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Introduction

Organic fluorine is rarely found in nature, as evidenced by the
small number of known fluorinated natural products. In con-
trast, it is abundant in synthetic materials as documented by
the nearly 1.8 million C- and F-containing molecules listed by
Chemical Abstract Services (CAS). Moreover, the number of flu-
orinated drugs is continuously increasing, with 1020 (~5%) in-
cluded in the Derwent Drug File[1] which contains 21146 chem-
ical entities, and more than 150 fluorinated drugs currently in
clinical use.
The introduction of F atoms causes minimal steric effects

due to their small size, with a van der Waals radius of 1.47 ä
(1.20 ä for H),[2, 3] while several important pharmacokinetic
properties, such as metabolic stability and absorption proper-
ties, can be modulated in a favorable way.
Much less is known about how the thermodynamics of pro-

tein±ligand interactions are affected by the replacement of H
by F, which is still generally taken as a bioisosteric replace-
ment. Characteristic physical properties of F substituents are a
very low polarizability (hard atom), the highest electronegativi-
ty in the periodic table, and the presence of three tightly
bound nonbonding electron pairs.[2] They confer unique be-
havior on fluoro-organic compounds: teflon and other fluori-
nated compounds are neither hydrophilic nor hydrophobic.[4]

For a more effective use of organic fluorine in medicinal
chemistry, tuning not only pharmacokinetic properties but also
ligand binding affinity, a better understanding of the nature of
favorable (fluorophilic) and unfavorable (fluorophobic) environ-
ments for F substituents is required.

A survey of the literature provides some insight into the
nature of favorable F environments in proteins. The C�F unit
has been reported to interact favorably with strong H-bond
donors, such as the N�H groups of backbone amide linkages
and His side chains or the H�O groups of Tyr, Ser, and protein-
bound water.[5±8] These contacts are possibly best characterized
as C�F¥¥¥H�X dipolar interactions rather than true H-bonds.[8]
Lipophilic side chains constitute another favorable F environ-
ment in proteins. Notably, close contacts are observed be-
tween aromatic C�H, for example in Phe, and F�C residues.[9,10]
In particular, the CF3 group has a pronounced lipophilicity, as
reflected by its Hansch±Leo substituent parameter p of 0.88
(�CH3: p=0.56, �CH2CH3: p=1.02).[11±13] In other cases, the
effect of F substitution on protein±ligand binding is a more in-
direct one. Thus, the introduction of F atoms into aromatic
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In a systematic fluorine scan of a rigid inhibitor to map the fluo-
rophilicity/fluorophobicity of the active site in thrombin, one or
more F substituents were introduced into the benzyl ring reach-
ing into the D pocket. The 4-fluorobenzyl inhibitor showed a five
to tenfold higher affinity than ligands with other fluorination
patterns. X-ray crystal-structure analysis of the protein±ligand
complex revealed favorable C�F¥¥¥H�Ca�C=O and C�F¥¥¥C=O in-
teractions of the 4-F substituent of the inhibitor with the back-
bone H�Ca�C=O unit of Asn98. The importance of these interac-
tions was further corroborated by the analysis of small-molecule

X-ray crystal-structure searches in the Protein Data Base (PDB)
and the Cambridge Structural Database (CSD). In the C�F¥¥¥C=O
interactions that are observed for both aromatic and aliphatic
C�F units and a variety of carbonyl and carboxyl derivatives, the
F atom approaches the C=O C atom preferentially along the
pseudotrigonal axis of the carbonyl system. Similar orientational
preferences are also seen in the dipolar interactions C�F¥¥¥C�N,
C�F¥¥¥C�F, and C�F¥¥¥NO2, in which the F atoms interact at sub-
van der Waals distances with the electrophilic centers.
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rings greatly affects aromatic±aromatic interactions by influ-
encing the electronic nature of the rings.[14±16]

We recently started to systematically exchange one or more
H atoms for fluorine in all possible positions of a previously de-
veloped family of thrombin inhibitors[17] in order to explore the
fluorophilicity/fluorophobicity of the active site of this trypsin-
like serine protease from the blood coagulation cascade
(Figure 1). The rigid tricyclic core ensures that differently deco-
rated inhibitors adopt nearly identical binding geometries in
the structurally well-defined active site; a requirement for
meaningful structure±activity relationships. Here, we report the
results of the fluorine scan involving the benzylic residue un-
dergoing edge-to-face interactions with the indole ring of
Trp215 in the spacious lipophilic D pocket of the enzyme.[18] By
using a combination of solution binding assays, X-ray crystal
structure analysis of a protein±ligand complex, small-molecule
X-ray crystallography, and data-base mining, we show that H�
Ca�C=O fragments in proteins provide a pronounced fluoro-
philic environment. We provide evidence that C�F groups un-
dergo favorable dipolar interactions with electrophilic residues
such as C=O, C�N, C�F, and even�NO2, with the F atom point-
ing in a distinct orientation onto the positively polarized elec-
trophilic center.

Results and Discussion

Synthesis of the inhibitors

The fluorinated inhibitors were prepared from tricycle (� )-1a,
which was obtained by 1,3-dipolar cycloaddition of maleimide,
4-formylbenzonitrile, and l-proline together with diaster-
eoisomer (� )-2a (Scheme 1). The product ratio was solvent-de-
pendent, varying from (� )-1a/(� )-2a 1:3 in MeCN to 1:4.3 in
dimethylformamide (DMF). Following chromatographic separa-

tion, the assigned configuration of the diastereoisomers was
confirmed by X-ray crystallography. A more favorable ratio
(1:1.8) of the desired to undesired diastereoisomers (� )-1b
and (� )-2b was obtained in MeCN, starting from p-bromoben-
zaldehyde. Interestingly, (� )-1a and (� )-2a have the same
space group (P21/c) but very different crystal packings. The
enantiomers of (� )-1a form dimers with two C=O¥¥¥H�N hydro-

Figure 1. Fluorine scan of tricyclic thrombin inhibitors and the schematic repre-
sentation of the binding mode in the active site of thrombin. Only the (3aS,4-
R,8aS,8bR)-configured enantiomer is bound, according to X-ray crystallogra-
phy.[17a,b] In addition to the catalytic triad flanked by the oxyanion hole, the
active site can be described in terms of the selectivity pocket S1, a small proxi-
mal pocket (P1), and a large hydrophobic distal (D) pocket.

