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Solid-state co-grinding of silver acetate and solid trans-1,4-

diaminocyclohexane, [H2NC6H10NH2] yields two isomeric

coordination networks depending on the crystallization condi-

tions; a third isomeric form is obtained when the same reaction

is carried out in solution.

It has long been known that co-grinding and co-milling of solid

reactants are viable routes to the synthesis of novel molecular

compounds.1 Recently, mechanochemical methods have begun to

be successfully applied also in the field of molecular crystal

engineering2 for the solvent-less preparation of supramolecular

aggregates,3 co-crystals or coordination networks.4 It has been

argued that the preparation of molecular crystals materials via

solvent-free reactions between or within molecular crystals can be

regarded as a green way to crystal engineering.5

Examples of the utilization of mechanochemical methods in

coordination chemistry are not numerous, but interest is increasing

because of environmental and sustainability issues. For example,

cis-platinum complexes cis-(Ph3P)2PtCl2 and cis-(Ph3P)2PtCO3

have been prepared mechanochemically from solid reactants,6

while the supramolecular self-assembly of a number of two- or

three-dimensional helicates by mechanochemical methods has

been recently reported.7

In this communication we report the results of solid-state

and solution reactions between silver acetate and trans-1,4-

diaminocyclohexane [H2NC6H10NH2], this bis-amine having

been little exploited as a divergent ligand in the construction of

coordination networks.8

The solid-state co-grinding of AgCH3COO and

[H2NC6H10NH2] in 1 : 1 ratio affords a crystalline powder

tentatively formulated as Ag[H2NC6H10NH2][CH3COO]?nH2O,

1?nH2O (see below).{ Recrystallization of 1?nH2O from anhydrous

MeOH yields two types of products depending on the

solvent evaporation conditions: crystals of Ag[H2NC6H10NH2]-

[CH3COO][MeOH]?0.5H2O, 1?MeOH?0.5H2O, have been

obtained by crystallisation under argon flow, while crystals

of Ag[H2NC6H10NH2][CH3COO]?3H2O, 1?3H2O have been

obtained by slow evaporation in the air.{ Single-crystal X-ray

diffraction experiments§ have shown that 1?MeOH?0.5H2O

and 1?3H2O contain two isomeric forms of the coordination

network {Ag[H2NC6H10NH2]
+}‘. If the same reaction between

AgCH3COO and [H2NC6H10NH2] is carried out directly in

MeOH/water solution, a third crystalline material is obtained,

namely the tetra-hydrate Ag[H2NC6H10NH2][CH3COO]?4H2O,

1?4H2O. In this latter case, correspondence between bulk powder

and single crystals was ascertained by comparing computed and

observed powder diffractograms.§

Based on powder diffraction experiments it has been established

that both compounds 1?3H2O and 1?MeOH?0.5H2O transform

into the starting material 1?nH2O upon grinding (see supplemen-

tary material). Grinding of 1?4H2O, on the other hand, leaves the

structure unaltered. The whole process is summarized in Scheme 1.

In terms of chemical composition the three compounds differ

only in the degree and nature of solvation. The differences in

topology are, however, much more dramatic and the three

compounds must be regarded as isomers of the same basic

coordination network. The relationship between supramolecular

isomerism and network topology has been thoroughly discussed.9

The crystal structure of 1?MeOH?0.5H2O is constituted of a

two-dimensional coordination network (see Fig. 1) formed by the

divergent bidentate ligand [H2NC6H10NH2] and two silver atoms,

which are joined together by an Ag…Ag interaction of 3.322(1) Å

(see supplementary material) and are asymmetrically bridged by

two methanol molecules.

There is a close structural relationship between the coordina-

tion networks in 1?MeOH?0.5H2O and in 1?3H2O. This

latter structure is built around a zigzag chain of

Ag(+)…[H2NC6H10NH2]…Ag(+)…[H2NC6H10NH2]…Ag(+) units

as shown in Fig. 2. The Ag-atom is coordinated in a linear

{ Electronic supplementary information (ESI) available: experimental and
calculated X-ray powder diffraction patterns; TGA for 1?nH2O; detailed
packing diagrams with hydrogen bonding interactions. See http://
www.rsc.org/suppdata/cc/b5/b503404c/
*dario.braga@unibo.it (Dario Braga)

Scheme 1 Solid-state and solution experiments for the supramolecular

reaction of AgCH3COO and [H2NC6H10NH2].
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fashion. A projection perpendicular to the [H2NC6H10NH2] planes

shows how the zigzag chains extend in parallel fashion (Fig. 2).

