T—

Politechnika Wroctawska

Field: Chemistry
Discipline: Chemical science
PhD thesis

Heterogeneous catalysts based on plant biomass
accumulating metals: preparation and application
In organic chemistry.

M.Sc. Pola Cybulska

Promotor: prof. dr hab. inz. Tomasz Olszewski
keywords: organic chemistry, ecocatalysis, organophosphorus compounds, phospha-
Michael addition, Knoevenagel-phospha-Michael addition

WROCLAW 2026






Abstract

Abstract

The work presents an ecocatalysis concept that links metal phytomanagement with
efficient and green synthesis of organophosphorus compounds. As the metal source,
biomass of the hyperaccumulator, Arabidopsis halleri, was used. After simple calcina-
tion, a polymetallic heterogeneous catalyst Eco-MgZnOx was obtained, in which basic
M gO sites neighbor Lewis-acidic ZnO sites. This bifunctionality gives synergy: simul-
taneous activation of the nucleophile (P-H or C'H acid) and electrophiles (C=0, C=C),
lowering reaction barriers and increasing selectivity.

The material’s effectiveness was verified in three reaction classes: hydrophos-
phonylation of aldehydes (Pudovik reaction), phospha-Michael addition to activated
alkenes, and the Knoevenagel-phospha-Michael cascade run in one- or two-step
modes. In all cases, very high conversions (often reaching 95-100%) and clean prod-
uct profiles were obtained under mild conditions (50-70°C, solvent-free, with catalyst
loading of about 5 mol% relative to Zn). A broad substrate tolerance was demon-
strated (aromatic, heteroaromatic, aliphatic compounds, various H-phosphonates),
multiple recycling of the catalyst with minimal loss of activity, and scale-up to the gram
scale without loss of efficiency. DFT calculations and structural analyses confirmed the
presence of a solid-solution Mg(Zn)O phase responsible for the observed synergy.

This solution addresses the problems outlined in the introduction: declining avail-
ability and rising costs of metals, and the high environmental footprint of their extraction.
Phytoextraction provides a green metal source, and the product - a durable catalyst -
closes the value loop by coupling remediation with useful synthesis. The main limitation
is the need for strongly activated alkenes and a moderate sensitivity to sterics. Nev-
ertheless, applicability remains broad. Altogether, the results show that ecocatalysts
from A. halleri biomass constitute a practical, scalable, and green-chemistry-compliant
platform for forming C-P and C-C' bonds.






Streszczenie

Streszczenie

Praca przedstawia koncepcje ekokatalizy tgczaca fitogospodarowanie metali z efek-
tywng i ,zielong” syntezg zwigzkdw fosforoorganicznych. Jako zrédto metali wykorzys-
tano biomase hiperakumulatora, Rzezusznika Hallera (Arabidopsis halleri). Po prostej
kalcynacji biomasy uzyskano polimetaliczny, heterogeniczny katalizator Eco-MgZnOx,
w ktérym sgsiadujg zasadowe centra MgO i kwasowe centra Lewisa ZnO. Ta dwu-
funkcyjnosé daje efekt synergii: jednoczesng aktywacje nukleofila (P — H lub CH-
kwasu) i elektrofili (C' = O, C = C), co utatwia zajscie reakcji i zwigksza ich selekty-
wnosé.

Skuteczno$¢ materiatu zweryfikowano w trzech klasach reakcji: hydrofosfonylaciji
aldehydow (reakcja Pudovika), addycji fosfa-Michaela do aktywowanych alkenéw, oraz
w kaskadzie Knoevenagel-fosfa-Michael prowadzonej jedno- lub dwustopniowo. We
wszystkich przypadkach uzyskano bardzo wysokie konwersje, czesto siegajace 95-
100%, i czyste profile produktéw w tagodnych warunkach (50-70°C, bez rozpuszczal-
nika, z katalizatorem w ilosci okoto 5 mol% wzgledem Zn). Wykazano szerokg tol-
erancje substratowg (zwigzki aromatyczne, heteroaromatyczne, alifatyczne, rézne H-
fosfoniany), wielokrotny odzysk katalizatora z minimalnym spadkiem aktywnosci oraz
skalowanie do skali gramowej bez utraty wydajnosci. Obliczenia DFT i analizy struktu-
ralne potwierdzity istnienie fazy M g(Zn)O odpowiedzialnej za obserwowang synergie.

Opisane w ramach rozprawy rozwigzanie odpowiada na problemy opisane we
wstepie: malejgcg dostepnosé i rosngce koszty metali oraz wysoki $lad sSrodowiskowy
ich wydobycia. Fitoekstrakcja stanowi zielone zrédto metali, a produkt - trwaty kataliza-
tor - zamyka obieg wartosci, taczac remediacje z uzyteczng syntezg. Ograniczeniem
metody jest potrzeba silnie aktywowanych alkenéw i umiarkowana wrazliwo$¢ na
zawade steryczng, jednak stosowalnos¢ pozostaje szeroka. tacznie wyniki dowodza,
ze ekokatalizatory z biomasy A. halleri stanowig praktyczng, skalowalng i zgodng z
zasadami zielonej chemii platforme do tworzenia wigzan C — P i C' — C.
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Preface

The rapid progress of modern organic chemistry is closely tied to advances in catal-
ysis. Catalysts, particularly those based on transition metals, have enabled the de-
velopment of numerous methods for synthesizing compounds of high biological and
industrial value. At the same time, the growing demand for metals, their fluctuating
availability, the costs of extraction, and the environmental burdens of mining and pro-
cessing pose serious challenges both for fundamental research and industrial practice.
In response to these issues, new concepts such as ecocatalysis have emerged. This
strategy is based on the use of biomass from metal-hyperaccumulating plants to obtain
active, polymetallic heterogeneous catalysts.

This dissertation contributes to this research field by bridging phytomanagement
of metals, sustainable catalysis, and the synthesis of organophosphorus compounds-
molecules of great importance in biological, pharmaceutical, and agrochemical con-
texts. The work is organized into five main chapters, which guide the reader from the
problem and scientific context, through the proposed biomaterial-based solution, to
practical demonstrations of efficiency and perspectives for further development.

Chapter 1 provides the introduction and theoretical background. It outlines the
global challenges of metal scarcity and increasing costs, as well as the environmen-
tal footprint of metal extraction. The concept of phytomanagement is introduced as a
strategy that can simultaneously remediate heavy metal-contaminated soils and gen-
erate biomass enriched in these elements. Special emphasis is placed on Arabidopsis
halleri - a model Zn/Cd hyperaccumulator-and the molecular mechanisms behind its
metal uptake and storage capacity. Against this background, the concept of ecocataly-
sis is introduced as a potential response to the demands of green chemistry.

Chapter 2 presents the first application of the biogenic Eco-MgZnOx catalyst, ob-
tained from A. halleri biomass, in the hydrophosphonylation of carbonyl compounds
(Pudovik reaction). Detailed optimization studies are reported, including reaction con-
ditions, substrate scope, functional group tolerance, stereochemical aspects, and cat-
alyst stability. The possibility of recycling and reusing the catalyst, as well as scaling
up the reaction to the gram scale, are demonstrated. The chapter also discusses the-
oretical calculations that provided mechanistic insights and explained the bifunctional
synergy between M gO and ZnO sites.

Chapter 3 focuses on the Knoevenagel condensation, a classic C'—C bond-forming
reaction between aldehydes and activated methylene compounds. It is shown that
Eco-MgZnOx, due to its coexistence of basic and Lewis acidic sites, significantly out-
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performs single-component catalysts such as MgO or ZnO. The chapter highlights
a broad substrate scope, covering aromatic, heteroaromatic, and aliphatic aldehydes,
as well as different methylene donors (malononitrile, cyanoacetates). Catalyst stability
over several reaction cycles and successful scale-up are also demonstrated.

Chapter 4 explores the phospha-Michael addition, a reaction forming C' — P bonds
through the addition of H-phosphonates to activated alkenes. The chapter presents
reaction optimization, comparison with simpler oxide catalysts, and studies of catalyst
stability and regeneration. Eco-MgZnOx is shown to efficiently catalyze the addition of
phosphonates to a wide range of arylidene malononitriles and cyanoacrylates, achiev-
ing high yields even in preparative-scale experiments.

Chapter 5 discusses the combined Knoevenagel-phospha-Michael cascade reac-
tion, an example of a multicomponent one-pot process. Particular attention is paid
to the competing Pudovik reaction, which in non-catalyzed systems reduces selectiv-
ity. The results demonstrate that Eco-MgZnOx enables the cascade to proceed either
sequentially or in a single step, with high selectivity and excellent yields. Catalyst recy-
cling, gram-scale synthesis, and tolerance to different substrates confirm the practical
utility of this approach.

The final section of the dissertation integrates results from all studies and formulates
general conclusions. It emphasizes that the biogenic Eco-MgZnOx catalyst represents
a universal catalytic platform for C — C and C' — P bond formation. The material com-
bines high efficiency and selectivity with recyclability and straightforward regeneration,
while its production is based on hyperaccumulator biomass-a byproduct of phytore-
mediation. The work thus demonstrates that it is possible to combine environmental
remediation with the development of modern, sustainable catalytic methods in organic
synthesis.

This dissertation not only delivers detailed studies of a new type of catalyst but also
situates them in the broader context of transforming chemistry toward sustainability. It
shows that biomass often regarded as waste can be turned into a valuable resource,
and that environmental solutions may serve as inspiration for innovative advances in
organic synthesis.

» Pola Cybulska, Yves-Marie Legrand, Alicja Babst-Kostecka, Sébastien Dilib-
erto, Anna Lesniewicz, Erwan Oliviero, Valérie Bert, Clotilde Boulanger,
Claude Grison, Tomasz K. Olszewski. Green and effective preparation of
a-hydroxyphosphonates by ecocatalysis. Molecules 2022, 27(10), 3075, 1-19.
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ment Frangais) granted by the Embassy of France in Poland. The scholarship was
allocated for a total of 12 months across 2021, 2022, and 2023. My planned re-
search stay was to take place at CNRS in France. However, due to the outbreak of the
COVID-19 pandemic, the scholarship was suspended. Instead, | collaborated remotely
with CNRS professors, and this collaboration resulted in the theoretical calculations in-
cluded in this dissertation.
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The main aim of this dissertation was to develop and validate the concept
of ecocatalysis, understood as the use of biomaterials obtained from metal-
hyperaccumulating plants for the preparation of effective, selective, and recyclable
heterogeneous catalysts. The research addresses the dual challenge outlined in the
introduction: the increasing scarcity and cost of critical metals for catalysis, and the
need for sustainable, low-waste solutions in synthetic organic chemistry.

The specific objectives were as follows:

| Design and preparation of biogenic catalysts

1. To obtain polymetallic oxide catalysts (Eco-MgZnOx) from the biomass of Ara-
bidopsis halleri, a model Zn/Cd hyperaccumulator, through controlled thermal
processing.

2. To characterize the structural, textural, and compositional properties of these ma-
terials, and to identify the presence of synergistic phases responsible for catalytic
activity.

Il Evaluation of catalytic performance in C' — P bond formation in hydrophos-
phonylation

1. To test the activity of Eco-MgZnOx in the hydrophosphonylation (Pudovik re-
action) of aldehydes, focusing on substrate scope, reusage of the catalyst and
mechanistic features.

OH
o 3 RZ] OR®
I Hog R

RTR2 T oR " g OR’
1 2 3-4

Scheme 1. Hydrophosphonylation (Pudovik reaction)

2. To compare the efficiency of biogenic catalysts with conventional single-
component oxides (MgO, ZnO, CaO) and to evaluate the role of cooperative
active sites.

11



Research goals

lll Exploration of catalytic activity in C' — C and C — P bond formation in
Knoevenagel-phospha-Michael reaction

1. To investigate the catalytic properties of Eco-MgZnOx in the Knoevenagel con-
densation (C-C bond formation).

RZ
O
= _.CN
A+ NeTR R1J\(
R R R4
1 5 6-7

Scheme 2. Knoevenagel condensation

2. To study the activity of Eco-MgZnOx in the phospha-Michael addition (C' — P bond
formation to activated alkenes).

R? R30. =0
" J\\\(cw y OR® RO
+ \P‘-.., 3 - Rz/)\(
4 G
R 0 OR R‘l R4
6-7 2 8-11

Scheme 3. Phospha Michael addition

3. To combine these transformations in a one-pot Knoevenagel-phospha-Michael
cascade demonstrating the versatility of the catalyst in complex multicomponent

reactions.
RSDRP.}O
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Scheme 4. Knoevenagel phospha-Michael condensation

IV Assessment of sustainability and practical utility

1. To verify the recyclability and long-term stability of Eco-MgZnOx through repeated
catalytic cycles and regeneration procedures.

12
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2. To evaluate the scalability of reactions up to the gram scale, demonstrating
preparative potential.

3. To analyze the ecological and economic benefits of using plant-derived catalysts,
linking phytomanagement of contaminated soils with high-value chemical synthe-
sis.

V Understanding of the mechanism

1. To perform theoretical calculations aimed at discover the nature of active sites
and the origin of bifunctional synergy.

2. To integrate experimental and computational results into a coherent mechanistic
model of catalysis.

Together, these goals were designed not only to confirm the feasibility of ecocataly-
sis in practice but also to position it as a green and scalable alternative to conventional
metal-based catalysis, bridging the gap between environmental remediation and sus-
tainable organic synthesis.
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1.1 Introduction to organophosphorus compounds

1.1 Introduction to organophosphorus compounds

1.1.1 Organophosphorous compounds overview

Organophosphorus compounds (OPCs) hold a contradictory place in science and
society. They are essential building blocks of life, forming the structure of DNA and
providing energy through molecules like adenosine triphosphate (ATP) [1]. However,
synthetic OPCs include some of the most dangerous toxins ever made by humans,
used as lethal nerve agents in chemical warfare and as key ingredients in pesticides,
causing hundreds of thousands of deaths each year [2—4].

What defines OPCs is the phosphorus atom, which has unique chemical features.
It can form multiple bonds, exist in different oxidation states, react strongly as a nucle-
ophile in its trivalent state, and create very stable bonds [5-7]. These characteristics
makes OPCs spread widely across numerous fields-from industrial applications such
as flame retardants, plasticizers, and metal extraction agents, to specialized research
uses as synthetic reagents, catalytic ligands, and tools in biochemical studies [1, 8].

The story of organophosphorus chemistry begins in the 19th century, when the
phosphorus are bonded to the organic groups for the first time. One of the earli-
est recorded syntheses was achieved by Jean Louis Lassaigne in 1820, who reacted
ethanol with phosphoric acid to form triethyl phosphate (TEP), marking a key step in
the formation of organophosphorus esters [9]. Franz Anton Voegeli continued this line
of research and successfully produced TEP in 1848 [10]. Another significant milestone
came in 1854 with the synthesis of tetraethyl pyrophosphate (TEPP). Philippe de Cler-
mont is often credited with its discovery, but historical records suggest it was actually
Vladimir Moschnin, working under Adolphe Wurtz, who first produced TEPP [11]. At
the time, the toxic properties of such compounds were largely unknown, and Clermont
described TEPP as having a pungent taste and an irritating smell. Another important
time for organophosphorus history, is the 1930s. In 1932, while synthesizing phospho-
fluoridate compounds at the University of Berlin, Willy Lange and his graduate student
Gerda von Krueger noted the powerful physiological effects of the vapors, describing
a "marked pressure in the larynx combined with breathlessness" and visual distur-
bances from even minute quantities [4, 12].This observation of toxicity set the stage
for the work of Gerhard Schrader, who is now widely considered the father of mod-
ern organophosphorus insecticides as while searching for new insecticides, Schrader
synthesized thousands of OPCs. His work led to the first commercial OP insecticide,
Bladan, a mixture containing TEPP, and in 1944, the "breakthrough" compound E605,
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1.1 Introduction to organophosphorus compounds

which was later introduced to the global market as parathion, one of the most widely
used insecticides of its class [4, 13]. In 1938, the German government declared all
research on OPCs a state secret, initiating a dual-use development program. One
arm of the research focused on developing compounds with high insect selectivity for
agricultural use, while the other focused on compounds of maximum human toxicity for
use as chemical warfare agents. This program starts the infamous "G-series" nerve
agents, named for "German," which included Tabun (1936), Sarin (1939), and Soman
(1944) [13—-16]. Later, British and American research would lead to the even more
potent "V-series" agents, with the "V" standing for "venomous" [15, 16].

Phosphorus compounds show a wide range of chemical and physical properties
due to different oxidation states and coordination numbers that the phosphorus atom
can adopt. Common phosphorus compounds cover oxides, halides, sulfides, hydrides,
nitrogen compounds, metal derivatives, and organic derivatives, all of which are widely
used in industrial applications. Among these, halides, hydrides, and metal derivatives
- and to a lesser degree oxides and sulfides - are especially reactive intermediate
compounds that promote the formation of phosphorus bonds with other elements [17].

The vast and diverse family of organophosphorus compounds requires a system-
atic classification scheme. The most fundamental approach categorizes them based
on the oxidation state of the central phosphorus atom, with phosphorus(V) and phos-
phorus(lll) compounds being the most common and important classes [18]. Valency
of phosphorous +1, +4, and 0 are occasionally encountered. These states strongly in-
fluence reactivity, coordination behavior, and the types of bonds phosphorus can form
[19].

Phosphorus (V) acids are compounds where the phosphorus is in the +5 oxidation
state. These acids and their derivatives play crucial roles in biochemistry and industrial
applications. Their structure is shown on the figure [1]

0 0 0

] | u
R'OT"OR* RO OR® R'OT R

$R2 R? R?
Phosphate Phosphonate Phosphinate

Figure 1. Basic structures of phosphoryl-based (P=0) pentavalent organophosphorus com-
pounds. Based on [20]

Phosphates ((RO)s; P = O) are fully oxygenated organophosphorus compounds in
which the phosphorus atom adopts a tetrahedral geometry. These are esters of phos-
phoric acid, which lack a direct phosphorus-carbon bond. Three alkyl or aryl groups are
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connected with phosphorous atom via P — O bonds, along with a terminal P = O dou-
ble bond. These compounds are chemically stable and resistant to hydrolysis, which
makes them valuable in applications such as flame retardants, plasticizers, and sol-
vents, but due to their low toxicity and biological compatibility, organophosphate esters
are also explored in medicinal chemistry and material science. These compounds form
also vital biological molecules such as ATP and the sugar-phosphate backbone of DNA
[21].

Phosphonates RP(= O)(OR'), are characterized by a highly stable, direct
phosphorus-carbon P — C bond and have two P — O ester bonds, along with a terminal
P = O bond. This structural feature provides significant chemical and thermal stability
[22]. The presence of a P — C bond makes them more hydrolytically stable. They
are used in agriculture and are also studied as enzyme inhibitors and analogues of
phosphate esters in biological systems [23].This class includes one of the world’s
most widely used herbicides, glyphosate (HO),P(O)CHyNHCH,CO.H), as well
as the potent nerve agent sarin, which possesses both C — P and F — P bonds.
Bisphosphonates are an important class of drugs for treating osteoporosis [24].

Phosphinates R, P(= O)OR' contain two organic groups directly bonded to phos-
phorus and one ester-like OR’ group. Phosphinates are considered structurally in-
termediate between phosphines and phosphonates. These compounds are valued in
synthetic organic chemistry and are used in medicinal and agrochemical applications.
Their lipophilic character and moderate reactivity make them suitable for esterification,
substitution, and metal coordination reactions [21, 25].

Trivalent phosphorus compounds include phosphines, phosphites, phosphonites,
and phosphinites, what is presented in the [} while pentavalent phosphorus com-
pounds comprise phosphates, phosphine oxides, and derivatives of phosphonic and
phosphinic acids and their amides according to [20]. Compounds with phosphorous in
the +5 state, are generally more oxidized and stable ([26]).
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Table 1. Comparison of trivalent organophosphorus compound classes

Compound Formula Bond types Reactivity / use
class
Phosphines R3P upto3x P-C Strong Lewis base, used as

ligand in catalysis ([27])
Phosphinites RoP(OR') | 2x P—C,1 x P—0O | Moderately reactive, ligands
with lower stability ([25])
Phosphonites RP(OR'); | 1x P—C,2x P—0O | Intermediates in pesticide
synthesis and catalysis ([28])
Phosphites P(OR)3 3xP-0 Less nucleophilic, used in
reductions and
phosphorylations ([21])

Phosphines are a class of organophosphorus compounds where the phosphorus
atom is bonded directly to carbon atoms. It forms compounds such as primary, sec-
ondary, and tertiary phosphines (RPH,, R, PH, and R3 P, respectively). Chalcogenide
derivatives of phosphines include compounds where phosphorus forms bonds with sul-
fur, selenium, or tellurium, leading to structures like phosphine sulfides R3 P=S [20].

Other trivalent phosphorous compounds are phosphorus (lll) acid derivatives.
Phosphinites (R, P(OR’)) consist of two organic substituents (R) bonded directly to the
phosphorus atom and one alkoxy or aryloxy group (OR’) attached via a P — O bond.
These compounds are typically more reactive than phosphines and are more prone
to oxidation. Phosphinites are occasionally used as ligands in catalysis, although
they are generally less stable than phosphines [25]. Phosphonites RP(OR'), contain
one organic group R and two alkoxy or aryloxy substituents OR’ attached to the
phosphorus atom. These ligands are less basic compared to phosphines but still find
some use in coordination chemistry. Phosphonites may act as precursors in phos-
phorylation reactions and are occasionally employed in the synthesis of pesticides
[28]. Phosphites P(OR'); are fully substituted by alkoxy or aryloxy groups OR'. Each
of the three substituents is bonded through a P — O bond. These compounds are
more electron-withdrawing and exhibit lower donor ability compared to phosphines.
Phosphites are commonly used as reagents in organic synthesis, particularly in
Arbuzov-type reactions, Michaelis-Arbuzov rearrangements, or as mild reducing
agents [21].

The chemistry of trivalent phosphorus compounds, such as phosphines and phos-
phites, is dominated by their strong nucleophilicity and character as reducing agents
[7]. Unlike the lone pair on the nitrogen in triphenylamine, which is delocalized into
the aromatic rings and relatively unreactive, the lone pair on the phosphorus in triph-
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1.1 Introduction to organophosphorus compounds

enylphosphine is highly available for nucleophilic attack. This results in rapid, often
exothermic, reactions with alkyl halides to form phosphonium salts, a key first step
in the synthesis of Wittig reagents [7]. The ease with which P(lll) is oxidized to P(V)
is a powerful thermodynamic driving force in organic synthesis. The formation of the
exceptionally stable phosphoryl bond in triphenylphosphine oxide PhsP = O propels
numerous named reactions, including the Wittig, Mitsunobu, and Appel reactions [7].
This P = O bond is highly polar and more accurately described as a resonance hy-
brid with significant P — O~ character, rather than a simple double bond, due to the
involvement of phosphorus’s d-orbitals in p-d bonding [7]. This inherent reactivity of
P(lll) compounds contrasts with the stability of many P(V) species, but this stability is
highly dependent on the nature of the bonds to phosphorus. The P-O-C ester link-
age found in organophosphates is susceptible to hydrolysis, a process that can be
catalyzed by both acid and base [29, 30]. This hydrolytic lability is precisely why OP
pesticides were favored over persistent organochlorines. They were designed to break
down in the environment [15]. The rate of this hydrolysis is highly dependent on pH and
temperature - for example, many OP esters are relatively stable for days at neutral or
acidic pH but degrade in minutes at high pH [30]. Furthermore, phosphites (P(OR)3)
hydrolyze much more rapidly than their corresponding phosphates (O = P(OR)3) [30].

Phosphonium salts are characterized by the presence of a positively charged phos-
phorus atom P* bonded to four organic groups, forming structures like R,PTX ™.
These salts are often used as phase-transfer catalysts in organic synthesis.

R R
S R-P=N-P-R [ R
NN NN KN
R_,P“N"R\ R R—I'—l’—N:FI’—R R )
R R R R

Figure 2. Example of phosphazenes structures [31].

Phosphorus is able to build coordination complexes where the phosphorus atom
can exhibit penta- or even hexacoordination, forming five or six bonds. These hyper-
valent species are typically found in oxyacid derivatives, polyphosphates, and coordi-
nation complexes, and they are stabilized by highly electronegative substituents such
as oxygen or fluorine. Depending on their electronic and steric environment, such
compounds adopt trigonal bipyramidal or octahedral geometries [19]. The important
example of pentacoordinated phosphorus compounds is the class of phosphazenes,
which can be linear or cyclic and includes the formula (PN),,. Examples are presented
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1.1 Introduction to organophosphorus compounds

on Figure 2] In these systems, phosphorus atoms often exhibit bonding beyond classi-
cal tetrahedral coordination, especially when substituted with various organic groups.
Phosphazenes are renowned for their thermal and chemical stability, which has led to
their use in flame-retardant polymers, elastomers, membranes, and advanced bioma-
terials [32].

Phosphorus oxides and their derivatives are among the most structurally diverse
phosphorus-containing compounds, primarily because of the strength of the P—O and
P=0 bonds. The chemistry of phosphorus oxyacids forms the basis of systematic
phosphorus nomenclature, although inconsistencies remain common. For example,
the compound traditionally called “phosphorous acid” is more accurately described as
phosphonic acid, with the stable tautomer being H P(= O)(OH ), rather than P(OH);.
Likewise, “hypophosphorous acid” refers to H; PO, also known as phosphinic acid
[33]. Many of these acids are encountered more frequently in the form of their salts
or esters rather than as free acids. Esters derived from phosphinous acid (H,P—OH)
and phosphorous acid give rise to phosphite esters (P(OR)s3), which are widely used
in organic synthesis. Complex examples include hypodiphosphoric acid or diphos-
phoric(lll,V) acid, one P—O—P and second containing P—P linkages. Such species
are usually observed as unstable intermediates during the hydrolysis of phosphorus
halides and oxohalides [34].

Ph
|c|) O\ fPh
Eto—P~H Ofp—o
Et Ph
Diethyl phosphonate Triphenyl phosphite

Figure 3. Structures of diethyl phosphonate and triethyl phosphite [32].

The nomenclature of organoderivatives of phosphorus oxyacids without P—C
bonds-such as esters-is traditionally based on modifying the name of the parent
acid: "-ic" becomes "-ate" and "-ous" becomes "-ite". For instance, diethyl phos-
phonate (CyHs0),P(= O)H and triphenyl phosphite (CsHsO)sP (Figure are
well-known examples used in catalysis and synthesis [32]. Derivatives containing
direct phosphorus-carbon bonds are generally classified as organophosphorus
compounds or carbophosphorus compounds. Their reactivity, electronic properties,
and coordination behavior depend heavily on the phosphorus oxidation state and the

surrounding ligands [33].
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Phosphorus can form single or double bonds with either oxygen or sulfur. It is com-
mon to refer to the P = O bond in a formal sense, in phosphoryl chemistry the bond
is the result of an electron pair being donated from the phosphorus atom to oxygen,
what creates a bond with strong coordinate character - can be shown as P — O or
sometimes as P* — O~. In the phosphate ion PO?™ all P — O bonds are energetically
equivalent, even though they are often written as one double bond and three singles.
Oxygen has a strong natural tendency to bond with phosphorus, and this preference
for forming P = O - phosphoryl bonds plays a central role in phosphorus chemistry.
Both P = O and P = S bonds can act as electron donors. However, the complexes
they form tend to be rather weak because they typically interact with hard Lewis acids,
electron-poor species that are not easily polarizable. This property turns out to be
pretty useful - for instance, in the extraction of uranium or rare-earth metals using com-
pounds like TOPO - trioctylphosphine oxide or DEHPA - di(2-ethylhexyl) phosphoric
acid. Their structures are presented on Figure d P = S bonds are generally more
reactive than the P = O linkage, but also less stable-they break down more easily,
hydrolyze faster, and do not hold up as well under heat. On the flip side, because they
are stronger electron donors, P=S bonds can form more robust complexes. That’'s why
they are often used as "protective blocks"-a kind of shielding to prevent the unwanted
involvement of the lone phosphorus electron pairs in sensitive reactions [35].

o P
/0
0]

Figure 4. Structures of TOPO - trioctylphosphine oxide and DEHPA - di(2-ethylhexyl) phospho-
ric acid [35].

The physicochemical properties of organophosphorus compounds, such as hy-
drophobicity, polarity, solubility, volatility, acidity, and thermal stability, are heavily in-
fluenced by the nature of the substituents bonded to the phosphorus atom. Electron-
withdrawing groups - for example alkoxy groups - increase compound polarity and
acidity, leading to greater water solubility but lower volatility. On the contrary, bulky
alkyl or aryl groups typically enhance hydrophobicity and thermal resistance, while re-
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ducing aqueous solubility [5, 19]. Trialkyl and aryl phosphates exhibit high polarity due
to multiple P — O bonds, with trialkyl phosphates being significantly more hydrophilic.
Phosphonates, with one direct P-C bond and two esterified oxygens, combine high
polarity with moderate hydrophobicity and display excellent thermal stability, making
them suitable for drug and agrochemical development [28]. In contrast, phosphines
and phosphites, which lack full oxygen coordination, are more hydrophobic and volatile,
with lower thermal stability and reduced polarity. These trends are summarized in the
Table 2

Table 2. Physicochemical properties of selected organophosphorus compounds

Compound Hydrophobicity| Polarity Acidity Water Volatility | Thermal
Type (pKa) solubility stability
Trialky! Moderate High ~1-2 Good Low High
phosphates
Aryl High Moderate ~3—4 Poor Low High
phosphates
Phosphonates | Low—Moderate High ~2-3 Good Low Very high
Phosphinates Moderate Moderate ~5—6 Moderate | Moderate | Moderate
Phosphites Low High ~2-3 Good High Low
Phosphines High Low Very Poor High Low
weak
base

The industrial production of organophosphorus compounds involves a well-
established network of synthetic routes. These pathways typically begin with the
transformation of naturally occurring phosphate minerals into elemental white phos-
phorus (P;), using high-temperature reduction known as the Wohler process [33].
From this central starting point, a wide range of phosphorus-containing intermediates
and final products can be synthesized. Elemental form undergoes transformation
into phosphorus trichloride (PCls), phosphine (PHs), or phosphorus oxide (P,O1),
which structures are presented on Figure 5| These intermediates serve as basic
substrates in the production of various organophosphorus compounds. However,
conventional methodologies associated with these processes present several sustain-
ability and safety challenges. The production of PCl; involves the chlorination of white
phosphorus using gaseous chlorine. This reaction not only poses significant safety
risks as result of the toxic and reactive nature of the reagents but also generates
hazardous by-products that require careful handling and disposal. The entire process
is energy-intensive and has significant influence on the environment. The phosphine
gas (PHs) is highly toxic and pyrophoric, so the synthesis of this gas from white
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phosphorus and alkali hydroxides also must face safety challenges [36]. Elemental
phosphorus (P,) can react with oxygen, leading to the formation of phosphorus oxides.
This reaction is highly exothermic and emits a bright light. Phosphorus oxide (P,01) is
a potent dehydrating agent and reacts with organic substrates like ethers or alcohols.
Those reactions are leading to phosphate esters - mono-, di- or trisubstituted acid
phosphates [37].

i

00
Ch, ! HopH 0=pO_ g
;. el |
& o O ﬁ O
o)

Phosphorous Phosphine Phosphorous oxide
chlorine

Figure 5. Structures of phosphorus trichloride, phosphine and phosphorus oxide [33].

PCl3 is a versatile intermediate that can be variously modified. It reacts with alco-
hols to form various phosphites and phosphates, undergoes alkylation when heated
with alkanes, or can be oxidized to generate phosphine oxides. These transformations
enable access to a broad array of organophosphorus compounds [33]. Some of the
main synthetic pathways leading to various organophosphorus compounds, in which
either PCl; or PH; act as intermediates, are illustrated in the scheme 5]
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Scheme 5. Synthetic strategies for the preparation of organophosphorus compounds [33].

PCl; participates in a variety of nucleophilic substitution reactions with alcohols,

alkanes, or Grignard reagents. Reaction with alcohols in the absence of a base yields

fully substituted phosphites, whereas the presence of a base allows formation of dis-

ubstituted phosphites bearing a reactive P — H bond. Following alkylation of these

phosphites with alkyl halides (R — X) via the Michaelis-Arbuzov reaction leads to the

formation of phosphonates [33]. During the reaction of PCl3; with Grignard reagents

R— MgX, tertiary phosphines R; P are obtained [38]. These compounds serve as both

reagents and ligands in catalysis. Further oxidation using hydrogen peroxide leads to
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their respective phosphine oxides R;P = O. Alternatively, when elemental sulfur Sg
will be used, it will lead to phosphine sulfides R;P = S. Both products have higher
stability and water solubility [39]. Other option for PCl3 as substrate, is oxidation with
molecular oxygen to phosphoryl chloride POCI;. This intermediate can be further
functionalized with alcohols to form trialkyl phosphates, or hydrolyzed to generate sec-
ondary phosphine oxides, depending on the nucleophile involved. These pathways are
critical for producing stable, highly oxidized phosphorus species. Intermediate com-
pounds such as dichlorophosphines PRCI, can undergo disproportionation, leading to
chlorophosphines PR,Cl and phosphines. Chlorophosphines can be transformed into
phosphinites by reaction with alcohols [33].

In contrast to phosphorus trichloride, which acts as an electrophile due to the pres-
ence of P—(Cl bonds, phosphine P H; exhibits different reactivity - it is a weak base and
a nucleophile, and it engages in reactions characteristic of lone-pair donor systems, es-
pecially in coordination chemistry and reduction pathways. P H; can be converted into
primary and secondary phosphines via hydrophosphination [40].

Phosphorus can be incorporated into a wide variety of organic substituents, where
it plays a crucial role in modulating the electronic structure, reactivity, and stability of
the overall molecule. The phosphorus atom plays the dominant role in shaping the be-
havior of substituents as — PHy, —PY3, and —POY; (where Y = —-OH, —NH,, —CHs,
or —F), more than the attached Y group. Due to its low electronegativity and high
polarizability, phosphorus tends to accumulate most of the charge within the functional
group, which makes its influence consistent across various chemical environments [41,
42]. For instance, substituents bearing a P = O unit, such as POY; groups, demon-
strate higher electronegativity compared to P(/11)-based groups, a feature attributed
to the semi-polar P—O bond that draws electron density toward the oxygen atom. In
neutral organic frameworks - whether saturated like —C' H; or unsaturated like vinyl
(—CH = CH,), butadiene (—-CH = CH—CH = CH,), or even phenyl rings (—CsH3) -
there is virtually no conjugation between the phosphorus group and the 7-system. This
conclusion is based on both electronic and geometric data, as there is no planarity ob-
served where one would expect delocalization, and bond lengths and rotational barriers
remain small, unlike those seen in strongly conjugated systems like aldehydes —C' HO.
However, when these substituents are adjacent to negatively charged carbon (such
as in a carbanion: —CH,'), the phosphorus-containing groups show a strong ability
to stabilize the negative charge, especially when the Y group is less electronegative
(e.g., —C'H; or —N H,). This stabilization is not driven by the classical w-conjugation,
but rather by electrostatic effects and charge delocalization within the substituent. The
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added electron density tends to localize primarily on the phosphorus atom, sometimes
exceeding a charge of —2, which underscores its electron-accepting character in such
cases. This behavior is nearly the opposite of what is observed in neutral systems.
Although neutral molecules see only minor polarization effects from phosphorus sub-
stituents, the anionic systems show a much more significant structural and energetic
response. In summary, phosphorus-centered groups are soft, low-electronegativity
substituents with strong internal polarization and ability to stabilize negative charge,
but only in systems where such charge is present or introduced [41, 42].

1.1.2 Applications in industry and research

Phosphorus compounds have numerous applications in crucial areas, one of which
is medicine and drug production. Phosphonates are often used in the treatment of bone
diseases like osteoporosis due to their ability to inhibit bone resorption. Phosphates
are commonly used as prodrugs, inactive compounds that metabolize into active drugs,
to enhance the solubility and bioavailability of certain medications, while phosphinates
and phosphonamidates are applied in various therapeutic areas, including antiviral and
anticancer treatments [43].

@
.P-0OH
\
/O OH T /OH
alkaline phosphatase [ inorganic
{ drug structure | phosphate drug structure

Scheme 6. Interconversion of phosphomonoesters prodrugs into drugs and inorganic phos-
phonate [43].

Prodrugs, phosphomonoesters are formed by directly attaching a phosphate group
to a hydroxyl group already present in the drug molecule. This modification is used
to overcome the poor solubility of the original drug. Adding the phosphomonoester
fragment increases both the water solubility and the effectiveness of the drug during
absorption and distribution, as shown in the Scheme[6] In the body, the phosphate pro-
drug is enzymatically converted back to the active parent drug and inorganic phosphate
by alkaline phosphatase, a widely present enzyme in humans.

This kind of prodrugs are widely used to improve the bioavailability and efficacy of
alcohol-, phenol-, and steroid-based drugs, presented on Figure [6] A representative
example is fosfluconazole [6](1)], a phosphate prodrug of fluconazole, which shows en-
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hanced in vivo efficacy due to improved membrane transport and is used against Cryp-
tococcus neoformans and Candida infections [44]. Similar benefits are observed for pri-
mary alcohol derivatives, such as vidarabine monophosphate [6](ll)], an active antiviral
agent for systemic herpes infections. Example of phenol-derived phosphomonoesters
is fosfosal [6](I1)], a salicylic acid phosphate used as a nonsteroidal anti-inflammatory
and analgesic drug. In the case of steroid hormones, conversion to sodium or cal-
cium phosphate salts increases aqueous solubility and reduces irritation. Classic ex-
amples include betamethasone sodium phosphate and dexamethasone sodium phos-
phate [6](IV)], which enable parenteral administration and broaden clinical applicability
when oral therapy is not feasible [45].
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Dexamethasone sodium phosphate [R = (§)-CH;]

Figure 6. Structures of (l), (Il) alcohol-derived phosphomonoester drugs, (Ill) phenol-derived
phosphomonoester drug and (V) steroid hormone-derived sodium phosphate drug [43].

Most phosphomonoester drugs are obtained by phosphatization of existing drugs
or natural compounds, typically as sodium or calcium phosphate salts, to improve wa-
ter solubility and delivery. A classic example is phosphenytoin disodium [7}(V)], which
is a phosphomonoester prodrug developed to improve the water solubility and intra-
venous delivery of phenytoin. (S)-ethylisothiouronium diethylphosphate [[7](VI)] repre-
sents a phosphodiester drug that selectively inhibits inducible nitric oxide synthase,
reducing hepatic nitric oxide production. Creatine phosphate sodium [7](VII)] is based
on an endogenous metabolite and supports ATP recycling, lowering the risk of mus-
cular and cardiovascular disorders. Among phosphorodiamidates, cyclophosphamide
[7L(VII)] acts as a nitrogen mustard prodrug that is enzymatically activated in tumor
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cells to alkylate DNA and suppress immune function. Finally, phosphorotriamidate
alkylating agents such as azetepa [7}(IX)] or uredepa [7](X)] contain aziridine rings
and are used as antineoplastic agents, further highlighting the therapeutic scope of
phosphorus-based prodrugs [43].
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Figure 7. Structures of (V) sodium phosphate drug, (V1) phosphodiester drug, (VIl) phospho-
romonoamidate (VIIl) phosphorodiamidate and (IX, X) phosphorotriamidate drugs [43].

Synthetic phosphonate analogues form an important class of enzyme inhibitors,
mainly used as phosphonate prodrugs. A key example is foscarnet sodium [8](XI)],
developed from phosphonomethanoic acid and used to treat herpes viruses, including
drug-resistant CMV and HSV, by mimicking pyrophosphate at viral polymerase binding
sites. Phosphonated heterocyclic base analogues further extend this concept. For in-
stance, (S)-HPMPA [8](XII)] shows potent and selective activity against a broad range
of DNA viruses. Bioactive fosfomycin sodium [8](XIll)], a phosphoenolpyruvate ana-
logue that inhibits bacterial cell wall biosynthesis by covalent modification of MurA and
is used mainly in urinary tract infections. Replacement of P-O bonds with multiple
P—C bonds has also been exploited in CNS-active drugs [46]. Fosazepam [8](XIV)] is
a water-soluble phosphine oxide derivative of diazepam acting as a positive allosteric
modulator of GABA receptors [47]. Dyflos [8(XV)] acts as a parasympathomimetic
agent and irreversible anticholinesterase, with known risk of delayed peripheral neu-
ropathy. Finally, stable bisphosphonates such as etidronate disodium [8](XVI)] inhibit
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bone resorption by osteoclasts and are used in the treatment of osteoporosis and
Paget’s disease, highlighting the broad therapeutic relevance of phosphonate chem-
istry [43].
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Figure 8. Structures of (XI) synthetic phosphonate drug, (XIl) antiviral phosphonate drug, (XIII)
bioactive phosphonate drug, (XIV) phosphine oxide drug, (XV) phosphorofluoridate drug and
(XVI) non-nitrogenous bisphosphonate drug [43].

Inhibition of bone resporption is the ability of mimicking pyrophosphate, which is a
natural bone metabolism regulator. Pyrophosphate mimicking groups help in control-
ling how synthetic substances interact with specific target enzymes. These interactions
can help regulate the harmful effects of enzymes. Scientists develop molecules that
look like pyrophosphate, which are similar to natural substances or known inhibitors
that the enzymes usually interact with. This process makes it easier to create and
test new compounds without necessity to go through long and complicated testing pro-
cedures. The natural substances that interact with the enzymes served as models for
creating synthetic versions by changing the pyrophosphate parts of the molecules. This
helps control the activity of enzyme, which is useful if the enzyme is linked to diseases
caused by its overactivity [48]. This method has been successful in creating antiviral
drugs, aiding in DNA synthesis [49], targeting cancer pathways [50], and disrupting
harmful microbes [51].

Other application of organic compounds containing phosphorus is clinical dentistry.
One of them is usage of phosphorylated chitosan films in development biomimetic hy-
droxyapatite (HA) crystals through an in vitro mineralization process. The key point
is creating dental substitute materials that mimic the natural mineralization process
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of human teeth to improve their compatibility and functionality. Chitosan is a biopoly-
mer derived from chitin and its biocompatibility makes it a suitable candidate for var-
ious biomedical applications. Phosphorylation of chitosan, presented on Scheme
enhances its ability to bind calcium ions, which is crucial for initiating the mineral-
ization process that leads to the formation of hydroxyapatite crystals [52]. Recently,
researchers aim to assess the suitability of carbomer-based hydrogels for biomedical
applications, particularly in areas where biocompatibility and safety are the most im-
portant features, such as in wound healing, drug delivery, and dental applications. Car-
bomers are synthetic high-molecular-weight polymers of acrylic acid commonly used
in the pharmaceutical and cosmetic industries as gelling agents due to their ability to
swell and form gels when dispersed in water, viscosity-modifying properties and ability
to stabilize emulsions. In Zakzak’s study (2024), carbomer-based hydrogels are pre-
pared by incorporating phosphorus derivatives into the polymer network to enhance
the bioactivity of the hydrogels. Phosphorus contributes to the formation of hydroxya-
patite, a major component of bone and enamel. The phosphorus derivatives include
acidic functional groups that can interact with calcium ions, promoting bioactivity and
potentially enhancing the hydrogel interaction with biological tissues [53].
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Scheme 7. Phosphorylation of chitosan [52].

Organophosphate esters (OPEs) have become one of the primary classes of flame
retardants, largely replacing polybrominated diphenyl ethers after they were banned
due to their persistence and toxicity [54, 55]. Organophosphate esters, such as tris(2-
chloroethyl) phosphate (TCEP) and tris(1,3-dichloroisopropyl) phosphate (TDCP), pre-
sented on Figure[9] are added to polyurethane foams, plastics, textiles, and electronics
to meet fire safety standards [54, 55]. They act through two main mechanisms, differ-
ent in the solid (condensed) phase and in the gas phase. Of course. In the condensed
phase, organophosphorus esters thermally decompose to form phosphoric acid. This
acid acts as a catalyst to promote the cross-linking and charring of the polymer, creat-
ing a protective insulating layer that shields the material from heat and oxygen. In the
gas phase, halogenated organophosphorus esters release reactive phosphorus and
halogen species into the flame. These species act as radical scavengers, interrupting
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the chemical chain reactions of combustion by quenching high-energy radicals such as
H-and OH- [56].
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Figure 9. Examples of organophosphorus compounds used as flame retardants: triphenyl
phosphate (TPP), tris(2-chloroethyl) phosphate (TCEP), tris(1,3-dichloroisopropyl) phosphate
(TDCP), and tri-o-cresyl phosphate (TOCP) [57].

Among phosphorus-containing halogen free flame retardants, the caged bicyclic
phosphates like PEPA (1-oxo-4-hydroxymethyl-2,6,7-trioxa-I-phosphabicyclo [2.2.2] oc-
tane) is key building blocks for their synthesis. lts rigid cage-type structure enable the
development of flame retardants with high phosphorus content by grafting additional
flame-retardant functional groups For example Trimer is bicyclic phosphate flame re-
tardant, synthesized using PEPA and phosphorus oxychloride. PEPA and Trimer are
presented on Figure This highly symmetric molecule contains three bicyclic phos-
phate units, a high phosphorus content and exhibits excellent thermal stability and
char-forming ability [58]. Jiang with coworkers [59] further demonstrated the effec-
tiveness of this system by combining Trimer with ammonium polyphosphate in a 2:1
weight ratio as a flame retardant for polypropylene. With a total loading of 25 wt.%,
the composite achieved a limiting oxygen index (LOI) of 28.8% and a UL-94 V-0 rating,
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confirming its high flame-retardant efficiency.

PEPA O, © 0o

-

e

Trimer It
O

Figure 10. Examples of organophosphorus compounds used as flame retardants: PEPA and
Trimer [58].

Because these OPEs are used as additives rather than being chemically bonded to
the polymer matrix, they can leach, abrade, and volatilize from products over their lifes-
pan [55]. This has led to their ubiquitous presence in indoor environments, with high
concentrations found in household dust, air, and even human tissues, raising concerns
about the health effects of chronic, low-level exposure [54, 55].

Phosphorus in fluorinated (co)polymers provides them with high acidity, complexa-
tion ability, as well as anti-corrosive, flame-retardant, and biomedical properties. These
characteristics enable the use of such fluoro-phosphorus (co)polymers as advanced
materials for polymer exchange membranes for fuel cells, self-etching adhesives used
in dentistry, anti-corrosive coatings adhesion activators, flame retardants and polymer
composites [60].

A range of organic compounds containing phosphorus also have been evaluated as
effective corrosion inhibitors like a-aminophosphonate [61], aminomethylenediphos-
phonic acid (AMDP) [62], piperidin-1-yl-phosphonic acid (PPA) and (4-phosphono-
piperazin-1-yl) phosphonic acid (PPPA) [63], as presented on Figure [T1]
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Figure 11. Examples of organophosphorus compounds used as corrosion inhibitors:
a-aminophosphonate [61], aminomethylenediphosphonic acid (AMDP) [62], piperidin-1-yl-
phosphonic acid (PPA) and (4-phosphono-piperazin-1-yl) phosphonic acid (PPPA) [63].

Certain OPCs are also used as plasticizers, primarily in PVC and other polymers,
to increase flexibility, durability, and elasticity [16, 22]. The low cost and compatibility
with many polymers make them industrially attractive. Zinc dithiophosphates are an-
other major class of industrial OPCs, produced on a massive scale as anti-wear and
antioxidant additives for motor oils [18]. As with flame retardants, the use of OPEs as
plasticizers can lead to human exposure through leaching, with recent studies iden-
tifying industrial food processing equipment as a potential source of contamination in
novel plant-based foods [64].

C[Pth C[P:hlz

Figure 12. Chiral phosphine-prolineamide [65].

Ogranophosphorous compounds can also be applied as catalysts.  Chiral
phosphine-prolineamide, presented on Figure can be used as an organocatalyst
in direct asymmetric aldol reactions. The research demonstrates that this catalyst is
effective in promoting the formation of aldol products with high enantioselectivity and
good diastereoselectivity [65]. Other area of organophosphorus catalysis is redox
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catalysis P(Ill)/P(V). For example, Wittig reaction involves the conversion of aldehydes
or ketones into alkenes using phosphorylated compounds known as phosphonium
ylides Ph3P=R. This is concerned as one of the most important methods for alkene
synthesis in organic chemistry. This reaction allows for the direct conversion of a
carbonyl group into an alkene with control over the stereochemistry of the resulting
double bond. It is a highly valued method in organic synthesis, especially in the
production of natural compounds and pharmaceuticals [66].

Organophosphorus compounds have found wide use both in agriculture and as
chemical weapons, due to their powerful activity against the nervous system in insects
and humans. They are still one of the most commonly used insecticides in agricul-
ture. Compounds such as chlorpyrifos, parathion, and dimethoate (their structure is
presented in the Figure[13) act by blocking acetylcholinesterase (AChE), which causes
a buildup of acetylcholine and leads to uncontrolled nerve signaling. The mechanism
of this blockage is presented in the Scheme [8] This eventually results in paralysis and
death of the insect [4]. Some of the most popular organophosphorus compounds in
agriculture include:

+ Parathion (O,O-diethyl O-(4-nitrophenyl) phosphorothioate, (EtO),P(S) — O —
CsH4NQO,), structure presented in the Figure which was widely used as an
insecticide in the mid-20th century. However, due to its extremely high toxicity to
humans and animals, its use has been phased out or banned in many countries.
Exposure to this compound can lead to rapid cholinergic overstimulation, often
resulting in respiratory failure and death [67].

* Chlorpyrifos  (O,0O-diethyl  O-(3,5,6-trichloro-2-pyridyl)  phosphorothioate,
(EtO),P(S) — O — C5H,CI3N), structure presented in the Figure [13, was
used globally for decades in fruit and vegetable farming. It acts by inhibiting
acetylcholinesterase, disrupting nerve function in target pests. However, due to
growing evidence linking chlorpyrifos to neurodevelopmental harm, particularly in
fetuses and young children, many countries, including the United States (2021)
and European Union (2020), have implemented bans or severe restrictions on its
use [68].

» Dimethoate (O,0O-dimethyl S-(N-methylcarbamoyl) methyl phosphorodiamidate,
(MeO)yP(= O) — SCHyN(CH;3)C(= O)NH,), structure presented in the Fig-
ure [13] remains in use in several agricultural regions due to its effectiveness
against aphids and other pests. However, its environmental persistence and
detection in food and water samples have raised significant concerns regarding
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long-term exposure risks, as dimethoate is toxic to many organisms. It disrupts

the photosynthetic process in plants and inhibits their growth. In birds, it sup-

presses brain enzyme activity, leading to sublethal effects - not immediately fatal,

but still impairing normal functioning. Aquatic organisms are especially sensitive

- following direct exposure to the substance, they often show behavioral changes,

particularly in their swimming patterns [69].
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Figure 13. Examples of organophosphorus compounds used in agriculture: chlorpyrifos,
parathion, methyl parathion, dimethoate [70].
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Scheme 8. Mechanism of cholinesterase inhibition: stepwise interaction between inhibitors

and acetylcholinesterase [71].

To improve safety and selectivity, modern insecticide design often employs a strat-

egy similar to the pro-drug concept in medicine. Many widely used OP insecticides, like

malathion (Figure [14), are synthesized as thiophosphates, containing a P = S bond
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instead of the more reactive P = O (oxon) bond [18]. These thiophosphates are sig-
nificantly weaker AChE inhibitors. Their toxicity is achieved through in vivo metabolic
bioactivation, primarily by cytochrome P450 enzymes in the target organism, which
oxidize the P = S group to the highly potent P = O analogue. The effectiveness of
this strategy relies on the differential metabolic rates between insects and mammals.
An ideal insecticide is one that is rapidly activated in the insect but slowly activated or
rapidly detoxified in mammals, creating a margin of safety [30].

0.0
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Figure 14. Structure of malathion [18].

Several organophosphorus compounds were developed for military purposes, es-
pecially due to their ability to quickly and irreversibly block AChE in humans:

« Sarin (isopropyl methylphosphonofluoridate) (Figure [15) is one of the most well-
known organophosphorus nerve agents. As mentioned before, developed during
the 1930s, it is a colorless and volatile liquid that inhibits acetylcholinesterase
irreversibly, leading to rapid overstimulation of the nervous system. Sarin has
been used in several high-profile chemical attacks [72].

» VX (O-ethyl S-(2-diisopropylaminoethyl) methylphosphonothioate) (Figure is
a persistent nerve agent with extremely high potency. Unlike sarin, it is oily and
poorly volatile, making it particularly dangerous upon skin contact. VX was de-
veloped in the 1950s and is classified as a weapon of mass destruction under
international law [73].

* A-234, a Novichok agent (N-[1-(diethylamino)ethylidene]-N-methylphosphor-
amidofluoridate) (Figure belongs to a newer class of nerve agents that
emerged from secret Soviet chemical weapons programs. These agents are
believed to be more toxic than sarin or VX and have been involved in recent
political poisonings, reigniting international concern over chemical warfare [74].
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Figure 15. Structures of Sarin (isopropyl methylphosphonofluoridate) [72], VX (O-ethyl S-
(2-diisopropylaminoethyl) methylphosphonothioate) [73] and A-234, a Novichok agent (N-[1-
(diethylamino)ethylidene]-N-methylphosphoramidofluoridate) [74].

The ethical dimension of these dual-use compounds is hard to ignore: on the one
hand, they have helped increase crop yields and food security, but on the other hand,
they remain an enduring threat as tools of war. This makes ongoing research into safer,
non-toxic alternatives not just important, but urgent.

In contrast to the AChE-inhibiting insecticides, the most prominent OP herbi-
cide, glyphosate, is a phosphonate that operates through a completely different
mechanism. Glyphosate inhibits the enzyme 5-enolpyruvylshikimate-3-phosphate
synthase (EPSPS), which is a key component of the shikimate pathway for aromatic
amino acid synthesis in plants and some microorganisms [75-78]. Glyphosate and
5-enolpyruvylshikimate-3-phosphate, product of the reaction inhibited by glyphosate
are presented on Figure[16] Since this pathway does not exist in animals, glyphosate
has a much lower acute toxicity to mammals than OP insecticides [79]. The introduc-
tion of glyphosate-resistant transgenic crops revolutionized agriculture, allowing for
broad-spectrum weed control [80]. However, its widespread use has led to significant
controversy. The International Agency for Research on Cancer (IARC) classified
glyphosate as probably carcinogenic to humans in 2015, a conclusion disputed by
other regulatory bodies [81].
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Glyphosate 5-enolpyruvylshikimate-3-phosphate

Figure 16. Structure of glyphosate and 5-enolpyruvylshikimate-3-phosphate [82].

The environmental fates of these two classes of agricultural OPCs are explicitly
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different, illustrating the two models of risk. Ester-based insecticides like malathion
are designed to be non-persistent. Their primary degradation pathway is hydrolysis,
which is sensitive to environmental pH and temperature, along with microbial break-
down [18, 83, 84]. While this lability reduces long-term accumulation of the parent
compound, their high acute toxicity means that runoff from agricultural fields can pose
a significant threat to aquatic ecosystems [85, 86]. Glyphosate, on the other hand, is a
phosphonate with a highly stable P — C' bond, making it much more resistant to chem-
ical hydrolysis [87]. Its primary degradation route is microbial action in the soil, which
can be slow, leading to greater persistence. lts main metabolite, aminomethylphospho-
nic acid (AMPA) (Figure [17), is also persistent and more mobile in soil. Consequently,
the environmental concern with glyphosate is not primarily acute toxicity but rather its
widespread presence in soil and water systems and the potential long-term ecological
and health effects of chronic exposure [87].

Figure 17. Structure of aminomethylphosphonic acid (AMPA) [87].

In the field of hydrometallurgy, specific organophosphorus compounds are prized
for their ability to act as highly selective extractants for separating and purifying met-
als, including valuable heavy metals and rare-earth elements [88]. Acidic extractants
like phosphinic acids, such as Cyanex 272 (Figure [18), and neutral extractants like
phosphine oxides, such as Cyanex 923 (Figure [18), function via cation exchange or
solvation mechanisms [88]. Their selectivity can be tuned based on chemical prin-
ciples like the Hard and Soft Acids and Bases (HSAB) theory. Hard oxygen-based
ligands preferentially bind to hard metal ions, such as Fe3*, while softer sulfur-based
ligands show higher affinity for soft metal ions, such as C'u™ [88]. This tunability makes
them vital reagents in mining and electronics recycling industries.

44



1.1 Introduction to organophosphorus compounds

G¢H o

i P

° /\/\)
Cyanex 272 Cyanex 923

Figure 18. Structures of Cyanex 272 and Cyanex 923 [88].

1.1.3 Synthetic and biological research

Beyond their large-scale industrial roles, organophosphorus compounds are indis-
pensable tools in the research laboratory. They function as powerful reagents that en-
able the construction of complex molecules, as highly tunable ligands that are central
to modern catalysis, and as sophisticated probes for interrogating biological systems.
Several of the most important and widely used transformations in modern organic syn-
thesis rely on the unique reactivity of organophosphorus reagents. A unifying theme
across many of these reactions is a P(I11) to P(V') redox cycle, where the formation
of the exceptionally stable P = O bond in a phosphine oxide byproduct provides the
thermodynamic driving force for the overall transformation [89, 90].

Discovered by Georg Wittig, the Wittig reaction is a premier method for synthesizing
alkenes from aldehydes or ketones [91], presented on Scheme[9] It utilizes a phospho-
rus ylide or Wittig reagent, typically prepared by treating a phosphonium salt with a
strong base. The nucleophilic carbanion of the ylide attacks the electrophilic carbonyl
carbon, leading to an intermediate oxaphosphetane. This four-membered ring then
collapses in an irreversible, exothermic step to yield the desired alkene and the highly
stable byproduct, triphenylphosphine oxide Phs;P = O [92]. A key advantage of the
Wittig reaction is that the position of the new double bond is unambiguously defined,
avoiding the mixtures of isomers often seen in elimination reactions [92].
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Scheme 9. General scheme of Wittig reaction [92].

The Michaelis-Arbuzov reaction is the most fundamental and widely used method
for forming the robust phosphorus-carbon bond [93, 94]. In its classical form, a trivalent
phosphorus ester, such as a trialkyl phosphite, acts as a nucleophile, attacking an alkyl
halide in an SN2 reaction to form a phosphonium salt intermediate. A halide anion then
dealkylates this intermediate in a second SN2 step, yielding a pentavalent phosphonate
and a new alkyl halide [95, 96] as presented in the Scheme [10] This reaction is the
entry point for producing the phosphonate precursors used in many other synthetic
methods [95, 96].
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Scheme 10. General scheme of Michaelis-Arbuzov reaction [95].

The Horner-Wadsworth-Emmons (HWE) reaction is a powerful modification of the
Wittig reaction that uses phosphonate-stabilized carbanions instead of ylides [97-99].
These carbanions are generated by deprotonating a phosphonate ester (often made
via the Michaelis-Arbuzov reaction). Scheme is presented on the Scheme [T1] The
HWE reaction typically provides excellent control over alkene geometry, often favoring
the formation of (E)-alkenes, and its water-soluble phosphate byproduct is much easier
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to remove from the reaction mixture than the triphenylphosphine oxide generated in the
classical Wittig reaction [97, 99].
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Scheme 11. General scheme of the Horner-Wadsworth-Emmons Reaction [100].

Other important reaction is the Mitsunobu reaction, which is a versatile and pow-
erful redox condensation that converts primary and secondary alcohols into a wide
array of other functional groups, including esters, ethers, azides, and thioethers [101].
The reaction employs a combination of a phosphine, typically PPhsz, and an azodi-
carboxylate - diethylazodicarboxylate (DEAD). The phosphine and DEAD combine to
activate the alcohol, converting the hydroxyl group into an excellent leaving group. A
key feature of the reaction is that the subsequent nucleophilic substitution occurs with
a clean inversion of stereochemistry at the alcohol carbon, making it an invaluable tool
for controlling stereocenters in the synthesis of complex natural products [101, 102].
Scheme [12| presents the scheme of the reaction. Like the Wittig reaction, the process
is driven by the formation of triphenylphosphine oxide [102].
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Scheme 12. General scheme of the Mitsunobu reaction [103].

The Appel reaction provides a mild and efficient method for converting alcohols
into alkyl halides [104, 105]. It uses a combination of a phosphine, typically PPhs,
and a tetrahalomethane, such as C'Cl, or CBr,. General scheme is presented on
Scheme The reaction proceeds via an oxyphosphonium intermediate, which is
then displaced by a halide ion in an SN2 reaction. For chiral secondary alcohols, this
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proceeds with inversion of configuration, similar to the Mitsunobu reaction [105]. The
driving force is the formation of triphenylphosphine oxide [105].

OH CX,, PPh, X
R R' X =Br, CI RARI

Y

Scheme 13. General scheme of Appel reaction [106]

The Staudinger reaction involves the reaction of a phosphine with an organic azide
to form an iminophosphorane intermediate [107, 108]. This intermediate can then be
hydrolyzed with water to yield a primary amine and a phosphine oxide byproduct, pro-
viding a very mild and chemoselective method for reducing azides. The scheme is
presented in the Scheme [T4] This reaction has been ingeniously adapted for bioconju-
gation in a process known as the Staudinger ligation, where the iminophosphorane is
trapped by an intramolecular ester to form a stable amide bond, allowing for the specific
labeling of biomolecules in complex biological environments [107, 108].

©9  APPh
REN=N=N 5 2

Scheme 14. General scheme of Staudinger reaction [108].

The development of transition metal catalysis has revolutionized organic synthe-
sis, and organophosphorus compounds, specifically phosphines, have been at the
very heart of this revolution. A fascinating symbiotic relationship within the field ex-
ists: the most advanced methods for synthesizing complex organophosphorus com-
pounds often rely on transition metal catalysis, which, in turn, is enabled by sophisti-
cated organophosphorus ligands [109].

Phosphines R;P are one of the most important classes of ligands in coordination
and organometallic chemistry, with a foundational role in homogeneous catalysis dating
back to the 1950s. The early exploration of the use of triphenylphosphine PPh; in
transition metal complexes and the discovery of Wilkinson’s catalyst, RhCI(P Phs)s,
laid the foundation for future developments in the field [110]. The effectiveness of
phosphines stems from the unique ability to precisely tune their electronic and steric
properties by modifying the three R groups attached to the phosphorus atom [111,
112]. Electronically, they act as strong o-donors through their lone pair, stabilizing the
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metal center. Sterically, the size of the R groups can be adjusted to control access to
the metal, influencing the selectivity of the reaction, with this steric bulk often quantified
by the Tolman cone angle [111].
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Scheme 15. Scheme of Pd-catalyzed asymmetric allylic alkylation and structure of ligand
derived from N-phenyl-(S)-prolinol [113].

Thanks to this versatility, phosphorus-based ligands have become ubiquitous in
catalysis, and contemporary research focuses on designing increasingly advanced
structures for specific applications, especially in asymmetric synthesis. For example,
the preparation of chiral P, N-ligands derived from N-phenyl-(S)-prolinol (Scheme [15)
has been described for use in palladium-catalyzed asymmetric allylic alkylation reac-
tions (Scheme [15), yielding products with high enantiomeric excesses, including an
optically active fluorine-containing compound [113]. Other work has focused on the
synthesis of atropisomeric aminophosphine ligands with stable configurations, which
have also proven effective as ligands in asymmetric catalysis [114].

The impact of phosphine ligands is perhaps most evident in palladium-catalyzed
cross-coupling reactions, which are workhorse transformations in the pharmaceu-
tical and materials science industries. One example is Suzuki-Miyaura coupling
(Scheme [16). It means the formation of C-C bonds via Suzuki coupling was trans-
formed by the development of bulky, electron-rich dialkylbiaryl phosphine ligands,
such as those pioneered by the Buchwald group. These ligands generate highly active
Pd(0) catalysts that can facilitate the coupling of previously challenging substrates,
such as unactivated and sterically hindered aryl chlorides, often at room temperature
and with low catalyst loadings [115—-118].
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Scheme 16. General scheme of Suzuki-Miyaura coupling [117, 118].

Other example is Buchwald-Hartwig amination (Scheme [17), so the formation of
C' — N bonds via direct coupling of amines with aryl halides was a long-standing chal-
lenge in organic synthesis. The Buchwald-Hartwig amination, a Pd-catalyzed process,
provided a general solution. The success of this reaction is almost entirely dependent
on the use of specialized, bulky phosphine ligands like XPhos and SPhos, which are
designed to promote the difficult reductive elimination step that forms the C' — N bond
[119, 120].

S Br S =
| + BuzSn—N E—— R)‘ /

Scheme 17. General scheme of Buchwald-Hartwig amination [119, 120].

Distinct from their role as ligands for metals, phosphines can also act as nucleophilic
organocatalysts in their own right [112, 121, 122]. In this mode of catalysis, the reac-
tion is initiated by the nucleophilic addition of the phosphine to an electrophilic substrate
(such as an activated alkene or alkyne), generating a reactive zwitterionic intermediate
[121, 122]. This intermediate then engages in a variety of subsequent transforma-
tions before the phosphine catalyst is regenerated. Seminal examples of phosphine
organocatalysis include the Rauhut-Currier and Morita-Baylis-Hillman (MBH) reactions
[121, 122].

The same properties that make organophosphorus compounds (OPCs) potent tox-
ins also make them powerful tools for studying biological systems. The key to this
utility is the ability of certain OPCs to irreversibly phosphorylate the active site serine
of serine hydrolases, making them highly specific and potent inhibitors [16, 123]. This
property is exploited in activity-based proteomics, where OPC-based probes are used
to covalently label and identify active enzymes within a complex proteome, providing a
snapshot of the functional state of a cell or tissue [123].

OPCs also form the basis of a variety of sensors for detecting enzyme activity or
the presence of specific analytes. In one common "signal-off" design, the presence of
an OP pesticide inhibits an enzyme, like AChE, which in turn prevents the enzyme from
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catalyzing a reaction that would normally produce a colorimetric or fluorescent signal.
The absence of a signal therefore indicates the presence of the inhibitor [124, 125].

Another strategy involves creating probes where an enzyme, such as carboxyl-
esterase cleaves a bond in the probe molecule, releasing a quenched fluorophore and
"turning on" a fluorescent signal. The presence of an OPC that inhibits the enzyme
prevents this fluorescence, allowing for sensitive detection [126—128]. These sophis-
ticated probes are valuable for applications ranging from environmental monitoring to
visualizing enzyme activity directly in living cells [126, 129].

