5H), 3.02 (d, J = 7 Hz, 2H),

~.24 (m, .48 (m, 2H) minor peak at 3.28 (m); 13C¢ NMR (CDCl3, 100.6 MHz)
: (
§ 29.0, 33.4, 37.7, 38.4, 45.2, 127.2, 129.2, 130.1, 133.0, 217.5 minor pcaké at

30.1, 39.3, 40.9, 45.8; exact mass (isomer mixture), m/z ’254.0212 (calcd for

14

C12H140Se, m/z 254.0210). e

- Reaction of 314 with Triphenylstannane.
‘r

The general procedure f;)r radical cyclization (p.137) was followed
’, using 314 (0.1 176‘g‘,'0.464 mmol) in benzene (20 mL), triphenylstannane (0.192 g,
0.547 mmo}) in benzene (10 mL) and AIBN (0.014 g, 0.085 mmol) in benzene (10
mL) and an addition period of 13.5 h. After q-further l.SIh the majority of the benzene
was removed by distillation at atmosphcricj:'p‘“‘r;ssurc usi;mg a 10 cm Vigreux column.

% ) ’ . i ¥
The residue was dissolved in benzene, placed-#s.a volumetric flask (5 mL) and made up



. ) ' ' 21 6.
. Vb;ilh benzene. The yield of 3-incthy1cyclopcntanonc was determined by V,PC' analysis
(OV-1, 140°C). A calibration gjaph. was determined \:Vil}; 5 standard solutions pf 3-
methylcyclopentanone (Aldrich) in benzene (5 mL each) 'and the yield7was calculated as
. 0‘038 + 0.003g (84.1 £ 0.7%). ‘GCMS analysis showed that the only r;lajor product
was 3-méthylcyc]opcmanonc acc;ompani;d by a small amount (ca. 4%) of

(—cyclohexanone.

-

<

1-(Phenylseleno)-6-hepten-2-ol 322: ‘
N ¥ ~

-5-Bromopentene (0.503 g 3.37 mmol, A]dri,cvh) in diethyl e;hcr (2 _rﬁL) was
added dropwise to a stirred spspcnsion of magnesium metal (O,.iOO g, 4.11 mmol, 70--
80 mesh) in diethyl ether (5 mL) at such a rate as to maintain gcml; reflux. ‘After the
addition was complete tﬁc mixture was refluxed gently for a further 45 min. The‘
miXtL;rc V:/;S then cooled to -30°C and frcsh]y purified (phcn}'lsclcno)accta]dc'hydc‘
(0.503 vg, 2.56 mmol) was addgd dropwise over ca. 20 min ‘\:vhilc 'thc tcmpéréi_ﬁrc was |
maintained at -30°C. The mixture was then warmed gradually to _room' tempcran..xre (ca.
1 h) and stirrcd\ for a further 2 h at wﬁich point the éxccss of Gﬁgnafd reagent was |
carefully éestroycd by the dropwise addition of saturatcd~ aqueous ammonium chlonde.
The mixture was panhioncd bctwéen diethyl ether (20 mL) and saturated ammonium -
chloride (10 mL). The aqueous layer was extracted with diethyl ether (2x20mL) and

. ) A o
the combined organic extracts were dried ((MgSO4) and evaporated. - Flash
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chromatography of the residue ow;cr silica gel (3 x 20 cm) with 90:10 hexane-ethyl
acetate yielded 322(0.427 g, 62.0%) as a yellow liquid. IR (hexane cast) 3400, 1472;.

1438, 1023, 911, 736 cmrl; 'H NMR (CDCI3, 200 MHz) 8 1.38-1.68 (bm, 4H),

o

2.04 (m 2H), 2.42 (d J—4Hz 1H), 2.80-3.20 (m, AB ofABXJAB 12.5 Hz

centered at 3.02, 2H), 3.68 (bm, 1H), 4.90-5.08 (m, 2H), 5.78 (m, 1H), 724736

(m, 3H), 7.48-7.60 (m, 2HY; exact mass, m/z 270.0527 (calcd for C13HgOSe, m/z

276.0523).

