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The synthesis of fine chemicals using biomass-derived reagents has already emerged as one of the most
urgent challenges, for which, many alternative green approaches to the well-known organic transform-
ations need to be developed. In line with this concept, a novel green process for the heterogeneous cata-
lytic acceptorless dehydrogenative coupling (ADC) of benzamidine and biomass-derived alcohols to pyri-
midines is presented in this work. In contrast to the well-established heterogeneous Pt/C catalysis
(EcoScale of 64) operating under harsh reaction conditions, we are able to build a green process
(EcoScale of 81) based on the use of LaCoOs perovskite catalyst allowing an exclusively selective (84% iso-
lated yield of pyrimidine) cyclization at ~80 °C within only 8 hours even in a green solvent (2-Me-THF). In
addition, the structure—activity relationship of this catalyst was also successfully uncovered, showing a
cooperatively acting catalyst. In particular, the La(i)—O>" sites can govern the activity of the catalyst,
while the Co(i)—O?~ centers dictate the selectivity of the perovskite. Furthermore, the LaCoOs structure
proved to be a recyclable and highly substrate-tolerant promoter, which is essential for producing
substituted pyrimidines.

1. In this manuscript, we present the first sustainable and heterogeneous catalytic process for the production of pyrimidines, which are of great importance
in many different industrial processes, by replacing homogeneous palladium catalysts with LaCoO; perovskite.
2. The LaCoO; perovskite oxide proved to be a very efficient (up to 93 mol% conversion), versatile and selective (up to 100 mol% substituted pyrimidine

selectivity) catalyst which enables a three component acceptorless dehydrogenative coupling (ADC) process with excellent recyclability (up to 9 runs) and poss-
ible regenerability in a green solvent (2-Me-THF) in a ligand-, additive and precious metal-free manner without using inert atmosphere.

3. Since we have determined the structure-activity relationships of this cooperatively operating bifunctional Lewis acid/Co(ur) redox-active catalyst, our work
can provide important information for the design and development of more sustainable heterogeneous catalytic processes for the production of pyrimidines
and other important organic compounds via ADC.
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1. Introduction

The pyrimidine scaffold is of great importance as a building
block for many different heteroaromatic compounds. Many of
these use in the pharmaceutical and advanced electronic
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industries such as antibacterial,"”? antiviral,®> and anticancer
drugs,”® push-pull molecules,® light emitting materials” and
non-linear optical elements,® reflecting the unique role of pyri-
midine compounds.

Although there are many chemical strategies (inverse Diels—
Alder reaction, Bredereck protocol, trifluoromethanesulfonic
anhydride-mediated cyclization of amides, etc.)>"° to efficien-
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tly build this scaffold, these strategies rely on the use of harsh
oxidants, expensive and sensitive precursors and noble metal
catalysts. In addition, each of the reactants used is of petro-
chemical origin, and their conversion results in a significant
amount of waste."*™® Over the last decade, this has motivated
researchers to develop new synthetic processes that enable the
production of pyrimidine derivatives based on readily accessi-
ble, sustainable raw materials.

One of the most powerful developed strategies is the accep-
torless dehydrogenative coupling (ADC) pioneered by
Kirchner," Kempe'® and Milstein,"® which enables an
oxidant-free, economically viable, atom-economic reaction of
alcohols from indigestible lignocellulosic biomass with ami-
dines to form pyrimidine. This reaction proceeds via a multi-
step sequence that includes the dehydrogenation of the corres-
ponding alcohols as a rate-determining step and selective C-
C/C-N condensations.'”'® Moreover, this process proved to be
so versatile that it can also be used for the production of other
industrially relevant components such as imines and pyrroles,
etc. Despite all the listed advantages over the conventional
syntheses, ADCs have so far been underutilized both in indus-
try and academia because they require harsh reaction con-
ditions (7 = 140-160 °C), an inert atmosphere, non-green sol-
vents (toluene, amino alcohols) and consume a lot of energy
since they proceed over a long reaction time of even
24 hours.’®*° In addition, the whole process generates in-
organic waste, especially inorganic bases whose neutralization
is a challenge in a safety manner. In addition, it has been con-
sidered a privileged area of homogeneous noble metal cata-
lysts (Pt, Pd, Ru, Ir, etc.) with the ability to liberate hydrogen
from alcohols and be selective in condensations. Among these
catalysts, precious metal complexes with pincer-type coopera-
tive ligands have proven to be the most efficient structures.

To replace these efficient but (1) scarce and therefore expen-
sive and (2) less stable precious metals under the reaction con-
ditions of the biomass refinery, which are very different from
those of the petroleum refinery, Kempe,”' Milstein,>*
Kirchner,*® Balaraman®* and recently Rengan® and others?®™>®
have presented new strategies that use redox-active transition
metal (TM) ions as catalysts, including Ni, Mn and Co-contain-
ing systems that take advantage of pincer complexes containing
various - sometimes exotic (e.g.;, Mn(1) and Co(i)) - oxidation
states of the TMs. Although remarkable progress has been made
with these complexes, especially in lowering the required reac-
tion temperature (T = 110-130 °C) or stabilizing the structure of
the actual catalysts in the reaction mixture, even these processes
could not cope with most of the harsh reaction conditions
described above, which need to be modified to achieve a sus-
tainable reaction pathway. In addition, no one has yet developed
a heterogeneous catalyst for ADC based on pincer complexes,
possibly due to their well-tuned/non-flexible structures. It
should be noted that ADCs have already been realized hetero-
geneously, but exclusively over supported noble metal cata-
lysts.>® For pyrimidine synthesis, the Pt/C catalyst seems to be
the best and so far the only efficient choice, but with the same
drawbacks that make all the listed processes less suitable.?
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Nevertheless, computational studies focusing on hetero-
geneous catalysts for ADCs have shown the need for a well-
established, intimate enough interaction between metals and
supports to have a chance of producing sufficiently competitive
heterogeneous catalysts based on transition metals.**?! We
also found that a properly created interface between redox-
active transition metal ions (Co(u)) and support with Lewis
acidic character (Bi,0,CO;3) can function cooperatively, even
enabling ADC reactions.*” Moreover, to promote the eventual
dehydrogenation of alcohols, the supports must have both
medium (Lewis) basic and medium (Lewis) acidic sites that
can mimic the cooperative effect of the ligand in pincer com-
plexes. Recently, we have shown that La-based perovskite
oxides can facilitate multistep reactions in which these oxides
play the role of a cooperatively operating, multifunctional cata-
lyst. La,O), units provide the Lewis acidic/basic character and
Ni centers act as redox-active sites.>* Many other studies have
also shown that perovskites can function heterogeneously in a
recyclable manner under mild reaction conditions.*® In light
of these findings, we hypothesized that these La-based struc-
tures can meet the requirements to be efficient catalysts for
pyrimidine synthesis following an ADC strategy.

