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42.87 ppm; m/e caled 208.1252, obsd 208.1256.
Anal. Caled for CigHy6: C. 92.26; H, 7.74. Found: C, 92.27; H,
7.81
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Abstract; Enol silylation of trans-4-methoxybut-3-en-2-one affords trans-1-methoxy-3-trimethylsilyloxy-1,3-butadiene (1).
This compound has been demonstrated to be a valuable diene in Diels-Alder reactions. These processes provide new and effec-
tive routes to aromatic and cyclohexenone systems. The pathways by which the intermediate 3-methoxy-1-silyloxycyclohex-

enes are transformed to cyclohexenones are considered.

The Diels-Alder cycloaddition has proven to be one of
the more reliable reactions in preparative organic chemistry.!
Its virtually'-? perfect cis stereospecificity, its relatively pre-
dictable endo selectivity,!3 and its excellent regioselectivity,!
particularly with dienes and dienophiles of complementary
polarity, have all been used to advantage.’ Considerable im-
provements have been realized via recourse to Lewis acid ca-
talysis®’ and high pressures.®

In embarking on our study in 1974,%2-9 we noted the rela-
tively modest functionalities which had been incorporated into
the dienic components of the cycloaddition. Of particular in-
terest was the scenario implicit in eq | wherein utilization of

0
€ ::E
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diene a would eventually afford the 4-substituted cyclohexe-
none ¢ via adduct b.
A Russian group'® had, in fact, reported the preparation of
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1,3-diethoxybutadiene, through the cracking of the bis acetal
of formylacetone. We had experienced some difficulties in
carrying out this pyrolysis in a manner consistent with survival
of the highly acid-labile product.

This suggested to us what was probably the main reason for
the underutilization of functionalized alkoxydienes in Diels-
Alder reactions. The primary route to enol ethers involves the
cracking of acetals—a relatively troublesome process.!!2-¢

Fortunately, an alternative which is simple and, above all,
more amenable to adaptation by nonspecialized laboratories
presented itself. Largely as a result of the pioneering studies
of Stork'?2 and House,! 2P the value of trimethylsilyl (Me;Si)
enol ethers as enolate equivalents had become apparent.'3.14
Both I-trimethylsilyloxy- and 2-trimethylsilyloxy-1,3-buta-
diene had been prepared by enol silylation of their o,8-un-
saturated carbonyl precursors (crotonaldehyde and methyl
vinyl ketone, respectively).!32® Moreover, Frainnet!s2 had
described in each case an example of a Diels-Alder reaction
of each of these TMSO butadienes.!62-f

1t was found that the readily (and commercially) available
vinylogous ester trans-4-methoxybut-3-en-2-one could be
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readily converted to the mixed vinylogous ketene acetal 1 in
50-70% isolated yield, This enol silylation could be carried out
very simply with triethylamine!2® in the presence of anhydrous
zinc chloride.!’* With compound 1 available in copious qu-
antity,'”® we soon found that we had at our disposal a versatile
and valuable diene for Diels—Alder reactions, designed to
produce, eventually, cyclohexenones or aromatic products. In
this paper we describe the cycloaddition reactions of compound
1 with a variety of dienophiles and the hydrolytic transfor-

Me

A

mations of the products so obtained. In subsequent papers in

this series, we describe (1) the chemistry of more functionalized

versions of compound 1'%2 and (2) the applications to this

methodology pursuant to the total synthesis of various natural
products, '3b-¢

In this opening survey study, we were more interested in

establishing the general viability of Diels-Alder reactions of

1 than in optimizing yields or in determining the minimum

conditions necessary for cycloaddition. Our findings are de-
scribed below.
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Results

(1) Use of Compound 1 in Aromatic Synthesis. Two cases
were examined. Cycloaddition of compound 1 with dimethyl
acetylenedicarboxylate was conducted in benzene under reflux.
After 5 h, the adduct, which was not examined, was treated
with aqueous acid to afford a 79% yield of the known 3.1%2
Cycloaddition of 1 with p-benzoquinone was carried out at
room temperature for 30 min in ethanol.19® Several attempts
to isolate adduct 4 in pure form were unsuccessful, presumably

CO,Me
/@[ < OMAD
RO CO,Me (Me),SiO (Me)ySi0
= (Me)ySi |

R
e
R =

H M

!

