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Abstract: The carbonylative skeleton rearrangement of 1,4 enynes
tethered by a cyclopropane group proceeded smoothly in the pres-
ence of [Rh(CO)2Cl]2 under CO atmosphere to give the corresponding
1,2,4,5,6,7-hexahydrocyclopenta[a]inden-3(3bH)-one derivatives
in moderate yields.
Key words: rhodium(I), carbonylation, skeleton rearrangement,
1,4-enyne, cyclopropane

Transition-metal-catalyzed carbonylation functions as a
primary and efficient route for introducing carbonyl
groups into an organic molecule.1 The versatility of carbo-
nylation technology has been extended to the formation of
a diverse array of organic carbonyl compounds via reac-
tions of aziridines,2 epoxides,3 oxazolines,4 methylenecy-
clopropanes,5 vinyl cyclopropanes,6,13 spiropentane,7 and
primary alkyl- or arylmethyl halides.8 Some of the carbo-
nylation reactions such as the well-known Monsanto pro-
cess has been commercialized, and CO-free
carbonylations have been also developed.9 Furthermore,
CO can also serve as an one carbon unit for cycloaddi-
tions, including [2+2+1],10 [3+3+1],11 [2+2+2+1],12

[5+2+1],13 etc.
Transition-metal-catalyzed enyne cycloisomerization has
been studied extensively during the last few decades.
However, only a few examples with regard to 1,4-enynes
have been reported,14 and the carbonylative cycloisomer-
ization of 1,4-enyne was very rare.15 In 2013, we reported
a novel rhodium(I)-catalyzed Pauson–Khand-type reac-
tion of cyclopropane group tethered 1,4-enynes,16 in
which the 1,4-enyne first undergoes an intramolecular
Pauson–Khand reaction and then the subsequent carbon-
ylative cleavage of the spiropentane unit to produce 6-
hydroxy-2,3-dihydro-1H-inden-1-one derivatives in
moderate yields. The ring opening of the cyclopropane
group and the aromatization process comprise the two
driving forces for this reaction to take place (Scheme 1, a).
Liu’s group also reported a novel cycloisomerization of
1,4-enynes in the presence of PtCl2 under CO atmosphere.
The reaction was initiated by a π-alkyne-activated sp3-
hydride shift, a 6-endo-dig cyclization and the subsequent
ring expansion, giving eight-membered carbocycles in
high yields (Scheme 1, b).17 We envisaged that if the ole-

fin unit of 1,4-enyne was a alkylidenecycloalkane, the in-
tramolecular Pauson–Khand reaction and the subsequent
aromatization would be inhibited and the reaction may
take place through a new pathway. Herein, we wish to re-
port an interesting rhodium(I)-catalyzed carbonylative re-
arrangement of 1,4-enynes tethered by a cyclopropane
group.

Scheme 1  Previous work and this work

We initiated our investigations by seeking the optimal
conditions for the carbonylative skeleton rearrangement
of 1,4-enyne 1a in the presence of transition-metal cata-
lyst, and the results are shown in Table 1. With
Rh(PPh3)3Cl as the catalyst, the corresponding product 2a
was afforded in 29% yield (Table 1, entry 1), and the de-
sired product was not detected when the temperature was
raised to 140 °C (Table 1, entry 2). Using [Rh(CO)2Cl]2 as
the catalyst, the yield of 2a was improved to 46% (Table
1, entry 3). Raising the temperature to 140 °C, the reaction
gave no desired product again (Table 1, entry 4). Other
rhodium catalysts such as Rh(PPh3)2(CO)Cl,
[Rh(cod)Cl]2, Rh(CO)2(acac), Rh(dppp)2Cl, [Cp*Rh-
Cl2]2, and Rh6(CO)16 were found to be ineffective to cata-
lyze this transformation (Table 1, entries 7–13). Other
transition-metal catalysts such as Ni(cod)2 and Vaska’s
complex were also found to be ineffective in this reaction
(Table 1, entries 14 and 15). [Rh(CO)2Cl]2 was identified
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to be the best catalyst. When the reactions were carried
out in other solvents such as PhCl, p-DCB, tetrachlo-
roethane, MeCN, and PhCN, the formation of 2a was not
observed (Table 1, entries 16–20). Addition of NMO has
been found to be able to accelerate the Pauson–Khand re-

action by removing a CO ligand from the metal oxidative-
ly as carbon dioxide,18 but it was also ineffective to our
reaction. Other additives such as AgSbF6 and phosphine
ligands19 (C6F5)3P, DPEphos and dppe have no effect to
improve the yield of 2a (Table 1, entries 21–25). It should

