Open Access Article. Published on 05 May 2026. Downloaded on 5/26/2026 5:07:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

¥ ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal

‘ ’.) Check for updates

Cite this: DOI: 10.1039/d5gc06683b

Received 10th December 2025,
Accepted 4th May 2026

DOI: 10.1039/d5gc06683b

rsc.li/greenchem

Green foundation

Solvent-free/scalable mechanochemical-assisted
addition of phosphine oxides to aldehydes:
sustainable protocol for one-pot tandem P-C
bond formation
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The development of greener and more efficient synthetic methodologies is a central goal in modern
organic and main-group chemistry, particularly in the context of reducing solvent use, energy consump-
tion and environmental impact. Mechanochemistry is introduced here as an efficient, cost-effective,
solvent- and catalyst-free, and scalable synthetic tool for the chemoselective formation of P-C bonds
with a markedly reduced environmental footprint. Using an atom-economical ball-milled protocol, the
addition of a broad range of phosphine oxides [R,P(=O)H] to aromatic, heteroaromatic, and aliphatic
aldehydes cleanly affords the corresponding a-hydroxyphosphine oxides in excellent yields and with high
functional-group tolerance, all performed at room temperature and under air/moisture without the need
for an inert atmosphere. In addition, we have developed an unprecedented mechanochemical one-pot
tandem protocol that enables the chemoselective synthesis of a-hydroxyphosphine oxides directly from
primary alcohols, further expanding the efficiency and synthetic versatility of this solvent-free approach.
These results highlight the potential of mechanochemistry to streamline main-group synthetic transform-
ations and pave the way for future solvent-free strategies in sustainable phosphorus chemistry.

1. Our work advances green chemistry by delivering a solvent- and catalyst-free mechanochemical protocol for chemoselective P-C bond formation and
related tandem transformations under ambient conditions. It demonstrates that a-hydroxyphosphine oxides can be prepared at scale without VOCs, inert
atmospheres, multistep solvent handling or energy-intensive purification, establishing a solid-state platform for sustainable main-group synthesis.

2. The methodology exhibits markedly improved green metrics versus electrochemical, DES-based and solution-state routes, including lower E-factors, high
atom economy, enhanced mass efficiency and energy reductions of up to 98.2%. Excellent isolated yields (up to 95%) are achieved without chromatography
and scalability from 0.5 to 15 mmol is shown without loss of performance.

3. The process could be made even greener by improving jar material sustainability and expanding solvent-free tandem strategies toward continuous mechan-

ochemical processing.
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Introduction

Organophosphorus compounds play a pivotal role in life-
essential structures, being omnipresent across a wide range of
biomolecules, from information-encoding biopolymers (e.g.,
DNA or RNA) to mediators for energy transfer in multiple
metabolic pathways (e.g., ATP)." Beyond their fundamental bio-
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pharmaceutical chemistry, the industrial production of pesti-
cides and flame retardants, organic catalysis and materials
science.” Given this broad impact, the development of robust,
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Scheme 1 Schematic comparison of previously reported solution based™ (a), microwave®” (b), electrochemical® (c) and neat’” (d) approaches with
the mechanochemical-assisted formation of P—C bonds via: (i) addition of secondary phosphine oxides [R,P(=O)H] into aldehydes [route (e)]; or (ii)
design of a one-pot tandem protocol which start from primary alcohols [route (f)].

efficient and sustainable synthetic methods for phosphorus—
carbon (P-C) bond formation remains a long-standing chal-
lenge of both academic and industrial significance.

Historically, synthetic strategies for constructing P-C bonds
have prioritised chemoselectivity, functional-group tolerance,
substrate scope and productivity; typically expressed through
high yields and product purity.> While these approaches have
driven major advances in organophosphorus chemistry, they
often overlook wider sustainability considerations. The intro-
duction of Green Chemistry Principles has therefore prompted a
paradigm shift in the field, promoting synthetic processes
that: (i) operate under ambient, aerobic conditions with high
energy efficiency; (ii) maximise atom economy; (iii) ensure
safety for both humans and the environment; and (iv) avoid
the use of non-renewable and hazardous volatile organic sol-
vents (VOCs).*

Within this context, the addition of secondary phosphine
oxides [R,P(=O)H] to aldehydes (formally inserting the carbo-
nyl moiety into the P-H bond) stands out as an ideal atom-
economic transformation, delivering o-hydroxyphosphine
oxides with complete mass efficiency.” However, despite its
conceptual simplicity, this reaction typically requires long reac-
tion times (up to 24 h), high temperatures (up to 200 °C),
acidic or basic catalysts, and harmful organic solvents such as
benzene or dichloromethane, alongside purification steps
involving significant solvent and energy use.” These limit-
ations highlight the need for methodologies that deliver the
same transformation under milder, safer and more sustainable
conditions (Scheme 1).

