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Abstract

Methanol can be used as a surrogate model for H, and CO in the synthesis of a large variety of
chemicals. In this work, the mechanism for the methanol to syngas reaction catalyzed by a Ru-
PNP pincer complex has been studied using DFT and CCSD(T) calculations with methanol and
toluene as the solvent. In the proposed mechanism, the CO is directly released from the methyl
formate byproduct, forming a Ru-OCH3 intermediate. This reaction is preferred in toluene
compared to methanol due to the lower polarity of the organic products and the lower stability
of the Ru-alkoxy intermediates. This mechanism differs from previous proposals going through
a Ru-CO,CH3 intermediate. The computed Gibbs free energy barriers for the different
mechanisms were compared to experimental data using a microkinetic model coupled to a
liquid-vapor batch reactor model designed from reported experimental setups. After refining
the organic reaction thermodynamics consistent with CCSD(T)/cc-pVTZ method corrections,
only our proposed mechanism shows a good agreement with the experimental H> and CO
formation. Our findings herein demonstrate the usefulness of microkinetic modeling to support
reaction mechanisms by direct comparison of computational and experimental data. In
addition, the proposed mechanism rationalises the decarbonylation reaction in a way that can
be easily extended to other carbonyl substrates and acid-base catalysts.

Introduction

Methanol, obtained from captured CO; and green H», has the possibility to replace fossil fuels
for energy storage, ground transportation, and raw materials for synthetic hydrocarbons.!:? This
route has a high industrial potential due to the required reaction conditions and the relevance
of methanol as a platform chemical. Methanol is a versatile organic solvent and is used as a
feedstock in the production of fine and bulk chemicals, including polymers. As an example,
methanol can be used as a surrogate molecule for H2 and/or CO to synthesize a large variety of
products containing alcohol, aldehyde, amine, amide, and sulfonamide functional groups.>-

While the mechanism for the decomposition of methanol into H> and CO catalyzed by metallic
surfaces has been thoroughly investigated,®!? fewer studies have explored this transformation
on metal oxide and zeolite heterogeneous catalysts,'* 1* even though this reaction plays a
critical role in the conversion of methanol to hydrocarbons.!> !¢ Recently, the mechanistic
similarity between heterogeneous and homogeneous catalysts in hydrogen transfer reactions
has been reported, with particular interest in catalysts with Lewis acid-base pairs such as metal
oxides, M-N bifunctional homogeneous catalysts, and frustrated Lewis pairs.!” '® This is a
significant advance since the isolated active site in homogeneous catalysts facilitates studying
their mechanism of action.
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In 2021, the formation of syngas from methanol was achieved by Leitner’s group using
RuH(CO)(BH4)(HN(C2H4PPhz)2) and MnBr(CO)>(HN(C2H4PiPr2)2) complexes yielding a
ratio of CO:Hz close to the stoichiometric 1:2.'° In this work, two catalytic cycles were
proposed: one for the decarbonylation of formaldehyde resulting from methanol
dehydrogenation; and the other for the decarbonylation of methyl formate, which is produced
by the reaction of formaldehyde with methanol. The computational study of this reaction has
recently appeared in two different publications.?* 2! In both studies, it was proposed that the
reaction does not proceed by the decarbonylation of formaldehyde but only via methyl formate.
The mechanism for the overall reaction consists of the following steps: (i) methanol
dehydrogenation, (ii)) methanol and formaldehyde coupling, (iii) methoxy alcohol
dehydrogenation, (iv) and methyl formate decarbonylation (Figure 1). While the mechanism
for many of these steps is similar in the two studies and has been proposed for other reactions,
such as the aqueous methanol-reforming®® 23, the mechanism for the methyl formate
decarbonylation step has some differences. In particular on the orientation of the CH;0C=0
fragment, resulting from the deprotonation of methyl formate by the Ru-nitrogen complex,
which coordinates Ru by either the C=0 group (Path A) or the OCH3 group (Path B). Despite
this difference, both reactions yield the same Ru-COOCH;3 intermediate (4). The energy barrier
for both routes (A and B) was similar; however, they were obtained using different
computational methods. In addition, it is difficult to correlate the computed energies with the
experimental formation curves of H> and CO obtained by Leitner, since several Ru
intermediates participate in more than one catalytic cycle (Figure 1). Especially in these cases,
microkinetic models are useful, offering the possibility to directly compare computational and

experimental data and elucidate the role of intermediates.?*2¢
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Figure 1. Reaction steps proposed computationally for the methanol to syngas reaction catalyzed by
the Ru complex 1: (i) methanol dehydrogenation, (ii) methanol and formaldehyde coupling, (iii)
methoxy alcohol dehydrogenation, (iv) methyl formate decarbonylation and (v) catalyst recovery.

