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Abstract

Oxidative free-radical cyclization of Z-trisubstituted alkene 6a gave the expected octahydrophenanthrenes 9 (11%)
and 10 (24%), lactone 17 (10%), and octahydrophenanthrene 4 (25%), which was obtained from E-trisubstituted

Y. A

exo cycnzanon and hydrindane 5 (13%), which was obtained from E- trlsubsmuted alkene Ib. These resuits

prnvtrh‘ valuahle information on the mechanism of T\/L‘KIH\ based oxidative radical "}’C]}Zuuuug and indicate the

profound effect of alkene geometry on the stereochcmlstxy of radical cyclizations.
© 1998 Elsevier Science Ltd. All rights reserved.
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Introduction

We have found that tandem Mn(OAc)s-based oxidative free-radical cyclization! of un-
saturated B-keto esters provides a very efficient and stereospecific route to polycyclic systems
as exemplified by the synthesis of 4 from 1la, which proceeds stereospecifically in 50-80%
yield depending on the substituents on the aromatic rm_g 2-7 We have established that these

reactions proceed hv formation of
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transition state with an axial ester to give 3b, which undergoes a 5-exo cyclization to the

terminal double bond to give a cis-hydrindane with a primary radical, which is oxidized by
Cu(ll) to yield 5.8 Zoretic has extended this approacn to tripie and quadruple cyclizations.?
E-Trisubstituted double bonds have been used in all of these studies, which invariably iead to
the monocyciic tertlary radical with the stereochemistry shown in 3. Further cyclization leads
to trans-decalins such as 4 or cis-hydrindanes such as 5.

We expected that use of Z-trisubstituted double bonds would provide a practical route to
isomers of 4 and 5. For instance, 6a should be oxidized to radical 7a, which should cyclize
to cyclohexyl radical 8a with an axial ester, which should cyclize to give octahydrophen-
anthrenes 9 and/or 10. Similarly, 6b should be oxidized to radical 7b, which should cyclize

to cyclohexyl radical 8b, which should cyclize to provide hydrindane 11.
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To the DcS of our knowledge, there is only a single study of the effect of double bond
geometry on the cyclization of 5,6-disubstituted 5-hexenyl radicals.!0 Julia and co-workers
reported in 1975 that reduction of 7-bromo-3-methyl-2E-heptene with Bu3SnH gave 13% of
the 6-endo cyclization products cis- and frans-1,2-dimethyicyciohexane and 7.5% of the 5-exo
cyclization product 1-ethyl-1-methylcyclopentane and acyclic material (eq 1). On the other
hand, the Z-isomer gave none of the 6-endo cyclization products and 12% of the 5-exo
cyclization product and acyclic material (eq 2). The shift from mainly 6-endo cyclization
with the E-isomer to exclusively 5-exo cyclization with the Z-isomer hinted that 6a and 6b
might not cyclize analogously to 1a and 1b. In contrast, the effect of double bond geometry
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in cation-olefin cyclizations is more straightforward with E-double bonds leading to trans-
decalins (eq 3) and Z-double bonds leading to cis-decalins (eq 4).1!

Results and Discussion

The crucial ste P in the prgp,_ratio of 6a and 6b was the Z-selective Homer-Emmons

Wittig reaction using Still's procedure! [(EtO)ZPOCH(CHg)C 2Et, KHMDS, 18~crown-6]

which oave 48% of 13a and 56% of 13h ednction of 13a with 1 AH aava of alcohol
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PBr;. Because of its volatility, crude 15b was converted to 6b in 53% unoptimized yield
O
L coset
(1) (EtO);POCH(CH3)COEL X /T 2 o
KHMDS, 18-crown-6 R \/\/\ NaH, BuLi
R.__~20 -78 °C, THF R~z PRp—
v Z (2) LAH ~ s COREd
{3) MsCl, Et3N, LiBror PBry 133, X = COzEt, R = Ph (45%)
13b, X = COEt, R = CH=CH, (56%) 6a, R = Ph (92%)
14a, X = CH,0H, R = Ph (99%) 6b, R = CH=CH,
14b, X = CH,0H, R = CH=CHy (71%) (21% from 12b)
120 R=Pn - 15a, X = CHoBr, R = Ph (74%)
Bheny T8 T NAT I g