In this article, we show that CoLa-containing perovskites
and Mn- and Ni-containing ones to some extents are able to
allow the synthesis of pyrimidines via a heterogeneous cata-
Iytic ADC route under considerably mild reaction conditions. A
clear relationship between the acidity of the oxide framework
and the catalytic performance of the perovskite is presented.
Moreover, we were able to prove the cooperative catalytic char-
acter of the acidic and redox-active centers co-existing on the
surface of the perovskites.

2. Results and discussion

2.1. Proof of concept

According to a well-established sol-gel synthesis method,
phase-pure, highly crystalline mixed metal oxides with a per-
ovskite structure were produced. This was clearly demonstrated
by XRD patterns (Fig. 1A, Fig. S1A and B) of the as-prepared
structures consisting only of the fingerprint-like diffractions
(100, 110, 111, 200, 210, 211, 220),>> which match those of La-
and various transition metal-containing perovskites. No other
patterns possibly belonging to impurities appeared in the
diffractograms, indicating in each case the formation of a
single-phase product. Based on the Scherrer equation, the
average primary crystallite size for each oxide was between
25-46 nm (Table S1). Similar results were obtained for the
layered Ruddlesden-Popper (RP; Fig. 1B, Fig. S1A and B) phase
counterparts of the corresponding simple perovskites.*®

The Raman spectra of the solids also closely resemble those
from previous studies.’” All spectra of the perovskites (Fig. 1C,
Fig. S2A and B) contain the characteristic Raman shifts of a
series of A, vibration modes in the 680-500 cm™ range, demon-
strating the rhombohedral crystal structure of these oxides. In
contrast, the spectra of the RP counterparts (Fig. 1D, Fig. S2B)
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Fig. 1 XRD patterns of LaCo-containing perovskite (A) and RP-phase (B) oxides. Raman spectra of LaCoO3 perovskite (C) and its RP-phase counter-

parts (D).

exhibit intense peaks in a wider energy range (700-200 cm™"),
which are associated with vibration modes of a tetragonal crystal
structure.*® Thus, the peak of the A,, vibration mode dominates
the spectra, supporting the existence of the tetragonal structure.
Furthermore, there is no evidence for the (co-)existence of
anionic specimens or other Raman-active components as impuri-
ties (carbonates, nitrates, etc.) in the as-prepared structures.
Besides, the ICP-MS measurements (Table S1) confirmed the
equality of the theoretical and the actual M/La ratios (M: Cu, Ni,
Mn, Co) in the bulk within the margin of error of the method in
all cases. Consequently, catalytic tests (Scheme 1) investigate the
performance of monophasic perovskite oxides and their layered
counterparts in the absence of any impurities.

With these oxide structures in hand and using the reaction
conditions that proven to be generally useful for ADCs,*® an
attempt was made to determine whether the perovskites are

15656 | Green Chem., 2025, 27,15654-15669

capable of promoting this transformation. Accordingly, ADC
test reactions (Scheme 1) of phenyl ethanol, benzyl alcohol
and benzamidine hydrochloride were carried out in equimolar
ratios (0.25 mmol) in toluene (2 mL) in the presence of the
corresponding oxides of 10 mol% and an inorganic base
(‘BuOK of 0.50 mmol) for 24 h at reflux under a N, atmo-
sphere. As can be seen in Fig. 2, no reaction occurred in the
absence of any catalyst, whereas when the heterogeneous ADC
was repeated using a commercially available Pt/C catalyst, a
high conversion of the benzamidine (92%) to the pyrimidine
product (100% product selectivity) was achieved, which is in
good agreement with the literature data.*® In comparison,
each perovskite structure (Fig. 2, Fig. S3) enables this conver-
sion to some extent, with pure to moderate benzyl alcohol con-
versions (39-54 mol%) being achieved with reasonable pyrimi-
dine selectivity (55-65 mol%). This clearly reflects the main-

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Heterogeneously catalyzed ADC test reaction: pyrimidine and triazine synthesis from alcohols and amidines.
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Fig. 2 ADC reaction of benzyl alcohol (0.25 mmol), phenyl ethanol (0.25 mmol) and benzamidine hydrochloride (0.25 mmol) in the presence of 2
eq. ‘BUOK and 10 mol% of various potential catalysts. Reaction conditions: reflux temperature, toluene of 2 mL, t = 24 h under a N, atmosphere.

