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[. Introduction

A recent feature in the development and progress
of chemical research has been the concern with
molecular assemblies, ensembles, and all manner of
structured aggregates.! Since group properties of
molecules are often different from those of individual
molecules, such trends have the prospects of leading
to exciting discoveries? and have resulted in the
growth of the new, burgeoning areas of supramolecu-
lar chemistry®* and solid-state chemistry.> These
areas are examples of the new, horizontal divisions
of chemistry itself, divisions that unify rather than
separate as did the traditional vertical divisions of
chemistry. While the origins of supramolecular
chemistry lie in organic chemistry,* solid-state chem-
istry has been traditionally concerned with inorganic
compounds® with more recent developments in the
domain of molecular solids.”® The present article is
concerned with crystal engineering, a young and
rapidly growing subject that lies at the intersection
of solid-state chemistry and supramolecular chem-
istry.®10

Interestingly, the formal development of crystal
engineering occurred through organic rather than
through inorganic solid-state chemistry.'%'2 Why
this should have been the case is not entirely clear,
considering that the structural systematics of inor-
ganic solids'® were established long before similar
developments took place for organic solids.*4*> None-
theless, crystal engineering today has a predomi-
nantly organic outlook that is likely to persist for
some time to come. The present review attempts to
modify this outlook by a discussion of the state-of-
the-art of what may be termed “organometallic
crystal engineering”.

Crystal engineering was concerned originally with
the design of more efficient topochemical reactions'®
but has now greatly increased its scope to the design
of molecular crystals for a wide variety of physical
and chemical purposes. Crystal engineering consists
of two main components, analysis and synthesis, and
because of this, its resemblance to classical organic
chemistry is so marked.!” Reason and imagination
come into play simultaneously in the quest for new,
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functionalized solids while experiment and computa-
tion are of equal significance in the prediction and
design of crystal structures.'®

Organometallic chemistry, as the name suggests,
is a bridge between organic and inorganic chemistry.
The earliest example of an organometallic crystal
structure determination was the crystal structure of
ferrocene.’® Since then X-ray crystallography has
always played an unusually important role in the
development of this subject. A torrent of subsequent
crystallographic work has meant that more than half
the Cambridge Structural Database (CSD)'® now
consists of organometallic and metal—organic com-
pounds. The importance of X-ray crystallography in
organometallic chemistry arose because the complex
structural features of organometallic complexes and
clusters (many of which are air- and moisture-
sensitive) could not be determined by any other
known means.?® Despite this activity, or arguably
because of it, the almost exclusive interest of orga-
nometallic chemists lay in the molecular structure
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and stereochemistry of organometallic compounds
and clusters rather than in their crystal structures
and packing characteristics.?*?> However, crystals
of organometallic complexes and clusters are molec-
ular in nature, and so they must be held together by
interactions that are, at least, similar to the interac-
tions responsible for the assembly of purely organic
molecular crystals.?3

By the term “organometallic” is meant a compound
which contains a C—M bond,?* and we have largely
retained this convention here. Barring some orga-
nolithium compounds, we will deal exclusively with
complexes and clusters of the transition metals. In
a few cases, we describe metal coordination com-
pounds because of certain obvious similarities with
previously discussed organics. However, the limits
we have set ourselves exclude a discussion of coor-
dination polymers, a large and diverse group of
compounds that are of current interest in the crystal
engineering context and that have been extensively
reviewed in a recent book and elsewhere.?®> Coordi-
nation polymers are quite distinct from organome-
tallics. They are not molecular crystals, if the term
“molecular” is used in the traditional, three-dimen-
sional way?® and their crystal chemistry, and espe-
cially topology, is more reminiscent of inorganic
solids.

Crystal engineering is then the planning and
execution of a crystal structure synthesis from the
constituent molecules.?” The ultimate constituents
are molecules and ions chosen on the basis of their
size, shape, and extramolecular bonding capacity, a
kind of supramolecular valence as it were. The
assembly of these constituents, that is the nucleation
and growth of a molecular crystal, is one of the most
basic processes in solid-state chemistry. This process
is also one of the most impressive examples of
molecular recognition. Additionally, just as the
chemistry of a supermolecule is governed by weak
intermolecular interactions, so are the chemical and
physical properties of molecular crystals controlled
by the intermolecular, and where appropriate inte-
rionic, interactions. Accordingly, a molecular crystal
may be viewed as a solid supermolecule—a hard
supermolecule no doubt in contrast to the softer
supramolecular species that exist in solution but
nevertheless, in the words of Dunitz, a supermolecule
par excellence.?®

The following discussion is organized in sections.
Each section will provide the reader with entry points
in the most recent literature on the subject matter.
While many important review articles and books are
available for all major aspects of organic solid-state
chemistry and crystal engineering as well as for
organic and inorganic materials, this is not so when
organometallic systems are considered. All previ-
ously published review-type articles on crystalline
organometallic systems (see, for example, ref 23) deal
with specific aspects. We concluded our 1996 Chemi-
cal Communications feature article?®® on intermo-
lecular interactions in organometallic crystals by
stating that the field was mature to give birth to a
new discipline called “organometallic crystal engi-
neering” as the result of interdisciplinary interactions
across the traditional divisions of chemistry. A
characteristic of crystal engineering is that the
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development of methodological, strategic, and ap-
plication-oriented aspects occur concurrently. This
feature is particularly marked in organometallic
crystal engineering. So, even while the nature of
some of the intermolecular interactions involving
organometallic species is subject to speculation and
dispute, there has already been progress in the
design of materials for various applications and
functions (see section VIII). There is no contradiction
in this type of development, rather it has made for
rapid scientific achievements. This Review repre-
sents the first attempt to examine in a systematic
manner the progress made in the design, synthesis,
and application of organometallic solids.

l. Intermolecular Interactions and Organometallic
Crystal Architecture

Many factors that influence and guide organic
crystal packing are also important in the crystal
engineering of organometallic compounds. This is
because the metal centers in these compounds are
mostly situated in the molecular cores and are well-
shielded from neighboring molecules. Effectively, the
outer portions of these molecules—the rims or pe-
ripheries are “organic” in nature. Since these pe-
ripheries are crucial in determining crystal struc-
tures, the packing problem reduces to the organic
case. An illustrative example is obtained when one
compares?® the molecular organization in the crystal
structures of benzene* and dibenzenechromium.s!
These structures are shown in Figure 1. The periph-
eral, that is crystal-structure-determining, features

structures of benzene (a) and dibenzenechromium (b)
showing the similarity between the two packing arrange-
ments.
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of the two molecules are the same. The benzene
molecule is quasi-spherical or discoid in shape and
adopts a quasi face centered cubic structure (actually
orthorhombic with nearly equal cell edges). Diben-
zenechromium is more nearly spherical; accordingly
the space group is now accurately cubic but still quasi
face centered because the tilting of neighboring
molecules permits the formation of herringbone C---H
interactions.

In most cases organometallic crystals are more like
organics than like inorganics because they are com-
posed of distinct molecules or ions. Of course, lower-
dimensional molecularity may also be defined for
inorganic substances?® but the principles governing
the packing of inorganic crystals is quite different.
There are “fuzzy” areas of course between these three
large groups of compounds and organometallics form
a natural bridge between organic and inorganic
crystals.®?

A. The Role of Ligands and of Metal Atoms

The properties of organometallic molecules show
dependence on the interplay between the electronic
nature of the metal(s), and the intermolecular bond-
ing capacity of the ligands, most often organic
molecules or fragments.

The coordinative bond between ligands and metals
provides an additional tool in organometallic crystal
engineering since metal coordination can be used to
preorganize in space intermolecular bonding func-
tionalities and to tune the extramolecular bonding
capacity of the ligands by the varying nature of the
metal, their coordination geometry, and their oxida-
tion states.

i. Coordination Stereogeometry around the
Metal Centers. The Nature and Characteristics
of the Ligands. The ligand geometry can be com-
bined with metal coordination site (e.g., cis and trans
in octahedral complexes) to preorganize complemen-
tary hydrogen bonding acceptor and donor groups in
space. The intermolecular bonding capacity can also
be varied by placing one or more highly polar ligands
(=CN~, —NO*, —SCN~, —CI~, —Br~) among less
polar ones (CO, for instance). Another important
feature is ligand chirality which can be exploited to
form chiral complexes. Ligands can be selected to
form dipolar electronic structures in the ground state
(organometallic zwitterions) or in easily accessible
excited states.

ii. Tuning of Extramolecular Bonding Capac-
ity via Electronic Effects on the Ligands. The
polarity (acid base behavior) of any given ligand, and
in particular s-acceptor or sw-donor ligands, can be
tuned by changing the oxidation state of the metal-
(s). The metal itself can be changed allowing a wide
variety of situations from electron-deficient early
transition metals to electron-rich late transition
metals. The different Lewis acid—base behavior of
the metal atoms arising from the electronic config-
uration of the metal influences the o—x bonding
interaction between ligand and metal centers.

iii. lonic Charge. While the chemistry of ions
per se does not constitute a large portion of organic
chemistry, this is not so for organometallic systems
where metal atom oxidation states and the interac-
tion with nonneutral ligands make ions extremely
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abundant. Examples of complexes that have been
isolated in the solid state both as ions and as neutral
molecules, are numerous. It should be stressed,
however, that the effect of the ionic charge depends
very much on the size of the complex ion. The
aggregational requirements of large ions (e.g., transi-
tion metal cluster anions) carrying a small ionic
charge are essentially the same as those of neutral
van der Waals objects (with the obvious additional
requirement of electroneutrality).

iv. Direct Participation of Metal Atoms in
Extramolecular Interactions. It is here that
organic and organometallic systems differ the most,
since metal atoms may participate directly in ex-
tramolecular bonds (see below). Electron-deficient
metal atoms, e.g., early transition metal complexes,
may accept electron donation via extramolecular
interactions into empty or partially filled low-lying
orbitals. Conversely, electron rich metals, e.g., late
transition metals, may utilize lone pairs to interact
intermolecularly with suitable electron acceptors,
including hydrogen bonding donor systems. Direct
interactions between metal atoms are also of rel-
evance.

v. Structural Flexibility versus Delocalized
Bonding Interactions. Ligand Fluxionality in
the Solid State. Most organometallic molecules are
structurally nonrigid. The typical degrees of (struc-
tural) freedom of organic molecules are integrated by
the presence of delocalized bonding interactions (e.g.,
ligand—metal & bonding) and by the possibility of
different bonding modes for the same ligand (e.g.,
terminal and bridging carbonyls, phosphines, hy-
drides, etc.). What is more, they relate to changeable
structures with little cost in terms of energy. These
factors have important consequences on the dynamic
behavior of organometallic species in solution as well
as in the solid state.®® It has been well-demonstrated
that organic fragments such as benzene, hexameth-
ylbenzene, thiophene, or larger aromatic carbocycles
bound to metal centers in a delocalized fashion
undergo reorientational jumping motion in the solid
state depending on the shape of the reorientating
fragment.33-3

The occurrence of solid-state CO—ligand motion,
of the type observed in solution,® is still debated.
Spectroscopic, theoretical, and, more recently, crys-
tallographic evidence is available for carbonyl clus-
ters such as [Fe3(CO)12]%" and its analogues [Fe,Os-
(CO)121,38 and [FezRU(CO)lz] and [FERUZ(CO)lz]sg for
which reorientational motion of the metal triangle
is taking place in the solid state.

vi. Structural Flexibility and Isomerism. The
aggregation in the solid state of flexible organome-
tallic molecules depends critically on the compromise
between intramolecular bonding and intramolecular
nonbonding interactions (internal interactions) and
intermolecular interactions in the crystal (external
or extramolecular interactions). These energetic
terms need not be convergent, i.e., may not neces-
sarily lead to a unique solution. Consequently or-
ganometallic molecules can often be isolated in
isomeric forms. Indeed, it is often possible to account
for the energy difference between most and least
(thermodynamically) stable isomers with external
interactions in the solid state. Although a discrimi-
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nation between the effects of internal and external
interactions would be highly desirable in crystal
engineering, the problem of separating the relative
contributions is probably impossible today. Insights
can be obtained, however, by combining a molecular
orbital analysis based on extended-Huckel theoretical
calculations with an analysis of the intermolecular
bonding based on packing potential energy calcula-
tions.*® More recently the same strategy has been
adopted by using DFT calculations.*

B. Polymorphism, Crystal Isomerization, and
Phase Transition

At first glance, it would appear that the web of
intermolecular interactions that generate packing
arrangements could be organized in many ways. It
is well-known that alternative packing modes, which
are still chemically and crystallographically accept-
able, differ very little in terms of free energy. Dif-
ferent crystalline forms containing molecules of
identical compositions and geometry are called pol-
ymorphs.*?  Polymorphism is of major industrial
importance today. While much money and energy
is being invested in the study of polymorphic modi-
fications of drugs, a systematic investigation of
organometallic polymorphism has never been carried
out this far. Only a few scattered examples are
available in the literature.

Polymorphism is, in reality, crystal isomerism and
yet the phenomenon is still not fully understood. For
instance, its occurrence is probably not as widespread
as was conjectured formerly and this would indicate
that the sequence of events in crystallization are far
more efficient and selective than might have been
anticipated. Incidentally, the proportion of polymor-
phic structures for organometallic compounds in the
Cambridge Structural Database (CSD)® is slightly
lower than that for the pure organics. There are
roughly the same number of organics and metal
organics (that is, organometallics and coordination
complexes) in the CSD. However, among polymor-
phic forms, the pure organics occur to the extent of
63% while the metal organics account for the remain-
ing 37%.

Structural flexibility plays a particularly important
role in organometallic polymorphism. The conse-
guence is that structurally nonrigid organometallic
molecules are likely candidates for the formation of
conformational polymorphs. Conformational poly-
morphism refers to the crystallization of conformers
that differ little in structure since the distribution
of chemical bonds is maintained.** With flexible
organometallic systems, however, the bonding mode
of the ligands may change in the course of reorien-
tational or migrational (fluxional) processes.* Crys-
tals formed by structural isomers related by a low-
energy interconversion pathway are referred to as
crystal isomers. Crystal polymorphs or isomers may
(or may not) interconvert via a phase transition.
Furthermore, there is the intriguing possibility of
changing the chemical composition without changing
the distribution of chemical bonds by isoelectronic
replacement of one or more metal atoms with other
metals in the same group. Crystals of isoelectronic
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Orthorhombic
Figure 2. Space-filling representations of the molecular
organizations in the structures of the three polymorphic

forms of ferrocene: (a) triclinic, (b) monoclinic, and (c)
orthorhombic phase.

Monoclinic

Triclinic

and isostructural species may crystallize in the same
space group, thus being isomorphous, or in different
space groups, forming pseudo polymorphs (see later).

A classical example of organometallic conforma-
tional polymorphism is provided by ferrocene, for
which one room-temperature disordered*® and two
low-temperature ordered crystalline forms are
known.*¢ At the molecular level the ferrocene mol-
ecules differ only in the relative orientation of the
two cyclopentadienyl rings. At the crystal level they
differ in the relative orientation of the molecules (see
Figure 2), so that the phase transition mechanism
requires only low-energy reorientation of the rings
and a limited motion of the molecules in the crystal
structure.*”8

Ferrocenedicarboxylic acid affords an intriguing
case of crystal polymorphism associated with the
presence or absence of orientational disorder. The
crystal structure of the monoclinic form was initially
determined at room temperature.*® This was later
redetermined by neutron diffraction as also that of
the triclinic form.® The major difference between the
two crystals lies in the —COOH group which is
ordered in the triclinic form and disordered in the
monoclinic one. Interestingly, this latter form can
only be obtained from hot solutions, whereas the
ordered form is obtained at room temperature. Dif-
ferences in entropy have been invoked to explain the
phenomenon.

Examples of organometallic pseudo polymorphs in
which the structures differ for the ligand distribu-
tions are the three crystal forms of [RusC(CO)y7],%!
Co-, Rh-, and Ir-clusters of the form [(CpR)zsM3(CO)3]
(CpR = CsHs, CsMes, CsH4Me),%? as well as the pair
of molecules [Fe3(CO)1,]%® and [Fe,0s(CO);,].%8
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Polymorphism is also related to the phase transi-
tional behavior of the crystalline organometallic
material depending on whether the polymorphic
modifications belong to enantiotropic systems (i.e.,
the solid—solid transition between polymorphs is
below the solid—liquid transition and the polymorphs
interconvert before melting) or to monotropic systems
(i.e., the polymorphs melt before the solid—solid
transition can occur). Many crystals of globular
organometallic molecules have been shown to un-
dergo phase transitions, and, for some, the formation
of plastic phases characterized by short-range orien-
tational disorder and long range order is known.>*
The change in crystal structure associated with a
phase transition, in which intermolecular bonds are
broken and formed, is the crystalline equivalent of
an isomerization at the molecular level. The chemi-
cal and physical properties of the crystalline material
can change dramatically with the solid-state trans-
formation.

Substituted ferrocene derivatives [(7°>-CsHs)(n>-
CsH,CHO)Fe]® and [(#°-CsHs)(17°-CsH,CMeO)Fe]®® as
well as salts of the type [(7#°-FCsHs)(575-CsHs)Fe][A]
[A = AsFs, PFg, SbFs, and BF,4]%7%8 are all known to
undergo order—disorder phase transitions. Other
examples are afforded by the crystalline salts [(#°-
CsHs):M][PF¢] (M = Co, Fe) which have been shown
by variable-temperature X-ray diffraction experi-
ments and differential scanning calorimetry to un-
dergo two fully reversible phase changes.>%5% In the
case of the cobalt complex, diffraction experiments
were carried out at 243, 293, and 313 K on the same
crystal specimen.>® The room temperature ordered
monoclinic crystal (form I) transforms, below 252 K,
into another ordered monoclinic crystal (form I1) with
different relative orientation of the two independent
[(#®>-CsHs).Co]* cations, and into a semiplastic system
(form 111) containing ordered PF¢~ anions and orien-
tationally disordered [(°-CsHs),Co]" cations above
314 K (see Figure 3). From DSC thermograms the
enthalpy differences associated with the two transi-
tions have been estimated to be 1.30 and 3.05 kJ
mol~1, respectively. Although isomorphous at room
temperature with crystalline [(15-CsHs),Co][PFs], the
ferricinium salt [(#>-CsHs).Fe][PFs]®°®° shows a dif-
ferent phase transitional behavior with the two phase
transitions taking place at 213 and 347 K5 i.e., 39°

Y
T
SasOb

Figure 3. Space-filling representation of the low temperature (a) and room temperature (b) monoclinic ordered forms
and of the disordered high temperature monoclinic form (c) of crystalline [(55-CsHs),Co][PF¢]. In a and b, PFs anions are
omitted for clarity. (Reprinted from ref 59b. Copyright 1998 American Chemical Society.)
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and 33° deg below and above those of crystalline [(#°-
C5H5)2CO][PF6].

In both crystals, C—H--+F hydrogen bonding inter-
actions between the CsHs ligands and the PFs~
anions appear to play an important role.5® C—H---F
bonds, although weaker than the conventional
O—H:---O type hydrogen bonds, are of comparable
length (hence, most likely, strength) with respect to
the C—H---O interactions (see also below).5!

Variable-temperature diffraction experiments have
shown that all members of the family of trinuclear
cluster molecules [Fe3(CO);,],5362 [Fe,Ru(CO);,] and
[Feo.0s(CO)12],38%3 and [FeRu,(CO)1,]%* show dynamic
disorder in the solid-state arising from reorienta-
tional jumping motion of the metal triangle within
the ligand sheath.

lll. Modeling of Organometallic Crystal Structures

The design of crystals for magnetic, conductivity,
superconductivity, or nonlinear optical applications
would become much easier and efficient if one could
model crystal structures computationally from mo-
lecular structures. This is what is often referred to
as “crystal structure prediction”.5®> The molecular or
ionic structure needs not necessarily to be determined
with crystallography. Spectroscopic techniques or ab
initio methods may be just as satisfactory. Indeed,
the generation of hypothetical crystal structures is
logically connected to ab initio calculations of molec-
ular structures. The prerequisite for the construction
of a molecular crystal is the ability to model inter-
molecular interactions correctly and this can only be
done with a good knowledge of the factors that control
molecular recognition and crystal cohesion.