1.1.4 Catalysis in organophosphorus synthesis

The synthesis of organophosphorus compounds spans a vast range from multi-ton
industrial production to milligram-scale laboratory synthesis. The catalytic strategies
employed in this field are diverse and have evolved significantly, driven by unique chal-
lenges related to reagent hazards, byproduct management, and the pursuit of novel
structures. Catalysis in many industrial sectors focuses on the activation of unreactive
substrates, but in phosphorus chemistry the primary challenge is often to moderate
the reactivity of highly reactive precursors and manage the safety and selectivity of the
process [5]. All the information are summarized in the Table [3

The traditional foundation of the organophosphorus industry is based on some key
highly reactive phosphorus precursors: primarily white phosphorus P, and its chlo-
rinated derivatives, phosphorus trichloride PCl3 and phosphorus oxychloride POC!3.
The dominant industrial route for producing the vast majority of organophosphate es-
ters is the alcoholysis of phosphorus oxychloride POCIs;. This reaction is often fa-
cilitated by Lewis acid catalysts such as aluminum trichloride AICl; or magnesium
chloride M ¢Cl, to enhance the reaction rate [16, 19].
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Scheme 18. General scheme of alcoholysis of phosphorus oxychloride [19].

Catalysts play a central role in the synthesis of organophosphorus compounds, en-
abling efficient and selective formation of C — P and P — X bonds. In classical and
modern methodologies, three major catalytic domains can be distinguished: transition-
metal catalysis, Lewis acid catalysis, and metal-free strategies including organocataly-
sis and biocatalysis. Additionally, recent advances in photoredox and electrochemical
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Table 3. Summary of catalytic strategies in the synthesis of organophosphorus compounds.

Type of cataly- Reaction Example catalysts Key features / application Ref.
sis
Key method for forming C' — P bonds,
Transition-metal ~ Hirao cross-coupling  Pd, Ni, Cu com- esp. C(sp?) — P; newer Ni/Cu variants [130,
catalysis plexes (e.g., lower costs. 131]
Pd(PPh3)s,
NiClz(dppe))
Atherton—Todd reac-  C'u complexes Greener alternative to classical halo- [132]
tion (C%/@)p genation route for phosphoramidates.
. . Atom economy via activation of un-
Direct C — H phos- Ru, Rh with photo- o . [133]
phorylation catalysis modified C — H bonds; reduced waste.
. . . Industrial production of phosphate
(L;gt\';@;g'd Alcoholysis of POCls AlCls, MgCl2 esters: higher rate and yield. [11gbi,
Activates carbonyls/imines; asym-
Hydrophosphonylation Ln triflates (e.g., metric access to a-hydroxy- and a- [134,
(Pudovik) Yb(OTf)s3), Ln aminophosphonates. 135]
amides
Three-component route to a-
Kabachnik—Fields Zn(OTf)2, HfCls, aminophosphonates; heterogeneous [138,
zeolites (H — Y), catalysts enable recycling. 137]
TiO2
Mild conditions; high ee with H-
Metal-free Hydrophosphonylation Thioureas, bonding catalysts; NHCs activate ke- [138,
(organocatalysis) squaramides, tones. 139]
NHCs
Organocatalyzed cycloaddi-
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methods have significantly expanded the synthetic toolkit for organophosphorus chem-
istry [130, 132, 136, 140].
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Scheme 19. General scheme of Hirao reaction - cross coupling of dialkyl phosphites with aryl
halides catalysed by Palladium [143].

Transition-metal catalysis remains one of the most powerful approaches to C — P
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bond construction. The palladium-catalyzed Hirao cross-coupling between aryl halides
and dialkyl phosphites (Scheme[19) is a cornerstone reaction, with ligand optimization
allowing reduced palladium loadings and activation of less reactive aryl chlorides [130].
More recently, nickel and copper catalysts have emerged as cost-effective alternatives,
capable of promoting cross-coupling reactions with a wide substrate scope, including
sp2 and sp3 electrophiles [131]. Direct C — H phosphorylation and radical-mediated
methods have also gained prominence, especially when integrated with electrochem-
ical or photoredox activation, as they minimize waste and often proceed under milder
conditions. Examples include continuous-flow electrochemical arene phosphorylation
without the need for metal catalysts or external oxidants [142], as well as visible-light-
mediated hydrophosphinylation of unactivated alkenes using inexpensive organic dyes
[141].
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Scheme 20. General scheme of hydrophosphonylation with carbonyl substrate [134].

Lewis acid catalysis is particularly valuable in hydrophosphonylation reactions,
where activation of carbonyl or imine substrates leads to enhanced reactivity and enan-
tioselectivity. Reaction scheme with carbonyl substrate is presented on Scheme
Lanthanide triflates and lanthanide amides are among the most efficient catalysts,
with some systems operating at very low loadings and short reaction times [134, 135].
These catalysts also enable asymmetric transformations, making them relevant for the
synthesis of optically pure a-hydroxyphosphonates and related compounds.

Metal-free organocatalysis has become an increasingly attractive alternative due
to due to decreasing metal resources in the world, mild conditions of metal-free
organocatalysis and alignment with green chemistry principles. Nucleophilic phos-
phine catalysts have been widely applied providing versatile access to P-functionalized
frameworks [121, 140]. Hydrogen-bonding catalysts such as squaramides and
thioureas enable enantioselective hydrophosphonylation of aldehydes [138], while
N-heterocyclic carbenes (NHCs) promote hydrophosphonylation of a-ketoesters and
a-trifluoromethyl ketones under ambient conditions [139].
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Scheme 21. General scheme of Kabachnik-Fields reaction [136].

The Kabachnik-Fields reaction, presented on Scheme which produces a-
aminophosphonates from amines, carbonyl compounds, and dialkyl phosphonate
(RO)2,P(O)H, is another well-established transformation in organophosphorus chem-
istry. It can proceed under catalyst-free conditions, especially with microwave heating
or solvent-free protocols, but both homogeneous Lewis acids, such as Zn(OT'f)s,
H fCl, and heterogeneous solids such as zeolites, 7i0O, and MOFs are frequently
used to improve yields and recyclability [136, 137, 144—146]. Mechanistic studies in-
dicate that the reaction often proceeds via imine formation followed by a Pudovik-type
addition [136].

R-0% R base R-0f R
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Scheme 22. General scheme of Atherton-Todd reaction [132].

In the synthesis of phosphoramidates and phosphates, the Atherton-Todd reaction,
presented on Scheme[22] remains a key method. Traditionally employing dialkyl phos-
phites, amines or phenols, base, and halomethanes, the reaction has been adapted
to greener conditions, such as using copper and oxygen as alternatives to toxic halo-
genated reagents [132].

Biocatalysis has also entered the field of C-P bond formation. For instance, Can-
dida antarctica lipase B (CAL-B, Novozym 435) has been shown to catalyze phospha-
Michael additions of phosphine oxides to nitroalkenes and benzylidene derivatives at
room temperature with high yields and recyclability, providing a sustainable, metal-free
route [128].

Photoredox catalysis, often combined with transition metals or organic dyes, has
opened new ways for organophosphorus synthesis, enabling carbophosphorylation,
oxyphosphorylation, and direct C' — H phosphorylation via P-centered radical interme-
diates [133, 147]. These strategies, along with electrosynthetic methods [142, 148],
illustrate the growing emphasis on mild, selective, and sustainable catalytic systems in
organophosphorus chemistry.
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1.2 Introduction to ecocatalysis

1.2.1 Fundamentals of catalysis

At the beginning of the 20th century, the primary metric of success in chemical
manufacturing was yield. The generation of waste was often viewed as an unavoidable
cost of doing business. However, a series of environmental disasters and a grow-
ing understanding of the long-term ecological impact of industrial pollution caused a
fundamental rethinking of this paradigm [149]. This led to the formalization of green
chemistry, a proactive design philosophy aimed at preventing pollution at its source
rather than remediating it after the fact [149-151].

Green chemistry is articulated through twelve core principles, which guide chemists
in designing safer, more efficient, and environmentally benign products and processes
[149, 151]. These principles advocate for actions such as preventing waste, using
renewable feedstocks, designing for energy efficiency, and avoiding the use of toxic
solvents and reagents [149, 151].

Central to Green Chemistry are quantitative metrics that allow for the objective as-
sessment of a process’s environmental performance. Two of the most influential met-
rics are Atom Economy and the E-Factor. Atom Economy, or atom efficiency, is a
theoretical concept that calculates the percentage of atoms from the reactants that are
incorporated into the final desired product, assuming a perfect 100% yield [151]. It pro-
vides a quick, top-level assessment of how efficiently a reaction uses its raw materials.
However, it does not account for real-world inefficiencies like incomplete reactions, side
products, or the waste generated from solvents and work-up procedures. To capture
this real-world impact, the E-Factor (Environmental Factor) was developed - a simple
metric defined as the mass ratio of total waste produced to the mass of the desired
product [151]. Unlike atom economy, the E-Factor accounts for all waste streams, in-
cluding reagent byproducts, solvent losses, and process aids. The ideal E-Factor is
zero, but in real world it increases as the complexity of the target molecule grows: bulk
chemical production may have an E-Factor of less than 5, while fine chemicals can
range from 5 to 50, and the pharmaceutical sector can have E-Factors well over 100
[151]. This massive waste generation, particularly in the fine chemical and pharma-
ceutical industries, is largely a consequence of the reliance on traditional stoichiomet-
ric reagents, which are consumed during the reaction and become part of the waste
stream [151].

The principles of green chemistry and the challenge posed by high E-Factors point
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directly to catalysis as the most powerful tool for building a sustainable chemical in-
dustry. The ninth principle of green chemistry explicitly states a preference for catalytic
reagents over stoichiometric ones, as catalysts, by their very nature, are not consumed
and can facilitate the transformation of vast quantities of reactants [149, 151]

Catalysts enable sustainability beyond waste reduction. Highly selective catalysts
can minimize the formation of unwanted byproducts, simplifying purification and reduc-
ing solvent use. By operating under milder conditions of temperature and pressure, cat-
alysts directly address the green chemistry principle of designing for energy efficiency,
which in turn reduces the carbon footprint of the manufacturing process. The global
push towards a sustainable, low-carbon future-driven by goals like decarbonization,
renewable energy integration, and the valorization of biomass-is therefore intrinsically
linked to and dependent upon continuous innovation in catalysis [152].

Catalysis sits at the core of modern chemistry and chemical engineering. Cata-
lysts are substances that accelerate a chemical reaction without being depleted in the
process and without altering the overall standard Gibbs energy change. It takes part
in the elementary steps and is regenerated at the end [153] Catalyst often enables
the reaction to proceed along a different, faster pathway. Since a catalyst is not con-
sumed during the reaction, the main advantage of catalyst is that they can be reused
in many cycles. There are three types of catalysis: homogeneous catalysis, hetero-
geneous catalysis and biocatalysis. Catalysts can also be classified into groups, and
various substances can act as catalysts, such as protons, Lewis acids, organometallic
complexes, organic and inorganic polymers, enzymes, metals, their oxides, and salts
[154].

At the molecular level, catalysts lower effective barriers by stabilizing the transition
state or providing low-energy pathways. In complex cycles, the turnover frequency and
turnover number quantify activity and durability, but their definitions and comparison
across subfields require care. Turnover frequency depends on how one counts active
sites and on experimental conditions [155]. For multistep cycles, the energetic span
model connects a free-energy profile to an apparent turnover frequency by identifying
rate- and state-controlling features without invoking a single “rate-determining step,”
providing a practical bridge between computation and experiment [156].

Homogeneous catalysts occur in the same phase as the reactants, typically in a
liquid form. These catalysts usually involve transition metals paired with organic ligands
to create a complex that facilitates chemical reactions. Among their advantages are
precise control over reaction conditions and mechanisms, making them suitable for
reactions where selectivity and fine-tuning are crucial [157].
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Some researchers point out that the science of catalysis has not yet mature enough
to be reliably predicted or intentionally developed based on available knowledge. They
highlights the need to introduce a degree of chemical complexity into the rigorous do-
main of physicochemical catalysis [158].

Homogeneous catalysis plays a significant role in chemistry, contributing to various
industrial processes like hydroformylation, hydrogenation, carbonylation and metathe-
sis. One advantage over heterogeneous catalysis is the ability to design catalysts with
ligands, enabling high activity and selectivity. However, separating catalysts from reac-
tion mixtures can be a challenge [157].

Heterogeneous catalysis is a process in which the catalyst and substrate exist in
different phases. Typically, this refers to cases where the catalyst is a solid and the
reactants are in a gaseous or liquid state. The combination of solid and gas is com-
monly concerned as classic heterogeneous catalysis due to its historical development
in the petrochemical and bulk chemical industries. Main advantage of heterogeneous
catalysis is the ease of separating the catalyst after the reaction. Heterogeneous cat-
alysts rely on active sites on metals, oxides, carbons, and zeolites. Zeolites exemplify
how precise pore architectures and Brgnsted/Lewis acidity control both activity and
shape/selectivity in refinery cracking and methanol-to-hydrocarbons chemistry [159].

Metal oxides are one of the groups of compounds used as catalysts in the industry.
These may include oxides of transition metals or main-group metals. The surface,
solid state and morphological properties of metal oxides as catalysts are crucial to the
execution of complex heterogeneous reactions. Therefore, the relationships between
the structural properties and catalytic activity of metal oxides are essential. There
are different types of metal oxides with various structural compositions and properties
[160].

Transition-metal oxides are widely used as heterogeneous catalysts. The most im-
portant attribute of these oxides is stability, which is determined by the oxidation state
of the metal. The most commonly used in catalysis are oxides of metals with stable
high-oxidation states, such as chromium, zinc, titanium, vanadium, manganese, and
aluminum oxides. Metal oxides with intermediate stability are also commonly used
as catalysts and this group include: iron, cobalt, nickel and lead. Oxides of metals
which form unstable compounds like platinum, palladium, ruthenium, silver and gold
are mainly used in nanoparticle form [161].

Thermal stability of metal particles increases, when their size increases in the range
from 1 to 6 nm. Particles larger than 6 nm are more resistant to sintering. Oxygen
vacancies in metal oxide can also play an important role in enhancing the stability
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of nanoparticles [162]. The sintering process of metals is described by the Ostwald
ripening and particle migration and coalescence models ([163]).

In the case of metal oxides as catalysts, one of the most important topics is those
oxygen vacancies (OVs), which play a significant role in the mechanism and kinetics of
reactions catalyzed by these oxides. They are modified to adjust the catalytic efficiency
of various materials, such as 7i0,, CeO,, ZnO, and CuO. It can enhance various as-
pects of the catalytic process in the same time - for example, in photocatalysis: light
absorption, surface reactions or charge transfer and separation. Regulating oxygen va-
cancies is also often applied in electrocatalysis and thermal catalysis to boost catalytic
activity [158].

Metal catalysts can be classified into three main groups: single-atom catalysts,
nanoclusters, and nanoparticles. Single atoms are individual metal atoms supported
on a solid matrix. This form of catalysts offer maximum metal utilization and exhibit
high selectivity due to the ability to form specific active sites. Nanoclusters are clusters
including typically less than 20 atoms. Their reactivity is affected by quantum con-
finement effects. Clusters with fewer than 30 atoms reveal electronic behavior distinct
from larger particles. Their size vary from 1 to 100 nm. Nanoparticles are particles
larger than nanoclusters. They behave more like bulk metals, and their reactivity is
determined by their exposed surface aspects [164].

1.2.2 Challenges in catalysis: metal availability and sustainability

As reported in the CRS report, there has been a steady increase in the prices
of minerals and metals in recent years. Some of the main factors driving this trend
include the growing global demand, particularly in China, the rising production costs
for metals, and the limitations of natural supply. Numerous projects worldwide aim to
expand mining and refining infrastructure; however, they face a range of challenges,
such as electricity shortages, a lack of skilled labor, equipment issues, labor unrest,
weather and transport-related delays, and opposition due to environmental protection
policies. These factors can raise costs and intensify supply issues, ultimately lead-
ing to higher prices. Higher prices impact materials management, such as reducing
the amount of platinum used in automotive catalysts by substituting it with palladium,
which is cheaper, where possible, or recovering materials like scrap iron, steel, alu-
minium, copper and platinum-group metals [165]. Severity of the problem is visible in
annual global spending on metal extraction - it increased from 2 billion in 2002 to 10
billion in 2008 [166]. Between 2020 and 2024, the prices of many metals essential for
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catalysis and energy transition technologies experienced strong volatility, marked by
sharp spikes followed by partial corrections. Even though prices eased in 2023-2024
for several commodities, most metals remain above 2020 levels, and the persistent in-
stability itself has increased risks and costs for catalyst users. Copper illustrates this
trend clearly: the COMEX annual average price rose from $2.80 per pound in 2020 to
an estimated $4.20 per pound in 2024, a growth of approximately 50% [167]. Nickel
followed a similar trajectory, climbing from $13,772 per metric ton in 2020 to about
$17,100 per ton in 2024, representing an increase of around 24%, though the peak
occurred in 2022 at $25,815 per ton [168]. Lithium carbonate, critical for batteries but
also influencing broader chemical supply chains, underwent particularly extreme fluc-
tuations. Its price increased from $10,100 per ton in 2020 to a peak of $71,100 per
ton in 2022, before stabilizing near $14,000 per ton in 2024. Even after this correction,
lithium remains about 39% more expensive than in 2020, with the 2022 spike repre-
senting a staggering 604% increase relative to the baseline year [169]. Cobalt showed
a different pattern. From $14.21 per pound in 2020, the price fell slightly to about
$12.20 per pound in 2024. However, in 2022 it reached a temporary high of $28.83 per
pound, which severely disrupted supply chains and highlighted the risks of short-term
scarcity [170]. Platinum Group Metals (PGMs), a family of six elements: platinum, pal-
ladium, rhodium, ruthenium, iridium and osmium, are central to catalytic applications,
demonstrated some of the most dramatic swings. Palladium fell from $2,205 per ounce
in 2020 to an estimated $980 per ounce in 2024, a decline of 56% after record highs
[171]. Rhodium prices rose from $9,881 per ounce in 2020 to a peak of $20,254 per
ounce in 2021 (an increase of 105%), but later declined to about $4,600 per ounce
in 2024, which is still 53% below the 2020 level [171]. In contrast, iridium increased
substantially, from $1,623 per ounce in 2020 to roughly $5,200 per ounce in 2024,
reflecting a cumulative rise of around 220%. This escalation is strongly connected to
iridium’s status as a by-product of platinum and nickel mining, where supply cannot be
expanded easily in response to demand [171].
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Figure 19. Mine production volumes of zinc yearly from 1994 to 2024 in thousand metric tons,
gross weight [166, 169, 172—198].

Between 2020 and 2024, zinc prices displayed moderate fluctuations. According
to USGS data, the annual average price for Special High Grade zinc was projected to
decrease by about 24% in 2023 compared to 2022 [169]. In 2024, the price decline
moderated, with the price projected to fall by approximately 5% compared to 2023
[198]. Price trends are presented on Figure |20 containing information from the Noth
America and London markets, year by year from 1991, along with trends in yearly
production volume from 1994 presented on Figure [T9 Despite these declines, zinc
was among the best-performing base metals in 2024, with its price rising roughly 13%,
from about $2,621 per metric ton to $2,979 by year-end [199]. According to another
source, zinc closed 2024 at around $2,990 per tonne, marking the third-highest year-
end price of the past decade, after 2021 and 2017 [200]. It means that zinc experienced
a downward drift in 2023 and early 2024, but ultimately rebounded over the year, ending
2024 significantly above 2020 levels.
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Figure 20. Average price of zinc in cents per pound yearly from 1991 to 2025 [166, 169, 172—
198].

The finite nature of metal resources causes a decline in the quality of remaining ores
of metals - as the quality of available deposits worsens, the costs and environmental
footprint of metal extraction increase. An important issue in this context is the impact
on the environment, social responsibility, and management practices, which compli-
cate metal production. For example, stricter environmental regulations and opposition
from local communities can limit access to resources, making it difficult to establish
new mines or expand existing ones. These issues also significantly impact the eco-
nomic feasibility of metal production and consequently the global supply chain’s ability
to meet demand in a sustainable way. The management topics highlighted emphasize
the importance of recycling and efficient resource use, which can reduce depence of
many industries on new metal extraction and mitigate some challenges resulting from
declining resource availability [201].

Some researchers are addressing the problem of decreasing metal availability by
exploring the history of technology and its evolution towards the utilization of lower
grades deposits. It is one way to expand the availability of both critical raw materials
and base metals. Technical problem for treatment of such kind ores is mentioned since
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such ores require more energy for treatment, which in turn will increase the production
cost [202].

The Platinum Group Metals possess a unique confluence of physical and chemical
properties that make them extraordinarily effective catalysts [203—205]. They exhibit
high chemical stability, allowing them to withstand the harsh temperatures and corro-
sive environments of many industrial reactors. Their resistance to oxidation ensures a
long operational lifetime, a crucial factor for economic viability [203, 205].

The global metals sector is a major contributor to environmental stress, responsible
for an estimated 10% of the world’s total energy consumption and a staggering 40% of
all industrial greenhouse gas emissions [206]. The Platinum Group Metals extraction is
a particularly intensive subset of this industry. They are exceptionally rare, found in very
low concentrations in the Earth’s crust. To obtain them, vast quantities of ore must be
mined, crushed, and processed to extract commercially viable amounts of metal [150].
This is an inherently energy-intensive undertaking. The mining and refining processes
not only consume massive amounts of electricity and fuel but also generate enormous
volumes of physical waste. For every ton of metal produced, the process can generate
15 to 20 tons of mineral gangue, dusts, and processing residues [206]. These waste
tailings can contain harmful substances that pose a risk of contaminating local soil and
water systems if not managed meticulously [207].

Platinum Group Metals - PMG are among the rarest elements in the Earth’s crust.
Their unique properties and indispensable role in key industrial and defense applica-
tions have led many governments, including the United States, to classify them as
critical minerals. This designation signifies that they are essential to economic and na-
tional security and are simultaneously subject to high supply chain risk [205, 208]. The
primary source of this risk is the extreme geographical concentration of PGM deposits.
The vast majority of the world’s economically viable reserves are located in a single
geological formation: the Bushveld Igneous Complex in South Africa. Russia is the
only other major primary producer, with smaller contributions from Zimbabwe, Canada,
and the United States [209, 210]. The combination of tight supply, inelastic industrial
demand, and a concentrated production base makes PGM prices notoriously volatile
[211]. The concentration of mining operations in South Africa makes the global supply
highly vulnerable to local and regional issues. Labor strikes, which have historically
plagued the South African mining sector, can halt production for weeks or months,
sending shockwaves through the market. Furthermore, challenges such as electric-
ity shortages, mine accidents, and logistical bottlenecks can significantly curtail output
with little warning [207, 210, 212]. Other problem is that the automotive industry is
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the largest consumer of platinum, palladium and rhodium, and any shifts in this sector
have an outsized impact on PGM prices [210, 211]. For example, the global semicon-
ductor chip shortage that began in 2020 constrained automobile production, leading to
a decrease in demand for catalytic converters and a subsequent drop in PGM prices
[213]

The primary motivation for exploring catalysts based on first-row (3d) transition met-
als like iron, cobalt, nickel or manganese is rooted in the principles of sustainability and
economic viability [150, 214—216]. These metals offer several compelling advantages
over their precious PGM counterparts. First and major advantage is their natural abun-
dance. Iron is the most abundant transition metal in the Earth’s crust, making it orders
of magnitude cheaper than platinum or palladium [furstner_2016, 215]. This cost re-
duction has profound implications, particularly for large-scale industrial processes and
for making advanced chemical technologies accessible globally [215, 217]. Their ap-
plications are presented on the Figure [21]
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Figure 21. Mn, Fe, Co, Ni application in organic catalysis [218].

Second advantage is their significantly lower toxicity profile. Regulatory bodies hold
strict limits on residual precious metal content in consumer products, especially phar-
maceuticals. For instance, the acceptable limit for residual iron in a drug substance
can be as high as 1,300 ppm. In contrast, the limits for most precious metals, including
palladium, are often set at or below 10 ppm [217]. This disparity provides a powerful
incentive for the pharmaceutical industry to develop iron-based catalytic processes, as
it can simplify purification steps and reduce regulatory burdens, contributing to a more
sustainable and cost-effective catalyst economy [217]. The use of these more benign
metals aligns directly with the green chemistry principle of designing less hazardous
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chemical syntheses [216].

Beyond the core 3d transition metals, other earth-abundant elements, particularly
zinc and magnesium, along with their respective oxides, are emerging as highly valu-
able components in the sustainable catalysis toolkit, as they offer unique properties,
often complementing the reactivity of iron, cobalt, and nickel, and are especially promi-
nent in heterogeneous and photocatalysis [219-221]. Zinc is an attractive catalytic
metal due to its high crustal abundance, low cost, and low toxicity [219, 222, 223].
While zinc complexes are effective catalysts for various organic transformations, includ-
ing the ring-opening polymerization of lactides and the chemical recycling of plastics
[219, 224-226], its oxide, ZnO, is a particularly versatile and widely studied mate-
rial. Zinc oxide is a stable n-type semiconductor with a wide band, making it an effec-
tive photocatalyst for the degradation of organic pollutants and for water disinfection
[220, 227]. The photocatalytic mechanism relies on the generation of reactive oxygen
species (ROS) under UV irradiation, although its activity can be extended into the vis-
ible light spectrum through doping [228, 229]. The efficiency of ZnO nanocatalysts
is highly dependent on their morphology and size, which can be controlled through
various synthesis methods, including green synthesis routes using botanical extracts
[230, 231]. Beyond photocatalysis, ZnO is a crucial component in industrial catalysts
for methanol production and is used in the synthesis of biodiesel [127, 232—-234]. Mag-
nesium is one of the most abundant metals on Earth, and its compounds are gener-
ally non-toxic and environmentally mild [222, 223]. While magnesium complexes have
found applications in asymmetric synthesis and polymerization [235, 236], magnesium
oxide M gO is a prominent solid base catalyst. Its high thermal stability and basic sur-
face make it an effective heterogeneous catalyst for a range of reactions, including the
transesterification of oils to produce biodiesel, where it can outperform conventional
catalysts like KOH [237]. MgO is also used as a catalyst or support in the petro-
chemical industry for processes like methane reforming and catalytic cracking, and its
basicity is harnessed for CO, capture technologies [221, 238, 239]. In materials sci-
ence, M gO can be used as a co-activator with ZnO in rubber vulcanization, reducing
the required amount of the more ecotoxic zinc oxide while improving material properties
[240].

One way of aming more effective catalysis is introduction of nanocatalysis. In tra-
ditional heterogeneous catalysis only the atoms on the surface are accessible to reac-
tants and can participate in the catalytic cycle, so the vast majority of atoms in the in-
terior of the particle are catalytically inactive as the active material is often a bulk metal
or a large particle supported on a carrier. Nanocatalysis overcomes this limitation by
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utilizing metal nanoparticles, typically with diameters in the range of 1-100 nanome-
ters, as the active phase [241]. The key advantage of this approach stems from the
dramatic increase in the surface-area-to-volume ratio as particle size decreases [241].
Other way is Single-Atom Catalysis, which represents the logical and ultimate con-
clusion of catalyst downsizing. In this method, the active phase is not a nanoparticle
but individual, isolated metal atoms that are atomically dispersed and anchored onto
a carefully chosen support material, such as nitrogen-doped carbon or a metal oxide
[242, 243]. This configuration achieves the theoretical maximum in metal utilization
efficiency: effectively 100%, as every single precious metal atom is exposed and can
function as an active catalytic site [242—244]. This has the potential to dramatically
reduce the required loading of expensive metals like platinum, making processes more
economical and sustainable [242, 245].

While maximizing efficiency reduces the demand for new metals, it does not elimi-
nate it. The second critical strategy is to create a robust circular economy for catalytic
metals, where end-of-life products are not discarded but are instead treated as valuable
secondary resources to be recovered and reused. This approach is particularly vital
for PGMs, as the concentration of these metals in spent products can be significantly
higher than in their natural ores [203, 246, 247]. This concept, known as "urban min-
ing," reframes industrial waste as a rich and strategically important domestic resource
[246]. Spent automotive catalysts are the prime example, containing PGM concen-
trations that can be over 100 times greater than those found in mined ore [203, 246,
247].

Other example of metal recovery is the treatment of aqueous wastewater by electro-
dialysis containing metal compounds, and recovering metal resources from industrial
and municipal wastewater [248]. It is scalable, easy to operate and is run continuously.
As a relatively new technology under development, it is efficient for the concentration,
separation and selective recovery of metals from acidic wastewater. The general chal-
lenges of electrodialysis involve possible scaling within the setup and waste treatment
after the process.

The production of metal catalysts can also be challenging. Achieving uniform chem-
ical composition is crucial, but variations in cooling rates and processing steps can cre-
ate unwanted phase separations. Another topic is control of pore size and distribution
in supports or porous structures, which affects the uniformity of active site distribution.
Precursor materials, such as metallic glasses, often require activation - like hydrogen
reduction or acid etching - to remove passive oxide layers and expose active surface.
Industrial-scale production also faces challenges, such as heat transfer control, homo-
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geneous heating, and cooling, leading to batch-to-batch inconsistencies [249].

1.2.3 Fundamentals of phytomanagement techniques

The basis for the production of ecocatalysts is plant biomass, which originates from
plants utilizing specialized techniques of phytomanagement of the contaminated soils
on which they grow, what is the solution for other global problem: an issue of soil and
water contamination, driven by centuries of industrial activity, intensive agriculture, and
improper waste disposal. It is a challenge to environmental sustainability and human
health. Anthropogenic activities, including mining, smelting, manufacturing, and the
use of fossil fuels, have led to environmental pollution such as heavy metals, metalloids
and organic compounds [250]. These contaminants degrade soil functionality, threaten
the integrity of aquatic ecosystems, and pose significant risks of entering the food
chain, ultimately impacting human welfare [250, 251]. In response, numerous countries
have enacted legislation and established research programs aimed at the remediation
and restoration of these vast contaminated areas[250].

Traditionally, the approach to contaminated site cleanup has been dominated by
conventional, engineering-based methods. Techniques such as excavation and off-
site disposal, soil washing, encapsulation, and vitrification have been the standard of
practice [252, 253]. While often effective in reducing contaminant concentrations in
the short term, these methods are also typically energy-intensive, often expensive -
especially for large or moderately contaminated sites - and destructive to the environ-
ment [251-253]. Critically, many of these techniques destroy the soil’s natural struc-
ture, fertility, and biological activity, leaving behind a sterile medium that is incapable
of supporting a functional ecosystem [252, 254]. This approach treats the soil as a
disposable matrix rather than a vital, living resource, often simply transferring the pol-
lution problem to a landfill and creating secondary environmental impacts [254]. The
inherent unsustainability and high cost of these conventional methods have catalyzed
a search for greener, more holistic alternatives, leading to the development of a suite
of plant-based technologies.

The concept of phytomanagement techniques emerged in the late 20th century as
a promising, nature-based solution to environmental contamination [253]. Defined as
the use of green plants and their associated soil microorganisms to eliminate, contain,
neutralize, or break down harmful environmental contaminants from the environment
or render them harmless, phytoremediation offered a gentler, more ecologically sound
alternative to disruptive engineering practices [255]. The most profound conceptual in-
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novation of phytomanagement is its reframing of contaminated land. Where traditional
remediation sees a problem, which needs to be liminated at great expense, phytoman-
agement approach gives a resource and an economic opportunity. Instead of focusing
solely on the costly removal of total contaminant mass, the phytomanagement ap-
proach prioritizes the active management of risk. This is achieved by controlling the
bioavailable fraction of contaminants and preventing their migration into water bodies
or the food chain, thereby breaking the pathways of exposure[250, 253].

Phytotechnologies are regarded as an environmentally friendly, visually appealing,
and cost-effective alternative to more invasive and destructive civil engineering meth-
ods. These plant-based approaches not only help restore polluted sites but do so in a
way that preserves the natural landscape and reduces the overall environmental impact
[256]. One of adventages of phytoremediation is also their ability to be applied directly
on-site and on a large scale. However, the time needed to clean up contaminated sites
is a significant challenge. For these methods to be viable, the cleanup time should
ideally not exceed 10 years. This duration can be reduced if the focus is on reducing
the bioavailable pool of contaminants rather than the total concentration of the contam-
inant in the soil [257]. Climatic conditions, such as temperature and soil moisture, play
a critical role in the success of phytoremediation. They influence plant growth, con-
taminant uptake and overall ecosystem interactions. For example, prolonged drought
can stress plants, making them more susceptible to diseases and reducing their effec-
tiveness in remediation efforts. This is specifically problematic in arid and semi-arid
regions with low water retention soils [258]. Plants ideal for this purpose should have
several key traits, such as the ability to grow beyond their native range, rapid growth,
high biomass production, ease of harvesting, and the capacity to accumulate a variety
of heavy metals in their harvestable tissues [259].

Heavy metals are resistant to degradation by biological or physical processes and
can persist in the soil for extended periods, causing long-term environmental risks.
Based on their roles in biological systems, heavy metals can be categorized as es-
sential or non-essential. Essential heavy metals such as copper, iron, manganese,
nickel and zinc are necessary for various physiological and biochemical processes
in plants. However, excessive amounts of those metals can be toxic. Non-essential
heavy metals, including lead, cadmium, arsenic and mercury are highly toxic and have
no known beneficial role in plants. These metals can cause significant environmental
pollution, disrupt numerous physiological and biochemical processes in crops, and re-
duce agricultural productivity. Additionally, they can enter the food chain through crops,
accumulate in the human body via biomagnification, and pose serious health risks to
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humans [260].
Phytomanagement operates through a suite of plant-driven processes that collec-
tively form its technical toolkit, including [261]:

* the extraction of contaminants into harvestable biomass - phytoextraction,
« their immobilization within the soil - phytostabilization,

» their degradation into less harmful substances - phytodegradation,

+ and their filtration from water - rhizofiltration.

Each mechanism leverages distinct biological, chemical, and physical properties
of the "soil-plant-microbial" system to manage contaminants in different ways[250].
Understanding these foundational processes is essential for designing effective, site-
specific phytomanagement strategies that can range from the complete removal of
pollutants to their long-term, safe immobilization. These techniques are not mutually
exclusive and can often occur simultaneously, contributing to the overall remediation
and management of a contaminated site [262].

Phytoextraction is a method that is used to recultivate contaminated soils by grow-
ing plants that are tolerant to toxic elements. These plants absorb the contaminants
from the soil and store them in their upper parts, such as leaves and stems, which can
be harvested. Typically, phytoextraction is effective in removing one or two types of
contaminants at a time, rather than a wide range [257]. The primary objective of phy-
toextraction is the permanent removal of the contaminant mass from the soil ecosys-
tem[263, 264]. Upon harvest, the metal-enriched biomass is removed from the site,
thereby incrementally reducing the total pollutant load in the soil over successive grow-
ing seasons[265]. The underlying biological mechanisms are complex and involve a
coordinated series of physiological events. First, the contaminant must be mobilized
from the soil matrix into a bioavailable form that can be taken up by the roots. Once
in the root, specialized membrane transporter proteins facilitate its movement across
the cell walls and into the vascular system [255, 266]. The contaminant is then loaded
into the xylem, the plant’s water-conducting tissue, for long-distance transport to the
shoots. To prevent cellular damage during this process, the plant employs chelating
agents - molecules that bind to the metal ions to safely shuttle them through its tissues.
Finally, upon reaching the leaves, the contaminants are typically compartmentalized
and sequestered within the cell’s vacuole, a large storage organelle, which isolates
them from metabolically active parts of the cell and prevents phytotoxicity [255, 266].
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Figure 22. Schematic representation of soil purification by metal hyperaccumulating plants -
phytoextraction

Phytoextraction is most applicable to sites with low to moderate levels of contamina-
tion, as very high concentrations can be toxic even to tolerant plants[267]. Its success
is highly dependent on the selection of appropriate plant species, particularly hyperac-
cumulators, which have a natural, genetically encoded ability to accumulate extremely
high concentrations of specific metals[263].

Phytomining is the related process to phytoextraction focused on recovering valu-
able metals from contaminated biomass and can make phytoextraction more econom-
ically feasible. This process not only addresses the disposal of contaminated biomass
but also generates revenue from the recovered metals, making it a profitable venture
[268].

Phytostabilization does not aim to remove contaminants from the soil. Instead,
its goal is to reduce their mobility and bioavailability, thereby containing them in-situ
and minimizing the risk of their migration into groundwater, surface water, or the food
chain[254]. Plants are used to create a vegetative cover, which helps prevent erosion,
reduce dust, and limit water infiltration. This minimizes the movement of metals into
groundwater and the surrounding environment [269]. Phytostabilization is achieved
through a combination of physical and biogeochemical processes. Physically, the
dense root systems of the selected plants bind soil particles together, significantly re-
ducing wind and water erosion, which are major vectors for the dispersal of contami-
nated dust and sediment[253, 261]. The plant canopy also overtake rainfall, reducing
the amount of water that percolates through the contaminated soil profile and minimiz-
ing the leaching of soluble contaminants into underlying aquifers[253].
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The process works by adding soil amendments like phosphates, biosolids, zeolites,
or ash. These additions bind with metals and make them less available for plant up-
take or movement. Plants also play an active role - they stabilize the soil and affect
the chemical conditions around their roots. Some plants can trap metals in their root
system or change soil pH and redox potential, reducing metal mobility [270].

In trials focused on stabilising polluted soils using plants, a wide range of soil en-
hancers have been applied. These include materials that raise pH, such as lime, as
well as phosphorus-rich substances like apatite, oxides and hydroxides of iron, alu-
minium and manganese, organic waste, and certain industrial by-products [271-273].
Such treatments work by locking harmful metals and metalloids into forms that are not
easily dissolved in water and as a result, these toxic elements are less likely to move
downward through the soil layers or be taken up by living organisms. In the studies
conducted by Vangronsveld in 1999 in Belgium, soil contaminated with cadmium, lead
and zinc in an industrial zinc smelter area was the target of phytostabilization. In this
process grass species such as Festuca rubra, Agrostis capillaris, and Lolium perenne
combined with additions like compost was utilized [269]. Another studies were con-
ducted in Jales, Portugal. It was focused on arsenic and other metal contamination in
mine spoil heaps. The remediation involved tolerant grass species such as Agrostis
castellana and Holcus lanatus, combined with beringite and steel shots. The result of
those studies is positive, metal migration into surrounding water systems was reduced
[274]. The use of organic inputs, such as compost, animal manure, or treated sewage,
also helps improve how the soil behaves. These materials boost water absorption, in-
crease how long the soil holds moisture, and generally make it easier for plants to grow
[257, 275]. On top of that, they supply key nutrients and offer an eco-friendly way to
reuse organic waste. Another example comes from research by Zanuzzi et al. (2009),
where acidic mining waste was treated with pig manure or sewage sludge and topped
with marble dust [276]. Within two years, the soil became almost neutral in pH and
had much more stable organic matter. Five years later, treated areas showed greater
microbial activity, better functioning of soil enzymes, and a richer and more widespread
plant cover than untreated sites [277].

In the root zone, the rhizosphere, contaminants can become trapped or immobilized
through various processes, including adsorption, where contaminants stick to surfaces,
precipitation, where they form solid particles, and accumulation. This is often due to
microorganisms that live in symbiosis with plant roots, making contaminants less likely
to move or cause harm ([278]). Biogeochemically, plants actively alter the chemistry of
the soil zone immediately surrounding the roots. They release root exudates and phy-
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tochemicals that can cause contaminants to precipitate out of the soil solution, adsorb
onto root surfaces, or form stable, insoluble complexes [261, 279]. Contaminants may
also be absorbed into the root tissues and sequestered there, effectively locking them
within the below-ground biomass[261]. By converting the contaminants into less mo-
bile and less bioavailable chemical forms, phytostabilization effectively renders them
harmless in place[264]. This approach is particularly well-suited for large areas of con-
tamination where complete removal is economically or technically infeasible. However,
because the contaminants remain in the soil, phytostabilized sites require long-term
monitoring to ensure the continued stability of the immobilized pollutants[254].

Phytodegradation, also known as phytotransformation, is a mechanism that targets
organic pollutants, such as pesticides, herbicides, chlorinated solvents and explosives
[279]. This process involves the breakdown of complex toxic organic molecules into
simpler, less toxic or non-toxic compounds through the plant’s own metabolic machin-
ery [264, 279]. Scheme of this process is presented on Figure 23] It begins with the
plant taking up the organic contaminant from the soil or water. Once inside the plant
tissues, the contaminant is subjected to a series of enzymatic reactions, similar to how
the plant metabolizes nutrients and other natural compounds [279]. Specialized plant
enzymes, such as dehalogenases, nitroreductases, and laccases, can cleave chemical
bonds and transform the structure of the pollutant [279]. The degradation can occur
within different parts of the plant, including the roots, stems, and leaves. In some cases,
the resulting simpler metabolites are fully mineralized to carbon dioxide and water. In
other instances, the metabolites may be incorporated into the plant’s own biomass -a
process known as phytometabolization- becoming part of the plant’s lignin, cellulose,
or other structural components [279]. This mechanism effectively detoxifies the con-
taminant without the need for its physical removal from the site, making it a true in-situ
degradation technology for specific classes of organic pollutants[280].

Rhizodegradation is a closely related but distinct mechanism that also focuses on
the breakdown of organic pollutants. However, unlike phytodegradation, the primary
degradation activity in rhizodegradation does not occur inside the plant itself, but rather
in the soil of the rhizosphere[281, 282]. This process leverages the synergistic relation-
ship between the plant and a vast community of soil microorganisms, including bacteria
and fungi, that thrive in the root zone[279]. Scheme of this process is presented on Fig-
ure 23

Phytovolatilization is a process where plant roots absorb contaminants from the
soil, convert them into a gas, and then release them into the atmosphere. This process
is largely driven by the plant’s evapotranspiration, which is the combination of water
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Figure 23. Schematic representation of phytodegradation and rhizodegradation in from soil

evaporation and plant transpiration. Plants with high rates of evapotranspiration are
particularly useful for phytovolatilization. This is direct phytovolatilization. Indirect phy-
tovolatilization refers to the increased release of volatile contaminants from beneath
the ground due to the activities of plant roots or to the capture of rainfall [283].

Rhizofiltration is primarily an aqueous-phase treatment technology used to remove
contaminants from polluted water sources, such as groundwater, surface water, or
industrial wastewater [263, 279]. This technique utilizes the extensive surface area
of plant root systems to adsorb contaminants from the water[264]. Plants, often grown
hydroponically or in constructed wetlands, are placed in contact with the contaminated
water. Their roots act as a living filter, with contaminants binding to the root surfaces
or being taken up into the root biomass [279]. Terrestrial plants with fibrous, extensive
root systems are particularly effective [254]. This method is highly efficient for treating
large volumes of water with low contaminant concentrations [263].

The choice of plant species is an important decision in a phytomanagement project.
The ideal plant must possess a suite of traits that are often in opposition, requiring a
careful balancing act based on the specific goals of the remediation effort. The se-
lection process generally considers two main categories of plants: hyperaccumulators
and high-biomass cash crops. Hyperaccumulator plants are a remarkable group of
species that have naturally evolved the ability to absorb and concentrate specific ele-
ments to exceptionally high levels in their above-ground tissues, often without showing
signs of toxicity [284]. The thresholds for classification are element-specific, for ex-
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ample, a plant must accumulate over 100 mg/kg of cadmium, 1,000 mg/kg of nickel
or 10,000 mg/kg of zinc in its dry shoot biomass to be considered a hyperaccumula-
tor [284]. These plants, such as Thlaspi caerulescens for zinc and cadmium or Pteris
vittata for arsenic, are the champions of phytoextraction [285, 286]. Their unique phys-
iology, which includes highly efficient root uptake transporters, rapid xylem loading,
and effective vacuolar sequestration mechanisms, makes them ideal candidates for
projects aiming to completely remove metals from the soil, particularly for phytomining
applications [266, 286]. However, their primary drawback is that they are often small,
slow-growing wild species with low biomass production [251, 284].

High-biomass cash crops, on the other hand, are species selected primarily for
their rapid growth and high productivity. This category includes trees like poplar (Pop-
ulus spp.) and willow (Salix spp.), often grown in short-rotation coppice systems, and
perennial grasses like miscanthus (Miscanthus x giganteus) and switchgrass (Panicum
virgatum) [250]. While these plants typically accumulate much lower concentrations of
contaminants in their tissues compared to hyperaccumulators, their enormous biomass
yield can compensate for this [265]. The total mass of contaminant removed in a single
harvest can be comparable to, or even greater than, that removed by a low-biomass
hyperaccumulator. These species form the economic backbone of phytomanagement,
as their harvested biomass provides the feedstock for bioenergy, biofuels, fibers, and
other marketable products [250].

The most frequently cited advantage of phytomanagement is its significant cost-
effectiveness, particularly for large, diffusely contaminated sites [254]. Conventional
remediation methods are notoriously expensive. The costs for techniques like exca-
vation and landfilling, soil washing, or vitrification can range from $100 to over $500
per ton of treated soil [287]. These high costs, driven by heavy machinery, high energy
consumption, and specialized labor, often render the cleanup of extensive areas of low-
to-moderate contamination economically unfeasible [251]. In contrast, the direct costs
associated with phytoremediation are substantially lower, with estimates typically falling
in the range of $5 to $40 per ton of soil [287]. The primary expenditures are related to
standard agricultural practices: site preparation, purchase of seeds or cuttings, plant-
ing, irrigation, and periodic monitoring and harvesting [267]. For large-scale projects,
these costs are orders of magnitude lower than the equivalent engineering solutions.
Furthermore, the economic model of phytomanagement introduces a crucial element
that is entirely absent from conventional methods: the potential for revenue generation.
By cultivating cash crops, the harvested biomass can be sold into various markets -
for bioenergy production, fiber, or other industrial products-creating an income stream
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that can offset the operational costs and, in some cases, even generate a net profit
[250, 251]. This transforms the contaminated land from a pure financial liability into a
low-yield productive asset during the remediation period. For example, one cost es-
timate for phytoextraction placed total remediation costs at $60,000 to $100,000 per
acre, while the use of sunflowers to remove radionuclides from water was estimated at
$2 to $6 per thousand gallons treated, including capital and waste disposal costs[267].
When these factors are combined, phytomanagement presents a compelling economic
case for sites where immediate cleanup is not a regulatory necessity.

1.2.4 Overview of ecocatalysis

An ecocatalyst is a catalyst derived from natural, renewable, or biosourced mate-
rials. Unlike conventional catalysts, which often rely on rare or hazardous materials,
ecocatalysts utilize resources such as biomass, phytoremediated metal concentrates,
and other plant-based materials to create catalytic systems with unique structural and
functional properties [288, 289]. Ecocatalysts are catalysts characterized by lower tox-
icity, biodegradability, and the possibility of regeneration and reuse. Ecocatalysts can
be divided into several categories based on their composition and mode of action. The
main types of ecocatalysts include:

» Plant-based catalysts - natural organic compounds derived from plants that are
capable of activating chemical reactions [258].

» Microorganism-based catalysts - microorganisms such as bacteria, fungi, or
yeasts that use their natural metabolic pathways to catalyze chemical reactions
[257].

» Catalysts based on natural materials - catalysts that utilize agricultural waste,
biomass, or other natural raw materials as substrates for catalyst synthesis [257,
290].

Ecocatalysis is based on the recycling of mineral resources, specifically through the
use of phytoremediation and the subsequent application of biomass contaminated with
trace elements in catalysis. The core of this process lies in the remarkable ability of cer-
tain plants to thrive in challenging soil conditions by hyperaccumulating metal cations
such as zinc, nickel, copper, manganese, cobalt, and palladium. The biomass derived
from these plants is then directly used as catalysts in organic synthesis, representing
an innovative approach to creating sustainable chemical processes [291].
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The biomass - leaves, roots or powders - was subjected to a thermal treatment
under air, in order to remove organic matter while retaining the metal oxides or salts.
According to the plant species and the treatment, three types of ecocatalysts could be
prepared [292]:

 Lewis and/or Brgnsted acid ecocatalysts called Eco-MCl,
* reducing ecocatalysts called Eco-M(0),

« oxidative ecocatalysts called Eco-Mox.

Eco-MCI are prepared by adding the hydrogen chloride to thermal residues [293].
Eco-M(0) are obtained from the thermal residues by treating them with formic acid to
produce formate salts, which were then subjected to controlled thermal decomposition,
resulting in metals in a zero oxidation state [294]. Eco-Mox are made from thermal
residues and utilized as catalysts directly without any chemical activation [289].

The production of ecocatalysts relies on hyperaccumulating plants, which have the
ability to absorb and concentrate heavy metals from the soil in their tissues. These
plants are used for soil remediation and then processed to create catalysts. The ex-
ample of plant species used in ecocatalysis is Grevillea species - this genus includes
Grevillea exul, Grevillea meisneri, Grevillea rubiginosa, and Grevillea gillivrayi, which
can accumulate high levels of manganese [288]. Hyperaccumulating Mustard Plant
(HMP) is used for the production of carbon-based catalysts like Cu/HMPC, which are
effective in the synthesis of imines [295]. Another example of this kind of plants are
Arabidopsis halleri and Salix "Tordis" (Salix schwerinii x Salix viminalis), which are
known for their ability to accumulate zinc and are often used in contaminated soils
[296].

Hyperaccumulating plants are cultivated in contaminated sites as part of phytore-
mediation strategies, where they accumulate metals from the environment, providing
a renewable source of metals for green chemistry applications [258]. The process of
transforming plants into ecocatalysts involves multiple steps, each aimed at extracting
valuable metals and converting them into functional catalytic materials. The production
process is based on phytoextraction, which means that plants are grown in contami-
nated soil to extract heavy metals from the environment [258]. The aerial parts of the
plants, which contain the accumulated metals, are harvested and the biomass is dried,
ground, and subjected to thermal treatment to modify its structure and convert it into
an activated material [290]. Biomass can also beated with chemical agents, such as
acids, to extract metals and create a porous catalyst structure [295]. Extracted met-
als are converted into polymetallic salts or mixed metal oxides, which serve as active
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components in the catalysts. This process transforms what would otherwise be waste
material into a valuable resource for the production of green catalysts. The resulting
catalysts are versatile, efficient, and reusable, supporting sustainable chemistry [297].

Table 4. Ecocatalysts - hyperaccumulators and good accumulators [292].

. Catalyst
Species Phytotechnology structure
Eco-MCI: Lewis acids / coupling agents - HCI activation
Noccaea caerulescens Phytoextraction of Zn KyZnCl,
Anthyllis vulneraria CaMg.Clg
Arabidopsis halleri Phytoextraction of Zn KsZnCl,
Geissospi spuinosa Phytoextraction of Ni KNiCl;
Anisopappus chinensis Phytoextraction of Cu CaMg,Clg
Grevillea exull Phytoextraction of Mn KMnCl;
Grevillea exul rubiginosa KsNaMnClg
Grevillea mesneiri CaMg,Clg
Eichhomia crassipes Rhizofiltration of Pd KyPdCl,
Eichhomia crassipes Biosorption of Pd K,PdClg
Eco-M(0): Reducing agents - HCOOH activation
Psychotria gabrieliae Phytoextraction of Ni Ni; FeNis
Eco-MOx: Oxidizing agents - no activation
Grevillea exull Phytoextraction of Mn CayMn;0q
Grevillea exul rubiginosa CaMnO,

Recent studies emphasize that the metal content and distribution within the plant
biomass play a crucial role in determining the properties of the resulting ecocatalysts.
Some hyperaccumulators are capable of accumulating technology-critical metals such
as cobalt, nickel, and even rare earth elements. This significantly expands the scope
of ecocatalysis by enabling the development of catalysts that exhibit distinct redox and
electronic properties. The incorporation of TCMs into ecocatalysts may lead to new
catalytic functions, such as enhanced selectivity, multistep activation, or improved re-
sistance to deactivation. For example, cobalt and nickel-enriched biomass may be par-
ticularly suitable for catalytic hydrogenation or C' — C' coupling reactions. This opens
a new avenue in catalyst design, where specific hyperaccumulator species could be
selected and cultivated for their potential to yield highly functional, metal-specific eco-
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catalysts [298].

1.2.4.1 Copper-based ecocatalysts

The ecocatalysts derived from plant biomass are often characterized by their poly-
metallic composition, which enables a broad range of chemical reactivity. Gopiraman
and co-workers proposed approach to the preparation of carbon-based ecocatalysts
using a copper-hyperaccumulating plant, Brassica juncea. The plants were grown un-
der laboratory conditions. One part of the cultivation was carried out in the presence of
Cu** ions introduced as CuCl,, while the rest was grown without added copper as a
control. After about 30 days of growth, the biomass was harvested, dried at 60 °C, and
then subjected to preliminary carbonization in air at 300 °C, followed by grinding to a
powder. The resulting material was chemically activated with NaO H in the proportion
C'to NaOH 1 : 2. Then it was calcined under a nitrogen atmosphere at 600 °C. In the
final step, the material was washed with an HC' solution to remove excess salts [295].

The ecocatalyst obtained from plants grown in the presence of copper was named
Cu/HMPC, while the control material was labeled HMPC. Structural studies showed
that Cu/HMPC is characterized by the simultaneous presence of three types of mor-
phology: two-dimensional thin carbon sheets, three-dimensional hollow spheres, and
one-dimensional needle-like structures. These structures are interconnected, providing
a large number of accessible active sites, and they are not observed in the copper-free
HMPC material. The copper content in Cu/HMPC is about 1.0 wt% and was confirmed
by ICP-MS and EDS analyses. Copper is present mainly as CuO/Cu** and shows
very good dispersion within the carbon matrix, with no visible agglomerates [295].

Oy ™ @/*“N@

Scheme 23. Scheme of example amine oxidation to imine: oxidation of benzylamine to the
corresponding imine with Cu/HMPC as catalyst [295].

As a model reaction for evaluating catalytic activity, the oxidation of benzylamine
to the corresponding imine was selected. Scheme of the reaction is presented on
Scheme [23 and examples of results in the Table 5| This reaction is often used in the
literature as a standard test for Cu-based catalysts, enabling a direct comparison of
the results with other catalytic systems. As part of the optimization of the reaction con-
ditions, the influence of temperature, catalyst loading, reaction time, and atmosphere
was investigated. The best results were obtained using 10 mg of the Cu/HMPC catalyst
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at 80 °C after 4.5 h of reaction, under air and without the addition of a solvent. Under
these conditions, a 98% yield with 100% selectivity was achieved. Control experiments
demonstrated that in the absence of a catalyst the reaction does not proceed, pure
CuCly is practically inactive, and the HMPC material without copper exhibits only low
activity. Replacing air with a nitrogen atmosphere led to a significant decrease in yield,
confirming the crucial role of molecular oxygen.

Table 5. Examples of aerobic oxidation (Scheme results with Cu/HMPC as catalyst [295].

Substrate Product Yield | Conditions

= NH2 X xN/‘\\/“\ )
| | | 98% | air, 80°C, 4,5h
= NP -
=7 NH, SN B
I P L I\/l 78% | air, 80°C, 13,5h
Cl = =

Cl “Cl
S—""NH, S\/’*‘*‘ /\_\/8
P 2 ~ - : o . °
& (\/\__f}' N "*}-__P 97% | air, 80°C, 6h
MNHQ MNV”\/"\ 93% air, 80°C, 6h

S =
S NH = =
| ’ WNU 92% | air, 80°C, 6h
= T =

The reaction scope was evaluated by testing various amines. For benzylic amines

containing substituents such as —C H;, —OCHj3, —F, or —Cl, high yields in the range
of 78-98% were obtained. Good results were also achieved for heterocyclic amines,
such as thiophene and pyridine derivatives, where yields reached up to 97%. The
ecocatalyst Cu/HMPC was also active toward aliphatic substrates, such as pentylamine
and hexylamine, which are challenging. For them moderate results were obtained,
while most catalysts reported in the literature show low efficiency in these cases [295].

Py NH,
-
R™ "NH, - ©/ — P RTONTR
R N

Scheme 24. General scheme of aerobic oxidative cross coupling of amines with aniline with
Cu/HMPC as catalyst [295].

To further expand the applicability of the developed eco-catalyst, the authors investi-
gated its activity in oxidative cross-coupling reactions of amines (Scheme |24/and some
example results in the Table[6]). A benzylamine—aniline system was employed, which
is particularly challenging due to competing homocoupling reactions. Nevertheless, in
the presence of the Cu/HMPC catalyst, high selectivity toward the cross-coupled prod-
uct was achieved. Under optimized conditions, selective coupling of benzylamine with
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Table 6. Examples of aerobic oxidative cross coupling (Scheme results with Cu/HMPC as
catalyst [295].

Substrates Product Yield Conditions
ﬁx«”'“mr—i2
"Hx.;:;:’ . J./-». | L. .
o NH; S VR 98% (selectivity 98%) | air, 80°C, 4.5h
[ =
S .
M -
Wl |
NH, fzr_-_ﬁl/"“*'N--' S 98% (selectivity 98%) | air, 80°C, 4.5h
| N8
-
| '\._\h ‘“\\NHE :H\
N o . .
o NH; flf” SN R 87% (selectivity 87%) | air, 80°C, 4.5h
|| /"‘—.__H::':"

aniline to the corresponding imines proceeded with very high yields (up to 98%), while
the contribution of the product originating from benzylamine homocoupling remained
minimal. Similarly favorable results were obtained for substituted benzylamines and
heterocyclic amines, confirming the high level of reaction selectivity control exerted by
the Cu/HMPC catalyst [295].

In addition to oxidative transformations, the authors demonstrated that Cu/HMPC is
also an efficient catalyst for aza-Michael reactions conducted under exceptionally mild
conditions (Scheme 25). The addition of amines to «, 5-unsaturated compounds was
performed at room temperature, under an air atmosphere, and with very short reaction
times on the order of several minutes. Under these conditions, high yields and ex-
cellent selectivity of the aza-adducts were obtained for both aliphatic and heterocyclic
amines. These results indicate that Cu/HMPC is not a catalyst specialized exclusively
in the oxidation of amines to imines, but rather a material with significantly broader syn-
thetic potential, capable of efficiently catalyzing various types of C' — N bond-forming
reactions under conditions consistent with the principles of green chemistry [295].

R? Cu/HMPC R?
R1‘f\|.| v R > R1-|\:~| N R
FIQS r.t. R3

Scheme 25. General scheme of aerobic oxidation of amines to imines with Cu/HMPC as
catalyst [295].

79



1.2 Introduction to ecocatalysis

The eco-catalyst Cu/HMPC obtained by Gopiraman and his research group is char-
acterized by good stability and can be reused multiple times without a significant loss
of catalytic activity. After completion of the reaction cycles, copper can be easily recov-
ered from the material using an HC' solution, without the need for aggressive reagents
and without generating large amounts of waste. The reaction mechanism proposed by
the researchers assumes activation of the amine by Cu?* centers in the presence of
molecular oxygen from air, leading to the formation of an imine intermediate. The
defect-rich carbon matrix stabilizes the individual transformation steps, while oxygen
acts as the terminal oxidant. As a result, it was demonstrated that it is possible to obtain
a highly efficient catalyst from copper-contaminated plant biomass that is inexpensive,
environmentally friendly, efficient, and active under mild reaction conditions [295].

Other set of Cu-based ecocatalysts were prepared by Guillaume Clavé with his
research group. They prepared ecocatalysts by phytoextraction and rhizofiltration.
First, phytoextraction conducted on soils heavily contaminated with copper from the
Mine de I'Etoile area near Lubumbashi in Katanga, where the Cu content reaches
10,000-30,000 mg/kg. Anisopappus chinensis was selected as the model plant and
20 individuals were collected. The copper content in the aboveground parts was de-
termined, yielding an average of approximately 230 ng/g of dry mass, with a relatively
large variability among samples. On this basis, the realistic metal removal efficiency
was estimated at about 286 g Cu/ha/year, and it was emphasized that this value could
be increased through the selection of appropriate populations, genotypes, and multi-
species cropping systems. Second method of ecocatalysts deriving is rhizofiltration
performed under controlled conditions. For 7 days, Bacopa monnieri, Lolium multiflo-
rum, and Eichhornia crassipes were exposed to a solution of Cu(NO3), - 3H,0 at a
concentration of 40 mg/L (approximately 10.5 mg/L Cu). ICP-MS analyses showed
that the highest accumulation of copper in the roots occurred in E. crassipes, which
additionally produces a very large root biomass. Low TF values indicated that C'u
remained mainly in the roots, which is advantageous from the perspective of further
utilization [299].

The harvested biomass was subsequently transformed into Eco-Cu® cata-
lysts, which were divided into materials obtained from the leaves of A. chinensis
(Eco— Cul”2®) and from the roots of plants used in rhizofiltration (Eco — Cu3~8®). Two
preparation variants were applied: simple thermal calcination of the biomass to mineral
ashes (odd-numbered catalysts Eco-Cu1/3/5/7) or calcination with additional activation
of the ashes with concentrated HC' at about 80°C for 4 h, leading to the formation of
powder containing metal chlorides, including copper, designated by even numbers:
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Eco-Cu2/4/6/8. The characterization of the Eco-Cu® materials clearly demonstrates
that they are not simple analogues of commercial CuC'l,, but rather complex mineral
mixtures with a specific surface chemistry resulting from both their biological origin
and the preparation method. ICP-MS analyses revealed pronounced differences in
elemental composition: materials obtained from rhizofiltration are significantly richer
in copper than those derived from phytoextraction. A representative example is
Eco-Cu8® obtained from Eichhornia crassipes, which contains about 10.37% Cu by
weight, compared to approximately 0.26% Cu in Eco-Cu2® derived from Anisopappus
chinensis. XPS studies of Eco-Cu8® indicate that copper is present predominantly in
the +11 oxidation state, while signals attributed to C'u(7) are ascribed by the authors
to partial reduction of Cu(IT) occurring during the analysis itself. At the same time, a
strong presence of chlorine confirms the formation of chloride species following HC'
activation. Negative-mode ESI mass spectrometry reveals the presence of anionic
copper chloride complexes such as CuCI;~ and CuCl,, suggesting that the material
contains mixtures of species of the CuCl;~/CuCl; type, but the authors note that
this technique may promote reduction of Cu(II) to Cu(l). X-ray diffraction shows
the presence of several crystalline phases, including NaCl, hydrated CaSO,, MnO,
and KgFeyO5, Wwhereas copper-containing phases are amorphous in nature, indicating
a high degree of dispersion within the matrix. TEM observations further confirm
the presence of copper nanoparticles with sizes on the order of 4-8 nm, which are
homogeneously distributed and do not undergo significant aggregation [299].

Acidity studies using pyridine-adsorbed FTIR spectroscopy show that although the
Lewis acidity strength of Eco-Cu8® is comparable to that of CuCl,, the material also
exhibits a pronounced Brgnsted acidity component, which is absent in the case of
pure copper salts. This is reflected in the acetalization test performed according to
the Corma method, where Eco-Cu8® displays a different selectivity than commercial
copper chlorides. The authors attribute this behavior to a harder Lewis acidity and to
the contribution of Brgnsted acid sites arising from the presence of other metals in the
matrix, such as Fe or Ca [299].

—
A T e O
N N=
Scheme 26. Scheme of N-arylation of pyrazole with iodobenzen with Eco-Cu as catalyst [299].

In the Ullmann-type C'” N reaction, N-arylation of pyrazole with iodobenzene was
used as a model system to compare Eco-Cu catalysts. Reaction scheme is presented
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on Scheme [26] The reaction was carried out in the presence of C's;COs as a base
in DMF at 90°C for 15 h under an argon atmosphere, which allowed a direct compar-
ison of the activity of different Eco-Cu catalysts. Screening of Eco-Cu1-8® materials
clearly showed that Eco-Cu8®, obtained from Eichhornia crassipesm is the most active
catalyst, affording about 85% of the isolated product with only 1 mol% of copper. In
general, HCl-activated variants (Eco-Cu2/4/6/8%) are significantly more effective than
the corresponding materials obtained solely by biomass calcination (Eco-Cu1/3/5/7®).
The catalyst retains useful activity even at very low copper loadings, down to 0.25
mol%, but with a reduced yield [299]. A comparison of Eco-Cu8® with commercial
copper sources under the same Ullmann C~N reaction conditions showed that CuO
is practically inactive, whereas CuC'l and CuC'l, catalyze the reaction only moderately
and clearly less efficiently than Eco-Cu8®. This indicates that the enhanced activity of
the ecocatalytic material does not arise solely from the presence of copper chlorides,
but rather from their specific form and environment within the mineral matrix [299].

R R
O owl = O
R' R'

Scheme 27. General scheme of screening of amines in Ullmann reaction with Eco-Cu as
catalyst [299].

L) O
N N=

Scheme 28. General scheme of screening of aryl halides in Ullmann reaction with Eco-Cu as
catalyst [299].

An analysis of the substrate scope of the Ullmann C~N reaction using Eco-Cu8®
revealed pronounced differences in the reactivity of nucleophiles (Scheme [27]and ex-
amples of results in the Table [7) and aryl halides (Scheme [28 and examples of results
in the Table [8). The best results were obtained for azoles such as pyrazole and im-
idazole, whereas aniline did not undergo coupling, and secondary aliphatic amines,
for example morpholine or pyrrolidine, gave only low conversions. For electrophiles,
the typical reactivity order iodides > bromides > chlorides was observed. An important
achievement is the demonstration that Eco-Cu8® also enables coupling of aryl chlo-
rides, which are considered more challenging substrates in general and often requiring
higher temperatures or more strongly activating substituents.

82



1.2 Introduction to ecocatalysis

Table 7. Examples of Ullmann reaction results with iodobenzene and different amines as sub-
strates (Scheme [27)and Eco-Cu as catalyst [299].

Substrate Product Yield Conditions
i / /=
LN = 85%
N - A
H N
N
{ = o
éN) N 54%
H
e | O
SyT 0 =/ ) 31%
H o
(0] 1 mol% relative to
-
7N o iodobenzene, 0.67 mol%
L N O 5% ) \
N _ \/ relative to nucleophile,
H Cs,CO3, DMF, 80°C, 15h,
— argon atmosphere
L) 7 N
N/ N\,/ 6%
N - )
H
— Oo/o
= 7N\

Scheme 29. General scheme of synthesis of alkyl aryl ethers in Ullmann reaction with Eco-Cu
as catalyst [299].

