
RSC
Mechanochemistry

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 2
/1

4/
20

26
 1

2:
19

:3
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Comparison betw
aDepartment of Chemical Science, Live Sc

University of Parma, Parco Area delle Sci

paolo.pelagatti@unipr.it
bInteruniversity Consortium of Chemical Re

Ulpiani 27, 70126 Bari, Italy
cBiopharmanet-tec, Parco Area delle Scienze

† Electronic supplementary information
complexes, PXRD traces, Rietveld renem
ORTEP views and packing contacts of 1–
ESI and crystallographic data in CIF
https://doi.org/10.1039/d4mr00150h

Cite this:RSCMechanochem., 2025, 2,
475

Received 31st December 2024
Accepted 3rd March 2025

DOI: 10.1039/d4mr00150h

rsc.li/RSCMechanochem

© 2025 The Author(s). Published by
een mechanochemical and
solution synthesis of Zn and Cu complexes
containing pyridine and p-halogen substituted
benzoates†

Giorgio Cagossi, ab Paolo P. Mazzeo, ac Alessia Bacchi ac

and Paolo Pelagatti *ab

Mechanochemistry can be an essential tool for coordination chemistry, demonstrating significant

advantages over solution protocols, enabling highly selective, efficient, and rapid syntheses with

conversion of the reagents achieved within minutes of grinding. The mechanochemical synthesis of

heteroleptic Zn(II) and Cu(II) complexes containing non-chelating ligands like pyridine and p-halogen-

substituted benzoates showcased the potential of this technique, with a detailed comparison to

solution-based synthetic methods. Structural analyses via X-ray diffraction confirm that the crystalline

phases produced mechanochemically are identical to those obtained in solution. The synthesis of

anhydrous complexes under dry mechanochemical conditions was also achieved without specialized

equipment, highlighting the versatility of this approach even for moisture-sensitive compounds.
Introduction

The mechanochemical synthesis of molecular metal complexes
is nowadays well documented.1–3 Its development has been
mainly triggered by the advantages offered by mechanochem-
istry compared to the more conventional solution based
protocols, related to the reduced amount of solvent used during
the grinding process and the more favoured kinetics. These
aspects positively impact the sustainability prole of the
mechanochemical approach.4,5 However, the perception that
a “conventional” synthetic chemist has towards a mechano-
chemical reaction is oen that of a highly heterogeneous
system, where the correct combination of the reagents to give
the desired product occurs more by chance than based on
a well-dened reaction pathway. For this reason, it is important
that synthetic mechanochemists insist on demonstrating that
mechanochemistry can lead to clean, fast, and selective reac-
tions. Examples dealing with the synthesis of metal complexes
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containing only monodentate ligands are particularly relevant
in this regard. In fact, the lack of chelation can in principle lead
to different stoichiometries and coordination geometries,
especially in the presence of coordinatively labile metal ions.
This is particularly true in the case of Zn2+ ions, whose d10

electronic conguration leads to a signicant structural vari-
ability owing to the absence of a dominant ligand eld stabili-
zation energy.6 With the idea of testing the selectivity of
mechanochemistry in the synthesis of coordination metal
complexes, we directed our attention to heteroleptic Zn2+

complexes containing simple ligands, such as benzoic acids
and pyridine. Although the selected ligands must be considered
“very simple”, the absence of chelators may in principle lead to
different coordination polyhedra, like a tetrahedron, a trigonal
bipyramid or an octahedron. On the other hand, the construc-
tion of a heteroleptic complex is in itself a sophisticated
process, since two ligands must self-assemble around the metal
with a well-dened stoichiometry, likely through a multistep
process. Moreover, the innate coordination isomerism of the
benzoate anion, such as k1-monodentate, k2-chelating or m-
bridging, makes the nal coordination geometry even more
unpredictable, thus making the mechanochemical synthesis of
Zn-complexes even more challenging.