tenance of the catalytic ability of the transition metal ions
despite their insertion into the perovskite structure, which
were clearly demonstrated as framework cations in pincer and
other cooperative complexes. One can readily recognize simple
trends in the catalytic performance of the perovskites as deter-
mined by their own composition. First, the performance of the
cobalt-containing oxide (54 mol% conversion; 65 mol% selecti-
vity) far exceeded that of their nickel- (39 mol% conversion;
54 mol% selectivity) and manganese-containing (41 mol% con-
version; 61 mol% selectivity) counterparts. Second, all RP-phase
variants (Fig. 2, Fig. S3) of the perovskites appeared to be more
active than their perovskite-phase versions (e.g. Co-perovskite:
54 mol%; Co-RP: 60-75 mol%), albeit with reduced product
selectivity (Co-perovskite: 65 mol%; Co-RP: 20-50 mol%). Third,
a clear trend in the yield of the pyrimidine was outlined, which
can be depicted in decreasing order with increasing number of
metal centers in the homologous series of RP. Moreover, when
testing pure transition metal oxides, that serve as building
blocks in perovskites (Fig. 2, Fig. S3), very different catalytic per-
formances were observed compared to perovskites. In each case,
this meant an increase in by-products, especially triazine, with
simultaneously decreasing benzyl alcohol conversions com-
pared to the catalytic performance of the perovskites. Based on
these results, it became clear that the lanthana framework does

This journal is © The Royal Society of Chemistry 2025

not only play a passive role as a carrier. As can be seen in Fig. 2,
La,0; (27 mol% conversion) has a measurable, albeit lower
activity than mixed oxides in this reaction. However, the selecti-
vity of this oxide towards the pyrimidine product is more
unique (80 mol%) than that of the perovskites (55-70 mol%),
indicating a crucial role of the support framework, especially in
ruling the selectivity of the oxides.

The TEM (Fig. S4) measurements confirmed that not only
the primary crystallite size, but also the secondary size of the
structures are in the same size range (in the case of perovs-
kites), which excludes the dependence of the differences in
catalytic performance of the different oxides presented above
on their own size. Like that, no remarkable difference in the —
otherwise very low - specific surface areas (18-55 m” g™') was
determined using BET (Table S1). All this indicates that the
observed differences must be related to the different catalytic
abilities of the transition metal centers and/or structural
changes depending on the physico-chemical characteristics of
the guest TM or host lanthanum cations.

2.2. Optimization studies and catalytic performance of the
perovskites

After proving the correctness of our hypothesis, the study was
continued to find out whether perovskites are able to compete

Green Chem., 2025, 27, 15654-15669 | 15657
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with noble metal catalysts, which are only known for efficient
heterogeneous ADC reactions. For this purpose, the optimal
reaction conditions for this type of ADCs had to be found. We
performed optimization experiments with LaCoO;, which
seemed to be more attractive than Ni- and Mn-containing cata-
lysts. First, a solvent screening (Fig. 3A) was performed to
replace toluene and other non-green solvents (THF, 1,4-
dioxane, m-xylene), which proved to be attractive in combi-
nation with noble metal catalysts for ADC. As far as the quality
of the solvent is concerned, it would be ideal to find a green
solvent that is stable under the reaction conditions and can
dissolve readily the reactants but does not react with them.
Therefore, the reactions were observed in heptane, ethanol,
tert-amyl methyl ether (TAME), 2-methyltetrahydrofuran (2-Me-
THF) and cyclopentyl methyl ether (CPME). The use of solvents
other than toluene carry with a decrease in benzyl alcohol con-
versions with unchanged product selectivity, with only one
exception. The perovskite showed higher activity (65 mol%
benzyl alcohol conversion) in the bio-renewable 2-Me-THF
than in toluene. Interestingly, the perovskite also proved to be
uniquely selective (~100 mol%) for the desired product.
Therefore, this aprotic polar solvent was chosen for further
optimization of the coupling. Apart from the fact that 2-Me-
THF is a green alternative to toluene, performing the ADC in
this solvent also has other environmentally friendly properties
as it has a lower boiling point (Tpe; = 80.2 °C), at which the
reaction is performed instead of ~110 °C, the boiling point of
toluene. Besides, optimization steps for the reaction tempera-
ture were also conducted (Table S2, entries 1-4). Although, the
use of higher temperatures as the reflux in an autoclave
enables higher benzaldehyde conversions (79-89 mol%),

Other yield (mol%)
yrimidine yield (mol%)

0O 10 20 30 40 50 60 70
Benzyl alcohol conversion (mol%)

Fig. 3 Optimization of the reaction parameters for heterogeneous ADC
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however with remarkably reduced selectivity (54-79 mol%). In
contrast, any deviation from the boiling point of 2-Me-THF
into the lower temperature range resulted in a remarkable
decrease in benzaldehyde conversion (30 mol%). Therefore,
the reflux temperature was still used for further testing. It was
also found that reactions catalyzed by perovskites do not
require an inert atmosphere, as the catalytic markers are not
altered in reactions under an air atmosphere (pyrimidine yield
of 65 vs. 64 mol%, Table S2; entry 5). Accordingly, air atmo-
sphere was used for further experiments.

By changing the added base component (Table S2, entries
6-9), it was found that no other inorganic salt is suitable to
promote cyclization at this level of ‘BuOK (23-43 mol% vs.
65 mol% product yield). Even when a mixture of ethanol and
2-Me-THF is prepared (Table S2, entries 10-14), all carbonates,
especially cesium carbonate (52 mol%), work better compared
with ‘BuOK (44 mol%). This is possibly related to the pure
solubility of these salts in the reaction medium, which can
improve immediately in the presence of aliphatic primary
alcohol.”® However, we continued with the original base, as
the absolute yields from the ‘BuOK-assisted reaction remained
higher in pure 2-Me-THF than it was possible to obtain in the
solvent mixture with any base. Noticeably, the introduced reac-
tion can work with the same efficiency when using 1.5 equi-
valent ‘BuOK (Table S2, entries 15-17) to benzyl alcohol
instead of 2 equivalents which means a remarkable decrease
in the amount of inorganic waste remained after the reaction.