A. Evaluation of Crystal Cohesion

The atom—atom potential energy method®? and its
variation, molecular mechanics,%® have been used by
organic and physical chemists for more than 50 years.
This method still represents the simplest and most
transferable way to estimate noncovalent interactions
of the van der Waals type in molecular crystals.®’
Portability makes it a method of choice for the
estimate of the cohesive energy of molecular crystals;
it has been shown in a number of instances that, with
very small changes, the method can be applied to a
great variety of crystalline systems including crystal-
line organometallic molecules and clusters. In the
organometallic case there are, of course, limitations
arising chiefly from the lack of suitable parameters
for the metal atoms, although the problem can be
circumvented by attributing to metal atoms the
potential parameters of the corresponding noble
gases.®® This seemingly severe approximation does
not seriously affect the calculations because the
periphery of organometallic complexes is, in most
cases, constituted with the nonmetallic atoms C, H,
N, and O for which potential parameters are avail-
able and well-tested.

Packing energy calculations have been successfully
applied to several families of organometallic crystals,
such as the binary transition metal carbonyls,®® and
the metallocene complexes.*” In all these cases, the
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Figure 4. A schematic representation of the crystal
structure decoding process: from three-dimensional pack-
ing distribution of molecules (a), to the “enclosure shell” of
first neighbors (b), to a molecular layer (c), and to a
molecular row (d).

atom—atom method has afforded insights into the
way molecules self-assemble in the solid state and
has helped in the identification of the most frequent
interlocking motifs between ligands or groups of
ligands. Such an analysis is based on the inspection
of the enclosure shell formed by the molecules in the
immediate neighborhood of the one molecule chosen
for reference. The process by which the most impor-
tant packing motifs in observed crystal structures are
identified has been called crystal structure decoding
(see Figure 4). Decoding can be achieved either by
studying in detail the metrics (distances and spatial
relationships) of the next-neighbor intermolecular
interactions or by calculating the intermolecular
interactions energies via atom—atom potentials and
by ranking the molecules in order of decreasing
contribution to the total cohesive energy of the
crystal. In this way, similarities and differences
between crystals can be appreciated more easily.

The second level of the packing decoding is con-
cerned with the interlocking of atomic groupings
belonging to neighboring molecules. The crystal is
reconstructed starting from pairs of molecules gener-
ated via most common symmetry operators. This
energy analysis allows recognition of the most rel-
evant structural subunits in the experimental crystal
structures. Information of this type is useful for the
investigation of recognition and nucleation processes,
and it is transferable to other molecules containing
similar structural subunits.

B. Space Group Frequency and Crystal Packing
Generation

Theoretical crystal structure generation constitutes
a fundamental component of crystal engineering
strategies. To construct crystals computationally one
also needs to know the most likely symmetry ar-
rangements of molecules that might be expected.
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Table 1. Space Group Frequencies

space group pure organic % organometallics %

P2i/c 23339 100 30395 100

P1 10399 44.6 17948 59.1
P2,2,2, 10673 45.7 3650 12.0
P2 6810 29.2 2079 6.8
C2/c 3732 16.0 6725 221
Pbca 2855 12.2 3014 9.9
Pna2; 1100 4.7 1240 4.1
Pbcn 522 2.2 834 2.7
P1 937 4.0 505 17

Clearly, if all 230 space groups were to be taken into
account, the task would become extremely difficult.
Fortunately, this is not necessary because most
organic and organometallic molecules tend to crystal-
lize in a very small subset of packing arrangements.”
Space group frequencies in organic and organome-
tallic crystals have been obtained (see Table 1) by
analyzing the structures deposited in the CSD.

From Table 1 it is immediately obvious that there
is no need to worry about all 230 space groups. The
relative majority of organometallic crystals crystallize
in the monoclinic space group P2:/c, whereas the
second best choice is the centrosymmetric triclinic
space group P1. Just these two space groups account
for almost 60% of all known organometallic crystal
structures characterized to date. Interestingly, the
number of noncentrosymmetric crystal structures for
organometallics in the CSD is lower than that for
organics probably because of the lower incidence of
chiral molecules in the former class of substances.

The problem of computational crystal structure
generation (or crystal structure prediction™) has been
tackled in different ways. Gavezzotti's so-called
static approach’ is based on an elaboration of Ki-
taigorodsky’s aufbau process. The molecular crystal
is constructed by translation in the three-dimensional
space of a nucleus formed by molecules which are
related by symmetry operators such as a screw axis,
an inversion center or a glide plane. Both the
nucleus energy and the crystal energy are optimized
under the action of atom—atom potential functions
of the type described above.”? What is new is the
combination of computation with Kitaigorodsky's
ideas of close packing; in other words, larger modular
units are used for the calculations. This simplifies
the problem. An organometallic example of this
approach is discussed below.

Alternatively, crystal structure generation can be
attempted by using Monte Carlo simulated anneal-
ing.”® This is the so-called dynamical approach and
it has the advantage that no particular crystal-
lographic assumption is necessary. The method
relies solely on a brute force computation in which a
collection of randomly oriented molecules are moved
in space until the energy minimum is reached. The
crystal structures of benzene, ethylene, and hexam-
ethylbenzene have been correctly reproduced by this
method and progress has been made for more polar
molecules.’™

The method put forth by Williams is based on a
combination of molecular dynamics and packing
analysis.”® The packing arrangements of hydrogen-
bonded molecules has also been modeled by atom—
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Figure 5. Space-filling representation of the crystal
construction process from an hypothetical molecule of
square-pyramidal [Fe(CO)s] to a dimolecular nucleus (a)
which is then translated in the three directions of space to
generate a calculated crystal structure (b) in space group
P1. (Reprinted from ref 79a. Copyright 1994 American
Chemical Society.)

atom potential force fields and Monte Carlo simu-
lated annealing techniques.”® A design strategy
based on the predictable aggregation of molecules via
strong hydrogen bonding interactions has been de-
veloped to generate two-dimensional layered struc-
tures of a series of dicarboxylic-urea derivatives.””
Hydrogen-bonded structures will be discussed more
extensively in section V.

To the best of the authors’ knowledge, neither the
Monte Carlo simulated annealing or molecular dy-
namics methods have been applied to organometallic
systems, while lattice energy minimization starting
from random molecular arrangements have been
successfully used to generate unknown crystal struc-
tures of some metallocene and substituted metal-
locene complexes.”® Some useful results have been
obtained by applying Gavezzotti's approach to transi-
tion metal binary carbonyls such as [Ni(CO)4], [Fe-
(CO)s],”°2 and [Cr(CO)s]"°® taken as representative of
the classes of tetrahedral, trigonal-bipyramidal, and
octahedral complexes. In all these cases, it was
possible to retrace the experimentally determined
crystal structures among other solutions of similar
cohesive energy. The method was also applied to
calculate hypothetical crystal packings for the model
structure of square-pyramidal [Fe(CO)s],’?? i.e., for
the intermediate of the Berry pseudo rotation mech-
anism that accounts for the fluxional behavior of [Fe-
(CO)s] and many other trigonal bipyramidal com-
plexes. This process can be assimilated to an ab
initio crystal structure generation (see Figure 5).

In the cases of the dinuclear complexes [C02(CO)s]
and [Fe,(C0O),]% the method was used to demonstrate
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that the similarity between the molecular arrange-
ments in the crystals of the two species arises from
the stereoactivity of the lone pairs on the Co atoms
which occupy the space taken by the two additional
carbonyl ligands in the structure of the Fe complex.
When the approach is extended to higher nuclearity
complexes, however, the limitations inherent to the
description of the metal atoms become more and more
severe. In the case of crystalline [Fe3(CO)1,]%'? and
[Ruz(CO)12]%% the experimental crystal structures
could also be retraced and compared with other
computational ones, although the packing energies
of the computed crystals were found to be invariably
higher than those of the observed structures.

In all cases, however, rigid molecules have been
used as input. This is a major drawback because
most organometallic molecules possess internal de-
grees of structural freedom. The consequence is
clear—very often there is no unique solution to the
problem of minimizing the global energy of the
molecule-crystal systems. ldeally the minimization
should take into account the simultaneous optimiza-
tion of molecular and crystal structure because each
affects the other implicitly for organometallic crys-
tals.82 However, the lack of a sufficiently general
intramolecular force field and the necessity of com-
bining and scaling intramolecular versus intermo-
lecular energy terms is the limit of organometallic
crystal structure generation for structurally nonrigid
systems. It may be anticipated that computational
experiments that attempt to rationalize, model, and
predict crystal structures and properties will almost
routinely accompany laboratory experiments in crys-
tal engineering in the future.

IV. The Cambridge Structural Database (CSD):
An Essential Tool for Crystal Engineering

The Cambridge Structural Database (CSD) is an
essential tool in the analysis of known crystal struc-
tures.’> The need for a crystallographic database
such as the CSD was articulated very early in the
development of X-ray crystallography.® It is a
testimony to the far-sightedness of Bernal® that he
was able to confidentially predict more than 60 years
ago that crystallographic databases would not only
be useful but would also become necessary—and this
at a time when the total number of crystal structure
determinations was less than 100! Today, the CSD
contains more than 160 000 entries and constitutes
an enormous storehouse of accurate crystallographic
data. Unlike most other databases, crystallographic
databases contain “hard” or numerical data.?> In
contrast to “soft” or bibliographic data, such numer-
ical data can be further manipulated and analyzed,
ultimately leading to diverse and yet certain crystal-
lographic and chemical conclusions.®® The capacity
of extracting information from a variety of structures
stored in the CSD constitutes, for example, the
conceptual basis of the structural correlation method
of Dunitz and Burgi which relies on the examination
of the perturbation of a given fragment geometry
within different crystal environments.®’

The power of the CSD in the context of crystal
engineering lies in the statistical approach it permits
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in the analysis of crystal structures.8 The underly-
ing principle is that a range of geometries will be
obtained from which the most probable geometry is
chosen to be the representative one. Observed ge-
ometries that are very far from this most probable
geometry correspond to extreme deformations and in
the limit may even be outlier points, where different
and possibly other chemical effects are important. As
the number of crystal structures in the sample
increases, weaker intermolecular interactions may be
reliably examined; essentially, weaker signals may
be discerned from the crystallographic noise.8% Quite
apart from the fact that it is impossible today to
exhaustively peruse the crystallographic literature
manually, the sorts of chemical conclusions that a
CSD analysis permits cannot be obtained from any
manual reading of the journals, howsoever detailed.
As for the future of database research, it may be
reasonably anticipated that with the rapid strides in
the theory and practice of crystallography, there will
be a vast increase in the sizes of the various data-
bases. It is conservatively estimated that the CSD
will contain 500 000 entries by the year 2010.%°
Another likely development is that it will be possible
to access all the crystallographic databases through
a common platform. Already, the CSD software may
be used to access the Protein Data Bank.®® There
are obvious implications for organometallic chemistry
if the CSD and the Inorganic Crystal Structure
Database®! are similarly conjoined.

V. Hydrogen Bonding

Hydrogen bonding in organic and biological sys-
tems has been investigated and reviewed thor-
oughly.®? However, the phenomenon has not been
discussed systematically in the context of organome-
tallic systems.®3

The hydrogen bond is the master-key interaction
in crystal engineering because it combines direction-
ality with strength.®* This is what makes it the
interaction of choice in many crystal engineering
studies. The use of hydrogen bonding has become,
in the past few years, a major element in the quest
for controlled supramolecular synthesis. Such stud-
ies have depended largely on crystallographic data-
bases such as the CSD.%

The hydrogen bond may most generally be consid-
ered to be a three-center four-electron interaction
that is attractive and directional with certain spec-
troscopic attributes, structure-defining effects, and
reproducibility of occurrence. The energy of this bond
is dominated by electrostatic factors. However, po-
larization, charge transfer and exchange repulsion
are also important. As one obtains strong and weak
covalent bonds, one obtains strong and weak hydro-
gen bonds and there is no real demarcation between
the different kinds of hydrogen bonds. The strongest
of the weak hydrogen bonds are comparable to the
weakest of the strong hydrogen bonds (~ 20 kJ mol2)
and in terms of crystal structure directing effects,
there seems to be little difference between these
categories. The distinction between strong and weak
is, therefore, purely conventional. The effect of
charge, for example, needs also to be taken into
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account as it has a great influence on the strength
of these interactions since they are essentially elec-
trostatic in nature. Negatively charge assisted,
positively charge assisted,®” as well as resonance
assisted®® hydrogen bonds have been identified. It
is therefore for reasons of convenience only that we
discuss strong and weak hydrogen bonds separately
in this section.

A. O—H---0 Hydrogen Bonds Formed by
Carboxyl Groups

The hydrogen-bonded carboxylic ring established
by —COOH groups is the prototype of strong hydro-
gen-bonding systems in crystalline complexes.®? This
is a fundamental packing motif that is maintained
on going from organic to organometallic solids.®® As
in the corresponding organic solids, complexes car-
rying one —COOH group generally form rings via
interactions between two —CO,H groups, while di-
carboxylic acids form chains of molecules linked by
a sequence of carboxylic rings. Catemer-type chain
structures are only rarely observed. Unsurprisingly,
these types of hydrogen bonds are widely used in
crystal engineering studies.

The organometallic complexes [(7?>-fumaric acid)-
Fe(CO)4] and [(y?>-maleic acid)Fe(CO)4] afford an
educative example of the transferability of the car-
boxylic ring from organic to organometallic crystals.
Two polymorphic modifications are known for the
complex [(z?>-fumaric acid)Fe(CO)4] (forms | and I1).
In form I, the fumaric acid ligands form ribbons of
ligands joined by carboxylic rings (Figure 6a). This
arrangement is the same as that observed in crystal-
line fumaric acid which also possesses two polymor-
phic forms both based on molecular chains inter-
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linked via hydrogen bonded carboxylic rings (see
Figure 6b). In form Il of [(y?>-fumaric acid)Fe(CO),]
both carboxylic ring and chains are found extending
in a catemer-type pattern.®®

In crystalline [(y>-maleic acid)Fe(CO),] there is
simultaneous presence of an intra- and of an inter-
molecular hydrogen bond as in crystalline maleic acid
(see Figure 6¢ and 6d, respectively).While the two
O---O distances in crystalline [(y>maleic acid)Fe-
(CO),] are of similar length (2.56 and 2.55 A, respec-
tively), in maleic acid the intermolecular O---O
distance is appreciably longer than the intramolecu-
lar one (2.64 versus 2.50 A) in keeping with the
strengthening via resonance of the intramolecular
ring system.

Reference 99 provides several other examples of the
transferability of the carboxylic hydrogen bond ring
from organic to organometallic crystals. The major
problem in using this otherwise extremely powerful
linker in organometallic crystal engineering arises
from the difficulty of having a relatively strong acidic
group carried by a metal-bound ligand. Unless group
protection strategies are adopted, the interaction
with electropositive metal centers may lead to un-
wanted formation of oxo ligands engaging the car-
boxilic groups in metal coordination.

B. N—H---O Hydrogen Bonds Formed by Primary
and Secondary Amido Groups

Analogous relationships between organic molecules
and coordination complexes are seen when the pri-
mary and secondary amido groups are present on the
ligands.t% Although most amido complexes are not
strictly organometallic there often being no actual
M—C bond, their participation in hydrogen bond
networks is well within the scope of this review.

Figure 6. The ribbons of ligands joined by carboxylic rings in crystalline [(#2-fumaric acid)Fe(CO),] (a) are compared
with those in crystalline fumaric acid (b). The patterns of intra- and intermolecular hydrogen bonds in crystalline [(5?-
maleic acid)Fe(CO),] (c) and maleic acid (d). (Reprinted from ref 99. Copyright 1994 American Chemical Society.)
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Scheme 1. In Metal Coordination Complexes,
Primary and Secondary Amido Ligands May Be
Either Directly Linked to the Transitional Metal
Center(s) via the O Atom Lone Pair (a) or Belong
to a Larger Metal-Coordinated Ligand System (b)
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In coordination complexes primary and secondary
amido groups may be either directly linked to the
transitional metal center(s) or belong to a larger
metal-coordinated ligand system as shown in Scheme
1.

An example of the similarity in hydrogen bond
patterns between organic and organometallic amides
is shown in Figure 7. In the complex (cyclopentadi-
enyl)—carbonyl—nitrosyl—carbamoyl—manganese the
metal atom is coordinated to one formamide moiety
which forms a cyclic amide dimer. The same packing
motif in crystalline formamide allows a shorter N---O
separation (2.88 A versus 2.95 A) than in the com-
plex. The second amide hydrogen of the complex does
not participate in intermolecular interactions but

Figure 7. In the complex [(cyclopentadienyl)-carbonyl-
nitrosyl-carbamoyl-manganese] (a) the metal atom is co-
ordinated to one formamide moiety which forms a cyclic
amide dimer as in crystalline formamide (b). (Reprinted
from ref 100. Copyright 1996 American Chemical Society.)
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points toward the N atom of the NO ligand. In the
complex, however, the amide O atom establishes an
additional link (which probably takes the place of the
second N—H:--O interaction commonly observed in
primary amides) with an H atom belonging to the
Cp ligand [C::+O 3.33, (C)H:-:O 2.39 A, C—H---0
145.2°].

Transition metal complexes, however, form a greater
number of hydrogen bonds per molecule because of
the more frequent occurrence of bifurcation. In the
case of amido complexes a greater proportion of
hydrogen bonds tends to linearity, perhaps because
of steric factors.1®

C. O—H---0 Hydrogen Bonds Formed by
Hydroxyl Groups

Another common hydrogen-bonding donor—accep-
tor pair is that formed by the —OH group. Recently,
the crystal packing of monoalcohols has been inves-
tigated with a focus on the occurrence of high-
symmetry space groups.’®® Generally —OH groups
form chains or rings, and in particular tetramers and
hexamers are quite common in crystals of organic
alcohols (see Scheme 2).

These packing motifs are often maintained in
crystals of organometallic complexes as shown in
Figure 8. For example, the basic packing motif in
crystalline [(53-C7H100H)(°-CsHs)Mo(CQ),] is a tet-
ramer (Figure 8a) while a hydrogen bonded hexam-
eric unit is present in crystalline [(#®>-CsH4CHy-
OH),Fe,(CO),] (Figure 8b).10?

Because of the possibility of forming ring systems
that confer additional stabilization to the hydrogen
bonding network, strong donor—acceptor systems
such as —COOH, —CONH,, and —CONHR dominate
the molecular packing in organic as well as in
organometallic crystals. This is maintained even in
the presence of other, although weaker, acceptors
such as the CO ligand. When the donor is —OH,
however, this is not so. In crystals of carbonyl
complexes this ligand may compete with the —OH

Scheme 2. Hydrogen-Bonding Motifs in
Crystalline Organic Alcohols: Chain,
Four-Membered Ring, and Six-Membered Ring
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a

Figure 8. Packing motifs in crystalline transition metal
complexes carrying hydroxyl groups: (a) four molecules
forming a tetrameric ring in crystalline [(3-C;H1,0H)(5°-
CsHs)Mo(CO),] and (b) the hexameric unit present in
crystalline [(#°>-CsH4C,H4OH),Fe;(CO),]. (Reprinted from
ref 99. Copyright 1994 American Chemical Society.)

group as the hydrogen bond acceptor, especially when
steric reasons hinder optimum O—H---O interaction
and ring formation. In these cases, the balance
between number of acceptors and number of donors
may require the participation of C—H groups in the
hydrogen bonding scheme. A typical example is
crystalline [{ CsH4(CsH4MeOH)} Cr(CO);],%% wherein
and as shown in Figure 9, the —OH groups partici-
pate in a bifurcated interaction with two CO ligands
and accept hydrogen-bond donation from the arene
C—H group (the two O—H---O(C) bonds and the
C—H---O(H) one are comparable in length: 2.29, 2.44,
and 2.27 A, respectively).

The stabilization afforded in the solid state by
hydrogen bonds between alkynediols and alkynols
groups in metal coordinate alkynes has been el-
egantly exploited by Walther et al. to isolate zerova-
lent homoleptic compounds of the composition
[(alkyne);Ni] and [(alkyne)4Nis] complexes.’** These
complexes are of importance as starting materials for
organometallic reactions and in catalytic processes.
It has been observed that molecules of the monoal-
cohol derivatives, such as [(tert-butyl-bis(ethyl)-
alkynol);M], and [(tert-butyl-cyclohexyl-alkynol),M]
(M = Ni, Pt) are linked in pairs in the solid state via
O—H-+-O hydrogen bonds.%® The four —OH groups,
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Figure 9. The —OH groups in crystalline [{7#%-CgH4(CsH3-
MeOH)} Cr(CO);] participate in a bifurcated interaction
with two CO ligands and accept hydrogen bond donation
from the arene C—H group. (Reprinted from ref 99.
Copyright 1994 American Chemical Society.)

