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Combined computational-experimental study

of Ru(0)-catalyzed Guerbet reaction

Francesco Calcagno,’? Cristiana Cesari,"* Anna Gagliardi,"* Alessandro Messori,"? Andrea Piazzi,"?
Filippo Tamassia,’ Marco Garavelli," Fahmi Himo,** Rita Mazzoni,"** and Ivan Rivalta’?%>*

SUMMARY

The homologation of bioethanol to higher alcohols by means of the
Guerbet reaction is a promising way to obtain biofuels. Herein, we
present an efficient ruthenium-catalyzed process and a detailed
investigation of the reaction mechanism using a combined experi-
mental-computational approach. Density functional theory calcula-
tions of the free energy profiles are corroborated by designed ex-
periments. Microkinetic simulations are performed based on the
calculated energies, providing good agreement with experimental
observations of the time-evolving ethanol conversion and product
distribution. Analysis of the kinetics network elucidates the key
steps governing the conversion and selectivity of the Guerbet pro-
cess, pointing out the unexpected role of the molecular hydrogen
evolution step and suggesting strategies to design new catalysts
for the Guerbet reaction.

INTRODUCTION

Biofuels from second-generation feedstock are promising to tackle the climate
change challenge, being an appealing alternative to fossil fuels. Branched and linear
alcohol mixtures with similar characteristics to gasoline and high energy density can
be ideally obtained by means of the so-called Guerbet reaction (Scheme 1A),"?
enabling the catalytic upgrading of bioethanol to 1-butanol and higher alcohols.®™

Many efforts have been made to improve the conversion of ethanol and the yield and
selectivity of 1-butanol by investigating the activity of both heterogeneous® and ho-
mogeneous’:? catalysts.” As reported by Wass and co-workers,” homogeneous
organometallic complexes show mild reaction conditions and good control of yields
and selectivity. Although several studies on iridium-,'? ruthenium-,""~"® and manga-

d'’'® catalysts provided insights into the Guerbet reaction,'”?? the

nese-base
detailed reaction mechanism still remains unknown.”® Disclosing the reaction mech-
anism might unlock rational design strategies, paving the way for new catalyst

candidates.

The overall mechanism of the Guerbet reaction, as described by Veibel and Niel-
sen,”” consists of three main steps: (1) dehydrogenation of ethanol by a hydrogen
transfer catalyst that produces acetaldehyde, (2) off-cycle aldol condensation be-
tween ketones species (catalyzed by a basic co-catalyst) to form an a, B-unsaturated
aldehyde (i.e., crotonaldehyde) and water, and (3) double hydrogenation of the
aldehydic compound by two molecules of the hydrogenated catalyst to form
1-butanol (Scheme 1A).?* The homologation to higher alcohols is expected to follow
the same reaction mechanism. As simple in theory as it is challenging in practice, the

Guerbet reaction efficiency is largely affected by catalyst deactivation and side

"Department of Industrial Chemistry “Toso
Montanari”, University of Bologna, Via Piero
Gobetti 85, 40129 Bologna, Italy

2Center for Chemical Catalysis — C3, University of
Bologna, Via Piero Gobetti 85, 40129 Bologna,
Italy

3Department of Organic Chemistry, Arrhenius
Laboratory, Stockholm University, 106 91
Stockholm, Sweden

4ENSL, CNRS, Laboratoire de Chimie UMR 5182,
46 Allée d'ltalie, 69364 Lyon, France

SLead contact

*Correspondence: fahmi.himo@su.se (F.H.),
rita.mazzoni@unibo.it (R.M.),
i.rivalta@unibo.it (.R.)

https://doi.org/10.1016/j.xcrp.2024.102291

Cell Reports Physical Science 5, 102291, November 20, 2024 © 2024 The Author(s). Published by Elsevier Inc. 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:fahmi.himo@su.se
mailto:rita.mazzoni@unibo.it
mailto:i.rivalta@unibo.it
https://doi.org/10.1016/j.xcrp.2024.102291
http://creativecommons.org/licenses/by/4.0/

Please cite this article in press as: Calcagno et al., Combined computational-experimental study of Ru(0)-catalyzed Guerbet reaction, Cell Re-
ports Physical Science (2024), https://doi.org/10.1016/j.xcrp.2024.102291

Cell Reports

¢? CelPress Physical Science
OPEN ACCESS

A
2 HO/\ Cat, Base _ HO/\/\
= 4
';E Cat %I
S .
o o)
S 5
% CatH2 g
o >
Y
Aldol d ti
5 04\ ol condensa |on= OM
Base \
H,O
B
Ph
MeOCgH,4 0]
Ph
MeOCgH, Ru©) "/

This work
0.02 mol% 1
20 mol% NaOEt
2 HO/\ - HO/\/\
150°C, 4h

Scheme 1. The Guerbet reaction scheme
(A) General reaction scheme for the Guerbet reaction in basic conditions.
(B) Chemical structure and DFT optimized geometry of catalyst 1 at B3LYP/6-31G(d,p)/LANL2DZ

level of theory.
(C) Optimal reaction conditions found in this work.

processes, such as the Cannizzaro and Tishchenko reactions,”* and molecular

hydrogen production.'"4#3:2>

To the best of our knowledge, only one computational mechanistic investigation
has been reported previously for a Mn-catalyzed Guerbet reaction in the homoge-
neous phase,”® suggesting a mechanism that is in line with experiments,'” but
without discussing the roles of possible intermediates and resting species involved
in various competing reactive pathways as well as that of molecular hydrogen

evolution.
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Ruthenium-based complexes are well known for being active in hydrogen-borrowing
processes,”’~*° being thus far the leading candidates for the Guerbet reaction.”"
Mazzoni and co-workers recently reported an ionic carbonyl ruthenium catalyst
where the organometallic anion works in tandem with a 1,3-dimethyl imidazolium
cation, showing promising performance in the homologation of ethanol.'*'*?
However, for industrial applications of the reaction, easy-to-functionalize ancillary li-
gands are desired to promote the heterogenization of homogeneous catalysts.
Heterogenized catalysts take advantage of both the efficiency of homogeneous
compounds and the higher industrial feasibility of heterogeneous systems in
terms of environmental impact and economical sustainability. Among others,
N-heterocyclic carbene (NHC) ligands are good candidates since they can be func-
tionalized to immobilize organometallic catalysts in polymers.®?** Notably, NHC
moieties, ubiquitous as ancillary ligands for homogeneous catalysis due to their
versatility and easy way of synthesis,* > have not been employed yet in the Guer-
bet reaction. In this context, Mazzoni and co-workers developed a ruthenium(0) cy-
clopentadienone (CpO) complex bearing an NHC ligand (1; Scheme 1B).** Since
these kinds of ruthenium NHC complexes are fairly active in both hydrogenation

and dehydrogenation,®’—*?

complex 1 constitutes a promising candidate for the cat-
alytichomologation of ethanol to 1-butanol and higher linear and branched alcohols

in the presence of a base co-catalyst in the homogeneous phase.

