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Abstract: The mechanism of a copper-catalyzed regio- and anti-
selective 1,2-silylboration of internal alkynes was theoretically studied 
to understand the reaction pathway and the origin of selectivity. The 
proposed overall reaction pathway involves the syn-to-anti 
isomerization via an anionic allenic transition state stabilized by the 
conjugation with the benzene ring. The anti-selectivity is determined 
at the borylation step and controlled by the steric effect of the silyl 
group introduced on the alkyne carbon. The computational results 
obtained in this study are highly informative for the development of 
new catalytic transformations involving syn/anti-isomerization 
processes. 

Introduction 

1,2-Addition reactions to a carbon–carbon triple bond of alkynes 
are efficient and straightforward ways to synthesize substituted 
alkenes. In these reactions, both regioselectivity and 
stereoselectivity are important factors to determine the structure 
of resulting alkene products. In particular, syn-selective reactions 
typically take place for both hydrofunctionalization[1] and 
difunctionalization[2] under transition-metal catalysis, but anti-
selective reactions can be realized by using π-acidic metal 
catalysts,[2d,f,3] involvement of radical intermediates,[2b,d,3c] or going 
through syn-to-anti isomerization of the initially formed syn-
alkenylmetal intermediates.[2a,b,d,e] 

In the anti-selective reactions via syn-to-anti isomerization, the 
detailed mechanism and its driving force are of high interest to 
understand the origin of selectivity and thereby to develop new 
and useful synthetic transformations. In this regard, some 
representative mechanisms have been described in the 
pioneering work on the rhodium-[4] or iridium-catalyzed[5] anti-
selective hydrosilylation of terminal alkynes (Scheme 1). For 
example, Ojima and coworkers proposed the isomerization of a 
syn-silylalkenylrhodium intermediate to its anti-form through a 
zwitterionic rhodium carbene species, and the preferential 
formation of the anti-hydrosilylation product was explained by  

 

Scheme 1. Proposed reaction pathways for syn-to-anti isomerization in the (a) 
rhodium- and (b) iridium-catalyzed hydrosilylation of terminal alkynes. 

avoidance of unfavorable steric repulsion between the silyl group 
and the rhodium moiety.[4b] On the other hand, Tanke and 
Crabtree proposed the isomerization of syn-silylalkenyliridium 
intermediate via an h2-vinyliridium (iridacyclopropene) to give 
anti-hydrosilylation products.[5a] 

More recently, with the aid of advancement of computational 
chemistry, detailed mechanisms of syn-to-anti isomerization of 
alkenylmetal species have been described using DFT 
calculations in the context of various transition-metal-catalyzed 
anti-selective addition reactions of alkynes, including the catalyst 
systems based on nickel,[6] palladium,[7] rhodium,[8] iridium,[9] and 
ruthenium.[10] In most of these cases, involvement of h2-vinylmetal 
(metalacyclopropene) species was suggested as the plausible 
transition state for the syn-to-anti isomerization. On the other 
hand, although multiple examples are known for the copper-
catalyzed anti-addition to alkynes[11] and some of them proposed 
the involvement of syn-to-anti isomerization,[11c,i] no detailed 
mechanistic investigations on syn-to-anti isomerization of 
alkenylcopper intermediates have been reported to date as far as 
we are aware. 

In this context, we previously developed a copper-catalyzed 
regio- and anti-selective 1,2-silylboration of internal 
alkyl(aryl)acetylenes to give silicon- and boron-containing 
tetrasubstituted alkenes presumably via syn-to-anti isomerization 
of the initially formed syn-silylalkenylcopper intermediate.[12,13] To 
understand the details of this process, herein we conducted DFT 
calculations and found that the regioselectivity is determined by 
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both electronic and steric effects at the alkyne insertion step, that 
the syn-to-anti isomerization takes place reversibly via an anionic 
allenic transition state stabilized by the conjugation with the 
benzene ring, and that the anti-selectivity is determined by the 
steric effect at the borylation step. 

Computational Details 

All calculations were performed with the Gaussian 16 
package.[14] Geometries were fully optimized and the energies 
were estimated by the DFT-B3LYP functional[15] using LANL2DZ 
for Cu, 6-31G(d) for C, H, B, O, Na atoms, and 6-31+G(d) for Si 
atom, including the solvation effect with the SCRF-SMD 
model using THF solvent.[16] Frequency analyses were carried out 
to confirm that each structure was a local minimum (no imaginary 
frequency) or a transition state (only one imaginary frequency). 

