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Abstract: 
Acetic acid is industrially produced by methanol carbonylation using Ir- or Rh-based homogeneous 
catalysts and a corrosive HI promoter. Recently, a heterogeneous catalyst with atomically dispersed ReO4 
sites on an inert mesoporous SBA-15 support demonstrated high acetic acid yields and stability without the 
need for a promoter (Qi et al. J. Am. Chem. Soc. 2020, 142, 14178). In this study, we investigate the reaction 
mechanisms of methanol carbonylation on monopodal -ORe(=O)3 sites using density functional theory 
calculations, natural bond orbital analysis, and the energetic span model. We find that the reduction of 
dispersed Re(VII) oxide by CO through an indirect mechanism is essential for catalyst activation. The C–
C coupling of methyl and carbonyl ligands is favorable in both Re(V) and Re(III) complexes, with Re(III) 
being superior due to transition state stabilization by a metal-localized lone electron pair. The preceding C–
O bond activation is favorable only on Re(V) and leads to a thermodynamic sink, posing challenges in 
interpreting the high carbonylation activity in terms of monopodal ReOx site catalysis. We hypothesize that 
multi-nuclear sites or more exotic ligand environments drive the cooperative reaction mechanism of 
selective carbonylation.

Keywords: methanol carbonylation, acetic acid, rhenium oxide, heterogeneous catalysts, redox 
mechanism

1. Introduction
Acetic acid (AA) is one of the ten most produced commodity chemicals, with annual production 

reaching 18.71 million tons in 2024.1 It is a key intermediate in the production of polyvinyl acetate-based 
adhesives, alkyl acetates, acetic anhydride, and serves as a solvent in the synthesis of terephthalic acid.2 
More than 85% of AA available on the world’s market is produced by means of methanol (MeOH) 
carbonylation using homogeneous catalysts.2 The current Ir-based Cativa process,3-6 which is economically 
superior to earlier Rh-based Monsanto7-12 and Co-based BASF13 technologies, requires energy-intensive 
separation of expensive homogeneous complexes [IrI2(CO)2]- and [RuI2(CO)3]. Additionally, it employs an 
iodide promoter to convert a strong CH3-OH bond into a weaker, easy-to-activate CH3-I bond, at the cost 
of generating corrosive hydriodic acid that imposes stringent corrosion resistance requirements on materials 
for reactor walls. Consequently, there has been interest in reducing separation costs by immobilizing the 
catalyst on a heterogeneous support and exploring new catalytic systems that would minimize or eliminate 
the use of the corrosive promoter. Past, present, and emerging MeOH carbonylation technologies have been 
recently reviewed.2, 14

Grafting ultradisperse ligated metal centers 𝑀𝐿𝑛 (where M is Rh, Ir, Au,15, 16 or Pt17) onto surfaces 
(denoted by A) enables tuning of both catalyst stability and activity through variations of the strength of 
the 𝐿𝑛―𝑚𝑀 ― 𝑋𝑚/𝐴 chemical bonds and by introducing new functionalities in 𝑋. Here, 𝑋 is either a surface-
bound species or an exposed structural motif of A. This strategy not only facilitates catalyst separation but 
often results in catalytic activity of grafted sites that is claimed to exceed that of homogeneous 
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counterparts.18, 19 The explored design space of 𝑋/𝐴 for supporting the Rh or Ir sites includes activated 
carbon (AC) with and without N,S-codoping,19-22 La-promoted23-25 and La/SO4

2--promoted26 AC, AC 
impregnated with RhCl3 and an iodine compound,27 polymers,18, 28-32 C3N4,33, 34 zeolites,35 and 
heteropolyacids.36-38 Despite the promising performance, the effect of the 𝑀 ― 𝑋𝑚/𝐴 bond on the M 
electronic structure is typically too weak to enable the direct cleavage of the CH3-OH bond without the 
need for the iodide promoter, or to substitute expensive Rh and Ir with lower-cost alternatives. Using base 
metals39-41 or mimicking the promoter effect by ZrO2 with tuned acidity42 or a W-based heteropolyacid43, 44 
results in only modest AA or methyl acetate (MA) selectivities. An exception is NiCl2/CuCl2/C modified 
with CeO2, which demonstrates 87% selectivity to MA.45

A widely explored iodide-free, noble-metal-free carbonylation process utilizes Brønsted acidic sites 
located inside the 8-member-ring (8-MR) pockets of specific zeolites, such as mordenite,46-51 T zeolite,52 
and EU-12,53 using MeOH, methyl chloride, or dimethyl ether (DME) as a reactant. For MeOH and DME, 
the reaction starts with the C-O bond cleavage, enabled by the protonation of an OH (or OCH3) group, 
forming a good leaving group (H2O or CH3OH) and a surface-bound CH3

+. The latter undergoes a 
nucleophilic attack by CO along the preferential direction inside the 8-MR channel54 through the Koch-
type reaction, forming an acylium ion that gets hydrolyzed to AA. Activation of CO by Cu+ sites increases 
the reaction rate and steers the chemistry toward MA formation.55-58 Due to the high, non-self-limiting 
carbocation reactivity, it is essential to passivate Brønsted acidic sites in larger 12-MR pores by bulky bases 
(such as pyridine) in order to limit the growth of coke-generating species.46 Challenges associated with low 
yields, transport limitations in narrow pores, high CO:MeOH ratios, and catalyst stability must be addressed 
prior to commercial use of this technology.

