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Incorporation of an allene unit into 1,4-dihydronaphthalene:
generation of 1,2-benzo-1,4,5-cycloheptatriene and

its dimerization
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Abstract—1-Bromo-1-fluoro-[1a,2,7,7a]-tetrahydro-1H-cyclopropa[b]naphthalene (19) has been prepared by the addition of bromofluoro-
carbene to 1,4-dihydronaphthalene (18). Treatment of a solution of 19 in dry ether with MeLi afforded the tricyclic hydrocarbon 17, resulting
from the intramolecular C–H insertion of carbene 16, and two dimerization products, the head-to-head 20 and head-to-tail 21 allene dimers,
confirming the formation of title cycloallene 15 as a reactive intermediate. B3LYP/6-31G(d) calculation predicts the activation barriers for
insertion product 17 and allene product 15 as 3.70 and 9.52 kcal/mol, respectively. This prediction was in good agreement with our experi-
mental results.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Cyclic strained-allenes are of considerable interest in
organic and computational chemistries because of their en-
hanced reactivity and their unusual physical properties.1–9

They are non-planar chiral allenes rather than planar zwitter-
ionic or carbene-like species, even in the case of the highly
strained cyclohexa-1,2-diene and cyclohepta-1,2-diene.3

Over the years the Doering–Moore–Skattebol method,4

briefly the treatment of 1,1-dihalocyclopropanes with alkyl-
lithium reagents, has been used to prepare a range of cyclic
allenes.5 Although this method is the most efficient for the
generation of cyclohexa-1,2-diene6 3, paradoxically, it was
not successful for the higher homologue 9. A mixture of
hydrocarbons 7 and 8 was isolated from the reaction of 5
with methyllithium7 (Scheme 1).

Recently, Scheleyer et al. have elucidated the ring opening of
carbenes 2 and 6 to the corresponding cyclic allenes using
density functional theory computations.8 For the cyclopro-
pylidene 2, the barrier to ring opening leading to allene 3
was found to be 0.2 kcal/mol. However, the activation bar-
rier of 6 for the isomerization to cyclohepta-1,2-diene 9
was found to be 14.6 kcal/mol. The half-chair conformation
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of the cyclohexane ring in 6 is not suitable for the ring-
opening reaction, and the needed change to the chair confor-
mation during the reaction is responsible for this high
activation barrier. On the other hand, the activation barriers
for intramolecular CH-insertions to yield 7 and 8 were found
to be 6.4 and 9.1 kcal/mol, respectively (Scheme 1).

Due to the inexplicability of Doering–Moore–Skattebol ap-
proach for the synthesis of a seven-membered ring allene,
Balci et al.9 applied the base-catalyzed elimination method
using the appropriate vinylcycloalkenes, 10 and 13, to gen-
erate the benzene-annulated six-membered ring allenes 11
and 15. Although they succeeded in isolating the dimer 12,
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confirming the formation of cycloallene 11, the reaction of
13 with base gave the hydrocarbon 14, instead of the ex-
pected allene 15 (Scheme 2). Some of the derivatives of 11
were also reported in the literature.10 However, the synthesis
of 15 has not been achieved before.
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Scheme 2.

Hence, we have performed density functional theory (DFT)
calculations to answer the question that ‘does the Doering–
Moore–Skattebol approach fail really to provide the symmet-
rical strained allene 15?’ at the start of our study.

2. Computational methods

Density functional theory (DFT)11 has been applied to opti-
mize all of the structures and to predict harmonic vibrational
frequencies. Becke’s three-parameter non-local exchange
functional along with the Lee–Yang–Parr non-local correla-
tion function (B3LYP)12 was employed. The 6-31G (d) basis
set was used throughout. Stationary points were character-
ized as minima or transition structures by analytical evalua-
tion of harmonic vibrational frequencies at the level of
geometry optimization. All these calculations were per-
formed using the Gaussian 03W program package.13

3. Results and discussions

The chosen computational level, B3LYP/6-31G(d), has been
very successful in modeling the ring opening of cyclopropyl-
idenes.2f,8 The computational results for the ring opening of
6 were also compared with their literature values8 to analyze
the reliability of the 6-31G(d) basis set with respect to the
TZP basis set. Single-point energies were evaluated at this
level. As can be seen from Table 1, our results were found
to be consistent with the reported literature values.

