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SILICON-DIRECTED NAZAROV CYCLIZATIONS VII
LINEARLY-FUSED TRICYCLICS

SCOTT E. DENMARK®! AND RUSSELL C. KLIX
Roger Adams Laboratory, Department of Chemistry, University of lthinois, Urbana, HHinois 61801, USA
{Recewed in UK 10 Januory 1988)

Aburact: A new modification of the uhcon-directcd Nazarov cychization 1s descrihed which mvolves the cychration of
diviny! ketoncs incorporating an allylsidane as the control unit The cychizanons are extremely {acile with FeCly or

BF3 08 as the Lewis acid Four permutations of five- and six-membered ning subsirates have heen examined. In atl cases

the reactions are regio- and stercoseloctive. In the 6-5-6 (68a) and 3.5-6 (6ba) sysiems the major product has the trant-ans
configuration  The ability 1o incorporale 3 methy! substitoent on the double bond and i the ning has boen akiressed,

INTRODUCTION

Previous reports from these Inboratories have established the sihicon-dirccted Nazarov cyclization (SDNC) as amild

and generad method for the annelanon and construction of cyclopenienones (Scheme 1).2 The halimark of the SDNC is the
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exclusive formation of the thermodynamically less stable cyclopentenone isomer as predicted by the silicon-ithrected collapse
of the intermediate cyclopentenyl cation iii. The controlled placement of the double bond away from the ring fusion allows
the pericyclic nature of the reaction to be stereochemically expressed. We have extensively examined the consequences of the
two different, allowed conrotations with regard 10 relutive asymmetnic induction with chiral substrates as a funcion of ning
stze (5. 6, 7 and 8), ring substituent position and size and stlicon group size.’¢.24.2¢ In addition, recent studies have
demonstrated a wide functional group compatibility (olefins, cthers, esters, carbumates) for the reaction.2d Further, from the
effects of double bond substituents on rate, these stidies have provided strong support for the mechanism involving a rate
determining electrocychization of cation ii to cation iii.

Continuing our investigations on the structural versatility of the SDNC we envisioned a new variant which would

provide access 10 linear tricyclic compounds, Scheme 2. The classical Nazarov cyclization3 has been only sparsely employed
4043
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in the construction of these ring systems, The earliest reports, due to Braude?, describe the production of 6-5-6 (vii R=H,
m=n=1), 7-5-7 (vil R=H, m=n=2) and aromatic versions of these systems.5 In more recent times, Eaton® and Mehta” have
reported cyclizations leading to tri- and tetraquinanes via this route. In all of these examples the double bond takes up the
{thermodynamically most stable) ring fusion position {—vil), most likely due 1o the severe reaction conditions
{polyphosphoric acid/100°C). This, of cousse, cannot occur when the ring fusions are substituted as in the Harding®
synthesis of trichodiene which is the only case of 8 6-5-5 (viil R=Me, m=1, =0} system construcied in this fashion. Despite
the limited synthetic wility, it is this type of cyclization which is the most highly quoted example of the Nazarov cyclization,
In their landmark treatise on the theory of elecrocyelic reactions Woodward and Hoffmann cited the only experimental
verification of the complementary rotatory pathways for electrocyclization of pentadieny! cations under thermal and

photochemical conditions?, Scheme 3. This was made possible by careful adjustment of the reaction conditions 1o allow
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formation of the required “exo-ketones™ viil. The purpose of our present study was to apply the concept of silicon-dirscied

collapse of cations to allylsilane systems of the type 1, Scheme 4. Al hough no Jonger direcily located on the divinyl ketone
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moiety, the silicon unit is perfectly disposed to direct the fate of the cyclopentenyl cation, x, afier the key closure of ix. From
our previous work and the well-known cation stabilizing effect of the silicon (B-effect)!® we could o priori predict that these
reactions should proceed much faster than the vinylsilane SDNC's (see Discussion). Furthermore, we hoped to gain
stereocontrolled access o a number of icyclic systemns (by selective, kinetic protonation of xi)i! especially the triquinanes

which have been recently the subject of intense synthetic activity, 12
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RESULTS

A. Preparation of B-Silyl Diviny! Ketones
To maximize efTiciency in the preparation of substrates with different ring sizes and substitution patierns we employed

the route shown in Scheme 5. This disconnection required the preparation of the two allylsilanes 2a and 2b. For these
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simple allylsilanes the method of Smith!3 proved most effective, Scheme 6. Although initially rroublesome, we found that
the generation of the Me3SiCu reagent could be made reproducible if the Me3SiLi precursor was formed by cooling the
HMPA/Me¢Si7 solution from 8°C to -20°C as the MeLi was being added. Using this procedure 2a could be obtained from
2,3-dibromocyclohexene!42 in one step. The next lower homolog 2b was obrained in similar fashion from the in-situ-

prepared mesylate of 2-bromo-2-cyclopentenol, 1tsell prepared by Luche reduction!S of the known bromo ketone!4b. The

Scheme 6
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requisite aldehydes 3a-d were obtained using literature procedures.

The two components were coupled via the vinyllithium reagents obtained from 2a and 2b. Following the general
procedure described by Seebach!6 the Br/Li exchange with -BuLi required ca. 1.5 h at -78°C. Addition 1o the aldehydes
proceeded cleanly at -78°C to give the divinyl alcohols 5. Oxidation of § with BaMnOg4 afforded the target ketones 1 with no

detectable by-products, Scheme 7. The yields for these transformation are collected in Table 1.
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B. Cyclization of B-Silyl Divinyl Ketones

All of the five substrates underwent facile Nazarov cyclization with complete regiocontrol expressed by the
trimethy!silyl unit. The reactions proceeded very rmpidly as expected even for the five-membered ring substrates. For each

divinyl ketone 1 we assigned the full stereostructure of the major products, identified all isolable reaction by-products and
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investigated the effects of reaction conditions (Lewis acid, concentration, addition order). The resulis of these experiments

will be described for each individual cyclization.

B.1. COyclization of laa

The viability of the J-silicon-directed Nazarov cyclization was demonstrated with 1na which would give 8 6-3-6 ring

Table 1. Yields for alcohols 5 and ketones 1.2

m n 7l rl carbinol yield, % ketone yield, %
i 1 H H Saa 70 ina 71
1 0 H H Sab 72 isb 88
Y i H H Sba 77 tha 70
0 0 H H 5bb 78 ibb 80
0 0 CHa H Sbe &z ibe 80
0 0 H CHa 5bd 75 1bd 78

2 Yiekds of products after chromatogeaphy and distiliation.

system. An initinl survey of reaction conditions, which included the protocol previously established in our iaboratories,

revealed that the reaction was proceeding with FeCly in CHClz very rapidly even at -30°Ct Subsequent studies (vide infra)

established the optimal conditions to involve an inverse addition of the substrate 1aa 10 a slurry of FeCly in CHaCly at -30°C,

Capillary GC analysis of the crude reaction mizture showed the presence of five components: A-E {increasing elution time)
of which the major, A, was always present in >80%. This component could be efficiently isolated (79%) by distillation and
recrystatlization. Chromatography led to significant losses. Spectroscopic and elemental analysis of this product clearly

identified it as the expecied tricyclic compound 6an {Scheme 8). While we could assume that the two six-membered rings

Scheme 8
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were anté related on mechanistic grounds {vide infra) the ring fusion configuration could not be assigned. An exhaustive
Herntre search failed 1o provide any mention of the configurational assignment for this ving sysiem despite its historical
importance in the theory of electrocyclic reactions. The ultimate assignment of configuration rests on an X-ray structure
determination of the thiosemicarbazone of the ramt-anef isomer (13! of Saa {mp 175-177°C) as reported in the Ph. D thesis
of Dr. Roland E. Lehr,%0 The minor isomer, also seen in reaction mixiures, was identified as civ-anti 6ag {{c.a)-6a8) by
epimerization of the rrans ketone.

