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Fluorine in crystal engineering—*‘the little atom that could”
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In the last decade interactions of fluorine substituents in a variety of organic compounds have

gained interest in life science and solid state materials. This review provides knowledge on fluorine
interactions classified into phenyl-perfluorophenyl-, C-F---H, F---F and C-F---ny interactions.
Except for phenyl-perfluorophenyl stacking featuring a stabilising energy of about 30 kJ-mol ™',
interactions involving fluorine are generally weak. Although, there is still no concise

understanding of fluorine interactions, there are numerous examples showing the influence of

weak synthons on chemical, physical and biological properties.

1 Introduction

In the last decade fluoro compounds gained an increasing
significance in the life sciences. Today, fluorinated chemicals
enter the daily life of million of people in different ways:
Drinking water, dental products, pharmaceutical products or
crop protection agents. A few of these applications are
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summarised in a recent issue of Chimia,' enclosing a collection
of papers presented at the International Symposium of
Biirgenstock “Fluorine in the Life Science” (2003).

It is known that the replacement of hydrogen atoms by
fluorine can heavily alter the physical and chemical properties
of compounds, caused by its electronegativity, low polarisa-
bility and bond strength, even the electron density distribution
of a perfluorinated phenyl ring is the inverse to that of the
hydrogen analogues. Therefore, fluorine can have a great
influence on inter- and intramolecular forces.

Fluorinated compounds tend to have similar biological
activity to the hydrogen analogues, but are more resistant to
metabolic degradation. For example, the organic host mole-
cule cyclodextrin is known to increase the bioavailability of
many pharmaceuticals by amphiphilic properties obtained
through substitutions by perfluorinated groups.’

The present review provides an overview on fluorine
interactions, mainly in the solid state, along with reports on
some interesting examples of fluorinated compounds that have
appeared in the last 10 years. Concerning different types of
interactions we will classify the phenyl-perfluorophenyl-,
C-F--‘H, F---F and C-F---mp interactions. Their influence
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on crystal structures will be discussed by a selected number of
examples. Particularly, the differences in the structures
between hydrogen components and corresponding fluorine
analogues are highlighted.

2 Fluorine in general

Among all elements fluorine features the highest electronega-
tivity value (EN) of 4. As a result of a strong polarisation, the
C-F bond strength is the highest (~480 kJ mol ') in
comparison to other carbon—halogen bonds.

Moreover, the negative inductive effect (¢; = 0.51)* and the
positive mesomeric effect (og = —0.34)* are influential factors
not only on the reactivity but also on intra- and intermolecular
interactions of organic fluoro compounds. One impressive
example is the electron density distribution of aromatics which
shows the influence of the replacement of H by F on the
reactivity on phenyl systems. A non-fluorinated aromatic
shows a typical n-cloud, whereas a perfluorinated one features
an inversed electron density distribution. Thus, the centre of
the ring has a positive charge which is illustrated by
calculations for stilbene and decafluorostilbene (Fig. 1).

3 Phenyl-perfluorophenyl interactions

The first 1 : 1 mixture of benzene/hexafluorobenzene (B/HFB)
was reported by Patrick and Prosser® in 1960. In contrast to
benzene and hexafluorobenzene which crystallise in an edge-
to-face (T-shape) structure (Fig. 2a and 2b), the co-crystals
show a stacked structure with an alternate sequence of
molecules (Fig. 2¢). This kind of a stacking motif was observed
for many other phenyl-perfluorophenyl complexes.’ Here, the
crystal packing is dominated by columns with an alternate
arrangement of the molecules, which show a centre to centre
separation of 3.4-3.8 A.%7 Such stacking is supported by
C-F---H-interactions between neighbouring rings.
Noteworthy, phenyl-perfluorophenyl complexes show a
higher melting point in comparison to single component
compounds, due to the higher lattice energy of the co-crystals.
This energy is a sum of coulombic, polarisation, dispersion and
repulsion terms.® The majority of calculations in the past
were based on electrostatic interactions, as phenyl and
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Fig. 2 Interaction in the crystal of a) benzene; b) hexafluorobenzene
and c) stacking interactions in the crystal of benzene/hexafluoroben-
zene (B/HFB).

