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The Guerbet reaction would be an optimal solution for bio-ethanol refinery by homologation and it substantially
requires the development of active and highly selective catalysts. Although heterogeneous catalysis remains
more desirable, homogeneous Guerbet catalytic systems are nowadays acknowledged as challenging proposals
for high selectivity and conversion under mild reaction conditions. Several molecular bi-functional catalysts,
based on ruthenium, iridium and manganese complexes bearing different ligands such as phosphine, bidentate
bisphosphine (P-P) and phosphamine (P-N), pincer (N-N-N), (P-N-P) and cyclopentadienone, are active in the co-
presence of a base, which is essential in all the cases for the condensation reaction. This mini-review is aimed to
describe the state of the art, with incremental steps forward to understand the role of the catalytic systems and
the reaction conditions on conversion and selectivity. While showing different efficiency, mutable behavior by
minimal change in the ligand scaffold, variation in water tolerance and only one example of recyclability, metal
catalysts are found to be similar in terms of proposed mechanisms. The influence of additives and capability to
maintain activity in fermentation broth and bio-ethanol from wine value chain to second generation bio-fuel are
also discussed. Although not yet completely rationalized, experimental and theoretical mechanistic in-
vestigations pave the way for the design of more stable and efficient catalysts toward improved applicability.

1. Introduction require high autonomy, endurance and/or power. Bioethanol, consti-

tuting 67% of all biofuels (including biodiesel and HVO, namely

The necessity to reduce fossil fuels exploitation and CO, emissions
has become urgent, as reflected by the zero-emission policy for the sales
of new vehicles by 2035 supported by the European Parliament this
year. [1] The strategy envisions a combination of different approaches
depending on the field of application. While battery-powered vehicles
have been advised for private transport, synthetic fuels have been
recognized as the best alternative for ships, planes, heavy duty vehicles
and, generally speaking, for all vehicles that run on long distances and

Hydrotreated Vegetable Oil) produced worldwide in 2021, [2] is the
most used renewable fuel in road transport. It has been estimated that
high-level ethanol blends reduce life cycle greenhouse gases emissions
by 40% on average. [3] However, the use of ethanol fuel presents some
drawbacks due to its lower energy density compared to gasoline and its
corrosivity to standard infrastructure, leading to the requirement of
specifically designed engines installed on flexible fuel vehicles (FFVs).
On the other hand, butanol and higher alcohols could be employed in
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standard engines without modifications and have shown the potential to
be blended with diesel fuel. [4] Interestingly, n-butanol is noncorrosive,
only slightly soluble in water, and its net heat of combustion (NHOC), is
higher compared to ethanol (26.8 MJ/L vs 21.1 MJ/L) and roughly 83%
compared to fossil gasoline (32.3 MJ/L). [5,6] In this regard, the
Guerbet reaction constitutes an ideal pathway for ethanol homologa-
tion. The reaction, overall resembling a simple condensation with the
release of a water molecule, is often suggested to occur along three
sequential steps (Scheme 1). First, the reactants are dehydrogenated to
the corresponding aldehydes. Two aldehydes, which can derive from the
same alcohol or from two different alcohols, undergo aldol condensation
followed by dehydration, yielding an unsaturated aldehyde character-
ized by the sum of the carbon atoms of the starting molecules. Hydro-
genation of such intermediate leads to the final higher alcohol. The
catalyst properties and the conditions employed need to be wisely tuned
to allow for the plurality of reactions involved, at the same time
discouraging the formation of unwanted side products, such as ethers,
esters, olefins and paraffins [7] in heterogeneous catalysis and acetate
salts in homogeneous systems. [8].

Accordingly, a variety of Guerbet-active materials has been devel-
oped over time and employed in both homogeneous and heterogeneous
catalysis. These catalytic systems are often characterized by multi-
functionality, which is given by the combination of i) hydrogenation/
dehydrogenation ability and ii) the presence of acidic/basic sites to
promote the aldol condensation step, the dehydration of the aldol or,
more in general, modulate the strength of adsorption/interaction of
reagents and intermediates. It must be noted that although the reported
mechanism is supported by many studies, [9-12] alternative pathways
involving direct ethanol self-condensation or condensation with a
molecule of acetaldehyde have also been proposed, [13-16] showing
that the exact mechanism is indeed dependent on the catalyst and the
reaction conditions.

The Guerbet reaction has been known since the end of the nineteenth
century, when its inventor Marcel Guerbet reported the first example of
direct alcohol coupling to heavier analogues. At that time and for many
years, the interest around the Guerbet reaction was mild and mostly
limited to academia, since higher alcohols could be produced via
cheaper processes from fossil feedstocks, even though a few patents
describing catalysts and processes for the production of Guerbet alcohols
were issued since the 1930s. [17] However, with the introduction of the
concept of biorefinery towards the end of the twentieth century, this
transformation was revived and regained increasing interest due to its
potentiality to offer a fossil-free pathway for the manufacture of valu-
able products. Guerbet alcohols are in fact typically branched in the
B-position and possess excellent lubricant properties which make them
suitable as hydraulic fluids, cosmetic emollients, surfactants, as well as
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Scheme 1. Simplified Guerbet reaction proposed mechanism for pri-
mary alcohols.

Catalysis Today 423 (2023) 114003

for advanced biofuels application.

Although the core of this mini-review will be dedicated to the
description on advances in the development of catalysts for the Guerbet
reaction from an homogeneous perspective, that actually is still in its
infancy, authors believe that an introduction on the current scenario of
heterogeneous counterpart is mandatory, as well as useful, to do a
critical analysis on the eventual applicability of the “mild side” of the
Guerbet reaction.

In 2014 Abengoa, a former Spanish multinational company active in
sustainable technology, infrastructures, green energy and water sectors,
was looking forward to enriching its business strategies with a Guerbet-
based alcohol upgrading process. In a series of patents and applications
filed by the company between 2012 and 2014, the inventors claimed the
intellectual property over the gas-phase, continuous flow transformation
of C;-C3 alcohols into C3-Cy5 analogues using Guerbet-active mixed
metal oxides deriving from thermal decomposition of hydrotalcites.
These catalysts were characterized by the presence of trivalent gallium
and other components such as bivalent alkaline earth or transition
metals, trivalent metals including Al and La, and noble metals with a
preference for Pd. [18] In fact, gallium-containing oxides are known in
literature to effectively promote the dehydrogenation of light alcohols in
the gas phase. [19-21] A good fraction of the documents was focused on
the production of 1-butanol from ethanol, which was favored by the
co-feeding of acetaldehyde and hydrogen allowing for up to 70%
butanol selectivity at 35% yield or up to 95% selectivity at 15% yield.
[22].

Abengoa’s strategy relied on heterogeneous catalysis, which can be
economically convenient due to the facility of separation of the final
products and the versatility of the catalysts. These are usually relatively
easy to synthesize, can tolerate a wide range of conditions and can be
readily regenerated and recycled. A relevant feature of Abengoa’s
approach resided in the commitment to second-generation ethanol from
lignocellulosic biomass and agricultural residues, [23] which was an
ambitious plan considering the competitiveness of the established OXO
[24] and ABE [25] processes to produce butanol. However, the pioneer
industrial facility for the commercial deployment of Guerbet bioalcohols
from second generation ethanol was never erected due to financial issues
that eventually brought the company to bankruptcy.

In 2019, Catalyxx acquired the worldwide exclusive license of
Abengoa’s technologies for catalyst formulation, uses, and production
process to convert ethanol into longer chain alcohols including n-
butanol, n-hexanol, n-octanol, n-decanol and 2-ethylhexanol, [26] and
is now looking for interested parties for licensing.

The Guerbet reaction is also used by Sasol to upgrade Cgs-C1¢ alcohols
to p-alkylated C;2-C32 analogues, which are then commercialized in pure
cuts or in blends for cosmetic application, as lubricants and emulsifiers
for the textile and metal sectors, as surfactants and solubilizers for
paints, inks and coatings. [27] The semi-continuous technology
patented by the German company consists of a reactive distillation
allowing for an optimal separation of the product mixture from the
alkaline and/or metal-containing catalyst and possible byproducts, in
order to yield high-purity alcohols without expensive and wasteful
washing and purification steps. [28] Oxidation to carboxylic acids [29,
30] and further esterification with the same Guerbet alcohols [31] en-
ables the company to achieve an assorted portfolio of branched
oxygenates.

