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Computational Characterization of the Mechanism for the 

Oxidative Coupling of Benzoic Acid and Alkynes by Rh/Cu and 

Rh/Ag Systems  

Ignacio Funes-Ardoiz,*[a] and Feliu Maseras[a,b] 

Abstract: DFT calculations are applied to the study of the oxidative 

coupling between benzoic acid and 1-phenyl-1-propyne catalyzed by 

[CpRhCl2]2 using either Cu(OAc)2(H2O) or Ag(OAc) as terminal 

oxidants, a process that has been experimentally shown to have 

subtleties related to regioselectivity (placement of the phenyl 

substituent of the alkyne in the isocoumarin product) and 

chemoselectivity (isocoumarin or naphthalene derivatives). 

Calculations reproduce the experimental results, and show the 

involvement of the oxidant throughout the catalytic cycle. The 

regioselectivity is decided in the alkyne insertion step, in particular 

by the relative arrangement between two phenyl groups. The high 

chemoselectivity towards isocoumarin associated to Cu(OAc)2(H2O) 

is explained because the copper moiety blocks the CO2 extrusion 

pathway that would lead to naphthalene derivatives, something that 

does not happen when Ag(OAc) is used.   

Introduction 

Oxidative coupling has emerged in the last years as a powerful 

approach to build complexity in organic synthesis.1 Contrary to 

classical cross-coupling alternatives (i.e. Suzuki-Miyaura, 

Negishi, etc.), this methodology does not require 

prefunctionalization of the substrate, allowing the direct 

activation of C-H bonds. This complements the cross-coupling 

reaction scope and converts oxidative coupling into a promising 

alternative for new reaction designs, especially to build new C-C 

or C-X (X = heteroatom) bonds. The general scheme is that a 

transition metal in high oxidation state activates the substrate 

(usually a C-H bond) and then the C-X bond is formed by 

reductive elimination. Oxidative coupling differs from cross-

coupling in that the two reactants are oxidized during the 

reaction and thus an external oxidant is needed to close the 

catalytic cycle. Different metal catalysts and oxidants have been 

extensively used during the last years for this process. A 

particular successful set is defined by the reactions based on 

rhodium,2 palladium,3 ruthenium4 catalysts that employ copper 

diacetate5 or silver acetate6 as final oxidant. Recently, non-noble 

metals such as copper7 and cobalt8 have been also used as a 

cheaper alternative, but the performance is still far from that of 

precious metals. Alternative oxidants like Oxone can be also 

used,9 but are less common. There are examples in which 

molecular oxygen can be used as final oxidant,10 though two co-

catalysts, typically Rh(III) and Cu(II)-based, are used in those 

cases.11  

There are a series of diverse experimental data on the reasons 

why some systems are preferred. The role of an acetate ligand 

in the oxidant is likely related to its known role as a facilitating 

agent for the deprotonation of C-H bonds through concerted 

metalation-deprotonation transition state (CMD).12 The election 

of Ag or Cu is still a matter of discussion,13 although it can affect 

the selectivity of the processes. The nature of the active form of 

the Rh(III)-based catalyst is still unclear. In most reactions, 

[CpRhCl2]2 is used as a precursor and [CpRh(OAc)2] is 

postulated as active species. However, Jones and co-workers 

analyzed the formation of [CpRh(OAc)2], proving that it is formed 

only at high concentrations of free acetate (NaOAc or CsOAc).14 

Silver species have been used to trap the chloride atoms from 

the precursor and that is why sometimes catalytic amounts of 

silver acetate are used even if copper acetate is used as final 

oxidant.  

Despite the many experimental advances, the theoretical 

background of oxidative couplings is still in the early stages,15 as 

the substantial advances in catalytic cycles for cross-coupling 

catalytic cycles,16 and on metal catalyzed C-H activation17 have 

not found full translation yet. The computational study of 

oxidative coupling has focused mainly on the influence of 

acetate ligands in the C-H activation step (via CMD transition 

state).18  Only some catalytic cycles have been reported in the 

case of the rhodium catalyzed oxidative couplings, such as 

internal oxidant-controlled reactions,19 an intramolecular version 

of alkyne coupling to a benzamide,20 and a comprehensive study 

of heterocycle synthesis in which selectivity issues were also 

addressed.21 In these previous works [CpRh(OAc)2] was 

assumed to be the active species, which is not obvious under 

the presence of copper acetate as oxidant. Recently, a detailed 

mechanistic study has been carried out in a cobalt catalyzed C-

N coupling, but cobalt, as first row transition metal, operates in a 

variety of spin and oxidation states, differing in this sense from 

rhodium.8b The effect of the additives in the chemoselectivity of 

other reactions has been study in related processes22 but is still 

unexplored for most of the oxidative couplings.  

