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Abstract: Pauson-Khand reactions (PKR) with con-
comitant C� O bond cleavage have been developed
for construction of 5,5- 5,6- and 5,7-bicyclic ring
systems bearing complex stereochemistry. The
chemistry generates intermolecular PKR-type prod-
ucts in an absolute regio- and stereochemical control
which is hardly achievable through real intermolec-
ular Pauson-Khand reactions. A mechanism for this
Pauson-Khand reaction has been proposed based on
deuterium labelling experiments.
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The cobalt-mediated Pauson-Khand reaction (PKR) is
an efficient, atom-economical[1] and conventional re-
action for preparing densely functionalized cyclopente-
none derivatives that are present in numerous bioactive
molecules.[2] The PKR has been actively investigated
since Khand and Pauson’s first report in 1973.[3] Due
to the difficulty in controlling the regio- and stereo-
selectivity in intermolecular reactions, intramolecular
versions of Pauson-Khand reactions are much more
widely used and frequently applied to the synthesis of
complex natural products.[4] In our previous total
synthesis of indoxamycin A,[5] we also demonstrated
an efficient intramolecular Pauson-Khand reaction as a
key strategy for the rapid construction of the 5,5,6-
tricyclic ring system in the target molecule (Sche-
me 1a). Encouraged by this previous work, we initiated
a new project aiming for the total synthesis of
glycinoeclepin A[6] employing a very similar Pauson-
Khand reaction in an early stage. Originally, we
planned to reductively break the C� O bond of the

product 4 in a subsequent step to access 5 in order to
prepare the core of our target. However, to our
surprise, 5 was generated directly as a minor product
in a reaction without using NMO as an additive
(Scheme 1b). Obviously, the C� O bond was cleaved
during the reaction to yield an intermolecular PKR-
type product. Direct access to this highly synthetically
valuable product and the appealing mechanism behind
it encouraged us to further investigate this unusual
reductive Pauson-Khand reaction.

In the literature, there are only a handful of reports
on C� O bond cleaved Pauson-Khand reactions.[7] In
rare reports of relevant cases to our finding, Smits and
co-workers described reductive cleavage of C� O bonds
during Pauson-Khand reactions when cobalt-alkyne
complexes were heated in SiO2.[7a–c] In 2002, Krafft

Scheme 1. The Discovery of a C� O Bond Cleaved Pauson-
Khand Reaction.
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and co-workers displayed a single example of a C� O
bond cleaved product in 32% yield in their study on
C� C double bond reduced Pauson-Khand reactions.[7g]
Surprisingly, no comments or discussions was made on
this unexpected interesting product. Silyl ether tethered
enynes have also been reported to undergo C� O bond
cleavage during Pauson-Khand reactions.[7h] Other
C� O bond cleavage during Pauson-Khand reactions
has been demonstrated in the use of vinyl esters as
ethylene surrogates in PKR.[7e,f] Among numerous
modifications and applications of the Pauson-Khand
reaction over the past half century, this type of unusual
C� O bond cleaved Pauson-Khand reactions have not
drawn enough attention. Herein, we reported our
development of this reaction into a general method for
rapid construction of 5,5- 5,6- and 5,7-bicyclic ring
systems. The resulting ring systems can bear multi-
farious stereochemical information, which are barely
accessible via regular intermolecular Pauson-Khand
reactions (Scheme 1c).

Our study started from repeating this Pauson-Khand
reaction using a carefully confirmed cobalt-alkyne
complex 9 which was derived from economic-friendly
(R)-carvone (Scheme 2). The reduction of (R)-carvone
with lithium aluminum hydride at � 78 °C, followed by
treatment of alcohol 8 with sodium hydride and 3-
bromopropyne in THF, afforded alkyne 3 in 65% yield
over two steps. The reaction of 3 with octacarbonyldi-
cobalt (1.0 equiv.) in dichloromethane under argon
atmosphere at room temperature provided cobalt-
alkyne complex 9 which was purified by flash
chromatography and characterized by NMR and IR
spectroscopic analysis (see Supporting Information).
When a solution of cobalt-alkyne complex 9 in MeCN
was warmed to 60 °C under argon atmosphere, it
produced the normal PKR product 4 in 42% yield
along with the reductive PKR product 5 in 28% yield.

