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ABSTRACT: Reductive cyclization of enynes and diynes by using H2 gas as a reductant was realized, and the corresponding cyclized products 
were obtained in good yields without olefin-isomerization and over-reduction of the products. By an experiment using D2 instead of H2, it was 
confirmed that H2 unambiguously operates as a reductant in this reaction. The protocol of the reaction is very economical and user-friendly by 
using air- and moisture-stable CoBr2·6H2O and 1 atm pressure of H2. 

Reductive coupling between two different p components (e.g., al-
kenes, alkynes, and carbonyl groups) is one of the unique reactions 
catalyzed by transition metal catalysts.1 Reductive cyclization be-
tween diynes or an alkyne and an alkene is a promising methodology 
for regio- and stereoselective construction of cyclic compounds. 
Most of the reactions proceed via a metallacycle intermediate 
formed through oxidative cycloaddition of C-C multiple bonds to a 
low valent metal complex (Mn), and it is known that various transi-
tion metals such as Pd,2 Ni,3,4 and Co3c,5 can catalyze this type of re-
action (Scheme 1). As a typical scenario of reductive cyclization of 
enynes shown in Scheme 1 (a), cleavage of the C-M bond in the 
metallacycle occurs by a hydrogen source (e.g., HX), giving a cy-
clized product along with formation of Mn+2X2. To establish a cata-
lytic cycle of this reaction, more than a stoichiometric amount of a 
reductant is necessary to reduce Mn+2X2 to Mn. Thus, more than a 
stoichiometric amount of waste originating from the reductant is 
also produced after the reaction, and that is a serious drawback of 
this reaction. 

Hydrogen gas (H2) is one of the ideal reductants in various trans-
formations including the above-mentioned reductive couplings be-
cause it is cheap and easily accessible and there is no production of 
waste after the reaction. Furthermore, with increasing utilization of 
H2 in various fields, technology for production of H2 without CO2 
emission is being developed to replace the traditional methods such 
as steam reforming.6 However, the utilization of H2 as a reductant in 
transition metal-catalyzed C-C-bond forming reactions has been 
limited, probably due to competition with catalytic hydrogenation. 
In 2002, Krische and coworkers reported Rh-catalyzed reductive 
coupling between an enone and an aldehyde with H2 (1 atm).7 After 
that, they showed that H2 can be used as a reductant in various types 

of reductive coupling, including reductive cyclization of enynes,8 in 
a series of their excellent studies.9 However, reductive cyclizations of 
enynes or diynes using H2 as a reductant have been limited, and there 
have been only a few reports so far.10 We herein report Co(I)-cata-
lyzed reductive cyclization of enynes and diynes by using 1 atm of H2 
as a reductant (Scheme 1 (b)).11 
Scheme 1. Transition Metal-Catalyzed Reductive Cyclization of 
Enynes 

 

 
Initially, the reaction of enyne 1a with 10 mol% of the cationic 

Co(I) catalyst, prepared in situ from CoBr2 (10 mol%) and various 
ligands in the presence of Zn (25 mol%) and NaBArF

4 (10 mol%) in 
a manner similar to the reported procedure,5a was carried out in di-
chloroethane (DCE) at 80 °C under 1 atm of H2, and the results are 
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summarized in Table 1. The use of monodentate ligands, PPh3 and 
PCy3, was not effective for producing the desired compound 2a, and 
most of 1a was recovered in each reaction (Entries 1 and 2). Co(I) 
catalysts bearing bidentate ligands such as dppe, dppp, dppb, dcpe, 
and DPEphos promoted the cyclization, but a large amounts of 
isomerized product 3a and/or alkyne-reduced starting material 4a 
were obtained along with desired product 2a (Entries 3-7). On the 
other hand, it was found that Xantphos-type ligands were effective 
for selective formation of the desired product 2a without isomerized 
product 3a. Thus, reactions of 1a using Xantphos, N-Xantphos, and 
Xyl-Xantphos gave 2a in 68%, 75%, and 83% yields, respectively,  
with a small amount of the reduced starting material 4a (Entries 8-
10). 
Table 1. Ligand Screening in Reaction of 1aa 

 
Entry Ligand 2a (%) 3a (%) 4a (%) Recov. 

1a (%) 

1b, c PPh3 — — trace 87 

2d PCy3 — — — quant. 

3 dppe 23 17 5 5 

4 dppp 21 44 trace — 

5 dppb 27 46 — — 

6 dcpe 48 33 — — 

7 DPEPhos 17 34 3 — 

8 Xantphos 68 — 7 — 

9 N-
Xantphos 

75 — 1 — 

10 Xyl-
Xantphos 

83 — 6 — 

aUnless noted otherwise, the yields are isolated ones. bThe yield was 
determined by 1H-NMR analysis with 1,1,2,2-tetrachloroethane as an 
internal standard. c10 mol% of CoBr2(PPh3)2 was used. d20 mol% of 
PCy3 was used. 