In this regard, it is worth noting that most of the mecha-
nochemically synthesized molecular Zn-complexes reported in
the literature are homoleptic complexes containing chelating
ligands,7,8 corresponding to bis-chelate complexes9 or mono-
chelate complexes where the coordination environment of the
metal is completed by coordinated anions.10,11
RSC Mechanochem., 2025, 2, 475–481 | 475
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As part of our ongoing research program aimed at devel-
oping sustainable synthetic approaches for the synthesis of
coordination compounds,12 hybrid materials,13 and co-crys-
tals,14,15 here we report the mechanochemical synthesis of
a series of Zn2+ complexes obtained by grinding Zn(OAc)2$2H2O
with three different 4-halogenated benzoic acids (4-Cl, 4-Br or 4-
I-benzoic acid) and pyridine. The basic salt and the 4-haloge-
nated benzoic acids were selected to assure a facile deproto-
nation of the acidic ligands with consequent elimination of the
acetate anion as acetic acid, thus avoiding the use of additional
bases. Pyridine was preferred over substituted pyridines to
avoid the presence of additional coordination donors.

A search on the CCDC database restricted to the structural
fragment Zn(py)(4-X-C6H4COO)2 (X= Cl, Br and I) returned only
one structure corresponding to the tetrahedral complex
Zn(py)2(4-Cl-C6H4COO)2, where the two carboxylates are k1-
monodentate.16 No structures were found with X = Br or I. For
this reason, the reactions involving 4-Br and 4-I-benzoic acid
were also conducted in solution with the aim to isolate X-ray
quality single crystals for structural characterization. This
parallel approach allows for a direct comparison of the results
obtained for the same reactions conducted in solution and by
grinding, an aspect which is always of great interest among the
mechanochemistry community. Finally, to extend the scope of
the approach, the same reactions were conducted using
Cu(OAc)2$H2O in place of the Zn salt. For the copper complexes,
several structures can be found in the CCDC database, derived
from reactions carried out in solution. For all three carboxylate
ligands, hydrate pentacoordinate complexes of formula
Cu(py)2(4-X-C6H4COO)2(H2O) (X = Cl, Br and I) are known.17,18

With X = Br, an anhydrous complex of formula Cu(py)2(4-X-
C6H4COO)2 is also known.18 The hydrate complexes form polar
crystals, useful for optical second-order harmonic generation.17

This structural knowledge allows for a quick structural check of
the ground materials by powder X-ray diffraction analysis,
making an easy determination of the selectivity control exerted
by mechanochemistry possible.
Experimental
Materials and methods

All the reagents were of high purity and used as received if not
otherwise indicated. Solvents were dried over activated 3 Å
molecular sieves under nitrogen.

Dehydration of Zn(OAc)2$2H2O was carried out by heating at
120 °C for 24 h. The solvents used as LAG (Liquid Assisted
Grinding) agents were used as received. All the syntheses were
carried out with a Retsch MM400 ball mill, using a stainless-
steel jar equipped with balls of the same material.
Crystallography

Crystal structures were obtained by collecting the diffracted
intensities on suitable single crystals with a Photon III 2D
detector on a Bruker D8 Venture diffractometer equipped with
a kappa goniometer and an Oxford Cryostream. Data collections
were performed by using microfocused Mo Ka radiation (l =
476 | RSC Mechanochem., 2025, 2, 475–481
0.71073 Å). Lorentz polarization and absorption correction were
applied, while data reduction was performed using APEX v5
soware. All structures were solved by direct methods using
SHELXT19 and rened by using full-matrix least-squares on all
F2 using SHELXL20 as implemented in Olex2,21 using anisotropic
thermal displacement parameters for all non-hydrogen atoms.
Hydrogen atoms were added in calculated positions. Crystal
data and structure renement parameters are reported in the
ESI.† The cif les of complexes 1s, 2s, 3s and 8s have been
deposited at the Cambridge Crystallographic Data Centre, with
ref. codes 2411964–2411967. These data can be obtained free of
charge by using the joint CCDC and FIZ Karlsruhe Access
Structure service.

