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ABSTRACT: Organosilicon and organotin compounds have been widely used in
many fields, such as organic synthesis, materials science, and biochemistry,
because of their unique physical and electronic properties. Recently, two novel
compounds containing C−Si or C−Sn bonds have been synthesized. These
compounds can be used for late modification of drug-like molecules such as
probenecid, duloxetine, and fluoxetine derivatives. However, the detailed reaction
mechanisms and the influencing factors that determine selectivity are still unclear.
Moreover, several questions remain that are valuable to investigate further, such
as (1) the influence of the solvent and the lithium salt on the reaction of the Si/
Sn−Zn reagent, (2) the stereoselective functionalization of C−O bonds, and (3)
the differences between silylation and stannylation. In the current study, we have
explored the above issues with density functional theory and have found that
stereoselectivity was most likely caused by the oxidative addition of cobalt to the
C−O bond of alkenyl acetate with chelation assistance and that transmetalation was most likely the rate-determining step. For Sn−
Zn reagents, the transmetalation was achieved by anion and cation pairs, whereas for Si−Zn reagents, the process was facilitated by
Co−Zn complexes.

■ INTRODUCTION
Organosilicon compounds have been widely used in organic
synthesis,1,2 materials science,3 and agricultural chemistry and
have also played an increasing role in medicinal chemistry due
to their slight physical and electronic changes, as a substitute
for silane, bioisosteres of carbon, or other moieties.4,5

Organotin compounds are important catalysts for the synthesis
of polyurethanes composed of polyols and aliphatic iso-
cyanates6−9 and have attracted a lot of attention in recent years
due to their unique properties in battery design.10 Therefore,
the synthesis of compounds containing C−Si and C−Sn bonds
by experimental means has aroused chemists’ thinking. As
many contributions have reported, transition metal-catalyzed
(TMC) cross-coupling is a powerful toolbox for manipulating
C−X (X = heteroatom) bonds in the synthesis of agricultural
chemicals, pharmaceuticals, and raw commodity chemi-
cals.11−17 Consequently, TMC could also be a potential tool
for the construction of C−Si and C−Sn bonds.18

In recent years, Li and co-workers have reported a number
of articles related to Zn reagents catalyzed by Co or Ni.19−22

Not long ago, they reported that stereoselective tri- and
tetrasubstituted alkenyl silane and stannanes were prepared by
pregenerated cobalt-catalyzed cross-coupling of alkenyl ace-
tates with solid Me2PhSi-ZnOPiv·Li2 (Cl)(OPiv) (2) (where
Piv is pivalic acid) and (nBu)3Sn−ZnCl·LiCl (3) under mild
reaction conditions (Figure 1).23 In that report, the authors
propose a possible catalytic cycle, namely, the C−O oxidative
addition to cobalt, followed by transmetalation and the final

reductive elimination. Other potential avenues�for example,
an oxidative addition-based mechanism without chelation
assistance or an alkene insertion/β-acetoxy elimination path-
way�have not been explored. According to previous reports,
achieving C−O functionalization stereoselectively to form a
single diastereoisomeric intermediate has always been the key
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Figure 1. Cobalt-catalyzed C−O stannylation and silylation.
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step.24 Details about the reaction mechanisms are worth
investigating for all possible paths. In addition, the process of
transmetalation in which a Sn− or a Si−Zn reagent participates
also varies from one reaction system to another. Therefore,
theoretical calculations on C−O silylation and stannylation can
help us better understand the thermodynamics and kinetics of
the entire reaction.25−28

A simplified Sn−Zn molecular model was used for
theoretical investigation in a previous study.23 Neither the

effects of solvents nor the coordination of a lithium salt to Zn
on both reactions was explored therein; however, these factors
often play a decisive role in the reaction mechanism. Moreover,
an investigation into the mechanisms of the C−O silylation
process was absent in Li’s work. Herein, as shown in Figure 2,
the following issues were investigated in detail with DFT
methods: (1) the most stable structure of Co(bpy)Br catalysts
(where bpy stands for bipyridine) under different solvents, (2)
the effects of solvents and lithium salts on Sn− or Si−Zn

Figure 2. Cobalt-catalyzed C−O stannylation and silylation.

Figure 3. Plausible catalytic cycle.
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reagents, (3) a comparison of the oxidative addition and the
olefin insertion/β-acetoxy elimination mechanisms, and (4) a
detailed exploration of possible pathways for the C−O
silylation and stannylation reactions. We used both the popular
B3LYP functional and the more accurate M06 functional in the
current calculations. We believe that the current computational
research will help researchers to understand the stereoselective
C−O silylation and stannylation reactions better and even to
inspire the investigation of similar reactions for the
construction of C−Si and C−Sn bonds.

