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a b s t r a c t

A strategy for copper-catalyzed and biphosphine ligand controlled boracarboxylation of 1,3-

dienes and CO2 with 3,4-selectivity was developed. The CuCl coupled with DPPF (1,1′-
bis(diphenylphosphino)ferrocene) was assigned to be the best catalyst, with 84% yield and exclusive

3,4-selectivity. The ligand effect on both catalytic activity and regioselectivity of boracarboxylation was

disclosed, which is rarely reported in any copper catalyzed boracarboxylation. The borocupration process

is revealed to be a vital step for the biphosphine participated boracarboxylation of 1,3-dienes with

CO2. The minimal substrate distortion occurring in 3,4-borocupration favors the 3,4-regioselectivity of

boracarboxylation. The “pocket” confinement and suitable βn (92°–106°) of bisphosphine ligands are

demonstrated to be in favour of the interaction between LCu-Bpin complex (the catalytic precursor) and

1,3-diene substrate to decrease their interaction energy �Eint(ζ ) in 3,4-borocupration, thus promoting

the 3,4-boracarboxylation.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The usage of CO2 as a low-cost and renewable C1 building block

for the synthesis of value-added chemicals is of great importance

and has attracted increasing interest [1-9]. The carboxylation of

carbon nucleophiles with CO2 is a straightforward protocol for the

synthesis of carboxylic acids [10-16]. It was recently demonstrated

that β ,γ -unsaturated carboxylic acids, which are important motifs

in varieties of bioactive molecules and useful intermediates for or-

ganic synthesis, can be obtained by the carboxylation of 1,3-dienes

with CO2. While one of the most challenges for carboxylation of

1,3-dienes with CO2 is how to control the regioselectivity. In this

regard, elegant efforts on transition metal (i.e., Ni [17-19] and Cu

[20–22]) catalyzed 1,4-selective carboxylation of 1,3-dienes with

CO2 were achieved (Scheme 1A, a and b). Electrochemical [23-25]

and photochemical [26] approaches have also been demonstrated

to be efficient for the control of 1,4-selectivity (Scheme 1A, a, c

and d). The regioselectivity in 1,2-carboxylation was finely realized

via a copper catalyzed two-step procedure [27,28] and Grignard
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reagent involved titanocene catalysis (Scheme 1B) [29]. Despite the

elegant advances realized, rarely studies for the 3,4-selective car-

boxylation of 1,3-dienes with CO2 were present. Iwasawa [30] and

Li [26] achieved the 3,4-hydrocarboxylation via palladium cataly-

sis and photochemical protocol respectively, while the regioselec-

tivity tends to depend on the substrate employed or organometal-

lic reagent is required (Scheme 1C, g).

Here, we developed an efficient strategy for boracarboxyla-

tion of 1,3-dienes and CO2 with high level of 3,4-selectivity us-

ing a copper(I)/biphosphine catalyst (Scheme 1C, h). Although

the copper catalyzed boracarboxylation of unsaturated hydrocar-

bons has been extensively investigated [31-34], the exclusive 3,4-

boracarboxylation of 1,3-dienes with CO2 has not been reported.

The previous research on hydro/heteroboration [35-40] and bo-

racarboxylation [41-45] of unsaturated hydrocarbons which pri-

marily focused on catalyst system construction and the optimiza-

tion of reaction conditions, as well as the investigation of reaction

intermediates, provide lots of inspiration for the establishment of

our reaction protocol in this work. However, the underlying reac-

tion mechanism, such as the key steps, the evolution of reactants,

and the intrinsic effect of phosphine ligand, remains undisclosed in

terms of how the catalyst influences both activity and selectivity.

https://doi.org/10.1016/j.cclet.2024.110076

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. Carboxylation of 1,3-dienes and CO2 with specific regioselectivity.

On the basis of the established method of copper(I)/biphosphine

catalyzed boracarboxylation of 1,3-dienes, we also explored the

structure-activity relationship of Cu(I)/bisphosphine complex by a

combination of experimental and theoretical analysis, focusing on

the influence of different bisphosphine ligands on the activity and

3,4-selectivity of boracarboxylation. Considering the joint influence

of ligands’ electronic and steric effects, the descriptor of bite angle

(βn) between copper and phosphorus atoms in the catalytic pre-

cursor of LCu-Bpin complex was introduced [46]. It is revealed that

the low substrate distortion in 3,4-borocupration contributes the

regioselectivity of 3,4-boracarboxylation. The “pocket” confinement

and suitable βn (92°–106°) of bisphosphine ligand are demon-

strated to be conducive to the interaction between LCu-Bpin com-

plex and 1,3-dienes substrate, facilitating the 3,4- borocupration

process, thereby promoting the 3,4-boracarboxylation of 1,3-dienes

with CO2.

