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4-Methyl-l-oxaspiro[4.5]decane (66). Mirture of diaatere- 
oisomers: yield 0.13 g (85%); oven temperature 110-115 OC (10 

6 0.97 (3 H, d, J = 6.94 Hz), 1.11-2.32 (13 H, complex absorption), 
3.80 (2 H, m). c&,j for c1&180: c, 77.87; H, 11.76. ~ ~ u n d :  
C, 77.82; H, 12.09. 
4,8-Dimethyl-l-oxaspiro[4.5]decane (67).'O Mixture of di- 

astereoisomers: yield 0.10 g (92%); oven temperature 95 OC (15 
Torr) (lit.lo 91 O C  (15 Torr)). 
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Photocyclization of aryl vinyl ethers reportedly proceeds via carbonyl ylide intermediates. The photochemical 
behavior of several aryl vinyl ethers, which incorporate a pendant alkene side chain, was explored. Naphthyl 
vinyl ethers IC and Id provided products that are consistent with photocyclization and subsequent intramolecular 
ylide-alkene addition. Product distribution is influenced by solvent and temperature effecta. Thus, irradiation 
of IC in toluene provides 9a in 87% yield. However, irradiation of IC in methanol/toluene (1:l) provides 30 
(45%), 11 (24%), and 12 (23%). Product 12 results from photoinitiated intramolecular [2 + 21 cycloaddition 
of the butenoate ester side chain to the naphthalene system. 

Introduction 
Photocyclization of aryl vinyl ethers reportedly proceeds 

via a six-electron rearrangement to provide carbonyl ylide 
intermediates. In the absence of other effects these sys- 
tems rearrange by a process involving hydrogen shifts to 
provide dihydrofuran products.'$ Although the literature 
is abundant with examples of carbonyl ylide cycloadditions, 
surprisingly little use has been made of the aryl vinyl ether 
photolysis for preparation of these 1,3-dipolese3 Usual 
methods for the generation of the carbonyl ylide species 
have involved thermolysis and photolysis of oxirane rings,' 
carbene addition to carbonyl groups: and extrusion re- 
actions such as the thermolysis of oxadiazolines.s We 
report here some preliminary results on the intramolecular 
addition reactions of carbonyl ylides, which are generated 

(1) For review see: Schultz, A. G. Acc. Chem. Res. 1983, 16, 210. 
Schultz, A. G.; Motyka, L. In Organic Photochemistry; Padwa, A., Ed.; 
Marcel Dekker: New York, 1983; Vol. 6, p 1. 

(2) Wolff, T. J. J.  Am. Chem. SOC. 1978,100,6167. Wolff, T. J. Org. 
Chem. 1981,46,978. 

(3) (a) For a recent review of 1,3-dipolar cycloaddition chemistry, see: 
1J-Diipolor Cycloaddition Chemistry; Padwa, A., Ed.; Wdey Interscience: 
New York, 1984; Vol. 1-2. (b) For a review of intramolecular dipolar 
cycloaddition reactions, see: Padwa, A. In New Synthetic Methods; 
Verlag Chemie: New York, 1979; Vol. 6, pp 26-69. (c) Advances in 
Cycloaddition; Curran, D. P., Ed.; Jai Press: Greenwich, CT, 1988, Vol. 
1. 

(4) Eberbach, W.; Brokatzky, J.; Fritz, H. Angew. Chem., Int. Ed. 
Engl. 1980, IS, 47. Eberbach, W.; Brokatzky, J. Tetrahedron Lett. 1980, 
4909. Troerolo, A. M.; Leslie; T. M.; Sarpotdar, A. S., Small, R. D.; 
Ferraudi, G. J. Acre Appl. Chem. 1979,51,261. Clawson, P.; Lunn, P. 
M.; Whiting, D. A. J.  Chem. SOC., Perkin T r o ~ .  1 1990, 163 and 169. 

(6) Padwa, A.; Fryxell, G. E.; Zhi, L. J.  Am. Chem. SOC. 1990, 112, 
3100. Padwa, A.; Hombuckle, S. F.; Fryxell, G. E.; Stull, P. D. J.  Org. 
Chem. 1989,64,817. 

(6) Shimizu, N.; Bartlett, P. D. J.  Am. Chem. SOC. 1978, 100, 4260. 
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on photolysis of aryl vinyl ethers. 
Recently, we reported that aryl vinyl sulfides bearing 

a pendant alkene side chain undergo photocyclization and 
subsequent intramolecular ylide-alkene addition.'-O 
Significant structure and temperature effects have been 
noted for the photocyclization-intramolecular addition of 
aryl vinyl sulfides. It is of interest therefore to compare 
the products of these reactions with those from the aryl 
vinyl ether photolyses described below. In summary, 
photolysis of la with Pyrex-filtered light favors formation 
of hydrogen shift product 2a at low temperatures (-78 "C 
to room temperature) and intramolecular addition product 
3a at high temperature (110 "C). Conversely, photolysis 
of l b  provides 3b as the major product regardless of the 
temperature employed (-78 to 110 OC).'O 
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1% X=S, R = H  281, X-S, R = H  3a, X-S, R = H  
by X = S, R = COzEt b, X = S, R = COiEt 
G X 0, R I COzEt C, X=O,  R-H 5 X 0, R I CO2Et 
d, X=O,  R = H  

b, X 0, R = C02Et 

d, X = O ,  R = H  

Results and Discussion 
Aryl vinyl ether IC was prepared from 3-ethoxycyclo- 

hexenone via the epoxide 6a as shown. Photolysis of a 

(7) Dittami, J. P.; h a n a t h a n ,  H.; Breining, S. Tetrahedron Lett. 

(8) Dittami, J. P.; Nie, X.-Y. Synth. Commun. 1990,20(4), 641. 
(9) Dittami, J. P.; Nie, X.-Y.; Buntel, C.; Rigatti, S. Tetrahedron Lett. 

1989, 30, 796. 
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Sb,6b R =  

78, Ar = 2-naphthyl 88, Ar %naphthyl 
4 Ar = phenyl b, Ar = phenyl 

solution of IC in toluene afforded 9a as the major product 
a t  all temperatures examined (-78 to 110 OC).l0 In a 
typical experiment, a solution of IC in toluene (10-3 M) was 
irradiated for 25 min through Pyrex to give 9a in 85% yield 
after chromatography on silica gel. In some cases trace 
amounts of the addition product 3c were observed in the 
reaction mixtures. However, none of the hydrogen shift 
product 2b was detected in any of these experiments. 

Formation of 9a is consistent with a photoinduced six- 
electron conrotatory cyclization to give a trans-fused ylide 
intermediate 10 that undergoes subsequent intramolecular 
[3 + 21 dipolar cycloaddition to the sidechain olefin.' The 

98, R I COzEt 
b, R = H  

10 

mechanism for formation of 3c is less obvious but may 
involve either an intramolecular Michael addition (vide 
infra) or an intramolecular enelike reaction occurring from 
the intermediate carbonyl ylide 10.8J' Control experi- 
ments were carried out with the [3 + 21 cycloadduct 9a, 
which demonstrate that it is not an intermediate in the 
formation of 3c. Thus, pure 9a remains unchanged upon 
resubjection to the photolysis conditions. Furthermore, 
9a is thermally stable at temperatures well above those 
used for the photolysis. Thus, 9a remains unchanged when 
heated in a solution of toluene for 30 min at reflux tem- 
perature. The product composition from the aryl vinyl 
ether photolysis differs significantly from reactions in- 
volving aryl vinyl sulfide lb. This difference may reflect 
a higher reactivity (or lower stability) for the intermediate 
carbonyl ylide systems. 

The structural assignment for 9a was made on the basis 
of IR, MS, and 200- and 600-MHz 'H and W NMR data. 
Confirmation of structure was obtained by single-crystal 
X-ray analysis. The 200-MHz spectrum of 9a displays 

(10) Photochemical experiments were conducted wing a 450-W Can- 
rad-Hanovia medium-plwuwe quartz mercury-vapor lamp. The lamp 
wlll placed in a watm-cooled Pyrex immersion well. Reaction solutions 
were saturated with argon prior to irradiation. For high- and low-tem- 
peratwe runs a vacuum-jacketed quartz immersion well wan employed 
with a Pyrex sleeve filter. The immersion well was placed in a large-de 
(-200 mL) reactor. Heating w o  cnrried out with a silicon oil bath,.and 
coolin was achieved with a Neslab ULT-80DD low-temperature circu- 
lating 8bath. 

(11) A similar mechanism wan proposed for the formation of 3b. See 
ref B. 