perfluorophenyl groups show a large, permanent quadrupole
moment with similar magnitude but of opposite sign.’
Recently, these methods were regarded as simplifications of
the system. Latest calculations by the PIXEL method revealed
that dispersion can have a much higher impact on phenyl-
perfluorophenyl stacking than electrostatic interactions.®

The energy of the stacking interaction of the B/HFB dimer
was estimated both experimentally and theoretically by
different methods. The results are summarised in Table 1
showing significant deviations compared to experimental data.
However, all theoretical predictions show an interaction
energy of the hetero dimer that is 1.5 to 3 times larger than
that of a homo dimer.'® In some cases the stabilising energy of

the B/HFB dimer was compared with that of the 1,3,5-
trifluorobenzene dimer, which shows a small quadrupole
moment. The calculations emphasise a significant electrostatic
interaction in the B/HFB complex. However, as an essential
result of theory, measurements and X-ray analyses, dispersion
interactions are as large as—sometimes even larger than
(75-80%)—the electrostatic part.'”

Fig. 1 Electron density distribution of stilbene and decafluorostilbene calculated with PC Spartan.
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Table 1 Stabilisation energy of the B/HFB dimer calculated by
different methods

Method Centre to centre distance [A] E [kJ-mol ]
Experimental'! 3.4-3.6 ~—29.3
CP-MP2/6-31G™™ 3.6 -55
HF/6-31G’° 4.1 -6.3
B3LYP/6-31G™™ 4.0 —44
SCF-MP2'? 3.7 -18.0
XEDs'! 3.6 —234
ACCs'! 3.3 -17.6
PIXEL?® 32 -33.1
UNTI® 3.5 -26.3

Cozzi et al. have analysed this kind of an interaction in
fluorinated 1,8-diphenylnaphthalines.'®> Here, the barrier of
rotation for phenyl groups was determined in dependence of
an increasing number of fluoro substituents. The repulsion
between two stacked phenyl rings resulted in a low barrier of
rotation. However, on increasing the fluorination on one
phenyl ring the barrier of rotation increased by 3 kJ-mol ™! per
fluorine atom independent of the position of the substituent.
These results suggest stronger interactions for the stacked
phenyl- and perfluorophenyl rings. These facts were confirmed
by crystal structures of fluorinated phenylalanines:'"* Two
crystallographic independent molecules are linked by N-H---O
interactions, whereby the phenyl groups interact by edge-to-
face and displaced face-to-face contacts. However, the
fluorination of phenyl substituents lead to an increase of the
displaced face-to-face contacts and a declining of the edge-to-
face interactions. This arrangement is supported by C-H---F
interactions between neighbouring fluorinated phenyl rings.

Many examples assume that phenyl-perfluorophenyl stack-
ing interactions are the basis for a number of biological and
chemical processes: For illustration, the photocycloaddition
and photopolymerisation promoted by stacking interactions
may be considered.> An important condition for photochemi-
cal [2+2]cycloaddition reactions is the arrangement of the
olefins in a parallel fashion with a centre to centre distances of
about 3.5-4.2 A. Phenyl-perfluorophenyl stacking interactions
with centre to centre separations of 3.4-3.8 A provide

appropriate conditions for a cycloaddition. A first example
was the reaction between frans-stilbene and trans-decafluoro-
stilbene (Fig. 3a). Here, the structure of the co-crystals resulted
in an alternative stacking of molecules with an olefin to olefin
separation of about 3.7 A. The photodimerisation of these
molecules showed a yield larger than 98%. A further case
is  trans, trans-1,4-bis(2-phenylethenyl)-2,3,5,6-tetrafluoro-
benzene, crystallising also in a stacked structure (olefin
distance of 3.8 A, Fig. 3b). Here, the polymerisation yielded
only 15% of the product. One reason for this may be the
distance between the reactive centre and the next monomer
unit, which becomes larger during the polymerisation.