Table 1  Optimization of the Reaction Conditions

Entrya Catalyst Additive Solvent Temp (°C) Yield (%)b

1 Rh(PPh3)3Cl – p-xylene 100 29

2 Rh(PPh3)3Cl – p-xylene 140 n.d.d

3 [Rh(CO)2Cl]2 – p-xylene 120 46

4 [Rh(CO)2Cl]2 – p-xylene 140 n.d.d

5 [Rh(CO)2Cl]2 – p-xylene 60–130c 32

6 [Rh(dppp)(CO)Cl]2 – p-xylene 130 28

7 [Rh(cod)Cl]2 – p-xylene 100 n.d.d

8 Rh(CO)2(acac) – p-xylene 100 n.d.d

9 [Rh(C2H4)2Cl]2 – p-xylene 100 n.d.d

10 Rh(dppp)2Cl – p-xylene 100 n.d.d

11 Rh(CO)(PPh3)2Cl – p-xylene 100 n.d.d

12 Rh6(CO)16 – p-xylene 100 n.d.d

13 [Cp*RhCl2]2 – p-xylene 100 n.d.d

14 Ir(PPh3)2(CO)Cl – p-xylene 130 n.d.d

15 Ni(cod)2 – p-xylene 120 n.d.d

16 [Rh(CO)2Cl]2 – PhCl 120 n.d.d

17 [Rh(CO)2Cl]2 – p-DCB 120 n.d.d

18 [Rh(CO)2Cl]2 – tetrachlorethane 120 tracee

19 [Rh(CO)2Cl]2 – MeCN 80 n.d.d

20 [Rh(CO)2Cl]2 – PhCN 120 n.d.d

21 [Rh(CO)2Cl]2 AgBF4 p-xylene 100 n.d.d

22 [Rh(CO)2Cl]2 dppe p-xylene 100 n.d.d

23 [Rh(CO)2Cl]2 NMO p-xylene 100 n.d.d

24 [Rh(CO)2Cl]2 DPEphos p-xylene 100 n.d.d

25 [Rh(CO)2Cl]2 (4-F3CC6H4)3P p-xylene 120 tracee

a The reaction was performed in a 25 mL flame- and vacuum-dried Schlenk tube. Compound 1 (0.2 mmol) and the catalyst (5 mol%) were added, 
and the tube was evacuated and backfilled with CO. Then, the solvent was added, and the reaction mixtures were allowed to stir in an oil bath 
at indicated temperature for 12 h.
b Isolated yields.
c The temperature was raised from 60 °C to 130 °C gradually.
d Not detected.
e Detected by the 1H NMR of the crude product.
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be also noted that when this [Rh(CO)2Cl]2-catalyzed reac-
tion was conducted without CO, the conversion of 1a was
very low (<5%) and only trace amount of product 2a was
afforded.
To evaluate the generality of the reaction, different sub-
strates with varying substituents were synthesized and in-
vestigated under the standard reaction conditions. The
results are shown in Table 2. All of the reactions proceed-
ed smoothly when the substituents were introduced on the
aromatic ring regardless of whether they have electron-
donating or electron-withdrawing substituents (Table 2,
entries 1–10). The structure of 2a was unambiguously
confirmed by the X-ray diffraction (Figure 1).20

The mechanism of this reaction is still unclear at this
stage. A plausible reaction mechanism is shown in
Scheme 2 using 1a as a model substrate.21 Compound 1a
first undergoes oxidative addition in the presence of rho-
dium(I) catalyst to give rhodacyclobutane intermediate A.
The subsequent rearrangement of intermediate A produc-
es intermediate B, which undergoes carbonylation to gen-
erate intermediate C. The reductive elimination in
intermediate C produces compound 2a′. Compound 2a′ is
a relatively labile substance, which can easily produce 2a
via 1,2-alkyl migration.22

In summary, we have developed a novel carbonylative
skeleton rearrangement of cyclopropane-tethered 1,4-
enynes catalyzed by [Rh(CO)2Cl]2 under CO atmosphere,
affording the corresponding 1,2,4,5,6,7-hexahydrocyclo-

penta[a]inden-3(3bH)-one derivatives in moderate yields.
A plausible reaction mechanism has also been proposed.