Figure 10. (a) Hydrogen-bonded dimers formed via tet-
rameric arrangements of the —OH groups in crystalline
[(tert-butyl-bis(ethyl)alkynol),M], and [(tert-butyl-cyclohexyl-
alkynol),M] (M = Ni, Pt). (b) A row of molecules connected
via hydrogen bond rings on either side of the metal centers
in the case of the bis-methyl and bis-ethyl alkyndiol
derivatives of both nickel and platinum.

two on each complex, form a tetrameric arrangement
as shown in Figure 10a. Irrespective of the metal
type, these tetrameric units are comparable, in terms
of geometry, with those formed by the corresponding
organic alcohols. The effect of complexation is mani-
fested in an appreciable lengthening of the O---O
separations. The complexes [(tert-butyl-bis(methyl)-
alkynol);M] (M = Ni, Pt) form chains.

It has been pointed out that dimerization via
O—H:---O bonds not only maximizes O---O approach,
but also generates a “protected” system wherein the
hydrogen-bonded ring is encapsulated within a sheath
of C atoms. In such a way the dimer is, in effect, a
van der Waals system (the most polar part is segre-
gated within the organic envelope) and the packing
of the complex reduces to that of a larger van der
Waals object.1% Crystals of the bis-methyl and bis-
ethyl alkynediol complexes of the same metals,



1386 Chemical Reviews, 1998, Vol. 98, No. 4

[(alkynediol);,M (M = Ni, Pt)], maintain the funda-
mental packing motif seen for alkynols with the
important difference that the dimer becomes a mo-
lecular row connected via two identical sets of
hydrogen bond rings on both side of the metal
centers. Despite this similarity, however, there is a
profound geometric change with respect to the bis-
alkynol complexes because the tetrameric O—H---O
units are formed by two pairs of O—H groups belong-
ing to the same ligand while they necessarily belong
to the two different ligands in bis-alkynol complexes
(see Figure 10b).

A large number of o-ferrocenyl alcohols has been
synthesized by Glidewell et al. and the packing in
the solid-state investigated in terms of hydrogen
bonded interactions.%

D. Weak Hydrogen Bonds. The Organometallic
C—H---0 Hydrogen Bond

The role played by C—H---O interactions in deter-
mining crystal structure stability is now well-
established, and there is converging evidence of
C—H---X(X=0, N, S, Cl, maybe F) acting as crystal
structure sieves in the nucleation process of stable
crystal nuclei.>®®17-199 |t has also been demonstrated
that C—H---O interactions are able to restrain the
thermal displacement of H-bonded atoms in crystals,
thus behaving like true intermolecular bonds.!10
Such evidence is important because there is still
skepticism as to whether some of these short contacts
are actually repulsive in nature and are stabilized
by other attractive interactions in the crystal, in other
words that they are the forced consequences of
packing rather than packing directors. Hydrogen
bonds of the C—H-:-O type are pervasive in crystal-
line organometallic transition metal complexes and
clusters where C—H groups (mainly in sp?- and sp-
hybridized systems) and the CO base are abun-
dant.1t!

An intriguing feature of C—H---O hydrogen bond-
ing in organometallic complexes is that the C—H
group matches the CO ligand in softness. Accord-
ingly, C—H---O bonds to such ligands may be formed
in preference to stronger O—H---O and N—H---O
hydrogen bonds that must be formed with the harder
O—H and N—H groups. C—H---O bonds in organo-
metallic compounds are also quite directional, with
the C—0---H angle around 140°, irrespective of the
mode of bonding, i.e., both terminal and bridging
ligands are approached in ketonic-like directions.
This observation indicates that at least in the solid
state and in the presence of C—H donors, there is O
atom lone pair electron density in ketonic directions
even when the CO ligand is in the terminal bonding
mode. An example of the participation of terminal
ligands in several hydrogen bonds of the C—H---O
type is shown in Figure 11.

There are several reasons that make hydrogen
bonding to the CO ligand important for crystal
cohesion:

i. A Profusion of Weak Donors. Most organo-
metallic complexes carry ligands such as arenes,
cyclopentadienyl ligands, phenyls, methylidine, and
methylidyne groups, which are all capable of hydro-
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Figure 11. Terminal CO ligands in crystalline [Cpslrs-
(C0O)s] participate in several interactions of the C—H---O
type with the hydrogen atoms of the Cp ligands. (Reprinted
from ref 52. Copyright 1995 American Chemical Society.)

Scheme 3. Schematic Representation of the
M—CO:-+-H Interactions in the Cases of Terminal,
Doubly, and Triply Bridging CO Ligands
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gen bond donation via acidic C—H groups; hydrogen
bonding involving the M—H donor (see below) is also
possible.

ii. The Absence of Other Commoner Acceptor
Sites. Ligands carrying organic-type acceptors are
not very common in organometallic chemistry. The
stabilization of low oxidation states requires neutral
m-acid ligands such as C=0, capable of interacting
with the metal in the electron o-donation/m back-
donation synergistic ligand—metal interaction.?*

iii. Tunable Basicity. The basicity of the CO
ligand increases with the increase in the ketonic
nature of the C=0 bond on passing from the terminal
to the doubly and finally to the triply bridging
bonding mode (see Scheme 3). The basicity of the O
atom here is, however, small in comparison to the O
atoms in more polar compounds. The CSD study
afforded a scale of CO ligand basicity purely on the
basis of crystallographic data, an approach similar
to that used to correlate C—H---O distances and C—H
acidity in organic crystals.!'?

iv. Bifurcation. Such interactions are also quite
common as might be expected in donor-rich systems.

Molecules belonging to the family of clusters
[(CpR)sM3(CO)s] (M = Co, Rh, Ir; CpR = CsHs, CsMes,
CsH4Me) provide examples of C—H---O bonds involv-
ing us, u2, and terminal ligands (see also Figure 11).5?
The relative acidity of C—H groups belonging to
facially bound benzene and trithiane ligands (trithiane
= uz-S3CsHg) has been assessed by comparing
C—H---0O bonds in crystalline [Rus(CO)o(us:n%n?%n?-
CGHB)] and [RU3(CO)5(IM-CO)3(/43-S3C3H6)]. In this
latter crystal, the bridging CO ligands form short
bonds with the trithiane ligand (H---O distances in
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Scheme 4. Schematic Representation of
B2-CHy+--OC and p3-CH---OC Interactions in
Crystalline Complexes
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the range 2.262—2.538 A) while [Rus(CO)o(us:n%n%
n?-CsHs)] forms several bonds involving the facially
bound benzene ligands and the CO ligands, the
shortest distances being 2.416 and 2.372 A113 The
trithiane ligand has also been found to form shorter
C—H---0 interactions with bridging than with ter-
minal CO ligands in crystals of the two isomers [Iry-
(CO)G(/J-CO)g(‘l,ta-SgCgHG)] and [|r4(CO)9(/43-S3C3H6)].114
Tetranuclear Co clusters carrying the trithiane ligand
or its derivatives have also been synthesized and
structurally characterized with a focus on the inter-
molecular organization in their crystals.1%®

Other chemically and structurally relevant mani-
festations of CO ligand basicity are the formation of
end-on (isocarbonyl) species when CO ligands inter-
act with Lewis acids'*® and the formation of tight ion
pairs when carbonyl anions interact with alkali metal
cations.!'” It has been argued,''” in the context of
these studies, that the need of optimizing the inter-
action with the electron density in both ¢- and
mr-orbitals of terminal CO ligands may be responsible
for the observed angularity of the interaction with
electrophiles. The manifestation of CO basicity in
the solid state, including M—C—0---HOH hydrogen-
bonding interactions with water and M—C—Q?%+-H*
interactions between carbonyl anion species (usually
carbonyl clusters) and organic-type cations has been
recently discussed.!8

Methylidyne (us-CH) and methylene (u.-CH,) ligands
bound to transition metal clusters also form hydrogen
bonds of the C—H---O type with O atoms of CO
ligands.''® The order of acidity judged from the
average length of the hydrogen bonding interactions
is u3-CH > u,-CHy; the interactions are comparable
in length to those established by alkyne and alkene
hydrogens in organic systems hence methylidyne and
methylene C atoms behave as sp and sp2-hybridized
C atoms, respectively (see Scheme 4). These obser-
vations are in keeping with a model of ligand—metal
bonding based on ¢ donation from the ligand and
retrodonation from metal atom d orbitals of suitable
orientation into empty xz* orbitals on the ligand,
rather than as distorted sp® hybrids. As pointed out
above, in the case of ionic systems the charge differ-
ence between anions and cations reinforces the
hydrogen bonding interactions leading to shorter
(C)H---X separations than in the case of neutral
species.

The cluster [Cos(us-CH)(CO)] carries three termi-
nal CO ligands on each Co atom, while the methyli-
dyne ligand is bound to the metal triangle. The
methylidyne ligand participates in a trifurcated
interaction (Figure 12a) with two neighboring mol-
ecules forming a centrosymmetric dimer based on a
10 atom ring and a chain motif involving two axial
CO ligands. The neutron diffraction H---O distances
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Figure 12. (a) Hydrogen bonding network in crystalline
[Cos(us-CH)(CO)o], note how the methylidyne ligand par-
ticipates in a trifurcated interaction with two neighboring
molecules and (b) hydrogen bonding in crystalline [Cp,Mn,-
(CO)4(u2-CHy2)]. The molecules form piles along the c axis
and are held together by two HCH---O and two Cp—H---O
interactions of comparable length.

are in the range 2.50—2.63 A.120 As an example of
hydrogen bonding between the methylene hydrogen
and carbonyl oxygens the crystal structure of [Cp,-
Mn(CO)4(u2-CHy)] is shown in Figure 12b. The
molecules are held together in piles along the ¢ axis
by two HCH---O and two H(Cp)---O interactions of
comparable length (2.56 and 2.50 A, respectively).12
In 1981 Muetterties recognized the structural
importance of intermolecular hydrogen bonding in-
teractions involving CO. He was able to show that
the agostic C—H system in the tetranuclear meth-
ylidyne cluster [HFe4(?-CH)(CO)y7] is sufficiently
acidic so as to form a C—H---OC interaction between
a terminal CO ligand and the H atom of the C—H
group.'?> An intermolecular u3-CH---O bond involv-
ing the methylidyne group is present also in the
phospine derivative of the same cluster species.'??

E. Hydrogen Bonds Involving Transition Metal
Atoms

Metal atoms in coordination complexes and clusters
are amphoteric. It has been shown'?* that the bond
between a transition metal and a hydrogen atom is
highly polarizable and can undergo reactions as H,
H', and H™ depending on the relative stability of the
resulting species. The behavior depends on a number
of factors, such as electronic configuration, oxidation
state, and electronegativity of the metal as well as
the type and distribution of ligands. This amphoteric
behavior is reflected in the capacity of a metal atom
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Scheme 5. Schematic Representation of the
Intermolecular Multicenter Hetero-Acceptor (IMH)
Hydrogen Bond (a) and of the Intermolecular
Pseudo Agostic (IPA) Interaction (b)
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in a coordination complex of accepting or donating
electron density, i.e., in the Lewis acid/base character.
The intramolecular three-center two-electron agostic
interactions!?® between an electron-deficient metal
atom and a C—H o bond of a ligand M---(H—C) has
long since being recognized as a manifestation of
metal atom Lewis acidity. M--<(H—C) interactions
still elicit much research interest because of the
possible connection with C—H bond activation by
metal atoms.'?® Metal atom hydrogen bonding ac-
cepting capacity, in other words the formation of
three-center four-electron interactions in which an
electron-rich metal atom is capable of accepting
hydrogen bond donation from a suitable donor, has
also been observed. For example, O—H-:-M interac-
tions in solution have been the subject of a number
of spectroscopic studies.'?7:128

Recently, the manifestation of acid—base behavior
of transition metal atoms in the solid state has been
investigated by means of the CSD.'?° It has been
demonstrated that formation of intermolecular hy-
drogen bond with an electron-rich metal center is a
common phenomenon, observed with all traditional
hydrogen-bonding donor groups. It has also been
shown that intermolecular electron donation from
covalent bonds, to satisfy the electronic requirements
of electron deficient metal atoms, is a well-defined
phenomenon.

Two novel types of interactions have been
characterized: (i) the intermolecular multicenter
hetero-acceptor (IMH) hydrogen bond formed when
the X—H donor group interacts with M—X', systems,
where M is an electron-rich metal and X' a metal
coordinated electronegative atom (X' = S, N, O, ClI),
and (ii) the intermolecular pseudoagostic (IPA) in-
teraction in which the X—H bond can donate electron
density to electron-deficient metal atoms M:--(H—X),
as observed in intramolecular agostic interactions
(see Scheme 5). M---(H—X) interactions have been
previously detected in the ion-pair adducts between
anionic Lewis acids and electron-deficient and coor-
dinatively unsaturated zirconocene compounds pre-
pared by Marks and co-workers.'3® Hydrogen bond-
ing to metal centers in neutral complexes (X—H-:-M)
have been compared with charge assisted (X—H"+-*M")
hydrogen bonds involving electron-rich anionic com-
plexes. The notations X—H---M and M-:-(H—X)
indicate a flow of electron density from right to left,
i.e., from Lewis base to acid.

Scattergrams of X-+M versus (X)H---M distances
and versus X—H---M angles have been obtained for
X =C, N, and O. The reader is referred to ref 129
for a detailed discussion. In this context only the
scattergrams for X = C are reported (see Figure 13)

Braga et al.

because the number of organometallic ligands con-
taining C—H groups is much larger than that of the
ligands containing O—H or N—H groups. The dis-
tribution of the C—H---M interactions, however,
follows the same trend as in the O—H---M and
N—H---M cases. There are many examples of
C—H---M hydrogen bonds, also of the IMH type, as
well as several M---(H—C) IPA interactions. Such
interactions are usually, although not always, as-
sociated with the presence of tight ion pairs formed
by an electron-deficient metal cation and the coun-
terion carrying methyl or phenyl groups. There is
also a significant number of structures for which the
(C)H-++M separation is shorter than 2.5 A which, in
the case of organic C—H---X bonds, is taken as
indicative of fairly strong C—H---X interactions. It
can also be seen that there are several cases for which
H--*M = C---M, i.e., falling under the condition for
IPA interactions, as well as cases of short (C)H---M
separations associated with large C—H---M angles
corresponding to C—H---M hydrogen bonds.

In the case of X = O, there are cases for which
H--M < 2.6 A, O---M > 3.0 A, and O—H-:-M angles
> 100°, i.e., corresponding to the geometrical require-
ments of a hydrogen bond. Some of these are bonds
of the IMH-type (see below). The distributions
discussed above for O atom donors are also observed
for N with the important difference that some of the
strongest interactions correspond to inter-ionic
MO)---HNR3™ interaction between carbonyl anions
and quaternary amino cations [distance N---M >
(N)H++M, N—H---M ca. 180°], i.e., to charge assisted
hydrogen bonds.

An example of intermolecular multicenter het-
eroacceptor (IMH) interaction is provided by the
square-planar copper complex [CulL,L';]-2[H.0] (L =
N-acetyl-a-alaninato, L' = N-methylimidazole).'3!
The water molecules of crystallization are hydrogen
bonded to two complexes filling in the coordination
around the metal. Figure 14 shows how the water
H atom participates in a bifurcated link with the Cu
atom and one O atom of the ligand, constituting a
five-membered metallacycle. The (O)H---Cu and
(O)H-+-O separations are 2.568 and 2.027 A, respec-
tively.

A charge-assisted, three-center four-electron, (N—
H*---M?®~) hydrogen bond is formed by the anion
[Co(CO)4]~ and counterions of the [NR3H]" type (R
= Me, Et).1¥2 The structure of the [NMezH]" salt
represents probably the first example of a direct
interaction between an acid proton and a carbonyl
anion (see Figure 15). The two independent N---Co
separations are 3.379 and 3.398 A, while the (N)H::-Co
distances are 2.371 and 2.389 A, and the angles
N—H---Co are 179.5° and 179.7°, respectively. In the
crystal structure of the [NEt;H]* salt determined by
neutron diffraction at 15 K, the N---Co and (N)H---Co
distances are 3.666 and 2.611 A, respectively.133
Pt--*H—N intramolecular interactions have been
observed in the complex formed between square
planar [NPr",,[PtCl;] and cis-[PtCl,(NH;Me,)].134
Other examples of three center four electron interac-
tions are known.*® It is however, worth mentioning
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Figure 13. Scattergrams of C+++M versus (C)H---M (a); and of C—H-:-M versus (C)H---M (b). The diagonal line in a indicates
the separation between IPA and other interactions, while the horizontal line in b marks the separation between interactions
with C—H---M < 100° and C—H---M > 100°. (Reprinted from ref 129. Copyright 1997 American Chemical Society.)

Figure 14. Intermolecular multicenter hetero-acceptor
interaction in crystalline [Cul,L',]-2[H,0] (L = N-acetyl-
a-alaninato, L' = N-methylimidazole). (Reprinted from ref
129. Copyright 1997 American Chemical Society.)

that a three center four electron Pt(D---(H—N) inter-
action has been observed in the zwitterionic complex
[PtX(l-CloHsN Me2—8—C,N)(1—C10H6NHMez—8—C,H)] (X
= Cl, Br).13¢ This interaction has also been investi-
gated theoretically.'®’

Figure 15. The N—H---Co hydrogen bond in crystalline
[NMe3H][Co(CO),].

The structure of [(Cp*).ZrMe][(CsFs)sBMe] (Figure
16) represents a prototype!®® of a number of electron-
deficient coordinatively unsaturated cationic zir-
conocene complexes which participate in intermo-
lecular pseudoagostic (IPA) interactions. These
interactions are characterized by the presence of
short Zr---H and Zr-:-C interactions due to the close
approach of the B atom bound CHj; group to the
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Figure 16. Intermolecular pseudo agostic (IPA) interac-

tions in crystalline [(Cp*),ZrMe][(CesFs)sBMe]. (Reprinted
from ref 129. Copyright 1997 American Chemical Society.)

electron deficient Zr atom. IPA interactions can be
identified in Figure 13a and 13b (C+--M ~ H---M and
C—H---M <100°).

1. The M—H---O=C Intermolecular Hydrogen
Bond

If transition metal atoms and metal-bound CO
ligands can be seen as nontraditional hydrogen bond
acceptors the M—H group is a nontraditional hydro-
gen bond donor.'*® It has been demonstrated*° that
metal-bound hydrogen atoms (metal hydrides!#') in
polymetallic complexes can form hydrogen bonds
with suitable bases (usually CO), provided that the
hydrogen ligand is not sterically hindered. When the
approach is not forbidden by the encapsulation of the
H ligand within the ligand shell, the H atoms form
intermolecular bonds comparable in length with
those of the C—H-:-O=C type discussed above. Need-
less to say, the electronic nature of the metal plays
a fundamental role in tuning the polarity of the M—H
system. In general, a positive polarization of the
metal-bound H atom is observed in neutral poly-
nuclear cluster complexes where the hydrogen atom
is most often present in u, or uz bonding fashion. As
a matter of fact, polynuclear hydrides are most often
obtained by protonation with acids of carbonylate
anions of group VIII transition metals.14?

A good example is afforded by the structure of [(u-
H)(u-NCHCF3)0s3(C0)10]**%® which has been deter-
mined by neutron diffraction. As shown in Figure
17a each cluster molecule participates in two types
of hydrogen-bonding interactions. The hydrogen
bond involving the H(hydride) effectively links mol-
ecules via a direct interaction with a terminally
bound CO [(Os)H-:+O 2.594 A]. Dimers of molecules
are also formed via C—H---O bonds [(C)H---O 2.571
A] forming a ring of the type observed in the case of
strong hydrogen bonding situations. Crystalline [(u«-
H)30s3Ni(CO)o(CsHs),]1*% also shows the cooperative
effect of Os—H---O and C—H---O hydrogen bonds, the
former links molecules in chainlike fashion while a
C—H group belonging to a CsHs ring and a terminally
bound forms a ring with two molecules related by a
center of inversion (see Figure 17b).
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Figure 17. Intermolecular M—H---OC interactions. (a) In
crystalline [(u-H)(u-NCHCF3)Os3(CO)10] each cluster mol-
ecule participates in two types of hydrogen bonding inter-
actions. (b) The cooperative effect of Os—H:---O and C—H-:-O
hydrogen bonds in crystalline [(u-H)30s3Ni(CO)g(CsHs),].
(Reprinted from ref 140. Copyright 1996 American Chemi-
cal Society.)