J. Org. Chem., Vol. 56, No. 19, 1991 5573 

cleanly resolved signals for Ha (8, 6 3.511, Hb (d, J = 3.88 
Hz, 6 2.58), and Hc (m, 6 3.00). The unusually low chemical 
shifts for Ha and Hc are attributed to deshielding by the 
syn oxygen of the oxabicyclo [2.2.1] ring system.12 The 
relatively small observed coupling between Hb and Hc 
(3.88 Hz, dihedral angle -121') is consistent with the 
stereochemical assignment. The styrene protons are also 
cleanly resolved in the NMR spectrum appearing as 
doublets at 6 6.35 and 6.50 (J = 9.9 Hz). COSY, NOSEY, 
and heteronuclear shift-correlated 2-D NMR spectra have 
also been obtained for this system. 

The high-yield preparation of 9a is significant. In a 
single experimental operation three new ringa and six chiral 
centers are formed with excellent stereocontrol. Thus, the 
photoinitiated aryl vinyl ether route to carbonyl ylide 
systems shows good potential for use in synthesis. 

We have noted some interesting wavelength and solvent 
effects on the photolysis reactions of IC. In general, cleaner 
product mixtures were obtained when a lower energy light 
source was employed for the photolysis. Thus, irradiation 
of IC (loq3 M in toluene) with a 366-nm light source pro- 
vides the [3 + 21 adduct 9a in 87% yield after chroma- 
tography on silica gel.13 Moreover, none of the adduct 3c 
was observed in any of these product mixtures. 

If the photolysis of IC is carried out in a solution of 
toluene/methanol (1:l; lo5 M) at  366 nm, none of the 
usual [3 + 21 adduct 9a is obtained. Rather, we observe 
formation of 3c (45%), 11 (249'01, and 12 (23%) (isolated 

-0 

11 12 

yields after chromatography). Formation of 11 can occur 
by protonation of the intermediate carbonyl ylide 10. 
Presumably, the stereochemical relationship of Ha and the 
side chain in product 11 is cis as shown. In related systems 
NMR signals corresponding to Ha appear at 6 4.4-4.6 for 
the cis-fused dihydrofurans and at  6 5.0-5.2 for the 
trans-fused species. The signal for Ha in compound 11 
appears at 6 4.1. In conclusion, ylide protonation effec- 
tively competes with the intramolecular [3 -k 21 cyclo- 
addition and proceeds to give the more stable cis isomer. 
The latter finding is consistent with earlier work.' 

The enhanced yield of adduct 3c in toluene/methanol 
is consistent with intramolecular Michael addition to the 
side chain and subsequent protonation of the ester enolate 
by the solvent methanol. To test this hypothesis the 
photolysis of IC was carried out in a mixture of tolu- 
enelmethanol-d (1:l). Interestingly, a significant deu- 
terium isotope effect was noted. Thus, the major product 
isolated from the reaction carried out in methanol-d was 
the intramolecular adduct 3c with only trace amounts of 
the products 11 and 12 ( 4 5 %  of both). As expected, the 
product 3c showed incorporation of a single deuterium by 
analysis on the mass spectrum. The site of deuterium 
incorporation at the center adjacent to the ester group was 
confirmed by 2H NMR, which displayed a resonance at 6 
2.3.14 Products 11 and 12 from this reaction were also 

(12) Ouellette, R. J.; Roenblum, A.; Booth, G. J. Org. Chem. 1968, 
33(11), 4302. Lee, M. W.; Hemdon, W. C. J. Org. Chem. 1978,43(3), 518. 
For a similar example involving the thiabicyclo[2.2.l]heptane wries, see: 
Cava, M. P.; Pollack, N. M. J. Am. Chem. SOC. 1967,89(14), 3639. 

(13) The Pyrex hanovia light source was fitted with a 366-nm filter 
prepared from Corning glass filters CS 0-52 and CS 7-37. 
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examined. Indeed, both showed deuterium incorporation 
by mass spectral analysis. Furthermore, the absence of 
signals at 6 4.67 and 4.14 in the 'H NMR spectrum of 11 
and 12, respectively, as well as the appearance of signals 
a t  6 4.67 and 4.14 in the 2H NMR spectrum of each is 
consistent with deuteration at Ha. Finally, we have dem- 
onstrated an intramolecular Michael reaction that occurs 
by a dark process. Thus, treatment of 11 with Na2C03 in 
benzene/methanol (1:l) at room temperature for 2 h 
provided 3c in 89% yield. 

Compound 12 presumably results from ylide protonation 
to give the cis-fused dihydrofuran 11 followed by intra- 
molecular [2 + 21 cycloaddition.16 Support for the in- 
termediacy of 11 in the formation of 12 is given by the 
following experiment. A sample of 11 was isolated and 
resubjected to the conditions of the photolysis (366-nm 
light source, room temperature), and the progress of the 
reaction was followed by 'H NMR. After 4.5-h reaction 
time we observed 76% conversion to 12. At higher energy 
wavelengths (Pyrex-filtered light) the conversion to 12 is 
even more rapid (-75% conversion after 40 min). How- 
ever, under these conditions 12 undergoes further rear- 
rangement to a product for which a structure has not yet 
been determined. 

The NMR spectrum of 12 is very similar to that of 9a 
with resonances for Ha (s, 6 4.17), Hb (d, J = 4.76 Hz, 6 
3.02), and Hc (m, 6 3.06). In benzene-d6 the signals for Hb 
and Hc resolve as Hb (d, J = 4.77 Hz, 6 2.95) and Hc (m, 
6 3.13). Verification of structure 12 was obtained by sin- 
gle-crystal X-ray analysis. 

Earlier, we reported that the photocyclization of Id gave 
both 2c and 3d at room temperat~re.~ Upon reexamina- 
tion of this reaction at elevated temperature (110 "C) we 
observed a mixture of products that contained 9b and 3d 
(-4:1 ratio 9b:3d by 'H NMR analysis). The structure 
of compound 9b was confirmed by X-ray analysis. In- 
terestingly, the crystal that was examined consisted of a 
single enantiomer. Unfortunately, the absolute configu- 
ration could not be determined since no suitable heavy 
atom was present in the molecule. 

The photolysis reactions of the phenyl-substituted 
system 13a were also examined. Compound 13a was 
prepared from 6a in a manner analogous to the preparation 
of IC. Photolysis of 13a in toluene M) at tempera- 
tures ranging from 25 to 110 OC provided only ring-closed 
product 14a. None of the intramolecular addition product 
15a was observed in the photolysis mixtures. These results 
contrast those for the corresponding sulfur analogue 13b 
where formation of 15b is observed albeit to a limited 
extent? Both 14a and 14b remain unchanged upon re- 
subjection to the photolysis conditions used in their for- 

Dittami et d. 

~ ~~ 

(14) Analyses of producta from the deuterium-labeling studies were 
carried out on a Hewlett-Packard GC-MS system as described in the 
Experimental Section. All producta were compared with products ob- 
tained in control experimenta (methanol-d VB methanol-h). Deuterium 
NMR waa measured on a Bruker ACE-200 spectrometer at  30.72 MHz 
in CHICll as solvent. Chemical ihifta are reported in ppm (6) relative 
to CDCl (7.24) internal standard. 

(16) #or a recent report on the photochemical [2 + 21 cycloadditions 
of butenoxyacetonaphthones, see: Wagner, P. J.; Sakamoto, M. J. Am. 
Chem. SOC. 1989,111,9264. For a report on the intramolecular [2 + 21 
cycloaddition of naphthonitrile systems, see: McCullough, J. J.; MacIn- 
nis, W. K.; Lock, C. J. L.; Faggiani, R. J.  Am. Chem. SOC. 1982,104,4644. 
For a report on the inter- and intramolecular [2 + 21 photocycloadditiona 
of enol ethers to naphthalene, see: Gilbert, A.; Heath, P.; Kashoulis- 
Koupparis, A,; Ellis-Davies, G. C. R.; Firth, S. M. J. Chem. SOC., Perkin 
Trona. 1 1988, 31. For studies on the [2 + 21 photocycloaddition of 
acrylonitrile to naphthalene, see: Bowman, R. M.; Chamberlain, T. R.; 
Huang, C. W.; McCullough, J. J. J. Am. Chem. SOC. 1974, 96, 692. 
Bowman, R. M.; Calvo, C.; McCullough, J. J.; Miller, R. C.; Singh, I. Con. 
J. Chem. 1973, 51, 1060. Bowman, R. M.; McCullough, J. J. Chem. 
Commun. 1970,948. 
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139, X = 0 149, X = 0 159, X = 0 
b,X=S b,X=S b,X=S 

mation. However, treatment of either 14a or 14b with 
sodium carbonate in methanol/benzene (1:l; in the dark) 
provides the intramolecular Michael addition product 1% 
or 15b in 57 and 54% yield, respectively. 

The photochemistry of systems such as 16 that incor- 
porate a five-carbon alkene side chain was also examined. 
These compounds are readily prepared from 6b by the 
same procedures used for the preparation of 7a and 7b. 

