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The Coordination Chemistry of Fluorine in

Fluorocarbons

Herbert Plenio*®?

1. Introduction

Organofluorine compounds have received considerable inter-
est in recent years due to their growing importance in the Life
Sciences, especially for drug development and crop protec-
tion." The inclusion of a fluorine atom in a bioactive com-
pound can alter the physicochemical properties (bond
strength, lipophilicity, conformation, electrostatic potential,
dipole, pK,) and the pharmacokinetic properties (tissue distri-
bution, route and rate of metabolism) in distinct ways.” Fluo-
rine often replaces a hydrogen atom, even though its proper-
ties are more closely related to those of oxygen. Both atoms (F
and O) share a very high electronegativity, have comparable
van der Waals radii, similar bond lengths to carbon and both
possess lone pairs. Consequently the isosteric replacement of
-OH by an -F group is a common strategy in medicinal chemis-
try.?

Despite the obvious similarities of oxygen and fluorine, one
aspect concerning the interaction of organic fluorine with
metals has escaped the attention of most chemists for a long
time.

In 1970 the crystal structure of Rb*-fluorocitrate revealed
close F-+M contacts. Consequently it was proposed by Glusker
et al. that such interactions might be responsible for the high
toxicity of fluorocitrate (fluoroacetate) due to an efficient inhib-
ition of the active iron centre of aconitase.® It took another
thirteen years until a landmark publication, again by Glusker
et al.,” reported on the results of a Cambridge Structural Data-
base (CSD) search (Figure 1) looking for molecules which dis-
play exceptionally short F--M contacts.

A detailed analysis of all seven crystal structures known then
led Glusker to finally conclude: “We believe that the C—F bond
is capable of significant, if not prominent interactions with
both alkaline metal cations and proton donors”.® Consequent-
ly, for the solid state, there was little doubt left on the exis-
tence of F-+M interactions. At this point it was, however, far
from clear whether such contacts were simply the result of
packing forces within the crystal or whether F--M contacts
could have a significant stabilizing effect in metal complexes.

Several years ago we decided to initiate studies to firmly es-
tablish the existence of F-+M interactions in solution and in the
solid state, to work towards a detailed understanding of the
coordination chemistry of fluorocarbons and to obtain a
deeper knowledge of F--M interactions.”
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2. Ligands that Coordinate through Organic
Fluorine

In order to test the idea of fluorine as an efficient donor atom
towards metal ions, one has to first decide which metal cations
could be the most suitable candidates for such interactions
and next what kind of ligands are best suited to allow coordi-
nation of metal ions via organic fluorine.

Due to the similarity between fluorine and oxygen it was
reasonable to assume that fluorine atoms should be classified
as Pearson-type hard donors® which preferentially coordinate
correspondingly hard metal cations, that is, those from groups
| and Il. However, such metals are known to form reasonably
stable complexes exclusively with carefully preorganized li-
gands of the crown ether and of the cryptand type as first
shown by Petersen and Lehn.”

Consequently, we proceeded to synthesize macrocyclic li-
gands in which one or more oxygen donors are replaced by
fluorine atoms. This was done by treating 1,3-bis(bromometh-
yl)-2-fluorbenzene with various crown ethers or polyethylene-
glycols in the presence of suitable templating bases, resulting
in the formation of the fluorocryptands and fluorocrown
ethers, respectively, in good yields (Scheme 1).1% %2

To be able to understand the effect of fluorine coordination
in more detail, we also synthesized closely related crown
ethers and cryptands, in which one fluorine atom is substitut-
ed by one hydrogen (Scheme 2). Hydrogen is an unlikely can-
didate for metal coordination and, on comparing the ligating
properties of closely related ligands, the coordination proper-
ties of fluorine can be elucidated.

We have studied the coordination chemistry of the ligands
depicted in Schemes 1 and 2 in great detail.">'® By doing so,
we have identified a number of effects observed in the pres-
ence of fluorine that can be explained only by assuming direct,
attractive F--M interactions. In the following sections, | wish to
present evidence obtained from various experimental tech-
niques that supports the idea of fluorine’s being an important
coordination partner of group | and Il metal ions.

