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Preface

Supramolecular chemistry, or chemistry beyond the molecule, has provided a wide
canvas for a variety of studies of molecular materials in the solid state. The most
orderly manifestations of the solid state are single crystals, and the earlier volume
in this series with the present Editor, The Crystal as a Supramolecular Entity,
sought to establish that the crystal is the perfect example of a supramolecular
assembly, justifying as it were the earlier statements of Dunitz and Lehn in this
regard.

Six years down the line, the supramolecular paradigm has continued to supply
a reliable rubric for establishing the grammar of a new and rapidly growing
subject, crystal engineering. The present volume is about crystal engineering, or
design, and tries to establish connections between the structures of molecular
materials and their properties. Crystal engineering links the domains of intermo-
lecular interactions, crystal structures and crystal properties. Without interactions
there cannot be structures, and without worthwhile properties as a goal, there
cannot be sufficient reason for designing structures. In the process, many
advances have been made in fabricating the nuts and bolts of crystal engineering.
This is what is summarised in the present volume. So, if the earlier volume was
conceptual in its theme, the present one has more to do with methodology and
practice.

A major conclusion that emerges from this work is the great utility of defining a
crystal structure as a network. This is true for all varieties of molecular crystals
ranging from simple organics to labyrinthine coordination polymers that incorp-
orate both inorganic and organic components. I hesitate to use the term ‘building
block’ here, although several of the authors have done so, if only because in the
softest of molecular solids, namely the pure organics, the building blocks are
themselves pliable. This pliability is chemical rather than mechanical — a given
organic molecule presents many faces to its neighbours and the slightest of modi-
fications may mean that its recognition profile changes drastically. Accordingly,
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the term ‘building block’ is inappropriate for pure neutral organics, but it may be
employed with increasing degrees of confidence as the intermolecular interactions
become stronger and more directional. This, then, is the winning advantage of
coordination polymers. The well defined coordination environment around the
metal atom and the strong, directional nature of its interactions with the organic
ligands that surround it mean that not only may a coordination polymer be
designed reliably but also that its topological depiction as a network is the most
natural one.

If coordination bonds to metal centres are robust design elements, the hydrogen
bond or hydrogen bridge does not lag far behind. This master key of molecular
recognition combines strength with suppleness and can be employed in a great
many chemical situations. These interactions have been treated in some detail in
this volume, in their organic, inorganic and ionic variations. Every stage in the
development of the chemical sciences has witnessed much progress with respect to
understanding hydrogen bonding and the supramolecular era is no exception. In
addition to its use as an exclusive design element, a hydrogen bond may be used
along with coordination bonds and even more precise structural control is
obtained. Such combinations of interactions are always more effective than single
interactions, however strong the latter may be. In the most favourable synergies,
supramolecular synthons are obtained that may used with the highest levels of
confidence in crystal engineering.

What now of properties? Does crystal engineering lose its innate character when
the designed materials do not have any obvious property? Surely not — for how
does one write a poem if one does not know how to arrange words together? The
grammar of crystal design is devilishly complex. Most crystal structures, even
those of coordination polymers, are not modular. The building blocks continue to
twist and turn and interaction interference is always a danger. This, then, is the
real goal of the subject — to identify systems that are modular, wherein a family of
related molecules will yield a family of related crystal structures. Hierarchy is still
elusive in most cases because of the supramolecular nature of the systems
employed, and with the further complication that crystallisation is a kinetically
controlled process rather than a thermodynamic one, issues of modularity and
hierarchy will be the most difficult challenges for the crystal engineer for some
time to come. Despite these limitations, and they are formidable ones, consider-
able progress has been made with respect to property design. The present volume
describes materials that act as sensors, catalysts, microporous substances and
molecular magnets. Polymorphism is addressed in this volume, although it is still
deemed by most to be too intractable an issue with respect to design of either
form or function.

Crystal engineering, which has now grown comfortably out of its organic
origins to include inorganic compounds within its ambit, will no doubt further
extend its scope from single crystals to micro- and nanocrystalline materials and
to crystals of lower dimensionalities, and with this the transition from structure to
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properties will only become more complete. In the meantime, and as we anticipate
the fuller coming together of crystal engineering, supramolecular chemistry and
materials science, the perspectives provided in the present volume are ample
enough for analysis and assessment.

Gautam R. Desiraju
Hyderabad, June 2002
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Plate 1 (Figure 1.3). (left). Domain
model for hydrogen bonding involving
metal complexes. Metal Domain (blue);
Ligand Domain (green); Periphery
Domain (red); Environment (cyan).

Plate 2 (Figure 1.4). (right). Diamondoid (M)O-
H--N hydrogen-bonded network in crystalline
[Mn(3;,-OH)(CO);],-2(4,4’-bipy)-2CH,CN. O-H
groups (red); 4,4’ -bipy (blue) [29].
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Plate 3 (Figure 1.5). (M)O-H--N hydrogen-bonded network involving coordinated ethanol.

O (red); N (blue); Cd (green) [31a].



Plate 4 (Figure 1.6). Calculated negative electrostatic potential for trans-[PdX(CH;)(PH,),]
illustrating positions of potential minima; X = F (a); CI (b); Br (c); I (d). (Reproduced from
ref. 27¢ with permission of the American Chemical Society).

Plate 5 (Figure 1.7). Calculated negative electrostatic potential for cis-[PdCl,(PH,),] (left)
and fac-[RhCl;(PH,),] (right) identifying recognition sites (potential minima, deep blue) for
hydrogen bond donors. (Reproduced from ref. 39 with permission of the National Academy
of Sciences, USA).



Plate 6 (Figure 1.9). Perhalometallate ions as potential hydrogen-bonded network nodes.
(Reproduced from ref. 39 with permission of the National Academy of Sciences, USA).
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Plate 7 (Figure 1.10). One-dimensional networks in [(DABCO)H,][PtCl,] (a) and
[H,(DABCO)] [PtCl¢] (b) employing synthons I and I, respectively [41a]. Two-dimensional
network in  [{(isonicotinic acid)H},(OH,),][PtCl,] (c) employing synthon I [42b].
(Reproduced from ref. 39 with permission of the National Academy of Sciences, USA).
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Plate 8 (Figure 1.12). Strategies for designing networks by combining hydrogen bonds
with coordination chemistry or w-arene organometallic chemistry. (Adapted from ref. 27a
with permission of the Royal Society of Chemistry).
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Plate 9 (Figure 1.39). Hydrogen bonded network in crystal structure of [Cr{m®-1,3,5-
C4H;(CO,H);} (CO);]"Bu,O [27a].
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Plate 11 (Figure 2.31). CPK representation of the triple-stranded helical structures of 2830
(left) and 2930 (right).°



Plate 12 (Figure 2.34). CPK representation  Plate 13 (Figure 2.37). CPK representation
of the X-ray structure of 29¢32.5! of the triple-stranded helical structures of
29¢34 5!

Plate 14 (Figure 2.40). CPK representations  Plate 15 (Figure 2.44). CPK representation
of the adducts 29+35 and 2936.9 of the adduct 29+38.60

Plate 16 (Figure 2.49). CPK representation  Plate 17 (Figure 2.51). CPK representation
of the adduct 41 along the a axis.5! of the adduct (R,R)-42+(R,R)-29.5!



Plate 18 (Figure 2.54). CPK Plate 19 (Figure 3.5). Structure of the tubular
representation of the adduct assembly 6.
(R.R)-29+(R,R)-44.93

(a) (b)

Plate 20 (Figure 3.8). (a) General forumla for pyrogallol[4]arene, 7; (b) structure of the
hexamer, 8, C-propylresorcin[4]arene with the oxygen atoms shown in red.

Plate 21 (Figure 3.9). Stick-bond representation of hexameric capsule with the enclosed
space represented in green.



Plate 22 (Figure 3.12). (a) he spherical capsule consisting of six pyrogallol[4]arene
molecules shown in the capped-stick metaphor, and (b) with the carbon and hydrogen atoms
removed. Hydrogen bonds are shown as thin, solid red lines. Parts (c¢) and (d) show the
remarkable correspondence of the hydrogen bonded pattern with the Archimediean solid, the
small rhombicuboctahedron.
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Plate 23 (Figure 3.13). Skewed molecular bricks made from C-ethylresorcin[4]arene and
4,4’ -bipyridine.

(a) (b)
Plate 24 (Figure 3.15). Space filling view of the layer structure of 10a and 10b.



Plate 25 (Figure 3.19). Space-filling representation of hexamer 12, or mixed macrocycle

11, viewed along the 3 bar axis of the capsule.

Plate 26 (Figure 3.20). (a) Capsule 12 shown
in stick bond representation with the diethyl
ether guests given in space filling representation.
The orientation of the capsule is identical to that
given in Figure 17a; 3.20 (b) the trigonal
antiprism that results from connection of the
centroids of the centers of the aromatic rings of
macrocycle 11; (¢) superposition of the trigonal
antiprism and capsule.

Plate 27 (Figure 9.9). Snapshot of a
crystal of 27 during the release of SO,,
forming 26. (Reproduced by permission of
Nature)
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Chapter 1

Hydrogen Bonds in Inorganic
Chemistry: Application to Crystal
Design

LEE BRAMMER
University of Sheffield, UK

1 INTRODUCTION

The foremost goal of crystal engineering [1] is to tailor the chemical and/or phys-
ical properties of crystalline solids through crystal design at the molecular level.
A detailed modular synthetic strategy is employed permitting control over fabrica-
tion of the solid at the level of the repeating molecular pattern of which the
crystal is comprised. Thus, microscopic control in principle permits macroscopic
tunability of properties. It should of course be acknowledged that crystalline
products may not always represent the most desirable form of a material with
respect to a given function. However, we will concern ourselves only with crystal-
line materials in the context of this volume. Indeed, the focus of this chapter will
be on inorganic crystalline materials, that is, metal-containing systems. Crystalline
materials, of course, can exhibit widespread applications in areas including elec-
tronics, optics and magnetism and have the potential to provide new materials for
use in areas such as separation science, catalysis and chemical sensing [2]. Because
of their regular periodic nature, crystalline solids are amenable to precise struc-
tural characterization by diffraction methods. While characterization by spectro-
scopic methods or the characterization of physical properties (e.g. electronic,
optical, magnetic) is also essential, the importance of accurate and detailed struc-
tural characterization cannot be underestimated. This permits more accurate
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structure—function correlations to be established, a key to the design of functional
or so-called ‘smart’ materials.

The difficulties associated with synthesis of inorganic materials are captured in
a recent paper by Tulsky and Long [3], who contrast the lack of predictive cap-
ability available using current methodologies with the high degree of predictability
and control over complex systems that has been developed for the synthesis of
organic molecules. Moreover, they reinforce the importance of improving synthetic
control given the intimate link between solid-state structure and properties, as
noted above. Their paper sets forth a well thought out systematic approach,
referred to as dimensional reduction, applicable to the synthesis of a broad class of
inorganic materials. Thus, reaction of binary solids, MX,, with alkali metal salts,
A X, yields ternary solids A,,MX,,, with the same metal (M) coordination
geometry but lower network dimensionality. Through examination of ca 3000
crystal structures, they have been able to suggest strategies for enforcing some
degree of control of the product ternary structure. Similarly, crystal engineering
seeks to permit controlled synthesis of the crystalline product, though using a
different approach focusing on modular assembly from molecular level building
blocks. Such a modular approach to crystal design requires the use of (neutral or
ionic) building blocks that can be linked in a predictable manner. Thus, a detailed
knowledge of preferred intermolecular interactions is essential, and the study of
such interactions so as to establish geometric preferences and interaction strengths
is a vital part of crystal engineering. Construction of the final crystalline material
is effected by self-assembly of the building blocks through deliberate molecular
recognition between the building blocks. In the conceptually simplest case a
single, self-recognizing building block is used. Two-component systems are also in
widespread use, but the complexity introduced by competing modes of self-assem-
bly rapidly increases the difficulty presented in the use of multi-component
systems [4].

Crystal engineering has its roots in organic solid-state photochemistry [5], and
indeed in its contemporary guise, wherein it broadly encompasses all aspects
of modular crystal design, the use of organic molecular building blocks linked
via noncovalent interactions has provided the predominant approach [la]. How-
ever, the past decade, and especially the last 5 years, has seen a tremendous
increase in the number of publications focused on inorganic crystal engineering
[6], broadly defined as including metal ions in the supramolecular design in a
structural and/or (potentially) functional role. The introduction of metals, particu-
larly transition metals, has much to offer to the field of crystal engineering. On
the structural side they can provide options for connectivity in the networks
that make up designed crystalline solids that are unavailable in purely organic
systems, viz. square-planar and octahedral coordination geometries. On the func-
tional side, transition metals in particular can impart desirable electronic, optical
or magnetic properties upon the final crystalline material. They also have the
potential to serve as controlled-access reaction sites for catalytic transformations
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in a designed porous solid. In a series of recent reviews focusing on crystal engin-
eering involving metal-containing building blocks linked by intermolecular forces,
Braga and Grepioni have highlighted the special roles that metal ions can play in
influencing the supramolecular assembly of these building blocks [7]. Such roles
include pre-organization of intermolecular interactions through use of specific
metal coordination geometries, tuning the ligand polarity or acid-base behaviour
and reinforcement of intermolecular interactions through ‘charge assistance’
arising from the frequently ionic nature of metal complexes. These aspects will be
elaborated upon in subsequent sections in the context of a domain structure for
metal complexes and through the comparison of inorganic and organic building
blocks.

2 SCOPE AND ORGANIZATION

Despite its youth, inorganic crystal engineering has already yielded an extensive
literature. Thus, it will be necessary to focus the discussion on particular research
avenues. The emphasis in this chapter will be placed upon hydrogen bonds as a
means of connecting the molecular building blocks. An important aspect to con-
sider will be the role of metal atoms. This will require examination of the influ-
ence of metals on hydrogen bonding and the potential role of metals in designed
crystalline materials. It should be emphasized at this point that while p-block (i.e.
main group) and f-block (i.e. lanthanides and actinides) metals may be mentioned
occasionally in this chapter, the primary emphasis will be on d-block metals (i.e.
transition metals). Thus, use of the word ‘metal’ throughout this chapter should
be assumed to mean transition metal, unless specified otherwise.

The use of coordination bonds to form networks, so-called coordination poly-
mers, perhaps represents the most widely studied form of inorganic crystal engin-
eering. This approach has also been examined in a number of reviews [8] and is
discussed elsewhere in this volume (see Chapter 5). While coordination chemistry
will have an important role to play in a number of the hydrogen-bonded systems
presented in this chapter, coordination polymers will only be discussed in the
context of their cross-linking or their perturbation using hydrogen bonds.

The importance of analysing and understanding predominant hydrogen
bonding geometries and patterns will be addressed, and in particular the use of
the Cambridge Structural Database (CSD) [9] in obtaining such information. The
use of different hydrogen bond types, the reliability of different means of molecu-
lar recognition between building blocks, viz. supramolecular synthons, and the
similarities and differences between organic and inorganic building blocks will be
discussed. It is not the intent of this review to be comprehensive in terms of
cataloguing all inorganic crystals synthesized by means of molecular building
blocks propagated by hydrogen bonded linkages. However, an effort has been
made to classify the systems currently in the literature and to select illustrative
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examples from among these. Given the recent development of this research area
the examples are almost exclusively taken from the past 10 years of the literature,
and predominantly from the past 5 years.

There are a number of alternative ways in which this chapter could logically be
organized. A structure has been chosen that places the primary emphasis upon the
strength (and directionality) of different types of hydrogen bonds along with
consideration of their likely abundance, since this reflects the likely usefulness of
such hydrogen bonds in crystal engineering. Further divisions have been made by
classifying different types of inorganic building blocks, e.g. based upon coordin-
ation compounds or organometallic compounds. In the later sections an examin-
ation is undertaken of what we might learn from ‘mistakes’ and unpredicted
behaviour in crystal packing. The issue of polymorphism is considered only briefly
since it is discussed elsewhere in this volume (see Chapter 8) [10]. The chapter
concludes with sections that examine the extent to which functional inorganic
crystalline materials have been designed and considers the prospects for future
work in this area.

It should be noted that a number of reviews pertinent to the coverage within
this chapter can be found either considering hydrogen bonding in inorganic
or organometallic crystal engineering [7,11] or focusing on other aspects of hydro-
gen bonding in inorganic chemistry such as the direct involvement of metals
in hydrogen bonds [I12] or the formation of ‘dihydrogen’ (proton-hydride)
bonds [13].

3 HYDROGEN BONDS
3.1 Definitions

Given the focus on hydrogen bonding in inorganic crystal design, the question
of what constitutes a hydrogen bond needs to be addressed, as does the question
of how hydrogen bonding may differ in inorganic and organic systems. All texts
on hydrogen bonds address the issue of how to define them [14], although defin-
itions vary in their degree of inclusiveness. A broad and inclusive definition will be
adopted here, wherein a hydrogen bond, D-H--- A, requires a hydrogen bond
donor (D) that forms a polar o-bond with hydrogen (D-H) in which the hydro-
gen atom carries a partial positive charge. This group interacts via the hydrogen
atom in an attractive manner with at least one acceptor atom or group (A) by
virtue of a lone pair of electrons or other accumulation of electron density on
the acceptor. Thus, a hydrogen bond is a Lewis acid-Lewis base interaction,
wherein D-H serves as the Lewis acid and A as the Lewis base. Limitations will
not be placed, a priori, on the identities of the donor and acceptor atoms (groups).
Thus, all hydrogen bond types, i.e. donor and acceptor combinations, will be
considered given the limitation (in the context of this chapter) that inorganic,
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i.e. metal-containing molecules, must be involved, and that the system being
discussed is pertinent in the context of crystal design. The question of
how hydrogen bonds may differ in the context of inorganic rather than organic
systems requires consideration of the influence of metal atoms on hydrogen
bonding and even requires the introduction of classes of hydrogen bonds
absent in a purely organic environment. These issues are addressed in Sections 3.3
and 3.4.

Hydrogen bonds exhibit a well-documented energetic preference for a linear
D-H---A geometry and are arguably the strongest and most directional of
noncovalent interactions. Hydrogen bonds with strengths in the range ca
0.2-40 kcal/mol are known, although not all are of significant importance in the
context of crystal design. Hydrogen bonds are also flexible, in terms of both
hydrogen bond length and geometry. It is for these combined reasons of strength,
directionality and flexibility that hydrogen bonds are important to inorganic
crystal engineering just as they are in organic crystal engineering [1,15] and for
that matter to other structural fields such as structural biology [14c.e].