While these realities represent industrial milestones in the history of
the Guerbet reaction, parallel advances in academic and patent litera-
ture have been proceeding abreast. In fact, boosting catalytic activity
and selectivity by improving the catalyst properties and the attempt to
solve process development and environmental issues have been a key
priority across all strategies relying on gas-phase and liquid-phase het-
erogeneous catalysis.

Hydrotalcite-derived Mg-Al mixed oxide catalysts, analogous to
those patented by Abengoa, have been reported and keep receiving great
interest due to their high surface area, structural stability, non-toxicity,
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and tunable acid-base properties. [12,32] In fact, it was demonstrated
that the reaction mechanism involves adjacent Lewis acid-basic site
pairs acting synergistically to achieve Guerbet reactivity, [33] even
though strong basic sites are fundamental.[12] Systematic studies have
also been conducted to explore the influence of the reaction parameters,
including temperature, pressure, space velocity and hydrogen
co-feeding, [34] on the catalytic activity of these materials. Cu emerged
as a good non-noble metal candidate to incorporate in the Mg-Al
framework with the purpose of enhancing catalytic activity and higher
alcohols selectivity in continuous, gas-phase systems[7,35] as well as in
liquid phase, batch conditions. [36] The Battelle Memorial Institute,
operating agency of the Pacific Northwest National Laboratory (PNNL)
which is also working on ethanol conversion to jet fuel, [37] has claimed
a method for alcohol upgrading including a Guerbet step on a similar
CuO-MgO0-Aly,0O3 catalyst formulation. [38] Copper hydrotalcites have
also been further functionalized with other metals such as nickel, [39]
indium and palladium [40] with good results.

Copper was also employed to functionalize MgO and MnO basic
oxides to help the hydrogenation/dehydrogenation steps of the reaction.
[41] In fact, MgO has been widely used as a reference for catalytic ac-
tivity, due to its superior performance in ethanol coupling to 1-butanol,
[16,42,43] and other recent functionalization examples include the
support of Pd/MgO on high surface area graphite. [44].

On the other hand, the excellent activity and selectivity displayed by
hydroxyapatites Ca;o(PO4)s(OH)2 paved the way for further studies on
the role of phosphates,[43] the substitution of calcium, [45] and the
functionalization with transition metals such as copper while intro-
ducing hydrogen in the feed. [46].

Other successful approaches include the employment of Cu/CeO2
with high surface area, [47] Cu/CeO5 supported on activated carbon,
[48] and transition metals supported on (La-doped) alumina, [49-51] as
well as alternative reaction conditions involving microwave heating.
[52].

The drawbacks of heterogeneous catalysis applied to the Guerbet
reaction, as it is often the case, are the requirement of temperatures
above 250 °C (often above 300 °C), and the difficulty to simultaneously
achieve high conversion and selectivity. To circumvent these concerns,
homogeneous catalytic systems have been designed in the last two de-
cades, as will be reviewed in this work. Notorious troublesome in-
conveniences of homogeneous catalysis, such as the catalyst stability,
the necessity of a high amount of a base co-catalyst and the challenging
separation of catalysts and by-products from the valuable alcohols, will
be discussed together with other lights and shadows that make the
molecular approach prone but still not suitable for industrial
application.

2. The mild side of the Guerbet reaction

Up to date, only a few overviews report on the homogeneously cat-
alysed Guerbet reaction by transition metal complexes. The first, pub-
lished by Wass et al. in 2016, summarized the necessity to extend the
subject from an exquisite heterogeneous approach, to a homogeneous
alcohol homologation perspective with particular emphasis on butanol
yield and selectivity. [53] We direct the reader to that review for details
on the very first steps in the field that involved iridium and rhodium
complexes, coadiuvated by suitable phosphine ligands albeit towards
low conversions and selectivities. [54-57] The same year, a similar
approach was given by Wang and Cao, [58] and two years later by Ni
and co-workers. [59] Since then, a flourishing literature both focusing
on the design of more efficient catalytic systems and highlighting the
need of more defined mechanistic insights, significantly improved the
state of the art. Considerable attention was kept on the most promising
ruthenium based bifunctional complexes, extending the reaction scope
to the valorisation of the comprehensive range of Guerbet alcohols (not
only butanol but also linear and branched Cg-Cp¢ alcohols). Further-
more, first examples on the use of first row transition metal complexes
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for alcohol homologation opened a new challenging chapter towards
greener process development and catalyst cost reduction. This review is
aimed to rationalize the steps forward in the field with special consid-
eration to criticisms and proposed solutions for the design of process
conditions and the tuning of  metal-based hydro-
genation/dehydrogenation catalyst by changing the structural features
of ligands on transition metal complexes.

2.1. Ruthenium complexes

Taking inspiration from the hydrogen borrowing activity demon-
strated by several bifunctional ruthenium complexes over the years,
[60-65] this latter became the second raw metal of choice for the ho-
mogeneous Guerbet process development since 2010, when the first
patent on the exploitation of group VIII-X phosphine supported metal
complexes for the conversion of ethanol to n-butanol was filed. [66].

2.1.1. Ruthenium catalysts with phosphine ligands

The Mitshubishi Chemical Corporation claimed in 2010[66] about
selected examples of ruthenium catalysts/base co-catalyst systems
suitable for the homologation of ethanol to n-butanol revealing
[RuCly(PPh3)s3] (0.5 mol%) with an excess of triphenylphosphine
(3.5 mol%), potassium tertbutoxide as a base co-catalyst (KO'Bu 3.5 mol
%) under hydrogen pressure (20 atm) at 180 °C for 3 h as the best
conditions at that time. This system was able to reach 21% yield in
n-butanol with 93% selectivity. The reaction was tested both in solvent
(o-xylene) and in neat substrate.

Lately, in 2013 Wass and co-workers introduced the use of bidentate
phosphines ligands with the dimeric [RuCly(n®-p-cymene)], as the
ruthenium catalyst precursor. [67] Excellent performance for that time
had been obtained with the preformed complexes [RuCl(n®-p-cymene)
(L)ICl (best with L = 1,1-bis(diphenylphosphino)-methane (dppm)
0.1 mol%, cat 0.04 mol%, base NaOEt 5 mol%, yield 21%, n-butanol
selectivity 94%, T = 150 °C, time 4 h) in that neither hydrogen pressure
nor hydrogen acceptor such as 1,7-octadiene were needed anymore to
run the reaction. An increased quantity of phosphine ligands improved
conversion (over 40%) but lowered the speed of the reaction and the
selectivity on n-butanol (< 85%). At a preliminary glance it was already
clear that the ruthenium complex played somehow a role also in the
aldol condensation preventing the spontaneously fast base catalysed
condensation of acetaldehyde.

An interesting improvement in conversion (up to 31%), selectivity
(>90%) and water tolerance was then achieved by the same group [68]
combining [RuCly(n°-p-cymene)], with mixed chelating ligands such as
phosphineamine with increased c-donor properties. As a further insight
in the ruthenium catalyst behaviour, hydride species such as [RuH
(116—p—cyrnene)(L)]+ were observed with ionization mass spectrometry
(ESI-MS) and NMR spectroscopy.

These pioneering results, being also patented with BP Biofuels UK,
[69] paved the way for a larger exploration on variously decorated
ruthenium complexes for the homogeneous homologation of ethanol to
butanol and higher alcohols.