OAc

AcO i i

OAc

5
v

3w v

because of B-elimination of methanol and disproportionation
of the resultant dihydronaphthoquinone derivative.?02 Ac-
cordingly, the resultant system acylated with pyridine and
acetic anhydride to afford an 87% yield of 5.29° Several addi-
tional examples of aromatic synthesis were examined with
derivatives of 1 and will be described in the next paper of this
series, 182

(2) Diels—Alder Cycloaddition of Compound 1 with Activated
Monosubstituted Ethylenes. [t will be recognized that, with
dienophiles where R = H in product ¢ of eq 1, the eventual
disposition of the double bond in the enoclizable 8-dicarbonyl
system may well be uncertain. Cycloaddition of 1 with methyl
vinyl ketone was carried out in benzene under reflux for 20 h.
The adduct was treated with dilute aqueous HCI. The crude
product appeared, by NMR analysis, to be ca. a 1:1 mixture
of 6 and 7. In an attempt to separate the mixture, the material
was subjected to silica gel chromatography, resulting in a clear
conversion of 6 — 7. Thus, there was isolated, in 86% yield, a
mixture where the ratio of 7:6 was ca. 8:1. Catalytic hydro-
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genation of the double bond afforded 4-acetylcyclohexa-
none.

Cycloaddition of 1 with methyl acrylate was conducted
under similar conditions. In this case, to demonstrate another
dimension of the method, the adduct was treated with ethylene
glycol in the presence of p-toluenesulfonic acid. There was thus
isolated an 85% yield of 8. This substance was to serve as the
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dienophile for another Diels-Alder reaction with 1 (vide
infra).

In these cases, we have not dealt explicitly with the issue of
the elimination of methanol. In neither case was any 3-meth-
oxy ketone isolated. Clearly, two possibilities can be enter-
tained. In one formulation (path i), the methanol is eliminated
from the (3-methoxy ketone. Alternatively (path ii), the
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methanol is eliminated concurrently with the hydrolytic con-
version of the silyl enol ether to the ketone. We shall return to
this matter in the context of dienophiles where the question was
probed experimentally.

(3) Diels—Alder Cycloadditions of Compound 1 with Activated
1,1-Disubstituted Ethylenes. Three cases were examined.
Cycloaddition of 1 with methacrolein occurred in benzene
under reflux. After 18 h, workup with 4:1 THF-0.005 N
aqueous HCI (hereafter referred to as “‘standard conditions™)
afforded a 71% yield of 4-methyl-4-formylcyclohexenone (9).
In a similar fashion, cycloaddition with methyl methacrylate
afforded a 65% yield of 4-methyl-4-carbomethoxycyclohexe-
none (10).

An example of spiroannelation?!? is seen in the reaction of
1 with a-methylenebutyrolactone.?'® Workup, as before,
provided a 50% yield of 11, Under these standard conditions,

ﬁ ﬂ MeO
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intermediate 3-methoxy ketones were not isolated and only
traces were suggested by NMR analysis of the crude reaction
mixture.

(4) Diels—Alder Cycloadditions of Compound 1 with Activated
Vicinally Substituted Ethylenes. Four cases were examined.
Cycloaddition of 1 with maleic anhydride occurred rapidly at
room temperature. Hydrolysis as before afforded the meth-
oxyanhydride 12. In this case, there was no indication of the
formation of enone 13. Thus, it is seen that the hydrolytic
disposition of adducts such as b in eq 1 is a function of
structural features elsewhere in the molecule.

The stereochemistry of 12 may be surmised from the prin-
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ciple of endo addition but was, in fact, established rigorously
by NMR analysis, These results will be described in the paper
which follows, in conjunction with a study of substituted ver-
sions of compound 1.1%2

The cycloadditions of two activated cyclohexene substrates
were examined. Reaction of compound 8 (prepared as de-
scribed above) with 1 was conducted in xylene in a sealed tube
at 175-185 °C. Hydrolysis, under the standard conditions,
afforded (60-70%) the octalindione monoketal, 14, In this case,
only traces of 6-methoxy ketone could be detected. A similar
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2Me
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H
e 32
not observed

CF‘J

result was obtained from cycloaddition of 1 with 2-methylcy-
clohexenone (xylene-sealed tube, 200 °C). Again the major
product (50-60%) was the octalindione 15. Again, only traces
of 8-methoxy ketone could be detected in the crude reaction
mixture.

The cycloaddition of 1 with trans-methyl crotonate was
carried out in toluene under reflux. Workup in the usual way
afforded a 2;1 mixture of 8-methoxy ketone 16 and enone 17.
After chromatographic separation on silica gel, there was
obtained pure 16 and a ca. 1:1 mixture of 17 and 18,
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J/ ? Hx MeO JHx
| e < OzMe Ho 02 Me
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[Mely st W Me [Meys10 S Me
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The stereochemistry of 16, which is seen to correspond to
the exo addition of 1 with respect to the ester function, was
ascertained from the NMR coupling constants (J,, = 9.5, Jue
= 10.5 Hz) of the indicated methine protons.

