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ABSTRACT: The mechanism of rhodium-COD-catalyzed hydrocarboxylation of styrene-derivatives and α,β-unsaturated carbonyl 
compounds with CO2 has been investigated using density functional theory (PBE-D2/IEFPCM). The calculations support a catalytic 
cycle as originally proposed by Mikami and coworkers including β-hydride elimination, insertion of the unsaturated substrate into a 
rhodium-hydride bond and subsequent carboxylation with CO2. The CO2 insertion step is found to be rate-limiting. The calculations 
reveal two interesting aspects: Firstly, during C-CO2 bond formation, the CO2 molecule interacts with neither the rhodium complex 
nor the organozinc additive. This appears to be in contrast to other CO2 insertion reactions, where CO2-metal interactions have been 
predicted. Secondly, the substrates show an unusual coordination mode during CO2 insertion, with the nucleophilic carbon positioned 
up to 3.6 Å away from rhodium. In order to understand the experimentally observed substrate preferences, we have analyzed a set of 
five alkenes: an α,β-unsaturated ester, an α,β-unsaturated amide, styrene and two styrene-derivatives. The computational results and 
additional experiments reported here indicate that the lack of activity with amides is caused by a too high barrier for CO2 insertion 
and is not due to catalyst inactivation. Our experimental studies also reveal two putative side reactions, involving oxidative cleavage 
or dimerization of the alkene substrate. In the presence of CO2, these alternative reaction pathways are suppressed. The overall insights 
may be relevant for the design of future hydrocarboxylation catalysts.

INTRODCUTION 
Hydrocarboxylation of alkenes is a promising strategy for for-
mation of alkyl carboxylic acids from CO2. In 2008, Rovis and 
coworkers reported seminal studies on nickel-catalyzed hydro-
carboxylation of alkenes with CO2.1 Subsequently, related re-
actions have been communicated involving different catalysts 
based on Cu/Fe,2 Fe,3 Ti,4 Rh5 or Ru6.  
     The reaction mechanisms of metal-catalyzed hydrocarboxy-
lation of different types of unsaturated substrates have been ad-
dressed computationally (for a relevant review see ref. 7). A 
small number of studies have investigated hydrocarboxylation 
of alkene substrates with CO2.8,9,10 Despite large differences in 
catalysts, the different alkene hydrocarboxylation reactions 
have been proposed to follow similar patterns, involving for-
mation of a metal-hydride (e.g. through β-hydride elimination 
from a transmetallated alkyl ligand), insertion of the alkene sub-
strate into the metal-hydride bond to form a metal-alkyl species 
and subsequent reaction with CO2 to yield the carboxylic acid 
(Figure 1A).3,5,8,9,10 Variations of this mechanism are seen, e.g. 
for a Fe-pincer complex with EtMgBr as additive, it has been 
proposed that an explicit Fe-hydride might not be formed, but  
that the transmetallated ethyl-ligand could donate a hydride di-
rectly to the styrene substrate.8 A computational investigation 

of a hypothetical reaction involving Rh-pincer complexes ex-
plored the potential of H2 as hydride donor, but the study 
showed that this might lead to a competing hydrogenation reac- 
tion.9 Theoretical studies of a Ni-(DBU)2 complex with ZnEt2 
as additive concluded that formation of a Ni-hydride complex 
might compete with oxidative coupling of the alkene substrate 
and CO2 to form a low-lying metallacycle.10    
     Related reactions involving insertion of CO2 into metal-alkyl 
bonds have also been studied computationally, including cop- 
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Figure 1. A) Generalized mechanism for hydrocarboxylation of al-
kenes with CO2 (transmetallation steps not shown, based on 3,5,8,9, 

