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During the course of our synthetic program toward total 
synthesis of arteminolide,1 highly substituted cyclopentenone, 
A emerged as a good starting point of the total synthesis and 
was readily prepared from B through Pauson-Khand 
reaction (PKR)2 followed by reductive cleavage of the ether 
bridge. During a gram scale PKR, A was produced as a 
byproduct and even became the major product when 
hydrated N-oxides instead of anhydrous ones were used in the 
PKR (Scheme 1).

While reductive PKR has been observed in the past as one 
of the side reactions during development of modified PKR 
using various solvents or additives3,4 including water,5 there 
were only few reports of reductive PKR being the major 
process during Pauson-Khand reaction.6,7 Though the presence 
of proton sources in the reductive PKR reaction appeared to 
be vital to the reduction process among all the reported 
examples,8-10 these proton sources have not been studied much 
as a reagent for the reductive PKR. Therefore, we became 
interested in developing a reduction system from Co2(CO)8 

and H2O with or without being associated with the PKR.
Herein we like to report a reductive PKR using water as a 

part of the reducing agent with Co2(CO)8. Since our initial 
study on the N-oxide promoted PKR showed that addition of 
water other than hydrates of N-oxides did not promote the 
reductive PKR, we turned our attention to the classical PKR. 
After exploring several reaction conditions using water for 
reductive PKR with substrate 1, we found out that the choice 
of solvent and the amount of water is critical for the 
reductive PKR. DME turned out to be the best solvent for the 
reductive PKR and the effective reduction required more 
than 20 equivalents of water (Scheme 2). Acetonitrile was 
not as effective as expected though Pagenkopf reported 
successful application of wet acetonitrile for reductive PKR.8

Scheme 1

Scheme 2

Apparently, Pagenkopfs reductive PKR followed a quite 
different route to the other reductive PKRs.

Since Co2(CO)8 was used both for the PKR and reduction, 
more than one equivalent of Co2(CO)8 would be required to 
complete PKR and the reduction of the PKR product. We 
hoped that substoichiometric amounts of CO2(CO)8 might 
be sufficient enough to complete the PKR and reduction 
since it has been already demonstrated that PKR was 
accomplished with substoichiometric use of Co2(CO)811 and 
the cobalt species generated after the reduction could be 
recycled back to CO2(CO)812 or directly to the reducing 
species13 if CoH(CO)4 or related compound was involved in 
the reduction. To confirm our expectation, we examined the 
reductive PKR under three different conditions. The first 
reaction condition used one equivalent of Co2(CO)8 and the 
second one used 1.5 equivalent of Co2(CO)8 to provide 
sufficient amount of reagents for both PKR and the 
reduction. The last one used 0.5 equivalent of Co4(CO)12 

with a hope that it could provide the same amount of reactive 
agents as one equivalent of Co2(CO)8 in the reaction.

Table 1 summarized the reductive PKR of various substrates 
under three different conditions. As we anticipated, one 
equivalent of Co2(CO)8 was sufficient enough to carry out 
both PKR and reduction completely (entry 13). Since it 
required at least 0.3 equivalent of Co2(CO)8 to effectively 
complete PKR,11 the reduction was completed with less than 
0.7 equivalent of Co2(CO)8 but still required more than 0.5 
equivalent of Co2(CO)8 (entry 15). It appeared that nitrogen 
in the substrate facilitated the regeneration of the reactive 
species for the reduction.7 For other substrates, when 1.5 
equivalent of Co2(CO)8 was used to ensure the existence of 
sufficient amount of reducing species generated from 
Co2(CO)8, overall yield of the products as well as the ratio of 
the reduced products to the PKR products was improved 
(entry 2, 5, 8, 17). In the case of the substrate with an ether 
linkage, overall yield of the reduced products was improved. 
However, the amount of reductive ether cleavage product 
was not affected much and only the amount of the 1,4- 
reduction product increased as more Co2(CO)8 was used 
(entry 16, 17). These results strongly suggest that there 
might be two distinct reducing species produced in the 
reaction; one is directly generated from Co2(CO)8 and the 
other is generated from a cobalt intermediate from PKR. 
Entry 19 showed that the reduction most likely proceeds 
after the PKR as reduction of conjugated olefin proceeded 
directly from Co2(CO)8 and water without being associated
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Table 1. Reductive PKR under various conditions

