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lliE SYNlHESIS OF WGlD.Y OXYGENATED

PECALIN COMPQlJNPS

ABSTRAcr

The Lewis acid catalyscd tandem Michacl-Claisen (4C+2C) annelation rcaction of 1­

lrimcthylsiloxy-l-mcthoxy-3-phenyltltio-l,3-butadiene and 4,4-dimethyl-2-cyclohexen-l­

one has bccn rccxamincd. The intermediate E and Z Michael adducts werc cyclizcd under

basic conditions ta givc the ji-diketone 3-phenyltltio-5,6,4a,Sa-tctrahydro-5,5-dimethyl­

(4H,7H)-naphthaien-l,S-dione. Angular methylation of titis ~-diketone under basic

conditions was examincd in dctail, providing the cis angularly methylated product

stercosclcctively.

The cis ring junction stercoehcmistry of the ~tane dcrivative mcntioncd above has

bccn uscd advantagcously ta establish the Cs (naphthalene numbering) a-hydroxyl

stercochemistry rcquircd for the forskolin structure. A subsequent enol~-:c oxidation /

nucleophilic addition sequence was then used to stercoselectively install the Cl and C2

(naphthalene numbcring) cis a,a-diol functionality also present in the forskolin structure.

Subsequent functional group manipulations then providcd l,2,5,6,7,S,Sa-heptahydro­

1a,2a,4-trihydroxy-Sa-(tert-butyldimcthylsiloxy)-l~(1·-hexynyl)-2,5.s,Sa~·tetramethyl­

naphthalen-3-one, a highly oxygenatcd a-diketone intenncdiate for the synthesis of

forskolin.

A numbcr of the dccalin compounds leading ta the a-dikctane intermcdiate mentioncd

above, wcrc tested for antifccdant activity against the spruce budworm (Choristoneura

fumiferana). Elevcn of thcsc compounds werc found ta he active and structure-activity

rclationships werc examincd.
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SYNDiESE DE COMPOSÉS DÉCAIJNIOUES COMPORTANTS

DE NOMBREUX AmMES p'OXYGENE

RÉsUMÉ

On a r6examiné la réaction d'annélation en tandem de Michael et de Claisen (4C +2C)

catalysée par un acide de Lewis entre le l-triméthylsiloxy-l-méthoxy-3-phénylthio-l,3­

butadiène et la 4.4-diméthyl-2-cyclohexèn-l-one. Les intennediaires obtenus (les adduits

de Michael E et Z) cyclisent en milieu basique pour fanner la 13-dicétone 3-phénylthio­

S,6.4a,Sa-tétrahydro-S,S-diméthyl-(4H,7H)-naphthalèn-l,S-dione. La méthylation

angulaire de cette dernière en milieu basique a égaleme:ltt~ examinée en detail: on obtient

le produitde méthylation cis stémosélectivement

On a tiré parti de la stéréochimie cis de la jonction de cycle dans la 13-dicétone

mentionnée ci-dessus pour permettre l'hydroxylation stéréoselective du carbone CS

(numérotation du cycle de la naphthalène) requise dans la synthèse de la forskoline. La

fonction a,a-diol cis, également présente dans la forskoline, a plU' la suite été introd.ùte sur

les atomes Cl et C2 par oxydation d'énolate suivie d'une addition nucléophile. Des

manipulations fonctionnelles ultérieures ont conduit à l'obtention de la 1.2,5,6.7,S,Sa­

heptahydro-la,2a.4-trihydroxy-Sa-(tert-butyldiméthylsiloxy)-1b(l '-hexynyl)-2,5.5.Sa13­

tétraméthylnaphthalèn-3-one, une a-dicétone intermédiaire pour la synthèse de la forskoline

comportant de nombreux atomes d'oxygène.

Plusieurs des préSursellrs décaliniques de l'a-dicétone mentionée ci-dessus ont été

testés comme antiappétants chez la tordeuse des bourgeons de l'épinette (Choristoneura

fumiferana). Onze de ces composés se sont révélés actifs: leurs relations structure-activité

ontété examinées.
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Funher utility of the tandem Michael·Claisen (4C+2C) annelation reaction in natural

product synthesis has been demonstrated by the stereoselective construction of a highly

functionalized (oxygenated) decalin intermediate~ for the synthesis of forskolin U.

New general methodology for the direct oxid&tion of enolales using dimethyldioxirane

has been developed and successfully incorporated into our synthetic sequence leading to the

advanced intermediate decalin compound 5.2. The methodology oCfers a number of

advantages over existing methods for direct enolate oxidation. Most importantly, the mild

nature of the dimethyldioxirane reagent prevents further oxidation of the a-hydroxy

products, a problem frequently encountered with the other existing methods.

A number of the functionalized decalin intermediates prepared during the course of the

synthetic work leading to .î.2 were tested for antifeedant activity against the spruce

budworm (Choristoneurafumiferana). Eleven of these compounds were found ta be active

when incorporated into the artificial diet at a concentration of 2000 ppm (0.2% wet weight).

xi
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- CHArTER 1

INTRODUCTION

1,1 Hi~ly Oxy~enated Bicyclic Ditewenoids: Classification and Biosymbetic Origins

Bicyclic diteIpenes represcnt a large numbcr of the naturally occuring terpencs. They

arc gencrally classified into two main groups namely the labdanes and clerodanes, cach

containing a functionalized decalin ring skeleton (Fjgure 1.n.

1

H

Labdane

Figure I.J

H

ÇJerodane

The labdane diterpenoids constitute the largest diteIpene group and arc widely

distributed in nature; however, they arc gencrally restricted to bigher plants. In a biogenetic

sense, labdane diterpenes (as weil as Most diteIpenes) are bclieved to be derived from

geranylgeraniol pyrophosphate (GGPP) 1.1 via a cationic polyene cyclization 1 (Scheme

l.l) to give an intermediate carbocation of general structure 1.2.. Many simple labdane

diterpenes such as copalol U 2, sclareol1A:. 3, and manoyl oxide l.5. 4 have either an

olefin linkage involving the C2 (naphtbalene numbcrlng) center or have oxygen function-
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.lJ.

opp li'"

.L2.

1
J

1.ab<lane diteIpenes

opp

2

Scheme 1.1

ality on this carbon, further supporting the intermediacy of the carbocation 1.2 in the

biogenetic pathway. Although manoyl oxide derivatives bearing a cyclic ether nloiety are

quite common, highly oxygenated labdane diterpenes such as forskolin .l&. and related

compounds .L1. u.. .l.2 and l.lll as weil as erigerol.lJ.l. are rare.



....#

J..:z RI • As:., R2" H

.lJl.RI-R2" H

··..,'f

.L2 RI .. H. R2 ..Ac

lJllRI .. R2=H

3

,,·:0,
~

.Lll

Forskolin .l& is a labdane diterpene isolated from the methanolic extracts of the roots

(0.1% of the dry weight) of the Indian plant Coleus forskohlii Briq.(Labiatae) 5. The

structure and absolute configuration of .l& and related compounds .1.1. U ..l..2. and .lJ.l!

of the root extract were determincd by extensive spectroscopic, chemical li and X-ray

crystallographic techniques 7..7b. Recently, the absolute stereoehemistry of.l& has been

confirmed by applying the exiton chirality circular dichroism method 7c. The structurally

relatcd labdane diterpene erigerol.l.ll was isolated from the aerial parts of Erlgeron

philadelphicus L. in very low yield. Its structure was determincd by spectral data and X­

ray analysis 8and its total synthesis has recently been reponed 9.

Oerodanes are bicyclic diterpenes which are believcd ta arise from their parent labdane

precursors via a coneened backbone rearrangement involving sequential hydride and

methy1 shifts (Scheme 1.2) 10. The highly oxygenated clerodane diterpene clerodin .LU
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1JIIvJaœ type ÇJrmJenç type

Scbeme 1,2

was first isoIatcd from the roots of the indian bhat tree (Clerodendron i'lfortunatum Linn)

in 1936 11 and laterfound te he the major constituent of the groundlcaves and twigs 12 as

weil as the air-dricd flowers 13. Clcrodin has aIso becn isolatcd from the roots of

Clerodendron colebrookium and Clerodendron phlamoides 14 and is considered te he the

parent compound of ovcr 650 clerodane diterpenes including the ajugarins 1 - III .l.ll-

.l.1i.

•

1
o

.l...UR=Ac
.l.1!R =H

(



The highly oxygenated ditetpenoids mentioned above represent challenging synthetic

targets in that they pose a number of interesting stereochemical problems. In particular.

close examination of the forskolin structure 1.6 reveals a mther simple molecular skeleton

that accomodates a number of oxygenated groups. As a consequence of their

stereOChemistry. they genemte a number of l,3-diaxial intt.'l'llçtions making their mode of

introduction synthetically challenging. The interesting biological activity and therapeutic

potential associated with1.6as weil as its structural complexity have rendered forskolin a

highly attractive target for synthetic organic chemists worldwide.

1.2~çbes ta the Functionaliw! prçaUn Rjn~ System ofForskoUn

The highly oxygenated labdane diterpene forskolin 1.6 has been found to interact with a

wide range of membrane proteins including adenylyl cyclase and the glucose transporter

15. This produces significant cardiotonic effects due to its ability to interact directly with

the catalytic subunit of the adenylate cyclase system 16 and increase intracel1ular cycUc

AMP 17. Forskolin increases cyclic AMP in vivo, which has prompted considerable

investigation into its therapeutic potential in the treannent of a number of indications

including glaucoma 18, asthma 19 and heart disease 20.

Although forskolin 1.6displays interesting cardiotonic activity. poor aqueous solubility

and insufficient metabollc stability are imponant limitations for clinical applications. In

addition ta the isolation and identification of the related compounds U •.La•.L2 and .l.lll

of the root extract, numerous derivatives of forskolin have been prepared in arder ta

address this problem. For example. analogs bearing different acyl groups on the 3lh 4~­

and 8a- (napthalene numbering) hydroxyl groups 21 as weil as water-soluble derivatives

have been prepared and tested for their ability to activate adenylyl cyclase 22. Other

halogenated derivatives, primarily for use in biochemical assays on forskolln binding

5
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(~ proteins have boen synthesized. These include a-haloacetyl derivatives such as 4­

(bromoacetyl)-4-desacetylforskolin and 4-(chloroacetyl)-4-desacetylforskolin 23 which

irreversibly black the forskolin binding site on adenylyl cyclase. More recenùy, a number

of 3jl- and 4jl-(aminoalkyl) carbamates of forskolin have been synthesized 24 and their

binding affinities for adenylyl cyclase and the glucose transporter examined.

Vishwakarma and co-workers 258 have reported the preparation of the unnatural

forskolin epimers lli. .l.ll and.l.ll using Mitsunobu's inversion procedure. The same

group has also reported that forskolin undergoes Lewis acid catalysed rearrangement to

"spiroforskolin ~OI 25b. Treatment of forskolin with boron trifluoride etherate in

benzene afforded.lJ2 in 45% yield and when it was kept in Methanol at room temperature

for 3-4 days, it reverted back to natural forskolin.

.Ll7. R = CClCI',
lJ.llR=H

.....#HQ 0
i

.....#

1,2,) SOrne early agpmacbes 10 ).6

c

Since its isolation in 1977, forskolin .1& has been the subject of considerable synthetic

effon. A number of reports have appeared on the synthesis of the AB or decalin ring

skeleton as weU as its total synthesis at the hands of Ziegler 26, Corcy 27 and Ikegami 28.

Many of the early approaches to .L.6. have taken advantage of either the Intra and



Intermolccular Diels-AIder (DA) or the Inaamolccular Nitrile Oxide Cycloaddition (!NOC)

strategies for the construction of the dccalin ring system.

The InlmmOlecular Die1s-Alder StratellY

In general, many of the inaamolccular Diels-AIder approaches described to date utilize

an acetylenic ester cycloaddition precursor .l.2l (readily available from the alcohol UID.

which upon thermolysis, affords the corresponding cycloadducts 122 (Scheme 1.3).

0

~
~
~.

R
DA

.L2ll .L21

Scberne 1.3

Perhaps the earliest approach to liwas reported in 1984 by Jenkins and co-workers 211

who constructed the AB ring skeleton via inaamolccular cycloaddition of the maleate .l.21

(Scheme 1.4>' Thermo1ysis of.Ln in benzene at lS00C produced a mixture of the two

epimeric cycloadducts~ and.L2i in a ratio of 1:3 in favor of.L2i. The formation of an

epimeric mixture at the carboethoxy bearing carbon was initially rationalized in terms of

non-synchronous cyclization of a diradical intermediate in the double bond isomerization

reaction. The stereoehemical assignments of the lactones~ and .L2i were confirmed by

X-ray crystallography and it was demonstrated by deulerÎum labelliDg studies thatthe

apparent loss of the dienophile stereochemistry of .l..2n in forming .L1S. is due to the

epimerization of the Cl (naphthalene numbering) center of the strained lactone Ln

7



( <Scbeme 1.5) 30.

8

DA

Scberne 1.4

1 .& ---

COOM.

'D

.L21

Scberne ),5

Çtr
~ -t0 COOM.

""0
~

c

A similar intramolccular Diels-AIder strategy bas been rcportcd by Ziegler and

coworkcrs who utilizcd the unsaturated aldehyde .L22 in the cycloaddition step (Scheme

.1.6). Thcnnolysis of.L22 in bcnzcne produccd a single Diels-AIder adduct .l.JO in 37%

yield with 55% rccovcrcd.L22. The tricyclic cycloadduet.l.JO has bccn uscd succcssfully

in a synthetic sequence 10 forskolin U (sec section 1.2.2>'
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.L22

85h,37%

Scheme 1.6

9

The Intenno!ecv1ar Die1s-Alder Sttategy

The intermolecuJarDiels-A!der (DA) cycloaddition strategy bas also been used successfully

for the construction of the AB ring system of forskolin U. In an attempt to avoid the use

ofa hindered geminally substituted diene component sucb as.!.li in the cycloaddition step.

Snider and co-workers 31 prepared the dienc .l.32. a1beit in low yield <Scheme 1.7).

Reaction of~ and 2.6-dimethylbenzoquinone in benzene gave the cycloadducl .l..ll

bowever the low overaJl yield for the IWO step sequence precluded funher elaboration 10

forskolin.

OI~Ç

~
.Lll

0

OAc OAc '<r AcQ 0
PPh,Br

~ W~ ( BuLi 0

:>0.
0

1lIF C6H6. lSO"C
20%

38% 0
,1,32 .Lll

Scheme JJ



A similar intermolcculsr DA approach toII has been reported by Sih 32 and co­

worltcrs who utilized the 1.4-disubstituted diene~ in the cycloaddition step.

Thermolysis of .LM and 2,6-dimethylbcnzoquinone in toluene at 1200C produced a

regioisomcric mixture of cycloadducts~ and~ in good yield <Scheme 1,8>. The

use of the diene l..JA allowcd the incorporation of one of the C5 (naphthalene numbcring)

methyl groups as well as the Cs hydroxyl function.

10

(

__b.:.;;)•...:C)--W--,,---?J!Y
;; OAc YY
l.J6

_--=e)~.f)~__ ?iY
o

.ua

Brasent!!: a) PhMe. sealcd b1be, 120"C. 50%: b) Hz, Pd,C. EtOAc. 97%;
c) CHz-C(Me)OAc. TsOH, 94%: cl) PhSe01CCF31hen oxidalive e1imin­
ation. 57%; e) MeCu. BF3. Bu~. 87%: f) NaOMe. MeOH, THF. r.L, 87%.

SchelDe t 8

Hydrogenation of the major regioisomcr .l.3Sh followcd by enol acylation gave the enol



- acetate.1.3.6. Selenation of.1.3.6 followed by oxidative elimination of the corresponding

selenoxide provided the enone lJ1 in good overa1l yield. The remaining Cs methyl group

was then introduced via cuprate addition onto lJ1. Desilylation and epimerization of the

ring junction was then cllIried out in one operation 10 give the I3-hydroxy ketone~.

Bhakuni and co-workers 33 have reponed that the series of suitably protected dienes

1.398 - d and 1.403 - d (dcrived from D-glucose) undergo intennolecular Diels-Alder (DA)

reaction with carbomethoxy-p-quinone 10 afford the corresponding cycioadducts in good

yield. Accordingly, the cycloadduct.LM was produced from the diene~ in good yield

(Scberne 1.2).

1 1

OR

.L32aR .. H

.LJ2hR .. Ac

.L32llR-Ms

.L32IlR .. Mc

.l&ilaRI" R2" R3" Ac
ldllhRI" R3" Ac; R2" TIIP
1JllI;RI .. R2" R3 - Mc
laRI .. R3 .. Me; R2 .. '!HP

Upon exposure 10 basic alumina, the cycloadduct~ underwent epimerization and

hemikctalization in one operation 10 give the trans ketone 1AZ. Subsequent deprotection

under acidic conditions provided the triol~. Following the same sequence of reactions

outlined in Scheroe 1.9. the diene .1AOA was converted 10 the same triol~ illustrating

that the DA reaction followed the samc stereo and regioselectivity for both diene series.
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OHM~

+Y
OH

8)

o
lM

OH

12

b) c).cI)

(

Bcall!!l!W 8) AgzO, C6H6. f.L. 80%; b) basic AlzO:l. 10091>; c) Zn. HOAc;
cl) H:zQ. HOAc.llO"C.

Scberne 1.9

The IntmlTllleculuT Nitrile OxidG ÇyclœddjtiOQ Sqat;gy

The intramolecular nitrile oxid.: cycloaddition or INOC reaction bas also reccived

considerable attention as an approacb to the construction of the AB ring system of forskolin

.L.6.. In gencral, nitrile oxides may be generated from isocyanates and nitroalkanes

according to Scbeme 1,10 below 348. The intermediate adducts .LM: decompose readily

through proton transfer 10 give the corresponding nitrile oxides~ and carbamic acid.



- Alternatively. they may he generaled from the corresponding oximes by oxidation with

hypochlorite 34b. Nitrile oxides of the type~ arc known to undergo [3+2]

cycloaddition with a widc variety of olefins to give isoxazolines .lA6 which arc valuable

synthetic intermcdiates 35.

R'NCO

13

-R'NHCOOH +
R()II N-O-

ScheIDe 1.10

Barca and co-workcrs 3/i have rcported that the Michael adduct.l.j,& (which is rcadily

available from a-damasconc~ undcrgocs intramolccular nitrile oxidc cycloaddition

undcr the standard Mukaiyama conditions 34a ta give the cycloadduct .1A2. albcit in only

20% yield lSchemc 1.1 t>.
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.lM

Scheme J.JJ

ter.34a Q)
rr. ",,\,

.'

Q

1&2.

14

The corresponding acctate however, underwent smooth INDe to afford the cycloadducts

.un (bcaring the cis ring junction stereoehcmistry) as an cpimeric mixture in 90% yicld

(Scbcmc 1.12). Saponification of the acetate followed by Moffan oxidation then provided

the cycloadduct~which bas bcen further claborated to the model tricyclic system.L5l

although subsequent attempts ta functionalizc thc olefin moiety of.L5l failed 37.

W
~r
: ~\\\\.'

QAc

MW····"
Q

1&2.

ter. 37-----

( -
"

Scheme 1.12

Kozikowski 38 has =ntly reported a [(4+2)+(3+2)] tandem cycloaddition approach ta

thc AB ring system of.1& which utilizes bath the intermolecular DA and INOC strategies



--

j~r?·
';~'.

(Scbeme J, J3). The Diels-Alder cycloaddition precursor .u.l was prepared from the acetal

.l.Sl in a six step sequence te afford a diene mixture (B,E-diene 1other dienes =2/1).

Reaction of.l.ll with dimethylacetylenedicarboxylate (OMAD) afforded an isomeric

mixture of DA cycloadducts~ originating from the major E,E-diene. Subsequent

osmylation of the disubstituted double bond of~ protection of the diol as the acetonide

and deproteetion of the primary alcohol afforded~. Oxidation of~ to the aldehyde

followed by oxime formation provided two INOe precursors l..ifi which underwent

smooth cycloaddition under oxidative conditions to provide the key intermediate .l...ïI in

goodyield.

15
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,••,OTBDMS

. 0X1>y 0+
.l..SlilI X = OBo, Y = H. E = COOMe
U6hX=H, Y=OBo,E=COOMe

e).f)
.,OTBDMS..

E

E

~~Jm"'''_-=a),,--_~Worn~
y XY

OBn
.L.5.4lI X = OBo. Y = H. E = COOMe
~ X=H, Y=OBn,E=COOMe

, 0

1>y 0+
l.SSA X = OBo. Y = H, E = COOMe
~X.H, Y.OBo,E=COOMe

--

H~
b).c),d)

OMo

(

g)
~IE~E••,

~ornD~

.LS1a..X .. OBo. Y = H, E = COOMe

.LS1Il X· H, y. OBo. E .. COOMe

Rcagegh' a) DMAD. 120°C. 41%; b) 0804. NMO. MO,!CO, H2Ü. r.L; c) MO,!C(OMeh.
l'PTS. CH2C12. r.L, 70% over 2 steps; d) DDQ. CH2CI2. H20. r.L. 83 ·95%; e) PCC.
CH2C12. r.L, 88%; f) H2NOH HC1, pyridine. r.L, 99%; g) NaOCI, xyleoes, H20. 105 •
12O"C, 66% l.S1II and 53% .LS1Il,

&/Iome 1,13

The Tandc;m Radjca1 Cyçljzatlon Ilntramolccu1ar Mnkuiyarna Aldn1i78JÏ0Q Appmacb

c
Utilizing a novel stereoselective radical cyclization and intraInolecular aldolization

sequence. Pattenden and co-workers 39 converted the bromoacetall.S2 ta the tricyclic



- OH

o

/o

a). b) c)

o
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Il)

OMo
0--1"

e)

f)

h)

arBDMS

;;,

.l..6l

0---4'0

---,g):::...._ qYrOO

BMW!U: a) BI13SnH, 95%; b) EtOCH-CH2. Hg(OAch. 57%; c) NBS. MeOH.
-WoC. 98%; cl) vil8lllin B12. MeOH. LiCL04. -1.8V. r.L. !hen H2Cr04. 70%;
e) HOCH1CH20H, TsOH. 93%; t) LHMDS. TBDMSCI. _70°C 10 O"C. 95%;
g) TiC4. CHzCl2. -78°C. 62%: h) KOH, MeOH. reflux. 82%.

Scheme LJ4



(~ lactone W <Scberne 1.14>. The bromoacetaI~was preparcd from bydroxy-j3-ionone

.uR via a three step sequence involving 1) conjugate reduction with tributyltin bydride, 2)

trans-etherification with ethylvinyl ether in the presence of mercuric acetate and finally 3)

bromination in Methanol. The bromoacetaI~ underwent smooth radical mediated

cyclization in the presence ofelcctrocbemically generated Co (1) to give the bicyclic acetaI

.1.&l which was oxidizcd (Jones reagent) and ketalizcd to give the lactone .l..fil..

Conversion of the lactone.L6l ta its enolsilyl ether under standard conditions followed by

titanium tetraehloride PlOiooted intramo1ecular aldolizatjon gave the tricyclic lactone.l.62 as

a mixture of diastereomers in good yield. Elimination of glycol from.l.62 by treatment

with potassium mcthoxide in refluxing Methanol affordedW.

1.2.2 Total Svntheses of Forskoljn

To date, three successful approaches to forskolin .Ln have been reported 26, 27, 28.

An important fcature which is common to each approach is the use of the intramolecular

Diels-AIder cycloaddition stralCgy for the construction of the decalinic or AB ring skeleton.

Furthermore, in each case, the construction of the C ring was postponed until the latter

stages of the syntheses.

Zjc~ler's Svnthesjs ofEoakoljn

The initial stages of Ziegler's synthesis 26 of.Ln involved the conversion of the Diels­

AIder cycloadduct.l.3ll ta the lactone~ by a seven step sequence as outlined in Scberne

.L.1.S., Hydroboration of .l.3.O. followed by Jones oxidation and base catalysed

18



-- epimerization provided the !œta-acid LM. Oxidative decarboxylation of LM and

subsequent 1.2-enone mluction provided an intermediate allylic alcohol which umkJrwent

directed epoxidation ta give the epoxy alcohol,W stereoselectively. Ring opening of the

epoxide moiety with base provided a single diol which was protected as the acetonide.l.6li.

1 9

a), b) c)-c) W
r-f°

o

H
OH

f),g)

BSU!M'Ii: a) BH3.THF. rJ'C. NaOOH; b) H2CJ04, O"C, 60%; c) KOMc, McOH,
rdIux, 95%; Pb(OAc)4. pyridinc, 95%: d) LiBH4. Li2co" EtOR, 2s"C. 52%:
c) t-BuOOR, VO(BalCn. CH2CJ2, 2s"c, 95%; f) LiNEt2. THF, -7SoC la -2s"c

g) ~C(OMcn. TsOR, 2s"C.

Scheme US

The mnaining cis Cl and C2 hydroxyl functionalities on the decalin ring system were

installed by stereoselective osmylation of the allylic acetate .l.61 (prepared by the reduction

of.l.66 and selective acetylation) 10 give the triol U& <ScbelDe 1,16). Protection of the

secondary hydroxyl ofus. as the TBDMS ether followed by the Cio C2 cis diol as the

orthoformates gave, after saponification of the acetate and oxidation. the aldehydes .L62.



( Addition of l-lithiopropyne 10 the major aldchyde followcd by Collins oxidation of the

20

a), b) c)

OAc

d)-g)

TBDMSQ CHO OMo

~
: ""7""fH

"'0

~~
.L62

h), i)

c

Beavcp,", a) LAB, ElzO, 2s"c, lh; b) N.acetylimidazole, DBU, C6H6. 2s"c, lh, 95% from
U6; c) OsO., pyridine, 2s"C,lhcn HzS, 85%; d) TBDMSOTf, 2,6-lutidinc. CHzClz,O·C,
75%; e) neal CH(OMeh, TsOH, 2s"c, 97%; f) KOH, McOH, THF, 2s"c; g) CIO:3.2pyr,
CHzClz,2s"C, 88% ovcr 2 steps; h) l.lilhiopropyne, THF, -IO·C, 84%; i) CIO:3.2Pyr,
CHzClz, 2s"c, 94%.

Scheme 1.16

resulting propargyl alcohol gave the acetylenic ketone .L1.O. which was converted to the

dihydropyronelli in five steps as outlincd in Scherne 1.17. Removal of the orthoformate

protecting group then providcd the diol .l.1l which underwent cyclization under basic

conditions ID produce a mixture of the dihydropyrone .L12 and the B-vinologous ester .l..ll

which could also he cycli:zcd to .L12 under acidic conditions in good overall yield. The



- The dihydropyrone .Lll was then desily!ated, reacted with phosgene and deketalized to

give the cyclic carbonate ill. Degradation studies of natura1liafforded the same

21

a)

d),e)

b)

{
H~
.l.7l

Beageq\!l; a) 3N Ha, THF (1:25), 2Soc !hen NB3' McOH,~C, 74%; b) KOMe, MeoH, 25·C,
44% .Ln+34% .L73: c) TsOH, C6H6, 2SoC, 97%; d) TBAF, THF, 25°C, 76% !hen COCl2'
pyridinc, CH2CI2, O"C, 90%: e) 3N HCII THF, 1:5, 50°C, 72%.

Scberne J.17

dihydropyrone .L7! wbich was converted back ta .1.& via a photoehemical route 26b. thus

culminating in a formaI synthesis of forskolin,1&. The photoehemical route was

developed in arder ta circUIDvent the conjugate viny! addition step wbich appeared ta be

problematic.



Ikegarnj's Svntbcsjs Qf Forskolio J.6

Ikcgami and co-worlcers 28 have also reported the total synthesis of forskolin .Ln and

also takc advantage of the intramolecularDiels-AIder reaction for the conslniClion of the AB

ring skeleton. The cycloaddition precursor .l.1fi was prepared in a six step sequence from

the aldehydelliCScheme 1,18)

22

aH)

o

OMo

g)

q--f0

W
i i OMo

,b
"H

c

Bcarta: a) UC.CCOzMe. THF, _78°C. 91%; b) dihydropyran, TsOH, CHzClz, DOC,
96%; c) UMezCu, THF, -7({'C. 87%; cl) TsOH. MeOH, 23°C. 90%; e) PCC, CHzClz.
23°C. 81%; f) MeOCH-CHCHzP+PPh3Di, n·DoU, THF. -2S"c Ihen _78°C to ·2S"c
76%; g) PhSH, PhMe, seaJed bille, 22O-230oC. 81%.

Scberne 1,18

The cis, trans diene .l.16 underwent tandem olefin isomerization 1Diels-Alder reaction

when thennolysis was cmied out in the presence of thiophenol (as equilibrating catalyst) to

give the adduct l.11. as a single isomer in good yield. Subsequent stereoselective

osmylation of the double bond of J.:11. gave the 30., 4a-diol.l.1R whose stereoehemistry

was inverted by oxidation to the diketone .l.Z2followed by stereoselective reduction to give

the required 3p, 4P-diol .un <ScheIDe 1.12>' Formation of the acetonide followed by

sulfoxide elimination and alkene isomeriz.ltion gave the lactone~, which was reduced



with LAH and lritylated 10 give .l.ll (Scheme J,2ID. Stereoselective osmylation of .l.ll

followed by protection of the secondary Cs hydroxyl as the PMB ether gave lJl1..

Delritylation of.L.82 followed by selective acetylation of the primary aicohol and orthoesti:!'

23

8)

e)-b)

W
~ fO OMo b)

... ·"'OH
H~

OH
.L7ll

~....... ""
~O

o
1.12

~O

BrUN".: a) 0s04 (CaL). NMO. pyridine. t-BuOH 1HzO (4:1). reflWl. 90%; b) 50:!­
pyridiDe. Bt3N. DMSO. 2Cf'C. SI%; c) NaTcH, BIOH, 23°C. S5%; li) t-BuNHz. BH3.
MeOH, 23°C. S5%; c) MezC(OMeh. TsOH. C6H6. 23°C. 95%; f) MCPBA. CHzCI2.
-25"C. 94%; g) CaCO:l. Toluenc. reflux. 68%; b) LiOMe. nIF. 23°C. 92%.

ScbemcU9

formation gave .1Jl3. in good overall yield. Reduction of the acelate and oxidation of the

resulting aicobol gave the aldchydc W which differs froID the Ziegler aldchydc .l.62on1y



( in the nature of the C8 hydroxyl proteeting group.

24

.lM _..;..a)';...b;...)_

e)- g)

PMB~

CAc

c),cI)

h), i)

PMB~

PMB~

c

ReagenW a) LAH, ElzO, rdlux, 89%: b) TrCI, DMAP, C1CHzCHzCl, reflux, 90%:
c) OsO., pyridine, '1Jj°C then HzS, CHCl3-Dioxane (1:1), 23°C, 83%: cl) NaH,
p"MeQC6H4CHzCI, HMPA, THF, 23°C, 91%: e) TsOH, CHCl3-MeOH (2:1), '1Jj°C.
95%: f) AczO, pyridine, '1Jj°C, 96%: g) HC(OMeh, TsOH, '1Jj°C, 95%: h) LAH, ElzO.
DOC, 95%: i) SO]-pyridine, El3N, DMSO, 23°C, 78%.

Scberne 1.20

The fmal stages of the synthesis involved the construction of the pyrone ring as out1ined

in Scberne 1,21. Addition of 4-(ten-butyldipbenylsiloxy) butynyllithium ID.LB.4 followed

by oxidation of the allylic alcohol, conjugale methyl addition and onhofonnate hydrolysis

gave the enone~whicb was cyclized efficiently ID the pyrone l..S2 with phenylselenyl

chloridc and sl:ibsequent Rancy nickel reduction. Dcsilylation of the primary alcohol

followed by selenation and oxidative elimination provided the pyrone .l.ll which was

deproteeted undcr standard conditions and selectivcly acety1ated ID givc.l.6.



a)·d) e)

25

f)·h)

and acetylaliOll
.l.Ji

Ragen!li: a) LiC=lCCH2CHzOSi-t-BuPb2, THF, _78v C lO 2Ov C, 83%; b) MnÜ2, C6H6,
23°C, 79%: c) LiMezCu, EtzO, -78°C, 93%; d) 3N Ha- THF (1:40), 23°C thcn 0.2 N
KOH - THF - McOH (1:4:4), 23°C, 95%: e) PhScC1, CHzaz, OoC then Ra-Ni (W - 2),
BtOH, reflux, 78%: f) TBAF, THF, 23°C, 97%: g) o-OzNC6H4ScCN, BU3P, THF, 23°C,
89%: h) 30% HZÜ2, CH2C1z, 18°C, 84%.

ScheIDe 1.21

Corey's Svnthesis of ForskoUn 1.6

Carey and coworkers 27 have recently reported. what amounts to, an enantioselective

synthesis of forskolin U. Racemic alcohol.L2Q (la1er prepared in optically pure fonn)

was convertell 10 the cycloadduet~ in good yield by reaction with 3-p-toluenesulfonyl­

propynoic &cid CScbeme 1.22). Displacement of the tosyl group with lithium dimethyl

cuprate and baron trifluoride etherate followed by diene isomerization and endoperoxide

formation gave.1&! in good overall yield. Reduction of the hydroperoxide with AlI Hg

amalgam followed by benzoylation of the secondary hydroxyl group and PCC oxidation



( providcd the enone.l.2ll. Reductive cleavage of the lactone followed by esterification with

diazomethane then providcd the enone.L21.. Stereoselcctive reduction of the enone moiety

and subsequent epoxidation BDd opening of the epoxide ring undcr equilibrating conditions

provided a diol which was protected as the acetonide~. Interestingly, the acetonide

.LM is a key intermediate which is also common to bath the Ziegler and Ikegami

syntheses.

26

.L2ll

T. b). c).d)

BzO

_....:;c):...;.f)c;.::'g)~_ @ii. ;~CO _..;.:;h),~i)__

u
00

.l.2ll

çrrBzl? ~Me. .

1

Ü 0

L2l

j) ·m)

c

BeaRD": a)T._COOH. CHCI3. 23·C. 72%; b) MezCuLi, BF3. OEI2. ·3s"C to
O·C. 76%;c) DBN. 23·C; d) 02. hv. CHCI3. mclhylcnc blue, O·C. 95'J!> over 2 steps;
c) AI. Hg.THF. H20. 23·C. 97%; f) BZ20. pyridine, DMAP, ClCH2CH2CI. 50·C.
85%; g) PCC. ClCH2CH2Cl. 80 • 9O·C. 60%; h)Al. Hg. THF. H20. W·C. 85%;
1) CH:zN2. EI20, 99%; j) DmALH, PhMe. ·78·C. 80%; k) 1· BuOOH, Mo(COl6.
PhH, 68·C; 1) KOH. MeOH. 23 ·C; m) MezC(OMeh. Mt2CO. TsOH, 23·C.

Scberne 1,22



a), b)

OTBDMS Jl 0

M~ 9,
c),d)

OTBDMS
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e)

h)-k)

OTBDMS

1), g)

1) - n)

OTBDMS

,~
:,~~'

RagenlS: a) LiC'" C(CH:zhOTBDMS, '!'HF, O"c, SO%; b) Me:!NCOCI, 2,6-lutidine,
AgOTf. CHzClz, 23DC, 60%; c) KZC03. '!'HF, HOCHzCHzOH, 23DC Ihen (COzHh.
HzO, MezCO, 6O"C: d) j) TBDMSCI, ùnidazole, DMF, 23DC; ü) nOEI, 23DC, Ihen AcC!.
_7SDC 10 -4s"c, 60% over 3 SlCps; e) Oz, hv. CHCI3,lODC, melhylene blue, SS - 63%;
1) NaOEI, Bu3P. EIOH, O"C, SO%; g) HOAc, AezO. 100 - 10s"C, seaIed lube; h) Mecu •
BU3P, BF3 •OEtz, ElzO, _7SDC 10 -SODC, SS%; i) HF, CH3CN, HzO. ODC: j) o-OzN­
C6H\SeCN, Bu3P, '!'HF, ODC; k) HzOz, '!'HF. 23DC, 90%; 1) HzNCONHNHz, HOAc,
HzO, 70DC. 9S%; m) LiOH, '!'HF. HzO, j-PrOH. 23DC. 95%; n) AczO, pyridine, O"C.
90%.

Scheme 1.23

The lactone~was ethynylated and the secondary hydroxyl group was proteeted as the

carbamate~ (Scherne 1,23>' Conjugate addition of glycol to~ followed by acid



( hydrolysis. resilylation of the primary alcohol and O-acetylation of the intermediate ~­

diketone gave the conesponding enol acetate.l..2l. Photocyclization of .l..2l and 4 + 2

cycloaddition of singlet oxygen gave the endoperoxide .l..2!I: which was converted to the

dihydropyrone.l.2S. by fi-cümination. hydroperoxide reduction and fina11y cyclic carbonate

form~tion under acidic conditions. Conjugate methyl addition :ollowed by desilylation of

the primary alcohol and oxidative elimination of the conesponding selenoxide gave .L26.

Re1IlOVai of the carbonate and acetonide proteeting groups followed by selective acetylation

of the C3 (naphthalene numbering) hydroxyl provided forskolin.Ln in good overaIl yield.

1.2.3 PannaI Synthe§Cs of Eorskoljn 1.6

In addition to the total syntheses of forskolin described earlier. severaI groups have

repOi1ed the formai or abbreviated synthesis of li. In generaI. the formai synthetic

approaches focus on the preparation of the known functionalized lactones .1.J.02 and .l.&2

as well as the aldehyde.L62 previously encounJered in the syntheses of Ziegler. Corcy and

Ikegami.

28

c

Key InIrnncdiale in
Ziegler and Carey

Synlheses

Key intenncdiale in
Ziegler. Cmey and
Ikegami Syntheses

TBDMSQ
=,

Key Intenncdiale
in Ziegler Synthesis
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~ HO BOMO BOMO COOBI

- a). b) c) (iY
0

.l.21 .l..2R

Çi& Ç1&d).1)
~I ~I+

l.22 .l.lllll

g) 1

~ ~h). i) j),II:)
1

~o 0 0

LW. uœ
Ream!!": a) PbCH20CHA iPr2BIN. CH2C12; b) (iPr20)P(O)CH2CÛ2BI, NaH.
nIF. reflux; c) N,N-dimel!lylaniline. 240"c; cl) Raney·Ni rw·2). BIOH. r.L. SO%;
e) PCC. CH2C12; 1) NaBH4. BIOB, SO% over 2 SICPS; g) LAH, BI20, O·C, 97%;
h) t·BuOOH. VO(acach. PbH; i) PCC. CH2C12. 77%; J') Na, arll/uacene. nIF. S3%;
11:) PCC. CH2CI2. SO%.

Scberpe 1.24

Cha and co-workers 40 have reponed the synthesis of the key enone .lJ.Ol and funher

elaboration ta the lactone~. TIte key step in their synthesis of .l.l.llZ. involves the

thermolysis of the triene ester .L21 (readi1y available from hydroxy-~-ionone) ta give the

bicyclic ester .l.28. (Scberne J,24), Removal of the BOM proteeting group followed by

inversion of the Cs hydroxyl stereoebemistry by a standard oxidation1reduction sequence



(~ provided a 3 : 1 mixture of the lactone .l...22. and the corresponding lactol J. J00

respectively. The lactone was further reduced 10 give the lactol.l.lQ!l. Regioselective

epoxidation followed by 1,3-oxidative rearrangement gave the enone .l.1Ol in good yield.

Reductive cleavage of the bridging acetal followed by oxidation of the resulting iactoi gave

the known enone.wœ with the trans ring junction stereoehemistry.

Pattenden and co-workcrs 39 have synthesized the key enone.l.lil2 by oxidation of the

lactone .l.6l albeit in poor yield <scheme J.25>' The lactone .l.6l was prepared via a

tandem radical cyclization1intramolecular Mukaiyama aldolization strategy as outlined in

Scheme J,14. Apparently, the low yield of the enone .l.lil2 is a consequence of the steric

bindrance al the C4 (naphthalene numbering) carbon.
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W
rl°

1 1) I·BuOOH, PDC,
PbH, r.L, 24h

~ 11) t·BuOOH, r.L, 24h

~

W
y f~ ·

::.
H

o
.L102.
34% 37%

(

Scbeme 1.25

Recently, Kanernatsu et aI. 41 reponed the synthesis of.wœ via a novel intramolecular

Diels-Alder cycloaddition reaction of the allenyl ether~which was produced in situ by

base catalysed isomcrization of the propargyl ether precursor .L.1!ll (Scheme 1.26\.

Cycloaddition proceeded smoothly to give the tricyclic ether .l.lll5. in quantitative yield.
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~ r:::c::::::'i OH O~- 0

~ ~
b)

~
.l.llll .Lllli

w~': :

c),d),e)

0

l..llI.1 l.lll6

ç$œM
~

f),g)
1

h), i)
1

H H
0 0

.l.lllZ .uœ

Wj)
1

~
0

.L1ll2

JW"!Il!!l!!: a) BuLl, HMPA, THF !ben BlCHzC&i CH, aOc, 83%; b) KOl- Bu,
t· BuOH, reOux, 100%; c) MeeH, CSA, aOc, 100%; d) BH3 •THF, aOc,
NaOH, HzOz, 74%; e) PCC, celilC, CHzClz, aOc; f) NaOMe, MeeH, reflux,
98% (2 steps); g) LDA, THF, -78°C, PhSeC1, -78°C 10 r.L, !ben HzOz, pyr.,
CHzClz,o"C. 80%; h) MezCuLi, ElZO, -2o"c; i) PhScCl, _78°C 10 r.L !ben
HzOz, pyr., CHzC\z,o"C, 71%; j) m-CPBA, BF:l •OElz, CHzClz, aOc.

ScheIDe 1.26

Acid catalysed addition of methanol to illS. followed Dy hydroboration and PCC

oxidation gave the ketone~ which was epimerized and oxidized to the trans-enone



c

c

.LlQ1. using standard selenoxide elimination chemistty. Conjugale methyl addition

followed by reoxidation providcd lJ.ll8.. Oxidation of the acetal moiety by reaction with

m-chloropcroxybenzoïc acid catalysed by baron trifluoride etherale afforded the Ziegler /

Corcy enone.uœ in good ovcrall yield.

Nicolaou 4% has rcported the synthesis of the key Ziegler aldehyde~ starting from

dIe bicyclic selenide .l.lll2. which was prcpared via a cation mediated polyene cyclization

reaction (ScheIDe 1.27>' Selenoxide elimination of followed by allylic oxidation with

selenium dioxide and subsequent hydrogenation over rhodium catalyst gave the lactone

.l.l1!l. Rcgiosclcctive opcning of the dioxolane moiety with aluminum amide base gave the

enol ether l.1ll which was convcrted to the alkene .l.J..U by reaction with phenylselenyl

chloride and subsequent selenoxide elimination. Reduction of .l.J.l2. followed by

dekctalization providcd a diol which was proteeted as the acetonide.lJ..U. Epoxidation of

the enone followed by Wittig methylenation gave the allylic epoxide .L.lll which

underwent rcarrangemcnt undcr Lewis acid conditions and double bond isomerization

undcr basic conditions to give the enone.l.1ll. Reduction of.l.1ll followed by hydroxyl

dirccted epoxidation of the rcsulting allylic alcohol gave U16 in good yield. Exposurc of

to dimethoxypropane under acidic conditions produced the acetonide 1.117 via

rcgiosclcctive opcning of the epoxide moiety. Following a sequence essential1y the same as

Ziegler (sec Scheme 1.16>. the acetonide .l.111 was further elaborated to the key aldehydc

.l.62.

Ruveda and co-workcrs 43 have rcported the synthesis of the kcy lactone .L.66. via an

intramolccular Michael/aldol stralegy as oudined in (Scheme 1.28>' Reaction of the

hydroxyaldchydc.ua with dikclene gave the ~·kctocster.1J.l2. Intramolccular Michael

addition undcr basic conditions then providcd.l.12Q. Acid catalysed inlrllll10lccular aldol

condensation of.lJ2Q gave the enone .l.Ul. in good ovcrall yield.
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90%: c) H2. Rh 1C. 2S"C. 95%; d) AlMeJ. iPr2NH. CH2C12.2S"C. 93%; e) PhSeCI. El2iPrNH.
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j) Hz02. NaOH, MeOH. 1000C. 87%; k) Ph,P+MeBr", BuLi. 'nIF. O"C. 95%; 1) BF3.0&2.
CH2Cl2. -7l1"C. 84%: m) K2C03. MeOH, 2S"C, 100%: n) DmAL, TIIF. -7lI"C. 89%: 0) VO(acaen,
t-BuOOH, bcnz.cnc. reflux, 40% + 53'lo.l.llS: p) ~(OMen. PPTS. MeOH, 7SOC. 73%.

Scheme 1.27
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- Reduction of l.12l. with sodium borohydride and cerium (lll) chloride gave a mixture of

h~miacetalswhich were treated with acidic methanol and then acctylated to give the acetate

l.12Z.. Stereoselective osmylation of l.12Z. gave a 3 : 1 mixture of diols which were

protected as the acetonides and saponified to give the alcohols .l.llland~. Oxidation

of the major alcohol.l.lllto the ketone followed by exposure to excess methylmagnesium

iodide gave the tertiary alcohol.lJ25. in good yield. Final linkage with the Ziegler, Corey

and Ikegami lactone .l&i was achieved by Jones oxidation followed by dehydration of the

~hydroxylactone with thionyl chloride in pyridine.

