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Abstract

Very many molecular structures of polyhedral borane compounds have been established by solid-state crystallographic analysis,
but their intermolecular interactions, and the factors that dictate their supramolecular arrangements in the crystal lattice, are
essentially unexamined. Kitaigorodskii’s Aufbau principle (KAP) forms the basis of a technique for such an examination and
simplifies the visualisation of molecular packing by breaking it down into a series of symmetry-generated steps, of which each
permits even the weakest intermolecular interactions to be readily identified. KAP is based on close-packing principles, and
constructs the crystal of a molecular compound in a three-step process: first, the molecular units pack to form one-dimensional
chain substructures, these then pack together to yield two-dimensional sheet substructures; these, in turn, stack on top of one
another to yield the observed three-dimensional structure. The method is exemplified by consideration of the molecular
arrangements in the ‘wrap-around’ encapsulation of 4,4’-bipyridyl with [6,9-(4,4"-bipyridyl),-arachno-BgH;>] in their 1:1 co-
crystal, the complex three-dimensional dihydrogen-bonding network in the crystal structure of H;BNHj, solvent channels in the
structure of the co-crystal of n-hexane with [CsHsNMe][1-(SMe)-10-(SMe,)-closo-BjoHg], and systematic variations within the
crystal structures of [6,9-(NCsHy-4-R),-arachno-BigH,], where R is Me, Et and n-Pr. It is concluded in this preliminary account
that KAP provides a simple yet rigorous tool for studying a whole range of both gross and subtle molecular packing effects in the
solid-state. © 2002 Published by Elsevier Science B.V.
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1. Introduction

In the structural investigation of molecular polyhedral
boron-containing cluster chemistry by single-crystal X-
ray diffraction analysis, it has been generally conven-
tional to confine the structural interpretation to the
individual molecules. Thus when a molecular structure
as determined by single-crystal X-ray work is presented,
it is presented typically as a ball-and-stick picture of the
molecule as if it were a molecule of a gas, independent of
its environment in an extended solid-state matrix.
Specific solid-state features that can be of high chemical
and structural significance, including fascinating assem-
bly phenomena arising from a variety of attractive
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intermolecular interactions, are often overlooked. Poly-
hedral boron-containing cluster compounds generally
consist of irregularly shaped molecules that give rise to
complicated solid-state packing arrangements that are
often characterised by extensive networks of weaker
intermolecular attractions. These can include, for ex-
ample, XH-- - interactions, CH---HB and NH---HB
‘dihydrogen’ bonding, and so on, in addition to more
familiar intramolecular interactions such as conven-
tional X—H---X hydrogen-bonding and van der Waals
attractions. The nature of these types of interactions and
their relative contributions to the assembly of molecules
in the crystalline state are, however, as yet poorly
understood, and boron-containing cluster chemistry is
no exception here. The balance of these forces dictates
patterns among a whole variety of solid-state phenom-
ena [1], and those that we have started to examine in our
laboratories include: (a) crystal polymorphism; (b)
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mixed-molecule chemistry, as in solvates or co-crystals;
(c) aggregation into ‘counter-intuitively’ localised layers
or channels in ionic salts involving polyhedral boron-
containing cluster anions species; (d) supramolecular
assemblies such as rods, helices, tapes, capsules, sheets,
and so on. These structural features are specific to the
solid-state. Together, they can lead to the pursuit of
ideas that (e) systematic comparisons of closely related
structures can ultimately lead to the introduction of
specific solid-state features by design [2].

In order to identify these solid-state phenomena and
then examine comparatively, systematically, and rigor-
ously, our intent is to adopt a universal approach that
can be applied to all of them because a mixture of
several different procedures could lead to confusion.
Methods for the analysis of solid-state structures do, of
course, exist. For example, the systematic description of
intermolecular hydrogen-bonding networks using graph
set notation [3,4]. Such approaches are not generally
adopted because they do not necessarily aid chemical
understanding and can, in some cases, add unnecessary
complexity. Rather, the general approach to identifica-
tion and delineation of intermolecular aspects of the
solid-state of molecular compounds has been hitherto
more random. Studies are often limited to the display of
a packing diagram of a set of molecules in the crystal
lattice, from a perspective chosen to show a perceived
clear view. This view is then interpreted in terms of a
perceived particular feature of interest for the com-
pound under study. This approach is not always
satisfactory, either from the point of view of the detailed
comparison of series of related structures, or from the
point of view of objectively assessing all the significant
features of intermolecular interaction.

In this essentially preliminary presentation we enun-
ciate an alternative method for the systematic analysis of
the solid-state packing of boron containing cluster
compounds. This is based on Kitaigorodskii’s Aufbau
Principle (KAP) [5]. Four examples are chosen to
illustrate the simplicity and versatility of the method.
We believe that these examples demonstrate that KAP
forms the basis of a useful visual tool for the analysis
and delineation of a wide range of solid-state phenom-
ena regardless of molecular size and complexity. The
emphasis is on KAP as a method of analysis, using
diverse systems as examples. We hope to present its
detailed application to aspects of comparative crystal-
lography of borane species in due course.

2. Kitaigorodskii’s Aufbau principle

The systematic approach we assess here for the
comparative assessment of intermolecular behaviour in
boron-containing cluster chemistry has its roots in the
simple inorganic solid-state chemistry of simple binary

Table 1
The 11 most populous space groups *

Space group Number (%)

P24/c 86573 (35.3)
P1 50532 (20.7)
P2,2,2 21152 (8.6)
C2lc 18233 (7.4)
P2, 13718 (5.6)
Pbca 9008 (3.7)
Pna?2, 3656 (1.6)
Pnma 3560 (1.5)
Cc 2525 (1.0)
Py 2232 (0.9)
Pbcen 2181 (0.9)

% Calculated from 245393 entries in October 2001 release of the
Cambridge structural database [7].

and ternary salts and ceramics. For such species, it is
generally well recognised that a very small number of
structural types, e.g. caesium chloride, rock salt, nickel
arsenide, sphalerite, wurtzite, etc. describe many thou-
sands of different compounds [6]. This arises because
these compounds adopt close-packed layers of anions,
and the natural limits of the relative sizes and ratios
among the ions can dictate only a relatively small
number of lattice arrangements.