Scheme 1. Synthesis of inhibitors (� )-4a±j. a) CH3CN, reflux ; 15 % (� )-1a and 38 % (� )-2a ; b) K2CO3, [18]crown-6, toluene, reflux; 58±86 %; c) i) AcCl, MeOH,
CH2Cl2, 5 8C; ii) NH3 in MeOH, 65 8C; 40±79 %. Also shown is the ORTEP representation of (� )-4b with vibrational ellipsoids obtained at 203 K and shown at the
30 % probability level. The two crystal bound water molecules have been omitted for clarity. For the substitution pattern X in (� )-3a±j and (� )-4a±j, see Table 1.
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gen bonds between their imide moieties (d(C=O¥¥¥H�N)=
2.12 ä (1508)), while the enantiomers of (� )-2a are arranged
in infinite chains, stabilized by C�N¥¥¥H�N hydrogen bonds
(d(C�N¥¥¥H�N)=2.16 ä (1728)) (see Supporting Information).
Alkylation of (� )-1a with commercially available benzyl bro-
mides (K2CO3, [18]crown-6, PhMe) afforded nitriles (� )-3a±j in
high yields, and the Pinner reaction gave the desired phenyla-
midinium inhibitors, benzyl derivative (� )-4a,[17c] a series of
eight mono-, di-, and pentafluorinated ligands (� )-4b±i, and
monochlorinated (� )-4 j. An X-ray crystal structure was ob-
tained for the 2-fluorophenyl inhibitor (� )-4b and is shown in
Scheme 1.
The synthesis of the tricyclic thrombin inhibitor (� )-5, which

has an isopropyl group to fill the P-pocket[17b,c] started with the
1,3-dipolar cycloaddition of 4-fluorobenzylated maleimide 6, 4-
bromobenzaldehyde, and l-proline to give tricycle (� )-7
(Scheme 2). Regioselective reduction with Li[Et3BH], followed

by treatment with 4-toluenesulfinic acid and CaCl2 afforded
sulfone (� )-8. Nucleophilic substitution (presumably via the
acyliminium ion) with i-PrMgCl in the presence of ZnCl2

[19] pro-
vided (� )-9, which was converted into nitrile (� )-10 and finally
into the phenylamidinium salt (� )-5.

Biological results and crystal structure of (� )-4d bound to
the thrombin active site.

Inhibitory activity against thrombin and trypsin was deter-
mined as previously described by using the chromogenic sub-
strate S-2238.[20] Surprisingly, whereas eight fluorinated and
chlorinated inhibitors (inhibitory constant Ki=0.19 to 0.61 mm)
showed a potency similar to that of non-fluorinated (� )-4a

(Ki=0.31 mm), the 4-fluorophenyl derivative (� )-4d was much
more active with Ki=0.057 mm (DDG(� )-4a!(� )-4d=�1.05�
0.17 kcalmol�1) (Table 1). Furthermore, this compound showed
the best selectivity (Ki(trypsin)/Ki(thrombin)=67) against tryp-
sin in the entire series. The introduction of the isopropyl resi-
due in (� )-5 to fill the P-pocket led to a large additional in-
crease in affinity and selectivity, as expected from earlier
work.[17] Ligand (� )-5 with a Ki value of 5 nm and a 413-fold se-
lectivity over trypsin is the most active in the series of tricyclic
thrombin inhibitors prepared to date. Table 1 also includes
measured logD values (logarithmic distribution coefficient at
pH 7.4).[21] Due to the charged phenylamidinium residue, they
are all in an unfavorable negative range. Since they do not
vary much upon F substitution, the particularly increased bind-
ing affinity of (� )-4d does not result from F-mediated en-
hancement in lipophilicity. Also, possible differences in the
edge-to-face interaction of the various fluorinated benzyl resi-

dues with the indole ring of Trp215
cannot explain the biological re-
sults.[17c, 22,23]

Important insight into the origin
of the enhanced affinity of (� )-4d
was obtained by solving the X-ray
crystal structure of the thrombin
complex at 1.67 ä resolution.[24] Not
surprisingly, only the (3aS,4-
R,8aS,8bR) enantiomer is bound, as
had already been shown for related
thrombin inhibitors.[17a,b] Superimpo-
sition with a previously reported
crystal structure of thrombin com-
plexed with an inhibitor that has a
piperonyl group pointing into the
D pocket[17a] revealed an identical
binding mode for both inhibitors
(see Supporting Information). This
corroborates our modeling-based
assumption that all fluorinated in-
hibitors have identical binding
geometries.

Scheme 2. Synthesis of inhibitor (� )-5. a) CH3CN, reflux; 38 %; b) i) Li[Et3BH], THF, �78!�45 8C; ii) 4-toluenesulfin-
ic acid, CaCl2, CH2Cl2 ; 70 % over 2 steps; c) iPrMgCl, ZnCl2, CH2Cl2, 0 8C; 71 %; d) CuCN, DMF, reflux ; 63 %; e) AcCl,
MeOH, CH2Cl2, 5 8C; ii) NH3 in MeOH, 65 8C; 75 %.

Table 1. Activities of the fluorinated thrombin inhibitors and selectivities
with respect to trypsin. Also shown is the distribution coefficient LogD at
pH 7.4, see[21]

Inhibitor X Ki [mm]
[a] Selectivity[b] LogD

(� )-4a ± 0.31 15 �1.24
(� )-4b 2-F 0.50 9.8 <�1
(� )-4c 3-F 0.36 26 �1.24
(� )-4d 4-F 0.057 67 �1.08
(� )-4e 2,3-F2 0.49 18 n.d.[c]

(� )-4 f 2,6-F2 0.61 9.0 n.d.
(� )-4g 3,4-F2 0.26 29 n.d.
(� )-4h 3,5-F2 0.59 25 �1.25
(� )-4 i 1,2,3,4,5-F5 0.27 44 �1.14
(� )-4 j 4-Cl 0.19 30 n.d.

[a] The uncertainty of measured Ki values is �20%. [b] Ki(trypsin)/Ki(-
thrombin). [c] Not determined.
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The F atom of (3aS,4R,8aS,8bR)-4d is in remarkably close
contact with the H�Ca�C=O moiety of Asn98 (Figure 2), as in-
dicated by the short distances d(F¥¥¥Ca)=3.1 ä (d(F¥¥¥H�Ca)=
2.1 ä, a(F¥¥¥H�Ca)=1578) and d(F¥¥¥C=O)=3.5 ä (a(F¥¥¥C=O)=
968, a(F¥¥¥C(O)±pseudotrigonal axis of the carbonyl system)=
288).[25]

What are the possible energetic contributions of these F
contacts? The weak H-bond-donating ability of the polarized
H�Ca unit in peptides is increasingly being recognized, and
calculations indicate that weak X�O¥¥¥H�Ca (X=H2 and C) H-
bonds may contribute roughly half of the strength of the con-
ventional C=O¥¥¥H�N hydrogen bond between two amide moi-
eties.[26] Due to the very low polarizability of fluorine atoms, C�
F residues are considerably weaker H-bond acceptors than C�
O and C�N residues, and C�F¥¥¥H�C is presumably better
viewed as an attractive dipolar contact.[8] Nevertheless, C�
F¥¥¥H�C interactions have been reported to play an important
role in crystal packing,[27] biological systems,[28] and catalysis.[29]