Returning now to terminology in use specifically in the field of crystal engineer-
ing, an important conceptual advance was the definition of so-called supramolecu-
lar synthons by Desiraju [16]. These are structure-directing recognition motifs
involving noncovalent interactions. The intent is that they can be identified and
used in supramolecular synthesis in a conceptually analogous manner to the use of
synthons in the (covalent) synthesis of organic molecules [17]. Some examples [18]
are provided in Section 3.2

3.2 Strong vs Weak Hydrogen Bonds

In considering the use of hydrogen bonds in inorganic crystal engineering, it is
important to establish the applicability of different classes of hydrogen bonds.
This will depend upon hydrogen bond strength, the reliability of hydrogen-
bonded recognition motifs and how abundant or attainable the particular hydro-
gen bonds may be. While many texts classify hydrogen bonds as ‘strong’ and
‘weak’, the borderline between these classes, usually delineated in terms of hydro-
gen bond energies, often varies depending on the context in which hydrogen
bonding is being discussed. The classifications provided by Desiraju and Steiner
[14e], which are assigned in the context of the utility of hydrogen bonds in supra-
molecular chemistry, will be adopted here. These are documented in Table 1. The
terms ‘very strong’, ‘strong’ and ‘weak’ hydrogen bond will be used in this frame
of reference throughout the chapter.

Hydrogen bond types that are widely used in organic crystal engineering, pri-
marily D-H--- A where D, A = O or N, will inevitably be important in inorganic
systems since the same functional groups that form such hydrogen bonds, i.e.
carboxyl, amide, oxime, alcohol, amine, etc., can be present as part of organic
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Table 1 Classification and properties of hydrogen bonds, D-H---A. © G. R. Desiraju
and T. Steiner, 1999. Adapted from Table 1.5 in The Weak Hydrogen Bond in Structural
Chemistry and Biology by Gautam R. Desiraju and Thomas Steiner (1999) by permission
of Oxford University Press.

Very strong Strong Weak
Bond energy (kcal/mol) 15-40 4-15 <4
Examples [F---H---F]” O-H---0=C C-H---O

[N---H---N]*  N-H---O=C  N-H.--F-C
POH---O—P O-H---O-H O-H-m

IR v relative shift (%) > 25 5-25 <5
Bond lengths . D-H~H---A D-H<H---A D-H«<H---A
Lengthening of D-H (A) 0.05-0.2 0.01-0.05 <0.01
D---Arange (A) 2.2-2.5 2.5-3.0 3.0-4.5
H--- A range (A) 1.2-1.5 1.5-2.2 2.2-3.5
Bonds shorter than H- - - A 100 Almost 100 30-80

vdW separation (%)
D-H--- A angles range (°) 175-180 130-180 90-180
Effect on crystal packing Strong Distinctive Variable
Utility in crystal engineering ~ Unknown Useful Partly useful
Covalency Pronounced Weak Vanishing
Electrostatic contribution Significant Dominant Moderate

ligands used in metal-containing building blocks. These are strong hydrogen
bonds (ca 4-15kcal/mol) when formed between neutral ligands but can be
stronger still when involving ionic species due to the additional electrostatic at-
traction between the ions, often referred to as ‘charge-assistance’ [1b,7]. Strong
hydrogen bonds can be effective at directing association of building blocks and
are therefore very valuable in crystal engineering. This is particularly so when
they are part of reliable supramolecular synthons, some examples of which are
provided in Figure 1.

The importance of weak hydrogen bonds (< 4kcal/mol), particularly those
involving C-H donor groups, has been established and is recognized to be of
importance in crystal engineering. The sheer abundance of C—H donor groups in
organic compounds and thus organic ligands necessitates that C—-H - - - A hydrogen
bonds (particularly A = O, N) must be considered. Such hydrogen bonds often
provide support, i.e. play a secondary role, to stronger hydrogen bonds. In sup-
port of this notion, Aakerdy and Leinen note that ‘C-H - - - X interactions can tilt
the balance between several options of stronger bonded networks, thus acting as
an important “‘steering force” in the solid-state assembly’ [19]. In fact, in the
absence of stronger intermolecular interactions weak hydrogen bonds can be used
to direct crystal design [20]. Indeed, many supramolecular synthons based upon
weak hydrogen bonds have been identified, as illustrated in Figure 2. In many
cases these are topologically analogous to supramolecular synthons that use
strong hydrogen bonds.
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Figure 2 Examples of supramolecular synthons involving weak hydrogen bonds.

3.3 Hydrogen-bonding Domains in Metal Complexes and the Role of Metals
in Hydrogen Bonding

In an earlier volume in this series, Dance provided an outstanding and extensive
chapter on Inorganic Supramolecular Chemistry, in which he introduced a concep-
tual framework for considering supramolecular chemistry involving metals or metal
complexes [21]. Dance suggested that metal complexes, that is, molecular entities
comprised of metal atoms/ions coordinated by ligands, can be considered as consist-
ing of a series of concentric, though not necessarily regularly shaped, domains. The
central domain, known as the Metal Domain, consists of the metal atom itself for a
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mononuclear complex or a number of metal atoms if a metal cluster complex is being
considered. Working outwards, next comes the Ligand Domain. This consists of the
ligand atoms that surround the metal centre(s). The Periphery Domain, as its name
suggests, is the outermost part of the complex, i.e. ligand atoms that are in a position
to interact with the molecular surroundings, termed the Environment Domain. The
Environment Domain consists of neighbouring molecules in the solid state, and
would be comprised primarily of solvent molecules in solution phase supramolecular
chemistry. Ligand atoms in the Periphery Domain are often, but not necessarily,
remote from the metal centre(s). Herein a point of ambiguity arises in the definition
of the Ligand and Periphery Domains. Thus, for very simple (e.g. monoatomic) lig-
ands, the ligand atoms might be considered to simultaneously occupy both domains.

We will adopt a slightly modified version of this domain model to help focus
attention on the role that metal atoms within inorganic building blocks play in the
hydrogen bonds that link these building blocks together [22]. This modification
affects the way in which ambiguities in the definition of the Ligand and Periphery
Domains are resolved. Thus, monoatomic ligands such as halides or hydrides
would be classified as belonging to the Periphery Domain in Dance’s original
model. While these atoms are clearly at the periphery of the metal complex, their
behaviour in terms of hydrogen bonding interactions is dominated by the fact that
they are directly bonded to the metal centre(s) (see Section 4.1). Therefore, we will
consider such ligand atoms to belong to the Ligand Domain. For the same reason,
other ligand atoms whose behaviour is strongly influenced by electronic inter-
action with the metal center, most often directly bonded to the metal, although
not necessarily (e.g. the oxygen atom of carbonyl ligands), will be considered to
be part of the Ligand Domain rather than the Periphery Domain. Thus, the Periph-
ery Domain for our purposes in considering hydrogen bonding will consist of the
parts of ligands whose properties that are not strongly influenced by an electronic
interaction with the metal centre. This modified domain model applied to hydro-
gen bonding is represented in Figure 3.

Figure 3 Domain model for hydrogen bonding involving metal complexes. Metal Domain
(blue); Ligand Domain (green); Periphery Domain (red); Environment (cyan) (see also Plate 1).
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Hydrogen bonding involving the Metal Domain requires that the metal (M) itself
is part of the hydrogen bond, either as the hydrogen bond donor, M—H - - - A [23],
or more commonly as the acceptor, i.e. D-H - - - M [24,25]. Such interactions are of
necessity peculiar to inorganic systems, but while they may have some applications
in crystal engineering these are likely to be very limited. This is not an issue of lack
of strength of these interactions. Indeed, O-H - - - M hydrogen bonds between neu-
tral species have been measured at up to 7 kcal/mol [25¢]. Rather, the issue is that
D-H - --M hydrogen bonds are limited to specific types of metal complex in which
sterically accessible filled metal-based orbitals are present. M—H--- A hydrogen
bonds are rarer still. Hydrogen bonds in the Metal Domain are discussed in more
detail in Section 6.

Hydrogen bonding in the Ligand Domain infers that hydrogen bond donor (D)
or acceptor atoms (A) are directly bonded to metal centres or have strong elec-
tronic interactions with metal centres, e.g. M—D-H--- A or D-H - -- A-M. Metals
can exert an electronic influence upon hydrogen bonds formed in this domain.
Thus, the acidity of hydrogen bond donors and the basicity of hydrogen bond
acceptors can be tuned via their coordination to metal centres. A good example,
often taught in introductory undergraduate chemistry courses, is that water mol-
ecules become more acidic when coordinated to metals. Of course, such water
molecules necessarily become stronger hydrogen bond donors. On the acceptor
side, it has also been shown that halogens are excellent hydrogen bond acceptors
when bound to transition metals (as metal halides) in contrast to their limited
ability to serve as very weak hydrogen bond acceptors when bound to carbon (as
halocarbons) [26]. Here it is the greater polarity of the M—X bond (M3®"-X3")
relative to the C—X bond that is important. Coordination to a metal gives rise to
a greater accumulation of negative charge on the halogen, thus enhancing its
hydrogen bond acceptor capability. The importance of Ligand Domain hydrogen
bonding in crystal engineering will be discussed in more detail in Section 4.1 and
parts of Sections 4.3, 4.4 and 5.

In the Periphery Domain, hydrogen bonding involves organic functional groups
associated with the ligands. The electronic influence of the metal centre is small and
would typically depend upon the extent of through-ligand orbital overlap (conjuga-
tion) between the metal centre and the peripheral hydrogen bonding groups. How-
ever, the metal can still exert a spatial role in directing the hydrogen bonds. Thus,
coordination of rigid ligands with hydrogen bonding groups at their periphery to a
metal ion of well-defined coordination geometry can be used to direct hydrogen
bond formation between neighbouring molecules [27]. One can consider the ligands
as effectively amplifying the metal coordination geometry. The result in terms of
network design is analogous to that of coordination polymers (networks), except
that discrete molecular building blocks (coordination compounds) are linked via
well-defined hydrogen bonds. In terms of inorganic crystal engineering, hydrogen
bonds in the periphery domain account for the majority of systems studied to date.
These systems are examined in Section 4.2 and parts of Sections 4.3, 4.4 and 5.
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3.4 Similarities and Differences Between Inorganic and Organic Crystal
Engineering

In a valuable series of studies, Braga, Grepioni, Desiraju and co-workers have
examined patterns of hydrogen bonds in transition metal-containing crystal struc-
tures using the CSD [23e,25j,28]. These studies explore the similarities and differ-
ences between hydrogen bonds found in purely organic crystals and those found in
inorganic systems. Thus, it is noted that hydrogen bonding patterns for carboxyl,
alcohol and amide groups in crystals of metal complexes are similar to those in
organic crystals [28a,c]. Importantly, this confirms that such functional groups,
which when present typically will be in the Periphery Domain of metal complexes,
can be used in inorganic crystal engineering in an analogous manner to their wide-
spread use in the design and synthesis of organic crystals. Carbonyl ligands, which
can serve as hydrogen bond acceptors, albeit weaker than their organic carbonyl
counterparts, are abundant in organometallic compounds [11a]. However, while
the carbonyl oxygen atoms can accept hydrogen bonds from strong hydrogen bond
donors (O-H, N-H), it is the predominance of peripheral C-H groups that leads to
the widespread importance of C-H - - - O=C(M) hydrogen bonds in organometallic
crystals [28b]. This topic will be taken up in Sections 4.1.4 and 5.

Clearly specific to inorganic systems are hydrogen bonds that directly involve
metal atoms, M-H--- A and D-H - -- M, i.e. those in the Metal Domain. A survey
of crystal structures has illustrated that M-H---O hydrogen bonds appear to
resemble C-H ---O hydrogen bonds, although the former are of course far less
abundant. The extent to which such hydrogen bonds may be useful in crystal
engineering is addressed in Section 6.

Hydrogen bond acceptors found in the Ligand Domain are in a number of cases
peculiar to inorganic systems in that it is the electronic influence of coordination
to the metal centre that activates these ligands towards hydrogen bonding. Excel-
lent examples are metal halides (M—X) and metal hydrides (M-H), both of which
can serve as strong hydrogen bond acceptors, in contrast to their organic counter-
parts, C-X and C-H. The application of M-X and M-H acceptors in crystal
engineering is discussed in Sections 4.1.2 and 4.1.3, respectively.

3.5 Abundant vs Rare Hydrogen Bonds — Their Importance in Crystal
Engineering

The strength of hydrogen bonds and their ability to contribute to reliable supra-
molecular synthons are not the only criteria for judging the importance of differ-
ent types of hydrogen bonds. Unless such hydrogen bonds are readily accessible,
they will inevitably be of limited use, although perhaps of use in specialized cases.
This will inevitably be the case with M—-H--- A and D-H---M hydrogen bonds,
which are only accessible for certain classes of metal complex. At the other



Hydrogen Bonds: Application to Crystal Design 11

extreme are C-H - - - A hydrogen bonds, especially C-H - - - O. These are abundant
in the crystal structures of many organometallic and coordination compounds and
clearly play an important overall role in crystal cohesion and the overall optimiza-
tion of the interactions between molecular units in a crystalline solid. Their weak-
ness makes them more difficult to use in crystal design than stronger hydrogen
bonds. However, their abundance ensures that they cannot be ignored. Indeed,
not only do they guide the stronger intermolecular interactions in the crystal, as
noted previously, but they can in some cases completely overwhelm stronger
interactions as a result of their relative abundance [11d].

3.6 Analysis of Hydrogen Bonding Using the Cambridge Structural Database

The importance of identifying preferred hydrogen bond geometries, supramolecu-
lar synthons and packing arrangements in planning a crystal synthesis strategy
based upon hydrogen-bonded building blocks is, of course, essential. The CSD [9]
contains crystallographic data for all organic and organometallic crystal structures
(245392 crystal structures as of October 1, 2001). These data, combined with the
search and data analysis tools that accompany the database, make it a veritable
treasure trove of information that is invaluable to anyone considering research in
the area of crystal engineering. It is unfortunate that the practice of ‘data mining’,
the term sometimes applied to the derivation of trends from information stored in
databases, is considered by some not to be original research. Such a short-sighted
viewpoint fails to recognize that important and unanticipated trends inaccessible by
examination of individual systems can only be identified by such means. Such
analyses using crystallographic databases, particularly the CSD in the present con-
text of hydrogen-bonded inorganic structures, are a vital part of crystal engineering
and clearly help to lay the groundwork for crystal design strategies.

4 STRONG, STRUCTURE-DIRECTING HYDROGEN BONDS

Section 4 emphasizes the use in inorganic crystal engineering of strong donor
groups, i.e. O-H or N-H, that can form hydrogen bonds with energies typically
in the 4-15kcal/mol range depending on the acceptor group employed. Such
groups are common constituents of organic functional groups and thus can be
incorporated into a wide range of inorganic building blocks based upon coordin-
ation compounds or organometallic compounds.

4.1 Ligand Domain

In the systems discussed in Section 4.1, the dominant role of the metal in terms of
hydrogen bond formation arises form its strong electronic influence upon the
donor or acceptor ability of the groups participating in hydrogen bonding.
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4.1.1 Donors: (M)O-H and (M)N-H

Here we consider hydrogen bonds donated by coordinated ligands such as
hydroxyl (OH), water (OH>), alcohols (ROH) and amines (NH;, NRH,, NR,H).
The influence of coordination to a metal centre (M) on hydrogen donor OH, has
already been commented upon (Section 3.3). Each of these ligands is a net elec-
tron donor to the metal centre (principally o-donation). Thus, one should antici-
pate that coordination of the oxygen or nitrogen atom to a metal centre will result
in increased polarity of the O-H or N-H bond, thus increasing the potency of the
ligand as a hydrogen bond donor.

While this class of ligands participates extensively in hydrogen bonding, the
application of such ligands in crystal synthesis has to date been somewhat limited.
A common theme is one of using these ligands to form hydrogen bonds to a spacer
molecule or anion that permits metal centres to be linked into networks. This
approach presumably arises as a result of the small size of these ligands. In an early
example, Zaworotko and co-workers used the tetrahedral metal cluster [Mn(p;-OH)
(CO);3], to form a diamondoid network in which the face-capping hydroxyl ligands
were linked to those on neighbouring clusters via O-H - - - N hydrogen bonds to a
linear 4,4'-bipyridyl (4,4’-bipy) spacer (Figure 4) [29]. There are a number of
examples of the analogous approach in which coordinated water molecules pro-
pagate a network via hydrogen bonds to spacer units [30], particularly leading to
hydrogen-bonded cross-linking of coordination polymers (see Section 4.4.1).
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Figure 4 Diamondoid (M)O-H - - - N hydrogen-bonded network in crystalline [Mn(u;-OH)
(CO);],4-2(4, 4'-bipy) - 2CH3CN. O-H groups (red); 4, 4’-bipy (blue) [29] (see also Plate 2).
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Taking the idea one step further, in [(4,4'-bipy)H,],[Ni(OH;),(NCS),][NOs],,
Chen and co-workers prepared a three-component hydrogen-bonded ‘chicken
wire’ 2D grid network wherein coordinated water molecules form hydrogen
bonds to nitrate anions, which in turn are hydrogen-bonded to the 4,4’-bipyridi-
nium cations 30e (see Section 4.3.1). Since alcohols are weaker ligands than hy-
droxide or water, it is likely that they will be less effective for use in crystal design,
although there are many examples in which networks are propagated due to
M-O(R)-H---N or M-O(R)-H - - - O hydrogen bonds (Figure 5) [31].

Similarly, examination of the CSD reveals numerous examples of hydrogen-
bonded networks arising from M-N(R;)-H---A, M-NR)(H)-H---A and
M-N(H;,)-H - - - A hydrogen bonds (R = alkyl, A =N, O, Cl) associated with co-
ordinated NR;,H [32], NRH; [33] or NHj; [34] ligands. Hydrogen-bonded networks
involving primary amines and ammine ligands are particularly abundant. However,
little systematic effort seems to have been made to exploit such hydrogen bond
donor ligands in crystal design. Many instances of these hydrogen-bonded net-
works arise in papers where the authors’ interest in the crystal structure was in the
molecular species rather than its intermolecular association. A distinct exception
involves the study of second-sphere coordination involving the binding of M—NHj
moieties to crown ethers via multiple N-H - - - O hydrogen bonds [35].

