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Reactions of 1,2,3,4-tetrasubstituted 1,3-butadienes with maleic anhydride and other dienophiles were
investigated with or without addition of Lewis acid. When the silylated 1,3-butadienes, such as 1,4-
bis(trimethylsilyl)-1,3-butadienes or 1-trimethylsilyl-1,3-butadienes, were treated with maleic anhydride
in the presence of 2 equiv of AlCl3, multi-substituted 7-norbornenones of well-defined exo,exo-
disubstituted patterns were produced by an unprecedented and synthetically useful tandem process.
Although some tetrasubstituted 1,3-butadienes could react directly with maleic anhydride under relative
harsh conditions to afford Diels–Alder cycloadducts, the reactions, in the presence of 1 equiv of AlCl3,
afforded the corresponding cycloadducts in higher yields under mild conditions. These results showed
that the size and substitution pattern of substituents on the butadienyl skeleton played a very important
role in the reactivity of butadienes as a partner for the Diels–Alder reaction and Lewis acid could promote
and/or realize the process of a Diels–Alder reaction.

� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

We have recently reported an interesting reaction leading to
the formation of useful 7-norbornenones 3 and 4 of exo,exo-
disubstituted patterns from 1,4-bis(trimethylsilyl)-1,3-butadienes 1
or 1-trimethylsilyl-1,3-butadienes 2 with maleic anhydride in the
presence of newly sublimed AlCl3 (Eqs. 1 and 2).1 7-Norbornenones
have been widely used in various organic reactions and polymer
chemistry.2,3 In addition, 7-norbornenones have been well known
to have the normal conformation of endo,endo-disubstitution.4–6

Thus, our synthesis of 7-norbornenones 3 and 4 of exo,exo-
disubstituted patterns with multiple substituents is of significant
synthetic value and theoretic interest.
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For the formation of 7-norbornenone derivatives 3 and 4 from
1,4-bis(trimethylsilyl)-1,3-butadienes 1 or 1-trimethylsilyl-1,3-bu-
tadienes 2 and maleic anhydride in the presence of AlCl3, we have
proposed that a key intermediate 5 might be firstly formed via the
Lewis acid-mediated intermolecular Diels–Alder reaction. Again
mediated by AlCl3, the key intermediate 5 might undergo intra-
molecular allylation reaction of the carbonyl group by the in situ
generated allylsilane moiety affording multi-substituted 7-nor-
bornenones (Scheme 1). 1,4-Bis(trimethylsilyl)-1,3-butadienes 1
and 1-trimethylsilyl-1,3-butadienes 2, which are synthetically
useful silyl-substituted conjugated dienes,7,8 have become readily
available.9 This cooperative application of these silyl-substituted
conjugated dienes with the in situ generated allylsilane moiety is
unprecedented.7,8,10–14

In this full paper, we have investigated systematically both
Diels–Alder/intramolecular allylation reaction and Diels–Alder
reaction with or without Lewis acids between a variety of multiply
substituted 1,3-butadienes and dienophiles. Shown in Figure 1 are
dienes and dienophiles applied in this study.
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Figure 1. Representative dienes and dienophiles applied in this study.

Table 1
Formation of either Diels–Alder cycloadduct 5a or 7-norbornenone derivative 3a
from 1a and maleic anhydride in the presence of AlCl3 or EtAlCl2

SiMe3

SiMe3

+ O

O

O

1a

n equiv. 
Lewis acids
in CH2Cl2

- 20 °C, t (h)

Bu

Bu O

Bu
3a

O

SiMe3

SiMe3

O

O

Bu

Bu

5a

Bu

CO2H

SiMe3

Entry n (equiv) Time (h) Yield of productsa (%)