We reported previously a computational study on a specific step, 

the reductive elimination, of the rhodium catalyzed oxidative 

coupling between benzoic acid and alkynes.23 We showed that 

the copper diacetate dimer oxidant accepts one electron during 

the reductive elimination, leading to the formation of a Rh(II) 

intermediate instead of the previously postulated Rh(I) species. 

We labeled this process as cooperative reductive elimination 

(CRE). Experimentally, this copper influence has been reported 

by Patureau and co-workers in the Ru-catalyzed homocoupling 

of carbazoles.24 
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Table 1. Experimental results of the oxidative coupling between benzoic acid 

and alkynes under different oxidants.
25

 

 

 

 

 

 

Oxidant R1 R2 Solvent 
Temp 

(ºC) 

Time 

(h) 

Products:  

% yield 

Cu(OAc)2·H2O Ph Me o-xylene 120 6 
3: 89; 3’:9; 

4: 0 

Ag(OAc) Ph Ph Mesitylene 180 2 
3=3’: 40; 

4: 60 

 

In the current manuscript we extend our previous study to the 

full catalytic cycle for the reaction of benzoic acid with 

asymmetric alkynes reported by Miura and Satoh (Table 1).25,26 

We study first the full catalytic cycle of the reaction between 1-

phenyl-1-propyne and benzoic acid catalyzed by Rh/Cu 

combination (entry 1, Table 1), paying special attention to the 

regioselectivity issues. We analyze later the influence of silver 

acetate in the chemoselectivity of the reaction (entry 2, Table 1). 

We expect this study will help in the rational development of new 

reactions.27 

Results and Discussion 

1. Full catalytic cycle of oxidative coupling catalyzed by 

Rh/Cu cooperative system 

We started calculating the catalytic cycle using [CpRh(OAc)2] as 

the initial catalyst, following the initial proposal from the 

experimental group. The results are shown in the Supporting 

Information (Figures S1 and S2) and do not reproduce the 

experimental chemoselectivity. According to our calculations on 

this Rh-alone mechanism only the naphthalene derivative 

product should be formed because the reductive elimination 

barrier to yield the isocoumarin is 5.0 kcal/mol higher than that 

leading to the napthalene derivative. In contrast, only the 

isocoumarin product is observed experimentally (entry 1, table 

1).  

We considered next an early involvement of the oxidant in the 

catalytic cycle. We started the mechanistic study with all the 

species in solution as the reference point (Figure 1, 1). The 

copper diacetate dimer can exchange one of the acetate groups 

by benzoate exergonically (-1.2 kcal/mol). This species binds to 

the unsaturated monomer [CpRhCl2], forming adduct 6. Then, 

one acetate ligand is exchanged by a chloride ligand in the 

rhodium center yielding intermediate 7, which has the 

appropriate geometry to promote the concerted-metallation-

deprotonation (CMD). The C-H activation transition state (TS 7-

8), has a barrier of 26.8 kcal/mol, which is lower in energy than 

the previously proposed transition state based on [CpRh(OAc)2], 

which was 28.7 kcal/mol above the reactants (see Figure S1 in 

the Supporting Information). This is the highest point of the free 

energy profile, so the C-H activation is the rate determining step. 

 

Figure 1. Free energy profile of the C-H activation of benzoic acid by the 

Rh/Cu cooperative system. Free energies in kcal/mol. 

The resulting 5-member rhodacycle 8 is stable (0.3 kcal/mol) 

and has been proposed and detected in other similar 

reactions.28 This intermediate evolves to the following 

intermediate 9 by a dihedral rotation of the aromatic ring through 

an accessible transition state at 19.0 kcal/mol. In intermediate 9, 

there is a chloride bridge between Rh and Cu, which will be 

important in the reductive elimination step, and gives the 

complex enough flexibility to coordinate the alkyne in the 

following steps. 

Once the C-H bond has been activated, intermediate 9 can 

coordinate 1-phenyl-1-propyne in two different ways (Figure 2), 

with the phenyl group pointing away from (10) or towards (10’) 

the benzoate ring. The relative stability of these intermediates is 

reversed in the associated transition states. The favored 

evolution goes to intermediate 11, preferred over 11' by a barrier 

difference of 2.5 kcal/mol. This translates to a predicted 

regioselectivity of 96:4 at 120ºC, in reasonable agreement with 

the experimental outcome (91:9). The overall barrier for the 

alkyne insertion is 22.7 kcal/mol, lower than that of the C-H 

activation. 
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Figure 2. Free energy profile of the alkyne insertion and the reductive 

elimination steps. Free energies in kcal/mol. 