4.1.2  Acceptors: halides, M-X (X = F, Cl, Br, )

Halide ions have long been considered good hydrogen bond acceptors, although in
crystal engineering terms they are perhaps not so useful, or at least difficult to har-
ness given their lack of directional interactions. Until recently, beyond halide ions
halogens were frequently not considered in discussions of hydrogen bonding, as is
apparent in Jeffrey’s statement that ‘while halide ions are strong hydrogen bond
acceptors, there is no evidence from crystal structures supporting hydrogen bonds
to halogens’ [14d]. To be fair, the perspective of this statement is clearly an
organic one, although it has been shown that even organic halides exhibit very

Figure 5 (M)O-H - -- N hydrogen-bonded network involving coordinated ethanol. O (red);
N (blue); Cd (green) [31a] (see also Plate 3).
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weak hydrogen bond acceptor behaviour [20a,26¢,36]. In 1998, Brammer, Orpen
and co-workers pointed out that contrary to the behaviour of carbon-bound chlor-
ine, their metal-bound counterparts (i.e. inorganic chlorides) are good hydrogen
bond acceptors [26a]. This arises from the greater polarity of M—Cl bonds relative to
C-Cl1 bonds, leading to a much stronger electrostatic component for D-H - - - CI-M
hydrogen bonds than for the D-H - - - C1-C case. These conclusions have since been
generalized for all halogens through extensive studies using the CSD and based
upon data from thousands of interactions involving halogens [26b,c]. Most pertin-
ent to inorganic chemistry, geometric preferences and trends of D-H---X-M
hydrogen bonds (D =0, N, C; X =F, Cl, Br, I) have been established. These
are summarized in Table 2. The use of normalized H---X distances, Rux [37],
permits direct comparison of the hydrogen bond acceptor capabilities of the
halogens and indicates that the trend in D-H---X-M bond strengths (for any
given donor) is F > Cl > Br > I. This is in excellent agreement with the trend
in intramolecular N-H---X-Ir bond strengths in IrH,X(pyNH,)(PPh;3), deter-
mined though a combination of NMR spectroscopy and ab initio calculations
by Peris et al. [38] (viz. X = F 5.2, C12.1, Br 1.8 and I < 1.3 kcal/mol).

Equally, if not more, important from a crystal design perspective is the fact the
terminal metal chlorides, bromides and iodides are distinctly directional acceptors
of hydrogen bonds, with typical angles in the range H- - - X-M = 90-130°. Fluor-
ides, although forming the strongest hydrogen bonds, are more isotropic in their
acceptor behaviour, i.e. show less well-defined angular preference, although some
preference for H--- F-M angles in the range 120-160 ° is noted. These geometric
preferences can be explained in terms of the M-X bonding interaction and its
effect on the negative electrostatic potential around the halogen (Figure 6), which
in turn is expected to guide the approach of the hydrogen atom in hydrogen bond
formation [26b.c].

Examination of the electrostatic potential in the vicinity of cis-dichloride or
fac-trichloride complexes illustrates that a cooperative effect between neighbouring
halides arises because of overlap of the regions of negative electrostatic potential
minimum from the individual halide ligands (Figure 7). This gives rise to a ‘binding
pocket’ for the positively charged hydrogen atom between the set of two or three
chloride ligands [39]. Similar observations are made for bromide and iodide

Table 2 Mean Ryx distances [37] for H - - - X contacts with (RHX)3 <1.15
(ca. Rgx < 1.05) in D-H - -- X-M hydrogen bonds (D = O, N, C; X = F, Cl, Br, I).

Mean normalized distance, Ryx (No. of observations)

O-H---X N-H---X CH X
F-M 0.703 (37) 0.776 (73) 0.943 (374)

CIM 0.799 (416) 0.853 (1341) 0.975 (7943)
Br-M 0.820 (30) 0.879 (205) 0.982 (3269)

I-M 0.868 (8) 0.923 (83) 0.997 (2429)
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Figure 6 Calculated negative electrostatic potential for trans-[PdX(CH3)(PHj3),] illustrat-
ing positions of potential minima; X = F (a); Cl (b); Br (¢); I (d). Reprinted with permission
from L. Brammer, E. A. Bruton and P. Sherwood, Cryst. Growth Des., 1, 277-90 (2001).
Copyright 2001 American Chemical Society (see also Plate 4).

Figure 7 Calculated negative electrostatic potential for cis-[PdCl,(PH3),] (left) and
fac-[RhCl3(PH3);] (right) identifying recognition sites (potential minima, deep blue) for
hydrogen bond donors. Reproduced with permission from L. Brammer, J. K. Swearingen,
E.A. Bruton and P. Sherwood, Proc. Natl. Acad. Sci. USA, 99, 4956-61 (2002). Copyright
2002 National Academy of Sciences, USA (see also Plate 5).



16 Crystal Design: Structure and Function

ligands, while cooperativity is less pronounced for the more isotropic fluoride
ligands [40]. In crystal engineering terms, this directly confirms the importance of
the suggested supramolecular synthons I [41] and II [41a] (Figure 8). Figure 9 illus-
trates a crystal design strategy [39] based upon these synthons in which bifurcated or
trifurcated acceptor sites associated with perhalometallate anions are populated
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Figure 8 Supramolecular synthons D-H ---X,M and D-H - -- X5M.
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Figure 9 Perhalometallate ions as potential hydrogen-bonded network nodes. Reproduced
with permission from L. Brammer, J. K. Swearingen, E. A. Bruton and P. Sherwood, Proc.
Natl. Acad. Sci. USA, 99, 4956-61 (2002). Copyright 2002 National Academy of Sciences,
USA. (see also Plate 6).



Hydrogen Bonds.: Application to Crystal Design 17

by hydrogen bonds, permitting the anions to serve as nodes in a hydrogen-bonded
network. Thus, in square-planar anions [MXy4]"~ only (bifurcated) edge acceptor
sites are available, whereas in octahedral [MXg]"~ anions, both edge sites and
(trifurcated) face sites are accessible, the latter being slightly preferred. Less coop-
erativity between halogens arises in tetrahedral [MX4]"™ anions since the halide
ligands are further apart, and hydrogen bonds are frequently asymmetrically bifur-
cated at one edge of the tetrahedron. This approach has been applied to the design
of new inorganic materials constructed using charge-assisted hydrogen bonds
between organic cations and perhalometallate anions [41a,b,42]. Examples of 1D
and 2D hydrogen-bonded network structures so formed are shown in Figure 10.
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Figure 10 One-dimensional networks in [([DABCO)H;][PtCl,] (a) and [H,(DABCO)][PtClg]
(b) employing synthons I and II, respectively [4la]. Two-dimensional network in
[{(isonicotinic acid)H},(OH,),][PtCls] (c) employing synthon I [42b]. Reproduced with per-
mission from L. Brammer, J. K. Swearingen, E. A. Bruton and P. Sherwood, Proc. Natl.
Acad. Sci. USA, 99, 4956-61 (2002). Copyright 2002 National Academy of Sciences, USA.
(see also Plate 7).
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In their work in this area, Orpen and co-workers have sought to prepare hydro-
gen-bonded halometallate salts using the planar 4,4'-bipyridinium dication
[41b,42]. They note that while synthon I results from combination with the
square-planar [MCI;J>~ anion, neither synthon I nor II arises when tetrahedral
[MCL,>~ or octahedral [MClg]>~ anions are used, in contrast to the use of the
[Ho(DABCO)P** cation by Brammer et al. Importantly, however, their studies
indicate that all of the 4,4’-bipyridinium structures can be rationalized as
belonging to a larger homologous family of salts that include chloride and a
variety of chlorometallates as counteranions [42c]. All form structures based upon
ribbon motifs containing NH - --(Cl), - - - HN interactions, into which synthon I
can be accommodated, but is not required.

These hydrogen-bonded salts show distinct potential for the controlled design
of new crystalline structures, and are applicable to incorporation of a wide variety
of transition metal and main group metal ions. The work of Mitzi on perovskite
structures in which perhalometallate layers are linked via organic alkyl ammo-
nium cations that interact via N-H - - - X—M hydrogen bonds shows another area
of potential application [43] (see Sections 4.4.2 and 7).

Finally, it should be noted that there are many examples, some designed deliber-
ately [44], in which ligands bearing peripheral hydrogen bond donor groups have
been coordinated to metals that bear a halide (often chloride) ligand, resulting in a
1D hydrogen-bonded tape [44]. In particular, an abundance of compounds of the
type cis-MCLL,(L = amine) have been crystallographically characterized as a
result of research spawned by the discovery of anti-tumour agent cisplatin,
cis-[PtCl;(NH3),]. These systems provide abundant information on neutral hydro-
gen-bonded networks propagated by N-H - - - CI-M hydrogen bonds.

4.1.3 Acceptors: hydrides (D-H---H-M and D-H ---H-E, E = B, Al, Ga)

The realization that hydridic hydrogen can serve as a hydrogen bond acceptor
came about through work by the groups of Crabtree and Morris on transition
metal hydrides in the mid-1990s [45]. It was subsequently established that main
group hydrides, particularly from Group 3, formed analogous D-H---H-E (E =
B, Al, Ga) hydrogen bonds [46]. This class of hydrogen bonds has been studied for
its role in facilitating chemical reactions [47] and more recently with respect to
applications in the area of crystal engineering. Thus, Morris and co-workers
designed 1D hydrogen-bonded polymers propagated solely or at least in part by
charge-assisted N—H - - - H-M hydrogen bonds [48]. These systems involve hydro-
gen bond donor cations, comprising K™ ions encapsulated by azacrown ethers,
combined with polyhydridometallate anions, as shown in Figure 11. There are
clearly some analogies between these systems and the hydrogen-bonded halometal-
late salts (see above). Gladfelter and co-workers [46h,i) and Custelcean and Jack-
son [46¢c—¢] have, respectively, prepared crystalline systems linked into networks via
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Figure 11 One-dimensional N-H---H-Ir network (H---H = 1.84A) supported by weak
C-H - --K interactions (H--- K = 2.92 A) in [K(Q)][IrH4(P'Pr3),]; Q = 1,10-diaza-18-crown-6.
Iridium, potassium, nitrogen and key hydrogen atoms are shaded. Adapted with permission
from K. Abdur-Rashid, D. G. Gusev, S. E. Landau, A. J. Lough and R. H. Morris, J. Am.
Chem. Soc., 120, 118267 (1998). Copyright 1998 American Chemical Society.

N-H---H-Ga and N-H---H-B hydrogen bonds. These solids have then been
shown to undergo topochemical formation of extended solids based upon Ga—N
and B-N bonds, repectively, via solid-state reactions, harking back to the origins
of crystal engineering [5].

4.1.4 Acceptors: carbonyls (D-H - - - OC-M)

The behaviour of carbonyl ligands as hydrogen bond acceptors in the solid state
has been reviewed by Braga and Grepioni [11a], who have extensively examined
the available crystallographic data by using the CSD. Their work shows that
while the carbonyl oxygen does serve as an acceptor for strong hydrogen bond
donors, i.e. O-H:--OC-M and N-H---OC-M, such interactions are relatively
uncommon. The principal reason is that the carbonyl oxygen is a reasonably
weak acceptor and strong donors tend to form interactions with stronger accept-
ors where possible. However, the predominance in organometallic crystals of car-
bonyl ligands and of ligands with acidic C-H groups leads to an abundance of
C-H---OC-M hydrogen bonds, which are of tremendous overall importance in
organometallic crystal engineering (see Section 5). The reason for inclusion of
carbonyl ligands in discussion of hydrogen bonds in the ligand domain is that
their strong electronic interaction with the metal centre can lead to significant
tuning of the basicity of the carbonyl oxygen and thus its capability as a hydrogen
bond acceptor. This is most apparent when the acceptor behaviour of w;-CO and
,-CO bridging carbonyls is compared with that of terminal carbonyl ligands.
Increased w-back-donation upon coordination of CO to additional metal centres
is well established [49]. This leads to increased basicity of the carbonyl oxygen and
in turn to shorter (stronger) hydrogen bonds. Average H---O distances for the
most abundant C-H---OC-M hydrogen bonds are 2.44, 2.57 and 2.63A for
triply bridging, doubly bridging and terminal CO ligands, respectively [28b].
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4.2 Periphery Domain: Networks Formed by Direct Ligand-Ligand Hydrogen
Bonds Between Building Blocks

In the Periphery Domain, the role of the metal in hydrogen bonding is less prom-
inent than in the Ligand Domain. However, it can still exert an influence over
directing hydrogen bond formation, in some cases exerting a weak electronic
influence and in others serving more as a constituent of a pendant group in an
organic hydrogen-bonded network.

This area of forming hydrogen-bonded networks using coordination com-
pounds has recently been reviewed by Beatty [11f]. The review was organized
primarily on the basis of the dimensionality of the network formed, i.e. 1D vs 2D
vs 3D. In order to complement that review, the primary organization of this
section instead focuses on the category of ligand used to provide the hydrogen-
bonded links between building blocks.

4.2.1 Monodentate ligands: directing of hydrogen bond formation by metal
coordination geometry

The use of monodentate ligands that are capable of binding to only a single
coordination site at a metal centre, but also able to present an exterior func-
tional group capable of forging a hydrogen-bonded link to a neighbouring
molecule, permits metal-directed hydrogen-bonded networks to be prepared.
This concept is illustrated by assembly V in Figure 12 for the case of a 1D
network, and contrasted with the case of organometallic m-arene building blocks
VI (see Section 4.5) in which the metal does not play such a structure-directing
role.

7\ 7\ ---H-0 0---H-0 0----
M]—/—N N —[M]—/—N N ——[M] )_@_« >_©_<
\—/ \—/ 0 Or--H—0 OcHon-.

coordination polymer (I11) organic hydrogen-donded assembly (V)

---H=-0 e -H— R
-H—O y /\ o... H 0---H-0 o
N—[M]—nN eH— —He--
ML, ML,

hydrid assembly based upon coordination n-organometallic hudrogen-bonded
chemistry and hydrogen bonding (V) assembly (V1)

Figure 12 Strategies for designing networks by combining hydrogen bonds with coordin-
ation chemistry or w-arene organometallic chemistry. Adapted from L. Brammer, J. C. Mar-
eque Rivas, R. Atencio, S. Fang and F. C. Pigge, J. Chem. Soc., Dalton Trans., 3855-67
(2000). Reproduced by permission of the Royal Society of Chemistry. (see also Plate 8).
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The relationship between the 1D assembly V and either the coordination poly-
mer III or the organic hydrogen-bonded assembly IV is readily apparent. Concep-
tually, the relationships involve replacement of linear N-M-N linkages by linear
hydrogen-bonded linkages (carboxyl dimer) or vice versa. A linear assembly such
as V results not only from the linear hydrogen-bonded link, but from the rigidity
of the ligands and from the trans coordination of the ligands at the metal centre.
Herein lies the metal’s structure-directing role, namely orientation of the hydrogen
bonding groups so as to direct the assembly of the building blocks. This contrasts
with the situation suggested by VI in which the parent organic network remains
essentially unchanged, and the metal-containing moiety (ML,) is appended by
coordination of the arene in a w manner. The concept embodied in V is in
principle amenable to a variety of self-recognizing functional groups, such as
carboxylic acids, amides and oximes, and is not limited to coordination of only
two functional ligands at each metal centre (Figure 13).

4.2.1.1 ML, building blocks

A series of predominantly ID assemblies have been prepared by Aakerdy and
co-workers using silver(I) ions [50], which have a tendency to adopt a linear two-
coordinate geometry (i.e. AgLj building blocks, cf. VII, XVIL XVIII). These
assemblies are obtained with ligands L = pyridine-4-carboxamide (isonicotina-
mide) [50a], pyridine-3-aldoxime [50b] and pyridine-3-acetoxime [50b], when using

X1l X1I XIV XV XVI
M —M—" =M< . _SMZL M
XVII XVIII XIX XX XXI

Figure 13 Schematic representation of coordination compounds with rigid monodentate
ligands bearing hydrogen bonding groups (e.g. substituted pyridines). Arrangements VII-XVI
are representative of 4-pyridine ligands and arrangements XVII-XXI of 3-pyridine ligands.
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poorly coordinating counteranions such as ClO,~, BF,”, PF,~ or CF3;SO;~
(Figure 14). Further assembly of the 1D tapes of [Ag(3-aldoximepyridine),]X (XVII)
and [Ag(3-acetoximepyridine),]X (XVIII) (X = PF,~, CIO, ") into sheets is accom-
plished via additional C-H - - - O hydrogen bonds involving the oxime oxygen atoms
and C-H---F/O hydrogen bonds involving the anions. The use of pyridine-3-
carboxamide (nicotinamide) ligands leads to a 1D ladder structure in [Ag (nicotina-
mide),] CF3SOj3, where a cis arrangement of amide groups arises (XVII), and a 2D
sheet structure in [Ag(nicotinamide),]X (X = PF,~, BF,”), where the amide
groups are mutually trans (XVIII). In each case the network is propagated by
amide—amide hydrogen bonds [27b] (Figure 15). These examples illustrate the tor-
sional flexibility of this class of metal-pyridine-based building blocks (Figure 16)
and its consequences in terms of the final network formed.

Attempts to use nicotinic acid, isonicotinic acid and some derivatives in a
manner similar to that described above for the corresponding amides and oximes

@

(b)

Figure 14 One-dimensional tapes linked via R3(6) O-H:--N hydrogen-bonded oxime
dimers in (a) [Ag(3-aldoximepyridine),]PFs (cf. XVII) and (b) [Ag(3-acetoximepyridine),|PF
(cf. XVIII) [50b]. Cross-linking of tapes via C-H---O and C-H---F hydrogen bonds not
shown. Oxygen, nitrogen and key hydrogen atoms are shaded.
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Figure 15 (a) Ladder structure in [Ag(nicotinamide),]CF3;SO; (cf. XVII) propagated via
N-H---O hydrogen-bonded catemer with ‘rungs’ comprising R3(8) amide dimer inter-
actions. Cationic ladders are interconnected via the oxygen atoms of the anions which form
N-H---O-S-O---H-N hydrogen-bonded bridges and weak Ag---O---Ag bridges (not
shown). (b) Hydrogen-bonded layer structure in [Ag(nicotinamide),|PFe (cf. XVIII). Cat-
ionic layers are cross-linked via N-H---F and C-H---F hydrogen bonds (not shown).
Oxygen, nitrogen and key hydrogen atoms are shaded.

illustrates the fact that the metal can still exert some electronic influence on
remote (peripheral) hydrogen bonding groups when linked via a conjugated
ligand. Thus, the acid functions are frequently deprotonated upon coordination
of the ligand to Ag(I) centres, although not reliably so, and Ag-O coordination is
common [51]. Indeed, in an interesting recent example, the coexistence of an
[Ag(L)] coordination network with an [Ag(L)(HL)] hydrogen-bonded network
(L = isonicotinate) to yield a porous crystalline solid was reported [51b].
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Figure 16 Nicotinamide (pyridine-3-carboxamide) and isonicotinamide (pyridine-4-carbox-
amide) ligands. Curved arrows indicated torsional flexibility at positions a—d. Reprinted
from L. Brammer, J. C. Mareque Rivas, R. Atencio, S. Fang and F. C. Pigge, J. Chem. Soc.,
Dalton Trans., 3855-67 (2000). Reproduced by permission of the Royal Society of Chemistry.