To assure that no epimerization occured during derivarization we prepared the thiosemicarbazones of both isomers,
Thus ketone A was subjected to a base-cotalyzed epimerization (NaOMe o KOrBu) to afford 2 stable §9:31 raixture of A and
B thereby establishing their isomeric relntionship (Scheme 8). B was isolated from the mixiure and each ketone was

derivatized, The melting poinis of the derivatives were suf! ficlemtly distingt 10 assure the assignment of A as {r.a)-6an
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Table 2. Selected Spectroscopic Data for 6.2

_Rem!  THNMRS _ I3CNMR.EP
compound m =n R! R? veo vee H-C(1) C(y C@2) C3) CH@ B 6
(1.a)-6a3 1 1 H H 1713 1653 6.67 131.5 141.0 204.7 549 424 481
(c.a)-60a 1 1 H H 1719 1649 6.71 133.4 141.0 207.7 484 370 40.2
(c.a)-6ab 1 0 H H 1713 1651 6.50 131.6 142.7 209.6 S2.8 427 46.5
(1.0)-6ba 0 1 H H 1717 1630 6.48 133.7 149.9 201.9 61.1 S0.8 523
(c.a)-6bh 0 0 H H 1711 1634 6.41 133.5 151.2 2053 587 41.7 S3.0
(c.a)-6bc 0 0 CHy H 1711 1634 6.39 133.6 1499 2049 668 480 S48
{c.a)-6bd¢ 0 0 H CH3 1711 1634 648-640 1334 151.3 205.6 SRS 557 S33

133.1 151.0 205.0 57.7 S3.8 47.0

8 Arbitrary numbcring foe all cyclization products as given in the went structure. ® Assignments axled by multiphaities from APT spectra.
€ Mixture of two C(5)-methy) cpumers.

(thiosemicarbazone mp 169°C)!8 and B as (c.a)-68a (thiosemicarbazone mp 199.5°C). Comparison of the relevant
spectroscopic data for the cyclization products is collected in Table 2.

The large kinetic preference for the trans-aati over the cis-anti isomer was surprising in light of the usual cis ring
fusion preference we have observed in SDNC products.2 This does not arise from a strong thermodynamic preference in the
products as shown by the equilibrium energy difference of 0.47 Kcal/mol at 25°C which translates to a 74:26 ratio ar -S0°C.
Molecular mechanics calculations (MM2) nicely corroborated this number with the following strain energies (Kcal/mol): (1.a)-
Gan, 14.54 ; (c,a)-6aa, 14.90 (AE= 0.36).

The remaining theee products from the cyclization, C-E, were tentitavely assigned by GC-mass spectrometry, Table 3.

Component C formed in 2-9% is an unidentified isomer of 6aa possidly the “endo ketone™, vii, (ring fusion double bond)

. : t - 3

il H il };1 H 0 Q 1

H i ¥

H H H H H H H H H

component A B C

(t,a)-6aa (c.a)6aa 7 8 9

IRMiIn 10.14 10.45 10.61 11.58 12,13
% 89.0 6.7 2.7 0.9 0.6
M+ 190 190 190 188 244

observed by Lehr™ as a major product. The next component D found in 1-4% is a dehydro-6aa which probably arises from

component E. or 2 common precursor. The molecular ion and isotope rtio for E leave little doubt that this material contains
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chiorine. These kinds of oxidized by-products are not unexpected from reactions involving iron{lIl) enolates.'® Qur next
studies addressed how 1o suppress their formation,

Two experimental variahles were examined to optimize the reaction. In the first series of experiments the order of
addtion of the FeCly was changed from normal (FeCls added to the ketone solution) to inverse (ketone added 1o a suspenison
of FeCl). The results in Table 4 show that the the inverse addiion led to a faster reaction (-50°C, 1min) and a smaller sum

total of by-products, especially the sterevisomers. The amount of oxidized by-products was found to be sensitive 1o the

Table 4. Optimization experiments with laa and 1ab.2

addition order® neenfration, M

products normalé inversed 0.08 0.02 0.0004
A 82.8 84.7 83.6 89.6 83.9
B 3.0 2.9 3.0 3.4 2.0
C 8.5 2.8 3.8 3.3 8.0
D 1.0 3.6 4.4 1.4 3.6
E 1.3 5.7 52 1.9 1.6
6ab 88.8 95.0 95.0 97.9 92.6
F 8.2 2.6 2.6 0.9 2.0

2 All reactions run in CHaCly with 1,035 equiv of FeCly, Data are absoluic % of volutiles by GC annlysis, b e text for

explonation. & Reaction run at 0.08M a1 -30°C. & Reaction run o8 0,08 M a1 -30°C, ¢ All resctions run with inverse sddition,
concentration of the reaction as shown in Table 4. Using the inverse addtion protoco! the preferred concentration was found
1o be 0.02M At this concentration the reaction was still rapid a1 -50°C. At lower concentration the reaction had to be run at

0°C which led 10 a larger proportion of C.

B.2. Cyclization of 1ak

Nazarov cyclization of ketone 1ab under the preferred reaction conditions described above was particularly
noteworthy. The reaction proceeded st -50°C 1o give (c,a}-6ab as the major product (88% yield) along with a race of a
chlorinated by-product F (Scheme 9).  No other stereoisomers could be detected. The assignment of structure for 6ab
derived readily from the spectroscopic data (Table 2). However, the assignment of configuration rested solely on the

Scheme §
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mechanistic imperative of conrotation and the large energy difference between ¢is- and sraas-fused five-membered rings. 20
The structure of the by-product F was suggested by capillary GC-MS analysis which displays a molecular ion at m/z=210.

In optimization experiments {Table 4) this reaction was found 1o be sensitive 1o the order of addition of reagenis but
not 1o concentration. In the normal addition mode as much as 8% of F was formed. This could be nearly completely

suppressed by inverse addition at any concentration.
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B.3. Cyclization of 1ba

In contrast to the results with 1ab, we were unable 10 obtain high yields of cyclization products from Iha. The
reactions proceeded rapidly at -20°C and GC analysis of the crude reaction mixtures (under optimal conditions) showed only
the expected product 6ba, along with a stereoisomer (vide infra) and a trace amount of a chlorinated by-product (21, Scheme

10. Isolation of the products, however, proved problematic as higher molecular weight matenals (probably dimers)

Scheme 10
-20°C, 45min
ba { a) 6ba (c. a) sba
Kinehc 966 34
themodynamic B84.2 158

appeared. The production of dimers was also capricious during the reaction. Optimization studies, Table 5, showed that the
formation of these by-products was sensitive to both concentration and temperature (entries 1-4). The dimeric products were
not derived from oxidative processes as they were also observed in reactions with BFy OEr;. With this, non-oxidizing, Lewis
acid the formation of G was suppressed but even at (.004M the dimers were formed. Furthermore, 6ba was recovered
unchanged from treatment with FeCly under the reaction conditions.

The stercostructure of the major product was assigned as for 6aa by comparison of thermodynamic stabilities of the

cis and trans isomers . Attempied epimerization of 6ba with NaOMe or KOrBu led 1o facile conjugate addition of the base or

Table 5. Optimization experiments with Iba 8

entry Lewis acid conc., M temp, °C (t.a)-6ba  (c.a)-6ba G dimers®  yicldt %
1 FeClzy 0.08 -20 298 1.3 1.9 40
2 FeCl3 0.02 -20-0 86.5 2.4 6.5 race 36
¢ FeCly 0.004 -50—0 738 31 10.4 rce
4 FeCly 0.04 0 65.8 23 4.2 25 2R
5¢ BF3-OEr; 0.08 -10 35.1 1.9 0 45 9
& BF3OEr, 0.004 h 69.1 1.1 0 25 35

* Reactions run in CHCE2 with 105 equrv. of Lewss acid. © Sum of all pouks 1R >19 min. € Yaeld of 6bs aficr chromatography.

9 Reverse addition. ¢ Norma! addition.

self-condensation, A clean epimenzation could be effected with DBU in iPrOH (Scheme 10) to give an equilibrium ratio of
81.9:18.1 (AG= 0.90) still favoring the major component. Molecular mechanics calculations gave the following strain
energies (Kcal/mol): (r.a)-6ba, 22.22; (c.a)-6ba22, 23.05 (AE=0.83), thus allowing the assignment of the trans-anti
configuration for the major isomer.

