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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),1,2

enabling the catalytic upgrading of bioethanol to 1-butanol and higher alcohols.3–5

Many efforts have beenmade to improve the conversion of ethanol and the yield and

selectivity of 1-butanol by investigating the activity of both heterogeneous6 and ho-

mogeneous7,8 catalysts.9 As reported by Wass and co-workers,7 homogeneous

organometallic complexes show mild reaction conditions and good control of yields

and selectivity. Although several studies on iridium-,10 ruthenium-,11–16 and manga-

nese-based17,18 catalysts provided insights into the Guerbet reaction,19–22 the

detailed reaction mechanism still remains unknown.7,8 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,23 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).23 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
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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.
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processes, such as the Cannizzaro and Tishchenko reactions,24 and molecular

hydrogen production.13,14,23,25

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,26 suggesting a mechanism that is in line with experiments,17 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.
2 Cell Reports Physical Science 5, 102291, November 20, 2024
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Ruthenium-based complexes are well known for being active in hydrogen-borrowing

processes,27–30 being thus far the leading candidates for the Guerbet reaction.7,8

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.13,14,31

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.32,33 Notably, NHC

moieties, ubiquitous as ancillary ligands for homogeneous catalysis due to their

versatility and easy way of synthesis,34–36 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).34 Since

these kinds of ruthenium NHC complexes are fairly active in both hydrogenation

and dehydrogenation,37–39 complex 1 constitutes a promising candidate for the cat-

alytic homologation 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,23 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
Cell Reports Physical Science 5, 102291, November 20, 2024 3



Table 1. Optimization of the Guerbet reaction conditions

Entry 1 (mol %) NaOEt (mol %) EtOH (mL) Time (h) T (�C) Conversion EtOH (%) Yield BuOH (%) Yield (C4-10) (%) C-loss (%) Selectivity (C4-10) (%)

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

16a 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.
aMaximum 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 consideration24

since they are well-known side processes running in such conditions.13 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.40

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.41 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.42 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 1H-nuclear magnetic resonance (1H-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.8,13,14,31

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
Cell Reports Physical Science 5, 102291, November 20, 2024 5



Table 2. Experimental time-evolving product distribution at selected reaction conditions

Entry Time (min) Conversion EtOH (%) Yield BuOH (%) Yield (C4-10) (%) Yield H2 (%) 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 33 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.
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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., CN 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 CN alcohols over time are confirmed by the improvement of selec-

tivity to C6-10 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 conversionor 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�1 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



Table 3. Guerbet reaction on 1-butanol

Entry 1 (mol %) NaOEt (mol %) BuOH (mL) Time (h) T (�C) Conversion BuOH (%) Yield (C6-10) (%) C-loss (%) Selectivity (C6-10) (%)

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.
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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. Thepresence of CN long-chain alcohols is in linewith the increasing selectivity

to C6-10 alcohol over time, which is 14% at 15 min and increases up to 21% at 4 h and

28% at 8 h (entries 6 and 7, Table 2). Importantly, 1-butanol is themain product of the

process at all reaction times, while subsequent homologation products (C6-10) 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 competitivemolec-

ular hydrogen evolution side process in parallel with the homologation.23,25

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,10–16 while this is the first example that exploits an

NHCmoiety 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.13,14,43 In all these reports, the catalyst maintained the activ-

ity. Nevertheless, in the latest work reported by Schaub and co-workers,43 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



Figure 1. Activation of the catalyst and dehydrogenation of acetaldehyde

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.
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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 andproton, respectively. The calculations show that the dehy-

drogenation of ethanol (3) to acetaldehyde (5) catalyzed by 2 follows a concerted

outer-sphere mechanism44 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.13 Namely, the complex with the dissociatedNHC 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.13
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 optimizationmethods 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 S6; 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 13C-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 13CO atmosphere and using not-isotopically labeled 1 (see the supplemental

information for details). 13C-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).26 This re-

action step is central in the overall mechanism since it leads to unsaturated C4 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
Cell Reports Physical Science 5, 102291, November 20, 2024 9



Figure 2. Aldol condensation

Calculated free energy profiles for the base-catalyzed aldol condensation of two molecules of acetaldehyde (5) to (E/Z)-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.
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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., TS4ERR and TS4ESS and TS4ERS and TS4ESR 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 TS4ESR and TS4ZRR are

the lowest in energy and differ by only 0.1 kcal/mol (TS4ESR = 26.7 kcal/mol and

TS4ZRR = 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/11Z) 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., TS4EE, 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/Z) 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

(TS4ZRR = 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
10 Cell Reports Physical Science 5, 102291, November 20, 2024



Scheme 2. Competitive hydrogenation pathways suggested by DFT calculations
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pathways are possible for this step. In fact, the hydrogenations of the C=C and the

C=O bonds happen following an unknown order,26 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=O is the first bond to be reduced, then either the E- or Z-crotyl alcohol

(12E/12Z) is formed from the corresponding geometric isomer of (E/Z)-crotonalde-

hyde. The C=O 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 (DDG12Z-11Z = 0.2 kcal/mol and

DDG12E�11E = 1.7 kcal/mol). Conversely, the energy barriers for the second hydro-

genation to 1-butanol (15) are much higher for the (E/Z)-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/Z)-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/

14Z) through two isomeric transition states (TS10E = 2.9 kcal/mol and TS10Z =

3.2 kcal/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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Figure 3. Hydrogenation of (E/Z)-crotonaldehydes

(A) Calculated free energy profiles for the double hydrogenation of (E/Z)-crotonaldehydes (11E/11Z) to 1-butanol (16) at the B3LYP-D3/6-

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.
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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 (TS11E = 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=O

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.
12 Cell Reports Physical Science 5, 102291, November 20, 2024



Figure 4. Hydrogen evolution

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.
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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 C6 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 H2molecule 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.45
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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 [H2] =

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,43 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 H2 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 N2 or H2 (conditions:

5 mL EtOH, 20 mol % NaOEt, and 0.02 mol % catalyst 1, 150�C, 4 h), a detrimental

effect in the presence of H2 pressure was detected. In fact, the reaction under N2 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%; C4-10 yield: 45%), while

under H2, a significant drop in conversion is observed (34%; C4-10 yield: 31%), with

good selectivity. The same reaction at 20 bar H2 showed a slight decrease in conver-

sion (31%), which goes along with a significant drop in selectivity (C4-10 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 H2 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
14 Cell Reports Physical Science 5, 102291, November 20, 2024



Scheme 3. The overall catalytic mechanism of the Guerbet reaction characterized in this work
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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.46,47

In the present work, 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]0 = 0.03424 mol/L, [EtOH]0 = 17.12 mol/L, and [NaOEt]0 = 3.287 mol/L.
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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 + H2O! 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 alcoholsa (%) Selectivity alcohols (%)

1 0.2 20 4 54 30 35 65

2 0.2 20 8 62 35 43 69

3 0.02 20 4 51 28 32 63

4 0.02 10 4 42 13 15 36

5 0.02 5 4 36 11 12 33

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.
aThe total yield of alcohols is the sum of the yields of 1-butanol and 1-hexanol.
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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 weremodified byG1.94 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

Entry Modified TS

+1.94 kcal/mol �1.94 kcal/mol

Conversion
EtOH (%)

Yield
BuOH (%)

Yield
alcoholsa (%)

Yield
H2 (%)b

Selectivity
alcohols (%)

Conversion
EtOH (%)

Yield
BuOH (%)

Yield
alcoholsa (%)

Yield
H2 (%)b

Selectivity
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 35 33 65

4 TS4ZRR 51 26 32 33 63 62 39 42 34 68

5 TS8E/TS9Zc 43 10 12 50 28 56 34 43 25 77

6 TS20 38 34 40 15 105d 54 31 34 34 63

The effect ofmodifications of selected energy barriers on product distribution after 4 h at 150�C is reported. Initial concentrations in the simulations: [1]0 = 0.03424

mol/L, [EtOH]0 = 17.12 mol/L, and [NaOEt]0 = 3.287 mol/L.
aThe 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 H2 is the computed total concentration, i.e., H2(sol)+ H2(gas).
cEnergies of both transition states are modified.
dNote 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]0 = 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.
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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/Z)-crotonaldehyde and the

molecular hydrogen evolution.
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A similar behavior is observed when the energy of TS4ZRR is modified (entry 4,

Table 5). When this barrier is lowered, the performance of the Guerbet reaction im-

proves, with a lower impact on the evolution ofmolecular hydrogen (entry 4, Table 5).