While convincing evidence in favour of such interactions is
available, the situation is much less clear cut when it comes to
the heavily debated question of whether organic fluorine can
participate in hydrogen bonding.™ This topic will be dealt
with by Dunitz in another review in this issue™ and is there-
fore not discussed here. Our own results confirm the conclu-
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Figure 1. Alkali metal salts of fluorinated carboxylic acids.
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Scheme 2. Representative examples of related flourine-free crown ethers and
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sions drawn in there on the reluctance of organic fluorine to
undergo hydrogen bonding.""”

It is important to stress that the conclusions presented in
the following paragraphs are based on results drawn from the
analysis of a large number (> 100) of metal complexes. Howev-

er, in order to be short and concise only a few carefully select-

ed examples are presented here. Li Na K Rb Cs Ca & Ba

Figure 2. Shifts of the °’F NMR resonance upon complexation of metal cations
relative to that of the reference ligand F-[2.2.1]cryptand.
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Based on the analysis of a large number of such complexes,
we realized that at least two opposing effects appear to oper-
ate on the 'F NMR signal: one that causes upfield shifts and
another that results in downfield shifts. Consequently, in a few
cases it is possible to observe shifts of the '’F NMR resonance
close to zero,"” despite the fact that other analytical techni-
ques are indicative of close F--M interactions.

NMR spectroscopy—">C,"°F NMR coupling

The 'J coupling constant is a valuable diagnostic tool for
probing F-+M contacts because it appears to be directly corre-
lated with the level of F--M interactions. Consequently, on
complementarity of the size of the macrocyclic cavity and the
size of the metal cation, strong F--M interactions result in de-
creased coupling constants relative to that of the free ligand.
This can be understood in terms of competition for the lone
pairs attached to the fluorine between the benzene ring and
the metal cation coordinated to fluorine. The stronger the F--M
interaction, the weaker the +M effect of fluorine and the less
lone-pair electron density is present in the sp> C—F bond. As
the lone pairs possess significant s character and because the
Fermi contact term is important for spin—-spin coupling, such a
relationship makes sense.l'®

An instructive example to illustrate the dependency of the
BC°F coupling constant on the interaction between fluorine
and a metal ion would be the complexes of F-[18]crown-6 with
various group | and Il metal ions. The coupling constants of
the ligand itself and of corresponding metal complexes are dis-
played in Figure 3.
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Figure 3. ')(°C,”F) coupling constants of F-[18]crown-6 and its metal com-
plexes. Metal ions are sorted according to ionic radii.

NMR spectroscopy—**M,'’F NMR coupling

Direct evidence for close interactions between NMR-active
nuclei is the observation of spin-spin coupling between two
nuclear spins. In the case of several complexes of metal ions
with fluorinated ligands, spin-spin coupling has been ob-
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served. Known examples include complexes with ©7Li,"

107,109Ag [19] 133CS[20] and 205T| [21]
’ .

Stability constants of metal complexes of fluorinated
ligands.!""3?

Extensive studies by potentiometry, calorimetry, picrate extrac-
tion technique and NMR competition experiments demon-
strate that the stability of the complexes of alkali and alkaline
earth metal ions with partially fluorinated ligands is significant-
ly higher than that of related complexes that have a hydrogen
instead of the fluorine atom. To illustrate this, the stability con-
stants for several metal complexes of F-[2.2.1]cryptand and H-
[2.2.1]cryptand are listed in Table 1. For metal ions like Na®,

Table 1. Stability constants for metal complexes of F-[2.2.1]cryptand (logK)
and H-[2.2.1]cryptand (logK,) as determined by potentiometry.

cation log Ky logK; A(logK)
Na* 4.90 7.02 +2.1
K* 5.56 6.71 +1.1
Rb* 4.68 4.99 +0.3
Cs* 476 4.70 +0.1
Cca’t 2.15 4.36 +22
St 4.44 6.55 +2.1
Ba’* 5.94 7.63 +17

Ca’* and Sr**, which are complementary in size to the F-
[2.2.1]cryptand, the extra stabilization inferred by the fluorine
donor can be higher than two orders of magnitude. In conclu-
sion, there is unequivocal evidence in favour of attractive F--M
interactions.