Several greener alternatives have recently emerged, includ-
ing non-thermal activation strategies (ultrasound,®® microwa-
ve,*” or electrochemical oxidation®) and methods employing
environmentally friendly reaction media such as Deep Eutectic

Green Chem.

Solvents (DESs)’® or neat conditions.”” Although these
approaches represent meaningful progress, many still rely on
external energy input, catalysts or specific liquid media, and
do not fully eliminate (or drastically reduce) the environmental
burdens associated with solvent-based synthetic and purifi-
cation operations.

In this landscape, mechanochemistry has rapidly emerged
as a powerful, inherently sustainable synthetic platform.® By
enabling chemical transformations under mild, bench-top
conditions and with little to no solvent, mechanochemistry
offers substantial reductions in solvent waste, energy con-
sumption and purification requirements.’ Thus, and over the
past two decades, mechanochemistry has become an increas-
ingly robust alternative to conventional solution-based thermo-
chemistry across a wide range of chemical disciplines.”™"”
Despite this progress, the application of mechanochemistry in
p-block chemistry (particularly for P-C bond formation) has
remained comparatively limited until recently.'®* However, a
growing body of work now highlights the rapid expansion of
mechanochemistry in this area, although current studies are
primarily focused on transformations such as deoxygenation
or phosphorylation,'® rather than direct P-C bond formation
via aldehyde addition. Thus, and to the best of our knowledge,
no mechanochemical protocol has been reported for the
direct, chemoselective addition of secondary phosphine oxides
to aldehydes to afford a-hydroxyphosphine oxides under
solvent- and catalyst-free conditions.®°

Building on our previous work involving: (i) the fast and
chemoselective addition of in situ-generated lithium phos-
phides (LiPR,) to aldehydes and epoxides in Deep Eutectic
Solvents under air at room temperature;*® and (ii) the synthesis
of cyclodiphosphazane macrocycles and PNP ligands in both
solution and the solid state;'®”"*?' we sought to extend our

This journal is © The Royal Society of Chemistry 2026
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main-group and mechanochemical expertise into a new area of
sustainable P-C bond formation.

Herein, we report the mechanochemical, chemoselective
and atom-economic addition of phosphine oxides R,P(—=O)H
to aldehydes, performed under neat conditions, at room temp-
erature and in the absence of catalysts or protective atmos-
pheres. This operationally simple protocol delivers
a-hydroxyphosphine oxides in excellent yields (up to 95%).
Moreover, we have evaluated its green chemistry metrics and,
importantly, demonstrated its scalability to 15 mmol, reinfor-
cing its sustainability and its readiness for preparative scales.

In addition, capitalising on the mildness and compatibility
of this solvent-free protocol, we have developed an unpre-
cedented mechanochemical one-pot tandem procedure that
integrates P-C bond formation with the chemoselective Cu-cat-
alysed oxidation of primary alcohols to aldehydes using aerial
O, as co-oxidant. This tandem process requires no intermedi-
ate purification and significantly reduces reaction time and
energy consumption, and broaden the synthetic versatility of
our approach.?**” Considering the wide range of applications
of R,P(=0)-containing scaffolds, including: (i) phase-transfer
catalysts;>® (ii) organocatalysts;>* (iii) ligands in metal-cata-
lysed transformations;*” (iv) precursors to phosphorus-contain-
ing polymers;*® and (v) functional motifs in medicinal chem-
istry;*” the development of solvent-free, high-yielding and scal-
able routes to a-hydroxyphosphine oxides represents a timely
and valuable contribution to sustainable main-group synthetic
methodology.

Results and discussion

Mechanochemical-assisted formation of P-C bonds via
chemoselective and atom-economic addition of secondary
phosphine oxides R,P(—O)H (1a-e) into aldehydes (2a-p)

