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Mechanism, Chemoselectivity and Enantioselectivity for 

Rhodium-Catalyzed Desymmetric Synthesis of 

Hydrobenzofurans: A Theoretical Study  

Zhaoyuan Yu, Xiaotian Qi, Yingzi Li, Song Liu and Yu Lan* 

Rhodium-catalyzed desymmetrization of cyclohexadienones is an efficient method for the asymmetric synthesis of 

hydrobenzofurans. The newly reported density functional theory (DFT) method MN12-L is used to investigate the 

mechanism, chemoselectivity and enantioselectivity for this type reactions. Computational results indicate that the preferred 

pathway involves transmetallation to form an aryl-rhodium compound, alkyne insertion, intramolecular olefin insertion, and 

protonation to generate the hydrobenzofurans product. The enantioselectivity is controlled by the intramolecular olefin 

insertion step, which is ascribed to the steric repulsions between ligand and substrate. In addition, the generation of side 

product via a second intermolecular alkyne insertion has also been considered in calculation.

Introduction 

As the structural core in numerous biologically important 

natural products, chiral cis-hydrobenzofurans are considered to 

be attractive targets for synthetic chemists.1 Chiral 

organocatalysts catalyzed intramolecular desymmetrization of 

cyclohexadienones2 is proven to be a usefull approach for the 

synthesis of cis-hydrobenzofurans derivates, such as Rauhut–

Currier reaction3 and Stetter reaction.4 Besides, transition-metal 

catalysis have also emerged as a versatile and powerful tool 

among various synthetic methods.5,6 In the presence of 

transition-metals, new carbon–carbon bonds can be formed 

easily via the unsaturated bond insertion into metal–carbon 

bond.7 However, how to control the regio- and 

enantioselectivity in this type of insertion still remains a big 

challenge. More experimental8 and theoretical investigations9 

require to be done to reveal the origin of selectivity. 

Recently, rhodium-catalyzed asymmetric desymmetrization10 of 

cyclohexadienones were reported by Lautens11 group and Lin 

group,12 which provided a useful methodology for the synthesis 

of functionalized hydrobenzofurans. As shown in Scheme 1, the 

reaction between cyclohexadienone-tethered alkyne 1 and 

arylboronic acid 2 using a rhodium(I)-catalyst,can afford cis-

hydrobenzofuran 3 in yield up to 76%.11 When 3,4-dimethoxy-

phenyl derivative diene ligand is added, an enantioselective 

product can be formed with up to 88% enantiometric excess 

(ee). In some cases, side product 4 is also observed with about 

19% yield. Almost at the same time, Lin reported a similar 

process for the rhodium-catalyzed synthesis of 

hydrobenzofurans.12 The chiral bisphosphine ligand (R)-BINAP 

has numerous unique features, exhibit extremely high chiral 

recognition ability in catalytic reaction.13 When the (R)-BINAP 

was employed, afford an enantioselective product 

hydrobenzofuurans in 99% yield and 99% ee. 

Plausible mechanism for this rhodium-catalyzed synthesis of 

hydrobenzofurans was individually proposed by Lautens and 

Lin, however, the generation of chemoselectivity and 

enantioselectivity are still unclear. Density functional theory 

(DFT) calculations were thereby performed to reveal the 

mechanism, chemoselectivity, enantioselectivity, and the ligand 

effect of this type reaction. 

 

Scheme 1 The Rhodium-Catalyzed Symmetric Desymmetrization of Cyclohexadienones. 

Computational methods 

All the DFT calculations were carried out with the GAUSSIAN 

09 series of programs.14 The B3LYP15 functional with the 

standard 6-31G(d) basis set16 (LanL2DZ basis set17 for rhodium 

atom) was used for the geometry optimizations. Harmonic 

frequency calculations were performed for all stationary points 

to confirm whether they were local minima or transition states 

and to derive the thermochemical corrections for the enthalpies 

and free energies. The MN12-L functional,18 recently proposed 

by the Truhlar group, which could give more accurate energetic 

information, was used to calculate the single-point energies. 

The solvent effects were considered by single-point 
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calculations of the gas-phase stationary points with SMD 

solvation model.19 The larger basis set 6-311+G(d,p)20 

(LANL08 basis set21 for rhodium atom) was used in the 

solvation single-point calculations. The energies given in this 

paper are the MN12-L calculated Gibbs free energies in 

methanol solvent. 

Results and discussion 

 
Scheme 2 Proposed Catalytic Cycle for Rhodium-Catalyzed Synthesis of 
Hydrobenzofurans. 

