Open Access Article. Published on 09 May 2025. Downloaded on 2/8/2026 8:22:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC
Mechanochemistry

W) Check for updates ‘

Cite this: RSC Mechanochem., 2025, 2,
503 _
Laura E. English,

Received 19th March 2025

Accepted 9th May 2025 *

and Kyle G. Pearce

DOI: 10.1039/d5mr00039d

rsc.li/RSCMechanochem

A free-flowing, homogeneous and non-pyrophoric powder of Na/
NaCl is prepared via planetary ball-milling. The mechanochemically
micronised Na/NaCl serves as a highly activated source of sodium and
was used to prepare [(*'BDI)Mgl, (BDI = HC{(Me)CNAr},; Ar = Dipp,
2,6-i-ProCgHs; Mes, 2,4,6-CH3CgHy) via ball milling in 75 and 45
minutes, respectively.

Group 1 (alkali metal) reagents are ubiquitous throughout
chemistry, utilised as powerful reductants and nucleophilic
bases (e.g. "butyl lithium) within the remit of synthetic chem-
istry."* Of the alkali metals, sodium is by far the most abundant
in the Earth's crust,® and readily available from electrolysis of
sodium chloride.* Yet, in the context of applied organometallic
chemistry, lithium and potassium reagents remain dominant.
The applications of organosodium chemistry are currently
limited due to the pyrophoric nature, poor-solubility and diffi-
culty in handling of these reagents. Nevertheless, organo-
sodium reagents such as NaTMP (sodium 2,2,6,6-
tetramethylpiperidide) and NaDA (sodium di-iso-propylamide)
have begun to be investigated as sustainable alternatives to
classical organolithium reagents,>® demonstrating superior
reactivity in many cases.”® Moreover, to overcome the insoluble
nature of organosodium reagents and to enhance accessibility,
new approaches to synthesise organosodium species have
begun to be developed. For example, Asako and Takai reported
the preparation of aryl sodiums using a Br/Na exchange reaction
of aryl bromides with neopentyl sodium, which was derived
from neopentyl chloride and sodium dispersion. However, the
presence of residual sodium in the aryl sodium reagents results
in side reactions, limiting the scope of electrophilic substrates
with which they can be reacted.” To circumvent this problem,
Knochel recently reported the on-demand generation of (2-
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ethylhexyl)sodium, a hexane soluble organosodium reagent,
through a continuous-flow method using a sodium-packed bed
reactor (sodium dispersion, particle size <0.1 mm), allowing for
the preparation of benzylic sodium organometallics as well as
the functionalisation of aryl sodiums with a wide range of
electrophiles, including ketones, aldehydes, Weinreb-amides,
imines, allyl bromides, disulfides and alkyl iodides."®

Alkali metals are commonly employed within the field of low
oxidation state metal chemistry, specifically as one electron
reductants, facilitating access to elements in unusual oxidation
states.' For example, in 2007 Jones and co-workers reported the
reduction of a B-diketaminato magnesium(u) iodide precursor,
[(°PPBDI)MgI(OEt,)] (BDI = HC{(Me)CNDipp},; Dipp = 2,6-i-
Pr,C¢H;) with an alkali metal mirror, affording the first stable
magnesium(r) dimer, [(°PPBDI)Mg],."> More recently, Jones and
co-workers developed an alternative to alkali metal mirrors;
stirring molten alkali metal with its corresponding finely
ground alkali metal halide powder to afford alkali metal halide
supported alkali metals (i.e. 5% w/w Na/NaCl, 5% w/w K/KI) as
readily weighable dispersible reducing agents. These have been
used for the preparation of magnesium(i) compounds on the

Fig. 1 Scanning electron microscope image of large fractured NaCl
crystals partially coated with Na metal. This material was made in
a Schlenk flask.*?
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multigram scale.”* The Na/NaCl powder prepared by Jones and
co-workers was analysed by scanning electron microscopy
(SEM; Fig. 1), revealing a wide particle size range, comprised of
irregularly shaped crystals lying between 10 and 100 um. This
material must still be treated as a fire hazard when manipulated
due to its vigorous decomposition upon exposure to air.