In the present work, we demonstrate that 1 is an excellent catalyst for the Guerbet
reaction in the presence of sodium ethoxide as a base co-catalyst (Scheme 1C).
Prompted by the novelty of the catalyst, we carried out a combined experimental-
computational investigation to elucidate the detailed reaction mechanism of the
process. Given the complexity of the reaction mechanism, numerical kinetic simula-
tions have also been carried out based on the free energies computed with density
functional theory (DFT), allowing direct comparison with experimental kinetic data.
Kinetic simulations in homogeneous catalysis provide insights into the role of each
reaction step, disclosing the origin of experimentally observed product distribution
and selectivity, allowing for a sensitivity analysis to be performed that could pave the
way to designing more efficient catalysts.

RESULTS

In the following, we will first present the experimental catalytic activity of 1 and the
reaction condition optimization. Then, we will discuss in detail the three main reac-
tion steps as reported in Scheme 1A% presenting our combined experimental-
computational investigations. Since the evolution of molecular hydrogen has been
experimentally observed during the Guerbet reaction, the analysis of the reaction
mechanism will also account for such a fourth reaction step. Next, kinetics simula-
tions based on the free energies computed with DFT will provide a direct compari-
son between experimental and theoretical ethanol conversion and distribution of
products. Finally, a sensitivity analysis will be reported, shedding light on the key re-
action steps and side processes governing the selectivity.

Reaction condition optimization and product distribution

The Guerbet reaction catalyzed by ruthenium(0)-NHC complex 1 in the presence of so-
dium ethoxide (co-catalyst) was carried out in a Schlenk bomb at autogenous pressure
in an inert atmosphere and without adding either an external source of hydrogen or
an additional solvent, as ethanol is both the medium and the source of hydrogen
(Scheme 1A). Screening of the reaction conditions, namely the catalyst and base co-
catalyst loadings, reaction time, temperature, enlarged feedstock (Table 1), and
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Table 1. Optimization of the Guerbet reaction conditions

2 o™ AEMNaCEG Tt AN ———=, Cg.q alcohols

Entry 1 (mol %) NaOEt (mol %) EtOH (mL) Time (h) T(°C) Conversion EtOH (%) Yield BUuOH (%) Yield (C4.10) (%) C-loss (%) Selectivity (Ca.10) (%)
1 - 20 0.5 4 150 6 <1 <1 <6 <1
2 0.2 - 0.5 4 150 <1 <1 <1 <1 -

3 0.2 10 0.5 4 150 41 28 36 5 88
4 0.2 20 0.5 4 150 53 36 47 6 89
5 0.2 40 0.5 4 150 68 34 49 19 72
6 0.02 5 0.5 4 150 32 16 25 7 78
7 0.02 10 0.5 4 150 44 25 38 6 86
8 0.02 20 0.5 4 150 58 30 50 8 86
9 0.01 5 0.5 4 150 30 13 21 9 70
10 0.01 10 0.5 4 150 48 23 38 10 79
11 0.01 20 0.5 4 150 60 27 47 13 78
12 0.02 20 0.5 0.5 150 20 16 20 <1 >99
13 0.02 20 0.5 2 150 50 31 50 <1 >99
14 0.02 20 0.5 24 150 68 33 60 8 88
15 0.01 20 0.5 2 150 25 16 24 <1 96
167 0.01 20 0.5 16 150 55 25 47 8 85
17 0.02 20 5 4 150 45 29 43 2 96
18 0.02 20 30 4 150 48 28 42 6 88
19 0.01 20 5 4 150 28 21 26 2 93
20 0.01 20 5 16 150 51 28 46 5 90
21 0.2 20 0.5 8 150 58 33 49 9 84
22 0.2 20 0.5 4 120 16 12 14 2 88

The conversion of ethanol, the yield and selectivity of products, and the carbon loss are reported with different reaction conditions.
2Maximum turnover number (TON) value of 4,700.
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reactivity toward a real matrix (i.e., waste ethanol from the head and tails of ethanol
distillation [kindly provided by CAVIRO S.p.a.]; see Table S1), was done to improve
the reaction performances.

Two control experiments were carried out: (1) without ruthenium(0)-NHC catalyst 1
(entry 1, Table 1) and just in the presence of 20 mol % sodium ethoxide, showing a
low conversion of ethanol (6%) and a negligible yield of 1-butanol (<1%) after 4 h,
and (2) in the absence of the base (entry 2, Table 1) with negligible conversion.
Instead, in the presence of 0.2 mol % 1 and 20 mol % NaOEt, 53% converted ethanol
and a 36% yield of 1-butanol were recorded (entry 4, Table 1).

Lowering the catalyst loading to 0.02 or 0.01 mol % (entries 8 and 11, Table 1) while
keeping the same amount of base co-catalyst surprisingly improves the conversion
of ethanol, which increases to 58% or 60%, respectively. The total yield of alcohols
does not vary much (47% for 0.2 mol % 1 vs. 50% for 0.02 mol % 1 and 47% for
0.01 mol % 1), while the selectivity to total alcohols decreases from 89% to 86%
and 78%, respectively. These trends show that when the concentration of 1 is low-
ered, more ethanol is converted to something other than alcohols.

Cannizzaro and Tishchenko reactions also have to be taken into consideration”
since they are well-known side processes running in such conditions.'? It is indeed
known that acetaldehyde conversion to acetate in water, having the aldehyde of
an alpha-H atom (which favors aldol condensation), occurs, with a possible role of
a related borrowing hydrogen catalyst as previously defined by Milstein et al.*®
This behavior could be a consequence of the Ru-catalyzed direct dehydrogenation
of the alcohol or aldehyde in the presence of base and water (which is formed in the
reaction), leading to acetate and, therefore, consuming the base as mechanistically
described by Dumeignil, Gauvin, and co-workers.*' The same role of a hydrogen-
borrowing catalyst, this time as the related Shvo complex supporting the use of a
non-stoichiometric base, was disclosed for the Tishchenko reaction by Gusev and
Spasyuk.*” Under Guerbet conditions, as the produced ester will then consume 1
equiv of the base in the saponification, the acetate is then formed anyway.

To elucidate the presence of the acetate side product, the crude was characterized
and quantified working under the selected reaction conditions reported in Table 1
(entry 4). The water-soluble fraction of the solid at the end of the reaction was
weighted and analyzed by 'H-nuclear magnetic resonance ("H-NMR), detecting
only sodium acetate and sodium butanoate (Figure S1). This outcome is in line
with previous statements, confirming that NaOEt is quantitatively converted into

acetates.g'w'”m

Keeping a constant concentration of 1, decreasing the base loading has a negative
effect on both conversion and alcohol yield (entries 3-5, 6-8, and 9-11, Table 1),
while a significant increase of the base loading (entry 5, Table 1) negatively affects
the overall selectivity. In particular, the higher the concentration of the base, the
higher the carbon loss of the process (e.g., 19%, entry 5, Table 1), as defined in
the supplemental information. This shows that the base plays a fundamental role
as co-catalyst but that its concentration should be not so high as to let the Cannizzaro
and Tishchenko reactions be competitive with the Ru Guerbet catalysis.

