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Abstract: Solvent-free, efficient, and mild 2-pyrone synthesis by
the cycloaddition of alkynes with CO2 has been achieved under
compressed CO2 with a Ni(cod)2/P(C4H9)3 or Ni(cod)2/P(C8H17)3

catalyst; both high yields (up to 98%) and selectivities (up to 99%)
are attained. One attractive aspect of these catalysts is their high ef-
ficiency at low CO2 pressures (4 MPa). The applicability of this re-
action to a broad range of alkyne substrates and the ease of handling
the phosphine ligands are additional merits of the present new cata-
lytic systems in comparison to the previously reported Ni(cod)2/
P(CH3)3 catalyst in supercritical CO2.
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The cycloaddition of alkynes 1 with CO2 to afford 2-py-
rones 21 has drawn much attention from the viewpoints of
the utility of 2-pyrone derivatives2–4 and the chemical fix-
ation of CO2. Typically a combination of Ni(cod)2

(cod = 1,5-cyclooctadiene) and various phosphines PR¢3
(3) are used as catalysts. Two procedures have been re-
ported to be useful for producing 2-pyrones in high yields
by catalysis: the first involves a reaction in finely-tuned
organic solvents and the second is a reaction in supercrit-
ical CO2 (scCO2) without organic solvents.

Concerning the former approach, Walther et al. reported
that the Ni(cod)2/P(C2H5)3 catalyst effects the cycloaddi-
tion of 3-hexyne (1a) with CO2 to give tetraethyl-2-py-
rone (2a) quantitatively in THF–acetonitrile.1b The
presence of acetonitrile is indispensable and plays a criti-
cal role in the efficient formation of 2a. Another charac-
teristic result is the effect of the phosphine ligand: the
sterically small trialkylphosphine ligand, P(C2H5)3, was
effective, but the sterically bulky P(c-C6H11)3 was much
less effective.

The second approach involves the use of scCO2 both as a
solvent and as a substrate. This approach has two signifi-
cant advantages. The first concerns the role of scCO2 as a
suitable ‘environmentally benign’ alternative for a variety
of solvents5,6 because there is a need to reduce or elimi-
nate toxic chemical wastes and by-products that arise in
the course of chemical synthesis and manufacture.7 The

second is related to the role of scCO2 as a substrate, which
may improve the reaction rate and the product selectivity.

To the best of our knowledge, only two studies on the
Ni(cod)2/phosphine-catalyzed cycloaddition of 1 with
CO2 in scCO2 have been reported and both indicate a re-
markable phosphine ligand effect together with a very
limited scope of applicable alkyne substrates. Reetz et al.
reported that 2a is formed in 35% yield and ca. 90% selec-
tivity by Ni(cod)2/(C6H5)2P(CH2)4P(C6H5)2 catalysis in
scCO2.

8,9 Walther et al. used trialkylphosphine ligands in-
stead of (C6H5)2P(CH2)4P(C6H5)2 and reported the forma-
tion of 2a in yields of 99% [P(CH3)3], 53% [P(C2H5)3],
and 3% [P(C3H7)3].

10 The ligand P(CH3)3 was highly ef-
fective for the reaction of 1a, but was ineffective for the
reaction of 2-butyne (4% yield). The result of the reaction
of 4-octyne (1b) with the Ni(cod)2/P(C2H5)3 catalyst was
also unsatisfactory (8% yield).

We have studied further the effect of phosphine ligand 3
on the Ni(0)-catalyzed cycloaddition of alkynes 1 with
CO2 to produce 2-pyrones 2 under compressed CO2 with-
out organic solvents along with improving the substrate
scope of the reaction. This communication reports that a
catalyst generated from Ni(cod)2 and P(C4H9)3 (3a) or
P(C8H17)3 (3b) bearing a long primary alkyl chain, i.e., a
Ni(cod)2/P(C4H9)3 or Ni(cod)2/P(C8H17)3 catalyst, effects
the solvent-free and efficient synthesis of 2 by the cy-
cloaddition of 1 with CO2 under compressed CO2. This
solvent-free 2-pyrone synthesis is also characterized by
being widely applicable to a range of alkyne substrates
(Scheme 1).

