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Compounds 1-OPO(OMe)2 and I-OPS(OMe)2 (7 mg) were mixed 
separately with 0.6 mL of stock solution (40 mM). Spectra were re- 
corded at 20 i 1 OC. A solution of 2-SPO(OMe)2 (60 mM) was divided 
into 500-pL portions and frozen at -20 OC. The samples were allowed 
to thaw in a water bath at the appropriate temperature and to equilibrate 
in the probe for 5 min before spectra were recorded. A 90 mM solution 
of 1-SPO(OMe), was divided into glass ampules and flame-sealed. 
Samples were heated in an oil bath, removed periodically, placed in an 
ice water bath to quench the reaction, and stored at 4 "C until analysis. 
Upon completion of a kinetic run, "P NMR spectra were recorded. 

Reactions were monitored for at least 2 half-lives. Each kinetic point 
was the average of IO aquisitions during a period of 20 s with a delay 
of at least 6 T,'s between radio frequency pulses. Measurements of the 
pints  from sealed ampules used 100 acquisitions with a similar delay. 
IP NMR signals were referenced to trimethyl phosphate in benzene 

contained in  a coaxial tube. 
Product Studies. NMR samples for each phosphorothioate were di- 

luted with an equal volume of diethyl ether and water and mixed. The 
ether phase was dried, and solvent was removed by rotary evaporation. 
The residue was passed through a short bed of silica prior to GC analysis. 
Peaks for the products were identified by coinjection with known com- 
pounds. The volume of the aqueous phase was reduced by lyophilization, 
and components were analyzed by ,IP NMR with addition of known 
samples to confirm peak assignments. Intensities of 3'P NMR signals 
were compared to external solutions of trimethyl phosphate in benzene 

or 1 M phosphoric acid in DzO in a coaxial tube. Material balances of 
water-soluble (phosphorothioates) and extractable (alcohols and TFE 
ethers) compounds were greater than 85%. 

Solvolysis of Geranyl Tosyhte (I-OTs) in 65:35 TFE/D20 Containing 
5. KH (0.12 g, 3.0 mmol) was rinsed twice with 4 mL of diethyl ether, 
and excess ether was removed by a gentle stream of nitrogen. THF ( 2  
mL) was added, and 0.46 g (3.0 mmol) of geraniol was added in 1 mL 
of THF. The solution was stirred at room temperature for 0.5 h and then 
cooled to -78 "C in an acetone/dry ice bath. Tosyl chloride (0.57 g, 3.0 
mmol) was added, and the solution was aliowed to stir for 0.5 h. The 
volume of the solution was reduced to approximately 1 mL under high 
vacuum. The flask was removed from the bath, and 4 mL of a solution 
containing 6935 (v/v) TFE/DzO, 0.4 M 2,6-lutidine, and 1 mmol of 5 
(lutidinium form) at 20 "C was added. The mixture was shaken vigor- 
ously for 1 min. Pentane/diethyl ether (1:l) and water were added. The 
layers were separated, and pentane/ether was removed by rotary evap- 
oration to give 0.43 g of a mixture of phosphorothioates, alcohols, and 
TFE ethers. The residue was analyzed by 31P NMR; peaks were seen 
at 6 69.5, 29.4, and 25.4 with respective relative intensities of I ,  50, and 
5 for 1-OPS(OMe),, I-SPO(OMe),, and 2-SPO(OMe)z. 
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Abstract: Palladium(I1) catalysts mediate the cyclization of [ (trimethylsilyl)oxy] hexatrienes (SOHs) to afford cyclohexenones. 
This novel reaction represents the first general approach to the hexatriene cyclization of dienone enolates or their derivatives. 
Fully-conjugated dienones are readily converted to the kinetic enolates with LDA and trapped as the silyl enol ethers. Heating 
of these compounds in refluxing toluene or xylenes in the presence of 5 mol % Pd(PFuJ2CI2 gives the corresponding cyclohexenones 
in good yield. Substituents (Y to the carbonyl interfere with the cyclization. Treatment of cross-conjugated dienones with 
LDA causes formation of the trans-SOH. However, &/trans isomerization occurs under the reaction conditions, and cyclization 
still proceeds, albeit in moderate yields. Attempts at thermal cyclization of the kinetic potassium or lithium enolates of 
I-acetyl-2-vinylcyclohex-2-ene or the corresponding SOH in the absence of a palladium catalyst led to little or no cyclohexenone 
formation. This observation confirms that the cyclization is catalyzed by palladium and suggests that the concerted thermal 
electrocyclization of electron-rich hexatrienes may be a difficult process. Pd(PFu3)$I2 is proposed to mediate SOH cyclization 
by causing palladium enolate formation, followed by addition across a distal carbon-carbon double bond and trapping of the 
annulated product as the silyl enol ether. 

The synthesis of six-membered rings has traditionally been one 
of the most important endeavors of the synthetic organic chemist, 
leading to a number of methods for the formation of cyclo- 
hex en one^.^^^ The most utilized approach, the Robinson annu- 
lation, involves the Michael addition of an enolate to an alkyl vinyl 
ketone followed by aldol condensation of the resulting 1,4-dione 
(Scheme I ) .3  Many modifications of the Michael/aldol scheme 
have been made, all of which lead to compounds of comparable 
regiochemistry.3 Martin' and FuchsS have developed conjugate 
addition/intramolecular Wittig approaches to cyclohexenone 
annulation that allow somewhat greater variation in the products 
available. 

( I )  (a) Presented in part at the 197th National Meeting of the American 
Chemical Society, 9-14 April 1989, Dallas, TX; ORGN 15:. (b) Presented 
in part at the Fifth IUPAC Symposium on Organometallic Chemistry Di- 
rected Towards Organic Synthesis; 1-6 Oct 1989, Florence, Italy; Abstract 
NO. OP-B33. 

(2) Jung, M. E. Tetruhedron 1976, 32, 3-31. 
(3) Gawley, R. E. Synthesis 1976, 777-794. 
(4) (a) Martin, S. F.; Desai, S. R. J.  Org. Chem. 1977,42, 1664-1666. (b) 

(5) Parim, R. J.; Fuchs, P. L. J .  Org. Chem. 1983, 48, 2304-2306. 
Martin, S. F.; Desai, S .  R. J. Org. Chem. 1978, 43, 4673-4675. 

While studying a route for the total synthesis of corticosteroids, 
we required a facile conversion of a cyclohexanone into the cor- 
responding A2-bicyclo[4.4.0]decen-2-one. Unfortunately, none 
of the aforementioned methodology appeared suitable for our 
needs. In 1978 Magnus proposed a general approach to the 
annulation of cyclohexenones involving the thermal cyclization 
of enolates derived from acyclic dienones.6 To date, this proposal, 
based on earlier findings of Scanio' and Yoshikoshi,8 has not been 
tested. We observed that the thermal ( 1  IO "C) cyclization of a 
hexatrienolate proceeds very slowly to afford cyclohexenones in 
low yield. 

Herein, we report the first general cyclization of hexatrienolate 
derivatives. Palladium complexes mediate the cyclization of 
[ (trimethylsily1)oxyl hexatrienes (SOHs) to afford cyclohexenones 
after deprotection. As shown in Scheme I, the SOH cyclization 
is complementary to both the Robinson and the Martin-Fuchs 

(6) Magnus, P. Noun J. Chim. 1978, 2, 555-557. 
(7) Scanio, C. J .  V.; Starrett, R. M. J .  Am. Chem. SOC. 1971. 93, 

(8) Miyashita, M.; Yoshikoshi, A. J. Am. Chem. SOC. 1974, 96, 
1539-1 540. 

19 17-1 925. 
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annulations. The Robinson annulation and its modifications?J 
as well as the Martin-Fuchs approaches,4s5 lead to the formation 
of A~(~0)-bicyclo[4.4.0]decen-2-one (2) (Scheme I). In contrast, 
cyclization of [ (trimethylsily1)oxyl hexatriene 3, readily formed 
from the corresponding fully-conjugated dienone, gives the AI- 
en-3-one, 4, a product also available from a variation of Martin's 
scheme.' Cyclization of SOH 5, generated retrosynthetically from 
the cross-conjugated dienone, affords A2-en-1-one 6, the regioi- 
somer needed for our corticoid synthesis. 

Results and Discussion 
Thermal Oxyhexatriene Cyclization Approach. Our original 

approach to the annulation of cyclohexenones involved the thermal 
electrocyclization of an enolate derived from a dienone. Thermal 
hexatriene cyclizations have become increasingly useful for the 
synthesis of six-membered but typically the hexatriene 
of interest contains either electron-withdrawing groups or no 
heterofunctionality." We have been studying the ability of 
electron-rich hexatrienes to undergo similar electrocyclic rear- 
rangements. Scanio and Starrett proposed that a hexatrienolate 
intermediate is involved in product formation when the Robinson 
annulation is performed in DMSO.' Yoshikoshi also invoked such 
an intermediate to explain the formation of a bicyciodecenone on 
treatment of a cyclodeca-2,8-dien-l-one with a Wittig reagent in 

In both cases, the products were formed at room tem- 
perature over a few hours. While studying a related annulation, 
White found that trans-enol 7 underwent photochemical trans/& 
isomerization, followed by enolate formation and photochemical 
isomerization to afford bicyclic products.12 Photochemical 

~~ ~ ~ 

(9) For a discussion of the hexatriene cyclization, see: Woodward, R. B.; 
Hoffmann, R. The Conservation of Orbital Symmetry; Verlag Chemie: 
Deerfield Beach, FL, 1970; pp 51-53. 

