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Mechanosensitive metal–ligand bonds in the design of new coordination
compounds †‡

Krunoslav U�zarevi�c,* Mirta Rub�ci�c,* Maja Radi�c, Andreas Pu�skari�c and Marina Cindri�c

Received 2nd November 2010, Accepted 22nd December 2010

DOI: 10.1039/c0ce00807a
This article describes the selective cleavage of coordination bonds by mechanochemical methods and

the further application of the thus obtained precursors for a facile preparation of new coordination

compounds. In the class of dioxomolybdenum(VI) coordination compounds, [MoO2L(ROH)], where L

stands for a tridentate dianionic ONO ligand and ROH represents different alcohol molecules,

mechanical treatment induces an exclusive cleavage of the molybdenum–alcohol bond, which can thus

be considered as a mechanosensitive bond. Alcohol removal can also be accomplished by heating. Both

grinding and heating resulted in highly reactive, coordinatively unsaturated compounds, an orange

amorphous pentacoordinated [MoO2L] (I) and the brown polymeric [MoO2L]n ((I)n), respectively.

Even though both I and (I)n are stable at room temperature, they can be interconverted using only

solvent-free techniques, a conversion followed by a colour change of the sample. The tendency of such

unsaturated complexes to complete their coordination spheres was exploited for the efficient solution

and solvent-free syntheses of octahedral molybdenum complexes with selected O- and N-donating

ligands. Both approaches herein used, solution and solvent-free, have proved to be superior under

specific conditions and their respective advantages and weaknesses are discussed.
Introduction

In the last few decades, transition metal complexes have been

recognized as functional materials with multiple potential

applications in e.g. host–guest chemistry, catalysis and storage,

but also in the design of various electronic and optical devices.1–3

Such vigorous activity stimulated the development of new and

more efficient synthetic routes to various discrete complexes or

extended coordination systems. Among the different synthetic

approaches, solvent-free methods (grinding, milling, thermal

methods, etc.) have recently been established as environmentally

friendly and, in some aspects, even more efficient alternatives to

conventional solution techniques.4–8 It has been shown that the

formation of specific crystal architecture can be controlled by

catalytic amounts of solvent9 or a template.10 In some cases, the
Department of Chemistry, Faculty of Science, University of Zagreb,
Horvatovac 102a, 10000 Zagreb, Croatia. E-mail: kruno@chem.pmf.hr;
mirta@chem.pmf.hr
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syntheses for all obtained products. Thermogravimetric and infrared
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DSC curves for irreversible transformation of I to (I)n. Selected
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solvent-free methods also provide a unique route to otherwise

inaccessible materials.11

In the design of both discrete and extended coordination

systems, their synthesis from preorganised homoleptic or

heteroleptic coordination compounds is often utilised. Although

each of the types is valuable under specific synthetic require-

ments, heteroleptic complexes tend to be more advantageous

when only a certain amount and type of ligands need to be

replaced (ancillary). Such an approach also allows a high level of

control over the resulting structure because substitution takes

place only at strictly defined coordination sites. Furthermore,

when the precursor complex contains neutral, volatile ligands, it

is sometimes possible to remove that ligand by heating12 or

mechanical13 treatment, thus producing a coordinatively unsat-

urated compound. In this context, the solvent-free approaches

are more beneficial than the corresponding solution procedures

because the coordination of solvent molecules at vacated coor-

dination sites is prevented. The coordinatively unsaturated

complexes, due to their higher reactivity, can be considered as

‘‘activated’’ species and, as such, are better precursors, since there

is no competition (discrimination) between the departing and the

incoming ligand.

Herein, we present a combination and comparison of two

approaches, solution and solvent-free, for the efficient synthesis

of the octahedral dioxomolybdenum(VI) complexes,

[MoO2L(D)], where H2L represents N-3-methoxysalicylidene-2-

amino-3-hydroxypyridine and D represents the O- (methanol,

ethanol, propanol) or N- (g-picoline, imidazole, 4,40-bipyridine)
This journal is ª The Royal Society of Chemistry 2011
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donating ligand. The first part of the here presented synthetic

path corresponds to the reaction of H2L and MoO2(C5H7O2)2 in

an appropriate alcohol, yielding [MoO2L(ROH)] (ROH ¼
MeOH: I(Me), EtOH: I(Et) and PrOH: I(Pr)). The molyb-

denum–alcohol bonds in such complexes proved to be sensitive

to mechanical treatment, i.e. they were mechanosensitive, which

was further utilised for synthetic purposes. Thus, when such

complexes were subjected either to mechanochemical or to

thermal treatment, it resulted in the removal of the alcohol

ligand, leaving the coordinatively unsaturated pentacoordinated

or polymeric complexes, [MoO2L] and [MoO2L]n, respectively. It

is noteworthy that these ‘‘activated’’ complexes were not attain-

able by conventional solution synthesis. Both kinds of ‘‘acti-

vated’’ complexes were subsequently utilised as highly efficient

and reactive precursors in the synthesis of the [MoO2L(D)]

complexes (D is the O- or N-donor molecule) via various solvent-

free routes (vapour sorption, neat grinding and liquid assisted

grinding, LAG) and also by conventional solution techniques.

All obtained products, as well as their (inter)conversion condi-

tions, were thoroughly characterised by several solid-state

methods.

Results and discussion

The complete synthetic procedure presented here consisted of

three steps (Scheme 1): (a) the synthesis of the alcoholic

complexes, [MoO2L(ROH)], I(Me) (ROH ¼ MeOH), I(Et)

(ROH ¼ EtOH) and I(Pr) (ROH ¼ PrOH); b) the conversion of

the alcoholic complexes to [MoO2L] (I) or [MoO2L]n ((I)n) by
Scheme 1 Summary of the synthetic pathways and interconversion cond

[MoO2L]/[MoO2L]n system.

