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Binding Properties of Aromatic Carbon-Bound Fluorine
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A systematic computational analysis of the ability of aromatic carbon-bound fluorine to participate in hydrogen
bonding and electrostatic interactions has been completed. The interaction energies between the most common
fluoroaromatics used in medicinal chemistry and both water, the prototypical hydrogen bond donor, and
several cations have been calculated at different levels of theory (HF, MP2, DFT). Our results show
that aromatic fluorine can participate in significant hydrogen bonds and can also interact with charged

molecules.

Introduction

Fluorine, the most electronegative element, has a number of
physical properties that are unmatched by any other functionality

found in organic molecules of medicinal interest. Its high
electronegativity and orbitals of size similar to those of carbon
make the carbonfluorine bond the most energetic bond in
which a carbon atom can participatg¢s = 112.9 (CH—F),
125.4 (GHs—F) kcal/mol)! Also, for the same reasons, fluorine

can induce significant stereoelectronic effects in the organic

molecules in which it is introducetiThe difference in elec-

tronegativity between carbon and fluorine generates a large

dipole moment in this bond that, when combined with the
electrostatic distribution of a specific molecule, may contribute
to the molecule’s ability to engage in intermolecular interactions.
This is particularly true in aromatic systems where the introduc-
tion of fluorine changes the electrostatic distribution of the

molecular surface and may also induce new binding sites

localized in proximity of the fluorine atoms. Covalent fluorine
is very important in medicinal chemistry even if it is not
common in natural productsThe application of organic fluorine

in rational drug design has been often limited to partially
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Figure 1. Examples of aromatic-fluorine-containing molecules in

which a participation of the fluorine atoms to intermolecular interactions
has been proposed.
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and several fluorinated inhibitors consistently showed a short

predictable effects on metabolism. Rates of metabolism can be(~3 A, F—N) contact between one aromatic fluorine and Arg590
reduced or metabolic pathways can be redirected to avoid of the host enzymé.The conserved nature of the interaction

production of toxic species.

suggests that the fluorine is partially responsible for the

Increasing evidence has been appearing in the literatureStabilization of the complex. Also, a systematic scan of a variety

implicating the participation of aromatic fluorine in the binding
of fluorinated drugs to proteins and drug recepfolkéono- or
difluorination of phenyl groups in drugs can lead to improved
protein binding. A systematic analysis of the contribution of
aromatic fluorine in fluorinated thrombin inhibitérshowed that
the 4-fluorophenyl derivativd (Figure 1) showed a decrease
in K; of about 5.4-fold AAG ~ 1 kcal/mol) over the nonflu-
orinated variety. Other modifications, including those with-4,
difluoro substitution patterns, failed to match the magnitude of
the effect. A crystal structure of thrombin with the 4-fluorophe-
nyl substituted inhibitor was solved at 1.67 A resolution to reveal
a 3.15 A interaction of the aromatic fluorine with the side chain
amide group of Asn9B(distance given is that between heavy
atoms).

In another example, the structures of the complexes between",

3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase
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of substituents for a series of 7-(substituted aryl)-3,5-dinhydroxy-
6-heptenoic (and heptanoic) acids and their lactone derivétives,
always for the inhibition of HMG-CoA reductase, revealed that
the inhibitor with the highest activity contained a 4-fluorophenyl
moiety @, Figure 1). A dramatic effect is also found in the
family of antibiotics of which fluoroquinolone (Figure 1)
represents an example. Removal of the fluorine8 meduces
the drug activity and its antibacterial spectrfifhese examples
indicate that aromatic fluorine can contribute significantly to
the action of compounds of medicinal interest. The ability of
carbon-bound fluorine to participate in intermolecular interac-
tions has recently been receiving more attention. The crystal
structure of the first enzyme found to be involved in biological
fluorination, a bacterial 'Sluoro-5-deoxyadenosine synthake,
was solved in the presence of its substrate. The complex was
observed in a geometry corresponding to the time frame
immediately following the substrate fluorination step. The
fluorine was found to engage in a hydrogen bond with the amide
NH of Ser158 (N-F distance= 3.1 A). Another important
example of the participation of aromatic fluorine to the binding
of small molecules to the active site of an enzyme is represented
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by the binding of the small fluoroaromatic inhibitodsand 5 " FoNa* o o=
(Figure 1) to carbonic anhydrase!l.On the basis of the Q_: : Q Q:H K Q_F1: o
inhibition data, two binding models were proposed. One model
relied on dipolar contacts between the fluorobenzene and QF--H—O-H F@F..H_O.H
Phe131, and the other model utilized stacking of the fluoroben- room R 1
zene with Phel31. . r

