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‘ Thw now ructmn cohpm othor svmhct'c m'bthoo\ M purform svmihr convomom : ‘
Mndmt:on tm.xporm prowdn n cump&d of thc uu of L tollmum rug-nt to '
'accmlm " orgamc mmrmatnon . B '

‘ Tm mqnd ptrt of tho thesis ducribgg our work on intumolocu!ar udical

o cychxmbn: 1\ now procodure for the formation of 'y-llctonn wn mv.ntod n unvolvos—; -

1 "; tm uemc“iddmon of the olmrm of "PhSe" and OCDCH:CHCH, acron L] doublo bond;, ;o

RN and homom‘s of the carBon-uhmum bond wuth tm rad;c:ls htramohcuhr clowrc takes
- placc ina rogsospocrﬁc exo—rmnmr ludmg to fwe-'mcmborod lactones: ‘ o

4: ’ e Lo

hs]

PhSQCl B Ph;““
.———» ’A -————7—’
. CH cn-cucoo Ag £

/ AIBN

O’ —
Im = \1- Imidazoyl

“( /

synthetncally more useful version of this meﬂwodo}ogy invoives. lcotylenlc starting
matemls because furthor mampulatnon of the fmal product is thon pomble

N _,‘;
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AN mtrnmohcular nd:cll cycluuttons ducnbod‘ in vthus work occufrcd
rog'ospocmcally in the exo- fuh:on gwmg me to the smdler of tho two. ‘possible rmg

sizes. The reactions also oxhnbutod varymg dogrus of :tcroouloctwity*thn were most
pronounced in the case of § -cyano radicals
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RPRCH

. INTRODUCTION

& GENERAL sunvsv OF APPLICATIONS oF TELLURIUM c MPOUNDS -~
a IN ORGANIC st'ruesus ! ' ',

B Unhke selenium, tellunum has found yery httle use as a reaéent m orgamc synthesus Untn

£l

) recently most of the research had concentrated on means of mtroducnng the element mto

L.

orgamc moleculesx but, in the last few: -years there has been an mcreaslng mterest in the '
chemlstry of this chalcogen and numerous &ml|cattons are now unfold»ng |ts mterestmg

propertnes ST v T

A Telluroxnde fragmentatlon o0 A e

T

One of the most. consequentlal aspects of selemum chem:stry has been the

dnscovery of the selenoxlde fragmentat|on Ieadlng to carbon—carbon double bond,v:f'-?

¢

formatlon’ In contrast littie 1S kn%wn about the: tellurOxlde fragmehtatlon Early. reports
from Sharpless3 and Cava* 'mdlcated that the reactlon was. rather hmued in scope. It has

now been demonstrated that the telluroxlde fragmentatuc:»n may be a useful synthetuc‘

method that can Iead to the formation of. oleflns allyhc alcohols and/or allyluc ethers®{equ

12,3 ‘ ,
e e RQ(I:H—-CH.F N
- RCH—CH,, ———» "RCH— CH, —» | Tez0' . |
. - Br e _‘ ".2)8"’ . P’F"|'°Bfa o R l"h SR o
| . o o ﬁ C (equ. 1)
= _phTeoH L T R P
- T > _RCH=CH, + RCH=CHCH,

y




/ . o _ PhTeBr2 |
-1 | 1- Phle” .
Ce=C~ CH —————— : ~C=CHZ _ ) ‘
) b ’; & '
5 P ~PhTeBr' PhTeBr . ,
SC=t=ol 3 c inc ' téqu 3/
B C MO g" lequ3
- o ‘ . L ‘M;- e
.‘ / /;’
. oy
y ;g : - 2
£ o
Vi S : i

. - : ~

Relatnve to the analogous selenoxude and 5ulf96ude fragmenta'uons the reactnon shows a

'greater preference for elimination towérds the. less subst:tuted carbon n—Alkyl- and“‘f -

B cyclohexyl telluroxudes proved to be mo;’e res/nstant but ceuld be made to undergo the
des'red ehmmatron by pyroly5|s wuthoﬁ(t solvent at temperatures rangnng from 200 to'_
- : 240°C (yuelds were 50 to 72%). Another synthesns of olefins takes advantage of the

'ther.mal instability’ ~ of tellurnum sulfonumndes generated from alkyl tellurudes and‘-..'

/

chioramine— -T¢.(equ. 4).

o’. /

RCHaCH,TePh /4 p'“‘3%”4502“":‘N"’. - > Rc“zc”z‘Teph

n .
» NSO To]
/ : Lo N ' . equ 4)

.“'t/»‘. e

— > RCHECH, + PhTe —NHS0,Tol



vzc—-dtbromoalkanes to alkenes’o lequ: 8) T T \

/ EE L TN a4
: A R )“‘ o DR Yo ) ) : . .

i

v . 4 S ¥ . .
- . ‘ "

B 'Roductuom and doh-logcnations with H,Tc -nJ NaHT. ‘ :
The propertnes of hydrogen tellunde H,Tg,and nts sodium salt NaHTe have baen‘ o

’ extensively studued Both’ axhabut umque reducmg gharactenst:cs Aldchydes and ketones -

can be reduced to the cOrrespondgng alcohols wnth hydrogen tellunde gonerated in situ

from alummum tellurude and water’ (equ 5) whule mtroaryls guve aromatnc ammes' (equ. 6!

. “_- | : S ‘ /.,_' “_ "
A‘zTes e T T
* PhCHO ————-——> P_hca-zgoﬂ -~ # 2 AI(0H);. + 3 Te ! (equd)
L A12 3.‘ o e : o R
’ Ary]—NO e~ Aryl=NH, + 2 AI(OH) + 3 Telequél
2 - A 2 . 3 .

i

.. by hydrogen tellurnde and by its sodium salt generated insitu. from elefnental tellurlum andf

sodnum borohydrude lequ. 7)

S Te/NaBH, e | |
ST Ethanel f
Ar—CH=CH—CH) — ——> Ar=CHCH,CHO  fequ 7)
R A12Te3 / H0
//

[N

a. ﬂ'#Unsatu}étéd carbonyl cbrﬂpounds are reduced exclusively ina 14- fashbn L o



PIRIR NaHTe P
S .Br Br EtON; a b ,_
SR  (76-89%)

CH=CHR, . lequB

v ,‘ "" ‘ \,

‘ ’_The same transformatlpn c.an be achneved wuth dtaryl tellundgs " duaryidutellundes“ and,‘

lithio Z—muophenetelluroates” o S

. C. Formatnon of carbon—c-rbon bonds ‘_h

»

. Halogenatnon of alkyl telturndes to ‘tellunum v specres and pyrolys:s guves alkylw -

' hahdes This reactuon offers possnbnlmes fpr carbon cham extensuon" (equ. 9)

Lvegen g
RX = . RCH?_TePh Lt RCH2‘—¥ePh
e | - X ('equ'.g)'_.@

— ‘RCHZX‘—:-_('7“57;90‘}:;)'»

Y

A sum:lar sequence wuth bus-(phenyltelluro)methylllthuum can lead to. aldehydes“ -

(equ 10) {.,pv';v

/
S

SRR L1CH(TePh)2 R ‘12 B / i
L RCH—(TePh)2 | 2 RCHO -~ /lequ 10)*
S e Nal (77- o3 )/ -

. SRR o T w0
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/ o ‘r-u-roxmsuoxwizlngmm S T
GO Duryl telluromdes h-ve bnn uud es mnld, -nd ulecxivo oxidnzlng agenm"

Thnocarbonyl dermtwes ere converted mto their oxo—— lnlloouot d“!‘ﬁdu are f‘ E
formed. from thcols The rquent is elso effectwe for the ox:datron of hydr‘oqmn nes to -

qumones acvl hydrazmes to dnacyl hydrezmes, and pho hmes to phosphme oxndes The .

R 5oxudataon of th'ocarbonyl specres to theur oxo counterp&rt cen be mnde caulvtnc m the o

. tellurium. reagem by use ofamlooonatme aoam" toqu 11) e
Rl | ‘ . : | \.
. . b. . < K . ) S . = o
NS T e e Tl
. R=C—R ————~—> R~C—R - |
. "(_equl‘*'l T .
i 1, 2 D1bromotetra- B
: chloroethane o
K.co, /u o

_ E Mlsceneneous

Other uses of telluraum in synthetlc methodology mclude the couphng of allyl:c ‘

L 'hahdes wuth Te2 to afford 1, S—dnenes” (equ 12), the tellunum catalyzed cerbonylat'on of ,' '~

ammes wuth carbon monoxode to produce urea denvatrves" (equ 13) and the
rearrangement of various cycloheptatnenes to benzene denve&ges mvolvmg the use of '

’ B telluruum xetrachlornde as reagent" (eqa 14)

e . . ; v



4 Tetr, ) 4 HO equ 14)

o

F Roductlv- d-h-logonatlon of Ot—hnlocnrbonyl compounds

There are two reports in the hterature mvokmg tha use. of tallunum rugents fOr o
v .

Epe raductwe deq:i!ogenatvon of a-halocarbonyl cornpounds Lcthlum and sodlum 2-th|o—-’ .

-
“phenetellurolates convert oz—haloketonas and acuds mto tha correspondmghlogen-free -

products Acetox,y mesyloxy and phenyltruo groups are als \romoved“ 1equ 15, 16)

More. recently soduum hydrogen tellumde was found to perform the same transformatuon" L

(equ 17

R | C : | ,
e TeL1 S | (52 99%) v



ArCH COOH
( 93 98%)

i . ‘, . . ' - kl . '
e Lo Sen

e , .

R-E—CH\ '(equ 17)__‘"f
(78 95%) &

.‘r

‘v

- ln 1977 Clwe“ reported that elkali metal Oo—drethyl phosphorotelluroates are . :
muld reagents for deoxygenatmg epoxrdes’(equ 18) Thns was pro:bably the f?st exemple .

of a tellunum reegem that could be used for a transformatuowt wes not easy by

+ 3

classucal metho' '

el

o CNat DR
AN 2\Te: | g - T
©RCH=CHR' e RCH=CHR'  + Te

T e e T B e (_70-_90%),-;_.-

T | U
+ '..,,(Eto)-zPON_a T tequ 18)

The reagent was genereted in s/tu m ethenol from elemental tellunum and sodnum dnethyl |
phosphnte The deoxygenmon was stereospecufnc end could be mede c’alytnc in tellurium |
/’"‘ : The above summary equ - 18, represents the synthetsc trensformat:ons that :
| cen be brought ebout with tellunum rugents Cleerly the sub;ect |s not neerly as well—--
developed as eelemum chem‘stry md much further reseerch as requured in order to. |
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I. ‘RESULTS AND DISCUSSION °

LI

N
N . *

\A.‘ Introduction B

| The removal of a halogon itém from an ‘q—ha@okctom is 8 ttmforr‘mtion‘ that is
) hczmetnmes used in qglnic. synthosls For Oxurpl‘, opoxif!os can be .cwvogtod to ketones
" via their r—iodinated derivatives” (equ. 18)

/<?~ 1 Megsil - )?\/r ‘ 9
R v ry =i R LY ’ mies—— RA ‘
, ) B Z-Crﬂsl H . ' An ‘

i

'
’

Avlkehes' react with chromyl chloﬁde".."or silver., 'Ets"romm—iodine to give X—

h'aloketqi:'\e's’? lequ. 20, 21), that are poté_ntial pre'éurs‘drs to kbtonosi

. . ‘ N Cy
. ~Chromyl chloride . ﬂ ?] N
“(RCH=CR,R ‘ — —p R-=C-=CR,R . (equ. 20
12 ~ Acetone : : 1; 2 : fequ 2B
. o (38-90%)
.; Ag CrO, — |, f =0 -
—— - | ‘ . ftequ 21)
3 THF ] (. ’ o

| Easily accessible a,a-dichlor,ocyclopgntancs aIIQw monoalkylgtion of; a five
membered rihg ketone, 8 u#k’ that can often br‘o‘ve problematic?* (equ. 22).

/ P

.

10



/

Nt

: tH ) '
o .
- Cl
' lequ. 22)
O - > Cﬁ“ R Cﬁm

I
As the above reactions (equ 18-22) mdocate dehalogenation-of a-halokotonn can serve !

* to generate the parent kot<7<e“ - , N \
in the last dccade number of reagents have been mtroducod for tms purpose.
Many of the procedures. howovcr suffer from hck of nlcctnwty or low qu Zinc in
acetic acnd N tin hydrodes » tnmathyls»lyl nodudo" and sodium borohydnde-mou! ions®® sre "
“not selective rugents and can alter many other functnonllntnes thus limiting their utmty‘
Mo1ybdenum hoxacarbonyl 3 iron pcntacarbonyl 2 and dnphenyl phosphme" sre toxac lnd-"
expensive. Tnphenylphosphme fails to perform the transformatuon in many slmple cases. "o
lodod ions nro “ineffective in hmdered sltuatnons” unloss ] Lewns acnd is present to
facmtate nucleophmc attack.* Tertiary amine—SO, complexes will not déulogonate a-
halocycloalkanones unless pyndme—SO, is used under more drastic condmons » Transmon
~ metal ions ‘such as vanadium {I) chioride® and titanium i chlonde” ‘have been used Quite
‘successfully whereas pyndnne—sod:um dnthnomte" and N, N-dumethylamlme" operate with '
‘varymg yuelds Most recently two tellurium reagents, lithio 2-thuophen7tellurolate’° and E
sodnum hydrogen tellur»de“ have been shown to perform very satisfactorily and these
kreactnons are mducatuve of a still growmg interest in tellurium chemistry. - Before the‘
"'pubhcmon of the above tellurnum reagents », 1 we had been looking for other uses for: -
the easnly accessnble OO—duothyl phosphorotelluroates ind had found that they would
mduca reductuve dehalogenatvon of a—chioro— and C!—bromoketones 2 The fvrst chapter

] of thus thesis descrnbes our results on thus new reaction

B. R‘s‘ults

4Un'ti'l the discovery that they “could deoxyger\até epOx_idés under very mild -
conditions, Iittlé -was known of alkali metal OO—diethyl phospﬁorotellurpates The;
potassuum salt was reported in 1950" but its synthetic potential was not exploredu
Furthermore ut was observed to be unstable in anr depositing elemental tellurium when
exposed. Sodium 0.0-diethyl phosphorotelluroate 1 is easily prepared by dlssolvmg

finely-divided teflurium metal in an ethanolic solution of sodium diethy! phosphite as shown
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in squation 23

v owe

: \ .
N N
(EtO)PONS + Teo =———r————tp (EtO),Pi— Na* (o 23
¢ i .
. ‘ P . l\‘i"l 1 .
e o N o\

. - . -

The coloriess solution of the reegem cen be used durectly or the ssit can be.
nsoleted by evaporetnon of the solvent vad:wm Theee tolutoons ere very ar—

| ‘sensmve and must be hendled under an ine moephere Precipitated telturun was us

in the preplretnon of 1 ‘to ensure rnpod end complete reectaon with - sodium dmhyi
phosphnte Powdered telluroum was found ‘o be much less reectwe and reqmred long
periods  of sturrmg before d|ssalutvon was comptete The reagent has been assigned

. structure 1 on the basis of uts chemical behevuor snd NMR charscteristics”

When an ethanohc solution of 24-—dnbromoecetophenone 6 (ue\Table 1) 1
. equwaiem) was m;ected into 8 solutnon of 10 equwalent) an orsnge colorstion furst
_appeared (unducatuve of the formation of a telluride), rapidly followed by : black precnpltete "

a . ‘,of fmely duvnded tellurnum From the reectson mixture p—-bromoacetophencne was isolsted

| in. 78% ylald When the experiment was repeeted with other (—haloketones. similar ‘

. results were obtamed These expernments sre sumenzed in Table 1.

. The. ndentnty of the products was estebhshed firmly by comparison with euthermc)

| samples (TLC VPC 'H NMR). a—Helocycloalknnones proved to be more resnsunt but

. dehalogenation, occurred when the reaction was c:ond‘f:cted at 80°C. Bromides were more

reactive than chlond‘as as reveeled by entries 8 and 9 2—bromocyclohexenone gave a

. 56% yield of cyclohexanone after two hours at 80°C whereas a 36% yield of the ketone

| was obtained from 2—-chlorOCyclohexanone after seven\hours at the same temperature
| An mcrease in substntutnon at the halogen site also decreases the yneld “md reactivity. This
is exemphfned by entries S and 10 and is indicative of a mechamsm involving bnmolecular

nucleophmc substitution at some stege of the reaction. Hindered substrates such as 3_, B

.-

A

\
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Experémqhts were run on a 1 mmol scale except for entries 4 and 6 which were on a
0.125 mmol scale. A stoichiometric amount of teliurium and a 20% excess of sodium
diethyl phosphite was used in all cases. Ethanol was the solvent except for entries 1, 4.5
and 6 where ethanol~THF was used. . :

b LT , '
- Yields refer to pure isolated material, except where indicated.

c : ‘ o
Yield determined by VPC using an internal standard.

Lo
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bromocamphor 2 8nd  2Q—-bromocholestsn=3-one 7 Underwent reductive WWM

C. Discussion o : ‘
The stoichiometry of the reaction is depicted in equation 24. o
v 1
(s} (o}
y Ethanol ,
b f‘ . - 2~v i
1 ; : + (EtD)aP 0
13

Tellurium' mul IS regensrated iﬁ the process and this means thst only a catalytic
* amount of the qlerv;cm is required for the reaction to proceed. This fact was verified In
' experiments with 2-bromoéyclohebtlnom d‘ kas shown in Table 2 (p. 15) :
One sees that a full equivaient of tellurium is not required. but for best results. a
stoichiometric amount ensures 8 good yield and a short reaction time |
Triethyl phosphate. 13, was siso detected as one-of the reaction products. It was
identified by VPC (cs. 100% yield) and M NMR in an experiment with 2,4'~dibromo-
acetophenone. 8 Bromoethane could not be detected (VPC) st any stage of the reaction
indicating that halide attack on one of the ethoxy groups sttached to phosphorus does not
occur. A reasonsble mechanism that accounts for these ?bser‘hons is shown in Scheme
Lip 16) The first step is an Sy2 displacement of halide ion from the (¢~haloketone by
reagent 1 giving rise to ester 14 Analogy for the intermediacy of 14 is provided by the
observation[‘that the seienium salt, 16, corresponding to 1 reacted with 2,4'—dibromo-
‘acetophenone 6, to give a similar selenophosphate ester 17, as shown in equation 25.

4

Under conditions that yielded smooth reducfive dehalogenation with the tellurium
. - ,
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DEHALOGENATION OF 2 mocmo# OA%NNB 0.0-DIETHYL

PHOSPHORO
o A ’
4 (mmol) Sodium Tellurium TempeC' . Timeth Yield %
» ) ‘
diethy! (M ' ‘
(mmol) \
I
10 12 10 25 35 89
1.0 12 067 25 - 150 86
10 12 014 25 50 67
8
Yields were determined by VPC analy.s‘is using an internal standard.
ﬂ E~th 1
. ano
Br CCHBr  +  (Et0),P(0)Se™ Na* —e g
: 16 ‘ ,
6 _‘ | -
’ 0 ' lequ 25)
Br O CCH,SeP(0) (OEt),



A . U

:O_/_'

e

._4’

- Scheme 1 -

0 « L ‘.
- O

\)\(T.—P(OEQ)
1 "

EtOH

11 g -

AT+ @eneso

[a e d

. 13

16 -



" ’ - 17

reagent, ester 17 did not react further and could be is’olatedfor characterization Most
dlagnostuc for that purpose were the NMR ‘spectra whnch showed a singlet’in the 'H: NMR
- spectrum at 419 ppm for CH,—SeP(O)(OEt), and a 7—peak mu|t|p|et in the "P spectrum at
18.6 ppm downfneld from H, PO with an extra JS« P couphng of 450 Hz. These values

.are in good agreement with the presence of a selenophosphate ester. For example

(EtO) P(O)SeCH has a *'P resonance at 185 ppm downfneld from. 85% H,PO, Also, .

: characternstlc of ester 17 was an IR (P= 0 absorptuon at 1587crn xanx:i a moiecular aon at

© m/ed 13 9135 in the mass spectrum consistent wuth the molecular formula C”H,,,BrO.PSe
AThe next step |n Scheme 1.is a nucleophnhc attack of the solvent; ‘ethanol, on the,

phOSphorus atom. Triethyl phosphate is thus generated at thns stage and the tellurude |on '

a o,
§.

breaks down to the enolate form of the dehalogenated ketone Thns can occur dnrectly‘,'; :

(path a) of wia epltellurnde 15 (path b} The facile extrusion .of teliurium  metal from

'eptteilundes has been documented as Protonation of the enolk' by the solvent ooccurs at
any stage after elumnnatcon of tr:ethyl phosphate from ester 14 ln order to further

substantnate the proposed mechamsm attempts were made to trap the postulated enolate

by alkyiatton with uodomethane in order to achieve thls it.was necessary to perform the 3 4

reactnon in an aprottc solvent to prevent dnrect protonatlon of the enolate. To this end, salt

1 was usolated from its ethanolic solutioh and the reactnon w:th 2,4 -—dnbromoacetophenone

- 6, was carried out |n THF After 16 hours at room temperature p—bromoacetophenone

and startmg material 6, were obtainedina 3.6: 1‘rat:.o. This large decrease in reactivity (the .

usual time in ethanol is 2.5 hours for complete reaction) is consistent with the inv'oIVement
of an external nucleophule (usually solvent ethanol) in the. breakdown of telluroester 14 In
two further- experuments performed in THF, |odomethane was added to the reactlon

'_1 mixture 5 minutes and 35 hours, respectively,’ after mixing. QHov,yever,v no p-

. bromopropiophenone 18, was deteoteﬁy/a‘t—i NMR (equ. 26). .

A DRI .. 0%
6 - 18
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Of course,; the rnechamsm of the reaction may’ not be the same m ethanol as n THF but, in -
5

the event alkylatoon attempts in THF did not serve to defune the mechamsm in the aprotic '

solvent ‘ ‘ ‘ N L , i
: ; In control expenments lt was found that soduum dlethyl phosp'v&:t)sz) effects .

. slow dehalogenat:on but the ynelds are poor These observatnons are shown in Table 3

This result cah be understood in terms of a dlfference in nucleOphmcaty between tellurude 1

" and sodlum dtethyl phosphlte
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"’  TABLE3 ‘
DEHALOGENATION OF &-HALOKETONES USING 0,0-DIETHYL PHOSPHORO-
: - TELLUROATE AND SODIUM DIETHYL PHOSPHITE

HALOKETONE . ReAGENT®  TEMP. TIME.  -YIELD®
L | | °0) COTR ¢

o (Et0),P(O)TeNa 25 B U
@_CH,;, S (Et0) P(O)Na o as 72t 60
R P R

-(Em)_P(o)na - 25" .1 0

Lol e . (Et0),P(0)Tea - . 25 2.5 78
B¢ . Co— . . . ) ) N . o i . e
i o , . CH.B!” . ‘s (Eto)zp (0);Na . » . 25 Lo 2“ 18 .

‘Reactions run in ethanol—THF.
b T . B [T . ; .
Yield refers to isolated ketone. -
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~AS mentnoned prewously several methods ere avauleble to brnng ebout the reductnve S '

S dehalogenatnon of a-haloketones The present method is a useful eddmon in vuewlof the "

: ‘followmg charactenstncs mnld condutuons easy eccesrto the reagent sumple expenmental.

rnanupulatuon and low. cost The reagent that we heve mtroduced ls elso one of broed"ifl‘ :

kversatuhty as it is compatlble wnth meny other functnonahtnes Table 4 is - an exphcut S

comparnson of our tellunum reagent wnth other pubhshed methods Tne ynelds are usually- B

o comparabie and/or comphmentary to. the avatleble methedology Fmally soduum 00—

duethyl phOSphorotelluroate represents a new contrnbutton to the use of tellunum an o

organlc synthesls

20
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Me,SnCl/Nal ref 29
Mo(CO). ref 31
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- IV. EXPERIMENTAL

A General v \
+ Unless otherwuse stated the followang partlculars apply For reactlons carrned out :
\under an inert atmosphere the double line technlque descnbed below and oven-drled
, glassware were used The apparatus shown in Figure 1 conslsts of a hlgh vacuum line and
.an argon line. The Iatter is connected to a mercury bubbler to allow for the release of o
.excess pressure Alternate access to elther the vacuum or the argon lune is galned by
_means of two way stopcocks The Ilne was connected to the hot loven-—-drledl apparatus
in whlch the reactlon was to be® formed by means of ground-glass ;ornts or vra a
| ‘needle through a rubber septum The system was alternately evacuated and flushed with
- argon three times and kept under a slight statlc pressure of the lnert gas. »
Syrlnges and syringe needles were oven—-dned and allowed to cool ina des:ccator
All solvents were dlstllled before use for chromatography Where requlred solvents and
‘reagents were drled wrth sultable drymg»agents and distilled under argon Dry ether_,‘_'
tetrahydrofuran (THF), and dloxane were dIStl"ed from sodlum-benzophenone ketyl;v
dlcthromethane chloroform carbon tetrachlorlde 1,_2_d|chloroethane benzene,
toluene hexane pyrldme tnethylamme dusopropylamme . 3—d|amlnoprop_ane,’
acetonitrile, dlmethylsulfoxlde and hexamethylphosphorlc trlamlde (HMPA} from calcuum
hydrrde [the Iatter two under reduced pressure (ca. 10 mm)] Acetone was distilled from
calcium sulfate {Drierite); methanol from magnesium methoxlde absolute ethanol was from

o

'.-'a commercual source and was used wrthout further purlflcatlon deuterated chloroform
Efor NMR was stored over 4 A molecular sneves Magneslum turnlngs for Grlgnard
' >,'reactlons were stored at 130°C The commercral solutrons (Aldrrchl of methyllithium in
“ether ’;d n—butylllthlum |n ‘hexane were tltrated before use by the dlphenyl acetic aC|d }
'method“ Benzeneselenenyl chlonde (Aldrlch) ‘was used as’ recelved and stored ln a

desrccator Azobrsnsobutyronltrlle (AlBNl ‘from Eastman was used without further

purlflcatlon and stored at 0°C/

Products were nsolated from solmtion b concentration under water pump vacuum

at '30°C‘using' a rotary e : compounds were isolated by simple:
_evaporation of their solutions, Rre l(__e‘pt under :vacuum (<1.0 mm) until of

RN
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,consunt Wngrrt Sturrmg was done by. muns of s Tetion coated magnetic stirring bar
- unless otherwise suted Vapor phase chromatography(VPC) mlyses were performed on
8 Hewlett—-Packard 5830A gas chromotogrtph equipped. 'with an FID detector and
_prepacked Hewlett-Packard columns 16 ft) with mtrogen as carrier Qa8s. Co!umns used -
were o ' |

10% DEGS on-chromosorb W. 80-100 mesh .
10% piezon L on chromosorb.W, 80— 100 mesh .
' 10% carbowax 20M on chromosorb W, 80—100 rnesh
-1 0%_ FFAP on chromosrob W, 80— 100 mesh
‘ 10%_QF-‘l-on/onromosorb"\‘Nv, 80— 100 mesh ) )
\}F;C ‘yields were evaluated in the following wf_ay: S‘up‘pose compound Ais to be
prepa'red by a certain reaction and the yield is to be measured by using an internal standard
"B A solution is prepared conta'ining a g of authentjc A and b o of_ B. After VPC'Aanalysis
comp0und' A'gives a pe’alz count C and compound B gives a peak 'coucnt C 4 Tne_
_' reaction is then. carried out in the presence of bg of standard B 4 is the theoretncal y:eld
of compound A~ After VPC analysns of the reaction maxture the peak due to A is C A

- counts and that due to B is CS counts. The VPC yneld of A for the reaction is given by,

ab'C’C '
o YIELD = ——28  x1007%
' o
a bCACB ,, v »

i

Commercial silica (Merck 60F—254) tnin—layer ch‘romatography (TLC) piates were
.used Uv. ac'uve spots were detected at 254 nm; spots were also-revealed with iodine
' vapor and by charring after spraymg with sulfurnc acid (50% in methanol) Throughout the'
text, "normal” silica gel for column chromatography refers to Merck's type 60, 70—-230
* _mesh ASTM: silica gel for fiash chromatography*¢ was _Merck_ type 60, 230-400 mesh
ASTM - ' | e o

Spinning band distillations were carried out on a. Perkin—E.Irner 151 annular. stiilv
. Melting points were determmed on a Kofler block apparatus M'elting points and boiling
_pomts are uncorrected Bouhng points quoted f01r pro&ucts dnstnlled in a Kugelrohr

<

apparatus refer to the oven temperature ,



' Combustmn elemental enalyus were performed in the rmcroenalytncal lsboratories
of the Umversoty of Alberta - ‘

lnfrared opectu were recorded on ~a . Perkin~Eimer ‘297 infrared

i spectrophotometer |lQUldS were run- as neat fllms on potassium chioride gletes sollds

were run as. solutnons in the specuf:ed solvent usmg 0.5 mm potessuum chlorlde cells

Proton NMR spectra were recorded on Bruker WP-—BO (st 80 MHz). Perkin—Eimer

» R32 (at 90 MHz). >Varlan HA- 100 lat 100 MHzl Bruker WH—ZOO (st 200 MHz) or Bruker

: WH—4OO (at 400 MMz) spectrometers in the specnfled deuterated solvent : with

. NMR spectra were recin )

tetramethylsnlane (TMS) as an mternal standard e NMR spectra were recorded on Bruker
' HFX-—QO {at 226 MHz), Bruker WH—=200 (at 50. 3MHzl or Bruker WH—-400 (at 1006 MHz)

_‘spectrometers n deutey‘{ted chloroform wuth tetramethyls:lane as an mternal standard np

“
: ,ker HFX-90 (at 36.43 MH2). spectrometer in the

'specufned solvent usmg 85% phosphorlc acad as an ‘external standard The followung .

abbrewatfons are used in the text s. singlet, d. doublet t triplet, q, quartet q. qumtet m,

' multlplet J coupllng constant J,,, couplmg constant at half—helght 5 ch&mucal shlft

. Mass spectra were recorded on an AEl M550 mass spectrometer at an romzmg

voltage of 70 EV.

' B. Starting Materials C : _ o : o : .

The following Ol-hal'oketones were'prepared by the methods described in the ‘

literature  (/ R—endol—3—Bromo—1,7. 7—tnmethylblcyclol22 1)heptan—2—one “ 20—

bromocholestan-,S—one,‘ 2 —bromo-3, 4—dihydro~1~_ (2H)—naphthalenone o 1601-
br.om'o—3-rnethoxyestra-l, 3. 5(10)-—trlen-17—one."' 50 2—chloro—2-~me‘thylcyclo- ‘
hexanone, ! 2—bromOCYcloheptanone 2 '2—chlorocyclohexanone 8 2-—bromocyclo-

hexanone,’* and 2—bromo-24- dlmethylpentan-3—one 33 2-Chloroacetophenone and

.24 —dobromoacetophenone were commercial samples

Standard ethanolic solution of sodium diethyl phosphite:! Sodium' metal (1. 3049 56 55

mmol) was placed nadry 100—mL round—bottomed flask containing a Teflon-coated

. magnetnc stirring bar and equipped with a reflux condenser futted W|th a rubber septum

The system was purged wrth argon via a needle passmg through the septum and absolute

» . .
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\ etmnol (50.0 mL) was gddod by syringe to generate » selut;on of sodium oihomde The
solution was cooled to room temperature and diethyl phosphite (Aldrich, 7.3 mL, 56.58
mmol) was injected The 'ruuhing‘ so!ution of sodium diethyl phosphite (cs. 1.0 M) was
stirred at 25°C for an additional hour before use Such solutions could be stored st

ambient tempersture under an afgo'n atmosphere for 8 maximum of four weeks. .
Standasrd tetrlhydrofur-n solution of sodium dlethyl phoephlte' Sodium meta! (0.56 g.
24 35 mmol) was pleced in a dry 100=mL round-bottomed flask containing a Tefion—
coated magnetm stxrrmg bar and equipped with a reflux condenser fitted with a rubber
septum The system was purged with argon via a needie passing through the septum and
| dry tetrahydrofuran (20 © mL) was added {(syringe) foilowed by diethyl phosphlte (Aldrich,
‘ 314 mL 2435 mmol) The mixture was refluxed for 2 h at which stage hydrogen
evolution had s!opped (and::‘al‘l the sodium‘metal had Eisso!ved)‘ The resulting solution was
"1.05 M in sodium diethy! phosphite and was used immediately. The storage life of such

solutions was not measured.

Precipitated tellurium metal: In order to reduce the reaction time with sodium diethy!

phosphite in . the preparation of -ethanolic solutions ‘- of sodium . O0,0—diethyl

phospheroteiluroate),‘it was found necessary to use precipitated tellurium metal of
. : N ’

homogeneous particle size This material was prepared by a literature procedure

N

AN

Sodium 0,0—diethyl phosphoroselenoate This material was prepared as a white soli\d\as

described in the\iiterature.“ .
C. Dehalogenation of ((-haloketones \

General procedure: Finely precipitated telluriu | (0.,f280 g. 1.0 mmol) was placed
ina 15-mL ove'ri—'dried*flask containing 3 ;negnetic stirring bar and fitted with a rubber
septum. For reactions done above room temperature the flask was equipped with a

_reflux condenser The system was purged w:th argon, a standard ethanolic solution of
“sodium dlethyl phosphite (1.0 M, 1.5 mL, 15 mmol) was m;ected mto the flask and the

"~ mixture was stirred (ca. 5 min) untii a cledr solution of sodaum 0.0—diethyl

,

1/‘
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phosphoroteliuroste had formed The ar—haloketone (1.0 mmol) in dry ethano! or THF (1.5
mL plus a 0.5 mL rmu} was injected.  Usually, sn orange colour ~developed and black
elemental tollunum was procipimod The mixture was stirred st the lpociﬂod temparasture
(see Table 1) for-the time 'indicated and was then filtered by suction through'a pad of Cohto
(25 x 20 cm) with the aid of diethy! sther (ca. 25 mL). The orange filtrate was ovapomod
at room tomporuture and the residue was apphod in 8 2 hcxlno-othyl acetate‘to a colugn
of ordmary silica gel (1.0 x 15 cm) made up in the umc nolvont The material was allowed
to penetrate the packing for s distance of about 2 cm. Eiution was then stopped for ca
30 min to allow decomposition of residual teliurium species (deposition of black tellurium),
and development was resumed to elute the product, ‘which was obtained pure by romov;l
of solvent and crystallization or distiflation, The products were identified by comparison

(VPC. TLC. '*H NMR) with authentic samples. .
Data on starting materials, dehalogenstion method, and reaction products:

(IR-endo}-3—-Bromo—1,7, 7-trimethylbicycio(2.2.1}heptan—2—one (2): H NMR (CDCl,,
80 MHz) 6 0.93 (s, 3H), 0.97 (s. 3H). 1.07 (s, 3H), 1.20-2.45 (m, 5H), 464(dd. J=50.18
Hz.“1H), ”CNMR {CDCI,, 151 MHz)6 87,198,200, 225, 306. 459, 497,539, 2125

' The general procedure was followed usang (02312 g 10 mmoI) of the & —
haloketone The reaction was complete after a reflux period of 5 h and pure crystalline
D—camphor (0.1200 g, 79%) was obtalned after chromatography. 1The material was

identical (ZLC. 'H NMR) wdth an authentic sample and had 'H NMR (CDCI, 60 MHz) & 0.85 (s,

- 3H). 081 (s, 3H), 0.97 (s, 3H), 1.10-2.65 m, 7H).

<

2—Bromo-3, 4;dihyaro—1(Zf/)—naphthiignone (3): The bromoketone was purified
before usé by crystallization from hexane—éhlorofofm: mp 38.5-39.5°C (it 40—-41°C);
IR (neat) 1597, 1683 cm'"; 'H NMR (CDCI,, 60 MHz) § 2.00~370 (m; 4H), 4. 741t J=4Hz
1H), 7.10-825 (m. 4H): °C NMR (CDCI, 15.1 MHz) 0 261, 319,506, 1270, 1284,
1288, 12889, 134.1, 1430, 1903

The general procedure was followed using (0.2251 'g_, 1.0 mmol} of the &x —

bromoketone. Thereaction was complete after 3 h at room temperature and the product
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was puritied by Kugsirohr distillation [bp 150°C, 13 mmi] to atford the ketone (0)1‘342 -3
91% The material, which was better than 98% pure (VPC), was identical (TLC. VPC, 'H
NMRI with sn authentic sample and had 'H NMR (CDCI, 80 MHz) § 1.85-3.16 (m, 6H),
710-820im. 4H)

2-Bromocycioheptanons (4): The (X ~bromoketone was 99% pure (VPC) and had 'H NMR
(CDCI,, BO MHz) § 1.20-310 Im 1C5H;, 4,6? {dd. J = 9.0, 60 Hz, 1 H) The dehaiogenation
was carried out in the presence o.f an internal standard (n—dodecane) in.order to datofmina‘
the yield by VPC Three experiments were run following the general procedure but witha
dif ferent amourit of tellurium metal in sach case. |

Experiment a: 1.00 equivalent of teliurium was used After a roa;:tiqn period of
35 h at room temperature, an aliquot was quenched in waté¥ and extr'acted with ether
The yield of product was 89.6% as judge;é by VPC measu.rementv

Experiment b: 0.67 equivalent of tellurium was used under the same condiiions
described in a The yield of product was 787% after 1 h at roor;\ temperature and -
reached a maximum of 86 4% after 15 h

Experiment c: 0 14 equivalent of tellurium was used under the same cd“nd_itiops as
ina The yield was 67.2% after h and raachéd a maximum of 69.2% after 8 h. ~

Cycloheptanone was isolated by chromatography in experiment a The sam’ple was
1dent|cal with authentnc matenal (TLC. VPC. 'H NMR) and had ‘H NMR (CDCI, 60 MHz) )
155-2. 10(m 8H), 233-—2 70 {Mm, 4H).

-

/ .
16 —Bromo—3—methoxyestra—1, 3, 5(10)—trien~17—one (5): 'H NMR (CDCI,, 100 MHz)

5094 (s. 3H). 1.35-2.50 (m, 11 H), 2.88 (m, 2H), 3.76 (s, 3H), 458 (m, 1H), 6.58—680 (m,
2H), 7.20 (d. J'= 9.0 Hz, 1H; *C NMR (CDCl,, 22.6 MHz) & 143,258 265, 295 324,

) 4340 37.7, 439 463 471,480,552 1117, 1139, 1263 131.7. 1376, 213.1.

’ Following the general procedure, the (—haloketone (0.0457 g. 0. 126 mmol) was
| dehalogenated in 45 min at room temperature. The product (0.0344 g 96%) was obtained

pure after chromatography. It was identical with authentic material and had mp 168-—
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\ 171.5°C unso 164 171°C); W NMR (CDCl,, 100 MHz)5 0.90 (s, 3H), 1.20- 270 {m, 12K
180 ﬁo (m, 2H) 3.76 (s, 3H, 656 6.78 (m, 2H), 7.10~7.26 (d, J = 90 Hz, 1H), um\?rvm
(CDCl,. 151 MHz) 5 139,217,260, 267, 298 31.7.3589, 385 441, 481 503 553
1117, 1141 1265, 1322 1379 157.8. 2208 ’

2,4 —Dnbromoacetophenone (6) The startmg ma‘terral (Aldrich) was used without - further-
purufncatuon The general procedure usnng 0 278. g (1 0 mmol) of X —bromoketone gave '
the. product after a reactlon period of 25 h at room temperature Purlflcatlon by

‘crystalllzat[pn from hexane afforded pure 4—bromoacetophenone (0. 1562 g 78 5%). The

.maternal was ndentncal (TLC 1H NMR) with an’ authentuc sample and had mp, 48-50. 5°C {litsr

50~ 52°Cl IH NMR (CDC!,, 60 MHz) & 250 (s. 3H). 745 795 {m, 4H)

w

20 Bromocholestan —3-one (7): NMR lcoo, 100 MHz) &' 068 (s, 3H) 086 (d J=
3z, 6H), 1.08 (s, 3H) 0.70~- 275 (m, 32H. 474 dd. J = 65 3.0 Hz, 1H) ‘The general

: procedure was- followed using 0. 0932 g (0. 2 mmoll of the O/— bromoketone ‘The reactnon e

was complete after 4h at room temperature The product (0 0627 g. 81%) was isolated'in. "~

pure form by chromatography and- crystalllzatlon At had mp 127—128 5eC (llt” 128— |

130°Cl and was identical {TLC, *H NMR) with an authentlc sample IH NMR (CDCl;, 80 MHz)(S
’ 0.66 (s. 3H), 0.74 {d, J= 6.0 Hz, 6H), 0.99 (S. 3H),‘ 0.60—-2.50 im, 34H)

2— —Bromo~2, 4—d|methylpentan 3—one (8): The bromoketone was distilled before use
‘and had Bp 75— -75, 5°C (25 mm) [Iit*#59~61°C (18— 20 mm)) and '‘H'NMR (CDCI3 80 MHz)
6 1.20(d, J =70 Hz, 6H), 1.85 (s, 6H). 345 lm/J 6.5 Hz, 1H). The dehalogenatlon was

carried out in the presence of acetophenone as internal standard using 0.1831 g (1.0

mmol) of Ol—bromoketone The yield, as determmed by VPC, reached a maximum of 48%

‘ after 35 h at’ reflux temperature. (For VPC examlnatlon samples were withdrawn and

~ partitioned between water and ether. The orgamc phase was then exammed by ,VPCl
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2- Bromo xcloh xanone (9): DIStI“atIOn before use afforded 2—bromocyclohexanone of
91% purity (VPC).
(coc, 80 MHz)5

The maternal ‘had Bp 101.5°C (13 mm) lllt 4 78.5°C (5 mm)] and 1H NMR
150 263(m 7H)275 -3.20 (m, 1H) 445(dtJ 5.0. 1OHz lH) |
" The genera procedure was foliowed using n—dodecane as an lnterna| standard for‘ _ :

. VPC yield determm t\on and 0 1771 3(1 0 mmol) of a-—bromoketone After 2 h at refiux,
the yield Ievelled off. a‘t 56% as determined by VPC analysis of aliquots that were removed

Pra

at intervals and partmoned between water and ether -

’ 2~ Chlo&ocyclohexanone (10) The haloketone was purlfned by distillation. The material
| was 97. 5 o pure (VPC} and had Bp 80°C (6 mm). lht” 80-915C (14=15 mm)J and 'H NMRV

o (CDCI 60 MHz) & 167 310 (m.8H), 0~ 450(m H).
\

i : The - haloketone (O 1326 g. 1. O mmol) was dehalogenated in the presence of h—
\

| dodecane as an mternal standard followmg the general procedure. After 7.0 h at reflux

\ :
temperature the yield was 36% as ;udged by VPC analysns of an aliquot that had been

partmoned between water and ether

~

,2—Ch|oro-2v—imethyvlcyclohexanone {n): The‘ naloketone was pu’rified’ b,y;" dietillation
under r'educed pressure ‘The material 'was-~97% 'pur,e (\./PC)"and ‘had: Bp 89.5—904°C'(25: A
mmi [lit 94-96C (27 mmi} and 'H NVR (CDCI,, 80 MHz) 8- 1.62 (s, 3H), 1.62-2.50 (m.
7H.375 (@t J= 130,50Hz, 1H _ SR e
The general procedure was followed in the presence of n—dodecane as mternal ,
standard for VPC y'eld determination and usmg 0.1633 ¢ (t .04 mrnol) of a—haloketone

The yield after 15 h at reflux temperaturewas 19% as determined by VPC analysis

Z—Chloroacetopnenone (12): 2%Chlor_oacetophenone (Aldrich) was used without further -
' purification: The general procedure was followed using 0.1546 g (' 1.0 mmol) of a—
chloroketone. The rea‘ction was complete after 1 h at room temperature and pure

acetophenone (0.1016.9, 84"/0)".Was isolated after chromatograph\; and Kugelrohr .
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dnstlllatlon l120°C‘ 50 mm) | The matenal was |dentncal mLe, 1H NMR) awith an authentnc
sample and had H NMFl (CDCI, 80 MHz) 5 254 (s 3H),7.20—-7.55 (m, 3H) 775 800 (m, -

C2H

x

Evudence for the formatlon of tnethyl phosphate in the dehalogenatlon of ax—
haloketones 2 4-—D|bromoacetophenone (Aldrnch) was dehalogenated accordlng to the_‘
general prooedure (30 min at room.’ temperature) and the reaction mlxture was
chromatographed over: normal silica (l 0 x 15 cm) usmg hexaneﬂ-ethyl acetate 1) as .
eluant -Bromoacetophenone and trnethyl' phosphate were both |solated and
characterlzedas foliows: R ST v B ST ‘i T

—Bromoacetophenone had 1H NMR (CDCI 60 MHzl5 2 57 {s. 3Hl 7. 50—8 ‘lO {m,
4H) exact mass, m/e 199 9684 (calcd for C H.BrO, m/e 198. 9660) It was: |dent|cal W|th *

o authentnc material (TLC H NMR) Trlethyl phosphate had 1H NMR (CDCl, 60 MHz) 5 1.35°

“{dt, J 7.5.°1.0 Hz, 9H). 4, 15 (dq J=80,7.0Hz, 6H) exact mass m/e 182. 0698 (cald for
C H1s04 P, m/e 182. 0708l It was identical with authentic materlal (TLC VPC lH NMR)

n a second experlment the yield .of truethyl phosphate was determmed by VPC

~using. n—tetradecane as an snternal standard The experlment was run under conditions .

i |dent|cal to those descrlbed above. The yield was 100% (VPC)..