On the other hand, when the energy of TS4ZRR 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]0 = 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 4 is 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
13C-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=O

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 a,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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S1. Supplementary Experimental Procedures 
S1.1. Materials and methods 

Diethyl ether (Et2O) and tetrahydrofuran (THF) were distilled before use and stored in 
Schlenk flasks containing pre-dried molecular sieves. Ethanol (EtOH), toluene-d8 and other 
solvents not previously listed were used without additional purification. The pre-catalyst species 
1 was prepared as previously reported in ref 1. All other reagents were purchased from 
commercial sources and were used as received, unless otherwise stated. Sodium ethoxide 
purity is 96%. Carbon isotopic labelling was done by adding a slight overpressure of 13CO (≥ 
99% atom 13C) to the reactor. 

NMR spectra were acquired at 298 K with a Varian Mercury Plus VX 400 (1H, 399.9; 13C, 
100.6 MHz), or a Varian Inova 600 (1H, 599.7; 13C, 150.8 MHz) spectrometers. Chemical shifts 
were internally referenced to residual solvent peaks. 

 
S1.2 General procedure for upgrading of ethanol 

In a typical catalytic run, an oven-dried 6 mL Schlenk bomb fitted with a Teflon plug valve 
was charged with the ruthenium catalyst species 1 and the base, sodium ethoxide (NaOEt). 
Ethanol (0.5 mL, 8.6 mmol) was added, under inert atmosphere, to the reaction mixture. The 
reactor was sealed under inert atmosphere and heated at 150 °C, unless otherwise stated, 
under stirring for the desired reaction time. The microreactor was then cooled with an ice-water 
bath and subsequently opened. The reaction mixture was diluted by 3 mL of Et2O and 162 μL 
of THF was added as internal standard. The resulting solution was analysed by Agilent 
Technologies 7890A GC system using a HP-5 capillary column Agilent 190915-413 (30 m x 
0.35 mm, thickness 0.25 μm) in order to determine the ethanol conversion and product yields. 
Helium was used as carrier gas with a column flow of 0.909mL/min; the injector was maintained 
at a temperature of 230 °C in the split mode (40:1); total flow was 40.25 mL/min. The volume 
of solution injected was 0.5 μL and the method used was: starting oven temperature is 30°C 
(hold for 11 min) then heated to 270 at 30°C/min (hold for 5 min). Calibrations of all alcohols 
were performed by adding the same amount of THF (internal standard) to the different solutions 
and plotting the ratio Aa/As vs mola keeping constant the moles of standard. This procedure 
allows to avoid the measure of the total reaction volume obtaining the total amount of moles of 
analyte. 

Compounds were also identified by GC-MS; in particular, we used an Agilent Technologies 
6890 GC coupled with a mass spectrometer Agilent Technologies 5973 equipped with a non- 
polar column (5% Phenyl - 95% methylsiloxane), 30m x 250 μm x 1.05 μm. Helium was used 
as carrier gas at a flow rate in the column equal to 1ml/min; the injector was maintained at a 
temperature of 250 °C in the split mode (50:1); total flow was 23.9 mL/min. The volume of 
solution injected was 0.5 μL and the standard temperature program was the following: 
isothermal step at 40 °C for seven minutes, then the ramp of 10 °C/min until reach 250 °C, final 
isothermal step for 5 minutes. Light compounds were analyzed by sampling the reactor 
gaseous stream (once cooled at room temperature) by means of both GC-MS and a GC 
equipped with a TCD. The GC-MS was the same as for the liquid phase but the method was 
changed as follow: the volume injected was 0.5 mL and the standard temperature program start 
at 40 °C (maintained for ten minutes), then the ramp of 10 °C/min until reach 220 °C, final 
isothermal step for 2 minutes. Molecular hydrogen was detected by means of GC analysis using 
an Agilent Technologies 7890A Gas Chromatograph equipped with a TCD detector and Agilent 
19095P-MS0S and a HP-molesieve capillary column (30 m x 0.530 mm, thickness 50 μm) with 
N2 as carrier gas (column flow 3.0 mL/min). Headspace was sampled (0.04 mL) and manually 
injected into the instrument. The injector was maintained in split mode (5:1) at 150 °C. Oven 



temperature was kept constant at 50 °C for the whole time of the analyses (5 minutes). The 
injection of pure reference standards allowed the comparison of retention times in the GC and 
GC-MS columns. The presence of carbon monoxide was detected with the same instruments 
as above, but equipped with an Agilent 7514 (27.5 m x 0.530 mm, thickness 25 μm) capillary 
column with H2 as carrier gas (column flow 6.0 mL/min). The injector was maintained at 150 °C, 
whilst the oven temperature was kept constant at 50 °C for the whole time. 

 
S1.3 Analysis of solids at the end of reaction 
After a catalytical run (reaction conditions: 1: 0.2 mol%; NaOEt: 20 mol%; T:150°C; t: 4 h) the 
mixture was diluted in 5 mL of diethyl ether. Upon filtration the solid residue was washed with 
diethyl ether until the solution becomes colourless. The solid collected was redissolved in water 
and dried on vacuum line (0.145 g), then dissolved in D2O and analysed by 1H-NMR 
spectroscopy. 

 
 

 

Figure S1. 1H-NMR in D2O of the solid obtained at the end of the reaction under best conditions 
(entry 4, Table 1) NaOAc = sodium acetate; NaOBu = sodium butanoate. 



S1.4 Recycle experiment 
An oven-dried 6 mL Schlenk bomb fitted with a Teflon plug valve was loaded with the ruthenium 
catalyst 1 (0.0172 mmol) and NaOEt (1.72 mmol). Ethanol (0.5 mL, 8.6 mmol) was added under 
inert atmosphere and the reactor was sealed. The resulting reaction mixture was heated, under 
stirring, at 150 °C for 4 h. After cooling at room temperature, the alcohol mixture was removed 
under vacuum. Finally, new aliquots of EtOH (0.5 mL, 8.6 mmol) and NaOEt (1.72 mmol) were 
added under inert atmosphere to the solid residue and the following cycle was carried out as 
previously outlined. 

 
S1.5 Procedure for upgrading of 1-butanol 
An oven-dried 6 mL Schlenk bomb fitted with a Teflon plug valve was charged with the 
ruthenium catalyst 1 (0.2 mol%) and the base (20 or 10 mol%), sodium ethoxide (NaOEt). 1- 
Butanol (0.5 mL, 5.4 mmol) was added, under inert atmosphere, to the reaction mixture. The 
reactor was sealed under inert atmosphere and heated at 150 °C, for 4h. The microreactor was 
then cooled with an ice-water bath and subsequently opened. The reaction mixture was diluted 
by 3 mL of Et2O and 162 μL of THF was added as internal standard. Characterization of the 
liquid and gas phase of the reaction crude has been performed as previously described for 
ethanol (paragraph 1.2). 

 
S1.6 Larger scale experiments 

Catalytic reactions were carried out in a 50 mL Schlenk bomb with a Teflon plug valve, in a 
50 mL stainless steel autoclave or in a Teflon autoclave (300 mL) charged with the ruthenium 
pre-catalyst species 1 and NaOEt (20 mol%), then ethanol (5mL, 86mmol or 30 mL, 516mmol) 
was added. The reactor was sealed under inert atmosphere and, for the tests carried out under 
pressurized gasses, nitrogen or hydrogen was loaded in 10 or 20 bar. The resulting reaction 
mixture was heated, under stirring, at 150 °C for 4, 8 or 16 hours. After the reaction run time, 
the reactor was cooled to room temperature in an ice-water bath. The solution for GC analysis 
has been prepared diluting the sample in Et2O and maintaining the same standard (THF) 
concentration. 