The Ag(+)…[H2NC6H10NH2]…Ag(+)…[H2NC6H10NH2]…Ag(+)

chains are bridged together via hydrogen bonds involving the

N–H donors, the water molecules and the acetate anions.

The tetra-hydrated species Ag[H2NC6H10NH2][CH3COO]?

4H2O, 1?4H2O contains an isomeric form of the coordination

networks present in 1?MeOH?0.5H2O and 1?3H2O. Fig. 3 shows

how the base and the silver cation form a zigzag network as in

1?3H2O, with a notable difference arising from the orientation of

the ligands with respect to the silver atoms: while in 1?3H2O two

ligand bases are in a cisoid relative orientation with respect to the

silver atom, in 1?4H2O the two ligands are transoid. This is made

possible by the different orientation of the N-atom lone pairs in

[H2NC6H10NH2].

The acetate anions form a hydrated network and interact with

the base and the water molecules.

Fig. 4 shows a comparison of the {Ag[H2NC6H10NH2]
+}‘

chains observed in the three compounds. Differences and

similarities are due to the flexibility of the N–Ag–N link, and

one could think that the coordination polymer is adjusted as a

function of the solvent and counter ion interactions.11d In the

present case, it can be noticed that counterions and solvent

molecules form small clusters in 1?MeOH?0.5H2O and are grouped

into ribbons parallel to the chain in 1?3H2O, while in 1?4H2O they

constitute flat networks, which are sandwiched in between layers

of {Ag[H2NC6H10NH2]
+}‘ chains of the type shown in Fig. 3

(see supplementary material).

Primarily, the interest in solvent-free conditions stems from the

possibility of obtaining the same product as that from solution

without solvent because the process is cheaper, less time consuming

and often more environmentally friendly. On the other hand one

Fig. 1 Crystalline Ag[H2NC6H10NH2][CH3COO]?[MeOH]?0.5H2O,

1?MeOH?0.5H2O. The two-dimensional coordination network formed

by the divergent bidentate ligand [H2NC6H10NH2], with silver atoms at a

distance of 3.322(1) Å. (H atoms not shown for clarity). Relevant distances

and angles: Ag–N 2.166(3), 2.168(3) Å, N–Ag–N 166.4(1)u.

Fig. 2 Crystalline Ag[H2NC6H10NH2][CH3COO]?3H2O, 1?3H2O. (a)

The fundamental coordination network is build around a zigzag chain

of Ag(+)…[H2NC6H10NH2]…Ag(+)…[H2NC6H10NH2]…Ag(+) units. The

Ag-atom is coordinated in a linear fashion. (H atoms not shown

for clarity). Relevant distances and angles: Ag–N 2.166(3), 2.168(3) Å,

N–Ag–N 172.3(1)u.

Fig. 3 Crystalline Ag[H2NC6H10NH2][CH3COO]?4H2O, 1?4H2O. The

ligand bases adopt a transoid relative orientation with respect to the silver

atom. (H atoms not shown for clarity). Relevant distances and angles: Ag–

N 2.137(3), 2.150(3), 2.141(3), 2.134(3) Å, N–Ag–N 179.4(1), 175.3(1)u.

Fig. 4 Comparison between the isomeric {Ag[H2NC6H10NH2]
+}‘ chains

in (a) 1?MeOH?0.5H2O, (b) 1?3H2O, (c) 1?4H2O (the same scale has been

used for the three chains; H atoms not shown for clarity).
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may be interested in solvent-free conditions for the possibility of