: i

Dehalogenatlon of 2,4 —dlbromoacetophenone m the presence of . methyl |od|de ‘
under lprotlc condmons Tellurlum metal (O 2105 g 1.65 mmoll was placed ina 15—mL |
r"o?und bottomed flask contammg a Teflon coated magnetnc stlrrmg bar and equipped wuth
a rubber septum The flask was purged wnth argon and a THF solution of sodium dnethylw
phosphlte (1.05 M, ‘r62 mL, 1.70 mmol) was " added followed by dry THF (3 mL) The
mixture WM for 5 min at.room temperature to produce a clear solution of sodlum
0 O- dnethyl phosphorotelluroate The haloketone lO 4168 g 1.50 mmol) dissolved in THF

2 mL +1mb rmse) was m;ected An orange color developed mmedxately The solutnOn

was sturred for 5 h at room temperature and methyl iodide l03 ‘mi, 5 mmol) was_ then

o added The orange solution was stsrred 20 hin the dark ‘at room temperature A ‘white -

v
e
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precnpltate fo:med but no tellunum was deposlted The suspensnon was fultered through

Cehte and the solvent was evaporated under reduced pressure The crude red onl that was} E

obtalned had 1 NMR lCDCI 80 MHz)- 6143 (broad t, J = - 7.0 Hz, 6H). 259(s. TH) 325 (s.
1H) 3.85— 4’50 {m, 5Hl 7. 10-8 10 im, 4Hl In thns sample only 4—bromoacetophenonebv, '
and 2, a —dlbrompacetophenone could be |dent|fled (T LC lH NMR) -

Reactlon of 24’—d|bromoacetophenone and sodlum OO dlethyl phosphoro-

selanoate Sodium O. O—duethyl phosphoroselenoate 10. 4570 g’ % 91 mmoll was placgl

a2 15-mL round —bottomed flask contammg a Teflon coated magnetlc stlrrnng bar’ ‘~=‘r he DR

flask was equnpped wnth a rubber septum and purged wuth argon Absolute ethanol (3 lef

T owas m;ected mto the flask and the suspenslon vs}as stl}red untnl aII sohds had dlssolved

2 4 —leromoacetophenone (Atdrlch 0 4447 g 1 60 mmol) in THF (2 mL + 1 mL rmsel was -

added to thns solutnon The muxture slowly became mnlky - After the’ rqu‘tloh was", hE

complete (TLC control, 45 munl the solvent was evaporated under reduced pressure and
the resndue ‘was chromatographed on normal silica gel (1.0 x 15 cml using 7:4 hexane—
ethyl acetate as. eluant A whlte solid lNaBr’) remamed at the top of the column The ma JOF':“
product R 0.33) had IR lCDCI,) 1680. 1587 cmi; lH NMR lCDCI, 6.0 MHzl $ 135 (t J -bl‘. ‘
7.5 Hz, 6H), a. 18(dq J= lOO 60Hz 4H) 4 19ls 2H) 7.50— 8.05 lm 4H): %P (CDCI;, 364 ;

MHz) &

'm/e’_4j,1 39 35)3‘ahd was evidently ZTlO.O—duethyl_»phosphoroseleno_)—-d —bromoaceto% -

‘phenone 4—Bromoacetophenone could not ‘be detected in the crude reaction mixture -

(TLC.\H NMR) before chromatography —Selenium was not precipitated at any stage diring

the experiment

Reactlon of 2 4 —leromoacetophenone and sodium dlethyl phosphlte 2 4~
leromoacetophenone (Aldrnch 14611 g. 522 mmol) was placed in a 15 mL round-—
bottomed flask contammg a Teflon—coated magnetnc stirring bar. The flask was equipped
with a rubber septum and flushed with argon Ethanolic sodlum dlethyl phosphlte 6 mmoll

was added dropwise lsyrunge) The resultmg solution was sturred for 20 h at room

t Jg,-p = 450 Hz), exact mass. m/e 4139145 (cald for CH"BrOPYSe.
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temperature and the reactlon mixture was then poured mto water (50 ml), extracted with

ether (3 x 30 mL) washed wuth water (20 mb) and dned (MgSO.) The sqlvent was. |

'evaporated and the resuttmg orange oul was chromatographed over normal smca (1. 0 x 15 P

L cm) with 8:2 hexane—-ethyl acetate The y|e|d of 4—bromoacetophenone was (0 1910 g '

.

o 18 ) The matenal was |dent|ca| w:th an authentnc sample (T LC lH NMR)

[

|

®

' Reacnon of 2—Chloroacexophcnonc and sodmm dwthyl phosphiu The dehalogenatnon A_
' procedure and scale used were _ exactly as descnbed above « for 2, 4- '

dubromoacetophenone The yue|d of acetophenone ‘was 0% after 1 h at room temperature. o )
" and reached a maxumum of 60% after 3 days The product was ndentncal wuth an authent»c |

' sample_ (TLC, .VPC, 1H NMR):
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. INTRODUCTION .

A, Gononlitios _
Untnl recently synthetnc organic chemnsts apart from those involved in the polymer
sciences, had given littie attention to the use of radicals for making carbon—carbon bonds.

It is now becomi‘r\g.’ncreasingly well appreciated that ionic or concerted reactions are not
: - ' oo _ . .
the only ones for this purpose and that free radical chemistry has a great deal to offer in

this respect. In the followmg paragraphs we review the current status of carbon—carbon

. bond formatoon by way of free radicals. ,

~
*

B. Intermolecular Processes
- a) Mechanistic considerations: The addition of radigals to unsaturated systems to

form a new carbon—carbon bond (equ 1) has been studie'd thoroughly and extensive
;

/

reviews are available on this subject! . /

o E L
v+ e — Rmg—ge e

S
Alky! radicals are shghtly nucleophilic. entmes as_ shown by the mcreased rate of
. addmon to alkenes carrymg an electron wnthdrawmg substvtuent (CN COOEt) compared
_ with electron rich olefins.: Because of -steric repulsion, intermolecular. addition of a free
“radical toia'monosubstitut‘ed Aolefm?‘ocpurs invariably at the unsubstifuted end of the' double
: _bond {equ v2) ~This results in formatnon of the thermodynamncally more stable product

(Markowmkoff orientation).

v

. : : lequ 2

-CH‘Z — CHRX

) ' 3

RCHZ-_:'CHX

38
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The rate of addition is dependent on the polarity of both the attacking radical and the

40

- substituent on the double bond

" Radical addition reactions are highly exothermic and MINDO/2 calculations® have
shown that the transition state occurs very" early on the reaction coordinate and is

therefore reactant—like in character. As a consequence, delocalization of the unpaired

electron in the adduct radical is of little importance in determining the oOrientation of

" addition.

b} Synthetic method#: Giese and coworkers have long recognized the potential of
intermolecular radical additions as a method for carbon—carbon bond. formation. in
orgahic synthesis (edu 3—-12). The idea is based. on the fact that alkyl mercurials react
with bo\rot;,’ydride reducing agents to produce aikyl radicals* ﬁmt can be trapped by
elec_trﬂbn déficient olefins. In his early work, Giese converted cyclohexylmeréuric'acetate

into cyclohexyl radicals that were captured by a variety of electron deficient allZe’nes-‘ lequ

>

. ‘ X Y
o ~NaBH4 - CHX=CYZ N
C6H11H90Ac L ———— C6H11'; - ‘ — ‘Csrlin-CH-(i'.
; ] . ;
lequ. 3)
C6H12 | C CGHH('ZH—CHYZ
X

The success of the reaction was based om ghe differences in the rates of the

" possible paihways these are adduct 2 formation, capture of cyclohexyl radical 1 by

cyclohexyl mercuﬁc hydride, hydrogen transfer to species 2: and formation of cyclohexy!

radical 1 from 2 (3—fission) Dimerization, disproportionation, polymerization and '3— :

N

L
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bond cleavage o? edduct fedical 2 evidently did not compet‘e with hydrogen transfekﬁ to 2
With respect to the addit'ion of alkyl radicals to electron deficient alkenes, poIaF
effects eause the reactivity of the radicals to be opposite to that expected on ener’getic
‘grounds:? ln other words. while the order of reactivity based. on the. stability of alkyl

rédicals would be antncnpated to decrease in the sernes 10> 20> 3, the facts are that in the

addmon of alkyl radicals to/tectron deficient olefins, the order |s actually: 2° radncals are '’

more reactive than 1° redncals The classical relatnonshup hngh reactivity — low seiectivity.
is also reversed 2° radicals are more selective than 1° radicals but they are also more ,
reactive towards addit'ioh,} Frontier molecular orbital (FMO) theory can explein this
behavior as long as steric effefcte do not come into play.’»* .

Gese extended his work to the vone-flask coupling of alkenes with electron poor

. dlefins via 2—methoxyalkyl radicals “iequ. 4)

N R

RV 3 oMe
‘R R" ‘ . | : NaBH(OMe)
\C"CH/ .__ﬂ.__. RR'C—CHR" . 3>
vl Hg0/tg0Ac ! CH, = CHCOOMe .
R : o Ha0Ac » .
| o ) (equ. 4)
» - ‘ R » 0Me ° ) . .
R COOMe‘
I - ‘
R"

. e S _ .
Electron’_ric'h olefins! (equb). dienes’ (equ. 6) and cyclopropanes!® (equ. 7—10) were

-~

also viable substrates in this type of reaction as were maleic acid derivatives (equ. 111

HgOAc¢

NaBH(OMe)3 '
‘_»
CH, = CHCOOMe

OoH R : :O {equ. 5)
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o Hq0/Hg (0Ac) = NaBH,
NN HgOAc :=::!<:x
B / |
(equ“‘G)
MeO o
\/ "
/C\ ‘ Q(OAC)2 om l ' | NaBH4
C=C Meok T HaOAc —
! ' | CHX=CYZ
: : ‘ ) ( 7)
C"":}O\l . b equ
cg - ' |
\\(f/ ~
N -
/C\
CHX~ CHYZ
- - HgBr -
NaBH, / ‘
{equ. 8) |
CHX=CYZ |, [ -
Lo Ussen)
,/” | |
CL ) 4
L0 1-Mejsicl ~ SiMe, (0Ac)2
. — IV ’
O : 2- CHylp/2n-Cu - ’ AcOH O\,ﬂco.u '
| ' 1- NaBH, _0 x | (qu. g
2- CHX=CYZ g Y
B 4

( 50-68% )
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R, R, Hg(OAc)z NoBH,
R R ————— e HgOAe >
' . . AcOH - CHX=CYZ
loqu. 10)
RR, . A
ACOWZ ‘ -
( 40-81% )
. CeHyy
s Na_BH4 .
C6H‘11—-HgOAc - - fequ 11)
| C—j_._ i x S0 '
OFN =0 a (55-98% )
V- .
i . A
X = CICH,),. NCH,, NH, NPh, S, O R

Most recently, “Umbolung" carbon=carbon bond formation between ketones and

. alkenes was achieved following the same concept! (equ. 12).

' : AcO HgCi °
(“) : :"‘ 1- HgO/Hg (0Ac), y <Q Mo
—_— Pl = —
: : 2- KC)
equ 12) -
. v eq
;NBBH4 AcO . z
. , -
CHX=CYZ »
X

Several other synthetic methods have emerged from the work of Giese. Among

them, is a new § —lactone synthesis which involves the hydromercuration of an lkene

-

U
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f'dldwed’by a reductive coupling and lactoffization®’ (equ. 13).

3 ‘ 1- Hg(0AC), § _aOH NaBH(OMe),
| g : : : ‘
- -2 an/m0 3 Hp=CH2

"eHge

Z (equ 13)

*

. 1- 102 NaOH
= ‘ >
C2-3NHOL g
a
’ %’”‘j q
- Z = CN 60=94%
= . -

. Z = COOCH,; 37<78%

A ver'y‘useful method for the synthesis of alkaloids is the carbo—amination of a
double bond.  The elements of "HgCl" and "N’ can be added across a double bond and. in-
»certa.in‘cases, it is possible to‘coupIJe the resulting rﬁerburial with electron deficient

olefins!* (equ. 14,

/

d
3 : HgEl, - NaBH(OMe), -
uNn CH2=CHZ T .
3 .
N -y

¥ LR

A N g

' i . "'“
[ % X

Nitrogen functionalities that were s{i;fécessf_ullybadded to the double bond include
NO;. N, and NHCOCH, However, reductive cougfing occurred only with (3—acetamido

Y

radicals ("N'g

=
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Another procedure for construcnorn of alkalond skeletons makes use of
’ R4 / (7)
ure;domercuratvon and reductive’ couplmg“ (equ 15)

/

HﬂOAc

' Hg (0AC),, ‘
(L | g(O/C/)Z v N NaBH(OMe)
NH ‘ /

e aE ~ Cb: CH,, = CHCOOMe
Chbz R
1- H, : ,
| 2. A v N : : . o
- | . o v ' - -
Cbz = COOCHPh : IR ‘ /

. ) ' ‘-\
Y- Lactones are an mportant structural umt in nature and n ns desnrable to have a

var:ety of methods of functnonahzmg them. One such procedure uses a radical process -

and allows for carbon—carbon bond- format:on“’ (equ 16)

Hg (0Ac)

o . —\  "BujSnH/AIBN
. (o) S0 ) .
I5/K,C04 - ¢ - RCH=CHCOOMe .

2
x "/
, or _ , -
PhSeCl SRR

< X _ % yield
' HglOAc), | . 6-58
| |, 45-65

PhSe \ . 68-80

in this case trlbutyltnn radncals generated by thermal decomposmon of the hydride with
azobnsnsobutyromtrnle (AIBN) as mmator are used to homolyse the C~X bond Tie

! 2o i : -
resulting radccal is then captured by the eleciron deficient olefin. } Yo R

/

<
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~ Tin species are useful compounds for generatnon of radncals Allyl raducals for
example, are generated conveniently' by homolysis of the allyhc carbom-tln bond of
v trualkyl-—allyl tins  The process is mmated with AIBN Alkyl halndes” (equ 17), and "
-;selenides' (equ 18) can then be chaun—extended by a 3—carbon unit. The method is even
apphcable to hindered substrates such as tertlary alkyl hahdes and tolerates a verrety of
other functuonal groups mcludmg acetals, ketals, ethers, epoxndes lactones hydrOxyls

esters and St\fonates

*

Br /\/ShBu:!
— lequ 17/
AIBN O C» -
N .
NPSP T
E\/ (equ 18)
Chbz . :

" Cbz,= xoo_cnzp‘h

cC. IntramOleoulef Processes ‘ R SR

G

a) Introductlon It is conceivable that any reaction capable of formmg a carbon—

T carbon bond can be used mtramolecularly to prepare coychc compounds This would be a
very useful process as most substances that occur in nature incorporate one or more
rings or heterocycles in their framework. Until recently. most of the'_teohnology aveilable
for ring. closure was not of the free _'ra,dical type. In orinciple, the addition of a radical to

an unsaturated entity could be used intramoiecularly to close a ring  Furthermore, since

¥
-~
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oxygen, sulfur and nltrogelit radu:ﬂt can be produced qulte easll.y 2 feactlon of thls type
could be used to form heterocycles Very few eurnples of such processes of a

synthetically useful type have been descrlbed m the llterature Cme’ oty\em is the Pschorr

phenanthrene synthesis.(equ. 19} which. proceeds via the radlml madnnlsm shown

N

—

When a long chain alky! radicallcontams properly located.unsaturation, ihere eXisis
: the possibility- for both mtermolecular and mtramoleCUlar addition. the latter Ieading to the
formation of a ring. The mtermolecular process 1s used mdustnally for makmg polymers
If the addmon ocecurs mtramolecularly one can envnsage two different mod;s of. attack
leading to dufferent rung sizes ﬂﬁmown |h ‘Scheme l the: radml can attack the double. .

‘ bond at the: more substltuted terminu (called an exo—-closure) to grve the smaller ring with

. an exocychc radncal or. addition can take place at the less subsmuted end of the double -

-

"‘bond lendo—closure) leadmg to alarger ring with an endocychc radncal ThIS type ‘of radlcal
closure has been known- for at least 30 years to mechamstlc chem:sis who have studied it
in detanl but the re&:t:on has rece:ved very hittie attentlon as a symhetlc method 1 at Ieast
until recently o - - . ST e ‘

b) The hex—s-enyl radical The hex—S-enyl radtcal 3 rs'a good example of an

acyclhc unsaturated radical that undergoes clean m_tramo_lecular ringclosure . ., - .

By
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| Scheme 1

Several factors are involved.-in determumhg the reguochemlstry of the process. On

M
thermodynam»c grounds (2° radncals bemg more stable than 19), oa&would expect endo—

closuye to predommate This factor should be rennforced by steric effects (posltuon 618

. less huh’ﬁered than posmon B) and by ring stram whnch are both expected to favor

'productnon of the more stable G-membered rmg (equ 20). -

Such a line of thought Ied early workers“’ to report the ring closure of type B

radicals to cyclohexane_ deruvatuves. However, with the advent of better.an_alytlcal tools. .

early expeeiments were reihvestigated“ and found to be in error.. When the h'ex—5—enyl

‘ raducal 3 was generated by decomposmon of 6 heptanoyl peroxides® or by treatment of

hexene—-e—thlol with triethyl. phosphnte n no products denved from endocychc rmg
closure were detected (equ 29 .

S

gz
R
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SH
U

e

Methylcyclopentane the result: of exo—-cIOSure was formed as. the major product along

N

with 1—hexene, derived by hydrogen transfer to radlcal 3 The ring closure V\las ‘also

A

found to be wreversuble’l equ. 22)

(equ '2?;{‘

v

e
Clearly, ‘the relative s"tel:l‘ility of a and t.)‘was not’ e determining factor in deciding the
wcourse of .the reactron Exclusrve formatnon of the cyclopentane derivative was th0ught“

‘ to be a consequence of complexatlon between the free radncal and the dOubIe bond as
deplctedwun Fig T However,.n‘o acceptable explanation was given?' as to exactly how the
comol}ex caused the reaction to follow the exo—pathway” Further evidence bear’ln’g on the :
matter came from the work of Jl.plla and his colleagues They studied the cychzatnon of

hex—5—-enyl radical derlvatnves such as 4 lequ 23)in Wthh Xand Y are (usually) electron

wrthdrawmg groups
. N . <

‘Q‘
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Figuro‘ 1

s

PhCOOe

lequ 23)

A !

. : .
These radacals underwent cychzatnon in good yfleld and the results are shown m Table 1 {p.
I51) The most strnlgmg feature is th# endo—regnoselectw:ty The: yields of - cycl.zed,
products were found to increase. with supstntutton untnl the terminal -olefinic carbon
_became fully substututed (entry 4, Table 1). Such subststutnpn caused a3 drastuc fall in the
yield of cyclized maierial a‘nd' myore jmportantl‘y the régioselectivity'Was cémpfetely'-
: _reversed n favor of exo—closure The reaction was used in a synthetnc fashvon to

construct decalm“ (equ 24 25) and tncychc systems“ (equ 26)

lequ24) -
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S Ty ABLE1 . - SRS
CYCLIZATION OF HEX - S'ENYL RADICALS CARRYING ELECTRON WITHDRAWING
. o " SUBSTITUENTS
\
Starting Materials Products % Yields R
1 51 -
o 65
-3 78
X .
) y o
4 = \ Y .- 13.5

X = CN, Y = COOEt
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(equ. 25)

_lequ. 26) - '

X = CN ;Y = COOEt

The regvoselectuvnty ‘of the reaction (exo— vs endo-—) was altered by modlfymg the
| stability of the initial radical'4. ' This was done by changmg the nature of substntuents X and
oy (Table 2, p. 53)
| An |mportant factor in ratuonahzmg the reg-ochemnstry was the realization that
cyclnzatnon of raducals of type 4 is reversible’” (equ.27); In crucial’ expenments Julia
showed that both radicals - 5 and 6. when prepared mdependently gave the same
‘equnhbrnum mnxture of methylcyclopentane and cyclohexane denvatuves in a ratio of 15:85
This ratio was |dermcal to the one obtalned from closure of the acycllc raducal 4(X=CN Y

= COOEt See Table 2) ' R R

o o o -
. Y Y
* (equ 27)




53.

0 100

i TABLE 2 -
5 EXO/ENDO RATIOS IN THE CYCLIZATION OF 4
X . o, X
/ ) Y i x Y
— Y +
4 EX0 ENDQ
: o
X Y Relative Yields
%
N
H H 100 0-
, Ph H 90 10
8 _
COOEt " \COOEt 60 40
\
- COOEt CN 16 . g4
O !



" yield of a t}ans-decalln system?! (equ. 28}

54

In other words, exocyclic closure occurs under kinetic control for the values of X, Y=H

(see Table 2, entry 1) If the reaction is made réversiblg by stabihvzing the initial radical 4 (X

= CN. Y = COOEt or Ph*). products derived from the endocyclic mode 9/& formed under

- thermogdynamic control ~

It was suggested by Capon in 1964, a'a.re‘sult of studying molecular models. that
exo—ring closure occurs under kinetic control becaus‘g the number of availabie:
conf'oerauon's. in which attack at position 5 is possible is greater fhan that for attack at
posituc;n 6. Subsequently: Juha and VLebel: proposed a stereochemical argument
according to which cyclohexane formatupn’:‘! hindered by steric interaction between a
hydrogen at C~2 and 'tﬁ'e syn—hydrogen on C-6 in the transition-state leading to endo— - = -
ring _cio’sure’“ (Eig 2) Ring closure§ of> 1° radicals (such as 3) are not reversible and ‘

exclusive formation of exocyclic products is to be expected (see above. discussion

-related to equ_27) under kinetic control.?!

Several other isolated cases of radical cychzations operating in the endo—mode are

| known For example, addition of benzoyloxy radicals to farnesyl acetate results in a low

|

OAc

OAc - oL

| {equ 28)

Phﬁo

: | : ( 20-30% )

The reason’ for the observed regiospecificity is not known. ‘Germacrene, when treated

- with thiy! radicals undergoes cyclization with stereo— and regiospecificify. similar to that

observed in electrophilic cycl'izations of the same substrate’’ (equ. 29}
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" SPh

lequ 29)

.98 %

A reaction that made an indirect. but important, contribution to the siudy of radical

' closure was a procedure developeZ by Kuivila for homolysis of carbon—halogen bonds 1t

L provided a clean and efficient solrce of radicals® and allowed easy access to 3. The

- method involves trialkyltin hydride reduction of alky! halides {equ. 30).

~

A
e R3Sn .
- AIBN -
: S.,2 -
R'X
WA
—_——
R3SnH - . |

Initiation

RgSnx  +  R'» / (quNSd)

Propagation

R'H + R,Sn-
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The tin hydride reduction was applied to 6—bromo— 1—hexene snd the resulting
radical was found" to close simost exclusively in an exocycllc fashion to give

methylcyélopontane (81.1%), 'cyclohaxane (1.8%) and 1—~hexene (17.3%) (Scheme 2. p 57)

" The absence of dimerization and dlsproportlonatuop IS a consequence of the ease of

lbstractnon of hydrogen atom from, trlalkyltln hydrldes ¥ The formation of 1-—-hexene
‘tesults from rapld hydrogen transfer to radical 3. The yield of cyclization products was
found to be ~dependent on temperature’-and tin hydride concentrations’ Similarly. the
exo/endolratlo 's'dependent on the temperature and the stability of radicals of type 3

"o account -for preferentlal formation of the less stable exo—product, a new

,prOposal was made— .that there exusts a more’ favorable entropy of activition for

production of a 5-—membered ring versus a 6- membered rng’’ Theoretical calculations®

estimated the dlfference in entropy of activation for the two processes as 3.3.cal mol-! K

~in favor of the former. The importance of this factor was questnoned’9 since enthaipy of

activatidn differences between the two modes of cycllzatlon are of far greater

magnitude’* (1.7 kcal/mol), The entropy differeénce lst.much too small to account for the

exo—selectivity that is observed * The enthalpy of activation calculated® for exo— and
endo-cyclic ring closure for unsaturated carbon radicals is depicted in Figure 3. From this
diagram one would exp\ect allyl, but—3—enyl, and pent—d—enyl radicals to ungergo

preferentnal exocycllc ring closure as the enthalpy of activation is more favourable than

“for endo-—closure Based on’ enthalpy consvderatlons ,alone the hex—5—enyl radical can

K .;.»“&; Syt

% ¢ e T

P %
< ‘gﬁ;{vvay?f C’leaﬁyg’tl;)e egg&aruﬁént? resu‘lg‘s duffer from

5 i,
. undergo closure via e;%ér mm bd radn@s where ‘" lﬁ‘garger than 4 should show a

preference f’oc« the! 'gn ljf

ﬁppl.ed to

-

bonded mter‘}cn%between th;e pset.gdo—axual proion it C-—2 and the Syn- proton at C—6

these trans:tlgp« sta.tes are based on the structure of the hex 5—enyl radical 3 which was

!“

suggested ; Syiép , spectroscopy“ An support of these steric arguments were the

Qongexo/endo ratlos determmed for a varnety of substltuted hex—5—enyl
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oy , Figure 4

radicals* **_(Table 3. p. B9 The conclusuons that can be derived from Table 3 are as

follows: A syn rr:ethyl group at C—6 (as in 10, Table é) results in total |nh|b|taon bf thev

endo—mode of cyclizatibn. presumably‘ 'because\ o»f the severe mterg@;uon W'ihg,.th&

hydrogen at.C—2 (see Figure 4) = Substituents at C—2 will inhibit endo—closure forithe

same sternc reasons (see,7 and 12, Tabie 3) Radical 1 reacted ten times faster than the

‘parent 3 This was attrlbuted to the gem—dialky! effect” -Tt}g' intrOduCtion of a methyl
group at C—5 favours endo- cyclization {compare 3 Vs 7 8vs 9and 11 vs 12 Table 3). " This

:écbecause B strain*¢ becomes more severe as C— 5 moves toward tetrahedral geometry m :

the transition state. lntroducmg a methyl group at that posmon/does not affect the rate of
endo—cychzatlon but will retard exo—attack

The stenc arguments ‘advanced by Julia ‘and Lebel depicted in Figure 4. fail,

however, to explam'the total regioselectivity tpwards exo—cyclization that is ebserved in

the case of aryl radicals** (equ. 31). In this instance, there is no pseudoaxial substituent at

c-2!

_(equ 31)

&
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-

| K : TABLE 3
©  CYCLIZATION oF ALKYL SUBSTITUTED 5-HEXENYL RADICALS

EXG:ENDD

¥

40;1

1:2.6

V!
i

it was finally a’pprec:‘iated that most of ‘the

By the mud—nmeteen seventnes

observatnons could be accounted for satisfactoruly by concepts of stereoelectromc
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cont‘ﬁ‘ol The structure of the transition state for alkyl radical. additions to double bonds.

was proposed to compruse a treangular array of- canters arusmg from the mmal mteractlon

WQf the semi~ occupied 2p orbltal W|th one lobe of the vaqant /\u orb:tal“ Consequently

¥

array Fig. 5) 18 not easnly accessuble for endo—dlosure :

‘ the transition complex is dnpolar (Figure 5).

e Flgure 5
e

-

o The degree to WhICh this, arrange\q;ent can be achneved by the three atoms involved

determmes the ratio of exo/endo cychzatuon )
: : . Vo8 N
These arguments proved useful in explalnmg a number of experuments in each

case. the extent of exo— or endo—cycluzatlon is determined, by the relative ease of

' accommodatmg the transition state, dep»cted in Figure 5. for each mode For example the

" 'behavior of the 4-—(1—cyclohexenyl)butyl“’ lequ: 32), the 3—al|y|hex-—-5—enyl“ fequ. 33) and

the 2—-(but—3-enyl) cyclohexyl radncals“' (equ €34) is- ‘considered tc be -under

eoelectronlc control and an examunatlon of molecular models suggests that the planar

|

4.3%

~

v

@ﬁj—*qﬁ oo O D
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.~ " The theory also applies»_to,cyclizati_én of,zv‘hepztfﬁ—eny! (equ,k‘BS)A éhd oct—7—enyl

radicals** (edu 36)

B U

- S N : 2
. X . A o
« : . . v, e .
. " . . ., . .- N "
o = 3 - - < )
o L L . - . : B .

. ; N
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%
A .
-—-—-———-b' (equ. 36)

.Radical ring closures also occur in cases. where strained systems are generated .

sdch as in-the cyclization of 2—(A’—cyclopentenyliethyl bromides® (equ. 37

 fequ 37)

59t i 41%

The theory of stereoelectronic control is applicable to the reverse process. ie.
. . ) > . ) )

radical fragr’nenitatncsns51 (equ. 38. 39
: .
> {equ. 38)

T,

A
=



The two radlcals 15 and 16 undergo reguospecuﬂc frapmentatnon... in each case, the bond
B whu:\h Ines most nearly parauel to the axis.of the half— flﬂedﬁor $al at C—6 is cleaved

preferentlally The relatlve stabmtnes of the mtermednate rach is net mvolved

Because 1 5-—cychzat|on of substituted hex—s—enyl rad:;als leads to yvclopentané/

derivatives having substituents around the periphery of the nng‘there is the possibility of
cis— and trans— isomerism. There is a relationship that links the substitution pattern of the

hex;5—eny|--radical and that of the cyclized product For exampie. 6—hepten—2—yl

radibalé undergo 1.5-ring closure to ‘1,2-—Vdisubstituted_ cyciopentanes in which the

proportion of c/s—isomer predominates:: (equ 40-42)

. L) (equ 40

> . . + ’ oW (eqU 4 ]?

v Major -

¢



{equ 42)

,o(‘
'In each case the C/thrans ratio was 2.3 .The preferentnal format»on of C/s—products has
been attributed to the effects of orbutal symmetry The two transition states leading to

trans—- and ¢/ s—1,2—disubstituted cyclopentanes respectnvely are-depicted in anure 7. In

the transmon state for us—products there IS a secondary attractlve mteractlon between .

the alky! substltuent and the oleflmc bond. This factor does not apply to the transition

state leading to trans—_ —dnsubstututed cyclopentanes As pomted out by Hoffmann*
: such mferactlons become um’portant in highly- exothermic processes such as rad»cal
additions to double bonds. ‘ - | .

“In the case of C-2 C-3and C~4 substntuted hex—5—enyl radicals, the degree of
stereoselectfvny is related to the confo;matnonal preference of the substltuents“ asv

'shown in equations 43-45

, .
" (equ 43)
-

o o \
R —— ’O‘R‘ tequ 44
. .



\_,
Figure 7 /

©

O

B
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TS L e N
Q PRIMARY < a o \CS: |
| : é——-— ‘ ‘ (C)—— SEC.ONDARY
TRANS o c1s
_ \
j\/l N \A o> d | lequ. 45)

The stereoselectivity is explained by a chair—like conformation with’ ,substituenfs-
~occupying pseudo—equatorial positions The degree of selectivity increases as the

.
»
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substituents become more bulky.

A set of guidelines for radical cyclizations is now available to help predict the

outcome of such reactions 3*

K
4

1 Radical intramolacular additions to C=C and C=C under kinetic contr‘g occur

preferentially in the exo— mode for 3<n< 5 (equ 46).

d o - exo0 , ' Y/
Yn — n. {equ 46j
\ .

For n larger than 5, the flexibility of thé chain increases to the point where attack of
the terminal unsubstituted carbon becoﬁwes préferred {as in intérmoleéula‘r additions)
For systems under thermodynamic control. or substituted at atom A (lequab), endo
~cxglization is favoured , '

2 Substituents on the olefinic bond retard the 'rat;a of gddition at that posit’non. Th:é

~effect can lead to areversal of regiqspecificify '

3 Sustituted hex—54enyl radicals undergo stereoseleétive ring»c_losure; C-1orC-3

substituted systems give rainly cis—products whereas C—2 or C~4 substituted

systems give mainly trans-products. i s

Other factors can modi%ﬁf}hese gyidelines and a case in point is the result with the
) ot ’ .

2—(but—3-enylicyclohexyl radical 17 (equ. 47).*¢

H
. # Z
————— + : +
’3, 3 : . ﬁ‘ 18 ‘H 19
i ag R 72 563 16
A : o8 equ 47)
+ + -
& .
© . Ho.
& - 20 21
? 3.5% 2%

&

v
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Raducal 17 1s formally a 1! 2—dlsubstntuted hex-5-—enyl radical Accordmg to the guidelines.
20. where the methyl ?roup is cis to the C—1 subsmuent and trans to the C-2' ‘substituent,
should be the favoured product In the event all ¢c/s isomer 18 is formed preferentnally ‘
Productlon of 18 is explained by taking nto account the steric constraints apploed by the..
ring These are not present in acycluc Systems (Fig 8)

' Figure 8

) v % \ | I . Sr o
20 -— . 7z
— 18
22 | S
| , .

Radical 22 allows poor overlap.of the semi—océupied p orbital and the antibondung//(*
.orb‘utal When the substituent is placed in an axial position -as in 23, maximum interaction
‘occws Species 23 affords c/s—fused products of which 18 (where the metf:wyl group is (
cig,fo the Cf-1 substituent) is the major as predicted by the guidelines. It is also expected

that 20 should be the major isomer when the 3—butenyl substituent |s in an'equatorial
posmon as in 22 Similar results have been observed in the cyclization of the cyclopentane

analogue57 equ. 48).

H (equ. 48)
- 39.5% * 54% 6.5% .



c) Intramolecular cyclization of radicals onto triple bonds. Like alkenyl

radicals. alkynyl radicals can undergo exo— or endocyclic ring closure* (equ. 49).

U — | . D.+

REDUCTION EX0 / ENDO

aO-2
\

o=
o -
os

-tequ 49)

This type of radical cychz'atbh has ﬁot been studied‘ as extensively as its double
bond counterpart This is surprising because the process is much more "useful
synthetically in the case of hex—5—eny! radicals, functionality (here the C=C bond Is
destroyed in the cyclization. V\}uth acetylenes, however, the carbon—carbon tr;ple bond is
converted to a doublie bond which is'then available. for further manlpulatlon

-The factors governing 'cyclizations onto double bonds appear to apply to

acetylenic -radncals as well, Exo-cyclization is kinetically preferred over the endo— mode

as shown in equations 50—52 ** (it is assumed that these reactions are irreversible)

O~

R

:n/ {equ 50)

‘ Bu,SnH -

w
-
-0

iy

. AIBN

¥

5H11 » Ph
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fequ-51)
Bu3SnH - ' A
— ‘ -
| ABy o PROCEC(CH, ),y
75% ™
nCSH11 |
i O /
C : , T ; : A | (equ 52)
Br g’ Bu3SnH » '
: > . ‘ nCSHll'—C C—nCSHM
AIBN :

4 -

The proportnon of cychZatuon versus reductuon is determined by the rate of hydrogen

el

abstractnon by the orng;nal radical, a factor that IS controllable by the concentration of tin
hydride The radncal cyclization takes place stereoselectively in the anti—fashion where

the half—filled sp? hybrid orbital is situated trans to the added group*’ (equ. 531

OEt

BuSnH -y D oo I

: - C O X ’
+ p- o
U MK o | D>O (equ 53)
b7 N 9 : 4 - : ‘

4 : 48

This observation indicates that the cyclized vinylic radical does not undergo répid' —

isomerization (equ. 54].

‘”\ o~ é«

-



r
‘ Ph
D Br '(!_:' BL‘J3SHH ) .
- D fequ 55
AIBN D + b 9
£ 1:1 l
The ‘presence of equal amounts of (£) and (Z) isomers is consistent with of the . -,
Dy
intermediacy of Imear vunyhc radical 24 v L

) . S "

B P PR
¥ s - b
3 . . [
L] .
! . , . 4
“Ph c=cC , RIS
) 6.‘&“&’ >;v""\
| 5 €.
| 5 PR - “ ‘.;g
’ e ot
. 24 - ﬁ £ ’
cn - & ',' . v
Radncals are also known to undergo regiospecific exo~ring closure onto the CE,N y
PP TS PR
trzple bond :of a mtrlle group.*! Hydroly5|s of the intermediate lmme leads t if"

correspondmg cycloalkanone (Table 4).
Because of dnfferences in activation energy, the intramolecular cycluzatvon of a
, radlcai onto a C-N is slower than the correspondnng cyclization onto a C=C or a C C” i

{Table 5) The Synthetlc posmbulmes of 5 —cyano radncals do not appear to have been |

recogmzed
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Y , TABLE 4"
} CYCLIZATION OF w~CYANO RADICALS
. Lﬁ;- ® »
/N /O ‘
= 4 ol CN
r— CEN l—-—— C — — ‘ .
(GH,). ———»  (CH,, ——— (CH,), + (CH,,
 CH,e L—cH, CH, ~CH
. o ' o % RELATIVE? % '
2~ v 0 100
3. ' . 9. - . 6
4 ' 5
, | . 71 | 29 ,
5 . \ : . 97 © 3
a . .
-Absolute yields of cycloalkanones were 65—75%. Radicals were generated from
carboxylic acids. | ‘ ‘ » ﬁ
» TABLE 5 ’
RATE CONSTANTS FOR ‘C‘_YCLIZATION OF RADICALS
ONTO VARIOUS FUNCTIONAL GROUPS
k 25°C (sec) ¥ k 80°C (sec)
C=N 4.0 x 10° : 4.0 x 10¢
C=C 1.1x10°% . B3x108

“f"CE | @ | "‘1.2 x»1bs

T



- the use of intramolecular radical cyclizations in synthetic organic' chemi

7'enormous potential of such reactions for *the construction of coMPI8X;:carbon

Y
Cd) Synthetié methods. Until, three years _a_gd, there were very fews

o

frameworks there is only a handful of examples wherethe methodology was incorporated

. as the crucial step of a synthésis._ The syhthesis. of sativene and copacamphene®’ (equ. 56)

and of dihydroagarofurans* (equ. 57) are the only exampies known to us in which

carbocyclic rings -are formed from olefinic radicals. T

ST w
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Due to their reg»oselectuvuty stereoselectwuty ;nd efficiency. radlcal ring closure
Jaactlons have become mcreasmgly more attractlve as a mean of preparmg cyclic
compounds ThlS potentnal however was not reallzed until two years ago ‘when a large
number of publications started to appear on the sub Ject At that time we had already)
- mutuated our research in the area and the second chapter of this. thesis deals with our

- results ¢ The little that was pubhshed before our work and what has been done since will

furstbedlscussedbraefly ‘ o R " %" ‘&

i) Formati‘on"of hete‘roc':yc/es'by radical closore onto double bonds. In 1981, an
lntramolecular radical’ cycllzatlon was reported* in the form of a new strategy for
_ construction of ﬁ—lactam derlvatlves (Table 6).- Exocycllt: closure was the ‘,preferred“
~route when thegolefnnnc;ufs}?mnt R, was capable of delocallzmg the free spm o _
’ Methods® ‘?c:r cqumctlon of alkalond skeletons have also been developed based on _‘
-the Cycllzatlon of a- —acylamino radlcals to mdollzldlne ang. pyrrolmdmes“ (Sgheme 3) k‘
Substitution’ of the double bond allows control of exo/endo— regloselectuwty

- Schem_e 3

S

S, NaBHa PhS. Bu3SnH A e

Va g AIBN S N
PhSHIH® .

~( ﬂ,z S ,

& . %
» N C 8@
: N . ‘ ¢ s, ‘

N

3
I
i 3 " « .
‘_é; L
. v .
. .
'
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“r ABLE 6

FORMATION OF 6 LACTAMS BY RA.DTCAL RING CLOSURE

._FL \1/\/ Bu SnH o

74

AIBN
E ~© E-= c00%Bu
R . EX0% ENDO % YIELD %
H 0 100 '/7 (;
coomMe. . 68 4 72
@CH Ph. ©  100. 0 68

‘v

An intrgmolecular version of‘ the Gie\reaction (see under intermolecular radical

addmons) leads to structurally related syste

wuth elgctron deficient oleflns" (equ 58}

]

_—————-b
NH

v

r

g

ms via regductive coupling of alkyl mercunals

- {equ-58)

&

» mb

N
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Several procedures have been‘,dewsed for preparatnon of 'y—lactones via

- homolytic Cycllzatnons Two of them make use of unsaturated bromoacetals"' n (equ 59

60) wmle a third yuelds trnchlorlnated Y—butyrolactones from esters of tnchloroacetlc

acid” (ac}u 61)

”

R

Oxidation

Lo {70-95%)

! 81¢
. Y N ’
' ;_/ ’
3 (l:\c'a Cu > (equ 61)
0%
-4 )‘

These procedures are useful as they allow for the facile generation of quaternary

centers. Such bond ‘formation in polar reactions is stronglyvaf‘fected by:s'ter,ic hindrance

and skeletal rearrangements. The high regio— and stereoselectivity bbserved in most

.

v ‘_, “’ ! v , e " . v 75

R . ' . R } N ’
.. Jones AN
— 0%N\gy” (equ 59)

. V ' ) - : ~ ) e U gt
’ e ' . ' AR 4 o m s
| /[Brl -‘_"‘épu:ian ' L o : Jones =, V ‘ w
N - t . —_——— 2 . ; . '» .
07 Noge AR | ‘74_0—)\05' ' Oxidation _7[;)\\0 (equ. 60)

*
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; closure

f')’ .

cases permits induction of a new chiral center in the lactones.

¥

We have developed an er\t‘ireiy different approach to the synthesis of -

~lactones®* and our results are presented in the next section of this chapter. An irneresting

approach to the control of regioselectivity in radical cyclizations involves the use of a

properly situated leaving group’ (equ. 62).

éPh

: ' Br ‘
@ Z R Bu,SnH
L —————
av x . AIBN

R=H  X=NH e : o 96% . .
. A ) N &> ' .
R=CH, X=NH . | - 56% IR
R=H - X=0 | e Coo7s%
. ) . ;a . % . . )
" g:‘ 4 S *’

. o e T

Extrusnon of the’ n‘latcvely ,“able Ph9* radical is anﬁ(&a drnvmg force for exocyclic‘ ring
, , . & _ ‘ .

:
{

4

&

i) Formatnon of carbocyc/es by radlcal olosure onto dqnble bonds Enones

‘have been used as substrates in an :ntram@le! ular version of . the G»ese reactuon to

prepare carbopycles" fequ. 63) The process is’ not effncnent when quaternary centers are
gerferated. In such cases reductaon wuthout cyclnzatnon and reductlve ehmlnatnon bﬁé"fé“to

the alkene are the main processes. ' R N o

_(edy. 62)

LA
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o S e X ' (equ. 63}

o= Ha(OAc), on _ OAc  NaBH(OMe), N .

| m ‘ = 2 ——————— o:O:>‘_~OAc
SR | MgOAc - . ~/

Intramolecular radical cyclizations can be used. to build structurally complex

molecules from relatively simbl_e precursors as exemplified by a new synthetic route to -

perhydroindanes’ (Scheme 4). N

o

Schqme 4

’ 1- Birch Reduction
@& O COOH 2 Alky]atwn o

L2

Olefinic substitution allows control oyef the exo/endo cyclization ratio (equ. 64).



: 1: -:J:w : L
' Vinyl radicals can be generated cleanly by tin hydnde reductnon of vinyl halides.
They undergo intramolecular cyclizations to products in which functuonahty is stull present.
Substltut»on of the substrate again ayows control of reguoselectwnty" (Table 7). The first
entry in Table 7 shows that the reactlon is applicable to the generatnon of quaternary
~ centers. : ) '

IntramoleCUlar vinylic radical cychzatoons have also been used for preparatlon of

masked 1,4—diketones and g»benlluc acid skeletons”’ (equ 65, 66). ) -
= e |
. L
Bu3SnH
{equ
ﬁ&?“s “%{‘
[
= H 85%
«‘vl = CH3 8 72
: <
Bu,SnH

S

~ lequ 66)

ul) Fdrmatlon of heterocycles by radical clos%onto trlple bonds. The

cychzatnon of a bromoacetal onto a triple bond has been used to, generate vinyl radlcals o

that were further cycllzed onto a double bond" (equ 67)‘



“68)

[ ) -
79
' ~  TABLE7?
R CYCLIZATION OF VINYL R_ADICALS»-
SUBSTRATES ' EX0 - ENDO
v ™ OH
A’ . . g
4 ‘t
1 RN
¢ E E E E
301

H

R 4

.w'

e

lequ.67)

,This ring closure reaction has been further developed into a furan synthesis™ (equ.

. B ¢ ) o v » | . )
o _ Y n G , >
/\[Q\Atv I (S LC‘ -
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80

(o)

- SR ‘ j : (o) TsOH
11 Bu.,SnH O p
C /(Br ___u3_f___> }j L e \ / lequ 68)
; cl . . ) .
ko o a

%

Easy entry into substituted furans is thus gained.’

The reduction of }kyl halides by cobaloxime 1”% known to proceed vua elel:tron—
transfer"’ and a new route to Ol—methylene—‘y—lactones is based on the cobaloxime
induced cychzatvon of acetylemc ethers®® (ScheﬁejpS) aﬁd acetals" (Scheme 6) -
Acylamino radicals undergo radncal cyclization ontd”\"’double bonds (see Scheme 3. p 73
These radicals also undergo c!osure onto substituted trnple bonds" (equ.é9, 70). The

reaction is used to construct alkaloid frameworks ‘;‘_»,’ . . o

: “l Bu35nrl_

ALBN (equ 69)

V ’
A
» ’B.u:;‘an

. - .

AIBN. (equ. 70)

"‘R = SiMe, 70%.

R=TY8u = a9y | "
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HCECCHZ’OH
C.d
o CrOé.Py
(48-857)
Schomé‘G'
. ) ihad e
. : A
Y 4 (Rz - CI/::_*
I- Br, -~ R 0,\<,‘,_ .- NaBH,
-+ 2- HCECCH,NH - 7‘ ( ~p ' I,-1
e 2 o . 0 Cs (Co
HC(OCH,0= CH) Br “Scn (Co™)
H* (88-92:) i
~ [—C=cH '
L +
0. 0. - CrOy/ 0y O
R‘j; ( R“T
Ce R 2
(64-75%) ’ \ )

Scheme 5

L

81
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The new.methodology for the preparation of (3—lactams discusséd With respect
to Table 6 has been modified by replacing the double bond by a trlple bond This allows

entry mto 1—oxacephem and 1—oxahomocephem systems. Proper choice of the

£cetylenic sybsiitueﬂ allows control of _regioselectivity" (equ. 71, 72).

- (equ.71)

(equ. 72)

3

iv) FormafIOn of cafbocyc/es by cychZatlon Onto triple bonds. The synthetic
utmty of cyclization of carbon radicals onto carbon—carbon trnple bonds for makmg
carbocycles has not been properly apprecuated and very few examples are known. (See

BUChI s synthesis of 6-—agarofuran ¢ equ 73)

(equ: 731

]
SiMe, 13y

e
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We have developed a genegal methodology that involves closure of a carbon
raducal onto a carbon-—carbon triple bond and which. takes advantage of the fact that w—

hydroxy acetylene and nitrile compounds are easy to make. Thus work is described in the

Vdrscusswn section
Anion radical closures. A process that is closely related to the formation of

carbocycles described above was first reported by Stork in 1965 It involvé§ fithium— .
ammonia induced reduct;ve cychzatnon -of 5-—acetylemc ketones" (equ 74). The’ reatfion

is thought to proceed via radlcal anions. . e .