When the ratio of the reactants was systematically varied,
the significant dependence of the catalytic markers on the rela-
tive ratio of benzamidine was readily recognized (Table S2,
entries 18-21). When using an alcohol excess in relative pro-

B 0'7-_ ....... i ™ m -
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£0.54 ® 0.50 mmol
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reaction catalyzed by LaCoOs. (A) Solvent screening and (B) parallel optim-

ization of reaction time and reactant concentrations. Reaction conditions: benzyl alcohol (0.25 mmol (A)), phenyl ethanol (0.25 mmol (A)) and benza-
midine hydrochloride (0.25 mmol) in the presence of 2.0 eq. (A) or 1.5 eq. (B) ‘BUOK and 10 mol% (A) or 5 mol% (B) of LaCoOs, reflux temperature,

2-Me-THF (solvent (A)) of 2 mL, t = 24 h (A) under an air atmosphere.
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portion, the indicated pyrimidine yields begin to increase in
the presence of the catalyst (78-86 mol%). However, this
process would have left a considerable amount of waste
alcohol. Given the need to realize a reaction sequence that
meets the requirements of green chemistry, the use of reac-
tions with reduced benzamidine content was avoided.
Increasing the relative ratio of benzamidine led to an opposite
effect with reduced pyrimidine yields (29-35 mol%) and the
appearance of a large amount of triazine and other by-pro-
ducts. Therefore, the use of the equimolar ratio of the sub-
strates was maintained.

Next, the impact of catalyst loading on catalytic performance
was investigated (Fig. S5). The maximum value of pyrimidine
yield as a function of catalyst loading was a saturation curve.
The maximum value of the plateau was reached with at least a
catalyst loading of 5 mol%, which is considered optimal.
However, this amount of catalyst that had to be used justified
the fine-tuning of the concentration of the reactants to avoid the
diffusion inhibition that might occur. As can be seen in Fig. 3B,
which shows the kinetic curves of the catalytic reactions with
different substrate concentrations, the conversions increased
with increasing concentration of the reactants. The conversion
did not further grow after a 3-fold increase in concentrations
(Fig. S6). Fortunately, there were no concomitant changes in
product selectivity. In all cases, the kinetic curves can be readily
fitted by assuming pseudo-second order kinetics. Consequently,
the minimum reaction time required to obtain the maximum
yield of pyrimidine was determined to be 8 hours.

After this optimization procedure, the pure perovskites
(including those containing Co, Mn and Ni) and Pt/C catalyst
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as a benchmark one were tested again under the optimized
reaction conditions (Fig. 4A). The Ni perovskite structure still
proved to be less efficient. In contrast, a benzyl alcohol conver-
sion of 85 to 90 mol% in combination with the desired
product selectivity of 100 mol% could be achieved with Co-
and Mn-perovskite catalysts, respectively. In addition, LaCoO;
proved to be highly active in this transformation (Fig. 4B; TOF
value: 42 h™") and thus outperformed all competitors (Fig. 4B;
3-25 h™"), including the Pt/C system. For perovskite structures,
dynamic light scattering (DLS) studies showed no difference in
the surface extension of the oxide aggregates in 2-Me-THF.
This was confirmed by detecting nearly the same solvody-
namic diameter for all aggregates (800-900 nm, Table S3).
Therefore, the observed differences arise from the altered cata-
Iytic ability to promote the test reaction.

This performance seems to be really impressive, consider-
ing that a similar high performance can only be achieved with
benchmark catalysts (Table S4) from an efficiency point of view
(87 mol% product yield selectively). Furthermore, these bench-
mark catalysts are able to function at such a high level under
harsh reaction conditions, such as reaction temperature of
105-140 °C in toluene or 1,4-dioxane over a 20-24 hours run
under an inert atmosphere, with a considerable amount of
waste as an excess of alcohol has to be used. All this means that
the perovskite-catalyzed process must be considered as a real
alternative to the well-recognized benchmark heterogeneous
and homogeneous ADC processes (Table S4),'*!321:23:2530 The
results also align with studies indicating that bio-based
N-heterocycles can be produced via multicomponent reactions
using transition metal catalysis.***° However, this requires prop-
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Fig. 4 Comparative kinetic analysis of the catalytic performance of the as-prepared perovskite oxides and Pt/C benchmark catalyst (A) and determi-
nation of TOF values (B) for these structures in pyrimidine synthesis via heterogeneous ADC cyclisation as test reaction. Reaction conditions for per-
ovskites: benzyl alcohol (0.75 mmol), phenyl ethanol (0.75 mmol) and benzamidine hydrochloride (0.75 mmol) in the presence of 1.5 eq. ‘BuOK and
5 mol% of various perovskite catalysts, reflux temperature, 2-Me-THF of 2 mL, tax = 24 h under an air atmosphere. Reaction conditions for Pt/C:
benzyl alcohol (1.5 mmol), phenyl ethanol (1.25 mmol) and benzamidine hydrochloride (1.00 mmol) in the presence of ‘BuOK of 1.5 mmol and
1 mol% of Pt/C catalyst, reflux temperature, toluene of 2 mL, t.x = 24 h under a N, atmosphere.
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erly designed, cooperatively functioning catalysts. In order to
quantify the difference between the commonly used Pt/C and
LaCoOj; perovskite from an environmental point of view, the iso-
lated yield and EcoScale*" (Table S5) were determined for both
under the different optimal reaction conditions. As can be seen,
an isolated yield of 84% was achieved for the reaction promoted
by perovskite and 88% for that promoted by Pt/C matching
highly. Even more interesting is that the EcoScale of 81 is associ-
ated with the perovskite-promoted system, as opposed to that of
64 for the Pt/C-promoted reaction. This reflects the truly green
nature of the process presented, which far outperforms the Pt/
C-based method.