Gold(I) is also well known for forming linear two-coordinate compounds as it is
for forming attractive Au- - - Au interactions, so-called ‘aurophilic’ interactions, the
strengths of which are comparable to those of many hydrogen bonds. Schmidbaur
and co-workers have harnessed both aurophilic interactions and direct ligand—
ligand hydrogen bonds in preparing examples of 1D and 2D networks using neutral
Au(I) building blocks containing phosphine and thiolate ligands [52].

4.2.1.2 ML; building blocks

Aakerdy et al. were also able to prepare building blocks based upon Ag(I) centres
coordinated in a trigonal planar manner by three isonicotinamide ligands. The
isostructural perchlorate and tetrafluoroborate salts of these cationic complexes
involve amide-amide hydrogen-bonded links from each cation to six others, result-
ing in 3D interpenetrated networks that resemble the network found in o-ThSi [53].

4.2.1.3 Square-planar MLy building blocks

Networks based upon homoleptic cationic building blocks consisting of square-
planar Pt(II) or Ni(II) centres coordinated by the functionalized pyridine ligands
discussed above have been prepared by the groups of Aakerdy and Brammer
[27a,b,54]. Steric interactions between ortho hydrogen atoms require the pyridine
rings to lie approximately orthogonal to the metal coordination plane (MNy).
Thus, whereas for 4-substituted pyridines the hydrogen bonding groups are pro-
jected in directions that effectively amplify the metal coordination geometry
(cf. IX), for 3-substituted pyridines the hydrogen bonding groups can be oriented
either above or below the coordination plane (XIX-XXI). In the structures of
[Pt(nicotinamide),]Cl, and [Pt(nicotinamide),](PFs), - H,O, the cations adopt a
centrosymmetric arrangement with two amide groups ‘up’ and two ‘down’ (cf.
XIX). Remarkably, the principal feature common to the two structures is the layer
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arrangement of the cations, which is sustained by interdigitation of the ligands
involving by 7 and C-H - - - 7 interactions. In [Pt(nicotinamide),]Cl, [54a,b], all
amide groups are linked to another in the next layer via the well-known R3(8) [55]
hydrogen-bonded dimer supramolecular synthon leading to a 1D zig-zag hydrogen-
bonded tape (Figure 17). This resembles the tape structures observed for
[Ag(3-acetoximepyridine),]X (X = PF,~, ClO,~)[49b] and [Ag(L)(HL)] (L = nico-
tinate) [51a], except that for [Pt(nicotinamide),]Cl, two links occur between each
metal centre along the chain. An analogous tape structure is also found in
[Cuy(p,-acetonato-O)-2-(6-cyano-3-methylpyridin-2(1 H)-one](BF4), [56]. In [Pt
(nicotinamide),J(PFs), - HO [54a,c], the spacing between cation layers is in-
creased to accommodate the larger anions and the water molecules. Amide—amide
hydrogen bonds between the layers are no longer possible. However, rotation of
the amide groups (angle f in Figure 16) permits weaker amide-amide hydrogen
bonds within the cation layer.

The use of isonicotinic acid ligands leads to a threefold interpenetrated neutral
square grid network in which [Pt(L),(HL),] building blocks (L = isonicotinate)
(cf. IX), resulting from deprotonation of half of the acid groups, are linked by
carboxyl-carboxylate hydrogen bonds (Figure 18) [27¢,57]. A network of the same

Figure 17 Hydrogen-bonded tapes comprised of cationic [Pt(nicotinamide),]**, with chlor-
ide ions in channels between tapes. (Reprinted from J. C. Mareque Rivas and L. Brammer,
New J. Chem., 22, 1315-8 (1998). Reproduced by permission of the Royal Society of
Chemistry (RSC) and the Centre National de la Recherche Scientifique (CNRS).
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Figure 18 Section of one of the O-H:---O~ hydrogen-bonded square grids found in
[Pt(L),(HL),] - 2H,O(L = isonicotinate) (cf. IX) [27c]. Water molecules occupy the channels
along the crystallographic c-axis (not shown). Pt---Pt separations are 16.2A. Oxygen,
nitrogen and key hydrogen atoms are shaded.

topology (and also threefold interpenetrated) is found in the structure of rrans-
[Ni(L),(OH;),]Br, - 2L (L = pyridine-4-aldoxime) [27c]. However, the use of
O-H - --O hydrogen bonds to link oxime groups of neighbouring building blocks
rather than the expected O-H ---N bonded R3(6) synthon leads to considerable
distortion of the square grid (Figure 19). As in the previously described examples
that involve amide groups in Section 4.2.1, the use of the square-planar building
block [M(L)4]2+ (M = Ni, Pt; L = isonicotinamide) has led to a variety of differ-
ent hydrogen-bonded architectures. trans-[Ni(L),(OH,),]ClO4 - 2H,O leads to cat-
ionic layers in which sets of four amide groups from neighbouring units interact
in an R}(16) hydrogen-bonded ring [27¢]. [Pt(L),]J(PF¢), [27a] and [Pt(L),]CL, - 4L
[27¢] form complicated hydrogen-bonded networks. Both contain one-dimensional
networks propagated via R3(8) synthons between amide groups which trans
ligands interact (¢f. XIII). In [Pt(L),]J(PFs), the remaining two amide groups pro-
vide cross-linking via R§(16) hydrogen-bonded rings involving amide groups from
four different cations. In [Pt(L),]Cl, - 4L, two sets of one-dimensional chains in-
volving R3(8) amide-amide synthons run in roughly orthogonal directions and are
linked by an extensive network of hydrogen bonds involving the remaining amide
groups of the coordinated ligands, the isonicotinamide guest molecules and
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Figure 19 Distorted two-dimensional (4,4) network in frans-[Ni(L),(OH,),]Br, - 2L
(L = pyridine-4-aldoxime), propagated by oxime—oxime O-H - - - O hydrogen bonds (cf. IX)
[27¢]. Not shown are bromide anions and pyridine-4-aldoxime guest molecules, which are
hydrogen-bonded to the 2D framework. Ni- - - Ni separations are 16.3 A. Oxygen, nitrogen
and key hydrogen atoms are shaded.

the chloride anions. Finally, [Pt(L),]Cl, - 7H,O, despite its chemical similarity to
[Pt(L)4]Cl, - 4L, forms an entirely different structure in which the cations are not
directly linked, but rather form hydrogen-bonded bridges via chloride ions and a
chain of water molecules [27a].

4.2.1.4 Tetrahedral MLy building blocks

Munakata et al. used tetrahedral Cu(I) centres coordinated by four 3-cyano-
6-methylpyrid-2(1 H)-one ligands (L), CuL4", as building blocks for 3D hydrogen-
bonded networks [58]. When combined with PFs~ or CF3SO;™ anions, the amide
groups link to ligands of neighbouring cations via the R3(8) synthon, such that
each Cu(I) centre serves as a tetrahedral node in a fourfold interpenetrated dia-
mondoid network (Figure 20). When anions BF,~ or ClO4  are used instead, an
alternative 3D network is obtained in which the anions occupy infinite channels
parallel to one crystallographic axis. In this network, each CuL4" building block
is linked to eight others via catemer-type amide-amide hydrogen bonds.
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Figure 20 Part of the four-fold interpenetrated 3D diamondoid network formed by
[Cu(L),]" [L = 3-cyano-6-methylpyrid-2(1H)-one] as its PFs~ salt [58]. Hydrogen-bonded
links are provided by R3(8) synthons involving all amide groups. Oxygen, nitrogen and key
hydrogen atoms are shaded.

4.2.1.5 Heteroleptic ML, X,,, building blocks (n = 2-3)

Puddephatt and co-workers have prepared an extensive series of building blocks of
the type XII and XIII in which square-planar Pt(IT) or Pd(II) centres are coordinated
by two carboxyl- or amide-bearing ligands of the type discussed in Section 4.2.1,
namely nicotinic acid, isonicotinic acid, nicotinamide, isonicotinamide [59]
and related ligands [59a,60]. The remaining ligands are either chloride (type XIII)
or phosphine, diphosphine or 2, 2'-bipyridine (type XII). A convenient means of
preparing octahedral Pt(IV) building blocks with one set of trans ligands each
bearing a carboxyl group has also been reported [44b]. The hydrogen-bonded net-
works formed by these assemblies have been investigated. In each case a 1D assem-
bly is formed where direct hydrogen bonding takes place between the carboxyl
or amide groups of neighbouring molecules (Figure 21). Some of the systems
described also illustrate the potential problems that can arise owing to unintended
hydrogen bond formation to solvent molecules or other ligands (e.g. chloride).
However, such hydrogen bonding to other ligands can also be harnessed in the
overall network formation. This is seen in the hydrogen-bonded sheet structure of
trans-[PtCly(L),] - 2CH3;0H (L = pyridine-3,5-dicarboxylic acid) [60] and the
related example cis-[PtCly(L),] - 2H,O (L = nicotinic acid) from Mareque Rivas
and Brammer [54d,61], which exhibits a twofold interpenetrated hydrogen-bonded
ladder structure wherein water-bridged carboxyl dimers form the ‘rungs’ and
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Figure 21 (a) Hydrogen-bonded tape structure of cation in [Pd(dppp)(L),](CF3SO3),-
2(CH3),CO (dppp = diphenylphosphinopropane; L = nicotinamide) [59b] showing propaga-
tion via amide-amide R3(8) rings. (b) Hydrogen-bonded ladder structure of cation in
[Pd(dppm)(L),](CF3S03), - (CH3),CO (dppm = diphenylphosphinomethane; L = isonicoti-
namide) using both ring and catemer amide—amide hydrogen bonds synthons [59b]. Oxygen,
nitrogen and key hydrogen atoms are shaded.

bifurcated O-H - - - Cl,Pt interactions, reminiscent of those described in Section 4.1.2,
provide the ‘uprights’ (Figure 22). Recently, Stang and co-workers described the
1D networks formed by the cations of [Pt(PPhs),(L),J(INO3), - H>O (type XII) and
[Rh(n’-CsMes)(L);](CF3803), - 0.5(CH3),CO (type XV), L = isonicotinamide, in
which all amide groups are involved in amide-amide hydrogen bonding [62]. The
platinum system forms zig-zag chains analogous to those found by Puddephatt
and co-workers when using chelating diphopshines (e.g. Figure 21a), whereas the
rhodium system forms novel doubly stranded interwoven chains that involve both
R3(8) and catemer linkages.

4.2.2 Chelating ligands

Chelating ligands impart greater stability to metal-ligand binding, although in the
context of crystal engineering there is not necessarily a direct correspondence
between the metal coordination geometry and the nodal properties of the metal
site in the resulting hydrogen-bonded network (Figure 23). Thus, linear two-
connected nodes can be formed from square-planar (XXII), tetrahedral (XXIV) or
octahedral (XXVIII or XXX) metal centres. Hydrogen-bonded networks built
up from hydrogen bonds between chelating ligands on adjacent building blocks
have been less extensively explored than those using monodentate ligands. This
is no doubt in part due to the greater conventional synthetic endeavour required
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Figure 22 (a) Stepped 2D hydrogen-bonded sheet in trans-[PtCly(L),] - 2CH3OH (L = pyri-
dine-3,5-dicarboxylic acid), linked in one direction via R§(12) methanol-bridged carboxylic
acid dimers and in the orthogonal direction by a chain involving O-H - - - CI-Pt-Cl- - - H-O
hydrogen bonds [60]. Oxygen, nitrogen and key hydrogen atoms are shaded. (b) Ladder
structure in cis-[PtCl,(L),] - 2H,O (L = nicotinic acid) connected via water bridges between
carboxyl groups (‘rungs’) and between carboxyl group and PtCl, acceptor (‘uprights’)
[54d,61]. Oxygen and nitrogen atoms are shaded; amide hydrogen atoms are not shown.

to prepare suitable chelating ligands, while most of the monodentate ligands in
common use (Section 4.2.1) are readily available from commercial sources.

In some of the earliest examples of combining coordination chemistry with
hydrogen bonds in crystal engineering, Mingos and co-workers designed a
number of chelating ligands capable of coordinating to square-planar metal
centres [63]. The periphery of these ligands was functionalized so as to be able to
form triple hydrogen bonds, the inspiration for the work clearly being the robust
hydrogen-bonded linkages found between base pairs in DNA. This strategy per-
mitted the construction of strongly hydrogen-bonded tapes (cf. XXII in which
dashed lines would represent triple hydrogen bond links). Tapes were also cross-
linked into sheets by additional hydrogen bonds.

Tadokoro and Nakasuji used the monoanionic 2,2’-biimidazoleate (HBim™)
ligand in conjunction with divalent octahedral metal centres, M(II), to prepare
2D honeycomb networks based upon M(Hbim); building blocks linked by
N-H---N hydrogen bonds in an R3(10) synthon (Figure 24) [64]. The overall
crystal structure depends on the counter-cation used, and can be a layer structure
or an interpenetrated network. The interligand N-H--- N hydrogen bonds can
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Figure 23 Schematic representation of coordination compounds with chelating ligands
bearing hydrogen bonding groups. Arrangements XXII-XXVII show bidentate ligands with
one or two hydrogen bonding sites per ligand; arrangements XXVII-XXXII show facial and
meridial tridentate ligands with 1-3 hydrogen bonding sites per ligand.

also be interrupted by solvent molecules such as water. Importantly, the networks
can be constructed through self-assembly directly from a solution of the metal
ion, ligand and a suitable counter-cation. The M(Hbim);~ building blocks [cf.
XXVI, with the dashed line representing the R3(10) N-H - - - N linkage] are chiral,
although the resulting honeycomb network is not, since alternating R and S
enantiomers are employed in its construction. Lehn and co-workers prepared
nanoporous hydrogen-bonded networks based on coordination to octahedral
metal centres of three chelating ligands obtained by derivatization of 1,10-phenan-
throline with two urea units [65]. The building blocks resemble XXVII, but with
hydrogen bonds to six neighbouring units in directions approximately orthogonal
to phenanthroline planes. Functionalized terpyridine (terpy-NH) ligands have
also been used to prepare 2D hydrogen-bonded grids from [M(terpy-NH)z]zJr
(M = Co, Zn) building blocks similar to XXXI [66] (Figure 25). However, the use
of different counterions, PF¢s~, BF4;~ or CF3SO;", results in changes from 2D
interwoven grids to a 1D tape, owing to different numbers of potential hydrogen
bonding sites being used in formation of the crystalline assembly.
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Figure 24 2D honeycomb network constructed from Ni(Hbim); building blocks
(HBim~ = 2, 2'-biimidazoleate) linked by N-H - - - N hydrogen bonds in R3(10) synthons as
seen in crystal structure of [K(dibenzo-18-crown-6)][Ni(Hbim);] - 3CH3OH - 2H,0 [64]. Ni-
trogen and key hydrogen atoms are shaded.

4.2.3 Metalloporphyrins

Metalloporphyrins bearing peripheral functional groups capable of hydrogen
bonding have also been used as building blocks for designing inorganic crystals.
In particular, the use of suitable templates can result in robust networks with
large pores for potential use as molecular sieves, as illustrated by the work of
Goldberg and co-workers [67] (Figure 26). The hydrogen-bonded square grid
network is related to analogous coordination networks made using tetra-4-
pyridylporphyrin in the same manner that assemblies III and V are related [67a].
The groups of Suslick and Aoyama have prepared metalloporphyrin-based
hydrogen-bonded networks using resorcinol-substituted porphyrins that stack
into infinite columns though O-H - - - O hydrogen bonds between hydroxyl groups
[68].
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Figure 25 Structure of [Co(terpy-NH),](PF¢), showing assembly of cationic cobalt comple-
xes by self-complimentary N-H - - - N hydrogen bonds (top, middle) to give a 2D grid (bottom).
Reproduced from V. Ziener, E. Brevning, J.-M. Lehn, E. Wegelius, K. Rissanen, G. Baum,
D. Fenske and G. Vaughn, Chem. Eur. J., 6,4132-9 (2000) with permission of Wiley-VCH.

4.2.4 Metal clusters and polynuclear building blocks

The building blocks considered to date in Section 4.2 have all been mononuclear,
i.e. containing a single metal centre. However, dinuclear and polynuclear building
blocks are also amenable to this type of inorganic crystal engineering. Thus,
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Figure 26 Hydrogen-bonded grid in [aqua(5,10,15,20-tetrakis(4-carboxyphenyl)porphyri-
nato)zinc (II)]-4C¢HsNO; [67b]. Zn - - - Zn separations are 22.2 A. Oxygen, nitrogen and key
hydrogen atoms are shaded; coordinated water and disordered nitrobenzene solvate
not shown.

Puddephatt and co-workers [44b] and Rendina and co-workers [69] each prepared
dinuclear systems in which square-planar Pt(II) centres are bridged by a
4,4'-bipyridine ligand and each metal then carries a ligand with a functional
group capable of self-recognition via hydrogen bonding, namely carboxyl and
amide groups, respectively. In the solid state these molecular species assemble into
1D hydrogen-bonded polymers, though Rendina and co-workers reported the
formation of cyclic assemblies in solution [69].

Recently, Puddephatt and co-workers have also reported Pt; metallatriangles in
which the metal vertices are linked by the unsymmetrical bipyridine ligand
4-NCsH4C(=0)NH-4-CsH4N. These ligands then permit stacking of the triangles
by N-H---O hydrogen bonds. However, this stacking only extends to dimeriza-
tion in the examples presented and additional hydrogen bonding takes place with
anions and solvent molecules.