15b, X = CHoBr, R = CH=CH,

To our surprise, oxidative cyclization of 6a with 2.3 equiv of Mn(OAc)3°2H,0 in AcOH
at 25 °C for 2 h gave a complex mixture containing 24% of the expected product 10, 11% of
a compound tentatively assigned structure 9, 22% of 4, the only product from the cyclization
of 1a, 2% of alkenes 16, and 10% of lactone 17. The spectral data for 10 correspond closely
to those reported for analogues with a methoxy group on the aromatic ring.15.16 The stereo-
chemistry was confirmed by NOE experiments. Irradiation of the 4a-methyl group at § 1.35
enhanced H3,y at 8 2.77, Hg,x at 8 1.89, Hyeq at 6 2.56, and Hs. Irradiation of the 1-methyl
group enhanced Hs,, at  2.77 and Hj,4 at 0 1.89. NOE enhancements cannot be observed
between the two methyl groups because their absorptions are too close together. Octa-
hydrophenanthrenes 4 and 9 were obtained as an inseparable mixture. The structure of 4 was
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of lactone 17 exhibited carbonyl absorption 787 and 1726 cm-! characteristic of a Y-
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lactone and a cyclohexanone. H NMR spectrum indicated the absence of the ethyl group
and a methyl absorption at & 1.53 characteristic of CH;COC=0. The axial stereochemistry of
the phenylethyl side chain foliows from a 1.8 Hz W coupling to the equatorial methine
hydrogen. Analogous lactones are the major products in the cyclizations of related malonate
esters.3

Oxidative cyclization of 6b with 2 equiv of Mn(OAc)3*2H;0 and 1 equiv of Cu(OAc), in
AcOH at 25 °C for 2 h also afforded a complex mixture containing 25% of the expected
product 11, 13% of 5, the product of cyclization of 1b, and 10% of cyclopentanone 18b.
The stereochemistry of 11 was established by NOE experiments. Irradiation of Hs, at § 2.73
led to the enhancement of both the 7a- and 4-methyl groups, H, at § 2.35, and Hj at § 1.85.
This indicates that the hydrindane is cis-fused, and that H;, and the 4-methyl group are
equatorial on the cyclohexane ring as predicted by MM2 calculations. Hydrindane 5 and
cyclopentanone 18b were obtained as an inseparable mixture. The structure of 5 was
assigned by comparison to an authentic sample prepared from 1b. The characteristic 1,4-
pentadienyl pattern of the side chain of 18b was readily assigned from the 1H NMR spectrum

of the mixture; the stereochemistry about the cyclopentanon
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It is not clear why Z-radical 7 gives complex mixtures while E-radical 2 cyclizes stereo-
specifically. The most likely explanation involves ring opening of monocyclic radical 19,
which serves to isomerize Z-radical 7 to E-radical 2. Cyclization of 7a should give cyclo-
hexyl radical 8a with an axial ester. Cyclization of the axial phenylethyl group could give 9,
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but approach of the phenyl group to th bottom face of the cyclohexyl radical is very hin-
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be reversible and we have previously demonstrated that equilibration of double bond geom-

etry can occur by ring opening of cyclic radicals in the 6-exo cyclization of analogous radicals
to 1,2-disubstituted double bonds if the termination step is siow.18
W —— [ . R, —— Yledomes
OM\{\/H W
FaYa W wud O~ 0 _ D - - R \_ QQuEt
21 / Qd, N =r1i 19a, R = Ph - <
7 _— 8b, R = CH=CH; 19b, R = CH=CH, / R
hd H w— P N ~ *
0% / R o R Y T H
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7a, R =Ph OB o SHNR T 2R=Ph

i < C 2b, R = CH=CH;
20a, R =Ph 3a,R=Ph
\ 20b, R = CH=CH, 3b, R = CH=CH, 4 (from 3a)

CO2Et \ R 21a,R=Ph
18a, R=Ph CO5Et 2ib,R = CH=CH2
18b, R = CH=CH;

Other possible explanations for the formation of 4 seem less likely. For instance, 7a
could cyclize to give monocyclic radical 20a with an equatorial ester, which could flip to give
3a, which will cyclize to give 4. However, there is no apparent reason why the double bond

geometry should affect the preference for an axial ester and equatorial methyl group observed
in all other Mn(IlI)-based 6-endo cyclizations.!

