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Abstract—Aluminacyclopentadienes, prepared in situ from the reaction of AlCl3 and 1,4-dilithio-1,3-dienes at room temperature, reacted
with aldehydes at room temperature to afford cyclopentadiene derivatives including tetrahydroindenes in good to excellent yields. Both
aromatic and aliphatic aldehydes undergo this reaction. q 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

In recent years, preparative methods and synthetic appli-
cations of metallacyclic compounds of transition metals
have attracted much attention which continues to grow since
many important transition-metal-mediated processes are
assumed to proceed via metallacyclic intermediates.1,2 On
the contrary, little advancement in the preparative methods
and synthetic applications of metallacyclic compounds of
main group metals such as aluminum has been achieved.
Two major reasons could be responsible for this situation:
(1) the reaction chemistry of metallacyclic compounds of
main group metals is generally thought to be not as rich as
that of the transition metals; and (2) there is a lack of
preparative methods.

Aluminacycles, including alumina-cyclopentanes (1, Fig. 1),
-cyclopentenes (2, Fig. 1) and -pentadienes (3, Fig. 1) have
been known for decades.3 – 7 In 1962, Eisch and Kaska
prepared for the first time 1,2,3-triphenyl-benzaluminole,
via the addition and cyclization reactions of arylaluminum

compounds.3 Except iodination and hydrolysis, the reaction
chemistry of these aluminoles had not been studied. In 1977,
Hoberg and Krause-Going reported the formation of
pentaphenylaluminacyclopentadienes by the reaction of
1,4-dilithio-1,2,3,4-tetraphenylbutadiene with Cl2AlPh in
Et2O.4 The structure of this compound was characterized by
X-ray single-crystal analysis.4b This aluminacyclopenta-
diene was immediately used as a ligand to prepare new
transition metal complexes.4b,5 Preparations of alumina-
cyclopentanes 1 and aluminacyclopentenes 2 using the
Zr-catalyzed carboalumination of alkenes or alkynes were
reported by Negishi,6 Dzhemilev,7 and others.

Synthetic applications of such aluminacyclopentanes and
aluminacyclopentenes for cyclic organic compounds have
also been reported.6,7 However, although aluminacyclo-
pentadienes 3 had been prepared for a long time,3,4 their
reaction chemistry, especially their applications in organic
synthesis had not been investigated. Recently, we reported a
one-pot formation of cyclopentadiene derivatives from two
molecules of alkynes and one molecule of aldehyde, via a
deoxygenative cycloaddition of the aldehyde with the
alkynes mediated by zirconocene and AlCl3.8 An alumina-
cyclopentadiene was assumed to be a possible intermediate.
As part of our continued interest in the discovery and
development of synthetically useful organometallic
reagents of main group metals,9 – 14 we investigated the
reaction of a wide range of aluminacyclopentadienes with
various substrates.

2. Results and discussion

As mentioned above, Hoberg and Krause-Going reported
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Figure 1. 1: aluminacyclopentane; 2: aluminacyclopentene; 3: aluminacy-
clopentadiene; R¼alkyl or aryl groups such as Et, Ph.
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the single-crystal structural determination of pentaphenyl-
aluminacyclopentadiene, and the application of this
aluminacyclopentadiene as a ligand to prepare transition
metal complexes.4,5 This compound was prepared by the
reaction of 1,4-dilithio-1,2,3,4-tetraphenyl-butadiene with
Cl2AlPh in Et2O.4 In fact, a variety of main group metalloles

have been prepared by using 1,4-dilithio-1,3-dienes as 1,4-
dianion precursors,15,16 especially since 1,4-diiodo-1,3-
dienes 4, from which 1,4-dilithio-1,3-dienes 5 are usually
generated in situ, became easily available.16,17 In this
laboratory, 1,4-diiodo-1,3-dienes 4 were prepared mainly by
the CuCl-mediated iodolysis of zirconacyclopentadienes.16

Lithiation of 1,4-diiodo-1,3-dienes 4 can be easily achieved
to generate the corresponding 1,4-dilithio-1,3-dienes 5 in
quantitative yields.