The enone l.12l. proved to he a versatile intermediate for the synthesis of forskolin .l..6

and the same group has reported the preparation of the key Ziegler 1Corey enone .lJ.Ol as

weil as the enone .lJ.ll and lactone .L11 previously utilized by Nicolaou 42. and Ikegami

28 respectively in their approaches to forskolin.
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Most recently, Fraser-Reid et al. 44 have prepared Ruveda's lactone .L.lll via an

intramolecu1arDiels-Aldcr reaction of the sugar derived diene~ in good yield~'Z

1.22).
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Annulation reactions leading to six membered rings are very important in organic

synthesis. The classical strategies for the formation of six membered rings include the

Diels-Alder reaction and the Robinson annulation. Although these approaches have been

and continue to be employed in organic synthesis, there are certain limitations associated

wiJi them. For example, in the Diels-Alder reaction, cyclohexenone reacts with most

dienes to give the corresponding adducts in good yield. On the other hand, 2- or 3­

substituted cyclohexenones react sluggisly or not at aIl. Furthermore, it has recently been

reported 45 that all attempts to add the electton rich dienes .L.ll1 and.!..ll.B. to 4,4­

dimethyl-2-cyclohexen-l-one have been completely unsuccessful <Scheme 1.30>.
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RecentIy, Chan snd Prasad '" have rcponcd that 3-(phenylthio)-1-(trirnethylsiloxy)-1­

methoxy-l,3-butadiene .2.3. rcacts with a numbcr of Michael acceptors under Lewis aeid

conditions ta give the Michael adducts in good yield (Scbeme 1.31). Clearly, the diene

rcacts exclusively al its 8-position and in a l,4-fashion with the enone components. The

intermcdiate E Michael adducts may then bc cyclizcd under basic conditions to give

annulated Products in good yield. The isomcric Z Michael adduets May also be cyclizcd by

exposurc ta lithium thiophenoxidc in rcfluxing TIIF.

+M~S
. ~SPb

2.3.
n .. 2,RI =R2= H
n= 2,RI =Me.R2=H
n.. 3,RI"R2=H
n= 3,RI = Me,R2"'H
n- 3,RI-H,R2-Me

Lewis acid

o

€ç)' COOM.

n(CH:z) 1
SPh

Rz
Michael adducls

"li:
.~

SçbmJe ).31
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KOl·Bu en Mel

THF
SPh SPh

H
.l.J22 2.lll

""

Mm
Scherne 1.32 2.ll

Although the overall sequence is equivalent to the Diels·Alder 4 +2 cycloaddition reaetion,

it offers cenain advantages, as the ring jonction stereochemistry may he controlled. by the

tandem sequence. For example, Claisen cyclization of the E Michael adduct lm'vith

potassium t·butoxide followed by quenching with methyl iodide provides the trans and cis

angularly methylated diketones :uD. and W in a ratio of 9 : 4 respectively <S&bemc

lJl). Similarly, cyclization of the E Michael adduct.Ll3.2 with potassium t·butoxide

followed by quenching with methyl iodide gives the trans compound 1,131

stereoselectively, whose ring jonction stereoehemistry was established by nOc experiments

<Scberne 1.33).

q:ro COOlMe _
KOl·Bu

SPh THF

.lJ3ll

M
~SPh

Scherne 1.33

c On the other hand, Claîsen cyclization of the E Michael adduct 2.li provides the cis



- annulated compound l.2n exclusively.
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i) HMDS. TMSCI
ü)KOt·Bu

•
Scherne 1.34

The bicyclic ketones obtained by the tandem Michael·Claisen sequence are interesting in a

sense that they contain three carbonyl groups, one of which is masked as the enol thio ether

function, thereby providing a useful entry into a number ofmultifunctional targets.

1,4 Prowsed ReSWCh

As outlined in the previous section, the utility of the tandem Michael-Claisen

condensation for the construction of cyclic compounds has been demonsttated. The

methodology has been extended to the synthesis of the 8a·methyl dccalin as weil as the

hydrindane ring systems and the total synthesis of two sesquiterpenes namely aristolone

and fukinone bas been accomplished 47.

Of particular interest is the extension of this methodology to the stereoselective

construction of the functiOllalized decalin ring system ofof the labdane diterpene forskolin

U. A number of other naturaI products such as erigerollJ..L clerodin .1.12. and the

ajugarins 1-llll..U- .LU (sec Section 1.1) also contain a highly oxygenated decalin ring

skeleton and as sucb, may in principle, he constructed by the tandem Michael·Claisen

approacb.
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Condensation of the dienc componentU with 4,4-dimcthyl-2-cyclohexcn-I-one would

give the corrcsponding Michael adducts which may he cyclized under basic conditions to

give the dccalone .2.S. in analogy to the Michael-Claisen sequence outlined in the previous

scction (Section 1.3>'

40

i) Michacl additiOll
ü) CIaisen COlIdensation

In orcier to elaborate the dtcalone .2.S. to the functionalized ring system of forskolin U.

a numbcr of important issues must he addressed. It is important to examine the angular

methylation of.2.S. in orcier to determine whether the dtcalin ring jonction stereoehemistry

can he controlled to give the cis isomer selectively. The second question relates to the

ability of the cis ring jonction stereoehemistry to control the stereochemistry of the Cl, C2

and Cg (naphthalene numhering) ccnters. Finally, it is also important to examine the

problem of convcrting cis ring junction to the thermodynamically more stable trans

stereochemistty. The trans ring jonction stereoehemistry MaY then he uscd advantagcously

to cstablish the Ii-stereochemistry of the C3 and C4 (naphthalene numherirsg) hydroxyl

groups.



Retro:syntbctic Analysis of Forskoljn
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ForskolinU

TBDMS<;? R OH

@
.~ "'OH

:

TBDMS<;? R OH

===>:@.·""'OH

:: 0
HO

lU

TBDMS~9RpH

""OH

~ OMe

lU lL4

f- 1"
,

,\~.

The retro-synthetic scheme outlined above, reveals that forskolin U may be derived

from the tetrol& which in turn may be derived from the diketone lU. Further analysis

reveals the retro-synthetic intermediate diollU bearing an enol ether or masked carbonyl

function. The alkyl group (R) in the diol structure lU may be either alkenyl or alkynyl and

simply functions as a masked aldehyde group. Fmal1y, the diol}U may be traeed back to

the j3-methoxy enone R4 having the cis ring junction stereoehemistty.

The retro-synthetic intermediate diketone lU represents a highly oxygenated decalin

intermediate for the synthesis of forskolin U and thus will be the final target of the present

study.
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CHAPTER2

CONSlRUCTION OF TIiE AB RING SYSlEM OF FQRSKOLIN

USING TIiE TANDEM MICHAEIcCLAISEN SIRAlEGY

2.1 Inuoduetjoo

As outlined in ChllPter l, the diene U was found te react in a Michael fashion under

Lewis acid conditions with a numher of a..)3-unsaturateci ketones. furnishing the

corresponding Michael adducts in good yield 1. The Michael adducts could in mm he

cyclized under basic conditions (Claisen cyclization) to give cyclic products. In order to

apply this methodology to the construction of the decalin ring system of forskolin U. it is

necessary to utilize specifically the enone 4,4-dimethyl-2-cyclohexen-l-one for the Michael

addition step. Herein, we detail the synthesis of the diketone 2.i using the tandem

Michael-Claisen annulation sequence and examine the introduction of the angular methyl

group. Further synthetic transformations of~ are then carried out leading to our

rettosynthetic intermediate enoneM (sec ~0...1& ChllPter 1).

2.2 Svnthesjs of the Piege Comnonent

The vinyl sulfide 2J. was prepared from methylacetoacetate according to the literature

procedure l , however the thioketalU was generally isolated li! the major product )..'\ 39%

yield. Conversion of the thioketal U back to the vinyl sulfide U could he achieved by

treatment with l,8-diazabicyclo[S.4.0)undec-7-cne (DBU) in methylene chloride at reflux

temperamre (ScheIDe 2,1). Alternatively, exposure ofU to mereuric trifluoroacetate and

lithium carbonate in acetonitrile :za gave U in good yield; however, separatiorl of the

produet from the mcrcmic salts proved to he quite difticult .
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PhS 0

~OMo
2J.

c)

___~b)..:.or..:.c.:..)__}

PlIS OI'MS

~OMo
:u

Reageg!l!: a) PzOs. PbSH, CHIC1l. r.L. 73%; b) Hg(OCOCF,h. LilC03. CH3CN. 70%; c) DBU. CHIC1l.
rctlux. 75%; cl) PbSH, poTSA, lolucne, rctlux. 46% + 16% recovc~ PhSH; c) LDA. TMS Chloridc. ·7SoC

100%.

Scbeme2.)

Altemalively, U could bc preparcd from mcthylacclDacctate, thiophenol and acid catalysl

uneier Dean-Stark conditions in good yield CScheme 2.1) 2b.

The enol silyl etherU was preparcd according ID the literature procedure 1 with only a

slighl modification. In arder ID cffCCl complete conversion of the vinyl sulphidc U ID the

enol süyl ether U. il was dcproIDnalcd with lithium diisopropylamide (LDA) in the

presence of the trimcthylsilyl chloridc (TMSC) in arder ID immcdiately quench the enolate

as il was formcd. The enol silyl ether could then bc isolated in essentially quantitative yield

<Scheme 2.n. The stereoehcmistry oiU was assigncd ID bc Z as reported previously 1.

With relatively easy access ID the enol silyl ether U establishcd, the Michael·Claisen

annulation sequence was then examincd.
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2,31be Michael-CiaiRn Annulation SCQpence ; An enîIY jnto the Decalin Rin~ SkeJeton of

Forskolio

ExposUI'C of the diene U to 4,4-dimethyl-2-cyclohexen-l-one under titanium

tetraehloridc (TiC!4) conditions dclivercd the Michael adducts~ and2& as a mixture of

E and Z isomcrs in rcasonably good yield (E : Z = 4 : 1) 1. Claisen cyclization of the

major E isomcr~ could he achicved under basic conditions by tteatment with potassium

t-butoxidc in t-butanol to give the dccalooeU in good yield <Scheme 2,2).

0 OJ'MS 0 OH 0

9 M~ a) 9I b)

~+
SPh SPh SPh

2.l 2&.Uh U

0 /9I c)

SPh

2â(E isomer)

RMi''Pl!!: a) Ti~. CHzClz. -'8°C, 60%: b) PhSLi. nIF, reflux. 6'%: c) KOt-Bu. t-butanol, 40°C, 85%

Scbeme2,2

Cyclization of~was imnwliately evident by the absence of a methoxy signal in the 1H

NMR spcctrum. Cyclization could also he conducted in TH.F l, however the yield of the

dccalone U was quite variable (ie: 3S - 70%). t-Butanol was found to be the solvent of

choicc for this rcaction, dclivering the dccalone U cleanly and in rcproducible yield.

Alteroatively, the El Z mixture of M could oe cyclized to U by rcfluxïng lithium

thiophenoxidc in TH.F as rcponcd previously 1 in good yield (67%).
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2,4 An~arMetbylatiQD ofThe Decalage 2,5

Due to the presence of the angular methyl group in decalin ring slJUcture of forskolin

and a number ofdecalinie natura! products, methylation of the decalone U was examined

under a variety ofconditions. Three possible isomers may be envisioned for the alkylation

of the decalone U under basic conditions, the cis and trans C-alkyl products 2.n and 2.1

as weU as the D-alkyl productU (ScheIDe 2.3).

49
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o 0 wO0 MÇricO~0

1 + 1 + 1
SPb 1 SPh SPh

ScbemeZ,3

""c.
!

1

The yields as weU as the selectivities of the methylation reaction ofU are given in IDhk

bl. In each case, the cis isomer predominates over the trans, with ratios ranging from a

low of 1.1 : 1 to a Iûgh of 7 : 1. The preferred formation of the cis isomcr 2& over the

trans U in the alkylation ofU under basic conditions is somewhat unexpec::ted. It was

previously found that in the methylation of the parent decalone U using either

tetrabutylammonium hydroxide (TBAH) or potassium ten-butoxide (KOtBu) as base, the

trans isomer 2J!l was formed preferentially over the cis 2Jl in a ratio of 9 : 4 (Scheme

2A) 1. The preferred formation of the cis Lomer2.n may be attrilluted to the steric effect

of the Cs (naphthalene numbering) axial methyl of the anion ill on the approaching

electtophile in forming U. When the metal ion (M+) is Iarger and less coordinating (ie:

K+. es+. BU4N+) to the anion than Li+ or the solvent more polar~: CH3CN) relatively

more of the trans isomer2.1 is formed because in the transition state, the electrophile (B+)

is further a'Nay and less subjcet to the steric effecL
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A convenient one pot procedure for the direct conversion of the E Michael adduct~

to the alkylated products U.2.1 and U was found by quenching the reaction mixture

with methyl iodide (Mel) rather than water as outlined in Scheme 2.5. Thus when the

Claisen cyclization reaction of the E Michael adduct~ was conducted in THF and the

enolate quenched with Mel, the C-alkyl products 2.6,.and U were obtained in a ratio of 2:1

in about SO% yield. The o-alkyl productU was obtained in 14% yield. Optimum yield

of the C-alkyl products U and 2.1 could he achieved when this cyclization 1alkylation

sequence was carried out in t-butanol (t-BuOR) as solvent (ie: 75% •ratio 2.6,.: U =2 : 1

; yield ofU =4%). It is interesting 10 note that solvent polarity ~: t-BuOH vs. THF) has

little or no etrect on the ratio of the C-alkyl products in this particular case whereas in the

direct alkylation ofU under basic conditions solvent polarity plays an important role (see

Table2,1).
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Table 2,1 : Angular Methylation of the dione~

f' ~

M
~SPh

Base, Mel

~.:~s:~~
u 2.6 2:l. 2.Jl

Conditions Temp (oC) T1IIle (h) a % Yield b Ratio a % Yield a % Recov.
Mand'bl M:ll ~ U.

BuLi, -78OC / 0131, TIIF 50 262 50 4,2:1 2 13

Li2C03/TIIF /0131 66 96 0 - 0 95

Na2C03/TIIF /0131 66 94 0 - 0 95

N82C03/ œ3CN / 0131 82 216 0 - 0 90

K2C03/ œ3CN /0131 82 26 63 1.2:1 28 0

~C03/œ3CN / 0131 82 4 56 1.2:1 24 4

~C03/TIIF / 0131 66 72 49 2.0:1 11 0

Ag7P / œp/ 0131 82 75 19 4.0:1 20 39

B\l4NOH / C6H6/œ~! 80 141 22 1.1:1 1 46

i) 11OEt/ C6H6. ü) œ3i 42 216 15 7:1 5 32

a Refers wir-;--éd yicld (afterchromalDgraphy). b Ratios wc:zedelmnined from the IH NMR spectrumofthecrudc IelIClioo mixture.
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I-BuOH,40oC

Scheme2.s
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Taking this cyclization 1alkylation sequence one Step further, it was also possible to

directly cyclize and alkylate the E1Z mixture of the Michael adducts~ and~ albeit in

relatively poor yield. Thus, exposure of~ and 2dh to lithium thiophenoxide (PhSLi)

followed by quenching with methyl iodide delivered the C-alkyl products 2..6. and 2:L in a

ratio of 4:1 in 33% yield, the O-alkyl productil in 2% yield as weil as a substantial

amount (34%) of the decalone 2.5.~.

A )MC
~sPn
2âII.~

4: lE/ZMixwre

i) PhSLi. THF, reflux

ü)MeI

Scheme2,6

~+2.1 (33%) + 2Jl..(2%) +2.i (34%)

c

The assignment of the trans stereochemistry t\\the del::!'lone 2:L is based on chemical

correlation accll:'dïng 10 ScheIDe 2,7. Compound 2:L was thioketalized with ethanedlthiol

to give W. Conjugate addition of methoxide to the enone 2.ll delivered the methoxy

compound lli. Reductive removal of the thioketal moiety oflliwith Rancy nickel gave

the known compound 2.U 4 with the trans ring junction stereochemistry. With the trans

stereochemistry of li established, the isom~ric decalone 2..6. must have the cis

stereochemistry. FurtlJer confirmatory evidence of the cis ring junction stereochemistry of



-- U was obtained by X-ray crystallography (see section 2,5>'
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o 0

W,~-a)-
2.1

SPh

b)

Ils s 0

ÇXl~
lM

Reagenla: a) clhanedilhiol, p-TSA, bcnzcnc. reflux, 100%; b) MeONa. McOH, reflux. :lAh. 609&;
c) Rancy nickel, ethanol, reflux, 6h, 859&

Schcmc2,7

In an ancmpt to improve the sclectivity of the angular methylation and to alleviate

completely the problcm ofo-alkylation, wc decidcd to ex;: i";.~e the use of the a·mcthylated

enone 2J6 in the Michael addition step. Cyclization of the il'ltermcdiate E adduet 2J1 was

expccted to dcliver the cis dccalone U selcctively, since the electrophile (COOMe) would

prcfer to approach the enolate in an axial fashion as dcpicted in 2.l8. (Eq.2.1). Indeed, this

cis selcctivity bas been obscrvcd prcviously for similar methylated Michael adducts,

however lacking the gcm dîmcthyl substituents at CS. For example, cyclization of the E

Michael adduet2J2 was canied out in a two step sequence, namcly formation of the enol

silyl ether with TMSCl and hexamethyldisilazane (HMDS) and Claiscn cyclization with

potassium t-butoxidc to give the cis isomcr 2.2ll exclusively (Eq.2.2) 3.
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jJQ' u Qj:' O. _ SPh

-2.6 (Bq. 2.1)
:>"

lA SPh

2J.6 2.J1 .2.J.a

0 0 0roM. ~SPh1 i) HMOS. TMS chloride
(Bq. 2.2)

b')KOt·Bu
SPh

2.l2 2.20.

The requiIed enone~ was readily prcpared in good yield using the enamine

chemistry of StorIc 5. Unfonunat.oly. exposure of 2J.6. ta our diene companent U under

TiC14 conditions did not provide any of the expccted Michael adduct 2J1. Instead, 1, 2­

addition occurred wit" cYClizatiOll affording the spirolactone 2.2l. in 86% yield <Scheme

l.R).
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The sttucture 2.ll was proposed based on the absence of a methoxy and doublet methyl

signal in the tH NMR spectrum. The DEPT NMR specttum was also consistent with the

proposed sttucture, showing 3CH2, 3CH3, 5CH and 6 quaternary carbon signais. The

outcome of the reaction appeared to be independant of the Lewis acid used. A series of

other Lewis acids were surveyed as outlined in Table 2,2 however, only l,2-addition was

observed in each c~.

Table 2.2: Effect of the Lewis Acid on the Reaction of2.l6 and 2.3.
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Run No. Lewis Acid (Equiv.) Time(h) a% Yield W Tempemture(0C)

1

2
3

AlCl3 (1.0)

BF3 Et20 (1.0)

(i-Bu)zAlCi (1.0)

2

2

2.5

67
70

69

-78

-78

-78

aRefers ta isolated vieid (after Chromatol!l1lDhy).

The propensity of~ to undergo 1,2-addition in its reaction with the enone 2.M under

Lewis acid conditions is not entirely unexpected. Presumably, the steric effect of the three

methyl groups as well as the electron r.:leasing effect of the a-methyl group render 2.M

unreactive as a Michael accepter under the experimental conditions.

2.5 Functional Group Manjpulations; ConYersjon to the Retro-Synthetic Intennediate

Enone 2.25 CR4l

With relatively eas)' access ta the cis decalone 2& established, a synthetic route ta the

retro-synthetic intermediate ji-methoxy enone 2.2S. (R4) was sought. Thus, the non­

conjugated carbonyl group of 2& was selectively reduced from the less hindered ~-face
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with the bulky rcducing agent LiAIH«(.'t-Buh to give the equatorial alcohol 2.lZ. as a

single diastercomcr, in esscntially quantitative yield <ScbeIDe 2,9), The rcduction could

also bc pcrformcd with sodium borohydridc in methanol at OOC, however the reaction

frequently did not go to completion and some of the diketone 2Ji was recovered. The

stereochemistry of the hydroxyl group of 2..22 was initially assigned on the basis of 1H

NMR. The Cs mcthine signal at 3.15 ppm showed both large (10.6 Hz) and small (4.6

Hz) coupling constants expected ofan axial hydrogen.

M ~ M _C)__TBDM

~SPh ~SPh ~OM.

2.24R=Hb)[
2.2.3. R = TBDMS

TBDMSO arBDMS

ÇQm
ReaBMW a) LIAJH(Ot-Buh, THF,·2O C, 21.5h. lOO'l!>; b) TBDMS triflate. 2.6-1ulidine. CHzClz. r.L,
Sh, n'X>; c) MeON&, MeOH, rdlux, S3-96%.

Scheme29

Furthcr confirmatory evidcncc of the structure ofm was dctermined by single crystal x­
ray diffraction. The PRIEr diagram 1 of~ reveals the expected cis ring junction

stereochemistry and the equatorial orientation of the Cs hydroxyl group. Furthermore, the

X-ray data revealed that the unit ccli of the sclected crystal contained oniy one enantiomcr,
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( the absolute configumtion as depicted in the ORTEP diagram. This observation suggesls

that 2.ll crystallizes in two different enantiomeric forms. An attempt was made to

manually sepamte the two enantiomers by examination of the crystals under a microscope,

however, the crystals appeared ta be similar in size and shape and there did not appear to be

any distinguishing features between the two crystalline enantiomeric forms.

Protection of the hindered hydroxyl group of2.22 was achieved using the standard 2,6­

lutidine / t-butyldimethylsllyl (TBDMS) triflate conditions li to give the sllyl ether 2.ll in

77% yield (Scheme 2,9). This reaction appeared to be reproducible on a sma11 scale (ie:

approx. 1 mmol) however, in severa1larger scale rons, a significant quantity (ca. 30 ­

50%) of the enol sllyl ether2)A was obtained at the expense of2.ll. This result however

was not probl-:matic sinee~ could be easily converted back ta 2.ll in high yield by mild

acid hydrolysis (Bee Experimental section). Other attempts at hydroxyl protection such as

TBDMS chloride / imidazole / N,N-dimethylfol'lUmide (T.'';1F) and AgNÛ3/ TBDMS

Chloride / TIIF failed and only starting material was recovered in each case. Replacement

of the thiophenyl group by a methoxy group was accomplished by refluxing with sodium

methoxide in methanol ta give the enone~which is our retrosynthetic intermediateM

(Bee SectiOD 1.4. CbllPtet 1) in ,good yield.
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CHAPTER3

SYNTHR1JÇ APPRQACHES ID lHE RETRO-SYNTHETJÇ INTERMEPIATE

DIKEJPNE R2 AND JJNEXPEcrEP STEREOCHEMICAL RESt' .JS.

3,1 Inttoduetion

With the ji-methoxy enone intermediate~~ in hand, a stereoselective route to the

retro-synthetic interrncdiate diketone B2 was sought in arder to complete the functionalized

decalin ring system offorskolin.l.6. Initially, two obvious IOuteS to the required diketone

B2 were envisioned, each involving the intermediacy of the diol lU as outlined in ScheIDe

ll.

The first IOute (Route A) requires the regioselective methylation of 2.25. followed by

stereoselective l,2-addition of a suitably masked aldehyde equivalent ID the caroonyl group

of li. Hydroxyl directed epoxidation of the enol ether moiety of M followed by ring

opening ofthe cpoxide was thcn expected to give the key diollU stereoselectivity.

In contrast, the alternate Route B requires l.'Je regioselective oxidation of 2.25. to the

diketone~ followed by tandem stereo and regioselective lIlW!tion of methyl and masked

aldehyde equivalents to el\ch carbonyl group. Initialïy, we elected to pursue the

methyiation, nucleophilic addition and epoxidation ~uenc:; (Route A) outlined in Scheme

ll. Thus, our efforts to prepare the retro-synthetic intermediate diollU via Route A are

described here.
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TBDMS~
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Çp! ."OHO

•
~ DM.

MeLi
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i---

TBDMSO
!

lU.

Scheme3.!

3.2 AtteDJWd Svnthesis of the InJeDDedjate dio! R3 Via Route A

ln arder ta conven the methoxy enone~ ta the diol.IU for further e!aboration ta the

retro-synthetic intermediate dikctane lU. it was necessary ta establish conditions for the

mono-methylation of~. Thus, dcprotanation of~ with lithium diisopropylamidc

(LDA) in THF 1 HMPA followed by quenching the enolate with mcthyl iodidc and

warming ta room temperature gave. after chromatagraphy, the mono-alkylated products
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II andII as weU as the dialkyl product U in 23%, 36% and 29% yield respectively

<Table 3,1). The methylated products ll.ll and U were readily distinguished from

one another by IR and IH NMR. The a-methyl productII displayed a double quartet at

2.74 ppm (J = 1.3, 6.9 Hz) corresponding to the C2 (naphthalene numbering) allylic

methine proton, as weU as a doublet methyl signal at 1.27 ppm (J = 6.9 Hz). Furthermore,

in the IR spectrum, the carbonyl group appee:-ed at 1716 cm-1 as expected In contrast, the

IH NMR spectrum of3.2 revealed a methyl singlet at 1.65 ppm which is at considerably

Table 3.1 ; g-MethyJation of the enone 2.25

"""'"M ~::"~ ."""'"~ ."~
~OMO ~OMO ~OMO ~(jM.

:us. II J.2 .u

Enolate Generation
Conditionsa

i)LDA,lHF
ü)MeI

i) LDA, ether, HMPA
ü)MeI

i) LDA, lHF, HMPA
ü)MeI

i) LDA, lHF, HMPA
ü)MeI

Alkylation
Temp. (OC)

-78 to r.t

-78 to r.t.

-78 to r.t.

-78 to-60

%Yieldb

II

o

o

23

75

% Yieldb

II

o

o

36

o

% Yieldb

U

o

o

29

o

%Recoveredb

2..ll

95

100

o

15

aThe eno1ate was generateèl with 3 equiv. ofLDA in the appropriate solvent at -780C for
1h. bRefers te isolated yieJ.d (after chromatography).

lower field than that ofll. The IR spectrum revealed a carbonyl sttetehing frequency of

1634 cm-1characteristic of the p-methoxy enone functionality. The IH NMR spectrum of

the dialkyl product U revealed five (5) methyl singtets al 1.39, 1.22, 1.20,0.88 and 0.60



ppm in contrast to the four (4) signais observed for bath 3.1 andU.

As shown in Table 3.1, HMPA is essential for successful generation of the enolate.

Furthermore, no deprotonation occurs when diethyl ether is used as solvent in place of

THF, only starting material is recovered. In ail cases, methylation did not proceed at ­

780 C and product mixtures were obtained when the reaction mixtures were allowed to

warm to room temperature. Optimum conditions for the selective formation of 3.1 were

LDA (3.0 eq.), HMPA (5.0 eq.) in THF at -780C for lh fol1owed by Mel (2.7 eq.) and

warming to ·6QOC, however, a substantial amount (ca. 15 - 20%) of the starting enone

2.2ï was frequently recovered. Later, lithium hexamethyldisilazide (LHMDS) was found

to te superior to LDA for the generation of the enolate of 2.25. resulting in essentially

complete dep1~tonation with only a slight excess of base required (see Chapter 4).

The a-methyl "etone U could he smoothly isomerized to the a,p-unsaturated enone

U by refluxing in sodium methoxide 1methanol (Scheme 3,2). Exposure of the enone

U to vinyllithium 1 in ether at room temperature gave the labile aIlylic alcohol M as a

single isomer in good yield. The stereochemistry ofM was proposed based on presumed

anack of the vinyl anion from the less hindered convex face ofU. The vinyl anion was

chosen for the addition ontoII in order to minimize regioselectivity problems in the

subsequent epoxidation step. Clearly, one expects the electton rich enol ether double bond

ofM to he considerably more reactive towards electtophiles than its vinyl counterpart.
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c)

TBDMSQ
!

l.S. (38%)

OMo
+

TBDMSQ
!

COOM.
3.6(30%)

Beagep!!!: a) MeON&, MeOH, rdIux. 2h. 95%; b) C2H:J1.i, elher. OoC 10 r.L. 30 min•• 79%: c) MCPBA.
Na2CO:!(aq.). CH202. OoC 10 r.t: cl) TBAF. THF. r.L. 3h. 91%.

Scbeme3,2

Epoxidation of the enol ether moiety ofIIwith m-ehloroperoxybenzoic acid (MCPBA)

buffcrcd with aqueous sodium carbonate dclivered the oily diol3.5. (38%) and a substantial

quantity (30%) of what appearcd to be. the cl~avage product 3..6.. The silyl proteeting

group of U was then cleaved with tetrabutylllInmonium fluoride (TBAF) in 1HF

dclivering the crystalline triol U in 96% yield, ....hose structure was confirmcd by single

crystal X-ray diffraction as shown in the ORTEP diagram 2. The X-ray data revealed that

two indcpcndant molecules (confonncrs) differing in the conformation of the A ring~ the

ring bcaring the 20 hydroxyl group) were present in the unit ccll.
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The stercochemistry of the diol product~ is consistent with the preferred approach of

the peroxyacid from the less hindered convex face of~. The apparent inability of the

allylic hydroxyl group ta panicipate in directing epoxidation to the more hindered IX-face of

II is prcsumably due ta the steric congestion imparted by the folded nature of the decalin

ring system.

Atlempts ta supprcss the formation of the cleavage product~ by varying the amount

of sodium carbonate buffer and the tempcrature were unsuccessful and only~ and~

werc obtained in each case. However, epoxidation ofIIwith the mild pcroxide reagent,

dimethyldioxirane 2, dclivered the diol~ in 79% yield without formation of any cleavage

product ll. Due ta our inability to obtain the desïrcd retro-synthetic intermediate diollU

by !his epoxidation sequence, we decided to abandon this approach and examine the

alternative Route B (sec Scheme 3,1).

In passing, although !his approach was not succes~ful for the synthesis of the retto­

synthetic intermediate diollU, it may weil he useful in the synthesis of the natura! product

isoalbrassitriol ll3 where the trans rclationship of the tertiary hydroxyl functionalities is

rcquircd.

OH
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c CHAPTER4

ATIEMPTEJ) SYNTHESIS OF 1RE RETRQ.SYN'fHETIC INTERMEDIATE

DIKE'IDNE R2 VIA ROUTE BœREJ ,IMJNARY INVESTIGATION)

4.J Introduction

ln arder ta utilize RQute B for the cQnstructiQn Qf the advanced intermediate diketQne

lU. cQnditiQns for the regiQselective QxidatiQn of the enone~ to the diketone~ had ta

he establ1:lhed fi.."St. lt was thought that this transformation could he achieved in a two step

sequence, namely. regioselective enolate oxidation ta give the acyloin ll. followed by

oxidation ta the diketane~ with mA.!.:ganese dioxide <Scheme 4,n. Subsequent methyl

and funetionalized carbanion additions to eaeh carbonyl group of~ was expected ta

provide a useful stereoseiective entty ta the funetiona1ized decalin ring system of forskolin

U. Herein, we describt. the preJ.aration of the diketone~ using novel enQlate oxidation

methodology and our initial attempts at further elaboration of~ to the retto-synthetic

intermediate diketone B2..

TBDMSO 0 TBDMSO 0 TBDMSO 0

Çt\OM......,:~~:.:~o:::7~-- Çt;c:-.-,Mn=Oz~_ ~:
~ u

Scbeme4,J

4.2 Initial Attemp~ at Eoolate Oxidation of 2.25

The enolateof~ was generated with LDA and HMPA in THF at -78oC as described

68



previously (sec Chapter 3. Table 3.1 and accompanying text). Direct oxidation of the

enolate of~ with Vedejs' MoOPH 1 rcagent gave none of the expccted a-hydroxy

product~. Instead, over-oxidation occurrcd to give the a-diketone~ albcit in low

yield, along with a considerable quantity (48%) ofrccovercd 2.22 (Scheme 4,2), The poor

yield and material balance in this rcaction as weil as difficulties encountercd in product

isolation led us to examine other routes to the desircd acyloin product ll.

69

a)

c)

TBDMSO a

~OH

~OMe +

U

TBD~

~OMe
OH

U

Reagenu: a) LHMDS, HMPA, THF, _78°C, lh,lhen 2-bcnzcncsulphonyl-3-phenyl­
oxazirldine, _78°C, 30 min, 96%: b) MnOz, pentane, r,l, 2h. 95%; c) LDA, HMPA,
_78°C. lh,lhen MoOPh, _78°C 10 r,L, 15.5h, 8%.

Scbeme4,2

We then turned our attention to the oxaziridine methodology rccently describcd by

Davis 2, The enolate of 2...ll was generated with the stronger base lithium

hexamcthyldisilazidc (LHMDS) and HMPA in 1HF in order to minimizc rccovery of2.22.

Reaction of the enolate with 2-bcnzcnesulfonyl-3-phenyloxaziridine at -78oÇ gave the a­

and y - hydroxy products~ and U as single diastercomers in 30% and 66% yield

rcspcctively (Scheme 4,2). As expccted, the use ofLHMDS (1.3 Equiv.) allowed efficient

and esscntially quantitative generation of the enolate at -78oC, and as such. none of the

starting enone z.2S. was recovercd.



The hydroxyl groups ofti and 4.2 are likely to have the f3-stereochemistr)' which is

expected for the approach of the oxaziridine reagent from the less hindered convex face of

the enolate. The isomeric alcohols ti and~ were easily distinguished based on their

spectroscopic data. The IH NMR spectrum of il revealed a doublet at 4.94 ppm

corresponding to the enol ether (C:) proton. The IR spectrum revealed a carbonyl

stretching band at 1722 cm-l,consistent with the acyloin functionality. In contras!, the

regioisomeric product~ dispiayed a carbonyl band at 1636 cm-l and the enol ether (C2)

proton appeared at lower field (5.26 ppm) in the IH NMR spectrum. The a-hydroxy

product ti was then smoothly oxidized to the a-dïketone~ by manganese dioxide in

pentane in 95% yield (Schemc 4,2).

In an attemptlo improve the yield of the a-hydroxy product 4.1, we have tried to

regioselectively introduce a hydroxyl or !œto group a to the carbonyl of~ usine the

selenium dioxide approach outlined in Scherne 4,3. Thus, quenching the enolate derived

from~with water at -78OC clcanly afforded the deconjugated enone~ in 95% yield.

Exposure of~ to selenium dioxide in refluxing dioxane gave exclusively the enone.4.5. in

88% yield. The IH NMR spectrurn of~ revealed two (2) doublet olefm signais at 6.08

and 5.29 ppm which were mutually coupled (4J = 1.8 Hz), consistent with the dienone

structure.

ReageD": al UiMOS, HMPA, THF, -78uC, lb, men H20 quench, 95%; b) Sl:Ü2,
dioxane reflux, 30 min., 88%.

Scbeme4,3
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- Meehanistically, one ean explain the formation of~ by initial ene-type reaetion of

selenium dioxide to give the intermediate selenie aeid~ whieh then undergoes syn­

elimination (rather than [2,3]-sigmatropie rearrangement) to give ~ (Eq. 4.1).

7 1

(Eq.4.J)

Although none of the desired a-hydroxy produet was isolated in this reaetion, this

deconjugation loxidation sequence may weil he useful as a method to eonven the cis ring

junction stereoisomer 2.25. ta the thermodynamically more stable trans isomer ll. This

would require the selective hydrogenation or reduction of the trisubstituted double bond of

~ (Bq. 4.2).

TBDMSO a TBDMSO a

Yi~--[H)--- w~
~ u

(Eq.4.2)

lndeed, in their synthesis of Ovalicin, Corey and coworkers 3 were able ta selectively

reduce the disu~stituted double bond of 4..8. with diimide to give~ leaving the Il­

methoxyenone functionality intact (Eq. 4.3).

.-.'.

a

~OM.
U

a

KOOCN=NCOOK ~
~HO-:-As;-:--, ::'DME:-=-.-:4':::s"~C-- 1

aM.
~

(Eq.4.3)



In view of the lack of regioselectivity obtained in the oxidation of the enolate of~

with oxaziridine and the poor yield / material balance encountered in the MoOPH oxidation,

it scemed important to develop new methodology which would allow smooth regioselective

oxidation of the enolate ofW to give the a-hydroxy compound~ .

4.3 Enolate Oxjdatjon Wjlh Dimethy!djoxjrane ; New General Methodo!ollY For The

FonDation of q-Hydroxy Carbonyl Compoupds

Recently, dimethyldioxirane 4 has becn shown to he a mild selective oxidant converting

enol ethers 5, y-methylene-y-butyrolactones 6, sugar-derived dibydropyrans 7, a,~­

unsaturated ketones, esters and acids 8, enol silyl ethers 9, and aflatoxin B110, to their

corresponding epoxides, polycyclic arenes 11, to their oxides and allenes 12, to their

dioxides. The remarkably mild nature and high efficiency of this reagent in forming the

labile epoxides mentioned above led us to examine its use in the oxidation of the enolate of

2...lS.,

Dimethyldioxirane (as a solution in acetone) was prepared according to the small scaIe

litetature procedure 4c. In general, the concentrations of the solutions were determined to

he in the range of0.05 - 0.10 M.

When the enolate of~ was treated a slight molar excess (1.4 Equiv.) of anhydrous

dimethyldioxirane solution in acetone (inverse addition, k: the enolate solution in THF at

-78OC was added dropwise via cannula to the dimethyldioxirane solution aIso at -78OC) we

were very pleased to discover that the a- and y-hydroxy products 4.1 and~ could he

isolated as single diastereoIDe!'S in a ratio of 6.6 : 1 and in 92% yield (Scherru: 4.4>'
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Remarkably, the reaction appeared to he very rapid and c1ean at -780 C affording only 4.1

and~. No products resulting from condensation of the enolale of 2.25. with acetone

could he deteeted. Funhermore, Iittle or no starting enone 2.7.i or the deconjugated

derivative~were recovered &: < 5%) suggesting that, in this tase, the oxidation of the .

eno1ate of~ by dimethyldioxirane is considerably faster than the pro!on transfcr reaction

with acetonc.

Interestingly, in the oxidation of the enolate of 2.25., the a l "{ selectivity appeared 10

vary according to the steric sizc and1or strength of the amide base used for the generation

of the enolate. For example, when the enolale of~ was generated with LDA and then

quer.cbed with dimethyldioxirane solution at -780C, the al "{ ratio was found to he 4 : 1 in

favor of the a-isomer U. On the other hand, when the less hindered base lithium

diethylamid~ was used, the a l "{ratio changed marked1y to 1 : 1.3 in favor of the "( product

~ crable 4,1). It would appear that LHMDS is the base of choice allowing efficient



~

~

Table 4.1: The Effect of the Base on the Ratio of 4.1 ; 4.2 (mtio of qJy)

TBDMSQi~0 TBDMÇtcSV0 OH TBDMwSV0
i) B:, HMPA, nIF, ·7S·C

1 ii) dimethyldioxinlne1aceIOne, .7S"C .& + 1OMe OMe OMo
II OH

U

Base_{]l;} TemD..{llQ a ~,-Yield~L4.2 bmtio 4.1 : 4.2 a % Yield 4.4 a % Recovered 2.25

iPr2NLi -78 7S 4: 1 17 0

Et2NLi -78 67 1; 1.3 10 17

(MÇJSinNLi -78 92 6.6: 1 0 0

aRefers ID isolated yield (after chromatography). b Ratios were determined from the IH NMR spectrwn of the crudc
mICtion mixtures

,...,, ,



deprotonation and high regioselectivity in the oxidation step.

A number ofother commercially available ketones were also examined in order to probe

the generality of this new oxidation methodology ([able 4.2>. ln general, despite taking ltl!

precautions to exclude moisture from these reactions, sorne of the starting ketone was

recovered in the cases of compounds~~,~and~. This is presumably

due to the competing proton transfer reaction between the enolates and aeetone.. The

amount of recovery however, could be minimized using the inverse addition technique

(MethodA).

Although no products resulting from aldol condensation with acetone could be deteeted

in these reactions, there appear:d to be a minor but detectable side product which was

common to each reaction. This would suggest that either acetone, LDA or

diisopropylamine were involved. lndeed, the common product that was produeed was

identified as the nitrane~ resulting from oxidation of diisopropylamine by exeess

dimethyldioxirane (Bq. 4.4). The identity of~ was confirmed by comparison with an

authentic sample prepared by oxidation of diisopropylamine according to the literature

procedure 13.

75

0-0X in llCClOlIC (Eq.4A)

ln comparing the oxidations of a-tetralone~ camphor ll.l1, cholestenone~

and our ~methoxyenone ~ the chemical yields are clearly superior ta the MoOPH

method (Method C). ln the case of cholestenone ~'à, the a-hydroxy product is derived.

as expected, from the kinetic enolate in regiochemistry. Moderate stereoselectivity is



1 dimethyldioxirane solutions in acetone were preparcd (small scale) and standardlzed (thio8lÙsole
assay) accordlng to the procedure of Adam and co-wOIkers (ref.4c) and dried over 3A molecular
sleves for 2 days at -2()OC before using. b Method A : inverse addition (sec text). Method B:
regular additilll1 ~: the DD solution in acelOne at ·78OC is added dropwise to the enolate in THF at·
780C). Method C : The MoOPH reagent (approx. J.S equiv.) is added to the enolate in THF at·
780 C and then warmed to the specified temperature. C Refers to isolated yield (after
chromatography). dThesc resu11S were taken !rom ref. 1. Cholestenlll1e was oxidized using inverse
MoOPH addition. C Mixture of 2 diastereomers (exo : endo =2.2 : 1). r Reponed as a single
diastereomer (see ref.I). &Mixture of 2 dlastereomers. stereochemlstry not determlned.



observed for derivatives 4. J Jb (2.2 : 1, exo : cndo) and 4, J3b (2 : 1 mixture of

diastereomers, stereocheni''''''' not determined).

In general, mere are a number oflimitations associated wim me MoOPH memodoJogy.

The reagent is highly toxic and requires careful handling. Only limited success is achieved

in me oxidation of memyl ketones, as aldol self-condensation is often a problem 1.

Furiliermore, over-oxidation of me acyloin products is quite common and sometimes me

corresponding diketones are me predominant species 1. It is not possible to efficiently

oxidize me enolates of ~-diketones or ~-ketoesters with MoOPH, presumably due 10

chelation wim me molybdenum species which resists oxidation 1.

This new memod for me OxidatiOIl of enolates offers several advantages over the

MoOPH memod The reagent (dimemyldioxirane) is easily prepared and safe to use, it

oxidizes memyl ketones (sec compound~ in Table 4,2) efficiently and me absence ofa

metallic component suggests mat it may be used effectively for me oxidation of ll-diketone

and ji-ketoester enolate systems. Furiliermore, me mild nature of me reagent ensures that

furilier oxidation of the acyloin products to the a-diketones is effectively suppressed. ln

none of me cases examined (Table 4.2) were a-diketone products ever detect~.tj. With a

selective and efficient pamway to me a-dîketone~ developed, fumer studies dïrected

towards me retro-synmetic intennediate diketone lU were then undertaken.

4.4 Attempted Elaboration of the Diketone 4.3 10 the Di!œtone R2: An Upexpected

Sttm:nçhemjcal Outeome

The reactivity of me IWO carbonyl groups of~ towards alkyllithiuril reagents was

examined in order to dctermine whemer or not carbonyl differentiation could be easily

achieved. Thus, exposure of U to vinyllithium 14 in THF at r.t. gave the C2
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(naphthalene numbering) addition compound as a single isomer albeit in low yield. This

preliminary result seemed to suggest that the C2 enone carbonyl is considerably more

reactive and less sterically hindered. Keeping this in mind, reaction of U with

trimethylalumir:~m (Me3Al) in Œ2Cl2 at -78OC afforded a ca. 2 : 1 mixture of the allylic

alcohol ~and the other a-hydroxy enone regioisomer~ as single diastereomers in

93% yield (Scheme 4,5).

I Raliolli:~ 1
ca. 2:1

Scbeme4.S

The ratio of~ :~ however, Will: not reproducible in many cases and appeared to

favor lli on a small scale ~: ratio lli:~ = 12: 1) or when the trimethylaluminum

solution was added rapidly to the enone solution at -78OC. Slow dropwise addition of the

trimethylaluminum solution to the enone at -780 C (over a 10-15 min. period) gave

essentially al: 1 mixture of the regioisomers on a 300 mg scale. Furthermore, separation

of the two regioisomers by flash chromatography proved to be quite tedious, as their Rf

values were very close in a variety of solvent systems.

After two chromatographic separations, we were able to separate the desired

regioisomerID although it was frequendy contaminated with approximav.ly 5 - 10% of

~. With a reasonably pure sample of~ in hand, attempts were then made to add
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various funetionalized carbanions to the remaining carbonyl group. Unfortunately, even

under forcing conditions, wc were unable to effect addition of either vinyllithium 14, vinyl

magnesium brotnidc, lithium acctylide-ethylene diamine complex 15 or l-lithio-l-mcthoxy

allenc 16 and only the starting kctoneillwas rccovercd in each case. The scctningly inen

nature of the kctone~ to vinyl anions is presumably duc to the steric influence of the

l,3-diaxial mcthyl groups. Howcvcr, exposure of the crodc (ca. 2: 1mixture) ofill and

~ to an exccss of the lcss sterically dcmanding carbanion l-lithio-l-hexyne in THF at

reflux tempcraturc affordcd a single product in 82% yield, which was tentatively assigncd

the triol SlIUCturc~. lnitially, the expccted isomcric slIUcture 4.lK was assigncd on L'le

basis of lH NMR (SchelDe 4,6). The Cs (naphthalene numbcring) methine proton at 4,49

ppm appeared as a doublet ofdoublet of doublet with both large (11.1 Hz) and small (4.8

Hz) vicinal couplings as weil as a small hydroxyl coupling ~2,2 Hz) expected of an axial

hydrogcn. If the tentatively assigncd structure~ is indccd correct, there must be a

grcater population of the conformer A in solution (CDCl3) at room temperature in order to

account for the large and small vicinal couplings observed for the Cs methine proton

(Fj~4,n.

Since we did not know for cenain the stereochetnistry of the triol product and

spectroscopic data appearcd to be compatible with the expected structure~ wc

procccdcd with the subsequent reaction steps. Indeed. it was on/y through conversion of

this trio/ ta the crysta//ine tetro/1.,JJJ. that the errant stereochemistries were determined and

the structure LIB. cou/d be ru/ed out. Consequent/y. the triol product ;vas tentative/y

assigned the isomeric structureill '
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Bragœ18' 8) eltCCSS 1·6Ihio-l-bc1ync, nIF, reflux, 4h, 80%; b) TBDMS triflaIe, 2,6-Jutidine
CHzCl2, r.L; C) AczO, pyridine, caL DMAP, CH2CJ2, reflux, 7 days, 89%.