In the Ullmann-type C~O reaction leading to the synthesis of aryl-alkyl ethers
(Scheme [29), Eco-Cu8® also exhibits good catalytic activity under ligand-free condi-
tions, using Cs,C'O5 as the base, 1 mol% of copper, and DMF as the solvent. High
yields are obtained mainly for aryl iodides and bromides at moderate temperatures.
In the case of aryl chlorides the use of more strongly activating substituents or an in-
crease in reaction temperature is required. This behavior is consistent with the general
trends observed in Ullmann chemistry [299].

Alponti and his team searched for polymetallic ecocatalysts based on plant biomass
originating from the mining area of Canaa dos Carajas in northern Brazil, which shall
include Cu and Ni. In the first stage, plants were collected and their aboveground
parts were analyzed by ICP-OES to determine metal contents, mainly Fe, Cu, and Ni.
Among the investigated species, Pluchea sagittalis proved to be the most promising,
as its leaves exhibited high metal concentrations [300]:
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Table 8. Examples of Ullmann reaction results with pyrazole and different aryl halides as sub-
strates (Scheme [28)and Eco-Cu as catalyst [299].

Substrate Product Yield Conditions

Meo@| Meo@fl\l‘ _J | 63% | 90°C, 15h
— — N~
Meo@| Meo@*l\l‘ _] | 93% | 110°C, 15h
— — N~
0 Q =
>\<’ )-@Nj 31% | 90°C, 15h
— — N~
=
_ — N~
vo—{ H-c ne— NN | sen | o, 1sn
_ — N=

Reaction conditions: CUHMPC (1 mol %), relative to iodobenzene (1 eq.), nucleophile (1.5 eq.),
Cs2CO3 (2 eq.), DMF, argon atmosphere.

B

-

\\,//’/

m

« Cub567 mgkg,
« Ni31.4mgkg!,
« Fe 10,000 mg kg™ .

The leaves were subjected to calcination in 400°C for 5 h, yielding crude metal-rich
ashes [300]:

s Cu~1877 mg kg™ !,
« Ni~118 mg kg™,
« Fe ~34,491 mg kg~.

The presence of crystalline metal oxides, including Fe,O3; and CuO, was confirmed
by XRD analysis. On this basis, three variants of ecocatalysts were prepared, called
by researchers Cat A, Cat B and Cat C. In the case of Cat A, treatment with sulfuric
acid was applied, however, XRD analysis revealed mainly the presence of mascagnite
((NHy), SO.4), without distinct transition-metal phases, suggesting either their very low
content or strong dispersion. Cat B was obtained by leaching the ashes with HC1 for
2 h in 60°C, followed by deposition of the resulting solution onto montmorillonite K10
at 90°C for 8 h. Despite the low Cu content (~35 mg kg~!) and undetectable Ni, XRD
diffractograms indicated very good dispersion of copper on the support. In contrast,
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Table 9. Examples of synthesis of alkyl aryl ethers in Ullmann reaction (Scheme results
with Eco-Cu as catalyst [299].

Substrates Product Yield Conditions

- _< 66% 110°C
™ <\ f> © <\ < 98% 130°C

N/ Br
<\_>/‘—O~<\—> 51% 130°C

\\ ’/ Br
. C\\ /?‘/—O‘<\_r>*OMe 82% 130°C

\\ !/ Br
= ~ 92% 130°C
CMe

_ ogwﬂo{\—}cm 98% 110°C

Cat C was prepared by treating the ashes with concentrated formic acid (85%, 90°C,
18 h). This material contained significantly higher amounts of Cu (~961 mg kg~!) and
Ni (~32 mg kg™!), but its structural characteristics were similar to those of the raw
ashes, indicating poorer dispersion of the active metal species [300].

The activity of the obtained materials was evaluated in two classical multicomponent
reactions. In the first stage, the Biginelli reaction leading to the synthesis of dihydropy-
rimidinone - DHPM derivatives was investigated, using benzaldehyde, a -ketoester,
and urea as a model system, presented on Scheme [27|and examples of results in the
Table[T0]and Table[11] Initially, the performance of the ecocatalysts was compared with
that of classical CuCl, - 2H,O under literature conditions (acidic medium, dioxane/2-
MeTHF mixture, room temperature). Under these conditions, in the absence of a Cu(ll)
catalyst the reaction proceeded very poorly (approximately 21% yield), whereas Cat A
enabled a yield of about 60% [300].
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-~ VJJ\OE{ HQN \NHz EtD/ H\'a. NH

Scheme 30. Scheme of Biginelli reaction - synthesis of DHPM with Eco-Ni, Cu, Fe as cata-
lyst [300].

Table 10. Examples of results of Biginelli reaction (Scheme for different catalysts [300].

Catalyst Biomass treatment Yield Conditions
Treatment with sulfuric 24 h, HC! 4M in dioxane and
Cat A acid 60% MeTHF, room temperature
Treatment with HC1 (2 h,
60 °C), deposition onto o o
CatB montmorillonite K10 (90 84% 12 h, 80 °C, solvent free
°C, 8h)
Treatment with 85% o o
CatC formic acid (90 °C, 18 h) 69% 12 h, 80 °C, solvent free
CuCly- 2H,0 _ 629 12 h, HCI! 4M in dioxane and
(5 mol%) ° MeTHF, room temperature

The authors switched to simpler and more green conditions: solvent-free at 80°C
for 12 h. In this setup, the best results were obtained for Cat B, which afforded an
84% yield of the model product. Authors introduced a new parameter, MSMA (mean
specific metallic activity). It was defined as the amount of product obtained per total
pmol of Cu, Fe, and Ni present in the catalyst. Cat B reached the highest MSMA
value (28.7), which the authors interpret as a synergistic effect between the metals
and the MK10 support. Extension of the reaction scope to six DHPM derivatives, using
various aldehydes and either urea or thiourea, confirmed the general applicability of
the system, with yields in the range of approximately 69-88%. In some cases, the
addition of a small amount of ethanol (0.5 mL) was necessary to improve the solubility
of the reagents.

O O Ph O
0 |
)J\ . NH,OAc
- -
Ph H 5 ~ H/

Scheme 31. Scheme of Hantzsch reaction - synthesis of 1,4-DHP with Eco-Ni, Cu, Fe as
catalyst [300].
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Table 11. Examples of Biginelli reaction (Scheme [30) results with biomass treated with HC!
on MK10 as catalyst [300].

Substrates Product Yield
cl
o =
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" . o Y 81%
HoN™ “NH, iy °
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H
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o —
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? JO ) EtO” T/\EH
<~ OEt AN
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0 =
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o4 0
H L L 84%
o o HsN" “NH, 7N
__,_Ju\. _,)l\_\_ r’_,-"\xN_,.ﬁ'\‘.;:.O
H

Reaction conditions: 80°C, 12h

The second catalytic test involved the Hantzsch reaction leading to the synthesis
of 1,4-dihydropyridines (1,4-DHP), performed under microwave conditions in ethanol
(110°C, 300 W, 20 min). The amount of catalyst was first optimized, revealing that an
excess of catalyst reduced the yield, most likely due to adsorption of reagents on the
material surface; the optimal mass of ashes was 50 mg. In the comparison of catalyst
activities, Cat B again proved to be the most efficient, giving a 98% vyield of the model
product, compared with 86% for the ashes, 88% for Cat C, and 84% for MK10 alone.
This clearly demonstrates the crucial role of copper. Cat B also exhibited good stability:
after filtration and washing with ethanol, it could be reused for up to six cycles without
significant loss of activity.
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Table 12. Examples of results of Hantzsch reaction (Scheme with biomass treated with
HCI1 on MK10 as a catalyst [300].

Substrates Product Yield
. Cl
C|' NH,OAc o Y o 94%
PS PP
~L L LT
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H
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N \> OH ,lf-w\\
0 S~
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EtO” ™ L j
A N7

Reaction conditions: ethanol, microwave irradiation, 110 °C, 300W, 20 min.

Investigation of the reaction scope confirmed broad substrate tolerance, with 1,4-
DHP yields in the range of 79-98% for various aldehydes and 1,3-dicarbonyl com-
ponents. In comparison with literature data, Cat B performs very favorably, enabling
rapid product formation (20 min, 98% yield) and multiple reuses. The key conclusion
drawn by the authors is that the high activity of Cat B does not result from a high metal
loading, but rather from the very good dispersion of active species on the support and
favorable textural properties. This demonstrates that the concept of producing efficient
heterogeneous catalysts directly from plant biomass is both realistic and practical.
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1.2.4.2 Manganese-based ecocatalysts

One of the examples of managenese-based ecocatalysts is the Eco-Mn catalyst
originates from the plant Grevillea exul, known for their ability to accumulate man-
ganese from the soil [301, 302]. Escande et al. used two subspecies of Grevillea exul
for catalyst preparation: Grevillea exul exul and Grevillea exul rubiginosa, which grows
in post-mining soils in New Caledoni. Their leaves were dried, ground, calcined in air at
400°C, and the resulting ash was treated with diluted HC1. After filtration and solvent
removal, a solid Mn-rich material was obtained. Elemental analysis shows manganese
as the main component, accompanied by moderate amounts of M g and C'a and minor
quantities of Al, Fe, and Ni. The catalyst derived from Grevillea exul rubiginosa con-
tains slightly more Mn and less Fe and Ni than that from Grevillea exul exul and this
one was chosen for further experiments. FT-IR spectroscopy with pyridine revealed
the presence of both Lewis and Brgnsted acid sites. This dual acidity, uncommon for
simple Mn(II) salts, identifies Eco-Mn (1) as a bifunctional acid catalyst. Eco-Mn
(1) efficiently catalyzes the conversion of aldehydes to enol ethers in ethanol via ac-
etal intermediates (Scheme and examples of results in the Table without the
use of strong mineral acids, giving good yields and literature-consistent E/Z selectivity.
The reactions were carried out using aldehyde and Eco-Mn (1) in amount correspond-
ing to 10 mol% of Mn in anhydrous ethanol at 80°C for 5h. Aliphatic acetals were
formed in good yields (77-96%). In contrast, no ketal formation was observed when
ketones were used as substrates, which is consistent with their lower electrophilicity
compared to aldehydes. Subsequent alcohol elimination from the acetals afforded the
corresponding ethyl enol ethersin good yields (82—89%) [301].

O EcoMn (1) OEt EcoMn (1)
| - - R\/’%’L‘-
R R Aoy OEt

Scheme 32. General scheme of acetalization/elimination of aldehydes catalyzed by Eco-Mn
(1) [301].

It also shows high activity in the carbonylene cyclization of citronellal to isopulegol
(Scheme [33), where Eco-Mn (1) was co-ground with silica gel and then combined with
citronellal. Catalyst was added to achieve 5 mol% of Mn. The mixture was stirred
at 90°C for 1 h, after which it was washed with dichloromethane and filtered through
Celite. Removal of the solvent under reduced pressure afforded mainly p-cymene (80%
yield), along with 5% of (-)-isopulegol [301].
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Table 13. Examples of results of acetalization/elimination of aldehydes (Scheme catalyzed
by Eco-Mn (1) [301].

Substrates Yield Enol ether Yield E/Z
OEt
96% S TNF MR 89% | 47/53
\\/’\)J\H WOEI
@] OFEt
77% | S SF o | 82% | 26/74
W\)J\H

N Y a
OEt

OEt
OFEt - 96% nd
.|

/L\L Eco-Mn (1) (kL
=0 - “OH
| AL

(R)-(+)-citronellal R-(-)-isopulegol p-cymene

Scheme 33. Scheme of tandem carbonylene cyclization of citronellal to isopulegol catalysed
by Eco-Mn (1) leading to p-cymene [301].

Escande and the research team obtained also other version of manganese-based
ecocatalyst: Eco-Mn (2). It is obtained from Eco-Mn (1) through a controlled sequence
of redox transformations of manganese carried out in an agqueous medium. Eco-Mn
(1) is dissolved in water, pH of the solution is raised to 8, which leads to the precipita-
tion of Mn(I1) ions in the form of manganese hydroxide. Manganese is progressively
oxidized by oxygen from air to higher oxidation states, forming mainly Mn(I11) oxides
and mixed Mn(II,111) oxides. In the next step, the system is acidified to about pH 3,
which triggers the disproportionation of these intermediate manganese species, result-
ing in the formation of manganese dioxide, MnO,, containing manganese in the +1V
oxidation state:

MnsO4 +2HT — Mn** + MnyOs + HyO

MnyOs +2H* — Mn?*t + MnO, + Hy0O

After evaporation of the solvent, a black amorphous powder is obtained - Eco-Mn (2),
which acts as a biosourced oxidizing reagent [301].

Eco-Mn (2) shows broad applicability as a mild yet highly selective oxidizing reagent
in a variety of organic transformations. In the case of benzylic and allylic alcohols, it
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enables their quantitative oxidation to the corresponding aldehydes without overoxida-
tion to carboxylic acids, as presented on Scheme [34], clearly outperforming commercial
MnOy and MnO,/FeCls systems. The reaction was carried out using 3.9 equivalents
of Mn from Eco-Mn (2) in EtOAc at 75°C for 3h and gives yields around 100%. The
high efficiency of these reactions is attributed to the synergistic effect arising from the
polymetallic composition of Eco-Mn (2). Examples of results of this reaction are pre-
sented in the Table {4l

©/\o|-| Eco-Mn (2)

Scheme 34. Scheme of example alcohol oxidation to aldehyde: controlled oxidation of benzylic
alcohol into benzaldehyde with Eco-Mn (2) as catalyst [301].

Table 14. Examples of oxidation results with Eco-Mn(2) as catalyst [301].

Substrate Product Yield
(0]
CH
U ~H 100%

= OH

&
=
= | d H 100%
HO o
OMe HO
OMe
)\ )\_/?L
ey
| /ﬂ
T

Reaction conditions: 10 mmol of alcohol, 38.8 mmol of Mn, 20 ml of EtOAc, 75 °C, 3 h.

100%

Eco-Mn (2) is also effective in the oxidative cleavage of polyols, providing selec-
tive bond scission within polyhydroxy frameworks without degradation of other func-
tional groups, and delivering higher yields than classical Ce(/V')- or Pb(IV')-based
reagents [301]. Example reaction is presented on Scheme [35]
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Scheme 35. Scheme of example polyol oxidation to aldehyde: oxidation of polyhydroxyalkyl
furan 6 with Eco-Mn (2) as catalyst [301].

In addition, Eco-Mn (2) enables the direct iodination of ketones in the presence
of Nal, where iodine is generated in situ from iodide ions, eliminating the need for
molecular I, and thus complying with current environmental regulations. In this sys-
tem, Eco-Mn (2) plays a dual role by promoting ketone enolization through its acidic
character and oxidizing I~ ions to reactive iodine species, which results in forming the
a-iodoketone according to the Scheme [36] Table [T5]includes examples of this reaction.

0 OH

A e Eown@ g k| oM@ op
O
R‘1HYR2

Scheme 36. General scheme of direct oxidative iodination of ketones with NaI and Eco-Mn
(2) as catalyst [301].

Table 15. Examples of results of direct oxidative iodination of ketones with Eco-Mn(2) as cata-
lyst.

Substrate Product Yield
o 0 O (]
100%
)\)Loa /J\T/U\OEt

o o

Reaction coditions: Conditions: room temperature, 12 h.

Other work of Escande et al. is focused on Eco-Mn prepared from Grevinellea
exul rubiginosa. To reduce compositional variability, EcoMn was prepared from several
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batches of Grevillea exul rubiginosa leaves, allowing homogenization of the material.
Eventually, the elemental composition of the catalyst was dominated by alkaline and
alkaline earth metals, with calcium (10.44 wt%) as the most abundant component,
followed by manganese (6.72 wt%), magnesium (5.26 wt%), and potassium (4.32 wt%)
[302].

Due to the fact that Eco-Mn exhibits mixed acidity (both Lewis and Brgnsted
acid sites), the authors applied this catalyst to the reductive amination of ketones
(Scheme [37), a transformation in which simultaneous activation of the carbonyl/imine
functionality and the reduction step is crucial. As a model reaction, the amination of
cyclohexanone with aniline using the Hantzsch ester (HEH) as the reducing agent
was selected (Scheme [38). It was carried out under solvent-free conditions in the
temperature range of 80-110°C. Yields were obtained up to 96% and it was achieved
at only 0.25 mol% of Mn, which is significantly superior to the performance of MnCls.
A comparative study of example reaction - reductive amination of cyclohexanone
with aniline presented on Scheme - showed that MnCl, is catalytically active,
MnCly - 4H,O performs better, while Eco-Mn is the most efficient, leading to the
conclusion that the high catalytic activity arises not from manganese alone but from
the specific polymetallic structure of the plant-derived catalyst. In addition, the authors
discovered that the presence of a small amount of water - around 10 mol% - enhances
the reaction, even though water is theoretically expected to hinder imine formation.
Mechanistic investigations demonstrated that water does not improve imine formation,
but activates the Hantzsch ester and facilitates the reduction step, most likely through
imine protonation and stabilization of transition states via hydrogen bonding [302].

H

o NH N_ R?
Lo M —— ey

1 2t
R" "R R® R

Scheme 37. General scheme of reductive amination of ketones and amines with HEH as
reducing agent and Eco-Mn as catalyst [302].

O NH» H
N
- O— 0 U
Scheme 38. Scheme of example reaction: reductive amination of cyclohexanone with aniline
with H FH as reducing agent and Eco-Mn as catalyst [302].

Finally, the practical applicability of the methodology was demonstrated by the syn-
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Table 16. Examples of reductive amination results with Eco-Mn as catalyst [302].

Substrates Product Yield
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Reaction conditions: neat, 110°C, 4h, HEH (110 mol%), Eco-Mn (100 mol%).

thesis of tetralin-derived and indane-derived amines, which are relevant pharmaceuti-
cal precursors, on a gram scale. Synthesis of tetralin-derived secondary amine is pre-
sented on Scheme [39](l). Amine was isolated in 79% yield. It serves as a precursor of
antifungal agents as well as dermal anesthetic drugs, meaning that this amine can act
as a key intermediate for further functionalization toward pharmaceutically active com-
pounds. The second example, an indane-derived secondary amine, which synthesis
is presented on Scheme [39](Il), was obtained in an isolated yield of 67%. The indane
scaffold, bearing a secondary aniline-type nitrogen atom, is a well-established motif in
medicinal chemistry. It is a precursor of antinociceptive drugs, for example compounds
involved in the modulation of pain perception, often through interactions with neuronal
ion channels such as sodium channels. In both cases, the successful isolation of these
compounds in good yields demonstrates that the ecocatalyst is not limited to model re-
actions but is also suitable for the preparation of realistic pharmaceutical intermediates
[302].
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(1)

’ NH

Scheme 39. Scheme of synthesis of tetralin-derived (I) and indane-derived (ll) amines with
Eco-Mn as catalyst [302].

Bihanic et al described catalysts derived from the biomass of four plant species
belonging to the Grevillea genus have also been reported: Grevillea exul exul, Gre-
villea exul rubiginosa, Grevillea gillivrayi, and Grevillea meisneri. The leaf biomass
was dried, ground, and subsequently calcined in air for 6 h at temperatures of 300°C,
550°C, and 950°C. The resulting materials exhibited a polymetallic composition, with
manganese as the main transition metal and calcium as the predominant alkaline earth
metal, but magnesium, sodium, potassium, and iron were also present. The presence
of calcium plays a critical role in stabilizing manganese oxides. The combination of
calcium and manganese in the same crystal lattice creates a synergistic effect, en-
hancing the catalyst’s redox capabilities. The elemental composition was reproducible
for a given plant species and depended on the calcination temperature. No crystalline
manganese oxides were detected after treatment at 300 °C, where calcination at 550°C
led to the formation of C'ay Mn30g, and treatment at 950 °C resulted in the formation of
CaMnO3 [289].

The catalytic performance of these materials was evaluated in alkene epoxidation
reactions using the H,O,/NaHCO3 system as the oxidant. Scheme |40 presents gen-
eral scheme of the reaction and examples of results are shown in the Table It was
carried out in the presence of ecocatalyst, used in an amount corresponding to 0.005
equivalents of Mn relative to the substrate. Hydrogen peroxide (30 wt%) was employed
as the oxidant in 5 equivalents, activated by sodium bicarbonate in 5 equivalents. The
reaction was performed in a water/acetone solvent system at room temperature [289].
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Scheme 40. Scheme of alkene epoxidation reactions catalysed by ecocatalyst based on
Mn [289].

Table 17. Examples of alkene epoxidation results with AMn-based ecocatalyst [289]
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All four Grevillea species were shown to yield catalytically active materials, while
the calcination temperature had only a minor influence on catalytic activity. Tempera-
ture 550°C was identified as the best compromise between catalytic performance and
energy input. High conversions and good chemoselectivity were obtained, with the pos-
sibility to selectively form mono- or diepoxides. Linalool was converted predominantly
to the monoepoxide, which is rare and difficult to achieve due to the high sensitivity of
this substrate [289].
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1.2.4.3 Zinc-based ecocatalyst

In studies on zinc-based eco-catalysts, Escande and his research team employed
biomass from two plant species, Noccaea caerulescens and Anthyllis vulneraria known
for their ability to hyperaccumulate zinc. Leaves were harvested, dried and ground.
The prepared biomass was subjected to calcination at 400 °C for several hours. At
this stage, complete removal of organic matter occurred. The obtained ash was subse-
quently extracted with a hydrochloric acid solution (1 M), and the resulting suspension
was filtered. The extract contained a mixture of metal chlorides and oxides, primarily
zinc, but also iron and calcium. The next step involved depositing the metallic extract
onto an aluminosilicate support—montmorillonite K10. In this way, a solid heteroge-
neous catalytic powder was obtained. XRF and ICP-MS analyses showed that the
catalyst contained significant amounts of Zn?* (approximately 6.75%), Fe3* (approx-
imately 2.75%), and Ca** (approximately 10.3%), as well as trace amounts of other
elements. The presence of zinc chloride species, including K>ZnCl,, indicates the ex-
istence of Lewis acid active sites. Their presence was experimentally confirmed by IR
spectroscopy with pyridine adsorption. The observed bands characteristic of pyridine
coordinated to Lewis acid sites clearly demonstrate that the obtained material contains
real, accessible acidic sites responsible for its catalytic activity [303].

O

Lo — o

Scheme 41. Scheme of model Diels-Alder reaction between 3-buten-2-one and 2,3-dimethyl-
1,3-butadiene catalysed by ecocatalyst based on Zn [303].

The catalytic activity of the obtained ecocatalyst was evaluated in a model Diels-
Alder reaction between 3-buten-2-one and 2,3-dimethyl-1,3-butadiene (Scheme[41]and
examples of results in the Table [18), carried out in toluene at 110 °C. Under these
conditions the Zn/K 10 catalyst prepared from the biomass of zinc-hyperaccumulating
plants provided quantitative substrate conversion and 100% product yield. For com-
parison, the use of montmorillonite K10 alone resulted in only 44% yield, commercial
ZnCly gave 67%, while the reaction conducted without any catalyst proceeded to a
very limited extent (approximately 6-7%). The catalyst recovered after the reaction
and reused retained almost full activity, reaching a 98% yield. Reaction scope studies
demonstrated that the catalyst is also effective for other combinations of dienes and
dienophiles, affording high yields together with good control of endo/exo stereoselec-
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Table 18. Examples of Diels-Alder results with K10-supported Zn-ecocatalyst (0.1 equiv Zn)

[303].
Substrates Product Yield Conditions
h 1 )O\ C,4h
o 110 °C, 4 h,
I (LH D H 100% toluene
: COOE s COOEt . 5°C, 1h,
N Etoocj N 93% toluene
COOEt
. [COOEt 1) 91% 25°C, 0.25
N - { coot h, toluene
COCEt
. COOMe - . 5°C, 4 h,
VAT N o8% CHCl,
COOMe
ol
| COOMe 99% 110 °C, 4 h,
r ' (80%+20%) toluene
- L
COOMe
NH \ 25°C, 6 h
¥ o, 3 s
ﬁ H’JJ\H /’ 'J\H 84% water
tivity [303].
O
RCOOC
~7"COOoR 17/<
. /L /) or
+ (S
D o OR
(S,S)Y(R,R) =63/38

Scheme 42. Scheme of model Diels-Alder reaction between dimethyl fumarate and cyclopen-
tadiene catalysed by ecocatalyst based on Zn [303].

Furthermore, its applicability in hetero-Diels-Alder reactions was demonstrated -
these transformations could be performed even in aqueous media and at moderate
temperatures. Preliminary asymmetric reaction experiments, carried out with dimethyl
fumarate and cyclopentadiene (presented on Scheme |42| at low temperature, showed
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a more favorable diastereomeric ratio compared to commercial ZnCl,. The obtained
results clearly indicate that the biomass of zinc-hyperaccumulating plants can serve as
an effective source of active, selective, and reusable Lewis acid catalysts for cycload-
dition reactions [303].

The other idea of Escande and his research group was also conected with Zn-
based ecocatalysts. It was obtained from the biomass of Noccaea caerulescens and
Anthyllis vulneraria, collected from a degraded post-mining area in France. Dried and
ground leaves were subjected to calcination at 400°C for 5 h, and the resulting min-
eral ash was extracted with an aqueous solution of HC'! (1 M) at 60°C, leading to the
formation of a mixture of metal chlorides exhibiting Lewis acid character. The catalyst
composition was analyzed by XRF and ICP-MS, which revealed the presence of Zn as
the main transition metal (approximately 6.75 wt%), as well as significant amounts of
Fe (approximately 2.75 wt%) and Al (approximately 1.50 wi%). The contents of these
elements were relatively reproducible regardless of the plant collection site. XRD anal-
ysis indicated the presence of crystalline inorganic phases such as KCl, CaSO,, and
K>ZnCl,. Furthermore, ESI-MS spectrometry (negative ion mode) confirmed the pres-
ence of mono- and polymetallic chloride anions (including ZnCl; , FeCl, , and CdCIy),
demonstrating that the catalyst constitutes a complex polymetallic mixture of active
Lewis acid centers rather than a simple analogue of a single metal salt [304].
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OH __;

“OH _ HO f\‘”&#i’\ P
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Scheme 43. General scheme of the Garcia Gonzalez reaction catalysed by Zn, Fe, Al based
ecocatalyst [304].

The activity of the obtained plant-derived catalyst was evaluated in the Gar-
cia Gonzalez reaction between D-glucose and ethyl acetoacetate presented on
Scheme Initial experiments conducted in an H,O/EtOH mixture revealed a
significant problem of metal ion leaching into the liquid phase, which prompted the
authors to develop a solid-phase reaction variant. In the optimized method, the catalyst
and substrates were dispersed on Si0O, and heated in a closed system, enabling an
extraction of the product with ethyl acetate while retaining the metallic components in
the solid phase. The catalyst loading was set at 4 mol% with respect to Zn or 8 mol%
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with respect to the total amount of Zn+Fe+Al, which were considered the main Lewis
acidic centers. Lower loadings resulted in decreased yields, and higher amounts did
not provide further improvement. A key feature of the system proved to be the ability
to control reaction selectivity via temperature. Performing the reaction at 50°C for 24 h
enabled the selective synthesis of non-cyclized polyhydroxyalkylfurans, but increasing
the temperature to 85°C resulted in nearly quantitative formation of cyclization and
dehydration products. This behaviour is shown on the Scheme and examples of
results in the Table Such control was not observed for classical catalysts such
as Si0,, ZnCl,y/SiO,, or a mixture of commercial chlorides of Zn!!, Fell, and Al'l,
indicating that the activity and selectivity arise from the specific polymetallic nature of
the plant-derived catalyst [304].

Plant-based catalyst o]
(Zn+Fe+Al = 8.0 mol%) OFt

50°C, 24 h OH
| - HO"'\,,K /R
- IS:-"H O/HH
HO 1o

predominant product

o]

X
A%
O

O‘\" et

-base /

Plant-based catalyst <_J'
Ho O

(Zn+Fe+Al = 8.0 mol%)

85°C, 24 h H

predominant product

Scheme 44. Scheme of controlling the selectivity of the Garcia Gonzalez reaction catalysed by
Zn, Fe, Al based ecocatalyst [304].
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Table 19. Examples of Garcia Gonzalez reaction results with Zn, Fe, Al based ecocata-

lyst [304].
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The reaction scope included various hexoses, pentoses, and -diketone compo-
nents, affording products in yields ranging from 38% to 98%. In the case of pentoses,
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exclusively linear products were observed due to the side chain being too short to un-
dergo cyclization. The products were obtained as mixtures of diastereocisomers, which
was attributed to epimerization at the C2'position occurring via a carbocation inter-
mediate. This phenomenon was more pronounced for linear products than for cyclic
ones. The catalyst exhibited good stability and could be reused for at least four re-
action cycles with only a slight decrease in yield, without significant changes in metal
composition. Moreover, ICP-MS analysis of the final products showed no detectable
presence of toxic elements such as Cd or Pb [304].

Deyris et al. (2018) presented one of the key conceptual contributions to the field
of ecocatalysis. The study employed two plant species from northern France, Ara-
bidopsis halleri and Salix Tordis, which grow on metal-contaminated sites and exhibit
high metal accumulation in their leaves, making them suitable for further processing.
Elemental analysis showed that A. halleri accumulates very high amounts of zinc, and
S. Tordis contains less Zn butis rich in Ca, K, and Mg. The preparation of the ecocat-
alysts involved a multistep process consisting of biomass drying, calcination in air up to
550°C to obtain ash, acid digestion of the ash in HC', evaporation of the solution, and
final drying to yield a powdered catalyst. The resulting materials contained mixtures of
Zn, Ca, K, and Mg, with the A. halleri—derived ecocatalyst being significantly richer
in zinc, while the S. Tordis—based material showed a higher calcium content. Crys-
talline phase analysis identified, among others, K, ZnCl, present only in the A. halleri
ecocatalyst, K MgCl; - 6 H,O (carnallite), KC1, and CaSO, - 0.5H,0. They are unusual
salt mixtures, not typically used in catalysis. Acid—base characterization revealed the
presence of both Lewis and Brgnsted acidity. The A. halleri-derived material exhibited
a stronger Lewis acidic character due to its higher Zn content, whereas the S. Tordis
ecocatalyst remained catalytically active despite its lower zinc concentration. Model re-
action involving benzaldehyde and various nucleophiles (Scheme was carried out
to prove catalytic activity at 100°C under solvent-free conditions.

R1
/O o R2
© RTRE = HO

Scheme 45. Scheme of alkene epoxidation reactions catalysed by ecocatalyst based on
Zn [297].

No conversion was observed in the absence of a catalyst, while both ecocatalysts
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often outperformed ZnCl,. Ecocatalyst derived from S. Tordis was frequently more
effective than from A. halleri despite its lower Zn content. A particularly important
observation was that K,ZnC1, alone showed poor catalytic activity, whereas KM gCl;
exhibited activity comparable to that of the S. Tordis ecocatalyst, indicating that zinc
is not the key active component and that the magnesium-containing phase plays the
dominant role in the catalytic system [297].

1.2.5 Arabidopsis haleri

Arabidopsis halleri was identified for the first time in 1944 at Auby, France, 20
km from Belgium, by a botanist, A. Berton. Since then, the site became an inter-
national reference as several metallicolous plants were found, including the Zn- and
Cd-hyperaccumulator Arabidopsis halleri (formerly Cardaminopsis halleri (L.) Hayek)
[305]. Ability to hyperaccumulate and tolerate elevated concentrations of heavy metals
without exhibiting typical phytotoxic symptoms, begins at the level of the root system,
where membrane-bound transport proteins, particularly those from the ZIP (Zrt and
Irt-like protein) and HMA (heavy metal ATPase) families, play key roles in the uptake
and internal transport of metal ions. Among these, HMA4 has received particular at-
tention in A. halleri, as this gene has undergone ftriplication and exhibits enhanced
expression, enabling efficient xylem loading of Zn and its translocation to aerial tis-
sues [306]. In leaf tissues, the accumulated metals are chelated by organic ligands.
Those ligans are citrate, malate, and sulfur-containing peptides like phytochelatins or
metallothioneins. This prevents free metal ions from interfering with essential cellular
processes by sequestering them in vacuoles or binding them in non-toxic forms [307].
In addition, A. halleri demonstrates elevated antioxidant activity and enhanced cell wall
modifications, which contribute to its metal detoxification capacity and limit oxidative
stress.

A. halleri expresses its metal homeostasis as a basic ability rather than as a re-
sponse to stress, which makes it stand out compared to other metal hyperaccumulating
species. This indicates that it is not a stress adaptation but a genetically fixed trait. It
could result from natural selection. This enables A. halleri to colonize and persist in
environments heavily contaminated with heavy metals, where most plant species fail
to survive [308]. When comparing Arabidopsis halleri with its widely studied relative
Arabidopsis thaliana, physiological and molecular differences can be observed. Their
responses to metal exposure are different. While A. thaliana is a non-accumulator and
metal-sensitive species, A. halleri exhibits a remarkable capacity to tolerate and accu-
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mulate toxic metals in concentrations that would severely inhibit or even kill A. thaliana.
A key difference lies in the regulation and copy number variation of genes associ-
ated with metal transport and homeostasis. The HMA4 gene, responsible for loading
Zn into the xylem, exists in three tandemly duplicated copies in A. halleri, whereas
A. thaliana has only a single copy with significantly lower expression levels [306]. This
genomic expansion enable A. halleri to sustain high rates of translocation of Zn with-
out triggering toxicity. Moreover, comparative transcriptomic analyses have shown that
many metal-responsive genes in A. halleri are constitutively expressed, even in the
absence of metal stress, while in A. thaliana such genes are only transiently activated
under toxic conditions [309]. This difference suggests that A. halleri has evolved a
genetically fixed state, providing it with a default defense against heavy metal stress.
Additionally, A. thaliana is characterized by inhibition of growth, chlorosis, and oxida-
tive damage when exposed to elevated levels of Zn or Cd, while A. halleri maintains
normal development and even benefits from Zn-rich soils in some cases. These ob-
servations support the idea that A. halleri accumulate metal as its overall strategy, pos-
sibly against herbivores or pathogens. It shows a significantly lower expression level of
genes involved in iron uptake and the response to iron deficiency, specifically the IRT1
and IRT2 genes. Importantly, in A. thaliana, reducing the activity of these genes, for
example by adding excess iron to the growth medium, increases zinc tolerance. An ex-
cessive amount of zinc leads to a pronounced iron deficiency in A. thaliana, resulting in
decreased iron content in the shoots. In contrast, A. halleri maintains a stable iron level
in the shoots regardless of external zinc concentration. In short, A. halleri possesses
a finely tuned iron regulation system, which, through zinc-responsive ZIP transporters,
helps sustain an optimal Fe level, while simultaneously limiting excessive Zn uptake
via iron-regulated metal transporters. This coordinated interplay between Zn and Fe
regulation may largely contribute to the high zinc tolerance observed in A. halleri [310].

In a study comparing the effects of high cadmium and zinc concentrations on
the photosynthetic performance of Arabidopsis arenosa and Arabidopsis halleri, both
species-collected from the same contaminated site in Piekary Slaskie, southern
Poland-showed visible signs of stress when exposed to either metal. Specifically,
in both species, metal treatment led to a clear reduction in chlorophyll levels, along
with a noticeable increase in anthocyanin content in leaves, compared to control
plants. Cadmium exposure resulted in a significant decrease in energy absorption, the
flux of energy trapped in PSII, and the percentage of active reaction centers in both
species. Interestingly, the energy dissipation flux in A. arenosa leaves was lower than
in A. halleri, indicating a slightly different photoprotective response. On the other hand,
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Figure 24. A. halleri on the mine dumps near the ZGH Bolestaw zinc mine in Bukowno

zinc had a stronger toxic impact on the electron transport chain in A. halleri compared
to A. arenosa. In A. arenosa, exposure to excess Zn triggered a milder response than
C'd exposure - only the electron transport flux and proportion of active reaction centers
were reduced relative to the control. The two species also differed in how much of
each metal they accumulated. C'd content in A. arenosa leaves was nearly three times
higher than inA. halleri, while the opposite trend was observed for Zn-A. halleri leaves
contained three times more Zn than those of A. arenosa. These findings suggest that
both Arabidopsis metallicolous populations are tolerant to high concentrations of Cd
and Zn. However, their photosynthetic machinery appears to respond to metal toxicity
in species-specific ways [311].

Dietrich et al. (2021) investigated the relationship between soil metal concentra-
tions and the phytoextraction efficiency of Arabidopsis halleri. They analyzed two non-
metallicolous and two metallicolous populations, measuring total and bioavailable frac-
tions of Zn and Cd in both soil and plant tissues. Their findings revealed that shoot
trace metal element accumulation varied independently of both total and bioavailable
soil TME concentrations in metallicolous individuals. One non-metallicolous population
exhibited Zn accumulation efficiency comparable to metallicolous populations, despite
originating from non-contaminated soil. These results suggest that the plant’s inherent
physiological traits play a more significant role in phytoextraction efficiency than soil
metal content, emphasizing the importance of selecting appropriate plant populations
for effective phytoremediation strategies [312].
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2.1 Hydrophosphonylation - chemical basics

Hydrophosphonylation is a broad class of nucleophilic addition reactions in which a
phosphorus-based nucleophile, often referred to as a P-nucleophile, is added across
a polarized multiple bond such as a C = O or C' = N. This process represents a
key method for constructing C-P bonds and is widely employed in the synthesis of
a-substituted phosphonates. Two of the most prominent mechanisms of hydrophos-
phonylation are the Pudovik and Abramov reactions. While both lead to the formation
of P — C bonds, the nature of the phosphorus nucleophile and the electrophilic partner
involved differs significantly [313]. This reaction is a cornerstone of organophosphorus
chemistry because it provides one of the most direct and efficient routes to forming
the hydrolytically stable phosphorus-carbon bond. The stability of the P — C bond, in
stark contrast to the labile P — O bond found in biologically ubiquitous phosphates,
is the key to the function of many phosphonate-based drugs and probes. It allows
these molecules to act as stable analogues of natural phosphates or transition states
in enzymatic reactions [314].
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Schemem Hydrophosphonylation, Pudovic reaction

The Pudovik reaction is the most commonly used and best-studied method
for the synthesis of «-hydroxyphosphonates [315, 316]. This reaction typically
involves the addition of H-phosphonates, such as dialkyl phosphites to imines
—C = N or carbonyl compounds —C' = O to produce a-aminophosphonates or
a-hydroxyphosphonates. Adding dialkyl H-phosphonates (RO),P(O)H) to —C = O,
which gives a-hydroxyphosphonates is the classic Pudovik hydrophosphonylation.
Usage of imines instead of aldehydes or ketons will lead to a-aminophosphonates,
which is the aza-Pudovik variant of the reaction [135, 317, 318]. Reaction scheme
for classic Pudovik reaction with carbonyl compunds is presented on the scheme
In contrast, the Abramov reaction classically involves the addition of trialkyl- or
triarylphosphites P(OR)s, which are trivalent phosphorus compounds, to carbonyl
compounds: aldehydes or ketones [319].

Pudovik reaction is known for its simplicity and high yields, making it a preferred
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method for the synthesis of a-hydroxyphosphonates [320]. It proceeds through a four-
center cyclic transition state, which is highly sensitive to the structure of the reagents,
the nature of the solvent, and the presence of catalysts [321, 322].

The Pudovik reaction is most commonly performed under base-catalyzed condi-
tions [317]. While the precise mechanism has not been definitively proven through
experimental means, a plausible pathway is widely accepted in the chemical litera-
ture [323]. The first step of the process is believed to be gneration of the nucleophile.
The reaction is initiated by the deprotonation of the P — H bond in the phosphorous
compound by a base. This step generates a highly reactive anion, which possesses
substantial nucleophilicity [323]. The newly formed phosphite anion attacks the elec-
trophilic carbon atom of the carbonyl group. This addition step results in the forma-
tion of a new P — C bond and creates a tetrahedral alkoxide intermediate [323].This
transition state is highly organized and is influenced by steric and electronic factors.
The final step involves a proton transfer, typically from the conjugate acid of the base
used in the first step, which neutralizes the alkoxide intermediate to yield the final -
hydroxyphosphonate product [321, 323, 324]. Scheme is presented in the Figure [46]
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Scheme 46. Generally accepted mechanism for the Pudovik reaction.

The Pudovik reaction is significantly influenced by the presence of catalysts and
solvents. Acidic conditions, such as those provided by the hydrolysis products of dialkyl
phosphites, are essential for the reaction to proceed. These conditions facilitate the
formation of the transition state and stabilize the intermediate. The choice of solvent
also plays a crucial role in the reaction. Polar solvents, such as alcohols, enhance the
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reaction rate by stabilizing the transition state and facilitating the proton transfer step.
Non-polar solvents hinder the reaction due to the lack of stabilization of the transition
state [322].

H-phosphonates exist as a prototropic tautomeric pair: a tetracoordinate P(V),
phosphonate form, typically thermodynamically favored in solution, and a trivalent
P(IIT) phosphite form, typically minor. In most common solvents the equilibrium lies
strongly to the P(V) side, but the P(111) phosphite tautomer is the species that actually
behaves as the P-centered nucleophile [325, 326]. Computational and mechanistic
studies show that direct intramolecular H-shift is high-barrier, so tautomerization is of-
ten assisted-by bases, Lewis acids, H-bond relays, or self-association/dimers-which is
why catalysts and medium effects have such a pronounced impact on rate and outcome
[325]. The P(1I1) phosphite (or its deprotonated equivalent) is the kinetic nucleophile
that adds to C' = O or C = N. If the equilibrium is stuck on P(V'), the reaction drags,
but if conditions raise the steady-state level of P(I11) instead, it accelerates [325, 326].
Brgnsted bases, such as amines, DBU, TBD or guanidines, shift the equilibrium toward
P(I1I). They can generate a more reactive phosphite anion, speeding addition and
often enabling less reactive ketones or imines [135, 326]. Lewis acids can activate the
electrophile by polarizing C = O or C = N and sometimes interact with phosphorus
oxygens, effectively stabilizing P(/11) character in the reactive complex - both effects
lower the addition barrier [135, 326]. Drying agents and molecular sieves can also tilt
the equilibrium toward the phosphite and boost rates in phospha-Michael and Pudovik
additions [326]. Solvent polarity and H-bonding change the P(V')/P(I11) balance and
the tautomerization barrier. In some systems electron-withdrawing substituents can
stabilize P(I11) in some systems. These effects translate directly into faster or slower
Pudovik reactions and sometimes into different optimal catalysts [325].

Abramov reaction is closely related to the Pudovik reaction, the Abramov reaction
involves the addition of a trialkyl phosphite to a carbonyl compound. The mechanism
proceeds through an intermediate that undergoes an intramolecular alkyl group transfer
from an oxygen atom to the newly formed alkoxide, yielding the phosphonate product
[314].

Both of these reactions - Pudovik and Abramov are characterized by a broad sub-
strate scope and have become the starting point for the development of numerous
modifications, including stereoselective and environmentally friendly procedures. The
variety of catalysts used, from simple bases and acids to complex metal complexes, at-
tests to the maturity and flexibility of these fundamental transformations in organophos-
phorus chemistry [316].
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The main directions of development of these synthesis reactions include asymmet-
ric synthesis, the implementation of green chemistry principles, and the search for
innovative catalytic systems. Asymmetric synthesis of a-hydroxyphosphonates is cru-
cial because the biological activity of many chiral compounds is closely related to their
absolute stereoisomeric configuration. Obtaining enantiomerically pure hydroxyphos-
phonates is therefore essential for developing drugs with high selectivity and reduced
toxicity [316]. Research in this area focuses on two main approaches. One is the use
of chiral resolving agents to separate racemic mixtures. Second is direct asymmet-
ric synthesis using chiral catalysts or substrates [316, 327, 328]. The development of
organometallic catalysis, organocatalysis, and biocatalysis has opened up new possi-
bilities in the stereoselective formation of the C'— P bond [328, 329]. At the same time,
there is a huge emphasis on greening synthetic processes. The pursuit of sustainability
is driving research into methods that minimize waste generation, energy consumption,
and the use of toxic solvents [89, 144, 315]. In the context of hydroxyphosphonate
synthesis, this is manifested in the development of solvent-free procedures, the use of
mild and inexpensive catalysts, and the optimization of reaction conditions [315, 316,
330].

Hydroxyphosphonates, products of Pudovik reaction, are known for their high chem-
ical stability, which makes them suitable for various industrial and biological applica-
tions. The phosphonate group —PO3;H, is highly resistant to hydrolysis under mild
conditions, ensuring that these compounds remain stable in aqueous environments
[316, 317]. However, under specific conditions, such as high temperatures or in the
presence of strong acids or bases, hydroxyphosphonates can undergo hydrolysis to
form phosphonic acids [331].

The hydroxyl group —OH in hydroxyphosphonates is reactive and can participate
in various chemical reactions, such as O-alkylation, O-acylation, and oxidation, which
allow the synthesis of a wide range of derivatives, including a-alkoxyphosphonates,
a-acyloxyphosphonates, and ketophosphonates [320]. The —OH group can be
replaced by other nucleophiles, such as amines, leading to the formation of a-
aminophosphonates, which are also biologically active compounds [317, 332].

2.2 Hydrophosphonylation - application

Hydroxyphosphonates have a wide range of applications. As early as the 1950s,
their use as insecticides was being written about by Lorenz [333]. Trichlorfon [25](1)]
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also know as O,0’-dimethyl (2,2,2-trichloro-1-hydroxyethyl) phosphonate is the pesti-
cide which was widely used in golf course turf, aquaculture or home lawns [334]. This
is connected with broad spectrum of biocidal activity of hydroxyphosphonates, allowing
their use as pesticides to control weeds, insects, and pathogenic fungi. Their effective-
ness stems from their ability to disrupt key metabolic processes in target organisms
[144, 315, 330, 335].
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Figure 25. Application of hydroxyphosphonates and phosphonic acids as biologically active
compounds

The chemical versatility of hydroxyphosphonates is most fully reflected in their
broad applications in the field of medicine and life sciences. The central mechanism
underlying the biological activity of hydroxyphosphonates is their ability to act as
enzyme inhibitors. This ability stems directly from the principle of bioisosterism,
where the phosphonate group effectively mimics naturally occurring phosphate groups
[316, 336]. The key difference is the replacement of the enzymatically hydrolyzable
P — O — C bond with a stable P — C bond [316]. This allows hydroxyphosphonates
to bind to the active site of an enzyme, mimicking the natural substrate, product,
and most importantly, the transition state of the reaction, but they do not undergo
further transformation. Such molecular mimicry leads to the blockage of the enzyme’s
catalytic activity, which is of fundamental therapeutic importance [316, 336].

For example valinophos [25(I1)], an N-acetyl-L-Val ester of (R)-2,3-dihydroxypropylphosphonic
acid (DHPPA), has slight inhibitory effects on the growth of Mycobacterium smegmatis
[337]. This suggests that valinophos or its intermediates may have potential antimi-
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crobial properties. There are some «a-hydroxyphosphonates [25/(lll)] and [25](IV)]
which are antibiotic agents against some other bacteria: is an agent for Gram positive
bacteria like Staphylococai or Bacillus megtesium-I and also Gram negative bacteria
like E. coli, Salmonella typhi and Proteus vulgaris [338]. 5-modified acyclonucleoside
phosphonate (ANP) [25](V)] is hydroxyphosphonate which acts like a drug for malaria.
This is significant because the parasite that causes malaria is becoming resistant to
existing treatments. This makes the discovery of new drugs increasingly important.
ANP has shown the ability to effectively stop the growth of the malaria-causing
parasite, even in very small amounts - well when injected, although it also shows some
effectiveness when taken orally [339].

There are also hydroxyphosphonates with strong antitumor activity. They are
used in oncology treatment. One group of them are hydroxyalkyl-bis-phosphonates:
[25.(VD)], [25.(VIh1, [25/(VII)] which have antiproliferative activity so they have the
ability to inhibit the growth of several human tumor cell lines what makes them potential
drugs in cancer therapy [340].

Some hydroxyphosphonates are renin inhibitors like hydroxyphosphonate [25](1X)].
A renin inhibitor is a type of medication that blocks renin, an enzyme that starts a chain
reaction leading to increased blood pressure. By inhibiting renin, these drugs help
lower blood pressure by reducing the production of substances that tighten blood ves-
sels and increase fluid retention [341]. Hydroxyphosphonate [25](X)] is a compound
that blocks the activity of CD-45 tyrosine phosphatase. CD-45 is an enzyme crucial
for controlling how blood cells activate and divide. By inhibiting this enzyme, Hydrox-
yphosphonate can affect the behavior of these cells, potentially influencing immune
responses or certain blood disorders [342].

Some hydroxyphosphonates have also antiviral properties like a-v-dihydroxyphosphinates
[25.(X1)] which is a protective agent against influenza A [343]. Influenza A virus causes
severe flu outbreaks around the world, leading to health and economic problems.
Vaccines target a part of the virus’s surface protein to trigger an immune response.
However, the virus often changes its surface proteins, making it hard for the immune
system to recognize it and for vaccines to stay effective. Using antiviral drugs can be
a practical way to help manage and lessen the impact of fast-spreading flu pandemics
[344].
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Figure 26. Structure of fosfomycin [345]

Fosfomycin (Figure is hydroxyphosphonate derivative which is applicable as an
natural antibiotic that targets the cell wall. It has been isolated from the fermentation
products of the bacteria Streptomyces fradiae or Pseudomonas syringae and has at-
tracted significant interest [345].

Hydroxyphosphonates have found extensive applications in the pharmaceutical in-
dustry, particularly in the development of drugs for the treatment of bone diseases. Bis-
phosphonates, a subclass of hydroxyphosphonates, are widely used in the prevention
and treatment of osteoporosis. These compounds act by inhibiting bone resorption,
reducing the risk of fractures in patients with osteoporosis [346].

The potential of hydroxyphosphonates as enzyme inhibitors translates directly into
their wide application in the design and development of new drugs. Their ability to in-
terfere with key metabolic pathways of pathogenic or cancer cells makes them effective
candidates for antiviral, anticancer, and antibacterial agents [316].
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Figure 27. General structure of family of «-hydroxy-a-(benzothiophen-2-yl)-

methylphosphonates [347]

In the field of oncology, studies have shown significant cytotoxic activity of some
a-hydroxyphosphonates against various cancer cell lines. For example, a newly syn-
thesized family of a-hydroxy-a-(benzothiophen-2-yl)-methylphosphonates (Figure
showed promising activity against myeloma U266, melanoma A2058, colon cancer
HT-29, and lung cancer EBC-1 cells. Derivatives containing a trifluoromethyl group in
the benzene ring were particularly active, indicating the possibility of further structural
optimization to increase potency [347]. Furthermore, the ability of bisphosphonates to
inhibit farnesyl pyrophosphate synthase, an enzyme crucial for cell proliferation, opens
the way for their use as anticancer drugs [336].
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Figure 28. Example of acyclic 5-hydroxy- and s-aminophosphonate nucleoside [348]

In the therapy of infectious diseases, hydroxyphosphonates and their derivatives
also show great potential. Studies on acyclic S-hydroxy- and S-aminophosphonate
nucleosides (Figure have revealed their strong inhibitory effect on the growth of
Plasmodium falciparum, the parasite that causes malaria [348]. In the context of the
pandemic, phosphonate compounds were studied for their potential activity against the
SARS-CoV-2 virus, which highlights their versatility and ability to quickly adapt to new
therapeutic challenges [316].

Another important aspect in drug design is the use of hydroxyphosphonates as
prodrugs. The phosphonate group, due to its polarity, can be used to modify drug
molecules to improve their pharmacokinetic properties. The introduction of a phos-
phonate group can significantly increase the drug’s solubility in water, which facilitates
its administration and improves bioavailability. After absorption into the body, the pro-
drug undergoes metabolic activation to the actual active substance, which ultimately
increases its therapeutic efficiency [316].

New and promising applications for those compounds are opening up in the field
of medical diagnostics, especially in magnetic resonance imaging. Traditional contrast
agents, such as gadolinium complexes, have certain limitations, including non-specific
biodistribution and potential toxicity in patients with renal failure [349]. Hydroxyphos-
phonates can play two key roles in the design of advanced contrast agents. First, they
can act as chelating ligands for paramagnetic ions, such as gadolinium Gd** or man-
ganese Mn?", forming stable complexes [349]. More importantly, they can be used
to functionalize the surface of nanoparticles, particularly superparamagnetic iron ox-
ide nanoparticles - SPIONs [350]. Phosphonate groups, attached to the surface of
SPIONSs, improve their stability in aqueous solutions, preventing aggregation, and in-
crease their biocompatibility [350]. The greatest potential lies in creating targeted con-
trast agents. By coupling phosphonate-functionalized nanoparticles with molecules
that recognize specific receptors, such as on cancer cells, it is possible to direct the
contrast agent directly to the target tissue [336, 350]. Such a strategy allows for much
better image contrast at a lower concentration of the agent, which increases diagnostic

116



2.2 Hydrophosphonylation - application

sensitivity and specificity. This enables earlier detection of small tumors or metastases
that might be invisible using conventional methods [351].

Hydroxyphosphonates and their derivatives are used also as plant growth regula-
tors and components of fertilizers [316]. As plant growth regulators, they can influence
various stages of plant development, such as growth rate, flowering, or maturation, by
modulating physiological processes [316, 352]. Their use in fertilizers is more com-
plex. On the one hand, the phosphorus content in the molecule suggests potential
as a source of this macronutrient, which is one of the most important for plants. The
controlled release of phosphorus from the phosphonate molecule could increase the
availability of this component in the soil and improve yields [316]. On the other hand,
there is a scientific debate about whether plants can effectively metabolize phosphorus
from phosphonates to absorbable phosphates. Some studies indicate that this con-
version is very slow or does not occur at all, which would mean that phosphonates
do not act as a direct source of nutrition for plants [353]. Regardless, their ability to
inhibit corrosion and scale formation makes them valuable additives to liquid fertilizers,
improving their stability and application properties.

One of the most important and widespread industrial applications of hydroxyphos-
phonates, but also other phosphonates, is their role as corrosion and scale inhibitors
- antiscalants [316, 354, 355]. They are commonly used in water systems, such as
cooling circuits, boilers, or water desalination plants, to protect metal surfaces, mainly
carbon and mild steel [354, 355]. Their anticorrosive mechanism is based on strong ad-
sorption on the metal surface. Phosphonate molecules, containing heteroatoms such
as oxygen and phosphorus with lone pairs of electrons, act as ligands that coordinate
with metal cations, such as Fe?*, Fe3t) on the surface, forming a thin, stable, and com-
pact protective layer [354, 355]. This passivating layer acts as a barrier that isolates the
metal from the aggressive environment like water containing chloride ions, effectively
inhibiting both anodic (metal dissolution) and cathodic (oxygen reduction) corrosion re-
actions. For this reason, they are often classified as mixed-type inhibitors [355]. The
effectiveness of phosphonates is often enhanced by a synergistic effect when used in
combination with other substances, especially zinc ions Zn?**. In such systems, zinc
ions can precipitate on the cathodic areas of the metal surface as zinc hydroxide, fur-
ther blocking corrosion reactions and strengthening the action of the phosphonate film
[354]. The advantage of phosphonates over traditional inhibitors, such as toxic chro-
mates, is their low toxicity, biodegradability, and relatively low cost, which is consistent
with the growing requirements for environmental protection [354—356]. Their ability
to prevent the crystallization and deposition of poorly soluble salts, such as calcium
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carbonate, their antiscaling action, is an additional advantage in water systems [354].

The versatility of hydroxyphosphonates allows them to be used as precursors or
additives in the synthesis of advanced materials with specific properties. Their ability
to polymerize or be incorporated into polymer matrices opens the way to creating new
functional materials [316]. One of the key applications is their role as flame retardant
additives. Incorporating phosphonate groups into the polymer structure can signifi-
cantly increase its fire resistance. During combustion, phosphorus compounds form
a charred protective layer on the material’s surface, which limits the access of oxygen
and heat to the polymer’s interior, inhibiting the burning process [316]. Furthermore,
hydroxyphosphonates can be used for the synthesis of biodegradable polymers, which
is of great importance in the context of reducing plastic pollution. Their presence in the
polymer can also improve its thermal stability and mechanical properties [316].

The development and application of hydroxyphosphonate chemistry are increas-
ingly shaped by the global trend towards sustainable development and green chem-
istry. This "green pressure" is a pervasive factor driving innovation throughout the field,
from basic synthesis to final applications. First, the synthesis of hydroxyphosphonates
itself is being re-evaluated from an ecological perspective, which leads to the devel-
opment of catalytic, solvent-free methods based on renewable raw materials, such as
ecocatalysts from biomass [144]. Second, in industrial applications, stringent environ-
mental regulations are forcing the replacement of hazardous substances, such as toxic
chromium-based corrosion inhibitors, with more environmentally friendly, biodegrad-
able phosphonates [354, 356]. Third, in agriculture, there is a growing awareness of
the negative impact of pesticides on ecosystems, which stimulates research into new,
more selective, and less persistent agrochemicals [357]. This observation shows that
the future commercial success of products based on hydroxyphosphonates will depend
as much on their ecological profile as on their technical effectiveness.

The immediate products of hydrophosphonylation are often not the final target
but serve as versatile synthetic building blocks for a wide array of other valuable
compounds [317]. Their rich functionality allows for diverse downstream trans-
formations. One of them is O-Functionalization, where the hydroxyl group of an
a-hydroxyphosphonate can be readily alkylated or acylated to introduce new function-
ality or protecting groups [317]. Antoher transformation is oxidation. Mild oxidation
converts a-hydroxyphosphonates into the corresponding a-ketophosphonates, which
are themselves useful synthetic intermediates [317]. The hydroxyl group can be also
replaced by other nucleophiles. For example, treatment with a halogenating agent
can produce a-halophosphonates. Importantly, substitution with amines provides a
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pathway to convert a-hydroxyphosphonates into a-aminophosphonates [317]. The
final and often most critical step for biological applications is the hydrolysis of the
phosphonate esters. This is typically achieved under acidic conditions to unmask the
phosphonic acid moiety, which is the form responsible for the biological activity of
many of these compounds [317].

2.3 Hydrophosphonylation - catalysts

Dialkyl phosphites behave as Brgnsted acids (P — H) and, under basic or coor-
dinating conditions, as ambident nucleophiles. Many catalysts operate by forming a
phosphite/phosphonate anion pair or lowering the LUMO of the C' = O or C = N part-
ner through Lewis-acid binding or H-bonding, sometimes in a bifunctional fashion. For
imines, stereocontrol typically arises from a chiral pocket around the activated C' = N
together with a positioned P-nucleophile [358]. The first catalytic systems for the Pu-
dovik reaction were often simple bases or Lewis acids. Alkali metal carbonates, for
instance, were used to promote the reaction, though they often suffered from issues
related to a competing uncatalyzed background reaction that could erode enantiose-
lectivity in asymmetric variants [359]. Catalysts based on s-block metals, such as alkali
and alkaline-earth metal amides, were also explored, but these systems frequently re-
quired high catalyst loadings or elevated temperatures and offered limited scope and
selectivity [360].

A major breakthrough came with the development of chiral Lewis acid complexes,
which enabled the first truly efficient asymmetric hydrophosphonylations. Chiral alu-
minum (lll) complexes have proven to be exceptionally effective. Landmark systems
include the aluminum complexes developed by Katsuki - salalen and the aluminum
complexes reported by Feng - Schiff base [361, 362]. These catalysts operate through
a Lewis acid mechanism, where the aluminum center activates the aldehyde. Crucially,
they often function as bifunctional catalysts - the chiral ligand framework can engage
in secondary interactions, such as hydrogen bonding, with the phosphite nucleophile,
helping to organize the transition state and enforce high stereoselectivity [363].
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Figure 29. Structure of iron (lll) complex with chiral Schiff base ligands which resulted in best
yield and enantioselectivity [362]

Seeking more sustainable and practical catalysts, researchers developed systems
based on earth-abundant and non-toxic metals. lron (lll) complexes with chiral Schiff
base ligands (Figure have emerged as a powerful alternative. These catalysts
are advantageous as they are easily synthesized, inexpensive, and robust enough
to function effectively under aerobic conditions. With catalyst loadings as low as 5
mol%, they can provide a-hydroxyphosphonates in excellent yields (up to 99%) and
with outstanding enantioselectivities (up to 99% ee) [362].

Lanthanide-based catalysts have revolutionized the field by offering unprecedented
levels of reactivity, allowing many hydrophosphonylation reactions to proceed under
remarkably mild conditions. Complexes such as 3Ln(u — Cl)Li(THF')3 are extraor-
dinarily active catalysts. Mechanism proposed by Wu and the research team is pre-
sented on Scheme For the hydrophosphonylation of aromatic aldehydes, these
systems can achieve excellent yields - between 91 and 97% in mere minutes at room
temperature with catalyst loadings as low as 0.1 mol% [134]. A key discovery was the
crucial role of the lithium chloride adduct. This led to the proposal of a cooperative
bimetallic mechanism where the lanthanide center acts as a Bronsted base to depro-
tonate the phosphite, while the smaller, sterically accessible lithium ion functions as a
Lewis acid to coordinate and activate the aldehyde. This bifunctional activation within
a single complex avoids steric clash and accounts for the dramatic rate enhancement
[134]. The utility of lanthanides extends beyond amides. Lanthanide anilido complexes
have been shown to efficiently catalyze the hydrophosphonylation of not only aldehy-
des but also more challenging, unactivated ketones [364]. Asymmetric variants using
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chiral heterobimetallic lanthanoid-BINOL complexes (e.g., YbPB) have achieved nearly
perfect enantioselectivity (up to 99% ee) in the hydrophosphonylation of cyclic imines
[365]. In these systems, the concept of improved rigidity, achieved by using cyclic
phosphites instead of acyclic ones, was shown to significantly enhance stereocontrol
by pre-organizing the catalytic cycle [365].
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Scheme 47. Mechanism of lanthanide amide-catalysed Pudovik reaction [362]

The last two decades have witnessed a paradigm shift towards organocatalysis,
which avoids the use of potentially toxic and sensitive metals and often relies on ro-
bust, bench-stable small molecules. Many of the most successful organocatalytic
systems for hydrophosphonylation converge on a common mechanistic principle: bi-
functional activation. This strategy, where a single catalyst molecule simultaneously
activates both the nucleophile and the electrophile through non-covalent interactions,
has proven to be a powerful approach for achieving high reactivity and stereoselectiv-
ity. Chiral thioureas, particularly those derived from cinchona alkaloids, are effective
bifunctional catalysts. The two N — H protons of the thiourea moiety are strong hy-
drogen bond donors, capable of activating the electrophile - an imine or carbonyl and
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lowering the energy of the transition state [366]. Simultaneously, a basic site integrated
into the catalyst, such as the quinuclidine nitrogen of the cinchona alkaloid, acts as a
Bransted base to deprotonate the phosphite nucleophile. This concerted activation of
both reaction partners within a single chiral complex is key to its efficiency [367].

O O

N N
H H

)
Figure 30. Example of squaramide used as catalyst for hydrophosphonylation [138]

Squaramides (example presented on Figure have emerged as a superior class
of hydrogen-bonding catalysts for this transformation. Their rigid, planar structure and
the parallel orientation of their two N-H bonds make them exceptionally effective at
dual hydrogen-bond activation of the electrophile. This pre-organized geometry often
leads to higher reactivity and enantioselectivity compared to the more flexible thioureas
[138]. Squaramide-based bifunctional catalysts have been instrumental in solving chal-
lenging problems, such as the first highly enantioselective hydrophosphonylation of N-
unsubstituted ketimines, providing a direct, deprotection-free route to valuable primary
a-aminophosphonates [368]. Alegre-Requena and co-workers [138] demonstrated
that squaramide efficiently catalyzes the hydrophosphonylation reaction for a broad
range of aldehydes, including both aromatic and aliphatic substrates. Mechanism pro-
posed for this reaction is presented on Scheme [48] In most results, they obtained high
yields ranging from 72-98% with reaction times of approximately 88—96 hours. The
enantioselectivity of the reaction is good and typically lies around 80-85% ee. The best
results were achieved for aromatic aldehydes, such as 4-nitrobenzaldehyde (88% ee),
and significantly lower selectivity was observed for the aliphatic substrate PhC' H,C' H,
(68% ee). Limitations of the method include long reaction times, somewhat reduced
enantioselectivity for certain aliphatic aldehydes, and mild yet demanding conditions,
such as low temperature (—-38 °C) and a high catalyst loading (20 mol%) [138].
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Scheme 48. Mechanism of squaramide-catalysed hydrophosphonylation [138]

The development of axially chiral phosphoric acids derived from BINOL (1,1’-bi-2-
naphthol) and SPINOL (1,1’-spirobiindane-7,7’-diol) by groups like Akiyama and Terada
marked a seminal moment in organocatalysis [369, 370]. These compounds are strong
Bransted acids capable of protonating an imine to form a reactive iminium ion. The re-
sulting bulky, chiral phosphate anion forms a tight, confined ion pair with the iminium
cation, effectively shielding one face of the electrophile and directing the attack of the
nucleophilic phosphite to the other. A highly organized, nine-membered transition state
has been proposed, in which the catalyst acts bifunctionally: the acidic proton activates
the imine, while a phosphoryl oxygen atom acts as a hydrogen-bond acceptor (a Bron-
sted base) to activate the phosphite nucleophile. This dual activation model accounts
for the high enantioselectivities observed, particularly for aldimines [358, 371].

The asymmetric addition to aldehydes is a well-developed area. Aldehydes are
highly reactive electrophiles, which presents both an opportunity and a challenge. The
high reactivity means that an uncatalyzed background reaction can occur, potentially di-
minishing the enantioselectivity achieved by a chiral catalyst [359]. Therefore, an effec-
tive catalyst must not only be highly stereoselective but also fast enough to outcompete
this background process. Both metal-based systems, such as Al(salalen) and Fe(Schiff
base) complexes, and organocatalysts, particularly bifunctional squaramides, have
proven capable of meeting this challenge, routinely providing a-hydroxyphosphonates
with enantiomeric excesses well over 90% for a broad range of aromatic and aliphatic
aldehydes [138, 361, 362].