■ COMPUTATIONAL METHODS
All density functional theory (DFT) calculations were
performed using the Gaussian 16 software package.29 Geo-
metries were optimized using the (U)B3LYP30 functional and
Grimme’s D3(BJ) dispersion correction31 with a mixed basis
set of LANL2DZ for Zn, Sn, or Co and 6-31G(d) for all other
atoms. In addition, we used the standard LANL2DZ effective
core potential parameters for the metal atoms. Vibrational
frequencies were calculated for all stationary points to confirm
whether each optimized structure is a local minimum on the
respective potential energy surface or a transition-state
structure with only one imaginary frequency. The thermody-
namic quantities under 298.15 K and 101.3 kPa were obtained
with frequency calculations. Solvation energy corrections were
calculated in CH3CN or THF solvent with the SMD
continuum solvation model32 based on the gas-phase-
optimized geometries. (U)-M0633 and (U)B3LYP-D3(BJ)
functionals with a mixed basis set of SDD for Zn, Sn, or Co

and 6-311+G(d, p) for other atoms were used for single-point
energy calculations. Furthermore, we used the standard SDD
effective core potential parameters for the metal atoms. The
energies obtained by the two levels of theory were compared in
some key steps, and those calculation results also show that the
triplet state is more stable for both Co(I) and Co(III)
complexes. The optimized transition-state structures were
plotted using CYLview.34

■ RESULTS AND DISCUSSION
Based on our mechanistic studies and previous reports on the
cobalt-catalyzed cross-coupling reactions with alkenyl acetate, a
plausible mechanism for the cobalt-catalyzed silylation and
stannylation of alkenyl acetates 4 has been proposed, as shown
in Figure 3.35,36 The Co(II) precatalyst is initially reduced to
form an active LnCoI−A species by the [Si or Sn]−[Zn]
complex (2 or 3); the oxidative addition then breaks the bond
between alkenyl acetate 4 and the C−O bond to generate
intermediate B. The coordination between B and 2 or 3 leads
to the formation of intermediate C. The transmetalation of
Sn−Zn or Si−Zn could be achieved by dissociation of the zinc
acetate group on C; the obtained cationic intermediate D or
the neutral intermediate E, in which both acetyl and carbonyl
groups are coordinated with Zn, then undergoes the
transmetalation process to obtain intermediate F. The final
reductive elimination of F releases the desired alkenyl silanes
and stannanes in a stereoretentive fashion and regenerates the
catalytically active cobalt species A to close the catalytic cycle.

Figure 4. DFT study of the most stable structure of the Co(bpy)Br catalyst. All energies were calculated at the(U)B3LYP-D3(BJ)/6-311+G(d,p)−
SDD/SMD(CH3CN or THF)//(U)B3LYP-D3(BJ)/6-31G(d)−LANL2DZ and M06/6-311+G(d,p)−SDD/SMD(CH3CN or THF)//(U)-
B3LYP-D3(BJ)/6-31G(d)−LANL2DZ level of theory.

Figure 5. Structures and energies of Sn-/Si−Zn reagents calculated with M06 and B3LYP-D3(BJ) functionals.
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Of the four issues listed in the Introduction section, we first
studied the most stable structure of the Co(bpy)Br catalyst. As
shown in Figure 4, when the B3-D3(BJ) functional is selected
for the calculation, compound 35a dissociates a molecule of
CH3CN to produce Co(bpy)Br (35c) that is endothermic by
3.0 kcal/mol, whereas the coordination of one THF to 35c is
endergonic by 7.4 kcal/mol. Therefore, for Sn−Zn reagents,
triplet 35a should be selected for subsequent reactions. For Si−
Zn reagents, 35c serves as the starting point for the subsequent
reactions.