To eliminate the influence of substituent steric hindrance on

the experiment, we began our investigation by using 1-aryl-1,3-

butadiene as the model substrate to react with B2pin2 and CO2.

A range of biphosphine ligands coupled with CuCl were tested to

evaluate the reactivity of boracarboxylation of 1a with CO2. All

the investigated biphosphine ligands exhibited exclusive selectivity

towards the 3,4-boracarboxylation product (2a). For ligands with

flexible alkyl chains, the length of the chain affects the catalytic

activity to some extent (Table 1, entries 1–6). The ligands with

C3 to C5 chain length showed better catalytic efficiency, of which

(R,R)-DIOP gives 2a in 70% yield (entry 6). Rigid biphosphine lig-

ands with phenyl or biphenyl backbones performed in poor cat-

alytic activity (entries 7–9), while the BINAP could achieve 2a in

68% yield (entry 10), perhaps due to its suitable distance of two

P atoms. Rigid Xantphos and NiXantphos ligands also afford poor

yield (entries 11 and 12). The ligand DPE Phos with similar but

relatively flexible backbone to Xantphos delivers 45% yield (entry

13). Subsequently, a series of ferrocene-based ligands were exam-

ined (entries 14–16), among which DPPF was demonstrated to be

the best choice with a yield of 84%. The excellent performance of

DPPF may be attributed to its specific ferrocene backbone and good

electron-donating ability [47]. The monodentate ligand PPh3 was

also examined, none of the 3,4-boracarboxylation product was de-

tected (entry 17).

To demonstrate that this protocol could employ the read-

ily available 1,3-dienes to produce 4-phenyl-β ,γ -unsaturated acid

derivatives, we then examined the 3,4-boracarboxylation of vari-

ous 1,3-dienes with CuCl/DPPF as a catalyst under the optimized

conditions (Scheme 2). In general, 1-aryl substituted 1,3-butadienes

could give the corresponding boracarboxylation products with ab-

solute 3,4-selectivity. Modest to good yields were obtained using

electron-rich 1-aryl substituted 1,3-butadiene (2b-2f). Notably, the

ortho- and meta-substituents did not affect the efficiency of this

transformation (2b, 2c). Heterocyclic substrate such as 1-thienyl-

1,3-butadiene worked well under this reaction condition (2g).

When halogen-substituted aromatic 1,3-dienes were employed as

starting materials, the corresponding products could be afforded,

which could be used for further transformation (2h, 2i). 1-Aryl

2
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Table 1

Various Cu(I)/biphosphine ligands catalyzed 3,4-boracarboxylation of 1a with CO2.
a

Entry Ligand Yield (%) b βn (°) c

1 DPPM 15 -d

2 DPPE 18 85

3 DPPP 65 92

4 DPPPe 43 103

5 DPPH 12 -d

6 (R,R)-DIOP 70 102

7 BISBI 26 110

8 DPPBz 16 82

9 DPPN 22 86

10 (R)-BINAP 68 95

11 Xantphos 25 109

12 NiXantphos 18 114

13 DPE Phos 45 106

14 DPPF 84 100

15 DIPPF 25 113

16 DTBPF 23 111

17 PPh3 None -d

a Reaction conditions: 1a (0.033 g, 0.250mmol), CuCl (0.003 g, 0.030mmol), lig-

and (0.030mmol), B2pin2 (0.095 g, 0.375mmol), LiOtBu (0.040 g, 0.500mmol), THF

(3mL), CO2 (99.999%, 1 atm, closed), 70 ◦C, 36h, then workup using 8mL 1mol/L

HCl.
b Isolated yield.
c The value of βn was obtained via DFT calculation.
d The βn was not optimized out.

substituted 1,3-diene bearing strong electron withdrawing group

such as CF3 (2j) was viable for this reaction. The reactivity of 2-

and 3-substituted 1,3-butadiene were also explored, but the regios-

electivity needed further improvement.

To understand the reaction mechanism and ligands’ effect on

the reactivity and selectivity, a theoretical analysis was then em-

ployed [48-52]. The DPPP with good activity and small geomet-

ric structure was selected as a model ligand to simplify compu-

tational work [53]. Extensive conformational searches were per-

formed to calculate the energy distribution along the boracarboxy-

lation reaction pathways, as depicted in Fig. 1. The results indi-

cate that the borocupration (1-phenyl-1,3-butadiene reacts with

DPPPCu-Bpin complex to deliver intermediate INT2 via a transi-

tion state TS1) is the rate-determining step and a crucial pro-

Scheme 2. Scope of 1-aryl-1,3-butadienes. Reaction conditions: 1 (0.250mmol),

CuCl (0.003 g, 0.030mmol), DPPF (0.017 g, 0.030mmol), B2pin2 (0.095 g,

0.375mmol), LiOtBu (0.040 g, 0.500mmol), THF (3mL), CO2 (99.999%, 1 atm,

closed), 70 ◦C, 12h, then workup using 8mL 1mol/L HCl. Isolated yield. The yields

in brackets were determined by 1H NMR technique using 1,1,2,2-tetrachloroethane

as initial standard.