In this work, the same computational method was used to compute the complete reaction
mechanism for the methanol-to-syngas reaction using methanol and toluene solvents. Further,
these data were used to construct a microkinetic model, which was coupled with a Liquid-
Vapor batch reactor model. Our results suggest that methyl formate decarbonylation, instead of
forming intermediate 4 by pathways A or B, it yields the Ru-methoxy intermediate 3 by direct
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CO release (Path C, Figure 2). This mechanism resembles the one proposed for
decarbonylation reactions catalyzed by an organic base.?’” After refining the organic reaction
thermodynamics consistent with CCSD(T)/cc-pVTZ method corrections, the new mechanism
showed good agreement with the experimental data.

Computational methods

Geometry optimization were carried out with the M06-L-D3?% ?° functional, as implemented
in the Gaussian16 software package.’® Structures were fully optimized without any geometry
or symmetry constraints with the double-{ quality def2-SVP basis set.’!" 3 Vibrational
frequencies were computed at the same level of theory to classify all stationary points as either
saddle points (transition states, with a single imaginary frequency) or energy minima (reactants,
intermediates and products, with only real frequencies). These calculations were also used to
obtain the thermochemistry corrections (zero-point, thermal and entropy energies) at P=1 atm
and T = 298.15 K conditions. The energy of the optimized geometries was refined by single-
point calculations with the M06-D3?% 33 functional and triple-{ quality def2-TZVP basis set.>!
32 Solvent effects for methanol or toluene were included in all calculations using the SMD
model.** The energies reported in the manuscript were obtained by adding the thermochemistry
corrections to the refined potential energies. In addition, a correction of +/-1.9 kcal mol™ was
applied to the Gibbs free energy change of reactions involving a change of molecularity for
changing the standard state from the gas phase (1 atm) to solution (1 M).

Results and discussion

Decarbonylation of methyl formate: The Gibbs Free energies obtained for the
decarbonylation reaction of methyl formate catalyzed by 1 in methanol and toluene as solvent
are shown in Figure 2. These solvents were selected because they were used in the experimental
study of the methanol to syngas reaction.!” In addition, Path A was previously studied in
toluene.?’ Therefore, we were also interested in analyzing the effect of solvent in the reaction
by comparing results in methanol, toluene and toluene/methanol (see Figure S1-S4 and Table
S1-S4 in supporting information).

The two pathways previously proposed in the literature, A and B, start with the deprotonation
of methyl formate by the amido ligand in 1 (TS-1-6 and TS-1-7), followed by ligand
rearrangement (TS-6-4 and TS-7-4), yielding intermediate 4. In methanol, the transition state
with the highest energy in Path A is TS-6-4, where the CO>Me ligand changes its coordination
from a k'-O to ¢'-C, with an energy of 18.2 kcal mol™!. In Path B, the analogous TS (TS-7-4)
was found at 16.6 kcal mol™! and has a similar energy than the deprotonation step via TS-1-7
(16.5 kcal mol™). In both cases, the formation of 4 is highly exergonic by 15.3 kcal mol™.
Methanol release from this intermediate has an energy barrier of 7.4 kcal mol™! (TS-4-5) and
yields a dicarbonyl Ru intermediate (5), which has been experimentally detected.!® This
reaction and the CO ligand dissociation to recover catalyst 1 are both endergonic with energies
of 7.3 and 19.4 kcal mol!, which together yield an energy of 26.7 kcal mol™! for the overall
process, suggesting that this is one of the limiting steps.

Calculations on Path A and B in toluene gave significantly different results. All intermediates
and transition states increased in energy; in particular, TS-6-4 in Path A went from 18.2 to 26.5
kcal mol™! in toluene. In addition, intermediate 7 in Path B could not be located as a minimum,
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instead, it was found to be a transition state yielding the concerted deprotonation of methyl
formate and C-OCH3 bond cleavage (TS-1-3-CO, Path C). This step, with an energy barrier
of 19.4 kcal mol’!, yields the methoxy intermediate 3, which is involved in other steps of the
methanol to syngas reaction (Figure 1). Energetically, Path C is not only lower than A by 7.1
kcal mol™!, but also prevents the formation of 4, which is highly unfavorable for the reaction.
In this case, methanol release from 3 has an energy barrier of 6.0 kcal mol™! and is endergonic
by a similar energy. In addition, the formation of 5, experimentally observed, is still possible
by the addition of the released CO to the Ru complex 1. '’

