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The «,3-epoxy ketones 6¢ and 6t (cis- and trans-2,3-epoxy-2,3,4,5,6-pentamethyl-4-vinyl-5-cyclohexenones)
rearrange in acid exclusively by vinyl migration, in preference to the acyl and methyl migration observed pre-
viously in analogous compounds with a methyl group in place of the 4-vinyl substituent. When the vinyl group
and epoxide ring were trans (6t) rearrangement was much faster than with the cis isomer (6¢), owing to homoally-
lic participation during the epoxide ring opening. However the rearrangement products in both instances were
identical, i.e., a 1:4 mixture of cis- and trans-2-acetyl-5-vinyl-2,3,4,5-tetramethyl-3-cyclopentenones (7¢ and 7t).

In a recent study! it was shown that acyl and methyl mi-
gration compete approximately equally in the acid-cata-
lyzed rearrangement of the «,3-epoxy ketone 1. Thus on
treatment with trifluoroacetic acid, 1 rearranged (Scheme
I) to nearly equal mixtures of 2 and (3 + 4).! Protonation
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and ring opening of 1 occur in such a manner as to place
the positive charge remote from the carbonyl group, giving
ion A. Acyl migration and proton loss affords the major
product 2, Methyl migration competes effectively, giving
the allylic ion B, which may either lose a proton to give 3 or
rearrange by a more complex process, eventually to give 4.2

We now wish to report that replacement of one of the
gem-dimethyl groups in 1 by a vinyl group markedly alters
the outcome of the rearrangement, and that the reaction
rate depends upon whether the vinyl group and epoxide
ring are cis or trans to one another.

Preparation of 6¢ and 6t. Treatment of the vinyl cyclo-
hexadienone 5% with m-chloroperbenzoic acid (m-CPBA)
in methylene chloride gave a mixture of two monoepoxides,
6c and 6t, in which the vinyl group and epoxide ring are cis
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or trans to one another, respectively.* Although it was not
possible to separate the two isomers, it was clear from the
nmr spectrum of the mixture that epoxidation had oc-
curred exclusively at the «,8 double bond. The area ratio of
vinyl protons (multiplet, § 4.8-6.1) to aliphatic protons (6
1.1-1.7) was 1:5. With the aid of europium shift reagent
and a 100-Mhz spectrometer, and as a consequence of isol-

ating one of the isomers in pure form (6¢, vide infra), it was
possible to completely assign the NMR spectrum of each
isomer. The ratio of 6e to 6t, as determined by integration
of the europium-shifted NMR spectrum, was approximate-
ly 8:2.

When a methylene chloride solution of the mixture of 6¢
and 6t was treated with trifluoroacetic acid for 1 hr at room
temperature, only one of the two isomers reacted. The un-
reacted isomer was separated from the rearrangement
products by preparative VPC, and we assign it structure
6c. The chemical shifts and europium shift slopes® of the
five methyl groups are shown on the structure. The most
striking difference in the NMR spectra of 6¢ and 6t is the
chemical shift of the methyl at C-4; these signals are 0.22
ppm apart in the two isomers. This result is consistent with
the NMR spectrum of 1, shown for comparison. The meth-
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yl assignments at C-4 in 1 were based on the assumptions
that (a) the methyl cis to the electronegative epoxide oxy-
gen should appear at lowest field, and (b) the methyl cis to
the epoxide oxygen, a possible coordination site for euro-
pium shift reagent should have a slightly larger europium-
shift slope than the methyl trans to the epoxide ring (the
main coordination site for europium is clearly, however, the
carbony! oxygen). On these grounds one can assign struc-
ture 6¢ to the epoxy ketone which is recovered from mild
treatment of 6¢ + 6t with trifluoroacetic acid, since its C-4
methyl appears at higher field (thus trans to the epoxide
ring) than the C-4 methyl in its isomer. As will be seen, this
assignment is consistent with mechanistic rationalizations
of the acid-catalyzed rearrangement of 6.

