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Abstract—The bidentate Lewis acid generated by mixing 1,1 0-biphenyl-2,2 0-di(triflyl)amide (BIPAM) and 2 M equiv of Me2AlCl can
efficiently promote the intramolecular [3+2] cycloaddition reaction of a,b-enoate derivatives having ester tether linking a,b-unsat-
urated ester and allylsilane parts.
� 2006 Elsevier Ltd. All rights reserved.
Allylsilanes are widely used as very powerful synthons
for the formation of carbon–carbon bonds in organic
synthesis, since 1,2- or 1,4-additions of allylsilanes to
aldehydes and a,b-unsaturated carbonyl compounds
have found many applications in stereoselective synthe-
sis.1 In addition to such simple 1,2- and 1,4-additions,
the Lewis acid mediated cycloaddition reactions of allyl-
silanes with electron deficient olefins have shown their
potential efficiency to construct a variety of four- and
five-membered carbocycles.2–4 For example, the reaction
with a,b-enone derivatives provided cyclopentane com-
pounds in good yields and high stereoselectivities
through [3+2] cycloaddition.2 In contrast, the use of
acrylate derivatives as substrates brought about compet-
itive [2+2] and [3+2] cycloaddition.3 Although these
reactions have been well known as intermolecular reac-
tions, as far as we know, no successful example of intra-
molecular version, which would be potentially efficient
procedures for the preparation of bicyclic and polycyclic
compounds, has been reported.5

As one of the straightforward procedures for the prepa-
ration of bicyclic lactones, which are important constit-
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uents of many biologically active natural products,6,7 we
have reported the intramolecular Diels–Alder (IMDA)
reactions of ester-tethered ene-diene systems. It should
be noted that such ester compounds, compared to the
corresponding amide tethered compounds, show lower
reactivity in the IMDA reaction due to the difficulty in
adopting a cisoid form, in which the diene and the
dienophile are in close proximity.8,9 The fact is attri-
buted to the steric repulsion between two alkyl substi-
tuents (R1 and R2) and the dipole–dipole repulsion
between carbonyl and ethereal oxygen functions
(Scheme 1).10 To overcome the conformational disad-
vantage of the ester-tethered compounds for the IMDA
reactions, we have developed the efficient IMDA reac-
tions of 3,5-hexadienyl acrylates catalyzed by a bis-alu-
minated triflic amide TfN[Al(Me)Cl]2. The coordination
of both oxygen atoms of the ester group to the bidentate
Lewis acid would be expected to control the geometry of
the ester moiety to be a cisoid structure and strongly
enhance the reactivity of the dienophile (Scheme 1).11,12
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As an extension of our projects, we have examined the
cycloaddition reaction of 3-trialkylsilyl-4-pentenyl a,b-
enoate derivatives 1. We found that the [3+2] cycloaddi-
tion reaction of 1 was effectively promoted by a novel
bidentate Lewis acid A generated in situ by mixing
1,1 0-biphenyl-2,2 0-di(triflyl)amide (BIPAM) and 2 M
equiv of Me2AlCl (Scheme 2), and report the detail in
this letter.

The cycloaddition reaction of 3-trialkylsilyl-4-pentenyl
acrylate derivative 1a as a model substrate was con-
ducted under the various Lewis acid mediated condi-
tions (Table 1). At the outset, treatment of 1a with
1.3 equiv of triflic amide-based aluminated Lewis acid
TfN[Al(Me)Cl]2, which showed the best efficiency as
the mediator for the IMDA reactions of 3,5-hexadienyl
acrylates, promoted the [3+2] cycloaddition reaction in
dichloromethane at room temperature for 19 h to give
bicyclic lactone 2a in 61% yield (entry 1). The reaction
proceeded with high endo selectivity and cis-fused cyc-
loadduct was obtained as a single isomer. As shown in
entry 2, toluene was also a suitable solvent (2a; 66%
yield). However, the use of TfN(AlMe2)2 brought about
recovery of 1a in 25% at room temperature for 22 h (en-
try 3) and the use of TfN(AlCl2)2 lowered the yield of
adduct 2a due to the isolation of undesirable compound
(entry 4). It turned out that Me2AlCl and TiCl4
(2.6 equiv), which have been well documented as effi-
cient Lewis acids for intermolecular cycloaddition
reaction of allylsilanes,10–12 were ineffective for the
cycloaddition of 1a (entries 5 and 6).
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Table 1. Effect of Lewis acid on [3+2] cycloaddition reaction of 1a