 
Next, we commenced further optimization of the reaction condi-

tions in the reaction of 1a using Xyl-Xantphos as a ligand (Table 2). 
When the reaction temperature was lowered from 80 °C to 60 °C, 
the yield was not affected, and the cyclized product 2a was obtained 
in 82% yield (entry 1). On the other hand, in the reaction at 40 °C, 
the yield of 2a was decreased to 52%, and over-reduced product 2a’ 
was also obtained in 15% yield, although the reason was not clear 
(Entry 2). For solvents, the reaction in toluene at 60 °C produced 2a 
in 76% yield, while the use of THF and CH3CN at the same temper-
ature decreased the yield of 2a to 36% and 4%, respectively (Entries 
3-5). In these reactions, we used a cationic Co(I) catalyst formed in 

situ from CoBr2 (10 mol%) and various ligands in the presence of Zn 
(25 mol%) and NaBArF

4 (10 mol%). When the amount of Zn was 
decreased from 2 to 10 mol%, the time required for complete con-
sumption of the substrate 1a was extended to 39 hours, but 2a was 
obtained in good yield (Entry 6). On the other hand, the reaction in 
the absence of Zn or NaBArF

4 did not proceed at all, and the starting 
material 1a was almost completely recovered (Entries 7 and 8), 
meaning that these reagents are necessary for formation of the active 
Co catalyst. It is noteworthy that the reaction under an atmosphere 
of N2 instead of H2 also did not proceed, indicating that H2 plays a 
critical role for the reaction to proceed (Entry 9). 
Table 2. Optimization for Reductive Cyclization of 1aa 

 
Entry conditions 2a (%) 4a (%) Recov. 

1a (%) 

1 DCE, 60 °C 82 6 — 

2b DCE, 40 °C 52 3 — 

3 toluene, 60 °C 76 8 — 

4 THF, 60 °C 36 59 — 

5 CH3CN, 60 °C 4 trace 22 

6c 10 mol% Zn 79 3 — 

7d w/o Zn — — 95 

8d w/o NaBArF
4 — — 98 

9 d w/o H2 (under N2) — — 94 

aUnless noted otherwise, the yields are isolated ones. 
b2a’ was obtained in 15% yield.  cReaction time was 39 
h. dThe yield was determined by 1H-NMR analysis with 
1,1,2,2-tetrachloroethane as an internal standard. 

 
In all of the experiments shown in Tables 1 and 2, commercially 

available “anhydrous CoBr2” was used as received. Since anhydrous 
CoBr2 is known to be hygroscopic, we decided to use it after drying 
by heating at 130 °C in vacuo for 24 hours. As a result, in the reaction 
of 1a with dried CoBr2 (10 mol%) and Xantphos (10 mol%), the 
yield of 2a significantly decreased to 20%, and the starting material 
1a was recovered in 80% yield (Table 3, Entry 1). With the addition 
of 20 mol% water to the reaction under the same conditions, the 
yield of 2a was slightly improved to 36% (Entry 2). Surprisingly, the 
use of CoBr2·6H2O, which is the most stable hydrate complex of 
CoBr2, increased the yield of 2a to 90% (Entry 3). With the use of a 
Co(I) catalyst under the same conditions with Xyl-Xantphos, the 
yield of 2a reached 95% (Entry 4). Furthermore, in the reaction of 1 
mmol scale of 1a, catalyst loading can be reduced to 2 mol%, and the 
product 2a was obtained in a high yield (Entry 5). As for the reason 
why CoBr2·6H2O was more effective than “anhydrous” or dried 
CoBr2, we speculate that the presence of H2O promoted the reduc-
tion of Co(II) species to Co(I) species by zinc. Similarly, Chirik re-
cently reported that the presence of MeOH accelerated the reduc-
tion of a Co(II)-diphosphine complex to Co(I)-diphosphine com-
plex by zinc as a reductant.12 
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Table 3. Optimization for Preparation of a Co(I) Catalysta 

 
Entry Co(II) complex 2a 

(%) 
4a 
(%) 

Recov. 
1a (%) 

1b, c CoBr2 (dried) 20 — 80 

2c CoBr2 (dried)+20 mol% H2O 36 6 — 

3c CoBr2·6H2O 90 10 trace 

4d CoBr2·6H2O 95 4 — 

5e 2 mol% CoBr2·6H2O 85 5 — 
aUnless noted otherwise, the yields are isolated ones. bThe yield was 

determined by 1H-NMR analysis with 1,1,2,2-tetrachloroethane as an 
internal standard. cXantphos was used as a ligand. dXyl-Xantphos was 
used as a ligand. e1 mmol of 1a, Xyl-Xantphos (2 mol%), Zn (5 mol%), 
and NaBArF

4 (2 mol%) were used in this reaction. 