Furthermore, intermolecular perturbation theory (IMPT) calcu-
lations in the Isostar Data Base suggest that interactions be-
tween the F atom of fluorobenzene and the H�Ca�C=O unit of
acetone are energetically similar to the C�F¥¥¥H�N interaction
between fluorobenzene and N-methylacetamide.[30]

The C�F unit in (3aS,4R,8aS,8bR)-4d is also in close contact
with the positively polarized C atom of the C=O unit of Asn98.
Such organofluorine interactions with carbonyl groups have
not previously been reported in the literature. However, a
survey of the PDB revealed that such contacts are not uncom-
mon.[31] Short C�F¥¥¥C=O contacts, down to d(F¥¥¥C)=2.9 ä, are
seen for both aromatic C�F residues as well as for �CF3
groups. In several of these examples, the C�F bonds approach
the carbonyl C atoms along the pseudotrigonal axis. Figure 3
shows the structure of an inhibitor of the trifluoroacetylpep-
tide class bound to porcine pancreatic eleastase at 2.50 ä reso-
lution (PDB code: 2EST).[31c] All three F atoms of the CF3CO
group interact with backbone C=O groups of Cys191

(d(F¥¥¥C)=3.5 ä, a(F¥¥¥C=O)=598), Thr213 (d(F¥¥¥C)=3.6 ä,
a(F¥¥¥C=O)=878), Ser214 (d(F¥¥¥C)=3.0 ä, a(F¥¥¥C=O)=748), and
Phe215 (d(F¥¥¥C)=3.1 ä, a(F¥¥¥C=O)=1038).
In view of these data, we suggest that the dipolar

C�F¥¥¥H�Ca and C�F¥¥¥C=O interactions with the H�Ca�C=O
moiety of Asn98 are the major determinant for the large in-
crease in activity seen for (� )-4d when compared with the
other inhibitors in the series. More structural information will
be needed to explain why the ligands with different F-substitu-
tion patterns or additional F atoms (as in the 3,4-difluoro deriv-
ative 4g), feature reduced binding affinities compared with
(� )-4d.

C�F¥¥¥C=O interactions in small-molecule X-ray crystal struc-
tures.

Additional support for the postulated C�F¥¥¥H�Ca and
C�F¥¥¥C=O interactions was obtained by analyzing the X-ray
crystal structures of the nitrile precursors (� )-3d, (� )-3g, (� )-
3 i, and (� )-10, inhibitor (� )-4b, and N-(4-fluorobenzyl)male-
imide 6.[32,33] In the crystal packing environments of (� )-3d,
(� )-3 i, and (� )-10, C�F¥¥¥H�Ca�C=O and C�F¥¥¥C=O contacts
similar to the one seen in the thrombin complex of 4d were
found.[18] Only one close C�F¥¥¥H�Ca�N contact below the sum
of the van der Waals radii (2.67 ä) was observed in the crystal
packing of compounds (� )-3g (d(F¥¥¥H�Ca�N)=2.52 ä, a(F¥¥¥H�
C�N)=137.88) and (� )-4b (d(F¥¥¥H�Ca)=2.29 ä, a(F¥¥¥H�Ca)=
145.18) (see Supporting Information).[25]

Each of the three molecules in the unit cell of N-(4-fluoro-
benzyl)maleimide 6 is engaged in intermolecular C�F¥¥¥C=O
contacts (d(F¥¥¥C=O)=2.94 ä, 3.11 ä, and 3.18 ä) (Figure 4).

Figure 2. Binding mode of the 4-fluorobenzyl moiety of (� )-4d in the D pocket
of thrombin. All F contacts with the protein within a distance of <4.0 ä are
shown with dotted lines. Color code: dark-blue: thrombin skeleton, light-blue:
inhibitor skeleton. gray: C atoms, blue: N atoms, red: O-atoms, green: F atom.

Figure 3. C�F¥¥¥C=O interactions seen in the crystal structure of the complex be-
tween porcine pancreatic elastase and an inhibitor of the trifluoroacetyl pep-
tide class at 2.50 ä resolution (PDB code 2EST).[31c] Color code: gray: C atoms,
blue: N atoms, red: O-atoms, green: F atom, yellow: S atom.
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These contacts are significantly
below the sum of the van der
Waals radii (ca. 3.30 ä). Presumably
they make a significant contribu-
tion to the energetics of the ob-
served crystal packing.
A search in the CSD[34] for inter-

molecular C�F¥¥¥C=O interactions
in crystals of fluorine-containing
organic carbonyl derivatives (ke-
tones, esters, amides, urethanes,
ureas, etc, as well as heterocyclic
derivatives containing these struc-
tural elements) was carried out
(see ref. [18] for a detailed discus-
sion). A considerable number of

C�F¥¥¥C=O contacts (43 out of 1091 occurrences) with distances
significantly below the sum of the van der Waals radii of C and
F atoms (ca. 3.3 ä) were observed; this is indicative of an at-
tractive interaction between the two polar groups. Both ali-
phatic and aromatic C�F units were found to be participating

in these short contacts. The F¥¥¥C=O interaction bears some
structural resemblance to the interaction of nucleophiles with
carbonyl groups as investigated by B¸rgi and Dunitz,[35] In con-
trast to the latter, which involve partial transfer of electron
density from the nucleophile to the electrophilic carbonyl
system with concomitant rehybridization of the carbonyl
group, the F¥¥¥C=O contact is probably best described as a
purely multipolar interaction between the intrinsically polar C�F
and C=O units, without discernible structural changes in the
carbonyl unit.
In our previous communication,[18] we used the scatterplot

correlating the angle a1(F¥¥¥C=O) with the contact distance
d1(F¥¥¥C(C=O)). While this scatterplot nicely shows a narrow
cone of points, which suggests preferential positioning of the
F atom near to 908 at close contacts, it does not discriminate
between cases in which the F atom may approach the carbon-
yl group from the side, or even in the plane from those cases
in which the F atom is truly located above or below the car-
bonyl unit at or near its pseudotrigonal axis. Therefore, we
prefer the presentation shown in Figure 5a (left and center),
here the distance d2 of the F atom to the plane of the carbonyl

Figure 4. Short intermolecular
C-F¥¥¥C=O contacts seen in the
X-ray crystal packing of N-(4-
fluorobenzyl)maleimide 6.