This journal is ª The Royal Society of Chemistry 2011
mechanochemical or thermal manipulation and c) the prepara-

tion of the [MoO2L(D)] compounds (D is the O- or N-donor

molecule) from I or (I)n precursors, via both the conventional

solution approach and solvent-free routes (vapour sorption, neat

grinding and liquid assisted grinding, LAG). When D was an N-

donor, the following [MoO2L(D)] products were obtained: I(Im)

and I(Im)$CH3CN (D ¼ imidazole), I(Gp) (D ¼ g-picoline),

I(Bp) and I(Bpy)$CH2Cl2 (D ¼ 4,40-bipyridine).
Experimental

Materials

Acetylacetone, 3-methoxysalicylaldehyde, 2-amino-

3-hydroxypyridine and (NH4)6Mo7O24$4H2O were obtained

from Sigma-Aldrich and used without further purification.

[MoO2(acac)2], cis-dioxobis(2,4-pentanedionato)molybde-

num(VI), was prepared according to the literature methods.14 The

solvents and concentrated acids (p.a. grade) were purchased

from Kemika, Zagreb.
N-3-methoxysalicylidene-2-amino-3-hydroxypyridine, H2L

Equimolar amounts (0.82 mmol) of 2-amino-3-hydroxypyridine

and 2-hydroxy-3-methoxybenzaldehyde were added to 5 mL of

methanol and the mixture was refluxed for 1.5 h. A dark red

crystalline product was isolated after 2 d standing at room

temperature. Yield: 51%. Elemental analysis calcd (found) for

C13H12N2O3: C 63.93 (63.97), H 4.95 (4.88), N 11.47 (11.40). IR
itions for the investigated [MoO2L(D)] coordination compounds and

CrystEngComm, 2011, 13, 4314–4323 | 4315
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(KBr, cm�1): 3428 br (nO–H), 3050, 3006 br (nC–H), 1617, 1577,

1544, 1520 (nC]O and nC]N).
Syntheses of alcohol complexes

(A) General solution procedure. [MoO2(acac)2] (94 mg, 0.29

mmol) was added to a solution (5 mL) of H2L (70 mg, 0.29

mmol) in 5 mL of the corresponding alcohol and refluxed for

1.5 h. After 1 d (ethanol and propanol) or 3 d (methanol)

standing at room temperature, stable orange crystals were iso-

lated, washed with small amount of solvent and collected.

Crystals appropriate for the diffraction experiments were

collected from 3� diluted reaction mixtures and on prolonged

standing.

[MoO2L(MeOH)], I(Me). Yield: 77%. Elemental analysis

calcd (found) for C14H14N2O6Mo: C 41.81 (41.92), H 3.51 (3.50),

N 6.96 (7.05). IR (KBr, cm�1): 3469 br (nO–H), 2562 (nC–H), 1605,

1584, 1553 (nC]O and nC]N), 1014 (nC–O, methanol), 938, 914

(nMo]O, terminal).

[MoO2L(EtOH)], I(Et). Yield: 66%. Elemental analysis calcd

(found) for C15H16N2O6Mo: C 43.28 (43.20), H 3.87 (3.74), N

6.73 (6.90). IR (KBr, cm�1): 3447 br (nO–H), 2821 (nC–H), 1605,

1581, 1553 (nC]O and nC]N), 1035 (nC–O, ethanol), 933, 911

(nMo]O, terminal).

[MoO2L(PrOH)], I(Pr). Yield: 89%. Elemental analysis calcd

(found) for C16H18N2O6Mo: C 44.66 (44.71), H 4.22 (4.17), N

6.51 (6.50). IR (KBr, cm�1): 3419 br (nO–H), 2957, 2835 (nC–H),

1598, 1581, 1553 (nC]O and nC]N), 1039 (nC–O, propanol), 936,

913 (nMo]O, terminal).

(B) Vapour sorption experiments. I or (I)n (0.04 mmol) was

placed in the sealed beaker with alcohol vapours. The orange or

brown precursor changed colour after 10 min (methanol) or 1 d

(ethanol and propanol) standing at room temperature. Analyses

(elemental analysis, PXRD, IR) of the product show that the

synthesised yellow crystals correspond to a [MoO2L(ROH)]

coordination compound. Yield: 100%.
Syntheses of coordinatively unsaturated complexes, [MoO2L]

and [MoO2L]n

[MoO2(L)], I. All three alcohol complexes, I(Me), I(Et) or

I(Pr) were ground using a mortar and a pestle for 5 min.

Depending on the complex being ground, a different time of

grinding was needed for the yellow powders to change colour to

dark orange (5 min for I(Me),15 min for I(Et) and 35 min for

I(Pr)). The process was repeated under an inert atmosphere

(argon) with the same result. The amorphous (PXRD) substance

thus prepared, I, was collected and analysed. Elemental analysis

calcd (found) for C13H10N2O5Mo: C 42.18 (42.02), H 2.72 (2.56),

N 7.57 (7.63). IR (KBr, cm�1): 2936, 2836 (nC–H) 1598, 1553

(nC]O and nC]N), 939, 911 (nMo]O, terminal).

[MoO2(L)]n, (I)n

Method I. Heating of alcohol complexes. Synthesis of (I)n was

conducted using a simple furnace or a thermogravimetric
4316 | CrystEngComm, 2011, 13, 4314–4323
balance. The alcohol complexes were placed in a crucible and

heated to 210 �C, at 5 �C min�1. In all cases, this procedure

resulted in a brown product, (I)n in quantitative yield. Elemental

analysis calcd (found) for C13H10N2O5Mo: C 42.18 (42.06), H

2.72 (2.80), N 7.57 (7.55). IR (KBr, cm�1): 2925, 2834 (nC–H),

1606, 1594, 1551 (nC]O and nC]N), 941 (nMo]O, terminal), 814 s,

br (nMo]O/Mo).

Method II. I was heated from 25 �C to 130 �C (5 �C min�1) and

cooled to room temperature. Analytical and spectral data for the

isolated product obtained by this method are in agreement with

those of the compound prepared according to method I.
Syntheses of [MoO2L(D)] complexes with N-donors

(C) Solution syntheses from dichloromethane or acetonitrile.

[MoO2L] or [MoO2L]n (15 mg, 0.04 mmol) were diluted in 1.5 mL

of heated dry solvent. To such a prepared solution, an equimolar

amount of the N-donor was added and the reaction mixture was

refluxed for 20 min. Products were filtered off and dried after 2 d

standing at room temperature. Depending on the solvent used,

different solvated or unsolvated materials were obtained.