_‘\\\OH . {equ 74)

Using naphthal’ene radical anions, Pradhan and coworkers have um{ertakeh a
thorough study of this reaction® The mtramolecular radical cychzatuon of o- acetylemc.

and ethylenuc-—keto-—steronds gave 5B—hydroxy steronds via exclusive exo- cychzatuon

< i

“ (equ. 75).
& S SR
CoHi, . - A
. ~
Naphtha]e}{ne‘ N ~
./ // (equ. 75)
‘ —~— .O‘H ‘_
\ EI k4
T o - «
:.‘ ’ A (:t

The regiospecwsigj;{or‘? d_ 'M‘tf‘i‘{é@f‘eaﬂy o
’ A ! LN ! :‘;;
transition state. The stereospi

s

are formed) vJ(as
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anions.

. ST ‘ 84
regarded as a consequence of Preferemlal a)(lal bond formation by ‘the ketyl radical dnion
K
derived from the ketone:(Fig '9) S ’ T
| L ‘Figure® . - .,
. o tg ' o s, B ’

As -shown in Figure 9, the sem:—occapied rholécular orbital (SbMO} at C—é 1S
unsymmetrucally d:sposed relatuve to the ptane containing C—1O C-5 and C-6. The
mmumal overlap necessary to reach the transmon state. is achueved at a longer dnstance
from C~ 5 in the OX— direction than in the 5 dnrectnon Hence the preferred forma'uon of
SB—hydroxysteronds. These authors challenge,| Beckwnth 3 hypotheszs concernmg SOMO-
LUMO interactiohs in the radical cychzatnon of substututeid hex—5—eny! radicagls On the

basns of theoretical calculataons and |on|zat»on potentials,*¢ they propose a SOMO~—~ HOMO

primary mteractuon s cIanme% that in radical “anion é’ttack “on.. substltuted 5 ethynyl

_ketones (for ‘which initial syn—attack has been established"), the angle of approac_h

_necessary'” for nucieophilic attack on the triple bond based on SOMO—-LUMO interactions.

is impossible bbThus only SOMO-~HOMO irhxtéractions’can come into play.

Along the samg linés, Corey has developed a new five—membered ring annuiation

It involves treétment of ketones with zinc—dhlocotrimethylsiIane. “This corﬁbmatio’n is «

assumed to generate a radical that then undergoes, cyclization onto an unsaturated

appendage (Table 8). - The reaction tolerates a variety of functional gr'o_ups‘.f It is not

definitely proven that the mechanism involves C—O0SiMe, radicals -rather than C—0SiMe,

\ -
. v - 4o

\

“x



Zn/Me,SICI INDUCED CYCLIZATION OF KETONES. )
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TABLE 8

~ SUBSTRATES .

PRODUCTS

YIELD &
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A lntroductlon SR o /

As part °f ’" °"9°'"9 '959“ Gh Pf°9fam arrhed at the’ dovelopment of new SHRR

methods for makmg carbon—-carbon bonds w-it was thought that radical rmg closure

¥

' reactnons could prowde a uhnque route 10 cychc compounds For a process of thns type/t L

' i'u,;be of synthetnc value readrly avarlable materlals have to be used as substrates For that o

reason we focUssed our nnmal efforts on ways of elaboratmg alkeries mto cornpounds._

i

g suntable for' radrcal cychzataon ,_; B I T TS

b
.,\.‘.

n

ln order to carry out a radlcal closure one must gzherate a radrcal snte |n the:'- o

b presence of a pendant group that contarns suntably Iocated upsaturation, such asa double
o 'or a trlple bond The orngmal’ concept\was to take an olefm, and by meahs of well =

iestabhshed technology, attach to |t two umts (Scheme 7) One of the unlts is a group X,'

that would have to be chosen such that the bond between carbon and X can be broken na
homorytrc fashuon The second umt is a pendant group contamlng -4 properly posmon,ed |

multnple bond

'\ R
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‘;‘Ion by Mtcu mhg cumn of 5 M..:.._,
nlono)uurs A Now M-mod for the Ptopmtion of ‘y-L-ctonn

s c-rbon c.rbon m F', '
‘ a) Priparatlon ot ﬁ—bh.ny|‘.|.m’“t.r‘ Because of our "“m th;.’; | |
~ selemum cmm's"y we ex(ummd the passibility of using. the Ph'"vmlmo moiety a5 af‘jj?tf EP
N x gr°“P m Sc}‘beme? "“’"\W“Mmcarbon-nmmmmb,;“.

- broken very usdy wum tm radncals genentod by. the\A!BN—mmlted tharmat decomposmon Ry
of mph’"y"'“ hYd' 2 Th‘i "‘d'c" Ch"""”c\ﬁon affOfds alkyl radncals cleanlv and

- --eff:cvently (Scheme ) and has become the method of chou:e for the raductnve remoul of ‘
“ 7 selenium from orgar»c mojecules“ e e N ‘f o
,» . . \\\:(’"» : ’\’ S '-f / E . L . ) .

A
. P e A

Ph3SnH , ‘ A — » Ph3Sn- 4 He oo Initiation w4 -
‘ ’ ) - ’v . B . \‘ku' ‘”-', & ) ‘, " X .' - .
’ . e s Y + . PR -
R - SePh + Ph3Sn \/——-———-——b —> Re  .+ ,PhBS" SePh

Ay : / T . s 7. Propagation " -
B " #. PhySnH . —————= RH + PhySnei - T |

s
fo

o ‘_ - Most methods for the addmon of 3 phenylseleno group to a double bond mvolve

"electrophulnc |omc addmon of PhSeX (where X is Cl Br) to the alkene The reacnon

- .proceeds via epuselemrnum uons and gwes trans-adducts" (equ 75)

ok PhSeX - SUEEEAT Y " ::Sebh‘ _..__...."/ - . ) LT
| e ‘ e AN SR § e lequ 75}

L) . o L% . ]
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- uj.“mc;.' c ophile is present, it can.
SR |

E
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e

Nucleoph:les that have been successfully employed mclﬂde aceute ” tnﬂuoroecetete s
/
aznde 9 ’}ana/ methenol ” On the basns of these known ructrons we set out to attach an

// N /unsaturated ester unut end 8 phenylseleno QYOUP tC’ a dogble bond as descnbed 'P ’q“"'w

Two factors had to bc teken mto consodermon before the methodology of equ. 77
."was adopted Fnrst ﬂ'ge addmon of benzeneselenenyl chlonde across % double bond |s a ‘ g

reversuble process ”» Therefore the unsaturatnon pres___ Bith :".'pendant group had to’ be
deec_k' ted to prevont reactuon with benzeneselenenyl chlortde a 3-Unsaturated esters oo

' satlsfled this

"qunrement and’in no_ ceses could we. detect any products derwed from _' ‘

;addmon of the. electr ile to the dOuble bond of the e ter

Secondly in: order toqntroduce an estér umt

183 —posmon wsth respect to the -
phenylsdleno group. an (E(, -butenoate entrty that _

S nucleophnhc enough to react wuth o
kY -q: - . " .




ffultratuon and chromatoguphy affords tha dcsnred estcrs A mmbor o theu propamuons;; o L

'were carrled out and the rosults are shown 114 T;ble 10 The Tdole ravuls that ytcids of ; st

- B -(phenylseleno)estprs are gonerally good Tha ructuon cs not Ilmntod to (E)-2—thenouc‘ : |
"".‘ac'd Entries. 8 and 9 show tmt sdvor pro’peno  can be used and the correspondmg, o

' ,’_esters are obtamed with. comparable oase A|so Mcluded m Tablo 10 (antry 10) is the ‘

e preparatuon,pf an nodoester accordmg to the htonture proc.dur, " it w.s | m orderﬂ o .- LRy

: "'to compare the rmg closure of an 10*63 wnth that of 2 solemde

AH of our 3- (phenytseleno)estors have cioan rrans—storoochomustry as oxpectedf e
R from literature" ” analogyu The trans-storaochemnstry for most of the. adducts in Tabls.i.'_“ SR
10 was derwed from tho couplmg consunt betwoon the -CH-SoPh and tho -éH-—OOC'_" 3

= protons ln each ‘case nts value wns gruter than 7 Hz

S S
Lo

-—————————-—-—_—-’

- wThe structure of adducts. and the rrans—storoochemustry wero dorwod from 'H I\MR
~_analysis.  Among the features present in‘the 'H NMR spectra were resonances at § 1. 85
‘(dd. J £ 10.0,2.0 Hz, 3H), 5.8(dq. J=16; 2Hz, 1!-0):0:169(?% -»16 THz, H)
~characteristic of the {£)-2~-butenoic segment, —OC—CH=C H,
' the.carbon bearing the selenium atom, —CH=SePh, resonated st & 370ppm, -
".depending on the.structure of the starti fg olefin.  This range is in agreement wnh valuos :
_ reported for 3~(phenyiseieno) esters o
carbon bearing the ester. functionality, = ~CH—0CO-, wss observed at 04.3-52 ppm"v :
~ Yhe vinylic protons: ‘'of propenoate’ esters 33, 34, Table 10), ~0=C~CH=CH,; had
- characteristic resonances at 6 5.75 (dd. J = 10 2 Hz 1H) 6‘00 (dd J =17, 10 Hz, 1H‘)

- and830(dd. J= 17,20 1H

. T .-fi;i -

groton mchod to 7 ‘
3 )

acetic acid* Similarly. the proton sttached to the: P









laetqm}l R tho ivm whon : diMl bmzqm whmon gf ﬁ-(pmnytuhnobm 26 (ca

and a mﬂucozs H 1= 1 2 oq\.«vmnts) or traphonymn hydndo radacal 36 wn 'ato'_d §

clunly and undcrwcm oxclumvp closure 1o tht 5—m¢mborod Iactonu 37 Iq ymeric' § -

e

lactoncl 38 lnd ostcr as (product of hydrogon transfor to raduw 38) could:. not be .

dotacted in the rojetwn msxture (TLC VPC IH NMh ne IWIR) Tho abuncrof omr 39 is
Py connquonce of the .xponmunul procedure t‘hat was: dasngned fér these Cyclsutuons

Usa of dvlute substrata solut:ons {0 02 M) lﬂd slow lddltloh of the rugonts over 15 h’ by :

muns cf a syv;lngc pump m;hrod that no exess of tnphonyltm hydrsde was prcsent in thp
" ructuon m«xture Both factors maxmze me cxtont of cychiatron of radocal 36 pnor to.
hydrogcn transfar The presence of a rdducal mmator waﬁ found to bc csscntngl Useof a
~ hugher tamportmre (ﬂvcough use of/(%luene as solvent) resumd ina- docroase in the yuold

‘ Aof cycnzad products gxwusvm of (E)—2-buton0y| rndu:als from 36 (e ﬁ—f:ss:on) was
- not obsorved (Schome 9) Expenments of this dort were carned out on all substrates of

. Table 10 and the resuits are shown m Table 1 1.

-

Examonatnon of Table 1 1 rovuls that al —(phonylsenelo)osters (26 34) and uodo

v =aster 38 uhdorwent exclusuve axo-nrig clo e to mcxturos of ‘y-lactones\Ynolds were

t - geneuuy 60—80% excopt for pfoponoate osters (33..,34) wrm;h gave poor results.
e} ldomtficuiion of 'y—l'neto'nn from B-=(phenyiselenclester cyclizations
Scheme 9 showad that two sets of - products can mse, at least in pnncnple from

¥
cyclmtuon of radncal 36 'y-lactones from exocycluc closure and 6—lactones from the .
. N . 6- .

AN

. hv*(-pld hyg Oﬂtﬂirmtor by triphtnyunhydridu to give 7.4.“.,,,.',. 37 br, P
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"33

as? C 8l
28
65
29 |
77
30 .
an 67
32 |
17
24
' | o *0 25
- &7a s " &e iy
o1 : 66 Y 7.4 -

a
Yuelds refer to usolatod products of mlytncai punty
b

Rattos datormmod by H MIR (400 M-lz) by mtogrutnon of -CH-OCO rosonmces :
See text for evidence to support storcochom'cal assignments.

lodoester o




' worc very close tothourmmodhmmwawc
lnmnuu of mmmm M

4

48'

5
-

T

~ Lactones 40, 42, 43 and\u worc odent:fnd by conpmson of thonr spectrar
characteristics wnth those of structurﬁly related compounds and wnll be dealt with
separately.
T Lactc;nes 40, ﬂ and 48 were al c:s-—fuud and were mlxtures of exo— snd endo—
| isomers (Table 11). ‘Iho ring fusion goomutry was dotormmod by 'I-IWR {400 MHz). In
cis— 2-—oxd:ncyclol4 3 Olnonan—3-—-one systcms the 'HWR sog\al of ~CH-0 occurs at & »
4.3 — 4,65 For trans—ring fusion the signal is st ) 3.60-3.78"‘;“’ (Table 12). For ¢is—
fused 2-bpricyclol3.3‘0}ocm—2—'dbe,_:me corresponding. :w is st .0 50 (The
fdrrﬁation t;f a’trons;rmg fused 2-oxabicycbl3.3.0bcm—2-one‘“ is very difficult to

-
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wmummurmwommnmmumwmﬁ?
powsssm hydrogen carbonste, isomerizstion ocourred to . an eqnlierium mixm_
contemmglhmdﬂbinertuoNPC)oHOSSbmm

L0 (equ. 79)
a 4 ‘
. &
» H :
1:
41a

. 52

~
The thermodynmcany more swle product was uswd etrucnre ﬂe exo—
stereochem:stry) on the basis of a non-bonded mterectm preeem in the enuo—tsomerv
(Flgure 10). Further support for the asnmmem is found in the 1C NWR epectrp of the
mdmdual |somers For axo—compound 41- the sum of ue chemucel ehtftd of the
methylene cerbons shodd be rugher than n the correepondmg endo-csrpmer ﬂb” The

| observed values for z.,cere 1160ppmend 102.5 ppm for ﬂeendl‘m respectwely in

|dentucel ratios. The stereochemnstnes shown m Teb

agreement wrth the assignment
-~ Reducal cybuutnon of ﬂ—(phenylselenc)esters 30 and 31 [derived from (£) 2

2-butene respectnvely] efforded a mixture of f nsomenc_lectones 44s—d hn aimost

11 were assigned, tentatively. by

.
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£X0 410 coa ENDO 410

More Stable . T Less Stable

ison with published™ detailed *H NMIR data on the four isomeric 2.3,4—trimethy-

butyroldsiones 47a—d  Similacly. lactOnes 43s—d were tentatively sssigned the

storooMstrhs ahown (Table 1 1) by comparison with lnctonc: 440—d and 47s~d

"~ Cyclization of ﬁﬂphmyluhno)cstgr 28 gave a mixture of four isomeric bicyclic

lactones 42a—d (Table 11). By ansiogy with lactones 40, 4¥and 48, the ' NMR chemical

shift of <CH=~0 (Table 12) was used to determine the ks‘wooéMﬂrv at ﬂ\. ring junction.

lsomer's 42a and 42¢ having 'ruonancoé at higher figld mn 42b and 42d, were sssigned s
trans—ring fusion goometryand the latter pair a cis;ooomtry. The stereochemistry at

C-3 wss ;cnmivoly assigned by cornpuriicn with lactones 45, 44 and 47. |

+  Ester 32 t_:ycliz'od to a single llctcnic prodict 45, whose structure was evident
from IR. '*H NMR and *C MﬂR.mnsurmnts. .

d) Theorstical sspects: , .
i) Regiochemical outcome Radicals structurally relsted to the S—hexeny! radical

can undergo ring closure via two different modes as depicted in Schome 10. Exo- _

closure leads to the formataon of a five—membered lactone whereas endo—cychzatoon
gives a 6—membered lactone Both processes are sliowed by the Baldwm rules.’* All
expenments listed in Table 11 give exclusive 5-—exo—rmg closure.

We established that radical 49 s not formed under equilibrium conditions by

isomerization of radical 50. To prove this point, @ —(phenyiselenollactone 51 (p. 100) was



' exclusnvely at the 3 posntlon’“ (equ BO)

Scheme 10

v

.

o prepared and reduced wuth trlphenyltm hydnde under condmons ldentlcal to those used

for radlcal CYC'IZathT\S Radncal 52 was generated cleanly and it led to lactone 53 wnthout ,

- rearrangement to 54 (Scheme 11) Th«s result lmplles that exo—closure of radlcal 36
£ (Scheme lOl is: kmetlcally controlled and does not result from thermodynamic eqwllbrlum

) between exo— and endo-—radlcals (49 and 50 respectlvelyl

The reglospecn‘lc mtramolecular attack of the radlcal at the a—-posmon of the'_

a B—unsaturated ester l$ m some respects unusual: lt contrasts w:th mtermo/ecular-

radlcal addmons to - (£)— 2—butenoate esters Wthh are known to proceed almost

’

41 S
S , ———. N ‘ (equ. 80)



. . Schemen
. L,
o #ee o
£  1-1DA : g PhySnH.
N 2-PhSeCl ©T O RAIBN T
53 \! - st . 4
-\L\\([_
‘ 41
7
‘/"
A
e /
o/
/.
/
/ ‘
/.
. /o
/,
./
"/

: Like the 5- hexenyl radlcal 3 (;747) ‘the present reactnon shows a reversal of the

' reglochemnstry assocnated with c?rrespondmg mtermolecular processes Resonance: '_

, stabnhzat»on of raducals such as. 50 (Scheme 10) by delocalxzatlon through electron.
E wcthdrawmg groups |s not very 1mportant‘ because the trans:tron state occuas at an early .
stage along the reaction coordmate Therefore such delocahzamon should not provade a"
sagnmcant drwmg force for endo—cycluzatnon The factors responsable for the exo—
‘preference in radical closure of the 5—hexenyl radical 3 must also operate in-the present“- |

case: - The kmetnc preference for formation of 5-membered rungs |s probably a

consequence of stereoelectromc control in the transition state.’!,’Y 107 Accordmg to. thns



o ;10"1_; ‘o

: - / hypothesns attack of 2 raducal on a double bond follows the pathway shdwn in an 5 and
 this preferred pathway is more readlly accbmmodated by the transmon state leadmg to

&,

_ exocychc products (Fug 11,

, Figur'e"ﬂ'l .‘

e //} Re/atrve stereochem/stry of per//phera/ subst/tuents Beckw:th proposed
B ‘ gundehnes to help preduct the relative stereochemlstry of substntuents in products denved» »

v'frora cychzatron of substltuted 5-hexenyl - radicals.» They> are summarlzed again for B ‘

convemence in Fugure 12 The mformatuon in Fig.’ 12 reveals that C—1 and C—3 substltuted'f? e

S—hexenyl radlcals give predom(nantly cls—dnsubstltuted cyclopentanes whereas C-2 and o

'C-4 subst'tuted 5—hexeny| radlcals favour the formatuon of trans—-d|subst|tuted products o
The 2-(but—3—enyl)cyclohexyl radncal 17 (p 66) |s formally a 1 2—dnsubst|tuted

,radncal The theory of stereoelectromc control was used to priam the preferred

Y
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o -lFug 5 p 60) IS more readuly attamed in the conformatuon leadmg to pro"’,

C the relatwe stereochermstry of the three asvmmetnc centers of the ‘maje

N b R N

The format»on of. 18 was conmdered to be fa Joured by 8 better overlap of the

'.seml-—occupued p orbrtal and the nntubondmg 7\'« orbu lin a transitnon state conformation

Cin Wthh the substltuent is in’ an axnal posltlon (Flg 8 p 67) ) & S '. o o

o The sarne arguments can be used to 1ustufy the formatron of the malor products m
' the cycllzatlon of radlcals dernved from esters 26 27 23 33 and 35 all of whsch can be
consldered as 1 Z—d:substmhee\s—hexenyl radrcals Exemmatuon of Table 1 'l reveals that
A all cases the favoured lactoneha\e relat:ve stereochemnstry mdncated in- Flg 13 (p

~

N

_ The preferred transmon state conforv 1ons mvolved in 5-exo cyclnzatlon of
E radvcals such as 26 27,28, 33 and 35 are deplcted in Flg 147p. 104) ' ’

' Inspectlon of models shows that the requnred trensmo!_ v

- -con;esponds to that observed in carbocychc systems b As pomted out by Beckwnth i the

- .dé‘barture from the gundehnes m the case of radccal 17 ls attrlbutable to eddmonal
‘ _ | :constramts lmposed by the presence of a rmg ‘. ' 3 o s
The radvcals denved from esters 29 30 31 and 34 (‘T abla;ﬁ} ‘l) are 1, 2—drsubst|tuted

' acycllc 5—-hexenyl raducals Therefore they should conform to the gundelmes accordrng to

l whnch the ma;or product should be 57 where the new substltutent resultmg from

'cycllzatnon is. dnsposed cisto the formal C-l substatuent end trans to tha C-2 substntuent
.vvConversely, the mmor csom\\should have the relatlve conflguratlon 58 ang 15). Also

: shown in Flg 15 are the major 59 and mmor 60 rsomers observed in our cychzatron

b

N | ?'“:-..:" S . ;\:_;O»_

tate for: exo——cycllzatlon |

somer % -






observed Major - . Observed Mimor [ —— .
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reactaons It vs evndent that our system does not obey the Beckwath guodelmes The :

observed ma ;or usomer 89 (= 58) is ectuelly the one whuch is predooted to be formed in the“ N

least emount One possibte reeson for the drscrepency |s the constremt lh\posed on j_ B

on the system by the ester umt whnch has to remem plenar in the trensmon stet/e One must
therefore exercrse ceutuon when epplymg the gundehnes to systems contemmg '

- ‘heteroetoms end other functconellty L ) BN
u/) Nature of rmg fus/on geometry In chses where radncal closure generates
bncyclu: systems ‘the rmg fuslon qeometry requnres comment ‘As shown in Teble 13 (p:
106). l3 3‘0] and l4301 systems ere genereted with: cls-rmg fusuon geometry whereas "
* 15 30] systems exhubrt both cis- end tran.s-rmg fuston . j o e
It is epparent thet nng fusnon geometry depends on the snze of the rung that is

mmelly present then 8 S—mernbered rmg is bemg formed onto  } pfeexrstm 5-— or 6-—
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mombcrbd ring, the spproach vector of tho radical. onto the bhfnmc unit of th. pondmt ‘
can bo achieved tnuch more easily via » tummon state that leads to cl:—-nng fusion Whon _'

o - the mmal rmg is largor as in the cau of a‘?-mdmborod ring.. this is no longer true ‘and both

‘ ‘ _known halolactomutu

transition states are energetically accessible. ‘S'malar phonomona sre observed in tHe well

or[ reaction'®! (Table 14). The nram involved in the’ formatoon of 2
rrans—rmg fused [3.3.0) systam'“ is. probably rnponslbie for the exclugive formation of
cis~fused products. «in both radicsl. cvchutwns rjd hdohctmmnom but the fnctors

mvolved in the case of [4.3.0) and [5.3. 0] 3ystems rmnn mcertam 109,

[}

| C. Attempted Cyc;izafion of ﬁ-(PhinVlulono)amidés

' ) Imroductlon it was of interest to find out if the radical cychzatnon reactmn
‘ descrubed above could be applied to the preparatuon of nmogen hgterocycles such as y—
lactams. Startmg from alkenes, the methodology would require the attachment of "PhSe—
NHCOCH"'CHCH, across th_e double boﬁnd foliowed by radical induced cyc,lnutlon oqu 82).

, . * SePh , .
L "PhSeNHCOCHCHCH " { Ph3SnH
' .
‘ N s

¢ . ) ‘“BN o (€qu 82/

-“b) Pnparaﬂon of B-—lphonylulnno)amidis Very few ructnons are known that
wull allow the addition of "PhSe" and a mtrogen nucleophnle across the double bond of an
alkene 1 One of these that was of mtarost to us was a new method for the addntoon

.of 'PhSe” and’ CH,CONH to olefms’" (equ 83)

R
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HALOLACTONIZATION OF UNSATURATED CARBOXVYLIC ACIDS

, . « . - l‘ ’,__ ‘ L -
/- Acids o : - . ¢ Bicyclic lactonel(s)

i ‘ ;'la ' | . : : A“
~  COOH I > o - : —4
O./\ K;QO; L (:Q:O o

C &

F‘ )y A. . 41 N ‘ lz ’
mOOH . K;60, > A

4

‘ . - sePh. ., - seph
“them . CFSOH

oK CN j/ "'NJ\OH S
- lequB3

SePh

(:(J‘o S .
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. PhSeCl

CH3CH'CHCN
s 62

T~ BN .
ln the event “when cyclohexene was treated with bem&meleneny' chlonde in thel ‘,
presence of a 2-—Butenemtnle 62 end the reactuon mixture wls hydrolyzed with equeous
trifiuoro thenesulfonuc acid, the desired ﬁ-(pﬁenyiseleno)am'de wes isolated in 55%
yoeld (Z)~2-—Butene also gave the: correspondmg amide. 64 in 36% y»eld (equ. 85).»

NG v PRseCT
| AT -
A CHCHTHCN -

Ph
CF3SO3H
1equ 85)’
H20 ‘o '
. (36%)
_ - 64
4 L ) .
<

) Attempted cyclozatcon of B-—(phenylseleno)emidns The next  stage of the

‘reaction mvolved generatnon of & raducal by homolysns of the carbon—selemum bond To.
» The structure of amides 63 and 64 was determmed on the basis of, thenr spectral

- properties (IR, *HNMR, 1>C NMR), mass spectra and elemental analyses. The ' NMR was
most diagnostic with resonances c_haractenstnc of the (E}-2~butenoi¢ se m at §
1.80(dd, J = 7: 2'Hz,3H), 570(d% = 15, 2 Hz, 1H) and 6.80 (dq. J = 15, 7 Hz, \1H). The -
CH—SePh protons were at & 3.06 and 353 ppm for 83 and 64 and the —CH—I‘{HCS
“protons at §'3.86 and 4.35 ppm. In both cases, the NH proton could.-be seen 567
ppm as a broad singlet Both the exact mass spectre and'the combustnon analyses agreed
© with the predncted molecular formulas - .



this end, G=iphenyiseienciamide 63 was trested with & cataiytic smount of .AIBN and s
small excess of triphenyltin hydride under coriditions identica /to those used for the
formation of lactones from ﬁ-f(bhonylulmmi.n; Howaever,. the only product formd
85. was that derived from simple reduction without cyclizstionfequ. 86).

‘ \ J
4 . i

~ ;
AN T | Ty -
' v s ‘.\. ) L v ‘( . \ ‘\
o v 63 ' : =
S , ‘ {equ. 86)
. _ | , ﬂ '
. es - | '
3 . / R : .
Similarly. 84 gave only the reduction product 66 (equ. 87 |
PhoSRH
AIBN (equ. 87)
A
64 .
' ' ] 66 :
P} , 8

The failure of B-@wwéh&ﬁmm.« 65 and 66 to undergo radical cyclization
may ’bé due to § ch’ange.in orientation 6f: the pendant group. The ester linkage of 3—
(pheﬁﬁs,bléno)qste?s. must assume aconformatnon such that*lhe garboh-—cakbon ¢ouble
" bond is brought into proximity to the radical sits and interaction between the maf—@%

C e ———— —_—— — — o ——— - - ——

«The identities of 85 and 66 were determined by *H NMR analysis and confirmed by exact
mass measurements, elemental analysis, IR and 'C NMR spectroscopy. Both 65 and 66
- ‘retained 'H NMR resonances chiracteristic of the (£)2 noic segment at § 1.85 (dd, J

~ =7/2Hz, 3H),580(dq. J= 15, 2 Hz, 1H) and 6.85 (dq. J = 15, 7 Hz, 1H). The —CH~-NHCO

~ protons were still present at § 3.86 and 3.98 ppm respectively for 65 and 66, as was the

proton at § 54—55 ppm The resonances characteristic of ~CH-SePh had .
disappeared indicating removal of the phenyiseleno group. In the case of cycichexylamide
. 85, the new s try of the molecule was revealed in the C NMR spectrum which

showed only B resonances as opposed to ten in the original adduct 63. The presence of

an'cy .3 —unsaturated amide was confirmed bz infrared absorptipns at 3438 (NH), 3310
INH), 1673 (C=0), 1633 (C=C) and 966 cm*! (C=C) in both 65 and 86. ‘

\
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 <ortital snd the sntibonding 7{ orbital can ocour ig. 16, sl The barrier betwesh cis and
trans conforrhation of esters is low (1-3 kcal/mol)

*

.

Figure 16 ' ,

As in the case of peptodes 117 the preforred conformation of armdes ns one in whnch
the carbonyl oxygen is antupenpla ar to the hydrogen atom on the mtrogen This brings -
the double bond out of reach ofi the p orbrtal at the radical site (Fig. 16, b) and the
cyclizatioh is no Ionger possnble H drogen transfer becomes the main process (Scheme
12) because the energy bamer (uﬂluke the casa ‘with esters) between ¢cis and trans

@

onformatuons is high (18~ 25 kcal/mol) m

D. Formation of Carbocycles by Radical Cyclization '
n) introduction : . \
The first. part of thvs work (p. 87 11 1) illustrates the concept of takmg an olefin
and by means of arrionic process attaching to it two units so chosen that a/raducal sate
» ’ could be ge}'\erated from one of them while the other contamed a suntably Iocated multuple ,
| bond onto whnch the radncal can cychze The adea was developed into a new method for
preparatnon aof “y-lactones. Our results suggested that this methodology would be very
useful if apphed to the formatnon of carbocycles (Scheme 13). . : : °
‘ Of the two reactions shown, the second orfe Cychzatnon onto a dngonal carbon
should be synthetncany more useful because once the process has occurred, ozonolysus of

the resultmg double bond would serve to generate a carbony! group which can be

/7 0
v ¢ .



112

18-25
kcal/mo}

3

Scheme 13

&
|
q
|
- q

mampulated in a variety of ways. Even though there exists the possvbalny for both exo-
~and endo- mode:(*o\gu

ization, only the former is expected to occur based on
mechanistic work described in the introduction to this chapter. . The reaction would

thepefore provide an entry to 5-membered rings (starting from 5-hexenyl radicals). If 6— - .
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: :'heptynyl radicals 'are‘ generat&ed theho G-membered -rings‘lwould be ‘eXpecte’d Such
\reactnons are of obwous synthetnc utility. The use of easnly aﬁcessnble substrates for '
o vcycluzatron was of cou?se important in order to make the process versatnle e '
B As in the cychzation of B (phenylseleno)esters the fnrst step was to attach twqﬁ_
| umts to an appropr:ate startmg maternal One umt would serve to génerate a radacal and
| ) the other would be a carbon cham contaumng a properly posrtlonedT( system ‘We'
» _expected that alkylatnon technologl)/ would provnde an effnclent and versatnle method forr
A.mtroductron .of the unsaturated carbon cham Ketones and: epox:des could then serve as’
startmg materials (Scheme 14) dependung on whether the alkylatmg agent was an -
) .electroph:le oranucleophlle LT e e '

RSN H

‘--,SchemeM e o ',

/y/\./\Br L '

Y o |
| ‘:(‘ ) .‘ o' (.

* Stereochemistry rot: implied

-~ As .shown in Scheme 14, the hydroxyl group has to serve as a precursor to the
s
radlcal and thiS cho:ce was made because several methods are ava|lable for generatmg

-carbon raduca!s-’from.;ak_:ohols. 'Conversuon to-a halide and homolysns_ of the carbon—



| halogen bond W|th tin radicals is an obvuous procedure and has, in fact been used in most
ftnechanustnc stud|es (see lntroductnon) However alkyl hahdes are often unstable and are
sometu-nes duffncult to prepare o ‘ _ | o
. Recently Bartonl” deVeloped a procedure for homolytrc cleavage of carbon—-
, ‘oxygen bonds m secondary alcohols (Scheme 15) and thns method appeared ideal for our
‘purposes It mvolves esternfucatuon of an alcohol wnth 1,7 -thnocarbonylbnslmndazole 67
,under mnld and neutral conditions. The resultmg alkoxythnocarbonyhrréndazoles 68 are
‘stable and easnly purnfted by chromatography Treatment wnth tin’ radlcals results in, clean

. *] ) . <:i...u§’
homoly5|s of Ihe carbon—oxygen bor)d e e - :

>~

°

Thns reactlon 1S apphcable only to secondary ah:ohols Tertnary alcohols do not
react wnth 1 1-—thtocarbonylbusmldazole 67 and the sulfur dernvatuves of prlmary alcohols
though easily formed undergo cleavage to a|koxy mstead of carbon raducals

Alkoxythlocarbonyhmldazoles such- as 68, are not the only sulfur’ deruvatlves useful in
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o

alcohol deoxygenations!! but they proved eminently suitable for our purposes

b} Clrbocycles by Cyclizltlon onto C C T
i) Results and Discussion o . S
The use of epoxldes as startlng materrals ‘was lnvestlgated flrst As shown in.
Scheme 16 treatment of cyclohexene oxlde wuth the approprlate unsaturated Grignard
, reagent should glve alcohol 69 Esterlflcatlon with 67 would then afford alkoxythlo—
‘ carbonyhmndazole 70 Whlch is properly constltuted to undergo the radncal cychzatlon a

SR ! Scheme16 '. e

OH/_‘

(o oo
F " Ph,SoH 1 w R
AIBN NS g
A . ‘ 71 ‘ "“!‘i“. , . o .
ST Im ='N—Ilm'daz_qy_'l, Tk

“.44

We tested the suntabuhty of alk0xythnocarbonyllmndazoles for the rung closure wnth. |

I

» comp«ound 70 and we’ made th|s chorce because |t is known that radlcal n, made m a"

ﬂdlfferent way undergoes closure in good yleldm In the event when cyclohexene oxlde o "

‘ was treated w;th ‘the Grngnard reagent formed from 4 bromo 1 butene in ether the

deswed alcohol 69 could not. be lsolated Varuous temperatures in the range —60 to

+25°C and other solvents such as dnoxane and THF, were exammed but w1thout success ,

: rConsequently epoxldes were re;ected as potentlal startlng maternals Admlttedly an

i

: ‘exhaustlve mvestrgatlon was not rnade but our aum ‘at this stage was to examune the

chemlstry of thnocarbonyl;mndazohdes. :

Alkylatlon technology would be expected to provude ready access to 5 —alkenols, W

'~,suchas73(equ88) S D A R e
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/,0] Alkylation -

’

<. "'
and we prepared 2= (3-butenyl) cyclohexanone 72 by alkylatlon of N—cyclohexylodene-—
yclohexanamme 74 (Scheme A7) Reductuon of the lcetone wrth IIthlum alummum hydrlde

.

gave alcohols 733 and 73b in 72% yneld overall from the imine. 74

The muxture of cis’ and trans alcohols 73ab was esterlfled wnth 1, l —thlocarbonyl— '_

—
~—

blsnmldazole 67 to give alkoxythnocarbonyhmndazoles 7Sab and radlcal 71 was generated - .

cleanly upon treatment wnth trlphenyltnn radlcals lt underWent reguoselectlve cl05ure tol‘

octahydromdenes 76ab l67 7% yleldl A small amount (14%) of traﬁs—decahydno—

naphthalene 77b was also formed CIS—Decahydronaphthalene 77a and the product 78 of.

hydrogen transfer to radlcal 71 were not. detected #H NMR, 13C. NMR VPC) The absence

of 78 |s a consequence of the expernmental procedure that we, have followed ThIS e

mvolves slow addutoon of the reagents over ca. 15 h and the use of dllute solutrons As m.:

116

" lequ: 88) -

w

-the tin hydrlde reductlon of 2- -(3- butenyl)- l—-chloro—cyclohexane us’ radncal 71 underwent:

almost excluswe l98°/o) 5 exo—closure 6- Endo products were present only in trace'f

amounts (<2% These results have been ratlonallzed m terms of stereoelectromc control

(see Introductlon P 66) As expected the products derlved from 5 exo—closure 763b

had c1$-rlng fusion - geometry The cprrespondung rraﬁs—nng fused octahydromdenes

were present only ‘in’ trace amounts l<1%) Slmllar behavuor ‘Was observed m the ‘

lactonlzatlon expernments when a 5- membered rnng was: belng formed ona pre exlstmg

i

6~ memberedrlng R Y B R e
. 14 . } - -«

The octahydromdenes 76 were produged a?a mixture of exo- and endo— |somers

..-\

* The asslgnment was by analogy to the ring closure of derhed from
2-(3-butenyl)-1- chlorocyclohexane.!!’ trans-Decahydronaphthalene 77b was |dent>fled
“by comparlson with an authentlc samplé ' . , ‘

» ln a ratlo of 12* Thls observatnon |s consnstent wnth Beckwrths results whlch were .
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dascussed earher p. 66). ‘L B . e

Havmg estabhshed the use of secondary hydroxyl groups as a souroe of radacals in f -

rmg closure reactuons it was necessery to test the concept wrth severa! other substretes = B

|n order to demonstrate |ts generahty as a synthetac method 'Q~v; I R
- When apphed to acychc substrates the reactaon Ieads to the formatnon of f',
‘ subststuted cyclopentanes (Scherne 18) Alt:ohol 79 was formed nn about 549’1 yneld from |

. n—octanal After estenfucatuon to alkoxythnocarbonylim:dezole BO (73%) radncal 81 was:

generated m the usual rnan

: end cychzatscm °°°“"°d ‘° GNO h 63 5% vleid of cis=- andiv,‘ T

'_ trans— ‘—heptyl 2-*methyl—cyclopentanes 82 thg crosﬁre aglm took place exclusuvely-"- S

vna the 5 exo—- mode Compound 32 was obtamed as a mlxture of tsomers in 8 natno of.

125 The relatuve stereochemnstry could not be assbgned on spectroscopcc grounds- : S

However raducal 81 IS a C ] subst:tuted 5-—hexenyi radncal and accordmg to Beckwoth 5’.

gundelmes the ma ;or usomer is expected to have c:s~stereochemustry

P

To mvestlgate the formatron of [330] systerhs we attempted to prepare! e

2 (3 butenyl)cyclopentanone 83 by alkylatvon of cyclopentanone When m'nne 84 wasf. .

deprotonated (equ 89) and treated wuth 4 bromo-— -butene under condmons that ‘were - :

successful m the case of the 6—membered derwatlve no alkylatnon pquducts were'_‘-w‘- :

L |solated T

Ly

o NCgHy 1 EtMger o

SRR | ! R R AT
AN Cs M, R s TR e e

Alkylatuon of ketoester 85 on the other hand was: eas:ly carned out (Scheme 19)_ |

@

:c'

fo!lowmg a procedure descrnbed in’ the llterature ne The ketoester 86 \Yas then reduced to R
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O\ 1) NaBH, (82%)
2) Im,C=8(85%) - - .

 COOEt

' ‘lm = _N-_imidé-zoj'l
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" the correspondlng alcohoi 87 tas '} muxture of nsomers) and estermed to elkoxythao—
: carbonyhmadazoles 88 (also ash maxture of tsomers) Treetment wnh, tnphenyltm hydrnde -’

in the presence of AlBN gave radncal 89 The- radncat underwent rung cloaure e '

- pentalene dernvatnve 90 in 64% y:eld (Scheme 19) The product was formed as a 1 64\

mixture of |somers reflectmg a ‘certain degreeof stereoaelectwnty ’The only type of

cycl;zatuon detectable by I NMR (400 MHz) was the 5 e.xo—mode The c:s-rmg fusson

: ,geometry of compound 90 was assngned on. the basns of the strann mvolved in making.

: trans-fused 1330] systems 109 Thls experument also demonstrates that the tm radncal
induced cycluzatnon is compatuble wsth the ester functuonahty : .

‘ »l In'the. next exemple we demonstrated ‘that hygro)(yl groups also do not- mterfere m
the rmg closure (Scheme 20) Condensatlon of 2= chloro—cyclohexanone 9. wuth |

3- butenylmagnesuum bromide gave the chlorohydrun 92 in' 30% yneld Homolysus of the
carbon-chlorme bond with - tn-n—butyltnn radncals in the usual way gave 93 whuch‘. o

‘.underwent rGQIOSPBCIﬂC closure to the octahydroindenol 94 in 49% yneld The product ‘

" was formed as & 21 muxture ‘of compounds nson'lenc at C 1. The moderate yield was due

to dnffncultnes ln separatmg the cyclized material from tln—contaunmg snde products (such as

. hexabutyldmn and trn-n—butyltm chlornde) The two |somers could not be dufferentlated on =

the basis of theur spectroscopuc propertues but, by analogy with the 2- (3 butenyl)—
' cyclohexyl radical, one expects the major isomer to have the C 1 methyl group in the'
' endo-onentatnon li.e: trans tor‘the hydroxyl group) '

. e

1 Conclusnon ‘ ' _
{;‘/ In the cases studied, Cychzatnon was found to oceur exclusnvely in the exo—mode ‘
; 'AThns isa consequence of the*' structure of’ the transmon state for alky! radncal addntsons to i
“ double bonds (Flg 5, P 60). In each example,: the requured alignment of atoms is more
readuly accommodated by a transition state Ieadrng to exo- products All bncychc products
. that were formed by closure of a 5—membered rmg onto a pre- existing 5- or
. 6-membered ring “had c;sTrung fusnon geometry. In. the case of octghydroindene
der'ivative's with a methyt substituent at C-1, the'.ste‘reochemistry at that position co'uld not

be determuned on: spectroscop»c grounds However by analogy to the 2-(3- butenyl)—

,cyclohexyl rad:cal it can be assumed that the major isomer |s the one bearmg the C-1
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Scheme 20
. . .‘ A' >‘ ' . . - o | ) ;’
- O pAmger 7 BugBnH
Y _-—'———-» T L.

L . ether A _ AIBN (cst.).
C - Cl  -e0C . ER ' I'E

» T . OH - Bz} .
.8t T (0% ) -

. o v 92 -
o O.\/ry | g e

substatuent in the endo— conformatuon {i.e. trans to the ad jacent bndgehead hydrogen). The
degree of stereoselectlwty at the 1-—posmon varred with the structure of the 5- hexenyl |

NG
' radncal

o ls clear that cychzatlon of radacals onto double bonds is'a process that may be
synthetncally useful In each reaction, a carbon—carbon bond is formed regiospecifically.
One feature mherent in this type of reaction, and oneg that presents a dnsadvantage
‘as the fact that functnonaluty is destroyed as a result of cychzatnon The double bond
orngmally present in the substrate is convefted mto a methyl group Consequently further
elaboration is difficult and one must then rely on functlonaluty already present in other
. parts of the molecule In thns connectuon we have demonstrated that the reaction Can be
carned out in the presence of vanous groups ‘such as ester and hydroxyl

A. cycllzatnon process that would mtroduce new functionality or simply modnfy

- functionality already present would be.much more useful synthetically. The remaining

X
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: parfs of thi§ thesis are devoted to the dovolopn'iom of ‘suoh a process.
c) Cnrbocycln by Cvcllzuﬂon onto C"C
o Imroduction o s B
‘ As mantnonod earluer ring closure of a radncil onto a carbon-carbon triple- bond
can lhad to the formatlon of cychc compounds that have. .a double bond exo- or endo—
'g:ychc to the newlx formed nng depohd'ng on the modo of c’osura (Schamo 2 1).

This double bond can, of course, be further‘ manipulated in a variety of ways. For
example, ozonolysis of 97 would provude aroute to cyclopentanone 98 and hydrogenatuon

| should give products 98 of the type obtained by radical oyclszataon of olefins, but.

perhaps. with increased stereoselectwnty.



i) Results and discussion; - . .

Our initial.'cfforts were focussed on the q.m?ntion of rc‘iéily available acyclic
5-hexynyl radicals. in order to investigate the cycliz‘liim process itself. Scheme 22
summaerizes the preparatuon of a substrate of this typo and its cyclization. o

Schems 22 '

- o o AIBN %

. A . ~ 101
| ‘\
o i
S AN :
J ‘ OH ™ OH
— AR N (65.4%)
.’ ‘ - \\\
U . , _ 1 1.9
s 103a 103b.
" . . ‘\\\\*
. i

!

S Bromoa!cohol 101 was easily proddced iﬁ high yield as shc{/wn.* Homolysis 6ﬂf the'carbon—
| » .bromine bond with tri- n-butyltin radicals' gave intermediate 102 which c.:yclized' to the
bénzylidene cyclopentanones 1b3a and 103b (65%) in|a ratio of‘ 1:1.8.#% This experiment
demonstrates that, like 5—hexeﬁyl radicals, 5-he>-<yny| radicaIsv undergo exclusive closure

via the exo- pathway to produce cyclopentane derivatives in a synthetlcally useful yield.
- % The lithium salt correspcndmg to the bromomagnesvum salt of phenylacetylene did not

give the desired alcohol.
" #*The geometry of the substltuted ‘double bond was assigned tentatlvely on the basus of
chemical shifts in the'H NMR (400 MHz) spectrum of the separated isomers. 103a shows
deshielding of two aromatic protons due to their proximity to the hydroxyl group. For the
same reason, the olefinic hydrogen of 103b occurs at a iower field than in 1033 (see
Expenmental section). o :
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Another acycl;c case was investigated (Scheme 23 with equally encouraging 'rnum
Alkylation of the lithium st of I-hoptym 104 with the tetrahydropyrany! othor of
4-bromo-1 ~bmanol in THF-'-MPA oave l!cohol 108 (30%) as shown. Oxidlhon with
pyridinium cfflorochromata gave the corrnponding aldohyde which was copdonud with
phenethyimagnesium chioride without pur:focatnon Alcohol 108 (86%) was then esterified
with 1, ¥ —thnocarbonyhmudazole 67 (65%) and radical 108 was :ubsoquently generated in
the usual manner. - This raducnl also underwent nqoo§pocnfuc 5-oxa~c|ouuro 10 a single
compound 109 in 81%.»

. ———— ———T— - ——- — ———

»The alkylation of 104 was not optvmczad The structure of compound 109 was determined
unequivocally by ozonolysis to cyclopentanone 110. This ketone was ndermcal with an
authentuc samplie!’ prepared as shown below. . )

[N

"CIAHN
\, ~H
O ,
0, 1] o : H'°+ o
- 109 . 1o g ¢
‘ R moronsl | o
o E = COOEt . v‘ B CHZCHZB '
9 .C.’ 3
-

The geometry of the substituent on the double bond could not be determined on the basis

of the spectral data available. However, radicals are known to add to carbon~carbon
triple bonds in an ant/- fashion (see Introduction) and therefore one would expect
preferential formation of the (Z)-isomer. .

v
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D unvestlgated to any great extent and the development of 'such' methodology should prove
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Havung shown tn 5= hexynyl radncals generated from alkoxythoocarbonyl—{-

. mndazoles undergo ring closure in the manner mdlcated we wanted tor further develop this

""process mto a new synthetlc method that would allow elaboratlon of a snmple start:ng

matenal lnto carbocychc compounds As ‘mentioned in the mtroductnon there are very few

,cases in the llterature where cycllzatlon of a radlcal onto a C"C bond is used in synthesns o

o for the formatlon of a carbocycle Toour knowledge this type of process has not been

)

very useful in preparatlve chemnstry

- Our efforts were flrst concentrated on the formatuon of 2- (3 butynyll radlcalsv |

=]

such as 112.

