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a b s t r a c t

Regioselective control in the Cu-catalyzed borylcyanation of nonsymmetrically substituted 1,3-dienes
remains challenging. In this study, we used density functional theory calculations to elucidate the ori-
gins of ligand- and substrate-controlled regioselectivity. The mechanism rationalizes why ligand PCy3
favors 1,2-borocupration while ligand XantPhos favors 4,3-borocupration for 2-substituted 1,3-dienes,
and why 1-substituted, 1,2-disubstituted, and 1,3-disubstituted 1,3-dienes afford 4,3-borocupration,
irrespective of the presence of bidentate or monodentate ligands. Based on established experiments and
stimulated by other relevant reactions, we attempted to enrich ligands and substrates computationally.
The different regioselectivities for different substrates and ligands were attributed to different electronic
and steric factors.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

In the last few decades, transition-metal-catalyzed multi-
functionalization reactions of CeC multiple bonds have proven to
be important because they allow molecular complexity to be
rapidly generated from simple precursors [1]. With increasing in-
terest in sustainable catalysis, the use of relatively inexpensive
copper catalysts, which can act as Lewis acids, p-acids, single-
electron mediators, and two-electron mediators, has attracted
considerable attention [2]. In recent years, Cu-catalyzed borylative
transformations of nonpolar CeC unsaturated compounds, such as
alkenes [3], 1,3-dienes [4], allenes [5], alkynes [6], 1,3-enynes [7],
and 1,3-diynes [8], have been recognized as important approaches
to accessing organoboron compounds. These processes generally
form an allyl organocopper intermediate that can be then captured
by various electrophiles for further chemical manipulation [9].

The cyano group is a core chemical structure found in a broad
range of biologically active agents and functional materials [10].
Owing to their important biological properties and unique struc-
tural characteristics, considerable research effort has been directed
toward the development of new methods for the synthesis of
cyano-containing compounds. N-Cyano-N-phenyl-p-methyl-
benzenesulfonamide (NCTS) [11], which is an electrophilic cyana-
tion reagent with low reactivity but low toxicity, has emerged as a
promising reagent for nitrile synthesis. Studies on Cu-catalyzed
borylcyanation using NCTS to introduce a cyano group onto sty-
rene and allene have been reported [12]. More recently, the Procter
[13] andMeng groups [14] reported Cu-catalyzed three-component
coupling reactions of 1,3-dienes and diboranes using NCTS. The
challenge for Cu-catalyzed borylcyanation of non-symmetrically
substituted 1,3-dienes is the control of regioselectivity.

The pioneering work of Procter developed ligand-controlled
catalytic methods to bias the desired regioselectivity [13]. Using
different ligands (such as XantPhos and tricyclohexyl phosphine)
on the copper catalyst allowed either 4,1- or 1,4-borocupration of 2-
substituted 1,3-dienes, resulting in either 4,3- or 1,2-borocyanation
products (Scheme 1a). However, using different ligands with 1-
substituted 1,3-dienes resulted in the formation of only 4,3-
borocyanation products (Scheme 1b) [14].

The number of potential reaction pathways and complexity of
these processes makes detailed elucidation of the reaction mech-
anism challenging. Although the ligand and substrate are widely
accepted to affect the reaction pathway, the details and origins of
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Scheme 1. Cu-catalyzed borylation reaction of 1,3-dienes.
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these effects remain unclear. In the present work, models with
different ligands and substrates were compared to study how li-
gands and substrates affected the reaction pathway. We believe
that a deeper understanding of the mechanism will facilitate the
future design of related transformations.