4 F---H interactions

Hydrogen bonds are defined as electrostatic interactions
between a hydrogen atom H and an electronegative atom A.
According to Pauling’s principle'® the strength of the hydrogen
bond should increase with the increase of the EN value of the
acceptor atom. In this sense, fluorine is predestined to form
strong hydrogen interactions. In fact, F~ is one of the best
H-bond acceptors confirmed experimentally and theoreti-
cally.'"® In contrast, the C-F group (“organic fluorine”)
“... hardly ever accepts hydrogen bonds”!” forming only weak
interactions compared to typical H-bond acceptors such as
oxygen or nitrogen. Dunitz and Taylor'’ suggested that a
reason for the structural behaviour is found in the different
energy of the competing orbitals that can be influenced by the
electron delocalisation of the molecules.

Database studies'”!° provided details for F---H interactions
by applying different geometrical criteria. Here, we classify
these interactions into F---H-C, F---H-N and F---H-O types.
The sum of the van der Waals radii of fluorine and hydrogen is
about 2.67 A. Consequently, we consider distances up to 2.9 A
as F---H interactions. Distances (intra- and intermolecular)
and angles (X—H--F) found for F---H contacts in the CSD are
summarised in Fig. 4. However, these contacts are caused not
only by hydrogen interactions but also by crystal packing.

As expected, most F---H contacts were found for the C-H
group as a donor. The number of compounds providing

lhv/ZOh

yield: 15 %

Fig. 3 Photocycloaddition: a) stilbene-decafluorostilbene; b) trans,trans-1,4-bis(2-phenylethenyl)-2,3,5,6-tetrafluorobenzene.’
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Fig. 4 Distances (F---H) and angles (X-H--F): a) C-F---H-C (1475
compounds); b) C-F:---H-N (151 compounds); c¢) C-F---H-O

interactions (134 compounds) found in the CSD (Version: 5.25
(November 2003), using of Vista to create the diagrams; criteria:
distances < 2.9 A, R < 0.05, not disordered, no ions, only organics,
inter- and intramolecular (min. 4 bonds between atoms) contacts).

donors O-H and N-H is significantly lower, because oxygen
and nitrogen act rather as competing acceptors than as
hydrogen donors. C-H:-‘F angles range from 70° to 180°.
Such a wide range suggests weak interactions. Nevertheless,
the sum of such weak interactions may have an influence on
the structure and properties of organic fluorine compounds.
Thalladi er al.?® have analysed the structure of different fluoro
substituted aromatics showing supramolecular motifs (Fig. 5)

Fig. 5 Synthons observed in different fluorobenzenes.*

which were similar to the well-known C-H---O and C-H---N
synthons. Furthermore, he could demonstrate that ““... H---F
distances decrease systematically with increasing C-H-group
acidity”. In the case of 1,3,5-trifluorobenzene an interaction
energy of E = —4.5 kI'‘mol~! (d(H---F) = 2.6 A)® for H---F
was calculated by the PIXEL method being essentially smaller
than the energy of a O---H hydrogen bond (20-40 kJ-mol .
Therefore, the possibility of a replacement of oxygen by
fluorine in a hydrogen bond such as in an enzyme-substrate
complex is rare. This was emphasised by a CSD-search by
Howard et al.'® showing only a few examples where such a
replacement was successful.

A comparison of calculated energies of F---H interactions
involving aliphatic and aryl bound fluorine indicated that the
aliphatic bound fluorine is a better donor. The reason for this
behaviour was seen in the conjugation of the fluorine lone
pairs with the m-orbitals.'” Thus, the ability to participate in
hydrogen bonding decreases.

F---H interactions are seen for example in the fluorinated
carborane 9,12-bis(3,5-difluorophenyl)-o-carborane.?!  Here,
molecules are arranged in chains whereby each molecule is
connected by four weak C-H---F interactions with two
neighbouring molecules. These interactions were identified by
IR showing two different C-H stretching frequencies.

