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Ligand-Free (Z)-Selective Transfer Semihydrogenation of Alkynes Cat-
alyzed by in situ Generated Oxidizable Copper Nanoparticles

Rafal Kusy” and Karol Grela*

Institute of Organic Chemistry, Polish Academy of Sciences, Kasprzaka 44/52, 01-224 Warsaw, Poland.
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ABSTRACT: Herein, we present (Z)-selective transfer semihydrogenation of alkynes based on in sifu generated Cu NPs in the
presence of hydrogen donors, such as ammonia-borane and a protic solvent. This environmentally-friendly method is characterized
by operational simplicity combined with high stereo- and chemoselectivity and functional group compatibility. Auto-oxidation of
Cu NPs after the semihydrogenation reaction is completed results in the formation of water-soluble ammonia complex, so that the
catalyst may be reused several times by simple phase-separation with no need of any special regeneration process. Formed
NH4B(OR)4 can be easily transformed back to ammonia-borane or to boric acid. In addition, one-pot tandem sequence involving

Suzuki reaction followed by semihydrogenation was presented.

Among the various methods of stereocontrolled olefin syn-
thesis, semihydrogenation of a triple C—C bond seems to be
one of the most efficient and straightforward approaches. The
very first catalytic system capable of (Z)-selective partial hy-
drogenation of alkynes was developed by Herbert Lindlar in
1952. The Lindlar catalyst is composed of a poisoned
Pd/CaCOs.! Complementary, the best known coursebook
method for (£)-selective reduction is Birch-reaction involving
alkali metal in liquid ammonia.?* Due to known limitations of
these well-established methods, new efficient solutions for ste-
reoselective semihydrogenation are sought. In terms of hydro-
gen source, both direct* or transfer semihydrogenation have
been tested. The former is waste-free in contrast to the latter,
however, demanding gaseous hydrogen use, often under high
pressure and thus might be inconvenient to an experimenter.
Hitherto, several hydrogen sources were utilized in alkynes
semihydrogenation, namely, water®, formic acid®, alcohols’,
silanes® or ammonia-borane®. Especially, interest in the last
one is observed, due to its high hydrogen capacity, non-tox-
icity and easy applicability.10, -12 Semireduction may involve
homogeneous or heterogeneous catalytic process. Superiority
of the latter is the easier separation of the catalyst from the
reaction mixture so that it may be recycled. There are several
papers concerning the heterogenous transfer semihydrogena-
tion of triple C-C bond. One of them was published in 2010,
by Liu et al. Authors applied Hantzsch ester in the presence of
Pd/C to obtain alkenes in moderate to good yields.!? In 2014,
Lipshutz described a catalytic system based on Pd nanoparti-
cles (NPs) formed from Pd(OAc); using sodium borohydride,
water and a surfactant. The system is capable of (Z)-selective
olefin production in high yields.!* Asao group utilized unsup-
ported nanoporous gold as a catalyst of alkynes (Z)-semihy-
drogenation in the presence of formic acid (2014). The meth-
odology was successfully applied towards substrates bearing
various functional groups.!5 In 2015, Stratakis et al. reported on
(Z)-selective catalytic system involving supported AuNPs.
Authors proved that ammonia-borane and EtOH are hydrogen
donors in this transformation.!¢ Similar catalyst was applied
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by Cao in 2016, to carry out (Z)-semihydrogenation of alkynes
using formic acid.'” Analogous approach may be found in Xu
et al.’s paper (2016), with the difference that formic acid was
replaced with ammonium formate.!8 In 2017, Bai et al. pre-
sented catalytic (Z)-selective system based on generated in
situ NiNPs from NiCl, using sodium borohydride and MeOH.
The simplicity of this method is remarkable, however over-re-
duction process seems to be strictly dependent on catalyst
loading and reaction time.!® In 2018, two groups used PdNPs
in alkynes (2)-selective semireduction. Yang et al. carried out
this transformation in a presence of silane and water mixture?’
while Endo et al. developed system using PdCl,, base and for-
mic acid.?! In the same year, synthesized polyhedral copper(I)
oxide was used by Huang et al. to achieve transfer (2)-semi-
hydrogenation of two alkynes in a presence of ammonia-bo-
rane and EtOH. In contrast to previous papers, the authors
proved that alcohol is not a hydrogen donor.22 Recent example
of (Z)-selective system was proposed by Balaraman et al. in
2020. N-graphitic modified CoNPs were capable of alkynes
semireduction using ammonia-borane and MeOH.23 It is worth
pointing out that the presented above methods are not free of
limitations (concerning e.g. stereoselctivity, over-reduction,
functional group tolerance or applicability) and despite such a
great progress in the field of alkyne semihydrogenation better
solutions are yet to be discovered.