 

S1.7 Procedure for 13CO enrichment experiment 
The reaction environment was set as described in the previous section with species 1 

(0.0358 mmol), NaOEt (0.179 mmol) and EtOH (0.5 mL) under inert atmosphere (N2). Molecular 
nitrogen was then replaced with a 13CO-enriched pressurized atmosphere. The mixture was 
stirred at 150°C for 1 hour and cooled down in an ice-water bath. Next, it was dried with a high- 
vacuum pump and the resulting yellow power was dissolved in toluene-d8 (0.5 mL) and filtered. 
The sample was analyzed using 13C-NMR spectroscopy. 



S2. The Cannizzaro and Tishchenko reactions in the Guerbet conditions 
The Cannizzaro reaction converts two equivalents of aldehyde to one equivalent of 

carboxylic acid plus one of alkoxide (Scheme S1).2 This reaction is promoted by sodium 
hydroxide NaOH, which is produced during the Guerbet reaction by the hydrolysis of sodium 
ethoxide NaOEt (pKa(EtOH) = 15.90 at 25 °C).3 

Similarly to the Cannizzaro reaction, the Tishchenko reaction converts two equivalents of 
aldehyde to one equivalent of ester in the presence of an alkoxide, e.g. NaOEt, instead of NaOH 
(Scheme S1).2 Interestingly, in the presence of NaOH, the ester product of the Tishchenko 
reaction can be involved in the transesterification to a carboxylic acid and alkoxide. This 
saponification process leads to the same products of the Cannizzaro reaction (Scheme S1). 

All these reactions occur during the Guerbet process and lead to a side consumption of 
ethanol, which lowers the overall yield to alcohols.4 

 

 

Scheme S1. General reaction schemes for the Cannizzaro and the Tishchenko reactions and 
the saponification process. 



S3. Additional experiments 
S3.1 Reaction behavior on waste ethanol 

Table S1 shows that the use of different qualities of ethanol does not seriously affect the 
catalytic activity, demonstrating that the catalytic system composed by catalyst 1 and NaOEt is 
robust toward the presence of water and distillation by-products in the ethanol. Table S1 reports 
tests done with ethanol purchased from Merck and two samples deriving from the head and 
tails of ethanol distillation provided by the CAVIRO S.p.A. 

 
Table S1. Effect of the quality of starting EtOH on the performance of the Guerbet reaction. 

 

 

 

 

entry 

1 

1 
(mol%) 

0.2 

EtOH 

 
Mercka 

Conversion 
EtOH (%) 

53 

Yield 
BuOH 

(%) 
36 

Yield 
(C4-10) 
(%) 

47 

C-loss 
(%) 

6 

Selecivity 
(C4-10) 
(%) 
89 

2 0.2 CAVIRO AAb 54 32 44 10 81 
3 0.2 CAVIRO 95%c 46 27 35 11 76 
4 0.02 Mercka 58 30 50 8 86 
5 0.02 CAVIRO AAb 49 27 46 3 94 
6 0.02 CAVIRO 95%c 48 29 41 7 85 

aCode: 24105-1L-M. 
bAbsolute alcohol. 
cFor the composition, see batch analyses in Table S2. 

 
 

Table S2. Composition of EtOH called CAVIRO 95%. 
Entry Component Amount (mg/100 mL AA) 

1 Acetaldehyde 73.20 
2 Methanol 127.93 
3 Acetal 512.85 
4 1-Propanol 383.52 
5 1-Butanol N.R. 
6 Isobutanol 77.35 
7 2-Butanol 4.55 
8 Furfural N.R. 
9 Isoamyl alcohol 0.19 
10 1-Hexanol N.R. 
11 2-Phenylethanol N.R. 
12 Ethyl acetate 98.85 
13 Isoamyl acetate 0.25 
14 2-Butanone 2.41 
15 Paraldehyde N.R. 
16 Allyl alcohol 0.18 
17 Benzyl alcohol N.R. 
18 Ethyl lactate N.R. 



S3.2 13C-NMR spectrum after 13CO isotopic labelling experiment 
 

Figure S2. Experimental 13C-NMR spectrum recorded in toluene-d8, showing a very intense 
peak at 204 ppm, respect to other characteristic signals of the catalyst 1, confirming the isotopic 
labelling of a carbon monoxide ligand. 



S3.3. GC-MS spectrum of intermediate characterization test 

 

Figure S3. (A) GC analysis with attribution of most important peaks. In the inset, a zoom of the 
time window related to 1-butanal. (B) Recorded MS spectrum of peak at 2.0 min in GC analysis 
is reported and compared to the reference MS spectrum of 1-butanal (C). 



S4. Computational details 
All density functional theory (DFT) calculations were performed using the B3LYP exchange- 

correlation functional,5–9 as implemented in the Gaussian16 software package.10 Geometry 
optimizations were carried out in gas-phase using the 6-31G(d,p) basis set11 for the H, C, N, O 
and Na elements, while the LANL2DZ basis set with pseudopotential12 for was used for the Ru 
element. The nature of stationary points as minima (no imaginary frequencies) or transition 
states (one imaginary frequency) was characterized computing analytical frequencies at the 
same level of theory used for geometry optimizations. A manual conformational analysis was 
done for each stationary point in order to locate the conformer with the lowest energy. The 
influence of the inclusion of solvent and dispersion effects during the geometry optimizations 
was investigated by re-optimizing the geometries of stationary points along the main reaction 
steps with the B3LYP-D3 functional and in the presence of implicit solvent, using a polarizable 
continuum model (PCM)13 for the ethanol. 

The final energies reported in the present work were obtained by single-point calculations 
with larger basis set, i.e. 6-311+G(2d,2p),14–17 the H, C, N, O and Na elements, and LANL2DZ 
basis set the Ru element. Corrections for dispersion effects using the Grimme-D3 dispersion 
scheme,18 solvation effects using PCM, and thermal effects at 150 °C (the same used for the 
catalytic experiments) obtained from the frequency calculations were added. 

The kinetic simulations were carried out using the LSODA algorithm19 for ordinary differential 
equations (ODEs), as implemented in the COPASI software (version 4.30, build 240).20

 



S5. DFT insights 

 
S5.1 Details of competitive activation mechanisms of catalyst 1 

Figures S4 and S5 show the energy profiles of the activation of catalyst 1 and the following 
dehydrogenation of the ethanol investigated in the present work. 

 

Figure S4. Computed energy profiles (top panel) for two different activation pathways of the 
pre-catalyst 1, i.e. via either CO (violet) or NHC (orange) dissociation, followed by the 
corresponding dehydrogenation of ethanol, 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 these reaction steps are shown in the bottom panel. 



 

Figure S5. Computed energy profiles (top panel) of dehydrogenation of ethanol through two 
competing diastereomeric transition states (TS1 and TS2) at the B3LYP-D3/6- 
311+G(2d,2p)/LANL2DZ/PCM(ethanol)//B3LYP/6-31G(d,p)/LANL2DZ level of theory, and 
(bottom panel) the optimized geometries of the corresponding transition states. 

 

S5.2 Details on diastereomeric transition states involved in the hydrogenation process 

Scheme S2 and Figure S6 show possible reaction pathways for the double hydrogenation 
of (E/Z)-crotonaldehyde 11E/11Z to 1-butanol 16, comprising the diastereomeric transition 
states which are not discussed in the main text. 

 
Scheme S2. Competitive hydrogenation pathways suggested by DFT calculations, comprising 
the diastereomeric transition states. 



 
Figure S6. Calculated free energy profiles for the double hydrogenation of (E/Z)- 
crotonaldehydes (11E/11Z) to 1-butanol (16), comprising the diastereomeric transition states, 
at the B3LYP-D3/6-311+G(2d,2p)/LANL2DZ/PCM(ethanol)//B3LYP/6-31G(d,p)/LANL2DZ 
level of theory. 