The co-crystal of (E)-1,2-bis(4-pyridyl)ethylene and 1,4-
diiodotetrafluorobenzene® features also short F--H contacts.
Here, molecules are arranged in linear chains due to I---N

This journal is © The Royal Society of Chemistry 2005
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1,4-diiodo-
tetrafluorobenzene

N\ /4 VAR
(E)-1,2-bis-
(4-pyridyl)ethylene

N
N

Fig. 6 Structure of the co-crystal (E)-1,2-bis(4-pyridyl)ethylene, 1,4-diiodotetrafluorobenzene (F---H interactions are emphasised by dashed lines

[F1---H3 2.44 A, F1---H5 2.90 A, F2---H1 2.49 A, F2---H6 2.74 A])."”

interactions (2.78 A), whereby adjacent chains are connected
by F---H hydrogen bonds featuring distances between 2.44 A
and 2.90 A (Fig. 6). The N---I synthon in this lattice is found to
be stronger than a typical N---H interaction, so that here the
nitrogen does not compete for a hydrogen acceptor.

5 F---F interactions

The nature of F---F interactions is controversial. According to
Pauling’s principle'® fluorine has a low polarisability so that
the attractive interatomic dispersion forces are rather low. In
that sense, F---F interactions would be rarely observed and if
present they would be weak.

In 1986, Ramasubbu et al.>* mentioned that the type II of
X:---X interactions are formed through polarisation of halogen
atoms, whereas type I is caused by close packing and does not
form stabilising interactions (Fig. 7). This has received

Typel Type I1
0,=0, ©,=180°/®,=90°
0, @C 0, 0, C

Fig. 7 Classification of halogen—halogen interactions.?

confirmation by many other reports comprising halogen—
halogen interactions.?* For fluorine, 788 compounds could be
found in the CSD with F---F distances up to 3.0 A (Fig. 8) of
which only 13 show F---F contacts of type II. However, not all
of these 13 compounds build up stabilising interactions. Two
of them, namely 4,5-(2,2'-difluoropropylenedithio)-1,3-dithiol-
2-one?® and 2,3,5,6-tetrafluoro-trans-1,4-diethynylcylohexan-
2,5-diene-1,4-diol,%® form short F---F contacts of type II with
distances smaller than the van der Waals radii (2.94 A). In
both cases the close contacts appear to be driven by the general
packing and not by dispersion forces between F atoms.
However, there are few compounds showing F---F interac-
tions. These interactions could be identified by a combination
of NMR and AIM.?” It was observed that experimentally

number of compounds
320

e
R e
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distances A

Fig. 8 Distances of F--F interactions found in the CSD (sum of van
der Waals radii is 2.94 A) (CSD-search: Version: 5.25 (November
2003), using Vista to create the diagrams; criteria: distances < 3 A R<
0.05, not disordered, no ions, only organics, inter- and intramolecular
(min. 4 bonds between atoms) contacts).

obtained strong F-F coupling constants correlated with the
calculated electron density of the bond critical point (ppcp).
The small values of py., and its positive Laplacian suggest
close-shell interactions.

One interesting  example, the silver  complex
Ag;(ntb),(CF5S03);, should be mentioned here.?® This com-
plex revealed a three dimensional network {2[Ags(ntb),]**
(CF3S037 )¢}, stabilised by N-H---O and Ag:--O interactions
(Fig. 9a). A supramolecular (CF3SO3 )s cluster is held
together by twelve F---F interactions (Fig. 9b): Feq-*'Feq
(2.788 A) and F,---F,q (2.822 A).

Summarising, we can emphasise that in contrast to the
heavier halogens, fluorine is more involved in X---H than in
X---X interactions.

26 | Chem. Soc. Rev., 2005, 34, 22-30
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Fig. 9 a) Crystal structure of the complex Ags(ntb),(CF3S03)3; b)
structure of the supramolecular (CF3SO; " )4 cluster hold together by
twelve F--F interactions. (Reproduced with permission from ref. 28.)