In a separate experiment, the cycloaddition was carried out
as before, but the hydrolysis step was deleted. Chromatography
of the crude adduct on silica gel afforded ca. a 2:1 mixture of
epimers 19 and 20. The assignments of 19 and 20 rest on the
couplings of the respective vinylic protons (6H, in 19 4.94; 6H,
in 20 5.11) with the adjacent methine proton (J,4 in 19 = 2,
Jax in 20 = 6 Hz).

Thus, it seems reasonable to conclude that the equatorial
methoxyl in 19 survives the “standard” workup conditions,
while the axial methoxyl in 20 suffers elimination, leading to
17 and eventually to 17 + 18, Parenthetically, we note that the
predominant formation of exo adduct 19 need occasion little
surprise. Thus the breakdown of the endo principle in the case
of substituted acrylic dienophiles was already well recognized?
and considered.?

(5) The Hydrolysis Step. The sequence of events by which
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the enone is produced (see possibilities in eq 2) was examined
closely in the methyl methacrylate case leading to 10. As in-
dicated above, when the hydrolysis of the adduct 21 was carried
under the “standard conditions™, the preponderant product
was enone 10. It was of interest to examine the consequences
of employing more strongly acidic conditions for this hydrol-
ysis. When 4:1 THF-2 N aqueous HCI was employed, there
was obtained a 72:28 ratio of enone 10:3-methoxy ketone 22.
While apparently a single compound, the relative stereo-
chemistry of 22 is left unassigned. At an intermediate acid
level, 0.1 N aqueous HCI, the ratio of 10:22 was ca. 88:12,

When compound 22 was resubjected to the “‘standard con-
ditions” (4:1 THF-0.005 N HC]) it suffered no conversion to
10. Accordingly, at least in this case and presumably in all the
cases, the elimination of methanol does not arise from a me-
thoxy ketone intermediate, but is produced as part of the same
process wherein the silyl enol ether is converted to the ketone
(path (ii), eq 2). It is recognized that the direct conversion of
21 to 10 amounts, in essence, to an oxy vinylog of the well-
known?? processes where 3-hetero-substituted silanes suffer
deheterosilylation to produce olefins. It is also analogous to the
conversion of (-alkoxy allylic alcohols to enones, whose
mechanism has been shown?? to correspond to that of the
alkoxy analogue of path (ii).

Since such mechanisms must compete with the rapid hy-
drolysis of a silyl enol ether to a ketone, one can qualitatively
explain the effect of acid on the ratio of 10:22, arising from 21.
Under more strongly acidic conditions there is apparently more
hydrolysis independent of elimination. Conceivably, under the
weaker acid conditions, desilylation requires protonation of
the allylic methoxyl group.

Furthermore, it seems reasonable that the concerted path-
way would be favored on stereoelectronic grounds?? by the
presence of an axial methoxyl. This would tend to explain why
crotonate adduct 20 undergoes conversion to enone 17 (¢f. eq
2, path (ii)), while in the case of its epimer 19, where an axial
conformation for the methoxyl would be energetically diffi-
cult, the identical hydrolytic treatment affords 16 (¢f. eq 2,
step (1)).

The failure of the maleic anhydride adduct to give any de-
tectable enone 13 under the standard conditions may be as-
cribed to the instability associated with introduction of addition
trigonal centers in the fused ring system, thus disfavoring
desilylative B-elimination (path (ii)) relative to simple hy-
drolysis (path (i)).

In summary, it is seen that diene 1 reacts with a broad range
of dienophiles to provide entries to a variety of aromatic and
cyclohexenone derivatives. We note that, in the intervening
years since our original communications concerning compound
1,2 the value of siloxy dienes in synthesis and total synthesis
has become widely recognized.?4-2¢ In addition to its original
application in our laboratory toward the total synthesis of
vernolepin,?’ such functionalized dienes have served us well
in the total syntheses of prephenic acid,'8d griseofulvin,'® and
pentalenolactone.'8f These total syntheses will be described
in forthcoming papers in this series.
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Experimental Section??

Preparation of Dimethyl 4-Hydroxyphthalate (3). A solution of diene
1(224 mg, 1.3 mmol) and dimethyl acetylenedicarboxylate (142 mg,
1 mmol) in benzene (3 mL) was heated under reflux for 5 h. After
evaporation of the volatiles, the residue was treated with 2mL of 0.1
N aqueous HCI-THF at room temperature for 30 min. The mixture
was poured into 15 mL of 5% sodium bicarbonate. The aqueous system
was extracted with 3 X 20 mL of chloroform. The organic phase was
dried over anhydrous magnesium sulfate. Evaporation of the volatiles
left a residue which was triturated with cold ether to afford 166 mg
(79%) of compound 3: mp 106-107 °C (lit.!%2 107-108 °C); Amax
(CHCIl3) 5.80 u; 6(CDCl3) 3.83 (s, 3),3.88 (s, 3),6.88 (dd, /, = 8,
J2=2Hz 1),698 (brs, 1),7.72 (brd, J = 8 Hz, 1) ppm; m/e 210
(P).