The formation of 5§ from 6b probably results fro

al und h 1 Y 1 n , which open
acyclic radical 2b, which cyclizes to give 5. If this is the reaction pathway, the 5-exo
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the exomethylene double bond of § and 11. If Cu(OAc), is not used as a co-oxidant, as in the
cyclization of 6a, any secondary cyclopentyl alkyl radical 21a that is formed cannot be

oxidized and will open to give acyclic radicals 2a and 7a. As expected, oxidative cyclization
of 6a with Mn(OAc)3*2H,0 and Cu(OAc), provided a few percent of 18a as determined by
the characteristic pattern of PhCH,CH=CHR in the 'H NMR spectrum.

In conclusion, the mixtures of products obtained from oxidative cyclization of Z-trisubsti-
tuted alkenes 6a and 6b provide valuable information about the mechanism and relative rates
of the individual steps of Mn(IlI)-based oxidative radical cyclizations and indicate the pro-
found effect of alkene geometry on the stereochemistry of radical cyclization products that
will be valuable in synthetic planning.
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General. NMR spectra were recorded in CDCl; at 300 and 400 MHz (1H), and 75 and 100 MHz (13C)

unless otherwise indicated. Chemical shifts are reported in 3; coupling constants are reported in Hz.

Mn(OAc);*2H,0 was prepared as described by Heiba and Dessau.!9

Ethyl 2-Methyl-5-phenyl-2Z-pentenoate (13a). KHMDS (7.6 mL, 3.78 mmol of 0.5 M solution in
toluene) was added to a solution of triethyl 2-phosphonopropionate (901 mg, 3.78 mmol) and 18-crown-6 ether
(5.0 g, 18.9 mmol) in THF (76 mL) at -78 °C under nitrogen. Hydrocinnamaldehyde (12a) (508 mg, 3.78

mmnl\ was added and the reaction was stirred at -78 °C for 40 min and auenched with saturated NH .1 colution

TRARASAS SAA% K ARGRAaali WaAS Sl Q4L L L8 IAIIIL TUS L{LELAAVEIVAS VY ALEA SULLA WA L VAR 4R DVAULIVIL,

The mixture was warmed to rt and extracted with ether (3 x 75 mL). The combined organic layers were washed
with water and brine, dried (MgSO,) and concentrated giving a 4:1 Z/E mixture of isomers. Purification by flash
chromatogmphy on silica gel (25:1 hexane/EtOAc) afforded 366 mg (45%) of pure 13a!3 followed by the E-

isomer: TH NMR 7.31-7.15 (m, 5), 5.96 (br dt, 1, J = 1.3, 7.1), 419 (q, 2,J =17.1), 2.82-2.70 (m, 4), 1.89
(brs,3), 1.3, 3 J=71); 13C NMR 168.0, 1416, 141.5, 1284, 1283, 1278, 1259 60.1, 35.5, 31.1

J; 2 L L OV 2 &0 L PR Y L O S Y iy

20. 6, 14. 3 IR (neat) 1713, 1647 1603 cm-1.

Ethy! 2-methyl-2Z ,6-heptadienoate (13b)., KHMDS (4.8 mL, 2.4 mmel of 0.5 M solution in
toluene) was added to a solution of triethyl 2-phosphonopropionate (0.5 mL, 2.4 mmeol) and 18-crown-6 ether
(3.1 g, 12 mmol) in THF (50 mL) at -78 °C under nitrogen. 4-Pentenal (12b) (200 mg, 2.4 mmol) was added

and the reaction was stirred at -78 °C for 40 min and quenched with saturated NH ,Cl solution. The mixture was

LA 8 Lailel 4L T Qilil gt 23 SCILIAILAT INIT N oAU X Ean/ REREATATUEL W VY Lt

warmed to rt and extracted with ether (3 x 100 mL). The combined organic laycrs were washed with water and
brine, dried (MgSO,) and concentrated giving a 5:1 Z/E mixture of isomers. Purification by flash chromato-
graphy on silica gel (25:1 hexane/EtOAc) afforded 224 mg (56%) of pure 13b followed by the E-isomer: 'H
NMR 5.93 (tq, 1, J = 7.3, 1.3), 5.81 (ddt, 1, J = 10.2, 17.0, 6.6), 5.03 (ddd, 1, J = 1.3, 1.3, 17.0), 4.98 (br d,
19.]:10;2)94;20(0 2,J=71),256(ddt 2, J=13,73, 7.3),2.17 (dtt, 2, J=6.6,1.3,73), 190, 3, J

4.0 2757 (e

=13), 130 (t,3,J = 7. 1); 13C NMR 1679 141. 8, 137. 8, 1275 114.8, 599 33.3, 287 205 14.2; IR
(neat) 1715, 1641 cm-!.

