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Abstract—The first example of an aqueous, asymmetric, and CO gas-free Pauson–Khand-type reaction is described. Using formal-
dehyde as a commercially available substitute for carbon monoxide, combined use of a hydrophilic phosphine (TPPTS) and a hydro-
phobic, chiral phosphine (tolBINAP) enable the reaction to proceed smoothly in aqueous media, even in the absence of carbon
monoxide, and stereoselectively.
� 2004 Elsevier Ltd. All rights reserved.
The transition metal-catalyzed cyclocarbonylation of
enynes with carbon monoxide, the so-called the
Pauson–Khand-type reaction, has been recognized as
an excellent tool for the direct construction of bicyclic
cyclopentenones.1 In the past decade, this catalytic
transformation has evolved rapidly; (i) asymmetric,2

(ii) aqueous,3 and (iii) CO gas-free4 variants have been
successively developed. In particular, the catalytic CO
gas-free methods, in which an aldehyde and a formate
are used as a substitute for gaseous carbon monoxide,
provide more accessibility to synthetic chemists.

Here we report on a catalytic aqueous asymmetric
Pauson–Khand-type reaction of enynes using formalde-
hyde as a commercially available substitute for carbon
monoxide.5 This method can utilize simply the readily
available chiral tolBINAP, without the need to develop
any new water-soluble chiral ligand (Eq. 1). We previ-
ously reported on aqueous Pauson–Khand-type reac-
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tions of enynes with formaldehyde.3d The substitution
of carbon monoxide by the easily handled formaldehyde
(formalin), made the Pauson–Khand-type reaction
experimentally accessible, from an experimental stand-
point. In catalysis, the simultaneous use of a hydrophilic
phosphine and a hydrophobic phosphine led to the
highly efficient transformation of enynes to bicyclic
cyclopentenones. According to our previous report,
the first attempt at an asymmetric Pauson–Khand-type
reaction of enyne 1 with formaldehyde was conducted
in the presence of a catalytic amount of [RhCl(cod)]2
(5mol%), (S)-tolBINAP6 (10mol%), TPPTS
(10mol%) in aqueous media to give the carbonylated
product (S)-2 in 61% yield and 84% ee (Table 1, entry
1). Under otherwise similar conditions, additional chiral
phosphines were examined. (S,S)-BDPP, which is char-
acterized as a structurally analogous ligand of dppp,
showed a lower catalytic activity with almost no enan-
tioselectivity (entry 2). Similarly, no results that were
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C ∗∗
X

R

O

, NTs
74-95% ee

ð1Þ

l: morimoto@ms.naist.jp

mailto:morimoto@ms.naist.jp 


Table 1. Asymmetric catalytic Pauson–Khand-type reaction of enyne

1 using formaldehyde in aqueous mediaa
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Entry Ligand (mol%) Time

(h)

Yield of

2b (%)

Eec

(%)

1
ðSÞ-tolBINAPð10Þ
TPPTSð10Þ

�
5 57 85

2
ðS; SÞ-BDPPð10Þ
TPPTSð10Þ

�
7 35 1

3
ðS; SÞ-DIOPð10Þ
TPPTSð10Þ

�
10 33 17

4
ðS; SÞ-Me-DuPHOSð10Þ
TPPTSð10Þ

�
10 17 6

5
ðS; SÞ-CHIRAPHOSð10Þ
TPPTSð10Þ

�
10 0 0

6
ðSÞ-tolBINAPð10Þ
TPPTSð5Þ

�
5 61 84

7
ðSÞ-tolBINAPð10Þ
TPPTSð15Þ

�
6 66 86

8
ðSÞ-tolBINAPð10Þ
TPPTSð20Þ

�
12 52 87

9d
ðSÞ-tolBINAPð10Þ
TPPTSð15Þ

�
6 70 80

10e 6 83 81

a Conditions: 1 (0.25mmol), 37% formalin (0.1ml), SDS (0.5mmol)

and H2O (1.9ml) at 100�C under N2 flow.
b Isolated yield. Values in parentheses are the yield of 1 recovered.
c Determined by HPLC analysis with chiral stationary columns.
d The reaction was carried out using 0.1equiv of SOS.
e The reaction was carried out using 0.5equiv of SOS.
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superior to that of (S)-tolBINAP were obtained for
(S,S)-DIOP and (S,S)-Me-DuPHOS (entries 3 and 4).
In the case of a reaction attempted using (S,S)-CHIRA-
Table 2. Asymmetric cyclocarbonylation of various enynes with formaldehy

Entry Enyne HCHOb SOS

1 E

E

R 5 0.5

2d 5 0.1

3 5 0.5

4 10 0.5

5 5 0.5

6 O
R

20 1.0

7 10 2.0

8 O
Ph

10 1.0

9 TsN
R

10 1.0

10 10 2.0

a Conditions: enyne (0.25mmol), [RhCl(cod)]2 (0.0125 mmol), (S)-tolBINAP

flow.
b Formalin (37%) was used.
c Determined by HPLC analysis with chiral stationary columns.
d [Rh(cod)2]BF4 was used in place of [RhCl(cod)]2.
PHOS, no catalytic activity was observed (entry 5).
Regarding Rh-catalyzed asymmetric Pauson–Khand-
type reactions already reported,2e,g,i,l (S)-tolBINAP,
which has a BINAP framework, was the ligand of
choice.