Preparation of 1,4,6-Triacetoxynaphthalene (5). A solution of diene
1 (516 mg, 3 mmol) and p-benzoquinone (216 mg, 2 mmol) in ethanol
(4 mL) was stirred at room temperature for 30 min. During this time,
the color changed from orange-red to yellow. To this solution was
added acetic anhydride (10 mL) and pyridine (1 drop) and stirring
was continued for 16 h at room temperature and 1 hat 80 °C. After
cooling 5 mL of methanol was added and the mixture was poured into
20 mL of brine. The aqueous system was extracted with 3 X 20 mL
of ether. The organic layer was washed, successively, with 5% aqueous
sodium bicarbonate, 0.1 N HCI, and brine. Evaporation of the volatiles
from the dried (MgSO,) organic phase afforded a residue which was
chromatographed on 30 g of silica gel. Elution with 9% ether in ben-
zene afforded 524 mg (87%) of compound 5; mp 92-93 °C (lit.20b
94-95 °C); Amax (CHCI3) 5.79 u; 6 (CDCl3) 2.33 (s, 3), 2.43 (s, 6),
7.23(brs,2),7.32(dd, J, =9,/,=2Hz,1),7.60(d,J = 2Hz, 1),
7.92(d,J =9 Hz, 1) ppm; m/e (P) 302.0804 (calcd, 302.0790).

Formation of 4-Acetylcyclohex-2-en-3-one (6) and 4-Acetylcyclo-
hex-3-en-2-one (7). A solution of compound 1 (2.60 g, 15 mmol) and
methyl vinyl ketone (700 mg, 10 mmol) in 5 mL of benzene was heated
under reflux for 20 h. After cooling to room temperature, this solution
was stirred rapidly with 20 mL of 4:1 THF-0.1 N aqueous HCl for
30 min at room temperature. The mixture was poured into 20 mL of
5% aqucous sodium bicarbonate and extracted with 3 X 20 mL of
chloroform. Evaporation of the volatiles from the dried (MgSO,)
organic phase afforded a residue which was chromatographed on 10
g of silica gel. Elution with 4% ether in benzene afforded 197 mg (71%)
of an 8:1 mixture of 7:6: for 7 6 (CDCl3) 3.0-3.2 (m, 2), 6.8-7.0 (m,
1);for663.4(d,J =8Hz1),6.1(dd,J, = 8,J>=2Hz) ppm. The
ratio of 7:6 prior to chromatography was ca. 1:1.

Preparation of 4-Carbomethoxycyclohex-3-en-2-one Ethylene Ketal
(8). A solution of diene 1 (3.8 g, 23 mmol) and methyl acrylate (1.72
g.20 mmol) in 5 mL of benzene was heated under reflux for 24 h. To
the solution was added a solution of ethylene glycol (2 g) and p-tolu-
enesulfonic acid (200 mg) in 15 mL of benzene. The resultant system
was heated under reflux for 6 h with continuous separation of water.
The benzene solution was washed with 20 mL of 5% aqueous sodium
bicarbonate and then with brine. Evaporation of the volatiles from
the dried (MgSOy) organic phase left a residue which was chroma-
tographed on 200 g of silica gel. Elution with 8% ethyl acetate in
benzene afforded 3.38 g (85%) of compound 8: mp (ether) 40-41 °C;
Amax (CHCI3) 5.87, 6.07 u;, 6 (CDCl3) 1.6-2.7 (m, 6), 3.70 (s, 3), 3.99
(s, 4), 6.8 (m, 1) ppm; m/e (P) 198.0879 (caled, 198.0892).

Cycloaddition of 8 with 1. Formation of Octalindione Monoketal
14. A solution of diene 1 (900 mg, 5 mmol) and compound 8 (198 mg,
1 mmol) in 0.5 mL of xylene was heated at 175-185 °C in a sealed
tube for 40 h. After cooling to room temperature, the solution was
treated with 10 mL of 4:1 THF-0.005 N HCl at 0 °C for 10 min and
poured into 10 mL of 5% aqueous sodium bicarbonate. The aqueous
system was extracted with 5 X 20 mL of chloroform. Evaporation of
the volatiles of the dried (MgSOy) organic phase left a residue which
was chromatographed on 20 g of silica gel. Elution with 8% ethyl ac-
etate in benzene afforded 172 mg (65%) of compound 14: Anas
(CHCI3) 5.79,5.95 u; 6 (CDCl3) 1.3-3.1 (m, 9), 3.76 (s, 3), 3.96 (s,
4), 6.08 (d, J = 10 Hz, 1), 6.70 (d, / = 10 Hz, 1) ppm; m/e (P)
266.1147 (caled, 266.1154).