The concerted decarbonylation reaction in toluene made us consider Path C also in methanol.
In this case, instead of concerted, the CO elimination starts with the deprotonation of methyl
formate via TS-1-7 (as in Path B) followed by the C-OCH3 bond cleavage (TS-7-3). From
these two steps, the deprotonation has the highest energy barrier (16.5 kcal mol™!), and the CO
release from intermediate 7 has an energy cost lower than 1 kcal mol™!. Comparing this result
with TS-7-4 in Path B, which is 5.5 kcal mol! higher than 7, indicates that Path C is also
preferred in methanol.
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Figure 2. Gibbs Free energies (in kcal mol') in methanol, and toluene in parenthesis, for the

decarbonylation of methyl formate via Paths A, B and C.

Decarbonylation of formaldehyde:

The decarbonylation reaction following Path C can be understood as the fragmentation of
methyl formate into a H, CO and MeO~ by the N-Ru base-acid pair. A similar fragmentation
could occur with formaldehyde, in this case to H", CO and H- (see Figure 3A). In methanol,
the decarbonylation of formaldehyde by Path C follows a concerted mechanism with a higher
energy barrier than that computed with methyl formate (21.1 kcal mol™! for formaldehyde and
16.5 kcal mol! for methyl formate). In toluene, the reaction also follows a concerted
mechanism, with formaldehyde having the lowest energy barrier (17.7 kcal mol') compared

with methyl formate (19.4 kcal mol™).
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Analysis of the changes in the atomic charges of the H, CO, H/OCH3, and Ru-N fragments
from reactants to the transition state (see Table 1 and Tables S5-S6) shows that electrons are
transferred from H! to Ru-N in the case of formaldehyde, and to the CO fragment in methyl
formate. One of the reasons for this difference is the more significant negative charge of CO in
formaldehyde (-0.244 ¢) compared to methyl formate (0.061 e), in which the carbonyl group is
more oxidized. It is probably the increase in the negative charge of CO in the case of methyl
formate, which increases the polarity of the transition state, that makes the decarbonylation
reaction preferred in methanol. In contrast, TS-1-2-CO is preferred in the less polar toluene
solvent since the Ru-N fragment is less exposed to the solvent. For both substrates, H/OCH3
is slightly reduced.
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Figure 3. Gibbs Free energies (in kcal mol') in methanol, and toluene in parenthesis, for the
decarbonylation of methyl formate and formaldehyde via Path C (A), and formation of these species
from methanol (B). Blue numbers are optimized bond lengths in methanol solvent.

Table 1. NPA analysis of key atoms in structures optimized in methanol solvent.

Fragments Aq (1+CH20 - TS-1-2-CO) Aq (1+ HCOOCH; — TS-1-7)

H! 0.175 0.177

(60 -0.094 -0.244

H? or OCH3 -0.05 -0.044
RuN -0.194 -0.006

When considering the decarbonylation energy barriers from both methyl formate and
formaldehyde from 1, they both seem reasonable and feasible under reaction conditions.
However, the Gibbs free energy to form these intermediates from methanol (AG in Figure 3B)
should be added to the decarbonylation energy barriers (AG* in Figure 3A). In methanol, the
formation energy of formaldehyde and methyl formate are 17.2 and 10.3 kcal mol’,
respectively. This means that overall, the global energy for the formaldehyde decarbonylation
from methanol is significantly higher (38.3 kcal mol™) than that for methyl formate (26.8 kcal
mol™!). The same occurs in toluene, where the formation of formaldehyde and methyl formate
are 14.5 and 5.0 kcal mol!, respectively. Therefore, the overall energy barrier for the
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decarbonylation of formaldehyde from methanol is 32.2 kcal mol™! and for methyl formate is
24 4 kcal mol™. These energies suggest that, also by Path C, the methanol to syngas reaction
follows the steps shown in Figure 1, including the formation of methyl formate instead of the
direct decarbonylation of formaldehyde. However, formaldehyde can directly decarbonylate if
used as the substrate. In addition, the energies found in methanol and toluene suggest that the
decarbonylation process is slightly favored in toluene because of the preferred formation of
methyl formate in this solvent. This result is consistent with recent experimental work reported
using toluene as the main solvent for the methanol decarbonylation reaction.*