Inspired by the preparation of Na/NaCl in a Schlenk flask, we
sought to explore the mechanochemical preparation of Na/NaCl
in different loadings (5, 10, 20% w/w), with the intent to develop
a highly activated source of sodium that is homogeneous and
non-pyrophoric. Therefore, we combined finely divided sodium
with sodium chloride in the appropriate ratio, in a stainless-
steel 50 ml milling jar containing 7 mm diameter stainless-
steel balls (4.1 g each) under argon and milled them together
using a planetary ball mill (Retsch PM100). In our hands, we
found that a black free-flowing powder of 5% w/w Na/NaCl,
which was non-pyrophoric upon exposure to air, could consis-
tently be obtained after 16 hours at 500 rpm. Chen and co-
workers report a similar mechanochemical approach,*
though they describe the formation of a material which was
pyrophoric upon exposure to air. We found that if the sodium
and sodium chloride were milled together for <4 hours, the
sodium was not fully dispersed, which could explain the pyro-
phoric nature noted by Chen. To prepare 10% w/w Na/NaCl
a second portion of sodium was added to the reaction mixture
and milled for an additional two hours. Two further portions
could subsequently be added to the 10% w/w Na/NaCl material
and milled for two hours a time to access 20% w/w Na/NaCl as
a free-flowing black powder (Fig. 2).

Intrigued by the free-flowing nature of Na/NaCl, we were
curious to survey the homogeneity. Therefore, we analysed the
mechanochemically prepared Na/NaCl as well as the equivalent
material made via Jones' procedure in a Schlenk flask by scan-
ning electron microscopy with energy dispersive X-ray spec-
troscopy (SEM/EDX). Jones reports a wide particle size range,
comprised of irregularly shaped crystals lying between 10 and
100 um," similarly, when analysing the 5% w/w Na/NaCl we
prepared in a Schlenk flask, we observed large crystals of up to
200 pm in diameter. In comparison, the mechanochemically
prepared material comprises of particulates of <10 pm and
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clearly bears a different morphology, where the larger particu-
lates are aggregates of smaller powder-like components and no
longer possess a microcrystalline structure (Fig. 3). In addition,
the Na is much more dispersed and a greater degree of homo-
geneity is present within the material. This is supported by EDX
imaging, which shows that in the case of the mechanochemi-
cally prepared Na/NaCl, both Na and Cl are present homoge-
neously throughout the material, whilst in the Schlenk made
material there are regions where the free sodium and sodium
chloride are not completely integrated (see ESI page S8t).

To confirm the change in morphology was not a result of
sodide formation (Na~), for which there is mechanochemical
precedent,” we turned to solid-state (SS) NMR spectroscopy
(Fig. S20-S227). The *’Na SS-NMR spectrum exhibits two
distinct resonances at dy, 1131.6 and 6.8 ppm, consistent with
the presence of Na and NaCl respectively,'*'” with a corre-
sponding single resonance observed in the **Cl SS-NMR spec-
trum, identified as NaCl (6 —39.2). Similarly, powder X-ray
diffraction (PXRD) analyses were performed on the mecha-
nochemically micronised 5% w/w Na/NaCl as well as NaCl as
a reference. Upon overlaying the two diffraction patterns, the
major component of our material can clearly be identified as
NacCl, exhibiting an identical diffraction pattern as to that of the
NaCl reference (Fig. S271). In addition, a secondary minor
component was observed, exhibiting 26 values of 29.41, 38.15
and 62.50°, consistent with the presence of Na metal.'® Overall,
these analyses support our supposition that the mecha-
nochemically prepared Na/NaCl is a homogeneous physical
mixture of only Na and NacCl, which has been mechanochemi-
cally micronized to significantly reduce the particle size.