2 F T

This species should be avallfajble, a priori, thr_oUgh alkylation t%chnology (equ 90) as were:

’the alkene counterparts Unfortunately all"atte\mpts at alkylating cyclohexanone: with

homopropargyhc derlvatlves were unsuccessful lScheme 24). When bromldes 13 and 14 '

-were subjected to the basic enwronment of the anlon “of ‘imine 74 they underwent
' .dehydrohalogenatnon to conjugated enynes Tosylate 15 on vthe other hand was totally
'unreactnve and was recovered- unchanged after expOSUre for 20 h to the lrthlum salt of the
imine at 60°C. When |mlne anion 116 generated by treatment of lmune 74 with LDA) was
treated wrth l-—bromo-—3 nonyne 117 alkylatlon oCCurred but the' product consnsted of a

" mixture of the desired 2- (3—nonynyI)—cyclohexanone 18 (40%) and E substance ‘containing . -

x

~an allene group (60%). - The two could not be. separated by chromatography or by

'dgistil’lat-_ion (equ. 81). -
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. Scl}emg 24

)

2 .

~ , © . 1-EtMeBr 1

B SR L — ELIMINATION.
= * 2- HCSCCH,CHoBr C

R - .n3

. ‘ ' . : “1- nBuli - L N :
—_—— , S ‘ _ . ELIMINATION™
- : o .2-r‘phcscc+jzcuéa'r o G

. a . ')' w,‘ ) ‘ « » 114

-

1-nBulj -

e ———» N0 REACTION
2= PN, CHoOTs
15

N-CgH, ' S “Cerﬂ'
o 711 ) "LDA-THF-0°C | ‘

2) C5H1'1fCEC-C,H§CHzBr o o ] lequ. 91)
‘ : > v ALLENE : :

74 o 3) H.30+‘

SR | 4o e
17 18

Attempts _at opening -eboxides 'with _ Grignard‘ reagents derived from .
homopropargylic bromides (equ. 82) were equally unsuccessful. '

Lt
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R

, . ; 1- ‘.Mg ‘ I";\‘OH R
‘RC= k ’ il ' ) o ) Iy lequ 82)
: C:(‘ICHZCHZBY‘ e : - _)( ~ —> 3

2- O:O o .
R 2 nCsHH, Ph

-

Sunce we ‘were not able to use homopropargyhc compounds for the preparatlon of
‘ 5-acetylemc alcohols or ketones we exammed the use of masked acety!enes in the: form '
| of. vinyl hahdes These have been used wu;.!ely in synthesns“’ and when treated ‘with a
* strong base such- as soduum amnde in refluxlng benzene or the. potassuum salt of.

K

1,3~ <:hammopropanem (KAPA) they undergo ehmmatlon to acetylemc specnes (equ- 93)

‘ . _ . B H
4. NaNIHé /. Benzene- ' Ih Lo .
O s s
— : KAPA / 1, 3- Dlammopropane ‘

\

, ~2-- H_'

§ apply ‘this approach to the present problem would require ;ikylation of a.
;cycloht

94) ‘

anone with a homoallylic vinyl halide followed by base~induced elimination (equ

BN
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_ Corey recently developed a method for homologatuon of aldehydes to acetylenes R
wa a Wlttlg type reactlon“’ (equ 95) and thls procedure should allow preparatlon of 1 1,

a- trnbromo 1 butene 121 when applued to 3- qromo—propanel 120 (equ. 96)

o PhppeCBr, . onBuli S -

» RCHO = - » ° RCH=CBr,  ———p» - RCECH (equ 95)
4l HBro o . PhgP=CBry.

CH,= LHCHO -————» BrCHZCHZCHO —— |

R 307 o _lequ: 96)

BrCHZCHZ(Z.H‘= C!v?»r‘2
121 | ‘

: Tnbromude 121 was successfully prepared in this way. However when treated wnth umme
“anion. 116, the alkylatmg agent suffered Ioss of HBr and alkylat /eﬂ products were not _.

’ formed (Scheme 25)- When' bromnde 121 was refluxed in acetomtrlle with the pyrrohdane »

' eqamnne of cyclohexanone 122 no reaction occurred and the brom|de was recovered (equ -

- 97)
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The: use of (E)- and )~ 3-—chloro- —vodo—z-butene 123 and (E)~ and 2)-1,3—

'dnchloro 2—butene 124 were mvestugated next as possnble 3 butynyl synthons (Scheme 7 o
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27 p 133) They were °"p°°‘°d to be ""°'€ "GSlStant towards base-mduced dehydro" S

halogenat;ons (as they are not homoallyhc specues) and both 123 and 124 are more reactrve -

‘ 'than brom:de 121 It wes expected that alkylatnon wnth these vunyl hahdes end dehydro— -

halogenatnon would guve methylacetylenes 125 that would then requure nsomernzatnon_ o
‘ (Schemeze) R L e o '
S ’ .. ' Scheme26 -
R oL o BASE "o 'C.)
LeHCY b
" ISOMERIZATION. . L S
L ,// )

' Both alkylatmg agents were found tb be adequate for the preparatlon of (E)— and_( '

R

,'(Z) 2- (3—chloro 2—butenyl)—cyclohexanone 126 (Scheme 27) and anlons denved from- o

imine 74 or trcmethylsnlyl enol ether 127 gave the desured chloroketone 126 However the

,:best ylelds were obtanned in the enamme reactnon between todtde 123 and pyrrohdme».‘i
“enamine 122 (Scheme 27). o ‘ ' ’

" The carbonyl group m ketone 126 ‘was reduced w:th hthnum alummum hydrnde to.
gnve a mixture of four isomeric elcohols 128 (equ 98). o

e
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- "l'he tr'ansfor'mativoh of 128 into 5-—acetylemc alcohol 19 requnres dehalagenataon of the

- ,v -vmylchlorlde té the correspondmg methyl acetylene followed by |somer|zat|on of the

truple bond to the termmal posmon The base of chonce for thus type of usomerlzatnon is -

the potassnum salt of 1 3—d:ammopropane’" (KAPA) 129 (Scheme 28). s
. ' ' ' Schem_e28
B | 0°c
Q. HN _ NH,- 1,3-Diaminc  H,N-. .NH
o6 o ' i - propane K
o 129
Lo D KAPA e .
‘R—‘CV:;C-—(C.HZ)H-CHB ’ — — ,R—(CHz)nli‘C,:c' K
l-‘:H3O+ , L L .
———» R- (CH) ned —C= CH S

'Since: viny! halides are more acidic than hydrocarbons KAPA is exp’er:ted to cause both”

dehalogenatnon and lsomenzatnon of the résuiting tnple bond When dicohol 128 .was

subjected to the actnon of a large excess of the base (6 equ) in 1 3—dnamlnopropane at

,ﬁsv
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0°C, 2-(3—butynyl)cyclohexanol 119 was obtamed as a rmxture of cis~ and trans-nsomers
6 1%) in 2 ratio of 1:3.8 (equ. 99) '

o

c' ' . . -l . ‘ v - . . ) ) . ,‘ , .
‘ 6 KAPA; O°C. m . . .»“OIII ‘ "
1,3-Diamino- . . o ; "
. | propane ' , . h T o, {equ 99
. 128 pes e Mes .44 119b
\‘: (61%)

The conversnon of cyclohexanone to alcohols ngis summarlzed in Scheme 29 the

overa!l y:eld for the four steps bemg 22.6% Even though thls approach was relatuvely‘

v:able ‘we nnvestngated an alternative route to 19 via successwe alkylatfon and

nsomeruzatuon reactions (Scheme 30). ,

2- (2 Propynyl)cyclohexanone 131 (Scheme 30) was prepared by alkylatuon of.v

cyclohexanone with 2,3- dlchloro-—1—pr0pene {21%) followed by dehydrochlornnatlon'

(55%].. Alternauvely alkylatlon of ergmme 122 with 3- chloro—'l—propyne gave keté:ne 131

in-31% overall yield . from cyclohexanone Reductlon of the carbonyl group with Ilthnum

alummum hydride produced alcohggls 132 (88%) as a 1. 1.7 mixture of C/s— and trans-

isomers. ‘Double. deprotonatnon alzud C—alkylatvon with iodomethane gave methylacetylene

133 (85%) as a 1:2.6 mixture of cis- and trans-isomers. Base-induced |somer|zatnpn of

the triple bond to -the’terminal posTiioh proved to be difficult Yields were not -

reproducible {(24-68%) and varled substantnally wuth temperature and reactlon time. In the
best case, the overall yield of 119 from cyclohexanone was 15.5% |

A more dlrectu _approach to cis- and trans- 2= (3-butyny|)-cyclohexanols 119 was
based on .a new method!?® for alkylation of épOxidés makrin‘g use of boron dcetyhdes

Here. the correct number of atoms in the side chain is intfdduce_d in one step and,

furthermore, the oxygen functicnality is preSent as a hydfdxyl graup. This eliminates the
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Flaoq,for hydride reduction of aﬁrq\gmyl (Scheme 31).
‘Scheme 31

1- nBuli C 030 -
EtCECH - ‘ $(EtCECBF2) ~

2- BF3-E‘F20 .’.134 ' / ' _", .

6 KAPA; 0°C .
: -

1,3—Qiamihopropane

19
- (33.6%)

;

\
\

) ’ . ! o . o Lo ‘ ) g ~F
As illustrated in Scheme 31, this procedure would allow conversion of an ‘\epo;d?.\

in two steps into a substrate properly constituted for radical'cyclizatnon Boron species \\

134 was generate:i when 1-butyne was sequentlally deprotonated and treated with boron
trifluoride etherate. Rnng opening of cyclohexene oxide with thns reagent gave alcohbdl 135
(81%). Unfortunately, isomerization of the tnple bond to the terminal posutlon could be
achoeved in 33.6% yield at best and thus provnded only a 27.4% overall yneldvf alcahol 119
from cyclohexene oxide.

Our initial efforts at generatmg the 2~ (3—butynyl)cyclohexy| radu:al«'n2 p. 127) by
alkylatlon technology were not very successful smce elaboratlon of the starting materlal '

into a substrate suitable for cyclization, e.g. n9, raquured many steps and the overall yield

was poor {15 to 2'7%).
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When ketoesters ‘'were chosen as substrates for alkylation, the required

hqmopmpar§ylic halides égéih .sUff.ered elimination to enynes (equ. 100).

| o CO0OEt '
’ |OI ‘ NaH‘ ' : & ' ’
A\ COOEt . — |
Q/ ——X >  (equ 100)
o NCgH, 4 C S CCH,CH,Br o i
LU T

Because alkylation »pfoéedures that we had tried were not syntheticélly useful for

attachmg a 3- butynyl unit ¢ to & carbonyl group we decnded to examme the use of .

bnshomopropargyhc hahdes 136 for generatuon of 6~ heptyny! radicals. The latter can
undergo cychzation to a 6—membered rmg 137 via a 6-exo-closure or a 7- membered ring
" 138 via an endocyclic pathway (Scheme 32). ‘

To‘ this end. anion M6 of imine 74, generated by deprotonatnon wuth. .
ethylhagnesium brémide, was t:eatqd with 5—bromo- 1-pentyne. After hydrolysis, E
ketone 140 was isolated in 49% yield (Scheme"33)4 : | '

. Lithim ,aIQmiﬁum hyél;ide redUptié;\ of the carbonyl gave aicohol 141 (83%) as a

" mixture ofv cis— and t}éns—, isomers and esterificationf with1’,1‘—thiocarbonylbisimidazole.

67 produced ester 142 (74:%;); aIsb as an isomer hixturé. Radical 143 wasvg'en.srated upoh

| Hémolysis of the carbon/—bxyéen bond and lt underwent cyclization in 24% 'yfnveld to acis

and trans mixture of deéahydro~1—ﬁwethyiene—naphthalenes 144a -and 144b in a ratio of °

1:2. The two products were identified by comparison with authentnc samples prepared as

shown in Scheme 34. Unlnke prevv0us ring closures the yleld obtanned in cychzatlon of

. radical 143 was_very low (24%). Presumably, the cause hes in the generatlon of an
unstabilized vinyl radi\Cét.ids (e'.quA '1 01)-. \ -

equ. 101)..

143 : , 145
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Scheme 32

139
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Schome 33
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" Schame—34

“Substitution of the acetyt#iemside chain at the terminal p!smon, by & group that can

stabilize radical 145 through deloc% zation ofhyperconjugation. with'the free spin should *

increase tﬁe yield. _To test"ihis hypothe‘s'is,-alcohol 148, cdrrying a strategically located

phenyl group was prepared (Scheme*35) Alkylatior'\‘bf cyclohexanohe via its in‘\ine&';n:
?

with |od|de 146 gave ketone 147 (62%). After reduct«on (95%) of the carbonyl gnoup {147'

—+ 148) and esternflcatnon to the correspor\fmg alkoxythnocarbonyllmndazole 149 (97%,‘

‘ (C/s/trans ratio = 1:1.7), treatment w:th tr»phenyltm ‘\ydnde in the presence of AIBN gave
e R

. raducal 150 Cychzatuon then produced a mixture of cis- an@ytran%alkenes 151ab and

151cd in a yveld of 79% ng closur%ccwred regnospec-f:cally ina6- exo-—fashuon The""‘

’ n
‘cfs—fused decahydro—1-—be dene—naphthalenes 151ab were formed as a mlxture of

- M N : cee A
: @ Coa
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geometrical isomers, ratio = 1.7). For the trans—tsomers 151cd the - ratro was 125'

Alkenes 151ab .and 15icd were rdentmed by coMparrson wrth authentlc samples (see

- Experlmental sectron)

These experrments demonstrate that, like 5 hexenyl radlcals 5- hexynyl and
‘6 heptynyl radicals undergo rmg closure ina regiospecific manner to form ‘cyclic specues
‘wrth an exocychc double bond Cyclrzatnon of a|ky! radicais onto. terminal acetylenes
“ proceeds poorly and substutut:on of the terminal posrtron by an alkyl group ora benzene; '
ring -resuits in an increased yield When [4,4,0] bicyclic syvstemslare formed by radical |

o

closure orito a triple bond, preferential formation of trans-tfused products is observed.

tn)Conclusnon - o ' SRR

exo—ng closure of 5 hexynyl and 6 heptynyl radrcals provades a method for
vformatron of carbocycles possessmg eXOCychc double bonds Elaboratlon_ of these

. products can lead to cyclopentanone and cyclohexanon.e derivatives. Precursors to

%

. 6-heptynyl radicals and acyclic 5- hexyny; radrcals are eas:ly accessrble by conventronal'-f'” :

methodology e, alkylatron condensatron) However annulated cyclopentanone

derivatives are not avallable through this route as the requrred substrates jould not

prepared at least by the methods V\fi tried. rnvolvmg carbamon chemnstry We dem
investigate an alternative route to cy_clope_ntanones. '
d) Formatlon of Cycloperttanones by Raducal Cycllzatlon onto C"N Bonds e
) lntroductvon R T ' N i |
The cychzatron of alkyl radicals onto carbon—-nutrogen truple bonds has been
‘ mentroned brlefly in the Ilterature“ (see Introductron) However the potenttal of  this’
: reactaon as a new synthetnc method for formation of cyclopentanones has ‘not been-
recogmzed We felt that |mtnyl radacals 154 formed as mtermedlates in the rmg closure °

proca.ss could lead after hydrogen ‘abstraction and hydrolysns to the desired

cyclopentanones 152 (equ 102)

¥
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The" elaboratron of a s:mple startmg matenal into a o- ~—cyano. radical 5uch as 153 ‘

would prowde a general synthesns of cyclopentanone deruvatwes Such a process would
i . \ ,
’be a very useful one .

|

T B T)) Results and dlscussadn

. As immediate preCursors to O~ cyano raducals 153 we env:saged the possnbuhty of
P
-~ using o- hydroxynntrules 156 derlved’ from the correspondung ketones 155 as shown in -

Scheme 36 : o . | ‘

i

The requ'red 0= ketonrtrules such as 155 in=20.1) are known substances easuly '

prepared by a Mnchael addmo sequence 12 apd the reductnon of the carbonyl group was

known to be best effected with borohydrnd is’ sequence as applued 1o the

~

&

conversion of cyclohexanone to octahydro 1H mden 1 one 162 lS shown in Scheme 37

Muchael addmon ~of cyclohexanonejpyrrolndme' enamme 122 to ,acrylonrtr.lle gave
o —'keto—nitrileﬁtsa‘yvhiCh was reduced and esterif‘ied to alkoxythiocarbonylimidazoles 160.
The overall yneld for the conversion ogcyclohexanone ‘to the Cychzat»on substrate 160 was
B 65 5% for the 4 steps Radncal 161 was generated in the usual rnanner and it underwent

regnospecmc closure to cis-fused octahydro—-]H—nnden 1—one 162 (67 7% yield) The

" structure of bicyclic ketone 162 was determined by comparuson of its physncal propertnes

wuth those reported in the hterature 123 Cyciohexanepropanemtrne 163 (1 1%, the product' S

- of hydrogen transfer t& radical 161 was also formed. it too was identified in the same
"fashron We have carraed out a number of experuments of thns type and ‘our results are
sumrnaruzed in Table 15 b 147). , ' xS J |

The Table shows that cycloalkanones are eas:ly transformed into substrates 157,

(Scheme 36) suitable for rad»cal cyclization. In all cases studied, 5—exq—closure occurred

~exclusively.  The intermediate ‘imines were hydrolyzed. in situ to afford the '
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" Scheme 36 w
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Schame 37
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TABLE 18

F

PREPARATION AND CYCLIZATION OF'f8'_-cv_AN'o RADICALS

147

-

ENTRY-  STARTING

MATERIALS L

a

S

— I
8-KETONITRILES “IMIDAZOL 1DES

. CYCLOPENTANONES ~  NITRILES
oW

—

.o

- -0CSIm

158 1
66%. . - 99%

178
90%°

T
3329

‘175

L - 180
23 S 1Y
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Footnotes to Table 15:

Prepared via the pyrrohdme enamineg. aneld based on startung ketone. dYueld based on
ketonitrile. Intermediate 6-hydroxymtnle was used wrthout purification. * Identified by

.comparison of physical prOp?rtoes with luterature data'* ®Formed as a mixture of .

isomers in aratio of 1:23.4. *Prepared-via the morpholnne enamine. The' material was not .

pure gPrepared as shown in Scheme 38 .

_cyclopentanone deruvatrves The ynelds were generaily good An exceptuon is found in

L

entry 2 of Table 15 In thns case, the rate of cycllzatnon was suffucuently .slovv@s to allow
hyrogen- transfer o the uncychzed radical to become a preferred pathway ‘

' - Acyclic ketones (entry 4, Table 15) could not be converted eff:cnently to the
correspondnng alkoxythnocarbonyhmldazoles v»a the usual reaction sequence However,
the substrate unde?went cychzataon in.very good yueld Furthermore the ring closure step j
gave trans—dlsubstatuted cyclopentanone 174 in a completely stereose!ectave manner *

’ Acychc - hydroxymtrnles were prepared in better yields usrng alkenes as. startmg

‘ materlais followmg the procedure” shown in Scheme 38 (p ,,149)

cis=4-0Octene 176 was hydroxymercurated (61.4%) and homolys:s of the carbon— -

mercury bond using soduum trlmethoxyborohydnde in the presence of acrylonntrule gave"

. 5 hydroxynvtnle 177 (54. 4%) Esterlfncatnon in the usual way (90 3%) followed by radrcal

cyclnzat:on, produced trans- 1,2~ d:propyICyclopentanone 179 (74%. The relative

’

stereochemrstry at the two asymmetr:c centers was. asslgned by analogy to the'

cyclopentandhe deruvatlve 174

The above experiments show that cyclization of ‘5—cyanoalkyl radicals)occ’urs-
. ) ) 4 .
regiospecifically in a 5~exo- fashion. Hydrolysis of the intermediate imine leads to the

corresponding CVCIopentanone derivative The 'sequence ‘o’ccws in synthetically_

acceptable yields and offers an unusual approach to the preparat:on of 5—membered rmg

‘ketones' oL T . S e

~The relatwe stereochemnstry of the alkyl substituents in cyclopentanone dernvatrve 174
was determined by equmbra!Fn studies'?’. After 174 had been refluxed for 24h in 5%

ethanolic potassium hydro the material was recovered unchanged (VPC, B.C'NMR),
indicating that the ketone ob%ined was the thermodynamically more: stable one; i.e., with

‘substituents oriented trans to each other. inprinciple. of course epcmer:zatnon could have

1

occurred after cychzatnon
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| ~ Scheme 38 ‘1
A  1- Hg(OAc), M98 Nakp (ote),
176 o ' 177
e - 54.4%
ImaC= | o
maC=> - ~Im = N-Imidazoyl
A .
. 178
- 90.3%

r

The rate of cyclization. of an alkyl radical onto a C=N is siower thary in the case of

’ C Cor C= C bonds" /As a reSUIt products of hydrogen transfer to the intermediate -
‘uncychzed radical ‘are also formed |n amounts that depend on the partncular case. The
4 ef‘.fect is most dramatic in the Cycl:zatnon of radncal 181 (Fag A7) to pentalenone derwatnve

e 166 “In this instance, hydrogen transfer to the mtermedlate radlcal 181 is favoured over;

cychzatnon ThIS observaﬂon can be explalned in terms of an unusually low rate of

cychzatnon due to non-— bonded mteractnons present in the transmon state Ieadung to

.‘ 5~exo-ring closure (Fig 17). For the half frlled p-orbital to interact properly ‘with the

' cyano-group. the side chain must be broyght above the plane of the 5-membered ring In

this conformation, non—bonded interactions between the eyano—group and the hydrogen
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&t C=5 (Fig 17) become important. Consequently, the activation energy for ring closure |

. increases and the'net result is that the rate of cyclization is\depressed-—

The regiospecificity of the reaction, as was the case for 5—'hexenyl and 5-—hexynyl

radncals is due to the requnred arrangement of atoms depucted in Fig. B (p. 60) No »

sngmf»cam overlap occ?rs between the half-filled p—orbutal and the unsaturated system in
atransition state Ieadmg to endo—products (Fig. 18).% '

The reaction exhibits a high degree of stereoselectrvuty C/s—ng fusion geometry

15 found in both [4.3.0] and [3.3.0} compoqn_ds. In the latter case, this is explamed by the

streined involved in the formation -of 5a\tra/'§‘s—l3 3.0] system.® In {4.3.0] systems, c/s- ring

fusion geometry could be the result of eptmerlzatlon but, we consider, it is, more likely’ to

‘.be the consequence of a better overlap between the radical and the cyano- group in the

» Other considerations, such as thermochemical factors, are likely to be invoived in
influencing the reguoswcuhcaty of the ring closure slnce both pathways give rise to
products that are structurally very different - :

N
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Figure 18

ENDO’

transition state leading to cis—fused products (Fig 19). !

- Acyclic é—oyano ~radicals undergo cyclization - with complete stereoselectlvnty
trans- 1.2-Disubstituted cyclopentanone_s:are formed exciusively. Thns could be the result -
of epi'merization duk‘mg work up or a consequence of fa}:'tors that underlie Beck“with‘s'
guidelines: The preferred transition state for cyclization ns présurr;agly, one in which all
substituent#l,ie in p'seuc_jo‘e'quatorial conformations (Fig. 20). This leads to a trans—
rélationship between the. substitﬁents in the product We have not yet sought evidence to .

distinguish between these posgibilities.

iv) Conclusion:
" Cyclopentanone dérivatives were prebared by ring closure of 6-cyano radicals.
This 'r.ea.ction presents an alternative to the sequence illustrated in Scheme 21 p. 123
which involved cyclization of a 2*‘(3-;ut'ynyl) radical followed by ozonolysis of the
exocyclic doubie bond to introduce the carbonyl fur-\ctionalityA ’
The cyclization of radicals onto C= N occurs regiospecifically via the exo-mode.
The reaction shows a high degree of stereoselectivity although the mechanistic basis of

this has not yet been established.

§

\
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The intramolecular/ a&‘dution of s radical to a Gyano-group is slower than the
corresponding attack ‘on carbon-carbon double or tnple bonds As a conuquonce
factors (such as non-bonded.interactions) which retard the process further can cause
side reactions (such as hydrogen trpnsfer to' the uncyclized radical) to compete with
cy\clization, This phenomenon‘was%iserved only in the case of [3.3.0] bicyclic systems.

. The reactien provides an efficient synthesie o;‘ frans- 1‘,2-disubstituted

cyclopentanones. devoid of any alkylation steps.

e) Conclusion:

This work has demonstrated the feasibility ﬂof using radical cyclization reactions in
a synt’hetieally useful way for the construction of carbocyclic% Frameworks. - The
* methodology was euccesefully applied to a variety of sybstrates including 2—-(3-butenyl)-,
24(3—butynyl)-. 2—(4j—penyynyl)-, and 6-Cyano-radi_cals. * The hydroxyl group Was found |
to be a versatile precursor to the radical site via conversion to thiocarbonylin_widazole-
esters. , S o _ !

The use of 2—-(3- butenyl) rad»cals leads to a synthesis of cyclopentane derlvatnves
5-£xo-ring closure occurs regnospemfvcauy in all cases. The degree of stereoselecnvnty :
is r/ather limited except when [4.3:0] and [330] bocyclnc systems are being formed In

thdse instanc@s, ¢/s—ring fusion geometry |s ' bserved “The process has the drawback of

destroyung funct:onahty and preventmg f\ﬁ'i‘.her Eg

1: dl;atuon o the pro _For this
ig -L,: 9
& e !‘1{ .’ .

s en'@nﬁ—nadncals Shos
@'&bswe OCD:J Abetyia

As'ﬁ’Bst‘"'rates offers Ybe ‘
. . N - i,‘.»«:’( 3 -
“products in which functionality rema& avallab1e fé’r furtheramampulatioﬁs ~However the _

h ;

The cychzatlon of acetiiemc

preparation of the starting mﬁ‘te

2—(3- butyny!)Cyclohexyl series (w’

of this methodology provides. a:’?& ° chlopentanone derlvatuves after ozonolys:s of

»
2 x
-

drohalogena‘tyon of the alkylatmg agents) The use

. L . P v*

the cycluzatnon products
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The same type of compounds can be obtained in 8 more direct fashion using the

cnrbCﬁn-mtrogon triple bond as the intramolecular trap for the “alkyl radical
Cycloggntanones are obtsined drrectly after hydrolytic work up. Again, the procnl

regioselective, showing complete preference for ¥xo-closure.  The dogrn of
stereoselactivity observed in this series is much higher. The usual profcronco for the
formation of cis-fused [4.3.0) and I3 3.0) systems is still prnont but, it oxtcnds aiso to

1.2~ disubstituted acyclic é-cyano radicals. The iatter undergo exclusive cychzation to

trans—1,2—disubstituted cyciopentanones This high degree of stereoselection brings up |

the possibility of asymmetric induction in the cyclization of chiral radicals.

"~ We believe that radical ring closures onto trip'le bonds will prove to be a usefu!

process in organic synthesis

0
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Hl. CONCLUSION

The work descrlbed in the second part of thus thesis establishes the feas:buhty of

uslng mtramolecular radical cyclizations in & synthetncally useful way to prepare cyclic

: compounds The technlque can be used to make substttuted Y- butyrolactones a type of
compound th_at has been found to possess anticonvulsant properties of clynlcalApotentual.j.“
VA The basic idea,was further ‘extended to the formation of carBOCycles. | Exploratory
work was cOnducoted using 5-hexeny! type radicals which were available by alkylation
technology. The hydroxy! group proved to be.a convemient precursor to the radical via
c_onversion to its thiocarbqnylim.i"da'z‘,ole ester. Cycllzat|0h occurred in a regrospecnfuc
~fashion to give subqs‘titUted:cyclopentanes In this type of Fing closure functnonahty is
; ‘ destroyed in the cychzatlon step and so the products formed are not amenabie to further
'elaLboratnon Fon this reason the,,cyclxzatlon of acetylemc substrates was mvestfgated
‘B- Hexenyl radlcals could not be obtained by conventnonal alkylation methods but
6- heptynyl radecals were réadily avallable and they underwem regnospecnfnc exo closure to
6-membered rnngs carrylng an exocychc double bond Terminal acetylenes did not cycllze
eff;cnently but substltutlon at the terminal carbon led to the desired products in excelient
yrelds The exocycllc double bond could be manlpuiated further to give cycloalkanone
derivatives after 9zonolysis v ‘ ’
Because \g’-hexynyl radicals requ:red for the formatlon of rmg fused
cyclopentanone derlvatlves were not easnly avallable a strategy was developed that would
Iead dnrectly to ‘the desired products This was based on the cycllzatron of §- cyano
radncals These were accessuble .via routes |nvo!vmg Mnchae! addmons or mtermolecular
’ radical additions to acryionltrule 5 —Cyano radlcals underwent regaospecrflc ring closure to
five-membered ring ketones. Thos_ new cyclopentanone synthesis shodld become very
. useful in organic. synthesis because substituted cyclopentanones are produced without
need for often problematlc -alkylation steps Further work |s now in progress to extend

v

’ the reaction to other systems
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(13 42 g 84. 1%) was stored/v the dark

4

IV. EXPERIMENTAL

A. General
- See Chapter 1, expenmental section (p 23) . @

-

1

B. Cyclization o ‘ nylseleno)esters

Y

Silver (E)'b-bz-‘butenoat.er. (£}—2-Butenoic acid (Aldrich, 23 68 g 0275 mol} was"

" " added to a solution of sodium hydroxidé (11.00 g.0.275 mol) in water (300 mL) and G |
‘mixture was stirred‘r at room temperature;until formation of the sodium carboxylate was

compiete tca'. 5 rnin). Silver-nitrate (46,‘71 g 0.275 r_nol) in‘vWater (75 mL) was'added'rapi‘dlya: :

with stirring, and the white precipitate was collected, washed with water (3 'x'25 rnL) and |
acetone (3 x 25 mL), and dried in the dark under oil pump vacuum lca: 12 h) The silver salt

(48 00 g. 90 5%) was stored in the dark

Srlver 2—propenoate The procedUre for s:lver (E}-Q-—butenoate ‘was followed -
using propen01c acid (5 14, g /0 075 mol) sodium hydroxnde (3.00 g O. 075 mol) in water

(15 mL) and silver mtrate (1%75 g 0075mol) in water (10 mL).  Silver 2- propenoate

V . . .
i v - g s

’,Silver 3-butenoate:/The procedure for silver (E)~2¥butenoate was followed‘ using '

“3=butenoic acid(7.32 g. 8 mmol), sodium hydroxnde {3.37 g 84 3 rnmol) in water (25 mL)

) and S|Iver mtrate (1461 g, 86 mmol) in water (’10 mL). Sllver 3 butenoate (9.44 g 589%)

was stored in the dark

Thallium (£)— 2—/butenoate Foliowing a. general hterature procedure 126 tha!hum .

* ethoxide (Aldrich, 6.49 g 26 mmol) and (E)—Z—butenoac acid (Aldruch 216 g.251 mmol) in

dry ether 20 ml) were stirred overnnght at room temperature The precipitate was

collected, washed with ether (2 x 10 mL) and drned under vacuum The salt!?” {7.11 g 98%

was obtained as a whrte solid. / . - e

Ca

e A SERRL-T-
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B (Phanylsqleno)esters ganoral procedura The alkene |n dlchloromethane was

_ added to a solutng&of benzeneselenenyl chlornde in the same solvent After the orange ;

co‘l‘our had been'dlscharged dry acetonltrlle was added followed by the silver salt of the
unsaturated acid. Theﬁvhlte slurry was kept: overnlght in the dark in a sonic bath at room

temperature Suction’ fllytratlon through Celite (ca. 2 X 4 cm) using ether (ca 3x20 le fOr

washlngs and concentratnoh under reduced preSSure gave the crude adduct as an orange’

-oil. Flash chromatography over sllnca gel wuth 91 hexane-—-ethyl acetate afforded the pure |

‘ (phenylselenoléster

Trans-—Z-;(phenylselerao) cyclohexanol (E)-Z—-butenoate 26:  Tpe general

procedure was -followed usmg benzeneselenenyl chloride (059 g 308 mmoll in

dnchloromethane (5 mL), cyclohexene (0:29°g. 35 mmol) in dlchloromethane (2 mL), snver_ o

AE— 2 butenoate (0.67 g 3 5 mmoll, and acetonutrlle (20 mL) Flash chromatography over .

' silica gel (2 x 15 cm) gave%phenylselenolester 26 (0 77 g *77%): 1R (neat) 1710\ 1650, 968

om-i; *H NMR (CDCl,. 400 MHz) §1.25- 1.80 (m 6H). 1.86 (dd, .l— 10. 2 Hz, 3H), zoe— :

224 (m. 2H), 327 (ddd J=104; 92, 42 Hz, 1H) 48Q(c\llw 8.2.4.2 Hz, 1HI, 5.75 (dg. J

= 168 16Hz 1H. 6:88 (dq, J = 168, 80 Hz; TH), 7.25 (m. 3H), 7.66 (m. 2H) C NMR

(cDCl,, 226MHz) 6179, 235, 257, 316, 322, 462 75.0. 1230, 1275, 1288, 1352,

' ; 1444 1656 exact mass m/e .324.0630 (calcd for C,‘HMO Se, m/e 324 0628) Anal
.Calcd for C,eHyO; Se: C. 59.44; H, 6.24. Found C.59. 44 e 19, '

Tra%—z (phenylSeIeno)cyclohexanol (£)- 2—butenoate 26 {rom thalllum

o (E) 2 butenoate Whexene lO‘ld g - 1.7 mmol) was added to benzeneselenenyl

_chlorlde (031 g 162 ‘mmol) in acetomtrnle (20 mL). After the orange colour had
. A

dlsappeared thalllum (El—2-—butenoate“’ (0. 492 g 1 7 mmol) was added and the mlxture
was stirred for 24 h at room tempesature. After sucnon filtration through. Cellte 2 X 4
cmj}:using ether/for washings (3 x 10 mL), the solvent was gvaporated and the residue was "
chromatograpZed over normal silica gel {1 x 15 cm) w:th 91 hexane—ethyl acetate.

(Phenylseleno)

dipheny! disel nide lca. 10%. A pure sample was identical (TLC, IR, 'H NMR) to the adduct :

preparec:quroJ the silve%‘ s B v

A

ster 26 (0 27°g. 5 1%) was obtained but the material was. contam:nated with =

(2.



" T rans—z—(phonylsoleno)cyclopontanol (£)<2—butenoate . 27: ;‘The generjl
procedure was followed usmg benzeneselenenyl chlonde (2.46 g 12.84 mmol) in.
dnchloromethane- (5 mL). cyclopentene {0.89 g 13 mmol) in dnchloromethane {2 mL). sllver
. (E l—z—butenoFte (2 70 g. 14 mmol) and acetomtrlle (20 mL) Flash chromatography over,

silica gel (5 x 20 cm) gave (phenylseleno)ester 27 (297 g. 75%. IR (neat) 1717 1655, 972

' -em; lHNMF% (CDCl 400 MHz). 6163‘-184 (m. 4H),.1.85 (dd. J=9 14Hz 3H), 220 lm

J = 80 Hz, 2H). 365 (m, 1H)..5 1Bldt\J 6.3, 32 Hz. 1H), 574 (dq. J = 155, 1.8'Hz, 1Hl
6.87 (dq. = 160, 7.0Hz, 1H), 7.24 (m, 3H), 7.56 (m, 2H): 1°C NMR (CDCI, 82.6 MHz) & 17.8.
225 308 311 459 810, 1227, 1273 1288, 1292, 1340. 1444, 1656. exact
mass. m/e 3100473 lcalcd for C,,H..O Se. ‘m/e 310.0472); Anal Caled for C,H,,0,5e C. |
5825 H 587 Found C, 58.30;H, 591. L

Trans—Z’ (phenylseleno)cycloheptanol (£)- z—hutonoate ‘28' The general
procedure was followed usmg benzeneselenenyl chlioride (1.35 9. '7.05 ‘mmol) in

' dnchloromethane 5 mL) cycloheptene (0.70 g, 7.3 mmol) in drchloromethane (2 mL), srlver

lE )—2= butenoate ll {5 g 75 mmol). and acetonitrile (20 mL). Flash chromatography over

smca gel (2 x 15 cmi ve (phenylseleno)ester 28 (1.81 g 76%) IR (neat). 1715, 1655, 986
cm, H NMR lCDCl, 00. MHz & 140—1 84 (m, 8H), 1.83 (dd. J 365 1. 6 Hz, 3H). 2.13

. 1H), 3.47 (ddg/f 8.2/ 26,32 Hz, 1H), 6.12 (ddd, J = 7.6. 7.0, 34 Hz, ) 572(dq S

- =.16.0. 27@2 1H), 687 (dq, J= 160 6.8 Hz, 1H), 7.23 (m, 3H), 754 (m., 2H) BCNMR

”'-lCDCI, 22 MHz) 6179 221 265,282, 3155 320, 488,777, 1230 1275 12889,
1294 l§48 1444 1655 exact mass m/e 3380790 lcalcd for C,,H,,O Se m/e

338 0765l Anal Calcd tor C,.H,,0, Se C. 6053 H‘slse Found C eo 68 H 671
e

A
o N i
P

- Threo—s (phenylseleno)-d-—octanol (E) Z-butenoate 29 The general procedure
was followed using benzeneselenenyl chlc;rude (365" g 19 06 mmol) in dichioromethane
(5 mL). (Zl—-2-octene (Chemical Samples Co 2.19¢. 19 3 mmol) in dichloromethane (3 mL),
silver (E)—2-butenoate {4 44 g 23 mmol) and acetonitrile (20 mL}). Flash chromatography
over ica 'gel {5 x 20 cm) gave (phenylseleno)ester 29 (6.24 g/ga%l IR (neat) 1718. 1657,
‘9703,cm‘ 'H NMR (CDCI 400 MHz) 5 088 t,J= 64 Hz, 3H), 091 {t, J 64 Hz 3H) 1.28

(m, J = 90Hz 1H), 136(m J—88Hz 'lH) 146lm ‘IH) 160(m 2H), 170—186(m 3H)

¥
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: 189ldd J—BB 16Hz 3H), 328(d|!d J=286 52 32Hz TH), 513(ddd J=8050.

32 Hz/lHl 580 (dg. J = 16.0, 1.6 Hz. 1Hl 640(dq J 160 6.4 Hz, 1H) 7.25 (m, 3H), 75

Am, 2H) tie l\lMR (CDCl, 15 1 MHzl 5 138 18.0, 192 214 34.0, 347 489, 758, 1229,
<_1273 1291- 130.3, 1341 1448 1662 exact mass, m/e 3541096 lcalcd for -

C,. ,.O Se. m/e 3541098) Anal Calcd for C,,H,.O Se C 6118, H, 742 Found C
6140 H. 745 ' "

‘Eryth/‘o-a—(ph'enylseleno)-2-out'enol ’(E)-z—butenoete 30: lEl—2-—butene was’

- bubbled" through a solution of benzeneselenenyl chlornde l190 g 882 mmol) in

evaporated under reduced pressure and the resndue was dlssolved in acetomtrule (20 mL)

- Silver (£)=2— butenoate (2. 08 g 10 5 mmoll was added :The general procedure was then

188

‘ duchloromethane {20 mL) until the orange solutnon had been d3C0|Ol’lZBd The solvent was E

folliowed * Flash chromatography over slllca gel (3 x 15 cm) gave (phenylseleno)ester 30' '

(2 57 ¢ 87%) IR (neat) 1720 1657 970 cm-; ‘HNMR (CDCI 400 MHz) §1. 341d.J=60

Hz, 3H), 144(d J= 72Hz 3Hl 184(dd J=08, 16Hz 3H) 342(qu 7.0, 48Hz 1H)

[

508 idq. J-64 48Hz 1H), 572(dq J=16.0, 16Hz 1H). 684ldq J =160, 80Hz
THL. 723(m 3H), 754 (m, 2H); ”C NMR (CDCl,, 15 1 MHz) 5178 179 44.2, 732,942,
1229, 127.7. 11291, 1352 144‘6, 165.8; exact mass, m/e 298.0474 (calcd for

. CukhO;Se. mie 2980472); Anal Caled for C,H;,0,Se C. 5657: H, 6,10 Found C.
r5653H609 e | e

L .
Y
lr, '
Ar

‘ T hreo—'3-—(phenylseleno) 2—butanol (&'— —butenoate 31 The procedure
employed for ester 30 was followed using (Z)—-2-—-butene benzeneselenenyl chloride {1.74

g. 809 mmol) in dlchloromethane (20 mL), silver (El-—2—butenoate (2. 70% 14 mmol) and

acetomtrule (20 mL). Flash chromatography over Sl|lca gel (2 x 15 cml gave (phenylselenol

ester 31 (299 g. 88%) IR ineat) 1720, 1658, 972 cm’; 'H-NNIR lCDCl, 400 MHz) 6 1. 37
(d J= 64Hz 3H) 143 (d, J = 68Hz "3H), 187(dd J =80, 1.6 Hz, 3H) 1.45 (dq. J 7.0,

4.4 Hz. 1M, 350 (dq, J= 72, 46Hz 1H), 510ldq J= 64,46 Hz, 1H, 5.78 dq. J = 160,

1.6 Hz, 1H), 591 (dg. J = 1.60, 7.2 Hz, lH) 724(m 3H) 7.55 (m, 2H); BC NMR (CDCl,, 15,1

'MHz) 6 168, 175, 178, 432, 73‘2 123.0, 1276 129.1, 1346, 144.7, 1658; exact

mass. m/e 298.0476 (calcd for CyH,,0, Se 'm/e 298, 0472) Anal. Calcd for C,.H,,O Se: C,

/
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6657, H, 610, Found C, 5654, H, 610 .
4 v . | )
2-—(phonylselono)othanol (E)-Z-butenoete 32: The procedure used for ester 30
was followed usnng ethylene benzeneselenenyl chloride (127 g. 6.63%mmol in
. dlchloromethane (20 mL). silver &) 2—butenoate (1.35 g. 7 mmol) and tcetoqtrllemo mL).
| Flash chromatography over silica gel (2:x 15 cm) gave lphenylselenolester 32, (%:5 g‘,‘ae%)
Rineat 1720. 1658, 970 cm:; *HNMR (€DCl,. 400 MHz) & 1.85 (dd, J= 7.0~ l‘?al-lz .
, 3 10 1. J = 7.5 Hz. 2H), 435(t J=75Hz 2H) 5.79(dq. J = 160, 1.7 Hz. 1H), GQS(dq J==
©16.0, B0 Hz, 1H), 7.25 (m, 3H), 7.53 (m, 2H). 1C NMR(CDCI, 151 MHz) § 180, 258, 635,
122:5. 127.3‘. 1292 1330. 1452, 166.2. exact mass, m/e 270.0154 (Calcd for
'C,;H,.0,Se. m/e 270.0159 |
| Trahs—z-(phenills_elono)cyclohexnnol prOpono'a;s/a‘é\ The general procedure.
was followed using benzeneselenenyl chlorlde 0.77 g 4 02 mmoll cyclohexene {0.36 g
44 mmoll in dnchloromethane (S mL), sllver propenoate (0 81 g4 5 mmol), and acetonltrlle ‘
(20 mL_), _Flash chromatograiphy over snllca gel- (1.5 x 15 cm) gave (pherlylselenolester 33
(083 g. 67%) IRineat) 1722, 1639, 1625, 1581 cm”; 'H NMR (CDCl, 400 MHz) §
| 1.27-176 (m, 6H), 2. 16(broadt J=20Hz 2H), 326 (ddd. J ='10.1, 9.3, 4.0 Hz, 1H), 4.91 |
(dt J—90 3.7 Hz 1H), 576(dd J = 106, 2.1 Hz, 1H), 899 (dd, J = 172 ‘lOGHz 1H)
6.33 (dd,.J = 172 2.1 Hz 1H).,7.24 (m, 3H) 7.54 (m, 2H), *C NMR (CDCI, 226 MHz) 0
235, 257.315, 322 460 754 1276 1287, 1289, 130.5. 135.2, 165.3; exact mass,
‘m/e 310.0474 (calcd for C,H,,0;Se. m/e 310.0472), Anal Calcd for C,,H,0Se C, 58 25,

H, 5.87. Found C.58 18 H, 5.70.