2.1. Reaction of aluminacyclopentadienes with aldehydes
affording cyclopentadiene derivatives

As shown in Scheme 1, treatment of 1,4-dilithio-1,3-dienes
5 with AlCl3 afforded chloro-aluminacyclopentadienes 6, a
different kind aluminole from compounds 3 which have no
halides on Al. Reaction of 6 with aldehydes afforded
multiply-substituted cyclopentadienes 7.8,10 Deoxygenation
of carbonyl groups took place in these reactions. Although
the reaction of dilithio compounds 5 with aldehydes gave
the same products 7,10a further investigation indicated that
the reaction course of 6 is different from that of 5 (vide
infra). Listed in Table 1 are the results obtained from the

Scheme 1.

Table 1. Formation of cyclopentadiene derivatives 7 by the reaction of 1-chloro-2,3,4,5-aluminacyclopentadiene 6a with aldehydes

Aldehyde Product 7a Yield of 7 (%)b

7ac 73 (50)

7bd 76 (62)

7ce 92 (71)

7dd 94 (80)

PrCHO 7ef 90 (65)

BuCHO 7fc 67 (44)

a The structure for the major isomer is given in the cases of mixtures.
b GC yields. Isolated yields are given in parentheses. In the cases of double bond positional isomers, combined yields are given.
c Three isomers in 2:1:1 ratio.
d Three isomers in 3:1:1 ratio.
e Three isomers in 5:3:2 ratio.
f Two isomers in 1:1 ratio. One of the isomers has an exocyclic double bond.
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reaction of 1-chloro-2,3,4,5-tetrapropylaluminacyclopenta-
diene 6a with various aldehydes. Double bond isomeriza-
tion in the cyclopentadienyl skeletons took place easily,
especially under reaction conditions and work-up
procedures reported herein, to afford a mixture of
cyclopentadiene derivatives as products; the structure for
the major isomer is given in the table. Both aromatic and
aliphatic aldehydes could be used in these reactions.
Aromatic aldehydes with either electron-donating or
electron-withdrawing groups could afford cyclopentadiene
derivatives in high yields. More examples of cyclopenta-
diene derivatives obtained from different aluminacyclo-
pentadienes and aldehydes are given in Table 2.
Tetrahydroindene derivatives could be also prepared by
this method.

2.2. Demonstration of formation of
aluminacyclopentadienes

As we have reported, reactions of dilithio compounds 5 with
aldehydes afforded cyclopentadiene derivatives.10a The
reactions reported herein afforded the same products,

although the ratio of double bond positional isomers varied
in some cases. The question that needs to be addressed is
whether the cyclopentadiene product was formed from the
reaction of aldehydes with dilithio compounds 5 or with
aluminacyclopentadienes 6. In order to answer this question
and to further study the reaction of aluminacyclopenta-
dienes, the following experiments were carried out.

Firstly, the reaction of 5 with AlCl3 was observed by NMR
since a change in the 13C NMR spectrum was expected upon
the conversion of dilithio compound 5 to aluminacyclo-
pentadiene 6. Indeed, a change in the 13C NMR spectrum
was clearly observed before and after the addition of AlCl3
to dilithio compound 5.

Secondly, the reaction of dilithio compounds 5 with
dimethylacetylene dicarboxylate (DMAD) afforded a
messy mixture without any major products (Scheme 2).
However, interestingly, after treatment of dilithio com-
pounds 5 with AlCl3 at room temperature for 1 h, the
addition of DMAD to the reaction mixture gave benzene
derivatives in moderate isolated yields.18

Table 2. More examples of cyclopentadiene derivatives obtained from a variety of aluminacyclopentadienes and aldehydes

Alumina-cyclopentadiene Aldehyde Cyclopentadiene producta Yield of product (%)b

6b PhCHO 8ac 85 (60)

6b

PrCHO 8bd 77 (54)

6c PhCHO 9ae 86 (61)

6c

PrCHO 9bf 78 (52)

6d PhCHO 10ag 96 (91)

6d

PrCHO 10be 85 (63)

a The structure for the major isomer is given in the cases of mixtures.
b GC yields. Isolated yields are given in parentheses. In the cases of double bond positional isomers, combined yields are given.
c Three isomers in 3:1:1 ratio.
d Four isomers in 5:2:2:1 ratio.
e Two isomers in 2:1 ratio.
f Three isomers in 2:1:1 ratio.
g Five isomers in 4:2:2:1:1 ratio.
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Thirdly, the reaction of dilithio compound 5e with
benzaldehyde afforded a messy mixture of alcohols and
diols after hydrolysis. Interestingly, as shown in Scheme 3, a
single product, alcohol 12 was obtained in high yield when
the dilithio compound 5e was treated with AlCl3 before the
addition of benzaldehydes to the reaction mixture.