Figure 5. A) left : Scatterplots of d2 versus d1 of close C�F¥¥¥C=O contacts with 2.5<d1<4.0 ä obtained from 628 hits of the CSD search of fluorine-containing organ-
ic carbonyl derivatives (Q=C, N, O). Right : Superposition of 43 intermolecular [C�F¥¥¥Q(CO)Q] subunits with 2.77<d1<3.09 ä extracted from the crystal structures
and superimposed on the carbonyl unit.[18] The thin vertical line marks the pseudotrigonal axis of the carbonyl system (norm of the Q(CO)Q plane). B. Scatterplots
of d2 versus d1 of close C�X¥¥¥C=O (X=Cl, Br, I) contacts obtained from a CSD search of X-containing organic carbonyl derivatives (Q=C, N, O). C�Cl: 1701 hits
(2.8<d1<4.3 ä) C�Br: 1148 hits (3.0<d1<4.5 ä). C�I : 193 hits (3.2<d1<4.7 ä).
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unit (defined by its three atoms Q�Q�O) is correlated with the
internuclear distance d1(F¥¥¥C(CO). In this plot, a sharp tip results
at close contact distances with a straight upper boundary for
d2~d1 for all those cases in which the F atom lies at or very
close to the pseudotrigonal axis of the (planar) carbonyl unit.
Points below this boundary belong to cases in which the F
atom deviates from the pseudotrigonal axis (d2<d1). In all
these cases, the carbonyl unit adopts a nearly planar arrange-
ment with the carbonyl C atom almost exactly in the plane of
its three ligand atoms (distance from the plane 0±0.03 ä for all
F¥¥¥C contact distances). Very rarely, a point is found to lie
above the linear boundary; this might occur when the carbon-
yl unit is significantly pyramidal, hence d2>d1.
Superimposition of the crystal structures with short intermo-

lecular contact distances of 2.9 ä<d1(F¥¥¥C=O)<3.1 ä with re-
spect to the carbonyl system convincingly showed that the F
atoms of the C�F unit prefer a position close to the pseudo-
trigonal axis. Figure 5a (right) shows the narrow cone around
the pseudotrigonal axis of the carbonyl group (cone angle ca.
128) within which the fluorine atom of a closely interacting
C�F bond prefers to be located. Noticeably, at very short F¥¥¥C
contact distances, the C�F¥¥¥C(O) angle a2 lies between 110 and
1508. With increasing distance, this angle range widens, taking
a value between 90 and 1808, near the van der Waals contact
distance. The analysis also clearly revealed that a close contact
of the F atom with the C=O group does not necessarily imply
a close C�F¥¥¥H�Ca contact.[18] Conversely, there are clear cases
in which the F atom interacts predominantly with the Ca�H
unit, but is somewhat more remote from the C=O group. Thus,
there appears to be a range of possibilities for a C�F unit to
engage in potentially attractive contacts with the H�Ca�C=O
moiety.
It is interesting to compare the C�F¥¥¥C=O case with those of

C�Cl, C�Br, and C�I approaching a carbonyl system (Fig-
ure 5b). For all halogens, we can clearly identify the character-
istic tip in the scatterplots that indicates those cases in which
the C�X unit approaches the C=O group at short contact dis-
tances with X lying at or close to the pseudotrigonal axis of
the carbonyl group. Note that the tip of the scatterplot occurs
typically at distances significantly below the van der Waals con-
tact distances; however, we note that, in going from F to the
heavier halogens, the tip gets broader and the scatterplot
widens more rapidly into a domain without preferential loca-
tion of the X atom relative to the carbonyl unit (0<d2<d1). In-
terestingly, the onsets of these wide scatter domains occur at
distances equal to or larger than the corresponding van der -
Waals contact distances for X¥¥¥C. However, even at these larger
distances some preference for C�X close to the pseudotrigonal
axis of the carbonyl system remains, except in the case of C�
I¥¥¥C=O; here the scatterplot for d1>4.0 ä becomes rather
evenly distributed. The protrusion of the tip of the scatterplot
from the onset of the wide, vertical (d2) distribution is clearly
most pronounced for the C�F case and is continuously re-
duced on going from C�F to C�Cl, C�Br, and C�I.
These results stimulated our interest in further investigating

interactions between the C�F unit and electrophilic centers
comparable to the C atom of the C=O unit.

Evidence for dipolar interactions between C�F units and
other electrophilic centers from small-molecule X-ray crys-
tallography

Intermolecular C�F¥¥¥CN interactions, which strongly resemble
the C�F¥¥¥C=O interactions described above, were observed in
the crystal-packing environment of several precursors to inhibi-
tors, prepared as part of a fluorine scan to map the fluorophi-
licity/fluorophobicity of the S1-pocket in thrombin. An example
is shown in Figure 6. Again, the F atom of (� )-11 approaches
the electrophilic C atom of the nitrile group in a neighboring

molecule at sub-van der Waals distance (d(F¥¥¥C�N=3.01 ä) and
in a nearly orthogonal fashion (a(F¥¥¥C�N)=978).[36] A similar
contact had been noted by Nishide et al. as a novel intramo-
lecular through-space interaction between F and CN in the X-
ray crystallographic analysis of fluorocyanides.[37]

The C�F interactions observed in the X-ray crystal packing
analyses of 14 fluorinated precursors prepared for the F scan
at the thrombin active side and further supported by CSD
searches can be divided into three main types (Figure 7). The
first type comprises the interaction of C�F moieties with car-
bonyl and carboxyl derivatives as described above, as well as
dipolar C�F¥¥¥C�F interactions with similar geometrical prefer-
ences (Figure 7a). The second type comprises interactions be-
tween the F atom and positively polarized H atoms with a
good number of contacts significantly below the sum of the
van der Waals radii (2.67 ä) (Figure 7b). These contacts include
C�F¥¥¥H�Ca�C=O, C�F¥¥¥H�Ca�N, and C�F¥¥¥H�CAr, in particular if
the positive polarization of the aromatic H atom is enhanced
by a CN group in the ortho-position. In the third type, the posi-
tively polarized C atom of the C�F unit interacts with Cl� ions
or negatively polarized O atoms of carbonyl groups (Fig-
ure 7c). It is clear that further experimental and computational
investigations are needed in order to determine the energetic
contributions associated with these interactions and to explore
their importance in chemical and biological systems.
Finally, we provide a first CSD search of the interaction of

C�F units with organic nitro groups, which have an isosteric

Figure 6. C�F¥¥¥CN interactions observed in the crystal packing environment of
(� )-11.
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resemblance to the carboxyl group. This analysis of intermolec-
ular C�F¥¥¥NO2 contacts includes crystals of F-containing organ-
ic nitro derivatives with an intermolecular (nonbonded) dis-
tance between the C-bound F atom and the nitro N atom in
the range 2.0 ä<d(F¥¥¥NO2)<4.0 ä.

