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ABSTRACT

In situ generated acetone pyrrolidine enamine undergoes [6þ 2] cycloadditions with fulvenes to give 1,2-dihydropentalenes. This ring annulation
method works particularly well with 6-monosubstituted fulvenes and is subject to steric hindrance at C-6 of the fulvene. On the basis of
mechanistic studies, optimal conditions have been developed for a one-pot synthesis of 1,2-dihydropentalenes using catalytic amounts of
pyrrolidine.

1,2-Dihydropentalenes (1,2-DHPs) are of considerable
theoretical and synthetic interest and have served as versa-
tile substrates in diverse modes of cycloadditions as well as
complex ligands in organometallic chemistry.1

There are basically two routes to 1,2-dihydropentalenes;
Hafner’s method2 appears to be most general and takes
advantage of a thermal intramolecular cyclization of 6-(20-
aminovinyl)fulvenes to 3-N,N-dialkylamino-1,2-dihydro-
pentalenes in boiling piperidine followed by regiospecific
LiAlH4 or RLi addition at C-3 and subsequent hydro-
lysis and amine elimination to give the parent system or
3-mono- or 1,3-disubstituted 1,2-dihydropentalenes. The
other method, first reported by Nenitzescu et al.,3 takes
advantageof aMichael additionof the cyclopentadienide ion
on chalcone and subsequent intramolecular condensation

under Thiele conditions to give, among others, two iso-
meric diphenyl-1,2-dihydropentalenes. This latter method
was more recently extended to β-phenylenones using the
pyrrolidine method giving 1-phenyl-3-alkyl-substituted
1,2-dihydropentalenes in low tomoderate yields.4 Inspired
by Hafner’s intramolecular enamine cyclization method,
Houket al. reported formal intramolecular [6þ 2] enamine�
fulvene cycloadditions to give linearly fused tricyclic 1,2-
dihydropentalenes in low to moderate yields.5,6 In our
continued effort to extend the photooxygenation chemis-
try of fulvenes7 to bicyclic analogues, we required a con-
venient synthesis of the only dihydropentalene isomers,
1,2-dihydropentalenes, that contain the fulvene moiety.
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Herein we report a general and versatile synthesis of 1,
2-dihydropentalenes based on intermolecular fulvene�
enamine [6 þ 2] cycloadditions.8

Treatment of 6-monosubstituted fulvenes with 30mol%
of pyrrolidine in acetone solution led cleanly to the forma-
tion of the corresponding 1,2-dihydropentalenes along
with varying amounts of mesityl oxide, formed by base-
catalyzed aldolization of acetone. The products were iso-
lated after removal of solvent and mesityl oxide by rotary
evaporation, purified by flash chromatography on silica
gel, and characterized by NMR, UV, and high-resolution
mass spectral analysis (Scheme 1, Table 1).

The optimal conditions for preparative purposes were
established by a series of systematic studies involving the
solvent effects and amount of catalyst byway of initial rate
correlations.
The rates were in the order DMSO > acetonitrile g

acetone>THF>toluene and correlatewith solvent pola-
rity index in a linear fashion pointing to polar intermedi-
ates in the reactions. We found that the solvents CH3CN,
DMSO, and acetone appear to be ideal for 1,2-DHP
synthesis. The reported yields in Table 1 were obtained in
acetone solvent.
In regard to the catalyst amount, the best ratio was

determined to be 30 mol % of pyrrolidine since greater
proportions of base only slightly accelerated the reactions
at the expense of using larger amounts of a highly toxic and
malodorous compound and a more tedious workup
procedure.
Next, mechanistic details of these reactions were eluci-

dated. The 1,2-dihydropentalene formation in acetonitrile
solvent with 20 mol % of catalyst was determined to be
bimolecular, as determined by a rate study: doubling the
concentrations of either acetone or the fulvene doubled
the rate, respectively. Similarly, lowering the concentration
of acetone by 1/10 resulted in a 10-fold rate decelaration.
After optimization of the conditions for 1,2-DHP synth-

esis, the substitutent effects were studied by conducting the
experiments in acetone (fulvene/acetone ratio 1/65) with
30% catalyst with a series of 6-aryl-substituted fulvenes by
initial ratemeasurements. The plot of log(r)X versus the σþ

constants produced a linear correlation (R2 = 0.996) with

F constant equal to 0.46 according to the equation log(r)X=
0.46σþ � 0.77.10 The only product in each case after 1 h

Scheme 1. Dihydropentalene Formation from Fulvenes

Table 1. Dihydropentalenes from Fulvenes

aFor the synthesis of fulvenes 1a�k, see ref 9. bFor spectral
characterization of all new products, see the Supporting Information.
c Isolated yields after chromatography on silica gel. dFulvene (2 mmol),
20mol%pyrrolidine, 10mLof acetone, stirred overnight at rt; products
isolated by flash chromatography on SiO2.