2.3. Understanding the catalytic performance of the simple
and layered perovskites

Focusing primarily on Co-containing perovskite, which have
been shown to be efficient catalyst, and their RP-phase, layered
counterparts, we attempted to understand the function of
these catalysts and to decide whether these mixed oxides can
be considered as cooperative catalysts as envisioned. Kinetic
curves (Fig. 6B and S7) and TOF values were determined/calcu-
lated for both the perovskite structures and the monometallic
oxide building blocks of the oxides as well as for their physical
mixture. The building block specimens of the perovskites were
identified by XPS measurements (Fig. S7). Fig. S7A shows that
on the surface of the perovskites predominantly Co(u) centers
(80-85% of the total cobalt) co-exist with neighboring oxygen-
containing specimens and - to a much lesser extent — Co(u)
centers (15-20%) in combination with oxygen vacancies. In
addition, La(m) centers (Fig. S7B) are also found without La(u)
sites in a local environment identical to that in a lanthana
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structure. Consequently, commercially available La,03, CoO
and Coz0, were included as models in the tests.

First of all, based on the comparative catalytic tests sum-
marized in Fig. 5, it can be stated that in the absence of the
catalyst, there was a measurable benzyl alcohol conversion
(10 mol%), though in combination with non-selective charac-
ter (47 mol%). This low level conversion can be associated
with an alternative, ‘BuOK-promoted pathway previously
reported under aerobic conditions.*” Second, there were no
significant changes in the catalytic markers either in the pres-
ence or absence of the CoO structure, which proves the cata-
Iytic inactivity of this specimen (Fig. 5). Both lanthana and
Co30, allow this cyclization, but with low activity (4-12 h™"). In
Fig. 5, we can see that Co;0, is able to accelerate the test reac-
tions in a selective manner (pyrimidine selectivity: 80 mol%),
in contrast to lanthana, which only has pure selectivity
(48 mol%) but a higher activity. This improved selectivity of
the TM oxide was partly transferred to the lanthana/TM physi-
cal mixture (70 mol%), which is accompanied by a slightly
increased activity, although this is still far from that of the per-
ovskites (21 h™"). However, the perovskite structure outper-
formed the tested physical mixture and the monometallic
oxides in all catalytic markers (42 h™", 87 mol% conversion
and 100 mol% selectivity). This suggests that there may be a
synergistic effect between lanthana and TM oxide sites in per-
ovskites. To decide whether a true synergism could be formed
or not, a two-way ANOVA analysis*’ of the pyrimidine yield
data was performed (Fig. 6A). This showed the additive or
possibly antagonistic nature of the activity of the oxides when
using the mixing process. In sharp contrast, it was also prop-
erly pointed out that there must be a synergistic effect between
lanthana and TM units in perovskites. This suggests that

Goo I3 0791 00'39 AQ

TOF (h™)

Benzyl alcohol conversion (mol%)

Pyrimidine selectivity (mol%)
30

cP

S
\oO? ot

Fig. 5 Catalytic performance of the as-prepared monometallic and bimetallic La/Co oxides in ADC test reaction. Reaction conditions: benzyl
alcohol (0.75 mmol), phenyl ethanol (0.75 mmol) and benzamidine hydrochloride (0.75 mmol) in the presence of 1.5 eq. ‘BUOK and 5 mol% of
various oxide catalysts, reflux temperature, 2-Me-THF of 2 mL, tax = 24 h under an air atmosphere.
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Fig. 6 Two-way ANOVA analysis of La/Co oxide system to decide the existence of the synergistic catalytic effect between lanthana and Coz0O,4 units
on a perovskite surface (A). Kinetic curve of the ADC test reactions catalyzed by the as-prepared monometallic and bimetallic La/Co oxide catalysts
(B). Reaction conditions: benzyl alcohol (0.75 mmol), phenyl ethanol (0.75 mmol) and benzamidine hydrochloride (0.75 mmol) in the presence of 1.5
eq. ‘BuOK and 5 mol% of various oxide catalysts, reflux temperature, 2-Me-THF of 2 mL, tmax = 24 h under an air atmosphere.

lanthanum oxide and TM oxide units are working coopera-
tively on the surface of the perovskites. This was further
strengthened by the kinetic curves of the reactions catalyzed
by the tested oxides (Fig. 6B). Indeed, depending on the
quality of the -catalysts, not only the maximum yield
(24-87 mol%) possible to reach but also the sufficient time to
obtain the saturation plateau (8-20 hours) change remarkably.
This clearly demonstrated the real difference in the catalytic
performance of the mixture and perovskite double oxides.

Furthermore, the present results suggest that the lanthana
centers dictate the activity evolution, while the TM oxide moi-
eties are responsible for the selectivity of the solid. To corrobo-
rate this finding, RP phase oxides were also included in these
tests (Fig. 5), as they have a much different surface compo-
sition from simple perovskites. In all cases, RP-phase oxides
have a higher catalytic activity according to TOF values
(48-60 h™, Fig. 5) than their non-layered counterpart (42 h™).
In addition, the required reaction time for saturation of the
kinetic curves is significantly reduced (6 h; Fig. S8) when RP
phases were used compared with simple perovskites (8 h). In
contrast, the selectivity of these systems decreased to the range
of 70-82 mol% for the desired product, which is an apparent
contradiction since the ratio of the putative selectivity control-
ler TM specimens is higher in the RP-phase oxides than in the
pure perovskite. As for the performance in the homologous RP
series, according to the reported turnovers and selectivities,
there seems to be a regular decrease in the markers monitored,
following the decrease in the actual La/Co ratios. This latter
trend would also not fit well with our assumption, as the
decrease in the ratio of the lanthana specimens should lead to
a decrease in the activity of the solids.