The hydrophosphonylation of ketones is substantially more difficult than that of alde-
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hydes. The increased steric hindrance around the carbonyl carbon and the ketone’s
lower intrinsic electrophilicity combine to make the reaction sluggish and challenging to
control [359]. This substrate class represents a frontier in the field. Significant progress
has been made using exceptionally active catalysts, such as the lanthanide anilido
complexes, which can promote the addition to unactivated ketones [364]. Recently,
specialized organocatalysts, such as diaminomethylenemalononitrile, have also been
developed to tackle this difficult transformation, marking the first successful asymmetric
hydrophosphonylation of ketones using organocatalysis [372].

2.4 Hydrophosphonylation - results and discussion on
use of ecocatalysis

2.4.1 Methodology

2.41.1 Preparation of Eco-MgZnOx catalyst derived from Arabidopsis halleri

In this study, biomass from the plant Arabidopsis halleri collected from two distinct
locations in Europe was used. The first batch of biomass was obtained from a region
in Poland, near the Zn smelter of the Bolestaw Mine and Metallurgical Plant, close to
the city of Olkusz [373]. This area is highly industrialized and has significant levels of
pollution. The second batch was sourced from a former industrial site in Auby, France,
specifically from the Bois des Asturies area, which is also known for its heavy soll
contamination [374].

The choice to use A. halleri in this research was driven by the plant’s potential to
contribute to new phytomanagement strategies. These strategies focus on the removal
of metals from contaminated soils or their recovery from plant biomass. Finding prac-
tical applications for the metal-enriched biomass produced through phytoextraction is
therefore a key goal.

The sampling included the metal-contaminated locations of A. halleri in southern
Poland and northern France. The Polish location represents a low elevation site located
in one of the most heavily industrialized regions of Poland, the vicinity of the Zn smelter
of the Bolestaw Mine and Metallurgical Plant near the city of Olkusz [373]. Accordingly,
total soil Zn, Cd, and Pb concentrations at this sampling location are as much as 3911
+ 340, 1045 + 115, 28 + 3 mg kg, respectively ([312]). In France, A. halleri plants
were collected in a former industrial soil contaminated with zinc and cadm (7000 and
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60 mg kg, respectively) ([301]). A. halleri rosettes were collected from each location
in early August 2019. The catalyst derived from the Polish biomass was labeled Eco-
MgZnOx-P, while the one from the French biomass was called Eco-MgZnOx-F.

The preparation of the ecocatalyst starts with biomass collected from a metal-
hyperaccumulating plant (here Arabidopsis halleri). The process involves several
steps:

1. Drying and grinding - fresh biomass is first dried in 60 °C in an oven and then
ground into smaller pieces.

2. Ashing - the dried material is subjected to thermal treatment at 550 °C for ap-
proximately 6 hours, which removes the organic fraction and yields mineral-rich
ash.

3. Final grinding - the obtained ash is ground to produce a fine powder, which con-
stitutes the ecocatalyst.

: drying Grinding
a) [ 2.‘Ha”e" H Dry biomass ]ﬁgmn{ Ecocatalyst ]
lomass in 60°C spurkes

Figure 31. The catalyst preparation process.

The Figure [31]illustrates these process: (a) Schematic representation of the prepa-
ration process. (b) Fresh A. halleri biomass before drying. (c) Biomass placed in the
oven for drying. (d) The final ecocatalyst in powdered form: Eco-MgZnO-F at the top
and Eco-MgZnO-P at the bottom.
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2.4.1.2 General procedure for the reactions

The reactions were carried out in glass screw-cap test tubes equipped with mag-
netic stirring bars. Unless otherwise specified, each reaction was performed on a 0.23
mmol scale, with the reagents added in a 1:1 molar ratio. A catalyst, when used,
was weighed on an analytical balance and added in an amount corresponding to 5
mol%. For each experiment, three parallel samples were prepared: one containing
eco-catalysts derived from the biomass of A. halleri plants from Poland (Eco-MgZnOx-
P), second containing eco-catalysts derived from the biomass of A. halleri plants from
France (Eco-MgZnOx-F) and a control sample without any catalyst, which served as a
reference. During the course of the reactions, the mixtures were magnetically stirred.
When heating was required, the test tubes were placed in a sand-filled heating block
and maintained at the desired temperature under continuous stirring.

After the designated reaction time, the test tubes were removed from the heating
plate and an appropriate solvent was added to wash the reaction mixture and separate
it from the solid catalyst. The suspension was transferred into polypropylene centrifuge
tubes, and then centrifuged to sediment the catalyst at the bottom of the tubes. The
solvent was chosen so that no further reaction could occur and to ensure good solubility
of both the substrates and the products. The supernatant, containing the reaction
mixture dissolved in the solvent, was collected for further analysis and product isolation.

For product isolation, standard purification methods were applied. Depending
on the physical state of the compounds, purification was achieved either by prepar-
ative thin-layer chromatography (for oily products) or by crystallization from diethyl
ether/hexane mixtures (for solid products).

Figure (32 presents workflow of the reaction work-up.

126



2.4 Hydrophosphonylation - results and discussion on use of ecocatalysis

Figure 32. Stages of the experimental procedure. (Left) Reactions carried out in glass screw-
cap test tubes equipped with magnetic stirring bars and heated in a sand-filled heating block.
(Middle) Centrifugation of the reaction mixtures in polypropylene tubes to separate the solid
catalyst. (Right) Reaction mixture after centrifugation, showing the catalyst sedimented at the
bottom of the tube and the liquid phase containing the products and unreacted substrates.

2.4.1.3 Analysis of catalyst, reaction mixtures and products

A broad range of complementary analytical techniques was employed to thor-
oughly characterize the structure, composition, and morphology of the ecocatalysts
Eco-MgZnOx-P and Eco-MgZnOx-F. These methods provided insights not only into
the elemental and crystalline features of the fresh materials but also into their stability
and possible transformations upon recovery and reuse.

Catalyst was analysed via Microwave Plasma-Atomic Emission Spectroscopy (MP-
AES). The mineral composition of the catalysts was determined using an Agilent 4200
MP-AES spectrometer equipped with an SPS4 autosampler. This technique enabled
the quantification of key elements, including Zn, Mg, Ca, Fe, K, Al, and Na, expressed
as weight percentages. To ensure accuracy, samples were subjected to microwave-
assisted digestion in reversed aqua regia, followed by filtration and dilution prior to
analysis. MP-AES was also applied to assess the elemental composition of catalysts
after recovery and reuse, providing information about potential leaching or composi-
tional shifts during catalytic cycles.

Another method of catalyst analysis was X-ray Powder Diffraction (XRPD). Crys-
talline phases within the catalyst powders were identified using a BRUKER D8 Ad-
vance diffractometer with Cu Ko radiation. XRPD allowed for the determination of
lattice parameters.

Direct imaging of catalyst particles was provided by High-Resolution Transmission
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Electron Microscopy (HRTEM). It enables the visualization of both particle size and
distribution.

Scanning Transmission Electron Microscopy with Energy Dispersive X-ray Spec-
troscopy (STEM-EDX) provided chemical composition mapping was carried out using
a JEOL 2200 FS instrument operating at 200 kV, fitted with a Gatan Ultrascan CCD
camera and an Oxford Instrument XMaxN 100 TLE EDX spectrometer. For sample
preparation, catalyst powders were embedded in LR White resin and ultrathin sections
were obtained using a Leica UC7 ultramicrotome.

Product obtained in the ecocatalyzed reactions were comprehensively character-
ized using standard spectroscopic and analytical methods to confirm their structures
and purity: Melting points. Solid products were characterized by melting point deter-
mination using a Digimelt apparatus and the standard open capillary method. NMR
spectroscopy. Nuclear magnetic resonance spectroscopy was carried out on a Jeol
400 yh instrument. Spectra included 'H NMR (400 MHz, C'DCI5) for proton analy-
sis, ¥C' NMR (100 MHz, C DCl5) for carbon skeleton elucidation, and 3P NMR (243
MHz, C'DC13) for phosphorus characterization. All spectra were referenced to resid-
ual solvent peaks. High-Resolution Mass Spectrometry (HRMS). The exact molecu-
lar masses of the products were determined using HRMS with electrospray ionization
(ESI-TOF), ensuring precise confirmation of molecular formulas.

2.4.1.4 Modeling

Drawing on established methodologies where cluster models have successfully
mimicked the active sites of metal oxides like Mg¢O and ZnO, this study adopted a
cluster-based approach [375, 376]. An M gO cluster with a 5x2x2 atomic arrangement
was constructed to represent the oxide surface.

To simulate the mixed-metal nature of the ecocatalyst, this base MgO cluster was
modified by substituting some magnesium atoms with other metals found in the cata-
lyst, creating models for (M gy.9Zno1)O and (M go9Feo1)O. The calculations employed
the PBEO hybrid functional, which has been shown to provide a good balance of ac-
curacy and computational cost for reactions catalyzed by metal oxides. For simplicity
and to manage calculation times, dimethyl H-phosphonate (H P(O)(OMe),) was used
as the model phosphonating agent instead of the diethyl ester used in experiments, as
the ethyl group is not expected to significantly alter the core reactivity.
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2.4.2 Composition and structure of the ecocatalyst

The elemental composition of both catalysts was analysed using Microwave
Plasma-Atomic Emission Spectroscopy (MP-AES). Additionally, these catalysts were
characterized using various advanced techniques including X-ray Powder Diffrac-
tion (XRPD), High-Resolution Transmission Electron Microscopy (HRTEM), Scanning
Transmission Electron Microscopy (STEM), and Energy Dispersive X-ray Spectroscopy
(STEM-EDX) mapping.

Table [20 shows the mineral composition of Eco-MgZnOx catalysts obtained with A.
halleri from France (Eco-MgZnOx-F) and Poland (Eco-MgZnOx-P). The applied ther-
mal treatment under air flow leads to a high loss of organic matter (90% to 95% of
mass loss) and to a high concentration of mineral residues. Zn concentrations are
high and are almost the same in Eco-MgZnOx-F from France (9.89 wt%) and Eco-
MgZnOx-P from Poland (11.44 wt%), which confirms the ability of this species to hy-
peraccumulate zinc. It should be noted that the average C'd concentration remains
below 0.2 wt% for both locations. This observation is particularly interesting, consider-
ing that Zn-hyperaccumulating plants are often able to coaccumulate cadm in elevated
concentrations; however, toxicity is problematic. Mineral compositions of Eco-MgZnOx-
F and Eco-MgZnOx-P catalysts are very similar, except for the magnesium content.
Eco-MgZnOx-P exhibits twice the amount of Mg when compared to Eco-MgZnOx-F
(respectively, 5.24 wt% and 2.64 wt%).

Table 20. Mineral composition of Eco-MgZnOx catalysts determined by MP-AES analyses (wt
%) with relative standard deviation percentage (+% RSD, triplicate).

Eco-MgZnOx Al Ca Cd Fe K Mg Na Zn
EcoMgZnOx-P

wt % 0.05 16.71 0.18 0.08 1441 5.24 0.08 11.44
%RSD 031 063 072 05 033 039 061 0.61
EcoMgZnOx-F
wt % 0.19 1395 0.09 0.34 1153 264 0.14 9.89
%RSD 063 132 237 441 139 0.19 0.77 0.41

Figure presents the results of the X-ray powder diffraction (XRPD) analysis
of Eco-MgZnOx, which was performed to identify metallic species under crystalline
form. The XRPD diffractograms of Eco-MgZnOx-P and Eco-MgZnOx-F highlighted
the complexity of the samples with a large number of phases (9 in total) as expected
for biomass. Both Eco-MgZnOx-F and Eco-MgZnOx-P catalysts clearly exhibited the
presence of CaCO5; and K,S0,. Very interestingly, a Mgo gsZno.120 phase was also ob-
served in both cases and particularly clearly in Eco-MgZnOx-P. This compound is an
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isotype of periclase M gO, but the lattice parameter is significantly larger. The diffrac-
togram allowed for determining a parameter equal to 4.232 A instead of 4.213 A, which
is the lattice parameter of pure M ¢O. This modification of the structure can easily be
explained by the substitution of M ¢ atoms by Zn atoms, which have a larger atomic
radius. The formation of magnesium oxide would be very surprising at 550 °C consider-
ing that its standard formation temperature is above 800 °C. Interestingly, the presence
of additional metallic species (Zn, Fe) could enhance the reactivity of M ¢O [374, 377].
Diffractograms showed the expected presence of ZnO, K,ZnSiO,4, and ZnSiOs, which
are zinc silicates and used as antireflection coatings [378].
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Figure 33. XRPD diffraction pattern of a) Eco-MgZnOx-P and b) Eco-MgZnOx-F

High-resolution transmission electron microscopy (HRTEM) images of Eco-
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MgZnOx are presented in the Figure 34, In both Eco-MgZnOx-P (a) and Eco-
MgZnOx-F (b), the material is composed of two distinct particle populations. Larger
particles, ranging from 100 to 600 nm, form irregular aggregates, while much smaller
spherical nanoparticles of 10-50 nm are distributed in close association with them.
In Eco-MgZnOx-P, the smaller particles appear mostly embedded within the larger
calcite grains, producing dense clusters with a heterogeneous texture. In contrast,
Eco-MgZnOx-F shows a more dispersed arrangement, where the nanosized particles
are more clearly separated from the larger calcite domains, often forming cloud-like
distributions around them.

Figure 34. HRTEM images of a) Eco-MgZnOx-P and b) Eco-MgZnOx-F embedded in resin

The elemental composition was examined by scanning transmission electron mi-
croscopy coupled with energy-dispersive X-ray spectroscopy (STEM-EDX) (Figure [35).
In both Eco-MgZnOx-P and Eco-MgZnOx-F, the larger particles are dominated by Ca
and O, corresponding to calcite. For Eco-MgZnOx-F, the EDX maps highlight that cal-
cite also acts as a substrate on which smaller Mg- and Zn-containing particles are
deposited, further supporting the more open and separated morphology observed in
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the HRTEM images. Overlay images reveal that the nanosized fraction is mainly com-
posed of Mg, Zn, and O, with only minor traces of Fe. This agrees with MP-AES data
(Table [20), which confirmed that iron is present only in very low amounts. The poor
contrast of Fe in the STEM images is consistent with its trace-level abundance.

Figure 35. STEM-bright field images of a) Eco-MgZnOx-P and b) Eco-MgZnOx-F. Oxy-
gen, calcium magnesium, zinc and iron elemental STEM-EDX mapping as well as oxy-
gen/magnesium/zinc superposition.

Taken together, these observations confirm that Eco-MgZnOx consists of a com-
posite of large calcite particles and smaller nanoparticles of mixed magnesium oxides,
primarily MgO - ZnO with minor contributions from M¢O - FeO. The structural differ-
ences between the two materials lie mainly in the degree of dispersion of the nanosized
particles: in Eco-MgZnOx-P they are mostly embedded within calcite grains, whereas
in Eco-MgZnOx-F they are more distinct and separated from the larger calcite matrix.

2.4.3 Optimization results of the hydrophosphonylation

The model substrates used for hydrophosphonylation optimization were benzalde-
hyde (1a) and diethyl H-phosphonate (2a). The reaction scheme is included in the first
row of Table[21] A series of experiments was conducted. Based on the reaction mecha-
nism generally accepted for the hydrophosphonylation reaction, the Eco-MgZnOx could
be considered as plurifunctional catalyst. Firstly, the presence of Mg species with ba-
sic character should be responsible for activation of the H-phosphonate and formation
of a phosphanion (phosphite form). Secondly, the presence of Zn species with Lewis
acid character could be responsible for the activation of the carbonyl carbon making
it more electrophilic and prone to reaction with phosphorus nucleophile. The simulta-
neous activation of both substrates can also be envisaged. Initially, the reaction was
carried out without a solvent, which proved to be the best choice, as reactions con-
ducted in organic solvents (toluene, ethyl acetate, dichloromethane) did not yield the
expected products. Additionally, reactions performed at room temperature resulted in
poor to moderate conversion, depending on the reaction time. The variables in the
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optimization of eco-catalyst-catalyzed reactions included the presence of a solvent,
temperature, reaction time, and the amount of catalyst used. Results are summarized
in the Table 271

Table 21. Preparation of hydroxyphosphonates (Pudovik reaction) - optimization of reaction
conditions for model substrates.®

o OH
N e
+ - e
| & ~OEt H jd OFt
~
1a 2a 3a
- - b -
Entry T[C] t[h] Conversion Conversion® with EcoCatalyst

without catalyst® PL FR

1 RT 96 8% 93%° 97%”
2 50 24 19% 97%" 100%
3 RT 24 0%° 86%:°° 80%7¢
4 50 3 2% 93%"° 100%
5 50 1 0% 76%° 80%7
6 RT 1 0% 28%° 22%F
7 50 2.5 0% 65%°¢ 68%" ¢
8 50 3 0% 73%9 100%"
9 50 3 0% 100%°¢ 99%;7 ¢

10 50 3 0% 47%" 0%!

Reaction conditions: aldehyde (0.23 mmol), H-phosphonate (0.23 mmol),
determined by !P NMR.

an average value from 3 experiments.

an average value from 2 experiments.

30 mg of Eco-MgZnOx-P: Mg (28.0 mol%), Ca (54.4 mol%), Zn (22.8 mol%).
30 mg of Eco-MgZnOx-F: Mg (14.0 mol%), Ca (45.6 mol%), Zn (19.6 mol%).
15 mg of Eco-MgZnOx-P: Mg (14.0 mol%), Ca (27.2 mol%), Zn (11.4 mol%).
15 mg of Eco-MgZnOx-F: Mg (7.0 mol%), Ca (22.8 mol%), Zn (9.8 mol%).
7.5 mg of Eco-MgZnOx-P: Mg (7.0 mol%), Ca (13.6 mol%), Zn (5.7 mol%).
7.5 mg of Eco-MgZnOx-F: Mg (3.5 mol%), Ca (11.4 mol%), Zn (4.9 mol%).
1.5 mg of Eco-MgZnOx-P: Mg (1.4 mol%), Ca (2.7 mol%), Zn (1.1 mol%).
1.5 mg of Eco-MgZnOx-F: Mg (0.7 mol%), Ca (2.3 mol%), Zn (1.0 mol%).
RT room temperature.

SR - 00 & 6o o e

.

~ o~ .

Initially, reaction was performed under solventless conditions, and this resulted in
the best choice. The reaction proceeded readily at room temperature but with poor to
moderate conversions depending on the reaction time (28% and 80% after 1 h and 24
h, respectively). When heating was applied, conversions were greatly improved and
reaction time was limited to only 3h. Importantly, reactions without the plant-based
catalysts did not produce any desired «-hydroxyphosphonate.
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To sum up, the optimal conditions were determined to be a temperature of 50°C, a
reaction time of 3 hours, and an eco-catalyst amount of 5 mol% based on zinc content.
For Eco-MgZnOx-P, this corresponds to 7.0 mol% Mg, 13.6 mol% Ca and 5.7 mol%
Zn, while for Eco-MgZnOx-F, it corresponds to 3.5 mol% Mg, 11.4 mol% Ca, and 4.9
mol% Zn.

The conversion of the crude reaction mixtures was monitored by 3! P NMR spec-
troscopy on a Jeol 400 yh instrument, which served as a direct and quantitative probe
of phosphorus-containing species.

“OFEt
b 0

3a

QOH :
_ /v&, P..O Et

“OEt

4.0

Qi LN mao &0 SO0 400 |.Ii|| 2 [LIK}] 0 =10 <2000 <30
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Figure 36. 31P NMR spectrum (243 MHz, CDCI3) of crude reaction mixture after the reaction
of benzaldehyde with diethyl H-phosphonate.

In the 3'P NMR spectrum of the crude mixture, which is presented on the Figure[36]
two distinct regions can be assigned unambiguously - signals at 7-9 ppm correspond-
ing to the H-phosphonate substrate and signals at 15-25 ppm corresponding to the
a-hydroxyphosphonate product. The assignments were verified by recording the spec-
trum of the pure substrate.

Since one mole of substrate yields one mole of product upon complete conversion,
the integrated areas of these signals are directly proportional to their molar ratios in
the mixture. The conversion can therefore be calculated according to the following
expressions:
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Product fraction = Toroduct

)
]product + ]substrate

. I
Conversion (%) = product x 100,

I product + I substrate

I
Unreacted substrate (%) = substrate x 100,

I product + I substrate

where Ipoduct @and Ispsirate @re the integrated peak areas corresponding to the prod-
uct and substrate, respectively.

In the spectrum shown, the substrate signal at 6 = 8.533 ppm was normalized to
Isubstrate = 1.00, while the integral of the product region (15-25 ppm) was Iproguct = 10.11.
Thus, the total integral is:

Tiotal = Isupstrate + Iproduct = 1.00 +10.11 = 11.11.

The molar fractions are then:

. 10.11
Product fraction = i~ 0910 = 91.0%,

. 1.00
Substrate fraction = T~ 0.090 = 9.0%.

Therefore, the conversion of the example reaction, presented above, as determined
from the 3'P NMR spectrum, was calculated to be 91.0%.

The next step involved conducting tests to compare the performance of eco-
catalysts with that of commercially available metal oxides. Tests were conducted in
optimal conditions. Hydrophosphonylation reactions were carried out using ZnO, MgO,
CaOl, and CaCOg, as well as a mixture of MgO+ZnO in quantities corresponding to
the content of these oxides in Polish and French eco-catalysts, what is summarized in
the Table [22] Calcium oxide cannot be included in the final composition of the catalyst
due to the mild conditions required for its preparation, and calcium carbonate showed
no catalytic activity for the reaction under study; therefore, calcium was excluded from
further consideration.

136



2.4 Hydrophosphonylation - results and discussion on use of ecocatalysis

Table 22. Preparation of hydroxyphosphonates (Pudovik reaction) with commercial available
compounds as catalysts®

Entry Ecocatalyst Conversion (%)
1 Zn0O? 14%
2 MgQP 70%
3 Zn0O + MgQO° 78%
4 FeO + MgO? 70%
5 FeO + MgO + Zn0O¢ 78%
6 KoCOy 61%
7 CaCO0Os® 0%

5.7 mol% of Zn.

7.0 mol% of Mg.

5.7 mol% of Zn and 7.0 mol% of Mg.

0.05 mol% of Fe and 7.0 mol% of My

0.05 mol% of Fe, 7.0 mol% of Mg and 5.7 mol% of Zn
12.0 mol% of K

5.0 mol% of Ca

Q@ = 0 a0 o9

The results obtained with commercially available oxides were less favorable com-
pared to those achieved with the ecocatalysts. Catalysis with zinc oxide resulted in a
14.5% conversion, with magnesium oxide 69%, and with the ZnO+MgO mixture 76%.
It was determined that the use of eco-catalysts leads to better conversion values due
to the synergistic effect of the catalytic activities of various metals, with zinc oxide and
magnesium oxide playing a significant role.

Subsequently optimization studies were conducted for other substrates: carbonyl
compounds, including aliphatic and heteroaromatic aldehydes and ketones, and vari-
ous H-phosphonates.

The carbonyl substrate for which next optimization studies were conducted was
isobutyraldehyde, a representative of aliphatic aldehydes. The reaction scheme is in-
cluded in the Table [23] The starting point was the optimal conditions obtained for the
model reaction with an aromatic aldehyde, but adjustments were necessary as the
conversions achieved under those conditions were not sufficiently high. Results are
summarized in the Table 23]
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Table 23. Pudovik reaction - optimization of reaction conditions, screening of aldehyde scope -
aliphatic substrate (1f)¢

OH
) j H. CE )\)\ OEt
~ T g oe ‘ S Ot
o 0
1f 2a 3

Conversion® with EcoCatalyst

Entry T[°C] t[h] Catalyst Conversion® Solvent
PL FR
1 50 3 - 0% 70%¢ 79%7 None
2 50 5 - 0% 79%¢ 59%/ None
3 70 3 - 0% 97%° 93%/ None
4 50 3 - 0% 75%9 85%" None
5 70 3 - 0% 83%° 73%*% None
6 70 3 ZnO? 18% - - None
7 70 3 Ca0s 99.7% - - None

a Reaction conditions: aldehyde (0.23 mmol), H-phosphonate (0.23 mmol)

b determined by !P NMR.

c 7.5 mg of Eco-MgZnOx-P: Mg (7.0 mol%), Ca (13.6 mol%), Zn (5.7 mol%).
d 7.5 mg of Eco-MgZnOx-F: Mg (3.5 mol%), Ca (11.4 mol%), Zn (4.9 mol%).

e 15 mg of Eco-MgZnOx-P: Mg (14.0 mol%), Ca (27.2 mol%), Zn (11.4 mol%).
f 15 mg of Eco-MgZnOx-F: Mg (7.0 mol%), Ca (22.8 mol%), Zn (9.8 mol%).

g 30 mg of Eco-MgZnOx-P: Mg (28.0 mol%), Ca (54.4 mol%), Zn (22.8 mol%).
h 30 mg of Eco-MgZnOx-F: Mg (14.0 mol%), Ca (45.6 mol%), Zn (19.6 mol%).

20.0 mol% of Zn.
J 20.0 mol% of Mg.

.

Subsequently, it was tested whether the conditions optimized for the model reac-
tion were also optimal for another H-phosphonate, specifically dibutyl H-phosphonate.
Table [24] presents reaction scheme and summary of the results.
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Table 24. Pudovik reaction - optimization of reaction conditions, screening of H-phosphonate
scope.*®

o OH o
u
| 3 + H - ’OBU 'Y\‘ pr
/ Ci “OBuU | P o OBu
1a 2b da
Conversion Conversion® with EcoCatalyst
Entry T[°C] t[h] ¥
without catalyst® PL FR
1 50 3 0% 94%° 91%4
2 50 3 0% 100%:° 92%/f
3 50 3 0% 0%9 0%"

Reaction conditions: aldehyde (0.23 mmol), H-phosphonate (0.23 mmol)
determined by 3!P NMR.

15 mg of Eco-MgZnOx-P: Mg (14.0 mol%), Ca (27.2 mol%), Zn (11.4 mol%).
15 mg of Eco-MgZnOx-F: Mg (7.0 mol%), Ca (22.8 mol%), Zn (9.8 mol%).
7.5 mg of Eco-MgZnOx-P: Mg (7.0 mol%), Ca (13.6 mol%), Zn (5.7 mol%).
7.5 mg of Eco-MgZnOx-F: Mg (3.5 mol%), Ca (11.4 mol%), Zn (4.9 mol%).
1.5 mg of Eco-MgZnOx-P: Mg (1.4 mol%), Ca (2.7 mol%), Zn (1.1 mol%).
1.5 mg of Eco-MgZnOx-F: Mg (0.7 mol%), Ca (2.3 mol%), Zn (1.0 mol%).

S>SQ — 00 Q. o o Q

The next optimization involved a different carbonyl substrate, a heteroaromatic alde-
hyde as optimal conditions for model reaction was not enough for those substrates
as well. 3-pyridinecarboxaldehyde was an example for this optimization. Table
presents reaction scheme and summary of the results.
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Table 25. Pudovik reaction - optimization of reaction conditions, screening of aldehyde scope -
heterocyclic aldehyde.”

7 o OEt
~ H. fOE1 IS /L‘\P:
w " O"P“OEt ) g o=
N N
1 2a 3]

Conversion® with EcoCatalyst
Entry T[°C] t[h] Catalyst Conversion® y

PL FR
1 50 3 - 2.6% 78%° 94%:4
2 70 3 - 12% 95%° 100%
3 70 3 ZnQ¢ 63% - -
4 70 3 CaO/ 79% - -

Reaction conditions: aldehyde (0.23 mmol), H-phosphonate (0.23 mmol)
determined by 3P NMR.

7.5 mg of Eco-MgZnOx-P: Mg (7.0 mol%), Ca (13.6 mol%), Zn (5.7 mol%).
7.5 mg of Eco-MgZnOx-F: Mg (3.5 mol%), Ca (11.4 mol%), Zn (4.9 mol%).
20.0 mol% of Zn.

20.0 mol% of Ca.

“ 0O Q0 o Qo

The final step was the optimization for another carbonyl substrate, this time a ke-
tone, with acetophenone serving as the example. Table [26] presents reaction scheme
and summary of the results.

140



2.4 Hydrophosphonylation - results and discussion on use of ecocatalysis

Table 26. Pudovik reaction - optimization of reaction conditions, screening of carbonyl com-
pound scope - ketone.®

0O
OEt
| = )I\ + - Pi
P d OEt
1n 2a
Conversion® with EcoCatalyst
Entry TI[°C] t[h] Catalyst Conversion® y
PL FR

1 50 21 - 0% 66%° 52%:

2 100 21 - 0% 6.2%"° 16.2%*%

3 50 117 - 3.5% 78%° 49%:

4 50 8.5 - 0% 23%° 20%°

5 50 8.5 - 0% 22%° 28%/

6 70 9 - 0% 30%° 43%/

7 70 21 - 0% 39%°¢ 46%/

8 70 9 - 0% 44%9 71%"

9 70 21 - 3% 35%9 37%"

10 70 9 - - - -

11 70 9 Zn0O (20 mol% Zn) - - -

12 70 9 CaO (20 mol% Ca) - - -

Reaction conditions: ketone (0.23 mmol), H-phosphonate (0.23 mmol)
determined by 3!P NMR.

30 mg of Eco-MgZnOx-P: Mg (28.0 mol%), Ca (54.4 mol%), Zn (22.8 mol%).
30 mg of Eco-MgZnOx-F: Mg (14.0 mol%), Ca (45.6 mol%), Zn (19.6 mol%).
7.5 mg of Eco-MgZnOx-P: Mg (7.0 mol%), Ca (13.6 mol%), Zn (5.7 mol%).
7.5 mg of Eco-MgZnOx-F: Mg (3.5 mol%), Ca (11.4 mol%), Zn (4.9 mol%).
15 mg of Eco-MgZnOx-P: Mg (14.0 mol%), Ca (27.2 mol%), Zn (11.4 mol%).
15 mg of Eco-MgZnOx-F: Mg (7.0 mol%), Ca (22.8 mol%), Zn (9.8 mol%).
20.0 mol% of Zn.

J 20.0 mol% of Ca.

QU 6 o 2

> Q = O

.

For aliphatic and heteroaromatic aldehydes, it was necessary to increase the tem-
perature to 70°C. The reaction with ketones was also feasible, but it required extending
the reaction time to 20 hours and doubling the amount of catalyst. However, the reac-
tion with the ketone did not achieve conversions close to 100%, as was the case with
aldehydes. Despite this, the successful formation of the product from the ketone can
still be considered an achievement. On the other hand, the use of H-phosphonates
other than diethyl H-phosphonate did not affect the optimal conditions. The sum up is
presented in the Table [27]
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Table 27. Reaction conditions for different carbonyl substrates.

Carbonyl Substrate Temperature Time Catalyst

Aromatic Aldehydes 50°C 3h  Eco-MgZnOx-P* Eco-MgZnOx-F?
Aliphatic Aldehydes 70°C 3h Eco-MgZnOx-P¢ Eco-MgZnOx-F?
Heteroaromatic Aldehydes 70°C 3h  Eco-MgZnOx-P? Eco-MgZnOx-F°
Ketones 70°C 20h  Eco-MgZnOx-P¢ Eco-MgZnOx-F4

7.5 mg of Eco-MgZnOx-P: Mg (7.0 mol%), Ca (13.6 mol%), Zn (5.7 mol%).
7.5 mg of Eco-MgZnOx-F: Mg (3.5 mol%), Ca (11.4 mol%), Zn (4.9 mol%).
15 mg of Eco-MgZnOx-P: Mg (14.0 mol%), Ca (27.2 mol%), Zn (11.4 mol%).
15 mg of Eco-MgZnOx-F: Mg (7.0 mol%), Ca (22.8 mol%), Zn (9.8 mol%).

QU 6 o 2

2.4.3.1 Optimization results of the hydrophosphonylation with an optically ac-
tive substrate

To identify the optimal conditions for the hydrophosphonylation reaction with an
optically active phosphite, a series of experiments was performed with different tem-
peratures, catalyst loadings, reaction times, and stoichiometric ratios. The primary
goal was to maximize both conversion and stereoselectivity of the reaction, while min-
imizing the influence of side processes observed in the uncatalyzed pathway or in the
presence of simple bases such as Et3N. Control reactions without catalyst (0) and
with E't; N were included to establish reference points. Particular focus was placed on
catalysts P and F, which were systematically tested under varied conditions in order to
establish how reaction temperature, time, and aldehyde excess influence conversion
and stereoselectivity.

The reaction scheme and results of these optimization studies are summarized in
Table 28

The reference experiments without catalyst and with Et3 N demonstrate that the
hydrophosphonylation can proceed either not at all (no catalyst) or in a fast but poorly
selective manner (Et3N). These controls underline the importance of using designed
catalysts (P and F) to achieve both high conversion and stereoselectivity.
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Table 28. Optimization of the hydrophosphonylation with optically active H-phosphonate with
Eco-Catalysts.

/: \1 P 4 \
\.\ Jf_".r - | <E‘.f ["{/r h
o) \ X \ X
_ = N
K/ H/ \D*— ™o ~ - \O~- /f"'\O h
= . \TI_ X OH . x|_|/‘ S
LN ‘e
\ Vi \ij N\ N

Conv./Ratio® Conv./Ratio® Conv./Ratio®’ with EcoCatalyst

Entry T[°C] t[h]

no catalyst Et;N PL FR
1 50 3 0% /- - 27%/1:4.6 27%°/1:4.8
2! 50 3 17%/1:1.9 - 48%/1:3.6 30%°/1:3.2
37 60 3 93%/1:2.2 - 100%7 / 1:4.2 100%9 / 1:4.8
4k 50 3 69%/1:2.2 - 100% /1:5.3 -
5k RT 3 7% /1:2.4 - 100%% / 1:4.4 -
6~ 0 3 0% /- 100%" / 1:2.0 0%/ — -
7 0 96 10%/1:3.5 100%"/1:2.0 85%7/1:7.8 -
8! 0 96 - - 100%% / 1:3.1 100%:° / 1:3.1
9 0 96 - - 90%*% / 1:0.0 89%°/1:0.0
10 0 96 - - 92%?/1:8.0 91%°/1:7.9
a Determined by 3'P NMR.
b Diastereomeric ratio of product (major:minor).
d 7.5 mg of Eco-MgZnOx-P: Mg (28.0 mol%), Ca (54.4 mol%), Zn (22.8 mol%).
e 7.5 mg of Eco-MgZnOx-F: Mg (14.0 mol%), Ca (45.6 mol%), Zn (19.6 mol%).
f 15 mg of Eco-MgZnOx-P: Mg (14.0 mol%), Ca (27.2 mol%), Zn (11.4 mol%).
g 15 mg of Eco-MgZnOx-F: Mg (7.0 mol%), Ca (22.8 mol%), Zn (9.8 mol%).
h 7.5 mg of EtsN, used as a reference.
i Smaller reactors were used
J Aldehyde were used in excess.
k Aldehyde were used in 4-fold excess.
l H-phosphonate S, .S were used.

Catalyst Eco-MgZnOx-P consistently gave the highest activity across a wide tem-
perature range. For example, already at 50°C with 5 mol% and a 4-fold excess of
aldehyde (entry 4), full conversion was achieved with a ratio of 1:5.3. At room temper-
ature, P maintained 100 % conversion (entry 5), whereas the blank experiment under
the same conditions only reached 7%. This highlights the robustness of P compared
to the background pathway.

Catalyst Eco-MgZnOx-F showed a performance similar to Eco-MgZnOx-P in terms
of conversion, though typically with slightly lower selectivity. Both catalysts benefited
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significantly from excess aldehyde and from longer reaction times at lower tempera-
tures.

A key trend is that lower temperature improves stereoselectivity, but at the cost of
longer reaction times. For instance, entry 7 (0°C, 96 h) with P gave 85% conversion and
the highest selectivity ratio (1:7.8). This demonstrates that stereocontrol is maximized
under kinetic conditions, although conversion is incomplete.

The best overall outcome was obtained in entry 9 and 10 (0°C, 96 h, 5 mol% of P or
F), where both catalysts reached very high conversion - 90% for P, 89% for F, combined
with outstanding stereoselectivity. This condition represents the optimal compromise
between conversion and selectivity, and clearly exceed the reference experiments with
no catalyst or with Et3V.

The progress of the hydrophosphonylation reaction was monitored by quantitative
3IP NMR spectroscopy what is presented on Figure [37]

The unreacted H-phosphonate substrate gave a single resonance at -3.42 ppm
(normalized to integral = 1.00), whereas the newly formed a-hydroxyphosphonate
product appeared as two distinct resonances at 16.119 ppm (integral = 0.72) and
15.165 ppm (integral = 0.19). To determine the conversion, the product integrals were
summed:

Ioprog = 0.19 4 0.72 = 0.91

and compared with the total integral of substrate and product:

I 0.91
prod x 100 = —————— x 100 = 47.6%.

Conversion = —————
Iprod + [Sub 0.91 + 1.00

The diastereomeric ratio was obtained by normalizing signal at 15.165 ppm (integral =
0.19) to 1.00 and expressing the second resonance at 16.119 ppm relative to it:

which corresponds to a dr of 1.00 : 3.80. This analysis confirms that the newly formed
stereogenic center is located at the benzylic carbon bearing the hydroxyl group in the
a-hydroxyphosphonate product.
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Figure 37. 31P NMR spectrum (243 MHz, CDCI;) of crude reaction mixture after the reaction
of benzaldehyde with optically active substrate.

2.4.4 Scale-up of the hydrophosphonylation

Finally, scaling-up of the model hydrophosphonylation reaction summarized in Ta-
ble 21| to 4.6 mmol was performed. It was 20 times larger scale than for optimization
experiments with Eco-MgZnOx-P and Eco-MgZnOx-F. The pure desired product 3a
was obtained without problems after simple crystallization from the experiment catal-
ysed by Eco-MgZnOx-F with 88% vyield (1.0 g).

0

0]
OEt ) _
| 3 ) + H\ P,' N /-._\ \.P.‘H
_ O? OEt H P ol OEt
1a 2a 3a

Scheme 50. Model reaction of hydrophosphonylation
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2.4.5 Reusage of the catalyst in the hydrophosphonylation

The possibility of simple and efficient recovery and reuse of the catalyst is a very
important aspect of catalysis and green chemistry. Therefore, these experiments for
Eco-MgZnOx-P and Eco-MgZnOx-F was performed. For this purpose, hydrophospho-
nylation of benzaldehyde (1a) with diethyl H-phosphonate (2a) under optimized condi-
tions was used as the model reaction summarized in Table [21] Aldehyde (0.92 mmol),
H-phosphonate (0.92 mmol), and appropriate Eco-MgZnOx catalyst (Eco-MgZnOx-P
(5.7 mol% of Zn) or Eco-MgZnOx-F (4.9 mol% of Zn)) were placed in a glass vial. The
mixture was stirred at 50°C for 3 h. After that time, ethyl acetate was added (2 mL)
and the reaction mixture was centrifuged (6000 rpm/5 min). The organic layer was
separated, and an additional portion of ethyl acetate (2 mL) was added to the remain-
ing catalyst and the centrifugation repeated (this process of washing the catalyst was
repeated 4 times). The combined organic layers were evaporated under vacuum and
the remaining crude product was purified by crystallization or preparative TLC. The re-
maining solid catalyst was dried in an oven (500°C for 5 h) and then used for the next
reaction. The process could be repeated up to 5 times in the case of Eco-MgZnOx-P.

During these tests a clear difference between reactions catalyzed by Eco-MgZnOx-
P and Eco-MgZnOx-F was observed and presented in the Table

Table 29. Recovery and reuse tests of the Eco-MgZnOx catalysts in Pudovik reaction®.

Q OH
| \ P H\PIOEI N I P,OEt
* b - ﬂ « “OEt
1a 2a 3a
Ecocatalyst Run Conversion® (%) Mineral Composition® of Eco-MgZnOx
Ca Mg Zn

Eco-MgZnOx-P 1 97% 16.21% 4.32% 8.02%

2 96% 15.92% 3.72% 6.96%

3 94% 13.65% 2.94% 5.87%
Eco-MgZnOx-F 1 96% 14.77% 1.69% 7.22%

2 58% 14.46% 1.26% 5.23%

3 14% 15.42% 0.79% 3.45%

a Reaction conditions: aldehyde (0.23 mmol), H-phosphonate (0.23 mmol)
b determined by 3!P NMR.
c Mineral compositions were determined by using microwave plasma-atomic emission spectroscopy (MP-AES).

The Eco-MgZnOx catalysts derived from Arabidopsis halleri biomass show different
reuse behaviors for Pudovik reaction depending on their origin. Eco-MgZnOx-P main-
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tains high conversion efficiency over multiple cycles, whereas Eco-MgZnOx-F deacti-
vates rapidly. In the first run, both catalysts achieve 96-97% conversion of the model
reaction. Upon reuse, Eco-MgZnOx-F activity plummets - dropping to 58% in the
second run and only 14% by the third run. In contrast, Eco-MgZnOx-P retains >94%
conversion through the first three cycles and still achieves about 88% conversion by the
5th run, what was also investigated. This divergence in reusability correlates strongly
with changes in the catalysts’ mineral composition over successive runs.

After each catalytic cycle, the bulk elemental composition, particularly Zn, Mg, and
C'a content, of the recovered solids shifts due to loss of material. Atomic emission
spectroscopy shows that Zn, Mg, and Ca wt% decrease progressively in both cata-
lysts with each reuse. The magnitude of loss, however, differs. Eco-MgZnOx-F starts
with a much lower Mg content ( 1.7 wt%) than Eco-MgZnOx-P ( 4.3 wt%). Conse-
quently, after one or two cycles the French catalyst falls below a critical threshold of
active Mg and Zn species needed for the reaction. By the third run, Eco-MgZnOx-F
has lost over half of its initial Mg and Zn, what resulted its collapse in activity. Eco-
MgZnOx-P also loses some Mg and Zn each cycle - for example M g decreases from
4.3 to 2.9 wt% after three runs, but, because it initially contains more than double the
Mg and slightly more Zn compared to the French catalyst, it retains sufficient active
components to sustain high conversion. In effect, the Polish-derived catalyst had a
larger reservoir of active basic M ¢O and Lewis acidic ZnO sites to begin with, so the
fractional losses over five uses - Zn falling from 8.0 to 5.3 wt% after 3 runs do not
inactivate it entirely. Meanwhile, calcium, which is present as CaC O3 shows a mod-
est downward trend in Eco-MgZnOx-P (from 16.2 to 13.7 wt% in three runs) but in
Eco-MgZnOx-F the Ca fraction remains roughly constant or even rises slightly in later
cycles. This apparent increase is because Mg and Zn are being preferentially stripped
out, leaving Ca relatively enriched in the remaining solid. Potassium, also presentin the
initial ash, was reported to remain constant in wt%, indicating K-containing phases did
not leach and thus K was likely not an active phase nor a cause of deactivation. Taken
together, the data show that catalyst deactivation correlates with loss of active mineral
constituents: rapid Zn and M g depletion in Eco-MgZnOx-F leads to precipitous activity
drop, whereas the slower, limited loss of these components in Eco-MgZnOx-P permits
sustained activity. In sum, the Polish ecocatalyst’s superior reuse performance is at-
tributed to its higher initial magnesium and zinc content and correspondingly greater
resistance to critical depletion of those active species during operation. This analysis
underscores that maintaining the mineral composition of the catalyst, especially the
MgO and ZnO content, is key to preserving its catalytic efficiency across runs.
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The first conclusion based on this fact is that Zn and Mg contents drop from run
to run in step with the loss of conversion, while Ca/K remain ineffective, is the classic
fingerprint of leaching of the true active sites. And because control experiments show
MgO and ZnO, and especially their combination, are the phases that actually promote
the hydrophosphonylation, their preferential loss unambiguously identifies MgO (basic)
and ZnO (Lewis acidic) as the catalytically relevant components in this system.

The second conslusion is that progressive loss of Zn, Mg, and Ca from the catalyst
indicates that leaching is occurring. Leaching in heterogeneous catalysis refers to the
undesired removal of active species from the solid catalyst into the reaction solution.
In liquid-phase reactions, even a small degree of leaching can deactivate a catalyst by
depleting its active components or structural stabilizers. Leaching typically occurs via
dissolution or solvolysis of the catalyst material: the solid constituents such as metal
ions or oxides are chemically transformed into soluble forms and diffuse into the liquid
phase [379]. This phenomenon is one of the major deactivation mechanisms for solid
catalysts in liquid media, alongside sintering and poisoning. Sadaba et al. note that
leaching often involves breaking the metal-oxygen bonds that anchor metal sites in an
oxide or on a support, releasing those metal ions into solution [379]. For example,
exposure to acids or water can convert metal oxides into soluble salts or hydroxides.
Even in ostensibly neutral conditions, solvent molecules or reactants can coordinate
to surface metal sites, weakening their bonds and causing the metal to detach into
solution. Leaching is especially pronounced if chelating agents are present: organic
molecules with multiple ligating groups can strongly bind metal cations and effectively
extract them from the solid lattice [379]. In short, leaching is the loss of active catalyst
species like metal ions into the reaction mixture, driven by chemical interactions that
render those species soluble. This not only diminishes the solid catalyst activity over
time but can also introduce homogeneous activity or metal contaminants in the product.
Controlling leaching is therefore critical for catalyst longevity and for preventing metal
contamination of products.

In the specific case of the Eco-MgZnOx catalysts leaching is driven by the interac-
tion of these mineral phases with the reaction environment and products. The reaction
produces a-hydroxyphosphonate compounds via hydrophosphonylation of aldehydes.
Those molecules are potent chelating agents for metal ions. Their metal-binding ability
has been directly studied:

« 2-amino-1-hydroxyalkylphosphonic acids obtained via hydrophosphonylation
form well-defined Zn(II) and Cwu(lI) complexes in water, characterized
potentiometrically and spectroscopically [327, 380];
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* «a-hydroxyimino-phosphonate derivatives chelate Cu (/1) strongly enough to sep-
arate E/Z isomers, with an X-ray-characterized copper complex reported [381];

* chelation by an a-hydroxymethyl-phosphonate/phosphinate motif has been ob-
served directly-Ga(lll) induces deprotonation of the «-OH to an alcoholate that
binds and closes a chelate ring [382].

As the reaction proceeds, the newly formed hydroxyphosphonate can coordinate
strongly to Zn?*, M¢*", or Ca®>" ions on the catalyst surface. This forms soluble
organometallic complexes, effectively extracting those metal ions from the solid lat-
tice into the organic phase [379]. In other words, the product itself chelates away the
catalyst active ingredients.

The chemical nature of the mineral phases explains their vulnerability. Zinc oxide
and magnesium oxide are amphoteric/basic oxides that can be solubilized by acidic or
chelating conditions. Zinc oxide is amphoteric and dissolves under acidic or strongly
basic/chelating conditions, forming soluble zinc species [383, 384]. Magnesium oxide
is a basic oxide that readily dissolves in dilute mineral acids, so even mildly acidic media
can mobilize Mg from the surface [385]. Even though the hydrophosphonylation was
run under solvent-free, relatively mild conditions, trace moisture or impurities and the H-
phosphonate reagent itself can provide acidity and engage in —P(= O)H = —P(OH)
tautomerism that modulates proton activity. Both effects can promote surface attack on
metal oxides [386, 387]. Under such conditions, zinc or magnesium oxides can react
to give zinc or magnesium phosph(on)ate or organophosphonate species that remain
in the liquid phase, especially because metal-phosphonate coordination is thermody-
namically strong [388, 389]. In zinc phosphate systems ZnO can be consumed by
phosphoric acids to form zinc phosphates [390]. Moreover, the a-hydroxyphosphonate
products possess hard oxygen donors: P = O and C — OH and act as potent metal
chelators. Once zinc or magnesium ion is detached, it is efficiently captured and kept in
solution [317, 391]. Calcium carbonate, while less catalytically active, can also leach by
neutralization with weak acids to release C'a**, and calcium-phosphonate complexes
are stable [391-393]. By contrast, K+ forms only very weak complexes with phospho-
nates and, without bulk water, K,CO3 remains a stable solid with negligible solubility in
non-aqueous or solventless media [393, 394].

The evidence that calcium content decreased or stayed constant while Mg and
Zn plummeted suggests that zinc and magnesium oxides were more readily attacked
by the product. This selective leaching means the active M¢O and ZnO phases are
preferentially lost. This explains why the catalyst composition evolves and why activity
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degrades: the active base M ¢O and Lewis acid ZnO sites are progressively removed
from the solid, leaving behind less active components like inert CaCOs or residual
K>COj3 that cannot sustain the catalytic cycle.

To prolong catalyst life, the dissolution of Zn, Mg, and Ca species from the eco-
catalyst must be prevented or minimized. Both experimental and theoretical strategies
can be proposed to mitigate or eliminate leaching in such biomass-derived catalysts:
Incorporate a support or matrix to immobilize the active species: Dispersing the Eco-
MgZnOx components onto or into a more robust solid support can anchor the metal ox-
ides and reduce their direct contact with chelating molecules. For example, earlier work
showed that ash-derived Zn/Mg catalyst extracts can be deposited on montmorillonite
clay to create a supported ecocatalyst [303]. Using a high-surface-area, inert support,
such as mesoporous silica, alumina, or zeolite via impregnation or co-precipitation can
immobilize Mg and Zn species and hinder their leaching [395]. The support frame-
work can physically trap metal ions that would otherwise detach, and in some cases
can provide binding sites that hold the metal more strongly (making solvolysis less fa-
vorable). For instance, C'aO on Al,O5 or MgO supports shows significantly reduced
leaching in biodiesel catalysts because the support stabilizes the Ca/Mg species [395].
Likewise, embedding the mixed Zn/Mg oxides in a porous silica network could con-
fine them and prevent large-scale loss, while still allowing reactants to access catalytic
sites. Nevertheless, in experiments described in this chapter of the thesis immobi-
lizing the ecocatalyst on solid supports such as Al,O5; and silica gel did not improve
stability-the decline in reaction conversion was the same as without immobilization.

Other idea for further stabilization of catalyst is the catalyst composition modification
or post-treatment. The minerals can be transformed into phases that are less soluble.
Doping or adding a secondary oxide to form a solid solution is a proven strategy. A
pertinent example is the incorporation of ZnO into a ZrO, lattice: Liguori et al. showed
that a ZnO — ZrO, mixed oxide resists Zn leaching during polyester depolymerization,
whereas pure ZnO readily dissolved in the presence of carboxylic acids [396]. Adjust-
ing how the reaction is carried out can also mitigate leaching. For instance, reducing
exposure of the catalyst to the product or protic species can help. Conducting the reac-
tion in a continuous flow reactor with the solid packed catalyst could allow the product
to be swiftly separated, minimizing contact time for chelation.
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2.4.6 Substrate scope of the Hydrophosphonylation

A detailed investigation of the substrate scope was carried out for the hydrophos-
phonylation reaction (Scheme(l), examining a range of carbonyl substrates (Figure [38)
and various H-phosphonates (Figure [39). The results, displayed in the figures below,
show the structures of the compounds formed under optimized conditions in accor-
dance with the Table Following each scheme the conversion rates are presented
for both catalysts followed with yields in brackets for one catalyst if the product were
purified. For example product 3a with catalyst EcoM ¢gZnO — P achieved conversion
97% and with catalyst EcoM gZnO — F achieved conversion 96% and yield 82%.

OH
R? 3
JCL H‘h a‘OR3 R1>l\ PPR
RR2 T oRe . g “OR®
1 2 3-4

Schemem Hydrophosphonylation, Pudovic reaction

Table 30. Reaction conditions for different carbonyl substrates.

Carbonyl Substrate Temperature Time Catalyst

Aromatic Aldehydes 50°C 3h  Eco-MgZnOx-P* Eco-MgZnOx-F?
Aliphatic Aldehydes 70°C 3h Eco-MgZnOx-P® Eco-MgZnOx-F?
Heteroaromatic Aldehydes 70°C 3h Eco-MgZnOx-P?® Eco-MgZnOx-F?
Ketones 70°C 20h  Eco-MgZnOx-P¢ Eco-MgZnOx-F4¢

7.5 mg of Eco-MgZnOx-P: Mg (7.0 mol%), Ca (13.6 mol%), Zn (5.7 mol%).
7.5 mg of Eco-MgZnOx-F: Mg (3.5 mol%), Ca (11.4 mol%), Zn (4.9 mol%).
15 mg of Eco-MgZnOx-P: Mg (14.0 mol%), Ca (27.2 mol%), Zn (11.4 mol%).
15 mg of Eco-MgZnOx-F: Mg (7.0 mol%), Ca (22.8 mol%), Zn (9.8 mol%).

QU 6 o 2
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Figure 38. Substrate scope of hydrophosphonylation - scope of carbonyl compounds. Num-
bers next to each entry are conversions and values in parentheses are isolated yields.
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Figure 39. Substrate scope of hydrophosphonylation - scope of H-phosphonates. Numbers
next to each entry are conversions and values in parentheses are isolated yields.

The eco-catalyst provides a very effective hydrophosphonylation of aldehydes. The
investigated substrate scope was broad for aldehydes - multiple aryl patterns, includ-
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ing electron-poor and halogenated, polycyclic aryls, several aliphatic examples, and
N- and S-heteroaromatics were covered. Functional-group tolerance is good and the
method appears robust to coordinating heteroatoms. Across aryl, aliphatic, and het-
eroaromatic aldehydes the reaction is usually high-yielding, most entries sit in the 90-
99% conversion range and the isolated yields follow closely. Ring electronics have only
a small effect - halogenated and even nitrobenzaldehyde work well. Steric hindrance
matters more: a heavily crowded mesitaldehyde is clearly slower and gives lower num-
bers. Heteroaromatics (furan, thiophene, pyridine/indole-type) are well tolerated, which
means the oxide surface is not poisoned by N or S donors under these conditions.
Polycyclic aryls like naphthyl and simple aliphatic aldehydes also react cleanly. A sin-
gle ketone control reacts poorly, so the method is chemoselective for aldehydes over
ketones. Both catalyst variants perform very similarly.

The H-phosphonate substrate influences rate and yield. Dimethyl and dibenzyl H-
phosphonates are consistently the best, giving near-quantitative conversions with both
aromatic, aliphatic, and pyridyl aldehydes. Bulky diisopropyl and long-chain di-n-butyl
H-phosphonates are slower and give noticeably lower conversions. This pattern points
to a steric/acidic balance controlling nucleophile activation on the catalyst.

Isolated products were fully characterized by standard spectroscopic techniques,
see Chapter |/| for more details. To illustrate the structural features of the obtained
products and to confirm the reliability of the spectroscopic assignments across the
series, a representative example was selected for further discussion - compound 3a, a
model product (Figure[40). Its structure and purity are confirmed by ' H (Figure[42), 3C
(Figure [41)), and 3! P (Figure NMR spectroscopy, which show the expected signal
pattern for the hydroxyphosphonate motif and the absence of detectable side products.

In the 'H NMR spectrum (Figure [42), aromatic protons appear as a multiplet at
7.48—7.28 ppm, while the characteristic hydroxymethine proton is observed at ca. 5.00
ppm. The ethoxy O“C H, groups resonate at 4.06—3.97 ppm and the corresponding
methyl groups appear as triplets at 1.26—1.18 ppm. The ¥C NMR spectrum (Figure
shows aromatic carbon signals between 136.8 and 127.2 ppm and the C'” P bonded
hydroxymethine carbon in the 71.6—63.1 ppm region, with clear C~ P coupling. A single
sharp resonance at 22.05 ppm in the 3! P NMR spectrum (Figure [43) confirms a single
phosphorus environment and high product purity.

153



2.4 Hydrophosphonylation - results and discussion on use of ecocatalysis

OH
OEt

S

P<
ol OEt

Figure 40. 3a - Diethyl (1-hydroxyphenylmethyl)phosphonate
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Figure 41. '3C NMR spectrum of 3a - Diethyl (1-hydroxyphenylmethyl)phosphonate
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Figure 42. "H NMR spectrum of 3a - Diethyl (1-hydroxyphenylmethyl)phosphonate
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Figure 43. 3'P NMR spectrum of 3a - Diethyl (1-hydroxyphenylmethyl)phosphonate
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2.4.7 Theoretical calculations of the catalytic mechanism of the
hydrophosphonylation

To gain insight into the mechanism of the hydrophosphonylation reaction catalyzed
by the EcoCatalyst Eco-MgZnOx at the molecular level and to rationalize its high ac-
tivity, theoretical calculations were performed. Integrating the results obtained using
density functional theory (DFT) with established principles of heterogeneous catalysis
allowed for the deconstruction of the reaction mechanism, justification of the computa-
tional approach used, and explanation of the synergistic effects arising from the unique,
polymetallic composition of the catalyst.

Density functional theory (DFT) is a cornerstone of modern computational catal-
ysis, serving as an indispensable tool for understanding reaction mechanisms at the
electronic level [397, 398]. Its utility in the rational design of catalysts lies in identifying
key descriptors that determine catalytic activity [398]. For complex, real-world materi-
als such as the Eco-MgZnOx ecocatalyst, which are heterogeneous in structure and
composition, direct experimental characterization of the active site during the reaction
is extremely difficult. DFT calculations provide a "computational microscope" that en-
ables the study of these transient states. The computational approach employed in the
analyzed works a deliberate and necessary strategy aimed at bridging the so-called
"materials gap" between idealized models and real catalytic systems [397]. Instead
of modeling the entire complex ash, experimental data were used to hypothesize the
nature of the active site and construct a simplified yet chemically representative model.
This is a classic example of the convergence of theory and experiment to solve a
complex problem. The model’s success in explaining the experimental results (the su-
periority of the mixed oxide) retrospectively validates this simplification. The Mg(Zn)O
phase was identified by XRPD.

In this study, a finite-size cluster model 522M gO was used to represent the catalyst
surface. This is a widely accepted and validated methodology in computational catal-
ysis for modeling active centers on metal oxide surfaces [399, 400]. The rationale is
that catalysis is often a local phenomenon, and a well-chosen cluster can accurately
replicate the geometry and electronic properties of the active site without the compu-
tational cost associated with full periodic calculations (slab model) [399]. The choice
of a cluster model is a pragmatic compromise. Although a periodic model would better
represent the extended surface, it would have precluded the use of advanced, compu-
tationally demanding hybrid functionals (such as PBEOQ) due to excessive costs. By iso-
lating the putative active site in a cluster, it became possible to obtain a more accurate
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quantum-mechanical description of the bond-breaking and bond-forming processes
that are crucial to the catalytic cycle. This highlights a fundamental decision-making
process in computational chemistry: sacrificing the description of long-range period-
icity in favor of higher accuracy in the local chemical environment where the reaction
actually occurs.

The calculations in this thesis were performed using the hybrid functional PBEO.
Hybrid functionals, which mix a portion of exact Hartree-Fock (HF) exchange with a
DFT functional, are known to provide a more accurate description of the electronic
structures in transition metal oxides compared to standard GGA functionals [401, 402].
Standard GGA functionals often suffer from self-interaction error, leading to an under-
estimation of band gaps and incorrect localization of d-electrons, which is critical for
describing Lewis acidity [401—403]. Although PBEO is computationally more expen-
sive, its use is justified by the need to accurately model the electronic properties of
both the M¢O (basic site) and ZnO (Lewis acidic site) interactions. Fabris and his
group found that hybrid functionals like PBEO show good agreement with results from
higher-order and much more expensive methods, such as coupled-cluster theory, for
reactions on metal oxides [375]. The choice of PBEO is not arbitrary - for transition
metal systems, functionals with about 25% HF exchange, like PBEO, often represent a
"sweet spot" that balances the correction of self-interaction error with the inclusion of
electron correlation [404]. This is particularly relevant here, where the catalyst’s func-
tion relies on the subtle electronic interplay between Mg, Zn, and O atoms, creating
distinct acidic and basic centers.

The catalytic cycle begins with the activation of the H-phosphonate. DFT cal-
culations showed that upon interaction with the MgO cluster, the H-phosphonate
HP(O)(OMe), undergoes spontaneous deprotonation. The proton is transferred from
the phosphorus atom to a surface lattice oxygen atom of MgO, forming a surface
hydroxyl group and a phosphite anion coordinated to the newly exposed, cationic Mg
center. This process is highly exothermic, with a calculated stabilization energy of
81.8 kcal/mol. This finding is fully consistent with the known properties of MgO as
a solid base catalyst [405]. The MgO surface is rich in basic O?~ sites capable of
abstracting protons from weakly acidic molecules [405]. This deprotonation step is
a classic initiation for base-catalyzed reactions, including the Pudovik reaction [317].
The calculations confirm that the primary role of the magnesium oxide component is to
generate a strong phosphite nucleophile, which is essential for the subsequent C' — P
bond formation. The calculations indicate that the reaction occurs at the "tip of the
cluster", which is significant because corners, edges, and defects on oxide surfaces
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are known to be more reactive than flat terraces, and these low-coordination sites
have enhanced basicity/acidity [376]. DFT calculations revealed a key finding: the
nucleophilic attack of the phosphite anion on the carbonyl carbon of benzaldehyde
occurs spontaneously only when the model cluster is doped with zinc, in example for
the (Mgo9Zno1)O model. In the case of pure MgO or iron-doped M¢gO, no P — C
bond formation is observed; the system merely forms a non-bonded complex. This
unequivocally demonstrates that zinc is essential for activating the aldehyde. This
result provides a molecular explanation for the experimental observation that the
MgO + ZnO mixture is more active than either oxide alone (like presented in Table [22).
Zinc oxide is known to possess Lewis acid centers that can coordinate to the carbonyl
oxygen atom, polarizing the C' = O bond and increasing the electrophilicity of the
carbonyl carbon [406]. The DFT calculations show precisely this interaction - the zinc
atom in the mixed-oxide cluster coordinates to the benzaldehyde oxygen, facilitating
the attack of the phosphite nucleophile held by the adjacent M¢O portion of the
surface.

The full catalytic cycle is depicted in Figure [44] After the C' — P bond is formed,
an alkoxide intermediate is generated and stabilized by the catalyst surface. The final
step is the transfer of a proton from the surface hydroxyl group (formed in step 1) to
this alkoxide, which regenerates the basic O*~ site of the catalyst and releases the final
product, an a-hydroxyphosphonate. This step requires a small amount of energy, likely
provided by the reaction conditions (heating to 50-70°C). The proposed mechanism is
a textbook example of bifunctional catalysis [407]. The catalyst possesses two distinct
types of active sites-basic M ¢O and acidic ZnO - that work in a coordinated fashion to
carry out the different elementary steps of the overall reaction. The key to its efficiency
is the spatial proximity of these sites within the mixed-oxide lattice, which allows for
the formation of a highly organized transition state where both activated molecules are
brought together. This is far more effective than having two separate particles (one
MgO, one ZnO), where the reaction would depend on the diffusion of an activated
intermediate between them.

The experimental results clearly indicate a synergistic effect. The Eco-MgZnOx
ecocatalysts yield >96% conversion, whereas commercial M gO gives 70%, commer-
cial ZnO 14%, and their physical mixture 78%. This proves that the activity of the
ecocatalyst is greater than the sum of its parts. Synergy in mixed metal oxide catalysts
arises when the interaction between different metal cations creates new structural or
electronic properties not present in the parent oxides [408]. The experimental data pro-
vide a crucial clue: XRPD analysis of the ecocatalyst identified a M gq g3 Zn¢.120 phase,
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Figure 44. Proposed catalytic cycle for the hydrophosphonylation of benzaldehyde catalyzed
by Eco-MgZnOx, based on DFT calculations on a (Mgg.9Zng.1)O cluster model. The cycle
illustrates the key steps: (i) deprotonation of the H-phosphonate at a basic M g¢O site, (ii) co-
ordination and activation of benzaldehyde at an adjacent Lewis acidic Zn site, (iii) nucleophilic
attack to form the C — P bond, and (iv) proton transfer to release the product and regenerate
the active site.

which is a solid solution of ZnO in the MgO (periclase) lattice. This is not a sim-
ple physical mixture. The DFT calculations modeled this scenario (with (M gy9Zn¢.1)O
composition). Combining these two pieces of evidence leads to a strong conclusion:
the high activity stems from the formation of this unique mixed-oxide phase. In this
phase, Zn** ions are substituted at M ¢t sites, creating bifunctional acid-base pairs
at the atomic level. A Zn atom adjacent to an O atom (part of the M ¢O lattice) forms a
Lewis acid center right next to a Brgnsted basic site. This atomic-level proximity is the
structural origin of the synergy and explains why the ecocatalyst is superior to a simple
physical mixture of M ¢O and ZnO powders [408].

The ecocatalyst is prepared by simple thermal treatment of plant biomass, and
the plant, Arabidopsis halleri, hyperaccumulates zinc and other metals, incorporating
them into its structure. The process of phytoextraction and subsequent calcination is
a bottom-up synthesis method in which the plant’s biological machinery pre-organizes
the metal ions at a molecular level. The plant’s metabolic processes distribute metal
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ions such as Mg, Zn, Ca in a highly dispersed manner, potentially at the atomic level,
within its organic matrix. Upon thermal decomposition of this matrix, the metal ions are
in close proximity and can easily form solid solutions of mixed oxides like Mg(Zn)O at
relatively low temperatures - 550 °C, which might require much higher temperatures or
specific precursors in conventional synthesis. In essence, the plant acts as a nanofac-
tory, creating a highly effective precursor for the catalyst. This explains the formation
of the unique, highly active Mg(Zn)O phase and provides a compelling argument for
the value of ecocatalysis as a green and effective method for preparing catalysts.

In summary, the theoretical assessment has successfully rationalized the high cat-
alytic activity of the Eco-MgZnOx catalyst. It confirmed a cooperative, bifunctional
acid-base mechanism where MgO activates the phosphonate nucleophile and ZnO
activates the aldehyde electrophile. The calculations pointed to the substitution of Zn
into the M ¢O lattice as the key feature responsible for the observed synergistic effect.
This detailed understanding, combining experimental characterization and theoretical
modeling, provides a solid foundation for the rational design of future catalysts, sug-
gesting, for example, that tuning the M g/Zn ratio could optimize performance and that
preventing the leaching of these key components is critical for catalyst stability.

2.4.8 Conclusions

Chapter 2 is dedicated to the hydrophosphonylation reaction (Pudovik reaction) us-
ing heterogeneous Eco-MgZnOx ecocatalysts. A key element of the research was the
preparation of catalysts from the biomass of the zinc hyperaccumulator Arabidopsis
halleri, harvested from contaminated sites in Poland and France. Advanced physico-
chemical analyses showed that the obtained materials are composites containing mag-
nesium and zinc oxide phases embedded in a carbonate matrix.