 
 

 
S5.3 Homologation to 1-hexanol 

Homologation of 1-butanol (16) to 1-hexanol (25) follows a similar reaction mechanism as 
the one described for the homologation of ethanol to 1-butanol. The results are given in Figures 
S7 and S8 and Scheme S3, while the overall reaction mechanism is shown in Scheme 4. 

One difference that should be mentioned, however, is that for the C-C coupling step between 
the acetaldehyde 5 and the 1-butanal 13, the transition state corresponding to the coupling 
between the enolate 7 and the 13 could be obtained (TS17, Figure S7). In the case of the C-C 
coupling step between two equivalents of 5, it was not possible to locate the transition state in 
the gas-phase, as discussed in the main text. However, the energy barrier corresponding to the 
TS17 should be considered an approximated value, since it was possible to locate only one of 
the two asymmetric transition states which are possible for this step. 



 

Figure S7. Computed free energy profiles for the base-catalyzed aldol condensation between 
1-butanal (13) and acetaldehyde (5) 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 in the bottom panel. 

 
 

 

Scheme S3. Competitive hydrogenation pathways suggested by DFT calculations, comprising 
the diastereomeric transition states, at the B3LYP-D3/6- 
311+G(2d,2p)/LANL2DZ/PCM(ethanol)//B3LYP/6-31G(d,p)/LANL2DZ level of theory. 



 

Figure S8. Calculated free energy profiles for double hydrogenation of 20E/20Z to 25, 
comprising the diastereomeric transition states, at the B3LYP-D3/6- 
311+G(2d,2p)/LANL2DZ/PCM(ethanol)//B3LYP/6-31G(d,p)/LANL2DZ level of theory. 



 

Scheme S4. Guerbet reaction mechanism for the homologation of 1-butanol to 1-hexanol. 
 

 
S5.4 Including solvation and dispersion effects during geometry optimizations 

In this section, the effect of using an optimization scheme that includes dispersions and 
implicit solvation effects on the energetics of the Guerbet reaction is presented. The MEPs 
presented in the main text for the homologation of ethanol to 1-butanol were computed using 
geometries optimized in the gas-phase, but the free energies of the stationary points were 
refined with single point computations using larger basis sets and including solvation and 
dispersion effects (see Computational details). Here, we compared these results with those 
obtained by including solvation and dispersion effects during geometry optimizations for the 
main reaction steps. 



Table S3 shows the variations of the activation energies for the elementary steps 
considered. In the case of TSc

7_8, the variation is 6.2 kcal/mol (entry 4, Table S3), but it must 
be recalled that this transition state could not be characterized using the gas-phase and 
dispersion-free geometry optimizations, as mentioned in the main text. Thus, this variation 
refers to the difference between an activation barrier height and a barrierless endergonic 
process. Similar variations (3.6-6.2 kcal/mol) were found for the backward reactions of the 
elementary steps producing the 10E/10Z intermediates, as these species get stabilized once 
their geometries are optimized in solvent and with dispersions corrections. Next largest 
variations involve the activation barriers of the TS5EE, TS5EZ, TS5ZE, and TS5ZZ transition 
states, which vary around 3.3-3.7 kcal/mol (see Table S3). 

Even if these variations in activation barriers are not negligible, it is important to highlight that 
they do not modify the picture of the reaction mechanism discussed in the main text. This is 
because the energetics of the rate-determining steps of the Guerbet reaction are not 
significantly altered by using geometries optimized including solvent and dispersions effects, 
as shown in Figure S6. Moreover, as reported in Table S4, the variations for the 
thermochemistry of the net reactions of the key steps of the Guerbet reaction, i.e. the 
dehydrogenation of ethanol to acetaldehyde, its aldol condensation to (E/Z)-crotonaldehyde, 
the hydrogenations of 11E/11Z to 1-butanol, are minor (Table S4). In fact, the thermodynamics 
of the net processes vary < 0.3 kcal/mol (entry 3, Table S4), while the corresponding energy 
barriers vary < 2.3 kcal/mol (entry 4, Table S4). 

 
Table S3. The forward (ΔG‡

forward) and backward (ΔG‡
backward) free energy barriers of 

elementary steps calculated at the B3LYP-D3/6-311+G(2d,2p)/LANL2DZ/PCM(ethanol) level 
using either B3LYP/6-31G(d,p)/LANL2DZ or B3LYP-D3/6-31G(d,p)/LANL2DZ/PCM(ethanol) 
as geometry optimization method, are reported. The corresponding energy variations (ΔΔG‡) 
are also reported. All energies are reported in kcal/mol. 

B3LYP/ B3LYP-D3/ 
6-31G(d,p)/ 6-31G(d,p)/LANL2DZ/ 
LANL2DZ PCM(ethanol) 

entry Elementary step TS ΔG‡
forward ΔG‡

backward ΔG‡
forward ΔG‡

backward ΔΔG‡
forward ΔΔG‡

backward 

1 1 ⇋ 2 + CO N/A 16.2 0.0 16.2 0.0 -0.1 0.0 

2 2 + 3 ⇋ 4 + 5 TS1 19.8 17.1 19.1 16.1 -0.8 -1.0 

3 5 + 6 ⇋ 3 + 7 TS3 14.4 13.0 14.3 16.3 0.0 3.3 

4 5 + 7 = 8 TS7_8 8.8 0.0 15.0 3.8 6.2 3.8 

5 3 + 8 ⇋ 6 + 9 N/A 3.0 0.0 3.9 0.0 0.8 0.0 

6 6 + 9 ⇋ 3 + 10E TS4ESR 13.5 16.3 14.8 22.5 1.4 6.2 

7 6 + 9 ⇋ 3 + 10Z TS4ZRR 13.5 14.4 13.6 17.9 0.0 3.6 

8 3 + 10E ⇋ 6 + H2O + 11E TS5EE 14.4 25.0 17.9 23.6 3.6 -1.4 

9 3 + 10E ⇋ 6 + H2O + 11Z TS5EZ 16.8 24.7 20.1 23.1 3.3 -1.7 

10 3 + 10Z ⇋ 6 + H2O + 11E TS5ZE 9.6 22.3 13.4 22.4 3.7 0.1 

11 3 + 10Z ⇋ 6 + H2O + 11Z TS5ZZ 12.6 22.5 16.1 22.4 3.5 -0.2 

12 4 + 11E ⇋ 2 + 13 TS8E 21.5 32.5 22.4 33.5 1.0 1.0 

13 4 + 11Z ⇋ 2 + 13 TS9Z 21.2 35.0 20.7 34.6 -0.5 -0.4 

14 4 + 13 ⇋ 2 + 16 TS13 16.4 19.5 16.4 19.7 0.0 0.2 

15a 4 ⇋ 2 + H2(sol) TS20 20.6 21.8 22.9 24.4 2.4 2.5 

a This step corresponds to entry 26 in the complete network reported in Table S5. 



Table S4. The free reaction energies (ΔG) and corresponding activation barriers (ΔG‡) for the 
dehydrogenation of ethanol (3) to acetaldehyde (5), the aldol condensation of 5 to (E/Z)- 
crotonaldehyde (11E/11Z) and their hydrogenation to 1-butanol (16), and the hydrogen loss 
steps, calculated at the B3LYP-D3/6-311+G(2d,2p)/LANL2DZ/PCM(ethanol) level using either 
B3LYP/6-31G(d,p)/LANL2DZ or B3LYP-D3/6-31G(d,p)/LANL2DZ/PCM(ethanol) as geometry 
optimization method, are reported. The corresponding energy variations (ΔΔG and ΔΔG‡) are 
also reported. 

/ 
 
 
 
 
 

 
⇋ - 

 
aAll the energies are reported in kcal/mol. 
bE conformer. 
cZ conformer. 