2. Intramolecular Agostic Interactions M-++(H—C)

It is important to address, in the context of this
section, the similarities and differences between
intramolecular agostic interactions and hydrogen
bonds. In contrast to hydrogen bonds that can be
formally designated as three-center four-electron
interactions, an agostic interaction is of the three-
center two-electron type wherein an electron-deficient
metal makes a close approach to an electron-rich
C—H bond. Metals such as Zr and Ta are typically
involved. Interestingly, the electron-deficient Li
atom also participates in an agostic interaction.144
Figure 18 shows the tribridged structure of [LiBMe,]
wherein the BMe, units are linked by one tri- and
two dibridged C—H---Li contacts to form a linear
chain. Such cases are not surprising because of the
high Lewis acidity of Li™.

In summary, X—H---M hydrogen bonding interac-
tions are quite common when donors such as nitro-
gen, oxygen, and carbon can approach the nucleo-
philic (electron-rich) metal center. Enhanced basicity
is usually associated with late transition metals in

Flgure 18. In crystalllne [LlBMe4] the [BMe,] units are
linked by one tri- and two dibridged C—H---Li contacts to
form a linear chain.



Crystal Engineering and Organometallic Architecture

low oxidation states. When the metal atom acceptor
carries a ligand with electronegative atoms, polyfur-
cated hydrogen bonding is formed between the donor
atom and those forming the electron-rich system. On
the other hand, when the metal atom is electron-
deficient, as in the case of some early transition
metals, the metal can act as an acid accepting
electron density intermolecularly from suitable do-
nors, including o bonds belonging to the counterions.
This acid—base behavior is analogous to that present
in intramolecular agostic interactions. IMH and IPA
intermolecular interactions are specific to organome-
tallic systems and have no counterpart in organic
chemistry.

3. Intermolecular and Intramolecular Interactions
of the M—H-+-H—X Type

We have seen that the polarity of the M—H bond
can be tuned from M°~—H?%" to M>*—H?~ depending
on the mode of coordination of the H atom, on the
electronic state of the metal, and on the nature of
the other ligand(s) bound to the metal centers. In
view of this amphoteric behavior it is thus not
surprising that the M%+—H?~ system may attractively
interact with groups of opposite polarization Ho*t—
X°~, such as those usually acting as H-bond donors.
The existence of attractive M—H---H—X interactions
further demonstrates the duality of the M—H system
with regard to its participation in hydrogen-bonding
interactions.

The intramolecular interaction between two hy-
drogen atoms in M—H---H—X systems (X = C, N, O,
S) can be weakly attractive in nature as demon-
strated by spectroscopic,4>14¢ and diffraction*” ex-
periments and discussed in theoretical studies.'*®
These interactions in general involve terminally
bound H atoms. The crystalline complexes cis-[IrH-
(OH)(PMes)4][PFs]*% and cis-[IrH(SH)(PMej3)4][PFs]14P
represent an interesting comparative case. The
hydrogen atom bound to the metal coordinated
oxygen in the first complex establishes an intramo-
lecular interaction with the hydride ligand (Ir—
H---H—0 2.334 A). In the isoelectronic SH deriva-
tive, the orientation of the SH group is such that the
sulfur-bound hydrogen atom points outward far away
from the hydride ligand but directed toward the F
atoms of the [BF4]~ anions (see Figure 19).

An important role of C—H---F(BF,~) interactions
has also been observed in crystalline [(°-CsHs)(PMej3),-
RuH;][BF4] where H---F distances in the range 2.3—
2.5 A between cyclopentadienyl hydrogens and the
counterion have been observed by neutron diffraction
at 20 K.’ The existence of C—H-:-F hydrogen bonds
is being actively debated today. In question is the
actual van der Waals radius of the F atom and
whether geometrical criteria alone are meaningful in
identifying this sort of putative hydrogen bond. Good
evidence of the role in crystal structure cohesion of
“charge assisted” X—H?%"-:-F°~ interactions (X = C,
N, O) involving the PFs~ and BF,~ anions have been
obtained by comparing the ion organization and the
phase transitional behaviors of cationic metallocene
and bis-benzene complexes.>%
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Figure 19. Hydrogen bonding interactions involving the
—OH and —SH groups in crystalline cis-[IrH(OH)(PMej3)4]-
[PFe] (a) and cis-[IrH(SH)(PMe3)4][PF¢] (D).

F. The Hydrogen Bond in Organometallic Crystal
Engineering

We have shown evidence that hydrogen bonds of
the traditional and nontraditional types are ubiqui-
tous in organometallic crystals. The nontraditional
types include the weak “organic” C—H---O and
N—H---O bonds and also the distinctively organome-
tallic bonds involving metal atoms such as M—H---O,
O—H:---M, N—H---M, and the H---H bond. The metal
atom has, at least potentially, a manifold role. It may
simply act as a coordination center around which
donor and acceptor groups are organized in a given
way, or it can exert an electronic effect on the donor
or acceptor site because of the oxidation state and
the possible presence of ionic charge. More impor-
tantly, it can participate directly in hydrogen bonding
interactions either as a donor or as an acceptor
system. Most crystal engineering applications to
date have chiefly made use of the two former char-
acteristics of coordination complexes, namely the
possibility of preorganizing donor and acceptor sites
and of controlling the acid/base behavior by tuning
the electronic state of the metal atom.

Organometallic building blocks for the preparation
of one-dimensional hydrogen-bonded polymeric struc-
tures have been synthesized by van Koten et al.*>!
The key structural motif is constituted of square-
planar Pt complexes carrying hydrogen bonding
donors and acceptors at either end of the molecule
separated by a rigid aryl spacer as shown in Figure
20. These structural features allow intermolecular
hydrogen bonds of the O—H::-CI*512 or C=C—H---C| 1510
type between molecules to be formed leading to one-
dimensional aggregation in the solid state. In crys-
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Figure 20. Intermolecular interactions in crystalline
[PtCI{ CsH(CH2NMe,),-2,6-(C=CH)-4}] (a) and [PtCI{ CsH»-
(CH2NMey),-2,6-(OH)-4}] (b). (Redrawn from original co-
ordinates with permission from the authors.)

Figure 21. The result of the cocrystallization of [Cu-
(pyhy).] with two melamine molecules. Note how the
interlink via hydrogen bonds forms corrugated sheets in
the crystal.

talline [PtCI{CsH2(CH:NMe,),-2,6-(C=CH)-4}] the
molecular chain is held by C=C—H---Cl interactions,
(C)H---C1 2.60(17) A, C—H---Cl1 157(14) A. Hydrogen
bond distances within the [PtCI{CsH2(CH2NMe,),-
2,6-(OH)-4}] systems are O—H 0.84(13) A, (O)H:--
CI(Pt) 2.32(13) A, the O—H-:-Cl angle is 161(15)°.

Complementary triple hydrogen bonds have been
employed to synthesize bifunctional transition metal
complexes that could be cocrystallized with organic
bases in order to construct solid-state sheet and tape
structures.®® The reference system is that of the
cytosine-guanine base pair which are held together
by a twin N—H---O and a single N—H---N interac-
tions. Such complementary triple hydrogen bonds
are very strong and could well constitute highly
selective and transferable packing motifs when ap-
plied to coordination compounds. For example, the
bidentate ligand 5-(2-pyridylmethylene)hydantoin
forms stable complexes with transition metals in
which the ability to form complementary hydrogen
bonds with nucleotide-type bases is retained. This
has been exploited to cocrystallize the coordination
complex Cu(pyhy), with two melamine molecules (see
Figure 21) which then interlink via hydrogen bonds
forming corrugated sheets.’®? Similar three-point
recognition via C—H---O hydrogen bonds has only
been discussed recently and its application to orga-
nometallic systems is still awaited.'>®

Other examples of hydrogen bonding directed co-
crystallization are provided by the Ni, Pd, and Pt
complexes of the biureto [CoN3O,H3]?>~ and dithiobi-
ureto [C2N3S;H3]?>~ ligands which possess an ar-
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rangement of donor and acceptor sites capable of base
pairing with complementary organic bases such as
1,8-naphthalimide and uracil 154155

Cocrystallization of tetramethylethylenediamine
with Pd(Il) arenethiolate complexes via N—H---S
hydrogen bonds has also been achieved. Importantly,
this interaction can now be recognized as being of
the IMH type, as the hydrogen atom of the donor
N—H system interacts simultaneously with the S
atom of the thiolate ligand and with the square-
planar Pd center [(N)H:--S 3.256, (N)H---Pd 3.11
A]_156

In summary, it may be stated that systematic
organometallic crystal engineering will probably
begin with the use of traditional hydrogen-bond
interactions if previous developments in organic
crystal engineering are to be any guide. The use of
nontraditional hydrogen bonding interactions will be
much more difficult especially because of their soft,
cooperative nature. However, it must be realized
that strong and weak hydrogen bonds jointly control
crystal structure and this is much more valid for
organometallics than it is for the pure organics. This
poses a real challenge for the future of organometallic
crystal engineering.

VI. Other Interactions in Organometallic Crystals

The hydrogen bond is not the only interaction
sufficiently strong and selective to envisage crystal
engineering applications. Intermolecular interac-
tions between closed-shell atoms and between given
classes of molecular fragments or ligands have at-
tracted the attention of several investigators.

The subject of strong interactions between closed-
shell atoms has been reviewed recently®>” and will
not be discussed in any great detail here. The reader
can find in this article examples of interactions
between main group d8, d'°, and s? metal cations with
interaction energies in the range 0.1-0.4 eV (2.3—
9.2 kcal mol™). These values are smaller than
covalent bonds but stronger than most van der Waals
interactions. It has been pointed out that there is a
continuum of bonding from donor—acceptor interac-
tions to the purely covalent bond. Theoretical treat-
ment has shown that the strength of Au---Au inter-
actions, the so-called aurophilic effect, depends on the
type of ligand bound to the Au atom, increasing, for
example, on going from Cl to Br to 1.1% Here, we only
summarize some recent applications of these sorts
of interactions in the crystal engineering context.

The geometries of these Au---Au interactions have
been investigated with the CSD showing that inter-
molecular Au---Au contacts are observed in the vast
majority of Au-containing compounds.'®® Au is the
most electronegative metal and it has been suggested
that its tendency to form short Au--+-Au contacts is
reminiscent of the well-known behavior of the halo-
gens (X = ClI, Br, I) to form short X---X contacts.
Furthermore, the orientations of the Au atoms in
crystals appear to be characterized by specific angu-
lar requirements.*>°

Examples of Au---Au interactions are afforded by
the crystals obtained by reaction of tert-butyl or
mesityl isocyanide gold chloride with sodium thiosal-
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Figure 22. (a) Tetrameric unit aggregated via Au---Au
interactions and hydrogen bonds. (b) Extended chains
formed via Au---Au interactions and O—H---O hydrogen
bonds. (Reprinted from ref 160. Copyright 1996 American
Chemical Society.)

icylate, which show the cooperative effect of su-
pramolecular Au---Au interactions and of hydrogen
bonds.'®® The energy of the individual Au---Au
interaction is estimated to lie in the range 6—11 kcal
mol~1, i.e., in the range of medium strength hydrogen
bonds.’®! Au---Au interactions form zigzag structures
in the crystal architecture of diphenylmethanimine
complexes of Au.'®? As in the cases illustrated in
Figure 22, Au---Au interactions are combined with
hydrogen bonds (in these cases of the N—H---Cl type).

The supramolecular chemistry of coinage metals
in general and of Au complexes in particular has been
reviewed.’®® Au---Au interactions have also been
used to produce extended solid-state structures of
long-chain [(Aul),(bis(diphenylphosphino)hexane)].164
The chains are interwoven to produce discrete layers,
the gold atoms being at ~3.5 A. Polymers of the type
[CsH3(C=CAuL)s-1,3-5], are formed via Au---Au bond-
ing (in the range 3.234 and 3.316 A) when L =
isocyanide, phosphite, or phosphine.65

The crystal structure of cis-[PtCl;(CO),], a proto-
typical organometallic molecule first reported by
Schitzenberger in 1870,%%2 has been recently
determined.%%® It has been found that the molecules
stack in the crystalline edifice with the Pt atoms
forming chains at Pt---Pt distances of 3.378(1) A (see
Figure 23). Another interesting feature is the inter-
action between the ClI ligands and the C atoms of the
CO ligands along the stack.

Intermolecular interactions of phenyl rings, arene
ligands, or condensed polycycles are also a common
features of organometallic crystals.'67168 For in-
stance, high nuclearity transition metal carbonyl
clusters carrying one or more arene fragments (arene
clusters)'% show the occurrence of two basic packing
motifs: the arene ribbon and the arene—arene gra-
phitic interaction. With mono-arene derivatives pack-
ing optimization is achieved by forming arene ribbons
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Figure 23. Molecules of cis-[PtCIz(CO)ﬂ are stacked in
the solid state (Pt:--Pt distance 3.378(1) A) in such a way
that the CI ligands are eclipsed with the C atoms of the
CO ligands. (Redrawn from original coordinates with
permission from the authors.)

Scheme 6. Interlocking of PPhst Cations: The
Offset Face-to-Face Interaction (Also Observed in
Arene Clusters), the Edge-to-Face Interaction and
the Vertex-to-Face Interaction

or layers through the lattice, while with bis-arenes
this is better achieved by placing the ligands face-
to-face. In this latter case the distance between
arene planes is always comparable to that between
carbon sheets in graphite. Arene ribbons are present
in crystalline [H,0s4(CO)10(%-CeHs)] and [HO0s;,-
(CO)10(n-CsHsMe)], while face-to-face interactions
are present in crystals of the bis-benzene cluster
isomers [RugC(CO)11(7-CeHe)(us-12:1%:1?-CeHs)] and
]RUGC(CO)ll(HG-CGHG)z].169a’b

Somewhat related to the interlocking of arene
fragments is the so-called “phenyl embrace”. It has
been recently shown by Dance et al. on the basis of
a CSD analysis that molecules containing PPhg
ligands (as well as crystalline salts containing the
[PPh3]™ cations) commonly associate in crystals in
supramolecular motifs named sextuple phenyl em-
braces.r’® This motif arises because three phenyls
groups of each neighbor in the crystal interlock with
other three phenyls. The energy of the interaction
has been estimated in 60—85 kJ mol~2, the source of
attraction being the interaction between phenyl
groups. Three basic motifs have been identified (see
Scheme 6), the offset face-to-face interaction (also
observed in arene clusters), the edge-to-face interac-
tion, and the vertex-to-face interaction.’*

Another common van der Waals interaction in
crystalline complexes is that established by the CO
ligand. This ligand is common in coordination chem-
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Figure 24. The quasi anticubo- and cubooctahedral pack-
ing polyhedra in crystalline [Fe(CO)q] (a) (A/B/A sequence
of layers), and [Fe(CO)s] (b) (A/B/C sequence of layers).

istry and is almost invariably present in transition
metal clusters where its bonding features (terminal,
edge-bridging, and face-bridging) are coupled with
the tendency toward formation of closed metal atom
polyhedra which maximize the intrametal bonding.?
Since the external shape of carbonyl complexes is
that of a bumpy object with the O atoms protruding
from the surface, crystal cohesion depends on the way
CO ligands belonging to neighboring molecules take
advantage of the niches and bumps available on the
surface of the complex. An analysis of the packing
motifs in the family of neutral binary carbonyls has
demonstrated that these molecules pack essentially
in accord with the close-packing principle.®® [V(CO)g],
[Cr(CO)g], as well as [Fe,(CO)g] and [Coz(CO)s] pack
in quasi cubooctahedral fashion (A/B/C sequence of
layers) while [Fe(CO)s] and [Mny(CO),0] form quasi
anticubooctahedral structures (A/B/A sequence of
layers), see Figure 24.

It is worth stressing that the analysis of molecular
interlocking may help to understand how molecules
recognize each other before reacting. A representa-
tive example is shown in Figure 25; the interaction
between two [Fe(CO)s] might well represent the
initial step of the reaction 2[Fe(CO)s] (I) — [Fe2(CO)o]
(s) + CO.8% The generation of the [Fe,(CO)q] dimer
requires elimination of one CO molecule and CO
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Figure 25. Space-filling representation of an (hypotheti-
cal) initial “recognition” step in the reaction 2[Fe(CO)s] (I)
— [Fex(CO)q] (s) + CO.

bridge formation. Interestingly, [Fe,(CO)y] possesses
a structure of high symmetry extremely well-suited
for close packing with neighboring molecules. The
resulting high packing cohesion is probably the
reason for the well-known insolubility of [Fe,(CO)e]
in most common solvents.

VII. Supramolecular Architecture

This section is devoted to the discussion of design
strategies to obtain organometallic crystal architec-
ture with cavities, channels, and interpenetrating
frameworks.

The emphasis will be on the engineering of su-
pramolecular structures by means of ionic species
and electrostatic templates. The context, however,
is much broader than the phrase “ionic species” can
convey. Inorganometallic chemistry, ions play a far
more important role than in organic chemistry, if for
no other reason because the variable oxidation states
of metals often stabilizes charged species. On the
other hand, organometallic molecules are, roughly
speaking, more “organic” than “inorganic” because
the majority of the typical organometallic molecule
is usually composed of organic fragments (the ligands)
with the metal atom(s) completely embedded within
the ligand envelope. Care should be exercised there-
fore when referring to “ions” in structural organo-
metallic chemistry. Generalizations are not easy and
should only be attempted with caution. When the
actual ionic charge is distributed over a large frag-
ment, Coulombic effects in the crystal organization
sequence are very limited and other factors such as
shape and size or optimization of assisting interac-
tions become important. Still, the facile utilization
of mutual interactions between anions and cations
adds an important extra dimension to crystal engi-
neering. Electrostatic forces are long-range in nature
and can control crystal packing effectively.

A. ICrystal Engineering with Organic Alkali Metal
Salts

Organometallic compounds of alkali metals gener-
ally exist as supramolecular aggregates with a great
variety of often surprising structural typologies such
as rings, cubes, chains, and layers. The structure
investigation of alkali metal compounds began in
1963 with ethyllitium followed by that of methyl-
lithium in 1964.17° Both compounds form tetrameric
cubane-like Li4C, aggregates in the solid state (see
Figure 26a). Each tetramer interacts with eight
neighbors. It is noteworthy that as the number of
carbon atoms increases in this series, volatility
increases and melting points decrease so that butyl-
litium is a liquid at ambient temperatures.'’* The
relevance of such an observation in the context of this
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Figure 26. Space-filling representation of the organization
in crystalline methyllithium (a) and methylsodium (b).

review is to be stressed. Such supramolecular ag-
gregates are held together by a central polar core but
as the size of the outer organic residues increases,
the inner polar interactions are no longer sufficient
to hold the material together. Methylsodium'™
shows the transition from the cubane-type structures
of the small lithium compounds to that of the larger
alkali metal compounds ([KCH;], [CsCH;], and
[RbCHg]) which have a NiAs-type structure (Figure
26b).176 In this structure, half of the ions have the
same structure as [(LiCH3)4] while the other half
connect the tetramers via Na---C contacts which are
longer than within the tetramer. When [NaCHg] is
prepared by exchange with [LiCHz], mixed crystals
are obtained. In crystalline [NaCHs-LiCHgs], the
[NaCHjs] forms a supernetwork leaving large cavities
that accommodate the [LiCH3].1""

Following these initial studies, the structural chem-
istry of organo alkali compounds has been thoroughly
investigated. The reader is referred to the relevant
references for exhaustive reviews of the field.176.178
The largest structural diversity is found with the
lithium compounds which show almost all important
structural motifs from monomers, dimers, trimers,
cubes, hexamers, linear chains, and layers. The
heavier alkali metals allow for interaction with
multiple-bond systems.

Organocesium crystalline materials are still a
rarity. Bock has been able to prepare cesium contact
ions with tetraphenylethanediyl [(Ph,C-CPh,)?~(Cs*-
(diglyme),] and 1,1,4,4,-tetraphenylbutadiene-2,3-diyl
[(Ph,C=(CHCH)=CPh,)?>~ (Cs*(diglyme)(Cs*OCH,-
CH3;0CHg;),] m-dianions. In the black crystals of
[(Ph,C-CPhy)?~(Cs™(diglyme),], the Cs* cations par-
ticipate in interactions with four phenyl rings of two
tetraphenylethanediyl dianions as well as with three
O atoms of one diglyme molecule while in the violet
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Figure 27. Packing arrangement in crystalline [(Ph,C-
CPhy)?~(Cs*(diglyme),] (a) and [(Ph,C=(CHCH)=
CPh,)2=(Cs*(diglyme)(Cs*OCH,CH,0CHy),] (b). (Reprinted
from ref 179. Copyright 1996 American Chemical Society.)

blue crystals of [(Ph,C=(CHCH)=CPh,)> (Cs*-
(diglyme)(Cs*OCH,CH,0CHy3);], each Cs™ cation is
7% or n’-bonded to one dianion, #3-bonded to one
diglyme molecule and #?-bonded to two 2-methoxy-
ethanolate anions.'”® Despite the presence of differ-
ent components, the two packing arrangements are
very similar (see Figure 27) and show the ability of
Cs* in acting as a multihapto coordinating cation
capable of combining s interactions with ion pairing.
It is suggested that because of the large size of Cs™,
polymeric systems are formed by multiple interac-
tions with suitable electron-rich species.