A related phenomenon occurs for crystals of mole-
cular compounds (Table 1). The majority of molecular
compounds for which determined crystal structures have
been reported crystallise in only a small number of space
groups, with only six of the 230 possible space groups
accounting for over 80% of all published structures [7].
This is because crystals of molecular compounds in
those particular space groups resemble the simple binary
and ternary inorganic crystals in that the molecules also
generally attempt to close-pack [5]. Consequently, in the
crystal structure, a molecule will typically be surrounded
laterally by six other molecules, generally in a sheet.
Those sheets can then in turn close-pack together to
form the observed crystal structure. The way in which
the molecules arrange themselves in sheets is manifested
in the symmetries of those few space groups (Table 1). It
is only those particular space groups that have the
combinations of symmetry elements that permit the
close-packing, rather than other assemblies, of a set of
identical molecules of otherwise random shape and
orientation.

The corollary of these considerations is that the
overall three-dimensional crystal structure of a molecu-
lar compound can be broken down into a series of ‘two-
dimensional’ layers of laterally close-packed molecules,
and that those layers relate to one another, and stack
together, using a specific symmetry element of the space
group concerned. These close-packed layers can thence
be interpreted similarly in terms of a series of close-
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packed ‘one-dimensional’ chain substructures, which
pack to form the two-dimensional layers using another
specific symmetry element inherent to that space group.
Finally, the chain substructures consist of series of
individual molecules related successively by symmetry
operations that are again necessarily from within that
space group. In sum, the structure of the crystal of a
molecular compound can be broken down systemati-
cally into layers, and then chains, and then finally the
molecule itself [8,9].

The approach for the analysis of intermolecular
interactions is one that essentially inverts this procedure.
Thus, firstly, it delineates how the molecules come
together to build up the quasi-one-dimensional chain
substructures, how these then build up into two-dimen-
sional layers, and finally how the layers assemble to
generate the observed overall three-dimensional crystal
structure. This approach was pioneered by Kitaigor-
odskii half a century ago [5], and is referred to as
Kitaigorodskii’s Aufbau principle, conveniently abbre-
viated as KAP [8,9]. For the polyhedral boron-contain-
ing cluster systems illustrated in this presentation, KAP
permits the systematic analysis of the interactions that

(@) (b)

v
"
"
v
'

A i
/Q”B E
D c E
: A
: C\\\\‘/K
5 g D
A :
/K :I
.””H"B :
o c !
1 A
: C“V}\
. B D

are involved at each of the individual one-, two- and
three-dimensional assembly stages [10—14].

At first sight there would naively appear to be a
choice among very many possible one-dimensional
chain substructure symmetries that have to be consid-
ered, with 75 being in principle possible [15]. This would
then, in principle, engender an even larger number of
two-dimensional sheet structures. However, when the
symmetry constraints inherent in the most commonly
encountered crystal systems are combined with other
close-packing considerations, only the four types of
close-packed chain substructure need to be invoked in
the analysis of most crystalline molecular compounds
[16]. These are shown in Fig. 1. Similarly, the 80 possible
symmetry-generated sheet structures associated with
those four chain structures reduce down only to seven
when close-packing considerations are applied [8,17].
KAP can therefore be used quite simply when applied to
any of that majority of molecular species that crystallise
in the most populous space groups. The method builds
up one of these four chain structures from the individual
molecules: a second symmetry operation is then applied
to develop the chain structure into one of the seven sheet
structures, and these sheet sub-structures are then
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Fig. 1. The four most commonly encountered KAP chain structures: (a) translation; (b) screw; (c) glide; and (d) inversion chains. The respective
symmetry operations have been successively applied to a chiral tetrahedral molecule for which the starting absolute configuration is coloured blue
and the opposite enantiomer coloured red. The colour scheme clearly shows that, whilst chirality is retained in the chain, as in structures (a) and (b),

the symmetry operations of (¢) and (d) result in chains of racemates.
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assembled to engender the full crystal by a third
symmetry operation. At each stage the molecular
interactions are inherently displayed and may be
examined. Conversely, it is often possible to
choose particular directions of chains and sheets and
their required symmetry operations in accord with
particular intermolecular interactions that may be of
interest.

The simplest chain structure is the translational chain
(Fig. la) in which a molecule is repeatedly moved
laterally in a one-unit translation. In the 2, screw chain
(Fig. 1b) the molecule is rotated by 180° and translated
by a half-unit, then again rotated by 180° and translated
by a half-unit, and so on. It may be noted that two
successive 2; screw operations are equivalent to one unit
translation of the molecule, and that both the simple
translation and screw chain structures imply retention of
any molecular chirality. The third type of chain sub-
structure involves a glide operation (Fig. 1c), in which
the molecule is reflected across a mirror plane, then
translated by half a unit, reflected again across the
mirror plane, translated further by half a unit, and so
on. This is similar to the screw-chain in that two
successive operations are equivalent to one translational
chain operation. However, it does differ in that there is
an alternation of chirality along the chain. The fourth
type of chain is generated by a sequence of successive
inversions (Fig. 1d). This is somewhat different to the
other three in that this chain is constructed using point-
symmetry operations, whereas the other three involve
translational symmetry operations. In this fourth type of
chain, a molecule is inverted across a centre of symme-
try; successive centres of symmetry along the relevant
vector direction then develop the chain. This chain also
dictates an alternation of molecular chirality.

