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The modulation of pharmacokinetic properties by fluorine
substitution has become a well-established strategy for lead
optimization['! and has resulted in a large number (ca. 150) of
fluorinated drugs in clinical use. The substitution of hydrogen
by fluorine often causes minimal steric effects despite their
different van der Waals radii (1.20 and 147 A, respec-
tively),[?l while a number of properties, such as lipophilicity,
pK, values, and metabolic stability, can be affected in a
favorable way. Multiple fluorination of aromatic rings
changes the quadrupole moment,! which profoundly affects
aromatic-aromatic interactions.”! The bioisosteric replace-
ment of hydrogen by fluorine also affects enzyme-ligand
binding affinity and selectivity, as shown for inhibitors of
carboxypeptidase A, stromelysin A, carbonic anhydrase,[’!
and chymotrypsin.[®]

In the same way as an active-site environment can be
described as being hydrophilic or lipophilic, it could also be
classified as being either fluorophilic or fluorophobic because
of the unique properties of fluoro-organic compounds. Teflon
and other fluorinated compounds clearly are neither hydro-
philic nor hydrophobic.’! Understanding the nature and
intrinsic properties of fluorophilic/fluorophobic environments
is therefore of great interest for structure-based lead design
and optimization.

We recently reported a family of inhibitors of thrombin
with a rigid tricyclic core that show nearly identical binding
geometries in the structurally well-defined active site of this
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trypsin-like serine protease from the blood coagulation
cascade.l'>'] We have recently started to systematically
exchange one or more H atoms for Fatoms in various
positions of these inhibitors to explore the fluorophilicity/
fluorophobicity of the thrombin active site. Here we report
the results of a fluorine scan involving the benzylic residue
that undergoes edge-to-face interactions with the indole ring
of Trp215 in the spacious hydrophobic D pocket of the
enzyme (Figure 1).012
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Figure 1. Schematic representation of the binding mode of the tricyclic
inhibitors in the active site of thrombin. Only the (3aS,4R 8aS,8bR)-
configured enantiomer is bound, as determined from the X-ray crystal-
lographic analysis.l'% In addition to the catalytic triad flanked by the
oxyanion hole, the active site can be described in terms of selectivity
pocket (S1), a small proximal pocket (P), and a large hydrophobic
distal (D) pocket.

Benzyl derivative (4 )-11'"l and a series of six mono-, di-
and pentafluorinated inhibitors (+)-2—(+)-7 (Scheme 1)
were prepared by alkylation of (4 )-8 (which was obtained
by 1,3-dipolar cycloaddition from maleimide, 4-formylbenzo-
nitrile, and L-proline) followed by a Pinner reaction.!'’!3]
Their activity against thrombin and trypsin was determined
as previously described.' The results were surprising
(Table 1): whereas five fluorinated inhibitors (K;=0.27 to
0.61 um) showed a potency similar to that of non-fluorinated
(£)-1 (K;=0.31 um), the para-monofluorinated derivative

(£)4 was much more active, with K;=0.057 um
4_)|(_ 3
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Scheme 1. Synthesis of inhibitors (+)-1 to (£)-7. a) K,CO;, [18]crown-
6 (10%), toluene, reflux, 58-86%,; b) 1. AcCl, MeOH, CH,Cl,, 5°C;
2. NH; in MeOH, 65°C, 40-79 %.
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Table 1: Activities of the fluorinated thrombin inhibitors and selectivities
with respect to trypsin.

Inhibitor X (R") K; [um]@ Selectivity®
(£)-1 ~ 0.31 15

(£)-2 2F 0.50 9.8

(£)3 3-F 0.36 26

(£)4 4F 0.057 67

(£)-5 2,6-F, 0.61 9.0

(£)-6 3,5-F, 0.59 25

(£)7 1,2,3,4,5-F 0.27 44

[a] The uncertainty of the measured K; values is £20%. [b] Ki(trypsin)/
Ki(thrombin).

(AAG 411y a=—1.05+0.17 kcalmol™"). Furthermore, this
compound showed by far the best selectivity against trypsin in
the series tested. We subsequently synthesized inhibitor (£ )-
9, with an isopropyl group to fill the P pocket, by a previously
reported route.['* Compound (& )-9 with a K, value of 5 nm
is to date our most potent thrombin inhibitor with a 413-fold
selectivity over trypsin.