A large number of alkali metal ion aggregates and
of intriguing crystal architectures has been obtained
by reducing phenyl-substituted hydrocarbons with
alkali metals. Radical contact ion pairs and polyca-
tion salts have also been studied and the results
summarized in a recent review article.*® Despite
this massive structural investigation, however, the
conditions to obtain suitable crystalline materials are
still unknown to the point that Bock and collabora-
tors conclude their review by stating that “we cannot
disguise our dissatisfaction with regard to the ques-
tion ‘what crystallizes, how, and why?' ”.180

A recent development of the alkali metal structural
chemistry which falls in the realm of supramolecular
studies is the preparation of so-called “lipophilically
wrapped polyion aggregates” which are composed of
a cluster nucleus of cations (or anions) surrounded
but a predominant and largely impenetrable
hydrocarbon skin. This latter coverage affords ki-
netic stability to the system, whereas the inner
cluster provides thermodynamic stability. The rea-
son for discussing this particular result here is that
these materials are obtained directly via self-orga-
nization in crystalline form. Polyions such as
{[BaeLigoz]11+[OC(CH3)3]711‘(OC4H3)3)} and {[Na]6+-
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[H120C144024(OP)2N]~} have been isolated and char-
acterized.'®!

B. lonic Systems and Electrostatic Templates

The strategy chosen by Fagan and Ward and their
collaborators for the engineering of ionic networks
is based on the development of ions that could serve
as electrostatic templates for the self-assembly of
molecules into crystalline molecular salts.'®? The
idea of electrostatic templating stems from the rec-
ognition that the shape of a molecule as well as of a
molecular ion defines possible interlocking motifs.

As discussed above the packing of neutral mol-
ecules is a multisolution problem because of the
presence of numerous but relatively weak intermo-
lecular interactions between molecules in the solid
state. The van der Waals interactions are active at
short range but are essentially nondirectional. Even
when more directional bonds are involved, say in
hydrogen bonding, molecules will tend to pack in a
manner that optimizes space filling, that is by
compromising between optimization of van der Waals
and electrostatic interactions. Electrostatic templat-
ing introduces constraints to the crystal build-up
sequence since anions and cations need to organize
in a way that maintains electroneutrality. The
topology of the template depends on the shape and
geometry of cations and anions as well as on the
spatial arrangements of the positive and negative
charges. This is fundamental if one wants to syn-
thesize crystals with manipulable properties such as
conductivity and magnetism. Molecules with local-
ized charges are better suited for this goal than
flexible molecules with charge delocalization because
the behavior of structurally nonrigid systems is less
predictable. Another important prerequisite is that
of attaining control on the spacing between charges
in order to fit anions and cations into a predefined
crystal architecture avoiding at the same time net-
work interpenetration. Charge-transfer complexes
are commonly prepared by in situ electron transfer
between donor and acceptor or by electrochemical
crystallization, this latter method permitting the
preparation of high quality crystals.'®3

The organometallic fragment [(#°-CsMes)Ru]t has
been used as precursor because of its great ability to
bind to arenes. By using this building block one-,
two-, and three-dimensional systems have been con-
structed. A zero-dimensional topology is obtained in
the adduct formed by [(#°-CsMes)Ru]™ with ben-
zene.'82 Higher degrees of organization are attained
by synthesizing polycations. Binding of multiple [(#°-
CsMes)Ru]* fragments to arene ligands constrained
to a linear array leads to monodimensional ag-
gregates, as in the case of the paracyclophane com-
plex [((7°>-CsMes)Ru)z(paracyclophane)]?*, or in other
similar polycations with different charges. Two-
dimensional geometry has been attained with p-
guaterphenyl and p-sexiphenyl as arene ligands.
These provide zigzag arrangements of four and six
positive charges. The extension to three dimensions
has been attained by using tetrahedral tetraphenyl
complexes of group 14 of the type [{ (#>-CsMes)Ru(18-
CsHs)}4E]*T (E = C, Si, Ge, Sn, Pb) while an octahe-
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dral array of charges has been obtained by reaction
of the [(#°>-CsMes)Ru]* fragment with hexa(p-meth-
oxyphenoxy)benzene. Eight positive charges ar-
ranged in an almost cubic structure are present in
the triflate salt of the polycation [{(7°-CsMes)Ru(#®-
p-M9C6H4)}3Si8012]8+.

C. Architecture of Transition Metal Cluster Salts

Most high nuclearity transition metal carbonyl
clusters are ions. This is not surprising since the
solubility of neutral species of high nuclearity is very
limited. Isolation and characterization of neutral
species is hampered by the difficulty of obtaining good
quality crystals. As a consequence, a large portion
of the structural chemistry of transition metal clus-
ters is based on salts. These materials have char-
acteristics somewhat halfway between those of true
Kitaigorodsky molecular crystals (those formed with
molecular entities that can be distinguished on the
basis of interatomic separations) and those of ionic
salts (those constituted with small ions surrounded
by counterions and held together by Coulombic
forces). For instance, it has been reported that high
nuclearity cluster anions of Os, Pt, and Pd show
magnetic properties that are intermediate between
those of dispersed metals and those of bulk metals.'8*

The terms “molecular salt” or “soft salt” have been
suggested®® to designate materials in which the
component particles are ions of opposite sign but
which interact essentially via van der Waals interac-
tions. Interestingly, the crystal engineering concept
is implied in the work of Basolo who recognized the
importance of crystal stabilization long ago. He
stated that large cations are stabilized by large
anions possibly of the same but opposite charge and
that “better results (in the crystallization) are ex-
pected if the counterion has a compact spherical
shape similar to that of the metal complex to be
stabilized”.18

Carbonyl cluster anions form crystals in which the
counterion size and shape determines the type of
anion aggregation. These molecular salts can be
regarded essentially as mixed molecular crystals
whose components are packed in the lattice according
to the same rules which govern the packing of neutral
molecules in single component systems. Since the
ionic charge is usually small (—1 or —2, rarely higher)
the large dimension of the cluster anions, together
with a homogeneous ligand distribution, leads to
effective delocalization of the charge, so that repul-
sion between neighboring anions is seemingly ir-
relevant to the packing. The general rule is relatively
simple: small cations favor one-dimensional or two-
dimensional aggregation of the anions, whereas when
both ions have comparable sizes and nearly spherical
shapes, the crystal is constructed as a mixed system
in which anions and cations are distributed as van
der Waals particles.’®® When the homogeneous charge
distribution over the surface of a polycarbonyl anion
is perturbed by the presence of more polar ligands
(halides, cyanates, thiocyanates), the distribution of
the ions in the crystal tends toward the insulation
of the polar groups either by direct ion pairing
between the cations and the polar ligand(s), or by
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trapping and insulating the polar ligands face-to-face
within a cage of counterions. These two apparently
alternative solutions achieve a common result: the
problem of packing soft ions is reduced to that of
packing large aggregates of the van der Waals
type.187

D. Organic—Organometallic Crystal Engineering

We have discussed at length how some degree of
control on the aggregation process of organometallic
ions to yield predetermined packing arrangements
can be attained by using strong and possibly multiple
hydrogen bonding. When the hydrogen-bonding in-
teractions are not strong enough (as in the case of
C—H---0 bonds, for example) or when the shape of
the molecules or ions are not suited for efficient
interlocking then crystal design becomes more dif-
ficult and the results often unpredictable. One way
to circumvent these difficulties is to reinforce the
electrostatic component of weak hydrogen bonds by
using ions of opposite charges.

These ideas have been exploited in devising mixed
systems constituted of supramolecular organic anions
and organometallic cations. Organo-organometallic
crystals have been constructed by utilizing two basic
concepts of molecular modeling: (i) the shape analogy
between organic molecules and those organometallic
molecules which carry the same organic fragments
as ligands and (ii) the complementary role of strong
and directional hydrogen bonds (such as O—H---0)
to selectively and tightly link together organic mol-
ecules and of diffuse networks of weak C—H---O
hydrogen bonds and anion—cation interactions to link
the organic and organometallic fragments in the
crystal.

The design, synthesis, and characterization of
supramolecular aggregates between the paramag-
netic cations [(i%-arene),Cr]* (arene = benzene and
toluene) and 1,3-cyclohexanedione (CHD) has been
reported.'®® The aggregation of the CHD system in
superanions and/or in extended hydrated aggregates
are based on strong hydrogen bonds, whereas the
interaction between organic aggregates and the or-
ganometallic complexes is based on weak C—H---O
hydrogen bonds reinforced by the different polarity.'8°
In the cases of [(7%-CeHe).Cr][(CHD)4] and of [(15-
CeHsMe),Cr][(CHD);] the crystals are held together
by O—H---O hydrogen bonds between the supramo-
lecular [(CHD);] +(CHD); and [(CHD);]~ anions and
by C—H---O hydrogen bonds between the anions and
the organometallic cations as shown in Figures 28
and 29, respectively. The bis-benzene chromium
aggregate bears a close relationship with the CHD
cyclamer prepared by Etter by crystallization of the
dione from a benzene solution.%°

The participation of a third partner, namely the
water used as solvent in the crystallization process
led to other supramolecular aggregates.8818% The
crystal of the hydroxide [(#%-C¢He).Cr][OH]-3H,0
shows the importance of C—H-:-+Oyater interactions
and affords a remarkable example of the supermol-
ecule—crystal analogy: the noncovalent aggregation
of water and of two simple ions such as OH™ and [(#®-
CsHe)2Cr]™ generates a highly specialized superstruc-
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Figure 28. The network of O—H---O and C—H---O hydro-
gen bond interactions in crystalline [(#5-CsHe)2Cr][(CHD).,].
Note how two organometallic [(#5-CsHs).Cr*] cations are
encapsulated between two “horseshoe”-shaped supramo-
lecular [(CHD);] +(CHD), anions.

Figure 29. The network of C—H---O hydrogen bond
interactions in crystalline [(%-C¢HsMe),Cr][(CHD),]. (Re-
printed from ref 188. Copyright 1997 American Chemical
Society.)

ture in which layers of opposite sign alternate and
result in a system with sides of completely different
chemical composition. The hydrated hydroxide is
constituted with a stacking sequence of layers con-
taining [(175-CsHe)Cr]* cations intercalated between
layers of water molecules and OH™ groups (see Figure
30a). The {[OH]-3H,0}, layer is formed of a slightly
puckered hexagonal network containing three water
molecules and one OH™ group per formula unit, with
the O atoms hydrogen bonded to three neighbors. The
interlayer link is provided by three C—H---O interac-
tions between each crystallographically independent
oxygen atom and the benzene ligands above and
below the hydrated layers.'®% The structure of the
hydrated [(#5-CsHg)Cr][CHD]-3H,0 salt is related to
that of the hydroxide [(175-CsHs)>Cr][OH]-3H,0. The
CHD system terminates the hexagonal water layers
via O(water)H---O(CHD) links. The resulting pack-
ing arrangement is reminiscent of that of the hy-
droxide, being composed of a stacking sequence of
cations and of strings containing water and CHD~
anions (see Figure 30b).

An analogous crystal synthesis strategy has been
used to build honeycomb-type organic frameworks
around the organometallic cation [(#°-CsHs),Co]™.
D,L-tartaric acid, for example, affords different crys-
talline materials depending on the stoichiometric
ratio [(7°-CsHs).Co]/tartaric acid and on the solvent
of crystallization.’®'@ The architecture of crystalline
[(15-CsHs),Co] T[(D,L-tartaric acid),] "~ is constitued of
an hexagonal superanion molded around the cobal-
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Figure 30. (a) The stacking sequence of layers formed by
[(#5-CeHe)2Cr]* cations intercalated with layers of {[OH]-
3H,0}, in the crystalline hydroxide [(#%-CsHe).Cr][OH]:
3H,0 (a). Intercalation of [(#5-CsHg).Cr]* cations with
strings of [CHD]-3H,0 (b). (Reprinted from ref 188. Copy-
right 1997 American Chemical Society.)
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Figure 31. Space-filling representation of the anionic
honeycomb framework formed by tartaric acid in crystalline
[(#°-CsHs).Co] [(D,L-tartaric acid);]-, the cobalticinium
cations pile inside the channels. (Reprinted from ref 191a.
Copyright 1997 Royal Society of Chemistry.)

ticinium cation as shown in Figure 31. When enan-
tiomerically pure L-tartaric acid or L-benzoyltartaric
acid are used, chiral frameworks are obtained, thus
opening the way to the engineering of chiral crystals
containing organometallic ions or molecules carrying
delocalized electron systems and/or aligned spin
systems, 1910

The design criteria utilized to obtain both cyclo-
hexanedione and tartaric acid aggregates can be
summarized as follows: (i) strong donor/acceptor
hydrogen bonding groups on the organic but not on
the organometallic fragments for the selective self-
assembling of the former fragments; (ii) a large
number of acidic C—H groups, such as those carried
by arene and cyclopentadienyl ligands, to make use
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of the “free” hydrogen-bonding acceptor sites on the
organic framework; (iii) opposite charges on the two
types of fragment to reinforce the C—H---O hydrogen-
bonding interactions which hold together the organic
superstructure around the organometallic cations.

VIIl. Materials

This section will review some important results
obtained in the construction of ‘organometallic crys-
tals with a purpose’, i.e., of those systems in which
the molecular or ionic organization is related to
physical properties of the crystalline material. Many
of these systems were devised at a time when crystal
engineering and materials chemistry (of molecular
aggregates) were rather separated fields of research
with very little mutual awareness. As pointed out
in the Introduction, the two fields were awaiting the
cultural bridge now provided by supramolecular
chemistry.

A. Molecular-Based Magnetic Materials and
Charge-Transfer Salts

The construction of molecular-based magnetic ma-
terials is one of the most attractive areas of investi-
gation. The term “molecular” here also serves to
indicate that use is made of the synthetic methods
of solution chemistry.1® The magnetic behavior of a
crystalline material depends on the ability of as-
sembling molecular building blocks in low-dimen-
sional aggregates with a nonzero resulting spin in
the ground state and by coupling these aggregates
in two- or three-dimensional systems in a ferromag-
netic fashion. Although there are many important
review articles available that provide a detailed
treatment of magnetism and meta-magnetism, it is
useful to briefly discuss this subject in the present
context because magnetism depends on the arrange-
ments of ions in the crystal structure.1931%

In general, the stabilization of ferromagnetic in-
teractions within donor/acceptor complexes requires
the formation of a one-dimensional (D+A-D+A:-+)
structure comprised of alternating cation donor (D)
and anion acceptors (A) (the so-called linear-chain
paradigm). Ever since the observation that various
TCNQ (TCNQ = 7,7,8,8-tetracyano-p-quinodimethane)
salts form conducting linear chains, many organo-
metallic materials based on this anion have been
isolated and the magnetic and electrical conductivity
behaviors were established. The first report of high
electrical conductivity of 1.2 ferrocene complexes of
TCNQ goes back to 1962.1% Experimental evidence
for bulk ferromagnetic behavior in molecular based
crystals has been accumulated over the past 20 years
on a number of electron-transfer salts based on
TCNQ, or TCNE (tetracyanoethylene) anions. In
1979 [(°-CsMes),Fe][TCNQ] was shown to exhibit a
high-moment ferromagnetic state above 1600 Oe and
the crystal structure was shown to be composed of
linear chains.1°61%7 For the first time, bulk ferro-
magnetic behavior has been observed below the
critical (Curie) temperature Tc of 4.8 K for [(#°-Cs-
ME5)2FE][TCNE].198

Another interesting acceptor system is hexacyan-
otrimethylenecyclopropanide [C3(C(CN),)s]~ that has
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Figure 32. Perspective projection of the ion organization
in the crystal of [C3(C(CN),)s] [(78-CsHzMe3) Fe]? .
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Figure 33. In the crystal structure of the paramagnetic
salt of [Mo4(17°CsH4Pri)(S,4)]* the TCNQ anions are arranged
in ribbons separated by cluster cations (the ligands on the
clusters have been omitted for clarity).

been used in conjunction with [(°-CsMes),Fe]* and
[(78-CsH3Me3)Fe]? to prepare extended linear chain
compounds.'®® This latter compound is isostructural
with the ruthenium analogue [(#8-CsH3Me3),Ru]?*.
Ward®®® was able to show that the difference in
charge-transfer absorption energies between the two
complexes is equivalent to the difference in the
reduction potentials of the cations in solution. A
similar relationship has been observed between salts
of the [is0-C4(CN)g]?~.2%% The monoclinic C2/c crystal
form of [(#5-CsMes),Fe]* [C3(C(CN)y)s]~ is shown in
Figure 32,199

Two polymorphic forms of the complex [(7°-CsMes),-
Ru(#8-CsMeg)][TCNQ] have been prepared by direct
metatesis of an acetonitrile solution of [(#5-Cs-
Mes)Ru(r8-CsMeg)]* with TCNQ.*2 The two crystals
have very different packing arrangements of the
component ions. The green phase is nearly isomor-
phous with the crystal structure of the salt [(#°-Cs-
Mes).Fe][TCNQ]?° in which the ions form a one-
dimensional motif ...D+A-D+A-D+A.... The purple
phase possesses instead discrete D+A- -A-D+ frag-
ments arranged in a herringbone fashion.

TCNQ has also been used to crystallize metal
clusters cations of Mo, Fe, and Cr. In the crystal
structure of the paramagnetic salt of [Mo4(17°CsHy-
Pri)(S4)]* the TCNQ anions are arranged in ribbons
separated by cluster cations (see Figure 33). The
ribbon arrangement is unusual for TCNQ, which tend
to form stacks as seen above for the metallocenium
salts. This difference very likely depends on the size
of the cluster cations.?%!

The study of the electron-transfer salts based on
the structures of [(7°-CsMes),Fe][TCNQ] and [(#°-Cs-
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Mes),Fe][TCNE] has been extended to perfluorinated
[TCNQF,].292203 Crystalline [(1°-CsHs),Fe][ TCNQF4]
and [(#°>-CsHs).Fe]o[TCNQF4]s have been investigated
by ESR and 5"Fe Mossbauer spectroscopy.?9?

Recently, recrystallization of the 1:1 precipitate of
[(#5-CsMes),Ni]" with [TCNQF,4] in MeCN has af-
forded two phases, one of which has been character-
ized by diffraction, showing the unexpected formation
of a polymeric anion constituted of [HTCNQF,]~
anions linked by a C—H-+-N hydrogen bond between
a protonated C atom of the TCNQF, unit and the N
atom of one of the CN groups.?%*

B. Conductors and Superconductors

As discussed above crystals formed of a stacking
sequence of electron donor/acceptor systems are well-
suited for magnetism and metamagnetism. How-
ever, magnetism and superconductivity are inti-
mately related so that systems of this type are often
also conductors and superconductors. One may
wonder how the characteristics typical of a metal
(conductivity) will mingle with those typical of an
organic system (insulation) in an orgametallic sys-
tem. The majority of organic molecules are electrical
insulators (i.e., an electrical conductivity ¢ < 10—14
Q-1 cm™1). The conductivity of a small number of
organic systems can be thermally activated, while in
few cases, low-temperature superconductivity has
been observed. Today most organic superconductors
are based on chalcogen-containing compounds.?®
Indeed one of the earliest organic metals is the solid-
state complex in which the donor is TTF (tetrathiof-
ulvalene) and the acceptor is TCNQ discussed above.
The TTF—TCNQ complex was shown in 1973 to
possess a high metallic conductivity (~104 Q-1 cm™?
around 55 K).2%6 Many materials containing bis-
thiolene ligands and transition metals have been
analyzed in the quest for high conducting molecular
materials.?°” Most of these systems are not organo-
metallic complexes strictly speaking, carrying sulfur-
bound Ni, Pt, Pd, and Au atoms, but are related to
the above discussion in that the physical property
depends on the formation of stacks that permit
intermolecular or interlayer S---S contacts. The
compound {«-(ET),Cu[N(CN).]Br} is an ambient pres-
sure superconductor with a transition temperature
of 12.5 K.208

Organometallic molecular conductors based on this
approach have also been synthesized. The complexes
[(DIETS)sM(CN)4] (M = Ni, Pd, Pt; DIETS = diiodo-
ethylenedithiodithiadiselenafulvalene) have been
shown to aggregate in the solid state via I-NC
interactions. These interactions are responsible for
holding together the donor/acceptor system in stacks
and for the metallic conductivity property (>80—100
K).2%° A similar behavior has been observed by using
IEDT (iodoethylenedithiotetrathiafulvalene) as do-
nor.210

The complex of bis(ethylenedithio)tetrathiaful-
valenium with [CuCl,] consists of alternating stacks
of organic cations and inorganic anions, the former
consisting of side-by-side stacks of BEDT-TTF each
bearing the same charge of 2/3™. The crystalline
material is metallic from room temperature to 200
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mK, without transition to superconducting behav-
ior.21!