/

1X(vher yu.:clcno)~6-hcp1cé—%/c;nc 321:

1 ..¢ procedure for the preparation 0f*270 was followed using 322 (0.245 g, -
0.910 mmol) in dichloromethane (1.5_mL), dimethyl sulfide (0.145 mL, 1.39 mmol)
| and N-chlorosuccinimide (0.186 g, 1.39 mmol) in dichloromethane (5 mL); ;\ftc;ﬁh,

triethylamine (0.21 mL, 1.5 mmol) was added. After workup, flash chromatography
)

of the residue over silica gel (2 x 20 cm) with 6:1 light petroleum ether (bp 35-60 °C)
Q
diethyl ether yielded 321 (0.151.g, 62.1%) as a yellow oil: IR (film) 1709, 1440,

737, 690 cm’1; 14 NMR (CDCl3, 400 MHz) 8 1.66 (qu,J = 7 Hz, 2H), 2.04 (q, ] =
7 Hz, 2H), 2.58(t, J = THz, 2H), 3.58 (s, 2H), 5.0 (m, 2H), 5.72 (m, 1H), 7.28 (m,
3H), 7.52 (m, 2H); 13C NMR (CDCl3, 100.6 MHz) 4 23.2, 330, 36.1, 400, 1152, |

127.9, 129.1, 129.3, 133.3, 137.9, 205 3; exact mass, m/z 268 0367 (calcd for

L.

%
C13H16OSc m/z 268.0366). Anal’JCalcd for C}3H160Se: C, 58.43; H, 6.03.
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Found: C, 58.33; H, 6.05.

Cyclization of 321 with Triphenylstannane.
. <

The general procedure for radical cyclization (p.137) was followed using"&_Zl
(0.116 g, 0.434 mmol) in benzene (20 mL), triphenylstannane (0.14 mL, 0.55 mmol)
in benzene (10 mL), AIBN (0. 0150 g, 0.09 mmol) in benzene (10 IQ.L) and an addmon-

pcnod of 13.5 h.” After a further 1.5 h the majority of the benzene was rcmovcd by
distillation at atmospheric pressu}é using al0cm Vigrcux column. The residue 'v'gas P
. :O.', 4,2"\'{ o ;{ﬁ

redissolved in benzene, placed in to a volumetric flask (5 mL) and made up wu,h
benzene. VPC analysis (OV-1, 140‘°1C)-sh0wed two major products; cyc]iohcptéﬁ'éne'_ i "

(ret. time 2.20 min) and 3-mcthylcyc1hcxanonc (rct: time 1.75 min). Five calib%’at{oﬁ' .

standards each containing approxxmate]y equal wei ghts (5't0 45 mg) of cyc]oheptanonc s
PR f'ﬁ? H

(Aldrich) and 3-methylcyclohexanone (Aldrich) were made up with: benzem: Io 5 ml_e

Using these standards the yields of cycloheptanode and 3-» “cthy. cyclohcxanone wcrc

determined as (19. 9+0.3 mg, 40. 9+0. 6%) and (21.920.4 mg, 45 0+0 8%}

* ER TR

products as cyclohsptanone and 3-methylcyclohexanone. P o



._ 6-Hepten-2-one

A mixture of methyl 3-oxo-7-octenoate 308 (5.05 g, 29.7 mmol) and 5%

aqueous sodium hydroxide (60 mL) was refluxed for 3 h. The organic layer was

7
separated and the aqueous layer was extracted with diethyl ether (3 x 10 mL).
[ 4

J
Fractional distillation yielded 6-hepten-2one [2.20 g, 66.0%, bp 73-74°G 55 mm (Lit.

.bp 73-75°C, 50 mm)] as a clear colorless liquid (>98.5% pure by VPC, OV-], 120°C):
IR (CCly4 cast) 1718, 1640, 1360, 910: 1H NMR (200 MHz, CDCl3) § 1.70 (qh, J=7
Hz, 2H), 2.10 {q, J = 7 Hz, 2H), 2.20 (s, 3H), 2.48 (1,J = 7 Hz, 2H), 4.95-5.10 (m,

-

2H), 5.80 (m, 1H). | | | E



REFERENCES

2) Beckwith, A.L.J. Tetrahedron 1981, 37, 3073. b) Hant, D.J. Science. .