Surprisingly, photolysis of 16a did not provide any in- 
tramolecular addition product. Rather, we observed for- 
mation of 17a and 18 as the major products.16 (Product 
18 was obtained as a mixture of isomers a t  Ha.) Com- 
pound 17a is consistent with intramolecular [2 + 21 cy- 
cloaddition to the enone system.17 Formation of 18 pre- 
sumably involves a six-electron photocyclization followed 
by either an inter- or intramolecular hydrogen transfer. 
The phenyl-substituted system 16b provided similar re- 
sults as shown. 

0 0 

In summary, we have demonstrated that the photoini- 
tiated aryl vinyl ether approach to carbonyl ylides shows 
good potential for use in organic synthesis. The tandem 
photocyclization-intramolecular addition of aryl vinyl 
ethers provides a facile route to complex multicyclic sys- 
tems from simple achiral starting materials. Future in- 
vestigations will explore applications of this method to the 
synthesis of biologically active compounds. 

Experimental Section 
General Methods.  High-resolution 'H NMR spectra were 

obtained by Dr. Charles Rodger of Spectrospin AG on a Bruker 
AMX 600 (600 MHz) using an inverse detection probehead. 
Low-resolution spectra were recorded on a Bruker ACE 200 (200 
MHz) NMR spectrometer. Chemical shifta are reported in ppm 
(6) relative to tetramethylsilane at 0.00. Carbon nuclear magnetic 
resonance spectra were recorded at 50.3 MHz. Deuterium NMR 
spectra were recorded at 30.72 MHz in CHICIP as solvent, and 
deuterium chemical shifta are reported in p p m  (6) relative to 
CDCIB (7.24) internal standard. Electron-impact mas8 spectra 

(16) Structural aesignment is baaed on 'H NMR, IR, MS. 
(17) For similar intramolecular [2 + 21 photocycloadditiom of cyclo- 

hexenones, see: Oppolzer, W. Acc. Chem. Res. 1982,15,136. Pirmng, 
M. C. J. Am. Chem. SOC. 1981,109,82. Hoye, T. R.; Martin, S. J.; Peck, 
D. R. J.  Org. Chem. 1982,47,331. Fetizon, M.; Lazare, S.; Pascard, C.; 
Prange, T. J. Chem. SOC., Perkin Trona. 1 1979, 1407. 
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were obtained on a Hewlett-Packard GC-MS system consisting 
of a Hewlett-Packard 5890A gas chromatograph, a 25 m X 0.32 
mm capillary column (Perkin-Elmer p.n. 009-23-27) packed with 
bonded methyl 5% phenyl silicone (25-pm film thickness), and 
a Hewlett-Packard 5970B mass selective detector with 70-eV 
electron energy. Infrared spectra (IR) were recorded on a Per- 
kin-Elmer 683 infrared spectrometer or a Perkin-Elmer 1720 
FT-IR infrared spectrometer. Ultraviolet spectra (UV) were 
recorded on a Shimadzu UV 21000U UV-vis recording spectro- 
photometer or a Perkin-Elmer 553 UV-vis spectrophotometer. 
Melting pointa were determined on a Thomas Hoover capillary 
melting point apparatus and are uncorrected. Elemental analysis 
was performed by either Galbraith Laboratories, Knoxville, TN, 
or Quantitative Technologies, Inc., Bound Brook, NJ. High- 
resolution mass spectrometry was carried out on a Kratos Con- 
cept-1S double-focusing instrument. Samples were introduced 
from a heated direct insertion probe and ionized by electron 
ionization." Single-crystal X-ray analysis was determined on 
a Nicolet R3m/cr diffractometer. A representative crystal was 
surveyed, and a 1-A data set (maximum sin 8/X = 0.5) was col- 
lected. Precise information on the crystallographic calculations, 
coordinate, anisotropic temperature factors, distancea, and angles 
are available as supplementary material.lg Diethyl ether and 
tetrahydrofuran (THF) were distilled under nitrogen from so- 
dium/benzophenone just prior to use. Toluene, benzene, and 
methylene chloride were distilled under nitrogen from calcium 
hydride immediately prior to use. Flash chromatography was 
per fmed on J. T. Baker 40-pm silica gel under a p i t i v e  pressure 
of nitrogen. Triethylamine-deactivated silica gel columns were 
prepared by washing the silica gel with a mixture of hexane and 
triethylamine (101). The column was then rinsed with three 
column volumes of hexane and one column volume of elution 
solvent to purge excess triethylamine. 

3424 l,3-Dioxan-2-yl)ethyl]-2-cyclohexen-l-one (Sa). To 
a 100-mL flask equipped with a reflux condenser was added 
magnesium turnings (1.94 g, 80 "01) and THF (50 mL) followed 
by the slow addition of 2-(2-bromoethyl)-1,3-dioxane (11.7 g, 60 
"01). The exothermic reaction was maintained at reflux tem- 
perature for 10 min and then cooled to 0 OC. A solution of 
3-ethoxy-2-cyclohexen-1-one (8.42 g, 60 m o l )  in THF (40 mL) 
was added over 40 min, and the resulting mixture was stirred at 
room temperature for 2 h. Solvent was removed at  reduced 
pressure, and the residue was partitioned between methylene 
chloride and a saturated aqueous solution of oxalic acid. The 
aqueous phase was further washed with methyleqe chloride, and 
the combined organic phases were washed with water and brine 
and dried (NGOJ. Solvent was removed on a rotary evaporator, 
and the residue was distilled to yield Sa as a light yellow oil (8.69 
g, 82%): bp 150 "C (1.2 mm Hg); IR (film) 2950,2860,1660,1620 

Hz), 1.67-2.32 (m, 10 H), 3.62-3.76 (dt, 2 H, J = 12.29 and 2.30 
Hz), 3.99-4.07 (dd, 2 H, J = 10.77 and 5.03 Hz), 4.48 (t, 2 H, J 
= 4.95 Hz), 5.81 (8 ,  1 H); 13C NMR (CDC13, 50.3 MHz) 6 22.49, 
25.52,25.65,29.51,31.88,32.04,37.13,66.66,100.90,125.38,165.60, 
199.53; GC/MS (EI, 70 eV) m / e  210 (M+), 110,101,100. Anal. 
Calcd for C12H1803: C, 68.54; H, 8.63. Found C, 68.28 H, 8.80. 
3-(4-Pentenyl)-2-cyclohexenone (Sb). To a mixture of Mg 

turnings (1.5 g, 62 mmol) in dry TNF (40 mL) was added 5- 
bromel-pentene (5.5 mL, 43 mmol). The solution was maintained 
at reflux temperature during the addition. After 15 min, a solution 
of 3-ethoxy-2-cyclohexenone (5 g, 36 mmol) in THF (35 mL) was 
added. The mixture was stirred for 45 min, after which aqueous 
saturated NH4Cl solution (100 mL) was added. The yellow 
suspension was extracted with dichloromethane, and the organic 
phase was washed with water and brine and dried (Na2S04). 
Solvent was removed under reduced pressure to afford a yellow 
oil that was stirred for 1 h in a solution of HCl(1 N, 10 mL) and 
ethanol (25 mL). The solution was neutralized with solid sodium 
bicarbonate. Ethanol was removed under reduced pressure, and 
the crude product was partitioned between water and ether. The 
aqueous phase was extracted with dichloromethane, and the 

~m-'; 'H NMR (CDCl3,200 MHz) 6 1.26-1.32 (d, 1 H, J = 13.67 

(18) High-mlution m m  spectra were obtained by Jeffrey Kiplinger, 

(10) X-ray crystallographic analpis was conducted by Jon Bordner 
Philip Reiche, and Richard Ware. 
and Debra L. Decoeta. 
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combined organic phases were washed with water and brine and 
dried (Na804). Distillation gave Sb (4.25 g, 72%): bp 105-110 
OC (1.5 mm Hg); IR (film) 3080,2940,1670,1640,1625 cm-'; 'H 
NMR (CDC13, 200 MHz) 6 1.5-2.4 (m, 12 H), 4.9-5.1 (m, 2 HI, 
5.7-5.9 (m, 2 H); '% NMR (CDC13, 50.3 MHz) 6 22.60,25.92,29.56, 
33.04,37.22,115.13, 125.64,137.72,166.13,199.72; GC/MS (EI, 
70 eV) m / e  164 (M+), 136,123,108,93. Anal. Calcd for Cl&.O 
C, 80.44; H, 9.82. Found C, 80.26; H, 9.68. 