(IO) For some recent applications of six-membered ring annulation using 
nonanionic hexatriene cyclizations, see: (a) Nicolaou, K. C.; Zipkin, R. E.; 
Uenishi, J. J .  Am. Chem. Soc. 1982, 104, 5555-5557. (b) Reischel, W.; 
Okamura, W. J .  Am. Chem. Soc. 1982, 104, 6115-6117. (c) Gilchrist, T. 
L.; Summersell, R. J. J .  Chem. SOC., Perkin Trans. I 1988, 2595-2601. (d) 
Gilchrist, T. L.; Summersell, R. J. J .  Chem. Soc., Perkin Trans. 1,  1988, 
2603-2606. 

( 1  1) (a) Marvell, E. N. Thermal Electrocyclic Reactions; Academic Prcss: 
New York, 1980; pp 260-375. (b) Epiotis, N. D. J .  Am. Chem. Soc. 1973, 
95, 1200-1206. (c) Spangler, C. W.; Jondahl, T. P.; Spangler, 9. J .  Org. 
Chem. 1973, 38, 2478-2484. 

(12) White, J. D.; Skeean, R. W. J .  Am. Chem. SOC. 1978, 100, 
6292-6297. 

hexatrienolate cyclization was made possible in this case by ex- 
tending the conjugate of the hexatrienolate system with an ester 
group. 

hv 
NaOMe MeOH * 

%JMe Ref 12 

7 - 

L 

We chose the kinetic enolate of 1-acetyl-2-vinylcyclohexene (11) 
as a model for the hexatrienolate cyclization in order to optimally 
set the hexatriene framework for cyclization. Dienone 11 was 
readily available by formation of the thermodynamic mesylate 
of 2-acetyl- 1 -cyclohexanone (70% yield), followed by Pd- 
(PPh3),-catalyzed coupling of the mesylate with vinyltrimethyltin 
in the presence of a stoichiometric amount of LiBr (74%).13 
Treatment of' dienone 11 with either LDA or potassium hexa- 
methyldisilazide in THF resulted in clean formation of the desired 
enolate, as shown by trapping in situ with trimethylsilyl chloride. 
No products of cyclization were observed, even after extended 
reaction times. Similarly, the reaction of 11 with KH in DMSO 
produced the desired enolate, but only traces of annulated ma- 
terials were detected even after extended reaction times. These 
results suggest that the cyclizations reported by Scanio and 
Yoshikoshi may be occurring through more complex mechanisms 
than were originally Attempts a t  photochemical 
cyclization of hexatrienolates or the corresponding silyl enol ethers 
proved equally disappointing. 

Theoretical studies have indicated that electron-donating groups 
will act to disfavor a concerted thermal hexatriene cyc1i~ation.l~ 
As a test, silyl enol ether 12 was heated in toluene at  110 O C  for 
48 h during which no annulation was observed. Continued heating 
over a total of 7 days afforded A5~~o-bicyclo[4.4.0]decen-l-one (13) 
and 5,6,7,8-tetrahydro-l-naphthol (14) in a 1:l ratio. The long 
reaction times required for the electrocyclic reaction indicated 
to us that optimization of the oxyhexatriene cyclization might 
require some method to remove electron density from the hexa- 
trienol system while retaining the oxygen substituent. 

b. TMSCl 7 d  

12 
95% 34% 

( Y O  13 

Metal-Catalyzed Oxyhexatriene Cyclization. Transition metals 
have been used extensively to mediate cyclizations and coupling 
reactions of unsaturated  system^.'^*^^ We therefore chose to 

(13) Hettrick, C. M.; Kling, J. K.; Scott, W. J. J .  Org. Chem. 1991, 56, 

(14) Carpenter, B. K. Tetrahedron 1978, 34, 1877-1884. 
(15) For general monographs of organo-transition-metal chemistry, see: 

(a) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. frinciples and 
Applications or Organotransition Metal Chemistry, 2nd ed.; University 
Science Books: Mill Valley, CA, 1987. (b) Yamamoto, A. Organorransition 
Metal Chemistry; Wiley: New York, 1986. (c) Colquhoun, H. M.; Holton, 
J.; Thompson, D. J.; Twigg, M. V. New Pathways for Organic Synthesis: 
Practical Applications of Transition Metals; Plenum Prcss: New York, 1984. 
(d) Heck, R. F. Palladium Reagents in Organic Synthesis: Academic Press: 
New York, 1985. 

1489-1 492. 
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Table 11. Pd(PFu3)2C12-Catalyztd Cyclization of Dienones via the 
Silyl Enol Ethers (SOHs) 

isolated 
entry dienone cyclized product yield, % 

Table 1. Effect of Selected Palladium Catalysts in the Cyclization 
of 12 

OTMS 
I 0 

bath reactn isolated yield 
catalyst temp, OC time, h of 13," % 

no catalyst 110 48 0 
no catalyst 110 168 34 
Pd(OAc),/ZPPh, 110 48 0 
(d~~flPdC12 110 48 (35)* 
Pd(PPh,),CIz 110 48 41 
Pd(PPhA 110 48 0 
Pd(PFur)XI, (IS) 115 72 84 

'Yield based on GC analysis. bReaction with (dppf)PdCIz led to a 
complex mixture of products. 

investigate a similar approach for the annulation of the [(tri- 
methylsilyl)oxy]hexatriene (SOH) system. During a preliminary 
survey of possible catalysts, it was found that Wilkinson's catalyst 
(Rh(PPh3)3CI) is very inefficient a t  effecting the cyclization. 
Treatment of SOH 12 with 5 mol % Wilkinson's catalyst in toluene 
at  110 OC for 72 h afforded none of the desired enone. Reaction 
with the catalyst in benzene at  65 OC for 120 h afforded cyclized 
enone 13 in only 12% yield. The major product of these reactions 
was deprotected dienone 11, isolated in 55% yield. In contrast, 
use of the isoelectronic R u ( P P ~ ~ ) ~ C I ~  afforded enone 13 in 63% 
yield as a part of a complex mixture of products that included 
dienone 11 and phenol 14. 

Treatment of SOH 12 with Pd(I1) catalysts in refluxing toluene 
or xylenes afforded cyclized enone 13 in variable yields along with 
deprotected starting material and, in some cases, products of side 
reactions. As shown in Table I, Pd(OAc),/2PPh, afforded no 
cyclized material, while Pd(PPh3)2C12 gave enone 13 in moderate 
yields. As mentioned above, little cyclization was observed in the 
absence of a catalyst. 

Because palladium catalysts appeared to cause the fewest side 
reactions, it was decided to optimize the palladium-mediated SOH 
cyclization. Operating on the hypothesis that electron-poor 
palladium complexes might favor enone formation, a new Pd(I1) 
complex was synthesized using the relatively electron-poor tri- 
2-f~rylphosphine~~ (PFu3) as the stabilizing ligand. Treatment 
of K2PdCI4 with 2 equiv of PFu3 in aqueous acetone afforded 
P ~ ( P F u ~ ) ~ C I ~  (15) in 35% yield as a microcrystalline yellow solid. 
Analysis of a slurry of the complex in sulfolane by fast atom 
bombardment mass spectrometry (FAB-MS) scanning between 
m / z  300 and 800 as described previously1* afforded no ions that 
could be assigned to palladium-containing species. In contrast, 
analysis of a saturated solution of 15 in CH2C12 using sulfolane 
as the matrix solvent produced ions at  m / z  604 ( P ~ ( P F u ~ ) ~ C I ~  

- 2 CI - C4H30), and 338 (68, P ~ ( P F U ~ ) ~ C I ~  - 2 CI - PFu3). The 
relative intensities of the isotope pattern centered around m / z  604 
(relative intensity 95%) matched the calculated intensities for an 
ion with formula C24H17C106P2Pd. 

N M R  spectra of microcrystalline 15 in CDC13 indicated the 
presence of two isomers in a 1.8:l .O ratio. Stereochemistry was 

- HCI), 570 (47, Pd(PFu3)2C12 - 2 CI), 503 (35, Pd(PFu3)2C12 

(16) For reports on palladium catalysis of electrwyclic reactions, see: (a) 
Overman, L. E. Angew. Chem., Inr. Ed. Engl. 1984, 23, 579-586, and ref- 
erenws therein. (b) Lutz, R. P. Chem. Rev. 1984,84,205-247, and references 
therein. (c) van der Baan, J. L.; Bickelhaupt, F. Tetrahedron Lerr. 1986, 27, 
6267-6270. 