Scheme4.6
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It is worth noting at this stage that the formation of only one triol ~:~ in bigh

yield (80%) in the re&etion of~andill (ca. 2: 1 mixture) with the hexynyl carbanion,



suggests that the minor isomer~ undergoes a-kelol rearrangement 10~ prior to

acetylide addition. This statement is based on the observation that when al: 1.3 mixture

of~ and~ was subjected to the same conditions, the triol~ was isolaled

exclusively in 71% yield. Similarly, when a 12 : 1 mixture ofill andlliwas utlilized,

the same triolillwas isolated in 81% yield.

Selective protection of the secondary hydroxyl group ofill as the l-butyldimethylsilyl

(TBDMS) ether was then attempted under a variety of conditions ~: TBDMS chloride /

imidazole / DMF at 4()OC lIIld 800C and TBDMS chlcride / silver nitrate) however only

unreacted triol was recovered in each case. When silylation was attempted with TBDMS

trifluommcthanesulfonalC and 2,6-lutidine 17, sorne of the silylated prodUClill appeared

to have formed as determined from the crude 1H NMR specttum, however contaminaled

by a considerable quantity (approximately 33%) of what appeared to 00, the reb'O-addition

product~. Anempted separation ofill and~ by silica gel chromatography led to

complete decomposition of the presumed silyl ether ill. AlI attempts to suppress the

formation of~ by altering the base strength or temperature were unsuccessful and at

oost, a 3 : 1 mixture could 00 obtained <Scheme 4,6). To this end, smooth selective

acetylation of~ could be achieved with acetic anhydride / pyridine and 4­

ditnethylaminopyridine (DMAP) to give û'te mono-acetate W in 89% yield.

Our initial attempts to convert the enol ether moiety of~ to the correspondtng

diketone function were unsuccessful. For example, stoichiometric osmylation ofW with

osmium tetroxide in pyridine failed to provide any of the required acyloin product~

even under forcing (reflux) conditions (Bq. 4.5). We were, however, able to prepare the

diketone !Wof the model enol etherU under these conditions, alOOit in low yield (Bq.

4.6). 'l'he tH NMR specttum of~ revealed that the diketone moiety is completely enolic

in CDCl3 as indicated by the presence of an exchangeable hydroxyl singlet at 6.60 ppm.
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(. The drastic conditions requircd lO osmylate U as weil as the scemingly inen nature of

~ suggests that their enol ether moieties are in incredihly sterically encumbered

environments.
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c

The enol etherillcould he converted lO the a-dikelOnernefficiently by a three step

sequence as out1ined in Scheme 4.7. Epoxidation of the enol ether moiety of ~.2.l with

dimethyldioxirane S gave a single labile epoxy ether~ (resulting from Payne

rearrangement of the initial1y formed epoxy ether~ in essentially quantitative yield. It

was found that when the dimethyldioxirane reagent concentration was less than about

O.06M (as determined by thioanisole assay) the isomeric epoxy ether~ was formed

almost exclusively in quantitative yield. This however, did not cause any problems sincc

both~ and~ could be convened to the epoxy kelOne !.26. in the subsequent

oxidation step. The epoxide stereochemistry of~ or A.2S. was not determined, however

the approach of the dioxirane reagent from the less hindcred convex face of~ is

expcctcl.



_.
:':~( .
.~

Oxidation of~ with sodium acetale buffered pyridinium chlorochromate (PCC) 18

afforded the epox)' ketone~ in 65% yield together with a small amount of recovered

~. The lH NMR spectrum of~ showed a singlet at 2.39 ppm ccrn:sponding to the

C4a ring junction proton. The IR spectrum revealed IWO (2) carbonyl absorptions al 1737

cm-1and 1711 cm-l corresponding to the acetate and cyclic ketone groups respectively. Il

should he noted that other common oxidation methods such as Swem 19, pyridinium

dichromate (POC) 20, P\..'C on alumina 21, barlum manganate 22 or chromium oxide /

pyridine (Collins method) provei to he inferior for the oxidation of~.

Clcavage of the epoxy ether fonction of~with dimethylboron bromide (DBB) 23 in

. the presence of triethylamine (TEA) afforded the salid a-dïketone œ in good yield which

exists exclusively as the enol tautomer i'l deuterated chloroform (Scheme 4.7). An attempt

W&:l made to obtain crystals suitable for X-ray crystallographic analysis however~

seemed ta crystallize in the form of fine plates from a varlety of solvents. The iH NMR

spectrum of~ revealed an exchangeable hydroxyl singlet at 6.34 ppm, analogous to that

previously ObSC'lVed for the diketone œ. The presence of TEA was found 10 he crucial
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65% + 7% RCOvered~ c) MczBBr, Et3N, CHzC1z, .78°C,lben OoC, 10 min., 83 • 96%; d) Hz (1 B1m.),

Pd1C, elhanol, r.t, lb, 98%: e) t·BuNH2 BH3' nIF, reflux, 24b, 52%.
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for the success of this reaction. For example, when the reaction was carried out using 1

equivalent of DBB and ooly 0.1 equivalent ofTEA as acid scavenger, none of the desired

o.-diketone~was produced. Instead, a labile compound lacking a methoxy group was

obtained, however it could not be isolated for identification pwposes. On the other hand,

when equimolar quantities ofDBB and TEA were present, the starting epoxyketone~

was recovered unchanged. Other common reagents and conditions for ether cleavage such

as PhSLi / DMF /1000c, Li! / ZnBI'2 or TiC4/ LiI were also examined. Unfonunately,

ooly complex product mixtures or recovered starting material were obtained.

Hydrogenation of the carbon-carbon triple bond of~ using 10% palladium on carbon

(Pd / C) as catalyst afforded the oily E- and Z- allylic alcohols~ and~ in a ratio of 1

: 12 in 98% yield which were easily separated at this stage. The major Z allylic alcohol

~ Wlill clearly distinguished from its isomeric counterpart~ on the basis of IH NMR.

The olefin signal of the major isomer~ at 5.24 ppm appeared as a doublet with a

relatively small coupling constant (J.3 Hz) suggesting a cis or Z geometry about the double

bond. On the other hand, the analogous proton of the minor isomer~ at 5.49 ppm

showed a large coupling constant (ie: 15.3 Hz) in support of the E or trans double bond

geometry. It was found that Lindlar's catalyst was incapable of catalyzing the

hydrogenation of~ under similar conditions and ooly starting material was recovered.

Stereoselective reduction of the o.-diketone moiety of the major Z- allylic alcohol4,28

with borane-tert-butylamine complex 24, gave the crystalline tetrol~ in 52% yield

(Scbeme 4.7) whose structure was confirmed by single crystal X-ray diffraction as shown

in ORTEPdja~ 3. The ORIEP diagram 3 reveals that the tetrol~ has the incorrect

slereochemistry at the Cl and Cs (naphthalene numbering) carbons. For the forskolin

structure.l..6, the o.-OH stereoehemistry at both Cl and Cs is required. It would seem that

the incorrect structure~ is a consequence of the stereoehemical outcome of the acetylide
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addition reaction on the isomeric mixture ofill andill. One possible explanation for

the formation of~ is outlined in Scheme 4,8 .
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In the reaction ofill andill with l-lithio-l-hexyne in THF under reflux conditions,

the sUyl proteeting group is removed firsl As a consequence, the resulting P-alkoxy

kelOne!J.l may then undergo a retro-aldol ring opening lO give the intermediate aldehyde

~ which then recyclizes via intramolecular aldol condensation to give the p·alkoxy

kelOne~with the cis stereoehemistry at the ring junction. In order lO satisfy the Cg p..



acetoxy stereochemistty in the tetrol structure~ the Cg hydroxyl group must adopt a~

orientation as a Il"r,ult of the recyclization of~, Finally. the acetylide carbanion would

then add from the concave face of!.ll to give~ thus establishing the observed CI

stereochemistty of fr.e tetrol~.

An alternative explanation for the formation ofAJ!l from the mixture of ketones m
and~ is outlined in Scheme 4,9 below. In this particular case, the same aldehyde

interrnediate~ (produced via retro-aldol opening of~ may then recyclize to give the

intermediate ~-alkoxy ketone~ bearing a trans (rather than cis) ring junction

stereochemistty. Addition of the hexynyl carbanion from the less hindered ~-face of~

would then give a triol of structure~. The pathway leading to~ as outlined in

Scbeme 4,9 •does not however. explain the fact that the Csa and C2 methyl group~ of the

tetrol~have a cis 1,3 relationship. This would require the epimerization of the C2
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stereocenter to give the ~-oH stereochemistty. It is unclear to us at what stage this
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epimerization may he occurring, however the fact that the C2 hydroxyl group is tertiary

suggests that epimerization may be facile uneler mildly acidic conditions. In the conversion

of the di"l~ te the tetrol~ (sec Scheme 4.7> a number of the reagents used (ie: pcc,

dimethylboron bromiele and dimethyldioxirane) are acidic in nature and either of these

reagents may weil he responsible for the C2 epimerization. In our opinion however, the

mechanism leading to the triol structure~ presented in Scheme 4,8 appears to he more

likely as it does not require the epimerization of the C2 stereocenter.

It is important to note, at this point, the trans ring junction stereochemistry of the tetrol

~. In the reduction of the diketone !.2ll. with tert-butylamine borane complex, one

expects hydride delivery to occur from the less hindered a-face of the diketone œ (sec

Scheme 4.7), Although!.2ll. seems to exist exclusively as the enol tautomer in CDCl3,

preliumably, in equilibrium, there is a small amount of the keto tautomer (with the

thermodynamically more stable trans ring junction stereochemistry) which undergoes

stereoselective rcduction from the a-face (anti to the C2, Cs and CSa axial methyl groups)

thus shifting the equilibrium in favor of the cotresponding tetrol~. Alternatively, if the

C3 carbonyl of the enol tautomer is reduced first (again from the a-face) the remaining C4

carbonyl may ketonize to give the trans ring junction stereochemistry prier to its own

reduction.
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CHAPTER5

Syrmœ.SIS OFnœ RETRQ.SYNJHETIÇ INTERMEpIATE DIKEJPNE R2 'lIA.

ROtITE B <MOI?IFffiQ SIRATEGYl

S.llngndpctiOQ

As outlincd in the previous chapter, the addition of 1-lithio-1-hexyne to the mixture of

ketones ill and~ resulted in the formation of a single triol product whose structure

was assigned to be ill based on correlation with the crystalline tetrol compound~.

Clearly, it is the loss of the Cs silyl protecting group ofill that triggers the retro-aldol /

aldol sequence which is ultimately responsible for the errant Cl and Cs stereoehemistries of

the triolill and thus, the tetrol~.

An alternate or modified route was then undertaken in arder to establish the correct Cl

and Cg (naphthalene numbering) stereochemistries of the diketone structure lU. We

attempted to correct these stereoehemistries by entering the acetylide carbanion prior to the

methyl carbanion. TIùs was expected to allow retention of the Cs silyl protecting group of

ill and consequently, elimination of the retro-aldol problem. Herein, we describe the

synthesis of the retrosynthetic intermediate diketone R2 using !bis modified strategy.

'.2 Execution orThe MMjfied Strate" For The Syntbesis ofThe DUcCIO"' R2 (5.9)

Addition of an excess of 1-lithio-1-hexyne to a solution of the diketone~in toluene at

-78OC gave, upon warming to COC, al: 1 mixture of the regioisomeric adductsII and

U in good yield (Scheme 5,1). The two adducts were readily distinguished from one

another by IH NMR. The enol ether proton ofU appears as a doublet at 4.85 ppm and is

coupled to the adjacent C4a (naphthalene numbering) ring junction proton at 1.99
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ppm (J= 6.6 Hz). In contras!, the analogous proton sigm:ls of U appcar at 5.75 and 2.44

ppm respcctively. The apparent downfield shifts obscrvcd for U may he attribulcd to the

dcshielding effect of the C2 cllIbonyl group, which is not present in the case of.5.,2.
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TBDMo
~OM.

TBDMS~

SJ. (42%)

ScberneS,1

+

TBDMS~ o

ll(46%)

The ratio of the two adducts ofU and .5.,2 appcared to dcpcnd on the solvent in which

the reaction was conductcd. For example, when the reaction was carricd out in either nIF

or diethyl ether, the ratio was found to he about 2.5 : 1 in favor ofs,z as dctermincd by 1H

NMR. Tne addition of eitherMgB~ OEt2 or HMPA gave a 3 : 1mixture when nIF was

used as solvent. Furthermore, in the case of toluene, added N,N,N',N'-

tetramethylethylencdiamine (TMEDA, 20%) produced a 16 : 1 ratio ofregioisomers, once

again in favor ofs,z. The choice of solvent for this particular reaction sccmcd to he quite

limited, as the starting dikctone~ is almost completely insoluble in hydrocllIbon solvents

such as hexanes and pentane.

In an attempt to improve the yield of the dcsircd adduct 5.J. we dccidcd to examine the

base induccd retto-addition and a-kctol rearrangemcnt of the acctylenic alcohol function of

U. In principle, undcr basic conditions, the adduct U may expcl the acetylidc function

regcncrating the dikctone prccursor~. If the acctylidc carbanion is then trappcd by a

suitable elcetrophile, il then may not add back onto the dikctone~ (Eq. 5.1). We have



tried various conditions such as sodium methoxide in Methanol (catalytic and

stoichiometric), rcfluxing triethylamine, TBDMS triflate / 2,6-lutidine in CH2Cl2 as weil as

acetic anhydride / pyridine / DMAP however only complex product mixtures or rccovcrcd

starting material werc obtained and none of the diketone ~ was ever detected.

Alternatively, it was thought that U May undergo a-ketol rcarrangement to give the

corrcsponding alkoxidc ofII which can be ttappcd by methyllithium to give the diol U
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aIkoxidc of.u

TBnMS~

a1koxide of.u

+

C414

TBDMSQ:. IlC414 a.kelol ,0-
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OMo

aIkoxidc ofSJ.

TBDMS~

(Bq. S.2)

!RJl stercoselcctively in one operation (Eq. 5.2). Indced, wc have already obscrvcd this



- type of rearrangemcnt in the reaction of the acetylenic carbanion with the isomeric mixture

of W and~ (sec ChanIer 4. Scheme 4,6 and pccompanying tex:). Unfonunately,

exposlU'C ofU to excess mcthyllithium in hexanes at -15OC gave the isomeric diol~ as a

single diastereomer in 52% yield along with 20% mcovered U (Eq. 5.3)
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TBDMS~
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(Eq.5.3)

Despite the poor regioselectivity encountered in the addition of the acetylide carbanion

to the diketone~ and our inability to utilize the regioisomer U. the subsequent methyl

addition step was examined. Reaction of the enone .11 with methyllithium in hexanes at

-150C cleanly afforded the oily diol U in 77% isolated yield CScheme 5,2). A

considerable amount of silyl cleavage was observed when the reaction was conducted in

either THF or diethyl ether thus precluding their use as solvent In the 1H NMR spectrum

of U the Cs methine proton at 4.04 ppm appears as a doublet with only one small

coupling constant (J= 3.5 Hz) suggesting that it is likely to he equatorial. The multiplicity

of the mcthine signal as weil as the magnitude of the coupling constant would suggest that

there is a greater population of the conformerII in solution at room temperature. In

contras!, ifU had the conformation as depicted in 5..n exclusively. the methine signal



would show bath large and small coupling constants charactcristic of an axial proton (Ha>.

Desilylation ofU with TBAF in TIJF delivered the crystalline triol~ whose

structure was confirm..'"C1 by single crystal X-ray diffraction (see ORIEP djawm 4'1. The

ORIEP diBwrn 4 reveals the expected a-orientation ofthe three hydroxyl groups ofill.

With the stereochemistry of the Cl, Cz and Cg stereocenters tirmly established the

remaining three step protocol for the conversion of the enol ether U to the diketane

structure~was attempted (Scbeme 5.2>'
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Epoxidation of the enol ether moiety of U with dimethyldioxirane 1 in acetone 1

CHzClz at room temperature provided a single labile epoxy ether U in quanôtative yield

CScbeme 5,2>. In the lH NMR spectrum ofU the C4 cpoxide methine proton appears as

a singlet (no coupling ta either the ring junction or hydroxy protons) suggesting the

structure U rather than its corresponding Payne rearrangement counterpart. The crude

product appeared ta he quite pure by tH NMR and was used without further purification

for the subsequent oxidation step. In passing, wc note that the enol etherU was stable ta

osmium tetroxide in pyridine at reflux temperature in contrast ta the model compoundU

which reaeted ta give the diketone~ although sluggishly (sec EQuation 4.6. Cb~ter 4).
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Structure confutno:d
by X-ray diffraction
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Reagenlli: a) MeU, hexancs, -lS'C, l.5h, 77%; b) TBAF,TIIF, r.L, IS min., 96%; c) 0504, pyridine,
reflux, 3lh; cl) dimelhyldioxiranc, acctone1CHzC1z, r.L, lh, 100%; e) oxalyl chloride, DMSO, CHzClz,
_78°C, 4S min.lhen TEA, _78°C 10 r.L, 3D min.; f) MezBBr, Et3N, iPrzO. _84°C Ihen DOC, lS min.,
35% from s:I.;

Scbeme 5,2

Unfonunately, attempted oxidation ofII to the epoxy kelOneII under the conditions

previously optimized for the oxidation of~ ta~ (sec ChaRter 4. Scheme 4.7 and

accompanying text) resulted in a complex mixture of products froID which noIIcould he
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deteeted by IH NMR of the crude reaction mixture. In fact, a number of chromium based

oxidation systems were examined (ie: PCC / mol.sieves 2, PCC / alumina 3, POC in OMF

and chromium oxide / pyridine) however, only complicated product mixtures or recovered

starting material were obtained in each case. Other metal based reagent systems such as

tetra-propylammonium perruthenate (TPAP) / 4-methylmorpholine N-oxide (NMO) /

mol.sieves 4, activated MnÛ2 and Sm!2 / 2-butanone 5proved ineffective and only starting

material was recovered. To!his end, we were able to obtain II by Swern oxidation 6

(crude yield = 100%, > 60% pure as judged by IH NMR), however, it could not be

purified by chromatography without considerable loss of material (Scheme 5,2). For

example, when the crude product was subjected to chromatography on silica gel, a 3 : 1

mixture of products was obtained, the major component being the epoxy ketoneIIalbeit

in low yield œ,: 29% yield as determined by IH NMR). The minor component (not

observed in the crude IH NMR spectrum), was not identified, however IH NMR and MS

data suggested that it may he isomeric with ll. For this reason, the crude epoxy kelone

IIwas used for subsequent reactions without furtber purification.

Oeavage of the epoxy ketoneIIwas then attempted with dimethylboron bromide 7 as

previously described for the preparation of the diketone .4.2l (sec Chapter 4. Scheme 4,7

and accompanying text). Unfortunately, under these conditions, an exceedingly complex

product mixture was obtained and none of the desired diketone .12 could he detected. We

suspected that the reaction conditions were too vigorous, even at low temperature, since ail

attempts 10 modcrate the reaction by decreasing the reaction temperature (ie: -84OC, -6OOC,

-47OC and -23OC) or amount of triethylamine were completely unsuccessful. It has been

reported, that dimethylboron bromide can he used effectively for the selective cleavage of

either dimethyl acetal, MEM or MOM ethers in the presence of acetonides when diethyl

ether (or possibly another ether) is present in the reaction mixture. Presumably, the ether

acts as a new coordinating ligand which effectively competes with the substrate for the
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boron reagent, thus slowing the overall reaction and amplifying the reactivity difference

hetween 8CCtonides and the more reactive acetals 7. It was hoped that this approach would

decrease or moderate the activity of the dimethylboron bromide to allow cleavage of the

labile epoxy ether function of 5.Jl. (without TBDMS ether cleavage) and suppress any

subsequent side reactions which may he occurring. Therefore, we were very pleased to

discover that when the diketone was treated with dimethylboron bromide (3 Equiv.) and

triethylamine (1 Equiv.) in diisopropyl ether at -84°C and then warmed to OOC, the

corresponding diketone II was formed in 35% isolated yield (unoptimized) from U

<Scheme 5.2>' Unfonunately, II appeared to be quite labile and the chromatographic

purification step was, in part, responsible for the low yield. In addition to II another

labile product lacking a mcthoxy group (previously unobserved on tic of the crude reaction

mixture) was obtained after chromatography on silica gel, however it was contaminated

with at least two other minor components. Although it could not be further purified for

characterization purposes, we have tentatively assigned the major product the

corresponding tautomeric structure lli.

At this stage, with limited material available, we decided that it was important to

demonstrate the cis stereochemistry of the Cl and C2 hydroxyl groups. This task was

accomplished by protection of the diol functionality as the orthoformates~. Thus,

exposure of~ to excess trimethylorthoformate with p-TSA catalyst 8 affordedill as a 9

: 1 mixture of diastereomers (Bq. 5.4). The incorporation of the Œ(OMe) functionality

into the parent structure~was immediately evident by lH NMR [major isomer: 5.56 ppm

(s, lH), 3.38 ppm (s, 3H»). While the formation of 5..ll establishes the cis diol

stereochemistry of ll. it does not mie out the isomeric structure~ which may aiso

form the corresponding orthoformates under these conditions. In our opinion however, the

isomeric diolill is unlikely to be formed in the sequence outlined in ScheIDe 5.2. as this

would require the epimcrization of bath the Cl and C2 stereocenters.
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The fmal overall synthetic pathway leading to the diketone II frorn our diene

cornponentU is outlincd in ,Scberne 5,3. The overall sequence involves twelve synthetic

steps and procccds witb complete stereoselectivity for establishing the Cl, C2 and Cs

(naphthaJcne numbcring) hydroxyl stereochenùstries of the diketone 12 (lU). Noteworthy

or novel transformations include the regioselective enolate oxidation of2.25. as well as the

cbemosclective clcavage of the labile epoxy ether function of ll. The bigh efficiency of

dimetbyldioxirane in cpoxidizing the enol ether moiety of U is also worth noting.

The main problems associated with the overall synthetic sequence leading to12include

the modest stereosclectivity and cbenùcal yield obscrvcd in the angular mcthylation ofU

as well as tbe lack of regiosclectivity in the addition of the hexynyl carbanion lO the

dikclOne~. Dcspite thesc minor problems, the sequence has considerable potential for

the synthcsis of forskolin.l.6. One possible approach would involve the conversion of the

ortboformates.s.u lO the aldehyde~ as outlincd in Scberne 5.4. The aldehyde~
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was previously utlilizcd by Ziegler and co-workers 8 in their synthesis of forskolin.

Reduction of the a-dîketone function of~ with boran:;-ten-butylamine complex is

expected to provide the 313.4l3-diol stereoselectively in analogy to the a-diketone~

0 arMS 0 0

9+ Mu)
a) QJCOOM: 91

MO
b)
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2.3- 2dh 2AlI

MeC 0 0 0 0 0 TBDMSO 0
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OMo ~ 0 0
0 OH OH

SJi s.2 ill

ReaaeOI$ a) TiC4. CH1CI1, -78°C, 60%; b) KOt-Bu. t-BuOH, 40 C!hen Mel; 79%; c) LiAl(Ot-Bu}J.
nIF. -,]Ile. 100%; dl TBDMS triflate. 2.6-lutidine. CH1C11' r.t., 77%; e) MeONa, MeOH. reflux. 83 ­
96%; f) LHMOS. HMPA. nIF. _78°e!hen dime!hyldioxirane. _78°C. 80%; g) MnOz. pentane, r.t.. 95%;
h) l-lidùo-l-hexyne, IOluene. _78°e 10 (j'C. 42%; i) MeU. hexanes, -1s"e. 77%; j) dime!hyldioxirane,
8CCIODC 1CHzCI1. r.t.. 100%; k) (COClh. DMSO, CH1CI1, _78°C !hen Et;lN. -78°e to r.t.; 1) MezBBr.
Et3N. ïPrz0, -M°e lO DoC. 35% from oU: m) HC(OMe}J. 'jl-TSA, r.t.. 90%.

Scheme 5,3



- which presumably underwent stereoselective reduction from the less hindered IX-face to

give the corresponding tetrol~ (sec ChllPter 4, Scheme 4,7 and accompanying text).

Protection of the resulting cis diol function as the acetonide would then give ~.

Hydrogenation of the triple bond ofillwith palladium on carbon (sec Cha~l!er 4, Scheme

&.1 and accompanying text) would afford the corresponding allylic ether, which upon

oxidative cleavage of the double bond would give the key Ziegler aldehyde(s) .l.62.
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CHAPTER6

HIGHLY OXY'QENATED PECALIN COMPOUNPS AS POIENTIAL SPRl1CE

BUDWORM CChoris(oneura fumjferana) AN 1Œ66DANJ'S: SIRUCTI!RE-ACTIVITY

R6LAIIQNSHIPS

6.1 IntroductiQn

The spruce budworm, Chorisotoneura fumiferana, is an insect pest that infests the flf

and spruce forests Qf NQrth America. The budwQrm larvae feed Qn a number Qf cQnifers

including, amQng Qthers, balsam fir (Abies balsamea [L.] Mill.), white spruce (Pieea

glauea [Moench] VQss) and red spruce (Pieea rubens Sarg). The spruce budwQrm has a

Qne year lifecycle (Fiiure 6.1). Female mQths depQsit their eggs Qn the undersides Qf the

needles Qfthe host tree in July and the eggs usually hatch in about 10 days. In May of the

fQllowing year, second instar larvae emerge from their hibemacula. By late May, third­

instar larvae begin to feed Qn newly Qpened shoots and consume the greatest amount of

foliage during their sixth instar development stage in early June. As a result, a budworm

outbreak inflicts extensive damage to the forest resource and has a devastating impact on

the Canadia" pulp and paper industry. Furthermore, the forest destroyed by the budworm

requires many years to retum ID its normal status.

Up ID now, efforts ID control the spruce budworm population have relied heavily on the

spraying ofchemical insecticides such as Fenotrothion or the microbial insecticide Bacillus

thuringiensis (Bl'). In an environmental sense, the use of insecticide sprays is undesirable

as they are generally taxic and may result in contamination of food supplies. The efficacy

of BT against the spruce budworm under field conditions is subject ID a number of

conditions and recently, insect resistance has becn reported 1.
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FjLlure 6.1

A strategy that has been considered for pest control is to employ antifeedants to interfere

with the feeding behavior of insects. The approach may offer distinct advantages over the

conventional methods of pest control as antifeedant could protect current year foliage while

leading indirectly to budworm mortality, without being generally toxic 2.

c

In screening programs, a number of naturaI products such as azadirachtin U 3,

clerodin l...U 4 and Nic-l U 5 have been found to exhibit pronounced antifeedant

activity. For the spruce budworm li, an active compound, specionin .6.3. 7 bas been

isolated from the leaves ofCatalpa speciosa warder (Bignoniaceae). The total syntbesis of

specionin bas recently been reported 8.
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Although their carbon skcletons or prcsumcd biogenetic origin may differ widcly, most

insect antifccdants discovcrcd up to now sharc a common featme, namely, they arc

polyoxygenatcd molecules. The synthetic compounds~ and M which sharc common

structures with azadirachtin .6J. 9 and clerodin ill 10 wcrc found to exhibit antifccdant

activity. In the case of the sprucc budwonn, the iridoid dcrivative~was found to exhibit

IllOllerate but dcfinate antifccdant activity 11.

The known antifccdant azadirachtin U is a naturally occuring tetranortriterpcne isolatcd

from the nccm ttee Azadirachta indica (A. juss). Rcccntly, the structure of U was
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Although thcir carbon skcletans or presumed biogenetic origin may differ widely, mosl

insect antifeedants discovered up ta now share a common fealure, namely, they are

po1yoxygenated molecu1es. The synthetic compounds~ and M which share common

structures with azadirachtin U 9 and clerodin .lJZ 10 were found ta exhibil anlifeedanl

activity. In the case of the spruce budworm, the iridoid derivative U was found ta exhibil

moderate but definlllC antifeedant activity 11.

The known antifeedanl azadirachtin U is a naturally occuring tetranortriterpene isolated

from the neem ttee Azadirachta indica (A. juss). Recently, the structure of U was



/11'
'~J '

'';'':''

Due to the structural complexity of azadirachtin U as weil as ilS potent antifecdant

activity, it is not surprising that this target has been the subject of considerable synthetic

effort. Indeed, the advanced intermediates Mo and~ representing the decalin and cyclic

acetal fragments have becn prepared 9. Funhermore, siructural modification and

degradative slUdies ofazadirachtinU have also becn performed.

As outlined in ScheIDe 6,2 an important key step involving intramolecular Diels-Alder

cycloaddition was utilized for the construction of the oxygenated decalin fragment M of

the parent structure U. The key bicyclic intermediate ill was prepared efficienlly in a

seven step sequence starting from the acetal~. The critical intramolecular Diels-Alder

cycloaddition of .6.lll proceeded to give only IWO of the four possible diaslereomeric

prodUClS with good enda stereoselectivity. The phenyldimethylsilyl group was found ta he

a critical element favoring the formation of the required enda adduct ill.
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ReaseglS: a) BuLi, TMEDA, 54%; b) i) KH, Methyl.E-2-(bromomethyl)·3·(dimethylphenylsilyl)
propell8le. 609&, ii) HF. pyridine, 86%, iü) (COClh. DMSO. Et3N, ·78°C. 93%. iv) LiCI.
DIPEA, Diethylphosphonobutyrolactone. DMF. 68%. v) Tebbe reagent, pyridine, -40oC;
c) Toluene, 8S"C.

Scbeme 6,2

Cyclization ofillwas achievcd by a key acid cata!yscd aldol type condensation step.

Pivoylation, stereoselective reduction. dithiane removal. elimination and oxidative cleavage

of the phenyldimethylsilyl group providcd a diol which was proteeted as the benzylidene

acetal uz CScbeme 6.3>'

The Curan ring was installcd via a novel ring conttaetion process as outlincd in Scheme

§.J. The enone UZ was reduccd with L-selectride and the resulting alcohol silylated. The



.:.u. The furan ring was installed via a novel ring contraction process as outlined in Scheme

M. The enone U1. was readily converted to the cyanoacetic ester n.u by a standard

series of steps involving depivolylation of the primary hydroxyl. oxidation to the aldehyde
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li) NaBH4. THF1MeOH, 96%; c) i) Mel. MeeN. 100%: li) DBU. 92%: Iii) Hg«(hCCF3n.
TFA - HOAc then CH3Co]H. 85%; Iv) PhCHO. PPTS.~. 94%.

Scheme 6,3

followed by ozonolysis of the corresponding enolsilyl ether reduction of the resulting

aldehyde and cyanoacetylation. Desilylation of the allylic hydroxyl followed by oxidation

with poe provided an enone which underwent smooth intra-molecuiar Michael cyclization

upon treatment with DBU to give the a-cyano lactone U,!. Oxidation with

dimethyldioxirane followed by ring opening of the intermediate a-keto lactone and

immediate reclosure ta the corresponding lactol gave. upon acidic workup. the final target

triol~ in good 0vera1l yield.
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··'/arB-OM-S....::!.-- O"'''W'''/arBOMS

MeOzC ~ H6

_-=c:(..)--~~[$:--s---";~~-
MeOzC ;, HO

ill

o

CN

o

e)

HO"" i

MeOzC f. fi d
.6&

o

(

ReaKeo!S: a) i) L-Selectride, THF, _78uC, ü) TBDMSOTf, 2,6-lulidine, ouC, iü) LiOH, EtOH·
HzO, 6O·C, iv) CHzNz, 79% over 4 steps; b) i) periodinane, pyridioe, ü) TBDMSOTf, Et3N, .1000C,
Hi) Ü]/Oz, ·78oC, iv) PPh3' -78·C te r.L, 74% over 4 steps; c) i) ZoBlLi, -IO·C, ü) NCCHzCOOH,
pTosCl, pyridioe, 95% over 2 steps; d) i) TBAF, 4A sieves, ü) POC, 4A sieves, iü) DBU, MeeN,
85% over 3 steps.; e) i) dimethyldioxirane, O·C, 30 min., ü) MeOH, Et3N, iü) CHzNz: iv) HCl
MeCN, 45% over 4 steps.

Scheme6.4

The cyclic acetal fragment of the parent structure ilwas prepared in a twelve step

sequence from the known bicyclic lactone 2..1i as outlined in Scbeme 6.5. Enolate

oxidation ofill followed by silylation and alkylation with allyl bromide and DmAL

rcduction gave the lactol~ in good yield. Ozonolysis of.6J2 to the aldehyde followed

by cyclization provided the tricyclic lactol 2J1, which was converted to the sulphoxide

~ in a two step sequence. Pyrolytic elimination of the sulphoxide followed by silyl
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deprotection afforded the tticyclic dihydrofuran acetaI fragment ~. Later, the cyclic

acetaI fragment was prepared in optically pure form for eventual coupling ta the left hand

portion.

rh. a), b). c)

g), h)
___~rnDMS

U~OH
~ 0

H

U1.

i), j)

.-.~,,: :",

:.ou.

Reagen!S: a) LOA, THF, _78°C; b) MoOPH, -7810 oOc; c) TBDMS chloride, imidazole, DMF; d) KOA,-78°C;
e) aIlylbromide, _78°C; f) OmALH,lOluene, _78°C; g) 0], CH2CI2,-78°C; h) PPh].r.l.; i) PhSH, CH]CN, Am­
berlysl 15, 4A sieves; j) MCPBA, CH2CI2, r.t.; k) Toluene, heat; 1) TBAF, THF, r.t..

Scheme 6.S

Bioassays on final instar larvae of the lepidopteran Spodoprera UnoraIis (Boisd) revealed

that the tticyclic dihydrofuran acetaI fragment~was a patent antifeedant, nearly as patent

as azadirachtin U itself at the 10 ppm leveI.

Due ta the complexity of the structures of the known antifer.:dantsU-~ and ill.

chemical synthesis of any of these compaunds is considered a major challenge and is not
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likely ta he used in any large scale application. Indeed, a more practical approach is to

prepare simpler analogs of these compounds to determine any structure-activity relationship

with respect ta antifeedant activity. Since many of the known antifeedant compounds such

as clerodin .L.lZ. azadirachtin U and Nic-l U contain a functionalized (oxygenated)

decalin ring system, it may weil he possible that it is partially responsible for antifeedant

activity. We suspected that simple functionalized decalin analogs of these compounds may

also he active, and for this reason, a numher of the functionalized decalin compounds

described in Chapters 2-5 (as weil as others) were tested for antifeedant activity against the

sproce budworm (Chorisotoneura fumiferana). Moderate but definate activity was

observed for some of these compounds suggesting that the functionalized decalin fragment

of the parent structure U may weil he important for antifeedant activity.

6,2 Methtvls

Bjo]0mca] qsays

Each set ofbiological assays involved feeding laboratory colony sproce budworm larvae

on artificial diet 13, containing unIess otherwise noted, 0.2% or 2000ppm (wet weight) of

the test compounds. In the assays, newly-emerged 2nd instar larvae were reared

individually at 260 C for a 17h photoperiod with 50 replicates per test compound. At the

point at which approximately 50% of the controls had reached the 6th instar stage, the

larvac were sacrificed. The mean development stage (instar) of the larvac on each treatment

diet was then determined (mean instar in Tables U -~ as weil as the proportion of 6th

instars. For the purposes of non-parametric statistical analysis, the rank transformation

approach 14 was used. In each sel of biological assays, ail the observations (ie: the instar

of cach of the larvac) were ranked from the largest to the smallesl, with average ranks

assigned in the cases of ties. The compounds were then listed in descending order
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1 according to their mean rank values (Tables il-~. A one way analysis of variance

applied to the rank values allows for nonparametric testing for intercompound differences

15,16. When significant differences were detected in each set of biological assays (Tables

il-~, a Tukey type multiple comparison test, using rank sums instead of means was

performed to locate the intercompound differences 15,16. Compounds followed by the

same letter were not significantly different (p>O.OS) in their effect on the development rate

of the budworm larvae.

Biological testing was pcrformed by A.W. Thomas, G.M. Strunz, M. Chiasson and A.

Salonius at Forestry Canada - Maritimes Region, Fredericton, N.B.

Diet PrcJmration

Diet containing (unless otherwise noted) 0.2% or 2000ppm (wet weight) of the test

compounds was prepared by treating lyphilized McMorran diet with a solution of the test

compound in methylene chloride and then removing the solvent completely at 300C on a

vacuum evaporator. The residual powder was rehydrated to 80% water content with 0.4%

aqueous potassium sorbate solution (fongicide). Control diets were treated as above with

methylene chloride.

Synthesis of the Test Compoupds.

The compounds appcaring in Table 6.3 as well as .6.l2 were prepared by standard

methods as outlined in Scheme 6.6 below. Compound~was prepared according to the

littcrature procedure 17. The acyclic ketoesters~, ~ and 6.21 were obtained from
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TBDMSO 0 TBDMSO 0

(:. Qi.. a) QJc'~
SPh

2.ll .6J.2

0 0 RO OR

W.. b) W..
2..1 6.2llR=HC)L

n.2l,R =Ac

ri
0 0

~..~,~
2.6 6.24 X= 0 (90%)

6.2J. X = S (61% + 33% l'CC. 2.6)

0

HO 0 :(~ 0

Qi.. c) Qi..
2..27. Œ

ReuBCpl3: a) LDA. TMSCI, THF. _78°C 10 r.L. 97%; b) NaBH.$, McOH. OOC. 18b.79%;
c) Ac2Û. pyridinc. DMAP. CHzCIz. r.L. 49.5h, 85%: d) HXCHzCHzXH, W; c) tigloyl
chloridc, pyridinc, DMAP. CHzClz. reflux. 141h. 61%.

Ss:hemc6.6

o 0

A)loMe
6.ll

o 0

)l.,)lcooMe



.. Table 6.1 ; Bjo1Q~cal Assays

~

Compound Mean Instar % of 6 lb Instars

Control a 5.20 46

HO 0

Çti. 5.20 24
SPh

2.22
OH 0

çXl~ 4.98 26

SPh

:u
0 0

~œ 4.60 8
SPh

.2Ji

0 0

~SPhC 4.42 8

H

2.lil

TBDMSO 0

Çti, 4.30 10
SPh

2.ll

0 0

W' 4.34 4

-. H SPh
{~ L'

2.1...;,a;.
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Table 6.2 ; BjolodcaJ Assays

Compound Mean Instar % of 6 lb Instars

Control a 5.12 42

0 0

~COOM.a 4.98 43

~

0

YOM. a 5.10 35

0

~

0 0

~OM. a 5.04 38

6.ll

0

9J:1 a 5.08 30
SPb

~

HO OH

W' 5.02 18

~ SPb

6.2Q

c



1
Compound

Conttol a

Table 6,3 ; Bjo!Qwcal Assays

Mean Instar

5.5

% of 6 lb Instars

55

TBDMSO 0

!+JlyS~~

~SPh
6.l2.

5.6

5.4

59

48

AcO OAc

W..~ 5.4 46

6..2.l

0

:r~ 0Qiœ 5.1 19
SPh

~

Il

t ~,~, 4.9 la
'.;::': ".

6.24
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Table 6.4 ; BjO!Q~ca! Assays

Compound Mean Instar a % of 6 lb Instars

Control a S.54 56

TBDMSO 0

YXOM: 5.54 56

U

TBDMSO 0

çM~ S.08 30
OMo

JJ.

~Ç&
1 cd 4.94 16

OMo

us.

aLarvae alrcady al the third instar development stage were used for this
assay.

c



1
Compound

Control

TBDMSO
r

a

Table 6,5 ; BjoJQ~cal Assays

Mean Instar

5.58

5.16

% of 6 lb Inslars

58

36

TBDMWS~0

1 b
OMo

OH
U

5.10

Table 6,6 ; BjolQ~ca! Assays

36

CompoundB Mean Instar % of 6 lb Instars

Control a 5.34 42

TBDMSO 0

y;r' ab 5.10 32
.& OMo

!.3
TBDMSO 0

çt(b 4.82 12
.& OMo

U

B biological assays ofcompounds~ andIIwcre carried out at lOOOppm
(0.1%) wet wCIght concentration.



Aldrich Chemical Co. and used without funher purification. The preparation of the

remaining compounds appearing in Tables Ut U.~~ and .6..6. are outlined in

Cbaptm 2-5 of this thesis.

Deprotonation of2.21 with LDA followed by quenching with TMS chloride gave .2J2

in almost quantitative yield <ScheIDe 6,6\. Reduction of the trans diketone U with sodium

borohydride in methanol gave the diol~ stereoselectively (79%) which was acetylated

with acttic anhydride1pyridine1DMAP to give the diacetate~ in 85% yield. Reaction

of the cis decùone 2.6 with ethylene glycol under acidic conditions delivered the dioxolane

.6JZ in good yield. In a similar manner. the thioketal~was formed upon reaction with

ethanedithiol in 61% yield. Acylalion of2.2Z with tigloyl chloride1pyridine1DMAP gave

the ester~ in 61% yield.

6.3 ResultR Md Discussion

The biological assays showed that the development of larvae reared from second or third

instar on the test diets was significantly retarded by compounds (listed here in

chronological order). U . .2..lll. 2.21. 2..1.~~ 2.2i. lill.U and ll. but

not by the other compounds. The results reveal a number of ini'::icSting aspects and severa!

conclusions can he drawn conceming structure-activity relationships with respect to

antifeedant activity.

The cis and rrans methylated diketones 2.6 andU showed moderate activity whereas

the diketone lliacking the angular methyl substituent, showed little or no antifeedant

activit)'. 1be rrans diketone 2.1 appeared to he slightly more active than its cis counterpart

1..6.. These observations would suggest that bath angular substitution and to a lesser

extent, ringjunction stereoehemistry, are important for antifeedant activity. In comparing
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compounds 2.1 and 2J!l it is clcar that gem-dimethyl substitution at the Cs (naphthalene

numbering) position does not influence the biological activity.

The absence ofactivity of the thrcc commcrcially available acyclic keto-esters~,~

and .6.21. as weIl as the monocyclic Michael adduct 2All (Table 6,2), suggests that the

oxygen functionalities must he fixed in their relative positions. Presumably, the decalin

ring SYSlcm providcs the rigid framework which is nceessary for antifccdant activity.

The nature of the oxygen (or hetero-atom) substituents at both the CI and Cs

(naphthalene numbering) positions are of critical imponance with the hydroxyl group

generally giving inactive compounds. For example, the diol~ and corresponding

diacetate~wcre found ta he inactive wheras the parent diketone 2.1 showcd modcrate

but dcfinate activity. Similarly, bath the silyl ether U3, and ester~ Wl':re found to he

active, wheras the Cree alcohol 2.n was not. In comparing compounds~ and~

oxygen (rather than sulphur) substitution at Cs appcars ta he nceessary for antifecdant

activity. On the other hand, the ~-methoxy enone~ and its thiophenyl analog U3,

showcd comparable activity, suggesting that the nature of the C3 substituent is not of grcat

imponance.

Interestingly, the siloxy compoundU3, was found to he active, however the analogous

2-trimethylsilyl substituted compound~was not.
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CHAPTER?

CONCLUSION

The (2C + 4C) annulation reaction based on tandem Michael-Claisen condensation

developed earlier in our laboratory, has been used successfully as a key step in the

stercoselective construction of a highly oxygenated decalin intermediate, 1,2,5,6,7,8,8a­

heptahydro-1a,2a,4-trihydroxy-8a-(tert-butyldimethylsiloxy)-1P(l '-hexynyl)-2,5,5,8a­

tetramethyl-naphthalen-3-one 2.2, for the synthesis of forskolin. The overall sequence

leading te 2.2 proceeded with good stercoselectivity for the introduction of the CI. C2 and

Cg (naphthalcne numbering) hydroxyl groups.

A novel method for the direct oxidation of enolates with dimethyldioxirane was

developed which permitted ôl!!ooth rcgio-selective introduction of a hydroxyl function a te

the carbonyl group of cis- 3-Methoxy-4,4a,5,6,7,8,8a-heptahydro-8a(tert­

butyldimethylsiloxy)-5,5,8a-trimethyl-(4H)-naphthalen-1-one~ an intermediate in the

synthesis of i..2.. The nature of this reaction was examined and it was found to offer a

number of advantages over existing methods ofenolate oxidation.

A number of the intermediate decalin compounds leading te the final target diketene .12.

werc found te exhibit moderate but definate antifeedant activity against the spruce budworm

(Choristoneura fwniferana). Although these synthetic intermediates bear only a vague

resemblance to the known antifeedants ~: azadïrachtin, clerodin and Nic-3), the decalin

ring system provides a rigid framework to explore sttucture-activity relationships.

Furthermorc, the observation ofdefinate activity in this series of readily accessible decalin

compounds, gives hope that much more active compounds can be designed.
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CHAPTER8

EXPERIMENTAL

General Methods

Melting plIints were determined on a Gallencamp black and are uncorrected. The 1H

NMR spectra were recorded on either Varlan XL-200 or XL-300 insllUments and the data

are reported in ppm relative to the CHCl3 reference line with the multiplicity, coupling

constants and number of protons given in parentheses. l3C NMR spectta were recorded

on either Varlan XL-200, XL-300 or JEOL 270-CF insllUments. The IR spectra were

recorded on an Analect AQS-18 Fr-IR instrument Electron impact (El) mass spectta were

recorded at 70eV on either a Dupont 21-492B or Kratos MS25RFA insllUment and are

reported as m/z (% relative intensity). Law and high resolution ammonia chemical

ionization (CI) mass spectta were recorded on Hewlen-Packard 5980A and ZAB 2F HS

instruments respectively. Ali chemicals used were reagent grade and were distilled before

using. AlI moisture sensitive reactions were carried out under dry argon or nitrogen

atmosphcre using oven dried (ca. 2()()OC) and desicator cooled glassware. Standard syringe

/ septum techniques wcre used to introduce the reagents and solvents into the reaction flask.