Structures of the Rearrangement Products. In addi-
tion to recovered 6¢, two rearrangement products were iso-
lated from the mild treatment of 6¢ + 6t with trifluorocacet-
ic acid. They were separated by preparative VPC and are
assigned structures 7c¢ and 7t (ratio 1:4), in which the
methyls at C-2 and C-5 of the cyclopentenone ring are cis
or trans, respectively. Each isomer showed two strong car-
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bonyl bands in the infrared (~1700, 1740 cm™1) for the ace-
tyl and cyclopentenone carbonyl groups; the uv spectra also
showed that neither carbonyl group was conjugated with a
carbon-carbon double bond. The NMR spectrum of each
isomer showed an acetyl methyl, two allylic methyls, two
aliphatic methyls, and three vinyl protons. The mass spec-
tra of 7c and 7t were nearly identical; striking features were
a very weak parent peak (m/e 206), a base peak at m/e 164
corresponding to the loss of ketene, and three additional
intense peaks for the further loss of 15, 28, and 43 amu. All
of the spectra resemble closely the published spectra of 4.1
The distinction between 7¢ and 7t is based on different
chemical shifts and europium slopes of the C-5 methyl (ad-
jacent to the vinyl substituent). This signal appears at
lower field and is affected more by shift reagent when the
methyl is cis to the acetyl group at C-2 (i.e., in 7t). Also
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noteworthy are the lower overall europium shift slopes in
7¢ compared with 7t, presumably because the large vinyl
group cis to the acetyl group in 7e¢ diminishes the interac-
tion with the shift reagent.

Chemical evidence for the structure of 7 was obtained by
base cleavage. The major isomer (7t) was treated with sodi-
um methoxide in methanol at room temperature (12 hr) to
give a mixture of two stereoisomers of a cyclopentenone as-
signed structure 8. The ir (vc—0 1700 cm™?) and uv spectra
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[Amax (MeOH) 237 nm (e 8800)] support the presence of a
cyclopentenone moiety, and the NMR spectrum showed
two homoallylically coupled methyls (6 1.63, 1.90, J = 1
Hz), three vinyl protons (5 4.6-5.8), two aliphatic methyls
(6 ~1.0), and the methine proton (m, § 2.3). The structure
of 8 was further supported by the observation that treat-
ment with NaOCH3-CH30D gave 8-d4, in which the NMR
signals at § 1.90 and 2.3 were absent, that at § 1.63 shar-
pened to a singlet, and the aliphatic methyl signals simpli-
fied to sharp singlets.

Rearrangement Mechanism. A plausible mechanism
for the formation of 7 from 6 is shown in Scheme II (the
question of stereochemistry is deferred for later discussion;
vide infra). Protonation of the epoxide oxygen and ring
opening gives ion C (analogous to A from 1, Scheme I).
Vinyl migration would give the allylic cation D (analogous
to B from A, Scheme I). Proton loss could give 9 (analogous
to 3, Scheme 1), which, however, was not observed. Repro-
tonation, ring contraction (to give 10), and a 1,2-acetyl mi-
gration account for the product. Alternatively D could suf-
fer ring opening to 11, which, on protonation and ring clo-
sure, could lead directly to F, then 7. These schemes are
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analogous to the mechanisms established for the formation
of 4 from 1.!

A labeling experiment was performed to test the general
accuracy of Scheme II. Treatment of 6 (a mixture of cis and
trans isomers) with DMSO-dg and potassium tert-butoxide
gave 6%, whose NMR spectrum was identical with that of 6
except that the area of the peak at § 1.67 was reduced in
area by 50% (label at C-5). Treatment of 6* with TFA at
room temperature for 1 hr gave 6¢* (signal at § 1.67 re-
duced in area by 50%, and a somewhat sharper singlet than
for 6¢) and 7t* whose NMR spectrum lacked the signal at &
1.60 and had a sharpened singlet at § 1.67.7 These results
clearly establish that a vinyl migration occurred during the
rearrangement of 6 to 7 (the vinyl and labeled methyl in 6*
are on adjacent carbons, whereas in 7* they are separated
by an additional carbon) as outlined in Scheme II.

The observation that 6t is rapidly converted by TFA into
7 under conditions where 6¢ is recovered unchanged
strongly suggested that Scheme II is oversimplified, and
that homoallylic participation occurs in the ring opening of
epoxide 6t. That is, the initially formed ion from 6t is not
the tertiary carbonium ion C but a cyclopropylearbinyl cat-
ion, one contributor of which is shown as structure G. Vinyl

migration should give H (corresponds to D in Scheme II) in
which the vinyl and hydroxyl groups are trans. Unfortu-
nately, further steps in the mechanistic scheme allow for
stereochemical ambiguity and the product is a mixture of
7t and 7c.