1984, 233, 883. ¢) Giese, B.; Horler, H. Iﬁmh_:dm_n 1985, 41, 4025. d)

Geise, B.; Angew, Chem,, Int, Ed, Engl. 1985, 24, 553.

1%

Benson, S.W. "Thcnnochcmi‘c,al Kinetics”, 2nd edn.; Wi]cy: New York, 1976.

Benson, S.W; O'Neal, H.E. in "Free Radiclas”, J.K. Kochi Ed.; Wiley: New

York, 1973; Vol. 2,275.

Lamb, R.C.; Ayers, P.W.; Toney, M.K. J. Am. Chem, Soc.1963, 85, 3483.

Hart, H.; Wyman, D. J. Am. Chem. Soc. 1959, 81, 4891.

G

Arai, S.; Sato, S.; Shida, S. J. Chem. Phys, 1960, 64, 1277.
Gordon, A.S.; Smith, S.R.J. Chem. Phys. 1962, 66, 521.
Butler, G.B.; Angclo, R.J. I Am, Chem, Soc, 1957, 79, 3128.
Marvel, C.S.; Vest, R.D. J. Am. Chem. Soc, 1957, 79, 5771.
Walling, C,; Pca;son, M.S . Am. Chem. Soc, 1964, 86, 2262.

. Brace, N.O. ], Am, Chem, Soc, 1964, 86, 523.

Julia, M. Acc. Chem, Res. 1971, 4, 386 and references cited.
’ ’
/

Julia, M.; Le-Coffic, L.; Katz, L. Bull. Soc, Chim, Fr, 1964, 1122,

* Julia, M.; Maumy, M. Bull. Soc. Chim. Fr. 1969, 2415.
220



15.-

16.

17,

18.

21.

23.
24.

25.

26.

Kochi, J.K.; Krusic, P.J. J. Am. Chem, Soc. 1969, 91, 3940.

{alling, C.; Codley, J.H.; Ponaras, A.A.; Racah, E.J. L}\m_c_m ~

196€, 38. 5361. ‘ }
a) Luijten, J.G. A,; Noltes, J.G.; Van der Kerk, G.J. M. ,[,_AppL_Chm 1957,

7, 356. b) Men:pace, LW.; Kuivila, H.G. LAm&hgm_&QQ_. 1964, 8¢,

3047.

Strubble, D.L.; Beckwith, A.L.J.; Gream, GE Tetrahedron Lett, 1968,

3701. ' ’

Pines, H.; Rosenfeld, D.B: Sih, N.C. ]. Org. Chem, 1966, 31, 2255.

[

2
" a) Capon, B.; Rees, C.W. Annu. Rep. Progr. Chem, 1964, 61, 261.b) Rieke,

K.D.: Moore, N.A. Tetrahedron Lm&ﬂw, 2035. ¢J Capon, B Quart, Rev,

1964, 18, 45 d) Rieke, R.D.; Moore, N.A. ] Org. Chem, 1972, 37, 413.

7

Bischof, P. Tetrahedron Lett. 1979, 1291.

Bischof, P. Helv, Chim, Acta 1980, 63, 1434.

Beckwith, A.L.J.; Moad, G. 1._Chem, S¢¢. . Chemn. Commun. 1974, 472.

Julia, M.; Maumy, M. Bull, Soc, Chim, Fr, 1968, 1603.

Julia, M.; Desgans, C.; Bajllarge, M.; Jacquet, B.; Ugen, D.; Groeger, F.A.

Tetrahedron Lett, 1975, 31, 1737.

Beckwith, A.LJ.,; Law;cncc, T. J. Chem. Soc., Perkin Trans, 11 1979, 1535.

~

221



222

27.  Beckwith, A.L.J; Gara, W.B. J. Chem. Soc., Perkin Trans. 11 1975, 593 and -

795. "L i
28. Bcckwuh ALI Mougép lfchcm. Soc. , Chem, Commun, 1981, 1361.
v,.‘ SC%‘ %N.

29. Beckwifh, ALJ; Gres, G:E.; Smruble D.L. Aust, I Chem, 1972, 25,
)
1081,

30.. Beckwith, A.L.J. "Esays on Free Radical Chemistry " Chem. Soc. SD?‘}Pub:

Chem. Soc. London, 1970; N24, 239,

-

1. a) Fumimoto, H.; Minato, T, Yonabe, S.; Fukui, K. J. Am.