10). B) Proposed conformation of C-CO2 bond formation TS for re-
actions involving  Ni,10, 11, 16, 17, 20 Cu,12,13,14 Rh,9,21,22  or Fe/Mg.8  
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Figure  2. Rhodium-catalyzed hydrocarboxylation of alkenes with 
CO2, as reported by Mikami and coworkers.5  
 
per-catalyzed carboxylation of alkynes13,14 or organoboranes,15, 
nickel-catalyzed carboxylation of aryl or benzyl halides,16,17 or 
coupling of CO2 with ethylene,18,19 or acetylene,20 and insertion 
of CO2 into rhodium-ethyl or aryl bonds.21,22,24 Despite the mo-
lecular differences of these systems, the carbon-CO2 bond for-
mation step is expected to occur in a similar fashion via a three-
membered transition state (TS), where CO2 is predicted to in-
teract with the metal via the carbon atom or through an η2-C,O 
coordination mode (Figure 1B, for a recent review see 
23).8,9,10,11,12,13,14,20,21,22,24 An exception is CO2 insertion into 
nickel-methyl or -allyl bonds, for which it has been predicted 
that CO2 has no interaction with the metal centre during the C-
CO2 bond formation step.25 
     Several of the reported hydrocarboxylation reactions of al-
kenes result in the formation of chiral carboxylic acids, but ra-
cemic mixtures are obtained due to the use of symmetric cata-
lysts.1,3,4 To date, only one asymmetric CO2-based hydrocar-
boxylation reaction has been reported, involving a rhodium 
complex with a bidentate SEGPHOS ligand, which in presence 
of ZnEt2 carboxylates α,β-unsaturated esters with up to 66 % 
enantiomeric excess ee (Figure 2).5 The hydrocarboxylation ac-
tivity of rhodium catalysts with bidentate ligands appears to be 
highly dependent on both the nature of the ligand and the prop-
erties of the substrate.5 With Rh-COD, α,β-unsaturated esters 
and styrene-derivatives with electron-withdrawing para-sub-
stituents are converted with reasonable yields, however, α,β-un-
saturated amides and styrene itself are completely unreactive.5  

    Detailed insights into the reaction mechanism may be valua-
ble for improving the activity, substrate scope and selectivity of 
rhodium-catalyzed hydrocarboxylation reactions. Here we have 
studied the mechanism of rhodium-COD/ZnEt2-mediated al-
kene hydrocarboxylation using DFT methods on the full molec-
ular system. Besides the mechanistic details, our aim was to elu-
cidate the substrate preferences of this reaction, and to under-
stand how CO2 and the substrate interact with the rhodium com-
plex. Our theoretical analysis reveal two interesting aspects: 
Firstly, during C-CO2 bond formation, the CO2 molecule inter-
acts with neither the rhodium complex nor the organozinc addi-
tive. This is in contrast to most previous computational studies, 
which predict a metal-CO2 interaction (Figure 1).8,9,10,11,12,13,14, 

20,21,22,24 Secondly, in the C-C bond forming step, the substrates 
prefer an η6-coordination mode to rhodium, with the nucleo-
philic carbon positioned several Å away from the metal centre. 

Although η6-binding modes are well-known for coordination of 
ligands,26,27,28,29 to our knowledge such a binding mode has not 
previously been predicted to occur during conversion of sty-
rene-type substrates. In order to understand the experimental 
substrate preferences, we have analysed a set of five substrates 
and show that the proposed mechanism can explain why esters 
are the preferred substrates, whereas amides are unreactive. We 
further report experimental studies that reveal two putative side 
reactions, which appear to be suppressed in presence of CO2. 
 

METHODS:   
Computational models: All calculations were performed with the full 
catalyst and full substrates (Figure 3), without truncations or symmetry 
constraints, and with a closed-shell spin state. The effect of the solvent 
was modelled through inclusion of the polarizable continuum solvent 
model IEFPCM (dimethylformamide, which is the solvent employed in 
experiments5) in geometry optimizations and energy evaluations. 
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Figure 3. Metal complexes and substrates studied here.  
 