In general, synthetic intermediates were pumped dry under high vacuo over P20S before

carrying out the subsequent reaction. All solvents were dried and distilled prior to u~e:

methylene chloride, hexanes and acetonitrile were dried over calcium hydride. THF and

ether were dried over sodium meta1 / benzophenone. Methanol was drierl over magnesium

metal. Amine reagents such as diisopropylamine, hexamethyldisilazane (HMDS),

diethylamine, triethylamine (TEA), tetramethyl ethylenediamine (TMEDA) and

hexamethylphosphoric triamide (HMPA) wcre dried over calcium hydride and stored over

molecular sieves. Flash chromatography was performed on Merck silica gel 60 (230-240

mesh). Thin layer chromatography (tic) was performed using plastic-backed precoated
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silica gel plates 60 F2S4 supplied by E. Merck Co. Visualization was effected by ultraviolet

fluorescence (UV), iodine or by dipping the plate into ceric acid solution followed by

heating.

Metbyl (E)·3·pbenyltbio-crotonate U

To a stirred solution of methyl acetoacetate (40.0 mL; 0.37 mol) and thiophenol (76.1 mL;

0.74 mol) in dry CHzCIZ (400 mL) under argon at mom temperature was added PzoS

(105.24 g; 0.741 mmol) in slowly over about 10 min.. After 26.5h, the methylene

chloride was decanted away and the residue washed with several small portions of

CHZCIZ. The combined washings were washed with 100 mL of 10% NaOH solution,

dried (MgS04) and concentrated in vacuo. The thioketal U was easlly removed from the

crude olly resi.due at this stage by crystallization from hexanes (yield =45.5g; 39%). The

remaining filtrote was concentrated and then distilled in vacuo to give 19.3g (25%) of the

vinyl sulfide U tbp. 1680C at 7 mm Hg) as a 4 : 1 mixture of E and Z isomers

respectively. The spectroscopic data for the major isomer were in complete agreement with

the reported values (see ref. 46 in Cblijl1er n.
The thioketal U had IR (CHCI3, cm-l): 2998, 1749, 1476, 1440, 1336, 1200, 1076; lH

NMR (CDC13, ppm): 7.63 - 7.67 (m, 5H), 7.35 - 7.41 (ID, 5H), 3.68 (s, 3H), 2.76 (s,

2H), 1.61 (s, 3H); l3C NMR (CDCI3, ppm): 169.7, 137.3, 131.2, 129.5, 128.7, 59.7,

51.7, 46.1, 28.0.

Conversion of tbe tbioketal 1.1 to tbe vinyl sulfide U (DRU metbod)

To a stirring solution of the thioketal (200 mg; 0.628 mmol) in dry CHZClZ (5.0 mL) under

argon at r.L was added DBU (0.22 mL; 1.51 mmol) dropwise. The mixture was then

warmed to reflux for 67h and then cooled to r.t., diluted with 10 mL of CHzClz and
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washed with 10 mL of water. The aqueous phase was furt1".:r extrllcted with 5 mL of

Œ2C12. The combined extrllcts were dried (MgS04) and concentrllted ta give 199 mg of

crode residue. Flash chromatography on silica gel (eluent : 5% ethyl acetate 1hexanes)

gave 130 mg (75%) of the vinyl sulfide 2.1.

1·Trimetbylsiloxy.l·methoxy·3.phenylthio.I,3·butadiene (z..J.l

To a stirred solution of diisopropylamine (6.80 mL; 48.0 mmol) in dry THF (120mL)

under argon at ()oC was added n -butyllithium solution (22.0 mL of 2.2 M sol. in hexanes)

dropwise. At the end of the addition the mixture was cooled to -7SDC and trimethylsilyl

chloride (8.00 mL; 63.0 mmol) was added dropwise. A solution of the thioketal U

(8.391 g; 40.3 mmol) in 40 mL dry THF was added via cannula washing the trlInsfer flask

twice with 5 mL of dry THF. After 5 min. the mixture was allowed to warm up to room

temperature for 15 min. and the solvent removed in vacuo. The oily residue was washed

and filtered under argon with cold, dry hexanes and the filtrllte concentrllted in vacuo to

give 11.310 g (100%) of the oily siloxydiene U. The spectroscopic data for U were in

complete agreement with the reported values (sec ref. 46 in Cbapter 1).

Metby1·3·pbeny1tbio·4·(3'.oxo·6' ,6'.dimethylcyclohexy1).but·2·enoate

Ta a stirred solution of 4.4-dimethyl-2-cyclohexen-l-one (0.50 g; 0.53 mL; 4.0 mmol)

and the siloxydiene U (1.80 g; 6.4 mmol; 1.6 equiv.) in dry methylene chloride (20 mL)

il..',der argon al ·780C was added titanium tetraehloride (0.49 mL; 4.4 mmol; 1.1 <:quiv.)

dropwise. The mixture immediately became deep red in color. After 2h 15 min. the

mixture was allowed ta warm ta room temperature and poured inta 10% aqueous sodium

bicarbonate solution and extraeted twice with 20 mL portions of methylene chloride. The
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combined organic extraets were dried (Na2S04) and concentrated to give 1.84 g of yellow

semisolid resïdue. Flash chromatography on sillca gel (eluent: 25% eÛlyl acetate 1hexanes)

provided Ûle E (mp. 146-1480 C) and Z (mp. 134-1360 C) isomers of2A in a ratio of 4: 1

in 60% yield. In severallarge scale runs, Ûle E isomer could he conveniently crystallized

from Ûle crude residue after workup using 10% eÛlyl acetate 1hexanes.

The E isomer Z& had IR (CHCl3' cm-1): 3013,2965, 1709, 1697, 1599, 1341, 1176;

1H NMR (CDCI3, ppm): 7.42-7.58 (m, SR), 5.28 (s, IH), 3.58 (s, 3H), 3.42-1.48 (m,

9H), 1.12 (s, 3H), 1.08 (s, 3H); 13C NMR (CDCI3, ppm): 211.5, 165.3, 163.1, 135.5,

129.9, 129.8, 129.1, 112.1, 50.8, 45.9, 41.8, 40.3, 38.1, 33.0, 32.9, 28.6, 19.1; MS:

332 (M+', 39), 301 (16), 219 (26), 176 (29), 134 (29), 55 (100). Exact mass calcd. for

CI9H2403S: 332.145; found: 332.148.

The Z isomer~ had IR (CHCI3, cm-1): 3013, 2965, 1707, 1581, 1436, 1177; IH

NMR (CDCl3, ppm): 7.67-7.10 (m, 5H), 5.82 (s, IH), 3.77 (s, 3H), 2.87-1.23 (m, 9H),

0.73 (s, 3H), 0.40 (s, 3H); MS: 332 (M+', 56), 300 (16), 258 (39), 223 (41), 205 (60),

149 (49), 110 (60), 28 (100). Exact mass calcd. for CI9H2403S: 332.145; found (Pl):

332.141.

3.Phenylthio.4a,S,6,Sa·tetrahydro·S,S.dimethyl.(4H,7H)·naphthalen.l,S·

dione (U)

To a stirring solution of the E Michael adduct Z& (332 mg; 1.00 mmol) in dry tert­

butanol (l0 mL) under argon at 4QOC was added potassium ten-butoxide (225 mg; 2.00

mmol; 2.0 equiv.) in one portion. Aiter 4.5h, Ûle mixture was quenched wiÛl 3.0 mL of

water and Ûle solvent removed in vacuo. The residue was taken into 15 mL of meÛlylene

chloride (CH2CLV and washed once wiÛllO mL of water. The organic layer was dried

(MgS04) and concentrated in vacuo. Flash chromatography of Ûle resulting semisolid
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residue (eluent: 20% ethyl acetate 1hexanes) afforded 254 mg (85%) of 2.5. as a bright

canary yellow colored solid mp. 122-1240 C.

2.5. had IR (CH03,cm-1): 2934, 1617, 1594, 1558, 1270, 1249; IH NMR (CDCI3,

ppm): 7.50-7.40 (m, SH), 5.41 (s, IH), 2.73-2.13 (m, 5H), 1.65-1.47 (m, 2H), 1.04 (s,

3H), 0.88 (s, 3H), 15.15 (s, exch. D20, IH); 13C NMR (CDCI3, ppm): 187.5, 177.7,

162.6, 135.3, 130.1, 129.9, 128.1, 118.5, 104.1, 42.7, 36.0, 31.5, 30.6, 28.8, 27.4,

20.1; MS: 300 (M+', 78), 298 (100), 283 (37), 255 (35), 244 (60), 191 (50), 135 (96),

110 (52). Exact mass calcd. for ClsH2002S: 300.118; found (El): 300.121.

Representative angular methylation of the dione 1.S.

To a stirred solurion of the dione 2.5. (100 mg; 0.33 mmol) and dried potassium

carbonate (69 mg; 0.50 mmol; 1.5 equiv.) in dry acetonitrile (5.0 mL) under argon at room

temperature was added methyl iodide (0.21 mL; 3.3 mmol; 10 equiv.). The reaction flask

was then fitted with a condenser and warmed to reflux. After 26h, the mixture was

allowed to cool down to room temperature. The solvent was removed in vacuo and the

residue taken into 20 mL ofCH202 and washed with 10 mL of water. The aqueous phase

was fmther extracted with 10 mL of CH2C12. The combined organic phases were dried

(Na2S04) and concentrated to give a crude yellow oUy residue. Flash chromatography on

silica gel (eluent: 30% ethyl acetate 1hexanes) provided the cis compound U (mp. 116­

1170 C) and the trans compound 2..1 (mp. 132-1340 C) in a ratio of 1.2: 1 in 63% yield.

Further elution of the column with 80% ethyl acetate 1hexanes afforded the O-methyl

productWn 28% yield.

cis-U, had IR (CHCI3, cm- l ): 2966, 1717, 1646, 1591, 1230, 1097; IH NMR

(CDCI3, ppm): 7.44-7.56 (m, 5H), 5.44 (d, J =2.2 Hz, IH), 2.89 (ddd, J =2.2, 6.3, 19

Hz. IH), 2.57 (d, J = 19 Hz, IH), 2.29 (dt, J = 3.4, 14 Hz, IH), 2.06 (d, J =6.3 Hz,

IH), 2.50-2.70 (m, IH), 1.52-1.83 (m, 2H), 1.36 (s, 3H), 1.02 (s, 6H); 13C NMR
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(CDCI3, ppm): 208.7, 196.1, 164.2, 135.5, 130.3, 129.9, 127.3, 118.9, 58.4, 54.0,

41.2,36.9,34.7,30.4,28.7,22.5,20.8; MS: 314 (M+', 9), 217 (17), 176 (63), 148

(39), 110 (32), 85 (24),77 (56), 67 (100). Exact mass calcd. for C19H2202S: 314.134;

found (El): 314.135.

trans-U had IR (KBr, cm-1): 2950, 1718, 1648, 1590, 1250; IH NMR (CDCI3,

ppm): 7.40-7.55 (m, 5H), 5.35 (cl, 1 = 1.8 Hz, IH), 2.70 (ddd, 1 = 1.8, 12.2, 17.7 Hz,

IH), 2.40-2.63 (m, 4H), 1.58-1.90 (m, 2H), 1.41 (s, 3H), 1.11 (s, 3H), 1.09 (s, 3H);

13C NMR (CDCI3, ppm): 208.8, 193.2, 163.9, 135.4, 130.3, 129.9, 127.7, 118.9,57.1,

48.1, 37.6, 36.6, 32.2, 30.6, 28.8, 25.3, 18.2; MS: 314 (M+', 8), 258 (3),217 (7),200

(9), 176 (78), 148 (70), 110 (41), 85 (47),77 (70),67 (100), 39 (68).

2..8. had 1H NMR (CDCI3, ppm): 7.34-7.58 (m, 5H), 5.44 (cl, 1 =1.6 Hz, IH), 3.73

(s, 3H), 2.12-2.65 (m, 5H, 1.58 (s, 3H), 1.22-1.56 (m, 2H), 0.88 (s, 3H).

Cyclization 1 alkylation (one pot reaction) of the E adducl 2..!D.

To a stirring suspension of 2& (10.870 g; 32.72 mmol) in 200 mL of dry t-butanol

under argon at 4QOC was added potassium t-butoxide (5.510 g; 49.08 mmol; 1.5 equiv.).

After Ih, cyclization of~ appeared to be complete by tlc (eluent: 20% ethyl acetate /

hexanes) and so the mixture was quenched with methyl iodide (20.4 mL; 327.2 mmol;

10.0 equiv.) and then allowed to stir for 48h at 4()OC. At this point, the mixture was

allowed to cool down to room temperature and the solvent removed in vacuo. The residue

was taken into 200 mL of CH2Cl2 and washed with 75 mL of water. The organic layer

was dried (MgS04) and concentrated in vacuo to give a brown viscous oil. Flash

chromatography on sillca gel (eluent: 20% ethyl acetate / hexanes) provided the C-alkyl

products U and llin a ratio of 2 : 1 in 70% yield. Further elution of the column with

80% ethyl acetate / hexanes provided the D-alkyl product 2..8. in 3% yield.
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1 Cyclization 1 alkylation (one pot reaction) of the E and Z isomers of U

To a stiImi solution of thiophenol (0.25 mL; 4.0 equiv.) in 5.0 mL of dry niF under

argon at ()OC was added n-butyllithium solution (1.00 mL of 2.3 M solution in hexanes;

2.3 mmol; 3.S equiv.). A solution of~ (200 mg; 0.60 mmoI) in 2.0 mL of dry niF

was added dropwise and the mixture warmed ta room temperature and then to reflux. ACter

4h at reflux, the mixture was cooled to 4QOC and methyl iodide (0.56 mL: 9.0 mmol; 15.0

equiv) was added. After 43h, another 10 equivalents of methyl iodide was added and the

mixture warmed ta 5()oc for appror.imately 5 days. At tms point, the mixture was allowed

to cool down ta room temperature and the solvent removed in vacuo. The residue Wl\S

taken inta 10 mL of 0i2Cl2 and washed with 10 mL of water. The aqueous phase was

further extraeted with 10 mL of0i202. The combined extracts were dried (Na2S04) and

concentrated in vacuo. The crude residue was chromatagraphed (eluent: 20% ethyl acetate 1

hexanes ta give the C-alkyl products 2.n and U in 34% and 25% yields respectively. A

considerable amount of unreacted diketone~ (34%) was also recovered. Further eludon

cf the column with SO% ethyl acetate 1hexanes provided the O-alkyl product 2.B. in 2%

yield.

Representative reaction of the enone 1.1i with the diene U

To a stirring solution of the enol silyl ether U (1.794 g: 6.40 mmol: 1.5 equiv.) and

the enone lli (0.561 g; 4.06 mmol) in 20 mL of dry CH2CI2 under argon at -7SoC was

added titanium tetrachloride (0.44 mL: 4.0 mmol; 1.0 equiv.) dropwise. After 3h, the

mixture was allowed ta warm up ta room temperature and poured into 10% NaHCÛ3

solution and extraeted twice with 30 mL portions of 0i2C12. The extraets were dried

(MgS04) and evaporated in vacuo ta give a crude brown oil. Flash chromatography on
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silica gel (eluent: 20% ethyl acetate / hexanes) afforded the spirolactone W mp. 83·85OC

(EtOH / H:zQ) in 86% yield.

2.2l had IR (0103, cm·I): 1689, 1603. 1288, 1050; IH NMR (C003, ppm): 7.40·7.57

(m, 5H), 5.34-5.29 (m, 2H), 2.92 (dd. J = 17.5, 2.2 Hz, IH), 2.32 (d, J = 17.5 Hz,

IH), 1.92-2.07 (m, 2H), 1.74 (d, J 1= 1.5 nz, 3H), 1.28-1.70 (m, 2H), 0.98 (s, 3H),

0.96 (s, 3H); MS: 314 (M+', 32), 270 (61), 193 (81), 177 (60), 176 (100), 161 (60), 147

(63), 145 (88), 119 (61), l<.'5 (60), 91 (91), 69 (65), 67 (90),44 (74), 43 (60).

tralls·6'.Pbenyltbio·3',4',4a',8a '.tetrabydro·4',4',8a '·trimetbyl.spiro[1,3·

ditbiolane·2,1 '(2'H)·napbtbalen]·S'(S'H).one z.J.J

To a stirred solution of the dione 2.1. (1.26 g; 4.0 mmol) in benzene (70mL) was

added a cataiytic amount of p-toluenesulfonic acid and 1,2-ethanedithiol (1.0 mL; 12.0

mmol). The mixture was then refluxed (Dean-Stark) and the reaction followed by tic

(eluent: 20% ethyl acetate / hexane). At the end, the reaction mixture was diluted with 50

mL of ether and washed with 10% sodium bicarbonate solution. The solvent was

evaporated in vacuo and the compound purified by column chromatography (eluent: 20%

ethyl acetate / hexanes) to give 2.U in aimost quantitative yield.

.2..Uhad IH NMR (C003, ppm): 7.43 (s, 5H), 5.32 (s, IH), 3.00-3.80 (m, 4H), 1.43­

2.73 (m, ?H), 1.38 (s, 3H), 0.93 ~s, 6H); MS: 390 (M+', 6), 331 (28), 298 (40), 283

(20),255 (18),244 (24), 229 (29), 191 (25), 176 (29), 155 (19), 135 (46), 131 (46), 118

(33), 110 (57), 107 (33), 77 (28), 55 (39), 41 (45), 28 (loo). Exact mass caicd. for

C21H260S3: 390.115; found (El): 390.111.
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1 tralls·6'.Methoxy-3' ,4',4a',Sa '.tetrahydro-4' ,4' ,Sa'·trlmethyl.spiro[l,3.

dithiolane-2,I'(2'H).naphthalen].S'(S'H)-one (~

To a weil stirred solution of the 2.ll (0.78 g; 2.0 mmol) in dry methanol (40 mL)

under nitrogen was added sodium methoxide (0.55 g; 10.0 mmol) and the mixture refluxed

for 24h. The solvent was then removed in vacuo and the residue extracted with 100 mL of

ether and the ether layer washed wit.'J 10 mL of water and then dried (Na2S04). The

solvent was removed in vacuo and the crude product purified by column chromatography

(eluent: 30% ethyl aectate / hexane) to give~ in 60% yield. The starting compound

2.ll was also recovered in 30% yield.

2.ll had 1H NMR (CDCI3, ppm): 5.13 (s, 1H), 3.30 (s, 3H), 3.10-3.80 (m, 4H),

1.50-2.53 (m, 7H), 1.20 (s, 3H), 0.98 (s, 3H), 0.95 (s, 3H); MS: 312 (M+', 44), 253

(53), 155 (68), 139 (42), 131 (100), 122 (20), 118 (47),98 (38), 69 (48), 55 (45). Exact

mass ~alcd. for CI6H2402S2: 312.122; found (El): 312.125.

t"alls·3·Methoxy.4,4a,S,6,7,S,Sa·heptahydro-S,S,Sa-trimethyl-(4H)­

naphthalen·l-one (1.15.)

To a stirred solution of~ (0.62 g: 2.0 mmol) in 50 mL of ethanol was added 3.0 g

of Rancy nickel and the mixture was stirred for 6h. At this point the reaction mixture was

refluxed for another 6h, the catalyst removed by filtration, and the solvent removed in

vacuo. The crude product was purified by column chromatography (eluent: 20% ethyl

acetate / hexanes). The product was further purlfled by crystallization from hexanes to give

2Ji. mp. 55-570 C, in 85% yield. The spectral properties of 2..1.S. are identical in ail

respects ta the reported values 1•

.z.lS. had IH NMR (CDCI3, ppm): 5.18 (s, IH), 3.78 (s, 3H), 1.18-2.55 (m, 9H),

1.08 (s, 3H), 0.98 (s, 3H), 0.93 (s, 3H); MS: 222 (M+', 37),207 (23), 151 (17), 139
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(32), 109 (24),98 (100), 68 (35),41 (26), 28 (47). Exact mass caled. for CI4H2202:

222.162; found (El): 222.160.

cis.3·Pbenyltbio.4,4a,5,6,7,S,Sa·bel'tabydro.Sa-bydroxy·5,5,Sa·

trimetbyl·(4H).napbtbalen.l.one (1.21)

To a stirring ~olution of the cis dione 2& (5.152 g 16.41 mmol) in dry THF (225 mL)

under argon at -200c was added lithium tri+butoxyalumino hydride (8.345g; 32.82 mmol;

2.0 equiv.) in one portion. After 21.5h, the mixture was quenched with 3.0 mL of pH 7

buffer solution and the mixture allowed to come to room temperature. The solvent was

removed in vacuo and the residue taken into 100 mL of CH2Clz and washed with 20 mL of

water. The aquCOl!3 layer was further extraeted severa! limes with 10 mL of CHzClz and

the combined extraets dried (MgS04) and concentrated in vacuo ta give 5.185 g (100%) of

the a1cohol2,22 as a single diastereomer. The crode product appeared to be very clean by

NMR and de (one spot). The product could be further purified by recrystallization from

absolute ethano1 as white needles, mp. 180 - 1820C. Crystals suitable for X-ray analy.5s

were obtained by slow evaporation (at 23OC) of a solution of~ in meth)'lene chloride.

2.22 had IR (CHCI3, cm-1): 3460, 3005, 2961, 1629, 1593, 1139, 1026; IH NMR

(CDCI3, ppm): 7.42-7.53 (m, 5H), 5.35 (d, J =2.8 Hz, IH), 4.81 (d, J = 10.6 Hz, exch.

D20, 1H), 3.16 (dt, J = 10.6, 4.6 Hz, IH), 2.92 (ddd, J = 19.1, 4.6, 2.8 Hz, IH), 2.50

(dd, J = 19.1, 1.0 Hz, IH), 1.21-1.89 (m, 5H), 1.47 (s, 3H), 0.96 (s, 3H), 0.77 (s, 3H);

13C NMR (CDCI3. ppm): 203.7, 164.3, 135.6, 130.3, 129.9, 127.8, 120.4,78.6,52.5,

47.3,40.2,34.7,31.1,29.0,28.8,24.3,23.4; MS: 316 (M+', 10),217 (100), 176 (54),

148 (54), 139 (71), 108 (80), 67 (67), 43 (91), 39 (85). Exact mass calcd. for

CI9H2402S: 316.150; found (EI): 316.144.
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1 cis·3·Phenyit hi0·4,4a,5,6,7,S,Sa·heptahydro.Sa.(tert·butyld imethylslloxy).

5,5,Sa·trimethYH4H).naphthalen.l· Jne (1.ll)

To a stiIring solution of the alcohol2,22 (320 mg; 1.01 mmol) and 2,6-lutidine (0.30

mL; 0.27 g; 2.5 mmol; 2.5 equiv.) in dry CH2C12 (1.0 mL; conc. = 1.0 mmol / mL) under

argon at room temperature was added tert-butyldimethylsilyl trifluoromethanesulfonate

(0.35 mL; 0.40 g; 1.5 mmol; 1.5 equiv.) dropwise. Mter 5h, the mixture was diluted with

20 mL of CH2C12 and washed with 10 mL of 10% sodium bisulfate solution (to remove

remaining lutidine). The aqueous layer was further extracted with 10 mL of CH2C12. The

combined organic extracts were dried (MgS04) and concentrated in vacuo to give a crude

oily residue. Flash chromatography 011 silica gel (eluent: 5% ethyl acetate / hexanes)

afforded the silyl ether 2.23, in 77% yield as fine white crystals, mp. 64-670 C. As outlined

in Chlijlter 2, in several larger scale runs, the enol silyl ether~ was frequently a

significant side product of this reaction. Conversion of 2..2! back to 2.ll was easily

accomplished by the following simple procedure: To 4.293 g (7.88 mmol) of 2..2! at r.t

was added 30 mL of 1 : 9 5% aq. Ha : THF in one portion and the mixture allowed ta srir

for 10 min. and then quenched with 10 mL of 10% Na2C03 solution. The solvent was

removed in vacuo and the residue taken inta CH2C12 and washed once with water. The

organic phase was dried (MgS04) and concentrated in vacuo. Flash chromatography on

sillca gel as described above gave 2.646 g (78%) of 2.23,. Further elution of the l:olumn

with 30% ethyl acetate/ hexanes gave 343 mg (14%) of the alcoholm.

z..ll had IR (Nujol, cm-l ) 1646, 1606, 1289, 1250, 1073, 1042; tH NMR (CDC13,

ppm): 7.38-7.54 (m, 5H), 5.38 (d, J = V~ Hz, IH), 2.81-3.00 (bm, IH), 2.42 (dd, J =
17.0, 5.2 Hz, IH), 1.72 - 1.90 (m, 3H), 1.49-1.67 (m, IH), 1.28 (s, 3H), 1.19 (s, 3H),

0.98 (s, 3H), 0.84 (s, 9H), 0.01 (s, 3H), -0.12 (s, 3H); MS: 415 (M+'-15, 3), 373 (100),

249 (38), 217 (35),75 (58), 57 (21), 41 (37). Exact mass calcd. for C25H390 2SSi

(M+l): 431.244; found (CI, NH3): 431.244.
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C. ~ had IR (CHCI3, cm-l ): 2956, 1609, 1569, 1473, 1464, 1255, 1097,922; lH

NMR (CDCI3, ppm): 7.35 - 7.15 (m, 5H), 5.64 (dd, J = 6.4, 1.0 Hz, IH), 4.64 (d, J =

1.0 Hz, IH), 3.32 (dd, J =11.4, 2.8 Hz, 1H), 1.75 - 1.95 (m, 1H), 1.66 (cl, J =6.4 Hz,

IH), 1.58 - 1.20 (m, 3H), 1.25 (s, 3H), 0.91 (s, 3H), 0.88 (s, 9H), 0.84 (s, 3H), 0.83

(s, 3H), 0.04 (s, 6H), 0.03 (s, 3H), 0.00 (s, 3H).

cis·3·Methoxy·4,4a,5,6,7,S,Sa·heptahydro·Sa(tert·buty1dimethyIsiloxy)·

5,5,Sa·trimethyJ.(4H).naphthalen·l-one (1.ZS.)

To a stirred solution of freshly prepared sodium methoxide (41.80 mmol; prepared by

slow dropwise addition of dry methanol (140 mL) to sodium hydride (1.004 g) with

extemal ice bath cooling) under argon at room temperature was added 2.ll (3.000~ 7.00

mmol) in one portion. The reaction flask was then fitted with a condenser and warmed to

reflux. After 72h, the mixture was allowed to cool to room temperature and the solvent

removed in vacuo. The residue was taken Into 100 mL of CH2CI2 and washed once with

20 ml of waler. The organic layer was dried (MgS04) and concentrated in vacuo and

subjected to flash chromatography on sillca gel (eluent: 8% ethyl acetate / hexanes) to give

2.256 g (92%) of the methoxy enon~~as fine waxy crystaIs, mp. 68-700C.

2.2i had IR (CHCI3, cm-1): 2929,2856, 1627, 1381, 1079,841; 1H NMR (CDCI3,

ppm): 5.36 (d, J =0.8 Hz, 1H), 3.82 (bm, 1H), 3.64 (s, 3H), 2.78 (m, 1H), 2.28 (dei, J

=17.8,5.7 Hz, IH), 1.50-1.90 (m, 5H), .1.31 (s, 3H), 1.13 (s, 3H), 0.95 (s, 3H), 0.79

(s, 9H), 0.02 (s, 3H), -0.08 (8, 3H); l3C NMR (CDC13, ppm): 203.6, 177.2, 102.4,

75.4, 55.3, 49.8, 47.3, 33.1, 31.2, 30.8, 30.1, 29.9, 26.1, 25.7, 25.1, 17.8, -4.6, -5.6;

MS: 337 (6), 297 (23), 296 (43), 295 (100), 171 (40), 139 (35), 101 (24), 89 (46),75

(43),73 (45), 41 (40). Exact mass calcd. for C2oH3703Si (M+1): 353.251; found (CI,

NH3): 353.251.
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1 cis·3·Metboxy·4a,S,6,7,8,8a.bexabydro·8a(tert· buty1dlmetbyIsi1oxy).

2,S,S,Sa·tetramethyl.(4H)·naphthalen·l.one (J..l)

To a stirring solution of dry diisopropylamine (0.91 mL; 6.5 mmol; 2.3 cquiv.) in dry

TIIF (20 mL) under argon at -780 C was added n-butyllithium solution (3.16 mL of 1.8 M

solution in pentane; 2.0 cquiv.) dropwise. Hexamethylphosphoramide (HMPA. 2.50 mL;

14.2 mmol; 5.0 equiv.) was then added in one portion and the reaction mixture allowed to

warm slightly by removal of the cooling bath until the HMPA completely dissolved (about

2 min.). The tuixture was then coo1ed back to -780 C and a solution of the enone 2..25.

(1.000 g; 2.83 mmol in 15 mL TIlF) was addcd dropwise (cannula) washing the transfer

flask twice with 2 mL portions of dry TIIF. Mter 1h, methyl iodide (0.35 mL; 5.7 mmol;

2.0 equiv.) was added and the tuixture warmed to -6QOC (tlle temperature is important for

acheiving c1ean monomethylation!) for 30 tuin. At this point, the mixture was quenched

with 0.5 mL of pH 7 buffer solution, allowed to warm to room temperature an~ the solvent

removed in vacuo. The residue was taken into 30 mL of CH2CI2 and washed with 10 mL

of water. The aqueous layer was further extracted with 10 mL of CH2CI2. The combined

organic extracts were dried (MgS04) and concentrated in vacuo. The residue was

chromatographed (eluent: 4% ether1hexanes) to give 778 mg (75%) ofII as a waxy solid

mp. 85-870 C. Further elution of the co1umn with 30% ether 1hexanes gave 151.0 mg

(15%) ofrecovered enone ~.,

II had IR (CHCI3, cm-1): 2949,2854, 1716, 1664, 1463, 1257, 1117, 1045; 1H

NMR (CDCI3, ppm): 4.76 (dd, J = 1.3, 6.9 Hz, tH), 3.59 (s, 3H), 3.26 (dd, J = 4.0,

11.8 Hz, 1H), 2.74 (dq, J =1.3, 6.9 Hz, 1H), 1.91-2.15 (m, 1H), 1.83 (d, J =6.9 Hz,

1H), 1.40-1.63 (m, 2H), 1.20-1.38 (m, 1H), 1.29 (s, 3H), 1.27 (d, J = 6.9 Hz, 3H),

0.88 (s, 9H), 0.86 (s, 3H), 0.59 (s, 3H), 0.07 (s, 3H), 0.02 (s, 3H); MS: 366 (M+', 9),

351 (6), 309 (100), 169 (27), 152 (45), 101 (48),75 (63),73 (55), 59 (28). Exact mass

ca1cd. for C21H3903Si (M+1): 367.2668; found (CI, NH3): 367.2669.
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Preparatioil of the enone U and the dialkyl product U

The reaction was carried out as above for the preparation ofli (using 3.0 equiv. of

LDA) however after the addition of methyl iodide (3.0 equiv.), the reaction mixture was

allowed to warm to room temperature for 1h and then quenched with buffer solution and

worked up. Chromatography on silica gel (eluent: 3% ether 1hexanes) gave li in 23%

yield as weIl as the dialkyl product U in 29% yield. Further elution of the co1umn with

15% ether1hexanes provided the enone;U in 36% yield.

U had IR (CHCI3, cm-1): 2958, 2944, 1634, 1627, 1377, 1250, 1139, 1005: 1H

NMR (CDCI3, ppm): 3.76 (bm, 1H), 3.75 (s, 3H), 2.43-2.76 (m, 2H), 1.43-1.98 (m,

5H), 1.65 (s, 3H), 1.30 (s, 3H), 1.15 (s, 3H), 0.99 (s, 3H), 0.77 (s, 9H), -0.03 (s, 3H),

-0.15 (s, 3H): MS: 366 (M+', 5), 351 (3), 309 (63), 153 (73), 135 (33), 112 (56), 101

(34), 75 (65), 73 (67), 57 (64), 55 (66), 43 (100), 41 (64). Exact mass calcd. for

C21H3803Si: 366.259: found (El): 366.255.

U had IR (CHCI3, cm-1): 2951, 2856, 1717,1661, 1464, 1243, 1150: 1H NMR

(CDCI3, ppm): 4.70 (d, J = 6.7 Hz, 1H), 3.58 (s, 3H), 3.25 (dd, J = lU, 4.0 Hz, 1H),

1.90-2.20 (m, 1H), 1.85 (d, J = 6.7 Hz, 1H), 1.24-1.56 (m, 3H), 1.39 (s, 3H), 1.22 (s,

3H), 1.20 (s, 3H), 0.88 (s, 12H), 0.60 (s, 3H), 0.07 (s, 3H), 0.02 (s, 3H).

Preparation of Jal by isomerization of U

To a stirring solution of sodium methoxide (38.2 mmo1; prepared by carefu1 dropwise

addition of70 mL of dry methano1 ta 617 mg of sodium hydride under argon with external

ice bath cooling) was added the ketoneII (1.350 g; 3.74 mmo1) and the mixture warmed

to reflux for 2h and then allowed to cool down to room temperature. The solvent was

removed in vacuo and the residue taken into 50 mL of CH202 and washed vdth 10 mL of

water. The organic layer was further extraeted with 10 mL of CH2CI2 and the combined
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extracts dried (MgS04) and concentrated in vac/I.o. Flash chromatography on silica gel

(eluent: 4% ethyl acetate / hexanes) gave 1.228 g (95%) of the conjugated enone ;U.

cis-3-Methoxy-l,4,4a,5 ,6,7 ,S,Sa-octahydro-Sa(tert-butyldimethylsiloxy)·

1(3(vinyl)-2,5,5,Sa(3-tetramethyl.naphthalen-l-ol (M)

To a stirring solution of the enone.l.2. (266 mg; 0.73 mmol) in dry diethyl ether (1.0

mL) onder argon P:' DOC was added vinyllithium s"lution in ether (10.89 mL of 0.20 mol /

1 solution·; 3.0 equiv.) dropwise. At the end of the addition, the reaction mixture was

allowed to warm to room temperature for 30 min. and then quenched with 0.3 mL of pH 7

buffer solution and diluted with 10 mL ofether. The ether phase was washed with 10 mL

of 10% sodium carbonate solution followed by 10 ml of brine blld then dried (Na2S04).

Concentration in vacuo gave a crude oily residue which was chromatographed (eluent: 3%

ethyl acetate / hexanes to give 226 mg (79%) of the labile allylic alcohol~ as a single

isomer. As expected, This compound appeared to be very sensitive to aeid and precautions

had to he taken to remove traces of HCl from the CDCl3 prior to examination of the 1H

NMR spectrum.

Mhad IR (CHCI3, cm-1): 3513,2957,2931,2859, 1471, 1230, 1074, 1005,836;

1H NMR (CDCI3' ppm): 5.73 (dd, J =17.2, 10.8 Hz, 1H), 5.02 (dd, J =10.8, 1.6 Hz,

1H), 4.95 (m, 1H), 3.59 (dd, J = 8.6, 4.2 Hz, 1H), 3.54 (s, 3H), 2.94 (bs. exch. 020,

1H), 2.27 (m, 2H), 2.00-2.17 (m, lH). LlO-1.85 (m, 4H), 1.48 (t, J =1.6 Hz, 3H),

1.06 (s, 3H), 0.99 (s, 3H), 0.95 (s, 3H), 0.88 (s, 9H), 0.08 (s, 3H), 0.06 (s, 3H); Exact

mass calcd. for C22H3902Si (M+H+-MeOH): 363.2719; found (Cl, NH3): 363.2719.

• The vinylithium solutions in ether were generally standardized according ta the following

simple procedure: To a stirring solution of 2.5-dimethoxybenzyl alcohol (169 mg) in 5.0

mL of dry THF was added vinyllithium solution dropwise. Since 2.69 mL of vinyllithium
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was required to reach the deep brown/red colored end point, the concentration is calculated

to he 0.37 M.

cis-3-Methoxy-l,2,4a,5,6,7,S,Sa-octahydro-la,213-hydroxy-Sa(tert­

butyldimethylsiloxy)-1-vinyl-2,5,5,Sa-tetramethyl.naphthalene (M)

To a stirring solution of the allylic alcoholll (14.8 mg; 0.038 mmol) in Cli2C12 (0.5

mL) at ()OC was added 10% sodium carbonate solution (0.5 mL) followed by MCPBA (7.8

mg; 0.045 mmol; 1.2 equiv.) in one portion. After 21h, the mixture was allowed to come

to room temperature and stirred for 2h 15 min. at which point another 0.2 equiv. of

MCPBA was added and the mixture allowed to stir for an additional45 min. At this point

it was diluted with 10 mL of CH2C12 and washed with 3mL of water. The organic layer

was dried (Na2S04) and concentrated in vacuo. Flash chromatography on silica gel

(eluent: 20% ether 1hexanes) gave 5.8 mg (38%) of the diol J,.5. as well as 6.4 mg (30%)

of the cleavage product~.

the diolJ,.5. had IR (CHC13' cm-1): 3593, 3416, 3016, 2957,1471,1255,1095,833;

lH NMR (CDC13' ppm): 6.45 (dd, J = 17.4, 10.8 Hz, 1H), 5.32 (dd, J = 10.8, 1.9 Hz,

2H), 4.76 (d, J =5.4 Hz, 1H), 3.69 (dd, J =7.9, 2.5 Hz, 1H), 3.58 (s, 3H), 3.48 (s,

exeh. D20, 1H), 1.91 (d, J = 5.4 Hz, 1H), 1.56 - 1.88 (m, 4H), 1.25 - 1.40 (m, lH),

1.31 (s, 3H), 1.27 (s, 3H), 1.04 (s, 3H), 0.99 (s, 3H), 0.89 (s, 9H), 0.06 (s, 6H); MS:

395 (2), 351 (10),335 (39),235 (19), 123 (35), 101 (42), 81 (47),75 (100),73 (92),55

(41),44(48). Exaet mass ealed. for C23H4103Si (M+H+-H20): 393.2825; Found (CI,

NH3): 393.2826.

li had 1H NMR (CDC13, ppm): 6.75 (dd, J =17.0, 10.6 Hz, 1H), 5.44 (dd, J =
10.6, 2.0 Hz, 1H), 5.16 (dd, J =17.0, 2.0 Hz, 1H), 4.66 (s, exeh. D20, 1H), 3.63 (s,

3H), 3.60 (obsttueted dd, 1H), 2.87 (d, AB system, Jab = 17.6 Hz, 1H), 2.33 (s, 3H),

2.05 (m, 1H), 1.88 (dd, J = 17.6,7.8 Hz, 1H), 1.10-1.70 (m, 3H), 1.13 (s, 3H), 0.95
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1 (s, 9H), 0.88 (s, 3H), 0.81 (s, 3H), 0.15 (s, 3H), 0.12 (s, 3H); MS: 383 (13), 351 (9),

337 (9),219 (31), 195 (19), 171 (23), 157 (24), 121 (47),75 (100),73 (76), 55 (57),43

(48). Exact mass calcd. for C23H4305Si (M+1): 427.2880; found (Cl, NH3): 427.2879.

cis-3-Methoxy-l,2,4a,5,6,7,8,Sa-oetahydro-la,2~,8a- trihy droxy-l(v iny1)­

5,5,2,Sa~-tetramethyl-(4H)-naphthalene (J.1)

To a sti1TÎng solution of the diol.l..S, (20.0 mg; 0.049 mmol) in 0.2 mL of THF at room

temperature, was added tetrabutylammonium f1uoride solution (0.073 mL of 1.0 mmol/mL

solution in THF; 1.5 equiv.) dropwise. After allowing to stir for 3h at r.t., the solvent was

removed in lIQCUO and the residue taken into 10 mL of CH2Cl2 and washed once with 3 mL

of water. The organic layer was dried (Na2S04) and ellaporated to give a crude oily

residue. Flash chromatography on silica gel (eluent: 50% ether / hexanes) afforded 13.1

mg (91%) of the crystalline triol 3..1 mp. 142 - 1450C. Crystals suitable for X-ray analysis

were obtained by slow evaporation (at -200c) of a solution of3..1 in acetone.

.J.1. had IR (CHC13, cm- l ): 3604, 3442, 2956, 2939, 1465, 1086, 928; 1H NMR

(CDCI3, ppm): 6.72 (cid, J = 17.6, 10.8 Hz, IH), 5.54 (dd, J = 17.6, 1.9 Hz, lH), 5.42

(dd, J = 10.8, 1.9 Hz, IH), 4.75 (d, J = 5.4 Hz, IH), 3.63 (partially obstructed dt, J =

7.2, 2.4 Hz, IH), 3.59 (s, 3H), 3.19 (s, exch. 020, IH), 2.49 (d, J =7.2 Hz, exch.

D20, IH), 1.91 (d, J = 5.4 Hz, IH), 1.87-1.32 (m, 5H), 1.33 (s, 3H), 1.23 (s, 3H),

1.05 (s, 3H), 0.98 (s, 3H); MS: 296 (M+', 3), 264 (5), 162 (29), 147 (33), 123 (44), 109

(33),99 (30), 81 (46), 55 (71), 43 (100). Exact mass calcd. for C17H2703 (M+H+­

H20): 279.1960; found (CI, NH3): 279.1961.
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3-MethoxY-S,6,7,S,Sa- pentahydro-Sa(tert-butyldimethylsiloxy)-S,S,Sa~­

trimethyl·(ZH,4H)-naphthalen-l-one (U)

To a stirring solution of the deconjugated enone~ (9.2 mg; 0.026 mmol) in dry dioxane

(0.5 mL) under argon at room temperature was added selenium dioxide (3.5 mg; 0.031

mmol; 1.2 equiv.) in one portion and the mixture warmed to reflux. After 30 min., the

mixture was allowed to cool and the solvent removed in vacuo. The residue was taken into

8 mL of Cf12Cl2 and washed with 3 mL of 10% Na2C03 solution. The organic phase was

further extraeted twice with 2 mL ptmions of CH2C12. The combined organic phases were

dried (MgS04) and evaporated. Flash chromatography cn silica gel (eluent: 8% ethyl

acetate 1hexanes) gave 8.0 mg (88%) cf the dienone~.

~ had IR (CHCI3, cm-1): 2951,2856, 1646, 1582, 1388, 1086,838; IR NMR

(CDCI3, ppm): 6.08 (d, J =1.8 Hz, 1H>, 5.29 (d, J =1.8 Hz, IR), 4.37 (d, J =2.9 Hz,

IR), 3.72 (s, 3R), 1.89-2.15 (m, 2R), 1.53-1.60 (m, IR), 1.21-1.35 (m, IR), 1.29 (s,

3R), 1.23 (s, 3R), 1.21 (s, 3R), 0.73 (s, 9H>, 0.00 (s, 3H>, -0.03 (s, 3H>; MS: 335 (3),

293 (100), 275 (28), 223 (27), 81 (26), 75 (26), 73 (17). Exact mass calcd. for

C2oH3503Si (M+1): 351.2355; found (CI, NH3): 351.2354.

cis·3-Methoxy-2,4a,S,6,7,S,Sa-beptabydro.2.bydroxy.Sa(tert.

butyldimethylsïloxy).S,S,Sa-trimetbyl.(2H,4H).napbtbalen·l-one (U)

To a stirring solution of hexamethyldisilo7.ane (0.90 mL; 4.3 mmol; 1.5 equiv.) in 15

mL of dry nIF under argon at -780 C was added n-butyllithium (1.70 mL of 2.0 mmol/mL

solution of pentane; 1.2 equiv.) dropwise. HMPA (2.47 mL; 14.2 mmol; 5.0 equiv.) was

then added and the mixture allowed 10 warm slightly by removal of the cooling bath until all

the HMPA had dissolved (approx. 2 min.). The mixture was cooled back to -780C and a

S"!!ltion of the enone 2..ll (1.000 g; 2.84 mmol) in 20 mL of dry THF was added
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dropwise (cannula) waslùng the transfer flask twice with 5 mL portions of dry THF. After

Ih, the enolate solution was transferred dropwise (over about a 15 min. period) to a second

flask containing anhydrous dimethyldioxirane solution in acetone (60.8 mL of 0.070

mmoVmL solution; 1.5 equiv.) also at -780C, again washing the transfer flask twice with 5

mL portions of dry THF. After 15 min. the mixture was quenched with 4.0 mL of pH 7

buffer solution and allowed to W81JIl ta room temperature. The solvent was removed in

vacuo and the residue taken inta 100 mL of CH2Cl2 and washed with 20 mL of water. The

aqueous layer was further extracted twice with 10 mL portions of CH2Cl2 and the

combined extraets dried (MgS04) and concentrated in vacuo to give a crude oily residue.

Flash chromatography on silica gel (eluent: 16% ethyl acetate 1hexanes) afforded 836 mg

(80%) of the a-hydroxy product~ as a gum. Further elution of the column with 30%

ethyl acetate 1hexanes gave 128 mg (12%) of the y-hydroxy product~ (mp. 146-1480 C).

il had IR (CHCI3, cm- l ): 3585, 2960, 1722, 1669, 1463, 1117,838; IH NMR

(CDCI3, ppm): 4.94 (cl, J =6.9 Hz, IH), 4.10 (cl, J =2.9 Hz, IH), 3.67 (s, 3H), 3.35

(dcl, J = ILS, 3.7 Hz, IH), 2.75 (cl, J =2.8 Hz, exch. D20, IH), 2.05-1.83 (m, IH),

1.95 (cl, J =6.9 Hz, IH), 1.65-1.24 (m, 3H), 1.38 (s, 3H), 0.89 (s, 9H), 0.87 (s, 3H),

0.56 (s, 3H), 0.07 (s, 3H), 0.02 (s, 3H); l3C NMR (CDCI3, ppm): 208.9, 153.6, 96.0,

78.2,71.0, 55.0, 53.1, 50.7, 38.7, 36.1, 31.1, 28.0, 26.8, 24.4, 21.4, 18.0, -2.9, -4.9;

MS: 368 (M+', 2), 311 (30), 295 (10), 159 (7), 101 (8), 81 (9), 75 (100). Exact mass

caled. for C20li3704Si (M+l): 369.2461; found (CI, NH3): 369."461.