Scheme 1

The effect of phosphine ligands on the Ni(0)-catalyzed cy-
cloaddition of 3-hexyne (1a) with CO2 is listed in Table 1.
A catalyst generated from Ni(cod)2 (10 mol% with respect
to 1a) and P(C8H17)3 (3b) (20 mol% with respect to 1a)
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gave tetraethyl-2-pyrone (2a) in 99% yield in THF–aceto-
nitrile (1:1) at 120 °C under CO2 pressure (5 MPa at
20 °C) (Table 1, entry 3). As by-products, the cyclopenta-
diene-type trimers 4a were produced in 1% yield and the
benzene-type trimer 5a was barely detected by GC; this
result is consistent with a previous report.1b Quite interest-
ingly, when this reaction was carried out under com-
pressed CO2 (15 MPa) in the absence of both THF and
acetonitrile, 2a was obtained nearly quantitatively (95%
yield; Table 1, entry 4).11,12 The alkyne trimers 4a were
formed in very small amounts (1%), and the benzene de-
rivative 5a was detected only in trace amounts. A reaction
employing P(C4H9)3 (3a) as the ligand also gave 2a in
97% yield (Table 1, entry 1). In contrast, the use of the
P(CH3)2(C6H5) as the ligand1b resulted in both lower yield
and selectivity (Table 1, entry 5). The sterically bulky
P(c-C6H11)3 gave 4a as the main product (49%; Table 1,
entry 2). These results show that the trialkylphosphine
ligands bearing a long primary alkyl chain such as 3a and
3b are effective ligands for the solvent-free Ni(0)-cata-
lyzed cycloaddition of 1a with CO2 under compressed
CO2. This ligand effect is new and noteworthy because
Walther et al. reported a different ligand effect in scCO2,

10

where the order of decreasing ligand efficiency was
P(CH3)3 > P(C2H5)3 > P(C3H7)3.

Table 2 shows the effect of reaction conditions on the
Ni(cod)2/3a- and Ni(cod)2/3b-catalyzed cycloaddition of
1a with CO2 under compressed CO2. The effect of the CO2
pressure on the reaction employing ligand 3b at 120 °C is
shown (Table 2, entries 1–6). CO2 pressures of 4–15 MPa
had no significant effect on the yield of 2a and the selec-

tivity.13 In all cases, 1a was completely consumed, and 2a
was obtained in quantitative yield. In particular, it is of
great interest that the reaction at 4 MPa gave 2a in excel-
lent yield (Table 2, entry 2). The reaction at 2 MPa result-
ed in a slightly lower but satisfactory selectivity (ca. 90%)
(Table 2, entry 1). At temperatures as low as 80 °C and
100 °C, the same reaction afforded 2a in high yields
irrespective of the CO2 pressure (4 and 12 MPa) (Table 2,
entries 7–10), where ≥95% selectivity for 2a was main-
tained. A reduction in catalyst loading to 5 mol% resulted
in a lower reaction rate, but 2a was obtained in good yield
(Table 2, entry 11). The necessity of relatively high cata-
lyst loading to ensure the quantitative formation of 2a,
may be partly correlated with the formation of inactive
nickel carbonyl phosphine complexes, as Walther et al.
demonstrated for the Ni(cod)2/P(C2H5)3 catalyst under
scCO2 conditions.10 The Ni(cod)2/3a catalyst also gave 2a
in high yields over a wide range of CO2 pressures
(Table 2, entries 12 and 13). Noteworthy was the high se-
lectivity (ca. 95%) for 2a at a CO2 pressure of 4 MPa,
which was similar to 3b. 

