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Abstract An intramolecular [3+2] cycloaddition of trans-2-allene-
vinylcyclopropanes for the synthesis of bicyclo[3.3.0]octane derivatives
is developed.
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bicyclo[3.3.0]octanes

Five-membered carbocyclic rings are ubiquitous in nat-
ural products of biological and pharmaceutical importance.
Consequently, many powerful synthetic methodologies for
the construction of five-membered rings have been devel-
oped.1 Among these methodologies, [3+2] cycloadditions2

between various three-carbon and two-carbon synthons
are efficient for the construction of five-membered rings.
Cyclopropanes, being small rings with high strain, have
been reported as good three-carbon synthons and various
cyclopropane derivatives substituted with different activat-
ing functional groups, such as cyclopropyl ketones,3a–e

cyclopropyl carboxamide,3f cyclopropenones4 and al-
kylidenecyclopropanes (ACPs),5,6 have been successfully
used in [3+2] cycloadditions.

Our group has a strong interest in discovering and de-
veloping transition-metal-catalyzed cycloadditions using
highly strained small rings. We found previously that vinyl-
cyclopropanes (VCPs),7 without electron-withdrawing acti-
vation groups, could also play the role of three-carbon syn-
thons in intramolecular cycloadditions.8,9 For example, in
2008, we reported the intramolecular [3+2] cycloaddition
of trans-2-ene-VCPs to afford fused bicyclic products
(Scheme 1, a).8a

Scheme 1  Reaction modes of 2-ene/allene-VCPs under Rh(I) catalysis

When we used cis-2-ene-VCPs as substrates, unexpect-
ed intramolecular [5+2] cycloaddition took place, although
limited examples were reported (Scheme 1, b).8a To over-
come the drawback of such a [5+2] reaction with narrow
substrate scope, we changed the 2π component from
alkenes to allenes, which were expected to have high reac-
tivity,10 and observed an unanticipated bicyclo[4.3.1]dec-
ane product via a novel bridged [5+2] reaction (Scheme 1,
c).11 Inspired by these studies, we synthesized trans-2-al-
lene-VCPs and investigated which reaction, i.e., the [3+2] or
the bridged [3+2] cycloaddition, would occur with these
substrates.
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Our test of the new design started with the tosylamide-
tethered trans-2-allene-VCP substrate 1a (Table 1). At first,
we tried [Rh(CO)2Cl]2 as the catalyst, which was used in the
previous bridged [5+2] reaction,11 finding that fused bicy-
clic product 2a and bridged [3+2] cycloadduct 3a were both
produced in a combined yield of 84% with a ratio of 2a/3a of
1:1.8 (entry 1). Other rhodium catalysts, such as
[Rh(COD)Cl]2 and Wilkinson’s catalyst [Rh(PPh3)3Cl] were
also tested, but only trace products were observed in most
cases (entries 2–5). The situation took a favored turn when
we employed cationic Rh(I) catalysts. The fused bicyclic
[3+2] product 2a became the main product (ratio of 2a/3a =
9:1) when [Rh(CO)2Cl]2/AgOTf was used as the catalyst, al-
though the yield was rather poor (entry 6). [Rh(COE)2Cl]2/Ag-
OTf proved to be inefficient because decomposition of the
starting material was observed in this case (entry 7). A se-
ries of cationic Rh(I) catalysts with phosphine ligands was
also tested (entries 8–10), and Rh(CO)(PMe3)2Cl12/AgOTf
showed the best selectivity (2a/3a > 20:1) with a yield of
51%. The skeleton of the product 2a was further confirmed by
single-crystal X-ray crystallographic analysis (Figure 1).13

Next, we screened other solvents (Table 1, entries 11–
13) and silver salts (entries 14 and 15). DCE proved to be
the best solvent and a yield of 74% was achieved without
any decrease of the selectivity. When AgSbF6 or AgNTf2 was
used instead of AgOTf, slightly lower yields were obtained.
Finally, we increased the reaction temperature to 100 °C,
finding that the reaction yield was nearly the same, but that
the ratio of 2a/3a decreased to 17:1.

Figure 1  ORTEP representation of compound 2a

Table 1  Optimization of the Rhodium(I)-Catalyzed Intramolecular [3+2] Cycloadditiona