(17) For reports on the use of tri-2-furylphosphine as a stabilizing ligand 
in palladium-catalyzed coupling reactions, see: (a) Farina, V.; Baker, S. R.; 
Benigni, D. A.; Sapino, C., Jr. Tetrahedron Lerr. 1988, 29, 5739-5742. (b) 
Farina, V.; Baker, S. R.; Sapino, C., Jr. Tetrahedron Lerr. 1988, 29, 
6043-6046. 

(18) Mallis, L. M.; Scott, W. J. Org. MassSpectrom. 1990, 25, 415-419. 

0 

2 

3 
Ph 

4 

0 

5 00;'. 
0 

0 

n 

n 

84 

83 

80 

0 

4 

34 (2:1 
cis:trans) 

0 

assigned according to the general observation that the 31P chemical 
shifts for cis-dichlorobis(phosphine)palladium(II) complexes 
appear downfield from those of the trans isomers.19 The cis isomer 
(62%) displayed a singlet in the 31P N M R  spectrum at  6 -22.3 
and 'H N M R  absorbances at  6 6.53,7.18, and 7.46.M The trans 
isomer (38%) was observed as a singlet in the NMR spectrum 
at  6 -29.1, with 'H N M R  resonances at  6 6.42, 7.31, and 7.54. 
After the mixture was allowed to stand in CDC13, tri-2-furyl- 
phosphine oxide was slowly formed, presumably by air oxidation 
of complex 15.22 Recrystallization of 15 from hexane/CH2C12 
gave a crystal of P ~ ( P F u ~ ) ~ C I ~  of marginal quality, which clearly 
indicated cis stereochemistry of the ligands about the square-planar 
p a l l a d i ~ m . ~ ~ . ~ ~  

(19) (a) Grim, S. 0.; Keiter, R. L. Inorg. Chim. Acra 1970,4,56-60. (b) 
Mann, B. E.; Masters, B. L.; Shaw, B. L.; Slade, R. M.; Stainback, R. E. 
Inorg. Nucl. Chem. Lerr .  1971, 7 ,  881-885. (c) Verstuyft, A. W.; Nelson, 
J. H.; Cary, L. W. Inorg. Nucl. Chem. Len. 1976, 12,5348. (d) Verstuyft. 
A. W.; Redfield, D. A.; Cary, L. W.; Nelson, J. H. Inorg. Chem. 1977, 16, 
2776-2786. (e) MacDougal, J. J.; Nelson, J. H. Inorg. Nucl. Chem. L e r r .  
1979, IS, 315-316. 

(20) Characteristics of tri-2-furylphosphine: mp 58-60 OC (lit.2'' mp 63 
OC); bp (bulb-to-bulb) 130-140 OC (0.05 mmHg) [lit.21' bp 136 OC (4 
mmHg)]; IR (CDCI,) 3100, 1535, 1440, 1350,1195,1135,1100,985 cm-'; 
IH NMR 1300 MHz) 6 6.40 1m. 1 H). 6.79 (m, 1 H), 7.65 (br s, 1 H); 13Cl'HI 
NMR (75'MHz) 6 li0.7 (d, jA = 7.0 Hz); 121.1 (d, Jpc'= 25.5 Hz), 147.5 

(21) (a) Niwa, E.; Aoki, H.; Tanaka, H.; Munakata, K. Chem. Ber. 1966, 
99, 712-714. (b) Taddei, F.; Vivarelli, P. Org. Mag. Reson. 1970,2, 319-321. 

(22) Characteristics of tri-2-furylphosphine oxide: mp 11 1-1 12 OC (lit.23 
mp 113-114 ''2); bp (bulbto-bulb) 170-180 O C  (0.1 mmHg); IR (CDC13) 
1550, 1450, 1365, 1215, 1130, IO00 cm-I; 'H NMR (300 MHz) 6 6.53 (m, 
I H), 7.14 (m, I H), 7.71 (m, I H); 13C(1HJ NMR (75 MHz) 6 1 1  1.0 (d, Jpc 

(23) Griffin, C. E.; Peller, R. P.; Martin, K. R.; Peters. J. A. J .  Org. Chem. 

(24) Hettrick, C. M.; Baenziger, N. C. Unpublished results. 

(d, J p c  
-77.2 (s). 

3.0 Hz), 148.8 (d, J p c  3.7 Hz); 31P(lHJ NMR (121.5 MHz) 6 

=z 9.3 Hz), 123.4 (d, J p c  
= 41.5 Hz): 'lP('H) NMR (121.5 MHz) I - I  1.7 (s). 

1965, 30, 97-101. 

22.1 Hz), 148.7 (d, J p c  8.6 Hz), 149.0 (d, J p c  
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Heating of a toluene or xylenes solution of SOH 12 at  the reflux 
temperature in the presence of substoichiometric amounts of 
catalyst IS afforded annulated cyclohexenone 13 in 70-85% yield, 
along with small amounts of deprotected starting material 11 
(Table I). As shown in Table 11, analogues of fully-conjugated 
dienone 11 with substituents on the distal olefin undergo the 
two-step annulation in consistently high yield (entries 2 and 3). 
In these cases the cyclization is very clean, affording the annulated 
product occasionally contaminated with minor amounts of de- 
protected starting material. Interestingly, the presence of a phenyl 
group in dienone 18 did not appear to alter the course of the 
reaction. Analogues of dienone 11 with substituents a to the 
carbonyl give very little cyclized material (entry 5 ) .  The one 
example to date of the annulation of a cross-conjugated dienone 
afforded cyclized products in moderate yield (entry 6). 

The SOH cyclization may be viewed as being mechanistically 
similar to an intramolecular Heck 0 1 e f i n a t i o n . ~ ~ ~ ~  The intra- 
molecular Heck olefination involves the palladium-mediated cy- 
clization of a molecule containing both an electrophilic site and 
a distal olefin. The electrophile may contain one of a wide variety 
of leaving groups but must contain an sp2 or sp center a t  or 

Hettrick and Scott 

(25) The tendency of Pd(PFu3)2C12 to have cis stereochemistry may be 
contrasted with Pd(PPhJ2Cl2, which exists in solution as a 1:15.5 cis to trans 
mixturelk and has not been crystallized with cis stereochemistry despite 
repeated attempts. (a) Clark, D. T.; Dillon, K. B.; Thomas, H. R.; Wad- 
dington, T. C. J .  Chem. SOC., Dalton Trans. 1979. 250-253. (b) Ferguson, 
G.; McCrindle, R.; McAlees, A. J.; Parvez, M. Acta Crystallogr., Sect. B 
1982, 838, 2679-2681. 

(26) Heck, R. F. Org. React. (N.Y.) 1982, 27, 345-390. 
(27) For annulations involving aryl electrophiles, see: (a) Mori, M.; Ban, 

Y. Tetrahedron Lett. 1976, 17, 1803-1806. (b) Mori, M.; Chiba, K.; Ban, 
Y. Tetrahedron Lett. 1977, 18, 1037-1040. (c) Cortese, N. A.; Zeigler, Jr., 
C. B.; Hrjez,  B. J.; Heck, R. F. J .  Org. Chem. 1978,43, 2952-2958. (d) 
Terpko, M. 0.; Heck, R. F. J .  Am. Chem. SOC. 1979, 101, 5281-5283. (e) 
Mori, M.; Ban, Y. Tetrahedron Lett. 1979, 20, 1133-1 136. (f) Mori, M.; 
Kudo, S.; Ban, Y. J .  Chem. Soc., ferkin Trans. 1 1979,771-774. (g) Mori, 
M.; Ban, Y. Heterocycles 1979, 9, 391-397. (h) Odle, R.; Blevins, B.; Ratcliff, 
M.; Hegedus, L. S. J .  Org. Chem. 1980,45,2709-2710. (i) Iida, H.; Yuasa, 
Y.; Kibayashi, C. J .  Org. Chem. 1980,45, 2938-2942. (j) Mori, M.; Hash- 
imato, Y.; Ban, Y. Tetrahedron Lett. 1980, 21, 631-634. (k) Hegedus, L. 
S.; Mulhern, T. A.; Mori, A. J .  Org. Chem. 1985, 50, 4282-4288. (I) Ro- 
driguez, J. G.; Canoira, L. J .  Heterocycl. Chem. 1985, 22, 883-888. (m) 
Canoira, L.; Rodriguez, J. G. J .  Heterocycl. Chem. 1985, 22, 1511-1518. (n) 
Grigg, R.; Sridharan, V.; Stevenson, P.; Worakun, T. J .  Chem. Soc., Chem. 
Commun. 1986, 1697-1699. ( 0 )  Rodriguez, J. G.; Canoira, L.; Tempraro, 
F. J.  Chem. Soc., ferkin Trans. 2 1986, 1193-1 196. (p) Kasahara, A.; Izumi, 
T.; Murakami, S.; Yanai, H.; Takatori, M. Bull. Chem. Soc. Jpn. 1986,59, 
927-928. (9) Abelman, M. M.; Oh, T.; Overman, L. E. J .  Org. Chem. 1987, 
52, 4130-4133. (r) Larock, R. C.; Babu, S. Tetrahedron Lett. 1987, 28, 
5291-5294. (s) Zhang, Y . ;  OConner, B.; Negishi, E. J .  Org. Chem. 1988, 
53, 5588-5590. (t) Larock, R. C.; Song, H.; Baker, B. E.; Gong, W. H. 
Tetrahedron Lett. 1988,29,2919-2922. (u) OConner, B.; Zhang, Y.; Ne- 
gishi, E.; Luo, F.-T.; Cheng, J.-w. Tetrahedron Lett. 1988, 29, 3903-3906. 
(v) Burns, B.; Grigg, R.; Sridharan, V.; Worakun, T. Tetrahedron Lett. 1988, 

