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1. INTRODUCTION

Making crystals by design is the paradigm of crystal engineering [1]. The goal of this
field of research is that of assembling functionalized molecular and ionic components into
a target network of supramolecular interactions [2]. This “bottom-up” process generates
collective supramolecular properties from the convolution of the physical and chemical
properties of the individual building blocks with the periodicity and symmetry operators
of the crystal (Figure 1) [3].

One can envisage two main subareas of crystal engineering, namely, those of coordi-
nation networks [4] and of molecular materials [5], even though all possible intermediate
situations are possible. The preparation of coordination networks or polymers can be
appropriately described as periodical coordination chemistry and exploits the possibility
of divergent ligand-metal coordination, as opposed to the more traditional convergent
coordination chemistry operated by chelating polydentate ligands [6] (Figure 2).

The possibility of exploiting engineered coordination networks for practical applica-
tions (such as absorption of molecules, reactions in cavities, etc.) very much depends on
whether the networks contain large empty spaces (channels, cavities, etc.) [7] or whether
the network is close packed because of interpenetration and self-entanglement [8]. The
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Figure 1. From molecules to periodical supermolecules: the collective properties of molecular
crystals result from the convolution of the properties of the individual molecular/ionic building
blocks with the periodical distribution of intermolecular non-covalent bonding of the crystal. Repro-
duced from Ref. 6 by permission of The Royal Society of Chemistry.
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Figure 2. The relationship between molecular (left) and periodical (right) coordination chem-
istry: the use of bidentate ligand spacers allows construction of periodical coordination complexes.
Reproduced from Ref. 6 by permission of The Royal Society of Chemistry.
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possibility of sponge-like behavior by which the network can change, that is, swell/shrink
to accommodate/release guest molecules, should also be taken into account [9].

While in periodical coordination chemistry it is useful to focus on the knots and spacers
in order to describe the topology of the network, when dealing with molecular materials
what matters most are the characteristics of the component molecules or ions and the type
of interactions holding these building blocks together. These interactions are mainly of
the non-covalent type (van der Waals, hydrogen bonds, m-stacking, ionic interactions, ion
pairs, etc.) [10—12]. The intermolecular links will be weaker than the covalent chemical
bonds within the individual components, which, in general, will retain their chemical and
physical identity once evaporated or dissolved. This is not so for coordination networks
that usually cannot be reversibly assembled and disassembled.

1.1. Making Crystals by Smashing Crystals?

Since the focus of crystal engineering is making crystals with a purpose, crystal makers
invariably (and inevitably) end up facing the problem of obtaining crystals, possibly single
crystals of reasonable size, in order to benefit from the speed and accuracy of single-
crystal x-ray diffraction experiments. Even though amorphous materials can be extremely
interesting, and certainly are so in the biological world and are providing inspiration to
scientists [13], in crystal engineering studies, the desired materials need to be by definition
in the crystalline form and will be obtained by a crystallization method, whether from
solution, melt or vapor or from more forceful hydrothermal syntheses.

In this chapter, we will provide evidence that reactions between solids and between
solids and vapors offer alternative ways to prepare crystals, both of the coordination net-
work and of the molecular crystal type [14]. It may be useful to stress that, since reactions
involving solid reactants or occurring between solids and gases do not generally require
recovery, storage and disposal of solvents, they are of interest in the field of “green chem-
istry”’, where environmentally friendly processes are actively sought [15]. Furthermore,
solvent-less reactions often lead to very pure products and reduce the formation of solvate
species [16].

In the following, we will discuss two types of solvent-free processes: those involving
gas uptake by a molecular crystal to form a new crystalline solid and those involving
reactions between molecular crystals or between a molecular and an ionic crystal to yield
new crystalline materials [17]. Since the “Bolognese” crystal engineering laboratory has
been traditionally interested in using organometallic building blocks, the vast majority
of cases discussed throughout this chapter will show the utilization of organometallic
building blocks [18].

In previous papers, we have argued that reactions of molecular crystals with gases or
other crystals ought to be regarded as supramolecular reactions whereby non-covalent
interactions (including coordination bonds) between guest and the host are broken and
formed. The two types of processes are depicted in Figure 3.

The absence of solvent requires that other means be used to bring molecules into
contact for the formation of supramolecular bonds. Since our reactants are, in general,
molecular crystals, the utilization of finely ground powders favors reactions with vapors
because of the large surface area. On the other hand, the reactions between two molecular
crystals (as shown in Figure 3) often require co-grinding to obtain intercrystal reactions.
Hence, in both types of reactions, crystals need to be ground, a condition that may appear
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Figure 3. The solid—gas (top) and solid—solid (bottom) processes and the strategy to obtain single
crystals by recrystallization of the solid reaction product in the presence of seeds of the desired
crystals.

to contradict the single-crystal dogma, as the vast majority of crystal engineering studies
are based on the type of structural knowledge provided by single-crystal x-ray diffraction
experiments. This is also true for the cases discussed herein. The characterization of the
products of both solid—gas and solid—solid strategies rely on the possibility of obtaining
single crystals of the desired product, either by direct crystallization from solution or
via seeding, in order to be able to compare the powder diffractograms measured on the
product of the solvent-free process with that calculated on the basis of the single crystal
structures. This aspect of the work will be briefly expanded upon in the next section.