Preparation of 4-Methyl-4-formylcyclohex-2-en-3-one (9). A so-
lution of diene 1 (520 mg, 3 mmol) and methacrolein (140 mg, 2
mmol) in 3 mL of benzene was heated under reflux for 18 h. The
volatiles were evaporated. The residue was stirred with 6 mL of 4:1
THF-0.1 N aqueous HCI at room temperature for 30 min. The
mixture was poured into 20 mL of 5% aqueous sodium bicarbonate.

The aqueous system was extracted with 3 X 20 mL of chloroform.
Evaporation of the volatiles of the dried (MgSQy) organic layer af-
forded a residue which was chromatographed on 10 g of silica gel.
Elution with 4% ether in benzene afforded 197 mg (71% yield) of 9
as an oil, bis-2,4-DNP: mp 136-136.5 °C: Aax (CHCI3) 3.66, 5.81,
and 6.00 u; 6 (CDCl3) 1.31 (s, 3),1.7-2.3 (m, 4), 5.94 (d, J = 10 Hz,
1),6.62(d,J =10Hz1),9.40 (s, 1) ppm; m/e 110 (P = CO), 109 (P
— CHO).

Preparation of 4-Methyl-4-carbomethoxycyclohex-2-en-3-one (10).
A solution of diene 1 (2.06 g, 12 mmol) and methyl methacrylate (300
mg, 3 mol) in | mL of benzene was heated in a sealed tube at 95 °C
for 22 h. The volatiles were removed at the water pump and the residue
(21) was treated with 4:1 THF-0.005 N HCI for 30 min at room
temperature. The mixture was diluted with chloroform, and the or-
ganic phase was washed with brine. Evaporation of the volatiles of the
dried (MgSO,) organic phase afforded a residue which was chro-
matographed on 30 g of silica gel. Elution with 15% ethyl acetate in
hexane afforded 330 mg (65%) of enone 10: Apax (CHCl3) 5.73, 5.90
u; 6 (CDCl3) 1.44 (s, 3), 1.8-2.6 (m, 4), 3.75 (s, 3),5.95(d,J =10
Hz, 1), 6.88 (d, J = 10 Hz, 1) ppm; m/e (P) 168.0795 (caled,
168.0786).

Preparation of 4-Carboxy-4-(2-hydroxyjethylcyclohex-2-en-1-one
~-Lactone (11). A solution of diene 1 (292 mg, 1.70 mmol) and
a-methylenebutyrolactone (55 mg, 0.57 mmol)2!tin 2 mL of toluene
was heated under reflux for 20 h. Workup in the usual way afforded
a residue which was chromatographed on 10 g of silica gel. Elution
with 1:1 ether-chloroform afforded 47 mg (50%) of 11: Apax (CHCl3)
5.65,5.95 u; 6 (CDCl3) 1.9-2.9 (m, 6),4.4 (m, 2), 6.1 (d, J = 10 Hz,
1),6.7(d,J =10 Hz, 1); m/e (P) 166.0620 (calcd, 166.0629).

Preparation of di-8a3-Methyl-3,4,4a3,8-tetrahydronaphthalene-
12 H),6(5 H)-dione (15). A solution of compound 1 (940 mg, 5.46
mmol) and 2-methylcyclohexenone (119.7 mg, 1.08 mmol) in 3 mL
of xylene was heated in a sealed tube at 195 °C for 50 h. The volatiles
were removed under vacuum. The crude residue was treated with 10
mL of 4:1 THF-0.005 N aqueous HCl for | h at room temperature.
Workup in the usual way afforded a residue which was purified by
preparative TLC (Analtech, silica gel plates GF, 1000 u, elution with
4:] benzene-ethyl acetate) to afford 101 mg (53%) of enone 15: mp
(ether-hexane) 61-62 °C; Amax (CHCI5) 5.88,5.95, 6.04 u; 6 (CDCls)
1.47 (s, 3), 1.6-2.2(m, 4), 2.2-2.6 (m, 5),6.00 (d, J = 10 Hz, 1), 6.63
(d,J = 10 Hz, 1) ppm; m/e 178 (P).

Anal. Caled for C1H1405: C, 74.13; H, 7.92. Found: C, 74.10; H,
8.12.

