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Rhodium(I1)-catalyzed decomposition of vinyldiazomethanes in the presence of 1-methoxy-1-[(trimethyl- 
silyl)oxy]buta-1,3-diene lea& to [3 + 41 annulation products by a tandem cyclopropanation/Copa rearrangement 
sequence. The resulting cycloheptadienes are readily converted to cycloheptatrienones either by hydrolysis with 
mild acid followed by oxidation with 2,3-dichloro-5,6-dicyan~l,4-benzoquinone or by treatment with di- 
chloroethoxyoxovanadium. The efficiency of the general strategy was demonstrated through a short synthesis 
of nezukone. 

The tropone ring has aroused considerable interest due 
to its novel structure, its presence in a number of potent 
natural products,'* and more recently, its utility in novel 
synthetic strategies.'-l8 Consequently, over the last 40 
years, a large number of ingenious and elaborate ap- 
proaches to this ring system have been developed."% 
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2 1 3 

(1) Aeao, T.; Ma, M. Methoden der Organischen Chemie; Kropf, H., 
Ed.; Georg Thieme Verlag: Stuttgart, 1985; Band V/2c, pp 71e780. 

(2) Anderson, A. B.; Sheerard, E. C. J. Am. Chem. Soc. 1933,66,3813. 
(3) Schuep, W.; Blount, J. F.; Williams, T. H.; Stampel, A. J. Antibiot. 

1978,31, 1226. 
(4) (a) Olmetead, J. B.; Borisy, G. G. Annu. Reo. Biochem. 1973,42, 

507. (b) Schindler, R. Nature (London) 1962,196,73. (c) Zweig, M. H.; 
Chignell, C. F. Biochem. Pharmacol. 1973,22,2141. (d) Capraro, H.4.; 
Brcaei, A. The Alkaloids; Broeei, A., Ed.; Academic Press: Orlando, FL, 
19W V0123, pp 1-70. 

(5) Siverton, J. V.; Kabuto, C.; Buck, K. T.; Cava, M. P. J. Am. Chem. 
SOC. 1977,99,6708. 

(6) Palleroni, N. J.; Reichelt, K. E.; Mueller, D.; Epps, R.; Tabenkin, 
B.; Bull, D. N.; Schuep, W.; Berger, J. J. Antibiot. 1978,31,1218. 

(7) (a) Ueyhara, T. J. Chem. SOC., Chem. Commun. 1983, 17. (b) 
Rigby, J. H.; Sage, J. J. Org. Chem. 1983, 48, 3591. (c) Funk, R. L.; 
Bolton, G. L. J. Org. Chem. 1987,52,3173. (d) Hartke, K.; Richter, W.; 
Masea, W.; h u m ,  G. Tetrahedron Lett. 1986,27,2743. (e) Takahashi, 
K.; Namekata, N.; Fukazawa, Y.; Takese, K.; Mikami, E. Tetrahedron 
Lett. 1988, 29, 4123. 

(8) Funk, R. L.; Bolton, C. L. J. Am. Chem. Soc. 1986,208,4655. (b) 
Rigby, J. H.; Moore, T. L.; Rege, S .  J. Org. Chem. 1986,51, 2398. 

(9) Trcat, B. M.; Seoane, P. R. J. Am. Chem. SOC. 1987, 109, 615. 
(10) Feldman, K. S.; Come, J. H.; Fegley, G. J.; Smith, B. D.; Parvez, 

M. Tetrahedron Lett. 1987,2%, 607. 
(11) Watkine, J. C.; Roeenblum, M. Tetrahedron Lett. 1986,%,3531. 
(12) (a) Rigby, J. H.; Senanayake, C. J. Am. Chem. SOC. 1987, 109, 

3147. (b) Rigby, J. H.; Wilson, J. Z. J. Org. Chem. 1987,52,34. (c) Rigby, 
J. H.; Wileon, J. Z.; Senanayake, C. Tetrahedron Lett. 1986, 27, 3329. 

(13) Greene, A. E.; Teixeira, M. A.; Barreiro, E.; Cruz, A.; Crabbe, P. 
J.  Org. Chem. 1982,47, 2553. 

(14) For a general overview of the earlier syntheses, see: Fleming, 1. 
Selected Organic Syntheses; John Wiley and Sons: London, 1973; pp 

(15) Bartele-Keith, J. R.; Johnston, A. W.; Taylor, W. I. J. Chem. SOC. 
1951,2352. 

(16) (a) Doering, W. E.; Knox, L. H. J. Am. Chem. SOC. 1963,75,297. 
(b) MacDonald, T. L. J. Org. Chem. 1978, 43, 3621. (c) Keith, D. D. 
Tetrahedron Lett. 1985, 26, 5907. (d) Schreiber, J.; Leimgruber, W.; 
P m ,  M.; Schudel, P.; Threefall, T.; Eechenmoeer, A. Helu. Chim. Acta 
1961,44,540. (e) Evans, I). A.; Tannis, 5. P.; Hart, D. J. J. Am. Chem. 
Soc. 1981,203,5813. (0 Banwell, M. G. J. Chem. Soc., Chem. Commun. 
1982,847. (g) Amon, G. M.; Banwell, M. G.; Gravatt, G. L. J. Org. Chem. 
1987,52,4851. (h) Banwell, M. G.; Onrust, R. Tetrahedron Lett. 1985, 
26,4543. (i) Roberts, V. A,; Garst, M. E.; Torres, N. E. J. Org. Chem. 
1984,49,1136. (i) Kende, A. S.; Koch, K. Tetrahedron Lett. 1986,27, 
6051. 

(17) (a) Brabier, M.; Barton, D. H. R.; D e w ,  M.; Top& R. S .  Tet- 
rahedron 1987,43,5031. (b) Brabier, M.; Barton, D. H. R.; D e w ,  M.; 
Topgi, R. S .  J. Chem. SOC., Chem. Commun. 1984,743. 

(18) Miyashita, M.; Hara, S.; Yoehikoshi, A. J. Org. Chem. 1987,52, 
2602. 

(19) VM Tamelen, E. E.; Spencer, T. R.; Allen, D. B.; O M S ,  R. L. 
Tetrahedron 1961,14,8. 

(20) Woodward, R. B. The Harvey Lectures Series 5% Academic 
Press: New York, 1966; pp 31-47. 

183-207. 

*X 
4 

-X 
5 

Many of the earlier schemes involved expansion of six- 
membered rings, but in recent years significant advances 
have been reported based on concerted reactions. These 
include two [3 + 41 cycloaddition strategies using either 
allyl cationsz6 or a nucleophilic vinylcarbeneU as the key 
intermediates, [5 + 21 cycloadditions between heterocyclic 
betaines and alkenestZ2 and Cope rearrangements of di- 
vinylcyclopropane~.z3 The synthesis of functionalized 
tropones has not been completely solved, however, because 
many of these processes are not really general and succinct 

We now report an alternative and flexible [3 + 41 an- 
nulation strategy for the synthesis of tropones based on 
the rhodium(I1)-catalyzed decomposition of vinyldiazo- 
methanes (1) in the presence of 1-methoxy-1-[(tri- 
methylsilyl)oxy]buta-1,3-diene (2). In earlier studies to 
explore the synthetic potential of vinylcarbenoids, we have 
shown that their reaction with furans,% pyrroles,n and 
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Table I. Synthesis of Oxygenated Cycloheptadienes (4) 
substrate X Y z catalyst solvent product yield, % 

la COOEt COOEt H 
lb COOMe P h  H 
IC COOEt CH=CHPh H 
Id COOEt SOpPh H 
le SOpPh COOEt H 
If COOEt COOEt OCH, 
h3 COMe Ph H 
lh COOBu' H H 
li COOMe H H 
1j COOEt CH=CHp H 

dienes,28 both inter- and intramolecularly, offers an ex- 
cellent entry to highly functionalized seven-membered 
rings. The reaction proceeds by a tandem cyclo- 
propanation/Cope rearrangement mechanism. Extension 
of this chemistry to oxygenated dienes would be expected 
to allow ready access to tropone derivatives (5) as illus- 
trated in Scheme I. Although mechanistically quite dis- 
tinct, this strategy compliments the concerted [3 + 41 
cycloaddition using a nucleophilic vinylcarbene developed 
by Boger and B r ~ t h e r t o n . ~ ~  The scheme would proceed 
through a Cope rearrangement of divinylcyclopropanes 3, 
but unlike the earlier approach to tropones using a Cope 
rearrangement, described by Wenkert,23 the synthesis of 
the cis-divinylcyclopropanes should be very practical and 
direct. 