Hydrogen Bonds.: Application to Crystal Design 35

In Section 4.1.1, Zaworotko and co-workers’ use of the tetrahedral metal clus-
ter [Mn4(p;-OH)4(CO);,] to form a diamondoid network via hydrogen bonded
bridges to 4,4’-bipyridine spacer was highlighted. More recently, Lehn’s group
has prepared a ligand (L) capable of self-assembly with suitable transition metal
ions (M2*) into a tetranuclear [M4L4]*"[2 x 2] grid that is designed to undergo
further self-assembly via hydrogen bonds to give a 2D ‘grid of grids’ (Figure 27)
[70]. However, in the only example crystallized to date, 1D hydrogen-bonded tapes
were formed, with m-stacking important in cohesion between tapes (Figure 28).
Remarkably, in the system crystallized, rather than the intended BF4~ anions the
counterions found were chloride left over from an early part of the ligand synthe-
sis and SiF(,Z’, presumably derived from adventitious reaction of free fluoride
with the silica vessel in which the crystallization was conducted.
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Figure 27 (a) Ligand designed to bind two adjacent transition metal centres via meridial
tridentate coordination and illustration of its self-assembly with such metals ions to give
[M,L4¥" [2 x 2] coordination grids. (b) Anticipated further self-assembly of the [2 x 2]
coordination grids via hydrogen bonds to give a 2D ‘grid of grids’. Reproduced from E.
Brevning, V. Ziener, J.-M. Lehn, E. Wegelivs and K. Rissanen, Eur. J. Inorg. Chem., 1515-21
(2001) with permission of Wiley-VCH.
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Figure 28 Crystal structure of [Co4L4][Cl],[SiF¢]; - 2CH3CN - 50H,0 showing self-assem-
bly of the [C04L4]8+ [2 x 2] coordination grids from Figure 27a. In this case, the [2 x 2]
coordination grids assemble via hydrogen bonds in only one direction; in the orthogonal
direction m—m edge—face and face—face interactions are the principal cohesive forces. Repro-
duced from with permission of Wiley-VCH.

In exploring the chemistry of octahedral [M06C18X6]2’ clusters, Shriver and
co-workers prepared the cluster in which X~ = p-OC¢H4CONH, ", each carboxa-
mide-bearing ligand being terminally bound to one of the metal centres [71].
The two crystal structures reported as different solvates, [(crypt)Na],[MogClsXs]
2DMF - 6H,0 - 4CH30H and [(crypt)Na],[MosClgX¢] - 6DMF, adopt lamella
structures, although with different cluster-to-cluster separations within and between
layers. Within the layers, four of the six carboxamide ligands are involved in R3(8)
amide—amide hydrogen-bonded links between neighbouring clusters. In the first of the
two structures the remaining carboxamides form hydrogen-bonded links between
layers to give a 3D hydrogen-bonded network (Figure 29), whereas in the second
structure such cross-linking involving the other carboxamides does not occur.

4.3 Networks Formed by Hydrogen-bonded Links via Anion, Cation or Neutral
Molecule Bridges Between Coordination Compound Building Blocks

A major problem in inorganic crystal engineering when using hydrogen-bonded
networks is that counterions, especially anions that are in common use, are often
capable of engaging in hydrogen bonding. Thus, intended hydrogen-bonded net-
works can be disrupted by interactions between the designed building blocks and
counterions. Even when neutral building blocks are used, neutral molecules, often
solvents [72], can be incorporated into the final crystal structure and modify or
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Figure 29 Views of the anionic hydrogen-bonded network found in the crystal structure
of [(crypt)Na],[MosClsX¢] - 2DMF - 6H,0 - 4CH;0H(X = 4-OCsH4,CONH;crypt = 4,7,13,
16,21,24-hexaoxo-1,10-diazabicyclo[8.8.8]hexacosane; DMF = dimethylformamide) [71].
Cation and solvent molecules are not shown; [Mo(,Clg]4+ cluster core shown in wireframe
style. (a) Lamella structure constructed via R3(8) amide-amide hydrogen bonding involving
four of the six amide groups (open circles). (b) Hydrogen bonding involving two remaining

(shaded) amide groups that provides the links between the layers. Hydrogen atoms are not
shown.
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disrupt the intended hydrogen-bonded network. This section deals not with such
cases, but rather cases in which a counterion or neutral molecule guest has been
used effectively, or at least intentionally, to provide a hydrogen-bonded link
between the functional groups on the periphery of the building blocks.

4.3.1 Anionic bridges

Since the most common combination in coordination chemistry, that of metal
cation and neutral ligands, gives rise to cationic coordination complexes, it is no
surprise that the choice of anion should be of utmost important in designing
hydrogen-bonded networks based upon coordination compounds as building
blocks. This can be seen in Section 4.2, where anions were often selected to
minimize the chance of their forming (accepting) hydrogen bonds and thus maxi-
mize the chance of direct hydrogen bonding between the cationic building blocks.
However, a few groups have adopted a different approach by selecting anions that
can be incorporated deliberately into the hydrogen-bonded network, forming a
bridge between the metal-containing building blocks. Burrows and co-workers
employed metal complexes containing two N,S-chelating thiosemicarbazide
ligands that serve as multiple hydrogen bond donors. When combined with dicar-
boxylate anions such as trans-fumarate or terephthalate, each thiosemicarbazide
ligand forms a double hydrogen bond with one carboxylate group of an anion.
The anion thus forms a bridge between the cationic hydrogen bond donor build-
ing blocks (Figure 30) [73]. Hubberstey and co-workers [74] designed a family of
tetradentate C,~ or C;~ linked bis(amidino-O-alkylurea) ligands which provide
eight peripheral N-H hydrogen bond donor sites. These have been linked into
hydrogen-bonded tape structures using four of the eight donor sites to ‘recognize’
a variety of anions in a common manner (Figure 31). Further hydrogen bonds
involving the other donor sites, and anion as well as solvent water acceptors, lead
to overall hydrogen-bonded aggregation in two dimensions. Jones and co-workers
have reported a number of aminogold(I) compounds in which hydrogen bonding
and aurophilic Au(I)---Au(l) interactions are important in the solid state [75].
A particularly compelling example is the structure of bis(pyrrolidine)gold(I) chlor-
ide as its dichloromethane solvate (1.33CH,Cl,). The Au(NC;Hs)," cations form
hydrogen-bonded chains via Cl~ anion bridges. The chains, arranged in parallel
fashion form layers, each layer with its chain direction rotated 90 ° with respect to
neighbouring ones. Au---Au interactions then provide a direct link between
cations in adjacent layers leading to a three-dimensional network [75a]. An
interesting system has also been reported by Chen et al. in which trans-
[Ni(OH,)(SCN),J*~ metallate anions are linked via nitrate anions and 4, 4'-bipyr-
idinium cations to give a (6,3)-type honeycomb network sustained entirely by
hydrogen bonds [R}3(64) rings] [30e] (Figure 32). Nitrate anions serve as the three
connected nodes by accepting three hydrogen bonds. Each six-node ring
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Figure 30 Hydrogen-bonded sheet in crystal structure of [Zn(SC(NH,)NHNH,),
(OH»),][1,4-0,CCsH4CO3] - 2H,0 [73a]. Cationic metal complexes [Zn(SC(NH,)NHNH,),
(OH,),]*" (open circles) serve as hydrogen bond donors to anionic terephthalate bridges
(shaded). Layers are linked via N-H---O and O-H - - - O hydrogen bonds to solvent water
molecules (not shown).

(internal dimensions 20 x 24 A, also consists of four 4,4’ -bipyridinium cations,
each of which donate two hydrogen bonds, and two metallate anions. Layers of the
honeycomb networks are stacked in the third dimension via dimeric R3(12) O-H - - - S
hydrogen bonding interactions involving the remaining hydrogen atoms of the co-
ordinated water molecules and the sulfur atoms of two of the four anions. Filling of
the internal channels arises from twofold interpenetration of the network.

4.3.2 Cationic bridges

Cationic hydrogen-bonded bridges can be used to link metallate building blocks.
An earlier example of such an approach involving the ligand domain was pro-
vided in the work of Brammer and Orpen wherein perhalometallates were linked
via cationic bridges containing ammonium or pyridinium hydrogen bond donors
(Section 4.1.2). A splendid example of the use of cationic bridges can be found
in the work of MacDonald et al. [76], who reported an extensive study of a series
of essentially isostructural layered hydrogen-bonded salts. The metallate anions
contain divalent first row transition metals that are octahedrally coordinated
by two meridial tridentate 2,6-pyridinedicarboxylate ligands. Salts formed using
imidazolium cations lead to grid-like hydrogen-bonded layers involving
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Figure 31 Network propagation via anion recognition by hydrogen bonding. Reprinted
from A. J. Blake, P. Hubberstey, V. Suksanypanya and C. L. Wilson, J. Chem. Soc., Dalton
Trans., 3873-80 (2000) Reproduced by permission of the Royal Society of Chemistry.

change-assisted N*-H--- O~ hydrogen bonds, with a hydrogen bonding pattern
at the metallate building blocks resembling that of XXXI. The reproducibility of
this network arrangement and its metrics led the authors to investigate the
co-crystallization of mixed metal systems and, using epitaxial crystal growth, the
preparation of mixed metal composite layered materials (see Section 7).

4.3.3 Neutral molecule bridges

Water and short-chain alcohols are commonly used solvents in the synthesis of
crystals containing hydrogen bonding building blocks owing to the inherent polar
nature of such molecular units. Thus, given the capability of these solvent mol-
ecules both to accept and to donate hydrogen bonds, their (typically inadvertent)
incorporation into the final hydrogen bonded network should be no surprise.
Indeed, a variety of other solvent molecules have been observed to be incorpor-
ated into crystal structures through strong or weak hydrogen bonds [72], but the
deliberate use of such solvent molecule incorporation in crystal design is a difficult
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Figure 32 Hydrogen-bonded honeycomb network found in crystal structure of [4, 4'-bipy],-
trans-[Ni(OH3)(SCN),][NOs], [30e]. Oxygen, nitrogen and key hydrogen atoms are shaded.

proposition. However, other neutral molecule bridges have been used effectively in
hydrogen-bonded networks, the most common examples involving di- and polya-
mines and -pyridyls. These have been widely exploited in organic crystal synthesis
through co-crystallization with molecules presenting O-H donor groups [77]. In
analogous fashion, 4,4'-bipyridine has been used as a neutral molecule bridge
between metal-containing building blocks, particularly those which provide hydro-
gen bond donors that lie in the Ligand Domain, for example in hydroxo [29] and
aqua [30] ligands (Sections 4.1.1 and 4.4.1). A particularly nice example is provided
by Chen and co-workers [30a], in which the compound [Mn(4, 4’ -bipy)(OH2)4]24r is
cross-linked in two dimensions through use of all eight water hydrogen atoms in
forming O-H - - - N hydrogen bonds to additional 4, 4'-bipy spacers.

4.4 Combining Hydrogen Bonds with Coordination Networks

Section 4 up to this point has focused upon linking discrete mono- , di- or poly-
nuclear metal complexes via hydrogen bonds. This section will deal with metal



42 Crystal Design: Structure and Function

centres that are already linked into 1D or 2D networks by coordination bonds,
and consider their further cross-linking by hydrogen bonds resulting in networks
of higher dimensionality.

4.4.1 1D coordination polymers with hydrogen-bonded cross-links

There are a number of examples of 1D coordination polymers propagated by
4, 4'-bipyridyl (4, 4'-bipy) links in which further cross-linking has been accomplished
by M(OH,) - - - (4,4'-bipy) - - - (H,O)M hydrogen-bonded links. Such systems typic-
ally use octahedrally coordinated metal centres, in which trans coordination of
4,4'-bipy leads to the 1D coordination polymer. The additional coordination sites
are then occupied by either two or four water molecules providing O-H donor sites
suitably positioned to form hydrogen-bonded links to additional 4,4’-bipy mol-
ecules in directions orthogonal to the polymer backbone. Such systems are exempli-
fied by the systems [M(NCE),(OH,),(4, 4'-bipy)] - (4, 4'-bipy) M = Co, E = S [30c];
M = Fe, E = S or Se [78]). Ciani and co-workers have also explored this theme,
illustrating that both single and double M(OH;)---(4,4'-bipy)--- (H,O)M
hydrogen-bonded links between metal centres can be achieved in related systems
[30d]. In one system, [Fe(OH,);(ClO4)(4, 4'-bipy)]ClOy - 4, 4'-bipy, alternate parallel
{Fe(4,4'-bipy)},?"*t coordination polymers are linked by single then double
hydrogen-bonded 4, 4’-bipy bridges.

Direct hydrogen bonding between the ligands of metals contained within adjacent
coordination polymers appears to be less common. The coordination polymer
{[Cd(-3, 3'-pytz)(NO3),(MeOH),]}, [3,3'-pytz = 3,6-bis(pyrid-3-yl)-1,2,4,5-tetra-
zine] exhibits interchain O-H---O hydrogen bonding between the coordinated
methanol and nitrato ligands [31c]. In recent reports, the groups of Aakerdy [79]
and Nishikiori [80] have cross-linked neutral coordination polymers formed via
small bridging anionic ligands by using pyridine-based ligands (L) that carry
functional groups (carboxyl, amide or oxime) capable of self-recognition through
hydrogen bonds. These result in 2D sheet structures. The copper(I) halide coord-
ination polymers [Cu(p3-X)L], (X = Cl, I) have a repeat distance along the poly-
mer backbone of ca 3.7-4.1 A that is suitable for m— stacking between pyridine
rings (Figure 33). The Ni(II) thiocyanate coordination polymers, [Ni(u-SCN),L,],
by virtue of the longer bridging anions, give rise to a larger spacing (ca 5.5 A)
between the metal sites to which the pyridine-based hydrogen bond linkers are
coordinated. This spacing is small enough to prevent interpenetration of the
resulting 2D network, but permits inclusion of large aromatic guest molecules by
expansion and compression of alternate cavities due to the flexibility of the hydro-
gen-bonded linkage (Figure 34). The authors also noted that isostructural
host can be prepared using Cu(I) or Cd(II) in place of Ni(Il). Zubieta and
co-workers used a similar approach to link oxomolybdate polymers using 4-pyridyl-
4'-pyridiniumamine (Hbpa) ligands that are coordinated to Mo sites on one
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Figure 33 (a) Cross-linking of {Cu(L)I}, coordination polymer via amide—amide hydrogen
bonds between isonicotinamide ligands (L) to give a sheet structure [79a]. (b) Linking of 2D
sheets in third dimensions via short N-H---I(Cu) hydrogen bonds (H:--I=2.75A).
Oxygen, nitrogen and key hydrogen atoms are shaded; copper iodide polymer shown in
wireframe style.

chain and form bifurcated N-H---O,Mo hydrogen bonds to a neighbouring
chain, leading to 2D sheets of composition [M04O;3(Hbpa),] [81]. Orpen and
co-workers reported the formation of [{MCI4}n]2"_ chains (M = Mn, Cd) sup-
ported by hydrogen-bonded cross-linking of Hj(4, 4'-bipy) cations that form bi-
furcated N-H - - - CI,M hydrogen bonds [82].

Recently, Prior and Rosseinsky [83] prepared by hydrothermal means a coord-
ination polymer [Ni(u-1,4-H,NC¢H4NH,)(H, TMA)(OH,),], [H3: TMA = ben-
zene-1,3,5-tricarboxylic acid (trimesic acid)], which has an all-trans geometry at
the nickel centres. The carboxyl functional groups and the water molecules engage
in extensive hydrogen bonding leading to infinite hydrogen-bonded sheets that lie
approximately orthogonal to the direction of propagation of the coordination
polymer. A 3D network, {(NH4)[Yb(DMF),]J[Pt(CN),],},, (DMF = dimethylfor-
mamide), in which coordination bonds give rise to propagation in one direction
while hydrogen bonds provide links in the other two has also been reported by
Shore and co-workers [84]. The system consists of infinite square columns of com-
position {[Yb(DMF),]J[Pt(CN),],},"~ in which Yb(DMF), and two [Pt(CN)4]27
moieties provide the corners of the Yb,Pt, squares that are then linked into
columns by further bridging [Pt(CN)4]2* units. These 1D ‘coordination
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Figure 34 Cross-linking of {Ni(i-SCN),L,}, coordination polymer via carboxyl-carboxyl
hydrogen bonds between isonicotinic acid ligands (L) to give a sheet structure which stacks
providing channels that can accommodate polycyclic aromatic hydrocarbon guest mol-
ecules, here anthracene [80]. Oxygen, nitrogen and key hydrogen atoms are shaded; nickel
thiocyanate polymer and anthracene guest molecules shown in wireframe style.

columns’ are then linked in the other two directions by N-H - - - NC(Pt) hydrogen
bonds from the ammonium cations, in which @/l ammonium hydrogens and al//
terminal cyano ligands participate.

4.4.2 2D coordination networks with hydrogen-bonded cross-links

There are many examples of two-dimensional coordination networks involving
organic bridging ligands, often using pyridyl groups [8c,g]. However, examples of
such networks, which are also cross-linked in the third dimension by hydrogen
bonds, are surprisingly rare. A particularly nice example is provided by Lauher
and co-workers [85]. Pyridyl-derivatized urea and oxalamide ligands when com-
bined with silver(I) salts lead to coordination networks in which each metal ion
serves as a four-connected node, with its local geometry being that of a flattened
tetrahedron. The resulting 2D grid coordination network is linked in the third
dimension by a well-established pattern of hydrogen bonds between the urea or
oxalamide functionalities.
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While coordination networks are typically considered to involve bridging ligands
consisting of at least two atoms, it is useful to include halometallate and oxometal-
late layer structures as a form of 2D coordination network for the purposes of the
present section. Mitzi has described and reviewed the technologically important
area of inorganic—organic perovskites [43], with particular attention being paid to
layered halometallate perovskites in which the anionic layers are bridged by or-
ganic alkylammonium cations, R-NHY or (H;N-R-NHj3)**, that form N-H - -- X
hydrogen bonds (X = halogen), as illustrated schematically in Figure 35. Figure 36
indicates the most commonly observed hydrogen bonding interactions between the
ammonium group and the halogens. The applications associated with this class of
compounds are discussed in Section 7. Oxometallate structures are also a widely
studied class of materials, particularly oxomolybdates (Chapter 6). However, in
their 1999 review, Zubieta and co-workers noted [8c] that only one example is
known of a layered oxomolybdate in which the layers are linked through hydrogen
bonding to organic cations. Hy(4, 4'-bipy)[M0707;] - H,O exhibits an oxide layer
structure similar to those of MoOs, with the interlamellar region containing the
[Ha(4, 4'-bipy)]*" cations and water molecules, which are hydrogen bonded to each
other and through multi-point hydrogen bonding to the oxygen atoms of the an-
ionic layer [86].