Formation of di-3a-Methoxycyclohexanone-4a,5a-dicarboxylic
Acid Anhydride (12). Maleic anhydride (98 mg, | mmol) was added
to diene 1 (344 mg, 2 mmol) without solvent. The system was stirred
for 5 min at room temperature and then treated with 3 mL of 4:]
THF-0.1 N HCl at room temperature for 15 min. This was poured
into 10 mL of 5% aqueous sodium bicarbonate. The aqueous system
was extracted with 5 X 10 mL of chloroform. Evaporation of the
volatiles from the dried (MgSOQs) organic layer afforded 183 mg (93%
yield) of compound 12: mp 103-104 °C; Apax (CHCI3) 5.40, 5.60 k;
6 (CDCl3) 2.06 (dd, J, = 18,J2 =1 Hz, 1),2.7-3.1 (m, 3), 3.32 (s,
3),3.3-3.8(m, 2),4.15-4.35 (m, 1) ppm; m/e 198 (P).

Anal. Caled for CoH1905: C, 54.55; H, 5.09. Found: C, 54.73; H,
5.10.

Reaction of Diene 1 with trans-Methyl Crotonate. Formation of 19
and 20 and Their Hydrolytic Conversion to 16, 17, and 18. A solution
of compound 1(2.85 g, 16.6 mmol) and trans-methyl crotonate (508
mg, 5.1 mmol) in 10 mL of toluene was heated under reflux for 54 h.
The volatiles were removed in vacuo to afford a residue consisting
largely of 19 and 20 (see NMR data in text). This was treated with
4:1 THF-0.005 N aqueous HCl for | h at room temperature. The
reaction mixture was diluted with ethyl acetate and the organic phase
was extracted successively with 5% aqueous sodium bicarbonate and
brine and dried over anhydrous sodium sulfate. Evaporation of the
volatiles afforded a residue which was chromatographed on 40 g of
silica gel. Elution with 3% ether in chloroform afforded 88 mg (10%)
of ca. a 1:1 mixture of enones 17 and 18 and 202 mg (20%) of methoxy
ketone 16. For 16; Ap.x (CHCI3) 5.82 u broad; 6 (CDCl3) 1.02 (d,
J=6Hz3),1.9-2.7(m, 5),2.7-3.1 (ddd, J, = 13.8,J,=5,J3=5
Hz, 1),3.76 (s, 3) ppm; m/e 169 (P — 31), 140 (P — 60).

Isolation of €-3-Methoxy-4-methyl-4-carbomethoxycyclohexanone
(22). A solution of methyl methacrylate (9.0 g, 90 mmol) and diene
1 (8.6 g, 50 mmol) in 15 mL of toluene was heated under reflux for
30 h. The volatiles were removed in vacuo. The residue was diluted
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to 64 mL with THF. A 16-mL aliquot of this solution was combined
with 4 mL of 2 N aqueous HCI and the system stirred at room tem-
perature for | h. The reaction mixture was diluted with chloroform
and the organic phase was washed successively with 5% aqueous so-
dium bicarbonate and brine. Evaporation of the volatiles from the
dried (MgSOy) organic layer afforded 2.64 g of a crude mixture which
was estimated to be 28:72 of 22:10 (vide supra) by NMR integration.
Compound 22 can be isolated by chromatography on silica gel and
elution with 15% ethyl acetate in hexane: Amax (CHCl3) 5.81 p br; 8
(CDCl3) 1.37 (s, 3), 1.4-2.8 (m, 6), 3.26 (s, 3), 3.64 (s, 3), 3.48 (m,
1) ppm.

Acknowledgments. This research was supported by PHS
Grant CA-12107. NMR spectra were measured on facilities
supported by RR. 00297. We wish to thank Mr. Glen Herman
for mass spectral determinations. An Andrew Mellon Pre-
doctoral Fellowship to J.M. is gratefully acknowledged.

References and Notes

(1) (a) Onischenko, A. S. "Diene Synthesis'’; Israel Program of Scientific
Translations, Daniel Davy & Co.: New York, 1964. (b) Wolliveber, H.
"'Diels-Alder Reaction’’; George Thieme Verlag: Stuttgart, 1972. (c) Sauer,
J. Angew. Chem., Int. Ed. Engl. 1966, 5, 211. (d) /bid. 1967, 6, 16.

(2) For a collection of apparent troublesome exceptions to the maxim of cis
addition see: Firsetone, R. A. Tetrahedron Lett. 1977, 23, 3009. References
38-44.