Entry Catalyst Solvent Temp (°C) Time (h) Yield (%)b Ratio (2a:3a)c

1 [Rh(CO)2Cl]2 DME 80 4 84 1:1.8

2 [Rh(COD)Cl]2 DME 80 5 NR –

3 [Rh(COE)2Cl]2 DME 80 6 36 2:1d

4 Rh(CO)(PPh3)2Cl DME 80 28 trace –

5 Rh(PPh3)3Cl DME 80 17 trace –

6 [Rh(CO)2Cl]2/10 mol% AgOTf DME 80 5 22 9:1

7 [Rh(COE)2Cl]2/10 mol% AgOTf DME 80 5 dec. –

8 Rh(PPh3)3Cl/5 mol% AgOTf DME 80 7 76 1.4:1

9 Rh(CO)(PPh3)2Cl/5 mol% AgOTf DME 80 5 68 4.2:1

10 Rh(CO)(PMe3)2Cl/5 mol% AgOTf DME 80 16 51 >20:1

11 Rh(CO)(PMe3)2Cl/5 mol% AgOTf DCE 80 20 74 >20:1

12 Rh(CO)(PMe3)2Cl/5 mol% AgOTf toluene 80 16 66 >20:1

13 Rh(CO)(PMe3)2Cl/5 mol% AgOTf dioxane 80 16 60 >20:1

14 Rh(CO)(PMe3)2Cl/5 mol% AgSbF6 DCE 80 24 44 20:1

15 Rh(CO)(PMe3)2Cl/5 mol% AgNTf2 DCE 80 24 60 >20:1

16 Rh(CO)(PMe3)2Cl/5 mol% AgOTf toluene 100 3 76 17:1
a Reactions were performed on 0.1 mmol scale with 5 mol% of the Rh catalyst.
b Combined isolated yield of 2a and 3a. NR = no reaction; dec. = decomposed.
c The ratio was determined by 1H NMR.
d Obtained with an inseparable, unidentified by-product.
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We chose the conditions in entry 11 of Table 1 as the
optimum reaction conditions,14 and began to investigate
the reaction scope of the present [3+2] cycloaddition (Table
2). Firstly, terminally disubstituted allenes were found to be
excellent substrates (entries 1–5) and fused bicyclic prod-
ucts 2a–e were isolated in good yields. For substrate 1e,

which had two different terminal substituents on the allene
moiety, product 2e was obtained in 68% yield with a Z/E ra-
tio of 1.2:1. In addition to using NTs-tethered substrates,
NNs-, NBs- and NSO2Ph-tethered substrates were also syn-
thesized and tested in [3+2] reactions under the optimized
reaction conditions (entries 6–8). Good yields were
achieved for all these substrates in [3+2] cycloadditions.
Unfortunately, C-tethered substrate 1i was not converted
into the desired [3+2] cycloadduct because no reaction took
place under the optimized conditions (entry 9).

We also synthesized substrates 1j–l and examined how
the substituents on the VCP moieties of the substrates af-
fected the reaction outcomes (Table 2, entries 10–12). Our
experiments showed that the present [3+2] cycloaddition
was sensitive to changes of the VCP moieties of the sub-
strates. When substrate 1l with substitution on the cyclo-
propane moiety was used, a good yield was achieved. How-
ever, when substrates 1j and 1k with substituents on the
alkene moieties were tested, complex mixtures were gener-
ated. For substrate 1k, a low yield of the corresponding bi-
cyclic product was observed by NMR of the crude material;
however, we were unable to isolate the product in pure
form due to the presence of some inseparable, unidentified
by-products.

The proposed mechanisms of this [3+2] cycloaddition
and its competing bridged [3+2] reaction are shown in
Scheme 2.

Scheme 2  Plausible catalytic cycles of the [3+2] reactions

The [3+2] catalytic cycle commences with the binding
of the catalytic rhodium species to the alkene moiety of the
VCP to give intermediate A, followed by cleavage of the
cyclopropane ring. When Rh(CO)(PMe3)2Cl/AgOTf is used as
the catalyst, intermediate B is generated. Next, the internal
double bond of the allene inserts into the Rh–C2 bond. Fi-

Table 2  Substrate Scope of the Intramolecular [3+2] Cycloadditiona

Entry Substrate Product, Time, Yieldb

1 1a, R1 = R2 = Me 2a, 20 h, 73%

2 1b, R1 = R2 = Et 2b, 20 h, 73%

3 1c, R1 = R2 = –
CH2(CH2)4CH2– 2c, 20 h, 73%

4 1d, R1 = R2 = –
CH2(CH2)3CH2– 2d, 20 h, 62%

5 1e, R1 = Me, R2 = Ph 2e, 20 h, 68% (Z/E = 1.2:1)c

6 1f, X = NNs 2f, 20 h, 80%

7 1g, X = NBs 2g, 18 h, 76%

8 1h, X = NSO2Ph 2h, 20 h, 76%

9 1i, X = C(CO2Me)2 no reaction

10 1j, R1 = Ph, R2 = H complex mixture

11 1k, R1 = Et, R2 = H complex mixture

12 1l, R1 = H, R2 = Me (dr = 
1.4:1) 2l, 20 h, 72% (dr = 1.4:1)c

a Reactions were performed on 0.2 mmol scale and DCE (4 mL) was used as 
the solvent.
b Yield given as an average of two runs.
c The two isomers were inseparable and the ratio was determined by 1H 
NMR.
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nally, the fused bicyclic product 2 is formed by reductive
elimination and the catalytic rhodium species is regenerat-
ed to complete the catalytic cycle. Here, the trans configura-
tion of the VCP in substrate 1 makes the allene moiety stay
near the carbon atom C1, leading to the [3+2] cycloadduct
215 instead of the [5+2] cycloadduct. However, when
[Rh(CO)2Cl]2 is used, both [3+2] and bridged [3+2] pathways
are possible. In this case, generation of intermediate B′ be-
comes more favored, and this step is followed by insertion
of the allene’s internal double bond into the Rh–C1 bond,
but in an opposite manner compared to the normal [3+2]
pathway. The bridged [3+2] cycloadduct 3 is finally generat-
ed by reductive elimination from intermediate C′. Similarly,
the allene moiety stays near the carbon atom C1 because of
the trans configuration of the VCP in the substrate 1, lead-
ing to bridged [3+2] cycloadduct 3 instead of the bridged
[5+2] cycloadduct.

In conclusion, an intramolecular [3+2] cycloaddition of
trans-2-allene-vinylcyclopropanes has been developed to
synthesize bicyclo[3.3.0]octane derivatives. The formation
of 1,4-diene moieties in the products enables further access
to more complex structures.16
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