The difficulties observed in the epimerizations provided a clue 10 explain the poor yields of tricyclic products. The

simultaneous capacity for facile conjugate addition and facile enolization combine 1o deplete the desired product. We have
observed this behavior previously in the SDNC of acyclic divinyl ketones2s, Interestingly, the problem is not encountered

with 6aa or 6ab because they are not as reactive Michael acceptors. Tt shoud be mentioned that 6ha is stable fordaysatr. t.

in the pure siate,
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B.A4. Cyclization of 156

Three different substrates were examined which produce a linear array of five-membered rings. These subsirates are
obviously of interest in the synthesis of linear triquinane natural products. While the reactions could be run with either FeCly
or BF3-0OE optimization was done only with the unsubstimited case 1bb. This substrate reacted 1o give a single tricyclic
product 6bb which was assigned the cis-anii configuration as described for 8ab, Scheme 11, As in the cyclization of 1ba

Scheme 11
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the major problem was the elimination of high molecular weight dimers which were formed at higher reaction concentration.
The resulis of optimization experiments in Table 6 show that in this case the higher reaction temperature required for
BF3-0OEtz did not lead 10 higher precentages of dimeric products. Since oxidized by-products were completely absent,
BFy0OEr1; became the reagent of choice for this and the remaining substrates Ibe and 1bd. These cases were expected to

cyclize slower than 1bb and therefore the higher reaction temperstures preclude the use of FeCls,

B.3. Cyclization of Ibe and 1bd
Having demonstrated the ability to construct linear triquinanes under mild condition and in high yield, we then

sought 1o examine substrates which embodied structural features contained in various wiquinane natural products. Two

Table 6. Optimization experiments with 1bb.?

products, GC. %
entry Lewis acid conc., M temp, °C {c,a)-6bb H dimersb yield S %
1 FeCls 0.08 -20 57.9 10.4 29.7
x FeCly 0.02 0 816 6.6 10.2
3 FeCly 0.004 220 7.9 1 6.7 73
4e BF3OEn 0.08 0 70.5 0 21.0
5 BF3-0Er, 0.004 0 96.5 0 3.5
& BFOEn 0.004 10 8.6 0 8.4 77

8 All resctions run in CHaCly with 1.05 equiv, of Lewis acid. © Sum of all peaks ip >19 min. © Yield of 6bb afier chromatography and
distitlation, 9 Reverse addition. © Normal addition,

common and very imponant features are angular methy! groups and ring substituents.

To incorporate an angular methyl group in the product we must be able to induce cyclization with a substrate bearing a
methyl group on the C(f) atom. The presence of that methyl group in The was expected 1o slow the cyclization® and indeed
with BFy0E1 the reaction took ca. 3 h (0.004M). Nonetheless, GC analysis of the reaction mixwre showed only one product
which was isolated in 78% yield, Table 7. The complete absence of dimers in this reaction may arise from the increased
hindrance around the nucleophilic C-atom. Comparison of the spectroscopic data for {c.a)-6bc and (c,a)-6bb confirm the

assignment of structure.

‘The presence of substituents in the peripheral rings introduces the problem of diastereoface selectivity (relative
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asymmetric induction). Previous studies in our laboratories have shown that the level of selectivity is Jow in the SDNC's

with five-membered rings2¢ bearing only a methyl group next 10 the reacting center. To investigate whether this carries over 1o

Me,Si o] O
BF,-0Ft, / CH,Cl,

v ————————————

R

n?
Table 7. Cyclization of Ibb, 1bc and 1bd.2

substrate R! R? temp, °C time, h product yicldt %
ibb H H 10 0.25 (c.a)-6bb 7
Ibe CHj H 20 3.8 {¢.a)-6bc 7R
Ihd 1" Cily 10 1.0 (c.a)-6bd 83

3 Al reactions were donc 1n CH2C1) with 1.03 equiv of BF3-OF o 0.02M by normat akiition. D Yicld alter
chromalography and distillation. € Formed as a $3:47 mixture of methyl epimers.

the construction of iriquinanes, the substrate 1bd was examined. Under the preferred conditions (BF3-0E19/0.004M)
cyclization occured cleanly to give 6bd in 83% yield as a 53:47 mixture of two isomers, Table 7. That these were the two
methyl epimers of (c.a)-6bd was easily seen in the similarity of the 13C chemical shifs for the carbonyl Cla) atoms and the
dramatic difference in the chemical shifts of the methyl groups (Table 2). Thus, as before the methy! group was ineffective in

controlling the sense of conrotation leading to the two diastereoisomers.

DISCUSSION

Certainly the most striking aspect of this variant of the SDNC is the dramatic rate enhancement. Tn the original
vinylsilane vaniant, the silicon was found to weakly decelerate the reaction while completely directing the placement of the
double bond.22 This is due to the fact that the hyperconjugative stabilization of the developing positive charge in cation iii is
greatest when the silyl group is parallel with the x-system!0, a situation which obtains only late on the reaction coordinate,
In the examples described above, the tocation of the silyl moiety on an sp3-carbon atom adjacent to the dienyl system allowed
for continuous hyperconjugative overlap with attendant stabilization of the developing charge in cation x (Scheme 12). Not
surprisingly, in these cascs as well, the placement of the double bond was exclusively controlled by the departure of the
silicon electrofuge. Itis interesting 1o note that the substrates 1, being chiral, can undergo two distinct conrotatory closures,

The two pathways are diasteromeric and result in 1wo different orientations of the syl moiety with respect to the x-system in

Scheme 12
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cation ¥ (Scherne 12), Since the silyl-bearing stereogenic center is destroyed, the products are enantiomeric. Thus an
optically active sample of 1 is required 10 evaluate the extent of relative 1,3-asymmetric induction. While other factors are a8
play, the stereoslectronic preference for antl substittion in sllylsilanes will cerainly conpibute, 23

The second interesting feature of the cyclizations is the high kinetic selectivity observed in the protonation of the
cross-conjugated metal dienolates xi (Scheme 13} In simple exocyclic enolates and enols steric approach control is usually
cited to explain the predominantly equatorial protonation.! 1248 Careful examination of molecular models fatled 1o provide a

Scheme 13

axial attack {ta)-6aa
xi
K aMO b‘
sQuatorial BRACK wasmmsevm——yn. {c.a)- 6aa

clear bias for steric approach control in this reaction. The relatively rigid dienolate allows for a clear distinction between §-
face {axial) and u-face {equatorial) approach, though n exocyclic enolates the stereoclectronic requirement Is met by both
routes.#® The high selectivity can be explained by comparison of the MM? swain energies of the immediate products of
protonation. Autack from the B-face produces the observed major isomer rrans.anti-$ag (E=14.54 Kealfmol), Amack from
the @-face, however, leads to the fess srable conformer of the minor isomer cis,ani-6ag (E=19.03 Keal/mol} in which the
carbony! group is axial to the sawrated ring. The ring-flipped conformer of ¢is,anii-6ag (E=14.90 Kcal/mol) is considerably
more stable but cannot be directly accessed from xi.

In conclusion, & new vartant of the SDNC which creates linear wricyelic sysiems has been documented, The reaction
has been shown to possess pood structural generality and proceeds with excellent degrees of regio- and stereocontrol, The
preparation of Ian in optically active form and the application of this methodology to the synthesis of complex linear

riquinanes is currently under investigation,

Experimental Part

General Data, - 1H-NMR and 13C.NMR spectra were recorded on 8 Ceneral Electric QE-300 (300 MHz 1H, 75.5
MHz 130) in devterochioroform with teramethylsilane or chloroform (8=7.26 ppm) as internal standard. Chemical shifis
are given in ppm(3) relative to TMS; multiplicities are indicated by s (singlet), 4 (doublet}, : (wiplet), 2 {quadruplet), m
{multiplet), or br. (broadened). Coupling constanss, J, are reported in Hz, Infrared spectra were obtained on an JBM
Instruments fnc. FRI32 FT-IR spectrometer. Peaks are reported in e ! with the following relative intensities: s (song,
§7-100%), m {medium, 66-34%), w {weak, 33-0%). Mass specira were recorded on 2 Vorian MAT OFH-3 Specirometer
with ionization voltages of 10 and 70 eV, Data are reported in the form m/z (intensity relative 1o base = (00}, Elemental
analyses were performed by the University of Hlinels Microanalyiical Services Laboratory,

Melting poinis (m.p.} were obtained on a Thomas Hoover capillary melting point apparatus and are corrected. Rulbe
1o-bulb distillations were performed using a Bucki GX&-50 Kugelrobr, with boiling points {bn.p.} referring 1o air bath
temperatures which are uncorrecied. Analytical gas chromatography was performed on a Varian 3700 Gas Chromatograph
fitted with o flame jonization detector and programmable temperature control, Columms: packed, 3% Silicone OV-17 on &0-

80 Chromosorb Q {6 ft by 178 in.); capiliary, 5% silicone OV-17, 50 m, Retention times (R and intergrals were obinined
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from & Hewlett Packard 3390A recorder. Cuprous iodide was purified by the method of Sum and Wieler25. All reactions
were performed in oven-dried (125°C) or flame dried apparatus under N2 or Ar.

Starting Materials. - The following compounds were prepared by literature procedures: 2,3
dibromocyclohexene 143, 2.bromo-2-cyclopentenone 14D, 1.cyclohexenecarbaldehyde (3a) 26, 1cyclopentenccarbaldehyde
(30)27, 2-methylcyclopentene- 1 carboxaldehyde (3¢)28, 3-methylcyclopentene- 1-carboxaldehyde (3d)29.