Computational methods: All calculations were performed with Gauss-
ian 09, Rev. D0130. The DFT functional PBEPBE31, including both the 
Grimme empirical dispersion correction (D232) and IEFCPM33 (sol-
vent = n,n-dimethylformamide) were employed in all calculations. We 
have previously shown that this computational protocol provides good 
accuracies.34 In geometry optimizations, the basis set 6-311G(d,p) was 
employed on all non-metal atoms and zinc, whereas Lanl2DZ (includ-
ing pseudopotential) was employed on rhodium, including an extra f-
polarization function with exponent 1.3535 (this basis set combination 
is here referred to as BS1). Big basis set single-point corrections to the 
energies where computed employing 6-311+G(2d,2p) on all non-metal 
atoms and zinc, while Lanl2TZ(f)  was used for  rhodium (referred to 
as BS2). Counter poise corrections (CP) were computed with BS2 to 
estimate the magnitude of the basis set super position error when join-
ing several molecules into one model.36 The CP corrections were found 
to be small and they were not included in the final energies.  
     The thermodynamic parameters were obtained from frequency cal-
culations and were corrected to the experimental temperature of 273 K.  
In order to convert computed free energies (ΔG°1atm,BS1) from a 1 atm 
to a 1 M standard state, a standard state conversion factor (SS) was 
included, which can be calculated as R1Tln(R2TΔn), where R1 = 8.31447 
J K−1 mol−1, R2 = 0.08206 L atm K−1 mol−1, T = temperature in K, and 
Δn = change in number of moles.34,37 For an association reaction 
A+B→C; the change of mole is Δn = -1 and the above expression be-
comes -1.89 kcal/mol at 298K (-1.69 kcal/mol at 273 K). Unless ex-
plicitly stated otherwise, reported energies correspond to solution 
standard state Gibbs free energies at 273 K (ΔG°1M,273K), including big 
basis set corrections to the electronic energy (E) and standard state cor-
rections (SS): ΔG°1M,273K = ΔG°1atm,BS1,273K - ΔEBS1 + ΔEBS2 + SS273K 



 

Experimental details: Diethylzinc (1.0 M in hexane solution) and 
[RhCl(cod)]2 were purchased from Aldrich. Methyl 2-phenylacrylate 
and N,N-diethyl-2-phenylacrylamide were prepared according to the 
literature.5 DMF was dried over 4Å molecular sieves. Conversions 
were monitored by thin-layer chromatography (TLC) with Merck pre-
coated silica gel plates (60 F254). Visualization was accomplished with 
either UV light or by immersion in potassium permanganate or 5% al-
coholic phosphomolybdic acid (PMA) followed by light heating with a 
heating gun. High-resolution mass spectra (HRMS) were recorded 
from MeOH solutions on an LTQ Orbitrap XL (Thermo Scientific) in 
positive electrospray ionization (ESI) mode. The mechanistic cycle was 
studied with methyl 2-phenylacrylate as substrate using stoichiometric 
catalyst/substrate mixtures, monitored by NMR (for further details, see 
the Supporting Information, SI).  
 
RESULTS AND DISCUSSION  
Mechanistic investigation  
The mechanism for rhodium-catalyzed hydrocarboxylation as 
proposed by Mikami and coworkers5 is shown in Figure 4, with 
minor modification based on our results.  The active rhodium-
hydride species is generated in two steps. The first step involves 
transmetallation of an ethyl group from diethyl-zinc to the 
precatalyst. This leads to formation of a Rh-Et species, which 
we predict may loosely coordinate a DMF solvent molecule to 
form Rh(DMF)Et. The complex then looses DMF and under-
goes β-hydride elimination to give a Rh-H species. Next, inser-
tion of the alkene substrate into the Rh-H bond takes place to 
produce a Rh-Alkyl intermediate.38 Two possible pathways for 
alkene insertion exist due to the asymmetry of the double bond. 
Insertion of CO2 into the Rh-Alkyl species gives the carbox-
ylated rhodium complex. Finally, transmetallation with diethyl-
zinc forms a zinc carboxylate, with simultaneous regeneration 
of the Rh-Et species. Upon acidic work-up, zinc carboxylate is 
protonated to provide the α-aryl carboxylic acid.  

