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Dianionic oxy Cope rearrangements have been shown to
take place at low temperature upon syn double addition of
alkenyllithium derivatives to cyclobutanedione compounds
such as benzocyclobutenedione chromium complex 1 or
squaric acid esters. In order to obtain some insight into the
more general applicability of this type of reaction sequence
beyond these special cases, a number of 1,2-diketones were
treated with vinyllithium. The diketones tested include
benzil derivatives, aliphatic acyclic 1,2-diketones, ortho-qui-
nones, and cyclic aliphatic 1,2-diketones. With benzil and
heterobenzil derivatives, the desired double addition/dian-
ionic oxy Cope rearrangement was found to take place at low
temperature, leading to 1,6-diketones and their intramolecu-
lar aldol adducts in up to 80% overall yield. With acyclic ali-
phatic 1,2-diketones as substrates, this reaction sequence

was also found, albeit with somewhat lower yields and re-
quiring higher temperatures than in the benzil cases. A brief
investigation of the intramolecular aldol adduct/1,6-hexane-
dione equilibrium indicated that the preferential formation of
intramolecular aldol adducts at lower temperatures and at
shorter reaction times appears to be the result of kinetic reac-
tion control, whereas the preference for 1,6-diketones at
higher temperatures is caused by thermodynamic reaction
control. ortho-Quinones reacted with vinyllithium only by ad-
dition; no dianionic oxy Cope rearrangement was observed.
This was also the case for most aliphatic cyclic diketones;
however, in the case of 1,2-indanedione, rearrangement
products were obtained in moderate yield at elevated reac-
tion temperatures.

Introduction

Pericyclic reactions have proven to be of prime import-
ance in organic chemistry, thanks to their predictable ste-
reoselectivity. However, high reaction temperatures are of-
ten required, which limits their practical value, particularly
in cases involving highly functionalized substrates. It has
been found that it is in some cases possible to accelerate the
reactions and to use lower reaction temperatures. Hence,
strained systems and systems in which electronic effects of
certain substituents cause a decrease in transition state en-
ergy usually require comparatively low reaction temper-
atures.

The alkoxide functionality has turned out to be particu-
larly valuable in this context. This anionic substituent can
accelerate some pericyclic reactions significantly if it is situ-
ated at such a position in the substrate as to result in a
resonance-stabilized alkoxide function in the product, usu-
ally an enolate. This often allows the reaction to take place
at room temperature or slightly above; in some cases reac-
tion temperatures as low as —78 °C have been reported.
While this type of acceleration is not possible for a
Diels—Alder cycloaddition, Hart reported an anion-driven
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retro Diels— Alder cycloaddition in 1967,1?! and Grimme in-
vestigated this reaction type more systematically in 1980.5
More recently, Nicolaou reported the use of this reaction in
the synthesis of an enediyne, which underwent a Bergman
cyclization at room temperature.[*3 Danheiser showed that
vinylcyclopropane—cyclopentene rearrangements could be
significantly accelerated by an alkoxide substituent.l®” An-
ion-accelerated vinylcyclobutane—cyclohexene rearrange-
ments have been reported for a number of different substi-
tution patterns.l®! Anion-accelerated rearrangements of
1-hydroxy-1-vinylcyclobutenes are rare and are believed
to proceed stepwise.®?] Anionic ring-opening reactions
of  benzocyclobutenols!'”  and  benzocyclobutenol
complexest!! 1% have been found both by ourselves and by
others, and were reviewed recently.l'”l The anion-accelerated
Claisen rearrangement, first reported by Ireland in 1972, is
another example in this context.['®!°] In 1975, Evans re-
ported the first case of an anionic oxy Cope rearrangement,
which since then has frequently been applied in organic
syntheses.?°~221 Dianionic oxy Cope rearrangements are
rare. In some cases they have been induced by depro-
tonation of 1,2-divinyl-1,2-diols.?3-?*l However, one cannot
say beyond any doubt that these reactions took place only
after the second deprotonation, as rearrangement after the
first one would lead to the same result. Alder et al., in 1990,
reported the first rearrangement that does not allow such
an argument./>’! These authors created a 1,2-divinyl-1,2-di-
olate by addition of two equivalents of an alkenyllithium
to acenaphthenequinone. The reaction took place at room
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temperature. In 1993 we reported the first case of a dian-
ionic oxy Cope rearrangement taking place at —78 °C.
Treatment of (benzocyclobutenedione)tricarbonylchrom-
ium(0) (1) with an excess of vinyllithium resulted in the
formation of bis(enolate) 3 (via diadduct 2), which was hy-
drolyzed to the benzocyclooctenedione complex 4. In some
cases, when other alkenyllithium reagents were used, the re-
arrangement was followed by an intramolecular aldol addi-
tion, resulting in the formation of anellated cyclopentane
rings.[262%]

0 O,
O
CrCO / i
(e0%s ©OCr G
1 4
6 equiv.
- HgaO*
Li
LiO
(0C)sCr Lio
2 3

The role of the tricarbonylchromium fragment in this re-
action is a double one. On one hand, its electron-with-
drawing capability facilitates nucleophilic attack at the oxo
groups; on the other, the steric bulk of the Cr(CO); group
forces both alkenyllithium nucleophiles to attack from the
face opposite to the chromium center, resulting in a 1,2-cis
configuration. According to Salaiin, this is mandatory for
a Cope rearrangement to take place with divinylcyclobu-
tanes.[3%

A short time after our communication about this reac-
tion, Paquette reported on reaction sequences in which alk-
enylmetal reagents added to squaric acid esters.?23!] In
most cases, a trans double addition dominated: Only in che-
lation-assisted examples was a cis double addition ob-
served. After the dominant trans double addition, products
similar to those of dianionic oxy Cope rearrangements re-
sulted from anion-driven electrocyclic ring-opening reac-
tions, conformational changes, subsequent electrocycliza-
tions to cyclooctane derivatives, and, finally, intramolecular
aldol additions. Although the reaction mechanisms are dif-
ferent, the alkenylmetal additions to 1 and to squaric acid
esters have in common that they are unquestionably dian-
ionic and — in contrast to the other reactions mentioned —
take place at temperatures as low as —78 °C.[31 401

In the light of these reactions, which in most cases in-
volved strained substrates, we were interested in the ques-
tion of how general this type of reaction sequences is. Is
the tricarbonylchromium group really necessary? Can one
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perform such reaction sequences starting from 1,2-dike-
tones other than strained ones such as 1 or squaric acid
esters? Are acyclic 1,2-diketones feasible starting materials?
Here we present results of investigations along these lines.
As the results were in all cases rather poor when vinylmag-
nesium bromide was used, the use of vinyllithium was in-
vestigated.