In light of their importance, significant effort has been . _@_F__H_O_H QF“H_O.H F—Q—F--H-O<H
invested to study fluorine-mediated interactions and further 1 15 ¢
evidence has been accumulating momatic carbon-bound F. EoE E
fluorine-mediated hydrogen bonds in small molecules. The DF--H—O<H @r-«-o-u QF__H_O_H
hydrogen bond between the hydroxyl group in 2-fluorophenol ¢ 7 18 T
and the neighboring fluorine was calculated to be 2.92 kcal/ Figure 2. Structure of the complexes between the most common
mol at the MP2 level? 3.0 kcal/mol by DFT method¥; 2.3 fluoroaromatics found in compounds of medicinal interest and the
kcal/mol by gas chromatograph$and 1.44 kcal/mol® by far- lithium ion (7), the sodium ion§), the ammonium iong), and water,
IR measurements, while two independent IR investigations put the prototypic hydrogen bond donot®-19). The angles CFH and
the strength of this hydrogen bond at 66%nd 1.197 kcal/ FHO were constrained to 180while the noninteracting water hydrogen

mol. The fluorine-containing  9-fluoro-18-hydroxy(3.3]- was confined to a plane perpendicular to the aromatic ring.

metacyclophaneg( Figure 1) has also been used to study this . -

class of interactions. The cyclophane crystal structure shows athe resulting complt_axes were analyzed to understand the binding
20:80 hydrogen-bonded to non-hydrogen-bonded ratio. In solu- patterns of aromatic fluorinated molecules.
tion, a distinct low-field shift of the phenolic OH proton was  pethods
observed in théH NMR spectrum compared to that of the F-free

analogue. Additionally, OH-F through-spage coupling was 98% package on a 50-processor Linux-based computer cluster. The
observed. Hydrogen bond strength was estimated to be-0.20 oometries of the complexes were examined using GaussView 3.0.

0.88 kcal/mol for this systert? Crystal structure database The initial geometries of each model compound were built manually
survey$19.20found a number of complexes and compounds that in the z-matrix format. The starting geometries for the first set of
have aromatic fluorine mediated hydrogen bonds. The most optimizations were chosen so that the-A—X angle was set to
pronounced case is that of a complex between water and calciuml80° and the starting #H distance was set between 2 and 3 A

bis[2-fluorobenzoateft The O-H-+-F angle was determinedto  depending on the complex. The angles CFH and FHO were
be 170, while the OH-+F bond length was 2.02 A. constrained to 180 Also, the water hydrogen not directly interact-

. . . ing with the fluorine was constrained in a plane perpendicular to
Several theoretical studies have also addressed the ability ofihe aromatic ring. The interaction energy was calculated by using

aromatic fluorine to participate in intermolecular interactions. the supramolecular approach. In this method, the interaction energy
The hydrogen bond between fluoroethene and water was foundof a dimer AB (the supermolecule) is obtained by directly
to be 1.48 kcal/mol at the MP2/T2v+(3d,1f,1p) theory level subtracting the energy of the isolated monomers, A and B, from
when only the distance between the two molecules was the total energy of the dimer: Q= E(dimer) — E(mom) —
optimized?® Also, an ab initio investigation was carried out on E(morg). All MP2 level calculations were corrected for the basis

the fluorobenzene-water andp-difiuorobenzene-water sys-  SEt Superposition error (BSSE) using the counterpoise méthod.

tems?? The interaction strength at the MP2/6-31£G(2d, p) _The deformat_lon energy of thg monomers in the c_omplex was tak_en
. . . I ’ . into account in the BSSE estimate. NBO analysis was done using

level with and without basis set superposition error correction iho NBO 5.6722 module in Gaussian 98. Electrostatic potential

was calculated to be 4.15 and 4.28 kcal/mol, respectively. The syrfaces were generated by mapping HF/6-31G** electrostatic
study employed full optimization of the complexes. The potentials onto surfaces of molecular electron density (0.002 e/A)
fluorine—hydrogen distance was 2.11 and 2.15 A, respectively. and color coding, using the software SPARTAN 2dn all
Complex formation was due in both cases to two separate Surfaces shown here, the potential energy values range -2
interactions: a hydrogen bond between the fluorine in fluo- t0 125 kcal/mol with red signifying a value greater than or equal
robenzene and the hydrogen on water; another hydrogen bond® thé maximum in negative potential and with blue signifying a
between the water oxygen and one of the aromatic hydrogensvalue greater than or equal to the maximum in positive potential.