2.1.2. Ruthenium catalysts with pincer ligands

Another family of suitable bifunctional complexes for the conversion
of ethanol to butanol is represented by trischelate pincers as ancillary
ligands. The first example was communicated in 2016 by Szymczak and
co-workers that reported on the activity of N-N-N pyridylimino iso-
indolate ruthenium complexes (Fig. 1). Both the hydride catalyst 1 and
the chloride precursors 2-H, 2-OMe, 2-Cl were found suitable for
alcohol upgrading. [70] Reaction conditions screening on 2-H demon-
strated that the performances of this kind of catalysts, although leading
to a not outstanding yield in butanol (best results: 27% with a selectivity
of 83%, cat loading 0.1 mol%, NaOEt 5 mol%, 150 °C, 2 h), is not
affected by the presence of oxygen. Catalyst deactivation can be
controlled by an excess of phosphine ligand (one equivalent of PPhgs) in
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Fig. 1. Ru(Il) catalysts decorated with N-N-N tridentate pincer ligands emploied in the Guerbet reaction by the group of Szymczak. [70].

order to limit its dissociation (ethanol conversion 49%, butanol selec-
tivity 84%). Starting the reaction with a mixture of ethanol/butanol
(80%/20%) shed light on the catalyst trend toward the formation of
longer chain alcohols than butanol (Fig. 1).

During the same year, hydride containing bifunctional catalysts
bearing P-N-P as pincer ancillary ligands (Fig. 2) were reported by
Milstein and co-workers, to be very effective for this transformation
under similar conditions. [71] Screening of different ligands candidated
the acridine-based system 3 as the best one leading to very high TON
(higher than 18000) at low catalyst loading (0.001 mol%), although
good conversions (73%) were affordable only at a 0.02 mol% concen-
tration of the catalyst.

For the first time Milstein underlined the importance of alcohols
higher than butanol for the production of bio-fuels, introducing Ce and
Cg linear and branched alcohol as valuable products as well. The lower
selectivity in butanol (36% at 73% conversion) became thus counter-
balanced by the fact that higher alcohols, previously considered as side
products, were recognized to have their share in the bio-fuel value chain.
Reactivity studies on the resting state of the reaction, where a hydrido
dicarbonyl dearomatized P-N-P complex was identified, allowed to draw
a preliminary mechanistic study that suggests dearomatization as the
activation process for the metal based catalyst.

Very recently Stephenson, Szymczak and co-workers also reported
on a pathway exploiting ethanol homologation to higher alcohols, which
is catalysed by their pincer N-N-N complexes in a tandem alkylation
strategy for C-C bond forming reaction with nucleophiles for function-
alization of fine chemical with Guerbet alcohols. [72].

AN
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From the Guerbet reaction point of view, the design of a new ligand
scaffold ClIRu(5-Mebpi)(PPhs), (bpi = 1,3-bis(2-pyridylimino)isoindo-
late) 4 improved the catalyst efficiency for producing biofuels up to
65% (Ru cat 0.2 mol%, PPhs 0.2 mol%, NaO'Bu 40 mol%, mesitylene
(0.5mL), 150 °C, 2h) in valuable alcohol mixtures leading to the
highest TON (155890) (yield 11%, 4 loading 0.0001% mol%, PPhj
0.0001 mol%, NaO'Bu 40 mol%, mesitylene (0.5 mL), 150 °C, 168 h)
and TOF (12690 h™!, 2 h, 2.5% yield) for a homogeneous catalyst up to
date. Changes in steric encumbrance and electronic demand of the
ligand (Fig. 3 4 alcohols yield 65%, 5 yield 28%, 6 yield 52%) lead to
trends which, although hard to rationalize, confirm that simple pertur-
bations to the N-N-N ligand can impart significant differences in cata-
lytic activity. Stability studies stated 4 as the slower in degradation.
Cyclic voltammetry experiments provided an indication on the elec-
tronic difference between the 3- (4) and 4- (6) substituted ligands with
an E; » value 70 mV more negative for 4.

These results underline the importance of both the rational design of
ligands and the fine tuning of reaction conditions in order to reduce
competitive reactions that can intercept aldehydes towards Cannizzaro
[73] or Tishchenko [74] products (Scheme 2) such as acetates which can
be monitored, as also previously suggested for other ligand scaffold
(vide infra), [75] by means of NMR techniques. Best conditions were
reached employing an inert co-solvent (mesitylene) with NaO'Bu as the
base of choice for a reproducible mass balance. Although not desirable
for applications 40 mol% of base loading provided the highest
conversion.

An interesting screening on the influence of alkali metals on the

/\/\OH __ 5 Homologation to

higher alcohols
n-BuOH

M
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P Ve
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drogenation
e}

Fig. 2. Pincer type complexes exploited in ethanol homologation by Milstein group [71] and proposed ideal mechanism accounting the formation of higher alcohol

under liquid homogeneous conditions.
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Scheme 2. Side reactions associated with the Guerbet reaction conditions in homogeneous phase.

parasite Cannizzaro reaction revealed that increasing their dimension
(from NaO'Bu vs KO'Bu, 20 mol%) led to higher yields in carboxylated
salts (from 6% to 16%), with a further detrimental effect when
increasing the base quantity of KO'Bu up to 40% (46%). The addition of
40 mol% of 18-crown-6 as a sequestrating agent for the alkali metal
cation reduced the loss of ethanol to only 5% even though with a lower
yield (46%) if compared with NaO'Bu (58%). On the other way around
LiO'Bu did not form carboxylate salts, but provided lower Guerbet ac-
tivity (33% yield). Further experiments with organic superbases (phos-
phazene P4-'Bu, 40 mol%) performed in the presence of LiBArFo4 (ArFoq4
= 3,5- trifluoromethylphenyl), NaBArFy4 and KBArFs4 salts confirrmed
the trend, suggesting a correlation between the alkali metal acidity and
reactivity.

Employing the optimized Guerbet conditions, the reaction was thus
combined in the sequential Guerbet-alkylation strategy for the func-
tionalization of several carbon pronucleophiles such as fluorene, nitriles
and ketones (Scheme 3). While this approach deserves to be underlined
as an interesting development towards possible applications of Guerbet
alcohols in fine chemistry, we redirect the reader to the relative refer-
ence[72] for further details to avoid deviating from the topic of this
minireview.

2.1.3. Ruthenium catalysts with a cyclopentadienone ligand
The first example of a phosphine-free ruthenium system emerged in
2019 by Mazzoni, Cavani and co-workers [75] when an ionic carbonyl

R\I/OH 2-H or 4, base RLA°
H NUH2
l 2 H2
R NuH
Y ' R N
! -H,0

Scheme 3. General reaction for ethanol upgrading via tandem Guerbet-
alkylation reaction. Nu = fluorene, nitriles and ketones.[72].

cyclopentadienone complex, counterbalanced by a dimethylimidazo-
lium salt (7 in Fig. 4), appeared to be competitive with available ho-
mogeneous Guerbet catalysts (46% conversion of ethanol and 91%
overall selectivity to C4-Cq¢ higher alcohols under the following condi-
tions: cat loading, 0.2 mol%; NaOEt, 20 mol%; temperature, 150 °C;
reaction time, 4 h). Cyclopentadienone based ruthenium pre-catalysts
were selected, since they are known to be active in hydrogenation and
dehydrogenation reactions. [76-84] Although low, the carbon loss (4%)
could be ascribed to acetaldehyde unselective decomposition or further
conversion to heavy oligomers.

The same group lately performed a rationalization of the catalyst
behaviour changing the countercation (8-10 in Fig. 4), which put
further accent on the delicate equilibrium between ligand scaffold,
metal environment and reactivity in the Guerbet catalytic cycle. [8].

With both a theoretical and an experimental approach pre-catalyst
behaviour was correlated as follows: i) the close H-bond interaction of
the carbonyl group of cyclopentadienone cycle with N-CH-N proton of 7
and 9 is likely improving the structural stability of the tight ion pairs,
along with their corresponding hydride species; ii) the acidity of the N-
CH-N proton in imidazolium salt is not prone to be deprotonated by the
buffer EtOH/NaOEt; iii) from an electronic point of view, best pre-
catalyst 7 activated hydride showed the strongest hydrogen bond and
the highest hydride donor ability, which was likely to accelerate
reduction and conversely decelerate the dehydrogenation step favouring
the Guerbet reaction.