 B3LYP/  B3LYP-D3/  
6-31G(d,p)  6-31G(d,p)/LANL2DZ/ 
LANL2DZ  PCM(ethanol) 

entry Net reaction ΔG‡a
  ΔGa ΔG‡a ΔGa ΔΔG‡a

 ΔΔGa 

1 1 + 3 ⇋ CO + 4 + 5 36.1  19.0 35.2 19.2 -0.9 0.2 

2 5 + 5 ⇋ 11E/11Z + H2O 26.8  -0.2b / 2.5c 28.6 -0.3b / 2.5c 1.8 -0.1b / 0.0c 

3 11E/11Z + 4 + 4  16 + 2 + 2 21.4b / 21.2c 14.2b / -16.9c 22.4b / 20.7c 
-14.4b / - 

17.2c 
1.0b / -0.5c -0.2b / 0.3c 

4 4 ⇋ 2 + H2(sol) 20.6 -1.3 22.9 -1.4 2.3 -0.1 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
  

 

 

 

 

 
 
 

 

 

 
Scheme S5. Calculated free energy profiles for (A) the activation of the pre-catalyst (1c) and 
the dehydrogenation of ethanol (3c) to acetaldehyde (5c), and (top right) the optimized geometry 
of TS1c; (B) the base-catalyzed aldol condensation of two equivalents of 5c to (E/Z)- 
crotonaldehyde (11Ec/11Zc) and (C) their double hydrogenation to 1-butanol (16); (D) the 
molecular hydrogen evolution process. DFT computations were carried out at the B3LYP-D3/6- 
311+G(2d,2p)/LANL2DZ/PCM(ethanol)//B3LYP-D3/6-31G(d,p)/LANL2DZ/PCM(ethanol) level 
of theory. The superscript “c” indicates stationary points with optimized geometries computed 
at the B3LYP-D3/6-31G(d,p)/LANL2DZ/PCM(ethanol) level. 



S6. Details of kinetic simulations and additional results 
S6.1 Homologation of ethanol to 1-hexanol 

The kinetic network used in the simulations is summarized in Table S5 and consists of all 
the elementary steps reported in Scheme 3 (main text) and Scheme S4 and the two additional 
equilibria mentioned in the main text, i.e. the solution-gas equilibrium of molecular hydrogen 
and the acid/base equilibrium of sodium ethoxide. The rate constants k are calculated according 
to the Eyring equation (Equation 1) using the free energy barriers computed for the 
corresponding elementary step: 

𝑘 𝑇 ∆𝐺‡ − 
𝑘 =  𝐵  𝑒 

ℎ 

 
 

𝑅𝑇 (Equation 1) 

where kb is the Boltzmann constant, T is the temperature (i.e. 150 °C), h is the Planck constant, 
ΔG‡ is the free energy barrier, and R is the universal constant of gasses. In the case of barrier- 
less processes, the rate constant is approximated by the pre-exponential coefficient of Equation 
1 at 150 °C. 

 

 
Table S5. Elementary steps considered in the kinetic model. For each step, the free energy 
barrier for the forward (ΔG‡

forward) and backward (ΔG‡
backward) processes and the 

corresponding rates constants (kforward and kbackward, respectively) are listed. 
entry Elementary step TS ΔG‡ a 

forward 
ΔG‡ a b b 

backward kforward kbackward 

1 1 ⇋ 2 + CO - 16.23 0 3.65E+04 8.81E+12 

2 2 + 3 ⇋ 4 + 5 TS1 19.83 17.08 5.05E+02 1.33E+04 

3 5 + 6 ⇋ 3 + 7 TS3 14.38 12.99 3.29E+05 1.72E+06 

4 5 + 7 ⇋ 8 - 8.83 0 2.42E+08 8.81E+12 

5 3 + 8 ⇋ 6 + 9 - 3.04 0 2.37E+11 8.81E+12 

6 6 + 9 ⇋ 3 + 10E TS4ESR 13.45 16.30 9.96E+05 3.36E+04 

7 6 + 9 ⇋ 3 + 10Z TS4ZRR 13.54 14.38 8.95E+05 3.29E+05 

8 3 + 10E ⇋ 6 + H2O + 11E TS5EE 14.36 25.00 3.37E+05 1.08E+00 

9 3 + 10E ⇋ 6 + H2O + 11Z TS5EZ 16.81 24.74 1.83E+04 1.47E+00 

10 3 + 10Z ⇋ 6 + H2O + 11E TS5ZE 9.64 22.31 9.25E+07 2.64E+01 

11 3 + 10Z ⇋ 6 + H2O + 11Z TS5ZZ 12.58 22.53 2.80E+06 2.03E+01 

12 4 + 11E ⇋ 2 + 13 TS8E 21.45 32.51 7.35E+01 1.42E-04 

13 4 + 11Z ⇋ 2 + 13 TS9Z 21.23 35.00 9.55E+01 7.37E-06 

14 4 + 13 ⇋ 2 + 16 TS13 16.38 19.47 3.05E+04 7.74E+02 

15 7 + 13 ⇋ 17 TS17 11.92 2.84 6.14E+06 3.01E+11 

16 3 + 17 ⇋ 6 + 18 N/A 2.98 0 2.55E+11 8.81E+12 

17 6 + 18 ⇋ 3 + 19E TS18ESR 13.13 20.20 1.46E+06 3.25E+02 

18 6 + 18 ⇋ 3 + 19Z TS18ZRR 12.96 15.08 1.78E+06 1.43E+05 

19 3 + 19E ⇋ 6 + H2O + 20E TS19EE 18.90 25.93 1.52E+03 3.57E-01 

20 3 + 19E ⇋ 6 + H2O + 20Z TS19EZ 20.60 25.01 2.02E+02 1.07E+00 

21 3 + 19Z ⇋ 6 + H2O + 20E TS19ZE 10.84 22.82 2.22E+07 1.44E+01 

22 3 + 19Z ⇋ 6 + H2O + 20Z TS19ZZ 13.88 23.25 5.97E+05 8.64E+00 

23 4 + 20E ⇋ 2 + 22 TS24E 21.25 32.59 9.32E+01 1.30E-04 

24 4 + 20Z ⇋ 2 + 22 TS23Z 20.19 34.14 3.29E+02 2.05E-05 

25 4 + 22 ⇋ 2 + 25 TS30 15.97 19.00 4.97E+04 1.35E+03 



 
 

Table S5 continued. 

entry Elementary step TS ΔG‡ a 
forward ΔG‡ a 

backward kforward
b

 
b 

kbackward 

26 4 ⇋ 2 + H2(sol) TS20 20.57 21.83 2.09E+02 4.68E+01 

27c H2(sol) ⇋ H2(gas) - - - 1.00E-01 1.00E-02 

28c 6 + H2O ⇋ 3 + NaOH - - - 4.00E+04 1.00E-01 
aAll the energies are reported in kcal/mol. 
bThe rate constants are given in s-1·moln·L-n, where n is (total order of the reaction-1). 
cThe rate constants of these steps were estimated as discussed in the description of the kinetic 
model. 

 
 

Since the reaction matrix composition is a time-evolving basic alcoholic solution diluted by 
the water formed during the aldol condensation and kept at 150 °C, it was not possible to find 
accurate reference data for the equilibrium constants for the solution-gas equilibrium of 
molecular hydrogen and the acid/base equilibrium of sodium ethoxide. Here, the values of 
equilibrium constants for these steps were approximated (entries 27 and 28, Table S5) as 
discussed below. 

For the solution-gas equilibrium of molecular hydrogen we assumed that at 150 °C under 
stirring, most of the molecular hydrogen is in the gas-phase. Therefore, the equilibrium constant 
in the present kinetic model was set to Keq = 10, which corresponds to a 1:10 solution:gas ratio. 
Using this value in the kinetics simulations reproduces the conversion of the ethanol and the 
yields of all products quite well, as reported in the main text. When the equilibrium constant is 
increased up to get a 1:100 solution:gas ratio, the yield of the molecular hydrogen is 
overestimated, as well as the conversion of the ethanol (Figure S9). On the other hand, when 
the equilibrium constant is lowered to Keq = 1, the overall reaction is slowed down significantly 
(Figure S9). 