This journal is © The Royal Society of Chemistry 2025

However, the XPS measurements exhibit that the surface
composition of the RP phase oxides does not match the
theoretical and bulk composition and shows a clear excess of
La (Fig. 7A). Consequently, the strong decrease in the selecti-
vity of the structures can be linked to the strongly reduced Co/
La ratios on the surface of the RP phases compared to those of
the simple perovskite structure. However, it remained an open
question why the activity in the homologous series decreases,
although the ratio of lanthanum sites increases significantly.
At this point, it was assumed that the differences in surface
acidity should have a decisive impact on the catalytic activity.”®
This assumption was confirmed by the NH3;-TPD results
(Fig. 7B and C). Although the acid strength distribution is
almost the same for all perovskite derivatives, large differences
in the amount of adsorbed ammonia were observed. While the
simple perovskite structure can adsorb ammonia in an
amount of 205 pmol per gram, the RP-phase oxides adsorbed
ammonia in an amount of 1300-2000 pmol per gram.
Furthermore, the changes in the amount of adsorbed
ammonia show exactly the same order of the perovskite deriva-
tives as established based on their catalytic activity according
to TOF values (Fig. 5). Therefore, the activity of the perovskites
is possibly governed by their own surface acidity. To under-
stand the experienced trend, we measured the acidity of both
La,O; and Co,0; structures using NH;-TPD measurements
(Fig. S9). Co,0; adsorbed a higher amount of the probe mole-
cule (490 umol g~') than La,0O; (140 umol g~ ). This appears to
contradict our results, because we observed an increase in
acidity with a decreasing number of cobalt sites in the RP
phase structures. However, previous studies have shown that
the strength of isolated active Lewis acid sites can be higher

Green Chem., 2025, 27,15654-15669 | 15661
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than that of conjugated ones.** Since the number of cobalt
sites decreases with increasing Co/La ratios in RP phase
systems, these sites become more isolated than those on the
surface of pure perovskite. Therefore, their strength may be
enhanced, which could explain the observed trend.

2.4. Mechanistic investigation and control experiments

To identify the corresponding sub-steps in the catalytic cycle
possibly promoted by different parts (lanthana or TM speci-
mens) of the perovskites, control experiments were performed
(Scheme 2), assuming that the proposed mechanism known
for homogeneously catalyzed pyrimidine synthesis by the ADC
mechanism (Scheme S1) can also be applied to perovskite-cata-
lyzed reactions. In the first step of this classical ADC mecha-
nism, dehydrogenation of both alcohol reactants takes place
with the liberation of hydrogen, followed by cross-aldol con-
densation of the carbonyl compounds generated in situ, yield-
ing an a,f-unsaturated ketone (chalcone). This reacts with ben-
zamidine via a cyclization reaction in which new C-N bonds
are formed. The resulting condensation product undergoes a
further dehydrogenation/hydrogen release reaction in the final
step of the cycle, which yields the pyrimidine as the final
product.*®

This mechanism shows that the catalytic ability of perovs-
kites and monometallic oxides must be investigated in three
different reactions to obtain a clear picture. First, the acceptor-
less dehydrogenation of both phenyl ethanol (Scheme 2/1) and
benzyl alcohol (Scheme 2/2) with the mentioned oxides was
attempted. With all three structures, both reactions can be
completed with different efficiencies. Based on 4-hour-long
runs, the structures can be arranged in the order perovskite >
La(m) oxide > Co(u/mr) oxide by decreasing alcohol conversions.
In the case of the benzaldehyde reactant, however, three

15662 | Green Chem., 2025, 27, 15654-15669

different product distributions were obtained. While a mixture
of benzoic acid and benzaldehyde was formed in the presence
of perovskite and cobalt(u/m) oxide, benzaldehyde was the
almost only detectable product formed by lanthana catalysis
(95 mol% selectivity). This is due to the ability of the T™M
(mixed) oxides to overoxidize benzaldehyde with the aid of
molecular oxygen under aerobic conditions. A similar effect
was not observed for acetophenone, whose overoxidation is
not thermodynamically favored. Noticeably, due to its strong
Lewis acid character, La(u) oxide can promote the aldol self-
condensation of acetophenone. Therefore, the lanthana speci-
mens on the surface of the perovskites are possibly responsible
for avoiding overoxidation of benzyl alcohol as much as poss-
ible in this reaction step. When repeating the experiments
under a N, atmosphere (Scheme 2/3), all three solids exhibit
unique benzaldehyde selectivity, which is consistent with the
hypothesis of overoxidation ability of the TM specimens.*’
Second, the cross-aldol condensation of carbonyl compounds
to chalcone (Scheme 2/4) appears to be a key step from a
selectivity perspective. Lanthana is able to promote this con-
densation with high activity (68 mol% conversion) in a selec-
tive manner (100 mol%). The high selectivity is likely related
to the relatively strong Lewis acid character of lanthana. On
the contrary, both Co-containing systems also afforded the
aldol condensation product, albeit with reduced activity
(38-48 mol%). Furthermore, we repeated these tests in the
presence of benzamidine (Scheme 2/5) and lanthana, directly
yielding triazine (53 mol% triazine selectivity) - the most
common by-product of the cyclization - as the major product
and pyrimidine as the minor product. This competing reac-
tion, in which triazine is formed (Scheme S1), takes place
when the aldehyde reacts directly with the amidine to form
carboximidamide, which, on further reaction with the amidine