Results 
In order for the reaction of rhodium-stabilized vinyl- 

carbenoids with oxygenated dienes to effectively generate 
seven-membered rings, several potential problems need to 
be controlled. The initial cyclopropanation must be both 
regio- and stereoselective, side reactions due to dipolar 
intermediates need to be inhibited, and steric factors must 
be minimized to avoid suppression of the Cope rear- 
r a ~ ~ g e m e n t . ~ ~  Considering all these factors, the result of 
the rhodium( 11) acetate catalyzed decomposition of the 
vinyldiazomethane la in the presence of 2 equiv of an 
isomeric mixture of 1-methoxy-1- [ (trimethylsily1)oxyl bu- 
tadiene (2) was very promising. The cycloheptadiene 
system 4a was cleanly formed in 87% yield as a mixture 
of diastereomers (eq 1). The regiochemistry was readily 
determined from the 'H NMR spectrum as the methylene 
group was a doublet. This result is consistent with initial 
cyclopropanation at the more sterically accessible double 
bond, followed by a Cope rearrangement of the resulting 
divinylcyclopropane. Furthermore, the high yield of 4a 
would indicate that the cyclopropanation was much more 
stereoselective, favoring the cis-divinylcyclopropane, than 
the corresponding reactions with alkyl-substituted di- 
enes.% 

CH,O OTMS 

Q- (1) em, ,imE' C W I Z  / 

OTMS 
RhdOAc)* 

C W E t  coat 
2 l a  4a 
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CHpClz 4a 
CHpClp 4b 
CHpClp 4c 
pentane 4d 
pentane 4e 
heptane 4f 
pentane 4g 
pentane 4h 
pentane 4i 

4j pentane 

81 
13 
89 
79 
58 
79 
71 
74 
61 
89 

Similar reactions were observed in the reactions of l b  
and IC, in which the y-ester group had been replaced by 
either phenyl or styryl (Table I). The formal [3 + 41 
cycloadducts 4b and 4c were cleanly formed in 73% and 
89% yield, respectively. In contrast, side reactions were 
observed with Id, in which the y-ester group had been 
replaced by phenylsulfonyl. The predominant product in 
the rhodium(I1) acetate catalyzed decomposition of Id in 
the presence of 2 with dichloromethane as solvent was the 
formal [l + 41 cycloadduct 6 (47% yield), and only a small 
amount of the formal [3 + 41 cycloadduct 4d (23%) was 
obtained (eq 2). The formal [l + 41 cycloadduct probably 
arose by means of dipolar intermediates, and so, inhibition 
of its formation was expected by use of nonpolar solvents. 
Indeed, decomposition of Id with rhodium(I1) pivalate and 
pentane as solvent totally suppressed the formation of 6 
and produced the formal [3 + 41 cycloadduct 4d in 79% 
yield. The isomeric vinyldiazomethane le also gave a 
cycloheptadiene (4e) in 58% yield on rhodium(I1) pivalate 
catalyzed decomposition in the presence of the diene 2 in 
pentane. 

SO,Ph +j Rh2Ldsolvent 
L 

N2 
COOEl 

I d  

CHqO OTMS 

4d 6 
4d 6 

Rhz(OA44 CHzC12 23% 47% 

Rhz(0Pivh Pentane 79% ODh 

Side reactions were prevalent in the rhodium(I1) acetate 
catalyzed decomposition of the sterically crowded vinyl- 
diazomethane If. When dichloromethane was used as 
solvent, none of the desired [3 + 41 cycloadduct 4f was 
formed, but instead, a mixture of the formal [l + 41 cy- 
cloadduct 7 and the acyclic product 8 was obtained (eq 3). 
In certain regards, this result was surprising because the 
methoxy group would be expected to disfavor dipolar in- 
termediates but the additional steric hindrance would also 
inhibit the Cope rearrangement. Once again, however, 
modification of reaction conditions to rhodium(II) pivalate 
in heptane caused a complete change in product distri- 
bution, and 4f was obtained in 79% yield. 

Reaction conditions were also crucial in the decompo- 
sition of lg in which the wester was replaced by a keto 
group. None of the formal [3 + 41 cycloadduct was formed 
from the rhodium(I1) acetate catalyzed reaction in di- 
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4f 7 8 

41 7 8 

Rh2 (OACh CH2C12 0 1 8% 50% 

Rh2 (OPiVh Pentane 79% 0 0 

chloromethane, and instead, the dihydrofuran 9 was iso- 
lated in 35% yield after an aqueous workup (eq 4h30 The 
formation of the formal [2 + 31 cycloadduct 9 could be 
suppressed by using rhodium(I1) pivalate in pentane. 
Under these conditions, the cycloheptadiene 4g was cleanly 
produced in 71% yield. $" m2Ln/solventL 
2 +  

N2 
COCH, 

l g  

Ph 

'COCH, 

49 
49 9 

(4) 

9 

Rh2(OAch CHzC12 oo/o 35% 

Rhz(0Pivh Pentane 71 '/o OD10 

We have recently demonstrated that the tandem cy- 
clopropanation/Cope rearrangement sequence can be ex- 
tended to vinylcarbenoids with only a single electron- 
withdrawing In this case, it was necessary to 
inhibit electrophilic reactivity a t  the vinylogous position 
of the carbenoid, and this was achieved by using nonpolar 
solvents and electron-releasing ligands on the rhodium 
catalyst. Similar reactivity was observed in the decom- 
position of lh-j with rhodium(I1) pivalate with pentane 
as solvent in the presence of the diene 2, as the formal [3 + 41 cycloadducts 4h-j were readily formed (Table I). 

Through the appropriate choice of conditions, ready 
access to a series of cycloheptadienes (4) was achieved. 

(30) For earlier examplea of dihydrofuran formation in carbenoid re- 
actions, see: (a) Wenkert, E.; Alonao, M. E.; Buckwalter, B. L.; Sanchez, 
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Hernandez, M.; Greenberg, R. S.; Wenkert, E. J. Org. Chem. 1983,43, 
3047. (c) Alonso, M. E.; Morales, A.; Chitty, A. W. J. Org. Chem. 1982, 
47,3747. (d) Wenkert, E.; Alonso, M. E.; Buckwalter, B. L.; Chou, K. J. 
J. Am. Chem. SOC. 1977, 99, 4778. (e) Graziano, M. L.; Scarpati, R. J. 
Chem. SOC., Perkin Trans. 1 1985, 289. 

(31) Daviea, H. M. L.; Saikali, E.; Clark, T. J.; Chee, E. H. Tetrahedron 
Lett. 1990, 31, 6299. 

Table 11. Preparation of Tropones (5) from Oxygenated 
Cycloheptadienes (4) by Hydrolysis Followed by Oxidation 

with  DDQ 
5 (yield, 

substrate hydrolysis conditns 10 (yield, %) %) 
4a citric acid/H20/THF 10a (100) Sa (92) 
4b citric acid/H20/THF 10b (97) 5b (98) 
4c citric acid/H,O/THF 100 (97) 5c (22) 
4d HCl/H,O/THF 5d (76)' 
4e HCl/H,O/THF 10e (75) 5e (65) 
4g citric acid/H20/THF log (76) 5g (69) 
4h citric acid/H20/THF 5h (47)" 

"Intermediate 10 was unstable, and the value representa the 
overall yield for conversion of 4 to 5. 

Further modification of 4 to tropones (5) required hy- 
drolysis and oxidation, and it was envisioned that this 
could be achieved by conventional approaches. In the case 
of systems with two electron-withdrawing groups, 4a-c,g, 
a short exposure to aqueous citric acid generated the cy- 
cloheptatrienols lOa-c,g in high yield (eq 5, Table 11). In 
the case of 4d and 4e, 20% hydrochloric acid was required 
for complete conversion to the cycloheptatrienols 10d and 
10e. Hydrolysis of 4h was only moderately successful, 
which was due to the instability of cycloheptatrienols 
functionalized with a single electron-withdrawing group. 
Completion of the tropone synthesis was readily achieved 
by 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) ox- 
idation of lOa,b,d,e,g,h to 4a,b,d,e,g,h (Table 11). A similar 
oxidation with the vinyl derivative lOc, however, was not 
a clean process, which was probably due to competing 
oxidation of the vinyl group. 

5 4 1 0  
Due to the difficulties observed in isolation of the cy- 

cloheptadienones containing a single electron-withdrawing 
group in the 4-position, attempts were made to develop 
a process whereby the hydrolysis and oxidation occurred 
under the same reaction conditions. A reagent that seemed 
ideal in this regard was VO(OEt)C12, which has been used 
to aromatize cyclohexenone derivatives?2 Not only would 
VO(OEt)Cl, behave as a Lewis acid capable of releasing 
the protected carbonyl but also it is an effective oxidizing 
agent under very mild conditions. Upon treatment of 4h 
with VO(OEt)C12 in refluxing ethanol, the desired hy- 
drolysis/oxidation occurred to afford the tropone 5h in 
47% yield (eq 6). Similar reactions with 4b and 4i resulted 
in the formation of 5b and 5i. 