obtaining products not otherwise accessible from solvents. In this

latter case, however, one is often faced with the problem of

characterization, because the lack of single-crystals complicates the

matter significantly. In the cases discussed in this communication

we have shown that isomeric coordination networks are obtained

depending on the preparation and crystallisation conditions. The

network obtained from solution, 1?4H2O, is different from the two

networks in 1?3H2O and in 1?MeOH?0.5H2O. The structures of

these latter compounds are related by a ‘‘simple’’ translation of the

chains, which in 1?MeOH?0.5H2O are at Ag…Ag contact distance

and are stabilized by the MeOH bridges. It is also noteworthy that,

while grinding of 1?4H2O leaves the material unaltered, both

1?MeOH?0.5H2O and 1?3H2O revert, upon grinding, to the initial

solid-state product 1?nH2O, which is thus likely to possess a similar

backbone network structure.10 The unusual reversibility depicted

in Scheme 1 suggests that when 1?nH2O is dissolved in MeOH the

coordination polymer obtained by grinding is not completely

destroyed, providing the template structure for reassembly and

crystal growth of 1?MeOH?0.5H2O and 1?3H2O. Even though

further work is necessary to ascertain the exact structure of

compound 1?nH2O, we have provided good evidence that cheap

and simple mechanochemical methods can be exploited in the

preparation of new coordination networks, a thriving area of

crystal engineering.11
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Notes and references

{ All starting materials were purchased from Aldrich. Reagent grade
solvents and bi-distilled water were used. Grinding experiment – synthesis
of 1?nH2O: 114 mg (1 mmol) of H2NC6H10NH2 and 167 mg (1 mmol) of
AgCH3COO were ground together in an agate mortar for 5 min and left to
stand for five days before measuring the powder diffractograms. Single
crystals of 1?3H2O were obtained by recrystallization of 1?nH2O from
anhydrous MeOH in air; single crystals of 1?MeOH?0.5H2O were obtained
by recrystallization of 1?nH2O from anhydrous MeOH under argon flow.
Synthesis of 1?4H2O: 34 mg (0.3 mmol) of H2NC6H10NH2 and 50 mg
(0.3 mmol) of AgCH3COO were dissolved in 3 mL of a 1 : 1 methanol/
water solution. Thermogravimetric measurements (see supplementary
material) indicated the presence of ca. 2.5 water molecules per formula
unit in 1?nH2O.
§ Crystal data. All data were collected at room temperature on an Enraf-
Nonius CAD4 diffractometer, monochromator graphite. 1?4H2O: triclinic,
P-1, a 5 8.781(1), b 5 12.810(4), c 5 13.706(3) Å, a 5 95.35(3), b 5
90.90(1), c 5 108.90(2)u, V 5 1450.5(6) Å3, Z 5 4, 5322 measured
reflections, 308 parameters, wR2 5 0.0898, R1 5 0.0328. 1?3H2O: triclinic,
P-1, a 5 6.108(4), b 5 10.180(4), c 5 11.849(4) Å, a 5 105.91(3), b 5

97.78(3), c 5 99.37(4)u, V 5 686.4(6) Å3, Z 5 2, 2529 measured reflections,
178 parameters, wR2 5 0.0753, R1 5 0.0273. 1?MeOH?0.5H2O:
monoclinic, C2/c, a 5 21.574(1), b 5 9.844(1), c 5 15.773(1) Å, b 5
125.34(1)u, V 5 2732.5(4) Å3, Z 5 8, 2488 measured reflections, 147
parameters, wR2 5 0.0966, R1 5 0.0320. All non-H atoms refined
anisotropically. SHELXL9712a used for structure solution and refinement

on F2, PLATON12b and SCHAKAL12c for the hydrogen bonding analyses
and molecular graphics, respectively. CCDC 266477–266479. See http://
www.rsc.org/suppdata/cc/b5/b503404c/ for crystallographic data in CIF or
other electronic format. Powder data were collected on a Philips X’Pert
automated diffractometer with Cu-Ka radiation, graphite monochromator.
The program PowderCell 2.212d was used for calculation of X-ray powder
patterns.

1 (a) G. W. V. Cave, C. L. Raston and J. L. Scott, Chem. Commun., 2001,
2159; (b) G. Rothenberg, A. P. Downie, C. L. Raston and J. L. Scott,
J. Am. Chem. Soc., 2001, 123, 8701; (c) F. Toda, CrystEngComm, 2002,
4, 215; (d) G. Kaupp, CrystEngComm, 2003, 5, 117; (e) G. Kaupp, in
Comprehensive Supramolecular Chemistry, Vol. 8 (Ed. J. E. D. Davies),
Elsevier, Oxford, 1996, pp. 381–423; (f) K. Tanaka and F. Toda, Chem.
Rev., 2000, 100, 1025 and references therein.

