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Abstract

Experiments indicate that a catalytic amount of CuI plays an important role in the siloxane-

mediated Pd-catalyzed cross-coupling reactions with the direct use of organolithium reagents. 

Addition of organolithium to the siloxane transfer agent generates an organosilicon intermediate. 

DFT calculations indicate that CuI initially accelerates the Si-Pd(II) transmetalation of the 

organosilicon intermediate by the formation of CuI2
−. Subsequently, CuI2

− works as a shuttle 

between the Si-Cu(I) and Cu(I)-Pd(II) transmetalation processes.
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Transition-metal-catalyzed cross-coupling reactions between organometallic reagents and 

organic halides, which have been widely applied due to their flexibility to construct new 

carbon-carbon bonds, comprise one of the most significant reaction types. Various 

organometallic cross-coupling partners (Negishi organozinc [1], Suzuki organoboron [2], 

Stille organotin [3], and Hiyama [4]/Denmark [5] organosilicon reagents), which in many 

cases are prepared from the corresponding organolithium species, have been well developed. 

In recent years, the Smith group reported a series of monomeric and polymer-supported 

siloxanes as effective and recyclable transfer agents (e.g., PSTA-I and PSTA-II, Fig. 1) that 

now permit the direct use of aryl and alkenyl organolithiums in the Pd-catalyzed cross-

coupling reactions with aryl and alkenyl halides at room temperature [6]. Importantly, this 

type of cross-coupling reactions avoids the use of both stoichiometric base/fluorides and the 
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formation of stoichiometric waste products. In addition, application of these siloxane 

transfer agents overcomes the intrinsic limitations of Murahashi [7] cross-coupling reactions 

and the need for the Feringa [8] protocol, in which organolithium reagents require slow 

addition to prevent competing formation of homo-coupled products caused by rapid lithium-

halogen exchange.

As shown in Fig. 1, in this Pd-catalyzed cross-coupling reaction, a catalytic amount of CuI is 

required. Previous studies by the Hiyama [9] and Tamao [10] groups also found that 

copper(I) salts play an important role in similar systems. They proposed that these 

palladium- and copper-catalyzed reactions involve two transmetalation steps: the first 

transmetalation from silicon to copper (I) and the second transmetalation from copper(I) to 

palladium(II). However, it was not clear what copper species is involved in the 

transmetalation, nor has a detailed mechanism of this siloxane-mediated Pd-catalyzed cross-

coupling reaction been elucidated.

We explored computationally the mechanism of the Pd-catalyzed cross-coupling reaction of 

organolithium reagents and aryl iodides mediated by a siloxane transfer agent, and in 

particular, the role of CuI during the transmetalation processes, using density functional 

theory (DFT) calculations. Geometries of minima and transition-state structures are 

optimized at the B3LYP/6-31G(d)[SDD, for Cu, Pd, and I] level. Solvent effects in THF 

were evaluated on the gas-phase optimized structures using the PCM model at the 

M06/6-311+G(d,p)[SDD, for Cu, Pd, and I] level. The results are summarized in Fig. 2, with 

the key structures illustrated in Fig. 3.

Fig. 2 (red lines) shows that nucleophilic attack of phenyllithium on the siloxane transfer 

agent A1 at the silicon center via transition state A-TS1 requires an activation free energy of 

8.8 kcal/mol in THF. The formation of lithium alkoxide A2 is exergonic by 4.6 kcal/mol in 

THF. This indicates that by using siloxanes as transfer agents, highly reactive organolithium 

reagents can be efficiently converted into relatively stable organosilicon species. The 

stability of A2 overcomes the problems caused by fast lithium-halogen exchange, and avoids 

undesired homo-coupled products.