The nonlinear optical response of a solid materials
and their crystal architecture are also intimately
related. The phenomenon of frequency doubling (or
tripling) has become such an important technological
issue in solid-state chemistry that many important
research groups are actively working on this subject.
The relationship between crystal structures and NLO
response, in particular the requirements for obtaining
a noncentrosymmetric crystal, will be discussed
below. In the context of this section, it is only
important to mention that many organometallic
materials with NLO properties are salts. This is not
surprising since Coulombic interactions between
counterions in salts can be very effective in stabilizing
otherwise unfavorable orientations of the NLO chro-
mophores. Some examples will be discussed below.

C. Organometallic Materials for Nonlinear Optical
Applications

The engineering of materials for nonlinear optical
applications is one of the major issues of current
materials chemistry.?'2213  Among the established
design criteria for the construction of molecule-based
nonlinear optical materials (polarizable molecules,
donor/acceptor asymmetric charge distribution, sz-con-
jugation) the absence of a center of symmetry in the
crystal structure is of more direct concern in this
review. The design of noncentrosymmetric crystal
represents a substantial chemical challenge.

The interaction of an electromagnetic field with
matter produces a polarization effect that causes an
instantaneous displacement of the electron density
away from the nucleus thus resulting in an induced
dipole because of the charge separation. With small
field the strength of the applied field is proportional
to the charge displacement from the equilibrium
position and is accounted for by the relationship P
(polarization) = oE, where E is the electric field, and
o the linear polarizability of the molecule or atom. If
the field oscillates with a frequency then the induced
polarization will have the same frequency and phase
if the response is instantaneous. When a molecule
is subjected to a laser light, i.e., to a very intense
electric field, the polarizability can be taken out of
the linear regime. The nonlinear polarization can be
expressed by a relationship similar to the one above
in which additional terms are introduced, P = oE +
BE? + yE® where B and y are the first and second
molecular hyperpolarizabilities. Importantly, g is
nonzero in the absence of an inversion center. It is
not within the scope of this article to review the
enormous efforts made in this area. The excellent
papers quoted in ref 214 are more than sufficient to
provide the necessary input information to the reader.

Organometallic compounds are appealing candi-
dates for the investigation of NLO properties for the
following reasons: (i) the diversity of oxidation states
allowing for great possibilities for redox ability, a
property that leads to large molecular hyperpolariz-
ability; (ii) the presence of low-energy excited states
that can be reached simply by electron transfer from
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the metal centers to the ligands; (iii) structural
variability allowing a great diversity of aromatic and
m-delocalized systems to be bound to the metals; and
(iv) both metal centers and ligands giving chiral
centers that would allow crystallization in noncen-
trosymmetric space groups.

Over the past few years interest in organometallic
systems for NLO applications has risen greatly since
the report by Green et al. that the ferrocene deriva-
tive cis-[1-ferrocenyl-2-(4-nitrophenyl)ethylene] has
an excellent second harmonic generation efficiency
62 times that of the urea reference.?*> The molecules
crystallize in the noncentrosymmetric space group Cc
and are packed in such a way that preserves the
molecular dipole. This initial report caused a surge
of interest in ferrocene derivatives also in view of the
very extensive organic chemistry of the ligand and
of the relative stability of most complexes in air.

Kanis, Ratner, and Marks suggest?'? that the best
candidates for high NLO response are organometallic
molecules that either possess spectroscopically in-
tense metal-to-ligand or ligand-to-metal charge trans-
fer or complexes where the metal atom is between
an electron-donor and an electron-acceptor ligand.
Bimetallic compounds exhibiting low-energy charge-
transfer bands may also reveal interesting NLO
behavior.

The most studied classes of organometallic materi-
als for NLO applications are metallocenes, metal
carbonyls, and metal carbonyl pyridine complexes
and octahedral and square-planar complexes. In
addition several other classes of coordination com-
pounds have been investigated, such as substituted
silane complexes, metal-containing organic acetylene
complexes, metal dithiolene complexes as well as
phthalocyaninato complexes and thiophenes. These
systems have been recently reviewed?'?® and only
some selected systems, for which a full crystal
structure determination has been carried out, will be
described in some detail.

Neutral ferrocene and ruthenocene derivatives
have been studied extensively?'® because the aro-
matic character of the cyclopentadienyl ligand and
the propensity of the metal center to undergo redox
chemistry suggest facile charge-transfer behavior
when the metallocene is conjugated with an electron-
acceptor system. Indeed one of the most efficient
NLO response is shown by the crystalline complex
cis-1-ferrocenyl-2-(4-nitrophenyl)ethylene mentioned
above.?Y’

The largest second-harmonic generation powder
efficiency of metallocene derivatives is shown by the
organometallic salt of formula [(15-CsHs)Fe(17°-CsHy)-
CH=CH(4-CsH4N-1-CHgz]*[I"] with an NLO response
220 times that of urea. To ascertain how the change
in counterion size and shape could alter the NLO
response the anions [Br7], [CI7], [BF4], [NOsT],
[PFs7], [CF3SOs7], [BPhs7] were all tested, and
second-harmonic generation efficiencies were mea-
sured on powder samples. The halide salts were
those which gave the largest effect in the order [I7]
> [Br~] while the [CIT] salt is thought to be cen-
trosymmetric because the response is zero. Only the
crystal structure of the [NO3™] salt could be deter-
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Figure 34. The crystal structure of [(#3-CsHs)Fe(;7°-CsH,)-
CH=CH(4-CsHN-1-CH3]*[ NO;~].

mined by single-crystal X-ray diffraction. The crystal
is noncentrosymmetric (see Figure 34) and the fer-
ricinium complex packs with the Fe:--N vector prop-
erly aligned along the c¢ axis of the cell. The nitrate
salt has a second-harmonic generation efficiency 110
times that of the urea reference. The substitution
of ruthenium for iron decreases the NLO efficiency
because ruthenium is comparatively less electron rich
and therefore a poorer electron donor than iron.?!8

Complexes of the type [M(PEt3)2(X)] (M = Pd, Pt,
and X = Br and I) have been shown to form polar
crystals with NLO response. The structure of the |
derivative could be determined by single-crystal
X-ray diffraction in the space group Cmc2; with the
dipoles at almost right angle with respect to each
other but all pointing in the same direction with
respect to the polar axis. Intermolecular I---H in-
teractions of 2.98 A (i.e., much shorter than the van
der Waals radii, 3.25 A) indicative of the participation
of hydrogen bonding in the crystal structure stabili-
zation were also noted.?*® The NLO efficiency of this
complexes is 5—8 times that of urea.

D. Organometallic Inclusion Compounds for
Nonlinear Optical Applications

Polarizable organometallic molecules such as metal
arenes and arene metal carbonyl complexes which
crystallize in centrosymmetric space groups can be
“forced” in noncentrosymmetric environment by in-
clusion in a host polar lattice. Inclusion compounds
have been extensively studied.?® Inclusion hosts
such as thiourea, tris-o-thymotide, deoxycholic acid,
as well as clathrate hosts such as cyclodextrins have
been shown to be well suited for the formation of
host—guest systems with organometallic molecules
in noncentrosymmetric space groups.?? Importantly,
neither tris-o-thymotide or thiourea are noncen-
trosymmetric and, in fact, do not shown any NLO
response. It is therefore the association of guest and
host that leads to noncentrosymmetric aggregation.
Eaton et al. indeed observe that while there is
statistically ~30% probability of obtaining a noncen-
trosymmetric crystal for an organic or organometallic
molecules selected at random, the inclusion com-
pounds of the type discussed above crystallize in
polar systems in 85% of the cases.??* The inclusion
process seems to favor construction of polar struc-
tures.
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Thiourea inclusion compounds of [(15-CsHs)Cr-
(CO)3] and [(1,3-cyclohexadiene)Fe(CO)s] show an,
albeit small, second-harmonic radiation (respectively
2 and 0.4 times that of urea)??> while ferrocene—
thiourea inclusion compound??® does not have an
NLO response. Both Cr and Fe complexes form 3:1
host—guest materials although with different chan-
nel structure and packing of the organometallic
molecules. The crystal structure of the Cr complex
shows hexagonal channels formed by thiourea mol-
ecules related by 3-fold axes. The diameter of the
channels is 9.3 A and the [(#°-CsHg)Cr(CO)s] mol-
ecules are piled in the channels. In the Fe case,
although the thiourea channels are identical to the
Cr crystal, the orientation of the complexes is com-
pletely different. The arrangement is, of course,
polar in both crystals (space groups R3c and Pna2;,
respectively) but the efficiency of dipole alignment
is much greater in the former crystal than in the
latter.

The inclusion complex method appears to be an
important technique for dipolar alignment. It ap-
pears that in the lattice dipoles tend to arrange
themselves in a linear, head-to-tail sequence, rather
than in an antiparallel sequence (which would cancel
the NLO response). The antiparallel arrangement
may be prohibited by the channel structure if the
molecule carrying the dipole is cylindrical in shape
and the size of the channel is adequate. If the
dipoles, once included in the channel structure,
cannot reorientate then the polar arrangement will
be stable.

IX. Prospects for Systematic Design

The study of organometallic solids with a view to
systematic design is poised at an interesting stage.
Crystal engineering, as has been stated earlier in this
article, passes through the stages of analysis, predic-
tion, and experimentation. Although the ethos of the
subject is finally experimental, it borrows and uses
ideas freely from physical and theoretical chemistry
and also from database research which, in turn, goes
back to the bedrock of crystallographic findings over
the decades. In the context of organometallic crys-
tals, the first of the three stages, that is analysis of
structural data is now well-developed and constitutes
the major thrust of this article. The second stage,
namely the prediction of known and unknown crystal
architectures, has still not been researched in a
general sense but all indications are that much
progress is possible and will be forthcoming. The
third stage, or in other words, the use of design
principles as obtained in the two first stages to realize
predefined crystal structures in the laboratory, is still
embryonic.

The analysis of known organometallic crystal ar-
chitecture is enlivened by the structural variability
and flexibility of representative systems. At a certain
basic level, concepts that have served well organic
crystal chemistry may be used here too. These
include the principle of close packing, the varying and
contrasting importance of isotropic and directional
forces, and the possibility of polymorphism. How-
ever, what is more interesting is the manner in which
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organic and organometallic structures diverge. Con-
cepts such as back-bonding, tunable basicity, the role
of metal atoms, both electron-rich and electron-
deficient in hydrogen bonding or agostic situations,
the diffusion of charge in nominally ionic crystals and
the active involvement of uniquely organometallic
moieties in crystal cohesion make the subject of
organometallic crystal chemistry unique and distinc-
tive. The sufficiently large size of the CSD today
contributes in no small measure to the possibility of
successful structural analysis that permit conclusions
that are at the same time both “diverse and certain”.

The generation of theoretical structures in orga-
nometallic crystal engineering follows closely the
corresponding developments for organic crystals.
Rapid advances in computational techniques includ-
ing the availability of commercial software that is
tailored toward materials science (rather than bio-
logical) applications will mean that an increasing
number of organometallic systems will be handled
with confidence in the future. The generation of
model structures is closely linked to polymorphism,
a subject that is probably not as mysterious as it was
formerly deemed to be, and sustained interest in
polymorphism is in turn likely to lead to better
methods for structure modeling and computation.

And yet, it is the final stage of crystal engineering,
the actual experimentation that leads to a predesired
crystal structure (a “crystals with a purpose”) that
fully defines and justifies the “engineering” epithet.
It is pertinent to ask what could be “predesired” for
an organometallic crystal. A crystal may be identi-
fied as a target for methodological, aesthetic or, most
satisfyingly, utilitarian reasons. The successful de-
velopment of a distinct organometallic crystal engi-
neering discipline will depend critically on increased
interactions between previously separated areas of
research. These include organic and organometallic
synthesis, crystallography, and computational chem-
istry. Such a development should also lead to a
deeper understanding of the chemistry and physics
of materials.

X. Acknowledgments

D.B. and F.G. acknowledge financial support by
C.N.R., by M.U.R.S.T. and by the University of
Bologna (projects: Intelligent molecules and molec-
ular aggregates 1995—1997 and Innovative Materials
1997—-1999). G.R.D. wishes to thank the Department
of Science and Technology and the Council of Scien-
tific and Industrial Research, Government of India
for financial support. We wish to thank students and
coauthors of the papers quoted throughout this
article, in particular Drs. K. Biradha and E. Tedesco.
D.B. and F.G. thank Profs. B. F. G. Johnson and L.
Riva di Sanseverino for most needed enthusiasm,
encouragement, and help. The ERASMUS program
‘Crystallography’, the CNR—INICT bilateral project,
the Deutscher Akademischer Austauschdienst, Bonn,
and the Conferenza Nazionale dei Rettori, Roma, are
thanked (D.B. and F.G.) for scientific exchange
grants.

Braga et al.

Xl. References

(1) (a) Bein, T., Stucky, G. D., Eds. Chem. Mater. 1996, 8, 1571. (b)
Bryce, M. R., Ed. Special Issue on Molecular Assembly and
Nanochemistry. J. Mater. Chem. 1997, 1069.

(2) Ball, P. New Sci. 1995, 40. Ball, P. Nature 1996, 381, 648.

(3) Behr, J.-P. The Lock and Key Principle. The State of the Art —
100 Years on. Perspectives in Supramolecular Chemistry;
Wiley: Chichester, 1995; Vol. 1.

(4) Lehn, J. M. Angew. Chem., Int. Ed. Engl. 1990, 29, 1304. Lehn,
J. M. Supramolecular Chemistry: Concepts and Perspectives;
VCH: Weinheim, 1995.

(5) Solid State Reactivity — Past, Present and Future; (IUPAC
monograph on ‘Chemistry for the 21st Century’; Boldyrev, V.
V., Ed.; Blackwell: Oxford, 1996.

(6) Wells, A. F. Structural Inorganic Chemistry, 5th ed.; Clarendon
Press: Oxford, 1984.

(7) Desiraju, G. R. Organic Solid State Chemistry; Elsevier: Am-
sterdam, 1987.

(8) Organic Crystal Chemistry: Molecular Design, Structure, Re-
activity, and Transformation; Jones, D. W., Katrusiak, A., Ed;
Proceedings of the 9th International Symposium on Organic
Crystal Chemistry, Poznan-Rydzyna, Poland; special issue of J.
Mol. Struct. 1996, 374.

(9) (a) Sharma, C. V. K,; Desiraju, G. R. In Perspectives in Supramo-
lecular Chemistry. The Crystal as a Supramolecular Entity;
Desiraju, G. R., Ed. Wiley: Chichester, 1996. (b) Desiraju, G.
R. Crystal Engineering: The Design of Organic Solids; Elsevi-
er: Amsterdam, 1989.

(10) (a) Aakerdy, C. B. Acta Crystallogr., Sect. B 1997, B53, 569. (b)
Braga, D.; Grepioni, F. Coord. Chem. Rev., in press.

(11) (a) Robertson, J. M. Proc. R. Soc. 1951, A207, 101. (b) Schmidt,
G. M. J. Pure Appl. Chem. 1971, 27, 647.

(12) Desiraju, G. R.; Gavezzotti, A. J. Chem. Soc., Chem. Commun.
1989, 621.

(13) Pauling, L. The Nature of the Chemical Bond and the Structure
of Molecules and Crystals — An Introduction to Modern Struc-
tural Chemistry; Cornell University Press: Ithaca, NY, 1939.

(14) Kitaigorodsky, A. I. Molecular Crystal and Molecules; Academic
Press: New York, 1973.

(15) (a) Allen, F. H.; Davies, J. E.; Galloy, J. J.; Johnson, O.; Kennard,
O.; Macrae, C. F.; Watson, D. G. J. Chem. Inf. Comput. Sci. 1991,
31, 204. (b) Allen, F. H.; Kennard, O. Chem. Des. Automation
News 1993, 8, 31.

(16) Rabinowich, D.; Schmidt, G. M. J. J. Chem. Soc. (B) 1964, 144.

(17) Desiraju, G. R. Angew. Chem., Int. Ed. Engl. 1995, 34, 2311.

(18) (a) Gavezzotti, A. Acc. Chem. Res. 1994, 27, 309. (b) Gavezzotti,
A. Curr. Opin. Solid State Mater. Sci. 1996, 1, 501.

(19) Dunitz, J. D.; Orgen, L. E. Nature 1953, 171, 121. (b) Dunitz, J.
D.; Orgen, L. E.; Rich. A. Acta Crystallogr. 1956, 9, 373.

(20) (a) Albano, V. G.; Braga, D. Accurate Molecular Structures;
Domenicano, A., Hargittai, I., Eds.; Oxford University Press:
Oxford, U.K. 1991. (b) Sappa, E.; Tiripicchio, A.; Braunstein, P.
Chem. Rev. 1983, 83, 203. (c) Raithby, P. R.; Rosales, M. J. Adv.
Inorg. Chem. Radiochem. 1985, 29, 169. (d) Imhof, D.; Venanzi,
L. M. Chem. Soc. Rev. 1994, 185.

(21) (a) Cotton, F. A. Progr. Inorg. Chem. 1976, 21, 1. (b) Muetterties,
E. L.; Bleeke, J. R.; Wucherer, E. J.; Albright, T. A. Chem. Rev.
1982, 82, 499. (c) Muetterties, E. L.; Rhodin, T. N.; Band, E;
Brucker, C. F.; Pretzer, W. R. Chem. Rev. 1979, 79, 91. (d)
Transition Metal Clusters; Johnson, B. F. G., Ed.; Wiley: New
York, 1980.

(22) (a) Introduction to Cluster Chemistry; Mingos, D. M. P., Wales,
D. J., Eds.; Prentice Hall International Editions, Russell N.
Grimes: Englewood Cliffs, NJ, 1990. (b) Metal—Metal Bonds and
Clusters in Chemistry and Catalysis; Fackler, P., Jr., Ed;
Plenum Press: New York, 1989. (c) The Chemistry of Metal
Cluster Complexes; Shriver, D. F., Kaesz, H. D., Adams, R. D.,
Eds.; VCH: New York, 1990.

(23) (a) Braga, D.; Grepioni, F. Acc. Chem. Res. 1994, 27, 51. (b)
Braga, D.; Grepioni, F. Chem. Commun. 1996, 571.

(24) Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry; 5th
ed.; Wiley: New York, 1993. In this article the term “organo-
metallics” is used with a certain degree of liberality to include
also binary carbonyl complexes and some coordination com-
pounds which, although do not contain a M—C bond with an
“organic” carbon have solid-state group properties which are
similar to those or organometallic species.

(25) Comprehensive Supramolecular Chemistry; Atwood, J. L., Davies,
J. E. D., MacNicol, D. D., Voegtle, F., Eds.; Pergamon: Oxford,
1996; Vol. 11.

(26) Dance, I. G. In Perspectives in Supramolecular Chemistry. The
Crystal as a Supramolecular Entity; Desiraju, G. R., Ed;
Wiley: Chichester, 1996.

(27) Desiraju, G. R. Chem. Commun. 1997, 1475.

(28) Dunitz, J. D. In Perspectives in Supramolecular Chemistry. The
Crystal as a Supramolecular Entity; Desiraju, G. R., Ed;
Wiley: Chichester, 1996.



Crystal Engineering and Organometallic Architecture

(29) Braga, D.; Grepioni, F. Organometallics 1991, 10, 2563.

(30) Bacon, G. E.; Curry, N. E.; Wilson, S. A. Proc. R. Soc. London
Ser. A 1964, 279, 98.

(31) Keulen, E.; Jellinek, F. J. Organomet. Chem. 1966, 5, 490.

(32) Desiraju, G. R. J. Mol. Stuct. 1996, 374, 191.

(33) Braga D. Chem. Rev. 1992, 92, 369 and references therein.

(34) See for example: (a) Aime, S.; Braga, D.; Gobetto, R.; Grepioni,
F.; Orlandi, A. Inorg. Chem. 1991, 30, 951. (b) Braga, D.;
Grepioni, F.; Parisini, E. Organometallics 1991, 10, 3735. (c)
Braga, D.: Grepioni, F.; Johnson B. F. G.; Lewis, J.; Martinelli,
M. J. Chem. Soc., Dalton Trans. 1990, 1847.