(8) Although 6,6-dimethylfulvene was reported to react with enam-
ines, the authors were not able to characterize the products because of
their instability; see ref 5, footnote 6. In our hands, 6,6-dimethylfulvene
undergoes clean reaction with in situ generated 1-isopropenylpyrroli-
dine 5 to give dihydropentalene 2i and 3 (see entry 9, Table 1) both of
which were stable under the reaction conditions and isolable by either
chromatography or fractional distillation.
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was the respective 1,2-DHP. The order of initial rates were
4-Cl>H>4-Me>3,4-dimethoxy= 4-methoxy, indicat-
inga trendwhereingreater electrondeficiency at the fulvene
6-position enhances attack by the nucleophile (vide infra).
In the aliphatic series (6-alkyl or 6,6-dialkyl), a similar
study revealed that steric factors affect the 1,2-DHP for-
mation rates. Whereas after 1 h 6-methyl- and 6-ethylful-
veneswere completely consumed to give the corresponding
1,2-DHPs, the conversion of 6-isopropyl derivative was
only 25%. 6,6-Dimethylfulvene was reacted much more
slowly than the 6-monosubstituted analogues and also
gave rise to 2-isopropenyl-6,6-dimethylfulvene.
The 6-cyclopentylidene derivative 1k did not give any

1,2-DHP; instead, product 4 was isolated from this reac-
tion. The formation of 311 and 4 presumably arises from
initial base-catalyzed isomerization to alkenylcyclopenta-
dienide followed by condensation with acetone, respec-
tively. The tendencey of 1k to undergo facile isomerization
to cyclopent-1-enylcyclopentadiene has also been noted by
Alder andR€uhmann, aswell asNair et al.12On the basis of
the studies described above, a plausible multistep mechan-
ism emerges, consistent with our results. The 1,2-dihydro-
pentalenes arise from a formal [6 þ 2] cycloaddition of a
fulvene with 1-isopropenylpyrrolidine 5,13 formed in situ
from acetone and pyrrolidine. Nucleophilic attack at
fulvene C-6 (the most electrophilic site in fulvenes, as
documented in various examples)14 gives rise to a zwitter-
ionic intermediate incorporating a cyclopentadienyl anion
and an iminium ion. The latter species cyclizes to a bicyclo-
[3.3.0]octadienyl derivative before eliminating pyrrolidine
to give the final product (Scheme 2).
In order to exclude thepossibility of a 1-isopropenylfulvene

formation followed by an 8π-electrocyclization to give the
1,2-DHP, we conducted the reaction of 1i in acetone-d6
with catalytic base.
The 1H NMR spectrum of the reaction mixture clearly

showed that the signal for the C-2 protons (dihydropen-
talene numbering) in 2i at 2.9 ppm, now a CD2 group, had
disappeared (Scheme 3); likewise, the C-6 methyl groups

in 3 were also not visible, confirming the mechanism
proposed in Scheme 2.
On an interesting note, 1,4-diphenylcyclopentadiene

under the same conditions (acetone solvent/pyrrolidine
catalyst) underwent a tandem condensation with acetone
and subsequent dihydropentalene formation to give 11

(Scheme 4).
Obviously, the condensation with acetone did not take

place at the position between the phenyl groups. The
intermediate fulvene 10 was not isolated; under the condi-
tions, it underwent attack by 5 to give the 1,2-DHP
derivative 11. Similarly, the direct condensation of 1,3-
cyclopentadiene in acetone solution in the presence of
catalytic pyrrolidine led to the same mixture as obtained
from 1i by way of a domino condensation with acetone.

The scope and limitations of the 1,2-DHP synthesis were
also studied. The use of methyl isopropyl ketone, aceto-
phenone, and cyclopentanone in the presence of pyrroli-
dine did not result in 1,2-DHP formation. Likewise,
increased steric bulk at C-6 in the starting fulvene impeded
fulvene formation, e.g., fulvenes derived from cyclopropyl
methyl ketone or p-methylacetophenone were also unreac-
tive toward acetone/pyrrolidine.However, the use of a pre-
formed enamine, i.e., 1-pyrrolidino-1-cyclopentenewith 1c
gave a mixture of the corresponding [6 þ 2] cycloadducts
12a and b; pyrrolidine did not eliminate spontaneously in
these cases. Preliminary results show that treatment of 1c

Scheme 4. One-Pot Fulvene�1,2-DHP Formation from 9

Scheme 2. MechanismofFulvene�enamine [6þ 2] Cycloaddition

Scheme 3. Condensation of 1j with Acetone-d6 and Pyrrolidine
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with malonic acid in the presence of NaOAc in ether/H2O
delivers the tricyclic 1,2-dihydropentalene 13, albeit in low
yield (Scheme 5).

In order to test the dipolar nature of the [6 þ 2] cyclo-
addition, and in hopes of trapping an intermediate pro-
posed in Scheme 2, we conducted the reaction of 1c with
in situ-generated acetone pyrrolidine enamine in DMSO
containing 2% H2O. Under the conditions, in addition to
the dihydropentalene 2c, a small amount of a product was
isolated that was identified as fulvene 15 (Scheme 6). Its
formation can be rationalized in termsof a second enamine
addition to 2c; the resulting iminium ion 14 is hydrolyzed
to give the corresponding ketone. The resulting cyclopen-
tadiene undergoes pyrrolidine-catalyzed condensationwith
acetone to give 15. Since no 1,2-DHP-enamine cycloaddi-
tion was observed previously in the absence of H2O, the
second enamine attack is reversible since the cyclization of
the intermediate is geometrically not feasible and the alter-
native four membered ring formation would also be un-
favorable. Thus, when no H2O is present, 14 reverts to 2c.

In conclusion, we have developed a convenient general
synthesis of 1,2-dihydropentalenes from fulvenes involving
a formal stepwise [6 þ 2] cycloaddition with an in situ
generated enamine.15 By way of mechanistic studies, we
elucidated the mechanism of the reaction and optimized
the reaction conditions. With a variety of 1,2-dihydropen-
talenes now readily accessible, we plan to explore various
aspects of the chemistry of these interesting bicyclic ful-
venes, including cycloadditions, singlet oxygenation,16 as
well as applications to natural product synthesis.
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Scheme 5. Dihydropentalene with a Preformed Enamine

Scheme 6. Enamine�fulvene Reaction in the Presence of H2O
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