Based on the initial attempt, we further optimized
the reaction conditions of solvent, reaction atmosphere,
additive and temperature using purified cobalt-alkyne
complex 9 as the substrate (Table 1). Comparison of 11
different solvents (Entries 1–11, Table 1) indicated that
among the reaction media tested, MeCN (Entry 1) was
the most effective for this reductive reaction process;

PhCN was another solvent in which C� O bond cleaved
PKR product was observed, though with less ideal
chemo-selectivity and yield (Entry 2); reactions in
toluene, DMSO, and DMF (Entries 3–5) only produced
the normal PKR product 4; reactions in DMAC,
pyridine, and acetone (Entry 6–8) only yielded the
depropargylated product 8; no reactions were observed
in alcoholic solvents (Entries 9–11). Next, reactions in
MeCN under different atmosphere (Entries 12–16)
were tested. CO atmosphere generally suppressed the
production of the C� O bond cleaved product 5
(Entry 12); Elevating the pressure of CO to 5 atmScheme 2. Initial Attempt.

Table 1. Optimization of Reaction Conditions.

Entry Solvents[a] Atmosphere Additives Temp Results

1 MeCN Ar (1 atm) – 60 °C 4 (42%)
5 (28%)

2 PhCN Ar (1 atm) – 60 °C 4 (45%)
5 (10%)

3 Toluene Ar (1 atm) – 60 °C 4 (63%)
4 DMSO Ar (1 atm) – 60 °C 4 (58%)
5 DMF Ar (1 atm) – 60 °C 4 (45%)
6 DMAC Ar (1 atm) – 60 °C 8 (65%)
7 Pyridine Ar (1 atm) – 60 °C 8 (52%)
8 Acetone Ar (1 atm) – 60 °C 8 (63%)
9 CH3OH Ar (1 atm) – 60 °C –
10 EtOH Ar (1 atm) – 60 °C –
11 i-PrOH Ar (1 atm) – 60 °C –
12 MeCN CO (1 atm) – 60 °C 4 (45%)

5 (8%)
13 MeCN CO (5 atm) – 60 °C 4 (52%)
14 MeCN H2 (1 atm) – 60 °C 4 (56%)
15 MeCN H2 (5 atm) – 60 °C 4 (52%)
16 MeCN H2 (5 atm)

CO (5 atm)
– 60 °C 4 (51%)

17 MeCN Ar (1 atm) H2O[b] 60 °C 4 (45%)
5 (15%)

18 MeCN Ar (1 atm) MeOH[b] 60 °C 4 (55%)
5 (22%)

19 MeCN Ar (1 atm) EtOH[b] 60 °C 4 (55%)
5 (20%)

20 MeCN Ar (1 atm) i-PrOH[b] 60 °C 4 (15%)
5 (41%)

21 MeCN Ar (1 atm) i-PrOH[c] 60 °C 4 (8%)
5 (51%)

22 MeCN Ar (1 atm) i-PrOH[c] 50 °C 4 (5%)
5 (56%)

23 MeCN Ar (1 atm) i-PrOH[c] 40 °C 4 (38%)
5 (15%)

[a] Reaction concentration: 0.1 mM.
[b] 10 equiv.
[c] MeCN:i-PrOH=5:1; reaction concentration: 0.05 mM.
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completely shut down the production of 5, with only
the normal PKR product 4 observed (Entry 13); Mean-
while, H2 atmosphere also suppressed the production
of 5; Reactions under either pure H2 atmosphere or H2/
CO atmosphere only produced the normal PKR
product 4 (Table 1, Entries 14–16).