O

O

SiMe2Ph

Lewis acid
(1.3 equiv)

CH2Cl2, rt
O

O
H

HPhMe2Si
1a 2a

Entry Lewis acid Time
(h)

2a Yield
(%)a

Recovery
of 1a (%)a

1 TfN[Al(Me)Cl]2 19 61 —
2b TfN[Al(Me)Cl]2 20 66 —
3 TfN(AlMe2)2 22 48c 25
4 TfN(AlCl2)2 17 38d —
5e Me2AlCl 22 14c,d 27
6e TiCl4 17 23 —

a Isolated yield.
b Solvent; toluene.
c A considerable amount of 3-dimethylphenylsilyl-4-penten-1-ol was

detected.
d A considerable amount of PhMe2SiOH was detected.
e 2.6 equiv of Lewis acid was employed.
Based on the aforementioned results of 1a, bidentate
Lewis acid TfN[Al(Me)Cl]2 was applied to the [3+2]
cycloaddition reaction of methacrylate 1b (Table 2,
entry 1). When the reaction of 1b was carried out even
at 50 �C for 24 h in toluene, the corresponding lactone
2b was obtained in only 31% yield along with the recov-
ery of 1b (29%). Since a considerable amount of PhMe2-

SiOH was also detected in this reaction, it turned out
that TfN[Al(Me)Cl]2 is not necessarily optimal Lewis
acid for the cyclization of 1b. Further efforts to search
an effective promoter made us find out 1,1 0-biphenyl-
2,2 0-di(triflyl)amide (BIPAM) as the basic ligand in
employable Lewis acid. That is, in the presence of Lewis
acid A (Scheme 2) derived from BIPAM (1 mol) and
Me2AlCl (2 mol), the reaction of 1b under similar condi-
tions (50 �C, 20 h) gave lactone 2b in 37% yield and the
recovery of 1b was good as shown in entry 2 (52% yield).
Furthermore, by treatment of 1b with 1.3 equiv of Lewis
acid A at 80 �C, the reaction completed within 5 h to
give bicyclic lactone 2a in 65% yield with complete endo
selectivity (entry 3). Recently, Maruoka et al. reported
the utility of Lewis acid C derived from BIPAM and
Me3Al in a ratio of 1:1 (Scheme 3) for a synthetic exam-
ple.13 Therefore, we examined the use of Lewis acid B
derived from BIPAM and Me2AlCl instead of Me3Al
under the same condition. In the presence of 1.3 equiv
of Lewis acid B, the [3+2] cycloaddition of 1b was
incomplete even at 80 �C for 22 h and the corresponding
lactone 2b was obtained in only 34% yield (Table 2,
entry 4). It turned out that the use of Lewis acid A rather
than Lewis acid B, a combination of BIPAM and
Me2AlCl in a ratio of 1:2, provided better results.

In Table 3, we have demonstrated the results of the
[3+2] cycloaddition reactions of substituted substrates
Table 2. Effect of Lewis acid on [3+2] cycloaddition reaction of 1b
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Me

HPhMe2Si

toluene

1b 2b

Lewis acid
(1.3 equiv)

Entry Lewis acid Temp
(�C)

Time
(h)

2b Yield
(%)a

1 TfN[Al(Me)Cl]2 50 24 31b,c

2 BIPAM+2Me2AlCl (A) 50 20 37d

3 BIPAM+2Me2AlCl (A) 80 5 65
4 BIPAM+Me2AlCl (B) 80 22 34

a Isolated yield.
b A considerable amount of PhMe2SiOH was detected.
c Recovery of 1b, 29%.
d Recovery of 1b, 52%.
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1a–f promoted by Lewis acid A. The reaction of acrylate
1a proceeded at 50 �C giving rise to the corresponding
adduct 2a in 73% yield (entry 1) and the yield of 2a
slightly increased, compared with the use of TfN[Al-
(Me)Cl]2 (2a; 66% yield, Table 1, entry 2). a-CF3-substi-
tuted acrylate 1c was consumed at room temperature to
give adduct 2c in 76% yield (entry 3), showing higher
reactivity than 1a. It is interesting to note that fumarate
1d having the electron-withdrawing CO2Et group at b-
position of acrylate moiety showed lower reactivity than
1a, although 2d was obtained in 72% yield on heating at
80 �C for 10 h (entry 4). Furthermore, crotonate 1e hav-
ing the electron-donating group at b-position required
prolonged reaction time (40 h) at 80 �C to provide
adduct 2e in 72% yield (entry 5). Unfortunately, the
reaction of cinnamate 1f as b-substituted acrylate did
not afford the cyclized product even at 110 �C and
recovery of the starting material was 27% (entry 6).