Results

Optimization of the reaction conditions. Our quest for new,
simple but efficient and highly stereoselective methods of tri-
ple C—C bond reduction stem from our previous studies con-
cerning ruthenium complexes.?* During the present research,
we found that copper(Il) chloride in a presence of ammonia-
borane and methanol is capable of highly (2)-selective semi-
hydrogenation of diphenylacetylene (Table 1, entry 1). This
observation encouraged us to test different commercially
available copper complexes, which led to similar results of the
model reaction (Table 1, entries 2-6). In contrast, the use of Cul
afforded low conversion (Table 1, entry 7). This may be caused
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by an inert character of this complex in comparison to other
Cu(I) halides.?> Due to easy applicability, CuCl,-2H,0 was cho-
sen for further studies.

0.02 equiv.
. [Cu] R
=" 2equiv. NHgBH; PP ~ph Ph/_/
1a solvent, 60 °C, 6 h (2)-2a (E)-2a
Entry Catalyst Solvent CODE’; ]r iion ZEf

1 CuCl2 MeOH 99 98:2
2 CuClz-2H20 MeOH 100 98:2
3 Cu(NO3)2-2Hz0 MeOH 100 98:2
4 Cu(OTf)2 MeOH 93 98:2
5 Cu(acac)2 MeOH 100 97:3
6 CuCl MeOH 100 98:2
76 Cul MeOH 12 90:10
8b CuClz-2H20 MeOH 100 98:2
9¢ CuCl2-2H20 MeOH 100 98:2
104 CuCl2-2H20 MeOH 76 98:2
11 CuCl2-2H20 EtOH 74 97:3
12 CuCl2-2H20 PrOH 64 97:3
13€ CuClz-2H20 THF 51 —
14¢ CuClz-2H20 DMF 19 —
15 CuClz-2H20 MeCN 18 —
16 CuCl2-2H20 H,0 + MeCN 61 98:2
17 CuClz-2H20 H20 + DMF 93 98:2
18 CuClz-2H20 H20 + AcOEt 100 98:2
19 CuCl2-2H20 H20 + n-hexane 5 -
20 CuClz-2H20 H20 + THF 100 98:2
21 CuCl H.0 + THF 100 98:2
22 Cul H2O + THF 39 98:2
23 Cu(NO3)2-2H20 H,O + THF 100 98:2
24 Cu(acac)2 H,0 + THF 98 98:2

Table 1 | Screening of Copper Catalysts and Solvents. «Conditions:
0.02 equiv. [Cu], 2 equiv. NH3BH3, 60 °C 6 h, £0.01 equiv. [Cu], €0.005 equiv.
[Cu], 90.0025 equiv. [Cu], No semihydrogenation products, onversion
and products distribution were determined by GC analysis

Catalyst loading as low as 0.5 mol% was found to be success-
ful (Table 1, entries 8-9) while the amount of 0.25 mol% did not
provide full conversion (Table 1, entry 10). Changing methanol
for its homologues led to lower conversions. Obtained results
indicate that the reaction rate decreases with the longer car-
bon chain of alcohol which affects its acidity (Table 1, entries
11-12). In the case of aprotic solvents, like THF, DMF, or
MeCN, no semihydrogenation products were found in the re-
action mixtures (Table 1, entries 13-15). Finally, the model re-
action was carried out in mixtures of water and organic sol-
vent to allow an equal distribution of the lipophilic substrate
in the reaction mixture. H,O + AOEt and H,O + THF turned
out to be the most efficient (Table 1, entries 18, 20). The former
allows semihydrogenation in a biphasic system, while the lat-
ter enables the reaction in emulsion. In mixtures of water with
DMEF or MeCN, the reduction is slower (Table 1, entries 16-17).
In the case of H,O + n-hexane, no products of semihydrogena-
tion were detected (Table 1, entry 19). For the system H,O +
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THE, other copper complexes were tested and gave similar re-
sults to the reactions with MeOH (Table 1, entries 21-24).