As expected, the reaction temperature is also a key factor in the Guerbet reaction.
Below 150°C, the overall reaction rate is slow, and no noticeable yields are recorded
(entry 22, Table 1). The reaction time is crucial for the selectivity issue. In fact, the
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Table 2. Experimental time-evolving product distribution at selected reaction conditions

0.2 mol% 1
2 Hoo O\ 20mol%NaoEt_ AN ——=, Ce.1oalcohols

150°C, 4h

Entry Time (min) Conversion EtOH (%) Yield BuOH (%) Yield (Cy.10) (%) Yield H, (%) C-loss (%) Selectivity (C4.10) (%)
1 15 21 17 20 4 1 95
2 30 34 27 32 14 2 94
3 60 42 31 38 17 4 90
4 120 48 35 44 24 4 92
5 180 50 35 44 29 6 88
6 240 53 36 47 29 6 89
7 480 58 88 49 29 9 84

The conversion of ethanol, the yield and selectivity of products, and the carbon loss are reported with different reaction times at selected reaction conditions.

longer the reaction time, the lower the selectivity to total detectable alcohols (en-
tries 12-14, Table 1).

Running the reaction for 30 min (entry 12, Table 1) or 2 h (entry 13, Table 1) gives >99%
selectivity, while running it for 24 h (entry 14, Table 1) gives 88%. The decrease in selec-
tivity to total alcohols could be due to the formation of uncharacterized long-chain alco-
hols, i.e., Cy with N > 10 (that are not counted in the overall alcohol selectivity). The
consecutive nature of the Guerbet reaction and thus the presumed impact on selectivity
of uncharacterized Cy alcohols over time are confirmed by the improvement of selec-
tivity to Ce.10 alcohol. Namely, the selectivity increases from 20% at 30 min to 38%
and 40% at 2 and 4 h, respectively (entries 12, 13, and 14, Table 1).

The reaction scale does not affect either the conversion or the selectivity significantly (en-
tries 4, 17, and 18, Table 1). By keeping constant the loadings of 1 and sodium ethoxide
but increasing the volume of ethanol from 0.5 (entry 4, Table 1) to 5 (entry 17, Table 1) to
30 mL (entry 18, Table 1), the conversion ranges between 45% and 53%, with an overall
selectivity to alcohols between 88% and 96%. It is positively surprising that by scaling up
the reaction from 0.5 (entry 4, Table 1) to 30 mL (entry 18, Table 1) of ethanol, the selec-
tivity toward alcohols does not change, being stable around 89%. We have also carried
out the reaction while varying the quality of starting ethanol (see Table S1), establishing
that the performances of the process are also satisfying when employing real matrixes,
meaning that although a range in yield and selectivity can be detected, catalyst 1 is not
deactivated by water or other feedstock impurities.

Overall, at the best reaction conditions (0.02 mol % loading of 1, 20 mol % loading of
sodium ethoxide, and T = 150°C; entry 13 in Table 1), the conversion of ethanol is
50%, and the selectivity to total alcohols is >99%.

To obtain further insights into the reaction behavior, the time-evolving product dis-
tribution has been experimentally studied at selected reaction conditions (i.e.,
0.2 mol % loading of 1, 20 mol % loading of sodium ethoxide, and T = 150°C; entry
4 in Table 1). We selected these reaction conditions instead of the best one, as
weighting an extremely low amount of catalyst is challenging.

As shown in Table 2 (and Figure 5), ethanol conversion is 21% with 95% alcohol
selectivity after 15 min (entry 1, Table 2). The turnover frequency (TOF) is calculated
to be 400 h™" at that time. The rate of the reaction levels off after ca. 4 h, and we
consider the reaction to be finished. In fact, if the reaction was carried out for 8 h

6 Cell Reports Physical Science 5, 102291, November 20, 2024
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Table 3. Guerbet reaction on 1-butanol

0.2 mol% 1

HO™ " 20 mol% NaOEt _ ¢ . alcohols
150°C, 4h

Entry 1 (mol %) NaOEt (mol %) BuOH (mL) Time(h) T(°C) Conversion BUOH (%) Yield (Cs.10) (%) C-loss (%) Selectivity (Cg.10) (%)
1 0.2 20 0.5 4 150 33 33 0 >99
2 0.2 10 0.5 4 150 21 16 5 76

The conversion of 1-butanol, the yield and selectivity of products, and the carbon loss are reported with different reaction conditions.

in the same conditions (entry 7, Table 2), then we found that the conversion of
ethanol increases by only 5 pt.% compared to after 4 h.

As the reaction proceeds, the selectivity to total alcohols decreases to 89% at 4 h and
84% at 8 h (entries 6 and 7, Table 2). As mentioned before, this trend could be
ascribed to the formation of uncharacterized long-chain alcohols and to the side pro-
cesses. The presence of Cy long-chain alcohols is in line with the increasing selectivity
to Ce.10 alcohol over time, which is 14% at 15 min and increases up to 21% at 4 h and
28% at 8 h (entries 6and 7, Table 2). Importantly, 1-butanol is the main product of the
process at all reaction times, while subsequent homologation products (Cs.10) are
23% of total alcohols at the end of the Guerbet reaction. Notably, a significant in-
crease of pressure is observed during the reaction. Gas chromatography (GC) ana-
lyses of the reaction mixture provided evidence for the production of a large amount
of molecular hydrogen in the final headspace of the reaction vessel (29% yield at 4 h;
Table 2). The time-evolving amount of molecular hydrogen follows a trend similar to
the yield of alcohols, suggesting the presence of an energetically competitive molec-
ular hydrogen evolution side process in parallel with the homologation.?**>

Not surprisingly, the catalytic system performs well even if 1-butanol is used as the
starting reactant instead of ethanol (entry 1, Table 3). The results reported in Table 3
confirm the detrimental behavior of a lower NaOEt loading on substrate conversion
(33% with 20 mol % base vs. 21% with 10 mol %) and selectivity (>99% vs. 77%).

It is noteworthy that the proposed catalytic system 1/NaOEt shows a similar perfor-
mance to the previously reported ruthenium and iridium complexes working under

the same reaction conditions,'%'®

while this is the first example that exploits an
NHC moiety as the ligand. This functionalization improves the stability of the transition
metal complex, paving the way to recycle the catalyst. Preliminary recycling tests car-
ried out at the selected reaction conditions (entry 4, Table 1) showed that catalyst 1 can
indeed be reused after removing all the alcohols under vacuum and refilling fresh
EtOH and NaOEt, leading to a conversion of 45% and a yield of alcohols of 29%.
The recycling of ruthenium molecular catalysts active in the Guerbet reaction has
been previously reported.’*'*“? In all these reports, the catalyst maintained the activ-
ity. Nevertheless, in the latest work reported by Schaub and co-workers,** the system
maintains good activity even without the need for an additional base in the second cy-
cle, with a generally better performance. Therefore, it becomes essential to under-
stand catalyst 1 activation and the Ru(0)-catalyzed Guerbet reaction mechanism in
the presence of an NHC ligand that allows regeneration of the stable pre-catalysts.

