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ABSTRACT: A simple copper(I)/N-heterocyclic carbene complex facilitates a H2-mediated C–C coupling reaction of internal 
alkynes and allylic chlorides. The catalytic protocol delivers the corresponding 1,4-dienes (skipped dienes) with high chemo-
, regio- and stereoselectivity without any isomerization to the thermodynamically more stable 1,3-dienes or overreduction to 
the corresponding alkanes. The H2-mediated C–C coupling reaction allows for the exploitation “copper hydride catalysis” with 
H2 as terminal reducing agent and source of hydrides for forging of new C–C bonds. In this way, this approach gives rise to C–
C bond forming reactions with a 3d metal without the need for a stoichiometric organometallic reducing agent. 

Efficient C–C bond forming reactions are fundamentally im-
portant synthetic methods in organic chemistry for the con-
struction of complex molecules and organic materials. Com-
mon and widely applicable reagents for these transfor-
mations are organometallic compounds.1,2 As a conse-
quence, every turnover produces stoichiometric metal-con-
taining waste as unwanted by-product. To circumvent the 
use of stoichiometric organometallic reagents for C–C bond 
forming reactions, reductive catalytic methods hinging on 
dihydrogen (H2) as terminal reducing agent have been de-
veloped.3 This approach renders the overall reactions more 
atom efficient.4,5 Important developments in the field of H2-
mediated C–C coupling reactions are the Fischer-Tropsch re-
action,6,7 and catalytic hydroformylation reactions, both 
based on carbon monoxide as C1 source (Scheme 1a and 
b).8–10 Significant progress extending from C1 building 
blocks to more complex carbonyl/carboxyl-acceptors was 
achieved by rhodium and iridium catalyzed H2-mediated re-
ductive coupling reactions (for an example, see Scheme 
1c).3,11 However, a generalization of this concept to other 
types of catalysts (ideally based on readily available 3d met-
als), reaction types (beyond few examples in cyclizations12) 
and thus more amenable functional groups has not been 
achieved as of yet.  

Copper-catalyzed reductive alkene and alkyne functionali-
zations relying on hydrosilanes as reducing agent/hydride 
source are widely applicable methods for the construction 
of complex molecules.13,14 Importantly, this so-called “cop-
per hydride catalysis” is characterized by mild reaction con-
ditions and a high tolerance of functional groups.15 In this 
approach, a catalytically generated organocopper complex 
is trapped with a suitable reagent/catalyst resulting in an 
overall hydrofunctionalization of the unsaturated substrate. 
This is exemplified by a formal alkyne hydroamination 
(Scheme 1d).16 This hydride-driven chemistry has emerged 
as broadly applicable and could be extended to borylative 
variants.17,18 However, copper catalyzed coupling reactions 

based on H2 as source of hydride nucleophiles are currently 
underdeveloped.19–21 The merging of “copper hydride catal-
ysis” with the use of H2 would thus represent a significant 
advancement in terms of atom efficiency for catalytic C–C 
bond formations. 

Scheme 1: Overview of catalytic, H2-mediated C–C-bond 
forming processes and reductive hydroaminations. 

 



 

Herein, we report on such a H2-mediated copper(I) cata-
lyzed C–C coupling reaction of alkynes with allylic chlorides 
producing 1,4-dienes (skipped dienes) in a highly selective 
manner (Scheme 1e).22 Conceptually, this process gives rise 
to a vinyl copper(I) complex23 as key reactive intermediate, 
which serves as linchpin for a subsequent allylic substitu-
tion to effect the envisaged C–C bond forming reaction.  

This transformation poses several challenges for catalyst 
design: i) In order to maintain high applicability of the prod-
ucts in downstream reactions, any overreduction of the 1,4-
alkenes under the hydrogenative conditions must be sup-
pressed. ii) Similarly, any isomerization to the thermody-
namically more stable 1,3-dienes should be controlled. Ide-
ally, both 1,4- and 1,3-dienes emerge selectively by choice 
of reaction conditions. iii) Either of the coupling partners 
(alkyne or allylic chloride) could by themselves react with a 
copper(I) hydride complex in a detrimental alkyne semihy-
drogenation24,25 or an allylic reduction20 (C–H bond forming 
reactions). Therefore, the relative rates of the individual re-
action pathways must be meticulously controlled to effect 
the desired C–C bond forming reaction.19 iv) In the overall 
process, both regio- and stereoselectivity should be con-
trolled. 