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 Control experiments.

gives dihydrotriazine. The by-product triazine can be produced
by dehydrogenation of dihydrotriazine. Using perovskite cata-
lysis, a product mixture of pyrimidine and triazine can be
obtained in a ratio of 9:1, albeit with reduced conversions.
This reflects well the controlling role of the TM specimens on

This journal is © The Royal Society of Chemistry 2025
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the catalyst surface and also indicates that the dehydrogena-
tion of the alcohols is the rate-determining step controlled by
the activity of the lanthana specimens having providing really
high conversion (80 mol%), which is in good agreement with
our results. It was also found that pure cobalt oxide exhibits
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significantly lower activity in both cyclization and subsequent reaction of chalcone and benzamidine to the desired product
dehydrogenation to give a mixture of chalcone, dihydropyrimi- (Scheme 2/6). It is noticeable that, based on the given chalcone
dine and pyrimidine, confirming the Ilatter observation. conversions, there is a remarkable difference in the activity of
Finally, all three solids are able to fully selectively promote the the solids used by what has been described above.
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Scheme 3 Proposed mechanism of oxidative dehydrogenative coupling reaction of phenyl ethanol, benzyl alcohol and benzamidine hydrochloride
catalyzed by LaCoO3, providing pyrimidine.
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Given the results of the control experiments and previously
showcased reaction mechanisms,?***%6™*8 the most probable
but simplified reaction mechanism is proposed (Scheme 3).
We have envisioned a tandem working mechanism consisting
of two cycles. In the first step of the first cycle (1), the phenyl
ethanol molecule adsorbs with its alcoholic oxygen at a La(i)
site and forms a quasi-lanthanum alkoxide surface specimen.
Subsequently, proton abstraction occurs from the alcohol
group of the reactant (2), which is reacted by a neighboring
lattice oxide anion (O®7). Then, f-H elimination takes place,
which is promoted by La(i) sites and leads to the formation of
La(mr) hydride specimen (3). The highly reactive hydride speci-
men immediately extracts an o-hydrogen as a proton, and a
surface-adsorbed enolate is formed (3), while hydrogen liber-
ation occurs via an umpolung mechanism.*> Meanwhile, in
the fourth step (4), ‘BuOK abstracts a proton from the alcohol
group of the benzyl alcohol, and subsequently the carbonyl
group - which exists in a resonance structure of the generated
alcoholate - can adsorb to the in situ generated hydroxyl group
on the surface (see above). This is followed by a further p-H
elimination, which produces the activated benzaldehyde
adsorbed on the surface (4). In the fifth step (5), the nucleo-
philic enolate attacks the activated benzaldehyde to generate a
new C-C bond leading to a p-hydroxy ketone on the surface,
which can rearrange by a nucleophilic attack of the hydroxyl
oxygen on the ketonic a-hydrogen (6). This leads to the for-
mation of chalcone, which is desorbed similar to a water mole-
cule formed by the rearrangement on the surface (7). Finally,
La(ur)-hydride reacts with molecular oxygen to form peroxide
anion, and the original catalyst surface is regenerated.’**® The
degradation of peroxide anion has already been demonstrated
by Riisager et al.*® In parallel, in the second cycle, the hydro-
chloride is extracted from the benzamidine salt by the ‘BuOK

Pyrimidine yield (mol%)
Pyrimidine selectivit

mol%

12345678910111213
Catalytic cycle
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base (9) and the benzamidine adsorbs at the Co(m) sites,
forming a bond via its secondary amino group (10). Thereafter,
a surface oxide anion (O®7) abstracts a proton from the second-
ary amino group of the amidine, enabling the formation of the
amidine anion (11, 12).*® This strongly nucleophilic agent
immediately attacks the desorbed chalcone (13), which was
formed in the first cycle (nucleophilic addition). This leads to
an addition adduct, which is stabilized by a water elimination
step (14). Finally, a dehydrogenative desorption/cyclization
takes place (15), yielding the pyrimidine final product and
another hydrogen molecule via an umpolung reaction (16)
while the original oxide surface is regenerated.

2.5. Reusability and heterogeneity tests of the perovskites

To investigate the stability and recyclability of the LaCoOj; cata-
lyst, a series of recycling experiments were carried out.
Specifically, the catalyst was removed from the reaction
mixture by centrifugation after an 8-hour-long run. The same
spent batch was then thoroughly washed to remove organic
impurities from the surface of the perovskite, dried overnight
in an oven, and reused in another cycle under the optimized
reaction conditions. The catalyst markers were continuously
monitored (Fig. 8A). The obtained TOF values, selectivity and
pyrimidine yields show no remarkable changes in catalyst
activity even after eight consecutive runs. After the eighth
cycle, a slight decrease in catalytic markers can be observed
(9-11" runs). This decrease can readily be linked to the KCI
contamination confirmed by XRD (Fig. S10), which is enriched
on the catalyst surface after eight runs and possibly blocks at
least part of the active sites. Both NH;-TPD and BET studies
were conducted on the spent catalyst after the eighth cycle
(Table S6). While the accessible surface acidic sites of LaCoOj3
decreased to half of the original value (110 pmol g~ NHj3),
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Fig. 8 Recycling tests (A) and the hot filtration test (B) of LaCoOs catalyst. Reaction conditions: benzyl alcohol (0.75 mmol), phenyl ethanol
(0.75 mmol) and benzamidine hydrochloride (0.75 mmol) in the presence of 1.5 eq. ‘BuOK and 5 mol% of LaCoOs, reflux temperature, 2-Me-THF of

2 mL, t = 8 h (A) under an air atmosphere.
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only a slight decrease in the specific surface area was observed Fortunately, the catalyst can be regenerated by boiling in hot

(33 m? g~* compared to the original 40 m* g
that the acid site density decreased due to KCI contamination.