It was demonstrated that the biogenic Eco-MgZnOx catalyst derived from Arabidop-
sis halleri biomass is an efficient and robust heterogeneous catalyst for the hydrophos-
phonylation of aldehydes (Pudovik reaction). The catalyst enables the formation of
C~ P bonds under mild conditions, providing direct access to a-hydroxyphosphonates
in high yields and excellent selectivity.

The developed protocol is based on solvent-free conditions, moderate reaction tem-
peratures (50—-70°C), and a low catalyst loading (approximately 5-10 mol% with respect
to Zn). Under these conditions, a wide range of aromatic, heteroaromatic, and aliphatic
aldehydes reacted smoothly with dialkyl H-phosphonates to afford the corresponding
a-hydroxyphosphonates, typically with conversions reaching 95-100% and clean prod-

160



2.4 Hydrophosphonylation - results and discussion on use of ecocatalysis

uct profiles. The products were be isolated by simple crystallization or straightforward
purification, highlighting the practical character of the method.

It was shown that the Eco-MgZnOx catalyst exhibits clear bifunctional behavior. The
coexistence of basic M gO sites and Lewis-acidic ZnO sites within a mixed Mg(Zn)O
oxide phase enables simultaneous activation of the phosphorus nucleophile and the
carbonyl electrophile. This cooperative effect results in significantly higher catalytic
activity compared to single-component oxides or their physical mixtures. The proposed
catalytic mechanism, supported by DFT calculations, explains the observed synergy
and the high efficiency of the system.

Furthermore, the catalyst demonstrated good stability and reusability. After simple
recovery and thermal regeneration, Eco-MgZnOx could be reused in multiple consec-
utive reaction cycles with only a minor loss of activity. The material originating from
Poland proved to be more durable in repeated use than its French counterpart. The
higher stability of the Polish catalyst was explained by a higher initial content of magne-
sium and zinc, ensuring better resistance to activity loss. The phenomenon of leaching
of active metal ions by reaction products, which act as strong chelators, was identified
as the main cause of catalyst deactivation. In addition, the hydrophosphonylation was
successfully scaled up to the gram scale without deterioration of yield, confirming the
applicability of the developed protocol beyond small laboratory experiments.

Overall, the results presented in this chapter confirm that Eco-MgZnOx obtained
from hyperaccumulator plant biomass represents a practical, recyclable, and green
catalyst for the hydrophosphonylation of aldehydes. This study provides a solid proof
of concept for ecocatalysis in C” P bond formation and establishes a foundation for
further applications of biogenic polymetallic catalysts in organophosphorus chemistry.
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3.1 Khnoevenagel condensation - chemical basics

The Knoevenagel condensation stands as a significant reaction of synthetic organic
chemistry, known from over a century for its reliability and exceptional versatility in
the formation of carbon-carbon double bonds [409]. This reaction facilitates the con-
densation of an aldehyde or ketone with a compound bearing an active methylene
group, culminating in the formation of an «,8-unsaturated product [410].These conju-
gated systems are not just final products of synthesis but also key intermediates and
core patterns found in many important molecules. Because their electronic structure
includes an electron-poor double bond, they can easily undergo different follow-up re-
actions, especially conjugate additions. This makes them very practical building blocks
for creating more complex compounds [411].

The reaction was first reported by German chemist Emil Knoevenagel in the 1890s.
Knoevenagel discovered that amines could effectively catalyze the condensation be-
tween carbonyl compounds and active methylene partners [412]. These early inves-
tigations, which often employed primary and secondary amines like piperidine in sol-
vents such as pyridine, laid the foundation for what would later be recognized as the
field of organocatalysis [412]. For many decades, the classical Knoevenagel proto-
col, while effective, relied on reaction conditions that are now considered undesirable
from an environmental and safety perspective. The use of large quantities of toxic and
carcinogenic solvents like pyridine, coupled with catalysts that were often difficult to
recover, presented significant challenges for industrial scale-up and sustainable syn-
thesis [409, 413]. This dissatisfaction was a powerful trigger for innovation. The evolu-
tion of the Knoevenagel condensation over the past few decades serves as a starting
point for the broader evolution of synthetic organic chemistry itself. The reaction has
become a proving ground for major advancements in chemical synthesis, driven by the
principles of green chemistry. The journey from stoichiometric, hazardous reagents to
modern, highly efficient protocols reflects a paradigm shift in the field. This evolution
has encompassed the development of benign metal-free organocatalysts, the rise of
recyclable and highly active heterogeneous catalysts, the exploration of green solvents
like water and ionic liquids, and the application of alternative energy sources such as
microwave and ultrasound irradiation. The reaction has transitioned from a useful but
environmentally taxing tool into a sophisticated and sustainable platform for molecular
construction [411, 413].

At its core, the Knoevenagel condensation is a nucleophilic addition of a carbanion,
derived from an active hydrogen compound, to the carbonyl group of an aldehyde or
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ketone, which is typically followed by a dehydration reaction to eliminate a molecule of
water. The overall transformation results in the formation of a new carbon-carbon dou-
ble bond, yielding an «,5-unsaturated product, often a conjugated enone or a related
derivative [409]. The general reaction is depicted in Scheme 2|
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0
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Scheme@. Knoevenagel condensation

The reaction involves two key substrates: the carbonyl component and the active
methylene component. The carbonyl component is typically an aldehyde or, less com-
monly, a ketone. Aldehydes are generally more reactive than ketones due to reduced
steric hindrance and greater electrophilicity of the carbonyl carbon [414]. The active
methylene component is the defining feature of the Knoevenagel condensation. It is
a compound that possesses a methylene (C'H,) or methine (CHR) group where the
hydrogens are rendered acidic. This enhanced acidity arises from the attachment of
the carbon to two strong electron-withdrawing groups (EWGs), denoted as Z and 7’
[409]. These EWGs stabilize the conjugate base - the carbanion or enolate - formed
upon deprotonation through resonance or inductive effects. The EWGs must be suffi-
ciently powerful to permit deprotonation by a relatively weak base, such as an amine.
The use of a strong base, such as an alkoxide, is generally avoided as it can induce
the self-condensation of the aldehyde or ketone reactant like an aldol condensation.
Common examples of such EWGs include ester COOR, ketone COR, aldehyde CHO,
nitrile C'N, and nitro NO, groups [409].

While often presented as a single, straightforward process, the mechanism of the
Knoevenagel condensation can vary depending on the specific catalyst and reactants
employed. The classical textbook mechanism involves the formation of an enolate in-
termediate, while more recent computational studies have elucidated a distinct and
more complex pathway for amine-catalyzed reactions involving an iminium ion inter-
mediate.

The most widely taught mechanism proceeds through three fundamental steps pre-
sented on Scheme First step is deprotonation, where a base B : abstracts an
acidic proton from the active methylene compound to generate a resonance-stabilized
carbanion, also known as an enolate. The stability of this intermediate is crucial for the
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reaction to proceed under weakly basic conditions. The next step is nucleophilic addi-
tion, where the highly nucleophilic carbanion attacks the electrophilic carbonyl carbon
of the aldehyde or ketone. This step forms a new carbon-carbon single bond and gen-
erates a tetrahedral alkoxide intermediate, which is an aldol-type adduct. This step is
often the slow, rate-determining step of the reaction The last step is dehydration. The
alkoxide intermediate is protonated, typically by the conjugate acid of the base, BH*
to form a S-hydroxy intermediate. Subsequent elimination of a water molecule, often
facilitated by the base abstracting a proton from the a-carbon, leads to the formation
of the thermodynamically stable, conjugated carbon-carbon double bond of the final
product [409].

Y K Y
\ _ 1 A
CH, + B CH + BH'
Y Y
Y R? .0 Ky Y\ o
CH + ¢C - CH——R?
Y R! 2 Y R’
O Y OH
cH—r? K -c—| R
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" | 2 Ks R
-C | R = " c=C + OH
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BH + OH Ks B~ + H,0

Scheme 51. Mechanism of Knoevenagel condensation, where Y is electron withdrawing
groups, such as —COOEt or —CN [409]

For reactions catalyzed by primary or secondary amines, such as the classic piperi-
dine catalyst mentioned above, a more complicated mechanism is operative known as
the amine-catalyzed or iminium ion pathway. This pathway does not simply involve the
amine acting as a Brgnsted base. The amine functions as a true organocatalyst, ac-
tively participating in the reaction cycle by forming a highly reactive intermediate with
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the carbonyl compound. Detailed theoretical calculations on the piperidine-catalyzed

condensation of benzaldehyde with acetylacetone have provided significant clarity on

this pathway. The key steps are as follows [415]:

1.

Carbinolamine formation, where the amine catalyst first attacks the carbonyl car-
bon of the aldehyde to form a tetrahedral carbinolamine intermediate. This step
can be catalyzed by the solvent, such as methanol.

Iminium ion formation: the carbinolamine undergoes dehydration to form a highly
electrophilic iminium ion. This step involves the elimination of a hydroxide ion and
is a critical part of the catalytic cycle.

Enolate formation: concurrently, a base (which can be a hydroxide ion generated
in the previous step or another molecule of the amine catalyst) deprotonates the
active methylene compound to form the enolate nucleophile.

C-C Bond Formation, which is the result of the enolate attack on the electrophilic
carbon of the iminium ion. The new carbon-carbon bond is forming and yielding
an addition intermediate.

Catalyst regeneration: the final step is the elimination of the amine catalyst
from the intermediate, which regenerates the catalyst and forms the final «,
B-unsaturated product.
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(V1) Nitromethane (V1) Barbituric acid (IX) Rhodanine

Figure 45. Examples of the active acyclic and cyclic methylene compounds employed in the
Knoevenagel condensation.
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The active methylene compounds employed in the Knoevenagel condensation can
be broadly classified into two major categories: acyclic and cyclic systems. Acyclic
systems class includes a range of foundational reactants. Malonic esters and acids
are frequently used, with diethyl malonate [45](l)] serving as a precursor for cinnamic
esters and various heterocycles [416]. Malonic acid [45(11)] itself is central to the Doeb-
ner modification, which allows for the direct synthesis of «,8-unsaturated carboxylic
acids like cinnamic acids [413]. 3-Ketoesters, such as ethyl acetoacetate [45/(lll)], are
employed in the synthesis of substituted enones and complex dicarbonyl compounds
[416]. Similarly, 1,3-diketones like acetylacetone (2,4-pentanedione) [45.(1V)] are used
to prepare highly substituted di-acylated alkenes [416]. Cyano-activated compounds
represent another vital group. Malononitrile [45](V)] is a key component in many multi-
component reactions and is used to synthesize dicyanoalkenes, including benzylidene
malononitrile, the precursor to CS gas [416]. Ethyl cyanoacetate [45](VI)] is also widely
used for the synthesis of a-cyanoacrylates, which are versatile monomers and inter-
mediates [410]. Finally, nitroalkanes such as nitromethane [45](VIl)] are used to syn-
thesize nitroalkenes, which are potent Michael acceptors [417]. Cyclic Systems are
the second group. Cyclic active methylene compounds are valuable for constructing
complex heterocyclic scaffolds. Among the cyclic 1,3-dicarbonyls, Meldrum’s acid
is a highly reactive precursor whose products can be easily decarboxylated [416].
Barbituric acid [45](VIII)] is another important example, used in the synthesis of 5-
arylidenebarbiturates, a class of medicinally significant compounds [416, 418]. Other
heterocycles also serve as crucial nucleophilic partners. Rhodanine [45)(1X)] is used
to synthesize rhodanine-based derivatives that exhibit diverse biological activities and
also finds application in polymer synthesis [416, 419]. Oxindole is another key re-
actant, enabling the synthesis of 3-ylideneoxindoles, a core structure found in many
pharmaceuticals, particularly kinase inhibitors used in cancer therapy [416, 420].

3.2 Khnoevenagel condensation - application

The Knoevenagel condensation is important reaction in medicinal chemistry and
drug discovery, providing access to a vast chemical space of biologically active
molecules [411]. Its reliability makes it a key driving force in many multi-component
reactions designed to rapidly synthesize compounds for pharmacological screening.

One of the most prominent applications is in the synthesis of heterocyclic com-
pounds. The intramolecular condensation of an active methylene compound with an
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Scheme 52. Knoevenagel condensation - synthesis of coumarins [421]

ortho-substituted hydroxybenzaldehyde is a classical and efficient route to coumarins
as presented on Scheme [421]. The coumarin core is present in numerous nat-
ural products and is the basis for important drugs such as the anticoagulant warfarin

(Figure [46) [422].
O O
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Figure 46. Structure of warfarin - compound with coumarin core [421]

The Knoevenagel reaction is not limited to laboratory-scale synthesis. It has also
a key reaction in commercial drug synthesis in the large-scale production of several
important drugs. One example is the synthesis of the antimalarial drug lumefantrine,
a component of the widely used combination therapy Coartem, where a Knoevenagel
condensation is a pivotal bond-forming step. It was employed in the preparation of
the C-13 side chain of paclitaxel (Taxol), enabling a more practical and efficient syn-
thetic route [423]. Similarly, the reaction is used in the synthesis of indole-3-acetic
acid derivatives, which are further transformed into indomethacin, a well-known anti-
inflammatory drug [424]. Important application of Knoevenagel condensation is gener-
ation of pharmacological libraries for drug discovery. The modular nature of this reac-
tion makes it ideal for combinatorial chemistry. By reacting a library of diverse aldehy-
des, often containing known pharmacophores like indole, pyrazole, or benzimidazole,
with a library of active methylene compounds, such as oxindoles, barbituric acids, or
thiazolidinediones, chemists can rapidly generate large numbers of novel compounds
for biological evaluation [255, 411]. This strategy has yielded compounds with potent
and varied activities, including anticancer, antioxidant, antimalarial, antidiabetic, and
antibacterial properties [411]. For example, Knoevenagel products derived from oxin-
doles (Scheme have shown significant promise as inhibitors of protein kinases, a
critical target in cancer therapy [420].
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Scheme 53. Knoevenagel condensation - synthesis of model 3-alkylidene oxindoles [425]

The main problem associated with the Knoevenagel condensation concerns the
stereochemistry of the reaction products leading to 3-benzylidene oxindoles and ad-
dresses the question of whether it is possible to obtain a product with a defined E or
Z configuration in a single synthesis, or whether subsequent isomerization plays the
dominant role. Configuration of compounds strongly influences their biological prop-
erties. Classical Knoevenagel condensation usually leads to mixtures of isomers, and
even after isolation of a pure E or Z form, it may undergo transformations under the
influence of UV light, the type of solvent, the pH of the environment, and in certain
cases even measurement conditions, such as long-term NMR experiments. For differ-
ent aldehyde and ketone derivatives, significant differences are observed in the direc-
tion and rate of isomerization. A fully stereodefined synthesis of these compounds in
a single Knoevenagel reaction is very difficult, and in practice it is often easier to con-
trol the configuration of the product through deliberately induced isomerization than
through the condensation step itself [425]. Similar application of Knoevenagel reaction
is in DNA-encoded libraries. By developing mild reaction conditions that do not dam-
age the DNA barcode, researchers can construct vast libraries of coumarin-conjugated
oligonucleotides. These libraries can then be screened against biological targets in a
single experiment, representing a powerful new paradigm for hit identification in the
early stages of drug discovery [422].

—R'— + OHC-R?-CHO
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Scheme 54. Scheme of copolimerisation via Knoevenagel polycondensation [426]

The Knoevenagel condensation is a metal-free workhorse for installing vinylene
or «a,B3-unsaturated units directly into polymer backbones and porous networks, en-
abling extended w-conjugation and reactive handles for post-processing, such as dy-
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Figure 47. Monomers for copolimerisation via Knoevenagel polycondensation [426]

namic Michael addition-elimination in vinylene-linked COFs [427]. In functional poly-
mer synthesis, tin-free Knoevenagel polycondensation cleanly yields cyanovinylene-
or chalcone-type linkers, producing semiconducting conjugated (micro)porous poly-
mers with strong light harvesting and photostability [428, 429]. For organic electron-
ics, Knoevenagel routes have delivered conjugated copolymers used in device-relevant
platforms-most visibly polymer solar cells (OPV)-where cyanovinylene-based copoly-
mers have shown high efficiencies without metal residues. Scheme of copolymeri-
sation is presented on Scheme and example of monomers on Figure 47 The
same chemistry underpins 7-conjugated frameworks and polymers explored for OLEDs
and OFETs [426, 430]. Beyond main-chain construction, Knoevenagel-made push-pull
chromophores are readily grafted onto high-performance backbones such as poly(aryl
ether ketone)s to give robust electro-optic materials with high glass-transition temper-
atures [431]. A highly innovative application demonstrates the reaction’s potential in
creating complex polymer architectures. In this approach, a Knoevenagel polyconden-
sation between a bifunctional rhodanine derivative and a dialdehyde is first performed
to create a linear polymer backbone containing multiple rhodanine units. This linear
polymer then serves as a macroinitiator for a subsequent rhodanine-based anionic
ring-opening polymerization (AROP) of thiirane monomers. The result is a complex
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multicyclic polymer, where each repeating unit of the original backbone now contains
a large cyclic polythioether structure. This tandem strategy provides access to unique
polymer topologies that are inaccessible by conventional methods [419].

The Knoevenagel condensation is a versatile transformation that has found wide-
spread industrial use in the production of fine chemicals, agrochemicals, and func-
tional dyes. A prominent example is the Doebner modification, which enables the ef-
ficient synthesis of cinnamic acid derivatives through the reaction of benzaldehydes
with malonic acid. These cinnamic acid derivatives are important intermediates used
in the manufacture of perfumes, cosmetics, and food additives [432, 433]. Beyond fine
chemicals, Knoevenagel chemistry provides a valuable route to agrochemically active
scaffolds, including cinnamate-type compounds with herbicidal and insecticidal activ-
ity, thereby contributing to crop protection strategies [433]. In addition, the extended
conjugated w-systems created in this condensation serve as efficient chromophores,
which makes the reaction highly relevant to the synthesis of organic dyes and pig-
ments. In particular, it is a key step in the modular synthesis of merocyanine dyes,
compounds that exhibit strong charge-transfer absorption and have found applications
in dye-sensitized solar cells and organic optoelectronic devices [434].

Cl
e CN N CN
CN CN
2-benzylidenemalononitrile 2-chlorobenzylidenemalononitrile

Figure 48. Structure of benzylidenemalononitrile and 2-chlorobenzylidenemalononitrile [418]

The condensation of benzaldehyde with malononitrile is a well-established and im-
portant industrial reaction. The product, benzylidenemalononitrile (Figure [48| on left),
is a versatile chemical intermediate [435]. It is also known as the precursor to 2-
chlorobenzylidenemalononitrile (Figure on right), the chemical agent commonly
known as CS gas, which was discovered as a result of this reaction. Research con-
tinues to focus on optimizing this specific transformation, with recent efforts develop-
ing eco-friendly protocols using catalysts like alum in agueous media or employing
catalyst-free conditions in water to improve sustainability [418, 436].
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3.3 Khnoevenagel condensation - catalysts

The history and development of the Knoevenagel condensation are linked to the
evolution of catalysis. The earliest examples of the Knoevenagel condensation utilized
simple, weakly basic homogeneous catalysts. As mentioned in previous subchapters,
Knoevenagel’s original work identified primary and secondary amines and their salts as
effective catalysts for the reaction [437]. For decades, the standard protocol involved
using piperidine or pyridine, often with pyridine serving as both the catalyst and the
solvent [413].

In 2017, Van Schijndel and co-workers [413] focused on developing a more green
version of the Knoevenagel-Doebner condensation, in which pyridine and piperidine
were replaced with less toxic catalytic systems. The reaction was carried out under
solvent-free conditions As a model reaction, the condensation of syringaldehyde with
malonic acid leading to sinapic acid was selected. Reaction scheme is presented on
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Scheme 55. Scheme of the Knoevenagel-Doebner reaction served as an example for catalyst
examination [413]

Piperidine served as the reference catalyst and, under solvent-free conditions
(90°C, 2 h), provided full conversion of the aldehyde and an almost quantitative
yield of sinapic acid. In contrast, the absence of any catalyst resulted in a marked
slowdown of the reaction and a low product yield, clearly confirming the catalytic role
of the basic additive. Piperidine could be replaced by amines primary, secondary,
and tertiary amines, such as n-butylamine, dibutylamine, or triethylamine, all enabled
the reaction to proceed, although with varied efficiencies, typically in the range of
75-85%. Exact results are presented in the Table [31] Very high activity was observed
for 1,2-diaminoethane, but its high toxicity disqualifies it from practical and green appli-
cations. A significantly better compromise was 2-aminoethanol, which afforded about
95% conversion and over 90% yield, while posing a much lower environmental risk.
Weaker performance was observed for compounds such as TRIS, urea, or glycine,
demonstrating that the mere presence of a nitrogen atom is not sufficient; its basicity
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3.3 Knoevenagel condensation - catalysts

and availability under the reaction conditions are crucial. The most important finding
reported by Van Schijndel and co-workers in 2017 was the use of ammonium salts
as catalysts. Salts such as ammonium chloride, ammonium sulfate, or ammonium
bicarbonate were shown to effectively catalyze the Knoevenagel condensation in the
solid state. Good results were obtained with ammonium bicarbonate as catalyst, which
led to full conversion of syringaldehyde and practically 100% yield of sinapic acid. It
was proposed that at elevated temperature this salt decomposes with the release of
ammonia, which acts as the actual basic catalytic species. For this reason, NH,HCO;
was selected as the catalyst of choice for further studies. Within the investigated
substrate scope, it efficiently catalyzed reactions of benzaldehydes bearing both
electron-donating and electron-withdrawing groups. In most cases, high substrate
conversion was achieved, and reaction selectivity could be controlled by temperature.
At lower temperatures, dicarboxylic products predominated, whereas increasing the
temperature to about 140°C favored decarboxylation and led to the corresponding
cinnamic acids with isolated yields in the range of 65-90%. For aldehydes containing
a hydroxyl group in the para position, a tendency toward secondary decarboxylation
and formation of styrene derivatives was observed. The authors proved that the
Knoevenagel condensation can be efficiently performed without the use of classical,
toxic catalysts, and without solvents, also with simple and inexpensive ammonium
salts as catalysts [413].

Table 31. Effect of catalyst on Knoevenagel-Doebner reaction.

Catalyst Conversion (%)
No catalyst® 43
Piperidine 100
n-Butylamine 88
Dibutylamine 72
Triethylamine 87
1,2-Diaminoethane 100
2-Amino-ethanol 95
TRIS 60
Pyridine 88
Benzylamine 100
Urea 99
Glycine 57
Ammonium iodide 60
Ammonium sulfate 98
Ammonium chloride 100
Ammonium bicarbonate 100

Researchers have explored even wider range of nitrogen-based -catalysts

For instance, 4,4-

that offer improved performance under milder conditions.
trimethylenedipiperidine - TMDP (Figure has been identified as a highly efficient
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and recyclable organocatalyst that provides excellent yields in short reaction times
[410]. Other effective organocatalysts include the gentle biological buffer Trizma and
carbamic acid ammonium salts, the latter of which can afford product yields up to
98% [410, 438]. A particularly insightful development in this area is the discovery
that in more green Knoevenagel protocols using ammonium salts like ammonium
bicarbonate, the true catalytic species is not the ammonium ion itself. Instead, it is a
double Schiff base - hydrobenzamide formed in situ from the reaction of the aldehyde
substrate with ammonia released from the salt. This species then enters a closed
catalytic cycle, representing a deeper mechanistic understanding of these seemingly
simple systems [412].

O/\—/\O HO><*OH
HN NH HO NH5

4.,4'-trimethylenedipiperidine Trizma base

Figure 49. Structures of proposed organocatalysts for Knoevenagel reaction: 4,4-
trimethylenedipiperidine and Trizma base [410]

A major paradigm shift in Knoevenagel catalysis has been the move from homoge-
neous to heterogeneous systems. Heterogeneous catalysts offer profound advantages
that directly address the shortcomings of their homogeneous counterparts and align
with the core principles of green chemistry [439, 440].

This has led to the exploration of a wide variety of solid materials as catalysts for
the Knoevenagel condensation. One group of those materials are inorganic solid bases
and acids. A diverse range of inorganic materials have proven effective. Zeolites and
mesoporous silica materials, such as MCM-41 and SBA-15, offer high surface areas
and tunable porosity, with their catalytic activity due to basic sites within their frame-
works [439, 441].

Coordination polymers can be used as heterogeneous catalysts in the Knoevenagel
reaction. They consist of transition metal ions connected by organic ligands into one-,
two-, or three-dimensional structures. This combines the potential resulting from the
integration of features characteristic of classical organometallic complexes and solid-
state materials. The most commonly described metallic centers in coordination poly-
mers are zinc, copper, cobalt, nickel, and manganese ions. These metals primarily act
as Lewis acids, activating the carbonyl group of the aldehyde through coordination to
the oxygen atom, which facilitates the course of the Knoevenagel condensation. Zinc
is particularly frequently employed due to its low toxicity, availability, and good stabil-
ity under reaction conditions [441, 442]. Example structure of this kind coordination
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polymer is presented on Figure 50
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Figure 50. Structure of example monofunctional CP [442]

The mere presence of a metal does not guarantee high catalytic activity. Instead,
its coordination environment and the accessibility of active sites are of key importance.
Organic ligands and the topology of the entire coordination network play a significant
role in shaping the catalytic properties. Carboxylate and nitrogen-containing ligands in-
fluence not only the structural stability but also the acid—base character of the catalyst.
In many cases, ligands may participate in substrate activation as weak bases, assist-
ing the deprotonation of compounds containing an active methylene group. An overly
compact structure, despite attractive crystallinity, may limit the access of reagents to
the metallic centers, resulting in low catalytic activity. In contrast, moderate porosity
and the presence of open metal sites favor an efficient reaction course [441].

The mechanism of the Knoevenagel reaction catalyzed by coordination polymers is
most often described as an acid-base process assisted by a metallic center. In the first
step, the aldehyde coordinates to the metal ion, which increases the electrophilicity of
the carbon atom of the carbonyl group. Subsequently, deprotonation of the compound
containing the active methylene group occurs, and the resulting anion attacks the acti-
vated aldehyde. After the condensation step and elimination of a water molecule (H,0),
the reaction product detaches from the surface of the catalyst. In some reported sys-
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3.3 Knoevenagel condensation - catalysts

tems, it is suggested that catalysis is not exclusively metal-centered but rather results
from the cooperation between the metal and the ligands. Mechanism for monofunc-
tional CPs as catalysts is presented on Scheme (56 and one example mechanism for
bifunctional CPs as catalysts is presented on Scheme 57|
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Scheme 56. Catalytic cycle for the aldehyde-malononitrile Knoevenagel condensation cat-
alyzed by monofunctional CPs [441]
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Scheme 57. Example catalytic cycle for the aldehyde-malononitrile Knoevenagel condensation
catalyzed by bifunctional CPs [441]

Many coordination polymers enable the Knoevenagel condensation to be carried
out under mild conditions, often in solvents considered more environmentally friendly,
such as ethanol or water, and in some cases even without the use of a solvent. Re-
action temperatures are usually moderate, and the obtained yields are high, although
strongly dependent on the nature of the substrates. At the same time, the lack of
standardization of reaction conditions in the literature makes reliable comparison of
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the activity of individual catalysts difficult. These catalysts also have significant draw-
backs. Some coordination polymers lose activity after only a few reaction cycles, and
in certain cases leaching of metal ions into the solution is observed, which undermines
the heterogeneous nature of the catalysis. Coordination polymers constitute a promis-
ing but still insufficiently explored group of catalysts for the Knoevenagel reaction. Their
effectiveness depends largely on rational structural design, the accessibility of active
centers, and the stability of the material under reaction conditions.

Metal oxides, particularly in nanoparticulate form, such as ZnO — N Ps, or MgO,
are robust and efficient catalysts [439]. Layered double hydroxides (LDHSs), such as
Cu— Mg — AILDH, are another important class of solid base catalysts that show
excellent activity and retain their structural integrity over many cycles [439]. Another
example of a tailored heterogeneous catalyst are porous metal phosphates like porous
magnesium aluminum phosphate (MALPO). MALPO is obtained by a hydrothermal
method from aqueous solutions of magnesium and aluminum salts and phosphoric
acid. First, a solution of H; PO, is prepared, into which solutions of Mg(NOs)s - 6H,0
and Al(NOs3)s - 9H,0O are then slowly added simultaneously. During this stage, the
pH of the mixture is maintained at approximately 7 by the addition of a concentrated
ammonia solution. After the dosing is completed, the mixture is stirred intensively for
several more hours at room temperature and subsequently transferred to an autoclave,
where it is subjected to hydrothermal treatment at a temperature of about 180°C for
several days. Under these conditions, crystallization of magnesium—aluminum phos-
phate with a well-developed surface area and acid—base character occurs. After com-
pletion of the synthesis, the solid product is separated by filtration, thoroughly washed
with water and organic solvents in order to remove residual ions and precursors, and
then dried under vacuum, yielding an active heterogeneous MALPO catalyst. In the
Knoevenagel reaction, MALPO acts as a solid acid-base catalyst that simultaneously
activates both substrates. Basic surface sites facilitate deprotonation of a compound
containing an active methylene group, such as malononitrile, while acidic sites coordi-
nate the carbonyl group of the aldehyde, increasing its electrophilicity. As a result, the
condensation proceeds efficiently already at room temperature, most often in ethanol
as the solvent. After completion of the reaction, the catalyst remains in the solid phase
and can be easily separated by filtration, and after simple washing and thermal reacti-
vation, it can be reused in subsequent cycles without significant loss of catalytic activity
[440].

Coordination polymers and their sub-class, metal-organic frameworks - MOFs, have
emerged as premier platforms for the rational design of high-performance heteroge-
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neous catalysts [441]. These crystalline materials are constructed from metal ions or
clusters - nodes - connected by organic molecules - linkers. Their features, including
extraordinarily high surface areas, tunable pore sizes, and chemical diversity, make
them ideal for catalysis. The active sites in metal-organic frameworks can be precisely
engineered by judiciously selecting the metal nodes and functionalizing the organic
linkers. A key reason for their great performance in the Knoevenagel condensation
is their ability to function as bifunctional catalysts. This represents a more sophisti-
cated catalytic strategy than simple base catalysis - different parts of the framework
cooperate to activate both reactants simultaneously, creating a synergistic effect that
dramatically enhances reaction rates under mild conditions. The mechanism typically
involves lewis acid activation, where the exposed metal centers at the nodes, such as
Cu*t, Zn?**, Pb**, act as Lewis acid sites. They coordinate to the carbonyl oxygen
of the aldehyde, increasing its electrophilicity and making it more susceptible to nu-
cleophilic attack. From the other side we have Lewis/Brgnsted base activation, where
basic sites located elsewhere in the framework deprotonate the active methylene com-
pound. These basic sites can be uncoordinated functional groups on the organic linker
like an amino group, N H? or part of the framework itself, a bridging hydroxide group,
u2 — OH — OH [441, 443, 444].
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Figure 51. Amino-functionalized HKUST - Cu-based MOF, HKUST-1 used as bifunctional cat-
alyst in Knoevenagel condensation [410]

This cooperative activation on a single, rigid surface is highly efficient. Several case
studies illustrate the power of this approach. One example is amino-functionalized
HKUST - Cu-based MOF, HKUST-1 (Figure [51), can be post-synthetically modified by
grafting various amine-containing molecules onto its unsaturated copper sites. In the
resulting material, the Cu(II) centers act as Lewis acids, while the newly introduced
amine groups serve as Brgnsted basic sites. These bifunctional frameworks are superb
catalysts, capable of achieving 100% conversion in the condensation of benzaldehyde
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and malononitrile in just 5 minutes at room temperature. They are also highly robust
and can be recycled for at least five runs without significant loss of activity [443, 445].
Cu-MOF (Scheme [68) is material containing copper - a metal—organic framework con-
structed from Cu?* ions and CPA and BDC ligands, forming a two-dimensional network
with a (4,4)-type topology. X-ray diffraction studies confirmed its crystalline nature and
porous structure, with an average pore diameter of approximately 7, nm.

The material exhibits good thermal stability and a high specific surface area, which
makes it a promising candidate for heterogeneous catalysis. It is proved that Cu-MOF
acts as a highly active heterogeneous catalyst under mild conditions between variously
substituted benzaldehydes and compounds containing an active methylene group, mal-
ononitrile or ethyl cyanoacetate. The optimal reaction conditions checked by Naskar
and the team [445] involved the use of 3 mol % of the Cu-MOF catalyst, a mixed solvent
system of H,O:MeOH in a 3:1 ratio, and room temperature. The reactions proceeded
very rapidly— in most cases, full conversion was achieved within 15 minutes, without
the need for heating or the addition of any external base [445].
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Scheme 58. Scheme of synthesis of Cu-MOF with BDC = 1,4-benzenedicarboxylate [445]

Wide range of aromatic aldehydes, both those bearing electron-donating sub-
stituents (—OH, —OMe) and unsubstituted ones, afforded yields in the range of 97 and
99%. The presence of different functional groups on the aromatic ring did not signif-
icantly reduce the catalytic activity, indicating good functional group tolerance of the
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system. The authors emphasize that the high efficiency of the reaction arises from the
presence of Cu?* centers within the MOF structure, which activate the carbonyl group
of the aldehyde and facilitate nucleophilic attack by the active methylene compound.
At the same time, the porous architecture of the material promotes efficient diffusion
of the reactants and contributes to the fast reaction rate. Overall, the Cu-MOF is an
efficient, fast, and mild catalyst for the Knoevenagel condensation. It operates in an
aqueous medium, at room temperature, with a low catalyst loading, and provides
nearly quantitative yields within a very short reaction time [445].

Another example is mixed-linker Zn(11) MOFs. A novel strategy involves construct-
ing MOFs from a single type of metal cluster but two different organic linkers. One
neutral linker and one bearing a basic or acidic functional group. This approach has
been used to create a series of isoreticular Zn (/1) MOFs that contain both cyclic and
linear trinuclear zinc clusters. These materials function as Brgnsted acid-base bifunc-
tional catalysts and are highly active for solvent-free Knoevenagel condensations [444].
Heterometallic PboK>-organic framework (NUC-45a) is the catalyst which introduce
multiple metals into a framework what can result with a rich variety of active sites. The
framework NUC-45a, built from Pb,o Ko (e — OH)2(COO)o4 clusters, possesses a mul-
titude of Lewis acid sites - Pb**, K*) and Lewis base sites, which are the bridging
s — OH group and the nitrogen atom of the pyridine-based linker. This bifunctionality
makes NUC-45a a great catalyst for the Knoevenagel condensation [446].

3.4 Knoevenagel condensation - results and discus-
sion on use of ecocatalysis

3.4.1 Methodology

The same catalyst as in the hydrophosphonylation experiments was employed.

For details regarding its preparation, see Section 2.4.1.1| (p. |124) |Preparation of Eco-|

[MgZnOx catalyst derived from Arabidopsis halleri,

The reactions were carried out according to the same protocol as in the hydrophos-
phonylation experiments, described in Section 2.4.1.2| (p. [126)) |General procedure for|
the reactionsl

The same methods were applied as in Section [2.4.1.3|(p. [127) |Analysis of catalyst,|
[reaction mixtures and products}
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3.4.2 Optimization results of the Knoevenagel condensation

Reaction conditions were first optimized for the model reaction - the Knoevenagel
condensation of benzaldehyde with malononitrile, giving benzylidene malononitrile.
The reaction scheme is included in the first row of Table [32] Different temperatures,
reaction times, solvents, and EcoCatalyst compositions were evaluated in order to de-
termine the most efficient and sustainable conditions, what is sumed up in the Table[32]
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Table 32. Knoevenagel addition on model substrates catalyzed by EcoCatalysts®

1a

Conversion with EcoCatalyst’

No. Catalyst T[C] t[h] Conversion® Solvent
P F
1 - RT 3 0% 67%"° 81%* None
2 - RT 24 4% 83%° 83% None
3 - 50 1 25% 89%° 94%¢ None
4 - 50 1 25% 83%* 94%” None
5 - 70 1 19% 93%° 97% None
6 - 80 1 0% 91%* 94%¢1¢ None
7 - 80 2 27% 100%° 100% None
8 - 70 1 19% 96% 97% None
9 - 70 2 28% 100%° 100%* None
10 - 70 2 0% 83% 96% Toluene
11 - 70 2 0% 76%° 89%* Ethyl Acetate
12 - 70 2 31% 99%° 91%?¢ Methanol
13 MgQ¥ 70 2 100% - - None
14 MgO”" 70 2 72% - - None
15 ZnO? 70 2 100% - - None
16 ZnQ’ 70 2 86% - - None
17 CaCO% 70 2 7% - - None
18 CaCO} 70 2 7% - - None
19 MgO+ZnO™ 70 2 97% - - None
20 MgO+ZnO™ 70 2 98% - - None
a Reaction conditions: benzaldehyde (1): 0.23 mmol, malononitrile (2): 0.23 mmol;
b determined by 1H NMR of crude reaction mixture;
c 7.5 mg of Eco-MgZnOx-P: Mg (7.0 mol%), Ca (13.6 mol%), Zn (5.7 mol%);
d 7.5 mg of Eco-MgZnOx-F: Mg (3.5 mol%), Ca (11.4 mol%), Zn (4.9 mol%);
e 15 mg of Eco-MgZnOx-P: Mg (14.0 mol%), Ca (27.2 mol%), Zn (11.4 mol%);
f 15 mg of Eco-MgZnOx-F: Mg (7.0 mol%), Ca (22.8 mol%), Zn (9.8 mol%);
g 7.0 mol% of Mg;
h 3.5 mol% of Mg;
i 5.7 mol% of Zn;
Jj 4.9 mol% of Zn;
k 13.6 mol% of Ca;
l 11.4 mol% of Ca;
m 7.0 mol% of Mg + 5.7 mol% of Zn
n 3.5 mol% of Mg + 4.9 mol% of Zn
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The results show that in the absence of a catalyst the conversion is very low, even
after prolonged heating, which confirms that catalysis is essential for this reaction.
When EcoCatalysts obtained from hyperaccumulator-derived mixed metal oxides were
used, the reaction proceeded with almost complete conversion under relatively mild
conditions. Eco-MgZnOx-based catalysts containing magnesium, calcium and zinc ox-
ides exhibited excellent activity, while individual simple oxides such as M g¢O, ZnO or
C'aO alone were much less effective, pointing to the importance of synergistic interac-
tions between metals in the eco-derived materials. The reaction was found to work best
under solvent-free conditions, since the use of solvents such as toluene, ethyl acetate
or methanol did not improve the outcome and in some cases even lowered the conver-
sion. Increasing the temperature to 70 °C significantly enhanced the reaction efficiency,
and two hours were sufficient to reach full conversion in the presence of EcoCatalyst.
On the basis of these findings, the optimal conditions were established as 70°C for 2
hours, solvent-free, using an EcoCatalyst corresponding to about 5 mol% Zn, under
which the Knoevenagel condensation proceeds nearly quantitatively.

The conversion of the condensation reaction was calculated based on the 'H NMR
spectrum of the post-reaction mixture. On the example NMR spectrum (Figure [52) sig-
nals from product - benzylidenemalononitrile - and substrates - residual benzaldehyde
and unreacted malononitrile - are visible. For this purpose, the methylene signal of mal-
ononitrile at 3.59 ppm was chosen as the internal reference and normalized to 2.00,
since it corresponds to two protons and shows reliable integration (in contrast to the
aldehydic proton, which relaxes slowly and typically integrates lower than expected).
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Figure 52. 'H NMR spectrum (400 MHz, CDCl3) of the crude reaction mixture after the con-
densation of benzaldehyde with malononitrile.

In the aromatic region (7.45-7.90 ppm) both the five aromatic protons of benzalde-
hyde and the five aromatic protons of the product overlap. After normalization, the inte-
gral of this region was 7.27. Subtracting the expected 5.00 protons from benzaldehyde
leaves 2.27 protons attributable to the product. Since each mole of product contributes
five aromatic protons in this region, the product corresponds to 2.27/5 = 0.454 mol per
1 mol of starting material. The conversion, calculated as

Product 0.454

Conversion = =
Product + Substrate  0.454 + 1.000

= 0.31 (31%),

was thus obtained.

This result was cross-checked using the isolated vinylic proton of the product at
8.09-8.11 ppm, which corresponds to one proton per product molecule. In the normal-
ized spectrum, this signal integrated to 0.50, corresponding to 0.50 mol of product. The

conversion, calculated as
0.50

0.50 4 1.00
agrees with the previous estimate.

= 0.33 (33%),

If the vinylic proton overlaps with the aromatic region, then the product contributes
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six protons (five aromatic and one vinylic) in the 7.45-7.90 ppm range. In such a case,
the integral of this region was 7.77, from which subtraction of 5.00 protons of benzalde-
hyde leaves 2.77 protons for the product. Dividing by six gives 0.462 mol of product
per 1 mol of substrate, and the corresponding conversion is

0.462

— = (.32 (32%).
0.462 + 1.000 0.32 (32%)

In summary, depending on the method of integration, the conversion of the reac-
tion is consistently estimated at about 31-33%. The methylene signal of malononitrile
was used as the reference, since the aldehydic proton at 10.01 ppm is not reliable for
guantitation due to its long relaxation time T3.

The second reaction that was subjected to optimization was the Knoevenagel con-
densation of benzaldehyde with ethyl cyanoacetate, affording the corresponding ben-
zylidene cyanoacetate. The reaction scheme is included in the first row of Table
which summarizes the results.

Table 33. Knoevenagel condensation on model substrates catalyzed by EcoCatalysts®

o
| -
\ W | \'\\\H ‘-“‘\ '/CN
| / NG C(O)OEL ) P~ C(O)OEt
1a 5b 7a
Conversion Conversion® with EcoCatalyst
No. T[] t[h] y
without catalyst® P° Fd
1 RT 1 0% 0% 0%
2 RT 24 0% 67% 53%
3 50 1 0% 62% 59%
4 80 1 0% 84% 85%
5 80 2 18% 92% 100%
6 70 2 0% 92% 100%

Reaction conditions: benzaldehyde (1): 0.23 mmol, ethyl cyanoacetate (4): 0.23 mmol, solvent free.
Determined by 'H NMR of crude reaction mixture.

7.5 mg of Eco-MgZnOx-P: Mg (7.0 mol%), Ca (13.6 mol%), Zn (5.7 mol%).

7.5 mg of Eco-MgZnOx-F: Mg (3.5 mol%), Ca (11.4 mol%), Zn (4.9 mol%).

QU 6 o 2

As in the case of malononitrile, for condenstation with cyanoacetate, no conversion
was observed without a catalyst, even at elevated temperature. The use of EcoCat-
alysts led to a significant improvement, with conversions reaching up to 100% under
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optimized conditions. The most efficient results were obtained similarly at 70°C after
2 hours under solvent-free conditions, again highlighting both the high catalytic activity
and the sustainable character of the EcoCatalyst system.

3.4.3 Reusage of the catalyst in the Knoevenagel condensation

The reusability of ecocatalysts in the model Knoevenagel condensation between
benzaldehyde and malononitrile (R; = C'N) was investigated for the model reaction
summarized in Table 32

Table 34. Recovery and reuse of the catalyst in Knoevenagel condensation - model reaction.
R; =CN

| CN
= NC” “CN N
+
= CN
1a ba 6a
. Conversion
Entry Conversion

(Run) without catalyst’ [%] Eco-MgZnOx-Pc¢ Eco-MgZnOx-Fd¢

1. 0% 99% 99%
2. 0% 98% 99%
3. 0% 99% 99%
4. 0% 99% 97%
5. 0% 77%

Reaction conditions: benzaldehyde (1): 1 equiv., malononitrile (2): 1 equiv.
Determined by 'H NMR of crude react)ion mixture.

Eco-MgZnOx-P: Mg (7.0 mol%), Ca (13.6 mol%), Zn (5.7 mol%).
Eco-MgZnOx-F: Mg (3.5 mol%), Ca (11.4 mol%), Zn (4.9 mol%).

ISURBCEEES S

Both ecocatalysts: Eco-MgZnOx-P and Eco-MgZnOx-F exhibited excellent catalytic
activity, reaching conversions of 97-99% during four runs. High conversions were con-
sistently maintained for four cycles. These results clearly demonstrate that the eco-
catalysts obtained from hyperaccumulating biomass are not only highly active in the
Knoevenagel reaction but can also be reused multiple times with only a gradual loss
of efficiency. This underlines their potential as sustainable heterogeneous catalysts,
combining both catalytic effectiveness and reusability.
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3.4.4 Scale-up of the Knoevenagel condensation

A model Knoevenagel reaction with malononitrile as a substrate, corresponding to
the optimization shown in Table[32] was conducted under optimal conditions on a larger
scale to obtain approximately 1 gram of the product. Substrates were used in amounts
of 4.6 mmol, analogous to previous studies. Results are shown in the Table [35]

Table 35. Scale-up of the model reaction of Knoevenagel condensation for R; = CN®.

i
N N N CN
+ NC CN

_ CN

1a 5a 6a

Catalyst Conversion [%]° Yield [%]
Eco-MgZnOx-P¢ 99% 98%°
Eco-MgZnOx-F¢ 99% 97%/

Reaction conditions: benzaldehyde (1): 6.4 mmol, malononitrile (2): 6.4 mmol.
Determined by '"H NMR of crude reaction mixture.

210 mg of Eco-MgZnOx-P: Mg (7.0 mol%), Ca (13.6 mol%), Zn (5.7 mol%).
210 mg of Eco-MgZnOx-F: Mg (3.5 mol%), Ca (11.4 mol%), Zn (4.9 mol%).
976 mg of pure product (3).

966 mg of pure product (3).

“ 0o a0 oo

3.4.5 Substrate scope of the Knoevenagel condensation

The substrate scope of the Knoevenagel condensation catalyzed by the eco
mixed-oxide materials (EcoMgZnO-P and EcoMgZnO-F) were investigated and
presented below. Two active-methylene substrates were tested: malononitrile (R; =
CN on Scheme 2] products 6a-6i presented on Figure [53) and ethyl cyanoacetate (R,
= COOEt on Scheme [2, products 7a-7f presented on Figure 54). The carbonyl set
covers a broad range: aryl aldehydes with both donating and withdrawing groups (Me,
Cl, NO,), heteroaromatic aldehydes (pyridyl, thienyl), aliphatic aldehydes (linear and
branched), and one ketone. The aim was to probe electronic effects, sterics, tolerance
to N/S heteroatoms, and the performance of both catalyst variants. Numbers next to
each entry are conversions and values in parentheses are isolated yields.

189



3.4 Knoevenagel condensation - results and discussion on use of ecocatalysis

RZ
@]
= _CN
J, + NeTRC —— R1J\f
R R R4
1 5 6-7

Scheme@. Knoevenagel condensation

Ga /\]’/\ N

EcoMgZnO-P 99(99)
EcoMgZnO-F 958

EcoMgZnO-P 94(84)
EcoMgZnQ-F 90

| 3 =
//L// CN

EcoMgZnO-P 99(98)
EcoMgZnO-F 89

QQA _CN
EcoMgZnO-P 83(92)
EcoMgZnO-F 93

6C

- CN
Cl/“\jf-’

EcoMgZnO-P 97(95)
EcoMgZnO-F 96

g
»/\[/h":‘“\v’ CN
|
~ CN

EcolgZnO-P 96(92)
EcoMgZnO-F 94

6d

o.N”

EcoMgZnO-P 99
EcolMgZnO-F 99(85)

6h

EcoMgZnO-F 97
EcoMgZnO-F 98(94)

6i , 6j
! S s el

‘. _CN
V.0 cN F

EcoMgZnO-P 97(96)
EcoMgZnO-F 92

EcoMgZnO-P 99
EcoMgZnO-F 99(98)

Figure 53. Substrate scope of Knoevenagel condensation - scope of carbonyl compounds

with malononitrile. Numbers next to each entry are conversions and values in parentheses are
isolated yields.
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All aldehydes react with malononitrile giving very high conversions - typically above
90%, often 99% - across aryl, heteroaryl, and aliphatic substrates. The ketone example
also performs well. Electronic effects are small: both electron-rich and electron-poor
rings work, and halogens and nitro groups are well tolerated. With ethyl cyanoacetate
the reaction remains broadly efficient (about 90-99% conversion), though on average it
is a little less reactive than with malononitrile, and isolated yields for the harder cases
fall to 84-92%. This points to the expected reactivity order of the pronucleophiles:
malononitrile is faster and gives near-quantitative outcomes, while ethyl cyanoacetate
is slightly slower but still practical. The two eco-catalysts behave very similarly; differ-
ences are only a few percentage points (EcoM gZnO — P is sometimes a touch better
with malononitrile, while EcoM gZnO — F occasionally edges it with ethyl cyanoac-
etate). In short, the scope is wide and useful for Knoevenagel condensations - cov-
ering diverse aryl patterns, N/S-heteroaromatics, and aliphatic aldehydes - with good
functional-group tolerance and even workable reactivity for a representative ketone.

All isolated products were characterized using standard spectroscopic methods (ex-
perimental details are given in Chapter[7). To present the key structural features of the
products and to demonstrate the consistency of the spectroscopic data across the
whole series, one representative compound was chosen for discussion. Compounds
6h and 7c were selected as a model example. They structure and high purity were
confirmed by ' H and 3C NMR spectroscopy, which show the expected signals with no
evidence of side products or substrates.

For the 6h compound (Figure the 'H NMR spectrum (Figure confirms
the high symmetry of the molecule through the presence of only one intense singlet
(2.26 ppm), which perfectly corresponds to six chemically equivalent protons originat-
ing from two methyl groups. The 3C NMR spectrum (Figure demonstrates the
presence of a complete carbon framework, revealing four unique signals, including
characteristic resonances for cyano groups (approximately 112 ppm) as well as for a
strongly polarized double bond (signals at around 85 ppm and 180 ppm).

/L\\(CN

CN

Figure 55. 6h — 2-(propan-2-ylidene)malononitrile

For the 7c compound (Figure [58|the 'H NMR spectrum (Figure identifies the
molecular fragments, showing characteristic signals of an ethyl group (triplet and quar-
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Figure 56. '3C NMR spectrum of 6h — 2-(propan-2-ylidene)malononitrile
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Figure 57. "H NMR spectrum of 6h — 2-(propan-2-ylidene)malononitrile

tet) as well as a specific pattern of two doublets in the aromatic region, which is typical
for a para-substituted benzene ring. In turn, the 3C NMR spectrum (Figure con-
firms the presence of all functional groups, revealing unique signals for the carbon of
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the cyano group (114 ppm) and for the ester carbonyl carbon (a161 ppm).
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Figure 58. 7c — ethyl (E)-2-cyano-3-(4-nitrophenyl)acrylate
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Figure 59. '3C NMR spectrum of 7c — ethyl (E)-2-cyano-3-(4-nitrophenyl)acrylate
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Figure 60. '"H NMR spectrum of 7¢ — ethyl (E)-2-cyano-3-(4-nitrophenyl)acrylate

3.4.6 Conclusions

It was demonstrated that the ecocatalyst Eco-MgZnOx derived from Arabidopsis
halleri biomass is an efficient heterogeneous catalyst for the Knoevenagel condensa-
tion between aldehydes and activated methylene compounds. The catalyst enables
effective C""C bond formation under mild and solvent-free conditions, in line with the
principles of green chemistry.

The developed catalytic protocol operates at moderate temperatures and low cat-
alyst loading, providing the desired Knoevenagel products in high yields and with
good selectivity. A broad range of aldehydes, including aromatic, heteroaromatic, and
aliphatic substrates, as well as activated methylene donors such as malononitrile and
cyanoacetates, were successfully converted. In most cases, high conversions and
clean reaction mixtures were obtained, allowing straightforward product isolation.

The catalytic activity of Eco-MgZnOx was shown to be superior to that of single-
component oxides such as MgO or ZnO, as well as their physical mixtures. This
enhanced performance is attributed to the bifunctional nature of the catalyst, combining
basic M gO sites responsible for deprotonation of the methylene compound with Lewis-
acidic ZnO sites that activate the carbonyl group of the aldehyde. The close proximity
of these sites within the mixed oxide structure enables cooperative activation of both
reaction partners and facilitates efficient C'”C bond formation.
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It was further shown that the Eco-MgZnOx catalyst exhibits good stability and re-
cyclability in the Knoevenagel condensation. The catalyst could be recovered from the
reaction mixture and reused in several consecutive cycles with only a minor decrease
in activity. Additionally, the reaction was successfully scaled up to the gram scale with-
out loss of efficiency or selectivity, confirming the robustness and practical applicability
of the catalytic system.

In summary, the results presented in this chapter establish Eco-MgZnOx as a versa-
tile, recyclable, and sustainable catalyst for the Knoevenagel condensation. This study
further supports the concept of ecocatalysis and demonstrates that plant-derived poly-
metallic oxides can serve as effective platforms for key C'”C bond-forming reactions in
organic synthesis.
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4.1 Phospha-Michael addition reaction - chemical basics

4.1 Phospha-Michael addition reaction - chemical ba-
sics

Michael addition is a fundamental chemical reaction in organic chemistry. It is nucle-
ophilic addition where nucleophile undergo conjugate addition - reaction of nucleophile
with «, g-unsaturated carbonyl compounds. The broad scope of Michael addition is
evident in its role in the efficient formation of C' — C and C' — X bonds, contributing to
the synthesis of natural products and drugs through tandem sequences [447].

The phospha-Michael reaction is formally defined as the 1,4-conjugate addition of a
phosphorus-based nucleophile to an electron-deficient double or triple carbon-carbon
double bond substituted by the acceptor [447—-449], as presented on Scheme

R? R3O\P;O
+ kPM.., 3 - Rz/)\(
4 U
R o ©OR R' L
6-7 2 8-11

Scheme [3| Phospha-Michael addition

This process is highly versatile method for the formation of a new P — C bond,
enabling the direct connection of a phosphorus center to a carbon framework. The re-
action’s strength lies in the vast combination of nucleophiles and electrophiles that can
be successfully coupled, leading to a diverse array of functionalized organophospho-
rus products [449]. The reaction was first reported in the mid-20th century. In 1956,
Miller and co-workers demonstrated that disubstituted phosphine oxides R,P(O)H
could add to activated «,5-unsaturated compounds under basic conditions using traces
of sodium alkoxide as catalyst to afford g-phosphoryl carbonyl and nitrile adducts
[450]. This seminal work represents the discovery of the phospha-Michael type ad-
dition. Subsequent early studies in the 1960s extended the concept to other P(/I1)
substrates; for example, Hindersinn reported the addition of trialkyl phosphites to ac-
tivated alkenes, maleate esters, under thermal conditions, forming phosphonate prod-
ucts [451]. Throughout the 1970s, the scope and mechanism of P — H additions to
unsaturated systems were further delineated by Pudovik and Konovalova, who pub-
lished a comprehensive review in 1979 summarizing the Pudovik reaction, so addition
of P— Hto C =0 orC = N and related additions to C = C' [452].

The identity of the phosphorus nucleophile is a key determinant of the reaction con-

199



4.1 Phospha-Michael addition reaction - chemical basics

ditions and mechanism. The most commonly employed nucleophiles are hydrophos-
phoryl compounds, which have a reactive P — H bond. This category includes sev-
eral groups. One group are secondary phosphine oxides. Species like diphenylphos-
phine oxide (PhyP(O)H) are prototypical nucleophiles in this reaction. They are sta-
ble, easy to handle, and readily add to a wide range of Michael acceptors [444, 453,
454]. Another group are dialkyl and diaryl phosphites, so compounds such as diethyl
phosphite (EtO), P(O)H and diphenyl phosphite (PhO),P(O)H. They are not expen-
sive, commercially available and serve as excellent nucleophiles, particularly in base-
catalyzed variants of the reaction [326, 449]. Primary and secondary phosphines, such
as phenylphosphine PhP H, and diphenylphosphine Phy PH are another group which
can also serve as nucleophiles. However, due to their lower intrinsic nucleophilicity
compared to their deprotonated counterparts and their susceptibility to oxidation, their
addition often requires activation by transition metal catalysts or harsh reaction condi-
tions [448, 455]. The last group are tertiary phosphines. While lacking a P — H bond
for a net addition, tertiary phosphines, such as triphenylphosphine PhsP, or tris(2-
carboxyethyl)phosphine, TCEP can act as nucleophilic initiators in catalytic cycles or
add to Michael acceptors to form stable, zwitterionic phosphonium adducts. This mode
of reactivity is particularly important in organocatalysis and bioconjugation [456—458].

The electrophilic substrates are typically alkenes or alkynes activated by one or
more electron-withdrawing groups - EWGs. The degree of activation dictates the re-
quired reaction conditions, with more electron-deficient systems reacting more read-
ily. The scope of Michael acceptors is broad. «,5-unsaturated carbonyls and their
derivatives are the largest and most classical category of Michael acceptors, encom-
passing «,5-unsaturated ketones, such as chalcones or methyl vinyl ketone, esters,
such as acrylates, cinnamates or crotonates, amides, such as acrylamide, and ni-
triles such as acrylonitrile [453, 457]. The scope extends to other activated alkenes
like vinyl sulfones, nitroalkenes, such as g-nitrostyrenes, and highly activated sys-
tems like coumarins and isopropylidenemalononitrile [444, 453]. Modern advance-
ments have significantly expanded the range of accessible Michael acceptors. This
includes the successful addition to more complex systems such as (,y-unsaturated
a-ketoesters, which present unique reactivity profiles [455], iminochromenes, which
serve as precursors to biologically active heterocycles [459]; and «-fluorinated acry-
lates, leading to valuable polyfunctionalized products containing contiguous C' — P and
C —CFY, bonds [460]. A recent frontier involves the use of activated, electron-deficient
alkynes as Michael acceptors. These substrates can undergo a unique and ultrafast
organocatalyst-mediated double phospha-Michael addition, where two equivalents of
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4.1 Phospha-Michael addition reaction - chemical basics

a P — H nucleophile add across the triple bond, providing a rapid route to geminal
bis(phosphorus) compounds [461].

The phospha-Michael reaction includes key steps like the nucleophilic attack of the
phosphorus atom at the -carbon of the Michael acceptor, forming a transient carban-
ionic or zwitterionic intermediate, which is subsequently protonated to yield the final
1,4-adduct [457, 458]. A crucial mechanistic feature, particularly for hydrophosphoryl
compounds like dialkyl phosphites, is the existence of a tautomeric equilibrium. These
species exist predominantly in the tetracoordinate phosphonate form HP(O)(OR).,
which is relatively unreactive as a nucleophile. However, they are in equilibrium with
a small amount of the trivalent phosphite tautomer P(OH)(OR),, which is significantly
more nucleophilic at the phosphorus center. The actual nucleophilic attack in many
base-catalyzed reactions proceeds through this minor but highly reactive phosphite
tautomer. This understanding reframes the role of the catalyst: a base does not simply
deprotonate the phosphonate to form a phosphite anion - in bifunctional catalytic sys-
tems, the basic moiety can actively engage with the hydrophosphoryl compound to shift
this tautomeric equilibrium, increasing the concentration of the active phosphite nucle-
ophile. This concept is central to explaining the high efficiency of certain organocat-
alysts, which are designed with a basic site specifically to facilitate this phosphonate-
to-phosphite conversion, thereby priming the nucleophile for the subsequent addition
step [459].

It can be intuitively assumed that the formation of the new P — C bond is the slow-
est, rate-determining step of the reaction, kinetic investigations have revealed a dif-
ferent mechanism. For a wide range of phospha-Michael additions, particularly those
involving tertiary phosphines or intramolecular proton sources, the subsequent proton
transfer step required to neutralize the initially formed carbanionic intermediate is often
the rate-determining step [457, 462]. For instance, in the reaction of 2,4-di-tert-butyl-6-
(diphenylphosphino)phenol with various Michael acceptors (presented on Scheme 59),
the initial nucleophilic attack forms a zwitterionic intermediate, which is then stabilized
by an intramolecular proton transfer from the phenolic hydroxyl group to the carbanion.
Kinetic analysis demonstrated that this proton transfer is the rate-limiting event [457].

t-Bu tBuU o
. 0] EWG
N OH . - | J/
| @
. t-Bu P
t-Bu Pphz Ph/ \Ph

Scheme 59. Reaction of 2,4-di-tert-butyl-6-(diphenylphosphino)phenol with various Michael
acceptors [457].
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4.1 Phospha-Michael addition reaction - chemical basics

This finding has consequences for catalyst design and reaction optimization. An
effective catalyst must not only promote the initial nucleophilic attack but also facilitate
an efficient proton transfer - so it explains the success of bifunctional catalysts, which
possess both a basic site to activate the nucleophile and a hydrogen-bond donor or
Bronsted acid site. Detailed mechanism of this reaction is presented on Scheme [60]
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Scheme 60. Mechanism for proton transfer in zwitterion formation with Michael acceptors [457].

The initial conjugate addition step in the phospha-Michael reaction is often re-
versible. This retro-phospha-Michael reaction, where the adduct reverts to the starting
materials, presents both a challenge and an opportunity. From a synthetic point of
view, reversibility can lead to incomplete conversions and complex product mixtures,
especially under thermodynamic control. It also poses a significant challenge for con-
ducting reproducible kinetic studies, as the concentration of the adduct may not in-
crease linearly. To overcome this, kinetic analyses often employ a trapping agent, such
as a Bronsted acid, to irreversibly protonate the zwitterionic intermediate, preventing
the back reaction and allowing for the accurate determination of forward rate constants
[458]. From other standpoint, this inherent reversibility can be a powerful feature in ma-
terials science. While not yet as widely explored for the phospha-Michael reaction as
for its oxa- and thiol-Michael counterparts, the principle of dynamic covalent chemistry
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4.1 Phospha-Michael addition reaction - chemical basics

applies. The reversible nature of the P — C bond formation could be exploited to cre-
ate dynamic polymer networks. Such materials could exhibit desirable properties like
self-healing, malleability, and recyclability. The bonds within the network could break
and reform under specific stimuli like heat or catalyst, allowing the material to be re-
processed or to repair damage. This transforms a mechanistic challenge in traditional
synthesis into a desirable design principle for the creation of advanced, sustainable ma-
terials [463]. Oxa-Michael and Carbon-Michael reactions were proved to be used for
synthesis of multifunctional alkyne building blocks from commercially available acrylate
monomers [464], as presented on Scheme [61]
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Scheme 61. Oxa- and Carbon-Michael reaction exploited for alkyne building blocks synthe-
sis [464].

The success and efficiency of the reaction depends on the electronic and steric
nature of the Michael acceptor, the substituents on the phosphorus atom, and the
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specific catalyst and reaction conditions employed [326].

4.2 Phospha-Michael addition reaction - application

Phospha-Michael addition is a versatile and powerful tool in organic synthesis, offer-
ing a pathway to a wide array of molecule structures. The usage of this reaction varies
from the synthesis of complex molecules with potential pharmaceutical relevance to
the creation of materials for advanced technological applications. For instance, a-
fluorinated acrylates as Michael acceptors has opened new avenues for synthesizing
molecules with C — P and C' — CFY, (where Y = F or H) bonds, demonstrating how
phospha-Michael addition can be used to create fluorinated compounds with potential
biological activity [465]. General concept of this reaction is presented on Scheme 62}

0
Il
Ar“H Ar DABCO
1 (20 mol%) O
~ Ar—R  CO;Me
MeCN A Y—=(
CO,Me rt or 40°C R CFY,
R CFY,

Scheme 62. Reaction with a-fluorinated acrylates as Michael acceptors [465].

From the other hand Dieter Enders and his colleagues discussed the formation of
bioactive phosphonic acids through this reaction [448].

The phospha-Michael addition is crucial for creating ligands for late-transition met-
als, which are essential in various catalytic processes. Enders et al. also highlight the
importance of phosphorus-containing ligands in coordination chemistry [448].

In asymmetric synthesis, the phospha-Michael addition is employed to produce chi-
ral phosphorus compounds with high stereoselectivity [466]. Use of chiral phosphite
ligands in asymmetric catalysis was developed. The development of flame retardant
materials is another important application. The reaction is used to synthesize flame
retardant thermosets by adding phosphorus-containing groups to polymers [467]. In
the field of protein functionalization, the phospha-Michael addition serves as a click
reaction for modifying protein surfaces with phosphorus groups [456], as presented on
Scheme [63]
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Scheme 63. Phospha-Michael addition as a click reaction for modifying protein surfaces [456].

Moreover, the reaction is utilized to synthesize various phosphorus ligands and
catalysts used in organic synthesis and industrial applications. Example of this
aplication is the synthesis of multifunctional N-Heterocyclic phosphine-thioureas [466]

(Scheme[64).
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Scheme 64. Synthesis of multifunctional N-Heterocyclic phospine-thioureas [466].

Microwave-assisted reactions also benefit from the phospha-Michael addition.
These reactions can enhance reaction rates and yields [468].

The reaction is also used to create flame-retardant materials by incorporating phos-
phorus groups into polymers [467]. In the development of functional polymers with de-
sired physical and chemical properties, the phospha-Michael addition plays a key role.
Xuewen Huang and his team discussed this application in their work on a-fluorinated
acrylates [465]. Finally, the phospha-Michael addition is used to synthesize customized
bis(acyl)phosphane oxide photoinitiators for photopolymerization applications. Ric-
cardo Conti at al (2022) developed an efficient method for this synthesis [469]. Ad-
ditionally, the development of bis(acyl)phosphines through phospha-Michael addition,
followed by their oxidation to bis(acyl)phosphane oxides, highlights the method’s signif-
icance in producing potent photoinitiators for radical polymerizations, which are crucial
in material science and engineering [469]. Tautomeric structures of BAPH and reac-
tion scheme of its phospha-Michael addition to methyl acrylate followed by oxidation to
BAPO are shown on Scheme [65]
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Scheme 65. Phospha-Michael addition of BAPH and oxidation to BAPO [469].