When (S)-tolBINAP was used as a chiral ligand, the
reaction was not affected by the loading amount of
TPPTS. While the enantiomeric excess of 2 remains vir-
tually constant with variations in the amount of TPPTS
from 5 to 20mol%, a higher yield was observed for
the combined use of 15mol% TPPTS and 10mol%
tolBINAP (entries 6–8).

Use of SOS (sodium octadecylsulfate), in place of SDS,
also allowed the reaction to proceed, resulting in an in-
crease in the yield of 2 without any significant loss of ee
(entries 9 and 10).7 Because tolBINAP is apparently
bulkier than dppp, a rhodium, a phosphine, and an
enyne could be assembled more effectively in aqueous
media to form an appropriate intermediate. This can
be realized by adding a surfactant having a longer
hydrophobic chain. An explanation for the effect of
the surfactant at this point, would be speculative.8 A
more definitive answer awaits further mechanistic
studies as well as the elucidation of the morphology of
the reagents in the system employed here.

Some results of reactions of various enynes are shown in
Table 2. Using the above conditions, most of the
reactions proceeded to completion within 6h to give
the desired bicyclic cyclopentenones with high enantio-
selectivity. The detailed reaction conditions such as the
amount of added formalin and surfactant were depend-
ent upon the substrate. When a cationic rhodium com-
plex [Rh(cod)2]BF4 was used as catalyst, the yield and
enantioselectivity were similar to that for [RhCl(cod)]2
(76% yield and 82% ee) (entry 2). Reactions of enynes
in which the phenyl group in 1 is replaced by a butyl
de in aqueous mediaa

Time (h) Product Ee (isolated yield)c

6

E

E
O

R R = Ph: 81%ee (83%)

6 R = Ph: 74%ee (76%)

8 R = Bu: 87%ee (62%)

6 R = Me: 91%ee (47%)

6 R = H: –– (0%)

1
O

R

O
R = Ph: 93%ee (61%)

3 R = Bu: 95%ee (75%)

5 O

Ph

O 94%ee (73%)

1
TsN

R

O
R = Ph: 91%ee (58%)

3 R = Bu: 92%ee (60%)

(0.025mmol), TPPTS (0.025mmol), SOS and H2O at 100�C under N2
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or a methyl group also resulted in the formation of car-
bonylated products in high yield and ee (entries 3 and 4).
An attempt to carbonylate the enyne unsubstituted at
the acetylenic terminus resulted in a smooth consump-
tion of the enyne to give a complex mixture of many un-
identified products (entry 5). Substrates tethered by
oxygen also gave the corresponding bicyclic cyclopente-
nones with high enantioselectivities (entries 6 and 7).
This asymmetric method was tolerant to a substrate that
contained 1,1-disubstituted olefins (entry 8). Allylprop-
argylamines were also carbonylated in high enantio-
meric excess (entries 9 and 10). Compared with the
methods using carbon monoxide, although the high
enantioselectivities equal to or more than conventional
ones are achieved, some decreases of the chemical yields
were observed. According to Jeong�s report, there is a
trade-off between the chemical yield and enantioselectiv-
ity of the carbonylated product in Rh(I)-catalyzed asym-
metric Pauson–Khand-type reaction of enynes with
carbon monoxide; under lower pressure (less amount)
of carbon monoxide, higher enantioselectivity would
be obtained.2e The present carbonylation system should
be almost equal to the reaction in which only 1equiv of
carbon monoxide is introduced.9 Therefore, the higher
level of the enantioselectivity of the product might be
obtained at the cost of the chemical yield.

In conclusion, we report herein on the first aqueous,
asymmetric, and CO gas-free Pauson–Khand-type reac-
tion. The combined use of a hydrophilic phosphine
(TPPTS) and a hydrophobic, chiral phosphine ((S)-tolB-
INAP) enables the reaction to proceed smoothly in
aqueous media, even in the absence of carbon monox-
ide, and stereoselectively. In the asymmetric synthesis
of bicyclic cyclopentenones, the strategy in which for-
maldehyde is used in aqueous media can satisfactorily
replace conventional methods that use of carbon
monoxide.
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direct information concerning such a formation in the
presence of the other reagents at the reaction temperature
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