in fluorobenzene. Additionallyzz-type complexes have been Results and Discussion

;jt? n;[ftl_(e)ds?eéy(\;iegglléog(;t;ennzgpfgr?: dhggr%gee;l] %P;fgfrizdene A series of ab initio calculations using Hartreleock (RHF),
initio stud v P u second-order MgllerPlesset (MP2), and density functional

methanolz-complex?* Kim and co-workers identifiedr-type theory (DFT) with the 6-312+G(d,p) basis set were carried
complexes betwezen water and fluorobenzene, as well aSout to evaluate the participation of aromatic-carbon-bound
pd|f|uoropngené. m-Type complexes depend on the mcrgased fluorine in intermolecular interactions. We have confined our
electrophilicity of the z-clouds rather than through direct 5,5 qis 1o the most common fluoroaromatic systems found in
fluorine-mediated contacts and therefore do not represent a dire%ompounds of medicinal interest (Figure 2). We considered the
contribution from the aromatic fluorines. interaction of aromatic fluorine with water, the prototypic
This article describes a comprehensive and systematichydrogen bond donor, and with a variety of cations (Table 1).
theoretical analysis of the ability of aromatic-carbon-bound In order to minimize additional interactions between the water
fluorine to engage in hydrogen bonds and electrostatics-basedoxygen and the aromatic hydrogeshe angles CFH and FHO
intermolecular interactions. High-level ab initio/DFT calcula- were constrained to 180Also, the water hydrogen not directly
tions were carried out on complexes between a series ofinteracting with the fluorine was constrained in a plane
fluorinated aromatics commonly encountered in compounds of perpendicular to the aromatic ring.
medicinal interest and water, as an optimal model for a hydrogen Any other angles and atomic distances were subject to full
bond donor, and cations. The energetics and the geometries obptimization. Table 1 shows the results for the complexes shown

All ab initio calculations were carried out using the Gaussian
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Table 1. Interaction Energies and Basis Set Superposition Errors of the Complexes Indicated in Figure 1

RHF MP2 DFT
R(H-F) Ecorr BSSE R(H-F) Ecorr BSSE R(H-F) Ecorr BSSE
A) (kcal/mol) (kcal/mol) A) (kcal/mol) (kcal/mol) R) (kcal/mol) (kcal/mol)
7 1.75 —28.5 0.5 1.77 —30.8 0.5 1.74 —32.0 0.5
8 2.14 —19.5 0.4 2.16 —20.8 0.4 2.12 -21.3 0.5
9 1.78 —13.1 0.3 1.71 —15.6 0.4 1.68 —15.6 0.3
10 2.23 -1.7 0.2 212 2.3 0.3 212 -1.6 0.2
11 2.32 —-1.4 0.2 2.16 2.1 0.2 2.18 -1.3 0.2
12 2.26 -1.4 0.2 2.14 -2.0 0.3 2.16 -1.3 0.2
13 2.24 -15 0.2 2.13 -2.0 0.3 2.14 —-1.4 0.2
14 2.30 -1.3 0.2 2.18 -1.7 0.2 2.19 -1.1 0.2
15 2.33 -1.1 0.3 2.19 -1.7 0.3 2.22 -1.0 0.2
16 2.27 -1.3 0.2 2.15 —-1.8 0.3 2.16 -1.2 0.2
17 2.30 -1.1 0.2 2.16 -1.6 0.3 2.18 -1.0 0.2
18 2.32 -1.1 0.2 2.19 -1.7 0.2 221 -1.0 0.2
19 2.34 -1.1 0.3 2.21 -1.7 0.2 2.24 -0.9 0.2

a|ndicated energies are BSSE corrected.

in Figure 2. Energies calculated at the HF level clearly
underestimate fluorine-mediated interactions calculated at the
MP2 level. MP2 and DFT calculations show similar numbers,

although the DFT results slightly underestimate energies . . . £ . F

calculated at the MP2 level. The basis set superposition error, O (Jj b,p @\ ¢ F\@/F ¢,F

estimated with the full counterpoise method, appears to be within .

10% of the calculated energies. F )
The results in Table 1 (MP2) clearly indicate that aromatic

fluorine can participate in significantly energetic hydrogen bonds .
with water (entries 1819). The most energetic hydrogen bond
is found between water and the fluorine in monofluorobenzene

(20). The corresponding energy of this complex is 2.6 kcal/ . . .

mol. This energy is lower than that of most hydrogen bonds ‘\Q’F F FoE PR F:Q[F F

where the acceptor is an oxygen. However, this energy is large F:C[F . F Foe .
enough to contribute significantly to the binding of fluoroaro- i F F i F

matics to active sites and/or receptors. The addition of one moreFigure 3. Electrostatic potential surfaces of all possible fluoroaromatics

fluorine atom (1—13) decreases the strength of the hydrogen mapped on isoelectron density su_rfaces_(0.002 e_/A). Red means avalue
bond to 2.2-2.4 kcal/mol. Interestingly, the orthd.{, —2.4 greater than or equal to the maximum in negative potential, and blue