(28) For annulations involving vinyl electrophiles, see: (a) Negishi, E.; 
Miller, J. A. J .  Am. Chem. SOC. 1983, 105, 6761-6763. (b) Narula, C. K.; 
Mak, K. T.; Heck, R. F. J .  Org. Chem. 1983,48,2792-2796. (c) Grigg, R.; 
Stevenson, P.; Worakun, T. J .  Chem. Soc., Chem. Commun. 1984,1073-1075. 
(d) Tour, J. M.; Negishi, E. J .  Am. Chem. Soc. 1985, 107, 8289-8291. (e) 
Negishi, E.; Zhang, Y.; OConnor, B. Tetrahedron Lett. 1988,29,2915-2918. 
(f) Burns, B.; Grigg, R.; Ratananukul, P.; Sridharan, V.; Stevenson, P.; 
Worakun, T. Tetrahedron Lett. 1988, 29, 4329-4332. (g) Grigg, R.; Ste- 
venson, p.; Worakun, T. Tetrahedron 1988,44, 2033-2048. (h) Carpenter, 
N. E.; Kucera, D. J.; Overman, L. E. J .  Org. Chem. 1989, 54, 5846-5848. 

(29) For annulations involving a-halo carbonyl compounds, see: (a) Mori, 
M.; Oda, I.; Ban, Y. Tetrahedron Lett. 1982,23, 5315-5318. (b) Mori, M.; 
Kanda, N.; Oda, 1.; Ban, Y. Tetrahedron 1985, 41,  5465-5474. (c) Mori, 
M.; Kanda, N.; Ban, Y. J .  Chem. SOC., Chem. Commun. 1986, 1375-1376. 

(30) For annulations involving allylic electrophiles, see: (a) Oppolzer, W.; 
Gaudin, J.-M. Helu. Chim. Acta 1987, 70, 1477-1481. (b) Trost, B. M.; 
Luengo, J. I. J .  Am. Chem. SOC. 1988, 110, 8239-8241. (c) Oppolzer, W.; 
Gaudin, J.-M.; Birkinshaw, T. N. Tetrahedron Lett. 1988, 29, 4705-4708. 
(d) Oppolzer, W.; Gaudin, J.-M.; Bedoya-Zurita, M.; Hueso-Rodriguez, J.; 
Raynham, T. M.; Robyr, C. Tetrahedron Lett. 1988, 29, 4709-4712. (e) 
Oppolzer, W.; Bedoya-Zurita, M.; Switzer, C. Y. Tetrahedron Lett. 1988,29, 
6433-6436. (f) Oppolzer, W.; Keller, T. H.; Bedoya-Zurita, M.; Stone, C. 
Tetrahedron Lett. 1989, 30, 5883-5886. (g) Oppolzer, W.; Swenson, R.; 
Pachinger, W. Helu. Chim. Acta 1989, 72,  14-16. (h) Yamamoto, K.; Ter- 
akado, M.; Murai, K.; Miyazawa, M.; Tsuji, J.; Takadhashi, K.; Mikami, K. 
Chem. Lett. 1989, 955-958. (i) Oppolzer, W.; Keller, T. H.; Kuo, D. L.; 
Pachinger, W. Tetrahedron Lett. 1990, 31, 1265-1268. 

29. 4325-4328. 
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adjacent to the leaving group. A Pd(0) catalyst (either added 
or formed in situ) is allowed to undergo oxidative addition with 
an electrophile to form an organopalladium(I1) ~omplex .~’  In- 
sertion across a remote carbon-carbon double bond causes ring 
formation with generation of a new palladium-carbon u bond. 
@-Hydride elimination affords the corresponding olefin with 
concomitant formation of a palladium(I1) hydride. Finally, re- 
action with base regenerates the Pd(0) catalyst. Recently, a rich 
chemistry of palladium-catalyzed cyclization of polyene species 
affording polycyclic compounds has been developed by OvermanP2 
N e g i ~ h i , ~ ~  and Grigg.34 

The S O H  cyclization may be rationalized as involving the 
transmetallation of the 0-Si bond of 12 to form an (oxyallyl)- 
palladium species and TMSCl (Scheme II).35 This is reminiscent 
of the first step of the Saegusa o ~ i d a t i o n . ~ ~ , ~ ’  At the reaction 
temperature, TMSCl is driven from solution. Equilibration to 
u-allyl complex 27 followed by addition a c r m  the terminal double 

(3 1) For some approaches to formation of organopalladium intermediates 
not involving prior oxidative addition, see: (a) Morizawa. Y.; Oshima, K.; 
Nozaki, H. J .  Am. Chem. SOC. 1982, 23, 2871-2874. (b) Takahashi, T.; 
Kataoka, H.; Tsuji, J. J .  Am. Chem. SOC. 1983, 105, 147-149. (c) Trost, B. 
M.; Rise, F. J .  Am. Chem. Soc. 1987,109,3161-3163. (d) Trost, B. M.; Let, 
D. C. J .  Am. Chem. SOC. 1988, 110,7255-7258. (e) Nokami, J.; Mandai, 
T.; Watanabe. H.; Ohgama, H.; Tsuji, J. J. Am. Chem. Soc. 1989, 111, 
4126-4127. (f) Antony, S.; Motherwell, W. B.; Shipman, M. Tetrahedron 
Lett. 1989,30,7107-7110. (g) Takacs, J. M.; Zhu, J. Tetrahedron Lett. 1990, 

(32) Abelman, M. M.; Overman, L. E. J .  Am. Chem. SOC. 1988, 110, 

(33) (a) Zhang, Y.; Negishi, EA. J .  Am. Chem. SOC. 1989, I l l ,  
3454-3456. (b) Wu, G.-z.; Lamaty, F.; Negishi, E.4. J .  Org. Chem. 1989, 

(34) Grigg. R.; Dorrity. M. J.; Malone, J. F.; Sridharan, V.; Sukirthal- 
ingham, S. Tetrahedron Lett. 1990, 31, 1343-1346. 

(35) A reviewer has proposed an alternate mechanism involving a one- 
electron transfer from the silyl enol ether to the Pd(I1) catalyst, cyclization 
of the electron-poor radical cation of the hexatriene, and one-electron transfer 
from the radical anion of the Pd(I1) catalyst to the cyclized radical cation. 
This interesting proposal, while not disproven, fails to explain the formation 
of isomerized silyl enol ether 43 and fails to explain why SOH 33 will undergo 
cyclization but the SOH derived from dienone 25 will not cyclize. 

31, 1117-1120. 

2328-2329. 

54, 2507-2508. 
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Scbeme 111. Cross-Conjugated Annulation go'' Me3Sn 
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bond"*'* then affords u-allylpalladium species 28. Although 
complex 28 may be in equilibrium with a number of a- and 
*-isomers, trapping of any of these palladium enolates by re- 
formation of the 0-Si bond generates the silyl enol ether 30. 
Because the reaction is run well above the boiling point of TMSCl, 
the source of the silyl trapping group must be unreacted silyl ether 
12. Bergman and Heathcock have demonstrated that an (oxy- 
ally1)rhodium complex will equilibrate with a silyl enol ether.39 

The proposed mechanism allows a number of predictions about 
the limitations of the annulation. First, addition of excess TMSCl 
to the reaction mixture and running the reaction in a sealed flask 
was found to severely slow the reaction and to lower the final yield 
of annulated product. This is consistent with a reversible pre- 
liminary step involving palladium enolate formation. Also, a- 
allylpalladium species 28 should be capable of undergoing 8- 
hydride elimination, leading eventually to phenol 14. Indeed, 14 
has been observed in minor amounts (10-20% yield) from the 
Pd(PPh3)2C12-mediated cyclization. 