[MoO2L(im)], I(Im). Solvent used: dichloromethane; orange

needles. Yield: 66%. Elemental analysis calcd (found) for

C16H14N4O5Mo: C 43.85 (43.76), H 3.22 (3.16), N 12.78 (12.64).

IR (KBr, cm�1): 3284m (nN–H, imidazole), 2944, 2837 (nC–H), 1603,

1553 (nC]O and nC]N), 927 s, 902, 896 (nMo]O, terminal).

[MoO2L(im)]$CH3CN, I(Im)$CH3CN. Solvent used: acetoni-

trile; red prisms. Yield: 47%. Elemental analysis calcd (found) for

C17H15N5O5Mo: C 43.88 (43.82), H 3.25 (3.22), N 15.05 (15.11).

IR (KBr, cm�1): 3327m (nN–H imidazole), 2950, 2843 (nC–H), 2248

(nC^N acetonitrile), 1600, 1553 (nC]O and nC]N), 924s, 902s

(nMo]O, terminal).

[MoO2L(g-pic)]$CH3CN, I(Gp)$CH3CN. Solvent used:

acetonitrile; red prisms. Yield: 69%. Elemental analysis calcd

(found) for C20H18N4O5Mo: C 48.99 (48.97), H 3.70 (3.66),

N 11.43 (11.40). IR (KBr, cm�1): 2995m, 2832m (nC–H),

2251(nC^N acetonitrile), 1618, 1598, 1551 (nC]O and nC]N), 925s,

903s (nMo]O, terminal), 740 (nMo–O and nMo–N).

[(MoO2L)2(bpy)]$CH2Cl2, I(Bp)$CH2Cl2. Solvent used:

dichloromethane; red prisms. Elemental analysis calcd (found)

for C37H30N6O10Mo2Cl2: C 45.28 (45.26), H 3.08 (3.10), N 8.56

(8.62). IR (KBr, cm�1): 3043-2849 (nC–H), 1605, 1596, 1553 (nC]O

and nC]N), 927s, 905 (nMo]O, terminal), 749, 729 (nMo–O and

nMo–N).

[(MoO2L)2(bpy)], I(Bp). Solvent used: acetonitrile; red prisms.

Elemental analysis calcd (found) for C36H28N6O10Mo2: C 48.23

(48.26), H 3.15 (3.11), N 9.37 (9.42). IR (KBr, cm�1): 3051-2830

(nC–H), 1598, 1550 (nC]O and nC]N), 928s, 906 (nMo]O,

terminal), 744, 733 (nMo–O and nMo–N).

(D) Liquid assisted grinding of I or (I)n in the presence of

appropriate N-donor. I or (I)n (15 mg, 0.04 mmol) and an equi-

molar amount of the N-donor (1 : 1 with imidazole or g-picoline,
This journal is ª The Royal Society of Chemistry 2011
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1 : 0.5 with bipyridine) were placed in the 5 mL steel jar (1 steel

ball). From two to four drops of acetonitrile or dichloromethane

were added. The jar was sealed and placed in the Retsch MM 200

ball mill (25 Hz, 25 min). The collected orange microcrystalline

products were analysed by usual methods (IR, PXRD) and it was

established that some ground products were the same as those

obtained by classic solution methods, but with improved yields

(quantitative). However, this method was unsuccessful for the

synthesis of the alcohol complexes, I(Im)$CH3CN and

I(Bp)$CH2Cl2. In the case of the alcohol complexes, I was

obtained. In the case of the above-mentioned two solvated N-

complexes, the N-ligand successfully coordinated on the sixth

place, but no solvent molecules were present in the structure.

(E) Neat grinding of I or (I)n in the presence of appropriate N-

donor. I or (I)n (15 mg, 0.04 mmol) and an equimolar amount of

the N-donor were placed in the 5 mL steel jar (1 steel ball). The

jar was placed in the Retsch MM 200 ball mill (25 Hz, 25 min).

The collected orange amorphous products were analysed by IR

and PXRD. There were no traces of starting compounds in the

PXRD patterns and also the IR spectra were identical to the

products obtained by LAG or solution synthesis. However, to

gain crystalline products, LAG and solution synthetic

approaches were preferred.

Methods. Elemental analyses were performed by Central

Analytical Service, ‘‘RuCer Bo�skovi�c’’ Institute, Zagreb. IR

spectra were recorded on a PerkinElmer Spectrum RXI FT-IR

spectrometer (KBr pellet technique, 4000–400 cm�1 range, 2 cm�1

step). Temperature-resolved IR were collected on a Bruker

VECTOR 22 FT-IR spectrometer (KBr pellet technique, 4000–

400 cm�1 range, 2 cm�1 step) in the range from 25 to 180 �C.

Thermogravimetric analyses (TGA) were performed on a Met-

tler-Toledo TGA/SDTA851e thermobalance using aluminium

crucibles under a nitrogen or oxygen stream with the heating rate

of 5 �C min�1. In all experiments the temperature range was from

25 to 600 �C. The results were processed with the Mettler STARe

9.01 software. DSC measurements were performed on the

Mettler–Toledo DSC823e calorimeter with STARe SW 9.01 in

the range from 25 to maximally 600 �C (5 �C min�1) under the

nitrogen stream.

X-Ray diffraction experiments. Selected crystallographic and

refinement data for the reported structures were obtained by

single-crystal X-ray diffraction experiments and are reported in

Table 1. The data for all structures were collected by u-scans on

an Oxford Xcalibur diffractometer equipped with 4-circle kappa

geometry and a CCD Sapphire 3 detector and graphite-mono-

chromated Mo-Ka radiation at 295 K. The programs CrysAlis

CCD and CrysAlis RED15 were employed for data collection, cell

refinement and data reduction. Structures were solved by direct

methods and refined on F2 by weighted full-matrix least-squares.

The programs SHELXS-9716 and SHELXL-97,17 integrated in

the WinGX software system,18 were used to solve and refine the

structures. All non-hydrogen atoms were refined anisotropically,

while the restraints on geometrical and displacement parameters

(DFIX, SAME, DELU, SIMU and EADP) were applied for the

disordered ethanol and propanol residues in I(Et) and I(Pr).