6-[2-( 1,3-Dioxan-2-yl)ethyl]-7-oxabicyclo[ 4.l.Olheptan-2- 
one (6a). A mixture of Sa (3.15 g, 15 mmol), hydrogen peroxide 
(30%, 4.42 mL, 39 mmol), and methanol (50 mL) was maintained 
at 1&15 OC while a solution of sodium hydroxide (0.66 g, 16.5 
mmol) in water (30 mL) was added over 1 h. Following the 
addition, stirring was continued for an additional 30 min at 10 
OC after which the aqueous solution was extracted with methylene 
chloride. The combined organic phases were washed with brine 
and dried (NGO,). Solvent was removed under reduced pressure 
to afford a crude oil (2.40 g), which was purified by chromatog- 
raphy on silica gel deactivated with triethylamine (hexane/ethyl 
acetate (51)) to provide 6a (2.07 g, 63%): IR (film) 2960,2850, 
1710 cm-'; 'H NMR (CDC13, 200 MHz) 6 1.34 (m, 1 H), 1.7-2.1 
(m, 10 H), 2.45-2.56 (m, 1 H), 3.09 (a, 1 H), 3.67-3.80 (t, 2 H, J 
= 12.34 Hz), 4.03-4.11 (dd, 2 H, J = 10.79 and 5.09 Hz), 4.51-4.56 
(t, 1 H, J = 4.29 Hz); NMR (CDC13, 50.3 MHz) 6 17.27,25.51, 
26.1,29.93,30.14,35.76,61.25,64.86,66.73,101.18,208.70; GC/MS 
(EI, 70 eV) m / e  226 (M+), 196,150,122,113. Anal. Calcd for 
C12H1804: C, 63.70; H, 8.02. Found: C, 63.64; H, 8.38. 
6-(4-Pentenyl)-7-oxabicyclo[4.l.0]heptan-2-one (6b). Ac- 

cording to the procedure deecribed for preparation of 6a, a solution 
of alkene Sb (2.7 g, 16.4 mmol) in methanol (15 mL) was treated 
with hydrogen peroxide (5 mL, 30%) and a solution of sodium 
hydroxide (6 N, 1.3 mL) to give 6b as a colorless oil (2.5 g, 86%) 
that was used in the subsequent step without purification: IR 
(film) 3080,2940,2860,1710,1645 cm-'; 'H NMR (CDCIS, 200 
MHz) 6 1.5-2.2 (m, 11 H), 2.4-2.6 (m, 1 H), 3.1 (a, 1 H), 4.9-5.1 
(m, 2 H), 5.7-5.9 (m, 1 H); '% NMR (CDCIS, 50.3 MHz) 6 17.17, 
23.66,26.25,33.24,35.16,35.79,60.93,65.10,115.04,137.73,206.73. 
Anal. Calcd for C11H1601: C, 73.29; H, 8.95. Found C, 73.41; 
H, 9.09. 

3-[ 2 4  1,3-Dioxan-2-yl)et hyll-2- (2-napht halen yloxy )-2- 
cyclohexen-1-one (7a). A solution of epoxide 6a (2.26 g, 10 
mmol) in THF (20 mL) was added to a solution of KH (40% in 
mineral oil, 0.11 g) and 2-naphthol (1.73 g, 12 mmol) in THF (25 
mL). N,"-Dimethylpropyleneurea, DMPU (1.7 mL), was added, 
and the mixture was stirred at reflux temperature for 40 h. The 
solvent was removed under reduced preasure, and the residue was 
partitioned between methylene chloride and water. The aqueous 
phase was further extracted with methylene chloride, and the 
combined extracta were washed with water and brine and dried 
(Na2S04). Removal of solvent at  reduced pressure and chro- 
matography of the reaidue on silica gel (hexane/ethyl acetate (31)) 
gave 7a (1.71 g, 48.5%). The product could be further purified 
by crystallization from ethyl acetate/hexane to give 7a as a light 
yellow solid mp 105.5-106.6 OC; IR (film) 3060,2960,2860,1680, 
1630,1600,1510 cm-I; lH NMR (CDC13, 200 MHz) 6 1.22 (m, 2 
H), 1.72-2.15 (m, 6 H), 2.3-2.6 (m, 5 H), 3.65 (dt, 2 H, J = 12.27 
and 2.62 Hz), 4.05 (dd, 2 H, J = 10.71 and 5.06 Hz), 4.45 (t, 1 H, 
J = 5.05 Hz), 7.0 (d, 1 H, J = 2.41 Hz), 7.23 (dd, 1 H, J = 2.51 
and 8.91 Hz), 7.30-7.42 (m, 2 H), 7.65 (d, 1 H, J = 7.58 Hz), 7.77 
(d, 2 H, J = 8.71 Hz); NMR (CDC13, 50.3 MHz) 6 22.15, 25.48, 
25.99, 29.40, 32.20, 38.31, 66.61, 101.16, 108.35, 117.49, 123.70, 
126.17, 126.66, 127.51, 129.36 (double intensity), 129.52, 134.11, 
143.92,151.79,155.48,192.82; GC/MS (EI, 70 eV) m / e  352 (M+), 
252,167, 144,141. Anal. Calcd for C22H2404: C, 74.97; H, 6.86. 
Found C, 74.87; H, 6.82. 

3424 1,3-Dioxan-2-yl)ethylI-2-( phenyloxy)-2-cyclohexen- 
1-one (7b). Epoxide 6a (1.1 g, 4.86 mmol) was treated with KH 
(2 drops, 40% in mineral oil), phenol (0.55 g, 5.83 mmol), and 
DMPU (0.99 mL) in THF (25 mL) according to the procedure 
described for preparation of 7a (reaction time 42 h). The product 
was purified by silica gel chromatography (hexane/ethyl acetate 
(31)) to give 7b (0.81 g, 55%): mp 71-72 OC; IR (film) 2960,2860, 
1680, 1635, 1595,1490 cm-l; 'H NMR (CDC18, 200 MHz) 6 1.3 
(m, 1 H), 1.7-1.85 (m, 2 H), 2.0-2.2 (m, 3 H), 2.35 (m, 2 H), 2.5 
(m, 4 H), 3.65 (dt, 2 H, J = 11.98 and 2.09 Hz), 4.05 (dd, 2 H, 
J = 10.61 and 5.04 Hz), 4.45 (t, 1 H, J = 5.09 Hz), 6.83 (d, 2 H, 
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J = 7.93 Hz), 6.95 (m, 1 HI, 7.25 (m, 2 H); 'Bc NMR (CDCls, 50.3 
MHz) 6 22.26, 25.64, 26.05, 29.49, 32.29, 38.43, 66.76 (double 
intensity), 101.33,114.66 (double intensity), 121.57,129.38 (double 
intensity), 143.99,151.57,157.66,193.03; GC/MS (EI, 70 eV) m / e  
302 (M+), 202,167,151. Anal. Calcd for C16H2204: C, 71.49 H, 
7.33. Found: C, 71.19; H, 7.34. 
S-(4-Pentenyl)-2-(2-naphthalenyloxy)-2-cyclohexen-lone 

(16a). Epoxide 6b (1 g, 5.5 "01) was treated with KH (0.06 g, 
35% dispersion in oil), 2-naphthol(O.88 g, 6.0 mmol), and DMPU 
(0.66 mL, 4.5 "01) in THF (7 mL) according to the procedure 
described for the preparation of 7a (reaction time 16 h) to yield 
an oil, which, following chromatography on silica gel (hexane/ethyl 
acetate (lOl)), afforded 16a as a light yellow solid (1.01 g, 60%): 
mp 47-48 OC; IR (carbon tetrachloride) 3060,2930,2860,1685, 
1625,1595,1510,1460 an-'; 'H NMR (CDCl,, 200 MHz)  6 1.2-2.6 
(m, 12 H), 4.85-5.05 (m, 2 H), 5.6-5.8 (m, 1 H), 7.0-7.8 (m, 7 H); 

38.43, 108.44,115.14,117.53,123.82,126.28,126.75,127.62,129.47, 
129.65,134.22,137.73,143.99,152.32,155.82,192.97; GC/MS (EI, 
70 eV) m / e  306 (M+), 265,252,237,178; UV (MeOH) A,- (e) 226 
(55063) nm. Anal. Calcd for C21H2202: C, 82.32; H, 7.24. Found 
C, 82.01; H, 7.20. 
3-(4-Pentenyl)-2-(phenyloxy)-2-cyclohexen-l-one (16b). 