6 C-F: - interaction

In 2000, Prasanna and Guru Row?® published a database
study showing the influence of C-F---m interactions on
conformation and crystal packing. A number of compounds
were discussed outlining the influence on crystal packing by
perfluorinated molecules. However, in these cases there is no
common 7-cloud any more, because the electron density
distribution of a perfluorinated ring is inversed as compared to
that of a hydrogen-aromatic system. Therefore, these com-
pounds form a C-F---mg interaction built up by a contact
between the electronegative fluorine and the electropositive
centre of a perfluorinated ring, which was also observed in
hexafluorobenzene (Fig. 2b) and other stacked perfluorinated
aromatics (section 7.1). Furthermore, the electrostatic repul-
sion between fluorine and the m-cloud of a non-fluorinated
phenyl system leads to a destabilisation of the lattice,
confirmed by the inclusion complexes of triphenylmethanol
derivatives with methanol.>® Here, it was demonstrated that
the temperature of the desorption of guests decreased with an
increasing number of fluorine atoms on the host molecule
caused by the electrostatic repulsion between fluorine and
phenyl group and a loss of C-H---r interactions.

7 Selected compounds

7.1 Changing the electron density distribution by replacing H by
F and its influence on crystal structures

As mentioned previously, the electron density distribution of
perfluorinated aromatics is inversed to that of the correspond-
ing hydrogen containing ring. Therefore, a replacement of H
by F can lead to changes in crystal structures and also in
properties of compounds, which is described in the following
for the case of dithiadiazolyl radicals and disubstituted
benzenes.

Most dithiadiazolyl radicals form a dimer in the solid state
through out of plane spin-paired interactions between sulfur
atoms.’! The dimerisation energy is about 35 kJ-mol .
Fluorination of the aromatic ring can inhibit such sulfur—
sulfur interactions. For example, the 4-(4-cyano-2,3,5,6-tetra-
fluorphenyl)-1,2-dithia-3,5-diazolyl radical®’ supports the
break up of the dimeric structure in the solid state. Two

polymorphs of the compound were characterised (o- and
B-phase) whereby only the B-phase showed a spontaneous
magnetisation at 36 K. For the a- as well as the B-phase short
sulfur---cyano contacts and some weak CN---F and S---F
interactions, the shortest being 3.252 A, were reported (Fig. 10).

Fig. 10 Stacking of the 4-(4-cyano-2,3,5,6-tetrafluorphenyl)-1,2-
dithia-3,5-diazolyl radical (B-phase). Dashed lines show S---N interac-
tions within sheets and S++-F interactions between sheets.*!

Further examples stem from disubstituted benzenes. Most
known A-CgH4—D compounds (A: acceptor, D: donor)
crystallise in a centric space group, because of lateral
interactions favouring antiparallel alignment of dipoles.
However, it was recently found for A-C¢F4;~D (A = CN;
D = Cl, Br, I) that fluoro analogues preferably crystallise in
acentric space groups.’> In contrast to the hydrogen derivates
these structures are dominated by interlocking chains, whereby
no significant directional interactions between adjacent chains
could be found.

7.2 Fluorinated inclusion compounds

Up to now the number of perfluorinated host molecules is low.
A few examples from different fields of chemistry will be
mentioned here.

The first fluorinated phthalcyanine, 29H.31H,1,4.8,
11,15,18,22,25-octafluoro-2,3,9,10,16,17,23,24-octaperfluoro-
(isopropyl)phthalocyanine, Fg4PcH, (Fig. 11a), revealed chan-
nels making up ~39% of the unit cell volume (channel
dimensions: 13.3 x 10.2 A%).% The channels are partly filled
with acetone molecules. The crystal structure showed a large
dome-like distortion of about 20° (angle between the opposite
isoindole units), which might be favored by intermolecular
interlocks of perfluoroisopropyl groups.