Taking into account all the aforementioned precedents, we
decided to start our investigations by taking, as a model reac-
tion, the operationally simple and mechanochemical-assisted
direct reaction between equimolecular amounts of two com-
mercially-available solids, namely diphenylphosphine oxide
[Ph,P(=O0)H, 1a] and solid p-chlorobenzaldehyde (2a),
working: (i) at 30 Hz; (ii) at room temperature; (iii) in the pres-
ence of air/moisture (no protecting atmosphere is needed);
and (iv) in the absence of any external VOC solvent (neat con-
ditions) or catalyst (see Table 1). Under these ball-milled con-
ditions and by using both stainless-steel jar (5 ml) and ball
(10 mm), the formation of the desired oa-hydroxyphosphine
oxide 3a occurs chemoselectively with no side products
observed in the crude reaction mixture, as only unreacted start-
ing materials 1a and 2a were detected by 'H or *'P{"H}-NMR.
This total atom-economic mechanochemical-assisted addition
reaction reaches good conversion after only 10 minutes (81%,
entry 1, Table 1), requiring 60 minutes to increase the conver-
sion up to 93% (entries 2 and 3, Table 1). The use of longer
reaction times (70 minutes, entry 4, Table 1) did not improve
the conversion into the desired a-hydroxyphosphine oxide 3a.

This journal is © The Royal Society of Chemistry 2026
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Table 1 Mechanochemical-assisted formation of P—C bonds via atom-
economic addition of phosphine oxide l1a into p-chlorobenzaldehyde
(2a), working: (i) at room temperature; (i) in the presence of air/moist-
ure; and (iii) in the absence of any external VOC solvent (neat conditions)
or catalysts®

o} OH
0 &
ppeh Ho* H . ' nph
Ph 5 X Hz /air/rt/Time o

no-solvent or catalyst ©!

(1a) (2a) (3a)
Entry Hz Jar (volinmL) Ball (sizemm) T(min) C”(%)3a
1 30 SS(5) 10 10 81
2 30 SS(5) 10 30 88
3 30 SS(5) 10 60 93
4 30 SS(5) 10 70 93
5 30 SS(10) 10 60 71
6 30 SS (10) 12 60 49
7 30 Zro, (10) 10 60 96
8 30 ZrO, (10) 12 60 98
9 30 Zro, (10) 12 (x2) 60 98
10 30 WC-SS (10) 10 60 93
11 30 WGC-SS (10) 12 60 98
12 25 ZrO, (10) 12 60 92
13 20 Zro, (10) 12 60 91
14 15 ZrO, (10) 12 60 88

“General conditions: reactions performed under air/moisture, at the
desired frequency (30 to 15 Hz) in a Retsch MM400 ball mill, using
0.5 mmol of phosphine oxide 1a and p-chlorobenzaldehyde (2a).
? Conversion determined by *'P{"H}-NMR.

Remarkably, the well-known over-oxidation of the starting alde-
hyde 2a into the corresponding p-chlorobenzoic acid, due to
the presence of atmospheric O, in the jar, was not observed
under our ball-milled conditions.

Next, and taking into account previous examples in all-
milled-assisted organic synthesis which demonstrated the
pivotal role of both the nature and the size of the jar and the
ball employed,®™"” we decided to extend our parameter optimi-
sation studies to larger jars and balls, by using different com-
binations of jars (5-10 mL) and balls (10-12 mm; entries 5 and
6, Table 1). In both cases, we observed a clear erosion of the
conversion into the final a-hydroxyphosphine oxide 3a (from
93 to 71-49%, respectively) when increasing both the volume
of the jar and the size of the ball. Next, the chemical compo-
sition of the jar was also investigated, finding almost quanti-
tative conversion into a-hydroxyphosphine oxide 3a (96-98%,
entries 7 and 8, Table 1) when using a 10 mL zirconium
dioxide jar and 10-12 mm ball. At this point, we should
mention that similar results were obtained when using: (i) two
balls in the mechanochemical synthesis (entry 9, Table 1); or
(ii) a tungsten-carbide-steel-based jar (entries 10 and 11,
Table 1). In addition, a series of control experiments were con-
ducted to clarify the role of mechanochemical activation.
Performing the reaction under identical conditions but in the
absence of a milling ball resulted in poor mixing and the for-
mation of a heterogeneous mixture of solids, leading to signifi-
cantly diminished conversion (44% by *'P NMR), thus high-
lighting the importance of efficient mechanical energy trans-
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Scheme 2 Mechanochemical-assisted formation of P—C bonds via atom-economic addition of phosphine oxide 1a into different aldehydes (2a—p),
working: (i) at room temperature; (i) in the presence of air/moisture; and (iii) in the absence of any external VOC solvent (neat conditions) or cata-
lysts. General conditions: reactions performed under air/moisture, at 30 Hz frequency, using 0.5 mmol of phosphine oxide 1a and the desired alde-
hyde (2a—p). Aldehydes 2b—d,i,k-L,n-p are liquids. Conversion determined by *!P{*H}-NMR. Isolated yields are given in brackets. ? 6 equiv. of NaCl