The transition metal-free synthesis of 5-hydrazonophosphine oxides via phospha-
Michael reaction further demonstrates the method’s applicability in generating pre-
cursors for phosphorylated N-heterocycles, a-aminophosphonates, and vinylphospho-
nates, which are valuable in medicinal chemistry and agriculture [470]. The unusual
regioselectivity achieved in the phosphine-catalyzed Michael addition of arylcyanoac-
etates to allenoates opens new possibilities for accessing molecular structures with
quaternary centers, further expanding the synthetic utility of PMA [471]. Functionalized
phosphonates, accessible via phosphite addition, demonstrate the method’s relevance
in producing compounds with applications in various fields, including materials science
and drug development [472]. The use of ultrasound activation in phospha-Michael ad-
dition, shows the method’s adaptability to innovative activation techniques, potentially
enhancing reaction efficiency and selectivity [473]. The generation of nitrosoalkenes
from phosphine oxides and phosphonates, followed by Michael addition, is another
example of the versatility of this method. It enables the synthesis of a-amino phos-
phine oxides and phosphonates (as presented on Scheme [66), which are valuable
compounds in synthetic and medicinal chemistry [470].

HQ,N N’“O HO
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Scheme 66. The generation of nitrosoalkenes from phosphine oxides and phosphonates [470].

Lastly, the application of phospha-Michael reaction in curable compositions for sub-
strate coating, utilizing a tertiary phosphine catalyst, highlights the method’s industrial
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relevance, particularly in the development of quick-curing materials for various appli-
cations [343]. In summary, the current applications of phospha-Michael addition are
multifaceted, ranging from the synthesis of biologically active molecules and materi-
als for technological applications to the development of asymmetric synthesis methods
and innovative industrial processes.

4.3 Phospha-Michael addition reaction - catalysts

In the area of phospha-Michael addition, different catalysts have been used to facil-
itate the reaction. Basic catalysts are the most classic and widely used for promoting
phospha-Michael reactions. The role of a base is typically to deprotonate the P — H
compound, generating a highly nucleophilic phosphide or phosphonate anion that can
attack the electrophilic double bond. Even a small amount of base can initiate the
conjugate addition and drive it to completion. Over the years, numerous bases - both
homogeneous and heterogeneous - have been applied [448]. First group is alkali metal
alkoxides and hydroxides. In Miller’s original 1956 report, catalytic sodium methoxide
was used to trigger addition of phosphine oxides to enones and acrylonitrile [450].
Similarly, KOH or NaOH can promote phospha-Michael additions in certain cases,
though strong bases can lead to side reactions if not carefully controlled [448, 474].

Another group of bases are tertiary amines such as triethylamine or DABCO
(1,4-diazabicyclo[2.2.2]octane) can effectively catalyze P — H additions by base
deprotonation. For example, triethylamine is often used in the synthesis of -
phosphonomalonates from diethyl phosphite and activated alkenes, providing moder-
ate to good yields under mild conditions [475]. 4-Dimethylaminopyridine (DMAP) is
another effective base catalyst. One of recent ideas is the use of a recyclable DMAP-
derived salt. Researchers prepared a 4-(N,N-dimethylaminopyridinium) saccharinate
salt that acts as a strong base catalyst but can be precipitated and recovered, enabling
multiple uses without significant loss of activity. Such advances combine the efficiency
of homogeneous amines with the easy separation of a heterogeneous system [449].
Reaction of catalyst preparation is presented on Scheme [67| and catalysed by DMAP
is presented on Scheme [68]
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Scheme 68. Phospha-Michael reaction with 4-Dimethylaminopyridine (DMAP) as cata-
lyst [449].

Interesting group are guanidines and amidines. Strong organic bases like 1,1,3,3-
tetramethylguanidine (TMG) (Figure and bicyclic amidines have proven highly ef-
ficient. Tetramethylguanidine was presented to catalyze phospha-Michael additions to
a broad array of acceptors, such as a,3-unsaturated ketones, nitriles, aldehydes or
even imines (as presented on Scheme [69), under mild conditions, in what was one of
the earliest demonstrations of organocatalysis for this reaction [476]. The superbasic
bicyclic guanidine TBD (1,5,7-triazabicyclo[4.4.0]dec-5-ene) was later reported by Tan
and co-workers to facilitate both direct two-component additions and three-component
conjugate additions, adding a phosphite in the presence of an enone and an aldehyde,
with high efficiency [477]. These bases are strong enough to deprotonate dialkyl phos-
phites and related P — H compounds, yet often operate under near-ambient conditions
[476, 477].

Figure 61. Structure of TMG - 1,1,3,3-tetramethylguanidine [476].
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Scheme 69. Reactions with TMG as catalyst [476].

Research continues to discover new organic base catalysts with enhanced activity
or special properties. A recent example is the use of 1,1-diamino-2,3-diazene (di-
aminoazine - Figure derivatives as organocatalysts. Wani et al. (2021)[478] found
that 1,1-diaminoazine compounds, diaminated azines are highly effective for phospha-
Michael additions of secondary phosphine oxides, providing faster reactions and higher
yields than many conventional bases. Reaction is presented on Scheme These
catalysts were even able to promote the reaction in aqueous media, demonstrating
their strength and unique solubility profile - an advantageous feature for greener chem-
istry [478].

R

H Y
A”RJ\\N'NYN“H

H'N\H

Figure 62. Structure of TMG - 1,1,3,3-tetramethylguanidine [478].

H 0] “~ 0
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Scheme 70. Phospha-Michael reaction with 1,1-diamino-2,3-diazene (diaminoazine) deriva-
tives as organocatalyst [478].

Another unconventional base that has been explored is tris(hydroxymethyl)aminomethane
(TRIS), a common biological buffer. In 2015-2017, Kim and co-workers reported that
TRIS can serve as an efficient organobase catalyst for forming g-phosphonomalonates
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in one-pot multi-component reactions, as presented on Scheme [71] with the benefit of
being low-cost, low-toxicity, and operable under solvent-free conditions [479, 480].

o= R vield = 90%
H\ RO, _ time<2h
"P-OR! \ O
N”/f %N R1O \ R O\#/OR
. . HO— OH N
N N \ =
( S A~ l HO—: :MH2 / - R/\(
! ' R'O
o I 1 :P—OR‘ organocatalyst/ Nl
J\ RO yield < 60%
R H time > 6h

R= aryl, heteroaryl: R' = Me, Et

Scheme 71. Synthezis of S-phosphonomalonates in one-pot multi-component reaction with
tris(hydroxymethyl)aminomethane as catalyst [480].

To facilitate catalyst recovery, supported base catalysts have been developed.
Polymer-supported BEMP, PS-BEMP, where BEMP is a Verkade superbase, is one
example, presented on Figure [63] It was demonstrated that PS-BEMP resin could
catalyze phospha-Michael additions of various dialkyl phosphites to electron-poor
alkenes under solvent-free conditions, giving high yields across aromatic, aliphatic,
and cyclic «a,5-unsaturated carbonyls [481]. After reaction, the solid base could be
filtered off and reused, aligning with green chemistry principles.

\
Sash
(°s)

Figure 63. Structure of 2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-
diazaphosphorine supported on polystyrene (PS-BEMP) [481].

Building on the idea of recoverable catalysts, fluorous-tagged bases like long-chain
fluorous pyridines have been used to catalyze phospha-Michael reactions and then be
separated by fluorous phase extraction [449].

Acidic catalysts can also promote the phospha-Michael reaction in certain cases,
although they are less common than bases. The mechanism here is different - a
Brensted or Lewis acid is thought to activate the electrophilic alkene by protonating
or coordinating to the electron-withdrawing group, increasing its susceptibility to at-
tack by the P-nucleophile. In some instances, acids may also assist in protonating
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4.3 Phospha-Michael addition reaction - catalysts

intermediate anions or stabilizing transition states. One example is perchloric acid on
silica HCI1O, — Si0O, - heterogeneous Brgnsted acid catalyst. It was proven in the
reaction where dialkyl phosphites is added to «,5-unsaturated malonates to give (-
phosphonomalonates in high yields 83-93% under solvent-free and room-temperature
conditions (Scheme [72). The catalyst was recovered by simple filtration, dried, and
reused several times, making the method eco-friendly and economical [461, 482].

O

2 N
R HCIO,4-SIO, (3 mol%) o, L(OFEL2)
= _CN + P(OEt); - R%. CN

R solvent-free

R1
CN CN
R' = aryl, heteroaryl, alkyl
R? = alkyl, H

Scheme 72. Synthezis of S-phosphonomalonates in one-pot multi-component reaction with
perchloric acid on silica as catalyst [482].

Molecular iodine I, has emerged as a mild Lewis acid or halogen-based catalyst
for various organic reactions. It was proven that I, catalyzes the conjugate addition
of H-phosphites to «,8-unsaturated malonates in aqueous micellar solution [483]. lo-
dine often in the presence of a surfactant like sodium stearate to form micelles likely
activates the double bond by forming charge-transfer complexes or iodonium ion in-
termediates, enabling the phosphite to add. This method avoided strong bases and
worked under nearly neutral conditions, plus this catalyst could be recovered by simple
workup. The use of elemental iodine exemplifies the drive toward more sustainable
and recyclable catalysts in phospha-Michael chemistry [483].

One of the primary roles of metal catalysis in the phospha-Michael addition is to
function as Lewis acids. Lewis acidic metal compounds, such as aluminum trimethyl
AlM es and titanium tetraisopropoxide 7'i(OiPr),, can activate the Michael acceptor by
coordinating to its electron-rich heteroatom like the carbonyl oxygen of an enone [326,
448]. This coordination withdraws electron density from the C = C double bond, in-
creasing the electrophilicity of the g-carbon and making it more susceptible to attack by
the phosphorus nucleophile. This strategy is particularly useful for reactions involving
less reactive Michael acceptors or for promoting additions that are inactive under base-
catalyzed conditions [326]. Transition metal complexes, particularly those of platinum
and palladium, are often required for the phospha-Michael addition of primary RPH,
or secondary phosphines R,PH [448, 474]. Unlike H-phosphonates, these P(/I1)
compounds react through a different mechanism that is effectively facilitated by tran-
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4.3 Phospha-Michael addition reaction - catalysts

sition metal catalysts. Furthermore, specific metal catalysts have been developed for
additions involving other classes of phosphorus nucleophiles. For example, an efficient
Ti(OiPr),-catalyzed addition of dimethylphosphine oxide to aldimines has been re-
ported, demonstrating the utility of metal catalysis for specific substrate combinations
that are challenging for other systems [448]. While lanthanide-based catalysts have
shown immense promise in general Michael additions due to their unique coordina-
tion properties, their application specifically to the phospha-Michael reaction remains
a relatively nascent and underexplored area [484].

It should be noted that purely acid-catalyzed phospha-Michael additions are less
common because most P — H compounds require deprotonation to become nucle-
ophilic. Thus, acid catalysts are typically employed in conjunction with or on bifunc-
tional supports that also have basic sites [482].

In a distinct departure from base catalysis, tertiary phosphines PR3 can promote
the phospha-Michael addition through a nucleophilic catalysis mechanism. In this
pathway, the phosphine itself does not act as a Bronsted base to deprotonate the
H-phosphonate. Instead, it functions as a potent Lewis base, initiating the catalytic cy-
cle by attacking the g-carbon of the Michael acceptor [457, 485]. This initial conjugate
addition step generates a zwitterionic phosphonium enolate intermediate [457, 485].
This highly reactive intermediate is the key to the catalytic cycle. It is sufficiently basic
to deprotonate the H-phosphonate, thus generating the nucleophile of the active phos-
phite anion along with a phosphonium cation [457]. The newly formed phosphite anion
then adds to a second molecule of the Michael acceptor to form the final product, re-
generating the tertiary phosphine catalyst in the process. The efficacy of this catalytic
cycle is critically dependent on the electronic and steric properties of the phosphine.
Electron-rich trialkylphosphines like n — Bus P are highly nucleophilic and generally ex-
hibit high reactivity, but their pronounced sensitivity to oxidation often necessitates the
strict exclusion of air, limiting their practical utility [457, 486]. In contrast, triarylphos-
phines are far more stable towards oxidation. While standard triphenylphosphine Phs; P
is often insufficiently nucleophilic, the development of electron-rich triarylphosphines,
such as tris(4-methoxyphenyl)phosphine (TMTPP) (Figure [64), has provided a class of
catalysts that balance high reactivity with operational stability [486].
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P

OMe
Figure 64. Structure of tris(4-methoxyphenyl)phosphine [486].

The most significant modern advance in phospha-Michael chemistry has been
the development of asymmetric organocatalysis, which enables the synthesis of
chiral organophosphorus compounds with high levels of enantioselectivity. This
has been achieved through the rational design of chiral catalysts that can control
the three-dimensional trajectory of the reaction. The breakthrough in asymmetric
phospha-Michael additions came with the advent of bifunctional organocatalysts.
These molecules possess two distinct functional groups within a single chiral scaffold:
a Lewis basic site (typically a tertiary amine) and a Brgnsted acidic/hydrogen-bond
donor site such as a thiourea or squaramide moiety. This dual-functionality allows
the catalyst to perform two essential tasks simultaneously, orchestrating the reaction
with remarkable precision [459, 487, 488]. The mechanism of these catalysts is a
model of molecular choreography. The basic tertiary amine group, for example the
quinuclidine nitrogen in a cinchona alkaloid-derived catalyst (Figure [65), interacts with
the H-phosphonate, acting as a general base to facilitate the tautomerization to the
nucleophilic phosphite form [488].

_ X=0ors
R\ R'=C,H; or CHCH, CF;
N A AL

A H Ho A

X /NJ\ *JN\’ =y N P A N
T i .
/[_\/| [ ] BnO' ]\Ex
F.C7 7 CF, F.c7 ™ “CF, N

Figure 65. Figures of (thio)urea-substituted bifunctional cinchona alkaloid catalysts [488].

Concurrently, the acidic N — H protons of the squaramide or thiourea moiety en-
gage the Michael acceptor through a network of hydrogen bonds. This non-covalent
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interaction serves two purposes: it activates the electrophile by withdrawing electron
density, and it holds the substrate in a specific orientation within the catalyst’s chiral
pocket. This pre-organization of the reactants ensures that the nucleophilic phosphite,
generated in close proximity, attacks one of the two enantiotopic faces of the C = C
double bond preferentially, leading to the formation of one enantiomer of the product
in excess [459, 488, 489]. The success of this strategy represents a triumph of ra-
tional catalyst design, where two distinct chemical problems-nucleophile generation
and stereocontrol-are solved concurrently by a single, well-designed molecule. This
approach moves beyond simple activation to achieve a high level of molecular organi-
zation, which is the hallmark of modern asymmetric catalysis [459, 488, 489].

4.4 Phospha-Michael addition reaction - results and
discussion on use of ecocatalysis

4.4.1 Methodology

The same catalyst as in the hydrophosphonylation experiments was employed.

For details regarding its preparation, see Section 2.4.1.1| (p. |124) |Preparation of Eco-|

MgZnOx catalyst derived from Arabidopsis halleri|

The reactions were carried out according to the same protocol as in the hydrophos-
phonylation experiments, described in Section [2.4.1.2] (p. [126)) [General procedure for|
C red O s
The same methods were applied as in Section [2.4.1.3] (p. [127) [Analysis of cata-|
lyst, reaction mixtures and products, including the calculation of conversion. In this

case, however, in some cases an optically active product was obtained, for which an
additional calculation method was applied.

4.4.2 Optimization results of the phospha-Michael addition reac-
tion

The Table presents the optimization results of the phospha-Michael reaction,
including the choice of optimal conditions and reactions with commercially available
oxides. The data includes conversion rates both without a catalyst and with the use of
Ecocatalysts (coming from Poland - P and coming from France - F). Different solvents
were also tested in some reactions. The study was carried out using a model phospha-
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Michael reaction between malononitrile derivative 6a and diethyl phosphite 2a, leading
to the formation of the corresponding adduct 8a, and it is called in this thesis as model
reaction of phospha Michael addition (A). This transformation involves the addition of
a P-H bond across an activated double bond, representing a typical example of the
phospha-Michael reaction. The reaction scheme is included in the first row of Table [36]
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Table 36. Optimization results of the phospha-Michael reaction

EtO. F’/’O
EtO”
™ CN . H‘PpEt | N _CN
CN o OFt = CN
6a 2a 8a

Conversion® with EcoCatalyst

No. Catalyst T[°C] t[h] Conversion” Solvent
PL FR
1 - 50 3 16% 70%"“ 71%° None
2 - 50 4 21% 57%"“ 68%" None
3 - 50 3 16% 82%° 81%1 None
4 - 50 4 21% 89%° 85%¢1 None
5 - 50 4 0% 0% 0%® Ethyl acetate
6 - RT 4 0% 0% 0%° Ethyl acetate
7 - RT 4 0% 30%* 33%?" None
8 - RT 24 10% 68%"“ 73%?" None
9 - RT 24 0% 7% 7% Ethyl acetate
10 - 60 3 23% 84%"° 72%" None
11 - 50 5 19% 91%° 90%" None
12 - 50 5 19% 91%° 83%¢1 None
13 - 70 4 43% 100%* 95%¢1 None
14 - 70 3 28% 100%*“ 100%° None
15 - 70 4 42% 100%" 100%° None
16 - 70 3 16% 100%* 100%* None
17 - 70 3 0% 4% 6% Toluene
18 - 70 3 2% -a b Methanol
19 - RT 3 0% 4% 6% Dichloromethane
20 MgO* 70 3 93.5% None
21 MgO/ 70 3 60.6% None
22 ZnQ9 70 3 61.8% None
23 ZnO" 70 3 53.9% None
24  MgO+ZnQO? 70 3 92.2% None
25 MgO+ZnQ’ 70 3 87.8% None
26 CaCO3' 70 3 47.9% None
27 CaCO5™ 70 3 48.2% None
a 7.5 mg of Eco-MgZnOx-P: Mg (7.0 mol%), Ca (13.6 mol%), Zn (5.7 mol%);
b 7.5 mg of Eco-MgZnOx-F: Mg (3.5 mol%), Ca (11.4 mol%), Zn (4.9 mol%);
c 15 mg of Eco-MgZnOx-P: Mg (14.0 mol%), Ca (27.2 mol%), Zn (11.4 mol%);
d 15 mg of Eco-MgZnOx-F: Mg (7.0 mol%), Ca (22.8 mol%), Zn (9.8 mol%);
e Mg (7.0 mol%);
I Mg (3.5 mol%);
g Zn (5.7 mol%);
h Zn (4.9 mol%);
i Mg (7.0 mol%), Zn (5.7 mol%);
j Mg (3.5 mol%), Zn (4.9 mol%);
l Ca (13.6 mol%);
m Ca (11.4 mol%);
k Conversion determined by 3'P NMR of the crude reaction mixture;

RT room temperature.
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Among the different sets of parameters tested, the most efficient conditions were
identified as 70°C, 2 h, under solvent-free conditions, with a catalyst loading corre-
sponding to 5 mol% of Zn (calculated based on the metal content of the eco-catalyst).
Under these optimized conditions, both Eco-MgZnOx-P and Eco-MgZnOx-F provided
nearly quantitative conversions with excellent selectivity. These conditions were sub-
sequently applied in all further catalytic studies, including reusability tests and scale-up
experiments.

The optimization results of the phospha-Michael reaction with malononitrile as a
substrate show clear differences depending on the reaction conditions, the use of eco-
catalysts, and the choice of commercial oxides. Without any catalyst, the reaction
proceeds only to a limited extent. At room temperature no significant conversion was
observed (0-10%), while at elevated temperatures (50-70°C) the conversion increased
slightly but remained low, reaching a maximum of 43% after 5 hours at 70°C. In con-
trast, the introduction of ecocatalysts, led to a dramatic improvement in efficiency.

The influence of solvents was negative. Ethyl acetate completely suppressed the
reaction, while other tested solvents such as toluene, methanol, and dichloromethane
resulted in very low conversion values. The best results were therefore obtained under
solvent-free conditions.

Commercially available oxides were also investigated as catalysts. Magnesium ox-
ide showed the highest activity, giving almost 94% conversion. Zinc oxide was mod-
erately active, with conversion between 54% and 62%, while mixtures of both oxides
reached high values of 88-92%. Calcium carbonate exhibited only moderate efficiency,
with conversions below 50%.

In phospha-Michael reactions, the conversion of diethyl H-phosphonate into the cor-
responding addition products was determined by quantitative *'P NMR spectroscopy.
Since both the starting material and the products contain exactly one phosphorus atom,
the molar ratios can be directly obtained from the integrals of their 3P resonances. Af-
ter baseline correction and phase adjustment, integrals were measured for the signals
corresponding to the substrate and the product. The molar conversion was calculated
according to the general formula:

. 1
Conversion (%) = product x 100%

I product + 1 substrate

where Inoquct @and Isupstrate denote the integrals of the respective signals.
As an example, the phospha-Michael addition of benzylidene malonitrile to diethyl
H-phosphonate (2a) afforded the product 8a. The crude reaction mixture after the reac-
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tion is presented in the Figure[66] In the 3!P NMR spectrum, the signals were observed
at § = 8.18 ppm (substrate 2a) and § = 21.20 ppm (product 8a). The corresponding
integrals were 1.00 (2a) and 2.36 (8a). Substitution into the formula gave:

abundance

4

03

1]

36

=90 100% ~ 70.2%.
536 1 100 100% %

Conversion =

EtO. .0
EtO”

_CN
~ CN

8a
QEt

? & TOEt

2a

Bl Todr Y S0 40n 00 20 RIRE) ] =1

X : parts per Million : Phosphorus31

Figure 66. >'P NMR spectrum (243 MHz, CDClIs) of the crude reaction mixture after the reac-
tion of benyzlidene malononitrile with diethyl H-phosphonate.

The second model reaction of phospha-Michael addition was carried out between

ethyl cyano(phenylmethylene)acetate 7a and diethyl H-phosphonate 2a, affording the
adduct 9a. Similar to the first model system, the optimization focused on determining
the influence of temperature, reaction time, solvent, and the application of ecocatalysts,
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Table 37. Optimization results of the phospha-Michael reaction (Reaction B), without solvent

EtO.__O
Eo’h
« \‘:‘“\T"CN ) H‘P;OEt N |/CN
| _~  C(O)OEt o OEt | ) Cc(o)oEl
7a 2a 9a

. k .
No. Catalyst T[°C] t[h] Conversion* Conversion® with Ecocatalyst

PL FR

1 - 50 3 0% 94%"° 94%?
2 - 50 4 2% 95%*° 94%?
3 - 70 3 6% 100%* 100%°
4 - 70 3 5% 100%* 100%°
5 MgO¢ 70 3 96%

6 MgO? 70 3 96%

7 ZnQ¢ 70 3 96%

8 ZnO/ 70 3 17%

9  MgO+ZnQ¢ 70 3 99%
10 MgO+ZnO" 70 3 88%
11 CaCOs! 70 3 7%
12 CaCOy’ 70 3 6%

as well as the activity of commercially available oxides.

7.5 mg of Eco-MgZnOx-P: Mg (7.0 mol%), Ca (13.6 mol%), Zn (5.7 mol%);
7.5 mg of Eco-MgZnOx-F: Mg (3.5 mol%), Ca (11.4 mol%), Zn (4.9 mol%);
Mg (7.0 mol%);

Mg (3.5 mol%);

Zn (5.7 mol%);

Zn (4.9 mol%);

Mg (7.0 mol%), Zn (5.7 mol%);

Mg (3.5 mol%), Zn (4.9 mol%);

Ca (13.6 mol%);

Ca (11.4 mol%);

Conversion determined by 3'P NMR of the crude reaction mixture;

RT room temperature.

STQ - 0O o O <o Q9

. S

The results presented in Table 37| show that, in the absence of a catalyst, the re-
action proceeds very poorly, with conversions between 0 and 6% even at elevated
temperatures. However, the introduction of ecocatalysts, either from Poland (P) or
from France (F), led to excellent results, with conversions reaching 94-100% under
the same conditions. This again confirms the high catalytic efficiency of ecocatalysts,
comparable or superior to conventional catalysts.

Commercial oxides demonstrated significant differences in activity. Magnesium ox-
ide exhibited very high conversions, while zinc oxide was less effective, giving values
between 17% and 96% depending on the conditions. A mixed Mg¢O + ZnO system
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performed particularly well, achieving conversions of 88-99%. In contrast, calcium car-
bonate proved to be much less active, with conversions not exceeding 7%.

Overall, the optimization results confirm that the phospha-Michael reaction is
strongly dependent on catalysis. Ecocatalysts ensured almost complete conversion
under mild, solvent-free conditions.

Optimized conditions were decided for as 70°C, 3 h, under solvent-free conditions,
with a catalyst loading corresponding to 5 mol% of Zn (calculated based on the metal
content of the eco-catalyst) for both substrates.

The third model reaction of the phospha-Michael addition was carried out between
benzylidenemalonic acid diethyl ester (7g) and diethyl H-phosphonate (2a). Similar to
the previous model system, the optimization focused on determining the influence of
temperature, reaction time, solvent, and the application of EcoCatalysts. The reaction
scheme is included in the first row of Table Results are presented in Table 38

Table 38. Optimization results of the phospha-Michael reaction (Reaction C), without solvent

EtO._.0O
EtO” o
OEt
| x \\T,,C(O)OEt . H“P" | X C({O)OEt
2 C(O)OEt g OFEt 2 C(O)OEt
79 2a of
- - - b
No. T[C] t[h] Conversion Conversion with EcoCatalyst
without catalyst® PL FR
1 50 3 0% 0%° 0%
2 50 48 0% 13%° 7%
3 70 4 0% 0%* 2%
4 70 20 0% 17%9 12%"
5 70 20 0% 14%¢ (6.4:1) 10%7 (6.0:1)

a Reaction conditions: substrate (0.23 mmol), diethyl phosphite (0.23 mmol);

b determined by 'P NMR of crude reaction mixture;

c 7.5 mg of Eco-MgZnOx-P: Mg (7.0 mol%), Ca (13.6 mol%), Zn (5.7 mol%);
d 7.5 mg of Eco-MgZnOx-F: Mg (3.5 mol%), Ca (11.4 mol%), Zn (4.9 mol%);

e 15 mg of Eco-MgZnOx-P: Mg (14.0 mol%), Ca (27.2 mol%), Zn (11.4 mol%);
f 15 mg of Eco-MgZnOx-F: Mg (7.0 mol%), Ca (22.8 mol%), Zn (9.8 mol%);

g 30 mg of Eco-MgZnOx-P: Mg (28.0 mol%), Ca (54.4 mol%), Zn (22.8 mol%);
h 30 mg of Eco-MgZnOx-F: Mg (14.0 mol%), Ca (45.6 mol%), Zn (19.6 mol%).

Despite increasing the catalyst loading and prolonging the reaction time, the results
of this model system were not satisfactory. Conversions remained low, and only in the
final entry a diastereomeric ratio (6.4:1 for Eco-MgZnOx-P and 6.0:1 for Eco-MgZnOx-
F) could be determined, confirming the formation of the expected product. However,
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this observation did not outweigh the general lack of efficiency. Moreover, performing
reactions with higher catalyst amounts (20-30 mg) proved experimentally inconvenient,
as the reaction mixtures became difficult to stir with a magnetic stir bar. For these
reasons, benzylidenemalonic acid diethyl ester was not selected for further studies.

4.4.3 Reusage of the catalyst in the phospha-Michael addition re-
action

To evaluate the recovery and reuse of Eco-MgZnOx-P and Eco-MgZnOx-F in this
process, the phospha-Michael addition of ethyl 2-cyano-3-phenylacrylate (7a) with di-
isopropyl H-phosphonate (2c) under optimized conditions was employed as a model
reaction (Figure 8). The reaction conditions were as follows: 3 hours, 70°C, neat,
with Eco-MgZnOx. The appropriate Eco-MgZnOx catalyst (Eco-MgZnOx-P (5.7 mol%
of Zn) or Eco-MgZnOx-F (4.9 mol% of Zn)) was added to a glass vial containing the
alkene (7a, 5.52 mmol) and H-phosphonate (2c¢, 5.52 mmol). The mixture was stirred
at 70°C for 3 hours, as determined from reaction optimization.

After the reaction time elapsed, methanol (2 mL) was added, and the mixture was
centrifuged at 6000 rpm for 5 minutes. The organic layer was separated, and an ad-
ditional portion of ethyl acetate (2 mL) was added to the remaining catalyst, followed
by repeated centrifugation. This catalyst washing process was repeated four times.
The combined organic layers were evaporated under vacuum, and the resulting crude
product was purified by crystallization. The remaining solid catalyst was dried in an
oven at 500°C for 5 hours and then reused in subsequent reactions. This process was
repeated four times.

During these tests, no significant difference between the reactions catalyzed by
Eco-MgZnOx-P and Eco-MgZnOx-F was observed, as presented in the Table [39]

a Reaction conditions: aldehyde (0.23 mmol), diethyl acetate (0.23 mmol).
b Determined by 3!P NMR.

4.4.4 Scale-up of the phospha-Michael addition reaction

Scaling the reaction from 0.23 mmol to 6.4 mmol (1.8 g of product) worked just as
well: 99% conversion and 96-97% yield for both Eco-MgZnOx-P and Eco-MgZnOx-F
what was presented in the Table This shows that ecocatalyst usage in phospha-
Michael reaction is robust on larger batches and has clear potential for further scale-up
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Table 39. Recovery and reuse tests of the Eco-MgZnOx catalysts in phospha-Michael addition
reaction?.

iPrC’)\pZO
T ool o
@f COoEt & O F O C(O)OEt
Ta 2c 11a

Ecocatalyst Run Conversion® (%) Ca (wt%) Mg (Wt%) Zn (wt%)

Eco-ZnOx-P  Reaction 0 97.0 141 5.0 10.6
Reaction 1 95.9 14.4 4.4 9.9
Reaction 2 96.0 15.0 4.4 9.8
Reaction 3 95.6 12.7 3.9 8.1

Eco-ZnOx-F Reaction 0 94.0 14.3 2.2 10.1
Reaction 1 93.1 14.4 1.9 9.5
Reaction 2 92.8 14.8 1.9 9.6
Reaction 3 92.9 11.9 1.8 8.7

Table 40. Scale-up of the model reaction of phospha-Michael addition

iPrO,P,/o
| iPro”
SN, T 5 e
C(O)OEt o Oifr _~  C(O)OEt

7a 2c 11a
Catalyst Conversion [%]° Yield [%)]
Eco-MgZnOx-P¢ 99% 96%°
Eco-MgZnOx-F4 99% 97%

and preparative or pilot-scale use.

Reaction conditions: benzaldehyde (1): 6.4 mmol, malononitrile (2): 6.4 mmol, H-phosphonate (3): 6.4 mmol.
Determined by >1P NMR of crude reaction mixture.

210 mg of Eco-MgZnOx-P: Mg (7.0 mol%), Ca (13.6 mol%), Zn (5.7 mol%).

210 mg of Eco-MgZnOx-F: Mg (3.5 mol%), Ca (11.4 mol%), Zn (4.9 mol%).

1795 mg of pure product (3).

1795 mg of pure product (3).

“ 0 a0 o9

4.4.5 Substrate scope of the phospha-Michael addition reaction

A comprehensive substrate scope investigation was conducted for the phospha-
Michael reaction, exploring various carbonyl substrates and different H-phosphonates.

222



4.4 Phospha-Michael addition reaction - results and discussion on use of ecocatalysis

The results, presented in the Figures [67] and [68] illustrate the structures of the com-
pounds obtained under optimized conditions for both reactions - Reaction A and Reac-
tion B. Each figure also specifies the conversion and yield for the reaction, providing a
detailed assessment of the process efficiency across different substrate combinations.
All reactions were performed in optimized conditions (70°C, 3 h, solvent-free, catalyst

loading corresponding to 5 mol% of Zn).
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Scheme@. General scheme of phospha-Michael addition reaction catalysed with Eco-MgZnOx
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Figure 68. Substrate scope of phospha-Michael reaction - scope of carbonyl compounds (Re-
action B). Numbers next to each entry are conversions and values in parentheses are isolated
yields.
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Figure 70. Substrate scope of phospha-Michael reaction - scope of H-phosphonates (Reaction
B). Numbers next to each entry are conversions and values in parentheses are isolated yields.

The reaction works across simple phenyl (8a) and substituted arenes bearing halo-
gen (8c) and strongly electron-withdrawing nitro (8d) groups, as well as alkyl substitu-
tion (8e). Heteroarenes are tolerated, including quinolinyl (8f) and thienyl (8g) motifs.
Yields are generally very high (typically 87-99%). More congested alkenes show some
drop: a tetrasubstituted acceptor (8h) gives 73-80%, and an ortho-alkoxy substrate (8i)
gives 72%.

The method also covers Michael acceptors that include a cyano-ester group. Over-
all, both electron-rich, electron-poor and heteroaryl systems are compatible.

From the nucleophile scope most conversions are high 98-99% (Figures
and[70). Bulkier diisopropyl H-phosphonate gives 87-97%, and dibutyl H-phosphonate
with malononitrille is the lowest but still good (80-81%), indicating some steric
sensitivity at phosphorus.

Both eco-catalysts (EcoMgZnO-P and EcoMgZnO-F) perform similarly across the
board; in a few cases the F-variant is slightly higher, especially with more demanding
substrates, but differences are small.

The phospha-Michael addition is broadly applicable to activated alkenes (arylidene-
malononitriles and aryl cyanoacrylates) and to a wide range of H-phosphonates. It tol-
erates electron-withdrawing and electron-donating groups, halides, and heteroarenes,
delivering mostly high to near-quantitative yields, with only sterically crowded cases
giving lower (yet still useful) conversions.

To further evaluate the substrate scope of the developed methodology, additional
alkenes were tested in the phospha-Michael addition reaction (Scheme [3). These
experiments were carried out under the conditions optimized for the model substrates.
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Table 41. Phospha-Michael addition reaction of different alkenes with diethyl phosphite.

b Conversion Conversion® with EcoCatalyst
Alkene® Phosphonate
without catalystc PL‘ FRe®
2-cyclohexen-1-one diethyl phosphite 0% 19% 17%
0
cyclohexene diethyl phosphite 0% 9% 0%
methyl acrylate diethyl phosphite 0% 0% 0%
0.
H,CZ ) CHs
o}
trans-4-Phenyl-3-buten-2-one  diethyl phosphite 0% 36% 50%
o}
3-buten-2-one diethyl phosphite 0% 45% 35%
0
Hc J__cH,
trans-g-nitrostyrene diethyl phosphite 0% 12% 11%
@/“\v“oz
phenyl vinyl sulfone diethyl phosphite 0% 35% 26%

QU 6 o 2

0.23 mmol of alkene;

0.23 mmol of diethyl phosphite;
determined by !P NMR of the crude reaction mixture;

7.5 mg of Eco-MgZnOx-P: Mg (7.0 mol%), Ca (13.6 mol%), Zn (5.7 mol%);
7.5 mg of Eco-MgZnOx-F: Mg (3.5 mol%), Ca (11.4 mol%), Zn (4.9 mol%).
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Scheme@. General scheme of phospha-Michael addition reaction catalysed with Eco-MgZnOx

For the additional alkenes studied, activation in the presence of EcoCatalysts
proved to be much weaker compared to the model substrates. For some compounds
only low conversions were observed (below 20%), while in the case of methacrylates
or methyl acrylate the reaction practically did not occur. The highest activity among
this extended set was observed for 3-buten-2-one, which reached 45% and 35%
conversion with Eco-MgZnOx-P and Eco-MgZnOx-F, respectively. The results indicate
that the proposed reaction conditions are highly effective for «, S-unsaturated nitriles,
ketones, and aromatic derivatives, but are much less suitable for less activated alkenes
such as simple alkenes or acrylates.

All the products were subject of NMR spectra confirmation - all the details are de-
scribed in last chapter. For example, for 8i compound - Diethyl (1,1-dicyano-2-(furan-2-
yl)propan-2-yl)phosphonate presented on Figure [71] the structure of the diethyl phos-
phonate featuring a furan ring and a dicyanomethyl group was proved. The 3'P spec-
trum (Figure [74) contains a single signal at 20.48 ppm, demonstrating the presence of
a single, pure phosphorus-containing species. In the 'H spectrum (Figure [73), three
signals are visible in the 6.4—7.5 ppm range, which are characteristic of a substituted
furan ring. Crucial for verifying the structure are the doublets at 1.87 ppm (methyl
group) and 4.69 ppm (proton of the —C'H(C'N), group), both of which exhibit distinct
splitting by the phosphorus atom. The complex multiplets of the ethoxy groups (3.8—4.1
ppm) result from the chirality of the molecule, rendering these protons diastereotopic
(magnetically non-equivalent). The '3C spectrum (Figure reveals the complete
molecular skeleton, including the central quaternary carbon appearing as a doublet
around 43 ppm due to C' — P bonding. The consistency of the chemical shifts and the
presence of spin couplings with phosphorus across all spectra conclusively confirm the
correctness of the proposed structure.

Another example is compound 11a (Figure which is an organic phosphonate
derivative containing a phenyl ring, a cyano group, and esters.The 3! P NMR spectrum
(Figure reveals two closely spaced resonance signals at chemical shifts of 21.44
ppm and 21.32 ppm, indicating the presence of a mixture of diastereomers of this
compound.In the proton spectrum (Figure [77), in the range of 7.2-7.5 ppm, multiplets
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Figure 71. 8i - Diethyl (1,1-dicyano-2-(furan-2-yl)propan-2-yl)phosphonate
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Figure 72. 3C NMR spectrum of 8i - Diethyl (1,1-dicyano-2-(furan-2-yl)propan-2-
yhphosphonate

corresponding to the five aromatic protons of the phenyl ring are visible.The middle re-
gion of the ' H spectrum (3.5—4.6 ppm) contains complex signals of methine protons as
well as protons of the OC H and OC H, groups, whose complex shape also stems from
the presence of isomers.The high-field region (0.7—1.3 ppm) is dominated by intense
methyl group signals originating from isopropyl residues and the ethyl group. The car-
bon spectrum (Figure [76) confirms the backbone structure, showing a carbonyl carbon
signal at approx. 164 ppm and a cyano group carbon near 115 ppm. In the 3C spec-
trum, numerous doublets resulting from J-_p coupling are observed, and the doubling
of certain lines further confirms the presence of diastereomers. A comprehensive anal-
ysis of chemical shifts in all spectra confirms consistency with the structural formula of
the 11a compound, taking into account its stereochemical complexity.
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Figure 73. 'H NMR spectrum of 8i - Diethyl (1,1-dicyano-2-(furan-2-yl)propan-2-
yhphosphonate
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Figure 74. 3P NMR spectrum of 8i - Diethyl (1,1-dicyano-2-(furan-2-yl)propan-2-
yhphosphonate

229



4.4 Phospha-Michael addition reaction - results and discussion on use of ecocatalysis

NC__ _C(O)OEt

I fO'E-F’r

o TP

(\{ O “Oi-Pr
L

Figure 75. 11a - Ethyl 2-cyano-3-(diisopropoxyphosphoryl)-3-phenylpropanoate
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Figure 76. '3C NMR spectrum of 11a - Ethyl 2-cyano-3-(diisopropoxyphosphoryl)-3-
phenylpropanoate

4.4.6 Conclusions

In this chapter it was demonstrated that the Eco-MgZnOx catalyst derived from
Arabidopsis halleri biomass is an effective heterogeneous catalyst for the phospha-
Michael addition of dialkyl H-phosphonates to activated alkenes. The catalyst enables
efficient C' — P bond formation under mild and solvent-free conditions, providing access
to phosphonated compounds in high yields and with good selectivity.

The developed catalytic protocol operates at moderate temperatures and requires
only a low catalyst loading. A wide range of activated Michael acceptors, including
arylidene malononitriles and cyanoacrylates, were successfully converted in the pres-
ence of Eco-MgZnOx. The reactions typically proceeded with high conversions and
clean product profiles, allowing straightforward isolation of the desired phosphonate
products. The method showed good tolerance toward different substituents on the
aromatic ring and various dialkyl H-phosphonates as phosphorus nucleophiles.

Comparative studies revealed that Eco-MgZnOx exhibits significantly higher cat-
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Figure 77. 'H NMR spectrum of 11a - Ethyl 2-cyano-3-(diisopropoxyphosphoryl)-3-
phenylpropanoate
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Figure 78. °3'P NMR spectrum of 11a - Ethyl 2-cyano-3-(diisopropoxyphosphoryl)-3-
phenylpropanoate

alytic activity than single-component oxides such as Mg¢gO or ZnO, as well as their
physical mixtures. This enhanced performance is attributed to the bifunctional char-
acter of the catalyst, combining basic M gO sites responsible for activation of the H-
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phosphonate with Lewis-acidic ZnO sites that activate the electron-deficient alkene.
The cooperative action of these sites facilitates efficient addition across the C = C
bond and accounts for the observed catalytic synergy.

It was further shown that the Eco-MgZnOx catalyst is stable and reusable in the
phospha-Michael addition. The catalyst could be easily recovered from the reaction
mixture and reused in several consecutive cycles with only a minor decrease in activity.
Moreover, the reaction was successfully scaled up to the gram scale without loss of
efficiency, confirming the robustness and practical applicability of the catalytic system.

Overall, the results presented in this chapter confirm that Eco-MgZnOx represents
a versatile, recyclable, and environmentally benign catalyst for phospha-Michael ad-
ditions. This study further expands the scope of ecocatalysis in C'”P bond forma-
tion and demonstrates the potential of plant-derived polymetallic oxides for sustainable
organophosphorus synthesis.
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Chapter 5:
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5.1 Knoevenagel-phospha-Michael - chemical basis

5.1 Khnoevenagel-phospha-Michael - chemical basis

Cascade reactions, also referred to as domino or tandem reactions, represent
a highly sophisticated and powerful strategy in organic synthesis. Modern organic
synthesis aims to be fast, simple, and green, so multicomponent reactions have be-
come very important [490, 491]. These reactions, which combine three or more start-
ing substrates in a single synthetic operation to form a complex product, represent
a powerful strategy for rapid molecule construction [492, 493]. The Knoevenagel-
phospha-Michael reaction is a prime example of this class, functioning as a domino
or tandem multicomponent reaction that integrates two distinct bond-forming events:
a carbon-carbon bond formation via the Knoevenagel condensation, followed by a
carbon-phosphorus bond formation through a phospha-Michael addition [491]. The
overall scheme is presented in the Picture following with general reaction for this
thesis presented in the Scheme [4]

Step 1: Knoevenagel Condensation (Acceptor Formation)

Michael Acceptor
(Generated In Situ)

‘ o ‘ ActiveMethylene] —

Step 2: Phospha-Michael Addition (C-P Bond Formation)

MichaeiAcceptor] de ‘ P-Nucleophile

— [ Complex Product

Figure 79. Knoevenagel-phospha-Michael reaction
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SchemeEl. Knoevenagel-phospha-Michael model reaction

This approach allows for the assembly of highly functionalized organophosphorus
compounds from simple, readily available precursors - typically an aldehyde, an active
methylene compound, and a phosphite ester without the need to isolate intermediates
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[490]. This reaction is not just a lab novelty - it is central to process intensification -
building complex molecules as efficiently as possible, in as few steps as possible [492].

The success of this one-pot process depends critically on the kinetic harmony be-
tween the two steps. The catalyst must be capable of promoting both reactions ef-
ficiently. If the phospha-Michael addition is significantly slower than the Knoevenagel
condensation, the intermediate (I) can accumulate, potentially leading to side reactions
or an incomplete conversion. For example, studies using dipropylamine as a catalyst
showed significant accumulation of the Knoevenagel intermediate, whereas switching
to the more effective catalyst pentamethyldiethylenetriamine (PMDTA) drove the reac-
tion to completion, yielding predominantly the final phosphonate product [468]. This
demonstrates that the catalyst’s role is not just to initiate the reactions but to effectively
couple them in a kinetically efficient cascade.

5.2 Khnoevenagel-phospha-Michael - applications

The growing demand for cost-effective and environmentally responsible chemical
manufacturing has fueled the development of synthetic methodologies that align with
the principles of green chemistry [494]. The one-pot Knoevenagel-phospha-Michael
reaction is particularly attractive in this regard for several key reasons. First is atom
economy and procedural simplification. By telescoping multiple transformations into a
single vessel, the reaction inherently maximizes atom economy, ensuring that a greater
proportion of the atoms from the starting materials are incorporated into the final prod-
uct [490, 492]. This one-pot nature obviates the need for intermediate workup and
purification steps, which often require additional resources. This stands in contrast to
traditional two-pot procedures, in which the Knoevenagel intermediate is synthesized
and isolated first before the subsequent phosphorylation step, leading to increased
solvent waste, energy consumption, and time [491]. Another reason is focus on de-
veloping catalytic systems that enable the reaction to proceed under mild conditions,
such as at room temperature or under solvent-free protocols [475, 490, 494]. The use
of water as a reaction medium, which is economical, non-toxic, and non-flammable,
represents a particularly significant advance in sustainable synthesis [493]. The reac-
tion frequently delivers the desired products in good to excellent yields, often exceed-
ing 90% and in some cases reaching up to 99% [491, 493]. The high efficiency and
clean nature of the transformation simplify the final purification, which can sometimes
be achieved through simple crystallization, further reducing the reliance on chromato-
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graphic methods [491]. The intense focus on these "green" attributes in the scientific
literature is not merely descriptive; it is a primary driver of research in this area. New
catalysts and methodologies are consistently evaluated not only on their synthetic effi-
cency - yield and selectivity - but also on their sustainability metrics, including catalyst
recyclability, the use of benign solvents, and the avoidance of toxic metals [475, 494,
495]. Consequently, the Knoevenagel-phospha-Michael reaction has become a model
system for demonstrating and advancing the practical implementation of green chem-
istry principles in the synthesis of complex, high-value molecules.

Since the products obtained from this reaction are identical to those produced by the
phospha-Michael reaction, their applications are discussed in subchapter 4.2] (p.
[Phospha-Michael addition reaction - application|

5.3 Knoevenagel-phospha-Michael reaction - catalysts
used

In the phospha-Michael addition topic, supported base catalysts were mentioned.
Some solid bases include aminopropyl-functionalized silica for conjugate additions to
malonate derivatives[496], and basic alkaline earth oxides like C'aO or MgO are also
good phospha-Michael catalysts. In fact, heterogeneous basic oxides, including natural
phosphates and hydroxyapatite doped with base metals, have been tested as reusable
catalysts for tandem Knoevenagel-phospha-Michael sequences, as they combine ba-
sic sites with Lewis acidic sites to catalyze multi-step processes in one pot [475, 497].

Heterogeneous catalysts are highly valued for their ease of separation from the
reaction mixture, potential for recycling, and reduced product contamination. Metal
phosphates and doped apatites are some of the examples. Porous metal phosphates
and natural phosphate materials have emerged as robust, low-cost, and effective cat-
alysts. For instance, a new porous magnesium aluminum phosphate (MALPQO) with
a high surface area demonstrated excellent performance, yielding Knoevenagel prod-
ucts with up to 99% yield and showing remarkable recyclability [487, 494]. Example
of the one-pot reaction with MALPO was presented by Chowdhury and his team [498].
The aldehyde reactants were all cyclic, but had different substituents, and all showed
98-99% conversion. Reaction is presented on the Scheme 73]
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Scheme 73. Scheme of an example of the one-pot reaction with MALPO [498]

Similarly, naturally occurring phosphates, hydroxyapatite, and fluorapatite, particu-
larly when doped with Lewis acidic metal salts such as ZnCl, or Cu(II), act as pow-
erful catalysts. These systems benefit from a synergistic effect between the basic
phosphate support and the acidic metal centers, which co-activate the Knoevenagel-
phospha-Michael reaction substrates [494, 499].

The intriguing case of catalyst for the one-pot Knoevenagel-phospha-Michael reac-
tion is modified bone char material functionalized with sulfonic acid groups (bonechar —
nPrN — SOs;H) [500]. It was investigated as a heterogeneous Brgnsted acid cata-
lyst for the synthesis of pyrimidine-5-carbonitrile derivatives. The catalytic system was
optimized using a model reaction between 4-chlorobenzaldehyde, malononitrile, and
urea, where the best performance was achieved under solvent-free conditions at 80°C
with a low catalyst loading of 0.4 mol%. A wide range of aromatic aldehydes bear-
ing both electron-withdrawing and electron-donating substituents such as C1, Br, Me,
NO, were efficiently converted with yields above 90% within short reaction times. The
catalytic performance was further evaluated using turnover number and turnover fre-
quency, confirming the high efficiency of the system. Proposed mechanism of the
process follows a sequence of well-known transformations: initial Knoevenagel con-
densation between the aldehyde and malononitrile forms an activated intermediate,
which subsequently undergoes Michael addition with urea or thiourea, followed by cy-
clodehydration and tautomerization to afford the pyrimidine-5-carbonitrile product, what
was presented on Scheme [74]

CHO
X N CN NS CN
/|\ + | + < - I
HN™ NH; . CN 80°C. solvent free YHT NP NH,
R
X=0,8

Scheme 74. Reaction scheme of synthesis of pyrimidine-5-carbonitrile derivatives in the pres-
ence of bonechar — nPrN — SO3H as catalyst [500].
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This approach highlights a simple, economical, and environmentally friendly
strategy that combines solvent-free conditions, low catalyst loading, and the use of
a biomass-derived material, making it conceptually relevant to the development of
sustainable heterogeneous catalytic systems [500].

Another type of catalysts for this one-pot reaction are nanocatalysts. The use of
nanomaterials, such as ZnO nanorods and functionalized multi-walled carbon nan-
otubes - MWCNT, leverages an exceptionally high surface-to-volume ratio to achieve
enhanced catalytic activity [490, 501, 502]. These catalysts can promote the reaction
efficiently under mild, often solvent-free, conditions and are typically recoverable and
reusable for multiple cycles [501, 502].

Homogeneous catalysts often exhibit higher activity and selectivity due to the ab-
sence of mass transfer limitations, although their separation can be more challenging.
lonic liquids have been extensively explored as both solvents and catalysts for this
reaction. In particular, ionic liquids based on 1,4-diazabicyclo[2.2.2]octane (DABCO)
have proven to be exceptionally effective, providing excellent yields in short reaction
times with low catalyst loadings like 7 mol% [491]. Example reaction of DABCO-based
ionic liquid catalyst is presented on Scheme [75]

CN
O | 1.OR®
. X Pl
N 3 CN . (I:I) OR3 x ORS
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R’ R’

X=CN, COxEt

Scheme 75. Synthesis of 2-Oxindol-3-ylphosphonate with DABCO-based ionic liquid as cata-
lyst [491].

A possible mechanism suggests that the DABCO-based ionic liquids act as a bi-
functional catalyst, activating both the carbonyl compound and the active methylene
nucleophile via hydrogen bonding, while also serving as a proton shuttle to facilitate
the phosphite tautomerization [491], what is presented on Scheme [76]
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Scheme 76. Proposed mechanism of Knoevenael-phospha-Michael one-pot reaction catal-
ysed by DABCO [491].

Another catalyst group are amine-based organocatalysts. Simple organic bases
like 4-(N,N-dimethylamino)pyridine (DMAP) and pentamethyldiethylenetriamine
(PMDTA) are effective and inexpensive for this application [468, 493]. To overcome
the separation challenges of traditional homogeneous catalysts, innovative hybrid
systems have been developed. These include recoverable catalysts like the 4-N,N-
dimethylaminopyridinium saccharinate (DMAP-Hsac) salt, which is soluble during
the reaction but can be precipitated by adding a non-polar solvent, and fluorous
long-chained pyridines, which are soluble at elevated reaction temperatures but
phase-separate upon cooling. This kind of behaviour is called thermomorphic behav-
ior [449, 503]. These systems combine the high activity of homogeneous catalysis with
the practical recovery of heterogeneous catalysis. Phosphine catalysts are another
potential group of catalyst for Knoevenagel-phospha-Michael reaction. Electron-rich
triarylphosphines, such as tris(4-methoxyphenyl)phosphine (TMTPP) outperform the
commonly used triphenylphosphine (TPP) in catalyzing Michael additions under mild,
solvent-free conditions, showcasing the potential of nucleophilic organocatalysis in
this domain [486].

240



5.3 Knoevenagel-phospha-Michael reaction - catalysts used

Last important topic is biocatalysis. Perhaps the most significant recent develop-
ment in the catalysis field is the discovery of the promiscuous catalytic activity of en-
zymes, particularly lipases, for this non-natural transformation [128, 475]. Lipases,
such as those from Candida cylindracea (CcL) and the immobilized Novozym 435,
can efficiently catalyze the entire Knoevenagel-phospha-Michael sequence [128, 475].
This biocatalytic approach offers unparalleled advantages. It is metal-free and oper-
ates under mild conditions like room temperature, neat or in water [475], the catalyst
is biodegradable, renewable, and can be recycled multiple times [475, 494] and it pro-
vides a sustainable and cost-effective route to pharmacologically relevant phospho-
nates, with yields ranging from 43% to 93% [475].
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Catalyst Class Specific Typical Reaction Yield (%) Reus. Key Ref.
Example Substrates Conditions (cycles) Advantages /
Disadvantages
Heterogeneous
Doped ZnCly / Natural Aldehydes, EtOH, 25 °C, 50-90 Not Low cost, [494]
Phosphate Phosphate Malononitrile, 9h specified synergy
Diethylphos- between
phite dopant and
support
Nanocatalyst ZnO Nanorods Isatins, Solvent-free, 82-96 >5 High activity, [490]
Malononitrile, RT, 2-3h mild conditions,
Dialkyl reusable
phosphonates
Nanocatalyst Functionalized Aldehydes, EtOH, reflux, 88-96 >4 High efficiency, [501]
MWCNT Barbituric acid, 1-2.5h good yields,
Triethylphos- heterogeneous
phite
Homogeneous
lonic Liquid [AcQ] Isatins, MeCN, RT, 85-95 >5 High efficiency, [491]
Malononitrile, 1-2h mild conditions,
Diethyl recyclable
phosphite
Organocatalyst DMAP Salicylalde- H20, 75-95 Not Aqueous [493]
hyde, microwave, specified  media, fast,
Malononitrile, 10-12min high yielding
Triethylphos-
phite
Recoverable DMAP-Hsac Salt Benzylidene Neat, up to 99 >8 Homogeneous  [449]
Organocatalyst malonates, 80-100 °C, activity,
Diisopropyl 1-4.5h heterogeneous
phosphite recovery
Biocatalyst
Lipase Candida Aldehydes, Neat, 30 °C, 8h 43-93 Reusable  Metal-free, mild [475]
cylindracea (CcL) Malononitrile, conditions,
Dimethyl sustainable, low
phosphite cost

Table 42. Comparison of heterogeneous, homogeneous and biocatalysts used in hydrophos-
phonylation and related reactions.

Table provides a review of the catalysts discussed above, summarizing the

reported reactions from the literature, including experimental conditions, tested sub-
strates, and other relevant details.
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5.4 Knoevenagel-phospha-Michael - results and dis-
cussion on use of ecocatalyst

5.4.1 Methodology

The same catalyst as in the hydrophosphonylation experiments was employed.

For details regarding its preparation, see Section 2.4.1.1| (p. |124) |Preparation of Eco-|

IMgZnOx catalyst derived from Arabidopsis halleri.

The reactions were carried out according to the same protocol as in the hydrophos-
phonylation experiments, described in Section 2.4.1.2| (p. |[126)) (General procedure for|
the reactionsl

The same methods were applied as in Section [2.4.1.3| (p. |127) |Analysis of cata-|
lyst, reaction mixtures and products, including the calculation of conversion. In this

case, however, in some cases an optically active product was obtained, for which an
additional calculation method was applied.

5.4.2 Optimization results of the Knoevenagel-phospha-Michael
reaction

The Knoevenagel-phospha-Michael synthesis is a reaction in which three compo-
nents: a carbonyl substrate, an H-phosphonate, and malononitrile or cyanoacetate,
react to give a single product, as illustrated in Scheme using the reaction of ben-
zaldehyde (1a), malononitrile (5a), and diethyl H-phosphonate (2a) as an example.
If the reaction between the carbonyl substrate and H-phosphonate were promoted,
a side reaction, hydroxyphosphonylation, would occur, leading to the formation of a
hydroxyphosphonate (3a) instead of the Knoevenagel-phospha-Michael adduct (8a),
as shown in Scheme [78] This side reaction would inhibit further progress of the
Knoevenagel-phospha-Michael reaction.

EtO, Ne)
? Et0-P
o + H. ‘DEI + P - o~ -/CN
P~oE NC”~ “CN | |
e O’ t o CN
1a 2a 5a 8a

Scheme 77. Model of Knoevenagel-phospha-Michael reaction
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1a 2a 3a

Scheme 78. Hydrofosfonylation as possible side reaction

Therefore, the first step of the Knoevenagel-phospha-Michael synthesis was to
carry out this reaction in two steps. Data from previous studies were used to determine
the optimal conditions: both the Knoevenagel condensation and the phospha-Michael
addition proceed most efficiently at 70°C in the presence of a catalyst corresponding
to approximately 5 mol% Zn (7.5 mg of eco-catalyst per 0.23 mmol of substrate). First,
aldehyde and malononitrile were added to the vial (Scheme [79), and after two hours,
the H-phosphonate was introduced into the same vial, with the reaction continuing for
an additional three hours (Scheme [77). The results of this process are presented in

the Table
I
/'A"‘\ \\ CN
+ NC CN CN

1a Ba 6a

Scheme 79. First step of the process - Knoevenagel condensation

EtO. o
? Eto-F’
OFEt CN
= + H. Px + NCACN . | I /
= o OEt P CN
1a 2a 5a 8a

Scheme Second step of the process - phospha-Michael addition
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Table 43. Results of two-step Knoevenagel-phospha-Michael reaction.®

0]
I
+ NC7CN
1a 5a
1
OFt
= H.
* Pogr T NCTTCN
= O" t
1a 2a 5a 8a
Entry Catalyst Conversion[%]" Selectivity [8a:3a]
1. - 11% 55% : 45%
2. Eco-MgZnOx-P¢ 100% 100% : 0%
2. Eco-MgZnOx-F?¢ 100% 100% : 0%

0.23 mmol of benzaldehyde, 0.23 mmol of H-phosphonate, 0.23 mmol of malononitrile
Determined by *'P NMR of crude reaction mixture.

7.5 mg of Eco-MgZnOx-P: Mg (7.0 mol%), Ca (13.6 mol%), Zn (5.7 mol%).

7.5 mg of Eco-MgZnOx-F: Mg (3.5 mol%), Ca (11.4 mol%), Zn (4.9 mol%).

QU 6 o 2

The two-step process yielded satisfactory results. Therefore, the next step was
to conduct the reaction as a one-pot process by adding all three substrates to the
vial simultaneously (Scheme [77). This reaction was carried out for 5 hours, which is
the sum of the times for the two previous steps. The conversions and selectivities,
determined by *'P NMR, are presented in the Table [44]

Table 44. Results of one-step Knoevenagel-phospha-Michael reaction.®

Conditions Catalyst Conversion[%]® Selectivity [8a:3a]
5h, T=70°C, neat - 9% 100% [8a]
Eco-ZnOx-P¢ 93% 100% [8a]
Eco-ZnOx-F? 99% 100% [8a]

Reaction conditions: benzaldehyde (1): 0.23 mmol, malononitrile (2): 0.23 mmol;
Determined by 'H NMR of crude reaction mixture.

7.5 mg of Eco-ZnOx-P: Mg (7.0 mol%), Ca (13.6 mol%), Zn (5.7 mol%).

7.5 mg of Eco-ZnOx-F: Mg (3.5 mol%), Ca (11.4 mol%), Zn (4.9 mol%).

QU 6 o 2

The next step was to optimize the conditions for the one-pot Knoevenagel-phospha-
Michael reaction in terms of temperature, reaction time, and catalyst amount, with a
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focus on selectivity due to the potential side reaction leading to the formation of hy-
droxyphosphonate (Scheme [78). The model reaction chosen for this optimization was
the reaction of aldehyde (1a), H-phosphonate (2a) and malononitrile (5a). Results of
optimization are presented in the Table [45 The Knoevenagel-phospha-Michael reac-
tion was tested on model substrates and compared with commercially available metal
oxides: ZnO, CaCOs3, M gO. The comparison was carried out by introducing the metal
oxides in amounts corresponding to their proportions in the eco-catalyst derived from
Arabidopsis halleri. The main product of the desired three-component process is com-
pound 8a, while hydroxyphosphonate 3a is treated as the side product formed by direct
hydroxyphosphonylation of benzaldehyde with diethyl H-phosphonate.

An analogous approach was conducted for another model reaction - of aldehyde
(1a), H-phosphonate (2a), and cyanoacetate (5b), where optimization results are pre-
sented in Table 46l
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Table 45. Knoevenagel-phospha-Michael reaction on model substrates catalyzed by Eco-
Catalysts and comparison with the use of regular ZnO, CaCOs3, and M gO for reaction with
malononitrile®

i
o + H. + P ~CN
P T OEt NC~ "CN N
1a 5a 8a

Conversion® Selectivity 8a:3a
No. Catalyst T[°C] t[h] Conversion® with EcoCatalyst Solvent [8a:3a]

P F P F
1. - RT 4 0% 79% 80% None 19:1 19:1
2. - 80 1 11% 99% 99% None only 8a 31:1, 32:1
3. - 70 1 3% 84% 86% None only8a  only 8a
4, - 70 1 5% 89% 91% None only8a only 8a
5. - 70 3 9% 100% 100% None only8a  only 8a
6. - 70 3 0% 100% 90% None 5:1 4:1
7. - 70 3 0% 10% 13% DCM only 8a 1.4:1
8. - 70 3 0% 56% 52% Toluene 2.7:1 3.8:1
9. - 70 3 0% 77% 70% Ethyl Acetate  0.8:1 5:1
10. - 70 3 0% 53% 80% Methanol 1.8:1 1.3:1
11. MgO9 70 3 92% - - None only 8a
12. MgO”" 70 3 95% - - None only 8a
13. ZnQ? 70 3 59% - - None only 8a
14, ZnQ’ 70 3 56% - - None only 8a
15. CaCOs* 70 3 52% - - None only 8a
16. CaCoOs! 70 3 49% - - None only 8a
14.  MgO+ZnO™ 70 3 98% - - None only 8a
14. MgO+ZnO™ 70 3 98% - - None only 8a
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Reaction conditions: benzaldehyde (1a): 0.23 mmol, malononitrile (5a): 0.23 mmol.
Determined by 'H NMR of crude reaction mixture.

7.5 mg of Eco-MgZnOx-P: Mg (7.0 mol%), Ca (13.6 mol%), Zn (5.7 mol%).
7.5 mg of Eco-MgZnOx-F: Mg (3.5 mol%), Ca (11.4 mol%), Zn (4.9 mol%).
15 mg of Eco-MgZnOx-P: Mg (14.0 mol%), Ca (27.2 mol%), Zn (11.4 mol%).
15 mg of Eco-MgZnOx-F: Mg (7.0 mol%), Ca (22.8 mol%), Zn (9.8 mol%).
7.0 mol% of Mg.

3.5 mol% of Mg.

5.7 mol% of Zn.

4.9 mol% of Zn.

13.6 mol% of Ca.

11.4 mol% of Ca.

7.0 mol% of Mg + 5.7 mol% of Zn.

3.5 mol% of Mg + 4.9 mol% of Zn.

1.5 mg of Eco-MgZnOx-P: Mg (1.4 mol%), Ca (2.7 mol%), Zn (1.1 mol%).
1.5 mg of Eco-MgZnOx-F: Mg (0.7 mol%), Ca (2.3 mol%), Zn (1.0 mol%).

TS S 3 TAES TR w0 a0 &R

As shown in Table 45 Eco-MgZnOx-P and Eco-MgZnOx-F exhibited markedly
higher catalytic performance than the corresponding mixtures of single, commercially
available oxides introduced in equivalent amounts. While the eco-catalysts achieved
conversions above 95% under optimized conditions, the reference oxides alone
reached only 49-59% conversion. This indicates that the catalytic activity is not the
result of the presence of individual metal oxides, but rather of the synergistic effect
created in the mixed-oxide eco-catalyst obtained from A. halleri. Importantly, the eco-
catalysts also maintained high selectivity towards the desired products, highlighting
their robustness and potential as sustainable alternatives to conventional catalysts.

The quantitative analysis of the reaction mixture was performed on the basis of
the 3'P NMR spectrum (Figure [80). In the *'P NMR spectrum of the reaction mix-
ture, two product signals were observed in the region of 20-22 ppm. Literature data
indicate that a-hydroxyphosphonates typically resonate at higher shifts, around 22
ppm, whereas the main Knoevenagel-phospha-Michael adducts give signals slightly
upfield, close to 20 ppm [347, 457, 475]. To confirm this assignment, pure diethyl -
hydroxy(phenyl)methylphosphonate was added to the already analyzed crude mixture,
and the spectrum was recorded again. A clear increase of the resonance at § ~ 22
ppm was observed, confirming that this signal corresponds to the hydroxyphosphonate
by-product, while the resonance at § ~ 20 ppm belongs to the main product.
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Figure 80. 31P NMR spectrum (243 MHz, CDCIs) of crude reaction mixture after the Knoeve-
navel phospha-Michael reaction of benzaldehyde, malononitrile and diethyl H-phosphonate.

The integrals of the signals were normalized for § = 8.1 ppm (substrate), so 6 = 20.1
ppm (product 8a) = 258.1 and § = 22.0 ppm (product 3a) = 10.8. The total integral after
normalization was:

ST = Iy + Tgg + I3a = 1.0 4+ 258.1 + 10.8 = 269.9

The conversion of diethyl H-phosphonate was calculated according to:

I 1.0
Conversion [%] = (1 — ;}b) x 100% = (1 — m) x 100% ~ 99.6%

The selectivity towards each product was determined from the relative integrals:

Tsa 258.1
lectivityg, = —%— x 100% = ———" % 100% ~ 95.6
Selectivityg, T i1 x 100% 81 L 108 < % %
Lo 10.8
lectivityy, = — 2 x 100% = ——— > x 100% ~ 4.0
Selectivityg, = = > 100% = S < 100~ 4.0%

Thus, the molar ratio of the two products was:
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I, 2581
8a:3a = — ~ —— ~
e TN

As a second model, the three-component reaction between benzaldehyde (1a),

24:1

diethyl phosphite (2a), and ethyl cyanoacetate (5b) was optimized, affording the corre-
sponding product 9a.