Results and Discussion 

In our previous study on the development of a copper-catalyzed 
silylboration of internal alkynes [Eq. (1)],[12a] the following results 
were obtained. (1) For the reaction of alkyl(aryl)acetylenes, high 
regioselectivity was achieved to give (1-boryl-2-silyl-1-
alkenyl)arenes, and (2) high stereoselectivity was achieved to 
give anti-silylboration products. Both (1) and (2) were realized 
regardless of the size of alkyl groups and representative results 
are shown in Eq. (1). In our related study,[17] it was also suggested 
that (3) a disilylcuprate, not a neutral silylcopper(I), is the 
catalytically active species, and (4) the reaction proceeds through 
syn-insertion of an alkyne to the silicon–copper bond. (3) was 
further confirmed by a series of stoichiometric reactions using 1-
phenyl-1-propyne (methyl(phenyl)acetylene; 1a) with 
(dimethylphenylsilyl)boronate 2 as summarized in Figure S1 in 
the Supporting Information. Based on these data, a proposed 
catalytic cycle for the reaction of 1a with 2 is shown in Scheme 2. 
Thus, disilylcuprate A undergoes regioselective syn-insertion of 
alkyne 1a to give syn-alkenyl(silyl)cuprate B. Instead of direct 
borylation of B giving syn-3a, syn-to-anti isomerization of B takes 
place to give anti-alkenyl(silyl)cuprate C, which then reacts with 
silylboronate 2 to give silylboration product anti-3a along with 
regeneration of disilylcuprate A. 

In contrast, our further investigation newly revealed that the 
use of dialkylacetylenes such as 3-hexyne (1d) and 5-decyne (1e) 
led to the formation of syn-addition products such as syn-3d and 
syn-3e with no formation of the corresponding anti-adducts [Eq. 
(2)]. These results suggest that the syn-to-anti isomerization (B 
® C in Scheme 2) may require an aryl substituent on the alkyne 
substrate. To understand the origin of this substituent effect on 
stereoselectivity of silylboration as well as the overall reaction 
pathway highlighting the syn-to-anti isomerization process, we 
conducted DFT calculations. 

Based on the proposed catalytic cycle, the energy profile of 
the overall reaction pathway of the regio- and anti-selective 1,2-
silylboration of alkyne 1a with 2 was obtained (Scheme 3). The 
first step in Scheme 2, the insertion of alkyne 1a to disilylcuprate  

 

 

 

Scheme 2. Proposed catalytic cycle for the copper-catalyzed reaction of alkyne 
1a with silylboronate 2 to give anti-3a. 

A, was initially investigated with a focus on the regioselectivity. 
The reaction of 1a with A toward syn-alkenyl(silyl)cuprate B is 
exergonic by 24.9 kcal mol–1 via TS A–B (DG‡ = 15.5 kcal mol–1). 
The reaction with the opposite regioselectivity needs to go 
through energetically higher TS A–B' (DG‡ = 21.1 kcal mol–1) to 
give its regioisomer B' (–22.1 kcal mol–1). This indicates that the 
formation of B is energetically more favorable than B', which is in 
good agreement with the experimentally observed regioselectivity.  
Comparison of the transition-state structures between TS A–B 
and TS A–B' showed that TS A–B retains a stronger conjugate 
nature of the alkyne with the phenyl group in 1a than TS A–B' 
(C1–C3 = 1.45 Å for TS A–B vs. C1–C3 = 1.47 Å for TS A–B'; 
Figure 1). In addition, TS A–B is sterically more favorable than TS 
A–B’ due to the smaller steric repulsion with the incoming 
dimethylphenylsilyl group (ÐC2–C1–Cu–Si = 23.9° for TS A–B vs. 
ÐC1–C2–Cu–Si = 28.3° for TS A–B'). Thus, the energy difference 
between TS A–B and TS A–B' is caused by both electronic and 
steric effects, leading to the preferential attack of a silicon 
nucleophile at the b-position to the phenyl group. 

We then explored the key syn-to-anti isomerization step from 
B to C. Unlike the previously reported processes with other 
transition metals, we could not identify the transition states with 
zwitterionic metal carbene or η2-vinylmetal structures (path 1 in 
Scheme 4). Instead, an anionic allenic structure stabilized by the 
benzene ring was found as a possible transition state (path 2 in 
Scheme 4). However, the energy barrier from B to C through this  
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Scheme 3. Calculated reaction pathways for the reaction of 1a with 2.

 

Figure 1. Structures of TS A–B, TS A–B', and TS D–E. Bond lengths are in Å. 

 

Scheme 4. Possible reaction pathways from B to C. 

pathway was somewhat high (DG‡ = 27.4 kcal mol–1), and the 
subsequent borylation of C required even higher DG‡ of 38.2 kcal 
mol–1, although it is lower by 7.2 kcal mol–1 than the barrier for 
direct borylation of B to give syn-3a (Scheme S1 in the Supporting 
Information). 