(35) (a) Barrie, P. J.; Mitsopoulou, C. A.; Randall, E. W. J. Chem.
Soc., Dalton Trans. 1995, 2125. (b) Heyes, S. J.; Gallop, M. A;;
Johnson B. F. G.; Lewis, J.; Dobson, L. M. Inorg. Chem. 1991,
30, 3850. (c) Barrie, P. J.; Mitsopoulou, C. A.; Motevalli, M.;
Randall, E. W. J. Chem. Soc., Dalton Trans. 1997, 353.

(36) (a) Cotton, F. A. Inorg. Chem. 1966, 5, 1083. (b) Bullit, J. G.;
Cotton, F. A.; Marks, T. J. J. Am. Chem. Soc. 1970, 92, 2155.

(37) (a) Dorn, H.; Hanson, B. E.; Motell, E. Inorg. Chim. Acta 1981,
54, L71. (b) Hanson, B. E.; Lisic, E. C.; Petty, J. T.; lannacone,
G. A. Inorg. Chem. 1986, 25, 4062. (c) Mann, B. E. J. Chem.
Soc., Dalton Trans. 1997, 1457. (d) Johnson, B. F. G. J. Chem.
Soc., Dalton Trans. 1997, 1473.

(38) Braga, D.; Farrugia, J.; Grepioni, F.; Senior, A. 3. Chem. Soc.,
Chem. Commun. 1995, 1219.

(39) Braga, D.; Farrugia, J.; Gillon, A. L.; Grepioni, F.; Tedesco, E.
Organometallics 1996, 15, 4684.

(40) See for example: Braga, D.; Dyson, P. J.; Grepioni, F.; Johnson,
B. F. G.; Calhorda, M. J. Inorg. Chem. 1994, 33, 3218.

(41) See for example: (a) Folga, E.; Ziegler, T. J. Am. Chem. Soc.
1993, 115, 5169. (b) Veiros, L. F.; Calhorda, M. J. 3. Organomet.
Chem. 1994, 478, 37.

(42) Dunitz, J.; Bernstein, J. Acc. Chem. Res. 1995, 28, 193.

(43) (a) Bernstein, J. Organic Solid State Chemistry; Desiraju, G. R.,
Ed.; Elsevier: Amsterdam, 1987; p 471. (b) Bernstein, J.; Hagler,
A. T. J. Am. Chem. Soc. 1978, 100, 673. (c) Bernstein, J. In
Structure and Properties of Molecular Crystals; Pierrot, M., Ed.;
Elsevier: Amsterdam, 1990.

(44) (a) Cotton, F. A. Inorg. Chem. 1966, 5, 1083. (b) Bullit, J. G.;
Cotton, F. A.; Marks, T. J. 3. Am. Chem. Soc. 1970, 92, 2155. (c)
Cotton, F. A.; Hanson, B. E. Rearrangements in Ground and
Excited States; De Mayo, P., Ed.; Academic Press: New York,

=

1980; p 379.

(45) Seiler, P.; Dunitz, J. D. Acta Crystallogr., Sect. B 1979, B35,
2020.

(46) (a) Seiler, P.; Dunitz, J. D. Acta Crystallogr., Sect. B 1982, B38,

1741. (b) Takusagawa, F.; Koetzle, T. F. Acta Crystallogr., Sect.
B 1979, B35, 1074. (c) Seiler, P.; Dunitz, J. D. Acta Crystallogr.,
Sect. B 1979, B35, 1068.

(47) Braga, D.; Grepioni, F. Organometallics 1992, 11, 711.

(48) (a) Dunitz, J. D. Acta Crystallogr., Sect B. 1995, B51, 619. (b)
Dunitz, J. D. Organic Chemistry: Its Language and its State of
the Art; Kisakirek, M. V., Ed.; Verlag Basel, HCA, 1993; p 9.

(49) Palenik, G. J. Inorg. Chem. 1969, 8, 2744.

(50) Takusagawa, F.; Koetzle, T. F. Acta Crystallogr., Sect B. 1979,
B35, 2888.

(51) Braga, D.; Grepioni, F.; Johnson, B. F. G.; Dyson, P. Frediani,
P.; Bianchi, M., Piacenti, F.; Lewis, J. J. Chem. Soc., Dalton
Trans. 1992, 2565.

(52) Braga, D.; Grepioni, F.; Wadepohl, H.; Gebert, S.; Calhorda, M.
J.; Veiros, L. F. Organometallics 1995, 14, 5350.

(53) Braga, D.; Grepioni, F.; Johnson, B. F. G.; Farrugia, J. J. Chem.
Soc., Dalton Trans. 1994, 2911.

(54) Parsonage, N. G.; Staveley L. A. K. Disorder in Crystals;
Clarendon Press: Oxford, 1978.

(55) Daniel, M. F.; Leadbetter, A. J.; Meads, R. E.; Parker, W. G. J.
Chem. Soc., Faraday Trans. 1978, 74, 456.

(56) Sato, K.; Katada, M.; Sano, H.; Konno, M. Bull. Chem. Soc. Jpn.
1984, 57, 2361.

(57) Fitzsimmons, B. W.; Sayer, I. J. Chem. Soc., Dalton Trans. 1991,
2907.

(58) Fitzsimmons, B. W.; Marshall, W. G. J. Chem. Soc., Dalton
Trans. 1992, 73.

(59) (a) Braga, D.; Scaccianoce, L.; Grepioni, F.; Draper, S. M.
Organometallics 1996, 15, 4675. (b) Grepioni, F.; Cojazzi, G.;
Draper, S. M.; Scully, N.; Braga, D. Organometallics 1998, 17,
296.

(60) (a) Martinez, R.; Tiripicchio, A. Acta Crystallogr. Sect. C 1990,
C46, 202. (b) Webb, R. J.; Lowery, M. D.; Shiomi, Y.; Sorai, M.;
Wittebort, R. J.; Hendrickson D. N. Inorg. Chem. 1992, 31, 5211.
(c) Sorai, M.; Shiomi, Y. Thermochimica Acta 1986, 109, 29.

(61) Dunitz, J.; Taylor, R. Chem. Eur. J. 1997, 3, 89.

(62) (a) Wei, C. H.; Dahl, L. F. 3. Am. Chem. Soc. 1969, 91, 1351. (b)
Cotton, F. A.; Troup, J. M. J. Am. Chem. Soc. 1974, 96, 4155.

(63) (a) Churchill, M. R.; Fettinger, J. C. Organometallics 1990, 9,
446. (b) Farrugia, L. J.; Senior, A. M.; Braga, D.; Grepioni, F.;
Orpen, A. G.; Crossley, J. G. J. Chem. Soc., Dalton Trans. 1996,
631.

Chemical Reviews, 1998, Vol. 98, No. 4 1403

(64) Venaldinen, T.; Pakkanen, T. J. Organomet. Chem. 1984, 266,
269.

(65) (a) Gavezzotti, A. In Structure Correlation; Burgi, H.-B., Dunitz,
J., Eds.; VCH: Weinheim, 1994; Vol. 2, p 509. (b) Theoretical
Aspects and Computational Modeling of the Molecular Solid
State; Gavezzotti, A., Ed.; Wiley: Chichester, 1997.

(66) (a) Pertsin, A. J.; Kitaigorodsky, A. I. The Atom-Atom Potential
Method; Springer-Verlag: Berlin, 1987. (b) Westheimer, F. H.
J. Chem. Phys. 1946, 14, 73.

(67) Gavezzotti, A.; Simonetta, M. Chem. Rev. 1981, 82, 1.

(68) (a) Braga, D.; Gradella, C.; Grepioni, F. J. Chem. Soc., Dalton
Trans. 1989, 1721. (b) Braga, D.; Grepioni, F. Polyhedron 1990,
9, 53.

(69) Braga, D.; Grepioni, F.; Sabatino, P. J. Chem. Soc., Dalton Trans.
1990, 3137.

(70) (a) Scaringe, R. P. In Electron Crystallography of Organic
Molecules; Fryer, J. R., Dorset, D. L., Eds.; NATO ASI Series;
Kluwer Academic Publishers: Dordrecht, 1991; p 85. (b) Baur,
W. H.; Kassner, D. Acta Crystallogr., Sect. B 1992, B48, 356. (c)
Braga, D.; Grepioni, F. Comm. Inorg. Chem. 1997, 19, 185.

(71) Maddox, J. Nature 1988, 335, 201.

(72) Gavezzotti, A. 3. Am. Chem. Soc. 1991, 113, 4622.

(73) Karfunkel, H. R.; Gdanitz, R. J. J. Comput. Chem. 1992, 13,
1171. Gdanitz, R. J. Chem. Phys. Lett. 1992, 190, 391.

(74) Maginn, S. J. Acta Crystallogr., Sect. A 1996, A52, C79.

(75) Shoda, T.; Yamahara, K.; Okazaki, K.; Williams, D. E. J. Mol.
Struct. (Theochem) 1994, 313, 321.

(76) Perlstein, J.; Steppe, K.; Vaday, S.; Ndip, E. M. N. 3. Am. Chem.
Soc. 1996, 118, 8433.

(77) Chang, Y. L.; West, M.; Fowler, F. W.; Lauher, J. W. J. Am.
Chem. Soc. 1993, 115, 5991.

(78) Schmidt, M. U.; Englert, U. J. Chem. Soc., Dalton Trans. 1996,
2077.

(79) (a) Braga, D.; Grepioni, F.; Orpen, A. G. Organometallics 1994,
13, 3544. (b) Braga, D.; Grepioni, F.; Tedesco, E.; Orpen, A. G.
J. Chem. Soc., Dalton Trans. 1995, 1215.

(80) Braga, D.; Grepioni, F.; Sabatino, P.; Gavezzotti, A. J. Chem.
Soc., Dalton Trans. 1992, 1185.

(81) (a) Braga, D.; Grepioni, F.; Tedesco, E.; Calhorda, M. J.; Lopes,
P. J. Chem. Soc., Dalton Trans. 1995, 3297. (b) Braga, D.;
Grepioni, F.; Tedesco, E.; Dyson, P. J.; Martin, C. M.; Johnson,
B. F. G. Transition Met. Chem. 1995, 20, 615.

(82) Sironi, A. Inorg. Chem. 1992, 31, 2467.

(83) Allen, F. H.; Kennard, O.; Taylor, R. Acc. Chem. Res. 1983, 16,
146.

(84) Bernal, J. D.; Crowfoot, D. J. Chem. Soc. 1935, 93.

(85) Crystallographic Databases; Allen, F. H., Bergerhoff, G., Sievers,
R., Eds.; International Union of Crystallography: Chester, 1987.
Special Issue on Crystallographic Databases. J. Res. Natl. Inst.
Stand. Technol.; Karen, V. L., Mighell, A., Eds.; 1996, 101, p
205.

(86) See for example: Orpen, A. G.; Brammer, L.; Allen, F. H.;
Kennard, O.; Watson, D. G.; Taylor, R. J. Chem. Soc., Dalton
Trans. 1989, Supplement S1-S83 (Tables of Bond Lengths
determined by X-ray and Neutron Diffraction. Part 2. Organo-
metallic Compounds and Coordination Complexes of the d- and
f-Block Metals).

(87) Structure Correlation; Burgi, H.-B., Dunitz, J. D., Eds.; VCH:
Weinheim, 1994; Chapter 11, p 431.

(88) (a) Rowland, R. S.; Taylor, R. J. Phys. Chem. 1996, 100, 7384.
(b) Desiraju, G. R. Indian J. Chem. 1986, B25, 1.

(89) Regarding projections on CSD size: Allen, F. H. Personal
communication, 1997.

(90) (a) Abola, E. E.; Bernstein, F. C.; Bryant, S. H.; Koetzle, T. F,;
Weng, J. Protein Data Bank, in Crystallographic Databases-
Information Content, Software Systems, Scientific Applications;
Allen, F. H., Bergerhoff, G., Sievers, R., Eds.; Data Commission
of the International Union of Crystallography: Bonn, Cam-
bridge, Chester 1987; p 107. (b) Bernstein, F. C.; Koetzle, T. F.;
Williams, G. J. B.; Meyer, E. F., Jr.; Brice, M. D.; Rodgers, J.
R.; Kennard, O.; Shimanouchi, T.; Tasumi, M. The Protein Data
Bank: a Computer-based Archival File for Macromolecular
Structures. J. Mol. Biol. 1977, 112, 535.

(91) Inorganic Crystal Structure Database; ICSD: Gmelin Institute
F1Z Karlsruhe, Germany.

(92) Jeffrey, G. A.; Saenger, W. Hydrogen Bonding in Biological
Structures; Springer-Verlag: Berlin, 1991. Jeffrey, G. A. An
Introduction to Hydrogen Bonding; Oxford University Press:
New York, 1997.

(93) (a) Braga, D.; Grepioni, F.; Desiraju, G. R. J. Organomet. Chem.
1997, 548, 33. (b) Brammer, L.; Zhao, D.; Ladipo, F. T
Braddock-Wilking, J. Acta Crystallogr., Sect. B 1995, B51, 632.

(94) (a) Etter M. C. Acc. Chem. Res. 1990, 23, 120. (b) Aakerdy, C.
B.; Seddon, K. R. Chem. Soc. Rev. 1993, 397. (c) Burrows, A. D.;
Chan, C.-W.; Chowdry, M. M.; McGrady, J. E.; Mingos, D. M. P.
Chem. Soc. Rev. 1995, 329. (d) Subramanian, S.; Zaworotko, M.
J. Coord. Chem. Rev. 1994, 137, 357. (e) Zaworotko, M. J. Nature
1997, 386, 220.



1404 Chemical Reviews, 1998, Vol. 98, No. 4

(95) (a) Bernstein, J.; Davis, R. E.; Shimoni, L.; Chang, N.-L. Angew.
Chem., Int. Ed. Engl. 1995, 34, 1555. (b) Bernstein, J.; Etter,
M. C.; Leiserowitz, L. In Structure Correlation; Burgi, H.-B.,
Dunitz, J. D., Eds.; VCH: Weinheim, 1994; p 431.

(96) Meot-Ner (Mautner), M. J. Am. Chem. Soc. 1984, 106, 1257.

(97) Meot-Ner (Mautner), M.; Sieck, L. W. J. Am. Chem. Soc. 1986,
108, 7525.

(98) (a) Gilli, G.; Bellucci, F.; Ferretti, V.; Bertolasi, V. 3. Am. Chem.

Soc. 1989, 111, 1023. (b) Bertolasi, V.; Gilli, P.; Ferretti, V.; Gilli,

G. J. Am. Chem. Soc. 1991, 113, 4917. (c) Gilli, G.; Bertolasi,

V.; Ferretti, V.; Gilli, P. Acta Crystallogr., Sect. B 1993, B49,

564. (d) Bertolasi, V.; Gilli, P.; Ferretti, V.; Gilli, G. Chem. Eur.

J. 1996, 2, 925.

Braga, D.; Grepioni, F.; Sabatino, P.; Desiraju. G. R. Organo-

metallics 1994, 13, 3532.

(100) Biradha, K.; Desiraju, G. R.; Braga, D.; Grepioni, F. Organome-
tallics 1996, 15, 1284.

(101) Brock, C. P.; Duncan, L. L. Chem. Mater. 1994, 6, 1307.

(102) (a) Pearson, A. J.; Mallik, S.; Mortezaei, R.; Perry, M. W. D;
Shively, R. J.; Youngs; W. J. 3. Am. Chem. Soc. 1990, 112, 8034.
(b) Tenhaeff, S. C.; Tyler, D. R.; Weakley, T. J. R. Acta
Crystallogr., Sect. C, Cryst. Struct. Commun. 1992, C48, 162.

(103) Gentric, E.; Le Borgne, G.; Grandjean, D. J. Organomet. Chem.
1978, 155, 207.

(104) (a) Walther, D.; Klettke, T.; Schmidt, A.; Gorls, H.; Imhof, W.
Organometallics 1996, 15, 2314. (b) Walther, D.; Klettke, T.
Angew. Chem., Int. Ed. Engl. 1995, 34, 1860. (c) Walther, D.;
Klettke, T.; Imhof, W.; Gorls, H. Z. Anorg. Allg. Chem. 1996,
622, 1134. (d) Walther, D.; Schmidt, A.; Klettke, T.; Imhof, W.;
Gorls, H. Angew. Chem., Int. Ed. Engl. 1994, 33, 1373.

(105) Braga, D.; Grepioni, F.; Walther, D.; Heubach, K.; Schmidt, A.;
Imhof, W.; Gorls, H.; Klettke, T. Organometallics 1997, 16, 4910.

(106) (a) Ferguson, G.; Gallagher, J. F.; Glidewell, C.; Zakaria, C. M.
J. Chem. Soc., Dalton Trans. 1993, 3499. (b) Glidewell, C.; Klar,
R. B.; Lighfoot, P.; Zakaria, C. M.; Ferguson, G. Acta Crystallogr.,
Sect. B 1996, B52, 110 and references therein.

(107) (a) Berkovitch-Yellin, Z.; Leiserowitz, L. Acta Crystallogr., Sect.
B 1984, B40, 159. (b) Taylor, R.; Kennard, O. J. Am. Chem. Soc.
1982, 104, 5063.

(108) (a) Desiraju, G. R. Acc. Chem. Res. 1986, 19, 222. (b) Desiraju,
G. R. Acc. Chem. Res. 1991, 24, 290. (c) Gavezzotti, A. J. Phys.
Chem. 1991, 91, 8948. (d) Desiraju, G. R. Acc. Chem. Res. 1996,
29, 441.

(109) (a) Steiner, T. Cryst. Rev. 1996, 6, 1. (b) Steiner, T. Chem.
Commun. 1997, 727.

(110) Steiner, T. J. Chem. Soc., Chem. Commun. 1994, 101.

(111) Braga, D.; Grepioni, F.; Biradha, K.; Pedireddi, V. R.; Desiraju,
G. R. J. Am. Chem. Soc. 1995, 117, 3156.

(112) Desiraju, G. R. J. Chem. Soc., Chem. Commun. 1990, 454.

(113) Braga, D.; Grepioni, F.; Calhorda, M. J.; Veiros, L. F. Organo-
metallics 1995, 14, 1992.

(114) Braga, D.; Grepioni, F. 3. Chem. Soc., Dalton Trans. 1993, 1223.

(115) Renouard, C.; Rheinwald, G.; Stoeckli-Evans. H.; Suss-Fink, G.;
Braga, D.; Grepioni, F. J. Chem. Soc., Dalton Trans. 1996, 1875.

(116) (a) Shriver, D. F. J. Organomet. Chem. 1975, 94, 259. (b)
Horwitz, C. P.; Shriver, D. F. Adv. Organomet. Chem. 1984, 23,
218.

(117) Darensbourg, M. Y. Progr. Inorg. Chem. 1985, 33, 221.

(118) For an updated discussion of the solid-state data available on
the participation of the CO ligand in hydrogen bonding see
Braga, D.; Grepioni, F. Acc. Chem. Res. 1997, 30, 81.

(119) Braga, D.; Grepioni, F.; Tedesco, E.; Gebert, S.; Wadepohl, H.
J. Chem. Soc., Dalton Trans. 1997, 1727.

(120) Leung, P.; Coppens, P.; McMullan, R. K.; Koetzle, T. F. Acta
Crystallogr., Sect. B 1981, B37, 1347.

(121) Clemente, D. A,; Biagini, M. C.; Rees, B.; Herrmann, W. A. Inorg.
Chem. 1982, 21, 3741.

(122) Beno, M. A.; Williams, J. M.; Tachikawa, M.; Muetterties, E. L.
J. Am. Chem. Soc. 1981, 103, 1485.

(123) Wadepohl, H.; Braga, D.; Grepioni, F. Organometallics 1995, 14,
24.

(124) (a) Pearson, R. G. Chem. Rev. 1985, 85, 41. (b) Shriver, D. F.
Acc. Chem. Res. 1970, 3, 231.

(125) (a) Crabtree, R. H.; Holt, E. M.; Lavin, M.; Morehouse, S. M.
Inorg. Chem. 1985, 24, 1986. (b) Brookhart, M.; Green, M. L.
H.; Wong, L.-L. Prog. Inorg. Chem. 1988, 36, 1. (c) Crabtree, R.
H. Angew. Chem., Int. Ed. Engl. 1993, 32, 789.

(126) (a) Janowicz, A. H.; Bergman, R. G. J. Am. Chem. Soc. 1983,
105, 3929. (b) Crabtree, R. H. Chem. Rev. 1985, 85, 245.