Table 46. Knoevenagel-phospha-Michael reaction on model substrates catalyzed by EcoCata-
lysts for R = COOEt.¢

EtO. o
0 ot Eto-P
= ; - _ _CN
W o g + NC~ “C(O)OE
O o OFt C(O)OEt
1a 2a oh 9a
Reactions with EcoCatalyst
Entry T[°C] t[h] Conv./Ratio (0) PL (Eco-MgZnOx-P) FR (Eco-MgZnOx-F)
Conv.’ Ratio® Sel.xpm[%] Conv.® Ratio® Sel.xpm [%]
1 50 3 0% /- 17%%  1:1.76 83 37%°¢ 1:1.62 94
2 50 3 0% /- 6% - 100 47%9  1:1.93 100
3 50 2 0% /- 37%* 1:1.65 88 33%°¢  1:1.71 94
4 70 1 0% /- 76%* 1:1.78 82 72%°  1:1.77 86
5 70 2 2%/ — 77%*  1:1.77 91 84%°¢ 1:1.64 92
6 70 3 4% /- 92%? 1:1.78 93 91%°¢ 1:1.76 94
7 70 4 6% / — 85%% 1:1.74 85 92%¢ 1:1.75 89
8 70 5 8% /— 91%% 1:1.58 85 89%°¢  1:1.51 87

a Reaction conditions: benzaldehyde (1a): 0.23 mmol,
diethyl H-phosphonate (2a): 0.23 mmol,
cyanoacetate (5b): 0.23 mmol.
b Determined by 3'P NMR of the crude reaction mixture.
c Diastereomeric ratio of the KPM product (major:minor).
A dash indicates the ratio was not determined.
Determined by 3'P NMR of the crude reaction mixture.
d 7.5 mg of Eco-MgZnOx-P (PL): Mg (28.0 mol%), Ca (54.4 mol%), Zn (22.8 mol%).
e 7.5 mg of Eco-MgZnOx-F (FR): Mg (14.0 mol%), Ca (45.6 mol%), Zn (19.6 mol%).
15 mg of Eco-MgZnOx-P (PL): Mg (14.0 mol%), Ca (27.2 mol%), Zn (11.4 mol%).
g 15 mg of Eco-MgZnOx-F (FR): Mg (7.0 mol%), Ca (22.8 mol%), Zn (9.8 mol%).

In the absence of the eco-catalyst no product formation was observed. Presence of
Eco-MgZnOx-P and Eco-MgZnOx-F provided significant improvements in conversion.
Conversion values are slightly lower than those obtained with malononitrile as acceptor,

clearly confirm the ability of the eco-catalysts to promote the Knoevenagel-phospha-
Michael reaction with different substrates. The trend also highlights the influence of
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the electronic properties of the Michael acceptor: the less activated ethyl cyanoacetate
gave lower conversions compared to malononitrile, but still demonstrated the efficiency
and robustness of the eco-catalysts under these conditions. This underlines the poten-
tial of the catalysts derived from A. halleri not only for strongly activated acceptors but
also for substrates with lower electrophilicity.

Quantitative calculation of conversion and selectivity for this series was performed
based on *'P NMR analysis as well what is presented on the example Figure [81]

EtO, 0y
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Figure 81. 3'P NMR spectrum (243 MHz, CDCI3) of crude reaction mixture after the
Knoevenavel phospha-Michael reaction of benzaldehyde, ethyl cyanoacetate and diethyl H-
phosphonate.

The 3P NMR spectrum of the crude reaction mixture shows four resonances at
* ) = 7.973 (substrate, normalized to I, = 1),
* 0 = 22.017 (minor a-hydroxyphosphonate, I,,q = 1.16),

* ) = 22468 and § = 22.624 ppm (two diastereomers of the Knoevenagel—
phospha—Michael adduct, I; = 4.22, I, = 6.40).

The duplication of the main-product signal is consistent with the formation of two di-
astereomers (stereogenic P and adjacent C), each giving a separate *'P resonance.
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Assuming quantitative acquisition (gated decoupling, sufficient d;) and one P nu-
cleus per component, the total integral is:

ST = Lip+Dya+ L+ = 14+1.16+4.22+6.40 = 12.78.

The overall conversion of diethyl H-phosphonate is:

. [sub _ 1 ~
Conversion [%] = (1 — ZI) x 100% = (1 — T78> x 100% =~ 95.50%.

For the two diastereomers of the Knoevenagel-phospha—Michael adduct, the diastere-
omeric ratio (d.r.) is:

. . I 4
d.r. (major : minor) = 1_2 = % ~ 17401,
1 .

corresponding to mole fractions of ~ 63.5% (major at §22.624 ppm) and ~ 36.5% (minor
at 022.468 ppm) within the main-product pair.

For completeness, the product distribution among phosphorus-containing products
can be expressed as:

L+ 1 4.22 4 6.40
LT 100% = x 100% ~ 94.70%,
Lt bty 9% = 13956401116 < 1007 %

Selectivity g paradduet =

I hyd

— 2 x100% =~ 5.30%.
I + I + Inga ! ’

SelecmVltya—hydroxyphosphonate =

These values support the assignment that the two dominant resonances at
0 =~ 2247 and 22.62 ppm arise from two diastereomers of the Knoevenagel-
phospha—Michael adduct, while the minor peak at § ~ 22.02 ppm corresponds to the
a-hydroxyphosphonate by-product, and the small signal at § ~ 7.97 ppm to the residual
starting diethyl H-phosphonate.

Final optimized conditions for Knoevenagel phospha-Michael reaction were decided
to 70°C, 3h, neat, catalyst in mount 5mol% of Zn.

5.4.3 Reusage of the ecocatalyst in the Knoevenagel-phospha-
Michael reaction

To evaluate the stability and reusability of the Eco-MgZnOx catalysts, recovery tests
were performed in the Knoevenael-phospha-Michael reaction of benzaldehyde (1a),
malononitrile (5a), and diethyl H-phosphonate (2a) as illustrated in Scheme [77] After
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each run, the catalyst was recovered by centrifugation, followed by calcination at 550°C
for 6 h, in order to reproduce the same treatment as during the initial preparation. The
results are summarized in Table [471

Table 47. Recovery and reuse tests of the Eco-MgZnOx catalysts in Knoevenael-phospha-
Michael addition®.

EtO. o
? Eto-F
X H. OF A CN
! ~er — NCTTCN o |
= o OEt P CN
1a 2a 5a 8a
Ecocatalyst Run Conversion® (%)
Eco-ZnOx-P 1 99%
2 99%
3 98%
4 99%
5 95%
Eco-ZnOx-F 1 98%
2 99%
3 96%
4 99%
5 97%

a Reaction conditions: aldehyde (0.23 mmol), H-phosphonate (0.23 mmol).
b determined by !P NMR.

As can be seen from the data, both Eco-ZnOx-P and Eco-ZnOx-F retained high
catalytic activity over five consecutive cycles, with only a slight decrease in conversion
that remained within the range of experimental error. For Eco-ZnOx-P, the conversion
was maintained in the range of 98-99%, while for Eco-ZnOx-F it remained between
96-99%. These results demonstrate that the catalysts derived from hyperaccumulator
biomass exhibit not only high activity but also durability under the conditions of the
Knoevenael-phospha-Michael reaction.

5.4.4 Scale-up of the Knoevenagel-phospha-Michael reaction

In order to further validate the applicability of the eco-catalysts under more practical
conditions, the Knoevenagel-phospha-Michael reaction with malononitrile as the sub-
strate was scaled up from the standard test scale (0.23 mmol) to a preparative scale,
targeting the isolation of at least 1 gram of the desired product. For this purpose, ben-
zaldehyde, H-phosphonate and malononitrile were used in equimolar amounts of 6.4
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mmol each. The eco-catalysts Eco-MgZnOx-P and Eco-MgZnOx-F were applied in
proportions analogous to those previously employed, ensuring consistency of the cat-
alytic conditions. After reaction and work-up, the product was isolated in high purity,
and the results are summarized in Table

Table 48. Scale-up of the model reaction of Knoevenagel-phospha-Michael reaction for R =

CN*.
EtO
(l,_) . .0
OFEt
X H. .
! Pogt T NCTTCN
= o}
1a 2a 5a 8a
Catalyst Conversion [%]° Yield [%)]
Eco-MgZnOx-P¢ 98% 96%*
Eco-MgZnOx-F? 99% 96%

Reaction conditions: benzaldehyde (1): 6.4 mmol, malononitrile (2): 6.4 mmol, H-phosphonate (3): 6.4 mmol.
Determined by 3'P NMR of crude reaction mixture.

210 mg of Eco-MgZnOx-P: Mg (7.0 mol%), Ca (13.6 mol%), Zn (5.7 mol%).

210 mg of Eco-MgZnOx-F: Mg (3.5 mol%), Ca (11.4 mol%), Zn (4.9 mol%).

1795 mg of pure product (3).

1795 mg of pure product (3).

- 0 20 o9

The scale-up experiment clearly demonstrated that both eco-catalysts maintained
their excellent activity and selectivity when the reaction was performed at a larger scale.
Conversions and yields remained high. These results confirm that the outstanding cat-
alytic efficiency observed on the small scale is fully transferable to preparative condi-
tions. This successful scale-up highlights the practical potential of catalysts derived
from Arabidopsis halleri biomass, bridging the gap between laboratory-scale exper-
iments and applications closer to real synthetic needs. The consistency of results
across scales also emphasizes the reproducibility and stability of the eco-catalysts,
which is a crucial factor for their further development in sustainable catalytic processes.

5.4.5 Substrate scope of the Knoevenagel-phospha-Michael reac-
tion

To further evaluate the scope and efficiency of the Knoevenagel-phospha-Michael
reaction (Reaction A), a series of substrates was investigated. The study covered dif-
ferent classes of electrophiles, including aromatic aldehydes bearing electron-donating
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and electron-withdrawing groups, as well as a set of H-phosphonates with various sub-
stituents. Both EcoMgZnO-P and EcoMgZnO-F catalysts were tested to compare their
activity and selectivity across the substrate range. All reactions were performed in op-
timized conditions (70°C, 3 h, solvent-free, catalyst loading corresponding to 5 mol%
of Zn).

R3D,‘P.}O
0 OR?® R307
L + ; P + ~ — 2~ -CN
R1 Rz d/ \\ORS NC/ R4 R I—_:'I\(
R4
1 2 5 8-11

Scheme EI. General scheme of Knoevenagel-phospha-Michael reaction, where R*=CN for
Reaction A and R*=COOEt for Reaction B

8c 8f 8g 8j

NC. _CN
NC.__CN NC.__CN NC.. _CN OH™ "
OFt OFEt J/ OFt s
Ty R T e i “OE
= p\ o - Fl (/:\-"I - & ’ OFEt
| o TOEt [ | j o ~OEt \_& o Ot = ©
o SN —S
EcoMgZnO-P 71(100/65) EcoMgZnO-P 50(82]42)  EcoMgZnO-P 85(79) EcoMgZnO-P 73(81/52)
EcoMgZnO-F 61(100)  EcoMgZnO-F 55(86) EcoMgZnO-F 73(7849) ~ EcoMgZnO-F 52(84)

Figure 82. Substrate scope of Knoevenagel-phospha-Michael reaction - scope of aldehydes
(Reaction A). Numbers next to each entry are conversions and values in parentheses are iso-
lated yields.

1092 N _cn 100 Neo en 10c ne_coN 10d nc._cN
j Oi-Pr OMe 1 ©Bn OBu
T ~ Pt T 'u._Pr - T POB R apOB
ay . = ‘r ~ iy J n o u
e 0 O \l-\w,;: O OMe L\:—"’ o Q O
EcoMgZnO-P 99(91) EcoMgZnO-P 99(83) EcoMgZnO-P 99(94|89)  EcoMgZnO-P 88(72|69)
EcoMgZnO-F 99(92|90) EcoMgZnO-F 99(93|88)  EcoMgZnO-F 94(80) EcoMgZnO-F 98(72)
10e Nc. eN
OPh

(Y o om

EcoMgZnO-P 99(25)
EcoMgZnO-F 99(54|51)

Figure 83. Substrate scope of Knoevenagel-phospha-Michael reaction - scope of H-
phosphonates (Reaction A). Numbers next to each entry are conversions and values in paren-
theses are isolated yields.
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" C(O)OEt 11b  nc. cojort 11 NC.__C(O)0Et  11d  NC.__C(O)OEt
~p S R R
[J rj’ ~Oi-Pr K r ci “OMe [H__‘,;J/O' OBn H‘\J & OB
EcoMgZnO-P 89(100) EcoMgZnO-P 99(61) EcoMgZnO-P 99(58|55)  EcoMgZnO-P 78(66)
EcoMgZnO-F 94(100/191)  EcoMgZnO-F 99(68|62) EcoMgZnO-F 99(56) EcolMgZnO-F 93(78|68)

Figure 84. Substrate scope of Knoevenagel-phospha-Michael reaction - scope of H-
phosphonates (Reaction B). Numbers next to each entry are conversions and values in paren-
theses are isolated yields.

Values on Figures and [84| are reported in the format: conversion (selectivity
| isolated yield). For example, 95 (90|81) indicates 95% substrate conversion, 90% se-
lectivity toward the main product (KPM adduct), and 81% isolated yield of that product.

The reaction proceeded efficiently across a broad range of carbonyl substrates,
from simple aromatics, such as chlorobenzaldehyde or indolecarbaldehyde, to more
demanding heteroaromatics like benzothiophene. Conversions were generally high,
although selectivity and isolated yields varied depending on the aldehyde structure.

The reaction showed excellent tolerance toward substituents at the phosphorus
atom. Regardless of whether alkyl (:Pr, OMe, OBn, OBu) or aryl (OPh) groups
were present, conversions were nearly quantitative. Isolated yields were usually high,
though in the case of bulkier aromatic substituents, a tendency toward reduced selec-
tivity was noted.

The substrate scope included derivatives bearing different ester groups. Conver-
sions were again very high (typically 99%), and isolated yields ranged from good to
excellent. Only for the derivative with a bulky butyl substituent (11d) was a decrease in
conversion observed with EcoMgZnO-P, indicating a limitation related to steric effects.

The Knoevenagel-phospha-Michael reaction catalyzed by EcoMgZnO-P and
EcoMgZnO-F displays a broad substrate scope, both with respect to aldehydes and
phosphorus derivatives. The substituent effects are visible: heteroatoms like sulfur
and sterically demanding alkyl or aryl groups may lead to lower selectivity or yields.
Both catalysts perform comparably, although EcoMgZnO-F tends to provide more
consistent results in cases involving bulky substrates.

Products were characterized by NMR spectroscopy. The recorded spectral data
confirms the structure of the target products obtained via the Knoevenagel-phospha-
Michael addition.

As an example, for the 8c compound - Diethyl [1-(4-chlorophenyl)-2,2-
dicyanoethyl]phosphonate (Figure [85), the 3'P NMR spectrum (Figure displays a
single, sharp resonance at 19.9 ppm, which is characteristic of the expected phospho-
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nate functionality and indicates high purity. In the 'H NMR spectrum (Figure [87), the
aromatic region features distinct multiplets between 7.4 and 7.5 ppm corresponding to
the p-chlorophenyl ring protons. The successful addition is evidenced in the aliphatic
region by the specific signals for the methine protons, alongside the diagnostic
multiplets and triplets for the diethoxyphosphoryl group. Furthermore, the *C NMR
spectrum (Figure [86) shows the molecular skeleton, clearly showing the characteristic
nitrile signals at approximately 111 ppm and the ethoxy carbon signals around 64
and 16 ppm. Splitting patterns observed in the carbon spectrum reveal the expected
carbon-phosphorus coupling (Jo_p), providing structural verification of the phospho-
nate attachment to the carbon chain. Collectively, the consistent integration of proton
signals and the specific chemical shifts across all three nuclei serve as definitive proof
that the reaction proceeded selectively to the desired adduct.

NC. _CN

j OEt
Pl

bj g OEt
e

Figure 85. 8c - Diethyl [1-(4-chlorophenyl)-2,2-dicyanoethyl]phosphonate
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Figure 86. 3C  NMR spectrum of 8c - Diethyl [1-(4-chlorophenyl)-2,2-
dicyanoethyl]phosphonate

257



5.4 Knoevenagel-phospha-Michael - results and discussion on use of ecocatalyst

0.6

04

0.3

abuindance

0

1.0 LX) &0 T.0 flr 540

X : partz per Miflion : Proton

Figure 87. "H NMR spectrum of 8c - Diethyl [1-(4-chlorophenyl)-2,2-dicyanoethyl]phosphonate
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Figure 88. 3P NMR spectrum of 8c - Diethyl [1-(4-chlorophenyl)-2,2-
dicyanoethyl]phosphonate
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5.4.6 Conclusions

In this chapter, the application of the Arabidopsis halleri-derived Eco-MgZnOx cat-
alyst in the Knoevenagel-phospha-Michael reaction was demonstrated. This transfor-
mation combines two important bond-forming processes: the Knoevenagel condensa-
tion, leading to C' — C bond formation, and the subsequent phospha-Michael addition,
leading to C' — P bond formation. As a result, the reaction gives access to highly func-
tionalized organophosphorus compounds from simple starting materials in a one-pot
process.

A key challenge in this reaction system was the possible competition between the
desired Knoevenagel-phospha-Michael pathway and the direct hydrophosphonylation
of the carbonyl compound. The formation of a-hydroxyphosphonates as side products
could reduce the selectivity of the process and block the formation of the expected
Michael acceptor. The reaction was first investigated in a two-step variant, in which the
Knoevenagel condensation was carried out before the addition of the H-phosphonate.
This approach confirmed that the Eco-MgZnOx catalyst efficiently promotes both re-
action stages and allows the desired product to be obtained with very high conversion
and selectivity.

After confirming the efficiency of the two-step variant, the reaction was successfully
transferred to a direct one-pot procedure, in which the aldehyde, the active methy-
lene compound, and the H-phosphonate were added simultaneously. Under optimized
conditions, the reaction proceeded efficiently at 70°C, under solvent-free conditions,
and with a low catalyst loading corresponding to approximately 5 mol% of Zn. These
conditions are consistent with the green chemistry approach, as they avoid the use of
solvent, require only moderate heating, and use a recyclable heterogeneous catalyst
prepared from plant biomass.

Both Eco-MgZnOx-P and Eco-MgZnOx-F showed very high catalytic activity in the
model reaction. In the one-pot process with malononitrile, Eco-MgZnOx-F gave nearly
quantitative conversion, while Eco-MgZnOx-P also provided very high conversion. The
selectivity toward the Knoevenagel-phospha-Michael adduct remained excellent, show-
ing that the catalyst promotes the cascade pathway over the competing hydrophos-
phonylation reaction. This behavior confirms the important role of the bifunctional acid-
base character of the catalyst. Basic sites can activate the H-phosphonate or the active
methylene compound, while Lewis-acidic sites can activate the carbonyl group or the
electron-deficient alkene. The coexistence of these sites in one material enables effi-
cient cooperation between the two reaction steps.
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The substrate scope studies confirmed that the developed method is applicable to a
broad range of substrates. Aromatic and heteroaromatic aldehydes were successfully
converted, including substrates bearing electron-donating and electron-withdrawing
substituents. The reaction also tolerated different H-phosphonates, containing alkyl,
benzyl, and aryl substituents. In most cases, high conversions and good to excellent
isolated yields were obtained. Some decrease in selectivity or yield was observed for
more sterically demanding substrates and for selected heteroaromatic systems, show-
ing that steric and electronic effects influence the reaction outcome. Nevertheless,
the general substrate tolerance remained broad, confirming the usefulness of the Eco-
MgZnOx catalyst in the synthesis of structurally diverse phosphonated products.

The practical value of the method was further supported by catalyst reuse experi-
ments. Both Eco-MgZnOx-P and Eco-MgZnOx-F could be recovered from the reaction
mixture and reused in five consecutive catalytic cycles. Only a small decrease in ac-
tivity was observed, and the conversions remained high throughout the recycling tests.
This confirms that the catalyst is not only active but also stable under the reaction con-
ditions. The possibility of catalyst regeneration by calcination additionally increases the
practical potential of the system.

The reaction was also successfully scaled up from the standard analytical scale to
a preparative scale. In the gram-scale experiment, both catalysts maintained excellent
performance, giving high conversions and isolated yields. This result demonstrates
that the catalytic efficiency observed in small-scale optimization experiments can be
transferred to larger-scale synthesis without loss of activity or selectivity. The success-
ful scale-up is especially important because it shows that the method is not limited to
screening conditions but can be applied to the preparation of useful amounts of prod-
uct.

Overall, the results presented in this chapter show that Eco-MgZnOx is an effi-
cient, selective, reusable, and scalable heterogeneous catalyst for the Knoevenagel-
phospha-Michael reaction. The catalyst enables the formation of both C —C and C'— P
bonds in a single synthetic sequence under mild and solvent-free conditions. Together
with the results from the previous chapters, these findings confirm that catalysts ob-
tained from metal-hyperaccumulating plant biomass can serve as versatile catalytic
platforms for sustainable organic synthesis. The Knoevenagel-phospha-Michael reac-
tion is therefore an important example of how ecocatalysis can combine waste biomass
valorization, heterogeneous catalysis, and efficient access to valuable organophospho-
rus compounds.
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The dissertation demonstrates that plant-derived, polymetallic mixed oxides (Eco-
MgZnOx) prepared from Arabidopsis halleri biomass act as robust, recyclable hetero-
geneous Lewis basic/Lewis acidic catalysts for three families of C' — P bond forming
processes central to organophosphorus synthesis:

 hydrophosphonylation (Pudovik) of carbonyls to give a-hydroxyphosphonates,
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Scheme@. Phospha Michael addition - reaction scheme
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Scheme@ Knoevenagel phospha-Michael condensation - reaction scheme

Additionally Knoevenagel condensation was also demonstrated, which was a nat-
ural choice since it was necessary to generate the substrates for the subsequent
phospha-Michael reaction. Eco-MgZnOx catalyzed this transformation more efficiently
and under milder conditions than other tested methods, making it a natural comple-
ment to both the phospha-Michael and the tandem Knoevenagel-phospha-Michael pro-
cesses.
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Scheme@. Knoevenagel condensation - reaction scheme

Under solvent-free conditions, Eco-MgZnOx promotes fast conversions across elec-
tronically diverse substrates, with simple filtration and reusage aligning the chemistry
with green-chemistry metrics and extending prior ecocatalysis results to new reaction
classes.

The biogenic ecocatalyst Eco-MgZnOx obtained from Arabidopsis halleri biomass
proved to be highly effective in the hydrophosphonylation (Pudovik reaction) of aldehy-
des.

 hydrophosphonylation (Pudovik) of carbonyls to give a-hydroxyphosphonates,
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Under optimized conditions (solvent-free, 50°C, 3 h, 5 mol% catalyst relative to Zn),
nearly complete conversion of substrates was achieved, typically more than 95% for
aromatic aldehydes, with high isolated yields of the products. The method displayed a
broad substrate scope - aromatic aldehydes bearing various electronic substituents on
the ring, including strong electron-withdrawing nitro and halogens, reacted efficiently
without a drop in yield. Functional group tolerance was excellent - the presence of
heteroatoms such as nitrogen or sulfur in heteroaromatics, did not suppress the reac-
tion nor poison the catalyst - the oxide surface remained active even in the presence
of donor groups. Polycyclic aldehydes (naphthalenes) as well as aliphatic aldehydes
also underwent addition with good results under suitably adjusted conditions. Steric
hindrance was found to significantly influence reaction rates - for heavily substituted
substrates, in example mesitaldehyde with ortho-2,4,6-trimethyl groups (Figure [89),
the reaction slowed down, giving lower final conversions. Importantly, the method is
chemoselective toward carbonyl groups - aldehydes readily undergo addition, whereas
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less reactive ketones remain practically unreacted under these conditions. Tested ace-
tophenone requires significantly higher temperature and longer reaction time, but ke-
tone conversions were able to exceed 40-70% after prolonged runs.

OH

. _OH

*P“"OEt
0

Figure 89. Product of hydrophosphonylation of mesitaldehyde as a heavily substituted sub-
strate

Both studied variants of the catalyst (Eco-MgZnOx-P from Polish biomass and Eco-
MgZnOx-F from French biomass) showed comparable activity and efficiency in single-
use experiments - no significant differences in yields were observed between them in
fresh runs. The nature of the dialkyl H-phosphonate nucleophile affected the efficiency
in a steric manner: less hindered H-phosphonates such as dimethyl or dibenzyl, af-
forded nearly quantitative conversions ( 99%), even with more challenging aliphatic or
heteroaromatic substrates. In contrast, bulkier H-phosphonates - diisopropyl, di-n-butyl
- reacted more slowly and gave lower conversions, indicating that excessive steric bulk
of the alkyl groups hampers nucleophile activation on the catalyst surface.

Eco-MgZnOx also exhibited aspects of stereoselectivity. ~While the catalyst
itself does not induce chirality, tests with an optically active substrate - a chiral H-
phosphonate, as presented on Scheme |80| revealed that the reaction conditions could
favor the preferential formation of one diastereomer. In the presence of the catalyst,
at lowered temperature and extended reaction time (0°C, 96 h), a high degree of
diastereoselectivity (diastereomeric ratio up to 1:7.8) was achieved while maintaining
high conversion ( 85%). In comparison, the uncatalyzed reaction did not proceed
at all, and the use of a simple base (EtsN) did accelerate the addition of the chiral
H-phosphonate but at the expense of stereocontrol, giving nearly racemic mixtures.
These results highlight that the designed heterogeneous catalyst allows both high
efficiency and stereochemical control of the newly formed center, in contrast to either
the uncatalyzed or base-catalyzed pathways.
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Scheme 80. Model reaction of hydrophosphonylation an optically active H-phosphonate
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An important advantage of Eco-MgZnOx is its heterogeneity and durability, enabling
easy recovery and reuse. Tests showed that the catalyst derived from Polish biomass
could be recycled multiple times (>5 cycles) without significant loss of activity. In a
model reaction (benzaldehyde + diethyl phosphonate, 50°C, 3 h), conversion remained
at 94-97% over the first three cycles, and still reached 88% in the fifth run. This demon-
strates the high stability of Eco-MgZnOx-P. In contrast, the analogous Eco-MgZnOx-F,
ecocatalyst from French biomass, deactivated more rapidly - conversion dropped from
96% in the first use to 58% in the second cycle and as low as 14% in the third.

Post-cycle composition analyses revealed that activity loss correlated with changes
in the mineral content, particularly in Mg and Zn. Both catalysts showed gradual leach-
ing of Mg and Zn, but to different extents. Eco-MgZnOx-F started with a significantly
lower M g content (ca. 1.7 wt%) compared to Eco-MgZnOx-P (4.3 wt%). As a result, af-
ter only 1-2 uses the French catalyst lost critical amounts of active centers (MgO/ZnO),
causing rapid deactivation. In contrast, Eco-MgZnOx-P, with more than double the ini-
tial Mg and slightly more Zn, retained a buffer of active sites - even after three cycles,
Mg content dropped from 4.3% to 2.9% and Zn from 8.0% to 5.9%, still able to cat-
alyze the reaction efficiently. Thus, the superior durability of Eco-MgZnOx-P stems
from its higher initial pool of basic (M ¢gO) and acidic (ZnO) centers, which can partially
deactivate or leach without immediate loss of function.

Mechanistic studies (DFT calculations) provided molecular insight into the high ac-
tivity of Eco-MgZnOx. The proposed mechanism is bifunctional (Figure - the cat-
alyst contains two types of active sites working in concert. Basic Mg¢O centers (O?~
anions bound to M g) deprotonate the P — H group of the H-phosphonate, generating
the nucleophilic phosphonate anion, while acidic ZnO centers (Zn?* cations acting as
Lewis acids) activate the electrophilic carbon of the aldehyde carbonyl group. Thus,
both reactants are simultaneously activated on the surface, brought together in a co-
ordinated transition state where the new C' — P bond forms. After addition, the coor-
dinated alkoxide intermediate undergoes protonolysis (a proton from a newly formed
-OH group migrates to the alkoxide), releasing the a-hydroxyphosphonate product and
regenerating the O~ site. The catalytic cycle thus operates through neighboring ba-
sic and acidic sites - a textbook example of bifunctional catalysis, where proximity of
complementary sites lowers the activation barrier.

The polymetallic synergy in Eco-MgZnOx was confirmed experimentally and theo-
retically. Catalytic tests showed that the activity of the ecocatalyst exceeded the sum
of its individual components: for benzaldehyde, Eco-MgZnOx gave >96% conversion,
whereas M gO alone gave 70%, Zn0O 14%, and even a physical mixture M ¢O + ZnO

266



Conclusion

an " /
S = / Nucleophilic
\ 1 \ \y mtrack

RN 7 (Y "
(V2

Figure Proposed catalytic cycle for the hydrophosphonylation of benzaldehyde catalyzed
by Eco-MgZnOx, based on DFT calculations on a (Mgg9Zng.1)O cluster model. The cycle
illustrates the key steps: (i) deprotonation of the H-phosphonate at a basic M ¢O site, (ii) co-
ordination and activation of benzaldehyde at an adjacent Lewis acidic Zn site, (iii) nucleophilic
attack to form the C' — P bond, and (iv) proton transfer to release the product and regenerate
the active site.

reached only 78%. This catalytic enhancement arises from the existence of a homoge-
neous mixed M g—Zn—O phase. XRPD analysis (Figure[33) confirmed the presence of
a solid solution M gy g3 Zn¢.120 With periclase structure - Zn?* ions incorporated into the
MgO lattice, generating atomic-level adjacency of acidic Zn(II) and basic O*" sites.
This structural feature explains the observed synergy: in physical mixtures, the phos-
phonate anion must migrate between distinct particles, an inefficient process, whereas
on the homogeneous M g(Zn)O surface both steps occur at the same site. DFT cal-
culations on a simplified cluster model (Mgy.9Zn,10) confirmed that Zn incorporation
lowers energy barriers - C — P bond formation was much more facile in the mixed oxide
model than on pure MgO. These results provide a consistent mechanistic rationale for
the superior activity of the biogenic catalyst, emphasizing the role of polymetallic syn-
ergy. Moreover, they suggest routes for further optimization - e.g., tuning the Mg : Zn
ratio and minimizing metal leaching are key for performance and durability.
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Figure@ XRPD diffraction pattern of a) Eco-MgZnOx-P and b) Eco-MgZnOx-F

These findings have both scientific and practical significance, advancing the field
of sustainable organic catalysis. First, they demonstrate the efficiency of a catalyst
obtained from waste plant biomass - material sourced from phytoremediation of metal-
contaminated soils. Using ash from Arabidopsis halleri as a polymetallic catalyst pre-
cursor couples environmental remediation with synthetic chemistry: heavy metals re-
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covered from soil are repurposed into a useful catalyst rather than becoming waste.
This approach aligns with the principles of green chemistry - using renewable or waste
resources and minimizing new waste by enabling catalyst recycling. The Eco-MgZnOx-
catalyzed hydrophosphonylation also meets several green chemistry criteria: solvent-
free conditions, mild heating, easy catalyst separation by filtration, and minimal work-
up (simple centrifugation/filtration and crystallization or chromatography of the prod-
uct). Together, these features yield high sustainability metrics for organophosphorus
synthesis.

It should be noted that using Arabidopsis halleri as a biomass source allowed the
preparation of a unique catalyst that would be difficult to obtain by conventional routes.
Biological hyperaccumulation dispersed and pre-organized metals at the molecular
level within plant tissues. Schematic process is presented on Figure 22l Upon cal-
cination (at a relatively mild 550°C), this “nanofactory” yielded a multiphase oxide con-
taining Mg, Zn, Ca, Fe. Gonventional synthesis of such mixed oxides would typically
require multiple steps (co-precipitation, high-temperature calcination >800°C, salt pre-
cursors), while here nature provided a one-step precursor that, after burning, produced
an active catalyst. This opens perspectives for the broader use of ecocatalysis - design-
ing catalysts from biomaterials obtained through phytoremediation or other biological
processes, offering an innovative and environmentally friendly approach.

— storage
—» usage

— collection

Figure[22| Schematic representation of phytoextraction

Thanks to its high efficiency and simplicity, Eco-MgZnOx has promising practi-
cal potential. The hydrophosphonylation reaction was successfully scaled up: in a
preparative experiment ( 20-fold larger scale than the model conditions), about 1 g of
product was obtained in 88% vyield, with no loss of purity and without elaborate op-
erations (the a-hydroxyphosphonate 3a was isolated by simple crystallization). This
demonstrates the scalability of the process and its potential for larger-scale synthe-
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sis, in example in pharmaceutical or agrochemical industries. Moreover, the obtained
a-hydroxyphosphonates are high-value compounds - stable analogues of phosphates
with potential as enzyme inhibitors or nucleotide mimics, finding applications as drugs -
phosphonate nucleoside analogues with anticancer and antiviral activity - or agrochem-
icals. Producing them in a sustainable way - using a recovered plant-derived catalyst,
with high efficiency and clean process - represents a significant step toward “green”
organophosphorus chemistry.

The Knoevenagel condensation demonstrated the necessity of a catalyst - with-
out the catalyst, conversion was negligible even upon prolonged heating. Employing
the Eco-MgZnOx catalyst radically increased the reaction efficiency, enabling near-
quantitative conversion to the product under mild conditions. Optimal performance was
achieved under solvent-free conditions at 70°C for 2 h with a catalyst loading corre-
sponding to 5 mol% Zn, resulting in a practically quantitative condensation. Additional
tests showed that the presence of a solvent is actually detrimental - e.g., toluene or
ethyl acetate lowered conversion relative to neat conditions, underscoring the advan-
tages of running the process without solvent.
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Scheme@. Knoevenagel condensation - reaction scheme

The Eco-MgZnOx catalyst exhibits synergistic action of its constituents (oxides of
Mg, Zn, and Ca). Individual, simple metal oxides (MgO, ZnO, CaO) were clearly
less effective - for instance, M ¢gO or ZnO alone reached <100% conversion at compa-
rable concentrations of active sites, and CaC' O3 was nearly inactive. In contrast, the
catalyst containing Mg, Zn, and Ca simultaneously enabled complete consumption
of substrates within a short time. This suggests that the Knoevenagel mechanism is
bifunctional: basic sites of M gO activate the donor substrate bearing an active methy-
lene (deprotonation of malononitrile to the carbanion), while Lewis-acidic sites (ZnO)
coordinate the carbonyl group of the acceptor, facilitating nucleophilic addition. Such
concerted action accounts for the high efficiency and selectivity - the reaction proceeds
predominantly to the desired alkene, without byproducts.

The stability and selectivity of the catalyst in the Knoevenagel condensation are
very good. Eco-MgZnOx can be reused multiple times - in the model condensation of
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benzaldehyde with malononitrile (Scheme [79), high conversions (97-99%) were main-
tained for at least four consecutive cycles. Only in the fifth cycle was a slight drop in
performance observed (to 77% for the Polish catalyst). These results demonstrate
that the biogenic Eco-MgZnOx is a durable and renewable heterogeneous catalyst,
combining high activity with reusability without substantial loss of efficiency.

I
_ o~ = CN
+ NC CN
= CN
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Scheme 79 Model reaction of Knoevenagel condensation with malononitrile

Scaling the process does not negatively impact its efficiency. A 20-fold scale-up of
the condensation (to 4.6 mmol, giving 1 g of product) proceeded equally smoothly -
99% conversion and 97-98% isolated yield were obtained with both catalyst variants
for model reaction (Scheme [79). The gram-scale yield (~97% isolated benzyliden-
emalononitrile) shows that Eco-MgZnOx retains its high activity and selectivity on a
preparative scale, which is important for practical applications (no scale effects lower-
ing conversion). Such successful scale-up highlights the reproducibility and reliability
of the catalyst, which performs well not only in model trials but also in the synthesis of
larger batches.

The substrate scope of the Eco-MgZnOx-catalyzed Knoevenagel condensation is
broad. A range of aldehydes (aromatic and aliphatic, including electron-donating Me
and electron-withdrawing Cl, NO, substituents; as well as heteroaromatics, such as
pyridine and thiophene derivatives) was explored with both malononitrile and ethyl
cyanoacetate as active-methylene donors. All examined aromatic and heteroaromatic
aldehydes reacted smoothly with malononitrile, giving very high conversions 93-99%
and high isolated yields. Even for a more demanding carbonyl substrate such as a
ketone, successful condensation with high yield was recorded. Electronic effects were
minor - substitution of the aromatic ring with electron-donating or electron-withdrawing
groups did not significantly affect conversion. Functional groups (halides, nitro) and
heteroatoms (nitrogen- and sulfur-containing rings) were also tolerated. The second
component - the pronucleophile - had the expected influence on reactivity: malonon-
itrile (strongly activated —C N system) reacted fastest, delivering near-quantitative re-
sults, whereas ethyl cyanoacetate (less activated —COOFEt) was somewhat less reac-
tive. Nevertheless, even for ethyl cyanoacetate, high conversions (typically 90-99%)
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and very good isolated yields (84-92% in more challenging cases) were obtained. Dif-
ferences between catalysts from different sources (Poland vs France) were minimal -
both performed almost equally well. Only slight tendencies were noted (Eco-MgZnOx-
P sometimes fared marginally better with malononitrile, while Eco-MgZnOx-F occa-
sionally gave slightly higher results with ethyl cyanoacetate). In summary, the Eco-
MgZnOx-catalyzed Knoevenagel reaction has wide applicability - it successfully covers
diverse substrates (including functionalized systems) and provides high efficiency and
selectivity, making it a useful tool in organic synthesis.

The phospha-Michael addition involves the addition of an H-phosphorus compound
to an activated C' = C double bond. Optimization showed that without a catalyst the
reaction is very slow and inefficient (conversion <10% at room temperature to at most
43% after several hours at 70°C). In the presence of Eco-MgZnOx, however, the ef-
ficiency increased dramatically - near-quantitative conversions of the product were
achieved in short times. The best conditions mirrored those of the condensation: 70°C,
2-3 h, catalyst loading corresponding to 5 mol% Zn, without solvent. Just 2 h at 70°C
sufficed to reach close to 100% conversion with excellent selectivity - the only product
was the desired phosphonate derivative, without side products. Trials run in solvents
gave inferior results: for example, the addition of ethyl acetate completely stopped
the reaction, while toluene, methanol, or dichloromethane significantly reduced con-
versions. Solvent-free conditions are therefore crucial for efficient phospha-Michael
addition, as in the Knoevenagel condensation.
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Scheme@. Phospha Michael addition - reaction scheme

The EcoCatalyst from A. halleri proved markedly more effective than individual ox-
ides ZnO or MgO used in equivalent amounts. Although Mg¢O alone shows some
activity as a base (up to 93% conversion) and ZnO as a weak Lewis acid reaches 53-
62%, neither alone matched the activity of the biogenic catalyst. Eco-MgZnOx-P and
Eco-MgZnOx-F delivered complete conversion (>95%) under the optimized regime,
whereas the best simple oxide (M ¢gO) achieved slightly lower performance and others
(Zn0O, CaCOs3) only 50-60%. This again points to the synergy of the multicomponent
system - the presence of both basic sites (M gO) to activate the H-phosphonate (de-
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protonation of the P—H unit) and acidic sites (Zn0) to activate the electrophilic C = C
in the acceptor, which together promote efficient addition. Mechanistically, the catalyst
can operate cooperatively: the surface-generated phosphonate anion at M gO attacks
the C' = C bond activated by Zn0O, leading selectively to the phosphonate product (no
competing polymerization or hydrolysis is observed, confirming high process selectiv-

ity).
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Scheme 81. Model reaction of phospha-Michael addition catalysed by Eco-MgZnOx

The durability of the catalyst in the phospha-Michael addition is very high. It was
performed on model reaction presented on Schema [81] Nearly unchanged activity
was observed over successive cycles - both Eco-MgZnOx-P and Eco-MgZnOx-F gave
93-96% conversions across four consecutive runs, essentially identical to initial values.
The small drop (from 97% to 95-96% over several cycles) demonstrates stability and
the absence of significant deactivation or leaching of active components during reac-
tion. Analysis of the spent solid (Table 21) showed only slight changes in surface metal
content (minor Zn loss), which did not affect activity. Thanks to the simple regeneration
(reheating), Eco-MgZnOx maintains high durability over use-recovery cycles.

The scalability of the phospha-Michael reaction was also confirmed. It was
performed on model reaction presented on Schema [81] Increasing the scale from
0.23 mmol to 6.4 mmol did not deteriorate outcomes - 99% conversion and 96-97%
isolated yield were obtained for both catalyst variants. These data indicate that
Eco-MgZnOx activity is preserved on a preparative scale, and the catalytic system
performs equally well at higher substrate loadings. This is an important demonstration
of practical potential - the reaction can be run on larger scale without loss of efficiency,
making it attractive for applied synthesis.

The substrate scope in the phospha-Michael addition proved broad, though limited
to compounds with strongly activated double bonds. The reaction proceeds efficiently
for various Michael acceptors bearing electron-withdrawing groups. Importantly, the
method tolerates both electron-donating and -withdrawing substituents and the pres-
ence of heteroatoms in aromatic rings - no catalyst inactivation or side products were
observed in these varied systems.
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The scope of nucleophilic H-phosphonates is likewise broad. Various dialkyl
H-phosphonates were tested - from the typical diethyl H-phosphonate to more
branched or aromatic analogues: diisopropyl, dibutyl, dimethyl, dibenzyl, and diphenyl
H-phosphonates. In almost all cases conversions were near-quantitative (98-99%),
and phosphonate products were obtained in high yields. A modest decrease was ob-
served only for the most sterically demanding substrates - diisopropyl H-phosphonate
gave 87-96% conversion, and dibutyl (with the longest alkyl chains) about 80-81%.
This indicates moderate sensitivity to sterics at phosphorus. Eco-MgZnOx catalysts
from different sources again performed comparably - in most reactions they gave
analogous results. In sum, the Eco-MgZnOx-catalyzed phospha-Michael addition is
a general reaction for activated alkenes: it tolerates aromatic substrates with various
substituents (both withdrawing and donating, including heterocycles) as well as diverse
H-phosphonates, delivering predominantly high to near-quantitative yields. The main
limitation is the requirement for strong activation of the double bond - for less activated
alkenes, such as simple «,-enones, unactivated alkenes, or acrylates lacking
—CN groups, catalytic efficiency was low. Additional trials with such substrates (like
2-cyclohexenone, nitrostyrene, methyl acrylate) confirmed that conditions optimized
for arylidenemalononitriles do not translate to these less reactive systems. Thus, the
practical scope is centered on alkenes conjugated to nitrile or carbonyl groups, which
covers many synthetically important substrates.

The tandem Knoevenagel-phospha-Michael reaction merges both steps into a sin-
gle process, enabling one-pot synthesis of highly functionalized organophosphorus
compounds. In this reaction, three components - an aldehyde, an active-methylene
compound (malononitrile or cyanoacetate), and an H-phosphonate - react concurrently
to give g-phosphonomalonates. A key design challenge was the competing Pudovik re-
action (hydrophosphonylation of the aldehyde to a-hydroxyphosphonate), which could
consume the aldehyde and undermine the cascade. If the catalyst favored direct alde-
hyde reaction with the H-phosphonate, the resulting a-hydroxyphosphonate would de-
plete the aldehyde, preventing downstream steps and lowering the yield of the target
adduct. Indeed, a catalyst-free test showed that the mixture benzaldehyde + malononi-
trile + diethyl H-phosphonate reacts very poorly (only 9% conversion after 5 h at 70°C)
and gives a mixture of products, 45% of which is the undesired a-hydroxyphosphonate.
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Scheme@ Knoevenagel phospha-Michael condensation - reaction scheme

To address this, the reaction was initially run in two steps (one-pot, two-steps):
first, the Knoevenagel condensation of the aldehyde with malononitrile was conducted
in the presence of the catalyst (70°C, 2 h), as presented on Scheme [79] then the
H-phosphonate was added to the same mixture and heating continued (70°C, an addi-
tional 3 h), which results with the reaction presented on Scheme [77, Such sequential
substrate addition prevented the undesired competition - in the first stage the aldehyde
was nearly fully converted to the desired product, which in the second stage under-
went clean phosphorus addition. The two-step process gave excellent results: with
Eco-MgZnOx, 100% conversion to the desired coupled product with full selectivity (no
detectable hydroxyphosphonate) was obtained. By contrast, without the catalyst (but
still in the two-step sequence, heating for a total of 5 h) conversion reached only 11%,
and the 8a:3a ratio was 55:45 - demonstrating that the catalyst is critical both to accel-
erate the condensation and to steer the pathway toward the tandem outcome.
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Scheme First step of the process - Knoevenagel condensation
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Scheme Second step of the process - phospha-Michael addition

Encouraged by this, a one-step (one-pot, one-step) variant was conducted, adding
all three substrates at once in the presence of the catalyst. This mode was also ef-
fective - under the established parameters (70°C, 5 h, 5 mol% Zn in the catalyst,
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solvent-free) a high degree of conversion and a clean tandem product were obtained.
Eco-MgZnOx enabled 93-99% conversion to 8a in this setup (Scheme[77), leaving no
a-hydroxyphosphonate byproduct, which could be produced according to the process
presented on Scheme [/8| as side reaction - so 100% selectivity to the Knoevenagel-
Michael adduct was obtained. This indicates that appropriately chosen kinetic con-
ditions allow the catalyst to direct the reaction along the desired domino pathway -
apparently, the Knoevenagel condensation proceeds sufficiently fast thanks to strong
basic M gO sites to outpace a potential Pudovik reaction, and the resulting arylidene-
malononitrile immediately undergoes P—H addition to C=C, likely assisted by acidic
Zn0 sites. In other words, the catalyst’s bifunctional nature synchronizes both stages
in one vessel. Under one-step conditions without the catalyst the reaction is essentially
inactive and results with 9% conversion, and contrary to expectation, the undesired 3a
did not dominate, at such low conversion only traces of 8a formed. This shows Eco-
MgZnOx is indispensable for initiating and driving the complex transformation with high
efficiency and selectivity.
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Scheme Model of Knoevenagel-phospha-Michael reaction
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Scheme Hydrofosfonylation as possible side reaction

Optimization for the one-pot—one-step mode covered time, temperature, catalyst
dose, and solvent effects, analogously to earlier sections. The best results were ob-
tained at 70 °C without solvent; a reaction time of 5 h (equal to the sum of the sequential
steps) allowed maximal conversion. Variants with different catalyst amounts were also
examined - at too low a dose (e.g., 1.5 mg instead of 7.5 mg) conversion decreased
and the byproduct 3a appeared (selectivity degraded to ca. 5:1 in favor of 8a). This
confirms that an appropriate catalyst loading is necessary to carry out both stages si-
multaneously and efficiently. Studies further showed the negative impact of solvents
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- as in the single-step reactions - and the need to maintain anhydrous conditions (the
presence of methanol or dichloromethane significantly lowered conversions and pro-
moted trace 3a). Under all optimal trials, selectivity to the coupled product remained
very high (most often 100%, occasionally with undetectable traces of byproduct), ev-
idencing the robustness of the catalyst in channeling the process along the desired
pathway. For comparison, tests with single oxides under optimal conditions (70°C, 3 h,
a dose matching the Mg or Zn content of Eco-MgZnOx) showed that ZnO or CaCO4
individually afford only 50-60% conversion. Neat M¢O was more active (up to 92-
95% conversion), indicating that basicity is critical. Nevertheless, even M ¢O does not
match the mixed catalyst - Eco-MgZnOx consistently delivered full conversion (>98%).
Moreover, conversions with M gO dropped more sharply upon dose reduction than
with the mixed system (where synergy sustains activity even at lower individual metal
contents). These data clearly highlight the advantage of the biogenic catalyst - its poly-
metallic character provides both high activity and a unique ability to suppress the side
Pudovik pathway, setting it apart from simple metal oxides.
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Scheme Model reaction of Knoevenagel-phospha-Michael used for recovery and reuse
test of Eco-MgZnOx as a catalyst

Catalyst recycling in the tandem process also proceeds without significant loss of
activity. Five consecutive uses of the same Eco-MgZnOx-P and Eco-MgZnOx-F were
tested in the model reaction (Scheme [77), with regeneration by calcination (550°C,
6 h) after each cycle. The results showed only minimal changes in conversion across
cycles. Overall, Eco-MgZnOx maintains catalytic efficiency in the complex reaction,
making it a promising candidate for practical applications requiring repeated use of a
solid catalyst.

Process scale was verified by synthesizing the product on the 1.8 g scale. The
reaction of benzaldehyde, malononitrile, and diethyl phosphite (Scheme was con-
ducted at 6.4 mmol each under optimal conditions (70°C, catalyst 210 mg correspond-
ing to 5 mol% Zn). Very high outcomes were obtained: 98-99% conversion (by 3P
NMR of the crude mixture) and 96% isolated yield of the target adduct. Both Eco-
MgZnOx-P and -F performed equally well at larger scale, delivering virtually identical
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results (1.795 g of pure product in both cases). Successful scale-up without loss of
selectivity or conversion confirms that the excellent catalytic properties observed on
a model scale fully translate to preparative conditions. This underscores the practi-
cal potential of catalysts from A. halleri biomass - enabling a complex multicomponent
transformation on larger scale while retaining all advantages: efficiency, simplicity, and
green character.

The substrate scope of the tandem reaction proved broad, encompassing diverse
aldehydes and H-phosphonates. A series of carbonyl electrophiles - primarily aro-
matic - bearing both electron-donating and -withdrawing substituents, as well as het-
eroaromatics (e.g., indolecarboxaldehyde, benzothiophenecarboxaldehyde), was ex-
amined. All these aldehydes (simple aromatics and those containing heteroatoms)
enter the tandem reaction with malononitrile and an H-phosphonate efficiently, though
some differences in selectivity and isolated yield were observed depending on alde-
hyde structure. In general, conversions were high, but for more demanding aldehydes
(e.g., heterocycle-containing rings such as benzothiophene) somewhat reduced selec-
tivities or isolated yields were noted, suggesting minor side formation or incomplete
conversion within the set time. Even so, most aromatic substrates gave excellent re-
sults. Only very strongly withdrawing substituents or particularly sterically demanding
systems slightly diminished performance.

The diversity of H-phosphonates was also analyzed and Eco-MgZnOx showed tol-
erance toward these groups - regardless of their nature, conversions were nearly quan-
titative and isolated yields were generally high. A slight tendency toward reduced
selectivity was observed for the bulkiest aromatic substituents such as diphenyl H-
phosphonate (Figure [90), indicating that large groups at phosphorus may promote mi-
nor competing pathways - perhaps incomplete addition or difficult product desorption.
Overall, the tandem Knoevenagel-phospha-Michael reaction features a wide substrate
window for both the aldehyde and the phosphorus components. Substituent effects
are noticeable mainly in edge cases: the presence of a sulfur heteroatom in the aro-
matic ring or very bulky alkyl/aryl groups at phosphorus can lead to lower selectivity or
yield. However, most standard substrates react efficiently. Both catalyst variants per-
form similarly - and what is interesting, for more sterically demanding substrates Eco-
MgZnOx-F gave slightly more consistent high conversions, while the Eco-MgZnOx-P
variant sometimes showed minimal drops, which may arise from compositional and
surface differences. Nevertheless, these differences are small, and both catalyst forms
can be regarded as equivalently effective across varied substrates.
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Figure 90. Product of Knoevenagel-Phospha-Michael reaction with diphenyl H-phosphonate
as a heavily substituted substrate

All reaction classes exhibit very high efficiencies in the presence of Eco-MgZnOx.
Under optimal conditions, nearly complete substrate conversions (often 95-100%) are
achieved with excellent selectivity to the desired products - no hydrolysis or polymer-
ization. From a performance perspective, Eco-MgZnOx enables transformations that
are inefficient or practically unfeasible otherwise. All reactions reach their best out-
comes under closely related conditions (T=50-70°C, 2-5 h, no solvent), indicating that
the catalyst operates optimally within a similar regime across mechanistically distinct
processes.

The biogenic Eco-MgZnOx has demonstrated high catalytic efficiency in each pro-
cess discussed. Its advantage stems from multiple active centers of differing character,
basic and acidic, enabling cooperative bifunctional mechanisms. As a result, reactions
proceed rapidly - within a few hours full conversions are obtained under relatively mild
conditions (moderate 50-70°C, no strong reagents or solvents). What is important,
conventional single-component catalysts perform markedly worse.

The biogenic Eco-MgZnOx catalyst obtained from the (Arabidopsis halleri) proved
to be an effective, selective, and versatile catalyst for four important classes of C—C' and
C—P bond-forming reactions. In all studied processes it enables rapid and complete
substrate conversion under solvent-free conditions, is readily recyclable, and aligns
with the tenets of sustainable synthesis. Crucially, employing a catalyst produced from
waste plant biomass and conducting reactions under green chemistry regimes: no
solvents, minimal waste, catalyst reusability significantly enhances the environmen-
tal profile of these methods. The work demonstrates that plant-derived biomaterial,
transformed into a polymetallic oxide, is a valuable alternative to classical catalysts - a
heterogeneous, solvent-free, and reusable catalytic platform delivering excellent con-
versions and compelling sustainability credentials. All examined reactions achieve high
efficiency and selectivity across a wide substrate window, alongside high catalyst dura-
bility, positioning Eco-MgZnOx as a practical, green catalyst for key transformations in
organophosphorus chemistry and beyond.

An important part of the presented concept is the use of phytoextraction as a sus-
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tainable source of metals for catalyst preparation. The increasing demand for metals,
together with their limited availability, rising costs, and the environmental impact of con-
ventional mining, creates a need for alternative ways of obtaining catalytically useful el-
ements. At the same time, many post-industrial and mining areas remain contaminated
with heavy metals and require long-term remediation. Metal-hyperaccumulating plants,
such as Arabidopsis halleri, offer a unique solution to both problems. They can grow on
contaminated soils and accumulate significant amounts of metals, especially zinc, in
their above-ground biomass. In this way, phytoextraction makes it possible to gradually
remove metals from polluted sites, while the harvested biomass becomes a valuable
secondary resource rather than waste. After drying and calcination of the plant ma-
terial, the organic fraction is removed and the accumulated elements are converted
into a polymetallic mineral residue. This residue can be directly used as a heteroge-
neous ecocatalyst, such as Eco-MgZnOx, containing naturally combined metal oxides
and mineral phases. Therefore, the preparation of the catalyst does not require com-
plex synthetic procedures, expensive metal salts, or additional ligands. This approach
links soil remediation with the production of useful catalytic materials and shows how
contaminated biomass can be transformed into a practical tool for sustainable organic
synthesis.

The work presents a coherent chain of solutions that connects the problems of
modern catalysis diagnosed in Chapter 1, such as price and availability instability of
metals, and the growing environmental footprint of their extraction, with a practical,
low-waste alternative: biogenic, polymetallic oxides Eco-MgZnOx obtained from the
biomass and operating as robust, heterogeneous Lewis-acid/basic catalysts for forming
C—P and C—C bonds under solvent-free conditions. In this way, the phytomanagement
loop of contaminated land ends with a high value-added product - an ecocatalyst - while
remaining aligned with green-chemistry metrics (preference for catalysis, low E-factor,
simple recovery and reuse).

Instability in the supply and pricing of metals, including metals critical for catalysis,
increases risk and costs for catalyst users. Even with temporary dips, many feedstocks
remain above their price levels from last years, and the metals sector is highly emis-
sive and energy-intensive. From a green-chemistry perspective, this creates pressure
to shift from stoichiometric reagents to catalysis and to circular-economy approaches.
Phytomanagement techniques turns degraded land from a costly problem into a re-
source - it manages risk by reducing the bioavailable fraction of metals, provides scal-
able and landscape-acceptable solutions, and generates metal-bearing biomass as
a feedstock for ecocatalysts. A. halleri, presented on Figure [91], which was used as a
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model hyperaccumulator, provides a predictable, high metal load. Its molecular mecha-
nisms, such as HMA4 duplication, constitutive expression of homeostasis genes, favor
efficient metal acquisition for green calcination of the biomass into a catalytic material.

Figure 91. Biomass from Arabidopsis Halleri

The biomass — ecocatalyst strategy reduces pressure on primary resources and
on the emissive extraction chain, while shifting the burden from costly remediation to
waste valorization - what is compatible with green chemistry principles.

Ash obtained by controlled calcination of A. halleri biomass (presented on Fig-
ure [92) yields a mixture of Mg/Zn/Ca oxides. The key is the periclase solid-solution
phase Mg,_.Zn,0, confirmed by XRPD and supported by DFT modeling. This close
coexistence of basic (M ¢O) and Lewis-acidic (ZnQO) centers ensures cooperation of
active sites: deprotonation of a P—H nucleophile or a C'H acid, and activation of the
electrophile (C=0, C=C'), which experimentally translates into synergistic performance
surpassing single oxides or their physical mixtures.

Figure 92. Ashes from Arabidopsis Halleri biomass - Eco-MgZnOx-F on the left and Eco-
MgZnOx-P on the right.

A simple, reproducible preparation protocol (drying — calcination at 550°C — com-
minution) affords a material that is easily recovered and regenerated by washing and
recalcination, which is critical for longevity in preparative applications.
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Bifunctional mechanisms include base and Lewis acid encoded in a polymetallic,
solid-solution matrix explain the wide substrate window and high selectivity observed
in Chapters 2-5, as well as the advantage over single-component systems. Common
features of the green optimum, such as no solvent, moderate temperatures, simple
operations, a small catalyst charge calculated at ~5 mol% Zn contained in the material,
and recycling/calcination restoring activity, implement in practice the Ninth Principle of
Green Chemistry (catalysis over stoichiometric reagents) and help to lower the E-factor
at the synthesis and purification stage.

The catalyst has also its limitations and applicability boundaries. The efficiency of
the phospha-Michael and the cascade depends on strong activation of the C'=C bond
(—CN, —COOR). For less activated alkenes, efficiencies fall. Steric hindrance (tetra-
substitution of the alkene, bulky phosphonates) lowers yields, but does not disqualify
them. Defined substrate limits arise from the nature of the bifunctional mechanism.
At the same time, they are broad and cover many synthetically valuable compounds,
making the material a platform that is more general than specialized.

The work demonstrates that ecocatalysis responds to the cost-environmental pres-
sure on metals, harnesses the unique biological capacity of A. halleri for hyperaccu-
mulation, providing a green metal source, and turns it into a high-performance catalytic
platform, under solvent-free conditions and at moderate temperature. It affords high
conversions, selectivity, recycling, and reproducibility on the gram scale. This coher-
ent coupling of phytomanagement and catalysis creates a practical pathway toward
supply- and eco-resilient organophosphorus chemistry, ready for translation beyond
the laboratory.
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Experimental section

General methods

All reagents and solvents were obtained from commercial suppliers and used with-
out further purification. Reactions were carried out in glass screw-cap test tubes
equipped with magnetic stirring bars. Unless otherwise specified, reactions were per-
formed under solvent-free conditions and heated in a sand-filled heating block under
continuous magnetic stirring. The progress of phosphorus-containing reactions was
monitored mainly by 3'P NMR spectroscopy of the crude reaction mixtures, while Kno-
evenagel condensations were monitored by "H NMR spectroscopy. Isolated products
were characterized by NMR spectroscopy in CDCl;.

Preparation of catalysts

The catalysts Eco-MgZnOx-P and Eco-MgZnOx-F were prepared from the
biomass of Arabidopsis halleri collected from two metal-contaminated sites. The
catalyst marked Eco-MgZnOx-P was obtained from plants collected in Poland, near
the Bolestaw Mine and Metallurgical Plant in the Olkusz region, while Eco-MgZnOx-F
was prepared from plants collected in France, at the former industrial site in Auby. In
both cases, the plant biomass was used as a natural source of accumulated metals,
mainly Zn and Mg, together with other mineral components naturally present in the
plant material.

Fresh plant material was first dried in an oven at 60°C and then ground into smaller
pieces. The dried biomass was subjected to thermal treatment at 550°C for approxi-
mately 6 h. During this step, the organic fraction was removed and a mineral-rich ash
was obtained. The resulting ash was used as a polymetallic oxide catalyst. The two
catalysts were labelled according to the origin of the biomass: Eco-MgZnOx-P for the
material prepared from Polish A. halleri and Eco-MgZnOx-F for the material prepared
from French A. halleri.

The catalyst amount used in catalytic tests was calculated on the basis of the Zn
content. Under standard optimized conditions, 30 mg of catalyst was used for a 0.92
mmol reaction scale (or 75 mg of catalyst for a 2.30 mmol reaction scale for Kno-
evenagel condensation), which corresponded to approximately 5 mol% Zn. For Eco-
MgZnOx-P this amount corresponded to 7.0 mol% Mg, 13.6 mol% Ca, and 5.7 mol%
Zn, while for Eco-MgZnOx-F it corresponded to 3.5 mol% Mg, 11.4 mol% Ca, and 4.9
mol% Zn.

Characterization of catalysts

The prepared Eco-MgZnOx catalysts were characterized using complementary
analytical techniques in order to determine their elemental composition, crystalline
phases, morphology, and stability after reuse.
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The mineral composition of the catalysts was determined by microwave plasma
atomic emission spectroscopy (MP-AES), using an Agilent 4200 MP-AES spectrome-
ter equipped with an SPS4 autosampler. Before analysis, the samples were digested
under microwave-assisted conditions in reversed aqua regia, then filtered and diluted.
This method allowed the quantification of the main mineral elements present in the
catalysts, including Zn, Mg, Ca, Fe, K, Al, and Na. MP-AES was also used to an-
alyze recovered catalysts after catalytic cycles, in order to follow possible changes in
composition and leaching of active components.

The crystalline phases present in the catalyst powders were identified by X-ray
powder diffraction (XRPD), using a Bruker D8 Advance diffractometer with Cu Ka
radiation. XRPD analysis confirmed the complex mineral nature of the plant-derived
catalysts. Both Eco-MgZnOx-P and Eco-MgZnOx-F contained several crystalline
phases, including CaCOs; and K,SO4, as well as Zn-containing phases. Impor-
tantly, a M ¢0.882n0.120 phase was observed, especially clearly for Eco-MgZnOx-P.
This mixed Mg—Zn oxide phase was considered one of the key structural features
responsible for the bifunctional catalytic behavior of the material.

The morphology of the catalysts was examined by high-resolution transmission
electron microscopy (HRTEM). The images showed that both catalysts were com-
posed of larger irregular particles, approximately 100—600 nm in size, associated with
smaller spherical nanoparticles of about 10—-50 nm. Elemental mapping was performed
by scanning transmission electron microscopy coupled with energy-dispersive X-ray
spectroscopy (STEM-EDX), using a JEOL 2200 FS microscope operating at 200 kV.
This technique confirmed the heterogeneous distribution of mineral components and
showed that the larger particles were mainly rich in Ca and O, while smaller particles
contained the catalytically relevant Mg and Zn components.
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General procedure for hydrophosphonylation reactions

In a typical hydrophosphonylation reaction, the appropriate aldehyde or ketone
(0.23 mmol), the H-phosphonate reagent (0.23 mmol), and Eco-MgZnOx catalyst were
placed in a glass screw-cap test tube equipped with a magnetic stirring bar. Unless
otherwise stated, 7.5 mg of Eco-MgZnOx-P or Eco-MgZnOx-F was used, correspond-
ing to approximately 5 mol% Zn. The reaction mixture was stirred under solvent-free
conditions at 50°C for 3 h.
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Schemem Hydrophosphonylation (Pudovik reaction) - reaction scheme

After completion of the reaction, an appropriate solvent was added to dissolve
the organic components and wash the reaction mixture from the solid catalyst. The
suspension was transferred to a polypropylene centrifuge tube and centrifuged to
separate the catalyst. The liquid phase was collected and analyzed by *'P NMR
spectroscopy to determine conversion. The product was then isolated from the
supernatant. Depending on its physical form, purification was carried out either by
preparative thin-layer chromatography for oily products or by crystallization from diethyl
ether/hexane mixtures for solid products.

3a - Diethyl (1-hydroxyphenylmethyl)phosphonate

White solid; yield = 82% (148 mg); mp. 83—-85°C; '"H NMR (400
MHz, CDCl,): § 7.48-7.46 (m, 2H), 7.36-7.28 (m, 3H), 5.00 (d, J ™M oet
= 11.2 Hz, 1H), 4.07-3.92 (m, 4H), 1.25 (t, / = 7.0 Hz, 3H), 1.20 ©/t
(t, J = 7.0 Hz, 3H); '3C NMR (100 MHz, CDCl3): ¢ 136.8, 128.1,
127.3,127.2, 71.6 (d, J = 158.3 Hz), 63.5 (d, J = 7.4 Hz), 63.1 (d, J = 7.4 Hz), 16.4
(d, J = 2.9 Hz), 16.3 (d, J = 2.3 Hz); 3'P NMR (243 MHz, CDCl3): § 22.1 (s); HRMS
(ESI-TOF) calcd. for C11H{704PNa [M+Na]* m/z: 267.0762, found: 267.0757.

3b - Diethyl [(4-chlorophenyl)(hydroxy)methyl]phosphonate
White solid; yield = 80% (214 mg); mp. 55-58°C; '"H NMR
(400 MHz, CDCly): ¢ 7.43-7.38 (m, 2H), 7.32 (d, J = 8.8 Hz, T os

I o oE

2H), 5.00 (d, J = 10.8 Hz, 1H), 4.11-3.96 (m, 4H), 1.29-1.20 [

CI”
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(m, 6H); *C NMR (100 MHz, CDCl;): § 135.9, 133.2 (d, J = 3.4

Hz), 128.5 (d, J = 2.9 Hz), 1284, 70.1 (d, J = 159.5 Hz), 63.8 (d, J = 6.8 Hz),
63.4 (d, J = 7.4 Hz), 16.5 (d, J = 5.2 Hz); 3P NMR (243 MHz, CDCls): ¢ 22.1 (s);
HRMS (ESI-TOF) calcd. for C11H5ClIO4PNa [M+Na]* m/z: 301.0372, found: 301.0375.

3c - Diethyl (4-nitro-1-hydroxybenzyl)phosphonate

Yellow solid; yield = 72% (200 mg); mp. 86-88°C; 'H NMR
(400 MHz, CDCly): & 8.21 (d, J = 8.4 Hz, 2H), 7.66-7.63 (m,  Mom
2H), 5.18 (d, J = 12.0 Hz, 1H), 4.99 (bs, 1H), 4.16-4.02 (m, 4H), || | & o=
1.30-1.22 (m, 6H): 3C NMR (100 MHz, CDCly): 6 147.6 (d, J = 3.5
Hz), 144.2, 127.8 (d, J = 4.5 Hz), 123.4 (d, J = 2.2 Hz), 70.1 (d, J = 157.7 Hz), 64.2
(d, J = 6.8 Hz), 63.5 (d, J = 8.0 Hz), 16.5 (m); *'P NMR (243 MHz, CDCly): & 20.4 (s);
HRMS (ESI-TOF) calcd. for C11HisNOgPNa [M+Na]* m/z: 312.0613, found: 312.0608.