Metal oxides have recently gained increasing attention as a class of heterogeneous catalysts for halide-
free methanol carbonylation. The described catalytic systems include Ni-doped MoOx,59 Cu+/TiO2-SiO2,60 
Cu+/Sn-𝛽,61 and ultradispersed ReOx on an SBA-15 amorphous silica support.62 In analogy with oxide-
catalyzed redox processes, the CH3-OH bond activation on such catalysts may proceed through the reverse 
Mars-van Krevelen mechanism on partially reduced surfaces,63-66 which may not require the use of a 
promoter due to high oxophilicity of vacancy sites on less reducible oxides with strong M-O bonds.67 The 
vacancy- or reduced-state-mediated mechanism is potentially consistent with the methanol carbonylation 
activity of the traditional CoMoS hydrodesulfurization catalyst68 and the hydrodeoxygenation activity of 
ReOx.69 

Among the reported metal oxide systems, the ReOx/SiO2 catalyst, described by Qi, Christopher, and 
coworkers,62 is particularly promising. Combining single site grafting with metal oxide chemistry, it can 
achieve over 93% selectivity toward AA and 60% conversion of MeOH during a 60-hour reaction period. 
Catalyst activity further increases upon the addition of ~0.2 wt% of dispersed Rh, becoming comparable to 
the homogeneous processes.62 Despite the impressive performance of this catalyst, it remains challenging 
to identify the structure of the catalytic site associated with the reported activity using experimental 
techniques.70 Also, elementary reaction steps remain largely unknown. Open structural and mechanistic 
questions can be addressed with first-principles computational methods, which can help unravel the 
atomistic picture of this catalyst, elucidate each elementary step of the catalytic cycle, thereby enabling 
catalyst tuning and guiding the controlled synthesis of the catalyst. 

In this work, we conduct a comprehensive quantum-mechanical investigation of methanol 
carbonylation to acetic acid on the silica-supported single-site OReO3/SiO2 catalyst. Using density 
functional theory (DFT) calculations, natural bond orbital (NBO) analysis, and the energetic span model, 
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we examine the reactivity of surface species in various coordination environments. First, we rule out 
previously reported reaction mechanisms and establish that the -OReO3 catalytic site requires activation 
through reduction. Next, we investigate reactivity trends as a function of ligand environments in three 
hypothesized elementary steps that parallel those in Monsanto and Cativa processes: C-O bond scission, C-
C coupling, and C-O bond formation.  We find that the essential C-C coupling step is kinetically favorable 
in both Re(V) and Re(III) complexes, with Re(III) being preferred due to transition state (TS) stabilization 
by a metal-localized lone electron pair. The subsequent C-O coupling of -COCH3 with -OH is more 
kinetically facile than with =O to form acetate. The C-O scission step preceding the C-C bond formation is 
favored on Re(V) but leads to an inactive Re(VII) complex. The C-O bond activation on Re(III), although 
compatible with the subsequent Re(V)-catalyzed C-C bond formation, exhibits too high a barrier due to an 
electron-withdrawing CO ligand. Thus, we find that the C-O scission and C-C formation steps require 
disparate oxidation states and ligand environments that are difficult to reconcile, revealing challenges in 
interpreting high methanol carbonylation activity on ReOx/SiO2 in terms of monopodal catalytic sites. Our 
results highlight the need to consider multinuclear sites or more exotic ligand configurations to explain the 
efficient carbonylation catalysis on ReOx/SiO2.
2. Computational methods
a. Catalytic site model

To develop a model for the catalytic site bound to the amorphous SBA-15 support, we started with a 
~10,000-atom slab model of hydrated vitreous silica generated with molecular dynamics by Garofalini,71 
which accurately reproduces the experimental structure factor from neutron diffraction,72 the average 
experimental Si-O distance, and average O-Si-O and Si-O-Si angles.73-76 Its surface silanol group density 
(6.4 OH/nm2) is close to the range observed in hydroxylated SiO2 surfaces (4.2-5.7 OH/nm2)73, 77, 78  and is 
slightly greater than the value in SBA-15 (3.7 OH/nm2 79). 

In this study, we considered a monopodal (i.e., associated with a single siloxo group80) surface-bound 
trioxo Re(VII) species, denoted as OReO3. Certain metals tend to favor a bipodal configuration81 associated 
with hydrogen-bonded silanol pairs on amorphous silica,82 which undergo condensation with hydroxyls of 
a metal precursor ( ― MOH + ―SiOH→M ― O ― Si + H2O). This possibility, however, is likely ruled out 
for OReO3/SiO2 by processes and interactions that occur during catalyst synthesis. In an aqueous mixture 
of a precursor solution and an SBA-15 
suspension,62 the perrhenic acid (Re 
precursor) [O3Re−O−ReO3(H2O)2] exists as 
an anionic species non-covalently bound to 
the SiO2 surface83 and thus does not undergo 
condensation with the silanol pairs. Our DFT 
calculations also indicate the condensation 
of MOH and SiOH to be endergonic by 0.06 
eV and thus unfavorable in water excess 
(Figure S1). During subsequent temperature 
pretreatment, dry perrhenic acid starts to 
decompose to Re2O7 and H2O and lose its 
hydroxyls already at 100oC, when the 
equilibrium water vapor pressure reaches 
0.02 atm, further raising to 0.5 atm at 

Figure 1. A single-site ReO4 attached to an amorphous 
silica support: (a) a large cluster model; (b) a small 
cluster model with the -OSi(OH)3 group representing the 
support. Blue is rhenium, red is oxygen, green is silicon, 
white is hydrogen. The white backbone represents the 
amorphous silica structure. 
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200oC.84 Similarly, at 300oC, ~30% of surface silanol groups are converted to Si-O-Si siloxane bridges, 
with the fraction of converted groups increasing to ~60% at 500oC,85 mainly due to the loss of silanol pairs.82 
The newly formed Re-O-Re units and Si-O-Si siloxanes mutually react at 350oC, yielding monopodal trioxo 
rhenium species -Si-O-ReO3, as was established by Scott and Basset.86 Dehydration of hydroxyls and 
formation of Si-O-Re motifs are thus substantial during catalyst calcination at 450oC,62 making the 
formation of bipodal rhenium unlikely and favoring monopodal sites. The existence of SiO2-supported 
monopodal −OReO3 was confirmed using in situ IR, UV-vis, and in situ Raman spectroscopy with 18O/16O 
isotopic exchange by Lee and Wachs.87, 88 The monopodal computational model is also consistent with in 
situ Re L3-edge XANES and EXAFS spectra89 (Table S1).