U had IR (CHCI3' cm- l ): 3585, 2961, 2929, 1667, 1463, 1257, 1119, 841; IH

NMR (CDCI3, ppm): 5.26 (s, IH), 4,27 (cl, J =2.9 Hz, tH), 3.70 (s, 3H), 3.41 (dd, J =
8.5, 2.9 Hz, IH), 2.45 (s, exch. D20, tH), 1.90-1.11 (m, 5H), 1.43 (s, 3H), 1.06 (s,

3H), 0.87 (s, 9H), 0.78 (s, 3H), 0.04 (s, 3H), -0.02 (s, 3H); MS: 368 (M+', 1), 353 (4),

311 (100),279 (40), 251 (21), 159 (14), 101 (9),81 (12),75 (39). Exact mass calcd. for

C20li3704Si ~+1): 369.2461; found (CI, NH3): 369.2461.
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(

cls-3-Methoxy-4a,5,6,7,S,Sa-hexahydro-Sa(tert- buty1dimethylsiloxy)­

5,5,Sa-trimethyl-(4H).naphthalen.l,Z-dione (!.J.)

To a stirring solution of the a-hydroxy enone U (1.490 g: 4.04 mmol) in pentane (97

mL) at room temperature was added manganese dioxide (1.295 g: 14.90 mmol; 3.7 equiv.)

in one portion. After 2h, the solvent was removed in vacuo and the solid residue taken inta

30 mL of CH2CI2 and filtered through a bed of celite and the yellow filtrate concentrated in

vacuo. Flash chromatography on sillca gel (eluent: 25% ethyl acetate / hexanes) gave

1.400 g (95%) of the diketone!J. as a pale yellow solid (mp. 191-1930C).

4.l had IR (CHC13, cm-1): 2958, 2931, 1734, 1693, 1459, 1366, 1119,836; 1H

NMR (CDCI3, ppm): 6.04 (d, J =7.1 Hz, 1H), 3.71 (s, 3H), 3.39 (dd, J =11.7, 4.0 Hz,

IH), 2.29 (d, J =7.1 Hz, 1H), 2.03 (m, 1H), 1.75-1.20 (m, 3H), 1.37 (s, 38), 1.00 (s,

3H), 0.87 (s, 9H), 0.64 (s., 3H), 0.09 (s, 3H), 0.02 (s, 3H); l3C NMR (CDC13, ppm):

194.9, 181.2, 153.3, 118.1,77.7, 55.4, 54.7, 54.2, 39.2, 36.7, 31.3, 28.0, 25.7,23.6,

21.7, 18.0, -3.7, -4.9; MS: 309 (M+'-57, 19),281 (4),265 (8), 167 (11), 149 (35), 129

(16),75 (100),57 (28). Exact mass calcd. for C2oH3504Si (M+1): 367.2305; found (CI,

NH3): 367.2306.

Preparation and Standardization of the Dimethyldioxirane Solutions

Dimethyldioxirane solutions in acelone were prepared according to the small scale

litterature procedure Z with only a slight modification. In general, the preparation was

donc using a IL flask and all of the reagents were scaJed up four fold. In addition ta a

receiving flask (100 mL) cooled ta -78°C, a dry ice-acetane trap w~ Ilttaehed ta the end of

the vacuum outlet of the receiving adapter and the vacuum line attached ta the outlet of the

cold trap. In this way, relatively large volumes (ie: 30-40 mL) of dimethyldioxirane
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solution (ca. 0.06-0.10 mmoll mL) could be conveniently obtained for large scaIe enolate

oxidations.

Dimethyldioxirane solutions prepared as mentioned above were standardized using a

slight modification of the thioanisole procedure 2. The dimethyl:Eoxirane solution (LOO

mL) was mixed with a stirred solution of phenyl methyl sulfide (0.4 mL of 0.55M solution

in acetone). "".fier 15 min., the solvent was removed carefully at OOC in vacuo, and the

residue redissolved in acetone-d6 and the 1H NMR spectrum examined.

General procedure for enolate oxidation with dimethyldioxirane (LDA used

as base)

To a stirring solution of diisopropylamine (0.087 mL; 0.62 mmol; 1.5 equiv.) in 2.0

mL of dry TIiF under argon at -780 C was added n-butyllithium solution (0.32 mL of 1.7

M solution in pentane; 1.3 equiv.) dropwise. Mter 10 min., a solution of a-tetralone

~ (40.0 mg; 0.27 mmol) in 0.5 mL of dry TIiF was added dropwise (cannula),

washing the transfer flask twice with 1.0 mL portions of dry TIiF to ensure complete

transfer. After allowing the enolate to generate (lh), the mixture was transferred dropwise

(cannula) to a second flask containing anhydrous dimethyldioxirane solution in acetone

(5.80 mL of 0.062 M solution; 1.4 equiv.) aIso cooled to -780C. After allowing to stir for

10 min., the =tion mixture was quenched with 0.3 mL of pH 7 buffer solution and then

allowed to warm to room temperature. The solvent was removed in vacuo and the residue

taken into CH2Cl2 (l0 mL) and washed with 5 mL of water. The aqueous phase was

further extraeted twice with 5 mL portions of CH2C12. The combined organic phases were

dried (Na2S04), filtered and concentrâted in vac/lO to give a clear oily residue. Flash

chromatography on silica gel (eluent: 35% ether 1hexanes) gave 36.4 mg (82%) of 2­

hydroxy-a-tetralone~ as a slightly yellow colored oil which darkens on exposure to

air. A small amount (3.2 mg, 8%) of a-tetralone illA was aIso recovered.
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(: ~ had IR (film, cm-1): 3407, 1686; IH NMR (CDCI3, ppm): 8.06-7.24 (m,4H),

4.38 (dd, J = 13.6, 5.4 Hz, lH), 3.91 (s, exch. ])zO, IH), 3.24-3.95 (m, 2H), 2.59-2.46

(m, IH), 2.14-1.92 (m, IH); MS: 162 (M+', 50),144 (16), 130 (26),118 (100),90 (48),

77 (10). Exact mass calcd. for CloHllOz (M+l): 163.0759; found (CI, NH3):

163.0759.

a.hydroxycamphor (4.1Jb)

The reaction was carried out as mentioned above using camphor~ (60 mg; 0.394

mg) and dimethyldioxirane (9.70 mL of 0.053 M solution; 1.3 equiv.). Flash

chromatography on silica gel (eluent: 40% ether 1hexanes) r:ave 49 mg (74%) of the

volatile a-hydroxy derivative illh as a mixture ofdiastereomers (exo : enda = 2.2:1). A

significant quantity ofcamphor~ (11 mg, 18%) was also recovered. IR and 1H NMR

data were in agreement with the reported values 3.

a.hydroxyacetophenone (4.12b)

The reaction was carried out as above using acetophenone~ (50 mg; 0.42 mmol).

The crude residue was chromatographed (eluent : 50% ether 1hexanes) to give 44 mg

(77%) of a-hydroxyacetophenone~ as weil as 2.0 mg (4%) of recovered 4.12a. The

identity of~was confirmed by comparison ofspectral data with the literature values in

Sadtler standard spectra (IH NMR 17161M, IR grating 24179K).

(+)·2-hydroxy.4-cholesten-3'llne (4,13b)

The reaction was carried out as above using (+)-4-cholesten-3-one~ (80 mg; 0.21

mmol). The product was isolated by flash chromatography (eluent: 35% ether1hexanes) ta
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give 50 mg (60%) of~ as a 2: 1 mixture of diastereomers. The starting enone~

was aIso recovered (20.5 mg; 26%).

~ had IH NMR (CDCI3, ppm): 5.77 (s, IH, isomers A,B), 4.29-4.12 (m, IH,·

isomers A,B), 3.53 (s, exeh. D20, lH, isomer A), 3.47 (s, exeh. D20, IH, isomer B),

2.15-2.60 (m, 2H), 0.90-2.10 (m, 27 H), 1.27 (s, 3H, isomer A), 1.16 (s, 3H, isomer B)

0.89 (d, J = 6.6 Hz, 3H, isomers A,B), 0.il5 (d, J = 6.6 Hz, 3H isomers A,B), 0.69 (s,

3H, isomers A,B); MS: 400 (M+', 59), 384 (27), 356 (83), 261 (25), 229 (25), 149 (75),

129 (100), 124 (53), 95 (55),71 (53), 57 (68),43 (49). Exact mass ealed. for C27H4S02

(M+l): 401.3420; found (Cl, NH3): 401.3421.

cis·3·Methoxy-2,4a,S,6,7,S,Sa-heptahydro-2a.hydroxy-Sa(tert­

butyldimethylsiloxy)-2,S,S,Sa.tetramethyl-naphthalen.l.one (~

To a stirring solution of the a-diketone~ (295 mg; 0.080 mmol) in dry CH2C12 (21

mL) under argon at -780C was added trimethylaluminum solution (1.41 mL of 2.0 M sol.

in toluene; 3.5 equiv.) dropwise over a 5 min period. At the end of the addition, the

mi."tture was allowed ta stir for 20 min. and then quenehed with 1.0 mL of pH 7 buffer

solution and allowed to warm up to room lemperature. The mixture was diluted with

CH2Cl2 and washed once with waler. The organie layer was dried (MgS04) and

eoncentrated. Flash ehromatography on sillea gel (eluent: 14% ethyl aeetale / hexanes)

afforded 286 mg (93%) of the addition produets~ andill in a ratio of 2 : 1. Afler

two chromatographie separations, a relatively elean sample of~ eould he obtained

(eontaminated with only about 5 - 10% of~.

The majorproduet~ had IR (CHCl3, cm-1): 3526,2931,2854,1715,1664, 1473,

1368, 1117; lH NMR (CDCI3, ppm): 4.79 (d, J =6.7 Hz, 1H), 3.64 (s, 3H), 3.56 (s,

exeh. 020, 1H), 3.29 (dd, J =11.7,4.1 Hz, 1H), 2.07 (m, IH), 1.94 (d, J =6.7 Hz,

1H), 1.18-1.62 (m, H), 1.41 (s, 3H), 0.87 (s, 12H),O.59 (s, 3H), 0.08 (s, 3H), 0.02 (s,
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3H); MS: 367 (1), 325 (13), 307 (9),293 (100),233 (23), 81 (60), 75 (75),73(51), 55

(42). Exact mass calcd. for C21H3904Si (M+1): 383.2618; found (CI, NH3): 383.2619.

The minor isomer~ had1H NMR (CDC13, ppm): 5.69 (<1, J =2.9 Hz, IH), 3.90 (t,

J = 2.2 Hz, IH), 3.65 (s, exch. 020, IH), 3.57 (s, 3H), 2.18 (s, IH>, 2.10 (m, IH),

1.05-1.95 (m,3 H), 1.24 (s, 3H), 1.22 (s, 3H), 1.19 (s, 3H), 1.17 (s, 3H), 0.79 (s, 9H)

-0.02 (s, 6H).

trans·3-Methoxy-l,2,4a,5,6,7,8,8a.octahydro.2,8a-dihydroxy-l ~ (l'­

hexynyl).2,5,5,8aa-tetramethyl·naphthalen-l-ol ~

To a stirring solution of 1-hexyne (1.05 mL; 9.1 mmol; 13 equiv.) in 16 mL of dry

THF under argon at -78DC was added n-butyllithium solution (4.94 mL of 1.7M sol. in

pentane; 8.4 mmol; 12 equiv.) dropwise. Mter 30 min., a solution of the ketoneill (264

mg; 0.69 mmol) in 4.0 mL of dry THF was added dropwise (cannula), washing the

transfer flask twice with 2mL portions of dry THF. The mixture was then allowed to

warm up to room temperature for about 30 min. and then warmed to reflux temperature.

After 4h at reflux, the mixture was allowed to cool down for 30 min. and then quenched

with 1.5 mL of pH 7 buffer solution and the solvent removed in vacuo. The residue was

taken into CH2Cl2 and washed once with 10% Na2C03 solution. The organic layer was

dried (MgS04) and concentrated in vacuo. Flash chromatography on sillea gel (eluent:

50% ether / hexanes) gave 194 mg (80%) of the triol ill as a single isomer (mp. 99­

101OC).

ill had m (CHCI3, cm-1): 3588,2961, 2215, 1672, 1100, 1011: IH NMR (CDC13,

ppm): 4.80 (s, lH), 4.49 (ddd, J = lU, 4.8, 22Hz, IH), 3.57 (s, 3H), 2.76 (<1, J = 2.2

Hz, exch. 020, IH), 2.29 (1, J =7.0 Hz, 2H), 2.23 ~s, IH>, 2.13 (s, exch. 020, IH),

2.00 (s, exch. 020, IH), 1.19·1.80 (m, 10H), 1.55 (s, 3H), 1.51 (s, 3H), 1.19 (s, 3H),

1.07 (s, 3H), 0.91 (t, J = Hz, 3H); l3C l'IMR. (CDCI3, ppm): 153.1, 96.6, 90.5; 81.1,
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80.5,73.3,69.6,54.3,47.7,46.7,34.8,34.7,32.2, 30.4, 30.1, 26.7, 23.2, 22.0, 19.0,

18.4, 13.4; MS: 350 (M+',10), 332 (7), 289 (11), 233 (49), 216 (45), 195 (46), 165 (46),

152 (100), 126 (55), 109 (43), 99 (72), 81 (83), 55 (39), 43 (69). Exact mass calcd. for

CZIH3303 (M+H+-HzO): 333.2430; found (CI, NH3): 333.2428.

trans·3.Methoxy.l,2,4a,S,6,7,S,Sa.octahydro·2.hydroxy·Sa.acetoxy.l.

~(l '.hexynyl).2,S,S,Saa.tetrarnethyl.naphtha1en·l.ol (~

To a stirring solution of the triol~ (100 mg; 0.28 mmol) in 5.0 mL of dry CHzClz

under argon at room ternperature was added pyridine (0.069 mL; 0.86 mmol; 3.0 equiv)

followed by acetic anhydride (0.081m1; 0.86 mmol; 3.0 equiv.). A cataIytic amount of 4­

dimethylamino pyridine (DMAP, approx. 0.25 equiv.). The reaction mixture was then

warmed to reflux and after 24h, another 3 equiv. of pyridine and acetic anhydride were

added and reflux continued for a further 6 days. At this point, the reaction mixture was

allowed to cool down to room temperature, diluted with 10 mL of CHZCI2 and washed

with 5 mL of 10% Na2C03 solution. The organic layer was dried (MgS04) and

concenttated in vacuo. Flash chromatography on sillca gel (eluent: 52% ether / hexanes)

afforded 99 mg (89%) of the acetate~ (rnp. 102-104°C).

~ had IR (CHC13, cm-1): 3611, 3008, 2937, 2226, 1717, 1674, 1371, 1257, 1216,

1000; tH NMR (CDCI3, ppm): 5.55 (dd, J =10.8, 5.7 Hz, 1H), 4.76 (d, J = 1.6 Hz,

1H), 3.55 (s, 3H), 2.31 (d, J =1.6 Hz, 1H), 2.28 (t, J =6.7 Hz, 2H), 2.19 (s, exch.

D20, 1H), 1.98 (s, 3H), 1.&3 • 1.22 (m, 9H), 1.58 (s, 3H), 1.50 (s, 3H), 1.21 (s, 3H),

1.09 (s, 3H), 0.92 (t, J =7.1 Hz, 3H); MS: 392 (M+', 2), 374 (6), 332 (4), 289 (27), 205

(23), 109 (29), 81 (31), 69 (22), 55 (22), 43 (100). Exact mass calcd. for C23H3S0S

(M+H+-H20): 375.2535; found (CI, NH3): 375.2534.
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(. trans-3-Methoxy-l,2,3,4,4a,S ,6,7,8,8a-decahydro-la,8a-dihydroxy-2,3­

epoxy-l~(l'-hexynyl)-2,S,S,8aa-tetramethyl-naphthalen-4-01~

To a stirring solution of the acetate~ (336 mg; 0.86 mmol) in 65 mL of dry CH2Cl2

under argon at room temperature was added chilled (ie: to approx. -200C)

dimethyldioxirane solution ( 14.8 mL of 0.087 M solution; 1.5 equiv.) rapidly. Mter lh,

the solvent was removed in vacuo affording 353 mg (100%) of the oily epoxy ether 4.25.

which appeared to he quite pure by 1H NMR.

4.25. had m (CHCI3, cm-1): 3579, 3453, 3003, 2960,2236, 1707, 1458, 1376, 1263,

1003; 1H NMR (CDCI3, ppm): 6.02 (t, J = 9.0 Hz, 1H), 4.22 (d, J = 5.7 Hz, IH), 3.72

(s, exch. D20, 1H), 3.57 (s, 3H), 2.23 (t, 1 = 6.7 Hz, 2H), 2.01 (s, 3H), 1.85-1.30 (m,

1OH), 1.55 (s, 3), 1.37 (s, 3H), 1.17 (s, 3H), 1.13 (s, 3H), 0.90 (t, J = 6.9 Hz, 3H);

MS: 408 (M+', 15),348 (11), 331 (9),259 (42),217 (27),203 (25), 189 (49), 165 (29),

123 (34), 109 (47), 81 (31),43 (100).

trans-3-Methoxy-1,2,3,4a,S,6,7,8,8a.Olmahydro-l-hydroxy·8a-acetoxy­

2,3-epoxy-l~(1'-hexynyl).2,S,S,8aa-tetramethyl-naphthalen·4-one(~

To a stirring solution of the epoxy ether 4.25. (350 mg; 0.86 mmol) in dry CH2CI2 (28

mL) under argon at room temperature was added sodium acetate (246 mg; 3.00 mmol; 3.5

equiv.) in one portion. Pyridinium chlorochromate (pCC, 554 mg; 2.57 mmol; 3.0 equiv.)

was then added and the mixture stirred for 24h. Another 1.0 equiv. of PCC was then

added and the mixture allowed to stir for a further 2h at r.t.. At this point, the reaction

mixture was diluted with 100 mL of diethyl ether and the tCsu1ting suspension filtered

through a bed of celite. Concentration of the filtrate gave a cmde brown oily mass that was

subjected 10 flash chromatography on 5ilic!l gel (e1uent: 23% ether / hexanes) 10 give 227
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1 mg (65%) of the epoxy ketone.4..2.6. as a gum. Funher elution of the eolumn with 35%

ether / hexanes afforded 26 mg (7%) ofrecovered~ .

.4..2.6. had IR (CHCI3, em-1): 3618, 2949, 1737, 1711, 1270, 1260, 1003; IH NMR

(CDCI3, ppm): 6.09 (m, 1H), 3.82 (s, exeh 020, 1H), 3.42 (s, 3H), 2.39 (s, lH), 2.27

(t, J = 6.7 Hz, 2H), 2.03 (s, 3H), 1.98-1.19 (m, 8H), 1.50 (s, 3H), 1.49 (s, 3H), 1.30

(s, 3H), 1.15 (s, 3H), 0.91 (1, J = 7.0 Hz, 3H); MS: 406 (M+', 7), 363 (25), 346 (89),

328 (28), 303 (25), 287 (38), 243 (43), 223 (73), 189 (100), 149 (71), 123 (52), 109

(49),81 (38),43 (61). Exact mass ealed. for C23H3506 (M+1): 407.2434; found (Cl,

NH3): 407.2435.

1,2,5,6,7 ,8,Sa.heptahydro.l,2,4.trihydroxy.Sa.aèetoxy.l ~ (1 '.hexynyl).

2,5,5,Saa·tetrarnethyl.naphthalen·3·one ~

To a stirring solution of the epoxy-ketone~ (113 mg; 0.028 rnmol) in dry CH2CI2

(2.3 mL) onder argon at -780C was added triethylamine (0.12 mL; 0.83 rnmol; 3.0 equiv.)

followed by dimethylboron bromide (2.78 mL of 0.30 M sol. in CH2CI2; 0.83 mmol; 3.0

equiv.) dropwise. The mixture was then allowed to warm to QOC and another 4.0 equiv. of

dimethylboron bromide (3.71 mL of 0.30 M solution in CH2Clz) was added dropwise over

a 10 min. period. At the end of the addition, the mixture was quenehed with 2.0 mL of

10% NaHC03 solution, allowed to warm to room temperaturo for 10 min. and diluted with

10 mL of CH2C12. The phases were separated and the organie layer washed once with 5

mL of water. The organie layer was dried (MgS04) and eoneelltrated in vacuo.

Chromatography on siliea gel (eluent: 60% ether / hexanes) afforded 90 mg (83%) of the

a-diketone~ (mp. l1o-I12OC).

~ had 1H NMR (CDCI3, ppm): 6.34 (s, exeh. D20, 1H), 5.61 (1, J = 7.9 Hz, 1H),

3.24 (s, exeh. 020, 1H), 3.06 (s, exeh. 020, 1H), 2.56 - 2.12 (lU, 2H), 2.11 (t, J = 6.4

Hz, 2H), 2.08 (s, 3H), 2.06-1.91 (m, 2H), 1.66-1.20 (m, 4H), 1.55 (s, 3H), 1.45 (8,
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3H), 1.36 (s, 3H), 1.32 (s, 3H), 0.84 (t, J = 6.7 Hz, 3H); MS: 332 (li), 314 (2), 289

(11), 223 (29), 154 (34), 150 (72), 123 (41), 43 (100). Exact mass calcd. for C22H3306

(M+l): 393.2277; found (CI, NH3): 393.2276.

2,5,6,7,S,Sa.Hexahyd ro·4.hydroxy·Sa(tert·butyldimethylsiloxy).

2,2,5,5,Sa·pentamethyl.napbthalen.I,3·dione (UJ)

To a stirring solution of the enol etherU (35 mg; 0.092 mmol) in dry pyridine under

nib'ogen at room temperature was added osmium teb'Oxide (28 mg; 0.11 mmol; 1.2 equiv.)

in one portion. The mixture was then warmed to reflux for 5b. At this point, the reaction

mixture was allowed to cool down to room temperature and a suspension of 200 mg of

magnesium silicate and 200 mg of sodium thiosulphate in 3 mL of water was added and the

resulting suspension filtered and eXb'Bcted four times with 5 mL portions of CH2C12. The

combined organic layers were dried (Na2S04) and concentrated in vacuo. Flash

chromatographyon silica gel (eluent: 4% ether1hexanes) afforded 8.3 mg (24%) of the n­

diketone~ as an oil as weil as 17.3 mg (49%) ofunreactedenol ether U.

~ had IR (CHCI3, cm-1): 3418,2957,2931, 1712, 1657, 1620, 1471, 1087,838;

lH NMR (CDCI3, ppm): 6.60 (s, exch. D20, IH), 4.46 (1, J = 3.2 Hz, IH), 1.42-2.10

(m, 4H), 1,48 (s, 3H), 1.39 (s, 3H), 1.36 (s, 3H), 1.31 (s, 3H), 1.29 (s, 3H), 0.79 (s,

9H), 0.07 (s, 3H), -0.02 (s, 3H); MS: 380 (7), 337 (7), 323 (78), 295 (16), 253 (75), 231

(97),203 (67), 171 (63), 161 (94), 133 (39),75 (100),73 (82). Exact mass calcd. for

C21H3'P4Si (M+l): 381.2461; found (CI, NH3): 381.2462.
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t 1,2,5,6,7,S,Sa.heptahydro·la,2,4.trihydroxy.la·acetoxy.l(cis.l',:l'·

hexenyl).2,5,5,Saa-tetramethyl·naphthalen·3.one (4,28)

To a stim:d solution of the a-dïketone 4.21. (22.5 mg ; 0.057 rnmol) in 1.0 mL of

absolute ethanol under hydrogen (1 attnosphere) at room temperature was added a catalytic

amount of palladium on carbon (5.6 mg of 10% by weight Pd/C)o Af~r Ih, the mixture

was diluted with 10 mL of CH2C12 and filtered through a bed of celite to remove the

catalyst. The filtrate was concentrated in vacuo to give 23.4 mg of crude oily residue.

Flash chromatography on silica gel (eluent: 25% ethyl acetate 1hexanes) afforded the oily E

and Z allylic alcohols~ and~ in a ratio of 1 : 12 in 98% yield.

The major Z isomer~ had IR (CHCI3, cm·1): 3566, 3453. 2960, 1749, 1674, 1654,

1374, 1013; 1H NMR (CDCI3, ppm): 6.36 (s, exch. 020, 1H), 5.68 (m, 1H), 5.28 (d, J

=1.4 Hz, IH), 5.24 (d, J =7.3 Hz, IH), 3.07 (s, exch. 020, IH), 2.65 (s, exch. 020,

IH), 2.64-2.23 (m, 3H), 2.07 (s, 3H), 1.90-2.04 (m, lH), 1.58 (s, 3H), 1.50 (s, 3H),

1.37 (s, 3H), 1.31 (s, 3H), 1.70-1.19 (m, 6H), 0.87 (m, IH); MS: 334 (6), 291 (5), 223

(43), 156 (22), 150 (29), 12~ (82), III (53), 101 (45), 55 (52), 43 (100). Exact mass

calcd. for C22H3S06 (M+l): 395.2434; found (CI, NH3): 395.2435.

The minor E isomer~ had 1H NMR (CDCI3, ppm): 6,3P (s, exch. D20, IH), 5.95

(m, IH), 5.49 (d, J = 15.3 Hz, IH), 5.02 (t, J = 7.6 Hz, IH), 2.93 (s, exch. 020, IH),

2.47 (s, exch. D20, lH), 2.40 (m, !Hi, 2.05 (s, 3H), 2.00-2.08 (m, 3H), 1.63 (s, 3H),

1.52 (s, 3H), 1.40 (s, 3H), 1.33 (s, 3H), 1.70 - 1.15 (m, 6H), 0.81l (m, 3H); MS: 334

(8), 291 (6), 223 (63), 156 (42), 150 (47), 123 (100), III (45), 101 (49), 95 (25), 55

(51),43 (89). Exact mass calcd. for C22H3S06 (M+l): 395.2434; found (CI, NH3):

395.2435.

154



(.

( "

'.

trans-l,~,3,4,4a,S,6, 7,S,Sa-decabydro-lf3,Za,3f3,4f3- te tra bydroxy-S­

acetoxy-l-(c;is-l ' ,Z'-hexenyl)-Z,S,S,Saf3-tetramethyl-naphthalene (4.30)

To a stirred solution of Z~ (16.6 mg; 0.042 rnrnol) in 1.0 mL of dry THF under

argon at room tempemture was added t-butylamine bomne complex (14.6 mg; 4.0 equiv.)

and the mixture warmed to reflux. After 24h, the mixture was allowed to coolto r.t. and

the solvent removed in vacuo. The residue was taken into 10 mL of a~àCl2and washed

with 3 mL of 10% sodium bisulphate solution. The organic layer was dried (MgS04) and

concentmted in vacuo. Flash chromatography on sillca gel (eluent: 75% ether / hexanes)

afforded 8.7 mg (52%) of the tetrol~. ~''''I'Y~lallizaûon of a smal1 sample from hexanes

gave~ as fine white plates (mp. 146-148OC). Crystals suitable for X-ray analysis were

ob18ined by slow evapomtion (at -2QOC) ofa solution of~ in acetone / hexanes (1 : 4).

~ had IR (CHCL3, cm· l ): 35S5, 3010, 2960, 1743, 1366, 1234, 1105, 1029; IH

NMR (COCI3' ppm): 5.77 (m, 1H), 5.52 (d, J =12.4 Hz, 1H), 4.92 (ùd, J =10.5, 5.1

Hz, 1H), 4.37 (m, 1H), 3.40 (11, J = 3.6 Hz, 1H), 2.62 (s, exeh. 020, 1H), 2.60 - 2.27

(m, 2H), 2.25 (s, exeh. 020, 1H), 2.11 (s, exeh. 020, 1H), 2.02 (s, 3H), 1.90 - 1.20

(m, 9H), 1.63 (bs, exeh. 020, 1H), 1.57 (s, 3H), 1.50 (s, 3H), 1.28 (s, 3H), 1.02 (s,

3H), 0.S8 (m, 3H); MS: 380 (M+', 6), 323 (9),215 (35), 155 (34), 152 (31), 123 (31),

111 (100), 95 (33), 31 (29), 6!1 (26), 55 (49), 43 (7). Exact mass ealed. for C22H370S

(M+1): 381.2641; found (Cl, NH3): 381.2641.

Acetylide addition on the diketone ~

To a slÎ!nng solution of I-hexyne (1.70 mL; 14.S rnrnol) in dry toluene (50 mL) !Jnder

argon at -780C was added n-butyllithium solution (6.2 mL of 2.0 rnrnoVmL solution in

pentane) dropwise. The reaetion mixture gradu:illy thiekenoo to a guhtinous eonsistaney

and eonseque!lùy stirring became diffieult. The cooling bath was removed and the mixture
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allowed to warm gradually to room tempemture. After approximately l/2h most of the

acetylide had dissolved although the solution remained relatively viscuous. Tnis solution

was added dropwise (cannnla) to ft stirring solution of the diketone~ (300 ml!; 0.82

mmol) in 30 mL of dry toluene under :l!gcJn at -78OC. At the end of the addition (about 20

min.), the cooling bath was rep1aCl'd with <'J1 ice bath (00C) and the mixture stirred at this

tempemture for an additional15 min. and then quenched by dropwise addition of 5.0 mL

of pH 7 buffer solution. The solvent was removed in vacuo and the residue taken into 10

mL of CH2Cl2 llnd washed once with 3 mL of water followed by 3 mL of brine solution.

The organic layer was dried (MgS04) and concentml'.d in vacuo. 1H NMR of the crude

reaction mixture revealed a 1:1 mixture of the two regioisomers as detennined from

integration of their enol ether proton signals. Flash chromatography of the crude residue

on sillca gel (e1uent: 8% ethy1 acetate 1hexanes) provided 154 mg (42%) of the adduct II

as a gum. Funher e1ution of the co1umn with 25% ethyl acetate 1hexaoes provided 168 mg

(46%) of5..2. as an oil.

5..2. had IR. (CHCI3, cm-li: 2960, 2936, 1729, 1662, 1463, 1116, 1048,838; IH NMR

(COCI3, ppm): 4.85 (cl, 1 = 6.6 Hz, 1H), 4.06 (s, exch. D"O, 1H), 3.69 (s. 3H), 3.31

(da. 1 =11.4, 3.8 Hz, lH), 2.18 (t, 1 =6.8 Hz, 2H), 2.02 - 2.20 (m, 1H), 1.99 (d, 1 =
6.6 Hz, 1H), 1.57 (s, 3H), 1.19 - 1.55 (m, 7H), 0.88 (s, 12H), 0.85 (obstructed t, 1 =

8.0 Hz, 3H), 0.55 (s, 3H), 0.09 (s, 3H), 0.04 (s, 3H); MS: 44l! (M+', 2), 391 (23), 359

(100), 299 (34), 109 (29), 81 (34), 75 (67), 73 (61). Exact mass calcd. for C26H4S04Si

(M+1); 449.3087; found (CI, NH3): 449.3087.

5..1 had IR. (CHCI3, cm-1): 3481, 2950, 2930, 2856, 2226, 1702, 1642, 1144, 10'16,

1064, 1005, 842; IH NMR (CDCI3, ppm): 5.75 (cl, J =2.8 Hz, IH), 4.06 (s, exch. 020,

1H), 3.90 (t, 1 =2.5 Hz, 1H), 3.58 (s, 3H), 2.44 (s, 3H), 2.16 (1, J =0.6 Hz, 2H), 1.00

- 1.90 (m, 8H), 1.39 (s, 3H), 1.20 (s, 3H), 1.18 (s, 3H), 0.86 (1, 1 = 6.9 Hz, 3H), 0.77

(s, 9H), -0.03 (s, 3H), -0.C4 (s, 3H); MS: 448 (M+', 1), 391 (19), 359 (00), 299 (50),
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( 109 (28), 99 (33), 81 (66),75 (90),73 (52). Exact mass ealed. for C26RlS04Si (M+l):

449.3087; found (CI, NH3): 449.3087.

Cis·I,Z,4a,S,6,7,8,8a·octahydro·la,Za·dihydroxy·3·methoxy·8a·(tert·

butyldimethylsiloxy)·Z·(I',Z '.hexynyl).I,S,S,8a·tetramethyl·[4H).

naphthalene (S,d1

To a stirring solution of the of the ketone~ (20 mg; 0.045 =01) in dry hexanes (2.0

mL) under argon at -150C, was added methyllithium solution (0.69 mL of 1.3 mmol/ mL

solution in diethyl ether; 20 equiv.) dropwise over a 10 min. period. ACter 3h, the mixture

was quenehed with 1.0 mL of pH 7 buffer solution and allowcd to warm to room

temperature. The solvellt was removed in vacuo and the residue taken into CH2Cl2 (l0

mL) and washed with 2 mL of water. The organic layer was dried (MgS04) and

concentrated in vacuo. Flash chromatography on silica gel (eluent: 20% ether / hexanes)

afforded 11 mg (52%) ofthediol~along with4 mg (20%) ofrecovered~.

M bad IR (CHCI3, cm-1): 3483, 2960, 2228, 1682, 1464, 1257, 1097, 1051; 1H

NMR (CDC13, ppm): 4.73 (d, 1 = 4.8 Hz, IH), 4.00 (s, exch. 020, lH), 3.64 (obstrueted

dd, IH), 3.63 (s, 3H), 3.44 (s, ex\~h. 020, IH), 2.20 (t, 1 = 6.6 Hz, 2H), 2.23 • 2.02

(m, IH), 1.83 (d, 1 =4.8 Hz, IH), 1.67 - 1.16 (m, H), 1.59 (s, 3H), 1.23 (s, 3H), 1.02

(s, 3H), 0.92 (s, 3H), 0.91 (s, 9H), 0.87 (t, 1 =7.4 Hz, 3H), 0.11 (s, 3H), 0.10 (s, 3H);

MS: 464 (M+', 17), 389 (13), 359 (10), 332 (64), 271 (41),223 {51}, 215 (60), 180

(100), 101 (47),81 (53),75 (84),73 (95).
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Cis-l,Z,4a,S,6,7,S,Sa-oetahydro-la,2r.. -dihydroxy-3-methoxy-Sa-(tert­

butyldimethylsiloxy)-1-(l' ,Z',-hexynyl)-Z,S,S,Sa-tetramethyl-[4H]­

naphthalene Œ.Jl

To a stirring solution of the enone U (315 mg; 0.70 mmol) in 20 mL of dry hexanes

under argon at -15OC (C02I ethylc:ne glycol bath) was added methyllithium solution (10.8

mL of 1.3 mmoll mL solution; 20 Equiv.) dropwise over a 15 min. period. After 90 min.,

the reaction mixture was quenched with 2 mL of pH 7 buffer solution and allowed ta warm

to room temperature. The solvent was removed in vacuo and the residue taken into 15 mL

of CH2CI2 and washed with 5 mL of water. The organie layer was dried (MgS04) and

eoneentrated in vacuo. Flash ehromatography on silica gel (eluent: 10% ethyl acetate 1

h(oxanes) providcd 250 mg (77%) of the diol U as a viscous oil.

U had IR (ŒCI3, cm-l): 3371, 3018, 2931, 2231, 1670, 1466, 1391, 1363, 1260,

1074, 1049; lH NMR (COCI3' ppm): 5.86 (bs, exch. 020, 1H), 4.62 (d, J = 4.1 Hz,

IH), 4.10 (bs, exch. 020, lH), 4.04 (d, J =3.5 Hz, 1H), 3.56 (s, 3H), 2.22 (m, 2H),

1.96 (II, J = 4.0 Hz, 1H), 1.10 - 1.90 (m, 8H), 1.13 (s, 3H), 1.07 (s, 3H), 0.99 (s, 3H),

0.93 (s, 9H), 0.89 (t, J =7.4 Hz, 3H), 0.20 (s, 3H), 0.14 (s, 3H); MS: 464 (W", 5), 449

(8), 433 (22), 389 (33), 332 (17), 301 (21), 289 (62), 271 (24), 258(25), 217 (43),

81(54),75(100),73 (78). Exact mass ealcd. for C2714703Si (M+H+-H20): 447.3294;

found (CI, NH3): 447.3295.

Cis-l,Z,4a,S,6,7,S,Sa-oetahydro-la,Za,8a-trihydroxy-3-methoxy-l­

(l' ,Z',-hexynyl)-Z,S,S,Sa-tetramethyl-[4H]-naphthalene ~

To a stirring solution of the diol U (26 mg; 0.06 mmol) in 1.0 mL of TIIF at r.t was

added TBAF solution (0.17 mL of 1.0 mmoll mL solution; 3 equiv.) dropwise. After 15

min., the solvent ':,as removed in vacuo and the residue taken inta 15 mL of CH2CI2 and
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washed with 5 mL of water. The aqueous layer was further extracted with 5 mL of

CH2Cl2 and the combined extracts dried (MgS04) and concentrated in vacuo. Flash

chromatographyon sillca gel (eluent: 35% ethyl acetate / hexanes) provided 19 mg (96%)

of the crystalline triol~ mp. 120 - 1220C. Crystals suitable for X-ray analysis were

obtained by slow evaporation (at -2QOC) of a solution ofillin acetone : hexanes (1 : 4).

~ ltad IR (CHCI3, cm-1): 3490,3227,2961,2936,2231, 1654, 1456, 1389, 1099,

1026; 1H NMR (CDCI3, ppm): 6.43 (hl;, e;:ch. 020, 1H), 4.86 (d, J = 1.8 Hz, IH), 3.94

(s, exch D20, IH), 3.83 (bm, 1H), 3.56 (s, 3H), 2.40 (bs, exch. D20, IH), 2.29 (s,

lH), 2.20 (t, J = 6.8 Hz, 2H), 2.02 - 2.13 (m, IH), 1.25 - 1.70 (m,7H), 1.53 (s, 3H),

1.18 (s, 3H), 1.13 (s, 3H), 0.89 (t, J = 7.0 Hz, 3H); l3C NMR (CDCI3, ppm): 157.2,

97.2, 86.0, 81.4, 78.0, 71.5, 70.6, 54.6, 46.4, 46.1, 34.2, 32.3, 30.5,29.4,27.2, 25.5,

23.2, 22.0, 18.4, 13.5; MS: 350 (M+', 1), 332 (11), 209 (21), 167 (24), 149 (100), 123

(29), 81 (32), 55 (28), 43 (64). Exact mass calcd. for C21H3303 (M+H+-H20):

333.2430; found (CI, 1'.'H3): 333.2428.

Cis-l,Z,3,4,4a,5,6,7,8,8a-decahydro-la.,Za.-dihydroxy-3,4-(~-epoxy)-3­

methoxy-8a.- (tert- butyldimethylsiloxy)-1-( l' ,Z' ,-hexynyl)-Z,5,5,8a­

tetramethyl-naphthalene (U)

To a stirred solution of the enol ether~ (240 mg; 0.52 mmol) in 12 mL of dry CH2Cl2

under argon at room temperature was added a chilled* (to approximately -200c) solution of

dimethyldioxirane in acetane (12.9 mL of 0.06M solution; 1.5 equiv.) rapidly. After Ih,

the solvent was simply evaporated in vacuo to provide 250 mg (100%) of oily epoxy ether

U which appeared to he quite pure by IH NMR (>90%), although two weIl separated

spots were observed on tic. Wc helieve !hat one of these spots correspond ta the Payne

rearrangement product ofU which is formed due ta the slightIy seidic nature of the sillca

gel. The product was used without further purification for the subsequent oxidation step.
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*Dimethyldioxirane (DO) solutions in acetone are unstable at r.L and therefore were stored

at approximately -2QOC. In generaI, the chilled 00 solutions were handled rapidly to avoid

decomposition.

U had IH NMR (CDC13, ppm): 5.81 (s, exch. 020, 1H), 4.47 (s, exch. 020, lH),

3.94 (d, J = 3.8 Hz, IH), 3.51 (s, IH), 3.42 (s, 3H), 2.28 - 2.15 (m, 2H), 1.90 - 1.34

(m, 9H), 1.56 (s, 3H), 1.17 (s, 3H), 1.13 (s, 3H), 1.11 (s, 3H), 0.94 (s, 9H), 0.89 (t, J

=7.0 Hz, 3H), 0.20 (s, 3H), 0.16 (s, 3H); MS: 480 (M+', 2), 419 (13), 405 (24), 391

(15), 387 (16), 373 (14), 287 (14), 281 (16), 123 (46), 109 (38), 81 (42), 75 (100), 73

(89),43 (43). Ex,~ct mass calcd. for C27H490SSi (M+l): 481.3349; found (CI, NH3):

481.3347.

Cis-l,1,3,4a,5,6,7,8,8a-nonahydro.la·hydroxy.2,3-(a-epoxy )-8a-(tert­

butyldimethylsiloxy)-l·(l' ,2'.b'.:xynyl)-1,5,5,8a-tetramethyl-naphthalen.4.

one (U)

To a stirred solution of dry OMSO (0.024 mL; 0.33 mmo1) in dry CH2Cl2 (1.0 mL)

under argon at -780C was added oxalyl chloride (0.022 mL; 0.25 mmol) dropwise. After
[

15 min. a solution of the epoxy etherU (40 mg; 0.083 mmo1) in 0.5 mL of dry CH2Cl2

was added dropwise (cannu1a), washing the transfer fIask twice with 0.25 mL portions of

dry CH2C12. Mter 45 min., triethylamine (0.069 mL; 0.50 mmo1) was added dropwise,

the cooling bath removed and the mixture alIowed to warm up to room temperature over a

30 min period. At titis point, the solvent was removed in vacuo and the soUd residue

washed and filtered with 10 mL ofdistilled hexanes. The filtrate was washed once with 5

mL ofwater to remove remaining OMSO, dried (MgS04) and concentrated in vacuo to givc

40 mg (100%) of crude epoxy ketone (judged to be >60% pure by IH NMR) U which

was used for subsequent reactions without further purification.
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Crudell had IR (film, cm'!): 3569, 2938, 1728, 1465, 1389, 1247, 1095; 1H NMR

(CDCI3, ppm): 4.10 (dd, J = 6.8, 1.4 Hz, IH), 3.44 (s, 3H), 3.43 (s, exch. D20, IH),

2.37 (s, IH), 2.30 (t, J = 6.7 Hz, 2H), 2.20 - 1.70 (m, 2H), 1.57 - 1.10 (m, 6H), 1.35

(s, 3H), 1.29 (s, 3H), 1.27 (s, 3H), 1.16 (s, 3H), 0.91 (t, J = 7.2 Hz, 3H), 0.89 (~, 9H),

0.10 (s, 3H), 0.08 (s, 3H); MS: 478 (M+', 6),421 (34), 389 (11), 361 (14), 329 (21),

287 (30), 247 (23), 189 (44), 123 (23), 81 (34),75 (83), 73 (100), 43 (41).

1,2,5,6,7,S,Sa-heptahydro-la,2a,4-trihydroxy-Sa-(tert­

butyldimethylsiloxy)-1~(1'-hexynyl).2,5,5,Sa~-tetramethyl-naphthalen-3­

one (s..1)

To a stiITed solution of the epoxyketone (10 mg; 0.0221 mmol)IIin 0.8 mL of dry

diisopropyl ether under argon at -84°C was added triethylamine (0.028 mL of 0.75M

solution in dry CH202; 1.0 equiv.) dropwise followed by dimethylboron bromide (0.084

mL of 0.75M solution in dry CH2C12; 3.0 equiv.). At the end of the addition, the cooling

bath was replaced with an ice bath (OOC) and the rJÏXture allowed to stir at this tempera1Ure

for 20 min.. At this point, the resulting lemon yellow colored solution was quenched with

0.2 mL of saturated NaHC03 solution, allowed 10 warm 10 room temperature for 10 min.,

diluted with 10 mL of diethyl ether and washed with 3.0 mL of 10% NaHS04 solution (10

remove the triethylamine). If the triethylamine is not removed at this stage, a considerable

quantity of the presurned tautomeric product.tlQ may he obse:vé:d :'.'l the crude !H NMR

sJl'.:ctrum. The ether layer was then dried (MgS04) and concentrateè, in vacuo to give a

crude oily residue. TIc of the crude residue revea1ed ooly~ and none of the presumed

keto tautorner~ could be detected at this stage. Flash chromatography on sillca gel

(eluent =25% EtzO1hell.anes) prvvided 3.3 mg of impure.tlQ followed by 3.4 mg (35%)

of the enol tautomer~.
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1 5..2 had IH NMR (COCI3, ppm): 6.77 (s, slow exch. })zO, IR), 6.61 (s, exch. 020,

IH), 4.36 (t, J =3.2 Hz, IR), 3.86 (s, exch. 020, IH), 2.35 - 2.10 (m, 3H), 1.51 (d, J

= 1.1 Hz, 3H), 1.43 (s, 3H), 1.41 (s, 3H), 1.27 (s, 3H), 1.93 - 1.20 (m, 7H), 0.91 (t, J

= 8.1 Hz, 3H), 0.91 (s, 9H), 0.24 (s, 3H), 0.91 (s, 3H); MS: 464 (M+', 3), 446 (2), 407

(11),389 (20),347 (16), 315 (34), 271 (47),217 (32), 171 (100), 75 (73),73 (72); Exact

mass calcd. for C26R\sOsSi (M+1): 465.3036, found (CI, NH3): 465.3037.