More importantly, the proposed mechanism allows the pre- 
diction that the stereochemistry of the S O H  system will be rel- 
atively unimportant, assuming that the intermediate allyl species 
can isomerize as necessary prior to insertion into the terminal 
double bond. To  test this prediction, two model compounds were 
synthesized, only one of which is capable of the required isom- 
erization. For the examination of the propensity toward isom- 
erization followed by cyclization, cross-conjugated dienone 23, 
obtained by carbonylative couplinga of vinyl triflate 31 with 
(2-methylprop-l -en-1-yl)trimethyltin, was treated with LDA 
followed by TMSCl to give SOH 33 (83%) as the only product 
observed (Scheme 111). Heating of 33 in the presence of sub- 
stoichiometric amounts of Pd(PFu3)$12 afforded a 2: 1 mixture 
of readily separated diastereomeric decalenones, identified as 
cis-fused enone 24c and trans-fused enone 24t in 34% isolated 
yield, along with a 61% yield of 23 (Table 11, entry 6). The 
assignment of the major product as the cis isomer was based 
largely on the upfield shifts observed in the carbon N M R  of 24c, 
as compared to that of 24t. Such shielding is well precedented 
for the bicyclo[4.4.0]decane system:' In addition, the I3C N M R  
of the less polar compound (24t) displayed signals at 126.3, 160.8, 
and 201.3 ppm, in good agreement with those reported for 

(36) (a) 
1011-1013. 
1133-1136. 

Ito. K.; Hirao, T.; Saegusa, T. J .  Org. Chem. 1978, 43, 
(b) Tsuji, J.; Minami, 1.; Shimizu, I. Chem. Lett. 1984, 

(c) Tsuji, J.; Minami, 1.; Shimizu, I. Tetrahedron Lett. 1983, 24, 

(37) Saegusa has shown that silyl enol ethers react with stoichiometric 
amounts of Pd(I1) complexes to form stable, isolable palladium enolates, which 
at higher temperatures are capable of undergoing insertion reactions: (a) Ito, 
Y.; Aoyama, H.; Saegusa, T. J.  Am. Chem. Soc. 1980,102,4519-4521. (b) 
Ito, Y.; Nakatsuka, M.; Kise, N.;  Saegusa, T. Tetrahedron Lett. 1980, 22, 

5635-5638. 

m3-2a76.  
~ (38) Kende, A. S.; Roth, B.; Sanfilippo, P. J.; Blacklock, T. J .  J .  Am. 
Chem. Soc. 1982, 104, 5808-5810. 

(39) Slough, G. A.; Bergman, R. G.; Heathcock, C. H. J.  Am. Chem. Soc. 
1989. I 1  I. 938-949. . - - - .  - - -  - .~ .~ 

(40) Crisp, G. T.; Scott, W. J.; Stille, J. K.  J.  Am. Chem. Soc. 1984, 106, 
7500-7506. 

(41) Pretsch, E.; Seibl, J.; Simon, W. Tables of Spectral Data for 
Structure Determination of Organic Compounds; Springer-Verlag: New 
York, 1983; p C75. 
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trans-3-methylbicyclo[4.4.0]dec-2-en-1-one (126.2, 160.5, 200.8 
ppm).42 The more abundant, more polar compound (24c) showed 
signals a t  125.2, 161.7, and 203.6 ppm, which correspond well 
with those reported for cis-3-methylbicyclo[4.4.0]dec-2-en- 1-one 
(125.5, 160.2, 201.6 ~ p m ) . ~ ~  

As shown in Scheme IV, formation of the observed products 
may be rationalized as occurring by transmetallation to give 
(r-oxyal1yl)palladium 34. Equilibration and bond rotation would 
cause the formation of a-allylpalladium complex 35, which would 
then further equilibrate to the more stable r-allylpalladium 
complex 36. Addition across the ring double bond (illustrated 
for the formation of the trans-ring juncture) followed by trapping 
of the palladium enolate affords silyl enol ethers, which are 
subsequently quenched to give enones 24c and 24t. The ratio of 
24c to 24t is determined by facial differences in the hindrance 
to initial palladium complexation to the olefin. In this case, there 
appears to be little differentiation. 

The high level of returned starting material appears to be the 
result of a side reaction. In a separate experiment, silyl enol ether 
43 was isolated in addition to the normal mixture of products and 

(42) (a) Agami, C.; Levisalles, J . ;  Rizk, T. J .  Chem. Res. Synop. 1988, 
166-167. (b) Kover, W. B.; Junior, J.  J.; De Aguiar, A. P.; von Holleben, 
M. L. A. Tetrahedron 1987.43, 3199-3204, reference 4. 
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Scheme V. Proposed Mechanism for the Formation of 43 
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deprotected starting materials (Scheme V). Triene 43 must have 
arisen by a hydride-transfer reaction. We envisage this as  oc- 
curring via insertion of palladium across the axial C-H of co- 
ordinated complex 40 to form palladium(1V) hydride 41.43 
Reductive elimination in the opposite direction generates allyl- 
palladium(I1) species 42, which is incapable of undergoing in- 
tramolecular insertion processes. Trapping of palladium enolate 
42 as  before gives the observed silyl ether. 

If the proposed mechanism for the SOH cyclization is correct, 
only hexatrienes possessing the necessary all-syn stereochemistry, 
or those capable of isomerization to that stereochemistry through 
allyl-palladium intermediates, can be utilized for the annulation 
(vide supra). To test the requirement for isomerization, knownu 
tramdienone 25 was converted into the kinetic silyl ether (LDA, 
TMSCI, 85%) and subjected to the SOH cyclization conditions 
(Table 11, entry 7). Even after extended reaction times, no an- 
nulated material was observed and the silyl enol ether was returned 
unchanged in nearly quantitative yield. The lack of annulated 
product was due to the inability of the initially formed oxy- 
allylpalladium complex to equilibrate in such a way as to isomerize 
to the necessary cis structure. 

In summary, we have demonstrated three synthetically im- 
portant concepts. First, it has been shown that the uncatalyzed 
thermal cyclization of dienone enolates or their TMS derivatives 
is not a facile process, suggesting that the electronic demands of 
the hexatriene cyclization run counter to the reactivity patterns 
of electron-rich hexatrienes. Second, the two-step cyclization of 
fully-conjugated and cross-conjugated dienones via [(trimethyl- 
silyl)oxy]hexatrienes (SOHs) has been developed. Of the pal- 
ladium complexes studied to date, P ~ ( P F u , ) ~ C ~ ~  is the optimal 
catalyst for the SOH cyclization. The methodology is not con- 
strained by the stereochemistry about the hexatriene, as long as  
the palladium catalyst is able to act to equilibrate double-bond 
geometry. While the yield of annulated product varies with the 
structure of the SOH, it is important to note that starting material 
that  does not afford annulated product is typically returned as  
deprotected [(trimethylsilyl)oxy]hexatriene. The palladium- 
catalyzed SOH cyclization, in combination with the Robinson 
annulation, allows placement of the carbonyl of an annulated 

(43) For some references concerning the postulated existence of Pd(1V) 
intermediates in Pd-catalyzed reactions, see: (a) Frankel, E. N.; Rohwedder, 
W. K.; Neff, W. E.; Weisleder, D. J .  Org. Chem. 1975,40, 3247-3253. (b) 
Trost, B. M.; Strege, P. E.; Weber, L.; Fullerton, T. J.; Dietsche, T. J. J .  Am. 
Chem. Soc. 1978.l00,3407-3415. (c) Loar, M. K.: Stille, J. K. J.  Am. Chem. 
SOC. 1981,103,4174-4186. (d) Overman, L. E.; Jacobsen, E. J. J. Am. Chem. 
Soc. 1982, 104, 7225-7231. (e) Kurosawa, H.; Emoto, M.; Urabe, A. J. 
Chem. SOC.. Chem. Commun. 1984.968-969. 

(44) Scott, W. J.: Pefia, M. R.; Sward, K.; Stoesscl, S. J.; Stille, J. K. J .  
Org. Chem. 1985, 50. 2302-2308. 

cyclohexenone in three of the four possible positions on the newly 
formed ring (Scheme I), and synthetic flexibility is therefore 
extended. Cyclohexenone annulation via the palladium-catalyzed 
SOH cyclization is thus complementary to the Robinson annu- 
lation and promises to become a valuable addition to the arsenal 
of the synthetic organic chemist. Third, we have demonstrated 
a general principle for overcoming electronic barriers to electro- 
cyclic reactions. Cyclization reaction pathways may be altered 
in unfavorable electronic cases through use of electron-poor (or 
electron-rich) transition-metal catalysts. We are currently studying 
the application of the SOH cyclization to the total synthesis of 
corticosteroids and extension of this reaction to phenol and het- 
eroaromatic syntheses. 