Entry Substrate Conditions" Products (yield)”c

R1

O

O EtOOC
EtOOC

1 R1=H, R2=H A 16% 59%
2 B — 99%
3 C — 95%
솨 R1=Me, R2=H A 27% 45%
5 B 11% 63%
6 C 22% 54%
7 R1=H, R2=Me A 78% 6%
8 B 72% 22%
9 C 60% 24%

OEtOOC 
터。OC

10 A 74% 4%
11 B 70% 3%
12 C 51% 12%

OTBS

BocfC匸戸。 Boc-N(2X3芥二。

13 A - 100%
14 c - 100%
15 D 4% 74%

5% 
25% 

36%

60%
50%

44%

16
17

A
B

18 C

쯢C* ：OEtOOC.

EtOOC

19 A 80%

aA 0.5 M solution of the substrate in DME was refluxed with cobalt 
carbonyls and water under Ar atm. for 2hr. condition A: Co2(CO)8 (1 eq), 
H2O (20 eq), B: Co2(CO)8 (1.5 eq), H2O (30 eq), C: Co4(CO)i2 (0.5 eq), 
H2O (20 eq), D: Co2(CO)8 (0.75 eq), H2O (20 eq). isolated yield. cAll 
the products were either characterized fully by 1H-NMR, 13C-NMR or 
were known compounds.10

with PKR. The reduction was also sensitive to the substitu
tion pattern and the tether variation of substrates. When a 
substrate with an internal alkyne was used for reductive PKR 
that produced a tetra-substituted enone, the subsequent 
reduction became very slow (entry 7-9). Even a substitution 
at the positions other than olefin affected the reduction (entry 
4-6). When the length of the tether became longer, the 
reduction after PKR became very slow (entry 10-12). This 
reactivity pattern is similar to the reported reductive PKR 
and the reaction appears to be more effective than the 
reported ones as combined overall yields of products of PKR 
and reductive PKR were high with no other byproduct 
formation.10 In the case of Co4(CO)i2, 0.5 equivalent of 
Co4(CO)12 was sufficient enough to complete the reductive 
PKR and to our surprise, the result was very similar to the 
result of reductive PKR using 1.5 equivalent of Co2(CO)8 

(entry 3, 6, 9, 12, 18) rather than the result from reactions 
with one equivalent of Co2(CO)8. This is a strong indication 
that Co4(CO)i2, instead of being transformed into Co2(CO)8 

prior to the reaction with substrates,14 is converted into a 
dicobalt-alkyne complex with substrates and leaves another 
cobalt complex that is readily transformed into Co2(CO)8.

In summary, we were able to clarify that the reductive 
PKR requires not only a proton source but also a polar 
solvent with good coordinating ability as reductive PKR 
with water and Co2(CO)8 was found to be most effective in 
DME and the best result was obtained when 1 equivalent of 
Co2(CO)8 with 20 equivalent of water were used for the 
reductive PKR. Only half equivalent use of Co4(CO)i2 was 
found to be as effective for the reductive PKR as Co2(CO)8. 
When compared to Co4(CO)i2-isopropanol system,10 the 
current system using water in DME not only afforded better 
yield of reductive PKR products with no other products such 
as reductive cyclization product, but also required less 
amount of cobalt reagents. Since CoH(CO)4 was reported to 
show a reverse isotope effect12 while we and others did not 
observe that effect, the real reducing species in the reductive 
PKR seems to be different from CoH(CO)4 and the nature of 
the reducing species varies depending on the reaction condi
tion. The sensitive nature of the current reducing system 
could provide an unprecedented chemoselective reduction.
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