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Solid-state chemistry offers the opportunity to study intriguing 
chemical reactions, providing insights into their mechanisms.1 

Mechanochemical synthesis,2,3 where two or more solids react 
induced by mechanical energy (i.e., manual grinding or ball 
milling) is becoming a powerful method to study the solid state 
reactivity of pharmaceutical cocrystals,4 the ionic interconversion in 
molecular salts,5 and the synthesis of metal–organic frameworks.6

Dehydrochlorination reactions consisting of the removal 
of HCl from crystalline salts are one type of solid-state reac-
tion that has been rarely investigated in coordination molecu-
lar complexes.7,8 Only recently such reactions have been 
monitored by heating or mechanical grinding. So far, the 
dehydrochlorination reactions studied have used small cat-
ions (pyridinium or imidazolium) and tetrachlorometallate (II) 
anions [MCl4]

2−.9

The sequestration of metal ions by chelating functional 
groups such as ethylenediamine has been used in supramole-
cular chemistry to prevent the formation of extended networks 
(i.e., coordination polymers) and to promote the formation of 
discrete structures.10 Reports showing the mechanochemical
transformation from hydrogen bonded networks into coordi-
nation complexes via dehydrochlorination followed by chela-
tion are uncommon.

Herein, we have used mechanochemistry to monitor the
solid-state reactivity of flexible bidentate ligand N,N,N′,N′-
tetra-p-methoxybenzyl-ethylenediamine (L) possessing an
ethylenediamine core and flexible arms, with CuCl2·2H2O
(Scheme 1). We describe the mechanochemical formation of
salt [H2L]

2+·[CuCl4]
2− (1) and its transformation to a new dis-

crete neutral metal coordination complex [(CuCl2)(L)]·2(H2O)
(2·2H2O) via a dehydrohalogenation reaction. We demon-
strate that the ionic molecular complex transforms into a
neutral metal complex where two charge-assisted Cu–Cl⋯H–N
hydrogen bonds are substituted by two new Cu–N coordina-
tion bonds through chelation by the ethylenediamine core of
ligand L. The by-product H2O molecules are incorporated in
the crystal structure and play an important role maintaining
the crystallinity. Quantum mechanics (QM) were carried out
to understand the electronic density distribution of frontier
orbitals in ligand L using the structural models obtained from
single crystal X-ray determination.

To the best of our knowledge this is the first reported
example of chelation after dehydrohalogenation reaction monitored
by mechanochemical means.

For the mechanochemical synthesis of 1, ligand L
(540 mg : 1 mmol) was protonated by adding 100 μL of HCl
(37%) to yield the salt [H2L]Cl2, and then ground with
CuCl2·2H2O (170 mg : 1 mmol) for one minute using a mortar
and pestle. During the reaction, we observed a color change
from white to an intermediate green that transforms to orange,
indicating the formation of new phase 1 (Fig. S1†). The quantitative



Fig. 2 Comparison of XRPD patterns of 2·2H2O: from simulated XRPD (top),
recrystallized product from methanol of the phase generated by grinding
(center), and the crude product (including product phase, KCl, bottom).

Scheme 1 Cartoon depicting (a) the synthesis of salt 1, and (b) its
dehydrochlorination and chelation reaction by liquid assisted grinding to form
2·2H2O.
formation of 1 was confirmed by X-ray crystallography and
elemental analysis. Single crystals suitable for X-ray diffrac-
tion were obtained from solution mixing of diprotonated H2L
and CuCl2·2H2O in concentrated HCl. The match between the
measured X-ray powder diffraction (XRPD) on the polycrystal-
line 1 obtained after grinding and that simulated from single
crystal X-ray diffraction data indicates that the structures are
the same (Fig. S2†).

The structure of salt 1 was reported in ref. 11 and is com-
posed of 0.5 [CuCl4]

2− dianions and 0.5 doubly protonated L in
each asymmetric unit. The [CuCl4]

2− dianions are hydrogen
bonded with diprotonated H2L through N–H⋯Cl and C–H⋯Cl
interactions yielding a “clamp-shaped” building block unit.
The building block units are further linked by weak C–H⋯Cl
interactions to give linear chains along the b-axis (Fig. 1).11

We note that the stoichiometric water in the CuCl2·2H2O is
not included in the structure, nor is atmospheric water.12 Due
to the orientation of the [CuCl4]