As shown in the mechanistic map22 (Scheme 2), two possible 

pathways were taken into account. Both of the pathways begin 

with the transmetallation between methoxyrhodium complex 5 

and aryl boronic acid 6 which generates the aryl-rhodium 

intermediate 8. In pathway A, the cis- alkyne insertion of 

reactant 9 into rhodium–carbon bond affords intermediate 10, 

in which the aryl group is linked with the terminal carbon of 

alkene group. Subsequent intramolecular alkene insertion gives 

complex 11, followed by metholysis leads to the release of 

product 13, as well as the regeneration of active catalyst 5. The 

enantioselectivity is thought to be controlled by the 

intramolecular alkene insertion step. In pathway B, after the 

intramolecular alkyne insertion, rhodium is linked with the 

terminal alkynyl carbon. Following intermolecular alkyne 

insertion of another molecular reactant 9 forms complex 15. 

Finally, the corresponding metholysis might give side product 

17 and active catalyst 5. 

The rhodium catalyzed coupling reaction of cyclohexadienone-

tethered alkyne with boronic acid 19 was chosen as the model 

reaction, and norbornadiene L1 was chosen as the model ligand 

to theoretical study the mechanism of this type reaction 

(Scheme 3). Furthermore, (R)-BINAP L2 and chiral 

bicyclo[2.2.2]octane type ligands L3 and L4 were employed to 

study the enantioselectivity of asymmetric desymmetrization 

step. 

 
Scheme 3 Model Reactions for the Mechanistic Investigation. 

 Fig. 1 Free energy profile for the initial step and geometries of 31-ts, 34-ts, and 36-ts. The values given in kcal/mol are the MN12-L calculated relative free energies in 
methanol solvent. The values of bond lengths are given in angstroms. 

Free energy profile for the initial step is summarized in Figure 

1. After dissociation of dimeric rhodium complex 24, the 

monomeric rhodium complex 25 undergoes transmetallation 

with reactant 19 via a four-membered-ring transition state 27-ts 
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with a barrier of 16.0 kcal/mol. The aryl-rhodium complex 29 is 

then generated with the release of methylborate. There are two 

reaction modes for the subsequent insertion of complex 9 into 

intermediate 29. The reaction free energy of alkyne insertion 

from intermediate 29 to 37 via transition state 36-ts is 15.9 

kcal/mol. Following this pathway, major product 20 would be 

generated. In the other case, the insertion via transition state 34-

ts would irreversibly generates intermediate 35, which is the 

precursor of side product 22. The relative free energy of 

transition state 34-ts is 1.0 kcal/mol higher than 36-ts because 

of the steric repulsion between the substituted group of the 

alkyne and the aryl group (Figure 1). Therefore, pathway A is 

favourable comparing with pathway B, Which leads to the 

formation of major product 20. This result is consistent with 

experimental observations. Besides, the alkene group insertion 

into aryl-rhodium via transition state 31-ts was also calculated. 

The activation free energy is 26.3 kcal/mol, which is much 

higher than that of triple bond insertion transition states 34-ts 

and 36-ts. 

 Fig. 2 Free energy profile for the formation of major product and geometries of transition state 39-ts, 42-ts, and 46-ts. The values given in kcal/mol are the MN12-L 
calculated relative free energies in methanol solvent. The values of bond lengths are given in angstroms. PMP = p-methoxy phenyl. 

 
Fig. 3 Free energy profile for the formation of side product and geometries of transition state 48-ts, 51-ts, 54-ts, and 58-ts. The values of bond lengths are given in 
angstroms. The values given in kcal/mol are the MN12-L calculated relative free energies in methanol solvent. PMP = p-methoxy phenyl. 

As shown in Figure 2, intermediate 37 could isomerize to 41 

through the coordination of intramolecular alkene to rhodium; 

this process is exothermic by 5.1 kcal/mol. Subsequently, 

intramolecular alkene insertion takes place via transition state 

42-ts (the geometry is shown in Figure 2) with only a barrier of 

6.7 kcal/mol, and irreversibly generates intermediate 43. When 
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intermediate 45 is formed with the coordination of methanol, 

the protonation of the carbon atom via transition state 46-ts 

with a 20.5 kcal/mol energy barrier. After releasing product 20, 

the active catalyst species 25 is regenerated to accomplish the 

catalytic cycle. The competition of intermolecular alkyne 

insertion has also been considered. When another molecular 

substrate 9 coordinates to intermediate 37, the relative free 

energy decrease by 2.3 kcal/mol. Following alkyne insertion 

would occur via transition state 39-ts, but the relative free 

energy for that transition state is 9.7 kcal/mol higher than that 

of transition state 42-ts. Therefore, the insertion of another 

molecular alkyne is unfavorable. 