In sum, therefore, if a molecular structure crystallises
in one of the most populous space groups, then close-
packing principles can be applied, and the molecular
packing can be rigorously described in terms of a simple
three-stage Aufbau process. Firstly, one of the four
chain structures [8,16] in Fig. 1 is constructed by
successively applying the relevant symmetry operation
to the repeating molecular unit. Next, one of the seven
close-packed sheet structures [8,17] is generated, again
by successively applying another of the symmetry
operations that define the four chain substructures of
Fig. 1. Finally, the full three-dimensional macro-struc-
ture is generated by applying a third symmetry opera-
tion, such that the sheets close-pack one on top of
another.

These considerations of symmetry and construction
are here illustrated in four specific applications of the
KAP method. Each example illustrates different solid-
state features so that it can be seen how each can be
described and delineated by KAP. The intent is not to
produce any unifying solid-state structural overview but

rather to exemplify the versatility and simplicity of the
KAP method regardless of the system or feature studied.
The first example exemplifies the mechanics of the
method and also illustrates how it can readily identify
intermolecular contacts whilst providing a simple deli-
neation of the macromolecular architecture of an
interesting co-crystal. The second example enables the
visualisation of the complicated three-dimensional net-
work of bifurcated intermolecular ‘dihydrogen’ bonds in
ammonia borane, H3;NBH;. The analysis of the
[CsHsNMe] " [1-(SMe)-10-(SMe»)-closo-BjgHg] ~  salt
then permits the identification and description of a
subtle network of weak CH---S hydrogen bonds that
frames a series of parallel hydrophobic helical channels.
The fourth example illustrates the systematic analysis of
a series of very closely related species, thereby better
enabling the identification of subtle trends.

3. Application of the KAP method to specific examples

3.1. The structure of the 1:1 co-crystal of 4,4’-bipyridyl
and [6,9-(4,4"-bipyridyl) ;-arachno-B;oH ;5]

This first example is the co-crystal of [6,9-(4,4"-bipy),-
arachno-BigHy,] (Fig. 2, lower diagram) with 4,4'-
bipyridyl (CCDC deposition no. 172365). The [6,9-L,-
arachno-BgH ;] system constitutes an easily synthesi-
sable set of compounds [18] (Fig. 2, upper scheme) with
which systematically to engender and examine for subtle
variations in intermolecular phenomena of potential
wider import in boron-containing cluster chemistry (see
also Example 4 below). It also thereby can be usefully
used to consolidate the general technique for the
application of the KAP method in the general area
[10,11,14].

The crystallographic space group is P2;/n. The KAP
operations to generate the observed crystal structure
must obviously involve both molecules. It is convenient
in the KAP approach to start with a molecule of interest
as close to the origin as possible, and here the boron-
containing molecule can be selected for this role (Fig. 3,
upper diagram). Having done this, the co-crystallising
free 4,4’-bipyridyl molecule is then most sensibly posi-
tioned close to the [6,9-(4,4"-bipyridyl),-arachno-BoH5]
molecule to make an appropriate bimolecular unit for
subsequent KAP chain development (Fig. 3, upper
diagram). Incidentally, even in this preliminary step of
the analysis, it is of significant chemical and structural
interest to note from Fig. 3 that the aromatic rings of the
two molecules in the co-crystal pack very neatly next to
each other. In this context, see also Example 4 below.
There are two inversion centres very close to this
bimolecular unit, at (0, 0, 0) and (3, 0, §). An inversion
chain (Fig. 1d above) is thence readily generated by
successive inversions along [101] direction (Fig. 3,
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Fig. 2. The general scheme for the synthesis of 6,9-disubstituted arachno-decaboranyl compounds (upper scheme) and the molecular structure of

[6,9-(4,4"-bipyridiyl),-arachno-B,gH,] (lower diagram).

middle diagram).? It should be noted that each inversion
operation further extends the parallel packing of aro-
matic rings to include four molecules. The next step, to
generate the KAP two-dimensional sheet, can then be
accomplished by successive 2; screw-axis operations
along the crystallographic b-direction (Fig. 3, lower
diagram). This sheet molecular assembly in the [101]
plane may seem initially confusing. However, by the
removal from the representation of some of the periph-
eral molecules, and by distinguishing the free 4,4'-
bipyridyl co-crystallite by drawing its molecules with
atoms sized according to their van der Waals radii whilst
drawing the [6,9-(4,4’-bipy),-arachno-BoH;,] molecules
as stick-representations, important structural features
become much more readily apparent (Fig. 4, upper
diagram). It is thence readily seen that pairs of the co-
crystallising 4,4’-bipyridyl molecules are ‘walled-in’ by
four [6,9-(4,4’-bipy),-arachno-BgH;,] molecules. How-
ever, it is not clear from this two-dimensional sheet
substructure whether each pair of co-crystallising mole-

2 Note that, in a rigorously formal KAP approach [5,9,11] this “first
step” would be referred to as ‘stage 2°, stage 1 being the definition of
the repeating molecular unit, or, in some cases, repeating groups of
molecules, or in some cases of symmetry, a repeating unit consisting of
a fragment of a molecule.

cules exists as an isolated unit in its own ‘pocket’ or
whether extended chains develop.