PXRD data were collected in the Bragg–Brentano geometry
with Cu Ka radiation on a Rigaku SmartLab XE diffractometer
equipped with a solid-state Hypix3000 2D detector. The samples
were placed on a zero-background sample holder with a scan
rate of 10° min−1 (5° # 2q # 50°). A length-limiting slit of
15 mm was used as a compromise to improve X-ray ux over the
sample; 5° Soller slits allowed improvement of the peak prole
and limited the overlapping of reections. Quantitative phase
analysis was conducted by Rietveld renement, using GSAS-II
soware22 and yields were calculated based on the weight
percentage of complex 2s relative to the total solid content in
the reaction mixture (see the ESI†). VT-PXRD measurements
were carried out on a Rigaku SmartLab XE diffractometer
equipped with an Anton-Paar TTK600 nonambient chamber
with a at copper sample holder. Data were collected in the
Bragg–Brentano geometry under isothermal conditions, letting
the sample thermalize before starting the data acquisition. A
ring prole similar to that used for the calorimetric analyses
was applied for consistency.

Spectroscopy

FT-IR spectra were recorded by means of a PerkinElmer Spec-
trum Two FT-IR spectrophotometer coupled with a PerkinElmer
UATR accessory and diamond crystal plate in the range of 400–
4000 cm−1.

Thermal analyses

TGA analyses were performed with a PerkinElmer TGA 8000
instrument (mass of the sample: 1–3 mg) by means of a Pt
crucible under air ux (30 mL min−1) in the temperature range
of 30–500 °C at 10 °C min−1. Higher temperatures were not
applied to avoid possible crucible damage due to the high metal
content of the samples.

Elemental analyses were conducted by means of a Thermo
Fisher Flash Smart instrument, with gas-chromatographic
separation.

Synthesis

General procedure for the mechanochemical syntheses of
the hydrate complexes [M(py)2(4-X-C6H4COO)2(H2O)], X = Cl,
Br, I; 1m–3m (M = Zn) and 4m–6m (M = Cu). Zinc acetate
dihydrate (110 mg, 0.5 mmol) or copper acetate monohydrate
(100 mg, 0.5 mmol), the appropriate benzoic acid (1 mmol), and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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anhydrous pyridine (81 mL, 1 mmol) were introduced into
a 5 mL stainless steel jar, along with a single stainless steel ball
(4 g weight, 10 mm diameter). The reagents were milled for 30
minutes at a frequency of 30 Hz, aer which the jar was opened
and the product was retrieved and analysed without further
purication. The quality of the products was checked by FTIR
analysis and PXRD analysis, by comparison with the calculated
diffractograms of the target products (see Results and discus-
sion). For the Zn-complexes 1m–3m, analytically pure samples
could be obtained by recrystallization of the ground powders in
THF, with recrystallization yields of 81% (1m), 85% (2m) and
87% (3m), respectively.

Mechanochemical synthesis of the anhydrous complexes
[Zn(py)2(4-X-C6H4COO)2 (X = Cl, Br), 7m–8m. A 5 mL stainless
steel jar and a single stainless steel ball (4 g weight, 10 mm
diameter) were dried in an oven at 95 °C for 16 hours. Aerward,
they were transferred to a desiccator containing anhydrous
CaCl2 and le to cool to 30 °C (monitored with a laser ther-
mometer). Once at the desired temperature, anhydrous zinc
acetate (91.5 mg, 0.5 mmol), 4-bromobenzoic acid (201 mg, 1
mmol) or 4-chlorobenzoic acid (157 mg, 1 mmol), and anhy-
drous pyridine (81 mL, 1 mmol) were quickly added to the
stainless-steel jar along with the stainless-steel ball. The
mixture was milled for 30 minutes at a frequency of 30 Hz.
Following milling, the jar was kept sealed until PXRD charac-
terization was performed. The quality of the product was
checked by FTIR analysis and PXRD analysis, for comparison
with the literature reported data16 (7m) or with data collected for
8s. The PXRD traces indicate the complete conversion of the
reagents.
Solution syntheses of the hydrate Zn complexes