1.2. Milling, Grinding, Kneading and Seeding

As mentioned in the previous section, the size of the crystals will dictate the experimental
method of choice. Unless one resorts to high-intensity synchrotron radiation, microcrystals
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will allow only powder diffraction experiments, which only rarely can be used for ab
initio structure determination in order to get those precise structural information that are
so essential to the crystal engineer. Clearly, the solvent-less reactions of a crystalline
powder with a vapor or that between two crystalline powder are, generally speaking, not
compatible with the formation of large single crystals, since it will generally produce a
material in the form of a powder.

Nonsolution methods to obtain new products require the chemist, or crystal engineer,
to explore/exploit methods that are not routinely used in chemical laboratories. Reactions
of the type described herein require broadening the view of typical chemical processes.
Beside the conventional “academic” chemical reaction procedures (typically Schlenk tech-
niques, if air-sensitive organometallic molecules are synthesized as building blocks), one
has to resolve to methods, such as grinding and milling, that are less popular — when they
are not dismissed as nonchemical — in research laboratories. These methods are related to
the mechanochemical activation of reactions occurring between solids and to the control
exerted on the crystallization process [19, 20].

Grinding and milling

Typical mechanochemical reactions are those activated by co-grinding or milling of
powder materials, usually carried out either manually, in an agate mortar, or electro-
mechanically, as in ball milling. In both cases, the main difficulty is in controlling reaction
conditions: grinding time, temperature, pressure exerted by the operator, and so on. Fur-
thermore, the heat generated in the course of the mechanochemical process can induce
local melting of crystals or melting at the interface between the different crystals, so that
the reaction takes place in the liquid phase even though solid products are ultimately
recovered. One should also keep in mind that mechanical stress, by fracturing the crys-
tals, increases surface area and facilitates interpenetration and reaction depending on the
ability of molecules to diffuse through the crystal surfaces. With this viewpoint, intersolid
reactions between molecular crystals can be conceptually related to the uptake of a vapor
from a molecular solid to form a new crystalline solid.

Mechanochemical processes, and more generally solid-state reactions, though little
exploited at the level of academic research, are commonly used at industrial level, mainly
with inorganic solids and materials [21].

Kneading

Even though the discussion of the role of solvent in a chapter devoted to solvent-free
reactions may seem contradictory, it is useful to remind the reader that, in some cases,
the use of a small quantity of solvent can accelerate solid-state reactions carried out
by grinding or milling [22]. The method of the grinding of powdered reactants in the
presence of a small amount of solvent, also known as kneading, is commonly exploited,
for instance, in the preparation of cyclodextrin inclusion compounds. Studies of kneading
and development of laboratory/industry kneaders (mainly of pharmaceutical powders)
have been carried out [23].

As an example of a laboratory scale preparation, one could mention the preparation
by kneading of binary S-cyclodextrin-bifonazole [24], and of S-cyclodextrin inclusion
compounds of ketoprofen [25a], ketoconazole [25b], and carbaryl [25c].
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Clearly, the objection whether a kneaded reaction between two solid phases can be
regarded as a bona fide solid-state process is justified. However, in the context of this
work, our interest lies more in the methods used to make new crystalline materials rather
than in the mechanisms. Kneading has been described as a sort of “solvent catalysis”
of the solid-state process, whereby the small amount of solvent provides a lubricant for
molecular diffusion.

Seeding

Another apparent contradiction of the utilization of “noncrystallization” methods to pre-
pare new crystalline materials arises from the fact that the products of grinding, milling
and kneading processes are usually in the form of a powdered material, while single crys-
tals would be desirable or indispensable for the characterization of the reaction product.
Crystallization by seeding, that is, crystallization in the presence of microcrystals of the
desired materials, is one way to control the growth of a given polycrystalline powder to
a size adequate for single-crystal x-ray diffraction experiments.

Seeding procedures are commonly employed in pharmaceutical industries to make sure
that the desired crystal form is always obtained from a preparative process, a relevant
problem when different polymorphic modifications can be obtained [26]. It is also impor-
tant to appreciate that seeding often prevents formation of kinetically favored products
and allows those thermodynamically favored.

Seeds of isostructural or guasi-isostructural species that crystallize well can also be
employed to induce crystallization of unyielding materials, a process that may be termed
heteromolecular seeding [27, 28]. For instance, chiral co-crystals of tryptamine and hydro-
cinnamic acid have also been prepared by crystallization in the presence of seeds of
different chiral crystals [29]. Of course, unintentional seeding may also alter the crystal-
lization process in an undesired manner [30].

The use of these methods will now be discussed mainly on the basis of examples taken
from our recent work.