1972, 94, 9205. b) Dewar, M.1.S.; Olivella, S. J, Am. Chem, Soc, 1978,

100, 5290. c) Hoyland, J.R. Theor, Chim. Acta. 1971}, 22, 229. d) Nagase,

s.; Kemn, C.W. J. Am, Qh;rﬁ. Soc. 1980, 102, 4513. .
32. Baldwin, J.E. ,], Q em, Soc. . Chem. Commun, 1976 734

33.  a) Beckwith, ALJ Blalr L; Phxllxpou G. . Am. CheM. Sog, 1974 2@,

1613._b) Kinney, R.J.; Jones, W.D.; Bergmah, R.G. . Am. Chem. Soc,

1978,100, 7902. ¢) Smith, T.W.; Butler, G.B. J. Org. Chem, 1978, 43, 6.

34. Beckwith, A.L.J.; Blair, LA; Phl]hpou G. Icmb_c_dm_n_l‘em 1974, 2251
‘?‘af

%@radhan S.K.; Kohle, J.N,; Mlstry,JS Tetrahedron Le:t, 1982, 4481. (

P
36. ‘y ‘Beckwith, ALJ,; LéwrcnccT Serelis, A.K. J. Chem. Soc. . Chem.

;‘- QQmmm 1980, 484 and rcfcrcnccs cited.
g .

a4

L 3



37.

38.
- 39.

40.

41.

- 42,

43,
44,
45,

46,

47.

48.

) - ., ‘ 223

e

~a) Beckwith, &LJ Phillipou, G Scrchs AK ;tlg ;Qm Lett, 1981, 22,

4

2811. b) Agosta, W.C.; Wolff, S. J g:hem Res, (5) 1981, 78-79.
Crandall, J.K.; Keyton, D.J. Tetrahedron Lett, 1969, 1653,
Ohnuki: T.; Yoshida, M.; Simamura, O. Chem. Lett, 1972,797 and 999.

a) Beckwith, A.L.J; Phillipou, G. Awst.J. Chem, 1976, 29, 123.b)

Barbour, R.V.; Cristol, S.J. J, Am. Chem. Soc, 1968, 90, 2832.

r Beckwuh A.L.J.; Easton, C.J; Serelis, A.K. J, Chem SQQ . Chem .

g:ommun 1980 482. . R

>a) Beckwnh A.L.J.; Scheisser, CH Tctrahcdron Lett. 1985 26, 373. b)

Beckwith, A.L.J.; Scheisser, CH Tctrah@ ron 1985 41 3925

Bachi, M.D.: Hoornaert, C. Tetrahédron Lett, 1981, 28, 2689 and 2693.
Bachi, M.D.; Frofow, F.; Hoornaert, C. J.Org, Chem, 1983, 48, 1841.

Beckwith. A.L.J.: Boate, D.R. Temrahedron Lett, 1985, 26, 1761.

»

Knight, J.; Parsons, P.J.; Southgate, R. . Chem, Soc. . Chers, Commun,
/A , A

1986, 78.

»

2) Beckwith, A.L.J;i0'Shea, D.M. I;tréhgqrgn Lett, 1986, 27, 4525. b)
Stork, G.; Mook, R. Tetrahedron Lett, 1986, 27, 4529.
Bumnett, D.A.; Choi, J-K.; Hart, D.J.; Tsai, Y-M L_Am. Chem, Soc, 1984,

106, 8201, | | - .




49.

50.

51.

52

53.

54.

55,

56.

57.

- 58.

-59.

Choi, J-K.; Hart, D.J. Tetrahedron 1985, 41, 3959.

© Han, DJ.; Tsai, Y.M. L Am. Chem. Soc. 1984, 106, 8209.

Jones, K.; Thbmpson, M.; Wright, C J. Chem, Soc. , Chem. Commun,

1986, 115.

Padwa, A.; Nimmesgem, H.; Wong, G.S.K. 1. Org. thr;. 1985, 50, 5620.

A -

Ueno, Y., Chmo,lg, Watanabe, M.; Moriya, O.; Okawara M. J. Am. Chem.
@

&QQ1982 __O_ 5565

Mon'yzi: O.; Kakihana, ‘M.; Urata, Y - Sugizaki, T.; Ueno, Y.; Endo, T.
, / R .