Reactions of Aromatic Ethanediones with Vinyllithium

Treatment of benzil (5) with 3 equiv. of vinyllithium at
—78 °C, followed by warming to 25 °C over 23 h and hydro-
lysis at —78 °C, gave 1,6-diphenyl-1,6-hexanedione (6) in
60% yield. The diadduct — 3,4-diphenyl-1,5-hexadiene-3,4-
diol — was not observed.

1. 3 equiv.

Li
—_—
-78 —» 25 °C
Et,0,23h
2. aq. NH,CI
5 60%

The formation of 6 can be explained by a double addition
of vinyllithium, followed by a dianionic oxy Cope re-
arrangement. Either intermediate — meso- or rac-3,4-di-
phenyl-1,5-hexadiene-3,4-diolate — may undergo this re-
arrangement, leading to identical products. To obtain some
impression of which type of intermediate might be formed
preferentially, benzil (5) was treated with methyllithium, to
give a 56% yield of meso diadduct 7 and a 9% yield of rac-
8. This suggests that, in the case of vinyllithium addition,
both intermediates can take part in a dianionic oxy Cope
rearrangement.

1. 3 equiv.
MelLi

_—
-78 - 25 °C

THF, 30 min
2. ag. NH4CI

HO Me HO Me

7 (56%) rac-8 (9%)

Possible effects of substituents on benzil were investig-
ated, with some derivatives listed in Table 1. Most of the
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Table 1. Reaction of aromatic ethanedione derivatives 9—21 with vinyllithium

Entry Ar Starting material Intramolecular aldol adduct (yield) 1,6-Diaryl-1,6-hexanedione (yield)
1 p-methylphenyl 9 rac-22 (20%) 3014901 (46%)
2 p-isopropylphenyl 10 rac-23 (36%) 31 (35%)

3 p-tert-butylphenyl 11 rac-24 (40%) 32 (30%)

4 f-naphthyl 12 rac-25 (71%) 33 (9%)

5 p-methoxyphenyl 13 rac-26 (33%) 340791 (35%)

6 p-(difluoromethoxy)phenyl 14 rac-27 (46%) 35 (9%)

7 p-(trifluoromethoxy)phenyl 15 rac-28 (10%) 36 (40%)

8 p-chlorophenyl 16 fal 370791 (33%)

9 p-(trifluoromethyl)phenyl 17 38 (58%)

10 2-furyl 18 390811 (49%)
11 2-thienyl 19 401811 (39%)
12 2-(N-methylbenzimidazolyl) 20 rac-29 (5%) 41 (6%)

13 2-pyridyl 21 (] 42 (10%)

[al Rearranged product rac-43 was obtained in 11% yield. — ™ frans diastereomer rac-44 was obtained in 6% yield.

selected derivatives are para-substituted, in order to obtain
clearer NMR spectra and to avoid the steric interactions
which might be possible in ortho-substituted systems. The
reactions were performed in THF, because most of the sub-
strates are only unsatisfactorily soluble in diethyl ether at
—78 °C. In most cases, mixtures of intramolecular aldol
adducts rac-22 to rac-29 and 1,6-hexanediones 30—42 were
obtained in moderate to good overall yields.

o 1. 3 equiv.
=\
Ar Li
Ar —_—
o THF, -78 °C
2. aq. NH,CI
9-21
J i
W, 2
6" Ar
Ar + AFM
HO"' le)
Ar
rac-22-rac-29 30-42
15

6_CI

@)

3
18
H

rac-43 rac-44

Alkyl-substituted benzil derivatives 9—11 reacted in ap-
proximately 70% overall yield to give mixtures of the re-
arranged 1,6-hexanediones 30—32 and their intramolecular
aldol adducts rac-22 to rac-24, the proportion of the latter
increasing with the steric bulk of the alkyl substituent (Ent-
ries 1—3). The highest yield was obtained when B-naphthyl
derivative 12 was used, resulting mainly in the aldol adduct
(Entry 4). Alkoxy derivatives 13—15 do not show any clear
trend: overall yields are between 50 and 68% (Entries 5—7).
When the chlorophenyl derivative was used, 11% of rac-43
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was obtained as well as the 1,6-hexanedione 37 (33%), most
probably as the result of a 1,3-rearrangement (Entry ).
With the electron-poor trifluoromethyl derivative 17, only
1,6-hexanedione 38 was obtained, in 58% yield (Entry 9).
The product ratio is solvent-dependent: When the reaction
of 13 was performed in diethyl ether, rac-26 was obtained
in only 6% yield, whereas hexanedione 34 was isolated in
56% yield.

Heteroaromatic benzil analogs 18—21 gave correspond-
ing products rac-29 and 39—42 in lower yields. Only in the
case of the 2-pyridyl derivative was formation of the zrans-
configured aldol adduct rac-44 observed (6% yield).

To establish the relative configurations in the aldol ad-
ducts, rac-24 was subjected to an NOE investigation. Irradi-
ation at the resonance frequency of 2-H caused a 10.7%
NOE at the ortho-protons of the aryl substituent at C-1.
Irradiation at the resonance frequency of these protons gave
a 3.8% NOE at 2-H. These results are in agreement with the
relative configuration of rac-24. NOE measurements with
methoxy derivative rac-26 gave similar results. The relative
configurations of the other aldol adducts were assigned by
comparison of their NMR spectra with those of rac-24 and
rac-26.