In the next step of optimization of the model reaction condi-
tions, we attempted to search for the most convenient and ef-
fective hydrogen source. The results indicated that ammonia-
borane used in >1 equiv. is the most effective. In this case, the
amount of the over-reduction product was negligible (Table 2,
entries 1-3), while the use of dimethylamine-borane and fer#
butylamine-borane led to higher amounts of the correspond-
ing alkane (Table 2, entries 4-5). It should be noted that the
semihydrogenation process is possible only when at least one
hydrogen atom is attached to both the nitrogen and boron at-
oms of ammonia-borane derivative RsN-BRs. Accordingly, the
application of trimethylamine-borane or ammonia-triphenyl-
borane failed to provide products of triple C-C bond reduction
(Table 2, entries 6-7). In the case of sodium borohydride used
as a hydrogen source, no semihydrogenation was observed.

Substrates scope. Having the optimized conditions in hand, the
scope of different alkynes was tested (Fig. 1). In general, the
semihydrogenation reaction was carried out using
CuCl,-2H,0 (0.02 equiv.), ammonia-borane (2 equiv.) in a mix-
ture of water and THF at 60 °C. Functional group tolerance was
tested with tolanes bearing different substituents. The results
showed that the studied catalytic system may be successfully
applied to substrates with both electron-donating and elec-
tron-withdrawing groups. (Z)-Stilbene and its derivatives
with alkyl or alkoxy groups ((Z)-2a-e) were obtained in very
good yield and selectivity . In the case of halogenated sub-
strates, THF was replaced with AcOEt, to enable more effec-
tive semihydrogenation to corresponding olefins. Importantly,
no products of protodehalogenation were detected (Z)-2f-h).
Moreover, the catalytic system is compatible with alkynes
bearing groups prone to reduction, such as ester, amide or ni-
trile ((Z£)-2i-k). The presented method can be also successfully
applied towards sulfur-containing compounds, such as sulfone
or even rather labile sulfonate group bearing alkynes ((2)-21-
m).

0.02 equiv.
. CuCl,"2H,0 R I Ph
= m P~ b Ph/_/ Ph/_/
1a MeOH, 60 °C, 24 h (2)2a (E)2a 3a
Entry Hydrogen source Conversion [%]¢ Z:E:Ae
1 NH3BHj3 100 97:2:1
20 NH3BHj3 100 97:2:1
3¢ NH3BHj3 81 76:2:1
4 Me2NHBH3 100 96:2:2
5 BuNH:BHj3 100 90:2:8
64 NMesBH3 26 —
7d NH3BPhs 0 —
84 NaBH4 5 —

Table 2 | Screening of Hydrogen Sources. “Conditions: 0.02 equiv.
CuCl2-2H20, 2 equiv. [H], 60 °C 24 h. #1.5 equiv. NH3BHs. <1 equiv.
NH3BHs. «No semihydrogenation products. “Conversion and products dis-
tribution were determined by GC analysis. A — over-reduction product.

Semihydrogenation of heterocyclic or bicyclic substrates af-
forded the corresponding stilbenes in also high yields and se-
lectivities ((Z)-2n-q). Reaction with indole derivative (1p)
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required higher loading of the catalyst and ammonia-borane
and higher temperature, but proceeded in a satisfactory man-
ner, too. Broader applicability of the described method was
proved by the reduction of both aryl-alkyl and alkyl-alkyl al-
kynes which were smoothly transformed into the correspond-

ing alkenes ((Z)-2r-t).