In this work, a computationally tractable model of a SiO2-anchored trioxorhenium was developed by 
replacing a randomly chosen surface silanol group on a vitreous silica slab with a −O−ReO3 motif, followed 
by carving a ~70 atom cluster (Figure 1a) at the converged radius, as described in Section S1. Dangling 
bonds on oxygen atoms were terminated with hydrogen 0.97 Å away in the direction of the cleaved bond. 
Dangling bonds on silicon atoms were avoided by recovering neighboring O atoms and capping them with 
H. Among several surface silanols, only one was considered for Re binding, as the properties of monopodal 
species are largely independent of the silanol group position and its environment.81 To further reduce the 
computational cost, a simplified (OH)3Si-O-ReO3 cluster with fixed H atoms was constructed (Figure 1b). 
By comparing geometric and CO chemisorption properties of both cluster models (Tables S1 and S2), we 
conclude that the simplified cluster provides a chemically and structurally accurate representation of the 
larger ~70 atom cluster at much lower computational cost. To validate the simplified model further, -O-
ReO3 was grafted onto three randomly selected silanol groups, with the support truncated at the third-nearest 
neighbor oxygen atom. The geometric properties were consistent across all structures, and the activation 
barriers for the model reaction (C–C coupling of Re(=O)(CH3)(CO)(OH), see Section 3b) showed good 
agreement among the different models (Table S3). Thus, the (OH)3Si-O-ReO3 model is used for the majority 
of calculations in this work.
b. DFT calculations 

Calculations of geometries, energies, and vibrational frequencies of reaction intermediates and 
transition states (TS) were carried out using Kohn-Sham density functional theory (DFT) as implemented 
in ORCA 5.0.4.90 We used the large basis set ma-def2-TZVP91 and the ωB97X-D92 hybrid functional that 
incorporates the D3 dispersion correction93 with Becke-Johnson damping.94, 95 The RIJCOSX – including 
RI-J approximation for Coulomb integrals96-98 and the chain-of-spheres COSX numerical integration for 
HF exchange99 – and AutoAux options were enabled to speed up calculations. In the initial optimization of 
the catalyst cluster, O atoms of terminal hydroxyls were fixed. In calculations for elementary reaction steps, 
the cluster was fixed except three nearest neighbors of the O atom underneath ReO3. Reaction intermediates 
and the ReOx species were fully relaxed. Both singlet and triplet states for each elementary step were 
considered. The lowest-energy spin state for reactants, TS, and products were chosen with the assumption 
of spin-crossing being fast and not rate-limiting. 

In a typical TS calculation, we first generated a minimum energy pathway using the climbing-image 
nudged elastic band (CI-NEB) method100, 101 to obtain an initial guess for the saddle point. Subsequently, 
the eigenvector-following algorithm (“OptTS”)102 was employed to converge on the true TS. The TS 
structure was validated by the presence of a single imaginary frequency corresponding to the reaction 
coordinate and through the intrinsic reaction coordinate (IRC) analysis103, 104 to ensure a connection between 
the identified TS, reactants, and products. Zero-point vibrational energy, entropy, and temperature 
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corrections were determined at 553.15 K and 1 atm (experimental reaction conditions62) using the Shermo 
program105 and the quasi-rigid rotor harmonic oscillator (qRRHO) approximation. Low frequencies were 
raised to 100 cm⁻¹ to account for the breakdown of the harmonic approximation for low-lying vibrational 
modes.106 Translational and rotational degrees of freedom were removed for chemisorbed species. The 
natural bond orbital analysis (NBO)107, 108 was performed using the NBO7 program109 via ORCA interface. 
The ma-def2-TZVP basis set was employed. NBO provided visual representation of bonding between metal 
and ligands and insights into the stability of TS complexes using the second-order perturbation theory 
analysis of the Fock matrix. Orbital visualizations were generated using the built-in orca_plot feature and 
Chemcraft software.110 

The energetic span model111 was applied to DFT-computed energy profiles of explored catalytic cycles 
to assess feasibility of proposed reaction mechanisms. The model assumes that the rate of the overall 
reaction is determined by one TS and one reaction intermediate. The computed energetic spans are 
compared to the span of 1.34 eV estimated from the experimentally measured turnover frequency (Section 
S2). 
3. Results and discussion

We began this study by examining reaction energetics of two hypothetical reaction mechanisms that 
may occur on the OReO3 sites: the direct mechanism proposed by Qi et al.89 and the ketene mechanism 
inspired by a study by Cai et al. of DME carbonylation on a heteropolyacid catalyst.112 In the direct 
mechanism, no stable reaction intermediate could have been located (Section S3.1). In the ketene 
mechanism (Section S3.2), the lowest estimate of the energetic span based on thermodynamics alone (1.99 
eV) was already too high in comparison with the value derived from experiment (1.34 eV). Thus, we can 
conclude that neither of the two previously proposed reaction mechanisms are likely on the OReO3 sites, 
and other mechanistic possibilities need to be explored. In the next section, we present direct and indirect 
evidence suggesting in situ reduction of the OReO3 species as a prerequisite for the catalytic activity.
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a. Activation of the catalytic 
site through reduction 
The reduced OReOx motifs are 

the most likely catalytic site 
candidates for methanol 
carbonylation. On the one hand, 
both our calculations and earlier 
experiments113, 114 indicate that 
Re(VII) sites cannot bind CO, and 
thus the pristine OReO3 motifs are 
likely inert for carbonylation. On 
the other hand, the CO probe 
molecule FTIR spectrum of CO-
reduced Rh/SiO2 (Figure 8a of ref. 
89) is affected by addition of ReOx, 
implying either Re-CO or Re-Rh 
interactions, which can only occur 
on the reduced ReOx. Partial 
removal of =O ligands under 
carbonylation conditions is 
corroborated by the slight 
reduction of the Re-O EXAFS 
peak (Figure 6c of ref. 89).