The diastereoselectivity of the aldol addition can be ex-
plained by assuming a six-centered transition state, with the
(Z)-enolate attacking the oxo group as depicted in
Scheme 1. This transition state may be stabilized by some
n-stacking interactions between the 1,3-diaxial aryl sub-
stituents. Its formation can be accounted for both by a syn
and by an anti double addition of vinyllithium to the dike-
tone. In the syn case, the dianionic oxy Cope rearrangement
results in the (Z,Z)-bis(enolate), which upon partial hydro-
lysis gives the oxo functionality and the remaining (Z)-enol-
ate. In the anti case, the dianionic oxy Cope rearrangement
results in a (Z,E)-bis(enolate). Selective hydrolysis of the
(E)-arylenolate moiety leads to the same intermediate. The
preferred hydrolysis of the (E)-arylenolate moiety is in
agreement with the known preference for the formation of
(2)-arylenolates.!1 A force field calculation (MM +[42])
showed rac-26 to be thermodynamically more stable than
its diastereomer (potential energy 9.8 vs. 10.5 kcal/mol).
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Scheme 1. Stereochemistry of aldol formation

The reaction of heterocyclic 2-pyridyl derivative 21 is an
exception: trans diastereomer rac-44 was obtained in 6%
yield. Obviously, the transition state is not the same as in
the alicyclic cases (Entries 1—7), possibly because the het-
eroatoms influence the extent of © stacking. Although this
line of thought explains the observed stercoselectivity, it
does not take into account all the complexity of the stereo-
chemistry of enolates, such as aggregation phenomena, for
example.[*3] Therefore the observed stereoselectivity would
merit further investigation.

Reactions of Acyclic Aliphatic Ethanediones with
Vinyllithium

Having shown that dianionic oxy Cope rearrangements
are possible with aromatic ethanediones, we were interested
in examining to what extent they might be possible with
aliphatic ethanediones. Conia has shown that treatment of
2,3-butanedione (45) with vinylmagnesium chloride results
in the formation of meso- and rac-3,4-dihydroxy-3,4-di-
methyl-1,5-hexadienes.*! When 45 was treated with 3
equiv. of vinyllithium in THF at 0 °C, we also obtained
these products, as a 1:1 mixture of diasterecomers. However,
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when 45 was added to vinyllithium at 0 °C and the mixture
heated at reflux for 3 h, dianionic oxy Cope rearrangement
products rac-46—48 were obtained in 45% overall yield. Re-
markably, in contrast to all other experiments, trans product
rac-47 was obtained as the main product.

1. 3 equiv.
- .
Li
THF,3h
0 0— 65 °C
2. ag. NH,CI
45
o o}
)/"“2 )|"n 2
s + 6 |[: + L\/Y
HO" HO™= o}

rac-46 (17%) rac-47 (21%) 48 (7%)

The diastereomers were assigned on the basis of their
NMR spectra. The '"H NMR spectrum of rac-464>401 is
very similar to those of rac-22 to rac-29. In addition, NOE
measurements confirmed the assignments made. It is not
surprising that the reaction of 45 requires a higher temper-
ature than those of aromatic 1,2-diketones: In these cases,
the bis(enolates) formed by rearrangement reactions are
stabilized by resonance interaction with the aromatic sys-

tem.
1. 3equiv.
Q =\ — OH
Li
THF, 4 h
0 -78 °C HO Y=
2. aq. NH4C!
71%
49 50/51 (9:5)

Treatment of 3,4-hexanedione (49) with 3 equiv. of vinyl-
lithium at —78 °C afforded only diadducts 50/5147) as a 9:5
mixture of diastereomers, which was not separated. How-
ever, when the reaction mixture was allowed to warm to
10 °C over 20 h, aldol condensation product 5247481 was
obtained in 28% yield, together with a second product —
presumably rac-53 (4%) — which was not completely char-
acterized and appeared to be the product of a 1,3-re-
arrangement process.

When vinyllithium was added at 0 °C instead of —78 °C,
with subsequent heating at reflux for only 1 h, a 52% yield
of 5414939 was isolated; the result of a dianionic oxy Cope
rearrangement followed by an intramolecular aldol addi-
tion. Heating instead for 24 h under reflux resulted in a
mixture of 54 (26%) and 3,8-decanedione (55, 25%), indic-
ating similar thermodynamic stabilities of the two com-
pounds.

Eur. J. Org. Chem. 2001, 93—113
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aQ
+
=/ OH
52 (28%) rac-53 (4%)
1. 3 equiv. 2. aq. NH,CI,
==\ -78 °C
Li
THF, 20h
-78- 10°C
\)Ok’(\
o
49
1. 3 equiv. 2. aq. NH,4Cl,
\ -78 °C
Li
THF
0— 85°C
aQ
+ M
o
rac-54 55
52% (1h)
26% 25% (24 h)

This was confirmed by the reaction of 1,2-dicyclohexyl-
ethanedione (56). Addition of 3 equiv. of vinyllithium at
—78 °C, followed by warming to 10 °C over 18 h, gave 1,6-
dicyclohexyl-1,6-hexanedione (58) in 44% yield.P!l Addi-
tion at 0 °C, followed by heating at 65 °C for 1h, gave
cyclopentanol rac-57 in 51% yield, in addition to 58 (12%).
Longer reaction times apparently result in some preference
for the hexanediones. TLC monitoring revealed that the di-
anionic oxy Cope rearrangement took place at about 0 °C,
while the relative configuration of rac-57 was confirmed by
an NOE measurement.

The Cyclopentanol/1,6-Hexanedione Equilibrium

As the cyclopentanol/l,6-hexanedione ratio of the reac-
tion products varied considerably, even though the reaction
conditions were in most cases fairly similar, some experi-
ments were undertaken to examine this aldol/retro-aldol
equilibrium. For closer study, the reaction of 1,2-bis(p-me-
thoxyphenyl)ethanedione (13) was chosen; this yielded rac-
26 and 34 as the products of a dianionic oxy Cope re-
arrangement and subsequent intramolecular aldol addition
(Table 1).

Eur. J. Org. Chem. 2001, 93—113

1. 3 equiv.
=\ .
Li
THF
0 0 65 °C
2. aq. NH,Cl,
-78 °C

58

(<78 = 10°C, 18 h)
(65 °C, 1 h)

44%
12%

51%

When rac-26 was dissolved in a 1:1 mixture of THF and
a saturated, aqueous solution of ammonium chloride for
5hat25°C, a59:41 mixture of rac-26 and 34 was obtained.