2. MECHANOCHEMICAL PREPARATION
OF HYDROGEN-BONDED ADDUCTS

Manual grinding of the ferrocenyl dicarboxylic acid complex [Fe(5°-CsH4COOH),] with
solid nitrogen-containing bases, namely, 1,4-diazabicyclo[2.2.2]octane, 1,4-phenylene-
diamine, piperazine, trans-1,4-cyclohexanediamine and guanidinium carbonate, generates
quantitatively the corresponding organic-organometallic adducts [31] (Figure 4a). The
case of the adduct [HC4N,H,][Fe(n’-CsH4COOH)(°-CsH4CO0)] (Figure 4b) is par-
ticularly noteworthy because the same product can be obtained in three different ways:
(i) by reaction of solid [Fe(n’-CsH4COOH),] with vapors of 1,4-diazabicyclo[2.2.2]octane
(which possesses a small but significant vapor pressure), (ii) by reaction of solid [Fe(n>-
CsH4COOH),] with solid 1,4-diazabicyclo[2.2.2]octane, that is, by co-grinding of the two
crystalline powders, and by reaction of the two reactants in MeOH solution. Clearly, the
fastest process is the solid—solid reaction. It is also interesting to note that the base can
be removed by mild treatment regenerating the structure of the starting dicarboxylic acid.
The processes imply breaking and reassembling of hydrogen-bonded networks, conforma-
tional change from cis to trans of the -COO/~COOH groups on the ferrocene diacid, and
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Figure 4. (a) Grinding of the organometallic complex [Fe(’-CsH,COOH), ] (top center) as a solid
polycrystalline material with the solid bases 1,4-diazabicyclo[2.2.2]octane, C¢H,N, (top right),
guanidinium carbonate, [C(NH;)3],[CO3] (top left — only cation is shown), 1,4-phenylenediamine,
p-(NH»),CgHy, (bottom right), piperazine, HN(C,H4),NH, (bottom left) and trans-1,4-cyclo-
hexanediamine, p-(NH,),C¢Hjg, (bottom center) generates quantitatively the corresponding adducts
[HCgH 2N, ][Fe(5°-CsH4COOH)(°-CsH4COO)], [C(NH;)3]1[Fe(n°-CsH4COO),1-2H, 0, [HCqHs-
N1 ][Fe(n’-CsHyCOOH)(7°-CsH4COO)],  [HaCyH N2 ][Fe(>-CsHysCOO),], and  [HyCeHiaNs]
[Fe(’-CsH4COO0),]-2H,0, and (b) the solid—gas and solid—solid reactions involving 1,4-diazabi-
cyclo[2.2.2]octane with formation of the linear chain.
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proton transfer from acid to base. As mentioned above, in some cases, it was necessary to
resolve to seeding, that is, to the use of a tiny amount of power of the desired compound,
to grow crystals suitable for single-crystal x-ray experiments.

The effect of mechanical mixing of solid dicarboxylic acids HOOC(CH,),,COOH (n =
1-7) of variable chain length together with the solid base 1,4-diazabicyclo[2.2.2]octane,
CeH2Ny, to generate the corresponding salts or co-crystals of formula [N(CH,CH,)3;N]-
H-[OOC(CH,),,COOH] (n = 1-7) has also been investigated [32]. The reactions implied
transformation of interacid O—H---O bonds into hydrogen bonds of the O—H---N type
between acid and base, an example is shown in Figure 5. The nature (whether neutral
O-H---N or charged (Y O---H-N)) of the hydrogen bond was established by means
of solid-state NMR measurement, the chemical shift tensors of the compounds obtained
with chain length from 3 to 7 [32].

The mechanochemical formation of hydrogen-bonded co-crystals between sulfonamide
(4-amino-N-(4,6-dimethylpyrimidin-2-yl)benzenesulfonamide) and aromatic carboxylic
acids has been investigated by Caira et al. [33].

In a related study [34], it has been shown that the reaction of [N(CH,CH;);N] with
malonic acid [HOOC(CH,)COOH] in the molar 1:2 ratio yields two different crystal forms
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Figure 5. The product of the reaction of the solid base 1,4-diazabicyclo[2.2.2]octane, C¢H 2N,
with solid adipic acid generates a chain structure of formula [N(CH,CH;);N]-H-[OOC(CH,)4-
COOH]. Note how the O—H — O hydrogen-bonds present in the solid acid are replaced by neutral
O-H---N and charged™ O-H---N™) upon transfer of one proton from the acid to the base.

Figure 6. Form I (right) and II (left) of [HN(CH,CH,);NH][OOC(CH,)COOH], and their respec-
tive crystal packings. Form I is obtained by solid-state co-grinding or by rapid crystallization while
form II is obtained by slow crystallization.

of the salt [HN(CH,CH,);NH][OOC(CH,)COOH], (Figure 6) depending on the prepara-
tion technique and crystallization speed: the less dense form I, containing mono-hydrogen
malonate anions forming conventional intramolecular hydrogen bonds between hydrogen
malonate anions, is obtained by solid-state co-grinding or by rapid crystallization, while a
denser form II, containing intermolecular hydrogen bonds is obtained by slow crystalliza-
tion. Forms I and II do not interconvert, while form I undergoes an order-disorder phase
transition on cooling. These observations led the authors to wonder whether the two forms
could be treated as bona fide polymorphs or should be regarded more appropriately as
hydrogen-bond isomers of the same solid supermolecule.