Hydrogen atoms attached to carbon atoms were placed in
This journal is ª The Royal Society of Chemistry 2011
geometrically idealized positions and refined applying the riding

model. Hydrogen atoms belonging to the coordinated alcohol

moieties (H6O in I(Me), I(Et) and I(Pr)) and imidazole molecules

(H4N in I(Im)$CH3CN and I(Im)) were located in the difference

Fourier maps at the final stages of refinement procedure and

their coordinates were refined freely but with the restrained O–H/

N–H distance of 0.82 �A/0.86 �A. The geometrical calculations and

structural analyses were done using PLATON,19 while graphics

were done with ORTEP,20 POV-Ray21 and Mercury.22 Selected

bond lengths and valence angles are listed in Table S1.‡

X-Ray powder diffraction experiments were performed on

a Philips PW 3710 diffractometer using Cu-Ka radiation, with

a zero background sample holder in the Bragg-Brentano

geometry; tension 40 kV, current 40 mA. The patterns were

collected in the angle region between 4� and 40� (2q) with a step

size of 0.02� and 1.0 s counting per step.
Crystallographic studies

The crystallographic data for all investigated compounds are

given in Table 1. The molecular structures for compounds I(Me)

and I(Im), as examples of the [MoO2L(ROH)] and [MoO2L(N-

donor)] complexes, are presented in Fig. 1. The molecular

structures for compounds I(Et), I(Pr), I(Im)$CH3CN, I(Gp),

I(Bp) and I(Bp)$CH2Cl2 and their atom labelling schemes are

shown in Fig. S2–S4.‡ In all structures the atoms of the coor-

dinated ligand (L2�) are labelled in the same way.

The main building unit for all the mononuclear and dinuclear

complexes is the MoO2
2+ core with cis-arranged oxo moieties. In

each complex the core is accommodated in such a way that the

molybdenum(VI) ion becomes a centre of a distorted octahedron,

while the tridentate ONO ligand binds in an equatorial position.

Relevant bond distances support the fact that the ligand is

coordinated in a dianionic (L2�) manner with the system of

conjugated bonds spreading along the two chelate rings (Tables

S1-S4‡). Finally, the coordination sphere is filled with the cor-

responding O- or N-donor molecule (alcohol or N-base) at the

sixth coordination site. With alcohols, imidazole or g-picoline as

the ancillary ligands mononuclear complexes are obtained, while

dinuclear compounds form with the bridging 4,40-bipyridine. The

trans effect of the oxygen atoms of the MoO2
2+ unit is manifested

through the elongated Mo(1)–N(2), where the N(2) atom belongs

to the L2� ligand and the Mo–O/N(ancillary ligand) bonds

(Tables S1–S4‡).

The conformational differences between similar complexes are

evident in the various degrees of planarity of the coordinated

ligand, i.e. the relative position of the phenyl and pyridyl rings

(Fig. 2). Additionally, the diverse spatial arrangements of the

monodentately bound O or N ligands (alcohol or N-base) induce

further conformational differences, which is particularly obvious

for the two imidazole complexes and the two bipyridine

complexes (Fig. 2).

The packing interactions and, consequently, the crystal

structures of the investigated compounds differ considerably

with respect to (a) the presence of hydrogen bond donors at the

auxiliary ligands bound at the sixth coordination site and (b) the

presence of the solvent molecules within the crystal lattice. If

a hydrogen bond donor is present within the ancillary ligand, two
CrystEngComm, 2011, 13, 4314–4323 | 4317

http://dx.doi.org/10.1039/c0ce00807a


T
a

b
le

1
C

ry
st

a
ll

o
g
ra

p
h

ic
d

a
ta

fo
r

I(
M

e)
,

I(
E

t)
,

I(
P

r)
,

I(
Im

),
I(

Im
)$

C
H

3
C

N
,

I(
G

p
)$

C
H

3
C

N
,

I(
B

p
)

a
n

d
I(

B
p

)$
C

H
2
C

l 2
.b

I(
M

e)
I(

E
t)

I(
P

r)
I(

G
p

)$
C

H
3
C

N
I(

Im
)$

C
H

3
C

N
I(

Im
)

I(
B

p
)

I(
B

p
)$

C
H

2
C

l 2

E
m

p
ir

ic
a

l
fo

rm
u

la
C

1
4
H

1
4
N

2
O

6
M

o
C

1
5
H

1
6
N

2
O

6
M

o
C

1
6
H

1
8
N

2
O

6
M

o
C

1
9
H

1
7
N

3
O

5
M

o
$

C
2
H

3
N

C
1
6
H

1
4
N

4
O

5
M

o
$

C
2
H

3
N

C
1
6
H

1
4
N

4
O

5
M

o
C

3
6
H

2
8
N

6
O

1
0
M

o
2

C
3
6
H

2
8
N

6
O

1
0
M

o
2
$

2
(C

H
2
C

l 2
)

F
o

rm
u

la
w

ei
g

h
t/

g
m

o
l�

1

4
0

2
.2

1
4

1
6

.2
4

4
3

0
.2

6
5

0
4

.3
5

4
7

9
.3

1
4

3
8

.2
5

8
9

6
.5

2
1

0
6

6
.3

8

C
ry

st
a
l

sy
st

em
M

o
n

o
cl

in
ic

M
o

n
o

cl
in

ic
T

ri
cl

in
ic

M
o

n
o

cl
in

ic
M

o
n

o
cl

in
ic

M
o

n
o

cl
in

ic
T

ri
cl

in
ic

M
o

n
o

cl
in

ic
C

ry
st

a
l

si
ze

/m
m

0
.4

0
�

0
.2

5
�

0
.0

8
0

.3
0
�

0
.1

0
�

0
.0

5
0

.3
5
�

0
.1

5
�

0
.1

2
0

.0
8
�

0
.0

6
�

0
.0

4
0

.3
4
�

0
.0

8
�

0
.0

5
0

.5
0
�

0
.1

0
�

0
.0

3
0

.4
0
�

0
.1

0
�

0
.1

0
0

.1
0
�

0
.0

6
�

0
.0

3
C

ry
st

a
l

h
a

b
it

P
ri

sm
P

ri
sm

P
ri

sm
P

ri
sm

P
ri

sm
P

la
te

P
ri

sm
P

ri
sm

C
ry

st
a

l
co

lo
r

O
ra

n
g

e
O

ra
n

g
e

O
ra

n
g

e
R

ed
R

ed
O

ra
n

g
e

R
ed

R
ed

S
p

a
ce

g
ro

u
p

P
2

1
/c

P
2

1
/c

P
� 1

P
2

1
/c

P
2

1
/c

P
2

1
/c

P
� 1

P
2

1
/c

U
n

it
ce

ll
d

im
en

si
o

n
s

a
/� A

8
.1

8
9
0

(7
)