CHuO OTMS 0 

X V Product 

COO'Bu H Sh (47%) 
COOMe Ph 5b (71%) 

H 51 (54%) WOMe 

(32) Hirao, T.; Mori, M.; Oshiro, Y. J.  Org. Chem. 1990,55, 358. 
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Scheme I1 

OCH, 
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1 7  

An alternative approach to generate the tropone system 
was developed by the use of appropriate functionality that 
would allow aromatization to occur, through either elim- 
ination or equilibration, without the need for an oxidation 
step. Such functionality was present in the cyclo- 
heptadienes 4c, 4f, and 4j. Hydrolysis of 4j with citric acid 
caused migration of the vinyl group into conjugation, which 
resulted in the formation of l l j .  If more vigorous hy- 
drolysis conditions were used, however, aromatization by 
isomerization of the exocyclic double bond occurred, to 
generate the 2-ethyltropone derivative 12j (eq 7). In a 
similar manner, hydrolysis of 4c with strong acid generated 
12c in 42% yield. An alternative entry to the tropone 
system was through elimination of the methoxy group in 
13. This was achieved by treatment of 4f with citric acid, 
which resulted in the formation of 5a (44% yield) by de- 
protection of the carbonyl and elimination of methanol (eq 
8). 

CHsO OTMS R wz 
COOEt 

4 

C: R = P h  
j: R = H  

CI 

0 

1 2  

'COOEt 'COOEt 

1 3  5 e  4f 

In order to demonstrate the potential of this approach 
to tropone structures, a short synthesis of nezukone was 
attempted, as shown in eq 9. Reaction of the cyclo- 
heptadiene 4i with methyllithium generated the alcohol 
14. This step takes advantage of the stability of the car- 
bonyl protecting group to basic conditions. Treatment of 
the crude material with concentrated hydrochloric acid 
generated nezukone (15) in 59% overall yield. The se- 
quence compares very favorably with a previous synthesis 

\ 2 

CH,O OTMS 

R 
0 

of nezukone described by Wenkert,23 which also involved 
the use of divinylcyclopropanes. 

H-0 OTMS fi 

4 i  . .  
1 4  1 5 '  

A particularly interesting feature of this chemistry was 
the dramatic effect of catalyst and solvent on the product 
distribution. The results could be rationalized by invoking 
the occurrence of a partially dipolar transition state caused 
by a nonsynchronous cyclopropanation step. In extreme 
cases, the cyclopropanation was not completed and side 
products derived from a dipolar structure (16) were ob- 
served (Scheme 11). Nonpolar solvents would be expected 
to destabilize a polar transition state, and under these 
conditions, side reactions were totally suppressed and 
normal cyclopropanation/Cope rearrangements were ob- 
served. The positive end of the dipole would be strongly 
stabilized by the oxygen functionality of the diene, which 
explained why this anomalous behavior was not observed 
with alkyl dienes.% The phenylsulfonyl group is excellent 
at stabilizing negative charge on the adjacent carbon, which 
would explain why the formal [1+ 41 cycloadduct (17) was 
formed with Id. A keto carbonyl is more nucleophilic than 
an ester group, and consequently, If led to a dihydrofuran 
(18) in polar solvents. In certain respects the formation 
of side products (17 and 19) with the bulky vinyldiazo- 
methane If was rather unexpected. Considering that the 
diester la led cleanly to a cycloheptadiene in polar sol- 
vents, similar reactivity would have been expected of If 
because, on the basis of electronic effects, the methoxy 
group would be expected to destabilize the dipolar tran- 
sition state. A possible explanation of the apparent 
anomalous reactivity of l f  would be that partially dipolar 
structures could also be precursors to cycloheptadienes 
instead of the previously assumed divinylcyclopropanes. 
Consequently, even though the extent of dipolar character 
in the transition state should be less with the methoxy 
system (If) than with the unsubstituted case (la), steric 
hindrance would retard the Cope rearrangement, which 
would allow side reactions to dominate in a polar solvent. 

In summary, the reaction between rhodium(II)-stabiIid 
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vinylcarbenoids and 2 offers a direct synthetic approach 
to troponea. A whole range of functionality may be in- 
troduced if appropriate catalyst and solvent are used. The 
success of the process is based on the remarkable stereo- 
selectivity of cyclopropanations by rhodium(I1)-stabilized 
vinylcarbenoids. 

Davies et al. 

Experimental Section 
General. 'H and 13C NMR spectra were recorded at 200 and 

50.3 MHz, respectively. Mass spectral determinations were Canied 
out at 70 eV. CHzClz was freshly distilled from CaHz. Column 
chromatography was carried out on silica gel 60 (230-400 mesh). 
The vinyldiazomethanes la-j were prepared by methods that have 
been previously reportedF8 1-Methoxy-1- [ (trimethylsilyl)oxy]- 
buta-1,3-diene (2) was prepared by the method of Savard and 
Brassard.33 
Rhodium(I1) Acetate (or Pivalate) Catalyzed Decompo- 

sition of Vinyldiazomethanes 1 in the Presence of 2. General 
Procedure. A solution of 1 (1 equiv) in CHZCI2 (10 mL) was 
added over 10-20 min to a stirred mixture of rhodium(I1) acetate 
(0.01 equiv) and 2 (2-5 equiv) in CHzClz (10 mL), heated under 
reflux in an argon atmosphere. Alternatively, a solution of 1 (1 
equiv) in pentane-CH2CIz (91 to 191,10-100 mL) was added to 
a stirred mixture of rhodium(I1) pivalate (0.01 equiv) and 2 (2-5 
equiv) in pentane (10-50 mL) under the same conditions. After 
heating for a further 10 min, the solvent was evaporated under 
reduced pressure and the excess diene was removed by Kugelrohr 
distillation (40-50 OC, 0.5 mmHg). The amounts of diazo com- 
pound (la-i), diene, and rhodium(1I) catalyst used are presented 
in that order in abbreviated format. All products were purified 
by column chromatography on silica using ether-petroleum ether 
as eluant in the ratio specified in parentheses. 
Diethyl 4-methoxy-4-[(trimethylsilyl)oxy]cyclohepta- 

1,5-diene-1,3-dicarboxylate (4a): la (1.06 g, 5.0 mmol), (1.72 
g, 10 mmol), acetate (0.022 g, 0.05 mmol), (k4); yield, 1.54 g (87%) 
of a colorless gum; 1:l mixture of diasteromers; IR (neat) 2950, 
2900, 2825, 1725 (sh), 1710, 1650, 1440 cm-'; 'H NMR (CDCl,) 
6 7.10 (dd, 0.5 H, J = 6.9, 2.2 Hz), 7.06 (dd, 0.5 H, J = 6.8, 2.2 
Hz), 5.97-5.82 (m, 1 H), 5.70 (dd, 0.5 H, J = 12.1, 2.5 Hz), 5.57 
(dd, 0.5 H, J = 11.8, 3.0 Hz), 4.27-4.09 (m, 4 H), 3.96-3.91 (m, 
1 H), 3.68-3.32 (m, 1 H), 3.29 (8 ,  1.5 H), 3.27 (8,  1.5 H), 3.16-2.99 
(m, 1 H), 1.28 (t, 6 H, J = 7.1 Hz), 0.15 (s, 4.5 H), 0.11 (s, 4.5 H). 
Anal. Calcd for C1,H,06Si: C, 57.28; H, 7.92. Found C, 57.25; 
H, 7.93. 
Methyl 4-methoxy-3-phenyl-4-[(trimethylsilyl)oxy]- 

cyclohepta-l,5-dienal-carboxylate (4b): lb (1.01 g, 5.0 mmol), 
(1.72 g, 10 mmol), acetate (0.022 g, 0.05 mmol), (1:6); yield, 1.26 
g (73%) of a colorless gum; 1:l mixture of diastereomers; IR (neat) 
3060,3020,2960,2900,2820,2820,1700,1650,1440 cm-l; 'H Nh4R 
(CDClJ 6 7.47-7.26 (m, 5 H), 7.16 (dd, 0.5 H, J = 6.5, 2.1 Hz), 
7.07 (dd, 0.5 H, J = 6.6, 2.2 Hz), 5.97 (m, 1 H), 5.71 (dd, 0.5 H, 
J = 12.0, 2.7 Hz), 5.58 (dd, 0.5 H,  J = 11.6, 2.4 Hz), 4.08 (m, 1 
H), 3.72 (s, 3 H), 3.28 (s, 1.5 H), 3.23 (s, 1.5 H), 3.60-3.10 (m, 2 
H), -0.01 (s,4.5 H), -0.06 (s,4.5 H). Anal. Calcd for ClSHBO4Si: 
C, 65.86; H, 7.56. Found: C, 66.14; H, 7.35. 
Ethyl 4-methoxy-3-(2-phenylethenyl)-4-[(trimethyl- 