3. MECHANICALLY INDUCED FORMATION
OF COVALENT BONDS

While the reactions described in the previous section can be regarded as supramolecular
reactions since only hydrogen-bond breaking and forming are implied, in this section we
will discuss examples of mechanochemical formation of covalent bonds for the prepa-
ration of building blocks. Bis-substituted pyridine/pyrimidine ferrocenyl complexes have
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been obtained by mechanically induced Suzuki-coupling reaction [35] in the solid state
starting from the complex ferrocene-1,1’-diboronic acid, [Fe(n’-CsH4-B(OH),),]. It is
worth recalling that boronic esters and acids are thermally stable, relatively un-reactive to
both oxygen and water, and thus easily handled without special precautions. It has been
reported that the use of an alumina/potassium fluoride mixture without solvent is very
effective in palladium-catalyzed reactions, in particular in the Suzuki coupling of phenyl
iodides with phenylboronic acids [36] and in the synthesis of thiophene oligomers via
Suzuki coupling [36d]. The use of KF/alumina as a solid-phase support for solvent-less
Suzuki reactions offers a convenient, environmentally friendly, route to the synthesis of
mono- and bis-substituted pyridine and pyrimidine ferrocenyl derivatives (Figure 8), as
an alternative to the preparation in solution. In the case of [Fe(n’-CsHy-1-CsH4N),], the
solvent-less process is much faster, and more selective than the same reaction carried
out in solution. However, the reactions in Figure 7 appear to be facilitated by the addi-
tion of tiny amounts of MeOH and, as discussed above, cannot be considered entirely
solvent-less.

All reactions depicted in Figure 8 were carried out in air at room temperature. In
the Suzuki reaction, the yield depends critically on having a good dispersion of the
palladium catalyst on the KF—Al,O3. This dispersion was obtained by grinding the palla-
dium catalyst with KF—Al,O3 before the reaction and, later, by adding to the mixture of
Al,Os/reagents/catalyst a few drops (0.1-0.2 ml) of methanol, which was subsequently
evaporated under reduced pressure.

Beside shorter reaction times, less workup, higher yield and the absence of solvents,
the solid-state reaction affords the possibility of combining different synthetic steps in
order to obtain homo- and hetero-ligand ferrocenyl complexes.

The di-substituted ferrocenyl derivatives can be utilized to prepare “complexes of com-
plexes” [37]. In particular, novel mixed-metal macrocyclic complexes were obtained by
reacting [Fe(n’-CsHy-1-CsH4N),] with metal salts, such as AgNO3, Cd(NO3),, Cu(CH;-
COO0);, Zn(CH;COO0O),, and ZnCl, [38]. A family of hetero-bimetallic metalla-macro-
cycles was obtained and characterized: [Fe(n’-CsHy-1-CsH4N)>],Agy(NO3),-1.5H,0,
[Fe(n°-CsHy-1-CsHyN)s]o Cup(CH3CO0)4-3H,0, [Fe(n3-CsHy-1-CsHaN),1,Cda(NO3)4-
CH3OH-0.5C6H5, [FC(?’)S-C5H4-1-C5H4N)2]22n2(CH3COO)4 and [Fe(nS—C5H4-l—C5H4—
N)212Zn,Cly (Figure 8). Beside the metalla-macrocycles, the reaction of mechanochemi-
cally prepared [Fe(n’-CsHy-1-CsH4N),] with the ferrocenyl dicarboxylic acid complex
[Fe(n’-CsH4COOH),] has led to the supramolecular adduct [Fe(’-CsHy-1-CsHyN),]
[Fe(nS-C5H4COOH)2]. However, in these cases, mechanochemical mixing leads to for-
mation of an amorphous material.

As a matter of fact, there are not yet many examples of the utilization of mechanochem-
ical procedures in coordination chemistry. Balema et al. have shown, for instance, that the
cis-platinum complexes cis-(PhsP),PtCl, and cis-(Ph3;P),PtCO3 can be prepared mechano-
chemically from solid reactants in the absence of solvent [39]. Orita et al., on the other
hand, have reported that the reaction of (ethylenediamine) Pt(NO;), with 4,4’-bipyridine,
which takes as long as 4 weeks at 100 °C to form metalla-macrocycles molecular squares,
is brought to completion within 10 min at room temperature by mixing reactants without
solvents [40]. Similar reaction acceleration has also been observed with triazine-based
ligands. Double helix formation under solvent-free conditions has also been achieved by
reacting chiral oligo(bipyridine) copper complexes with [(CH3CN),Cu]PFs. The progress
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Figure 7. The solid-state synthesis of mono- and bis-substituted pyridine and pyrimidine fer-

rocenyl derivatives (i: stoichiometry (1:1); ii: stoichiometry (1:2); iii: stoichiometry (1:1:1); a:
stoichiometry (1:2); b: stoichiometry (1:1)).

of the reaction was monitored by measuring solid-state CD-spectra showing that after
grinding for 5 min the desired helicate had been obtained.

3.1. Mechanochemical Preparation of Coordination Networks

Even though the mechanochemical preparation of the metalla-macrocycles described in
the previous section was not possible, coordination polymers with bidentate nitrogen bases
can be prepared mechanochemically [41].