4.5 Periphery Domain: Organometallic Building Blocks

This section deals with organic ligands bound to metals via metal-carbon bonds,
but bearing substituents capable of forming hydrogen bonds with neighbouring
molecules. Most examples involve ligands bonded to metals via their mw-electrons,
e.g. alkenes, alkynes, arenes and cyclopentadienyls, and this will be the principal
focus here. Examination of hydrogen bonding groups will also be restricted to
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Figure 35 Schematic representation of single layer halometallate perovskites [{MXg},1*"~
with (a) monoammonium (RNHY) and (b) diammonium (*H;NRNH;) organic cations as
spacer units linked to inorganic layers via N-H---X hydrogen bonds. Reprinted from
D. B. Mitzi, J. Chem. Soc. Dalton Trans., 1-12 (2001). Reproduced by permission of the
Royal Society of Chemistry.
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Figure 36 Two hydrogen bonding schemes typically observed in inorganic-organic perovs-
kite structures of empirical formula (RNH3),[MX4] and (H;NRNH3)[MX4]. (a) NH; group
forms two N-H - -- X hydrogen bonds to bridging halides and one to a terminal halide. (b)
NH; group forms two N-H - - - X hydrogen bonds to terminal halides and one to a bridging
halide. (See discussion in Ref. 43b). Reprinted from D. B. Mitzi, J. Chem. Soc., Dalton
Trans., 1-12 (2001). Reproduced by permission of the Royal Society of Chemistry.

alcohols, carboxylic acids and amides. These organometallic building blocks differ
from many of their coordination compound analogues involved in hydrogen
bonding in the periphery domain in that the metal exerts little if any directional
influence upon the hydrogen bond propagation. There may be some electronic influ-
ence of the metal upon the hydrogen bonds, as was noted for the case with the cor-
responding class of coordination compounds. However, in a number of cases the
metal (and often the remainder of its ligands) can be thought of as a substituent or
appendage on an organic hydrogen-bonded network (see IV and VI in Figure 12).

4.5.1 Organic ligands with alcohol functional groups

Using the CSD, Braga et al. examined hydrogen bonding patterns involving alco-
hol functional groups present in organometallic compounds [28a]. Typical patterns
of hydrogen bonds are analogous to those formed by organic alcohols [87]. Thus,
hydrogen-bonded chains of graph set C(2) were reported, as well as cyclic R$(8)
tetramers [88] and the two dimensional hydrogen-bonded sheet formed by
[Fe(CO)(n-CO)(n’-CsH4CH,CH,OH)], via self-association of all O—H groups into
cyclic R§(12) hexamers [89] (Figure 37). The size of the group (R) to which the
alcohol (R—OH) is being bonded is one of the principal determining factors regard-
ing the type of network formed, with smaller groups leading to chain formation
and larger ones to ring formation. The participation of ubiquitous carbonyl ligands
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Figure 37 Part of hydrogen-bonded sheet formed by [Fez(nS—C5H4CH2CH20H)2
(CO),(-CO),] [89] showing R8(12) O-H - - - O hydrogen-bonded rings. Adapted with permis-
sion from Figure 11c in D. Braga, F. Grepioni, P. Sabatino and G. R. Desiraju, Organo
metallics, 13, 3532-43 (1994). Copyright 1994 American Chemical Society.

in hydrogen-bonded networks involving O-H - - - O=C(M) hydrogen bonds is also
documented [28a].

In an effort to use organometallic alcohols in crystal synthesis, Braga and Gre-
pioni in collaboration with Walther and co-workers have reported the synthesis
and structural characterization of a series of prop-2-yn-1-ol complexes of Pt and
Ni [90]. The hydrogen bonding patterns in the structures of these compounds again
resemble the aforementioned chain and ring supramolecular synthons known for
alcohols in general. These patterns are then compared with patterns observed
for the corresponding organic prop-2-yn-1-ols [90]. A number of 1, 1’-ferrocene-
diols have been prepared and the hydrogen bonding patterns of their crystal struc-
tures analysed. These include the structures of Fe(n*-CsH;CH,OH), [91] and
Fe(n°-CsMe;,CH,0H), [92], which form a 1D C(2) network and a 3D network,
respectively, through O-H - - - O hydrogen bonds. The predominant work involving
such diol systems is due to Glidewell and co-workers [93,94], who examined the
series Fe(n’-CsH4C(R)(R")OH),, R = R’ = Ph[93a]; R = R’ = Me [93b]; R = Ph,
R’ = Me (racemic) [93c] and R = Me, R’ = H (racemic) [93c], all of which form
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discrete dimers via R}(8) hydrogen-bonded rings. A more recent report by Braga
et al. describes the structure of enantiomerically pure Fe(n’-CsH,;CH(CH3)OH),,
which forms a 1D hydrogen-bonded chain [95]. Co-crystallization of
Fe(n’-CsH4CPh,OH), can be achieved with a variety of diamine and polyamine
hydrogen bond acceptors resulting in O-H---N hydrogen-bonded adducts,
although rarely in extended networks [94].

4.5.2 Carboxyl- and carboxylate-bearing ligands

Patterns of hydrogen bond formation for organometallic complexes with carboxyl-
substituted ligands have been compared with those of organic carboxylic acids
showing that the R3(8) rings and C(4) chains prevalent in the latter are also
common in the former [28a]. In cases where more than one ligand carboxyl group
is present, hydrogen-bonded networks are found. Most interesting are the strong
similarities between the networks formed by maleic acid [96] and Fe(n?-maleic
acid)(CO), [97] and similarly between those of fumaric acid (two polymorphs) [98]
and Fe(n?-fumaric acid)(CO), (two polymorphs) [97,99]. In a similar vein to these
organic/organometallic pairings, Brammer ez al. have prepared and crystallized the
(n%-arene)Cr(CO); complexes of the well-known series of benzene carboxylic acids:
benzoic, terephthalic, isophthalic and trimesic acid (XXXIII — XXXVI, Figure 38)
[27a] . For XXXIII, a centrosymmetric carboxylic acid dimer is formed by associ-
ation of (n%-arene)Cr(CO); molecules. The dimers then associate via C-H---O
hydrogen bonds [100]. Efforts to prepare solvent free crystals of XXXIV — XXXVI
have to date been unsuccessful, owing to the poor solubility of these compounds in
media other than polar solvents that can compete for hydrogen bond formation.
Thus, XXXIV and XXXV have been crystallized as their dimethyl sulfoxide
(DMSO) and dimethylformamide (DMF) solvates, XXXIV-2DMSO and
XXXV - 2DMF, respectively. Hydrogen bonding between the carboxyl groups and
the solvent molecules prevents direct association between carboxyl groups. How-
ever, the disolvated organometallic molecules serve as three-component building
blocks for further association via a network of C-H---O hydrogen bonds.
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Figure 38 Organometallic benzene carboxylic acid building blocks: chromium tricarbonyl
complexes [27a].
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Most interesting in this series is the structure of XXXVI - "Bu,O, which exhibits a
zig-zag chain owing to hydrogen-bonded association of two of the three carboxyl
groups on each organometallic molecule. The third carboxyl group is occupied
in forming an O-H - -- O hydrogen bond to the ether (Figure 39). Of note is the
fact that all Cr(CO); moieties are appended on the same side of a given hydrogen-
bonded tape. The tapes associate in a bilayer arrangement involving a number of
C-H - - - O hydrogen bonds, with both carboxyl and carbonyl oxygens participating.

One potential disadvantage of the di- and tricarboxylic acid metal-arene building
blocks XXXIV — XXXVI for use in crystal engineering is that the electron-
withdrawing nature of the carboxyl groups makes the arene ligands relatively
poor electron donors to the metal centre, resulting in a decomplexation of the
arene that is rather more facile than one might like. By contrast, cyclopentadienyl
ligands offer a more strongly bound alternative to arenes. Braga and co-workers
have studied extensively the organometallic bis(benzoic acid) system [Cr(n®-CsHs
COOH),] (XXXVII-H,), the bis(cyclopentadienylcarboxylic acid) systems
[Fe(n’-CsH4COOH),] (XXXVIII-H,) and [Co(n’-CsH4COOH),] " ((XXXIX-H,]")
and some of their deprotonation products (Figure 40) [11g,101]. The structural
aspects of these building blocks will be considered in this section and to some
extent in Section 5.4, while aspects of the work on these systems that is pertinent to
polymorphism [101d.f] and to solid—gas reaction chemistry and sensing [101h] will
be mentioned briefly in Sections 7 and 8, and are covered in more detail elsewhere
in this volume (see Chapter 8).

While the structures of the neutral XXXVII-H; (two polymorphs) [102] and
XXXVIII-H; [101f] comprise simple dimers with a syn conformation of carboxyl
groups (Figure 41a), neutral [Fe(n’-1, 3-CsH3(Me)COOH),] [95] and the cationic
[XXXIX-H,]" (two polymorphs) [101d] and oxidized [XXXVII-H,]" (two
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Figure 39 Hydrogen-bonded network in the crystal structure of [Cr{n°’-1,3,5-C¢H;
(CO,H);}(CO);] "Bu,O [27a]. (see also Plate 10).
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Figure 40 Metallocene-1,1’-dicarboxylic acid and related bis(arene) building blocks, shown
here in the anti conformation.

polymorphs) [101f] all form hydrogen-bonded chains with carboxyl groups
adopting an anti conformation and all interacting via R3(8) synthons (Figure 41b).
The chain arrangement is presumably adopted to accommodate the ring methyl
groups or PF¢~ anions. In the presence of [Cp,Co]" cations, the anionic carboxyl—
carboxylate species [ XXVIII-H]™ forms a chain similar to the dicarboxylic acid
cations, but sustained by O-H--- O~ hydrogen bonds (Figure 41c) [101a]. How-
ever, in the presence of the [(n°-CsHs),Cr]™ cation, a different arrangement is
adopted in which [ XXVIII-H] ™ units form dimers via O-H - - - O~ hydrogen bonds
and are then linked into a chain via bridging neutral XXXVIII-H; molecules [101a].
The neutral, zwitterionic XXXIX-H, crystallized with some difficulty by dehy-
dration of its trihydrate and then seeding, forms a twisted version of the ID
chain seen for [ XXVIII-H]™ (Figure 41d) [101c]. Other 1:1 mixed systems, e.g.
[ XXXIX-H,]"/XXXIX-H [101b], are known as well as the unusual adduct
[ XXXIX-H] [K"] [PFs"], which contains potassium ions that are encapsulated
within cages comprised of four [CO(1’-CsH4COOH)(1’-CsH4CO0)] (XXXIX-H)
zwitterions linked via O-H --- O~ and C-H - - - O hydrogen bonds [101b]. The cages
in turn form a 1D tape via additional C-H - - - O hydrogen bonds.

A few other organometallic dicarboxyl moieties are known. Particularly note-
worthy are a series of organometallic compounds prepared by Stepnitka and
co-workers involving the phosphorus-bound 1’-(diphenylphosphino)ferrocenecar-
boxylic acid ligand [103]. These form rings and 1D hydrogen-bonded polymers
when two such ligands are used [103a], but show the potential to form networks
of higher dimensionality where more than two ligands are introduced [103c].

4.5.3 Ligands with amido groups

Despite their use in organic crystal engineering and in building blocks based upon
coordination compounds (Section 4.2), amides have seen little deliberate use in
organometallic crystal engineering. Their involvement in the packing in organo-
metallic crystal structures suggests that they should behave as they do in other
organic and coordination compound systems [28c]. There are some examples of
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Figure 41 Hydrogen bonding patterns observed in structures involving (a) XXXVIII-H,,
(b) [XXXIX-H]*, (c) [XXXVHI-H]™ and (d) [XXXIX-H]. Reprinted from D. Braga,
L. Maini, M. Polito, L. Scaccianoce, G. Cojazzi and F. Grepioni, Coord. Chem. Rev.,
216-217, 225-48 (2001), Copyright 2001, with permission of Elsevier Science.

m-arene and m-cyclopentadienyl amides [104]. Cr(n%-CsHsCONH,)(CO); and the
related compound Cr(n°-CsHsCH,CONH,)(CO); crystallize as dimers linked via
R3(8) N-H---O hydrogen-bonded synthons, with the second hydrogen atom
from each amide group forming a bifurcated hydrogen bond to carbonyl oxygens
of two neigbouring molecules, resulting in a 3D hydrogen-bonded network [104a].
Somewhat differently, Mn(1’-CsCl;CONH,)(CO); crystallizes as a 1D hydrogen-
bonded tape consisting of R3(8) and C(4) N-H---O synthons, as is typical of
many organic primary amides.
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5 WEAK HYDROGEN BONDS

As weak hydrogen bonds by definition do not contribute substantially to overall
crystal cohesion on an individual basis, their primary importance lies in their
abundance. Thus, their combined energetic contribution in a given crystal may be
substantial, as can be the case with other weak interactions, which at first consid-
eration may seem to be in the realm of ‘background noise’ compared with
stronger interactions that are (rightfully) given greater consideration in crystal
design and synthesis. However, unlike van der Waals interactions, for example,
weak hydrogen bonds, the C-H---O hydrogen bond being the prime example
[105], are directional in nature [106] and exhibit attractive forces at fairly long
distances, including beyond the nominal van der Waals contact distance [14e]. It
is now recognized that hydrogen bonding is not confined to the electronegative
elements in the upper right-hand corner of the Periodic Table, but that a wide
range of elements can participate in hydrogen bonds, many of these forming
relatively weak interactions [14e]. However, in this section the discussion of weak
hydrogen bond donors will be confined to C-H groups, particularly the ubiqui-
tous C-H - - - OC(M) hydrogen bonds of organometallic compounds. Weak accep-
tors, including phenyl, cyclopentadienyl and alkyne groups, that use filled -
orbitals rather than lone pairs to participate in hydrogen bonds, will also be
discussed. It should be stated that in many if not all of the systems discussed in
Section 4, weak hydrogen bonds are present in conjunction with the stronger
counterparts. However, as in organic crystal engineering, the use of weak hydro-
gen bonds as the primary organizing force in inorganic crystal design is somewhat
difficult to implement and in most cases will not be the preferred strategy. Never-
theless, weak hydrogen bonds should not be ignored as they will frequently be
present whether by design or not. Ideally they should be used to work in harmony
with stronger forces in the overall crystal design. As Aakerdy and Leinen have
observed with weak hydrogen bonds [19], ‘Typically, the directional preferences of
these bonds are satisfied within the geometrical constraints of stronger hydrogen
bonds. .. Furthermore, C-H - - - X interactions can tilt the balance between several
options of stronger bonded networks, thus acting as an important “steering
force” in solid-state assembly’.

51 M;(m,-CH3z) and M3(p;-CH) Groups in C-H - - - O Hydrogen Bonds

In Section 4.1.1, (M)N-H and (M)O-H hydrogen bond donors were discussed in
the context of the influence of metal coordination upon donor capability of such
groups (e.g. OH, vs M-OH,). This discussion is now extended to (M)C-H
donors. A useful comparison between the hydrogen bonding capabilities of
Mj(w,-CHjy) and Mj3(p;-CH) groups has been carried out by Braga et al. using
the CSD to examine the metrics of C-H---O hydrogen bonds, in most cases
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involving carbonyl ligands as acceptors [28¢]. Both methylidene (w,-CH) and
methylidyne (w;-CH) ligands are found frequently to engage in C-H - - - O hydro-
gen bond formation, the latter generally forming shorter interactions. The authors
discuss these findings in the context that these groups resemble alkenes (Cspz—H)
and alkynes (C,,—H), respectively, which form C-H---O hydrogen bonds with
similar mean metrics to methylidene and methylidyne ligands. However, an alter-
native viewpoint arises if one considers the carbon atoms of these ligands to be
sp® hydridized. It then seems apparent that coordination of these C—H donors to
a metal center has the effect of enhancing the polarization of the C®~—H®" bond
relative to their organic counterparts, i.e. Ma(pn,-CHj;) vs R,CH;, and Mj3(pw;-CH)
vs R3CH (R = hydrocarbon group), the latter being much poorer hydrogen bond
donors in each case. Thus, it seems reasonable to conclude that the polarizing
effect of coordination to three metal centres upon one C-H donor group in
M;(w3-CH), will be greater than that of rwo metal centres upon two C-H donor
groups in Mj(p,-CH). This is consistent with the observed C-H---O hydrogen
bond lengths.

5.2 C-H-.--OCM) Hydrogen Bonds

In an important paper, Braga, Grepioni, Desiraju and co-workers highlighted the
abundance of C-H - -- OC(M) hydrogen bonds in crystals of organometallic com-
pounds [28b]. The use of the CSD to analyse such hydrogen bonds across the
series of d-block metals Ti—Ni led to a number of specific findings:

1. Terminal, doubly- and triply-bridging CO ligands frequently participate in
C-H - - - O hydrogen bonds.

2. Bifurcated acceptors are common, since most organometallic crystals have an
excess of C-H donors over OC(M) acceptors.

3. The effect of different metal atoms or the nuclearity of the complex is not
detectable.

4. The mean H---O separation decreases in the order C-H-.--OC(M)
(2.62A) > C-H---OC(M»)(2.57A) > C-H - - - OC(M3)(2.44 A), consistent with
the greater m-back-donation from the metal centres experienced by the bridging
carbonyl ligands leading to increased oxygen basicity and stronger hydrogen
bond formation.

5. Intermolecular hydrogen bonds involving C-H---OC(M,,), n = 1-3, are direc-
tional with corrected [107] H--- O-C angles most commonly having values in
the range 140-160°, regardless of the mode of coordination of the carbonyl
ligand.

These results not only underlie the importance of considering such hydrogen
bonds as part of the overall crystal design process for inorganic (organometallic)
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crystals, but also point the way towards the proactive use of C-H---OC(M)
hydrogen bonds in crystal design.

Another illustrative example of the importance of C-H:--OC(M) hydrogen
bonds and their influence upon stronger hydrogen bonds comes from a detailed
investigation of hydrogen bonding [11d,24e] in a series of salts
R3;NH*Co(CO);L~ (L = CO, PRj). These systems were prepared not with crystal
engineering in mind, but rather to explore the N-H - - - Co hydrogen bonds formed
[24b—f,25a]. A detailed examination of the structures of the Co(CO),” salts pro-
vides some useful insights into organometallic crystal engineering and in particu-
lar demonstrates the overall importance of C-H---OC(M) hydrogen bonds,
which far outnumber the N-H - - - Co hydrogen bonds that were the focus of the
original studies [11d]. This point is further accentuated in the crystal structures of
the series (DABCO)H*Co(CO);L~; L = CO (XL), PPhy (XLI), PPhy(p-tol)
(XLII) and P{p-tol}; (XLIII) (p-tol = para-tolyl), in which the basicity of the
hydrogen bond acceptor (Co) is steadily increased from XL to XLIII [24¢e]. How-
ever, the crystal structures reveal that in the solid state the N-H - - - Co hydrogen
bond decreases in length not in parallel with the increase in basicity of the accep-
tor, but in the sequence XL, XLIII, XLII, XLI. As each N-H---Co hydrogen-
bonded ion pair is present in a different landscape of weak interactions, including
many weak hydrogen bonds, it seems clear that the strongest hydrogen bond,
N*-H---Co™, is significantly influenced by accommodation of this multitude of
weaker interactions required to minimize the overall packing energy. This example
provides an interesting adjunct to the statement quoted above from Aakerdy and
Leinen [19] concerning the interplay of strong and weak hydrogen bonds in crys-
tal structures.