Fourthly, we have recently reported that 1,4-dilithiobuta-
dienes 5 reacted with ketones to form cyclopentadiene
derivatives,10a while 1,4-dilithiobutadienes 5 reacted with
nitriles to afford pyridine derivatives.14 However, after 1,4-
dilithiobutadiene derivatives were treated with 1.2 equiv. of
AlCl3 at room temperature for 1 h, no reactions were
observed when ketones or nitriles were added to the reaction
mixtures.

Fifthly, as shown in Tables 1 and 2, cyclopentadiene
derivatives were formed in high yields and no other
products were obtained. These results indicated that the
reactive intermediates were not dilithio compounds, since
the reaction of dilithio compounds with 2 equiv. of
aldehydes at room temperature led to the formation of
2,5-dihydrofuran derivatives.10b To further investigate this
point, reactions shown in Scheme 4 were carried out and the
results are listed in Table 3. When the reaction of dilithio
compound 5a with AlCl3 was carried out at 2788C, the
addition of aldehydes to the reaction mixtures afforded 2,5-
dihydrofuran derivative 13a as the major product. These
results indicated that aluminacyclopentadienes could not be

formed when the temperature was too low. When one or
more equivalents of AlCl3 were added at room temperature,
these reactions gave only cyclopentadiene derivative 7a as
the product and no formation of 13a was observed.
Similarly, when the reaction of aluminacyclopentadiene 6
with benzaldehydes was carried out at 2788C, no formation
of 13a was observed while 7a was obtained in moderate
yield.

A proposed reaction mechanism is given in Scheme 5.8 The
reaction of dilithio compounds 5 with 1 equiv. of AlCl3
affords aluminacyclopentadienes 6.4,5 The formation of
complex 14 is followed by the insertion of the carbonyl
groups of aldehydes into one of the Al–C bonds, affording
oxa-aluminacycles 15,19 which finally gives cyclopenta-
diene derivatives 7.

3. Conclusion

The preparation and reactions of aluminacyclopentanes and
aluminacyclopentenes have been studied in recent years.6,7

In this project, we investigated the preparation and reactions
of a wide variety of aluminacyclopentadiene derivatives.

Table 3. Influence of reaction conditions on the formation of
cyclopentadienes

AlCl3
(equiv.)

T
(8C)a

PhCHO
(equiv.)

Yield of 7a
(%)b

Yield of 13a
(%)

0 – 2.0 ,3 57
0.5 rt 1.2 40 20
1.0 rt 1.2 78 0
2.0 rt 1.2 84 0
1.0 278 1.2 43 41
1.0 278 2.0 33 64

Reaction procedures are given in Scheme 4, with 1 equiv. of 5a.
a Reaction temperature for the treatment of dilithio compound 5a with

AlCl3 as given in Scheme 4.
b GC yields.

Scheme 5.

Scheme 2.

Scheme 3.

Scheme 4.
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Our results demonstrate that aluminacyclopentadienes,
which are the most likely intermediates, have interesting
and synthetically useful reactivities. More applications of
such compounds containing ClnAl–C bonds in organic
synthesis can be expected.

4. Experimental

4.1. General methods

All reactions were conducted under a slight positive
pressure of dry, prepurified nitrogen using standard Schlenk
line techniques when appropriate. Unless otherwise noted,
all starting materials were commercially available and were
used without further purification. Diethyl ether was refluxed
and distilled from sodium/ benzophenone ketyl under a
nitrogen atmosphere. AlCl3 was freshly sublimed before
use.