Activation of the catalyst and dehydrogenation of ethanol
The ruthenium(0)-NHC complex 1 is a pre-catalytic species, as the metal center must
have a vacancy in its valence to promote the reaction. There are two possible activation

Cell Reports Physical Science 5, 102291, November 20, 2024 7
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Calculated free energy profile (top left) for the activation of the pre-catalyst (1) and the dehydrogenation of ethanol (3) to acetaldehyde (5) by the
activated catalyst (2). The energies reported are calculated at B3LYP-D3/6-311+G(2d,2p)/LANL2DZ/PCM(ethanol)//B3LYP/6-31G(d,p)/LANL2DZ and
B3LYP-D3/6-311+G(2d,2p)/LANL2DZ/PCM(ethanol)//B3LYP-D3/6-31G(d,p)/LANL2DZ/PCM(ethanol) (in brackets) levels of theory. The species
involved in these reaction steps are also reported (bottom). On the top right, the geometry of TS1 optimized at B3LYP/6-31G(d,p)/LANL2DZ level of

theory is reported.

mechanisms, involving the dissociation of one of the CO ligands or the carbene ligand.
The DFT calculations (see the supplemental information for computational details) show
that the dissociation of CO from 1 resulting in active species 2 costs 16.2 kcal/mol, while
the dissociation of NHC costs 27.4 kcal/mol (see Figure S4).

Species 2 (Figure 1) is a bifunctional metal-ligand dehydrogenation catalyst, as the
ruthenium center and the CpO ligand can cooperate via an internal redox process
by accepting a hydride and proton, respectively. The calculations show that the dehy-
drogenation of ethanol (3) to acetaldehyde (5) catalyzed by 2 follows a concerted
outer-sphere mechanism™* with an overall barrier of 36.1 kcal/mol (TS1; Figure 1)
with respect to 1. It is worth noticing that the transition state is chiral, as the metal
has three different ligands, and the ethanol is prochiral. This leads to two diastereo-
meric transition states (TS1 and TS2) differing by 0.7 kcal/mol, resulting in the hydro-
genated catalyst 4 and acetaldehyde 5 as products (see Figure S5). Species 4 is also
chiral, as the ruthenium center is bonded to four different ligands (Figure 1).

We have also considered the dehydrogenation mechanism starting from the com-
plex in which the NHC ligand has dissociated, but this mechanism has a calculated
barrier that is 7.9 kcal/mol higher than TS1, thus ruling out this possibility (see
Figure S4). These results are also in line with previous work by Mazzoni and co-
workers."® Namely, the complex with the dissociated NHC ligand is the dehydrogen-
ated monomer of the Shvo's catalyst, which was already established as being inac-
tive in the Guerbet reaction in the same conditions reported in the present work."?

8 Cell Reports Physical Science 5, 102291, November 20, 2024
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To evaluate the influence of the solvent and the dispersion effects during geometry
optimizations on these DFT results, we first compared the minimum energy path-
ways (MEPs) for catalyst activation using gas-phase-optimized geometries of the sta-
tionary points (i.e., at the B3LYP/6-31G(d,p)/LANL2DZ level) or including solvent
and dispersion corrections (i.e., at the B3LYP-D3/6-31G(d,p)/LANL2DZ/PCM(etha-
nol) level; see the supplemental information for computational details). As reported
in Figure 1, the two optimization methods returned quite similar energetics. The gas-
phase-optimization feature reduced computational costs, and thus, since the num-
ber of stationary points increases significantly in the subsequent reaction steps
(due to the involvement of geometric isomers and the conformational analysis),
only these computations are discussed in detail in the following sections unless
otherwise specified. Anyway, a comprehensive analysis of geometry optimizations
including solvent and the dispersion effects is reported in the supplemental informa-
tion for the energetics of the ethanol to 1-butanol homologation reaction (see
Tables S3 and S4; Scheme S5), showing that the choice of the optimization method
does not affect the characterization of the Guerbet reaction mechanism. Despite
some sizable effects on the energetics of a few elementary steps, these do not
involve rate-determining processes, overall yielding minor changes in the kinetic
network simulations (see Tables S5 and Sé; Figures S11 and S12) of the overall ho-
mologation to higher alcohols (i.e., 1-butanol and 1-hexanol).

To experimentally confirm that the dissociation of CO occurs preferentially, we car-
ried out GC analysis of the headspace gases of the reaction vessel and '*C-labeling
NMR experiments. With GC analysis, we detected CO in the headspace of the
reactor. Furthermore, we carried out the Guerbet reaction for 1 h under a pressur-
ized "3 CO atmosphere and using not-isotopically labeled 1 (see the supplemental
information for details). ">*C-NMR analysis of the final reaction mixture shows an un-
ambiguous enrichment of 1 by the labeled carbon monoxide (see Figure S2), con-
firming the exchange of this ligand during the catalytic process.

C—C coupling via base-catalyzed aldol condensation

The acetaldehyde 5 produced in the previous step is involved in an off-cycle C-C
coupling process via aldol condensation catalyzed by sodium ethoxide (6).? This re-
action step is central in the overall mechanism since it leads to unsaturated C, ke-
tones that are involved in both the formation of the 1-butanol product 16 and sub-
sequent homologations to higher alcohols (Figure 2).

The calculations show that the acetaldehyde is first enolized to 7 with an activation
barrier of 14.4 kcal/mol (TS3) (see Figure 2). Then, enolate 7 reacts with another
molecule of 5, forming sodium 4-oxobutan-2-olate (8). For this reaction step, we
have not been able to locate the corresponding transition state in the gas phase.
Therefore, to have an estimation of the height of the energy barrier, we have re-
computed this step at the B3LYP-D3/6-311+G(2d,2p)/LANL2DZ/PCM(ethanol)//
B3LYP-D3/6-31G(d,p)/LANL2DZ/PCM(ethanol) level of theory. In this way, we
have characterized the corresponding transition state, which lies at 13.0 kcal/mol
(see the supplemental information for details). According to this value, this elemen-
tary step cannot be rate determining, and its inclusion/omission does not imply any
change in the following interpretation of the overall reaction mechanism.