X-ray crystal structures

A more detailed insight into the nature of F--M interactions is
provided by acquiring precise structural information on metal
complexes with fluorinated ligands. Most important in this re-
spect are the distances between fluorine and the respective
metal cation, as well as the organization of the coordination
sphere of the metal ion. Numerous crystal structures provide
evidence for close F--M contacts.” The presentation here will
be limited to a few representative examples. Two closely relat-
ed complexes highlight the role of fluorine in the coordination
sphere of lithium. In Figure 4“2 the crystal structures of Li*-F-
[2.1.1]cryptand and Li*-H-[2.1.1]cryptand are shown. Chemical-
ly the only difference between those two complexes is the
presence of fluorine in the former and its absence in the latter
complex. This seemingly small difference, however, has drastic
structural consequences on the coordination sphere of the
metal cation. With the fluorinated ligand, Li* is coordinated in
a tetrahedral FO; environment within the F-[2.1.1]cryptand.
With the fluorine-free ligand, an unusual trigonal-planar O; co-
ordination around Lit* is observed, with an additional water
molecule completing the coordination sphere of LiT." Evi-
dently, in the H-[2.1.1]cryptand, a donor atom (fluorine!) is
missing that is present in the F-[2.1.1]cryptand.
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Figure 4. Crystal structures of Li*-F-[2.1.1]cryptand (left) and Li*-H-[2.1.1]crypt-
and (right) (Li yellow, O red, N blue, F pink). Coordination sphere of Li* in the
F-[2.1.1]cryptand: F--Lit 203.5 pm, O--Li* 193.6, 201.3, 202.1 pm and in the
H-[2.1.1]cryptand: O-Li* 200.5, 215.0, 210.2 pm, H,0--Li* 192.8 pm.

In order gain a better insight on the range of metal-ligand
distances a few examples of F--Na® and O--Na* bond lengths
observed in complexes of fluorinated macrocycles are given in
Table 2. To avoid misunderstanding the large variations of
metal-ligand distances, one should keep in mind that this is

Table 2. Nat-ligand bond lengths in complexes of fluorinated macrocy-
cles.”

Fluorinated macrocycle ~ F~Na%t [pm]  O-Na‘ [pm]

F,-[3.1.1]cryptand 229.8, 235.7  228.5, 242.0, 243.8, 247.6
FH-[3.1.1]cryptand 236.0 234.8, 239.3, 240.3, 240.6, 285.7
F-[18]crown-6 237.4 230.2, 240.2, 2574
F-benzo-[2.1.1]cryptand  246.8 230.1, 234.6, 260.0
F-[2.1.1]cryptand 257.1 224.9, 233.0, 233.9, 2433
F-[2.2.1]cryptand 267.1 2426, 243.9, 246.2, 247.6, 248.6

typical in coordination chemistry in general, and even more so
for group | metal ion complexes, which are all characterized by
extremely shallow potential wells for metal-ligand interactions.

The coordination of metal ions by fluorine-ontaining ligands
can be extended to complexes in which two (ligand displayed
in Scheme 1), four (F,-carcerand in Scheme 1)?*?¥ or even
six (Fg-carcerand in Scheme 1) fluorine atoms coordinate metal
ions. The coordination chemistry of the F¢-carcerand, which
allows the homoleptic coordination of metal ions by fluorine
atoms, was studied in great detail by the Takemura group.
Many hard metal cations (Na™, K*, Cs*, La’*, etc.) are coordi-
nated exclusively through fluorine donors within the macrocy-
clic cavity.” It was further noted by Takemura etal. that in
some crystal structures a small lengthening of the C—F bond is

ChemBioChem 2004, 5, 650-655 www.chembiochem.org
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observed.?™ Other more recent examples of F--M interactions

show that, even in less preorganized ligands, organic fluorine
can bind to group | cations.””