     The computed energy profile is shown in Figure 5, with the 
Rh(DMF)Et species used as an energetic reference. We have 
used the α,β-unsaturated ester, methyl 2-phenylacrylate, in our  

Rh
DMF

Cl

ZnEt2
ZnEtCl

Rh
DMF

Et

DMF

Rh

Rh

CO2

O O

DMF, ZnEt2

Ph

CO2H
H+

H

Rh H

O OMe

OMe

O

alkene insertionCO2 insertion

transmetallation β-H elimination

Rh-Hyd

Rh-Alkyl

Rh-Carboxyl

α-aryl carboxylic acid

Rh(DMF)Et

MeOOC

Ph

CO2ZnEtMeOOC

Ph

COOMe

. 

Figure 4. Mechanism for Rh-COD-catalyzed hydrocarboxylation, 
based on the previous proposal, 5 and computations performed here. 
 
calculations of the full reaction cycle. The first step, β-H elimi-
nation, occurs via a four–membered TS (TSβ-Hyd) with an active-
tion barrier of 6,8 kcal/mol. The subsequent low-barrier hydride  

 



 

 

Figure 5. Computed free energy profile (kcal/mol, 273 K, PBE-D2/BS2[IEFPCM]//PBE-D2/BS1[IEFPCM] level of theory) for rhodium-
COD catalyzed hydrocarboxylation of methyl 2-phenylacrylate.

transfer to the terminal carbon of the substrate agrees with the 
experimentally observed product, α-aryl carboxylic acid.5 The 
alternative hydride transfer pathway leading to the β-aryl car-
boxylic acid is higher in energy (SI, Figure S1). 
    Our calculations indicate that the Rh-Alkyl intermediate 
formed after substrate insertion is energetically very stable, 12.4 
kcal/mol below the Rh(DMF)Et species (Figure 5). The opti-
mized geometry of Rh-Alkyl reveals an η2-coordination mode 
of the phenyl ring to the metal (Figure 6A). This type of inter-
action is well known and described in the literature.39 The Rh-
Cipso and Rh-Cortho distances are 2.26 Å and 2.27 Å, respectively. 
We propose that several resonance structures contribute to this 
binding mode (SI, Figure S2). An alternative binding mode in-
volving the ester moiety was found to be higher in energy by 
3.1 kcal/mol (see SI, Figure S3).  
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Figure 6. Schematic representation of the energetically preferred 
conformations of A) the Rh-alkyl intermediate, displaying an η2-
coordination mode of the ester and B) the TS for CO2 insertion 

(TS_CO2_I), displaying an η6-coordination of the substrate, with ad-
ditional CH…O interactions. 
 
     In the next step, insertion of CO2 occurs to give a carbox-
ylated rhodium complex, with a barrier of 14.4 kcal/mol relative 
to the Rh-Alkyl species (TSCO2 I, Figure 5).  The carbon-carbon 
bond formation TS reveals an unusual binding mode of the sub-
strate, with the phenyl ring coordinated to rhodium in an η6-
fashion, whereas the nucleophilic carbon is positioned 3.6 Å 
away from the metal centre (Figure 6B and 7A). Five of the Rh-
Cphenyl distances are between 2.24 and 2.37 Å. We predict that 
the negative charge on the substrate is delocalized over the nu-
cleophilic carbon and the ester oxygen, which is stabilized by 
two CH…O interactions (distances 2.14 Å and 2.45 Å, respec-
tively, Figure 6B). Note that for substrates lacking an adjacent 
carbonyl, different resonance structures are predicted, with 
charge delocalization over seven carbon atoms (SI, Figure S4). 
We optimized an alternative TS geometry, where the carbonyl 
group of the ester interacts with the metal (TSCO2_II,, O...RH dis-
tance of 2.16 Å, Figure 7B), but this is 1.8 kcal/mol higher in 
energy compared to TS_CO2_I. Interestingly, both these TSs show 
no interaction of the CO2 molecule with rhodium. If CO2 is 
placed closer to rhodium (TSCO2_III and TSCO2_IV, SI, Figure S5), 
the barrier increases by 5 to 6 kcal/mol, whereas if CO2 is bound 
to rhodium in an η2-fashion (TSCO2_V, SI, Figure S6), the barrier 
is 23.5 kcal/mol above TS_CO2_I. 
     We also tested if CO2 might prefer to interact with the or-
ganozinc additive (in analogy to the results by Yuan and co-
workers, who proposed that interactions between zinc and CO2 