In isomer 6¢, where the vinyl and epoxide groups are cis,
homoallylic participation in the ionization step is not possi-
ble. Consequently, 6e¢ is recovered unchanged under these
reaction conditions. It seemed important to determine
whether 6¢ would also rearrange in acid under more forcing
conditions. We found that 6e was inert to TFA at room
temperature, even after 12 hr. However, when the tempera-
ture was raised to 60°, 6¢ did rearrange slowly, reaction
being 85% complete in 7.5 hr. The products were 7¢ and Tt,
identical with those obtained from 6t. We conclude that
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both 6¢ and 6t rearrange exclusively by vinyl migration.
They do so, however, by different mechanisms, 6t rearrang-
ing with homoallylic participation (via G, H, etc.) and 6¢
rearranging without participation (via C, D, etc.). Even
when the reaction occurs without participation, however,
acyl or methyl migration are unable to compete with vinyl
migration. Thus products such as 12 (which could be
formed via acyl migration) or 13 (which could be formed by

" proton loss from the highly delocalized intermediate cation
I) were not observed. One can conclude that vinyl migra-
tion is preferred over acyl or methyl migration even when
homoallylic participation in the ionization step is not possi-
ble.

Experimental Section®

Epoxidation of 2,3,4,5,6-Pentamethyl-4-vinyl-2,5-cyclohex-
adienone (5). To a solution containing 100 mg (0.53 mmol) of 5% in
5 ml of methylene chloride was added, at 0°, a solution of m-chlo-
roperbenzoic acid (93.5 mg, 0.54 mmol) in 3 ml of methylene chlo-
ride. The reaction, which was followed by NMR, was complete in
about 2 hr, during which time m-chlorobenzoic acid precipitated
from solution. The solvent was removed by rotary evaporation, pe-
troleum ether (bp 30-60°) was added, and the m-chlorobenzoic
acid was removed by filtration. The filtrate was washed with aque-
ous sodium bicarbonate, then with saturated sodium chloride, and
dried (NagS0,). The solvent was rotary evaporated, and the resi-
due was chromatographed on Florisil (80-100 mesh) using ethyl
acetate~hexane (1:4) as eluent. The first fraction was a mixture of
the monoepoxides 6¢ and 6t (43 mg, 88% based on unrecovered di-
enone). The second fraction was unreacted 5 (55 mg, 55%). The
mixture of 6¢ and 6t had the following properties: ir (neat) 1660
(s), 1625 (w), 1385 (m), 1350 (w), 1030 (w), 885 (w), 685 cm™? (w);
uv Amax (MeOH) 253 nm (e 12,700), 212 (6800); NMR (CCL) 6 1.15
(s) and 1.31-1.40 (overlapping singlets), combined area 9 H, 1.67
(m, 6 H), 4.9-6.1 (m, 3 H). Europium shift reagent,® Eu(fod)s, re-
solved the spectrum and at 100 MHz separate peaks due to the five
methyl groups in each stereoisomer were discernible. The area
ratio for peaks assigned to 6¢ and 6t was 3:2. The mass spectrum
(70 V) of the epoxide mixture was m/e (rel intensity) 206 (11), 191
(30), 190 (39), 175 (53), 174 (39), 165 (16), 164 (100), 163 (56), 159
(36), 149 (83), 147 (57), 136 (52), 135 (85), 121 (67), 120 (32), 119
(78), 108 (25), 107 (36), 105 (55), 93 (85), 91 (78), 79 (65), 77 (65),
65 (37).

Anal. Caled for Ci3H304: C, 75.69; H, 8.80. Found: C, 75.73; H,
8.82.