-

Kageyama, ’I?."J: C'n‘em‘ Soc. , Chem. Commun, 1985, 1401 and r_eferences

cited.

(&)

)Stork G.; Mook, R.. J. Am. Chem, Soc 1983\LQ§,-3721 b) Stork G.;

Mook, R;; Bl]lcr S.A; Rychnovsky, SD. ] Am. Qhem Soc. 1983, __ﬁ

3741. ¢) Stork, G.; Sher, PS. J. Am. Chem. Soc. 1983, 105, 6765.
L@ldow, M.; Pattenden, G. Teirahedron Lett, 1984, 25, 4317.

Ono, N.; Miyake, H.; Kamimura, A.; Hamamoto, I.; Kaji, A.; Tamura, R.

Tetrahedron 1985§11. 4013.

Shankaran, K.; Sloén, C.P.: Snieckus, V. Tetrahedron Lett, 1985, 26, 6001. -

Bachi M.D.; Bosch, E. Tetrahedron Lett, 1986, 27, 641.

224




60.

61.

62

64
65.
6.
67.
68.
69.
70.
71,
72.
73.
74,

75.

Bakuzis, P.; Campos, 0.0.S.; Bakuzis, M.L.F. J. Org. Chem, 1976, 41,

3261.
Buchi, G.; Wuest, H. J. Org. Chem, 1979, 44, 546.

Chuang, C-P.; Hart, D.J. J, Org, Chem, 1983, 48, 1782.

Beckwith, A.L.J.; O'Shea, D.M.; Roberts, D.H. . Chem. Soc, , Chem,

Commun. 1983, 1445.

Stork, G.; Baine, N.H. ] Am. Chem. Soc 1982, 104, 2321.

Stork, G.; Bainc, N.H. Tetrahedron Lett. 1985, 26, 5927.

!

Snider, B.B.; Kilkarni, Y.S. Tetrahedron Lett. 1985, 26, 5675.

r =

Hanessian, S.; Beaulieu, P.; Dube, D. Tetrahedron Lett, 1986, 27, 5071.

Curran, D.P.; Rakiewicz, D.M. ], Am, Chem, Soc, 1985, 107, 1448.

Curran, D.P.; Chen, M;H. Tetrahedron Lett, 1985, 26, 4991.

Curran, D.P.; Kuo, S-C. J. Am. Chem. Soc. 1986, 108, 1106.

Danishefsky, S.J.; Panek, J.S. ], Am. Chem, Soc, 1987, 109, 917.

Stork, G.S.; Sher, P.M. J. Am, Chem. Soc, 1986, 108, 303. -

Stork, G.: Sher, P.M.; Chen, H-L. _Am. Chem, Soc, 1986, 108, 6348.

Stork, G.; Sofia, M.J. . Am. Chem, Soc. 1986, 108, 6826.

Fraser-Reid, B.; Tsang, R. J. Am. Chem, Soc, 1986, 108, 2116.

225



76.
77.
78.

79.

80.

g81.

82.
83.

84.

85.
86.

87

226

| Wilcux, C.S.; Thomasco, L.M. L_(lgﬂgn. 1985, 50, 546.

' Wilcox, C.5.; Guadino, 1J. L Am. Chem. Soc, 1986, 108, 3102.

Leonard, W.R.; Livinghouse, T I;;zahgdrg'n Lett. 1985, 26, 6431.

a) Clive, D.L.J.; Beaulieu, P.L,; Set, L. J. Org. Chem. 1984, 49, 1313. b)

Angoh, A.G.; Clive, D.L.J. . Chem. Soc. , Chem. Commun. 1985, 941. ¢)

Angoh, A.G.; Clive, D.L.J. J. Chem. Soc, . Chem. Commun. 1985, 941.

a) Clive, D.L.J.; Beaulieu, P.L. J. Chern. Soc. , Chem. Commun. 1983, 307.

F - s
b) Beaulieu, P.I. Ph.D. Thesis University of Alberta, 1984.

For a recent review see Hoffman, HM.R,; Rabc, J. Ancsew. Chem. Int. Ed.