MeO

OMe
rac-26

OMe

MeO

59

When a CDCl; solution of rac-26 was allowed to stand
at 25 °C for a number of days, cyclopentanol rac-26 was
found to react almost completely with formation of 1,6-
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Table 2. Reaction of 13 with vinyllithium in THF

Entry  Reaction temp. [°C]  Reaction  Acid Hydrolysis ~ Hydrolysis  Yield of rac-26  Yield of 34 Yield of 59
timel®3 (hydrolysis)  temp. [°C]  timel [%o] [%6] [%]

1 =78 0.5 aq NH,Cl1 =78 27 47 22

2 =78 0.5 aq NH,4Cl =78 2 33 35

3 =78 0.5 aq NH,Cl =78 1(al 18 56

4 0 0.5 aq NH,4Cl 0 0.5 13 62

5 —78—0 23 aq NH,Cl =78 2 28 18

6 =78 2 F;CSO;H =78 2 38 15

[l Followed by stirring at 25 °C for 26 h.

hexanedione 34. Only traces of rac-26 could be detected.
When 34 was stirred in a 1:1 mixture of THF and a satur-
ated, aqueous solution of ammonium chloride for 23 h at
25 °C, no reaction was observed. Even the addition of an
equimolar amount of (S)-proline, used to catalyze enanti-
oselective aldol additions,’>33 did not cause any reaction
to take place, even under reflux conditions. To rule out
these observations as specific to the case of rac-26/34, 1,2-
bis(p-chlorophenyl)ethanedione (37) was also stirred in a
1:1 mixture of THF and a saturated, aqueous solution of
ammonium chloride for 23 h at 25 °C, with no observed
reaction. These observations indicate that the equilibrium
between rac-26 and 34 is far on the 1,6-hexanedione side.
This is in agreement with the fact that only two cases of
intramolecular aldol additions of 1,6-diketones are reported
in the literature: in both cases, medium-sized rings reacted
to give bicyclic systems in 16% and in 30% yield,’*3 re-
spectively.

In contrast to the intramolecular aldol addition of 1,6-
diketones, a number of aldol condensations under acidic
reaction conditions, leading to the corresponding conjug-
ated acylcyclopentenes, are known.’®! Accordingly, upon
treatment of rac-26 with 3 equiv. of trifluoroacetic acid at
25 °C, cyclopentene 59171 was formed in 38% yield, along
with 19% of starting material rac-26. This aldol condensa-
tion was also possible under basic reaction conditions.
Treatment of rac-26 with 5 equiv. of sodium methoxide gave
a 75% yield of 59 and 6% of rac-26. In addition, ca. 9% of
an unidentified product was formed.

Despite the observation that the 1,6-hexanedione derivat-
ives are thermodynamically favored, aldol adducts were fre-
quently obtained as the isolated reaction products. To ob-
tain a deeper insight into this, the conditions for the reac-
tion of 13 with vinyllithium were varied. Results are sum-
marized in Table 2.

Entries 1—3 relate to variation in the workup temper-
atures. Addition of aqueous NH4Cl at —78 °C results in
immediate freezing of the added solution. From the frozen
aqueous layer, only a few of the water molecules would be
available for hydrolysis. This would result in predominant
hydrolysis of only one of the two enolate moieties, con-
verting it into a ketone, which would be attacked by the
remaining enolate function to give the aldol adduct rac-26

98

before the second hydrolysis step could take place. If the
reaction mixture was heated to 25 °C after only 2 h (Entry
2), rather than 27 h (Entry 1), the aqueous layer melted and
water concentration in the organic layer increased, allowing
a comparatively rapid hydrolysis of all enolate functions:
Significant quantities of 1,6-hexanedione 34 were formed.
Stirring at 25 °C for a longer period of time after the hydro-
lysis step (Entry 3) allowed a retro-aldol process to take
place, to increase further the yield of 34 relative to rac-26.
Reaction and hydrolysis at 0 °C (Entry 4) did not cause
the aqueous solution to freeze, all enolate functions were
immediately quenched, with formation of 34 at the highest
yield, with only 13% of aldol adduct rac-26 formed. When
the reaction mixture was allowed to warm up before the
addition of the NH4CI solution (Entry 5), a substantial
quantity of cyclopentene 59 was obtained in addition to a
moderate yield of 34. Hydrolysis with trifluoromethanesul-
fonic acid, which is soluble in THF, immediately hydrolyzed
all enolate functions, with formation of 34 and — as a result
of an acid-catalyzed aldol condensation — some 59 as a side
product. In conclusion, the preferential formation of the
cyclopentanol products at low temperatures and with
shorter hydrolysis times appears to be the result of a kinetic
reaction control of the hydrolysis. Longer times and tem-
peratures above 0 °C result in formation of the thermodyn-
amically favored 1,6-hexanedione.

Reactions of ortho-Quinones with Vinyllithium

In most of the cases investigated, ortho-quinones did not
undergo rearrangement upon treatment with vinyllithium.
In addition to decomposed material, adducts rac-60 to rac-
64 were isolated in moderate yields (32—62%). Here, 3
equiv. of vinyllithium were added to the respective ortho-
quinone at —78 °C. In the case of rac-60, the mixture was
allowed to warm to 25 °C over 20 h; with the reaction of
rac-63, even heating at 65 °C for 21 h did not result in the
desired rearrangement. Compound rac-62 was character-
ized by an X-ray structure analysis, which confirmed the
relative configuration (Figure 1). The NMR-spectroscopic
data for this compound were used as the basis of compar-
isons for the characterizations of other 1,2-divinyl-1,2-diols.
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Figure 1. Structure of rac-62 in the crystal; bond lengths [A]:
CI-C2 1.566(5), C1—C8a 1.503(5), C2—C3 1.486(5), C3—C4
1.330(5), C4—C4a 1.452(5), C4a—C5 1.402(5), C5—C6 1.390(6),
C6—C7 1.384(5), C7—C8 1.377(5), C8—C8a 1.383(5), C4a—C8a
1.398(5), C1-C9 1.517(5), C9—C10 1.113(7), C2—CI11 1.541(5),
CI11—-CI12 1.285(5), C1—-01 1.434(4), C2—02 1.422(4); the abnor-
mal bond length C9—CI10 is a result of disorder of the terminal
vinyl group

rac-64

When phenanthrenequinone was treated with 5 equiv. of
vinyllithium after 2 h at —78 °C, instead of diadduct rac-
63, a 68% yield of 65 was obtained. This was presumably a
result of a pinacol rearrangement, which possibly occurred
during the course of the acidic workup. It is noteworthy
that pinacol rearrangements of 1,2-divinyl-1,2-diols usually
take place in the presence of strong Lewis acids or at elev-
ated temperatures.’® 6! Treatment of acenaphthenequi-
none with 3 equiv. of vinyllithium at 0—65 °C gave rac-66
in only 14% yield, in addition to ca. 20% of an unidentified
product. Compound rac-66 is the product of a dianionic
oxy Cope rearrangement, followed by an intramolecular al-
dol addition. In conclusion, it is our impression that five-
membered ring quinones are more prone to the desired di-
anionic oxy Cope rearrangement than their six-membered
counterparts.