To investigate the effects of the morphology of the Na/NaCl
powder produced by ball-milling, we set out to explore its use
as a reducing agent. Jones and co-workers have previously re-
ported the use of the Schlenk prepared Na/NaCl as a reductant
towards p-diketaminato magnesium(u) iodide complexes,
[(*"BDI)MgI(OEt,)] (BDI = HC{(Me)CNAr},; Ar = Dipp, 2,6-i-
Pr,C¢Hs; Mes, 2,4,6-CH;C¢H,), affording the Dipp and Mes
Mg(1) reagents over the course of 2 days in 83 and 60% yield,
respectively in toluene/ether. Similarly, Harder and co-workers
report the reduction of [(°'PPBDI)MgI(OEt,)] within a mixer

Fig. 2 Free-flowing black powders of 5, 10, 20% w/w Na/NaCl, respectively, made via planetary ball-milling.
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Fig. 3 SEM images of (a) Na/NaCl prepared in a Schlenk flask, 200 um
scale bar. (b) Na/NaCl prepared in a Schlenk flask, 20 um scale bar. (c)
Na/NaCl prepared in a ball mill, 200 um scale bar (d) Na/NaCl prepared
in a ball mill, 10 um scale bar.

mill (ULTRA-TURRAX®), using Na/NaCl prepared in a Schlenk

flask.” They describe the in situ generation of [(BDI)Mg"] radi-
cals in the solid state, which readily react with aromatic solvents

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Mechanochemical preparation of [*"BDIMg],, Ar = Dipp, Mes.
Alongside a table comparing the reaction outcomes when using Na/
NaCl prepared in a Schlenk flask and when the reaction is performed in
a mixer or planetary ball mill.

upon extraction, to afford [(P'PPBDI)Mg], and [(®PPBDI)
Mg(CsHes)Mg(P'PPBDI)]. Alternatively, if the extraction is per-
formed in pentane, they were able to isolate [(°'PPBDI)Mg], in
78% yield after milling for 2 hours.

With this in mind, the reduction of [(*"BDI)MgI(OEt,)] (Ar =
Dipp, Mes) using our mechanochemically micronised Na/NacCl,
serves as an ideal reaction for comparison against Na/NaCl
prepared in a Schlenk flask as well as between mixer and
planetary ball milling approaches. Therefore, in this instance
we milled [(*'BDI)MgI(OEt,)]** and 20% w/w Na/NaCl inside
a 50 ml milling jar (Fig. 4), fitted with 7 stainless-steel milling
balls (7 mm diameter; 4.1 g each) under argon at 500 rpm in
a Retsch PM100 planetary ball mill, observing quantitative
conversion after just 75 and 45 minutes, via "H NMR spectros-
copy (Fig. $23-5251). [(""PPBDI)Mg], and [(V*BDI)Mg], were
extracted into toluene and ether respectively, without any
evidence of solvent activation and were isolated in 93 and 77%
yield. Comparison with traditional solvated reactions reported
by Jones and co-workers ([("PPBDI)Mg], in 83% yield, 2 days,
10:1 toluene/ether; [(M**BDI)Mg], in 60% yield, 2 days, 12:1
toluene/ether) demonstrates a decrease in reaction time, and
minimisation of deleterious side-reactions resulting in
improved yield. Direct comparison with the mixer mill route of
Harder and co-workers ([(°PPBDI)Mg], in 78% yield, 2 hours
mixing, ULTRA-TURRAX®) demonstrates not only a significant
reduction in reaction time but an increase in isolated yield,
without the concern of solvent activation upon extraction. This
study highlights the difference between Schlenk and mecha-
nochemically prepared materials as well as the distinction
between mixer and planetary ball milling approaches, which
have a significant impact upon the reaction outcome.