Z-Methyi-5-phenyi-2ZZ-penten-1-oi (14a). LAH (200 mg, 5.3 mmol) was added to a solution of 13a
(366 mg, 1.68 mmol) in ether (20 mL) at 0 °C. The mixture was stirred for 2 h at room temperature and then
quenched hv Qem)enna] addition of H, (') (0.2 mL), 15% NaOH (0.2 mL), and H.(’) (0.6 mlL). Filtration and

removal ofthe solvent afforded 292 mg (99%) of a]cohol 14a:13 1H NMR 7.32-7. 14 (m ), 5 33(Mrt, 1,J=

71,3.93(d,2,J=6.0),266(, 2, J="73),237 @t 2, J="1.17,7.3), 1.76 (d, 3, J—l.l); 13C NMR 141.8,

135.4, 128.7, 128.3, 127.1, 126.0, 61.5, 36.1, 29.6, 21.2; IR (LLI4) 3622, 3570 cml.
2-Methyl-2Z,6-heptadien-1-0l (14b). LAH (130 mg, 3.6 mmol) was added to a solution of 13b (200

mg, 1.2 mmol) in ether (20 mL) at 0 °C. The reaction was stirred for 2 h at rt and quenched hv qenm-nhal addition

of HQO (0.13 mL), 15% aq. NaOH (0.13 mL), and H,O (0.4 mL). Filtration and removal of thc solvent gave
152 mg of crude 14b. Purification by flash chromatography on silica gel (4:1 hexane/EtOAc) afforded 108 mg
(71%) of purel4b 14 ‘HNMR5BU(ddt 1, J= 10.2,16.7,6.6), 530 (br t, 1, /7 =7.3),502 (brd, 1,J =
16.7), 498 (br 4, 1, J = 10.2), 4.12 (br s, 2), 2.19-2.06 (m, 4), 1.80 (s, 3) 1.39 (br s, 1); 13C NMR 138.2,
134.8, 127.6, 114.9, 61.5, 33.9, 27.0, 21.2; IR (neat) 3330 cm-!,

1-Bromo-2- methyl 5-phenyl-2Z-pentene (15a). Et3N (0.46 mL, 3.3 mmol) was added dropwise to
a solution of alcohol 14a (292 mg, 1.66 mmol) and MsCl (0.2 mL, 2.6 mmol) in THF (10 mL) at 45 °C. The
reaction was stirred for 1 h and warmed to 0 °C. A solution of LiBr (600 mg, 7.0 mmol) in THF (2 mL) was
added. The reaction was stirred for 30 min and quenched with saturated NH4Cl solution. The resulting mixture
was extracted with CH,Cl, (3 X 20 mL), and the combined organic layers were washed with water and brine, and
dried (MgSO,). Removal of the solvent afforded 412 mg of crude product Purification by flash chromatography
on silica gel (25:1 hexane/EtOAc)  gave 295 mg (74%) of pure 15a: 'H NMR 7.35-7.12 (m, 5), 543 (brg, 1,J
=7.3,1.3),389(,2),26%4 2, J=77),238(di,2,J=173,77, 1.82 (d, 3, J = 1.3); 13C NMR 1414,
132.2, 130.5, 128.4, 128.3, 125.9, 33.4, 32.1, 29.9, 21.9; IR (neat) 3026, 2933, 2857, 1603 cm-l.

1-Bromo-z-methyl-22,6-heptadiene (15b). PBr; (0.6 mL, 5.9 mmol) was added in one portion to a
solution of crude alcohol 14b (prepared from 500 mg (5.95 mmol) of 12b) and pyridine (40 plL., 0.5 mmol) in
ether (20 mL) at rt. The reaction was stirred for 5 h and diluted with pentane. The organic phasc was washed
with saturated NaHCO; solution, water and brine, and dried (MgSO,). Evaporation of the soivent afforded crude
15b that was used without purification because of its volatility: 'H NMR 5.86-5.75 (m, 1), 5.41-5.37 (m, 1),

504 (brd, 1,J=17.2),4.89 (brd, 1, J = 10.2), 3.98 (s, 2), 2.22-2.10 (m, 4), 1.84 (d, 1, J = 1.5); 13C NMR
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137.8, 131.9, 130.8, 115.0, 33.2, 32.2, 27.4, 21.8.