Eur. J. Org. Chem. 2001, 93—113

65 rac-66

With chromium complex 1 undergoing the dianionic oxy-
Cope rearrangement at low temperature in high yield, and
with five-membered ring compounds being more successful
than six-membered ones, it was obviously attractive to ex-
amine uncomplexed benzocyclobutenedione. When benzo-
cyclobutenedionel®? was treated with 8 equiv. of vinylli-
thium at —78—25 °C, rac-67 and rac-68 were obtained in
15% and 12% yield. With a smaller excess of vinyllithium,
a little more rac-67 and only traces of rac-68 were obtained.
Compound rac-67 is the product of a dianionic oxy Cope
rearrangement followed by an intramolecular aldol addi-
tion and had been prepared previously by Proctor by intra-
molecular aldol addition of benzocyclooctene-1,6-dione. [
No benzocyclooctene-1,6-dione was observed. Compound
rac-68 is the result of a 1,3-sigmatropic rearrangement.

0 e}
7 7a
1
? 4 8o 2 HO
HO 3 l
rac-67 rac-68

Reactions of Cyclic Aliphatic Diketones with Vinyllithium

When cyclic aliphatic diketones were examined, only vi-
nyllithium addition was observed in a number of cases,
without any rearrangement. Treatment of bicyclo[2.2.1]-
hept-5-ene-2,3-dione with 3 equiv. of vinyllithium at —78
°C selectively gave syn diadduct 69 in 66% yield. Similarly,
rac-70 and 71 (33%, 37%) were obtained from dibenzobicy-
clo[2.2.2]octa-5,7-diene-2,3-dione. Presumably as a result of
the steric shielding effect of the methyl substituents, only
a single addition was observed upon treatment of 3,3,5,5-
tetramethyl-1,2-cyclopentanedione with 3 equiv. of vinylli-
thium at —78 °C, giving a 78% yield of rac-72 after hydro-
lytic workup. With the less sterically hindered, nonenoliz-
able 3,3-dimethylindane-1,2-dione, an anti double addition
was achieved, to give rac-73 in 74% yield. As attempts to
determine the relative configuration of rac-73 by NOE ex-
periment were unsuccessful, an X-ray structure analysis was
performed (Figure 2).

In contrast with the preceding examples, it proved pos-
sible to accomplish the desired rearrangement when the en-
olizable 1,2-indanedione (74) was used. Upon treatment of
74 with 3 equiv. of vinyllithium at —78 °C, a mixture of
monoadduct rac-75 (11%) and trans diadduct rac-761%
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Figure 2. Structure of rac-73 in the crystal; selected bond lengths
[A]: C1-C21.562(4), C2—C3 1.563(3), C3—C3a 1.518(4), C3a—C4
1.389(4), C4—CS5 1.385(4), C5—C6 1.376(4), C6—C7 1.378(4),
C7—CT7a 1.376(4), C3a—C7a 1.387(3), C1-C7a 1.519(4), C1-C8
1.513(3), C8—C9 1.265(4), C2—C10 1.509(4), C10—C11 1.302(4),
C3—-C12 1.524(4), C3—C13 1.545(3), C1—-01 1.434(3), C2—-02

1.447(3)
- U~ Q -

T OH OH
OH £ OH
OH
69 rac-70 71
o\
OH
rac-72 rac-73

(45%) was obtained, the latter diastereomerically pure (‘H
NMR: de > 95%). A similar result was obtained when the
reaction was carried out at 0 °C. However, when the reac-
tion mixture was heated at 65 °C for 1h, a 28% yield of
tricycle rac-77 was obtained in addition to 20% of rac-75.
Upon treatment with trifluoroacetic acid (TFA), elimina-
tion of water resulted in the formation of naphthol 784 in
71% yield, along with a small portion of oxidation product
naphthoquinone 79 (14%).

The formation of rac-77 may be regarded as the result of
a dianionic oxy Cope rearrangement via the anti diadduct
rac-80 and the bis(enolate) 81. Selective hydrolysis at the
more reactive, nonconjugated enolate moiety presumably
gave 82, followed by an intramolecular aldol addition to
give rac-77. Remarkably, the reaction sequence involves a
benzocyclononane intermediate.

In conclusion, it has been shown that, with a variety of
1,2-diketones, dianionic oxy Cope rearrangements are pos-
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1.3 eqUiV. ‘LI 2. NH4C| (aq‘)
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O
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1. 4 equiv. =\

Li [ 2.NH4CI (aq.)
THF, 0— 65 °C, 1h

HQ
O -
OH

rac-75 (20%) rac-77 (28%)

4 equiv. TFA
CH,Cly,
40°C, 15 h
OH (o]
QLD - (D
o
78 (71%) 79 (14%)

sible upon addition of vinyllithium. In many cases, the re-
arrangement took place at low temperature; however, some
substrates required heating at up to 65 °C. These included
rearrangements of both linear and cyclic 1,2-diketones. As
the divinyldiolates undergoing the rearrangement reaction
had been generated by addition of vinyllithium to 1,2-dike-
tones, and not by deprotonation of 1,2-divinyldiols,
monoanionic pathways can be ruled out. ortho-Quinones
yielded solely the vinyllithium adducts: No rearrangement
was observed in these cases. Bicyclic and sterically hindered
monocyclic diketones also did not rearrange. In certain
cases, small yields of 1,3-rearranged products were ob-
served, indicating the possible existence of stepwise reaction
pathways. In this context it is interesting that, in a prelimin-
ary experiment, treatment of rac-62 with 2.5 equiv. of pot-
assium hydride at —78—25 °C resulted in a 56% yield of
rac-83 after hydrolytic workup. Further investigations con-
cerning the possibility of an anionic 1,3-rearrangement are
in progress.
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Experimental Section