0.02 equiv.
CuCl,-2H,0 R2 R?
RI-——R? > —\, + /=/ + /_/
2 equiv. NH3BH3 R R R R

1a-z H20 +THF, 60 °C,2-6h  (z)-2a-z (E)-2a-z 3a-z

Bu
(2)-2a (2)-2b (2)-2¢ (2)-2d
96% (1% A) 95% (1% A) 90% (6% A) 92% (1% A)
Z.E=97:3 Z:E=96:4 Z:E =964 Z:E=98:2
PhFQ PhFQ PhFQ PhFQ
OMe F cl CFs
o j/z)-f; A (2)-2f (229 (2-2h
% ¢ 9("3,4) 2% (1% A)  95%° (1% A)  92%P (2.4% A)
’ : Z:E=955 Z:E=973 Z:E=97:3
P P P P
Co,Me NHAC CN S0,Me
(2)-2i @-2i (2)-2k (2)-21
92% (3% A) 96%2(0% A) 99% (0% A) 94% (4% A)
Z:E =955 Z:E=99:1 Z:E=098:2
Z.E=96:4
0S0,Me
(2)-2m @20 (2)-20 (2-2p
93% (2.5% A) 97% (0% A) 97% (0% A) 90%° (2% A)
Z:E=96:4 Z:E=97.5:2. Z:E=97:
96 97.5:2.5 97:3 S E—ons
(2)-2q (2)-2r (2)-2t
97% (0% A) 93% (2% A) 95% (3% A 96%7 (1% A)
Z.E=97:3 Z:E=97:3 Z:E =982 ZE=0982
(2)-2u 2)-2v (Z) -2w (2)-2x
o (80
84%° (2% A) 8”’ B%A)  g19%e (2% A) 86%° (4% A)
HO \/I/
2)-2y
89% (3% A) 89% (3% AA)
Z,Z:EE =982

Fig. 1| Substrate Scope and Functional Groups Tolerance of The

Title Reaction. “General Conditions: 0.02 equiv. CuClz-2Hz0, 2 equiv.
NH3BH3s, H20 + THF, 60 °C. Isolated yields. Products distribution was de-
termined by GC analysis. . A — over-reduction product. Solvent: H20 +
AcOEt. Solvent: H20 + 1,4-dioxane. 90 °C. 4Solvent: MeOH. €0.04 equiv.
CuClz-2H20, 3 equiv. NH3BH3 80 °C.

In the case of dodec-6-yne (1t), MeOH was used as a solvent.
Furthermore, the reactions with terminal alkynes under the
defined conditions provided olefins in good yields ((Z)-2u-y).
Of note, some substrates demanded higher amounts of a cata-
lyst and ammonia-borane complex at higher temperature to be
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effectively reduced (1u, 1w-x). In some cases, side products of 194

presumably Glaser-Hay coupling and the further reduction
were noticed. Nevertheless, in the highly reducing environ-
ment the semihydrogenation process was overwhelmingly fa-
vorable. Finally, the catalytic system may be applied in the ef-
ficient synthesis of dienes ((Z£)-2z).

0.02 equiv.
CuCl,-2H,0 Ph
Ph————>Ph ————> /.~
2 equiv. NH3BH3 PR Ph  py

1a MeOH, 60 °C (2)-2a (E)-2a
xu-100% a) b) c)
100
% reaction mixture reaction mixture
after addition of after metallic Cu
80 NH;BH; dissolving
70 i
60 —e— 1o
50 e (222
40 (E)-2a
30
20 A
o w
-
0 2 L

0 4 8 12 16 20 24 Time [h]

Fig. 2 | Reaction Profile for 1a Semihydrogenation. “Conditions: 0.02
equiv. CuClz-2H20, 2 equiv. NH3BH3, MeOH, 60 °C. Conversion and prod-
ucts distribution were determined by GC analysis.

It is noteworthy that in the vast majority of the tested alkynes
over-reduction of triple C—C bond was negligible, and all prod-
ucts were isolated in pure form by a simple biphasic extraction.

0.02 equiv.
CuCl,-2H,0

— —_— /_\
o o 2 equiv. NH3BH3 /_/ /_/

1a H,0 + AcOEt, 60 °C, 6 h (2)-2a (E)-2a 3a
xu100% a) b) <)
100 reaction mixture reaction mixture
90 after addition of after metallic Cu
NH;BH i i
80 sBH; dissolving
70
60
50 organic phase
40
30
20
10 E
: \

1 2 3 4 5 6  No.ofcycle aqueous phase

M2 HE2 H3a

Fig. 3 | Recyclability Test. “«Conditions: 0.02 equiv. CuClz-2H20, 2 equiv.
NH3BH3, H20 + AcOEt, 60 °C. Products distribution was determined by
GC analysis.