8
.0

9
9

2
(1

6
)

7
.7

8
9

4
(4

)
8

.8
8

7
9

(3
)

7
.5

6
6

8
(3

)
7

.4
5

6
5

(4
)

1
1

.7
8
7

1
(6

)
1

2
.3

4
2

(1
)

b
/� A

1
0

.9
8
9

8
(9

)
1

1
.4

0
4

(1
)

1
0

.0
9

0
7

(7
)

1
4

.5
1

3
4

(5
)

1
9

.3
9

7
3

(7
)

1
7

.8
7
1

(1
)

1
2

.8
2
6

9
(7

)
1

3
.4

8
0

4
(9

)
c/

� A
1

7
.9

3
0

(2
)

1
7

.9
9

3
(3

)
1

2
.5

9
3

7
(5

)
1

6
.4

7
1

6
(6

)
1

4
.5

3
0

5
(6

)
1

2
.2

0
7

9
(9

)
1

3
.8

0
7

1
(6

)
1

7
.3

4
4

(2
)

a
/�

9
0

9
0

8
6

.2
9

3
(4

)
9

0
9

0
9

0
1

0
8

.4
9

0
(5

)
9

0
b

/�
1

0
5

.3
4

6
(9

)
9

9
.4

7
(2

)
8

1
.5

5
3

(4
)

9
0

.4
3

3
(3

)
1

1
6

.6
2

6
(3

)
9

3
.0

2
1

(6
)

9
4

.1
0
4

(4
)

1
3

1
.6

3
8

(6
)

g
/�

9
0

9
0

6
9

.0
9

6
(5

)
9

0
9

0
9

0
1

1
3

.8
1

1
(5

)
9

0
V

o
lu

m
e/

� A
3

1
5

5
6
.1

(3
)

1
6

3
9

.2
(4

)
9

1
4

.6
1

(9
)

2
1

2
4

.7
(1

)
1

9
0

6
.6

(1
)

1
6

2
4
.5

(2
)

1
7

6
2
.7

(2
)

2
1

5
6
.5

(3
)

Z
4

4
2

4
4

4
2

2
D

c
/g

cm
�

3
1

.7
1

7
1

.6
8

7
1

.5
6

2
1

.5
7

7
1

.6
7

0
1

.7
9

2
1

.6
8

9
1

.6
4

2
m

/m
m
�

1
0

.8
7

5
0

.8
3

4
0

.7
5

0
0

.6
5

8
0

.7
3

0
0

.8
4

5
0

.7
8

0
0

.8
9

1
F

(0
0

0
)

8
0

8
8

4
0

4
3

6
1

0
2

4
9

6
8

8
8

0
9

0
0

1
0

6
8

R
efl

ec
ti

o
n

s
co

ll
ec

te
d

/
u

n
iq

u
e

6
2

7
0
/3

2
1

0
1

1
5

9
2

/3
5
4

9
6

7
5

2
/3

7
6

1
9

8
9

1
/4

4
0

0
7

2
9

2
/3

5
3

6
8

7
9

7
/4

3
0

3
1

8
9

4
9

/9
7
9

2
8

1
8

5
/4

4
4

6

D
a

ta
/r

es
tr

a
in

ts
/

p
a

ra
m

et
er

s
3

2
1

0
/1

/2
1

2
3

5
4

9
/1

8
/2

1
8

3
7

6
1

/6
0

/2
1

8
4

4
0

0
/0

/2
8

1
3

5
3

6
/1

/2
6

6
4

3
0

3
/1

/2
3

8
9

7
9

2
/0

/4
8

7
4

4
4

6
/0

/2
7

2

S
/R

es
tr

a
in

ed
S

0
.9

2
3
/0

.9
2

3
1

.0
1

8
/1

.0
1

5
0

.9
8

2
/0

.9
7

5
1

.0
5

0
/1

.0
5

0
1

.0
2

3
/1

.0
2

4
1

.0
0

6
/1

.0
0

6
0

.9
4

0
/0

.9
4

0
0

.9
4

0
/0

.9
4

0
R

/w
R

2
[I

>
2
s

(I
)]

a
0

.0
2

4
0

/0
.0

6
1
6

0
.0

3
3

1
/0

.0
7

7
7

0
.0

4
6

1
/0

.1
2

5
9

0
.0

3
6

1
/0

.0
6

7
0

0
.0

3
3

3
/0

.0
6

1
5

0
.0

2
4
1

/0
.0

6
2

5
0

.0
3

9
6

/0
.1

0
4
5

0
.0

3
4
8

/0
.0

9
3
3

L
a

rg
es

t
d

if
f.

p
ea

k
,

h
o

le
/e

� A
�

3

0
.2

8
2
,

–
0

.5
6
2

0
.3

8
8

,
–

0
.4

2
3

1
.6

0
2

,
–

1
.3

9
1

0
.3

7
6

,
–

0
.3

5
9

0
.2

6
9

,
–

0
.2

9
6

0
.5

0
8
,–

0
.5

1
9

0
.9

5
7
,–

0
.5

3
8

0
.6

3
3
,–

0
.6

8
4

a
R
¼
P
kF

o
|�

|F
c
k/
P

F
o
,

w
¼

1
/[

s
2
(F

o
2
)+

(g
1
P

)2
+

g
2
P

]
w

h
er

e
P
¼

(F
o

2
+

2
F

c
2
)/

3
,

w
R

2
¼

{
S

[w
(F

o
2

–
F

c
2
)2

]/
S

w
F

o
2
}1

/2
.

b
S
¼

S
[w

(F
o

2
–

F
c

2
)2

/(
N

o
b

s
–

N
p

a
ra

m
)]

1
/2
.