Preparation of 2-Bromo-3-trimethylsilylcyclohexene (28). To 3 solution of hexamethyldisilane (18.30 g, 125 mmol)
in HMPA (100 m!) at 8°C under argon was added methyllithium (96.2 ml of a 1.3 M soln. in Et70, 125 mmol) dropwise as
the reaction mixture was chilled 10 -20°C. After being stirred for 3 min, the resulting red soln, was treated mpidly with
copper (T) iodide (23.80 g, 125 mmol) in dimethy! sulfide (50 mi), which caused the reaction mixture o rise rapidly in
emperature. The resulting black soln. was cooled to -20°C and stirved for 3 min, and 2,3-dibromocyclohexene (12.0 g, 50
mmol) was added rapidly via syringe. The reaction mixture was warmed to r.t. and stirred 1 h. It was then poured into 500
mi of pentane and 500 mi of sat. NH4C1 soln. (bufTered to pH 8 by addition of NH4OH), and the mixture was vigorously
stirred for 3 h. The aqueous phase was extracied with two S00-mi portions of pentane, and the combined organic extracts
were washed with 1190 and dried over magnesium sulfute, filtered, and concentrated. The crude product was
chromatographed (hexane) and distilled. Yiekd 6.65 g (57%). B.p.: 82-83°C/7 Torr. Rp=0.51(hexane). GC: R = 3.95
min, COV-17; program: 1300C (3 min.), 200C/min, 2400C. IR {neat): 2944s, 2859m, 1636w, 1451w, 1408w, 1329w,

1296w, 1273w, 1248w, 1192w, 1115w, 1078w, 1055m, 1030m, 986m, 939m, 918m, 835s, 797m, 766m, 745m, 731 m,
689m, 652m, 613s. LH-NMR (300 MHz): 5.92 (i, J=4.5, 3.5, 1 Hz, 1H); 2.20-1.96 (m, 3H); 1.94-1.84 (m, 1H); 1.80-
170 (m, 1H); 1.68-1.53 (m, 2H), 13C-NMR (75.5 MH2): 126.1, 125.4, 35.3,35.3, 35.2, 27.3,20.6, - 1.0. MS (70
eV): 234 (M+1, 4), 232 (M-1, 4), 80 (20), 79 (65), 74 {9}, 73 (100), 45 (10). Anal. calc. for CoH17BrSi (233.22): C
46.35, H 7.35, Br 34.26; found: C 46.52, H 7.46, Br 34.13

Preparation of 2-Bromo-3-trimethylsilylcyclopentene (2b). 2-Bromo-2-cyclopenten-1-one (14.19 g, 90 mmol) was
dissolved in 225 ml of CH3OH. After the addition of CeCly:7H30 (33.52 g, 90 mmol), NaBH4 (3.33 g, 90 mmol) was
sdded slowly over 30 min. After an additional 5 min the ketone was consumed and the reaction was neutralized with I N
HQL. The reaction mixture was diluted with H2O ( 1 1) and extracted with EtyO (3 x 500 ml). The combined extracts were
washed with H20 (500 ml), brine (500 m), dried (MgSQ4q), filiered, concentrated and distilled to give 2-bromo-2-
cyclopenien-1-ol, 4. Yield 10.80 g (73%). B.p. 100°C/4 Torr.

To & soln. of 4 in 61 ml of THF at -78°C under argon was added methyllithium (29.3 ml of 2 1.3 M soln. in Ety0,
33.7 mmol). The reaction mixture was stirred for S min, and methanesulfonyl chloride (3.86 g. 33.7 mmol) was sdded via
syringe. The reaction mixture was stirred 40 min at -78°C, and then transferred via syringe to a stirred soln. of
mimethylsilylcopper. The soln. of rimethylsilylcopper was prepared as follows: To a soln. of hexamethylidisilane (11.24 g,
76.75 mmol) in HMPA (61 ml) at 8°C under argon was added methyllithium (66.7 mi of a 1.3 M soln. in E130, 76.75
mmol) dropwise as the reaction mixture was chilled between -30°C to -40°C. After being stirred for 3 min, the resulting red
solution was treated rapidly with copper (1) iodide (14.61 g, 76.75 mmol) in dimethy! sulfide (30 m}), which caused the
reaction mixture to rise rapidly in temperature. The resulting black soln. was cooled (0 -20°C and stirred for 3 min. Et20
(175 mi) was added and the reaction mixrure was cooled 1o -60°C and stirred for S min. The reaction mixture was stirred for
1'h at-60°C 10 -50°C. It was then partitioned between 250 m! of petroleum ether and 250 mi of sat. NH4Cl soln. bulfered
to pH 8 by addition of NH4OH. The aq. phase was extracted with two 250-mi portions of pentane, and the combined org.

extracts were washed with HyO, brine, and dried over magnesium sulfate, filtered, and concentrated. The crude product 2b
was chromatographed (hexane) and distilled. Yield 3.24 g (48%). B.p. 90°C/11 Torr. Rp=0.55 (hexane). GC: R=5.13
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min., COV-17; program: 100°C (3 min), 20°C min, 2600C. IR (near): 2933s, 2849m, 1607w, 1250s, 1181w, 1117w,
1040m, 949w, 8655, 8375, 787m, 752w, 693m. 1H-NMR (300 MHz): 5.72 (br. 5, TH) 2.38-2.07 (m, 4H), 1.99-1.87
{m, THY, 0.00 (s, 9H). 13C-NMR (75.5 MHz: 1282, 1237, 40,1, 32.1, 269, -2,3.M8 (70 6V): 219 (M1, 24), 217
€213, 153 (24}, 139 (59), 137 (57), 7S (21), 74 (15), 73 (100), 63 {(12), 45 (21), 43 (17), 32 (14). Anal. cale. for
CgHisBe5i (219.20): C 43834, H 6.90, Br 36.45; found: T 44,11, H 6.97, Br 3663,

Preparation of Divinyl Aleohols 5, from Enals. General procedure. - A soln, of the appropriate vinyl
bromide 28 or 2b (1.0 equiv) in dry THF (10 mUmmol enal) in & 3-necked Sask fisted with argon inley, septum and
thermometer wss cooled to -78°C, »-Buiyllithium (2.0 equiv) in peniane was added dropwise at -78%C until the vinyl
bromide was consumed a5 indicated by GC analysis. A soln, of the approprinte enal 2 (1.0 equiv) in dry THF {1 mlmemol
enal) was sdded dropwise, as the temperature was mainiained near -78°C, After complete addition, the reaction mixiure was
stirred for 1.3 b 8t -78°0, The flask was warmed 10 0°C and the reaction was quenched with 4% NH4C (10 mifmmol
enal). The mixture was extracted with B0 (3 2 10 mifmmeol ensl), and the combined extracts were washed with equal
volumes of H30 and brine, The BipQ exwract was dried (MgS04) and concentrated to afford 1 crade product which was
purified by chromatography (hexane/EtGAc 19:1) on silicr gel and distiliation,

{1-Cyclohexenyl }6-trimethylsilyl-I-cyclobexenylimethanol (5a0).Yield 70%. B.p. 125°C a1 0.05 Torr. Re=0.21
and 0.32 (hexene/ErDAc 1%:1). GO = 1115 and 11.27 min, COV-17; progras: 110°C (3 min), 20°Cimis, 260°C. 1R
{neat): 3376m, 2928s. 2857¢, 144Tm, 1437m, 1406w, 1330w, 1289m, 1248s, 1194w, 1171 w, 1138m, 1113w, 1086w,
1061w, 1086w, 1030 m, 1011 m, 970 w, 924 m, 833 5, 768 m, 750 m, 714 m, 685 m. 1H-NMR (300 MHz): 5.77-5.63
{m, L.EZHY, 3.30 (br. &, /=30 Hg, 0.18H); 4.31 (br. 5, 065H); 4.29 (br. 5, 0.35H); 2.14-1L.88 {m, 5H), 1.88-1.68 {m,
3H); 1.68-1.34 (m, BH); 0.05 (s, 3.15H); 0.04 (s, S.85H). I3C-NMR (75.5 MHz): 141.2, 140.4, 138.7, 138.2, 125.8,
1223, 1215, 11635, 7R.8, 78.6, 26,4, 262, 25.8, 2577, 35,3, 25.2, 24.8, 24.3, 23.0, 227, 22.5, 21.2, 211, -0.42,
MS (F0eVy 174 (43), 173 (29, 139 (10), 146 (61}, 145 (69), 133 (17), 132463, 131 (100), 119 (105, V1B (34), 117
{32, 108 (20), 93 {10), 92 (11), 91 (43), 81 (203, 79 (33), 77 (17}, 75 (48), 73 (97), 67 (20), §9 (12), 55 (13), 53 (1),
43 (35), 43 (17), 41 (28). Ansl cale, for CigH280381 (264.48): C72.66, H 10.67: found: C72.36 M 1046,