Mechanistic studies. To understand nature of the title semihy-
drogenation process, the reaction of diphenylacetylene (1a) re-
duction was analyzed in time using GC technique (Fig. 2a). The
resulted time-conversion profile indicates that substrate 1a is
consumed within 6 h to produce (Z)-stilbene ((Z)-2a). Very
small amount of initially produced (£)-stilbene ((E)-2a) is not
altered even if the reaction is prolonged (for comparison see
Ru-based system previously studied by us2?).

The pivotal point in our studies was the observation of the
reaction mixture which turns black after the addition of am-
monia-borane (Fig. 2b) to change its color again to light-blue
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in time (Fig. 2c). The former is connected with copper nano- 238
particles production, while the latter is presumably caused by 239
spontaneous oxidation of copper(0) in air2¢ and the formation 240
of a water-soluble blue-colored complex with ammonia. This 241
intriguing phenomenon might be useful in terms of indication 242
of the reaction completion and the catalyst recycling. The 243
same portion of catalyst may in theory be used to carry out a 244
number of subsequent semihydrogenation reactions. To re- 245
duce such possibility to reality we attempted to run the semi- 246
hydrogenation of 1a for multiple times with one portion of the
catalyst using a biphasic system composed of water and an or-
ganic solvent (AcOEt) (Fig. 3a). After each reaction cycle,
when the initial black color of the mixture (Fig. 3b) turns to
light-blue (Fig. 3c) the water phase containing the blue Cu(Il)-
ammonia complex was separated and reused. After removal of
organic phase, and washing the aqueous one (which contains
water-soluble copper complex) with AcOEt, semihydrogena-
tion of another portion of substrate is made in the same vessel.
No deterioration of catalytic activity was noticed over six runs
under such conditions (Fig. 3a). In contrast to previously re-
ported nanoparticles-based catalytic systems, the generated in
situ catalyst does not require any prior regeneration process
(centrifugation, filtration, washing, drying, etc.) before being
recycled.
a) e)
95%¢
0.02 equiv. B

CuCly-2H,0 p (81%) B
Ph —— > /=

Ph——

2equiv. NHBH, TP Ph
D,0 + THF, 60 °C,6 h
b)
0.02 equiv. 0%"
CuCl,-2H,0
Ph—=—Ph ——— _/—\
2 equiv. NH3BH3 PR Ph
Hg drop 247
MeOH, 60 °C, 24 h
248
©) No. of particles f)
0.02 iv.
Cucljg::,o 0%” 250 Average size: 3.4 + 0.1 nm. 249
Ph———Ph —m> /N 200 P
PH  Ph 7 250
H, (baI?on) %%\
MeOH, 60 °C, 24 h 150 %%% 251
2
0 L 252
0.02 equiv. b 10 %%%
q 9 /// 253
CuCly-2H,0 1% %%% A
Ph—=—Ph T, /N % %%% 254
0.04 equiv. NH3BH; PR Ph ) 2 ,ééé ki 55
H, (balloon) 0o 1 2 3 4 5 6 7 5256
MeOH, 60 °C, 24 h Size of particles [nm]
257
Fig. 4 | Mechanistic Experiments. “solated yield. 2GC yield. 258
259

Some mechanistic studies were conducted to propose a plau- 260
sible explanation of the studied semihydrogenation process. 261
Firstly, deuterium labeling experiment with D,O brought 262
mono-deuterated (2)-stilbene (Fig. 4a). This outcome is con- 263
sistent with previous observations (Table 1) indicating that the 264
protic solvent acts as a donor of the hydrogen atom. To con- 265
firm that copper nanoparticles are produced during the semi- 266
hydrogenation reaction, mercury-drop test was carried out. As 267
we found, mercury effectively scavenged CuNPs to form amal- 268
gam and thus prevented semihydrogenation to proceed (Fig. 269
4b). Presence of Cu-NPs was also proved by means of transi- 270
tion electron microscopy (TEM) (Fig. 4e). An analysis of TEM 271
images revealed that the average particle size was 3.4 £ 0.1 nm 272
(Fig. 4f). Next, we studied the possibility that in sifu formed 273
gaseous hydrogen is the actual hydrogenation agent (it was 274
observed that metal-NPs in a presence of a protic solvent can 275
decompose ammonia-borane with the evolution of hydrogen 276