(3) Cf., inter alia, Martin, J. G.; Hill, R. K. Chem. Rev. 1961, 61, 537. Kobuke,
Y.; Furukawa, J.; Fueno, T. J. Am. Chem. Soc. 1970, 92, 6548. Kobuke,
Y.; Sugimoto, T.; Furukawa, J.; Fueno, T. tbid. 1972, 94, 3633. Sugimoto,
T.; Kobuke, Y.; Furukawa, J. Tetrahedron Lett. 1976, 1587. Lee, M. W.
Herndon, W. C. J. Org. Chem. 1878, 43, 518.

(4) For arecent analysis see: Overman, L. E.; Taylor, G. F.; Houk, K. N.; Do-
melsmith, L. N. J. Am. Chem. Soc. 1978, 100, 3182, and references cited
therein.

(5) For recent notable examples see: (a) Corey, E. J.; Danheiser, R. L.;

Chandrasekarian, S.; Keck, G. E.; Gopolan, B,; Larsen, S. D.; Siret, P.; Gras,
J. L. J. Am. Chem. Soc. 1978, 100, 8034. (b) Kakushima, M.; Espinosa,
J.; Valenta, Z. Can. J. Chem. 1976, 54, 3304.

(6) Yates, P.; Eaton, P. J. Am. Chem. Soc. 1960, 82, 4436.

(7) For recent demonstrations of the manipulation of the differing regiochemical

outcomes of the catalyzed and noncatalyzed Diels—Alder reactions see:

(a) Trost, B. M.; Ippen, J.; Viaduchick, W. C. J. Am. Chem. Soc. 1977, 99,

8117. (b) Stork, G.; Nakahara, Y.; Nakahara, Y.; Greenlee, W. J. J. Am.

Chem. Soc. 1978, 100, 7775.

(a) Dauben, W. G,; Kozikowski, A. P. J. Am. Chem. Soc. 1874, 96, 3664.

(b) Dauben, W. G.; Krabbenhoft, H. O. J. Org. Chem. 1977, 42, 282, and

references cited therein.

For previous communications of this work see: (a) Danishefsky, S.; Kitahara,

T. J. Am. Chem. Soc. 1974, 96, 7807. (b) Danishefsky, S.;Kitahara. T. J.

Org. Chem. 1975, 40, 538. For the use of dioxygenated cyclohexadienes

in Diels—Alder reactions see: (c) Alfaro, |.; Ashton, W.; McMannus, L. D ;

Newstead, R. C.; Rabone, K. L.; Rogers, N. A, J.; Kernick, W. Tetrahedron

1970, 26, 201. (d) Wolinsky, J.; Login, R. B. J. Org. Chem. 1970, 35,

1987.

(10) Shavrygina, O. A;; Makin, S. M. Khim-Farm. Zh. 1969, 3, 17.

(11) For improvements in "'cracking’ of acetals as a route to enol ethers see:
(a) Wohl, R. A. Synthesis 1974, 38. (b) Patwardhan, S. A, P.; Dev. S. /bid.
1974, 348. For the difficulties associated with preparing 2-alkoxydienes
by acetal pyrolysis see: Dolby, L. J.; Marshall, K. Org. Prep. Proced. 1968,
1, 229.

(8

9

(12) (a) Stork, G.; Hudrlick, P. F. J. Am. Chem. Soc. 1968, 90, 4462. (b) House,
H. O.; Dzuba, L.; Gall, M.; Olmstead, H. J. Org. Chem. 1969, 34, 2324, (c)
House, H. O.; Gall, M.; Olmstead, H. D. Ibid. 1971, 36, 2361.

(13) Narasaka, K.; Soai, K.; Mukaiyama, T. Chem. Lett, 1874, 1223,

(14) Mukaiyama, T.; Banno, K.; Narasaka, K. J. Am. Chem. Soc. 1974, 96,
7503.

(15) (a) Cazeau, P.; Frainnet, E. F. Bull. Soc. Chim. Fr. 1872, 1658. (b) Girard,
C.; Amice, P.; Barnier, J. P.; Conia, J. M. Tetrahedron Lett. 1974, 3329,

(16) For an expanded study on the use of 2-trimethylsilyloxy-1,3-butadiene see:
(a) Jung, M. E.; McCombs, C. A, Tetrahedron Lett, 1978, 2935, For previous
involvements of siloxy derivatives in bond reorganization reactions see:
(b) Siloxy Cope rearrangement, Thies, R. W.; Wills, M. T.; Chim, A, W.;
Schick, L. E.; Walton,E. S. J. Am. Chem. Soc. 1973, 95, 5281. (c) Siloxy
Claisin rearrangement, Ireland, R. E.; Mueller, R. H. ibid. 1872, 94, §190.
(d) Disoloxycyclobutene — disoloxybutadiene rearrangement, Mori, T.;
Nakahara, R.; Nozaki, H. Can. J. Chem. 1969, 47, 3266. (e) Vinylsiloxy-
cyclopropane — siloxycyclopentene rearrangement, Trost, B. M;
Bogdanowicz, M. J. J. Am. Chem. Soc. 1973, 95, 289.