The coordination polymer Ag[N(CH,CH,;);N],[CH3COO]-5H,O has been obtained
by co-grinding in the solid state, and in air, of silver acetate and [N(CH,CH;)3N] in a
1:2 ratio (Figure 9). Single crystals suitable for x-ray diffraction were obtained from a
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Figure 8. The metalla-macrocycles produced by reaction of [Fe(°-CsHy-1-CsH4N),] and the
salts ZnCl, (a) and Cd(NOs), (b). The starting material has been obtained by Suzuki-coupling
reaction in the solid-state starting from the complex ferrocene-1,1’-diboronic acid [Fe(1°-CsHy-
B(OH)»)a].

water—methanol solution and used to compare calculated and experimental x-ray powder
diffractograms. When ZnCl, is used instead of AgCH3COO in the equimolar reaction with
[N(CH,CH,;)3;N], different products are obtained from solution and solid-state reactions,
respectively. The preparation of single crystals of Ag[N(CH,CH;);N],[CH3COO]-5H,0
was obviously indispensable for the determination of the exact nature of the co-grinding
product. In order to do so, the powder diffraction pattern computed on the basis of the
single-crystal structure was compared with the one measured on the product of the solid-
state preparation. Figure 10 shows that the structure of Zn[N(CH,CH,)3;N]Cl, is based
on a one-dimensional coordination network comprising alternating [N(CH,CH,)3;N] and
ZnCl, units, joined by Zn—N bonds. As mentioned above, upon co-grinding of the solid
reactants, a new zinc compound of unknown stoichiometry was obtained as a powder
material. Even though attempts to obtain single crystals of this latter compound have
failed, there is a relationship between the compound obtained initially by co-grinding and
the one obtained from solution. In fact, the co-grind phase can be partially transformed
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Figure 9. The coordination network in Ag[N(CH,CH;);N],[CH3COO]-5H,0. Note the chain of
Ag---[N(CH,CH,)3N]---Ag---[N(CH,CH,)3N]---Ag with each silver atom carrying an extra pen-
dant [N(CH,CH,;)3;N] ligand and a coordinated water molecule in tetrahedral coordination geometry.
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Figure 10. The one-dimensional coordination network present in crystals of Zn[N(CH,CH,)3;N]Cl,
and a comparison of the powder diffraction pattern measured on the product of initial co-grinding
and that obtained after prolonged grinding. Note how the latter coincides with the diffractogram
computed on the basis of the single-crystal structure depicted on top.

by prolonged grinding into the known anhydrous phase Zn[N(CH,CH;)3;N]Cl,, shown in
Figure 10.

Steed and Raston et al. have explored the use of mechanochemistry in the synthesis
of extended supramolecular arrays [42]. Grinding of Ni(NOs3), with 1,10-phenanthroline
(phen) resulted in the facile preparation of [Ni(phen);]** accompanied by a dramatic
and rapid color change. Addition of the solid sodium salt of tetrasulfonatocalix[4]arene
(tsc) gives two porous m-stacked supramolecular arrays [Ni(phen)s],[tsc*~]-nH,O and the
related [Na(H,O)4(phen)][Ni(phen)s]s [tsc*~][tsc>~]-nH,O depending on stoichiometry.
It has also been reported that the co-grinding of copper(ll) acetate hydrate with 1,3-
di(4-pyridyl)propane (dpp) gives a gradual color change from blue to blue-green over
approximately 15 min. The resulting material was shown by solid-state NMR spectroscopy
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to comprise a 1D coordination polymer with water-filled pores. The same host structure,
[{Cu(OAc),}2(e-dpp)],, could be obtained from solution containing methanol, acetic acid
or ethylene glycol guest species [43].

4. THE SOLVENT-FREE CHEMISTRY OF THE ZWITTERION
[CO™(°-CsH4COOH)(5°-CsH4,COO)]

In this section we summarize the solvent-free chemistry of the zwitterionic sandwich
complex [Co"™(5°-CsH4COOH)(17°-CsH4COO0)] [44]. Thanks to its amphoteric behav-
ior, the complex undergoes reversible gas—solid reactions with the hydrated vapors of
a variety of acids (e.g. HCl, CF;COOH, CCI;COOH, CHF,COOH, HBF, and HCOOH
[45-48], and bases (e.g. NH3;, NMe; and NH,;Me [45]) as well as solid—solid reactions
with crystalline salts MX (M = K*, Rb™, Cs* and NH;*; X = Cl~, Br~, I~ and PF¢~,
though not in all permutations of cations and anions). The reactions with crystalline
alkali salts carried out by manual co-grinding of the powdered materials yields crystalline
solids of formula [Co™ (5°-CsH;COOH)(5°-CsH,CO0)],-M* X~ [49]. The gas—solid and
solid—solid reactivity of [Co(>-CsH;COOH)(’-CsH,COO0)] is summarized in Table 1.

The zwitterion [Co™ (17°-CsH4COOH)(17’-CsH4COO0)] can be quantitatively prepared
from the corresponding dicarboxylic cationic acid [Co™(1°-CsH4COOH),]*. The ampho-
teric behavior of the zwitterion depends on the presence of one —-COOH group, which can
react with bases, and one —COO(™) group, which can react with acids. Incidentally, the
organometallic zwitterion of [Co™ (>-CsH4COOH)(1°-CsH4COO0)] is easy to handle and
it is thermally stable up to a temperature of 506 K. [Co™(5°-CsH4;COOH)(5’-CsH4CO0)]
undergoes fully reversible heterogeneous reactions with the hydrated vapors of a variety
of acids (e.g. HCl, CF;COOH, CCl;COOH, CHF,COOH, HBF, and HCOOH) and bases
(e.g. NH3, NMe; and NH;Me), with formation of the corresponding salts.