5a 3a

1 0.1b 1 0 0
3 4 0

2 0.5b 1 20 0
3 32 0

3 1.0b 1 54 0
3 76 Trace

4 2.0b 1 0 59
3 0 68

5 2.0c 3 0 63

a Isolated yields.
b Newly sublimed AlCl3.
c EtAlCl2.
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Scheme 1. Formation of 7-norbornenones 3,4 via the Lewis acid-mediated in-
termolecular Diels–Alder/intramolecular allylation reaction of the carbonyl group by
the in situ generated allylsilane.
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2. Results and discussion

2.1. Formation of either Diels–Alder cycloadducts
5 or 7-norbornenone derivatives 3 and 4 from bis-silylated
or mono-silylated 1,3-butadienes and maleic anhydride
with or without Lewis acids

Diels–Alder reaction has been one of the most useful methods to
construct cyclic compounds, both intermolecularly from two
components and intramolecularly from one molecule containing
the dienyl moiety and the dienophile moiety.7,8 It has been well
known that the substituents on the diene skeleton have a remark-
able effect on the reactivity. More attention has been paid to the
electronic effect of these substituents, but less to the steric
effect.7,8,15

Either the Diels–Alder cycloadducts 5 or 7-norbornenone de-
rivatives 3 and 4 from 1,2,3,4-tetrasubstituted 1,3-butadienes and
maleic anhydride with or without AlCl3 have been obtained. As
demonstrated by the reaction of 1a shown in Table 1, no reaction
was observed when Lewis acids such as MgBr2, CuCl, Ti(OiPr)4,
AlMe3, BEt3, BF3$Et2O, TiCl4, VCl3, and FeCl3 were used.16 In some
cases, desilylation of 1a took place. AlCl3 was found to be the most
effective Lewis acid for this reaction. EtAlCl2 could also be used but
resulting in a slightly lower yield (entry 5). As shown in Table 1, the
amount of AlCl3 determines the type of products. Either the Diels–
Alder cycloadduct 5a or the 7-norbornenone derivative 3a has been
obtained. When 0.1 equiv, 0.5 equiv or 1.0 equiv of AlCl3 was used
(entries 1–3), no formation of 7-norbornenone derivative 3a was
observed. On the contrary, the Diels–Alder cycloadduct 5a was
formed in increasing yields with the increase of the amount of
AlCl3. A high isolation yield of 5a (76%) was achieved when
1.0 equiv of AlCl3 was used (entry 3). It should be noted that newly
sublimed AlCl3 should be used to realize a clean and high-yielding
reaction. When 2.0 equiv of a Lewis acid such as AlCl3 and EtAlCl2
were used (entries 4 and 5), totally no cycloadduct 5a was obtained.
The 7-norbornenone derivative 3a was isolated in good yields in
both cases. The structure of 3a has been previously determined.1

These results showed that Lewis acids played a very important role
in this reaction. More importantly, these results indicated that the
7-norbornenone derivative 3a might be formed from an un-
precedented Lewis acid-mediated intramolecular skeletal rear-
rangement of the Diels–Alder cycloadduct 5a.

As shown in Figure 2, in addition to 1a, other type of bis-sily-
lated 1,3-butadienes 1b,c, and even the mono-silylated 1,3-buta-
diene 2a could also undergo similar reactions to afford the
corresponding 7-norbornenones 3b,c and 4a in high isolated yields
when 2 equiv of AlCl3 was used in these reactions. The structure of
3c has been reported previously.1

In addition to maleic anhydride as the dienophile, we have also
tried other dienophiles shown in Figure 1. In most cases a messy
mixture was obtained without formation of major isolable
products.

Several experiments were attempted to make sure that Lewis
acid was really necessary to promote the above-mentioned re-
actions. As demonstrated in Scheme 2, no reaction took place when
1a was treated with maleic anhydride in reflux toluene at 110 �C for
3 h. This result, by comparison with the data (76% isolated yield)
obtained by using 1 equiv of AlCl3, demonstrated that AlCl3 is in-
deed required for this case. However, under similar reaction con-
dition, the butadiene derivative 1c did react with maleic anhydride
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Figure 2. Formation of 7-norbornenone derivatives 3b,c and 4a.