2,4,6-Tris(pentafluorophenoxy)-1,3,5-triazine ~ (PFPOT)**
forms inclusions with p-xylene and p-chorotoluene with a
host—guest ratio of 2 : 1. Guest molecules are arranged in
rectangular channels showing dimensions of about 7.6 x 3 A”
(Fig. 11b). Perfluorophenyl stacking is the dominating
supramolecular synthon in the crystal structure. As the
channel wall is mainly made up by stacked perfluorophenyl
moieties, the resulting host-guest interactions are phenyl-
perfluorophenyl, H---O, F--*H and C-H:---ng contacts. The
channel structure of the inclusion PFPOT:(p-xylene), s col-
lapsed under desorption of solvent molecules. However,
channels are re-established by sorption from the gas phase.

Another channel-type inclusion compound is 3.,3,7,7-tetra-
kis(difluoramino)octahydro-1,5-dinitro-1,5-diazocine (HNFX)

This journal is © The Royal Society of Chemistry 2005
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Fig. 11 Channel structure of a) FgsPcH,, b) PFPOT, ¢) HNFX.

(Fig. 11b Reproduced with permission from ref. 34.)

(Fig. 11¢).*® Here, 4.6 A wide channels are completely
surrounded by fluorine atoms. There is evidence that
solvent molecules in cavities are disordered. Desorption of
guests by heating and vacuum led to empty channels.
Although this material was not investigated further, it is
probably an interesting case of an organic zeolite type
material.

Some smaller fluorinated tunnels with dimensions of about
3-5 A were constructed by double head trifluorolactates.*®
These molecules form two dimensional waving sheets caused
by a hydrogen bonding network. Here, the sheets seem to be
connected by van der Waals interactions between carboxy
groups.

In the field of coordination chemistry, a number of attempts
to prepare flexible networks which show no interpenetration
have been undertaken so that a number of different guests can
be included. In this respect perfluorinated molecules were
synthesised, because of the weak intermolecular interactions
between fluoro compounds. One example is the p-dipyridyl-
methyl substituted tetrafluorobenzene coordinated by cad-
mium, which show a chain, sheet or a diamond structure
depending on the structure of included guests.”’

7.3 Substituted isoquinolines

Choudhury et al. have discussed the crystal structures of some
fluoro substituted isoquinolines.*® The influence of fluorine
interactions, namely C-H-+*F, F---F and C-F--'xt, on packing
are accessible to be studied as no other significant short
interactions were recognised in these structures.

The changing of the position of fluorine atoms leads to
significant changes in the crystal structure. The authors stated
that, provided there are no other strong intermolecular forces,
the fluorine interactions allow the build up of supramolecular
synthons. Occurrence of such interactions depends on the H/F
ratio in eg crystalline aromatic azines, as shown by
comparison of fluoro interactions in mono- and difluoro
substituted isoquinolines. Furthermore, a comparison with
bromine and chlorine substituted isoquinolines makes clear
that the corresponding fluorine compounds form “... well-
defined fluorine based interactions ... %

7.4 C-F---metal interactions

The carbon—fluorine covalent bond can act as a donor towards
cations, giving rise to a number of cage complexes, studied by
Takemura et l/*° With fluorine having a larger ionisation
potential than oxygen or nitrogen this interaction may be
characterised as a dipole interacting with a cation. Such
complexes feature short C-F---cation distances and an
elongation of the C-F bonds. Complexes with Li*, Na*, K*,
Rb*, Cs* and NH," were investigated. The shortest intera-
tomic distances were found for potassium with F---K*
distances of 2.755 and 2.727 A. Compared to the metal free
cage compound (1.356 A) the C—F bonds are slightly longer in
the K* (1.382 A) and Cs* complexes (1.369 A) (Fig. 12).

To verify the ability of fluoro atoms to act as donor, a cage
compound containing no oxygens providing a preorganised
cavity of 6 inward looking C—F units was investigated.*! Here,

Fig. 12 Tetrafluoro cage complex with Cs, F---Cs" distances of 2.944
and 2.954 A.
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K---F distances of 2.56 to 2.92 A are among the shortest so far
reported. A short C-F distance promotes a linear arrangement
of the C-F---K group. Further evidence stems from the '°F
NMR showing a characteristic high field shift.*!