This promising but not exactly convincing isomerization 
pathway prompted us to further exploration of more plausible 
scenarios. As a result, it was found that dissociation of the 
silylalkenyl moiety from (dimethylphenylsilyl)copper gives more 
configurationally labile anionic species D (–14.3 kcal mol–1; 
Scheme 3). This then undergoes isomerization to E (–12.6 kcal 
mol–1) with a much lower barrier of DG‡ = 5.9 kcal mol–1 via TS D–
E (–8.4 kcal mol–1) having a similar anionic allenic structure 
stabilized by the conjugation with the benzene ring (DG‡ = 16.5 
kcal mol–1 from B; Figure 1).[18] The strong trans influence of the 
silyl ligand on copper in B would facilitate the carbon–copper bond 
cleavage at its trans-position.[19] In the actual experimental system, 
the dissociated alkenyl anion equivalent should be stabilized by a 
nearby sodium cation (in the solvation form), but the calculations 
were performed without explicitly locating the sodium cation to 
simplify various possible local minima in ion-paired structures. A 
representative calculated pathway with the incorporation of a  
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Scheme 5. Calculated reaction isomerization and borylation pathways for the 
reaction of 1f with 2. 

sodium cation is shown in Scheme S2 in the Supporting 
Information. This isomerization mechanism is also consistent with 
the stereoselectivity switch for the reaction of dialkylacetylenes 
[Eq. (2)] because they cannot undergo such syn-to-anti 
isomerization via the allenic transition state due to the lack of an 
aromatic substituent for stabilization. In fact, we calculated the 
syn-to-anti isomerization pathway for the reaction of 2-butyne (1f) 
as a model dialkylacetylene (Scheme 5). As a result, the 
isomerization was found to go through a linear alkenyl anion 
transition state TS Df–Ef with the energy barrier of DG‡ = 27.5 kcal 
mol–1, which is significantly higher than that for the direct 
borylation of syn-alkenyl anion Df via TS Df–F'f (DG‡ = 20.4 kcal 
mol–1).[20] 

The isomerized intermediate E in Scheme 3 reacts with 
silylboronate 2a to form a carbon–boron bond via TS E–F (4.8 
kcal mol–1, DG‡ = 17.4 kcal mol–1), giving alkenyl(silyl)borate F (–
15.1 kcal mol–1). Subsequent transfer of the dimethylphenylsilyl 
group from boron to copper gives product anti-3a with 
regeneration of disilylcuprate A (–32.7 kcal mol–1). In comparison, 
the reaction of D with 2a toward the formation of syn-3a via 
intermediate F' (–9.9 kcal mol–1) required the energy barrier of 
DG‡ = 26.1 kcal mol–1 at the carbon–boron bond-forming TS D–F' 
(11.8 kcal mol–1), which is significantly higher in energy than TS 
E–F. The overall energy profile matches well with the 
experimental results of selective formation of anti-3a, and the 
stereoselectivity of the product is determined at the borylation 
step with reversible syn/anti isomerization of the alkenyl 
nucleophile. 

The origin of anti-selectivity for the reaction of 1a with 2 is 
caused by the steric repulsion between the dimethylphenylsilyl 
group on the alkene and the incoming boryl group. Indeed, the 
bond angle of the alkene and the boron (ÐC2–C1–B) of TS E–F 
is 121.2°, whereas that of TS D–F' is 135.9° and the silylboronate 
unit is distorted outside (Figure 2).[20] These computational results 
indicate that anti-borylation TS E–F is sterically more favored than 
syn-borylation TS D–F', leading to the selective formation of anti-
3a. 

In this silylboration reaction, alkynes having a bulky alkyl 
substituent such as 3,3-dimethyl-1-phenyl-1-butyne (tert- 

 

Figure 2. Structures of TS E–F and TS D–F'. Bond lengths are in Å. 

butyl(phenyl)acetylene; 1c) also gave anti-addition product anti-
3c selectively as shown in Eq. (1). Even for this bulky substrate, 
the steric control toward anti-selective addition was found to be 
operative. Thus, the same structural analysis of the borylation 
transition states was performed and it was suggested that the 
formation of anti-3c is more favorable than syn-3c and each bond 
angle around the alkene is closer to 120° for the transition state 
toward anti-3c than that toward syn-3c (see Scheme S3 and 
Table S1 in the Supporting Information for details). 

Conclusion 

In summary, we theoretically examined the mechanism of a 
copper-catalyzed regio- and anti-selective 1,2-silylboration of 
alkyl(aryl)acetylenes to understand the reaction pathway and the 
origin of selectivity. As a result, we could elucidate the overall 
profile of this catalysis for the reaction of 1-phenyl-1-propyne (1a) 
with silylboronate 2, and found that the regioselectivity is 
determined by both electronic and steric effects at the alkyne 
insertion step, and that the syn-to-anti isomerization takes place 
reversibly through an anionic allenic transition state stabilized by 
the existence of the benzene ring rather than a typical h2-
vinylmetal (metalacyclopropene) species. The anti-selectivity was 
found to be determined at the borylation step with the control by 
the steric effect of the silyl group introduced on the alkyne carbon. 
The importance of the aryl group on the alkyne to electronically 
induce syn-to-anti isomerization was further confirmed by 
conducting the reactions with dialkylacetylenes for comparison. 
The results obtained in this study would be highly informative for 
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the development of new catalytic transformations involving 
syn/anti-isomerization processes, which are currently under 
investigation in our laboratory. 
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The mechanism of a copper-catalyzed regio- and anti-selective 1,2-silylboration of internal alkynes was theoretically examined. The 
overall reaction profile was proposed, and the syn-to-anti isomerization was found to take place through an anionic allenic transition 
state stabilized by the benzene ring. The anti-selectivity was determined at the borylation step and controlled by the steric effect. 
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