Conclusions

In summary, we have mechanochemically micronised Na and
NacCl together to afford a homogeneous mixture of Na/NaCl at
three different loadings (5, 10, 20% w/w), affording in each case
a free-flowing powder, which upon exposure to air or water does
not catch fire as a consequence of the uniform distribution of
reactive sodium dispersed within inert salt. This material has
been characterised by SEM/EDX, demonstrating small particle
sizes (<10 um) and high homogeneity, whilst SS-NMR and PXRD
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confirm the presence of only Na and NaCl. This material serves
as a highly activated source of sodium to reduce [(“"BDI)
MgI(OEt,)] to [(*"BDI)Mg], (Ar = Dipp, Mes), via ball milling
with a Retsch PM100 in 75 and 45 minutes, respectively. The
highly dispersed sodium on sodium chloride shows rapid,
selective reactivity but is readily handled, and in this case we
propose the salt acts in a fashion analogous to solvent,
increasing the number of reactive sites whilst modulating
reactivity and acting as a sink for energy released in the reac-
tion. We are now extending our investigation, using micronised
Na/NaCl in a broader swathe of reduction reactions as well as in
organic transformations.

The authors acknowledge EPSRC (EP/X01181X/1, ‘Molecular
s-block Assemblies for Redox-active Bond Activation and
Catalysis: Repurposing the s-block as 3d-elements’). DJL thanks
the Royal Society for the support of a University Research
Fellowship. We thank the UK high-field solid-state NMR facility
at the University of Warwick (Dr Dinu Luga) and Henry Royce
Institute (Dr Phani Karamched) at the University of Oxford for
use of their facilities.

Data availability

Experimental details, NMR spectra, SEM/EDX images and
Powder X-ray diffraction patterns can be found in the ESI.}

Conflicts of interest

There are no conflicts to declare.

Notes and references

1 F. Leroux, M. Schlosser, E. Zohar, and 1. Marek, in The
Chemistry of Organolithium Compounds, John Wiley & Sons,
Ltd, Hoboken, 2004, pp. 435-493.

2 R. E. Mulvey and S. D. Robertson, Angew Chem. Int. Ed. Engl.,
2013, 52, 11470-11487.

3 K. M. Abraham, ACS Energy Lett., 2020, 5, 3544-3547.

4 C. G. L. Wolf, J. Phys. Chem., 1900, 4, 200-206.

5 (a) R. F. Algera, Y. Ma and D. B. Collum, J. Am. Chem. Soc.,
2017, 139, 15197-15204; (b) Y. Ma, R. A. Woltornist,
R. F. Algera and D. B. Collum, J. Org. Chem., 2019, 84,
9051-9057; (c) R. F. Algera, Y. Ma and D. B. Collum, J. Am.
Chem. Soc., 2017, 139, 11544-11549; (d) R. F. Algera, Y. Ma
and D. B. Collum, J. Am. Chem. Soc., 2017, 139, 7921-7930;
(e) Y. Ma, R. F. Algera and D. B. Collum, J. Org. Chem.,
2016, 81, 11312-11315; () Y. Ma, R. F. Algera,
R. A. Woltornist and D. B. Collum, J. Org. Chem., 2019, 84,
10860-10869; (g) Y. Zhou, 1. Keresztes, S. N. MacMillan and
D. B. Collum, J. Am. Chem. Soc., 2019, 141, 16865-16876.

6 B. Gehrhus, P. H. Hitchcock, A. R. Kennedy, M. F. Lappert,
R. E. Mulvey and P. ]J. A. Rodger, J. Organomet. Chem., 1999,
587, 88-92.

506 | RSC Mechanochem., 2025, 2, 503-506

View Article Online

Communication

7 (@) L.J. Bole, A. Tortajada and E. Hevia, Angew Chem. Int. Ed.
Engl., 2022, 61, €202204262; (b) F. F. Mulks, L. ]J. Bole,
L. Davin, A. Hernan-Gomez, A. Kennedy, J. Garcia-Alvarez
and E. Hevia, Angew Chem. Int. Ed. Engl., 2020, 59, 19021~
19026; (c) A. Tortajada and E. Hevia, J. Am. Chem. Soc.,
2022, 144, 20237-20242; (d) D. E. Anderson, A. Tortajada
and E. Hevia, Angew Chem. Int. Ed. Engl, 2024, 63,
€202313556.