[Zn(py)2(4-X-C6H4COO)2(H2O)] (X = Cl, Br, I), 1s–3s. To
a 100 mL round bottom ask equipped with a magnetic bar,
zinc acetate dihydrate (110 mg, 0.5 mmol), p-X-benzoic acid
(1 mmol, 156 mg for X= Cl, 201 mg for X= Br, 248 mg for X= I)
and 20 mL of THF were added. The solution was stirred until
clearness and then pyridine (500 mL, 6.2 mmol) was added. The
mixture was reuxed for 4 hours, and then cooled to room
temperature.

[Zn(py)2(4-Cl-C6H4COO)2(H2O)], 1s. Single crystals suitable
for diffraction formed aer 5 days by slow evaporation of the
solvent. The crystals were collected, washed with cold n-hexane
and le to dry.

Yield: 63%. Elemental analysis calcd. for C24H20Cl2N2O5Zn
(found): C 52.12 (52.13), H 3.65 (3.69), N 5.07 (5.11)%. FTIR
(cm−1): 3182, 1587, 1540, 1486, 1400, 1280, 1219, 1163, 1140,
1088, 1046, 1013, 854, 771, 689, 616, 560, 522, 471, 423.

[Zn(py)2(4-Br-C6H4COO)2(H2O)], 2s. Single crystals suitable
for diffraction formed aer 5 days by slow evaporation of the
solvent. The crystals were collected, washed with cold n-hexane
and le to dry.

Yield: 82%. Elemental analysis calcd. for C24H20Br2N2O5Zn
(found): C 44.93 (45.25), H 3.14 (3.26), N 4.37 (4.72)%. FTIR
(cm−1): 3357, 3069, 1585, 1535, 1486, 1442, 1411, 1394, 1275,
© 2025 The Author(s). Published by the Royal Society of Chemistry
1216, 1169, 1138, 1091, 1067, 1040, 1009, 853, 819, 768, 757,
713, 697, 627, 560, 485, 462, 422.

[Zn(py)2(4-I-C6H4COO)2(H2O)], 3s. Single crystals suitable for
X-ray diffraction formed aer 4 days by slow evaporation of the
solvent. The crystals were collected, washed with cold n-hexane
and le to dry.

Yield: 78%. Elemental analysis calcd. for C24H20I2N2O5Zn
(found): C 39.19 (39.68), H 2.74 (2.85), N 3.81 (3.81)%. FTIR
(cm−1): 3071, 1579, 1551, 1486, 1442, 1393, 1217, 1172, 1135,
1069, 1039, 1004, 952, 855, 824, 761, 696, 625, 455, 421.
Synthesis of the anhydrous complexes [Zn(py)2(4-X-
C6H4COO)2] (X = Cl, Br), 7s–8s

Anhydrous zinc acetate (91.5 mg, 0.5 mmol) and p-X-benzoic
acid (1 mmol, 156 mg for X = Cl, 201 mg for X = Br) were
mixed in 10 mL of dry THF under a constant ow of N2, until
complete dissolution. Then excess anhydrous pyridine (500 mL,
6.2 mmol) was added. The mixture was reuxed for 3 hours
under an inert N2 atmosphere and solvent was completely
removed under vacuum. The product was washed with three
portions of cold n-hexane (1-2mL), weighed and characterized.

[(Zn(py)2(4-Cl-C6H4COO)2], 7s. Yield: 41%. Elemental anal-
ysis calcd. for C24H18Cl2N2O4Zn (found): C 53.91 (54.01), H 3.39
(3.22), N 5.24 (5.13)%. FTIR (cm−1): 3062, 2961, 1712, 1619,
1607, 1594, 1566, 1485, 1450, 1396, 1372, 1353, 1260, 1217,
1163, 1130, 1083, 1068, 1045, 1013, 882, 855, 845, 799, 770, 758,
693, 640, 615, 570, 520, 473, 448, 421.