The proposed reduced OReOx catalytic sites can be generated through the synergistic action of MeOH, 
CO, and possibly adventitious organics. Although CO is a common reducing agent for extracting lattice O* 
from metal oxide surfaces,115 we find that CO alone is unable to react with OReO3. In Figure 2, a free energy 
diagram is reported for OReO3 reduction by CO. Although the overall reaction energetics is only slightly 
endergonic (+0.2 eV) and thus thermodynamically favorable, the kinetic barrier for the CO binding step is 
prohibitively high (2.3 eV). The barrier would translate to the reduction of only 0.005% of Re sites after 1 
hour under reaction conditions, according to the Eyring transition state theory. However, such sluggish 
OReO3 reduction kinetics would be inconsistent with the lack of an induction period in the experiment and 
the observed steady conversion and selectivity profiles over a 60-hour period.89 Furthermore, the 
computationally predicted inertness of OReO3 toward CO is in line with an experimental fact that the 
reduction of Re2O7 or perrhenates by CO is very difficult and, in fact, requires prolonged harsh reaction 
conditions (220-485 bar of CO, 230-290oC, 48 hours) and a copper catalyst.116  Thus, we conclude that the 
OReO3 reduction solely by CO does not occur during MeOH carbonylation.

The presented computational and experimental arguments appear in variance with FTIR spectroscopy 
data of adsorbed CO on Re2O7/Al2O3 by Daniell et al,113 where weak IR peaks of 2130 and 2080 cm-1 due 
to CO bound to the reduced ReOx motifs appear after pretreatment in CO at very mild conditions (60oC for 
1 h). Similar results would likely hold for ReOx/SiO2 (and thus for ReOx/SBA-15 studied in this work), 
which is more reducible than ReOx/Al2O3.117 We hypothesize that the rather unexpected appearance of the 
reduced ReOx at low temperatures may be caused by the effect of impurities. High-surface-area catalytic 
materials easily adsorb organics from a laboratory environment, especially acetone in a polymerized 
form.117 The amount of such adventitious carbon can be quite large, with the carbon:metal ratio reported to 

Figure 2. Gibbs free energy diagram of Re+7 reduction by CO to 
form Re+5 and CO2 at 553 K and 1 bar. Red = O, yellow = Si, grey 
= C, and blue = Re. The high barrier for CO binding can be 
decomposed into the electronic component (~1.3 eV) and the 
entropic and temperature effects (~1 eV).
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reach 1:10118 and possibly even 
greater for ultradispersed catalysts. 
The amount of organic impurities 
appears to be barely affected by the 
catalyst calcination temperature, and 
their complete removal requires 
calcination above 750oC,118 much 
higher than 450oC used in the 
synthesis of ReOx/SBA-1589 or 550 
oC during preparation of Re2O7/Al2O3 

(vide supra).113 Since Re(VII) was 
reported to be reduced by alkenes at 
ambient temperatures and 
subatmospheric pressures,114 it seems 
plausible that the deposited organics can also act as a reductant for OReO3 motifs at rather mild reaction 
conditions. Once the initial fraction of reduced Re is formed, the subsequent reduction can proceed 
autocatalytically.117, 119 Iron impurities present in SBA-15 (~0.05%120) are unlikely to promote the OReO3 
reduction, since iron is known to make ReOx less reducible.121 

Besides organic impurities, MeOH can act as a reductant for the OReO3 sites. Experimental evidence 
indicates that the Re(VII) to Re(V) reduction by alcohols is an elementary step in the Re-catalyzed alcohol 
deoxydehydration.122 In addition, the Re(VII) reduction step is needed to explain the production of 
dimethoxymethane (DMM)123 along with formaldehyde (FA)124 during MeOH oxidation by O2 on a Re2O7 
catalyst. The rate-limiting steps (RLS) of Re(VII) reduction by MeOH and MeOH oxidation are likely 
shared, as the latter is limited by C-H bond activation in MeOH.125 The corresponding apparent activation 
barrier is 21.7 kcal/mol,125 much lower than the barrier for MeOH carbonylation (32.7 kcal/mol89). 
Neglecting entropic effects, it would correspond to reduction rates on the order of 105 s-1. Thus, the in situ 
reduction of OReO3 sites by MeOH during carbonylation is expected to be very rapid.

To determine the thermodynamic feasibility of OReO3 reduction by MeOH, we computed Gibbs free 
energies (∆𝐺) of reactions MeOH+OReO3=FA+OReO2+H2O and 3MeOH+OReO3=DMM+2H2O+OReO2 

with DFT at experimental MeOH carbonylation conditions. The free energies were found to be +0.95 and 
+1.13 eV, respectively. Although the reactions are too endergonic to generate appreciable amounts of 
OReO2, as the associated reaction barriers are likely high, thermodynamics becomes more favorable when 
the reactions of FA and H2O are taken into account (Scheme 1). First, H2O can react with the abundant CO 
before desorption, as the supported Re(VII) displays notable activity in the water-gas shift (WGS) reaction 
CO+H2O=CO2+H2 at the typical MeOH carbonylation conditions,126 with ∆𝐺 of the WGS reaction of about 
-0.18 eV.127 Second, the formed FA can be hydrogenated back to the more thermodynamically stable MeOH 
by WGS-generated H2 (likely in a ReOx-bound state), since ReOx can catalyze hydrogenation of carbonyl 
compounds.128 As both WGS and hydrogenation are expected to be quite rapid, the overall established 
thermodynamic equilibrium would correspond to the process OReO3+CO=OReO2+CO2 with ∆𝐺 = 0.2 eV 
(Figure 2). In this mechanistic scenario, MeOH would effectively act as a promoter to bypass the 
unfavorable direct CO binding step, and the net reduction would be formally driven by CO. Although the 
equilibrium would be shifted to the right due to negligible CO2 pressures, the number of reduced sites is 
likely small due to kinetic limitations, based on the EXAFS spectra89 and the fraction of reduced ReOx sites 
formed during alkene metathesis.129, 130 