 

may take place10). However, the optimized geometry of the C-
C bond formation TS in presence of ZnEt2 does not indicate that 
a CO2-Zn interaction occurs (see SI, Figure S7). This is in line 
with results by Lv et al.,24 who concluded that an interaction of 
CO2 with zinc is energetically disfavored.   
    The computed energies (Figure 5) indicate that insertion of 
CO2 may be rate-determining. The carboxylic acid is subse-
quently transmetallated to zinc and the active rhodium-species 
is regenerated. A TS for the transmetallation step could not be 
located, but we do not expect this step to be ratelimiting, as 
shown by Lv et al. for a related Rh-catayzed carboxylation re-
action.24 We optimized an Rh-CO2-Zn intermediate, where both 
metals, Rh and Zn, interact with the carboxyl group. The com-
puted energy is -20.1 kcal/mol below the Rh-DMF-ethyl spe-
cies (Figure 5, for the optimized geometry, see SI, Figure S8).   
     We also performed computations on an alternative reaction 
pathway, involving formation of a metallacycle from CO2, al-
kene, and the rhodium-complex. This was tested in analogy to 
the results reported for nickel-catalyzed hydrocarboxylation, 
where a low–lying metallacycle was observed in calculations.10 

However, a rhodacycle intermediate was here found to be 
higher in energy and was excluded (see SI, Figure S9). 
 
A) TSCO2_I 

 

B) TSCO2_II  

 

Figure 7.  Optimized geometries with methyl 2-phenylacrylate of 
A) the preferred CO2 insertion TS with η6-coordination (TSCO_I) 
and B) an energetically higher-lying CO2 insertion TS displaying a 
Rh-OCester interaction (TSCO2_II). Distances are in Angstrom.  
               
    We extended our analysis by additionally performing exper-
imental studies (SI, Figure S10-S14) to shed further light on the 
catalytic steps of the hydrocarboxylation reaction. When treat-
ing [RhCl(cod)]2 (1 equiv.) with Et2Zn (1 equiv.) in DMF-D7 in 
an NMR tube at 0 °C, an immediate color change from pale 
yellow to dark red was observed. The 1H NMR spectrum indi-
cated formation of Rh–H species with a diagnostic resonance at 

-11.74 ppm (Figure 8).40 Then, 2.5 equivalent of methyl 2-phe-
nylacrylate was added to the NMR tube and the resulting com-
plex was characterized. Absence of the olefinic protons of me-
thyl 2-phenylacrylate with chemical shift at 6.37 ppm and 5.90 
ppm and the Rh–H chemical shift at -11.74 ppm indicates that 
insertion of the alkene into the rhodium-hydride took place. 
However, subsequent bubbling of CO2 into the NMR tube (for 
10 min) did not give the carboxylated product. To investigate 
the failure of the expected carboxylation step, we analyzed the 
reaction mixture by HRMS and GCMS prior to CO2 bubbling. 
The results indicate formation of a complex reaction mixture 
including dimerized methyl 2-phenylacrylate and methyl ben-
zoylformate (Figure 9). 
 