General: All operations involving air-sensitive materials were per-
formed in flame-dried reaction vessels under argon using the
Schlenk technique. Diethyl ether (DEE) and THF were distilled
from sodium-potassium alloy/benzophenone. — 'H NMR: Bruker
WP 80 (80 MHz), WP 200 SY (200.1 MHz), AM 400 (400.1 MHz).
13C NMR: Bruker WP 200 SY (50.3 MHz), AM 400 (100.1 MHz).
Signal multiplicities were determined with APT and DEPT tech-
niques. Chemical shifts refer to dtys = 0 or to residual solvent
signals.[010] — R: Perkin—Elmer FT-IR 580 and 1710. — MS:
Finnigan MAT 112, 312 at 70 eV. — HRMS: Finnigan MAT 312,
VG Autospec, peak matching with PFK. — Combustion analyses:
Heraeus CHN Rapid. — Melting points (uncorrected) were deter-
mined in sealed glass tubes with a Tottoli apparatus. — Column
chromatography: silica gel (J. T. Baker, 40 pm). Separations were
performed by flash chromatography.[®”) Column length (/) and dia-
meter () are given. Unless otherwise mentioned, starting materials
were purchased and used without further purification. Vinyllithium
was prepared as published.l8] 1,2-Bis[2-(N-methylbenzimidazoly-
l)Jethanedione (20) was donated by Bayer AG, Wuppertal (Ger-
many).

1,6-Diphenyl-1,6-hexanedione (6): Benzil (5) (1.000 g, 4.8 mmol) in
DEE (10 mL) was added at —78 °C to a solution of vinyllithium
in DEE (1.11 m, 13.0 mL, 14.4 mmol), which had been diluted by
addition of 30 mL of DEE. The mixture was warmed to 25 °C over
23 h, and then hydrolyzed at —78 °C by addition of an aq. sat.

Eur. J Org. Chem. 2001, 93—113

solution of NH,4Cl (40 mL). After warming to 25 °C, the mixture
was extracted with 5 portions of DEE (each 40 mL), and the col-
lected organic layers were dried with MgSO,. Column chromato-
graphy (/ 17 cm, & 4 cm, PE/DEE 5:1) gave 0.754 g (2.8 mmol,
59%) of 6.191701

(R,S)-2,3-Diphenylbutane-2,3-diol  (7) and (R,RIS,S)-2,3-Di-
phenylbutane-2,3-diol (rac-8): Benzil (5) (294 mg, 1.4 mmol) in THF
(20 mL) was added at —78 °C to a mixture of a solution of methyl-
lithium in DEE (1.6 M, 2.6 mL, 4.2 mmol) and THF (20 mL). After
30 min, an aq. sat. solution of NH,4Cl (25 mL) was added, and after
1 h, the mixture was warmed to 25 °C. The mixture was extracted
three times with DEE (each 50 mL), and the collected organic
layers were dried with MgSO,. Column chromatography (/ 16 cm,
& 3. cm, PE/DEE 3:1) gave 195 mg (0.8 mmol, 56%) of 7 and
31 mg (0.1 mmol, 9%) of rac-8 as an unseparated solid mixture,
identified spectroscopically.[”! =74

General Procedure for Treatment of Benzil Derivatives with Vinylli-
thium (GP1): Vinyllithium (3 equiv.) in DEE was diluted with THF
and cooled to —78 °C. The benzil derivative (1 equiv.) in THF was
added. The mixture was stirred at —78 °C and then hydrolyzed by
addition of an aq. sat. solution of NH4Cl (25 mL). The mixture
was stirred at —78 °C for 1 h and then warmed to 25 °C. Precipit-
ated NH4Cl was dissolved by addition of water. The solution was
extracted 3 times with DEE (each 30 mL). The collected organic
layers were dried with Na,SO,4 and purified by column chromato-
graphy.

cis-2-p-Methylbenzoyl-1-(p-methylphenyl)cyclopentanol (rac-22) and
1,6-Bis(p-methylphenyl)-1,6-hexanedione (30): GP1, vinyllithium in
DEE (0.62 m, 10.5 mL, 6.5 mmol), THF (20 mL), 1,2-bis(p-methyl-
phenyl)ethanedione (9) (500 mg, 2.1 mmol) in THF (15mL), 1.5h
at —78 °C. Column chromatography (/ 15 cm, & 5.0 cm, PE/DEE
4:1). I: 126 mg (0.4 mmol, 20%) of rac-22 as a colorless oil, which
crystallized at 6 °C over some months (m.p. 119 °C). II: 283 mg
(1.0 mmol, 46%) of 30.[4%-3

rac-22: IR (film): ¥ = 3396 cm™!' (m, OH), 3028 (w, arom. CH),
2960 (w, CH), 2944 (w, CH), 2920 (w, CH), 2864 (w, CH), 1652 (s,
CO), 1604 (s, arom. C=C), 1568 (w, C=C), 1512 (w, arom. C=C),
1440 (w), 1388 (m), 1304 (w), 1244 (m), 1228 (m), 1188 (w), 1164
(w), 1116 (w), 1080 (w), 1060 (w), 1040 (m, C—0), 1016 (w), 996
(w), 932 (w), 888 (w), 820 (m), 776 (w), 732 (w), 684 (w), 604 (w),
504 (w), 472 (w). — 'H NMR (400.1 MHz, CDCI5): § = 1.90—2.44
(m, 6 H, 3-H, 4-H, 5-H), 2.27 (s, 3 H, 20-H), 2.38 (s, 3 H, 13-H),
4.05 (dd, 3J5 i3 = 8.9 Hz, 3J5 jpunses = 10.8 Hz, 1 H, 2-H), 5.50 (d,
“Jons = 1.5Hz, 1 H, OH), 7.08 + 7.22 [AA'BB'-line system, 2 X
2 H, 15(19)-H, 16(18)-H], 7.37 + 7.78 [AA'BB’ line system, 2 X 2
H, 9(11)-H, 8(12)-H]. — 3C NMR (100.6 MHz, CDCl;, DEPT):
8 = 20.9 (CH;, C-20), 21.6 (CHs, C-13), 22.7 (CH,, C-4), 30.5
(CH,, C-3), 42.7 (CH,, C-5), 54.2 (CH, C-2), 84.4 (C,, C-1), 124.9
[CH, C-15(19)], 128.4 (CH), 128.8 (CH), 129.3 (CH), 134.4 (C,, C-
7), 136.1 (Cy, C-17), 142.3 (Cg, C-20), 144.7 (Cg4, C-10), 205.1 (C,
C-6). — MS (70 eV, 90 °C): m/z (%) = 295 (3) [M™* + 1], 294 (12)
[M™], 161 (14), 160 (87) [MePh(CO)CsHs*], 159 (8), 147 (16), 146
9), 145 (71) [MePh(CO)C,H,*], 134 (25) [MePh(CO)CH;"], 120
(13), 119 (100) [MePh(CO)*], 92 (7), 91 (26) [MePh*], 65 (18)
[CsHs"]. — HRMS (CyH»,0,): caled. 294.161980; found
294.162811. — C,yH»,0, (294.39): calcd. C 81.60, H 7.53; found C
81.32, H 7.39.