5.3 D-H-:--w Hydrogen Bonds (D = C, N, O)

Although the ability of the filled mw-orbitals of multiple bonds, including aromatic
rings, to serve as hydrogen bond acceptors was first observed in the 1930s [108]
(as were C-H---O [109] and C-H---N [110] hydrogen bonds), it was not until
the 1990s that this class of weak interactions was generally accepted as a type of
hydrogen bond. On this topic, Desiraju and Steiner state in their monograph
on weak hydrogen bonds, ‘There is no good reason to suppose that electron-rich
m-systems like aromatic rings and C=C triple bonds would not participate in
hydrogen bonding interactions. Indeed they constitute the most common class
of non-conventional acceptors’ [14e]. The fact that they go on to devote 80 out of
440 pages in the monograph to D-H - - - m hydrogen bonds gives some indication
of the widespread nature of such interactions.

That having been said, their deliberate application in crystal design and specif-
ically in inorganic crystal design has been much more limited. There are neverthe-
less some interesting examples of D-H - - - m hydrogen bonds in inorganic systems
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and the occurrence of such hydrogen bonds in organometallic crystals has been
surveyed using the CSD [111]. Mingos and co-workers prepared the 1:2 and 1:4
adducts of the electron-rich dimetallated alkyne NpPh,PAu-C=C-AuPPh,Np
(Np = naphthyl) with chloroform in which the acidic C-H bonds of the solvent
molecules form short C—H - - - m(C=C) hydrogen bonds [H - - - C=C(midpoint) as
short as 2.30 10%] [112]. Cyclopentadienyl C—H groups have also been observed to
engage in C-H - - - m(RC=CML,) hydrogen bonds [113]. Hydrogen-bonded net-
works of this type have attracted less attention than their organic counterparts,
though a cyclic hexamer constructed through C-H - w(C=C) hydrogen bonds
has been observed in ethynylferrocene [114].

The prevalence of phenyl rings in organometallic compounds, in no small part
due to the use of the PPh; ligand, leads to stabilizing interactions between such
phenyl groups [115], referred to by Dance and Scudder in terms of ‘the phenyl
factor’ [21] and the ‘phenyl embrace’ [116]. Some of these interactions involve
so-called edge-to-face contacts and might be considered alongside other weak
C-H - - - w(Ph) hydrogen bonds. Cyclopentadienyl rings can also serve as acceptors
for D-H - - - w(Cp) hydrogen bonds. An interesting case in which a 1D network
is propagated via O—-H - - - m(Cp) hydrogen bonds can be found in (n>-1-{p-tolyl}
-2-hydroxyindenyl)(n’-cyclopentadienyl)ruthenium(II) (Figure 42) [117]. Carbonyl
ligands are also observed to form D-H:--mw(OC) hydrogen bonds, though
these are less common than D-H---OC(M) hydrogen bonds discussed above
[22b,118].

Figure 42 Zig-zag 1D network propagated by O-H - - - w(Cp) hydrogen bonds in the crys-
tal structure of [Ru(n’-Cp)(n’-1-p-tolyl-2-hydroxyindenyl)] (Cp = CsHs) [117].
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5.4 Application of Charge-assisted C—H - - - O Hydrogen Bonds in Organic—
Organometallic Crystal Engineering: Carboxyl-Carboxylate Hosts with
Cationic Metallocene Guests

An extensive series of crystalline systems have been prepared by Braga, Grepioni
and co-workers in which [Cr(n°-C¢Hs),]™ or [Co(n’-CsHs),]" cations are encapsu-
lated in hosts formed by O-H - - - O hydrogen-bonded networks of organic di- and
polycarboxylic acids, partial deprotonation of which provides the overall charge
balance [11¢,119]. The initial inspiration was an effort to mimic the remarkable
system reported by Etter et al. in which cyclohexanedione forms O-H - - - O hydro-
gen-bonded cyclic hexamers in the presence of benzene as a template (Figure 43a),
owing to stabilization of this motif by C-H - - - O hydrogen bonds [120]. Recogniz-
ing the similarities between the peripheries of many organometallic molecules and
their organic counterparts, the aim was to use what was known from organic
crystal packing to develop organometallic crystal engineering. An effort to com-
bine [Cr(n®-CgHy),], as an organometallic analogue of benzene, with cyclohexane-
dione (CHD) led to the crystalline system [Cr(n®-CgsHg),]" [(CHD),] -2CHD
(Figure 43b) owing to facile oxidation of the [Cr(n°®-CgHg),] [121]. This strongly
resembles Etter’s et al. system in that a templated organic host network supported
by strong O-H - - - O hydrogen bonds encapsulates a guest via C—H - - - O hydrogen
bonds. However, in this case the cationic nature of the guest leads to strengthened
charge-assisted C—H®" - .. 0% hydrogen bonds. Subsequent exploitation of these
observations led to a general synthetic route to organic-organometallic host-guest
networks by preparing crystals from the combination of [Cr(n°®-CsHs),][OH] or
[Co(n>-CsHs),][OH] with a variety of organic carboxylic acids. Deprotonation of
an acid moiety by the hydroxide ion then leads to the crystalline host—guest system
in which the organometallic cations interact with the organic host network via
C-H?" ... 0% hydrogen bonds. Prediction of the final crystal architecture is neces-
sarily difficult in these composite systems, as is the extent of hydration, since water
is a convenient polar solvent for crystal synthesis. Nevertheless, a number of
guiding principles have been established [11c]. Thus, for example, it is clear that
the organic host network is wrapped around the organometallic guests maximizing
C-H%" ... 0% hydrogen bond formation and that the highly basic carboxylate
(-CO, ") sites seek strong hydrogen bond donors, which are only available on the
carboxyl groups of the neutral or partially deprotonated polycarboxylic acids. The
organic host network often assembles into a channel structure in which the
organometallic cations are arranged, although layer structures have also been pre-
pared when using the small planar acid squaric acid [119¢,h,i]. Chirality can readily
be introduced through the application of chiral carboxylic acids such are tartaric
acid [119¢] and or even chiral alcohols such as binaphthol [122]. More recently,
mixed metal systems have also been prepared by using organometallic the car-
boxylic acid Fe(n’-CsHsCOOH), (XXXVIII-H,) to form the host network
[101a,123].
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Figure 43 (a) Etter’s er al. iconic example of self-assembly in (C¢HsO,)s - CeHg [120]
(b) A close organometallic analogue, [(C4HgO,)s(CsH702)]” [Cr(CsHg),]" [121]. Note the
importance of C-H - --O hydrogen bonds emanating from the arenes in directing the self-
assembly of the O-H - - - O hydrogen-bonded cyclohexenedione network.
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6 DIRECT INVOLVEMENT OF METALS IN HYDROGEN BONDS

As noted in Section 3.3, spectroscopic and crystallographic evidence, principally
in the past decade, has led to the recognition that metals can participate directly
in hydrogen bonds as either the donor, M-H - -- A [23], or acceptor, D-H---M
[13,24,25]. These interactions are of importance in the study of protonation of
metal centres and the deprotonation of metal hydrides, but do they have a poten-
tial role to play in inorganic crystal design? Surveys of the CSD suggest that there
may be many examples of such interactions [23e,25k]. M-H - - - O hydrogen bonds
are generally regarded as being fairly weak, similar to C-H---O hydrogen
bonds, and a 1996 CSD survey revealed only 17 crystal structures with (M)H--- O
distances of less than 2.8 A (eight such interactions at less than 2.61&) [23e].
Hence, unlike C-H - -- O hydrogen bonds, their weakness is not compensated for
by their abundance. Hence their role in inorganic crystal design is likely to be
negligible. The prospects are slightly better for D-H - - - M hydrogen bonds. These
are stronger, reaching 7kcal/mol in solution for O-H---M hydrogen bonds
between neutral molecules and undoubtedly more when charge-assisted. Hence
strength is not the issue. Although they are also more abundant than their
M-H---O counterparts [25k], the question of the applicability of D-H---M
hydrogen bonds in crystal design does rest upon a realistic assessment of the
availability of such hydrogen bonds. At present D-H --- M hydrogen bonds have
been observed for a limited number of electron-rich transition metal centres [25]
and require, in addition, sterically accessible (d-orbital) lone pairs on the metal
atom at the centre of a metal complex. Their use in crystal design is, therefore,
likely to be at best very limited compared with hydrogen bonds involving the
Ligand and Periphery Domains. An added deterrent to the use of Metal Domain
hydrogen bonds is the synthesis of the metal complexes involved. While crystal
engineering has evolved from what is sometimes referred to as ‘Aldrich chemistry’,
i.e. the use of commercially available compounds as building blocks, to the design
and (conventional) synthesis of building blocks, the organometallic synthesis and
potential air sensitivity of the many metal complexes able to participate in
M-H---A and D-H---M hydrogen bonds is unlikely to provide an incentive to
seek this approach to crystal design. These comments do not undermine the
importance of such interactions in organometallic chemistry, but merely put a
realistic face upon their potential use in inorganic crystal design.

Another interaction sometimes discussed alongside hydrogen bonds unique to
inorganic or organometallic crystals is intermolecular X-H o-bond complexation,
sometimes confusingly so since these interactions are fundamentally different from
hydrogen bonds [12a]. The interactions of X-H o-bonds with electron-deficient
transition metal centres has been widely studied and is important in the activation
of such bonds by transition metals [124]. The most common among these are for
X = B, C, Si, the emphasis in most studies being on intramolecular interactions.
An indication that C-H o-bonds form weak intermolecular interactions with
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metal centres in a number of crystal structures of organometallic compounds has
been established by a survey of the CSD [25k]. However, for analogous reasons to
those given in the above discussion of M—H --- A and D-H - - - M hydrogen bonds,
the role of intermolecular X—H o-bond complexation is not of general significance
in crystal design.

7 FUNCTION AND PROPERTIES

A primary goal in crystal engineering is the ability to design and synthesize crys-
talline materials with a high degree of predictability. This goal is being approached
for certain well-defined classes of compounds for which the structural variables
can be well defined and are well understood. However, reaching this goal more
broadly for all classes of compounds, and all types of building blocks, still lies
well in the future. The purpose of the desired structural control, of course, returns
us to the intimate link between structure (and composition) and properties.
Microscopic structure can in principle be controlled in order to tune the physical
and chemical properties of a material. However, we cannot afford to wait until
full control of structure of a wide range of materials is achieved before consider-
ing their properties; the two must be developed side by side to some extent. A
number of approaches can be taken.

One can take building blocks with known properties/function and endeavour to
design a crystalline solid that incorporates these units with the aim of instilling
these molecular properties or some cooperative version thereof into the new
material. An example of such a case is the incorporation of transition metal
centres with unpaired electrons into well-defined networks in which the spins of
these electrons can interact to yield desirable magnetic properties, which may then
be further refined by tuning the overall structure. Similarly, one might envisage
taking a catalytically active molecule and modifying its periphery so as to incorp-
orate it into a porous crystalline material that would permit control of entry and
exit sites to the catalyst, but still preserve the molecular catalytic function.

An alternative approach involves designing networks to exhibit a property or
perform a function not inherent in the building blocks used. One might consider
the design of porous solids or lamellar solids for host-guest chemistry, separ-
ations, etc., to fall into this category, since these properties are not inherent in the
building blocks used. However, such properties of the final solid may be enhanced
by the appropriate choice of building blocks, such as those with functionality
capable of serving as effective binding sites.

A third approach arises when pursuing primarily structural objectives is
coupled with keen observation, and examination and testing of the properties of
materials synthesized. A simple example involves the common situation in which
solvent molecules are incorporated into cavities in network solids. Further exam-
ination to see if the solvent can be removed or replaced by other guests is often
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warranted. More quantitative studies, e.g. using differential scanning calorimetry
(DSC) or thermogravimetric analysis (TGA), are also useful in such circum-
stances.

While crystal engineering is beginning to have its successes in terms of deliver-
ing properties in designed crystalline materials, this aspect of the field is very
much in its infancy. The area of crystal design covered in this chapter, that of
hydrogen-bonded inorganic materials, is less well developed than either its organic
counterpart or that of inorganic coordination networks, and can benefit from
aspects of each of these approaches. Nevertheless, there are some interesting and
promising developments in the properties of inorganic hydrogen-bonded mater-
ials, as highlighted in the remainder of this section.

Returning to the topochemical roots of crystal engineering, recent examples
have illustrated that N-H---H-E hydrogen bonds (E = B, Ga) in crystalline
solids can be used to form N-E bonds in the solid state by elimination of gaseous
H,. This has been illustrated by Gladfelter and co-workers in the preparation of
nanocrystalline gallium nitride via N-H---H-Ga hydrogen bonds in cyclotria-
gallazane, (H,GaNH;); [46h,i], and by Jackson and co-workers in preparing
B-N-bonded networks unattainable by other means [46¢c—¢].

The work of Mitzi has shown that inorganic-organic hybrid perovskites in
which inorganic layers consisting of corner-sharing metal halide octahedra and
linked by cationic organic layers are capable of exhibiting a variety of potentially
useful magnetic, electrical and optical properties [43]. The organic-inorganic inter-
face consists of many N-H---X(M) hydrogen bonds (X = halogen), leading to
well organized crystalline materials, which can be characterized by single-crystal
diffraction methods (see Section 4.4.2). Properties identified in such materials
include semiconductor and high electron mobilities in Sn(IT) halide-based hybrids
[125]. Novel optical properties have also been observed for such hybrid materials
based upon other divalent Group 14 halides [126] and the first-row d-block
metals, M(II), have provided useful model systems for studying low-dimensional
magnetic properties [127].

Neve and co-workers have also made use of hydrogen-bonded perhalometallate
ions, but in this case using salts mononuclear ions linked by weak charge-assisted
C-H---X(M) hydrogen bonds from alkylpyridinium cations [128]. The use of
cations with long-chain alkyl substituents leads to liquid crystalline behaviour in
these salts [128a—].

Recent reports have also shown the potential for applications in sensing shown
by metal-containing hydrogen-bonded crystalline solids. Albrecht, van Koten and
co-workers have reported a remarkable crystalline organoplatinum ‘pincer-ligand’
complex XLIV [44a] that is capable of reversibly binding SO, [129] (Chapter 9).
The complex assembles into parallel 1D tapes via O-H - - - CI(Pt) hydrogen bonds
such that all the organometallic building blocks within one tape are coplanar
(Figure 44). The tapes are then arranged in a buckled sheet structure. Absorption
of SO, is accompanied by a colour change from colourless XLIV to orange XLV,
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Figure 44 Crystal structures (a) [Pt(NCN-OH)CI] XLIV [44a] and (b) [Pt(SO,)
(NCN-OH)CI] XLV [129a,b] (NCN = tridentate ‘pincer’ ligand {C¢H,-5-(OH)-2,
4-(CH2NMe,),} 7). O-H - - - Cl hydrogen-bonded chains are maintained upon uptake of SO,.
Hydroxyl group, chloride ligand and SO; ligand are shaded. Hydrogen bond network and
Cl-- - S donor—acceptor interactions are shown as dashed bonds.

which contains square pyramidal Pt(II) centres due to coordination of SO, [130].
A single-crystal structure determination of XLV shows that the hydrogen-bonded
tapes remain intact and essentially unchanged in geometry relative to XLIV.
Remarkably, XLIV is not inherently porous, but rather the absorption takes place
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through a substantial adjustment of the relative positions of the tapes, including a
reversal of the direction of half of the tapes. This permits the more than 15%
increase in unit cell volume needed to accommodate the absorbed gas. The
absorption process in the solid state was monitored by time-resolved powder
diffraction. The platinum pincer compounds that provide the molecular building
blocks of XLIV have also been shown to be able to bind SO, in solution and
when constructed into dendrimers [129b]. In subsequent work it was shown that
removal of the aryl OH group led to crystalline solids with different packing
arrangement absent of strong hydrogen bonds, but these were also able to absorb
and bind SO, [129c]. Thus, the O-H - - - CI(Pt) hydrogen bonds in XLIV provide a
valuable organizing interaction but are not essential for SO, absorption. Import-
antly, the potential for development of gas sensors and optical switches in these
systems is readily apparent.

Braga, Grepioni and co-workers have also reported an interesting absorption
phenomenon exhibited by the crystalline zwitterion [Co(n’-CsH4;COOH)
(n°-CsH4COO0)] (XXXIX-H), which undergoes heterogeneous reactions with a var-
iety of hydrated acids (HCI, CF;CO,H, HBF,4) and bases (NH;, NH;Me, NMejs)
[101h]. The products of these reactions involve absorption of the acid or base and
water, as exemplified by the cases for reaction with HCl and NHj. Thus, reaction
with aqueous HCI in the gas phase leads to [XXXIX-H,]"Cl~ - H>O in which the
O-H--- O™ hydrogen bonds of XXXIX-H are replaced by O"—H - - - C1~ hydrogen
bonds. Reaction of XXXIX-H with aqueous NHj3 in the gas phase leads to the
formation of NH,; [XXXIX] -3H,0, in which N*-H ... O~ hydrogen bonds are
now present. The zwitterion XXXIX-H can be regenerated by heating under
reduced pressure in both cases. The absorption—deabsorption process is reversible
for a number of cycles and has been monitored by powder diffraction, solid-state
IR spectroscopy and TGA. Such phenomena are known for crystals of some or-
ganic compounds [131], but this appears to be the first example of amphoteric
absorption behaviour involving an organometallic compound.

8 DESIGN STRATEGIES: ‘FAILURES’ AND PROBLEMS. WHAT
CAN BE LEARNED?

Design strategies for crystalline inorganic hydrogen-bonded materials necessarily
rely heavily of the use of reproducible hydrogen bonding interactions, not only in
terms of which donor and acceptor groups will interact with which, but also in
terms of geometric reliability. The concept of the supramolecular synthon [16] is
tremendously valuable in this respect, but the reliability of the synthons that one
intends to use needs to be known or investigated [18], and competition from other
interactions, particularly stronger ones, should be considered at the outset. Etter’s
studies led her to conclude that potential hydrogen bonding interactions between
molecular building blocks used in crystal synthesis can typically be assessed in a
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hierarchical manner [Ic]. Thus, it is most probable that the best hydrogen bond
donor and the best acceptor will interact. Remaining donor and acceptor groups
can then be considered in terms of the next best donors and acceptors. Analyses
of hydrogen bond geometries also serve as important guides to likely hydrogen
bonding behaviour [26,28]. Mean distances and angles are useful for summarizing
hydrogen bond geometries and for making comparisons between different types of
hydrogen bonds. However, examination of the overall distribution of these geom-
etries provides information on the how readily specific hydrogen bonds may be
deformed. Theoretical modelling of hydrogen bonding interactions can also pro-
vide a valuable guide to (experimental) synthetic strategies [39].