 

Figure 8. 1H NMR of [Rh]-H peak 
 
     The rhodium-catalyzed alkene dimerization is not a surpris-
ing observation,41 and supports the formation of a rhodium-al-
kyl intermediate (for mechanistic hypothesis, see SI, Figure 
S15). Formation of methyl benzoylformate can be explained 
with a side reaction of the rhodium-complex with O2 (from air) 
to generate a Rh(cod)(peroxo) complex, which can further react 
with alkene to give methyl benzoylformate.42 To support our 
hypothesis and confirm the formation of methyl benzoylfor-
mate, we carried out the same reaction using 2 mol% of 
[RhCl(cod)]2 and 1.2 equivalent of ZnMe2 in the presence of air, 
which gave methyl benzoylformate in 52% yield (for mechanis-
tic hypothesis, see SI, Figure S15). Under ordinary reaction 
conditions, where a CO2 atmosphere is present from the initia-
tion of the reaction, the side products discussed here are not 
formed, and instead methyl 2-phenylacrylate provides 99% 
yield of the expected carboxylated product.5 Therefore, we 
speculate that under reaction conditions, CO2 inhibits both the 
formation of the rhodium-peroxo complex (due to reduced pres-
ence of O2) and prevents dimerization of the alkene by promot- 
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Figure 9. Stoichiometric NMR experiments providing evidence of 
reaction intermediates as well as side reactions.  

ing carboxylation of the rhodium-alkyl intermediate instead. 
Our analysis thus points to a serendipitous role of CO2 in sup-
pressing putative side reactions.   
 
Investigation of the substrate selectivity 
In order to understand the experimental substrate preferences, 
we have performed computational and experimental studies of 
five substrates: an α,β-unsaturated ester and amide, styrene and 
two para-substituted styrene-derivatives (Figure 3). For two of 
these substrates, the ester and the para-acetyl styrene, Mikami 
and coworkers reported yields of 89 to >99% in the Rh-COD-
catalyzed hydrocarboxylations whereas the styrene and para-
methoxy styrene gave 0% yield.5  Our experimental results (see 
SI, Figure S10) are in agreement with earlier results, showing 
good conversion for the α,β-unsaturated ester and the methyl 2-
phenylacrylate. No reaction was detected for an N,N-diethyl-
substituted amide, in agreement with Mikami’s studies on a re-
lated amide.5  
      We evaluated two hypotheses for the lack of activity of cer-
tain substrates: a) lack of reactivity is due to substrate-mediated 
catalyst inactivation, or b) lack of reactivity is due to a too high 
barrier for CO2 insertion. To evaluate hypothesis a, we com-
puted the energies (∆Gbond strength) for binding the five substrates 
or a solvent molecule to rhodium (Table 1, Figure 10). The es-
ter has the strongest binding energy (-20.9 kcal/mol). The other 

substrates bind weaker, but still considerably stronger than the 
solvent DMF. A correlation between binding strengths and ex-
perimental conversions is not evident.  
     We then performed an experimental test, where we hydro-
carboxylated a 1:1 mixture of amide and ester (Figure 11). The 
ester showed full conversion, whereas the amide was unreac-
tive. This confirms that the amide is not inactivating the cata-
lyst. On basis of these results, hypothesis a was excluded.  
 

Rh

H

Rh

H

Sub
Sub

∆Gbond strength

 

Figure 10. Computation of Rh-substrate bond strength.     
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Figure 11. Rh-catalyzed hydrocarboxylation of a 1:1 mixture of 
amide and ester.  
 
     We then proceeded to evaluate hypothesis b by computing 
the alkyl-intermediates and TSs for CO2 insertion for the five 
substrates (Table 1). Interestingly, the energetically lowest-ly-
ing TS geometries all show an η6-coordination mode of the sub-
strate (Figure 7A and Figure 11). CH⋅⋅⋅⋅O=C interactions  
are observed with ester and amide as substrates, but are not pos-
sible for styrene-type substrates that lack a carbonyl group (for 
the latter, possible resonance structures are depicted in SI, Fig-
ure S6). It can also be seen that the CO2 molecule does not in-
teract with the metal center in any of the TSs. The conforma-
tional freedom of the CO2 molecule implies that there poten-
tially exists a large number of energetically close-lying TSs.  