silyl)oxy]cyclohepta-1,5-diene-l-carboxylate (4c): IC (0.48 
g, 2.0 mmol), (1.38 g, 8 mmol), acetate (0.0088 g, 0.02 mmol), (317); 
yield, 0.68 g (89%) of a yellow gum; 1:l mixture of diastereomers; 
IR (neat) 3010,2980,2900,2820,1700,1650,14-45 cm-'; 'H NMR 
(CDCI,) 6 7.39-7.19 (m, 5 H), 7.03-6.95 (m, 1 H), 6.47-6.26 (m, 
2 H), 5.91-5.59 (m, 2 H), 4.18 (br q, 2 H, J = 7.1 Hz), 3.74-3.57 
(m, 2 H), 3.29 (s, 1.5 H), 3.26 (8, 1.5 H), 3.20-3.11 (m, 1 H), 1.29 
(t, 3 H, J = 7.1 Hz), 0.18 (e,  4.5 H), 0.12 (s,4.5 H). Anal. Calcd 
for C2zH3001Si: C, 68.36; H, 7.82. Found: C, 68.76; H, 7.47. 
Ethyl 4-methoxy-3-(phenylsulfonyl)-4-[(trimethylsilyl)- 

oxy]cyclohepta-l,5-diene-1-carboxylate (4d): Id (1.34 g, 5.0 
mmol), (3.30 g, 19 mmol), pivalate (0.0313 g, 0.05 mmol), (1:4); 
yield, 1.67 g (79%) of a yellow gum; 1:l mixture of diastereomers; 
IR (neat) 3060, 2960, 2900, 1700, 1650, 1440 cm-'; 'H NMR 
(CDCl,) 6 7.88-7.82 (m, 2 H), 7.64-7.44 (m, 3 H), 7.01-6.91 (m, 

(33) Savard, J.; Brassad, P. Tetrahedron 1984,40,3455. 

1 H), 5.80-5.60 (m, 2 H), 4.55-4.48 (m, 1 H), 4.19 (4, 2 H, J = 
7.1 Hz), 3.29-3.24 (m, 2 H), 3.10 (s, 1.5 H), 2.99 (8, 1.5 H), 1.28 
(t, 3 H, J = 7.1 Hz), 0.06 (s,4.5 H), 0.05 (a, 4.5 H). Although 4d 
was spectroscopically pure, it was of insufficient stability to obtain 
an elemental analysis. 
Ethyl 3-methoxy-4-[2-(phenylsulfonyl)-l-ethenyl]-3- 

[ (trimethylsilyl)oxy]cyclopent-l-ene-4-carboxylate (6): Id 
(0.84 g, 3.1 mmol), (1.72 g, 10 mmol), acetate (0.022 g, 0.05 m o l ) ,  
(1:4); yield of 4d, 0.49 g (23%); yield of 6,1.00 g (47%); 7:3 mixture 
of diastereomers; IR (neat) 3060,2960,2900,1720,1620,1440 m-'; 
'H NMR (CDClJ 6 7.89-7.84 (m, 2 H), 7.59-7.47 (m, 3 Hh7.37 
(d, 0.3 H, J = 15.6 Hz), 7.26 (d, 0.7 H, J = 15.6 Hz), 6.40 (d, 0.7 
H, J = 15.6 Hz), 6.31 (d, 0.3 H, J = 15.6 Hz), 6.11 (m, 0.3 H), 6.05 
(m, 0.7 H), 5.72 (m, 0.3 H), 5.65 (m, 0.7 H), 4.13 (q,2 H, J = 7.1 
Hz), 3.35 (dt, 1 H, J = 17.4, 2.4 Hz), 3.24 (s, 0.9 H), 3.11 (8, 2.1 
H), 2.39 (dt, 0.3 H, J = 17.4, 1.2 Hz), 2.35 (dt, 0.7 H, J = 17.4, 
2.4 Hz), 1.23 (t, 3 H, J = 7.1 Hz), 0.09 (s,6.3 H), 0.08 (s, 2.7 H). 
Anal. Cdcd for C.&IzsOsSSi: C, 56.58; H, 6.65. Found C, 56.62; 
H, 6.68. 
Ethyl 7-methoxy-3-(phenylsulfonyl)-7-[ (trimethylsily1)- 

oxy]cyclohepta-2,5-diene-l-carboxylate (4e): le (0.25 g, 0.93 
mmol), (0.80 g, 4.65 mmol), pivalate (0.007 g, 0.01 mmol), (1:4); 
yield, 0.228 g (58%) of a colorless gum; 1:l mixture of diaste- 
reomers; IR (neat) 3060,2960,2900,2820,1730,1650,1445 cm-I; 
'H NMR (CDC13) 6 7.85-7.78 (m, 2 H), 7.58-7.44 (m, 3 H), 7.16 
(br d, 1 H, J = 5.6 Hz), 5.72-5.50 (m, 2 H), 4.22-4.11 (m, 2 H), 
4.10-3.91 (m, 1 H), 3.24 (s, 1.5 H), 3.19 (s, 1.5 H), 3.15-2.97 (m, 
2 H), 1.25 (t, 1.5 H, J = 7.0 Hz), 1.21 (t, 1.5 H, J = 7.0 Hz), 0.10 

H, 6.65. Found: C, 56.72; H, 6.71. 
Diethyl 3,4-dimethoxy-4-[(trimethylsilyl)oxy]cyclo- 

hepta-l,5-diene-l,J-dicarboxylate (4f): If (1.21 g, 5.0 mmol), 
(1.72 g, 10 mmol), pivalate (0.0323 g, 0.05 mmol), in heptane, 
heated under reflux, (1:4); yield, 1.54 g (79%) of a colorless gum; 
1:l mixture of diastereomers; IR (neat) 2980,2900, 2820, 1730, 
1700, 1645, 1520, 1440 cm-'; 'H NMR (CDCl,) 6 7.23 (8,  1 H), 
5.87-5.76 (m, 1 H), 5.63 (d, 0.5 H, J = 2.6 Hz), 5.57 (d, 0.5 H, J 
= 2.4 Hz), 4.34-4.14 (m, 4 H), 3.33 (8, 1.5 H), 3.28 (8,  1.5 H), 3.22 
(s, 1.5 H), 3.21 (s, 1.5 H), 3.15-2.97 (m, 2 H), 1.31 (t, 3 H, J = 
7.1Hz),1.30(t,3H,J=7.1Hz),0.15(s,4.5H),0.07(s,4.5H). 
Anal. Calcd for Cl8HNO7Si: C, 55.93; H, 7.82. Found: C, 55.74; 
H, 7.88. 
Ethyl l-[2-(ethoxycarbonyl)-2-methoxy-l-ethenyl]-2- 

met hoxy-2-[ (trimet hylsilyl)oxy]cyclopent-3-ene-l- 
carboxylate (7) and 1-ethyl 8-methyl 4-(ethoxycarbonyl)-2- 
methoxyocta-2,6-diene-1,8-dioate (8): If (0.461 g, 2.0 mmol), 
(0.69 g, 4 mmol), acetate (0.0087 g, 0.02 mmol), (1:4); yield of 7, 
0.139 g (18%); IR (neat) 2990,2900,2840,1720,1640,1530 cm-'; 
'H NMR (CDC13) 6 6.86 (8,  0.5 H), 6.68 (s, 0.5 H), 6.07 (m, 0.5 
H), 5.98 (m, 0.5 H), 5.76 (m, 0.5 H), 5.62 (m, 0.5 H), 4.31-4.00 
(m, 4 H), 3.70-3.20 (m, 1 H), 3.57 (s, 3 H), 3.30 (8, 1.5 H), 3.23 
(8, 1.5 H), 2.28 (br d, 1 H, J = 19.6 Hz), 1.31-1.16 (m, 6 H), 0.13 
(s,4.5 H), 0.07 (s,4.5 H). 7 was readily hydrolyzed on standing 
to the cyclopentenone, which could be characterized by elemental 
analysis. Anal. Calcd for C14H180B: C, 59.57; H, 6.43. Found: 
C, 59.65; H, 6.48. 