3d - Diethyl (4-methyl-1-hydroxybenzyl)phosphonate

White solid; yield = 82% (203 mg); mp. 94—-97°C; '"H NMR (400
MHz, CDCly): § 7.37-7.33 (m, 2H), 7.15 (d, J = 8.0 Hz, 2H), 4.96  Pom
(d, J = 10.4 Hz, 1H), 4.08-3.96 (m, 4H), 2.33 (s, 3H), 126 (t, /= [ | & oe
7.2 Hz, 3H), 1.20 (t, J = 7.2 Hz, 3H); *C NMR (100 MHz, CDCl,):
§ 137.9, 133.6, 129.1 (d, J = 1.7 Hz), 127.1 (d, J = 6.3 Hz), 70.3 (d, J = 158.9 Hz),
63.4 (d, J = 7.4 Hz), 63.1 (d, J = 7.5 Hz), 21.3, 16.4 (m); 3'P NMR (243 MHz, CDCly):
0 22.2 (s); HRMS (ESI-TOF) calcd. for C12H19O4PNa [M+Na]* m/z: 281.0919, found:

281.0914.

3e -Diethyl (2,4,6-trimethyl-1-hydroxybenzyl)phosphonate

White solid; yield = 75% (201 mg); mp. 90-92°C; "H NMR (400
MHz, CDCls): 6 6.81 (s, 2H), 5.45 (d, J = 15.6 Hz, 1H), 4.16—4.03 ™ o
(m, 2H), 4.02-3.90 (M, 1H), 3.83-3.72 (m, 1H), 2.45 (s, 6H), 2.23 ij__&*ﬁoa
(m, 3H), 1.29 (t, J = 7.0 Hz, 3H), 1.12 (t, J = 6.8 Hz, 3H); '*C NMR
(100 MHz, CDCly): § 135.2, 137.6 (d, J = 3.4 Hz), 129.7, 68.7 (d, J = 158.3 Hz), 63.1
(d, J = 6.8 Hz), 62.7 (d, J = 7.5 Hz), 21.1, 20.9, 16.5 (d, J = 5.8 Hz), 16.3 (d, J = 5.7
Hz); 3'P NMR (243 MHz, CDCly): § 24.3 (s); HRMS (ESI-TOF) calcd. for C14Hs304PNa

[M+Na]* m/z: 309.1232, found: 309.1240.
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3f - Diethyl 1-hydroxy-3-methyl-butylphosphonate

Yellow oil; yield = 84% (181 mg); 'H NMR (400 MHz, CDCls):
§ 417-4.06 (m, 4H), 3.93-3.87 (m, 1H), 1.94-1.84 (m, 1H), W=
1.71-1.60 (m, 1H), 1.44-1.35 (m, 1H), 1.30-1.28 (m, 6H), 0.91 ¢ o=
(d, J = 6.8 Hz, 3H), 0.86 (d, J = 6.6 Hz, 3H); 3C NMR (100 MHz,
CDCly): 6 66.0 (d, J = 161.0 Hz), 62.6, 40.0, 24.1 (d, J= 13.7 Hz), 23.5, 21.1, 16.5
(d, J = 4.6 Hz); 3P NMR (243 MHz, CDCl3): § 24.3 (s); HRMS (ESI-TOF) calcd. for
CoH,104PNa [M+Na]* m/z: 247.1075, found: 247.1070.

39 - Diethyl 1-hydroxypropylphosphonate

Yellow oil; yield = 83% (156 mg); 'H NMR (400 MHz, CDCls):
§ 4.16—4.07 (m, 4H), 3.78-3.70 (m, 1H), 1.83-1.60 (m, 2H), 1.31— _ 1om
1.26 (m, 6H), 1.04-1.00 (m, 3H): °C NMR (100 MHz, CDCl3): 5 T g om
69.2 (d, J = 159.4 Hz), 62.6 (m), 24.7, 16.5 (d, J = 4.5 Hz), 10.5
(d, J = 13.1 Hz); 3'P NMR (243 MHz, CDCl,): § 26.0 (s); HRMS (ESI-TOF) calcd. for
C,H;;0,PNa [M+Na]* m/z: 219.0762, found: 219.0760.

3h - Diethyl 1-hydroxy-2-methyl-propylphosphonate

Yellow oil; yield = 81% (164 mg); "H NMR (400 MHz, CDCly): §
4.20-4.10 (m, 4H), 3.65-3.60 (m, 1H), 3.0 (bs, 1H), 2.11-2.00 (m, DE
1H), 1.33—1.21 (m, 6H), 1.02-1.05 (m, 6H); '3C NMR (100 MHz, T & o
CDCly): 6 72.9 (d, J = 156 Hz), 62.50 (d, J = 7.0 Hz), 30.2 (d, J
= 2.3 Hz), 19.9 (d, J = 9.7 Hz), 17.8 (d, J = 7.4 Hz), 16.5 (d, J = 5.7 Hz); 3'P NMR
(243 MHz, CDCly): § 26.0 (s); HRMS (ESI-TOF) calcd. for CgHi904PNa [M+Na]* m/z:

233.0919, found: 233.0922.

3i - Diethyl 2-ethyl-1-hydroxybutylphosphonate

Yellow oil; yield = 84% (192 mg); "H NMR (400 MHz, CDCls):
0 4.17-4.07 (m, 4H), 3.89-3.85 (m, 1H), 1.75-1.65 (m, 1H), 1.61— 7" om
1.32 (m, 4H), 1.29 (t, J = 7.0 Hz, 6H), 0.88-0.84 (m, 6H); SC NMR J g om
(100 MHz, CDCl3): 6§ 69.4 (d, J = 156.6 Hz), 62.5 (d, J = 7.5 Hz),
42.9 (d, J = 2.8 Hz), 21.9 (d, J = 9.7 Hz), 21.1 (d, J = 5.7 Hz), 16.5 (d,J = 5.7 Hz),
11.4 (d, J = 16.6 Hz); 3'P NMR (243 MHz, CDCl,): § 26.6 (s); HRMS (ESI-TOF) calcd.

for C1oH2304PNa [M+Na]* m/z: 261.1232, found: 261.1223.
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3j - Diethyl 1-hydroxy(pyridine-3-yl)methylphosphonate

White solid; yield = 87% (205 mg); mp. 125-127°C; '"H NMR
(400 MHz, CDCl3): ¢ 8.60 (s, 1H), 8.47-8.44 (m, 1H), 7.88-7.83 ) ?H OEt
(m, 1H), 7.28-7.24 (m, 1H), 5.04 (d, J = 12.0 Hz, 1H), 4.11-3.99 [ | o o=
(m, 4|-|) 1.25-1.18 (m, 6H); '*C NMR (100 MHz, CDCl;): § 148.6 "
( = 2.3 Hz), 148.2 (d, J = 6.2 Hz), 135.4 (d, J = 5.2 Hz), 133.8, 123.4, 68.3 (d,

= 162.9 Hz), 63.6 (d, J = 7.4 Hz), 63.2 (d, J = 7.4 Hz), 16.3 (m); 3'P NMR (243
MHz, CDCI3): 6 21.1 (s); HRMS (ESI-TOF) calcd. for CioHisNO4PNa [M+Na]* m/z:
268.0715, found: 268.0724.

3k - Diethyl 1-hydroxy(quinolin-3-yl)methylphosphonate

Beige solid; yield = 82% (232 mg); mp. 76-77°C; 'H NMR
(400 MHz, CDCl3): 6 9.01 (s, 1H), 8.46-8.38 (m, 1H), 8.22-8.12
(m, 1H), 7.86=7.80 (m, 1H), 7.78-7.70 (m, 1H), 7.61-7.57 (m, 1H), [HN] g OE!
5.36-5.29 (m, 1H), 4.17-4.06 (m, 4H), 1.29-1.20 (m, 6H); 3C
NMR (100 MHz, CDCls): 6 149.4 (d, J = 4.6 Hz), 146.9, 134.9 (d, J = 6.3 Hz), 130.9,
129.9, 128.5, 128.1, 127.8, 127.1, 68.6 (d, J = 162.8 Hz), 63.7 (d, J = 6.9 Hz), 63.3
(d, J = 7.4 Hz), 16.4 (m); 3P NMR (243 MHz, CDCly): § 20.5 (s); HRMS (ESI-TOF)
calcd. for C14H1gNO4PNa [M+Na]* m/z: 318.0871, found: 318.0867.

OH
| OEt

3l - Diethyl 1-hydroxy(thiophen-2-yl)methylphosphonate

White solid; yield = 86% (207 mg); mp. 28°C; 'H NMR (400
MHz, CDClg): § 7.40-7.38 (m, 1H), 7.29-7.26 (m, 1H), 7.19-7.16 T ok
(m, 1H), 5.08 (d, J = 10.8 Hz, 1H), 4.14-3.99 (m, 4H), 1.26 (t, J = Lo o oe
7.0 Hz, 3H), 1.20 (t, J = 7.2 Hz, 3H); *C NMR (100 MHz, CDCls):
5 137.8, 126.8 (m), 125.7, 123.0 (d, J = 9.2 Hz), 67.4 (d, J = 162.3 Hz), 63.5 (d, J =
6.8 Hz), 63.2 (d, J = 7.4 Hz), 16.5 (m); 3'P NMR (243 MHz, CDCls): § 21.7 (s); HRMS
(ESI-TOF) calcd. for CgH1504PSNa [M+Na]* m/z: 273.0327, found: 273.0331.

30 - Diethyl (1-hydroxy-3-phenyl)prop-2-enyl-phosphonate

Pale yellow solid, yield = 90% (224 mg); mp. 103-105°C;
'"H NMR (400 MHz, CDCl;): 6 7.39-7.18 (m, 5H), 6.80-6.73 (m, OH e
1H), 6.35-6.27 (m, 1H), 4.70-4.64 (m, 1H), 4.21-4.12 (m, 4H), mrﬁ“oa
1.31-1.26 (m, 6H); '*C NMR (100 MHz, CDCl5): § 136.6 (d, J = 2.8
Hz), 132.2 (d, J = 13.2 Hz), 128.6, 127.9, 126.7, 124.3 (d, J = 4.0
Hz), 70.3, 69.4 (d, J = 160.9 Hz), 63.5 (d, J = 6.8 Hz), 63.2 (d, J = 6.9 Hz), 16.6 (d, J
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= 5.2 Hz); 3'P NMR (243 MHz, CDCly): § 22.4.

4b - Dimethyl (1-hydroxyphenylmethyl)phosphonate

White solid; yield = 92% (182 mg); mp. 84-86°C; "H NMR (400
MHz, CDCly): § 7.49-7.45 (m, 2H), 7.36-7.24 (m, 3H), 5.06 (d, 7 " owe
= 11.2 Hz, 1H), 3.71-3.64 (m, 6H); '°C NMR (100 MHz, CDCl): 6 [ _J & “ove
136.9, 128.4, 128.3, 127.1,70.6 (d, / = 158.8 Hz), 54.1 (d, / = 7.4
Hz), 53.7 (d, J = 7.4 Hz); 3'P NMR (243 MHz, CDCls): § 24.1 (s); HRMS (ESI-TOF)
calcd. for CgH13NaO4P [M+Na]* m/z: 239.0449, found: 239.0445.

4c - Diisopropyl (1-hydroxyphenylmethyl)phosphonate
White solid; yield = 62% (203 mg); mp. 93—-96°C; 'H NMR (400
MHz, CDCly): § 7.50-7.46 (m, 2H), 7.40-7.26 (m, 3H), 505 (d, / 7" om
- 10.8 Hz, 1H), 4.63-4.50 (m, 2H), 1.26-1.12 (m, 12H); ®CNMR [ _| & o
(100 MHz, CDCl3): 6 136.9, 128.2, 128.0, 127.4, 71.5 (m), 24.2
(m); 3'P NMR (243 MHz, CDCl,): § 20.5 (s); HRMS (ESI-TOF) calcd. for C13H.1O4PNa

[M+Na]* m/z: 295.1075, found: 295.1072.

4d - Dibenzyl (1-hydroxyphenylmethyl)phosphonate

Beige solid; yield = 85% (301 mg); mp. 104-107°C; 'H NMR
(400 MHz, CDCly): § 7.46-7.17 (m, 15H), 5.09-4.83 (m, 5H), 3.04 7" o,
(bs, 1H): '°C NMR (100 MHz, CDCls): § 136.1, 128.6 (m), 127.3, | | 5
71.1 (d, J = 157.7 Hz), 68.8 (m); 3P NMR (243 MHz, CDCly): §
22.7 (s).

4e - Dimethyl 1-hydroxy-3-methyl-butylphosphonate

Beige solid; yield = 87% (164 mg); mp. 52-54°C; "H NMR (400
MHz, CDCl3): § 4.00-3.95 (m, 1H), 3.80-3.77 (m, 6H), 1.97—1.85 1 T ome
(M, 1H), 1.75-1.65 (m, 1H), 1.47-1.39 (m, 1H), 0.94-0.88 (m, 6H); & Owe
3C NMR (100 MHz, CDCly): § 65.8 (d, J = 160.6 Hz), 53.3-53.5
(m), 39.9, 24.1 (d, J = 14.3 Hz), 23.5, 21.1; 3'P NMR (243 MHz, CDCl,): § 28.6 (s);
HRMS (ESI-TOF) calcd. for C;H;704PNa [M+Na]* m/z: 219.0762, found: 219.0760.
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4f - Dibenzyl 1-hydroxy-3-methyl-butylphosphonate

White solid; yield = 80% (168 mg); mp. 72-74°C; "H NMR (400
MHz, CDCl3): § 7.35-7.30 (m, 10H), 5.13-5.00 (m, 4H), 4.01-3.95 - Tome
(m, 1H), 1.94-1.85 (m, 1H), 1.77-1.65 (m, 1H), 1.48-1.39 (m, 1H), [ | & ove
0.90 (d, J = 6.8 Hz, 3H), 0.83 (d, J = 6.4 Hz, 3H); '3C NMR (100 "
MHz, CDCl5): 6 136.4 (m), 128.7, 128.5, 128.1 (m), 68.1 (, J = 6.8 Hz), 66.5 (d, J =
158.3 Hz), 39.8, 24.2, 24.1, 23.5, 21.1; 3'P NMR (243 MHz, CDCl,): § 27.3 (s); HRMS

(ESI-TOF) calcd. for C19H2504PNa [M+Na]* m/z: 371.1388, found: 371.1393.

49 - Dimethyl 1-hydroxy(pyridine-3-yl)methylphosphonate

Orange solid; yield = 90% (188 mg); mp. 123—-125°C; '"H NMR
(400 MHz, CDCly): § 8.61 (s, 1H), 8.49-8.46 (m, 1H), 7.90-7.85 17 oen
(m, 1H), 7.31=7.27 (m, 1H), 5.10 (d, J = 12.4 Hz, 1H), 3.72-3.70 & o8
(m, 6H); 3C NMR (100 MHz, CDCls): 6 148.8 (d, J = 2.9 Hz),
148.1 (d, J = 6.8 Hz), 135.5 (d, J = 5.1 Hz), 133.4, 123.6, 68.2 (d, J = 162.9 Hz), 54.1
(d, J = 6.8 Hz), 53.8 (d, J = 7.5 Hz); 3'P NMR (243 MHz, CDCl3): § 23.2 (s); HRMS
(ESI-TOF) calcd. for CgH1204PNa [M+Na]* m/z: 240.0402, found: 240.0392.

4h - Dibenzyl 1-hydroxy(pyridine-3-yl)methylphosphonate

Dark brown solid; yield = 83% (294 mg); mp. 115-118°C; 'H
NMR (400 MHz, CDCly): § 8.11 (s, 1H), 8.02 (d, J = 8.4 Hz, 1H), 7 omn
7.64-7.40 (m, 2H), 7.20-7.10 (m, 10H), 5.31 (d, J = 12.0 Hz, 1H), INT g “on
5.09-4.88 (m, 4H): 3C NMR (100 MHz, CDCl,): 6 149.7 (d, J = 4.6
Hz), 147.3, 136.0 (d, J = 5.7 Hz), 134.9 (d, J = 6.3 Hz), 130.6, 127.0 (m), 68.8 (m);
3P NMR (243 MHz, CDCl3): § 22.2 (s); HRMS (ESI-TOF) calcd. for CaoH200sPNNa
[M+Na]* m/z: 392.1028, found: 392.1020.
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Experimental section

General procedure for Knoevenagel condensation

In a typical Knoevenagel condensation, the corresponding aldehyde or ketone (0.23
mmol), the active methylene compound, such as malononitrile or ethyl cyanoacetate
(0.23 mmol), and Eco-MgZnOx catalyst were placed in a glass screw-cap test tube
equipped with a magnetic stirring bar. The reaction was carried out under solvent-free
conditions, typically at 70°C, using an amount of catalyst corresponding to approxi-
mately 5 mol% Zn.

RZ
O
= _CN
A+ NeTR i R1J\(
R R R4
1 5 6-7

Scheme@. Knoevenagel condensation - reaction scheme

After the required reaction time, the mixture was cooled to room temperature and
an appropriate solvent was added to dissolve the organic products and separate them
from the catalyst. The suspension was centrifuged, and the supernatant was collected.
The crude reaction mixture was analyzed by '"H NMR spectroscopy. The product was
isolated from the liquid phase and purified by crystallization or preparative thin-layer
chromatography, depending on the physical properties of the compound.

6a - 2-benzylidenemalononitrile

Light vyellow solid; vyield = 99% (351 mg); 'H
NMR (400 MHz, CDCl): 6 771 (s, 1H, =CH), N
7.60-7.40 (M, 5H, Haom). 8C NMR (100 MHz, m

CDCly): o 158.0, 134.1, 1315, 129.8, 129.2, 113.5,
82.0.

6b - 2-(4-methylbenzylidene)malononitrile

White solid; yield = 98% (379 mg); "H NMR (400 MHz, CDCl5):
0 7.79 (d, J = 8.2 Hz, 2H, Haom.), 7.70 (s, 1H, =CH), 7.32 (d, J on
= 8.0 Hz, 2H, Haom), 2.44 (s, 3H, CHs). 3C NMR (100 MHz, ;
CDCI3): 6 159.9, 146.5, 131.0, 130.5, 128.6, 114.2, 113.0, 81.2,
22.1.
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6c - 2-(4-chlorobenzylidene)malononitrile

Light yellow solid; yield = 95% (412 mg); 'H NMR (400
MHz, CDCl3): ¢ 7.85 (d, J = 8.6 Hz, 2H, Hayom.), 7.73 (s, 1H,
=CH), 7.51 (d, J = 8.6 Hz, 2H, Haom). ™C NMR (100 MHz,
CDCl3): o 158.4, 141.2, 131.9, 130.2, 129.4, 113.6, 112.4,
83.4.

6d - 2-(4-nitrobenzylidene)malononitrile

Yellow solid; yield = 95% (435 mg); '"H NMR (400 MHz,
CDCl3): ¢ 8.38 (d, J = 8.8 Hz, 2H, Haom), 8.06 (d, J =
8.8 Hz, 2H, Haom), 7.87 (s, 1H, =CH). *C NMR (100 MHz,
CDCl3): o 157.0, 150.4, 135.9, 131.4, 124.7, 112.7, 111.7,
87.6.

6e - 2-(quinolin-3-ylmethylene)malononitrile

White solid; yield = 84% (396 mg); '"H NMR (400 MHz, CDCls):
§9.12 (s, 1H, Harom.), 8.95 (s, 1H, Harom ), 8.16 (d, J = 8.4 Hz, 1H,
Harom.), 7.95 (m, 3H, Haom. + =CH), 7.69 (t, J = 7.6 Hz, 1H, Harom))-
13C NMR (100 MHz, CDCls): § 156.5, 150.6, 150.1, 138.3, 133.6,
129.8, 129.7, 128.6, 126.9, 124.1, 113.3, 112.5, 87.7.

6f - 2-((thiophen-2-yl)methylene)malononitrile

Orange solid; yield = 92% (338 mg); 'H NMR (400 MHz,
CDCls): 6 8.15-8.17 (m, 1H, Haom), 7.78 (s, 1H, =CH), 7.76-
7.77 (m, 1H, Haom), 7.48-7.50 (m, 1H, Haom). '*C NMR (100
MHz, CDCl3): § 152.4, 137.0, 134.1, 128.6, 126.9, 113.9, 113.2,
80.7.

69 - 2-(2-ethylbutylidene)malononitrile

Yellow oil; yield = 92% (313 mg); '"H NMR (400 MHz, CDCl5):
0 7.07 (d, J = 11.0 Hz, 1H, =CH), 2.56-2.52 (m, 1H, CH), 1.64-1.57
(m, 4H, 2xCH,), 0.86 (t, J = 7.5 Hz, 6H, 2xCH3). '*C NMR (100
MHz, CDCls): § 174.3, 112.2, 111.0, 89.6, 47.3, 26.9, 11.6.
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6h - 2-(propan-2-ylidene)malononitrile

Yelow  oil; yield =  94% (229  mg);

'H NMR (400 MHz,  CDCly): 5 226

(s, 6H,  2xCHy). 8C NMR (100 )*‘CrNCN
MHz, CDCly): 5 1797, 112.1, 85.7,

24.5.

6i - 2-(1-(furan-2-yl)ethylidene)malononitrile
Yellow solid; yield = 96% (349 mg); 'H NMR (400 MHz,
CDCl3): § 7.74 (dd, J = 1.8, 0.8 Hz, 1H, Haom.), 7.47 (dd, J = 3.7,
08 Hz, 1H, Haom), 6.67 (dd, J = 3.7, 1.8 Hz, 1H, Haom), 256 (] HCNC“
(s, 3H, CHs). '3C NMR (100 MHz, CDCly): § 156.3, 148.2, 120.5,
114.1,113.7, 113.5, 19.5.

6j - 2-(4-fluorobenzylidene)malononitrile

Light yellow solid; yield = 98% (388 mg); "H NMR (400 MHz,
CDCls): 6 7.96-7.93 (m, 2H, Haom.), 7.75 (s, 1H, =CH), 7.24-7.20 NN
(M, 2H, Harom ). 3C NMR (100 MHz, CDCl3): 6 166.2 (d, J =259.0 F
Hz), 158.6, 133.6 (d, J = 9.7 Hz), 127.5, 117.4 (d, J = 22.0 Hz),
113.7, 112.6, 82.4.

7a - ethyl (E)-2-cyano-3-phenylacrylate
Yellow solid; yield = 92% (425 mg); 'H NMR (400 MHz,
CDCl3): 4 8.21 (s, 1H, =CH), 7.90-7.85 (m, 2H, Harom.), 7.55-7.45
(M, 3H, Haom), 4.38 (q, J = 7.1 Hz, 2H, OCHy), 1.40 (t, J = 7.1 mfom
Hz, 3H, CHs). "*C NMR (100 MHz, CDCls): 6 162.5, 154.5, 133.0,
131.5, 129.3, 115.5, 103.0, 63.0, 14.3.

7b - ethyl (E)-2-cyano-3-(p-tolyl)acrylate
Light yellow solid; yield = 89% (440 mg); "H NMR (400 MHz,
CDCly): § 8.20 (s, 1H, =CH), 7.88 (d, J = 8.2 Hz, 2H, Harom.), 7.29 cor0m
(d, J = 8.2 Hz, 2H, Haom), 4.36 (q, J = 7.1 Hz, 2H, OCH,), 2.42 m
(s, 3H, Ar-CHs), 1.38 (t, J = 7.1 Hz, 3H, CHs). '3C NMR (100 MHz,
CDCl,): 6 162.9, 155.1, 144.7, 131.4, 130.1, 129.0, 115.9, 101.7,
62.7,22.0, 14.3.
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7c - ethyl (E)-2-cyano-3-(4-nitrophenyl)acrylate

Yellow solid; yield = 89% (503 mg); 'H NMR (400 MHz,
CDCl3): 6 8.35 (d, J = 8.8 Hz, 2H, Harom.), 8.29 (s, 1H, =CH), 8.13
(d, J =8.8 Hz, 2H, Haom.), 4.41 (q, J = 7.1 Hz, 2H, OCH.), 1.41 (i,
J =7.1 Hz, 3H, CH3). 3C NMR (100 MHz, CDCl;): § 161.5, 151.8,
137.0,131.6, 124.4, 114.6, 109.2, 63.4, 14.2.

7d - ethyl (E)-2-cyano-3-(quinolin-3-yl)acrylate

Yellow solid; yield = 84% (487 mg); 'H NMR (400 MHz,
CDCl3): 6 9.17 (s, 1H, Haom.), 9.06 (s, 1H, Haom.), 8.41 (s, 1H,
=CH), 8.15-7.64 (m, 4H, Haom.), 4.42 (q, J = 7.1 Hz, 2H, OCHy),
1.42 (t, J = 7.1 Hz, 3H, CH3). *C NMR (100 MHz, CDCl5): § 162.0,
151.7, 151.3, 149.7, 138.0, 132.7, 129.6, 129.5, 128.1, 127.2,
124.6, 115.3, 105.1, 63.2, 14.3.

7e - ethyl (E)-2-cyano-3-(thiophen-2-yl)acrylate

Orange solid; yield = 92% (438 mg); 'H NMR (400 MHz,
CDCl3): ¢ 8.32 (s, 1H, =CH), 7.81-7.76 (m, 2H, Haom.), 7.21 (m,
1H, Harom.), 4.34 (q, J = 7.1 Hz, 2H, OCH,), 1.36 (t, J = 7.1 Hz, 3H,
CHs;). "®C NMR (100 MHz, CDClg): § 162.8, 146.8, 137.3, 136.1,
135.3, 128.7, 115.8, 99.4, 62.6, 14.3.

7f - ethyl (E)-2-cyano-4-methylpent-2-enoate

Light yellow oil; yield = 92% (353 mg); '"H NMR (400 MHz,
CDCl3): 6 7.31 (d, J = 10.4 Hz, 1H, =CH), 4.14 (q, J = 7.1 Hz, 2H,
OCH,), 2.83 (m, 1H, CH), 1.20 (t, J = 7.1 Hz, 3H, CHj3), 1.01 (d,
J = 6.8 Hz, 6H, 2xCHjz). C NMR (100 MHz, CDCls): § 169.1,
161.4,113.5, 107.6, 62.4, 31.6, 21.2, 14.1.

79 - ethyl (E)-2-cyano-4-ethylhex-2-enoate

Light yellow oil; yield = 94% (422 mg); '"H NMR (400 MHz,
CDCl3): § 7.31 (d, J = 10.4 Hz, 1H, =CH), 4.22 (q, J = 7.1 Hz, 2H,
OCHy), 2.50 (m, 1H, CH), 1.55 (m, 4H, 2xCH), 1.34 (t, J = 7.1 Hz,
3H, CH3), 0.81 (t, J = 7.4 Hz, 6H, 2xCHj;). ¥C NMR (100 MHz,
CDCl3): 6 167.7,161.2,114.0, 110.0, 62.3, 46.1, 27.1, 14.0, 11.7.
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General procedure for phospha-Michael addition

In a typical phospha-Michael addition reaction, the activated alkene, such as an
arylidene malononitrile or cyanoacrylate derivative (0.23 mmol), the corresponding
H-phosphonate (0.23 mmol), and Eco-MgZnOx catalyst were introduced into a glass
screw-cap test tube equipped with a magnetic stirring bar. The catalyst was used in an
amount corresponding to approximately 5 mol% Zn, usually 7.5 mg on a 0.23 mmol
scale. The reaction was performed under solvent-free conditions at 70°C for 2—3 h.

R? R30. =0
RH\\(CN H. R R0 | N
+ \‘-P‘«., 3 - Rz/)\(
4 ‘y
R o ©OR R L
6-7 2 8-11

Scheme@. Phospha Michael addition - reaction scheme

After completion, the reaction mixture was cooled, diluted with a solvent, and
transferred to a polypropylene centrifuge tube. The catalyst was separated by cen-
trifugation. The supernatant was analyzed by 3'P NMR spectroscopy to determine
conversion, based on the integrals of the H-phosphonate substrate and the phospho-
nate product. The crude product was purified by preparative thin-layer chromatography
or crystallization, depending on its physical state. The optimized conditions for this
reaction were neat, 70°C. Reactions carried out in solvents gave lower conversions.

8a - Diethyl (2,2-dicyano-1-phenylethyl)phosphonate

Yellow solid; yield = 94% (254 mg); mp. 55-57°C; '"H NMR
(400 MHz, CDCly): 6§ 7.49-7.16 (m, 5H), 4.62—4.59 (m, 1H), ”C--‘\l-«'-cga
4.18-3.74 (m, 4H), 3.62 (dd, J = 8.0, 21.6 Hz, 1H), 1.36-1.07 (m, [”] OP oF
6H); 3C NMR (100 MHz, CDCl,): § 130.5, 129.5, 129.4, 111.7 (d,
J=9.7Hz), 111.5(d, J = 13.4 Hz), 64.5 (d, J = 6.9 Hz), 63.4 (d, J = 6.9 Hz), 44.5 (d,
J =142.9 Hz), 16.3 (d, J = 5.7 Hz), 16.1 (d, J = 5.7 Hz); 3'P NMR (243 MHz, CDCl5):
§20.1.

8b - Diethyl (2,2-dicyano-1-(p-tolyl)ethyl)phosphonate
Yellow oil; yield = 94% (253 mg); '"H NMR (400 MHz, CDCls):
§ 7.36-7.31 (m, 2H), 7.23-7.19 (m, 2H), 4.48 (t, J = 8.4 Hz, “Cx-fcga

1H), 4.19-4.09 (m, 2H), 4.02-3.93 (m, 1H), 3.80-3.69 (m, TH), [ For
3.58-3.49 (m, 1H), 2.35 (s, 3H), 1.33 (t, J = 7.2 Hz, 8H), 1.11 (t, /

307



Experimental section

= 7.2 Hz, 3H); 3C NMR (100 MHz, CDCl3): § 139.7 (d, Jo_p = 2.3 Hz, C;pso), 130.2
(s), 129.2 (d, J = 6.3 Hz), 127.2 (d, J = 5.7 Hz); 111.3, 64.4 (d, J = 7.4 Hz, OCH,),
63.4 (d, J ~ 7.4 Hz, OCH,), 44.4 (d, J ~ 144 Hz, Cqg-P), 21.3 (s lub bardzo mate d,
Ar-CHs), 16.3 (d, 4 ~ 5.7 Hz, CH3), 16.2 (d, J ~ 5.7 Hz, CH3). 3'P NMR (243 MHz,
CDCl3): 6 20.2.

8c - Diethyl [1-(4-chlorophenyl)-2,2-dicyanoethyl]phosphonate

White solid; yield = 82% (242 mg); 'H NMR (400 MHz, CDCl5):
6 7.45-7.35 (m, 4H, Haom ), 4.65 (dd, J = 11.5, 10.5 Hz, 1H, P-CH), Nc:[/ch}Er
4.25-4.05 (m, 3H, O-CH; + CH(CN)z), 3.95-3.80 (m, 2H, O-CH,), TN Foo
1.32 (t, J = 7.1 Hz, 3H, CH,), 1.18 (t, J = 7.1 Hz, 3H, CHg). 3C  ©~
NMR (100 MHz, CDCl): § 136.2, 131.5, 130.9 (d, J = 6.5 Hz),
129.9, 111.2 (d, J=8.0 Hz), 111.0 (d, J=8.2 Hz), 64.8 (d, J = 7.2 Hz), 64.1 (d, J = 7.4
Hz), 44.1 (d, J = 144.1 Hz), 16.4 (d, J = 6.0 Hz), 16.3 (d, J = 6.2 Hz). 3'P NMR (243
MHz, CDCls): § 19.4.

8d - Diethyl (2,2-dicyano-1-(4-nitrophenyl)ethyl)phosphonate

White solid; yield = 91% (221 mg); "H NMR (400 MHz, CDCl5):
§ 8.28-8.32 (m, 2H), 7.68-7.71 (m, 2H), 4.54—4.59 (m, 2H), 4.13— NC~ N
4.24 (m, 2H), 4.06—4.13 (m, 1H), 3.89-3.98 (m, 1H), 3.66-3.75 (m, 1 *’*:j]"""('_;.P"-.DEt
1H), 1.35 (t, J = 7.0 Hz, 3H), 1.18-1.22 (m, 3H); 3C NMR (100 "
MHz, CDCl;): § 148.6, 137.5 (d, J = 5.7 Hz), 130.6 (d, J = 6.3 Hz),
124.6,110.8 (d, J = 11.5 Hz), 110.7 (d, J = 10.3 Hz), 64.8 (d, J = 6.9 Hz), 64.1 (d, J =
6.9 Hz), 44.5 (d, J = 142.3 Hz), 25.3, 16.3 (t, J = 6.0 Hz); 3'P NMR (243 MHz, CDCls):
518.3.

8e - Diethyl (1,1-dicyano-3-ethylpentan-2-yl)phosphonate

Yellow oil; 'H NMR (400 MHz, CDCls): 6 4.14—4.29 (m, 5H),
2.43-2.52 (m, 1H), 1.51-1.88 (m, 5H), 1.36 (t, J = 7.2 Hz, 6H), “C-\--»'-Gga
0.88-0.99 (m, 6H); 3C NMR (100 MHz, CDCl3): § 112.4 (d, J = 12 Jop oFi
Hz), 111.9 (d, J = 6.9 Hz), 63.2 (d, J = 6.9 Hz), 63.0 (d, J = 7.4 Hz),
416 (d, J = 2.3 Hz), 40.1 (d, J = 141.7 Hz), 27.0, 23.5 (d, J = 4 Hz), 23.3 (d, J = 6.3

Hz), 22.5, 16.4 (d, J = 6.5 Hz), 11.8, 11.6; 3'P NMR (243 MHz, CDCly): 6 23.8.

308



Experimental section

8f - Diethyl (2,2-dicyano-1-(quinolin-3-yl)ethyl)phosphonate
Brown solid; yield = 84% (264 mg); 'H NMR (400 MHz,
CDCl3): § 8.93-7.60 (m, 6H, Haom ), 4.67 (dd, J = 8.9, 7.3 Hz, 1H, NN

[ oE

- A

P-CH), 4.24-3.80 (m, 5H, CH(CN)z + 2xO-CHp), 1.35 (t, 7 = 7.0 [ T For

Hz, 3H, CHg), 1.16 (t, J = 7.0 Hz, 3H, CHs). '3C NMR (100 MHz, "

CDCls): § 150.5, 148.3, 136.8, 131.0, 129.4, 128.3, 127.9, 123.7,

111.1 (d, J=8.1 Hz), 111.0 (d, J=8.5 Hz), 64.7 (d, J = 7.1 Hz), 64.0 (d, J = 7.3 Hz),
42.4 (d, J = 145.2 Hz), 25.6, 16.3 (d, J = 5.9 Hz), 16.2 (d, J = 6.1 Hz). 3'P NMR (243
MHz, CDCl3): § 19.8.

89 - Diethyl (2,2-dicyano-1-(thiophen-2-yl)ethyl)phosphonate

Brown solid; yield = 96% (263 mg); 'H NMR (400 MHz,
CDCls): § 7.51-7.54 (m, 1H), 7.40-7.43 (m, 1H), 7.22-7.25 (m, NC-TCEH
1H), 4.46 (dd, J = 6.6, 9.0 Hz, 1H), 4.03—4.18 (m, 3H), 3.86-3.95 jOE
(m, 1H), 3.77 (dd, J = 6.6, 21.4 Hz, 1H), 1.33 (t, J = 7.0 Hz, 3H), -
1.19 (t, J = 7.0 Hz, 3H); '*C NMR (100 MHz, CDCls): 6 129.5 (d, J = 5.7 Hz), 127.8
(d, J = 4.5 Hz), 127.5, 126.3 (d, J = 8.6 Hz), 111.4 (d, J = 12.5 Hz), 111.1 (d, J = 9.7
Hz), 64.5 (d, J = 6.8 Hz), 63.7 (d, J = 6.9 Hz), 40.3 (d, J = 134.7 Hz), 25.8, 16.3 (t, J
= 6.0 Hz); 3'P NMR (243 MHz, CDCl3): 6 18.1.

8h - Diethyl (1,1-dicyano-2-methylpropan-2-yl)phosphonate

Brown oil; yield = 74% (188 mg); "H NMR (400 MHz, CDCl5):
§ 4.03-4.19 (m, 6H), 1.40 (d, J = 15.6 Hz, 6H), 1.28—1.34 (m, 6H); “‘jﬂga
3C NMR (100 MHz, CDClg): 6 111.0 (d, J = 10.8 Hz), 63.7 (d, f";’--DE,
J =75 Hz), 61.9 (d, J = 5.8 Hz), 37.3 (d, J = 148.0 Hz), 31.2,
20.8-20.6, 16.4-16.3; 3'P NMR (243 MHz, CDCls): § 21.2.

8i - Diethyl (1,1-dicyano-2-(furan-2-yl)propan-2-yl)phosphonate

Yellow solid; yield = 88% (180 mg); '"H NMR (400 MHz, CDCls):
5 7.48 (M, 1H, Harom.), 6.50-6.42 (M, 2H, Harom ), 4.69 (d, J=5.6 Hz, "
0.5H, CH(CN),), 4.67 (d, J=5.6 Hz, 0.5H, CH(CN),), 4.17-3.78 (m, Cg}%;"'
4H, 2xOCHy), 1.87 (s, 1.5H, CHs), 1.84 (s, 1.5H, CH3), 1.35-1.17
(m, 6H, 2xCHgs-ethyl). '3C NMR (100 MHz, CDCls): § 148.2, 144.0, 111.4-110.5 (m),
64.2 (m), 44.0 (d, J ~ 145 Hz), 42.5 (d, J ~ 145 Hz), 30.2, 17.1, 16.3. 3'P NMR (243
MHz, CDCl3): § 20.48.

“OEt
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9a - Ethyl 2-cyano-3-(diethoxyphosphoryl)-3-phenylpropanoate

Yellow oil; yield = 95% (296 mg); '"H NMR (400 MHz, CDCls):
§ 7.44-7.27 (m, 5H, Haom), 4.24-3.74 (m, 8H, P-CH, CN-CH, “C~-~~»----°;OE{°ET
3x0-CHy), 1.27-0.97 (m, 9H, 3xCHs). 'C NMR (100 MHz, [\[ono_l
CDCI3): 4 164.3,129.9, 129.4, 128.7, 115.0, 63.4, 44.7 (d, J ~ 140
Hz), 39.2, 16.2, 13.8. 3'P NMR (243 MHz, CDCls): 6 22.7 (major),

22.6 (minor).

9b - Ethyl 2-cyano-3-(diethoxyphosphoryl)-3-(p-tolyl)propanoate
Yellow oil; yield = 82% (266 mg); '"H NMR (400 MHz, CDCl5):

§ 7.33-7.07 (m, 4H), 4.21-3.71 (m, 8H), 2.27 (s, 3H), 1.29-1.03 (m, R g
9H). 3C NMR (100 MHz, CDCl3): § 164.6 (d, J = 13.1 Hz), 138.7 |’O‘°m

(d, J = 8.6 Hz), 129.8, 115.1, 63.8 (d, J = 6.8 Hz), 44.2 (d, J =
135.0 Hz), 39.6 (d, J = 4.5 Hz), 21.3, 16.4 (d, J = 9.1 Hz), 14.0. 3'P NMR (243 MHz,
CDCl3): 6 22.8 (major), 22.6 (minor).

9c - Ethyl 2-cyano-3-(diethoxyphosphoryl)-3-(quinolin-3-yl)propanoate
Yellow oil; yield = 78% (280 mg); '"H NMR (400 MHz, CDCls):

"H NMR (400 MHz, CDCls): § 8.86-8.51 (m, 2H, Haom ), 8.10-7.55 e, o
(M, 4H, Haom), 4.423.65 (M, 8H, P-CH, CN-CH, 3xO-CH), [~ T | fox
1.37-1.02 (m, 9H, 3xCHy). "*C NMR (100 MHz, CDCly): 6 164.4 "

(d, J =14.1 Hz), 151.3, 147.7,137.1 (d, J = 6.2 Hz), 128.8, 114.5,
64.0 (d, J = 6.9 Hz), 54.1 (d, J = 138.1 Hz), 41.7, 16.3 (d, J = 5.8 Hz), 13.8. 3'P NMR
(243 MHz, CDCl3): 6 21.9 (major), 21.5 (minor).

9d - Ethyl 2-cyano-3-(diethoxyphosphoryl)-3-(thiophen-2-yl)propanoate
Yellow solid; yield = 75% (238 mg); 'H NMR (400 MHz,
CDCl3): 6 7.26-6.92 (m, 3H, Haom), 4.12-3.67 (m, 8H, P-CH, “‘3-»—~-CEOOE’L°E‘
CN-CH, 3x0O-CH,), 1.26-1.13 (m, 9H, 3xCHs). ¥C NMR (100 /gopm
MHz, CDCls): 6 164.2 (d, J = 15.4 Hz), 131.7, 129.0, 127.4, 126.5,
114.5, 63.5 (d, J = 6.3 Hz), 54.0 (d, J = 154.3 Hz), 40.4 (d, J = 4.8 Hz), 16.3 (d, J =

5.7 Hz), 13.8. 3'P NMR (243 MHz, CDCl3): § 18.1.

9e - Ethyl 2-cyano-3-(diethoxyphosphoryl)-4-methylpentanoate
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Yellow solid; yield = 92% (258 mg); 'H NMR (400 MHz, NC.__C(O)OEt
CDCly): § 4.29-4.07 (m, 6H, 3x0O-CH,), 3.75-3.66 (m, 1H, P-CH TF’O:T
or CN-CH), 2.53-2.43 (m, 1H, P-CH or CN-CH), 2.22-2.12 (m, ©
1H, CH-iPr), 1.33-1.27 (m, 9H, 3xCHg-ethyl), 1.19-0.99 (m, 6H,
2% CHg-iPr). 3C NMR (100 MHz, CDCly): § 166.0, 115.1, 63.0 (d, J = 6.9 Hz), 44.2
(d, J = 145.0 Hz), 37.1 (d, J = 5.1 Hz), 27.7, 22.0, 21.0, 16.4 (d, J = 5.5 Hz), 14.0. 3'P
NMR (243 MHz, CDCl3): 6 28.1 (major), 26.8 (minor).

10a - Diisopropyl (2,2-dicyano-1-phenylethyl)phosphonate

White solid; yield = 82% (243 mg); '"H NMR (400 MHz, CDCls):
§ 7.49-7.40 (m, 5H), 4.80-4.70 (m, 1H), 4.51-4.41 (m, 2H), 3.49 NC*‘]"'C;..pl-
(dd, J = 7.6, 20.8 Hz, 1H), 1.34 (d, J = 6 Hz, 6H), 1.27 (d, J = 6 [': QP e
Hz, 3H), 0.85 (d, J = 6.4 Hz, 3H); '*C NMR (100 MHz, CDCl3): §
130.7 (d, J = 5.2 Hz), 129.6 (broad signal, 1C), 129.5 (overlapping, 2C), 111.5 (d, J =
10.3 Hz), 111.3 (d, J = 12.0 Hz), 73.9 (d, J = 6.9 Hz), 72.8 (d, J = 7.4 Hz), 45.2 (d, J
= 144.6 Hz), 25.9,24.0 (d, J = 3.5 Hz), 23.9 (d, J = 5.1 Hz), 22.9 (d, J = 6.2 Hz); 3'P
NMR (243 MHz, CDCl3): § 22.1 (s).

10b - Dimethyl (2,2-dicyano-1-phenylethyl)phosphonate

White solid; yield = 91% (221 mg); *H NMR (400 MHz, CDCls):
§ 7.48-7.42 (m, 5H), 4.51—4.46 (m, 1H), 3.80 (d, J=10.8 Hz, 3H), “C-V-CSME
3.61 (dd, /=8.4, 21.4 Hz, 1H), 3.53 (d, /=10.8 Hz, 3H). '*C NMR [ I S ome
(100 MHz, CDCl3): é 130.0 (d, J=5.7 Hz), 129.8 (d, J=1.7 Hz),
129.7,129.3 (d, J=6.9 Hz), 111.3 (d, J=9.8 Hz), 111.1 (d, J=13.2 Hz), 54.7 (d, J=6.8
Hz), 53.6 (d, J=7.4 Hz), 44.2 (d, J=144.0 Hz), 25.6. 3'P NMR (243 MHz, CDCl;): §

22.4 (s).

10c - Dibenzyl (2,2-dicyano-1-phenylethyl)phosphonate

White solid; yield = 84% (320 mg); '"H NMR (400 MHz, CDCls):
8 7.46-7.26 (m, 13H), 7.10-7.08 (m, 2H), 5.10-4.99 (m, 2H), 4.86— NC\[»’C;BI_I
4.81 (m, 1H), 4.63-4.45 (m, 2H), 3.60 (dd, J = 8.0, 21.6 Hz); '3C [T OPOB
NMR (100 MHz, CDCl;): § 135.3, 130.2 (d, J = 5.7 Hz), 129.1,
128.9-128.7, 128.3, 111.6 (d, J = 10.3 Hz), 111.4 (d, J = 12.6 Hz), 69.7 (d, J = 6.9
Hz), 69.0 (d, J = 6.8 Hz), 45.0 (d, J = 143.5 Hz), 25.6; 3'P NMR (243 MHz, CDCl3): ¢

21.1 (s).
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10d - Dibutyl (2,2-dicyano-1-phenylethyl)phosphonate

White solid; yield = 67% (214 mg); '"H NMR (400 MHz, CDCls):
§ 7.47-7.37 (m, 5H, Harom.), 4.55 (m, 1H, P-CH), 4.08-3.87 (m, 4H, NCTCSBL_
2x0OCH,), 3.56 (m, 1H, CH(CN),), 1.66-1.14 (m, 8H, 2xCH,CHb,), QDB
0.88 (t, J = 7.4 Hz, 3H, CHs), 0.79 (t, J = 7.4 Hz, 3H, CHs). '3C
NMR (100 MHz, CDCls): 6 130.5 (m), 129.5 (m), 129.0 (m), 111.5 (m, CN), 67.8 (m,
2xOCH,), 44.7 (d, J ~ 144 Hz), 44.5 (d, J ~ 144 Hz), 32.3 (m), 18.6 (m), 13.5 (m).
3P NMR (243 MHz, CDCls): 6§ 20.2 (major), 20.0 (minor).

10e - Diphenyl (2,2-dicyano-1-phenylethyl)phosphonate

White solid; yield = 87% (312 mg); 'H NMR (400 MHz, CDCly):
§ 7.55-7.08 (m, 13H), 6.79-6.76 (m, 2H), 4.74—4.69 (m, 1H), 3.98 NC~ N
(dd, J = 7.6, 21.6 Hz, 1H); '3C NMR (100 MHz, CDCl,): § 150.0 (d, ©/E
J =9.7 Hz), 149.6 (d, J = 9.7 Hz), 130.2, 129.8, 129.7, 129.2 (d, .J
= 5.8 Hz), 125.9 (d, J = 32.6 Hz), 120.5 (d, J = 5.6 Hz), 120.1 (d, J = 4.6 Hz), 111.2
(d, J =10.8 Hz), 110.9 (d, J = 13.1 Hz), 44.9 (d, J = 146.3 Hz), 26.0; 3'P NMR (243
MHz, CDCl3): § 12.51 (s).

11a - Ethyl 2-cyano-3-(diisopropoxyphosphoryl)-3-phenylpropanoate
Yellow oil; yield = 78% (287 mg); 'H NMR (400 MHz, CDCls): 6
7.45-7.24 (m, 5H, Harom.), 4.63-3.64 (m, 6H, P-CH, CN-CH, OCHs, “CIC‘O?_’F‘;{H
2xOCH-iPr), 1.23-0.75 (m, 15H, 4xCHs-iPr + CHg-ethyl). '3C @ (;F’i\Oi_pr
NMR (100 MHz, CDCl3): § 164.4 (m), 130.5 (m), 129.5 (m), 128.6
(m), 115.0 (m), 72.3 (m, OCH-iPr), 63.2, 44.5 (d, J ~ 145 Hz), 39.5, 24.1 (m), 13.7.

3P NMR (243 MHz, CDCly): § 21.0 (major), 20.8 (minor).

11b - Ethyl 2-cyano-3-(dimethoxyphosphoryl)-3-phenylpropanoate

Yellow oil; yield = 84% (260 mg); 'H NMR (400 MHz, CDCly): &
7.47-7.29 (m, 5H, Harom.), 4.16-3.45 (m, 10H, P-CH, CN-CH, OCHo, “Ccof’fa
2xOCHg), 1.18-1.05 (m, 3H, CH3). 3C NMR (100 MHz, CDCly): 4 [1OF’OM
164.3 (d, J ~ 14 Hz), 132.0 (m), 129.9 (m), 128.8 (m), 114.9 (m,
CN), 63.3, 54.0 (m, 2xOCH,), 45.1 (d, J ~ 145 Hz, C-P), 39.4 (d, J ~ 5 Hz), 13.8. 3'P

NMR (243 MHz, CDCly): 6 24.9 (major), 24.8 (minor).
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11c - Ethyl 3-(bis(benzyloxy)phosphoryl)-2-cyano-3-phenylpropanoate
Yellow oil; yield = 81% (376 mg); "H NMR (400 MHz, CDCls):
0 7.48-7.02 (m, 15H, Hzom.), 5.07-4.72 (m, 4H, 2xOCH.Ph), ch.\,,..c;oB)nDEt
4.26-3.81 (m, 4H, P-CH, CN-CH, OCH,), 1.10 (t, J = 7.0 Hz, 1.5H, [ T ;‘-osn
CHjs), 1.02 (t, J = 7.0 Hz, 1.5H, CH3). '3C NMR (100 MHz, CDCls): -
5 164.2 (m), 135.8 (m), 130.0-128.1 (M, Caom.), 115.0 (m, CN), 68.8 (m, OCH,Ph),
63.3, 44.4 (d, J ~ 143 Hz, C-P), 39.4, 13.8. 3'P NMR (243 MHz, CDCl3): § 23.5

(major), 23.4 (minor).

11d - Ethyl 2-cyano-3-(dibutoxyphosphoryl)-3-phenylpropanoate

Yellow oil; yield = 82% (323 mg); '"H NMR (400 MHz, CDCl,):
0 7.48-7.02 (m, 15H, Hzom), 5.07-4.72 (m, 4H, 2xOCH.Ph), NCW'C;DB)SB
4.26-3.81 (m, 4H, P-CH, CN-CH, OCHy), 1.10 (t, J = 7.0 Hz, 1.5H, [ T C;,-P-"DEU
CHs), 1.02 (t, J = 7.0 Hz, 1.5H, CHs). "*C NMR (100 MHz, CDCls):
5 164.2 (m), 135.8 (m), 130.0-128.1 (m, Cgom.), 115.0 (m, CN), 68.8 (m, OCH,Ph),
63.3, 44.4 (d, J ~ 143 Hz, C-P), 39.4, 13.8. 3'P NMR (243 MHz, CDCl3): § 23.5

(major), 23.4 (minor).

11e - Ethyl 2-cyano-3-(diphenoxyphosphoryl)-3-phenylpropanoate

Yellow oil; yield = 44% (192 mg); 'H NMR (400 MHz, CDCls): §
7.60-6.77 (m, 15H, Harom ), 4.52-4.11 (m, 4H, P-CH, CN-CH, OCHy), “C-~-~«~--G;O;:Et
1.18 (m, 3H, CHs). *C NMR (100 MHz, CDCl3): § 164.1 (m), 150.1 [ T C;F"--Dph
(m), 130.1-120.2 (M, Carom.), 114.7 (m, CN), 63.6, 45.0 (d, J ~ 145

Hz, C-P), 39.7, 13.8. 3P NMR (243 MHz, CDCl3): 6 15.4 (major), 14.9 (minor).
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General procedure for Knoevenagel-phospha-Michael reaction

The Knoevenagel-phospha-Michael reaction was performed as a two-step one-pot
process and then as a direct three-component one-pot reaction. In the two-step pro-
cedure, the aldehyde (0.23 mmol), malononitrile or ethyl cyanoacetate (0.23 mmol),
and Eco-MgZnOx catalyst were first placed in a glass screw-cap test tube and stirred
under solvent-free conditions at 70°C. After the Knoevenagel condensation step, the
H-phosphonate reagent (0.23 mmol) was added directly to the same reaction vessel,
and stirring was continued under the same conditions.

In the one-pot procedure, the aldehyde (0.23 mmol), the active methylene com-
pound (0.23 mmol), the H-phosphonate (0.23 mmol), and Eco-MgZnOx catalyst were
added simultaneously to the reaction tube. The reaction was carried out under solvent-
free conditions at 70°C, typically for 3-5 h, depending on the substrate system. The
catalyst loading corresponded to approximately 5 mol% Zn.

RSDRP.}O
0 OR? R%07)
H.p »_-CN
R1MR2 Yo g oRY T NCTRY R
R4
1 2 5 8-11

Scheme@. Knoevenagel phospha-Michael condensation - reaction scheme

After the reaction, the mixture was cooled and diluted with an appropriate solvent.
The solid catalyst was removed by centrifugation, and the liquid phase was collected.
Conversion and selectivity were determined by 3'P NMR spectroscopy of the crude re-
action mixture, with particular attention to the desired Knoevenagel-phospha-Michael
adduct and possible a-hydroxyphosphonate by-product formed through the competing
hydrophosphonylation pathway. The final products were purified by crystallization or
preparative thin-layer chromatography, depending on their physical state.

Spectra of the Knoevenagel-phospha-Michael products are presented below. Their
general spectral pattern is analogous to that observed for the products of the phospha-
Michael reaction, as described in the previous section.

8c - Diethyl [1-(4-chlorophenyl)-2,2-dicyanoethyl]phosphonate

White solid; yield = 82% (242 mg); 'H NMR (400 MHz, CDCl5):
§ 7.50-7.40 (m, 4H, Harom.), 4.49-3.55 (m, 6H, P-CH, CH(CN),, Nc:[/ch}Er
2x0OCH,), 1.33-1.00 (m, 6H, 2xCHjs). *C NMR (100 MHz, CDCls): L“ P
§135.8,131.8, 130.6, 128.7, 111.0 (m), 64.0 (m), 44.7 (d, J=144.0 "

J o "OEt

N

<
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Hz), 43.3 (d, J=144.0 Hz), 25.4, 16.1 (m). 3'P NMR (243 MHz,
CDCly): 5 19.9.

8e - Diethyl (1,1-dicyano-3-ethylpentan-2-yl)phosphonate

Yellow oil; 'H NMR (400 MHz, CDCl3): 6 4.29-4.16 (m, 6H,
P-CH, CH(CN),, 2xOCH,), 2.52-2.45 (m, 1H, CH), 1.79-1.53 (m, NN
4H, 2xCH,), 1.39-0.90 (m, 12H, 4xCHj;). 3C NMR (100 MHz, ~ [ P
CDCl3): 6 112.1 (m), 63.0 (m), 47.3, 41.5 (d, J ~ 145 Hz), 40.7,
39.3, 27.0, 23.4 (m), 22.4, 16.3 (m), 11.6 (m). 3'P NMR (243 MHz, CDCl;): § 23.5.

8f - diethyl (2,2-dicyano-1-(quinolin-3-yl)ethyl)phosphonate
Brown solid; yield = 84% (264 mg); 'H NMR (400 MHz,

CDCly): ¢ 8.93-7.60 (m, 6H, Harom.), 4.67 (dd, J = 8.9, 7.3 Hz, 1H, NCTCSE
P-CH), 4.24-3.80 (m, 5H, CH(CN) + 2xO-CH,), 1.35 (t, 7 =7.0 [ | | Sos
Hz, 3H, CHy), 1.16 (t, J = 7.0 Hz, 3H, CHaz). '°C NMR (100 MHz, "

CDCly): § 150.5, 148.3, 136.8, 131.0, 129.4, 128.3, 127.9, 123.7,

111.1 (d, J=8.1 Hz), 111.0 (d, J=8.5 Hz), 64.7 (d, J = 7.1 Hz), 64.0 (d, J = 7.3 Hz),
42.4 (d, J = 145.2 Hz), 25.6, 16.3 (d, J = 5.9 Hz), 16.2 (d, J = 6.1 Hz). 3'P NMR (243
MHz, CDCl3): § 19.8.

89 - Diethyl (2,2-dicyano-1-(thiophen-2-yl)ethyl)phosphonate
Brown solid; yield = 96% (263 mg); '"H NMR (400 MHz, DMSO-
d6) 5 7.57'756 (m, 1H, Harom_), 725 (m, 1H, Harom.), 708_705 (m, NC. _.CM

[ OFEt

P

1H, Harom), 5.45-5.41 (m, 1H, P-CH or CH(CN)z), 4.83-4.76 (m, 1H, ("7 "z
P-CH or GH(CN)y), 4.10-3.83 (m, 4H, 2xOCH,), 1.24-1.07 (m, 6H,

2%CHa).: 13C NMR (100 MHz, CDClg): § 127.7-126.2 (M, Carom ), 64.0 (M, 2xOCHb),
40.2 (m, P-CH), 25.8 (CH(CN),), 16.2 (M, 2xCHs). 3'P NMR (243 MHz, CDCl3): 5 18.2.

10a - Diisopropyl (2,2-dicyano-1-phenylethyl)phosphonate
White solid; yield = 82% (243 mg); '"H NMR (400 MHz, CDCls):

5 749740 (M, 5H, Haon), 479-472 (m, 2H, 2xOCH-PY), 449 "o
(dd, J=11.0, 4.0 Hz, 1H, P-CH), 3.52 (dd, J=11.0, 35 Hz, 1H, [ Fop

CH(CN),), 1.37-0.86 (m, 12H, 4xCHa-iPr). '3C NMR (100 MHz,

CDCls): § 130.8 (d, J=5.7 Hz), 129.6, 111.6 (d, J=9.8 Hz), 111.3 (d, J=12.0 Hz), 73.5
(m, 2xOCH), 46.1 (d, J=145.0 Hz), 44.7, 26.0-23.0 (M, 4xCHj3). 3'P NMR (243 MHz,
CDCly): 5 18.3.
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10b - Dimethyl (2,2-dicyano-1-phenylethyl)phosphonate

White solid; yield = 91% (221 mg); "H NMR (400 MHz, CDCl5):
§ 7.50-7.44 (m, 5H, Harom ), 4.51 (m, 1H, P-CH), 3.81 (d, J=10.8 ”Cvcgm
Hz, 3H, OCH,), 3.63 (m, 1H, CH(CN),), 3.54 (d, J=10.8 Hz, 3H, [ P
OCHjs). 3C NMR (100 MHz, CDCly): 6 130.0 (m), 129.8 (m), 129.4
(m), 111.3 (m, 2xCN), 54.2 (m, 2xOCHj), 45.4 (d, J ~ 145 Hz), 44.0 (d, J ~ 145 Hz),
25.7. 3P NMR (243 MHz, CDCls): § 22.8 (major), 22.4 (minor).

“OMe

10c - Dibenzyl (2,2-dicyano-1-phenylethyl)phosphonate

White solid; yield = 82% (243 mg); '"H NMR (400 MHz, CDCls):
§ 7.42-7.06 (m, 15H, Haom), 5.24-4.80 (m, 4H, 2xOCH,Ph), 4.52 NC\[»G;BI_I
(m, 1H, P-CH), 3.60 (m, 1H, CH(CN),). ™C NMR (100 MHz, LTopou
CDCl3): § 135.4 (m), 129.8-128.4 (M, Carom.), 111.6 (M, 2xCN),
69.5 (m, 2xOCH,Ph), 45.7 (d, J ~ 145 Hz), 25.7. 3P NMR (243 MHz, CDCl3): § 21.2

(major), 21.1 (minor).

10d - Dibutyl (2,2-dicyano-1-phenylethyl)phosphonate

White solid; yield = 67% (214 mg); 'H NMR (400 MHz,
CDCl3): & 7.88-7.24 (m, 5H, Hawom), 4.51 (m, 1H, P-CH), 4.18- NC~ --C;BL_
3.97 (m, 4H, 2xOCH,), 3.54 (m, 1H, CH(CN),), 1.50-1.08 (m, [ [ Fg,
14H, 2xCH,CH,CHs). 13C NMR (100 MHz, CDCly): & 130.6
(m), 129.6 (m), 111.6 (m, 2xCN), 67.7 (m, 2xOCH,), 45.6 (d, J ~ 145 Hz), 44.1

(d, J ~ 145 Hz), 32.4 (m), 25.7, 18.7 (m), 13.6 (). 3'P NMR (243 MHz, CDCl,): 6 20.0.

10e - Diphenyl (2,2-dicyano-1-phenylethyl)phosphonate
White solid; yield = 87% (312 mg); '"H NMR (400 MHz, CDCls):
0 7.53-6.75 (m, 15H, Hzom.), 5.27 (m, 1H, CH), 4.70 (m, 1H, CH). opn
3C NMR (100 MHz, CDCl;): § 150.0 (m), 130.2-120.1 (m, Carom.), @%F\oph
111.3 (m, 2xCN), 45.6 (d, J ~ 145 Hz), 44.2 (d, J ~ 145 Hz), 26.0.
3P NMR (243 MHz, CDCls): § 12.97.

11a - Ethyl 2-cyano-3-(diisopropoxyphosphoryl)-3-phenylpropanoate
Yellow oil; yield = 78% (287 mg); "H NMR (400 MHz, CDCls):
§ 7.45-7.23 (m, 5H, Haom), 4.60-3.54 (m, 6H, P-CH, CN-CH, NE- Cgf_’Ff:Et

OCH,, 2xOCH-iPr), 1.22-0.73 (m, 15H, 4xCHy-iPr + CHs-ethyl). ( N Froie
8C NMR (100 MHz, CDCly): § 164.4 (m), 132.5 (m), 131.6 (m),
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130.0 (m), 129.5 (m), 128.6 (m), 115.0 (m), 72.7 (m, OCH-iPr), 63.2, 45.4 (d, J ~
145 Hz), 39.5, 24.0 (m), 13.7. 3'P NMR (243 MHz, CDCl3): § 21.4 (major), 21.3 (minor).

11b - Ethyl 2-cyano-3-(dimethoxyphosphoryl)-3-phenylpropanoate

Yellow oil; yield = 84% (260 mg); '"H NMR (400 MHz, CDCl5):
§ 7.27-7.49 (m, 5H), 3.42-4.29 (m, 10H), 1.17 (t, J = 7.2 Hz, “Ccof’fa
major, 3H), 1.06 (t, J = 7.0 Hz, minor, 3H); '*C NMR (100 MHz, [TOPOM
CDCl3): 6 164.4 (s, major), 164.3 (s, minor), 132.0 (s, major),
131.9 (s, minor), 131.2 (s, major), 131.1 (s, minor), 129.9 (s, major), 129.8 (s, minor),
128.8—129.5 (overlapping), 114.7—-115.2 (overlapping), 63.3 (d, J = 20 Hz), 54.1-54.4
(overlapping), 53.2-53.6 (overlapping), 44.2 (d, J = 142.8 Hz, minor), 43.5 (d, J =
144.0 Hz, major), 39.4 (s, major), 39.2 (s, minor), 29.8, 13.9 (s, major), 13.7 (s, minor);
3P NMR (243 MHz, CDCl3): § 24.9 (s, major), 24.8 (s, minor).

11c - Ethyl 3-(bis(benzyloxy)phosphoryl)-2-cyano-3-phenylpropanoate

Yellow oil; yield = 81% (376 mg); '"H NMR (400 MHz, CDCl5):
§ 7.48-7.02 (m, 15H), 5.07—4.72 (m, 4H), 4.26-3.81 (m, 4H), 1.10 “C“-vfﬂfa’noa
(t, J = 7.0 Hz, 3H, major), 1.02 (t, J = 7.0 Hz, 3H, minor); °C [/TOPOE'
NMR (100 MHz, CDCls): § 164.0—164.4 (overlapping), 135.6—135.9 -
(overlapping), 132.1 (d, J =6.2 Hz), 131.2 (d, J = 6.3 Hz), 130.0 (d, J = 6.3 Hz), 129.5
(d, J = 6.3 Hz), 129.0, 128.9 (d, J = 2.3 Hz), 128.5-128.8 (overlapping), 128.3 (d, J =
6.3 Hz), 128.1,115.1 (d, J = 3.5 Hz), 114.8 (d, J = 10.9 Hz), 69.1 (d, J = 6.9 Hz), 69.0
(d, J = 6.9 Hz), 68.4—68.6 (overlapping), 63.4 (s, major), 63.2 (s, minor), 44.7 (d, J =
142.3 Hz, minor), 44.1 (d, J = 142.9 Hz, major), 39.3-39.5 (overlapping), 29.8, 13.8 (s,
major), 13.7 (s, minor); 3'P NMR (243 MHz, CDCl3): § 23.5 (s, major), 23.4 (s, minor).

11d - Ethyl 2-cyano-3-(dibutoxyphosphoryl)-3-phenylpropanoate

Yellow oil; yield = 82% (323 mg); '"H NMR (400 MHz, CDCl5):
§ 7.47-7.25 (m, 15H), 4.25-3.69 (m, 8H), 1.65-0.73 (m, 17H); '3C R g
NMR (100 MHz, CDCl3): § 164.4 (d, J = 13.1 Hz, major), 164.2 (d, [/T J"--OB“
J = 13.7 Hz, minor), 132.3 (d, J = 6.2 Hz), 131.5 (d, J = 5.7 Hz),
129.9 (d, J = 6.3 Hz), 129.4 (d, J = 6.23 Hz), 128.5-129.1 (overlapping), 128.2, 115.1
(d, J=3.4Hz),114.9(d, J =9.1 Hz), 67.2—67.4 (overlapping), 66.5—-66.8 (overlapping),
63.3 (s, major), 63.1 (s, minor), 44.4 (d, J = 142.3 Hz, minor), 43.7 (d, J = 142.9 Hz,
major), 39.5, 39.2 (d, J = 2.2 Hz), 32.2-32.5 (overlapping), 18.5-18.8 (overlapping),
13.8, 13.5-13.7 (overlapping); 3'P NMR (243 MHz, CDCl;): § 22.5 (s).
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