It is therefore of further interest to see how this
feature develops in three dimensions. Fig. 4 (middle
diagram) shows the orthogonal view of the sheet
substructure, i.e. the view in the crystallographic [101]
plane. The third KAP step, the final generation of all the
structural features of the macroscopic crystal, is thence
accomplished by successive unit translations in the
crystallographic a-direction (Fig. 4, lower diagram).
This last diagram reveals that the architecture of the
co-crystallising molecules exhibits a ‘wrap-around’ com-
plexation: double columns of closely-contacting 4,4'-
bipyridyl molecules along the crystallographic a-axis are
encapsulated and surrounded by encompassing [6,9-
(4,4'-bipy),-arachno-B,yH,] molecules. Conversely, the
structure can be regarded as based on channels along the
a-axis within a relatively open lattice of [6,9-(4,4"-bipy),-
arachno-BigH,] molecules, with the channels being
filled by the 4,4’-bipyridyl molecules which thereby
form columns. Both descriptions have different chemical
implications, but, as far as the molecules are concerned,
these two views of the structure are mutually equivalent.
Another example of a channel structure is in Example 3
below. In sum, this analysis demonstrates an application
of KAP readily revealing how the different molecular
species in co-crystals may lie together, and how inter-
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inversion across
centres at (%2n,0,%zn)

24 screw axis along b

Fig. 3. The first two steps of KAP as applied to the 1:1 co-crystal of 4,4’-bipyridyl and [6,9-(4,4'-bipyridyl),-arachno-B;yH ,]. The pair of molecules
closest to the unit cell origin (upper diagram) develop along successive inversion centres at (%n, 0, %n) to yield the inversion chain structure (centre
diagram) and successive 2 screw axis operations along the crystallographic b-axis then generate the close-packed sheet (lower diagram). The chain

components of sheet structure have been highlighted using alternate red and blue colours.
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(a) ) ©

Fig. 5. Schematic representation of: (a) a classical hydrogen bond; (b)
a non-classical hydrogen bond; and (c) a ‘dihydrogen’ bond.

esting supramolecular features, such as the incidence of
channels and columns, may concomitantly be revealed
and examined.

3.2. Dihydrogen-bonding and the crystal structure of
H;BNH;

One of our developing interests is in the examination
of weaker intermolecular attractive interactions invol-
ving borane species. One such interaction that is
becoming increasingly recognised as important in struc-
tural borane chemistry is the so-called dihydrogen bond.

It is pertinent to summarise relevant aspects of
dihydrogen-bonding and related phenomena [19-22].
A dihydrogen bond can be considered as having two
components. These are generally described as ‘donor’
and ‘acceptor’ units (Fig. 5a). Confusion can arise here,
however, because ‘donor’ and ‘acceptor’ are used in this
dihydrogen-bonding context to describe hydrogen do-
nors and acceptors [1], and thence have an opposite
polar sense to the more commonly encountered concepts
of Lewis-base donors and Lewis-acid acceptors. In the
hydrogen-donor units considered here, hydrogen is
bonded to a more electronegative element, so that the
hydrogen atom is positively polarised. In a conventional
hydrogen bond, this would then interact with the lone
pair of an electronegative element, i.e. it would donate
its positively polarised hydrogen atom to the negatively
polarised electronegative element. In dihydrogen-bond-
ing (Fig. 5¢), the hydrogen-acceptor unit has its hydro-
gen atom bonded to a more electropositive element,
such as, in the present context, boron. This negatively
polarised hydrogen atom is regarded as accepting the
positively charged hydrogen atom of the donor unit to
form the dihydrogen bond. A positively polarised
hydrogen atom can therefore interact attractively with
a lone pair to form a conventional hydrogen bond, or
with a negatively polarised hydrogen atom, e.g. that of a
BH; group, to form a dihydrogen bond. Related to this,
a positively polarised hydrogen atom can interact with
an electron-rich m-system to form a weakly attractive nt-
to-hydrogen non-covalent bond (Fig. 5b). This last can
also be significant in supramolecular assemblies of
boron-containing cluster compounds. Of these ‘weaker’

interactions, the BH- - -HN dihydrogen-bonding interac-
tion is the best examined in reported boron chemistry
[19-22]. This bonding is typified by close interhydrogen
approaches well within van der Waals radius sums, with
interhydrogen distances well below 2.0 A being com-
mon. There are also specific directional characteristics,
with the BHH and NHH angles generally falling into the
more acute and more obtuse ranges of 95—115 and 150—
170°, respectively.

In borane chemistry, the classic example of dihydro-
gen-bonding is in ‘ammonia borane’, H3;BNHj;. This
compound illustrates the dramatic effect of dihydrogen-
bonding on physical properties, just like conventional
hydrogen-bonding in, for example, with HF and H,O.
The H;BNH; molecule is isoelectronic and isostructural,
in gas-phase molecular terms, with the ethane molecule,
H;CCCH;. However, H;CCCH; melts at —181 °C,
whereas H3;BNH; melts nearly 300° higher, at +
104 °C. Although some of this difference arises from
the dipole moment of ammonia borane and consequent
dipole—dipole attraction, this is probably not a signifi-
cant contribution. Isoelectronic H3CF, for example,
which is a more polar molecule than H;BNHj3, melts
at —142 °C. It is currently thought that this higher
melting point of H;BNHj; arises largely from dihydro-
gen-bonding [20].

The solid-state structure of H;BNH; was reported
some time ago (Fig. 6, top right) [19]. An analysis of the
intermolecular close approaches in the crystalline lattice
shows that in an individual H;BNH; molecule, every
hydrogen atom is involved in dihydrogen-bonding (Fig.
6, top left). Interestingly these are all bifurcated bonds;
i.e. one NH donor unit is within dihydrogen-bonding
distance of two acceptor BH units. Here we apply the
KAP method to the appreciation of the overall dihydro-
gen-bonding network.