(3 mmol, 0,174 g) were added as a solid grinding.

fer. In contrast, short-time manual grinding using a mortar
and pestle (10 min) led to high conversion (89% by *'P NMR),
confirming that manual mechanical activation is responsible
for promoting the transformation, although this approach
suffers from limited reproducibility and poor control over
energy input. Finally, the gradual reduction of the ball-mill fre-
quency (from 30 to 15 Hz) produces the expected concomitant
diminution of conversion into the desired a-hydroxyphosphine
oxide 3a (compare entries 12-14, Table 1). Overall, these
experiments support that efficient mechanochemical acti-
vation (controlled impact and mixing) is key to achieving high
conversion.

Based on the aforementioned reactivity studies, a plausible
mechanism can be proposed. Thus, the reaction most likely
proceeds via a classical Pudovik-type hydrophosphinylation, in
which the starting secondary phosphine oxide Ph,P(=O)H [1a;
P(v)] is in equilibrium with its phosphinous acid tautomer
Ph,P-OH [P(m)], the latter acting as the nucleophilic species
that adds to the aldehyde, followed by proton transfer to afford
the a-hydroxyphosphine oxide 3a. Under solvent-free mechan-
ochemical conditions, this process is expected to be facilitated
by efficient mixing, particle size reduction and the continuous
generation of fresh reactive interfaces. Moreover, the role of
the milling media should also be considered. In this sense,
Colacino and co-workers have previously proposed, for related
mechanochemical transformations involving imines and sec-
ondary phosphine oxides,'® that zirconium oxide surfaces
may contribute through a surface-mediated or Lewis-acid-type
activation, in addition to purely mechanical effects. Although

Green Chem.

our system involves direct addition to an aldehyde rather than
an imine, this precedent provides a useful conceptual frame-
work to rationalise the influence of mechanochemical acti-
vation and milling media in the present transformation. The
absence of detectable side products and the clean conversion
observed by NMR further support a direct nucleophilic
addition pathway rather than alternative radical or oxidative
mechanisms.

After setting up the best conditions for the mechanochem-
ical-assisted addition of phosphine oxide 1a into solid p-chlor-
obenzaldehyde (2a; 30 Hz, rt, under air/moisture and using a
ZrO,-based jar), we decided to extend our studies to a wide
family of different aldehydes 2a-p (see Scheme 2). Firstly, and
for the specific case of aromatic aldehydes 2a-j, we observed
experimentally that our protocol is able to cope with: (i) the
three possible different aromatic substitution (para- in 2a,e,f;,
h,i; meta- in 2¢,g; or ortho- in 2d,j); and (ii) the presence of
either electron-withdrawing [like, Cl (2a,c-d), Br (2e) or NO, (2f;
g)] or electron-donating-groups (OCHj, 2i,j). Furthermore,
broad substrate compatibility is demonstrated with: (i)
a,p-unsaturated systems (2m); (ii) heteroaromatic substrates
bearing either furyl (2k) or thienyl (21) substituents; and (iii)
polycyclic aromatic hydrocarbons (e.g., 1-naphthaldehyde, 2n).
Finally, it is important to mention that our system tolerates
the use of purely aliphatic aldehydes, being compatible with
both cyclic (20) or linear (2p) backbones, thus clearly demon-
strating the broad applicability of our methodology.

Moreover, it is worth highlighting that all the desired
a-hydroxyphosphine oxides 3a-p were obtained with: (i) good

This journal is © The Royal Society of Chemistry 2026
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Scheme 3 Mechanochemical-assisted formation of P-C bonds via atom-economic addition of phosphine chalcogenides 1b—e into aldehydes
(2a—b,i,g,m), working: (i) at room temperature; (ii) in the presence of air/moisture; and (iii) in the absence of any external VOC solvent (neat con-
ditions) or catalysts. @ 6 equiv. of NaCl (3 mmol, 0.174 g) were added as a solid grinding. Isolated yields are given.