{1 -Cyclopemyl){G-rimesheylsilyl-1-cyclohexen-yl jmethanoi (5ab). Yield 72%. B.p. 115°C/0.05 Tor. Bp=0.20 and
0.27 (hexans/BrOAc 181}, GC: m = 1043 and 10.53 min, COV-17; progmmy: 110PC {3 min) 20°CYmin., 260°C, 1R
(neaty: 3378w, 28425, 284%s, 1453w, 1203w, 1248s, 1119w, 1134w, 1113w, 1086w, 1040w, 1030m, 1005w, 940w,
924w, 8353, 766w, 750w, 723w, 685m. TH-NMR (300 MHz): 5.72 (m, 0.63H); 5.67 (m, 0.37); 5.61 (m, 0.63H), 5.50
{m, 0.37H), 4.60 (br. s, .63H), 4.52 (br, 5, 0,3TH); 2.44-1.98 (m, 6HY 198173 (o, 4H); 1L73-1.38 (m, 4H); 006 (5,
oHy 130 NMR (75.5 MHz): 1455, 1456, 1411, 1410, 127.8, 125.2, 1223, 117.0, 75,7, 73,1, 33.3, 323, 322,
304, 269,260,257, 253, 24.8, 24.4, 23,6, 23.2, 21.2, 211, -0.45, MS (70 eV} 160 (351, 159 (25), 158 (20), 145
(12), 132 (61}, 131 (89), 128 (303, 119.(15), 118 (18), 117 (81), 104 (17), 01 (403, 79 (19, 77 €13}, 75 (38), 73 (1000,
67 (223, 59 (11), 43 (30), 43 (10), 41 (18)." Anal, cale. for C15H5081 (250.48): ©71.94, H 10.48; found: C 7236, H
10.61.

{1-Cyclokexenyti( S-tsrimethylsilvl-{ -cyclopenten-ylimethano! (5ba). Yield 77%. B.p. 125°CO.07 Torr. Rr={L16
and .22 (hexane/E1OAC S0}, GOt iy = 8.69 and 8.84 min, COV-17; progran: 140°C (3 min) 20°C min, 280°C. IR
{nest): 3364m, 3054w, 2930s, 2857m, 1437w, 1248s, 1016w, 953w, 8353, 752w, 733w, 693w. [H-NMR (300 MHz):
373 (m, G.3TH); 3.68 (m, 0.63H); 5.61 (m, 0.63H); 5.41 (br. 5, 0.37H); 4.52 (b, 5, 0.63H): 4,48 (br. 5, 0.37H); 2.40-
2.20 (m, ZH); 2.20-1.78 (m, THY, 1.78-1.43 (m, 5H); 0.04 (s, 3.33H); 0.02 (s, 5.67H). 13C-NMR (75.5 MHz): 148.0,
147.8, 138.8, 138.3, 125.7, 125.0, 122.1, 1211, 76.5, 75.5, 34,0, 344, 32.1, 32,0, 27.9, 27.5, 25.5, 25.2, 24.9,
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23.0,22.7. 22.6, 22.5, -1.7, -1.6. MS (70 eV): 250 (m*, 0.5), 160 (53), 159 (34), 158 (14), 145 (23), 132 (40), 131
(96), 119 (21), 118 (49), 117 (79), 105 (12), 104 (13}, 92 (11), 91 (36), 81 (14), 79 (19), 77 (12), 75 (43), 73 (100), 67
(20). 59 (10). 45 (28), 41 (17). Anal. calc for C15H2608i (250.46): C 71.94, H 10.46; found: C 72.24, H 10.44.

(1-Cyclopentenyl){S-trimethylsilyl-1-cyclopentenyljmethanol (Sbb). Yield 78%. B.p, 105°C/0.07 Torr. Ry=0.18
and 0.22 (hexane/EtOAc 9:1). GC: 1R = 9.56 min, COV-17; program: 110°C (3 min), 20°C/min, 260°C. IR (neat):
3370m. 3050w, 2953s, 2849s, 1450w, 1406w, 124Rs, 1186w, 1115w, 1042w, 1028w, 1013w, 953m, 835s, 733m,
714w, 689w, 652m. 1H-NMR (300 MHz): 4.76 (m, 0.63H); 5.60 (m, 1H); 5.4} (bs, 0.37H); 4.80 (br. 5, 0.67H); 4.73
(br. 5, 0.37H); 2.50-2.00 (m, TH); 2.00-1.77 (m, 2H); 1.69 (br. 5, 0.37H); 1.73 (br. 5, 0.63H); 0.02 (s, 3.33H); 0.01 (s,
5.67H), 13C-NMR (75.5 MHz): 1483, 147.5, 145.9, 127.8, 1253, 125.2, 120.9, 70.5, 70.2, 35.0, 34.2, 32.7, 32.2,
320,304, 27.7,.27.4,235,23.2, -1.8. MS (70 eV): 147 (13), 146 (94). 145(45), 131 (7). 119 (1), 118 (7], 117
(100), 105 (37), 104 (17), 97 (10). 92 (11), 91 (30), 81 (13), 80 (19), 79 (22), 77 (13). 75 (62). 73 (96). 67 (34), 45 (33),
41 (21), 32 (10). Anal. calc. for C14H240Si (236.48): C 71.12, H 10.23; found: C 71.03, H 10.18.

{2-Methyl-1-cyclopentenyl}(S-trimethylsilyl-1-cyclopentenyljmethanol (5bc). Yield 82%. B.p. 75°C/0.03 Torr.
Rf=0.16 and 0.25 (hexane/EtOAc 9:1). GC: R = 9.86 and 9.97 min, COV-17 Program: 140°C (3 min), 10°C min,
280°C. IR (neat): 3345m, 3054w, 2952s, 2847s, 1445m, 1406w, 1381w, 1293w, 1248s, 1188w, 1115w, 1055w,
1015w, 977m, 953m, 901w, 835s, 752m, 691m. 1H-NMR (300 MHz): 5.62 (m, 0.62); 5.25 (m, 0.38H); 4.98 (br. s,
1H); 2.45-1.40 (m, 12H); 1.73 (s, 3H); 0.06 (s, 3.42H); 0.03 (s, 5.58H). 13C.NMR: (75.5 MHz): 148.9, 146.8, 136.5,
136.0, 135.3, 134.5, 1239, 120.2, 68.1, 67.7, 39.0, 38.8, 34.9, 34.1, 32.1, 31.8, 30.9, 28.3, 27.3, 21.9, 21.5, 14.3,
14.0,-1.7,-1.8. MS (70 ¢V): 250 (M*, 6), 232 (28), 161 (16). 160 (100}, 159 (53), 158 (50), 146 (14), 145 (100), 143
(12), 133 (11), 132 (79), 131 (100), 130 (10), 119 (15), 118 (28), 117 (99), 105 (18), 104 (10), 95 (14), 91 (19), 81 (15),
80 (13), 79 (13). 75 (46), 73 (100}, 67 (15). Anal. calc. for CysH260Si (250.46): C 71.93, H 10.46; found: C71.60
H10.57

(3-Methyl-1-cyclopentenyl)(5-trimethylsilyl-1-cyclopentenyl)methanol (Sbd). Yield 75%. B.p. 130°C/0.4 Todr.
GC: R =9.72 and 9.93 min, COV-17; program: 140°C (3 min), 20°C/min, 280°C. IR (neat): 3362w, 3046w, 2952,
2849m, 2361w, 1454w, 1404w, 1372w, 1248s, 1119w, 1076w, 1019w, 953w, 911w, 835s, 733w, 689w. H.NMR
(300 MHz): 5.42-5.61 (m, 3H), 4.78 (bs, 1H), 4.71-4.72 (m, 1H), 4.17 (bs, 1H), 2.86-2.68 (m, 2H). 2.41-1.30 {m,
18H), 1.05-0.92 (m, BH), 0.04 (s, 9H), 0.02 (s, 9H).

Preparation of Divinyl Ketones 1. General procedure. - A stirred soln. of the diviny! alcohol (S) in dry
CH2C13 (0.08 M)was cooled 10 0°C and treated with S equiv of BaMnQO4_ The mixture was warmed 1o 1.1, and the progress
of the reaction was monitored by T.I.C.  Upon completion (24-48 h), the mixture was filtered through Celite and the solids
were washed with CH2C12 The filtrate was concentrated, chromatographed (hexane/EtOAc 19:1) and distilled.