7'/7reo—3 (phenylseleno)- 2—butanol propenoate 34 The procedure ernployed

4

- - for ester 33 was followed using (2)—2-butene. benzeneselenenyl chlornde (0.90 g 47

k mmol) in dichioromethane (20 .mL), silver propenoate (0:85-g. 5 mmoll and acetonitrile
(20 mL).  Flash chrofhatography. over silica gel (1.5 x 15 qml gave (phenylselenolester 34
(1. O’Vg 76%) IR lneatl 1723, 1637,/1620. 1594.&%‘ ’HNMR (CDCI, 100 MHZ) 6 1 30 (d.
J= 70HZ 3H) 144 (d J= 7QHZ 3H), 347 (dq. J = 70 4.8 Hz, 1H) 5131d§1 J 65 a7
Hz, 1H), 5.78 (dd J= 96 26Hz 1H). 591 (s, 025H) 6.08 (s. 05H) 6.18 (s, 025"’) 6.39
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(dd J= 170,27 Hz. 1H), 7.27 (m. 3H), 7.58 m, 2H); *C.NMR (CDCI,, 226 MHz) 6167,
17.3 429 736 1276, 1287, 1291, 130.7, 1345, 1654; exact mass, ‘mie 2840317

caled for C,,H,0, Se. mie 284. 0315) Anal Calcd for c,,H,.o,se. c,_55‘13. H, 5.70. K
Found C, 5377 H. 556 ) ” . . : ' . L

7 rans-'v2-iodocvclonexanol (£)- 2-‘-butenoatd '35 Following the Interature -
‘ procedure a mrxture of cyclohexene (1.32 mL, 13 mmol) and iodine (2. 92 g1 1 5 mmol)
in benzene (15mL) was added to a suspension of thallium (.’:‘)—Z—butenoate“ (3: 36 g
11. 62 mmol) in the same solvent (6 mL) The ‘'suspension was stirred for 68 h at room
© temperature, and filtered by suctron through Celite 2x4 cm) usmg ether for' washnngs (3 x
‘20 mL) The solvent was evaporated and the crude adduct (3.17 g. 94%) was used wsxhout
further purification It had IR (neat) 1720, 1655, 971 ¢m-'; 'HNMR (CDC!,, 400 MHz) 6 f‘?‘..
1 24-155 (m, 3H), 1.59 (m, 1H), 1‘8:2 {m, 1H), ’1‘89 (dd, J = 82 1.7 Hz, 3H), 203 (m, 1H),
2 14 (m TH). 243 im, 1H), 410 (ddd. J = 104, 9.6, 4.0 Hz 1H), 483 (dt. J = 92 4.0 Hz,
1H), 585 (dq.- J= 160 1.7 Hz, 1H), 601 (dq J= 16.0, B.0 Hz, 1H); 3C NMR (CDCI,, 15.1
MHz), 5180, 235, 269. 315, 317, 377. 764, 1228, 145.3, 165.3; exact mass, m/e
294 0108 (calcd for C,H,0,. m/e 294 0117); Anal. Calcd for C,‘,H,,IO C 40 83.H,514
| Found. C. 4105 H 514
General procedure for rad:cel cyclizations: Oven-—drned apparatus and anhydrous
solvents were used A 100-—mL round-—bottomed flask conta:nmg a Teflon-coated
. magnetlc stirring bar and equuypped with a reflux condenser fitted with a rubber septum,
| was purged with argoryand irnnwers'ed in an oil bath preheated to 80°C. A'oenzer{e soiut‘ion
of the substrate (0.01 -2 0.02 M) was injected into the 'flask Tnd brought to reflux.
Benzene .;solutions of triphenylitin hydride“' (1.1 —. 1.2 equivalents: 07 - 01 M) and
azobnsusobutyromtrule (AIBN} (Eastman 005 equivaient, 0.003 M) were then added by -
syringe srmultaneously to the reactuon muxture by means of a double syrnnge pump over a
period of 15 h, and refluxmg was contmued for an arb'trary penod of 5 h. The solve\nt
-was then removed under reduced pressure and the resndue was processed as described

&~
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Cye¢lization of (phonylnlnno);star 26; (/a 3-a 7la)j and (33 3acx. 7-a)—-
hexah dro-3-othyl—2 (3H) bonzofuranones 40a and 40b: Followmg the general
pro;:ﬂre ester 26 (0.707 g. 2.19 mmol) in benzene {100 mL} was oyclized using
triphenyltin hydride (0.58 mL. 227 mmol) in benzene (10 mL} and AIBN (0.020 g O 14
“mmol) m benzene (10 mL). After workup flash chromatography of the residue over silica |
gel (2 x .15 cm) with 8.2 hexane-—ethyl acetate gave a mixture > 99% pure by VPC) of
'Iactones 40. and40b(0. 368 g. 85. 3%) In'a ratio (VPC) of 14 The mixture had IR (neat)
'1772 .cm!; 1H NMR (CDCl,. 400 MHz) 6 1.01 (0somer 40b, t J 7.7 Hz, 2.35 H), 1.04
isomer 40a. t J=74Hz 065 H, 125 (tq  J= 133 28 Hz, 1H, 1.30-1.86 (m. 8H.
_,&22 m, 1H) 226 (m, 0.25H), 233 (lsomer 40b, ddt, J = 12.6, 63, 4.2 Hz, 075H) 257
| (lsomer 40b, ddd. J = 10.1, 5.8, 46 Hz 0.75 H). 4.37 (isomer 40b, broad qQ J=31Hz
075 H) 4. 49 lisomer 40a, g, J = 5.6 Hz, 0. 25 H): 3C NMR (CDCI 226 MHz) § Iactone 40a
11.7, 193 26.7. 285, 316, 394, 47.2; lactone 40b 123,175, 198, 225, 234, 276_’
379, 497, 774, 179 1, exact mass, m/e 168 1148 (calcd for C,H 160, m/e 168.1150); -
" Anal Calcd for C,(H,,0; C, 7 1.39)H. 959 Found: C,7158:H 977 ”

Cyclization of (phanylseleno)cster 27; (3, 3aa Gaa)— and (33 3-01 Gaa)—
hexahydro—-3—ethy|— 2H—cyc|openta[b]furan 2~ones 41a nnd 41b;100 Followmg the
lgeneral procedure, ester 27 (0.47 1 g 1523 mmol) in benzene (100 mL} was cyclized usnng.
- triphenyltin hydride (0.43 mL, 167 mmol) m benzene (10 mL) and AIBN (0.0097 g. 0.07
“ mmol) m benzene (10 mL). After workup flash- chromatography, over silica gel (2.5 x 15
cm) with 9.1 hexane—ethyl acetate followed by Kugelrohr dnstnllahon under vacuum gave a
‘Mixture (> 89% pure by VPC) of lactones 41a and 41b {0.144 g 61%) in a ratio (VPC) of 1
233 The material had: Bp 125-130°C (1.8 mm); lactones 41a and 41b had IR (neat) 1765
cm-l. Lactone 41a had: 'H NMR (CDCi,, 400 MHz) § 1.03 (t J=75Hz 3H), 154-198 m,
7H), 204 (broad d, J= 11.0 Hz,-1H), 2.25 (q. J =45 Hz, 1H), 2.60 (m, 1H), 4.94 (dt,'J =54,
2.0 Hz, 1H), BC NMR (CDCI,, 22.6 MHz) & 11.5, 235, 253, 335, 33.6,;4.2, 482, 846,
180.0. Lactone 41b had 'H NMR (CDC, 400 MHz) & 1.04 (t, J = 7.5 Hz, 3H, 140—1.84
(m, 5H), 1.86-2.06 (m 3H) 266 (ddd, J= 11.0,9.0, 5.0 Hz, 1H), 2.81 (broad q, J = 7.0 Hz,
1H), 486 (dt, J = 53, 1.8 Hz 1H) BC NMR (CDCI,, 226 MHz) 5 126. 20.0, 244, 254,
327,43.1,456,845, 178, 7 Lactones 41a and 41b had: exact m/ass m/e 154.0993 (calcd‘

;' ,/7.
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for c,H,.o ‘m/e 154, 0994) Anal- Caicd for c,H,.d) C. 70.10: H, 9,15, Found C. 69 89,
H.9.26 | o S

Cyclizstion of (phenylselono)ester 28, (3, 3-6 .Bua)- (301 dacx, | 8a(x)-,
. (33 3-6 8ax)- snd (3[)’ 3a(x, 8alx)~ ocnhydro—3—ethyl-ZH—cyclohcpt-[b]furen—
2-ones 42:, 42b, 42c and 42d: Followmg the general procedure ester 28 (0534 g. 1.58
- mmol) in benene (100 mL) was cychzed using trrphenyltm hydrnde (0.40 gL, 1.6 mmol) in
benzene (10 mL) and AIBN (0. 015 g. 0.1 mmol) in benzene (10 mL) After‘#'workup flash
chromatography over silica gel (2 5 x 15 cm) witht 8:2 hexane—ethyl acetate and Kugelirohr
distillation .under vacuum gave a mvxture (> 98% pure by VPC) of lactones 42a, 42b, 42¢
and 42d (0.190 g, 66%! in a ratio 'H NMR) of 1:1.85:79 The material had’ Bp 160— 178°C

(2.3 mmi; R (neat) 1770 em; 1H NMR (CDCl,. 400 MHz) 6 1.01'® J= 75 Hz, 2.6 H), 1.08

it, J= 7.5 Hz, 0.4 H), 1.16—2.06 Im. 1H), 2.20-2.62 (m, 3H), 4.09 (isomer 42¢c. dt, J= 10.2,

48Hz 032 H. 423 isomer 42a. dt. J = 10.2. 48 Hz, 0.07 H), 455 isomer 42b, dt, J =
87. 33 Hz, O 13 H). 458 (isomer 42d, dt Ji= 93 60 Hz, 0.48H); C NMR (CDCI 226
MHz). & isomer 42a. 22.8. 24.1, 290, 3i 7. 333, 455, 46.3. 84.0; isomer 42b. 215,

225,230, 256. 27.2,27.3, 47.8.828, 179.2; isomer 42c. 11.0, 21.2, 249, 254, 276

297,331, 489. 832, 178.4; isomer 42d 12.3, 18.5. 217,221,287, 305, 31.0, 437,

468, 81.6, 178f4,"exact mass, m/e 1821293 (calcd for C,H,,0, m/e 182.1307); Anal

" Caled for CyHiOy C, 7249, H, 995 Found C, 72.78 H, 10.14. "

°

Cycllzatnon of (phenylseleno)ester 29; (3¢, 46 53)-. (36 46 55 - B,
4, 56)— and (33 -40(—56 )—dihydro—4,5—dipropy|— 3—ethyl-2(3~)furanones 43a,
43b, 43c and 43d: Followrng the general procedure ester 29 (0432 g, 1.22 mmol) in "
benzene (100 mL) was cyclized with triphenyltin h@ﬁ%e (O 33 mL, 1.29 mmol) in benzene
(10 mL) and AIBN (0.008 g. 0.05 mmol in benzene (10 mL). After workup, flash
chromatography over silica gel (2 x 15 cm) with 97:3 hexane—ethyl acetate and Kugelrohr
distillation under vacuum gave a mixture (> 89% pure by VPC) of lactones 43a, 43b, 43c ‘
and“43d (0.188 g. 77%) in a ratio (\/F'c(i) of 1:9:8.145. The materiel had: Bp 126-132°C (1.8
mm), IR (neat) 1770 cm-!; *HNMR ( %@, 400 MHz), 6 0. 84—~1. 14 [m BH, mcludmg 097«

J=75Hz), 0891t J= 70Hz)1 (tJ 70Hz2), 1021t J= 71Hz)‘|06(tJ 75Hz)

.I)\
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108 (t, J = 75 Hz)l, 1.15—182 (m, 10H). 1.67 (m, 0.50H), 2 14 (m, 0.25H). 2.26 (dt, J = 9.8,
5.3 Hz. 0.5H), 2.45 (m, 0.5H), 2.52 (q, 4('7.5 Hz, 0.25 H), 3.99 isomer 43d. dt, J = 80, 33
. . \ . 4
7

Hz, 0 44H), 4 14 (isomer 43¢, dt, J = 7.1 s\o Hz, 0.25 H), 4.32 lisomer 43b, dt, J = 95, 4.3

Hz, 0.28H), 4 46 (isomer 43a. dt, J = 9.0,/59 Hz, 0.3 H), C NMR (CDCl, 22.6 MHz). § . -

" isomer 43b and 43¢ 108, 122, 126. 14 1, 146, 184, 190, 19.7, 206, 211, 264, 292

327.7363, 413 432 438. 47 1, 826. 829, 178.8, isomer 43d 139, 14.3, 19.2, 204,
| 227,354.376.447,477, 837, 1787. exact mass. m/e 198.1623 (calcd for C,,H,,0;
m/e 198 1620}, Anal Calcd for C,H,,0, C. 7268 H, 11.18 Found C. 72.83. H. 1130
Cyclization of (phenyliselenolester 30; (3Cx. 43.53)-. (33 . 46, 53 )=, 3¢, 4x,
v 5,8)— ‘a‘nd. (36 . 4, 53 = dihydro—4,5—dimethy|—-3—ethyl~2(3~)furanones 44a, 44b,

44c and 44d: Following the general procedure, ester 30 (0447 g, 1.50 mnﬁol) in benzene

(50 mL) was cyclized with triphenyitin hydride (042 mL, 1.64 mmol) in benzene (10 mL) and
AIBN (0010 g. 0.07 mmol) in benzene (10 mL)'W After workup, flash chromatography over
‘silica ge! 2 x 15 cm) with 9.1 hexane—ethyl acetate and Kugelrohr dnstnllatnon under vacuum
gave a mnxture (> 99% pure by VPC) of lactones 44a, 44b, 44c and 44d (0. 14 1 0 g. 66%) In
.aratio (VPC) of 1:6844.79 The material had: Bp 103-106°C (2.0 mm); IR (neat) 1770

cm*!, *H NMR (CDCI, 400 MHz) & 0.84 (isomer 44b, d, J = 6.9 Hz, 1H), 1.02 (t, J = 7.5 Hz. -

2H). 1.04 (ispmer 44c. d, J= 69 Hz.. 0.66H), 1.06 (t, J= 7.5 Hz, 1H),-1.14 (isomer 44d, d, J
= 68 Hz, 1.19H), 1.24 (isbmer 44a d. ,J'= 6.8 Hz, 0.15 H), 1.34 (isomer 44b, d, J = 6.8 Hz,
1.00 H). 1.37 (isomer 44c, d, J = 6.8 Hz, 066 H), 140 (isomer 44d, J = 68 Hz, 119 H)
1.34—1.60 (m, 0.3H), 1.71 {m, 0.82H), 1.84 isomer 44d, m, 1.1H), 2.16 (dq, J'= 6.0, 6.0 Hz.
0.42H). 2.30 fisomer 44c. m, 0.27H], 2.37-(somer 44a, m. 0.04H), 2.49 (isomer 44b, m
0.34H). 255 (m, 0.36H), 4.01 (isomer 44d. dq, J = 9.8, 6.2 Hz, 0.40H), 4.23 (isomer 44c.
dq. J=63.53 Hz, 0.22H). 4.52 (isomer a4p, dg. J = 6.3, 4.9 Hz, 0.34H). 4.65 (isomer a4a
dag. J = 6.7, 6.3 Hz, 0.05H); 5C NMR (CDCl,, 226 MHz), 678108112, 121,124, 125,
130, 1'5.5, 16.2, 16.4, 183, 185, 187,193,196, 213, 217, 368, 397, 433 445,
48.1, 492, v77.8,- YBD.Q, 815, 1784, 1785, exact mass, m/e 142.0983 (calcd for C,H,,0,.
m/e 142.0984); Anal. Calcd for C,H,,0,,C. 6757, H, 992 Found C, 67.61; H, 890

v
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Cyclization of (phenyluleno)nter 3; (3, 43.53)-, (33 43. 53)-. (B3x, 4.
53)—and 33. aQ, 83)-dihydro-4,5-dimethyl -3 -ethyl - 2(3H)f3nnoms 443, 44D, 44c
and 44d: Following the general procedure, ester 31 (0.383 g 129 ‘mmol) in benzene
(50 mL) was cyclized with triphenyltin hydride (0.36 th 1. 4 mmc’d)' in benzene 110 rnL) and
AIBN (0.005 g. 0.04 mmol) in benzene (10 mL) After workup, flash chromatography over
silica gel (2 x 15 cm) with 955 hexané—ethyl acetate anﬁ(ugelrohr distillation under
vacuum gave a mixture (> 99% pure by VPC) of lactones 44a, 44b, 44c and 44d (O 123 g.
67%) in a ratio (VPC) of 155473 The Iagtone mixture. which had Bp 88-102°C (1.25 -
mm)," was identical (IR H NMR, 1C NMR VPC MS) to that prepared from (phenylseleno)

ester 30 o T
, y

/

Cyclizetion of (pheny'lseleno)ester 32' 3—ethy|‘Jdihydro‘—2(3H)furanone 45.'“
FoHowmg the general procedure, ester 32 0218 g O 81 mol}) in benzene (50 mL) was
cyclized usmg truphenylfm hydride (0.23 mL, 0.8 mmol) m benzene (10 mL) and AIBN (0.010
g. 0.07 mmol) in benzene (10 mL). After workup, flash chromatography over snhca gel (2 x

15 cmi with S:1 hexane—ethyl acetate and Kugelrohr distillation under reduced pressure

gave lactone 45 (0.016 g. 17%) which had Bp 110 ~ 120°C (1 O.Smm)g IR (neat) 1770 cm-;

'H MR (CDCI,, 400 MHz) § 101 (t. J = 7.5 Hz, 3H),.1.50 (m, 1H), 1.82-2.00 (m, 2H). 2.38
(m. 1H). 248 (dq. J = 9.0, 4.8 Hz, 1H), 4.19(dt, J='80, 6.7 Hz, 1H, 4.35 (m, 1H); BCNVR
(CDCl,. 226 MHz) & 116. 234, 281, 406, 664, 1827, exact mass, m/e 114.0672

-

(calcd for C H,OO m/e 114.0681).

Cycliza"tior; of (phenyiselenolester 33; (3(x, 3ac. 7a(¥)— and (36, 3aqy, 7acx)—-

hexahydro—3—methyl—2(3+)benzofuranones 46a and 46b:* Following’ the general

procedure, ester 33 (0.367 g. 1.19 mmol) in benzene (100 mL) was cyclazed with
trnphenyltm hydrude (0.33mL, 1.3 mmol} in benzene (10 mL) and AIBN (0. 012 g 0.08 ‘mmol)
in benzene (10 mL). After workup, flash chromatography over suhca gel (2 x 15 cm) with
9:1 hexane—ethy! acetate and Kugelrohr. distillation under vacuum gave a mlxture (>95%
pure by VPC) of lactones 46a and ‘46b (0.044 g, 24%) in a ratio '"HNMR) of 1:3.44. The
material had Bp 128 — 135°C (,1.4 mm); IR (neat) 1770 cm-'; 1H NMR (CDCI;, 400 MHz) 6

1.01 (dq, J‘= 12.8, 37 Hz, 0.7 H), 1.14 lisomer 46b, d. J = 7.2 Hz, 2 3H), 1.23 (isomer 46a,
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B d J=70 Hz, O7H) 1.28-1.50 (m, 2H) 150-1.98 (m, 5.3H), 2.10-2.33 (m. 2H, 244
(isomer 46a. dq J =88 7.2Hz 025 H), 277 (isomer 46b, dq J=70, 65 Mz, 0.75 H).
' 4.42 lisomer 46b. broa\Eq J = 28 Hz. 075 H), 452 (isomer 468, dt. J = 6.3, 7.8 H, 0.25 .
Hi. °C NMR (CDCl,. 22.6 MHz) § isomer 46a. 135, 21.2, 216, 256 288, 385, 421,
isomer 46b 90, 19.8, 230, 23.3, 27.6, 395, 425, 77.4; exact mass. m/e 1540992
' (calcd for CH,.0;. m/e 154 0994>- Anal Caicd for C/H,,0,°C. 67.57; H, 992 Found C.
6761 H. 990 .The spectral data for lactones 462 and 46b were very close to those

reported in the literature *

/.

‘ Cycllzatmn of (phenylseleno)ester 34; (3, 43 56 )=, (35 43. 53)-, ¢35
, 46 50)— and (31, 43 5a)—d|hydro 3.4,5—trimethyl-2(3~)furanones 47a, 47b, 47¢
" and 47d:% Following the general procedure, ester. 34 (0.335 g..1.18 mrnol) in benzeneﬁ
(50 mL) was cyclized with triphenyltin hydride (0.3 mL. 1.3 mmol) in benzene (10 mL) and
“?\IBN (0.0055 g. 0.04 mmol) ”inlben'zen’,e (10 mL). After wofkup, flash chromatography
" over silica gel.' (1.5 x- 15 cm) with 9:1 hexane—ethyl acetate and Kugelrehr distillation under
vacuum gave a mix‘ture (> 99% pure by VPC) of lactones ﬂa.vﬂb,» 47c¢ and 47d (0.038 g
25%) in aratio (VPC) of 1:66:5.7.4 The material had: Bp 75=95°C (1:4,, mm); IR (neat) 1770
| cm!; H NMR '{CDCIS, 400 MHz) § 0.85 (isomer 47b, d, J = 7.5 Hz, 1.0H), 1.02 (isomer 47c,
d. J=73Hz 075H) 1.07 (isomer 47a, d, J = 7.0 Hz, 0.15H), 1. 12(isomer 47d, d J=68
.Hz 1.11H), 1 15 (tsomer 47c d J=78Hz O75H) 1 16 (lsomer 47b, g, J = 7.3 Hz, 1.0H),
1.22. (nsomer 47d. d J =71 Hz 1. 11H) 1.33 (isomer 47b, d, J = 6.8 Hz, 1.00H), 1.37
(lsomérYﬂc L J =71 Hz O75H) 1.38 lisomer a7a, d J=70Hz 015H), 1.39 (isomer
47d.d.J =75 Hz, 11 1H),‘ 150~1.90 (m, 1H). 2.22 (isomer 47d, m. 0.37H), 2.34 (isomer
47a, q, J = 68 Hz, 0.05H)j,2,49 (m, 0.3H), 2.75 (isomer 47c, q". J="77 Hz, 0.25H), 2.83
- (isomer 47b, q, J = 7.6 Hz 0.33H), 4.04 (isomer 47d, dq, J = 96, 64 Hz, 037 H), 4.22
(isomer 47c q.J= 64 Hz, 025 H). 4.56 (isomer 47b, dq. J =64, 48 Hz, 0.33 H), 4.68A
. lisomer 47a, dg, J = = 7.2 6.4 Hz, 0.05 H); C NMR (CDCl,, 100.6 MHz; spectrum run on.
" mixture) & isomer 47a 134,718.6, 44.0, 47,8. 80.3, 177.9; isomer 47b. 8.3, 10.0,.146,
408, 465, 77.7. 179.2; isomer 47 1027126, 19.1, 382, 404, 81.3, 1796, isomer
47d 130, 155, 185, 380, 432, 81.1, 178.7; exact mass, m/e 1280833 (calcd for

C.H,,0,. m/e 128. 0é§7) The lactones had spectral characteristics extremely close to
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those reported in the I{terat'w_e" | M
. | A*\“ |
Cyclizmon of Iodocster 35; (3~a. 3-(..!,‘-;.',:‘7\ ‘

hex-hydro—-3-ethyl 2(3H)bcnzofuranones 40a lr\d ‘:4 ?ollowmg the general

procedure, iodide 35 (0.633 g 215 pmol) in \b,enz\ene ( mL was cyclized with
triphenyltin hydride (0.6 mL. 2.37 mmoll in benzene (10 mL) and AIBN (0 006 g, 0.04 mmol)
in benzene (10 mL), After workup, the resldue was dissolved in ether (50 mL) and stirred
with saturate’d aqoeous potassium fluoride (25 mL) for 30 min. The mixture was extracted
with “ether 2 x. 20 mL) and the -solution was dried" (MgSO,) and evaporated Ftuh
chromatography over silica gel (1 5 x 15 cm) with 8:2 hexane—ethyl acetate and Kugelrolgr
distillation -under vacuum gave éa_mlxture (> 98% pure by. VPC) of lactones 40a and 40b
(0.205 g. 5,67:%’ in a ratio tH NMR) of 1:4. The compounds, examined as a mixture, were

identical (TLC, VPC, IR, 'H NMR) to those prepared from {phenylselencjester 26.

-Ethyl'—1—hydroxy-cycIOpentanencetnc acld 48:1 Followmg the literature
procedure, ! 2--bromobutanoic acid (15 g. 009 ‘mol) was converted into ity

tetrahydrOpyranyl ester which was then mixed with cyclopentanone (5. 4 mL, 0.06 mol) and

. treated with zinc dust (6. 45 g, 0.099 mol).ir THF (90 mL), to give after aCldIC workup

‘ hydroxy—acxd 48. The material was Used wuthout further purrfncatron to prepare authentnc
' lactones.41a and 41b. ‘[he crude hydroxy-acud 48 had: 'H NMR (CDCI 80 MHz) 6 1.00 (t,
J= 80Hz 3H) 1.30— 225 (m, 10H), 2.37 (dd, J = 85, 60Hz TH), 720(broads 2H).

; g%“gﬁ' wh&;ﬂ'w

£

- M\l\)v,

Authentic (30t, 3aQr, 6aC)— and (33, ‘3aCt, Gac)~hexahydro—-3~ethyl~2//

cyclopentalblfuran—2—ones 41a and 41b: Following the Iiierature .prOCedure 100
concentrated (98%) sulfuric acid (0.7 mL) was added 1o a solution of hydroxy acid 48 (4.43.

g. 25.7 mmol) in benzene (50mL). The mixture was refluxed for 18 h and cooled. Water

(25 mL) was added, the organic phase was separated, dried (Na,SO,) and evaporated. The

residue was distilled under vacuum to give a mixture of lactone‘s 41a and 41b (246 ¢, 62%),
Bp 125-130°C (1.9 mm) in a ratio (VPC) of 1'1 1. The lactones (examined as a mnxture)
were identical (TLC, VPC, 'H NMR, ”C NMR) to those prepared by our cyclization route.

The isomers were separated by preparative VPC on Carbowax 20M at 160°C. (3¢, 3acx,

-9
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6a()—Hexshydro~3-ethyl~2~~cyclopentalb)furan—2-one 41a (97% pure by VPC). had

'H NMR (COCI, ##00 MHz1 & 1.03 (¢, J = 7.5 Hz, 3H) 154198 (m, 7H, 2.04 (broad d, J =
110 Hz. 1H, 225 (. J= 45 Hz 1H, 260 (m. 1H, 494 (dt, J = 5.4, 2.0 Hz, 1H) »C NMR
(CDCI, 50.3 MHz) & 115, 235, 253, 335, 336, 442, 492, 846, 180.0. (35 3a0x.

Saa)-Hexahydro-—.B-athyl—2H-—cyclopentalb]furan——2 ~one 41b (95% pure by: VPL) had.

14 NMR (CDCI,, 400 MHz) & 1.04 (t, J 7.6 Hz. 3H), 1.40~1.84 (m, 5H) 188—4206("\ 3H),

S

266 (ddd. J = 110 90 50Hz 1H), 281 (broadq J=70Hz 1H), 486 (dt J=53 18

Hz, 1H). BC NMR (CDCI 1006 MHz) § 12.6, 20.0, 244 254, 327. 431, 456, B4 5,

1787 . ! .
Equilibration s;udies of lactone‘; 4In'and 4ib: The iactones {0.050 g. 0.32 mmol)

were dissolved in _separate batches of decahydronaphthalene {tetralin, 10 mL) Anhydrous

‘potassnum hydrogen carbonate (0 100 g, 1.0 mmol) was added to each solution and the

mixtures were refluxed for 30 min. The supernatant solutions were analyzed by VPC ona -

DEGS column (6 'fi) at 200°C Lactones 41a and 41b were found to isomerize to the same

equ:lrbruum mixture contammg 41a and 41b in a ratio of ca. 1:0.33

lnmal rat»o ‘ ‘ Equilibrium ratio
41a:41b . 41a:41b
12.3 o , 1:035
1:0.29 R 1:0.30
| | - 128 e . 1:033

: Tetrahydro—4—methy|—2H—pyrah—2;one §2:10 3—Methylglutanc anhydrnde

{6.40 g 0.05 mol, Bp 1145 - 1155°C (25 mm)*'] was reduced with hthlum aluminum
hydride (1. 10 g O 029 mol) in dry THF (100 mL) at —60°C as descrube@ the hterature“0
After 110 min at 0°C the reaction maxture was hydrolyzed with 50% aqueOus HCI (20 mL)
—30°C. The product was extracted wuth ‘ether (3 x 20 mL) and the ﬁtracts were drned
(MgSO) and concentrated Flash chromatography over silica gel (2 x 15 cm) with 74

* --— ) fr

a
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hexane-—ethyl acetate and Kugelrohr dnstlllatnon under reduced pressure Bp 122- 132°C

-~

(12 mm)**] gave material that was further purlfled by flash chromatography over silica gel

" {2 x 15 cmi with 2 1 dnchloromethane—ethyl acetaté’ Lactone 52 was ootamed in ca. 5%
yleld and had IR (neat) 1735 em; ‘HNMR (CDCI 400 MHz) & 1. 06 (d J=64 Hz: 3H),.1.56
(rn 1H). 1.94 (m. 1H), 2.10 (m, 1H), 2.14 (t, J = 9.6-Hz, 1H), 268(dq J=117, 19 Hz, tH)

, 428(ddd J=1186, 104 38 Hz: 1H), 442 (ddd, J= 11.6. 48 38 Hz 1H), BC NMR(CDCI

‘15 1 MHz) 6215 266,307, 383. 686. 1713
Tetrahy‘dro—d—-methy|—3‘—‘(phenylseleno)-2H+pyran—.2—one - '56: - Lithium

dusopropylamode (1.1 mmol) was prepared at 70°C by addition of n—butylhthlum (1.29° M

in hexane 0. 85 mL, 1.1 mmol) to a solut|on of dnsopropylamnne (O 15 ml. 1. 1 mmol) in THF
(10 mL) The mnxture was kept at - O“C for 5 min and Iactone 52- (O 114 g. 1 mmol) in dry

» THF 2 mbL + 1 mL rinse) was added The mixture was stmred for 1. h at -70°C.. .

: Benzeneselenenyl chlonde (0. 192 g. 1 mmol) in THF (2 mL + 1 mb rmse) was m;ected at
—70°C mto the stnrred solutuon and after 15 mnn saturated ﬂaqueous ammomum cﬂomde L o

' (25mL) was added The mlxture was extracted wath ether (3'x 20 mL) and the combuned . | |

g

extracts were. washed with saturated aqueous sodium chioride (20 mL), dried (MgSO ) and
evaporated Flash chromatography of crude lactone 50 over snhca gel (1x 15 cm) with 7. a .
hexane ethyl acetate gave pure. materual (O i 12 g. 42%) asam 14 mlxture ¢H NMR) of,
fusomers IR (CCl,. 1734 1579 cm- i 5H NMR (CDCI 400 MHz) o1 21 (ma;or nsomer d J =
‘55 Hz, 28H) 124 (mmor asomer d J= 6.8 Hz 02H) 1.54 (ddq J 97 45 45 Hz 1H)
1.98 (dddd J 146 7.5. 5.3 53 Hz, 1H), 2.20 (m 1H) 352 (d. 'y = 6.0 Hz, 1H) 4 17
(major isomer, ddd, J =125, 10.0. 35 Hz ‘0.9H). 4.34 (major 1somer dt, J= 11 0. 4.2 Hz, ‘\ :“
09H 447 (minor isomer, ddd J= ‘I1 5. 60 40 Hz 0.1H), 734 {m, 3H,- 758 {m, 2H); 13C |
NMR (CDCI 226 MHz) 6 maJor isomer: 21<1 297 337 463 67.4, 1289 1292 1356 : \
5; minor isomer: 19.2, 27.9, 30.8, 497, 683, e}xact mass, m/e 270.0154 (calcd for

C,,H,.O Se m/e 2700 159)

el

, _ Sy
Actlon of tnphenyltm ‘hydride on Iactone 50 Followmg the general procedure»

for cychzatnons (see p 161), lactone 50 (©: 098 9 0364 mmol) in benzene (50 mL) was"‘ i

o

B S

) treated with tnphenyltm hydrnde (0 1mL 04 mmol) in benzene (10 mL) and AIBN (0. 007 g

T e

'k o IR ' RS ) 12 N , b \ DR M
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‘_6.05 mmlo‘l)‘in benzene (10 mL). After workup, flash'éhromatography over silica gel (1 x

15 cm) with 7:3 hexane—ethyl acetate and. Kugelrohr distillation under vacuum gave a single

lactone (0 027 g. 64%) ldentmed as 4—methyltetrahydro-2H-pyran~2—one 52 on the
bas:s of its spectral properties (IR IH NMR, 13C NMR) and a comparnson wlth an authentic
sample 130 The present material had Bp 100-—105°C {0.8 mm) IR (CDCI 1730 cmr 1, iH NMR
TCDCI 400 MHz) 0 1.08(d, J = 65 Hz, 3H), 156 (m. 1H), 196 (m, 1H) 210 (m, 1HL 214

(t. J=95Hz 1H), 270(dq J= 115,20 Hz, 1H), 435 (ddd J=118, 104 38‘Hz) 444_‘

(ddd J =115, 48,37 Hz, 1H}); 1C NMR (CDCl,. 226 MHz) 0212, 264, 305 38 1 583
171.0; exact mass, m/e 1 140680 (calcd for C HIOO m/e 114. 0681) ’
‘ - iy
Trans-N—[2- (phmylseleno)cyclokx)}r}-(ﬂ 2—butenam|de 63: Based on a

chlornde (0.96 g 2 mmol) 2—butenemtrlle”’(5 mL) trlfluoromethane sulfonic gmd (0. 75 g.

5 mmol) and water (0 45mL 25 mmol) were mlxed in that order After aqueous workup'

Ay
‘ procedure descrubed in the hteratdﬂa e heogene‘(O 42 g 5 mmol) benzeneselenenyl N

the crude mater|a| was pur:fned by flash chromatography over silica gel (1. 5 x5 cml wath -

.74 hexane-ethyl acetate to give (phenylseleno)amnde 63 (O 89 g B55. 3%) as a whlte solid: IR’

", (cDCIy 3430, 3310, 1675, 1638, 963 cm; H NMR (COCH,; 100 MHz) & 100 2.38 (m,

e

~8H). 1.831(dd, J'= 7.0, 1.7 Hz, 3H) 306'(dt, J =110, 4.2 Hz. 1H), 3.86 (broad m, 1H), 5.66
(broad's. 1H). 571 (dq, J = 150, 20 Hz, 1H), 679 (dq, J = 15.0, 7.0 Hz, ‘1H). 7.25 (m, 3H),
,'754 m, 2H); 1°C NMR (CDCI, 226 Mﬁz) 6§’176 2;5 266 338 478.529, 1253,

127é 1281, 1289 %54 1395 1651 éxact mass, m/e 323 0793 {calcd for C.Hy,

E
NOSe m/e 323 0788); Anat Calcd for C,GH,,NOSe C, 59 62 H, 657 N 435 Found’ C

5947 H, 6.66; N, 4,48.' :

I'4 _ N -

ey

Threo-N [3-phenylseleno)2—putyl] (£)- 2-—butenam|de 64: Based ‘on a

w
:
~
S
o

procedure descrnbed m the literature, ’“(Z)-Z butene. was bubbled through a solutlon of .

benzeneselenenyI chlomde (1.02 g 5:33 mmol) in 2— butenenutrllem (3 mL) untul the colour

had been dnscharged Trlfluoromethane sulfomc acid (0.80 g 5.33 mmol) and water '

(048 mL 266 mmol) were: added sequentually and the mix ure wa@refluxed for\ 1'h and

' .cooled.’ \The black sokutlon was poured into saturated aqpeous NaHCO, (30 mL) and the

" muxture'was extracted wuth chloroform (2 3( 20 mL) The fxtract was washed w1th

W9
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saturated aqueous sodnum chloride, dried (MgSQO,) and v’v'as evaporated Flash
Jchrom tography over silica gel (1.5 x B cm) with 91 hexane-—ethyl acetate to remove
: dnphen I dnselemde and then with 1.1 hexane—ethyl acetate to elute the product followed
‘ by ra ysta|hzat|on from 5 1 hexan‘e—ethyl acetate gave pure (pheny|seleno)amnde 64 (057

g. 36%) (CDCl, 3438 3320, 1676. 1638 963 cm; 'H NMR (CDCl,, 100 MHz) 6 1.22
(d.. J— sz 3H) 1.41(d, J= 7.0Hz, 3H) 185(dd J=70, 17Hz 3H), 353(dq J= 175

.75 Hz, 1H), 435(m 1H) 5.69 (broad s, 1H),'5.76 (dq, J = 150 1.6 Hz, 1H). 682 {dg. J =

18.0, 7.0 Hz, 1H), 730 {m. 3H),.7.58.0m, 2H); ”CNMR (CDCl,, 226MHz) 6 176. 187, 189.
452 495, 1252 1275 291 1345, 1398 1654 exact mass, m/e 287. 0633 (calcd
for C,.HWNOSe, m/e 297.&632); Anal. Caled for C,Hy NOSe C 56 75. H, 646 N, 473

Found C. 56.54; H, 649: N, 4.72.

A s : S/
. § .

Attempted cycllzatlon of (phenylseleno)amsde 63; N cyclohexyl (E) 2-—

buteneamlde 65: Follownng the general procedure (see p. 181); amnde 63 (O 107 g

'“"O 33mmon in benzene (50 mL) was treated with trlphenyltm hydr:de‘(O 10 mL, O. 38 mmol) ’

in benzene {10 mL) and AIBN (0 01 2 g. 0.08 mmal) in benzene 1 O mL)  After workup, flash
chromatography over snhca gel (1.5 x 15, cm) wnth 7.3 hexane—ethyl acetate gave a smgle
' product (0.048 g. 87%} as a ‘white solnd WhICh was |dent|f|ed as amide 65 based on lts
spectral properties: IR (CDCl, 3438 3310 1673 1633, 966 cm-: HNMR (CDCl, 400
‘MHz) 51 17 dq. J = 12.0, 30 Hz 3H), 140 (tq J =126, 36 Hz, 2H), 165 ttd, J = 127,
3.6 Hz, 1H) 172 (td J=132 36Hz 2H), 1.87 (dd, J = 7.2, 1.7 Hz, 3H), 198(qd J=1286,
30 Hz, 2H). 386 (m, 1H)4543 (broad s, 1H) 579 (dq J““ 18.2, 1.7 Hz, TH), 6.84 (dg, J =
| 152, 6.8 Hz, 1H) ”C NMR (CDCI 226 MHz) (5 176 249 25.6, 33.3. 480 125.6, 1393,
165.0; exact mass, m/e 167.1308 caled for CWH”NO m/e 167 1310)

N

LN

. Attempted cycllzatlon using (phenylseleno)amlde 64; N~2—butyl—(.’:') 2-
buteneamnde 66: Followmg the general procedure (see p. 161). (phenylseleno)amude 64

| . {0.102 g O 34 mmol) in benzefie (100 mL} was. treated wuth trnphenylﬂg hydrude (0.10 mL

04 mmol) in benzene (10 mL) and AIBN (. 006 g 0 04 mmol) in benzene (10 mL). After

workup flash chromatography over: snhca gel (1.5 x 15 c,m) with 1 1 hexane—ethyl acetate )

gave a snngle product (. 037 g 76%) as a white sohd whnch was ldentufued as amide 66

./

/
[
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based on?'its spectral pr‘operties IR (CDCI, 3439, 3310, 'lgTS 1635 966 cm; 1HNMR‘-
(CDCl,, 100 MHz) 0 0;91 (t,J= 7.0 Hz, 3H), 1.14 (d, J— 70 Hz, 3H), 150 (. J=70Hz,
2H), 186 (dd. J = 7.0, 20 Hz S3H). 398, (tq J=83 60 Hz, 1H), 552 (broad s, 1H), 581
dg. J = 150 2.0 Hz, ]H) 682 {dg. J = 15.0, 7.0 Hz, lH) 13C NMR (CDCI, 226 MHz)(S ‘
10.3, 17.5. 204, 29.7, 46.4,- 1255, 138 ®165.3; exact.mass, m/e 141.1151 (calcd‘ for
CH,,NO. m/e 141.1154) - | o

: 1—’(1-Cyclohexen-l-yl)pyrrolidine 122-135» The literature  procediure,® was
followed A solution of cyclohexanone (73 00 g '0.744 mol) and pyrrolldme (53.00 9
- 0.744 mol) in benzene (lOOmL) was refluxed usmg a Dean- Stark trap. After 2 h no more
k water -was produced The solutlon was evaporated and the resudue was dlstllled [bp‘

1 14 5-1 l7°C (14 min)] [lit** bp 64— 65°C (0.5 mml) to guve the enamme 122(9809 g, 87

b_ N- Cyclohexyl|denecyclohexanamme 74; 134 Cyclohexanone (21, 589 022 mol)
A‘and cyclohexanamlne (21 80 g. 022 mol) were added wnth stnrrlng to benzene (SOmL) o
: . sontained ita 100-mL round- bottomed flask equipped with a Dean Stark trap that -

carrled a reflux condenser fitted wrth a Drierite drymg tube. The mlxture was refluxed for

-~

2 h. by whnch tlrne water was no . longer produced The solvent was evaporated and

dnstlllatuon of the \sldue gave the imine 74 (34.70 g. BB8%) as a faintly yellowish liquid: bp

! l
107—1utc (3 mm)

cis- and transéy -(3_éButenyl)cyCIohexanols 73a and 73b:

a) 2-(3-b l)cyclohexanone 72 N—Cyclohexylidene—cyclo‘:heuxanamine 74
537 g O 03 m& in THF (2 mL + l mL rinse) was added to ethylmagnesnum bromlde l2 18
.M in ether, 137 mL O 03 mol) in dry THF (30mL) The mlxture was refluxed under argon

“for 20 h. 4-Bromo- 1~ butene (Aldrlch 405 g 0 03 mol) was lnjected and refluxmg was

contmued for a further 24 h The mixture was cooled, sturred for 30 min ‘with' 2~Ng -

‘ aqueous "HCI (30mL) and extracted with ether (2 x 30 mbL). ‘The comblned extracts werJ -
drled (MgSOl and evaporated Kugelrohr dlstlllatlon of the reszdue lbp 95~ 120°C (O 8 :
vmm)] {lit23s bp 104 107°C (17 mm)] gave the ketone 72 whnch was used dlrectly for the .
next stage The material had IR (neat} 1710, 1642 1000 915 cm-; lH NME (CDCI, 80 -

l
e




" 73

. MHz) 6 1.05-2.70 (m. 13H), 483523 (m, 2H), 5.55-6.07 (m, 1H.

e

e . . . _ .
b)l cis- and trans-2-'(3':butenyl)cyclohexanoIs 73a and 73b1% For the
preparation of alcoholvs 73a and 73b it was found advantageoyus‘ to use the crUde. ketone
727 The material fromthe above.experiment vvas"diss'olved in ether {10 mt.). and a solution '
of lithium aluminum hydride (Aldrich, -1 M in THF, 10 mL, 0.01 mol) was injected rapidlly with |
stirring and under argon. After a further 10 min the rnnxture was quenched with saturated |
: ,aqueous ammomum chlorude {10 mL) and extracted wuth‘ ether (2 x 20 mL) The comblned _
extracts were dried (MgSO) and evaporated Kugelrghr distillation of the reSIdue ibp
125 1350C 112 mmj] gave alcohols 73a and73b (3 3779 73% overall from 74) in a ratro *H
" NMR) of 1 4. 3 as an apparently homogeneous (TLC smca 8.2 hexane—ethyl acetate) od IR
(neat) 3100- 36%1642 1000, 914. cm H- NMR {CDGl,, 80 MHz) ) 075 —~250 (m,
14H) 3.17 {trans~isomer, broad dt J=80, 4.0 Hz, 0.81 H).. 3§5 (r.vs-tsomer broad m. Jy2
100 Hz, 0.19 H), 480 520 (m, 2H), 555 6.10 (m, 1H); 13C NMR (CQ;I 22.6 MHz) 6

't:/s isomer - 73a 206 252, 266 312 31.3.° 331 40.7, 694, -445,“139.3,

% trams- isomer 73b 25.0, 256,301, 310 3163’358 447,747, 1144, 1395 /
< 3

w

R : . e

-. e cisy and t ns 1H Imldazole 1- carbothlow aold O-{Z (&butenyl)cyclohexyl]
iesters 75a dd 75b g/s— and 15— Alcohols 73a and 73b (0542 g 3%1 mmol) andih
-1, 1 -thlocarbonyIbnsxmadazolem (% g 7 mMol) were placed &1 a ﬂ& ﬁd covered with
. S dry 1.2- d|chloroethane (10 mL) ‘The re5ultmg solutnon was refiuxed undér argon fpr 20 h
Evaporatlon of the solvent and fiash chromatography of the re&rdue over snllca gel (2 X 15
cm) with 82 ‘hexane— —ethyl acetate gave a 1:47 (‘H NMR) mixtwof cis~ and trans- .
alkoxyth|anrbonyhmndazoles 75a and 75b (O 743 g, 80%) whlcr@was pure by TLC (suhca,
7.3 hexane—-ethyl acetate 2 spots) IR (neat) 1639 910 o 1K NMR (CDCI, 200 MHz) 6
1.04-2.36 (m 13H) 490 5. 10, m, 2H), 5.29 (trans |somer dt, J=95; 45 Hz 082 H)',
54—~ 59§(m 1, 18H), 704 (broadm TH), 763 (t, J= 1.2 Hz, 1H), 833 (t J=14Hz, 1H); :
BC NMR (CDCl,, 226 MHz) O cis- lsomer 75a: 21 2 235 249 281 290 397 82 8,' ‘
\trans |somer 75b 242 246 298 303 306 312 410 86.9, 1150 1178 1308,;

136. 7, 138 2 183 8 exact mass m/e 264 1298 (calcd for C,.H“N,OS m/e 264. 1296)

v,

[
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Cyclization of -lkoxythlocarbonylunidazoles 75a  and 75b Octnhydro-—

‘ -methyT-1H-|ndenes 7Ga and 76b 13 The general procedure was followed using a
mixture of cis- an% trans-alkoxythuocarbonyhmudazoles 75a and 75b (0.125 g, 0473

mmol) in benzene (40 mL) trrphenyltnn hydrode {0. ﬁmL 0. 8rmrnol) in benzene. (‘IO mL), and

 ABN (0010 g 007 mmol) in benzene (10 mL). After evaporatron of the solvent,

Kugelrohr distillation (bp 145—1§0°C) gave a mixture of hydrocarbons (0.044 g. 68%)

Consustmg (VPC) of crs—octahydro-1 methyl 1H-mdenes 76; and 76b (98%) ina 1:2 ratio

(VPC) of exo and endo isomers and trans-decahydronaphthalene 77b (2%). The mixture off‘v ’

hydrocarbons had: ¢is- octahydro—1H mdenes 763 and 76b: 'H NMR (CDCl,, 400 MHz) 6

090 (major isomer, d J ﬂ2 r-g L H) 0.95 (minor isomer, d, J = 6.6 Hz, 1H) 1.06-2. 16 )
. 5Hz)): "C-NMR (CDCl;, 50.3 MHz) b major, isomer: .
154,211, 222, 2508 :‘be W7 397, 437, minor Isomer. 203, 524 248;,,

_ (broad s), 29 4 (broad s), 36.5.