Ethyl 2,6-Dimethyl-3-0x0-9-phenyl-6Z-nonenoate (6a). Ethyl 2-methylacetoacetate (711 mg,
4.93 mmol) was added dropwisc to a solution of NaH (208 mg, 5.2 mmol) and HMPA (0.52 mL, 3.0 mmol) in
THF (20 mL) at 0 °C. The reaction was stirred for 1 h and then treated with n-BuLi (2.1 mL, 5.2 mmol of 2.5 M
solution in hexane). The resulting mixture was stirred for 1 h and a solution of bromide 15a (295 mg, 1.2 mmol)
in THF (5 mL) was transferred to the reaction via cannula. The reaction mixture was stirred for 45 min, quenched
with saturated NH ,Cl solution, and extracted with Et,0 (3 X 20 mL). The combined organic layers were washed
with water and brine, and dried (MgSO4) Purification by flash chromatography on silica gel (25 1
hexane/EtOAc) gave 345 mg (92%) of pure 6a: 'H NMR 7.31-7.14 (m, 5), 5.21 (brt, 1, J =7.3),4.19(q, 2, J
=71),346(q, 1, 7=7.1),263(t,2,J=178),2.54-2.21 (m, 6), 1.65 (brs, 3), 1.32(d, 3, J = 7.1), 1.25 (t,
3, J =7.1); 13C NMR 205.0, 170.2, 141.8, 133.9, 128.3, 128.0, 125.5, 125.3, 61.0, 52.6, 39.4, 35.9, 29.6,
25.5,22.9, 13.8, 12.4; IR (neat) 1743, 1715 cm'!-

Eti:yi 2,6- Dimethyl 3-0x0-6Z,10-undecenoate (6b). Ethyl 2- methylacetoacetatc (1.27 g ¢ 88
mmol) was added dropwise to a solution of NaH (370 mg, 9.2 mmol) and HMPA (0.6 mi., 5.3 mmol) in THF
(40 mL) in THF (20 mL) at 0 °C. The reaction was stirred for 1 h and then treated with n-BuLi (3.7 mL, 9.2
mmol of 2.5 M solution in hexane). The resulting mixture was stirred for 1 h and a solution of crude bromide
15b in THF (3 mL) was transferred to the reaction via cannula. The reaction mixture was stirred for 45 min,
qmnched with saturated NH 4C1 solution, and extracted with ether (3 % 50 mL) The combined organic layers
were deﬂﬂu W‘ﬁﬂ waier aﬁu Dr]ﬁe, aﬁu uricu UVlgDU4) [‘LlflllCa.ll()ﬁ Dy lldbﬂ Lnﬁ‘)rﬂatﬁgrapny on s!llca gﬂl [LJ l
hexane/EtOAc) gave 322 mg (21% from 12b) of pure 6b: 'H NMR 5.80 (ddt, 1, J = 10.2, 17.0, 6.6), 5.16 (br
t,1,/=62),501(d, 1, J/=17.0),495(, 1, J=10.2),4.19(q,2,J=7.1),3.52(q, 1, J =7.1), 2.64 (dt, 1,
J=174,78),255(dt, 1, J=17.4,7.8),2.30(dd, 2, J =17.8, 7.8), 2.10-2.03 (m, 4), 1.67 (s, 3), 1.34 (d, 3,
J=71),127 43, J=17. l), 13C NMR 205.4, 1704 138.3, 133.7, 125.6, 114.5, 61.2, 52.8, 39.7, 33.9,
27.1, 25.7, 23.0, 14.0, 12.6; IR (neat) 1745, 1715 cm"!