{1-Cyclohexeny!)(G-trimethylsilyl-1-cyclohexenyl} Ketone (132). Yield 71%. B.p. 180°C/0.25 Torr. Re=0.62
(hexane/EtOAc 19:1). GC: R = 11.43 min, COV-17; program: 110°C (3 min), 20°C/min, 260°C. IR (neat): 2934s,
2859m, 1634s, 1449w, 1435w, 1375w, 1269m, 1246s, 12315, 1194w, 1082w, 1026w, 980w, 930w, 879w, 83Ss,
733m, 770w, 689m, 664w. 'H-NMR (300 MHz): 6.46-6.51 (m, 1H); 6.26 (dr, J=3.6, 1.5 Hz, 1H); 2.54-2.40 (m, 1H);
2.40-2.33 (m, 1H); 2.25-2.10 (m, 4H); 1.86-1.52 (m, 8H). !IC-NMR (75.5 MHz): 199.7, 14122, 139.1, 1384, 135.7,
257,254, 24.4,24.3.23.9,22.1, 21.7, 20.7. -1.3. MS (70 €V): 262 (M*, 30), 261 (15) 247 (14), 234 (12), 233 (34),
221 (11),220(22), 219 (27), 205 (15). 129 (12), 91 (11}, 79 (12), 73 (100}, 45 (23). Anal. cak. for Ci6t260Si
(262.47): C73.22, H 9.98; found: C 73.50, H 10.10.
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{I-CyclopenienyhiB-trimethyisilyl-F-cyclohexenyl) Ketone (1ab), Yield 88%. B.p. 110°CH0.07 Torr., Bp=0.60
(hexane/BOAC 191 OO = 10.68 min., COV-17; program: 110°9C (3 min), 20°Cimin, 260°C, IR (neaty: 294ds,
2855m, 16308, 1456w, 1368w, 1204w, 1248s, 1102w, 1127w, 1084w, 1028w, $74w, 953w, 934w, 897w, 815s, 766w,
T3im, 680w, 1H NMR (300 MHz): 636643 (m, 2HY, 2.76-2.61 {m, 1H); 2.58-2.34 {m, 4H); 2.24-2.10 (m, 2H);
2.01-1.76 (m, 3H); 1.76-1.52 (m, 3H). -0.06 (s, 9H). I3C-NMR: (75.5 MHz): 1959, 144.9, 142.7, 1424, 135.6,
33.8, 319, 254, 24.0,23.9, 227, 20.7, -1.3. MS (70 eV 248 (M, 14), 247 (15), 233 (18), 220 (38), 219 (32), 208
(27, 192 (13), 191 €16), 177 (12, 131 (30, 91 (12), 73 (451, 73 (100}, 67 (10}, 45 (29), 43 (19), 41 (14). Anal. cale.
for CysHp408i (24844 C 75,52, H .74; found: C72.54, H 9.61,
{I-Cyclohexenyl)5-srimeshyisiiyl-I-cyclopentenyl} Ketone (1ba). Yield 70%. M.p. 515 -53°C (pentane).
Rp=0.58 (hexane/ErOAc 19:1), GO = 8.90 min, COV-17; program: 140°C (3 min), 20°CYmin, 280°C, IR (melt:
29365, 1632s, 1599m, 1449w, 1435w, 1375w, 1345w, 1306w, 1283w, 12485, 1200w, 1177m, 1100w, 972w, 955w,

928w, 014w, 8375, 793w, 752w, 737m, 696m, TH-NMR (300 MHz): 6.64-6.58 (m, 1H); 6,15 (4, J=2.1 Hz, 1H);

FLOW Y LR ¥
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338 {m, 45 2.30-1.78 Om, SHY 172-155 (m, 4493 -0.06 s, 9H). 13C-NMR (755 MHzZ): 195.9, 1467, 139.5,
1301, 33.7, 33,6, 26,5, 25.8, 23.8, 22,0, 217, -2.2. MS (70 eV 248 (M, 21), 233 (10), 220 22), 219 (24), 206
(1), 205 (24), 75 (35), 73 (100), 45 (23}, Anal, cale. for C1aH4081 48,44y C72.51, H9.M4; found: C72.54,
H 8,70

(I-Cyclopentenyl i S-trimethylsilyl- F-cyclopentenyl} Ketone (1bB), Yield 80%. M.p: 42-42.5°C {pentane).
Re=0.52 (hexang/B10Ac 19:1). GO mr = 10.02 min., COV-17; progeame 140°C (3 min), 10°C/min, 2600C. R (melt):
3061w, 29533, 16308, 1437w, [386m, 1300w, 12485, 1192w, 1171m, 1100w, O57m, 930w, 8373, 762m, 720m, 693w,
LHNMR (300 MHz): 6,30 (m, 1H); 6,32 (d, J=1.7 Hz, 1H); 2.76-2.58 (m, 1H) 2.58-2.41 {m, 6H); 2.23-2.07 {m, 1H);
2.03-1.80 {m, 3H). I3C-NMR (757 MHz: 191.9, 147.8, 1454, 142.9, 139.1, 33.8, 337, 33.3, 31.8, 26.6, 22.7,
=220 MB(T0 eV 234 (M, 143, 219 (22), 206 (30), 205 (13), 191 {24), 178 (1), L17 (100, 78 {47}, 73 (1000, 67 (10),
65 (12}, 45 (233 Anal cale, for C14H2081 (234.41): CTL73, H 546 found: C71.531, H D48,

(2-Methyl-I-cyclopenten-1-yI){5-iimethylsiiyl-F-cyclopentenyl} Ketone {1he), Yield 80%. Mp, 32-32.5°C
{pentane). Re=0.41 thexane/Bi0Ac 131, GO m = 10.33 min, COV-17; program: 140°C (3 min), 10°C/min, 280°C,
IR (melth 3056w, 2052s, 1626, 16015, 1437m, 1364m, 1208w, 1283w, 1248s, 1175m, 1111w, 1013w, 955m, 850w,
TH-NMR (300 MHzk: 6.4 (m, 1H); 2.85-2.65 (m, 230 2.65-2.34 (m, SHY; 2.25-2.085 {m, 2H); 2.05-1.60 {m, SHY, -0.02
{3, 9H). I3CNMR (757 HMz): 1946, 148.9, 146.1, 142.0, 1368, 39.9, 35.9, 33.8, 324, 26.9, 22.2, 163, -2.0.

MS (7G eV 207 (17, 206 (22), 205 (100}, 203 {14), 192 (24), 191 (I8, 177 (11), 1S9 (19), 131 {13), 75 (393,73 (89
Anal, cale, for C1sHp4081 (24844 C72.52, H 9.74; found: CT72.44, H 9.67.

(3-Methyl-I-cyclopestenyl N5 -wimethylsilyl- F-cyclopentenyl} Ketone (10d), Yield 78%. B.p.: 105°CA.3 Torr,
GG m o= 1021, COV-17, 140°C (3 min), 10°Cimin, 280°C. IR {nem): 3082w, 2955s, 2870m, 1630s, 1364w, 1248s,
1173m, 1113w, 1080w, 959w, 930w, 839, 760m, 731m, TH-NMR (300 MHz): 6.32-6.37 (m, 2H) 3.03-2.40 (m, 61
222-2.09 {m, 2H), 1.99-1.89 (m, 1H), L52-338 (or, 1H) LA (4 4=7, LS HY, LOT 4, F=7, LS HI) -038 (5, 4.5 HY;
003 (s, 4.5H). 1I3C-NMR: (755 Mz 1922, 192.1, 1480, 147.9, 1443, 1439, 1393 1380, 41.3, 411, 337,
333,333,317, 318, 314, 310, 267, 201, 19,8, 2.1

Cyetiuntion of 1an. - A stirred mixiture of anhydrons FeCly (170 mg, 1.05 mmol) and 40 mi of dry CHaClz (0.02
M) under argon was cooled 10 -50°C, To the greenish-yellow heterogenous misture was added dropwise a soln. of the
divinyl ketone $ae (262 mg, | mmol) in 16 mi of CHCIp. The reddish-brown mixture was aflowed 1o sir | min and then
quenched by the addition of brine (50 ml) and diluted with Eto0 {30 mi). The HoO hayer was separsted, extricted with Ern(
{2 % 30 mi) and the combined B0 extracts were washed with FI20 (75 mi), brine {75 mil), and then dried {MpSO4) and
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evaporated to afford a clear and colorless oil. GC-MS: column; COV-17 program: (140°C(3 min), 10°C/min, 260°C ) R =
10.15 min (A, 89.0%), M* 190, 1R = 10.45 min (B, 6.7%), M* 190; 1R = 10.61 min (C, 2.7%), M* 190; 1R = 11.58 min
(D, 0.9%), M* 188, rr = 12.13 min (E, 0.6%), M* 224,