to excellent yields (up to 95%); and (ii) in a total chemo-
selective manner, as no side products (aside from the
unreacted phosphine oxide 1a and the employed aldehyde 2a-
p) were observed when using our ball-milled protocol. Finally,
we should mention that our mechanochemical assisted for-
mation of P-C bond is also capable of working with liquid
aldehydes 2b-d,i,k-1,n-p just by simple addition of NaCl as a
solid grinding auxiliary.”® In these cases of liquid or low-
melting aldehydes, the role of NaCl in this transformation
goes beyond a simple additive, as it significantly influences
the physical properties of the reaction medium. In this sense,
NacCl acts as an inert solid dispersing agent, improving mixing
and ensuring a more homogeneous distribution of the reactants
throughout the milling process. By maintaining a free-flowing
solid mixture, NaCl prevents the formation of agglomerated or
paste-like phases that would otherwise dampen mechanical
energy transfer, indicating that the additive improves the
efficiency of mechanochemical activation rather than altering
the intrinsic chemical reactivity. These effects are in line with
the well-established role of inorganic grinding auxiliaries in
mechanochemistry,”® where they primarily modulate rheology
and energy transfer rather than directly affecting intrinsic
chemical reactivity. Concerning product isolation, and in those
cases where NaCl was used as a grinding auxiliary, the resulting
a-hydroxyphosphine oxides were readily isolated and purified by
a simple aqueous washing step followed by filtration to remove
the NaCl additive, affording the desired compounds cleanly,
supporting the high chemoselectivity of the transformation.*® In
contrast, for solid products no purification was required, as the
o-hydroxyphosphine oxides were obtained directly from the
milling jar in high purity.

Next, and trying to have a full picture of the influence of the
two components involved in our mechanochemical-assisted

This journal is © The Royal Society of Chemistry 2026

P-C bond formation protocol, we decided to evaluate the use
of other phosphine oxides under our previously optimised
reaction conditions (30 Hz, room temperature, under air/
moisture and using a ZrO,-based jar; see Scheme 3).

Gratifyingly, we observed that mono-substituted (1b) aro-
matic phosphine oxides could be chemoselectively added (no
by-products apart from the unreacted starting materials were
observed) into different aromatic aldehydes, containing both
electron-withdrawing (Cl, 2a) or electron-donating groups
(MeO, 2i), thus giving access to the corresponding
a-hydroxyphosphine oxides 3q-s in good to almost quantitat-
ive isolated yields (89-95%), although longer reaction times
are needed. Nevertheless, di-substituted aromatic phosphines
were tested, but mixtures were obtained after more than
12 hours of reaction time, and the final a-hydroxyphosphine
oxides could not be isolated. In contrast, our system exhibits
good tolerance towards purely aliphatic phosphine oxides (e.g.,
n-dibutyl phosphine oxide, 1c), delivering the desired
a-hydroxyphosphine oxide 3t in 74% isolated yield.

Finally, to further expand the scope of our study, we
explored the reactivity of other diphenylphosphine chalco-
genides [Phy(P=S)H (1d) and Ph,(P=Se)H (1e) derivatives]
under the same optimised mechanochemical conditions. In
these cases, the reactions proceeded smoothly with p-chloro-
(2a) and m-nitrobenzaldehyde (2g), both bearing electron-with-
drawing substituents, as well as with the «,f-unsaturated alde-
hyde (2m) in the case of sulfur. In all instances, the corres-
ponding  o-hydroxyphosphine  sulfides (3u-w) and
a-hydroxyphosphine selenides (3x,y) were obtained in good to
excellent isolated yields (66-90%), demonstrating that
our mechanochemical P-C bond formation is also applicable
to other chalcogen-containing phosphine oxides beyond

oxygen.

Green Chem.
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Fig. 1 E-Factor and PMI values for the mechanosynthesis and conventional method for the synthesis of a-hydroxyphosphine oxides (left).
Comparison of reaction mass efficiency (RME) and real atom economy (RAE) in % between conventional and mechanochemical routes (right). A
color-blind-safe palette was used to ensure accessibility for readers with color-vision deficiencies. The color specifications are provided in Sl

Scheme S6.

Comparative assessment of the environmental footprint

As previously mentioned, sustainability and environmental
factors have become increasingly important in designing new
synthetic protocols, which were traditionally planned solely to
maximise strictly synthetic parameters (selectivity and func-
tional group tolerance) or productivity. In this sense, the use
of Green Chemistry Metrics (GCM)?! is nowadays mandatory to
clearly determine which is the real green and sustainable
advance of a new synthetic protocol. Moreover, in the specific
case of main-group synthesis, the number of previously
reported examples that provide a detailed comparison between
mechanochemical and conventional solution-based method-
ologies is scarce.'®”*> Green Chemistry Metrics (GCM) were
calculated for the a-hydroxyphosphine oxide compounds 3a-h,
j-1,0. It should be noted that these calculations were restricted
exclusively to the aldehyde-to-a-hydroxybenzyl step of the pre-
viously mentioned o-hydroxyphosphine oxide compounds,
since extending the analysis from the alcohol (tandem proto-
col) would introduce significant methodological variability,
thus hindering the interpretation of results and undermining
the primary purpose of this section, which is to provide an
illustrative and coherent analysis of GCM application in the
context of this study.