2. Computational details

All stationary points were optimized without any constraints in
the solvent phase at the B3LYP level of theory [15]. Solvation effects
were treated using the solvation model based on density (SMD)
[16] with terahydrofuran as solvent. All calculations were per-
formed with the Gaussian09 quantum chemical program [17].
Frequency calculations were also performed at the same level of
theory to identify all stationary points as minima (zero imaginary
frequencies) or transition states (one imaginary frequency), and the
free energies at 298.15 K. Intrinsic reaction coordinate (IRC) calcu-
lations were performed to verify the transition state structures [18].
The Cu atom in this analysis was described using the LANL2DZ basis
set, including a double-valence basis set with the Hay and Wadt
effective core potential [19]. Polarization functions were added for
Cu (zf¼ 3.525) [20]. The 6-31G* [21] basis set was used for other
atoms. This basis set combination will be referred to as BS1. To
further refine the energies obtained from the B3LYP/BS1 calcula-
tions, we carried out single-point energy calculations for all of the
structures with a larger basis set (BS2) with the M06 [22] DFT
method. BS2 utilizes def2-TZVP [23] for Cu and 6e311þþG** for
other atoms. Empirical D3 dispersion corrections for the M06
functional were included [24]. Frontier molecular orbitals and
reduced density gradient (RDG) isosurface maps were generated
using Multiwfn 3.6 program package [25].

3. Results and discussion

We first investigated the possible mechanisms of the Cu-
catalyzed borylation reaction of 2-substituted 1,3-dienes using
PCy3 and XantPhos ligands to elucidate the overall catalytic cycle
and identify the regioselectivity-determining transition states [26].
The reactions with other phosphine ligands and 1-substituted 1,3-
dienes were then calculated to study the effects of ligands and
substrates on regioselectivity. The whole energy profiles for 2-
substituted 1,3-diene 1a with PCy3 as ligand are shown in Fig. 1.
Fig. 2 shows the optimized structures of the key stationary points
labeled in Fig. 1. The catalyst first undergoes ligand exchange with
substrate 1a to release one PCy3 ligand and afford intermediate I-
1A (black line in Fig. 1). This process is endergonic by 6.8 kcal/mol.
From I-1A, 1,2-borocupration (I-TS1A) requires an energy barrier of
6.6 kcal/mol relative to the zero point. The oxidative cyclization
involving 4,3-borocupration was also calculated (red line in Fig. 1),
but the free energy of corresponding transition state I-TS1B was
found to be 4.5 kcal/mol higher than that of I-TS1A. As 4,3-
borocupration is irreversible, this constitutes the regioselectivity-
determining step of the reaction.

Allyl copper species I-2A undergoes ligand exchange via four-
membered-ring transition state I-TS2A, with a small barrier of
6.1 kcal/mol, to give more-stable 1,4-borocuprated complex I-3A.
Subsequently, I-4A is formed by coordination of N-cyanosulfona-
mide 2a, and electrophilic cyanation occurs via transition state I-
TS3A. The calculations showed that electrophilic cyanation is
exergonic, and that resulting intermediate I-5A is 15.4 kcal/mol
lower in energy than I-4A. Finally, CeN bond cleavage occurs via
transition state I-TS4A to give 1,2-borocyanation product 3a with
amine liberation, which has an activation energy barrier of
10.7 kcal/mol relative to I-5A. Therefore, the calculations were in
agreement with the experimental regioselectivity for 1,2-
borocupration over 4,3-borocupration [13].

The calculated free-energy profile for borocyanation of 2-
substituted 1,3-diene 1a with bidentate phosphine XantPhos as
ligand is shown in Fig. 3. First, we evaluated the two borocupration
modes. The free energy of transition state I-TS1D (�6.2 kcal/mol)
for 1,2-borocupration was higher than that of I-TS1C (�8.5 kcal/
mol) for 4,3-borocupration, resulting in a regioselectivity switch
from 1,2-borocupration to 4,3-borocupration. Ie1C then undergoes
ligand exchange by spanning a barrier of 17.6 kcal/mol (I-TS2C)
relative to Ie1C, which generates 4,1-borocupration complex Ie2C.
Subsequent coordination of 2a with the Cu center leads to the
formation of Cuecyanide complex Ie3C. Finally, amine is liberated
from cyanide via transition state I-TS4C, with an energy barrier of
5.8 kcal/mol, to give 4,3-borocyanation product 4a.