{4ab, 4ba, 9aa)-1,2,34.4a.4b.5,6,7,9a-decahydro- 1H -fluoren-9-one ((1a)-6a3). Yield 157 mg (79%) after
distillation and recrystallization. B.p. 85°C/0.3 Tomr, m.p. 78.5 - 79.5°C (pentane). R: 0.23 (hexane/EtOAc 19:1). GC:
R = 10.14 min, COV-17: program: 140°C (3 min), 10°C/min, 260°C. IR (neat): 2921s, 2854s, 2813w, 1713s, 1653s,
1449s, 1415m, 1363w, 1349w, 1293m, 1244m, 1232w, 1222 w, 1208m, 1196w, 1173w, 1144w, 1096m, 1072w,
935m. TH-NMR (300 Miiz); 6.64 (d, /=2.6, 1H), 2.35-2.19 {m, 111}, 2.19-1.61 (m, 61D, 1.70-1.91 (m, 3H), 1.55-
1.37 (m, 1H), 1.30-0.84 (m, 6H). 13C-NMR (75.5 MHz): 204.7, 141.0, 131.5, 54.9, 48.1, 42,4, 30.3, 26.5, 25.9,
25.5,25.1,21.4. MS (70 ¢V): 190 (M*, 82), 163 (11), 162 (84}, 161 (32), 149 (10), 148 (14), 147 (18), 134 (11), 133
(19), 109 (15), 108 (100), 98 (20), 94 (50), 81 (24), 80 (55}, 79 (39). Anal. cakc. for C13H 180 (190.29): C 82.06, H
9.53; found: C82.11, H9.54.

Base-Catalyzed Epimerization of (1,0)-60a. - The enone (1,a)-6aa (100 mg, 0.53 mmol) was placed in 10 ml
of freshly distilied methanol. Sodium methoxide (0.05 equiv of a 0.45 M solution in methanol) was added and the soln.
was stirred at r.t. The equilibration was monitored by capillary GC until the ratios of products were constant. After 12 h the
reaction mixture was poured onto 100 mi of H2O and extracted with Et30 (3 x 50 mi). The EtaO extracts were washed with
H20 (50 ml) and brine (50 ml), dried (MgSQ4) and evaporated 1o yield 93 mg (93%) of a mixture of (1.4)-683 and (c.a)-
6aa which was separated on a chromatoron using petroleum Et20 and EtOAc(30:1) 10 afford 5.7 mg of (1,a)-6a3 (50.7
%) and 23.3 mg of (¢.a)-6a8 (23.3 %). Rf. (r4)-6aa, 0.20; (c.a)-6aa, 0.17 (petroleum ether/F1OAc 30:1);

{d4ab4baab)-12.34.905.6,7 Ya-decahydro-1H-fluoren-9-one ({c.a)-6a2). B.p.: 140°C/.1 Torr. Rp=0.17
(petroleum ether/EtOAc 30:1). IR (neat): 2926m, 2857m, 1719m, 1649m, 1449m, 1422w, 1246w, 122im, 1179m,
1140w, 109w, 1067 w, 951w, 901w, 774w, 700m, 650m. [H-NMR (300 MHz): 7.26-6.70 (m, TH), 2.65-2.53 (m,
1H); 2.40-2.06 (m, dH): 1.95-1.67 (m, SH); 1.64-1.45 (m, 3H): 1.43-1.15 (m, 3H); 0.98-0.85 (m. 1H). 13C.NMR (300
MHz): 207.7, 141.0, 133.4, 484, 40.2, 37.0, 27.2, 25.7, 24.7, 24.0, 23.8, 21.7, 20.8.

Reaction of (,a)-6a0 with Thiosemicarbazide. To a soln. of the (1.a)-6aa (50 mg, 0.26 mmol) and
thiosemicarbazide (1.48 g, 16.3 mmol) in 25 ml of E1OH/H0 3:1 was ndded 7 drops of glacial acetic acid as catalyst. After
heating the soln. at 60°C for 36 h the solvent was removed in vacuo, and the remaining solid was dissolved in H0 (25 mi)
and Et90 (25 ml). The H20 was washed with E130 (2 x 25 mi) and the Et0 extracts were washed with H20 (25 ml} and
bnne (25 ml), dried (MgSO4) and evaporated to afford after chromatography on silica gel (hexane/EiQAc.4:1) 32.4 mg
(47%) of the thiosemicarbazone, which was recrstallized from CHClo/petroleum ether. 11 NMR analysis showed 10% of
the cis-thiosemicarbazone was present, which was a result of epemerization. M.p. 169°C, 50% dec. and 197°C, 50% dec.
HH.NMR (300 MHz): 6.62 (br. 5, IH, H-C(8)). 13C-NMR: (75.5 MHz): 179.4 C(9).

Reaction of (¢,a)-6aa with Thiosemicarbazide. - To a soln. of (c.a)-6aa (18 mg. 0.09 mmol) and
thiosemicarbazide (541 mg, 16.3 mmol) in 10 ml of EIOH/H2O 3:1 was added 3 drops of glacial acetic acid as catalyst.
After heating the soln. at 60°C for 3 days, the solvent was removed under reduced pressure, and the remaining solid was
dissolved in H20 (10 ml) and E120 (10 m1). The H20 was washed with Et20 (2 x 10 ml) and the Et7O extracts were
washed with H20 (10 mi) and brine (10 mi), dried (MgSO4) and evaporated to afford after chromatography on silica
(hexane/EtOAC 4:1) and recrystaltization from ethy! acetate 13,1 mg (55%) of the thiosemicarbazone as a white solid. 1H-

NMR analysis showed less than 5% of the trans-thiosemicarbazone was present as a result of epimerization. Mp.: 1995
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200.5°C dec. 'H-NMR (300 MHz): 6,46 (d, 1H, H-C(8)). 13C-NMR (75.5 MHz): 178.4 C(9), 158.8, 138.7, 125.2,
42.1, 39.3, 38.3, 27.2, 25.6, 24.6, 23.9, 23.5, 21.9, 206,

Cyelization of lab, - A stirred mixture of anhydrous FeCl3 (170 mg, 1.05 mmol) and 40 mi of dry CHCly
(007 M) under argon was cooled 10 -30°C, To the greenish-yellow heterogenous mixiure was added dropwise a soln. of
f5b (248 mg, 1 mmol) in 10 ml of CHCly. The resulting reddish-brown mixture was allowed 1o stir for 15 min and then
quenched by the addition of brine (50 mi) and diluted with ErG (50 ml). The H2O layer was separated, extracted with EigO
(2 % 50 ml) and the combined EinQ extracts were washed with H20 (30 mi}, brine (50 mi), and then dried (Mp304) and
evaporated 1o afford 6ab s a yellow oil.

3ab,3ba Bab)-2,3.30,35,4,5 6,8a-Ociabydro- 1 H-cyclopeniialinden-8-one {(s,a)-1ab). Yield 155 mg (BB%) after
eolumn chromatography (hexane/EtOAc 19:1) and distillation. B.p. 100°C/0.35 Torr. Rp=0.20 (hexane/EiQAc 191}

GC: r = 9.08 min, COV-17; program:  140°C (3 min), 10°CHmin), 260°C. IR: (neat): 2928s, 2861m, 17135, 16515,
1440w, 1472w, 1260w, 1223m, 1188w, 1120w, 1080w, 988w, 943w, 893w, 820w, 770w, 583w, TH-NMR (300
WMHz): 6.50 (m, 1H); 2.63 (ddr, J=10.2, 5.0, 1.4 Hz, 1H); 2.32-1.99 (m, SHY; 1L97-1.37 {m, 8H); 1.15-0.85 (m, 1H}.
I3C-NMR (75.5 MHz: 2006, 1427, 131.6, 52.8, 46,5, 42.7, 32.0, 29.5, 28,3, 25.7, 25,2, 22.0. MS (70 eV) 176
(ME45), 149 (12), 148 (100), 147 (14), 133 (26), 120 (26), 119 (17), 108 (68), 107 (22), 106 (12), 108 {13, 92 (18), 91
(33), BY {12), 80 ¢65), 79 (57), 78 {1 1), 64 (14). Anal cale, for O1oH 160 (176.26): C82.06, H 9.53; found: C82.11,
H 9.54.

Cyclization of 1ba. - A stirred mixture of anhydrous FeCl3 (170 mg, 105 mmeol) and 40 mi of dry CH2C (0.02
M} under argon was cooled to -20°C. The a soln. of 1ba {248 mg, | mmol) in 10 mi. of CHyCly was added dropwise 1o
the greenish-vellow heterogenous mixture, The resulting reddish-brown mixture was allowed to stir for 43 min and then
quenched by the addition of brine (50 m1) and diluted with EtpO (50 ml). The H2O layer was separated, extmcted with EnO
(2 x 50 mi) and the combined EtyO exirncts were washed with H20 (30 mi), brine (50 mi), and then dried (MgS504) and
evaporated to afford {1,0)-6ba vellow semi-crysialline product.