Scheme 1. A proposed pathway for Re (VII) reduction by 
MeOH. (1) Water-gas shift (WGS) reaction, (2) Hydrogenation 
of formaldehyde. 
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It should be noted that H2 formed in the 
WGS reaction may further react with 
OReO2, at least in principle, reducing it all 
the way to Re(0) in an autocatalytic 
process,117 since the temperature of a 
temperature-programmed reduction (TPR) 
peak (310oC),83 typically associated with 
Re(0) formation,117 is rather close to the 
MeOH carbonylation temperature (280oC). 
The overall conclusion can be made that 
during MeOH carbonylation, the reduction 
of Re(VII) sites does occur. Such sites 
likely exhibit a range of Re oxidation states, 
and each one of them can be a potential 
catalytic active site candidate. In the 
following sections, we will investigate 
Re(V) and Re(III) oxidation states in detail 
and study the effect of different ligand 
environments on energetics of three key 
reaction steps in carbonylation: (1) C-O 
cleavage in MeOH to form bound methyl 
and hydroxyl, (2) C-C coupling of methyl 
and carbonyl to form acetyl (-COCH3), and (3) C-O bond formation between acetyl and hydroxyl to 
generate AA.
b. The C-C coupling step to form -COCH3

We first focus on the C-C coupling of -CH3 and -CO (migratory insertion) as it is the most critical step 
for C2 selectivity. It is also known to be the rate-limiting step of the Cativa cycle.131 Our initial investigations 
ruled out two C-C coupling mechanisms: C-C coupling through -OCO bidentate species (Section S4) and 
the direct C-C coupling from the gas-phase CO (Section S5). Thus, the most probable C-C coupling 
scenario entails methyl and carbonyl ligand coupling when both ligands are coordinated to the same Re 
center, akin to the migratory insertion in the Cativa process.  To test this hypothesis, we modeled a 
representative complex containing both ligands (–CH3 and –CO) along with an –OH group to maintain the 
stoichiometry of the overall reaction: CH3OH + CO → CH3COOH. Only one oxo ligand (=O) was included 
(corresponding to the Re(V) state before the reaction), as two oxo ligands in ORe(=O)2(CH3)(OH)(CO) 
caused CO to dissociate from the metal center. The calculated electronic barrier for the reaction 
Re(=O)(CH3)(CO)(OH) → Re(=O)(COCH3)(OH) was found to be 1.36 eV (1.56 eV free energy barrier). 
Although the value is comparable with the experimentally determined energy span 𝛿𝐸𝑒𝑥𝑝  (1.34 eV; Section 
2b), if taking the DFT error into account, the constructed catalytic cycle involving this intermediate (Figure 
S7) shows too high energetic span (2.58 eV) due to high-lying TS for the C-O bond scission. This finding 
prompted us to carry out the systematic screening of ligand environments modulating barriers and 
thermochemistry of individual reactions132-134 to search for ligand combinations that would minimize the 
energetic span.

Figure 3. Electronic energy barriers of the C-C coupling 
of methyl and carbonyl on Re sites for various spectator 
ligands X and Y. The energetic span derived from 
experimental rate 𝛿𝐸𝑒𝑥𝑝 is used as a heuristic metric to 
assess the feasibility of C-C coupling step of different 
complexes. 
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We carried out investigations of the 5-coordinate Re3+ and Re5+ complexes with the general formula 
ORe(CH3)(CO)(X)(Y), where X ∈ {-OCH3, -CH3, -OH, -COCH3, -OCOCH3} and Y ∈ {=O, -CO}, with 
the electronic reaction barriers reported in Figure 3. For Re5+ with Y = (=O), the barriers rank in the 
following order of X ligands: (-COCH3) < (-OCH3) ≈  (-OH) < (-OCOCH3) < (-CH3). All complexes, 
except those containing geminal -CH3, exhibit barriers close to or below the experimental energetic span 
within the DFT error. Notably, substituting the oxo with the carbonyl ligand in Y (the Re+5  Re+3 state 
change) consistently lowers the reaction barriers while retaining their ranking with respect to the X ligand. 
It was also found that removing the Y ligand leads to an unstable C-C coupling product ORe(COCH3)(X) 
due to the coordination number of the metal center becoming too low (3). We conclude that C–C coupling 
is feasible when -CH3 and -CO are co-bound to either Re3+ or Re5+ for quite diverse 5-coordinate ligand 
environments. 

To elucidate the role of Y ligands (–CO or =O) in the TS stabilization, NBO analysis was conducted 
for all TS structures  (Table S3). It is revealed that the Re³⁺ center possesses two lone electron pairs across 
all X ligands. Second-order perturbative energy analysis indicates that one lone pair  with the higher E(2) 
value mixes with antibonding natural orbitals associated with the Re--CH3—CO motif where the reaction 
occurs, exhibiting low occupancy < 1.75 (Figure 4a and Table S3). This lone pair plays a key role in 
stabilizing Re+3 transition states through delocalization135 and corroborating the low C-C coupling barriers 
for Y = (-CO) in Figure 3. The second lone pair couples with the antibonding orbital of the C–O bond 
through a π back-bonding interaction136 (Figure 4b), forming a dative bond between the spectator CO ligand 
(ligand Y) and the metal center. 

In contrast, the Re⁵⁺ center only possesses one lone electron pair in the TS configuration due to the 
presence of a Re ≡ O triple bond,137-139 in which two of Re electrons form one 𝜎 and one 𝜋 bond, and a pair 
of electrons from O mixes with an empty d orbital to form the third bond. The lone pair on Re is highly 
localized, as indicated by its high occupancy (Table S3). It does not couple significantly to C-C antibonding 
orbitals, resulting in a higher barrier for Y = (=O). 