cess governing the regioselectivity of the boracarboxylation reac-

tion [54-56]. Among all potential borocupration pathways, the 3,4-

borocupration exhibits the lowest barrier to overcome, giving the

intermediate INT2a (for details of energy distribution analysis of

various borocupration pathways, please see Fig. S4 in Support-

ing information). The INT2a further undergoes 1,3-copper migra-

tion to generate intermediate INT2a’ which is more thermody-

namically stable. CO2 insertion into the Cu-C bond of intermedi-

ates INT2a and INT2a’ may occur through a trimeric or hexameric

cyclic transition state [22,57]. It is revealed that CO2 coupling to

the C3 position of INT2a’ via TS3a, a hexameric cyclic transition

state, is energetically favored. This is consistent with the experi-

mental results, where the primary product is identified as the 4,3-

boracarboxylation compound.

To get insight into the energy differences, the

distortion/interaction-activation strain analysis (DIAS), also called

the activation strain model, was conducted to the borocupra-

tion. In this model, the activation energy �E(ζ ) is decomposed

into the distortion energy term (�Estrain) and the interaction

energy term (�Eint): �E(ζ )=�Estrain +�Eint [58,59]. The dis-

tortion energy, which is related to the structural distortion that

reactants (1-phenyl-1,3-butadiene and LCu-Bpin) deform from

equilibrium geometries to fragments in transition structures

(TS1), is decomposed into �Estrain(diene(ζ ) (Fig. 2, red bar) and

�Estrain(LCu-Bpin)(ζ ) (green bar). The interaction energy �Eint(ζ )
(blue bar) is the energy of the combination of the two distorted

reactants to adjust their electronic structure. As shown in Fig.

2, with a similar �Estrain(LCu-Bpin)(ζ ) for the four transition

states (TS1-12, TS1-21, TS1-34, and TS1-43), the lowest �E(ζ )
(black bar) for TS1-34 is attributed to the lowest distortion energy

(�Estrain(diene)(ζ )=22.0 kcal/mol) of 1-phenyl-1,3-butadiene. The

results indicate that the regioselectivity of borocupration proce-

dure is determined by the degree of substrate distortion during the

interaction with the catalyst. Minimal substrate distortion occurs

when the borocupration undergoes on the C3 and C4 positions of

1-phenyl-1,3-butadiene, thus giving priority to 3,4-regioselectivity.

Having obtained the energy distribution of the boracarboxy-

lation reaction and the most favorable 3,4-regioselectivity, the

ligand effect on diversity of catalytic activities that different

Cu(I)/biphosphine complexes showed was then explored via the

frontier molecular orbital theory. The frontier molecular orbitals of

3
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Fig. 1. Energy profiles of Cu(I)/DPPP catalyzed boracarboxylation of 1-phenyl-1,3-butadiene with CO2.

Fig. 2. DIAS analysis on four transition states of borocupration.

1-phenyl-1,3-butadiene and LCu-Bpin species are shown in Fig. 3

[60,61]. It is revealed that the energy gap between the HOMO

orbital of DPPFCu-Bpin complex (σ orbital) and the LUMO or-

bital of 1-phenyl-1,3-butadiene (π ∗ orbital) is strikingly small, en-

abling the ligand of DPPF more favorable for the 3,4-borocupration

process than other ligands, thus facilitating the followed 3,4-

boracarboxylation more efficiently.

Fig. 3. Frontier molecular orbitals were calculated for 1-phenyl-1,3-butadiene and

LCu-Bpin species.

To further dissect the influence of different bisphosphine lig-

ands on the 3,4-borocupration, DIAS analysis on the transition

states of 3,4-borocupration that four representative ligands partici-

pated, expressed as TS1-34-DPPE, TS1-34-DPPP, TS1-34-DPPF, and

TS1-34-DIPPF, were carried out. The result indicates that the en-

ergy difference in 3,4-borocupration is predominantly determined

by the interaction energy �Eint(ζ ) between the distorted catalyst

and substrate (Fig. 4).
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Fig. 4. DIAS analysis on transition states of four representative ligands participated

3,4-borocupration.

