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A cobalt-catalyzed highly (Z)-selective semihydrogenation of
alkynes using molecular H, was developed using commercially
available and cheap cobalt precursors. A variety of (Z)-alkenes
were obtained in moderate to excellent selectivities [(2)-
alkene/(E)-alkene/alkane ratio up to > 99:1:1)] and it was found
that the readily available ethylenediamine ligand is crucial in
determining the selectivity.

(2)-Olefinic structures are widely found in many biologically
and pharmaceutically active molecules and are manufactured
in several fine and bulk chemical processes.l!l Convenient
methods have been developed for the preparation of (2)-
alkenes, which include Wittigl2, Peterson®] and Julia
olefination!, olefin metathesisl®], and cross-coupling
reactionsl®l. However, selective semihydrogenation of readily
available alkynes is the simplest and most straightforward
approach for the preparation of (2)-alkenes. To date, many
transition-metal based catalysts have been intensively studied
for the (Z)-selective semihydrogenation of alkynes, which
include Pd,!”! Rh, (8] Au, [®] Ru, [10] Nj, [11] Cy, [12] v, [13] Cr, [14] Nb,
151 and even Fe [¢] (Scheme 1a). However, the Lindlar’s
catalyst is still the common choice for the (Z)-selective
semihydrogenation of alkynes since it is practical, general, and
commercially available.ll<72] Despite these superiorities, the
Lindlar’s catalyst has significant drawbacks, which suffers from
isomerization of the (Z)-alkene to the (E)-alkene, shift of the
double bond, over-reduction to the alkane, and poor
stability.[!”] Moreover, the lead species and quinoline are often
required which lead to harmful wastes and heavy metal
residual in the products (Scheme 1b).[}7] As a result, efforts
into developing new and more efficient catalysts are highly
desirable.
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b) Drawbacks of Lindlar's catalyst:
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Shift of the double bond
Over-reduction
Poor stability
Poison lead species

Scheme 1. Previous developed catalysts and drawbacks of Lindlar’s
catalyst.

With regard to the development of new catalysts, it is of
great value to use the nonprecious base metals to replace the
noble metals. The base metal such as cobalt is elegant for its
economic and environmental advantages, and more
importantly, for its unusual reactivities and selectivities in
hydrogenation reactions.['8] However, few cobalt-based
catalysts have been developed for the (Z2)-selective
semihydrogenation of alkynes. Very recently, Liu et al
developed a promising cobalt catalyst appended with pincer
ligands and excellent selectivities were obtained in the
semihydrogenation of a variety of alkynes.['9! Importantly, the
(2) or (E) selectivity can be controlled by the ligands (Scheme
2a). However, ammonia borane was utilized as the hydrogen
source, which is not ideal from the atom economic and
environmental point of view. Recently, Fout et al. developed
an unique cobalt catalyst using molecular H; as the hydrogen
source.l?0l However, only the (E)-alkenes can be obtained
(Scheme 2b). Regarding to the (Z)-selective cobalt-catalyzed
semihydrogenation with molecular hydrogen, very recently
Beller et al also reported a heterogeneous cobalt catalyst.
However, the (2)-selectivities achieved were only moderate.[21]
Herein, we report a cobalt-catalyzed highly (Z)-selective
semihydrogenation of alkynes using molecular H; as the
hydrogen source. Importantly, compared with the previous
studies, in which the ligands and catalysts were synthesized in
multiple steps, the cobalt catalyst we report herein is very
simple and practical, which is generated in situ from the com-
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Scheme 2. Examples of cobalt-catalyzed semihydrogenation of
alkynes.

mercially available and cheap Co(OAc);(H:0)s, NaBH, and
ethylenediamine. Employing this readily available cobalt
catalyst, a variety of alkynes with wide functional group
tolerance were converted to the (Z)-alkenes in moderate to
excellent selectivities (Scheme 2c).

The investigation of the semihydrogenation was initiated by
using 1,2-diphenylacetylene 1a as the standard substrate. To
our delight, 1a was converted to the desired (2)-1,2-
diphenylethylene 2a with good selectivity in the presence of
the cobalt catalyst generated in situ from Co(OAc)z:(H20)a,
NaBH; and ethylenediamine using molecular H,, although the
substrate was not fully converted (Table 1, entry 1). Screening
of the cobalt precursor revealed that Co(ll) species gave
promising results while Co,(CO)s didn’t show any activity
(Entries 2-4). Co(OAc),+(H20)4 was selected as the precursor for
the slightly higher activity. Screening of the ligands revealed
that almost all the substrate was converted to the alkane
without ethylenediamine or using 2,2’-bipyridine (Entries 5-6),
demonstrating the key role of the ethylenediamine ligand in
determining the selectivity. Further screening of the amine
ligands introducing  substituents on
ethylenediamine gave slightly lower reactivity while the
selectivity was not significantly influenced (Entries 7-10).
Phosphine ligands were also tried, but relatively lower activity
and selectivity were observed (Entries 11-12). It was found
that solvent played an important role in the activity of the
catalytic system. Changing the solvent from alcohol to THF,
CH,Cl; or toluene resulted in almost no activity of the catalyst
(Entries 13-15). It was also found that water is helpful to
increase the selectivity and much lower selectivity was
observed when the reaction was conducted in the absence of
water (Entry 16). It is likely that water may act as a weak
coordinating ligand to slowdown the isomerization of (2)-
alkene to (E)-alkene and the over-reduction. Considering this
possibility, the weak coordinating solvent, THF, was added as a
co-solvent to further increase the selectivity. To our delight,