We chose simple internal alkynes 1 and (E)-1-chlorohex-2-
ene (2) as model substrates to initially optimize the H2-me-
diated reductive coupling reaction (Table 1). In orienting 
experiments, we had identified copper(I)/N-heterocyclic 
carbene (NHC) complexes26 as suitable catalysts (see the 
Supporting Information for optimization details). As a com-
mon trend, we observed that the coupling reaction was 
most efficient in ethereal solvents, especially 1,4-dioxane. 
The latter also ensures solubility of NaOtBu as crucial addi-
tive for heterolytic H–H bond cleavage.27  

Several key trends could be elucidated, which are high-
lighted in Table 1: i) [SIMesCuCl] (6) and [SIpOMesCuCl] 
(7)20 were identified as suitable catalysts with the former 
displaying superior performance at low H2 pressure (Table 
1, entries 1–4). As complex 6 is commercially available, we 
continued our studies with 6. ii) Chemoselectivity (alkyne 
semihydrogenation (giving 5) vs. reductive coupling to-
wards 3/4) is dependent on the alkyne substitution pat-
tern: whereas for diaryl alkynes semihydrogenation did not 
pose a significant side reaction, aryl, alkyl alkynes displayed 
higher chemoselectivity at elevated H2 pressure (strategy 1, 
Table 1,  entries 5, 6). While dialkyl alkynes did not show 
any significant conversion, we identified propargylic silyl 
ethers to react with high chemoselectivity, even at low H2 
pressure of 10 bar (strategy 2, entries 7, 8). iii) Regioselec-
tivity (i.e. placement of the copper atom in the hydrocupra-
tion step) can be controlled by electronic effects: whereas 
aryl, alkyl alkynes are functionalized in the quasi-benzylic 
position,28,29 propargylic silyl ethers direct the coupling site 
to the β-position (entries 5, 6 vs. entries 7, 8).22a,30 iv) In all 
cases investigated, the regioselectivity of the allylic substi-
tution (γ/α) was excellent. v) Similarly, overreduction to the 
corresponding alkane or isomerization to the thermody-
namically more stable 1,3-diene did not take place.  

In order to ensure chemoselectivity for aryl, alkyl alkynes 
and to maintain a common protocol for a wide range of sub-
strates, we opted to use 100 bar H2 for investigation of the 
reaction scope (Scheme 2).31 Overall, 1,4-dienes 10 were 

obtained in excellent stereoselectivity (Z/E >95:5) and good 
to excellent regioselectivity regarding the coupling step 
(γ/α = 91:9–95:5) at 100 bar H2. A wide variety of electron-
poor and electron-rich 1,4-dienes 10a–10f were obtained 
in moderate to good yields (37–79%) with good to excellent 
regioselectivity with respect to hydrocupration 
(r.r. = 89:11–99:1). 

Table 1. Optimization 

 

Entry [Cu] R1 R2 Pressure Conv. 3/4/5 

Diaryl alkynes (for symmetric substrates 3 = 4): catalyst 6 
more reactive at low H2 pressure 

1 6 Ar1 Ar1 100 bar 100% 92:8 

2 6 Ar1 Ar1 10 bar 100% 91:9 

3 7 Ar1 Ar1 100 bar 100% 94:6 

4 7 Ar1 Ar1 10 bar 50% 96:4 

Control of regioselectivity, strategy 1: aryl-directed regiose-
lectivity; high chemoselectivity at high H2 pressure 

5 6 Ar2 Alk1 100 bar 100% 87:4:9 

6 6 Ar2 Alk1 10 bar 100% 62:3:35 

Control of regioselectivity, strategy 2: Control of regioselec-
tivity and activation by propargylic silyl ethers 

7 6 CH2OTIPS Alk2 100 bar 65% 84:16:0 

8 6 CH2OTIPS Alk2 10 bar 39% 84:16:0 

Ar1 = Ph, Ar2 = 3-Cl-C6H4, Alk1 = (CH2)3Ph, Alk2 = (CH2)3OBn. All isomer 
ratios were determined by GC and/or 1H NMR analysis. 

Potential reactive functional groups such as tosylate 10g, 
acetate 10h and chloride 10i remained intact during the re-
ductive coupling, underscoring the mild reaction condi-
tions. Successful transformation of thiophene derivative 10j 
and dioxolane 10k display that heterocyclic compounds are 
amenable to the H2-driven reductive coupling. The catalytic 
performance is not hindered by steric demand of the sub-
stituents as no influence on neither turnover nor regioselec-
tivity was observed for 10l. A synthetically important in-
verse prenylation32,33 was accessible by varying the allyl 
chloride giving 10n with moderate yield and very good re-
gioselectivity of the hydrocupration step (47%, r.r. = 97:3, 
γ/α = 75:25). This shows the remarkable potential of the re-
ductive C–C coupling reaction for the construction of qua-
ternary carbon centers. Challenging substrates such as un-
symmetric diaryl alkyne 8o or aryl,propargyl amine 8p 



 

could be employed in the coupling reaction even though 
slightly diminished regioselectivities were observed.  