Worth noting, bioethanol refinery, especially when it is derived from
waste or second generation (non-food) biomass, has a great potential for
both biofuel and biochemicals production. With the reaction barely
affected by the presence of water, conditions were transferred to a real
matrix. Upon testing catalyst 7 on ethanol from wine value chain waste
(head and tails of ethanol distillation supplied by CAVIRO distillery), no
significant change in the final reaction mixture was observed.

Concurrently to the usual side reaction that consumes the base co-
catalyst producing acetates as in previously described homogeneous
Guerbet systems, molecular Hy was also stockpiled in the headspace.
This behaviour resembles that reported by Beller and co-workers for Hp
production from EtOH in water under basic conditions (proposed
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Fig. 4. Anionic bis-carbonyl cyclopentadienone ruthenium pre-catalysts 7, [75] 8, 9 and 10 tested by Mazzoni and Cavani [8] to check the influence on coun-

tercations on the Guerbet reaction.

reaction: NaOEt + H30 that leads to NaOAc + 2 Hy). [85] Catalyst 7
worked with a not outstanding turn over number (around 200, calcu-
lated on catalyst loading of 0.2 mol% and at maximum conversion), but
it was prone to be recycled. Larger scale test (10 times ethanol feedstock)
led to a comparable n-butanol yield with an increase of higher alcohols
yield. When performing the reaction with NaOH, the production of a
higher concentration of water favoured the Cannizzaro reaction,
partially affecting the overall efficiency of the reaction. However, NaOH
represents a more easily handled base compared to NaOEt. For this
reason, it was also analysed, in parallel to NaOEt, along the first and
unique (although preliminary) up to date multidisciplinary approach
consisting of an industrialization study and a Life Cycle Analysis (LCA)

implemented for a homogeneous Guerbet process simulation.

One the experimental data consistency was verified, the theoretical
upscale to an ethanol load of 1000 kg resulted in the design of a reactor
working in batch or, potentially, semibatch operation mode. The oper-
ation of the reactor can be envisaged in three sequential phases, namely
“feeding + cooling”, “flushing + scarping” and “flushing + stirring”. For
the process to be held, a separation section and a fractionation unit are
necessary in addition to the reactor (Fig. 5). Multiple reactors are
required to guarantee an almost continuous feeding of the separation
and fractionation units (considering the perspective of a semibatch
operation). This would bring higher productivity and possibly lower
production costs.
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[ Rich Stream
n
—g ™~
g H 5 =
= @ [-% &
2 T g &
Product Residues
ELUSHING+STIRRING Catalyst
(To Reactor)

Wet AcONa

EtOH-2

EtOH-Based Stream

»  AcONa

Fig. 5. Block flow diagram for the catalytic transformation of EtOH in higher alcohols process representing the theoretical upscale of the Guerbet reaction catalysed

by 7. Plant scale process sizing based on 1000 Kggion. [75].
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As a general remark, butanol and total alcohol production were
calculated. When NaOH was employed, the process led to a lower spe-
cific production of alcohols (alcohols produced over ethanol inlet in
mass terms) compared to the case with NaOEt. Plant energy demand was
based on the process mass balance and delivered with the support of
Aspen Plus V9-2016. The preliminary proposed energy mass balance
was based on strong assumptions (e.g., yield, amplification factor,
generated water correction), in order to redistribute the experimental
shortcoming over the already identified products before proceeding
with the energy balance. Nevertheless, the preliminary outcome is
adeguately representative of the industrial-scale process showing higher
alcohols production per kg of processed ethanol than that obtained from
the laboratory. Roughly 58% of the total input of ethanol is converted
into butanol [mass base] in the case of NaOEt, while only ~37% [mass
base] in the case of NaOH. The preliminary energy analysis gave similar
energy consumption per unit product for the two bases.

For LCA calculations the reaction balance considered the synthesis of
1 kg of butanol. Although still presenting concerns regarding the need to
recycle the catalyst several times to obtain relevant environmental ad-
vantages, the preliminary analysis of the process at laboratory scale
showed that a lower environmental impact is linked to the use of NaOH,
which is ascribed to the lower impact of this chemical compared that of
NaOEt.

Although the reaction would well fit in a context of circular economy
for the wine production chain, LCA and engineering assessments sug-
gested that the process needed to be improved in terms of efficiency to
become suitable for industrial application.

Conversion and selectivity of the above-described catalytic system
have been more recently remarkably boosted by the addition of p-ben-
zoquinone (BQ) as co-catalysts.[8,86] The 7/BQ/NaOEt catalytic triad
(Fig. 6) led to a highly competitive conversion of 78% and alcohols yield
75% (cat loading 0,2 mol%, BQ 1,5 mol%, NaOEt 20 mol%, 24 h,
150 °Q).

Moreover, the addition of BQ avoided hydrogen evolution as a side
reaction and made the system more tolerant to water than the sole 7.

Upon a further increase of the NaOEt loading (40 mol%, reaction
time 4 h) conversion reached 88% (0.2% mol ruthenium -catalyst
loading, 1.5% mol benzoquinone loading), while butanol and higher
alcohols were produced in yields up to 85% (overall selectivity 97%).
The catalytic system can be recycled. In general, the reaction screening
resembles the behaviour of 7/base system alone with an increment of ca.
20% of ethanol conversion and maintaining the selectivity. Neverthe-
less, BQ addition favours the formation of alcohols higher than Cy4, with
a yield in butanol close to 40%. The Cannizzaro reaction still consumes
the base, remaining an Achille’s heel of the reaction. The best TON of
670 was reached with 7 (0.1 mol%) / BQ (0.5 mol%) / NaOEt 20 mol%.
From a circular economy perspective in wine and distillates production
chain, the cooperative 7/BQ/NaOEt catalytic process can be transferred
to a real bio-ethanol feedstock even in the presence of significant
amounts of water and with no significant change in the product
distribution.
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2.1.4. Ruthenium complexes with bidentate nitrogen ligands for Guerbet
reaction in water

The sole example of N-N chelating ligand scaffold, other than the
claiming reported in Wass patent with BP Northamerica, [87] has been
employed by Jones et al. for the transformation of ethanol in butanol in
an aqueous medium [88] that simulates a fermentation broth mixture
typically composed of 90% water and 10% ethanol. [89] Phenanthroline
based iridium catalysts were previously found active by Mu and
co-workers (2014) for ethanol homologation in aqueous medium, [90]
achieving 26% yield in butanol and 8% yield in higher alcohols (52%
conversion of ethanol) with an equimolar addition of KOH and NaOAc at
150 °C. Feng et al. also developed a less successful aqueous Guerbet
system. [91] The catalyst employed by Jones, [(p-cymene)Ru(6,
6’-dihydroxybipy)ClICl ([Ru(bipyOH)]) with a 2,2-bipyridine ligand
scaffold (11 in Fig. 7), was known in the literature to perform transfer
hydrogenations in aqueous media. [92] Although leading to not yet
promising results (28% maximum yield in butanol with 57% selectivity -
[Ru(bipyOH)] loading 2 mol%, KO'Bu 60 mol%), it is worth noting that
the Guerbet reaction here was run for the first time at a temperature as
low as 80 °C.

The feedstock ratio of 90:10 found in fermentation broth is also
tolerated, although with a decrease in butanol yield (20%) and selec-
tivity (48%). Screening of reaction conditions allowed to demonstrate
that the lower reactivity in diluted solutions is attributable to lower
ethanol concentration rather than catalyst degradation. The effect of
different alkali metals performing the reaction reflects the behaviour
previously described for N-N-N pincer catalysts in neat ethanol (para-
graph 2.1.2). Weaker bases such as sodium acetate or sodium phenoxide
did not show any formation of alcohols or dehydrogenation products, as
expected. Organic amine bases were also not productive for catalysis.
Interestingly no acetates, that are common by-products in the homo-
geneous catalysed Guerbet reaction, are produced under Jones condi-
tions. The possibility to improve the catalytic system efficiency by
reducing the purification steps (e.g. distillation) of fermentation broth
would be a step forward towards the development of valuable processes.