The compound crystallises in space group Pmn2;.
Each H3;BNHj; molecule possesses crystallographic mir-
ror symmetry. One H3;BNH; molecule can be placed
near the origin (Fig. 6, centre right), and a 2; screw
chain can thence be developed along the c-axis (Fig. 6,
centre left). The series of dihydrogen bonds linking
successive molecules is readily apparent. This chain
substructure can then be developed into a sheet sub-
structure by a permitted translation along the crystal-
lographic a-axis (Fig. 6, lower). This reveals another set
of dihydrogen bonds, now holding the chains together in
a sheet. Here it may be pointed out that, conversely, and
starting from the original molecule, an initial develop-
ment of an n-glide chain along the [101] direction rather

Fig. 4. Blues Van der Waals representations highlight the local environments of pairs of 4,4’-bipyridyl co-crystal molecules in the sheet structure of
the 1:1 co-crystal of 4,4’-bipyridyl and [6,9-4,4"-bipyridyl,,-arachno-B;oH,] (upper diagram). The three-dimensional columnar architecture of the co-
crystallite molecules is first illustrated by viewing down the b-axis along the bc¢ plane (centre diagram) and generating the full three-dimensional
structure by applying unit translations along the a-axis. Note that the sheet substructures have been highlighted using alternate yellow and green

colours.
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24 screw axis
along ¢

G}éﬁ) unit translation along a

Fig. 6. The molecular structure of ‘ammonia borane’, H;NBH3, with intermolecular dihydrogen bonds included (top left), and omitted (top right),
and the first two stages of KAP using a similar procedure to that illustrated in Fig. 3. The 2, screw axis along ¢ at a = %, b =0is used to develop the
chain structure (centre left) and successive unit translations along the crystallographic a-axis thence generate the close-packed sheet (lower diagram).
The colour scheme follows the one used in Fig. 3.
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a
b
translation along b
a
b
remove intrasheet
V dihydrogen bonds
a

Fig. 7. The sheet substructure generated in Fig. 6, rotated by 90° about the a-axis (upper diagram), develops into the full three-dimensional structure
by applying successive unit translations along the crystallographic b-axis. The resultant three-dimensional network appears complicated (centre
diagram) but is considerably simplified when previously rationalised contacts within the sheet (Fig. 5) are omitted (lower diagram). The colour

scheme follows the one used in Fig. 4.
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Fig. 8. The molecular structure of the salt [CsHsNMe] ™ [1-(SMe)-10-(SMe,)-closo -ByoHg] ~, viewed as individual components (left) and as a closely
interacting ion-pair (right). Both components possess crystallographic C; symmetry and symmetry-generated parts of the ions are highlighted in

orange in the left-hand diagram.

than the screw chain along the c-axis, followed by
successive unit translations along the a-axis, would also
generate the same two-dimensional sheet. One corollary
here is that there is inherent capability in the KAP
method to choose among chain-generation steps to
single out particular intermolecular features; this provi-
sion is generally applicable.

The generation of the macroscopic crystal structure of
H;BNH; from this KAP sheet is conveniently envisaged
via the orthogonal view in the bc¢ plane, looking along
the crystallographic b-axis (Fig. 7, upper diagram). The
sheet structure develops into the macro structure via
successive unit translations along the crystallographic b-
axis (Fig. 7, centre). This develops the entire network of
dihydrogen bonds that binds the crystal together so
effectively. The individual interactions constitute a
complex matrix that is difficult to elucidate in diagrams
such as this. However, the removal from the diagram of
all the dihydrogen bonds associated with the develop-
ment of the initial chain and sheet substructure readily
distinguishes the intersheet dihydrogen bonds (Fig. 7,
lower). The KAP methodology therefore nicely enables
a clearer analysis and understanding of what at first
appears to be a very complicated three-dimensional
network of interactions (Fig. 6, upper left). It therefore
can give an improved analysis and appreciation beyond
that originally presented [19,20].

3.3. Solvent channels and the structure of the co-crystal
of n-hexane with the [CsHsNMe]™ [1-(SMe)-10-
(SMe,)-closo-BjgHg] ™ salt

The KAP discernment of channels within the crystal
lattice is illustrated using Example 1 above, the 1:1 co-
crystal of 4,4’-bipyridyl and [6,9-(4,4"-bipyridyl),-ara-

chno-BgH1,]. Here, the approach is developed to define
the nature of an interesting channel structure in the
[CsHsNMe]t salt of the [l1-(SMe)-10-(SMe,)-closo-
BigHg]™ anion (CCDC deposition no. 172366). A
channel structure that supported by a network of
weak hydrogen- and dihydrogen-bonding is revealed.
Interestingly, the channels are filled by n-hexane solvent
of crystallisation.

The salt can be synthesised by the heating of the ten-
vertex neutral species [1,10-(SMe,),-closo-BjoHg] with
refluxing pyridine [12]. This reaction has precedent, for
example in the demethylation of the twelve-vertex
analogue [1,12-(SMe,),-closo-B,H 9] to give the [1-
(SMe)-12-(SMe,)-closo-B1oHo] ~ anion [23]. The [1-
(SMe)-10-(SMe»)-closo-B1gHg] ~ anion itself is of
straightforward ten-vertex closo cluster constitution
(Fig. 8, left), and N-alkylpyridinium cations
[CsHsNR] ™" are, of course, well recognised. The com-
pound itself is therefore not unusual in terms of its
molecular components. However, even the preliminary
step of the KAP approach reveals an interesting close
interionic interaction (Fig. 8, right).