1H and 13C NMR spectra were record at 300 and 75.4 MHz,
respectively, in CDCl3 unless stated otherwise. GC yields
were determined using suitable hydrocarbons as internal
standards. 1,4-Diiodo-1,3-diene derivatives were syn-
thesized by the reported procedure.17

4.2. Typical procedure for the preparation of
cyclopentadiene derivatives from corresponding
dilithium compounds

To a diethyl ether (5 mL) solution of 1,4-dilithio-1,3-
butadiene (1 mmol) at 2788C was added AlCl3 (1.2 mmol).
After the reaction mixture was warmed to room temperature
and stirred for 1 h, aldehyde (1.2 mmol) was added. Then
the mixture was stirred for 1 h at room temperature. The
above reaction mixture was quenched with 3N HCl and
extracted with ether. The extract was washed with aqueous
NaHCO3, water, and brine and dried over MgSO4. The
solvent was then evaporated in vacuo to give a residue,
which was purified by column chromatography (silica gel,
hexane) to afford purified cyclopentadiene.

4.2.1. 1-Phenyl-2,3,4,5-tetrapropyl-1,3-cyclopentadiene
(7a). Pale yellow liquid, isolated yield 50% (155 mg), GC
yield 71%. Three isomers (2:1:1). IR (neat): 3063, 3030,
2966, 2925, 2873, 1704, 1493, 1456, 1378, 1074, 761,
702 cm21; 1H NMR (CDCl3, Me4Si) for the mixture: d
0.60–0.99 (m, 14H), 1.39–1.55 (m, 8H), 2.11–2.37 (m,
6H), 3.04 (t, J¼4.5 Hz, 0.2H), 3.41 (t, J¼6.4 Hz, 0.6H),
3.71 (s, 1.2H), 7.10–7.38 (m, 5H); 13C NMR (CDCl3,
Me4Si) for the mixture: d 13.93, 14.20, 14.25, 14.37, 14.45,
14.48, 14.70, 16.13, 16.51, 22.78, 23.74, 23.87, 24.00,
27.77, 27.85, 27.94, 28.70, 28.92, 28.97, 29.06, 29.11,
30.47, 30.56, 51.31, 52.61, 59.49, 125.38, 125.85, 125.99,
127.23, 127.74, 128.03, 128.25, 128.31, 128.44, 129.34,
137.91, 140.21, 140.60, 141.72, 142.46, 144.24, 144.33.
These NMR data are consistent with the reported data.8

4.2.2. 1-(4-Methylphenyl)-2,3,4,5-tetrapropyl-1,3-cyclo-
pentadiene (7b). Pale yellow liquid, isolated yield 62%
(201 mg), GC yield 76%. Three isomers (3:1:1). IR (neat):
2958, 2871, 1703, 1510, 1457, 1377, 1109, 815 cm21; 1H
NMR (CDCl3, Me4Si) for the mixture: d 0.62–1.09 (m,

14H), 1.27–1.52 (m, 8H), 2.08–2.45 (m, 6H), 3.04 (t,
J¼4.5 Hz, 0.2H), 3.40 (t, J¼4.8 Hz, 0.6H), 3.79 (s, 0.2H),
6.80–7.17 (m, 4H); 13C NMR (CDCl3, Me4Si) for the major
isomer: d 4.49 (3 CH3), 14.70 (CH3), 16.09, 21.11, 21.14
(CH3), 23.76, 24.01, 27.86, 28.75, 29.11, 30.62, 52.53,
128.30, 128.48, 128.79, 129.04, 129.20, 140.59, 141.96,
143.97; HRMS m/z calcd for C24H36: 324.2817, found:
324.2822.

4.2.3. 1-(4-Methoxyphenyl)-2,3,4,5-tetrapropyl-1,3-
cyclopentadiene (7c). Pale yellow liquid, isolated yield
71% (243 mg), GC yield 92%. Three isomers (5:3:2). IR
(neat): 2957, 1609, 1583, 1509, 1464, 1377, 1246, 1175,
1105, 1041, 832, 736, 573 cm21; 1H NMR (CDCl3, Me4Si)
for the mixture: d 0.53–0.96 (m, 14H), 1.30–1.45 (m, 8H),
2.02–2.28 (m, 6H), 2.94 (t, J¼4.2 Hz, 0.3H), 3.27 (t,
J¼4.5 Hz, 0.5H), 3.48 (s, 0.2H), 3.73 (s, 3H), 6.69–7.07 (m,
4H); 13C NMR (CDCl3, Me4Si) for the mixture: d 13.95,
14.17, 14.21, 14.25, 14.35, 14.43, 14.45, 14.48, 14.69,
16.10, 16.52, 22.81, 23.73, 23.87, 23.97, 24.05, 27.82,
27.87, 27.94, 28.72, 28.91, 28.98, 29.10, 30.47, 30.68,
51.23, 52.66, 55.07, 113.19, 113.51, 113.70, 113.73, 129.43,
130.33, 130.57, 139.88, 140.55, 141.32, 141.43, 141.48,
143.60, 143.93, 157.52; HRMS m/z calcd for C24H36O:
340.2766, found: 340.2761.