 

Figure S9. Product distribution dependence on the value of the log(Keq) governing the [H2(sol) 

⇋ H2(gas)] equilibrium with pKb(NaOEt) = -5.6. The conversion of ethanol (red), the yield of 1- 
butanol (green), the yield of C6 alcohols (orange) and the yield of molecular hydrogen (black) 
are reported. The solid lines are data from simulations, while the dashed lines are the 
corresponding experimental values. 



Next, to estimate the acid/base equilibrium constant of sodium ethoxide, the optimal pKb of 
NaOEt was set to -5.6 since it is a very strong organic base. 10-fold variations of the equilibrium 
constant, i.e. 1-unit variation in the pKb value, affect mainly the conversion of the ethanol. The 
lower the pKb, the lower the conversion (Figure S10). This outcome is not surprising, since high 
basicity of NaOEt means that the concentration of the base is lowered, hampering the aldol 
condensation and, thus, the conversion of ethanol. 

It is worth mentioning that the approximation of these equilibrium constants could partially 
compensate for the errors deriving from neglecting side processes in the simulations, like for 
instance the Cannizzaro and the Tishchenko reactions (Scheme S1). If included, these 
processes would consume a fraction of the aldehydes (i.e. 5 and 13) and base, altering both 
the yields and the selectivities of the reaction. For example, when the solution-gas equilibrium 
involving the molecular hydrogen is added, the thermodynamics of the step governing the 
release of molecular hydrogen by 4 is modified. Such a variation decreases the concentration 
of 4 available to hydrogenate the products of the aldol condensation, lowering the yield of 
alcohols and the selectivity to them (Figure S9). Therefore, due to this equilibrium, there is a 
compensation for the lower yield of alcohols expected due to action of the Cannizzaro and 
Tishchenko side processes. 

 

Figure S10. Product distribution dependence on the value of the pKb governing the [NaOEt + 

H2O ⇋ EtOH + NaOH] equilibrium, with Keq(H2) = 10. The conversion of ethanol (red), the yield 
of 1-butanol (green), the yield of C6 alcohols (orange) and the yield of molecular hydrogen 
(black) are reported. The solid lines are data from simulations, while the dashed lines are the 
corresponding experimental values. 
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S6.2 Including solvation and dispersions effects during geometry optimizations. 
In Section S5, we showed that the choice of the geometry optimization method (with or 

without solvation and dispersions effect) does not have substantial effect on the 
characterization of the Guerbet reaction mechanism. Here, we report what is the effect on the 
kinetic network simulations. The kinetic network obtained including solvation and dispersions 
effects during geometry optimizations, i.e. at the B3LYP-D3/6- 
311+G(2d,2p)/LANL2DZ/PCM(ethanol)//B3LYP-D3/6-31G(d,p)/LANL2DZ/PCM level of theory, 
is reported in Table S6. This kinetic network consists of all the elementary steps reported in 
Scheme S5 and the two additional equilibria mentioned in the main text, i.e. the solution-gas 
equilibrium of molecular hydrogen and the acid/base equilibrium of sodium ethoxide (entries 27 
and 28 in Table S5). 

 
Table S6. Elementary steps considered in the kinetic model. For each step, the free energy 
barrier for the forward (ΔG‡

forward) and backward (ΔG‡
backward) processes and the 

corresponding rates constants (kforward and kbackward, respectively) are listed. The superscript 
“c” indicates stationary points with optimized geometries computed at the B3LYP-D3/6- 
31G(d,p)/LANL2DZ/PCM(ethanol) level. 

entry Elementary step TS 
a 

ΔG‡
forward ΔG‡ a 

backward kforward
b

 
b 

kbackward 

1 1c ⇋ 2c + COc N/A 16.16 0.00 3.97E+04 8.81E+12 

2 2c + 3c ⇋ 4c + 5c TS1c 19.08 16.07 1.23E+03 4.42E+04 

3 5c + 6c ⇋ 3c + 7c TS3c 14.34 16.28 3.46E+05 3.44E+04 

4 5c + 7c = 8c TS c 7_8 14.98 3.81 1.61E+05 9.49E+10 

5 3c + 8c ⇋ 6c + 9c N/A 3.87 0.00 8.84E+10 8.81E+12 

6 6c + 9c ⇋ 3c + 10Ec TS4Ec 
SR 14.83 22.50 1.93E+05 2.11E+01 

7 6c + 9c ⇋ 3c + 10Zc TS4Zc 
RR 13.55 17.93 8.84E+05 4.83E+03 

8 3c + 10Ec ⇋ 6c + H2Oc + 11Ec TS5EEc 17.94 23.64 4.78E+03 5.43E+00 

9 3c + 10Ec ⇋ 6c + H2Oc + 11Zc TS5EZc 20.08 23.06 3.75E+02 1.08E+01 

10 3c + 10Zc ⇋ 6c + H2Oc + 11Ec TS5ZEc 13.36 22.36 1.11E+06 2.49E+01 

11 3c + 10Zc ⇋ 6c + H2Oc + 11Zc TS5ZZc 16.09 22.38 4.31E+04 2.43E+01 

12 4c + 11Ec ⇋ 2c + 13c TS8Ec 22.41 33.53 2.35E+01 4.23E-05 

13 4c + 11Zc ⇋ 2c + 13c TS9Zc 20.73 34.57 1.73E+02 1.23E-05 

14 4c + 13c ⇋ 2c + 16c TS13c 16.41 19.71 2.95E+04 5.82E+02 

15 4c ⇋ 2c + H c
(sol) 

16d H c ⇋ H c 
(gas) 

17d 6c + H2Oc ⇋ 3c + NaOHc N/A N/A N/A 4.00E+04 1.00E-01 
 

aAll the energies are reported in kcal/mol. 
bThe rate constants are given in s-1·moln·L-n, where n is (total order of the reaction-1). 
dThese steps correspond to entries 27 and 28 in Table S5. 

 

 
The complete kinetic network reported in the main text also includes the homologation of 1- 

butanol to 1-hexanol. While considering the latter, the size of the compounds involved in the 
reactions increases and the same for the computational time of the B3LYP-D3/6- 
311+G(2d,2p)/LANL2DZ/ 
PCM(ethanol)//B3LYP-D3/6-31G(d,p)/LANL2DZ/PCM(ethanol) calculations. However, one can 
reasonably assume that the energetics of the elementary steps to homologate of 1-butanol to 
1-hexanol are the same of the homologation of ethanol to 1-butanol. In fact, we could validate 
this assumption by considering the simulations (reported in the main text) using gas-phase and 

TS20c 22.93 24.37 1.26E+01 2.28E+00 

N/A N/A N/A 1.00E-01 1.00E-02 



dispersion-free optimized geometries. Figure S11 shows, indeed, comparable time-evolving 
ethanol conversion and distribution of products obtained using the complete network or the 
approximated one, i.e. assuming that the energetics of 1-butanol to 1-hexanol homologation 
parallel those of ethanol to 1-butanol. 

 

 
Figure S11. Experimental (solid lines) and simulated time-evolving ethanol conversion and 
distribution of products using the model reported in the main text (dashed lines) or the 
approximated model assuming the energetics to homologate of 1-butanol to 1-hexanol the 
same as those of ethanol to 1-butanol (dotted lines). Residual ethanol (in red), yields of 1- 
butanol (in green) and 1-hexanol (in brown) are reported. Initial concentrations: [1]0 = 0.03424 
mol/L, [EtOH]0 = 17.12 mol/L, and [NaOEt]0 = 3.287 mol/L. 

This validated assumption can be applied to the kinetic model of the ethanol to 1-butanol 
homologation computed including solvation and dispersions effects during geometry 
optimizations, using the energetics of 1-butanol to 1-hexanol from the B3LYP-D3/6- 
311+G(2d,2p)/LANL2DZ/PCM(ethanol)//B3LYP-D3/6-31G(d,p)/LANL2DZ/PCM(ethanol) data 
reported in Table S6. As shown in Figure S12, this allows for a comparison between the time- 
evolving conversion and products distribution using different methods for the geometry 
optimizations. The comparison of the two simulations shows that including solvation and 
dispersions effects during geometry optimizations does not significantly affect the kinetic 
network simulations. The more accurate (and more computationally expensive) geometry 
optimization method returns final product distribution in better agreement with experimental 
data, with a yield in 1-butanol of 40% (vs 36% in experiments), a yield in total alcohols of 47% 
(vs 47% in experiments), and a yield of molecular hydrogen of 21% (vs 29% in experiments), 
reproducing a selectivity to total alcohols of 89%. Not surprisingly, the increase of some 
activation barriers discussed above, see Tables S3 and S4, on the other hand, increases the 
end-of-reaction simulation time by ca. 5 times (Figure S12A), which is thus normalized in 
Figure S12B. 