The effect of the Re-localized electron density on stabilizing the TS corroborates the C-C coupling 
reactivity trend observed in Figure 3. The -OH and -OCH3 ligands exhibit a stronger positive mesomeric 
(+M) effect than OCOCH3 and thereby effectively increase electron density on Re, available for mixing 
with the antibonding states of the CH3--CO fragment. The -CH3 ligand, in turn, does not induce the same 
effect due to the absence of a lone electron pair, resulting in the highest C-C coupling barrier. The -COCH3 
ligand is a notable exception – despite the -M effect that would reduce Re electron density, the C-C 
formation barrier is lowest among all tested ligands. We attribute the beneficial effect of the acetyl ligand 
to the weakening of the Re-CH3 bond. Acetyl forms a resonance structure CH3-C(-O-)=Re that would 
increase the Re-COCH3 bond order at the expense of bond orders of other single bonds, such as Re-CH3. 
This, in turn, should reduce energy penalty for stretching the Re-C bond to the transition state. Consistent 
with this explanation, the Re-CH3 bond lengths for X=OH/COCH3 in Re(III) and Re(V) complexes are 
2.11/2.13 Å and 2.08/2.12 Å, respectively, with evident elongation in complexes containing an acetyl ligand. 
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We conclude that the C-C 
coupling is more favored on 
Re3+ due to the lone pair-
induced TS stabilization, 
particularly for X=COCH3, 
where the low barrier is 
associated with weakening of 
the Re-CH3 bond. However, 
the importance of the 
stabilization mechanism in the 
experimental system remains 
obscure, as the Re5+ sites 
without such stabilization 
exhibit barriers for four out of 
five tested X ligands that are 
low enough to be consistent 
with the experimental MeOH 
carbonylation kinetics.
c. The C-O bond cleavage in MeOH

Since the favorable C-C coupling step involves the Re-coordinated methyl as a reactant, the C-O 
scission step in MeOH must precede it. In the Introduction, we argued that the promoter-free MeOH 
carbonylation activity of certain oxides, including ReOx/SiO2, may be associated with high oxophilicity of 
their reduced forms, favoring the direct C-O bond cleavage. In this section, we test this hypothesis using 
DFT and NBO analysis.

The two possible precursors for the -CH3 species are CH3OH and -OCH3. Our calculations indicate 
that, upon adsorption onto the Re site, CH3OH undergoes rapid exergonic O-H scission and converts to 
methoxy (Table S4).47, 140, 141 Consequently, we restricted our investigation of the C-O scission to methoxy 
species and screened complexes of the form ORe(OCH3)(X)(Y), where X ∈ {-OCH3, -CH3, -OH, -COCH3, 
-OCOCH3} and Y ∈ {=O, -CO, vacant}. 

Figure 5 illustrates the electronic C-O scission barriers for 15 different coordination environments, 
encompassing both Re+5 and Re+3 oxidation states. In the high oxidation state (Y = (=O)), the barriers 
increase in the following order of X ligands: (-OH) ≈  (-OCH3) <  (-CH3) < (-OCOCH3) < (-COCH3). Three 
cases with X = -OCH3, -OH, and -CH3 exhibit activation energies comparable to 𝛿𝐸𝑒𝑥𝑝 (1.34 eV), whereas 
the barriers for X = -COCH3 and -OCOCH3 are significantly larger than 𝛿𝐸𝑒𝑥𝑝.  Unexpectedly, reducing 
the Re oxidation state to +3, achieved by substituting the =O ligand with a -CO ligand, markedly elevates 
the intrinsic barrier for the C–O bond cleavage, rendering the entire set of ORe(OCH3)(X)(CO) complexes 
completely inactive for C-O scission. We conclude that favorable C-O bond cleavage in methoxy is 
associated with Re+5 sites, and =O substitution by -CO has a strong inhibiting effect on the reaction.

The NBO analysis reveals that the high C-O barriers on Re+3 are caused by competition between O-
CH3 and C-O antibonding orbitals for the metal-localized lone electron pair. In both high and low oxidation 
state complexes (with and without oxo ligands), the Re center possesses only one lone electron pair, since 
the second pair is either absent (in Re+5) or is used in forming the Re-O triple bond as the reaction progresses 
(in Re+3). In the Re+5 case, the lone pair delocalizes into the antibonding orbital of the O–CH3 bond, 

Figure 4. Natural orbitals of two lone pairs of Re in the C-C coupling 
TS of Re(CO)(CH3)(CO)(OH) (Re+3): (a) Orbital of lone pair 1 with 
low occupancy of 1.13 (max = 2) due to delocalization that stabilizes 
the TS complex, (b) Orbital of lone pair 2 overlaps with the π* orbital 
of CO in the π back-bonding configuration. Red = O, white = H, yellow 
= Si, grey = C, and blue = Re. Iso-surface value = 0.08.
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weakening the bond and facilitating cleavage, thereby stabilizing the TS complex (Figure 5b and Table S5). 
Conversely, in the Re3+ case containing a CO ligand, the lone pair delocalizes into either the C–O of the 
CO spectator ligand or the Re–C antibonding orbital for back-donation between the CO and Re center. This 
back-bonding phenomenon impedes the metal’s lone pair from participating in the stabilization of the TS 
and thus activating the C–O bond in the methoxy intermediate. 

The reaction barriers for Re+5 (Figure 5) correlate with the mesomeric character of the X ligand. The -
OH and -OCH3 ligands with the greatest +M effect make the Re site electron-rich and favor electron 
donation to the antibonding orbital of the O--CH3 fragment. On the other end, -COCH3 with the greatest -
M effect renders Re electron-poor with less TS stabilization, resulting in the highest C-O scission barrier. 
Similar to the effect described above in the context of the C-C coupling step, acetyl is expected to weaken 
single bonds, such as CH3O-Re, which would, in turn, strengthen the CH3-O bond and increase the C-O 
bond activation barrier. Although the C-O and C-C barrier trends with respect to +M ligands are similar, 
along with the stabilization mechanism involving a lone electron pair, the -M acetyl has an opposite effect 
on the C-C and C-O reaction barriers.