2 D. Braga, Chem. Commun., 2003, 2751.
3 (a) V. R. Pedireddi, W. Jones, A. P. Chorlton and R. Docherty, Chem.

Commun., 1996, 987; (b) R. Kuroda, Y. Imai and N. Tajima, Chem.
Commun., 2002, 2848; (c) D. Braga, L. Maini, M. Polito, L. Mirolo and
F. Grepioni, Chem. Commun., 2002, 24, 2960; (d) D. Braga, L. Maini,
M. Polito, L. Mirolo and F. Grepioni, Chem. Eur. J., 2003, 9, 4362; (e)
D. Braga, L. Maini, G. de Sanctis, K. Rubini, F. Grepioni,
M. R. Chierotti and R. Gobetto, Chem. Eur. J., 2003, 9, 5538; (f)
A. V. Trask, W. D. S. Motherwell and W. Jones, Chem. Commun.,
2004, 7, 890.

4 (a) P. J. Nichols, C. L. Raston and J. W. Steed, Chem. Commun., 2001,
1062; (b) W. J. Belcher, C. A. Longstaff, M. R. Neckenig and
J. W. Steed, Chem. Commun., 2002, 1602; (c) D. Braga, S. L. Giaffreda,
F. Grepioni and M. Polito, CrystEngComm, 2004, 6, 458.

5 D. Braga and F. Grepioni, Angew. Chem., Int. Ed., 2004, 43, 4002.
6 (a) V. P. Balema, J. W. Wiench, M. Pruski and V. K. Pecharsky, Chem.

Commun., 2002, 724; (b) V. P. Balema, J. W. Wiench, M. Pruski and
V. K. Pecharsky, Chem. Commun., 2002, 1606.

7 A. Orita, L. S. Jiang, T. Nakano, N. C. Ma and J. Otera, Chem.
Commun., 2002, 1362.

8 See, for example, J. L. Stark, A. L. Rheingold and E. A. Muatta, Chem.
Commun., 1995, 1185.

9 B. Moulton and M. J. Zaworotko, Chem. Rev., 2001, 101, 1629.
10 The product obtained by solid-state co-grinding of the reactants

shows an experimental X-ray powder diffraction pattern that
differs from those calculated on the basis of the three known
crystal structures and differs from those of the starting materials.
The structure of this compound, however, could not be determined
because of the lack of single crystals. It seems reasonable to infer
that the product contains a coordination network of the type
Ag(+)…[H2NC6H10NH2]…Ag(+)…[H2NC6H10NH2]…Ag(+) in view of
the reversible transformation in crystalline 1?MeOH?0.5H2O and
1?3H2O upon dissolution in MeOH and grinding.

11 See for example (a) B. J. Holliday and C. A. Mirkin, Angew. Chem., Int.
Ed., 2001, 40, 2022; (b) L. Carlucci, G. Ciani and D. M. Proserpio,
CrystEngComm, 2003, 5, 269; (c) M. W. Hosseini, CrystEngComm,
2004, 6, 318; (d) A. N. Khlobystov, A. J. Blake, N. R. Champness,
D. A. Lemenovskii, A. G. Majouga, N. V. Zyk and M. Schroder,
Coord. Chem. Rev., 2001, 222, 155; (e) N. L. Rosi, J. Eckert,
M. Eddaouddi, D. T. Vodak, J. Kim, M. O’Keeffe and O. M. Yaghi,
Science, 2003, 300, 1127; (f) K. Biradha and M. Fujita, Chem. Commun.,
2002, 1866; (g) L. Brammer, Chem. Soc. Rev., 2004, 8, 476; (h) M. Oh,
G. B. Carpenter and D. A. Sweigart, Acc. Chem. Res., 2004, 37, 1; (i)
I. Goldberg, Chem. Commun., 2005, 10, 1243.

12 (a) G. M. Sheldrick, SHELXL97, Program for Crystal Structure
Determination; University of Göttingen: Göttingen, Germany, 1997; (b)
A. L. Speck, Acta Crystallogr., Sect. A, 1990, 46, C34; (c) E. Keller,
SCHAKAL99, Graphical Representation of Molecular Models;
University of Freiburg, Germany, 1999; (d) PowderCell program by
W. Kraus and G. Nolze (BAM Berlin) E subgroups derived by Ulrich
Müller (Gh Kassel).

This journal is � The Royal Society of Chemistry 2005 Chem. Commun., 2005, 2915–2917 | 2917