[(Zn(py)2(4-Br-C6H4COO)2], 8s. Single crystals suitable for
diffraction were produced by recrystallization of the product in
anhydrous dichloromethane (3 mL) and n-hexane (6 mL) cooled
to −20 °C to yield yellowish block crystals, which were washed
with cold n-hexane, weighed, and characterized.

Yield: 45%. Elemental analysis calcd. for C24H18Br2N2O4Zn
(found): C 46.23 (46.13), H 2.91 (2.70), N 4.49 (4.13)%. FTIR
(cm−1): 3061, 2925, 1716, 1608, 1585, 1564, 1479, 1487, 1447,
1393, 1354, 1275, 1242, 1215, 1163, 1129, 1087, 1064, 1045,
1008, 964, 852, 841, 765, 692, 651, 640, 562, 484, 465, 421.
Conversion of anhydrous 5s into hydrate 2s

A small aliquot of the anhydrous complex 5s was placed in
a 10 mL glass vial and dissolved in dichloromethane (5 mL). The
vial was le open and aer 2 days single crystals suitable for
diffraction were collected, washed with n-hexane and charac-
terized by means of FT-IR ATR and SCXRD, conrming the
conversion to the hydrate complex 2s.
VT-PXRD of hydrate 2m

Variable temperature powder X-ray diffraction (VT-PXRD)
analysis was performed on complex 2m using a Rigaku Smar-
tLab XE diffractometer equipped with an Anton-Paar TTK600
non-ambient chamber. The sample was placed on a at copper
sample holder and heated to each temperature step under
isothermal conditions, allowing the sample to thermalize for 1
minute before acquiring the diffraction pattern. Measurements
were collected at the following temperature steps: 25 °C, 50 °C,
RSC Mechanochem., 2025, 2, 475–481 | 477
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Scheme 1 – The different synthetic paths adopted in this work to
obtain zinc complexes: (a) and (c) solution syntheses for complexes
1s–3s and 7s–8s; (b) and (d) mechanochemical syntheses for
complexes 1m–3m and 7m–8m (see Experimental for details).
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70 °C, 80 °C, 90 °C, 100 °C, 110 °C, 120 °C, and 130 °C, and
nally cooled back to 25 °C to monitor structural reversibility.
Results and discussion

A structural search conducted on the Cambridge Crystallo-
graphic Data Centre (CCDC) based on the fragment [Zn(py)(4-X-
C6H4COO)] with X = Cl, Br and I, gave back only one structure,
corresponding to the complex [Zn(py)2(4-Cl-C6H4COO)2].16 Here
Zn is tetrahedrally surrounded by two pyridines and two k1-
monodentate carboxylate ligands. Unfortunately, the synthetic
details are not clearly reported in the original paper, although it
appears that an initial grinding of ZnCl2 and 4-Cl-benzoic acid
was followed by the addition of pyridine. To initiate our study,
we then tried to establish robust protocols for the isolation of
well-dened complexes. First, we reacted Zn(OAc)2$2H2O with
the three benzoic acids and pyridine under identical experi-
mental conditions, with the aim to isolate crystalline materials
suitable for single crystal X-ray analysis (Scheme 1, path a). The
knowledge of the crystalline structure of possible target prod-
ucts is of fundamental importance when performing new
mechanochemical reactions intended to lead to a precise crys-
talline phase.

Nicely, crystals suitable for X-ray analysis were obtained for
all three complexes (see Experimental for details).
Fig. 1 Ortep drawing of complex 3s. All non-hydrogen atoms are
shown as ellipsoids at the 50% probability level. H atoms (isotropically
refined) are reported in the ball-and-stick style for the sake of clarity.
Colour code: red = O, blue = N, grey = C, white = H, and purple = I.
Complexes 1s and 2s are reported in the ESI.†

478 | RSC Mechanochem., 2025, 2, 475–481
In all cases, the structural resolution revealed the formation
of octahedral complexes of formula [Zn(py)2(4-X-C6H4COO)2(-
H2O)] (1s–3s in Scheme 1, path a), where two pyridine ligands
occupy the axial positions while the equatorial plane features
a k2-chelating and a k1-coordinated benzoate ligand, and
a water molecule (Fig. 1). The inclusion of water was not
surprising, owing to the hydrate nature of the metal salt and the
use of wet THF.