 

Figure 3. Structures of the alkyne insertion transition states, TS 10-11 (left) 

and TS 10’-11’ (right). Relevant bond distances are depicted in Å. 

The phenyl group in the alkyne and its interactions are the key to 

understand the regioselectivity. In TS 10-11 (Figure 3, left), the 

phenyl group is pointing out and there is no steric hindrance with 

the rest of the structure, favoring a strong interaction between 

alkyne carbon and the rhodium center at 2.08 Å. This favors a 

short distance of 1.97Å, in the C-C bond that is being formed. 

However, in TS 10’-11’, this phenyl group is hindered by the 

aromatic ring of the benzoic acid. The interaction is repulsive 

because the two aromatic groups are perpendicular and no  

stacking interaction can take place.  

The next step is the reductive elimination yielding the 

isocoumarin compound 3 via cooperative reductive elimination 

(CRE) with a barrier of 15.8 kcal/mol referred to 11. This step 

was the subject of our previous publication on the topic, and will 

not be discussed in detail here. Two electrons are transferred 

from the organic reactants to the three metal cluster, one to the 

rhodium center and the other to the Cu-Cu dimeric system, 

yielding intermediate 12, which has an electronic structure with 

the metals in the oxidation state  Rh(II)-Cu(I-II)-Cu(I-II). This 

CRE is much lower in free energy barrier than the competing 

barriers in the Rh-alone pathway, where the CO2 extrusion 

pathway had the lowest one at 12.2 kcal/mol. The presence of 

Rh(II) after the reductive elimination is further confirmed here by 

the analysis of the separation of the Rh moiety from the 

intermediate 12, as shown in Figure 4. A Rh(II) fragmentation is 

much favored over a Rh(I) fragmentation at this point (-0.8 

kcal/mol versus +57.6 kcal/mol), which excludes the formation of 

Rh(I) during the catalytic cycle. 

 

Figure 4. Relative stability of Rh(II) species respect to Rh(I) from intermediate 

12. Free energies in kcal/mol. 

The last step in the catalytic cycle is liberation of isocoumarin 3 

from this intermediate (Figure S3), which produces 13 

exergonically (-27.6 kcal/mol). The singlet state of this 

intermediate, which corresponds with Rh(III)-Cu(I)-Cu(I) 

electronic structure, is more stable by 4.1 kcal/mol, regenerating 

the initial [CpRh(III)Cl2]2 species and forming [Cu(OAc)(H2O)]2 as 

side product with an overall exergonicity for the overall process 

of -39.0 kcal/mol. 
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Figure 5. Comparison between the reductive elimination and CO2 extrusion pathways in Rh catalyzed oxidative coupling with Ag(OAc) as oxidant. Energies in 

kcal/mol. 

2. AgOAc as a terminal oxidant and its influence on the 

chemoselectivity 

As we pointed out in the introduction, silver acetate has been 

also extensively used in oxidative couplings as final oxidant or 

as an additive to remove chloride groups from the rhodium 

precursor. Silver acetate is an even better oxidant than copper 

diacetate and one could expect a similar behavior, but this is not 

the case in general. In this specific oxidative coupling of benzoic 

acid and alkyne, the oxidant affects considerably the 

chemoselectivity of the process. When AgOAc is used (entry 2, 

Table 1), the chemoselectivity of the reaction drops down, 

yielding 40 % of the isocoumarin compound and 60% of the 

naphthalene derivative product. Here, we analyze 

computationally the effect of the change of oxidant in the 

reductive elimination step. For comparative reasons we keep the 

temperature, 1-phenyl-1-propyne as the substrate and o-xylene 

as the solvent, although the experiment was reported using 

180ºC, diphenylacetylene and mesitylene, respectively. 

It is well known, that silver can trap the chloride atoms of the 

rhodium precatalyst, favoring the formation of [CpRh(OAc)2] as 

the active species . This would favor the Rh-alone path (Figures 

S1 and S2) discussed above, but if this were the case, only the 

naphthalene product should be obtained because the reductive 

elimination transition state (TS 15-16) is 5.0 kcal/mol higher than 

that for CO2 extrusion (TS 15-17). This corresponds with a 

predicted product distribution of >99:1, favoring naphthalene 

(Figure 5, red and blue pathways, respectively).  