For the calculation of the GCM, we decided to compare
(see Fig. 1) our new mechanochemical-assisted P-C formation
protocol with a recently reported (2023) electrochemically oxi-
dative phosphating of aldehydes and ketones to generate
a-hydroxyphosphine oxides in solution,® except for com-
pounds 3c and 3fh,j, that were not reported by this method
and were compared using a DES-assisted (Deep Eutectic
Solvent) addition protocol®® and a conventional solution-based
method, respectively,” notably demonstrating that our syn-
thetic approach consistently delivers improved sustainability
metrics, under the conditions evaluated for all calculated
GCM. At this point, it is also worth noting that the crude pro-

Green Chem.

ducts obtained from the electrochemical oxidative process®
were purified by column chromatography (petroleum ether/
ethyl acetate = 2/1, v/v). In contrast, those from the convention-
al solution-based reaction® were purified by recrystallisation
in THF/methanol. These purification steps were not included
in the GCM calculations because the authors did not provide
quantitative data for the amounts used. However, it is impor-
tant to emphasise that the actual GCM values for those pro-
cesses would likely be even less favourable if purification were
considered.

Although the environmental impact of a synthetic method
is a key criterion, a meaningful sustainability assessment must
also account for energy demand and operational costs. To
complement the aforementioned mass-based Green Chemistry
Metrics, we decided to also compare the energy efficiency and
cost implications of our mechanochemical P-C bond for-
mation with those of the corresponding conventional proto-
cols. This provides a more complete picture of the practical
advantages associated with the solvent-free, room-temperature
mechanochemical process.

Energy usage was also quantified by combining the power
rating of each device with the corresponding operation time,
assuming negligible consumption during idle periods (see SI).
On a 0.1 g scale, the mechanochemical protocol employed for
the synthesis of 3a-1,0 requires 2250 kW h kg™'. In contrast,
the electrochemically oxidative route consumes 20400 kW h
kg™, while the DES protocol for 3¢ and the conventional solu-
tion-based methods for 3f, 3h and 3j require 4000 kW h kg™
and 90960-122 000 kW h kg™, respectively (Table 2 and SI
Table S1).

These values translate into energy savings of 88.9% for
most electrochemical comparisons (3a-3b, 3d-3e, 3g, 3i, 3k,
31, 30), 43.7% versus the DES protocol for 3¢, and 97.5-98.15%
with respect to the conventional solution-based syntheses of
3f, 3h and 3j (Table 2), indicating that the mechanochemical
route is intrinsically less energy intensive on a per-kilogram

This journal is © The Royal Society of Chemistry 2026
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Table 2 Energy consumption and cost calculation®
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Energy consumption”

Compound kW h kg™ (MJ kg™")

Energy saved® (%)

Approx. electricity cost in average? (€ kg™)

Household consumer Non-household consumer

Mechanochemistry method
3a-3l, 30
Electrochemically oxidative method

2250 (8100)

3a-3b, 3d-3e, 3g, 3i, 3k, 31, 30 20 400 (73 440) 88.9
Deep Eutectic Solvent (DES) method

3¢ 4000 (14 400) 43.7
Conventional solution-based method

3f 90960 (327 456) 97.5
3h 96 640 (347 904) 97.7
3j 122 000 (439 200) 98.2

593.6 315.7
5382.3 2862.1
1042.9 561.2

25557.9 12761.8
25497.3 13 558.6
32188.2 17116.6

“To complement the mass-based green chemistry metrics, a quantitative assessment of the energy demand associated with each synthetic meth-
odology was carried out. ? The energy consumption was estimated using a standardized approach based on the nominal power of the equipment
and the corresponding operation time, assuming negligible energy consumption during idle periods (see SI for full details). The total energy
input was calculated according to: E = P-t where P is the power rating of the device (kW) and ¢ is the reaction time (h). To enable comparison
between different methodologies, the energy consumption was normalized to the mass of product obtained using the formula: Epom = (Pt)/Mpro.
duct- The normalized values were converted into MJ kg™ using the relationship: 1 kWh = 3.6 M]J. ° The percentage of energy savings for the
mechanochemical protocol relative to alternative methods was calculated as: % Energy saved = [(Epenchmark — Emechanochemical)/Ebenchmark] X 100.
4 The associated electricity cost was estimated by: cost = Epomy-(electricity tariff) where average European electricity prices were used (see SI for
full details). All calculations were derived from laboratory-scale experiments and extrapolated to a per-kilogram basis, providing a consistent com-
parative framework for evaluating the energy efficiency of the different synthetic routes.

basis. Although these values are extrapolated from small-scale
experiments, the consistent methodology applied across all
systems ensures meaningful comparative outcomes.