In all cases shown in Table 3, cis-fused adducts 2a–e
were obtained as a single isomer with the illustrated rel-
ative configuration.14 The observed diastereoselectivity
indicated that the [3+2] cycloaddition reaction would
proceed via polar endo-boatlike transition state A
(Fig. 1). This conformational preference is in accord
with our previous results in the IMDA reactions of
3,5-hexadienyl acrylates affording similar cis-fused
bicyclic lactone structure.11 Since the stereochemistry
between the silyl group and the carbonyl group in the
cyclized product 2 is trans relationship as in the case
of the intermolecular reaction of allylsilanes with a,b-
enone derivatives,2 one of the factors for endo selectivity
could be explained by considering the polar transition
state having positive charge on the silyl group and neg-
ative charge on the neighboring carbonyl group arised
Table 3. Lewis acid A promoted [3+2] cycloaddition reaction of 1
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Entry 1 R1 R2 Temp
(�C)
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(h)

2 Yield
(%)a

1 1a H H 50 7 2a 73
2 1b H Me 80 5 2b 65
3 1c H CF3 rt 20 2c 76
4 1d CO2Et H 80 10 2d 72
5 1e Me H 80 40 2e 72
6 1f Ph H 110 22 2f —b

a Isolated yield.
b Recovery of 1f, 27%.
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Figure 1. endo-Boatlike transition state A.
from coordination of Lewis acid with ester group. That
is, when silyl group occupies endo rather than exo orien-
tation toward carbonyl group, such an arrangement
would minimize charge separation in polar transition
state.2a

Next, by the [3+2] cycloaddition reactions of syn-ester
1g and anti-ester 1h having methyl group at 2-position
of 4-pentenyl alcohol moiety, including allylsilane unit,
we examined the substituent effect on stereospecificity
and the reactivity between each diastereomer (Table
4). In the presence of Lewis acid (1.3 equiv), the reaction
of a 6:1 mixture of syn-ester 1g and anti-ester 1h at 50 �C
for 40 h was incomplete, and syn isomer was recovered
in 22% while complete consumption of anti isomer
(entry 1). However, at 80 �C the reaction of the same
mixture smoothly proceeded to give adduct 2g as a major
isomer (entry 2, 2g 70%, 2h 14%). Compound 2g was
endo-cis isomer, which has cis relationship between Me
group at 2-position and hydrogen on the ring-junction
and the ratio of 2g:2h (5:1) was nearly equal to the
syn:anti ratio of the starting ester (6:1). On the other
hand, the reaction of anti-ester 1h completed at 80 �C
within 3 h giving rise to endo-trans isomer 2h in 76%
yield as a single isomer (entry 3). Thus, the [3+2] cyclo-
addition reactions of 1g and 1h proceeded in stereospe-
cific manner.14 As shown in entries 4 and 5, difference of
the reactivity of syn- and anti-ester was obvious. Treat-
ment of 1:1 mixture of syn- and anti-ester at 50 �C for
26 h afforded endo-trans 2h derived from anti-ester in
14% yield, which was 2-fold higher than that of endo-
cis 2g (7%), while the recovery of syn-ester was 24%,
which was 2-fold the amount of recovered anti-ester
(entry 4). Furthermore, when the ratio of anti-isomer
1h was higher than syn-isomer 1g (syn:anti = 1:4), a con-
siderable amount of syn-isomer was recovered and it
turned out that anti-isomer reacted more rapidly than
syn-isomer (entry 5).

The present results shown in Table 4 could be explained
by considering the endo-boatlike transition state. That
is, since both 2g and 2h were cis-fused lactones having
trans relationship between the silyl group and carbonyl
group as in the cases of 2a–e, the [3+2] cycloaddition
reactions of 1g and 1h would proceed via endo-boatlike
transition state. Taking the stereochemistry of methyl
group at 2-position into account, endo-cis isomer 2g
would be derived from syn-ester 1g via endo-boatlike
transition state B, in which methyl substituent occupies
a pseudo-equatorial position. On the other hand, endo-
trans isomer 2h would be derived from anti-ester 1h
via endo-boatlike transition state C, in which methyl
substituent occupies a pseudo-axial position. The differ-
ence of the reactivity between syn- and anti-ester would
be attributed to the steric repulsion between silyl substi-
tuent and methyl substituent at a pseudo-equatorial
position in transition state B. In transition state C, since
such a steric repulsion between silyl and methyl substi-
tuent would become relatively tiny, anti-isomer should
be more reactive than syn-isomer.