Experimental Section 
IH NMR spectra were obtained with CDCI, as solvent and tetra- 

methylsilane as internal standard on Bruker WM-360 or AC-300 spec- 
trometers. 13C NMR spectra were recorded on Bruker WM-360 (91- 
MHz), AC-300 (75-MHz), or JEOL FX9OQ (23-MHz) spectrometers 
with CDCI, as solvent and internal standard. ,lP NMR spectra were 
recorded on Bruker AC-300 (122-MHz) or JEOL FX90Q (36-MHz) 
spectrometers with CDCI, as solvent and 85% aqueous H3P04 (0.0 ppm) 
or triphenylphasphine (-5.1 ppm) as external standard. Infrared spectra 
were taken on a Beckman Acculab 1 spectrometer. Capillary gas chro- 
matographic analyses were run on a Hewlett-Packard 5890A gas chro- 
matograph equipped with a 0.53 mm X 5 m methyl silicone column and 
a flame ionization detector. Low-resolution GC-mass spectra (LRMS) 
were obtained on a VG TRIO 1 instrument at an ionization potential of 
70 eV. High-resolution mass spectra (HRMS) were obtained on a VG 
ZAB-HF mass spectrometer in the electron-impact mode. Fast atom 
bombardment mass spectra were obtained with a VG ZAB-HF mass 
spectrometer in the fast atom bombardment ionization mode with sul- 
folane as liquid matrix as previously described.l' Elemental analyses 
were performed by Desert Analytics, Tucson, AZ. Thin-layer chroma- 
tography was performed on EM silica gel 60F-254 plates. Column 
chromatographic purification of reaction mixtures were performed with 
Woelm 230-400-mesh silica gel. Radial chromatography was performed 
on a Harrison Research Chromatatron. 

I-Acetyl-2-vinylcyclohexene, I-acetyl-2-((E)-hex-I-en- I-yl)cyclo- 
hexene, I-acetyl-2-((E)-2-phenyl- 1 -ethenyl)cyclohexene, and 1 -acetyl-2- 
phenylcyclohexene were prepared as previously described.l1 I-((E)-3- 
Oxobut- 1 -en- 1 -yl)-4-rert-butylcy~lohexene,~ 4-terf-butylcyclohex- 1 -en- 
1 -yl triflate,'5 1 -(tributylstannyl)-2-methylpropene," Pd(PPh1),," tri-2- 
furylphosphine,21 and tri-2-furylphosphine oxide2, were prepared ac- 
cording to literature methods. Tetrahydrofuran (THF) was doubly 
distilled from potassium. 5,6,7,8-Tetrahydro-l-naphthol was purchased 
from the Aldrich Chemical Co. and used as a standard without further 
purification. Xylenes, toluene, dioxane, trimethylsilyl chloride, and tri- 
ethylamine were freshly distilled from CaH,. LiCI was dried at 140 "C 
for 24 h prior to use. All reactions were performed under positive argon 
pressure. 

Dichlorobis(tri-2-furylpbosphi)paUadium(O) (15). To a solution of 
K2PdCI4 (1.28 g, 3.17 mmol) in water (30 mL) and acetone ( 5  mL) was 
added tri-2-furylphasphine (1.53 g, 6.49 mmol, 2.05 equiv). The resulting 
mixture was allowed to stir for 1 h and was extracted with CH2C12 (50 
mL). The organic layer was washed with water (2 X 50 mL) and a 
saturated NaCl solution (2 X 50 mL), diluted with hexanes (100 mL), 
and cooled to 0 "C for 24 h. The resulting solids were collected and dried 
in an abderhalden apparatus (67 "C) to give 15 (0.75 g, 37%) as yellow 
crystals: 1R (mineral oil mull) 3100, 1560, 1200, 11 10, 890, 740 cm-I; 
'H NMR (300 MHz) 6 6.41-6.42 (m, 1.14 H), 6.47-6.57 (m, 1.86 H), 
7.03-7.05 (m, 1.14 H), 7.16-7.18 (m, 1.86 H), 7.53-7.55 (m, 1.14 H), 
7.73-7.75 (m, 1.86 H); 13CC(1H) NMR (75 MHz) 6 111.1-112.4 (m), 
123.4-125.8 (m), 140.6-149.0 (m); slPC(lH) NMR (CDCI,, 121.5 MHz) 
6 -22.3 (s, 1.26 P), -29.1 (s, 0.74 P); FAB-MS (CH2C12/sulfolane, 
scanning range m / z  300-800) m/z (relative intensity, assignment) 726 
(8, P~(PFu , )~CI~  + sulfolane - HCI), 604 (95, P ~ ( P F u , ) ~ C ~ ~  - HCI), 570 

(68, P ~ ( P F U , ) ~ C I ~  - 2 CI -PFu,). Anal. Calcd for C24H18C1206P2Pd: 
C, 44.50; H, 2.80. Found: C, 44.74; H, 2.95. 

2-Vlnyl-1-propionylcyclobexene (21). Dienone 21 was synthesized by 
a modification of a literature procedure.13 To a solution of LiBr (0.66 
g, 7.6 mmol, 1.5 equiv) and Pd(PPh,), (0.30 g, 0.26 mmol, 5.2 mol%) 
in THF (10 mL) was added a solution of 2-(mesyloxy)-l-propionyl- 

(47, Pd(PFu3)2C12 - 2 CI), 503 (35, Pd(PFu3)2C12 - 2 CI - CdHIO), 338 

(45) Scott, W. J.; Crisp, G. T.; Stille, J. K. Org. Synrh. 1989,68, 116-129. 
(46) Seyferth, D.; Vick, S. C. J .  Orgunomel. Chem. 1978, 144, 1-12. 
(47) Coulson, D. R. Inorg. Synrh. 1972, 13, 121-124. 
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cyclohexene (1.2 g, 5.0 mmol) and vinyltributyltin (1.8 g, 5.5 mmol, 1.1 
equiv) in THF (40 mL). The resulting mixture was heated to 80 O C  for 
48 h, cooled to room temperature, diluted with 1:l ether/hexane (40 
mL), and washed with water (50 mL). The aqueous layer was back- 
extracted with 1:l ether/hexane (20 mL), and the combined organics 
were washed with a 10% NH40H solution (3 X 30 mL). water (2 X 30 
mL), and a saturated NaCl solution (2 X 30 mL), dried (anhydrous 
MgSO.), and filtered through a 3 X 2 cm pad of silica gel. Concen- 
tration under reduced presure afforded a yellow oil that was purified by 
column chromatography (SO,, 2.5% ethyl acetate/hexane) followed by 
distillation to give 21 as a clear oil (0.42 g, 51%): bp (bulbto-bulb) 
78-85 "C (0.5 mmHg); TLC (5% EtOAc/hexane) R,O.27; IR (neat) 
1680, 1560,920 cm-I; 'H NMR (300 MHz) 6 1.09 (t, J = 7.3 Hz, 3 H), 
1.67 ( d t , J =  3.1,6.2 Hz, 4 H), 2.26-2.28 (m,4 H), 2.56 ( q , J =  7.3 Hz, 
2 H), 5.08 (d. J = 10.9 Hz, 1 H), 5.30 (d, J = 17.3 Hz, 1 H), 6.58 (dd, 
J = 10.9, 17.3 Hz, 1 H); 13C('HJ NMR (75 MHz) 6 7.8 (q, J = 127.7 
Hz), 21.8 (t, J =  128.2 Hz), 22.0 (t. J =  121.6 Hz), 24.6 (t. J =  122.8 
Hz),27.1 ( t ,J=127.2Hz) ,35 .2( t ,J=123.3Hz) ,114 .4( t ,J= 157.2 
Hz), 134.7 (s), 135.2 (d, J = 153.6 Hz), 138.8 (s), 209.4 (s); LRMS m / z  
(relative intensity) 164 (33). 

1 - (4- tert -Butylcyclobex- 1 -en- 1 -yl)-3-methylbut-2-en- 1 -one (23). 
Dione 23 was synthesized with use of a modification of a literature 
procedure.q45 To a slurry of LiCl (1.05 g9 24.80 mmol. 5.08 equiv) and 
Pd(PPh3)4 (0.30 g, 2.61 mmol, 5.34 mol %) in dioxane ( 5  mL) was added 
a solution of 4-tert-butylcyclohex-I-en-I-yl triflate (1.40 g, 4.88 mmol) 
and I-(tributylstannyl)-2-methylpropene (2.60 g, 7.53 mmol, 1.54 equiv) 
in dioxane (45 mL), followed by several crystals of BHT. The resulting 
solution was purged with CO for IO min and then heated to 95 OC for 
18 h. The resulting mixture was cooled to room temperature, diluted with 
a 1:l ether/hexane mixture (35 mL), and washed with water (50 mL). 
The aqueous layer was back-extracted with a 1: l  ether/hexane mixture 
(20 mL), and the combined organics were washed with water (2 X 50 
mL) and a saturated NaCl solution (2 X 50 mL), dried (anhydrous 
MgS04), and filtered through a 3 X 5 cm pad of silica gel. Concen- 
tration under reduced pressure afforded a yellow oil, which was purified 
by column chromatography (silica gel, 4 X 20 cm, 2.5% EtOAc/hexane) 
followed by distillation to give 23 (0.63 g, 58%): bp (bulbto-bulb) 
1W1 IO "C (0.4 mmHg); TLC (5% EtOAc/hexane ) R,0.20; IR (neat) 
1640, 1500, 840cm-I; IH NMR (300 MHz) 6 0.89 (s, 9 H), 1.01-1.10 
(m, 1 H), 1.22-1.30 (m, 2 H), 1.91 (s, 3 H), 2.06 (s, 3 H), 2.00-2.35 
(m, 4 H), 6.41 (s, 1 H), 6.84 (t. J = 2.6 Hz, 1 H); 13C('H) NMR (23 
MHz) 6 20.6, 23.4, 24.7, 27.0, 27.4, 27.6, 32.0.43.4, 120.8, 139.0, 140.5, 
152.2, 192.7; LRMS m / z  (relative intensity) 220 (Mt, 12%); HRMS for 
CI5Hz4O, calcd 220.1870, found 220.1834. 