2− anions towards the N atoms
in the backbone of the ligand (Fig. 1a), it is reasonably specu-
lated that following a dehydrochlorination reaction, salt com-
plex 1 could transform into a coordination complex if hydrogen
bonds were broken and new Cu–N coordination bonds were
formed. Therefore, we used mechanochemistry to study that
reaction in the solid state.
Fig. 1 (a) The hydrogen bonding interactions between dianion and 
dication through N–H⋯Cl interactions are shown as dashed lines. (b) 
Packing along the b-axis in 1. Colour code: carbon (grey); nitrogen 
(blue); oxygen (red); copper (brown); chloride (green).
Liquid assisted grinding (LAG)13 of 1 and KOH in a 1 : 2
molar ratio, with the addition of 30 μl of methanol, was car-
ried out. Upon grinding, a color change from orange to dark
green was observed over a few minutes. XRPD of the powder
product indicated that a new phase and the generation of
by-product KCl (2θ 28°) had been formed (Fig. 2). In the reac-
tion the presence of KOH promotes the dehydrochlorination,
forming two by-product KCl and H2O molecules. We note that
neat grinding of 1 and KOH did not lead to the formation of
new products; only a mechanical mixture of the starting
materials was observed by XRPD. In this case, the catalytic
activity of the solvent is necessary for the reaction to occur.
The new crystalline phase generated by grinding was recrystallized
from methanol, yielding suitable crystals for single crystal X-ray
diffraction analysis. The good match between the XRPD pattern
obtained by grinding and that simulated from single crystal
X-ray data (Fig. 2) suggests that the bulk powder has the same
structure as the one obtained from the single crystal.

Single crystal X-ray structure determination confirms that
salt 1 transformed to the neutral metal coordination complex
[(CuCl2)(L)]·2(H2O) (2·2H2O) after dehydrochlorination.‡§ During
the transformation from 1 to 2·2H2O, new Cu–N coordination
bonds were formed while disruption of non-covalent N–H⋯Cl
hydrogen bonds took place (Fig. 3). It is noted that the space
group is maintained (C2/c) after the dehydrochlorination,
whereas the main changes in the lattice parameters correspond
‡ Mechanochemical synthesis of 2·2H2O: 748 mg (1 mmol) [H2L][CuCl4] (1)
and 112 mg (2 mmol) KOH were ground in an agate mortar for about half an
hour, with the addition of 30 μl methanol. The product changed from yellow
to green over a period of time (several hours). The product was characterised
by powder X-ray diffraction.
§ Single crystal data for 2·2(H2O): monoclinic, space group C2/c, a = 26.750(9) Å,
b = 14.879(4) Å, c = 18.279(6) Å, β = 107.645(5)°, V = 6933(4) Å3, Dc = 1.341g cm−3,
Rint = 0.0383, F(000) = 2970, 31794 total reflections, 8243 unique reflections, and
7181 observed reflections with I > 2.0σ(I), Rf = 0.0634, wRf = 0.1512; Rf (all data) =
0.0732. S = 1.150. T = 113 K. CCDC 882514.
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Fig. 3 Crystal packing of 2·2H2O along the b-axis showing the segregation
of methoxybenzyl pendant groups which interact with each other via
hydrogen bonds. Water molecules are shown in red. Colour code as in
Fig. 1. Top inset: view of the R2

2(6) hydrogen bond interactions. Hydrogen
bond interactions are shown as dashed lines. Bottom inset: stick repre-
sentation showing the clamp-shaped ML unit with the Cu–N coordina-
tion bonds in 2·2H2O.
to the b- and  c-axis, which are the  axes along which th
[CuCl4]

2− dianions are hydrogen bonded to diprotonated ligand.
Water molecules, most likely generated in the reaction, are 
trapped and involved in the stabilization of the crystal struc-
ture of 2·2H2O.

Upon dehydrohalogenation of salt 1, ligand L chelates 
the Cu metal, forming a five-membered ring. In 2·2H2O the 
copper atoms adopt a tetrahedral coordination with two 
N atoms of ligand L and two Cl atoms.14,15 After coordination, 
the conformation of ligand L remains essentially unchanged, 
and the ‘clamp-shaped’ ligand geometry observed in 1 is 
maintained (Fig. 3).

In 2·2H2O, the ML units (where ML = [(CuCl2)(L)] are hydro-
gen bonded with the included water molecules via Cl⋯O 
interactions16 (Fig. S3†). One of the pendant methoxybenzyl 
groups links to a neighbour ML unit via C–H⋯O interac-
tions (C13–H13c⋯O1: 3.447 Å, 134.0°) in R2

2(6) mode 
forming 1D chains (Fig. 3 and S3†). Of the three remaining 
pendant methoxybenzyl groups, two are engaged in weak 
hydrogen bonding interactions forming the 3D structure via 
C–H⋯O interactions (C16–H16A⋯O3: 3.394 Å, 137.0° and 
C20–H20A⋯O1: 3.588 Å, 165.7°) (Fig. S3 and S4†). The pro-
truding fourth methoxybenzyl group does not interact with 
surrounding groups, which explains its disordered nature. 
The segregation into domains where methoxybenzyl groups 
interact with neighbour molecules is notable, a feature that 
is also observed in 1.