2 —1

). This indicates water and drying in vacuum, whereupon the catalytic markers

were restored (12-13™ cycles). Leaching of the active com-
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Scheme 4 Synthesis of pyrimidines from differently substituted reactants. Reaction parameters: primary alcohol (0.75 mmol), secondary alcohol
(0.75 mmol) and amidine (0.75 mmol) in the presence of 1.5 eq. ‘BuOK and 5 mol% of LaCoOs, reflux temperature, 2-Me-THF of 2 mL, t = 8 h (upper
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ponents was also monitored by analyzing the crude products -
after removal of the solid catalyst — using ICP-MS technique.
No leaching within the detection limit of the method was
observed during the recycling tests.

To consider the LaCoO; structure as a heterogeneous cata-
lyst, the heterogeneity of the catalytic reaction must be demon-
strated (Fig. 8B). For this purpose, a hot filtration test was
carried out. In the test, two reaction mixtures loaded with
LaCoO; of the same batch were compiled and treated under
the optimized reaction conditions. After reaching a pyrimidine
yield of ~40 mol% - approximated by the measured kinetic
curve (see above) - the reactions were cooled to room tempera-
ture. The catalyst was then removed from one of the mixtures
by centrifugation. The mixtures were then treated again under
the same reaction conditions before being cooled. Comparing
the obtained kinetic curves with each other, it seems clear that
the reaction cannot continue at all after removing the catalyst
from the system. On the contrary, the second, comparative
reaction can be completed despite the cooling. All this means
that the Co-containing perovskite is apparently also recyclable
and heterogeneous and thus meets the requirements for envir-
onmentally friendly catalytic processes.

2.6. Substrate scope of the reaction

In addition to the really important characteristics of catalysts,
from selectivity to activity, the generality or versatility of the
catalytic process developed is of great importance from an
economic point of view. To showcase the versatility of the per-
ovskite catalyst, various test reactions were carried out in
which the quality of the substrates was varied (Scheme 4).
When using substituted secondary alcohols and benzami-
dines, only pyrimidine derivatives (100 mol%) can be pro-
duced in combination with moderate to excellent substrate
conversions (47-100 mol%). When the reaction time is
increased to 12 hours, conversions can range from good to
excellent (75-100 mol%). However, varying the substitution of
the primary alcohol resulted in a significant decrease in cata-
lytic markers (34-80 mol% conversions; 15-60 mol% selecti-
vity). We also tried to increase the reaction time in this case (¢
= 12 hours), but only a moderate increase in markers was
observed (58-84 mol% conversion, 15-64 mol% selectivity).
When using primary alcohols with similar polarity to benzyl
alcohol, such as 2-phenylethanol, 2-phenoxyethanol, and
3-phenylpropanol, similarly high levels of the markers (conver-
sion of 85-92 mol% and selectivity of 95-100 mol% for the
desired product) were observed as in the benzyl alcohol-con-
taining system (Table S7). Based on these results, we supposed
that this phenomenon is closely related to the deprotonation of
primary alcohols. This step is supposed to be straightforward.
However, it was previously found that “‘BuOK can become almost
completely inactive as a base in various organic solvents (e.g.
MeCN) under aerobic conditions.”® Since there is no data on
how this base functions in 2-Me-THF for the deprotonation of
alcohols, it is difficult to determine which types of primary alco-
hols can be efficiently deprotonated in this medium.
Nevertheless, the broad substrate tolerance is characteristic of

This journal is © The Royal Society of Chemistry 2025
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the perovskite catalyst with a certain sensitivity to the (degree
of) substitution of the primary alcohol component.

3. Conclusions

In summary, we have found that an efficient, noble metal-free
heterogeneous catalytic ADC three-component cyclization of
alcohols and benzamidine to pyrimidine can be realized with
La-based perovskites and their RP-phase counterparts as cata-
lysts in a selective and recyclable manner. Ni-, Mn- and Co-con-
taining systems all showed activity in this reaction, with the
latter standing out strongly from the others. By means of
LaCoO; catalysis, it is possible to achieve an isolated pyrimi-
dine yield of 84 mol% under mild reaction conditions (T =
80 °C, under an air atmosphere) in a green solvent (2-Me-THF)
with a remarkably short reaction time (¢ = 8 h) relative to that
of the benchmark reactions of noble metal catalysis (¢t =
20-24 h), even in eight consecutive runs. In addition, the
number of runs can be increased by a simple regeneration
process. The EcoScale value of 81 compared to that of 64 of
the most efficient benchmark reaction, clearly shows the eco-
friendly nature of this process. In addition, the Co-perovskite
catalyst has a reasoning functional group tolerance that
enables the cyclization of substituted secondary alcohols and
benzamidines while showing sensitivity to the substituent of
the primary alcohol. Furthermore, we have exhibited that in
this oxide the redox-active transition metal active sites neigh-
boring by oxide anions and lanthana centers can work coop-
eratively. The control of the reaction rate is attributed to the
lanthana specimens, while the transition metal oxide speci-
mens are responsible for controlling the product selectivity.
Lanthana sites enable the rapid cross-aldol condensation of
in situ generated carbonyl compounds to chalcone while avoid-
ing their overoxidation. However, the TM sites completely
prevent the formation of the triazine by-product from chal-
cone, which is favored by lanthana units. The whole process is
strongly controlled by the acidic character of the perovskite
surface from an activity point of view.
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