Thus, there is a close CH---HB intermolecular
approach of 2.11 A3 The interaction involves the
para-CH unit of the cation and the BH unit in the 4-
position of the cluster anion (Fig. 8, right). In the
general case, a CH---HB dihydrogen-bonding interac-

3 Distances and angles throughout this text are derived using were
calculated using ‘normalised’ hydrogen atom positions [31]. These
positions are based on neutron-diffraction measurements [1] and are
used because they minimise the systematic errors associated with the
location of hydrogen-atom centres in structures determined by X-ray
diffraction analysis, and enable comparisons to be made between
structures on a consistent basis [32].
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unit translation along a

Fig. 9. The first two steps of the KAP method as applied to [CsHsNMe] " [1-(SMe)-10-(SMe,)-closo-B;oHg] ~. A procedure similar to that illustrated
in Fig. 3 is adopted, using successive unit translations to develop the chain structure (centre diagram) and the close-packed sheet (lower diagram)
along the crystallographic a- and c-axes, respectively. The colour scheme follows that used in Fig. 3 with intermolecular close contacts shown as

hatched red lines.
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Fig. 10. The sheet structure of [CsHsNMe] " [1-(SMe)-10-(SMe,)-closo-B;oHg] ~ of Fig. 9, viewed down the crystallographic c-axis along the ac
plane (upper diagram), develops into the full three-dimensional structure when successive 2; screw axis operations are applied along the
crystallographic b -axis (centre diagram). The relatively flat sheets do not interpenetrate and the void spaces apparent in the sheet structure of Fig. 9
thus develop into sets of parallel channels (lower diagram). The colour scheme used follows that used in Fig. 4.
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R = Methyl
R = Ethyl
R = "Propyl

Fig. 11. The molecular structures of [6,9-(NCsHy—4-R),-arachno-BoH ], where R is Me (upper), Et (middle) and n-Pr (lower). All three structures
possess crystallographic C, symmetry and symmetry-generated parts of each molecule are coloured yellow.

tion tends to be weaker than NH---HB because of the
lower polarisation of the CH unit compared to NH.
Here, however, the attraction is enhanced somewhat
because of the anion—cation polarity inherent in this
ionic species. It can also be seen that there is a close
interionic CH- - -m approach [24]. This CH: - -© combines
with the CH- - -HB interionic attraction to bind the ion-
pair unit together. This [CsHsNMe]*[1-(SMe)-10-
(SMe,)-closo-B1gHg] ™ ion-pair unit can be positioned
near the origin (Fig. 9, upper). The space group is P2,/m
and a KAP chain structure can be generated by a
translational operation along the crystallographic a-axis
(Fig. 9, centre). This translational operation reveals
close CH- - -S approaches [25] between the ion-pair in the
developed chain substructure. As with the CH- - -HB and
CH- - - attractions just mentioned, this (more conven-
tional) CH- - -S hydrogen-bonding will be weak [25], but
here will be enhanced somewhat by the S acceptor being
associated with the anion, and the positively polarised
CH hydrogen donor associated with the cation.

The next KAP step, sheet generation, is accomplished
by another straightforward translation, now along the
crystallographic ¢ axis (Fig. 9, lower). A second set of
weak CH- - -S interactions now becomes apparent and,
overall, the sheet substructure can be described as ion-

pair units held together by a two-dimensional network
of CH---HB dihydrogen bonds and CH---S hydrogen
bonds. Examination of the two-dimensional sheet re-
veals significant intermolecular voids and it is necessary
to establish whether these are true voids in the three-
dimensional overall structure, and, if so, whether they
are they defined pockets. Alternatively, the voids may
develop into continuous channels in the three-dimen-
sional lattice when the third symmetry operation is
applied. A third possibility is that some protuberance
from the two-dimensional sheet may fill the void in the
adjacent sheet so that no pockets or channels prevail.
The side-view of this two-dimensional sheet along the
¢ direction in the ac plane demonstrates a relatively flat
configuration (Fig. 10, upper). Consequently, there is no
significant protuberance from one sheet into an adjacent
sheet when successive 2;-screw operations are applied
along the crystallographic b-axis to generate the ob-
served overall three-dimensional lattice in the final KAP
step (Fig. 10, centre). The orthogonal view down the
crystallographic b-axis (Fig. 10, lower) thence shows
that the voids in one layer (coloured yellow) are
positioned directly above voids in the adjacent layer
(coloured green). The voids thus develop into a series of
parallel channels passing through the crystal in the
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a
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inversion across
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Fig. 12. The first two steps of the KAP method as applied to [6,9-(NCsHy—4-Me),-arachno-BoH,]. The procedure used follows that illustrated in
Fig. 3, but with inversion centres used to generate both the chain and sheet structures, which are illustrated in the centre and lower diagrams,
respectively. The colour scheme is the same as the one used in Fig. 3.
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Fig. 13. The three-dimensional structure of [6,9-(NCsHy4—4-Me),-arachno-BigH;,] (left) obtained at the third KAP step by applying successive unit
translations, along the crystallographic a-axis, to the sheet structure of Fig. 12. The structure is viewed down the crystallographic b-axis, in the plane
of the sheet structures. The alternate sheet components are highlighted using alternate yellow and green colours. The three-dimensional structure can
be envisaged in terms of alternating layers in the ab plane of pyridine units (upper right) and borane cages (lower right).

crystallographic b-direction. Examination of these chan-
nels reveals that they are internally lined with hydrogen
atoms (Fig. 10, lower). These hydrogen atoms are held
in close proximity to one another by weak intermole-
cular attractive interactions, either by dihydrogen-bond-
ing [19,20], or by the unusual CH---S interactions
mentioned above. Interestingly, the channels are occu-
pied by linear n-hexane molecules, derived from the
solvent of crystallisation, the crystal having been grown
by diffusion of n-hexane into a solution of the com-
pound in CH,Cl, at room temperature. The hexane
molecules are disordered, perhaps because there is
insufficient differentiation of polarisability among the
hydrogen atoms that line the tubular cavity to attract
the hexane molecule particularly to one part of the
cavity rather than another. The recognition of the
channel structure may not have arisen in the absence
of the KAP three-dimensional analysis.