&nerd Procedure for Cyclization of [(Trimethylsilyl)oxyplexrMenes. 
A~(10)-Bicyclo(4.4.0Jdecen-2-one (13). To a solution of LDA [diiso- 
propylamine (0.60 mL, 4.28 mmol, 2.12 equiv), n-butyllithium (2.0 mL, 
1.86 M in hexane, 3.72 mmol, 1.84 equiv)] in THF (50 mL) at -78 OC 
was added a solution of dienone 11 (0.30 g, 2.02 mmol) in THF (25 mL). 
The resulting enolate was maintained at -78 "C for IO min, then treated 
with a mixture of trimethylsilyl chloride (0.80 mL, 6.30 mmol, 3.12 
equiv) and triethylamine (1.40 mL, 10.04 mmol, 3.12 equiv), and allowed 
to warm to room temperature. The resulting solution was concentrated 
under reduced pressure to afford an oil that was triturated with hexanes 
(20 mL), filtered through a 3 X 5 cm pad of Celite, concentrated under 
reduced pressure, and purified by distillation to give 12 (0.44 g) as a clear 
oil: bp (bulb-to-bulb) 85-95 "C (0.5 mmHg); IR (neat) 1610, 1250, 
1120, 840 cm-I; IH NMR (360 MHz) 6 0.16 (s, 9 H), 1.29-1.62 (m, 4 
H), 2.12 (br s, 2 H), 2.34 (br s, 2 H), 4.32 (s, 1 H), 4.54 (s, 1 H), 5.01 
(d, J = 1 1  $0 Hz, 1 H), 5.17 (d, J = 17.5 Hz, 1 H), 7.34 (dd, J = 1 1  .O, 
17.5 Hz, 1 H); I3C('HI NMR (91 MHz) 6 0.3 (3 C), 22.7, 22.8, 25.1, 
29.1,95.8, 132. I ,  136.8, 137.3, 157.0; LRMS m / z  (relative intensity) 222 
(M+, 4%). Silyl enol ether 12 was greater than 95% pure as determinated 
by 'H and 'IC NMR and GC analysis. This material was used for 
cyclization without further purification. 

A mixture of silyl trienol ether 12 (0.11 g, 0.50 mmol) and Pd- 
(PFu3),CI, (0.017 g, 0.026 mmol, 5.12 mol %) in xylenes (15 mL) was 
heated at the reflux temperature for 36 h and then cooled to room tem- 
perature. The resulting black slurry was concentrated under reduced 
pressure, diluted with a I : l  ether/hexane solution (25 mL), washed with 
water (2  X 20 mL) and saturated brine (2 X 20 mL), dried (anhydrous 
MgSO,), filtered through a 3 X 5 cm pad of silica gel, and concentrated 
under reduced pressure to give a yellow oil. This was purified by chro- 
matography (SiO,, I-mm chromatotron plate, 5% EtOAc/hexane) to 
give enone 13 as a colorless oil (0.053 g, 70%): bp (bulbto-bulb) 69-75 
OC (0.5 mmHg) bp 95 OC (0.8 mmHg)]; TLC ( 5 %  EtOAc/hex- 
ane) Rf 0.13; IR (neat) 2920, 1650 cm-I; 'H NMR (360 MHz) 6 

(48) Ballester, P.; Garcia-Raso. A.; Mestres, R. Synthesis 1985, 802-806. 
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1.61-1.63 (m, 4 H), 1.95 (tt, J =  6.4, 6.4 Hz, 2 H), 2.18-2.24 (m, 6 H), 
2.38-2.41 (t, J = 6.7 Hz, 2 H); "C('H) NMR (75 MHz) 6 22.1 (t, J 
126.2 Hz), 22.2 (t, J = 128.0 Hz), 22.4 (t, J = 126.9 Hz), 22.9 (t, J = 
128.5 Hz), 31.4 (t, J = 124.5 Hz), 31.8 (t, J = 124.6 Hz), 37.9 (t, J = 
127.7 Hz), 132.3 (s), 156.9 (s), 199.1 (s); LRMS m / z  (relative intensity) 
150 (M+, 34%). Anal. Calcd for CloH140: C, 79.95; H, 9.39. Found: 
C, 80.09, H, 9.37. 'H and I3C NMR and IR spectra of 13 were identical 
with those previously reported." 

A5~'o)-1Butylbicyclo[4.4.0~2-one (17): bp (bulbtc-bulb) 90-1 IO 
OC (0.4 mmHg); TLC (5% EtOAc/hexane) R 0.13; IR (neat) 2950, 
1660, 1635 cm-I; 'H NMR (360 MHz) 6 O d ( t ,  J = 6.5 Hz, 3 H), 
1.30-1.35 (m, 6 H), 1.49-1.56 (m, 2 H), 1.66-1.71 (m, 2 H), 2.02-2.10 
(m. 3 H), 2.18-2.20 (m, 2 H), 2.23-2.29 (m, 2 H), 2.50 (d, J =  12.7 Hz, 
2 H); 13C('H) NMR (75 MHz) 6 13.9 (q, J = 124.4 Hz), 21.9 (t, J = 
123.2 Hz), 22.0 (t. J = 127.7 Hz), 22.6 (t, J = 123.0 Hz), 28.6 (t, J = 
127.3 Hz), 31.7 (t, J = 125.8 Hz), 34.4 (d, J = 122.7 Hz), 35.5 (t, J = 
123.1 Hz), 38.0 (t, J = 126.8 Hz), 44.2 (t, J = 124.9 Hz), 131.8 (s), 
156.0 (s). 199.2 (s); LRMS m / z  (relative intensity) 206 (M+, 46%). 
Anal. Calcd for C14H22O: C, 81.49; H, 10.75. Found: C, 80.25, H, 
9.98. 

As(10)-3-Phenylbicyclo[4.4.0~~en-2-one (19): bp (bulb-to-bulb) 
100-1 15 OC (0.5 mmHg); TLC (5% EtOAc/hexane) R 0.14; IR (neat) 
3040, 1660, 1500,730cm-I; 'H NMR (360 MHz) 6 Id-1.60 (m, 2 H), 
1.69-1.78 (m, 2 H), 2.13-2.36 (m, 2 H), 2.40-2.51 (m, 2 H), 2.59-2.72 
(m, 4 H), 3.23-3.31 (m, 1 H), 7.21-7.24 (dd, J = 6.74, 6.17 Hz, 2 H), 

13C('H] NMR (75 MHz) 6 22.0 (t, J = 127.6 Hz), 31.9 (t. J = 126.8 
Hz), 39.2 (t, J = 128.0 Hz), 40.3 (d, J = 128.2 Hz), 44.4 (t, J = 129.2 
Hz), 126.5 (dm, J = 153.2 Hz), 126.6 (dd, J = 151.1, 7.16 Hz), 128.5 
(dd, J = 159.8, 7.5 Hz), 132.0 (s), 143.5 (s), 155.8 (s), 198.3 (s); LRMS 
m / z  (relative intensity) 226 (M+, 51%). Anal. Calcd for Cl6Hl80: C, 
84.91; H, 8.06. Found: C, 84.81; H, 7.94. 

3-Methyl-7-tert-butylbicycl~4.4.0]dec-2-enone ( 2 4  and 24t). To a 
solution of LDA [diisopropylamine (0.35 mL, 2.5 mmol, 3.31 equiv), 
n-butyllithium (0.60 mL, 2.65 M in hexane, 1.54 mmol, 2.04 equiv)] in 
THF (20 mL) at -78 OC was added a solution of dienone 23 (0.17 g, 0.76 
mmol) in THF (10 mL). The resulting enolate was stirred at -78 OC 
for 10 min and then treated with a mixture of trimethylsilyl chloride 
(0.60 mL, 4.73 mmol, 6.26 equiv) and triethylamine (1.00 mL, 7.17 
mmol, 9.50 equiv) and allowed to warm to room temperature. The 
resulting solution was concentrated under reduced pressure to afford an 
oil that was triturated with hexanes (20 mL), filtered through a 3 X 5 
cm pad of basic alumina, and concentrated under reduced pressure to give 
silyl trienol ether 33 (0.18 g, 83%) as a clear oil: bp (bulb-to-bulb) 
105-1 10 OC (0.25 mmHg); 'H NMR (C6D6, 360 MHz) 6 0.20 (s, 9 H), 
0.80 (s, 9 H), 0.90-1.45 (m, 5 H), 1.68-1.41 (m, 1 H), 2.00 (s, 3 H), 
2.00-2.19(m,1H),5.01(brs,1H),5.34(brs,1H),5.42(s,1 H),6.15 
(t, J = 2.7 Hz, 1 H). Silyl enol ether 33 was determined to be one isomer 
of greater than 95% purity by 'H NMR and GC analysis. This material 
was used for cyclization without further purification. 