Cambridge structural database

Should an attractive interaction of the F--M type exist, statisti-
cal analysis of the distance distribution of all crystal structures
involving organic fluorine and suitable metal cations should
reveal a maximum in the number of F--M contacts at a certain
fluorine-metal distance. This distance should correspond to
the optimum interaction distance between two such atoms.
However, as is typical for coordination chemistry, especially
that of the group | metal ions, the potential surface for such
an interaction will be rather shallow since the energy of inter-
action is fairly weak.”® In Figure 5, a histogram with the result
of the CSD search™ for F--Na* contacts is displayed.®®3"
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Figure 5. Histogram of F--Na* contacts from the CSD search.

There can be little doubt about the maximum number of
F--Na* contacts in the range of 250-270 pm, which gradually
tails off towards longer distances. This observation further sup-
ports our view of attractive F--M interactions.

Calculations

In collaboration with Martin Kaupp, we determined the bind-
ing energy of a F-Li* interaction in the gas phase using DFT
calculations.®? For the model complexes Li(OMe,), and Li-
(OMe,);(C4HsF),, the binding energy of F-Li* was found to be
about 64% of the O-Lit interaction, the F-Li* bond length
was calculated to be 198.0 pm. It is interesting to note that in
complexes of group | metal cations with fluorobenzene in the
gas phase (according to DFT calculations at the B3LYP6-31G*
level of theory), the lighter alkali metal ions prefer to coordi-
nate to the m-face, while for the heavier ones an equilibrium
between ni-face and F-+M coordination occurs.®*3%
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4. Where Else are F--M Contacts Found?

Interactions of fluorine with metals are not limited to the co-
ordination chemistry of macrocyclic ligands, but occur more
often. Some examples are summarized below:

a) In several CVD processes involving metal salts of fluorinat-
ed alkoxides, deposition of metal fluorides has been ob-
served and shown to be due to significant F--M contacts in
the alkoxides.®”

b) CF activation by transition metal compounds is most likely
preceded by coordination of metal ions to fluorine.®

) In cationic catalysts of the type Cp,ZrR™, which are used in
the Ziegler-Natta polymerization of a-olefins, the interac-
tion of perfluorinated counter anions through fluorine is
often observed. This interaction is postulated to be of sig-
nificance for the control of catalyst reactivity through such
hemilabile ligands.””

5. F---M Coordination in the Life Sciences?

This question could be of relevance in the future, since the use
of fluorinated molecules in the Life Sciences is increasing and
because there are several metals (Na*, K*, Mg**, Ca’* and
Zn?*) that are highly abundant in living organisms and partici-
pate in numerous biological functions.®® Based on our experi-
ence, we have selected a number of fluorine-containing com-
pounds that are potential candidates as chelating ligands with
fluorine participation (Scheme 3). There are good chances for
such interaction to be of significance in biochemistry.”

OH Et,N
F (0]
N )J\
K NH
NH
o~ F
- OH
Cl N
Fluoramodiaquin Fluorparacetamol Flurazepam
Anti-Malaria Analgetic Anxiolytic
0 0 HF,C(N-_CF;
GOSN PN oA L
Y - | OH " y,cooc \J
o N Cl Cl N
H NH,
Fluoruracil Fluoroxypyr Thiazopyr
Antimetabolite Herbicide Herbicide

Scheme 3. Potential metal-ligating fluorinated drugs and herbicides.

Conclusion

It is my opinion that the data presented in the present Mini-
review convincingly demonstrate that organic fluorine can be
regarded as an efficient donor atom in the coordination

H. Plenio

chemistry of alkali and alkaline earth metal ions. It remains to
be shown whether this interaction is strong enough to influ-
ence the biochemistry of bioactive, fluorinated compounds.
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