Thus, the findings herein demonstrate that the use of 3a
and 3b as ligands for Ni(cod)2 enables the solvent-free and
highly efficient cycloaddition of 1a with CO2 under mild
reaction conditions. A CO2 pressure of 4 MPa is sufficient
for achieving ≥95% selectivity for 2a. An additional
advantage of the new catalytic systems is the ease of
handling 3a and 3b in comparison to the reported P(CH3)3

and P(C2H5)3 ligands,10 since the latter two smell horrible
and have pyrophoricity and/or a poorer stability toward
oxygen.14,15

Table 1 The Ni(0)-Catalyzed Cycloaddition of 3-Hexyne (1a) with CO2 under Compressed CO2
a

Entry PR¢3 (3) Medium CO2 Pressure Conversion Yield (%)b

(MPa) (%)b 2a 4a 5a

1 P(C4H9)3 (3a) CO2 15 99 97 <1 <1

2 P(c-C6H11)3 CO2 15 61 10 49 <1

3 P(C8H17)3 (3b) THF–CH3CNc 5d 100 99 1 <1

4 3b CO2 15 100 95 (91) 1 <1

5 P(CH3)2(C6H5) CO2 20 72 48 13 <1

a Conditions: 1a (2 mmol), Ni(cod)2 (0.2 mmol), 3 (0.4 mmol), 120 °C, 20 h.
b Determined by GC analysis on the basis of the alkyne 1.13 Isolated yield is shown in parentheses.
c THF (5 mL), CH3CN (5 mL).
d CO2 pressure at 20 °C.
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Table 2 The Effect of Reaction Conditions on the Ni(0)-Catalyzed Cycloaddition of 3-Hexyne (1a) with CO2 under Compressed CO2
a

Entry PR¢3 Ni(cod)2 Temp CO2 Pressure Time Conversion Yield (%)b

(3) (mol%) (°C) (MPa) (h) (%)b 2a 4a 5a

1 3b 10 120 2 5 96 76 13 <1

2 3b 10 120 4 5 99 90 4 <1

3 3b 10 120 7 5 100 93 4 <1

4 3b 10 120 9 5 99 95 1 <1

5 3b 10 120 11 5 99 97 1 <1

6 3b 10 120 15 5 98 92 4 <1

7 3b 10 100 4 5 94 86 5 <1

8 3b 10 100 12 5 99 98 <1 <1

9 3b 10 80 4 5 95 85 6 <1

10 3b 10 80 12 5 90 88 <1 <1

11 3b 5 100 15 20 72 70 1 <1

12 3a 10 120 4 5 97 91 5 <1

13 3a 10 120 12 5 99 97 <1 <1

a Conditions: 1a (2 mmol), 3/Ni(cod)2, 2:1.
b Determined by GC analysis on the basis of the alkyne 1.13

Table 3 The Effect of Alkynes on Ni(0)-Catalyzed 2-Pyrone Formation under Compressed CO2
a

Entry R in 1 PR¢3 (3) CO2 Pressure Conversion 2-Pyrone 2

(MPa)  (%)b Yield (%)b Selectivity (%)b,c

1 C3H7 (1b) 3b 4 99 91 91

2 3b 12 99 98 (96) >99

3d 3b 12 76 76 >99

4 3a 4 96 66 69

5 3a 12 99 95 96

6 C4H9 (1c) 3b 12 61 52 88

7 CH2OCH3 (1e) 3b 18 86 78 (44) 94e

8 CH2OCOCH3 (1f) 3b 17 0

9 Si(CH3)3 (1g) 3b 12 17 0

a Conditions: 1 (2 mmol), Ni(cod)2 (0.2 mmol), 3 (0.4 mmol), 120 °C, 5 h. 
b Determined by GC analysis on the basis of the alkyne 1.13 Isolated yields are shown in parentheses.
c The selectivity for 2.13

d At 100 °C.
e Hexa(methoxymethyl)benzene (5e) was isolated as the sole by-product (7%).
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Visual inspection of the reaction mixtures using Ni(cod)2/
3a or Ni(cod)2/3b catalyst (3/Ni(cod)2, 2:1) revealed that
the reaction does not proceed homogeneously and a dark
brown liquid phase is present under the compressed CO2