4.2.4. 1-(4-Bromophenyl)-2,3,4,5-tetrapropyl-1,3-cyclo-
pentadiene (7d). Pale yellow liquid, isolated yield 80%
(311 mg), GC yield 94%. Three isomers (3:1:1). IR (neat):
2960, 2360, 1896, 1709, 1573, 1464, 1377, 1073, 1010, 829,
737, 572, 508 cm21; 1H NMR (CDCl3, Me4Si) for the
mixture: d 0.62–1.05 (m, 14H), 1.41–1.70 (m, 8H), 2.06–
2.39 (m, 6H), 3.01 (t, J¼4.8 Hz, 0.2H), 3.36 (t, J¼4.2 Hz,
0.6H), 3.75 (s, 0.2H), 6.93–7.46 (m, 4H); 13C NMR
(CDCl3, Me4Si) for the major isomer: d 14.44 (3CH3), 14.66
(CH3), 16.12, 23.56, 23.95, 24.01, 27.77, 28.65, 29.06,
30.48, 52.54, 129.98, 130.96, 131.05, 131.19, 131.45,
140.68, 143.29, 144.86; HRMS m/z calcd for C23H33Br
388.1766, found 388.1766.

4.2.5. 1,2,3,4,5-Pentapropylcyclopentadiene (7e). Pale
yellow liquid, isolated yield 65% (179 mg), GC yield
90%. Two isomers (1:1). IR (neat): 2957, 2930, 2871, 1650,
1464, 1375, 1090 cm21; 1H NMR (CDCl3, Me4Si) for the
mixture: d 0.79–0.94 (m, 17H), 1.29–1.59 (m, 10H), 2.03–
2.30 (m, 8H), 2.86 (t, J¼6.6 Hz, 0.5H); 5.06 (t, J¼7.5 Hz,
0.5H); 13C NMR (CDCl3, Me4Si) for the mixture: d 14.31,
14.36, 14.46, 14.56, 14.57, 14.71, 15.06, 16.42, 19.98,
20.40, 21.32, 22.20, 22.21, 23.85, 24.07, 26.76, 27.91,
29.01, 29.18, 30.44, 36.07, 38.65, 44.62, 50.30, 50.97,
117.57, 136.61, 139.69, 141.47, 146.17, 150.07. These
NMR data are consistent with the reported data.8

4.2.6. 1-Butyl-2,3,4,5-tetrapropyl-1,3-cyclopentadiene
(7f). Pale yellow liquid, isolated yield 44% (128 mg), GC
yield 67%. Three isomers (2:1:1). IR (neat): 2959, 2361,
1700, 1464, 1378, 1088 cm21; 1H NMR (CDCl3, Me4Si) for
the mixture: d 0.72–1.07 (m, 17H), 1.30–1.59 (m, 12H),
2.01–2.41 (m, 8H), 2.86 (t, J¼3.9 Hz, 1H); 13C NMR
(CDCl3, Me4Si) for the mixture: d 13.95, 14.07, 14.10,
14.13, 14.16, 14.27, 14.29, 14.35, 14.44, 14.56, 14.69,
15.03, 16.38, 16.40, 19.96, 20.35, 20.36, 21.31, 22.19,
22.22, 23.05, 23.08, 23.11, 23.18, 23.25, 23.64, 23.83,
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24.06, 25.19, 25.54, 26.55, 26.75, 27.62, 27.90, 28.96,
29.00, 29.14, 29.17, 30.39, 30.40, 33.00, 33.24, 36.06,
38.59, 38.62, 44.59, 44.61, 50.26, 50.77, 50.96, 115.69,
139.46, 19.67, 139.69, 139.72, 141.16, 141.41, 141.47,
141.62; HRMS m/z calcd for C21H38: 290.2974, found:
290.2975.