All three complexes exhibit isostructural characteristics and
crystallize in the monoclinic P21/n space group. The crystal
packing features four complexes per unit cell. Within the
structure, water molecules participate in hydrogen bonding,
bridging two complex molecules. These interactions involve the
uncoordinated oxygen of the k1-coordinated COO group and
one oxygen atom of the bridging COO group of a neighbouring
molecule. This arrangement results in a hydrogen-bonded
chain of complex molecules running along the b axis. Parallel
chains are held together by dispersive contacts involving the
aromatic rings (see the ESI†).

We then tried to reproduce the same products under
mechanochemical conditions. It should be noted that the
synthesis of the complexes under grinding must necessarily
occur through several distinct steps, since a reactive event
involving four different reagents in a single impact is highly
unlikely, if not impossible. The feasibility of the mechano-
chemical approach was initially evaluated in the synthesis of
2m, grinding the solids for 30 min at 20 Hz using a single
stainless steel ball. Under these conditions, the PXRD analysis
evidenced the formation of the complex but also the incomplete
conversion of 4-Br-benzoic acid and zinc acetate (Fig. 2). An
optimization of the grinding conditions was then undertaken,
including frequency, milling time, the number of grinding balls
and the use of a LAG. The PXRD traces obtained for the different
experiments are collected as shown in Fig. 2, together with the
diffractograms of 4-Br-benzoic acid and Zn(OAc)2$2H2O. To
conduct an estimation of the yields, the PXRD traces of the
reaction products were analysed by Rietveld phase quantica-
tion (see the ESI†). To avoid possible decomposition of the
Fig. 2 Comparison between the PXRD traces of the mechanochem-
ical syntheses of 2m under different grinding conditions; the calcu-
lated patterns of 2s (top) and of the reagents (bottom) are also
reported.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Comparison between the PXRD traces of the mechanochem-
ical products obtained (4m–6m) without further purification, and
those calculated from X-ray single structures of 4s–6s.
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complex during milling, two different times were chosen, 5 and
30 minutes, while three different frequencies were tested, cor-
responding to 20, 25 and 30 Hz. The effect of the use of one or
two stainless steel balls was also evaluated, as well as the use of
THF, used in the solution syntheses, in the LAG procedure.23,24

Irrespective of frequency, using a single ball, complex forma-
tion already occurred in the rst 5minutes of grinding, with yields
not higher than 65%. No other side products were detected,
indicating high selectivity towards the formation of the target
complex. With a frequency of 20 or 25 Hz, the extension of the
reaction time to 30 minutes did not have a substantial effect,
whereas at 30 Hz a yield of about 82% was reached. Encouraged
by this trend, retaining a frequency of 30 Hz, the milling time was
extended to 120minutes reaching a conversion of about 87%. The
addition of small amounts of THF (h parameter= 0.3 mLmg−1) at
different milling times (5, 30, and 120 minutes) had signicant
effects aer 30 and 120 minutes, leading to yields of 92 and 97%,
respectively. The results indicate an eight-fold reduction of the
reaction time necessary to reach yields equivalent or higher than
those obtained by solution synthesis.

Although THF has a benecial effect on the nal yield, the
results indicate that the reaction also proceeds under solvent-
free mechanochemical conditions, likely due to the presence
of the liquid reagent pyridine and the water of crystallization of
the metal salt.25 The introduction of a second ball into the
reaction jar did not result in any notable increase in yield,
suggesting that a single ball provides adequate energy transfer
and mixing. Even testing an excess of reagents, particularly
pyridine, did not further enhance the yield. In all reactions, the
nal product could be puried by recrystallization from THF,
with a recrystallization yield of 85% (see the ESI†).