 

Figure S12. (A) Simulated time-evolving ethanol conversion and distribution of products using 
B3LYP-D3/6-31G(d,p)/LANL2DZ/PCM(ethanol) as geometry optimization method. (B) 
Comparison between experimental (solid lines) and simulated time-evolving ethanol conversion 
and distribution of products using B3LYP-D3/6-31G(d,p)/LANL2DZ/PCM(ethanol) (dotted lines) 
or B3LYP/6-31G(d,p)/LANL2DZ (dashed lines) as geometry optimization method. Time is 
normalized. In both panels, product distribution is reported at iso-conversion with respect to the 
experimental value (i.e. 53%). Residual ethanol (in red), yields of 1-butanol (in green) and 1- 
hexanol (in brown) are reported. Initial concentrations: [1]0 = 0.03424 mol/L, [EtOH] 0 = 17.12 
mol/L, and [NaOEt] 0 = 3.287 mol/L. 



𝑛 

S7. Conversion, yields and carbon loss definitions 
In the following, the formula used in the present work are reported: 

 

 

- 𝑪𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏 (%) = 
[𝑬𝒕𝑶𝑯] 

𝟏𝟎𝟎 
[𝑬𝒕𝑶𝑯]𝟎 

 

 

- 𝒀𝒊𝒆𝒍𝒅𝑪𝒏𝑶𝑯 (%) = 
𝒏 [𝑪𝒏𝑶𝑯] 

𝟏𝟎𝟎 
𝟐 [𝑬𝒕𝑶𝑯]𝟎 

 

 

- 𝒀𝒊𝒆𝒍𝒅𝑹𝑶𝑯 (%) = ∑ 
𝒏 [𝑪𝒏𝑶𝑯] 

𝟏𝟎𝟎 
𝟐 [𝑬𝒕𝑶𝑯]𝟎 

 
 

- 𝒀𝒊𝒆𝒍𝒅𝑯𝟐 
(%) = 

  [𝑯𝟐]   
𝟏𝟎𝟎 

[𝑬𝒕𝑶𝑯]𝟎 

 
 

- 𝑪𝒍𝒐𝒔𝒔 (%) = 𝑪𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏 (%) − 𝒀𝒊𝒆𝒍𝒅𝑹𝑶𝑯 (%) 
 

 
with [𝑬𝒕𝑶𝑯]𝟎 representing initial concentration of ethanol and n is the number of C atoms in 
higher alcohol, i.e. n>2. 



S8. Absolute energies and energy corrections 
In Table S7 absolute energies and energy correction with imaginary frequencies of all the 
intermediates and transition states are reported. 

Table S7. Absolute energies and energy corrections (a.u.) along with imaginary frequencies 
of TSs. 

 
entry 

 
Stationary point 

B3LYP/ 

6-31G(d,p)/ 
LANL2DZ 

optimization 

Thermal 
correction to 
Gibbs free 

energy 

B3LYP-D3/ 

6-311+G(2d,2p)/ 
LANL2DZ 

(PCM, single-point) 

Total 
energy 

Imaginary 
frequency 

(cm-1) 

1 CO -113.306912 -0.02377 -113.352323 -113.376091 - 

2 H2 -1.178539 -0.00778 -1.180168 -1.187944 - 

3 H2O -76.41816 -0.00557 -76.468663 -76.474231 - 

4 NHC -304.797265 0.078199 -304.907169 -304.82897 - 

5 1 -2046.88839 0.476275 -2047.5942 -2047.11792 - 

6 2 -1933.52445 0.468569 -1934.18453 -1933.71596 - 

7 3 -155.043856 0.041496 -155.109704 -155.068208 - 

8 4 -1934.72884 0.487292 -1935.38919 -1934.9019 - 

9 5 -153.832733 0.017632 -153.89551 -153.877878 - 

10 6 -316.746134 0.023257 -316.861427 -316.83817 - 

11 7 -315.538597 0.003347 -315.648977 -315.64563 - 

12 8 -469.408476 0.054339 -469.563774 -469.509435 - 

13 9 -307.68184 0.070706 -307.805327 -307.734621 - 

14 10E -469.386918 0.053103 -469.562237 -469.509134 - 

15 10Z -469.405945 0.057654 -469.563567 -469.505913 - 

16 11E -231.238222 0.045398 -231.327298 -231.2819 - 

17 11Z -231.233877 0.045454 -231.323038 -231.277584 - 

18 12E -232.438713 0.066989 -232.532106 -232.465117 - 

19 12Z -232.436134 0.066647 -232.529796 -232.463149 - 

20 13 -232.463909 0.066638 -232.552094 -232.485456 - 

21 14E -394.170984 0.05178 -394.305343 -394.253563 - 

22 14Z -394.164971 0.048715 -394.3067 -394.257985 - 

23 15E -232.448283 0.068328 -232.537287 -232.468959 - 

24 15Z -232.4477 0.067718 -232.53733 -232.469612 - 

25 16 -233.674781 0.090294 -233.766595 -233.676301 - 

26 17 -548.038726 0.103403 -548.220013 -548.11661 - 

27 18 -386.312231 0.119995 -386.461899 -386.341904 - 

28 19E -548.012264 0.10022 -548.223344 -548.123124 - 

29 19Z -548.038449 0.106523 -548.221752 -548.115229 - 

30 20E -309.869719 0.094485 -309.984611 -309.890126 - 

31 20Z -309.86536 0.094492 -309.980455 -309.885963 - 

32 21E -311.070223 0.116148 -311.189468 -311.07332 - 

33 21Z -311.067573 0.115763 -311.187198 -311.071435 - 

34 22 -311.095615 0.115715 -311.209844 -311.094129 - 

35 23E -472.802806 0.100689 -472.963067 -472.862378 - 

36 23Z -472.79712 0.098937 -472.964594 -472.865657 - 

37 24E -311.077013 0.116262 -311.194282 -311.07802 - 

38 24Z -311.077486 0.115936 -311.194875 -311.078939 - 



B3LYP/ 

entry Stationary point 
6-31G(d,p)/

 
LANL2DZ 

Thermal 
correction to 
Gibbs free 

B3LYP-D3/ 
6-311+G(2d,2p)/ 

LANL2DZ 
Total 

energy 

Imaginary 
frequency 

(cm-1) 

 
 

Table S7 continued. 
 

 
 optimization energy (PCM, single-point)  