The black lines in Fig. 2 depict the DFT-computed free energies for the Pd-catalyzed cross-

coupling reaction of para-methoxy-iodobenzene with organosilicon intermediate A2 in the 

absence of CuI. Previous studies demonstrated that the oxidative addition of aryl iodides to 

Pd(0) catalysts is very facile [11]. The generated Ar [Pd(II)]I species B1 can, in turn, react 

with lithium alkoxide A2 to form a complex B2 via transition state B-TS1, which requires 

an activation free energy of only 2.6 kcal/mol. As shown in Fig. 3, in the transition-state 

structure B-TS1, the forming O-Pd and breaking I-Pd distances are 2.90 and 2.85 Å, 

respectively, and the O-Pd-I angle is 84°. This transition state could be viewed as an 

organometallic analog of the frontside SN2 substitution [12] in organic chemistry. The 

formation of complex B2 is exergonic by 11.2 kcal/mol in THF, indicating that there is no 

free Ar[Pd(II)]I species B1 in the system. From B2, the Si-Pd(II) transmetalation is a three-

step process. The first step is the dissociation of LiI from complex B2. As shown in Fig. 3, 

the LiI moiety in B2 is not only coordinated by oxygen, but also located between the p-

MeOPh group and the Ph group with the shortest C-Li distances of 2.99 and 2.61 Å, 
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respectively. Previous studies indicated that there is significant cation-π interaction between 

Li+ and arenes [13]. Therefore, the dissociation of LiI from complex B2 to generate 

intermediate B3 is endergonic by 13.2 kcal/mol in THF, which is quite unfavorable 

thermodynamically. The second step is the replacement of nitrogen coordination at the 

palladium center by the phenyl group attached to the silicon atom. Since the arene in B4 
(Fig. 3, C-Pd distance of 2.63 Å) is a weak ligand to palladium as compared to the imine in 

B3, this ligand exchange step is also unfavorable, increasing the reaction free energy by 6.5 

kcal/mol. The third step is the phenyl group transfer from silicon to palladium. This step 

requires an activation free energy of 7.8 kcal/mol via the σ-bond metathesis transition state 

B-TS4. Fig. 3 shows the geometries of the Pd-O-Si-C(Ph) four-membered ring in B4 and B-
TS4. From B4 to B-TS4, the C(Ph)-Si distance increases from 1.93 Å to 2.15 Å, while the 

C(Ph)-Pd distance decreases from 2.63 Å to 2.29 Å. Additionally, the Si-O distance 

decreases from 2.37 Å to 1.83 Å, and the Pd-O distance slightly increases from 2.12 Å to 

2.20 Å. From complex B2 (Fig. 2, −11.2 kcal/mol) to transition state B-TS4 (16.3 kcal/mol), 

the overall barrier for the three-step Si-Pd (II) transmetalation is 27.5 kcal/mol, with the 

generation of complex B5 (−12.4 kcal/mol) exergonic by 1.2 kcal/mol in THF. The frontside 

SN2 substitution transmetalation transition state B-TS3 (Fig. 2, 22.8 kcal/mol) involving 

five-coordinated palladium center is also located, which is 6.5 kcal/mol higher than the s-

bond metathesis transition state B-TS4 (16.3 kcal/mol) involving four-coordinated palladium 

center. The decomposition of complex B5 leads to the regeneration of siloxane transfer agent 

A1 and the formation of Ar[Pd(II)]Ph species B6, which is exergonic by 7.8 kcal/mol. The 

final step entails the Ar[Pd(II)]Ph species B6 undergoing reductive elimination to regenerate 

the Pd(0) catalyst and to form the cross-coupling product B7 via transition state B-TS6. This 

step has a low activation free energy of 8.8 kcal/mol and is exergonic by 13.7 kcal/mol in 

THF. Overall, the rate-determining step for this Pd-catalyzed cross-coupling reaction 

(without CuI) is the Si-Pd(II) transmetalation from B2 to B-TS4, requiring a total activation 

free energy of 27.5 kcal/mol. Such a barrier is too high for the reaction to occur at room 

temperature. Moreover, the overall barrier for the regeneration of PhLi (from B2 to A-TS1, 

Fig. 2) is 24.6 kcal/mol, which is 2.9 kcal/mol lower than that for the cross-coupling reaction 

(27.5 kcal/mol). This may result in competing formation of the undesired homo-coupled 

products.

As previously mentioned, the dissociation of Lil during the Si-Pd (II) transmetalation is 

thermodynamically disfavored, contributing 13.2 kcal/mol in overall barrier (27.5 kcal/mol). 

By contrast, calculations indicate that the reaction of LiI with CuI to form Li+ and CuI2
− is 

highly exergonic by 25.4 kcal/mol in THF. Therefore, when a catalytic amount of CuI is 

present in the reaction system, the initial role of CuI is to react with the dissociated LiI, 

resulting in the formation of intermediate B3 exergonic by 12.2 kcal/mol (Fig. 2, pink lines). 