keal/mol), meta 12, —2.2 kcalimol), and paral@, —2.3 kcall ;qoet:ﬁaﬁ value greater than or equal to the maximum in positive
mol) substitution patterns yield similar binding energies within

the BSSE error. The additional fluorine in the trifluorobenzene

series 14—19) yields complexes with water characterized by

even smaller energies (2.0 kcal/mol). The binding of the

aromatic fluorine in monofluorobenzene to cations such as

lithium, sodium, and ammonium reserves some surprises. The . . . F

interaction energies are very high, ranging frer81 kcal/mol O O/F O\ ¢

with the lithium ion to—16 kcal/mol with the ammonium ion. r

These numbers imply that any time aromatic fluorine has the

possibility of interacting with a cation or a molecular surface
characterized by an excess of positive charge, the resulting -
interactions will be strongly stabilizing.
The importance of electrostatics in the interaction of aromatic
F\Q,F

F

fluorine with cations and hydrogen bond donors can be

visualized using electrostatic potential surfaces. Figure 3 shows L. F

the electrostatic potential mapped onto isoelectron density \O ¢

surfaces for all possible fluoroaromatics. The asymmetric -

distribution of potential on the surface of these molecules Figure 4. View from the edge of the electrostatic potential surfaces
rationalizes the trend seen with the binding energies. The ©f di- and trifluorobenzenes.

fluorine atom in monofluorobenzene is characterized by a larger with hydrogen bond donors and cations with lower energies
negative potential than the fluorine in multiply fluorinated than the less fluorinated benzenes.

aromatics. This difference explains why the energy of the  Figure 4 shows the edges of the electrostatic potential surfaces
hydrogen bond between monofluorobenzene and water is largerfor fluoroaromatics containing up to three fluorine atoms. It is
than the corresponding energies in di- and trifluorobenzenes.interesting to note tham-difluorobenzene shows a peculiar
Also, simple visual analysis of the electrostatic potential surfaces pattern: two fluorine atoms able to participate in hydrogen
corresponding to tetra- and pentafluorobenzene allows the easyponds surround a very acidic aromatic hydrogen. This
prediction that these highly fluorinated aromatics will interact unusual pattern generates three adjacent binding sites within
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Figure 5. NBO analysis of the interaction between the fluorine in
fluorobenzene and water in the fully optimized complex. An overlap
between one lone pair on fluorine and a hybrid antibonding orbital of

water partially accounts for the hydrogen-bonding ability of aromatic-
carbon-bound fluorine.

the same molecule, suggesting a greater ability of this fluoro-
aromatic to participate in the binding of biologically important
molecules.

The nature of the hydrogen bond between aromatic fluorine
and water can be probed by using natural bond orbital analysis
The interaction between the fluorine in monofluorobenzene and
water is partially due to an orbital interaction between a lone
pair on fluorine and a hybrid unfilled antibonding orbital on
water (Figure 5). The overlap between the two orbitals indicates
the extent of the interaction.

Thus, the hydrogen bond between the fluorine in monofluo-
robenzene and water can be thought of as due to two

independent contributions: electrostatics and partial covalency.

This is the situation normally encountered in the majority of

hydrogen bonds and shows that aromatic-fluorine-mediated
hydrogen bonds should be considered classical hydrogen bonds.

Conclusions

We carried out a series of ab initio calculations aimed to
guantitatively evaluate the participation of aromatic-carbon-
bound fluorine in intermolecular interactions. The series of
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(15) Gerald, L.; Carlson, W. G. F. Torsional frequencies and conforma-
tional equilibriums of o-substituted phenols. Phys. Chem1973
77, 1157-1163.

mono- to triflurobenzenes was chosen as representative of the (16) Denisov, G. S.; Sheikh-Zade, M. I.; Eskina, M. V. Determination of

fluoroaromatics most commonly used in compounds of medici-
nal interest. We focused on the interaction of aromatic fluorine
with water as the prototypic hydrogen bond donor and with a

variety of cations. Our results demonstrate that aromatic-carbon-

bound fluorine can participate in the formation of hydrogen
bonds and can also strongly interact with positively charged

the energy of intramolecular hydrogen bonding using competing
equilibriums.zZh. Prikl. Spektrosk1977, 27, 1049-1054.

(17) Baker, A. W.; Shulgin, A. T. Enthalpies of intramolecular halogen
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molecules. These interactions are weaker than those mediated 1g) pynitz, 3. D.; Taylor, R. Oganic fluorine hardly ever accepts hydrogen

by classical hydrogen bond acceptors such as oxygen and

nitrogen but significant enough to affect the binding properties
of a fluorinated molecule. The 6-31H#G(d,p) basis set used

at the MP2 level is needed for a careful estimate of the
energy of fluorine-mediated interactions. DFT methods should
be used with caution because their application to fluorinated

molecules yields results that can underestimate true binding

energies.
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