phase (2–15 MPa) throughout the reaction. Its volume
was approximately equal to the volume sum of the com-
bined Ni(cod)2, 3, and 2. In a separate experiment, the sol-
ubility of the reaction components and 2-pyrone products
in scCO2 was examined. The alkyne substrates were mis-
cible with scCO2 while 3b and the 2-pyrones obtained
were not completely soluble in scCO2; Ni(cod)2 and
Ni(cod)2/3b were insoluble in scCO2. These results indi-
cate that the dark brown liquid phase possibly contains an
active Ni(0) catalytic species. The efficient 2-pyrone for-
mation at a low CO2 pressure of 4 MPa where CO2 exists
in the gaseous phase also suggests participation of the
above-mentioned liquid phase in the 2-pyrone formation.

As is described in the introductory section, the substrate
scope of the 2-pyrone formation by the previously report-
ed Ni(cod)2/P(CH3)3 and Ni(cod)2/P(C2H5)3 catalysts in
scCO2

10 was very limited: the yields of 2-pyrones from 4-
octyne (1b) and 2-butyne, having a sterically small methyl
substituent, were 8% [Ni(cod)2/P(C2H5)3 catalyst] and 4%
[Ni(cod)2/P(CH3)3 catalyst], respectively. Therefore, the
substrate scope of the solvent-free 2-pyrone formation
with Ni(cod)2/3a and Ni(cod)2/3b catalysts was examined
(Table 3).

The reaction of 1b with CO2 (12 MPa) in the presence of
Ni(cod)2/3b (120 °C, 5 h) gave the corresponding 2-py-
rone 2b in 98% yield and >99% selectivity (Table 3, entry
2). The formation of 2b was confirmed by GC-MS and 1H
NMR spectroscopic analyses.1a The same reaction at 4
MPa produced 2b in excellent yield with a slight decrease
in selectivity (Table 3, entry 1). Lowering the reaction
temperature to 100 °C reduced the yield of 2b, but the
high selectivity was maintained (Table 3, entry 3). On the
other hand, the Ni(cod)2/3a-catalyzed reaction of 1b at
120 °C was found to be sensitive to CO2 pressure. The re-
action at 12 MPa proceeded cleanly with 96% selectivity
(2b), whereas a remarkably decreased selectivity (69%)
was observed at 4 MPa (Table 3, entries 4 and 5). 5-De-
cyne (1c) reacted with CO2 (12 MPa) more slowly than 1a
or 1b, and gave the corresponding 2-pyrone 2c16 with 88%
selectivity (Table 3, entry 6).

The Ni(cod)2/3b catalyst afforded 2-pyrone 2d from 2-
pentyne (1d) having a sterically small methyl substituent
with reasonable yield (65%) and satisfactory selectivity
(93%) (Scheme 2). 2-Pyrone 2d obtained consists of four
possible regioisomers, among which 3,6-diethyl-4,5-di-
methyl-2-pyrone (2d¢) was found to be the main product
(38% yield) following careful isolation by column chro-
matography and by spectral characterization.17

The tolerance of the Ni(cod)2/3b catalyst to functionality
on the alkynes was briefly examined. The reaction of 1,4-
dimethoxy-2-butyne (1e) with CO2 (18 MPa) gave 2e in
78% yield and 94% selectivity (Table 3, entry 7),18 indi-
cating that the catalyst tolerates the methoxy functional-

ity. Hexa(methoxymethyl)benzene (5e) was obtained as
the sole by-product (7%),19 and cyclopentadiene-type
alkyne trimers (4e) were not observed. However, 1,4-di-
acetoxy-2-butyne (1f) and bis(trimethylsilyl)acetylene
(1g) were essentially unreactive under the reaction condi-
tions employed, and these alkynes were recovered from
the reaction mixtures (Table 3, entries 8 and 9). The low
reactivity of 1f and 1g may be due to their electronic na-
ture and the steric bulk of the functional groups, respec-
tively.