Figure 3. X-ray structure of 5b.
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to afford its corresponding Diels–Alder cycloadduct 5b in 84% iso-
lated yield without addition of AlCl3 (Scheme 3). The same product
5b could also be obtained in a good yield when 1.0 equiv of AlCl3
was used. The structure of 5b has been characterized by single-
crystal X-ray structural analysis (Fig. 3). These results indicate that
(1) steric effect of substituents of the butadienyl skeleton plays an
important role in this Diels–Alder reaction, (2) 1c has higher
reactivity than 1a for the Diels–Alder reaction, and (3) AlCl3 can
remarkably promote the Diels–Alder reaction.
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We found that the reaction of mono-silylated 1,3-butadiene 2a
with maleic anhydride took place without addition of AlCl3 to af-
ford its corresponding Diels–Alder cycloadduct 5c along with its
desilylated derivative 5c0 with the combined 49% yield (Scheme 4).
However, 2a reacted with maleic anhydride in the presence of
1.0 equiv of AlCl3 to afford a mixture of products 5c and 5c0 with
good combined yield of 88% (Scheme 5). As mentioned in Figure 2,
in the case of 2a, 7-norbornenone 4a was obtained in 76% yield
when 2 equiv of AlCl3 was used (Fig. 2). These results show once
more that the Lewis acid can promote this process of Diels–Alder
reaction and the amount of the Lewis acid can also change effec-
tively the reaction direction.
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Scheme 5. Reaction of mono-silylated butadiene 2a with maleic anhydride mediated
by 1.0 equiv of AlCl3.
For the reaction mechanism from the silylated 1,3-butadienes
and maleic anhydride to form 7-norbornenones in the presence of
AlCl3, a key intermediate 5 might be involved, followed by Lewis
acid-mediated intramolecular allylation reaction of the carbonyl
group by the in situ generated allylsilane moiety (Scheme 1).1 This
proposal has been demonstrated by the following three experi-
ments. As given in Scheme 6, the Diels–Alder cycloaddition adduct
5d was obtained in 80% isolated yield when the reaction was car-
ried out at �20 �C for 30 min. No 7-norbornenone 3b was obtained
under this reaction condition. Interestingly, when the reaction
temperature increased to room temperature, 5d disappeared com-
pletely after 1 h, affording the multi-substituted 7-norbornenone



Table 2
Formation of Diels–Alder cycloadducts from non-silylated 1,3-butadienes 6a–d and
maleic anhydride with or without Lewis acids
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Scheme 6. One-pot formation of 7-norbornenone derivative 3b via formation of the
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3b in quantitative conversion. When pure isolated Diels–Alder
cycloadduct 5b (Eq. 3) or 5c (Eq. 4) was treated with AlCl3 in CH2Cl2,
both 5b and 5c could be completely transformed to their corre-
sponding 7-norbornenone derivatives 3c or 4a, respectively. All
these results strongly support the proposed pathway shown in
Scheme 1.
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2.2. Formation of Diels–Alder cycloadducts 7 from
non-silylated 1,3-butadienes and maleic anhydride
with or without Lewis acids

The above-mentioned reactions show that the substituents on
the butadienyl skeleton play a very important role in the reactivity
of Diels–Alder reaction. Therefore, we applied other type of buta-
dienes without SiMe3 groups for the Diels–Alder reaction. Listed in
Table 2 are representative results. The size and patterns of sub-
stituents on the butadienyl skeletons influenced remarkably the
reactivity of the butadiene as a partner for the Diels–Alder reaction.
1,2,3,4-Tetraethyl substituted 6a showed higher reactivity (yield of
product 7a: 94%) than that of 1,2,3,4-tetrapropyl substituted 6b
(yield of product 7b: 80%). 1,2,3,4-Tetrabutyl substituted butadiene
6c showed the lowest reactivity (yield of product 7c: 75%). The
butadiene 6d showed the highest reactivity among these dienes,
affording its corresponding product 7d in 91% isolated yield even at
0 �C within 1 h. Moreover, addition of AlCl3 promoted the reaction
and made the reaction faster.