With the optimal conditions in hand, we next investigated the 
scope of substrates in this cyclization (Table 4). Various substituents, 
including electron-donating and electron-withdrawing groups, at 
the p-position of the aromatic ring at the terminus of the alkyne of 
enynes 1 were tolerated to give the corresponding cyclized products 
2b-2f in 77%-95% yields. The reaction of 1g having a methyl group 
at the m-position of the aromatic ring took 24 hours to complete, but 
the desired product 2g was obtained in an excellent yield (97%). On 
the other hand, the reaction of 1h having a methyl group at the o-
position did not proceed under the optimal conditions, probably 
due to the steric repulsion. In this case, however, the use of Xantphos 
instead of Xyl-Xantphos was effective and the product 2h was ob-
tained in 91% yield. The existence of a heteroaromatic ring, thio-
phene, at the terminus of the alkyne somewhat retarded the reaction, 
but the cyclized product 2i was obtained in a modest yield (36%). 
The reaction of 1j having a methyl group at the terminus of the al-
kyne gave 2j in 98% yield, indicating that the existence of an aro-
matic ring at the alkyne terminus is not essential. The presence of 
oxygen in the chain is also tolerated, but the yield of 2k was dimin-
ished to 46%. With respect to substrates having longer chains, the 
reaction of 1,7-enyne 1l gave the desired product 2l in 86% yield, 
while the reaction of 1,8-enyne 1m did not proceed, recovering 1m 
in 87% NMR yield. Next, the reaction of 1,6-diynes were checked 
under the same conditions. In the case of 1,6-diyne 1n having a Ts 
amide moiety and phenyl substituents at each terminus of alkynes, 
the corresponding product 2n was obtained in 87% yield. Changing 
the Ts amide moiety in 1n to oxygen did not affect the yield of the 
product, giving 2o in 70% yield. On the other hand, the malonate 
derivative 1p did not seem to be a good substrate in this reaction, 
giving the corresponding product 2p in 27% yield. Compared to 
diynes having phenyl substituents on the alkynes, 1,6-diynes 1q and 
1r having methyl substituents on the alkynes are not suitable for this 
reaction, and the corresponding products 2q and 2r were obtained 
in 21% and 11% yields, respectively. Although it is a preliminary re-
sult, it is noteworthy that the reaction of allenyne 5 under the opti-
mal conditions gave the product 6 in an excellent yield 
(99%)(Scheme 2). 
 

Table 4. Scope of Substratesa 

 
aIsolated yields. bThe reaction time was 24 h. c10 mol% of Xantphos 

was used instead of Xyl-Xantphos. dThe reaction time was 48 h. eThe re-
duced starting material 4i was also obtained in 27% yield. fThe residual 
starting material 1k was observed as the mixture with unidentified by-
products. gThe starting material was almost consumed, and unidentified 
byproducts were also formed. hMost of the starting material remained 
but could not be separated from unidentified byproducts. 

Scheme 2. Reaction of Allenynea 

 
aIsolated yields. 
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To gain an insight into the reaction mechanism, we conducted the 
reaction of 1a under the optimal conditions using deuterium gas 
(D2) instead of H2 (Figure 1, upper part). As a result, the product 2a-
d was obtained in 87% yield, with deuterium being incorporated at 
each of the expected positions in 2a-d with high D-contents (>95%). 
This result indicates that H2 (or D2) unambiguously acts as a reduct-
ant in the reaction. Also, it means that H2O in CoBr2·6H2O and a 
catalytic amount of Zn (25 mol%) do not operate as reductants for 
the cyclization, and those would be necessary for preparation of an 
active Co(I) catalyst from a Co(II) complex. 

 
Figure 1. Reaction using D2 and Proposed Mechanism 

Based on the above-described result, the proposed mechanism of 
this reductive cyclization is shown in the lower part of Figure 1. A 
cationic Co(I) catalyst 7 was formed by reduction of CoBr2·6H2O 
by Zn in the presence of a ligand and NaBArF

4. Oxidative addition of 
substrate 1 to Co(I) catalyst 7 produced cobaltacycle intermediate 
I, which is the common intermediate in reductive cyclization cata-
lyzed by a transition metal catalyst.1-6 Then, s-bond metathesis be-
tween I and H2 occurred to give intermediate II,13,14 from which re-
ductive elimination afforded product 2 along with regeneration of 
Co(I) catalyst 7. We speculate that a Xantphos-type ligand operates 
as a tridentate ligand in this reaction, which results in the prevention 
of side reactions such as isomerization and over-reduction by occu-
pation of three coordination sites on the cobalt center.15 

In conclusion, we succeeded in developing Co(I)-catalyzed re-
ductive cyclization of enynes and diynes using H2 as a reductant. The 
remarkable features of this reaction are as follows: (1) The reaction 
is economical and convenient owing to the use of the base metal Co 
and easily accessible H2 and (2) the experimental protocol is user-
friendly with easy handling owing to the use of an air-and moisture-
stable CoBr2·6H2O complex under 1 atm pressure of H2. Further 
studies including extension to an asymmetric variant are in progress. 
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