Epoxide 6b (1 g, 5.5 mmol) was treated with phenol (0.56 g, 6.0 
mmol), KH (0.06 g, 35% dispersion in oil), and DMPU (0.66 mL, 
4.5 mmol) in THF (7 mL) according to the procedure described 
for the preparation of 7a (reaction time 24 h). Chromatography 
of the resulting oil on silica gel (hexane/ethyl acetate (7:l)) gave 
16b (0.6 g, 43%): IR (carbon tetrachloride) 3080,2930,2870,1685, 
1635,1590,1490 cm-'; 'H NMR (CDC13, 200 MHz) 6 1.5-2.7 (m, 
12 H), 4.9-5.05 (m, 2 H), 5.65-5.85 (m, 1 H), 6.8-7.3 (m, 5 H); 

38.30, 114.52, 114.96 (double intensity), 121.44, 129.24 (double 
intensity), 137.66,143.81,151.98,157.63,192.93; GC/MS (EI, 70 
eV) m / e  256 (M+), 213,163,157,145; UV (MeOH) A, (e) 219 
(11 5871,244 (12 380) nm. Anal. Calcd for C1,HmOZ: C, 79.65; 
H, 7.86. Found C, 79.55; H, 7.77. 
2-(2-Naphthalenyloxy)-3-oxo-l-cyclohexene-l-propanal 

(sa). The acetal 7a (1.36 g, 3.85 mmol) was dissolved in acetic 
acid (80 mL, 80%) and stirred for 48 h at  65 OC. Product was 
extracted with methylene chloride, and the combined organic 
phases were washed with saturated sodium bicarbonate, water 
and brine and dried (MgS04). Solvent was removed on a rotary 
evaporator, and the crude product waa purilied by silica gel column 
chromatography (heme/ethyl acetate (31)) to give aldehyde 8a 
(0.97 g, 81%): mp 77.0-77.5 OC; IR (film) 3060,2950,2830,2730, 
1725,1680,1630,1600,1510 cm-'; 'H NMR (CDCIS, 200 MHz) 
b 2.08 (m, 2 H), 2.52-2.58 (m, 8 H), 7.0 (e, 1 H), 7.2 (dd, 1 H, J 
= 8.94 and 2.51 Hz), 7.3 (t, 1 H), 7.44 (t, 1 H), 7.68 (d, 1 H, J = 
7.98 Hz), 7.78 (d, 2 H, J = 8.83 Hz), 9.70 (8, 1 H); 'gC NMR (CDCl,, 
50.3 MHz)  6 22.13,24.20,29.76,38.24,41.03,108.41,117.31,123.97, 
128.38,126.72,127.61,129.51,129.77,134.12,144.37,149.90,155.20, 
192.62,200.38; GC/MS (EI, 70 eV) m / e  294 (M+), 209,207,205, 
165,141. Anal. Calcd for Cl&160s: C, 77.53; H, 6.16. Found 
C, 77.26; H, 6.35. 
2-(Phenyloxy)-~oxo-l-cyclohexene-l-propanal(8b). The 

acetal 7b (0.45 g, 1.5 mmol) was treated with acetic acid (30 mL, 
80%) according to the procedure used for preparation of 8a. 
Chromatography of the resulting oil on silica gel (hexane/ethyl 
acetate (31)) gave aldehyde 8b (0.32 p 87%): Et (film) 2950,2730, 
1720,1680,1630,1590,1490 cm-'; H NMR (CDC13, 200 MHz) 
6 2.06 (m, 2 HI, 2.48-2.62 (m, 8 H), 6.79-7.28 (m, 5 H), 9.68 (8,  

40.93,114.45 (double intensity), 121.75,129.39 (double intensity), 
144.19, 149.75, 157.23, 192.73, 200.48; GC/MS (EI, 70 eV) m / e  
244.1 (M'), 215,202,173,107,94,77; HRMS calcd for C15H1603 
244.1099, found 244.1083. 
(8)-&[2-(2-Naphthalenyloxy)-3-oxo-l-cyclohexen-l-yl]-2- 

pentenoic Acid, Ethyl Ester (IC). Sodium hydride (0.037 g, 
1.55 "01) and DMSO (1.6 mL) were warmed to 55 OC and stirred 
for 60 min under a nitrogen atmosphere, after which a solution 
of (carbethoxymethy1)triphenylphosphonium bromide (0.641 g, 
1.5 mmol) in DMSO (1.6 mL) was added slowly. During the 
addition, the color of the mixture changed to dark red. The 
resulting solution was stirred at 65 OC for 30 min, cooled to room 
temperature, and then transferred via cannula to a solution of 

'Bc NMR (CDCla, 50.3 MHz) 6 22.31, 26.37, 29.61, 31.06,33.51, 

'*C NMR (CDClS, 50.3 MHz) 6 22.14,26.20, 29.43,30.86, 33.38, 

1 HI; '*C NMR (CDClS, 50.3 MHz) 6 22.04, 24.09, 29.65, 38.17, 
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the aldehyde 8a (0.22 g, 0.747 mmol) in DMSO (2 mL). The 
reaction mixture was stirred for an additional 30 min at room 
temperature, after which it was poured into water (20 mL) and 
the aqueous phase was extracted with methylene chloride. The 
combined organic phases were washed with water and brine and 
dried (MgSOJ. Solvent was removed, and the product was pu- 
rified by chromatugraphy on silica gel (hexane/ethyl acetate (31)) 
to afford IC (0.23 g, 85%): mp 75.5-76.0 O C ;  IR (fh) 3060,2950, 
1720,1685,1655,1630,1600,1510,1465 cm-'; 'H NMR (CDCG, 
200 MHz) 6 1.23 (t, 3 H, J = 7.13 Hz), 2.00-2.60 (m, 10 H), 4.13 
(9, 2 H, J = 7.15 Hz), 5.78 (dt, 1 H, J = 15.62 and 1.47 Hz), 
6.83-6.91 (dt, 1 H, J = 15.62 and 6.57 Hz), 6.98 (d, 1 H, J = 2.46 
Hz), 7.20 (dd, 1 H, J = 8.92 and 2.54 Hz), 7.25-7.45 (m, 2 H), 7.65 
(d, 1 H, J = 7.81 Hz) and 7.78 (d, 2 H, J = 9.01 Hz); ',C NMR 
(CDCl,, 50.3 MHz) 6 14.07 (lo), 22.06 (2O), 29.45 (2O, double 
intensity), 29.93 (2O), 38.26 (2O), 60.14 (2'1, 108.38 (3'1, 117.34 
(3O), 122.18 (3O), 123.85 (3O), 126.27 (3'1,126.70 (3'1,127.55 (3O), 
129.44 (4O), 129.67 (3O), 134.09 (4O), 144.29 (4O), 146.74 (3O), 150.04 
(4O), 155.33 (4O), 166.06 (4O), 192.66 (4O); GC/MS (EI, 70 eV) m / e  
364 (M+), 334,319,275,263,251,250; UV (MeOH) A- (e) 225 
12083) nm. Anal. Calcd for CBHaO~ C, 75.80; H, 6.64. Found 
C, 75.83; H, 6.76. 
S-[3-0~0-2-( phenyloxy)-l-cyclohexen- l-yl]-2-pentenoic 

Acid, Ethyl Ester (13a). Aldehyde 8b (0.31 g, 1.27 "01) was 
treated with sodium hydride (0.067 g, 2.78 mmol), and (carb- 
ethoxymethy1)triphenylphoephonium bromide (1.09 g, 2.54 "01) 
in DMSO (6 mL) according to the procedure described for the 
preparation of IC to give an oil that after chromatography on silica 
gel (hexane/ethyl acetate (31)) afforded 13a (0.29 g, 73%): mp 
54.5-55.5 "C; IR (film) 3060,2965,1720,1685,1655,1590,1490 
cm-'; 'H NMR (CDCl,, 200 MHz) 6 1.28 (t, 3 H, J = 7.13 Hz), 
2.08 (m, 2 H), 2.30-2.60 (m, 8 H), 4.17 (q, 2 H, J = 7.13 Hz), 5.80 
(d, 1 H, J = 15.6 Hz), 6.75-7.05 (m, 4 HI, 7.25 (t, 2 H, J = 7.8 
Hz); 'Bc NMR (CDCl, 50.3 MHz) 6 13.84,21.76,29.10,29.56,37.97, 
59.81, 114.25 (double intensity), 121.33, 121.82, 129.07, 143.66, 
146.63, 149.70, 157.22, 165.73, 192.43; GC/MS (EI, 70 eV) m / e  
314 (M+), 285,269,201; W (MeOH) X ,  (4 243 (60251,214 (8662) 
nm. Anal. Calcd for C1J&O4: C, 72.59; H, 7.05. Found C, 72.20; 
H, 7.08. 
Pyrex-Filtered Irradiation of IC: 1,2,3,4,5,6-Hexahydro- 