3. Conclusion

Reactions between 1,2,3,4-tetrasubstituted 1,3-butadienes and
dienophiles, such as maleic anhydride, were investigated to yield
7-norbornenones or Diels–Alder cycloadducts with or without ad-
dition of Lewis acid. When 1,4-bis(trimethylsilyl)-1,3-butadienes or
1-trimethylsilyl-1,3-butadienes were used, an unprecedented and
synthetically useful tandem process was developed for the prepa-
ration of multi-substituted 7-norbornenones of well-defined
exo,exo-disubstituted patterns, inwhich a new synthetic strategy was
achieved through combining Lewis acid-mediated intermolecular
Diels–Alder reaction with Lewis acid-mediated intramolecular ally-
lation of the carbonyl group by the in situ generated allylsilane
moiety. The size and pattern of substituents on the butadienyl
skeleton were found to play a very important role on the reactivity of
butadienes as a partner for the Diels–Alder reaction. Lewis acid was
required in some cases to realize a successful Diels–Alder reaction,
greatly depending on also the size and pattern of substituents.
4. Experimental section

4.1. General

Unless otherwise noted, all starting materials were commer-
cially available and were used without further purification. All
reactions involving organometallic compounds were run under
a slightly positive pressure of dry N2 with use of standard Schlenk
techniques. Toluene was refluxed and distilled over sodium ben-
zophenone ketyl under a nitrogen atmosphere. 1H and 13C NMR
spectra were recorded on a JEOL-300 MHz spectrometer. GC anal-
ysis was performed on a gas chromatograph (Shimadzu 14B)
equipped with a flame ionization detector and a capillary column
(CBP1-M25-25).
4.2. A typical procedure for synthesis of 7-norbornenones 3
via reactions of 1,3-butadienes and maleic anhydride

1,3-Butadiene (1.0 mmol) was added to a CH2Cl2 solution of
maleic anhydride (1.0 mmol) at room temperature. After the re-
action mixture was cooled to �20 �C, newly sublimed AlCl3
(2.0 mmol) was added and the reaction mixture was then stirred at
�20 �C for 2 h. The above reaction mixture was quenched with
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water and extracted with Et2O. The extract was washed with brine
and dried over MgSO4. The solvent was evaporated in vacuo and the
residue purified by column chromatography (Et2O/hexane/acetic
acid¼10:100:1) to afford the products 3.

4.2.1. Compound 3a
Colorless solid, 68% yield (228 mg); mp 106.3–106.8 �C; 1H NMR

(300 MHz, CDCl3, Me4Si, 25 �C): d 0.12 (s, 9H, CH3), 0.89–0.96 (m,
7H, 2CH3 and 1CH), 1.32–2.18 (m, 12H, CH2), 2.48 (d, J¼11.4 Hz, 1H,
CH), 2.95 (d, J¼3.6 Hz, 1H, CH), 6.09–6.10 (m, 1H, CH), 11.11 (br, 1H,
COOH). 13C NMR (75 MHz, CDCl3, Me4Si, 25 �C): d 0.68 (3CH3), 13.90
(1CH3), 13.98 (1CH3), 22.62 (1CH2), 23.89 (1CH2), 26.84 (1CH2),
27.28 (1CH2), 27.92 (1CH2), 28.95 (1CH2), 34.29 (1CH), 45.96 (1CH),
51.02 (1CH), 55.94 (1 quart C), 122.83 (1CH), 153.03 (1 quart C),
181.94 (1 quart C), 203.17 (1 quart C). IR (neat): v (C]O) 1782,
1704 cm�1; HRMS-EI calcd for C19H32O3Si: 336.2121, found:
336.2122. Anal. Calcd for C19H32O3Si: C, 67.81; H, 9.58. Found: C,
67.62; H, 9.31.