We found that propargylic silyl ethers 13 were ideal sub-
strates for the reductive H2-mediated coupling reaction 
(Scheme 3). Notably, this substrate class gave good results 
employing only 10 bar H2 pressure. After silyl ether depro-
tection, highly substituted allylic alcohols were accessible 
with high regio- and stereoselectivity. Therefore, the pre-
sent method is a highly selective alternative to ylide-based 
olefination reactions.34 

To this end, a wide variety of 1,4-dienes bearing an allylic 
alcohol moiety 14 were accessible in excellent regioselec-
tivities (γ/α >95:5). The minor regioisomer of the syn-hy-
drocupration step could easily be separated by flash column 
chromatography, giving versatile building blocks with a va-
riety of synthetic handles for downstream modifications in 
high purity. Sterically demanding substrates such as tert-
butyl-substituted alkyne 14d could also be isolated in good 
yield (70%). While alkyl chloride 14e could be isolated with 
70% yield, the respective alkyl bromide was not tolerated 
as starting material giving the corresponding 1,3,6-triene 
14f. Notable for the chemoselectivity of the overall process, 
benzyl ether 14g was not cleaved under hydrogenative con-
ditions in contrast to many other transition metal cata-
lysts.35 Employing halogen substituted aryls (14h–14k), no 

protodehalogenation20,25c,36 was observed. Compound 14h 
was accessible in gram scale (2.2 mmol, 73% yield) display-
ing the scalability if the present protocol. Diyne 14m as 
chemoselectivity probe underscored the key activating in-
fluence of propargylic silyl ether as neither semihydrogena-
tion (typical for these types of copper(I)/NHC catalysts such 
as 6)24,25 nor C–C coupling of the internal alkyne was ob-
served. Furthermore, thioether 14n and heterocycles like 
morpholine 14p, dioxolane 14q or furan 14r resulted in ac-
ceptable to good yields (41–63%). Also, this protocol could 
be extended to the selective construction of quaternary car-
bon centers to give inverse prenylation products (14s–
14v).32,33 Functionalized allylic chlorides could successfully 
be converted to 1,4-dienes 14w and 14x demonstrating 
broad usability and potential of building up complex struc-
tures. The control of regioselectivity could be fully inverted 
as observed with silyl ether 15, which was functionalized in 
γ-position of the silyl ether. This shows the close interplay 
of steric and electronic effects on the reaction outcome. Bo-
ronic ester 16 only led to 45% conversion even after in-
creasing the H2 pressure to 100 bar. As a first foray into 
mechanistic investigations, 14x was formed from Z- as well 
as E-allylic chloride in similar yield and selectivity (64%, 
γ/α >95:5 for Z-allylic chloride and 68%, γ/α >95:5 for E-
allylic chloride, respectively), indicating a stereoconvergent 
reaction.  

Scheme 2. Copper catalyzed H2-mediated coupling reaction with aryl, alkyl and diaryl alkynes, substrate scope.a

  

 

a Alkyne (0.3 mmol); allylic chloride (0.45 mmol or 0.6 mmol); isolated yields; r.r. = regioselectivity of the syn-hydrocupration. All isomer ratios were 
determined by GC and/or 1H NMR analysis.; γ/α = regioselectivity of the allylic substitution; b conditions A were used (allylic chloride (0.6 mmol)); c 



 

conditions B were used (allylic chloride (0.45 mmol)); d alkyne was used as corresponding silyl ether, crude product was converted to the alcohol by 
using 2.0 equiv. TBAF; e 3.0 equiv. allylic chloride were used; f isolated yield from free alcohol as starting material; g 1,4-diene/semihydrogenation; h 

10 bar H2; i [SIpOMeMesCuCl] (7) was used; j shown chloride and diphenylacetylene were used.  

Scheme 3. Copper catalyzed H2-mediated coupling reaction of propargylic silyl ethers at low H2 pressure, substrate 
scope.a 

 

a Substrate (0.3 mmol); isolated yields; r.r.= regioselectivity of the syn-hydrocupration; γ/α =regioselectivity of the allylic substitution. All isomer 
ratios were determined by GC and/or 1H NMR analysis.; b tert-butyl((3-cyclohexylprop-2-yn-1-yl)oxy)diphenylsilane was used as starting material, 
obtained as mixture with TBDPSOH, yield equates to pure product; c ((5-bromopent-2-yn-1-yl)oxy)(tert-butyl)dimethylsilane was applied as starting 
material; d gram scale reaction, 13h (1.3 g, 3.0 mmol) as starting material; e 100 bar H2; f obtained as mixture with TBSOH, yield equates to pure 
product; g no addition of TBAF solution to the reaction mixture. 