We evaluated thus the potential involvement of silver acetate in 

the chemoselectivity-determining transition states. We consider 

silver acetate as a dimer because the dissociation energy to 

form the monomer is very high (29.3 kcal/mol) and the reductive 

elimination assisted by Ag(OAc) as a monomer has an energy of 

18.1 kcal/mol, higher than Rh alone pathway TSs. Silver acetate 

can indeed cooperate as a dimer in both transition states (Figure 

5, green and black pathways). The reductive elimination (TS 

15Ag-19) is also favored (as in copper cooperative pathway) but 

this time, the CO2 extrusion (TS 15Ag-18) is much more 

competitive. The difference between both transition states is 

only 0.5 kcal/mol, which corresponds to a ratio of 64:36 at 180ºC 

favoring the isocoumarin product. This value is comparable with 

the experimental value of 40:60 when diphenylacetylene is used, 

and shows a clear qualitative difference with the copper systems.  
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In addition, both transition states are remarkably lower than the 

Rh-alone pathways (blue and red in Figure 5), demonstrating 

that cooperative effects might be also present when silver is 

used as oxidant in other reactions. The structures of all the 

transition states are shown in figure S4 in the Supporting 

Information. 

 

Figure 6. Structure of the transition state for the silver mediated CO2 extrusion 

(TS 16-18). Relevant bond distances are depicted in Å. 

Finally, we analyze the structure of TS 15Ag-18, in which silver 

facilitates the CO2 extrusion. In this case, silver is strongly 

coordinated to the C=C bond in the structure (2.70 Å) and 

interacts also with the rhodium center (3.35 Å). The 

pseudoplanar structure of silver acetate allows the structure to 

be in this conformation, stabilizing the CO2 extrusion by 6.6 

kcal/mol respect TS 15-17. This transition state cannot be found 

when copper(II) acetate acts as an oxidant due to the bulkier 

structure of the dimer, with four bridging acetate groups which 

prevent the favorable C=C interaction with copper centers. 

Conclusions 

Density Functional Theory (DFT) has been used to describe the 

full catalytic cycle of the rhodium-catalyzed oxidative coupling 

between benzoic acid and alkynes. The reaction is complex, but 

all the experimental data are reproduced, which confirms 

computational chemistry to be a useful tool to understand the 

process and build a complete mechanistic picture, facilitating the 

rational design of new reactions. 

Two key aspects were analyzed in detail: the regioselectivity of 

the alkyne insertion and the chemoselectivity of the process. 

The first one is found to be due to the steric hindrance of the 

phenyl groups of both reactants, benzoic acid and 1-phenyl-1-

propyne, which stabilize the transition state with both phenyl 

groups far from each other. The chemoselectivity is shown to be 

strongly correlated to the identity of the oxidant employed in the 

reaction. If copper diacetate is used, its presence blocks 

effectively the CO2 extrusion and stabilizes the reductive 

elimination through cooperative effect between copper centers 

and rhodium, producing favorably the isocoumarin product. In 

contrast, when silver acetate is used, the planar structure of 

silver acetate dimer does not block the CO2 extrusion, allowing a 

competition between two different pathways, and forming 

isocoumarin and naphthalene derivative products in similar 

yields. 

The cooperation of different metals throughout the oxidative 

coupling mechanism is thus found to be relevant for both the 

Rh/Cu and Rh/Ag systems. This suggests oxidant involvement 

may be also present in the mechanism for other systems, and 

hints to new approaches to the development of efficient 

oxidative coupling processes. 

Computational Details 

All calculations were carried out with the Gaussian09 package (version 

D.01)29 using density functional theory. All the energies reported in the 

main text were obtained with the B97D functional.30 Additional 

benchmark calculations were reported with other functionals in our 

previous work.23 demonstrating the good performance of B97D. Solvation 

was considered implicitly in all cases through the SMD model,31 using the 

experimental solvent, o-xylene, as the model solvent (ε = 2.5454). All the 

reported geometry optimizations were carried out without symmetry 

restriction and  the number of imaginary frequencies as checked, zero for 

minima and one for transition states. IRC calculations were also done 

when the connectivity of the reactants and products through a transition 

state was not clear enough. 

We used two basis sets, one for optimizations and frequency calculations 

(Basis set I) and the other for refining the potential energies through 

single point calculations (Basis set II). Basis Set I was LANL2DZ32 for 

rhodium and copper atoms (with the associated pseudopotentials) and 6-

31G(d) for other atoms.33 Basis set II was LANL2TZ(f)34 for Rh and Cu 

and 6-311++G(d,p) for the remaining atoms.35 Free energy corrections 

were initially calculated at 298.15 K temperature and 101325 Pa 

pressure, including zero point energy corrections (ZPE). The temperature 

was then changed to 393.15 K and the reference state to 1 M using the 

freely available GoodVibes script.36 All reported energies in the text 

correspond to free energies in solution, calculated from potential 

energies with basis set II plus free energy corrections obtained with basis 

set I at the geometry of the optimization with basis set I. The Cp* ligand 

was replaced by Cp to reduce the computational cost. 

A dataset collection of computational results is available in the ioChem-

BD repository.37 
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