An interesting speculation arises from the recognition
of such channels. If they could be constructed to be
framed with molecules that held reactive groups that
might then readily partake covalent intermolecular
cross-linking, then the possibility exists that the mild
curing of such molecular crystalline solids could induce

precursors for solid-state ceramic materials with tailored
mesoporic channels and cavities. This would imply very
specific crystal engineering, for which it would be
necessary to tailor and tune the crystal structure very
finely. In order to do this, more knowledge of the
interplay of the intermolecular binding factors would be
required than is presently available. Initial steps along
this pathway can, however, be made by the systematic
examination of how a given intermolecular structural
paradigm systematically varies among a closely related
series of compounds, as exemplified in Example 4 below.

4. Systematic variations within the crystal structures of
[6,9-(NCsH4-4-R),—arachno-B¢gH,|, where R is Me, Et
and n-Pr

The Dbis(pyridine) arachno  decaboranes [6,9-
(NCsH4R),-arachno-BgH»] can be readily made from
the displacement by the pyridines of the weaker donor
SMe, from the bis(dimethylsulphide) analogue [6,9-
(SMe,),-arachno-BgH,] [14,18,26]. The last compound
is readily made quantitatively from the commonly used
starting material B;gH4 by a simple heating in SMe,



36 C. O’Dowd et al. | Journal of Organometallic Chemistry 657 (2002) 20-39

=
Il

Et

Fig. 14. The relative positioning of a pair of symmetry-related alkyl pyridine units over the open face of a borane cluster in the second-step KAP
chains of [6,9-(NCsH4—4-R),-arachno-BjgH;,], where R is Me (upper), Et (middle) and n-Pr (lower). The symmetry-related pyridine units are

highlighted in yellow.

solution [27,28]. Since whole varieties of substituted
pyridines are readily available, several related series of
compounds can readily be made for the systematic
examination of the variations of intermolecular beha-
viour within their crystals. The short series of para-
alkylated pyridine derivatives [6,9-(NCsH4—4-R),-ara-
chno-BgH;], where R is systematically longer along the
progression methyl, ethyl and n-propyl is used here to as
an illustrative example (Fig. 11).

The para-methyl derivative [6,9-(4-Me—CsH4N),-ara-
chno-BgH ;] crystallises in space group C2/¢ (CCDC
deposition no. 172368). As for the examples above, the
molecule is most conveniently positioned as close to a
unit-cell origin as possible, (Fig. 12). It can be seen that
both the 6- and 9-positioned pyridine ring systems are
quite close to inversion centres, at (0, 3, 0) and (0, 3, ),
respectively, marked as A and B in the diagram (Fig. 12,
upper). The propagation of the molecules across these
inversion centres generates an inversion chain parallel to
the crystallographic c-axis, (Fig. 12, centre). It can be

seen that these successive inversion operations generate
pairs, or ‘diads’, of aromatic rings in close contact. A
second set of inversion operations constitutes the second
KAP step. The inversion centres are at (n+1, —n +i, 0),
where n=0, J, 1, 13, 2, ... The original inversion chain
thereby develops into a two-dimensional sheet substruc-
ture in the [1, 1, 0] plane (Fig. 12, lower). In the Figure,
successive chains are coloured differently to clarify the
structural evolution. In this last view, which is perpen-
dicular to the sheet substructure, it can be seen that one
of ring diads of the chain, marked A, aligns with the
corresponding diads in successively adjacent chains to
develop into an extended stack of aromatic rings. The
other diad, marked B, remains ostensibly isolated, but
the orthogonal view along the [1, 1, 0] plane (Fig. 13,
left), followed by unit translations of the sheet structure
along the crystallographic a-direction in the last KAP
step to generate the complete lattice, shows that these B
diads also develop into an extended ring stack. There are
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thus two orthogonal ring-stacks, one in the [1, I, 0]
direction, and one in the [—1, 1, 0] direction.

At this stage, it is interesting to note that alternative
sections through the lattice can effectively isolate sheets
of pyridine rings and sheets of boron cages. Thus, if a
section is taken in an ab-plane through one of the ring
stacks in (Fig. 13, left), then a sheet of pyridine rings,
comprised of mutually adjacent ring-stacks, is revealed
(Fig. 13, upper right). Similarly, a parallel sheet of
borane cages is revealed in the ab-plane when a
corresponding section is taken through an adjacent set
of borane cages (Fig. 13, lower right). The crystal
structure may therefore be envisaged in terms of
alternating sheets of pyridine rings and sheets of boron
cages. It can be seen that there is a quasi-hexagonal
arrangement of each of these sets of rings and cages in
their respective sheets, consistent with and nicely
illustrating the close-packing principles behind the
KAP approach.

It can also be of interest to speculate on the possibility
of cross-linking such sheets of carbon-containing rings
and boron-containing clusters. If such a cross-linking
were followed by a thermal curing to eliminate hydro-
gen, then ultimately ceramic boron-—carbon-—nitrogen
materials layered at the atomic dimension could be
engendered. These bis(pyridine)-arachno-decaborane
species are, however, prone to disproportionation under
heating to give pyridinium salts of the [closo-BioH o>~
anion (Eq. (1)). The stoichiometric and quantitative
thermolysis of the BjgH;,L, bis(amine) decaboranes to
give the corresponding ammonium salts of the closo-
[B10H10]2* anion has been known for over 40 years, and
constitutes a standard preparative route to this anion
[29]. In the pyridinium salts, this reaction disrupts the
lattice, ultimately giving an amorphous ceramic material
[30]. Prevention of the disproportionation could possi-
bility be achieved by tailoring the lattice structure to
engender very close CH---HB or NH---HB contacts
which may then be prone to dihydrogen elimination
under very mild curing conditions to develop C-B or
N-B cross-linked layer structures at the pre-ceramic
stage. As with the possibilities for channel-structured
materials discussed in Example 3 above, this implies
very specific crystal engineering involving very fine-
tuning of the structure: more knowledge of the subtle
interplay of the intermolecular binding factors would be
required than is presently available.