None of these approaches is foolproof, but they provide good initial guidance.
However, while the literature contains predominantly reports of ‘successful’ syn-
theses, in that hydrogen-bonded networks are formed and can be analysed in
terms their supramolecular synthons, etc., there are surely many unpublished
examples in many laboratories of “unsuccessful’ crystal syntheses. These include
products that were not or could not be satisfactorily analysed, and products in
which the intended product did not form and that which formed in its place was
deemed uninteresting (e.g. no network formation). Within these ‘failures’, these
‘unsuccessful’ syntheses, lies a potential wealth of information of value to crystal
design. However, this information is often difficult to assess systematically and
likely to be even more difficult to publish [132], given the competitive emphasis on
‘success’. Nevertheless, it would be valuable to catalogue this information and one
should think carefully before discarding it as merely a failed attempt.

Some of the issues that lead to ‘unsuccessful’ or at least unintended outcomes in
crystal syntheses of inorganic hydrogen-bonded materials have been examined in
this chapter. An important issue is the balance between strong and weak hydro-
gen bonds in determining the final structural arrangement. An assessment of
potential weak hydrogen bonds can in some instances permit these to be used to
augment the desired strong hydrogen bonds in the final network. Since ionic
metal complexes are common, the use of ionic building blocks is more prevalent
in inorganic crystal synthesis than in its organic counterpart. Counterions, fre-
quently anions, can prevent the formation of the intended hydrogen-bonded net-
work through their own participation in hydrogen bonding. Two approaches
might be taken to address this issue. Weakly basic anions [133] could be used,
although the most weakly interacting anions necessarily tend to be large in order
to ‘dilute’ their charge, and this is clearly a limitation in crystal design. An alter-
native approach is to make the anion part of the solution rather than part of the
problem, i.e. take advantage of the interactions made by the anion and include
these in the design strategy [134]. Assessment of the role of the anion and the
reliability of cationic hydrogen-bonded networks can, of course, be assessed by
repeating the crystal synthesis in the presence of different anions. Solvent incorp-
oration presents a similar problem, but perhaps more difficult to deal with. Since
building blocks used in the formation of hydrogen-bonded networks are often
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most soluble in polar solvents (owing to hydrogen bonding interactions with the
solvent), it is common for such solvents to be used in crystal syntheses from the
solution phase. Thus, it is not uncommon to observe their inclusion in the crystal-
line product, sometimes preventing the intended association of building blocks
[27a]. The torsional flexibility of ligands in the metal-containing building blocks is
also a factor that should be taken into consideration. In general, the more degrees
of freedom introduced, as found in torsionally flexible groups or molecules, the
more possible outcomes there may be in the crystalline product.

Another design question relates directly to the issue of function. The question is
whether first to establish reliable networks and synthesize crystals based upon
such networks, and then to modify the building blocks to introduce a desired
function while maintaining the reliability of the network. Alternatively, one can
take molecules with ‘functionality’ built-in and then try to develop them, perhaps
by minor synthetic modification into building blocks for a suitable network that
will permit a functional crystalline material to be prepared. These issues have been
examined in Section 7.

Finally, there is the issue of polymorphism. When a substance can exist in more
than one crystalline phase, each adopting a different arrangement of molecules,
ions or network, the material is described as polymorphic. Each crystalline phase
is termed a polymorph. Each polymorph of a particular substance has different
physical properties as a result of the differences in molecular arrangements — a
dramatic demonstration of the intimate link between microscopic structure and
macroscopic properties that was introduced at the outset of this chapter. The
phenomenon has been widely explored in organic crystals [135] and is of consider-
able commercial interest, particularly in the pharmaceutical industry [135¢] where
different polymorphic forms of drugs may have different efficacy (bioavailablity),
and require different processing and formulation. In the paint and pigment indus-
try, polymorphic forms of pigments may result in different shades, which can be
advantageous as well as presenting potential problems [136]. But what of poly-
morphism in hydrogen-bonded inorganic crystals? It is known, but while there is
no reason to believe that it should be less widespread than in organic crystals, it
has received relatively little attention to date [10]. Clearly, further exploration
is needed in inorganic crystalline materials, from both the experimental side
and the theoretical side (i.e. crystal structure prediction). A knowledge of the
extent of polymorphic behaviour is of undeniable value in the design of any new
material (Chapter 8).

9 FUTURE PROSPECTS

What can we expect from hydrogen-bonded inorganic materials in the future?
Predictions are treacherous territory, but examining the current state of research
in this area and developments in closely related areas can serve as a guide if
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viewed through the lens of likely feasibility when employing hydrogen bonds. The
earlier sections of this chapter, Sections 4 and 5 in particular, illustrate the wide
variety of inorganic systems in which hydrogen bonding has an important role to
play. This is a diverse collection of systems.

To date fewer applications of inorganic hydrogen-bonded materials (Section 7)
have been developed than in organic hydrogen-bonded systems or with inorganic
coordination polymers. This is partly a chronological issue. Organic crystal engin-
eering was sufficiently well developed by the end of the 1980s for one of its major
proponents, Gautam Desiraju, to write a book to be devoted to the topic [la],
while the study of coordination polymers took off around 1990 following the
pioneering work of Robson’s group [137]. By contrast, few systematic efforts to
study or pursue inorganic crystal design using hydrogen bonding appeared before
the mid-1990s. Some examples from the organic and coordination polymer areas
of crystal engineering suggest viable goals for advancements that might be
expected in the near future using inorganic hydrogen-bonded materials.

Ward and co-workers have developed an extensive series of materials based
upon a lamellar hydrogen-bonded motif, with layers separated by pillars that lead
to void spaces for guest occupation [138]. The materials are constructed from gua-
nidinium bisulfonates and enable remarkable metric control [138a,c], permitting
applications in separation chemistry [138d]. Recently, these materials have also
been designed to contain aligned polar cavities enforcing adoption of noncentric
space groups and permitting nonlinear optical (NLO) activity by encapsulation of
appropriate guest molecules [138e.,f']. These materials represent a class of flexible
porous solids. A very promising class of rigid coordination-based porous solids
capable of guest encapsulation and exchange has been developed by Yaghi and
co-workers using metal-carboxylate linkages [8h,i,139].

Looking further towards applications of coordination polymers, Lin and co-
workers have demonstrated that polar solids (with substantial NLO response) can
be designed through an appropriate choice of polar bridging ligands combined
with tetrahedral metal centres that provide acentric nodes [140]. Chiral separ-
ations [141] and modest catalytic activity [141,142] have also been demonstrated
in coordination polymers.

In all of these applications there appears to be scope for contributions from
inorganic materials in which hydrogen bonds play an important role. Hydrogen
bonding has also seen extensive use in the design of molecular receptors, and
extension of this approach to the design of network solids with embedded hydro-
gen bonding recognition sites would appear to be an attractive proposition.

Thus, hydrogen-bonded materials offer greater flexibility than coordination-
based systems. This can be advantageous or disadvantageous depending upon the
desired application. Inorganic hydrogen-bonded materials have the potential to
offer similar design possibilities to organic hydrogen-bonded materials, with add-
itional properties arising from the presence of metals (optical, magnetic [142],
catalytic) that might also be incorporated.
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10 CONCLUSIONS AND SUMMARY

In just a few years, the application of hydrogen bonding to inorganic crystal
design has developed tremendously. Systematic studies of hydrogen bonding pat-
terns and the design and synthesis of a wide variety of systems have been con-
ducted, incorporating many different metals and propagated via many different
supramolecular synthons. Despite this output, the field is clearly in its infancy and
has much yet to offer. Further work on developing reliable and versatile network
designs is essential as is the need for advancement of the field in terms of develop-
ment of genuinely functional materials with interesting and useful properties.
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1 INTRODUCTION

The role of the H-bonds involving neutral amidic-type NH and carbonyl-type
O atoms (amidic H-bonding) in the controlled assembly of biologically relevant
architectures in Nature is of paramount importance [1]. Not surprisingly, amidic-
H-bonding has been widely exploited for the design and preparation of a variety of
stable, higher-order solid-state supramolecular assemblies [2]. The preparation of
these organized molecular frameworks through self-assembly of complementary
molecules, has in fact, become a most challenging research endeavour [3]. For
example, there is an increasing interest in the field of nonlinear optical materials
(NLO), where supramolecular assemblies may play a central role [4]. In this con-
text, the prediction of the physical and chemical properties and the structure and
aesthetic quality of the supramolecular product by rational design of the self-
assembly by complementary molecules (tectons) [1f,5] is relevant for a novel engin-
eering of the solid state [3d,6]. Studies of self-assembling processes based on amidic
H-bonding showed the possibility of forming different supramolecular constructs.
Two- and three-dimensional molecular networks [7], extended sheet structures [8],
columnar networks [9], molecular tapes [10], and helical aggregates [11] are only
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some of the different architectures observed. Despite the numerous reports dealing
with the role of amidic H-bonding on the processes of molecular recognition and
self-assembly, less attention has been devoted to nonamidic H-bonding, and the
prospects of designing new supramolecular architectures. Spectra of the ammonia—
water [12] and trimethylamine-water [13] complexes provided first examples of
nonamidic H-bonding between amino and hydroxyl groups. In the case of trimethy-
lamine-water, the spectra of all isotopomers were indicative of a structure with an
essentially linear single H-bond (1.82 A). H-bonding between alcohols and amines
can play an important role in different physical and chemical phenomena, as
revealed by the study of the interaction between native cellulose I or regenerated
cellulose I with liquid ammonia [14], alkylamines [15], and other amines [16]. These
transformations have been the subject of a number of studies, and complexes of
cellulose with amines showed distinct X-ray diffraction patterns [17]. In these com-
plexes, a unit cell containing two almost identical chains with a twofold screw axis
symmetry, in which a conformational change for the hydroxymethyl group of the
anhydroglucose repeating unit is evident, has been suggested by X-ray and *C
NMR analyses [18]. H-bonding interactions may influence the glass transition tem-
perature (7,) in polyamine—polyalcohol mixtures [19], where clear maxima are
observed in contrast to those of isolated polyalcohol mixtures. The origin of this
excess of configurational entropies has been ascribed to the structural change of the
H-bonding networks in the polyamine—polyalcohol systems compared to the polyal-
cohol alone. Moreover, nonamidic H-bonding interactions can effectively compete
with metal-ligand coordination in determining the structure of a supramolecular
aggregate, as observed during the study of the crystal engineering of organogallium
alkoxides derived from primary amines and alcohols [20]. In this case, conforma-
tional changes in the metal ligand complex and increased steric bulk on the carbon
atom adjacent to the amine group can generate a different H-bonding network.
This chapter is concerned with the assembly of supramolecular motifs based on
H-bonding interactions between alcohols and amines. We shall name these ‘supra-
minols’ (see Section 1.3). Some useful insights about the effect of the structural and
physical properties (as for example the chirality) of the component molecules on the
structure and properties of the supramolecular product will be made whenever pos-
sible, even if it is widely accepted that predictions of crystal structures from know-
ledge of chemical composition of the components are far from being generalized [21].

2 SUPRAMOLECULAR ARCHITECTURES BASED ON
ALCOHOL-AMINE (OH-NH) H-BONDING
2.1 General Principles

H-bonding interactions between simple amines and alcohols in solution have been
demonstrated spectroscopically [13,22] and analytically [23]. The effect of the
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addition of different concentrations of triethylamine on the IR absorption spectra
(in the 3333cm~! region) of methanol and ethanol in different solvents was
described by Baker and co-workers over 50 years ago [24]. They showed that a
mixture of alcohol and amine gives rise to a new band at 3226 cm~!' which was
ascribed to the formation of the alcohol-amine complex. Many years later, the
effect of steric parameters on the formation of H-bonds between tertiary amines
and linear chain alcohols [25] or branched chain alcohols [26] was reported. The
steric bulk of the alcohol decreases the value of the association constant, and with
branched chain alcohols, different conformational complexes were observed even
though they were present in a 1:1 ratio [26]. In the early 1990s, Kawashima and
Hirayama reported the resolution of racemic diols by complex formation with
enantiopure diamines [27], but they did not directly discuss the formation of supra-
molecular assemblies. In 1994, Ermer and Eling described for the first time the
general principles for molecular recognition among alcohols and amines utilizing
aromatic substrates [28]. This was based on the consideration that the hydroxyl
group in alcohols and the amino group in primary amines are complementary in
H-bonding, both stoichiometrically and geometrically. The alcoholic hydroxyl
group is characterized by one H-bond donor (the hydrogen atom) and two H-bond
acceptors (two lone-pairs on the oxygen atom). A primary amine group has two
donors (two hydrogens) and one acceptor (one nitrogen lone-pair) (Figure 1).

The structural compatibility of H-bond donors and acceptors in alcohols and
primary amines determines a favorable geometry for the formation of a 1:1 alco-
hol-amine complex in which all the donors and acceptors on each group could
participate in H-bonding with a tetrahedral geometry. In this tetrahedral coordin-
ation (Figure 1), three H-bonds emanate from every oxygen and nitrogen atom,
compared with only two in the free alcohol and amine, respectively, providing the
energetic advantage of the process. While isolated crystalline alcohols or amines
can form only one H-bond per hydroxy and amino group, respectively, generating
H-bonded motifs involving free lone pairs between 1:1 complexes of alcohols and
amines could result in various structural possibilities with a full or partial tetrahe-
dral H-bonding geometry. In these complexes there is a general tendency to avoid
N(H)N bonds, because they are comparatively long and of low polarity with
respect to N(H)O and O(H)N bonds (Figure 2) [28]. Therefore, molecular recogni-
tion between alcohols and amines might be expected to be an efficient process, since
complementarity is a crucial requisite for the interaction of molecular partners
interactions. Moreover, it is clear that the congruence of steric compatibility with

QP H
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Figure 1 Hypothetical tetrahedral geometry in H-bond donor—acceptor complementarity
of alcohols and amines [28].
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Figure 2 Usual chain-like pattern of H-bonding in isolated crystalline alcohols and amines
according to Ermer and Eling [28].

favorable geometry during self-assembly might be responsible for the generation
of a high degree of order on a macromolecular scale. Evidence in favor of this
consideration may be obtained from the analysis of melting-point diagrams of
binary alcohol-amine mixtures, which usually show dystectic maxima (congruent
melting points) at 1:1 hydroxy:amino stoichiometry in a complex (Figure 3) [29].

0 1 1 i ] 1
0.2 0.4 0.6 0.8

NH, X (phenol) OH

CH,

Figure 3 Melting-point diagram of the binary system phenol-p-toluidine (adapted from
Ref. 29) as cited in Ref. 28.
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2.2 Super-tetrahedral H-bonded Alcohol-Amine Architectures

In a 1:1 complex between alcohols and primary amines, the usual zig-zag chains
of H-bonds may be joined together alternately by N(H)O interactions to generate
sheets of trans-fused super-cyclohexane rings with chair-like conformations. From
a topological point of view, these super-structures resemble the sheet structure of
the stable allotrope of arsenic as super-arsenic sheets in which O(H)O, N(H)N,
and N(H)O interactions are involved (Figure 4) [28].

Alternatively, N(H)N bonds may be completely avoided by considering the
same ‘super-arsenic’ motif which consist of N(H)O bonds only (Figure 5) [28].
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Figure 4 H-bonded structure of a 1:1 alcohol-amine complex of the super-arsenic type [28]
involving 1/3 O(H)O, N(H)N, and N(H)O H-bonds each.
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Figure 5 H-bonded structure of 1:1 alcohol-amine complex of the super-arsenic type
involving N(H)O bonds exclusively [28].
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H-bonded sheets analogous to those of black phosphorus are possible when two
thirds of the trans-fusion between the super-cyclohexane chairs is replaced by cis-
fusions. Such a super-black phosphorus type sheet structure may be obtained by
cutting through a cubic diamond lattice (Figure 6) rather than a hexagonal one [28].

In the cubic diamond lattice, every oxygen atom is coordinated to three nitrogen
atoms and one oxygen atom, and every nitrogen atom to three oxygen atoms and
one nitrogen atom. On the other hand, in the hexagonal diamond lattice every
oxygen atom is tetrahedrally coordinated to four nitrogen atoms and every nitrogen
atom to four oxygen atoms. The tetrahedrons are all oriented in one direction to
produce the hexagonal (sixfold rotational) symmetry. In principle, when monofunc-
tional alcohols and amines are replaced by linear dialcohols and diamines of gen-
eral formula HO-R-OH and NH,-R-NH;, respectively, the two-dimensional
super-arsenic sheets may be joined to form a three-dimensional super-tetrahedral
and, in particular, super-zincblende or super-wurtzite networks (Figure 7).

Other super-structures for 1:1 alcohol-amine complexes from polyhedral
H-bond clusters with the shape of a tetrahedron, cube, pentagonal dodecahedron,
trigonal-prismatic, truncated-icosahedral, or even extremely hollow truncated-
icosahedral are theoretically possible [28] (Figure 8).

2.3 Assembly of Super-tetrahedral H-bonded Alcohol-Amine Architectures [30]

Probably the first published structure of an H-bonded super network between
amines and alcohols is that of 4-aminophenol (AMPHOL) described by Brown,
although in this study the positions of the H-atoms were not unambiguously
determined [31]. The crystal structure of hydrazine monohydrate, N;H4*H,O, has
been reported by Liminga and Olovsson [32]. Single crystals suitable for
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Figure 6 H-bonded sheet of a 1:1 alcohol-amine complex of the super-black phosphorus
type. Some O-R and N-R’ bonds are not shown for clarity [28].
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Figure 7 3D super-tetrahedral H-bonded architectures of 1:1 complexes between linear
dialcohols and linear diamines. (a) Super-diamond network with a super-adamantane type
building block. (b) Super-wurtzite network with combined super-iceane and super-bicyclo
[2.2.2]octane-type building blocks [28].
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Figure 8 Some examples of hypothetical polyhedral 1:1 alcohol-amine complexes.
(a) Tetrahedron; (b) cube; (c) trigonal prism; (d) pentagonal dodecahedron according to
E