occurs!?). To exclude the participation of gaseous hydrogen in
the semihydrogenation process, two model reactions with gas-
eous H; were conducted. Both of these experiments did not
yield the expected product, even in the case where a catalytic
amount of ammonia-borane led to the formation of copper na-
noparticles (Fig. 4c-d). Although Fedorov et al. proved that
CuNPs are capable of direct hydrogenation of alkynes to al-
kanes, they used a supported catalyst on silica and higher pres-
sure of gaseous hydrogen.4h

H H H,

H—BN—H
SO~
H
\/4 H H
H \- 4/
B=N
NH3BH; VaRY
a) Hydro- or alcoholysis of
ammonia-borane ROH

NH3BH;
cult], ——> OQ
ROH
H H
7 i . \- +/
R—=——R + NHiBH, b) (Z)-semihydrogenation H—/B—N\—H
RO H
H H H H I\
= H—B—N—H H_H o
R R _ St >=<
R——R H £ R
RO, H
\- +/ H
B=N ) \<«
RO/ R——R
RO H - H
ROH \- +/ \- +/
H—B—N—H B=N
I\ / \
RO H
=Cu NP ROH
RR_ ROH
AL Ko M ML
- -+
RO H =N e
\ RO H RO H
NH4B(OR
H H
>~ R—==r
R R

Fig. 5 | Proposed Mechanism.

Taking into account all results of the carried out experi-
ments, a plausible mechanism might be proposed (Fig. 5). This
proposition is in part inspired by Stratakis paper.¢ The first
step is the reduction of copper complex to CuNPs which par-
ticipate later in two reactions. The first one is hydro- or alco-
holysis of ammonia-borane, depending on the solvent used.
This is backed by the noticeable gas evolution during the re-
action and explains why an excess of ammonia-borane is nec-
essary. The second cycle involves semihydrogenation of an al-
kyne. First, incorporation of two hydrogen atoms into a triple
C-C bond results in the production of alkene and a NH,BH>
moiety. Addition of a protic solvent to a double B-N bond
leads to the formation of an ammonia-borane derivative and
the whole process repeats until there are no hydrogen atoms
attached to a boron atom. Such produced NH3B(OR)3 may un-
dergo further transformations to other boron species and can
be easily transformed back to ammonia-borane or to boric
acid.!¢ Different reactivities of alcohols in semihydrogenation
suggest that O-H bond cleavage occurs (Table 1, entries 11-12).
During the process, some amount of ammonia is produced, of
which an odor is perceptible.!? The anticipated mechanism ex-
plicates necessity of protic solvent use as well as an ammonia-
borane derivative containing at least one hydrogen atom at-
tached to both nitrogen and boron atoms. Hydrolysis of am-
monia-borane might be perceived as a concerted process of
dissociation of B-N bond and release of hydrogen through hy-
drolysis of BH3.2” However, this path should be excluded be-
cause in this case, use of NMe;BH; should lead to the reduction
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of alkyne while no hydrogenation products were detected 332
whatsoever (Table 2, entry 6). 333
334
Copper is widely used in many C-C coupling reactions as an 335
alternative to the expensive palladium catalysts.28 This in- 336
spired us to check out the possibility of a tandem sequence 337
which includes copper-catalyzed C-C coupling and a subse- 333
quent copper-catalyzed semihydrogenation under one-pot
conditions (Fig. 6). In order to try this, a slightly modified 339
Wang’s protocol of Suzuki reaction was used.?? In a presence 340
of Cul (0.1 equiv.) and 8-hydroxyquinoline (0.2 equiv.) phenyl 341
boronic acid and 2-bromo-1-phenylacetylene were trans- gii
formed into diphenylacetylene la. Once this reaction was 3,,
complete, ammonia-borane was added to the reaction mixture 345
to yield (Z)-stilbene in an overall yield of 74%. After ammonia- 346
borane addition, the mixture turned black, which indicates the 347