In an effort to decrease the amount of unreacted 5 in the above
epoxidation, the ratio of peracid to dienone was increased to 3:1.
To a solution containing 100 mg (0.53 mmol) of 5 in 5 ml of methy-
lene chloride was added, at 0°; a solution of 280 mg (1.62 mmol) of
m-chloroperbenzoic acid in 10 ml of methylene chloride. The mix-
ture was stirred at room temperature overnight, then worked up as
described above. Chromatography of the crude product over Flor-
isil (80-100 mesh) with ethyl acetate—hexane (1:4) as eluent gave
as the first fraction the diepoxides? i, and it (58 mg, 50%) and as
the second fraction the monoepoxides 6¢ and 6t (43 mg, 40%).
There was no unreacted 5. The diepoxide mixture (2,3:5,6-diep-
0xy-2,3,4,5,6-pentamethyl-4-vinylcyclohexanone) had the fol-
lowing properties: ir (KBr) 1690 (s), 1380 (m), 1100 (m), 950 (m),
870 {(w), 680 cm™! (W), UV Amax (MeOH) 210 nm (e 2900); NMR
(CCly) 6 1.07 (s), 1.20 (overlapping singlets), 1.33 (s), 1.50 (s), area
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from § 1.07-1.50, 15 H, 4.8-6.4 (m, 3 H); Eu(fod)s shift reagent
showed that there were two sets of methy! singlets, each with area
ratios 1:2:2; for the NMR assignments and europium shift slopes,
see the structures in ref 4; the two isomers were present in a 3:2
ratio; mass spectrum (70 eV) m/e (rel intensity) 222 (<1), 179 (18),
165 (13), 151 (49), 137 (70), 125 (23), 124 (24), 102 (100), 93 (34), 91
(30), 81 (34), 79 (37), 77 (31), 67 (35), 55 (29), 53 (54).

Anal. Caled for C13H;503: C, 70.24; H, 8.16. Found: C, 70.28; H,
8.21.

Repetition of the epoxidation exactly as above but with 374 mg
(2.2 mmol) of m-chloroperbenzoic acid and 100 mg (0.53 mmol) of
5 in a total of 20 ml of methylene chloride gave 99 mg (85%) of the
diepoxide mixture i, and iy and, as the second fraction from Florisil
chromatography, 10 mg (8%) of triepoxide ii: ir (CCly) 1695 (s),
1450 (w), 1375 (m), 1080 cm™! (W); uv Amax (MeOH) 215 nm (e
6000); NMR (CCly) 6 0.83 (s), 1.35-1.6 (overlapping singlets; total
area from § 0.8-1.7, 15 H), 2.60--3.32 (m, 3 H), no vinyl protons;
mass spectrum (70 eV) m/e (rel intensity) 238 (1), 195 (13), 167
(77), 164 (33(= [63 (28), 153 (50), 150 (30), 149 (100), 147 (33), 137
(73), 135 (85), 133 (42), 125 (86), 123 (86), 121 (36), 119 (44), 109
(70), 107 (94), 105 (55), 97 (28), 95 (26), 93 (52), 91 (97), 84 (20), 81
(45), 79 (80), 77 (64), 67 (80), 65 (39), 55 (83), 53 (75).

Anal. Caled for C13H;1304: C, 65.53; H, 7.61. Found: C, 65.63; H,
7.59.

Acid-Catalyzed Rearrangement of cis- and trans-2,3-
Epoxy-2,3,4,5,6-pentamethyl-4-vinyl-5-cyclohexenone (6¢c and
6t). A solution of 6¢ and 6t (200 mg, 0.97 mmol) in 1 m! of trifluo-
roacetic acid was stirred at room temperature for 1 hr, then poured
into a slurry of aqueous sodium bicarbonate solution and methy-
lene chloride. The organic layer was separated, washed successive-
ly with agueous sodium bicarbonate and saturated aqueous sodi-
um chloride, and dried (NasSO4). Evaporation of the solvent left
186 mg of a light yellow oil which, when subjected to analytical
VPC (5 ft X 0.125 in. column, 3% SE-30 on Raroporl 30, 100-120
mesh, 125°), showed two peaks corresponding to 7¢ + 7t (retention
time 5.5 min, 42%) and unreacted 6¢ (retention time 9.5 min, 51%).
Preparative VPC (5 ft X 0.25 in. column, 10% SE-30 on Chromo-
sorb W, 80-100 mesh, 125°) gave pure cis-2,3-epoxy-2,3,4,5,6-
pentamethyl-4-vinyl-5-cyclohexenone (6¢): ir (CCly) 1660 (s),
1630 (w), 1390 (m), 1250 (m), 935 (w), 880 cm™! (8); UV Amax
(MeOH) 250 nm (e 10,000), 215 (4830); NMR (CCly), see structure;
all methyl peaks were sharp singlets except that at 6 1.67, which
was slightly broadened; the three viny!l protons appeared as a mul-
tiplet, 6 4.8-6.0; mass spectrum (70 eV) m/e (rel intensity) 206
(12), 191 (22), 164 (50), 163 (40), 149 (62), 147 (20), 137 (10), 136
(50), 185 (100), 121 (57), 120 (35), 119 (65), 107 (25), 105 (49), 93
(45), 91 (55), 77 (48), 65 (22). By comparing the NMR spectrum of
the mixture of 6¢ and 6t with that of pure 6¢ and by plotting the
chemical shifts vs. europium shift reagent concentration and extra-
polating back to zero shift reagent it was possible to assign the
NMR spectrum of 6t (see structure).