The C-O scission barriers on Re+3 have a markedly different trend. Since the lone electron pair does not 
participate in the coupling with the antibonding orbital, the mesomeric effect appears negligible, and the 

reactivity trend is determined by the electronegativity of atoms within the ligand. In particular, ligands 
bound to Re through O (-OH, OCH3, OCOCH3) tend to exhibit higher barriers than ligands bound through 
less electronegative carbon (-CH3, COCH3), presumably because of the stronger electron-withdrawing 
effect.

For Y = vacant, the resulting ORe(OCH3)(X) complexes are under-coordinated and unstable, favoring 
the triplet ground states as observed for all X ligands except X = –COCH3 (Table S6). This is in contrast 
with the singlet states in ORe(OCH3)(X)(Y), where Y ∈ {=O, -CO}. The low stability of ORe(OCH3)(X)  

Figure 5. (a) Electronic energy barriers for the C-O cleavage step in methoxy across combinations of 
spectator ligands. The experimental rate-derived energy span 𝛿𝐸𝑒𝑥𝑝  serves as a heuristic metric to assess 
the feasibility of the C-O scission in different complexes. (b) Natural orbital of a lone electron pair on 
Re overlaps with the C-O antibonding natural orbital in the TS of Re(=O)(OCH3)(OH). Red = O, white 
= H, yellow = Si, grey = C, and blue = Re. Iso-surface value = 0.08 was used.
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is manifested in too negative CO chemisorption free energies (below –1 eV; Table S7), indicating 
irreversible coordination with CO under experimental conditions. As a 5d transition metal, Re has nine 
valence orbitals available for bonding (one 6s, three 5p, and five 5d orbitals), making 3-coordinated 
complexes inherently unstable due to the incomplete utilization of these orbitals. Figure 5 shows that the 
reaction barriers for ORe(OCH3)(X) complexes (i.e. Y = vacant) are comparable to those for 
ORe(=O)(OCH3)(X) complexes (i.e. Y = (=O)) in all cases except X = –COCH3. However, NBO analysis 
reveals that, unlike the Y = (=O) case, there is no lone electron pair delocalizing to the antibonding orbital 
of the O–CH3 bond (Table S8). We attribute the low reaction barriers to the bond order conservation 
principle. Carbonyl contributes the Re=C=O resonance structure that increases the Re-CO bond order and 
reduces bond orders for all other single bonds – in this regard, carbonyl resembles acetyl. Thus, upon CO 
removal, the Re-OCH3 bond becomes stronger, in turn weakening the O-CH3 bond and facilitating its 
cleavage. Since the newly formed Re-CH3 bond becomes too strong, an ultra-stable product is produced 
that forms a thermodynamic sink – an issue that will be discussed in Section 3e. 
d. C-O bond formation

Once the acetyl species -COCH3 is formed in the favorable C-C formation step (Section 3b), the C-O 
bond formation occurs, leading to the final product. AA can be produced either directly through -COCH3 
and -OH or indirectly through -COCH3 and =O, followed by the O-H bond formation. To determine the 
kinetically favored C-O bond formation, we identified 36 distinct transition states and calculated the 
corresponding activation barriers. Figure 6 depicts the distribution of activation barriers for acetate-
mediated and direct AA formation. The direct AA formation exhibits lower barriers, with an average of 
1.11 eV, whereas the average electronic barrier for acetate formation is 1.77 eV. Notably, 18 out of 24 
acetate formation TS exhibit barriers much larger than 𝛿𝐸𝑒𝑥𝑝  (Table S9). In contrast, of the 13 TSs modeled 

 
Figure 6.  (a) Histogram of electronic energy barriers for the C-O bond formation. A total of 36 TS 
complexes were identified, associated with two different products (24 values for acetate ligand and 12 
values for AA ligand). Individual data points are included in Table S9, S10. (b) Influence of the spectator 
ligands on the electronic TS barriers of the direct AA formation. Experimental rate-derived energy span 
𝛿𝐸𝑒𝑥𝑝 is shown as the heuristic metric to evaluate the feasibility of the C-O bond formation across 
different complexes. 
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for the direct AA formation, only 3 have barriers exceed 𝛿𝐸𝑒𝑥𝑝 (Table S10). Overall, the direct formation 
of AA from acetyl and hydroxyl is kinetically favored. 

Focusing on the direct AA formation from -COCH3 and -OH, we investigated the reactivity trend of 
the C-O bond formation by examining the complexes with the formula ORe(COCH3)(OH)(X)(X), where 
X ∈ {-OCH3, -CH3, -OH, -COCH3, -CO}. Figure 6b shows that the C-O bond formation barriers increase 
in the order (-COCH3) < (-CO) < (-OCH3) < (-OH) <  (-CH3) and thus parallel the trend we observed for 
the C-C coupling, suggesting a similar activation mechanism. The lower activation energies for -COCH3 
and -CO suggest that the C-O bond formation is favored by π-acceptor over σ/π-donor ligands (-OCH3, -
OH,  -CH3). NBO analysis (Table S11) reveals that the natural orbitals of Re lone pair(s) in the cases with 
X = CO or –COCH₃ exhibit low occupancy (1.644 and 1.531 respectively), indicating that these lone pairs 
delocalize. Second-order perturbation theory analysis shows that these lone pairs contribute to the 
antibonding orbitals of the C–O bond in the carbonyl groups of both -CO and -COCH3, indicating that they 
primarily engage in back-bonding, thereby strengthening the Re–CO bond. The lone-pair delocalization  
decreases electron density of the metal center, weakening bonds between metal and the reactive ligands -
COCH3 and -OH as indicated by the low occupancy of Re-COCH3 natural bonding orbital for both cases X 
=-COCH3 and -CO (1.912 and 1.865 respectively) and the low occupancy of the Re-OH natural bonding 
orbital for X = -CO (1.934) (Table S12). In contrast, for X = OH, OCH3, and CH3, the single lone pair of 
Re remains localized around the Re center (lone-pair orbital occupancy > 1.9, Table S11), resulting in an 
electron-rich Re center, which strengthens the Re-COCH3 and Re-OH bond (high occupancy of natural 
bonding orbitals) and hinders C–O bond formation. Consequently, the barriers of these σ/π-donor ligand 
complexes are larger than the complexes with π-acceptor spectator ligands. The observed behavior is typical 
for reductive elimination reactions, promoted by high-coordination, electron-poor metal centers.136, 142-144