Oxidative Cyclization of 6a. A solution of - keto ester 6a (98.5 mg, 0.33 mmol) in AcOH (3 mL) was
added to a solution of Mn(OAc),*2H,0 (197 mg, 0.73 mmol) in AcOH (7 mL) and the resulting mixture was
stirred for 2 h at rt, at which time it became clear. The reaction was diluted with water and extracted with CH,Cl,
(3 % 40 mL). The combined organic Iayers were washed with saturated NaHCO )3 solution, water, and brine, and
dried \Mga04) nvap(ﬁauml of the solvent under reduced pressure afforded 84.8 mg of crude pruuucl Flash
chromatography on silica gel (50:1 hexane/EtOAc) gave 6 mg of recovered 6a, followed by 5 mg of a 2.3:3.6:1
mixture of 4, 16, and 6a, 31 mg of a 1.8:1 mixture of 4 and 9, 23 mg of 10, and 9 mg of 17. The calculated
yields are 6.6 mg (7%) of recovered 6a, 22 mg (22%) of 4, 11 mg (11%) of 9, 23 mg (24%) of 10, 2.4 mg

(2%) of 16, and 8.9 mg (10%) of 17.
Data for cmyl {la, 4au.,1uap) 1,2,3,4,4a,9,10,10a-octah

boxylate (4) were determined from cychzatmn of 1a:3 mp 1

=7.1), 3.13 (ddd, 1, J = 6.8, 15.1, 15.1), 2.95 (ddd, 1,

J
16.8), 2.64-2.52 (m, 2), 2.22-2.12 (m, 2), 1.85-1.75 (m, 2),
5.
C

RS L

o-1 ‘m-uum:myi 2- Uxupu naninrene-1-car-
9.5-110.5; 'H NMR 7.30-7.05 (m, 4),4.17 (q, 2, J
= 3.5, 3.5, 16.8), 2.83 (ddd, 1, J = 10.0, 10.0,
1.46 (s, 3), 1.35 (s, 3), 1.27 (1, 3, J = 7.1); 13C
4, 61.2, 57.6, 538 390 38.0, 374, 31.7, 22.8,

NMR 207.9, 173.5, 146.0, 134.9, 129.2, 126.0, 1260
1
1

2712 MNG 120 TD /(/MLIMT \ 177 1 ITNQ e~ 1 A o A e 0O7. 1Y O N& | w R N
&L1.0, &VU.Z, 10.7, 1IN \\M1V13) 1/40, 1/VUC LILL Hlial, U 10l \.,191—124\}3 \4, IJ 717, i, 0.UV2. rounu. \.4,
75.57; H, 8.00.

Partial data for ethyl (1o,4a0,10a0)-1,2,3,4,4a 9,10,10a»octahydro-] ,4a-dimethyl-2-oxophenanthrene-1-
carboxylate (9) were determined from the mixture: 'H NMR 4.30-4.15 (m, 2), 2.78-2.71 (m, 2), 2.06-1.94 (m,

2), 1.50 (s, 3), 1.29 (s, 3), 1.28 (t, 3, J = 7.3).

Data for ethyl (1o,4aB,10a0)-1,2,3,4,4a,9,10,10a-octahydro- 1,4a-dimethyl-2-oxo-phenanthrene-1-car-
boxylate (10): 'H NMR 7.32-7.05 (m, 5), 4.27-4.10 (m, 2), 3.00-2.84 (m, 2), 2.81 (dd, 1, J =22, 12.4),
277 (ddd, 1, J=17.1, 11.5, 16.6), 2.66 (ddd, 1, J = 3.3, 6.6, 16.6), 2.56 (ddd, 1, J = 3.3, 7.1, 13.4), 2.05
(ddd, 1, J=6.6,11.5,13.4), 1.89 (dddd, 1,/ =7.1, 11.1, 124 13.2), 1.54 (dddd, 1, J = 2.2, 2.4, 6.2, 13.2),
1.45(s, 3), 1.35(s, 3), 1.23 (1, 3, S = 7.1); 13CNMR2102 172.9, 146.7, 134.7, 129‘ 126.2, 126.0, 125.2,
61.4, 60.8, 46.6, 36.7, 36.6, 35.2, 30.4, 24.3, 21.2, 16.7, 14.0; IR (neat) 1733, 1706 cm!