Since the elimination of a water molecule is required to complete the condensa-
tion, 8 is then protonated to 3-hydroxybutanal 9, which is then involved in the
last two steps of the condensation. As shown in Figure 2, the deprotonation in-
volves the two enantiotropic hydrogens of the methylene group of 9 and leads
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Calculated free energy profiles for the base-catalyzed aldol condensation of two molecules of acetaldehyde (5) to (E/2)-crotonaldehyde (11E/11Z) at
the B3LYP-D3/6-311+G(2d,2p)/LANL2DZ/PCM(ethanol)//B3LYP/6-31G(d,p)/LANL2DZ level of theory. The species involved in the reaction steps are

shown on the bottom.

to two geometric isomers of the resulting enolate, i.e., 10E/10Z. For this step,
eight asymmetric transition states can be located, i.e., four for each C=C configu-
ration. Since for each C=C configuration, two pairs of transition states are enantio-
mers (i.e., TS4Egr and TS4Ess and TS4Egs and TS4Es for the E configuration), only
the diastereomeric transition states RR and SR have been investigated for both the
E and the Z configurations. The calculations show that the TS4Esg and TS4ZgR are
the lowest in energy and differ by only 0.1 kcal/mol (TS4Egg = 26.7 kcal/mol and
TS4Zgr = 26.8 kcal/mol), but the enolate product 10E is lower in energy than
10Z by 2.0 kcal/mol.

In the following reaction step, water elimination occurs, yielding to final products
(E/Z)-crotonaldehyde (11E/112) via deprotonation of a molecule of ethanol and
restoring the base co-catalyst. During this step, there is a migration of the C=C
bond (see Figure 2), implying that both 10E and 10Z can lead to either 11E or
11Z, according to different conformations of the methyl in the transition states
(i.e., TSAEE, TS4EZ, TS4ZE, and TS4ZZ, where the first (E/Z) letter refers to the
configuration of the C=C bond in the reagent and the second (E/2) letter refers
to the configuration of the C=C bond in the product).

The calculations show that the lowest energy pathways to reach 11E and 11Z both
start from 10Z (TS5ZE = 22.1 kcal/mol and TS5ZZ = 25.0 kcal/mol). Interestingly,
the calculations indicate that TS5ZE and TS5ZZ follow a stepwise mechanism, while
TS5EE and TS5EZ follow a concerted one. As shown in Figure 2, deprotonation of 9
(TS4Zgg = 26.8 kcal/mol) is the rate-determining step of the aldol condensation.

Hydrogenation of crotonaldehyde and homologation to higher alcohols

Following the aldol condensation step, we have calculated the double hydrogenation
of crotonaldehyde (11E/11Z) to 1-butanol (16) catalyzed by two molecules of the hy-
drogenated catalyst 4 (Scheme 2). Notably, at least 16 competing hydrogenation
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pathways are possible for this step. In fact, the hydrogenations of the C=C and the
C=0 bonds happen following an unknown order,”® two geometrical isomers of the
reactant are present, and species 4 is chiral, implying diastereomeric catalyst-substrate
interactions according to each prochiral face of each double bond.

We have characterized all these pathways, but only the energies of the lowest diaste-
reomeric transition states will be discussed here. As shown in Scheme 2 and Figure 3,
according to different hydrogenation orders, different intermediates are formed. If
C=C is the first bond to be reduced, then 1-butanal 13 would be formed from
both geometric isomers of 11. This elementary step is exergonic by 11.3 kcal/mol,
and the energy barriers are found to be 21.2 kcal/mol for TS8E and 23.7 kcal/mol
for TS9Z. If C=0 is the first bond to be reduced, then either the E- or Z-crotyl alcohol
(12E/122) is formed from the corresponding geometric isomer of (E/2)-crotonalde-
hyde. The C=0 reduction is more favored by 2.6-3.4 kcal/mol (TS6E = 18.6 kcal/mol
and TS7Z = 20.3 kcal/mol) with respect to that of the C=C bond, but it is thermody-
namically disfavored, being slightly exergonic (AAGq3z.11z = 0.2 kcal/mol and
AAGq2e_11g = 1.7 kcal/mol). Conversely, the energy barriers for the second hydro-
genation to 1-butanol (15) are much higher for the (E/2)-crotyl alcohol (TS15E =
33.4 kcal/mol and TS16Z = 33.8 kcal/mol) than for 1-butanal (TS13 = 5.1 kcal/
mol). However, before drawing conclusions about the preferred hydrogenation
mechanism, we also investigated the keto-enol tautomerism between 1-butanal
13 and its tautomers (E/2)-1-butene-1-ol (15E/15Z) in order to examine whether
there is an energetically competitive pathway that could open to a third hydrogena-
tion mechanism. As in the first step of the C-C coupling, sodium ethoxide (6) takes a
proton in the B position of 13's carbonyl, forming the corresponding enolates (14E/
142) through two isomeric transition states (TS10E = 2.9 kcal/mol and TS10Z =
3.2kcal/mol). Then, the molecule of ethanol (3) formed during the previous step pro-
tonates 14E/14Z to form 15E/15Z. The overall base-catalyzed tautomerism is lower
in energy than the hydrogenation of 13 (i.e., TS13) by 2.2 kcal/mol for the E tautomer
(TS10E) and 1.9 kcal/mol for the Z one (TS10Z).
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311+G(2d,2p)/LANL2DZ/PCM(ethanol)//B3LYP/6-31G(d,p)/LANL2DZ level of theory.

(B) Optimized structures of selected transition states involved in the hydrogenation process of 11E/11Z to 16.

Since the tautomerism is energetically accessible, we have calculated the energy
barriers to hydrogenate 15E/15Z to 16. The energies of the corresponding transition
states (TST1E = 34.4 kcal/mol and TS12Z = 34.2 kcal/mol) are comparable to the
those computed to reduce 12E/12Z (i.e., TS15E/TS16Z), being much higher than
TS13. Therefore, the double-hydrogenation mechanism of 11E/11Z comprises a first
reduction of the C=C bond to reach 13, followed by the hydrogenation of the C=0
bond (see Figure 3).

With the aim of experimentally verifying the preferred hydrogenation pathway of 11E/
11Z, we carried out the Guerbet reaction for 15 min and analyzed the reaction mixture
at that time with GC-mass spectrometry (MS). Among all possible intermediates, we
found only species 13 (see Figure S3). This outcome is in line with computational predic-
tions, confirming that the C=C bond of 11E/11Z is the first one to be reduced.
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Computed free energy profiles (top left) for the molecular hydrogen evolution process and
optimized geometries (right) of related transition states at the B3LYP-D3/6-311+G(2d,2p)/
LANL2DZ/PCM(ethanol)//B3LYP/6-31G(d,p)/LANL2DZ level of theory. The species involved in this
reaction step are shown on the bottom left.

Up to this point, we have characterized the key steps of the Guerbet reaction for the
homologation of ethanol (3) to its first homologation product, 1-butanol 16. How-
ever, the experimental product distribution shows that homologation to higher alco-
hols, especially the C4 ones, is not completely negligible (Table 2). Therefore, for
completeness and to obtain a more detailed picture of the Guerbet reaction, we
have also fully characterized the homologation of 1-butanol to 1-hexanol 25. As ex-
pected, the reaction scheme is almost the same as that already described for 3 (see
section S5.3 reported in the supplemental experimental procedures for further
details).