Formation of the cyclic orthoformates s,.l1

To a stirred solution of the diol~ (3.2 mg; 0.0069 mmol) in dry trimethylonhofonnate

(0.5 mL) under argon at room temperamre was added a trace of para-toluenesulfonic acid

(TsOR). ACter 30 min. the mixmre was quenched with 0.1 mL of saturated NaHC03

solution and the solvent removed in vacuo. The residue was taken into 5 mL of CH2CI2

and washed with 1 mL of water. The organic layer was dried (MgS04) and concentrated in

vacuo to give 3.0 mg (90%) of the oily orthofonnateslli as a 9 : 1 ratio of diastereomers.

the major isomer of.ul had IH NMR (COCI3, ppm): 6.37 (s, exch. 020, IH), 5.56

(s, IH), 4.16 (dd, J = 4.2, 1.3 Hz, IH), 3.38 (s, 3H), 2.30 (t, J = 6.9 Hz, 2H), 2.27 ­

1.91 (m, 2H), 1.74 (s, 3H), 1.63 - 1.20 (m, 6H), 1.42 (s, 3H), 1.27 (s, 3H), 1.25 (s,

3H), 0.91 (t, J =7.0 Hz, 3H), 0.90 (s, 9R), 0.15 (s, 3H), 0.08 (s, 3H).

cis·3·phenylthio.4a,S,6,7,S,Sa.hexahydro.SaCert·butyldimethyIsi Joxy).2·

trimethylsilyl.S,S,Sa.trimethyl.(4H).naphthalen.l.one (6.li>

To a stirring solution of LDA (0.66 mL of 1.50M solution in TIIF; 0.99 mmol; 3.0

equiv.) in dry TIIF (3.0 mL) under argon at -78°C was added trimethylsilyl chloride (0.13

mL; 3.0 equiv.) dropwise followed by a solution of the enone 2.ll (142 mg; 0.33 mmol)

dissolved in 1.0 mL of dry TIIF (cann\lla), rincing the transfer flask severa1 times with
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small portions of dry niF. After 30 min•• the mixture was allowed lO warm to room

temperature and the solvent removed in vacuo. The residue was washed with cold dry

hexanes and filtered in vacuo. The filtrate was concentrated in vacuo to give 185 mg of

oily residue. Flash chromatography 011 silica gel (eluent: 2% ethyl acetate 1hexanes)

afforded 158 mg (97%) of the vinyl silane nJ.2 as an oil.

~ had IR (CHCI3, cm-1): 2952,2929, 1636, 1539, 1253, 1078; 1H NMR (CDCI3,

ppm): 7.32-7.47 (m, 5H), 3.91 (bm, IH), 2.45-2.55 (m, IH), 2.23 (<id, J =17.6,4.7

Hz, IH), 1.45-1.87 (m, 5H), 1.19 (s, 3H), 0.82 (s, 12H), 0.57 (s, 3H), 0.29 (s, 9H), ­

0.01 (s, 3H), -0.04 (s, 3H); MS: 502 (M+',I), 487 (1),445 (40), 105 (43), 93 (61), 91

(64), 85 (67), 73 (100), 43 (82). Exact mass calcd. for C28H330SSi (M+'-TBDMS):

445.202; found (El): 445.204.

Trans·3· pheny1thio.4a,5,6,7,S,Sa.hexahydrO·5,5,8a·trimethyI.S13·hydroxy.

naphthalen.l13UH, 4H)·01 ~.

To a weil stirred solution ofU (250.0 mg; 0.796 mmol) in 10 mL of dry methanol

under argon at QOC was added sodium borohydride (39 mg: 1.03 mmol: 1.3 equiv.) in one

portion. After 18h, the mixture was quenched with 1.0 mL of water and the solvent

removed in vacuo. The residue was taken inlO 10 mL of CH202 and washed with 5 mL of

water. The organic layer was dried (MgS04) and concentrated in vacuo to give a clear

semisolid residue. Flash chromatography on silica gel (eluent: 23% ethyl acetate1hexanes)

afforded 199 mg (79%) of the diol~.

~ had IR (CHCI3, cm-1): 3200-3550 (B), 3007, 2931,1476,1086,1019; 1H NMR

(CDCI3, ppm): 7.26-7.42 (m, 5H), 5.43 (d, J = 1.5 Hz, 1H), 4.20 (bm, 1H), 3.58-3.63

(ddd, J =10.5, 5.2, 3.2 Hz, 1H), 2.95 (d, J =3.9 Hz, exch. D20, 1H), 2.63 (li, J =3.2

Hz, exch 020, 1H), 2.11-2.18 (m, 2H), 1.25-1.70 (m, SH), 0.94 (s, 3H), 0.88 (s, 3H),
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1 0.81 (s, 3H); MS: 318 (W', 3), 300 (5), 209 (71), 191 (58), 109 (96), 69 (89), 43 (100);

Exactmass calcd. for Cl9H2602S (M+'): 318.165; found (El): 318.169.

Trans.3.phenylthio·4a,S,6,7,S,Sa·hexahydro·S,S,Sa·trimethyl·l(3,S(3.

diacetoxy.[1H, 4H] naphthalene 6.1l

To a stirred solution of the diol~ (218 mg; 0.68 mmol) in dry CH2Cl2 (8.0 mL)

undcr argon at room temperature was added pyridine (0.33 mL; 4.1 mmol; 6.0 equiv.)

followed by acetic anhydride (0.39 mL; 4.1 mmol; 6.0 equiv.). A trace ofDMAP was then

added and the mixture allowed to stir at room temperature for 49.5h. At this point, the

mixture was diluted with 20 mL of CH2Cl2 an1 washed with 10 mL of water. The organic

phase was then dried (MgS04) and evaporated in vacuo. The crude residue WBS

chromatographed (eluent: 20% ethyl acetate 1hexanes) ta give the diacetate.2.2.l (mp. 104·

1070C) in 85% yield.

.6.2.l had IR (CHCI3, cm-l): 2933, 1736, 1373, 1260, 1026; lH NMR (C'DCI3' ppm):

7.27-7.38 (m, 5H), 5.32-5.39 (m, 2H), 4.73 (dd, J = 10.7,5.2 Hz, IH), 2.13-2.20 (m,

2H), 2.00 (s, 3H), 1.99 (s, 3H), 1.54-1.71 (m, 2H), 1.35-1.53 (m, 3H), 1.08 (s, 3H),

0.89 (s, 3H), 0.81 (s, 3H); MS: 402 (W,, 3), 359 (4), 342 (25), 191 (17), 173 (25), 105

(21),91 (31),43 (100). Exact mass calcd. for C23H3l04S (M+l): 403.194; found CI,

NH3): 403.194.

cls·3',4' ,4!!';88'.Tetrel;ydro.4',4',Sa'.trimi)~hyl.6'.(phenylthlo).splro[1,3.

dioxolane.2.1'(2'H)·naphthalen].S'(S'H)·one (Ul)

To a stirring solution of 2& (1.269g; 4.0 mmol) in 60 mL of benzene were added a

catalytic amount of p-toluenesulfonic acid and ethylene glycol (0.50 g; 8.0 mmol). The

reaction mixture was refluxed on a Dean-Stark apparatus. After 4h, once again ethylene
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( glycol (0.50 g; 8.0 mmol) was added and reflux continued for another 4h. At this point,

the solvent was removed in vacuo and the residue dissolved in 100 mL ofether. The ether

extraet was washed once with 10 mL of saturated NaHC03 and the extraet dried (Na2S04).

The crude viscous mass after evaporation was column chromatagraphed (eluent: 30% ethyl

acetate 1hexanes) ta give~ in aImost quantitative yield.

~ had IR (KBr, cm-l): 2950, 1655, 1598; lH NMR (CDCI3, ppm): 7.45-7.53 (m,

5H), 5.38 (d, J =2.1 Hz, IH), 2.79 (ddd, J = 19.0, 6.3, 2.1 Hz, IH), 2.42 (dd, J =
19.0, 1.5 Hz, IH), 2.15 (dd, J =6.3, 1.5 Hz, IH), 1.30-1.95 (m, 4H), 1.25 (s, 3H),

0.94 (s, 3H), 0.77 (3, 3H); MS: 358 (4), 176 (11), 99 (100), 86 (48), 77 (18), 67 (32),

55 (26), 41 (41).

cis·3' ,4' ,4a',Sa'·Tetrahydro·4',4' ,Sa '·trimethyl·6'·(phenylthio)·slliro[1,3.

dithiolane·2.1 '(2'H).naphthalen)·S'(5'H)·one ~

To a stirring solution ofII (100 mg; 0.32 mmol) and ethanedithiol (0.03 mL; 1.6

mmol; 5 equiv.) in 15 mL of benzene at room temperature was added a catalytic amount of

p-taluenesulfonic acid. The mixture was then warmed ta reflux (Dean-Stark). After 6 days

18h, the mixture was aIlowe<1 to cool to room temperature and the solvent removed in

vacuo. The residue was taken into 20 mL of CH2Cl2 and washed with 5 mL of 10%

Na2C03 solution. The organic layer was dried (MgS04) and concentrated in vacuo. Flash

chromatography on silica gel (eluent: 15% ethyl acetate 1hexanes) gave 7~ 'Dg (61%) of the

thioketal~as well as 33 mg (33%) ofunreacted2.6.

~ had lH NMR (CDCI3, ppm): 7.39 - 7.50 (m, SR), 5.36 (d, J = 1.6 Hz, IH), 2.81

- 3.26 (m, 2H), 2.36 - 2.52 (m, 2H), 2.19 (d, J = 6.0 Hz, IH), 1.66 - 1.93 (m, 2H), 1.58

(s, 3H), 1.56 (s, 3H), 1.25 - 1.41 (m, IH), 0.94 (s, 3H), 0.76 (s, 3H); MS: 390 (15),

362 (6), 331 (6),253 (12), 217 (17), 131 (100), 118 (53), 91 (12),77 (14), 67 (23).

Exact mass caIcd. for C2lH270S3 (M+l): 391.1224; found: 391.1225.
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cis·3·Phenylthio·4,4a,5,6,7,S,Sa.heptahydro.Scx-(2' ,3'.dimethyl·2'.

propen·l·oxy)·5,5,Sa.trimethyl·(4H)·naphthalen.l·one ~

To a stirring solution of the alcohol~ (54 mg; 0.17 nunol) i:l2.0 mL of CH2CI2 was

added pyridine (0.07 mL; O.S nunol; 4.0 equiv.) followed by tigloyl chloride (95 mg; 0.81

nunol; 4.0 equiv.). A trace of DMAP was then added and the mixture wanned to reflux.

ACter 5 days 21h, the mixture was allowed ta cool ta room temperalure and diluted with 15

mL of CH2C12 and washed with 10 mL of 10% Na2CÜ3. The aqueous phase was further

extracted three limes with 5 mL of CH2C12. The combined extracts were dried (MgS04)

and concentrated in vacuo. Flash chromatography on silica gel (eluent: 18% ether 1

hexanes) afforded 41 mg (61%) of the tiglic ester~ as a viscous oil.

~ had IR (CHClg, cm-l ): 2965, 1698, 1654, 1596, 1213, 1137, 1008; 1H NMR

(CDCIg, ppm): 7.39-7.51 (m, 5H), 6.92-7.01 (m, IH), 5.38 (d, ] =2.2 Hz, lH), 4.59

(dd, ] =10.6, 4.0 Hz, IH), 2.77-2.91 (ddd, J =18.8, 6.2, 2.2 Hz, IH), 2.50 (dd, J =
18.8, 2.2 Hz, IH), 1.67-1.90 (m, 3H), 1.43-1.50 (m, 2H), 1.26 (s, 3H), 0.97 (s, 3H),

0.79 (s, 3H); MS: 398 (M+', 12), 315 (6), 299 (8), 176 (100), 148 (23), 123 (26), 83

(67), 67 (58),55 (70). Exact mass calcd. for C24HgIOgS (M+l): 399.1994; found (CI,

NHg): 399.1992
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Appendix 1

X-ray Structure Report

For

Compound 2.22 •

• 1would like ta thankDr. Jim Britten of the McGill X-ray Faci1ity forthis determination.
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INTRODUCTION

INTRODUCTION

The structure of KEVl was determined and it was in
agreement with the proposed structure. The
stereochemistry was confirmed. The only surprise was that
a single enantiomer was obtained from a racemic sample.
The absolute configuration of the Molecule in the chosen
crystal was determined. R = .049 with no correction for
anomolous dispersion. After correction, the two
enantiomers gave R values of .054 and .046. The latter
was chosen as the final model.
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EXPERIMENTAL

~ COI,LECTION

A colorless neAdle <::~7:;tal of C 9R 402S having
approximate dimensions of 0.100 X 0.150 ~ 0.400 mm was
mounted on a glass fiber. All measurements were made on a
Rigaku AFC6S diffractometer with graphite monochromated Cu
Ka radiation and a 12KW rotating anode generator.

Cell constants and an orientation matrix for data
collection, obtained from a least-squares refinement using
the setting angles of 0 carefully centered reflections in
the range 0.00 < 29 < 0.00° corresponded to an orthorhombic
cnll with dimensions:

a = 13.522 (2)A
b = 19.592 (l)A
c = 6.314 (2~A
V = 1672.7 (5)A

For ~ = 4 and F.W. = 316.46, the ca1culated density is 1.257
g/cm . Based on the systematic absences of:

hOO: h .;. 2n
OkO: k .;. 2n
001: l .;. 2n

and the successful solution and refinement of the structure,
the space group was determined to be:

The data were co11ected at a temperature of 19 ± 1°C
using the 00-29 scan technique to a maximum 29 value of
120.2°. omega scans of several intense reflections, made
prior to data collection, had an average width at
half-height of 0.28° with a take-off angle of 6.0°. Scans of
(1.00 + 0.30 tan 9)° were made at a speed of l6.00fmin (in
omega). The weak reflections (I < lO.Oo(I)) were rescanned
(maximum of 2 rescans) and the counts were accumulated to
assure good counting statistics. Stationary background
counts were recorded on each side of the rGflection. The
ratio of peak counting time to background counting time was
2:1. The diameter of the incident beam collimator was 0.5 mm
and the crystal to detector distance was 28C.O mm.
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DATA REDUCTION

Of the 2690 reflections which were collected, 1486 were
unique (Ri t = .052) . The intensities of three
representat1~e reflections which were measured after every
150 reflections remained constant throughout data collection
indicating crystal and electronic stability (no decay
correction was applied).

The linear absorption coefficient for Cu Ka is 17.0
cm-l . An empirical absorption correction, based on azimuthal
scans of several reflections, was applied which resulted in
transmission factors ranging from 0.94 to 1.00. The data
were corrected for Lorentz and polarization effects.

STRUCTURE SOLUTION AND REFlNEMENT

The structure was solved by direct methods2 . The
non-hydrogen atoms were refined anisotropic~llY. The final
cycle of full-matrix least-squares refinement was based on
1937 observed reflections (1 > 2.500(1» and 224 variable
parametera and converged (largest parameter shift was 0.06
times its esd) with unweighted and weighted agreement
facto1"'" of:

R = 1: IIFol - IFcl1 / 1: IFol = 0.047

Rw = [( 1: w (IFol - IFCI)2 / 1: w Fo2 ) ]1/2 - 0.041

T~e standard deviation of an observation of unit
weight was 1.67. The weighting scheme was based on counting
statistics and included a factor (p = 0.01) to d~wnweight

the intense reflections. Plots of 1: w (1 Fo 1 - 1Fc 1) versus
IFol, reflection order in data collection, sin e/~ , and
various classes of indices showed no unusual trends. The
maximum and minimum peaks on the fina1

3
difference Fourier

map corresponded to 0.20 and -0.26 e-/l , respectively.

Neutrgl atom scattering factors were taken from Cromer
and ~aber. Anomalous dispersion effects were include~ in
Fcalc ; the values for 6f' and 6f" were those of Cromer . 8
All calculations were performed using the TEXSAN
crystallographic software package of Molecular Structure
Corporation.
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EXPERIMENTAL L.~ , TLS

A. Crystal Data

Empirical Formula C19H2402S

Formula Weight 316.46

Crystal Co1or, Habit colorless, needle

Crystal Dimensions (mm) 0.100 X 0.150 X 0.400

Crystal System orthorhombic

No. Reflections Used for Unit
Ce11 Determination (28 range)

omega Scan Peak width
at Ha1f-height

Lattice Parameters:

o ( 0.0-

0.28

Space Group

Z value

B.

Diffractometer

Radiation

Temperature

Take-<:>ff Angle

Detector Aperture

a = 13.522 (2)A
b = 19.592 (l)A
c = 6.314 (2)A

V = 1672.7 (5)A3

P212121 (119)

4

1.257 g/cm3

680

17.04 cm-1

Intensity Measurements

Rigaku AFC6S

CuKœ (À = 1.54178 A)

19·C

6.0·

G.O mm horizontal
6.0 mm vertical

Crystal to Detector Distance 40 cm
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Scan Rate

Scan Width

Page 8

11)-29

l6.0 0 /min (in omega)
(2 rescans)

(1.00 + 0.30 tan9) °

29 max

No. of Reflections Measured

120.2°

Total:
Unique:

2690
1486 (R. t = .052)

:Ln

Corrections Lorentz-polarization
Absorption
(trans. factors: 0.94 - 1.00)

C. Structure Solution and Refinement

etructure Solution

Refinement

~unction Minimized

Least-squares Weights

p-factor

Anomalous Dispersion

No. Observations (I>2.50a(I»
No. Variables
Reflection/Parameter Ratio

Patterson Method

Full-matrix least-squares

:E W (1 Fo 1 - 1Fc 1) 2

4Fo2 /a2 (F02 )

0.01

All non-hydrogen atoms

1937
224
8.65

Residuals: R' R, W 0.047; 0.041

(

Goodness of Fit Indicator

Max Shift/Error in Final Cycle

Maximum Peak in Final Diff. Map
Minimum Peak in Final Diff. Map

1.67

0.06

0.20 e-/A3

-0.26 e-/A3



Positiona1 parameters and B(eq) for kev1

1 atom x y z B(eq)

S 0.4880(1) 0.01879(7) 0.5605(2) 3.94(6)
0(1) 0.5329(3) -0.3020(2) 1. 0142 (6) 4.2(2)
0(2) 0.4626(2) -0.1743(2) 1.0944(5) 3.6(2)
C (1) 0.6021(4) -0.2620(2) 0.8981(8) 3.3 (3)
C (2) 0.6876(4) -0.2377 (3) 1.035 (1) 4.2 (3)
C (3) 0.7653(4) -0.2030(3) 0.8969(9) 4.2 (3)
C (4) 0.7271 (4) -0.1405(2) 0.7779 (8) 3.2 (3)
C (5) 0.6320 (3) -0.1620(2) 0.6500(7) 2.7 (2)
C (6) 0.5829(3) -0.1021(2) 0.5303(7) 3.0(2)
C (7) 0.5090(4) -0.0628(2) 0.6646(7) 2.8 (2)
C (8) 0.4685(3) -0.0882(2) 0.8406(7) 2.6(2)
C (9) 0.4930(3) -0.1555(2) 0.9203(7) 2.;(2)
C(10) 0.5528(4) -0.2028(2) 0.7752 (7) 2.4 (2)
C (11) 0.7084(4) -0.0815(3) 0.934 (1) 4.3 (3)
C (12) 0.8076 (4) -0.1185 (3) 0.624(1) 5.3(4)
C (13) 0.4773(4) -0.2341(2) 0.6187(8) 3.6(3)
C(14) 0.3034(4) 0.0621(2) 0.6796(8) 3.1 (2)
C (15) 0.2362 (4) 0.0921(3) 0.816(1) 3.8(3)
C (16) 0.2679(4) 0.1131 (3) 1.0131(9) 3.9(3)
C(17) 0.3654(4) 0.1054 (3) 1. 0772 (9) 3.7(3)
C (18) 0.4310(4) 0.0765(2) 0.937(1) 3.6(3)
C (19) 0.4010(4) 0.0542(2) 0.7410(8) 2.9(2)
H(1) 0.6299 -0.2914 0.7944 3.9
H(2) 0.7166 -0.2758 1.1044 5.1
H(3) 0.6638 -0.2063 1.1371 5.1
H(4) 0.7886 -0.2352 0.7962 5.1
H(5) 0.8184 -0.1890 0.9853 5.1
H(6) 0.6549 -0.1922 0.5430 3.3. H(7) 0.5494 -0.1199 0.4101 3.6
H(8) 0.6332 -0.0716 0.4852 3.6
H(9) 0.4220 -0.0612 0.9161 3.2
H(10) 0.2826 0.0468 0.5439 3.7
H(l1) 0.1693 0.0982 0.7742 4.5
H(12) 0.2217 0.1332 1.1075 4.7
H(13) 0.3862 0.1196 1. 2140 4.4
H(14) 0.4986 0.0721 0.9762 4.3
H(24) 0.509(5) -0.276 (3) 1.10 (1) 10(3)
H(15) 0.766(2) -0.076(2) 1.019(7) 5.4(8)
H(16) 0.687(3) -0.043(2) 0.874(6) 5.4(8)
H(17) 0.654(3) -0.089(2) 1. 060 (6) 5.4 (8)
H(18) 0.873 (3) -0.114(2) 0.713 (7) 5.8(8)
H(19) 0.801(4) -0.076(2) 0.563(8) 5.8(8)
H(20) 0.822(4) -0.153(2) 0.529(7) 5.8 (8)
H(21) 0.443(31 -0.199(1) 0.528(6) 4.6(8)
H(22) 0.509(3) -0.264(2) 0.510 (6) 4.6(8)
H(23) 0.424(3) -0.262(.2) 0.674(6) 4.6(8)



Intramolecular Distances Involving the Nonhydrogen Atoms

( atom atom distance atom atom distance

S C (7) 1.752(4) C (5) C (10) 1.553(6)

S C (19) 1. 779 (5) C (6) C (7) 1.520 (6)

0(1) C (1) 1.424(6) C (7) C (8) 1.335 (6)

0(2) C (9) 1.230 (6) C (8) C (9) 1.449 (6)

C (1) C (2) 1.518 (7) C (9) C (10) 1.534 (6)

C (1) C (10) 1.546(7) C (10) C (13) 1.548(7)

C (2) C (3) 1. 524 (8) C(14) C (15) 1.382 (7)

C (3) C î4) 1. 526 (7) C(14) C (19) 1.384(7)

C (4) C (5) 1. 575 (7) C(15) C (16) 1.380(8)

C (4) C (11) 1.542 (8) C (16) C(17) 1.388(8)

C (4) C(12) 1.522(8) C (17) C(18) 1.376(8)

C (5) C (6) 1.545 (7) C (18) C (19) 1. 373 (8)

(
Distances are in angstroms. Estimated atandard deviations in
the least significant figure are give~in parentheses.



Intramolecular Bond Angles Involving the Nonhydrogen Atoms

t atom atom atom angle atom atom atom angle

C(7) S C (19) 102.9(2) C (7) C (B) C (9) 122.3(4)

0(1) C (1) C(2) 112.3(4) 0(2) C (9) C (B) 120.4(4)

0(1) C (1) C (10) 112.B(4) 0(2) C (9) C (10) 122.0(4)

C(2) C (1) C (10) 112.3(4) C(B) C (9) C (10) 117.6(4)

C (1) C (2) C(3) 109.9(5) C (1) C (10) C (5) 110.1(4)

C (2) C (3) C (4) 113.9(4) C (1) C (10) C (9) 112.4(4)

C (3) C (4) C(5) 10B.4(4) C (1) C (10) C (13) 107.9(4)

C (3) C (4) C (11) 110.0(4) C (5) C (10) C (9) 110.9(4)

C (3) C (4) C (12) 107.4(4) C (5) C (10) C (13) 109.5(4)

C (5) C (4; C (11) 113.3 (4) C (9; C (10) C(13) 105.B(4)

C (5) C (4) C(12) 109.4(4) C (15) C(14) C (19) 120.0(5)

C (11) C (4) C (12) 10B.2(4) C(14) C(15) C (16) 119.0(5)

C (4) C (5) C (6) 113.5(4) C(15) C (16) C(17) 121.7(5)

C (4) C (5) C (10) 116.0 (4) C (16) C (17) C (lB) 11B.0(5)

C (6) C (5) C (10) 110.1(4) C (17) C (lB) C (19) 121.3(5)

C(5) C (6) C (7) 113.2 (4) S C (19) C (14) 119.6(4)

S C (7) C (6) 111.1 (3) S C (19) C (lB) 120.3(4)

S C (7) C (B) 125.9(4) C (14) C (19) C (lB) 119.9(5)

C (6) C (7) C (B) 123.0(4)

Angles are in degrees. Estimated standard deviations in the lea~t

siqnificant figure are given in parentheses.



Special Contacts Involving the Nonhydrogen Atoms

atom

0(1)

atom

0(2)

distance

2.724(5)

ADC(*)

1

atom

0(2)

atom

0(1)

distance

2.724(5)

ADC(*)

1

Contacts out to 3.20 angstroms. Estimated standard deviations
in the least significant figure are given in parentheses.

(*)footnote

The ADC (atom designator code) specifies the position of an atom
in a crystal. The 5-digit number shown in the table is a compo­
site of three one digit numbers and one two digit number:
TA(lst digit) + TB(2nd digit) + TC(3rd digit) + SN(4th and 5th
digit). TA, TB, & TC are the crystal lattice translation digits
along cell edges a, b, and c. A translation digit of 5 indicates
the origin unit cell. If TA=4, this indicates a translation
of one unit cell length along the a axis in the negative direc­
tion. Each translation digit can range in value from 1 to 9
and thus (+/-)4 lattice translations from the origin (TA=5,TB=5,
TC=5) can be represented.

The SN or symmetry operator number refers to the number of the
symmetry operator used to generate the coordinates of the target
atom. A list of the symmetry operators relevant to this struc­
ture are given below.

For a given intermolecular contact, the first atom (origin atom)
is located in the origin unit cell (TA=5, TB=5, TC=5) and its
position can be generated using the identity operato~ (SN=l).
Thus, the ADC for an origin atom is always ADC=5550l. The posi­
tion of the second atom (target a'com) can be generatecl using the
ADC and the coordinates of that atom in the parameter table. For
exarnple, an ADC of 47502 refers to the target atom moved through
operator two, then translated -1 cell translations along the a
axis, +2 cell translations along the b axis, and 0 cell transla­
tions slong the c axis.

An ADC of 1 indicates an intermolecular contact between two
fragments (i.e.cation and anion) that reside in the sarne asym­
metric unit.

Symmetry Operators:

(
(

1)
3)

+X
1/2+X

,
, +Z

-z
( 2)
( 4)

1/2-X
-X

, -y
,1/2+Y

,1/2+Z
,1/2-Z



o~:~:7es for kev1 H.0>

atom 011 022 033 012 013 023

s 0.053(1) 0.0417(7) 0.0550(0) 0.0142 (0) 0.0132(0) 0.0146(7)
0(1) 0.053(3) 0.042(2) 0.065(3) -0.003(2) 0.009 (2) 0.016(2)
0(2) 0.053(2) 0.047 (2) 0.030(2) 0.007(2) 0.017(2) 0.009 (2)
C(l) 0.046(3) 0.033(3) 0.045 (4) 0.000(3) 0.000(3) 0.004(3)
C(2) 0.040(3) 0.056(4) 0.064(4) 0.004(3) -0.013(3) 0.020(3)
C(3) 0.030(3) 0.059(4) 0.064(4) 0.007 (3) -0.010(3) 0.001(3)
C(4) 0.024(3) 0.042(3) 0.057(4) 0.000(3) 0.007(3) 0.005 (3)
C(5) 0.035 (3) 0.033 (3) 0.035(3) 0.005 (2) 0.014(2) 0.000(2)
C(6) 0.040 (3) 0.041(3) 0.033(3) 0.000(3) 0.006(3) 0.005(3)
C(7) 0.027(3) 0.037(3) 0.042(3) 0.009(3) -O.OO~ (3) -0.001(2)
CIO) 0.029(3) 0.034 (3) 0.030 (3) 0.000(2) 0.010(2) -0.003(2)
C(9) 0.025(3) 0.037(3) 0.043(3) -0.001(2) -0.005(3) -0.005(2)
C(10) 0.032(3) 0.020(3) 0.031 (3) -0.000(2) 0.001 (2) -0.004(2)
C(l1) 0.03S (3) 0.059(4) 0.065(4) -0.001(3) -0.011(3) -0.020(4)
C(12) 0.037 (3) 0.060(5) 0.096 (6) -0.004(4) 0.026(4) 0.019(4)
C(13) 0.048(4) 0.045(3) 0.044 (3) -0.011(3) -0.004(3) -0.004(3)
C(14) 0.043 (3) 0.030 (3) 0.037(3) -0.001(3) -0.009(3) -0.002(3)
C(15) 0.(131(3) 0.051(4) 0.061(4) 0.001(3) -0.009(31 0.005 (3)
C(16) 0.019(3) 0.043(3) 0.050(4) 0.010(3) 0.014(3) 0.003 (3)
C(17) 0.059(4) 0.041:3) 0.041 (3) 0.001(3) -0.005(3) -0.001(3)
C(10) 0.';33(3) 0.040 '.3) 0.064(4) 0.004 (3) -0.013(3) -0.002(3)
C(19) 0.036(3) 0.027(3) 0.049(3) 0.000(3) 0.002(3) 0.005 (2)



Table of Torsion Angles in Degrees for KEVl

;Z S C7 C6 -180.0 ( 4) C19 S C7 C8 -1.4( 3)
S C19 C14 -107.3 ( 4) C7 S C19 C18 75.7 ( 3)
Cl C2 C3 173.0 ( 6) C10 Cl C2 C3 -58.6 ( 4)

01 Cl C10 CS -17!l.2( 6) 01 Cl C10 C9 56.6( 3)
01 Cl C10 C13 -59.7 ( ~) C2 Cl C10 CS 52.6( 3)
C2 Cl C10 C9 -71.6 ( 4) C2 Cl C10 C13 172.1( 6)
Cl C2 C3 C4 60.3( 4) C2 C3 C4 CS -53.5 ( 4)
C2 C3 C4 C11 70.9 ( 4) C2 C3 C4 C12 -171.5( 6)
C3 C4 CS C6 177.2( 6) C3 C4 CS C10 48.2 ( 3)
C11 C4 CS Co 54.9( 4) C11 C4 CS C10 -74.1( 4)
C12 C4 CS C6 -66.0( 4) C12 C4 CS C10 165.0( 6)
C4 CS C6 C7 -87.1( 4) C10 CS C6 C7 44.8 ( 3)
C4 CS C10 Cl -48.4 ( 3) C4 CS C10 C9 76.7 ( 4)
C4 CS C10 C13 -166.9( 5) C6 CS C10 Cl -179.0( 5)
C6 CS C10 C9 -54.0 ( 3) C6 CS C10 C13 62.4 ( 4)
CS C6 C7 S 159.7 ( 5) CS C6 C7 C8 -19.0( 3)
S C7 C8 C9 -177.5( 5) C6 C7 C8 C9 0.9( 2)
C7 C8 C9 02 172.1( 6) C7 C8 C9 C10 -11.0 ( 3)
02 C9 C10 Cl -21. 4 ( 3) 02 C9 C10 CS -145.2 ( 5)
02 C9 C10 C13 96.2 ( 5) C8 Cg C10 Cl 161.8( 5)
C8 C9 C10 CS 38.0( 3) C8 C9 C10 C13 -80.7 ( 4)
C19 C14 C15 C16 -0.8 ( 3) C15 C14 C19 S -177.3( 6)
C15 C14 C19 C18 -0.3 ( 3) C14 C15 C16 C17 0.6( 3)
C15 C16 C17 C18 o . 6 ( 3) C16 C17 C18 C19 -1.8 ( 3)
C17 C18 C19 S 178.6 ( 6) C17 C18 C19 C14 1. 6 ( 3)

;~
,.~



Table of Distances (A) to the Least-squares Planes.

to the plane from the atoms in the plane.

Plane no.

~ation of the

,,, Distances (A)

1

plane 10.248(2l)X + 7.210(23)Y + 3.401(11)Z = 7.041(5)

S
C7
C9

0.0014 (19)
-0.018(5)

0.019(6) .

C6
C8

-0.001(7)
-0.018(5)

Chi squared for this plane 33.448

Distances (A) to the plane from the atoms out of the plane.

02
C10

Plane no. 2

0.165 (6)
-0.202(7)

CS 0.478(7)

Equation of the plane 2.763(23)X + 17.769(6)Y - 2.326(10)Z = 0.377(17)

Distances (A) to the plane from the atoms in the plane.

S 0.0018(19) C14 -0.017 (6)
C15 0.015(7) C16 0.016 (6)
C17 -0.001(7) C18 -0.005(7)
C19 -0.030(5)

Chi squared for this plane 50.381

Distances (A) to the plane from the atoms out of the plane.

C7 -1.633(5)
Dihedral angle between planes A and B

A

1

B

2

Angle (deg)

73.13(14)
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Appendix 2

X-ray Structme Report

For

CompoundII*

• 1would like ta thank Dr. Jim Britten of the McGill X-ray Facility for titis determination.



EXPERIMENTAL

DATA COLLECTION

A colorless chunk crystal of C17H2 0 having
approximate dimensions of 0.200 X 0.180 X 8.too mm was
mounted on a glass fiber. All measurements were made on a
Rigaku AFC6S diffractometer with graphite monochromated Cu
Kœ radiation at 1.75kW.

Cell constants and an orientation matrix for data
collection, obtained from a least-squares refinement using
the setting angles of 25 carefully centered reflections in
the range 65.61 < 29 < 90.72° corresponded to an
orthorhombic cell with dimensions:

a = 23.147 (2)A
b = 19.888 (3)A
c = 14.168 ~2)A
V - 6522 (2)A

For Z = 16 and F.W. = 296.41, the calculated density is
1.207 g/cm3 • Based on the systematic absences of:

Okl: k ~ 2n
hOl: 1 ~ 2n
hkO: h ~ 2n

and the successful solution and refinement of the structure,
the space group was determined to be:

Pbca ('61)

The data were collected at a temperature of 20 ± 1°C
using the œ-29 scan technique to a maximum 29 value of
120.1°. omega scans of several intense reflections, made
prior to data collection, had an average width at
half-height of 0.38° with a take-off angle of 6.0°. Scans of
(1.52 + 0.30 tan 9)° were made at a speed of 32.0 0 /min (in
omega). The weak reflections (1 < 10.00(1» were rescanned
(maximum of 9 rescans) and the counts were accumulated to
assure good counting statistics. Stationary background
counts were recorded on each sid~ of the reflection. The
ratio of peak counting time to background counting time was
2:1. The diameter of the incident beam collimator was 0.5 mm
and the crystal to detector distance was 280.0 mm.
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DATA REDUCTION

A total of 5389 reflections was collected. The
intensities of three representative reflections which were
measured after every 150 reflections remained constant
throughout data collection indicating crystal and electronic
stability (no decay correction was applied).

The linear absorption coefficient for Cu Kœ is 6.4
cm-1 An empirical absorption correction, using the program
DIFABS2, was applied which resulted in transmission factors
ranging from 0.87 to 1.11. The data were corrected for
Lorentz and polarization effects. A correction for secondary
extinction was applied (coefficient m 0.15154E-06).

STRUCTURE SOLUTION AND REFINEMENT

The structure was solved by direct methods3 • The
non-hydrogen atoms were refined anisotropictlly. The final
cycle of full-matrix least-squares refinement was based on
2244 observed reflections (1 > 3.000(1» and 380 variable
parameters and converged (largest parameter shift was 0.13
times its esd) with unweighted and weighted agreement
factors of:

R - ~ IIFol - IFcl1 / ~ IFol - 0.068

Rw - [( ~ w (IFol - IFCI)2 / t W Fo2 )]1/2 - 0.059

Tge standard deviation of an observation of unit
weight was 2.57. The weighting scheme was based on counting
statistics and included a factor (p - 0.01) to d~wnweight

the intense reflections. Plots of ~ w (IFol - IFcl) versus
IFol, reflection order in data collection, sin a/À , and
various classes of indices showed no unusual trends. The
maximum and minimum peaks on the final difference Fourier
map corresponded to 0.51 and -0.34 e-/A3, respectively.

Neutr!l atom scattering factors were taken from Cromer
and ~aber. Anomalous dispersion effects were includeg in
Fcalc ; the values for 6f' and 6f" were those of Cromer.
All calculations were performed using the TEXSAN9

crystallographic software package of Molecu1ar Structure
Corporation.
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EXPERIMENTAL DETAILS

A. Crystai Data

Empirical Formula C17H2804

Formula Weight 296.41

Crystal Color, Habit colorless, chunk

Crystal Dimensions (mm) 0.200 X 0.180 X ~.400

Crystal System orthorhombic

No. Reflections Used for Unit
Cell Determination (28 range)

Omega Scan Peak width
at Half-height

Lattice Parameters:

Space Group
Z value

FOOO

11 (CuKa)

25 ( 65.6 - 90.7°)

0.38

a - 23.147 (2)A
b - 19.888 (3)A
c - 14.168 (2)A

V - 6522 (2)A3

Pbca ('61)
16

1.207 g/cm3

2592

6.43 cm-1

B. Intensity Measurements

Diffractometer Rigaku AFC6S

Radiation CuRa (À - 1.54178 A)

Temperature 20°C

Take-off Angle 6.0°

Detector Aperture 6.0 mm horizontal
6.0 mm vertical

Crystal to Detector Distance 40 CID



Scan Type

Scan Rate

Scan width

29 max

No. of Ref1ections Measured

0>-29

32.0 o /min (in omega)
(9 rescans)

(1.52 + 0.30 tan9) °

Total: 5389

Corrections Lorentz-po1arization
Absorption
(trans. factors: 0.87 - 1.11)
Secondary Extinction
(coefficient: 0.15154E-OG)

C. Structure Solution and Refinement

(

Structure Solution

Refinement

Function Minimized

Least-squares Weights

p-factor

Anoma1ous Dispersion

No. Observations (1)3.000(1))
No. Variables
Reflection/Parameter Ratio

Residuals: R; Rtf

Goodness of Fit Indicator

Max Shift/Error in Final Cycle

Maximum Peak in Final Diff. Map
Minimum Peak in Final Diff. Map

Direct Methods

Fu11-matrix least-squares

:t w (lFol - IFCI)2

4F02/02 (F02)

0.01

Al1 non-hydrogen atoms

2244
380
5.91

0.OG8; 0.059

2.57

0.13



Positional parameters for KEV3

atom x y z

O(lA) 0.1829 (3) 0.1281(3) 0.9587(4)
O(2A) 0.1660(2) 0.1868(2) 0.7474(3)
O(3A) 0.3155(2) 0.2455(2) 0.7379 (3)
O(4A) 0.3060(2) 0.1938(2) 0.5523 (3)
C(lA) 0.1992(3) 0.0863(4) 0.8864(5)
C(2A) 0.1443(4) 0.0543 (5) 0.8462(7)
C(3A) 0.1586(3) -0.0013 (4) 0.7771(7)
C(4A) 0.1907 (3) 0.0257(4) 0.6945(5)
C(5A) 0.2445(3) 0.0683(3) 0.7251 (4)
C(6A) 0.2727(3) 0.0994(3) 0.6424(5)
C(7A) 0.2795 (3) 0.1640 (4) 0.6286(5)
C(8A) 0.2626 (3) 0.2191 (3) 0.6976(5)
C(9A) 0.2241(3) 0.1913(3) 0.7804(4)
C(10A) 0.2405 (3) 0.1188 (3) 0.8109(4)
C(l1A) 0.2149(3) -0.0357(4) 0.6419(6)
C(12A) 0.1490 (3) 0.0609 (4) 0.6262(6)
C (13A) 0.3008(3) 0.1193 (3) 0.8569 (5)
C(14A) 0.2282 (3) 0.2421(4) 0.8602(5)
C(15A) 0.1855 (3) 0.2812 (4) 0.8896(5)
C (16A) 0.2331(3) 0.2772(3) 0.6466(5)
C(17A) 0.3298(4) 0.1496 (4) 0.4849(6)
H(l) 0.3468 0.2507 0.6730
H(2) 0.1096 0.0300 0.6002
H(3) 0.2685 0.2402 0.8982
H(4) 0.1860 -0.0625 0.6249
H(5) 0.2635 0.3022 0.5978
H(6) 0.1887 -0.0481 0.8147
H(7) 0.2202 0.3075 0.6939
H(8) 0.2605 -0.0647 0.6683
H(9) 0.1247 0.0930 0.6612
H(10) 0.1661 0.08,04 0.5608
H(l1) 0.1189 -0.0083 0.7980
H(12) 0.1408 0.2755 0.8754
H(13) 0.2017 0.2641 0.5997
H(14) 0.1928 0.3133 0.9404
H(15) 0.2206 -0.0208 0.5543
H(16) 0.2725 0.0339 0.7575
H(17) 0.2900 0.0600 0.5935
H(18) 0.3036 0.1390 0.9149
H(19) 0.3317 0.1370 0.8266
H(20) 0.3064 0.0632 0.8820
H(21) 0.1427 0.2304 0.7296
H(22) 0.2203 0.0481 0.9158
H(23) 0.1190 0.0399 0.8976
H(24) 0.1223 0.0907 0.8147
H(25) 0.3487 0.1775 0.4334
H(26) 0.3632 0.1150 0.5229
H(27) 0.3034 0.1117 0.4605
H(28) 0.1860 0.1795 0.9478

t o (lB) 0.8763(2) 0.6064 (2) 0.3819(3),.



positiona~ parameters for lŒV3

( atom x y z

o (2B) 0.9185(2) 0.6994(2) 0.2772 (3)
o (3B) 1.0699(2) 0.7319(3) 0.3231(3)
C(4B) 1.0690(2) 0.7122 (2) 0.1198 (3)
C (lB) 0.9334(3) 0.5792 (3) 0.4030(5)
C(2B) 0.9302(3) 0.5045(4) 0.3847(5)
C(3B) 0.9087(3) 0.4886 (4) 0.2856(5)
C (4B) 0.9379 (3) 0.5291(3) 0.2066(5)
C(5B) 0.9890(3) 0.5720(3) 0.2464(5)
C (6B) 1. 0203 (3) 0.6127(3) 0.1731(5)
C (7B) 1. 0351 (3) 0.6764(3) 0.1826(5)
C (8B) 1.0193 (3) 0.7220(3) 0.2638 (5)
C(9B) 0.9719 (3) 0.6891(3) 0.3268(4)
C (lOB) 0.9811 (3) 0.6120(3) 0.3412(4)
C (llB) 0.9634 (4) 0.4790(4) 0.1353(6)
C (12B) 0.8938(3) 0.5707(4) 0.1533(5)
C (13B) 1. 0375 (3) 0.5985(4) 0.3963(5)
C (14B) 0.9698(3) 0.7254(4) 0.4215(5)
C (15B) 0.9301(3) 0.7671 (4) 0.4515(5)
C (16B) 0.9984(4) 0.7911 (3) 0.2271 (6)
C (17B) 1.0879(3) 0.6771 (4) 0.0374(5)
H(29) 1.1112 0.7174 -0.0051
H(30) 1.0712 0.6088 0.3699
H(31) 1.0362 0.6142 0.4541
H(32) 1.0418 0.5875 0.1117
H(33) 0.9444 0.5952 0.4728
H(34) 0.9042 0.4862 0.4299
H(35) 1.0545 0.6664 -0.0001
H(36) 0.8688 0.5405 0.1242
H(37) 1.0031 0.7186 0.4555
H(36) 1. 0193 0.5417 0.2682
H(39) 0.9865 0.8156 0.2832
H(40) 0.8665 0.6247 0.4365
H(41) 0.9147 0.4255 0.2743
H(42) 0.9571 0.7839 0.1838
H(43) 1.1133 0.6467 0.0439
H(44) 0.9889 0.4495 0.1576
H(45) 0.9810 0.5012 0.0842
H(46) 0.9669 0.4863 0.4089
H(47) 0.9420 0.7998 0.5180
H(48) 0.8924 0.7729 0.4127
H(49) 1.0424 0.5435 0.4354
H(50) 0.8873 0.6814 0.3315
H(51) 1.0323 0.8133 0.1990
H(52) 0.9353 0.4443 0.1221
H(53) 0.8655 0.6040 0.1918
H(54) 0.8687 0.4984 0.2797
H(55) 0.9084 0.6008 0.1084
H(56) 1.0870 0.7564 0.2529

(



Positional parameters and B(eq) for KEV3

atom x y z B (eq)

o (lA) 0.1829 (3) 0.1281(3) 0.9587(4) 7.7(4)
o (2A) 0.1660(2) 0.1868(2) 0.7474(3) 2.9(2)o (3A) 0.3155(2) 0.2455(2) 0.7379(3) 4.2(3)
o (4A) 0.3060(2) 0.1938(2) 0.5523 (3) 4.2(3)
C(lA) 0.1992(3) 0.0863(4) 0.8864(5) 4.3(4)
C(2A) 0.1443 (4) 0.0543(5) 0.8462 (7) 7.4 (6)
C(3A) 0.1586(3) -0.0013(4) 0.7771(7) 5.8(5)
C(4A) 0.1907(3) 0.0257(4) 0.6945 (5) 4.2(4)
C(5A) 0.2445(3) 0.0683(3) 0.7251(4) 2.8(3)
C(6A) 0.2727(3) 0.0994(3) 0.6424(5) 3.2 (3)
C (7A) 0.2795(3) 0'.1640 (4) 0.6286(5) 3.0(3)
C(8A) 0.2626(3) 0.2191(3) 0.6976(5) 2.9(3)
C(9A) 0.2241(3) 0.1913(3) 0.7804(4) 2.6(3)
C(10A) 0.2405(3) 0.1188 (3) 0.8109(4) 2.5(3)
C(l1A) 0.2149 (3) -0.0357(4) 0.6419(6) 5.8 (5)
C(12A) 0.1490(3) 0.0609(4) 0.6262(6) 5.4(5)
C(13A) 0.3008 (3) 0.1193 (3) 0.8569(5) 4.0(4)
C (14A) 0.2282(3) 0.2421(4) 0.8602(5) 3.4 (4)
C (15A) 0.1855(3) 0.2812(4) 0.8896(5) 4.2(4)
C(16A) 0.2331(3) 0.2772 (3) 0.6466(5) 3.7(4)
C (17A) 0.3298(4) 0.1496(4) 0.4849(6) 6.9 (6)
H(l) 0.3468 0.2507 0.6730 4.6
H(2) 0.1096 0.0300 0.6002 5.8
H(3) 0.2685 0.2402 0.8982 3.9
H(4) 0.1860 -0.0625 0.6249 4.8
H(5) 0.2635 0.3022 0.5978 4.4
H(6) 0.1887 -0.0481 0.8147 7.4
H(7) 0.2202 0.3075 0.6939 4.4
H(8) 0.2605 -0.0647 0.6683 4.0
H(9) 0.1247 0.0930 0.6612 5.8
H(10) 0.1661 0.0844 0.5608 5.8
H(l1) 0.1189 -0.0083 0.7980 4.0
H(12) 0.1408 0.2755 0.8754 7.0
H(13) 0.2017 0.2641 0.5997 4.4
H(14) 0.1928 0.3133 0.9404 3.5
H(15) 0.2206 -0.0208 0.5543 7.5
H(16) 0.2725 0.0339 0.7575 2.3
H(17) 0.2900 0.0600 0.5935 3.8
H(18) 0.3036 0.1390 0.9149 4.1
H(19) 0.3317 0.1370 0.8266 3.9
H(20) 0.3064 0.0632 0.8820 6.5
H(21) 0.1427 0.2304 0.7296 3.5
H(22) 0.2203 0.0481 0.9158 5.4
H(23) 0.1190 0.0399 0.8976 8.0
H(24) 0.1223 0.0907 0.8147 8.0
H(25) 0.3487 0.1775 0.4334 7.7
H(26) 0.3632 0.1150 0.5229 7.7
H(27) 0.3034 0.1117 0.4605 7.7
H (28) 0.1860 0.1795 0.9478 4.0
O(lB) 0.8763(2) 0.6064(2) 0.3819(3) 4.2(3)'1\~'f ,;.'