[34] According to our DFT cal-
culations (RB3LYP, 6-31G** geometries),[38] the N atom in nitro-
benzene carries a partial charge of +0.674, as derived from
the molecular electrostatic potential, and a Mulliken charge of
+0.387 and therefore possesses substantial electrophilic char-
acter.
The search resulted in 80 hits with 188 occurrences of

F¥¥¥NO2 contacts and ten cases significantly below (<3.09 ä)
the sum of the van der Waals radii of the N and F atoms (ca.
3.2 ä); this indicated an attractive interaction between the C�F
unit and the NO2 group (Figure 8). This dipolar interaction has,
to the best of our knowledge, not been reported in the litera-
ture. The favored position of the F atom relative to the plane

of the NO2 group was further investi-
gated. Comparing the scatterplot for
C�X¥¥¥NO2 in Figure 8 with those of
C�X¥¥¥C=O (Figure 5), we note striking
similarities. For C�F¥¥¥NO2, a relatively
sharp tip protrudes from the ™bulk∫
beginning at d1~3.4 ä. However, the
tip is not as sharp as in the case of
the carbonyl system. Therefore, we
may conclude that there is a marked
tendency of the C�F unit to approach
the electrophilic nitro group again
more or less along the pseudotrigo-
nal axis, but that this preference is
somewhat less pronounced than in

the case of a carbonyl unit.[39] In going to the heavier halogens,
the scatterplots become much more diffuse, although a tip-
forming cluster can always be recognized (not shown). Inter-
estingly, for C�I¥¥¥NO2, a second cluster with d2~0±0.5 ä is
found at relatively short contact distances. This cluster relates
to crystal structures in which the C�I unit approaches the nitro
group in plane with short O¥¥¥I contacts.[40] The closest
C�F¥¥¥NO2 contact (2.67 ä) found in the search, appears from a
visual inspection not to be controlled by other crystal packing
forces.[41,42]

Conclusion

A fluorine scan of thrombin inhibitors to map favorable F envi-
ronments in the D pocket of the enzyme has revealed that
H�Ca�C=O fragments provide a pronounced fluorophilic envi-
ronment. This finding, resulting from an X-ray crystal-structure
analysis of a thrombin±ligand complex, was further corroborat-
ed by small-molecule X-ray crystallography and PDB and CSD
searches. The previously unrecognized favorable C�F¥¥¥C=O
contacts displayed by a variety of carbonyl and carboxyl deriv-
atives as well as by aliphatic and aromatic F substituents are
best described in terms of multipolar interactions between the
intrinsically polar C�F and C=O units. As the F atom ap-
proaches the carbonyl C atom, it is preferentially located near
the pseudotrigonal axis of the carbonyl system. In considera-
tion of the high propensity of H�Ca�C=O units in the active
sites of proteins, such F interactions can be effectively exploit-
ed in medicinal chemistry for enhancing ligand affinity and/or
selectivity in lead optimization.
Small-molecule X-ray crystallography and CSD searches

show that the oriented interaction between aliphatic or aro-
matic C�F units and electrophilic centers below van der Waals
contact distances is a more general one. F atoms prefer to ap-
proach C�N units at an angle close to 908. Favorable dipolar
C�F¥¥¥C�F contacts with similar orientation are observed, and
the dipolar interaction between C�F units and NO2 groups
closely resembles, in its geometric preference, the one be-
tween C�F and C=O groups. On the other hand, Cl� anions
and carbonyl O atoms have been found to approach the elec-
trophilic C atom of C�F units in an orthogonal alignment. The

Figure 8. Scatterplots of d2 versus d1 of close C�F¥¥¥NO2 contacts with
2.0<d1<4.0 ä obtained from 86 hits of the CSD search of fluorine-containing
organic nitro derivatives (Q=C).

Figure 7. Schematic representation of the three main types of intermolecular interactions observed for the C�F
unit in the crystal packing environments of 14 different fluorinated synthetic precursors to tricyclic phenylamidi-
nium inhibitors of thrombin. The shortest distances observed in the crystal structures are shown.
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study has further confirmed the propensity of C�F units to
undergo dipolar interactions with H�C residues, contacts that
are increasingly classified as weak H-bonds. A preference of
C�F to undergo such interactions with aromatic C�H units
that are particularly polarized by ortho-substituents such as
CN, is clearly visible in the small-molecule crystal structures.
While it was important in a first step to identify the interac-

tion preferences of C�F units, further studies must focus on
the energetic quantification of the strength of these intermo-
lecular contacts. For this purpose, we have recently initiated
the design, synthesis, and study of specific model systems.

Experimental Section

General : Fluorinated benzyl bromides were purchased from Al-
drich. Other solvents and reagents were of reagent grade, pur-
chased from commercial suppliers and used without further purifi-
cation. CH2Cl2 was freshly distilled from CaH2, and toluene was dis-
tilled from Na. Anhydrous MeOH was purchased from Aldrich.
Column chromatography (CC) on SiO2±60 (230±400 mesh, 0.040±
0.063 mm) from Fluka. TLC on SiO2±60 F245, Merck, visualization by
UV light at 245 nm or by staining with 5% phosphomolybdic acid
in EtOH. Melting points were determined on a B¸chi SMP-20 and
are uncorrected. In several cases, the compound decomposed
before melting. IR spectra (cm�1) were obtained with a Perkin±
Elmer 1600-FTIR instrument. 1H, 13C, and 19F NMR spectra were ob-
tained on a Varian Gemini300 with the solvent peak as internal ref-
erence, or CFCl3 for the

19F spectra. In the 13C NMR spectra of
(� )-3e, (� )-3 j, (� )-4b, (� )-4 f, (� )-4g, (� )-4 i, and (� )-8, one aro-
matic signal is missing due to overlap, and only one of the signals
of the F-bound C atoms in compound (� )-4 i is reported. High-
resolution MALDI mass spectra (HRMS) were obtained with 2,5-di-
hydroxybenzoic acid as matrix on a IonSpec Ultima instrument.
Molecular ions (M+) reported for phenylamidinium salts refer to
the corresponding phenylamidine derivatives. Elemental analyses
were performed by the Mikrolabor at the Laboratorium f¸r Organi-
sche Chemie, ETH Z¸rich. All syntheses and characterizations of
compounds not included in the manuscript are reported as Sup-
porting Information.

(3aSR,4RS,8aSR,8bRS)-4-(1,3-Dioxodecahydropyrrolo[3,4-a]pyr-
rolizin-4-yl)benzonitrile ((� )-1a) and (3aSR,4SR,8aRS,8bRS)-4-
(1,3-dioxodecahydropyrrolo[3,4-a]pyrrolizin-4-yl)benzonitrile ((� )-
2a): A solution of maleimide (2.42 g, 25.0 mmol), 4-formylbenzoni-
trile (3.28 g, 25.0 mmol), and l-proline (2.88 g, 25.0 mmol) in MeCN
(75 mL) was heated at reflux for 16 h. The solvent was removed in
vacuo, and (� )-1a and (� )-2a were separated by CC (eluent EtOAc/
Et2O, 15:85).