(127) Epstein, L. M.; Krylov, A. N.; Kreindlin, A. Z.; Rybinskaya, M.
l.; Shubina, E. S. J. Mol. Struct. 1993, 301, 1.

(128) (a) Kazarian, S. G.; Hamley, P. A.; Poliakoff, M. J. Chem. Soc.,
Chem. Commun. 1992, 994. (b) Kazarian, S. G.; Hamley, P. A;;
Poliakoff, M. J. Am. Chem. Soc. 1993, 115, 9069.

(129) Braga, D.; Grepioni, F.; Tedesco, E.; Biradha, K.; Desiraju, G.
R. Organometallics 1997, 16, 1846.

(130) Jai, L.; Yang, X.; Stern, C. L.; Marks, T. J. Organometallics 1997,
16, 842.

(99

N

Braga et al.

(131) Battaglia, L. P.; Corradi, A. B.; Menabue, L.; Pellacani, G. C.;
Prampolini, P.; Saladini, M.J. Chem. Soc., Dalton Trans. 1982,
781.

(132) Calderazzo, F.; Fachinetti, G.; Marchetti, F.; Zanazzi, P. F. J.
Chem. Soc., Chem. Commun. 1981, 181.

(133) Brammer, L.; McCann, M. C.; Bullock, R. M.; McMullan, R. K;;
Sherwood, P. Organometallics 1992, 11, 2339.

(134) Brammer, L.; Charnock, J. M.; Goggin, P. L.; Goodfellow, R. J.;
Koetzle, T. F.; Orpen, A. G. J. Chem. Soc., Dalton Trans. 1991,
1789.

(135) (a) Hedden, D.; Roundhill, D. M.; Fultz, W. C.; Rheingold, A. L.
Organometallics 1986, 5, 336. (b) Cecconi, F.; Ghilardi, C. A,;
Innocenti, P.; Mealli, C.; Midollini, S.; Orlandini, A. Inorg. Chem.
1984, 23, 922.

(136) (a) Wehman-Ooyevaar; I. C. M.; Grove, D. M.; van der Sluis, P;
Spek, A. L.; van Koten, G. J. Chem. Soc., Chem. Commun. 1990,
1367. (b) Wehman-Ooyevaar; I. C. M.; Grove, D. M.; Kooijman,
H.; van der Sluis, P.; Spek, A. L.; van Koten, G. 3. Am. Chem.
Soc. 1992, 114, 9916.

(137) Wehman-Ooyevaar; I. C. M.; Grove, D. M.; de Vaal, P.; Dedieu,
A.; van Koten, G. Inorg. Chem. 1992, 31, 5484.

(138) Jai, L.; Yang, X.; Stern, C. L.; Marks, T. J. 3. Am. Chem. Soc.
1994, 116, 10015.

(139) Epstein, L. M.; Krylov, A. N.; Shubina, E. S. J. Mol. Struct. 1994,
322, 345.

(140) Braga, D.; Grepioni, F.; Tedesco, E.; Biradha, K.; Desiraju, G.
R. Organometallics 1996, 15, 2692.

(141) Teller, R. G.; Bau, R. Struct. Bond. (Berlin) 1981, 44, 1.

(142) Bau, R.; Teller, R. G.; Kirtley, S. W.; Koetzle, T. F. Acc. Chem.
Res. 1979, 12, 176.

(143) (a) Dawoodi, Z.; Martin, M. J. J. Organomet. Chem. 1981, 219,
251. (b) Churchill, M. R.; Bueno, C. Inorg. Chem. 1983, 22, 1510.

(144) Braga, D.; Grepioni, F.; Biradha, K., Desiraju. G. R. J. Chem.
Soc., Dalton Trans. 1996, 3925.

(145) (a) Shubina, E. S.; Belkova, N. V.; Krylov, A. N.; Vorontsov, E.
V.; Epstein, L. M.; Gusev, D. G.; Niedermann, M.; Berke, H. J.
Am. Chem. Soc. 1996, 118, 1105. (b) Peris, E.; Lee, J. C., Jr.;
Rambo, J. R.; Eisenstein, O.; Crabtree, R. H. J. Am. Chem. Soc.
1995, 117, 3485.

(146) Fairhurst, S. A.; Henderson, R. A.; Hughes, D. L.; Ibrahim, S.
K.; Pickett, C. J. J. Chem. Soc., Chem. Commun. 1995, 1569.

(147) Wessel, J.; Lee, J. C., Jr.; Peris, E.; Yap, G. P. A; Fortin, J. B,;
Ricci, J. S.; Sini, G.; Albinati, A.; Koetzle, T. F.; Eisenstein, O.;
Rheingold, A. L.; Crabtree, R. H. Angew. Chem., Int. Ed. Eng.
1995, 34, 2507.

(148) Liu, Q.; Hoffmann, R. 3. Am. Chem. Soc. 1995, 117, 10108.

(149) (a) Stevens, R. C.; Bau, R.; Milstein, D.; Blum, O.; Koetzle, T. F.
J. Chem. Soc., Dalton Trans. 1990, 1429. (b) Milstein, D
Calabrese, J. C.; Williams, J. D. 3. Am. Chem. Soc. 1986, 108,
6387.

(150) Brammer, L.; Klooster, W. T.; Lemke, F. R. Organometallics
1996, 15, 1721.

(151) (a) Davies, P. J.; Veldman, N.; Grove, D. M.; Spek, A. L.; Lutz,
B. T. G.; van Koten, G. Angew. Chem., Int. Ed. Engl. 1996, 35,
1959. (b) James, S. L.; Verspui, G.; Spek, A. L.; van Koten, G.
Chem. Commun. 1996, 1309.

(152) Chowdhry, M. M.; Mingos, D. M. P.; White, A. J. P.; Williams,
D. J. Chem. Commun. 1996, 899.

(153) Biradha, K.; Nangia, A.; Desiraju, G. R.; Carrell, C. J.; Carrell,
H. L. J. Mater. Chem. 1997, 1111.

(154) Houlton, A.; Mingos, D. M. P.; Williams, D. J. Trans. Met. Chem.
1994, 19, 653.

(155) Houlton, A.; Mingos, D. M. P.; Williams, D. J. J. Chem. Soc.,
Chem. Commun. 1994, 503.

(156) Kapteijn, G. M.; Grove, D. M.; Smeets, W. J. J.; Kooijman, H.;
Spek, A. L.; van Koten, G. Inorg. Chem. 1996, 35, 534.

(157) Pyykkd, P. Chem. Rev. 1997, 97, 597.

(158) Pyykkd, P.; Li, J.; Runeberg, N. Chem. Phys. Lett. 1994, 218,
133.

(159) Pathaneni, S. S.; Desiraju, G. R. J. Chem. Soc., Dalton Trans.
1993, 319.

(160) Schneider, W.; Bauer, A.; Schmidbaur, H. Organometallics 1996,
15, 5445.

(161) Angermaier, K.; Schmidbaur, H. Chem. Ber. 1994, 127, 2387.

(162) Schneider, W.; Bauer, A.; Schmidbaur, H. J. Chem. Soc., Dalton
Trans. 1997, 415.

(163) (a) Angermaier, K.; Schmidbaur, H. Chem. Ber. 1994, 127, 2387.
(b) Schmidbaur, H. Chem. Soc. Rev. 1995, 24, 391 and references
therein.

(164) Van Calcar, P. M.; Olmstead, M. M.; Balch, A. L. J. Chem. Soc.,
Chem. Commun. 1995, 1773.

(165) Irwin, M. J.; Manojlovic-Muir, L.; Muir, K. W.; Puddephatt, R.
J.; Yufit, D. S. Chem. Commun. 1997, 219.

(166) (a) Schitzenberger, P. C. R. Hebd. Seances Acad. Sci. 1870, 70,
1134. (b) Bagnoli, F.; Belli dell’Amico, D.; Calderazzo, F.; Englert,
U.; Marchetti, F.; Herberich, G. E.; Pasqualetti, N.; Ramello, S.
J. Chem. Soc., Dalton Trans. 1996, 4317.

(167) (a) Kuroda-Sowa, T.; Munakata, M.; Matsuda, H.; Akiyama, S,
Maekawa, M. J. Chem. Soc., Dalton Trans. 1995, 2201. (b)



Crystal Engineering and Organometallic Architecture

Munakata, M.; Kitagawa, S.; Ujimaru, N.; Nakamura, M.;
Maekawa, M.; Matsuda, H. Inorg. Chem. 1993, 32, 826.

(168) For an updated survey of synthesis, molecular, and crystal
structures of arene clusters, including dynamics and intermo-
lecular interactions see: Braga, D.; Dyson, P. J.; Grepioni, F;
Johnson, B. F. G. Chem. Rev. 1994, 94, 1585.

(169) (a) Braga, D.; Grepioni, F.; Johnson, B. F. G.; Chen, H.; Lewis,
J. J. Chem. Soc., Dalton Trans. 1991, 2559. (b) Adams, R. D;
Wu, W. Organometallics 1993, 12, 1243.

(170) Dance, I.; Scudder, M. L. J. Chem. Soc., Chem. Commun. 1995,
1039.

(171) Dance, I.; Scudder, M. L. Chem. Eur. J. 1997, 2, 481.

(172) Dietrich, H. Acta Crystallogr. 1963, 16, 681.

(173) (a) Weiss, E.; Lucken, E. A. C. J. Organomet. Chem. 1964, 2,
197. (b) Weiss, E.; Lucken, E. A. C. J. Organomet. Chem. 1969,
21, 265.

(174) Weiss, E. Angew. Chem., Int. Ed. Engl. 1993, 32, 1501.

(175) Weiss, E.; Corbelin, S.; Cockcroft, J. K.; Fitch, A. N. Angew.
Chem., Int. Ed. Engl. 1990, 29, 650.

(176) Weiss, E.; Sauermann, G. Angew. Chem., Int. Ed. Engl. 1968,

7,133.

(177) Weiss, E.; Sauermann, G.; Thirase, G. Chem. Ber. 1983, 116,
74.

(178) Schade, C.; Schleyer, P. v. R. Adv. Organomet. Chem. 1987, 27,
169.

(179) Bock, H.; Hauck, T.; Nather, C. Organometallics 1996, 15, 1527.

(180) Bock, H.; Ruppert, K.; Nather, C.; Havlas, Z.; Herrmann, H. F.;
Arad, C.; Gobel, 1.; John, A.; Meuret, J.; Nick, S.; Rauschenbach,
A.; Seitz, W.; Vaupel, T.; Solonki, B. Angew. Chem., Int. Ed. Engl.
1992, 31, 550.

(181) (a) Bock, H.; Hauck, T.; Nather, C.; Rdosch, N.; Staufer, M.;
Haberlen, O. D. Angew. Chem., Int. Ed. Engl. 1995, 34, 153. (b)
Bock, H.; Schodel, H.; Havlas, Z.; Herrmann, H. F. Angew.
Chem., Int. Ed. Engl. 1995, 34, 1355.

(182) Fagan, P. J.; Ward, M. D.; Calabrese, J. C. 3. Am. Chem. Soc.
1989, 111, 1698. Fagan, P. J.; Ward, M. D. Sci. Am. 1992, 267,
48. For a general survey see also: Fagan, P. J.; Ward, M. D.
The Crystal as a Supramolecular Entity. Perspectives in Su-
pramolecular Chemistry; Desiraju, G. R., Ed.; Wiley: Chichester,
1996; Vol. 2, p 107.

(183) (a) Ward, M. D., Hollingsworth, M. D., Eds. Chem. Mater. 1994,
6, 1087. (b) Ward, M. D. Electrochemical Chemistry; Bard, A.
J., Ed.; Dekker: New York, 1989; Vol. 16, p 181.

(184) (a) Kharas, K. C. C.; Dahl, L. F. Adv. Chem. Phys. 1988, 70, 1.
(b) Johnson, D. C.; Benfield, R. E.; Edwards, P. P., Nelson, W.
J. H.; Vargas, M. D. Nature 1985, 314, 231. (c) Teo, B. K
DiSalvo, F. J.; Waszczak, J. V.; Longoni, G.; Ceriotti, A. Inorg.
Chem. 1986, 25, 2265. (d) DeJongh, L. J. Physica B 1989, 155,
289. (e) Edwards, P. P. Acc. Chem. Res. 1996, 29, 23.

(185) Basolo, F. Coord. Chem. Rev. 1968, 3, 213.

(186) Braga, D.; Grepioni, F.; Milne, P.; Parisini, E. 3. Am. Chem. Soc.
1993, 115, 5115.

(187) Braga, D.; Grepioni, F.; Parisini, E. 3. Chem. Soc., Dalton Trans.
1995, 287.

(188) Braga, D.; Costa, A. L.; Grepioni, F.; Scaccianoce, L.; Tagliavini,
E. Organometallics 1997, 16, 2070.

(189) (a) Braga, D.; Grepioni, F.; Byrne, J. J.; Wolf, A. 3. Chem. Soc.,
Chem. Commun. 1995, 1023. (b) Braga, D.; Costa, A. L
Grepioni, F.; Scaccianoce, L.; Tagliavini, E. Organometallics
1996, 15, 1084.

(190) Etter, M. C.; Urbonczyck-Lipkowska, Z.; Jahn, D. A.; Frye; J. S.
J. Am. Chem. Soc. 1986, 108, 5871.

(191) (a) Braga, D.; Angeloni, A.; Grepioni, F.; Tagliavini, E. Chem.
Commun. 1997, 1447. (b) Braga, D.; Angeloni, A.; Grepioni, F.;
Tagliavini, E. Organometallics 1997, 16, 5478.

(192) (a) Miller, J. S.; Epstein, A. J.; Reiff, W. M. Acc. Chem. Res. 1988,
21, 11. (b) Miller, J. S.; Epstein, A. J. Angew. Chem., Int. Ed.
Engl. 1994, 33, 385. (c) Miller, J. S.; Epstein, A. J. Chem. Eng.
News 1995, 73, 30.

(193) (a) Khan, O.; Pei, Yu.; Verdaguer, M.; Renard, J. P.; Sletten, J.
J. Am. Chem. Soc. 1988, 110, 782. (b) Khan, O. Molecular
Magnetism; VCH: New York, 1993. (c) Khan, O. Inorganic
Materials; Bruce, D. W., O'Hare D., Eds.; Wiley: Chichester,
U.K., 1992.

Chemical Reviews, 1998, Vol. 98, No. 4 1405

(194) Gatteschi, D. Adv. Mater. 1994, 6, 635.

(195) Melby, L. R.; Harder, R. S.; Hertler, W. R.; Benson, R. E.; Mochel,
W. E. J. Am. Chem. Soc. 1962, 84, 3374.

(196) Candela, G. A.; Swartzendruber, L. J.; Miller, J. S.; Rice, M. J.
J. Am. Chem. Soc. 1979, 101, 2755.

(2197) Miller, J. S.; Zhang, J. H.; Reiff, W. M.; Preston, L. D.; Dixon,
D. A,; Reis, A. H., Jr.; Gebert, E.; Extine, M.; Troup, J.; Epstein,
A. J.; Ward, M. D. J. Phys. Chem. 1987, 91, 4344.

(198) Miller, J. S.; Calabrese, J. C.; Rommelmann, H.; Chittapeddi,
S. R.; Zhang, J. H.; Reiff, W. M.; Epstein, A. J. J. Am. Chem.
Soc. 1987, 109, 769.

(2199) (a) Miller, J. S.; Ward, M. D.; Zhang, J. H.; Reiff, W. M. Inorg.
Chem. 1990, 29, 4063. (b) Ward, M. D. Organometallics 1987,
6, 754. (c) Ward, M. D.; Calabrese, J. C. Organometallics 1989,
8, 593.

(200) Miller, J. S.; Reis, J. A. H.; Gebert, E.; Ritsko, J. J.; Salaneck,
W. R.; Kovnat, L.; Cape, T. W.; van Duyne, R. P. 3. Am. Chem.
Soc. 1979, 101, 7111.

(201) Green, M. L. H.; Hamnett, A.; Qin, J.; Baird, P.; Bandy, J. A,;
Prout, K.; Marseglia, E.; Obertelli, S. E. J. J. Chem. Soc., Chem.
Commun. 1987, 1811.

(202) (a) Miller, J. S.; Zhang, J. H.; Reiff, W. M. Inorg. Chem. 1987,
26, 600. (b) Dixon, D. A.; Calabrese, J. C.; Miller, J. S. J. Phys.
Chem. 1989, 93, 2284.

(203) (a) Stein, D.; Sitzmann, H.; Boese, R.; Dormann, E.; Winter, H.
J. Organomet. Chem. 1991, 412, 143. (b) Stein, D.; Sitzmann,
H.; Boese, R. J. Organomet. Chem. 1991, 421, 275.

(204) Wang, X.; Liable-Sands, L. M.; Manson, J. L.; Rheingold, A. L;
Miller, J. S. Chem. Commun. 1996, 1979.

(205) Williams, J. M.; Wang, H. H.; Emge, T. J.; Geiser, U.; Beno, M.
A.; Leung, P. C. W.; Douglas Carson, K.; Thorn, R. J.; Schultz,
A. J.; Whangbo, M. Prog. Inorg. Chem. 1987, 35, 218.

(206) Ferraris, J.; Cowan, D. O.; Walatka, V.; Perlstein, J. H. J. Am.
Chem. Soc. 1973, 984, 95.

(207) Miller, J. S.; Epstein, A. J. Prog. Inorg. Chem. 1976, 20, 1.

(208) Kini, A. M.; Geiser, U.; Wang, H. H.; Carson, D. K.; Williams,
J. M.; Kvok, K. K.; Vandervoort, K. G.; Thompson, J. E.; Stupka,
D. L.; Jung, D.; Whangbo, M. Inorg. Chem. 1990, 29, 2555.

(209) Imakubo, T.; Sawa, H.; Kato, R. 3. Chem. Soc., Chem. Commun.
1995, 1667.

(210) Imakubo, T.; Sawa, H.; Kato, R. 3. Chem. Soc., Chem. Commun.
1995, 1097.

(211) (a) Day, P.; Kurmoo, K.; Mallah, T.; Marsden, I. R.; Friend, R.
H.; Pratt, F. L.; Hayes, W.; Chasseau, D.; Gaultier, J.; Bravic,
G.; Ducasse, L. 3. Am. Chem. Soc. 1992, 114, 10722. (b) Mallah,
T.; Hollis, C.; Bott, S.; Kurmoo, K.; Day, P.; Allan, M.; Friend,
R. H. J. Chem. Soc., Dalton Trans. 1990, 859.

(212) (a) Williams, D. J. Angew. Chem., Int. Ed. Engl. 1984, 23, 690.
(b) Long, N. J. Angew. Chem., Int. Ed. Engl. 1995, 34, 21.

(213) (a) Marks, T. J.; Ratner, M. A. Angew. Chem., Int. Ed. Engl.
1995, 34, 155. (b) Kanis, D. R.; Ratner, M. A.; Marks, T. J. Chem.
Rev. 1994, 94, 195.

(214) (a) Marder, S. R. Inorg. Mater. 1992, 115. (b) Nalwa, H. S. Appl.
Organomet. Chem. 1991, 5, 349.

(215) Green, M. L. H.; Marder, S. R.; Thompson, M. E.; Bandy, J. A,;
Bloor, D.; Kolinsky, P. V.; Jones, R. J. Nature 1987, 330, 360.

(216) Cheng, L. T.; Tam, W.; Meredith, G. R.; Marder, S. R. Mol. Cryst.
Lig. Cryst. 1990, 189, 137.

(217) Calabrese, J. C.; Cheng, L.-T.; Green, J. C.; Marder, S. R.; Tam,
W. J. Am. Chem. Soc. 1991, 113, 7227.

(218) Marder, S. E.; Perry, J. W.; Tiemann, B. G.; Schaefer, W. P.
Organometallics 1991, 10, 1896.

(219) Tam, W.; Calabrese, J. C. Chem. Phys. Lett. 1988, 144, 79.

(220) Inclusion Compounds; Atwood, J. L., Davies, J. E., MacNicol,
D. D., Eds., New York, 1984.

(221) Eaton, D. E.; Anderson, A. G.; Calabrese, J. C.; Tam, W.; Wang,
Y. J. Am. Chem. Soc. 1987, 109, 1886.

(222) Anderson, A. G.; Calabrese, J. C.; Tam, W.; Williams, J. D. Chem.
Phys. Lett. 1987, 134, 392.

(223) Hong, E.; Nicholson, D. G. J. Chem. Soc., Dalton Trans. 1978,
15.

CR960091B