Positiona1 parameters and B (eq) for KEV3

.' atom x y z B(eq)

o (2B) 0.9185(2) 0.6994 (2) 0.2772 (3) 3.0(2)
O(3B) 1. 0699 (2) 0.7319 (3) 0.3231(3) 4.9(3)
o (4B) 1. 0690 (2) 0.7122(2) 0.1198 (3) 4.4(3)
C{lB) 0.9334 (3) 0.5792(3) 0.4030(5) 3.2(4)
C (2B) 0.9302 (3) 0.5045(4) 0.3847(5) 4.0 (4)
C{3B) 0.9087 (3) 0.4886(4) 0.2856(5) 4.5(4)
C (4B) 0.9379 (3) 0.5291(3) 0.2066(5) 3.2 (3)
C{5B) 0.9890(3) 0.5720(3) 0.2464(5) 2.9(3)
C (6B) 1.0203(3) 0.6127(3) 0.1731(5) 3.1 (3)
C{7B) 1. 0351 (3) 0.6764(3) 0.1826(5) 3.3 (3)
C (8B) 1.0193(3) 0.7220(3) 0.2638 (5) 3.3 (3)
C{9B) 0.9719 (3) 0.6891(3) 0.3268(4) 2.7(3)
C{10B) 0.9811(3) 0.6120(3) 0.3412(4) 2.8 (3)
C (l1B) 0.9634(4) 0.4790(4) 0.1353 (6) 5.7(5)
C (12B) 0.8938 (3) 0.5707(4) 0.1533(5) 5.0 (4)
C(13B) 1.0375(3) 0.5985(4) 0.3963 (5) 3.9(4)
C{14B) 0.9698 (3) 0.7254 (4) o.4215 (5) 3.7(4)
C(15B) 0.9301(3) 0.7671 (4) 0.4515(5) 4.9(5)
C(16B) 0.9984 (4) 0.7911(3) 0.2271(6) 5.0 (4)
C(17B) 1.0879(3) 0.6771 (4) 0.0374(5) 4.4 (4)
H(29) 1.1112 0.7174 -0.0051 4.2
H(30) 1.0712 0.6088 0.3699 3.1
H(31) 1.0362 0.6142 0.4541 2.5
H(32) 1.0418 0.5875 0.1117 5.8
H(33) 0.9444 0.5952 0.4728 3.2
H(34) 0.9042 0.4862 0.4299 4.1
H(35) 1.0545 0.6664 -0.0001 4.0
H(36) 0.8688 0.5405 0.1242 2.7
H(37) 1.0031 0.7186 0.4555 4.0
H(38) 1.0193 0.5417 0.2682 4.0
H(39) 0.9865 0.8156 0.2832 6.0
H(40) 0.8665 0.6247 0.4365 4.6
H(41) 0.9147 0.4255 0.2743 5.3
H(42) 0.9571 0.7839 0.1838 6.0
H(43) 1.1133 0.6467 0.0439 2.6
H(44) 0.9889 0.4495 0.1576 5.5
H(45) 0.9810 0.5012 0.0842 5.7
H(46) 0.9669 0.4863 0.4089 4.6
H(47) 0.9420 0.7998 0.5160 5.4
H(48) 0.8924 0.7729 0.4127 5.4
H(49) 1.0424 0.5435 0.4354 4.4
H(50) 0.8873 0.6814 0.3315 3.4
H(51) 1.0323 0.8133 0.1990 6.0
H(52) 0.9353 0.4443 0.1221 8.9
H(53) 0.8655 0.6040 0.1918 6.0
H(54) 0.8687 0.4984 0.2797 3.7
H(55) 0.9084 0.6008 0.1084 6.8
H(56) 1.0870 0.7564 0.2529 5.8

C
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o va1ues for KEV3 -
atom OU 022 u33 U12 U13 U23

o (lA) 0.154 (6) 0.059(4) 0.078 (4) -0.017 (4) 0.061(5) -0.007(4)

O(2A) 0.034 (3) 0.037(3) 0.041(3) 0.004(2) -0.004(2) 0.001(3)

o (3A) 0.036(3) 0.061 (3) 0.064(4) -0.017(3) -0.006(3) 0.001(3)

O(4A) 0.055(3) 0.052(3) 0.053(3) 0.009 (3) 0.015(3) 0.009(3)

C(lA) 0.067(6) 0.074(6) 0.024(4) 0.002 (5) 0.013 (4) -0.008(4)

C(2A) 0.101(8) 0.103(8) 0.077 (7) -0.045(7) 0.033 (6) 0.010 (6)

C(3A) 0.066(6) 0.048(5) 0.104 (8) -0.012 (5) 0.048 (6) -0.007(5)

C(4A) 0.054 (5) 0.039(5) 0.066(5) -0.002(4) 0.006(5) -0.008 (4)

C(5A) 0.035(4) 0.032(4) 0.041(4) 0.000(3) 0.003(4) 0.005(3)

C(GA) 0.041(4) 0.036(4) 0.043(4) -0.003(4) 0.004(4) 0.000(4)

C(7A) 0.031(4) 0.050 (5) 0.033(4) -0.001(4) 0.010(3) 0.008(4)

C(8A) 0.028 (4) 0.038(4) 0.046(4) -0.002(3) -0.008 (4) 0.008(4)

C(9A) 0.032(4) 0.029(4) 0.038 (4) 0.003(3) -O.OU (3) -0.006(3)

C(10A) 0.031 (4) 0.034 (4) 0.030(4) 0.004 (3) -0.003(3) 0.003(3)

C(llA) 0.069(6) 0.051(5) 0.100(7) -0.012(5) -0.001(5) -0.037 (5)

C(l2A) 0.046(5) 0.096(7) 0.063(6) -0.006(5) -0.012(5) -0.003 (6)

C(13A) 0.056(5) 0.046(5) 0.049(5) 0.007 (4) -0.015(4) -0.001(4)

C(l4A) 0.055 (5) 0.044 (5) 0.031(4) -0.002(4) -0.003(4) 0.002(4)

C(15A) 0.067 (5) 0.050(5) 0.043(5) 0.010 (4) 0.001 (4) -0.007(4)

C(lGA) 0.057 (5) 0.038(4) 0.047 (5) 0.007(4) 0.003(4) 0.009(4)

C(17A) 0.109(8) 0.070 (7) 0.082(7) 0.033 (6) 0.069(6) 0.030 (6)

H(l) 0.0587
H(2) 0.0740
H(3) 0.0494
H(4) 0.0606
H(5) 0.0556
H(6) 0.0935
H(7) 0.0556
H(8) 0.0507
H(9) 0.0740
H(10) 0.0740
H(U) 0.0507
H(12) 0.0890
H(13) 0.0556
H(14) 0.0449
H(15) 0.0954

H



~

U va1ues for KEV3
-

atom U11 U22 U33 U12 U13 U23

H(16) 0.0287
H(17) 0.0477
H(18) 0.0522
H(19) 0.0488
H(20) 0.0828
H(21) 0.0440
H(22) 0.0690
H(23) 0.1009
H(24) 0.1009
H(2S) 0.0978
H(26) 0.0978
H(27) 0.0978
H(28) 0.0507
O(lB) 0.035(3) 0.057 (3) 0.067(3) 0.004(3) 0.011 (3) 0.001(3)
O(2B) 0.036(3) 0.036(3) 0.043(3) 0.003(2) 0.001(2) 0.002 (2)

O(3B) 0.050 (3) 0.085(4) 0.051(3) -0.033(3) 0.005(3) -0.009(3)
O(4B) 0.068(4) 0.050 (3) 0.048 (3) -0.022 (3) 0.025(3) -0.003 (3)

C(lB) 0.032(4) 0.048 (5) 0.043 (5) -0.001(4) 0.004 (3) 0.003(4)

C(2B) 0.056 (5) 0.046(5) 0.051(5) -0.009(4) 0.005 (4) 0.021(4)
C(3B) 0.064(5) 0.049(5) 0.057 (5) -0.020 (4) -0.003(4) 0.008 (4)
C(4B) 0.047(5) 0.030(4) 0.045(4) -0.002 (4) -0.005(4) -0.001 (4)

C(SB) 0.036(4) 0.033 (4) 0.039(4) 0.003 (3) -0.000(4) 0.004 (4)

C(GB) 0.037(4) 0.042(5) 0.038(4) -0.005 (4) 0.011 (4) -0.003 (4)

C(7B) 0.047(4) 0.036(4) 0.041(4) -0.007(4) 0.008(4) 0.001(4)

C(8B) 0.045 (5) 0.038(4) 0.042(4) -0.012 (4) 0.002(4) 0.000(4)

C(9B) 0.038(4) 0.033(4) 0.031 (4) 0.004(3) -0.005(3) -0.005 (3)

C(10B) 0.037(4) 0.038(4) 0.030(4) -0.005 (3) 0.001(3) 0.005(3)

C(11B) 0.084(6) 0.047 (5) 0.084(6) -0.011 (5) 0.027 (6) -0.022(5)

C(12B) 0.063(5) 0.054 (5) 0.071 (6) -0.012 (4) -0.030 (5) 0.008 (5)

C(13B) 0.038(4) 0.077 (6) 0.035(4) 0.012(4) -0.003(4) 0.004(4)

C (14B) 0.046(5) 0.054(5) 0.041(5) -0.011(4) -0.000(4) -0.008(4)

C(lSB) 0.046(5) 0.070 (6) 0.071 (6) 0.003(5) -0.001 (5) -0.036 (5)

C (1GB) 0.086(6) 0.033 (4) 0.072 (6) -0.010(5) 0.024 (5) -0.004(4)

C(17B) 0.067 (6) 0.056 (5) 0.047 (5) 0.004(5) 0.019(4) 0.010(4)

H(29) 0.0527
H(30) 0.0390

~



H

U values for KEV3

atom U11 U22 U33 U12 U13 U23

H(31) 0.0320
H(32) 0.0737
H(33) 0.0405
H(34) 0.0525
H(35) 0.0507
H (36) 0.0343
H(37) 0.0507
H(38) 0.0507
H(39) 0.0754
H(40) 0.0578
H(41) 0.0672
H(42) 0.0754
H(43) 0.0325
H(44) 0.0694
H(45) 0.0726
H(46) 0.0584
H (47) 0.0686
H (48) 0.0686
H(49) 0.0561
H(50) 0.0432
H(51) 0.0754
H(52) 0.1130
H(53) 0.0760
H(54) 0.0466
H(55) 0.0863
H(56) 0.0740

......
~
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Torsion or Conformation Angles

(1) (2) (3) (4) angle

C(10AC(5A)C(4A)C(12A 85.7(8)

C(10AC(9A)C(8A)C(16A 159.6(5)

C(10AC(9A)C(14AC(15A -123.3(8)

C(13AC(10AC(9A)C(14A -54.0(7)

C(14AC(9A)C(8A)C(16A -75.2(6)

O(lB)C(lB)C(2B)C(3B) 54.5(8)

O(lB)C(lB)C(10BC(5B) -89.2(6)

O(lB)C(lB)C(10BC(9B) 39.5(8)

O(lB)C(lB)C(10BC(13B 159.5(6)

O(2B)C(9B)C(8B)O(3B) 162.3(5)

O(2B)C(9B)C(8B)C(7B) -79.0(6)

O(2B)C(9B)C(8B)C(16B 43.9(7)

O(2B)C(9B)C(10BC(lB) -62.7(7)

O(2B)C(9B)C(10BC(5B) 64.5(7)

O(2B)C(9B)C(10BC(13B -178.8(5)

O(2B)C(9B)C(14BC(15B -8(1)

O(3B)C(8B)C(7B)O(4B) -73.3(7)

O(3B)C(8B)C(7B)C(6B) 105.7(8)

O(3B)C(8B)C(9B)C(10B -79.1(7)

O(3B)C(8B)C(9B)C(14B 44.7(7)

O(4B)C(7B)C(6B)C(5B) 172.9(6)

O(4B)C(7B)C(8B)C(9B) 169.2(5)

O(4B)C(7B)C(8B)C(16B 46.6(8)

C(lB)C(2B)C(3B)C(4B) 47.1(9)

C(lB)C(10BC(5B)C(4B) 24.8(8)

C(lB)C(10BC(5B)C(6B) 162.2(5)

(cont)

(1) (2) (3) (4) angle

C(lB)C(10BC(9B)C(8B) -179.3(5)

C(lB)C(10BC(9B)C(14B 57.9(7)

C(2B)C(lB)C(10BC(5B) 29.4(8)

C(2B)C(lB)C(10BC(9B) 158.1(6)

C(2B)C(lB)C(10BC(13B -82.0(7)

C(2B)C(3B)C(4~)C(5B) 6.9(9)

C(2B)C(3B)C(4B)C(11B 124.3(7)

C(2B)C(3B)C(4B)C(12B -119.5(7)

C(3B)C(2B)C(lB)C(10B -67.3(8)

C(3B)C(4B)C(5B)C(6B) 179.5(6)

C(3B)C(4B)C(5B)C(10B -43.9(8)

C(4B)C(5B)C(6B)C(7B) 134.4(7)

C(4B)C(5B)C(10BC(9B) -103.5(6)

C(4B)C(5B)C(10BC(13B 136.1(6)

C(5B)C(6B)C(7B)C(8B) -6(1)

C(5B)C(10BC(9B)C(8B) -52.2(7)

C(5B)C(10BC(9B)C(14B -175.0(5)

C(6B)C(5B)C(4B)C(11B 61.8(7)

C(6B)C(5B)C(4B)C(12B -55.5(8)

C(6B)C(5B)C(10BC(9B) 34.0(8)

C(6B)C(5B)C(10BC(13B -86.5(6)

C(6B)C(7B)O(4B)C(17B 2(1)

C(6B)C(7B)C(8B)C(9B) -12(1)

C(6B)C(7B)C(8B)C(16B -134.4(8)

C(7B)C(6B)C(5B)C(10B -6(1)

C(7B)C(8B)C(9B)C(10B 39.6(8)

The sign is positive if when looking from atom to atom 3 a
clockwise motion of atom 1 would superimpose it on atom 4.



Torsion or Conformation Angles

O(lA)C(lA)C(2A)C(3A) -170.5(7)

O(lA)C(lA)C(10AC(5A) -169.4(6)

O(lA)C(lA)C(10AC(9A) -42.9(9)

O(lA)C(lA)C(10AC(13A 77.8(8)

O(2A)C(9A)C(8A)O(3A) 160.5(5)

O(2A)C(9A)C(8A)C(7A) -81.7(6)

O(2A)C(9A)C(8A)C(16A 43.1(7)

O(2A)C(9A)C(10AC(lA) -56.1(7)

C(2A)C(3A)C(4A)C(11A 167.1(7)

C(2A)C(3A)C(4A)C(12A -77.8(9)

C(3A)C(4A)C(5A)C(6A) -175.1(6)

C(3A)C(4A)C(SA)C(10A -41.6(9)

C(4A)C(5A)C(6A)C(7A) 119.8(8)

C(4A)C(5A)C(10AC(9A) -92.2(7)

C(4A)C(5A)C(10AC(13A 147.8(6)

(1) (2) (3) (4)

O(2A)C(9A)C(10AC(5A)

angle

67.5 (6)

(1) (2) (3) (4)

C(2A)C(3A)C(4A)C(5A)

C(3A)C(2A)C(lA)C(10A

angle

52 (1)

60(1)

C(2A)C(lA)C(10AC(13A -156.2(7)

O(2A)C(9A)C(10AC(13A -174.5(5)

O(2A)C(9A)C(14AC(15A -6(1)

O(3A)C(8A)C(7A)O(4A) -69.8(6)

o (3A) C (8A) C (7A) C (6A) 107.0 (8)

O(3A)C(8A)C(9A)C(10A -83.1(6)

O(3A)C(8A)C(9A)C(14A 42.1(7)

O(4A)C(7A)C(6A)C(5A) 179.5(6)

O(4A)C(7A)C(8A)C(9A) 171.8(5)

C(6A)C(5A)C(10AC(13A -79.1(7)

C(5A)C(10AC(9A)C(8A) -50.5(7)

C(5A)C(10AC(9A)C(14A -172.0(5)

C(6A)C(5A)C(4A)C(11A 69.9(7)

C(6A)C(5A)C(4A)C(12A -47.7(8)

3 (1)

-3 (1)

-11 (1)

40.9(7)

C(6A)C(7A)O(4A)C(17A

C(6A)C(7A)C(8A)C(9A)

C(6A)C(7A)C(8A)C(16A -136.6(7)

C(7A)C(6A)C(5A)C(10A -18(1)

C(7A)C(8A)C(9A)C(10A 34.7(7)

C(7A)C(8A)C(9A)C(14A 160.0(5)

C(8A)C(7A)O(4A)C(17A 174.0(6)

C(8A)C(9A)C(lOAC(13A 67.4(7)

C(8A)C(9A)C(14AC(15A 111.5(8)

C(lOAC(5A)C(4A)C(11A -156.7(6)

C(6A)C(5A)C(10AC(9A)

C(5A)C(6A)C(7A)C(8A)

46.6(7)

-63(1)

35.5 (8)

168.6(5)

-174.1(5)

64.4(7)

-43.5 (9)

83.1 (8)

O(4A)C(7A)C(8A)C(16A

C(lA)C(2A)C(3A)C(4A)

C(lA)C(10AC(5A)C(4A)

C(lA)C(10AC(5A)C(6A)

C(lA)C(10AC(9A)C(8A)

C(lA)C(10AC(9A)C(14A

C(2A)C(lA)C(10AC(5A)

C(2A)C(lA)C(10AC(9A)

The sign is positive if when looking from atom to atom 3 a
clockwise motion of atom 1 would superimpose it on atom 4.



Intramolecular Bond Angles Involving the Hydrogen Atoms (cont)

(' atom atom atom angle atom atom atom angle
"

0(4A) C (17A) H(27) 116.95 C (4B) C(llB) H(45) 111.49

H(25) C (17A) H(26) 111.58 C (4B) C(l1B) H(52) 109.41

H(25) C (17A) H(27) 114.38 H(44) C (lIB) H(45) 107.24

H (26) C (17A) H(27) 96.65 H(44) C (l1B) H(52) 92.57

C (lB) O(lB) H (40) 101.93 H (45) C (l1B) H(52) 118.48

C(9B) 0(2B) H(50) 100.05 C(4B) C (12B) H(36) 106.77

C (8B) 0(3B) H(56) 80.66 C(4B) C (12B) H (53) 119.51

o (lB) C(lB) H(33) 107.08 C (4B) C (12B) H(55) 116.43

C(2B) C (lB) H(33) 117.54 H (36) C(12B) H(53) 103.89

C(10B) C(lB) H(33) 103.26 H (36) C(12B) H(55) 109.59

C (lB) C(2B) H(34) 107.00 H(53) C (12B) H(55) 99.78

C (lB) C(2B) H (46) 104.98 C(10B) C(13B) H (30) 119.32

C(3B) C(2B) H(34) 109.57 C(10B) C (13B) H (31) 112.44

C (3B) C(2B) H(46) 121.76 C (lOB) C(13B) H (49) 117.32

H(34) C(2B) H(46) 99.76 H (30) C(13B) H (31) 109.99

C (2B) C(3B) H(41) 106.57 H (30) C(13B) H (49) 108.19

C (2B) C(3B) H(54) 110.94 H (31) C (13B) H(49) 84.14

C (4B) C(3B) H(41) 112.22 C(9B) C (14B) H(37) 111.43

C (4B) C(3B) H(54) 104.90 C(15B) C (14B) H(37) 120.77

H(41) C(3B) H(54) 107.36 C(14B) C(lSB) H(47) 116.46

C(4B) C(SB) H(38) 108.72 C(14B) C (15B) H(48) 119.26

C(6B) C(SB) H (38) 101.95 H (47) C(lSB) H(48) 123.98

C(10B) C(5B) H (38) 97.33 C (8B) C (16B) H(39) 105.02

C(SB) C(6B) H (32) 120.53 C (8B) C (16B) H (42) 109.28

C (7B) C (6B) H (32) 113.17 C(8B) C (16B) H(Sl) 106.63

C C (4B) C(llB) H (44) 116.70 H (39) C (16B) H(42) 105.30

Angles are in degrees. Estimated sta:'dard deviations in the least
significant figure are given in parentheses.



Intramolecular Bond Angles Involving the Hydrogen Atoms

1 atom atom atom angle atom atom atom angle

C(lA) O(lA) H(28) 117.B7 H (8) C(l1A) H (15) 107.92

C(9A) o (2A) H(21) 120.64 C (4A) C(12A) H (2) 116.97

C(8A) o (3A) H(l) 104.20 C(4A) C (12A) H (9) 109.66

o (lA) C(lA) H(22) 106.50 C(4A) C(12A) H (10) 119.49

C(2A) C(lA) H(22) 104.29 H (2) C(12A) H (9) 93.21

C(10A) C(lA) H(22) 107.43 H (2) C (12A) H (10) 103.85

C (lA) C(2A) H(23) 110.04 H(9) C (12A) H (10) 110.51

C(lA) C(2A) H(24) 106.89 C(lOA) C (13A) H (18) 116.56

C(3A) C(2A) H(23) 113.51 C(lOA) C (13A) H (19) 121.18

C(3A) C(2A) H (24) 110.79 C(lOA) C (13A) H (20) 102.77

H (23) C(2A) H(24) 103.84 H (18) C (13A) H (19) 101.81

C (2A) C(3A) H(6) 112.45 H (18) C (13A) H(20) 97.28

C(2A) C(3A) H(l1) 72.69 H (19) C (13A) H(20) 115.15

C(4A) C(3A) H(6) 108.61 C (9A) C(14A) H (3) 113.74

C(4A) C(3A) H(l1) 139.56 C(15A) C(14A) H (3) 120.61

H (6) C(3A) H(l1) 106.38 C (14A) C (15A) H (12) 127.33

C(4A) C(5A) H(16) 105.07 C(14A) C (15A) H (14) 119.19

C(6A) C(5A) H(16) 110.47 H (12) C(15A) H(14) 112.12

C(10A) C(5A) H(16) 96.51 C(8A) C(16A) H (5) 110.67

C(5A) C(6A) H(17) 110.81 C(8A) C (16A) H (7) 106.61

C(7A) C(6A) H(17) 123.43 C (8A) C (16A) H (13) 115.86

C(4A) C (llA) H(4) 109.36 H (5) C (16A) H (7) 110.81

C(4A) C(11A) H(B) 121.72 H (5) C (16A) H(13) 99.34

C(4A) C(llA) H(15) 108.72 H (7) C(16A) H(13) 113.48

H(4) C(l1A) H(8) 116.04 o (4A) C(17A) H(25) 108.32

'1 H(4) C(l1A) H(15) 87.39 O(4A) C(17A) H (26) 108.35
~ii"
"

Angles are in dogrees. Estimated standard doviations in the lent
significant figure are given in parentheses.



Intramolecular Bond Angles Involving the Nonhydrogen Atoms (cont)

c: atom atom atom angle atom atom atom angle

C(6B) C(SB) C(10B) 111.9(5)

C(5B) C(6B) C(7B) 125.0 (6)

0(4B) C (7B) C(6B) 125.2(6)

o (4B) C(7B) C(8B) 108.5(6)

C(6B) C(7B) C(8B) 126.2 (6)

0(3B) C (8B) C(7B) 109.0(6)

0(3B) C (8B) C(9B) 107.0(5)

o (3B) C(8B) C(16B) 109.0(6)

C (7B) C (8B) C(9B) 110.8(5)

C(7B) C(8B) C(16B) 110.7(6)

C(9B) C(8B) C(16B) 110.2(6)

o (2B) C (9B) C(8B) 105.4 (5)

o (2B) C(9B) C(10B) 108.7(5)

o (2B) C (9B) ClUB) 109.6(5)

C(8B) C(9B) C(10B) 113.0(5)

C(8B) C (9B) C(14B) 109.1(5)

C(10B) C(9B) C(14B) 110.8(5)

C(lB) C(10B) C(5B) 110.6(5)

C(lB) C(10B) C(9B) 112.9(5)

C(lB) C(10B) C(13B) 104.1(5)

C(SB) C (lOB) C(9B) 113.7(5)

C (SB) C(10B) C(13B) 104.2 (5)

C(9B) C(10B) C(13B) 110.6(6)

C(9B) C(14B) C(15B) 127.5 (7)

c
Angles are in degrees. Estimated standard deviations in the least
significant figure are given in parentheses.



Intramolecular Bond Angles Involving the Nonhydrogen Atome

atom atom atom angle atom atom atom angle

C(7A) O(4A) C (17A) 115.9(6) o (2A) C(9A) C(lOA) 105.4 (5)

O(lA) C(lA) C(2A) 107.6(7) o (2A) C (9A) C (14A) 110.2 (5)

o (lA) C(lA) C(10A) 115.1 (7) C(8A) C(9A) C (10A) 113.3 (5)

C (2A) C (lA) C(10A) 115.0 (6) C(8A) C(9A) C (14A) 106.5 (5)

C(lA) C (2A) C(3A) 111.3(8) C(10A) C(9A) C(14A) 113.3 (5)

C(2A) C(3A) C(4A) 110.8(7) C(lA) C (10A) C (5A) 107.3 (5)

C (3A) C(4A) C(5A) 112.0 (6) C(lA) C (10A) C (9A) 114.9(5)

C (3A) C(4A) C(l1A) 106.0(6) C(lA) C (10A) C(13A) 105.5 (5)

C(3A) C (4A) C(12A) 110.3(7) C(5A) C (10A) C (9A) 113.0 (5)

C(5A) C (4A) C (llA) 105.8 (6) C(5A) C (10A) C(13A) 106.1(5)

C (5A) C(4A) C(12A) 115.4 (6) C(9A) C (10A) C(13A) 109.5(5)

C(llA) C(4A) C(12A) 106.6(7) C(9A) C (14A) C (15A) 125.3(7)

C(4A) C(5A) C(6A) 111.0 (6) C (7B) o (4B) C(17B) 116.5(5)

C(4A) C(5A) C (10A) 120.6(6) O(lB) C (lB) C(2B) 106.5(6)

C (6A) C (5A) C (10A) 111.8(5) O(lB) C (lB) C(10B) 111. 9 (5)

C(5A) C(6A) C(7A) 125.7(6) C(2B) C (la) C(10B) 110.6(6)

0(4A) C(7A) C(6A) 126.4 (7) C(lB) C (2B) C(3B) 112.3(6)

0(4A) C(7A) C(8A) 108.0(6) C (2B) C (3B) C (48) 114.7(6)

C(6A) C(7A) C(8A) 125.5(6) C(3B) C(4B) C (5B) 110.9(6)

o (3A) C(8A) C(7A) 107.2(5) C(3B) C (4B) C (l1B) 107.9(6)

0(3A) C(8A) C(9A) 108.2(5) C(3B) C(4B) C(12B) 110.7(6)

O(3A) C(8A) C(16A) 106.9(5) C(5B) C (4B) C(l1B) 107.4 (6)

C(7A) C(8A) C(9A) 111.8 (5) C(5B) C(4B) C(12B) 113.1(5)

C (7A) C(8A) C(16A) 110.9(6) C(l1B) C (4B) C (12B) 106.6(6)

C(9A) C(8A) C(16A) 111.5(5) C(4B) C(5B) C (6B) 114.1(6)

~,
o (2A) C(9A) C(8A) 108.1(5) C(4B) C(5B) C (lOB) 119.7(6)

Angles are in degreea. Estimated standard deviationa in the least
significant figure are given in parentheaea.



Intramo1ecu1ar Distances Invo1ving the Hydrogen Atoms (cont)

C atom atom distance atom atom distance

C(16B) H(51) 0.985

C(17B) H(29) 1.139

C(17B) H(35) 0.961

C(17B) H(43) 0.848

c
Distances are in angstroms. Estimated standard deviations in
the least significant figure are given in parentheses.



Intramolecular Distances Involving the Hydrogen Atoms

t atom atom distance atom atom distance

o (lA) H(28) 1.037 C(17A) H(26) 1.167

O(2A) H(21) 1.052 C(17A) H(27) 1.030

o (3A) H(1) 1.175 o (lB) H(40) 0.884

C(lA) H(22) 0.994 o (2B) H(50) 1.114

C(2A) H(23) 0.979 o (3B) H(56) 1.176

C(2A) H(24) 0.992 C (lB) H(33) 1.070

C(3A) H(6) 1.280 C(2B) H(34) 0.951

C (3A) H(l1) 0.976 C(2B) H(46) 0.986

C(5A) H(16) 1.049 C(3B) H(41) 1.271

C(6A) H(17) 1.119 C(3B) H(54) 0.950

C (llA) H(4) 0.889 C(SB) H(38) 0.973

C(l1A) H(8) 1.259 C (6B) H(32) 1.121

C(llA) H(15) 1.283 C(llB) H(44) 0.890

C (12A) H(2) 1.158 C (l1B) H(45) 0.941

C (12A) H(9) 0.986 C(l1B) H(52) 0.967

C(12A) H(lO) 1.112 C(12B) H(36) 0.932

C(13A) H(18) 0.913 C (12B) H(53) 1.080

C (13A) H(19) 0.906 C(12B) H(55) 0.937

C(13A) H(20) 1.178 C(13B) H(30) 0.888

C(14A) H(3) 1.077 C(13B) H(31) 0.877

C (15A) H(12) 1.062 C(13B) H(49) 1.231

C(15A) H(14) 0.977 C(14B) H(37) 0.918

C(16A) H(5) 1.105 C(15B) H(47) 1.177

C (16A) H(7) 0.949 C (15B) H(48) 1.039

C (16A) H(13) 1.018 C(16B) H(39) 0.973

g~,
C(17A) H(25) 1.016 C(16B) H(42) 1.145'. Distances are in angstroms. Estimated standard deviations in
the least significant figure are given in parentheses.



Intramolecular Distances Involving the Nonhydrogen Atoms

atom atom distance atom atom distance

O(lA) C(lA) 1.372 (8) o (lB) C(lB) 1.460 (7)

o (2A) C(9A) 1.427(7) o (2B) C (9B) 1.437 (7)

O(3A) C(8A) 1.450(7) o (3B) C (8B) 1. 456 (7)

O(4A) C(7A) 1.377 (7) o (4B) C(7B) 1.385(7)

O(4A) C(17A) 1.410(9) o (4B) C(17B) 1.429(8)

C (lA) C(2A) 1.53 (1) C(lB) C(2B) 1.511 (9)

C(lA) C (10A) 1.574(9) C(lB) C(10B) 1.551(8)

C(2A) C(3A) 1.51 (1) C(2B) C (3B) 1.52 (1)

C(3A) C(4A) 1.49 (1) C(3B) C (4B) 1.536(9)

C(4A) C(5A) 1.569(9) C (4B) C(5B) 1.564(9)

C(4A) C(l1A) 1.538 (9) C (4B) C (l1B) 1.537 (9)

C(4A) C (12A) 1.53 (1) C (4B) C(12B) 1.515(9)

C(5A) C(6A) 1.476(8) C (5B) C (6B) 1.503(8)

C (5A) C(10A) 1.580(8) C(5B) C(10B) 1.572(9)

C (6A) C(7A) 1.308(8) C (6B) C(7B) 1.318(9)

C (7A) C(8A) 1.521(9) C(7B) C (8B) 1.510(9)

C (8A) C(9A) 1.574(8) C (8B) C (9B) 1.558(9)

C(8A) C(16A) 1.524(8) C(8B) C(16B) 1.546(9)

C (9A) C (10A) 1.552(8) C (9B) C (lOB) 1.561(8)

C(9A) C (14A) 1.520 (9) C(9B) C (14B) 1. 524 (9)

C(10A) C(13A) 1.540 (9) C(10B) C(13B) 1.545(9)

C (14A) C(15A) 1.324 (9) C (14B) C(15B) 1. 309 (9)

Distances are in angstroms. Estimated standard deviations in
the least significant figure are given in parentheses.



Intermolecular Distances Involving the Nonhydrogen Atoms

1 atom atom distance ADC(*) atom atom distance ADC(*)

O(lA) o (lB) 2.676 (7) 64603 o (4A) o (4B) 3.574(7) 66504

O(lA) C (16A) 3.462 (9) 7 C (15A) o (2B) 3.397 (8) 66605

o (lA) C (lB) 3.470 (9) 64603 C (15A) C(15B) 3.51 (1) 6.:1603

O(2A) o (2B) 3.011(6) 66605 C(15A) C(125) 3.52(1) 66605

o (3A) 0(35) 2.948(6) 66504 C (16A) o (lB) 3.453(8) 66605

o (3A) o (4B) 3.263 (7) 66504 C (17A) C(13B) 3.47 (1) 64506

O(4A) C (14A) 3.503 (8) 55407 o (3B) C(17B) 3.560(8) 56507

o (4A) C(17B) 3.560(9) 66504

Contacts out to 3.60 angstroms. Estimated standard deviations
in the least significant figure are given in parentheses.



(*)footnote

The AOC (atom designator code) specifies the position of an atom
in a crystal. The S-digit number shown in the table is a compo­
site of three one digit numbers and one two digit number:
TA(lst digit) + TB(2nd digit) + TC(3rd digit) + SN(4th and Sth
digit). TA, TB, & TC are the crystal lattice translation digits
along cell edges a, b, and c. A translation digit of S indicates
the origin unit cell. If TAc 4, this indicates a translation
of one unit cell length along the a axis in the negative direc­
tion. Each translation digit can range in value from 1 to 9
and thus (+/-)4 lattice translations from the origin (TAcS,TBcS,
TCcS) can be represented.

The SN or symmetry operator number refers to the number of the
symmetry operator used to generate the coordinates of the target
atom. A list of the symmetry operators relevant to this struc­
ture are given below.

For a given intermolecular contact, the first atom (origin atom)
is located in the origin unit cell (TAcS,TBcS,TC=S) and its
position can be generated using the identity operator (SN=l).
Thus, the AOC for an origin atom is always ADCcSS50l. The posi­
tion of the second atom (target atom) can be generated using the
AOC and the coordinates of that atom in the pararneter table. For
exarnple, an ADC of 47S02 refers to the target atom moved through
operator two, then translated -1 cell translations along the a
axis, +2 cell translations along the b axis, and 0 cell transla­
tions along the c axis.

An ADC of 1 indicates an intermolecular contact between two
fragments (i.e.cation and anion) that reside in the sarne asym­
metric unit.

Symmetry Operators:

( 1) +X , +Y , +Z ( 2) 1/2+X ,1/2-Y , -Z
( 3) -x ,1/2+Y ,1/2-Z ( 4) 1/2-X , -y ,1/2+Z
( S) -X , -y , -Z ( 6) 1/2-X ,1/2+Y , +Z
( 7) +X ,1/2-Y ,1/2+Z ( 8) 1/2+X , +Y ,1/2-Z



Intermolecular Distances Involving the Hydrogen Atoms

atom atom distance ADC (*) atom atom distance ADC (*)

o (lA) H(40) 1. 875 64603 C(6A) H(41) 3.528 45602

o (lA) H(13) 2.963 7 C(7A) H(14) 3.369 55407

o (lA) H(5) 3.047 7 C(llA) H(5) 3.320 54506

o (lA) H(33) 3.171 64603 C(llA) H(43) 3.512 45507

O(lA) H(15) 3.374 4 C(llA) H(7) 3.537 54506

o (lA) H(8) 3.482 4 C(llA) H(22) 3.545 55404

O(lA) H(50) 3.550 64603 C(12A) H(48) 3.485 66605

o (2A) H(48) 2.759 66605 C(12A) H(36) 3.594 64503

o (2A) H(42) 3.068 66605 C (13A) H(41) 3.347 45602

o (2A) H(50) 3.105 66605 C(13A) H(43) . 3.358 64606

o (2A) H(39) 3.557 66605 C(13A) H(52) 3.373 45602

o (3A) H(56) 2.267 66504 C(13A) H(54) 3.418 45602

o (3A) H(25) 3.257 7 C(13A) H(29) 3.431 64606

o (4A) H(3) 2.691 55407 C(13A) H(15) 3.451 4

O(4A) H(29) 2.730 66504 C(13A) H(36) 3.556 45602

o (4A) H(14) 3.066 55407 C(14A) H(25) 3.378 7

C(lA) H(40) 3.031 64603 C(14A) H(13) 3.451 7

C(lA) H(15) 3.288 4 C(14A) H(5) 3.574 7

C(2A) H(49) 3.308 45507 C(15A) H(53) 2.818 66605

C(2A) H(33) 3.385 64603 C(15A) H(13) 3.133 7

C(2A) H(40) 3.392 64603 C(15A) H(55) 3.200 66605

C(3A) H(30) 3.225 45507 C(15A) H(47) 3.250 64603

C(3A) H(38) 3.327 45507 C(15A) H(48) 3.335 64603

C(3A) H(27) 3.513 4 C(16A) H(50) 2.921 66605

C(5A) H(54) 3.165 45602 C(16A) H(28) 3.141 55407

'% C(6A) H(54) 3.153 45602 C (16A) H(8) 3.163 6:.;,: '.

Contacts out to 3.60 angstroms. Estimated standard deviations
in the least significant figure are given in parentheses.



Intermolecular Distances Involving the Hydrogen Atoms (cont)

(: atom atom distance ADC (*) atom atom distance ADC(*)

C(16A) H(48) 3.183 66605 H(2) H(38) 3.474 45507

C(16A) H(40) 3.240 66605 H(3) H(25) 2.526 7

C(16A) H(14) 3.556 55407 H(3) H(5) 2.953 7

C (17A) H(3) 2.886 55407 H(3) H(29) 3.136 64606

C (17A) H(30) 2.927 64506 H(3) H(27) 3.180 7

C (17A) H(29) 2.981 66504 H(3) H(13) 3.248 7

C (17A) H(6) 3.174 55404 H(4) H(43) 2.637 45507

C (17A) H(31) 3.211 64506 H(4) H(5) 2.959 54506

C(17A) H(14) 3.316 55407 H(4) H(18) 3.350 55404

C(17A) H(34) 3.424 45602 H(4) H(32) 3.380 45507

H(l) H(56) 1.910 66504 H(4) H(20) 3.446 55404

H(1) o (4B) 2.215 66504 H(4) C (17B) 3.447 45507

H(1) H(29) 2.777 66504 H(4) H(7) 3.515 54506

H(1) C(17B) 2.835 66504 H(5) H(28) 2.805 55407

H(l) O(3B) 2.891 66504 H(5) H(8) 2.883 6

H(l) H(43) 2.892 66504 H(5) H(18) 2.990 55407

H(1) H(51) 3.095 66504 H(5) H(43) 3.123 66504

H(1) C(7B) 3.097 66504 H(5) H(29) 3.269 66504

H(1) C(8B) 3.399 66504 H(5) H(40) 3.376 66605

H(2) H(32) 2.820 45507 H(5) C(17B) 3.569 66504

H(2) H(44) 2.939 45507 H(5) H(15) 3.593 6

H(2) H(45) 3.051 45507 H(5) H(14) 3.596 55407

H(2) H(36) 3.225 64503 H(6) H(27) 2.428 4

H(2) H(55) 3.301 64503 H(6) H(30) 3.077 45507

H(2) H(45) 3.399 64503 H(6) H(25) 3.193 4

C H(2) C(l1B) 3.426 45507 H(6) H(26) 3.452 4

Contacts out to 3.60 angstroms. Estimated standard deviations
in the least significant figure are given in parentheses.



Intermo1ecu1ar Distances Invo1ving the Hydrogen Atoms (cont)

1 atom atom distance AOC(*) atom atom distance AOC (*)

H(7) H(50) 2.524 66605 H(ll) C(SB) 3.343 45507

H(7) H(8) 2.606 6 H(11) H(32) 3.554 45507

H(7) O(lB) 3.012 66605 H(ll) C(6B) 3.558 45507

H(7) H(40) 3.043 66605 H(ll) H(27) 3.571 4

H(7) H(53) 3.108 66605 H(12) H(47) 2.486 64603

H(7) O(2B) 3.240 66605 H(12) H(53) 2.582 66605

H(7) H(48) 3.410 66605 H(12) O(2B) 2.609 66605

H(7) H(28) 3.586 55407 H(12) H(42) 2.690 66605

H(8) O(lB) 2.894 45602 H(12) H(55) 2.720 66605

H(8) H(54) 2.924 45602 H(12) C(15B) 2.954 64603

H(8) H(40) 3.106 45602 H(12) H(48) 3.099 64603

H(8) H(53) 3.232 45602 H(12) H(50) 3.123 66605

H(9) H(48) 2.892 66605 H(12) C(12B) 3.188 66605

H(9) H(39) 3.247 66605 H(12) H(13) 3.565 7

H(9) H(44) 3.254 45507 H(13) H(48) 2.304 66605

H(9) C(15B) 3.450 66605 H(13) H(28) 2.454 55407

H(10) H(14) 2.725 55407 H(13) H(50) 2.521 66605

H(10) H(36) 2.878 64503 H(13) H(14) 2.741 55407

H(10) H(55) 2.972 64503 H(13) H(40) 2.763 66605

H(10) H(48) 3.166 66605 H(13) O(lB) 3.154 66605

H(10) C(12B) 3.347 64503 H(13) C(15B) 3.195 66605

H(10) H(47) 3.580 66605 H(13) O(2B) 3.361 66605

H(ll) H(38) 2.437 45507 H(14) H(53) 2.833 66605

H(ll) H(30) 2.500 45507 H(14) H(48) 2.978 64603

H(ll) H(49) 2.723 45507 H(14) H(27) 2.978 7

~.. H(ll) C(13B) 2.951 45507 H(14) H(55) 2.980 66605\,;J;'

Contacts out to 3.60 angstroms. Estimated standard deviations
in the least significant figure are given in parentheses.



Intermolecular Distances Involving the Hydrogen Atoms (cont)

C. atom atom distance ADC(*) atom atom distance ADC(*)

H(14) H(47) 3.186 64603 H(19) H(52) 2.982 45602

H(14) C(12B) 3.332 66605 H(19) H(56) 3.021 66504

H(14) C(15B) 3.358 64603 H(19) H(29) 3.160 64606

H(14) H(36) 3.364 66605 H(19) H(54) 3.201 45602

H(15) H(22) 2.453 55404 H(19) H(43) 3.338 64606

H(15) H(20) 2.657 55404 H(19) C(3B) 3.455 45602

H(15) H(18) 3.121 55404 H(19) O(3B) 3.462 66504

H(15) H(36) 3.487 64503 H(20) H(36) 2.519 45602

H(15) H(43) 3.531 45507 H(20) H(54) 2.971 45602

H(16) H(54) 2.375 45602 H(20) H(52) 2.988 45602

H(16) H(36) 3.155 45602 H(20) H(41) 3.353 45602

H(16) C (3B) 3.241 45602 H(20) C(12B) 3.382 45602

H(16) H(41) 3.418 45602 H(20) H(43) 3.388 64606

H(16) H(53) 3.559 45602 H(20) C(3B) 3.508 45602

H(17) H(54) 2.810 45602 H(2l) O(2B) 1.991 66605

H(17) H(34) 2.820 45602 H(2l) H(50) 2.075 66605

H(17) H(22) 3.320 55404 H(2l) H(48) 2.175 66605

H(17) C(3B) 3.379 45602 H(2l) H(42) 2.632 66605

H(17) H(4l) 3.453 45602 H(2l) C (15B) 3.071 66605

H(17) C(2B) 3.504 45602 H(2l) H(39) 3.133 66605

H(18) H(43) 2.659 64606 H(2l) C(9B) 3.200 66605

H(18) H(29) 2.757 64606 H(2l) C (16B) 3.351 66605

H(18) C(17B) 3.146 64606 H(2l) H(53) 3.481 66605

H(18) H(52) 3.509 45602 H(2l) C (14B) 3.484 66605

H(18) H(35) 3.541 64606 H(22) H(40) 3.275 64603

( H(19) H(41) 2.698 45602 H(22) H(27) 3.286 4

Contacts out to 3.60 angstroms. Estimated standard deviations
in the least significant figure are given in parentheses.