39 25 -312.306405 0.139339 -312.424229 -312.28489 - 

40 26 -1742.01556 0.359753 -1742.60504 -1742.24528 - 

41 27 -1743.23101 0.380053 -1743.82109 -1743.44104 - 

42 TS1 -2088.56327 0.538598 -2089.29116 -2088.75256 -467.7 

43 TS2 -2088.56128 0.538694 -2089.29004 -2088.75135 -386.8 

44 TS3 -470.609169 0.064244 -470.757382 -470.693138 -872.2 

45 TS4ERR -624.450403 0.116366 -624.663662 -624.547296 -676.8 

46 TS4ESR -624.453693 0.11641 -624.667769 -624.551359 -747.5 

47 TS4ZRR -624.453233 0.116917 -624.668125 -624.551208 -643.7 

48 TS4ZSR -624.468041 0.11949 -624.668608 -624.549118 -452.1 

49 TS5EE -624.453044 0.112771 -624.66723 -624.554459 -485.6 

50 TS5EZ -624.450024 0.113058 -624.663615 -624.550557 -447.9 

51 TS5ZE -624.470501 0.115608 -624.674359 -624.558751 -131.4 

52 TS5ZZ -624.464556 0.115353 -624.669428 -624.554075 -120.1 

53 TS6E -2165.96466 0.564419 -2166.71816 -2166.15374 -652.7 

54 TS6Z -2165.9614 0.564294 -2166.71473 -2166.15043 -647 

55 TS7E -2165.96125 0.563505 -2166.71714 -2166.15364 -641.3 

56 TS7Z -2165.95801 0.563909 -2166.71503 -2166.15112 -626.1 

57 TS8E -2165.94598 0.565522 -2166.71513 -2166.14961 -182.9 

58 TS8Z -2165.93875 0.566509 -2166.70836 -2166.14186 -263 

59 TS9E -2165.9472 0.565986 -2166.71409 -2166.1481 -305.2 

60 TS9Z -2165.94323 0.566 -2166.71164 -2166.14564 -212.2 

61 TS10E -549.239688 0.113067 -549.41407 -549.301003 -912.3 

62 TS10Z -549.239316 0.114029 -549.414499 -549.30047 -863.1 

63 TS11E -2167.1389 0.58362 -2167.89817 -2167.31455 -1186.9 

64 TS11Z -2167.13547 0.583836 -2167.89647 -2167.31263 -1105 

65 TS12E -2167.13156 0.584549 -2167.89562 -2167.31107 -1206.8 

66 TS12Z -2167.13494 0.583377 -2167.8983 -2167.31492 -1224.6 

67 TS13 -2167.19415 0.588913 -2167.95016 -2167.36124 -530.9 

68 TS14 -2167.19157 0.58881 -2167.94817 -2167.35936 -457 

69 TS15E -2167.13927 0.586219 -2167.90227 -2167.31605 -1160 

70 TS15Z -2167.13588 0.585701 -2167.89921 -2167.31351 -1131.1 

71 TS16E -2167.13821 0.586167 -2167.90198 -2167.31581 -1043.5 

72 TS16Z -2167.13805 0.586468 -2167.90196 -2167.3155 -1209.1 

73 TS17 -548.029904 0.098743 -548.210829 -548.112086 -80.1 

74 TS18ERR -703.081692 0.165571 -703.320628 -703.155057 -728.5 

75 TS18ESR -703.085523 0.165734 -703.324878 -703.159144 -750.6 

76 TS18ZRR -703.085047 0.166161 -703.325574 -703.159413 -645.4 

77 TS18ZSR -703.099561 0.168574 -703.325933 -703.157359 -483.5 

78 TS19EE -703.085504 0.162912 -703.324118 -703.161206 -478.4 

79 TS19EZ -703.081976 0.162574 -703.321081 -703.158507 -463 

80 TS19ZE -703.104757 0.165769 -703.331925 -703.166156 -121.8 
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Table S7 continued. 
 

 
 optimization energy (PCM, single-point)  

81 TS19ZZ -703.095422 0.165573 -703.326889 -703.161316 -96.6 

82 TS20 -2089.75785 0.551025 -2090.48835 -2089.93732 -876.3 

83 TS21 -2011.13795 0.505391 -2011.84282 -2011.33742 -875.2 

84 TS22 -1934.66157 0.484035 -1935.32804 -1934.84401 -1753.7 

85 TS23E -2244.57568 0.615506 -2245.37178 -2244.75627 -410.8 

86 TS23Z -2244.57287 0.615216 -2245.3709 -2244.75569 -276.9 

87 TS24E -2244.57448 0.615321 -2245.37348 -2244.75816 -427.5 

88 TS24Z -2244.56705 0.614844 -2245.36583 -2244.75099 -272.8 

89 TS25E -2244.59621 0.613456 -2245.37575 -2244.76229 -650 

90 TS25Z -2244.59291 0.613046 -2245.37246 -2244.75942 -639.2 

91 TS26E -2244.58986 0.614404 -2245.37276 -2244.75836 -416.3 

92 TS26Z -2244.58737 0.613122 -2245.37165 -2244.75852 -401.7 

93 TS27E -627.871476 0.16226 -628.071984 -627.909724 -910.6 

94 TS27Z -627.871253 0.162976 -628.072427 -627.909451 -857.4 

95 TS28E -2245.77068 0.632946 -2246.55658 -2245.92363 -1201.6 

96 TS28Z -2245.76715 0.633464 -2246.55492 -2245.92146 -1104.3 

97 TS29E -2245.76315 0.633114 -2246.55485 -2245.92173 -1226.5 

98 TS29Z -2245.76694 0.632689 -2246.55748 -2245.92479 -1232.1 

99 TS30 -2245.8258 0.63786 -2246.60843 -2245.97057 -529.2 

100 TS31 -2245.82326 0.637429 -2246.60643 -2245.969 -455.5 

101 TS32E -2245.76763 0.634844 -2246.55945 -2245.9246 -1209 

102 TS32Z -2245.76536 0.634935 -2246.55855 -2245.92361 -1196.6 

103 TS33E -2245.76714 0.634977 -2246.56109 -2245.92611 -1117.6 

104 TS33Z -2245.76878 0.636291 -2246.56046 -2245.92417 -1214 

105 TS34 -1897.05793 0.42539 -1897.71245 -1897.28706 -861.3 

106 1c -2047.025244 0.479459 -2047.595505 -2047.116046 - 

107 COc -113.307586 -0.023777 -113.352328 -113.376105 - 

108 2c
 

109 3c
 

110 4c
 

111 5c
 

112 6c
 

113 7c
 

114 8c
 

115 9c
 

 

116 10Ec
 -469.446319 0.049672 -469.570676 -469.521004 - 

117 10Zc
 -469.454586 0.053730 -469.569483 -469.515753 - 

118 11Ec
 -231.249108 0.045442 -231.327401 -231.281959 - 

119 11Zc
 -231.245069 0.045505 -231.323134 -231.277629 - 

120 13c
 -232.475827 0.066850 -232.552182 -232.485332 - 

121 16c
 -233.687707 0.090413 -233.766658 -233.676245 - 

122 H2Oc -76.424827 -0.005608 -76.468630 -76.474238 - 

-1933.656687 0.473083 -1934.187272 -1933.714189 - 

-155.051697 0.041430 -155.109769 -155.068339 - 

-1934.860324 0.491074 -1935.390916 -1934.899842 - 

-153.839650 0.017676 -153.895562 -153.877886 - 

-316.796464 0.022164 -316.864402 -316.842238 - 

-315.584554 0.000140 -315.655007 -315.654867 - 

-469.452664 0.052506 -469.567456 -469.514950 - 

-307.698216 0.070612 -307.805496 -307.734884 - 
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Table S7 continued. 
 

 
 optimization energy (PCM, single-point)  

123 H2
c
 -1.178668 -0.007780 -1.180168 -1.187948 - 

124 TS1c
 -2088.713400 0.541233 -2089.293357 -2088.752124 -338.5 

125 TS3c
 -470.648934 0.064408 -470.761675 -470.697267 -852.9 

126 TSc
7_8 -469.442704 0.049578 -469.558460 -469.508882 -152.7 

127 TS4Ec
SR -624.505146 0.116419 -624.669911 -624.553492 -617.0 

128 TS4Zc
RR -624.506856 0.116624 -624.672146 -624.555522 -581.4 

129 TS5EEc
 -624.503063 0.114846 -624.675605 -624.560759 -614.2 

130 TS5EZc
 -624.498486 0.113423 -624.670774 -624.557351 -694.1 

131 TS5ZEc
 -624.512323 0.117905 -624.680706 -624.562801 -166.4 

132 TS5ZZc -624.506261 0.116628 -624.675076 -624.558448 -163.4 

133 TS8Ec
 -2166.111188 0.570894 -2166.716987 -2166.146093 -342.4 

134 TS9Zc
 -2166.107736 0.569158 -2166.713591 -2166.144433 -436.8 

135 TS13c
 -2167.353466 0.593847 -2167.952864 -2167.359017 -465.6 

136 TS20c
 -2089.909633 0.558545 -2090.490179 -2089.931634 -844.0 
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