Evolution of molecular hydrogen

Next, we investigated the process of molecular hydrogen evolution. The hydroge-
nated catalyst 4 can generate and release an H, molecule via internal proton-hydride
coupling processes. For this step, we have compared three possible reaction path-
ways: (1) direct proton-hydride coupling and proton shuttle mechanisms assisted by
a molecule of either (2) water or (3) ethanol. As shown in Figure 4, the direct pathway
has an energy barrier of 36.3 kcal/mol (TS22), which is much higher than those of the
assisted pathways, in which water and ethanol behave as proton relay groups with
barriers of 24.3 and 20.6 kcal/mol, respectively.*®
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Interestingly, the value of TS20 is comparable to the height of the hydrogenation
processes involving (E/Z)-crotonaldehyde to 1-butanal (see Figure 3A). This indi-
cates that when the hydrogenated catalyst 4 is formed, there is a competition be-
tween the first reduction of 11E/11Z and the molecular hydrogen evolution process.
The calculations are thus in line with the experimental outcome, as the final amount
of molecular hydrogen is not negligible with respect to the alcohols (yield [H] =
29%, yield [C4.10] = 47%,; see Table 2) and the time evolution is similar for all these
species.

Interestingly, in a very recent study conducted by Shaub and co-workers,*® it was re-
ported that hydrogen pressure could be beneficial for the Guerbet reaction. For
example, a Milstein-type complex loaded at 0.01 mol % under T = 180°C, t = 2 h,
and NaOEt = 6 mol % conditions performed better in terms of EtOH conversion
(15% vs. 41%) and BuOH yield (7% vs. 29%) when a H; pre-reaction partial pressure
of 10 bar was employed. To verify if a similar effect was also possible for catalyst 1,
we tested the influence of the hydrogen pressure on the catalytic performance. To in-
crease and control the pressure, further reactions were performed in a 50 mL stain-
less-steel autoclave. Comparing the results under 10 bar of N or H, (conditions:
5 mL EtOH, 20 mol % NaOEt, and 0.02 mol % catalyst 1, 150°C, 4 h), a detrimental
effectin the presence of H, pressure was detected. In fact, the reaction under N, per-
forms with a conversion in line with that in the Schlenck bomb (Table 1, entry 8),
although with a slightly higher carbon loss (conversion: 62%; C4.1¢ yield: 45%), while
under Hy, a significant drop in conversion is observed (34%; C4.1¢ yield: 31%), with
good selectivity. The same reaction at 20 bar H, showed a slight decrease in conver-
sion (31%), which goes along with a significant drop in selectivity (C4.1¢ yield: 8%).

To conclude, the results suggest a strong correlation between the hydrogen evolu-
tion side process and the homologation of alcohols when catalyst 1 is employed. In
fact, the H, evolution step is strictly dependent on the chemical properties of 1 and is
promoted by ethanol, which is the reactant (and the solvent) of the Guerbet reaction.
This is a fundamental insight for future improvements to the performance of the
Guerbet reaction.

Overall reaction mechanism and kinetic simulations

The DFT calculations shed light on the complexity of the mechanism of the homol-
ogation of ethanol to 1-butanol and 1-hexanol via the Guerbet reaction. Scheme 3
summarizes the overall reaction mechanism of the homologation of ethanol to
1-butanol as obtained by the current work. The Ru(0)-NHC complex catalyzes
the hydrogen transfer processes, while the base co-catalyzes the off-cycle C-C
coupling reaction, which leads to two different (E/Z) configurational pathways.
Moreover, the evolution of molecular hydrogen interferes with the hydrogen trans-
fer cycle, further complicating the reaction network. The interconnections within
the cycle further increase when the homologation to 1-hexanol is considered
(see Scheme S4). In fact, multiple alcoholic (or ketonic) intermediates are potential
reactants for further homologations (e.g., 13 is directly involved in the homologa-
tion to 1-hexanol).

In general, in DFT studies of catalytic reactions, it is often possible to extract infor-
mation about conversions, yields, and selectivities by analyzing the computed free
energy profiles. However, when the catalytic cycles are complex—e.g., when
different processes happen in parallel, multiple catalysts cooperate, and there are
many interconnections between intermediates—as in the present case, microkinetic
simulations are very valuable in order to obtain information about the distribution
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Scheme 3. The overall catalytic mechanism of the Guerbet reaction characterized in this work

of products. Numerical kinetics simulations make it possible to directly compare free
energy profiles computed at the DFT level with experimental observations, giving
insights into the key reaction steps governing yields and selectivities.**"/

In the presentwork, a kinetic network has been set up consisting of all the elementary
steps reported in Schemes 3 and S4. Two additional equilibria not discussed above
have also been considered in the kinetic network. Namely, the molecular hydrogen
obtained from the proton-hydride coupling (TS20) is released in solution, so it must
be involved in a solution-gas equilibrium, and the sodium ethoxide must be in
equilibrium with ethanol according to an acid-base equilibrium with water, which
is the co-product of the aldol condensation. Approximations to both these equilibria
have been added to the kinetic network, as discussed in the supplemental
information.

We have performed kinetic simulations using the experimental initial concentra-
tions of the ethanol, the sodium ethoxide, and catalyst 1. The simulations were
run for 4 h, which is the reaction time selected for the experiments, as discussed
above.
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Figure 5. Simulated and experimental product and selectivity time-evolving distributions

(A) Experimental (solid lines) and simulated (dashed lines) time-evolving ethanol conversion and
distribution of products. Residual ethanol (in red) and yields of 1-butanol (in green) and 1-hexanol
(in brown) are reported.

(B) Experimental (solid lines) and simulated (dashed lines) selectivity to 1-butanol. Initial
concentrations: [1]p = 0.03424 mol/L, [EtOH]y = 17.12 mol/L, and [NaOEt]g = 3.287 mol/L.

Gratifyingly, we find good agreement between the experimental and simulated time
evolutions of the alcohols (see Figure 5). For example, the conversion of ethanol af-
ter 4 h (experimental 53% vs. simulated 54%), the yield of 1-butanol (36% vs. 30%),
the yield of 1-hexanol (7% vs. 5%), and the yield of molecular hydrogen (29% vs. 33%)
are all well reproduced (see Figure 5). The yield of 1-butanol is generally slightly
underestimated, leading to lower selectivity (experimental: 68%, simulated: 56%
after 4 h).