In the search of the best additives for the reductive
cleavage of the C� O bond, we found that water or
alcoholic solvents (Entries 17–20) were able to
promote the C� O bond cleavage to generate 5. It is
interesting to note that both chemoselectivity and yield
of 5 were significantly improved when isopropanol
was used as an additive (Table 1, Entry 20). The yield
of the desired product 5 was further increased when
more i-PrOH (MeCN: i-PrOH=5:1) was used in the
reaction (Entry 21). Finally, the yield of 5 reached 56%
when the reaction was performed at both a lower
concentration (0.05 M) and a lower temperature
(50 °C).

With the optimized reaction conditions in hand, we
further investigated the substrate scope of the C� O
bond cleaved PKR (Table 2). It turned out that the
reaction was highly substrate-dependent. The substitu-
tion pattern and stereochemistry had a vital influence
on the outcome of the reactions. Substrates 6a–c
afforded the C� O bond cleaved PKR products 7a–c in
38–58% yields; while substrate 6d and 6e only
produced the normal PKR product 7d and 7e.
Substrate 6f, the diastereoisomer of our primary
substrate 3, failed to undergo PKR and yielded a
depropargylated product epi-8 instead. This result
illustrated the crucial contribution of the substrate
configuration to the reaction. Besides syntheses of the
above 5,6-carbocycles, 5,7-carbocycle 7g could also
be generated from substrate 6g in 37% yield using this
chemistry. Although the yield was not ideal, this
reaction holds a great advantage for preparing such a
synthetic challenging compound from a simple sub-
strate 6g. To our further delight, the C� O bond cleaved
PKR was generally successful with cyclopentene
substrates. Substrates 6h–m, which contained various
substitution patterns, all produced the corresponding
5,5-carbocycles in modest to good yields. Notably, the
reaction of 6h, which was carried out on a 5 g scale,
achieved 73% yield. Again, the influence of stereo-
chemistry of the substrate was observed. Although
very similar to 6h structurally, substrate 6n only
afforded depropargylated product 10 under our opti-
mized reaction conditions.

To acquire more insights into the mechanism of this
interesting reaction, we first tried to clarify the hydro-
gen source in this reductive process. Given the best
performance of alcoholic additives in our optimization
experiment, they were speculated to be the hydrogen
source. To verify this assumption, we conducted a
deuterium labelling experiment using various commer-
cially available d-methanol as an additive (Table 3).

Gratifyingly, the expected deuterated product 11
(Entry 1) was obtained with the addition of CD3OD in
the reaction mixture. Then two additional deuterium
labelling conditions (Entries 2–3) were devised to
determine whether the deuterium in the product 11 was
stemmed from the methyl group or the hydroxyl group
of the methanol. The results clearly indicated that
hydrogen originated from the alkanol proton of the
methanol. Meanwhile, considering that the association
of the deuterium in 11 could either occur during the
reaction or after it was quenched by proton sources, we
also added CH3OD after the disappearance of cobalt-
alkyne complex 9 (Entry 4). No association of deute-
rium in the product indicated that the reductive
cleavage of C� O bond took place during the reaction.

Based on the widely recognized Pauson-Khand
reaction mechanism[8] and the deuterium labelling
experiment, a plausible reaction mechanism for the
C� O bond cleaved Pauson-Khand reaction was pro-
posed (Scheme 3).