Subsequently, we explored the influence of the lithium salt
and solvent coordination on Zn reagents, as shown in Figure 5.
The structures of the Sn−Zn and Si−Zn reagents were
carefully studied, including the coordination of the solvent
(THF or CH3CN) and the effect of the salt LiCl. When the
B3-D3(BJ) functional is selected for the DFT calculation, for
Sn−Zn reagents, the coordination of one molecule of CH3CN
to 8a is endergonic by 9.7 kcal/mol, and the dissociation of 9
(LiCl·CH3CN) from 8a is endergonic by 0.1 kcal/mol. These
results indicate that the most stable Sn−Zn reagent is 8a. In
addition, the transmetalation process involved in Sn−Zn
reagents is achieved by anion−cation pairing, so we also
explored the structure of anionic intermediates 11. The
computational results suggest that the coordination of 9
(LiCl·CH3CN) or LiCl·(CH3CN)2 to Zn is thermodynami-
cally disfavored. Similarly, we have explored the most stable
structure of Si−Zn reagents. The computational results show
that the coordination of THF to 15a produces 15c that is
endothermic by 0.1 kcal/mol, and the dissociation of 22 (LiCl·
THF) from intermediate 15a is endothermic by 10.2 kcal/mol.
Therefore, the most stable structure of the Si−Zn reagent is
15a. For details on the three-dimensional structure of some
reactive formulas, please refer to Figure S6.

Using whether CH3CN or THF as a solvent, the mechanism
of oxidation addition is basically the same, so on the basis of
the most stable Co(bpy)Br catalytic complex 35a, we studied
the mechanism mainly of the C−O silylation oxidative
addition. As shown in Figure 6, we investigated two possible

pathways for the oxidative addition of 35a and alkenyl acetate
4. In the first potential pathway, an alkene-coordination
intermediate 36a was located before the C−O oxidative
addition. Although this intermediate has a lower relative free
energy than that of the ester-coordinated intermediate 36b, the
formation of the following C−O oxidative addition transition
state 3TS-1a also accounts for the chelation of the ester group.
The oxidative addition transition state was not observed in the
absence of chelation assistance. For the second potential
reaction pathway, an alkene insertion transition state 3TS-2c
was located, followed by the transmetalation of the triplet
Co(I) complex 35a with the stannyl zinc reagent 8a
((nBu)3Sn−ZnCl·LiCl·CH3CN). However, the activation free
energy of 3TS-2c (ΔGB3‑D3(BJ)

⧧ = 47.6 kcal/mol) is very high,
which indicates that the alkene insertion pathway is disfavored.

Based on the previous study, we first explored the reaction
pathway of C−O stannylation by selecting the bulky complex
8a ((nBu)3Sn−ZnCl·LiCl·CH3CN) for the model reaction.
The cross-coupling reaction of the cobalt-catalyzed alkenyl
acetates 4 was studied by the DFT method. As shown in Figure
3, the catalytic cycle starts from a cobalt(I) bromide
complex.36 Computational studies have shown that the spin
state of Co(bpy)Br 5a is a triplet, and the subsequent C−O
oxidative addition to cobalt(I)37 (via 3TS-1a) also occurs on
the triplet free-energy profile (see Figure S1 in the Supporting
Information for details). The structural analysis of transition
state 3TS-1a showed that the acetoxyl group is coplanar with
the bpy ligand and that the alkene is coordinated with the
metal center at the apical position. These results illustrate the
chelation effect during the oxidative addition of C−O (Figure
6).38 The subsequent transmetalation of cobalt(III) acetate 37a
from the hexa-coordinated complex is tricky because the
Sn(nBu)3 fraction is extremely bulky. Therefore, a stepwise
pathway, consisting of acetoxy dissociation and Sn(nBu)3
transmetalation, was proposed. Our computational studies
reveal that upon its coordination to stannyl zinc reagent 8a,
acetoxy can dissociate from the cobalt(III) center, and lithium
salt 9 (LiCl·CH3CN) can dissociate from the zinc center. The

Figure 6. Oxidative−addition mechanism and the alkene insertion/β-acetoxy elimination mechanism calculated with M06 and B3LYP-D3(BJ)
functionals.
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resulting zinc acetate 11a will react with pentacoordinated
cobalt(III) complex 312. Through the transmetalation
transition state 3TS-2a, the Sn(nBu)3 moiety is partially
transferred to cobalt(III) to form the octahedral cobalt(III)

complex 313. The bond distances of Sn−Co (3.46 Å) and Sn−
Zn (3.25 Å) in 3TS-2a also reflect the large steric hindrance of
the Sn(nBu)3 moiety. Finally, the C−Sn reductive elimination
(via 3TS-3) leads to the formation of the stereoretentive

Figure 7. Free-energy profile of the cobalt(I)-catalyzed cross-coupling stannylation of C−O. Bond lengths are given in angstroms (Å).