4-oxo-( 4aa,S@,6u,6aa,l2c@)- 12bR-4a,6a-epoxy-5,12c-ethano- 
benzo[c]phenanthrene-6-carboxylic Acid, Ethyl Ester (9a). 
Compound IC (0.1082 g, 2.97 "01) was dissolved in dry toluene 
(216 mL). Argon gas was bubbled through the solution for 30 
min after which the reaction mixture waa irradiated through b x  
for 35 min at room temperature.'O Solvent was removed under 
reduced pressure, and the resulting product was purified by 
column chromatography on silica gel (carbon tetrachloride/ethyl 
acetate (201)) to give 9a (0.092 g, 85%): mp 116.5-117.5 OC; IR 
(film) 3060, 2950, 2878, 1725 (br), 1630, 1600 cm-'; 'H NMR 
(CDC13, 200 MHz) 6 1.22 (t, 3 H, J = 7.11 Hz), 1.60-2.80 (m, 10 
H with overlapping doublet at  2.58, J = 3.88 Hz), 3.00 (m, 1 H), 
3.50 (e, 1 H), 4.11 (q, 2 H, J = 7.06 Hz), 6.35 (d, 1 H, J = 9.88 
Hz), 6.50 (d, 1 H, J = 9.96 Hz), 7.25 (m, 4 H); 13C NMR (CDCls, 
50.3 MHz) 6 14.26 (lo), 20.43 (2O), 25.60 (2O), 30.90 (2'1, 37.07 
(2O), 39.31 (2O), 47.77 (3O), 49.79 (4O), 51.60 (3O), 60.43 (3O), 60.54 
(2O), 88.87 (4O), 97.61 (4O), 126.47 (3O), 126.75 (3O), 126.93 (3O), 
127.77 (3O), 128.53 (3O), 1a.38 (3O), 133.72 (4O), 134.87 (4O), 172.03 
(4O), 207.15 (4O); GC/MS (EI, 70 eV) m / e  364 (M+), 319,277,250, 
237; W (MeOH) X ,  (e) 267 (2028), 227 (11990) nm. Anal. Calcd 
for C m H U O ~  C, 75.81; H, 6.64. Found C, 76.12; H, 6.67. 
Irradiation of IC with a 366-nm Light Source. A solution 

of IC (0.033 g, 0.09 mmol) in methanol/toluene (l:l, 33 mL) was 
irradiated for 5 h at  room temperature through Pyrex with a 
366-nm light source.lS The solvent was removed under reduced 
pressure, and the reaction products were separated by silica gel 
column chromatography (carbon tetrachloride/ethyl acetate 
(301)), followed by carbon tetrachloride/ethyl acetate (201)) to 
provide 3c (0.0148 g, 45%), 11 (0.0078 g, 24%), and 12 (0.0076 
g, 23%). 
8,9,10,1 l-Tetrahydro-8-oxo-7a,l la-propanobenzo[b 1- 

naphtha[ 1,2-d]furan-l4-acetic acid, ethyl ester (3c): mp 
112.5-113 "C; IR (film) 3060,2955,2860,1725,1630,1605,1585, 
1465 cm-'; 'H NMR (CDCl,, 200 MHz) 6 1.22-2.84 (m, 16 H, with 
overlapping triplet at 1.25, J = 7.14 Hz), 4.13 (q, 2 H, J = 7.13 
Hz), 7.16 (d, 1 H, J = 8.8 Hz), 7.30 (t, 1 H, J = 7.54 Hz), 7.45 (t, 



Intramolecular Addition Reactions of Carbonyl Ylides 

1 H, J = 8.4 Hz), 7.67 (d, 1 H, J = 8.89 Hz), 7.78 (d, 1 H, J = 

6 14.14 (lo), 18.63 ( 2 O ) ,  30.33 (2O), 32.99 (2O), 33.36 (2O), 35.91 (2O), 
37.37 (2O), 44.26 (3O), 60.46 (2O), 61.39 (4O), 99.05 (49,111.82 (3O), 
121.51 (3O), 122.85 (3O), 123.12 (4O), 126.68 (3O), 129.44 (3O), 129.49 
(4O), 129.97 (3O), 130.32 (4'1,156.32 (4O), 172.65 (4O),208.60 (4'); 
GC/MS (EI, 70 eV) m / e  364 (M+), 319,262,221; UV (MeOH) 
A,- (e) 231 (83 269), 210 (36002) nm; HRMS calcd for CBHUO4 
364.1674, found 364.1663. Anal. Calcd for CzsHuO& C, 75.80; 
H, 6.64. Found C, 75.69; H, 6.57. 

5-( 8,9,10,11-Tetrahydro-S-oxobenzo[ b ]naphtha[ 1,2-d]- 
furan-lla(7aH)-yl)-2-pentenoic acid, ethyl ester (1 1): IR 
( fh)  3060,2940,1720,1655,1630,1600,1580,1520 cm-'; 'H NMR 
(CDC13, 200 MHz) 6 1.24 (t, 3 H, J = 7.13 Hz), 1.73-2.70 (m, 10 
H), 4.13 (q, 2 H, J = 7.14 Hz), 4.69 (a, 1 H), 5.69 (d, 1 H, J =  15.7 
Hz), 6.82 (dt, 1 H, J = 15.73 and 5.98 Hz), 7.19 (d, 1 H, J = 8.83 
Hz), 7.33 (t, 1 H, J = 7.46 Hz), 7.46 (t, 1 H, J = 7.65 Hz), 7.74 
(d, 1 H, J = 8.77 Hz), 7.77 (d, 1 H, J = 8.33 Hz), 7.84 (d, 1 H, 
J = 8.39 Hz); '9c NMR (CDCl,, 50.3 MHz) 6 14.15 (lo), 19.23 (2'1, 
27.21 ( Z O ) ,  33.26 (2O), 36.89 (2O), 37.70 (2O), 55.07 (4'), 60.13 ( 2 O ) ,  

89.67 (3O). 112.25 (3O), 120.32 (4O), 121.98 (3'1,121.63 (3'1,123.28 
(3O), 127.11 (3O), 129.67 (3O), 130.05 (4O), 160.39 (4O), 130.77 (3O), 
147.58 (3O), 157.58 (4O), 166.28 (4O), 208.39 (4O); GC/MS (EI, 70 
eV) m / e  364 (M+), 319,262, W (MeOH) A- (e) 232 (45416), 
211 (28034) nm; HRMS calcd for CzsHu04 364.1674, found 
364.1684. 

Compound 1 2  mp 137.5-139 "C; IR (film) 2950,2875,1725 
cm-'; 'H NMR (CDCl,, 200 MHz) 6 1.19 (t, 3 H, J = 7.14 Hz), 
1.30-2.55 (m, 10 H), 3.0-3.13 (m, 2 H, with overlapping doublet 
at  3.02, J = 4.76 Hz), 4.0-4.12 (m, 2 H), 4.17 (8,  1 H), 5.87 (d, 1 
H, J = 9.91 Hz), 6.44 (d, 1 H, J = 9.96 Hz), 6.9fb7.19 (m, 4 HI; 

31.30 (2O), 37.13 (2O), 42.22 (2O), 46.90 (3O), 58.04 (3O), 60.15 (4'1, 
60.58 (2O), 65.33 (4O), 84.52 (4O), 86.57 (3O), 122.40 (3O), 126.54 
(3O), 126.93 (3O), 128.06 (3O), 128.38 (3O), 129.55 (3O), 131.11 (4'1, 
135.90 (4O), 171.06 ( 4 O ) ,  209.57 (4O); GC/MS (EI, 70 eV) m / e  364 
(M+), 319,277,262,237,207; W (MeOH) A- (e) 268 (43271,221 
(27 181) nm. Anal. Calcd for CBH,O,: C, 75.80; H, 6.64. Found 
C, 75.57; H, 6.66. 

Irradiation of 13a: 5-( 1,3,4,9a-Tetrahydro-l-oxo-4a- 
(2H)-dibenzofuranyl)-2-pentenoic Acid, Ethyl Ester (14a). 
Compound 13a (0.112 g, 0.36 "01) was diesolved in dry toluene 
(233 mL) and irradiated for 95 min through Pyrex.'O The solvent 
was removed on a rotary evaporator, and the resulting oil was 
purified by silica gel chromatography (carbon tetrachloride/ethyl 
acetate (2011, followed by carbon tetrachloride/ethyl acetate 
(101)) to afford 14a (69.4 mg, 62%): mp 73.5-74.5 "C; IR (film) 
3055, 2940, 1735, 1720, 1650, 1610, 1590, 1455 cm-'; 'H NMR 
(CDC13, 200 MHz) 6 1.27 (t, 3 H, J = 7.08 Hz), 1.55-2.62 (m, 10 
H), 4.15 (9, 2 H, J = 7.08 Hz), 4.56 (a, 1 H), 5.77 (at, 1 H, J = 
15.75 and 1.59 Hz), 6.72-7.50 (m, 5 H); lac NMR (CDCl3, 50.3 
MHz) 6 14.19 (lo), 20.37 (2O), 26.84 (2O), 32.50 (2O), 38.28 (2O), 
39.45 (2O), 53.27 (4O), 60.18 (2"), 89.77 (3O), 110.46 (3O), 121.60 
(3O), 121.66 (3O), 122.60 (3O), 129.07 (3O), 130.43 (4O), 147.65 (39, 
159.40 (4O), 166.35 (4O), 208.09 (4O); GC/MS (EI, 70 eV) m / e  314 
(M+), 269, 240, 227, 212; UV (MeOH) A, (e) 272 (24201, 202 
(26030) nm; HRMS calcd for C1&a04 314.1518, found 314.1520. 
Anal. Calcd for ClsHz20,: C, 72.59; H, 7.05. Found: C, 72.77; 
H, 7.08. 