To probe the origins of the regioselectivity for 2-substituted 1,3-
diene 1a, we analyzed the frontier molecular orbitals for both the
borylcopper catalyst and substrate 1a. Fig. 4 shows spatial plots and
orbital energies of the relevant frontier molecular orbitals. The
energy gap between the LUMO of 1a and HOMO of the catalyst was
much smaller than that between the LUMO of the catalyst and
HOMO of 1a, suggesting that substrate 1a received electrons and
acted as an electrophile in the reactions. The HOMO of the bor-
ylcopper catalyst was the CueB s molecular orbital, while the
LUMO of 1awas the p* molecular orbital [27]. Therefore, the LUMO
of 1a played a key role in the regioselectivity. For 1a, therewere two
electrophilic sites, namely, the terminal C1 and C4 atoms. As shown
in Fig. 4, orbital population analysis found that the 2p orbital of the
C1 atom (31.4) made a significantly larger contribution than that of
the C4 atom (13.7). Therefore, it is reasonable that borocupration
takes place at the C1¼C2 bond when PCy3 is used as ligand. When
bidentate phosphine ligand XantPhos is used, the dissociation of
XantPhos to the monodentate coordination mode is highly ender-
gonic, which accordingly increases the energy barrier of the bor-
ocupration step [28]. Therefore, the borocupration steps occurred
with the XantPhos ligand in bidentate coordination mode. Transi-
tion state I-TS1D in the 1,2-borocupration using the bidentate
XantPhos ligand experienced greater steric repulsion than I-TS1C in
the 4,3-borocupration. The optimized geometries indeed show that
in 1-TS1d, the nonbonded distances (C4eH2 and C5eH1) between
the phenyl group of 1a and the phenyl group of XantPhos are
shorter than the sum of the van der Waals radii of the relevant
elements (2.90 Å for CeH) [29]. However, no such steric repulsion



Fig. 1. Calculated energy profiles for Cu-catalyzed borylation reaction of 2-substituted 1,3-diene 1a with PCy3 as ligand (black and red lines indicate 1,2-borocupration and 4,3-
borocupration, respectively). Values shown are relative free energies calculated by M06/BS2 and B3LYP/BS1 (in parentheses) in kcal/mol. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Optimized structures of key species labeled in Figs. 1 and 3. Key bond lengths are given in Å; trivial H atoms are omitted for clarity.
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Fig. 3. Calculated energy profiles for Cu-catalyzed borylation reaction of 2-substituted 1,3-diene 1awith XantPhos as ligand (black and red lines indicate 4,3-borocyanation and 1,2-
borocyanation, respectively). Values shown are relative free energies calculated by M06/BS2 and B3LYP/BS1 (in parentheses) in kcal/mol. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Frontier molecular orbitals calculated for the borylcopper catalyst, and 2-substituted (1a) and 2,4-disubstituted (1b) 1,3-dienes. Orbital energies are given in eV.
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exists in 1-TS1c, which thus results in 1-TS1c being more favored
than 1-TS1d. This result can be further supported by the RDG
analysis (Scheme S5). Therefore, steric factors were dominant in
determining the regioselectivity of the reaction using the bidentate
XantPhos ligand.

To further verify that steric factors were dominant in
determining the regioselectivity of the reaction using the bidentate
XantPhos ligand, we replaced the hydrogen atom at C4 in 1awith a
methyl group and computed the 4,3- and 1,2-borocupration steps.
For 2,4-disubstitued 1,3-diene 1b, the bulky methyl group still
effectively promoted 1,2-borocupration, and induced the barrier
difference (4.6 kcal/mol) between 4,3- and 1,2-borocupration for
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the reaction using PCy3 as ligand (Fig. 5a). For the reaction using the
bidentate XantPhos ligand (Figs. 5b), 1,2-borocupration (II-
TS1C, �5.1 kcal/mol) was able to override 4,3-borocupration (II-
TS1D, �3.9 kcal/mol) of 1b. Therefore, both electronic and steric
effects favored 1,2-borocupration for 2,4-disubstitued 1,3-dienes,
regardless of the ligand used.