4.2.7. 1-Phenyl-2,3,4,5-tetrabutyl-1,3-cyclopentadiene
(8a). Pale yellow liquid, isolated yield 60% (219 mg), GC
yield 85%. Three isomers (3:1:1). IR (neat): 2957, 1704,
1600, 1492, 1458, 1378, 1071, 756, 700 cm21; 1H NMR
(CDCl3, Me4Si) for the mixture: d 0.66–1.07 (m, 16H),
1.22–1.55 (m, 14H), 2.16–2.42 (m, 8H), 3.06 (t, J¼4.2 Hz,
0.2H), 3.43 (t, J¼3.6 Hz, 0.6H), 3.82 (s, 0.2H), 7.13–7.36
(m, 5H); 13C NMR (CDCl3, Me4Si) for the major: d 13.92,
14.02, 14.10 (2 CH3), 22.79, 22.91, 23.07 (2 CH2), 24.80,
25.43, 26.30, 26.64, 27.76, 32.67, 33.07, 33.21, 52.42,
125.33, 128.00, 128.45, 137.86, 140.63, 141.44, 142.60,
144.28; HRMS m/z calcd for C27H42: 366.3287, found:
366.3283.

4.2.8. 1-Propyl-2,3,4,5-tetrabutyl-1,3-cyclopentadiene
(8b). Pale yellow liquid, isolated yield 54% (179 mg), GC
yield 77%. Four isomers (5:2:2:1). IR (neat): 2959, 2873,
1702, 1460, 1379, 1103 cm21; 1H NMR (CDCl3, Me4Si) for
the mixture: d 0.78–0.97 (m, 19H), 1.18–1.1.62 (m, 14H),
2.05–2.40 (m, 8H), 2.60 (t, J¼7.5 Hz, 0.5H); 2.84 (t,
J¼7.2 Hz, 0.2H), 5.09 (dt, J¼7.2 Hz, J¼1.8 Hz, 0.2H), 5.33
(t, J¼7.2 Hz, 0.1H); 13C NMR (CDCl3, Me4Si) for the
mixture: d 13.95, 13.98, 14.06, 14.09, 14.14, 14.47, 14.58,
14.71, 16.40, 19.89, 20.29, 22.49, 22.67, 22.81, 22.89,
22.93, 23.01, 23.04, 23.08, 23.17, 23.24, 23.63, 24.07,
24.47, 5.20, 25.55, 26.52, 26.77, 27.06, 27.62, 27.93, 28.99,
29.10, 29.41, 30.35, 30.40, 31.00, 31.33, 32.34, 32.97,
33.23, 33.35, 34.13, 35.80, 36.10, 38.55, 44.62, 44.77,
50.31, 50.44, 50.85, 51.03, 115.60, 125.96, 135.30, 136.73,
136.89, 19.70, 139.73, 139.94, 146.04, 141.34, 141.37,
150.75; HRMS m/z calcd for C24H44: 332.3443, found:
332.3442.

4.2.9. 1,3,5-Triphenyl-2,4-dibutyl-1,3-cyclopentadiene
(9a). Pale yellow liquid, isolated yield 61% (247 mg), GC
yield 86%. Two isomers (2:1). IR (neat): 2958, 2871, 1703,
1598, 1492, 1445, 1378, 1071, 910, 699 cm21; 1H NMR
(CDCl3, Me4Si) for the mixture: d 0.51–1.53 (m, 14H),
2.14–2.55 (m, 4H), 4.17 (t, J¼4.8 Hz, 0.7H), 4.51 (t,
J¼3.3 Hz, 0.3H), 7.02–7.41 (m, 15H); 13C NMR (CDCl3,
Me4Si) for the major: d 22.54 (2 CH3), 22.58, 24.56, 25.90,
28.35, 31.33 (2 CH2), 54.14, 126.12, 126.65, 127.84,
127.89, 127.98, 128.15, 128.20, 128.25, 128.40, 128.47,
128.57, 128.60, 128.83, 128.88, 129.39, 129.68; HRMS m/z
calcd for C31H34: 406.2661, found: 406.2664.