Intermo1ecu1ar Distances Invo1ving the Hydroqen Atoms (cont)

•.. atom atom distance ADC (*) atom atom distance ADC(*)

H(23) H(49) 2.485 45507 H(26) H(31) 2.524 64506

H(23) H(33) 2.595 64603 H(26) H(30) 2.650 64506

H(23) H(34) 2.721 64603 H(26) H(49) 2.886 64506

H(23) H(40) 2.914 64603 H(26) C (13B) 2.934 64506

H(23) C(lB) 3.174 64603 H(26) C(2B) 3.125 45602

H(23) H(30) 3.181 45507 H(26) H(41) 3.213 45602

H(23) C (13B) 3.336 45507 H(26) H(46) 3.280 45602

H(23) C(2B) 3.363 64603 H(26) H(29) 3.409 66504

H(23) H (38) 3.364 45507 H(26) C(3B) 3.565 45602

H(23) O(lB) 3.395 64603 H(26) H(54) 3.594 45602

H(23) H(46) 3.551 64603 H(27) H(30) 3.173 64506

H(23) H(46) 3.561 45507 H(27) H(34) 3.413 45602

H(23) H(26) 3.579 4 H(28) H(40) 2.313 64603

H(24) H(42) 3.099 66605 H(28) o (lB) 3.164 64603

H(24) H(33) 3.384 64603 H(28) H(48) 3.264 64603

H(24) H(39) 3.426 66605 H(28) C(15B) 3.505 64603

H(24) H(40) 3.599 64603 H(28) H(50) 3.558 64603

H(25) H(29) 2.448 66504 o (3B) H(29) 2.803 56507

H(25) H(30) 2.472 64506 O(3B) H(35) 3.240 56507

H(25) O(3B) 2.676 64506 0(4B) H(37) 3.105 56407

H(25) H(31) 2.961 64506 o (4B) H(47) 3.284 56407

H(25) C(13B) 3.111 64506 C(lB) H(49) 3.394 76605

H(25) H(56) 3.350 64506 C(2B) H(49) 2.796 76605

H(25) H(37) 3.541 64506 C(2B) H(31) 3.375 76605

H(25) C(17B) 3.563 66504 C(6B) H(47) 3.338 56407

1) H(26) H(34) 2.324 45602 C(7B) H(47) 3.211 56407
,.,.:

Contacts out to 3.60 angstroms. Estimated standard deviationa
in the least significant figure are given in parenthesea.



Intermolecular Distances Involving the Hydrogen Atoms (cont)

C atom atom distance ADC (*) atom atom distance ADC(*)

C(llB) H(45) 3.390 76505 H(35) H(47) 2.702 56407

C(l1B) H(35) 3.493 76505 H(35) H(52) 2.809 76505

C(12B) H(47) 3.399 56407 H(35) H(44) 3.362 76505

C (13B) H(46) 3.237 76605 H(35) H(39) 3.469 56407

C(13B) H(34) 3.275 76605 H(37) H(42) 3.406 56507

C(14B) H(35) 3.116 56507 H(37) H(51) 3.573 56507

C(15B) H(35) 3.243 56507 H(39) H(44) 2.849 75503

C (15B) H(55) 3.478 56507 H(39) H(41) 3.267 75503

C(15B) H(42) 3.499 56507 H(39) H(52) 3.410 75503

C(16B) H(41) 3.346 75503 H(41) H(51) 2.575 74503

C(l6B) H(44) 3.561 75503 H(41) H(56) 3.386 74503

C(17B) H(37) 3.083 56407 H(42) H(47) 2.900 56407

C(17B) H(52) 3.350 76505 H(43) H(52) 3.173 76505

C (17B) H(47) 3.419 56407 H(44) H(51) 3.421 74503

H(29) H(37) 2.864 56407 H(45) H(45) 2.545 76505

H(29) H(56) 3.514 56407 H(46) H(49) 2.295 76605

H(30) H(34) 3.455 76605 H(46) H(46) 3.051 76605

H(31) H(46) 2.787 76605 H(47) H(55) 2.481 56507

H(31) H(34) 2.930 76605 H(47) H(53) 3.586 56507

H(32) H(45) 3.332 76505 H(49) H(49) 3.195 76605

H(32) H(52) 3.414 76505

H(32) H(47) 3.482 56407

H(33) H(49) 3.065 76605

H(33) H(46) 3.106 76605

H(34) H(49) 2.349 76605

C H(35) H(37) 2.655 56407

Contacts out to 3.60 angstroms. Estimated standard deviations
in the leaat significant figure are given in parentheses.



(*)footnote

The ADC (atom designator code) specifies the position of an atom
in a crystal. The 5-digit number shown in the table is a compo­
site of three one digit numbers and one two digit number:
TA(lst digit) + TB(2nd digit) + TC(3rd digit) + SN(4th and 5th
digit). TA, TB, & TC are the crystal lattice translation digits
along cell edges a, b, and c. A translation digit of 5 indicates
the origin unit cell. If TA=4, this indicates a translation
of one unit cell length along the a axis in the negative direc­
tion. Each translation digit can range in value from 1 to 9
and thus (+/-)4 lattice translations from the origin (TA-S, TB-S,
TC=5) can be represented.

The SN or symmetry operator number refers to the number of the
symmetry operator used to generate the coordinates of the target
atom. A list of the symmetry operators relevant to this struc­
ture are given below.

For a given intermolecular contact, the first atom (origin atom)
is located in the origin unit cell (TA=5, TB=5, TC=5) and its
position can be generated using the identity operator (SN-l).
Thus, the ADC for an origin atom is always ADC=5550l. The posi­
tion of the second atom (target atom) can be generated using the
ADC and the coordinates of that atom in the parameter table. For
exarnple, an ADC of 47502 refers to the target atom moved through
operator two, then translated -1 cell translations along the a
axis, +2 cell translations along the b axis, and 0 cell transla­
tions along the c axis.

An ADC of 1 indicates an intermolecular contact between two
fragments (i.e.cation and anion) that reside in the sarne asym­
metric unit.

Symmetry Operators:

( 1) +X , +Y , +Z ( 2) 1/2+X ,1/2-Y , -Z
( 3) -x ,1/2+Y ,1/2-Z ( 4) 1/2-X , -y ,1/2+Z
( 5) -x , -y , -Z ( 6) 1/2-X ,1/2+Y , +Z
( 7) +X ,1/2-Y ,1/2+Z ( 8) 1/2+X , +Y ,1/2-Z



Cartesian coordinates

C
atom x y z

01A 4.2337 2.5471 13.5826

02A 3.8417 3.7146 10.5892

03A 7.3035 4.8822 10.4543

04A 7.0824 3.8541 7.8250

C1A 4.6101 1.7157 12.5584

C2A 3.3410 1. 0792 11.9884

C3A 3.6714 -0.0250 11.0099

C4A 4.4130 0.5121 9.8394

C5n. 5.6606 1.3585 10.2725

C6A 6.3110 1.9772 9.1010

C7A 6.4703 3.2610 8.9062

C8A 6.0775 4.3580 9.8842

C9A 5.1866 3.8036 11.0569

C10A 5.5678 2.3625 11.4891

C11A 4.9747 -0.7109 9.0945

C12A 3.4479 1.2102 8.8718

C13A 6.9630 2.3725 12.1406

C14A 5.2824 4.8155 12.1876

C15A 4.2947 5.5920 12.6043

C16A 5.3950 5.5128 9.1605

C17A 7.6333 2.9748 6.8707

Hl 8.0280 4.9854 9.5349

H2 2.5378 0.5960 8.5033

H3 6.2140 4.7767 12.7263

H4 4.3043 -1.2430 8.8541

C
H5 6.0989 6.0105 8.4694

H6 4.3682 -0.9575 11.5422

H7 5.0978 6.1155 9.8309

H8 6.0304 -1.2864 9.4684

H9 2.8853 1.8498 9.3683



H10 3.8455 1.6790 7.9451

H11 2.7522 -0.1651 11.3063

1 H12 3.2584 5.4794 12.4029

H13 4.6677 5.2533 8.4970

Hl4 4.4623 6.2316 13.3232

H15 5.1057 -0.4129 7.8534

H16 6.3084 0.6736 10.7327

H17 6.7121 1.1942 8.4091

H18 7.0269 2.7646 12.9630

H19 7.6786 2.7249 11.7112

H20 7.0921 1.2568 12.4966

H21 3.3033 4.5823 10.3377

H22 5.1021 1.0090 12.9597

H23 2.8290 0.7173 12.7021

H24 2.8338 1.7469 11.5418

H25 8.0711 3.5295 6.1403

H26 8.4066 2.2865 7.4087

H27 7.0236 2.2208 6.5239

H28 4.3053 3.5699 13.4277

01B 20.2828 12.0605 5.4114

02B 21.2601 13.9094 3.9279

03B 24.7658 14.5552 4.5778

04B 24.7447 14.1649 1.6969

C1B 21.6064 11.5199 5. 7093

C2B 21.5309 10.0336 5.4498

C3B 21.0328 9.7162 4.0462

C4B 21.7092 10.5230 2.9272

C5B 22.8931 11.3748 3.4912

C6B 23.6158 12.1857 2.4529
&n:-i~ . ,}' C7B 23.9597 13.4513 2.5875r.~

C8B 23.5930 14.3586 3.7373

C9B 22.4962 13.7043 4.6304

C10B 22.7089 12.1712 4.8340



C11B 22.2997 9.5259 1.9174

C12B 20.6896 11. 3501 2.1725

( C13B 24.0153 11.9037 5.6147

C14B 22.4484 14.4266 5.9711

C15B 21.5283 15.2549 6.3975

C16B 23.1104 15.7322 3.2172

C17B 25.1809 13.4656 0.5300

H29 25.7215 14.2673 -0.0724

H30 24.7949 12.1077 5.2410

H31 23.9852 12.2145 6.4340

H32 24.1135 11.6836 1.5831

H33 21.8598 11.8371 6.6992

H34 20.9303 9.6697 6.0907

H35 24.4084 13.2528 -0.0008

H36 20.1089 10.7497 1.7596

H37 23.2180 14.2910 6.4528

H38 23.5924 10.7724 3.7992

H39 22.8348 16.2202 4.0122

H40 20.0559 12.4247 6.1847

H41 21.1723 8.4628 3.8867

H42 22.1547 15.5894 2.6040

H43 25.7682 12.8612 0.6223

H44 22.8901 8.9391 2.2332

H45 22.7065 9.9686 1.1934

H46 22.3~12 9.6714 5.7930

H47 21.8041 15.9056 7.3392

H48 20.6554 15.3714 5.8469

H49 24.1289 10.8097 6.1684

H50 20.5377 13.5523 4.6971

H51 23.8953 16.1746 2.8192

H52 21.6492 8.8359 1.7293

H53 20.0332 12.0125 2.7175

H54 20.1067 9.9113 3.9623



1
H55

H56

21.0270

25.1604

11.9487

15.0426

1.5361

3.5825
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Appendix 3

X-ray Structure Report

For

Compound4J.ll*

*1would like to thank Dr. Rosi Hynes of the McGill X-ray Facility for Ibis detennination.



(
KEV5 - KG/CHAN - AUG 8/91

Space Group and Cell Dimensions Monoclinic,
a 17.242(3) b 21.796(3) c 12.628(3)
beta 107.717(14)

Volume 4520.7(13)A**3

Empirical formula: C22 H34 06 .1/2 H20

C 2/c

Cell dimensions were obtained from 19 reflections with 2Theta angle
in the range 20.00 - 30.00 degrees.

Crystal dimens 'ns 0.20 X 0.20 X 0.02 mm

FW = 402.50 z = 8 F(OOO) = 1749.44

Dcalc 1.183Mg.m-3, mu 0.64mm-1, lambda 1.54056A, 2Theta(max) 90.0

11o19,
1802
1723

970

o
The intensity data were collected on a Rigaku diffractometer,
using the theta/2theta scan mode.
The h,k,l ranges are :-- -12 12,
No. of reflections measured
No. of unique reflections
NO.,of reflections with Inet > 2.0sigma(Inet)
No correction was made for absorption

The last least squares cycle was calculated with
63 atoms, 225 parameters and 970 out of 1723 reflections.

Weights based on counting-statistics were used.
The weight modifier K in KFo**2 is 0.000500

The residuals are aB follows :--
For significant reflections, RF 0.118, Rw 0.1~5 GoF 3.21
For all reflections, RF 0.232, Rw 0.138 .
.where RF = Sum(Fo-Fc)/Sum(Fo),

Rw = Sqrt[Sum(w(Fo-Fc)**2)/Sum(wFo**2)] and
GoF - Sqrt[Sum(w(Fo-Fc)**2)/(No. of reflns - No. of params.)]

The maximum shift/sigma ratio was 0.076.

In the last D-map, the deepest hole was -0.550e/A**3,
and the highest peak 0.500e/A**3.

Solved by direct methods (SOLVER). Hydrogens calculated. Non-hydrogens
anisotropie, except those in the hexenyl chain which were left
isotropie. There is solvent water present (about 2:1 molecule:solvent)
Standards moved 1.5 % over course of collection. Merging R was 3.4% fo
79 pairs of symmetry equivalent pairs of relections. Diffractometer
controlled by TEXRAY software. Solution and refinement with NRCVAX
system of crystal structure solving programs.
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Table 2. Atomic Parameters x,y,z and Beq
E.S.Ds. refer to the last digit printed.

c

x y z Beq

0 1 0.6592 ( 7) 0.8802( 5) 0.8282 ( 9) 3.1 ( 7)
0 2 0.6391 ( 8) 0.7796( 6) 0.7908 (10) 5.6 ( 8)
0 3 0.8105 ( 6) 0.9401( 5) 0.9187 ( 8) 2.2 ( 6)
o 4 0.9454 ( 6) o. 9344 ( 5) 1.1246 ( 9) 2.8 ( 6)
o 5 0.8987 ( 6) 0.9783( 5) 1.3180 ( 8) 2.7 ( 6)
o 6 0.7364 ( 6) 1.0115( 5) 1.2152 ( 8) 2.7 ( 6)
C 1 0.6614 (10) 0.8715 ( 8) 0.9448 (12) 2.6(10)
C 2 0.5723 (10) 0.8675( 8) 0.9454 (13) 3.2 ( 9)
C 3 0.5712 (10) 0.8540( 8) 1.0630 (13) 2.8 (10)
C 4 0.6178 (10) 0.8998( 7) 1.1503 (13) 2.4 ( 9)
C 5 0.7039 ( 9) 0.9093( 7) 1.1397 (12) 1. 7 ( 8)
C 6 0.7612 (10) 0.9486( 8) 1.2285 (14) 3.1 (10)
C 7 0.8488 (10) 0.9389( 8) 1.2292 (13) 2.6(10)
C 8 0.8650 (10) 0.9556( 8) 1.1192 (13) 2.5 ( 9)
C 9 0.8029 (10) 0.9158( 7) 1.0234 (13) 2.3 ( 9)
C10 0.7087 (11) 0.9233 ( 7) 1.0190 (13) 2.8(10)
C11 0.5646 (10) 0.9572 ( 8) 1.1437 (13) 2.7 ( 9)
C12 0.6250 (11) 0.8706( 8) 1.2638 (14) 3.5 (10)
C13 0.6746 (10) 0.9853( 7) 0.9715 (13) 2.3 ( 9)
C14 0.8309 (10) 0.8492( 7) 1.0388 (13) 2.1 ( 4)
C15 0.8673 (11) 0.8149( 8) 0.9816 (15) 4.0( 5)
C16 0.8962 (15) 0.8293(11, 0.8836 (20) 7.9 ( 7)
C17 1.0364 (18) 0.8051(13) 0.9474 (24) 11.0 ( 9)
C18 0.9757 (20) 0.8464(15) 0.905 ( 3) 13.0(11)
C19 1.1326 (19) 0.8124(13) 0.980 ( 3) 11.8(10)
C20 0.8672 (10) 1.0245( 8) 1.0981 (13) 2.9(10)
C21 0.6520 (12) 0.8286 ( 8) 0.7628 (14) 4.1 (11)
C22 0.6600 (12) 0.8479( 9) 0.6548 (14) 4.5 (12)
ow 1/2 0.6908( 8) 0.75000 4.9( 5)

Beq is the mean of the principal axes of the thermal ellipsoid for
atoms refined anisotropically. For carbons C14-C19, Beq m Biso.



Table 3. Bond Distances (A) and Angles (Degrees)

1 0(1) -C (1) 1. 475 (17) C(S)-C(lO) 1.581 (20)
0(1)-C(21) 1. 377 (19) C(6) -C(7) 1.523(21)
0(2)-C(21) 1.170(20) C(7)-C(B) 1.541(21)
0(3) -C (9) 1. 46B (17) C(B)-C(9) 1. 60S (21)
0(4) -C (B) 1. 444 (lB) C (B) -C (20) 1. 529 (22)
0(5) -C(7) 1.466(17) C (9) -C (10) 1. 616 (23)
0(6) -C(6) 1.432(lB) C(9) -C(14) 1.522(20)
C(1)-C(2) 1.542(22) C(10)-C(13) 1.522 (21)
C(l)-C(lO) 1.535(22) C(14)-C(lS) 1.323 (22)
C(2)-C(3) 1.520(21) C(lS)-C(16) 1.50(3)
C(3)-C(4) 1.523(21) C (16) -C (lB) 1. 37 (4)
C(4)-C(S) 1.544 (21) C (17) -C (lB) 1.36(4)
C (4) -C (11) 1.541 (22) C (17) -C (19) 1.59(4)
C(4)-C(12) l.S3B (21) C(21)-C(22) 1.475(23)
C(S) -C(6) 1.514 (21)

C(1)-0(1)-C(21) 117.6(12) C (7) -C (B) -C (9) 106.B(12)
0(1)-C(1)-C(2) 106.B(11) C(7)-C(B)-C(20) 114.3(12)
O(l)-C(l)-C(lO) 111.2(12) C (9) -C (B) -C (20) 116.6(12)
C (2) -C (1) -C (10) 112.6(13) 0(3) -C (9) -C (B) 105.1(11)
C(1)-C(2)-C(3) 109.0(12) 0(3)-C(9)-C(10) 107.3(11)
C(2)-C(3)-C(4) 114.7(12) 0(3)-C(9)-C(14) 110.4(12)
C(3)-C(4)-C(S) 109.7(12) C(B)-C(9)-C(10) 113.B(12)
C (3) -C (4) -C (11) 10B.6(12) C(B)-C(9)-C(14) 107.B(12)
C(3)-C(4)-C(12) 106.1 (12) C(lO) -C(9) -C(14) 112.2(12)
C(S)-C(4)-C(1l) 117.3(12) C(1)-C(10)-C(5) 10S.B(12)
C(S)-C(4)-C(12) . 109.2(12) C (1) -C (10) -C (9) 106.7(12)
C(11)-C(4)-C(12) 105.3(12) C(1)-C(10)-C(13) 110.0(12)
C(4) -C(S) -C(6) 116.1(12) C (5) -C (10) -C (9) 107.1(12)
C(4)-C(S)-C(10) 116.3 (12) C(S)-C(10)-C(13) 115.1 (12)
C(6) -C(S) -C(lO) 113.0(12) C(9)-C(10)-C(13) 111.6(12)
0(6) -C (6) -C (5) 110.6(12) C(9)-C(14)-C(lS) 130.9(14)
0(6) -C(6) -C(7) 113.2(12) C(14)-C(15)-C(16) 131.4(16)
C(S) -C(6) -C(7) 110.4 (13) C(lS)-C(16)-C(lB) 117.5 (21)
0(S)-C(7)-C(6) 105.9(11) C(lB)-C(17)-C(19) 130.4(25)
0(5) -C (7) -C (B) 109.0(12) C(16)-C(lB)-C(17) 120 (3)
C (6) -C (7) -C (B) 114.4(12) 0(1)-C(21)-0(2) 123.B(lS)
0(4)-C(B)-C(7) 10B.4(11) 0(1)-C(21)-C(22) 107.B(13)
0(4) -C (B) -C (9) 105.9(11) 0(2)-C(21)-C(22) 12B.4(16)
0(4)-C(B)-C(20) 104.3(12)



Table 5-2. Calculated Hydrogen Atom Parameters

c: x y z Biso

H 1 0.688 0.828 0.977 3.5
H 2A 0.538 0.834 0.887 3.6
H 2B 0.542 0.910 0.916 3.6
H 3A 0.510 0.851 1.067 3.6
H 3B 0.595 0.809 1.089 3.6
H 5 0.730 0.864 1.157 2.5
H 6 0.756 0.935 1.309 3.7
H 7 0.866 0.892 1.249 3.3
H11A 0.505 0.951 1.155 3.4
H11B 0.553 0.978 1.063 3.4
H11C 0.596 0.993 1.199 3.4
H12A 0.663 0.897 1.333 4.3
H12B 0.652 0.826 1.267 4.3
H12C 0.566 0.863 1.275 4.3
H13A 0.705 1.024 1.020 2.8
H13B 0.611 0.991 0.964 2.8
H13C 0.677 0.993 0.888 2.8
H14 0.817 0.824 1.104 2.9
H15 0.889 0.770 1.014 4.8
H16A 0.862 0.869 0.844 8.6
H16B 0.881 0.791 0.827 8.6
H17A 0.996 0.849 0.832 13.8
H17B 1.001 0.886 0.955 13.8
H18A 1.024 0.758 0.919 11.8
H18B 1.034 0.798 1.031 11.8
H19A 1.152 0.856 1.021 12.6
H19B 1.142 0.815 0.899 12.6
H19C 1.170 0.775 1.023 12.6
H20A 0.808 1.046 1.085 3.8
H20B 0.882 1.035 1.023 3.8
H20C 0.909 1.050 1.165 3.8
H22A 0.606 0.839 0.586 5.1
H22B 0.708 0.825 0.631 5.1
H22C 0.669 0.896 0.643 5.1

Hydrogen positions calcu1ated assuming C/O-H distance of 1.08A.
Biso(H) is from U(H) - Ueq(C) + 0.01.

c
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Table S-3. Anisotropie u(i,j) values *100.
E.S.Ds. refer to the last digit printed

u11 u22 u33 u12 u13 u23

o 1 3.9 ( 9) 4.3 ( 8) 3.5 ( 7) 0.0 ( 7) 1. 0 ( 6) 0.3 ( 6)
o 2 8.9(12) 6.0(10) 6.5(10) -1.8 ( 9) 2.6 ( 9) 0.3( 8)
o 3 4.0 ( 8) 3.0( 7) 1. 9 ( 7) -1.1 ( 6) 1. 5 ( 6) -0.5( 6)
o 4 1. 7 ( 8) 5.1 ( 8) 3.9 ( 8) 0.3 ( 7) 0.9 ( 6) -1. 0 ( 7)
o 5 3.0 ( 8) 3.8 ( 8) 3.5 ( 7) 0.0 ( 7) 0.8 ( 6) -0.7 ( 6)
o 6 3.1 ( 8) 3.6 ( 7) 3.7 ( 8) -0.5( 6) 1.4 ( 6) -0.2( 6)
C 1 3.6(13) 4.8(13) 2.0 (10) -0.1(11) 1.5 ( 9) 0.4 ( 9)
C 2 2.9(13) 4.9(13) 3.1(11) -0.3 (11) -0.9(10) -1.1(10}
C 3 2.3(13) 4.7(13) 3.9(12) 0.4 (11) 1.5(10) 0.9(10)
C 4 3.3 (13) 3.1(11) 3.2(11) -1.6(10) 2.0(10) -0.3( 9)
CS 1. 8 (12) 2.5(11) 2.2(10) 0.1 ( 9) 0.6 ( 9) 0.6 ( 9)
C 6 2.6(13) 3.9(12) 4.4 (13) 0.0 (10) -0.2(11) 0.2 (10)
C 7 1. 6 (13) 5.1 (13) 2.9(11) 0.2(10) 0.4 (10) -0.6(10)
C 8 2.1(12) 4.4(12) 2.5(11) -0.2 (10) 0.1 ( 9) -0.5( 9)
C 9 2.1 (12) 3.4(12) 3.3(11) -0.5 (10) 0.7(10) 1.0(10)
C10 4.3 (13) 3.5(12) 3.1(12) 0.0(10) 1.5 (10) 0.3 (10)
C11 2.7(13) 3.8 (12) 3.3(12) 0.2(10) 0.5(10) 0.2( 9)
C12 5.1 (14) 5.2(13) 3.1(12) -0.9(12) 1. 7 (10) 0.6(11)
C13 1.8(12) 2.9(11) 3.0 (11) 1.1 (10) -0.8( 9) 0.2( 9)
C20 4.1(14) 3.4 (13) 3.9(13) -2.2 (10) 1.5 (11) -0.2 (10)
C21 6.6(17) 5.9(14) 3.0 (12) 1.1 (12) 1.4 (12) 0.3 (11)
C22 5.5(15) 7.4 (16) 3.4 (13) -1.1 (13) 0.3(11) 0.7(12)

Anisotropie Temperature Factors are of the form
Temp--2*Pi*Pi*(h*h*u11*astar*astar+---+2*h*k*u12*astar*bstar+---)

c )
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Table 8-4. Torsion Angles in Degrees

C21 o 1 C 1 C 2 -84.3( 12) C21 o 1 C 1 C10 152.5( 15)
C 1 o 1 C21 o 2 8.3 ( 8) C 1 o 1 C21 C22 -173.9 ( 16)
o 1 C 1 C 2 C 3 176.1( 17) C10 C 1 C 2 C 3 -61.6( 11)
o 1 C 1 C10 C 5 178.3 ( 16) o 1 C 1 C10 C 9 -67.9( 10)
o 1 C 1 C10 C13 53.4 ( 9) C 2 C 1 C10 C 5 58.5( 10)
C 2 C 1 C10 C 9 172.3 ( 16) C 2 C 1 C10 C13 -66.4 ( 11)
C 1 C 2 C 3 C 4 56.2 ( 10) C 2 C 3 C 4 C 5 -50.0( 9)
C 2 C 3 C 4 C11 79.4 ( 12) C 2 C 3 C 4 C12 -167.8( 16)
C 3 C 4 C 5 C 6 -173.8 ( 16) C 3 C 4 C 5 C10 49.5 ( 9)
C11 C 4 C 5 C 6 61.7( 10) C11 C 4 C 5 C10 -75.0 ( 11)
C12 C 4 C 5 C 6 -57.9 ( 10) C12 C 4 C 5 C10 165.4 ( 15)
C 4 C 5 C 6 o 6 -70.8( 10) C 4 C 5 C 6 C 7 163.2( 16)
C10 C 5 C 6 o 6 67.2 ( 10) C10 C 5 C 6 C 7 -58.8 ( 10)
C 4 C 5 C10 C 1 -53.5( 10) C 4 C 5 C10 C 9 -167.0( 15)
C 4 CS C10 C13 68.2( 11) C 6 C 5 C10 C 1 168.5 ( 16)
C 6 C 5 C10 C 9 55.0 ( 10) C 6 C 5 C10 C13 -69.8 ( 11)
o 6 C 6 C 7 o 5 56.0( 9) o 6 C 6 C 7 C 8 -64.1 ( 10)
C 5 C 6 C 7 o 5 -179.5( 16) C 5 C 6 C 7 C 8 60.4 ( 10)
o 5 C 7 C 8 o 4 71.5( 10) o 5 C 7 C 8 C 9 -174.8( 16)
o 5 C 7 C 8 C20 -44.3( 8) C 6 C 7 C 8 o 4 -l70.1( 16)
C 6 C 7 C 8 C 9 -56.5( 10) C 6 C 7 C 8 C20 74.0( 11)
o 4 C 8 C 9 o 3 -73.7 ( 10) o 4 C 8 C 9 C10 169.3( 16)
o 4 C 8 C 9 C14 44.1 ( 8) C 7 C 8 C 9 o 3 170.9 ( 16)
C 7 C 8 C 9 C10 53.9( 9) C 7 C 8 C 9 C14 -71.3 ( 11)
C20 C 8 C 9 o 3 41.8 ( 8) C20 C 8 C 9 C10 -75.3( 11)
C20 C 8 C 9 C14 159.5( 16) o 3 C 9 C10 C 1 77.9( 11)
o 3 C 9 C10 C 5 -169.2 ( 16) o 3 C 9 C10 C13 -42.4 ( 8)
C 8 C 9 C10 C 1 -166.3( 16) C 8 C 9 C10 C 5 -53.4 ( 9)
C 8 C 9 C10 C13 73.4 ( 11) C14 C 9 C10 C 1 -43.5 ( 9)
C14 C 9 C10 C 5 69.4 ( 11) C14 C 9 C10 C13 -163.8 ( 16)
o 3 C 9 C14 C15 8.2 ( 8) C 8 C 9 C14 C15 -106.1( 14)
C10 C 9 C14 C15 127.8 ( 16) C 9 C14 C15 C16 2.2 ( 9)
C14 C15 C16 C18 94.1 ( 20) C15 C16 C18 C17 67.8 ( 19)
C19 C17 C18 C16 179.9( 31)

~
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Appendix 4

X-ray Sttueture Report

For

Compound~·

• 1would likc to thank Dr. Rosi Hynes of the McGill X-ray Facility for tbis determination.



KEV6 - KG/CHAN - DEC 9 91

1
Space Group and Cel1 Dimensions

a 9.7056(23) b 10.375(4) c
beta 92.950(19)

Volume 2060.4(11)A**3

Empirica1 formula : C21 H34 04

Monoclinic,
20.489(5)

P 21/c

Cell dimensions were obtained from 24 reflections with 2Theta angle
in the range 35.00 - 40.00 degrees.

Crystal dimensions 0.40 X 0.15 X 0.15 mm

FW .. 350.50 z .. 4 F(OOO) .. 767.92

Dcalc 1.130Mg.m-3, mu 0.07mm-1, lambda 0.70930A, 2Theta(max) 44.9

22o11,
2881
2695
1791

o

The intensity data were col19cted on a Rigaku diffractometer,
using the theta/2theta scan mode.
The h,k,l ranges are :-- -10 10,
No. of reflections measured
No. of unique reflections
No. of reflections with Inet > 2.5sigma(Inet)
No correcti.on was made for absorption

Th~ 1ast least squares cycle was calculated with
59 atoms, 227 parameters and 1791 out of 2695 reflections.

Weights based on counting-statistics were used.
The weight modifier K in KFo**2 is 0.000100

The residuals are as follows :--
For significant reflections, RF 0.068, Rw 0.075 GoF 2.63
For all reflections, RF 0.104, Rw 0.076.
where RF .. Sum(FO-Fc)/Sum(Fo),

Rw" Sqrt[Sum(w(Fo-Fc)**2)/Sum(wFo**2)] and
GoF" Sqrt[Sum(w(Fo-Fc)**2)/(No. of reflns - No. of params.)]

The maximum shift/sigma ratio was 0.022.

In the last D-map, the deepest hole was -0.370e/A**3,
and the highest peak 0.570e/A**3.

Secondary ext. coeff ... 0.747167 sigma .. 0.199042

Standards intensities changed an average of .63 % over the course of
collection. Merging R was 3.9 % for 186 pairs of symmetry equivalent
refle~tions. Structure was solved by direct methods (SOLVER). Hydrogen
atoms on carbon were included in calculated positions; hydroxyl
hydrogens were located in a difference map. Hydrogens were not refined.
All non-hydrogen atoms were refined anisotropically.

'.'.



(

(



Table 2. Atcmic Parameters x,y,z and Beq

1
E.S.Ds. refer to the last digit printed.

x y z Beq

o l 0.5964( 3) 0.4732( 3) 0.80877 (15) 4.13 (16)o 2 0.4684( 3) 0.1826( 3) 0.76861(15) 4.13(15)o 3 0.4014( 3) 0.3441 ( 3) 0.65761(15) 4.49(17)o 4 0.5344 ( 4) o.3313 ( 4) 0.98776 (16) 5.69(20)
C 1 0.6772 ( 5) 0.3885 ( 4) 0.76946(22) 3.70(21)
C 2 0.8114 ( 5) 0.4594( 5) 0.75798 (24) 4.62(25)
C 3 0.8989( 5) 0.4752( 5) 0.8215 ( 3) 5.1 ( 3)
C 4 0.9392( 5) 0.3457 ( 5) 0.85351(24) 4.2 ( 3)
C 5 o.8057 ( 4) 0.2626 ( 4) 0.86360(22) 3.32 (21)
C 6 0.7322( 5) 0.3043( 5) 0.92320(22) 3.88(23)
C 7 O.5985( 5) 0.2960( 5) 0.93166(23) 4.03(23)
C 8 0.4919( 5) 0.2445 ( 5) 0.88217 (23) 3.96(23)
C 9 0.5681( 5) 0.1846( 4) 0.82390(22) 3.54(21)
C10 0.7025( 4) 0.2555 ( 4) 0.80203(21) 3.27(21)
C11 1.0180 ( 6) 0.3742 ( 6) 0.9187 ( 3) 6.1 ( 3)
C12 1.0418 ( 5) 0.2712 ( 6) 0.8122 ( 3) 5.9 ( 3)
C13 0.7573( 5) 0.1687( 5) 0.74749(23) 4.40(24)
C14 0.6054( 5) 0.0503( 5) 0.84020 (24) 4.26(21)
C15 0.6371 ( 6) -0.0553 ( 5) 0.8559 ( 3) 5.6 ( 3)
C16 0.6802( 8) -0.1847( 5) 0.8791 ( 4) 8.6 ( 4)
C17 0.8096(11) -0.1815 ( 9) 0.9244 ( 4) 11.9 ( 6)
C18 0.9255(13) -0.1443(10) 0.8865 ( 5) 13.9 ( 7)
C19 1.0573(11) -0.1433(14) 0.9222 ( 5) 17.9 (10)
C20 0.3946( 5) 0.1475( 6) 0.9126 ( 3) 5.8 ( 3)
C21 0.6165( 6) o.3877 ( 6) 1.0388 ( 3) 7.0 ( 3)

Beq is the mean of the principal axes of the thermal ellipsoid.



Table 3. Bond Distances (A) and Angles (Degrees)

(~ O(l)-C(l) 1.450 (6) C (5}-C (10) 1.571(6)
0(2)-C(9) 1.452(5) C(6)-C(7) 1.321(7)
0(3) -C (8) 1.430 (6) C (7) -C (8) 1.509 (7)
0(4)-C(7) 1.384 (6) C(8) -C(9) 1.565(7)
0(4) -C (21) 1.409(7) C (8) -C (20) 1.534(7)
C(1)-C(2) 1.525(7) C (9) -C (10) 1.582 (6)
C(1)-C(10) 1.546 (6) C (9) -C (14) 1.474(7)
C (2) -C (3) 1.525 (7) C (10) -C (13) 1.550 (6)
C(3)-C(4) 1.537 (7) C(14)-C(15) 1.177 (8)
C(4)-C(5) 1.578(6) C(15)-C(16) 1.478 (8)
C (4) -C (11) 1.534 (7) C (16) -C (17) 1.523(13)
C (4) -C (12) 1.546(7) C(17)-C(18) 1.452 (16)
C(5) -C(6) 1. 509 (7) C (18) -C (19) 1.441(17)

C (7) -0 (4) -C (21) 117.7(4) 0(3)-C(8)-C(20) 103.7(4)
0(1)-C(1)-C(2) 106.5(4) C (7) -C (8) -C (9) 108.6(4)
0(1) -C(l) -C(10) 112.3(4) C (7) -C (8) -C (20) 112.0(4)
C(2)-C(1)-C(10) 112.3(4) C(9)-C(8)-C(20) 112.0 (4)
C (1) -C (2) -C (3) 111. 3 (4) 0(2) -C(9) -C(8) 106.2 (3)
C(2)-C(3)-C(4) 112.8(4) 0(2)-C(9)-C(10) 108.2 (3)
C(3)-C(4)-C(5) 110.0 (4) 0(2) -C (9) -C (14) 108.0(3)
C(3)-C(4)-C(11) 11'7.9(4) C(8)-C(9)-C(10) 117.4(4)
C(3)-C(4)-C(12) 11:1..1 (4) C (8) -C (9) -C (14) 108.8(4)
C(5)-C(4)-C(11) 111. 5 (4) C(10)-C(9)-C(14) 107.9(4)
C(5)-C(4)-C(12) 110.8 (4) C(1)-C(10)-C(5) 112.7(4)
C(11)-C(4)-C(12) 105.4(4) C (1) -C (10) -C (9) 115.0 (4)
C (4) -C (5) -C (6) 112.0 (4) C(1)-C(10)-C(13) 105.1(4)
C(4)-C(5)-C(10) 114.4(4) C (5) -C (10) -C (9) 107.2(3)
C(6)-C(5)-C(10) 110.8 (4) C(5)-C(10)-C(13) 112.2 (4)
C (5) -C (6) -C (7) 126.6(4) C(9)-C(10)-C(13) 104.6(4)
0(4) -C (7) -C (6) 125.3(4) C(9)-C(14)-C(15) 177.1 (5)
0(4) -C (7) -C (8) 109.3(4) C(14)-C(15)-C(16) 176.8(6)
C(6)-C(7) -C(8) 125.4(4) C(15)-C(16)-C(17) 112.7(6)
0(3) -C (8) -C (7) 111.6 (4) C(16)-C(17)-C(18) 108.5(7)
0(3) -C (8) -C (9) 108.9(4) C(17)-C(18)-C(19) 115.0(8)

(



1 Table 5-2. Calculated Hydrogen Atom Parameters

x y z Biso

H01 0.572 0.553 0.779 3.2
H02 0.400 0.259 0.778 3.2
H03 0.468 0.422 0.838 3.2
H 1 0.621 0.372 0.722 4.7
H 2A 0.870 0.405 0.723 5.5
H 2B 0.788 0.554 0.736 5.5
H 3A 0.840 0.530 0.857 5.8
H 3B 0.992 0.530 0.814 5.8
H 5 0.842 0.164 0.872 4.3
H 6 0.795 0.346 0.964 4.6
H11A 1.049 0.284 0.943 6.9
H11B 1.110 0.430 0.912 6.9
H11C 0.953 0.426 0.952 6.9
H12A 0.993 0.248 0.764 6.6
H12B 1.133 0.328 0.804 6.6
H12C 1.073 0.182 0.836 6.6
H13A 0.780 0.072 0.765 5.2
H13B 0.682 0.161 0.706 5.2
H13C 0.852 0.209 0.729 5.2
H16A 0.595 -0.230 0.906 8.9
H16B 0.696 -0.249 0.838 8.9
H17A 0.828 -0.280 0.945 10.2
H17B 0.796 -0.116 0.963 10.2
H18A 0.938 -0.217 0.847 13.9
H18B 0.903 -0.053 0.864 13.9
H19A 1.142 -0.106 0.893 15.3
H19B 1.053 -0.064 0.962 15.3
H19C 1.088 -0.227 0.946 15.3
H20A 0.457 0.066 0.934 6.4
H20B 0.340 0.190 0.952 6.4
H20C 0.322 0.108 0.877 6.4
H21A 0.558 0.412 1.081 7.6
H21B 0.701 0.322 1.056 7.6
H21C 0.667 0.476 1.022 7.6

Hydrogen positions calculated assuming C-H of 1.08A. Biso is from
Uiso (H) .. Ueq(C) + .01. Hydroxy hydrogens were located in a
difference map but not refined.
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Tab1.e 8-3. Anisotropie u(i,j) va1.ues *1.00.
E.8.0s. refer to the 1.ast digit printed

u1.1. u22 u33 u1.2 u1.3 u23

o 1. 5.20(21.) 4.05 (1.9) 6.42(21) 0.61.(1.7) 0.02(1.8) 1.05(17)
o 2 4.70 (20) 4.86(21.) 5.94 (22) 0.05(1.6) -1.. 50 (1.7) -0.89(1.7)
o 3 3.96 (19) 6.17 (23) 6.87(23) 0.60(1.8) -0.05(17) -0.10(19)
o 4 6.8 ( 3) 9.8 ( 3) 5.06(22) 0.10(23) 1.22(20) -1.70(21)
C 1 5.1 ( 3) 4.5 ( 3) 4.4 ( 3) 0.5 ( 3) 0.3 ( 3) 0.38(24)
C 2 5.2 ( 3) 5.5 ( 3) 6.9 ( 4) -0.2 ( 3) 0.9 ( 3) 1. 7 ( 3)
C 3 5.0 ( 3) 4.8 ( 3) 9.4 ( 4) -1.4 ( 3) 0.1 ( 3) 0.8 ( 3)
C 4 3.7 ( 3) 5.8 ( 3) 6.5 ( 4) -0.3 ( 3) -0.3 ( 3) 0.2 ( 3)
C 5 3.7 ( 3) 3.8 i 3) 5.1 ( 3) 0.05 (23) -0.32(24) 0.05(24)
C 6 5.0 ( 3) 5.0 ( 3) 4.7 ( 3) -0.2 ( 3) -0.8 ( 3) -0.3 ( 3)
C 7 5.1 ( 3) 5.2 ( 3) 5.0 ( 3) 0.3 ( 3) -0.2 ( 3) -0.2 ( 3)
C 8 4.2 ( 3) 5.5 ( 3) 5.3 ( 3) -0.2 ( 3) -0.2 ( 3) 0.0 ( 3)
C 9 4.2 ( 3) 3.8 ( 3) 5.3 ( 3) -0.36(24) -1.09(24) -0.03(24)
C10 4.2 ( 3) 3.4 ( 3) 4.8 ( 3) 0.32(22) -0.12 (24) 0.06(22)
C11 5.0 ( 3) 9.4 ( 5) 8.7 ( 4) -1.8 ( 3) -1.5 ( 3) 0.0 ( 4)
C1.2 3.7 ( 3) 8.8 ( 4) 10.0 ( 5) 0.9 ( 3) 1.. 0 ( 3) 0.5 ( 4)
C13 5.7 ( 3) 5.6 ( 3) 5.5 ( 3) 0.6 ( 3) 0.5 ( 3) -1.2 ( 3)
C14 5.2 ( 3) 4.1 ( J) 6.7 ( 4) -0.9 ( 3) -1.3 ( 3) 0.0 ( 3)
C15 8.2 ( 4) 4.6 ( 3) 8.4 ( 4) -1..0 ( 3) -2.5 ( 3) 0.7 ( 3)
C16 1.5.6 ( 7) 3.6 ( 3) 1.2.8 ( 6) -0.1. ( 4) -5.0 ( 6) 1. 5 ( 4)
C17 1.8.7 ( 9) 17.0 ( 9) 10.1 ( 6) 12.2 ( 8) 5.3 ( 7) 7.8 ( 6)
C18 20.3 (12) 17.6 (10) 15.2 ( 9) 10.6 ( 9) 2.7 ( 9) 6.8 ( 8)
C19 1.4.3 ( 9) 35.7 (18) 18.2 (11) 5.8 (11) 1.. 7 ( 8) 13.8 (11)
C20 5.7 ( 4) 8.6 ( 4) 7.7 ( 4) -2.2 ( 3) 1..1 ( 3) 0.8 ( 3)
C21 9.1 ( 5) 11..5 ( 5) 5.7 ( 4) 1. 4 ( 4) -0.7 ( 4) -3.1 ( 4)

Anisotropie Temperature Factors are of the form
Temp=-2*Pi*Pi*(h*h*u11*astar*astar+---+2*h*k*u12*astar*bstar+---)

~
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Tab~e 8-4. Torsion Ang~es in Degrees

e21 o 4 e 7 e 6 3.9( 3) e21 o 4 e 7 e 8 -177.0( 6)
o 1 e 1 e 2 e 3 67.0( 4) e10 e 1 e 2 e 3 -56.3 ( 3)
o 1 e 1 e10 e 5 -70.9( 3) o 1 e 1 e10 e 9 52.3 ( 3)
o 1 e 1 e10 e13 166.7 ( 5) e 2 e 1 e10 e 5 49.1( 3)
e 2 e 1 e10 e 9 172.3( 5) e 2 C 1 e10 e13 -73.3 ( 4)
e 1 e 2 e 3 e 4 60.1 ( 4) e 2 e 3 e 4 e 5 -54.4 ( 3)
e 2 e 3 e 4 e11 -176.3 ( 6) e 2 e 3 e 4 e12 68.6( 4)
e 3 e 4 e 5 e 6 -79.9( 4) C 3 e 4 e 5 e10 47.3 ( 3)
e11 e 4 e 5 e 6 39.8( 3) e11 e 4 e 5 e10 167.0 ( 5)
e12 e 4 e 5 C 6 156.9( 5) e12 e 4 e 5 e10 -75.9( 4)
e 4 e 5 e 6 . e 7 150.5( 6) e10 e 5 e 6 e 7 21.4 ( 3)
e 4 e 5 e10 e 1 -45.4( 3) e 4 e 5 e10 e 9 -172.8 ( 5)
e 4 e 5 e10 e13 72.9( 4) e "

e 5 e10 C 1 82.4( 4)
e 6 e 5 e10 C 9 -45.0( 3) e 6 e 5 e10 C13 -159.3( 5)
C 5 C 6 e 7 o 4 177.8( 6) C 5 e 6 e 7 e 8 -1.1 ( 2)
o 4 e 7 e 8 o 3 69.0 ( 4) o 4 e 7 e 8 e 9 -170.9( 6)
o 4 e 7 e 8 e20 -46.8( 3) e 6 e 7 e 8 o 3 -111.9 ( 5)
e 6 e 7 e 8 e 9 8.1 ( 3) e 6 e 7 C 8 e20 132.3( 6)
o 3 e 8 e 9 o 2 -36.9( 2) o 3 C 8 e 9 e10 84.2 ( 4)
o 3 e 8 e 9 e14 -152.9( 5) C 7 e 8 e 9 o 2 -158.6( 5)
e 7 e 8 C 9 e10 -37.5 ( 3) C 7 C 8 C 9 C14 85.4 ( 4)
e20 C 8 e 9 o 2 77.3 ( 4) e20 e 8 e 9 C10 -161.6( 5)
e20 C 8 C 9 C14 -38.8 ( 3) o 2 C 9 C10 C 1 51.1 ( 3)
o 2 C 9 C10 e 5 177.2( 5) o 2 C 9 C10 e13 -63.5( 3)
C 8 C 9 e10 C 1 -68.9( 3) C 8 e 9 e10 e 5 57.2( 3)
e 8 C 9 e10 C13 176.5 ( 5) C14 C 9 C10 e 1 167.8 ( 5)
e14 e 9 e10 C 5 -66.2( 4) e14 e 9 C10 C13 53.1( 3)
o 2 C 9 C14 C15 -158.6( 6) e 8 e 9 C14 C15 -4.3.8 ( 4)
C10 e 9 e14 C15 84.6( 5) C 9 C14 C15 C16 -6.9( 3)
C14 C15 e16 C17 -30.1 ( 5) C15 C16 C17 C18 -68.4 ( 7)
C16 C17 C18 C19 -177.0( 12)
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