4318 | CrystEngComm, 2011, 13, 4314–4323 This journal is ª The Royal Society of Chemistry 2011

D
ow

nl
oa

de
d 

by
 M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

on
 2

9 
Se

pt
em

be
r 

20
11

Pu
bl

is
he

d 
on

 0
7 

Fe
br

ua
ry

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

0C
E

00
80

7A

View Online

http://dx.doi.org/10.1039/c0ce00807a


Fig. 1 ORTEP-POV-Ray rendered view of the molecular structures for

(a) I(Me) and (b) I(Im) with the atom-numbering schemes. Displacement

ellipsoids are drawn at the 30% probability level. Hydrogen atoms are

presented as spheres of arbitrary small radii.
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primary architectures are distinguished: hydrogen bonded

dimers and hydrogen bonded chains (Fig. 3).

In the case of the alcoholic complexes, dimers are realized

through R2
2(12) O(6)–H(6)/N(1) hydrogen bonds (Fig. 3a).

Such dimers are further associated via C–H/O interactions into

a three-dimensional architecture (Fig. S5‡). A similar building

unit is found in the structure of I(Im) but the dimers form

through R2
2(12) N(4)–H(4N)/O(2) hydrogen bonds (Fig. 3b

and Fig. S8‡). The same N–H functionality additionally partic-

ipates in N(4)–H(4N)/O(3) hydrogen bonds, which join dimers,

thus forming a bifurcated hydrogen bond [(N(4)–H(4N)

0.857(15) �A, H(4N)/O(3) 2.386(18) �A, N(4)/O(3) 3.087(2) �A,

N(4)–H(4N)/O(3) 139(2)�, (i)¼�1+x, y, z]. On the other hand,

in the structure of the solvate complex, I(Im)$CH3CN, another

oxygen atom, O(5), is used as the hydrogen bond acceptor. This

subsequently prevents the emergence of the dimeric synthon and

leads to a considerably different primary architecture, namely the

C1
1(9) N(4)–H(4N)/O(5) hydrogen bonded chains (Fig. 3c).

The acetonitrile molecules bridge such chains via C–H/O and

C–H/N interactions. In the absence of a good hydrogen bond

donor in auxiliary moieties, the stabilization of the structure is

achieved through the strongest disposable interactions, namely

the C–H/O and C–H/N interactions (Fig. S9‡). A rather

intricate architecture is found in the I(Gp)$CH3CN, due to the

exceedingly rich interplay of such interactions, which employ

both the complex and acetonitrile molecules (Fig. S10‡). The

crystal structures of the solvatomorphic pair, I(Bp) and

I(Bp)$CH2Cl2, display significant differences. In the
This journal is ª The Royal Society of Chemistry 2011
I(Bp)$CH2Cl2, C–H/O and C–H/N interactions, which

include both the complex and the solvent molecules, assemble the

molecules into layers (in the bc plane), which are further stacked

along the a axis. In the unsolvated dinuclear product, I(Bp), the

molecules are arranged into a complicated three-dimensional

architecture, through C–H/O and C–H/N interactions,

however without forming a layered architecture (Fig. S11 and

Fig. S12‡).
Synthesis and characteristics of [MoO2L(ROH)], I and (I)n

complexes

The reactions of MoO2(acac)2 and H2L in methanol, ethanol or

propanol readily produced dioxomolybdenum(VI) complexes of

the general formula [MoO2L(ROH)], in fairly satisfying yields.

In all cases, the ligand coordinates to the MoO2
2+ core, with oxo

moieties in the cis arrangement, as a dianionic tridentate ONO

donor. The overall coordination geometry of the compounds is

octahedral. With the equatorially bound ligand, the neutral

ROH moiety is accommodated trans to the apical oxygen atom.

Due to the strong trans influence of the oxo ligands, the bonds on

this coordination site tend to be elongated.23

As we already noted, it is well known that weakly coordinated

ligands are, upon heating, often liberated from coordination

compounds.12 New complexes, thus formed, possess an unsatu-

rated coordination environment and can thus be considered as

‘‘activated’’. Such complexes can be exploited as starting mate-

rials for the further syntheses of coordination compounds, due to

their tendency to re-complete the coordination spheres. During

our recent study on the polymorphism of a methanolic dioxo-

molybdenum(VI) complex,13 we established that the formation of

such an ‘‘activated‘‘ species can be accomplished not only

through heating, but also by mechanochemical treatment.

Among all the metal–ligand bonds of the coordination sphere of

the investigated [MoO2L(ROH)] compounds, the Mo–

O(alcohol) bonds are the longest and consequently the weakest

(Table S1‡). Additionally, the alcohol molecules are bound as

neutral species in a monodentate fashion, which makes them

likely candidates for the selective dissociation of the metal–

alcohol coordination bond.

Thermal manipulations were conducted and monitored by

a thermogravimetric balance (TG), differential scanning

calorimetry (DSC) and temperature-resolved infrared spectros-

copy (TR-IR). All investigated alcohol complexes displayed

similar behaviour, with the first thermal event occurring in the

temperature range between 100 �C and 210 �C. This corresponds

to the dissociation of the coordinated alcohol molecule (Fig. 4

and Fig. S1, ESI‡) and, for all alcohol complexes, this yielded the

same brown microcrystalline product (PXRD, Fig. S13‡). The

highest temperature for the removal of the alcohol ligand was

needed for I(Me). However, we have taken this compound as the

model-complex for solid-state transformations due to the

following: (a) among all the alcoholic complexes the [MoO2L-

(MeOH)] can be obtained without the need for further purifica-

tion and in a high yield and (b) methanol was the most readily

removed from a solid material in mechanochemical treatments.

The elemental analysis of the brown product confirmed the

absence of alcohol ligands, i.e. the empirical formula of the

product is [MoO2L]. The cis-dioxomolybdenum complexes have
CrystEngComm, 2011, 13, 4314–4323 | 4319
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Fig. 2 Mercury-POV-Ray rendered view of overlapping diagrams for

(a) alcohol complexes; I(Me) red, I(Et) black, I(Pr) gray; (b) imidazole

complexes; I(Im)$CH3CN blue, I(Im) orange and (c) bipyridine

complexes; I(Bp)$CH2Cl2 blue, I(Bp) purple. Diagrams were constructed

by overlapping molecules through Mo(1), O(1), O(2) and O(3) atoms.