revealed that
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Table 1. Screening of the reaction conditions. @
View Article Online
DOI: 10.1039/C7CC01228D

[Col/NaBH,
Ph—=—Ph —»HI;'?:ZZF) Ph/2=\Ph+ PhF~pn + PIepn
1a 1t 12h a 3a 4a
Entry Co Ligand Solvent Conv%?® Z/E/Alkane®
1 Co(OAc), (Ho0)4 HZN/\/NHZ EtOH/H,O 86 21:1:2
2 CoCl, HZN/\/NHz EtOH/H,0 52 21:1:1
3 Co(BFy)(H0) HN"~NH2  EtOHH,0 78 20:1:2
4 Co,(CO)s NNz EtoHH,0 0 nd
5 Co(OAC),"(Hy0)s no EtOHMH,O0  >99  0:0:>99

6 Co(OAc)'(H,0)s 2,2-bipyridine  EtOH/H,0  >99  0:0:>99
7 Co(OAC)y"(H20)s HoN” ""NH, EtOH/H,0 78 22:1:3
8  Co(OAC) (H20)s ymeN"-"MeH  EtOH/H,0 41 21:1:2
9 Co(OAC),"(Ha0)4 HZN/\/NMez EtOH/H,O 54 25:1:3

10  Co(OAc),(He0)4 MezN/\/N""ez EtOH/H,0 43 19:1:3

119 Co(OAC),*(H20)4 PPh; EtOH/H,0 46 19:1:3

128 Co(OAC),*(H20)4 DPPP EtOH/H,O 16 17:1:1

13 Co(OAck'(H20) mN"~NH2  THFM,0 4 10:1:03
14 Co(OAc),"(H20)4 HZN/\/NHz CH,Cl, trace nd

15 Co(OAc),"(H20), HZN/\/NHZ Toluene 8 11:1:1
16 Co(OAc),"(Hp0)4 HZN/\/NHz EtOH 93 12:1:2

170 Co(OAc)(M20)s  HN-"-NH2 EtOHTHFH,0 78 25:1:2
189 Co(OAc)'(H:0)s  p,N"-NH2 EtOHTHFH,0 88 23:1:2
19191 Co(OAC),"(H;0)s p,N-~~NH2 EtOHTHFH,0 >99  21:1:3
201 Co(OAG),*(Ha0)4 HZN/\/NHz EtOH/THF/H,O0 22 nd

211 Co(OAc)y" (H0)4 HZN/\/NHz EtOH/THF/H,0 5 nd

9The reaction was conducted in 0.5 mmol scale, solvent/H,0 = 2.0
mL/0.1 mL, Co =1 mol%, NaBH4 = 2 mol%, ligand = 8 mol%, H, =2
bar, time = 12 h; ® Conversion of the substrate, determined by 'H
NMR; ¢ Determined by H NMR; ¢ PPhs = 4 mol%; ¢ DPPP = 1,3-
bis(diphenylphosphanyl)propane, 2 mol%; f EtOH:THF:H,0 = 1.0
mL:1.0 mL: 0.1 mL; 9time =24 h; " H, = 3 bar; ' EtOH:THF:H,0 = 1.0
mL:1.0 mL : 0.1 mL, time = 24 h, H, = 3 bar, conducted outside the
glovebox; /EtOH:THF:H,0 = 1.0 mL:1.0 mL : 0.1 mL, time =24 h, H,
= 3 bar, using non-degassed solvent.

slightly higher selectivity was observed while the activity was not
significantly influenced (Entry 17). And importantly, the use of THF
as a co-solvent addressed the problem of the low solubility of many
substrates in alcohol. In order to ensure full conversion of the
substrate, reaction time and H, pressure were increased. To our
delight, the substrate was fully converted while the selectivity
remained high (Entries 18-19). It should be noted that the catalytic
system is sensitive to air. Conducting the reaction outside the golve
box or using non-degassed solvent resulted in low conversions
(Entries 20-21).