Figure 8. Effect of the LiCl·CH3CN group (9) departure on the stannylation of C−O. The energies were calculated at the (U)B3LYP-D3(BJ)/6-
311+G(d,p)−SDD/SMD(CH3CN)//(U)B3LYP-D3(BJ)/6-31G(d)−LANL2DZ level of theory.
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product 14. Intrinsic reaction coordination (IRC) calculations
have verified the reliability of these transition-state structures
(see Figures S8 and S9 in the Supporting Information for
details). The activation free energy of 3TS-2a is higher than
that of 3TS-1a (ΔΔGB3‑D3(BJ)

⧧ = 7.5 kcal/mol), which suggests
that transmetalation is likely to be the rate-determining step of
this reaction. In addition, the results of M06 functional
calculation are placed in the Supporting Information (see
Figure S2).

Although the Sn−Zn reagent 8a has a reasonable stability, as
shown in Figure 8, its low reactivity in transmetalation,
indicated by the higher activation free energy (3TS-2b,
ΔGB3‑D3(BJ)

⧧ = 36.6 kcal/mol), indicates that the lithium salt
9 will dissociate before transmetalation occurs. The most
favored reaction pathway can be determined by combining all
the data, as shown in Figure 7.

Next, we continued to study the C−O silylation with the
silyl zinc reagent 2; the calculation results were similar to those
for the stannyl zinc reagent. The detailed calculations, using
THF as a solvent, are shown in Figure 9. The cobalt-catalyzed
cross-coupling reaction of alkenyl acetates 4 with the Si−Zn
reagent 15a was calculated. The results suggest that the spin
state of Co(bpy)Br 5c is a triplet, and the subsequent C−O
oxidative addition to cobalt(I)37 (via 3TS-1a) also occurs on
the triplet free-energy profile (see Figures S3 and S4 in the
Supporting Information for details). The subsequent Si−Zn
reagent 15a and the intermediate 37a directly transmetallized
because they contain two large groups Me2PhSi and OPiv; the
two molecules are close to each other and cause large spatial
obstacles. However, unlike the pathway involving Sn−Zn
reagents, a stepwise pathway consisting of acetoxy dissociation
followed by Me2PhSi transmetalation is proposed in this work.
In addition, we have calculated this path to transmetalation by
forming anion and cation pairs, as shown in Figure S7. Our
computational studies reveal that upon the coordination to
15a, acetoxy can dissociate from cobalt(III) to form an
intermediate complex 317, in which both acetyl and carbonyl
groups are coordinated with Zn. Through the transmetalation

transition state 3TS-4, the Me2PhSi moiety is transferred to
cobalt(III), forming the octahedral cobalt(III) complex 319.
The bond distances of Co−Si (3.65 Å) and Zn−Si (4.29 Å) in
3TS-4 also reflect the large steric hindrance of the Me2PhSi
moiety. Finally, the C−Si reductive elimination (via 3TS-5)
leads to the formation of the stereoretentive product 20. The
activation free energy of 3TS-4 (ΔGB3‑D3(BJ)

⧧ = 16.4 kcal/mol)
is higher than that of 3TS-1a (ΔGB3‑D3(BJ)

⧧ = 13.2 kcal/mol),
which indicates that the transmetalation is most likely the rate-
determining step of this reaction. In addition, the results of
M06 functional calculation are placed in the Supporting
Information (see Figure S5).

■ CONCLUSIONS

In conclusion, theoretical methods were used to investigate the
mechanism and influencing factors of the stereoselective C−O
bond silylation and stannylation of alkenyl acetic ester
catalyzed by cobalt. Detailed mechanistic studies strongly
suggest that the stereoselectivity is caused by chelation-assisted
oxidative addition of cobalt to the C−O bond of alkenyl
acetates and that the transmetalation is most likely the rate-
determining step. In addition, for Sn−Zn reagents, the
transmetalation process was achieved by anion and cation
pairs, whereas for Si−Zn reagents, the process involved Co−
Zn complexes. Moreover, the free energy profile indicates that
the energy calculated by the M06 method is increased
compared with the results of the B3LYP-D3(BJ) calculation,
especially for the transmetalation process, which has a
pronounced influence on the Si−Zn reagent. We believe that
our current computational studies will inspire experimental
chemists to investigate similar reactions of C−Si and C−Sn
complexes, thereby further expanding the applications of Si-
and Sn-containing compounds in organic synthesis, materials
chemistry, and medicine.

Figure 9. Free-energy profile of the cobalt(I)-catalyzed cross-coupling reaction of the alkenyl acetate 4 with 15a (Me2PhSi−ZnOPiv·LiCl·THF).
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