Dihedral angles between the planes of phenyl (ph) and pyridyl (py) are:

(a) 8.3(1)� for I(Me), 12.0(2)� for I(Et), 13.0(2)� I(Pr); (b) 0.9(2)� for

I(Im)$CH3CN and 21.3(1)� for I(Im) and (c) 17.0(2)� for I(Bpy)$CH2Cl2.

In I(Bpy) the two halves of the complex are non-equivalent and the

dihedral angles between the planes ph1 and py1 and ph2 and py2 amount

to 11.2(2)� and 2.9(2)� respectively. Additionally, the dihedral angles

between the two rings of the bridging 4,40-bipyridine, Bp1 and Bp2, is

44.9(2)�.
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a pronounced tendency to form dinuclear or polynuclear

complexes in the absence of suitable donor species for the sixth

coordination site.24 In this way, octahedral or at least quasi-

octahedral coordination is accomplished, which is favourable

compared to the pentacoordinated one. The polymeric structure

is realized via Mo]O/Mo interactions of the neighbouring
4320 | CrystEngComm, 2011, 13, 4314–4323
mononuclear units, which is indicated by several characteristic

changes in the IR spectra. The vibration of the Mo]O/Mo

moiety causes the emergence of a broad band in the range 750–

800 cm�1. Additionally, the spectra of the compounds with such

polymeric structure display only one band characteristic for the

terminal Mo]O vibration due to the involvement of the one

Mo]Oterminal group in the Mo]O/Mo interaction. The IR

spectrum of the brown product revealed exactly such features: (a)

only one strong and visible Mo]Oterminal vibration band, more

precisely the one at 941 cm�1 and (b) the appearance of a strong

and broad band at 814 cm�1, due to the vibration of Mo]O/
Mo moiety. Thus, it was concluded that the brown product,

obtained by heating, has the polymeric structure, [MoO2L]n
((I)n).

In the solid-state approach, all [MoO2L(ROH)] compounds

were ground at room temperature using a mortar and pestle. Use

of a ball mill was avoided, to allow the removal of alcoholic

vapours from the system. The samples changed their original

colour to dark orange during grinding, which was stable upon

prolonged grinding. The analysis (TGA, IR and elemental

analysis) of the thus obtained orange product revealed it does not

contain coordinated alcohol molecules and has an empirical

formula of [MoO2L]. In this case as well, IR spectroscopy proved

to be a very powerful tool for elucidating the product’s structure.

The IR spectra of the orange product revealed the bands

characteristic for Mo]Oterm stretching, which were similar to

those of the alcohol complexes but with the intensities reduced.

These features, along with the absence of the band characteristic

for the alcoholic C–O stretching (at 1014 cm�1 in the [MoO2L-

(ROH)] complexes), correspond to a mononuclear penta-

coordinated complex, [MoO2L] (I).

It is worth mentioning that the usual solution synthetic routes

to the polymeric (I)n or pentacoordinated I, by the reaction of

H2L and MoO2(acac)2 in acetonitrile or dichloromethane, were,

in this particular case, unsuccessful. Namely, in each attempt, the

water molecules, from the solvent or from the atmosphere,

readily coordinated to the sixth coordination place, yielding

[MoO2L(H2O)], even if the reaction and isolation were per-

formed using dry solvents and in an inert (argon) atmosphere.
Transformations between I and (I)n complexes

To establish the relative stability and possible interconversion

conditions between two coordinatively unsaturated precursors,

a number of solvent-free experiments were conducted (Fig. 5,

Scheme 1). Heating the orange I resulted in two consecutive

thermal events, i.e. a broad endotherm with an onset at �60 �C

followed by an exotherm at 144 �C (Fig. S1, ESI‡). These thermal

events were ascribed to a transformation of the mononuclear I to

the brown (I)n (PXRD), through the formation of Mo]O/Mo

interactions. This conversion was monitored by temperature-

resolved IR (TR-IR, heating rate was 5 �C min�1), measured on

the thin plate of [MoO2L]. This method provided valuable

dynamic insight on the changes in the molecular structure of I

during the I to (I)n transformation (Fig. 6). The changes in the

coordination sphere of the molybdenum cation are especially

visible in the region between 1000 and 600 cm�1, as previously

discussed. During the transformation process, several bands

characteristic for (I)n increased, while one of the two bands
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 Three typical synthons accomplished in the structure of the investigated [MoO2L(D)] complexes, when an additional hydrogen bond donating

group is present in the ancillary ligand (a) R2
2(12) O(6)–H(6)/N(1) dimer in alcohol complexes, (b) R2

2(12) N(4)–H(4N)/O(2) dimer in the structure of

I(Im) and (c) C1
1(9) chains in the I(Me)$CH3CN. Key interaction parameters for I(Me): O(6)–H(6)/N(1)[O(6)–H(6) 0.81(2) �A, H(6)/N(1) 1.91(2) �A,

O(6)/N(1) 2.716(2) �A, N1–H1/O3 177(4)�, i¼ 1–x,1–y,1–z], I(Et): O(6)–H(6)/N(1)[O(6)–H(6) 0.81(3) �A, H(6)/N(1) 1.97(3) �A, O(6)/N(1) 2.779(4)
�A, N1–H1/O3 176(3)�, i¼ –x,2–y,–z], I(Pr): (6)–H(6)/N(1)[O(6)–H(6) 0.77(4) �A, H(6)/N(1) 2.01(4) �A, O(6)/N(1) 2.760(5) �A, N1–H1/O3 167(6)�,

i ¼ 2–x,–y,–z], I(Im): N(4)–H(4N)/O(2) [(N(4)–H(4N) 0.857(2) �A, H(4N)/O(2) 2.26(2) �A, N(4)/O(2) 2.933(2) �A, N(4)–H(4N)/O(2) 136(2)�, (i) ¼
�x, 1�y, 1�z] and I(Im)$CH3CN: N(4)–H(4N)/O(5) [(N(4)–H(4N) 0.83(4) �A, H(4N)/O(5) 2.30(4) �A, N(4)/O(5) 3.024(5) �A, N(4)–H(4N)/O(5)

146(3)�, (i) ¼ 1+x, y, z].
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characteristic of the Mo]Oterminal vibration gradually dis-

appeared.