Table 1. Summary of the gas—solid (top) and solid—solid (bottom) reactions of the zwitterionic
sandwich complex [Co™(5°-CsH4COOH)(5°-CsH4CO0)]

Solid—gas reactivity of [Co™(1°-CsH4COOH)(1°-CsH4C0O0)]

Acid vapor Product
HC1 [Co™ (°-CsH4COOH),]Cl*H,0
CF;COOH [Co™ (’-CsH4COOH),][CF;CO0]
CH,CICOOH [Co™M(3°-CsH4COOH),][CH,CICOO]*H,0
CHF,COOH [Co™ (°-CsH4COOH),][CHF,COO]
HBF, [Co™(1-CsH4COOH), |[BF,]
HCOOH [Co™M(5°-CsH4COOH)(5°-CsH,COO)|[HCOOH]
Base vapor Product
NH; [Co™(-CsH4COOH),1[NH,1#3H,0
(CH3) NH,, (CH3)3N Novel, unidentified products

Solid—solid reactivity of [Co™(5°-CsH4COOH)(1°-CsH4CO0)]
Solid salt of formula MX Product
LiCl, LiBr, Lil, NaBr Novel, unidentified products

NaCl, KCI, RbCl, CsCl, KI, Rbl No reaction
KBr, RbBr, CsBr, Nal, Csl [Co™M (3°-CsH4COOH)(1°-CsH,COO) ], *M+ X~
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[Co"(C5H,COOH)(C5H,CO0)]

F 3

+HCI A
hydrated
vapors

. =0 Fg) Sy
v
-4
=) [Co"(CsH,COOH),ICI-H,0

Figure 11. The reversible reaction between anhydrous [Co™ (5°-CsH4;COOH)(1;°-CsH,C0OO0)] and
HCl leading to formation of [Co™(5°-CsH;COOH),]CI-H,0 (bottom). The solid-state structure of
[Co™ (1°-CsH,COOH),]CI-H,0 has been obtained from single-crystal x-ray diffraction experiment
on crystals obtained from solution.

Vacuum

For instance, complete conversion of the neutral crystalline zwitterion into the cor-
responding crystalline chloride salt [Co™™(5°-CsH4;COOH),]CI1-H,O0 is attained in 5 min
of exposure to vapors of aqueous HCl 36% (Figure 11). Formation of the salt in the
heterogeneous reaction is easily assessed by comparing the observed x-ray powder diffrac-
tion pattern with that calculated on the basis of the single-crystal structure. Crystals can
be grown to adequate size by seeding the water solution of the salt obtained from the
heterogeneous reactions.

Crystalline [Co™ (17°-CsH4COOH),]CI-H,O (Figure 11), can be converted back to neu-
tral [Co™ (1’-CsH4COOH)(1’-CsH4COO0)] by heating the sample for 1 h at 440 K under
low pressure (1072 mbar). A thermogravimetric analysis demonstrates that the solid prod-
uct releases, stepwise, one water molecule and one HCI molecule per molecular unit at 394
and 498 K, respectively. The powder diffractogram of the product after thermal treatment
corresponds precisely to that of anhydrous [Co'™(’-CsH;COOH)(’-CsH4COO)]. The
formation of [Co™(1°-CsH4COOH),]CI-H,0O from the zwitterions implies a substantial
rearrangement of the hydrogen-bonding interactions: O-H---O bonds between zwitteri-
onic molecules are broken and new links of the types O-H---CI~ and O-H---O(water)
are established.

The behavior of the zwitterion toward NHj is similar to that toward HCI but, obviously,
opposite in terms of proton exchange. Single crystals of the ammonium salt for x-ray struc-
ture determination can be obtained if the reaction of the zwitterion with ammonia is carried
out in aqueous solution. Experiments showed that 1-10 mg of the neutral system quanti-
tatively transforms into the hydrated ammonium salt [Co™ (1°-CsH;,COO),][NH4]-3H,0
upon 5 min exposure to vapors of aqueous ammonia 30% (Figure 12). The salt is char-
acterized by the presence of charge-assisted (WN-H---O™) interactions between the
ammonium cations and the deprotonated -COO‘™) groups on the organometallic anion.
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[Co'"(C5H4COOH)(C5H,CO0)]
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[Co"(C5H,COOH),][(NH,]-3H,0

Figure 12. The reversible reaction between anhydrous [Co™(1°-CsH4COOH)(5°-CsH4COO)] and
NH; leading to formation of [Co™(3-CsH4COO),][NH4]-3H,0 as obtained from single-crystal
x-ray diffraction experiments.

As in the case of the chloride salt, formation of [Co™ (5°-CsH4C0O0),][NH4]-3H,0 in
the heterogeneous reaction is assessed via comparison of the observed and calculated x-ray
powder patterns. Absorption of ammonia is also fully reversible: upon thermal treatment
(1 h at 373 K, ambient pressure) the salts converts quantitatively into the starting material.

It is worth stressing that the two crystalline powders [Co' (’-CsH;COOH),]C1-H,O
and [Co™(5°-C5sH4C0O0),][NH,]-3H,0 can be cycled through several absorption and
release processes of HCl or ammonia without decomposition or detectable formation of
amorphous material.