Kinetic simulations also gave insights into the reason why the reaction stops at about
a 30% yield of 1-butanol. The higher the yield of alcoholic products, the higher the
concentration of water formed during aldol condensation. When water is formed, it
reacts with NaOEt according to the acid/base equilibrium [NaOEt + H,O = EtOH +
NaOH] (see the supplemental information for details). This makes the concentration
of the co-catalyst drop down and thus hampers the overall reaction. This finding
agrees with the experimental trend observed for the loading of the co-catalyst:
when the concentration of NaOEt is lowered, the conversion of EtOH decreases
(Table 1).

Notably, when considering geometries optimized with solvent and dispersion cor-
rections, the theoretical results are essentially confirmed, with product distribution
at the end of the reaction slightly improved if compared with experimental data
(see Figure S12).
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Table 4. Simulated product distribution and selectivity to alcohols
Entry 1 (mol %) NaOEt (mol %) Simulation time (h) Conversion EtOH (%)  Yield BUOH (%) Yield alcohols® (%)  Selectivity alcohols (%)

1 0.2 20 4 54 30 85 65
2 0.2 20 8 62 35 43 69
8 0.02 20 4 51 28 32 63
4 0.02 10 4 42 13 15 36
5 0.02 5 4 36 1 12 &3
6 0.01 10 4 39 16 18 46
7 0.01 5 4 32 10 10 31

The simulated conversion of ethanol, the yield of 1-butanol, and the yield and selectivity of alcohols are reported with various reaction conditions. The temper-
ature is 150°C in all simulations.
“The total yield of alcohols is the sum of the yields of 1-butanol and 1-hexanol.

To further examine the validity of the calculations and the kinetic model, we carried
out more kinetic simulations while varying the reaction conditions, such as the start-
ing concentrations and the reaction time, following some of the experimental con-
ditions listed in Table 1. The results are given in Table 4.

The kinetic model reproduces the trends related to the variation of concentration of
NaOEt base co-catalyst 6 quite well. Keeping catalyst 1 loading constant and
decreasing the concentration of 6 leads to a decrease of each of the ethanol conver-
sions, the yield of 1-butanol, and the selectivity (see Table 4, entry 3 vs. entries 4
and 5).

When the concentration of NaOEt (6) is kept constant and the loading of 1 is varied,
the kinetic model reproduces well that the yield of 1-butanol decreases when the
concentration of 1 is lowered (entries 1, 3, 4, and 6, Table 4). However, the model
does not reproduce the fact that the conversion of the ethanol decreases with the
increase of the loading of 1 except for 5 mol % loading of the base, which shows
the opposite trend (entries 4 and 6, Table 4). This discrepancy with respect to exper-
iments can be ascribed to the fact that the kinetic model does not consider the Tish-
chenko and Cannizzaro reactions explicitly, which are likely responsible for this
trend.

Finally, the model also reproduces the trends of the conversion of ethanol and the
total yield of alcohols due to longer reaction times (entry 1 vs. 2, Table 4). However,
the model does not reproduce the experimental observation that the concentration
of 1-butanol decreases in going from 4 to 8 h. Instead, the simulations show that the
concentration increases (entry 1 vs. 2, Table 4), which is reasonably due to the
approximation of the consecutive homologations involving 1-butanol in our model,
as homologations of 1-hexanol and higher alcohols were not considered.

To summarize, we find generally good correspondence between the experimental
observations and simulated kinetics. It should be remembered that at the tempera-
ture of the experiments, an error of 1.94 kcal/mol in the calculated barrier implies a
10-fold change in the associated rate constant. Considering this, the agreement is
satisfactory, and the kinetic simulations provided thus strongly support the reaction
mechanism proposed on the basis of the DFT calculations (Scheme 3).

To gain further insights into the mechanism and factors influencing the overall rate
and selectivity of the reaction, we carried out more kinetic simulations in which the
barriers of the selected steps were modified by 4 1.94 kcal/mol. As discussed above,
the mechanism of the Guerbet reaction established in the present work can be
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Table 5. Sensitivity analysis

+1.94 kcal/mol —1.94 kcal/mol
Entry Modified TS Conversion Yield Yield Yield Selectivity ~ Conversion Yield Yield Yield Selectivity
EtOH (%) BUOH (%) alcohols® (%) H, (%)° alcohols (%) EtOH (%) BUOH (%) alcohols? (%) H, (%)® alcohol (%)
1 none 54 30 35 33 65 54 30 35 33 65
2 activation of 1 43 23 27 33 63 59 37 44 28 75
3 TS1 52 27 33 33 63 54 30 85 33 65
4 TS4Zgr 51 26 32 33 63 62 39 42 34 68
5 TS8E/TS9Z° 43 10 12 50 28 56 34 43 25 77
6 TS20 38 34 40 15 105¢ 54 31 34 34 63

The effect of modifications of selected energy barriers on product distribution after 4 h at 150°C is reported. Initial concentrations in the simulations: [1] = 0.03424
mol/L, [EtOH]g = 17.12 mol/L, and [NaOEt]y = 3.287 mol/L.

“The total yield of alcohols is the sum of the yields of 1-butanol and 1-hexanol.

BSince the sol/gas equilibrium for molecular hydrogen is considered, the yield of H; is the computed total concentration, i.e., Hasop+ Ho(gas)-

“Energies of both transition states are modified.

9Note that this value is higher than 100% because the selectivity is computed using the yield and conversion values calculated with respect to the initial concen-
tration of the ethanol, i.e., [EtOH]p = 1 equiv. However, its real concentration is somewhat larger since the sodium ethoxide reacts with water and is converted to
ethanol during the Guerbet reaction.

divided into five stages: (1) activation of the catalyst, (2) dehydrogenation of ethanol
(Figure 2), (3) C-C coupling (Figure 3A), (iv) hydrogenation of the C-C coupling
product (Figure 4), and (5) molecular hydrogen evolution process (Figure 5). We
have selected the rate-determining step of each of these five stages for the kinetics
analysis, and the results are given in Table 5.

The cost of the activation of catalyst 1 has an impact on the overall product distri-
bution (entry 2, Table 5). When the activation energy of 1 is increased, the reaction
is slowed down, i.e., the conversion is lower. Interestingly, the selectivity to total
alcohols is almost the same (entry 2 vs. 1, Table 5), while the selectivity to molec-
ular hydrogen increases from 61% to 77%. Conversely, when the energy cost of the
activation is lowered (entry 2, Table 5), the performance of the reaction is
improved, and the selectivity to molecular hydrogen decreases to 47%. This
outcome suggests that the activation of catalyst 1 is a key step governing the re-
action performance and the impact of the undesired production of molecular
hydrogen, as any change in the energy of this step will have a direct influence
on the overall barrier of the reaction.

Interestingly, when the barrier for the dehydrogenation of ethanol (TS1) is
increased, the reaction slows down, while nothing happens to the reaction perfor-
mance when the barrier is decreased (entry 3, Table 5). This outcome shows that
the dehydrogenation of ethanol constitutes one of the rate-determining steps,
as when its barrier is lowered, another barrier takes over, and no change is
observed in the rate.