2.2. First row complexes

Prior to 2015, all homogeneous catalytic systems used in the Guerbet
reaction were based on noble metals (mainly ruthenium and iridium).
To address better economic and environmental sustainability, the move
to first row transition metals was firstly explored by Baker and Jones in
2015. [93] They developed a catalytic tandem system combining Fujita
and Yamaguchi’s Cp*Ir[(2-OH-6-phenyl)pyridine]Cl (12), [94] able to
dehydrogenate primary alcohols, and two basic transition metal com-
plexes as alternative to classic inorganic bases: [Tp’Ni(p — OH)]y, (Tp':
tris(3,5-dimethyl-pyrazolylborate) (13) and [(IPr)CuOH] (14) (IPr: 1,
3-bis(2,6-diisopropyl-phenyl)— 1,3-dihydro-2 H-imidazol-2-ylidene).
The authors emphasized how inorganic bases, particularly NaOEt, are
quite inefficient in achieving high-rate acetaldehyde coupling, lowering
the reaction selectivity in butanol. To shift selectivity toward short chain
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Fig. 6. Guerbet reaction boosted by the catalytic triad 7/BQ/NaOEt, best reaction conditions. [8].
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OH

Fig. 7. Guerbet reaction in acqueous phase at 80 °C catalyzed by N,N water soluble complex 11, best reaction conditions. Yield in 1-hexanol 7%; yield in 2-ethyl-

butanol 3%.[88].

aldehyde condensation, highly basic and bulky nickel and copper
complexes were studied to catalyse aldol condensation steps (Fig. 8).

The catalytic tandem system was tested on ethanol homologation at
150 °C for 24 h using an iridium catalytic loading of 0.2 mol% and
5 mol% of basic nickel or copper complex. The reaction proceeded
achieving moderate ethanol conversions (37% for nickel and 32% for
copper) with good yields in butanol (34% for nickel and 28% for cop-
per). Authors claimed a 99% butanol selectivity in both reactions
considering butanol as the only traceable product.

Analysis on aldol condensation of acetaldehyde showed how with
the classic inorganic base KOH low yields of crotonaldehyde were dis-
played (23% after 24 h at 150 °C), while basic nickel and copper com-
plexes afforded a complete conversion at the same conditions and no Cg
aldol condensation products were detected. These experiments
confirmed how these two metallic bulky systems inhibited C4 coupling
and control experiments in hydrogen atmosphere suggested no
involvement in hydrogenation step of the catalytic cycle. Iridium com-
plex 12 was only responsible for the hydrogenation/dehydrogenation of
substrates and co-participation of the copper complex in catalyst acti-
vation was demonstrated by NMR experiments.

The first breakthrough in a homogeneous catalytic system entirely
based on a first-row transition metal was reported by Liu in 2017. [95] A
series of manganese (I) pincer P-N-P and N-N-P complexes (Fig. 9) was
screened using a loading of 0.01 mol% and NaOEt (6 mol%) at 160 °C
for 24 h. Among the others, manganese catalysts 15 and 16 were the
most active in the reaction with a TON of 972 (9.7% ethanol conversion
with 6.8% butanol yield).

The cyclohexyl homologues 17 and 18 displayed similar activities.
Authors suggested that the catalytically active species undergo the
release of an halide (15 and 17) or a carbonyl (16 and 18) ligand to-
wards the formation of a dicarbonyl complex. The product mixture
contain alcohols from C4 to C;3 and sodium acetate originated by

13

Cannizzaro and Tischchenko side reactions, as reported for all the mo-
lecular catalyst/base co-catalyst systems discussed along the review.

Thermal stability given by the pincer scaffold guaranteed the
achievement of a TON of 114120 after 7 days of reaction (11.2% ethanol
conversion, 9.8% butanol yield at 160 °C with a catalytic loading of
0.0001% mol of catalyst mixture - I in Fig. 9).

Screening on the catalyst mixture I showed little influence on cata-
lytic performances of using a base chosen amongst NaOEt (9.7% con-
version, 6.8% butanol yield), NaOtBu (8.5% conversion, 6.1% butanol
yield), NaOH (8.1% conversion, 5.8% butanol yield) and KOH (9.7%
conversion, 6.4% butanol yield). However, in the case of NaOAc (1.7%
conversion, 1.7% butanol yield), mechanistic studies revealed how ac-
etate tends to coordinate to the active site of manganese creating a stable
irreversible complex, which inhibits catalytic activity.

Water influence was also tested: 10 ppm added to the reaction
mixture lowered the overall performances (7.6% ethanol conversion and
4.8% butanol yield) and authors demonstrated that water is engaging
the manganese complex in an off-cycle equilibrium. Moreover, the
presence of the N-H moiety on the catalyst demonstrated to be essential
for an efficient aldehyde hydrogenation. Increasing the hydrogen pres-
sure (given by an addition of ethanol or Hy) favoured the hydrogenation
of intermediates, limiting oligomer formation by acetaldehyde or
crotonaldehyde.

Interestingly, experimental mechanistic studies on catalyst activa-
tion showed the interconversion of the complex into different activated
species that led to a hypothetical catalytic cycle (Fig. 10).

The same complex 15 was lately studied by the Jones group [96]
under harsher conditions (150 °C, 24 h, 25 mol% KOH, 0.5 mol%
catalyst), which reported 30% ethanol conversion, 11% butanol yield,
3% yield of higher alcohols (Cg-Cg) and 16% of carbon loss. Considering
the low cost of the metal, these performances start to be competitive
with ruthenium based systems. The missing ethanol was related to the
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Fig. 8. Transition metal complexes employed in the catalytic tandem systems 12, 13 and 12, 14 developed by Baker and Jones exploiting 13 or 14 as the co-catalytic

bases. [94].
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expected co-production of sodium acetate and H; release was observed
in the head of the reactor. Authors explored different bases to catalyse
aldol condensation and many catalyst/base ratios to improve selectivity
finding that NaOEt (25 mol%) with a catalyst loading of 0.5% was the
best combination (62% ethanol conversion, 30% BuOH yield, 10% C¢-Cg
alcohols yield at 24 h). Reactivity studies on the catalyst confirmed that
15 can react with the base, creating an activated complex 15e (Fig. 11).

The base, then, keeps the catalyst active during the reaction. The
amine proton is also playing a crucial role, but the authors did not
exclude an alternative minor secondary activation path not involving it.

Finally, to study steric and electronic influence of the ligand, a series
of complexes employing different substituents on phosphorus atoms of
the pincer scaffold were tested in catalysis. As in the previous paper,
bulky ligands dramatically lowered catalytic activity, while electronic
effects seemed to play a key role in the activity of the system.

In 2020, Wass et al. [97] reported on the most recent application of a
first-row transition metal in the Guerbet reaction. Two manganese
diphosphine and phosphinoamine complexes 19 and 20 were tested on
ethanol homologation to butanol after they demonstrated to be active in
the formation of isobutanol from ethanol and methanol (Fig. 12).

Complex 20 revealed to be moderately active, reaching a TON of 100
after 90 h of reaction with a catalytic loading of 0.05 mol% at 150 °C
with 10 mol% NaOEt. A 15.5% ethanol conversion was observed with
4.8% butanol yield and 0.34% of Cg alcohols yield. Complex 19 how-
ever, showed little activity reaching only 0.73% conversion in the same
conditions due to lower stability. Indeed, complex 19 upon addition of
the base is subjected to a detrimental partial ligand redistribution to a
monochelated complex.

First row transition metals are still extremely poorly explored in this
process. Anyway the promising results reported pave the way for their
future development. Limiting side reactions, promoting aldol conden-
sation and catalyst stability seem to be the pivotal points that research
need to focus on to address cheaper and more sustainable catalysts.

2.3. Mechanistic investigation

2.3.1. The theoretical approach

In the last two decades, density functional theory (DFT) calculations
have been demonstrated to be reliable and crucial tools to unravel
complicated reaction mechanisms, especially if paired with kinetic
simulations. [98] However, theoretical approaches find their maximum
potential when simulations are performed in synergy with experiments.
[99].