A mixture of silyl trienol ether 33 (0.0504 g, 0.172 mmol) and Pd- 
(PFu~)~CI, (0.01 19 g, 0.0184 mmol, 10.7 mol %) in toluene (12 mL) was 
heated at the reflux temperature for 7 days and then cooled to room 
temperature. The resulting black slurry was concentrated under reduced 
pressure, diluted with a 1:l ether/hexane solution (25 mL), washed with 
water (2 X 20 mL) and saturated brine (2 X 20 mL), dried (anhydrous 
MgS04), filtered through a 3 X 5 cm pad of silica, and concentrated 
under reduced pressure. The resulting yellow oil was separated by 
chromatography (SiO,, I-mm chromatotron plate, 5% EtOAc/hexane) 
to give deprotected starting material 23 (0.105 g, 61%), followed by 24t 
(0.0047 g. 12%) and then 2 4  (0.0081 g. 22%). 

241: mp 48-50 OC; bp (bulb-to-bulb) 90-1 IO 'C (0.5 mmHg); TLC 
(5% EtOAc/hexane) RfO.l I ;  IR (neat) 2980, 1670,840 cm-I; 'H NMR 
(360 MHz) 6 0.85 (s, 9 H), 0.89-1.03 (m. 5 H), 1.25-1.35 (m, 2 H), 
1.56-1.59 (m, 2 H), 1.92 (s, 3 H), 2.13-2.23 (m, 2 H), 2.27-2.35 (m, 
I H). 5.84 (s, 1 H); I3C('HJ NMR (91 MHz) 6 24.2, 25.8. 26.6, 27.5, 
(3 C), 28.9, 29.7, 32.3, 39.2, 47.1, 49.9, 126.3, 160.8, 201.3; LRMS m/z 
(relative intensity) 220 (22). 

24c: bp (bulb-to-bulb) 90-1 10 O C  (0.5 mmHg); TLC (5% EtOAc/ 
hexane) R,0.05; 1R (neat) 2980, 1670,840 cm-I; 'H NMR (360 MHz) 
6 0.86 (s, 9 H), 0.96-0.99 (m, 1 H), 1.20-1.30 (m, 6 H), 1.42-1.44 (m, 
2 H), 1.55-1.73 (m, 1 H), 1.96 (s, 3 H), 2.38-2.55 (m, I H), 5.82 (s, 
1 H); 13C(1H] NMR (91 MHz! 6 24.4, 25.4, 26.4, 27.5 (3 C), 30.4, 32.3, 
32.5, 33.7,41.8,47.9, 125.2, 161.7, 203.6; LRMS m / z  (relative intensity) 
220 (9). 

In a separate experiment, treatment of silyl trienol ether 33 (0.34 g, 
I .  16 mmol) with (PFu3)2Cf2 (0.38 g, 0.59 mmol, 5.04 mol 4%) in toluene 
(20 mL) for 36 h, followed by the standard workup and chromatography 
(Si02, 1 -mm chromatotron plate, 5% EtOAc/hexane), gave isomerized 
silyl trienol ether 43 (0.083 g, 24%) as a mixture of isomers, followed by 

7.30-7.32 (d, J = 6.74 Hz, 2 H), 7.32-7.34 (d, J = 6.17 Hz, 1 H); 
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deDr0tecte-d starting material 23 (0.1 1 g, 43%) and a mixture of 24t and . -  
24i (0.054 g, 2mj. 

4 3  TLC (5% EtOAc/hexane) R10.34: IR (neat) 3020. 1610. 1250. 
1210, 1075, i030,880,845 cm-';''dNMR (360 MHz) d 0.17 (si 9 H); 
0.92 (s, 9 H), 1.68 (d, J = 1.1 Hz, 3 H), 1.81 (d, J = 1.4 Hz, 3 H), 2.82 
(dt, J = 15.3, 3.7 Hz, 1 H), 5.62 (d, J = 10.1 Hz, 1 H), 5.68 (br s, 1 
H), 6.06 (dd, J = 10.3.2.3 Hz, 1 H); LRMS m/z (relative intensity) 292 
(5). Silyl trienol ether 42 was approximately 75% pure as determined 
by 'H and 13C NMR and GC analyses. Contaminants included a ste- 
reoisomer [ 13% by G C  LRMS m/z (relative intensity) 292 (7)] and two 
unidentified components. 
Note Added in Proof 

Fehr reported that (trimethylsily1)oxy derivatives of all-cis- 
hexatrienes undergo cyclization under pyrolysis conditions (0.8 
mL/min, 365 "C) but that the trans isomers were returned un- 
~hanged.'~ These results are consistent with our observation that 

(49) Fehr, C.; Galindo, J.; Guntern, 0. Tetrahedron Lett. 1990, 31, 
4021-4024. 

the thermal cyclization of SOH 12 proceeds very slowly a t  110 
OC. 
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Abstract: The first example of the cyclobutenocyclooctatetraene structural class (2) to possess stability at room temperature 
has been prepared by a route involving ring contraction via a Wolff rearrangement. Derivatives have been characterized by 
various spectroscopic techniques, X-ray crystallography, and cyclic voltammetry. All of these properties are in concert with 
a structure possessing a high-lying HOMO, low-lying LUMO and a carbon skeleton closer to planarity than any bicyclic 
cyclooctatetraene yet prepared. 

Introduction 
Cyclooctatetraene has drawn attention as the vinylog of benzene 

since it was first prepared by Willstatter in 1911.2 This interest 
was further intensified by Huckel's 1937 proposal3 that a 4n 
*-electron system, such as is superficially present in cyclo- 
octatetraene, should possess an unfavorable electronic delocali- 
zation. That cyclooctatetraene itself could exist as a stable 
molecule yet not violate this canon was made explicable by its 
structural characterization as a nonplanar "tub" form4 possessing 
alternating double and single bonds.s 

Two approaches have been taken to reveal possible 4n cyclic 
conjugation in cyclooctatetraenes, both involving synthesis of 
analogues. The first is based on the known isomerizations of 

( I )  Presidential Young Investigator, 1985-1990. 
(2) Willstatter, P.; Waser, E. Chem. Ber. 1911, 44, 3423. 
(3) Huckel, E. Z. Physik. 1931, 70, 204. Huckel, E. Z. Physik. 76,628. 

Huckel, E. Z. Electrochem. 1937,43, 752. 
(4) Schroeder, G. Cycloocraterraene; Verlag Chemie: Weinheim, 1965. 

Paquette, L. A. Tetrahedron 1975,31, 2855. Fray, G. 1.; Saxton, R. G. The 
Chemistry of Cyclooctatetraene and Its Deriuatiues; Cambridge University 
Rcss: New York, 1978. Lloyd, D. Non-Benzenoid Conjugated Ca(bocyclic 
Compounds: Elsevier: New York, 1984; Chapter 6. 

(5) Person, W. 8.; Pimentel, G. C.; Pitzer, K. S. J. Am. Chem. Soc. 1952, 
74, 3437. Bordner, J.; Parker, R. G.; Stanford, R. H., Jr. Acta Crystallogr. 
1972, 288, 1069. Cobbledick, R. E.; Einstein, F. W. B. Acfa Crystallogr. 
1977, 338, 2339. 

cyclooctatetraenes, for which two modes are available because 
of their nonplanarity and alternating bonds. Ring inversion (eq 
1) relates to conformational mobility and enantiomerization and 
can p r d  through a planar D4,, transition state with alternating 
bonds. Extensive measurements on the inversion barriers of cy- 
clooctatetraenes have been made.6 Bond shifting (eq 2) relates 

(1 )  

to constitutional isomerism and for the most part has a higher 
activation energy than While it seems intrinsic that 
the transition state for bond shifting is fully conjugated, recent 

(6) Paquette, L. A. Pure Appl. Chem. 1982, 54,987. 
(7) Anct, F. A. L. J. Am. Chem. Soc. 1962, 84, 671. Anet, F. A. L.; 

Bourn, A. J. P.; Lin, Y. S. J. Am. Chem. Soc. 1964,86, 3576. Anet, F. A. 
L.; Bock, L. A. J. Am. Chem. Soc. 1968, 90, 7130. 
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