General Procedure for the Rhodium-Catalyzed Carbonylative 
Skeleton Rearrangement
To a 25 mL flame- and vacuum-dried Schlenk tube were added the
substrate 1 (0.2 mmol) and [Rh(CO)2Cl]2 (0.005 mmol). The
Schlenk tube was evacuated and backfilled with CO, then p-xylene
(2 mL) was added, and the reaction mixture was allowed to stir at
indicated temperature for 12 h. The product was purified by column
chromatography or preparative silica gel plate using PE and EtOAc
as eluent (PE–EtOAc = 8:1).

Compound 2a
A white solid; mp 104–107 °C. 1H NMR (400 MHz, CDCl3, TMS):
δ = 1.13–1.17 (m, 1 H, CH2), 1.20–1.30 (m, 2 H, CH2), 1.56–1.58

Table 2  Substrate Scope of the Carbonylative Skeleton Rearrange-
ment

Entrya R Temp (°C) Yield (%)b

1 1b 4-MeC6H4 120 2b 34

2 1c 3-MeC6H4 100 2c 32

3 1d 3,5-Me2C6H4 120 2d 34

4 1e 4-PhC6H4 120 2e 43

5 1f 4MeOC6H4 100 2f 39

6 1g 4-ClC6H4 100 2g 30

7 1h 4-FC6H4 120 2h 35

8 1i 4-AcC6H4 100 2i 31

9 1j 4-MeO2CC6H4 100 2j 32

10 1k 4-F3CC6H4 100 2k 28
a The reaction was performed on 0.2 mmol scale.
b Isolated yields.
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Figure 1  X-ray crystal structure of compound 2a

Scheme 2  A plausible reaction mechanism
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(m, 1 H, CH2), 1.965–1.973 (m, 1 H, CH2), 2.36–2.37 (m, 1 H,
CH2), 2.63–2.71 (m, 4 H, CH2), 2.76–2.81 (m, 1 H, CH2), 3.10–3.14
(m, 1 H, CH2), 6.36 (d, J = 1.5 Hz, 1 H, Ar), 7.18–7.21 (m, 1 H, Ar),
7.26–7.28 (m, 4 H, Ar). 13C NMR (100 MHz, CDCl3, TMS): δ =
21.3, 23.9, 29.0, 29.6, 36.3, 40.8, 56.9, 122.4, 126.5, 127.1, 128.6,
138.2, 155.7, 173.2, 181.6, 197.8. IR (CH2Cl2): ν = 2950, 1720,
1604, 1435, 1275, 1107, 858, 765, 750, 698 cm–1. MS (%): m/e (%)
= 250 (48.56) [M+], 222 (12.62), 208 (100.00), 193 (17.25), 179
(34.08), 165 (42.13), 152 (13.64), 128 (13.34), 115 (26.15), 89
(11.25). HRMS (EI): m/z calcd for C18H18O: 250.1358; found:
250.1357.

Compound 2b
A white solid; mp 123–125 °C. 1H NMR (400 MHz, CDCl3, TMS):
δ = 1.15–1.19 (m, 1 H, CH2), 1.26–1.34 (m, 2 H, CH2), 1.55–1.56
(m, 1 H, CH2), 1.69–1.75 (m, 1 H, CH2), 1.93–1.98 (m, 1 H, CH2),
2.29 (s, 3 H, CH3), 2.33–2.40 (m, 1 H, CH2), 2.59–2.75 (m, 4 H, 2
CH2), 2.77 (d, J = 13.6 Hz, 1 H, CH2), 3.09 (dd, J1 = 13.6 Hz, J2 =
2.0 Hz, 1 H, CH2), 6.35 (d, J = 1.6 Hz, 1 H, =CH), 7.09 (d, J = 8.0
Hz, 2 H, Ar), 7.17 (d, J = 8.0 Hz, 2 H, Ar). 13C NMR (100 MHz,
CDCl3, TMS): δ = 21.0, 21.3, 23.9, 28.9, 29.6, 36.2, 40.9, 56.6,
122.3, 126.9, 129.3, 135.1, 136.1, 155.9, 173.4, 181.5, 197.9. IR
(CH2Cl2): ν = 2930, 2856, 1674, 1541, 1386, 1327, 1054, 846, 730
cm–1. MS: m/e (%) = 264 (58.45) [M+], 236 (17.47), 222 (100.00),
207 (33.57), 193 (21.75), 179 (33.86), 165 (21.79), 128 (11.00), 115
(20.07), 89 (18.94). HRMS (EI): m/z calcd for C19H20O: 264.1514;
found: 264.1513.
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