To assess the economic implications of these differences,
approximate electricity costs were estimated using average
2021-2022 EU tariffs for medium-sized household and non-
household consumers (Table 2 and SI Tables S2-S4). For
household tariffs, the projected energy cost of producing 1 kg
of 3a-l,o by mechanochemistry ranges from 440 to 720 €,
depending on the country, whereas the corresponding conven-
tional solution-based routes lie in the range from 18 000 to
30000 € kg™ (SI Table S3). For non-household tariffs, mechan-
ochemical production is estimated between 190 and 350 €
kg™', compared to the 7700-19000 € kg™ for the solution-
based protocols (SI Table S4). Although these projections con-
stitute a proof of concept derived from scaling up 0.1 g labora-
tory data, they clearly show that the solvent-free mechano-
chemical process affords a substantial reduction in energy-
related operating costs relative to the benchmark methods.
Nevertheless, as our estimations represent only a proof of
concept based solely on energy consumption, additional costs
associated with solvent handling, transport, recycling, or dis-
posal have not been considered.

Upscaled synthesis of o-hydroxyphosphine oxide 3a

Nowadays, one of the major challenges to solve in the field of
mechanochemical synthetic methodologies is the possibility
to be implemented at large preparative scales,*® which would
enlarge the synthetic applicability of ball-milled protocols,
especially in the field related with main-group chemistry, in
which the upscaling of synthetic protocols, thanks to the
implementation of mechanochemically-assisted synthetic
tools, is still in its infancy.'®"*? Thus, and based on this

This journal is © The Royal Society of Chemistry 2026

premise, we decided to set up an upscaled synthetic route to
compound 3a. Therefore, a 25 mL jar (equipped with two
12 mm balls) was used to produce 3a (in a 15 mmol scale,
4.73 g) by milling solid diphenylphosphine oxide [Ph,P(=O)H,
1a, 3.03 g] and solid p-chlorobenzaldehyde (2a, 2.10 g), in the
absence of any external VOC solvents or co-catalysts, and
working at 30 Hz, in the presence of air/moisture and at room
temperature (Fig. 2). To our delight, this scale-up reaction
(from 0.5 to 15 mmol; 30 times larger) was successfully com-
pleted after only 90 minutes, with no increase in reaction time
compared to the 0.5 mmol scale. Under these conditions, the
desired o-hydroxyphosphine oxide 3a was obtained in a
remarkable 92% isolated yield, even surpassing the yield
achieved at smaller scale. This result clearly highlights the
robustness, scalability and practical applicability of the devel-
oped mechanochemical protocol.

Design of one-pot tandem transformation based on the
mechanochemical-assisted and chemoselective formation of
P-C bonds through the addition of phosphine oxides into
aldehydes

During the last decade, there has been a notable increase of
interest within the synthetic chemistry community towards the
development of multistep one-pot tandem protocols,***” since
the implementation of these methodologies avoids the need
for halfway isolation/purification steps of reaction intermedi-
ates, which are typically required in tedious and traditional
step-by-step synthetic procedures, allowing moreover to: (i)
reduce the chemical waste and energy/time costs (in clear con-
sonance with the Principles of Green Chemistry);* and (ii) sim-
plify the practical aspects of the desired synthetic method-
ology. While these tandem protocols have proven successful in
generating a diverse array of natural products and intricate

Green Chem.
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Fig. 2 Milling jars used: (Left) Restch 10 mL ZrO; jar for 0.5 mmol scale. (Right) Restch 25 mL ZrO, jar for 15 mmol scale.

]
CuCI,/TMEDA (10 mol%) | %02
OH  TEMPO (10 mol%) !&

OJ\H 20 Hz / air / 2 h / no-solvent

(4a,c-d,f,i,l)

(2a,c-d,f,i,l)

[¢]
i

oy ;
Q& . [ o

IOfLHI 30 Hz /air/ 3h =O/6ﬁ

no-solvent or catalyst
(3a,c-d.fi,l,q)

Scheme 4 Design of an unprecedented mechanochemical-assisted hybrid one-pot tandem protocol through the combination of the Cu-catalysed
oxidation of primary alcohols 4a,c-d.f,il into aldehydes 2a,c-d,f,i,l with a concomitant formation of P-C bonds via atom-economic addition of

phosphine oxides 1la-b.