 

  



 

MECHANISTIC EXPERIMENTS 

To gain further insight into the reaction mechanism, we per-
formed two labelling experiments (Scheme 4a): When the 
standard reaction protocol was carried out using D2 
(10 bar), the coupling products 14h-d1 and 14i-d1 were iso-
lated with excellent deuterium incorporation of >99%. 
Moreover, incomplete conversion with D2 (87% conv. for 
13h, 91% for 13i, respectively) in comparison to the H2-
driven reaction gives evidence for a kinetic isotope effect 
(KIE, see Scheme 3 for comparison). To probe a possible ste-
reoconvergent pathway, we carried out a competition ex-
periment of deuterated E-18-d2 (β-position = 97% D, γ-po-
sition = 74% D) in the presence of non-deuterated Z-18. Un-
der standard reaction conditions, we isolated 14x-d2 with 

52% yield displaying a 47% deuterium incorporation in the 
β-position and 35% deuterium incorporation in γ-position 
(Scheme 4b). The lowering of the isotope labelling by a half 
in both the γ- as well as in β-position of 1,4-diene 14x-d2 
indicates similar reaction rates of both E- and Z-allylic chlo-
rides Z-18 and E-18-d2. In competition experiments we de-
termined that the electron poor alkyne 19 reacts faster than 
its electron rich counterpart 20 (Scheme 4c).29 This, in com-
bination with the abovementioned KIE indicates that the 
hydrocupration step leading to a vinyl copper(I) complex as 
reactive intermediate23 is rate-determining in the overall 
process. Applying racemic α-substituted secondary allylic 
chloride 24 to the H2-mediated coupling reaction gave Z,Z-
diene Z,Z-25 as major product (Scheme 4d, Z,Z-25/Z,E-25 
86:14).37,38 From this result, we conclude

Scheme 4. Mechanistic experiments.  

 

a Both 13h and 13i give full conversion under similar conditions with H2. b 15% α-product, 7% semihydrogenation, 6% unidentified isomers detected.



 

that the step leading to the formation of the double bond in 
the former allyl moiety of 25 occurs with stereoselectivity. 
In order to explain this unexpected result and to put for-
ward a potential catalytic cycle giving rise to the thermody-
namically less favored Z,Z-isomer Z,Z-25, we hypothesize a 
mechanism via chloride-directed syn-carbocupration fol-
lowed by a syn-β-chloride elimination might be operative 
(Scheme 5). To this end, copper(I) chloride complex A is 
first activated by conversion with tert-butoxide into the ac-
tive copper alkoxide complex B. This is preactivated for het-
erolytic H2 cleavage via σ-bond metathesis27 with H2 form-
ing copper(I) hydride complex C and tert-butanol. Subse-
quent syn-hydrocupration of the alkyne 23 (likely the rate 
determining step, see above) forms vinyl copper(I) complex 
D.23 Assuming the methyl group as sterically most demand-
ing substituent39 in the orthogonal position to the alkene,40 
the unexpected formation of Z,Z-1,4-diene 25 (see Scheme 
4d) could be explained by a chlorine-directed syn-carbocu-
pration forming alkyl copper(I) complex F. A preferential 
syn-β-chloride elimination would regenerate the copper 
chloride complex A and liberate the observed Z,Z-1,4-diene 
25.41–44 

Scheme 5. Mechanism of the copper catalyzed H2-medi-
ated coupling  

 

The present H2-mediated coupling reaction selectively gives 
rise to 1,4-dienes without isomerization. However, we were 
able to expand this methodology to address the thermody-
namically more stable 1,3-dienes by slightly amending the 
reaction conditions (Scheme 6): addition of 15-crown-5 to 
the standard reaction conditions selectively delivers the 
1,3-diene 26, which enhances the versatility of the present 
method.45  

Scheme 6. Selective formation of 1,3-dienes. 

 

CONCLUSION 

In summary, we have developed a chemo-, stereo- and regi-
oselective copper(I) catalyzed H2-mediated C–C coupling 
reaction. The reaction gives rise to highly substituted 
skipped 1,4-dienes without any isomerization to the ther-
modynamically more stable 1,3-dienes observed. Further-
more, the catalyst employed suppresses any overreduction 
to the corresponding alkanes, retaining the highly versatile 
functional groups for downstream modification. The pre-
sent process tolerates a wide variety of functional groups 
and thus marks a rare example of a catalytic H2-mediated C–
C bond forming reaction with 3d metal catalysts. This ap-
proach allows for the replacement of commonly used 
waste-generating metal hydrides or noble metal catalysts 
for catalytic C–C bond forming reactions. Specifically the re-
sults presented here open up an entry to the widely appli-
cable “copper hydride catalysis” with H2 as source of hy-
drides. We believe that the findings presented herein serve 
as vantage point for method development with easily acces-
sible metal catalysts while at the same time enabling the se-
lective preparation of highly versatile synthetic building 
blocks. 
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