8 W. Bao, H. Kossen and U. Schneider, J. Am. Chem. Soc., 2017,
139, 4362-4365.

9 S. Asako, I. Takahashi, H. Nakajima, L. Ilies and K. Takai,
Chem. Commun., 2021, 4, 76.

10 (@) J. H. Harenberg, N. Weidmann, A. ]J. Wiegand,
C. A. Hoefer, R. R. Annapureddy and P. Knochel, Angew
Chem. Int. Ed. Engl, 2021, 60, 14296-14301; (b)
J. H. Harenberg, R. Reddy Annapureddy, K. Karaghiosoff
and P. Knochel, Angew Chem. Int. Ed. Engl., 2022, 61,
€202203807.

11 (a) M. J. Evans and C. Jones, Chem. Soc. Rev., 2024, 53, 5054
5082; (b) J. Hicks, P. Vasko, J. M. Goicoechea and S. Aldridge,
Nature, 2018, 557, 92-95; (¢) C. Weetman, Low Valent Main
Group Compounds in Small Molecule Activation, in
Encyclopedia of Inorganic and Bioinorganic Chemistry, ed. R.
A. Scott, John Wiley & Sons, 2021, pp. 1-27.

12 S. P. Green, C. Jones and A. Stasch, Science, 2007, 318, 1754—
1757.

13 J. Hicks, M. Juckel, A. Paparo, D. Dange and C. Jones,
Organometallics, 2018, 37, 4810-4813.

14 W. D. Chen, G. T. Wu, T. He, Z. Li, Z. P. Guo, H. K. Liu,
Z. G. Huang and P. Chen, Int. J. Hydrogen Energy, 2016, 41,
15471-15476.

15 N. Davison, J. M. Hemingway, C. Wills, T. Stolar,
P. G. Waddell, C. M. Dixon, L. Barron, J. A. Dawson and
E. Lu, Inorg. Chem., 2024, 63, 15247-15258.

16 M. Gabrijel¢i¢, B. Tratnik, G. Kapun, E. Tchernychova,
N. Zabukovec Logar, A. Krajnc, R. Dominko and
A. Vizintin, J. Mater. Chem. A, 2025, 13, 1042-1056.

17 A. Seidel, B. Schimiczek, U. Tracht and B. Boddenberg, Solid
State Nucl. Magn. Reson., 1997, 9, 129-141.

18 (a) J. D. Hanawalt, H. W. Rinn and L. K. Frevel, Ind. Eng.
Chem., Anal. Ed., 2002, 10, 457-512; (b) R. Berliner,
O. Fajen, H. G. Smith and R. L. Hitterman, Phys. Rev.
B:Condens. Matter Mater. Phys., 1989, 40, 12086-12097.

19 D. Jedrzkiewicz, J. Langer and S. Harder, Z. Anorg. Allg.
Chem., 2022, 648.

20 Neat grinding of [(***BDI)MgI(OEt,)] with Na/NaCl results in
significant conversion to the homoleptic magnesium
compound, [(M**BDI),Mg], with a deleterious effect on
yield and purification. This was overcome by liquid
assisted grinding with diethyl ether (n = 1.5).

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5mr00039d

	Mechanochemically micronised Na/NaCl; a superfine reductantElectronic supplementary information (ESI) available: Experimental details, NMR spectra,...
	Mechanochemically micronised Na/NaCl; a superfine reductantElectronic supplementary information (ESI) available: Experimental details, NMR spectra,...
	Mechanochemically micronised Na/NaCl; a superfine reductantElectronic supplementary information (ESI) available: Experimental details, NMR spectra,...
	Mechanochemically micronised Na/NaCl; a superfine reductantElectronic supplementary information (ESI) available: Experimental details, NMR spectra,...
	Mechanochemically micronised Na/NaCl; a superfine reductantElectronic supplementary information (ESI) available: Experimental details, NMR spectra,...