molecular structures under traditional thermal conditions,**
in the field of main-group chemistry there are currently only a
limited number of mechanochemical-assisted variants that
operate without VOC solvents or catalysts and can be per-
formed under simple bench-type reaction conditions (room
temperature, open to air and moisture).”** Thus, and taking
into account our previous experience in the design of one-pot
tandem protocols involving main-group reagents,®> and our
knowledge in the chemoselective Cu(u)-catalysed oxidation of
terminal alcohols into aldehydes,’*”® we decided to design
(as a proof-of concept), a new mechanochemical hybrid one-
pot tandem protocol®” for the direct, straightforward and
chemoselective conversion of primary alcohols 4a,c-d,f,i,] into
the desired a-hydroxyphosphine oxide 3a,c-d,f,i,],q under ball-
milled conditions (30 Hz) working at room temperature and in
the presence of air/moisture (see Scheme 4). Here, it is impor-
tant to note that, to the best of our knowledge, the combi-
nation of transition-metal catalysis and main-group chemistry
under mechanochemical conditions has not been reported.
Thus, we firstly study the catalytic activity of the oxidative
system CuCl,/TMEDA/TEMPO [TMEDA = N,N,N,N'-tetra-
methylethylenediamine; TEMPO = (2,2,6,6-tetramethyl-
piperidin-1-yl)oxyl] to promote the chemoselective oxidation of
p-chlorobenzyl alcohol 4a into the desired aldehyde 2a, under
conditions parametrised, that is working: (i) under solvent-free
conditions; (ii) at 20 Hz and at room temperature; and (iii) in
the presence of air/moisture (see Scheme 4). Pleasingly, we
observed quantitative and chemoselective conversion (the for-
mation of the corresponding p-chlorobenzoic acid was not
detected) into aldehyde 2a after 2 hours of reaction by using
simple aerial O, as external co-oxidant, thus generating H,O as
the sole by-product of the oxidation protocol.>® Importantly,
our oxidative system is also able to cope with benzylic alcohols

Green Chem.

containing electron-donating groups (4i, OMe) or even hetero-
aromatic primary alcohol (4l1), observing in all cases quantitat-
ive and chemoselective conversion into corresponding alde-
hydes 2a,c-d,f,i,] ("H NMR analysis). Once the conversions of
primary alcohols 4a,c-d,f,i,l into the desired aldehydes 2a,c-d,f,
i,]l was completed, the desired solid phosphine oxide (1a-b)
was directly added to the jar under air (no isolation/purifi-
cation of aldehydes 2a,c-d,f,i,]l was needed), which was sub-
sequently ball-milled (30 Hz, room temperature and in the
absence of VOC solvents) for 180 minutes. Remarkably, and by
using our unprecedented hybrid one-pot tandem protocol, the
starting primary alcohols 4a,c-d,f,i,l could be chemoselectively
and directly converted into the desired a-hydroxyphosphine
oxide 3a,c-d,f,i,l,q in yields up to 75% (Scheme 4).

Conclusions

In summary, we present a pioneering mechanochemical
approach for the atom-economic, chemoselective and environ-
mentally friendly synthesis of a-hydroxyphosphine oxides,
operating under solvent- and catalyst-free conditions at room
temperature and in the presence of air/moisture. The calcu-
lation of Green Chemistry Metrics (GCMs) and scalability
experiments clearly demonstrate the sustainable advantages of
our P-C bond-forming protocol. Importantly, we have also
designed an unprecedented mechanochemical one-pot
tandem process that combines this P-C bond formation with
the Cu-catalysed oxidation of primary alcohols to aldehydes
using aerial O, as co-oxidant.

Finally, it is important to highlight that our solvent-free
P-C bond-forming methodologies surpass traditional thermal
and solution-based approaches reported over the past decades,

This journal is © The Royal Society of Chemistry 2026
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delivering rapid, high-yielding and environmentally benign
transformations that represent a significant milestone in the
development of mechanochemical methods within main-
group chemistry. Importantly, the combined reduction in
solvent use, energy demand and purification requirements
positions this methodology as a practical and scalable alterna-
tive for sustainable P-C bond formation.

We hope that this work encourages the development of
further main-group-mediated green synthetic protocols
through the broader adoption of mechanochemistry as a
superior tool in organic synthesis. Looking ahead, we hope
that these results stimulate new solvent-free strategies and
promote deeper integration of mechanochemical techniques
into sustainable phosphorus chemistry, main group chemistry
and beyond.
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