Yield of 8: 0.314 g (50%); IR (neat) 2990, 2920, 2900, 2840, 
1740 (sh), 1710,1650,1435 cm-'; lH NMR (CDCl,) 6 6.81 (at, 1 
H, J = 15.3, 7.2 Hz), 6.11 (d, 1 H, J = 9.8 Hz), 5.83 (d, 1 H, J 
= 15.3 Hz), 4.20 (q, 2 H, J = 7.2 Hz), 4.18 (m, superimposed, 1 
H), 4.11 (9, 2 H, J = 7.1 Hz), 3.67 (s, 3 H), 3.65 (s, 3 H), 2.61 (dt, 
1 H, J = 14.9, 7.2 Hz), 2.44 (dt, 1 H, J = 14.9, 7.2 Hz), 1.28 (t, 

171.7, 166.2,162.6,147.5, 144.5, 123.1,122.4,61.0, 59.7,51.2,41.2, 
34.3, 14.0. Anal. Calcd for CI6Hz2O7: C, 57.32; H, 7.05. Found: 
C, 57.40; H, 7.09. 
2-Acetyl-6-methoxy-7-phenyl-6-[ (trimethylsily1)oxyl- 

cyclohepta-l,4-diene (4g): lg (0.93 g, 5.0 mmol), (4.30 g, 25 
mmol), pivalate (0.0313 g, 0.05 mmol), (1:6); yield, 1.17 g (71%) 
of a colorless gum; 1:1 mixture of diastereomers; IR (neat) 3060, 
3020,2940,2900,2820,1715,1650,1600,1490,1440 cm-'; 'H NMR 
(CDCI,) 6 one isomer 7.44-7.27 (m, 5 H), 7.00 (dd, 1 H, J = 6.5, 
2.5 Hz), 5.94 (ddd, 1 H, J = 12.0, 7.9, 3.0 Hz), 5.71 (dd, 1 H, J 
= 12.0,2.9 Hz), 4.14 (dd, 1 H, J = 6.5, 1.5 Hz), 3.55 (dd, 1 H, J 
= 19.2, 7.9 Hz), 3.28 (s,3 H), 2.99 (br d, 1 H, J = 19.2 Hz), 2.32 
(8,  3 H), -0.07 (s,9 H); MS, m/z (relative intensity) 330 (42), 257 

(8,  4.5 H), 0.00 (8,4.5 H). Anal. Calcd for C.&I%O@k C, 56.58; 

3 H, J = 7.1 Hz), 1.22 (t, 3 H, J = 7.2 Hz); "C NMR (CDCI,) d 



Versatile Synthesis of Tropones 

(27), 184 (53), 155 (27), 91 (25); HRMS calcd for Cl&lsOsSi 
330.1651, found 330.1652. 
Methyl S-methyl-4-(2-phenyl-l-ethenyl)-2,3-dihydro- 

furan-2-acetate (9): lg (0.37 g, 2.0 mmol), (1.72 g, 10 mmol), 
acetate (0.00s g, 0.02 mmol), added over 2 h at 0 OC. The resulting 
solution was heated under reflux for 10 min and then cooled to 
rmm temperature. Citric acid (2.30 g, 12.0 "01) in water (10 
mL) was added, and the mixture was stirred for 20 min and then 
extracted with CH2C1,. The organic layer was dried (MgS04) and 
concentrated. Purification by chromatography on alumina using 
diethyl ether-petroleum ether (1:19) gave 9 as a colorless gum: 
0.179 g (35%); IR (neat) 3010,2940,2900,2840,1725,1640 cm-'; 
'H NMR (CDClJ 6 7.39-7.11 (m, 5 H), 6.88 (d, 1 H, J = 15.8 Hz), 
6.08 (d, 1 H, J = 15.8 Hz), 4.98 (dq, 1 H, J = 10.5,6.8 Hz), 3.72 
(e, 3 H), 3.06 (br dd, 1 H, J = 13.3, 10.5 Hz), 2.79 (dd, 1 H, J = 
15.7,7.2 Hz), 2.56 (dd, 1 H, J = 15.7,6.4 Hz), 2.51 (m, superim- 
posed, 1 H), 1.95 (br s, 3 H); 13C NMR (CDClJ 6 171.0, 153.3, 
138.2,128.4, 126.2,125.4, 123.6,121.5, 109.1,76.4,51.7,40.8,35.8, 
11.7; MS, m / z  (relative intensity) 258 (loo), 231 (lo), 184 (62), 
155 (36), 131 (73), 84 (39); HRMS calcd for C16H1803 258.1256, 
found 258.1195. 

1,l-Dimethylethyl 4-methoxy-4-[(trimethylsilyl)oxy]- 
cyclohepta-1,S-diene-lcarboxylate (4h): lh (0.84 g, 5.0 mmol), 
(1.72 g, 10 mmol), pivalate (0.031 g, 0.05 mmol), (317); yield, 1.09 
g (74%) of a colorless gum; IR (neat) 2950,1680,1360 cm-'; 'H 
NMR (CDCl,) d 6.86 (t, 1 H, J = 6.9 Hz), 5.80 (dt, 1 H, J = 11.8, 
5.3 Hz), 5.65 (br d, 1 H, J = 11.8 Hz), 3.25 (s,3 H), 3.15-3.11 (m, 
2 H), 2.72 (d, 2 H, J = 6.9 Hz), 1.45 (s, 9 H), 0.14 (8, 9 H); 13C 

38.7, 28.2, 26.2, 2.0. Anal. Calcd for ClsH&4Si: C, 61.52; H, 
9.03. Found: C, 61.51; H, 9.04. 
Methyl 4-methoxy-4-[ (trimethylsilyl)oxy]cyclohepta-l,5- 

diene-l-carboxylate (4i): li (0.38 g, 3.0 mmol), (2.58 g, 15 mmol), 
pivalate (0.031 g, 0.05 mmol), (3:17); yield, 0.542 g (67%) of a 
colorless gum; IR (neat) 3020,2950,2900,2820,1710,1650,1440 
cm-'; 'H NMR (CDC13) 6 6.97 (t, 1 H, J = 6.8 Hz), 5.81 (dt, 1 H, 
J = 11.8, 5.2 Hz), 5.67 (d, 1 H, J = 11.8 Hz), 3.71 (s, 3 H), 3.25 
(s, 3 H), 3.18 (m, 2 H), 2.75 (d, 2 H, J = 6.8 Hz), 0.15 (e, 9 H); 
'% NMR (CDC13) 6 167.3, 137.8, 137.7, 134.1, 133.9, 128.0,96.7, 
51.8, 49.1, 38.7, 26.2, 1.8; MS, m/z  (relative intensity) 270 (21), 
239 (27), 166 (33), 149 (33), 134 (46), 121 (40), 107 (53), 73 (100); 
HRMS calcd for Cl3HaO4Si 270.1287, found 270.1267. 
Ethyl 3-ethenyl-4-methoxy-4-[ (trimethylsilyl)oxy]cyclo- 

hepta-1,5-diene-lcarboxylate (4j): lj (0.58 g, 3.5 mmol), (3.45 
g, 17.5 mmol), pivalate (0.0226 g, 0.035 mmol), (1:9); yield, 0.962 
g (89%) of a colorless gum; IR (neat) 3070,3010,2960,2900,2820, 
1700,1660,1440,1400 cm-'; 'H NMR (CDC13) 6 6.96-6.88 (m, 1 
H), 6.08-5.54 (m, 3 H), 5.17-5.04 (m, 2 H), 4.18 (q, 2 H, J = 7.1 
Hz), 3.54 (m 1 H), 3.25 (8, 3 H), 3.19 (m, 2 H), 1.28 (t, 3 H, J = 
7.1 Hz), 0.11 (s,4.5 H), 0.09 (s,4.5 H). Anal. Calcd for Cl&B04Si: 
C, 61.90; H, 8.44. Found C, 61.95; H, 8.46. 
General Procedure for the Aqueous Citric Acid Hy- 

drolysis of 4 to 10. A solution of 4 (0.74-1.79 mmol) and citric 
acid (2-3 equiv) in THF-H20 (20-40 mL) was stirred for 1-1.5 
h. The mixture was poured onto water and extracted with diethyl 
ether. The organic portion was washed with aqueous NaC1, dried 
(MgSO$, and concentrated. The amounts of cycloheptadiene 
(4a-c.g), citric acid, and solvent used are presented in that order 
in abbreviated format. All products were purified by column 
chromatography on silica using ether-petroleum ether as eluant 
in the ratio specified in parentheses. 
Diethyl 4-hydroxycyclohepta-lJb-triene-l~~boxylate 

(loa): 4a (0.27 g, 0.74 mmol), (0.43 g, 2.20 mmol), (20 mL), (1:l); 
yield 0.19 g (100%) of a white solid, mp 43-47 O C ;  IR (Nujol) 2800 
br, 1660,1560, 1440 cm-'; 'H NMR (CDC13) 6 13.19 (8, 1 H), 7.61 
(e, 1 H) 6.18-6.13 (m, 2 H), 4.35 (9, 2 H, J = 7.1 Hz), 4.23 (9, 2 
H, J = 7.1 Hz), 2.77 (dd, 2 H, J = 4.6, 1.9 Hz), 1.38 (t, 3 H, J = 
7.1 Hz), 1.31 (t, 3 H, J = 7.1 Hz); '% NMR (CDClJ 6 173.1, 172.1, 
166.1,136.3, 131.3, 125.3, 119.9, 104.6,61.6,60.8, 26.0, 14.3, 14.2. 
Anal. Calcd for C13H1605: C, 61.89; H, 6.39. Found: C, 61.88; 
H, 6.45. 
Methyl 4-hydroxy-3-phenylcyclohepta-1,3,6-triene-l- 

carboxylate (lob): 4b (0.43 g, 1.25 mmol), (0.73 g, 3.8 mmol), 
(30 mL), (1:l); yield, 0.292 g (97%) of an oil; IR (neat) 3550 br, 
3000,2980,2930,2860,2820,1660,1620,1510,1490 cm-'; 'H NMR 
(CDClJ 6 7.51-7.33 (m, 5 H), 7.30 (s, 1 H), 6.21 (d, 1 H, J = 10.0 