On the other hand, free energy profile for the generation of side 

product 22 is summarized in Figure 3. When intermediate 35 is 

formed, intramolecular alkene insertion via transition state 48-

ts is inhibited because there is a (Z)- double bond in the six-

membered-ring of insertion product 49. Another molecular 

alkyne insertion could take place through transition state 51-ts, 

generating the intermediate 52 with irreversibly. The 

isomerization from 52 to 53 is exothermic by 1.0 kcal/mol due 

to the coordination of the alkene group. The subsequent alkene 

insertion via transition state 54-ts forms intermediate 55. The 

coordination of methanol forms intermediate 57. Then 

rhodium–carbon bond in intermediate 57 could be protonated 

by methanol via transition state 58-ts with an overall activation 

free energy of 22.6 kcal/mol. After releasing one side product 

22, the active catalyst species 25 is regenerated. 

Table 1 Free energies of 27-ts, 34-ts, 36-ts and 42-ts with L1–L4 

 

entry ligand ∆G1
≠ ∆G2

≠ ∆G3
≠ ∆G4

≠ 

1 L1 16.0 15.9 16.9 6.7 

2 L2 14.8 13.5 18.3 5.5 

3 L3 14.5 12.8 14.8 5.7 

4 L4 15.1 9.0 12.6 5.6 

The values of this Table are given in kcal/mol. 

The mechanism and reactivity for rhodium-catalyzed synthesis 

of hydrobenzofurans with ligand L2 was also studied. The 

activation free energies for the key steps are listed in Table 1 

(the full potential energy surface for this reaction with ligand 

L2 is given in Figure S1 in the Supporting Information). When 

the (R)-BINAP L2 ligand is used, the activation free energy 

(∆G2
≠) of the insertion step (eq 2) is 13.5 kcal/mol. The 

activation energy (∆G3
≠) with ligand L2 of the insertion (eq 3) 

leading to the side product is 18.3 kcal/mol, which is 

4.8kcal/mol higher than that of the insertion (eq 2) leading to 

the major product. Theoretical results indicate that compared 

with ligand L1, less side product would be obtained when 

ligand L2 is used. The activation free energy (∆G4
≠) for 

intramolecular alkene insertion (eq 4) with ligand L2 is 5.5 

kcal/mol, which is 1.2 kcal/mol lower than that with ligand L1. 

The reactivities of these key steps with ligands L3 and L4 are 

also listed in Table 1.23 

 
Fig. 4 Ligand exchange energies of intermediate 26 for ligands L2–L4. The 
values are Gibbs free energy. 

The experimental results indicate that when ligand L1, L2, or 

L3 is used, a high yield of major product is obtained. However, 

a very low yield of product is obtained when ligand L4 is used. 

This result conflicts with the calculated energy profiles (Table 1 

and Figures S1, S3, and S5). Therefore, the binding energies of 

ligands L1–L4 were calculated to understand the different 

reactivity. As shown in Figure 4, intermediate 26 was chosen as 

the model to study the binding energy of ligands. The binding 

energy of the (R)-BINAP ligand L2 is 7.5 kcal/mol higher than 

ligand L1, when intermediate 26-L2 is formed. The ligand 

exchange energy with ligand L3 is 0.8 kcal/mol, which 

indicates that the binding of ligand L3 is weaker than that of 

ligand L2. The ligand exchange energies with ligand L4 are 2.3 

kcal/mol. Therefore, the lower binding energies of ligands L4 

result in the lower yield of major product. 

 
Fig. 5 Enantioselectivity determining step for the desymmetrization of 
cyclohexadienone. 
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As shown in Figure 5, the enantioselectivity for the 

desymmetrization of cyclohexadienone is controlled by the free 

energy difference between the irreversible intramolecular 

alkene insertion steps via the four-membered-ring transition 

state 42-ts or 61-ts. The Re-face attack (via transition state 42-

ts) would lead to the (4R, 5S)-cyclohexaenone product, while 

the (4S, 5R)-cyclohexaenone product would be generated by Si-

face attack via transition state 61-ts.  

Table 2 Calculated ee Values at 300 K and Experimentally Observed ee Values 

with Ligand L2–L4 

entry ligand ∆∆G≠ = (∆G6
≠ – ∆G5

≠) 
ee 

(calc.) 

ee 

(exp.) 