Table 1. Energies relative to the corresponding carbene ground state includ-
ing zero-point corrections (in kcal/mol) for the corresponding insertion and
allene product and related transition states

Relative energy values

B3LYP/6-31G(d) B3LYP/TZP8

TS1 (6/7) 6.2 6.4
TS2 (6/8) 9.6 9.1
TS3 (6/9) 15.1 14.6
Then, we turned our attention to elucidate the possible reac-
tion products of 16. One is the insertion product 17 and the
other is the ring opening of 16 resulting from the cyclic
allene 15 (Scheme 3). The computed activation barrier for
the intramolecular CH-insertion reaction of 16 is predicted
to be 3.70 kcal/mol (TS4 for 16/17), which is almost
half of that for the CH-insertion reaction of 6 (TS1) (Tables
1 and 2). On the other hand, the activation barrier for the
disrotatory ring-opening reaction of 16 forming allene,
16/15, is found to be 9.52 kcal/mol (TS5), which is
much lower than that for the ring opening of 6 (TS3) (Tables
1 and 2). Hence, the benzo-annulation decreases drastically
the activation barriers for the possible allene product 15 and
insertion product 17 (Fig. 1). This explains that both of them
can be isolated when the Doering–Moore–Skattebol route is
carried out for this purpose.

15 16 17

Ea=3.70Ea=9.52

Scheme 3.

Therefore, we have decided to generate the seven-membered
ring allene 15 after the explicability of the Doering–Moore–
Skattebol approach shown by computational methods. The
starting compound, 1,4-dihydronaphthalene 18, was first pre-
pared by the literature procedure.14 Then, addition of fluoro-
bromocarbene, generated from CHBr2F15 and NaOH under
phase-transfer conditions,5 to 1,4-dihydronaphthalene 18
afforded the expected addition product, fluorobromocyclo-
propane 19 in a total yield of 36%. Structural assignments
were made on the basis of the spectral data. In particular,
the observation of six signals in the 13C NMR spectrum, as
required by the symmetry in molecule 19, is in good agree-
ment with the structure (Scheme 4).

The obtained fluorobromocyclopropane 19 was reacted with
MeLi in dry ether at room temperature. After careful aque-
ous workup, the residue was analyzed by 1H and 13C NMR
spectroscopies, and GC–MS measurements, which showed
the formation of one insertion product, 17, and two dimeric
products, 20 and 21, with a total yield of 49% (Scheme 4).

Column chromatography on SiO2 and subsequent recrystal-
lization from hexane afforded the insertion product 17 as
colorless crystals, whose 1H and 13C NMR spectra showed
no peak relating to olefinic protons and carbon atoms except
for aromatic ones. The molecular peak of 142 (M+) also
indicates the existence of an insertion product.

Table 2. Absolute energies (E, in hartree/particle), number of imaginary fre-
quencies [in brackets], zero-point vibrational energies (ZPVE, in kcal/mol),
and energies relative to the corresponding carbene ground state including
zero-point corrections (in kcal/mol) for the corresponding insertion and
allene product and related transition states at the level of B3LYP/6-31G(d)

E ZPVE DE

16 �425.02569 [0] 108.30 0.00
17 �425.11921 [0] 110.28 �56.7
15 �425.10311 [0] 109.53 �47.36
TS4 (16/17) �425.01835 [1] 107.39 3.70
TS5 (16/15) �425.01031 [1] 108.17 9.52
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Figure 1. Optimized structures of 15, 16, 17, and transition structures for the CH-insertion TS4 and ring opening TS5 at B3LYP/6-31G (d) (bond lengths are in
angstrom and bond angles are in degree).
All efforts with column chromatography, crystallization, and
distillation to separate two allene dimers consisting of head-
to-head allene dimer 20 and head-to-tail allene dimer 21 in a
ratio of 2:1 (determined by 1H NMR spectroscopy) failed.
The 24 lines in the 13C NMR spectrum indicate two dimer-
ization products differing from each other. The mass spec-
trum of the mixture showed a single peak at 284 (M+),
which is equal to the molecular weight of the allene dimer.
The elemental analysis of the mixture was also in agreement
with that of the expected structures.
In summary, we have illustrated that the title compound
15, the symmetrical strained cyclic allene, can be
generated from the bromofluorocyclopropane 19 by
a-elimination of Br and F with MeLi, briefly named as
Doering–Moore–Skattebol method. However, HBr elimina-
tion from 1-bromo-4,5-benzo-1,4-cycloheptadiene 13 with
KOtBu results in the formation of the hydrocarbon 14
instead of the allene 15.9 Furthermore, these results are
in good agreement with our computational results at
B3LYP/6-31G(d).
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4. Experimental

4.1. General

Melting points were taken on a capillary tube apparatus and
are uncorrected. NMR spectra were recorded on 400 MHz
instruments. IR spectra of liquids were obtained as films
on NaCl plates, and spectra of solids were obtained from
solutions in 0.1-mm cells or KBr films on a Jasco model
300 FT-IR spectrometer. Mass spectra (electron impact)
were recorded at 70 eV. All solvents used were purified and
dried by standard methods wherever needed. Other commer-
cially available reagents were of reagent-grade quality and
used as received. TLC was done on aluminum sheets with
precoated silica gel 60 F254 (40�80 mm). Purification by
column chromatography was carried out with neutral silica
gel 60 (70–230 mesh ASTM) from Merck Company. 1,4-Di-
hydronaphthalene was prepared by the literature procedure.14