Engl. 1985, 24, 94.
Organic Syntheses 1962, 42, 97. ) o

Organic Syntheses Coll. Vol. 2, 515.

a) Sharpless, K.B.; Lauer, R.F. 1. Org. Chem, 1974, 39, 429. b) Ciive,

D.L.J. J. Chem. Soec. . Chem. Commun, 1974, 100. c) Reich, H.J. L. Org,

Chem. 1974, 39, 428.

Pinder, A.R. J. Chem, Soc, 1952, 223€

Yu, L-C.; Helquist, P. J. Org. Chem, 1982, 46, 4536.

a) Itoh, A.; Oshima, K.; Nozaki, H. Tetrahedron Lett, 1979, 1783. b) Herz,

W Glick, L.A. L, Or,. Chem, 1964, 29, 613. ¢) Das Gupta, T.K; Felix, D



99.

" Kusaka, M Ozeki, T. Bull. Soc. Chem. Ipn. 1967, 40, 2686.

Kempc UM Ecshcngoscr A. H;]L_Cbun._Agaw'ZZ 55,2198 d)

Bem'and M.; Dulcere, 3.P.; Gil, G I]nmaldl 1 Sylvestrs Panthct 'P

Tetrahedron Lett, ,1976, 3305: see also ref. 153
88.  a) See refs. 57 and 61. b) Barton, D.HR.; Crich, D. Tetrahedron Lett, 1985,
26, 757. c) Okabe, M.; Tada, M. J, Qrg, Chem 1982, 47, 5382.
89.  Martin, S.F. Tetrahedron 1980,36,419. -~ o
oy E - 5 ey ) L CdR L
90.  Paulonier; T’ Lerouge, P! Tetrshedron Leu. 1982, 23, 1557.
91, Barbiér, H. Helv. Chim_Acta 1940, 23, 793. |
. SN ) ¥
92.  Traynham, .C; Pascual, O.S: Tetrahedron 1959, 7, 165.
93.  Sisti, AJ. L Org. Chem, 1968, 33, 3953,
4. }ieilbron, I.: Jones, E.R.H.; Richardson, R W Sqndheimcr, F. L_Qﬁgm
7 soc, 1949, 737.
. ° “} 3 ) - A
;/V'J’ A‘. "o [f . . : 3 ”
95, ' ‘Noland, W.E.; Kneller, J.F; Rice, D.E. J. Org, Chem, 1957, 22, 695.
96 J Danishefsky, S.; Nagasawa, K.; Wang,IN_ ). g")_l_ g. Chem, 1975, 40, 1989. -
97. Denis, J.N.; Dumont, W.; Krief, A. Tetrahedron Lett, 1976, 453.
98, Krief, A. Teirshedron 1980, 36, 2531.

v
vy



100.

104,
105.
106.

107,

108.
109.
110.

111,

228

a) See ref 98 p. 2606. b) Gillissen, H.M.J.; Schipper, P.; Van Ool. P.J.J.M,;

Buck, H.M. J. Org. Chem, 1980, 45, 319.
Duddeck, H; Wa%ncr, P.; Gegner, S. Tetrahedron Lett, 1985, 26, 1205.

Olivier, K.L.; Young, W.G. L._Am, Chem, Soc, 1959, 81, 5811.

Benson, S.W.; Egger, K.W.;‘Goldcn, D.M. J. Am. Chem. Soc, 1965, 87,
: ‘

468.

., /T

Set, L.; Cheshire, D.R.; Clive, D.LJ. L. Chem. Soc. . Chem. Commun,

1985, 1205.

Jackman, L.A.; Haddon, R.C. . Am. Chem. Soc. 1973, 95, 3687.
&

'-'Badein, J.E.: Kruse, L:L. L Ch;m. Soc. . Chcrﬁ. Commun. 1977, 233.

Baldwin, J.E.; Lusch, M.J. Tetrahedron 1982, 38, 2939,

Camaioni, D.M.; Walter, H.F,; Jordan, J.E;; Pratt, D.W. J. Am, Chem. Sog.
. . Yy

1973, 95, 7978.