1 L2 2.3 96% 96% 

2 L3 2.7 98% 76% 

3 L4 -0.2 -17% -6% 

 

Based on these results, the ee values were predict from Eyring 

equation (eq 7), where R is the gas constant, T is absolute 

temperature, k is reaction rate constant. The calculated ee value 

is derived from this equation at 300 K in methanol. 


The theoretically calculated and experimentally observed ee 

values11,12 with ligands L2–L4 are shown in Table 2.24 When 

ligand L2 is used, the calculated ee is 96%, which is consistent 

with experimental observation. The enantioselectivity is 

determined by the energy difference between transition states 

42-ts-L2 and 61-ts-L2 (Figure 6). The closest H...H distance is 

2.29 Å in transition state 61-ts-L2. This result indicates that the 

steric repulsion between the aryl moiety of the substrate and the 

phenyl group of the ligand leads to the relative free energy of 

61-ts-L2 2.3 kcal/mol higher than that of 42-ts-L2. When 

ligand L3 is used, the calculated ee value is 22% higher than 

the experimental observed value. In the geometry of 61-ts-L3, 

the closest distance between the oxygen atom in the carbonyl 

group of the substrate and a carbon atom in the phenyl group of 

ligand is 3.39 Å. Thus, the higher relative free energy of 61-ts-

L3 can be attributed to the steric repulsion between the 

carbonyl group of the substrate and the phenyl group of the 

ligand. When ligand L4 is used, the calculated ee value is -17%, 

which is close to experimental observation. In the geometry of 

42-ts-L4, the C...O distance between the oxygen atom in the 

carbonyl group of the substrate and carbon atoms in the phenyl 

group of ligand are 3.16 Å and 3.25 Å, but the distance between 

phenyl group of ligand and 4-methoxyphenyl group of substrate 

is 3.38 Å. Therefore, the low enantioselectivity can be 

attributed to an attractive, none-noncovalent interaction 

between the phenyl group of ligand and p-methoxy phenyl 

group of substrate. 

To better illustrate the steric repulsions at different regions of 

the ligand, 2D contour maps along the z axis of the van der 

Waals surface25 of L2-Rh, L3-Rh and L4-Rh are plotted in 

Figure 7. The geometries of L2-Rh, L3-Rh and L4-Rh are 

respectively derived from transition state structure of 61-ts-L2, 

61-ts-L3 and 42-ts-L4 through omitting the substrates. 

When ligand L2 is used, the atoms closest to the substrates, 

which result in the most steric repulsion, are two of the standing 

phenyl groups (labeled in red). This highly hindered region is 

very close to the phenyl group on the substrate of 61-ts-L2 

(labeled by “X” in Figure 7a). Similarly, the strong stereogenic 

control by ligand L3, L4 can be attributed to the repulsion 

between the phenyl group on ligand and the substrate (labeled 

by “X” in Figure 7b and 7c). These figures provide a 

straightforward explanation for the enantioselectivities 

observed in the asymmetric synthesis of hydrobenzofurans by 

rhodium-catalyzed cyclohexadienone reaction. 

 
Fig. 6 Geometries of transition state 42-ts and 61-ts with L2, L3 and L4 ligand. 
The values of bond lengths are given in angstroms. The values given in kcal/mol 
are the MN12-L calculated relative free energies. 
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Fig. 7 2D contour maps of the van der Waals surface of ligands L2, L3 and L4 
with rhodium. Distances are valued in Å. Rh is located at the origin of the 
coordinate system in the contour maps. Contour line of zero is defined as in the 
same plane of the Rh atom. Negative distance (blue) indicates the atoms on ligand 
is farther away from substrate; positive distance (red) indicates the atoms on 
ligand is closer to substrate. 

Conclusions 

The newly reported density functional theory method MN12-L 

was employed to clarify the mechanism, reactivity, and 

enantioselectivity for the asymmetric synthesis of 

hydrobenzofurans through rhodium-catalyzed 

desymmetrization of cyclohexadienone reaction. The reaction 

pathway involves the transmetallation of aryl boronic acid to 

form an aryl-rhodium compound, intermolecular alkyne 

insertion, intramolecular olefin insertion, and protonation to 

generate the hydrobenzofurans product. Another type of 

intermolecular alkyne insertion would lead to the generation of 

a side product, which is in competition with the major pathway. 

The addition of biphosphine- and diene-type ligands results in 

similar reactivity as the corresponding activation energies of the 

key steps are close. However, the bulky diene-type ligands give 

very low yield and enantioselectivity, which can be attributed to 

the low binding energies. Moreover, the calculated 

enantioselectivity, which corresponds well with the 

experimental observations, can be explained by the steric 

repulsion between substrate and ligand. 
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