1$,3,4-Tetrahydro-4-oxo-4a,9b-propanodibran- 12- 
acetic Acid, Ethyl Ester (15a). Compound 14a was dissolved 
in benzene/methanol (l:l, 16 mL), and sodium carbonate (0.1694 
g, 0.16 mmol) was added. The reaction mixture was stirred at 
room temperature for 3 h after which the solution was filtered 
and concentrated under reduced pressure. The crude product 
was purified by chromatography on silica gel to afford 15a (9.3 
mg, 57%): IR (film) 2950,2875,1730,1595,1480,1460 cm-'; 'H 

(m, 13 H), 4.12 (q,2 H, J = 7.16 Hz), 6.82-7.18 (m, 4 H); '9c NMR 

33.93 (2O), 36.65 (2940.29 (2'),43.78 (3O), 60.12 (4O), 60.48 (2O), 
98.61 (4O), 109.37 (3O), 121.49 (3O), 122.61 (3O), 128.47 (3'),134.00 
(4O), 158.91 (4O), 172.72 ( 4 O ) ,  208.71 (4O); GC/MS (EI, 70 eV) m / e  
314.75 (M+), 269.70, 227.50, 212.50, 199.45; UV (MeOH) A, (e) 
277 (2008), 202 (10591) nm; HRMS calcd for Cl&zzOl 314.1518, 
found 314.1505. 

6.5 Hz), 7.82 (d, 1 H, J = 6.5 Hz); '9C NMR (CDC13,50.3 MHz) 

'9C NMR (CDCla, 50.3 MHz) 6 14.31 (lo), 20.07 (2O), 29.55 (2O), 

NMR (CDCl3,200 MHz) 6 1.25 (t, 3 H, J = 7.14 Hz), 1.40-2.85 

(CDC13,50.3 MHz) 6 14.16 (lo), 19.26 (2O), 30.02 ( 2 O ) ,  33.23 (2"), 
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Irradiation of Id. A solution of Id (100 mg, 0.34 m o l )  in 
dry toluene (200 mL) was irradiated through Pyrex at  110 O C  for 
65 min.10 The solvent was removed under r e d u d  pressure, and 
the reaction products were isolated by silica gel column chro- 
matography to afford 9b and 3d (5.13:l by 'H NMR analysis). 
Product 9b was isolated in purified form by cryatdiiation with 
ethyl ether: mp 125-126 OC; IFt (fi) 2940,2875,1710 cm"; 'H 
NMR (CDCI,, 200 MHz)  6 1.4Sb2.73 (m, 13 H), 3.47 (e, 1 H), 6.28 
(d, 1 H, J = 9.9 Hz), 6.40 (d, 1 H, J = 9.9 Hz), 7.17-7.26 (m, 4 
H); '3c NMR (CDCq, 50.3 MHz) 6 20.30,26.32,30.95,36.66,37.11, 
39.42,42.67,49.36,60.76,87.86,98.37,126.64 (double intensity), 
127.47,128.16,129.01,129.30,134.72,134.93,208.65, GC/MS (EI, 
70 eV) m/e 292 (M+), 237,233,218,205; UV (MeOH) A- (e) 264 
(5116), 218 (167241,213 (15715) nm. Anal. Calcd for C&IpOz: 
C, 82.16; H, 6.89. Found C, 82.21; H, 6.79. 

Irradiation of 16a. A solution of 16a (200 mg, 0.065 mmol) 
in dry toluene (200 mL) was degassed with argon for 30 min and 
irradiated with Pyrex-filtered light for 55 min at  reflux tem- 
perature.1° The solvent was evaporated under reduced preeeure, 
and the products were isolated by chromatography on silica gel 
(hexane/ethyl acetate (101)) to give 17a (32 mg, 16%), 18a (29 
mg, 14.5%), and 18b (104 mg, 52%). 

6-(2-Naphthalenyloxy)[ 6.3.0.01s]undecan-S-one ( 17a): IR 
(film) 3060,2940,2860,1720,1635,1605,1515,1470 cm-'; 'H NMR 
(CDCI,, 200 MHz) 6 1.23-1.34 (m, 1 H), 1.57-1.96 (m, 7 H), 
2.02-2.15 (m, 2 H), 2.362.51 (m, 2 H), 2.59-2.66 (m, 2 H), 2.84 
(dd, 1 H, J = 13.66 and 8.93 Hz), 6.82 (d, 1 H, 2.48 Hz), 7.09 (dd, 
1 H, J = 8.88 and 2.53 Hz), 7.26-7.44 (m, 2 H), 7.63-7.75 (m, 3 
H); '3C NMR (CDC13, 50.3 MHz) 6 21.73 (2O), 25.93 (2O), 31.38 
( 2 O ) ,  32.45 (2O), 32.68 (2O), 34.84 (2O), 36.14 (3O), 37.75 (2'),57.29 
( 4 O ) ,  80.75 (4O), 110.77 (3O), 119.33 (3O), 123.71 (3O), 126.18 (3O), 
126.81 (3O), 127.48 (3O), 129.01 (4O), 129.25 (3O), 134.09 (4O), 153.84 
(4O), 210.47 (4O); GC/MS (EI, 70 eV) m / e  306 (M+), 235,221,163; 
UV (MeOH) A- (e) 272 (12187), 228 (66573) nm; HRMS calcd 
for CzlHaOz 306.1620, found 306.1621. 
lla-(4-Pentenyl)-9,1O,ll,l la-tetrahydrobenzo[ b 1- 

naphtho[l$-d]furan-S(7aHa)one (18a, trans): IR (film) 3400, 
3060,2940,2860,1735,1625,1605,1585,1520,1455 cm-'; 'H NMR 
(CDC1,200 MHz) 6 1.20-3.0 (m, 12 H), 4.77-4.85 (m, 2 H), 4.98 
(a, 1 H), 5.47-5.68 (m, 1 H), 7.25 (d, 1 H, J = 8.76 Hz), 7.31-7.51 
(m, 2 H), 7.72 (d, 1 H, J = 8.89 Hz), 7.82 (d, 2 H, J = 8.25 Hz); 
13C NMR (CDCl,, 50.3 MHz) 6 23.22 (2O), 23.42 (2O), 31.15 (2O), 
31.95 (2O), 33.84 (2O), 38.75 (2O), 54.64 (4'). 94.26 (3O), 113.21 (3'), 
114.76 (2O), 122.94 (3O), 123.33 (3O), 126.61 (3O), 126.84 (4O), 129.10 
(39,129.67 (3O), 130.12 (4'),131.00 (4O), 137.96 (3O), 156.39 (4'1, 
203.71 (4O); GC/MS (EI, 70 eV) m / e  306 (M+), 238,237,209,181; 
UV (MeOH) A- (e) 230 (590371,220 (23676) nm; HRMS calcd 
for CzlHn02 306.1620, found 306.1643. 

1 la-(4-Pentenyl)-9,10,11,1 la-tetrahydrobenzo[b 1- 
naphtha[ 1,2-d]furan-8(7d8)-one (18b, cis): IR (film) 3400, 
3070,2935,2860,1730,1625,1600,1580,1520,1460 cm-'; 'H NMR 
(CDC13, 200 MHz) 6 1.16 (m, 1 H), 1.47 (m, 1 H), 1.70-2.70 (m, 
10 H), 4.69 (a, 1 H), 4.87-4.97 (m, 2 H), 5.55-5.76 (m, 1 H), 7.19 
(d, 1 H, J = 8.78 Hz), 7.32 (m, 1 H), 7.46 (m, 1 H), 7.71 (d, 1 H, 
J = 10.74 Hz), 7.82 (m, 2 H); % NMR (CD3COCD3, 50.3 MHz) 
6 20.00 (2O), 24.46 (2O), 33.80 (2'),34.48 (2O), 37.57 (2O), 39.65 (2O), 
55.78 (4O), 90.57 (3O), 112.85 (3O), 115.04 (4O), 122.41 (3'1,122.79 
(4O), 123.74 (3O), 127.63 (3O), 130.25 (3O), 131.05 (3O), 131.16 (4'1, 
131.20 (2"), 139.12 (3O), 158.38 (4O), 208.22 (49; GC/MS (EI, 70 
eV) m / e  306 (M+), 238,237,209,181,152; UV (MeOH) A, (e) 
232 (58018), 211 (16771) nm; HRMS calcd for Cz1HzO2 306.1620, 
found 306.1597. 