A similar behaviour was observed in the synthesis of the
other two complexes containing 4-Cl and 4-I benzoic acids, with
which the almost complete conversion of the reagents could be
obtained by grinding at 30 Hz for 30 minutes (see the ESI†).
Again, pure crystalline solids could be isolated aer recrystal-
lization in THF, yielding 1m and 3m with 81 and 87% yield,
respectively (see the ESI†).

We then turned our attention to copper complexes. A search
on the CCDC database returned four structures of interest for
the fragment [Cu(py)(4-X-C6H4COO)2], with X = Cl, Br or I.
Scheme 2 – The mechanochemical process used to synthesize the
hydrated copper complexes 4m–6m (see Experimental for details)
along with the potential alternative bis-chelate complex that does not
form under mechanochemical conditions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Three structures correspond to pentacoordinate complexes of
formula [Cu(py)2(4-X-C6H4COO)2(H2O)],17,18 indicated here as
4s–6s (Scheme 2). Although their stoichiometry is equivalent to
those of complexes 1s–3s, in these cases the metal has a square
pyramidal coordination, dened by two trans-k1-monodentate
carboxylate anions, two pyridines and a molecule of water. An
alternative structure is represented by the octahedral complex
[Cu(py)2(4-Br-C6H4COO)2], where two k2-chelating carboxylates
and two trans-arranged pyridines surround the metal centre
(Scheme 2).18 The mechanochemical reactions were conducted
under the same conditions applied for the standardized
synthesis of 1m–3m (see Scheme 2).

In all cases, the mechanochemical products were exactly
corresponding to the mononuclear pentacoordinate complexes
4s–6s obtained in solution, as inferred by the PXRD traces, with
complete conversion of the reagents within 30 minutes of
grinding (Fig. 3). No traces of the bis–chelate complex were
found.

To fully appreciate the efficiency of the mechanochemical
approach, a comparison of yields and processing times is
essential. Mechanochemistry signicantly reduces the reaction
time and enormously simplies the workup procedure. The set-
up of the reaction includes only a few minutes to weigh the
reagents and load the jar, followed by 30 minutes of milling to
have a high conversion of the reagents.

In contrast, the traditional reux method requires hours of
reaction and the need to remove the solvent to isolate the
products, with yields no higher than 82%. These advantages
underscore the exceptional efficiency of the mechanochemical
route, which in all cases demonstrated high selectivity.

Because of the possibility of obtaining anhydrous phases,
such as complex 7s [Zn(py)2(4-Cl-C6H4COO)2],16 we became
interested in verifying the possibility of synthesizing anhydrous
complexes by conducting the mechanochemical reaction under
anhydrous conditions. We rst tried to synthesize the bromine-
containing complex [Zn(py)2(4-Br-C6H4COO)2] (8s) in solution,
with the aim of isolating X-ray quality single crystals. For this
purpose, anhydrous Zn(OAc)2 was reuxed in anhydrous THF
RSC Mechanochem., 2025, 2, 475–481 | 479

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4mr00150h


Fig. 4 Ortep drawing of complex 8s. All non-hydrogen atoms are
shown as ellipsoids at the 50% probability level. H atoms (isotropically
refined) are reported in the ball-and-stick style for the sake of clarity.
Colour code: red=O, blue= N, grey= C, white= H, and orange= Br.
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with a two-fold excess of 4-Br-C6H4COOH and a large excess of
pyridine, under a nitrogen atmosphere (Scheme 1, path c).
Nicely, well-shaped single crystals were isolated from
a dichloromethane/n-hexane mixture. The structural resolution
revealed the formation of the target complex, where two k1-
coordinated carboxylates and two pyridines are tetrahedrally
surrounding the metal centre, as can be inferred from Fig. 4.

The complex adopts a tetrahedral coordination geometry
and crystallizes in the monoclinic C2/c space group. The crystal
packing is dictated by weak interactions involving aromatic
hydrogens and carboxylate oxygens (see the ESI†).