NMR (CDCl3) 6 166.3, 136.4, 136.0, 133.9, 128.6,96.9,80.5, 49.2, 
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Hz), 5.77 (dt, 1 H, J = 10.0, 6.8 Hz), 5.46 (s, 1 H), 3.74 (s,3 H), 
2.81 (d, 2 H, J = 6.8 Hz); '9c NMR (CDClJ 6 167.2,155.8,137.4, 
136.4, 136.4,129.6,128.1,127.4,123.9,120.1,116.9,52.1,26.6; Ms, 
m / z  (relative intensity) 242 (35), 227 (20), 183 (loo), 153 (15), 
105 (15), 77 (12); HRMS calcd for C1&1403 242.0943, found 
242.0940. 
Ethyl 4-hydroxy-3-(2-phenyl-l-ethenyl)cyclohepta-1,3,5- 

triene-l-carboxylate (1Oc): 4c (0.692 g, 1.79 mmol), (1.03 g, 5.35 
mmol), (20 mL), (1:lk yield, 0.491 g (97%) of a yellow oil; IR (neat) 
3350 br, 3020,2990,2930,1690,1660,1610,1525,1440 cm-'; 'H 
NMR (CDCI3) 6 7.60 (s, 1 H), 7.56 (d, 1 H, J = 16.0 Hz), 7.50 (m, 
2 H), 7.40-7.13 (m, 3 H), 6.89, (s, 1 H), 6.70 (d, 1 H, J = 16.0 Hz), 
6.17 (d, 1 H, J = 9.8 Hz), 5.85, (dt, 1 H, J = 9.8,7.1 Hz), 4.29 (4, 
2 H, J = 7.1 Hz), 2.75 (d, 2 H, J = 7.1 Hz), 1.35, (t, 3 H, J = 7.1 
Hz); 13C NMR (CDC13) 6 167.5,156.2, 138.1, 133.5, 129.2, 129.1, 
128.8, 127.5, 126.6, 124.4, 124.0, 119.3, 118.0,61.5, 26.7, 14.6; MS, 
m/z (relative intensity) 282 (60), 253 (55), 209 (loo), 194 (15), 
179 (201,165 (251,131 (14), 115 (22),91(52), 77 (22); HRMS calcd 
for C18H1803 282.1256, found 282.1252. 
4-Acetyl-2-phenylcyclohepta-l~,6-trien-l-ol (log): 4g (0.33 

g, 1.0 mmol), (0.38 g, 2.0 mmol), (20 mL), (1:l); yield, 0.171 g 
(76%); IR (Nujol) 3320 br, 1700, 1600 cm-'; 'H NMR (CDC&) 
6 7.54-7.37 (m, 5 HI, 7.11 (8, 1 H), 6.21 (d, 1 H, J = 9.9 Hz), 5.80 
(dt, 1 H, J = 9.9, 7.1 Hz), 5.15 (br s, 1 H), 2.83 (d, 2 H, J = 7.1 
Hz), 2.33 (e, 3 H); '9c NMR (CDClJ 6 197.5, 156.5, 137.6, 137.5, 
137.5,129.8,128.9,128.3, 127.4,123.9,120.1,26.2,25.1; MS, m / z  
(relative intensity) 261 (51,226 (151,183 (100),161 (lo), 122 (lo), 
105 (20), 77 (20); HRMS calcd for C15H14O2 226.0994, found 
226.0996. 
Ethyl 4-Hydroxy-l-( phenylsulfonyl)cyclohepta-l,3,5-tri- 

ene-3-carboxylate (1Oe). A mixture of 4e (0.561 g, 1.32 mmol) 
and 20% HCl(l0 mL) was stirred in THF (10 mL) for 1 h. The 
mixture was poured onto water and extracted with diethyl ether. 
The organic portion was washed with aqueous NaC1,dried 
(MgSO,), and concentrated. Chromatography on silica using 
diethyl ether-petroleum ether (1:l) afforded pure 1Oe as a colorless 
oily solid 0.315 g (75%); IR (Nujol) 1640, 1610, 1540 cm-'; 'H 
NMR (CDC13) 6 13.30 (8,  1 H), 7.90-7.88 (m, 2 H), 7.70 (s, 1 H), 
7.60-7.51 (m, 3 H), 6.13 (d, 1 H, J = 10.3 Hz), 5.87 (dt, 1 H, J 
= 10.3, 7.1 Hz), 4.36 (q, 2 H, J = 7.1 Hz), 2.70 (d, 2 H, J = 7.1 

140.3, 135.2, 133.0, 130.4, 129.0, 128.6, 127.7, 126.0, 102.7,61.8, 
25.6, 14.1; MS, m/z (relative intensity) 320 (5), 274 (9), 179 (70), 
133 (loo), 105 (lo), 77 (17); HRMS calcd for C16H160$ 320.0718, 
found 320.0712. 
General Procedure for the DDQ Oxidation of 10 to 5. A 

mixture of 10 (1 equiv) and DDQ (1.2-2 equiv) was heated at reflux 
in benzene (20 mL) for 12-24 h. The solution was filtered, the 
residual solid material was washed with benzene, and the com- 
bined solutions were concentrated. The amounts of cyclo- 
heptadiene (lOe-c,e,g), DDQ, and solvent used, as well as reaction 
time, are presented in that order in abbreviated format. All 
products were purified by column chromatography on silica using 
ether-petroleum ether as eluant in the ratio specified in par- 
entheses. 
2,4-Bis(ethoxycarbonyl)cyclohepta-2,4,6-t~en-l-one (58): 

108 (0.33 g, 1.3 mmol), (0.59 g, 2.64 mmol), (20 mL), 12 h, (31); 
yield, 0.302 g (92%) of an oily red solid; IR 2980,1700,1640,1580, 
1440 an-'; 'H NMR (CDCld 6 8.22 (d, 1 H, J = 1.5 Hz), 8.00 (ddd, 
1 H, J = 6.2, 3.3, 1.5 Hz), 7.23-7.18 (m, 2 H), 4.37 (9, 2 H, J = 
7.1 Hz), 4.36 (9, 2 H, J = 7.1 Hz), 1.38 (t, 3 H, J = 7.1 Hz), 1.37 
(t, 3 H, J = 7.1 Hz); '9c NMR (CDCl,) 6 183.8,166.7,165.1, 145.4, 
142.3, 139.4, 134.1, 134.0, 133.5, 62.6, 62.0, 14.1, 14.0; MS m/z 
(relative intensity) 250 (501,221 (251,205 (100),194 (W), 177 (1001, 
166 (40), 149 (70), 121 (30), 76 (100); HRMS calcd for C13H1401 
250.0841, found 250.0836. Anal. Calcd for C13H1105: C, 62.35; 
H, 5.64. Found C, 62.31; H, 5.67. 

4-( Methoxycarbonyl)-2-phenylcyclohepta-2,4,6-trien- lane 
(Sb): 10b (0.12 g, 0.50 mmol), (0.23 g, 1.0 mmol), (25 mL), 24 h, 
(kl); yield, 0.117 g (98%) of a red solid, mp 102-104 O C ;  IR (KBr) 
1710,1630,1570 cm-'; 'H NMR (CDC13) 6 8.07 (d, 1 H, J = 1.5 
Hz), 7.92 (ddd, 1 H, J = 6.2, 2.8, 1.5 Hz), 7.54-7.49 (m, 2 H), 
7.42-7.38 (m, 3 H), 7.25-7.21 (m, 2 H), 3.92 (8,  3 H); 19C NMR 
(CDClJ 6 186.2,166.8,151.6,145.2,139.7,136.3,134.5,134.4,133.7, 
129.4, 128.9, 128.4,53.4. Anal. Calcd for Cl6H120$ C, 74.99; H, 
5.04. Found: C, 74.93; H, 5.10. 

Hz), 1.38 (t, 3 H, J = 7.1 Hz); "C NMR (CDClJ 6 173.2, 171.4, 
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4 4  Ethoxycarbonyl)-2-(Z-phenyl- 1-etheny1)cyclohepta- 
2,4,6-trien-l-one (5c): 1Oc (0.349 g, 1.44 mmol), (0.39 g, 1.72 
mmol), (20 mL), stirred at room temperature for 12 h, (1:l); yield, 
0.090 g (22%) of a yellow oil; IR (neat) 3020,2960,2920, 2810, 
1710,1620, 1585,149O.cm-'; 'H NMR (CDC13) 6 8.34 (d, 1 H, J 
= 1.1 Hz), 7.91 (ddd, 1 H, J = 5.8, 3.8, 1.1 Hz), 7.60-7.20 (m, 9 
H), 4.31 (q,2 H, J = 7.1 Hz), 1.31 (t, 3 H, J = 7.1 Hz); NMR 
(CDClJ 6 185.6,166.4, 147.4, 143.0,136.8,135.3,135.2,134.5,133.7, 
130.2, 128.8, 128.7, 127.5, 126.4, 62.4, 14.2; MS, m/z (relative 
intensity) 280 (45), 251 (29), 207 (20), 178 (24), 148 (13), 111 (19), 
91 (loo), 71 (35); HRMS calcd for C18H1603 280.1099, found 
280.1073. 