(� )-1a : Yield: 1.05 g (15%), colorless crystals ; m.p. >220 8C (dec. ,
EtOAc/Et2O);

1H NMR (300 MHz, (CD3)2SO): d=1.56±1.72 (m, 2H),
1.88±2.04 (m, 2H), 2.44±2.50 (m, 1H; H�C(6)), 2.70±2.82 (m, 1H; H�C
(6)), 3.28±3.36 (m, 1H; H�C(8b)), 3.49±3.58 (m, 1H; H�C(8a)), 3.61 (t,
J=8.4, 1H; H�C(3a)), 4.17 (d, J=8.7, 1H; H�C(4)), 7.51, 7.74 (AA’BB’,
J=8.1, 4H), 11.12 (s, 1H; NH); 13C NMR (75 MHz, (CD3)2SO): d=24.2,
30.2, 50.9, 51.4, 52.6, 68.4, 68.5, 110.7, 120.0, 129.9, 132.6, 146.3,
177.8, 180.7; IR (KBr): 2228, 1770, 1706, 1607, 1367, 1349, 1206,
1189 cm�1; HRMS: calcd for C16H16N3O2: 282.1243 [MH]

+ ; found
282.1239; X-ray.

(� )-2a : Yield: 2.69 g (38%), colorless crystals; m.p.>220 8C (dec. ,
EtOAc/Et2O);

1H NMR (300 MHz, (CD3)2SO): d=1.54±1.76 (m, 2H),
1.78±2.02 (m, 2H), 2.50±2.60 (m, 1H; H�C(6)), 2.78±2.98 (m, 1H; H�C

(6)), 3.29 (dd, J=9.0 and 6.9, 1H; H�C(3a)), 3.62 (t, J=9.0, 1H; H�C
(8b)), 3.68±3.78 (m, 1H; H�C(8a)), 4.09 (d, J=6.9, 1H; H�C(4)), 7.63,
7.82 (AA’BB’, J=8.1, 4H; Ar), 11.21 (s, 1H; NH); 13C NMR (75 MHz,
(CD3)2SO): d=25.4, 27.6, 49.7, 52.3, 57.2, 66.5, 69.2, 110.9, 119.8,
129.1, 133.3, 149.5, 179.2, 180.0; IR (KBr): 2228, 1771, 1704, 1604,
1363, 1342, 1193 cm�1; HRMS: calcd for C16H16N3O2: 282.1243 [MH]

+ ;
found 282.1236; elemental analysis calcd (%) for C16H15N3O2: C 68.31,
H 5.37, N 14.94; found: C 68.46, H 5.48, N 14.80; X-ray.

(3aSR,4RS,8aSR,8bRS)-4-(2-(4-Fluorobenzyl)-1,3-dioxodecahydro-
pyrrolo[3,4-a]pyrrolizin-4-yl)benzonitrile ((� )-3d): A mixture of
(� )-1a (140.7 mg, 0.5 mmol), [18]crown-6 (13.2 mg, 0.05 mmol),
K2CO3 (103.7 mg, 0.75 mmol), and 4-fluorobenzyl bromide (65 mL,
0.525 mmol) in toluene (2.5 mL) was stirred under N2 at 100 8C for
2 h. After addition of H2O (5 mL) and EtOAc (5 mL) and phase sepa-
ration, the aqueous phase was extracted with EtOAc (3î5 mL). The
combined organic phases were dried (Na2SO4) and concentrated in
vacuo, and recrystallization (EtOAc/hexane) afforded pure (� )-3d
(165 mg, 85%) as colorless crystals. M.p. 164±165 8C (EtOAc/
hexane); 1H NMR (300 MHz, CDCl3): d=1.60±1.88 (m, 2H), 1.96±2.21
(m, 2H), 2.54±2.56 (m, 1H), 2.81±2.93 (m, 1H), 3.31 (d, J=7.8, 1H),
3.52 (t, J=8.4, 1H), 3.77 (dd, J=10.4 and 7.1, 1H), 4.10 (d, J=8.7,
1H), 4.46, 4.51 (AB, J=13.8, 2H), 6.98 (t, J=8.7, 2H; Ar), 7.22±7.28
(m, 2H), 7.30, 7.52 (AA’BB’, J=8.1, 4H); 13C NMR (75 MHz, CDCl3):
d=23.4, 29.6, 41.7, 49.0, 50.5, 50.8, 67.9, 68.3, 111.4, 115.3 (d, J=
21.4), 118.8, 128.6, 130.7 (d, J=7.9), 131.3 (d, J=3.6), 131.8, 143.5,
162.2 (d, J=246.6), 174.6, 177.3; 19F NMR (282 MHz, CDCl3 + CFCl3):
d=�113.5 (tt, J=9.1 and 4.8); IR (KBr): 2224, 1774, 1704, 1604,
1510, 1399, 1341, 1297, 1225, 1169, 1160 cm�1; HRMS: calcd for
C23H21FN3O2: 390.1618 [MH]

+ ; found 390.1607; X-ray.[18]

(3aSR,4RS,8aSR,8bRS)-4-(2-(4-Fluorobenzyl)-1,3-dioxodecahydro-
pyrrolo[3,4-a]pyrrolizin-4-yl)benzamidine hydrochloride ((� )-
4d): CH2Cl2 (0.5 mL) and MeOH (0.5 mL) were added under N2 to a
10 mL oven-dried flask, and the solution was cooled to 0 8C. AcCl
(0.5 mL) was added followed by (� )-3d (117 mg, 0.30 mmol) after
5 min. The mixture was allowed to stand for 36 h at 5 8C. Addition
of Et2O (10 mL) gave a white precipitate that was isolated by filtra-
tion, washed with Et2O (2î10 mL), and dried in vacuo. The white
solid together with dry MeOH (0.5 mL) and NH3 (2.0m) in MeOH
(0.5 mL, 1.0 mmol) was stirred for 3.5 h at 658. After the mixture
had cooled, the resulting NH4Cl was precipitated by addition of
acetone (10 mL) and removed by filtration. The solvent was evapo-
rated in vacuo, and the residue dissolved in EtOH (0.5 mL). Addi-
tion of Et2O (10 mL) led to the precipitation of (� )-4d (105 mg,
79%) as colorless solid. M.p>185 8C (dec.) ; 1H NMR (300 MHz,
CD3OD): d=1.72±1.90 (m, 2H), 2.00±2.18 (m, 2H), 2.56±2.66 (m,
1H), 2.80±2.91 (m, 1H), 3.45 (d, J=8.1, 1H), 3.69±3.77 (m, 2H), 4.29
(d, J=8.7, 1H), 4.45, 4.51 (AB, J=14.3, 2H), 7.04 (t, J=8.9, 2H),
7.33 (dd, J=8.9 and 5.3, 2H), 7.44, 7.64 (AA’BB’, J=8.6, 4H);
13C NMR (75 MHz, CD3OD): d=24.2, 30.5, 42.4, 50.3, 51.9, 52.0, 69.3,
69.5, 116.1 (d, J=21.4), 128.3, 128.4, 130.2, 131.3 (d, J=8.0), 133.3,
146.8, 163.5 (d, J=244.1), 168.0, 177.0, 179.8; 19F NMR (282 MHz,
CD3OD + CFCl3): d=114.1 (tt, J=8.5 and 5.4) ; IR (KBr): 3361, 3073,
1772, 1699, 1673, 1613, 1511, 1487, 1400, 1345, 1222, 1176 cm�1;
HRMS: calcd for C23H24FN4O2: 407.1883 [MH]

+ ; found 407.1875.