1. Tndecen 6 oI 79 - Octanat (O 484 3 85 rmol) in THF 2 mL + 1 mL rinse) was

added dro o the Grlgnard reagent formed from magnesnum turnrngs (0.097 g. 4
| ,mmon and 5- mmo— 1-pentene'** (0.60 g, 4.0 mmo) in dry THF (30 il 'After 1, the

reag&on muxture was ‘quenched wrth saturated aqueous ammomum ‘chloride (5 mL) and
J

chromatography of the resudue over silica gel (2 x:15 cm). wrth 9 1 hexane—ethyl acetate,

-

extracted with ether The comblned extraets were drred (MgSO.) and evaporated Flash

@

dave alcohol 79 (0.41 g 54%) as a pure (TLC, silica, 8 2 hexane——ethyl acetate) oil which had:

- IR (neat) 3120—3660 1647 919 cm, lH NMR. (CDCI, 80 MHZ) o 87 (t, J=64 Hz .3H),

'102 175 (m 17H), 185 240 (m 2H), 343—-381 (broadm 1H),- 4.85-5.20 (m, 2H) ’

§5556.13 (m. 1H, C NMR (CDCl, 16.1 MHz) 8 14.1, 22.7, 250, 25.7, 283, 29.7, 31.9,
33.8,37.0, 37.6,719,-1146, 1388 |

&

-

I kntlc (Aldrigh) cis— decahydronaphthalene 77a nc NMR (cocn 226 MHz) 6 24;«2‘ -

° 7 L . "“%Q"»"' . '
‘r~ N ! - : - v - - - .
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H‘lmidezole-T-c-rbothlolc acid O~ (1 -tridecene-6-yl) ester 80 “Alcohol 79

0379, 187 mmol) and 1,1’ —thiocarbonylbisimidazole!*’ (0.45 g. 2.5 mmol) were placed in

a flask and. covered wvth dry 1.2-dichioroethane QD mL). The resultmg solutuon was -

e

reﬁuxed under aargon for 19 ﬁ;"""Evaporatlon of the solvent and flash chromatography of

the residue over silica gel (2\ x 15 cml wnth 8:2 hexane—ethy! acetate gave pure {TLC, silica.

7.3 hexane—ethyl acetate) 80 (0. 42 g 73%) IR (neat) 1645, 919 cm-L iH NMR (CDCl,, 80 .
MHz) 6 0.87 (t, J—GO Hz, 3H), 102—190 im, 16H) 2.10 lq J=68 Hz 2H), 4815175
~(m, 2H), 543-—604 (m, 2H), 7.00 (broad s, 1H)a»7 58 {broad s, 1H) 829 (broad s, cp—ll ”C '

NMR (CDCl,, 226 MHz) § 14.0.226. 244 253,291, 29%. 3wy, 328,334, 651.1152,
1s, 130.7. 1367, 137.9, 184.1; exact mass; m/e 3os1§@lcalcd for
. 3081922) Anal. Caicd for N0, C, 66.19; H, 9:15; N, 908 F_y"[

929,N.878 ‘ S

- Sy ” : ‘J" .
5 / s
. v ' P e
, | . 49 P
. - ’
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Cyclii N..of alkoxythlocarbonyllmldazole 80; cis- and trans—1—heptyl 2—

' methylcyclopeganes 82: The/ general procedure was followed using 80 (0. 146 9.0473

: mmol) in benzene14@ mL), tnphenyltln- hydride (0.13 mL, 0.5 mmoll in benzene (10 mL), and‘

AIBN (0.010 g 007 mmol) in benzene (10 le After evaporation of the solvent,
. Kugelrohr d“stnllatnon bp 2002230°C) of the residue gave 1—heptyl— 2-methyl—-
| cyclopentane 82 (O 05‘5‘ g 63%} q'mxture of. isomers in a'ratio- (VPC) of 1: 2 5 as a pure
. (> 99% VPC) oil which had: lH NMR (CDCl,, 400 MHz) o0 80 {major isomer, d J=22Hz,

2. MH) OSQ t;J =61 Hz 3H), 097 (minor isomer, d, J = 6.6 Hz,086H) 100—144 m,

14H) 1.46-1. 60 (m, 1. 5H) 1. 60—-1 90 (m, 3H),; 1. 96-2. 06 (m, 05H) 13C NMR (CDCI, 50.3

MHz) & major isomer: 141, 14.8, % 289, 294, 298,730, 30@0‘3" . _

 36.0, 434; minor isomer: 195 226F 236, 286 325, 40.7; 478 ‘exact _mass; m/e

K_,

1822033(calcdforC1,Hu m/e1822034) s T . 2

" 1-(3- Butenyl) 2- oxocyclopentanecarbocyclnc acld ethyl ester 86 e Sodlum;

hydrnde (33% orl dlsperSIon 0. 71 g 0. 0296 mol) was suspended in.dry TH‘ mL‘l under

argbn and 2- oxocyclopentanecarboxyllc acid -ethyl ester {Aldrich, 4. 30 mL, 0029 mol}.
‘was. added dropwnse with strrrmg The resultmg slurry yvas refluxed for 2 h and fhen :

-cooled to room temperature 4- Bromo-—l -butene (Aldl‘lCh 325 mL 0032 mol) was = o

45”49,5-' me .. .
i3 C, 67.08; H i



ey

dafter the end of the addl :

1

»

i

injected and stirring was continued for 20 h. The mixture was then refjuxed for 6 h. The.
' solvent was evaporated ancfthc resrdue was poured into water (30 mL) and extracted with

ether (3 x 20 mL). The combmed ether extracts were washed with saturated aqueous

sodium chioride (20 mL), dried (MgSO,) and evaporated. Flash chromatography of the

- residue over silica gel (2. x 15 mL) with 82 hexane-—ethyl acetate) gave pure (TLC, silica, 8:2

hexane—ethyl acet\ta &G’M 83 g 30%) IR ineat) 1750. 1720, 1644, 920 cm;H NMR
(CDCl;, 80 MHz) 01.23.4, J 76Hz 3H) 1.50-2.50 (m, BH) 250(q. J= 7.0 Hz, 2H),'4.14
1q. J 7.4 Hz 2H), 4.75-5. 15 (m, 2H), 545—608 (m TH).

‘ ,4.,“: . o "o .\ ) 8
. A
1-(3-Butenyl)-2- hydroxycyc!opentanecarboxyl|c acid ethyl esters 87: A
solutnon of sodium borohydrude (0.09 g. 2.47 mmol) in water (5 mL) was added dropwise

with stirring to ketoester 86 052 g 247 mmol) in 95% ethanol (10 mL) Flve minutes

oﬂ saturated aqueous sodnum chioride (5 ml) was aded and the

T,

mixture was extracted vw“th etherpga b 15?1#1:) Fhe combﬂned extrmt%wea& dried (%SO )

“and evaporated. Flash chromatography of the residue over silica gel (2 x,, 15 cm) 'with 8.2
( he).‘\e—ethyl aCetate .gave an apparently homogeneous (TLC, smca 7 3 hexane—ethyl

acetate) oul consnstnng (NMR) of a mlxture of alcohols 87 (0. 43 g B82%) ina rat|o (lH NMR) of -

111, The materual had: IR (neat) 3160-3860, 1725 1643, 918 cm1 1H NMR (CDCI 80

547 605 (m ‘lH) 1’CNMR €bcl,, 226MHZ) 5143 198 204, 296 297 311 315,

320, 323,357, 573 581 605 60.6. 793 1147, 1148 138.1, 138.4, 17”6‘3, 1765, .

exact mass, m/e 2 12 1411 (Calcd for C”H,OO m/e 212.1412)%
. 1 M

1H—ImldazoIe—1-carboth10|c acid O—[2—(3—butenyI)—-2—carbetho xy—cyclo -

i'pentyllester 88 Alcohols 87 (0 34 g,.1.60 mmol) ahd 1, 1-thlocarbonylblsmndazole‘”

(057 g3 2 mmol) were placed ina flask and covered W|th dry 1,2- dnchloroethane (10 mL).

“The resultmg solutron was refluxed under argon for 20 h. Evaporatnon of the solvent and

’ flash chromatography of the resudue over s'hca gel (2 x 15 cm) wuth 7:3 he!‘cane—ethyl

‘acetate gave a pure (T LC suhca 7.4 hexane—ethyl acetate 2 spots) oil consisting (H NMR)

'of the alkoxythlogarbonyhmrdazoles 88 (0.44 9 85° n a ratio’ (H NMR) of, 1:1.1. The

\ , ‘ 176

’ MHz) 6123('( J= 83Hz 1.5H), 125(1 J—80Hz 1.5H), 143— -2.75 (m, 11H), 300(broad~v '
om QSH) 400 {m, 05H),413(q J= ZO Hz, 1H), 4.151(q, J = 72Hz 1H), 4.75— -5.20 {m, 2H)

I SR :@' Y
m@}"ﬁ" ¢
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material had IR (neat) 1730, 1644, 919 cm1; 'H NMR (CDC!,, 400 MHzf 0118 (minor
isomer, t, J = 8.1 Hz, 1.4H), 1.30 (major isomer, t, J = 7.5 Hz, 1.6H), 1.66-2.20 (m, 8H)
2.20-2.30 (m, 1H), 240-250 (m. 1H) 4.12 iminor isomer, dq, J-= 8.0, 20 Hz, 0.9H), 4.24
(majbr isomer, g, J'= 8.0 Hz, ;,1H), 410-4.30 (m, 2H), 5.72 (minor isomer, dd, J = 5.3, 2.8
Hz, 0.45H), 5.70-5.86 (m, 1H), 6.14 (major isomer, dd, J=55 31Hz O B55H), 7.05 (minor
isomer, broad s, 0.45H), 7.08 (major isomer, broad s, 055H) 7.55 ("r isomer, broad s,
0.45H), 763 (ma;or isomer, broad s. 0.55H), 829 (minor isomer, broad s, 0.45H). 8.35
(major isomer, broad s, 0.55H), 3C NMR (CDCI,, 22.6 MHz) & 14.2, 210, 290,300, 30.2,
304,313 327 392 585, 809 612 881,917, 1153, 177.7, 1181, 1308, 136,3.
136.7, 137.2, 1374 172.8, 174 1; exact mass, m/e 322. 1352 (calcd for C, H,,N 0, S m/e
322.1351); Anal. Calcd for C,H::N;O,S: C, 59§O H 688 N, 8.69. F0und9f€ 5887, H
691;N. 875 - } 1 A Lo

Cycllzatlon of alkoxythlocarbonyl|m|dazoles 88 (1, 3aC, Saa)- antt (1a
335 SaB)*hexahydro 1—methyl—3a— (1/-/)-pentalenecarboxy;!nc acld ethy| esters 90:

The general procedure was followed using a mixture of alkoxy‘thlocartﬁnyhmudazoles 88

(0. 135 g 042 mmol)’'in benzene (40 mL), tnphenyltm hydrlde (0.13 mL, 05mmol) iin

~° 'benzene (10 mL), and AIBN {0 010 g. 0.07 mmol}in benzene (10 mL). After evaporatron of'

the so!vent Kugelrohr dnstullatnon lbp 130—140°C (80 mmi] gave 90 (0. 053 g 64%) as an
| apparently homogeneous (TLC silica, 9 1 hexane—ethyl acetate) il consnstung (tH NMR) of a
1:6.1 m:xture of isomers. The material had: IR (neat) 1725 cm- -1 1H NMR (CDCI 400 MHz)
o 0.98 (major isomer, d, J = 6.8Hz, 2.6H), 1.02 (minor isomer, d, J = 6.8Hz, 0.4H), 1.26 i,
J = 8.3 Hz, 3H), 1.20-1. -38 (m. 2H), 1.40-1. 78 (m, 6H), 204 (majbr isomer, dt, J = 12, 6.8
Hz, 1.7H), 2.12 (minor isomer, dt, J = 12, 68Hz 03H) 220 (minor isomer, m; 0. 14H) 2.37
(m, 1H), 2.60 {major isomer, q J=83Hz 086 H), 4 15 (g J=80 Hz, 2H); 1C NMR (CDCI
50.3 MHz) 5 major isomer: 14:2; 148, 27.3, 280, 326, 37.3, 37.6, 394, 535, 602
179.0; minor isomer: 194 258 312 322 35.3, 384, 385, 424, 5989 exactmass m/e
1196.1466 (calcd for c,,H,.,o m/e 196.1463. "

1-(3-Butenyl)-z?chlo_rocyclohexanol 92: 3—Bbtenylmagnes.ium ‘bromide was -

prepared in dry ether (30 mL) from magnesium 't'urnings (024 g 10 rnmel)“a,nd,
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4~-bromo- 1-butene (Aldrich, 1404mL, lQ mmol), and used as follows, acording to a general
procedure* The reagent was cooled to ~60°C and 2—chlorocycloﬁhxan'one"° l'l.19‘ g
" 0.008 mol) in ether {10 mL) was added dropwise The mixture was stirred for 30 min at

-60°C. cooled to -~70°C and then acetic acid (0.1 mL, 1.6 rnmol) was added '*! The solution
was allowed to warm to room temperature over c'a 30 min (by removal of the cooling
bath). Water (10 mL) was added and the aqueous phase was. separated and .extracted
with ether (2 x 20 mL) The comblned extracts were dried (MgS0O,) and evaporated. Thin
layer chromatography of the crude product showed two maJor spots. That of higher Rf,
92, (0510 g. 30%) was |solated by flash chromatography over silica gel (2 x 15 cm) with
82 hexane—-ethyl acetate The materlal was obtained as a homogeneous (TLC, silica, 8.2
hexane—ethyl acetate) oil: lR (neat) 3565 3100 3640, 1642 914 cm; 'H NMR (CDCI,

400 MHz) 0. 123-2.24 |Im, 13H including: 150 (ddt, J'= 135 4.0, 1.0Hz), 189 d J= 20‘
Hz), 2.05 (ddq. J = 14.0, 4.5, 20 Hz)l, 4.01 (dd. J = 105 4.8 Hz, THY 499 (qd J=102.
20 Hz. 1H). 507 (qd. J = 189, 20 Hz, 1H), 5.86 (m, 1H), :C NMR (€DCl,, 151 lJsz)S

208 254, 27.7, 326 346 398 63.2, 728 1147, 1386 exact midss, m/e 1880964'«’
'A'(calcd for CiuH..CI0, mie 188.0968). o : |

| )

¥,
&

Cycllzatlon of chlorohydrm 92 (1(1 3a5 736)- and’ (b, Baa 7aa)—‘
octahydro-—l-—methyl 3aH—inden—-3a—ols 94: The general @edure Was followed ;
us:ng chlorohydrln 92 (0 043 Q 0226 mmol) in benzene 140 mL), trlphenyltnn hydrlde
(0.06 mL, 0.25 mmol .in, benzene (10 mL) and AIBN (0. 007 [} 005 mmoli in benzene |

{10 mL). . After evaporatlon of the solvent flash chromatography of the residue over silica

gel (1 x 15 cm) with 82 hexane—ethyl acetate gave cis—fused alcohols 94 (0017 g. 49%) - -

as a 1.20mngture (‘H NMR) of isomers. The material was apparently homogeneous (TLC,
“silica, 7:3 hexané—ethyl acetate) and had: *H NMR"(CDCI,, 400 MHz) & 0.82 ldq, J = 133,
E 3.2 Hz, 0.25H), 0.92 (major _l&someru," d J= 7."2_;Hz," 2H)., 1.00 (minor isomer, d, J = 7.1 Hz,
1H, 1.05-2.05 (m, 11.7 Hz, 3H), 262 Im, J=72Hz 0.53H). "C NMR (CDCl,, 50.3 MHz) &
major isomer. 15.1, 24.2, 24.4, 254, 284, 34.4, 35.0, 36.7. 51.5; tninor isomer. 21.0,
214, 222 24.3, 297 304, 346 35.1, 39.1, 530 exact mass, m/e 139.1 125 [calcd for
C H,,O M-—CH,), m/e 139 'l 123]

= e
S
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6“8romo-3- m‘thyl 1-phenylhex 1-yn-3-0l 101 Ethylmagnesnum bromlde {219

M in.ether, 46 mL; 10 mmoll.-was added dropwise with stirring to Pphenylacetylene (Aldruch
1.02 g. 10 mmol) in ether (20 L) The gnxture was stirred for 20 h at room temperature .
and 5- bromo- hpen\anone’“ (1.65 g. 10 mmol] was then added After a further period

" of 15 min, water (20 mL) was added and the mixture was extracted with ether (2 x 20 mL)

The combined'extracte w-ere dried (MgSO ) and evaporated. Flash chromatography of the

residue over silica gel (1. 5 x 15 cm) with 8:2 hexane—ethyl acetate gave crude 101(248 g.

93%) IR (neat) 3140-3660. 1603 cm ! 1H NMR (CDCI 80 MHz) &1 58 (s, 3H), 1. 75 240

{m, AH) 233 (s, 1H), 348 (t, J ='6.0 Hz, 2H).'7.27 (m, BH); 1C NMR (CDCI 15.1 MHz)5

: 284, 303, 338. 422, 681, 839 824, 1226 284 1285, 131.8; exact mass, m/e

268.0278 (calcd for C,,H,,BrO m/e 268 0286) The material contained trace 1mpurmes

(1C NMR) but was used durectly for the next stage

Q
Cyclnzatron of "101; (Z)E\and (£)-2- benzylldene 1= methylcyclopentanols 103a
© and103b: The general procedure was ?ouowed using 101 (0. 375 g 1 40 mmol in benzene

(40 mL), tri-n—butyltin hydrid 47 mL 1.8 mmol) in benzene (10 mL), and AIBN (0.010 g.

0,07 mmol) in benzene L ter evaporat»on of the solvent, flash chromatography'

‘of the re%due over silica gel {15 x 15 cm) with 82 he}ane—ethyl.acetate* gave a mixture
of tZ)- and (£)-alkenols 103a and 103b (O 173 g. 65%) The nsomers were separated by
flash chromatography over silica gel {1 5 x ‘B ert) with 8 4 hexane—ethyl acetate to afford

‘pure (TLC. silica, “8.2 neéxane—ethy! acetate) (Z)—2—benzyltdene_-—T-methyl—cyclopentanql
103a (0.059 g, '22% Rf = 039)' IR (neat) 31'40—3640 1604 cm-t; 'H NMR (CDCl,, 400
MHz o1 37 (s 3H). 165 (m H), 1.70-1. 95 (m,’ 2H) 1.90 (s, TH), 2.60 (m, 2H), 6.50 (broad
t. J =20 Hz, 1H3 725 (m. 1H), 734 {t, J = 8.0 Hz, 2H) 7.52 (m, 2H); ¥C NMR (CDCI,, 22.6 ‘
MHz) & 220, 265 353 48.3, 785 124.1, 1265, 1280, 1293, 137.3, 1495; exact
mass, m/e 188.1200 (c_alcd_for C,,H,,,O. m/e 188 1201); Anal. Calcd for C,,HNO:_C, 82.983;
H. 857. Found C, 80.88; H, 849; and (E)-Z—henz;llidene—1+methYI-c9eiopentanol 103b:

(0.114 g, 43.1%, Rf = 0.13); IR (neat) 31303680, 1601 cm-. IHNMR (CDCl,, 400 MHz2) §
' 1.46 (s, 3H), 1.66-1. 94 (m, 4H), 1 83 (s, 1H), 271 (m, 2H), 6.54 (t, J =27 Hz 1H), 7.23 (m,
1H). 7.36 (M, 4H); C NMR (CDCI,, 226 MHz) 0 222,272,302, 41. 5 80.1, 121.3, 1264

128.2, 1285 1379 151.0;" exact mass,. m/e 1881198 (calcd for C,,H,,,O m/e



188.1201).

2-(4-'Bromobutoxy‘)étetrlhyv'dro-2H-pynn 1"82:"}’ 4-Bromo—‘1—butanol"‘ 3935
g. 0.257 mol) was added rapidly with stirring to dihydropyran (21.87 g. 0.26 mol

contained in a 100-mL round-bottomed flask which was. eou‘ipped with a reflux

condenser closed by a Drierite drying tube. After the initial exothermic reactiom had -

subsided (ca. 30 min) the mixture was distilled [bp 102’-i07,°C (12 mm)] to give the
protected alcohol 182 (41.87 g. 69%)

5-Undecyn-1-6l 105:45 .1-Heptyne'* (0.96 g 0.01 mol) in dry THF 125 mL) was
placed in a 10—~ mL round- bottomed flask under - argon and the solutlon was cooled to
-70°C ina dry 1ce-—acetone bath. n—Butththuum (l 2 M in hexane 81 mL, O 01 1 mole) was

added dropwise via syringe (over ca. 5 min) and the mixture was stirred for 15 min after

the end of the addmon HMPA (1 75 mL, 001 mol) was then added and 2—(4- bromo—'

butoxy)tetrahydro-—2H—pyran 182 (261°g 0011 méll in THF {2 mL + 1 mL rinse) was
|njg,cted (over ca. 1 min) into the acetyllde solution. The cooling bath was removed and the.
}'Iﬁ’kgure was allowed to warm to room temperature. After 48 h the so‘i}em was
g evapo;'afed and the residue Was dissolved in ether~.(3‘5 mL). The ‘pr'otecting _ggoup was

removed by stirring the ether solution for 2hwith 3N aqueous Hél (10 mU Th

L3

Y

aqueous

~ layer was separated and extracted with ether (2 x 20 mL) The combined extrabts were

washed with saturated cupnc sulfate solutnon (to temove HMPA), dned (MgSQ) and
'evaporated Flash chromatography of the resudue over smca gel (2 x 15 cfm) with 82
' hexane—ethyl acetate gave 105 (0.51 g, SQ%) as a homogeneous (TLC, silica, 8.2 hexane- '
ethyl acetate) il IR (neat) 3630~3640 cm:; 'H NMR (CDCl,, 80 MHz) § 0.89 (t, J = 7.0Hz,
3H), 1.1077—1.80'(m, 6H), 2100—2.60 (rn, 5H), 3.65 (broadt, J = 6.4 Hz: 2H); *C NMR (CDCl,.
226 MHz) 6 140, 187, 222,232,287, 311, 614,762, 82.7.

'.

[

1-Phenyl-7-tridecyne-3?¥l10§: . o

‘a} 1-Oxo- 5 -undecyne 183 5- Undecyne-1 ol (038 g - 226"

dichloromethane (2 mL i+ 1 mL nnse) was, added_,, {igne

I |



‘(25 mL). The muxture was stnrred for 1h at room (emperafure and the resultrng br0wn

siurry was-filtered by suction through a pad of normal smca gel (2 x 4 cm) usmg hexane

for washlngs Removal of the so(vents gave the crude lldlhy% ((R) whu:.h was used

e .
directly for the next stage ‘ ;

T

b)l Pheny!-7- tridecyne -3 00! 106: The Grign 13 prepared in ether (5 mL)
.from magnesium turnings 0.097 g. 4 mmol) and (2 '

mmol) was added dropwise (ca..1 min) to a stirred so P the above aldehyde in ether

2

(20 miL). -After a further period of 15 min, the stm@ : tion mixture was quenched by
dropwuse addition of saturated aqueous ammioni gﬂ(ornde {2 mL) The organic phase
. was separated the aqueous (ayer was extracted a ether (1 x 10 mL) and the combined
' orgamc solutuon was dried (MgSO0,} and concentrated Flasﬁmraphy of the

residue over snhca ge! (2 x 5 cm) with 8.2 hexane-ethy( acetate gave the pure (TLC, silica,
8.2 hexane—ethyl acetate) alcohol 106 (0.4 g,ﬁ 66%!. IR (neat) 3120—3670, 1607 cm; H
NMR (CDCl 80 MHz) 6 0.89 (t, J “GO'HZ 3H) 110~ 240 (m, 17H)A275 {dt. J=74, 36
Hz, 2H) 366 (broad m, 1H), 7.06-7.40 (broad s, 5H) ”C NMR (CDCI, 15.08 MHz) 0 14 0.
| 188, 223, 253, 288 312, 321, 368,_ 39.2, 71.0, 798 808. 1259, 1285, 1425
.exact mass. m/e 272.2134 (ca'(c'd'f‘or C,H,,0. r'r‘f/ey 2’72.“2(40)_ v
o e ,

1H-(mida»20le-1-car‘bothioic acid (O-(1-phenyl-7-tride‘cyn-3-Yl). estei 107:
Alcohol 106 (0.36 g, 1.32 mmol) and. ‘I,1'-thiocarbo{%(bisir_nida\z‘o(e("’ (0.45 g. 250 mmol)
were ‘p(ac\ed in a flask and covered wit(w_dry 1,2—dichloroethar’1e. (10 mL). The resulting
) soluti‘on v’vas.‘ refluaed under argon .for 36 h Evaporation o.fnthe solvent and flash
chromatography of the residue over. si(ica ge(v(2>x 15 cm) using 7:3 'hexane-—ethyl acetate
gave the pure”("TLC, silica, 7.3 hexane—ethyl acetate) alkoxythiocarbonylazole 107 (0.3301
9. 65%5 as an oiI‘: IR (neat) 1609 cm-; H NMR’(CDC(,, ?O MHz) (5 0.8‘9_ (t, J =6.0Hz 3H.
1.10~2.35 (m, 16H), 2.75 (dt, J =84 30Hz 2H), 568 (q. J=60Hz 1H), 7.00 (broad s.
1H), 7.05- 740 (broad s, 5H), 7 55 (broad s, 1H), 8.2 (broad s, (H) BC NMR (CDCl,, 226 |
MHz) 5 139, 186, 222, 245, 288, 311, 31 6. 32.3, 3489, 789 84.1, 1179 126.2,
128\2 1285 1307 1367 1839 -exact mass, m/e ‘382. 2081 (calcd for C,;H,,N,0S, m/e '
382 2079) Anal Calcd for C,,H,oN OS C. 7221 H, 7.90; N, 732 Found C. 72 25; H
7 90 N\ 7 07

hyllbenzene (04218, gF3."
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‘ Gyclization of alkoxythiocarbonylimidazole 10 - {F)-1- hoxylldcnc 2'- )

L f‘_:_(z-phonylcthyl)cyclopontcno 109: The general procedure was followed using’ tha alkoxy-'

thnocarbc"_@mdazole 107 (0. 175 g. 0.458 mmol) in benzene {40 mL), tnphenyltm hytdrudé . | _

-(0.16 mL 06 mmdl) in benzene (10'mL), and AIBN (0.010 g. (W07 mmol) |n benzene (10 mL)

After evaporation of the solvent flash chromatography of the residue over silica gel (15 x.

15 cm) with hexane gave the alkene 109 (0.095 9. 81%) asapure (TLC, silica, hexane) Sil: FR
(neat) 1606 cm-"; 1H NMR (CDCI, 400 MHz) & 0.89 (t, J = 7.0 Hz, 3H), 1.20-144 (m, 7H),
"148—-164 (m, 2H) 1.80 (m. 1H), 189-208 (m, 4H), 2.16~240 (m, 3H), 256— 280 (m, 2H),
5.28 (qt. J = 7.2, 24 Hz, 1H). 7.16- ~7:39 (m, 5H) “C NMR (CDCl,, 226 MHz} § 14 1,4227
242,292 294,317, 328 34.2, 366, 439, 120.4, 1256, 1283, 1284, 1431, 1461
exact mass m/e 2562190 {calcd for CisHyy .m/e 2562191) Anal  Calcd for C,4H,, C.
eaggunm FoundC8880H1107 g | o

. - - 4 v
A e v

Ozonolysns of Compound 109: This expernment was done by Lu Set: Ozone was ‘

bubbled for 20 min through a solution of alkeneJ 108 (0. 047 g. 0.18 mmol) in methanol

(6 mL) at -78°C. Excess of ozone was remove? by a stream of argon (ca.. 5 rnm) and

| dimethylsulfide (5 drops) was added to the m:xture which was then stirred for- 2'h and\\"‘

aliowed to warm to room temperature Th solvent was, eva orated and flash -
F P

chromatography of the res:due over snhca gel (‘l x 20 cm) with 95 5/hexane—ethyl acetate

7 gave cyclopentanone 110 as apure (TLC slhca 9 1 hexane—ethy! a etate) oil-which had IR -

neat) 1740 cm; H NMR (cocl,, 400 MHz) 6 1.60 (m, 2H), 1.80/(m, ,1H), 2.00— 224 m.
4H), 2.24-2.38 (m, 2H), 2.62~ 281 (m 2H) 7.15-~7.38 (m, 5H);
) 206 296, 31.3, 335, 380 482, 1258 1282 1415

compared spectroscopncally with an authentnc sample (see p.1
i ’ . v / '
Keto ester 111 7 Th:s experument was done by Lu Set (2 Bromoethyl)benzene’"

(1 45 mL, 1.062 mmoI) in DMSOH mL + 1 mL rmse) way’ added dropwise (ca( 2 min) fo 2

j

u"solutnon of the potassaum salt of 2- oxocyclopentanecarboxyhc acid ethyl ester}" (2.065 -

g 1.062 mmol) in dry DMSO (10 mL) under mtrogen ‘The m»xture was stnrred overnight at e

room temperature poured unto water (30, mL) and extracted with penféne {3x 15 mL). The '

N\ -
- combined extracts were drled (MgSO ) and evaporated The crude matenal was used :

\: . . A4

NMR (CDGT, 226 MHz)
20.9.. The mfateri,al was |

.
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: -directly in the next step « | : '

» Authd.ntic 24(2 -phohyIethyl)cyclépentnndne 116"”.This experoment was done by
Lu Set Crude ketoester M was refluxed overnnght in 3 N HCI (100 mL) After being
cooled to room temperature, the solution was extracted with pentane (3 x 20 mL). The.
combmed extracts were washed with saturated aQerus sodium hydrogen carblgnate
{20 mL) and saturated aqueous sodnum chlornde (20 mL) The organuc phase was dried
(MgSO ) and evaporated Flash chromatography of the resndue over silica-gel (4 x 15 cm)
with 82 hexane—ethyl acetate gave pure (TLC( siica, 82 hexane—ethyl acetatel
2 phenylethyl)cyclopentanone M0 (0721 g 36%) The material was |dentscal (TLC. IR

hf}R 1BC NMR] with the ketone 110 obtamed by ozonolysis of alkene 109 It had IR (neat)
1735 cm%; *H NMR (CDCI,. 400 MHz) § 1.53(m, 2H). 1.70 im, 1H), 1.89~2 15 (m, 4H)
2.15-2.34 (m.2H), 2.56-277 (m, 2H) 710—7 30 (m, 5H): BC NMR (CDCl,. 226 MHz)5
207,297, 314 336, 382, 484, 1259 1284, 1416 220.9; exact mass, m/e 1881202
(calcd for C,,H,‘O, m/e 188.1201}

(4-Bromo-1- butynyl)benzene 114:%. Bromine (1.60 g. 001 moll was added
dropwise to'a st:rred solutnon of triphenyl phosphite (3.10 g. 0.0 1 molyin dry ether {50 mt)
at 0°C. 4-Phenyl- 3- butyn 10l (1.46 g 0.01 moll and pyridine (0.9 mL. 0.01 mol in -
ether (10 mL) were added dropwrse and the resultmg white slurry was stirred for 48 h at

| room temperature. Water {50 mt) was added and the mixture was extracted with ether (2

X 50 mL). ,The combmed lextracts were washed with 3 N aqueous HCI (30 mL) dried

Ld

(MgSO ) and evaporated Chromatography of the résidue over ‘normal” silica gel (25 x 15."
cm‘?wrth 81 hexane —ethyl acetate and Kugelrohr dustlllatron [bp 135-140°C (9 mmj) gale
the pure (TLC SI|IC3 91 hexane—ethyl acetate) bromide (1 55.9. 74%) IR (heat) 159 cm-"
IHNMR (CDCI,,. 80 MHz 0 2890 t J= 72 Hz, 2H), 3481, J = 68Hz 2H) 7.30 m. BH), 1C
NMR (CDCl,. 15.1 MHz) 6239, 295, 825 86.6. 1233 128 1, 1283 131.8

4~ Phenyl -3-butyn-1-ol 4- methylben:enesulfon‘te 115: 4—Phenyl 3 butyne-—
1—ol'! (2,11 g. 14.43 mmol), pyridine (35 mL, 43 mmol), p-to|uenesulfonyl chornde (3.05

g 16 mmol) and a catalytic amount of.N,N—dimethyI—a—aminopyrid'me4(O.O1O» g. 008
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mmol) were added in that order to dry benzene (50 mL) and the solution’ was stirred at  “
room temperature for 4 days The mnxture was poured nnto water (50 mL) and the orgamc .
phase was washed with 3 N aqueous HCI (2 x 20 mL) It ,was .dried (MgSO) and
évaporated Flash chromatography of the resndue over silica gel (2 x 15 cm) with 82
| hexane—ethyl acetate. gave pure (TLC sihca, 7.3 hexane—eth\yl acetate) tosylate 115 (2. 26g.
52% ) IR (neat) 1601, 1360. 1175 cm !, *H NMR (CDCI,, 80 MHz) 6 240 (s. 3H) 2 75 J="~

70Hz 2H). 4 18(t J 7 0 Hz, 21, 725(m TH), 779(d J-84Hz 2H)

4-Brdmo-1-butyne‘ 13::3 Bromine (1598 g,- 512 mL. 0.1 mol was added

‘dropv‘vise to a sdlution‘bf triph"en'yl 'phosp‘hlte (34. 13g 011 mol) in'dry ether (50 mL) at
0°C 3-Butyne‘ ol (Aidrich.-7.01 g\O 1 mol) and pyridine (89 mL. 0.1 1 mob in dry ether
{25mL) were added dropwnse and the resmnng whste slurry was sturred for 20 h at room
temperature The mixture was poured into water 150 mL) and extracted with ethér (2 x
: 5omL) The co@ﬂjd extracts were washed with 3 ¥ aqdedusq HCI (20 mL), dried (MgSO,)

ran,d evaporated Distillation (bp 95-96°C) gave bromide 113 {4 §7 g. 30%) IR (neat) 3295,
2125 cm 'HNMR (COCI,. B0 Mz 6 2 507” =20Hz, 1H, 272 (dt. J = 85.20 Hz, 2H)
3431(t,J=70Hz 2H) o . . %

R . i !
. P

- '\\_ T .
3-Nonyn-1-0l 184;!% Ethylmagnesium b‘remide \rvas }arepared fromrmagnesium )

turninds (25 g, 1.03 ol and bromoethane (1090 g. 75 rnL, 1.0 moll in dry ether
'(10(50 mbL) 1-Heptyne!* (96\.12 g. 1 moli was added drop\)vise (over ¢a. 1 h) and the
solution was refluxed for 20 h It was coeled to" 0°C, the ‘flask was ‘equipped with a dry
ice reflux condenser, and ethylene oxide (Eastman 100 g. 2.27 mol) in ether (50 mL) was
added’ dropwise (over ca. 30. mln) Stirring was continued for a further 2 h at which stage '
the m:xture solidified Aqueous 6 N HCI was added slowly at 0°C and the solids dissolved |
_‘ The‘ mixtdre was extracted with ether (3 x 100mL} and the combined extracts were M
'washed(with saturated aquedus sodium chloride (100 mL), dried (Na,SO,) and evaporated
Distil(Iation [bp 104-105°C (S mmj) gaVe the p'ure (TLC, siliea, 8.2 hexane-ethyl acetate)
alcohol 184 (71.0 g, 50%! IR (neat) 3060—3640 cm™; 'H NMR (CDCl,, 80 MHz) § 0.90 . J

=79Hz 3H), 1.10-1.90(m, 11H), 2.15 (m, 4H) 3631t J =50 Hz, 2H)

4]

o | BN
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1-8romo-3-non9ne N7 18 Bromir\e (11.60mbL. 0.226 mol} was added dropwise to
a stirred solution of \traphenyllbhosphne (70 25 g 0.226 mol) an ether (200mL) at O°C.
Alcoho) 184 (28 04 9. 02mol) and pyridine (183 mL 0.226 mol) m ether (25 mL) were

added slowly lover cd. 30 min) #nd the resmtmg white slurry was stnrred for 24 h gt room

temperature The reaction mixture was ‘poured into water (50 ) and extracted wnth'

ether (2 x 50 mL). Tr;e combined extracts were washed .with 3 N agpeous HCI (30 mL),
dried (MgSO | and evaporated The resndue was dtstvlled {bp 107 108°C 14 mm)] to give
the bromide (3545 g. 87%) whuch was pure (> 989% VF’C) and had IR (neat) no OH band. 'H
NMR (CDCl,. 80 MHz) § 080t J= - 66 Hz. 3H), 1.00-170 (m, 6H), 2.13 (m, 2H) 270 (tt, J
=76.25Hz H. 3411t J=76 Hz. 2H; T NMR (CDCl,. 151 MHzi § 14.0, 187, 222,

234,286.304.311,828

-

R

Alkylation of N-cyclohexylidene-cyclohennemine 74 with 1—bromo—3—'//

nonyne 117; 2—(3—nenynyl)cycIohexenone 18: Lithl_UfT; diisopropylamide (LDA) was
prepared at ;20°C by addition'/of n=butyllithium (1.6 M in hexane, 6.8 mL, 11mmol) to a

solution of diisopropylamine (1.11 g 11 mmol} in.dry THF (20 mL) The solution Was

allowed to.warm to 0°C over 15 min and imine 74 (p. 172, 179 g. 10 mmol in THF (2 mL +

1 mL rinse) was added dropwnse at th:s temperature After 30 min, bromide 117 (2.03 g.

10 mmol) in THF (2 PL + 1 mL',rmse) was edded and the mixture was refluxed for-1 h At
this point no more bromude céuld be detected by VPC. The mixture was cooled to room .
temperature, sturred for 30 mm with 3 N aqueous HCi (10 mL) and extracted wnth ether (2
x 20 ml) The‘ combined extracts were washetgysth 3N aqueous HCI 410 mL), dried
{(MgSO0O,) and evaderated to afford a mixture of tw products that cduld not be separated
by TLC.. The major prodect {60%. H NMR)- was shown (IR, IH NMR, *C NMR) to be an allene

~- IR (neat) 1960. 1710 cm!;H NMR (CDCI, 80 MHz) 5090 250 (m, 22H), 495 (. J = 4.0

&

'Hz 2H): c NMR (CDCl,, 15 1 MHz) & 212 8. The minor.isomer (40%, *H NMR) was the
R

desured ac%temc ketone 118: IR (neat) 1711 cm-; 'H.NMR (CDCl,, 80 MHz) 6 0.90 (. J =

.6.4Hz, 3H), ‘IOO 260 (m, 21H) 13C NMR (CDCl,, 15.1 MHz) 5140 165 18.8, 223 252,

281 288, 31. 1 338.422 494, 796 808 2128

/

o
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1.1,4-Tribromo -1-butena 121;

a) 3-8(6;110-1-propnnnl~ igo:w' The compound was - made by, the literltﬁre S
procedure!** Hydrogen bromide was bubbled slowly for ca. 2 h through 8 solution of
propenal (12.7 mL. 0.2 mol) In dichibromethane (50mL) Excess of HBr was displacpd by a
straam of argon and the aldehyde solu;ion was dried (Na,SO,) and evaporated.

b) {Dibromomethylene) triphenyliphosphorane:!!’ Thé rea.gont was prepared by
the literature procedure'’* from' triphenylphosphiné (100.00 g 0.381 mol). carbon
tetrabromnde (126.26 g. 0.381 mol} and zinc dust (24.88 g. 0.381 mol)in duchloromethane
(500 mL) ‘ _

c) 1,1.4-Tribrorﬁo-1-butcno 121: The ‘bromoaldehyde [see (a) above] in
dichioromethane (50 mL) was added to the Wittig reagent {see tb) above] and thé\\mixturé
was stirred mechanically overnight at rodm temperature. It was diluted with ﬁentane
(1000 mL) and the supernatant was decanted: The black residue was extracted twice wath
pentane (2 x 200 mL) and the combmag pentane solutions were evaporated. The product .

was partially purnfned by passage through a pad of ° normal smca gel (5 x 20 cm) usmg 91

. hexane—ethyl acetatq as eluant Spinning band distillation [bp 97-89°C (12 mm)] then gave

the desired material 'H NMR (CDCI,, 80 MHz) § 267 (q, J = 7.0Hz, 2H), 340 (. J = 6.2 Hz’

2H), 644 (t, J= 7.3 Hz, 1H)

Attempted alkylation of 1—(1-cyclohoxcn—l—yl);;yrroli&ine 122 with 11,4—

_ tribromo—l—butcne 121: The enamine 122 (p. 172, 0. 50 g. 331 mmol) and the tribromidg

121.(p. 186 0 99 g. 33T mmol) in acetonitrile (15 mL) were refluxed for 16 h under argon
The mixture was then hydrolyzed by addition of water (5 mL) and a further penod (30 rmin)
of reflux. The solvents were evaborated. The residue was extracted with ether (2 x

20 mlL), dried (MgSO,) and.concentrated The crude proc%uct CQnsiste‘d H NMR) of

'cycloh‘exanonevand the ‘sti;_rting bromide: 'HNMR (fDCI,, 80 MHz) 6 2.67 (q, J= 7.0'Hz, 2H),

340(t, J=62Hz 2H), 644t J=7.3Hz 1H.

(E)- and (2)-3-Chloro-1-iodo-2-butene 123::% A mixture of (- and
-1.3- dnchloro 2-butene 1241 (9 74 g 7789 mmol) and sodnum iodide (14.99 g. 100

mmol) in dry acetone (50 mL} was refluxed for 20 h. The solvent was evaporated and the
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residue was euspended in heuanek The resulting slurry ’wa‘s filtered by *suction and the
solvent was evaporated Dutauatmn of the mndue ibp 76- B1'C (22 mm)l gave the allyhc ’
" iodide (12.28 g. 72%) as a brownish liquid which was decolorized by eomcatuon with a
-drop of mercury followed by fultratuon through Celite (0. 5 x: 2 cm). The iodide was stored

st - 10°C over a drop of mercury. It-had: 'H NMR (CDCI;; eo MHz) § 2.07'(s. 0.3H. 210 s,

2.7H) 387(d. J=100Hz, 0.2H). 398 d. J = 8.0 Hz. 1.8H), 583 (broad t, J = 85 Hz. 1H
: . X . ) : ] . h‘; *
. ‘ v

(£) and (2)2-(3- Chloro-2-butenyl)~cyclohexenonu128 e

a) By elkyletion of N- eyclohexylldene-cyolohexenamine 74 n-Butylhthnum' '
(0.85 Min hexfne, 29 mL, 26 mmol) was added dropwise to imine 74 (p. 172, ﬁ.35 g 243

- mmol) in ether (25 mL) at -70°C. The solution was then stirred for 2 h at =70°C. The
cooling bath-was removed and stnrrm'g was contifued for 2 h durmg which time the.
mixture attamed room temperature. The temperature was lowersd to r75°C and (£)~ and

(Z) 1.3- -dichioro-2- butenes 124'% (2. 75#9 22 mmoh in ether' (2 mL + 1 mL rinse) was_.>
added. ,The: sblut:on was stnrred 24 h during whnch penod the. coohng bath and the
‘reaction mixture attampd room temperature Aqueous 3N HCI (10 mL) was added and the
reaction mixture was stirred for 2 h at room temperature The mnxture was then
extracted with ether (3 x 20 mL) and the combined extracts were dried (MgSO0.,) and .
evaporated Kugelirohr dnstnl!at:on {bp 90-135°C (0.7mm)} gave the pure (TLC, silica, 82
hexane~—ethy! acetate) ketone 126 (1.40 g 34.1%). .