As discussed in the previous sections, the mechanism of the Guerbet
reaction usually involves two catalytic species: a dehydrogenation/hy-
drogenation catalyst and an acid/base catalyst that cooperate to ho-
mologate alcoholic substrates. As simple in theory as challenging in
practice, the reaction mechanism is still far from being extensively dis-
closed. Wass and co-workers in 2016 claimed that answering questions
regarding mechanism could pave the way for rational catalyst design.
[53] Regarding theoretical investigations, at the best of our knowledge
only one work was published about mechanistic insights via DFT cal-
culations for the Guerbet reaction in homogeneous phase. [100] In 2019
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Fig. 12. Bischelated P-P and P-N manganese complexes 19 and 20 reported by
Wass”! as suitable pre-catalysts for the Guerbet reaction.

Pathak and co-workers characterized the reaction mechanism of the
catalytic upgrading of ethanol to 1-butanol in the presence of an
aliphatic Mn-P-N-P-Br complex and sodium ethoxide (previously
described in paragraph 2.2) [95,96] using DFT calculations. [100] The
authors computed the free energy surface (FES) of the reaction using the
golden standard B3LYP functional [101-104] and the 6-311++G(d,p)
[105-107] basis set for all the atoms, except for Mn for which the
LANL2D basis set [108,109] was employed. Thermal and solvent
(modeled as conductor-like polarizable continuum model, CPCM, for
THF) [110,111] corrections were considered as well as D3 dispersion
corrections. [112] Pathak and co-workers confirmed that the reaction
mechanism follows i) dehydrogenation of ethanol to acetaldehyde, ii)
aldol condensation to crotonaldehyde, and iii) its hydrogenation to
1-butanol, as already proposed for the Mn-PNP-Br catalyst by Liu et al.
[95] Thanks to the computational insights, the authors established that
steps i) and iii) are catalyzed by the Mn complex as a bifunctional
catalyst since the metal centre cooperates with the N-site for proto-
n/hydride borrowing (species 15e, Fig. 10), while step ii) is base cata-
lysed by NaOEt. The theoretical investigation also provided insights into
selectivity distribution and validations of experimental observations. Liu
et al. experimentally isolated a stable abduct between the Mn-P-N-P
catalyst and NaOEt (species 15a, Fig. 10), [95] which also Pathak and
co-workers computationally observed and claimed as the resting state of
the process, due to its high stability in energy.[100] DFT calculation also
confirmed that butanal is the favoured intermediate of step iii) rather
than crotyl alcohol, which is produced as well, but hardly reduced to
1-butanol. [95,100] Insights regarding the selectivity issue between
1-butanol and Cg alcohols were possible thanks to a direct comparison
between the FESs of the aldol condensation pathways with acetaldehyde
or crotonaldehyde as starting materials. The latter leads to a FES which
is higher in energy, making Cg products kinetically disfavoured and
increasing the selectivity of the process to 1-butanol. The authors also
carried out microkinetic simulations of a simplified mechanism starting
from DFT outcomes, showing the effect of changing some of the factors
governing the reaction, such as temperature or concentration of ethanol,
over yield and selectivity.

The paper of Pathak and co-workers is a good example of the po-
tential of DFT calculations in exploiting challenging chemical pathways.
[100] We hope that new theoretical works about the Guerbet reaction
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Fig. 11. Reactivity of complex 15 with KtBuO proposed as the pre-catalyst activation pathway. [96].
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will be published, especially putting the accent on the potential of a
combined experimental/computational approach to disclose the reasons
behind the behaviours of many of the catalysts reported in literature.
Such an approach is promising to tackle the problem of designing new
and more efficient ways to carry out the Guerbet reaction.

2.3.2. Experimental and modeling approaches

First and unique, up to date, experimental and simulation synergic
approach aimed to gain insight into the kinetic behaviour of the Guerbet
reaction network, was reported in 2021 by Liauw and co-workers. [113]
They also proposed a reason for the uneffective catalytic activity of
Ru-MACHO-BH, a bifunctional ruthenium catalyst expected to work
since useful for hydrogen borrowing. [114] This systematic approach
exploited time-resolved concentration profiles determined with in-situ
infrared spectroscopy (IR) to depict kinetic with the help of chemo-
metrics models for aldol condensation (base KO'Bu) and ethyl acetate
saponification (subsystems 3 and 4 in Scheme 4). Redox subsystems 1
and 2, consist in several steps involving redox catalytic species (deriving
from Ru-MACHO-BH pre-catalyst), [115-118] that are not detectable
under process conditions. The related kinetic model is created from
activation barriers of DFT calculations found in the literature,
[119-121] adapting barrier heights to reproduce the experimental
concentration profiles. Kinetic models were then integrated into a
microkinetic model of the entire network of the homogeneous Guerbet
reaction with MatLab.

As generally defined in previous descriptions, the Guerbet reaction
from ethanol to higher alcohols in homogeneous liquid systems is
influenced by catalyst, base concentrations, water production, temper-
ature and (hydrogen) pressure. The main side reactions are the poly-
merization of acetaldehyde to heavy components and the formation of
acetates (also ethylacetate as an intermediate) that consumes the base.
All these parameters were screened from experimental tests through
simulation toward the conclusion that no parameter variation could lead
to high butanol yields if Ru-MACHO was used as redox catalyst. The
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additional benefit of the microkinetic simulation thus consists of un-
derstanding the reason why the catalyst fails in the reaction. This
knowledge could help to identify critical properties of a successful redox
catalyst for the Guerbet reaction. The main problem is that the saponi-
fication reaction proceeds with the increment of water. This problem
should be solved with water tolerant catalysts, which are likely to have a
higher activation barrier for dehydrogenation (ethanol to acetaldehyde)
if compared with Ru-MACHO. However, this hypothesis still cannot be
confirmed by further simulation probably due to overestimated rate
coefficients of aldol condensation and the absence of uncatalyzed Can-
nizzaro reaction in the model. Nevertheless, this information about a
role of high activation barrier for dehydrogenation is an important
descriptor of a good Guerbet redox catalyst and may be used for the
design of new Guerbet homogeneous catalysts.

Another important experimental study on the role of reaction pa-
rameters and on how bifunctional homogeneous ruthenium catalysts
performs was proposed by the group of Guironnet in 2022. [122]
Indeed, one of the Szymczak catalysts, namely 2-H, was employed in a
flow reactor, with the principal aim to shed light on the self condensa-
tion reaction mechanism and to increase the knowledge on the design of
stable and better performing catalytic systems suitable for industrial
application. In fact, although a positive effect of homogeneously cata-
lysed Guerbet reaction on selectivity is well established, currently the
fundamentals of this selectivity are not yet fully understood.

Usually, homogeneous Guerbet catalysts are employed in closed
batch reactors at 120-150 °C and these conditions, together with the
fact that reactants can be found both in the liquid and in the vapor phase,
make kinetic studies difficult. In the work by Guironnet, the authors took
advantage of the steady-state kinetic analysis usually employed for
heterogeneous catalysts in flow systems [10,11].

In a specifically designed continuous stirred-tank reactor (CSTR)
(Fig. 13), the vapor-liquid equilibrium was exploited in order to main-
tain the homogeneous catalyst concentration at a constant value. Taking
inspiration from industrial processes that use homogeneous catalysts in
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Scheme 4. Assumed Guerbet reaction network. Subsystems: 1. The redox system of C2-substances (ethanol, acetaldehyde/1-ethoxyethanol and ethyl acetate); 2. the
redox system of C4-substances (crotonaldehyde, crotyl alcohol, butanal, butanol), 3. the aldol condensation of acetaldehyde and 4. the saponification of ethyl ac-
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Fig. 13. Schematic for continuous stirred-tank reactor designed by the group of Guironnet [122] to study the Guerbet reaction catalysed by a ruthenium molecular
complex (2-H) under flow conditions.
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vapor outlet stream from the reactor by on-line gas chromatography.
The flow reactor setup allowed to analyze the catalyst activity under
quasi-steady-state conditions without altering its chemical structure.