(3aSR,4RS,8aSR,8bRS)-4-(4-Bromophenyl)-2-(4-fluorobenzyl)-
decahydropyrrolo[3,4-a]pyrrolizin-1,3-dione ((� )-7): A solution of
6 (3.08 g, 15.0 mmol), 4-bromobenzaldehyde (2.78 g, 15.0 mmol),
and l-proline (1.73 g, 15.0 mmol) in MeCN (45 mL) was heated at
reflux for 16 h. Concentration in vacuo and CC (CH2Cl2/EtOAc,
5:95!20:80) resulted in (� )-7 (2.49 g, 38%) as colorless crystals.
M.p. 154±156 8C (CH2Cl2/EtOAc);

1H NMR (300 MHz, CDCl3): d=
1.54±1.82 (m, 2H), 1.94±2.18 (m, 2H), 2.56±2.68 (m, 1H), 2.77±2.90
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(m, 1H), 3.27 (dd, J=8.1 + 0.9, 1H), 3.47 (t, J=8.4, 1H), 3.75 (dd,
J=9.9 and 7.2, 1H), 4.01 (d, J=8.7, 1H), 4.50 (s, 2H), 6.97 (dddd,
J=9.0, 8.7, 3.0, and 2.4, 2H), 7.29 (ddd, J=8.7, 5.4, and 3.0, 2H),
7.06, 7.35 (AA’BB’, J=8.3, 4H); 13C NMR (75 MHz, CDCl3): d=23.3,
29.4, 41.5, 48.9, 50.3, 50.6, 67.7, 68.0, 115.1 (t, J=21.2), 121.2, 129.5,
130.5 (d, J=8.5), 130.9, 131.3 (d, J=3.0), 136.8, 162.0 (d, J=244.4),
174.7, 177.5; 19F NMR (282 MHz, CDCl3 + CFCl3): d=�113.8 (tt, J=
8.7 and 5.4) ; IR (KBr): 1770, 1708, 1605, 1510, 1485, 1428, 1397,
1337, 1222, 1170, 1102 cm�1; HRMS: calcd for C22H20BrFN2O3:
443.0770 and 445.0750 [MH]+ ; found 443.0769 and 445.0760; ele-
mental analysis calcd (%) for C22H20BrFN2O2: C 59.61, H 4.55, N 6.32,
F 4.29, Br 18.02; found: C 59.76, H 4.60, N 6.52, F 4.17, Br 18.19.

(1RS,3aSR,4RS,8aSR,8bRS)-4-(4-Bromophenyl)-2-(4-fluorophenyl-
methyl)-1-[(4-methylphenyl)sulfonyl]-octahydropyrrolo[3,4-a]-
pyrrolizin-3-one ((� )-8). A solution of Li[Et3BH] in THF (1.0m,
9.5 mL, 9.5 mmol) was added gradually over 15 min to (� )-7
(2.21 g, 5 mmol) in THF (20 mL) at �78 8C. After being stirred for
1 h, the mixture was allowed to warm to �45 8C and then
quenched by addition of saturated aqueous NaHCO3 (20 mL). The
phases were separated, and the aqueous phase was further ex-
tracted with CH2Cl2 (3î20 mL). The combined organic phases were
dried (MgSO4) and concentrated in vacuo. 4-Toluenesulfinic acid
(2.34 g, 15 mmol), dry powdered CaCl2 (1.66 g, 15 mmol), and
CH2Cl2 (30 mL) were added to the crude material. After the mixture
had been stirred for 36 h under Ar at RT, NaHCO3 (100 mL) and
CH2Cl2 (60 mL) were added, and the mixture was filtered. The or-
ganic layer was separated, and the aqueous phase was extracted
with CH2Cl2 (60 mL). The combined organic layers were washed
with saturated aqueous NaHCO3 (2î100 mL), dried (Na2SO4), con-
centrated in vacuo, and purified by CC (EtOAc/cyclohexane 30:70)
to give (� )-8 (2.03 g, 70%) as a colorless solid. M.p. 179±181 8C
(EtOAc/cyclohexane); 1H NMR (300 MHz, CDCl3): d=1.58±1.74 (m,
2H), 1.80±2.04 (m, 2H), 2.42±2.58 (m, 2H), 2.48 (s, 3H), 2.80±2.91
(m, 1H), 2.97 (dd, J=7.8 and 3.3, 1H), 2.98±3.07 (m, 1H), 3.90 (d,
J=6.6, 1H), 4.27 (s, 1H), 4.13, 5.09 (AB, J=14.7, 2H), 6.91±7.09 (m,
4H), 7.15, 7.39 (AA’BB’, J=8.1, 4H), 7.40, 7.71 (AA’BB’, J=8.6, 4H);
13C NMR (75 MHz, CDCl3): d=21.9, 24.5, 31.8, 43.0, 44.5, 50.9, 51.8,
69.5, 71.3, 80.9, 115.6 (t, J=21.9), 121.0, 129.2, 129.5, 130.0 (d, J=
7.9), 130.3, 130.7, 131.9, 136.9, 146.0, 162.2 (d, J=244.5), 172.3;
19F NMR (282 MHz, CDCl3 + CFCl3): d=�113.8 (tt, J=8.5 and 5.4);
IR (KBr): 1710, 1605, 1598, 1509, 1486, 1453, 1389, 1371, 1316,
1303, 1292, 1227, 1200, 1157, 1138 cm�1; HRMS: calcd for
C29H30BrFN2O3S: 583.1066 and 585.1046 [MH]

+ ; found 583.1068
and 585.1036.

(1RS,3aSR,4RS,8aSR,8bRS)-4-(4-Bromophenyl)-2-(4-fluorophenyl-
methyl)-1-isopropyl-octahydropyrrolo[3,4-a]pyrrolizin-3-one ((� )-
9. iPrMgCl in Et2O (2.0m, 1.5 mL, 3.0 mmol) was added dropwise to
ZnCl2 in Et2O (1.0m, 1.65 mL, 1.65 mmol) and CH2Cl2 (5.5 mL) in a
dry flask under Ar, and a milky solution was formed. After 30 min,
(� )-8 (0.88 g, 1.5 mmol) in CH2Cl2 (5.5 mL) was added dropwise
over 15 min at 0 8C. The mixture was stirred for 30 min at 0 8C and
for 16 h at RT, then quenched by addition of HCl (1m) until pH<1.
After being stirred for 15 min, the acidic solution was neutralized
with saturated aqueous NaHCO3 solution. The phases were sepa-
rated, and the aqueous phase was further extracted with CH2Cl2
(3î40 mL). The combined organic phases were dried (Na2SO4),
concentrated in vacuo, and purified by CC (EtOAc/cyclohexane
30:70!40:60) to give (� )-9 (0.50 g, 71%) as colorless crystals. M.p.
199±200 8C (EtOAc/cyclohexane); 1H NMR (300 MHz, CDCl3): d=