With the optimized reaction conditions established, a series
of substrates was smoothly hydrogenated to the Z-alkenes
with moderate to excellent selectivities (11:1:1~>99:1:1 Z/E/A

This journal is © The Royal Society of Chemistry 20xx
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Table 2. Substrate
semihydrogenation @

scope of the cobalt-catalyzed

Co(OAG)," (H,0)4/NaBH,

IR—=_R? NH,CH,CH,NH, 1R/_\— 2+ 1R\/\ 2+ 'R\/\Rz
EtOH/THF/H,0
rt, H, (3 bar)
OMe MeO
S/C—100, 24 h S/C—50,16h SIC =50, 24 h SIC =50, 16 h
>99% Conv. >99% Conv >99% Conv. > 99% Conv.
ZEA=21:1:3  ZEA=18:1: ZEA=18:1: ZEA=15:1:1

d\;NHTs NHTs
2h

S/IC = 200, 24h S/IC=100,12h S/IC=20,24h SIC=20,24h
>99% Conv. >99% Conv > 99% Conv >99% Conv.
ZEA=10:1:2 ZEA=20:1: ZEA=33:1: ZEA=2511:2

- NHTs NHTSC§_¥NHTS C§_¥NHTS
2i

S/C =50, 24 h
> 99% Conv.
ZEA=72:1:4

MeO
S/IC=20,24h S/C=20,24h S/IC=20,24h

> 99% Conv. > 99% Conv. > 99% Conv.
ZEA=51:1:3 ZE:A=65:1:5 ZEA=33:1:3

- OH - -
OH OH OH
MeO OMe
2m 2n 20 2p

MeO
S/C=50,24h S/IC=20,24h S/IC=20,24h S/IC=20,24h
> 99% Conv > 99% Conv. > 99% Conv. >99% Conv.
ZEA=53:1: ZEA=50:1:2 ZEA=>99:1: ZEA=>99:1:1
S/C =200,12h S/C =200, 12 h S/C =200, 12 h S/C =100,24 h
> 99% Conv. > 99% Conv. > 99% Conv. > 99% Conv.
ZEA=25:1:1 ZEA=18:1:2 ZEA=11:1:1 ZEA=1711:

I pat o

FiC

S/C=100,12h S/C 50,24 h S/C=50,24h S/IC =50,24 h
> 99% Conv. > 99% Conv 9% Conv. 20% Conv.

ZEA=18:1:1 ZEA=28:11 ZEA=10:1: <1 ZEA=18:1:<1

a The reaction was conducted in 0.5 mmol scale, EtOH/THF/H,0
= 1.0 mL/1.0 mL/0.1 mL, ethylenediamine/NaBH;/Co = 8:2:1, H,
= 3 bar, conversion of the substrate and the Z/E/A ratio were
determined by 'H NMR or GC analysis, Z/E/A is the ratio of (2)-
alkene/(E)-alkene/alkane, S/C is the substrate/catalyst ratio.

ratio, 77%~98% Z-alkene vyield). Good selectivities were
obtained in the semihydrogenation of non-functionalized
diaryl-substituted alkynes (Table 2, 2a-2d), although a slightly
lower selectivity was observed when the electron-withdrawing
fluorine atom was introduced on the para position (2d).
However, in the semihydrogenation of the alkyne attached
with aryl and alkyl substituents, the selectivity was relatively
lower (2e). Nevertheless, the selectivity of the
semihydrogenation of the dialkyl-substituted alkyne still
remained high (2f). Substrate scope was then investigated in
the semihydrogenation of a variety of functionalized alkynes. A
series of (Z)-3-substituted protected allylic amines were
obtained with very high selectivities, regardless of whether the
substituents on the aromatic ring is electron-donating or
electron-withdrawing (2g-2l). A number of (2)-3-substituted
allylic alcohols was also smoothly obtained with high

This journal is © The Royal Society of Chemistry 20xx
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Co(OAC),"(H,0)4/NaBH,
NHT ew Article Online
/\ ® _NH,CH,CH;NHy, SIC =200 1 pi{0 30y T 1228D

Ph
a) 1 EtOH/THF/H,0 29
9 1t, H, (3 bar), 24 h 95% yield
4 mmol, 1.14 g Z/EIA = 35:1:3
Co(OAG),*(H;0)4/NaBH,
/\ OH  NH,GH,CHNH,, S/C =50 =
Ph PH OH
b) 1 EtOH/THF/H,0 om
m 1, H, (3 bar), 24 h .
8 mmol, 1.06 g 97% yield
ZIEIA = 48:1:2

Scheme 3. Gram scale semihydrogenation of the functionalized
alkynes 1g and 1m; except for the catalyst loading, the reaction
conditions are the same as described in Table 2.