4.2.2. Compound 3b
Colorless solid, 82% yield (216 mg); mp 134.0–136.0 �C; 1H NMR

(300 MHz, CDCl3, Me4Si, 25 �C): d 0.11 (s, 9H, CH3), 1.16 (d, J¼11.4 Hz,
1H, CH), 1.74–2.44 (m, 6H, CH2), 2.68 (d, J¼11.7 Hz, 1H, CH), 3.16 (d,
J¼4.2 Hz, 1H, CH), 6.08–6.09 (m, 1H, CH), 10.70 (br, 1H, COOH). 13C
NMR (75 MHz, CDCl3, Me4Si, 25 �C): d 0.25 (3CH3), 22.67 (1CH2),
26.82 (1CH2), 28.01 (1CH2), 31.34 (1CH), 45.96 (1CH), 54.84 (1CH),
61.69 (1 quart C), 119.41 (1CH), 160.73 (1 quart C), 182.53 (1 quart C),
196.58 (1 quart C). IR (neat): v (C]O) 1774, 1703 cm�1. Anal. Calcd
for C14H20O3Si: C, 63.60; H, 7.62. Found: C, 63.81; H, 7.59.

4.2.3. Compound 3c
Colorless solid, 75% yield (209 mg); mp 185.6–186.7 �C; 1H NMR

(300 MHz, CDCl3, Me4Si): d 0.12 (s, 9H, CH3), 0.16 (d, J¼11.7 Hz, 1H,
CH), 1.26–2.43 (m, 8H, CH2), 2.54 (d, J¼11.4 Hz, 1H, CH), 2.97 (d,
J¼3.9 Hz, 1H, CH), 6.01–6.03 (m, 1H, CH), 10.22 (br, 1H, COOH). 13C
NMR (75 MHz, CDCl3, Me4Si, 25 �C): d 0.31 (3CH3), 22.25 (1CH2),
22.85 (1CH2), 23.94 (1CH2), 26.81 (1CH2), 31.92 (1CH), 46.01 (1CH),
50.48 (1CH), 51.54 (1 quart C), 121.65 (1CH), 150.67 (1 quart C),
182.07 (1 quart C), 202.70 (1 quart C). IR (neat): v (C]O) 1758,
1720 cm�1. HRMS-SIMS calcd for (C15H21O3Si)�1: 277.1260, found:
277.1263. Anal. Calcd for C15H22O3Si: C, 64.71; H, 7.96. Found: C,
64.82; H, 8.19.

4.2.4. Compound 4a
Colorless oil, 76% yield (222 mg); 1H NMR (300 MHz, CDCl3,

Me4Si): d 0.84–0.99 (m, 9H, 3CH3), 1.23–2.22 (m, 15H, 7CH2

and 1CH), 2.56 (d, J¼10.8 Hz, 1H, CH), 2.94 (d, J¼13.6 Hz, 1H, CH),
6.11–6.12 (m, 1H, CH), 11.18 (br, 1H, COOH). 13C NMR (75 MHz, CDCl3,
Me4Si, 25 �C): d 13.96 (1CH3), 14.25 (1CH3), 15.33 (1CH3), 18.16
(1CH2), 22.01 (1CH2), 22.56 (1CH2), 26.58 (1CH2), 28.48 (1CH2),
28.79 (1CH2), 29.28 (1CH3), 42.44 (1CH), 45.96 (1CH), 49.41 (1CH),
56.81 (1 quart C), 124.09 (1CH), 152.12 (1 quart C), 180.20 (1 quart
C), 203.79 (1 quart C). IR (neat): v (C]O) 1778, 1705 cm�1; HRMS-EI
calcd for C18H28O3: 292.2038, found: 292.2038.