Thermogravimetrical analysis of 2·2H2O shows that the 
complete removal of H2O is achieved around 240 °C corres-
ponding to a weight loss of 5.62% (calc. 5.67 ) (Fig. S5†). The 
XRPD pattern reveals that significant changes in peak posi-
tions occurred upon heating 2·2H2O to 65 °C in vacuo for 2 h; 
however, the crystallinity was lost after heating 2·2H2O to
90 °C for 2 h, yielding an amorphous phase (Fig. S7†). Thermal 
treatment can also induce the removal of HCl gas and the 
formation of a coordination complex;7b however, in the present 
case, heating of 1 did not lead to the formation of 2·2H2O.
 

To further study the reverse reaction, (i.e., from the metal
coordination complex to hydrogen bonded salt), we have
performed a solid–gas experiment in which the dehydrated
phase was introduced into a sealed vessel containing concen-
trated HCl and placed in equilibrium with its vapour for
3 weeks (Fig. S7†), and found that the evacuated phase exhibits
an irreversible behaviour in contact with vapours of HCl.17

To rationalize the different solid state stabilities of 1 and
2·2H2O observed experimentally, we have carried out QM cal-
culations in the solid state. In particular density functional theory
(DFT) calculations, employing both the PWC (Perdew–Wang)18

and the PBE (Perdew–Burke–Ernzerhof)19 exchange–correlation
functions, have been performed. A combination of numerical
double-ζ quality basis set (including polarization functions
on all atoms, i.e., DNP) and effective core potential was chosen.
We assumed experimental X-ray determined geometries for
heavy atoms optimizing only X–H bond lengths. The same
computational approach was proved to be adequate in a number
of cases such as large supramolecular complexes,20 systems
containing charged particles5b,21,22 and crystalline phases of
thiophene based oligomers and polymers.23 All the calcula-
tions were accomplished by the DMol3 software.24

DFT calculations in the solid phase show that the hydrated
phase in the coordinated complex 2·2H2O is more stable than
the anhydrous one, suggesting that the included water mole-
cules template the structure. Up to 6% of the total unit cell
volume corresponds to voids (pockets) generated after manu-
ally removing the water molecules.25 Thus, the release of water
molecules upon heating is not facilitated by continuous channels,
and most likely major molecular rearrangements leading to
an amorphous phase take place when the water is lost.

Any chemical reaction accompanied by the disruption of
some chemical bonds and generation of new bonds can lead
to the change of the energies of reactants and products. DFT
provides an ideal method to monitor such changes. We carried
out QM calculations (gas phase) to obtain the electron density
of frontier orbitals in L, taking into account the structure of L
in 1 and 2·2H2O in an attempt to get insights on the reaction.
PBE/DNP calculations show that upon protonation, the electron
distribution of the HOMO in 1 is surrounding the benzene
rings (π-orbitals) as shown in Fig. 4. Upon deprotonation,
(i.e., after the removal of 2H+ and 2Cl− ions) QM calculations
show that the more reactive part is localized along the chelating
N–C–C–N backbone in L. In fact, the electron distribution of
the HOMO is substantially different in the coordinated ligand
in which all the electron distribution is localized at the N atoms.
Moreover, the energy of the deprotonated ligand L is higher
than that of 1 and 2·2H2O (Fig. 4). Additionally, the QM calcula-
tions show that the diprotonated ligand in 1 is ca. 50 kcal mol−1,
more stable than the coordinated conformation. Interestingly,
the stabilities observed by QM (Fig. 4) show the same trend as
the experimental melting points of L (69 °C), 2·2H2O (108 °C)
and 1 (159 °C).

Although we have used a quite raw approximation using
QM calculations in the gas phase approximation, some insights
into the frontier molecular orbital distribution accounting for

http://dx.doi.org/10.1039/c3ce41900b


Fig. 4 Plot showing the calculated HOMO orbitals corresponding to
different conformations of bidentate ligand in 1, 2·2H2O and L. From the
computed energies, the most stable is the charge assisted salt 1,
followed by the coordinated complex 2·2H2O with the least stable the
neutral ligand L.
the behaviour of the flexible bidentate ligand during the mech-
anochemical dehydrochlorination reaction have been achieved.

In summary, we have reported a solid-state mechano-
chemical transformation from a molecular salt into a discrete
coordination complex via a dehydrohalogenation reaction
using a large and flexible chelating ligand. The reported
process is one of the first examples where a dehydro-
halogenation reaction is followed by chelation of the diethyl-
amine group in the backbone of an organic ligand. DFT
calculations were used to attempt a rationalisation of the
structural transformation from a hydrogen bonded complex
salt into a coordination complex. We are currently investigating
dehydrohalogenation reactions using different metal halides,
bases and ligands including mechanistic aspects by means of
ex situ or in situ X-ray powder diffraction.
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