7.5 Macrocycles

A new class of planar, electron-deficient ligands was found in
perfluorinated porphyrins.** Here, the electron withdrawing
effect of the fluoro atoms leads to a change in pK,. The
nonbonding C---F distances of the pentafluoroporphyrin lie
within the short range. Average contacts of the B-fluorine and
the aryl ring carbon are 2.77 A, whereas the sum of the van der
Waals radi is 3.24 A.

For fluorinated calix[n]pyrroles an enhanced affinity to bind
to anions was reported.** The introduction of fluorine in the
B-position of the pyrrole leads to a drastic increase of the
receptor binding abilities compared to their non-fluorinated
analogues. X-ray structure investigations revealed the presence
of different conformations for the macrocycle showing close
C-F---H-N interactions.

Furthermore, perfluoro crown ethers were found among
macrocyles. The most interesting difference to their hydrogen
analogues is the low melting point and an affinity to
coordinate anions such as O,  or F~.** It was found that
the perfluoro crown ethers are non-toxic and biologically inert.
These properties make medical applications conceivable, e.g.
as oxygen carrying fluids. Perfluoro-15-crown-5 shows only
one fluorine resonance and has potential as a '"F NMR
imaging agent.**

7.6 Fluorinated fullerenes

The fluorine atom with its small size and high reactivity
permits a variety of fluorine-substituted fullerenes to be
prepared, reaching from CgyF, to even CgoFgo in the gas
phase.* Because of a strong electron withdrawing effect,
substitution by fluorine causes drastic changes in the physical
and chemical properties of fullerene molecules. There is an
increase in electron affinity by 0.05 eV per added
fluorine, which gives fluorofullerenes a potential for enhanced
acceptors.*®

In the case of CyF g, fluorination changed the shape of the
fullerene ball considerably. The 18 fluorines are bound to one
hemisphere of Cgy and flatten its shape (Fig. 13).47 CgoF1s
molecules are highly ordered in the solid state (toluene solvate)
due to attractive electrostatic interactions between polarised
spheres. This also accounts for short intermolecular C-F:--C
contacts of 2.75 or 2.92 A. For C¢oFas single crystal complexes

Fig. 13 Tortoise-shaped CgoF 5. (Reproduced from ref. 47 by
permission of Wiley-VCH.)

with different solvent molecules were investigated.*® Here, the
repulsion of the fluorine atoms results in a deformation of the
cage to generate concave surfaces. The neighbouring F---F
distances are only 4.2 A, shielding the double bonds. In fact,
CeoF4g 1s the highest fluorinated fullerene which could be
isolated. Further fluorination led to a break up of the cage.

8 Summary and conclusions

The interest in the field of crystal engineering, the prediction of
crystal structures and the design of organic compounds with
specific properties, has increased significantly in the last years.
Especially the field of fluorine compounds is investigated more
and more. Here, four main interactions are reviewed: phenyl—
perfluorophenyl, C-F---H, F---F and C-F--'ng. To date a
great number of fluorine compounds have been synthesised to
investigate these kind of interactions. Even so, the role of
fluorine in crystal engineering is not yet clear in detail. This
review provides the knowledge of fluorine interactions through
a broad selection of examples from the literature. In spite of
phenyl-perfluorophenyl stacking featuring a stabilising energy
of about 30 kJ-mol~!, other observed contacts are generally
weak. Therefore, the number of characterised fluorine inter-
actions is relatively small as shown by the CSD data.
Nevertheless, the sum of these weak interactions can have a
significant influence on crystal structures and properties of
organic fluoro compounds.

The replacement of H by F (“‘the little atom that could”) has
a great influence not only on crystal structures but also on
chemical and physical properties. A few examples have
illustrated the change of properties in regard to magnetism,
inclusion properties or polarity formation.

In view of all developments and advances mentioned, there
is still much work needed to understand structural, chemical,
physical and biological properties of fluorine compounds for
further applications in the life sciences and materials domain.
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