cis-2-p-Isopropylbenzoyl-1-(p-isopropylphenyl)cyclopentanol (rac-23)
and 1,6-Bis(p-methylphenyl)-1,6-hexanedione (31): GP1, vinylli-
thium in DEE (0.62 M, 8.5 mL, 5.3 mmol), THF (20 mL), 1,2-bis(p-
isopropylphenyl)ethanedione (10)3! (500 mg, 1.7 mmol) in THF
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(I5mL), 1.5h at —78 °C. Column chromatography (/ 15 cm, J
3.5cm, PE/DEE 5:1). I: 216 mg (0.6 mmol, 36%) of rac-23 as a
colorless oil, which crystallized at 6 °C over some months (m.p. 76
°C). II: 208 mg (0.6 mmol, 35%), of 31, colorless solid (m.p. 93 °C).

rac-23: IR (film): Vv = 3436 cm ™! (m, br, OH), 3084 (w, arom. CH),
3048 (w, arom. CH), 3024 (w, arom. CH), 2960 (s, CH), 2868 (m,
CH), 1656 (s, CO), 1604 (s, arom. C=C), 1568 (w, C=C), 1508 (w,
arom. C=C), 1460 (m), 1416 (m), 1380 (m), 1364 (s), 1300 (m),
1224 (m), 1184 (m), 1140 (w), 1084 (w), 1056 (m, C—0), 1036 (m),
1016 (m), 1000 (w), 884 (w), 828 (m), 760 (w), 692 (w). — '"H NMR
(400.1 MHz, CDCl,): 8 = 1.19 (d, 3J55 = 6.8 Hz, 6 H, 22-H),
1.25 (d, 3J14.13 = 7.0 Hz, 6 H, 14-H), 1.90—2.40 (m, 6 H, 3-H, 4-
H, 5-H), 2.83 (sept, 1 H, 21-H), 2.94 (sept, 1 H, 13-H), 4.06 (dd,
3 trans-y = 107 Hz, 35 .3 = 8.8 Hz, 1 H, 2-H), 5.51 (d, *Jous =
1.7Hz, 1 H, OH), 7.13 + 7.28 [AA'BB’ line system, 2 X 2 H,
17(19)-H, 16(20)-H], 7.39 + 7.83 [AA’BB’ line system, 2 X 2 H,
9(11)-H, 8(12)-H]. — '3C NMR (100.6 MHz, CDCl;, DEPT): § =
22.7 (CH,, C-4), 23.6 (CH;, CHCHj;), 23.9 (CH;, CHCH;), 30.4
(CH,, C-3), 33.6 (CH, C-21), 34.2 (CH, C-13), 42.6 (CH,, C-5),
54.2 (CH, C-2), 84.5 (Cy, C-1), 124.9 [CH, C-17(19)], 126.2 [CH,
C-9(11) or C-16(20)], 126.8 [CH, C-9(11) or C-16(20)], 128.7 [CH,
C-8(12)], 134.7 (Cg, C-7), 142.6 (Cg, C-15), 147.1 (C,, C-18), 155.3
(Cg» C-10), 205.0 (Cg, C-6). — MS (70 ¢V, 70 °C): m/z (%) = 351
(2) [M* + 1], 350 (7) [M™*], 289 (3), 252 (3), 209 (4), 189 (10),
188 (51) [{PrPh(CO)C3Hs™], 175 (5), 162 (34), 148 (13), 147 (100)
[[PrPh(CO)™"], 146 (8), 145 (58), 133 (13), 119 (8), 117 (10), 115 (8),
105 (15), 104 (10), 103 (9), 92 (26) [PhCH;™"], 77 (14) [CcHs']. —
HRMS (C,4,H300,): caled. 350.224580; found 350.224030. —
C54H3005 (350.50): caled. C 82.24, H 8.63; found C 82.29, H 8.33.

30: IR (KBr): ¥ = 2956 cm~! (m, CH), 2892 (w, CH), 2872 (w,
CH), 1676 (s, CO), 1604 (m, arom. C=C), 1568 (w, C=C), 1464
(w), 1412 (m), 1364 (m), 1304 (w), 1264 (m), 1176 (m), 1108 (w),
1060 (m), 1012 (w), 968 (m), 856 (), 820 (m), 724 (w), 580 (m). —
'H NMR (200.1 MHz, CDCly): & = 1.27 (d, 3Js.7 = 6.9 Hz, 12
H, 8'-H), 1.83 [m, 4 H, 3(4)-H], 2.89—3.08 [m, 6 H, 2(5)-H, 7'-H],
7.31 + 7.90 [AA’BB’ line system, 2 X 2 H, 2 X 2 H, 3'(5')-H,
2'(6')-H]. — '*C NMR (100.6 MHz, CDCl;, DEPT): § = 23.6
(CHs, C-8"), 24.0 [CHa, C-3(4)], 34.2 (CH, C-7'), 38.3 [CHa, C-
2(5)], 126.6 [CH, C-2'(6") or C-3'(5")], 128.3 [CH, C-2'(6") or C-
3'(5")], 134.8 (Cq, C-1"), 154.4 (C,, C-4'), 199.7 [Cq, C-1(6)]. — MS
(70 €V, 100 °C): mlz (%) = 351 (1) [M* + 1], 350 (3) [M*], 360 (2)
[M* — COJ, 306 (2), 289 (2), 189 (8), 188 (24) [iPrPh(CO)C;H;5"],
163 (6), 162 (45) [iPrPh(CO)CH;*], 148 (11), 147 (100)
[iPrPh(CO)*], 145 (18), 119 (7), 104 (8), 103 (7), 91 (21) [PhCH,"],
83 (5), 77 (7), 71 (6), 69 (5). — HRMS (CsH;0,): caled.
350.224580; found 350.224823. — C,yH30, (350.50): caled. C
82.24, H 8.63; found C 82.29, H 8.61.