Although most backbones of ligands do not significantly change

the geometry of the substrate, the interaction between the sub-

strate and ligand could assist the transformation of the substrate

toward transition state [62]. Hence, the steric effect of bisphos-

phine ligand could affect the reaction crucially. A series of struc-

tural parameters for LCu-Bpin complexes used in experiments were

extracted based on the optimal structures, and the percent buried

volume (%Vbur) of the bisphosphine ligand in each LCu-Bpin com-

plex was calculated [63]. DPPM and DPPH coordinated with the

copper center in η1 coordination mode show small space occupa-

tion due to their high flexibility of the skeleton. The DPPF with the

best catalytic performance exhibits the highest %Vbur (61.7%). But a

higher %Vbur does not imply greater catalytic activity [64]. Hence,

in-depth analysis of the spatial configurations was then performed

to generate the ligand steric maps (Fig. S5 in Supporting informa-

tion). The steric maps of LCu-Bpin complexes composed of DPPP,

BINAP, DIOP, and DPPF, which exhibit high catalytic activity (yield

over 65%), present a “pocket” shape (Figs. 5a-d). However, ligands

such as DPPM, DPPH, DPPBz, and DPPE, exhibit less-confined spa-

tial (Figs. 5e-h), resulting in negative effect on the reaction. These

results indicate that the “pocket” shaped bisphosphine ligands

Fig. 6. The relation curve of bite angles with yields.

could offer confined spatial to accept and lock the substrate ef-

fectively to facilitate the transformation of 1-phenyl-1,3-butadiene

toward transition state in 3,4-borocupration, thus promoting the

3,4-boracarboxylation of 1-phenyl-1,3-butadiene with CO2.

Taking both electronic and steric effect into account, the bite

angle (βn), a comprehensive reflection of the electronic and steric

effect of the bisphosphine ligand, was also introduced and val-

ued by DFT calculation. The relationship between βn and the re-

activity of 3,4-boracarboxylation was investigated, as illustrated

in Table 1 and Fig. 6. The LCu-Bpin complexes with βn among

92°–106° shows benign catalytic activity, while too large (≥109°)
and too small (≤86°) βn are not conducive to the reaction. The

structure-activity relationship based on βn is consistent with that

of steric hindrance of ligand. In fact, the macroscopic embodiment

of βn is still a steric hindrance affected by the electronic effect.

Therefore, it may be explained by that the LCu-Bpin complex with

small βn ligand is not enough to interact with substrate to drive

the substrate distortion, while excessively large βn supplies weak

coordination of substrate to Cu center [66].

Finally, the influences of different ligands on energy barriers

of the rate-determining step, i.e., 3,4-borocupration, were stud-

ied (Fig. 7). Among the selected ligands of DPPE, DPPP, DPPF and

DIPPF, the DPPF with an optimal βn (100°) gives the smallest en-

ergy barrier for 3,4-borocupration (8.6 kcal/mol), enabling the 3,4-

boracarboxylation of 1-phenyl-1,3-butadiene with CO2 proceeds

tenderly. This further illustrates an appropriate βn is conducive

Fig. 5. Steric maps of (a) DPPP, (b) BINAP, (c) DIOP, (d) DPPF, (e) DPPM, (f) DPPH, (g) DPPBz, (h) DPPE. The unit of color code is Å. The plane of the Cu atom is horizon and

the steric maps are viewed down the z axis. The red and blue zones indicate the more- and less-hindered zones in the catalytic pocket, respectively. Catalytic pocket images

were generated with SambVca 2.1 [65].
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Fig. 7. Energy profiles of the formation Cu(I)/bisphosphine-catalyzed borocupration of 1-phenyl-1,3-butadiene.

to the interaction of the LCu-Bpin complex and substrate to de-

crease the interaction energy �Eint(ζ ), thus facilitating the 3,4-

boracarboxylation.

In this work, we developed an intriguing strategy for copper-

catalyzed and biphosphine ligand controlled 3,4-borocarboxylation

of 1,3-dienes with CO2. Among various biphosphine ligands evalu-

ated, DPPF emerged as the most effective, showcasing up to 84%

yield of 4-phenyl-2-((Bpin)methylene)but-3-enoic acid and abso-

lute regioselectivity. The ligand effect is revealed to be signifi-

cant for the reactivity and selectivity via experiment and theoret-

ical analysis. The borocupration process is dedicated to be a rate-

determining step for biphosphine participated boracarboxylation of

1,3-dienes with CO2. The minimal substrate distortion occurring in

3,4-borocupration favors the 3,4-regioselectivity of boracarboxyla-

tion. On the other hand, the high activity of DPPF is attributed to

its optimal bite angle (100°) and “pocket” confinement structure

presented in the catalytic precursor of the DPPFCu-Bpin complex,

which is in favor of the interaction between the DPPFCu-Bpin and

1,3-diene substrate to decrease their interaction energy �Eint(ζ ) in
3,4-borocupration, thus promoting the 3,4-boracarboxylation. Such

findings may be of great interest to the rational design of ligands

in various biphosphine involved catalytic reactions.
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