4.3. A typical procedure for synthesis of 5

1,3-Butadiene (1.0 mmol) was added to a CH2Cl2 solution of
maleic anhydride (1.0 mmol) at room temperature. After the re-
action mixture was cooled to �20 �C, newly sublimed AlCl3
(1.0 mmol) was added and the reaction mixture was then stirred at
�20 �C for 1 h. The above reaction mixture was quenched with
water and extracted with Et2O. The extract was washed with brine
and dried over MgSO4. The solvent was evaporated in vacuo and the
residue purified by column chromatography (Et2O/hexane¼1:12)
to afford the products 5.
4.3.1. Compound 5a
Colorless oil, 76% yield (310 mg); 1H NMR (300 MHz, CDCl3,

Me4Si, 25 �C): d 0.26 (s, 18H, CH3), 0.90 (t, J¼7.2 Hz, 6H, CH3), 1.12–
1.36 (m, 8H, CH2), 1.55–1.57 (m, 2H, CH), 1.89–2.30 (m, 4H, CH2),
3.39–3.40 (m, 2H, CH). 13C NMR (75 MHz, CDCl3, Me4Si, 25 �C):
d 13.78 (1CH3), 23.12 (1CH2), 31.83 (1CH), 32.01 (1CH2), 32.70
(1CH2), 45.70 (1CH), 138.85 (1 quart C), 174.54 (1 quart C). IR (neat):
v (C]O) 1777 cm�1; HRMS-EI calcd for C22H40O3Si2: 408.2516,
found: 408.2503.

4.3.2. Compound 5b
Colorless single crystals suitable for X-ray analysis17 were grown

in ether/hexane mixed solvent at room temperature in 84% yield
(299 mg); mp 132.0–133.0 �C; 1H NMR (300 MHz, CDCl3, Me4Si,
25 �C): d 0.25 (s, 18H, CH3), 1.52–1.58 (m, 6H, CH2 and CH), 2.14 (br,
4H, CH2), 3.41–3.42 (m, 2H, CH). 13C NMR (75 MHz, CDCl3, Me4Si,
25 �C): d 0.43 (3CH3), 22.93 (1CH2), 30.48 (1CH2), 31.66 (1CH), 45.43
(1CH), 135.53 (1 quart C), 174.18 (1 quart C). IR (neat): v (C]O)
1780 cm�1; HRMS-EI calcd for C18H30O3Si2: 350.1733, found:
350.1728. Anal. Calcd for C18H30O3Si2: C, 61.66; H, 8.62. Found: C,
61.40; H, 8.61.

4.3.3. Compound 5c
Colorless oil, 28% yield (82 mg); 1H NMR (300 MHz, CDCl3,

Me4Si, 25 �C): d 0.24 (s, 9H, CH3), 0.88–1.04 (m, 10H, 3CH3 and CH),
1.26–2.28 (m, 15H, 7CH2 and CH), 3.34–3.43 (m, 2H, CH). 13C NMR
(75 MHz, CDCl3, Me4Si, 25 �C): d �0.25 (3CH3), 13.54 (1CH3), 14.05
(1CH3), 14.33 (1CH3), 20.97 (1CH2), 22.84 (1CH2), 23.56 (1CH2),
29.28 (1CH2), 30.42 (1CH2), 31.57 (1CH2), 31.73 (1CH), 32.15 (1CH2),
39.32 (1CH), 43.71 (1CH), 44.23 (1CH), 135.81 (1 quart C), 138.98 (1
quart C), 172.35 (1 quart C), 174.18 (1 quart C); HRMS-EI calcd for
C21H36O3Si: 364.2434, found: 364.2424.