24  Ethoxycarbonyl)-4-( phenylsulfonyl)cyclohepta-2,4,6- 
trien-1-one (5e): 1Oe (0.315 g, 0.98 mmol), (0.45 g, 1.97 mmol), 
(20 mL), 12 h, (1:l); yield, 0.204 g (65%) of a red oil; IR (neat) 
2990, 1710,1620,1590, 1435 cm-'; 'H NMR (CDC13) 6 8.04 (br 
d, 1 H, J = 7.7 Hz), 7.93-7.86 (m, 3 H), 7.69-7.51 (m, 3 H), 7.24 
(dd, 1 H, J = 11.7, 7.7 Hz), 7.12 (dd, 1 H, J =  11.7, 1.3 Hz), 4.31 

6 183.1,165.4, 145.6, 145.2, 142.4, 138.8,137.3, 134.4, 132.3, 131.0, 
129.8,128.1,62.4,14.0; MS, mlz (relative intensity) 318 (17), 262 
(35), 245 (95), 218 (E), 197 (35), 149 (19), 125 (loo), 105 (60), 77 
(80); HRMS calcd for CleH1406S 318.0562, found 318.0549. 
4-Acetyl-2-phenylcyclohepta-2,4,6-trien-l-one (5g): log 

(0.15 g, 0.68 mmol), (0.18 g, 0.80 mmol), (25 mL), 12 h, (1:l); yield, 
0.105 g (69%) of an orange solid, mp 94-95 "C; IR (Nujol) 1680, 
1620, 1580 cm-'; 'H NMR (CDC13) 6 8.02 (d, 1 H, J = 1.5 Hz), 
7.66 (ddd, 1 H, J = 4.7,4.7,1.5 Hz), 7.55-7.32 (m, 5 H), 7.30-7.10 
(m, 2 H), 2.58 (8 ,  3 H); 13C NMR (CDCl,) 6 197.7, 186.1, 151.4, 
111.6, 141.0, 139.6, 135.1, 133.7, 133.0, 129.2, 128.7, 128.2, 26.5. 
Anal. Calcd for CllHl2O2: C, 80.34; H, 5.39. Found: C, 80.26; 
H, 5.44. 
4-(Ethoxycarbonyl)-2-(phenyleulfonyl)cyclohepta-2,4,6- 

trien-,l-one (5d). A mixture of 4d (0.545 g, 1.28 "01) and 20% 
HCl(l0 mL) was stirred in THF (10 mL) for 2 h. The mixture 
was poured onto water and extracted with diethyl ether. The 
organic portion was washed with saturated NaCl solution, dried 
(MgS04), and Concentrated. 1Od was characterized spectro- 
scopically: IR (neat) 3160, br, 3060,2980,2930,2900,1690,1620, 
1540 cm-'; 'H NMR (CDC13) 6 11.01 (s, 1 H), 7.87 (m, 2 H), 
7.65-7.50 (m, 3 H), 7.38 (s, 1 H), 6.15 (d, 1 H, J = 10.0 Hz), 6.04 
(dt, 1 H, J = 10.0, 6.7 Hz), 4.18 (q, 2 H, J = 7.1 Hz), 2.66 (d, 2 
H, J = 6.7 Hz), 1.27 (t, 3 H, J = 7.1 Hz); MS, mlz (relative 
intensity) 320 (8), 291 (9), 247 (37), 178 (20), 147 (4.9, 122 (27), 
105 (1001, 77 (76); HRMS calcd for C16HlBOSS 320.0718, found 
320.0711. Crude 10d from above, DDQ (0.58 g, 2.56 mmol), and 
p-toluenesulfonic acid (0.1 g) were stirred in benzene (20 mL) for 
12 h at room temperature. The mixture was filtered, the solid 
material was washed with benzene, and the combined organic 
solutions were then concentrated. Purification by chromatography 
on silica using diethyl ether-ethyl acetate (1:l) afforded pure 5d 
as a red solid: 0.311 g (76%); IR (neat) 3040,2980,2920, 1700, 
1620, 1590, 1520 cm-'; 'H NMR (CDC13) 6 9.16 (d, 1 H, J = 1.4 
Hz), 8.13 (d, 1 H, J = 8.4 Hz), 8.06-8.01 (m, 2 H), 7.63-7.45 (m, 
3 H), 7.25 (dd, 1 H, J = 12.1,8.4 Hz), 7.09 (d, 1 H, J = 12.1 Hz), 
4.42 (q, 2 H, J = 7.1 Hz), 1.40 (t, 3 H, J = 7.1 Hz); 13C NMR 
(CDClJ 6 180.5,164.6,148.6,147.0,142.0,139.5, 137.8,134.2, 133.7, 
133.3, 129.3,128.7,63.1,14.2. Anal. Calcd for Cl&14O8: C, 60.37; 
H, 4.43. Found: C, 60.48; H, 4.45. 

44 ( l,l-Dimethylethoxy)carbonyl]cyclohepta-2,4,6-trien- 
1-one (5h). A mixture of 4h (0.30 g, 1.0 mmol) and citric acid 
(0.58 g, 3.0 mmol) was stirred in THF (10 mL) and water (10 mL) 
for 1.5 h. The mixture was poured onto water and extracted with 
diethyl ether. The organic portion was washed with aqueous NaCl, 
dried (MgS04), and then concentrated. The crude material, DDQ 
(0.34 g, 1.5 mmol), and ptolueneaulfonic acid (0.015 g) were heated 
at reflux in benzene (20 mL) for 3 h. The mixture was filtered, 
the solid material was washed with benzene, and the combined 
organic solutions were then concentrated. Purification by chro- 
matography on silica using diethyl ether-petroleum ether (3:l) 
afforded pure 5h as a red solid: 0.096 g (47%), mp 44-46 "C; IR 
2960,2900,1700,1620,1575,1440 cm-'; 'H NMR (CDC13) 6 7.79 
(br d, 1 H, J = 7.8 Hz), 7.71 (br d, 1 H, J = 12.4 Hz), 7.25-6.94 
(m, 3 H), 1.51 (8,  9 HI; 13C NMR (CDC13) 6 187.5, 164.5, 144.9, 
140.8, 137.3, 137.1, 134.8, 134.6, 82.9, 27.9; MS, m/z  (relative 
intensity) 206 (40), 151 (70), 133 (30), 122 (30), 105 (50), 77 (40); 

(4, 2 H, J = 7.1 Hz), 1.31 (t, 3 H, J = 7.1 Hz); "C NMR (CDCl3) 

Davies et al. 

HRMS calcd for C1&1403 206.0943, found 206.0940. 
5h was also formed by heating at  reflux a mixture of 4h (0.30 

g, 1.0 mmol) and VO(OEt)C12 (0.37 g, 2.0 mmol) in ethanol for 
0.5 h. Concd HCl(4 drops) was then added, and the mixture was 
poured onto saturated NaCl solution and extracted twice with 
diethyl ether. The extracts were dried (MgS04) and then con- 
centrated. Purification by chromatography on silica using eth- 
er-petroleum ether (7:13) afforded 5h (0.097 g, 47%). 
4 (Met hoxycarbonyl)-Z-phenyIcyclohepta-Z,4,6-trien- 1-0- 