We attempted to computationally expand the ligand scope for
2-substituted 1,3-diene 1a to further verify the factors that deter-
mine regioselectivity. The energy profiles in the presence of mon-
odentate Sphos and bidentate dppe ligands (Fig. 6), which have
been used in the borocupration of 1-substituted 1,3-diene 1c [14],
were examined. For the monodentate Sphos ligand (Fig. 6a), the
barrier for the 4,3-borocupration step (4.3 kcal/mol) was higher
than that for the 1,2-borocupration step (1.1 kcal/mol). In contrast,
for bidentate ligand dppe, the free energy of transition state I-TS1H
(5.4 kcal/mol) for 1,2-borocupration is higher than that of I-TS1G
(�0.3 kcal/mol) for 4,3-borocupration, meaning that the
Fig. 5. Calculated energy profiles for regioselectivity-determining steps of 2,4-disubstituted
calculated by M06/BS2 and B3LYP/BS1 (in parentheses) in kcal/mol.

Fig. 6. Calculated energy profiles for regioselectivity-determining steps with Sphos and d
calculated by M06/BS2 and B3LYP/BS1 (in parentheses) in kcal/mol.
regioselectivity could still be switched (Fig. 6b). Therefore, a
bidentate ligand, such as XantPhos or dppe, does not provide the
convenience of ligand dissociation, resulting in instability in the
transition state for 1,2-borocupration of 1a. When monodentate
ligands PCy3 and Sphos were used in the calculations, 1,2-
borocupration was preferred over 4,3-borocupration for 1a.

We further elucidated the origin of substrate-controlled regio-
selectivity by investigating the Cu-catalyzed borylation reaction in
the presence of 1-substituted, 1,2-disubstituted, and 1,3-
disubstituted 1,3-dienes, which were used in experiments re-
ported by Meng and coworkers [14]. The calculated overall energy
profile is shown in Fig. 7. In agreement with experimental obser-
vations, the calculations indicated that 1,2-borocupration was less
favorable than 4,3-borocupration for the three substrates, regard-
less of the ligand (PCy3 or XantPhos). These results were consistent
with the relative orbital percentage contribution of the two carbon
atoms, C1 and C4, in the LUMO of the three substrates (Fig. 8).
1,3-diene 1b with XantPhos and PCy3 ligands. Values shown are relative free energies

ppe ligands for 2-substituted 1,3-diene 1a. Values shown are relative free energies



Fig. 7. Calculated energy profiles for regioselectivity-determining steps with PCy3 and XantPhos ligands for 1-substituted (1c), 1,2-disubstituted (1d), and 1,3-disubstituted (1e) 1,3-
dienes. Values shown are relative free energies calculated by M06/BS2 and B3LYP/BS1 (in parentheses) in kcal/mol.
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Furthermore, the steric effects also favored 4,3-borocupration.

4. Conclusions

The regioselectivity of the Cu-catalyzed borylcyanation of non-
symmetrically substituted 1,3-dienes was theoretically studied
using DFTcalculations at the B3LYP level. The computational results
showed that monodentate ligands PCy3 and SPhos can favor 1,2-
borocupration over 4,3-borocupration in 2-substituted 1,3-dienes.
However, 4,3-borocupration is facilitated and 1,2-borocupration
can be avoided when large bidentate ligands, such as XantPhos
and dppe, are present. The 1-substituted,1,2-disubstituted, and 1,3-



Fig. 8. Frontier molecular orbitals calculated for 1-substituted (1c), 1,2-disubstituted (1d), and 1,3-disubstituted (1e) 1,3-dienes. Orbital energies are given in eV.
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disubstituted 1,3-dienes enabled 4,3-borocupration, while 2,4-
disubstituted 1,3-dienes favored 1,2-borocupration, irrespective of
the presence of bidentate or monodentate ligands. Analysis of the
frontier molecular orbitals suggested that the borylcyanation step
was a nucleophilic attack of the CueB s bond at the coordinated
1,3-diene. The different regioselectivities for different substrates
and ligands can be attributed to different electronic and steric
factors. These theoretical results will aid understanding of other
borocupration reactions in a wide range of substrates and could be
used for ligand design. We believe these theoretical results are
inspiring for future ligand design of other borocupration reactions.
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