To understand the structure of Lewis acid A, we have
examined the following experiment. As shown in
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Table 5. 13C NMR (100 MHz, CDCl3, rt) of methyl crotonate with/
without Lewis acid

O

O

C

C β

α

Entry Lewis acid Chemical shift (ppm)

Cb Ca Cb–Ca
a

1 N 144.7 122.4 22.3

2b,c Me2AlCl Major 157.5 119.4 38.1
Minor 159.4 119.2 40.2

3 TfN[Al(Me)Cl]2 159.8 119.0 40.8

4d BIPAM+2Me2AlCl (A) Major 159.7 119.2 40.5
Minor 161.9 119.1 42.8

a Chemical shift difference between Cb and Ca.
b 2 equiv of Lewis acid was added.
c Major:minor = 2:1.
d Major:minor = 1.3:1.

Table 4. Lewis acid A promoted [3+2] cycloaddition reaction of 1g,h

1 Temp Time  Yield (%)a Recovery (%)a

Entry
(syn : anti) ( °C) (h) 2g 2h syn anti 

1 1g + 1h (6 : 1) 50 40 28 9 22 0 

2 1g + 1h (6 : 1) 80 5 70 14 - - 

3 1h (anti only) 80 3 0 76 - - 

4 1g + 1h (1 : 1) 50 26 7 14 24 12 

5 1g + 1h (1 : 4) 80 3 4 42 10 10 
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Scheme 2, treatment of BIPAM with 2 M equiv of
Me2AlCl for 30 min liberated 2 mol of gas. By the addi-
tion of 1 M equiv of Me2AlCl to BIPAM, 1 mol of gas
was detected at room temperature within 30 min, and
the addition of another 1 M equiv of Me2AlCl liberated
1 mol of gas after 30 min (Scheme 4). These results sug-
gested that the reaction of BIPAM and Me2AlCl in a
ratio of 1:1 at room temperature for 30 min would pro-
vide mono-aluminated Lewis acid D or a mixture of bis-
aluminated Lewis acid A and original BIPAM. Further
treatment with another 1 M equiv of Me2AlCl would
lead to bis-aluminated Lewis acid A. On the other hand,
generation of cyclic diamide type Lewis acid B required
the thermal condition as in the case of cyclic Lewis acid
C reported by Maruoka et al. (Scheme 3), since the
peaks of methyl ligand of aluminum metal disappeared
in 1H NMR spectrum after a mixture of BIPAM and
Me2AlCl in a ratio of 1:1 reacted at 110 �C for 30 min
in toluene-d8.

Concerning the activation of ester-tethered substrate by
Lewis acid A, we have carried out NMR studies using
methyl crotonate (Table 5). The 13C NMR spectrum
(100 MHz) of a mixture of methyl crotonate and Lewis
acid A in CDCl3 at room temperature showed two kinds
of complexes in a ratio of 1.3:1. Down-field shift of
the b-carbon of the major complex was found to be
15.0 ppm, while upper-field shift of the a-carbon was
3.2 ppm (entry 4 vs entry 1). Thus, the chemical shift dif-
ference between the b-carbon and the a-carbon was
40.5 ppm, indicating a significant electronic activation
of the double bond of the enoate moiety. In the case
of the minor complex, the chemical shift difference
between the b-carbon and the a-carbon was 42.8 ppm,
larger than that of the major isomer. These differences
in chemical shifts were larger than those observed with
2 M equiv of monodentate Lewis acid Me2AlCl (entry
2) or bidentate Lewis acid TfN[Al(Me)Cl]2 (entry 3),
supporting the fact that Lewis acid A is more effective.
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In conclusion, we have demonstrated that a novel
bidentate Lewis acid in situ generated from 1,1 0-bi-
phenyl-2,2 0-di(triflyl)amide (BIPAM) and 2 M equiv of
Me2AlCl can promote the intramolecular [3+2] cyclo-
addition reaction of acrylate derivatives having allyl-
silane moiety to give the cycloadduct in good yield
and with excellent stereoselectivity. Further studies on
the structure of the bidentate complexes, and applica-
tion to the synthesis of natural products are underway.
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