The simulations showed that the hydrogenation of (E/Z)-crotonaldehyde strongly in-
fluences the reaction outcome (entry 5, Table 5). When the energies of TS8E/TS9Z
are raised by 1.94 kcal/mol, the yield of 1-butanol decreases from 54% to 43%,
and the selectivity to total alcohols decreases from 65% to 28%. On the other
hand, the yield of the molecular hydrogen increases from 33% to 50% (entry 5,
Table 5). When the energies of TS8E/TS9Z are lowered, the overall performance
of the reaction improves, and the yield of molecular hydrogen decreases (entry 5,
Table 5). This outcome further corroborates the hypothesis of the direct competition
and anti-correlation between the hydrogenation of (E/2)-crotonaldehyde and the
molecular hydrogen evolution.
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A similar behavior is observed when the energy of TS4Zzg is modified (entry 4,
Table 5). When this barrier is lowered, the performance of the Guerbet reaction im-
proves, with a lowerimpact on the evolution of molecular hydrogen (entry 4, Table 5).
On the other hand, when the energy of TS4ZgR is increased, the conversion of
ethanol decreases, with no variation in the yield of molecular hydrogen (entry 4,
Table 5). Therefore, calculations also show that the aldol condensation step indi-
rectly governs the evolution of molecular hydrogen. This can be ascribed to the
fact that the reaction rate of the first hydrogenation step depends on the concentra-
tion of 11E/11Z, and the larger the rate constant of the aldol condensation, the
larger the concentration of 11E/11Z and, thus, the reaction rate of the
hydrogenation.

Finally, the role of molecular hydrogen evolution was investigated (entry 6, Table 5).
When the energy of TS20 is increased by 1.94 kcal/mol, the conversion of ethanol de-
creases to 38%, with a positive impact on the selectivity to total alcohols, which becomes
105% (entry 6, Table 4). Note here that this value is higher than 100% because the selec-
tivity is computed using the yield and the conversion values calculated with respect to
the initial concentration of the ethanol, i.e., [EtOH]y = 1 equiv. However, in addition to
the starting ethanol, at 4 h, the majority of the sodium ethoxide co-catalyst is converted
to ethanol during the reaction according to its acid/base equilibrium (see the supple-
mental information for details), which means that the total available concentration of
the ethanol is higher than its starting concentration.

This response to the energy of TS20 suggests that when the evolution of molecular
hydrogen is suppressed, a larger concentration of the hydrogenated catalyst 4 is
involved in the hydrogenation of the organic intermediates instead of producing
molecular hydrogen. However, quite surprisingly, if the step of molecular hydrogen
evolution is totally removed from the kinetic model, then the Guerbet reactions does
not take place at all after 4 h. This result shows that the evolution of molecular
hydrogen is not an innocent side process but a regulatory step that ensures the
proper turnover of active catalyst 2. In fact, the hydrogenation steps are slower
than the dehydrogenation of ethanol (Figures 1 and 3A).

If 4is not converted back to 2 by releasing an equivalent of molecular hydrogen, then
the amount of ethanol that is converted to acetaldehyde 5 is low, and the hydroge-
nation reaction does not proceed, nor is 2 restored. On the other hand, when
evolution barrier TS20 is lowered by 1.94 kcal/mol, no noticeable variations are re-
corded (entry 6, Table 5), suggesting that it is no longer rate determining, as already
discussed for TS1.

DISCUSSION

In the present study, we have established the reaction mechanism for the homologa-
tion of ethanol to higher alcohols via the Guerbet reaction using a combined exper-
imental-computational approach. The reaction is carried out in the presence of a
ruthenium(0)-NHC catalyst, which has not been used before for this reaction, and so-
dium ethoxide as a base co-catalyst.

We have characterized the detailed reaction mechanism of the homologation of
ethanol to 1-butanol and 1-butanol to 1-hexanol, showing that the overall process
involves a dehydrogenation/hydrogenation cycle performed by the metal catalyst,
an off-cycle aldol condensation catalyzed by sodium ethoxide, and a molecular
hydrogen evolution step.
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The dehydrogenation/hydrogenation cycle is switched on when the organoruthe-
nium catalyst is activated by the release of one ligand. DFT calculations predict
that the dissociation of the carbon monoxide ligand is preferred over the carbene
one, indicating that the active catalyst features a bound NHC ligand. Experimental
3C-NMR investigations have shown that the CO ligand has a high exchange rate,
corroborating the computational prediction.

Next, metal-catalyzed ethanol dehydrogenation forms acetaldehyde, which enters
into an off-cycle base-catalyzed aldol condensation, yielding a,B-unsaturated alde-
hydes and water. Then, the aldehydic products enter back in the Ru catalyst cycle to
be doubly hydrogenated. This final step converts the a,B-unsaturated intermediates
to the final alcoholic product. The hydrogenation process features a complex
network of reactions. Namely, there are multiple competitive pathways involving
geometrical isomers of a,B-unsaturated reactants, different hydrogenation orders,
keto-enol tautomerism, and diastereomeric transition states. Among various possi-
bilities, DFT calculations revealed that the preferred pathway comprises a first
reduction of the C=C bond, followed by the direct hydrogenation of the C=0O
bond. In the case of 1-butanol production, experimental GC-MS analysis showed
that only the 1-butanal intermediate could be found in the reaction mixture, confirm-
ing the computational prediction (see Figure S3).

Upon the formation of the alcohol products, the side evolution of molecular
hydrogen was established by experimental GC analysis. The DFT calculations
demonstrate that molecular hydrogen comes from an internal proton-hydride
coupling of the hydrogenated metal catalyst. This process is assisted by a molecule
of ethanol via a proton-shuttling mechanism. Since it features an energy barrier like
the hydrogenation of the o, B-unsaturated intermediates, this reaction step interferes
with the hydrogen-borrowing cycle, producing molecular hydrogen and restoring
the dehydrogenated catalyst.

Since the Guerbet reaction is an intricate process featuring a complex reaction
mechanism, we carried out microkinetic simulations to compare the experimental
and computational outcomes. The simulations showed good agreement with exper-
imental data, providing support to the reaction mechanism proposed in the pre-
sent work.

Based on our kinetic simulations, general strategies to improve the performance of
the Guerbet reaction can be suggested, such as (1) lowering the cost for activation of
the metal catalyst, (2) employing more efficient base co-catalysts to reduce the en-
ergy cost of the aldol condensation, (3) enhancing the hydrogenation performance
of the catalyst, and (5) controlling the molecular hydrogen evolution to modulate the
organometallic catalyst turnover.

The present synergistic computational-experimental study provides an unprece-
dented mechanistic understanding of the Guerbet reaction and, thus, paves the
way for further developments of homogeneous catalysts for more efficient upgrad-
ing of ethanol to 1-butanol and higher alcohols.

EXPERIMENTAL PROCEDURES

Details regarding experimental procedures can be found in the supplemental exper-
imental procedures.
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