4.3.4. Compound 5c0

Colorless oil, 60% yield (175 mg); 1H NMR (300 MHz, CDCl3,
Me4Si, 25 �C): d 0.87–0.97 (m, 9H, CH3), 1.28–2.59 (m, 17H, 8CH2

and CH), 3.22–3.33 (m, 2H, CH). 13C NMR (75 MHz, CDCl3, Me4Si,
25 �C): d 13.92 (1CH3), 14.21 (2CH3), 21.27 (1CH2), 22.57 (1CH2),
22.81 (1CH2), 27.40 (1CH2), 30.39 (1CH2), 30.45 (1CH2), 32.58
(1CH2), 32.86 (1CH2), 39.44 (1CH), 40.33 (1CH), 44.29 (1CH), 132.42
(1 quart C), 135.90 (1 quart C), 172.52 (1 quart C), 174.70 (1 quart C).
HRMS-EI calcd for C18H28O3: 292.2038, found: 292.2043.

4.3.5. Compound 5d
Colorless solid, 80% yield (261 mg); mp 121.0–122.1 �C; 1H NMR

(300 MHz, CDCl3, Me4Si, 25 �C): d 0.23 (s, 18H, CH3), 1.58 (d,
J¼1.5 Hz, 2H, CH), 1.79–1.89 (m, 2H, CH2), 2.37–2.42 (m, 4H, CH2),
3.45–3.48 (m, 2H, CH). 13C NMR (75 MHz, CDCl3, Me4Si, 25 �C):
d 0.21 (3CH3), 22.70 (1CH2), 27.41 (1CH), 34.65 (1CH2), 45.10 (1CH),
140.67 (1 quart C), 174.25 (1 quart C). IR (neat): v (C]O) 1784 cm�1;
HRMS-EI calcd for C17H28O3Si2: 336.1577, found: 336.1586. Anal.
Calcd for C17H28O3Si2: C, 60.66; H, 8.39. Found: C, 60.48; H, 8.31.

4.4. A typical procedure for synthesis of Diels–Alder
cycloadduct 7 from non-silyated 1,3-butadienes and maleic
anhydride in the presence AlCl3

1,3-Butadiene (1.0 mmol) was added to a CH2Cl2 solution of
maleic anhydride (1.0 mmol) at room temperature. After the re-
action mixture was cooled to �35 �C, newly sublimed AlCl3
(1.0 mmol) was added and the reaction mixture was then stirred at
�35 �C for 1 h. The above reaction mixture was quenched with
water and extracted with Et2O. The extract was washed with brine
and dried over MgSO4. The solvent was evaporated in vacuo and the
residue was purified by column chromatography (Et2O/hexane¼
1:2) to afford the products 7.
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4.5. A typical procedure for synthesis of Diels–Alder
cycloadduct 7 from non-silyated 1,3-butadienes
and maleic anhydride without AlCl3

1,3-Butadiene (1.0 mmol) was added to a toluene solution of
maleic anhydride (1.0 mmol) at room temperature. The reaction
mixture was then stirred at refluxing temperature for 1 h. The sol-
vent was evaporated in vacuo and the residue was purified by col-
umn chromatography (Et2O/hexane¼1:2) to afford the products 7.

4.5.1. Compound 7a
Colorless oil, 94% yield (248 mg).

4.5.2. Compound 7b
Colorless oil, 86% yield (275 mg).

4.5.3. Compound 7c
Colorless oil, 72% yield (270 mg).
The 1H and 13C NMR data of 7a–c are consistent with the

published data.15

4.5.4. Compound 7d
Colorless oil, 93% yield (295 mg); 1H NMR (300 MHz, CDCl3,

Me4Si, 25 �C): d 0.95 (t, J¼7.2 Hz, 6H, CH3), 1.26–2.06 (m, 22H, 10CH2

and 2CH), 3.34–3.36 (m, 2H, CH). 13C NMR (75 MHz, CDCl3, Me4Si,
25 �C): d 14.07 (1CH3), 22.64 (1CH2), 22.84 (1CH2), 25.52 (1CH2),
26.67 (1CH2), 30.48 (1CH2), 39.21 (1CH), 44.05 (1CH), 134.32 (1
quart C), 172.04 (1 quart C). HRMS-ESI calcd for C20H30O3H
([MþH]þ): 318.2273, found: 319.2280.
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