The same reaction was then repeated under mechanochemical
conditions. To assure a dry environment, Zn(OAc)2$2H2O was
thermally treated for 24 hours at 120 °C to obtain anhydrous
Zn(OAc)2. The anhydrous character was conrmed by FTIR spec-
troscopy and TGA analysis. The jar and the ball were le at 95 °C
for 16 hours and then cooled in a desiccator containing anhydrous
CaCl2. Once removed from the desiccator, the jar was quickly
charged with 4-Br-C6H4COOH and anhydrous pyridine, using the
same molar ratio applied for the wet synthesis, without the addi-
tion of any LAG agent (Scheme 1, path d). The closure of the jar
was done without any precaution to exclude moisture. Aer 30
minutes of milling at 20Hz the jar was opened and the solid 8m
was quickly subjected to PXRD analysis. The experimental dif-
fractogram was perfectly in agreement with the one calculated
Fig. 5 Comparison between the PXRD traces of the mechanochem-
ical products obtained using the “dry milling” protocol and those
calculated from the single crystal structures: 8m, top; 7m, bottom.

480 | RSC Mechanochem., 2025, 2, 475–481
from the solid state structure of 8s (Fig. 5). This transformation
occurs with reduction of the hapticity of one of the carboxylate
groups, form k2-chelating to k1-monodentate, a behaviour not
unexpected based on the known plasticity of the coordinated COO
group.26,27 The same procedure was extended to the mechano-
chemical synthesis of 7m, again observing the quantitative
conversion of the reagents into the target product (Fig. 5).

The anhydrous zinc complexes exhibited a quantitative yield
under dry milling conditions, in contrast to its hydrated coun-
terpart. The elimination of water from the metal salt appears to
facilitate a more efficient reaction pathway, possibly preventing
competitive coordination of water molecules and favouring the
direct formation of the anhydrous product.

It is worth mentioning that dissolution of complex 8m in
dichloromethane followed by slow evaporation of the solvent in
air, gave signs of the formation of complex 2s, as inferred by
PXRD analysis (see the ESI†). This nding makes the success of
the mechanochemical synthesis of 8m even more straightfor-
ward, considering the simple experimental setup adopted for its
preparation. We nally investigated the possibility of thermally
converting the hydrate complex 2m into the anhydrous 8m. The
dehydration was followed by VT-PXRD, from 25 °C to 130 °C (see
the ESI†). The trace of the starting complex 2m remains intact
up to 80 °C, the temperature at which the signals belonging to
the anhydrous phase 8m start to appear. These remain visible
until 110 °C, while higher temperatures lead to the appearance
of new peaks not corresponding to known phases. These new
signals could be derived from the temperature induced loss of
pyridine, in agreement with the TGA trace recorded for the
hydrate complex (see the ESI†).
Conclusions

This work demonstrates that the mechanochemical synthesis of
hydrate heteroleptic mononuclear complexes of Zn2+ and Cu2+

with pyridine and benzoic acids proceeds with high yields
within 30 minutes of grinding at room temperature. In the case
of Cu complexes, the complete conversion of the reagents has
been observed, whereas a recrystallization is required for the
hydrate zinc complexes to remove the traces of unreacted
reagents. In contrast, dry milling enables the direct and quan-
titative formation of an anhydrous zinc complex. All reactions
exhibited high selectivity, yielding the same crystalline phases
obtained via solution synthesis but with shorter reaction times
and signicantly simplied experimental procedures. The
ability to obtain an anhydrous complex under mechanochem-
ical conditions without the need for specialized equipment,
such as a glove box or a Schlenk line, further underscores the
potential of mechanochemistry as a powerful and practical tool
for the selective synthesis of metal complexes.28
Data availability

The data supporting this article have been included as part of
the ESI.† Crystallographic data for 1s, 2s, 3s and 8s have been
deposited at the CCDC under 2411964–2411967.
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