Microkinetic model of the methanol to syngas reaction: With the information previously
described, we conclude that the formation of syngas from methanol is more likely to proceed
via the formation of methyl formate and its decarbonylation by Path C. However, the full
catalytic cycle is required to determine the key transition states of the reaction, the catalyst
resting state and whether this mechanism agrees with the 2:1 molar ratio observed
experimentally. Therefore, the complete mechanism was computed in methanol, toluene and
toluene/methanol for comparison (see supporting information). The complete energy profile in

methanol is shown in Figure 4.
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Figure 4. Gibbs Free profile (in kcal mol™") in methanol for the methanol to syngas reaction catalyzed
by 1. *Optimization in toluene and single point calculation in methanol.

The mechanism starts with the reaction of the Ru active catalyst 1 with methanol by two
competitive pathways: methanol dehydrogenation yielding formaldehyde, and methanol
deprotonation forming the Ru-OCH3 3 (Figure 4). This intermediate (3) reacts with
formaldehyde yielding methoxymethanol, which, like methanol, can react with 1 leading to

https://doi.org/10.26434/chemrxiv-2024-p7x5s ORCID: https://orcid.org/0000-0003-3368-7702 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-p7x5s
https://orcid.org/0000-0003-3368-7702
https://creativecommons.org/licenses/by-nc-nd/4.0/

methyl formate via dehydrogenation or 18 via deprotonation. From these products, only methyl
formate can further react with 1 yielding CO via Path C. This decarbonylation reaction
recovers the methoxy intermediate 3, which needs to dissociate methanol to regenerate the
active catalyst 1. The formation of 1 from 2 is also needed after each dehydrogenation process
and it is assisted by methanol. A detailed description of each step is included in the supporting
information.

As the energy profile shows, while the highest transition states are well localized the overall
energy barrier is difficult to predict because of competitive reactions involving the same
intermediates. To solve this problem and directly compare our results with the experimental
data from Leitner’s work,'” we built a microkinetic model with the computed energies in
methanol. This model included calculations of the concentration of all species in solution and
the gas phase. For this, we included liquid-vapor equilibrium in the reactor model, assuming
the Henry constants for CO and Hx in methanol reported by Wu et al.*® and using Raoult’s law
to estimate the partial pressure of organic compounds in the gas phase. This assumption is valid
due to the huge difference in concentrations between the solvent (methanol) and solutes. The
consideration of the gas phase was critical in this reaction because a considerable amount of
methanol would form the vapor phase under the reaction temperature (boiling point 64.7 °C).
Unlike experimental observations, the model predicted a very fast formation of H», while the
CO formation was negligible (Figure SA). A fast optimization of all energy values (Ru-species,
organic molecules and transition states) showed that the free energy of organic molecules was
those influencing the most the product formation. Therefore, we recomputed the energy of the
organic molecules (methanol, CO, H, methoxymethanol, formaldehyde and methyl formate)
with a higher level of theory (CCSD(T)/cc-pVTZ). To our surprise, the thermodynamic values
of the organic reaction at the CCSD(T) level were significantly different (Figure 5B),
particularly the AG for the MeOH to H> and CO reaction. To implement these energy
differences in our model, the energies for all organic intermediates, except MeOH and H», were
changed following the CCSD(T) corrections. Repeating the optimization protocol, adding a
final correction of 1.2 kcal mol'! in the energy of H,, both H» and CO TON evolution
predictions were significantly improved (Figure 5C), predicting the syngas composition of ca.
2.5:1 (H2:CO).
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Figure 5. Comparison between the experimental TON of CO and H» produced versus time and
modelled values of the path C (A) without modifications and (C) after the optimizations shown
in the table. (B) Comparison of the thermodynamic values of the organic reactions at M06 and
CCSD(T) levels.