VPC [5 ft X 0.125 in. column, 5% TCEP (tetracyanoethylated
pentaerythritol) on Chromosorb W, 80-100 mesh, 125°, FID] re-
solved the chromatograph of 7¢ and 7t into two peaks, 7t (80%, re-
tention time 75 min) and 7¢ (20%, retention time 90 min). Prepar-
ative VPC (5 ft X 0.25 in. column, 15% TCEP on Chromosorb W,
80-100 mesh, 125°) gave each pure isomer. trans-2-Acetyl-5-
vinyl-2,3,4,5-tetramethyl-3-cyclopentenone (7t): ir (CCls) 1740
(s), 1710 (s), 1250 (s), 935 (w), 875 cm™! (s); uv Amax (MeOH) 219
nm (e 2650}, 285 (720); NMR (CCly), see structure; the peaks at &
1.60 and 1.67 were mutually coupled quartets, J = 1.5 Hz, other
methyl peaks were sharp singlets, and the vinyl protons appeared
at 6 4.6-5.8 (m, 3 H); mass spectrum (70 eV) m/e (rel intensity) 206
(<1), 164 (100), 149 (83), 136 (54), 185 (29), 121 (73), 119 (28), 105
(30), 91 (26), 77 (19), 66 (27), 65 (23), 44 (36).

Anal. Caled for C13H1209: C, 75.69; H, 8.80. Found: C, 75.56; H,
9.03.

cis-2-Acetyl-5-vinyl-2,3,4,5-tetramethyl-3-cyclopentenone
(7¢): ir (CCly) 1740 (m), 1700 (s), 1250 (s), 875 ecm™1 (8); uv Amax
(MeOH) 218 nm (e 1150), 283 (30); NMR (CCly), see structure; all
peaks were sharp singlets except for the vinyl protons at 6 4.7-5.4
(m, 3 H); mass spectrum (70 eV) m/e (rel intensity) 206 (<1), 164
(100), 149 (89), 136 (52), 135 (24), 121 (76), 119 (26), 105 (30), 91
(28), 77 (23), 66 (77), 65 (56).

Cleavage of 7t with Base. A solution of 7t (26 mg) and sodium
methoxide (20 mg) in 3 ml of methanol was stirred at room tem-
perature for 12 hr, then poured into ice-water and extracted with
ether. The combined ether layers were washed with saturated sodi-
um chloride and dried (NaSOy). Evaporation of the solvent and
analysis of the residue by VPC (5 ft X 0.125 in. column, 3% SE-30
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on Raroporl 30, 100-120 mesh, 120°) showed that all the 7t was
converted to a single product, assigned the structure 2,3,4,5-tetra-
methyl-5-vinyl-2-cyclopentenone (8). Pure 8 was collected by
preparative VPC (5 ft X 0.25 in. column, 10% SE-30 on Chromo-
sorb W, 80-100 mesh, 120°): ir (CCly) 1700 (s), 1650 (w), 1250 (m),
885 cm™! (8); uv Amax (MeOH) 237 nm (e 8820); NMR (CCly) ¢
1.0-1.2 (m, 6 H), 1.63 (q, 3 H, J = 1 Hz), 1.90 (g, 3 H, J = 1 Hz),
2.3 (m, 1 H), 4.6-5.8 (m, 3 H); mass spectrum (70 eV) m/e (rel in-
tensity) 164 (85), 149 (100), 135 (49), 121 (60), 119 (20), 105 (38),
93 (30), 91 (29), 79 (25), 77 (23), 67 (25), 85 (15), 53 (26).