0.70 (d, J=6.9, 3H), 0.91 (d, J=6.9, 3H), 1.53±1.78 (m, 2H), 1.88±
2.11 (m, 3H), 2.48 (dt, J=8.7 + 2.7, 1H), 2.57±2.67 (m, 1H), 2.87±
2.98 (m, 1H), 3.18±3.27 (m, 2H), 3.30 (t, J=8.1, 1H), 4.08 (d, J=7.8,

1H), 3.79, 4.82 (AB, J=15.2, 2H), 6.96±7.04 (m, 2H), 7.08±7.15 (m,
2H), 7.28, 7.44 (AA’BB’, J=8.4, 4H); 13C NMR (75 MHz, CDCl3): d=
14.7, 18.5, 24.6, 28.1, 31.4, 41.5, 43.3, 52.4, 52.7, 67.4, 70.0, 73.2,
115.2 (t, J=21.3), 120.6, 129.5 (d, J=8.6), 129.7, 130.7, 132.2 (d, J=
3.1), 138.5, 161.9 (d, J=241.9), 172.3; 19F NMR (282 MHz, CDCl3 +

CFCl3): d=�114.9 (tt, J=8.5 and 5.4) ; IR (KBr): 1673, 1508, 1484,
1446, 1432, 1418, 1351, 1252, 1214, 1157 cm�1; HRMS: calcd for
C25H29BrFN2O, 471.1447 and 473.1427 [MH]

+ ; found 471.1454 and
473.1427; elemental analysis calcd (%) for C25H28BrFN2O: C 63.70, H
5.90, Br 16.95, F 4.03, N 5.94; found: C 63.90, H 6.19, Br 16.86, F
4.02, N 6.17.

(1RS,3aSR,4RS,8aSR,8bRS)-4-{2-(4-Fluorophenylmethyl)-3-oxo-1-
isopropyloctahydropyrrolo[3,4-a]pyrrolizin-4-yl}benzonitrile ((� )-
10): A solution of (� )-9 (0.41 g, 0.89 mmol) and CuCN (0.36 g,
1.78 mmol) in dry DMF (5 mL) was heated at reflux (bath 155 8C)
under Ar for 18 h. The mixture was cooled to RT, and CH2Cl2 (6 mL)
and conc. NH3 (6 mL) were added. After the mixture had been stir-
red for 30 min, additional CH2Cl2 (30 mL), conc. NH3 (10 mL), and
saturated aqueous NaCl (20 mL) were added. The phases were sep-
arated, and the aqueous phase was further extracted with CH2Cl2
(2î30 mL). The combined organic phases were washed with conc.
NH3 (50 mL) and saturated aqueous NaCl (2î50 mL), dried
(Na2SO4), and concentrated in vacuo. CC (EtOAc/cyclohexane
40:60!50:50) resulted in (� )-10 (235 mg, 63%) as light yellow
crystals. M.p. 148±150 8C (EtOAc/cyclohexane); 1H NMR (300 MHz,
CDCl3): d=0.80 (d, J=6.9, 3H), 1.02 (d, J=6.9, 3H), 1.60±1.84 (m,
2H), 1.98±2.22 (m, 3H), 2.55±2.63 (m, 1H), 2.63±2.74 (m, 1H), 3.00±
3.11 (m, 1H), 3.28±3.38 (m, 2H), 3.44 (t, J=8.1, 1H), 4.25 (d, J=7.5,
1H), 3.90, 4.90 (AB, J=15.2, 2H), 6.96±7.16 (m, 2H), 7.20±7.30 (m,
2H), 7.62, 7.71 (AA’BB’, J=8.1, 4H); 13C NMR (75 MHz, CDCl3): d=
14.8, 18.5, 24.7, 28.1, 31.4, 41.3, 42.3, 52.4, 52.9, 67.4, 70.3, 73.4,
110.4, 115.3 (t, J=21.2), 119.2, 128.6, 129.4 (d, J=7.9), 131.4, 132.1
(d, J=3.1), 145.5, 161.8 (d, J=243.2), 172.0; 19F NMR (282 MHz,
CDCl3 + CFCl3): d=�114.7 (tt, J=8.5 and 5.4) ; IR (KBr): 2225, 1674,
1608, 1601, 1509, 1446, 1432, 1418, 1254, 1215, 1158, 1125 cm�1;
HRMS: calcd for C26H29FN3O: 418.2294 [MH]

+ ; found 418.2294; ele-
mental analysis calcd (%) for C26H28FN3O: C 74.79, H 6.76, F 4.55, N
10.06; found: C 74.75, H 6.80, F 4.44, N 9.91; X-ray.[18]

(1RS,3aSR,4RS,8aSR,8bRS)-4-{2-(4-Fluorophenylmethyl)-3-oxo-1-
isopropyloctahydropyrrolo[3,4-a]pyrrolizin-4-yl}benzamidine hy-
drochloride ((� )-5): Inhibitor (� )-5 (125 mg and 0.30 mmol) was
synthesized from (� )-10 according to the procedure described for
(� )-4d. Yield: 105 mg (75%), colorless solid; m.p.>150 8C (dec.) ;
1H NMR (300 MHz, CD3OD): d=0.74 (d, J=6.9, 3H), 0.97 (d, J=6.9,
3H), 1.60±1.84 (m, 2H), 1.96±2.10 (m, 2H), 2.12±2.24 (m, 1H), 2.56±
2.67 (m, 1H), 2.69 (dt, J=8.4 and 2.5, 1H), 2.89±3.00 (m, 1H), 3.24±
3.38 (m, 2H), 3.48 (t, J=8.1, 1H), 4.32 (d, J=7.5, 1H), 3.97, 4.71
(AB, J=15.2, 2H), 7.04±7.14 (m, 2H), 7.26±7.35 (m, 2H), 7.64, 7.74
(AA’BB’, J=8.3, 4H); 13C NMR (75 MHz, CD3OD): d=15.0, 18.6, 25.4,
29.3, 32.0, 42.3, 44.2, 53.4, 54.7, 69.6, 71.5, 75.1, 116.4 (d, J=21.8),
127.8, 128.3, 130.4, 131.1 (d, J=7.9), 133.7 (d, J=3.1), 148.4, 163.7
(d, J=243.2), 168.4, 174.9; 19F NMR (282 MHz, CD3OD + CFCl3):
d=�114.5 (tt, J=8.5 and 5.4); IR (KBr): 3108, 1665, 1611, 1534,
1510, 1485, 1464, 1447, 1414, 1391, 1297, 1158 cm�1; HRMS: calcd
for C26H32FN4O, 435.2560 [MH]

+ ; found 435.2561.
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