4.2.10. 1,3-Diphenyl-2,5-dibutyl-4-propyl-1,3-cyclo-
pentadiene (9b). Pale yellow liquid, isolated yield 52%
(193 mg), GC yield 78%. Three isomers (2:1:1). IR (neat):
2961, 2361, 1717, 1598, 1492, 1449, 1071, 753, 701 cm21;
1H NMR (CDCl3, Me4Si) for the mixture: d 0.52–1.43 (m,
19H), 2.15–2.33 (m, 6H), 3.60 (t, J¼3.9 Hz, 0.6H), 3.93 (t,
J¼3.9 Hz, 0.2H), 3.98 (t, J¼3.9 Hz, 0.2H), 7.21–7.40 (m,
10H); 13C NMR (CDCl3, Me4Si) for the mixture: d 13.61,
13.74, 13.81, 13.86, 13.95, 13.99, 14.11, 14.24, 14.29,
14.46, 14.51, 16.33, 22.55, 22.62, 22.66, 22.75, 22.95,

23.03, 23.74, 24.00, 24.68, 25.01, 26.11, 26.16, 26.63,
26.81, 27.95, 28.00, 28.54, 29.01, 29.23, 30.69, 31.48,
31.52, 31.61, 32.65, 32.98, 33.11, 52.92, 54.49, 59.90,
125.69, 125.90, 126.16, 126.31, 126.37, 127.89, 128.16,
128.30, 128.42, 128.49, 128.65, 129.32, 129.48, 129.81,
137.69, 142.94, 143.08; HRMS m/z calcd for C28H36:
372.2817, found: 372.2803.

4.2.11. 1,3-Dibutyl-2-phenyl-4,5,6,7-tetrahydroindene
(10a). Pale yellow liquid, isolated yield 91% (280 mg),
GC yield 96%. Five isomers (4:2:2:1:1). IR (neat): 2956,
2925, 2861, 1701, 1646, 1456, 1377, 1089, 745 cm21; 1H
NMR (CDCl3, Me4Si) for the mixture: d 0.67–0.91 (m, 8H),
1.05–1.48 (m, 4H), 1.63–1.74 (m,.8H), 2.14–2.16 (m, 6H),
3.31 (s, 0.2H), 3.42 (s, 0.2H), 3.56 (t, J¼5.2 Hz, 0.4H), 5.12
(t, J¼7.8 Hz, 0.1H), 5.41 (t, J¼7.8 Hz, 0.1H), 7.11–7.32
(m, 5H); 13C NMR(CDCl3, Me4Si) for the mixture: d 13.63,
13.76, 13.95, 14.07, 14.09, 22.09, 22.41, 22.72, 22.87,
22.91, 22.96, 23.03, 23.08, 23.22, 23.27, 23.65, 24.38,
25.12, 25.38, 25.72, 26.11, 26.41, 27.90, 28.85, 29.05,
29.77, 30.77, 32.34, 33.59, 36.11, 50.58, 52.03, 54.00,
57.89, 58.82, 114.13, 116.66, 125.37, 125.41, 125.83,
127.16, 127.70, 128.05, 128.10, 128.23, 128.26, 128.49,
129.09, 138.99, 142.04, 142.36; HRMS m/z calcd for
C23H32: 308.2504, found: 308.2497.

4.2.12. 1,3-Dibutyl-2-propyl-4,5,6,7-tetrahydroindene
(10b). Pale yellow liquid, isolated yield 63% (173 mg),
GC yield 85%. Two isomers (2:1). IR (neat): 2957, 2870,
1702, 1599, 1492, 1458, 1378, 1032, 762, 701 cm21; 1H
NMR (CDCl3, Me4Si) for the mixture: d 0.81–0.95 (m,
13H), 1.17–1.66 (m, 14H), 2.02–2.17 (m, 6H), 5.00 (t,
J¼7.2 Hz, 0.7H); 5.27 (t, J¼3.0 Hz, 0.3H); 13C NMR
(CDCl3, Me4Si) for the major isomer: d 14.07, 14.14, 14.49,
19.97, 21.90, 22.75, 23.15, 23.20, 23.28, 23.65, 25.12,
29.36, 30.93, 33.51, 38.52, 45.37 (CH), 114.57, 134.64,
144.99, 150.78; HRMS m/z calcd for C20H34: 274.2661,
found: 274.2659.