Similar behavior is shown toward other volatile acids. Exposure of the zwitterion to
vapors of CF;COOH and HBF,, for instance, quantitatively produces the corresponding
salts of the cation [Co™ (5°-CsH4COOH),]*, namely, [Co™ (1°-CsH4COOH),][CF3COO0]
(Figure 13), and [Co™(’-CsH4COOH),][BF,] (Figure 14). As in the previous cases,
all heterogeneous reactions are fully reversible and the acids can be removed by ther-
mal treatment, which quantitatively regenerates the starting material. In terms of crystal
structure organization, formation of [Co(-CsH4COOH),][CF3CO0] and of [Co™ (5°-
CsH4COOH),][BF,], besides leading from a formally neutral system to molecular salts,
implies profound molecular rearrangements and breaking and forming of non-covalent
interactions. From the analogy between gas—solid and solution reactions, one may be
brought to suppose that the gas—solid reactions occur via a process of dissolution and
recrystallization as the vapors are adsorbed by the crystalline powder. The reverse pro-
cess, that is, reconstruction of the zwitterionic crystals, is more difficult to explain as it
implies proton removal from the cationic acid. Moreover, the TGA experiments show that
water of hydration is always released first while the acid and the base come off only sub-
sequently. Hence, the participation in the reverse process of an intermediate liquid-phase
is unlikely. Probably, removal of HCI or ammonia causes phase reconstruction as the gas
leaves the crystals.
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Figure 13. The structure of [(7°-CsH4COOH),Co™][CF;COOQ] as determined from single-crystal
x-ray diffraction experiments. The same compound is prepared by gas uptake. Formation of the
salt is assessed by comparison of the observed and calculated x-ray powder patterns.

[Co!'(C5H,COOH)(C5H,CO0)]

b 2
Vapors of HBF, 443 K,
(54% in diethyl 30 min
ether),16 h vacuum

Figure 14. The structure of [(’-CsH4yCOOH),Co"][BF,] as determined from single-crystal x-ray
diffraction experiments. The same compound is prepared by gas uptake. Formation of the salt is
assessed by comparison of the observed and calculated x-ray powder patterns.

Exposure of the solid zwitterion to vapors of CHF,COOH quantitatively produces
the corresponding salt of the cation, [Co™(1’-CsH4COOH),][CHF,COO] (Figure 15).
The solid—gas reaction implies a profound rearrangement of the hydrogen-bonding pat-
terns with formation of ionic pairs between organometallic and organic moieties. The
reaction with hydrated vapors of CH,CICOOH produces the hydrated salt [Co™ (1’-
CsH,COOH),][CH,CICOO]-H,0.

Finally, we should report that the zwitterion also reversibly absorbs formic acid from
humid vapors forming selectively a 1:1 co-crystal, [Co™(5°-CsH;COOH)(5°-CsH,COO0)]
[HCOOH], from which the starting material can be fully recovered by mild thermal treat-
ment (Figure 16). Contrary to the other compounds of this class, no proton transfer from
the adsorbed acid to the organometallic moiety is observed. Hence, the reaction between
[Co™(5°-CsH4COOH)(5°-CsH4CO0)](solid) and HCOOH(vapor) would be more appro-
priately described as a special kind of solvation rather than as a heterogeneous acid—base
reaction.

As shown in Figure 16, crystalline [Co™(5’-CsH4COOH)(1°-CsH4COO0)][HCOOH]
comprises pairs of zwitterion molecules linked by O—H---O bonds between the protonated
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Figure 15. The packing in [Co™ (1°-CsH4COOH), ][CHF,COO] as determined from single-crystal
x-ray diffraction experiments. The same compound is prepared by gas uptake. Formation of the
salt is assessed by comparison of the observed and calculated x-ray powder patterns.

[Co!!(C5H,COOH)(C5H,CO0)]
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Figure 16. The structure of [Co(5°-CsH,COOH)(1’-CsH,COO)][HCOOH] (bottom) as deter-
mined from single-crystal x-ray diffraction experiments.

—COOH and the deprotonated —COO~ groups [O---O separation 2.526(4) A]. On the other
hand, the C-O distances within the HCOOH moiety [1.305(5) and 1.199(5) A] indicate
that the formic acid molecule retains its acidic hydrogen atom. This is also confirmed
by 3C CPMAS NMR spectrometry. Conversion to the starting material is attained by
leaving the sample at room temperature in the air for a few days or by mild heating.
We have also exploited the great versatility of the organometallic zwitterion in the
preparation of hybrid organometallic-inorganic salts by reacting [Co™ (17°-CsH4COOH)
(7°-CsH4COO0)] with a number of MX salts (M = K*, Rb*, Cs™ and NH;*; X =
ClI™, Br—, I" and PF¢~ though not in all permutations of cations and anions) obtain-
ing compounds of general formula [Co™(17°-CsH;COOH)(1’-CsH4CO0)],-M*X~. As in
the cases discussed above, exact information about the solid-state structures of the reac-
tion products were obtained by single-crystal x-ray diffraction experiments carried out on
crystals obtained from the reaction powders. Information on the hydrogen-bonding nature
and on the relationship between structures in solution and those obtained in the solid
state by mechanical grinding were obtained by a combination of solution and solid-state
NMR methods. In some cases (M = Rb*, Cst, X = CI™, Br~ and I7), it was necessary
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Figure 17. A pictorial representation of the process leading from [Co!"(3-CsH;COOH)(5°-CsH,-
C0O0)] and CsI to [Co™M(5°-CsH4COOH)(5°-CsH4CO0)],-CsTI~ and a comparison of calculated
and observed powder diffractograms.

to resort to kneading by adding a few drops of water to the solid mixture in order to
obtain the desired product.