Partial data for 16 were determined from the mixture: 'H NMR (endocyclic isomer) 5.4§ (m, 1), 1.86 (m, 3);
{exocyclic isomer) 5.10 (br s, 1), 4.98 (br s, 1).
Data for syn-1,5-dimethyl-8-(2- phenylethyl) 6- oxobicyclo[3 2. l]octanc—2 7-dione (17): TH NMR 7.30-

71U(m,3),1/4(0€101.l-—0£ 93 15/),&0.5((1(1U1J-—/U 93 lJl),Z.D/((lddl J =9.0, 10.1,
17.4), 2.50 (ddd, 1, J = 1.5, 8.1, 17.4), 2.38 (ddd, 1, J = 1.8, 7.5, 7.5), 2.27 (dddd, 1, J = 1.5, 1.8, 9.0,
14.5), 2.08 (ddd, 1, J = 8.1, 10.1, 14.5), 1.67-1.55 (m, 1), 1.53 (s, 3), 1.32 (s, 3), 1.32-1.22 (m, 1); 13C
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NMR 201.8, 174.3, 140.2, 128.7, 128.2, 126.5, 85.2, 61.9, 56.6, 35.0, 34.1, 31.6, 28.4, 23.3, 13.4; IR
(CCly) 1787, 1726 cmrl.

Oxidative Cyclization of 6b. A solution of B-keto ester 6b (80 mg, 0.32 mmol) in AcOH (3 mL) was
added to a degassed mixture of Mn(OAc);*2H,0 (170 mg, 0.63 mmol) and Cu(OAc), (58 mg, 0.32 mmol) in

AcOH (S ml, \ The resultine mixture was stirred for 2 h at rt. The reaction was diluted with watar and axtractad

EAWNTER (o RAEE K EEW RWOIVIIVILLE ABAALULY VY GO OUILIVG VL A 22 QL KL A ilw IWOGWLIVELR TV AT WAIANEWA/RE VY ALER VY SR80 SN WA LI O SRAL

with CH,Cl, ( 3 x40 mL). The combined organic layers were washed with saturated NaHCO, solution, water,
and brine, and dried (MgSQ,). Evaporation of the solvent under reduced pressure afforded 76 mg of crude
product. Flash chromatography on silica gel (50:1 hexane/EtOAc) gave 12 mg of recovered 6b, followed by 5

mg of a 1:6.7 mixture of 6b and 11, 9 mg of 11, 6 mg of a 4:1 mixture of 11 and §, 19 mg of a 1:4:4.5 mixture
of 11 18h and ‘ The calculated v1f=]t'k are 13 mo (16%) of recovered 6h_ 20 mg (7‘%\ of 11 10 me (13 of

Vi sy AR e 2RIV LERALVUAGRIVW JIVAUS QUL 10 dlg (2 VU U Ur AUV RIVG U, AN ns Vi RRy if \Ao /vy Vi

58 and 8.0 mg (10%) of 18b.

Data for ethyl (3aa,4a,7a0)-4,7a-dimethyl- 1-methylene-5-oxo-2,3,3a,4,5,6,7,7a-octahydro- 1 H-indene-4-
carboxylate(li): TH NMR 4.87 (br s, 1), 4.76 (br s, 1), 4.29-4.13 (m, 2), 2.73 (dd, 1, J = 7.5, 12.3), 2.61
(ddd, 1, J = 4.8, 7.5, 16.5), 2.41-2.32 (m, 2), 2.20 (ddd, 1, J = 4.4, 9.0, 16.5), 1.93-1.82 (m, 2), 1.63 (ddd,
1 1-44 9.0, 19.2), 1.28 (t, 3, J = 7.1}, 1.25 (s, 3), 1.24 (s, 3), 1.09-0.93 (m, 1); 13C NMR 2094, 173.5

i, . [ PR R S} 1S TTRI T (aaay S ANAVARN eSS ATy

159.2, 1037 614 573 534 436 362 334, 309 27.8, 267 19.6, 14.0; IR(ncat) 1714, 1655 cm1

Partial data for 18b were determined from the mixture: 'H NMR 5.79 (dd¢, 1, J = 104, 17.1, 6.4), 5.57-
5.46 (m, 2), 5.06-4.98 (m, 2), 4.15-3.95 (m, 2), 2.78 (br dd, 2, J = 5.5, 5.5), 2.47-2.28 (m, 2), 1.80-1.72 (m,
1), 1.40 (s, 3), 1.01 (5, 3); 13C NMR 216.5, 171.0, 136.6, 134.8, 126.8, 115.3, 63.4, 60.9, 43.8, 36.7, 35.8,
31.6, 22.8, 141, 13.6
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