Anal. Caled for C;;Hq60: C, 80.44; H, 9.83. Found: C, 80.47; H,
9.92.

Treatment of 8 (10 mg) with excess- sodium methoxide in
CH;30D for 5 hr at room temperature followed by work-up analo-
gous to that used in the preparation of 8 from 7t gave 8-d4, whose
NMR spectrum consisted of two sharp singlets at § 1.00 and 1.13 (3
H), a sharp singlet at 1.63 (3 H), and a vinyl proton multiplet at
4.6-5.8 (3 H).

5-Trideuteriomethyl-2,3-epoxy-2,3,4,6-tetramethyl-4-vinyl-
5-cyclohexenone (6*). To a solution containing 145 mg (0.7
mmol) of a mixture of 6¢ and 6t (as obtained from epoxidation of
5) in 5 ml of dimethyl sulfoxide-de¢ was added, with stirring and
under Ng, 95 mg (0.85 mmol) of potassium tert-butoxide. The mix-
ture was stirred at room temperature for 4.5 hr, then quenched
with ice-water and extracted with ether. The combined organic
layers were dried (NazSO4) and the solvent was evaporated to give
a nearly quantitative yield of 6*. The NMR spectrum was identical
with that of the starting material, except that the peak at § 1.67
was decreased in area by 50%.

Acid-Catalyzed Rearrangement of 6*. The procedure and
work-up were as described for the treatment of 6¢ and 6t with tri-
fluoroacetic acid. The recovered unreacted 6¢* had an NMR spec-
trum identical with that of pure 6¢ except that the signal at 6 1.67
had sharpened and was reduced in area to only 3 H. The major
rearrangement product 7t* had an NMR spectrum identical with
that of pure 7t except that the signal at 6 1.60 was absent, and that
at 6 1.67 had sharpened to a singlet. The amount of 7e* collected
was insufficient for an NMR spectrum.

Acid-Catalyzed Rearrangement of 6c. A solution of pure 6e
(22 mg, recovered from the treatment of a mixture of 6c and 6t
with trifluoroacetic acid at room temperature for 1 hr) in 0.5 ml of
trifluoroacetic acid was allowed to stand at room temperature for
12 hr. There was no change in the NMR spectrum. The solution
was then heated at 60° and the NMR spectrum gradually changed.
After 7.5 hr the reaction was essentially complete and the solution
was poured into a slurry of aqueous sodium bicarbonate and meth-

J. Org. Chem., Vol. 40, No. 8, 1975 1131

ylene chloride and worked up (vide supra). VPC (5 ft X 0.25 in.

‘column, 10% SE-30 on Chromosorb W, 80-100 mesh, 135°) gave

15% recovered 6c and 85% of a mixture (4:1) of 7t and 7¢ whose
spectra (ir, NMR) were identical with those described above.
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v diketones are synthetically very useful but not generally accessible. Extensive preliminary studies revealed
that the addition of dimetalloacetylides to aldehydes followed by catalytic reduction of the carbon—carbon triple
bond and then oxidation of the saturated glycol to the diketone was one of the more promising approaches. The
development of this method into a general, preparative procedure yielding a variety of 1,4 diketones in 20-60%
overall yields is reported. The generality of application of the Corey—-Seebach bisthio carbanions to the prepara-
tion of vy diketones via both single-step and stepwise dialkylations has also been examined. For the less reactive
primary alkyl derivatives, the single-step approach and, for all other primary alkyl halides, the stepwise approach
seem to offer the best general route to the target compounds. Thus this procedure is complementary to the dime-
talloacetylide route which is superior when R is secondary or tertiary alkyl, and in which the bisthio carbanion ap-
proach generally fails. Many of the compounds made have not been reported heretofore.

v diketones (1,4-dicarbonyl compounds) have great utili-
ty in organic synthesis, e.g., they readily undergo erolic de-
hydration and Knorr-Paal condensations to form furans,

pyrroles, and thiophenes. Work carried out in this labora-
tory? has expanded the application of the Knorr-Paal pyr-
role synthesis to produce a number of highly sterically