. {b) By alkylation of 13- (1-cyelohexen-t-yl)pyrrolldine 122: A mixture of . the
enam:ne 122 (p. 172. 076 g. 5 mmol) and (£f- and (2)-3~ chlor\o 1-iodo-2- butene 123 1%
/(p 186, 1. OB g5 mmoﬁ in acetomtrnle (18 mLwas reﬂuxed for 20 h under’ argon. Water
(5 mL} was* added a?td the mixture was refluxﬁi for a further 30 min. The solvent was _
evaporated‘(and the residue was extracted with ether (2 x 20 mL). Ttte combin_ed extr‘act_s
were dried (MgSO.) and evaporated. Kugelrohr distill’ation {bp 155; 170°C (18 mmj] gave
pure (TLC, silica; 8:2 hexa’ne-ethyl acetate) ketone 126 (0.550 g. 59%). |

c) By elkyletion of (1-cyclohexen-t-yloxy)trimethwsilene 127: Methylhthnum
. (1.24 M in ether, 2.5 mL, 2 mmol) was added dropw:se to silyl eno! sther, 127'% (0.34 g 2
‘mmol) in ether (10 mL) at room temperature and under argon. Stirring was continued for
15 min and {£)- -and ‘tZ)-3-chloror—1-iodo—2-butenes 1231 (p. 186. 0.43 g. 2 mmol in

; S |
i .
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ether 2 mL + 1 mL) rinu) was added. Stirrinq was continued for 48 h, the siurry was then

- filtered by suction and the solvent was ovapoqu Kugolrohr dmallh:on of the romdue

. lbp 130-180°C (10 mm)] gave pure (TLC, silica, 8 2 hcxam-othyl acetate) ketone 128
175 ¢g 47%) IR (neat) 1712 cm*; *H NMR (CDCI,, 400 MHz) 5144 (qd, J= 117, 36 Hz,

“1H), 1.70 (m, 2H) 1.89 im, 1H); 200-2.60-(m. 7H. 210 (d, J = 1, 3'Hz, 3H 553 (qt. J =
7.0, 12 Hz, 0.86H). 5.59 (gt. J = 8.4, 1.2 Hz. 0.14H); 'C NMR (CDC),. 22.6 Myiz) § major
isomer. 25 1, 26.2. 27.9, 289, 337, 420, 50.2, 123.7, 131.3, 212/0. minor isomer: 25.2.
277.287. 308 319 588 1236 1255 exact mass. m/e 186.0811 (caicd for
C,oH,sCIO, m/e /aeom 0

cis=- und trans-2-(3 Chloro-(£)- and (Z) 2- butonyl]cycloh-xnnols 128: Luthnum
aluminum hydrlde {1 Min THF, 3 mL. 3 mmol} was added dropwuse to ] muxture of katones
126 (1.64 g ,8,8 mmol) in ether (20 ;’M After a reaction porlod of 15 min the mixture was
quenched with satur;ted aq.ueqous ammonium chioride (2 mL) and extracted with ether
{10 mL). ‘fhe "cémbinod extracts were dried (MgSO, "). :iand c'oncentrated - Flash
chromatography of the residue over s:hca gel (2.5 x 15 cm) with 8:2 hexane-athyl acetate

gave alcohols 128 (1120 g. 72%) as a pure TLe. smca 7.3 hexane—ethyl acetate) oil: IR (neat)

3100-3660 cm!; 1H NMR (CDCI,, 400 MHz) § 090-2.60 (m, 12H), 2.14 (broad s. 3H. |

3.30 (m, 0.3H), 344 (m. 0.3H), 3.88 (m, 0.3H), 3.96 (m,'0.1H), 5.45-5.68 (m, 1H); nC. NMR
(cDCl,, 503MH/z) 6198, 20.3 226, 229, 248,250, 25.1; 25.2, 255, 258, 26.0,26.1,
266. 284, 30/0 304 312, 317, 321, 328 340, 354, 412, 450, 55.0, 66.0, 68.9.
.+ 705,742, 744 1222 124.0, 1243 exact mass m/e 18&0953 (calcd for C,,H,, 3CI0,
e 188 0968, - T |

2

Doharog’omtion of sicohols 128; c/s— and tians-2-(3—butyhyl)cycIohoxlnols

» 119- and 119b: The potassium salt of 1,3- dnammo propanie (KAPA) 6.5 mmol) was prepared
by dissolving potassnum hydride (24% onl dusperslon 1.059. 65 mmol) in dry 1,3-diamino-
. propane (5 mL) at O°C. s After a reaction penod of 30 min, the chioro alcohols 128
(0 1887 g. 1.0 mmol) in hexane (2'mL + T mL rinse) were added and the mixture was stirred.-
for 1 hat 0°C:- The reaction mixture was quenched by drcpwnse addition of water 3 mL)

and extracted with ether (3 x 10 mL). The combined extracts were dried (MgSO.) and

&

£
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concon'}mod Flash chromatography of the residue over silica pge! (1 x 185 em) with 82
hexane— ethyl acetate gave pure (TLC, silici, 82 hnxam-gtﬁyl scetate) sicohols 119a and
19 (0. 093 9. 60%) in a ratio ('H NMVIR) of 1:3.8. The mct‘rinl had IR lno,at) 3100-3640.
3312, »2 50 cm . 1H NMR (CDCI,. 80 MHz) 8 0.90-250 Im, 14H), 175 (t. J = 25Hz. 1H),
A pmer. m, J,;, = 24 Hz 0.80H), 401 (cis~isomer, m, J,;, = 8 Hz, 0.20H), ne
5 MHz) 8 cis- isome? 119a 16.3, 234, 247,251, 285, 294,394,455,
\ 2l wr 119b 160, 24.9, 255, 300, 31.4, 359, 44.2 68.3, 746 exact mass.
" mie 1521183 (calcd for C,H,,0. m/e 152 1201). ‘

} . _ 4 .
2-(2-Chioro-2-propenyllcyciohexanone 130:'*' Sodium amide'(051 mol) was
‘prepared by dnssolvmg sodium metal (11.73 g. 0:51 mol) Jin lnqwd ammoma (200 me
congaining a few crystals of farné nitrate. Dry bonzane (200 mL) was added and the
" ‘ammonia was aliowed to ovaponte Cyclohexanone 49.1 g. 0.5 mol) was added and the
sturry was refluxed for 18 h under argon 2 3- Duchloro— 1-propene 5549 g.' 0.5 mol)
- was added and reflu_xmg was continued for another 24 h. The mixture was cooled.
poured into water (266 mL) and extracted with ether (2 x 200 mL). The combined extracts
were dried (Mng ) and evaporated DiStillatibr; Ibp 111-113C (9 fhm)) gave pure (> 97%.
VPC) 130 (18.00 g, 21%) IR net) 1710. 1635. 888 cm*; 'H NMR (CDCI,. 80 MHz) 61.00-
310 (m, 11H), 5.60 (broad s. 2H), uc NMR (cocn, 15.1 MHz) 6 251 280, 331 391,

42.2, 478, 1141 1408 2114 . , /

o

2-(2-propyﬁyl)cYclohoxanono 13F by dohalogination of 130:° Sodium amide
(0 05 mol) was prepared from sodium metal (1.15 g. 0.05 mol), liquid smmonia (25 mL) and

a catalytvc amount of ferric mtnte Kotono 130 (173 g 0.01 moll was added neat

}}

followed by dry benzene (50 iL). The ammgnia was altowed to evaporate (stirring! and the
;esultu_ng slurry was refluxed for 24 h ,Tﬁ?enreaction mixture Qvas poured into saturated
aqueous ammonium chloride (100 mL) aﬁd ektr’acfed with ether (3 x 20 mL). The combined
extract was drned (MgSO.) and evaporated. Kugelrohr distillation (bp 180-2 10°C) of the
residue gave pure (*H NMR) 131 (0.75 g. 55%). lt ‘Wwas |dent|ca| to matgrial prepared by
!alkylatnon of 1-(1- cyclohexen 1-yl)pyrrolndme wuth 3 chtoro— 1-propyne (see -next

expernment)
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2- (Z-Propynyl)cyelohcxlnom 10 1-(1- Cylohuon-hyl)pwrohdam P 172 |
| was alkylnnd with 3-chioro-1 -propyne acc‘ordmg o a procedurs dncnbod in the
lnerlture ** The compound had -bp 102-106°C (14 mm) [+ §3-9%sC (12 mm)], IR (neat)
3290 21.30, 1708 ecm ', I";NM!R_(CDCI,. 80 MHz) 6 1.12-275m, 111,195 (. J = 30
Hz. TH). “C NMR (CDCI,, 15.1 MHz) § 189.25.1,279. 333, 42.0.496. 695, 826, 2108

!/

cis- .nd;rrons-z-(é-Propyhyl)cyclohqanoll i32- and 132b:' The literature
procedure!s was followbé ‘using ketone 131 (1550 g. 0 1138 moll and lithium aluminum

hydride (1.50 g. 0.0395 mol) in THF (50 mL) Alcoﬁols 132a and 132b (1384 g. 88%) were
| Obtained pure (TLC, sﬂﬂ, “me—othyl acetate) aftor distillation [bp 83-90 (1.4 mm]
[ht 1+ bp a1lszoc (2-%' “ | ’ *
3300. 2125 cm', *H NMR (CDCI,. 80 MHz) 5095 o
3.36 (trans- isomer, dt. J = 10.0. 45 Hz, 0.63 H), 4.04 (cis-isomer, brpadnm O37H)’ BC
NMR (CDCI,. 22,6 MHz) 6C/s ~isomer 132a 20.1. 215, 26 1, 26.3, 330, 40.9, 682, 692,
83 4. trans-isomer 132b 21 8, 249 254, 30.3. 355. 439,697, 734 82.9; exact mass,

m/e 138 1028 {calcd for C,H,,0. m/e 138 1045).

bis- and t/bns-z-(z-Butynyl)cyclohoxnndh 133a and 133b: n-Butyllithium (1.29

M in hexane, 71 3 mL, 1.0 mmol) was added dropwise 16 a solution of aicohols 137ab (0.065
g. 0.468 mmol) in THF (5 mL) at 0°C. The solutnon was stirred for 5 min and iodomethane
0. 03 mL 05 mmol) was added. Stirring was continued overnight at room temperature

and the solut:on was evaporated Flash chromatography of the residue over snhca gel (1.5

x 15 cm) with 7.3 hexane—ethy! acetate gave an apparently homogeneous (TLC, silica, 7.4 B

- hexane—ethy! acetate) mixture of c/is- and trans- 133ab (0.061 g, 85%) in a ratio (*H NMR)"
of 1.26 as a colorless oil: IR (neat) 3040-3640 cm': 'H NMR (CDCI,, 200 MHz) 5 1.07-
2.04 (m, BH), 2.00 (t, J = 2:8 Hz, 3H), 204-256 [ m, 3H, in&luding' 220 (cis’-isomer dd. J
.= 66. 28 Hz), 225 ((:/s isomer, dd, J =29 1.7 Hz), 228 (cis-isomer, t, J = 24 Hz), 2.34
(rrans-lsomer dd. J = 66, 28 Hz), 244 (trans-:somer dd, J = 4.1, 28Hz), 453
(cis- |somer dd. J = 4.1, 28Hz)), 3.35 (trons-lsomer dat, J = 100 48Hz 0.72 H), 404
{eis-isomer. broad m. 0.28H): "C NMR (CDCI,, 50.3 MHz) & cis- isomer 133a 20.2, 214,
263, 330, 41.0, 683, 69.3, 83.7; trans-isomer 133b: _21.6, 250, 255, 50.3, 35.6, 44.0,

<o
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697.73383 1. exact mass. m/e 152 1201 (caicd for C,iH,,0. m/e 152 1201)

Base isomerization of nloohol; 1338 and 133b; c/s- and trans-2-{3-butynyl)-
cyclohixmols 1192 snd 119b: The~pof¢ssnum salt of S,B-diammopropm‘“ (KAPA) was
prepared at 0*'C according to the Iiter‘tﬁre procedure!’! from 1 ,3-disminopropane (4 mL)
and potassium hydride (24% oil dispersion. 3 mmol) The cis- fnd trans-aicohols 133ab
0152 ¢g. 1,9 mmol) in hexane (2 mL + 1 mL rinse) ware added a/\d the mixture was stirred
8t 0°C for 1 h. The resulting brown slurry was poured into water (20mL). made acidic with
3 N aqueous HCI and axt}actad with ether (2 x 20mL) The combined extracté wers dried
MgSO,) and av‘ap‘oratod Flash chromatography of the residue over silica gel (1 x 15 cm)
with -8 2 hexane—ethy! acetate gave (H NMR) a mixture of starting alcohols and the
corresponding isomerized slcohols 119a and 119b. The yields were not reproducible
(24-68%) and depehdéd on temperature »nd reaction times. The lmixture of cis— and
trans- alcohols 119ab in a ratic ('H NMR) of 14, had iR (neat) 3040-3650. 3400. 2118
cm', 'H NMR (CDCi,, 80 MHz) 1) 0.80—2.50 (m, 14H), 193 {t. J= 24 Hz, 1H). 325
(trans—isomer, broad m, J,;, =22 Hz. 0 8H), 3...9UO cis-isomer.m, J, ,, = 7.0Hz, O.ZH), gxact
mass, m/e&52 1197 (calcd for C,,H,,0. m/e 152 1201).

Tréns-z-(\-butynyl)cyclohoxonol 135. 1-Butyne (ca. 1 mL) was condensed into a
50 mL three—necked flask cooled to ~70°C under an argon atrhosppere and containing dry
THF (20 mL). 5—Bgtyllimium (1.29 M th hexane, 5.8 mL, 7.5 mmol) was added dropwise

Afterna further 10 min at -70°C. boron trifluoride etherate (0.93 mL, 7.5 mmol) was

: injected followed after another 10 min by cyciohexene oxide (Aldrich, 0.49 g 051 mL5

mmol). The reaction mixture was stirred for 30 min ’a{ -70°C. quenchéd with saturated
aqueous ammonium chioride (20 mL) and extracted with ether (3 x 20 mL). The combined
extracts were dried (MgSO,) and evaporated. Flash chromatography of the residue over

silica gel (2 x 15 cm) with 8.2 hexane—ethyl acetate gave pure (TLC, silica, 7.3 hexane—

ethyl acetate) 135 (062 g. 81%). IR (neat) 3060-3640 cm; 'H NMR (CDCl,, 80 MHz| §

110 (t, J = 7.2 Hz, 3H), 1.00-250 (m, 11H), 242 (s, 1H), 3.37 (dt, J= 85, 4.0 Hz. 1H; 1C
NMR (CDCI, 22.6 MHz) § 12.3, 14.1, 24.1, 247, 31.2, 32.9, 388, 73.6, 80.4, 838, exact
mass, m/e 152.1198 (calcd for C,,H, 0. m/e 152.1201).10 i
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luomrlzatlo;! of oloohc:{i'ias; C’ST\YO trans-2-(3-butynylleyclohexsnols 119s
snd 18b: The potassium un of 1.3-diaminopropane KAPA) (6 mmolb) n
1.3-diaminopropane (3 mL) was prepared according to the lnt.rnq_o procedure '!' The
solution was cooled to 0°C and aicohol 138 (0 1522 ¢. Mol) n hexane (2 mL + 1 mL
rinse) was lddod and the mixture was stirred for 20 h at 0°C It was quoncho\a with water
and extracted with ether (2 x 10 mL') The combined extracts were dried (MgSO,) and
evaporated Fiash chromatography of the residue over silica gel (1 x 1:5 cm) with 82
hexane—ethy! acetate gave alcohol 119 (0051 g, 3.3%) as a mixture of c/s- and trans-
1someérs which was identical (TLC, IR, 'H NMR) to that obtamo‘;by isomerization of sicohols
1332 and 133b (p 191) | ot

5-Bromo-1-pentyne 185:¢ Bromine (1598 g 51 mL 01 ‘mol) was’ added .
dropwise to a magnet:cally sturred solutnon of triphenyl phosphite (343 g. 0 11 mol) in dry
ether (50 mL) at 0°C "The orange complex was stirred at 0°C for about 5 min and a
solution of 4—pentyne— 1-ol1 (B 41 g 0.1 mol) and pyridine (89 mL, 0.1 1 mol) in dry ether
(25 mL) was added. dropwuse over ca. 10 min. The ice path was removed and the resulting
white slurry was st:rred overmght at room temperature The mixture was poured into
water (50 mi) and the” product was extracted with ether (2 x 50 mL) The combined
extracts were washed wi;“h 3 N aqueous HCI (30 mL), dried (MgSO,) and concentrated
' Distillation of the residue bp 139-141¢C) gavé 5-bromo- 1—pentyne (992 g. 67%) as a
coloriess, pure (IR, NMR) liquid IR (neat) 3295, 2111 cm-!. ’H-NMR (CDCI,. 80 MHz) & 2.03
~(m, 3H), 225-2.60 (m, 2H), 350 (t, J = 6.0 Hz, 2H) B

' \

§

2-(4-pentynyl)cyclohexanone 140:1¢ Ethyimagnesium bromide (2,19 M in ether,l
10 mL. 22 mmol) was added dropwise, under an argon atmosphere to a magnetically
stirred solution of N—cyclohexylndene—cyciohexanamine 74 (359 g. 20 mmol) in dry THF
(30 mL. The mixture was refluxed for 18 h and then cooled to room témperature .
5-Bromo- 1-pentyne 185 (2.95 g, 20 mmol) in dry THF (2 mL + 1 mL rinse) was added in
one portion and the mixture was refluxed for a further 24 h and then cooled to room
temperature. The solution was diluted with 3 N aqueous HCI (20 mL) and stirred for 48 h

The THF was then ‘evaporated and the residue was extracted with ether (3 x 25 mL). The
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combined extracts were Quma with 3 N aqueous HC! (20 mL) dried MgSO, and
concentrated Fiash chromatography of the residua! oil over silica ge! (3 x 15 em with 91
hexane—ethy! acetste gave ketone 140 (182 g 49%) as & pure (TLC. siica. B 2 hexane—
acetatel coloriess ol IR (neat) 3290, 2122. 1706 cm ' 'H NMR (CDCI, 200 MHz) &1 19—
197 im-8H. 1841t J=25Hz THl 197-248 im, SH) 219(dt J=71.26H2 2H *C
NMR (CDCI,. 226 MHz) 6 186 250 262 280.288.340. 420 503 684, 843 2126
exact mass m/e 164 1 196 icalcd for C,\H,,0. m(e 164 1201

cis- and trans-2-{4—Pentynylicyciohexanols 141a and 141b; A THF solution of
hthium sluminum hydride (Aldrich, 1 M in THF. 0% mL. 05 mmol) was adc;od dropwise to a
magnetically strred solution of ketone 140 (1 37 g B 34 mmol) in dry ether (5 mL) Stirring
was continued for 10 min at room tempersture and the reaction was quenched by
dropwise addition of saturated aqueous ammonium chioride (1 mL) The muxture was
extract?d with ether (2 x 10 mL) and the combined extracts were dried (MgSO,) and
evaporated to give an apparently homogeneous (TLC. silica 82 hexane-athyl acetate!
mixture of cis- and trans-2- (4—pemynyl)cyclohoxanols 1412 and 141b (1 15 g B3% mna
ratio of 1 1 7 0H NMR) IR (neat) 3100-3650. 3310. 2123 cm' 'H NMR (CDCl, 200 MHz:
oo 80-200(m. 13H7 196t J=25Hz 1H.200-236m. 1H). 2 19(dt. J= 68 28 Hz,
2H), 3 20'(rrans— 1somer. dt. J= 88.45Hz 0.63H), 385 (cis- isomer. broads. 037 H). vC
NMR (CDCI,, 226 MHz) ) trans- isomer 141b 206. 249. 256, 258 303, 316. 358
448 683 745 847 cis- isomer 141a 187 188, 252 262 267, 311, 331, 410
683. 69.3. 84 7. exact mass. m/e 148 1240 {calcd for C,,H,,. (M--H,0) m/e 148 1252]

cis- and trans- 1H-imidazole—1-carbothioic scid 0-[2-(4—p§ntAynyI)—cyclo-
»hexyl] esters 142a and 142b: Aicohols 141a and 141b (041 g 247 mmol) and 1,1 -thio-
carbonylbisimidazole’’” (089 g. 5 mmol) were placed in a flask and covered with dry
1,2—dichloroe§hane (10 mL). The resulting solution was refiuxed under argon for 24 h
Evaporation of the solvent and flash chromat_ography of the residue over silica gel (2 x 15
cm) with 7.3 hexane—&thy! acetate ga-v: a pure (TLC. silica, 74 hexane-?thy! acetate!
mixture (0.505 g, 74%) of 142a and 142b in a ratio (H NMR) of 1-1.7: iR (neat) 3300. 2121

em-; 3H NMR (CDCI,, 400 MHz) 6 0.84—2.01 (m, 12H), 1.90(t. J= 23 Hz 1H) 2 19 (dt J =
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71.27H1 2H). 228 (m \H) 529 trens-isomer. dt J= 101 44 Hz 062M). 576 ic/s-
1somer. brqad.t.‘() 38H) 704 (trans-1somer. q. J = 1 O Mz, 062H). 706 (c/s- 1somer q J =
10Hz 038H) 76% (1. J = 10Hz. 1H), 836 (rrans-isomer. t. J = 1 0 Hz, 0 62H), 837 (c/r-'
isomer t J= 10 Hz 03BH). 'C NMR (CDCI, 22 6 MH2) § t7ans- isormer Y42b 190 24 7
252 258 304 308 313 417 692 845 874 1184 1312 1372, cis- n-somer
1420 217, 253 263 287 294 316 371 40% 692.833 84% 1183 1312 1372
sxact mass me 276 1289 ccafcd for C,,H,,N,0S m/e 276 1296

- N
Cyclization of alkoxythiocarbonylimidszoles 142a and 142b; c/s- and trans-
decshydro-i—methyiene—naphthsiens 144a and 144b:'** The general procedure was
followed using the mixture of alkoxythiocarbonyhmidazoles 142s and 142b (0166 g 06
mmol) in benzene (40 mL). triphenyltin hydride (0 26 mL. 1.0 mmoll in benzene (10 mL). and
AIBN (00 IO‘g 007 mmol! in benzene (10 mL) After evaporation of the solvent Kugeirohr
d:sin!latlon lbp 110-165°C (20 mmi) gave a mixture (0022 g 24%) of ¢/s- and trans—
decahydro- 1—methyiene—~naphthalene 144a and 144b in the ratio ('H NMR) of 12 The
material was 95% pure (VPCi and ﬁad iH NMR (CDCI,. 400 MHz) 6 0B80-190 (m. 13H)
201 (trans- 1somer. dt, J = 136 45 Hz 066H. 200-210 (crs— isomer. m, 0 33H).
2 10~220 (c/s- isomer. m 0.33H) 234 (trans- 1somer, dq. J = 128, 19 Hz 133 H
224-238 (crs- isomer. m 033H). 453 (tans- isomer, broad s. 0.66H). 460 (cis-
isomer, broad s, 0.33H. 464 (c/s- and trans— isomers. broad q J="18Hz 0994 1C
NMR (CDCI, 1006 MHz) & trans- isomer 144b 265, 266, 282, 291, 346, 348, 37 2.
449 475 1038, 1536 |

Authentic cxfs-&ocahydro-l-mnthylone-—n-phthalcnc 144a:'¢ ¢/s—-QOctahydro—
1{2H+)—naphthalenone was prepareﬂ by PCC o;(idatnon of (16, 4ax, Baxx)-decahydro—- t—
naphthalenol by a literature procedure't* and had IR (neat) 170 _ém*‘, IH NMR (CDCI,. 100
MHz) § 100-250 (m, 15H). 254 (q. J = 4 6 Hz, 1H), ”MCDC(,. 226 MHz) 6 229
233, 245 251.290.291. 330, 405505, 213‘2,/ef(act r;ﬁass, m/e 1562 1199 (caicd
for C,,H,,0, m/e 152 1201) The ketone was used in the following way: n-Butylithium
(129 M in hexane. 1.3 mL. 1 mmol) was added dropwise to a magnetically strred

suspension of methyltriphenylphosphonium bromide (Aldrich, 0.3572 g. 1.0 mmol) in dry
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THE (5 mL)  The orange solution was strred 15 min at room temperature and the ketone
012 g 078 mmol in THF (2 mL + 1 mL rinsel was added slowly (over ca 2 min) Atter s
further period of 10 min the yellowish slurry was concentrated and Kugeirohr distiliation
of the residue [bp 120-130°C (20 mm)] gave pure (39%. VPC) 1448 (0 10 g B85%) 'H NMR
(CDC!,.400 MH2) 0 090-240 (m 16H 452 (rans- 1somer mpurity q J= 15 Hz 01H)
460 (broad s 045H). 463 broad m 047H). "C NMR (CDCI 226 MHz) § 220 2%7
269.270.274 309 320 378 455 108% 1533

Authentic trans- decshydro-1-mathylsne—naphthalene 144b:'** This authentic
sampie was prepared by Lu Set trans-Octahydro- 1(2H1~naphthalenone was made by a
iiterature procedure'*' and contaned 82% frans- and 18% c¢/s- 1somars (1'C NMR) The
ketone had “C NMR (CDCI, 226 MHz) 6 252 255 258 265 331 344 418 450
551 2126 It.was used in the following way n-Butylithium {129 M in hexane, 2 1 mL.
2 7% mmoll was added dropwise to 8 magnetically stirred suspension of ’r;wethyltrlphenyl"
‘phOSphOnlum iodide (Aldrich. 1 111 g, 274 mmol in dry THF (10 mL) The orange solution
was stirred 15 rﬁun at room temperature and the ketone (0 3639 g 24 mmoli in dry THF
{10 mL) was added dropwise over ca. 5 min  After a further period of 1 h the yellYOWtsh
solution was refluxed for 4 h and evaporated The residue was diluted with ether (50 m(:
and the solution was washed with 2 NV aqueous HCI (10 mbL) and saturated aqueous sodium
chioride The solution was dried (MgSQO,) and concentrated Flash chromatography of the
residue over silica gel (2 x 15 cm) with hexane gave the apparently pure (VPC) alkene 144b
The material had IR (neati 1690 cm* 'H NMR (CDCI,. 400 MHz) 6 080-192 im 14H)
201(dt, J=133. 45 Hz 1H), 233 1(dg. J= 131, 16Hz 1H.4511q J= 14 Hz 042H.
460 (cis- isomer impurity. broad s, 005H) 461 (q. J = 19 Hz, 053H). *C NMR (CDCI,
1006 MHz) 0 265, 266, 282. 291, 346, 348 372 449 474 1038 1536 exact
mass m'e 150 1407 (calcd for C;,;H,,. m/e 150 1408;

(5-lodo-1-pentynylibenzene 146:1¢¢ A solution of (S5-chloro—1—pentynyl—
benzene'*” (232 g. 13 mmol) and anhydrous sodium iodide (6.00 g. 40 mmol) in dry
acetone (25 mL) was stirred magnetically and refiuxed for 48 h under argon  The mixture

was cooled to room temperature and the resulting slurry was extracted with hexane The
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solvent was evaporated and the pure (H NMR) iodide {351 g. 100%) was used directly in -
" the next stage -The material had: *H NMR (coﬁ:, 80 MHz) 6 2006 (g, J =.65 Hz, 2H), 255
t. J=64Hz 2H), 3.33(t, J= 64 Hz, 2H 7.08=7.55 (m, 5H). *C NMR (CDCl,, 22.6 MHz) o
53,204, 321.81.7,87.7,1235. 1277, 128.1, 131.5; exact mass, mle 270.9538 (caled
for 12C,, BCHy,l, m/e 270.9938).

2-(5-Phenyl-4-pe_ntyne)dyclohexanone 147: Ethylmagvn,esium bromide was
prepared in THF (20 mL) and under argon from magnesium turnings (0.073 g. 3 mmol) ahd
bromoethane (0.327 g. 3 mmol. N—Cyclohexylidena—cyclohexanamine»74 (see p. 172)
(054 g. 3 mmol}in dry THF (2 mL + 1 de rinse) was added via syringe and with stifrir‘ug
The mixture was refluxed overnight and then (5-iodo- 1-jpentynyl)benzepe 146 .(0.81 g,"3
- mmol} in dry THF (2 mL + 1 .mL rinse) was injected into the hot mixtura. #Reﬂuxiné was
continued for a further 24 h. The mixture was cooled to room temperature and stirred
for 30 mm with 3 N aqueous HCI (10 JmL) T;we solvent was evaporated and the residue
’waSoexfrac{é'd with ether (3 x 25 mL) The combmed extracts were washed with 3 NV -
aqueous HC! (20 mL), dried (TVIgSO.) and evaporated. Flash chromatography of the resndue »
over silica .gel {2 x 15 cm) w;th 9.1 hexane—ethyl acetate gave pure (TLC, silica, 9.1
hexane—ethy! acetate, ketone 147 (0.45 g, 62%) wh:ch had IR (neat) 1710 cm*; *H NMR
(CDCI 200 MHz) o1 20 250 (m, 12H), 1.62 (t, J = 7.5 Hz, 1H), 243 (t, J = 6.6 Hz. 2H),
.7 15~7.45 (m, BH); BC NMR (CDCI, 22.6 MHz) 0 195, 248, 264, 27.9, 288, 339,419,
50.2, 80.7, 889, 123.9, 1274, 128.1, 131.4; exact mass, m/e- 240.1512 (caled for
C,;H;0, m/e 240.1514)

cis= - and trans-2- (5—Phenyl 4—pentynyl)cyclohexano|s 148a and 148b A
solution of lithium aluminum hydrude {Aldrich, 1 Miin THF '0.07 mL, 0.07 mmol) was injected
into a stirred solution of- 2-(5-phenyl—4-pentynyl)-cyciohexanone 147.{0.042 g, 0.176
mmoll in dry ether (5 mlL). Stirring was continued for'5 min and the reaction was quenched
witH saturated aqueous ammonium chlofide (1‘ mL). The'h aquaous phase-was removed by
pipette and the ether layer Was dried (MgSO,) and evaporated to give an apparently
~homogeneous (TLEI, silica 8:2 hexane—ethyl acetate) mix;dre o‘f‘-‘cis— a}1d trans— alcohols

148a and 148b (0.041 g, 96%) in a ratio 'H NMR) of 1.2 IR (neat):3130—3630, 2230, 1597

5
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cm!; *H NMR (CDCI,, 20Q MHz) § 0.78-2.04 (m, 14H), 240 (t. J = 8 Hz. 2H), 321 (trans-

' isomer, broadm, J, ;, = 18 Hz, 0.67H). 3.87 lc/s— isomer, broad m. J, , ,'= 10 Hz, 033H)
7.14=7.44 (m. 5H), °C NMR (CDCI,. 100.6 MHz) § trans= isomer 148b: 199, 249, 256,
261,303 317,358 449 74.6. 808, 904, 1242, 127.5. 1282, 1316, cis isomer
148Ba 197 206, 252 264, 267 31 3.332.410, 538 694 80.3. 124.2, 1275 1282,

131.6. exact mass, m/e 242.1663 (calcd for C,,H,,O m/e 242 1671)

¢/is- and trans-1H-Imidazole-l—-carbothiloic acn}l 0-[2-(5-{phenyl-4-—pentyny|)

cyclohexyl] esters 149a and'149b: The mixiure of alcohols 148a ghri 148b (0.310 g. 1.28
mmol) and 1, 1’—thi'ocarbonylbisimidazole’” (0.46 g. 26 mmol) wére placed in a flask and
‘covered with dry 1,2—dichioroethane (10-mL). The resultmg solutnon was reftuxed for.20
h under argon Evaporatnon of the solvent and flash chromatography of the residue over
silica gel (2 x 15 cm) wsth 7:3 hexane —ethyl acetate gave the pure (TLC, silica, 7:3 hexane—
“ethyl acetate, 2 spots) mlxture of cis— and trans- alkoxythuocarbonyhmudazoles 1492 and
149b (0.44 g. 98%) in a ratio {H NMR) of 1:1.7: IR (neat) 2240, 1601 cm-!; 'H NMR (CDCI,,
200 MHz) 0 1.04—2.05 (m, 12H), 2.26 (broad m, H, 239t J= 7.0Hz, 2H), 528 (trans=._
isomer, dt, J = 8.6, 4.6 Hz, 063H), 5.76 (cis- isomer, broad m, J, ;, = 8.0 f/-iz, 0.37H). 690
(trans- isomer, dd. J = 1.7. 1.1 Hz, 063H) 693 (cis~ isomer, dd, J = 15, 1.1 Hz, 0.37Hi
7. 18 740 {m, BH). 7.56 (rrans-* isomer, t. J=13Hz, 0.63H). 7.88 (cis— isomer, t. J = 1. 3
Hz. 0.37H), 8.32 (m, 1H); ”C NMR (CDCI, 50.2 MHz) § cis- isomer 149a 212,248, 261,
282 289.-31. 3 40.1, 829, 1176, 1238, 1276, 1282, 1308, 1315, 1367, 1837
trans— |somer149b 195, 24,1, 24.6, 25.6, 299 30.3,31.1,41.3,.81.1, 869, 896, 1176 ;
1238, 1276, 1282, 1307 1315, 136.9, 183.8; exact mass, m/e 352 16089 (calcd for
C,.H.N,0S, m/e 352, 1609) Anal Calcd for C;H,N,0S: C, 71.55; H, 6.86; N, 7.98. Found.
C.71.39.H, 684, N, 804

Cyélization of alkoxythiocarbonylimidazoles 14Sa and 149b; cis- and trans-
decahydro-(£). Oand {Z)-benzylidene—naphthalenes >15lab and 151cd: The general -
procedure was followed using the mixture of. c/.%- and trans— alkoxythiocarbonyl-
irnidazolés 149a and 149b (0.076 g,.0.215 mmol) in- benzené (30 mL), triphenyltin hydride
(0.14 mL, 0.5mmol) in benzene (10 mL), and AIBN (0.005 g, 004 mmol) in the same solvent
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(10 mL}). Evaporation of the solvent and Kugelrohr distiilation {bp 130-180°C (18 mmj]
gave a mixture of the four alkenes 151ab and 151cd {038, ' 79%) in a ratio (VPC) of
1:7.1538 The maternal was >99% pure (VPC) and had: llj(’neat) 1598 ecm-; 'H NMR (CDCI,,
400 MHz) 6 1.80-300 (m, 16H), 6 12 (151a. broad s. 0.05H). 6.17 (151d. broad s. 0.56 Hi.
6.20 (151b. broad s. 0.12H), 6.31 (151c broad s, 0.27H), 706 745 m, SH) 1BC NMR (CDCI,.
100.6 MHz) 5 209,214,254, 26 1,26.3 264, 266, 267.271.277, 279 283,291,
) 304. 305, 315, 316, 318, 324 334, 346..347, ‘54.8, 351,372 373. 38 0. 397
425 452 481 483 485, 1191..12211, 1222, 1228, 1257, 1258, 1272, 1276,
’1280, 1281, 1287, 128?8, 1289, 1290, 1373, 1385, 138.7. 1393, 1398, 146.0.
146.7,°147.5; exact mass. m/e 226 1724 (caicd for C,.H,, m/e 226.1725).

Authentic cis- decahydro-(£)- and (Z)-1—benzy|idene—naphtha’lenes_l.51ab,f

These authentic samples ‘were prep'ared by Lu Set n—BqtyIlitraium (11.29 M in hexa
mL, 1.85 mmol) was added dropwise to a' magneticall; stirred susperision of benzyli-
triphenylphosphonium chioride!** (0.76 g. 1.95 mmol) in dry THF (20 mL). The red solution
was stirred for 15 min at room. temperature and c/s—octah?,_dro—1(2H)nathhalenone“-‘
"10.325 ¢, 2.1§/m@|) in dry THF (6‘mL) was added dropwiseover ca. 1 min - After a
further per‘ro‘d of 3 h the mixture w‘]as refluxed for 20 h. The solution was filtered and
evaporated\KEelr;hr distillation gave alkenes 151ab as a mnxture of isomers in a ratro (*H
NMR),of 1.6.1. The materual had 'H NMR (CDCl,, 400 MHz) & 1.00-3:00 (m, 16H). 6 13
(major isomer, broad s, .86 H), 6.29 (minor isomer, broad s, 0.14 H), 7.10—-7.40 (m,u5H),
BC NMR (CDCI,, 50.3 MHz) 5 major isomer: 26.3, 56.6, 278,290, 305. 34.8, 35.0. 451,
484,1180. 1257, 127.9. 1290, 146 6; minor isomer: 25.5, 25.8, 265, 30.4, 331,344

418 450,551, 1392 | | | _. .

Authentic trans- decahydro-(ﬂ- and (Z)-1—benzylidene—naphthalenes 151cd:
‘¥hese authentnc samples were prepared by Lu Set by the above procedure {see 151ab)
usmg benzyltrnphenylphosphomum chlorrde'“ {1.186 g 3.08 mmol} in THF (20 mL),
n—Butylhthnum (1.28 M in hexane, 24 mL, 3.1 mmol), trans- octahydro—l(ZH)—naphthal—
enone'*s (0.4217 g. 277 mmol) in THF {10 mLJ and a reaction period of 1 h at room

‘ temperature'and 3 h at reflux. After work up, the material was purified by flash

-
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- chromatography over silica gel (2 x 15 cm) with hexane The alkenes 151cd (0 069 g 11%)
were obtained as a mixture of (Z)- and (E)-isomers in a ratio ('H NMR) of 1.67 The
material had 'H NMR (CDCI, 400 MHz) § 080 '150 (m. 7H). 1.62-2.04 (m, 7H), 297
(broad d. J =13 Hz, 1H. 6 16 (major |somer broad s, 087H), 632 (mmor isomer. s.
. 013HL 7.10=7.40 (m. 5H). °C NMR (CDCI 226 MHz) & major isomer. 26.3, 266_278.
290,304.347 350. 45 j, 484, 1180. 12586, 128.0. 1290, 146.7.

2

¢

2- oxocyclohexanonepropanemmh 158 11 The hternure procedure”’ was
followed' A solution of enamine 122 (17.65 g. 0.117 mol) and propenenitrile (7.85 g, 0 148
mol) 1n dry dioxane (60 mL) was refiuxed for 21 h under argon' The solvent was
evaporated and the residue was suspended in water (10 mL) The product was extracted
with ether (3 x 30 mi). and the combined extracts were- washed with saturated aqueous
ammonium chioride (20 mL), dried (MgSO,) and evaporated. The residue was dnstilled [bp
128-132°C. (25 mmj] [t 141—145°C {10 mm)] to afford the pure (TLC, silica. 82,
hexane—ethy! acetate) ketonitrile 158 (13.39 g, 76%). IR (neat) 2224, 1704 cm':; H NMR -
(CDCI,, 80 MHz) 6 1.15-2.75 (m, 1H), 2.43(t, J = 7.0Hz, 2H); »C NMR (CDCl,. 15.1 MHz) §
'152.252.257.280: 343 422, 489, 1198, 2118 |

“cis-  and 'trans 1H- Imidazole-1-carbothioic acid O-[2-{2—cyanoethyl)—
cyclohexyl} esters 160a and 160b: v L
4 a) cis- and trans- 2- Hydroxycyclohexunepropanenltrlles 1581& and 158b: A
solutuon'of ketonitrile 158 (1.10 g 7.3 mmol) in THF (10 mL) was added dropwise over ca.
15 min at 0°C to.a stirred su5pensuon of sodnum borohydrlde (0.56 g. 14.6 mmol) in THF
(20 mi) 12 The temperature was kept at 0-5°C for 1.5 h and the mixture was then acidified
at O°C to pH 1 with 8 N HCI The solvent Wwas evaporated and the residue was dissolved in
water (10 mL) and extracted with ether (3 x 20 mL), vThe combined extracts were dried
(MgSO,} and evaporated to give the crude alcohols in quantitative yield: IR (neat.3160—
3700, 3000~ 3440, 2\250 cm; 'H NMR (CDC!,. 80 MHz) 6 0.80-2.20 (m, 12H) 237
(broadt, J = 6.2 Hz, 2H), 3.25 (cis- isomer, broad m, 0.5H), 3.75 (trans- isomer, broad m,

0.5H).
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b) Alkoxythiocarbonylimidazoles 160a and 160b: The mixture of alcohols 159a
and 159b (1.00 8. 6.52 mmol) and 1, 1‘—thiocarbonylbisimidazole‘”(2.3d g 13'mmol) were
placed in a flask and covered with dry dichlorohethane (10 mL). ﬁThe resulting solution
waé refluxed overmght under argon Evaporation of the | solvem\ and flash
chromatography of the residue over silica gel (2 x 15 cm) wvth 11 hexene-ethyl acetate
gave a mixture of CIS'and trans- alkoxythlocarbony,hmndazoles 160- and’ 160b (1.90 g.
99%) in a ratio (NMR) of 1.27 as a pure (T LC. silica, 7:3 hexane—ethyl acetate) oil. The
material had"IR (neat] 2225 cm-; ' NMR (CDCI,, 400 MHz) 8 1.10-2.10 (m, 10H), 2.20-
255 (n: 3H). 5.34 (trans- isomer, dt"J = 9.6, 4.2 Hz, 0.73H. 5. 85 {cis— |somer broad s,
0.27H), 7.09 (broad s. 1H) 7. 64 {cis— isomer, broad s, 0 27H) 7.67 (trans- isomer, broad
s. 073H), 837(C/s— |somer broad s, 0.27H), 840 (trans- isomer. broad s. 073H) e NMR
(CDCl,, 22.6 MHz), 0 trans- isomer:, 14.8, 24.0, 244 279,296, 30.3. 407 86.0, 1172
119.2, 130.7. 1369, 1835; c/is- isomer: 209, 27.1, 274, 2889, 293, 393 815, 1172
118.2, 130.7, 136F 1835; exact mass, m/e 263.1089 (calcd for- C,, 11N OS m/e
263.1092); Anal Calcd for C,H:-N, 0S: C. 58. 28 651 N 16.86. Found C, 58 88, H,
6.56. N, 15.66 , S

..
~

o
\

Cychzatlon of 160a and 160b; octnhydro 1H-mden-1 one\162 123 The general
procedure was followed using a mixture of 160a and 160b (O 1 18 g/ 0. 45 mmel) in benzene -
{40 ml), trnphenyltnn hydride (0. 14mi,. 06 mmol) in benzene (10 ml}, and ZM
0.07 mmol) in benzene {10 mL).  After evaporatnon of the solvent, the residue was stirred \
for 1 h with 80% v/v aqueous acetic acid (3 mL) and evaporated The residue was then.

- suspended in hexane (50 mL) and dried over anhydrous potassuum ‘carbonate for 1 h
: (stir'ring)_. The solution was filtered and e\)aporated. Kugelrohr  distillation [bp 80—
100°C(1.0 mm)] followed by fla;F chrematography over silica gel (1.5 x 15 cm) with 8:2
hexane—ethyl acetate, gave pure (T LC, silica, 8.2 Hexa_ne—ethyl"acetate), bicyclic ketshe 162
~{low Rf, 0.042g. : 68%) an:i pure (TLC, eilica/, 8.2 hexane—ethy! acetate) cyclohexane-
propanenitrile 163 (high Rf, 0.008 g, 11.0%). fhe’bctahydro— 1H~inden—1-one 162 had: IR
(neat) 1740 cm-*; *H NMR (CDClI,, 400 MHz) 6 0.80- 240 {m, 14H, .including 2.24 (dd. J
=98, 6.8 Hz)]; *C NMR (CDCl,, 226MHz) o 249\255 258, 27.6, 326, 37.0, 433, 556
218.6; exact mass, m/e 138.1042 (caicd or C,H,,0. m/e 138.1045), Anal. Caicd for

o ' , J O
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C,H.0. C 7821, H, 10.21. Found C. 76.81; H, 1008 The raterial had physical
properties very close (IR,'H NMR) to those reported in the literature.'”? The' cyclohexane-
'propanenitrile 163 had. IR (neat) 2225 cm, 'H NMR (CDCI,, 400 MHz) § 092 m. 2H)
1.10-148 (m‘ 4H), 156 (g. J = 7.9 Hz,2H), 164—-1 82 im, BH), 2.37 (t, J = 7.7 Hz, 2H). ¥C
NMR (CDCl,, 503 MHz) 0147, 260, 26 4. 326, 36.7. 128.4; exact mass, m/e 137.1186
(calcd for C.H,.N: m/e 137_.1204), The matenal was |dent|cal (VPC, TLC. IR H NMR “C- :
NMR) with an authentic sample -

Authentic cyclohexanepropanamtrlle 163149

-) CyclohexanapropanenltrlIe tosyl hydrazona 10 The . ketomtrule 158 (1.00 g
6 61 mmol and p-toluenesulfonyl hydrazide (T 35 g: 7.3mol) in absolute ethanol (2 mL)
were stirred at 80°C for 1 h -The mixture was cooled to room temperature and the
crystaline product was. collected and recrystallized from 95% ethanol. The resulting
A 4hydrazone (1.86 g, 88%) was suitable for the next stage. | ’

b) Cyclohexanopropananltrlle 163: Sodium borohydr:de {0.55 g 14 55 mmol) was
dnssolved in acetic acid (21 mL) at 0°C. The hydrazone (1.86 g. 5.82 mmol) was added's”
with stirring and the ice bath was removed. Stirring was continued for 1 h (during which
time the mixture'attained room temperature) and then for 2 h.at 70°C (oil bathl The
mixture was pgdred onto ice made basic by addition of solid sodlum hydroxide, extracted
" with hexane and drued (MgSO0,).  The solvent was evaporated and flash chromatography of
the remdue over silica gel (2 x 15 cm) with 8:2 hexane-—ethyl acetate gave pure (TLC silica,
82 hexane—-ethyl acetate) nitrile 163: IR (neat) 2225 cm!; *H MR (CDCI,, 80 MHz) 5.0.90—
1.80 (m, 13H), 2.35 (t. J = 7.0 Hz, 2H); *C NMR (CDCl,, 15.1 MHz) 0 145, 26.0, 26.3, 323,
364, 128.1.

a1-(1-CyclOpenten-t-yl)pyrrolidiﬁe‘ ‘1'86:;’“ The procedure for 122! was folloWed
using cyclopentanone (29. 82 g 0.354 mol) pyrrolidine (25.21 g, 0.354 mol), benzene (100
mL). and a reactnon period of 2 h. Distillation of the crude product {bp 102-104°C l18/
‘mm)] [lit!?! bp 81-83°C (9 mm)] gave the pure enamine 186 (4055 g, 83%)." The IR

‘spectrum showed no carbonyl absorption.
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2-‘Oxpcyclopom-nopfopmmmllo 164:!! The procedure!® f or 155 was followeq
using cyc'lopentanoné enamine 186 (19.00 g 0 1385 mol) and propenenitrile (9.19 g. 0.173
moll in dry dioxane (70 mL) The pure ketonitrile ((H NMR. 3C NMR) (12,24 g, 64%) had bp
130-131+C(4.5 mmiliit* bp 144—\147oc (13 mmi. IR (neat) 2225. 1730 cm; 'H NMR
(CDCI,, 80 MHz) § J.35-260 (m, 9H). 250 t. J = 65 Hz. 2H. 1C NMR DCl,. 15.1 MHa
0154, 205 256294, 378 476, 1185, 2194,

\
Y

\
cis- and trans- 1H-knlduoh-mbotmoi¢ acid 0-!2 Q-cyano‘thyl)—cyclo-

/ pomyl] esters 1662 and 166b: S ._ ‘ !'