Reaction condition screening highlighted the absence of mass
transfer limitations: the rate of mass transfer was rapid in comparison to
the Guerbet reaction; thus the concentration of ethanol was constant
throughout the liquid phase. No mass transfer effects were detectable
between the liquid phase and the headspace. More in general, from a
mechanistic perspective, the authors established what summarized in
the following, under their standard operating conditions (PEG 5.33 mL,
NaOFEt 386 mM, 2-H 0.66 mM, N 8.4 mL min~*, EtOH 1.25 pL min "},
Pressure 16 psi, Residence time 35s, Temperature 120 °C, acetalde-
hyde, butanol, 2-ethyl-butanol, and hexanol as major products exiting
the reactor) and considering that ethanol conversion for flow coupling
was kept below 5 mol% to ensure quasi-steady-state kinetics:

- 2-H did not exhibit any selectivity for 1-butanol from ethanol
coupling, which was confirmed by comparing experimental (C4/Cg
=4) product distribution with a prediction calculated using a random
step-growth condensation model based on Flory’s equal reactivity
principle [126] (C4/Cg = 40) at equal conversion (2.5 mol%);
hydrogenation was fast compared to aldol condensation and 2-H
operated through a hydrogen-transfer pathway, with p-hydride
elimination as the rate limiting step defined by the absence of un-
saturated C4 intermediates. The assumptions of a very high speed for
the hydrogenation step could be, indeed further underlined consid-
ering the short residence time and the low substrate concentrations.
On these basis, a reaction mechanism involving two cycles was
proposed: one for the monounsaturated and one for the di-
unsaturated product (Fig. 14).
the formation of acetates, attributable to Cannizzaro disproportion-
ation reaction (as expected) and characterized by low volatility, was
accounted for the lack of gas-phase mass balance and detected in
control experiments in batch reaction;
- the authors eventually established that molecular hydrogen, while
potentially formed during the reaction, does not participate in the
hydrogenation reaction.

2.4. Co-condensation of ethanol and methanol to isobutanol

Within the framework of ethanol upgrading to advanced biofuel, in
addition to butanol and higher chain alcohols, a renewed interest in the

+ 2MH,

base

N

H,0
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production of isobutanol has been growing in recent years. The great
interest in isobutanol stems from its superior fuel properties, such as a
higher energy density and octane number, over n-butanol, making the
branched isomer an ideal gasoline additive. [53] A borrowed hydrogen
process via adapted Guerbet-type mechanism provides a potential route
for the synthesis of isobutanol using ethanol and methanol as substrates.

The co-condensation reaction of ethanol and methanol (easily
available feedstock) was firstly investigated by heterogeneous catalysis
employing metal oxides (MgO, ZnO, CaO, ZrO,), [127] heterogeneous
Copper-based catalysts, [128] MgO impregnated on carbon support,
[129] and immobilized Iridium catalysts [130] which allow to reach
high conversion but with low selectivity, using high reaction tempera-
ture and high catalyst loading. Very recently, a series of homogeneous
catalysts have been tested in order to obtain an enhanced selectivity
under milder operative conditions. The proposed mechanism via Guer-
bet process for the formation of isobutanol involves two linked cycles,
each comprising dehydrogenation, aldol coupling and hydrogenation
steps. At first, equimolar amounts of methanol and ethanol form one
equivalent of n-propanol which subsequently reacts with a second
molecule of methanol to produce isobutanol and two equivalents of
water as the only by-product (Scheme 5). [53].

Avoiding alcohol homocoupling is fundamental in order to favour
higher selectivity towards isobutanol. For this reason, the co-
condensation reaction is usually performed in excess of methanol,
facilitating higher conversion of ethanol (the limiting reagent), and high
concentration of base co-catalyst, which does not affect the selectivity
due to the difficult dehydrogenation of isobutanol. The only product
usually detected in very low amount is propanol which is an interme-
diate of the catalytic process.

Ruthenium complexes with bis-chelate diphosphine and mixed P-N
donor ligands (Fig. 14) proved to be effective under the following con-
ditions: molar ratio of methanol/ethanol 14.4:1, yields up to 75% with
99.8% selectivity at 180 °C for 20 h. They were the first homogenous
catalysts for the conversion of ethanol/methanol mixtures to isobutanol.
[131] The chelated diphosphine (Dppm), with a small bite angle, was
confirmed as the most successful diphosphine ligand. A large excess of
base (200 mol% of NaOMe vs ethanol) is required to maintain the effi-
ciency of the system. The catalyst performs well also with sodium hy-
droxide and wet ethanol, maintaining good conversion and yields at
shorter reaction times (yield 74% and selectivity 96%). On the other
hand, P-N ligands were less active, needing a longer reaction time to
obtain similar selectivity. Lowering the temperature or the amount of

base

OH

Scheme 5. Proposed mechanism for the co-condensation of ethanol and methaol via Guerbet chemistry.[53].
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base proved to be detrimental for the catalytic system. Moreover, the
recycling tests confirmed the fundamental role of the base co-catalyst;
this observation, together with the detected presence of propanol as
an intermediate and reaction studies in labeled 13CH30H, allowed to
frame the reaction into a Guerbet-type mechanism.

In subsequent years, Wass et al. deepened the study of the upgrading
of MeOH/EtOH mixtures to isobutanol through the Guerbet process with
particular attention to Ru pre-catalyst water tolerance, which is an
essential feature to extend the catalyst life in a hydrated environment
without the need to perform an expensive and energy-intensive drying
step. In fact, water produced during the reaction adds up to the pre-
existing water content in the alcoholic feedstock. [132] In this case
the study was also extended to P-N-P tridentate ligand (23 in Fig. 15).
Under the standard conditions (methanol to ethanol molar ratio of
14.4:1, catalyst loading of 0.1 mol%, NaOMe base as co-catalyst with
loading of 200 mol%, reaction temperature of 180 °C), the latter showed
a similar catalytic activity to the phosphinoamine based Ru catalyst in
terms of yield and selectivity, confirming trans-[RuCla(dppm)s] (21) as
the most efficient pre-catalyst. This is even more marked using NaOH as
base and when some water is added to the system. Actually, the use of
NaOH as base in presence of water led to a small increase in isobutanol
yield (71%) keeping high selectivity (97%); this could be explained by
the fact that water is able to convert sodium methoxide to methanol and
sodium hydroxide. Conversely, this is detrimental in the case of P-N and
P-N-P ligands due to the easy formation of a substantial amount of solid
side-products (consisting of sodium formate, carbonate and acetate) that
affect negatively the yield and selectivity in the Guerbet products. By
adding a large amount of water (molar ratio of methanol:ethanol:water
of 14.4:1:16.2) to the system comprising the pre-catalyst 20, an iso-
butanol yield of 36% at high selectivity (78%) was obtained, confirming
the high water tolerance of this catalyst. Finally, the stability of the
catalytic system was also confirmed by the authors using commercial
alcoholic drinks as ethanol sources.

Inspired by Wass’ work, Mansell at al. investigated the influence of
the bidentate 2-phosphinophosphinine ligand on the catalytic activity of
ruthenium complexes in hydrogen borrowing reactions. [133] However,
under the same Guerbet operating conditions, these pre-catalysts were
less active, providing an isobutanol yield of 38% with 88% selectivity.
Conversely, a similar behaviour to P-N donor ligands was observed by
increasing the reaction time to 20 h: 50% in isobutanol yield with 96%
selectivity versus 51% yield with 90% selectivity.

As already outlined for ethanol homologation, in order to improve
the sustainability of the Guerbet process, the replacement of expensive
noble-metal catalysts with first-row base metals has received an
increased attention in recent years, proving to be a great challenge. In
2017 Liu et al. reported the first homogeneous non-noble-metal catalyst
for the direct homologation of ethanol to n-butanol. [95] Furthermore,
the catalytic activity of a series of manganese (I) pincer P-N-P catalyst
(15 in Fig. 11) were evaluated by Liu et al. also in the upgrading of
ethanol with methanol into isobutanol. [134].