cis-2-p-tert-Butylbenzoyl-1-(p-tert-butylphenyl)cyclopentanol  (rac-
24) and 1,6-Bis(p-tert-butylphenyl)-1,6-hexanedione (32): GP1, vi-
nyllithium in DEE (0.85 M, 5.5 mL, 4.7 mmol), THF (20 mL), 1,2-
bis(p-tert-butyl)ethanedione (11)[*17¢1 (500 mg, 1.6 mmol) in THF
(20mL), 3h at =78 °C. Column chromatography (/ 10 cm, J
5.0 cm, PE/DEE 6:1). I: 237 mg (0.6 mmol, 40%) of rac-24, color-
less solid (m.p. 94 °C). II: 176 mg (0.5 mmol, 30%) of 32, colorless
solid (m.p. 109 °C).

rac-24: IR (KBr): ¥ = 3428 cm~' (m, OH), 3088 (w, arom. CH),
3052 (w, arom. CH), 3028 (w, arom. CH), 2964 (s, CH), 2904 (m,
CH), 2868 (m, CH), 1652 (s, CO), 1604 (s, arom. C=C), 1564 (w,
C=0C), 1504 (w, arom. C=C), 1464 (m), 1408 (s), 1392 (m), 1360
(s), 1300 (w), 1268 (s), 1224 (s), 1192 (m), 1168 (w), 1108 (s, C—0),
1060 (w), 1036 (m), 1012 (m), 996 (m), 936 (w), 888 (w), 824 (m),
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720 (w), 692 (w), 572 (m), 544 (m). — 'H NMR (400.1 MHz,
CDCl3): 8 = 1.26 (s, 9 H, CH3), 1.32 (s, 9 H, CH3), 1.90—2.40 (m,
6 H, 3-H, 4-H, 5-H), 4.06 (dd, *J5 43 = 10.5Hz, 3, 5 =
8.8 Hz, 1 H, 2-H), 5.47 (d, “Jons = 1.5 Hz, 1 H, OH), 7.28 + 7.39
[AA'BB’ line system, 2 X 2 H, 16(20)-H, 17(19)-H], 7.44 + 7.82
[AA'BB’ line system, 2 X 2 H, 9(11)-H, 8(12)-H]. NOE: Irr. at 2-
H, obs. at 16(20)-H (10.7%), 8(12)-H (23.6%); irr. at OH, obs. at
16(20)-H (6.5%); irr. at 17(19)-H, obs. at 16(20)-H (7.5%); irr. at
16(20)-H, obs. at 17(19)-H (8.9%), 2-H (3.8%), OH (3.0%); irr. at
9(11)-H, obs. at 8(12)-H (11.4%); irr. at 8(12)-H, obs. at 9(11)-H
(15.6%), 2-H (7.8%). — 13C NMR (100.6 MHz, CDCl;, DEPT):
d = 22.6 (CH,, C-4), 30.5 (CH,, C-3), 31.0 (CH3), 31.3 (CHj), 34.3
(Cq, CCH;), 35.1 (Cy, CCH3), 42.6 (CH,, C-5), 54.2 (CH, C-2),
84.4 (Cg4, C-1), 124.7 (CH), 125.0 (CH), 125.6 (CH), 128.3 [CH, C-
8(12)], 134.3 (C,, C-7), 1423 (Cg, C-15), 149.4 (C,, C-18), 157.6
(Cg, C-10), 205.0 (Cq, C-6). — MS (70 eV, 90 °C): m/z (%) = 379
() [M* + 1], 378 (3) [M™], 360 (2) [M* — CO], 251 (11), 203 (8),
202 (26) [BuPh(CO)C;Hs™], 181 (11), 177 (6), 176 (31)
[1BuPh(CO)CH;™"], 174 (5), 162 (13), 161 (100) [f{BuPh(CO)*], 154
(7). 146 (12), 145 (27) [BuPhC"], 131 (6), 118 (10), 117 (7), 115
(7), 105 (18) [Ph(CO)™*], 102 (5), 92 (14) [PhCH; "], 84 (13), 77 (15)
[CeHs™], 74 (18), 70 (13). — HRMS (C,6H340,): caled. 378.255881;
found 378.256104. — C,cH340, (378.55): caled. C 82.49, H 9.05;
found C 82.23, H 9.00.

32: IR (KBr): v = 2964 cm™! (m, CH), 2888 (w, CH), 2868 (w,
CH), 1684 (s, CO), 1604 (m, arom. C=C), 1460 (w), 1404 (w), 1364
(m), 1264 (m), 1180 (m), 1104 (w), 1052 (w), 1020 (w), 968 (m),
824 (m), 724 (w), 584 (w). — '"H NMR (400.1 MHz, CDCl5): § =
1.34 (s, 18 H, 8'-H), 1.83 [m, 4 H, 3(4)-H], 3.02 [m, 4 H, 2(5)-H],
7.47 + 791 [AA’BB’ line system, 2 X 2 H + 2 X 2 H, 3'(5')-H,
2'(6’)-H]. — 3C NMR (100.6 MHz, CDCl;, DEPT): § = 24.0
[CH,, C-3(4)], 31.1 (CH3, C-8'), 35.0 (C,, C-7"), 38.3 [CH,, C-2(5)],
125.5 [CH, C-3'(5")], 128.0 [CH, C-2'(6")], 134.4 (C,, C-1"), 156.6
(Cq, C-4'), 198.6 [Cy, C-1(6)]. — MS (70 ¢V, 100 °C): m/z (%) =
379 (1) M* + 1], 378 (2) [M*], 360 (3) [M* — CO], 303 (5), 203
(8), 202 (23) [M* — BuPh(CO) — CHs], 177 (8), 176 (39), 162
(13), 161 (100) [rBuPh(CO)*], 146 (10), 14