reduction of Cu species to metallic copper. Satisfactory, the 348
semihydrogenation proceeded well despite the use of a less ac-
tive copper precursor (Cul, see Table 1, entry 7). This tandem i:z
sequence, yielding (2)-alkenes might be seen as a complemen- .,
tary method to the well-known Heck reaction which brings
(E)-olefins and is the subject of our current studies. 352
0.1 equiv. 353
Cul 354
0.2 equiv. 355
or— & (Q 74% yield 356
r
— 3 equiv. (over 2 steps) 357
=N OH NH3BH, Z:E:A=99:10 359
+ _— Ph—=—Ph —_— Ph/=\Ph 359
2 .equiv. K3PO, EtOH, 90 °C
HQB_Ph EtOH, 100 °C, 24 h 1a 24h @2r2a 5
HO 362
Fig. 6 | One-pot Tandem Sequence: Suzuki Coupling Followed by 363
Semihydrogenation of Triple C-C Bond. Yield and products distri- 364
. . ) . 365
bution was determined by GC analysis. A — over-reduction product. 366
Conclusions 367

In summary, a heterogenic, ligand-free Cu-based catalytic sys- 368
tem for (Z)-selective semihydrogenation of triple C—C bonds 369
was developed. This catalyst consists of copper nanoparticles 4,
generated in situ from simple copper salts (e.g. CuCl,) while 372
ammonia-borane/a protic solvent acts as a hydrogen donor. 373
The described system is characterized by high stereo- and 374
chemoselectivity and may find application in the semihydro- 3;2
genation of different types of alkynes (aryl-aryl, aryl-alkyl, al- 5.
kyl-alkyl, terminal or diynes) substituted with a number of 375
“problematic” functionalities such as halogen atoms, nitro, cy- 379
ano or sulfur groups. Over-reduction of a triple C-C bond is 380
negligible even if the reaction is prolonged. The purification 38!
process involves extraction only, so this reaction is operation- g:i
ally simple and user-friendly. Most notably, the formation of 354
CuNPs is followed by their oxidation to form blue-colored wa- 385
ter-soluble Cu(II)-ammonia complex which also indicates re- 386
action completion. This phenomenon was utilized by us for 387
catalyst recycling, which was achieved by simple separating
and reusing the copper containing aqueous phase (im- 4,
portantly, no additional treatment nor regeneration of the cat- 391
alyst was needed before reuse). One portion of the catalyst was 392
thus sufficient to carry out the semihydrogenation reaction in 393
the biphasic system at least six times without deterioration of ggg
its activity (in fact a fresh portion of CuNPs is formed de novo 5o,
in every recycle step). Based on the results of carried out model 397
experiments and the literature precedence, a plausible mecha- 398
nism was proposed. Catalytic activity of copper in C-C cou- 399
pling reactions was utilized also to conduct a one-pot tandem 400
sequence involving Suzuki reaction followed by 401

semihydrogenation of the produced alkyne. The developed
semihydrogenation protocol based on oxidizable nanoparticles
is environmentally friendly and follows green chemistry rules.
If needed, also NH4B(OR)4 can be easily transformed back to
ammonia-borane or to boric acid.!® We believe that this meth-
odology would constitute an interesting alternative to already
published methods.

Methods

General procedure for alkynes semihydrogenation: A vial was charged
with alkyne (1 equiv.), solvent and CuClz-2H20 (0.02 equiv.). Subsequently,
ammonia-borane (2 equiv.), solvent and water (in the case of reaction car-
ried out in water) were added to the solution. The mixture was stirred at
60 °C for 2-24h. After completion of the reaction, which was indicated by
GC or TLC, the mixture was quenched with water and the aqueous phase
was extracted with DCM. The combined extracts were dried over Na2SO4
and the solvents were evaporated under reduced pressure to obtain the
pure product.

Data availability

The findings of this study are available within the paper and its Supple-
mentary Information.
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2 equiv. NH3BH,
ROH, 60 °C, 2-24 h

e very good selectivity

e yields up to 99%

¢ no over-reduction

e easy purification

¢ catalyst genrated in situ

e reusable catalyst

¢ color indication of reaction end
¢ tandem process possible