e. Dilemma of the low- vs. high-oxidation state Re center for serial C-O scission and C-C formation
Our computational data indicate that for all three key elementary steps – C-O scission, C-C bond 

formation, and C-O bond formation – low reaction barriers can be obtained, consistent with the 
experimental energetic span of 1.34 eV. Although individual reaction steps are feasible, combining them in 
a catalytic cycle requires overcoming several contradictions in order to reconcile calculations and 
experiment. For example, according to Figure 3, the C-C bond formation step is most feasible on Re(III) 
sites, where the Y = (=O) ligand is replaced with Y = (-CO), as CO destabilizes the reacting CO and lowers 
the C-C coupling barrier. However, this would require C-O scission to occur on Re(I). By analogy with 
pentacarbonyl rhenium hydride HRe(CO)5, the silica-bound Re(I) would be highly coordinated to CO, 
which would deactivate the site toward C-O scission, according to Figure 5. Indeed, our calculations 
indicate C-O scission barriers on Re(I) to be exceptionally high (Figure S6). Additionally, MeOH 
adsorption would require CO desorption to free up sites for bonding, which would result in negative reaction 
orders with respect to CO, contradicting experimental evidence.89 We can conclude that, despite highly 
favorable C-C coupling, Re(III) sites (or Re(I) prior to oxidation by MeOH) are unlikely to be involved in 
this reaction step. 

The arguments above imply that the C-C coupling likely occurs on Re(V) sites, perhaps with Y= (-
COCH3), (-OH), or (-OCH3), which all show barriers lower or reasonably close to the experimental 
energetic span (Figure 4). However, the preceding C-O bond activation in MeOH on Re(III) is difficult to 
accomplish, as the CO ligand, likely to be present due to its high binding affinity (Table S7), withdraws 
electron density and thereby deactivates the complex (Figure 5). Even in the case of no CO binding to the 
Re(III) complexes (-Re(OCH3)(X)), when the barriers are low, the metal center is under-coordinated, and 
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the reactant state is unstable. 
Therefore, products of the 
C-O bond cleavage would 
exhibit exceptional stability 
compared to their 
corresponding reactants, as 
indicated by very negative 
electronic reaction energies 
across all tested complexes 
(Figure 7). High product 
stability creates a 
thermodynamic sink in the 
energy profile, translating to 
a large energetic span, as a 
representative example 
reveals in Section S7. In 
turn, more favorable C-O 
scission on Re(V) would result in Re(VII) that cannot bind CO at all (Section S3, S4, and S5) and thus 
cannot catalyze the C-C formation. We conclude that monopodal rhenium sites with typical ligand 
environments cannot simultaneously catalyze C-O cleavage and C-C coupling/C-O formation reactions.

One possibility for reconciling C-O cleavage and C-C coupling steps entails catalysis by multinuclear 
complexes. Although the monopodal OReO3 sites were initially corroborated by EXAFS,62 a subsequent 
study by Finzel et al. highlighted limitations of the experimental methodology for characterizing this 
system.70  Consistent with this possibility, experimental studies of ReOx/SiO2 and Rh-ReOx/SiO2 catalysts 
have demonstrated significant alterations in rhenium coordination in the presence of reducing agents such 
as H2 and CO145-148. Multinuclear Re complexes would allow C-O bond cleavage and C-C coupling to occur 
at distinct centers, offering a potential solution to the methanol carbonylation mechanism on ReOx/SiO2.  
4. Conclusion

In this study, we have conducted a detailed quantum-mechanical investigation into the methanol 
carbonylation reaction to form acetic acid on a silica-supported single-site OReO3/SiO2 catalyst. Our 
findings reveal that the activation of the -OReO3 catalytic site through reduction is a crucial step for 
initiating the carbonylation process. Through density functional theory (DFT) calculations, natural bond 
orbital (NBO) analysis, and the energetic span model, we have elucidated the reactivity trends of surface 
species in various coordination environments. Our analysis indicates that the C–C coupling step, essential 
for acetic acid formation, is kinetically favorable in both Re(V) and Re(III) complexes, with Re(III) being 
preferred due to transition state stabilization by a metal-localized lone electron pair. However, the preceding 
C–O bond activation step, which is favorable on Re(V), leads to an inactive Re(VII) complex, posing a 
significant challenge for the overall catalytic cycle. The C–O bond activation on Re(III), while compatible 
with subsequent C–C bond formation, exhibits a high barrier due to the electron-withdrawing nature of the 
CO ligand. These findings suggest that the high methanol carbonylation activity observed on the ReOx/SiO2 
catalyst cannot be fully explained by monopodal catalytic sites alone. Instead, our results highlight the 
potential involvement of multinuclear sites or more exotic ligand environments that facilitate a cooperative 
reaction mechanism.

Figure 7. Electronic reaction energies (bars) and electronic barriers 
(circles) of the C-O bond cleavage with oxo ligand (Re+5) and without 
oxo ligand (Re+3) for different ligands X.
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