Co(OAc),* (Hp0)4/NaBH,
/R NH,CH,CH,NH,, S/C = 10Q =\

Ph EtOH/THF/H,O Ph R
rt, Hp (3 bar), 4 h
R =Ph, 1a: R = n-Bu, 1e:

29% Conv. Z/E/A = 16:1:2
R = CH,OH, 1m:
92% Conv. Z/E/A = 65:1:3

77% Conv. Z/E/A = 28:1:2

R = CH,NHTSs, 1g:
19% Conv. Z/E/A = 33:1:2

Scheme 4. Measurement of the reaction rates.

selectivity (2m-2v). Especially, when the weak coordinating
methoxy group was introduced, excellent selectivities were
observed (2n-2p). Moreover, the reaction also tolerated
functional groups such as acetyl (2s) and cyano (2t). It is
noteworthy that, compared with the nonfunctionalized
alkynes, the selectivities observed in the semihydrogenation of
the functionalized alkynes are distinctly higher. This is probably
because that the amine and alcohol moieties in the
functionalized alkynes could act as weak coordinating groups
to slowdown the isomerization and over-reduction. However,
if the coordinating ability of the functional group (such as
dimethyl amine or thiophene) is too strong, the catalyst could
be poisoned, which afforded low conversions (2w-2x).

In order to further demonstrate the practical utility of the
current method, the semihydrogenation of the functionalized
substrates 1g and 1m was conducted in gram scale. To our
delight, the reaction proceeded smoothly to give the desired
(2)-product in high yield and selectivity (Scheme 3).

In an effort to reveal the reactivity order of the
functionalized and nonfunctionalized alkynes, we measured

Co(OAGC),"(H,0)4/NaBH, _
a) 4, NHCHCH,NHy, SIC = 100, pH{  Ph *+
EtOH/THF/D,0 2a

t, Hp (3 bar), 24 h, > 99% Conv.

Ph Ph
Ph/_/ ¥ Ph/_/
3a 4a

ZIEIA=19:1:2
No deuterated product

Co(OAC),*(H,0)4/NaBH, Ph Ph
b) 1a -NH2CHaCHpNH, S/C =100 Ph/—\— o+ /=/ . /—/
CD;0D/THF/H,0 PH Ph

2a 3a 4a
ZIEIA=18:1:2
No deuterated product

rt, Hy (3 bar), 24 h, > 99% Conv.

Co(OAC)y* (H,0)4/NaBH, D D D Ph DD Ph
NH2CH,CHyNHy, S/C = 100 >—< + >—< N HD
° > PpH Ph PH D PH D
EtOH/THF/H,0
2a' 3a' 4a'

rt, D, (3 bar), 15 h, 75% Conv.
ZIEIA=20:1:3
> 95% deuterium incorporation (2a'/3a'/4a")

Scheme 5. Control experiments using MeOD, D,0 and D,.
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the reaction rate of each substrate separately. As shown in

scheme 4, when the reaction was stopped after 4 h with 1 mol%

catalyst, 3-phenyl-propargyl alcohol 1m exhibited the highest
rate. To the contrary, the reaction rate of 3-substituted
protected propargylamine 1g was the lowest. It is notable that
the reaction rate of 2-butylphenylacetylene 1e is distinctly
higher than that of 1,2-diphenylacetylene 1a, which is probab-
ly due to the electron-richer feature of the former.

Control experiments were also conducted using deuterated
methanol and water to determine whether the alcohol solvent
and water serve as hydrogen donors. As shown in Scheme 5,
no deuterated products were observed when deuterated
methanol or water was used as co-solvents (Scheme 5a-5b).
This result suggests that alcohol solvent and water do not
serve as hydrogen donors. Furthermore, when the reaction
was conducted using D5, for all of the three products (2a’, 3a’,
and 4a’), the deuterium incorporation was higher than 95%
(Scheme 5c). As a result, H, was considered to be the sole
hydrogen source and the transfer hydrogenation mechanism
was ruled out.

Conclusions

In  conclusion, a cobalt-catalyzed highly (2)-selective
semihydrogenation of alkynes using molecular H, was
developed. Notably, this reaction system is very practical using
commercially available and cheap cobalt precursor and
ethylenediamine ligand. A variety of (2)-alkenes were obtained
in moderate to excellent reactivities and selectivities. It was
found that the ethylenediamine ligand is crucial in determining
the selectivity. The reactivity order of each kind of substrate
was determined by measuring the reaction rate separately.
And control experiments revealed that H, was the sole
hydrogen source. Further studies are underway to reveal the
mechanism of this cobalt-catalyzed semihydrogenation.

This work was supported by the grant from Wuhan University
(203273463, 203600400006), the support of the Important Sci-Tech
Innovative Project of Hubei Province (2015ACA058), the National
Natural Science Foundation of China (Grant No. 21372179,
21432007, 21502145) and Natural Science Foundation of Hubei
Province (Grant No. 2016CFB449).
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