Ki 5nM

NH
HaoNeHC|

The binding mode of (4 )-4 at the thrombin active site was
investigated by X-ray crystallography at 1.67-A resolution
(Figure 2).[" Not surprisingly, only the 3aS,4R,8aS,8bR enan-
tiomer is bound, as we had already shown for related

Figure 2. 2F,F_ electron density contoured at 0.6 e A=, All the inhibitor
atoms are well-ordered. The slightly weaker electron density for the pyr-
rolidine ring hints at pseudorotation, although the temperature factors
after constrained refinement have acceptably low values of approxi-
mately 20 A2'S)
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thrombin inhibitors.['’?l Superimposition with a previously
reported X-ray crystal structure of thrombin complexed with
an inhibitor having a piperonyl group pointing into the
D pocket!'% revealed an identical binding mode for both
inhibitors (see the Supporting Information). This result
supports our modeling-based assumption that all fluorinated
inhibitors have identical binding geometries.

The F atom of (+)-4 is in remarkably close contact with
the H-C,—C=0 moiety of Asn98 (Figure 3), as indicated by
the short distances d(F-Ca) of 3.1 A (d(F-~H,): 2.1 A,

lle 174

Figure 3. Binding mode of the 4-fluorobenzyl moiety in the D pocket of
thrombin.SI All F contacts with the protein within a distance of less
than 4.0 A are shown with dotted lines.

a(F-+H—-C,): 157°) and d(F-C=0): 3.5 A (a(F-~C=0): 96°,
a(F--C(0)-pseudotrigonal axis of the carbonyl system):
28°).11% The ability of the H-C, bond to act as an H-bond
donor is increasingly being recognized, and calculations show
that weak C=0O--H—C, H bonds contribute significantly in
stabilizing the folded structure of proteins.'”? Desiraju and co-
workers obtained evidence for weak C—F---H—C interactions
from crystal structures of fluorobenzenes.'¥! In addition, it
was recently reported that C—F--H—C interactions stabilize
duplex formation with RNA having unnatural fluorinated
bases.'” Whether the observed C—F--H—C, interaction
should be classified as a weak Hbond is a matter of
discussion.?”) The enhanced positive polarization of the
H atom ortho to the F substituent presumably enhances the
edge-to-face interaction of the inhibitor with Trp215
(Figure 3).'1 We believe, however, that a particularly com-
fortable positioning of the Fatom, with its direct polar
interactions with the H-C,—C=0O moiety of Asn98, is the
major determinant for the large increase in activity seen for
(£ )-4 relative to the other inhibitors in the series.

Organofluorine interactions with carbonyl groups, as seen
in the thrombin complex with (& )-4, have to the best of our
knowledge not been reported in the literature. We therefore
analyzed the small-molecule X-ray crystal structures of the
nitrile precursors (+)-10, (+)-11, and (+)-12 to inhibitors
(£)4, (£)-7, and (£)-9, respectively, to obtain further
insight into fluorophilic environments.??
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A C—F--H—C,—C(O) contact similar to the one in the
thrombin complex was found in the crystal-packing environ-
ment of (+)-12, as indicted by d(F-H,): 2.41 A, d(F--C,):
3.37 A, and a(F--H-C,): 148° (Figure 4). The F atom is rather
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Figure 4. Short intermolecular C—F--H—C,—C=0 contacts®?’! observed
in the X-ray crystal packing of (£)-11 (bottom) and (£)-12 (top).??

distant from the C=0 unit (d(F-~C=0): 4.53 A and a(F--C=
0): 110°). Two similar C—F--H—C, interactions were identi-
fied, though at longer F--H distances (2.65 and 2.74 A), in the
crystal of (£ )-10 (see the Supporting Information).! In the
first case, the Fatom is also in contact with a C=O group
(d(F-+C=0): 3.40 A, d(F-~0=C): 3.06 A, a(F-~C=0): 63°).
Analysis of the crystal packing of compound (+)-11
revealed an additional C—F---H—C,—C=0 contact (d(F--H,):
2.61 A d(F-C,): 327 A, a(F-H-C,): 119°, Figure 4). In
this case the F atom is also in contact with the carbonyl group
(d(F~C=0): 3.63 A, d(F-~0=C): 3.30 A, a(F--C=0): 65°).
These findings prompted us to search the Cambridge
Structural Database (CSD)P* for intermolecular interactions
between C—F and C=O moieties in crystals of fluorine-
containing organic carbonyl derivatives in which the C=O
group is flanked by one or two C, N, or O atoms. The search
was limited to well-resolved (R factor <7.5%, no disorder)
neutral organic molecules, excluding metallorganic or poly-
meric compounds, with an intermolecular (nonbonded) dis-
tance between a C-bound Fatom and a carbonyl C atom in
the range of 2.5 A< d,(F-C=0)<4.0 A. The search
resulted in 573 hits, with a total of 1091 occurrencies of
close F---C=0 contacts. There are quite a number of cases
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(43 occurrencies, Figure 5) with contact distances significantly
below the sum of the van der Waals radii of C and F atoms
(ca.3.3 A), which indicates there is an attractive interaction
between the two polar groups.