Beckvnth ALJ,; Ingold K U.in Rcarrangemcnts in Ground and Excned

States.' .P de Mayo Ed,; Acadcrmc Press: New York 1980 Vol 1 273

R .E,‘,, ’«q '-,.: L

Carroll, M.F. J. Chem, Soc. 1940, 704 and 1266: Carrgl.l,"M,r. 1 _g"r'ig m

Soc, 1941, 507.

Kimel, W.; Cope, A.C. L Am, Chem, Soc, 1943, 65, 1992



. . L
112. Hill, R.K.; Synerholm, M.E. J. Org. Chem. 1968, 33, 925.

113. Oikawa, Y.; Sugano, K; Yonemitsﬁ, 0. .L_Qrg&hsm. 1978, 43, 2087.

114. Bemhard, S.A.; Davidson, D. L Am. Chem. Soc. 1948, 70, 3426.

115. Burgstahler, A.W_; Nordin, 1.C. J. Am. Chem, Soc. 1961, 83, 198.

3

116. Shimizu, I; Yamada, T; Tsuji,J. Tetrahedron Lett, 1980, 21, 3199.
117. Wilson, S.R.: Price, M.F. J. Org. Chiem, 1984, 49, 722.

118. Anderson, G.; Cameron, D.W.; Feutrill, G.I; Read, RW. Tetrahedron Lett.

1981, 22, 4347 T p
5 \\i}:{;“% ’

119. Damshefsky, S.; Kitahara, T. J. Am. Chem SQ(;_ 1974, 96, 7807.

120. Chan, T-H? Brownbridge, P. ] Am. Chem. Soc. 1980, 102, 3534.

121. Ireland, R.E.; Mueller, R.H. . Am."”'(;hcm.‘Soci 1972, 94, 5897.

g 122 Pitcloud, R ; Perrzilke, M. Helv Chi.rp:AQmp 1979, 62, 1319.

123. Clive, D.LJ,; Russel, CPG Suri, S.CY.'lf’,oQVrg. th_‘mx 1982, 47, 1632.
124. Saigo, K; Osakzl“M, Muk;iyama, T.::li;‘-m. Lett. 1975, 989.

125. Ygusscf,' AA. Sh‘a-rzii'f;v‘ ‘SM L_Q[g,_Cbm '1'968, 33__2&1

126. House, HO Frank, GA 1,__Q[,_Qb§ﬂl965 30, 2948

127. Barton, D.H. R McComblc S.W. 1, Q em. Soc., E;,km l[gns. L 1975

1574. - !



128.
129. .

130.

131.
132,

133.

134,
135.
136.
137.
132
139,
140.
141,
142

- 143.

" Garbisch, E.W. J. Org. Chem, 1965, 30, 2109.

Dunkelblum, E.; Levene, R.; Klein, J. Teirahedron 1972, 28, 1009.

Roberts, J.D.; Weigert, F.J.; Kroschwitz, J.1., Reich, H.J. L_Am,_Chc_m.

Soc, 1970, 92, 1338.

Bartlett, P.A.; Pizzo, C.F. J, Org. Chem. 1981, 46, 3896.

Rathke, M.W.; Deitch, J. Tetrahedron Lett. 1971, 2953.

Kenney, W.J.; Walsh, J.A.; Davenport, D.A. J. Am. Chem, Sog, 1961, 83,
: b4 *

4019.

Wissner, A J. Org. Chem, 1979,@) 4617.

Rousseau, G.; Blanco, L. Tetrahedron Lett. 1985, 26, 4191. "

Rathke, M.W_; Sullivan, D.F. Tetrahedrop Lett. 1973, 1297.
. .

Kraus, G.A.; Gottschalk, P. J, Org, Chem, 1983,.48, 2111.

Shantz, E.M. ], Am. Chem, Soc, 1946, 68, 2553.

Mancuso, A.J.. Swem, D. Synthesis 1981, 165.

Collins, J.C.; Frank, F.J., Hess, W.W. Tetrahedron Lett, 1968, 3362.

Smith, A.B.; Levenburg, P.A. Synthesis, 1981, 567.
Shimizy, M.: Urabe, H. Kuwajima, I Tetrahedron Let, 1981, 22, 2183.

Posner, G.H.; Chapdelaine, M.J. Tetrahedron Lett. 1977, 3227.

230.