The subsequent steps from B3 to the σ-bond metathesis transition state B-TS4 require an 

overall activation free energy of 14.3 kcal/mol. This dramatically accelerates the Si-Pd(II) 

transmetalation, making the reaction smoothly occur at room temperature. When the 

catalytic amount of CuI (usually 10 mol%) is completely converted into CuI2
−, such a 

reaction pathway does not work at all.
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The blue lines in Fig. 2 show the DFT-computed free energies for the CuI2
− and Pd-

cocatalyzed cross-coupling reaction. The organosilicon intermediate A2 reacts with CuI2
− to 

form complex C2, which is exergonic by 7.0 kcal/mol in THF. The Si-Cu(I) transmetalation 

starts from the dissociation of LiI in C2 to form intermediate C3, which then undergoes the 

phenyl group transfer from silicon to palladium via the σ-bond metathesis transition state C-
TS3 (Fig. 3, C-Si and C-Cu distances of 2.35 Å and 2.04 Å, respectively). The overall 

barrier for the Si-Cu(I) transmetalation is 18.7 kcal/mol, with the regeneration of siloxane 

transfer agent A1 and the formation of PhCuI− (C4) exergonic by 7.3 kcal/mol. The free 

Ar[Pd(II)]I species B1 can be generated from B2 with the increase of reaction free energy by 

11.2 kcal/mol. Then, the Cu(I)-Pd (II) transmetalation [14] between PhCuI− and Ar[Pd(II)]I 

occurs via the frontside SN2 substitution transition state C-TS4 (Fig. 3, C-Cu and C-Pd 

distances of 1.95 and 3.45 Å, respectively; a Pd-I distance of 2.89 Å; and a C-Pd-I angle of 

92°). The overall barrier for the Cu (I)-Pd(II) transmetalation is 23.7 kcal/mol, leading to the 

regeneration of the CuI2
− catalyst and the formation of Ar[Pd(II)]Ph species B6, which can 

easily undergo reductive elimination to give the final product Ar-Ph (B7) and to regenerate 

the Pd(0) catalyst. Therefore, the rate-determining step for this CuI2
− and Pd-cocatalyzed 

cross-coupling reaction is the Cu(I)-Pd(II) transmetalation from C4 to C-TS4 with a total 

activation free energy of 23.7 kcal/mol in THF. This barrier is about 4 kcal/mol lower than 

that of the solely Pd-catalyzed reaction (without CuI, 27.5 kcal/mol). Notably, in this 

reaction system, the regeneration of PhLi from C4 to A-TS1 (Fig. 2) requires an overall 

activation free energy of 27.7 kcal/mol, which is about 4 kcal/mol higher than that of the 

cross-coupling reaction (23.7 kcal/mol). This effectively inhibits the formation of the 

undesired homo-coupled products.

In conclusion, the detailed mechanisms of the Pd-catalyzed cross-coupling reaction of aryl 

lithium mediated by the siloxane transfer agent in the absence or presence of CuI have been 

investigated by DFT calculations. We find that a catalytic amount of CuI first accelerates the 

Si-Pd(II) transmetalation by the highly exergonic reaction with LiI to form CuI2
−. 

Subsequently, CuI2
− works as a shuttle between the Si-Cu(I) and Cu(I)-Pd(II) 

transmetalation processes [15], decreasing the overall barrier for the cross-coupling reaction 

significantly. This theoretical finding may be applicable to other CuI-promoted cross-

coupling reactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Cross-coupling reactions of organolithium reagents mediated by siloxane transfer agents.

Chen et al. Page 6

Chin Chem Lett. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
DFT-computed free energies for the siloxane-mediated Pd-catalyzed cross-coupling reaction 

of para-methoxy-iodobenzene with phenyllithium in the absence or presence of CuI. 

Reactions begin at transfer agent A1 in the center of the diagram.
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Fig. 3. 
DFT-optimized key structures for the siloxane-mediated Pd-catalyzed cross-coupling 

reaction of para-methoxy-iodobenzene with phenyllithium in the absence or presence of CuI 

(distances are given in Å).
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