An analysis of the relative orientation of the two
interacting units in terms of the nonbonded distance
d,(F--C=0), the two angles o, and o, (Figure 5), as well as
the pseudotorsional angle 0 (C—F---C=0, Figure 5 and see the
Supporting Information) reveals that the Fatoms prefer a
position close to the pseudotrigonal axis of the carbonyl unit

Figure 5. Scatterplots of a, versus d, (upper left) and a, versus d,
(lower left) of 1091 occurrencies of close C—F---C=0 contacts with

2.5 A<d, < 4.0 A obtained from 573 hits of the CSD search of fluorine-
containing organic carbonyl derivatives (Q=C, N, O). Right: Superpo-
sition of 43 intermolecular C—F---Q(CO)Q subunits with

2.77 A< d, <3.09 A extracted from the crystal structures and superim-
posed on the carbonyl unit (pointing backwards to the right). The thin
vertical line marks the pseudotrigonal axis of the carbonyl system
(norm of the Q(CO)Q plane).

at short contact distances. The C—F bond is generally inclined
to the F—C axis with angles (o) adopting values typically
between 100°-160°, but rarely 180°, at short to middle-range
contact distances. There appears to be no preference in terms
of anti, syn, or other orientations of the C—F unit relative to
the C=0 bond, even for the closest contacts. No systematic
change of either the C—F or C=O bond lengths in response to
the nonbonded distance d,(F--C=0) could be found (see the
Supporting Information). Thus, there are no indications of a
covalent component in these C—F--C=0 interactions, which
are probably best described in terms of multipolar interac-
tions between the intrinsically polar C—F and C=O units.
The crystal structures with short intermolecular contact
distances of 2.9 A < d,(F-+C=0)<3.1 A were examined in
more detail using the modeling system Moloc:['! the close
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intermolecular contacts were identified, the relevant sub-
structural units extracted from the crystal structures, and
superimposed with respect to the carbonyl system. The plot
(Figure 5, right) shows the narrow cone around the pseudo-
trigonal axis of the carbonyl group (cone angle ca. 12°) within
which the fluorine atom of a closely interacting C—F bond
unit prefers to be located.!

In view of our observation that the fluorine atom in the
thrombin inhibitor complex also appears to be in close contact
to a C,—H bond a next to the C=O group, we analyzed a
subset of structures containing at least one such bond in terms
of close contacts of the C—F unit to both the C=0O and the
C,—H unit.

Interestingly, while there is an expected correlation
between the nonbonded distances ds(F-~C,) and
d,(F--C=0) (Figure 6, left), the scatter plot of d,(F-~-H—C,)
versus d,(F--C=0) (Figure 6, right) clearly shows that a close
contact of the fluorine atom with the carbonyl group does not
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Figure 6. Scatterplots of nonbonded contact distances d;(F---H—Ca)
versus d, (left) and d,(F--C,) versus d, (right) for a total of 246 occur-
rencies in the subset of 132 crystal structures in which the C=O group
is attached to at least one C atom carrying at least one H atom.

necessarily imply a close C—F-+-H—C, contact. Conversely,
there are clear cases where the Fatom interacts predomi-
nantly with the C,—H unit, but is somewhat more remote
from the carbonyl group. Thus, there appears to be a range of
possibilities for a C—F unit to engage in potentially attractive
contacts. It is gratifying to see that the pair of values of 3.1 A
and 3.5 A observed for the F--C, and F---C=0O nonbonded
contact distances, respectively, in the thrombin inhibitor
complex lies essentially in the domain of the scatter plot
obtained for corresponding contacts in small-molecule crystal
structures (Figure 6, left).

In conclusion, the combination of X-ray crystal-structure
analysis of a protein-ligand complex, small-molecule X-ray
crystallography, and database mining has for the first time
shown that H-C,—~C=O fragments provide a pronounced
fluorophilic environment. The high propensity of H—-C,—C=0
units in the active sites of proteins suggests that such
Finteractions could be effectively exploited for enhancing
ligand affinity or selectivity in structure-based design.
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