[(MeCgH,),B, H,,]—> 2[MeC;H,NMe]* + [B, H,]* (1)

One component of this approach would be a recogni-
tion of factors influencing the relative intermolecular
positioning of intramolecular components. In this
regard, a careful yet consistently systematic comparison
of the 4-methyl pyridine compound above with its 4-
ethyl and 4-n-propyl analogues illustrates how this may
be approached. Specifically, the effect of a successive

increase in chain length of the para-alkyl group on the
pyridine unit is examined. The two additional com-
pounds [6,9—(NC5H474—Et)2—arachn0—B10H12] (CCDC
deposition no 172369) and [6,9-(NCsH4—4-n-Pr),-ara-
chno-B1gH15] (CCDC deposition no 172370), both also
crystallise in space group C2/c. Generating first
the chain structure, then the sheet structure, and
then the macromolecular structure, each can be devel-
oped in the same way as for the methyl species (Figs. 12
and 13).

The three successive KAP operations, giving an
inversion chain, an inversion generated sheet, and finally
a translation to generate the observed lattice, are very
similar for all three, although in the latter two cases
different inversion centres are applied as appropriate.
Fig. 14 compares features of the KAP step-1 chain
structure for the three compounds, and the similarities
are clear. Thus, corresponding ring-diads are clearly
apparent in all three chains, and it can be seen in each
case that there are two alkyl groups positioned above
the open face of the boron cage. It can also be seen that,
as this alkyl group gets larger, from methyl to ethyl, the
two symmetry-related alkyl groups from nearest-neigh-
bour molecules in the chain start increasingly to avoid
each other by wrapping around, but remaining over, the
open face of the cage. The effect is continued for the
longer n-propyl residue, which almost embraces the
open face completely. The concomitant effect, as the
progressively longer alkyl group has to be accommo-
dated over the open face, is to shift the two pyridine
rings in the diads over one another, with the result that
the chain progressively expands along the chain axis.
The carbon atom in the 4-position on the pyridine unit
can be conveniently used as an indicator for this shift. In
the methyl compound this carbon atom is seen to be
directly above the boron atom in the ‘prow’ position of
the boron cage of the adjacent molecule (Fig. 14, upper
diagram). In the ethyl compound this atom is shifted
away from the open face of the boron cluster so that
now it approaches the nitrogen atom of the pyridine ring
underneath it (Fig. 14, centre). In the n-propyl com-
pound this atom has progressed still further, and is now
positioned on the far side of the nitrogen atom of the
pyridine ring (Fig. 14, lower). Therefore, as the length of
the alkyl chain increases, the basic chain structure is not
destroyed. Rather, an effective slippage of the basic
structure along the chain direction occurs to accommo-
date the increased alkyl chain length. This analysis
therefore nicely illustrates the subtle effects on the
supramolecular lattice that can arise from the variation
of but one molecular parameter. The effects these and
other parameters on the ‘fine-tuning’ of crystal structure
of boron-containing species is the subject of continuing
current research in our laboratories.
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5. Conclusion

KAP constitutes a most useful method for the
systematic analysis of molecular packing arrangements
that compliments and extends other approaches. The
KAP approach simplifies the visualisation of molecular
packing by breaking it down into a series of symmetry-
generated steps. Each step permits all intramolecular
interactions, even the weakest, in that particular step to
be readily identified. Thence, cumulatively, as the steps
build up to generate the observed three-dimensional
crystal lattice of molecules, an understandable view of
the complex three-dimensional molecular interaction
network is readily and systematically built up. For
example, within the polyhedral boron-containing cluster
systems illustratively examined here, KAP has enabled:
(a) a rigorous approach to the identification and study
of molecular encapsulation effects; (b) the identification
and rationalisation of the NH---HB dihydrogen-bond-
ing network of BH;NH3; (¢) the analysis of the bonding
involved in the architecture of solvent-occupied lipophi-
lic channels in an ionic closo decaborane compound;
and (d) the systematic identification and examination of
subtle trends in supramolecular aggregation in closely
related molecules which may have significant implica-
tions in developing the field of crystal engineering. It is
to be emphasised that the examples chosen are to
illustrate the method. The small number does not
encompass the full range of solid-state phenomena to
be identified and subsequently analysed using KAP. The
extension to the full range of phenomena in polyhedral
boron-containing cluster systems, and to increasing
complexities of combinations of phenomena augurs
well for the discovery, delineation and development of
much new and interesting boron-based supramolecular
physics and chemistry.

6. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic
Data Centre, CCDC nos. 172365, 172366, 172368—
172370 for compounds [6,9-(4,4’-bipy),-arachno-
BioHi2], [1-(SMe)-10-(SMe»)-closo-BigHg] —,  [6,9-(4-
MefC5H4N)2-arachno -B10H12], [6,9-(NC5H4*4-Et)2-
arachno-B1gH»] and [6,9-(NCsH4-4-n-Pr),-arachno -
BioHj»], respectively. Copies of this information may
be obtained free of charge from The Director, CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (Fax: +44-
1223-336033; e-mail: deposit@ccdc.cam.ac.uk or www:
http://www.ccdc.cam.ac.uk).
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