Irradiation of 16b. A solution of 16b (200 mg, 0.78 mmol) 
in toluene (220 mL) was irradiated with Pyrex-filtered light for 
1.5 h at room temperature.'O Solvent was removed under reduced 
pressure, and the resulting oil was purified by column chroma- 
tography on silica gel (hexane/ethyl acetate (20:l)) to give 17b 
(148 mg, 78%) and 19 (26.9 mg, 13.5%). 
6-(Phenyloxy)[6.3.0.01~]undecan-5-one (17b): mp 44.5-46.5 

OC; IR (carbon tetrachloride) 2950, 1710, 1590 cm-'; 'H NMR 
(CDC13, 200 MHz) 6 1.25-1.36 (m, 2 H), (9246) nm. (m, 7 H), 
2.30-2.45 (m, 2 H), 2.54-2.62 (m, 2 H), 2.70-2.76 (d, 1 H, J = 13.61 
Hz), 2.73-2.81 (d, 1 H, J = 13.60 Hz), 6.71-6.77 (m, 2 HI, 6.864.94 
(m, 1 H), 7.15-7.25 (m, 2 H); 'BC NMR (CDCl3,50.3 MHz) 6 21.56 
( 2 O ) ,  25.76 ( 2 O ) ,  31.23 (2O), 32.30 (2O), 32.47 (2O), 34.45 (2Oh35.89 
(3O), 37.59 (2O), 57.07 (49,80.25 (4O), 116.57 (3O, double intensity), 
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120.83 (So), 128.97 (3O, double intensity), 155.93 (2"), 210.26 (4O);  
GC/MS (EI, 70 eV) m/e 256 (M+), 135,119,107,91; W (MeOH) 
A- (c) 270 (1071), 221 (8770), 202 (9246) nm. Anal. Calcd for 
C17HmO2: C, 79.65; H, 7.86. Found: C, 79.68; H, 7.79. 

9b-( rl-Pentenyl)-2,3,4a,9b-tetrahydnr-4( la)-dibenzofuran 
(19): IR (film) 3460,3070,2930,2865,1745,1650,1615,1590,1460 
cm-l; 'H NMR (CDCl,, 200 MHz) 6 1.25-1.42 (m, 4 H), 1.86-2.06 
(m, 5 H), 2.41-2.51 (m, 3 H), 4.80 (8, 1 H), 4.84-4.92 (m, 2 H), 
5.54-5.75 (m, 1 H), 6.90-7.27 (m, 4 H); "% NMR (CDCl,, 50.3 
MHz) S 22.2 (2O),  22.99 ( 2 O ) ,  28.77 (2O),  29.98 (2O), 33.67 (2O), 38.99 
(2O), 52.89 ( 4 O ) ,  93.86 (3O), 111.46 (3O), 114.86 (2'), 121.32 (3O), 
123.16 (3O), 128.39 (3O), 134.94 (4O), 137.98 (So), 158.35 (4O), 203.43 
( 4 O ) ;  GC/MS (EI, 70 eV) m/e 256 (M+), 187,159; UV (MeOH) 
A- (e) 273 (25801,202 (11 157) nm; HRMS calcd for CITHmO2 

256.1483, found 256.1464. 
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The [3,3] chargeaccelerated rearrangement of N-allyl-N-isobutyl enamine substrates to y,&unsaturated imine 
producta and subsequent reduction to the corresponding N-alkyl S,c-unsaturated amines is reported. Several 
routes to the N-allyl-N-isobutyl enamines were established for the enamine prepared from isobutyraldehyde. 
With use of the most efficient route developed, enamines derived from butanal, 2-phenylpropanal, cyclohexanone, 
and cyclopentanone were prepared in 58 to 92% overall yield in three step from allylamine. In the case of butanal, 
the E isomer waa formed exclusively, while the enamine from 2-phenylpropanal waa prepared with an E to 2 
selectivity of 86.14. Heating these N-allyl-N-isobutyl enamines in refluxing dioxane with 0.5 equiv of HC1 produced 
[3,3] rearrangement for substrates derived from isobutyraldehyde, 2-phenylpropanal, and cyclohexanone; the 
enamines of n-butanal and cyclopentanone were found to react through alternate pathways. 

The study of the Claisen rearrangement, the [3,3] sig- 
matropic shift of allyl vinyl ethers, has provided many 
valuable contributions to the areas of mechanistic and 
synthetic chemistry.' Several features, including the 
convergent nature of the allyl enol ether preparation and 
subsequent C-C bond formation, have contributed to the 
extensive use of this reaction in organic synthesis. The 
products of this pericyclic process, y,&unsaturated car- 
bonyl compounds, are valuable synthons with different 
functionality at  each terminus. Because of the different 
reactivity at  each end, subsequent synthetic elaboration 
or incorporation of this fragment into a larger target 
molecule can be efficiently accomplished. 

The nitrogen analogue of the Claisen rearrangement, the 
3-aza-Cope rearrangement of 1, has been reported to un- 
dergo thermally induced [3,3] sigmatropic rearrangement 
to the corresponding imine at  250 OC, and subsequent 
hydrolysis of the imine produced 3.2 Several approaches 
to rate enhancement of this transformation have been 
made through the electronic modification of the enamine 
functionality. Thermal rearrangement of the aniline-de- 
rived N-phenyl-N-allyl enamine was found to occur at  a 
somewhat reduced temperature of 205 0C.2 Rearrange- 
ment at lower reaction temperatures could be achieved by 
substrates with oxygen substituents at  (7-2. For example, 

(1) For general reviews on 3,3] sigmatropic rearrangements, (a) 

F. E. Acc. Chem. Res. 1977,20,227. (c) Bennett, G. B. Synthesis 1977, 
589. (d) Bartlett, P. A. Tetrahedron 1980,36, 3. (e) Gajewski, J. Hy- 
drocarbon Tirermal Zsomerizatione; Academic: New York, 1981. (0 Hill, 
R. K. Chirality Transfer via Sigmatropic Rearrangements. In Asym- 
metric Synthesis; Morrison, J. D., Ed.; Academic: New York, 19W, Vol 
3, p 503. (g) Ziegler, F. E. Chem. Reo. 1988,88, 1423. (h) Blechert, S. 
Synthesis 1989, 71. 

Rhoads, 5. J.; Raulins, N. R. 6 rg. React. (N.Y.) 1976,22,1. (b) Ziegler, 

(2) Hill, R. K.; Gilman, N. W. Tetrahedron Lett. 1967, 1421. 
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ketene N,O-acetals underwent thermal sigmatropic 
transformation at 180 OC,3 and allylamide enolates were 
found to rearrange at  130 OC.4 The temperatures nec- 
essary for rearrangement to occur have been a major lim- 
iting feature of the 3-ma-Cope rearrangement. At  the 
elevated temperatures for thermal rearrangement, tech- 
nical difficulties commonly arise in setting up the reaction, 
monitoring its progress, and workup of the reaction mix- 
ture. Typically, in these cases the [3,3] transformation 
must be incorporated into multistep synthetic sequences 
early, so as not to disturb sensitive functionality. 

Methods of promoting the aza-Cope rearrangement a t  
even lower temperatures have involved the formation of 
cationic quaternary nitrogen centers. As shown in eq 1, 
one way to access an intermediate such as 2 has been 
accomplished by methylation of the N-alkyl-N-allyl en- 
amine 1. Under the 80 "C conditions for methylation of 

1 2 3 

allyl enamines, which has only been successfully performed 
on enamine substrates formed from 2-substituted aldeh- 
ydes, rearrangement also occurred and hydrolytic workup 
of the reaction mixture produced 3.5 A modification of 
the methylation procedure, methylation of an N-dylimine 

(3) (a) Ireland, R. E.; Willard, A. K. J .  Org. Chem. 1974,39,421. (b) 
Kurth, M. J.; Decker, 0. H. W.; Hope, H.; Yanuck, M. D. J.  Am. Chem. 
Soc. 1985, 107, 443. (c) Kurth, M. J.; Decker, 0. H. W. J .  Org. Chem. 
1986,51, 1377. 

(4) Taunoda, T.; Saeaki, 0.; Ito, S. Tetrahedron Lett. 1990,32, 727. 
(5) (a) Brannock, K. C.; Burpitt, R. D. J.  Org. Chem. 1961,243,3576. 

(b) Gilbert, J. C.; Seneratne, K. P. A. Tetrahedron Lett. 1984,25,2303. 
(c) Welch, J. T.; De Corte, B.; De Kimpe, N. J.  Org. Chem. ISSO, 65,4981. 
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