4.2. Addition of bromofluorocarbene to 1,4-dihydro-
naphthalene (18)

A solution of NaOH (9.6 g, 0.24 mol) in water (9.6 mL)
was added dropwise to a magnetically stirred solution of
1,4-dihydronaphthalene 18 (3.5 g, 26.9 mmol), benzyltri-
ethylammonium chloride (0.34 g, 1.47 mmol), and dibromo-
fluoromethane15 (7.08 g, 36.9 mmol) in methylene chloride
(25 mL) cooled to�15 �C during 2 h. After the addition was
completed, the mixture was stirred at room temperature for
2 h and then hydrolyzed through the addition of water
(100 mL). The organic layer was separated and the water
layer was extracted with methylene chloride (3�50 mL).
Combined organic layers were dried over MgSO4, and
then solvents removed under reduced pressure. The oily
residue was purified by column chromatography. The first
fraction consisted of unreacted 1,4-dihydronaphthalene. The
latter is the cyclopropane adduct 19, 1-bromo-1-fluoro-
[1a,2,7,7a]-tetrahydro-1H-cyclopropa[b]naphthalene, and
was crystallized from hexane (2.34 g, 36%): colorless crys-
tals; mp 53–55 �C; 1H NMR (400 MHz, CDCl3) d 2.17 (dd,
J¼10.6, 6.3 Hz, 2H), 2.78 (d, J¼6.8 Hz, 2H), 3.29 (d,
J¼9.7 Hz, 2H), 7.14 (m, aromatic, 3H), 7.28 (s, aromatic,
1H); 13C NMR (100 MHz, CDCl3) d 28.3, 39.2 (d,
J¼11.8 Hz), 77.3 (d, J¼217 Hz), 126.4, 128.8, 133.9; IR
(KBr, cm�1) 3052, 2983, 1431, 750, 723; MS (70 eV) m/z
241/243 (M+, 21%), 161 (100), 141 (53), 115 (100). Anal.
Calcd for C11H10BrF: C, 54.80; H, 4.18. Found: C, 54.91;
H, 4.03.

4.3. Reaction of 1-bromo-1-fluoro-[1a,2,7,7a]-tetra-
hydro-1H-cyclopropa[b]naphthalene (19) with MeLi

To a magnetically stirred solution of 19 (0.61 g, 2.53 mmol)
in dry ether (20 mL) under nitrogen atmosphere was added
dropwise a solution of 1.6 M MeLi in ether (4.8 mmol,
3 mL) over 10 min at room temperature. After the resulting
solution was stirred for 2 h, it was quenched carefully with
water. The reaction mixture was extracted with ether, and
the organic layer was washed with saturated NaCl and dried
over MgSO4. After the removal of solvent under the reduced
pressure, the oily residue was chromatographed over silica
gel (100 g). Elution with n-hexane afforded insertion prod-
uct 17 (1.02 g, 28%): colorless liquid; 1H NMR (400 MHz,
CDCl3) d 1.89–1.48 (m, 3H), 2.78 (dd, J¼4.2, 0.7 Hz,
1H), 3.28 (d, J¼0.5 Hz, 2H), 6.98–7.25 (m, aromatic, 4H);
13C NMR (100 MHz, CDCl3) d 18.1, 20.2, 24.8, 39.1,
41.8, 125.7, 126.5, 126.7, 131.3, 137.6, 138.8; IR (NaCl,
cm�1) 3026, 2994, 2890, 1485, 1368, 1207, 1109, 883;
MS (70 eV) m/z 142 (M+, 25%), 129 (100), 128 (26),
115(52), 91 (25). Anal. Calcd for C11H10: C, 92.91; H,
7.09. Found: C, 93.04; H, 6.98.

The second fraction was the oil of a mixture of head-to-head
allene dimer 20 and head-to-tail allene dimer 21 (1.48 g,
21%): colorless liquid; 1H NMR (400 MHz, CDCl3) d
2.98–3.15 (m, 12H), 3.48 (m, 4H), 3.65 (m, 4H), 6.82 (m,
4H), 7.10 (m, aromatic, 16H); 13C NMR (100 MHz, CDCl3)
d 29.40, 29.43, 29.70, 29.74, 30.37, 31.97, 63.48, 78.22,
117.84, 118.63, 125.31, 125.68, 125.74, 126.05, 126.07,
128.06, 128.53, 128.69, 128.94, 129.08, 134.99, 135.01,
135.27, 135.62; IR (NaCl, cm�1) 3017, 2921, 1492, 1043,
841, 729; MS (70 eV) m/z 284 (M+, 18%), 269 (10), 255
(10), 240 (8), 128 (34), 115 (61). Anal. Calcd for C22H20:
C, 92.91; H, 7.09. Found: C, 92.83; H, 7.02.
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