After including the energy changes for the organic species, additional sensitivity analyses of
all energy values were performed to evaluate the dependence of the TON and product
distribution with all reaction intermediates (Figure 6 and S6). Figure 6 (and Figure S6) shows
the comparison of H> and CO TON values after 12 h of reaction. As optimizations suggested
before, the most substantial influence was shown by the organic molecules, namely methanol,
CO and H,, which have a huge impact (in the £2 kcal mol™! range) over gas phase H, and CO
production. The large effect indicates that the formation of products is limited by the reaction
thermodynamics, which is highly endergonic (AG = 17.9 kcal mol!). Formaldehyde has much
less influence, as its formation and consumption via reaction with 3 have low energy barriers
(AG < 7 kcal mol!, see Figure 4 and S3). The catalyst intermediates that have the highest
influence in the product formation are the Ru-OCH3 intermediate (3) and 2-CH3OH, in which
the hydrogenated catalyst interacts with methanol. Not surprisingly, these are the catalyst
resting states (see Figure 7). These species produce a small change in the TON when including
an energy shift of -2 kcal mol. All other intermediates do not influence the TON unless
changes are equal to or higher than -5 kcal mol!, which leads to a decrease in the gas
production. The increase of the TON cannot be achieved by changes in the catalyst because the
reaction is limited by the methanol to syngas reaction thermodynamics.
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Figure 6. Sensitivity analysis of the free energy of the different intermediates in the TON of
H> and CO after 12 h of reaction. Horizontal lines indicate observed TON values after 12 h by

Leitner et al.'’
1
1 —2
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Figure 7. Evolution of the Ru-containing species over time during the reaction.

A microkinetic model for the methanol to syngas reaction was also performed including Path
A instead of C for the decarbonylation of methoxyformate. Path B is very similar kinetically
to Path A, so it was not included in the study. After the corrections for the organic species
shown in Figure 5C, the sensitivity analysis over Path A showed that CO is only formed by
destabilizing 4 in ca. 25 kcal mol! or stabilizing CO in ca. 20 kcal mol™! (most likely a
combination of both), which seems unfeasible. This result made us conclude that CO
production might occur through the proposed Path C.

As methyl formate is proposed as the main source of CO formation, the reaction outcome using
methyl formate as a reactant was also investigated. Qualitatively, the results predicted by the
model and the Path C are similar to the experiments, with significantly higher production of
CO than H; in this case.!” However, the TON values predicted were higher than those observed
in the experiments. We hypothesized that the solvent employed (#amyl alcohol) might
influence the outcome of the reaction because it could interact with the intermediate 1 in a
similar manner to methanol (Figure 8A). To investigate our hypothesis, we computed the
formation of complex 26 from 1 and #-amyl alcohol, which is thermodynamically favorable by
ca. 5 kcal mol™!. This reaction was incorporated into the microkinetic model, and the inhibition
effect of the solvent for CO production was studied (Figure 8B). Please note that this reaction
does not have any impact on the previous results, as reactions were performed in pure methanol.
Indeed, CO formation is clearly inhibited by the addition of the solvent, while the production
of H> remains almost unchanged. Therefore, our results suggest that methyl formate and the
solvent play a key role in the production of gas phase CO.
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Figure 8. (A) Formation of complex 26 from complex 1 and #-amyl alcohol. (B) Analysis of
the solvent concentration in the TON of CO and Hy after 12 h of reaction using methyl formate
as a substrate. Horizontal line indicates the observed TON values after 12 h by Leitner et al.
using ca. 5 mmol #-amyl alcohol."’

Conclusions

In this work, the methanol to syngas reaction mechanism was studied using DFT and CCSD(T)
calculations and analyzed using microkinetic models. Our results show that the reaction does
not go through a Ru-CO>CH; intermediate (4), as previously proposed.'® Instead, the
decarbonylation of methyl formate takes place by the direct liberation of CO by a stepwise (in
methanol) or concerted (in toluene) reaction, yielding a Ru-OCHj3 intermediate (3). This
mechanism is consistent with the fragmentation of methyl formate into H*, CO and OCH3
fragments and is preferred over formaldehyde decarbonylation because of the higher stability
of methyl formate compared to formaldehyde. This reaction is preferred in a non-polar solvent
such as toluene over protic solvents such as methanol or #-amyl alcohol because it favors the
formation of methyl formate (Figure 3B), and disfavors the formation of alkoxy Ru
intermediates, such as 3 or 26.

A sensitivity analysis considering variations in the free energy of all intermediates showed that
the H»:CO ratio is highly influenced by the energy of the organic reactants, intermediates and
products, which are highly influenced by the solvent and computational method. Instead, the
energy of the Ru-containing intermediates needs to change by more than 5 kcal mol™! in most
cases to impact the TON and product distribution. This information should be relevant for
optimizing carbonylation reactions using methanol and other carbonyl-containing groups as
CO-surrogate models. In addition, given the similar acid-base properties of the Ru-N in 1 with
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some heterogeneous catalysts, the mechanistic information presented in this work may also be
applied to heterogeneous catalysis.
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