Since all compounds of formula [Co™ (1°-CsH4COOH)(17°-CsH4,CO0)],-MTX~, (M =
K*, Rb*, Cs* and [NH4]* X = Br~, I~ and PF¢™) are isostructural, compound [Co™ (13-
CsH4COOH)(1°-C5H4C00)],-Cs*I~ can be used as an example to describe structure
and supramolecular architecture. This class of compounds is characterized by the pres-
ence of a supramolecular cage formed by four zwitterionic molecules encapsulating the
alkali or ammonium cations. The cage is sustained by O-H---O hydrogen bonds between
carboxylic -COOH and carboxylate -COO‘™) groups, and by C—H---O bonds between
—CHc, and —CO groups, while the anions are layered in between the cationic complexes,
as shown in Figure 17. The process leading to formation of the cage can be seen as a
sophisticated solvation operated by the organometallic complex. The zwitterion is capa-
ble of “extracting” via O---X~ interactions the alkali cations from their lattice, while the
anions are “extruded” and left to interact with the peripheral C—H groups via numerous
C-H---X interactions. The solid—solid process can thus be seen as the dissolution of one
solid (e.g. the alkali salt) into a solid solvent.

5. CONCLUDING REMARKS

One of the core paradigms of crystal engineering is that of being able to assemble molec-
ular or ionic components into a target functional structure by controlling the periodical
distribution of supramolecular interactions responsible for molecular recognition, aggre-
gation, nucleation and growth of the crystalline material [1-6]. In other words, crystal
engineering amounts to the deliberate construction of a molecular solid (whether a molec-
ular complex, an adduct or a co-crystal [50]) that can perform desired functions. Hence,
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it is conceptually related to the construction of a supermolecule [51]. In both molecu-
lar crystals and supermolecules, the collective properties depend on the aggregation via
intermolecular bonds of two or more component units. These supramolecular interactions
can be coordination bonds between ligands and metal centers and non-covalent bonds
between neutral molecules or ions or, of course, any of their combinations. The pro-
cess that leads, via breaking and forming of such non-covalent bonds, from reactants to
products is, therefore, a supramolecular reaction.

In this chapter, we have shown that non-covalent bonds can be broken and formed in
a controlled way by reactions that do not imply the use of solvent but that can be carried
out directly between two crystalline solids or between a crystalline solid and a vapor.
Reactions of this type have been the subject of investigation for decades in the fields of
organic and inorganic chemistry. Although solid—gas and solid—solid reactions are the
basis for a number of industrial processes that range from preparation of pharmaceutical
compounds [52] to inorganic alloying [53], they still enjoy little popularity in the field or
organometallic and coordination chemistry [54]. This is probably due, on the one hand,
to the fact that crystals are depicted (even at the level of crystallography courses) as
rigid, stiff, fragile materials that are good for little else beside structural analysis, and,
on the other hand, to the belief that molecular crystals, being held together by non-
covalent interactions, cannot compete with covalent or ionic inorganic solids in terms of
cohesion and stability and are not the best materials for gas uptake and/or mechanical
treatment.

Our experience is that adequately chosen organometallic crystalline materials can with-
stand reversible gas—solid reactions with vapors of both acidic and basic substances
as well as mechanically activated reactions with other molecular crystals and inorganic
salts.

In this Chapter, we have confined ourselves to essentially four classes of reactions
involving organometallic molecular crystals as reactants: (i) reactions between a hydrogen-
bonded molecular crystal and a vapor with formation of hydrogen-bonded supramolecular
adducts, (ii) reactions leading to formation of covalent bonds for the preparation of crystal
engineering building blocks, (iii) reactions between hydrogen-bonded molecular crystals
to produce new molecular crystals based on hydrogen bonds, and (iv) reactions between
molecular and ionic crystals via “solid-state solvation”. All these reactions involve molec-
ular crystals and lead from a solid reactant (or a mixture of solid reactants) to a molecular
crystal product. In such processes, hydrogen bonds, 7 -stacking, van der Waals, ion pairing
interactions, and so on, are broken and formed through the reaction process leading to
formation of supramolecular compounds or hybrid molecular crystals. Clearly, all these
reactions (perhaps with the exception of those of type (ii)) are diffusion controlled and are
not necessarily reactions in the solid state as mechanical stress may cause local melting;
co-grinding may form an intermediate eutectic phase, and kneading probably generates
locally hypersaturated solutions wherefrom crystals of the new phase nucleate. In all these
cases, the crystal lattice is destroyed and reformed through recrystallization. It should also
be stressed, that in terms of chemistry, gas—solid and solid—solid processes of the types
discussed herein, are not conceptually different. In both reactions, the starting material is
a molecular crystal and both reactions occur in the absence of solvent. Since the reaction
products are new molecular crystals, these reactions are solvent-free means to prepare
new crystalline materials. This is a useful notion for crystal engineers.
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