(17) (a) Cf. Bozouin, A.; Dunogues, J.; LeFort, M. French Patent Rhone-Poulenc
1436 568, 1966; Chem. Abstr. 1966, 65, 5487d. (b) For the experimental
details for this preparation see ref 9a, footnote 16. A substantially identical
procedure will appear: Danishefsky, S.; Kitahara, T.; Scuda, P. F. Org.
Synth., in press. It should also be noted that compound 1 is now com-
mercially available from Aldrich.

(18) (a) Danishefsky, S.; Yan, C. F.; Singh, R. K.; Gammill, R. B.; McCurry, P.;
Fritsch, N.; Clardy, J. C. J. Am. Chem. Soc. 1979, 701, 7001. (b) Dan-
ishefsky, S.; Harayama, T.; Singh, R. K. Ibid. 1979, 707, 7008. (c) Dan-
ishefsky, S.; Hirama, M.; Fritsch, N.; Clardy, J. lbid. 1979, 107, 7013. (d)
Danishefsky, S.; Walker, F. W. Ibid. 1979, 107, 7018. {e) Danishefsky, S.;
Hirama, M.; Gombatz, K.; Harayama, T.; Berman, E.; Schuda, P. F. /bid.
1979, 701, 7020.

(19) (a) Bentley, W. H.; Weizmann, C. J. Chem. Soc. 1807, 91, 98. (b) Cf.
Danishefsky, S.; Schuda, P. F.; Carothers, W. J. Org. Chem. 1877, 42,
2179. The use of methanol as an accelerating solvent in the case of diene
1is only possible when cycloadditions are quite rapid. With less reactive
dienophiles (vide 'infra) diene 1 is desilylated prior to cycloaddition.

(20) (a) For retention of the 3-methoxy ketone functionality after cycloaddition
of 1 with a naphthoquinone see: Krohn, K.; Tolkhein, K. Tetrahedron Left.
1978, 4023. (b) Fischer, O.; Bauer, C. J. Prakt. Chem, 1916, 94, 1.

(21) (a)Krapcho, A. P. Synthesis 1978, 77. (b) Singh, R. K.; Danishefsky, S. J.
Org. Chem, 1976, 47, 1668,

(22) Colvin, E. Chem. Soc. Rev. 1978, 7, 15.

(23) Cf. inter alia: Stiles, M.; Longroy, A. Tetrahedron Lett. 1961, 337. Stiles,
M.; Longroy, A. J. Org. Chem. 1967, 32, 1005. Wenkert, E.; Strike, D. P.
J. Am. Chem. Soc. 1964, 86, 2044.

(24) For some recent cycloadditions of parent compound 1 with dienophiles
not covered in this or the foregoing papers see: (a) Corey, E. J.; Estreicher,
H. J. Am. Chem. Soc. 1978, 100, 6294, (b) Keana, J. F. W.; Eckler, P. E.
J. Org. Chem. 1976, 41, 2850. (c) Marx, J. N.; Bomback, E. J. Tetrahedron
Lett. 1977, 2391.

(25) For the recent use of conceptually related variations of parent diene 1 from
other laboratories see: (a) Fleming, I.; Percival, A. J. Chem. Soc., Chem.
Commun. 1978, 178. (b) Ibuka, T.; Mori, Y.; Inubushi, Y. Tetrahedron Lett.
1976, 3169.

(26) For the successful application of compound 1 or other siloxydienes to
problems of total synthesis see ref 20 and (a) Harayama, T.; Cho, H.; Inu-
bushi, Y. Tetrahedron Lett. 1877, 3273. (b) Uliss, D. B.; Handrick, G. R.;
Dalzell, H. C.; Razdan, R. K. J. Am. Chem. Soc. 1878, 100, 2929. (¢) Jung,
M. E.; McCombs, C. A. Ibid. 1978, 7100, 5208.

(27) Danishefsky, S.; Schuda, P. F; Kitahara, T,; Etheredge, S. J. J. Am. Chem.
Soc. 1977, 99, 6066,

(28) Melting points are uncorrected. Combustion analysis were performed by
Galbraith Associates. Infrared spectra were measured on a Perkin-Elmer
247 spectrometer. NMR spectra were measured at 60 MHz in the indicated
solvents containing tetramethylsilane as an internal standard. Chemical
shifts are reported in parts per million (6) from the Me,Si resonance.


fj.hr