Moreover, I proved to be sensitive to acetonitrile vapour

(Fig. 5), where only a brief exposure promoted the formation of

Mo]O/Mo interactions and the formation of (I)n (PXRD). On
Fig. 4 Heating of the [MoO2L(MeOH)] (I(Me)) results in the quanti-

tative transformation to the brown (I)n, stable in the range of 200–250 �C.

Similar curves (with identical products) were obtained for other alcohol

complexes I(Et) and I(Pr).

This journal is ª The Royal Society of Chemistry 2011
a macroscopic scale, this transformation was followed by

a change of the sample’s colour from orange to brown. The

Mo]O/Mo interaction in the (I)n is insensitive to thermal

treatment, but a reverse reaction to obtain the amorphous I is

easily accomplished by grinding.
Fig. 5 Solvent-free routes for interconversion in the I/(I)n system. Route

A: heating to 130 �C or one hour in the acetonitrile vapours (room

temperature); Route B: neat grinding (20 min, 25 Hz). I-orange; (I)n-

brown.
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Recent studies revealed that mechanochemical manipulation

of some metalo-organic compounds with low coordination

numbers could lead to remarkable changes in the material’s

properties, such as its luminescence or colour.25 These

phenomena proved to be unique for each described

example.26,27,28 Mechanochromism and thermochromism in this

system arises from the thermally induced formation and

mechanochemically induced cleavage of the Mo]O/Mo

interaction between the ‘‘activated’’ complex moieties.

Solids that can transfer mechanical force to one distinguished

part of the molecule, thus changing their macroscopic physical

properties or reactivity, are interesting in the development of

stress-sensors and stress-responsive materials.29

Synthesis of [MoO2L(D)] complexes from I or (I)n

I and (I)n display similar reactivity towards both O- or N-

donating ligands. Both compounds readily coordinate alcohol

molecules, even from vapours (ESI, vapour sorption

experiments‡).

The syntheses of the [MoO2L(D)] compounds (D ¼N-donor),

from I or (I)n as precursors, were performed in two ways, by

classic solution synthesis and by LAG. Depending upon the

solvent used (solution approach), five new products were

obtained and structurally characterized, [MoO2L(im)] (I(Im)),

[MoO2L(im)]$CH3CN (I(Im)$CH3CN), [MoO2L(g-pic)]$-

CH3CN (I(Gp)$CH3CN) and the dinuclear complexes

[(MoO2L)2(bpy)] (I(Bp)) and [(MoO2L)2(bpy)]$CH2Cl2 (I(Bp)$-

CH2Cl2). In all obtained products, the nitrogen-donating ligand

was coordinated to the sixth coordination site.

However, in this particular system, the solution syntheses had

a number of disadvantages. Significant amounts of the solvent

(dichloromethane and acetonitrile) were needed to dissolve the

precursors I or (I)n, while the energy consumption was high due

to the prolonged heating, for still relatively low yields. Further-

more, to exclude the possibility of competition between the water

and N-donors and to successfully gain target products, the

reactions had to be conducted in a dry atmosphere using dry

solvents.
Fig. 6 Dynamic changes in the TR-IR patterns during the heating of I.

Bands important for discussion are denoted with an asterisk (diminishing

of the Mo]Oterm stretching vibration at 911 cm�1 and emergence of the

Mo]O/Mo band at 814 cm�1). Numbers in the right corner correspond

to the T/�C at which the spectrum was obtained.

4322 | CrystEngComm, 2011, 13, 4314–4323
The mechanochemical synthesis of the N-complexes,

[MoO2L(D)], was attempted by neat grinding with a mortar and

pestle, neat grinding in a ball-mill and by LAG using 2–4 drops

of acetonitrile or dichloromethane. The neat grinding of I or (I)n,

as precursors, with the target N-donor using a mortar and pestle,

did not yield the desired compounds, but instead in all cases

produced a mixture of I and the N-donor. Neat grinding in a ball

mill was successful in accomplishing a coordination bond

between molybdenum and the N-donor, i.e. in yielding the

desired products, but they were all amorphous. However, LAG

improved the degree of structural order in the collected samples,

which were easily distinguished by the PXRD. Grinding in a ball

mill jar for 40 min (25 Hz), in the presence of the appropriate

solvent, yielded quantitative amounts of the pure products

[MoO2L(D)] (ESI, Fig. S14‡).

In this system, however, the LAG procedure also revealed

certain disadvantages. Such an approach was found to be inap-

propriate for the synthesis of complexes with O-donors (alco-

hols) and solvates of N-donors (with exception of

I(Gp)$CH3CN). In the case of O-donors, the product collected

after LAG was I, due to the sensitivity of the Mo–alcohol bonds

to mechanical treatment. In the case of N-donors, the unsolvated

complexes were obtained (ESI‡) in quantitative yields.
Conclusions

Alcohol molecules in the coordination sphere of octahedral

molybdenum(VI) [MoO2L(ROH)] complexes provide a good

platform for further solid-state manipulations. As a response to

stress, induced by mechanical force or heating, such ligands were

removed in a selective manner in the solid state, yielding two

kinds of coordinatively unsaturated intermediate products, the

pentacoordinated amorphous I and the polymeric (I)n of the

same composition, [MoO2L]. Due to the potential coordination

of a solvent molecule or water from solution/atmosphere to the

emptied sixth site, no other methods were successful for the

synthesis of these intermediates. Both I and (I)n tend to fulfil their

coordination spheres and readily coordinate N- and O-donors at

the empty coordination site. Noteworthy, [MoO2L] precursors

could be easily recovered from the emerged six-coordinated

species by the above described solvent-free methods.

Although the LAG procedure resulted in improved yields of

the target complexes, it proved inferior in the synthesis of the

solvated complexes where solvent molecules are weakly bound.

Also, due to the cleavage of the molybdenum–alcohol bond,

LAG was ineffective in the synthesis of complexes where the

coordinated ligands are mechanosensitive. These results proved

that both solution and solvent-free methods are superior, one to

another, under specific conditions and that their combination is

essential for a thorough screening of products and the develop-

ment of new functional materials. Our future investigations will

be concentrated on the study of precursors with two or more

mechanosensitive sites and their potential application in the

controllable synthesis of higher-ordered coordination networks.
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