4.2.13. Alcohol (12). Colorless crystals (mp: 838C), isolated
yield 67% (216 mg), GC yield 78%. 1H NMR (CDCl3,
Me4Si) 0.80–0.97 (m, 6H), 1.17–1.34 (m, 10H), 1.59 (br,
1H), 1.95–2.40 (m, 2H), 5.34 (s, 1H), 7.17–7.36 (m, 10H);
13C NMR (CDCl3, Me4Si) d 13.78, 13.98, 22.86, 23.41,
27.16, 30.15, 33.21, 34.24, 73.85, 125.73, 126.45, 126.66,
127.94, 128.21, 128.73, 137.17, 141.20, 142.59, 143.10;
HRMS m/z calcd for C23H30O: 322.2297, found: 322.2289.

4.3. Typical procedure for the preparation of benzene
derivatives from reactions of aluminacyclopentadienes
with dimethylacetylene dicarboxylate (DMAD)

To a diethyl ether (5 mL) solution of 1,4-dilithio-1,3-
butadiene (1 mmol) at 2788C was added AlCl3 (1.2 mmol).
The reaction mixture was warmed to room temperature and
stirred for 1 h. The reaction mixture was then again cooled
down to 2788C and was added dimethylacetylene dicar-
boxylate (DMAD) (2 mmol). The reaction mixture was then
warmed to room temperature and stirred for 2 h. The
reaction mixture was quenched with 3N HCl and extracted
with ether. The extract was washed with aqueous NaHCO3,
water, and brine and dried over MgSO4. The solvent was
then evaporated in vacuo to give a residue, which was
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purified by column chromatography (silica gel) to afford
benzene derivatives.

4.3.1. Dimethyl 3,4,5,6-tetraethylbenzene-1,2-dicar-
boxylate (11a). Colorless liquid, isolated yield 42%
(128 mg). IR (neat): 2958, 1729, 1436, 1379, 1291, 1206,
1085, 1058, 1020, 979, 954, 904, 828, 783, 737, 654,
596 cm21; 1H NMR (CDCl3, Me4Si) d 1.15 (t, J¼7.6 Hz,
6H), 1.19 (t, J¼7.6 Hz, 6H), 2.64–2.75 (m, 8H), 3.84 (s,
6H); 13C NMR (CDCl3, Me4Si) d 15.49, 15.98, 22.07,
23.54, 52.16, 130.46, 138.13, 143.25, 169.74. These NMR
data are consistent with the reported data.18

4.3.2. Dimethyl 3,4,5,6-tetrapropylbenzene-1,2-dicar-
boxylate (11b). Colorless crystals (mp: 868C), isolated
yield 41% (148 mg). 1H NMR (CDCl3, Me4Si) d 0.96 (t,
J¼7.2 Hz, 6H), 1.51 (t, J¼7.2 Hz, 6H), 1.75–1.80 (m, 8H),
2.16–2.20 (m, 8H), 3.86 (s, 6H); 13C NMR (CDCl3, Me4Si)
d 14.65, 22.57 (2 CH2), 23.69, 26.96, 32.13, 52.14, 129.67,
136.94, 136.61, 169.72.

4.3.3. Dimethyl 3,4,5,6-tetrabutylbenzene-1,2-dicar-
boxylate (11c). Colorless liquid, isolated yield 44%
(184 mg). IR (neat): 2957, 1734, 1563, 1438, 1379, 1295,
1198, 1102, 1075, 1035, 999, 917, 843, 731, 592 cm21; 1H
NMR (CDCl3, Me4Si) d 0.67–0.94 (m, 12H), 1.30–1.53
(m, 16H), 2.34–2.58 (m, 4H), 3.83 (s, 6H); 13C NMR
(CDCl3, Me4Si) d 13.67, 13.69, 23.17, 23.33, 29.03, 30.09,
33.31, 33.81, 51.96, 130.31, 136.85, 142.07, 169.67.
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