Taking substrate 3 as an example, we assumed that
cobalt-alkyne complex 9 went through a well-accepted
mechanism to convert to intermediate B via A. Given
that Lewis base can accelerate the alcoholysis of
carbonyl cobalt,[9] we speculated that MeCN might
serve as a Lewis base to promote the alcoholysis of
intermediate B, which breaks the Co� Co bond to form
the cobalt-hydrogen species C. Subsequently, reductive
elimination of carbonyl cobalt complex in C could
furnish an intermediate D (Path a). Alternatively, the
intermediate B could go through the same path in a
regular Pauson-Khand reaction to reach intermediate
C’. C’ was then converted to the intermediate D
through alcoholysis (Path b). We speculated that
electrons on Co in the intermediate D could fill in the
antibonding orbital of C� O bond to promote the
heterolysis of C� O bond. Finally, the resulting inter-
mediate E produces the C� O bond cleaved PKR

Scheme 3. A Proposed Reaction Mechanism.
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product 5 through reductive elimination and ligand
dissociation of the cobalt species.

In conclusion, we have discovered a C� O bond
cleaved Pauson-Khand reaction and further developed
it into a generic and efficient method for rapid
construction of complex 5,5- 5,6- and 5,7-bicyclic ring
systems bearing rich stereochemical information.
These types of products are particularly difficult to
access through regular intermolecular Pauson-Khand
reactions. Deuterium labelling experiment revealed
that the hydrogen was provided by the proton in an
alcoholic solvent. Accordingly, a plausible mechanism
of the reaction was proposed. Taken together, our

Table 2. Reaction Scope of the C� O Bond Cleaved PKRs.[a]

Substrates Products Yield[b]

58%

38%

45%

52%[c]

53%

69%

37%

73%[d]

48%

54%

49%

54%

55%

Table 2. continued

Substrates Products Yield[b]

65%

[a] Treatment of 6 (0.1–1.0 mmol) with octacarbonyldicobalt
(1.0 equiv.) in dichloromethane (0.2 M) under argon atmo-
sphere at room temperature provided cobalt-alkyne complex
which was purified by flash chromatography. The solution of
cobalt-alkyne complex in the mixed solvents (MeCN:i-
PrOH=5:1; 0.05 mM) was warmed to 50 °C (6a–6 f) or
60 °C (6g–6n) under argon atmosphere to produce 7.

[b] Isolated yield for two steps.
[c] Both substrate and product are a pair of inseparable
diastereomers with a ratio of 3:2.

[d] Performed on 5.1 g (20.2 mmol) scale.

Table 3. Pauson-Khand Reactions in Deuterated Methanol.

Entry d-Methanol Results

1 CD3OD[a] 11 (> 90% deuteration)
2 CD3OH[a] 5
3 CH3OD[a] 11 (> 90% deuteration)
4 CH3OD[b] 5
[a] The solution of cobalt-alkyne complex 9 (0.05 mM) in a
mixed solvent (MeCN:d-methanol=5:1) was heated at 50 °C
under argon atmosphere.

[b] The solution of cobalt-alkyne complex 9 in MeCN
(0.05 mM) was heated at 50 °C under argon atmosphere; d-
methanol was added after disappearance of cobalt-alkyne
complex 9.
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chemistry could serve as a solution to reach challeng-
ing intermolecular PKR type products using C� O bond
as a temporary tether, which could inspire new
applcations of Pauson-Khand reactions in the synthesis
of complex molecules.

Experimental Section
Representative reaction procedure: The solution of 6h (5.10 g,
20.24 mmol, 1.0 equiv.) in CH2Cl2 (100 mL) at 0 °C was added
Co2(CO)8 (6.92 g, 20.24 mmol, 1.0 equiv.) in one portion under
argon. After stirring for 30 min at the same temperature, the
solvent was removed under reduced pressure. The residue was
purified by column chromatography (PE/EA=100/1) to afford
crude cobalt-alkyne complex as a brown oil. A solution of crude
cobalt-alkyne complex in MeCN:i-PrOH=5:1 (400 mL) was
warmed to 60 °C under argon. After stirring for 5 h at 60 °C, the
solvent was removed under reduced pressure. The residue was
purified by column chromatography (PE/EA=20/1) to afford
product 7h (4.18 g, 14.81 mmol, 73% in two steps) as colorless
oil.
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