]

a) cis= and trans- 2_-Hydréxycycloponnmpropamnitrllcs 187a and 187b: The
procedurém 'for 159 was followed usiﬁg ketonitrile 164 (1.00 g. 7.3mmol) in THF (10 mL}
and sodium borohydride (0.56 g 14.6 mmoi) in THF (20 mL). The,c;ude mixture of c/s-
and trans- aldohoI;s (080 g: 88%) was used directly for the next step. The maierial had: IR.
(neat) 3040 3700 2250 cm}; 'H ‘NMR (CDCI,, 80 MHz) 5 085 220 (m, 10H), 2:43 |
(broad t,J = 6.0 Hz, 2H), 3.75 (broad m, 0.67H). 4.15 proad s, 0. 33H)

b) Alkoxythubc-rbonyﬂmiduot-s 1653 and 185b: The mixture of ¢is— ;nd trans-

| alco‘hols 187a and 187b (0. 90 g 647 mmol) and 1.v -thnocarbonylb|svmudazo|e‘” 214 g

12 mmol) were placed in a flask and covered with dry d»chlorome,thane {(15mL). The
_resulting solution was refluxedl for 24 h under argon Evgp:)ration of the solvent and flésh
chiométography of the residue over silica gel (2 x 15 em) with 7:4 hexane—ethylacetate
gave a mixture of alkoxythnocarbonyhmudazoles 165a and 185b (1. 44 g. 89%) in a ratlo 'H :
NMR) of 1:8.2 as a pure (T LC silica, 2 spots, 7:4 hexane—ethyl acetate) oil. The material
had IR (neat) 2225 cm; 'H NMR (CDCl,, 400 MHz) 6 1.39(dq. J = 13.2, 8.0 Hz, 1H), 1.50-
2.36 (m, 7H), 3.37-350 (m, 1H) “3548 ft, J = 7.6 Hz, 2H), 552 (major isomer, dg, J = 39,
32 Hz, 0.85H), 5.94 (minor isomer, dt, J = 4.2, 1.35Hz;0.15H),.7.70 (broad s. 1H). 7.61

" (minor isomer, t, J = 2.2 Hz, 0.15H), 7.65 (major isomer, £ J = 2.2 Hz, 0.85 H), .33 (minor

isorr‘zer,ﬂybroad:. s, 0. 15H), 8.36 (rpajq'r isomer, broad s, 0.85H); C NMR (CDCI,, 50.3 MHz) )
trans- isomer 165b: 16.4, 23.4, 29.4, 304, 319,449 905, 1183, 119.6, 131.3. 1373
184.0; cis- isomer 165a 32.6, 369, 44.4. 87.9; exact mass, m/e 249.0936 (calcd for

C,:HisN,0S. m/e 249.0936)
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Cycllntion of -lkoxythioc-rbonyllmiduoln 165- and 185b; hexahydro-
2(1H)—pontllonono 166:and cycIopontlnoprop-nonltrflc 167 The ganerai procedure
was followed using the mixture of 165a and 165b (. 166 g. 0.668 mmol) in benzene (40
~ mL), triphenyltin hydride (0.25 mL, 1.0 mmol) ir1 benzono (10 mL)_i_nd AIBN (0.01 g 0.07
mmol} in benzene (10 mL). After evaporation of the solvent, the residue was stirred for 1
h wuth 80% v/v aqueous acetic acid (3 mL) and evaporated The residue was suspended in
hexane (50 mL) and dried over anhydrous potassrum carbonat; for 1 h (sturrmg) The
solution was filtered and evaporated Kugeirohr dnstrllatnon [bp 160—200°C(17 mm)] gave -
an oil (0033 g 39% combined yield) of which 45% (VPC) was hexahydro-2(1H)—
pentalenone 166 and 52% (VPC} was cyclopentanepropaneutr|le 167. The compounds were
identified by the spectral properties of the mlxture IR (neat) 2226 cm-! (167) 1733 cm
166); 'H NMR (CDCl,. 400 MHz) 6 0.76—2.86 [m, including 0.80 (m). 1.14 (m). 1.46 (m, J =
6.8 Hz), 170 Q J = 7.3Hz), 193 m, J= 7.7 Hz),2291(d J=85 Hz) 238(1§/7 t. J‘ 7.7
 Hz), 258 (dt. J = 95, 4.6 Hz) 281 (m)l; *C NMR (CDCl,, 100.6° MH ) & 1sé 26.3. 265,
- 299, 336, 380 412, 522, 22341 6 167, 165 252, 317, 326, 394, 1284; exact
mass, m/e 124.0889 (calcd for C.H,,O,‘ m/e 124.0880). -The spectral characteristics for

166 were identical with those reported in the literature.'**

1-(1-Cyélohoptenﬂ-yl)oyrrolidine 188:!" The procedure for 122! was followed

using cycloheptanone (7.12 g, 63. 3 mmol) pyrrolidine (5. OO g. 70 mmol) banzene {50 mL)
and a reaction period of 2 h. - Dlstnllatuon of the crude product [bp 93-95°C (2.2 mmi) gave
the pure er.iamine.188 (5.30 g. 50%). IR (neat) 1623 cm-1; 'H NMR (CDCI,, 80 MHz) 6 125-—

275 (m, 14H), 280-315 (broad t, J =-7.0 Hz, 4H), 4.15-4.80 (broad m, 1H)

Tk

2-Oxocycloheptanepropanenitrile 168: The procedure for 158’“ was followed

Bt

using cycloheptanone enamine 188 (5.26 g, 0. 0318 mol) and propenenutnle (2 62 mL, 0.04 .

 mol) in dry dioxane (20 mL). The pure (T LC, silica, 8:2 hexane—ethyl acetate) ketomtnle 168
(482 g, 92%) had: bp 135~145:C (1.0 mmi; IR (neat) 2250, 1700 em-1; *H NMR (CDCI,, 80
MHz) 6 1.06—2.20 (rn 9H), 2.25-3.00 (m, 6H)‘ ”’C‘ NMRv(CDCI 15.1 MHz) § 152, 237,

27.6. 288, 290, 316 434, 500 1195, 214.2; exact mass, m/e 165.1161 (calcd for

C,.,H,,N m/e 165 1154).
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cis= and trans- 1H-lmldnolo-1—clrbothioic -cld 0- (2-(2—cy-nocthyl)::‘yclo-_
heptyl] ostm 169a and 189b

.8} cis= and trans-2- Hydroxycyclbhoptmopromnihitrllos 189a and 189b: +he '
procedure” for 159 was, followed using ketomtnle 168 {1.21 g. 7.3 mmol) in THF (10 mL)
and sodlum borohydride (0. 56 g. 14.6 mmoll in 'THF (20 mL) The érude mixture of cis-
and trans- alcohols was used directly for the next step. - '

b) Alkoxythiocarbonyltmidautl.s 169a and 189b: The ab'ové‘mixture of cis- and
trans- alcohols and 1,1‘-thiocafﬁonylbnsimidazole‘” (232 g. 13 mmol) were ‘placad N a
flask[";ahd covered with dry dichlorométhane {25 mL). The resulting solution was refiuxed
for 24 h under argon. Evaporation of the solvent and ftash c'hromator.aphy of the residue
over. silnca gel (2 x 15 cm) with 1:1 hexane—ethyl ac“etate gave a mixture of alkoxythio-
carbonylumndazoles 169a and 169b (149 g 74% overall from ketomtrnle) in a ratio (H NMR)
of 1 3 5 as a pure (TLC. silica, 2 spots, 7:4 hexane—ethy! acetate) oil. The maternal had IR
(neat) 2224 cm; H NMR (CDCl,, 400 MHz) 0 1.38-2.20 {m, 13H). 2.30-2.52 (m, 2H)
5.43 {minor isomer,’'ddd, J = 96, 7.2. 35 Hz, O.22H), 5.80 (major isomer, q'. J =“3,4 Hz,
0.78H). 7.01 (broad s, 1H), 7.58 (major isomer, broad s, O.78H) 7.62 (minor isomer, broad
s, 022H) 830 (ma;or isomer, broad s, .0.78H), 8.36 (minor nsomer broad 's. O22H) nc
NMR (CDCY,. 50.3 MHz) '8 major isontér 154, 222 261,275, 285, 287, 307, 419,
853 117.8.1.19.1, 131.0, 1367 183.6; minor isomer: 15.1, 225, 26.2, 289 295, 315,
42 7 884 1 166 1 18.2, 1370, 1836 exact mass, m/e 277 1255 {caicd for C,.H,,N 0Os.
mie 2771249 . - ’ e

Cychz-tnon gf alkoxythuoclrbonyllm|dazoles 1GSa and 169b Octahydro—
{2H)-azulen- 1-—onos 170ab:!”? The general procedure was foliowed usmg the mixture of
4alkcg.‘xyth:ocarbonyhmudazoles 169a and 169b (0.154 ¢, 0.5566 mmol) in bpnzene 40 mi), '
tnpﬁet\yltin hydride (0.18 mL, 0.75 mmol) in benzene (10 mL), and AIBN (0.005 ’g,’ .04 .
mmol) in benzene (10 mL). Afterﬂevaporatibn of the solvent, the residue was stirred for 1.

h with 86% v/v aqueous acetic acid (3 mU and evaporateti " The residue was suspended in
hexane (56 mL) and dried over anhy#rOus potassiunt cafb'onatte for 1 h (stirring). uThe. -
- solution-was filtered and evaporated. AKuge"Irohr distillation [bp 85~100°C (0.6 mm)] gave

- an oil 170 (0.065 g 77%) that was 97% pure (‘VPC) and consisted of a mixture of isomers in
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aratio (VPC) of 1.234 Cycloheptanepropanenitrile 171 (2.5%, VPC) was also identified (IR)
in the reaction product The mixture 170 had IR (neat) 1735 cm-!:.'H NMR {CDCl,, 80 MHzl)

6 1.80-270 (m. 16H). »C NMR (CDCI,, 1006 MHz) § major isomer 26.8. 27.0, 276,
282,288 354,380 437.554,221.2 minor isomer. 26.8, 292, 315, 33'0. 378. 414
530, 222 0; exact mass, m/e 152 1203 (caled for C,H,,0. m/e 152.1201), Anal Calcd
‘for C,oH,,0 C, 789, H, 10.60. Found C.7886. H, 10.69 The IR and mass spectra of
170ab have been reported in the literature!" Cycloheptanepropanemtrule 171 had' IR (neat)
2225cm ! . 7

, ﬂ
4-(1-Butyl-1-pentenyl)-(£)-morpholine 190: 5-Nonanone (2.85 g, 0.02 mol) and
freshly distilled morpholine (6.10 g, 007 mol} in dry benzene (30 mL) were cooled to 0°C
under argon. Titanium tetrachloride (1.21,mL, 0.011 mol) in benzene (20 mL) was added
dropwise over 20 min and the mixture was stirred fo; 20 h at room temperature The
resulting slurry was filtered by suction through a pad of Celite (2 x 4 cm) and the solvent
was evaporated. Kugelr'ohr distillation Ibp 105-115°C (0.9 mm)]} of the residue-gave‘ the
enamine 190 (3.39 g, 80%): IR (neat) 1640 cm 1o NMR (CDCt,, 80 MHz) 0 090 (broad t. J
"70Hz 6H), 140—175(m 6H), 1.83-2.33 (m. 4H), 265 3.87 (m, 4H), 3.63 im, 4H), 4.39
t, J=72 Hz, 1H. The materuall” which was pure as judged by the good qualnty of the
integrated ‘H NMR spectrum was used |mmedlately for the next stage J
5-Ox0-4- propylnonanemtnle 172 A solution bf enamme 190 (3.30 g 15, 6 mmol}

and propenemtrvle (103 g. 195mmol} in duoxane 20 mL) was refluxed for 21 h under -
| argon The solvent was evaporated and ‘Kugeirohr dnstnllatuon of the residue [bp
115-125°C (0.3 m)) gave the ketonitrile 172 as a colorless oil (0.91 g 38%! Trace
|mpurmes were detectable by TLC (s:hca 82 hexane—ethyl acetate) THe material had IR
ineat) 2230, 1710 cm-*: H NMR (CDCl, 80 MHz § 030 (broad t, J = 60 Hz, 6H)
1.10-2.95 (m, 15H); BC NMR (CDCI,, 15.1 MHz) ‘ 0138, 141,153, 20.2, 224, 236, 257,
261, 337, 424, 119.3, 213.0; exact mass, m/e 195.1625 (calcd for C,,H,,NO, m/e
195 1623)11 ' | )
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Threo- and erythro-8-Hydroxy -4-propylinonanenitrile 191: Sodium borohydradem‘ |

(0 150 g 4 0 mmol) was added to a solution of ketonitrile 172 (0.91 g. 4 66 mmol) in 95%
ethanol (20 mL)!¥ The mixture was stirred for 3 h at room temperature (TLC control) and
evaporated The residue was acidified with 3 V aqueous HC! and extracied with ether (3 x
15 mL) The combined extracts were dried (MgSO) and evaporasted to gwe the crude
product 191 (0.54 g. 58%) which was used without further purifncatioﬁ The material had IR
(neat 3100-3680. 2228 cm"; *H MR (CDCI, 80 MHz) & 0.91 (broad 1, 6H), 0.80-2 00 m,
9H). 220-3 10 im, 5H), 350-3.95 i(m. 0 75H). 4 00-4.35 (m, 0.25H)

threo- and«erythro-iH-Imidnole-l-\c-rbothioic acid 0—(1—cyano-3—pr0pyl—
oct 4—yl) esters 173: The crude mixture of alcohols 191 (054 g 273 mmol and
1.1 -thnoc/:arbonylb«sumndazole" (097 g. 5.4 mmol) were placed in a flask and covered with
dry dichlioromethane (15 mlL) The resulting soiution was refluxed for 20 h under argon .
Evaporation of the solvent and flash éhrdmatography of the residue over silicagel (2 x 15 .
cm} with 1.1 hexane—ethyl acetate gave a mixture of alkoxythiocarbdnylimidazoles 173
(0,112 g 13%) in aratio (H NMR) of 11 as a pufe (TLC. silica, 7.4 he&ane*ethYl acetate) oil
The materlai had IR (neat) 2230 cm !, 'H NMR (CDCl,. 400 MHz) 6 092 (t. J = 7.7 Hz, 2H).-
093t J= 64 Hz 2H) 098t J = B4 Hz 2H), 120-164 im, 8H). 1.72 (m, 1H. 1.75 (q. J
=65 Hz'..2H)', i.91 {m, :1 H. 2.03 (m. 1H), 2.50 (m, 2H), 576 (m, 1H), 707 (s, 1H), 7.62 (s,
TH. 833 (s. 1H; 1C NMR (CDCI,. 226 MHz) 6 138, 143, 156, 203, 204, 225, 269,
27.6.278.298 299 316, 399 854, 855, 11718/'.119] 131.0, 1368, 184.1; exact -
mass, m/e 307.1719 (caled for C,H;,N,OS, m/e 307.1718). Anal Caled for C,,H,,N, OS C
6250, H 820.N. 1367 Found C, 6270, H, 847, N, 1327.

-Cyclization of -Ikoxythlocnrbonyl|mldazolcs ‘173 trans- 2-butyl 3-propyl- .
cyclopentanone 174:1* The general procedure was followed using alkoxythiocarbony!-
‘imidazoles 173 (0.162 g, 0.528 mmol) in benzene (40 mL), triphenyltin hydride (0.18 mL, 0.7
mmol) in benzene (10 mL), and AIBN (Q'.QOS g. 0.04 mmol) iin benzene (10 mL) Aftef
‘evaporatién of the solvent, the residue was stirred for 1 h with 80% v/v aqueous ac;e?ic
acid (3 mLi and evaporated The residue was \sus‘pended\ in hexane ‘(SO-mL) and dried over

- anhydrous potassium carbonate for 1 h (stirringl. The solution was “filtered and
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evaporated Kugelrohr distillation [bp 90-110°C (O mmi)] gave cyclopentanone 174 {0071

g 74.3%) of 97% (VPC) purity IR (neat) 1737 cm'!, ™ NMR (CDCI,, 400 MHz) dosou J=

") 70Hz 3H,L 0961t J=71Hz 3H). 117-175(m. 12H), 1.80-1.984 (m. 1H). 202-220 (m,

2H), 2.26-—2.33 {ddt. J = 17.0. 80. 1.5 Hz. 1H). »C NMR (CDCI,. 100 6 MHz) ) 139 143

203. 230 270,279 291, 371, 379. 414,550, 2214, exact mass, m/e 1821673
{calcd for C,,H,,0. m/e 182 167 1)

)

7

threo-Bromo(S-hyd;oxy-4-octyl)morcury 192: A general literature procedure’
was followed using (Z)-4-octene (Chemical Samples Co. 200 g. 178 mmol. 95%)
mercuric acetate (568 g. 17.8 mmol) and water (10 mL) in THF (30 mL) The crude product
(4.26 g 61%) had IR (neat) 3100-3700 cm"’, *H NMR (CDCI;, 80 MHz) § 095 (broad t. J =
7.2 Hz 6H), 1.20-225 (m. 8H), 265-3.05 (m, 2H). 410 (dt. J = 6.0, 35 Hz. 1H), °C N’MR
(CDCl, 226 MHz) § 140, 192,255,353, 424,687,752

threo- and erythro-5-Hydroxy-4-propyloctanenitrile 177: Sodium trimethoxy-
borohydride!” (1.25 M in THF, 20 mL. 25 mmol) was added dropwise at room temperature
vover 65 h to a solution of mercurial 192 (1.80 g. 4.39 mmol) and propenenitrile (86 mL.
130 mmol) in dry dichioromethane (15 mL)!* The mixture was stirred for 20 h at room
temperature and the resulting }slurry was filtered by suction through a pad of Celite (2 x 4
cm) and the solvent was evaporated Flash’chromat&graphy of the residue over silica ge!
(2 x 15 cm) with 7:4 hexane—ethyl acetate gave the pure (TLC, siiica, 7:4 hexane—ethyl|
acetate) hydmxynitrilé 177 as a mixture of isomers (0435 g. 54%). IR (neat} 3100-3700,
2227 cm-1: 'H NMR (CDCI,, 80 MHz) ‘(5 0.90 (broad t. 6H). 1.00—2.10 (m. 12H),240 (t. J =
7.4 Hz, 2H), 3.60 (broad m, 1H); *C NMR (CDCI,, 50.3 MHz) ) isomeré 14.0. 155, 195,
201, 252, 322, 3689, 42.1, 728, 120.2; isomer & 143, 15.3. 192, 206, 261, 311,
354,423,727, 1201, exact mass, m/e 183.1617 (calcd for C,,H,,NO. m/e 183 1623)

threo- and erythrb—1H-Imidazole-1—clrbothioic acid 0—(1—cyan6-3—propyl—
hept-4-yl} esters 178: The mixture of hydfoxyniiriles 177 (0.36 g. 1.96 mmol} and
1,1'-thiocarbonylbisimidazole'’ {(0.70 g, 3.9 mmol) were placed in a flask and covered with

. ~dry dichloromethane (15 mL). The resulting solution was refluxed for 20 h under argon.

&
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Evaporastion of the soivent and flash chromatography of the residue over silics gel (2 x 15
cm) with 74 hexane—ethy! acetate gave the pure (TLC. silica. 74 hexane—ethy! acetate)
slkoxythiocarbonyhmidazoles 178(0 52 g 90%) IR (neat) 2228 cm ' 'H NMR (CDCI, 400
MHz) 093t J=71Hz 14H) 097 (1 J=65Hz 30H 098t J=65Hz 1 6HI 124
158 (m. 6H). 1 62- 178 (m. 2HI 180-2 06 (m. 3H) 2 38-258 (m, 2H. 568-580 (m 1H,
7.04 (broad 1. J = 08 Hz. 1H) 759 (broad s. 1H). 8 30 (broad s. 1H). "C NMR (CDCI,. 50 32
MHz) 6139 142 156 188 190 203 204, 260 317 318 322 3'24, 399 400
852 853 1178 1189 1310 1368. 1841, exact mass, m/e 293 1563 (calcd for
C,H,,N,0S. m/e 293 1562). Anal Calcd for CiHLNOS C 6140, H 790 N 1432
Found C.6123.H 793 N 1434

Cyclization of alkoxythiocarbonylimidazoles 178, trans-2, 3-dipropyleyclo-
pentanone 179:'™ The general procedure was followed using a mixture of the alkoxythio-
carbonylimidazoles 178 (0 105 g. 0 36 mmol) in benzene (40 mL), tripheny!tin hydride (0 10
mL, 041 mmoll in benzene (10 mL). and AIBN (0.005 g, 004 mmol) in benzene (10 mL)
After evaporation of the solvent, the resadué was stirred for 1 h with B0% v/v aqueous
acetic acid (3 mL) and evaporated 'The residue was suspended in hexane (50 mL) and dried
over anhydrous potassium carbonate for 1 h (stirringl  The solution was filtered and
evaporated Kugelrohr distillation [bp S0~ 110°C(O 4 mm)] gave Cyclopentam;ne 179 (0.044
g 73%) which was > 99% pure (VPC) and had IR (neat) 1741 cm-!: 'H NMR (CDCl,, 400
MHz) 0 090 (t. J = 7.0Hz, 3H). 084 (t, J= 7.0 Hz, 3H). 1.20—-1.58 (m, 8H). 1.60-1.74 (m,
2H), 1.84 (m. 1H), 201-221 (m, 2H), 2.34 ,(ddt, J=160. 88 1.5 Hz, 1H); *C NMR (CDCl,.
503 MHz) 0 14.3, 144, 20.2,20.3, 27.1, 305, 37.1,37.9, 415, 549, 2215 exact mass,
m/e 168.1519 (calcd for C,,H,,0. m/e 168.1514): Anal Calcd for CiH,,O C 7851 H,
1198 Faund C,7834.H, 1211



12
13
14
15
16

17.

18
18

V. REFERENCES
Tedder J M  Angew Chem Int Ed Epy/ 1982 401 Tedder JM Walton
JC Tetrahedron 1980, 36 701 Tedder. JM Walton JC Adv. Phys Ory
Chern 1978 16 86 Tedder. JM Walton JC ACS Symposia 1978 66 107
Tedder JM Walton JC  Accounts Chern. Res 18769 183
Carona 1 Cittero A Ghirardini M Minisci. F Tetranedron, 1977 33 793
Hoyland JR Theor Chirmr Acta 1971, 22 229
Whitesides GM Hill CL J. Am. Chem Soc 1974 96 870 Jenseh FR Miller
JJ Cristol SJ Beckley RS J. Org Chem 1972 37 4341
Giese B Meister. J Chem. Ber. 1977110, 2588
Gese B Kretzschmar, G. Meixner. J Chem Ber 1980 13. 2787 Giese B
Meixner, J 'A;rgew, Chem. Int Ed. Eng/ 1980, 19. 206 Gese B. Meixner J
C/‘r,‘e‘m Ber. 1981 114, 2138 Grese B  Dupuis. J. Hasskerl, T. Meixner. J
Tetrahedron Lett. 1983 703
Giese. B Heuck. K ‘Chem Ber. 1978 M2 3759 Giese B. Heuck K Tetrahedron
letr. 1980 1829

Giese B . Heuck K Chem. Ber. 1881 114 1572

Giese B Heuck K. Luning U Tetrahedron lett. 1981, 2155

Giese. B, Zwick, W Chem. Ber. 1982. 115, 252.6', Gese B. Gonzalez Gomez JA
Tetrahedron Lett. 1982, 2765, Giese, B, Horler,‘ H. Zwick, W Tetrahedron Lett.
1882, 8931, Giese, B. Zwick. W Chem. Ber. 1983, 116 1264

Giese. B Kretzschmar, G Chem. Ber. 1982, 115, 2012

Giese B Erfart, U Chem. Ber. 1983 116, 1240

Kozikowsk;, AP Nieduzak, TR, Scripko, J Organometal/ics. 1982 1. 675
Kozikowski, AP Scripko, J Tetrahedron Lett. 1983, 2051

Danishefsky, S.. Taniyama, E. Webb i, RR. Tetrahedron Lett. 1983, 11

Burke. SD . Fobare, W. F, Armistead, DM J. Org. Chem. 1982 47, 3348

Kosugi. M. Kurino, K.; Takayama, K; Migita, T.J Organomet. Chem. 1873, 56, Ci1y,
Keck. GE.: Yates, JB. J. Am. Chem. Soc. 1982, 104, 5829

Webb Il. RR; Danishefsky, S. Tetrahedron Lett. 1983, 1357.

Julia. M. Rec. Chem. Prog. 1964, 25, 3. Julia, M. Pure and Applied Chem. 1967,

208



20.

21
22.
23.
24.

25.

26.
27.

28

29

30.

31.
32

33

34.

35

36.
37.

38

38.

210

15, 167, Julla M. Accounts Chem. Res. 1971, 386; Julia, M. Pure and HApplied
Chem. 197~4 553 Beckwith, AL.J. Tetrahedron. 1881, 37,3073

Butler, GB., Angelo, RJ. J. Am. Chem. Soc. 1957, 79, 3128; Marvel. CS; Vest,
RD J. Am. Chem. Soc. 1957,79,5771. ' )
Lamb, RC.. Ayers, PW.; Toney, MK. J. Am. Chem. Soc. 1963, 85, 3483
Walling. C.; Pearson, MS. J. Am. Chem. Soc. 1964, 86, 2262.

Julia, M; Surzur, JM; Katz, L Bu/l. Soc. CHim.Fr, 1964, 1109

Julia, M. Surzur, J=-M, Katz, L.; LeGoffic, F. Bu//. Soc. Chim. Fr. 1964, 1116
Julia, M.; Le Goffic, F.Katz, L. 84.5//. Soc. Chith. Fr. 1864, 1‘?1422.
Julia, M. Le Goffic, F. Bu//. Soc.. Chim. Fr. 1964, 1129

cJuIia M. Maumy, M. Mion, L. Bu/l.. Soc. Chim. Fr. 1967.2641; Julia, M Maumy.

M Bu// Soc. Ch/m Fr. 1969 2415

Julia, M.; Maumy, M. Bu//. Soc. Chim. Fr. 1969 2427,

Capon, B Rees, CW. Annu. Rep. Progr. Chem. 1964, 61, 261
Julia; M; Maumy, M Bull. Soc. Chim. Fr. 1968, 1603 | %
Walling. C.;- Cioffari, A J. Am. Chem. Soc. 1972, 94, 6064; Pmes H.,.Sih, NC;
Rosenfield, D.B, »J. Org. Chem. 19686, 31, 2255.

Breslow, R.; Olin, S.S.; Groves: JT. Tetrahedron Lett., 1968 1837.

Sam TW. Sutherland, JK. J, Chem. Soc.; Chem. Commun 1971, 970.

Menapace, LAW<,*KUIVIla,-H.GY J. Am. Chem. Soc. 1964, 86, 3(?47

Beckwith, ALJ Tetrahedron, 1981, 37, 3073,

Waliing. C.; .CI..ooIey, JH.; anaras, AA; Racah, EJ. J. Am. Chem. Soc. 1966, 88,
5361 ‘

Waliing. C.; Cioffari, A J. Am. Chem. Soc., 1972, 94 6059.

Capon B Rees, CW. Annual Reports 1964 61, 261 Capon, B. Quart. Rev. 196;4,
18, 45; Rieke, RD.; Moore, NA. Tetrahedron Lett. 1969, 2035; Rieke, RD,; Moore,
NA J. Org. Chem. 1972,37,413 = | |
Bischof, P. Tetrahedron’Lett. 1878, 1281, Bischof, P. Hel/v. Chim. Acta 1980,
63, 1434, | |
Beckwith, AL J.; Moad G J. Chem Soc., Chem. Commun. 1974, 472, Dewar,
M.J.S.; Kirschner, S Kolimar, HW. /. Am. Chem Soc. 1974 86, 5240.



40.
41,
42.
- 43

44
45,

46.

a7
48
49,
50.
51
52
53.
54.

55.

56.
57.
58.
BS.

Julia, M. . Descoins, C. Baillarge. M. Jacquet. B. Uguen. D.. Groeger, FA

Tetrahedron 1975 31, 1737

Edge. D.J. ; Kochi, JK J. Am. Chem. Soc. 1972, 94 7695 KFUSIC P.J. Kochi, JK.

J. Am. Chem. Soc. 1971, 93, 846

Beckwith, ALJ.; Lawrence. T J. Chem. Soc., Pérk/'n Trans. /1 1979 1535,

Beckwith, ALJ Blair, LA Ph|l||pou G Tetrahedron Lett 1974, 2251

Allinger. N.L.; Zakow, V. J.. ‘Org. Chem. 1960, 25, 701; Gream, GE.. Serelis, AK

Aust. J.- Chem. 1978, 31, 863. |
BroWn, H.C.; Bartholomay, H. Jr.. Taylor, M.D. . “Am. Chem. Soc. 1944, 66, 435

Beckwith, - AL J.; Gara, WB. U Chem Soc., Perkin Trans. 1/, 1975 795,%

Fumimoto, H,; Yamabe S. Minato, T.; Fukui, K. J. Am. Chem. Soc. 1972, 94, 9205;
Dewar, MJS. Olivella, S J. Am. Chem. Soc. 1978, 100, 5290; Hoyland, JR.
Theor. Chim. Acta 1971, 22, 228 Nagase, S; Kern, CW. J. Am® Chem. Soc.

1980,102,4513’

i

Beckwith, ALJ; Gream, GE. Struble, D.L; Aust. J. Chem. 1872, 25. 1081 Struble,

Dt Beckwith, AL J; Gream, GE. Tet_réhedron Lett. 1968, 3701.

Beckwith, ALJ; Moad, G J. Chem. Soc., PerkinTfans. I/, 1975, 1726
Beckwith, A.LJ.,‘ Moad, G. J. Chem. Soc. -C“hem. Commun., 1974, 472,
Beckwith, AL.J.; Phillipou, G J. Chem. Soc.; Chem. Commun. 1873, 280.

Wilt, JW. Mossie, SN Dabeck, RB. J. Org. Chern. 1970, 35, 2803

Beckwith, AL J.; Phillipou, G. J." Chem.  Soc., Cﬁem ‘Commun 1971>658
Beckwith, AL J; Blanrl Phillipou. G. /. Am Chem Soc 1974 96, 1613
Hoffmann, R Levin, C.C; Moss, RA. J. Am. Chem. Soc 1973, 95 629.
Beckwith, ALJ Lawrence T, Serehs AK. J. .Chem. Soc., Chem. Commun 1880,
484,

Beckwith, A.L.Ji; Easton. C.J. Serelis, AK. J. Chemn. Soc., Chem. Commun. 1980,

482
Beckwith, AL.J; Phiﬂipou, G. Serelis, AK. Tetrahedron Lett. 1981, 2811

Wolff, S: Agosta W.C. J. Chem. Res. (S), 1981, 78.
Crandall, JK; Keyton, D.J. Tetrahedron Lett. 1969, 1653.

Ohnuki, T.; Yoshida, M.; Simamura, O. Chem. Lett. 1972, 797; Nagase, S. Kern, CW.

i
i
/

i



. 80,
61

62

63
64,

65

66.
B7.

69

70

70

72

73
' 74.
75,

76

S 77,
78
79

80

81
82.
83
84

85.

1

J. Am. Chem. Soc. 1879 101, 2544

Ohnuki, T.; Yoshida. M; Sir'hamura, O.; Fukuyama, M. Chem. Lett. 1972, 899

Ogibin, Y.N; Troyanskii, E Akad.. Nauk. SSSR, Ser. Khim. 1975, 1461

Griller, D.; Schmid, P Ingold. KU. Can. J. Chem. 1878, 57, 831.
Bakuzis, P.; Campos, 00S. Bakuzis, MLF. J. Org. Chem.-1976, 41, 326 1. .

Buchi, G Wuest H J. Org. Chem. 1979, 44, 546.°
Cive, DL J: Beaulieu. PL. J. Chem. Soc., Chem. Commun. 1983, 307.

Bachi, MD.; Hoornaert, C. Jetrahedron Lett. 1981, 2689, 2693

Bachi, MD.; Frolow, F.. Hoornaert, C. J. Org. Chem. 1983, 48, 1841,
Hart, D.J; Tsai, Y.-M. J. Am. Chem. Soc. 1982, 104, 1430
Danishefsky, S Taniyama, E Tetrahedron Lett., 1983, 15.

212

Ueno, Y.. Chino, K. Watanabe” M. Moriya, O.;.Okawara, M. J. Am. Chem. Soc.

1982, 104, 5564

Stork. G Mook, R 'Jr. Biller, SA: Rychnovsky, SD. J. Am. Chem. Soc. 1983,

105, 3741.

Nagashima, H Wa‘kamatsu, H.; Itoh, K.-Toma, Y. Tsuji, J. _Tetrahedron’/.étt.
238 S e
" Ueno, Y. Chino, K.; Okawara, M Teytfahedfo‘n Lett., ’1‘982.,‘ 2575.
Danishefsky, S; Chackalamannil. S Uang. B~J. J. Org. Chem. 1982, 47,2231,

Chuang C.-P.; Hart. DJ J. Org Chem. 1983, 48 1782

Stork, G Bame NJ. . Am -Chem. Soc 19682, 104, 2321,

Marmovnc NN Ramanathan H. Tetrahedron Lett. 1983 1871
Stork, G Mook, R Jr. . Am Chem. Soc. 1983, 105 3720.
Okabe M., Tada, M. Chem Lett. 1980, 831.

Okabe, M. Abe, M., Tada, M. J. Org. Chem. 1982, 47, 1775
Okabe. M. Tada, M . Org. Chem, 1982, 47, 5382. o
Choi, J =K. Hart, D.J; Tsai, Y.-M. rez}ahe‘droq' Lett 1982, 4765,
Buchi, MD; Héor'naert;v C.. Tetrahedron Lett. 1982, 2505. "

1983,

Stork, G, Malhotra, S.; Thompson, H.; Uchibayashi, M. J.. Am. Chem"“sOc. 1965,

87, 1148

1

Pradhan, SK Radhakrishan, . T.V.; Subramanlan R J.. Ofg Chem. 1976, 41, 1943;



«F

86

87
88
89

- 80.

91

92
93

94

.95

96

87.

98

<,

' 88

213 -

Pradhan SK Kadam, SR. Kolhe JN . Radhakrishan, T.V.. Soham SV Thaker, VB J.
Org. Chem 1981, 46, 2622 * - _
Koening, T: Balle, T.. Snell. W. J. Am. Chem. Soc. 1975, 97, 662‘ Fujimdto H.
Yamabe S, Mmato T, Fukui. K. /. Am. Chem Soc. 1972 94, 9205; Dewar. MJS:
Olzvella S J. Am. Chem. Soc. 1978, 100, 5290;

Strozier, RW.; Caramella, P, Hauk. KN. J. Am. Chem. Soc. 1979.101 1340

Corey EJ Pyne, S.G Tetrahedron Lett. 1983 2821 | A ‘

Clive, DL.J. Anderson, P.C.. Moss, N Singh, A J. Org Chem. 1982. 47, 1641;.

Clive, DL J. Farina, V,; Beaulieu, PLB. J. Org. Chem. 1982, 47, 2572.

Clive, DL.J: Chittattu, G J.; Farina, V.. Kies, W.A; Menchen, SM; Russel, C.G. Singh. A.;.

Wong. CK; Curtis, NJ J. Am. Chem. Soc. 19‘80, 102, 44‘38;>Burke, SD.; Fobare,
WF. Armistead, DM. J. Org. Chem. 1982, 47, 3348: ‘
Reich, HJ. Trend, JE Can. J. Chem. 1975, 53, 1922; Garratt. D.G; Schmid, GH,
Csizmadié, 1G. .J. Mol. Structure 1974, 22, 117; Schmid. GH; Garratt, D.G.
Chemica Scr/pta 1975, 8A 110 | |
Sharpless K.B.; Laugr, RF. J.Org. Chem. 1974, 39, 428

Clive, DLJ. J. Chem. Soc., Chem. Commun. 1974, 100; ﬁeich, iilJ J. Org. :
Chem 1974, 39, 428 | | |

Dems JN Vicens, J.; Krief, A. Tetrahedron Lett. 1978, 2687.

Cambie, RC. Hayward,'R.C.; Roberts, JL.; Rutiedge, P.S. J. -Cherh. Soc., Perkin
Trans. [ 1874, 1858. | ‘ )
Reich, HJ J. Org. Chem. 1974, 39, 428; Garratt, D.G, Schmid, GH Can. J.
Chem. 1974, 39, 429 / o |

‘Ikariya, T Osakada, K ; Yoshnkawa S Tetrahedron Lett 1978 3749

Das Gupta TK.; Felix, D.; Kempe, UM.; Eschenmoser A Helv. Chim. Acta 1972,
55, 2198; Itoh, A; Oshima, K; Nozaki, H. Tetrahedron Lett. 1979, 1?83. .

Petrzilk'a M'F‘elix D.; Eschenmoser, A. Helv. Chim, Acta 1‘973 56, 2950.

100. Fupta T. Suga; K; Watanabe, S.. Yanagu R.J. App/ Bioch. Tech 1977 27,593

101

\ C

Itoh, A Oshima, K.; Nozaki, H Tet/ahedron Lett 1979 1783 Herz, W.; Glick, LA J.
Org. Chem 1964, 29, 613; Das Gupta. TK Felxx D, Kempe UM, Eschenmoser A
Helv. Chim. Acta 1972 55,2198; Herz, W.: Glick. LA, J. Org. Chem 1963 28,

/

L)



102
103

104.

105

1086,
107.

108

108

110

214

. : ‘ o i L ‘ ' -
2970, Bertrand, M. Dulcere,- JP. Gil. G. Grimald® J. Sylvestre—Panthet, P.

.Tetrahedron Lett.-76, 3305,

Creger. PL J. Org. Chem. 1972,37,1907. |
The méte.rialA is rep'orted in Ref. 90 ithout spectroscopig data R
Meyeré, Al; Minelich, ED.; Nolen, RY, J. Org.. Chem. 1§74, 39‘3783

Baildwin, JE. J. Chem. Soc. Chem..‘ Comm. 1976..734.

Giese. B. Lachein, S Angew. Chem. Int. Ed. Engl. 1981, 20, 967.

Smith, T.W.. Butter, CB J. Org. Chem. 1978, 43, 6

Dowle, MD.; Davnes DI Chem Soc. Rev. 1979, 8 171,

)

Dale, H. Stereochem_lstry and Conformatlonal Analysns Verlag Chemie: New York :

1978, p. 217 ‘
Barton, DHR.; Britten—KeHy MR.: Ferreiré D.J. J. Chem. Soc., Perkin Trans.. /

1978 1090 Denis. JN.; Vicens, J; Krief, A Tetrahedron Lett. 1979, 2697; Garratt,’

DG. Ryan, MD Ujjainwalla, M Can. J. Chem 1879, 57, 2145; Garratt, DG Can.

. Che'm 1979, 57, 2 180; Reich, HJ‘Renga JM J Org. Chem. 1975 40, 3313;
Reich, HJ.. Renga. JM Trend JE. Tetrahedron Lett.’ 1976 2217, Cluve DLJ,;

Wong CK.; Kiel, WA Menchen SM. ./ Chem Soc. Chem. Commun. 1978 3/9;
Clive, D.LLJ; Farina, V.; Smgh A. Wong. CK. Kiel, W.A; Menchen, SM J. Org.

- Chem 1980 45,2120, Wnlson SR Sawicki, RA. J. Org.  Chem. 1978, 44, 287

112

‘113

114,
115

1.
17
118,
- 118

. Toshimitsu, A; Toshiaki, A: Owada, H; Uemura, S. Okano, M. J. Org: Chem. 198 1,

46, 4727, , | . _
Csizmadia, Gin Peterson, MR Kozmufza C" Robb, .M.A. - “Chem:stry of Acid
Derivatives, " “ Supplement B, Part 1, Patai, Wiley: New York, 1979 p. 27

Bérton, DHR.; McCombie, W. J. Chem. ‘Soc., Perkin Trans. -1 1875, 1574.

Robins, M.J: Wilson, JS. -J. Am. Chem. Soc. 1981,103, 932

Beckwith. AL.J: Phillipou, G Serelis, AK. Tetrahedron Lett. 1981,.2811; Schimpf,

R Heimbach, P Chem. Ber. 1970,103, 2122.

~Besl|n P.. Bloch R, Momet G Conia, J—-M: Bu// Soc Ch/m Fr. 1969 508.

Stork G Dowd, SR J. Am. Chem.. Soc. 1963 852178
Brown CA Yamashita, A. . J Am. Chem. Soc. 1975 97.891.
Corey. EJ Fuchs; PL. Tetrahedron Lett 1972, 3769



120.

121

122,
123
124,
125,

126.

127,

128
129,
130.

131

132
133
134,
135.

136.

137.
138

139
140.

141,
142

215

.

cf.- Yamaguchi, M., Hirao, | ’Tetrahedron Lerr. 1983, 391,

cf. Stork. G.: szzolara A Landesman, H. Szmuszkowcz J Terrell, R ./ Am

Chem. Soc. 1963. BS. 207
Pirkle. WH. Adams, PE J. O/g

Chem. 1980, 45,4111,

Larock, RC.; Oertle K. Potter ‘GF. J. Am. Chem. Soc. 1980, 102 190

Whltesell JK.; Matthews RS J.

Org. Chem. 1977, 42, 3/878

Sakai, K ; Ide. J; Oda. O.: Nakamura, N. Tet/ahedron'Lert 1%72 1287,

Fieser and Faeser Reagents for Organic Synthesns Wlléy, New York, 1969, Vol 2,

p. 409_,

“Beilsteins Handbuch der Organischen Chemie, " Springe‘r-Verlag Berlin Ell, 2, 392.

Kuivila, HG.; Beumel, 0. F Jr. J.

"Am. Chem. Soc., 1961 83, 1246

Bogavac M Arsenuewc L. Arsenuewc V. Bu// Soc..chim. Fr. 1980 145,

Bloomfield, JJ Lee. SL . Org

Rabjohn, N. Org_amc Syntheses,
630 |

Chem: 1967, 32, 3919, |
Wiley: New York, 1965, Collective Vol IV, p

A

Lynn, JW.; Roberts RL; Knlshenmer .JR J. Org. Chem. 1961 26, 4300
Barneux J J; Gore, J. Bull. Soc. ch/m Fr.1971; 1649
Layer, RW. Chem. Rev. 1963, 63 489 '

Harding. K.E.; Ligon, RC Tseng C-Y.Wu, T-C J. Org. Chem. 1973, 38, 3478

Mahajan, JR.; DeArav;o ‘H.C. SyntheS/s 1981 49 Pennanen, S. Acta Chem. Scand

Ser. B 1980, B34, 261,

“Julia, M; Fourneron J-D. .

Chem. "R‘es {S/ 1978 466; Jul:a M.. Colomer

vj*-Gazquez E. Bu// Soc. Chim. Fr. 1972, 4148,

'Ried, W.; Beck, BM Anna/en 1961 646 96.

LaForge, F.B. Green N.; Gersdorf

fWA J. Am. Chem. ‘Soc. 1948, 70, 3709

Barluenga, J. Yus,. M. Bernad, P. J. Chem.. Soc. Chem. Commun. 1978, 847.

Hornin.g, EC. "'Organic Syntheses, " Wiley: New York, 1955, Collective Vol. I, p.

188.

Cornforth, JW.; Cornforth, RH: Mathew, KK J. Chem. Soc. 1959, 112,

Johhson, WL Chem." Abstr.

“Commun. 1980, 10, 897.”

1949, 43, 678i; ApSimon, J; Seguin, R Synth.

L



216

143 Ferdinahdi, ES. Just, G Can. J. Chem. 1971, 48, 1070,

144.."Ve'dejs, E. Arnost, M.J: Hagen, JP. J. Org. Chem. 1979, ;4, 3230.

145. Siirskay_a, P‘I.;_Leznoff, C.C.. Weatherston, J; Laing. JE. J.. Chem. Eng. Data 1979,
24, 152 | ‘ ‘ |

' 146. Rabjohn, N. "Organic Syntheses, " Wiley: New York, 1965, Collectivé le V. p.

117. I ' ’

147. Pond, DM, Cargill. RL. J. Org. Chem. 196'}* 32, 4064.

148 HeilbronblM‘H;slop RN Irving‘i’éF”Wilson J\§ J. Chem. Soc. 1931, 1336.

"Iu4“_9. Mayer, R.; Wenschuk G.. Topelmann, W Chem. Ber. 1958, o 1616

"~ 150. \LaForgue F.. Green N Gersdorff N. .J. Am. Chem. Soc 1948 70, 3707

| Derocque J.; Beisswenger, U.; Hanach, M. Tetrahedron Lett. 1969 2149

__151.-’Glennon R A Salley. J.J. Jr Stelnsiand OS Nelson, S. J. Med. Chem. 1981, 24
678. : ; t

152 Egiinton, G: Whiting. M. J. Chem. Soc. 1950, 3650. |

153. Bhanu, S.; Schemmann F. . Chem Soc., Perkin'Trans. ~/, 1978, 1218

. 154 Rokach Ay Gurard Y. Gumdon Y. Atkinson, JG. Larue, M. Young, RN Masson P\

| 'Holme G. Tetrahedron l.ett 1980, 21, 1485. i m

- 155, Stowell' JC. Keith, D.R. Synthesis 1979, 132 -

. 156. Frater, G Helv. Ch/m Acta 1880, 1383 ,

1/57. Conrow, RE. Marshall, JA Synth Cornmun. 1981. 1, 1419 Hatch, LF Perry RH
Jr. J. Am. Chem. Soc. 1955, 77, 1136. i

158. House H.0.: Czuba, L.J.; Gall, M Olmstead HD J. Org. Chem. 1969 34, 2324

159, Nlenhouse E.J; irwin, RM; me GR. V. Am Chem Soc. 1967 89, 4557

160, Dufey P. Bull. Soc Chim. Fr. 1968, 4653

161. Eglinton, G.,_vymt.ng, MC. J. Chem. Soc. 1950, 3650 L

. 162. Rabjohn, N 7"Orgarﬁic Synthe'ses',v“. Wile;l: New York, 1965, Collective Vol IV, p.

755. | | -

163. Mandville, G./ Leyendecker F.; Conia, J. -M. Bull. Soc Ch/m Fr: 1973, 963 A

164. Hudec, J. Kirk, DN. Tetrahedrpn 1976, 32.2475; Meyers, Al; Ford, ME. Tetra-

: hedron Len 1975, 2861.

165. Lewis,;P.H.; Middleton,vs.;,Ross‘er, M.J.; Stock, L.E.’ Aus\_tj. J. -Chem. 1979, 32 1123.

o
v



| ‘ i B r ' 217

166. Dupuy, C.; Surzur, J-M Bull. Soc./ Chim. fr. 1980, 374; Newman, N.; Wobiz, J.

_J. Am. Chem. Soc. 1949, 71, 1292. | | |

167. Truce.‘W\.E.; Klinger. T.C. /. Org. Chiem. 1970, 35, 18_;34,.'_

168. Friedrich, K.. Henning, H.G -cqg-)n. Ber. 1959, 92, 2756

169 Hutchms,‘R.O;,‘ Natale, NR .- Org. Chem. 1978, 43, 2299

170. Hutchins, RO. Kacher, M Rua. L. J. Org. Chem. 1975, 40, 823

171. Kushne, ME..J. Am. Chem. Soc. 1959, 81, 5400.

172. Trogt, B.M. Bogdanowicz. MJ. /. Am. Chem. Soc. 1973, 95, 5311.

173. ¢f.- White, WA : Weigarten, H. J. Org. Chem.%ﬁl 32, 213. .

174. Brown, HC.. Schiesinger..H.l; Sheft, | Riier,’,\ DM . Arﬁ. Chem. Soc. 1953,:75,

192 ' | o o C | |

: 175.VBr.enner, W. Heimbacﬁ,‘b.; P(ioner,: K.J.; Thoemel!. F. .Justus Liebigs Ann, C};em.
19731, 1882 o | | | R

>176.‘ Klunk/,,W.E.; McKeon, AC Covey, DF; Férrendelii, JA Sé'/‘enbe 1982, 217f, 1040.

3 v



ADDENDA

1-Tridecen-6-0! 79 {p. 174): exact mass,rm/e 99.0808 (caled for C,H,,0. M--C.H,;, m/e
1 99.0810). | " : |

¢

@ 4 {

~ Authentic c/s-daclhydro-1-math9lonc-naphthalkne 144a (p. 184): e"xd_ct mass m/e

150.1388'(calcd for C,,H,,. m/e 150.1408).

Authentic trans'-docahy-d‘r‘o‘-(E)-. and (Z)-1-boﬁzylidene’-nlphth-l.r!ik 1‘51;cd p. 1985-):.-

~

exact mass, m/e 226.1723 (calcd for C,;H;;. m/e 226.1721).
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