Table 1. Computed binding energies and CO2 insertion barriers for different substrates 

 
Substrate/Ligand 

Computed energy for binding 
to rhodium (∆G bond strength 
kcal/mol, 298 K)a 

Computed barrier for CO2 inser-
tion (relative to Rh-Alkyl-interme-
diate)b 

Experimental 
Yield [%]b 

DMF -7.1 - - 
Methyl 2-phenylacrylate -20.9 14.4 >99% 
1-methoxy-4-vinylbenzene  -15.9 16.4 0 % 
Styrene -17.3 16.7 0 % 
1-(4-vinylphenyl)ethan-1-one -17.2 18.7 89 % 
N,N-dimethyl-2-phenylacrylamide -17.3 19.8 0 % 

a) See Fig. 10. Energies at the PBE/BS1(IEFPCM) level. b) From ref. 5 except for the amide, which was studied here, see SI, Fig. S10. 
 



 

     The analysis of the free energies shows that the ester has the 
lowest barrier (14.4 kcal/mol), whereas the highest activation 
energy was found for the amide (19.8 kcal/mol). This indicates 
that the barrier for CO2 insertion could explain why esters are  
 
 
the preferred substrates and amides are unreactive.5 The styrene 
and 1-methoxy-4-vinylbenzene have similar barriers of 16.7 
and 16.4 kcal/mol, respectively, which is ~2 kcal/mol above the 

ester, in line with the lack of reactivity in experiment.5 How-
ever, 1-(4-vinylphenyl)ethan-1-one has a relatively high CO2 in-
sertion barrier of 18.7 kcal/mol, in disagreement with the exper-
imentally observed conversion. We cannot exclude that a lower 
CO2 insertion TS exists for this particular substrate. Overall, the 
correlation for the four other substrate indicate that the CO2 in-
sertion barrier could explain the substrate preferences observed 
in rhodium-catalyzed hydrocarboxylation reactions. 
 

A)                                                         B) 

    

C)                                                         D) 

     

Figure 12. Optimized geometries for the CO2 insertion TS for the substrates A) 1-methoxy-4-vinylbenzene, B) Styrene, C) 1-(4-vi-
nylphenyl)ethan-1-one, D) N,N-dimethyl-2-phenylacrylamide. Distances are given in Angstrom.  
CONCLUSIONS  
The detailed mechanism of the highly regioselective rhodium-
catalyzed hydrocarboxylation of styrene derivatives and α,β un-
saturated carbonyl compounds with CO2 was investigated using 
DFT theory, combined with experimental studies. The compu-
tational investigations reproduce the experimentally observed 
regioselectivity, and reveal that during the C-CO2 bond for- 
mation step, the CO2 molecule interacts with neither the rho-
dium complex nor the organozinc additive. This is in contrast 
to predictions on related reactions, which propose a CO2-metal 
interaction.8,9,10,11,12,13,14,20,21,22,23,24 In addition, we find that for 
the five studied substrates, the energetically lowest-lying TS ge-
ometries all show an unusual coordination mode of the substrate 
through the phenyl ring instead of through the nucleophilic car-
bon. Our calculations indicate that the rate-limiting CO2 inser-
tion barrier could provide an explanation to why esters are re-
active and amides are unreactive. A possible poisoning effect 
of the amide was ruled out. Our experimental results are in 
agreement with the computationally computed mechanism. In 
addition, the experimental studies revealed two possible side 

reactions involving substrate dimerization or oxidative cleav-
age of the alkene, which were suppressed when the reaction was 
performed under a CO2 atmosphere. The insights obtained here 
may be relevant for designing novel rhodium-catalyzed reac-
tions for carbon-carbon bond formation with CO2. 
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