(5b). A mixture of 4b (0.39 g, 1.0 mmol) and VO(OEt)C12 (0.37 
g, 2.0 "01) was heated at reflux in ethanol for 0.5 h. Concd HCl 
(4 drops) was then added, and the mixture was poured onto a 
saturated NaCl solution and extracted twice with diethyl ether. 
The extracts were dried (MgS04) and then concentrated. Pu- 
rification by chromatography on silica using ether-petroleum ether 
(1:l) afforded 5b (0.171 g, 71%). 
4-(Methoxycarbonyl)cyclohepta-2,4,6-trien-l-one (Si). A 

mixture of 4i (0.425 g, 1.57 mmol) and VO(OEt)C12 (1.02 g, 5.5 
mmol) was heated at reflux in ethanol for 0.5 h. Concd HCl (4 
drops) was then added, and the mixture was poured onto a 
saturated NaCl solution and extracted twice with diethyl ether. 
The extracts were dried (MgS04) and then concentrated. Pu- 
rification by chromatography on silica using ether-petroleum ether 
(1:4) afforded 5i, which was spectroscopically identical with the 
previously reported d a h u b  
44 Ethoxycarbonyl)-2-(2-phenylethyl)cyclohepta-2,4,6- 

trien-lane (12c). A sample of 4c (0.390 g, 1.03 mmol) was stirred 
with HCl gas in THF (25 mL) for 24 h. The mixture was poured 
onto water, extracted with diethyl ether, dried (MgS04), and 
concentrated. Purification by chromatography on silica using 
diethyl ether-petroleum ether (1:4) afforded pure product as a 
yellow oil: 0.123 g (42%); IR (neat) 3030,3010,2990,2920,2860, 
1710, 1630,1580 cm-'; 'H NMR (CDC13) 6 7.86-7.83 (m, 2 H), 
7.31-7.11 (m, 7 H), 4.34 (q, 2 H, J = 7.1 Hz), 3.04-2.83 (m, 4 H), 
1.37 (t, 3 H, J = 7.1 Hz); 13C NMR (CDC13) 6 186.4, 166.2, 153.8, 
143.4, 141.3, 135.6, 134.5, 133.7, 133.2, 128.6, 128.3, 126.0, 62.3, 
38.2, 34.9, 14.2; MS, mlz  (relative intensity) 282 (55), 253 (20), 
209 (191, 177 (lo), 149 (61, 123 (51, 91 (100); HRMS calcd for 
C18Hls03 282.1256, found 282.1262. 
44 Et hoxycarbonyl)-2-ethyIcyclohepta-2,4,6-trien-l-one 

(12j). A mixture of 4j (0.318 g, 1.0 mmol) and citric acid (0.58 
g, 3.0 mmol) in THF (10 mL) and water (10 mL) was stirred for 
1 h. The mixture was poured onto water and extracted with 
diethyl ether. The organic phase was dried (MgS04) and then 
concentrated. The mixture was dissolved in THF (20 mL), and 
HCl gas was bubbled through for 20 min. The mixture was poured 
onto water, neutralized with NaOH, and extracted with diethyl 
ether. The organic layer was dried (MgS04) and then concen- 
trated. Purification by chromatography on silica using ethyl 
acetate-petroleum ether (1:19 to 3:17) afforded pure product as 
a yellow oil: 0.082 g, (39%); IR (neat) 2990,2840,2780,1715,1620, 
1585 cm-'; 'H NMR (CDCI,) 6 7.94 (br s, 1 H), 7.84 (m, 1 H), 
7.25-7.07 (m, 2 H), 4.36 (q, 2 H, J = 7.1 Hz), 2.70 (q, 2 H, J = 
7.4 Hz), 1.38 (t, 3 H, J = 7.1 Hz), 1.19 (t, 3 H, J = 7.4 Hz); 13C 
NMR (CDC13) 6 186.4,166.4,156.4,143.1,135.2,134.6,133.6,131.8, 
62.2, 28.8,14.2, 13.2; MS, m/z (relative intensity) 206 (65), 177 
(lo), 163 (61, 133 (loo), 105 (40),91 (lo), 77 (30); HRMS calcd 
for C12H1403 206.0943, found 206.0948. Anal. Calcd for C12H1403: 
C, 69.89; H, 6.84. Found C, 69.98; H, 6.88. 

Nezukone (15). Methyllithium (2.0 mL, 1.6 M, 2.8 mmol) in 
diethyl ether was added to a solution of 4h (0.285 g, 1.0 mmol) 
in THF (10 mL) at  -78 "C. The mixture was allowed to warm 
to room temperature over a 2-h period, then cooled once again 
to -78 "C, and quenched with water. The mixture was extracted 
with diethyl ether, and the organic layer was then dried (NafiO,) 
and concentrated. The crude material was stirred for 0.5 h with 
concd HCl (2 mL) in THF (4 mL), diluted with water, and then 
extracted with diethyl ether. The organic layer was dried (MgSO,) 
and concentrated. Purification by chromatography on silica using 
ethyl acetate-petroleum ether (37 to 64) afforded 15: 0.093 g 
(59%); IR (neat) 3020,2960,2920,2860,1700,1625,1565,1520, 
1450 cm-'; 'H NMR (c,&) 6 7.01-6.87 (m, 2 H), 6.36-6.26 (m, 
2 H), 6.07 (br d, 1 H, J = 8.6 Hz), 2.07 (septet, 1 H, J = 6.8 Hz), 
0.77 (d, 6 H, J = 6.8 Hz); 13C NMR (CDC13) b 187.9, 156.0, 141.7, 
139.9,137.9,137.0,130.3,37.9,22.8; MS, mlz (relative intensity) 
148 (25), 120 (51, 105 (loo), 91 (71, 77 (18); HRMS calcd for 
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136175-51-4; 4d (isomer l), 136175-52-5; 4d (isomer 2), 136176-53-6, 
4e (isomer l), 13617554-7; 4e (isomer 2), 136175-55-8; 4f (homer 
l), 136175-56-9; 4f (isomer 2), 136175-57-0; 4g (isomer 11, 
136175-58-1; 4g (isomer 21, 136175-59-2; 4h, 136175-60-5; 4i, 
136175-61-6; 4j, 136175-62-7; 5a, 136175-63-8; 5b, 136175-64-9; 

Cl$Il2O 148,0888, found 148.0884. The spectral data for 15 was 
consistent with the reported dates2" 
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New low-valent titanium reagents have been prepared by reducing Tic4 (1 mol) with C& (2 mol) or by reducing 
TiC14 (1 mol) with Na-naphthalene (2.75 mol). Ketones carrying a chain that incorporates a suitably placed 
oxo function (aldehyde or ketone) undergo intramolecular dicarbonyl coupling to produce a bicyclic compound 
when treated with an ex- (16-17 mol of titanium halide per mol of dicarbonyl compound) of one of these reagents. 
The procedure works well even for highly oxygenated substrates and constitutes a general method of annulation. 
Other reducing agents besides CaK or Na-naphthalene are suitable, and a brief examination of Na(Hg) and Na-K 
alloy was made. The CaK/TiC18 system was also used to  convert a cis-1,2-diol into the corresponding olefin. 

We report here full details of the development of some 
new low-valent titanium reagents in which the metal has 
formally a valency of 1. These reagents can be used in a 
general method of annulation (see Scheme I)' and, unlike 
some other low-valent titanium species that we have tested, 
also work with highly oxygenated compounds. 

Introduction 
The McMurry reaction,2 in which carbonyl 

compounds-usually ketones or aldehydes-are coupled 
by use of low-valent titanium to produce olefins, has served 
for many years as an extremely useful p r~cedure .~  The 
reagent is tentatively regarded4sS as a titanium(0) species, 
and the scope of the method has been examined in detail.% 
The reaction is heterogeneous, and so the mechanism is 

(1) Clive, D. L. J.; Keshava Murthy, K. 5.; Zhang, C.; Hayward, W. D.; 
Daigneault, S. J.  Chem. SOC., Chem. Commun. 1990,509. 

(2) (a) McMurry, J. E.; Fleming, M. P. J.  Am. Chem. Soc. 1974, H, 
4708. (b) Mukaiyama, T.; Sato, T.; Hanna, J. Chem. Lett. 1973,1041. 
(c) Tyrlik, S.; Wolochowicz, I. Bull. SOC. Chim. Fr. 1973, 2147. 

(3) Reviews: (a) McMurry, J. E. Chem. Rev. 1989,89,1513. (b) Pone, 
J.-M.; Santelli, M. Tetrahedron 1988,44,4295. (c) Betachart, C.; Seebach, 
D. Chimia 1989,43,39. (d) Lenoir, D. Synthesis 1989,883. 

(4) Dame, EL; Malinowski, M.; Westdorp, I.; Geiee, H. Y. J. Org. Chem. 
1982,47,248. Dams, R.; Malinowski, M.; Geise, H. J. Bull. SOC. Chim. 
Belg. 1981,90, 1141. Dams, R.; Malinowski, M.; Geise, H. J. Transition 
Met. Chem. (London) 1982,7,37. 

(5) For the valence state of titanium, when LiAlH, is used, see ref 4. 
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Scheme I 
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a difficult one to probe, although considerable progrm has 
been made.3a-4 

Several years ago, as a model studf for the synthesis' 
of compactin and mevinolin, we treated compounds 1 
under standard conditionss with the titanium reagent 

(6) Anderson, P. C.; Clive, D. L. J.; Evans, C. F. Tetrahedron Lett. 
1983,24,1373. 

(7) Clive, D. L. J.; Keshava Murthy, K. S.; Wee, A. G. H.; Siva Prmad, 
J.; da Silva, G. V. J.; Majewski, M.; Anderson, P. C.; Evans, C. F.; Haugen, 
R. D.; Heene, L. D.; Barrie, J. J.  Am. Chem. SOC. 1990,112,3018. 

(8) McMurry, J. E.; Fleming, M. P.; Kees, K. L.; Krepki, L. R. J. Org. 
Chem. 1978,43,3255. 
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