{30a,3bb,75a)-3,30,35,4.5 8,7, Fa-Ocishydro-2H-cyclopentialinden-8-one {(1,0)-6ba). Yield 63 mg (36%) after
chromatography (hexane/E10Ac 19:1) snd distilation, B.p. 80°CK3 Tors mup 59 63°C {pemane). R=0Q.17
(hexane/EtDAC 19:1). GO e = 8,28 min COV-17; program:  140°C (3 min), 10°Cimin, 260°C. 1R {meht): 2034s,
2853m, 17175, 1630m, 1447w, 1354w, 1231w, 1208w, 1179w, 1138w, 1100w, 1080w, 1030w, 051w, 758m. 1H-
NMR (300 MHz): 6.48 (d, J=2.6, 1H}; 2.89-2.59 (m, 3H); 227 (dr, J=12.5, 7.1, 1H); 2.15.2.04 Om, 1H); 2.04-1.88 (m,
2H); 1.88-1.69 (m, 2HY 1.57 (ddr, /=103, 9.3, 1.9, 1), 1.29-1.03 (m, SH). 13C-NMR (75.5 MHz): 2019, 1409,
1337, 61.1, 52.3, 50.8, 37.6. 31.7. 30.7, 25.8, 25.6, 25.4. MS (70 eV) 176 (M'F, 33}, 95 (11), B4100), 66 (15),
Anal, cale, for CigH60 {176.26) CBLT7, HO.135; found: C81.76, H9.20.

Base-Ustnlyzed Epimerization of {(4a)-6ba, - The enone (36.5 mg, 0.21 mmol) was dissolved on 3.5 mi of 2-
propanol-d, 1,8-Dinzabicle{5.4.0luadec-T-ene (0.05 £q) was added and the soln. was stirred at r.e. The equilibration was
mositored by eapitfary GC uniil the ratios of products was constant, After 12 h the reaction mixture was poured onto 15 mi
of water and extracied with B0 (3 x 15 mi). The EipO extracts were washed with H70 {15 mi) and brine (15 mi}, dried
(MgS04) and evaporated 1o yield 34.2 mg (92%) of 2 mixture of (r,a)-8ba (84.17 %) and {c,a)-6ba {15.83%). TH-NMR
{300 MHz) showed complete exchange of hydrogen for dewtesivm, Rp=0.16 {{r.a)-6ba} and 0.07 {{c.0)-6ba)
(hexane/ErQAC 9:1). GC R = 7.96 min, ({r.0)-6ba) and 8.76 min. {{c.a)-6ba), COV-17; program:  140°C {3 min),
1PCmin, 280°C,
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Cyclization of 1bb. - To a 10°C soln. of the 1bb (210 mg. 0.90 mmol) in 225 ml of dry CH2CI2 (0.004 M)
under argon was added dropwise BF3-EnO (116 ml, 0.95 mmol). The resulting soln. was stirred for 10 min and then
quenched by addition of 225 mi of 10% NaHCO3 . The H20 layer was separated, extracted with CH2C12 (2 x 75 mi) and
the combined CHCl) extracts were washed with H2O (200 mi), brine (200 mi) and then dried (MgSO4) and evaporated 1o
afford an oil which was purified by distillation.

(30a.3bb.Sab)-2,3,.30,3b,4.5,6,6a-Octahydro-2H-cyclopenialalpentalen-7-one (6bb). Yield 112 mg (77%) after
distillation. B.p. 90°C/0.3 Torr. Rp=0.27 (hexane/EtOAc 9:1). GC: 1R = 7.16 min, COV-17; program: 140°C (3 min),
10°C/min, 280°C. IR (neat): 3058w, 2052s, 2869m, 17115, 1634m, 1451w, 1435w, 1318w, 1287w, 1258w, 1215m,
1181w, 1142w, 1057w, 968w, 951w, 80lw. IH-NMR (300 MHz): 6.41 (m, 1H); 2.99.2.78 (m, 2H); 2.76-2.62 (m,
2H); 2.44-2.26 (m, 2H); 1.96-1.57 (m, TH). 13C-NMR (75.5 MHz): 205.3, 151.2, 133.5, 58.7, 53.0. 42.7, 37.7, 35.6,
32.4,29.5,26.1. MS (70 eV): 162 (M*. 50), 134 (15), 95 (11), 94 (100}, 93 (20). 92 (10}, 91 (13). 67 (19), 66 (48).
Anal. calc. for Cy1H 140 (162.23): C 81.44, H: R70: found: C 81.21, H 8.63.

Cyclization of 1bc. - To a 20°C soln. of 1be (174 mg, 0.70 mmol) in 175 ml of dry CH2Cl12 (0.004 M) under
argon was added dropwise BF3-E120 (90.4 ml, 0.74 mmol). The resulting soln. was stirred for 3.5 h and then quenched
by addition of 175 ml of 10% NatliCO3, The H20 layer was separated, extracted with CH2C12 (2 x 50 mi) and the
combined CH2CH2 extracts were washed with H20 (150 mi), brine (150 mi) and then dried (MgSO4) and evaporated to
afford an oil which was purified by chromatography and distillation.

(3aa.3bb.bab)-2.3.3a.3b.4.5.6.6a-Octahydro-3b-methyl-2H -cyclopentalajpentalen-7-one (6bc). Yield 96 5 mg
(78.5%) afier chromatography (hexane/EtOAc 9:1) and distillation. B.p.: 50°C/.10 Torr. Rr=0.31 (hexane/F1OAc 9:1).
GC: m = 7.40 min, COV-17; program: 140°C (3 min}, 10°C/min, 2R0°C. IR (neat): 3056w, 2957s, 2R69s, 1711s.

16345, 1449m, 1375m, 1312w, 1275m, 12215, 1184m, 1132m, 1053m, 1015m, 984w, 963m, 839w, 820m, 783w,
731m. TH-NMR (300 MHz): 6.39 (dr. J=3.0, 2.9m Hz, 1H); 3.17-3.05 (m, 1H); 2.80-2.58 (m, 2H); 2.42 (dd. J=10.9,
5.9, 11); 2.09-1.63 (m, TH): 1.52-1.36 (m, 1H); 0.98 (5, 3H). 13C-NMR (75.5 MHz): 204.9, 149.9, 133.6, 66.8,
54.8, 48.0, 40.3. 37.6, 299, 27.5, 26.0, 22.3. MS (70 ¢V): 176 (M*,10), 148 (7}, 95 (9). 94 (100). 66 (24). Anal.
cale, for C12H160 (176.26): C 81.77, H 9.15; found: C 81.61, 1{ 9.27.

Cyclization of Divinyl Ketone Ibd. - To a cold (10°C) soln. of 1bd (100 mg, 0.4 mmol) in 100 ml of CH2Clp
{0.004 M) under argon was added dropwise BF3-E120 (51.7 mi, 0.42 mmol). The resulting solution was stirred for 1 h
and then quenched by addition of 100 ml of 10% NaHCO3. The H20 layer was separated, extracted with CH2Ci2 (2 x S0
ml) and the combined CH2CI2 extracts were washed with H20 (100 ml), brine (100 mi) and then dried (MgS04) and
evaporated to afford an oil which was purified by chromatography and distillation.

(Jaajbb,éab)-2.3,3::,31:,4_8,6.60-Ocmhydro~4-meli:yi-2ll-cyclmema{a}pemalcn-?-onc (1bd). Yield 58.3mg
(83%) after chromatography (hexane/EtOAc 9:1). B.p. 110°C/0.75 Torr. Rp=0.27 (hexanc/EtOAc 9:1). IR (neat): 2953s,
2872m, 2361w, 1711s, 1634s, 1456m, 1435w, 1377w, 1285, 1258w, 1215m, 1181w, 1138w, 1057w, 1036w, 951w,
AOw, R68w, 799w, 733w. H.NMR (300 MHz): 6.40-6.48 (m, 1H), 2.83-3.09 (m, 2H), 2.61-2.80 (m, 2H), 2.45-1.58
(m, TH), 1.42-1.30 (m, 1H), 1.03(d. 7 = 7.7, 1.5 H), 093 (4. ] = 7.0, 1.5H). 13C.NMR (75.5 MHz) 205.6, 205.0,

1513, 1510, 1334, 133.1, 58.5, 57.7, 55.7, 53.8, 53.3, 47.0, 40.7, 380, 37.9, 37.7. 36.0, 35.7. 34.3, 327, 28 8,
28.1, 20.7, 15.1.
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