Thus, the combined results of 1a, 1b, 1c, 1d, and 1e re-
vealed that the solvent-free 2-pyrone synthesis with
Ni(cod)2/3b catalyst under compressed CO2 can be ap-
plied to a broader scope of substrates compared with pre-
viously reported Ni(cod)2/P(CH3)3 and P(C2H5)3 catalysts
in scCO2.

10

The reaction path is reasonably assumed to involve an ini-
tial [2 + 2] cycloaddition of the first alkyne molecule with
CO2 (Scheme 3).10,20 Subsequent insertion of the second
alkyne molecule followed by reductive elimination would
then release the 2-pyrone product 2 and regenerate the ac-
tual catalytic species. Nickel(0) complexes having an
electron-rich metal center may promote the coordination
of alkynes,10 the reductive elimination1d and, hence, the
formation of 2. The effectiveness of phosphines 3a and 3b
as ligands, especially at low CO2 pressure, may be partly
attributed to their high electron-donating ability.21,22

In summary, solvent-free, efficient, and mild 2-pyrone
synthesis by the cycloaddition of alkynes with CO2 has
been achieved under compressed CO2 with a Ni(cod)2/
P(C4H9)3 or Ni(cod)2/P(C8H17)3 catalyst; both high yields
(up to 98%) and selectivities (up to 99%) are attained. One
attractive aspect of these catalysts is their high efficiency
at low CO2 pressures (4 MPa). The applicability of this re-
action to a broad range of alkyne substrates and the ease
of handling the phosphine ligands are additional merits of
the present new catalytic systems in comparison to the
previously reported Ni(cod)2/P(CH3)3 catalyst in scCO2.
Expanding the substrate scope and enhancing the per-
formance of the catalyst are currently underway in our
laboratory.

Scheme 2
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110.8 (Cvinyl), 24.6 (CH2), 20.5 (CH2), 16.3 (CH3), 13.0 
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(CH3), 12.8 (CH3), 12.1 (CH3). 
1H NMR: NOE enhancement 

(2.8%) between the methyl protons at 1.94 ppm and the 
methyl protons at 2.09 ppm was observed. HRMS (EI): m/z 
calcd for C11H16O2: 180.1146. Found: 180.1144.

(18) Selected data for compound 2e: 1H NMR (CDCl3, 270 
MHz): d = 4.47 (s, 2 H, CH2O), 4.45 (s, 2 H, CH2O), 4.37 (s, 
2 H, CH2O), 4.33 (s, 2 H, CH2O), 3.42 (s, 3 H, CH3O), 3.41 
(s, 3 H, CH3O), 3.40 (s, 3 H, CH3O), 3.37 (s, 3 H, CH3O). 13C 
NMR (CDCl3, 67.5 MHz): d = 162.1 (C=O), 158.6 (Cvinyl), 
152.1 (Cvinyl), 123.7 (Cvinyl), 115.4 (Cvinyl), 68.6 (CH2O), 67.0 
(CH2O), 65.6 (CH2O), 65.1 (CH2O). HRMS (EI): m/z calcd 
for C13H20O6: 272.1260. Found: 272.1257.

(19) Selected data for compound 5e: 1H NMR (CDCl3, 270 
MHz): d = 4.60 (s, 12 H, CH2O), 3.41 (s, 18 H, CH3O). MS 
(EI): m/z (%) = 310 (38) [M+ – 32], 295 (100), 265 (42), 233 
(30), 203 (23).

(20) (a) Walther, D.; Bräunlich, G.; Kempe, R.; Sieler, J. J. 
Organomet. Chem. 1992, 436, 109. (b) Hoberg, H.; 
Schaefer, D.; Burkhardt, G.; Kruger, C.; Romao, M. J. 
Organomet. Chem. 1984, 266, 203.

(21) Bartik, T.; Himmler, T.; Schulte, H.-G.; Seevogel, K. J. 
Organomet. Chem. 1984, 272, 29.

(22) Bodner, G. M.; May, M. P.; McKinney, L. E. Inorg. Chem. 
1980, 19, 1951.
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