»/’-\
%

231

144. Barton, D.HR,; Lester, D.1.; Motherwell, W.B.; Papoula, M.T.B. ], Chem,

Soc. . Chem. Commun, 1980, 246.

\
145. a) Baudat, R.; Petrzilka, M. Helv, Chim: Acta. 1979, 62, 1406. b) Corey,

E.J.; Kim, C-U J.Am. Chem. Soc, 1972, 94, 7586.
146. Back, T.G.; Kemr, R.G. T¢ trahedron 1985, 41, 4759; see also Back, T.G;;

Kerr, R.G. ], Organometallic Chem, 1985, 286, 171.

147.  Whitesell, J.K.; Matthews, R.S. J. Org. Chem, 1977, 42, 3878, .

148. Buckley, D.J,, Kulkowit, S.; McKervey, A. J. Chem. Soc. , Chem. Commun,

1980, 506.

149. McKervey, M.A.; Raténanukul, P. Tetrahedron Lett. 1983, 24, 117.

150. Giddings, P':.J.; Ivor-John, D,; Thomas, E.J. J. Chem. Soc., Perkin TransJ.

1982, 2757.

151. Fawzi, MM.; Gut;che, C.D. 1 Org. Chem. 1966, 31, 1390.
1’52. D'Angelo, J. Tetrahedron 1976, 32, 2979.

153, Herz, W.; Gk, L.A. L, Org. Chem, 1963, 28, 2970.

i54. Boehme, W.R.; Schipper, E Scharf, WG, Nichéls, J. 1. Am. Chem, Soc,

1958, 80, 5487.

155. Jager, V.; Gunther, M.J. Tetrahedron Lett. 1977, 2543.




© 158.

ot

156.

157.

159.

160.

161.

163.

164.

165.

166.

167.

. Taniguchi, M.; Koga, K.; Yamada, S. Tetrahedron 1974, 30, 3547.

. Soc, 1979, 101, 3704.

232

Clark, D.A.; Fuchs, P.F. J. Am. Chem. Soc. 1979, 101, 3567.

Yoshihiko. I.; Aoyama, H; lto, Y.; Saegusa, T. L_Am. Chem, Soc. 1980,

102, 4519.

!

Beierbeck, H.; Saunders, JK. ], Can, Chem, 1977, 55, 3161. \

Lusztk, J.; Maillard, B.; Lindsay, D.A.; Ingold, K.U. J. Am. Chem. Soc,

1983, 105, 3578.

. Gilbert, B.C.; Holmes, R.GtG.; Laue H.A.H.: Norman, R.O.C. J. Chem.

i3 'Y

Soc.. Perkin Trans. 11 1976, 1047.

Lal, D.; Griller, D.; Husband, S.; Ingold, K.U. J. Am. Chem. Soc. 1974, 96,

6355. |

'

‘Corcy, E.J.; Vankateswarlu, A. J. Am. Chem. Soc. 1972, 94, 6190.

Kinney, W.A Cfghlan, M.J; Paquette. L.A. J. Am, Chem, Soc. 1985, 107,

7352. | c

)}
'Jackson, W.P.; Ley, S.V.; Morton, J.A ], Chem, Soc, , Chem, Commun,
1980, 1028.

Nicolaou. K.C.; Claremont, D.A.; Barnette, W.E.; Seitz, S.P. J. Am, Cfiem,

y ¢
i A /
Huckin, S.N.; Weiler, L. ], Am, Chem, Soc, 1974, 96, 1082.
. L ~) ' .



233

168 Trost, B M.; Runge, T.A. LAm,_Ch:m._S_QQ 1981, 103, 7559.
169. Ley, S.Y.; Lygo, B.; Molines, HL_C_hm_,_S_QQ_‘_P_Q_[kl_[‘l_Im&_L %8,

2403.‘ o o \\ :

170, Millr, R.D.. McKean, DR, J. Org.Chem, 1981, 46, 2412,

.

171.  Ashby. E.C.; Tang, N.P. Tetrahedron Lett, 1984, 4333.

172, Forchiofi, A.; Galasso, V.; Irgolic, K.J.; Pappalardo, G.C. L.Organometallic

t

Chem. 1977, 135327, ..

173, Clive, D.L.J.; Menchen, S.M. L. Org. Chem. 1979 4444279, °

>