The catalytic reaction, composed of ethanol (1 mL), methanol
(10.4 mL), Mn catalyst (0.05 mol% based on ethanol), and NaOMe
(350 mol% based on ethanol) was performed at 160 °C for 16 h leading
to an isobutanol yield of 28% with 80% selectivity. A notable TON value
of 9233 was further achieved with pincer P-N-P Mn-catalyst 15 by
increasing the reaction temperature to 200 °C for 48 h with a very low

)\/OH + 2H,0

[Ru] 0.1 mol%
base 50-200 mol%

OH
/\OH + 2 ~

180°C, 2-20h
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catalyst loading.

In 2020 also Wass and co-workers turned their attention to the first-
row transition metal complexes as an alternative to noble-metals.
Inspired by the pioneering work of Liu et al. on Mn-pincer P-N-P com-
plexes, they synthesized a variety of manganese bis-chelated complexes
(e.g. 19 and 20 in Fig. 2), in order to evaluate the influence of the sur-
rounding ligands on the catalytic activity in the co-condensation of
ethanol and methanol to isobutanol via Guerbet-type process. [97].

A longer reaction time is needed (90 h) under the reaction conditions
previously employed for similar ruthenium complexes[67,68] (EtOH/-
MeOH 1:14.4, catalyst loading 0.1 mol%, NaOMe 200 mol%, 160 °C).
The trend of the catalytic activity of the differently substituted
Mn-complexes resembles that of the ruthenium congeners, confirming
dppm-based ligand the most effective for isobutanol production (iBuOH
yield 11%, 69% selectivity). This behaviour suggests a ligand-assisted
mechanism which is still under investigation by the group.

Comparing the performance of bis-chelated Mn complexes with the
pincer P-N-P Mn-catalyst, this latter resulted more active at lower
running times (10% isobutanol yield in 4 h) with a very high ethanol
conversion (78%). This data indicates significant solid by-product for-
mation identified by NMR analysis mainly as sodium formate probably
derived from Cannizzaro-type reaction with methanol.

The same considerations done for ethanol homologation can be
transferred to the Mn-catalyzed transformation of ethanol and methanol
into isobutanol. Quite harsh conditions and poor conversion still affect
this family of catalysts, which on the other hand show, in some cases,
promising stability. Although challenging, it is worth the risk to keep
designing new molecular catalysts based on first-row transition metals
for the Guerbet reaction, as a highly recommended evolution from both
an economic and an environmental point of view.

3. Summary and outlooks

The Guerbet reaction, especially when applied to bio-ethanol
refining by homologation, is an intriguing and win over reaction. Its
mechanism is as elaborate, due to the requirement of multitasking cat-
alytic systems, as (in principle) elegant, thanks to the high atom
economy.

However, an industrial scale-up of second-generation biofuels-pro-
duction processes from bio-ethanol waste-derived feedstocks is still
thwarted by several critical technological issues and bottleneck steps.
Indeed, one of the main abilities that prevents this reaction from
becoming cost effective is the low efficiency in selectivity and
conversion.

Although research in heterogeneous catalysis is still flourishing and
in promising evolution in this field, the historical successful experience
in the homogeneously catalyzed OXO reactions, selectively driven by
rhodium complexes, led several researchers to look at the Guerbet
process also on a homogeneous perspective.

Several molecular bi-functional complexes, based on ruthenium,
iridium and lately manganese, mainly selected for their ability in
hydrogen borrowing reactions, revealed their efficiency in ethanol ho-
mologation in the liquid phase.

Several ligands such as phosphine, bidentate bisphosphine (P-P) and
phosphamine (P-N), pincer (N-N-N), (P-N-P) and cyclopentadienone, in
ruthenium complexes with catalytic loading in a range of 0.02-0.5 mol

Phy Ph, Ph, Ph, / \
< F’////, \\\P> E P///, \\\Pj l N//// \\PPhZ
th th th
21 22 23

Fig. 15. P-P, P-N and P-N-P chelating complexes 21, 22 and 23 exploited by Wass[131] for the cross-condensation of ethanol and methanol to iso-butanol.
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%, are effective in promoting the reaction with a general inversion in
butanol selectivity while increasing the conversion. Anyway, when
considering the valorization of butanol and higher alcohols (up to Ci)
as bio-fuel, conversion exceedes 50% with high selectivity.

Combining ruthenium cyclopentadienone catalyst 7 with benzoqui-
none as a co-catalyst improves the conversion by more than 20%,
maintaining the overall selectivity in higher alcohols (C4-Cj0) higher
than 95%.

Some of the catalysts were water tolerant (7, 11, 21) and were found
effective in the transformation of real mixtures, such as fermentation
broths and bio-ethanol from wine industry waste, into alcohol blends
which are, in principle, readily available as second generation bio-fuel.

Although the results are much improved, thus becoming very
competitive with the heterogenous counterparts, some important issues
need to be highlighted and remain still unsolved for all the systems
studied:

i) a base co-catalyst in high mol% (>20%) is needed;

ii) the base is lost during the reaction due to Cannizzaro side reac-
tion, which produces acetates as wastes;

TON (the higher calculated for less efficient catalytic loading at
very low conversion for long time reaction) and TOF are far from
being cost effective;

recyclability, stated for ruthenium cyclopentadienone 7 and
relative catalytic systems (7/BQ) run effectively for few cycles.
LCA and engineering scale-up studies, although interesting, since
they were employed for the first time in homogeneous Guerbet
reaction, assessed the need to recycle the catalysts many more
times in order to have in hand a process applicable from both a
cost and an environmental point of view.

iii)

iv

—

Interestingly, in all the reported cases, a substantial sensitivity to
minimal changes in ligand environment, both in terms of steric
encumbrance and electronic behavior, highlights the huge importance
of fine tuning in the design of novel complexes for this application.

Several bases were applied to reduce the co-catalyst impact to the
reaction. This is a difficult problem to resolve, but the authors believe
that there is still room for co-catalysts investigation.

An essential purpose to gain efficiency in homogeneous catalysts for
the Guerbet reaction is to increase the effort in mechanistic insight,
which is currently led by experimental approaches. A nice correlation
between in situ characterization and theoretical simulations found
application in understanding the reason for the failure in alcohol ho-
mologation of some hydrogen borrowing catalysts. Another group
screened the reaction conditions with an innovative reaction design in
flow chemistry. Working at low conversion with an N-N-N pincer
ruthenium catalyst supported on PEG allowed to obtain further infor-
mation on reaction and catalyst behavior. Quite surprisingly, only one
example of DFT calculation was reported for the mechanism study.

The homogeneous approach to the Guerbet reaction is still a matter
of challenging research. Main problems to be solved regard the base co-
catalyst, the metal-based catalyst stability and recyclability.

Further development would be necessary for mechanistic investiga-
tion in order to help the design of more efficient and stable catalysts,
simplifying the experimental (trial and error) approach.

Nevertheless, studies on molecular metal based catalysts stability are
currently underdeveloped. Indeed, they deserve more experimental
effort in order to identify, as an example, the form of the catalyst in the
resting states. The principal aim, in authors’ opinion, should be at first to
understand if their final form is irretrievably deactivated or not. In the
latter case the design of a strategy for the stabilization of the molecular
active form of the catalyst, or the regeneration of the pre-catalyst, could
lead to systems suitable for multiple recycling. With this as a compulsory
condition in order to imagine an industrial development.

On the other hand, catalyst immobilization toward the formation of a
more stable and easily recoverable solid would be desirable in order to
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improve the applicability of molecular or hybrid catalysts to liquid
phase Guerbet reaction. Within this field, unless the Van der Waals’
weak interactions on PEG employed to study the reaction under flow
conditions, no literature is available. More stable and better recyclable
systems could be developed exploiting ionic or covalent bonded func-
tionalized metal complexes on suitable solid supports. Furthermore,
support environment itself could favour the stability improvement and,
in the best scenario, it could also be non-innocent in the reaction per-
formances. In order to move to real application, it remains the manda-
tory need of a supported molecular catalyst that is active or reactivable
in its final stable or stabilized by regeneration form.
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